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Abstract 

 

This thesis examines the consequences of Knight’s (1921) distinction between 

measurable risk and unmeasurable uncertainty or ambiguity for understanding the 

relationship between individual decision-making and market behaviour. Knight 

(1921) argued that investigating this distinction brings differences between theoretical 

predictions and observed market behaviour into focus. Ellsberg’s (1961) thought 

experiment challenged the descriptive validity of subjective expected utility theory. 

Knightian uncertainty and ambiguity challenge the ability of alternative decision 

theories to explain the interaction of individual traders within market institutions. 

Alternative predictions of the effects of Knightian uncertainty and ambiguity on 

market behaviour include increased price volatility due to Keynes’ (1921) animal 

spirits (Epstein and Wang, 1994) or more predictable behaviour governed by habit, 

rules of thumb and imitation (Heiner, 1983; Choi, 1993). This thesis investigates (1) 

the effect of Knightian uncertainty, ambiguity and ambiguity-aversion on the out-of-

equilibrium behaviour of markets, (2) the effect of ambiguity and market interactions 

on individual decisions, and (3) the relative roles of risk and ambiguity preferences in 

understanding market behaviour. 

 

The key findings of this thesis include lower prices under ambiguity for 

equivalent probabilities under risk, no evidence that the effects of ambiguity on 

market prices are eliminated or significantly reduced over time, and an examination of 

the effect of ambiguity on the volume traded, bid-ask spreads and other aspects of 

trading behaviour. Most importantly, rather than increased price volatility, more 

predictable patterns of prices were observed under ambiguity compared with risk. 

This finding is compatible with traders who use heuristics to guide their behaviour, 

rather than discovering preferences over time as hypothesised by Plott (1996). 

Additionally, this thesis presents evidence that market interactions did not eliminate 

or significantly reduce the effects of ambiguity on individual decisions or over time. 

These findings emphasize the importance of rule-based behaviours in markets such as 

price following, momentum trading and similar phenomena that lead traders to pay 

increased attention to market prices under ambiguity, even when other traders do not 
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have any more information than they do themselves. This suggests that the rules of 

thumb followed by individual decision-makers to overcome cognitive limitations 

interact in important ways in market institutions. 

 

Past research has suggested the interaction between risk preferences and the 

out-of-equilibrium behaviour of markets as an important direction for research 

(Duxbury, 1995; 2005). One of the few studies to relate measured risk preferences to 

experimental market behaviour, Ang and Schwarz (1985) presented evidence of a 

connection between less risk-averse behaviour, higher price volatility and faster rates 

of convergence to equilibrium. However, there are important psychological 

differences in the way people respond to the risk and the ambiguity that characterizes 

decision-making contexts in the field (Einhorn and Hogarth, 1986). This thesis 

compares measurements of risk and ambiguity preferences with other experimental 

decisions, finding differences between the contexts of risk and ambiguity. These 

contextual differences are particularly important for understanding the interaction of 

traders in markets if ambiguity-aversion is explained by the use of rules of thumb 

(Camerer, 1999), traders are more likely to apply rules of thumb under ambiguity 

(Heiner, 1983), or even imitate others under these conditions (Choi, 1993). 

 

Finally, this thesis presents comparisons of measured risk and ambiguity 

preferences with the direction of trade in double auction markets finding that 

ambiguity preferences are strongly related to the direction of trade under conditions of 

ambiguity. Combined with the observation of more predictable patterns of prices 

under ambiguity, this finding supports Camerer’s (1999) proposition that ambiguity 

preferences might be more important than risk preferences for understanding market 

behaviour. In contrast, less predictable prices observed under risk might reflect the 

behaviour of better informed traders and the potential for faster rates of convergence 

to equilibrium. Rather than a hindrance to the introduction of new markets, this form 

of price volatility might reflect a better functioning market. This thesis emphasizes the 

importance of the difference between risk and ambiguity for understanding market 

behaviour. 
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Chapter 1. Introduction 

 
This thesis aims (1) to examine the effect of Knightian uncertainty, ambiguity 

and ambiguity-aversion on the out-of-equilibrium behaviour of markets, (2) to 

examine the effect of ambiguity and market interactions on individual decisions, and 

(3) to examine the relative roles of risk and ambiguity preferences in market 

behaviour. Knight (1921) argued that the difference between measurable and 

unmeasurable uncertainty is central for understanding the contrast between theoretical 

predictions of market competition and empirical observations of market behaviour. 

 

The key to the whole tangle will be found to lie in the notion of risk or uncertainty 

and the ambiguities concealed therein. 

Knight (1921) 

 

Knightian uncertainty and ambiguity are vital for understanding the 

implications of alternative theories of individual choice for predictions of market 

behaviour. The economic importance of ambiguity has long been recognized (Knight, 

1921; Keynes, 1921) and its consequences for individual choice have challenged the 

descriptive validity of subjective expected utility theory (Ellsberg, 1961). Conditions 

of ambiguity, in contrast with measurable risk, are an important psychological factor 

in decision-making (Einhorn and Hogarth, 1986). However, alternative theories of 

individual choice under conditions of Knightian uncertainty and ambiguity lead to 

very different predictions for market behaviour. On the one hand there are predictions 

of increased price volatility (e.g. Epstein and Wang, 1994) and on the other hand, the 

suggestion that more stable patterns of prices may emerge (e.g. Heiner, 1983). 

Knightian uncertainty and ambiguity might alternatively lead to more random or more 

predictable behaviour in markets. 

 

To test these competing ideas, this thesis examines the consequences of 

ambiguity for individual decisions and the interactions of individual decision-makers 

in market institutions. This chapter describes the main research themes and the central 

concepts of this experimental study of risk, ambiguity and market behaviour. This is 

followed by the background to the research problem and the research aims, questions 
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and experimental hypotheses. The introduction begins by examining the effects of 

Knightian uncertainty and ambiguity on markets. 

 

1.1 The effects of Knightian uncertainty and ambiguity on markets 

 

Under conditions of uncertainty, when people are confronted with a novel 

situation and they cannot at first identify a suitable paradigm to guide their behaviour, 

they may act randomly or imitate others (Choi, 1993). In markets, the question is 

whether people will behave more randomly or more predictably when they only have 

their innate preferences and market processes to guide them. To introduce the major 

themes of this thesis, the consequences of total ignorance for market behaviour are 

explored. This leads to an introduction of the importance of people’s preferences in 

decision under conditions of risk and ambiguity and the implications for market 

behaviour. 

1.1.1 Total ignorance and market behaviour  
 

Examining investment decisions in markets under conditions of total 

ignorance provides a clear illustration of the contrasting roles of rational choice and 

empirical observation. In particular, definitions of market equilibrium based on an 

assumption of rational choice and perfect foresight do not help explain the 

convergence of markets to equilibrium (Hayek, 1937). Because it does not deal with 

social processes, an analysis of equilibrium can only ever provide a useful prelude to 

the study of the main problem (Hayek, 1945). Ambiguity can be defined so that it 

increases as the number of feasible probability distributions that could apply 

increases; Knightian uncertainty or ignorance then describes the special case of 

ambiguity when no feasible probability distribution is ruled out (Einhorn and Hogarth, 

1986).  

 

Investigating investment decisions under these conditions can bring the 

difference between theoretical models and empirical observation into focus (Knight, 

1921). Modern interpretations of the ideas presented by Keynes (1921; 1936) 

highlight the importance of the distinction between reasonable and conventional 

expectations for understanding market behaviour under uncertainty (Lawson, 1985; 
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Meeks, 1991; Carabelli and Vecchi, 2001). If rational behaviour requires probabilistic 

knowledge of the future then it is not possible to behave rationally under conditions of 

total ignorance (Keynes, 1936). Decisions cannot depend on strict mathematical 

expectations if the basis for making such calculations does not exist. Instead, most 

investment decisions will result from people’s innate urge to activity, or their ‘animal 

spirits’ (Keynes, 1936). 

 

Some models of market behaviour based on theories of decision under 

conditions of Knightian uncertainty and ambiguity suggest that Keynes’ animal spirits 

could lead to increased price volatility (e.g. Epstein and Wang, 1994). This possibility 

has important theoretical and practical implications because some price volatility is 

related to the disequilibrium or out-of-equilibrium1

 

 behaviour of markets (Smith, 

2001). This type of price volatility could interfere with traders’ search for equilibrium 

prices (Anderson and Sutinen, 2006). Alternatively, some volatility might reflect a 

faster adjustment towards equilibrium (Ang and Schwarz, 1985). Even so, the search 

for equilibrium prices is often ignored because traditional models assume the process 

is instantaneous (Roth, 1995; Anderson and Sutinen, 2006).  

Although Epstein and Wang (1994) suggested animal spirits might lead to 

increased price volatility, Keynes might not have predicted more random behaviour 

when there is no mathematical basis for assigning equal probabilities to market 

outcomes (Meeks, 1991). Under conditions of total ignorance, Keynes might have 

considered conventions or heuristics to be a reasonable and practical answer to the 

problems of decision-making (Carabelli and Vecchi, 2001; Meeks, 1991; Lawson, 

1985). People tend to assume the future will be like the present and the recent past, 

they often base their choices on routine and rely on habits and social conventions. 

However, when investors rely on market conventions, subjective factors and waves of 

optimism or pessimism play a major role. This might not be completely unreasonable 

because if investors are confident a convention will continue this can provide some 

stability and continuity.  
                                                 
1 Lawson (1985) argued that the relevant economic processes are better viewed from a non-equilibrium 
perspective; a disequilibrium perspective might view deviations as variability around some long-term 
equilibrium. He suggested that where conventions lead to predictable behaviour the development of 
empirical models based on historical regularities is supported. However, he emphasized that the end of 
a convention (such as the collapse of a price bubble) can only be anticipated by a deeper understanding 
of the underlying processes.  
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Keynes appears to have been most interested in economic behaviour once it 

stabilized, instead of the ‘higgling of the market’, or the process by which traders 

discover supply and demand (Lawson, 1985). If market behaviour is governed by 

conventions then behaviour would be somewhat regular and predictable. However, if 

the basis of investors’ expectations is subject to violent changes or alternative and 

contradictory conventions then this could lead to price volatility and moments of 

crisis and disruption, perhaps leading to markets characterized by increased price 

volatility or the collapse of a price bubble (Lawson, 1985). Understanding the social 

processes, the interactions amongst individual decision-makers within a market 

framework of feedback and response is central to understanding market behaviour 

(Hayek, 1937; 1945). In particular, preferences in decision-making under risk and 

ambiguity play an important role in theoretical models of market equilibrium and 

empirical observations of experimental market behaviour. 

1.1.2 The role of preferences and expectations in asset markets experiments 
 

 Keynes (1936, p. 156) famously drew a parallel between a stock market and a 

newspaper beauty contest where contestants risk becoming mired in the task of 

guessing what the “average opinion expects the average opinion to be”. The 

relationship between preferences, expectations and market behaviour is central to 

understanding behaviour in asset markets (Sunder, 1995; Plott, 1996). In asset market 

experiments, the major theoretical drivers of trade are differences in preferences and 

differences in expectations (Harrison, 1992). Various models of rational expectations 

equilibrium have been used to test the rational expectations hypothesis and predictions 

for market equilibrium in experimental asset markets (Duxbury, 1995). However, it is 

the intersection of preferences, expectations and the information aggregation and 

dissemination role of markets that is central to understanding the importance of 

Knightian uncertainty and ambiguity for out-of-equilibrium behaviour. 

 

Convergence to a predicted equilibrium in experimental asset markets is 

possible but it is not guaranteed (Sunder, 1995). Sunder (1995, p. 493) argued that the 

formation of individual expectations and beliefs in risky environments is a “complex, 

diverse, perhaps even unstable phenomenon”. Investigating factors that might inhibit 

convergence is an important field of research (Smith, 2000). Although early market 
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experiments exhibited high levels of informational and allocative efficiency, 

experiments with increased uncertainty do not provide as convincing evidence 

(Duxbury, 2005). In experimental asset markets, traders need to learn about trading 

opportunities as well as infer the state of the world that determines payoffs from 

market data (Sunder, 1995). This information aggregation and dissemination is 

affected by factors that inhibit the convergence of markets towards a theoretical 

equilibrium. Importantly, these factors include Knightian uncertainty and traders’ 

preferences in decision-making under conditions of risk and ambiguity. 

 

 Variants of rational expectations models have been used to study traders’ 

responses to private and public information in experimental asset markets (Grossman, 

1976; Plott and Sunder, 1982; Friedman et al., 1984; Copeland and Friedman, 1987). 

A fully rational expectations model is free of assumptions about risk preferences 

because it identified the payoff state with certainty, whereas many other models 

require the assumption that traders are risk-neutral or risk-averse (Duxbury, 1995). 

Under conditions of aggregate uncertainty the aggregated private information of 

traders does not identify the state of the world precisely and equilibrium prices are 

dependent on traders’ risk preferences. Aggregate uncertainty significantly reduces 

efficiency when different traders have different information (Lundholm, 1991). Given 

that most of the difficulties in decision-making disappear without aggregate 

uncertainty and its prevalence in realistic contexts (Lundholm, 1991), it is surprising 

that risk preferences have been given relatively little consideration in experimental 

asset market studies (Duxbury, 1995). 

  

 Traders with heterogeneous preferences and expectations may inhibit the 

ability of asset markets to converge to equilibrium. Although Smith (1962) discovered 

that a market could reach a competitive equilibrium with only a small number of 

traders, evidence from asset market experiments suggests that a larger group of traders 

may actually impede the convergence of the market to equilibrium. Lundholm (1991) 

presented experimental evidence that the heterogeneous preferences of traders can 

impact on the ability of the market to converge to equilibrium. A larger group meant a 

greater heterogeneity in the preferences and expectations of traders. A greater 

diversity in the behaviour of markets with many traders increased the number of noisy 

transactions and increased the difficulty of learning from market data (Lundholm, 
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1991). Risk preferences also have an important role in determining the pattern of 

prices before equilibrium in asset markets. These patterns of prices contain important 

information about traders’ decision-making process and expectations formation 

(Duxbury, 1995).  

1.1.3 Measuring risk preferences to compare with experimental market 

behaviour 

 

 Very few studies have examined the relationship between risk preferences and 

experimental market behaviour directly. This is at least partly due to the unreliability 

of the relationship between different measurement procedures and between 

measurement procedures and other decisions (e.g. Camerer and Weber, 1992; 

Warneryd, 1996; Pennings and Smidts, 2000). However, Ang and Schwarz (1985) and 

Fellner and Maciejovsky (2007) provide some insight into the potential for this kind 

of research, as well as its limitations. They demonstrate intriguing relationships 

between risk preferences and market activity and price volatility but also highlight the 

limitations of methods for measuring subjects’ preferences so they can be compared 

with other decisions and experimental market behaviour. Ang and Schwarz (1985) 

measured subjects risk preferences and divided them into one market with more 

speculative (less risk-averse) subjects and another with more conservative (more risk-

averse) subjects. Although this study was criticized by Cohen (1985) for relying so 

heavily on the relevance and reliability of two survey items, it is one of few studies 

that demonstrate the impacts of risk preferences on market outcomes.  

 

 More risk-averse investors traded at higher risk premiums and were slower to 

adjust to the arrival of new information (Ang and Schwarz, 1985). In contrast, 

markets with less risk-averse investors exhibited greater price volatility in contrast to 

some theoretical predictions (LeRoy and LaCivita, 1981). With less risk-averse 

investors wider bid-ask spreads were observed throughout trading periods, whereas 

with more risk-averse investors wider bid-ask spreads were observed mostly for the 

first transaction in each trading period. The markets with less risk-averse investors 

also converged faster to market equilibrium but no differences in trading volume were 

observed (Ang and Schwarz, 1985). A second example of an experimental study that 

has related risk preferences to experimental market behaviour is provided by Fellner 
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and Maciejovsky (2007). They measured risk preferences using binary lottery and 

certainty equivalent procedures. Higher levels of risk aversion lowered the level of 

observed market activity, as measured by the number of bids and asks submitted and 

the volume of trade observed. However, of the two procedures used only lottery 

choices were significantly related to market behaviour and they only distinguished 

between risk-neutrality and risk-aversion. 

 

 The consequences of total ignorance for individual behaviour in market 

institutions highlights the differences between theoretical models based on rationality 

or reasonable expectations and empirical observations of markets characterized by 

conventional expectations, subjectivity and optimism or pessimism. The interactions 

amongst individuals within markets institutions are central to understanding out-of-

equilibrium behaviour market behaviour. Risk preferences are important for both 

theoretical predictions of market equilibrium and understanding the out-of-

equilibrium behaviour of markets. Measurements suggest that risk preferences are 

related to market activity and price volatility (Ang and Schwarz, 1985; Fellner and 

Maciejovsky, 2007), although these studies have been limited by the methods 

available for relating risk preferences to market outcomes. In the next section, the 

relationship between ambiguity preferences and market behaviour is examined, 

suggesting that Knightian uncertainty and ambiguity-aversion may be key to 

understanding many observed experimental market phenomena.  

 

1.2 Known unknowns and incompetence  

 
Rumsfeld (2002) distinguished between known knowns, known unknowns, 

and unknown unknowns. Whilst widely ridiculed by the press, his statement referred 

to an important distinction between uncertainty and our degree of knowledge of this 

uncertainty (Vercelli, 1999)2

                                                 
2 Incidentally, Chow and Sarin (2002) found that people’s preference for ‘unknowable uncertainty’ has 
an intermediate magnitude between their preferences for known probabilities and unknown 
probabilities. 

. This “awareness of ignorance” distinguishes between 

ignorance about the characteristics of empirical phenomena and ignorance about the 

characteristics of beliefs (Vercelli, 1999, p. 238). This distinction is also 

psychologically important since uncertainty about uncertainty is a pervasive element 

of real decision contexts (Einhorn and Hogarth, 1986). Additionally, this type of 
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uncertainty is affected by social and market contexts, indicating an important role for 

ambiguity preferences. In particular, the relationship between ambiguity-aversion and 

market behaviour can shed some light on the role of social processes in the out-of-

equilibrium behaviour of markets. 

1.2.1 Ambiguity-aversion and comparative ignorance 
 

Ellsberg (1961) presented a thought experiment that questioned the descriptive 

validity of subjective expected utility theory, which extended von Neumann and 

Morgenstern’s (1947) expected utility theory to situations where objective 

probabilities are unknown (Savage, 1954). However, the experimental evidence 

contrasts with the theory that requires people to form probability judgements and 

update their beliefs consistent with Bayesian theory (Camerer, 1995; 1998). People 

tend to violate Savage’s (1954) sure-thing principle and prefer choices with known 

probabilities. They also tend to follow simple rules of thumb rather than updating 

according to Bayesian decision theory.  

 

Ambiguity-aversion is measured as a preference for a lottery with a known 

probability in comparison with a lottery with an unknown probability (Ellsberg, 

1961). A number of experimental studies have demonstrated that a large number of 

people have this kind of preference (Becker and Brownson, 1964; Yates and 

Zukowski, 1976; Gärdenfors and Sahlin, 1982; Curley and Yates, 1985; Camerer and 

Weber, 1992; Camerer, 1995). People appear to perceive ambiguous outcomes as 

more risky than outcomes where the probability is known. One possible explanation 

for ambiguity-aversion is that people over-apply a rule of thumb that is otherwise 

helpful in many other situations (Camerer, 1999). This is a rule to avoid betting on an 

event when you lack information other people might have. People may mistakenly 

apply this rule to situations where no one else has the missing information (Camerer, 

1999). The attention people pay to others may be an increasing function of uncertainty 

(Choi, 1993). Without uncertainty, individuals should pay no attention to alternatives 

and do what they know to be best. However, as the degree of uncertainty grows, 

people tend to rely more and more on vicarious experiments and the imitation of 

others (Choi, 1993). 
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The comparative ignorance hypothesis is the idea that ambiguity-aversion 

results from direct comparisons between ambiguous and unambiguous alternatives 

(Fox and Tversky, 1995). Some results suggest that ambiguity-aversion disappear 

without direct comparisons (Fox and Tversky, 1995), whereas other evidence suggests 

that without direct comparisons, the effect of ambiguity is reduced rather than 

eliminated completely. The argument is that the advantage of knowing the probability 

is clearer in a comparative context (Hsee, 1996; Hsee et al., 1999; Chow and Sarin, 

2001). The comparative ignorance hypothesis also provides a connection between the 

psychology of individual choice and social psychology (Camerer, 1999). Comparative 

ignorance challenges a decision-maker’s competence. It appears to amplify 

ambiguity-aversion by emphasizing the absence of potentially important information, 

suggesting the effects of ambiguity may even be exaggerated in markets and other 

social settings (Camerer, 1999). Ambiguity-aversion could lead traders to base their 

decisions on suspicions about the information other traders might have and question 

their own competence in decision-making. 

 

Ambiguity-aversion may be very important in markets if people suspect that 

prices reflect better information held by other traders. Ambiguity preferences might 

be more important than risk preferences for understanding market behaviour 

(Camerer, 1998). They may even lead to a form of herding behaviour if traders base 

their decisions on price momentum3

                                                 
3 Price momentum refers to the phenomenon described by Jegadeesh and Titman (1993) where stocks 
that have outperformed other stocks in an investment portfolio over the past three to twelve months will 
on average continue to outperform these other stocks over the future three to twelve months. 

 (Lee and Swaminathan, 2000), anchoring and 

adjustment heuristics (Duxbury, 2005), or price following heuristics (Braga and 

Starmer, 2005). Other market phenomena also appear to reflect this explanation for 

ambiguity-aversion, based on the over-application of a rule of thumb. In particular, 

market outcomes can be subject to patterns of misaligned expectations and traders’ 

actions can be based on mistaken beliefs about the information held by others. These 

phenomena include fads (Shiller, 1984), information bubbles (Friedman and Aoki, 

1986), and information traps (Noeth et al., 1999). Price volatility might even be 

explained by traders over-reacting to information about others’ trades and prices that 

falsely reveal information no one has (Camerer and Weigelt, 1991). Information 

mirages kind of information bubble caused when traders do not have any information 
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but they “do not know that nobody has any information” (Camerer, 1989, p. 26). 

Noisy trading may lead to incorrect inferences from market data and result in more 

disequilibrium trading (Camerer, 1989). Traders think they have inferred inside 

information even when there is no information there for them to infer.  

1.2.2 Rational behaviour and experimental markets 
 

The rationality of knowledge requires both judgement and preference. It also 

requires that the existence of other individuals is taken into account as a form of 

interactive rationality (Arrow, 1996). However, in many environments this would 

require capacities that exceed the capabilities of human beings (Tietz, 1983)4

 

. Even if 

competitive equilibrium may be assumed there are still deeper empirical questions as 

to how it might be established (Arrow, 1996). Although game theoretic approaches 

can be used to model price formation in double auction markets, these models may 

make simplifying assumptions about strategic feedback effects (Friedman, 1991). 

Experimental methods provide an alternative approach to modelling the interactions 

between decision-makers within institutions that is otherwise difficult using 

theoretical approaches (Smith, 2005). However, in some experimental markets there is 

evidence of irrational or myopic behaviour (e.g. Dinar et al., 2000). In some markets, 

price bubbles can be almost ubiquitous (Smith et al., 1988) and they appear to be 

caused by actual irrationality rather than a lack of common knowledge of rationality 

as first thought (Lei et al., 2001).  

The discovered preference hypothesis describes stages in experimental market 

behaviour (Plot, 1996). In the early stages of markets behaviour is irrational (1st 

stage) but not necessarily random, because traders lack relevant experience. Over the 

course of an experiment their behaviour may become close to rational as the agent 

gains experience (2nd stage). This is a response to repeated choices, practice, 

incentives and sobering experience. Behaviours emerge that resembles predictions 

based on assumptions of individual rationality. However, at this stage interactions 

with other subjects still do not reflect interactive rationality. Behaviour may become 

strategic if subjects start to take others’ decisions into account (3rd stage). Choices 

                                                 
4 For example, Tietz (1983) argued that when a decision-maker’s knowledge of their opponent’s utility 
function is incomplete in a game-theoretic model, it is assumed that the decision-maker establishes a 
probability distribution over the possible types of their opponent’s utility function. 
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may begin to anticipate the rationality reflected in other subjects’ choice, and 

approximate the assumption of a common knowledge of rationality (Plott, 1996). 

 

Subjects often find it difficult to learn strategic behaviour that matches the 

assumptions of interactive rationality. The discovered preference hypothesis was 

formulated to explain deviations from models based on rational choice (Plott, 1996). 

According to the theory, risk preferences, expectations, beliefs, and so on, are 

gradually discovered as individuals accumulate experience in markets. The question 

as to whether preferences are fixed, constructed or discovered also has implications 

for the measurement of subjects’ preferences. If preferences do not exist they cannot 

be measured and this complicates the problem that different elicitation procedures and 

different contexts can produce very different results (Tversky et al., 1988). If 

preferences are part of a feedback process they may not provide a reliable guide for 

behaviour (Heiner, 1985a). The discovered preference hypothesis provides a middle 

ground between the ideas of fixed and constructed preferences; they are influenced by 

context but they are there to be discovered (Plott, 1996).  

 

Individual behavioural factors combine with social factors to select some 

aspects of reality as the basis for decisions; this influences the strategies people use to 

cope with a complex reality using their own limited information-processing 

capabilities (Simon, 1986). In particular, markets might organize bids and asks as part 

of a feedback process that helps traders cope with uncertainty in their own valuations 

or preferences (Heiner, 1985a). In contrast with some experimental markets where 

traders start with a “known and fully determinate set of demand and supply value 

schedules for all transacting agents” (Heiner, 1985a; p. 260), in non-experimental 

markets, traders might also have to deal with uncertainty about which options are 

more or less preferred5. Heiner (1985a) was led by this reasoning to ask how market 

prices might be determined when there are no pre-existing value schedules to guide 

supply and demand decisions6

                                                 
5 In non-experimental markets traders do not necessarily behave according to well-defined and 
complete preference orderings (Heiner, 1985b). Interestingly, some models of ambiguity-aversion 
characterize agents as having “incomplete preferences” (e.g., Rigotti and Shannon, 2005). 

. 

6 Heiner (1985b) identified the effects of preference uncertainty on individual and market behaviour as 
an important direction for experimental research. He suggested that while many experiments match the 
special case where agents have access to completely reliable information about their own values to 
guide their interactions, the convergence process might be sensitive to preference uncertainty. In 
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It is possible that the end point of the learning process in markets might not be 

the discovery of a consistent and stable preference. Subjects may instead discover 

rules of thumb that can guide their behaviour in complex environments (Braga and 

Starmer, 2005). It is very difficult for subjects to learn to act strategically and 

rationality may not become common knowledge simply because rationality is not a 

fact (Plott, 1996). Observations of information traps, bubbles, and mirages, appear to 

reflect subjects’ difficulty in learning to interact with other traders as assumed by 

interactive rationality. As implied by the explanation of ambiguity-aversion as an 

over-application of a common rule of thumb, these market phenomena may reflect 

trading based on such rules. The early stages of experimental market behaviour may 

also reflect the effects of ambiguity and ambiguity-aversion (Camerer, 1999). At the 

start of market experiments, there is ambiguity because subjects only know their own 

valuations. This can lead to behaviour that is often referred to as risk-aversion or 

confusion, but may actually reflect ambiguity-aversion.  

 

At the start of experiments, subjects may even prefer to do nothing rather than 

act in an ambiguous environment where they feel incompetent (Camerer, 1999). Wide 

bid-ask spreads and lower trading volumes may result. However, as experiments 

continue, information is learned and the effects of ambiguity-aversion may also be 

reduced. Whilst many statistical analyses explicitly exclude the data from the first 

trading period of an experimental market, this data may be useful for examining the 

effect of ambiguity on market behaviour (Camerer, 1999). Similarly, tests of the 

discovered preference hypothesis might compare behaviour at the start of an 

experiment with behaviour later on (Plott, 1996). 

 

The connections between preferences, expectations and interactions within 

markets are central to understanding traders’ search for mutually agreeable prices. 

However, the use of additional induced supply and demand functions to endogenous 

preferences and innate behavioural tendencies might limit some parallels between 

experimental asset markets and non-experimental markets (Duxbury, 1995). It has 

been suggested that some market behaviour may not reflect values that exist 

                                                                                                                                            
response, Smith (1985) agreed with Heiner (1985b) that classical preference theory is amongst the 
fundamental concepts that needed to be re-examined experimentally and emphasized that it is 
important to examine all aspects of parallelism between laboratory and field behaviour.  
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independently of opportunities of exchange (Heiner, 1985a). In some experiments, 

once traders have inferred the state of the world they will know the exact value of an 

asset to them. This means that induced preferences remove some of the difficulty of 

discovering preferences. It is therefore very interesting and important to examine how 

prices are determined without additional induced supply and demand functions as in 

some asset market experiments (e.g. Plott and Sunder, 1982; Camerer, 1987; Smith et 

al., 1988). One suggestion is that preferences may be constructed or discovered in 

markets as a result of feedback that helps traders cope with uncertainty in their 

valuations (Heiner, 1985a). Preference uncertainty might affect the convergence 

process itself, especially when rational decisions depend on subjective probabilities7

1.2.3 Competence-gaps and rules of thumb 

.  

 

 Experiments on decision-making experiments on decision-making in dynamic 

settings have shown that people’s ability to find an optimal solution is limited (e.g. 

Noussair and Maheny, 2000). It is possible that explanations based on rules of thumb 

provide better explanations of experimental market observations (Braga and Starmer, 

2005). This is supported by the idea that limits on optimizing behaviour under 

uncertainty are the basis of predictable behaviour (Heiner, 1983; 1985b; 1989). The 

basic argument proceeds as follows. Although, optimizing behaviour is persistently 

criticized as an acceptable explanation of behaviour, loyalty to this model is not based 

on the usefulness of its predictions. Instead, there is a deeper methodological issue 

regarding the use of the rationality assumption. This is the idea that we must assume 

decision-makers are perfectly competent to maximize according to precise and stable 

preference, regardless of the complexity of a decision problem, otherwise uncertainty 

in choosing preferred alternatives would lead to errors and surprises and therefore 

unpredictable and erratic behaviour (Heiner, 1983). This argument implies that whilst 

learning processes are complex, the regularities associated with optimization and 

equilibrium will be relatively straightforward (Winter, 1986).  

                                                 
7 Heiner (1985b) argued that preference uncertainty is particularly important for expected utility models 
of behaviour under uncertainty with subjective probabilities for future contingencies because the 
computational difficulty is greater than when avoiding mistakes in decisions with known utilities for a 
fixed set of options. Arrow (1986; 1996) made a similar argument and also pointed out the additional 
computational abilities required by models where decision-makers must form subjective probabilities 
about the utility functions of the other decision-makers with whom they interact. 
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 However, Heiner (1983) argued that the opposite is true. Conventional theory 

is a special case where there is no gap between the competency of a decision-maker 

and the difficulty of a decision problem. Without any uncertainty, the behaviour of 

perfectly informed, fully optimizing agents would respond with complete flexibility to 

every change in their environment. Instead of easily recognized patterns, this would 

lead to behaviour that would be difficult to predict. In contrast, Heiner (1983) argued 

that it is the limits on optimizing behaviour under uncertainty that lead to predictable 

behaviour. If decision-makers have a competence-gap, they will not respond flexibly 

to new information, instead they will rely on rule-based behaviours and exhibit more 

stable and predictable patterns of behaviour. Because of the difficulty in 

distinguishing preferred from less-preferred behaviour, uncertainty may restrict an 

agent’s flexibility to choose potential actions or lead to a selective alertness to 

information that means particular actions are chosen (Heiner, 1983). These 

mechanisms simplify behaviour and lead to less complex patterns in behaviour that 

are easier for an outside observer to recognize and predict. Decision-makers may 

systematically restrict the acquisition and use of information and this may improve a 

decision-maker’s overall performance, even though it means that less-preferred 

alternative will be selected in some situations8

 

.  

A related perspective sees decision-making as a learning process (Choi, 1993; 

Gilboa and Schmeidler, 1996). Choi (1993) replaced the idea of maximization in 

decision-making under risk and uncertainty with the idea of paradigm-seeking. Under 

subjective expected utility theory individuals first form a subjective probability 

distribution over possible outcomes and then maximize an expected utility function. 

According to the paradigm-seeking approach, individuals first identify a paradigm 

that prescribes the action to take in a given situation. According to case-based 

decision theory, when faced by a new decision problem, the most similar cases are 

retrieved from memory and choices are based on the success of past acts in the most 

similar problems (Gilboa and Schmeilder, 1996).  

 

                                                 
8 This type of behaviour is related to bounded rationality (Simon, 1972; 1986). However, Luini (1999) 
suggested that limited knowledge and limited information are more useful terms because they can be 
used to distinguish between situations that would otherwise all be labelled as bounded rationality. 
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When people are confronted by an unfamiliar situation they may not be able to 

identify a suitable paradigm at first. Then, they will then search for a paradigm, either 

by stretching existing paradigms or by acting randomly (Choi, 1993). Paradigms are 

based on past experiences, similar experiences or by imitating other individuals who 

have faced similar situations in the past and have acted successfully. Thereby, 

paradigms can be acquired by a social process. In particular, people will imitate others 

in a homogeneous group when faced by ambiguity. As the degree of uncertainty 

grows, people may increasingly rely on vicarious experiments and the imitation of 

others (Choi, 1993). This may lead to behaviour that looks very similar to the 

consequences of comparative ignorance. People may wait to see how others respond 

first and they may suspect other people have relevant information that they 

themselves lack. Given people’s limited competence, someone will eventually be 

compelled to act and will thereby inadvertently become the subject of vicarious 

experimentation (Choi, 1993). 

 

Under conditions of uncertainty, the relevance of market predictions based on 

rational choice depends in part on whether equilibrium will emerge from learning 

processes. Winter (1986, p. 245) argued that if research is limited to steady states of 

adaptive processes then this seems to “view vast realms of apparent rapid change as 

either unimportant or illusory”. Instead, we can investigate the learning and adaptive 

processes of decision-makers acting in a changing world they might not understand 

(Winter, 1986). Research into experimental markets can be used to examine the 

convergence processes and the out-of-equilibrium behaviour of markets (Smith, 

1991). Optimal market outcomes might sometimes be reached by unconscious 

processes or institutions that can guide individual behaviour towards rational 

outcomes (Smith, 2000).  

 

However, the effects of ambiguity on market behaviour challenges models of 

rationality based on judgement, preference and the interaction of traders. The 

discovery of preferences might be affected by ambiguity and ambiguity-aversion 

these factors encourage the use of rules of thumb. Whilst some models view these 

observations as deviations from rational choice models, an alternative perspective sees 

uncertainty as a basic source of predictable behaviour (Heiner, 1983). Uncertainty 

may even be crucial for producing systematic behaviour that can be studied 
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empirically. When people are confronted by new situations and uncertainty, the 

discovered preference hypothesis suggest that their behaviour may come to 

approximate predictions based on assumptions of individual and interactive 

rationality. Alternatively people may act randomly or adapt an existing paradigm to 

the new decision problem. With greater uncertainty, people might rely more heavily 

on social processes for guidance, including imitation and vicarious experimentation. 

The research questions examined in this thesis reflect the market consequences of 

these kinds of behaviour. As traders search for equilibrium prices, with only their 

endogenous preferences and behavioural tendencies to guide them, they might act 

more randomly or perhaps more predictably. Alternative predictions suggest this will 

lead either to increased price volatility or more stable and predictable patterns of 

prices. 

 

1.3 The research problem 

 

When observed behaviour contradicts formal theories of rationality, rather 

than concluding that people are irrational, it is possible to examine new concepts and 

experiment designs that might help us better understand the behaviour (Smith, 2005).  

 
New theory needs to be able to embrace the old theory where it is accurate, improve 

its performance where it is inaccurate, and have new predictive consequences.   

 

(Smith, 2005, p. 146) 

 

 The failure of theory is more prominent when experiments are explicitly 

designed to test its limits (Smith and Williams, 2000). Yet this is the kind of 

experiment that is needed for theory to progress. Knightian uncertainty, ambiguity and 

ambiguity-aversion are all factors that challenge the market predictions of theories 

based on individual choice. This section of the introduction summarizes the main 

research problems of the thesis and provides an overview of the methodology, 

research questions and hypotheses. Specifically, the importance of examining the 

effects of ambiguity and ambiguity-aversion on market behaviour, the effects of 

ambiguity and markets on individual decisions, and the relative roles of risk and 

ambiguity preferences are to be examined. 
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1.3.1 Research aims 
 

 Preferences and expectations are important determinants of market outcomes, 

yet parsimonious models of expectations can require strong assumptions about 

individual decision-making under uncertainty (e.g. Muth, 1961). The results of 

modelling approaches that rely on strong assumptions of individual rationality (e.g. 

Scott and Dudley, 1996) often stand in stark contrast to the irrational and myopic 

behaviour observed in experimental markets (e.g. Smith et al., 1988; Dinar et al., 

2000; Lei et al., 2001). Knight (1921) argued that a satisfactory explanation of the 

difference between the behaviour of real markets and predictions of perfect 

competition could be found by critically examining the concept of uncertainty and its 

effect on economic processes. 

 

The important roles of Knightian uncertainty and ambiguity-aversion have 

been demonstrated in applications in finance (Epstein, 2000), water resource 

management (Roseta-Palma and Xepapadeas, 2004) and environmental regulation 

(Stranlund and Ben-Haim, 2007). In particular, most important environmental 

problems are characterized by ambiguity, with unknown probabilities, rather than 

pure risk (Costanza, 1994). This thesis examines the role of Knightian uncertainty, 

ambiguity and ambiguity-aversion in explaining individual choices in market 

behaviour using an experimental approach. Experimental economics provides a 

methodology that can be used to simultaneously study individual and aggregate 

behaviour as well as simulate the effects of risk and ambiguity on market outcomes. 

This thesis thereby examines the role of alternative theories of choice for explaining 

the relationship between individual decisions and observed market behaviour. This 

research problem has three components, (1) to examine the effect of Knightian 

uncertainty, ambiguity and ambiguity-aversion on the out-of-equilibrium behaviour of 

markets, (2) to examine the effect of ambiguity and market interactions on individual 

decisions, and (3) to examine the relative roles of risk and ambiguity preferences.  

 

Ellsberg (1961) demonstrated how ambiguity aversion conflicts with 

subjective expected utility theory, the conventional model of rational decision-
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making9. Models based on individual rationality are widely accepted as incomplete 

first approximations for predicting market behaviour (Smith, 1991), yet the argument 

as to whether markets can be modelled ‘as if’ people follow normative decision 

theories can still be contentious (Stracca, 2004). Many individual decision 

experiments that demonstrate violations of expected utility theory do not incorporate 

market feedback, which is a key element of Friedman’s (1953) discussion of the 

rationality assumption (Buschena, 2003). In fact, Arrow (1986) argued that the 

concept of rationality in economics itself relies on the market concept for its definition 

as well as its predictive power. This argument contends that the useful and powerful 

implications of rationality “derive from the conjunction of individual rationality and 

the other basic concepts of neoclassical theory – equilibrium, competition, and 

completeness of markets” (Arrow, 1986, p. S387)10

 

. 

Determining whether markets eliminate the effects of ambiguity on individual 

decisions is an important question. Ambiguity-aversion might not be short-run 

phenomena because of the complexity of economic processes (Epstein and Wang, 

1994). However, a variety of ways that forms of market rationality might be 

maintained given discrepancies between observed individual behaviour and rational 

choice models have been considered (Camerer, 1987; Frey and Eichenberger, 1989; 

Blaug, 1992; Camerer, 1995; Cox and Grether, 1996; Di Mauro and Maffioletti, 2001; 

Stracca, 2004). The most common suggestion is that markets might provide 

information feedback and opportunities for learning via interactions with other traders 

that can correct biases in individual decision-making over time (e.g. Di Mauro and 

Maffioletti, 2001).  

 

Previous research has provided mixed evidence, but suggests that ambiguity 

and ambiguity-aversion can affect bidding prices and market prices (Camerer and 

Kunreuther, 1989; Sarin and Weber, 1993; Di Mauro and Maffioletti, 2004). 

However, some models suggest that ambiguity will increase price volatility (e.g. 

Epstein and Wang, 1994), whereas others suggest more stable and predictable patterns 

of prices might emerge (e.g. Heiner, 1983). If ambiguity results in increased price 
                                                 
9 See Blaug (1992) for a review of the evolution of the concept of rational choice in economic theory. 
10 Arrow (1986) pointed out that Knight (1921, pp. 76-79) was the first to make all these assumptions 
explicit and that Chamberlin (1950, pp. 6-7), once a student of Knight’s, argued that it is not just pure 
competition but perfect competition that is needed before rationality hypotheses have all their power. 
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volatility, this may even impede the introduction of new environmental and natural 

resource markets, if it interferes with traders’ search for mutually agreeable prices 

(Anderson and Sutinen, 2006). New models suggest that ambiguity can have 

additional impacts on market behaviour, such as increased price volatility (Epstein 

and Wang, 1994) or might lead traders to over-react to bad news (Epstein and 

Schneider, 2008). This theoretical and experimental evidence is examined further in 

the literature review. To examine the relationship between Knightian uncertainty, 

ambiguity and ambiguity-aversion a number of experiments were designed based on 

past findings and new theoretical developments. 

1.3.2 An overview of the methodology 
 

Sunder (1995) argued that “evaluating laboratory work in terms of fidelity to 

the mathematical model is just as sterile as evaluating a sculpture in relation to a 

photograph” (p. 492). However, the limitations of different methodologies have led to 

standard operating procedures and routine assumptions in each field (Sunder, 1995). 

This is complicated by a history of economic research into risk and uncertainty, at the 

individual and market level, where the roles of thought experiment, laboratory 

experiment and theory are all interwoven. Consequently, a combination of 

experimental procedures for studying individual decisions and market behaviour was 

used to investigate the role of Knightian uncertainty, ambiguity and ambiguity-

aversion. Six types of experimental procedure were used to study (1) individual 

decisions under risk and ambiguity with and without trade, (2) markets motivated by 

subjects’ endogenous preferences, (3) risk and ambiguity preferences, (4) box-design 

markets under conditions of risk, ambiguity and certainty, (5) the likelihood of trade 

between risk and ambiguity, and (6) the effect of future markets on price volatility. 

 

1. Individual decisions under risk and ambiguity with and without trade. Experiments 

were designed to examine the same individual decision with and without an 

opportunity to trade in a market. Individual decisions were based on a standard 

portfolio choice problem in these experiments where subjects decided how many 

investment units to allocate to either a certain or uncertain investment option. Under 

conditions of risk, subjects were told the probability of return from an uncertain 

investment option was 50 percent. Under ambiguity, subjects were told they were not 
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being told the probability. These experiments enabled the question as to whether 

market interactions and opportunities to learn from markets would eliminate or reduce 

the effect of ambiguity on individual decisions over time to be examined. It is central 

to the experiment design that trade in the market treatment was motivated by the risk 

and uncertainties in these individual investment decisions. This means that the same 

individual decision under conditions of risk and ambiguity could be examined with 

and without trade. 

 

2. Ten-person markets motivated by subjects’ endogenous risk and/or ambiguity 

preferences. With trade, subjects were able to trade investment units in a multiple-unit 

double auction before making their individual investment decisions. Trade was linked 

to subjects’ own risk or ambiguity preferences since the units traded were 

subsequently allocated to either the certain or uncertain investment option by subjects. 

These experiments provided a comparison between market behaviour under separate 

conditions of risk and ambiguity and enabled the consequences for market behaviour 

and price volatility to be examined. Prices, price volatility and market behaviour were 

compared between conditions of risk and ambiguity based on these market 

experiments. By comparing trade at the start of these experiments with later market 

behaviour the relationship between the patterns of behaviour described by the 

discovered preference hypothesis was compared between conditions of risk and 

ambiguity. Wider bid-ask spreads have been related to both less conservative trading 

(Ang and Schwarz, 1985) and to the early trading behaviour of experimental markets 

and ambiguity (Camerer, 1999). 

 

3. Measurements of risk and ambiguity preferences. Measured preferences were 

compared with individual decisions and market outcomes. Procedures were used for 

measuring preferences in different contexts, including risk and ambiguity and over 

potential gains and losses. One of the limitations of past research has been the 

unreliable relationship between different measurement procedures and between 

measurement procedures and other experimental decisions (Camerer and Weber, 

1992). It has been suggested that risk preferences might be measured routinely for 

comparison with other experimental decisions (Holt and Laury, 2002). However, 

procedures are often dependent on context and only some have been found to relate to 

market outcomes (MacCrimmon and Wehrung, 1990; Dohmen et al., 2005; Pennings 
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and Smidts, 2000; Ang and Schwarz, 1985; Fellner and Maciejovsky, 2007). By 

measuring preferences under conditions of risk and ambiguity, gains and losses, and 

using different procedures, the results provided a comparison of different procedures 

and their usefulness for robust and routine experimental use.  

 

One of the major advantages of experimental methods is that individual and 

aggregate behaviour can be observed simultaneously (Camerer, 1995). The 

experiments were designed with this advantage in mind and methods for studying 

individual decisions and market behaviour were combined. Trade was motivated 

based on endogenous differences in subjects’ preferences over an individual choice 

problem. This means that measured risk and ambiguity preferences could be 

compared with both the individual decisions that motivated trade and the direction of 

trade in the double auction markets. The role of ambiguity-aversion in individual 

decisions and market outcomes was examined and the relative roles of risk and 

ambiguity preferences were compared. 

 

4. Box-design markets under risk, ambiguity and certainty. An alternative approach to 

motivating trade was used with designated buyers and sellers in double auction 

markets. This enabled a comparison of market outcomes between conditions of risk, 

ambiguity and a certainty control treatment. Under conditions of ambiguity, traders 

were told that the probability of returns was fixed at either 70 percent or 30 percent 

for all trading periods. The problem of learning the probability is simplified in this 

decision environment. This provided a test of whether prices would begin to reflect 

the actual probability over time. In the box design, the induced supply and demand 

functions do not precisely define the equilibrium price. Instead there are a range of 

possible prices between the buyers and sellers induced values. This enabled the 

stability or other patterns in prices to be compared between all three market 

conditions. 

 

5. Two-person markets and the likelihood of trade. The interactions between pairs of 

traders in a market institution were examined. This was designed so that the effect of 

ambiguity on the likelihood of trade could be compared between risk and ambiguity. 

Trade was motivated by allocating a single asset randomly to one trader in each pair.  
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Subjects were paired with a different trading partner in each trading period. A ten-

period model with an asset worth $4 or $0 and a five-period model with an asset 

worth $8 or $0 were used. Differences in prices, trading behaviour and whether or not 

the assets were traded were compared between risk and ambiguity.  

 

6. Futures markets and price volatility. Pilot experiments with a futures market were 

conducted to examine the potential role of this market institution on price 

expectations under ambiguity. The consequences of ambiguity for the volatility of 

prices might be altered by the presence of open future markets.  Futures markets 

might influence price expectations and help traders learn the value of the assets 

traded. 

1.3.3 Research questions and hypotheses 
 

To examine the relationship between Knightian uncertainty, ambiguity and 

ambiguity-aversion and the out-of-equilibrium behaviour of markets the following 

research questions and hypotheses were formulated, based on a review of the 

theoretical and experimental literature. 

 

Question 1: What is the role of ambiguity and ambiguity-aversion in understanding 

market behaviour? 

H1.1: There will be trade without additional induced supply and demand step-

functions (in the ten-person markets). 

H1.2: Prices will be lower under conditions of ambiguity than under conditions of 

risk (in the ten-person markets). 

H1.3: Prices will be lower under conditions of ambiguity than under conditions of 

risk (in the two-person markets). 

H1.4: Prices will be lower under conditions of ambiguity than under conditions of 

risk or certainty (in the box-design markets). 

H1.5: Price volatility will be greater under conditions of ambiguity than under 

conditions of risk in markets motivated by subjects’ endogenous risk and/or 

ambiguity preferences (in the ten-person markets). 
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H1.6: Price volatility will be greater under conditions of ambiguity than under 

conditions of risk or certainty (in the box-design markets). 

H1.7: If ambiguity increases price volatility then open markets for future trading 

periods will reduce price volatility in earlier trading periods. 

H1.8: There will be a lower quantity of trade under conditions of ambiguity 

compared with conditions of risk (in the ten-person markets). 

H1.9: There will be fewer trades under conditions of ambiguity compared with 

conditions of risk (in the two-person markets). 

H1.10: There will be wider bid-ask spreads under conditions of ambiguity compared 

with conditions of risk and/or certainty. 

H1.11: Early trading behaviour will reflect the role of ambiguity and ambiguity-

aversion on market outcomes such as greater bid-ask spreads, price ranges and 

increased price volatility. 

 

Question 2: Do markets eliminate ambiguity-aversion? 

H2.1: Individuals will invest a greater proportion of their endowments in an uncertain 

investment option when outcomes are unambiguous than when outcomes are 

ambiguous. 

H2.2: Market interactions will reduce ambiguity-aversion in individual decisions. 

H2.3: Ambiguity-aversion will not be related to market outcomes. 

H2.4: Market prices under ambiguity will begin to reflect the actual probability 

known to traders under conditions of risk over time (in the box-design markets). 

 

Question 3: What is the relationship between preferences measured under conditions 

of risk, ambiguity, gains and losses, using different elicitation procedures, and market 

behaviour? 

H3.1: There will be differences in the relative ranking of subjects according to risk 

and ambiguity preferences measured in different contexts and using different 

elicitation procedures. 

H3.2: Different elicitation procedures and different contexts of measurements will 

affect the relationship between measured preferences and individual decisions. 
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H3.3: Different elicitation procedures and different contexts of measurements will 

affect the observed relationship between measured preferences and market behaviour. 

H3.4: Subjects will invest a greater proportion of their endowments in the uncertain 

investment option with trade than without trade. 

H3.5: The amount individuals invest in the uncertain option will be related to their 

measured risk and/or ambiguity preferences. 

H3.6: Trade will be observed in the direction from subjects with lower preferences 

for an uncertain outcome to subjects with higher preferences for this outcome. 

H3.7: Observed trade is consistent with measurements of risk and/or ambiguity 

preferences. 

H3.8: Ambiguity preferences will be more strongly associated with the direction of 

trade than risk preferences (in the ten-person markets). 

 
1.4 An outline of the thesis 

 

This thesis continues with a literature review in Chapter 2. Chapter 3 presents 

the methodology and experiment designs used to examine the research questions and 

test the experimental hypotheses. Figure 1-1 shows how the presentation of the results 

is divided into the analysis of market outcomes and the analysis of risk and ambiguity 

preferences. 
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Figure 1-1An outline of the thesis 

 

Chapter 4 presents the results of the comparison of market prices and price 

volatility between conditions of risk and ambiguity and discusses the results in 

comparison with previous research. Chapter 5 examines market behaviour in more 

detail and compares early trading behaviour under conditions of risk and ambiguity 

with later market behaviour. Chapter 6 examines the role of preferences in explaining 

individual decisions and market outcomes. This chapter compares measured risk and 

ambiguity preferences with individual decisions and trade in double auction markets. 

This analysis examines the relative roles of risk and ambiguity preferences and 

whether ambiguity-aversion persists with market interactions. Chapter 7 summarises 
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and discusses the results for each research question and presents ideas for future 

research. Chapter 8 discusses the broader implications of the research findings and 

concludes the thesis. 

 

Conclusion 

 

The consequences of Knightian uncertainty and ambiguity highlight the 

differences between theoretical explanations of market behaviour and experimental 

observations of market behaviour. In particular, possible explanations of ambiguity 

are consistent with possible explanations of the out-of-equilibrium behaviour of 

experimental markets. Smith (1982, p. 165) argued that for a secure foundation, 

researchers must be prepared to rethink and test their most fundamental propositions; 

that “the fuse between science and policy must be much longer than we have so 

impatiently believed”. The effect of ambiguity on experimental markets as traders 

learn their own preferences and learn to interact with other traders brings different 

predictions based on optimization and alternative theories into relief. The relative 

roles of risk and ambiguity preferences are important for understanding the out-of-

equilibrium behaviour of markets, yet past research has been limited by the methods 

available for relating measured preferences to other experimental decisions.  

 

This thesis presents experiments designed based on past experimental research 

and new theoretical developments to examine the relationship between Knightian 

uncertainty, ambiguity and ambiguity-aversion. Alternative predictions for the 

consequences of ambiguity and ambiguity-aversion for market behaviour are based on 

contrasting theories of individual choice. In the following chapter, the role of decision 

theory and ancillary assumptions regarding market behaviour and the results of past 

experimental research are reviewed. 
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Chapter 2. Literature review 

 
Most centrally, an economic theory must include a theory of market 

interactions (Arrow, 1986). Theories of aggregate behaviour under uncertainty are 

founded on theories of individual choice because “only individuals make decisions” 

(Choi, 1993, p, 5). Knight (1921) argued that the difference between theoretical 

predictions and observed market behaviour could be understood by examining the 

consequences of the difference between risk and ambiguity. Under uncertainty, the 

approach of methodological individualism gives decision theory a central role 

(Vercelli, 1999). Theories of individual decision under uncertainty are important for 

understanding the relationship between individual behaviour and market outcomes. 

Decision theory is often used as a proxy for individual rationality (Laffont, 1989; 

Luini, 1999), it is used in conjunction with ancillary assumptions such as equilibrium 

to modelling market behaviour (Knight, 1921; Chamberlin, 1950), and it has 

supported the development of methods for measuring risk and ambiguity preferences 

(Camerer, 1995; Harrison and Rutström, 2008). However, Knightian uncertainty 

challenges predictions based on conventional models of individual rationality and 

assumptions of equilibrium. This literature review examines the role alternative 

assumptions about individual choices play in explaining market behaviour, predicting 

alternative market outcomes, and measuring preferences. 

 

2.1 Rational choice and market behaviour 

 

Arrow (1986) argued that it would be equally valid to base a market theory on 

a model of habit formation as utility maximization. Models of individual behaviour 

are used in conjunction with ancillary assumptions about competition and equilibrium 

(Knight, 1921). However, any test of rational individual choice is also a test of the 

stability of preferences and of knowledge about alternative opportunities (Caldwell, 

1983). This section examines the use of decision theory to model market behaviour 

and the limitations of the rationality postulate for understanding the behaviour of 

markets when they are not in equilibrium. 
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2.1.1 Decision theory and rationality in markets 
 

Decision theory can be used to help us understand the limitations of received 

concepts of rationality as well as understand the feedbacks and patterns in individual 

decisions imposed by aggregate properties of economic systems (Vercelli, 1999). At 

rational expectations equilibrium, each trader is either assumed to know the 

probabilities of outcomes precisely or update subjective probability distributions 

according to Bayesian decision theory. At equilibrium, market prices confirm these 

beliefs so that the prices that prevail are those that were expected (Muth, 1961). 

Although subjective expected utility theory (Savage, 1954) is the conventional model 

of rational decision, alternatives such as Choquet expected utility theory (Choquet, 

1955; Schmeidler, 1989) or multiple priors models (Gilboa and Schmeidler, 1989) can 

be used to predict alternative outcomes at equilibrium (e.g. Epstein and Wang, 1994; 

Rigotti and Shannon, 2005). Even less mathematical approaches, such as Choi’s 

(1993) theory of paradigm-seeking behaviour, use a related approach by focusing on 

the social outcomes that emerge as the consequence of individual actions and 

interactions. 

 

Debate over the validity of the rationality postulate has provided a great 

stimulus to research. For example, Smith (2000, p. 7) criticized Tversky and 

Kahneman’s (1986) argument that “normative and descriptive analyses of choice 

should be viewed as separate enterprises”. Smith (2000, p.7) disagreed, and whilst 

acknowledging important exceptions, argued that new theories can “deepen the 

concept of rationality and simultaneously increase consistency between the 

observations and the models; better normative models more accurately predict the 

experimental results.” This kind of debate can be clarified by distinguishing between 

normative and positive models and their different uses. Figure 2-1 classifies decision 

theories into four different kinds (MacCrimmon, 1999, p. 265). 
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Real person 

 
Idealized person 

 
“IS” 

 
Descriptive model: How a real 
person makes a decision. 
 
Premise: The theory describes 
decision behaviour that a real person 
is capable of carrying out. Thus it is 
expected that the decisions of a real 
person will match the theory directly. 
 

 
Positive model: How an idealized person 
makes a decision. 
 
Premise: Although a real person may not 
be capable of matching the theory, the 
theory can be applied on an “as if” basis. 
Thus it can serve as a benchmark from 
which one can focus on systematic 
deviations from the ideal. 
 

 
“OUGHT” 

 
Prescriptive model: How a real 
person should make a decision. 
 
Premise: Although a real person may 
not make decisions as they ought to, 
they are capable of using the theory 
directly. 
 

 
Normative model: How an idealized 
person should make a decision. 
 
Premise: Although a real person may not 
be capable of directly applying the theory, 
the theory serves as a guideline – 
something to aspire to. 
 

Figure 2-1 Assumed model of the decision-maker 

   
This classification helps avoid confusion regarding the different uses of 

decision theory and the rationality postulate. This is important since the same theory 

can be used in multiple ways. For example, subjective expected utility theory has been 

tested as a descriptive theory, as well as a normative theory, and it is commonly used 

as a positive theory to model market outcomes. Camerer (1999) pointed out that the 

theories developed as descriptive alternatives to subjective expected utility theory 

might also be intended as normative models. Normative models use a rationality 

criterion that is either intrinsic to the theory as with the coherence of behaviour in 

Bayesian theory, but in most cases the rationality criterion is extrinsic to the theory 

(Vercelli, 1999). Most decision theories assume the maximization of a utility function 

as the rationality criterion. This gives the maximization of expected utility for risky 

outcomes. Under complete ignorance a popular decision criterion is to choose the 

option with the best of the worst consequences (Vercelli, 1999). Although positive 

theories might assume that people behave as if they have particular expectations or 

follow particular decision theories, this assumption is not a description of actual 

thought processes (Matthews, 1991). The usefulness of any theory of individual 

choice for explaining market outcomes is ultimately an empirical question (Friedman, 

1953). 
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Market rationality can be defined as present when a market functions ‘as if’ all 

traders are rational (Stracca, 2004). This definition raises two interesting questions. 

The first is whether markets can correct biases in individual decision-making and 

thereby validate the assumption of individual rationality; and the second is whether 

market rationality can exist without individual rationality. Experimental market 

research suggests that traders who know only their redemption values can reach an 

equilibrium predicted based on rational choice (Smith, 1962). A constructivist concept 

of rationality is exemplified by market models that assume traders have complete 

information about the decision environment (Smith, 2005). This assumption ignores 

the level of ignorance that has conditioned behaviour and evolved the norms and rules 

that govern behaviour. Smith (2005, p.136) argued that some researchers are 

“reluctant to allow that naïve and unsophisticated agents can achieve socially optimal 

ends without a comprehensive understanding of the whole, as well as their individual 

parts, implemented by deliberate action.” However, when studying emergent 

phenomena, people might be unable to articulate the rules that guide their behaviour 

but these rules might still be discovered (Smith, 2005). Individual behaviour can be 

consistent with particular rules even though people are not consciously aware of them. 

As with other positive theories, researchers can assume people behave ‘as if’ they 

follow particular rules (Smith, 2005).  

 

The relevance of the rationality postulate depends in part on whether 

equilibrium will emerge from learning processes and this question has a long history 

of debate (e.g. Hayek, 1937). Winter (1986, p. 245) argued that if research is limited 

to steady states of adaptive processes then this seems to “view vast realms of apparent 

rapid change as either unimportant or illusory”. He further suggested that although the 

classic defence leaves a significant domain of inquiry, this area is too small to define 

the limits and ambitions of economics as a discipline. Winter (1986, p. 433) argued 

for the importance of research into the learning and adaptive processes of “boundedly 

rational economic actors who are forced to act in a changing world that they do not 

understand.” Winter (1986) argued that the economic discipline needed to 

acknowledge the narrow limits of the classic defence and to build an empirical science 

beyond. Experimental economics has extended research beyond these bounds to 

examine the convergence processes and out of equilibrium behaviour of markets 

(Smith, 1991).  
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2.1.2 The assumption of equilibrium 
 

Sometimes it is assumed that equilibrium among rational agents will occur 

immediately, without any period away from equilibrium. Possible connections 

between the role of ambiguity (Camerer, 1999) as well as patterns of learning 

behaviour in markets (Plott, 1996; Duxbury, 2005) indicate an important role for the 

interactions amongst traders before equilibrium can be observed. Roth (1995) 

highlighted the importance of disequilibrium dynamics for understanding whether any 

kind of equilibrium is to be expected. One of the tasks of research is to delineate 

environments where rationality is and is not a good approximation, since learning and 

adaptive behaviour are important elements of equilibration (Roth, 1995). Smith 

(2000) emphasized the importance of modelling markets as a learning process that can 

potentially converge to a rational equilibrium outcome. If the speed of convergence is 

slow then the economic environment may change before it can be reached. Roth 

(1995) noted that in field data convergence to some kind of equilibrium is observed 

but not in other apparently very similar markets. The role that adaptive and learning 

processes play in markets can be brought into relief by examining the role of the 

ancillary assumptions used in conjunction with individual rationality for predicting 

equilibrium. These assumptions replace social processes with assumptions of strategic 

or interactive rationality, such as competition or price-taking.  

 

Interactive rationality is the component of rationality that takes into account 

the existence of other individuals who are also acting and whose actions affect each 

other (Arrow, 1996). Strategic rationality is modelled by the assumption that some 

kind of equilibrium will be achieved (Roth, 1995). However, these assumptions are 

defining characteristics of equilibrium and do not help explain the convergence of 

markets to equilibrium (Hayek, 1937). Lucas (1986, p. 415) argued that if a group of 

experimental subjects is observed from the very beginning, behaviour could only 

conform to the rational expectations hypothesis by “coincidence so unlikely as not to 

be an empirically serious possibility”. If assumptions of individual rationality are 

abstracted from the adaptive aspects of actual individual behaviour then assumptions 

such as competitive equilibrium or Nash equilibrium can be treated as abstractions 

from the adaptive aspects of group behaviour (Lucas, 1986). It is the strategic or 

interactive component of the rationality postulate that is used to avoid explaining the 
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adaptive or convergence behaviour of individuals within markets. As Smith (2001) 

noted, rational theory is a useful first approximation but it does not say very much 

about actual market processes. The hole created by removing this assumption reveals 

the shape of the niche that adaptive and social processes must fill in order to explain 

market behaviour. 

 

It is the social context that gives the assumption of rationality its force (Arrow, 

1986). Additional ancillary assumptions are added such as convergence to 

equilibrium, competition, utilities, beliefs, expectations, homogeneous agents, 

particular risk preferences, or complete knowledge11

 

. These assumptions are used in 

conjunction with the assumption of individual rationality to model market outcomes. 

Arrow (1996) distinguished between rationality of action and rationality of 

knowledge. Rationality of action is to order alternative choices in order of preference 

independent of the particular opportunity set that is available. Rationality of 

knowledge is to make the best use of available knowledge to form judgements. 

Interactive rationality that takes into account other individuals can be either rationality 

of action or rationality of knowledge. If preferences depend on others preferences or 

people cannot learn from the rational choices of others then this assumption is not 

met. Rationality under uncertainty requires a more complex form of rationality of 

action that distinguishes between actions and consequences (Arrow, 1996). Choice 

under uncertainty requires preferences over consequences and judgements of the 

relationships between actions and consequences. This is clearest when knowledge is 

represented by probabilities. Then the rationality of knowledge means applying the 

laws of conditional probability, with probabilities conditioned on all available 

information. To assume interactive rationality we must ask whether it is possible for 

one person to know, even probably, the actions of other people (Arrow, 1996).  

Assuming competitive equilibrium and Nash equilibrium avoids this question. 

If a decision-maker has incomplete knowledge of an opponent’s utility function, 

models might assume that the decision-maker can establish a probability distribution 

over all the possible types of their opponent’s utility function (Tietz, 1983). Tietz 

                                                 
11 Even models that do not assume individual rationality can still provide powerful predictions through 
these other assumptions. For example, pure competition assumes traders are price takers who have a 
negligible influence on price (Smith, 1982) and thereby treat price as a constant. 
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(1983) emphasized that this exceeds the perceptual, cognitive, and intellectual 

capacities of human beings. In markets, when traders have private information other 

traders form conjectures about this private information (Arrow, 1996). Some models 

might assume that these conjectures are common knowledge (Arrow, 1996). 

However, Arrow (1986) argued that it is just as unrealistic for traders to know all 

these conjectures as to have the same private information as all other traders. 

Assumptions based on the information requirements of rational decision-making 

conflict with the role of markets in aggregating and disseminating information 

(Arrow, 1986). Even if interactive rationality provided an adequate description of 

markets at equilibrium there are deeper empirical questions as to how equilibrium can 

be established (Arrow, 1996).  

 

 Because of the additional assumptions used to make the rationality postulate 

work, experimental tests of rational behaviour in markets are also tests of the ancillary 

hypothesis of convergence to competitive equilibrium (Smith, 1991). Problems of 

mutual knowledge do not disappear with the assumption of a competitive equilibrium, 

but instead take the form of the process of achieving equilibrium (Arrow, 1996). 

Smith (2005) argued that experiments can be used to examine the interactions 

between decision-makers within institutions that are difficult to model using other 

approaches. For example, to create a simple game-theoretic model of price formation 

Friedman (1991) assumed that traders ignored the possible strategic effects of their 

own bids or asks on the behaviour of other traders. In experimental markets, 

convergence to market equilibrium becomes a psychological question about the 

behaviour of actual people (Lucas, 1986). It becomes a question about how procedural 

rationality might lead to substantively rational outcomes over time in markets (Smith, 

2000). The basic cobweb commodity market design provided the starting point for 

experimental market research (Smith, 1962). In these kinds of experiment, subjects 

are given a preference function by the experimenter and no information about 

subjects’ actual preference is obtained (Lucas, 1986). Instead, the objective is to 

examine the conditions where predictions of competitive equilibrium conform to 

observed market behaviour, given the artificially induced preferences of subjects 

(Lucas, 1986).  
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The study of markets has evolved from assumptions and explicit theoretical 

descriptions (Walras, 1874) to Smith’s (1962) reformulation of the problem as a 

psychological question about the behaviour of real people and social processes 

(Lucas, 1986). In contrast, assumptions of individual and interactive rationality define 

equilibrium conditions. Early models of competitive equilibrium treated all market 

activity as if it took place at the beginning of time before any production or exchange 

began (Radner, 1968). It is only when uncertainty and an unpredictable future are 

introduced into a model that there is a need to theorise about continuing markets 

(Loasby, 1999). Assumptions do not explain the behaviour of markets that are not in 

equilibrium. Instead, real decision-making, social, and institutional processes must 

coordinate the preferences and expectations of traders in actual markets, given the 

limited information and limited information-processing capabilities of individual 

traders. Alternative theories for individual decision-making under Knightian 

uncertainty and ambiguity and their consequences for market behaviour are 

introduced in the next section. 

 

2.2 Individual decisions, ambiguity-aversion and Knightian uncertainty 

 

Individual behavioural factors combine with social processes to select some 

aspects of reality as a factual basis for decision and define the decision environment 

(Simon, 1986). This influences the strategies individuals use to cope with complexity 

using their limited information-processing capabilities (Simon, 1986). This section 

examines the positive market predictions of models based on subjective expected 

utility theory and alternatives such as multiple priors before examining the 

consequences of a competence-gap for decisions under Knightian uncertainty. On the 

one hand theories predict increased price volatility and lower trading volumes and on 

the other, less flexible and more predictable behaviour. 

2.2.1 Subjective expected utility theory and alternative models 
 

Individual rationality is traditionally modelled by the assumption of utility 

maximization, often with added assumptions about the ability to form correct 

expectations (Roth, 1995). Decision theories and their rationality criteria are used 

together to describe, predict or prescribe the decisions that should be chosen by a 
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rational decision-maker (Vercelli, 1999). Assumptions of risk-neutrality have often 

proved useful for predicting market outcomes and interpreting experimental results 

(Roth, 1995; e.g. Camerer, 1987). Combined with an assumption of homogeneous 

decision-makers assumptions about risk-neutrality can be used to model aggregate 

market behaviour (Arrow, 1986). However, whilst some models assume traders are 

uniformly risk-neutral or risk-averse, heterogeneity in risk preferences is important for 

understanding the convergence behaviour of markets (Duxbury, 2005). For example, 

Gjerstad (2005) demonstrated how risk-aversion and the distribution of traders’ 

beliefs can affect equilibrium prices in prediction markets. However, Epstein and 

Miao (2003) argued that explaining market behaviour in terms of ambiguity-aversion 

may provide a more systematic approach than appealing to a particular specification 

of heterogeneous or erroneous beliefs.  

 

The important elements of uncertainty are the uncertainty itself and our degree 

of knowledge about this uncertainty. Uncertainty can be defined as “awareness of 

ignorance” (Vercelli, 1999, p. 238). This definition distinguishes between ignorance 

about the characteristics of empirical phenomena and ignorance about the 

characteristics of beliefs. With objectively known probabilities, risk preferences 

describe individual preferences in decision-making towards risky choices (von 

Neumann and Morgenstern, 1947). Without objective probabilities assumptions about 

expectations formation become important. Subjective expected utility theory describes 

the behaviour of a rational decision-maker who forms subjective probability 

expectations based on Bayesian decision theory (Savage, 1954). However, in addition 

to these theories there are numerous alternatives that seek to describe decisions over a 

wide taxonomy of different types of uncertainty, small worlds, soft and hard 

uncertainty, and so on (Vercelli, 1999; Camerer, 1995; 1999). These include models 

based on subjective probabilities (e.g. Savage, 1954; Gilboa, 1987), objective and 

subjective probabilities (Anscombe and Aumann, 1963), and models of decision 

under radical uncertainty and complete ignorance (Dempster, 1967; Gilboa and 

Schmeidler, 1993). Alternative descriptive and behavioural theories also seek to 

describe violations of expected utility theory such as probability weighting (e.g. 

Quiggin, 1982) and other factors that affect individual choices (e.g. Kahneman and 

Tversky, 1979; 1992).  
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Some theories seek to capture the psychological importance of ambiguity, 

defined as the number of probability distributions that could feasibly apply (Einhorn 

and Hogarth, 1986) or more broadly as known-to-be-missing information (Camerer, 

1999). Einhorn and Hogarth (1986) showed how a decision theory could describe both 

sub-additive and super-additive non-additive probabilities and describe behaviour 

consistent with Ellsberg’s (1961) two-colour and three-colour problems and violations 

of Savage’s (1954) sure-thing principle. It is possible that ambiguity preferences are 

more important for understanding market behaviour than models based purely on risk 

preferences (Camerer, 1999).  

 

Models based on Choquet capacities (1955) and multiple priors models 

(Schmeidler, 1989; Gilboa and Schmeidler, 1989) and incomplete preferences 

(Bewley, 1986) have been used to predict market outcomes under Knightian 

uncertainty. Market models include the multiple priors model (Epstein and Wang, 

1994), Choquet expected utility theory (Dana, 2004) and incomplete preferences 

(Rigotti and Shannon, 2005). The multiple priors model represents ambiguity 

preferences as a set of subjective probabilities instead of the single probability 

distribution or Bayesian prior used in subjective expected utility theory (Epstein and 

Miao, 2003). The implications of these models are generally more cautious decision-

making under Knightian uncertainty or ambiguity and more complicated procedures 

for updating expectations compared with the Bayesian model (Epstein et al., 2008). 

For example, Miao (2003) used the multiple priors model to show that an ambiguity-

averse decision-maker will increase savings in the presence of uncertainty. These 

alternative theories also have implications for predictions of prices at equilibrium. 

2.2.2 Indeterminate equilibrium with ambiguity-averse traders 
 

 The work of Epstein and Wang (1994) exemplifies predictions for market 

outcomes based on decision theories that model the preferences and expectations of 

ambiguity-averse decision-makers (see also Dow and Werlang, 1992; Epstein, 2000; 

Mukerji and Tallon, 2003; Epstein and Miao, 2003; Epstein and Sandroni, 2008; 

Epstein, 2004; Rigotti and Shannon, 2005; Epstein and Schneider, 2008).  Epstein and 

Wang (1994) extended Gilboa and Schmeidler’s (1989) multiple priors model and 

showed that under Knightian uncertainty asset prices could be indeterminate at 
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equilibrium. This means that a range of prices can be supported by a set of market 

fundamentals. Some alternative models also support this conclusion (e.g. Rigotti and 

Shannon, 2005). Epstein and Wang (1994) suggested that ambiguity will lead to 

increased price volatility in markets. Epstein and Wang (1994) argued that if a range 

of prices is supported at equilibrium then the determination of a particular price will 

be left to Keynes’ animal spirits and result in increased price volatility. Additionally, 

since it is unclear whether the effects of ambiguity would be eliminated by learning in 

a stationary environment, they suggested that the consequences of ambiguity may not 

be short-term. Asset returns under Knightian uncertainty can be represented as the 

sum of a risk premium and an ambiguity premium (Chen and Epstein, 2002). 

 

  Another implication of these theories is that an ambiguity-averse trade may 

not switch from buying to selling at a single price. Dow and Werlang (1992) used 

Choquet expected utility theory to show that in some situations an ambiguity-averse 

investor would prefer a zero position to shorting or buying an asset (for an example, 

see Mukerji and Tallon, 2003). Other models of ambiguity-aversion also imply 

markets with reduced trading volumes (Dow and Werlang, 1992; Mukerji and Tallon, 

2001; Rigotti and Shannon, 2005). For example, Rigotti and Shannon (2005) used a 

model of incomplete preferences to show how standard risk-sharing models based on 

expected utility theory can break down with the addition of ambiguity. As well as 

indeterminate equilbria, this can lead to some insurance markets resulting in equilibria 

with no trade.  

 

In these models, ambiguity that induces a larger set of beliefs leads to an 

overlap in the marginal rates of substitution for a given initial endowment (Rigotti and 

Shannon, 2005). This means that an initial endowment is more likely to be supported 

by a range of prices and lead to lower volumes of trade. In the model developed by 

Rigotti and Shannon (2005), the effects of risk and ambiguity are counterbalanced. 

Ambiguity means that mutually satisfactory trades are difficult to find because 

individuals are unwilling to insure each other whereas higher levels of risk-aversion 

under ambiguity means that risk-sharing becomes more attractive (Rigotti and 

Shannon, 2005). There are also implications of the more complex updating rules 

required by the multiple priors model. Epstein and Schneider (2008) showed that 

since ambiguity-averse decision-makers dislike vague information they will base their 
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investment decisions on a worst-case assessment of information quality. This means 

that ambiguity-averse traders will react more strongly to bad news than good news, 

causing a negative skew in asset returns as well as increased price volatility. In 

contrast, alternative models of individual behaviour suggest that rather than increased 

price volatility, Knightian uncertainty is a source of more predictable behaviour.  

2.2.3 Knightian uncertainty and predictable behaviour 
 

A reliability condition can be used to demonstrate how Knightian uncertainty 

can generate constrained rule-based behaviour that is easier for an observer to explain 

and predict (Heiner, 1983). A reliability condition determines when a decision-maker 

with a fixed repertoire of actions would have improved performance if allowed the 

flexibility to choose an additional new action or use information. This is determined 

by the competence of a decision-maker in distinguishing more preferred actions from 

less preferred actions. The gap between a decision-maker’s competence and the 

difficulty of a decision problem is determined by environmental variables (e) that 

characterize the complexity, relative likelihood and stability of the decision 

environment and perceptual variables (p) that characterize a decision-maker’s 

competence in deciphering the relationships between their behaviour and the 

environment.  

 

U = u(p-,e+)  (Equation 1) 

 

This conceptual relationship describes how the structure of the uncertainty 

resulting from a competence-gap (U) is negatively related to perceptual abilities (p) 

and positively related to the complexity and instability of the environment (e). The 

reliability condition depends on the probability of selecting a new action when it is 

preferred compared with the probability of selecting that action when it is less 

preferred. Because of uncertainty a new action will not necessarily be chosen at the 

right time. Heiner (1983) argued that the reliability of selecting a new action can be 

measured intuitively by the ratio r/w, which represents the chance of selecting the 

action at the right time to the chance of selecting it at the wrong time. Uncertainty 

decreases the chance of getting it right and increases the chance of getting it wrong, 

decreasing the ratio and therefore the reliability of selecting a new action. 
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The probabilities of the right time and the wrong time are π (e) and 1 - π (e), 

respectively. The conditional probability of selecting the action at the right time is 

r(U), which depends on the structure of uncertainty. The gain from allowing 

flexibility is g(e), which depends on how the environment affects the consequences. 

The conditional probability of selecting the new action at the wrong time is w(U) and 

l(e) is the resulting loss of performance. Without uncertainty, the new action would 

always be selected at the right time so that r = 1 and w = 0. Uncertainty implies r < 1 

and w > 0. However, the probability of selecting the action at the right time, at the 

wrong time, and even the probability that the right time occurs can all be unknown. 

Decisions may be unconscious and the decision-maker will not necessarily know 

whether a mistake has been made. 

 

The general question is whether some process, conscious or not, will cause or 

prevent sensitivity to information that might prompt selection of a new action (Heiner, 

1983). The answer to this question depends on whether the selection of a new action 

will be sufficiently reliable for the decision-maker to benefit from allowing the 

flexibility to select that action. This depends on whether the gains from selecting the 

action at the right time g(e) will cumulate faster than the losses l(e) from selecting it at 

the wrong time. The right conditions occur with probability π (e), are correctly 

recognized by the decision-maker with probability r(U), so that the expected gains 

from allowing flexibility is g(e)r(U)π (e). In contrast, the expected loss from selecting 

it at the wrong time is l(e)w(U)(1 – π (e)). Heiner (1983) showed that rearranging 

gives a reliability condition. 

 

( ) ( ) 1 ( )
( ) ( ) ( )

r l
w g

π
π
−> ⋅U e e

U e e
  (Equation 2) 

 

The left-hand side is the reliability ratio, or the probability of selecting a new 

action or responding to information at the right time to the probability of doing so at 

the wrong time. The right-hand side is a minimum lower bound or a tolerance limit, 

T(e), that a reliability ratio needs to satisfy so that allowing flexibility in selecting an 

action will improve performance. The reliability ratio represents the actual reliability 

of selection an action and the tolerance condition represents the minimum required 
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reliability that this will improve performance. Heiner (1983) explored some of the 

general implications of the reliability condition. Uncertainty will generate rules that 

are adapted only to likely or recurrent situations. This provides a formal 

characterization to rule-governed behaviours such as instincts, habits, rules of thumb, 

customs and norms, since these ideas all reflect the inflexibility which is a universal 

feature of behaviour.  

 

Rule-governed behaviour means that under some conditions a decision-maker 

must ignore actions which are actually preferred (Heiner, 1983). The behaviour that 

results is not an approximation to maximizing behaviour. Instead, a decision-maker 

determines when to select actions from a limited repertoire. They do not necessarily 

need to understand why the resulting behavioural patterns have evolved. This type of 

choice has parallels in Choi’s (1993) theory of paradigm-seeking and Gilboa and 

Schmeilder’s (1996) case-based decision theory. This theory also fits with Smith’s 

(2005) ideas about ecological rationality whereby behavioural rules can embody 

information that people may be unable to articulate themselves. It is also interesting to 

relate Heiner’s (1983) theory to Camerer’s (1999) suggestion that ambiguity-aversion 

might be explained by people’s tendency to mistakenly apply the rule of thumb (not to 

bet on an outcome when other people might have relevant information) to situations 

where no one else has any relevant information.  

 

Other models also suggest that ambiguity-aversion can be explained based on 

rule-based behaviour. The observation that ambiguity-aversion is common for even 

small urns with few feasible probability distributions implies insensitivity to the 

information about the probabilities that might apply (Pulford and Colman, 2008). 

Additionally, Halevy and Feltkamp (2005) developed a model that shows that 

ambiguity-aversion is rational for a decision problem closely related to the Ellsberg 

paradox but with additional urns and positively correlated risks. This model suggests 

that if ambiguity-aversion leads to better performance in other conditions this may 

have led to the development of a rule of thumb that is applied at the wrong time in the 

Ellsberg paradox (Halevy and Feltkamp, 2005). Ambiguity-aversion may reflect a 

behavioural rule that works very well in some situations but performs poorly in 

others.  
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If behaviour is determined by a limited number of rules then there might be 

basic behavioural rules apply under conditions of total ignorance, such as habit or 

herding behaviours. These rules play a similar role to paradigms (Choi, 1993). Choi 

(1993) suggested a decision-maker who fails to identify a paradigm for a new 

situation might act, randomly, stretch an existing paradigm to suit the new situation or 

imitate others. Rule-based behaviour indicates that applying a rule from the decision-

maker’s existing repertoire such as habitual or imitating behaviour seems more likely 

than random behaviour12

 

. The reliability condition also implies that greater 

uncertainty will cause rule-based behaviour to be more predictable (Heiner, 1983). 

Attempts to explain empirical regularities by assuming away uncertainty are counter-

productive if it is uncertainty itself that leads to more predictable behaviour.  

  From this perspective, institutions evolve so that agents can know less about 

the behaviour of others and the complex interdependencies generated by their 

interaction (Heiner, 1983). The reliability condition suggests how limits on the 

competence of decision-makers combine with institutions to define the decision 

environment. Heiner (1989) suggested that initial noisy trading in the early stages of 

experimental markets will induce subjects to respond less flexibly to the ongoing bids 

and asks of other traders. The basic dynamic pattern becomes partial adjustment 

towards an imperfect expectation. In some cases, equilibrium and a stable regularity 

in behaviour might only be reached if traders partially adjust their expectations. 

Imperfect agents can only reach a dynamic optimal target by partially adjusting rather 

than perfectly adjusting towards a perceived target. In order to reach the equilibrium 

expectation, traders slowly adjust their expectations rather than calculating estimates 

of optimal dynamic expectations. These partial adjustments are actually required for 

the equilibrium to be reached at all and suggest an intrinsic difference between the 

behavioural properties valid at equilibrium and the dynamic properties that enable 

equilibrium to be achieved (Heiner, 1989). 

 

Although these ideas imply that Knightian uncertainty is a source of 

predictable behaviour, Heiner (1983; 1989) also suggested possible sources of price 
                                                 
12 Unless one of these rules is to behave randomly. A smaller competence-gap would also allow the 
decision-maker to respond more flexibly to a new situation. Heiner (1983) also suggested that the 
reliability condition would determine the right time for a decision-maker to use feedback from the 
environment, that is, the right time to learn. 



 42 

volatility. If the level of uncertainty or the competence of a decision-maker changes 

so that the reliability condition is met, then behaviour might switch back and forth 

from flexible to rule-constrained. Heiner (1983) suggested this could include 

switching between buying and selling in markets resulting in sudden movements in 

prices. It is also possible that partial adjustments in expectations might be interrupted 

when stable behaviour depends on shifting parameters (Heiner, 1989). This could lead 

to punctuated equilibrium dynamics in markets, such as price bubbles and crashes 

(e.g. Smith et al., 1988). 

 

Knightian uncertainty could be a basic source of inflexible and predictable 

behaviour. Depending on the level of uncertainty and the competence of traders, the 

difference between decision environments with known and unknown probabilities 

might cross the reliability threshold. A lack of quantitative information may frustrate 

attempts to calculate outcomes consciously and other heuristics in choice may 

therefore apply. If the reliability condition is crossed over the course of trading this 

could also lead to sudden shifts in market behaviour. Other models that predict 

indeterminate equilibrium also suggest that increased price volatility might result 

from ambiguity-averse trading (e.g. Epstein and Wang, 1994). Further consequences 

could also include lower trading volumes and traders who are sensitive to bad news 

(Epstein and Schneider, 2008). The next section examines experimental results that 

examine the relationship between ambiguity and market behaviour, the potential 

consequences of a range of prices predicted at equilibrium and possible evidence of 

rule-based behaviour in the patterns of prices observed in experimental markets. 

 

2.3 Ambiguity and experimental markets 

 

Market behaviour is ultimately produced by the interplay between institutional 

structure and individual behaviour (Smith, 2005). Asset markets provide opportunities 

to study the learning of traders as they interact within institutions. It has been 

suggested that markets serve as a training ground for the basic rules of social 

interaction (Henrich et al., 2005; Jankowiak, 2005). A collapsing price bubble might 

even represent the stage in the discovered preference hypothesis where emerging 

rationality becomes common knowledge (Lei et al., 2001). However, the effects of 

ambiguity on individual and market behaviour fundamentally challenge the theories 
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based on individual and interactive rationality.  The importance of pervasive market 

conditions of ambiguity is central to Knight’s (1921) argument. By examining past 

experiments with ambiguous assets and the potential role for rule-based behaviour, 

this section investigates explanations of previous results as well as new directions for 

experimental research.  

2.3.1 The role of institutions 
 

There is evidence that ambiguity affects bidding prices and market prices, 

albeit with mixed results. An early study by Camerer and Kunreuther (1989) found no 

significant difference in prices between risky and ambiguous assets. Sarin and Weber 

(1993) observed a difference yet their results depended on the choice of market 

institution, whether assets were traded simultaneously or sequentially, and the 

probability of return for the assets. The negative finding might have been because 

Camerer and Kunreuther (1989) framed outcomes as losses (Di Mauro and 

Maffioletti, 2001). The experiments have observed higher and more variable prices 

when returns were framed as losses (Weber et al., 2000). The prices of risky and 

ambiguous assets converged with a 5 percent probability but not with a 50 percent 

probability (Sarin and Weber, 1993); traders might learn a low probability very 

quickly. However, two major factors that might explain past results are the choice of 

market institution and the comparative context. 

 

Previous research on ambiguity and markets has utilised a range of 

institutions. These include double oral auctions (Camerer and Kunreuther, 1989; Sarin 

and Weber, 1993), second-price auctions (Di Mauro and Maffioletti, 2004) and fifth-

price sealed-bid auctions (Sarin and Weber, 1993). Differences in these institutions 

and the way that institutions constrain individual behaviour may have complicated the 

study of ambiguity effects. Evans (1997) presented evidence that the results of some 

experiments can be affected by idiosyncrasies of market institutions. In particular, the 

results of fifth-price auctions may be affected by a statistical property of this 

institution (Evans, 1997). One way that institutions influence individual decisions is 

by constraining individual decisions (Loasby, 1999). Whether institutional factors 

unduly constrain subjects’ responses depends on the aims of the research. However, it 

is possible that experiments using some institutions may unintentionally change 
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subjects’ responses. For example, Shogren et al. (1994) observed a disparity between 

subjects’ willingness-to-pay and willingness-to-accept when elicited using a second 

price auction. Braga and Starmer (2005) argued that if more than three bidders use a 

price following rule, then properties of the second price auction would eliminate any 

disparity between valuations of subjects’ willingness-to-pay and their willingness-to-

accept. Although this suggests a role for price following behaviour, the ability of 

traders to reach a predicted equilibrium by using this rule of thumb may be overstated 

if the properties of the institution itself are ignored. 

 

It is possible that double auctions may induce rational behaviour faster than a 

one-sided bidding mechanism like a second-price auction (Camerer and Kunreuther, 

1989). However, the main advantage of double auction behaviour is the complexity of 

market interactions that can be studied with potential patterns in prices, quantities 

traded, offers and counter-offers. There are a variety of ways that market rationality 

might be maintained despite discrepancies between behaviour and rational choice 

models at the individual level (Camerer, 1987; Frey and Eichenberger, 1989; Blaug, 

1992; Camerer, 1995; Cox and Grether, 1996; Di Mauro and Maffioletti, 2001; 

Stracca, 2004). However, the most common suggestion is that markets might provide 

information feedback and opportunities for learning via interactions with other traders 

that can correct biases in individual decision-making over time (e.g. Di Mauro and 

Maffioletti, 2001). Even so, the convergence process is not well understood and there 

is no obvious learning sequence for disseminating and aggregating information in 

asset markets (Sunder, 1995).  

 

Double auction markets potentially communicate large amounts of 

information transmitted in the form of prices, bids, asks and trading volumes and even 

rejected offers (Sunder, 1995; Arrow, 1986). In computerized double auctions, the 

complete history of market activity can be easily recorded and communicated to 

traders to maximize market feedback and opportunities for learning. Early paper 

trading experiments demonstrated the potential for markets with a small number of 

traders to converge approximately to a predicted equilibrium (Smith, 1962). In these 

experiments, traders are assigned redemption values and interact according to market 

rules, such as the bid-ask spread reduction rule (e.g. Gjerstad and Dickhaut, 1998). 

Yet even in these markets, predicted equilibrium is not always observed (Smith, 
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2005). Sometimes prices stabilise but not at the predicted equilibrium (Lucas, 1986). 

Evidently, the limitations of markets to aggregate and disseminate information 

amongst traders in order to converge to equilibrium have yet to be fully explored 

(Nöth et al., 1999). It is still an important question to ask why people violate axioms 

of rational choice when making decisions as isolated individuals, yet sometimes 

behave according to rational predictions in markets (Smith, 2000).  

 

Whether markets provide the learning opportunities needed to correct errors in 

individual decisions has often been questioned (e.g. Einhorn and Hogarth, 1978). One 

suggestion is that traders will be able to exploit other traders’ errors and thereby 

mistakes will be quickly eliminated (Thaler, 1986). In some cases, a small number of 

individually rational decision-makers might be sufficient for outcomes consistent with 

rational models whereas in other cases some irrationality leads to large deviations 

from predictions (Fehr and Tyran, 2005). This can be affected by the distribution of 

information amongst traders in experimental markets. In particular, aggregate 

uncertainty greatly increases the challenge of information aggregation and 

dissemination (Lundholm, 1991). In some cases the ability of markets prices to reflect 

expectations updated using Bayesian decision theory in Camerer’s (1987) experiments 

might have been improved by the use of a public lottery draw. If separate lottery 

draws were used for each individual trader the amount of information of all traders in 

aggregate would be greater but so too would the task information aggregation and 

dissemination. These roles of market institutions are central to their advantage 

(Hayek, 1945). 

2.3.2 Comparisons and competence effects 
 

Although markets provide competitive forces that might select more adaptive 

rules of behaviour (e.g. Heiner, 1983), they also introduce additional uncertainty 

about the information held by other traders and their behaviour (Arrow, 1996). The 

social context of markets might also increase the effects of ambiguity by increasing 

perceptions of comparative ignorance amongst traders (Camerer, 1999). Even 

presenting traders with a direct choice between a risky and an ambiguous asset might 

lead to greater price differences. Sarin and Weber (1993) observed this effect, finding 

greater price differences in markets with risky and ambiguous assets traded 
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simultaneously than when they were traded sequentially. They concluded that the 

more transparent comparison caused the greater price difference. The comparative 

ignorance and competence hypothesis explains this kind of effect (Fox and Tversky, 

1995; Camerer, 1999).  

 

Di Mauro (2008) designed experiments to specifically test the competence 

hypothesis of ambiguity effects in markets. These experiments examined the idea that 

competence effects might be inconsistent with ambiguity-aversion, when a decision-

maker prefers to bet on their own judgment about an ambiguous event rather than take 

a chance on an event with a known probability. Market prices supported the 

competence hypothesis, but only when subjects’ assessed their own level of 

competence in judging ambiguous outcomes. Additionally, these experiments found 

that ambiguity appeared to affect market prices there were no clear differences in 

price volatility and no clear convergence towards a common value. In order to assess 

subjects’ competency in judging probabilities, Di Mauro (2008) used real world 

events as the basis for ambiguous outcomes.  

 

Other methods that have been used in experiments for inducing ambiguity 

include the use of a second-order probability distribution (Camerer and Kunreuther, 

1989), a best estimate of the probability from several experts (Sarin and Weber, 1993; 

Di Mauro and Maffioletti, 2004) and a probability interval (Di Mauro and Maffioletti, 

2004). Bossaerts et al. (2007) designed asset market experiments with three kinds of 

assets, similar to early asset market experiments (e.g. Plott and Sunder, 1982). Payoff 

states were determined by draws from lottery urns with different payoff states 

represented by different proportions of lottery balls. To simulate conditions of 

ambiguity for two payoff states, traders were not told the proportion of balls in the 

urns that represented these states. Market prices and asset holdings in these 

experiments indicated that some traders were quite ambiguity-averse. Notably, asset 

holdings were consistent with traders exhibiting a range of ambiguity preferences.  

 

The type of ambiguity described by Ellsberg (1961) is of great theoretical and 

practical interest (Camerer and Kunreuther, 1989). Recent evidence from first-price 

sealed-bid auctions indicates that traders will prefer to enter a market for a risky asset 

rather than an ambiguous asset when given the choice (Kocher and Trautmann, 2008). 
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Rather than markets with trade in both risky and ambiguous assets, the pervasive 

ambiguity described by Knight (1921) is perhaps best simulated by separate 

conditions for risk with subjects simply not told the probability of returns under 

conditions of ambiguity. Behaviour in markets with known risks does not necessarily 

help predict behaviour under conditions of ambiguity (Di Mauro and Maffioletti, 

2001). Experiments without induced preferences, box design experiments with many 

possible prices, and bilateral exchange experiments can be used to examine market 

behaviour when no single equilibrium price is determined. 

2.3.3 Learning in markets 
 

Learning affects price formation. Evidence from experimental markets 

demonstrates that the price formation process varies over time (Duxbury, 2005). 

When markets have trade in multiple assets with a complete set of state contingent 

assets, the additional information can coordinate trading, information aggregation and 

convergence faster than markets with aggregate uncertainty (Duxbury, 1995). 

Information signals in markets with a complete set of state contingent assets appear to 

be easier to interpret and communicate more precise information (Lundholm, 1991). 

In markets where dividend values are common knowledge, experience in multiple 

replications can still be needed before some price bubbles are reduced (Smith, 

2000)13

 

. Smith (2000, p.15) suggested that such results “do not inspire confidence in 

rational expectations theory” for asset markets when dividend value is not common 

knowledge.  

It is important to understand markets as a learning process and to examine the 

conditions that affect their potential convergence to equilibrium (Smith, 2000). 

Equilibrium models that do not identify the payoff state with certainty make 

assumptions about the risk preferences of traders and these preferences. Risk 

preferences might help determine the pattern of prices before equilibrium. These 

patterns can provide insights into decision-making and expectation formation 

(Duxbury, 1995). Various models of equilibrium make different assumptions about 

the private and public information known by traders. For example, fully revealing 

                                                 
13 Harrison (1992) summarized the results of 22 asset market experiments and a price bubble was 
observed in 14. 
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rational expectations equilibrium assumes that all information is aggregated into 

prices (e.g. Grossman, 1976) whereas a partially revealing equilibrium assumes prices 

only partially reveal the private information of traders (Hellwig, 1980; Grossman and 

Stiglitz, 1980). Other models assume traders combine private and public information 

but cannot infer the private information of other traders via market interactions 

(Copeland and Friedman, 1987).  

 

Asset market experiments with aggregate uncertainty suggest that differences 

in traders’ risk preferences and their information processing capabilities play an 

important role (Sunder, 1995). Plott (1996) argued that even if traders eventually 

discover a preference-like object, theory does not say much about decisions made 

whilst this is being established. In some asset market experiments trade is motivated 

by endogenous differences in traders’ expectations and risk preferences, without 

inducing additional supply and demand functions (Smith, 2000). Some researchers 

have suggested that this increases parallels with other market environments and 

provides an opportunity to study the interaction between preferences and trade given 

the importance of learning processes (Hogarth and Reder, 1987; Duxbury, 1995). In 

particular, higher levels of diversity amongst preferences and beliefs with more 

traders can make it difficult for traders to extract useful information from market data 

(Lundholm, 1991). In contrast, markets with some traders who have a common but 

imperfect information signal and other uninformed traders can also be very efficient 

(Lundholm, 1991). In these markets there is aggregate uncertainty but no diversity of 

information amongst informed traders. A diversity of information or aggregate 

uncertainty does not appear to cause inefficiency alone, yet together, inefficiency 

results because the ability of markets to aggregate and disseminate information is 

greatly challenged. 

  

 Uninformed traders can theoretically learn from informed traders if they know 

the relationship between information and prices. Traders can potentially use Bayesian 

decision theory to make inferences from observed prices (Camerer, 1989). Market 

prices early in trading do not reflect aggregated information. These prices can be 

defined as an information bubble (Camerer, 1989). This term refers to prices that 

deviate from intrinsic values because information is not perfectly aggregated by prices 

or traders have heterogeneous beliefs. Other market phenomena can also be defined 
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depending on whether prices reveal all market information, such as information traps 

(Nöth et al., 1999). Information mirages are related phenomena that provide a 

possible explanation for price volatility (Camerer and Weigelt, 1991). In this case, 

traders make incorrect inferences from the trading activity of others, leading to prices 

that appear to reveal information that no trader actually has (Camerer, 1989). Camerer 

(1989) argued that since early trades cannot reflect the aggregated information of all 

traders they contain information bubbles, by definition. 

2.3.4 Experiments without a single equilibrium 
 

 Examining markets under extreme conditions can provide insights into actual 

market behaviour (Smith and Williams, 2000). Experiments using the box design 

demonstrate the consequences for markets when a range of prices is supported by 

theoretical predictions. In a box design experiment there are an equal number of 

buyers and sellers, each demanding and supplying an identical number of units. Smith 

and Williams (2000) argued that any price in the feasible set of prices between the 

buyers and sellers induced values is a market-clearing competitive equilibrium. Whilst 

a game-theoretic equilibrium would also apply, the traditional law of supply and 

demand does not select a particular price in this range. Instead, an initial price might 

be based on the initial trading or relative bargaining strengths. With homogeneous 

subjects, prices would be expected close to the middle of the feasible range of prices 

(Smith and Williams, 2000).  

 

Alternative predictions for the behaviour of these markets include strong 

stability, weak stability, orderly drift, and chaotic instability (Smith and Williams, 

2000). Strong stability might result if traders arrive at a common expectation 

regarding an acceptable price. If they are unwilling to negotiate away from this price 

then expectations could become mutually supportive. Weak stability describes a 

relatively stationary distribution of prices within the feasible range. Alternatively, 

prices might exhibit orderly drift, with trends or cycles, or chaotic instability, if they 

fluctuate erratically. In their experiments, Smith and Williams (2000) found no 

support for chaotic instability or a more robust form of strong stability. Instead, they 

found mixed support for orderly drift and weak and strong stability. These findings 

suggest that if prices are based on coordinating price expectations, expectations might 
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become mutually reinforcing. Alternatively, some kind of anchoring-and-adjustment 

or price following rule might apply (e.g. Braga and Starmer, 2005; Levine and Zajac, 

2006).  

 

Theories of rule-based behaviour contrast with Epstein and Wang’s (1994) 

suggestion that animal spirits will lead to increased price volatility. Instead, these 

theories suggest that Knightian uncertainty might be a basic source of predictable 

behaviour. Traders with an anchoring and adjustment biases under react to changes in 

predict prices and lead to lower price changes (Duxbury, 2005). There is some 

evidence that more volatile prices result because less cautious traders react more 

quickly and potentially reach equilibrium faster (Ang and Schwarz, 1985). There is 

some evidence that futures markets might lead to faster adjustments in spot markets 

and also lead to the same kind of volatility 

 

Futures markets can provide valuable information to traders who must base 

their decisions on their expectations about an uncertain and unpredictable future 

(Newbery, 1990). There is some evidence that experience in futures markets reduces 

the incidence of price bubbles and collapses (Harrison, 1992). Introducing a futures 

market for an asset can accelerate the rate of convergence to equilibrium, although 

there is some evidence that this also increases volatility in spot markets (Forsythe et 

al., 1982). The increased volatility might reflect the same kind of process observed by 

Ang and Schwarz (1985), whereby volatile prices indicate a faster adjustment process.  

 

Other experimental environments that examine the role of risk preferences in 

trade are the various models of bilateral exchange. Theoretical models of bargaining 

have a central role for risk preferences and various conventions are used to choose 

between multiple equilibria in cooperative bargaining games (Binmore, 1994). Nash 

(1950) described a model with two bargainers who must choose an alternative from a 

range of feasible outcomes. In this model, bargaining outcomes are determined by risk 

preferences and bargaining strength. Early experiments on bargaining sought to 

control risk preferences using lotteries (Roth and Malouf, 1979). Although the validity 

of methods for controlling risk preferences has since been questioned (Selten et al., 

1999; Berg et al., 2008), these experiments demonstrated that in addition to risk 

preferences, fairness norms contributed to outcomes.  
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The level of information provided about outcomes also affects outcomes. 

Without complete information about lottery payoffs subjects tend to divide lottery 

tickets equally but with complete information an equal division of expected payoffs 

was more likely (Roth and Murnighan, 1982). Further tests of the role of fairness 

include Ochs and Roth (1989), Bolton (1991), Cartor and McAlcon (1996), Charness 

(2000) and Croson (2000). In some experiments sellers have been able to negotiate 

better outcomes for themselves when their payoffs were uncertain and potentially 

negative (Church and Zhang, 1999). Other results suggest that subjects will be more 

likely to cooperate in a prisoners’ dilemma game when they can be certain of each 

others’ payoff (Kahn and Murnighan, 1993). Although the role of uncertain payoffs 

has been tested it has not yet been comprehensively investigated (Church and Zhang, 

1999). 

 

 Uncertain payoffs and predictions that do not precisely define a particular 

price at equilibrium are features of markets characterized by Knightian uncertainty 

and ambiguity. There is some evidence that ambiguity affects prices in experimental 

markets (e.g. Sarin and Weber, 1993). Other experiments with the box design, suggest 

that markets may have fairly stable patterns of prices even if a single equilibrium 

price is not clearly predicted. In some cobweb design markets, stable prices have also 

been observed even when prices did not stabilize at the predicted equilibrium (Lucas, 

1986). Partially adjusted expectations, price following rules or anchoring and 

adjustment rules could also lead to more stable prices. If traders follow simply rules of 

thumb then this challenges the idea that traders will discover their preferences through 

market interactions (Braga et al., 2009). Smith (2000) argued that it is important to 

understand market behaviour as a learning process that can potentially converge to 

equilibrium. However, it is possible that ambiguity-averse traders will pay undue 

attention to the information they suspect is contained in market prices (e.g. Camerer 

and Weigelt, 1991). Under greater uncertainty, traders might pay more attention to 

others rather than allowing their own information to guide them (Choi, 1993). Risk 

preferences and ambiguity preferences have an important role in predictions of 

equilibrium and understanding market behaviour more generally. How preferences 

can be measured to compare with experimental market behaviour is considered in the 

final section of this literature review. 
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2.4 Risk preferences and ambiguity preferences 

 
Fruit flies and lotteries with known probabilities are both simple laboratory 

models. They capture key characteristics of the real world whilst enabling the 

manipulation and control of experimental variables (Lopes, 1983). Einhorn and 

Hogarth (1986) argued that research needed to move beyond this lottery model to 

examine factors such as ambiguity in individual decisions. Assumptions of risk-

neutrality, risk-aversion and various types of homogenous representative agents are 

common elements of theoretical models. Even a prosaic estimate of the marginal rate 

of substitution between labour and fertilizer in a farm production model depends on 

these behavioural assumptions (Zilberman, 2000). Importantly, models of alternative 

policies for stabilizing volatile prices rely on restrictive assumptions about risk 

preferences (e.g. Newbery and Stiglitz, 1981). Such decision problems are often 

reduced to generalizations of the standard portfolio choice problem (Gollier, 2001). It 

might not always be clear whether conclusions depend on differences between 

alternative policies or simply the general logic of optimization (Chambers and 

Quiggin, 2004). In contrast, real decisions are characterized by ambiguous contexts in 

an often unfamiliar world (Einhorn and Hogarth, 1986; Vercelli, 1999). 

 

Since the axioms of expected utility theory were described by von Neumann 

and Morgenstern (1947) many experiments have been conducted to test this theory 

and numerous alternatives. This research has produced a plethora of methods for 

measuring risk preferences and related characteristics of individual decision-making. 

The major aims of this research effort have been to test the descriptive validity and 

estimate the parameters and functional forms of alternative theories. However, of 

these hundreds of studies very few have related measured preferences to experimental 

market behaviour. Two notable exceptions are the work of Ang and Schwarz (1985) 

and Fellner and Maciejovsky (2007). Yet such studies have been limited by the 

unreliable relationship between alternative elicitation procedures and other 

experimental decisions. In this section, theory relevant to the measurement of risk and 

ambiguity preferences is reviewed with regard to the comparison of measured 

preferences with experimental market behaviour. 
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2.4.1 Risk preferences 
 

Risk preferences refer to individual attitudes in decision making towards risky 

choices. When faced by a choice between a lottery and a certain payment equal to the 

expected value of the lottery risk-neutral decision-makers will be indifferent, risk-

averse decision-makers will prefer the certain payment and risk-preferring decision-

makers will prefer to play the lottery. Expected utility theory describes risk 

preferences based on the curvature of a utility function (von Neumann and 

Morgenstern, 1947). A linear utility function implies risk-neutrality ( )(xu ′′ = 0), a 

concave function implies risk-aversion ( )(xu ′′ < 0) and a convex utility function 

implies risk-preference ( )(xu ′′ > 0). The standard portfolio choice problem 

demonstrates the consequences of risk preferences defined according to expected 

utility theory. 

 

In the standard portfolio choice problem the amount a decision-maker invests 

in an uncertain option rather than a certain option reflects their risk preferences 

(Tobin, 1958; Markowitz, 1959). Eeckhoudt et al. (2005) described the basic model. 

In the standard portfolio choice model a decision-maker has a certain amount of 

wealth w0 that can be invested in one risk-free asset and one risky asset in one period. 

The return from the risk-free asset is r. The return from the risky asset is the random 

variable x . The decision-maker has to decide how much of their wealth w0 to invest in 

the risk-free asset and the risky asset, where w0 - α  is invested in the risk-free asset 

andα is invested in the risky asset. The value of their investment portfolio at the end 

of the period is written as 

0 0( )(1 ) (1 ) (1 ) ( )w r x w r x r w yα α α α− + + + = + + − = +     (Equation 3) 

 

where w = w0(1 + r) is the future wealth resulting from the risk-free strategy and 

y x r= −   is referred to as the excess return on the risky asset. To allocate wealth 

between the risk-free asset and the risky asset the decision-maker must choose α  to 

maximize their expected utility: 

* arg max ( )Eu w yα α
α

∈ +     (Equation 4) 
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According to expected utility theory, all decision-makers will invest some of 

their wealth in the risky asset in the standard portfolio choice problem because it has a 

positive expected net return in excess of the certain option. However, the greater a 

decision-maker’s risk-aversion the less will be invested in the risky asset and the 

composition of the portfolio chosen will reflect the decision-maker’s risk preference. 

When this type of decision problem is used to measure preferences, subjects are 

allocated an amount of money and then asked to divide it between risky and certain 

alternatives (Loomes, 1991). 

 

Pratt (1964) and Arrow (1974) defined measures based on the relative 

concavity or convexity of a utility function that model how decisions over risk will 

vary with wealth or to compare risk preferences between decision-makers. These 

measures are frequently used in comparative statics models (Buschena and Zilberman, 

1994). They are based on the concepts of certainty equivalents and risk premiums. 

The certainty equivalent of a lottery is an amount such that the decision-maker will be 

indifferent to receiving that amount and the lottery. The risk premium is the difference 

between the expected value of the lottery and a decision-maker’s certainty equivalent. 

The Arrow-Pratt measures include absolute risk aversion, )(/)( xuxu ′′′− , relative risk 

aversion, xxuxu )](/)([ ′′′− , and partial risk aversion, *)](/)([ 00 xxuxu ′′′− , where x0 is 

the initial wealth level and x* is the outcome of a risky prospect. Additional measures 

include prudence, defined as a positive third derivative of the utility function, which 

relates future income risk to precautionary saving and is a property of commonly 

assumed utility functions (Kimball, 1990). 

 

In applied decision analysis, the particular functional form of a utility function 

is often much less important than the extensive discussion in the theoretical literature 

would imply (Hardaker et al., 2004). In an experimental setting, alternative functional 

forms of utility functions are consistent with particular patterns of choices. For 

example, Tarazona-Gomez (2004) measured the prudence of subjects based on an 

implication of a positive third derivative of a utility function. Prudent decision-makers 

will prefer to attach an additional mean-preserving variance to the higher outcome of 

a binary lottery when given a choice. Decision-makers with decreasing absolute risk 

aversion are necessarily prudent (Eeckhoudt et al., 2005). However, a prudent utility 
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function might be insufficient to determine whether a precautionary savings motive 

will dominate and sufficiently high levels of prudence might be needed (e.g. Gollier et 

al., 2000). In particular, Gollier et al. (2000) showed using an expected utility 

framework for an externality such as that created by the accumulation of carbon 

dioxide in the atmosphere scientific progress induces early preventive action only 

when prudence is twice as large as absolute risk aversion. Various kinds of 

background risk can also be important for a broad range of problems associated with 

portfolio demand and demand for insurance (e.g. Franke et al., 1998; Weil, 1992; 

Eeckhoudt and Kimball, 1992). For such complex contextual problems, it is possible 

to examine a decision experimentally without first deciding which theoretical 

refinements are more intuitively appealing. 

 

The appropriate model of decision-making will depend in part on whether the 

aim is to model a representative decision-maker or estimate the heterogeneity in 

subjects’ preferences (Camerer, 1998). If the aim is to determine whether sub-sets of a 

population are best described by alternative theories then statistical assumptions about 

heteroscedastic errors can be used in an analysis (Bschena and Zilberman, 1994; Hey 

and Orme, 1994; Hey, 1995). Camerer (1998) suggested that aggregate data might 

tend to reject expected utility theory in favour of an alternative with some probability 

weighting, even though expected utility theory reasonably describes a large minority 

of individuals. Specifically, expected utility theory might be the best model for about 

40 percent of subjects (Hey and Orme, 1994). Prospect theory has been proposed as 

the major candidate for a representative decision theory (Camerer, 1998)14

 

. This 

descriptive theory is based on discrepancies between observed behaviour and 

predictions based on expected utility theory. The basic theory was re-formulated as 

cumulative prospect theory to incorporate rank-dependence and avoid violations of 

stochastic dominance (Tversky and Kahneman, 1992). However, in the domain of 

gambles with only two outcomes the two versions give equivalent predictions 

(Bleichrodt et al., 2001).  

                                                 
14 Recent research by Harrison and Rutström (2009) uses finite mixture models to explain observed 
choices. This statistical approach assumes the data is generated by both expected utility theory and 
prospect theory as two underlying latent decision-making processes.  
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Prospect theory is a model of decision-making with four components based on 

experimental evidence. These are (1) an editing stage that transforms choices, (2) a 

reference point for measuring gains or losses, (3) a value function, and (4) a nonlinear 

probability weighting function to evaluate outcomes (Kahneman and Tversky, 1979). 

Importantly, decision-makers treat losses and gains differently in this model. Gains 

and losses are judged in comparison with a subjective reference point, decision-

makers are loss-averse and care more about losses than gains, and they are assumed to 

be risk-averse over gains and risk-preferring over losses (e.g. Payne et al., 1980; 

Schoemaker, 1990; Tversky and Kahneman, 1986). The evidence for risk-averse 

decisions over gains is stronger than the evidence for risk-preferring decisions over 

losses (Camerer, 1995). Some evidence indicates that the reflection effect between 

gains and losses is at least partly caused by differences in risk perception.  

2.4.2 Perception and context 
 

 Measurements of risk preferences are influenced by differences in the 

perception of risk in different contexts. For example, people might perceive losses as 

more risky than gains. When Mellers et al. (1997) controlled for differences in risk 

perception, the analysis suggested that people are generally risk-averse for both gains 

and losses. Weber (1999) argued that people are generally risk-averse and other 

differences result from differences in context. In some decision contexts, relatively 

large proportions of risk-preferring individuals have been observed. Pennings and 

Garcia (2001) measured Dutch farmers’ preferences in contexts relevant to 

agricultural markets and found that about 60 percent of respondents were risk-

preferring. Many studies have also observed that risk preferences depend on the 

context of decisions (e.g. MacCrimmon and Wehrung, 1990). Using field surveys 

complemented by experimental choices, Dohmen et al. (2005) found that preferences 

related directly to a specific decision context were more relevant than general 

measures of preference based on standard lottery choices. However, the results of the 

lottery choices in the surveys could be questioned on the basis that hypothetical 

payoffs were used (e.g. Harrison and Rutström, 2008). Risk perceptions can depend 

on whether payoffs are gains or losses, the size of payoffs, and other context-specific 

factors, such as the elicitation procedures used. 
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Over the course of research into decision-making under risk and uncertainty 

and the development of numerous alternative theories and their refinements, a variety 

of procedures for measuring preferences have been developed, including bidding 

tasks, choice tasks, iterated procedures, and paired lottery choices (Camerer and 

Weber, 1992; Camerer, 1995; Hey, 1999; Harrison and Rutström,  2008). Becker et 

al. (1964) developed an early method for measuring risk preferences whereby subjects 

are given a lottery and then asked to state a selling price for that lottery. An incentive 

compatible mechanism for determining payoffs is used, designed so that the dominant 

strategy for a utility maximiser is to state a price that leaves them indifferent between 

selling the lottery and keeping it. However, different procedures do not necessarily 

give the same results. For example, using certainty equivalence and probability 

equivalence methods, either certain amounts or probabilities are varied until a subject 

reaches a point of indifference between a certain amount and a lottery. The results of 

probability and certainty equivalent procedures are not necessarily the same (e.g. 

Bleichrodt et al., 2001). In particular, subjects might appear to be more risk-averse 

when probability equivalence methods are used (e.g. Morrison, 2000). Other 

procedures, such as binary lottery choices and certainty equivalents, might also be 

poorly correlated (Kirchler et al., 2005). A paired lottery choice task has been 

recommended as one candidate for more routine use (Holt and Laury, 2002; Harrison 

et al., 2005). However, other hypothetical lottery choice tasks have been found to be 

weakly correlated with non-experimental individual portfolio choices (Warneryd, 

1996; Güth et al., 1997). 

 

If a variable is not observed directly then it will be suspected of having gone 

wrong if a model does not fit the data (Plott, 1986). Holt and Laury (2002) suggested 

that the preferences of subjects be measured routinely to compare with other 

experimental decisions and to avoid assuming that payoffs already represent utilities. 

Risk preferences are important for understanding predictions of equilibrium and the 

convergence behaviour of markets (Duxbury, 2005). However, risk preferences 

elicited using some procedures might not relate as strongly to behaviour in a market 

context. Ang and Schwarz (1985) used an ordinal measure of preferences based on 

two psychological tests to divide subjects into one market with less risk-averse 
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subjects and another with more risk-averse subjects15

 

. They found that the markets 

with less risk-averse participants converged to equilibrium fast, had higher levels of 

price volatility, and wider bid-ask spreads. Interestingly, less risk-averse traders were 

less likely to be misled by false information in prices that was created by instilling the 

illusion that some traders had been given inside information.  

Comparisons of measured preferences and market behaviour are influenced by 

the context of different elicitation procedures and the market context itself. Recent 

experiments on the incidence of preference reversals in markets suggest that the 

preferences implied by bidding behaviour depend on the market context (Tufano, 

2008; Braga et al., 2009). The argument is that the market context itself shapes 

preferences and that they are biased towards observed prices. Cohen (1985) criticized 

Ang and Schwarz (1985) for relying heavily on particular measurements to divide 

subjects into two experimental markets. Some research has found that lottery 

measures might be better related to attitudes towards markets than psychometric tests 

(Pennings and Smidts, 2000). There are also differences between other elicitation 

procedures. In particular, Fellner and Maciejovsky (2002) found significant 

relationships between risk preferences and market behaviour for a binary lottery 

measure but not for a certainty equivalent measure. They observed that higher levels 

of risk-aversion lowered the level of observed market activity, as measured by the 

number of bids and asks submitted and the volume of trade (Fellner and Maciejovsky 

(2002; 2007). However, the measurement procedures they used could only distinguish 

between risk-aversion and risk-neutrality and could not identify risk-preferring 

subjects. When interpreting experimental market results it is not uncommon to assume 

traders are risk-neutral (Sunder, 1995) or to assume that risk-aversion does not play a 

major role because payoffs in experimental asset markets are relatively low (Fehr and 

Tyran, 2005).  

 

Assumptions or measurement methods that ignore the possibility of risk-

preferring behaviour ignore the possibility that smaller payoffs might not be perceived 

as risky as larger payoffs. For example, if disappointment is a contributing factor for 

                                                 
15 The less risk-averse traders were referred to as speculative and the more risk-averse traders as 
conservative in the original paper. The classification was based on tests from the Jackson Personality 
Inventory (Jackson, 1976; 1977; Jackson et al., 1972).  
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risk-aversion and small payoffs do not lead to great disappointments, then decisions 

over small payoffs might not be perceived as risky (Weber, 1999). Holt and Laury 

(2002) and Harrison et al. (2005) showed that lower levels of risk-aversion are 

observed with lower payoffs. People might be more willing to take risks when they 

are playing for small stakes. This idea is sometimes referred to as the peanuts effect 

(Weber and Chapman, 2005)16

 

. There is supporting evidence for the peanuts effect for 

choices over gains and losses and using different elicitation procedures but with some 

contrary evidence (Weber and Chapman, 2005). Weber and Chapman (2005) found 

support for an explanation of the peanuts effect based on lower levels of 

disappointment. They argued that this is more plausible that Markowitz’s (1952) 

explanation based on a particular curvature for utility functions. 

The peanuts effect is particularly relevant to the interpretation of experimental 

market results based on assumptions of risk-neutrality or risk-aversion since different 

patterns of market behaviour might be observed with larger payoffs (e.g. Casey, 1991, 

1994). One explanation is that lower payoffs invoke different levels of decision-

making. Lower payoffs might only inspire the type of decision described by Selten 

(1978) as at the level of routine. Here, decisions are made quickly and without 

conscious deliberation in comparison with the level of imagination where people 

begin to visualize future events and the level of reasoning where they more 

completely analyse a decision task. Decisions at the level of routine are the rule-based 

behaviours described by Heiner (1983). These decisions might be more predictable 

and more likely to reflect evolved or learned responses to uncertainty, limited 

competence and institutional environments. In contrast, it is plausible that when 

people make decisions over much greater payoffs, such as a choice of medical 

treatment or a house purchase, their decisions will reflect a different kind of risk 

preference or perception as a result of a different kind of decision process.  

 

If laboratory and naturally-occurring decision environments differ in important 

respects such as context, interactions with others, and so on, then the external validity 

of laboratory research will be limited (Levitt and List, 2007). On these grounds, Levitt 

and List (2007) argued that laboratory experiments are more useful for generating 

                                                 
16 Weber and Chapman (2005) do not explicitly mention the related cliché so I won’t either. 
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qualitative insights rather than measuring the specific structural parameters of 

individuals’ preference functions. Even so, measuring preferences over amounts 

similar to the payoffs of other experimental decisions can be useful. It can help us 

interpret results and understand the extent to which these results can be generalized to 

other decision contexts17

2.4.3 Ambiguity preferences 

. Laboratory experiments can be used to identify underlying 

mechanisms and examine important qualitative effects (Levitt and List, 2007). Any 

model, theoretical or empirical, is perhaps best judged by its ability to provide insight 

into the relevant phenomenon (Sunder, 1995). Lottery choices do not capture all the 

difficulties of decision-making over unknown payoffs and unforeseen contingencies 

(Vercelli, 1999). However, the comparison of outcomes with known and unknown 

probabilities does provide a simple laboratory model that captures a central aspect of 

Knightian uncertainty and ambiguity. 

 

Ambiguity is an element of naturally-occurring decision contexts that people 

might perceive as more perilous (Einhorn and Hogarth, 1986). Ambiguous assets 

might induce more psychological discomfort and regret in hindsight (Sarin and 

Weber, 1993). People who are prone to worry might perceive ambiguous prospects as 

even more threatening (Butler and Mathews, 1987). In this context, people’s beliefs 

are not precisely defined and they are less likely to reason in terms of probabilities 

(Einhorn and Hogarth, 1986). The empirical relationship between risk and ambiguity 

preferences remains unclear. Lauriola and Levin (2001) found a positive correlation 

between risk and ambiguity preferences, although this relationship was only 

significant for some choices and was affected by subjects with extreme preferences. 

Other methods used to measure preferences have not found a relationship (e.g. Di 

Mauro and Maffioletti, 2001). There is some evidence that the pattern of preferences 

predicted by prospect theory for risky choices over gains and losses endures under 

ambiguity (Chakravarty and Roy, 2007). Indirect evidence from prices and asset 

holdings indicates that heterogeneity in ambiguity preferences plays an important role 

in experimental asset market (Bossaerts et al., 2007). 

 

                                                 
17 Another implication is that in laboratory markets it is possible to study the implications of risk-
preferring behaviour caused by differences in risk perception that might not be possible in other 
settings when more is at stake. 
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It might be inappropriate to transfer parameters of risk preference inferred 

with known probabilities to conditions of ambiguity (Epstein and Miao, 2003). 

Methods for measuring ambiguity preferences look for points of indifference between 

risky and ambiguous outcomes or compare the certainty equivalents for risky and 

ambiguous outcomes. Many experimental procedures are based on Ellsberg’s (1961) 

thought experiment (e.g. Chow and Sarin, 2001). Some procedures might be useful 

for comparing alternative decision theories but they can be very time consuming and 

therefore impractical for use in conjunction with other experimental procedures (e.g. 

Abdellaoui et al., 2003; Diecidue et al., 2007). Alternative procedures for measuring 

ambiguity preferences can be related to the distinction between certainty equivalent 

and probability equivalent procedures for measuring risk preferences. For example, 

certainty equivalents for risky and ambiguous outcomes have been measured using a 

second price auction (Di Mauro and Maffioletti, 2001). This procedure elicits an 

incentive compatible response in a similar way to Becker et al. (1964). By calculating 

the ratio of bids elicited for risky outcomes to bids elicited for ambiguous outcomes a 

measure of ambiguity preference is derived. There is evidence that ambiguity 

preferences do not differ if ambiguity is induced using second order probabilities or a 

expert judgement of a probability (Di Mauro and Maffioletti, 2001). A probability 

equivalence procedure can measure ambiguity preferences as a kind of preference 

related to theories of imprecise information (Gajdos et al., 2004). This type of 

procedure can vary the probability of a lottery urn with known probabilities to find a 

point of indifference with a lottery urn with unknown probabilities (e.g. Hayashi and 

Wada, 2008).  

 

Many developments in decision theory can be used to model ambiguity-

aversion (Vercelli, 1999). The anchoring and adjustment model is a prominent 

example of a model that seeks to explain ambiguity-aversion in terms of an abstract 

psychological process. Einhorn and Hogarth (1986) described ambiguity preferences 

using a model whereby people use an initial probability as an anchor and then adjust 

this probability using a kind of mental simulation. Higher and lower probabilities are 

imagined to reflect the feasible probability distributions that seem plausible. Yet 

Pulford and Colman (2008) still observed ambiguity-aversion in choices over lottery 

urns with low numbers of balls and therefore few feasible probability distributions. 

They suggested that purely cognitive explanations of ambiguity-aversion are unlikely 
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to provide a complete explanation. If people do not appear to behave as if they are 

able to visualise the feasible probability distributions that could apply they might 

instead be acting according to simpler rules of thumb. Other research suggests that 

ambiguity-aversion is caused by a more general aversion to unknown probabilities 

(e.g. Rode et al., 1999). People appear to have a general preference for transparency 

(Andersson and Holm, 1998) and for avoiding circumstances they do not understand 

(Becker and Brownson, 1964; Freeston et al., 1994; Furnham, 1994; Ghosh and Ray, 

1997). If Knightian uncertainty causes a competence-gap and leads to rule-governed 

behaviour, then it is plausible that rules have evolved to avoid ambiguous decision 

contexts and to behave cautiously when forced to act under these conditions.  

 

Further evidence for a relationship between ambiguity-aversion and rule-based 

behaviour is the observation that ambiguity-aversion is rational for a decision problem 

closely related to the Ellsberg paradox (Halevy and Feltkamp, 2005). Halevy (2007) 

examined the relationship between ambiguity preferences and attitudes towards 

compound lotteries with objective probabilities. This enabled a comparison of a 

number of alternative theories and found some patterns in the data that reflected 

heterogeneity in the types of decision-maker represented18

 

. In particular, subjects who 

reduced compound lotteries to simple lotteries were almost always ambiguity neutral 

(15 to 20 percent of subjects). This suggested that a failure to reduce compound 

lotteries is related to ambiguity-aversion. Other subjects followed a pattern of choices 

consistent with the theory developed by Halevy and Feltkamp (2005). However, 

Halevy (2007) concluded that no unique theory could accommodate the different 

patterns of choices in the population and argued in support of Epstein’s (1999) 

approach. Epstein (1999) defined ambiguity-aversion as a behaviour that is not 

probabilistically-sophisticated without committing to a particular functional model for 

ambiguity preferences. This type of reasoning supports the idea that under conditions 

of ambiguity people are less likely to think in terms of probabilities.  

The measurement of preferences in decision-making under risk and 

uncertainty has a long history in the study and development of alternative decision 
                                                 
18 Hey et al. (2007) compared a number of alternative decision theories to ambiguous choices and 
found that Choquet expected utility theory performed best overall. This model might be a suitable 
candidate for a representative agent under ambiguity, especially given Choquet expected utility theory 
can be considered as a special case of cumulative prospect theory (Bleichrodt et al., 2001). 
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theories. Although this has led to a large body of research with numerous methods for 

measuring preferences there is no standard procedure for measuring preferences. 

Instead, measurements might be unreliable and will not necessarily be related to other 

decisions over different levels of payoff, decisions in markets, or decisions in other 

contexts or elicitation procedures. Ambiguity is a central difference in context that has 

consequences for individual decisions and market behaviour. Some recent findings 

suggest that ambiguity-averse decisions are not well described by a unique decision 

theory. Ambiguity-averse decision-makers are less likely to make the calculations 

necessary to reduce compound lotteries. This type of limited information processing 

combined with a general aversion to uncertainty is consistent with predictions of rule-

governed behaviour under conditions of Knightain uncertainty and ambiguity. 

 

Conclusion 

 

 Knightian uncertainty and ambiguity challenge the descriptive and explanatory 

usefulness of models that assume the individual and interactive rationality needed for 

market equilibrium. Instead, these conditions highlight the importance of 

understanding market behaviour as a learning process amongst traders who have 

limited information and limited information-processing capabilities. Some models 

suggest that Knightian uncertainty leads to predictable behaviour (Heiner, 1983). 

Other models predict that ambiguity-averse trading will cause indeterminate 

equilibrium and lead to increased price volatility (e.g. Epstein and Wang, 1994).  

 

Some experimental evidence shows that ambiguity affects experimental 

market behaviour (e.g. Sarin and Weber, 1993). Other experiments indicate that 

comparative ignorance and competence effects might play an important role (e.g. Di 

Mauro, 2008). Box-design experiments suggest that fairly stable patterns of prices 

might result even if a single equilibrium price is not clearly predicted (Smith and 

Williams, 2000). Similar observations highlight the potential role of rule-governed 

behaviour in markets (Braga and Starmer, 2005; Braga et al., 2009). Under greater 

uncertainty, traders might pay undue attention to the information they suspect is 

revealed by market prices. This would inhibit the ability of market institutions to 

provide opportunities for learning and limit the discovery of preferences. Instead, 
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preferences might form that are specific to the market context (Heiner, 1985a; Tufano, 

2008). 

 

Knightian uncertainty and ambiguity are central features of naturally-

occurring decision contexts yet ambiguity-aversion might not be explained well by a 

unique decision theory (Halevy, 2007). Although measurements of preferences are 

complicated by numerous factors, including the domain of payoffs, the size of 

payoffs, and different elicitation procedures, if robust procedures for measuring risk 

and ambiguity preferences can be identified, then the relative role of risk and 

ambiguity preferences in markets can be examined. Experiments can examine the 

qualitative differences between markets that are characterized by risk or ambiguity 

and examine predictions based on alternative theories of individual choice. A central 

question is whether the interactions of individuals under conditions of Knightian 

uncertainty and ambiguity will lead to more stable patterns of prices or increased 

volatility as they search for mutually agreeable prices in market institutions. A 

methodology for studying these factors is presented in the following chapter. 
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Chapter 3. Methodology 

 

Models can be judged by their potential to yield insights into the relevant 

phenomenon (Sunder, 1995) and research objectives determine the parallels between 

experiment designs and the underlying theories or scenarios (Holt, 1995). The 

literature review has examined the relationship between individual theories of choice 

and market behaviour. This has examined the role of the assumption of individual 

rationality and interactive rationality for predicting equilibrium outcomes in markets. 

However, these assumptions do not help explain the behaviour of markets when they 

are not in equilibrium. Knight (1921) argued that the difference between measurable 

and unmeasurable uncertainty was central to understanding differences between 

theoretical predictions of market equilibrium and observed market outcomes. 

Experiments were designed to compare individual decisions and markets under 

conditions of risk and ambiguity and to examine differences in prices, price volatility 

and other aspects of market behaviour that might be affected by ambiguity and 

ambiguity-aversion. Measured risk and ambiguity preferences were compared with 

trade in double auction markets motivated by endogenous differences in subjects’ 

preferences and expectations. Further market experiments were designed to examine 

the effect of ambiguity, including box-design markets, bilateral exchange, and futures 

markets. This chapter presents the methodology used to study individual decisions 

and market behaviour under risk and ambiguity. 

 

3.1 Experimental designs, research questions and hypotheses 

 

To examine the role of Knightian uncertainty, ambiguity and ambiguity-

aversion in explaining individual choices and market behaviour, this thesis aims to 

examine (1) the role of these factors in the out-of-equilibrium behaviour of markets, 

(2) the effect of ambiguity and market interactions on individual decisions, and (3) the 

relative roles of risk and ambiguity preferences in market behaviour. This section 

presents an overview of the relationship between the research questions, experiment 

designs and the experimental hypotheses. Firstly, an overview of the experiment 

designs is provided before experimental procedures are described in more detail.  
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3.1.1 An overview of the experiment designs 
 

Four different experiment designs were used to test the experimental 

hypotheses. These designs used six types of experimental procedure: 

 

1. Individual decisions under risk and ambiguity with and without trade 

2. Ten-person markets motivated by subjects’ endogenous risk and/or ambiguity 

preferences 

3. Measurements of risk and ambiguity preferences 

4. Box-design markets under risk, ambiguity and certainty 

5. Two-person markets under conditions of risk and ambiguity 

6. Futures markets  

 

The first design used three experimental procedures, relating (1) individual 

decisions under risk and ambiguity with and without trade and (2) ten-person markets 

motivated by subjects’ endogenous risk and/or ambiguity preferences with (3) 

measurements of risk and ambiguity preferences with different contexts, framing and 

elicitation procedure. The second design examined the behaviour of (4) box-design 

markets under risk, ambiguity and certainty. The third design examined trade between 

pairs of subjects in (5) two-person markets under conditions of risk and ambiguity and 

the fourth design conducted (6) pilot experiments with and without open future 

markets under conditions of ambiguity. The following diagrams provide an overview 

of how these experimental procedures were used to test the experimental hypotheses 

for each research question. The hypotheses are phrased as the best prediction based on 

the review of the literature. 
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Figure 3-1 An overview of the experiment design (Question 1) 

Test whether trade is observed in the ten-person 
markets (designed to be motivated by subjects’ 
endogenous risk and/or ambiguity preferences) 

Question 1: 
 
What is the role of 
ambiguity and 
ambiguity-aversion in 
understanding market 
behaviour? 
 

Prices 

Price 
volatility 

Compare prices in the ten-person markets 
between conditions of risk and ambiguity. 

Compare price volatility in the ten-person markets 
between conditions of risk and ambiguity. 

Compare prices in the two-person markets 
between conditions of risk and ambiguity. 

Compare price volatility in the box-design markets 
between conditions of risk, ambiguity and certainty. 

Quantity 
and 
number of 
trades 

Compare the quantity of trade in the ten-person 
markets between conditions of risk and ambiguity. 

Compare the number of trades in the two-person 
markets between conditions of risk and ambiguity. 

Test whether there are differences between risk 
and ambiguity in early trade in the ten-person, box-
design and two-person markets and whether any 
differences persist in later trading. 

Early trade 
and ambiguity 

Trade  

Compare price volatility with open future markets 
with price volatility without open future markets 
under conditions of ambiguity. 

Compare prices in the box-design markets between 
conditions of risk, ambiguity and certainty. 

 Bid-ask 
spreads 

Compare bid-ask spreads in the ten-person, two-
person and box-design markets between 
conditions of risk, ambiguity and certainty. 
 

 
Early trading behaviour will reflect the role of 
ambiguity and ambiguity-aversion on market 
outcomes such as greater bid-ask spreads, 
price ranges and increased price volatility. 

H1.11 

There will be trade without additional induced 
supply and demand step-functions.  H1.1 

Prices will be lower under conditions of ambiguity 
than under conditions of risk (in the ten-person 
markets). 

 H1.2 

 
Prices will be lower under conditions of ambiguity 
than under conditions of risk (in the two-person 
markets). 

H1.3 

Prices will be lower under conditions of ambiguity 
than under conditions of risk or certainty (in the 
box-design markets). 

 H1.4 

 
Price volatility will be greater under conditions of 
ambiguity than under conditions of risk in markets 
motivated by subjects’ endogenous risk and/or 
ambiguity preferences. 

H1.5 

 Price volatility will be greater under conditions of 
ambiguity than under conditions of risk or certainty. H1.6 

 
If ambiguity increases price volatility, then open 
markets for future trading periods will reduce price 
volatility in earlier trading periods. 

H1.7 

 
There will be a lower quantity of trade under 
conditions of ambiguity compared with 
conditions of risk. 

H1.8 

 There will be fewer trades under conditions of 
ambiguity compared with conditions of risk. 
 

H1.9 

There will be wider bid-ask spreads under 
conditions of ambiguity compared with 
conditions of risk and/or certainty. 

H1.10 
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Figure 3-2 An overview of the experiment design (Question 2) 

 
 

Compare individual investments in the uncertain 
option between the information treatment conditions 
of risk and ambiguity. 

 

 

 

Question 2: 
 
Do markets eliminate 
ambiguity-aversion? 
 

Market 
outcomes 

Test the statistical interaction between the effect 
of the information treatment (risk or ambiguity) 
and the market treatment (market or no market) 
on the individual investments in the uncertain 
option. 

Test whether ambiguity preferences are 
related to the direction of trade in the ten-
person markets. 

Compare prices over time in the box-design 
markets between conditions of risk and 
ambiguity. 

Individual 
decisions 

 

Individuals will invest a greater proportion of their 
endowments in an uncertain investment option 
when outcomes are unambiguous than when 
outcomes are ambiguous. 

H2.1 

Market interactions will reduce ambiguity-
aversion in individual decisions. 

H2.2 

Ambiguity-aversion will not be related to market 
outcomes. 

H2.3 

Market prices under ambiguity will begin to 
reflect the actual probability known to traders 
under conditions of risk over time. 

H2.4 
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Figure 3-3 An overview of the experiment design (Question 3)

Compare the relative ranking of subjects based 
on preferences measured over risk, ambiguity, 
gains, losses, and using different elicitation 
procedures. 

 

 

 

 

Question 3: 
 
What is the 
relationship between 
preferences measured 
under conditions of 
risk, ambiguity, gains 
and losses, using 
different elicitation 
procedures, and 
market behaviour? 

Individual 
decisions 

Direction 
of trade 

 Compare the different contexts and framing of 
the measurement procedures with individual 
investment decisions. 

Test whether trade due to differences in relative 
preferences is reflected in the individual investment 
decisions with buyers investing more in the 
uncertain option and sellers investing less. 

Compare the different contexts and framing 
of the measurement procedures with the 
direction of each trade in the ten-person 
markets. 
 

Test whether more risk-averse and/or ambiguity-
averse subjects will invest less in the uncertain 
investment option relative to the less averse or 
more preferring subjects. 

Test whether more risk-averse and/or ambiguity-
averse subjects will sell to the less averse or 
more preferring subjects in the ten-person 
markets. 
 

 
Compare the strength of the relationship between 
risk preferences and the direction of trade with the 
relationship between ambiguity preferences and the 
direction of trade in the different contexts of risk and 
ambiguity. 

Context 
and 
framing 

 
Compare risk preferences and ambiguity 
preferences with the direction of trade in the different 
contexts of risk and ambiguity in the ten-person 
markets. 

There will be differences in the relative ranking of 
subjects according to their risk and ambiguity 
preferences depending on context and elicitation 
procedure. 

H3.1 

Different elicitation procedures and different contexts 
of measurements will affect the relationship between 
measured preferences and individual decisions. 

H3.2 

 
Different elicitation procedures and different contexts 
of measurements will affect the observed relationship 
between measured preferences and market 
behaviour. 

H3.3 

Subjects will invest a greater proportion of their 
endowments in the uncertain investment option 
with trade than without trade. 

H3.4 

The amount individuals invest in the uncertain 
option will be related to their measured risk 
and/or ambiguity preferences. 

H3.5 

Trade will be observed in the direction from subjects 
with lower preferences for an uncertain outcome to 
subjects with higher preferences for this outcome. 

H3.6 

The direction of trade will be related to measured risk 
and/or ambiguity preferences. H3.7 

Ambiguity preferences will be more strongly 
associated with the direction of trade than risk 
preferences. 

H3.8 
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 This diagram shows for each research question how the experimental 

hypotheses are tested using the different experimental procedures. In the results 

chapters, tests of the experimental hypotheses are presented first for price and price 

volatility variables in Chapter 4 with further aspects of market behaviour examined in 

Chapter 5. Chapter 6 presents the results of hypothesis tests about the relationship 

between measurements of preferences, individual decisions and market behaviour. 

Specialised software was used to program the experiments and for the statistical 

analysis of the experimental results. 

3.1.2 Experimental and statistical software 
 

 The first experiment design was programmed in software developed at Griffith 

University for experiments on multiple unit double auctions and other experimental 

environments called The Experimental Software System (TESS). This software was 

also customized for the box-design experiments. Other experimental procedures and 

designs were programmed in zTree v. 2.1 (Fischbacher, 1999). This included the 

procedures for measuring risk and ambiguity preferences, bilateral exchange 

experiments and the future market pilot experiments. Statistical hypothesis tests were 

conducted using SPSS v. 15 (SPSS, 2006) and SAS (2006). In the following sections, 

each experiment design and procedure is described in more detail. 

 

3.2 Individual decisions under risk and ambiguity with and without trade 

 

This experimental design was used to examine individual decisions under 

conditions of risk and ambiguity with and without market interactions. Subjects’ 

preferences over an uncertain investment option in a standard portfolio choice 

problem were used to examine the consequences of risk and ambiguity preferences. 

This design enabled the same decision with the same risks and ambiguities to be 

examined with and without markets. In the market treatment, subjects traded in 

investment units before making their individual decisions. This design also facilitates 

comparison of measured preferences with the individual decisions and the direction of 

trade in double auction markets. Using the same individual decision with and without 

trade enabled the role of market feedback and opportunities for learning to eliminate 

or reduce the effect of ambiguity on individual decisions to be tested. The 
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computerized double auction markets used in the design can potentially provide a 

great deal of information about the behaviour and information of other traders. Firstly, 

the overall experiment design is described followed by a more detailed description of 

experimental procedures.  

3.2.1 Experiment design – individual decisions and market behaviour 
 

Experiments were designed based on a 2 x 2 design with separate treatment 

conditions for the information provided about probabilities (risk or ambiguity) and the 

market treatment (trade or no trade). Each experimental session consisted of a series 

of procedures to measure attitudes to risk and ambiguity followed by five repeated 

investment decisions, with or without trading in the investment units beforehand. 

These decisions consisted of a choice between allocating experimental investment 

units to either an option with an uncertain return or second option with a certain 

return. Following the design, these decisions were taken under one of the following 

treatment combinations, (1) risk and no trade, (2) ambiguity and no trade, (3) risk and 

trade, or (4) ambiguity and trade. Table 3-1 summarizes the experiment design.  

Table 3-1 Experiment design 

 Without trade With trade 

Risk 
 

40 decision-makers 
5 decisions 

 

4 market sessions (10 traders in each) 
5 trading periods and decisions 

Ambiguity 
 

40 decision-makers 
5 decisions 

 

4 market sessions (10 traders in each) 
5 trading periods and decisions 

 

Subjects were students of Griffith University, a campus of approximately 8000 

students in Brisbane, Australia. Experiments ran for approximately two hours 

beginning with procedures to measure preferences, and followed by instructions and a 

short quiz to check subjects’ comprehension of the instructions (see Appendix B for 

the instructions). Participants also answered a brief questionnaire of demographic 

questions. Due to constraints on recruitment, there were sixty-three different subjects 

in this experiment. The use of experienced subjects is not ideal but nor is it 

uncommon in experimental research. Therefore statistical procedures were used to 

take the experience of subjects into account where individual decisions are the 



 72 

statistical unit of analysis. However, this also enables the effect of ambiguity to be 

examined in comparison with the effect of experience. For comparisons at the market 

level, the markets are the statistical unit of replication. 

 
Individual decisions. The individual decisions were based on a standard portfolio 

choice problem. This decision problem was chosen because it allows subjects to 

respond in degree based on their preferences for the uncertain investment option. In 

these experiments decisions were framed as an irrigation decision. This context is 

similar to other experiments conducted at Griffith University and reflects the type of 

market that motivated the research19. There is no apparent reason for this experiment 

design why framing the decision in this way would be any less realistic or more likely 

to influence decisions unduly than framing individual decisions as a financial 

investment or trade as a stock market. Sunder (1995) noted that some experimental 

asset markets push the complexity in experimental design to their limits. Attempts to 

describe decision problems without any context proved more confusing. It was 

decided that it is important that decisions are both simple and simple for subjects to 

understand (Binmore, 1999)20

 

.   

Each subject was allocated 100 units of water to allocate to Crop A or Crop B. 

This decision was repeated 5 times with 100 units of water at the start of each period. 

Each subject was asked to decide how much water to use on Crop A. Any water 

remaining was automatically used on Crop B.  The value of water used on Crop A 

was determined by a binary lottery simulated by the computer. If Crop A was 

successful it was worth 8 cents per unit and 0 cents per unit if unsuccessful. Crop B 

was always worth 2 cents per unit. Subjects were told the success or failure of Crop A 

after each period. Under conditions of risk, subjects were told that the probability 

Crop A would be successful was 50 percent. Under conditions of ambiguity, subjects 

were told that they did not know the probability Crop A would be successful. One 

minute was allowed for each investment decision. 

 

                                                 
19 The context for this experiment was a requirement of the postgraduate funding from the Cooperative 
Research Centre for Catchment Hydrology. 
20 An alternative framing of the standard portfolio choice problem was considered but rejected on the 
basis of pilot experiments. 
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Market institution and trading. In the market sessions, subjects had the opportunity to 

trade units of water before making their water allocation decision, although trading 

was explicitly optional. Each market consisted of ten subjects with an identical initial 

endowment of 100 units. In the market sessions, there was a maximum of 200 units 

that could be used in the investment decision. This was designed so that if trade was 

motivated by differences in risk preferences, then the five least risk-averse or most 

risk-preferring subjects would buy from the five most risk-averse subjects. Without 

imposing the maximum a single risk-preferring subject would be able to buy all the 

units. However, in order not to restrict any potential arbitrage role of the market, a 

subject could buy units in excess of their maximum use. If this occurred, then any 

units in excess of the maximum did not have any value to subjects after the market 

closed. Each trading period lasted for three minutes. 

 

The choice of a multiple-unit double auction trading institution is a key part of 

the experiment design (e.g. Plott and Gray, 1990). This market is an extension of the 

single-unit double auction experimental institution. The basic procedure of a double 

auction is (1) any seller or buyer may submit an offer or bid at any time during a 

specified trading period, (2) all sellers and buyers observe these offers or bids 

simultaneously, (3) buyers and sellers can accept offers or bids, respectively, at any 

time during the trading period, (4) a trade is executed when an offer or bid is accepted 

(Gjerstad and Dickhaut, 1998). In the multiple unit version subjects submit offers 

consisting of a price and a quantity. All or part of this quantity may be traded to an 

offer on the opposing side of the market with a matching price leaving the remaining 

quantity on offer as the outstanding offer. Offers were required to meet a bid-ask 

spread reduction rule and superseded offers were displayed until the market cleared. 

Any subject could participate in the market as a buyer or a seller or both. 

 

The market design had an information structure with aggregate uncertainty. In 

contrast, aggregate certainty might provide a short-cut for markets to approach 

equilibrium. Aggregate uncertainty is a more naturalistic setting for markets. No 

individual subject was given information that would allow them to identify the state of 

the world precisely. Instead, each subject witnessed the success or failure of the 

binary lottery that determined the success of Crop A. To maximize the amount of 

information available to the market over time, the realization of this random device 
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was unique for each subject. This means that under conditions of ambiguity, the level 

of information available in the market session was greater in aggregate than in the 

individual sessions, but it still did not identify the state of the world precisely. 

 

Differences in risk preferences and heterogeneous price expectations are two 

major reasons why subjects might trade in this kind of experimental asset market. In 

this design, subjects are all informed that each participant has the same initial 

endowments, values and payoff functions. There are of course other reasons why 

subjects may trade in this experimental environment. These reasons include different 

levels of ambiguity-aversion, speculation, misunderstanding the instructions and 

possibly the active participation hypothesis (Lei et al., 2001). The hypothesis that 

some trading in experimental markets is caused by the instructions that tell subjects 

how to trade. To minimize this effect, subjects were explicitly told that trading was 

optional. 

 

Experimental sessions for sensitivity analysis. Another two additional experiment 

sessions were conducted with and without trade. These sessions had an alternative 

type of individual decision to motivate trade. Instead of a choice between a certain 

option and an uncertain option, subjects were presented with a choice between a risky 

option and an ambiguous option – a kind of investment decision based on Ellsberg 

urns. This experiment provides subjects with an alternative motivation for trade. Each 

subject has a theoretical advantage to diversify between the two uncertain options. 

However, ambiguity-averse subjects will prefer the uncertain option with a known 

probability. Theoretically, less ambiguity-averse subjects will have a higher 

preference for the ambiguous urn and will have an incentive to buy units from 

subjects who are more ambiguity-averse. If risk preferences are more important in 

driving trade, then some subjects who are ambiguity-averse but more risk-preferring 

might buy units to invest more in the uncertain option with a known probability rather 

than diversifying their risk. 

 

Pilot experiments. An alternative framing of the standard portfolio choice problem 

was trialled. Instead of the choice between two crops, this version had a single crop 

with an uncertain value for shares of water. This design closely matched a context of 

interest with trade in uncertain water entitlements. However, the results of pilot 
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sessions suggested that subjects found this alternative framing more complex and 

difficult to understand and the design was simplified accordingly.  

 

3.3 Measuring preferences in decision-making under risk and ambiguity 

 

At the start of each session in the individual decisions and market interactions 

experiments, subjects were asked a number of questions designed to measure their 

preferences in decision-making under risk and uncertainty. Subjects were told that one 

of their choices from the measurement part of the experimental session had been 

randomly selected to be paid for real. If this choice resulted in a gain it would be 

added to the payments from the second part of the session. If this choice resulted in a 

loss it would be subtracted from these payments. This provided salience but also 

introduced an additional background risk. The chance devices were explained and 

shown to subjects at the start of each session. These were coins, ten-sided dice, and 

two lottery urns filled with orange and black marbles, labelled Container A and 

Container B. In this experiment design, payments were restricted so that subjects were 

certain of a minimum payment for attendance of $10 and a maximum payment of $50. 

Table 3-2 summarizes the measurement procedures used.  

 

Multiple procedures were used because there is no standard procedure for 

measuring preferences. Differences in elicitation procedures and the context of 

decisions affect outcomes so in order to find relationship between measured 

preferences, other experimental decisions and market outcomes, it was important to 

use a number of different types of choice to measure preferences. With this in mind, 

procedures for measuring preferences were selected to ensure that preferences could 

be measured under conditions of risk and ambiguity, using different elicitation 

procedures, over gains and losses, and in different contexts of decision-making. Based 

on an extensive review of past research and recent theoretical developments, the 

smallest set of procedures was chosen to facilitate the comparisons of interest. The 

outcomes of lottery devices were designed so that the results of different procedures 

could be compared with each other and preferences could be measured over similar 

levels of payoffs to other experimental decisions. Table 3-3 displays the main 

comparisons of interest. 
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Table 3-2 Measurement procedures, the domain of outcomes and the type of preference 

Procedure Domain Type of preference 

Paired lottery choices Gains Risk preference 

Paired lottery choices Losses Risk preference 

Certainty equivalent ($20 or $0 binary lottery with a known 
50% probability) Gains Risk preference 

Certainty equivalent (-$20 or $0 binary lottery with a known 
50% probability) Losses Risk preference 

Certainty equivalent ($8 or $0 binary lottery with a known 
50% probability) Gains Risk preference 

Iterated certainty equivalent procedures (with a known 50% 
probability) – additional iterations for lotteries between $0 
and $20 

Gains Risk preference 

Iterated certainty equivalent procedures (with a known 50% 
probability) – additional iterations for lotteries between $0 
and - $20 

Losses Risk preference 

BDM mechanism (WTA for a $20 or $0 lottery with a known 
50% probability) Gains Risk preference 

BDM mechanism (WTA for a $20 or $0 lottery with an 
unknown probability) Gains Risk preference measured 

under ambiguity 

WTA ratio (the ratio of WTA for a known probability to the 
WTA for an unknown probability) Gains Ambiguity preference 

Probability equivalent (probability switched from an 
unknown probability lottery to a known probability lottery) Gains Ambiguity preference 

Lottery 1 (extra variance on lower outcome) Gains Risk preference 

Lottery 2 (extra variance on upper outcome) Gains Risk preference 

Ratio of Lottery 2 / Lottery 1 (for prudent subjects only) Gains Prudence 

Crop C (contextualised decision based on the standard 
portfolio choice problem) Gains Decision depending on risk 

preference 
Crop D (contextualised decision based on the standard 
portfolio choice problem with additional ambiguous 
background risk) 

Gains Decision depending on risk 
preference 

Ratio (Crop C / Crop D) Gains Aversion to ambiguous 
background risk 
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Procedures that have been suggested for routine use, such as paired lottery 

choices were included (e.g. Holt and Laury, 2002). Particular patterns of choices from 

this procedure imply ranges of coefficients for constant relative risk-averse utility 

functions. Two other procedures were also used to test the relative importance of 

behaviours influences by the curvature of utility functions over small payoffs. These 

were an iterative certainty equivalent procedure (e.g. Pennings and Smidts, 2000) and 

a lottery choice question to detect prudence. This procedure was used to see whether 

measured preferences were consistent with prudent utility functions. If preferences of 

this type dominated then it might be reasonable to utility functions with decreasing 

absolute risk aversion. Measurement procedures with a contextualised decision were 

also used to examine subjects’ behaviour in the presence of an additional ambiguous 

background risk in a context similar to the other experimental decisions.  

Table 3-3 Comparisons of measurements by context and elicitation procedure 

Comparison Procedures 

Risk preferences versus 
ambiguity preferences 

Other procedures versus WTA ratio, Probability equivalent, and the Ratio 
(Crop C / Crop D) 
 

Risk preferences measured 
with known versus unknown 
probabilities (under conditions 
of risk and under conditions of 
ambiguity) 

Paired lottery choices, certainty equivalents, BDM (known probability), 
Crop C versus BDM (unknown probability), Crop D 

Low payoff versus high payoff Certainty equivalent ($20/$0) and BDM ($20/$0)  versus Certainty 
equivalent ($8/$0) 

Gain versus loss 
Certainty equivalent ($20/$0) versus Certainty equivalent (-$20/$0) 
and 
Paired lottery choices (gains) versus Paired lottery choices (losses) 

Certainty equivalent versus 
probability equivalent (for 
measuring ambiguity 
preferences) 

BDM mechanism versus Probability equivalent 

Certainty equivalent versus 
probability equivalent (ie. varied 
probability) (for measuring risk 
preferences) 

Certainty equivalents and BDM mechanism versus Paired lottery choices 

Certainty equivalents versus 
BDM procedure Certainty equivalent ($20/$0) versus BDM (known probability) 

Stylised versus contextualised Other procedures versus Crop C and Crop D choices 

 

Because of the number of procedures used and requirements on the order of 

choices in the iterative certainty equivalent procedure, choices were presented in a 

particular order rather than controlling for all possible permutations or randomizing. 

Ordering effects have been observed when the levels of payoffs are changed 

dramatically (e.g. Harrison et al., 2005). All payoffs in these measurement devices 
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were within a range of $0 to $20. Additionally, the main aim of these measurements is 

to compare measured preferences with other experimental decisions and market 

behaviour. If a procedure is overly sensitive to ordering effects then it will not be 

suitable for this purpose. A robust elicitation procedure needs to measure preferences 

in an appropriate context for routine comparisons with other experimental outcomes. 

A procedure that is useful for measuring the parameters of alternative decision 

theories will not necessarily be a suitable procedure for these purposes. The main 

criteria here are perhaps the ability to measure preferences in an appropriate context 

and to accurately detect heterogeneity in subjects’ preferences. The procedures used 

to measure risk preferences are described first, followed by the procedures for 

measuring ambiguity preferences. 

3.3.1 Risk preferences 
 

 The procedures used to measure risk preferences were paired lottery choices 

over potential gains and losses, iterative certainty equivalent procedures starting with 

choices over potential $20 gains or $20 losses, additional certainty equivalent 

procedures to detect prudence, a contextualised portfolio choice problem with and 

without additional background risk, and the willingness-to-accept values elicited for a 

lottery urn with a known probability. In procedures with lists of paired choices where 

the crossover point in the list is used to infer the degree of preference, a constraint was 

built into the software to prevent subjects crossing back and forth down the lists. 

When similar procedures have been implemented using pen and paper, some subjects 

have been found to switch multiple times meaning an element of subjectivity is 

introduced in interpreting responses (e.g. Holt and Laury, 2002). 

 

Paired lottery choices. Subjects were presented with a list of paired lotteries to choose 

from based on the low payoff treatment used by Holt and Laury (2002). Using this 

procedure, the point in the list at which subjects’ crossover from choosing a low-risk 

lottery to choosing a high-risk lottery is used to infer their risk preferences. An 

additional row was added to the start of the list used by Holt and Laury (2002) to 

complete the range of probabilities. This procedure was used first to measure risk 

preferences over lotteries with positive payoffs and secondly to measure risk 

preferences over lotteries with negative payoffs. Table 3-4 lists the lotteries in option 
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A and option B, their expected values and the differences between their expected 

values in the measurement procedure with positive payoffs. 

Table 3-4 Options and expected values in the paired lottery choices over gains 

Option A EV(A) Option B EV(B) EV(B) – EV(A)  
0/10 of $3.85, 10/10 of $0.10 $0.100 0/10 of $2.00, 10/10 of $1.60 $1.600 $1.500 

1/10 of $3.85, 9/10 of $0.10 $0.475 1/10 of $2.00, 9/10 of $1.60 $1.640 $1.165 

2/10 of $3.85, 8/10 of $0.10 $0.850 2/10 of $2.00, 8/10 of $1.60 $1.680 $0.830 

3/10 of $3.85, 7/10 of $0.10 $1.225 3/10 of $2.00, 7/10 of $1.60 $1.720 $0.495 

4/10 of $3.85, 6/10 of $0.10 $1.600 4/10 of $2.00, 6/10 of $1.60 $1.760 $0.160 

5/10 of $3.85, 5/10 of $0.10 $1.975 5/10 of $2.00, 5/10 of $1.60 $1.800 $-0.175 

6/10 of $3.85, 4/10 of $0.10 $2.350 6/10 of $2.00, 4/10 of $1.60 $1.840 $-0.510 

7/10 of $3.85, 3/10 of $0.10 $2.725 7/10 of $2.00, 3/10 of $1.60 $1.880 $-0.845 

8/10 of $3.85, 2/10 of $0.10 $3.100 8/10 of $2.00, 2/10 of $1.60 $1.920 $-1.180 

9/10 of $3.85, 1/10 of $0.10 $3.475 9/10 of $2.00, 1/10 of $1.60 $1.960 $-1.515 

10/10 of $3.85, 0/10 of $0.10 $3.850 10/10 of $2.00, 0/10 of $1.60 $2.000 $-1.850 

 

Each lottery in option A consists of a binary lottery with a payoff of either 

$3.85 or $0.10, whereas each lottery in option B has a payoff $2.00 or $1.60. The 

potential payoffs for the low-risk lottery in option B are therefore less variable than 

the potential payoffs from the high-risk lottery in option A. The probability of 

receiving the higher payoff from each lottery increases down the list. Choosing option 

B in the first row ensures a certain payoff of $1.60 and choosing option A in the last 

row ensures a certain payoff of $3.85. The degree of risk-aversion is indicated by how 

many more times a subject chooses option B before choosing option A. Examining 

the difference between the expected values of option B and option A reveals that a 

risk-neutral decision maker, selecting the option with the higher expected value in 

each row, would choose option B five times before choosing option A. Examining the 

difference between the expected values of option B and option A reveals that a risk-

neutral decision maker, selecting the option with the higher expected value in each 

row, would choose option A five times before choosing option B. Figure 3-4 presents 

an example of this risk-neutral sequence of answers for the paired lottery choices over 

gains. 
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Option A Option B 

0/10 of $3.85, 10/10 of $0.10   0/10 of $2.00, 10/10 of $1.60 

1/10 of $3.85, 9/10 of $0.10   1/10 of $2.00, 9/10 of $1.60 

2/10 of $3.85, 8/10 of $0.10   2/10 of $2.00, 8/10 of $1.60 

3/10 of $3.85, 7/10 of $0.10   3/10 of $2.00, 7/10 of $1.60 

4/10 of $3.85, 6/10 of $0.10   4/10 of $2.00, 6/10 of $1.60 

5/10 of $3.85, 5/10 of $0.10   5/10 of $2.00, 5/10 of $1.60 

6/10 of $3.85, 4/10 of $0.10   6/10 of $2.00, 4/10 of $1.60 

7/10 of $3.85, 3/10 of $0.10   7/10 of $2.00, 3/10 of $1.60 

8/10 of $3.85, 2/10 of $0.10   8/10 of $2.00, 2/10 of $1.60 

9/10 of $3.85, 1/10 of $0.10   9/10 of $2.00, 1/10 of $1.60 

10/10 of $3.85, 0/10 of $0.10   10/10 of $2.00, 0/10 of $1.60 

Figure 3-4 Example of risk-neutral answers in the paired lottery choice procedures over gains  

 

In the list of choices over potential gains, a risk-preferring subject would 

switch from the less variable to the more variable lottery earlier in the list than a risk-

neutral subject. Therefore, in the paired lottery choice procedure over gains, subjects 

who switched from option B to option A in the 2nd, 3rd, 4th or 5th row are classified as 

risk-preferring; subjects who switched in the 6th row are classified as risk-neutral; 

subjects who switched in the 7th, 8th, 9th, 10th or 11th row are classified as risk-averse. 

Subjects who chose Option A in the first row or Option B in the last row expressed a 

preference for a lower certain amount over a higher certain amount. This choice is 

treated as an error and indicates the subject either misunderstood the instructions or 

made some other type of mistake. A similar sequence of choices was presented to 

subjects but with negative payoffs from each lottery. Table 3-5 lists the lotteries in 

option A and option B, their expected values and the differences between their 

expected values in the measurement procedure with negative payoffs. 

 

Certainty equivalence procedures. Certainty equivalence procedures were used to 

measure risk preferences over the payoff ranges from zero to twenty dollars, zero to 

eight dollars, and to measure the prudence of subjects. An iterative certainty 

equivalence procedure was designed based on the risk preference measurements that 

are commonly used in agricultural economic studies of decision-making under risk 

and uncertainty (e.g. Pennings and Garcia, 2001). However, these procedures are 

generally based on purely hypothetical choices and the procedures were tailored so 

that subjects could be presented with salient choices. Subjects were presented with 

choices between a binary lottery and a range of certain amounts between the upper 
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and lower amounts of the lottery rather than asking them to state a certain amount or 

price that would leave them indifferent between that certain amount and the lottery. 

The answer in any row could then be selected at random for actual payment. A choice 

task such as this might also reduce the incidence of preferences reversals (Camerer, 

1995). A probability of 50 percent was used for the outcomes of binary lotteries, since 

this was also the probability used in the second part of experiments. This probability 

might also minimize response biases (Tversky and Wakker, 1995). 

Table 3-5 Options and expected values in the paired lottery choices over losses 

Option A EV(A) Option B EV(B) EV(B) – EV(A)  
0/10 of $-3.85, 10/10 of $-0.10 -0.100 0/10 of $-2.00, 10/10 of $-1.60 -1.600 -1.500 

1/10 of $-3.85, 9/10 of $-0.10 -0.475 1/10 of $-2.00, 9/10 of $-1.60 -1.640 -1.165 

2/10 of $-3.85, 8/10 of $-0.10 -0.850 2/10 of $-2.00, 8/10 of $-1.60 -1.680 -0.830 

3/10 of $-3.85, 7/10 of $-0.10 -1.225 3/10 of $-2.00, 7/10 of $-1.60 -1.720 -0.495 

4/10 of $-3.85, 6/10 of $-0.10 -1.600 4/10 of $-2.00, 6/10 of $-1.60 -1.760 -0.160 

5/10 of $-3.85, 5/10 of $-0.10 -1.975 5/10 of $-2.00, 5/10 of $-1.60 -1.800 0.175 

6/10 of $-3.85, 4/10 of $-0.10 -2.350 6/10 of $-2.00, 4/10 of $-1.60 -1.840 0.510 

7/10 of $-3.85, 3/10 of $-0.10 -2.725 7/10 of $-2.00, 3/10 of $-1.60 -1.880 0.845 

8/10 of $-3.85, 2/10 of $-0.10 -3.100 8/10 of $-2.00, 2/10 of $-1.60 -1.920 1.180 

9/10 of $-3.85, 1/10 of $-0.10 -3.475 9/10 of $-2.00, 1/10 of $-1.60 -1.960 1.515 

10/10 of $-3.85, 0/10 of $-0.10 -3.850 10/10 of $-2.00, 0/10 of $-1.60 -2.000 1.850 

 

Iterative procedures were used for lottery choices over gains starting with a 

binary lottery of $20 or $0 and for losses, $-20 or $0. In this kind of iterative 

procedure certainty equivalents from early stages are then substituted as the high or 

low payoffs of the binary lotteries in the later stages of the procedure. The greater the 

risk-aversion of a subject, the lower the certain amount they would prefer to the risky 

prospect in option B. Likewise, a more risk-preferring subject would prefer the lottery 

instead of even higher certain amounts. Table 3-6 lists the sequence of lotteries used. 

For example, the certainty equivalent estimated in the first stage, x1 becomes the high 

payment, xh, in the binary lottery for the second stage. 
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Table 3-6 Steps in the iterative certainty equivalent procedure 

Iteration Lottery ($) Expected utility 
xi xl xh  

1 0 20 0.500 
2 0 x1 0.250 
3 x1 20 0.750 
4 0 x2 0.125 
5 x2 x1 0.375 
6 x1 x3 0.625 
7 x3 20 0.875 

 

A certainty equivalent procedure, without iterations, was also used to elicit a 

certainty equivalent for the lottery with a 50 percent chance of $0 and a 50 percent 

chance of $8. These are the payoffs that would result if a subject allocated all of their 

initial endowment to the uncertain option. 

 

Option A Option B 

$0.00   B 

$2.00   B 

$4.00   B 

$6.00   B 

$8.00   B 

$10.00   B 

$12.00   B 

$14.00   B 

$16.00   B 

$18.00   B 

$20.00   B 

Figure 3-5 Risk-neutral choices from the iterative certainty equivalence procedure over gains  

 

Prudence certainty equivalents. A certainty equivalent procedure was used to measure 

subjects’ levels of prudence (e.g. Tarazona-Gomez, 2004). Prudence is defined as the 

ratio between the third and second derivatives of the utility function but it is also a 

preference for attaching an additional mean-preserving variance to the better outcome 

of a lottery. Two lists of certainty equivalents and lotteries were presented to subjects 

simultaneously. The lottery in the first list (Lottery 1) was a 25% chance of receiving 

$5, a 25% chance of receiving $15 and a 50% chance of receiving $20. The lottery in 

the second list (Lottery 2) was a 50% chance of receiving $10, a 25% chance of 

receiving $15 and a 25% chance of receiving $25. These two lotteries differ according 
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to whether an additional variance is attached to the lower or higher outcome of the 

lottery. In Lottery 1 the additional variance is attached to the lower outcome of an 

equivalent binary lottery and in Lottery 2 it is attached to the higher outcome. 

 

Contextualised measurement procedures. A contextualised decision based on a 

standard portfolio choice problem was also used to measure preferences. The choice 

was related to the experimental decisions used in the second part of experiment 

sessions, although with some differences. Subjects were asked to decide what 

percentage of water they wanted to use on two different crops, Crop C and Crop D. 

The water used on Crop C was similar to the standard portfolio choice problem and 

subjects were asked to decide how many of 100 units of water to use on Crop C with 

any water not used having a certain return. For Crop D, an additional ambiguous 

background risk was added to this problem. Subjects were asked to decide what 

percentage of water to use with a range in quantities possible for each percent. A coin 

toss was used to determine the success of the crop in both cases, as explained in 

Figure 3-6. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 3-6 Willingness-to-accept elicitation of certainty equivalents 

 

If particular functional forms of a utility function can be assumed then this 

type of decision can be used to infer a risk preference. A similar procedure was used 

by Loomes (1991) to measure risk preferences. This type of procedure has advantages 

in testing other predictions of alternative decision theories, although it might also be 

affected by a simple heuristic such as splitting initial endowments in proportion to the 

Crop C  Crop D 

           
You can use up to 100ML on Crop C 
 

            
You do not know how much water you will 
have to use on Crop D 
 

 
Please enter what percent of water you 
want to use on Crop C. 
1 percent = 1 ML of water. 
 

  
Please enter what percent of your water 
you want to use on Crop D. 
1 percent = between 0.5 and 1.5 ML water 
 

    

 
If the coin lands on Heads you will be 
paid 8 cents x how many ML you use on 
Crop C. If the coin lands on Tails you will 
be paid 0 cents per ML. 
 
You will also be paid 2 cents per ML for 
any water you do not use 
 

  
If the coin lands on Heads you will be paid 
8 cents x how many ML you use on Crop 
D. If the coin lands on Tails you will be 
paid 0 cents per ML. 
 
You will also be paid 2 cents per ML for 
any water you do not use 
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probabilities of return (Camerer, 1995). However, if this decision is well-related to 

other experimental decisions and market behaviour then it would provide an 

interesting avenue for future comparisons of measured preferences with market 

behaviour due to its theoretical relationship with portfolio choice theory. For example, 

the consequences of an additional background risk are related to the role of prudence 

in precautionary savings decisions. 

3.3.2 Ambiguity preferences 
 

Procedures for measuring ambiguity preferences were based on Ellsberg’s 

(1961) thought experiment with lottery balls of two colours. The basic thought 

experiment gives a decision-maker a choice between a lottery draw with a known 

probability and a second lottery draw with an unknown probability. Experimental 

procedures based on this basic choice can be used to compare certainty equivalents for 

the two lotteries (e.g. Chow and Sarin, 2001). Two different procedures were used to 

measure ambiguity preferences based on the lotteries shown in Figure 3-7. 

 

 
 
 
 
 
 
 
 
 
 

 Urn 1 Urn 2 
Red 25 ? 

Black 25 ? 
Total 50 50 

Figure 3-7 Ellsberg urns 

 

 Subjects were told that Container A held 25 orange and 25 black marbles. 

They were told that Container B held an unknown number of each colour of marble 

with a total of 50 marbles. In the basic thought experiment subjects are given a choice 

between the two lotteries and ambiguity-aversion is detected as a preference for 

Container A over Container B. However, the objective in measuring subjects’ 

preferences was to measure their degree of preference for the lottery with a known 

? ? 

Container A Container B 
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probability in comparison with their preference for the lottery with an unknown 

probability. Two different procedures were used. The first procedure measures 

certainty equivalents for Container A and Container B using a mechanism based on 

Becker et al. (1964). A similar procedure was used by Chow and Sarin (2001). The 

second procedure measures a point of indifference between Container B and a 

container with varying proportions of orange and black marbles that represent a range 

in probabilities. It should be noted that both procedures measure preferences in a 

comparative context. Although this might increase the level of ambiguity-aversion it 

should also help distinguish between degrees of preference between different subjects.  

 

Willingness-to-accept procedure for measuring ambiguity preferences. The first 

procedures used to measure subjects’ ambiguity aversion utilised the Becker-

DeGroot-Marschak (BDM) mechanism (Becker et al., 1964). Containers A and B 

were displayed at the front of the experiment room and were described to subjects on 

their computer screens. Subjects were informed that a draw from either container 

would results in a payment of $20 if an orange marble was drawn and $0 if a black 

marble was drawn. The aim was not to test the causes of ambiguity preferences, so 

subjects were not allowed to choose the colour of the marble that pays. Offering 

subjects this type of choice might reduce a suspicion that the lottery could be 

manipulated by the experimenter. However, suspicion might be one of many reasons 

why ambiguity-aversion is observed. This matches well with the idea that ambiguity-

aversion might lead subjects to act as if they suspect others of having information they 

do not. In this procedure, subjects were asked for two responses as shown in Figure 

3-8. 

 

First, subjects were asked to enter the smallest amount of money that they 

would accept instead of receiving the outcome of a draw from Container A and 

second, the smallest amount of money that they would accept instead of receiving a 

draw from Container B. Subjects were told that if either of these responses was 

selected to be paid for real then the following procedure would be used to determine 

their payment. A random price would be generated. If this random price was higher 

than the amount of money they had entered they would be paid the random price. If 

this random price was lower than the amount entered they would receive the outcome 

of a draw from the relevant container. The first decision measures risk preferences 
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with a known probability and the second decision measures risk preferences with an 

unknown probability. The ratio of these certainty equivalents is used as a measure of 

the degree of ambiguity preference (e.g. Di Mauro and Maffioletti, 2001). Here the 

willingness-to-accept (WTA) values are used to calculate the ratio Container 1 WTA/ 

Container 2 WTA, so that a ratio greater than one indicates ambiguity-aversion, a 

ratio of one indicates ambiguity-neutral behaviour, and a ratio less than one indicates 

ambiguity-preferring behaviour. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-8 Willingness-to-accept elicitation of certainty equivalents  

 

Probability equivalence procedure for measuring ambiguity aversion. In the second 

procedure used to measure ambiguity preferences, subjects were presented with 

options regarding the same two containers, Container A with a known proportion of 

orange and black marbles and Container B with an unknown proportion of orange and 

black marbles, as shown in Figure 3-9. 
 

As before, drawing an orange marble from either container would result in a 

payment of $20 and drawing a black marble would result in a payment of $0 as in the 

first procedure described above. Subjects were then asked to choose between option A 

and option B. Option B was simply to draw a marble from Container B. However, in 

option A the proportion of orange and black marbles was varied. In each row, the 

number of orange marbles was increased and so to the probability of receiving $20. 

An ambiguity-neutral preference is a crossover point at 25 orange and 25 black 

marbles. Ambiguity-averse subjects would crossover sooner and ambiguity-preferring 

Container A  Container B 
           
25 Orange Marbles 
25 Black Marbles 
50 Marbles in Total 
 

            
? Orange Marbles 
? Black Marbles 
50 Marbles in Total 
 

 
Please enter the smallest amount of 
money in dollars you would accept 
instead of drawing a marble from 
Container A. 
 

  
Please enter the smallest amount of 
money in dollars you would accept 
instead of drawing a marble from 
Container B. 
 

    

 
If the random price is higher than your 
price then you will be paid the random 
price. If the random price is lower than 
your price you will draw a marble from 
Container A. 
 

  
If the random price is higher than your 
price then you will be paid the random 
price. If the random price is lower than 
your price you will draw a marble from 
Container B. 
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subjects would crossover later in the list. A second screen with finer degrees of 

probability around their crossover point was presented to subjects to more precisely 

measure preferences. A choice of Option A in the first row is a choice of a certain $0 

and a choice of Option B in the last row is a choice of a possible loss instead of a 

certain gain. Although the default setting for these choices is as indicated in Figure 

3-9, subjects could change this setting and the resulting choices were counted as 

errors.  
 

 
 
 
 
Container B has an unknown 
number of Orange Marbles and 
Black Marbles. 
 
 
 
 
 
 
 
 
 

Figure 3-9 Probability equivalent procedure for measuring ambiguity preferences 

 

By measuring risk and ambiguity preferences, a comparison between these 

measurements, other experimental decisions and market behaviour becomes possible. 

This enables hypotheses regarding the motivation of trade and the relative role of 

preferences elicited in different contexts and under conditions of risk and ambiguity 

preferences to be tested. Importantly, measured preferences can be compared with the 

direction of trade in double auction markets where trade is motivated by endogenous 

differences in subjects’ preferences and expectations. Because trade is motivated by 

an individual investment decision, preferences can be compared with behaviour with 

and without the market context. In the next section, additional experiment designs 

used to compare market behaviour under conditions of risk, ambiguity and certainty 

are described. 

 

 

 

Option A Option B 

0 Orange Marbles and 50 Black Marbles   B 

5 Orange Marbles and 45 Black Marbles   B 

10 Orange Marbles and 40 Black Marbles   B 

15 Orange Marbles and 35 Black Marbles   B 

20 Orange Marbles and 30 Black Marbles   B 

25 Orange Marbles and 25 Black Marbles   B 

30 Orange Marbles and 20 Black Marbles   B 

35 Orange Marbles and 15 Black Marbles   B 

40 Orange Marbles and 10 Black Marbles   B 

45 Orange Marbles and 5 Black Marbles   B 

50 Orange Marbles and 0 Black Marbles   B 
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3.4 Box-design markets, two-person markets, and futures markets 

 

Box-design experiments used induced supply and demand functions that do 

not precisely define the equilibrium price. Instead, a range of prices is feasible 

between the values of buyers and sellers (Smith and Williams, 2000). This 

experimental market design can be used to examine the patterns of prices that result 

when no single equilibrium price is precisely predicted. In the experiments presented 

here, box-design markets were examined under three different treatment conditions. 

Because of the induced supply and demand functions, conditions of risk and 

ambiguity can also be compared with a control market under conditions of certainty. 

This comparison is not possible when trade is motivated by differences in subjects’ 

preferences over uncertain outcomes. The box-design experiments were also aimed to 

examine whether prices under ambiguity would begin to reflect the actual probability 

of return over time so that prices under all treatment conditions could be compared. 

Related experiment designs for studying bilateral exchange and futures markets are 

then described. 

3.4.1 Experiment design – ambiguity, risk and certainty 
 

Market experiments were designed with six designated sellers and six 

designated buyers and ten trading periods (see Appendix D for the instructions). 

Sellers were initially allocated one unit of water which had no value to them at the 

end of the trading period. Buyers were not initially allocated any water but could buy 

one unit of water that would have a value at the end of the period determined by the 

experimental treatment. This means the only source of payoffs for subjects are their 

earnings from trade. There is no individual decision in this design and subjects could 

only participate as buyers or sellers. Without an individual decision no need was seen 

for multiple units so a simplified experimental market was used with trade in the 

single units between sellers and buyers in double auction markets. However, there 

could be more than six trades per period since arbitrage was possible, although buyers 

had a value for only one unit at the end of each period. Measurement procedures were 

not used in conjunction with these experiments. Instead of endogenous preferences, 

trade in these markets was induced by differences in the price and quantity 

characteristics of designated buyers and sellers. This means that differences between 
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ambiguity and other treatments could be compared without providing subjects with an 

opportunity to construct or discover preferences in a measurement phase. 

 

Units bought had a value that depended on the experimental treatment. Under 

conditions of ambiguity and risk, this value was $8 or $0 as determined by a binary 

lottery with probabilities represented by the faces of a 10-sided dice. Under certainty, 

this value was $5.60, the same as the expected value for the actual probability used in 

the ambiguity treatment and in the risk treatment. Three replicates each were 

conducted for conditions of risk and ambiguity and four replicates of the certainty 

control treatment. These experiments were replicated in a different semester from the 

first experiments in order to draw on a different subject pool and use inexperienced 

subjects. Under conditions of ambiguity, subjects were told that the value of units 

bought was either 30 percent or 70 percent for all trading periods.  

 

Inducing the ambiguity in this way was designed to examine whether the 

market prices would begin to reflect the actual probability of return over the course of 

trade. The feasible probabilities are symmetrical around a 50 percent probability but 

only two probabilities remain from the feasible range between 0 and 100 percent. This 

simplifies the problem of learning the probability over time. Subjects were told that 

the computer would simulate the roll a 10-sided dice to determine the value of units at 

the end of each trading period and that this would be repeated at the end of every 

period. This was synchronized for all subjects so that all subjects witnessed the same 

outcome in each period. Under conditions of risk, subjects were told that the 

probability of returns was 70 percent in every period and the value of the units was 

known for sure in the certainty treatment. Two additional experiment designs were 

built upon the basic box-design experimental model. These are two-person markets to 

study bilateral exchange and experiments to examine the potential effect of futures 

exchange on ambiguous markets. 

3.4.2 Two-person markets for bilateral exchange 
 

 Experiments were designed based on a similar design to the box-design 

experiments to examine trade between two subjects at a time. These experiments were 

designed to see whether fewer trades would be observed under conditions of 
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ambiguity and to examine differences in bidding behaviour between risk and 

ambiguity. By allocating a single unit randomly to one of the traders in each pair, 

these experiments can be used to test whether trade is less likely under conditions of 

ambiguity. Because of the relatively simple structure of the decision problem 

presented to subjects no additional context was used to facilitate explanations to 

subjects for these experiments. Two experimental models were used to examine this 

question. These experiments were programmed in zTree v. 2.1. 

 

Ten periods of bilateral exchange. In this experimental model, the units traded were 

worth either $4 or $0. Separate experimental sessions were conducted for risk and 

ambiguity, with twelve subjects and ten trading periods. This means that each subject 

could be paired with a different partner in every trading period. In total, there were 

sixty trading pairs under risk and sixty pairs under ambiguity. In each trading pair, 

one unit was randomly assigned to one subject. The unit could be bought by the other 

subject in the pair; however, instead of designated buyers and sellers, in this design 

the units had a value to both traders. This means that the subject who was allocated 

the initial endowment could keep or sell this unit. Units accumulated over ten periods 

and their value was only determined at the end of the last period. This means that no 

information about the probability of return under ambiguity was provided until the 

end of the experimental session. The method used for inducing ambiguity was to tell 

subjects that the probability a unit would be worth $4 was either 30 percent or 70 

percent. Under conditions of risk, subjects were told that the probability of return was 

50 percent. A simulated coin toss was used for risk and a simulation of a ten-sided 

dice was used to symbolise the probabilities of return under conditions of ambiguity.  

 

Five periods of bilateral exchange. A similar design was used but in this model the 

units traded were worth either $8 or $0. Two sessions with six trading pairs and five 

periods were conducted for risk and two similar sessions for ambiguity. This gives a 

total of sixty trading pairs under risk and sixty pairs under conditions of ambiguity. 

Similar methods were used for inducing ambiguity and determining payoffs as for the 

first version. 
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3.4.3 Futures market experiments 
 

 Pilot experiments were conducted for a futures market experiment design (see 

Appendix F for the instructions). It is possible that futures markets would increase 

price volatility in earlier trading periods but that this price volatility might reflect 

faster convergence to equilibrium rather than interfere with traders’ search for 

equilibrium prices (e.g. Ang and Schwarz, 1985; Sunder, 1995). These experiments 

were designed so that all future markets were open simultaneously from the start of 

the first period and each market closed consecutively from the end of the first period 

and so on until only the market in the last period was open. These markets were 

programmed in zTree v. 2.1. Initially, a ten period model with twelve traders was 

trialled. The software froze repeatedly so the number of traders was reduced to six. 

The problem persisted and pilots were conducted for six traders and five trading 

periods under conditions of ambiguity with and without a futures market. These 

experiments were intended to gauge the potential of this kind of futures market 

experiment design for studying the impact of information about future market prices 

on the expectations of traders in current trading periods. This is an alternative design 

to the early repeated two period spot and future market experiments. This design 

allows the course of trading in later periods to be examined as information is received 

at the end of each earlier trading period. The advantage of this design is that trade 

later periods is possible throughout the earlier periods. This means that the role of the 

information provided about the success or failure of a binary lottery at the end of each 

period can be examined on the course of trade in the last period.  

 

Ten periods with future markets open or closed. Experiments were designed to 

compare market behaviour and the course of trading with and without open future 

markets. In the first experimental model, there were twelve traders and ten trading 

periods. In this model there were six designated buyers and six designated sellers. 

Each trading period was 3 minutes in length when it was the current period. This 

means that with open future markets the 10th period was open for 30 minutes in total. 

With open future markets, buyers could buy units in the current period or in any 

future period. However, they would only find out the value of a unit at the end of the 

relevant trading period. The units traded were worth either $8 or $0. In this model, 

ambiguity was induced by telling subjects the probability in every period was either 
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30 percent or 70 percent and under conditions of risk subjects were told the 

probability was 50 percent. When software problems persisted, the number of periods 

was reduced to five and then the number of traders was reduced to six. 

 

Five periods with future markets open or closed. This experimental model was used 

with six traders and five trading periods. In this model, there were designated buyers 

and sellers. However, trade was motivated differently than the 10 period models in a 

way similar to the two-person markets. Three units were allocated to three sellers but 

these units potentially had a value for the buyers and sellers at the end of each period. 

Each trading period was 5 minutes in length, meaning period one was open for 5 

minutes, period two for 10 minutes, period 3 for 15 minutes, period 4 for 20 minutes 

and period 5 for 25 minutes. Two sessions were conducted under conditions of 

ambiguity with and without open future markets. The units traded were worth either 

$8 or $0. In this model, an alternative method for inducing ambiguity was used. 

Subjects were told that the probability of return was between 20 percent and 80 

percent. They were told the probability was the same in every period. To increase the 

amount of information available to the market each trader had an independent draw of 

the lottery that determined the value of their units at the end of each period.  

 

 The futures market design, the box-design and two-person markets enabled 

additional aspects of market behaviour under conditions of Knightian uncertainty and 

ambiguity to be examined. The first experiments were designed to study markets with 

trade motivated by endogenous differences in subjects’ preferences under conditions 

of risk and ambiguity. Instead, the box-design experiments and the futures market 

experiments induce trade using differences in quantity and value. However, using this 

design there are many feasible prices between the values of buyers and sellers. This 

means that patterns of prices can be studied without the potential complication of 

other differences between subjects introduced by stepped supply and demand 

functions. An additional advantage of the box design is that markets under conditions 

of risk and ambiguity can also be compared with markets when outcomes are certain.  
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Conclusion 

 

The experiment designs presented in the methodology enables a comparison of 

market behaviour under the conditions described by Knight (1921). These 

experiments provide the data needed to compare several facets of market behaviour 

between separate conditions for risk, ambiguity and certainty. If subjects learn the 

probability in the market and this reduces the effect of ambiguity on their individual 

decisions then assumptions of individual and interactive rationality might be 

approximated over time. Experimental decisions motivated by the risks and 

ambiguities in an individual investment decision are a central part of the experiment 

design. This enables the effect of markets on an individual decision that is not overly 

restricted by a particular institution to be examined. Additionally, this design means 

that individual decisions and market behaviour can be compared with measured risk 

and ambiguity preferences. Alternative market designs can be used to examine other 

aspects of market behaviour. In particular, box-design experiments make additional 

comparisons with markets under certainty and of the potential for traders to learn a 

probability in an ambiguous market possible.  

 

Investigating separate conditions for risk and ambiguity makes comparisons 

between market behaviour possible that are not straightforward in markets with trade 

in multiple types of asset. This experimental approach means that it is market 

conditions of risk and ambiguity that can be compared rather than trade in risky and 

ambiguous assets in a single market. This potential induces a different kind of 

behaviour. Subjects might be more likely to think in terms of probabilities under risk. 

However, under conditions of ambiguity other behaviours such as a role for 

Keynesian animal spirits or rule-based behaviour might be more prevalent. Important 

variables that can be compared between separate treatments include prices, price 

volatility and the volume of trade. However, the separate markets for risk and 

ambiguity facilitate additional comparisons in the patterns of prices of market out-of-

equilibrium. Alternative models suggest different predictions for the consequences of 

prevailing conditions of Knightian uncertainty and ambiguity. This extends beyond 

predictions for increased price volatility. Importantly, comparisons between markets 

under conditions of risk and ambiguity have the potential to reveal the factors that 

affect traders’ search for mutually agreeable prices. Ambiguity might lead to greater 
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heterogeneity in traders’ preferences and limit the ability of traders to infer accurately 

from market prices (e.g. Lundholm, 1991). Overlapping beliefs might reduce trading 

volumes (e.g. Rigotti and Shannon, 2005). Importantly, the methodology developed 

here enables a comparison of both individual decisions and market behaviour so that 

the role of risk and ambiguity preferences can be studied. The presentation of results 

begins in the next chapter with the analysis of prices and price volatility. 
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Chapter 4. Effects of ambiguity on prices and price volatility 

 

This chapter is the first of the three results chapters. This chapter examines the 

evidence for the effect of ambiguity on market prices and price volatility in the 

experimental markets. Firstly, the effect of ambiguity on market prices is compared 

with markets under conditions of risk and conditions of certainty. With ambiguity-

averse subjects, prices are expected to be lower in markets under conditions of 

ambiguity. Alternative predictions for the effect of ambiguity on prices are compared 

in markets motivated by traders’ own preferences and in box-design markets with a 

range of possible prices. Ambiguous markets are compared with conditions of risk 

and with conditions of certainty. Prices are also compared in markets with only two 

traders and thereby a reduced social context. The effect of ambiguity on price 

volatility is then examined. Ambiguity might affect the out-of-equilibrium behaviour 

of markets and the search for equilibrium prices. On the one hand, ambiguity might 

lead people to behave randomly and thereby increase price volatility. On the other 

hand, ambiguity might lead to rule-governed behaviour and possibly more stable and 

predictable prices (e.g. Heiner, 1983). In Chapters 4 and 5, market variables are 

compared between risk and ambiguity in early trade and in later trade. The 

relationship between early trading behaviour and ambiguity is then summarised at the 

end of Chapter 5. 

 

4.1 Price levels in markets motivated by subjects’ own preferences 

 

With ambiguity-averse traders the prices of equivalent lotteries are expected to 

be lower when probabilities are unknown compared with when probabilities are 

known. Past evidence on the effect of ambiguity on price levels has been mixed (e.g. 

Camerer and Kunreuther, 1989; Sarin and Weber, 1993; Di Mauro, 2008).  This 

chapter first examines how ambiguity affects market outcomes in terms of market 

prices. Based on the evidence from market experiments with trade motivated by 

subjects’ own preferences over an uncertain investment option prices are compared 

between conditions of risk and ambiguity. Based on the box-design markets, prices 

are compared between conditions of risk, ambiguity and certainty.  
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The discovered preference hypothesis describes the behaviour of experimental 

markets as initially irrational and myopic and then starting to conform to predictions 

based on individual and interactive rationality over time (Plott, 1996). In the markets 

with trade motivated by subjects’ own preferences, potential differences between the 

first trading periods and later market behaviour is examined. The early trading 

behaviour of markets has also been related to the effects of ambiguity and ambiguity-

aversion (Camerer, 1999). The first trading periods most closely resemble the 

conditions described by Knight (1921). These results are first analysed separately and 

then compared with market outcomes in later periods. In the box-design experiments 

with defined values for designated buyers and sellers, ambiguity was induced in a 

simplified form so that the prices could be compared over time with prices under 

conditions of risk and certainty. Firstly, the evidence on prices from the double 

auction markets with trade motivated by endogenous preferences is examined. 

4.1.1 Ten-person market prices 
 

The first experimental hypothesis concerns whether trade will be observed in 

these markets that rely on the endogenous preferences of subjects over the investment 

units to motivate trade. 

 

H1.1: There will be trade without additional induced supply and demand step-

functions (in the ten-person markets). 
 

This hypothesis is tested by the observation of trade in the ten-person market 

design. In this design, ten traders had the opportunity to buy or sell units before 

deciding how many to invest in an uncertain or certain investment option. In these 

markets, there is a 50 percent probability that each unit invested in the uncertain 

option would be worth 4 cents or 0 cents per unit. A single chance event decided the 

payoff for all of the units a subject invested in the uncertain option together so that 

100 units invested in the uncertain option will be worth either $8 or $0 with an 

expected value of $4. 

 

 Trade was observed under conditions of risk and ambiguity in this 

experimental environment. This implies that differences in subjects’ preferences over 
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the investment units were great enough to motivate trade, perhaps due to differences 

in risk and/or ambiguity preferences. The relationship between trade and preferences 

is examined in Chapter 6.  

 

The second experimental hypothesis concerns whether prices will be lower 

under conditions of ambiguity than under conditions of risk in this same experimental 

environment. If subjects are generally ambiguity-averse or a proportion of subjects are 

ambiguity-averse, then prices are hypothesized to be lower because of reduced 

demand for units to invest in the uncertain investment option when the probability is 

unknown. 

 

H1.2: Prices will be lower under conditions of ambiguity than under conditions 

of risk (in the ten-person markets). 
 

 This hypothesis is tested by comparing price levels between experimental 

markets under conditions of risk with conditions of ambiguity. Firstly, descriptive 

statistics are presented for the risk and ambiguity treatments. This is followed by a 

graphical comparison of price levels between the two treatments. The statistical 

analysis first compares prices across all five trading periods. Then the analysis focuses 

on the first trading periods and tests for differences that persist after early trading.  

Table 4-1 displays the mean and median prices for conditions of risk and ambiguity21

Table 4-1 Median and mean prices under risk and ambiguity (cents per unit) 

. 

Variable Risk Ambiguity 
 Mean Std. dev. Mean Std. dev. 

Median 3.89 1.01 3.05 0.70 
Mean 3.83 0.93 2.99 0.69 

 

Prices were generally higher under conditions of risk than conditions of 

ambiguity. The mean price under risk was 3.83 cents per unit (std. dev. = 0.93 cents) 

compared with 2.99 cents per unit (std. dev. = 0.69 cents) under conditions of 

ambiguity. The median prices under risk and ambiguity are slightly higher than the 

                                                 
21These are the mean and median prices for each trading period aggregated by market session. Standard 
deviations reflect variability between market sessions within the experimental treatments. 
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means, indicating that the distribution of prices was skewed slightly downwards. 

Figure 4-1 displays examples of the prices observed under conditions of ambiguity22

Figure 4-1 Prices in session Ambiguity 1a and Ambiguity 1b 

. 

 

 All prices in these two sessions are below the expected value of 4 cents per 

unit. In session Ambiguity 1a prices appeared to have settled on a value of about 2.5 

cents per unit in the fourth and fifth trading periods. In session Ambiguity 1b, prices 

started at very low levels before rising to around 3 cents per unit. A similar pattern 

was observed in session Ambiguity 1c, as shown in Figure 4-2. 

 

 

 

 

 

                                                 
22 Price graphs for the individual and market behaviour experiment design are compiled in Appendix B. 
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Figure 4-2 Prices in session Ambiguity 1c 

 

 In session Ambiguity 1c, prices started low and rose in a similar fashion to 

session Ambiguity 1b. However, in this case prices rose to above the expected value 

at the end of the second period before falling again at the end of the fourth trading 

period. Only in session Ambiguity 1d did prices appear to settle on the expected 

value, as shown in Figure 4-3. 

Figure 4-3 Prices in session Ambiguity 1d 

 

In session Ambiguity 1d prices also started low initially and then rose to settle 

around the expected value in the third trading period with a few prices above the 

expected value in the fourth trading period. In three sessions under ambiguity, prices 

started lower in the first period under conditions of ambiguity before rising over the 

course of trade. Together, these sessions suggest that trading behaviour is different in 

the first period. The relatively stable patterns of prices observed under ambiguity 

contrast with the pattern of prices observed in session Risk 1e, as shown in Figure 4-4. 
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Figure 4-4 Prices in sessions Risk 1e and Risk 1f 

 

 In session Risk 1e the first price was exactly 4.00 cents per unit. However, 19 

of the 26 trades in this session were greater than the expected value. Prices above the 

expected value were also observed in session Risk 1g, as shown in Table 4-17. 
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Figure 4-5 Prices in sessions Risk 1g and Risk 1h 

 

In session Risk 1h, prices were relatively stable but were all below the 

expected value, trading around 2.50 cents to 3.00 cents per unit. Session Risk 1f in 

Figure 4-4 had the most stable prices in the risk treatment. Prices in this session were 

generally below the expected value with a final trade of 4.00 cents per unit. Table 4-2 

displays the median, mean and standard deviation of prices for each session so that 

price levels between sessions can be compared. The standard deviations here reflect 

the variability in price levels for each session as a whole. 
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Table 4-2 Session prices under risk and ambiguity (cents per unit) 

Risk Ambiguity 
Session Median Mean Std. dev. Session Median Mean Std. dev. 

1e 5.00 4.78 0.88 1a 2.50 2.58 0.32 
1f 3.75 3.70 0.16 1b 2.50 2.26 0.78 
1g 4.50 4.48 0.48 1c 3.60 3.45 1.06 
1h 2.60 2.61 0.25 1d 3.90 3.70 0.48 
Grand mean 3.89 Grand mean 3.00 

Std. dev. 0.97 Std. dev. 0.69 

 

The first two sessions under ambiguity had mean prices of 2.50 cents per unit 

with median prices of 3.45 cents per unit and 3.70 cents in sessions Ambiguity 1c and 

Ambiguity 1d, respectively. However, under conditions of risk median prices ranged 

from 2.60 cents per unit in session Risk 1h to 5.00 cents per unit in session Risk 1e. 

The variability in price levels between market sessions under risk was greater than 

under conditions of ambiguity (0.97 > 0.69). Next, price variables are compared 

statistically across all trading periods. 

 

Prices in all periods. In previous studies of experimental markets, a number of 

different price variables have been used in past studies to represent market prices in 

double auction markets. Some analyses have assumed that prices converge. For 

example, Lundholm (1991) used the last price in each period as a proxy for the market 

price in that period and Hanson et al. (2006) used an average of the last three prices. 

Alternatively, mean prices have been used as a proxy for a single market price (e.g. 

Cason and Gangadharan, 1998). However, because ambiguity has theoretical 

consequences for the nature of market equilibrium, it does not make sense to assume 

that prices converge. Instead, a statistical approach was used so that the prices of 

individual transactions within each trading period could be analysed. A mixed model 

analysis with random effects for market sessions was used (e.g. Frechette, 2006). 

Additionally, an unstructured covariance structure was used for repeated trading 

periods and an autoregressive (order one) covariance structure was used to account for 

potentially correlated errors between repeated transactions within a trading period23

Table 4-3

. 

 presents the results of the tests of the treatment effects for this analysis.  

 

 
                                                 
23 Proc mixed syntax with a un@ar(1) Kronecker product covariance structure in SAS v. 9.1. 
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Table 4-3 Price comparison between risk and ambiguity 

Source Num. df Den. df F Sig. 
Intercept 1 6 9.10 0.000 

Information (risk or ambiguity) 1 24 9.51 0.022** 
Trading period 1 24 1.77 0.167 

Information * Trading period 4 24 0.11 0.977 
* significant at α = 0.10; ** significant at α = 0.05; *** significant at α = 0.01 (Den. = denominator) 

 

From the model, the estimated marginal mean price under risk of 3.84 cents 

per unit (std. error = 0.22) was significantly greater than the estimated marginal mean 

price of 2.95 cents per unit (std. error = 0.18) under ambiguity (p = 0.022). 

Significantly lower prices under conditions of ambiguity are consistent with subjects 

who are generally ambiguity-averse or a relatively large proportion of ambiguity-

averse subjects. The potential interaction between the information treatment 

representing the difference between conditions of risk and ambiguity was not 

significant (p = 0.977). There is no statistical evidence from this model that the 

difference in prices between conditions of risk and ambiguity is reduced over time. 

However, the price graphs indicate that there is a difference between the trading 

behaviour in the first periods especially under conditions of ambiguity. A mixed 

model comparison of mean prices across all trading periods finds that mean prices are 

significantly lower in the first trading period compared with later periods (p < 0.001). 

This pattern is observed under both risk and ambiguity as the interaction between the 

information treatment and trading period is not significant (p = 0.239). To further 

examine differences in markets between risk and ambiguity trading behaviour in the 

first period of each session was examined more closely.  

 

First period prices. Examining the trade in the first period enables the differences 

between risk and ambiguity to be examined in more detail. This data is often excluded 

from the statistical analysis of experimental market data, although it might reflect the 

effects of ambiguity and ambiguity-aversion on trade (Camerer, 1999). Comparisons 

of trading behaviour in the first periods between risk and ambiguity reveals 

differences that might then be eliminated or reduced over the course of trade. Markets 

in the first trading period of experimental markets are not expected to be in 

equilibrium, since repeated trading is needed for convergence to predicted equilibrium 

prices even in relatively simple markets with induced supply and demand functions 
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(Harrison, 1992). Table 4-4 displays the results of the separate analysis on the 

transaction prices of individual trades. 

Table 4-4 Comparing individual transaction prices in period one between risk and ambiguity 

Source Num. df Den. df F Sig. 
Intercept 1 6.304 94.091 .000 

Information (risk or ambiguity) 1 7.242 5.642 .048** 
Transaction 14 30.008 .813 .650 

Information * Transaction 6 6.746 .692 .665 
* significant at α = 0.10; ** significant at α = 0.05; *** significant at α = 0.01 

 

This analysis of individual transaction prices supports the conclusion that 

prices were significantly lower under ambiguity (p = 0.048). The model also suggests 

that the order of transactions did not have a significant effect on price (p = 0.650), nor 

was there any clear statistical difference overall in the order of transactions between 

the two treatments (p = 0.665). However, this is not the only way to statistically 

compare broad movements in price level. Price movements were further compared by 

examining other prices variables, including maximum and minimum prices, the first 

and last price, and the difference between these values; that is, the price range and the 

absolute change in price from the start to the end of the trading period. Table 4-5 

displays descriptive statistics for these variables and the results of the t-tests used to 

compare their values. 

Table 4-5 Price movements in the first period (prices in cents per unit) 

Variable Risk Ambiguity t-statistic Sig.  
(two-tailed) 

 Mean Std. dev. Mean Std. dev.   

Minimum Price 2.83  0.57 1.43  0.81 7.204 .036** 
Maximum Price 3.71  0.50 2.95  0.74 1.343 .291 

Price range 0.89  0.30 1.53  0.41 6.339 .045** 
First price 3.33  0.47 1.68  1.14 8.014 .030** 
Last price 3.46  0.99 2.70  0.87 2.942 .137 

Change in price 0.64  0.88 1.53  1.37 7.302 .035** 
* significant at α = 0.10; ** significant at α = 0.05; *** significant at α = 0.01 

 

Notably, the mean price range under ambiguity was significantly greater under 

ambiguity than under risk (p = 0.045) in the opening periods as was the mean change 

in prices from the start to end of these periods (p = 0.035). These variables reflect the 

greater change in prices in the first periods under ambiguity. In particular, prices that 

started low and finished higher over the course of trade. It appears that these effects 

are largely due to the significantly lower first price and minimum prices under 
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ambiguity (p = 0.030 and p = 0.036, respectively) since the last price and maximum 

price variables are not significantly different. When prices start low and finish high, 

the first and minimum prices as well as the last and maximum price represent the 

same transactions. The observation that prices start low and finished higher in the first 

trading periods of sessions Ambiguity 1b, Ambiguity 1c, and Ambiguity 1d, implies 

that this would be a common pattern of trade under these conditions.  

 

This implies the following stylised pattern of trade in the first periods. Under 

conditions of ambiguity, prices are initially low but finish at levels not significantly 

different to those observed under risk. Since traders only witness the realization of the 

random events at the end of the first periods in the ambiguity treatment these trading 

periods most closely resemble conditions of Knightian uncertainty. This difference 

indicates that there is a difference in the pattern of convergence or the out-of-

equilibrium behaviour of markets under conditions of ambiguity compared with risk. 

 

Market prices after the first period. Prices in trading periods after the first period were 

compared to see whether differences observed in the first period persisted in later 

trade. Table 4-6 presents descriptive statistics for price level variables for prices after 

period one. 

Table 4-6 Price movements in later periods (prices in cents per unit)24

Variable 

 

Risk Ambiguity 
 Mean Std. dev. Mean Std. dev. 

Mean price 3.96  1.03 3.21  0.74 
Median price 4.01  1.09 3.29  0.74 

Minimum price 3.42  0.72 2.43  0.73 
Maximum price 4.33  1.19 3.68  0.81 

Price range 0.92  0.63 1.26  0.39 
First price 3.71  0.90 3.14  0.91 
Last price 4.03  1.01 3.06  0.82 

Price change 0.55  0.55 0.73  0.52 

 

The direction of the difference in magnitude of these variables between the 

two treatments is consistent with the results from the first period analysis. Median 

prices under ambiguity were 3.29 cents per unit, lower than the 4.01 cents per unit 

                                                 
24 These variables are the summary statistics for prices within each trading period. Standard deviations 
reflect variability between market sessions within the experimental treatments. 
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observed under risk. Higher median than mean prices indicate the distribution of 

prices is skewed slightly downwards in periods two to five. Minimum, maximum, the 

first prices and last prices per trading period are all greater under conditions of risk 

than ambiguity. As observed in the first trading periods, the price range and the price 

change are greater on average under ambiguity than risk. These variables were 

compared statistically between risk and ambiguity using a mixed model with random 

effects for the market sessions and a repeated measure for trading period. Firstly, 

models were estimated to test the potential interaction between the information 

treatment and trading period. However, none of these potential interactions was 

statistically significant (p > 0.4). Therefore, models were estimated to test the main 

effects of the information treatment and the trading period. Differences in price levels 

after the first period were not statistically significant for the mean price (p = 0.240), 

median price (p = .240), maximum price (p = 0.364), the price range (p = 0.308), first 

prices (p = 0.256), last prices (p = 0.159) or the change in price (p = 0.536). Prices for 

these variables did not differ significantly between trading periods. However, the 

minimum prices under ambiguity were statistically different between the treatments (p 

= 0.039) as shown in Table 4-7. 

Table 4-7 Comparisons of minimum prices between risk and ambiguity after period one 

Variable Source Num. df Den. df F Sig. 

Minimum  
price 

Intercept 1 8.176 214.092 .000 
Information  

(risk or ambiguity) 1 8.624 5.885 .039** 

Period 3 19.637 1.127 .362 
* significant at α = 0.10; ** significant at α = 0.05; *** significant at α = 0.01 

 
An examination of the price graphs and given that the price range was not 

significantly different between the information treatments, the lower mean prices 

appear to reflect a few very low priced trades under ambiguity rather than reflecting 

broader patterns of price change within the trading periods. Although, if these lower 

prices are not considered as outliers then they might reflect a greater skew in the 

distribution of prices under conditions of ambiguity. Some theoretical models of 

market behaviour imply that traders who over-react to bad news under ambiguity 

might lead to skewed prices (Epstein and Schneider, 2008). However, in these 

experimental markets, the realization of lotteries that determined payoffs from the 

uncertain investment option was independent for different traders. This was designed 

to maximize the amount of information available to traders in aggregate in subsequent 
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trading periods. Future research could synchronize the lotteries under conditions of 

ambiguity to examine the consequences for trading.  

 

In conclusion, the hypothesis that prices will be lower under conditions of 

ambiguity than under conditions of risk in the ten-person markets is supported by the 

experimental evidence. Prices were lower in markets motivated by subjects’ 

endogenous preferences under conditions of risk and ambiguity. In the first trading 

periods, the price range and change in price from the first to the last transaction price 

were significantly greater under ambiguity compared with risk. Comparing the mean 

values of price levels for the first trading periods implies that prices will start lower 

under conditions of ambiguity and then rise over the course of trade to levels 

indistinguishable from price levels observed under risk. The majority of differences 

observed in the first periods are not detected over subsequent trading periods, 

although the greater variability in price levels between risky market sessions muddies 

these comparisons. It appears that prices under ambiguity were generally lower than 

the expected values, except for one session which converged towards the expected 

value. In contrast, under conditions of risk prices rose above the expected value in a 

number of trading periods in some sessions. The evidence from the two-person 

markets was used to examine potential differences in prices between risk and 

ambiguity.  

4.1.2 Two-person market prices 
 

The third experimental hypothesis concerns whether prices will be lower 

under conditions of ambiguity than under conditions of risk in the two-person market 

design. 

 

H1.3: Prices will be lower under conditions of ambiguity than under conditions 

of risk (in the two-person markets). 
  

This hypothesis is tested by comparing price levels between experimental 

markets under conditions of risk with conditions of ambiguity. Prices are compared 

for the ten-period and the five-period experimental models of this design. In both 
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experimental models there is a reduced social context in comparison with the ten-

person markets, since traders know they interact with only one other subject at a time.  

 

In these markets, only one trader in each pair is allocated a unit to trade. No 

information about the success or failure of the units traded was provided after trading 

periods. The realization of the random outcomes was simulated by the computer at the 

very end of the experimental sessions. This means that there was no opportunity for 

subjects to learn anything about the actual probability between trading periods under 

conditions of ambiguity. Subjects traded in a single unit in each period. Unlike the 

box-design markets, this unit had a potential value for both subjects in each trading 

pair. Prices, offers and the likelihood of trade were compared between conditions of 

risk and ambiguity for the ten-period and the five-period models of two-person 

markets. In the ten-period model units traded were worth either $4 or $0. In the five-

period model, units were worth either $8 or $0. 

 

Analysis of the ten-period model. Contrary to expectations, lower mean prices were 

observed under risk, at 208 cents (std. dev. = 42 cents), compared with 227 cents (std. 

dev. = 64 cents) under ambiguity. Price differences were analysed for statistical 

significance using random effects for the trading pairs within each period of the 

sessions. Table 4-8 presents the results of this analysis.  

Table 4-8 Ten-period model – mixed model regression results 

Variable Source Num. df Den. df F Sig. 

Mean 
 Price 

Intercept 1 1.870 254.566 .005 
Information  

(risk or ambiguity) 1 1.937 .389 .598 

Period 9 4.082 1.165 .475 

 

Prices were not significantly different between the two treatments in this 

model (p = .598). Prices from the five-period model were similarly compared. 

 

Analysis of the five-period model. Higher mean prices were observed under risk at 393 

cents (std. dev. = 91 cents) compared with 383 cents (std. dev. = 73 cents) under 

ambiguity. Table 4-9 presents the results of this analysis. 
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Table 4-9 Five-period model – mixed model regression results on mean prices 

Variable Source Num. df Den. df F Sig. 

Mean  
Price 

Intercept 1 1.538 305.586 .009 
Information  

(risk or ambiguity) 1 1.538 .155 .741 

Period 4 4.558 3.810 .097* 

Information x Period 4 4.558 6.853 .035** 

* significant at α = 0.10; ** significant at α = 0.05; *** significant at α = 0.01 
 

Although there was not a significant difference in mean prices between the 

information treatments overall (p = 0.741), there was a significant effect of the trading 

period (p = 0.097) and a significant interaction between the information treatment and 

the trading period (p = 0.035). Examining the treatments separately suggested that the 

interaction was caused by lower prices in the first period under ambiguity compared 

with later periods. The mean prices per period for risk and ambiguity are shown in 

Table 4-10. 

Table 4-10 Five-period model – mean prices by trading period25

Period 

 

Risk Ambiguity 
 Mean ($) Std. dev ($) Mean ($) Std. dev ($) 

1 4.43 1.42 2.65 0.21 
2 3.23 0.50 3.79 0.12 
3 4.33 0.46 4.15 0.21 
4 3.21 0.48 4.41 0.01 
5 5.00 - 4.50 - 

 

 Comparing mean prices separately between periods for the ambiguity 

treatment revealed that prices were significantly lower in the first period compared 

with all other periods (p = 0.009). The two treatments were also compared for the first 

period separately but prices were not significantly different (p = 0.138).  

 

This section has presented evidence comparing prices between conditions of 

risk, ambiguity and certainty. The observation of trade in the ten-person markets 

provides evidence in support of Hypothesis 1.1, that there would be trade without 

additional induced supply and demand step-functions in the ten-person markets. 

Observations of lower prices under ambiguity compared with risk supports 

Hypothesis 1.2, that prices would be lower under conditions of ambiguity than under 

conditions of risk in the ten-person markets. Hypothesis 1.3, that prices would be 
                                                 
25 Only one trade took place in two periods so standard deviations are undefined for these two periods. 
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lower under conditions of ambiguity than risk in the two-person markets was not 

supported by the evidence. However, prices were significantly lower in the first 

periods of the five-period two-person markets compared with later trading prices. This 

is interesting given that no information was provided about the success or failure of 

the chance event until the end of each session. Experience in trading alone led to an 

increase in price after the first period. The evidence from all market comparisons 

between risk and ambiguity for early trading (with respect to Hypothesis 1.11 

regarding the relationship between early trade and ambiguity effects) will be 

summarised at the end of Chapter 5. The next section compares price levels in 

ambiguous markets with risky and certain market conditions in the box-design 

markets. 

 

4.2 Price levels in the box-design markets 

 

Trade was motivated in the box-design by inducing differences in the value of 

uncertain assets between designated buyers and sellers. Units had no value to sellers 

but could be worth either $8 or $0 to buyers. Although differences in the preferences 

of the buyers could lead to differences in their certainty equivalents for the uncertain 

assets because the units had no value to sellers they could be profitably traded 

between six sellers and six buyers, irrespective of their relative risk preferences. This 

alternative market design also enabled a control treatment for trade under conditions 

of certainty to be included in the design. This experimental environment was first 

used to test hypotheses concerning differences in prices between risk, ambiguity and 

certainty and also to examine whether prices under conditions of ambiguity converged 

towards the expected value or the prices observed under conditions of risk or certainty 

over repeated trading periods. The box-design markets were used to test the 

hypothesis that prices would be lower under conditions of ambiguity.  

 

H1.4: Prices will be lower under conditions of ambiguity than under conditions 

of risk or certainty (in the box-design markets). 
 

 Comparisons of prices between the three treatment conditions over time were 

also used to see whether prices under ambiguity converged towards the expected 

value or the prices observed under conditions of risk or certainty over time. 
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H2.4: Market prices under ambiguity will begin to reflect the actual probability 

known to traders under conditions of risk over time (in the box-design markets). 
 

To test these two hypotheses the patterns in prices over time are first examined 

graphically, followed by statistical comparisons between conditions of risk, ambiguity 

and certainty. Statistical tests first compared prices across all trading periods and then 

separately for the first trading periods of each session to focus on potential differences 

in early trading behaviour between risk and ambiguity. 

4.2.1 Prices over time 
 

In the box-design experiments ambiguity was induced by telling subjects the 

probability of return from a unit bought would either be 30 percent in all periods or 70 

percent in all periods. The actual probability was 70 percent in all the ambiguity 

sessions for the box-design markets. This means that the expected value of the units 

was $5.60. Under risk the probability was known. In the certainty treatment, the value 

of the units traded was $5.60 to provide a straightforward basis for comparison. The 

midway point between sellers’ and buyers’ values is therefore $2.80 based on the 

induced values in the certainty treatment and by calculating half the expected value of 

the assets in the risk and ambiguity treatments (represented by the dotted line in the 

graphs below)26 Figure 4-6.  provides an example of the price levels observed under 

conditions of ambiguity. 

Figure 4-6 Prices in session Ambiguity 2b 

                                                 
26 If the probability had been 30 percent then the expected value would have been $2.40 and the 
midpoint would have been $120. 
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No evidence was found that prices under ambiguity converge towards the 280 

cent level that represents the midpoint based on the actual probability, nor that prices 

begin to resemble the levels observed under conditions of risk where they probability 

is known. For example, in session Ambiguity 2b prices were lower than the expected 

value in every trading period. All transaction prices are lower than the midpoint based 

on the expected value of $2.80, although prices were generally higher than the 

alternative midpoint based on a probability of 30 percent at $1.20. Prices appear 

generally quite stable in these box design experiments and tended to stay at 

approximately the same level through the market session. In fact, prices appear 

moderately less stable in the risk treatment, although in session Risk 2f, prices 

approach closely to half the expected value, as shown in Figure 4-7. 

Figure 4-7 Prices in session Risk 2f 

 

A priori, it was expected that the certainty treatment would provide a stable 

basis for comparisons with markets under conditions of risk and ambiguity. However, 

prices appear to vary between sessions in the certainty treatment much more than 

expected. Compared with ambiguity there is more variation between market sessions 

under conditions of risk and certainty. In particular, there was more variability 

between the overall price levels of sessions in the certainty treatment than under 

conditions of ambiguity. Figure 4-8 displays two examples of prices from this 

treatment. 
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Figure 4-8 Examples of the patterns of prices from the certainty treatment 

 
Prices in session Certainty 2g are consistently close to the known halfway 

point at 280 cents. However, prices are much lower in session Certainty 2h. Different 

sessions in the certainty treatment had different overall price levels even when prices 

appeared relatively stable over time. Overall, the price levels indicate that prices were 

lower under ambiguity, followed by certainty, with the highest prices observed under 

conditions of risk. Table 4-11 displays the mean session prices and the variability 

between sessions. 
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Table 4-11 Session prices under risk, ambiguity and certainty (cents per unit) 

 

The grand mean of mean session prices in the ambiguity treatment was 166 

cents, 253 cents under certainty and 332 cents under risk. Yet the variability between 

sessions in the ambiguity treatment was relatively low at 27 cents compared with 67 

cents and 60 cents for certainty and risk, respectively. The additional session under 

conditions of certainty was conducted to examine the variability between sessions in 

this treatment. Informal debriefing of subjects indicated that some subjects were not 

trading at prices they had decided were unfair. These subjects stated that they refused 

to sell when they thought the prices were too much lower than the halfway point 

between the buyers’ and the sellers’ values. It appears that in at least this session 

under conditions of certainty, subjects who interpreted the decision environment from 

the point of view of fairness tried to use some perceived fairness norm to coordinate 

market prices. However, despite the variability in price levels between sessions, in 

most of the box-design markets there is no graphical evidence in support of 

Hypothesis 2.4 that market prices would begin to reflect the actual probability known 

to traders under conditions of risk over time by approaching the expected value or the 

prices observed under conditions of risk or certainty. This hypothesis and Hypothesis 

1.4 concerning the price levels between conditions of risk, ambiguity and certainty are 

compared statistically in the next section. 

4.2.2 Price comparisons between risk, ambiguity and certainty 
 

Price levels were first compared using statistical tests based on all ten trading 

periods and were therefore based on the mean values of these variables per trading 

period.  

 

Risk Ambiguity Certainty 

Session Median Mean Std. 
dev. Session Median Mean Std. 

dev Session Median Mean Std. 
dev. 

2d 300 294 37 2b 165 164 20 2g 279 275 14 
2e 400 401 27 2c 199 194 81 2h 177 184 25 
2f 299 299 23 2a 135 141 40 2i 350 336 72 
        2j 200 220 50 

Grand mean 332 Grand mean 166 Grand mean 253 
Std. dev. 60 Std. dev. 27 Std. dev. 67 
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Analysis of prices across all trading periods. Table 4-12 presents summary statistics 

for these variables. 

Table 4-12 Price variables for the box design markets (cents per unit) 

Variable Risk Ambiguity Certainty 
 Mean Std. dev Mean Std. dev. Mean Std. dev. 

Mean price 331 61 165 23 253 66 
Minimum price 307 64 133 16 219 49 
Maximum price 357 61 202 51 283 75 

Price range 49 16 69 46 64 43 
First price 328 61 165 12 252 60 
Last price 333 59 152 22 242 70 

Price change 23 16 39 17 38 26 

 

 On the whole, prices appeared to be generally stable over the course of a 

trading period in the box-design markets although there were some apparent 

differences in price movements within trading periods between the treatment 

conditions. For example, the mean price range was greatest under conditions of 

ambiguity at 69 cents (std. dev. = 46 cents), followed by conditions of certainty at 64 

cents (std. dev. = 43 cents) and at 49 cents (std. dev. = 16 cents) under risk, although 

the level of variability between sessions was relatively high. A similar pattern was 

observed for the mean change in price from the start to end of trading periods. Tests 

of statistical hypotheses were conducted using a mixed model with random effects for 

market sessions and repeated measures for the ten trading periods. None of the 

potential interactions between treatment effects and trading period were significant for 

these price level variables (p > 0.6). Examination of the price graphs also suggests 

that prices are relatively stable over all ten trading periods in most box-design 

sessions. Therefore, the interaction was not included in the final statistical models. 

Table 4-13 presents the results of tests of the effect of the information treatment and 

the repeated trading period on price levels. 
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Table 4-13 Comparisons of price levels between risk, ambiguity and certainty 

Variable Source Num. df Den. df F Sig. 

Mean 
price 

Intercept 1 7.737 196.268 .000 
Information  

(risk, ambiguity or certainty) 2 7.345 7.531 .017** 

Trading period 9 75.961 .776 .638 

Minimum 
price 

Intercept 1 7.261 131.582 .000 
Information  

(risk, ambiguity or certainty) 2 7.057 6.606 .024** 

Trading period 9 69.935 .692 .714 

Maximum 
price 

Intercept 1 9.329 298.508 .000 
Information  

(risk, ambiguity or certainty) 2 9.985 7.356 .011** 

Trading period 9 55.825 1.439 .194 

First  
price 

Intercept 1 10.075 355.382 .000 
Information  

(risk, ambiguity or certainty) 2 10.593 13.146 .001*** 

Trading period 9 62.228 1.145 .346 

Last  
price 

Intercept 1 11.671 331.468 .000 
Information  

(risk, ambiguity or certainty) 2 12.442 15.156 .000*** 

Trading period 9 61.358 .223 .990 
* significant at α = 0.10; ** significant at α = 0.05; *** significant at α = 0.01 

 

Prices levels were consistently lower in the ambiguity treatment than in the 

risk treatment. Nor were there any significant differences in price levels between 

trading periods. Sidak adjustments for multiple comparisons of the estimated marginal 

means were used to compare price levels between the treatments27

 

. Variables that 

were significantly lower under ambiguity than risk included the mean price (p = 

0.017), minimum price (p = 0.024), maximum price (p = 0.010), first price per period 

(p = 0.001), and the last price per period (p < 0.001). Generally, there were no 

significant differences between certainty treatment and either the risk or the ambiguity 

treatment, except for comparisons of the first and last trading prices per period. For 

first prices, significantly lower prices were observed under ambiguity than under 

certainty (p = 0.037) and significantly higher prices were observed under risk than 

certainty (p = 0.091). A similar pattern was found for last prices, with lower prices 

under ambiguity than certainty (p = 0.027) and higher prices under risk than certainty 

(p = 0.044).  

 

                                                 
27 The Sidak adjusted p-value is equal to 1-(1-unadjusted p-value)k, where k is the number of 
comparisons. 
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 Table 4-14 Comparisons of price movements between risk, ambiguity and certainty 

Variable Source Num. df Den. df F Sig. 

Price  
range 

Intercept 1 8.931 20.284 .002 
Information  

(risk, ambiguity or certainty) 2 9.668 .262 .775 

Trading period 9 44.464 1.690 .120 

Price  
change 

Intercept 1 14.952 21.785 .000 
Information  

(risk, ambiguity or certainty) 2 16.069 .430 .658 

Trading period 9 55.623 1.497 .172 
 
 
 Price ranges and price changes were greatest under ambiguity, followed by 

certainty and then risk. However, these differences were not statistically significant. It 

appears that with a maximum of six trades per period, broad price movements within 

trading periods appear to be less likely than in the first market design. However, the 

price range and price changes over an entire market session are also not significantly 

different between treatments (price range, ANOVA, F = 0.670, p = 0.542; price 

change, ANOVA, F = 1.043, p = 0.401). However, in some sessions the prices did 

appear to change between the first trading periods and later periods. Prices were 

therefore examined in the first trading periods of each session and then compared with 

later trading periods. 

 

Analysis of all prices in the first periods. In the first periods of each session, prices 

under ambiguity were significantly lower than prices under risk (p = 0.002). Prices 

under ambiguity were not significantly different from prices under certainty (p = 

0.002).  

Table 4-15 Prices in first period of box-design markets 

Source Num. df Den. df F Sig. 
Intercept 1 15.269 290.961 .000 

Information  
(risk, ambiguity or certainty) 2 12.953 9.532 .003*** 

Order of transactions 5 20.232 .297 .909 
Information * Order of transactions 9 19.538 .388 .927 
* significant at α = 0.10; ** significant at α = 0.05; *** significant at α = 0.01 

 
 

The analysis of all prices within the first trading periods supports the finding 

that prices were significantly lower under conditions of ambiguity compared with risk 

(p = 0.002). Prices were also compared between the first and last trading periods of 

the box-design markets. The results supported the general findings and no significant 
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differences in prices over the course of the trading periods between the treatments 

were detected.  

 

The following diagrams summarise the results regarding the effect of 

ambiguity on prices in the ten-person, two-person and box-design markets. Figure 4-9 

summarises the results for trade and prices. 

 

Figure 4-9 Question 1: trade and prices – results summary 

 

The box-design experiments provide additional evidence that prices are lower 

under conditions of ambiguity compared with risk. This analysis provides evidence in 

support of Hypothesis 1.4 that prices will be lower under conditions of ambiguity than 

under conditions of risk or certainty in the box-design markets. In particular, the 

statistical analysis finds that prices were lower under conditions of ambiguity 

compared with risk. Weaker evidence was found that prices were lower under 

ambiguity compared with certainty. However, due to variability between the price 

levels in market sessions in the certainty treatment only weak statistical evidence was 

found that prices under ambiguity were significantly lower than under certainty, 

 Prices 

Transaction prices were significantly lower under 
conditions of ambiguity compared with risk across all 
trading periods and in a separate analysis of the first 
periods. Within the first periods, prices generally 
started low and increased over the course of trade.  
 

 
Prices will be lower under 
conditions of ambiguity than under 
conditions of risk (in the ten-person 
markets). 

H1.2 
 

 

Prices will be lower under 
conditions of ambiguity than under 
conditions of risk (in the two-person 
markets). 

H1.3 
 

Prices in the two-person markets were not significantly 
different between risk and ambiguity. 
 

Prices will be lower under conditions 
of ambiguity than under conditions of 
risk or certainty (in the box-design 
markets). 
 

H1.4 
 

Lower prices were observed under conditions of 
ambiguity than under conditions of risk. The first and 
last prices per trading period were significantly greater 
under risk and lower under ambiguity compared with 
certainty. 
 

Trade 

Trade was observed under conditions of risk and 
ambiguity in the ten-person markets. This implies that 
differences in subjects’ preferences over the 
investment units were great enough to motivate trade, 
perhaps due to differences in risk and/or ambiguity 
preferences. 

 
There will be trade without 
additional induced supply and 
demand step-functions. 
 

H1.1 
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although the first and last prices per trading period were significantly different 

between all three treatment conditions. These prices were highest under conditions of 

risk, followed by certainty and lowest under ambiguity.  

 

Combined with the evidence from the ten-person markets, these findings show 

that lower prices for ambiguous assets can persist under ambiguity even without the 

comparison provided by simultaneous trade in a risky asset. This evidence provides 

further support that prices would be lower under ambiguity. Figure 4-10 summarises 

the evidence that prices under ambiguity will begin to reflect that actual probability 

over time. 

 

Figure 4-10 Question 2: market outcomes – results summary 

 

No evidence was found in support of Hypothesis 2.4 that prices under 

ambiguity will begin to reflect the actual probability known to traders under 

conditions of risk. The price movements in the first periods of the ten-person markets 

were significantly greater under ambiguity. In the box-design markets, although price 

movements were greater on average under ambiguity compared with risk, these 

differences were not statistically different. The defined trading roles for subjects as 

buyers or sellers or some other difference between these designs must account for the 

greater stability in overall price levels over the ten periods in the box-design. Informal 

evidence from the certainty treatment suggests that fairness norms play some kind of 

role in this environment. This section has examined overall price levels and price 

movements. The next section examines the consequences of ambiguity for price 

volatility. 

 

Market 
outcomes 

In the box-design markets, prices were relatively 
stable across all trading periods. In the analysis of 
prices across all trading periods the effect of period 
was not statistically significant. Comparisons of the 
first and last trading periods also did not reveal any 
differences in price levels over time.  
 
No evidence was found that prices under ambiguity 
would begin to reflect the actual probability of return 
from the units traded or the price levels observed 
under conditions of risk. 
 

 
Market prices under 
ambiguity will begin to reflect 
the actual probability known 
to traders under conditions of 
risk over time. 
 

H2.4 
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4.3 Price volatility in markets motivated by subjects’ own preferences 

 

The excess volatility in asset prices has been called the most basic anomaly in 

finance (Shiller, 2003). In experimental markets, there is endogenous price volatility 

within trading periods that are not in equilibrium and there is exogenous volatility 

caused by changes in characteristics of supply and demand (Smith, 2001). This 

section focuses on whether additional price volatility results under conditions of 

ambiguity as traders search for mutually agreeable prices. The variability in prices in 

the ten-person markets is analysed in this section to test the following hypothesis. 

 

H1.5: Price volatility will be greater under conditions of ambiguity than under 

conditions of risk in markets motivated by subjects’ endogenous risk and/or 

ambiguity preferences (in the ten-person markets). 

 

To test the alternative predictions of increased price volatility or more stable 

and predictable behaviour in markets under Knightian uncertainty and ambiguity 

conventional measures of price volatility are first examined. However, if prices are 

potentially correlated then measures such as the standard deviation will not well-

describe price movements within trading periods. Alternative measures of price 

movements that reflect the volatility of prices within trading periods are then 

calculated for further comparison.  

4.3.1 Standard deviation of prices 
 

Comparisons of prices levels in this experimental market environment found 

that price ranges and price change over a trading period were significantly greater in 

the first periods of ambiguous market sessions compared with risk. Although the price 

range reflects price volatility it is a measure of the magnitude of price movements 

rather than the variability. Price volatility within trading periods in experimental 

markets can be measured by the intra-period standard deviation of prices (e.g. Ang 

and Schwarz, 1985).  
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Table 4-16 Standard deviations under risk and ambiguity (cents per unit)28

Risk 

 

Ambiguity 
Session Mean Std. dev. Session Mean Std. dev. 

1e 0.65 0.36 1a 0.30 0.13 
1f 0.13 0.07 1b 0.46 0.21 
1g 0.39 0.11 1c 0.64 0.15 
1h 0.22 0.15 1d 0.32 0.23 
Grand mean 0.35  Grand mean 0.43 

Std. dev. 0.23 Std. dev. 0.16 

 

The grand mean intra-period standard deviation under risk as 0.35 cents (std. 

dev. = 0.23 cents), lower than the 0.43 cents (std. dev. = 0.16 cents) observed under 

ambiguity29 Table 4-17.  presents the results of a statistical comparison using a mixed 

model with random effects for market session and repeated effects for trading 

period30

Table 4-17 Analysis of standard deviation and mean absolute deviation 

. 

Variable Source Num. df Den. df F Sig. 

Standard  
deviation 

Intercept 1 8.494 387.183 .000 
Information (risk or ambiguity) 1 8.494 1.094 .325 

Trading period 4 21.972 2.394 .081* 
Information * Trading period 4 21.972 1.107 .378 

* significant at α = 0.10; ** significant at α = 0.05; *** significant at α = 0.01 
 

 The standard deviation was not statistically different between the two 

treatments (p = 0.325); although there was a significant effect of trading period (p = 

.081) in this model, after Sidak adjustments for multiple comparisons there were no 

significant differences. Based on this standard measure of variability there is no 

evidence that price volatility is higher under conditions of ambiguity. However, 

conventional measures of variability can be misleading if prices are potentially 

correlated within trading periods (Ang and Schwarz, 1985; Stanley, 1997). To further 

examine the volatility of prices it is also possible to examine whether prices change 

smoothly or bounce around particular values by examining the incidence of trends and 

runs of identical prices.  

                                                 
28 These are the mean intra-period standard deviation. The standard deviations of the intra-period 
standard deviation reflect the variability between periods within each session. 
29 The standard deviation of this variable reflects the variability between market sessions within the 
treatments. 
30 A ln(x) transform was used in the analysis.  
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4.3.2 Consistency of prices and price movements 
 

The last trading price per period can be a reasonable proxy for market prices if 

convergence towards some stable value is observed. However, if prices follow some 

other pattern, such as a consistent trend over the course of trade, then greater price 

ranges and standard deviations will be observed. In this case these standard measures 

will not reflect variability within a trading period as traders search for acceptable 

trading prices. For example, both hypothetical trading periods in Figure 4-11 have the 

same standard deviation even though the period on the left exhibits a clear trend.  

 

 

 

 

 

 

Figure 4-11 Alternative price changes with the same standard deviation 

 

To overcome the limitations of the standard deviation for measuring the 

volatility of prices within trading periods an alternative measure of the volatility or 

conversely, the consistency, of prices and price movements. This consistency measure 

gauges the smoothness of price movements in contrast with price volatility in the 

sense of the upwards and downwards movement of prices. Prices that were at the 

same level as the previous price or followed consistently from the previous price 

movement were counted as consistent. Graphs (a), (b), and (c) in Figure 4-12 display 

examples of prices that are considered to be consistent.  
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Figure 4-12 Same prices, upward trend, downward trend, volatile 

 

Consistent prices are either the same as the previous price or continue a trend 

started by the previous price movement. Logically, if a price is not consistent in this 

fashion then it changes the trend either upwards or downwards as shown in Figure 

4-12 (d). In Figure 4-12 (a), (b) and (c) four prices are counted as consistent, whereas 

no prices in (d) are consistent with the previous price or price movement. Other 

patterns in prices also affect the number of prices that are consistent in this fashion. In 

particular, if prices fluctuate but with a different wavelength then this measure will 

capture the higher number of prices that are consistent in when prices fluctuations or 

cycles have a longer wavelength and more prices follow on from the previous price 

movement as shown in Figure 4-13. 

  

  

    (a) Longer price fluctuations            (b) Shorter price fluctuations 

Figure 4-13 Longer and shorter price fluctuations 

 

 Figure 4-13 can be used to demonstrate how the consistency measure relates to 

other possible patterns of price movement. There are fourteen prices in both Figure 

4-13 (a) and (b). With the smoother price fluctuations in Figure 4-13 (a) ten prices are 
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counted as consistent compared with six prices in Figure 4-13 (b). With a large 

number of prices in each period it would be possible to use other statistical methods to 

examine price movements within a trading period. However, the consistency measure 

used here is a dichotomous variable so that prices are either consistent or volatile as 

defined by this measure.  

 

The proportion of consistent prices was compared between the risk and 

ambiguity treatments. Under conditions of ambiguity, 56 percent of trades were 

consistent with previous prices or price movements (std. dev. = 5 percent) compared 

with 33 percent under risk (std. dev. = 12 percent). The values for each trading period 

were compared using a mixed model regression analysis. Table 4-18 presents the 

results of the analysis31

Table 4-18 Percentage of consistent prices between risk and ambiguity 

. 

Source Num. df Den. df F Sig. 
Intercept 1 5.933 191.147 .000 

Information (risk or ambiguity) 1 5.933 13.993 .010** 
Trading period 4 16.967 3.133 .042** 

Information * Trading period 4 16.967 .375 .823 
* significant at α = 0.10; ** significant at α = 0.05; *** significant at α = 0.01 

 

 The percentage of consistent prices was significantly higher than under 

conditions of risk (p = 0.010). The potential interaction between the information 

treatment and trading period was not statistically significant (p = 0.823). However, 

there was a significant effect of trading period (p = 0.042). The percentage of 

consistent prices was significantly greater in the second period compared with the first 

period. Table 4-19 displays the mean and standard deviations of the percentage of 

consistent prices for each trading period32

 

. 

 

 

 

 

                                                 
31 This variable was analysed as a proportion so an arcsine transformation was used (Zar, 1999). An 
alternative analysis using probit regression on the dichotomous variable returned equivalent results. 
32 Descriptive statistics for this table were calculated by aggregating for periods across sessions. 
Standard deviations reflect variability between experiment sessions. 
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Table 4-19 Percentage of consistent prices over trading periods 

Period 
Risk (%) Ambiguity (%) 

Mean Std. dev. Mean Std. dev. 

1 17 19 54 15 
2 51 16 71 14 
3 33 15 50 5 
4 38 26 55 23 
5 30 20 51 12 

 

 From the statistical model, the estimated marginal mean percentage of prices 

following this pattern of consistency is higher in every period under ambiguity but 

also that the percentage jumps from 17 percent to 51 percent under risk and from 54 

percent to 71 percent under ambiguity in the second period. This reflects a difference 

in market behaviour between the first and second period. However, rather than 

decreasing, there are higher percentages of consistent prices in the second period 

compared with the first. Prices from the first period of market sessions are sometimes 

excluded from further analysis (Camerer, 1999), yet this kind of effect appears to be 

more prevalent in the second trading periods.  

 

Price volatility was examined separately for the first period. The mean 

standard deviation in the first trading periods in the risk treatment was 0.41 cents (std. 

dev. = 0.19 cents), lower than the 0.54 cents (std. dev. = 0.15 cents) observed for the 

ambiguity treatment. The standard deviation was compared between the first trading 

periods under risk and ambiguity but were not found to be statistically different (t-

statistic = 1.137, p = 0.299). Nor was it significant when the first period data was 

excluded from the mixed model regression analysis (p = 0.490). The consistency 

measure was also used to examine the incidence of trends and runs of identical prices 

in the first and later trading periods separately. From the raw data, the percentage of 

prices that were consistent under risk was 17 percent (std. dev. = 20 percent), 

significantly lower when compared with the 58 percent (std. dev. = 19 percent) of 

prices counted as consistent under conditions of ambiguity (t-statistic = 2.99, p = 

0.024). 
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Inter-period price changes. Inter-period price changes were also compared as a 

measure of the adjustments in prices between trading periods as traders react to the 

receipt of information about the success or failure of their investments between 

periods. The mean change in mean prices between periods was 0.27 cents (std. dev. = 

0.20 cents) under risk and 0.41 cents (std. dev. = 0.32 cents) under ambiguity. A 

mixed model regression compared these values but did not find a significant 

difference of the main treatment (p = 0.547). However, the mean price change from 

the first to the second period was significantly greater than other price changes (p = 

0.009).  

 

 Hypothesis 1.5 tests whether greater price volatility will be observed under 

conditions of ambiguity in the ten-person markets. No evidence was found in support 

of this hypothesis. Instead, prices appeared to be more consistent rather than more 

volatile under conditions of ambiguity. Traders appear to be more likely to accept a 

trade if the price is consistent with previous prices or price movements under 

ambiguity. Although greater price movements were observed in the first period of 

ambiguous markets, the proportion of prices that were consistent with previous prices 

and price movements rose in the second period of these markets. Evidence for 

differences in price volatility from the box-design markets was used to compare risk, 

ambiguity and certainty. 

 

4.4 Price volatility in the box-design markets 

 

The box-design markets provide additional evidence that can be used to 

compare price volatility between the information treatments. In this design trade was 

motivated by induced differences in price and quantity between subjects. Whereas in 

the ten-person markets there were multiple units available for trade, in the box-design 

markets six sellers had a single unit they could sell to one of six buyers. Although this 

means that fewer trades were possible than in the ten-person markets it is still possible 

to compare price volatility between risk, ambiguity and certainty in the box-design. 

 

H1.6: Price volatility will be greater under conditions of ambiguity than under 

conditions of risk or certainty (in the box-design markets). 
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To test this hypothesis, patterns in prices are first examined graphically over 

the course of all ten trading periods. This is followed by tests of statistical 

significance. 

4.4.1 Patterns of price volatility  
 

The patterns of prices suggested for box-design markets include stability, 

chaotic instability or orderly drift. Smith and Williams (2000) observed prices that 

exhibited either orderly drift or weaker and stronger types of stability. The overall 

patterns of prices observed in the box-design markets under conditions of risk, 

ambiguity and certainty are relatively consistent with this observation. Prices 

appeared relatively stable in most session, albeit with exceptions. Figure 4-14 displays 

the prices observed in session Ambiguity 2a. 

 

Figure 4-14 Prices in session Ambiguity 2a 

 

 The prices in Ambiguity 2a exhibit a pattern of orderly drift downwards over 

the course of the ten trading periods. Given predictions of rule-based behaviour and 

imitation under conditions of ambiguity (Heiner, 1983; Choi, 1993) it is interesting to 

examine the pattern of trade observed at the start of session Ambiguity 2c, as shown 

in Figure 4-15. 
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Figure 4-15 Prices in session Ambiguity 2c 

 

The prices observed at the start of this session provide anecdotal evidence of people’s 

tendency to copy each other in an unfamiliar decision environment. In this session, 

one subject initially made an error regarding the units that were entered into the 

market for bids and asks. Instead of entering 200 cents for $2 they entered 233

 

. Buyers 

had an incentive not to query this error and took advantage of the low prices for the 

first trading period. Five of the six sellers traded at these low values before one 

questioned the units at the start of the second trading period. This was surprising 

given that the correct units had been emphasized in the instructions and the quiz used 

to test understanding at the start of the session.  On the whole, prices appeared more 

variable under the risk and certainty treatments. The most variable prices were 

actually observed at the start of session Certainty 2i, shown in Figure 4-16. 

 

 
 
 
 
 
 
 
 
 
 

 

                                                 
33 These prices were treated as outliers and excluded from further statistical analyses. 

Ambiguity 2c

0

100

200

300

400

500

600

1 2 3 4 5 1 2 3 1 2 3 4 5 1 2 3 4 5 1 2 3 4 1 2 3 4 5 6 1 2 3 4 5 6 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5

1 2 3 4 5 6 7 8 9 10

period

ce
nt

s



 129 

 

Figure 4-16 Prices in session Certainty 2i 

 

Prices at the start of session Certainty 2i fluctuated erratically before becoming 

more stable. Similar behaviour, although not so extreme, was observed in session 

Certainty 2j. In the risk treatment, more volatile prices at the start of the session were 

also observed. Figure 4-17  presents session Risk 2f as an example. 

Figure 4-17 Prices in session Risk 2f 

 

During early trading, prices were relatively stable in the ambiguity sessions 

compared with the certainty or the risk treatment. To see whether observed 

differences were statistically significant the next section presents the results of 

statistical comparisons. 
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4.4.2 Price volatility comparisons between risk, ambiguity and certainty 
 

Over all trading periods, statistical comparisons of price volatility were based 

on the intra-period standard deviation and the proportion of prices that were the same 

or consistent with previous price movements. Table 4-20 presents the summary 

statistics for these two variables. 

Table 4-20 Price volatility under risk, ambiguity and certainty 

Variable Risk Ambiguity Certainty 
 Mean Std. dev Mean Std. dev. Mean Std. dev. 

Intra-period standard deviation (cents) 0.19 0.06 0.29 0.20 0.28 0.18 
Percent consistent (%) 38 14 45 5 44 8 

 

Similar to the ten-person markets, the intra-period standard deviation is greater 

under ambiguity at 0.29 cents (std. dev. = 0.20 cents) compared with risk where the 

intra-period standard deviation was 0.19 cents (std. dev. = 0.06). The intra-period 

standard deviation was also high in the certainty treatment at 0.28 cents (std. dev. = 

0.18. However, the high intra-period standard deviations under ambiguity appear to 

reflect volatility in the size of price movements within trading periods but not the 

upwards and downwards movements in the pattern of prices. The percentage of 

consistent prices was highest under ambiguity at 45 percent (std. dev. = 5 percent), 

followed by certainty at 44 percent (std. dev. = 8 percent), and lowest under risk at 38 

percent (std. dev. = 14 percent). The intra-period standard deviation and the 

consistency measure were compared using a mixed model regression. Table 4-21 

presents the results of this analysis. 

Table 4-21 Analysis of price volatility variables in the box-design34

 

 

Source Num. df Den. Df F Sig. 

Standard  
deviation 

Intercept 1 11.784 452.171 .000 
Information  

(risk, ambiguity or certainty) 2 11.770 .025 .975 

Trading period 9 39.970 2.666 .016** 
Information * Trading period 18 43.675 1.220 .288 

Consistent 

Intercept 1 21.232 125.832 .000 
Information  

(risk, ambiguity or certainty) 2 21.214 .200 .820 

Trading period 9 43.095 .192 .994 
Information * Trading period 18 43.057 .872 .612 

* significant at α = 0.10; ** significant at α = 0.05; *** significant at α = 0.01 
 
                                                 
34 The effect of trading period on the standard deviation was not significant after Sidak adjustments for 
multiple comparisons. 
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 The standard deviation was not significantly different between the treatments 

(p = 0.975). Although the model suggested there was a significant effect of trading 

period (p = 0.016) after Sidak adjustments for multiple comparisons no significant 

differences between trading periods were found. The proportion of prices that were 

consistent with the previous price or the previous price was also not significantly 

different between treatments (p = 0.820). Overall, the proportion of prices counted as 

consistent was relatively high in all treatments, between 38 percent and 45 percent. 

With multiple-units traded in the ten-person markets, 56 percent of trades were 

consistent under ambiguity compared with 33 percent under risk. However, there was 

less scope for greater differences in the movement of prices up and down within a 

trading period in this design, with scope for fewer trades in this single unit design. 

The pattern observed was similar to the ten-person markets but the observed 

differences were not detected statistically. In the next section, the results from the 

future market pilot experiments are examined with regard to price volatility. 

4.4.3 Futures markets and price volatility 
 

Although no evidence was found of increased price volatility under conditions 

of ambiguity, the pattern of prices differed between conditions of risk and ambiguity. 

To examine the potential consequences of open future markets on price volatility 

under conditions of ambiguity, pilot experiments had been conducted to develop a 

methodology to test this hypothesis. 

 

H1.7: If ambiguity increases price volatility then open markets for future 

trading periods will reduce price volatility in earlier trading periods. 
 

No evidence was found that ambiguity increased price volatility. However, 

pilot experiments with and without open future markets provided some evidence on 

the effect of offers to buy and sell in future markets on the overall pattern of bids and 

asks. The results indicate that traders do make offers in the open future markets and 

this appears to have had some effect on prices and trades. However, only three trades 

were observed in a future market with three transactions in the second period while 

the first period was current. It was decided that there were too few trades with the 

reduced number of traders in this model to investigate the consequences for price 
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volatility and other aspects of market behaviour using this design. Even so, the pilot 

sessions demonstrated the potential of this kind of experiment design for comparing 

patterns of prices and offers between risk and ambiguity. In the session without open 

futures markets there were seven trades with a mean price of $4.29 (std. dev. = $0.25). 

With open futures markets there were fourteen trades with a mean price of $2.73 (std. 

dev. = $2.02). The expected value of the units was $4. With few trades, offer prices 

were used to evaluate the results. Figure 4-18 graphs the offers that were observed in 

future trading periods before they became the current period. 

 

Period 

Figure 4-18 Offer and transaction prices with open future markets 
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Offers were observed in all trading periods before they became the current 

trading period in this design. During the first trading period offers to buy and sell 

were submitted for the market representing each subsequent trading period. 

Comparing these results with the behaviour of the market session without the open 

future markets reveals some difference in the patterns of offers between the two 

sessions. Figure 4-19 graphically displays the offer and transaction prices for the 

markets without open future markets and the markets with the open futures markets.  

Figure 4-19 Offers without open future markets (top) and with open future markets (bottom) 

 

In Figure 4-19, the patterns of offer and transaction prices are displayed for 

each period when it was the current period only. It appears that the bid-ask spreads 

were narrower with open future markets by the time a future market became the 

current period. It was decided that with only six traders too few trades were observed 

to discern additional patterns even if this experimental design was replicated further. 

With more traders and more trades comparisons between risk and ambiguity might be 

possible in terms of prices, price volatility and other aspects of market behaviour. 

 

Figure 4-20 summarises the results from the ten-person, box-design and future 

market pilot experiments in relation to the effects of ambiguity on price volatility. 
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Figure 4-20 Question 1: price volatility – results summary 

 

No evidence was found in the box-design markets in support of the hypotheses 

that increased price volatility would be observed under ambiguity. Instead, prices 

appeared more stable under ambiguity than markets in the risk or certainty treatments. 

A similar pattern to the ten-person markets in the standard deviation and consistency 

of prices was observed in the box-design markets, with a higher proportion of 

consistent prices under conditions of ambiguity compared with risk and also certainty. 

However, this observation was not statistically significant. Together, the evidence 

from the box-design and ten-person markets rejects the hypothesis that increased price 

volatility would be observed under ambiguity. Prices appear to be more stable in the 

box-design markets under ambiguity and more prices were consistent with previous 

prices and price movements in the ten-person markets under ambiguity. This pattern 

in prices stands in direct opposition to price volatility, in the sense of the upwards and 

downwards movements in prices.  

  

Conclusion 

 

The first research question of this thesis concerns the effects of ambiguity on 

market outcomes and the role of ambiguity and ambiguity-aversion in understanding 

the behaviour of markets that are not in equilibrium. To this end, the price levels and 

 

Price 
volatility 

In the ten-person, markets the standard deviation of 
prices within trading periods was not significantly 
different between risk and ambiguity. However, a 
higher proportion of prices were consistent with 
previous prices and price movements under conditions 
of ambiguity compared with risk. This difference was 
significantly different across all trading periods. 

 
Price volatility will be greater under 
conditions of ambiguity than under 
conditions of risk in markets 
motivated by subjects’ endogenous 
risk and/or ambiguity preferences. 

  

H1.5 
 

 
Price volatility will be greater under 
conditions of ambiguity than under 
conditions of risk or certainty. 

  

H1.6 
 

In the box-design markets, neither the standard 
deviation nor the proportion of prices that were 
consistent with previous prices or price movements 
was significantly different between conditions of risk, 
ambiguity or certainty. 
 

If ambiguity increases price volatility, 
then open markets for future trading 
periods will reduce price volatility in 
earlier trading periods. 

H1.7 
 

There was no evidence that ambiguity increased price 
volatility for future markets to eliminate. 
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the volatility of prices have been examined in markets motivated by subjects’ 

preferences over risky and ambiguous outcomes and in box-design markets with many 

feasible price levels. In both these markets prices were found to be lower under 

conditions of ambiguity than risk and some evidence was found in the box-design 

markets that prices under ambiguity were lower than under certainty. Lower prices 

were more apparent in the first trading periods of markets motivated by differences in 

subjects’ preferences over risky and ambiguous outcomes. In these trading periods, 

price levels tended to start low and increased over the course of trade. The high price 

ranges and price changes observed under ambiguity in the first trading periods of the 

ten-person markets is consistent with a potential relationship between ambiguity and 

early trading behaviour in experimental markets. These price movements were readily 

detected in the first periods but not over later trade. No evidence was found in support 

of the hypothesis that increased price volatility would be observed under ambiguity. 

Instead, there was evidence that prices were more likely to follow from previous 

prices and price movements under conditions of ambiguity. This pattern of prices 

contrasts with the upwards and downwards movements that characterize volatility. 

 

This consistency measure is compatible with a type of rule-based behaviour 

such that traders are more likely to accept a price if it is the same as the previous price 

or the same as the previous price movement. If prices follow this pattern then they are 

also more predictable, since the next price is more likely to be consistent with 

previous prices and price movements. The paradigm-seeking theory of decisions 

under uncertainty suggests that conventions will be generated as a social analogue to 

individual paradigms (Choi, 1993). These conventions might reduce uncertainty and 

provide some level of coordination and cooperation under ambiguity. The relationship 

between this kind of rule-based behaviour and price inertia, price following, and 

anchoring and adjustment heuristics is explored in the discussion chapter. In 

summary, the evidence presented in this chapter indicates that Knightian uncertainty 

and ambiguity are more likely to lead to stable and predictable behaviour as traders 

search for equilibrium prices, rather than random or erratic behaviour. However, this 

appears to be affected by the market institution. Prices were generally more stable in 

the box-design markets where each subject traded as a designated buyer or a seller 

than when trade relied on relative differences in subjects’ preferences. To further 
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examine differences in trading behaviour under ambiguity, the next chapter examines 

patterns in bids and asks, quantities traded and the likelihood of trade. 
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Chapter 5. Trading behaviour and the volume of trade 

 

Higher volume of trades might sometimes reflect out-of-equilibrium behaviour 

(Anderson and Sutinen, 2006). If ambiguity is perceived as riskier by some traders 

this would increase the motivation for trade in the markets motivated by subjects’ own 

preferences over ambiguous outcomes. Whilst ambiguity might lead decision-makers 

to perceive decisions as more risky, lower trading volumes are predicted by some 

theoretical models (Mukerji and Tallon, 2003; Rigotti and Shannon, 2005). The 

experimental results of the multiple unit markets with many traders and the single unit 

markets for bilateral exchange are used to examine these alternatives. The results of 

the ten-person markets motivated by subjects’ preferences over risky and ambiguous 

outcomes are used to examine whether the volume of trade increases or decreases 

under ambiguity. Two-person markets with only a single unit available for trade are 

used to examine whether trades are more likely under conditions of risk or ambiguity. 

Firstly, the quantities traded and the likelihood of trade are examined. 

 

5.1 Quantities traded and the likelihood of trade 

 

Ambiguity might lead to increased quantities of trade due to greater 

heterogeneity in the preferences of subjects under this condition. Alternatively, 

ambiguity might disrupt the search for mutually acceptable prices and decrease the 

volume of trade. The evidence from the ten-person markets, box-design markets, and 

two-person markets is used to examine potential differences in the quantity and 

likelihood of trade between conditions of risk, ambiguity and certainty. For the 

multiple-unit ten-person markets the quantities traded and the numbers of trades can 

be compared between risk and ambiguity. For the box-design markets the numbers of 

trades can be compared between conditions of risk, ambiguity and certainty. The two-

person markets are used to see whether a trade is more or less likely under conditions 

of ambiguity compared with risk. The analysis of quantities traded and the number of 

trades begins by examining trade in the ten-person markets. 
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5.1.1 Quantities traded and the number of trades in the ten-person markets 
 

The quantity of trade was compared between conditions of risk and ambiguity 

to test the following hypothesis. 

 

H1.8: There will be a lower quantity of trade under conditions of ambiguity 

compared with conditions of risk (in the ten-person markets). 
 

To test this hypothesis, the mean transaction quantity, total quantity traded, 

and the number of trades were first compared between risk and ambiguity in the 

opening periods of each market. Table 5-1 displays the mean values for each 

treatment of the total quantity traded, the mean transaction quantity, and the number 

of trades per period and the results of t-tests. 

Table 5-1 Means and standard deviations of quantity variables 

Variable Risk Ambiguity t-statistic Sig. 
 (two-tailed) 

 Mean Std. dev. Mean Std. dev.   
Mean transaction quantity 38.7 10.6 38.8 13.4 0.010 .992 

Total quantity traded 162.5 27.5 293.8 39.9 5.417 .002*** 
Number of trades 4.5 1.7 8.8 4.5 1.763 .128 

* significant at α = 0.10; ** significant at α = 0.05; *** significant at α = 0.01 
 

The mean number of units traded is low compared with the potential number 

that could be traded. If subjects had different preferences for the uncertain investment 

option then the five subjects with the lowest preference would be expected to sell to 

the five subjects with the highest preference. Since each subject is allowed to buy at 

most 100 additional units, then this would lead to trade in 500 units. However, the 

highest number of units traded was a mean of 293.8 units (std. dev. = 39.9 units) 

under ambiguity. However, the total quantity traded under ambiguity is significantly 

higher than under risk (p = 0.002) with an average of about 130 units more was traded 

under ambiguity compared with risk. This is consistent with the interpretation of 

greater differences in subjects’ preferences for the uncertain option under conditions 

of ambiguity compared with risk. 

 

The mean transaction quantity is almost identical in both treatments and is not 

significantly different between conditions of risk and ambiguity (p = 0.992). 
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Examining the quantities traded more closely reveals that particular trade quantities 

were fairly common such that 53 percent of all transactions traded either 50 units (30 

percent of trades) or 10 units (23 percent of trades). Subjects appeared to select simple 

round numbers when deciding on the quantities to trade. Although the number of 

trades is greater under ambiguity at 8.8 trades per period (std. dev. = 4.5 trades) under 

ambiguity compared with 4.5 trades (std. dev. = 1.7 trades) under risk, this difference 

was not statistically significant (p = 0.128). These variables were also compared in 

later trading periods. Table 5-2 displays summary statistics for these periods. 

Table 5-2 Quantity traded and number of trades in later periods 

Variable Risk Ambiguity 
 Mean Std. dev. Mean Std. dev. 

Mean quantity traded  34.1  15.9 33.4  3.4 
Total quantity traded  233.0  75.2 317.9  73.1 

Number of trades 7.3  1.4 9.5  1.7 

 

The direction of the difference in magnitude of these variables between the 

two treatments is consistent with the results from the first period analysis. Table 5-3 

presents the results of a mixed model comparison. 

Table 5-3 Comparisons of quantity traded and number of trades in later periods 

Variable Source Num. df Den. df F Sig. 

Mean 
quantity 
traded 

Intercept 1 5.857 59.223 .000 
Information  

(risk, ambiguity) 1 5.740 .119 .742 

Trading period 3 19.565 1.108 .370 

Total 
quantity 
traded 

Intercept 1 5.991 111.180 .000 
Information  

(risk, ambiguity) 1 6.120 2.570 .159 

Trading period 3 18.505 .778 .521 

Number  
of trades 

Intercept 1 7.494 322.794 .000 
Information  

(risk, ambiguity) 1 7.807 6.339 .037** 

Trading period 3 19.578 3.523 .034** 
* significant at α = 0.10; ** significant at α = 0.05; *** significant at α = 0.01 

 

 Although the total quantity traded was higher under ambiguity than risk in 

later periods this difference is not statistically different (p = 0.159). However, the 

number of trades increased in later periods and is significantly higher under ambiguity 

compared with risk (p = 0.037). There is also a significant effect of the trading period 

with significantly more trades in the fourth period compared with the second period (p 

= 0.033).  
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In the ten-person markets, there was a significantly greater quantity of trade 

under conditions of ambiguity compared with risk. This supports the idea that the 

relative differences in subjects’ preferences for the uncertain investment option were 

greater under conditions of ambiguity. Alternatively, higher volumes of trade might 

sometimes reflect out-of-equilibrium behaviour (e.g. Anderson and Sutinen, 2006). 

Chapter 7 compares measured preferences are compared with the direction of trade in 

these markets to further test these alternatives. The data from the two-person markets 

was used to examine whether trade was less likely under conditions of ambiguity 

compared with risk. 

5.1.2 The likelihood of trade in the two-person markets 
 

In both the ten-period and five-period models of the two-person markets a 

single unit was randomly assigned to one trader in each trading pair. By chance, it 

would be expected that this unit would be assigned to the least-preferring of the two 

subjects about half of the time. In this case, the unit would be expected to be bought 

by the other trader in the pair. However other factors might affect trade under 

ambiguity. For example, some models suggest that the value of the unit might be less 

precisely defined under conditions of ambiguity such that an initial endowment might 

be more likely to be supported by a range of prices (e.g. Rigotti and Shannon, 2005). 

 

H1.9: There will be fewer trades under conditions of ambiguity compared with 

conditions of risk (in the two-person markets). 
 

The proportion of units that traded can be used to estimate how the probability 

of trade depends on the condition of risk, ambiguity and the period of trade. If trade is 

less likely under conditions of ambiguity then a lower proportion of trades would be 

observed per period. The likelihood of trade was compared between conditions of risk 

and ambiguity for the ten-period and the five-period models of the two-person 

markets.  

 

Ten-period model. Under conditions of risk the mean proportion of trading pairs 

where the unit was traded was 0.55 (std. dev. = 0.25) compared with 0.45 (std. dev. = 

0.22) under ambiguity. Table 5-4 presents the results of a probit regression model 
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used to test the effect of the information treatments and trading periods on the 

likelihood of trade. 

Table 5-4 Ten-period model –likelihood of a transaction 

Variable Source Wald statistic df Sig. 

Likelihood  
of a trade 

Intercept .002 1 .964 
Information  

(risk or ambiguity) 1.353 1 .245 

Period 7.228 9 .613 

 

 Although fewer trades were observed under ambiguity, the likelihood of a 

trade was not significantly different between the two treatments (p = 0.245). A similar 

comparison of the likelihood of trade was conducted for the five-period model. 

 

Analysis of the five-period model. The mean proportion of 0.45 trades (std. dev. = 

0.02) under conditions of risk was higher than the mean proportion of 0.35 (std. dev. 

= 0.02) observed under conditions of ambiguity. Lower proportions of trades were 

observed under risk and ambiguity in the five-period model compared with the ten-

period model. This might have been caused by the higher payoffs in the five-period 

model. Table 5-5 presents the results of a probit regression analysis used to test the 

effect of treatment on the likelihood of a trade.  

Table 5-5 Five-period model – likelihood of a transaction 

Variable Source Wald statistic df Sig. 

Likelihood  
of a trade 

Intercept 5.690 1 .017 
Information  

(risk or ambiguity) 1.213 1 .271 

Period 9.208 4 .056* 

* significant at α = 0.10; ** significant at α = 0.05; *** significant at α = 0.01 
 

 The effect of the treatment was not significant overall (p = 0.271) although 

there was a significant effect of period (p = 0.056). The proportion of trades in the last 

period was significantly lower than the proportion of trades in the first period (p = 

0.021), second period (p = 0.064) and the third period (p = 0.027). Over all periods, 

the estimated marginal mean of the proportion of trading pairs who traded is 0.44 (std. 

error = 0.064) under risk and 0.33 (std. error = 0.067) under ambiguity. In the first 

period an even higher proportion of trades was estimated for risk at 0.67 (std. error = 

0.136), compared with ambiguity at 0.33 (std. error = 0.136). However, a separate 

analysis for the first period did not reveal a significant difference (p = 0.104). 
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Although the likelihood of a transaction could potentially be affected by the 

difference in the asset payoffs between the ten and five period models a similar 

pattern was observed for both models. The data on the proportion of trades was 

pooled for both models in order to test for a difference in the likelihood of a trade 

between risk and ambiguity. The data for the ten-period model was truncated to five 

periods for this analysis. 

 

Pooled analysis on the likelihood of trade. Table 5-6 presents the results of the probit 

regression analysis used to compare the proportion of trades between risk and 

ambiguity for the first five periods of both experimental models. 

Table 5-6 Pooled five and ten period data for first five periods 

Variable Source Wald statistic df Sig. 

Likelihood  
of a trade 

Intercept 1.219 1 .270 
Information  

(risk or ambiguity) 2.760 1 .097* 

Period 7.577 4 .108 
Model  

(5 or 10 periods) 2.369 1 .124 

* significant at α = 0.10; ** significant at α = 0.05; *** significant at α = 0.01 
 

 This analysis indicates that there was not a significant difference in the 

proportions traded in the first five periods of either experimental model (p = 0.124). 

However, the proportion of trades was significantly higher under conditions of risk (p 

= 0.097). Given that there was a greater difference between the proportion of trades 

observed in the first periods of trade in the five-period model and the effect of the 

treatment condition found here, the data was also analysed separately for the first 

period. Table 5-7 presents the results. 

Table 5-7 Pooled five and ten period data for first period 

Variable Source Wald 
statistic df Sig. 

Likelihood  
of a trade 

Intercept .293 1 .589 
Information  

(risk or ambiguity) 5.466 1 .019* 

Model  
(5 or 10 periods) .293 1 .589 

* significant at α = 0.10; ** significant at α = 0.05; *** significant at α = 0.01 
 

 The observed difference in the mean proportions traded under risk and 

ambiguity was also significant in the first period (p = 0.019). From the model, the 

estimated marginal mean of the proportion of trades in the first period under risk was 
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0.65 (std. error = 0.116) compared with 0.26 (std. error = 0.104). However, even 

though no information was available at the end of each period about the success or 

failure of the units traded, in this experiment design behaviour appeared to change 

over time. Trades were less likely in the first period under conditions of ambiguity but 

over time this difference is not significant. It appears that once a subject had 

participated in one round of trading, the difference in the likelihood of a trade between 

risk and ambiguity was reduced. The number of trades can also be compared between 

conditions of ambiguity, risk and certainty in the box-design markets. 

5.1.3 Number of trades in the box-design markets 
 

There was no formal hypothesis regarding the number of trades in the box-

design markets. These market experiments were designed so that subjects’ earnings 

relied on trade from six sellers to six buyers the lower quantity under certainty might 

have affected the number of trades observed. Subjects who did not sell their 

endowment earned zero payoffs since the units traded only had an induced value for 

buyers. Even so, there appeared to be fewer trades in the certainty treatment. From 

informal debriefing of subjects it appears that some subjects refused to trade at prices 

they had decided were unfair.  

 

There was a mean of 5.9 trades (std. dev. = 0.9 trades) under risk, 5.0 trades 

(std. dev. = 0.2 trades) under ambiguity and only 4.9 trades (std. dev. = 1.3 trades) 

under certainty. The higher number of trades under risk appears to be due to a few 

more arbitraging trades under this treatment condition. Arbitrage was not apparent 

under conditions of ambiguity but there was some under risk and a few trades of this 

type in the certainty treatment. In these instances, another trader bought at one price 

and sought to sell to a buyer at a higher price, at the risk of having a worthless unit at 

the end of trade. Table 5-8 presents the results of a mixed model analysis of the 

number of trades. 
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Table 5-8 Comparison of the number of trades between risk, ambiguity and certainty 

Variable Source Num. df Den. df F Sig. 

Number  
of trades 

Intercept 1 12.747 658.448 .000 
Information  

(risk, ambiguity or certainty) 2 13.597 1.993 .174 

Trading period 9 62.686 1.100 .376 

 

The number of trades was not significantly different between the treatments (p 

= 0.174). However, the observed differences suggest that a multiple-unit box-design 

could be used in future research to reveal additional differences between conditions of 

risk, certainty and ambiguity.  

 

Figure 5-1 summarises the results in relation to the hypotheses that there will 

be a lower quantity of trade and fewer trades under conditions of ambiguity in the ten-

person and two-person markets. 

Figure 5-1 Question 1: quantity and number of trades – results summary 

 

This section has investigated the evidence from the ten-person markets, box-

design markets and two-person markets for differences in the quantity traded and the 

number of trades under conditions of ambiguity compared with conditions of risk and 

certainty. Anecdotally, fairness considerations appear to have reduced the number of 

trades in the certainty treatment in the box-design experiments. The two-person 

markets provide only weak evidence that the likelihood of trade is reduced under 

conditions of ambiguity. However, there was a significantly greater volume of trade in 

the ten-person markets under conditions of ambiguity compared with risk. This 

suggests that the relative preferences of subjects for the uncertain investment option 

are more heterogeneous when returns are ambiguous.  

Quantity 
and 
number 
of trades 
 

In the ten-person markets, the total quantity traded 
was significantly higher under ambiguity compared 
with risk in the first periods of the markets. In later 
periods, there was a significantly higher number of 
trades under ambiguity.  
 

 There will be a lower quantity of 
trade under conditions of ambiguity 
compared with conditions of risk. 

  

H1.8 
 

 
There will be fewer trades under 
conditions of ambiguity compared 
with conditions of risk. 

  

H1.9 
 

There was a higher proportion of trades in the pooled 
data from the five and ten-period models of the two-
person markets for the first five period and the first 
periods when analysed separately.  
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5.2 Bids and asks under risk and ambiguity 

 
The pattern of offer and counter-offer is a central component of market 

behaviour. Offer prices and quantities provide an important mechanism for traders to 

learn the demand and supply characteristics of the market and to learn their preference 

relative to other traders’ preferences. This section of the results compares quantities 

traders offered to buy or offered to sell and at what prices, under conditions of risk, 

ambiguity and certainty, in markets with multiple traders and in markets with two 

traders. The patterns in the prices of bids and asks are examined first and then bid-ask 

spreads are analysed to further examine buying and selling behaviour. Wider bid-ask 

spreads have been related to less conservative trading. Ang and Schwarz (1985) found 

that with less risk-averse investors wider bid-ask spreads were observed throughout 

trading periods, whereas with more risk-averse investors wider bid-ask spreads were 

observed mostly for the first transaction in each trading period. However, in relating 

the effects of ambiguity and ambiguity-aversion to early trading behaviour in 

experimental markets, Camerer (1999) implied that early ambiguity would lead to 

wider bid-ask spreads. This section examines the evidence relevant to this hypothesis. 

 

H1.10: There will be wider bid-ask spreads under conditions of ambiguity 

compared with conditions of risk and/or certainty. 
 

This hypothesis is tested by comparing bid-ask spreads in the ten-person, two-

person and box-design markets between conditions of risk, ambiguity and certainty. 

Bids and asks are compared between risk and ambiguity in the ten-person markets, 

two-person markets and box-design markets. In the last section of this chapter, this 

evidence is combined with evidence from previous comparisons of market variables 

to interpret the evidence relevant to the early trading hypothesis. 

5.2.1 Bid-ask spreads in the ten-person markets 
 

The ten-person markets were used to examine trading behaviour in a decision 

environment where trade was optional, it relied on differences in subjects’ preferences 

over an uncertain option, and subjects could participate as either buyers or sellers or 

both. In these markets, subjects might at first be uncertain of their own values for the 

units traded as well as being uncertain about their own preferences in relation to other 
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subjects. The analysis of trading behaviour in this market environment begins by 

comparing the prices and quantities of offers, both bids and asks, between risk and 

ambiguity. For this purpose, the offers leading up to each transaction within a trading 

period were grouped in markets, defined to include all offers leading up to an 

individual transaction within a period. In the type of double auction used in the ten-

person markets subjects entered an offer on the other side of the market with the same 

price to accept an outstanding offer.  

 

The pattern of offer and counter-offer was compared by analysing the bid-ask 

spreads. Bid-ask spread variables were defined based on the concept of a market, as 

all the offers that lead up to a particular transaction within a trading period. The 

schematic in Figure 5-2 is used to define bid-ask spread variables. 

Figure 5-2 Opening bid-ask spreads, trade bid-ask spreads and initial bid-ask spreads. 

 

Figure 5-2 identifies three types of bid-ask spread variable. The trade bid-ask 

spread (e.g. end of Market 1) measures the distance between the two sides of the 

market immediately before a transaction. This is similar to the variable analysed by 

Campbell et al. (1991) except here it is not considered to exist unless there is both an 

outstanding bid and ask35

                                                 
35 Campbell et al. (1991) defined a related kind of bid-ask spread but considered it to lie between an 
offer price and the maximum or minimum offer price possible on the other side of the market when 
there was no offer on the other side of the market. 

. The initial bid-ask spread (e.g. beginning of Market 3) is 

defined as the first bid-ask spread in each market within a period. This exists as soon 
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as an offer on the other side of the market from the first offer is created. The first 

initial bid-ask spread in each period is defined here as the opening bid-ask spread 

(e.g. beginning of Market 1). This distinction is potentially important as Ang and 

Schwarz (1985) found that the bid-ask spread was large with less conservative traders 

only before the first transaction. The mean number of offers before each transaction 

was also calculated to measure adjustments in the bid-ask spread before each trade. 

The analysis on bids presented earlier suggested that there are more adjustments in 

bids under risk than ambiguity but similar numbers of adjustments in asks under both 

conditions. The number of adjustments in the bid-ask spread perhaps better reflects 

the pattern of offer and counter-offer in these double auction markets. Table 5-9 

displays values of this analysis. 

Table 5-9 Bid-ask spread variables in the first period (prices in cents per unit) 

Variable Risk Ambiguity t-statistic Sig.  
(two-tailed) 

 Mean Std. dev. Mean Std. dev.   
Initial bid-ask spread 2.36 1.87 1.22 0.96 1.081 .321 

Opening bid-ask spread 4.50 1.62 0.70 0.63 4.381 .005*** 
Trade bid-ask spread 0.51 0.40 0.40 0.12 0.557 .598 

No. of offers before a transaction 7.6 1.4 4.1 1.2 3.807 .009*** 
* significant at α = 0.10; ** significant at α = 0.05; *** significant at α = 0.01 

 

The initial bid-ask spread, opening bid-ask spread, trade bid-ask spread and 

the mean number of offers before each transaction are all greater under risk than 

ambiguity. However, only the opening bid-ask spread is significantly greater under 

risk (p = 0.005). The opening bid-ask spread was compared with later initial bid-ask 

spreads in the first period using a mixed model analysis to examine this finding 

further. The initial finding was a significant effect of the interaction between the order 

of initial bid-ask spreads during the period and the information treatment (p = 0.008). 

The effect of the order of transactions on this variable was then tested separately for 

the risk and ambiguity treatments. Under risk, the opening bid-ask spread was 

significantly greater than the later initial bid-ask spreads that re-started the pattern of 

offer and counter-offer after subsequent transactions (p = 0.005). However, under 

conditions of ambiguity, opening bid-ask spreads and initial bid-ask spreads were 

consistently low over the course of the trading period and there was no difference 

detected between the order of transactions (p = 0.902).  
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The mean number of offers before each transaction was also significantly 

greater under risk (p = 0.009). This supports the evidence from the analysis of the 

number of adjustments in bids before a transaction. Given the significant interaction 

in bid-ask spreads between the treatment effect and the order of trades within the first 

period, a similar comparison was conducted for the number of offers. The interaction 

was significant overall (p = 0.037) but separate analyses for the risk and ambiguity 

treatment did not reveal significant differences after Sidak adjustments for multiple 

comparisons. To further examine the trading behaviour that might explain the patterns 

observed in bid-ask spreads, offers and counter-offers were further compared by 

analysing offer prices and quantities.  

5.2.2 Bids and asks in the ten-person markets 
 

The analysis of offer prices and quantities begins by analysing the patterns of 

bids and asks in the first trading period of each market, starting with bidding prices 

and quantities. Summary statistics for bidding and asking prices were calculated for 

each market within a trading period. On each side of the market, the first and last 

offers and their changes before a transaction can be compared. 

 

Analysis of bids in the first trading periods. Table 5-10 presents summary statistics for 

bidding prices, quantities and number of bids and the results of t-tests comparing 

these variables in the first trading periods. 

Table 5-10 Bidding prices and quantities in the first period (prices in cents) 

Variable Risk Ambiguity t-statistic Sig. 
(two-tailed) 

 Mean Std. dev. Mean Std. dev.   

Mean bidding price 2.62 0.62 1.96 0.90 1.203 .274 
Median bidding price 2.66 0.75 1.95 0.90 1.202 .275 

First bid per market 1.81 0.78 1.84 0.87 0.060 .954 
Last bid per market 3.27 0.59 2.11 0.91 2.131 .077* 
Difference in price 

(last minus first) 1.46 0.91 0.27 0.17 2.586 .041** 

Bid quantity 68.6 33.1 69.1 13.0 0.035 .974 
Number of bids 5.0 2.2 2.4 1.3 2.072 .084* 

* significant at α = 0.10; ** significant at α = 0.05; *** significant at α = 0.01 
 

Higher prices were observed under risk compared with ambiguity and bidding 

prices are consistent with this finding. The mean, median, and the last bidding price 

per market under risk are all higher than under ambiguity, although only the last bid 
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price per market was statistically higher (p = 0.077). In contrast, the first bidding 

prices are very similar in both information treatments, at 1.81 cents (std. dev. = 0.78 

cents) under risk and 1.84 cents (std. dev. = 0.87 cents) under ambiguity. Bidding 

prices tended to start at similar levels and then rose further under risk to the level of 

actual transaction prices. This is supported by a significantly higher change in bidding 

price under risk of 1.46 cents (std. dev. = 0.91 cents) compared with 0.27 cents (std. 

dev. = 0.17 cents) under ambiguity (p = 0.041). The average number of bids before a 

transaction was higher under risk. There was a mean of 5.0 bids per market (std. dev. 

= 2.2 bids) under risk and only 2.4 bids per market (std. dev. = 1.3 bids) under 

ambiguity. This difference was statistically significant (p = 0.084). Bidding prices 

started at the same level under risk and ambiguity but increased more under risk with 

more bids before a transaction. The bid quantities were very similar between the two 

treatments. Ask prices and quantities were also compared between risk and ambiguity. 

 

Analysis of asks in the first trading periods. Table 5-11 presents the results of a 

similar comparison for offers to sell. 

Table 5-11 Asking prices and quantities in the first period (prices in cents) 

Variable Risk Ambiguity t-statistic Significance 
(two-tailed) 

 Mean Std. dev. Mean Std. dev.   

Mean asking price 3.87  0.83 2.37  0.94 2.384 .054 
Median asking price 3.83  0.82 2.32  0.91 2.456 .049** 
First ask per market 4.46  1.13 2.70  1.09 2.246 .066* 
Last ask per market 3.33  0.58 2.15 0.93 2.162 .074* 

Difference in price  
(last minus first) -1.13  0.63 -0.55  0.50 1.428 .203 

Ask quantity 43.8  26.4 41.6  16.1 0.140 .893 
Number of asks 2.4  0.9 1.8  0.3 1.360 .223 

* significant at α = 0.10; ** significant at α = 0.05; *** significant at α = 0.01 
 

The significantly higher median asking prices (p = 0.049), first ask per market 

(p = 0.066) and last ask per market (p = 0.074) under risk reflect the higher prices in 

this treatment. Whilst the number of bids appeared higher under ambiguity, the 

number of asks as well as the mean ask quantity is very similar between the two 

treatments. Sellers appear to be willing to sell at lower prices under ambiguity but 

there are fewer offers to sell. With more bids under ambiguity market behaviour 

appears to be driven more by the bidding side of the markets. 
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Analysis of bids and asks in later periods. Although similar patterns in the 

relative magnitudes of offer prices and quantities were observed in later trading 

periods, none of these differences were statistically significant. Whereas it was 

predicted that greater bid-ask spreads would be observed under ambiguity, there were 

significantly greater opening bid-ask spreads under conditions of risk. There were also 

significantly more adjustments in offer prices before a transaction under risk than 

under ambiguity. However, these differences were not statistically significant in later 

periods, implying a difference in the behaviour of early period trading behaviour 

compared with later trading periods. Next, the prevalence of switching from buying to 

selling behaviour is compared between risk and ambiguity. 

 

Switching from buying to selling. To examine whether subjects acted consistently as 

either buyers or sellers in this experimental design the number of times subjects 

changed from submitting bids to submitting asks or switched from buying to selling 

within a market session was compared between risk and ambiguity. The mean number 

of switches from offering to buy to offering to sell per session was higher under 

conditions of ambiguity at 36.0 (std. dev. = 15.1) compared with 29.8 (std. dev. = 6.8) 

under conditions risk. However, this was not statistically significant (t-test, t = 0.697, 

p = 0.512). Switching behaviour was also compared by analysing the number of times 

per session a subject who had previously bought or sold traded on the other side of the 

market. In this case there was also more switching under ambiguity with a mean of 

10.3 switches (std. dev. = 5.7 switches) under ambiguity compared with 5.75 switches 

(std. dev. = 5.6 switches) under risk. However, this difference was not statistically 

significant (t-test, t = 1.227, p = 0.266). Further examination of the pattern of trade 

indicated that in three of the sessions under risk the total number of switches from 

buying to selling or vice versa was lower under ambiguity. In these sessions there was 

a mean of 3 switches per session (std. dev. = 2.4). However, in session Risk 1g there 

was a total of 14 instances of switching in the type of trading. In this session prices 

rose above the expected value and subjects who had previous bought became sellers. 

Additional switching from buying to selling in this session appears to reflect arbitrage.  

 

In summary, the comparisons of trading behaviour between the first periods of 

each market session revealed differences between conditions of risk and ambiguity. 

Under conditions of ambiguity traders appeared to pay more attention to market 
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prices. Buyers more readily accepted outstanding asks, there were fewer adjustments 

in offer prices before a transaction, and narrower opening bid-ask spreads. Traders 

appeared to be more likely to switch from buying to selling or vice versa under 

ambiguity, although some buyers switched from buying to selling when prices 

increased above the expected value under risk. These types of behaviour under 

ambiguity are compatible with traders who were more likely to accept an offer if its 

price was consistent with previous prices or price movements, despite the fact no 

trader was better informed than any other. These traders appeared to pay more 

attention to prevailing prices than their own valuations of the units traded, even if this 

attention was unwarranted. Although prices were less likely to be consistent with 

previous prices or price movements under risk, the resulting fluctuations in prices did 

not necessarily interfere with traders’ search for mutually agreeable prices. The type 

of volatility observed under risk appears to reflect the behaviour of traders who 

negotiated prices further before accepting an outstanding offer. Under risk, bid-ask 

spreads started wider and there were more adjustments in offer prices before a trade 

was agreed upon. Sellers were less likely to accept initial offers and bidding prices 

increased further before a trade. Prices under risk might better reflect traders own 

values rather than simply reflecting past prices or price movements. Buying and 

selling behaviour is next examined in the two-person markets where one subject can 

offer a single unit for sale to one potential buyer. 

5.2.3 Two-person markets 
 

The initial bid-ask spreads, trade bid-ask spreads, the number of adjustments 

in bids, asks, and the total number of offers prices before a transaction were used to 

compare offer prices. In the ten-period model units were worth either $4 or $0 and in 

the five-period model units worth either $8 or $0. The analysis of bids and asks in the 

two-person markets begins with an analysis of the number and prices of bids and asks. 

Then, adjustments in the bids and asks leading up to a transaction are analysed. The 

results of the ten-period model are examined first. 

 

Bid-ask spreads in the ten-period model. The pattern of offer and counter-offer 

leading up to transactions was next examined. The initial bid-ask spread exists in 

some periods even when there is not transaction. The trade bid-ask spread 
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immediately before a transaction and the number of adjustments in bids, asks and 

offers in total are also analysed here. Table 5-12 presents means and standard 

deviations for these statistics. 

Table 5-12 Bid and asks before a transactions the ten-period model (prices in cents) 

Variable Risk Ambiguity 
 Mean Std. dev Mean Std. dev. 

Initial bid-ask spread 382 117 352 70 
Trade bid-ask spread 66 85 49 54 

Number of adjustments in bids 3.5 1.5 5.0 3.1 
Number of adjustments in asks 4.8 1.4 5.6 3.1 

Number of adjustments in offers 8.0 2.5 10.3 5.6 

 

The initial bid-ask spread and the trade bid-ask spread were both greater under 

conditions of risk than ambiguity. There were generally more adjustments in offers 

leading up to a transaction under ambiguity. However, none of these differences were 

statistically significant. Bids and asks were also compared separately between the 

treatments.  

 

Bids and asks in the ten-period model. Table 5-13 displays the means and standard 

deviations for bidding and asking prices, the numbers of bids and asks, the total 

number of offers and the initial bid-ask spreads. 

Table 5-13 Bid and asks in the ten-period model (prices in cents) 

Variable Risk Ambiguity 
 Mean Std. dev Mean Std. dev. 

Bidding price 105 21 137 23 
Asking price 338 42 343 28 

Number of bids 2.67 0.84 4.90 1.77 
Number of asks 3.05 0.48 4.09 0.77 

Number of offers in total 5.0 1.1 8.3 2.1 

 

Overall, there were higher bidding and asking prices and more bids and asks 

under ambiguity. The initial bid-ask spread was slightly wider under risk. Table 5-14 

presents the results of the mixed model regression analysis used to compare bidding 

and asking prices. 
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Table 5-14 Analysis of bid and asking prices in the ten-period model  

Variable Source Num. df Den. df F Sig. 

Bidding  
price 

Intercept 1 2.099 516.936 .002 

Information  
(risk or ambiguity) 1 2.172 9.243 .084* 

Period 9 4.608 1.465 .361 

Asking  
price 

Intercept 1 3.811 2884.989 .000 
Information  

(risk or ambiguity) 1 3.298 .471 .538 

Period 9 5.221 .620 .749 

* significant at α = 0.10; ** significant at α = 0.05; *** significant at α = 0.01 
 

Bidding prices were significantly higher under conditions of ambiguity 

compared with risk (p = 0.084) in the ten-period model although asking prices were 

not statistically significant. At first this seems anomalous but it appears that when a 

unit did not sell bid prices continued to increase under conditions of ambiguity. This 

is consistent with the higher number of offers observed under ambiguity. Table 5-15 

presents the analysis of the numbers of bids, asks, and offers in total. 

Table 5-15 Numbers of bids, asks and offers in the ten-period model  

Variable Source Num. df Den. df F Sig. 

Number  
of bids 

Intercept 1 .043 3.554 .884 

Information  
(risk or ambiguity) 1 .040 .444 .926 

Period 9 12.108 .830 .602 

Number  
of asks 

Intercept 1 3.391 728.714 .000 

Information  
(risk or ambiguity) 1 3.233 16.353 .024** 

Period 9 4.120 .641 .735 

Number of 
offers in total 

Intercept 1 .600 43.654 .202 
Information  

(risk or ambiguity) 1 .622 2.771 .438 

Period 9 5.487 .834 .615 

* significant at α = 0.10; ** significant at α = 0.05; *** significant at α = 0.01 
 

There were significantly more asks under conditions of ambiguity (p = 0.024) 

but differences in the number of bids and the total number of offers overall were not 

statistically significant. Next, bid-ask spreads are examined in the five-period model. 

 

Bid-ask spreads in the five-period model. To examine the activity in bids and 

asks leading up to transactions in the five-period model, bid-ask spreads and the 
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adjustments in offers were analysed. Table 5-16 presents means and standard 

deviations for bid-ask spread variables in the five-period model. 

Table 5-16 Bid and asks before a transactions the five-period model (prices in cents) 

Variable Risk Ambiguity 
 Mean Std. dev Mean Std. dev. 

Initial bid-ask spread 517 153 414 163 
Trade bid-ask spread 106 93 40 53 

Number of adjustments in bids 4.2 2.5 6.9 3.4 
Number of adjustments in asks 5.4 3.2 8.1 2.6 

Number of adjustments in offers 9.4 5.3 14.6 5.6 

 

The initial bid-ask spread and the trade bid-ask spread are again higher under 

conditions of risk compared with ambiguity. As in the ten-period model, there are 

more adjustments in bids and asks under conditions of ambiguity. This is different 

from the pattern observed in the ten-person double auctions where there were more 

adjustments in the bid-ask spread before a transaction under ambiguity. Table 5-17 

presents the results of the analysis of the bid-ask spreads and adjustments in offers 

leading up to a transaction in the five-period model. 

Table 5-17 Analysis of bids and asks before a transaction in the five-period model 

Variable Source Num. df Den. df F Sig. 

Initial bid-ask 
spread 

Intercept 1 2.051 78.926 .011 

Information  
(risk or ambiguity) 1 2.212 1.088 .397 

Period 4 7.462 .251 .901 

Trade bid-ask 
spread 

Intercept 1 4.907 27.642 .003 

Information  
(risk or ambiguity) 1 3.935 14.055 .021** 

Period 3 8.181 1.485 .289 

Number of 
adjustments in 

bids 

Intercept 1 3.544 74.130 .002 

Information  
(risk or ambiguity) 1 3.078 3.794 .144 

Period 4 6.815 2.248 .167 

Number of 
adjustments in 

asks 

Intercept 1 5.959 224.637 .000 

Information  
(risk or ambiguity) 1 3.612 12.665 .028** 

Period 4 4.322 3.541 .115 

Number of 
adjustments in 

offers 

Intercept 1 3.555 143.713 .001 
Information  

(risk or ambiguity) 1 2.710 7.630 .078* 

Period 4 4.600 3.069 .134 

* significant at α = 0.10; ** significant at α = 0.05; *** significant at α = 0.01 
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The trade bid-ask spread was significantly lower under ambiguity (p = 0.021). 

Under risk, the mean trade bid-ask spread was 106 cents (std. dev. = 93 cents) 

compared with 40 cents (std. dev. = 53 cents) under ambiguity. The greater trade bid-

ask spread under risk implies that traders are more likely to accept an outstanding 

offer without as many counter-offers as under ambiguity. This is supported by the 

significantly higher number of adjustments in asking prices under ambiguity. There 

was a mean of 8.1 adjustments (std. dev. = 2.6 adjustments) in asking prices before a 

transaction under ambiguity compared with 5.4 (std. dev. = 3.2 adjustments) under 

risk. Sellers appear to have adjusted their asking prices more times before a trade 

under ambiguity, whereas traders more readily accepted offers under conditions of 

risk. Overall, this led to a significantly higher number of adjustments in offers under 

ambiguity (p = 0.078).  

 

Bids and asks in the five-period model. Table 5-18 presents descriptive statistics for 

the number and price of bids and asks in the five-period model. 

 

Table 5-18 Bids and asks in the five-period model (prices in cents) 

Variable Risk Ambiguity 
 Mean Std. dev Mean Std. dev. 

Bidding price 200 41 242 41 
Asking price 579 82 581 38 

Number of bids 2.9 1.1 3.9 0.9 
Number of asks 3.4 1.1 3.8 0.7 

Number of offers in total 5.5 2.2 7.1 1.3 

 

Bidding prices were greater under ambiguity at 242 cents (std. dev. = 41 cents) 

compared with 200 cents (std. dev. = 41 cents) for risk. Asking prices were very 

similar at 579 cents (std. dev. = 82 cents) under risk and 581 cents (std. dev. = 38 

cents) under ambiguity. There were slightly higher numbers of bids, asks, and offers 

in total under ambiguity. Table 5-19 presents the results of the analysis of bid and 

asking prices. 
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Table 5-19 Analysis of bid and asking prices in the five-period model 

Variable Source Num. df Den. df F Sig. 

Bidding  
price 

Intercept 1 3.082 526.221 .000 

Information  
(risk or ambiguity) 1 3.239 4.414 .120 

Period 4 8.036 2.101 .172 

Asking 
price 

Intercept 1 3.102 596.103 .000 
Information  

(risk or ambiguity) 1 3.154 .003 .962 

Period 4 11.275 1.887 .181 

 

 Differences in offer prices were not statistically significant. Table 5-20 

presents the results of the analysis of the numbers of offers in the five-period model. 

Table 5-20 Numbers of bids, asks and offers in the five-period model 

Variable Source Num. df Den. df F Sig. 

Number  
of bids 

Intercept 1 3.253 255.051 .000 

Information  
(risk or ambiguity) 1 3.429 6.523 .073* 

Period 4 8.482 2.922 .088* 

Number  
of asks 

Intercept 1 1.933 90.940 .012 

Information  
(risk or ambiguity) 1 1.864 .130 .755 

Period 4 11.193 11.958 .001*** 

Number of 
offers in total 

Intercept 1 2.376 187.657 .003 
Information  

(risk or ambiguity) 1 2.518 2.895 .205 

Period 4 9.377 4.609 .025** 

* significant at α = 0.10; ** significant at α = 0.05; *** significant at α = 0.01 
 

Although the number of offers was higher under ambiguity, these differences 

were not statistically significant (p = 0.205). However, there was a significantly 

higher number of bids under ambiguity (p = 0.073). There was also a significant effect 

of trading period on the number of bids (p = 0.088), the number of offers in total (p = 

0.025) and on the number of asks (p = 0.001). This was partly due to a greater level of 

bidding activity in the fourth period. However, it appears that there was more activity 

in bids under ambiguity. Under this condition, it appears that prospective buyers 

continued to increase their bids if the units were not traded earlier in the trading 

period, leading to more bids and higher bidding prices. 

 

The results from the two-person markets revealed some differences between 

conditions of risk and ambiguity that contrast with the results from the ten-person 
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markets. Whereas the number of offers before a transaction was higher under 

conditions of risk in the ten-person markets, there were more offers before a 

transaction under conditions of ambiguity in the two-person markets. Negotiations to 

buy or sell appear to have been drawn out under ambiguity. The trade bid-ask spread 

was also significantly higher under risk compared with ambiguity. Early offers were 

more readily accepted under conditions of risk. Given the mean bid price under risk 

was the same as the expected value of the units traded further changes in offers might 

have been unlikely. In contrast, in the ten-person markets narrower opening bid-ask 

spreads under ambiguity and the smaller number of adjustments in offers before a 

transaction under ambiguity indicate that traders were more willing to accept initial 

offers. Differences between the ten-person and two-person markets could be due to a 

greater heterogeneity in the range of preferences with additional traders or a more 

competitive trading environment with ten traders. 

 

The ten-person markets and two-person markets trade was potentially 

motivated by differences in the preferences of the subjects over uncertain outcomes. 

In the ten-period markets there were differences in trading behaviour between the first 

trading period and later periods. Hypothesis 1.11 tests the idea that early trading 

behaviour will reflect the role of ambiguity and ambiguity-aversion on markets 

outcomes. The overall results related to this hypothesis are summarized at the end of 

the chapter, however, it is interesting to examine the results regarding bid-ask spreads 

in the ten-person and two-person markets here. In the first periods of the ten-person 

markets, asking prices reflected the higher prices observed under risk. Bidding prices 

started low but finished higher under risk with more bids before a transaction. The 

opening bid-ask spreads and the number of adjustments in offers before a transaction 

were both greater under risk. However, opening bid-ask spreads were only 

significantly greater than later bid-ask spreads under conditions of risk. Under 

ambiguity, the initial bid-ask spreads were generally lower throughout the trading 

period. These differences observed in early trading behaviour were not statistically 

significant when analysed for later periods.  

 

Based on the comparisons of early trading behaviour, trading behaviour 

differed between conditions of ambiguity and risk. Some differences were observed 

with trade in the reduced social context of the two-person markets. Trade-bid ask 
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spreads and the number of offers before a transaction were smaller under risk 

indicating that earlier offers were more acceptable under risk without a more drawn 

out negotiation process. The momentum of trading under ambiguity in the ten-person 

markets (as indicated by prices consistent with previous prices and price movements) 

appeared to be associated with traders who were more likely to accept initial offers. 

With only two traders and a single unit for sale the pattern of offer and counter-offer 

was more prolonged. This is consistent with the idea that trades are more likely under 

conditions of risk compared with ambiguity, since fewer offers and counter-offers 

were required under conditions of risk. The patterns of bids and asks in the box-design 

markets is examined next, where induced values designated subjects as either buyers 

or sellers. 

 

5.3 Bids and asks under risk, ambiguity and certainty 

 

In the box-design markets subjects traded in six units over ten trading periods 

under conditions of risk, ambiguity and certainty. Bids, asks and bid-ask spreads are 

analysed across all trading periods and then separately for the first and last periods. 

This also supports the analysis in the last section of this chapter of whether any 

observed differences in the first period persist in later trading.  

5.3.1 Bid-ask spreads in the box-design markets 
 

 Bid-ask spread variables were compared between the treatment conditions for 

all ten trading periods of the box-design markets. Then to further examine potential 

differences, these variables were examined separately in the first trading periods of 

each market. To see if potential differences persisted over the course of trade the 

pattern of bid-ask spreads is examined for the last trading period.  

 

Analysis of bid-ask spreads and offers for all periods. Table 5-21 presents means and 

standard deviations for the initial, opening and trade bid-ask spreads as well as the 

number of offers before a transaction under conditions of risk, ambiguity and 

certainty. 
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Table 5-21 Bid-ask spread variables in the box-design markets (prices in cents) 

Variable Risk Ambiguity Certainty 
 Mean Std. dev. Mean Std. dev. Mean Std. dev. 

Initial bid-ask spread 109 67 197 44 147 58 
Opening bid-ask spread 180 136 300 72 182 111 

Trade bid-ask spread 45 9 65 57 33 6 
Number of offers before a transaction 4.0 1.0 5.3 1.2 5.2 1.7 

 

 Notably, there was a higher opening bid-ask spread and initial bid-ask spread 

under conditions of ambiguity compared with conditions of risk or certainty. Table 

5-22 presents the results of mixed model regressions used to compare bid-ask spreads 

and the number of adjustments in offers between risk, ambiguity and certainty across 

all trading periods. 

Table 5-22 Number of offers in the box design markets 

 Source Num. df Den. df F Sig. 

Initial 
bid-ask spread 

Intercept 1 13.743 105.747 .000 
Information  

(risk, ambiguity or certainty) 2 14.682 3.150 .073* 

Trading period 9 45.721 1.455 .194 

Opening  
bid-ask spread 

Intercept 1 17.316 81.288 .000 
Information  

(risk, ambiguity or certainty) 2 18.205 3.045 .072* 

Trading period 9 46.346 .753 .659 

Trade  
bid-ask spread 

Intercept 1 16.906 61.242 .000 
Information  

(risk, ambiguity or certainty) 2 17.598 2.409 .119 

Trading period 9 42.766 1.160 .344 

Number of 
 adjustments 

Intercept 1 15.475 368.385 .000 
Information  

(risk, ambiguity or certainty) 2 16.561 2.432 .119 

Trading period 9 50.386 .927 .510 
* significant at α = 0.10; ** significant at α = 0.05; *** significant at α = 0.01 

 

The initial and opening bid-ask spreads were significantly higher under 

conditions of ambiguity than under conditions of risk (p = 0.073) or certainty (p = 

0.072)36

 

. To further examine differences in these variables, bid-ask spreads were 

analysed separately within the first trading periods of each market. 

First period analysis of bid-ask spreads and offers. Table 5-23 presents the results of 

the comparison of bid-ask spreads within the first trading periods of each market. 

 
                                                 
36 These values are for post-hoc comparisons of the means between treatment pairs (not the values in 
the table). 
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Table 5-23 First period bid-ask spread variables in the box design 

Variable Source Num. df Den. df F Sig. 

Initial 
 bid-ask  
spread 

Intercept 1 7.808 23.939 .001 
Information  

(risk, ambiguity or certainty) 2 6.946 2.904 .121 

Market 5 12.412 4.544 .014** 
Information * Market 8 12.464 .978 .495 

Trade  
bid-ask 
 spread 

Intercept 1 6.866 3.424 .108 
Information  

(risk, ambiguity or certainty) 2 6.901 1.885 .222 

Market 4 9.224 .931 .487 
Information * Market 8 9.970 1.035 .470 

Number of  
adjustments 

Intercept 1 9.154 45.635 .000 
Information  

(risk, ambiguity or certainty) 2 7.091 .388 .692 

Market 6 11.579 3.349 .037** 
Information * Market 9 10.621 .099 .999 

* significant at α = 0.10; ** significant at α = 0.05; *** significant at α = 0.01 
 

These bid-ask spread variables were not statistically different between 

conditions of risk, ambiguity and certainty. However, a similar pattern was observed 

to the ten-person markets with higher bid-ask spreads before the first transaction 

compared with later transactions. There was a significant effect of the order of the 

markets within trading periods (p = 0.014) and the number of adjustments in offer 

prices before a transaction (p = 0.037). In the first periods, the initial bid-ask spread 

was higher in the first few markets within each trading period and then declined. The 

number of offers before a transaction also decreased after the first market within the 

first periods with a mean of 8.6 offers at first compared with a mean of 2.5 before the 

second transaction. A similar difference was not observed for the trade bid-ask spread. 

These differences were also compared separately for the last trading period in each 

market. This analysis found that the significant difference between the opening bid-

ask spreads and later initial bid-ask spreads did not persist until the last trading period.  

5.3.2 Bids and asks in the box-design markets 
 

 The patterns of bids and asks were further examined by comparing bid and ask 

variables grouped by each market within trading periods. The movement in bid and 

ask prices as calculated by the difference in the first and last offer before a transaction 

can thereby be analysed. If the movements in offer prices are different between 

treatment conditions then examining the differences in the first and last prices can 

reveal possible reasons. The number of offers before a transaction provides a measure 
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of trading activity leading up to a transaction. Since bids must increase and asks must 

decrease according to the bid-ask spread reduction rule the median offer prices 

perhaps better describe the overall price levels of offers within each market. Bids and 

asks are examined separately first followed by the bid-ask spreads. 

 

Analysis of bids across trading periods.  Table 5-24 presents the means and standard 

deviations for each treatment for the mean, median, first, and last bidding prices, the 

difference between the first and last bid price and the number of bids before a 

transaction37

Table 5-24 Bids in the box-design markets (prices in cents) 

. 

Variable Risk Ambiguity Certainty 
 Mean Std. dev. Mean Std. dev. Mean Std. dev. 

Mean bidding price 299 65 129 9 226 83 
Median bidding price 302 65 131 8 230 82 

First bid per market 268 81 110 29 190 85 
Last bid per market 328 57 151 12 254 80 
Difference in price 

(last minus first) 65 32 65 29 76 27 

Number of bids 3.6 1.0 4.9 1.7 5.4 2.3 
 

 The highest mean and median bidding prices were observed under risk 

followed by certainty with the lowest bidding prices observed under ambiguity. The 

change in bid prices before a transaction is similar under conditions of risk and 

ambiguity but somewhat greater under conditions of certainty. The number of bids 

before a transaction is also highest under certainty followed by ambiguity and lowest 

under conditions of risk. Table 5-25 presents the results of the mixed model 

regression analysis that was used to compare these variables between risk, ambiguity 

and certainty.  

 

 

 

 

 

 

 

                                                 
37 The standard deviations of these variables represent the variability between sessions within a 
treatment. 
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Table 5-25 Comparisons of bids between risk, ambiguity and certainty 

Variable Source Num. df Den. df F Sig. 

Mean 
bidding 

price 

Intercept 1 6.460 114.149 .000 
Information  

(risk, ambiguity or certainty) 2 6.119 6.179 .034*** 

Trading period 9 67.693 1.834 .078* 

Median 
bidding 

price 

Intercept 1 6.614 119.242 .000 
Information  

(risk, ambiguity or certainty) 2 6.277 6.705 .028*** 

Trading period 9 67.047 1.764 .092* 

First 
bidding 

price 

Intercept 1 9.279 136.408 .000 
Information  

(risk, ambiguity or certainty) 2 9.733 8.879 .006** 

Trading period 9 56.599 1.453 .188 

Last 
bidding 

price 

Intercept 1 6.958 189.161 .000 
Information  

(risk, ambiguity or certainty) 2 6.669 9.005 .013*** 

Trading period 9 65.461 .597 .795 

Difference 
in price 

Intercept 1 11.232 89.000 .000 
Information  

(risk, ambiguity or certainty) 2 12.120 .315 .735 

Trading period 9 46.019 .667 .734 

Number of 
bids 

Intercept 1 13.954 173.210 .000 
Information  

(risk, ambiguity or certainty) 2 15.018 2.386 .126 

Trading period 9 51.642 .772 .642 
* significant at α = 0.10; ** significant at α = 0.05; *** significant at α = 0.01 

 

 The mean and median bidding prices were significantly different between the 

treatments (p = 0.034 and p = 0.028, respectively). The pattern observed in these 

variables is similar to the differences in the magnitude of price levels between the 

treatment conditions. Although the first and last bidding prices were significantly 

different between the treatments (p = 0.006 and p = 0.013, respectively), there was not 

a significant difference between the movement in price as calculated by the difference 

in the prices of the first and last bid per market (p = 0.735). Over all trading periods, 

the pattern of bidding appears to be similar under conditions of risk, ambiguity, and 

certainty. Although there was a significant effect of trading period on the mean 

bidding price (p = 0.078) and median bidding price (p = 0.092) after Sidak 

adjustments for multiple comparisons no significant differences between individual 

trading periods were detected. A similar analysis was used to examine the pattern of 

asks before a transaction across all trading periods. 

 

Analysis of asks across trading periods.  Table 5-26 presents the means and standard 

deviations for each treatment for the mean, median, first, and last asking prices, the 
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difference between the first and last bid price and the number of asks before a 

transaction38

Table 5-26 Asks in the box-design markets (prices in cents) 

. 

Variable Risk Ambiguity Certainty 
 Mean Std. dev. Mean Std. dev. Mean Std. dev. 

Mean asking price 353 49 240 54 304 75 
Median asking price 350 51 230 65 300 82 
First ask per market 383 29 344 60 355 53 
Last ask per market 331 61 179 40 269 78 

Difference in price  
(last minus first) 54 30 179 48 88 26 

Number of asks 3.6 1.1 5.1 0.9 4.4 1.5 

 

 The pattern in ask prices also appears to reflect differences in the overall price 

levels between risk, ambiguity and certainty. There were more asks before a 

transaction under conditions of ambiguity compared with certainty and risk. Table 

5-27 presents the results of the mixed model regression analysis that was used to 

compare these variables between risk, ambiguity and certainty.  

 

 The difference in asking prices from the first price to the last price before a 

transaction was significantly different between the treatments (p = 0.008). After Sidak 

adjustments for multiple comparisons, it was found that this difference was 

significantly greater under ambiguity compared with both risk (p = 0.002) and 

certainty (p = 0.029). The last asking price before a transaction was also significantly 

different between the treatments (p = 0.002). This was due to a significantly greater 

change in asking price under conditions of ambiguity compared to risk (p = 0.007). 

The number of asks was also significantly greater under ambiguity compared to risk 

(p = 0.075). However, the last asking prices were not significantly different between 

ambiguity and certainty (p = 0.122). Together these findings imply that asking prices 

started at similar levels under all conditions but decreased significantly more under 

conditions of ambiguity before a transaction. Sellers tried to sell units for the same 

prices initially under all conditions but needed to reduce asking prices further to enact 

a trade under ambiguity. In contrast, the finding that differences in bid prices reflect 

treatment differences in price levels and the difference in bid prices from the first to 

                                                 
38 The standard deviations of these variables represent the variability between sessions within a 
treatment. 
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the last implies that buyers were more sensitive to the difference between the 

treatments.  

 

Table 5-27 Comparisons of asks between risk, ambiguity and certainty 

Variable Source Num. df Den. Df F Sig. 

Mean 
asking 
price 

Intercept 1 7.677 246.932 .000 
Information  

(risk, ambiguity or certainty) 2 7.578 2.517 .145 

Trading period 9 62.385 .743 .668 

Median 
asking 
price 

Intercept 1 7.381 168.676 .000 
Information  

(risk, ambiguity or certainty) 2 7.164 1.809 .231 

Trading period 9 64.169 1.063 .402 

First  
asking 
price 

Intercept 1 22.407 543.686 .000 
Information  

(risk, ambiguity or certainty) 2 22.853 .609 .552 

Trading period 9 45.952 .953 .490 

Last  
asking 
price 

Intercept 1 8.567 267.750 .000 
Information  

(risk, ambiguity or certainty) 2 8.805 8.838 .008*** 

Trading period 9 58.560 .492 .874 

Difference 
in price 

Intercept 1 25.900 64.363 .000 
Information  

(risk, ambiguity or certainty) 2 25.664 7.791 .002*** 

Trading period 9 46.293 1.058 .411 

Number of 
asks 

Intercept 1 16.009 347.588 .000 
Information  

(risk, ambiguity or certainty) 2 17.019 3.030 .075* 

Trading period 9 48.114 1.169 .336 
* significant at α = 0.10; ** significant at α = 0.05; *** significant at α = 0.01 

 

Figure 5-3 summarises the results from the ten-person, two-person and box-

design markets between conditions of risk, ambiguity and certainty. 
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Figure 5-3 Question 1: bid-ask spreads – results summary 

 

The significantly greater initial and opening bid-ask spreads under ambiguity 

compared with risk in the box-design markets and the significant differences in 

bidding and asking prices reveal some interesting differences in behaviour that 

warrant further research. These observations suggest differences in the behaviour of 

markets with the simple induced supply and demand in the box-design markets and 

the trade reliant on differences in subjects’ own preferences in the ten-person markets 

that could be investigated in future research. This possibility is explored in the 

discussion and conclusions chapter. The next section begins the analysis of quantities, 

numbers of trade and the likelihood of trade under conditions of ambiguity. 

 

5.4 Early trading behaviour 

 

Camerer (1999) suggested that observations such as wide bid-ask spreads and 

price volatility in the early trading periods of experimental markets is related to the 

effects of ambiguity and ambiguity-aversion. This has implications for understanding 

the pattern of behaviour described by the discovered preference hypothesis and the 

Bid-ask 
spreads 

Ten-person markets. Lower opening bid-ask spread 
and fewer offers before a transaction in the first 
periods under ambiguity. Lower asking prices reflect 
the lower transaction prices under ambiguity. Bidding 
prices start at similar levels but increased further 
under risk with significantly more bids before a 
transaction in these periods. These differences were 
not statistically significant in later periods. 
 
Two-person markets. In the ten-period model bidding 
prices were significantly higher under ambiguity (bid 
prices continued to increase when a unit did not sell). 
The trade bid-ask spread was significantly lower under 
ambiguity. There was a higher number of adjustments 
in asking prices under ambiguity. In the five-period 
model there were also more bids under ambiguity. 
 
Box-design markets. The initial and opening bid-ask 
spreads were wider under ambiguity compared with 
risk. In the first periods under risk and ambiguity, the 
initial bid-ask spread was higher in the first markets 
within a trading period before declining. The number of 
offers before a transaction also decreased in a similar 
pattern under both risk and ambiguity. Significant 
differences in bid and ask prices reflected differences 
in transaction price levels. 

 
There will be wider bid-ask spreads 
under conditions of ambiguity 
compared with conditions of risk 
and/or certainty. 

H1.10 
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role of rule-based behaviour in markets. This section summarises the evidence 

relevant to prices, price volatility and the quantity of trades between risk and 

ambiguity in early trading in the experimental markets compared with later trade. 

 

H1.11: Early trading behaviour will reflect the role of ambiguity and ambiguity-

aversion on market outcomes such as greater bid-ask spreads, price ranges and 

increased price volatility. 
 

To test this hypothesis, the evidence is summarized for the comparisons of 

market variables for differences between risk and ambiguity in the early trading 

periods and in later trade. The evidence relevant to this hypothesis includes 

differences observed between early and later trading in the experimental markets and 

also whether differences were observed between risk and ambiguity in early trading 

periods. For example, if prices increased after the first period and are also lower under 

ambiguity in the first period compared with risk then this would be consistent with the 

hypothesis that lower prices in early trading is influenced by ambiguity effects. 

However, differences between risk and ambiguity in early trade observed from these 

experiments also provide evidence relevant to differences between early and later 

trade that have been observed in previous market experiments. Table 5-28   

summarizes the evidence relevant to this hypothesis for market outcomes in early and 

later trading.  
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Table 5-28 Summary of evidence comparing early trade between risk and ambiguity 

Market outcomes and 
experiment design Early trade Later trade 

Prices    

Ten-person markets 
Lower mean prices in the first period 
compared with later periods under both 
risk and ambiguity 

 

 Lower prices under ambiguity  
Prices started lower under ambiguity Minimum prices lower under ambiguity 

 Greater price range under ambiguity  

 Greater change in price under 
ambiguity  

Two-person markets  
(5-period model) 

Lower prices in the first period 
compared with later periods under 
ambiguity 

 

Box-design markets Lower prices under ambiguity than risk 
Lower prices under ambiguity than risk 
Some evidence of lower prices under 
ambiguity than certainty 

Price volatility    

Ten-person markets 
Higher proportion of prices  consistent 
in the second trading period compared 
with the first 

 

 Higher proportion of prices consistent 
under ambiguity  

Higher proportion of prices consistent 
under ambiguity  

Quantity traded    

Ten-person markets Greater total quantity traded under 
ambiguity 

Number of trades greater under 
ambiguity 

Two-person markets (pooled 5 
and 10-period models) Fewer trades under ambiguity    

Bid-ask spreads   

Ten-person markets Lower opening bid-ask spread under 
ambiguity  

 Fewer offers before a transaction 
under ambiguity  

 Lower change in bid price under 
ambiguity  

Two-person markets  
(10-period model)  More offers to sell under ambiguity  

Box-design markets Wider initial and opening bid-ask 
spreads. 

Wider initial and opening bid-ask 
spreads. 

 

The evidence relevant to Hypothesis 1.11 is examined in more detail for 

prices, price volatility, quantity traded and bid-ask spreads below. 

5.4.1 Prices 
 

Hypothesis 1.11 tests whether the early trading behaviour will be different 

than later trading and whether these differences can be attributed to the effects of 

ambiguity and ambiguity-aversion. Evidence regarding prices is examined for the ten-

person, two-person, and box-design markets. 

 

Ten-person markets. The ten-person markets provided evidence on differences in 

price level variables, including mean prices and broad price movements measure by 
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the price range and the change in price from the start to end of these periods. In these 

periods, prices tended to start low at the start of trade and then rose over the course of 

trade. Greater price movements appear to be a characteristic of early trading 

behaviour under conditions of ambiguity compared with risk. Mean prices were lower 

in the first periods than later trading periods under conditions of risk and ambiguity. 

However, the differences in price movements observed in the first period were not 

detectable over subsequent trading periods, with the exception of a lower minimum 

price.  

 

Two-person markets. In the two-person markets observed differences in prices 

between risk and ambiguity were not statistically significant. However, in the five-

period model, prices were significantly lower in the first period of the ambiguity 

treatment than prices in later periods. This is interesting given that no information was 

provided about the success or failure of the chance event until the end of each session; 

yet even so, prices increased after the first trading period.  

 

Box-design markets. In the box-design markets lower prices under ambiguity were 

found across all trading periods, since price levels did not appear to differ between 

trading periods in this experimental design. Prices were lower under ambiguity 

compared with risk and there was some evidence that prices were lower under 

ambiguity compared with conditions of certainty. 

 

In conclusion, there is evidence that prices were lower in first periods than in 

later periods. There is also evidence that prices are lower under conditions of 

ambiguity compared with risk. This implies that in these experimental markets, 

ambiguity effects could explain lower prices in early trading. This is consistent with 

the idea that subjects behave more cautiously early in market experiments. 

5.4.2 Price volatility 

 
In the ten-person markets there was a greater price range and change in price 

over the course of the first trading periods under conditions of ambiguity compared 

with risk. However, no evidence was found that there was higher price volatility under 

conditions of ambiguity compared with risk. Instead, a higher proportion of prices 
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were consistent with previous prices or the direction of previous price movements 

under conditions of ambiguity. This was found in early and in later trade. Although 

the first periods of market experiments are often excluded from further analysis a 

significantly higher proportion of prices were consistent in the second periods 

compared with the first periods. Following the same reasoning as before, there is a 

difference between early trade and later trade in the consistency of prices and price 

movements. Since this pattern of prices is more prevalent under ambiguity than risk in 

the first trading periods, observations of this kind of behaviour can be attributed to 

ambiguity effects. However, instead of being related to early trading behaviour, this 

effect of ambiguity appears to increase after the first period. Interestingly, this finding 

is consistent with kinds of rule-based behaviour, whereby traders are more likely to 

accept a trade if its price is consistent in this fashion and it is consistent with the idea 

that traders are acting as if they suspect prices to reveal information that they were 

told is not known.  

5.4.3 Quantity traded  
 

Significant differences were found in the quantity traded and the number of 

trades in the ten-person markets and the pooled data from the five and ten-period two-

person markets. In the analysis of the first trading periods of the ten-person markets 

there was found to be a significantly greater total quantity traded under ambiguity 

compared with risk. In later trading periods, there were a significantly greater number 

of trades under ambiguity. In the two-person markets there were fewer trades under 

ambiguity in early trade.  

5.4.4 Bid-ask spreads 
 

In early trading periods, there were significant differences between risk and 

ambiguity in the ten-person markets with a lower opening bid-ask spread, fewer offers 

before a transaction, and a lower change in bid prices before a transaction under 

ambiguity. In the early trading period of the two-person markets there were more 

offers to sell under conditions of ambiguity. Since these differences were not detected 

in later trading periods it is possible that these differences are related to early trading 

behaviour, although there were no statistically significant differences between bid-ask 

spreads. Even so, this negative finding provides evidence in relation to early trading 
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behaviour. Whereas it was predicted that greater bid-ask spreads would be observed 

under ambiguity, there were significantly lower opening bid-ask spreads under 

conditions of ambiguity in the ten-person markets. Therefore, no evidence was found 

from the ten-person markets that bid-ask spreads are wider in early trade or that this 

difference is due to ambiguity effects. However, in the box-design markets the initial 

and opening bid-ask spreads were significantly greater under conditions of ambiguity 

than under conditions of risk. This provides some evidence that wider bid-ask spreads 

are associated with ambiguity, although there was no difference in the bid-ask spreads 

between early and later trade in these markets. 

 

Figure 5-4 summarises the effects of ambiguity on the early trading behaviour 

of the markets.  

Figure 5-4 Question 1: early trade and ambiguity – results summary 

 

There were differences in early and later trading behaviour that can be 

attributed to ambiguity in terms of price levels and price ranges, and the consistency 

Early trade 
and 
ambiguity 
 

Prices. There is evidence from the ten-person and 
two-person markets that prices were lower in early 
trading under conditions of ambiguity. However, in the 
box-design markets, prices were lower under 
ambiguity across all trading periods. 
 
Price volatility. There was a greater price range and 
change in price during early trading under conditions 
of ambiguity in the ten-person markets. The standard 
deviation of prices did not differ between risk and 
ambiguity.  A higher proportion of prices were 
consistent with previous prices or price movements 
under conditions of ambiguity compared with risk. This 
difference persisted in later trade, although the 
proportion increased after the first period leading to a 
difference between early and later trading. 
 
Quantity and number of trades. In early trading in the 
ten-person markets there was a significantly greater 
total quantity traded under ambiguity. In later trading, 
there was a significantly greater number of trades 
under ambiguity. In the two-person markets there 
were fewer trades under ambiguity in early trade. 
 
Bid-ask spreads. In the ten-person markets some 
differences in bids and asks were found in the first 
trading periods that were not found in later trading. 
These include a lower opening bid-ask spread and 
fewer offers before a transaction under ambiguity. In 
the box-design markets there were significantly 
greater initial and opening bid-ask spreads under 
ambiguity. 
  

 
Early trading behaviour will reflect 
the role of ambiguity and ambiguity-
aversion on market outcomes such 
as greater bid-ask spreads, price 
ranges and increased price 
volatility. 
 

H1.11 
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of prices. Overall, some evidence was found in support of Hypothesis 1.11 such as the 

greater price ranges under ambiguity in early trading periods not detected in later 

trade. However, no evidence was found that bid-ask spreads were wider in the first 

trading periods under ambiguity. Yet it does appear that there are important 

differences between early and later trading behaviour. The increase in prices after the 

first period under conditions of risk and ambiguity supports this contention. Although 

no difference in conventional measures of price volatility was found, prices were 

more likely to be consistent with the previous price or price movement under 

ambiguity under conditions of ambiguity compared with risk. However, rather than 

the effect of ambiguity being eliminated after the first periods, the proportion of prices 

following this pattern increased in the second trading periods under conditions of both 

risk and ambiguity. 

 

Conclusion 

 

 In the ten-person markets with trade potentially motivated by relative 

differences in subjects’ preferences for the uncertain investment option, traders more 

readily accepted initial offers under conditions of ambiguity compared with risk. 

Under ambiguity, opening bid-asks spreads were narrower and there were fewer 

adjustments in offer prices before each transaction. In comparison, with the reduced 

social and competitive context of the five-period two-person markets there were more 

offers before a transaction under ambiguity. Under risk, traders more readily accepted 

earlier offers whilst the trade bid-ask spread was relatively wider without a more 

prolonged process of offer and counter-offer. Differences between the box-design 

markets and the ten-person markets appear to account for differences in bids and ask 

between these two experimental designs. In the ten-person markets past prices were 

more likely to provide a reference point for future trades and narrower bid-ask spreads 

were observed. In the box-design markets, sellers were less sensitive to the difference 

between risk and ambiguity than buyers and ask prices started high under both 

conditions. Induced values might have served as reference points for offers instead of 

past prices in this experiment design. 

 

 Comparisons of the quantity traded between conditions of risk and ambiguity 

in the ten-person markets showed that the quantity traded was significantly higher 
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under conditions of ambiguity. This is inconsistent with the prediction that ambiguity 

could reduce trade. Instead, this finding is consistent with the idea that some subjects 

perceived the uncertain investment option as riskier under ambiguity compared with 

other subjects in the market. The relationship between ambiguity-aversion is tested 

further in Chapter 6 where measured preferences are compared with the direction of 

trade in the markets under both treatment conditions. A number of alternative 

measurements of preferences in the context of risk, ambiguity, over gains and losses 

and using different elicitation procedures are also compared with the individual 

investment decisions and the direction of trade in the ten-person market experiments. 
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Chapter 6. Preferences, decisions and market outcomes 

 

This chapter compares the measured preferences of subjects with other 

decisions and with market outcomes. Firstly, the results of the various measurement 

procedures are presented in order to examine the observed heterogeneity in 

preferences, correlations between the different measurement procedures, and the 

ambiguity-aversion of subjects. Secondly, preferences are compared with subjects’ 

individual investment decisions and, thirdly, with their trading behaviour in the 

experimental asset markets.  

 

The risk preferences of subjects are an important theoretical determinant of 

behaviour in experimental markets, although they are rarely measured directly. 

Economic theory has focused on situations where people can be expected to fully 

understand the consequences of their actions so that choices reveal stable features of 

underlying preferences (Lucas, 1986). Although it is often assumed that people are 

generally somewhat risk-averse (e.g. Weber, 1999) in some contexts decision-makers 

appear to be quite risk-preferring. For example, Pennings and Garcia (2001) found 

that about 60 percent of farmers studied were classified as risk-preferring for one 

context. Yet people might only acquire an understanding of their preferences through 

reflection and practice before discovering a consistent and stable preference (Plott, 

1996). The discovered preference hypothesis suggests that markets might be an 

important part of this process. The conditions a decision-maker must meet in order to 

be considered as rational by many definitions are related to the consistency of choices 

in different situations (Weber, 1999). Yet the measurements of risk preferences are 

notoriously inconsistent across different elicitation procedures and decision contexts. 

Despite such complications the advantages of being able to measure subjects’ 

preferences and compare them with other experimental decisions are numerous.  

 

Measuring risk preferences can assist with the understanding and 

interpretation of experimental results. The relative role of preferences and other 

factors can then be examined. Instead of assuming risk-neutrality or risk-aversion in 

the explanation of results, measurements provide an empirical basis for comparison 
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and interpretation. If small payoffs do lead to different responses to risk and 

uncertainty then measuring preferences can help determine which results are 

attributable to treatment differences rather than the level of payoffs in a laboratory 

experiment. This chapter investigates the results of the measurement procedures that 

were selected to provide a comparison between choices under conditions of risk, 

ambiguity, gains, losses and using different elicitation formats. The chapter begins by 

presenting the overall results of the measurement phase of the individual and market 

behaviour experiment sessions followed by a comparison of measured preferences 

with the individual investment decisions under risk and ambiguity.  

 

6.1 Preference measurements 

 
 Preferences were measured primarily to compare preferences in the different 

contexts of risk and ambiguity with other experimental decisions and market 

behaviour. The mean preferences and the classification of subjects as risk-neutral, 

risk-preferring, or risk-averse and likewise as ambiguity-neutral, ambiguity-preferring 

or ambiguity-averse reveal the heterogeneity in preferences that potentially motivated 

trade in the ten-person markets. Comparing the different measurement procedures 

demonstrates how different contexts can affect preferences.  

 

H3.1: There will be differences in the relative ranking of subjects according to 

risk and ambiguity preferences measured in different contexts and using 

different elicitation procedures. 
 

 To test this hypothesis, measurements of subjects’ preferences that differ 

systematically according to context and elicitation procedure are compared. Firstly, 

they are compared in terms of their classification of subjects as averse, neutral or 

preferring of various kinds or context of risks and uncertainty. Secondly, these 

measurements are compared in terms of the relative ranking of subjects.  

6.1.1 The classification of subjects by measurement procedure 
 

The different classifications of subjects into the categories of risk-averse, risk-

neutral, and risk-preferring, as well as ambiguity-averse, ambiguity-neutral and 

ambiguity-preferring was used as a first comparison of the different elicitation 
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procedures and contexts. To provide a broad overview of these measurement results, 

Table 6-1 presents medians, means and standard deviations for each measurement 

procedure.  

Table 6-1 Medians, means and standard deviations of responses for each preference 
measurement procedure 

Procedure Median Mean Std. dev. 
Paired lottery (gains)* 6 6.13 1.98 

Paired lottery (losses)* 5 4.98 1.38 
CE (gains, $20/$0)^ $10.00 $10.16 $3.81 

CE (losses, $20/$0)^ $-9.40 $-9.35 $3.58 
CE (gains, $8/$0)^ $3.96 $3.85 $1.39 

WTA (risk, $20/$0)^ $10.00 $10.01 $5.01 
WTA (ambiguity, $20/$0)^ $8.00 $8.95 $5.68 

WTA ratio (risk / ambiguity)$ 
1.00 1.30 0.50 

Prob. Equiv. (ambiguity)## 
42.00% 40.76% 7.23% 

Crop C 55.00% 55.39% 27.07% 

Crop D 50.00% 55.76% 30.20% 

Ratio (Crop C / Crop D)% 1.00 2.24 6.59 

 
*1 to 4 indicates risk-aversion, 5 indicates risk-neutrality, and 6 to 10 indicates risk-preferring 
behaviour. ^These values are certainty equivalents or willingness-to-accept measurements. $The WTA 
ratio is the ratio of a subjects’ willingness-to-accept (WTA) for the known urn to their WTA for the 
unknown urn. A value of this ratio greater than 1 indicates ambiguity-aversion, 1 is ambiguity-neutral 
and less than 1 is ambiguity-preferring. ##These values reflect the probability at the point a subject 
switched to choosing the Ellsberg urn with a known probability. % A ratio greater than 1 implies an 
aversion to the background risk in Crop D, 1 neutrality and less than 1 a preference for the choice with 
the ambiguous background risk. 

 

Overall, subjects were risk-neutral or somewhat risk-averse and ambiguity-

averse. However, the results suggest the average subject is approximately risk-neutral 

over gains and slightly risk-preferring over losses. The mean subject is also slightly 

ambiguity-averse. A t-test suggests that the mean willingness-to-accept (WTA) for the 

lottery with a known probability was significantly greater than the mean WTA for the 

lottery with an unknown probability (t-statistic = 3.577, p < 0.05). Likewise, the mean 

response from the probability equivalence procedure was significantly different from 

the mean probability of fifty percent consistent with an ambiguity-neutral decision-

maker (t-statistic = 5.211, p < 0.01). Subjects’ exhibited ambiguity-preferring, 

ambiguity-neutral and ambiguity-averse preferences. These results suggest that the 

mean preference for an uncertain option under conditions of ambiguity is likely to be 

lower than would be expected if ambiguity-neutral decision-makers were assumed but 

that a range of responses to risk and ambiguity could be expected. 
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The range of preferences exhibited by subjects can be seen by classifying them 

into the categories of preferring, neutral and averse for each procedure. The results of 

this classification are presented in Table 6-2. 

Table 6-2 Percentage of subjects in categories of preference for each procedure 

Procedure Preferring Neutral Averse Error39

Paired lotteries (gains) 
 

12.7 31.7 44.4 11.1 
Paired lotteries (losses) 36.5 23.8 30.2 9.5 

CE (gains, $20/$0) 38.1 11.1 42.9 7.9 
CE (losses, $20/$0) 55.6 4.8 33.3 6.3 

CE (gains, $8/$0) 28.6 17.5 46.0 7.9 
WTA (risk, $20/$0) 38.1 22.2 39.7 0.0 

WTA (ambiguity, $20/$0) 28.6 19.0 52.4 0.0 
WTA ratio (risk / ambiguity) 15.9 34.9 49.2 0.0 

Prob. Equiv. (ambiguity) 27.0 1.6 69.8 1.6 
Ratio (Crop C / Crop D) 30.0 33.0 37.0 0.0 

 
 Based on choices over potential losses, as measured by the certainty 

equivalents and paired lottery choices, a relatively large proportion of risk-preferring 

subjects was observed. This is interesting, since the mean results of the paired lottery 

choice procedure for gains was very similar to the results found by Holt and Laury 

(2002) for essentially the same procedure. Holt and Laury (2002) found mean choices 

of 5.2 and 5.3 safe choices. Converted to this same scale, the present study found a 

mean of 5.13, only slightly less risk-averse. Table 6-3 presents the results of subject 

classification based on the low payoff treatment in Holt and Laury (2002) compared 

with the present results for comparison. 

Table 6-3 Comparison of results with Holt and Laury (2002) 

Procedure Preferring Neutral Averse Error 

Holt and Laury (2002) 8% 26% 66% – 
Paired lotteries (gains) 12.7% 31.7% 44.4% 11.1% 

 

One procedural difference between the present study and Holt and Laury 

(2002) was the exclusion of subject errors. In the present study, subjects were 

prevented from switching back and forth in the list of lotteries and an additional row 

was added at the start of the list to complete the pattern of probabilities. If subjects 
                                                 
39 In Table 6-2 and Table 6-3 subjects classified under ‘error’ made choices that violated the salience 
assumption, for example, by indicating a preference for a lower certain payoff instead of a higher 
certain payoff in the list of paired lottery choices. This was only possible for some procedures. 
Although at face value this appears to be a limitation of these procedures this might actually be an 
advantage of these procedures, since erroneous responses can be identified and excluded from further 
analysis. 
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chose the first or last row then this choice was inconsistent with the assumption that 

subjects will prefer higher certain outcomes to lower certain outcomes. In comparison, 

Holt and Laury (2002) found that a number of subjects did switch back and forth in 

their study. Despite these differences, the present study observed only a slightly 

higher proportion of risk-preferring subjects. This suggests that other factors might 

explain the number of risk-preferring subjects observed using other procedures. Even 

though the main focus here is the potential for different procedures to be compared 

with experimental market behaviour, differences in measurement procedures the 

different contexts of risk, ambiguity, gains and losses may reveal differences relevant 

for this comparison. In particular, since preferences were measured over potential 

gains and losses subjects’ responses can be compared against the pattern of choices 

described by prospect theory (Kahneman and Tversky, 1979). 

6.1.2 The relative ranking of subjects by measurement procedure 
 

The correlation of the relative ranking of subjects according to their preferences 

was examined to compare the different elicitation procedures and contexts. Spearman 

correlations were used since these reflect the relative ranking of subjects by their 

preferences rather than their relative magnitudes of certainty equivalents or other 

ordinal measures. This is important since although the certainty equivalents and 

willingness-to-accept estimates of certainty equivalents were measured for a lottery 

with the same magnitude ($20 or $0), other procedures give results on other scales.  

 

To examine differences between the different measurement procedures the 

correlation between different measurements are compared. Then the results of the 

procedures used to detect whether particular assumptions about the shape of utility 

functions are consistent with subjects’ responses are presented. These include the 

iterated certainty equivalent procedure used to elicit certainty equivalents over 

intervals in utility normalized over the range from $0 to $20, the procedure for 

detecting whether subjects were prudent or not, and a contextualised choice with an 

additional ambiguous background risk. 

 

Past results have demonstrated that measurement procedures do not necessarily 

provide consistent results (Camerer and Weber, 1992). Measurement procedures have 
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primarily been designed to test particular decision theories rather than for comparison 

with other experimental decisions. Before measured preferences are compared with 

individual decisions and market behaviour it is useful to examine the relationship 

between the results of the different procedures. Table 6-4 displays significant 

correlations between the relative rankings of subjects in terms of the comparisons 

identified in Table 3-3 in the methodology. 

Table 6-4 Correlations of measurements by context and elicitation procedure 

Comparison Procedures Correlation 
Risk preferences vs. ambiguity 

preferences 

CE($20/$0) vs. WTA ratio 

CE($20/$0) vs. Prob. Equiv. 

WTA (ambiguity) vs. WTA ratio 

WTA ratio vs. Crop C 

CE($20/$0) vs. Crop ratio 

Crop C (risk)  vs. Crop ratio 

Crop D (ambiguity)  vs. Crop ratio 

r = -0.302, p = 0.021 

r = 0.272, p = 0.039 

r = -0.562, p < 0.001 

r = -0.258, p = 0.041 

r = 0.240, p = 0.070 

r = 0.514, p < 0.001 

r = -0.533, p < 0.001 

Risk preferences measured with known 

vs. unknown probabilities 

WTA (risk) vs. WTA (ambiguity) 

Crop C vs. Crop D 

r = 0.730, p < 0.001 

r = 0.289, p = 0.022 

Low payoff vs. high payoff CE ($20/$0) vs. CE ($8/$0) r = 0.296, p = 0.027 

Gain vs. loss CE ($20/$0) vs. CE (-$20/$0) 

Paired lottery (gains) vs. Paired lottery 

(losses) 

Not sig. correlated 

Certainty equivalent vs. probability 

equivalent 

(for measuring ambiguity preferences) 

WTA (risk) and WTA (ambiguity) vs. 

Prob. Equiv. 

Not sig. correlated 

Certainty equivalent vs. paired lottery 

choices 

(for measuring risk preferences) 

CE and BDM mechanism vs. Paired 

lottery choices 

Not sig. correlated 

Certainty equivalents vs. BDM procedure CE ($20/$0) vs. WTA (risk) Not sig. correlated 

Stylised vs. contextualised CE ($20/$0) vs. Crop C 

WTA (ambiguity) vs. Crop C 

WTA (risk) vs. Crop D 

Prob. Equiv. vs. Crop D 

r = 0.271, p = 0.039 

r = 0.272, p = 0.031 

r = 0.242, p = 0.056 

r = 0.294, p = 0.019 

 

Significant correlations were found between procedures with similar 

elicitation formats for choices over potential gains, between risk preferences measured 

under conditions of risk and ambiguity, and between risk preferences and ambiguity 

preferences. With preferences measured in different contexts, the proportion of 

subjects classified as preferring, neutral and averse differs between the procedures. 

Only a sub-set of the measurement results were significantly correlated, indicating 

substantive differences in responses to different procedures. For example, when the 
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elicitation format was kept the same but the level of payoffs was changed between the 

certainty equivalent procedure used to elicit certainty equivalents for $20/$0 versus 

$8/$0, the relative ranking of subjects was significantly correlated. However, the level 

of correlation was low (r = 0.296, p = 0.027). The other comparisons identified in 

Table 6-4 reveal additional factors that influence the relative ranking of subjects by 

procedures with different elicitation formats and contexts of decision-making. 

 

These comparisons provide some evidence of a positive relationship between 

risk preferences and ambiguity preferences. A subject ranked as more risk-averse by 

the certainty equivalent over $20/$0 is more likely to have a higher value for the 

WTA ratio, indicating they are more ambiguity-averse. Likewise, a risk-averse subject 

is also likely to be more ambiguity-averse as measured by a lower switching 

probability to a lottery with a known probability from one with an unknown 

probability. Furthermore, a subject ranked as more risk-averse by the WTA (unknown 

probability) measure was more likely to have a higher WTA ratio, and therefore be 

more ambiguity-averse as well.  

 

In contrast, even though the two WTA measures of risk preferences (with and 

without a known probability) were highly correlated, the WTA measure of risk 

preferences over ambiguous outcomes was not significantly related to the WTA ratio 

measure of ambiguity preferences. It is possible that some kind of anchoring-and-

adjustment heuristic may play a role in this measurement (e.g. Einhorn and Hogarth, 

1986) with ambiguity-averse subjects deciding on a WTA for the risky lottery and 

then adjusting this value downwards for the ambiguous lottery. Since only the WTA 

risk preference measured with an unknown probability (and not with a known 

probability) is significantly correlated with the WTA ratio measure of ambiguity-

aversion, it is possible that these responses have been influenced by an anchoring-and-

adjustment heuristic. Subjects could use the choice with a known probability as an 

anchor and then adjust their response to the choice with an unknown probability to 

reflect their ambiguity preferences. 

 

This type of effect would question the evidence for a positive relationship 

between risk preferences and ambiguity preferences. However, the positive 

relationship between the certainty equivalents measured for the $20/$0 lottery and the 
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WTA ratio measure of ambiguity-aversion still supports this conclusion. In other 

words, a subject who is risk-averse when the probability is known is also likely to be 

risk-averse when the probability is unknown. In addition, the greater their level of 

risk-aversion, the more they will prefer an option with a known probability to an 

option with an unknown probability.  

 

 In addition to the difference in context between risk and ambiguity, the 

difference in framing choices as gains or losses will also be important for 

understanding the relationship between measured preferences and other experimental 

decisions. Prospect theory suggests that individuals will be both risk-averse over 

potential gains and risk-preferring over potential losses. A sizeable minority of 

subjects followed this pattern of preferences, 20.6 percent as measured by paired 

lottery choices and 25.4 percent as measured by the certainty equivalents. In contrast, 

a much smaller proportion of subjects switched categories in the other direction, 6.3 

percent as measured by paired lottery choices and 11.1 percent by certainty 

equivalents. These proportions could be expected to be equal if changing preferences 

between procedures was simply due to noisy responses and chance alone. Chi-square 

tests suggest that this difference is significant based on the paired lottery choices (Chi-

square, 2χ = 4.765, p = 0.029) and significantly different for the certainty equivalent 

measurements (Chi-square, 2χ = 3.522, p = 0.061). These results are consistent with 

the reflection effect described by prospect theory. In comparison, Laury and Holt 

(2008) examined similar paired lottery choices over potential losses. They did not find 

evidence for a reflection effect with cash payoffs but did find less risk-aversion in the 

loss domain.  

 

Hey and Orme (1994) found that using statistical models of errors in subjects’ 

responses, although the largest minority of subjects were best described as expected 

utility decision makers, many others were best described by other models. More 

recent work by Harrison and Rutström (2009) also supports the contention that 

subjects’ choices might best be described using a mixture of expected utility theory 

and prospect theory. However, here the main relevance is the consequences for the 

relative ranking of subjects by their preferences over the individual investment 

decisions that drive trade in the ten-person markets. A reflection effect affects the 
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relationship between preferences measured using the gain or loss frames by reversing 

the category of preference from risk-averse over gains to risk-preferring over losses. 

This has consequences for the relationship between measured preferences, individual 

decisions and the direction of trade that are examined in the following sections of this 

chapter. 

6.1.3 Iterative certainty equivalent procedures 
 

Hardaker et al. (2004) suggested that in many cases, the particular functional 

form of a utility function used in applied decision analysis is much less important than 

the extensive discussion in the theoretical literature would imply. An iterative 

certainty equivalent procedure was used to see whether subjects’ responses over the 

relatively small payoffs used would be approximately linear or would reflect the 

curvature associated with alternative functional forms for utility functions. Table 6-5 

presents the results for the iterative certainty equivalent procedure for gains. The high 

and low values for each binary lottery, their respective levels of utility are displayed 

together with the mean, median and standard deviations of the certainty equivalents 

that were observed. The certainty equivalents corresponding to a risk neutral response 

are provided for comparison. 

Table 6-5 Results of the iterative certainty equivalent procedure for gains 

Iteration Lottery ($) Expected  
Utility 

Risk neutral certainty 
 equivalents ($) 

Observed certainty  
equivalents ($) 

xi xl xh Mean Median Std. Dev. 

1 0 20 0.5 10 10.16 10.00 4.67 
2 0 x1 0.25 5 5.50 5.00 3.87 
3 x1 20 0.75 15 14.29 15.00 4.66 
4 0 x2 0.125 2.5 3.26 2.59 3.28 
5 x2 x1 0.375 7.5 8.36 7.50 4.77 
6 x1 x3 0.625 12.5 12.83 12.91 4.86 
7 x3 20 0.875 17.5 16.72 17.80 3.94 

 

Table 6-6 displays the results for the iterative certainty equivalent procedure 

over potential losses. Three iterations were used in this procedure.  
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Table 6-6 Results of the iterative certainty equivalent procedure for losses 

Iteration Lottery ($) Expected 
Utility 

Risk neutral certainty 
 equivalents ($) 

Observed certainty 
 equivalents ($) 

xi xl xh Mean Median Std. Dev. 

1 0 -20 -0.5 -10 -9.35 -9.40 4.30 
2 0 x1 -0.25 -5 -5.14 -4.80 3.83 
3 x1 -20 0.75 -15 -13.77 -14.29 3.44 

 

 Non-linear least squares and linear regressions were used to fit alternative 

functional forms to this data. However, because subjects were inconsistent in their 

responses across the iterations of these procedures, further analysis of this data was 

not fruitful and does not appear to add to the use of these measurement procedures for 

comparing preferences with other experimental decisions. For example, under gains, 

only 7 subjects displayed the same type of preference, that is, risk-preferring, risk-

neutral or risk-averse, for all iterations, and only 7 displayed the same preference for 

all but one decision.  

 

Overall, responses were reasonably approximated by the linear relationship 

that would be expected for a risk-neutral decision-maker. However, only two subjects 

responded exactly as risk-neutral for all iterations. Statistically, 56 subjects had a 

significant fit for this linear relationship and an insignificant coefficient for the 

constant, indicating a line through the origin consistent with risk-neutrality. A 

conservative visual examination of responses against a linear relationship supports a 

linear approximation for 41 subjects. 

6.1.4 Prudence 
 

A certainty equivalent choice was used to test whether subjects were prudent, 

which is defined as the ratio of the third to the second derivative of the utility 

function. This property of a utility function corresponds with a preference for 

attaching an additional mean-preserving variance to the better outcome of a lottery. If 

a majority of subjects can be assumed to be prudent then a particular type of utility 

function might be reasonably assumed. Decision-makers with decreasing absolute risk 

aversion are necessarily prudent (Eeckhoudt et al., 2005). The test was based on the 

procedure developed by Tarazona-Gomez (2004). Certainty equivalents were 

measured for one lottery with additional variance attached to the higher payoff of a 
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simple lottery and for a second lottery with this variance attached to the lower payoff 

of the same lottery. Table 6-7 presents summary statistics for this measurement task. 

Table 6-7 Medians, means and standard deviations of subjects measured as prudent 

Procedure Median Mean Std. dev. 
Lottery 1 (extra variance on lower outcome) $14.00 $13.67 $1.31 

Lottery 2 (extra variance on upper outcome) $13.50 $13.23 $2.10 

Ratio of Lottery 2 / Lottery 1 (for prudent subjects only) 1.08 1.11 0.09 

 
 The majority of subjects were not measured as prudent, with only 17 subjects 

preferring the lottery with the extra zero mean variance added to the upper outcome as 

implied by prudence40

 

. For prudent subjects, the mean difference between the 

certainty equivalent for this lottery and the first lottery was $1.38. These results differ 

from the results found by Tarazona-Gomez (2004) who found that of the 55 percent of 

players that were risk-averse about 60 percent exhibited a prudent behaviour. 

However, Tarazona-Gomez (2004) used choices over much larger payoffs with 

hypothetical returns. The results from the prudence measurement task indicate that it 

would not be reasonable to assume the particular functional forms of utility functions 

that exhibit this property.  

Correlations were used to check the consistency between subjects’ responses 

in the lotteries used to measure prudence against their responses to other measurement 

procedures. Lottery 1 certainty equivalents are significantly correlated with the 

certainty equivalents measured for $8/$0 (r = 0.320, p = 0.014), with risk preferences 

measured by WTA for ambiguous outcomes (r = 0.289, p = 0.022), and with the 

probability equivalence measure of ambiguity-aversion (r = 0.353, p = 0.005). This 

last relationship provides additional evidence that more risk-averse subjects are also 

ambiguity-averse by this measure.  

 

If these relationships are examined only for prudent subjects, there is an even 

stronger relationship in subjects’ relative rankings between responses for Lottery 1 

and the probability equivalence measure of ambiguity-aversion (r = 0.601, p = 0.011). 
                                                 
40 In order to examine the relative rankings of subjects’ preferences it was not necessary to estimate 
parameters for absolute prudence or a prudence premium. It would also be possible to characterize 
decision-makers by properties of the higher-order derivatives of their utility functions, such as 
‘temperance’ (Eeckhoudt et al., 1995). However, intuitive interpretation of such abstractions becomes 
more difficult and there are alternative theoretical treatments of additional kinds of risk that depend on 
assumptions about the types and functional forms of utility functions (e.g., Franke et al., 1998).  
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The degree of prudence for prudent subjects, as measured by the ratio of the certainty 

equivalents for Lottery 1 and Lottery 2, is significantly negatively correlated with this 

measure of ambiguity-aversion (r = -0.588, p = 0.013), suggesting that more prudent 

subjects were also more ambiguity-averse (since a higher ratio indicates a higher 

degree of prudence and a higher probability in the probability equivalence measure 

indicates less ambiguity-averse behaviour). This is interesting since the elicitation 

procedure used to detect prudence involves compound lotteries and some explanations 

of ambiguity-aversion relate the phenomenon to decision-makers who do not reduce 

compound lotteries to simple lotteries (e.g. Halevy, 2007). However, there were no 

significant correlations with the WTA ratio measure of ambiguity-aversion.  

 

The concept of prudence is insufficient in theoretical discussions of the 

tendency to save in the presence of additional incomes and savings risks; in some 

cases, a sufficiently high level of prudence is necessary for a precautionary savings 

motive to dominate (Eeckhoudt et al., 2005).  Instead of measuring additional abstract 

preferences, it is possible to gauge subjects’ relative responses to the relevant types of 

risk using a more contextualised type of decision task. In an experimental setting, 

decisions in a context relevant to the real-world context can be used to see whether the 

general type of behaviour is present, without needing to decide which theoretical 

refinements are more intuitively appealing. Additional context, such as ambiguity, can 

also be added even though it is not covered by those theoretical treatments. 

Importantly, the aim here is not to test these alternative theoretical treatments, but is 

instead to apply an experimental approach to the same type of decision problem that 

motivates this type of theoretical research. This means the experimental study of 

decision-making can parallel recent theoretical developments in decision theory but 

does not necessarily rely on these theoretical constructs for validity.  

 

A contextualised decision was used in the measurement phase of experimental 

sessions to see if a particular kind of preference implied in the theoretical literature 

can be assumed based on the experimental results. Some kinds of background risk are 

important for a broad range of problems in the theoretical literature associated with 

portfolio demand and demand for insurance (e.g., Franke et al., 1998; Weil, 1992; 

Eeckhoudt and Kimball, 1992). A measurement procedure was designed based on a 

similar contextual decision problem to that used in the study of individual decisions 
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and market behaviour in the second phase of the experimental sessions41

 

. 

Furthermore, these decision tasks have the same level of salience used as the other 

measurement questions so they provide an opportunity to compare preferences 

measured in stylised decision tasks with a more contextualised decision frame. 

The decision task asked subjects to decide how much water from separate 

allocations to allocate to a risky Crop C and a risky Crop D. These two decisions 

differed in the amount of water that would actually be available. The water supply for 

the Crop C decision was certain, whereas the water supply for Crop D was uncertain 

and ambiguous. For both decisions, the subject needed to decide how much water to 

allocate to the crop and how much to save for a certain return. This type of decision 

problem was also chosen because of its relevance to the motivating context of the 

study with a focus on trade in uncertain water entitlements. The additional ambiguous 

background risk is of particular interest in the agricultural and environmental arena of 

decision-making. On average, approximately 50 percent of the water was allocated to 

Crops C and D rather than being saved for a certain return, with a little more allocated 

to Crop C than Crop D. However, there was a relatively high variance in subjects’ 

responses, as measured by the standard deviation.  

 

Spearman correlations were used to examine the relationship between the 

rankings of subjects by the stylised measurement tasks and decisions in the 

contextualised measurement task. Firstly, though it is worth noting the significant 

correlation in the ranks of subjects based on their allocations to Crop C and Crop D (r 

= 0.289, p = 0.022). Significant correlations between the ratio of amounts allocated to 

Crop C and Crop D and the amounts allocated to Crop C (r = 0.514, p < 0.001) and 

Crop D (r = -5.33, p < 0.001) reflect an aversion to the additional ambiguous 

background risk in Crop D. Despite the high variance in subjects’ responses in the 

water allocation decisions, there is a significant correlation between certainty 

equivalents for $20/$0 and the amount allocated to Crop C (r = 0.271, p = 0.039) and 

between risk preferences measured by WTA for ambiguous outcomes and the amount 

allocated to Crop C (r = 0.272, p = 0.031).  

 
                                                 
41 The values for Crop C and Crop D here were part of the measurement phase and although similar in 
some respects are not the same as the later individual decisions. 
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Less ambiguity-averse subjects, as measured by the probability equivalence 

measure of ambiguity-aversion, allocated more to Crop D (r = 0.294, p = 0.019). This 

makes sense since Crop D has an additional ambiguous background risk. 

Additionally, the greater the ambiguity-aversion measured by the WTA ratio, the less 

water is allocated to Crop C (r = -0.258, p = 0.041). These relationships are consistent 

with an overall correlation between risk preferences and ambiguity preferences, with 

more ambiguity-averse subjects taking fewer risks. 

 

In summary, the results of the measurement procedures indicate subjects 

exhibit a range of preferences for risk and ambiguous outcomes over the payoff scale 

used in these experiments. They suggest that the advantages of assuming the types of 

decision-maker implied by particular functional forms of utility functions are not large 

when the aim is to rank subjects by their relative preferences as measured over small 

and real payoffs. The heterogeneity in subjects’ preferences appears to be sufficiently 

diverse to motivate trade in the investment units. Overall, the results provide evidence 

that elicitation formats and the contexts of choices affect the relative rankings of 

subjects in support of Hypothesis 3.1.  Figure 6.1 summarises these findings  

 

 

Figure 6-1 Question 3: context and framing – results summary 

 

These results emphasize the importance of not relying on a single 

measurement procedure when the intention is to compare measured preferences with 

other experimental behaviour. In the next section, the results of the procedures that 

Context 
and 
framing 
 

The different elicitation procedures and contexts gave 
different classifications of subjects into the categories 
of risk-averse, risk-neutral, and risk-preferring differed 
between the procedures. 
 
These differences were reflected in comparisons of 
the relative ranking of subjects differed according to 
the context of the preference measurement and the 
elicitation procedure.  
 
For ambiguity preferences, the WTA and Probability 
Equivalent procedures give different relative rankings 
of subjects by ambiguity preferences. 
 
 
 

 
There will be differences in the 
relative ranking of subjects 
according to risk and ambiguity 
preferences measured in different 
contexts and using different 
elicitation procedures. 

H3.1 
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can be used to estimate alternative utility functions or assumptions about alternative 

utility functions are examined. 

 

6.2 Preferences and individual investment decisions 

 

This section examines the ability of markets to eliminate the difference 

between the effects of risk and ambiguity on individual decisions and specifically on 

ambiguity-aversion in individual decisions. Before testing the effect of the market on 

individual decisions the hypothesised role of ambiguity-aversion in the individual 

investment decision is tested. 

 

H2.1: Individuals will invest a greater proportion of their endowments in an 

uncertain investment option when outcomes are unambiguous than when 

outcomes are ambiguous. 

 

If ambiguity-aversion is reflected in the individual decisions then the ability of 

the market interactions to eliminate the effect of ambiguity on individual decisions 

can be tested. 

 

H2.2: Market interactions will reduce ambiguity-aversion in individual 

decisions. 

 

To test these hypotheses a within-subjects approach was used so the potential 

role of experience could be taken into account in the analysis (e.g. Tack and 

Vandebroek, 2004). Panel data methods are increasingly used to model random 

effects from experimental data (e.g. Frechette, 2006). Whilst caution has been advised 

in estimating particular parameters from laboratory experiments (Levitt and List, 

2007), statistical methods that model fixed and random effects and potentially 

correlated error terms can help identify differences between treatment conditions. 

Because the units are traded before the decisions are taken in the market treatment 

individual decisions for subjects who bought, sold or did not trade can also be 

compared. Identifying measurement procedures that are significant predictors of other 

experimental decisions under risk and ambiguity can assist further in the analysis and 

interpretation of experimental results. Subsequently, measured preferences were also 
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related to the individual investment decisions in regression models. Measurements of 

preferences enable the effect of the market on ambiguity-averse subjects to be studied 

in addition to the potential role of the market in reducing the overall effects of 

ambiguity on individual decisions overall. Firstly, the decisions of all subjects were 

compared between the treatment conditions. 

6.2.1 Individual decisions under risk and ambiguity with and without trade  
 

To examine whether the market eliminated or reduced the effects of ambiguity 

on the individual investment decisions it is first necessary to examine the difference 

between risk and ambiguity without the market. Table 6-8 presents the overall means 

and standard deviations of the amounts allocated to the uncertain option for each 

treatment combination. 

Table 6-8 Percentage allocated to the uncertain option 

Treatment Mean Std. dev. 
Ambiguity 67.8 26.7 

Risk 78.0 25.9 
Ambiguity and a market 76.8 28.4 

Risk and a market 85.7 18.8 
Grand mean 73.5 29.8 

 

The grand mean of the percentage allocated to the uncertain option by subjects 

was 73.5 percent with a standard deviation of 29.8 percent. Examining the proportions 

for the treatment combinations separately shows that the proportion of units allocated 

under ambiguity was lowest (67.8 percent), followed by risk (78.0 percent) and then 

ambiguity and a market (76.8 percent), and the highest proportion observed with risk 

and a market (85.7 percent). The statistical regression models used to analyse 

individual decisions examine the effect of the treatments on the behaviour of each 

subject under alternative treatment combinations. The repeated decisions were treated 

as repeated measures in the analysis42

                                                 
42 Fixed and random effects were analysed based on the approach to linear mixed models described by 
West et al. (2006). An autoregressive (order 1) covariance structure was used to model the effect of 
repeated decisions. Alternative covariance structures were compared based on the Akaike Information 
Criterion. 

. The advantage of this approach is that it does 

not assume independent subject effects for each experimental session. To compare 

decisions taken with the market with decisions taken by subjects in isolation the 

different types of trading behaviour were taken into account in the analysis. In any 
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given period in the market, subjects could buy, sell or choose not to trade, so the type 

of trading behaviour was added as a covariate. Table 6-9 presents the results of this 

comparison. 

Table 6-9 A comparison of uncertain investments for all subjects 

Source Num. df Den. df F Sig. 
Intercept 1 29.229 906.846 .000 

Market 1 146.746 2.461 .119 
Information 1 138.595 7.043 .009*** 

Period 4 378.111 2.014 .092* 
Information * Market 1 138.441 .064 .801 

Market * Period  4 378.111 .036 .998 
Information * Period 4 377.984 1.816 .125 

Information * Market * Period 4 377.984 .204 .936 
Trading type 1 753.080 612.253 .000*** 

* significant at α = 0.10; ** significant at α = 0.05; *** significant at α = 0.01 
 

There was a significant effect of the information treatment (p = 0.009). From 

the model, the estimated marginal mean number of units invested in the uncertain 

option under conditions of risk was 78.9 units (std. error = 3.1) compared with 69.1 

units (std. error = 3.1) under conditions of risk. Although there was a significant effect 

of trading period, after Sidak adjustments for multiple comparisons no significant 

differences between trading periods were found. This statistical model is also used to 

test the following hypothesis. 

 

H3.4: Subjects will invest a greater proportion of their endowments in the 

uncertain investment option with trade than without trade. 
 

This hypothesis is tested by examining whether buyers invest more in the 

uncertain option and sellers invest less. From the statistical model, the effect of the 

market treatment was not significant (p = 0.119), indicating that the presence of a 

market by itself did not increase the amount allocated to the uncertain option43

 

.  

Even though the market did not significantly reduce the difference in individual 

decisions between conditions of risk and ambiguity, the type of trading behaviour had 
                                                 
43 This analysis is also supported by a separate comparison of the decisions taken by subjects when 
they did not trade in a market period with the individual decision treatment as a control. The amount 
invested in these decision periods was not significantly different with and without the market (p = 
0.145). The hypothesized interaction between the information treatment and the market treatment was 
also not significant (p = 0.801).  
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a highly significant effect on the quantity allocated to the uncertain option (p < 0.001), 

with buyers allocating significantly more and sellers allocating significantly less to the 

uncertain option. To further examine the consequences of buying and selling between 

conditions of risk and ambiguity, the individual decisions were compared between 

risk and ambiguity separately for the market sessions. Table 6-10 presents a 

comparison of the amount allocated to the uncertain option by buyers. 

Table 6-10 A comparison of uncertain investments by buyers 

Source Num. df Den. df F Sig. 
Intercept 1 8.986 251.919 .000 

Information 1 45.934 4.335 .043** 
Period 4 79.020 1.998 .103 

Information * Period 4 79.044 .501 .735 
* significant at α = 0.10; ** significant at α = 0.05; *** significant at α = 0.01 

 

Buyers allocated significantly more units to the uncertain option under 

conditions of risk than ambiguity (p = 0.043). Under ambiguity, the estimated 

marginal mean number of units allocated to the uncertain option was 116.4 units (std. 

error = 9.8) compared with 140.7 units (std. error = 10.1) under conditions of risk. On 

average, sellers invested 32.4 units (std. error = 5.1) under risk and 24.7 units (std. 

error = 4.8) under ambiguity, although this difference was not significant (p = 0.179). 

A further comparison is afforded by examining the uncertain investments of subjects 

who did not trade in a given market period. These subjects might have bought or sold 

in other periods in the market session so that they might have been trying to buy or 

sell and the presence of the market might have had other influences on their 

behaviour. However, examining their decisions in periods where they did not trade 

provides a comparison of risk and ambiguity separate from the effects of buying or 

selling in that period. 
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Table 6-11 A comparison of uncertain investments by non-traders 

Source Num. df Den. df F Sig. 
Intercept 1 9.229 341.526 .000 

Information 1 41.163 4.538 .039** 
Period 4 65.363 2.620 .043** 

Information * Period 4 64.282 1.234 .305 
* significant at α = 0.10; ** significant at α = 0.05; *** significant at α = 0.01 

 

The estimated margin mean number of units invested in the uncertain option by 

non-trading subjects was 88.0 units (std. error = 5.3) under risk, significantly higher 

than the 72.3 (std. error = 5.8) invested under conditions of ambiguity (p = 0.039). 

There was also a significant effect of period in this model (p = 0.043). Mean 

contributions rose from 70.9 units (std. error = 5.2) in the first period to around 84.5 

units (std. error = 5.8) in the second period although after Sidak adjustments for 

multiple comparisons the analysis did not reveal any significant differences. These 

comparisons between conditions of risk and ambiguity provide evidence that the 

difference between conditions of risk and ambiguity persists in the market treatment. 

The greater amounts invested in the uncertain option by buyers under conditions of 

risk indicates that buying was motivated by a higher preference for the uncertain 

option when probabilities were known. If buyers are motivated to invest more in the 

uncertain option under conditions of risk compared with ambiguity then this might 

accentuate the difference between conditions of risk and ambiguity rather than reduce 

it. The effect of risk and ambiguity can also be examined separately for the individual 

treatment without the complication of market trading, as shown in Table 6-12. 

Table 6-12 A comparison of uncertain investments without markets 

Source Num. df Den. df F Sig. 
Intercept 1 12.532 398.358 .000 

Information 1 74.392 3.396 .069* 
Period 4 171.501 1.492 .207 

Information * Period 4 171.501 1.124 .347 
* significant at α = 0.10; ** significant at α = 0.05; *** significant at α = 0.01 

 

The estimated marginal mean number of units invested in the uncertain option 

under conditions of risk is 75.1 (std. error = 4.4) compared with 65.644 (std. error = 

4.3) and this difference was statistically significant (p = 0.069). This shows that 

subjects invested more under conditions of risk than ambiguity without trade. With 

trade, it appears that buying and selling accentuated the difference between the 
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information treatments, rather than eliminating the difference. The analysis of 

individual decisions without market interactions provides the basis for a comparison 

of the alternative measurement procedures and the individual investment decisions. 

6.2.2 Measured preferences and individual decisions  
 

Measured preferences were compared against individual investment decisions in 

the individual treatments to test the following hypothesis. 

 

H3.2: Different elicitation procedures and different contexts of measurements will 

affect the relationship between measured preferences and individual decisions. 
 

To test this hypothesis, regression equations were estimated for the risk 

treatment and the ambiguity treatment separately using data on individual investment 

decisions to provide a clear comparison of the different measurement procedures 

without the complication of market behaviour. Without the market, contributions to 

the uncertain option can be examined as the proportion of units invested in the 

uncertain option44

 

. Based on these separate analyses, the effect of decision period on 

decisions was significant under conditions of ambiguity (p = 0.010) but not under 

conditions of risk (p = 0.818). Under ambiguity, the mean proportion invested in the 

uncertain option rose significantly from 0.74 (std. error = 0.06) in the first period to 

0.82 (std. error = 0.06) in the second period. This adds evidence to the relationship 

between early trading behaviour and ambiguity effects. 

Table 6-13 displays the results of the analyses comparing the different 

measurement procedures as alternative predictors of individual investment decisions 

under conditions of risk and ambiguity. 

                                                 
44 Analysing the investments as a proportion takes into account the fact that subjects cannot invest more 
than 100 units in the uncertain option. Prior to analysis, the proportions were transformed for analysis 
using an arcsine transformation to approximate a normal distribution. The presence of buying and 
selling in the market was the reason why the number of units was compared. With trade the quantity, 
buyers and sellers have available for the investment decision changes (e.g. a seller with a reduced 
quantity might still allocate 10 units out of 15 units but this is a much higher proportion than 10 units 
out of 100 units). 
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Table 6-13 Comparison of measured preferences with individual investment decisions 

 Risk Ambiguity 

Measure β Std. 
error 

Wald  
statistic Sig.  β Std. 

error 
Wald  

statistic Sig. 

Paired lotteries (gains) -.002 .0275 .005 .945 -.009 .0647 .019 .891 

Paired lotteries (losses) .039 .0515 .572 .449 -.018 .0581 .096 .756 

CE (gains, $20/$0) .025 .0168 2.252 .133 .003 .0227 .023 .879 

CE (losses, $20/$0) .034 .0253 1.811 .178 -.005 .0193 .065 .799 

CE (gains, $8/$0) .039 .0494 .610 .435 -.038 .0515 .542 .462 

WTA (risk, $20/$0) .028 .0140 4.078 .043** -.010 .0147 .468 .494 

WTA (ambiguity, 20/$0) .026 .0119 4.832 .028** .001 .0127 .005 .943 

WTA ratio (risk / ambiguity) -.060 .1318 .206 .650 -.308 .1243 6.140 .013** 

Prob. Equiv. (ambiguity) .012 .0076 2.379 .123 .013 .0084 2.293 .130 

Crop C .004 .0028 2.361 .124 .005 .0025 3.516 .061* 

Crop D .002 .0022 1.092 .296 .002 .0024 .868 .352 

Ratio (Crop C / Crop D) -.017 .0109 2.539 .111 -.020 .0090 4.687 .030** 

* significant at α = 0.10; ** significant at α = 0.05; *** significant at α = 0.01 
 

These results enable a comparison of the different measurement procedures in 

terms of the relationship between the various procedures and the individual decisions 

within the different contexts of risk and ambiguity. Under conditions of risk, the WTA 

values for the unambiguous lottery is significantly related to the individual investment 

decisions (Wald-statistic = 4.078, p = 0.043). The WTA values for the ambiguous 

lottery are also significantly related (Wald-statistic = 4.832, p = 0.028). This is 

interesting because under conditions of ambiguity, ambiguity-aversion measured by 

the WTA ratio was also a significant predictor of the individual investment decisions 

(Wald-statistic = 4.832, p = 0.028), with more ambiguity-averse or less ambiguity-

preferring subjects investing less in the uncertain investment option. These results 

provide strong evidence in support of the WTA measurement procedure as suitable 

for comparison with other experimental decisions, in comparison with any of the other 

procedures. 

 

Notably, the contextualised decisions were not a significant predictor except 

for the ratio of the amounts allocated to Crop C and Crop D under conditions of 

ambiguity (Wald statistic = 4.687, p = 0.030). This measure is related to an aversion 

to the additional ambiguous background risk in Crop D that is not present in the Crop 
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C decision. Additionally, from a separate analysis for the thirteen prudent subjects 

who participated in the individual decisions treatment separate from the market, it 

appears that for these subjects their degree of prudence indexed by the ratio of the 

certainty equivalent for Lottery 2 to Lottery 1 was a significant predictor of individual 

investment decisions under conditions of risk (β = -3.260, Wald statistic = 1.3687, p = 

0.017) and ambiguity (β = -2.071, Wald statistic = 9.808, p = 0.002). 

 

Overall, the measurement results suggest that measuring subjects’ preferences 

in decision-making only in the context of risky outcomes is inappropriate if other 

experimental decisions are taken in the context of ambiguity. These results also 

suggest that the paired lottery choice procedures were not well related to individual 

investment decisions. The WTA ratio measure of ambiguity-aversion also appears to 

be better related to actual behaviour than the probability equivalent measure of 

ambiguity preference. 

 

The following diagrams summarise the results regarding Question 3, the 

relationship between measured preferences, individual decisions and market outcomes 

and Question 2, whether ambiguity-aversion is eliminated by the market. Figure 6-2 

summarizes the results regarding the effects of context and framing on the 

relationship between measured preferences and the individual investment decisions. 
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Figure 6-2 Question 3: context and framing – results summary 

 

Figure 6-3 summarises the results relating risk and ambiguity preferences to 

the individual investment decisions with and without trade.  

 

 
 
 

Figure 6-3 Question 3: individual decisions – results summary 

 

Context 
and 
framing 
 

Few of the different elicitation procedures were 
significantly related to the individual decisions and 
these relationships depended on the context of risk or 
ambiguity. 
 
Under risk, the relative ranking of subjects’ 
preferences were significantly related to the proportion 
allocated to the uncertain investment option as 
measured by the WTA procedures with a known and 
unknown probability.  
 
Under ambiguity, ambiguity preferences measured by 
the ratio of these WTA responses were significantly 
related. The contextualised Crop C decision and the 
ratio of allocations to Crop C and D were also 
significantly related. 
 
 
 

 
Different elicitation procedures and 
different contexts of measurements 
will affect the relationship between 
measured preferences and 
individual decisions. 
 

H3.2 
 

Individual 
decisions 

The presence of the market did not by itself increase 
the amount allocated to the uncertain option. 
However, the type of trading behaviour had a 
significant effect on allocations i.e. buyers allocated 
significantly more to the uncertain investment option. 

Under conditions of risk, the relative ranking of 
subjects as measured by the WTA procedures with a 
known and unknown probability were significantly 
related to the proportion invested in the uncertain 
investment option. 
 
Under conditions of ambiguity, the relative ranking of 
subjects as measured by the WTA ratio measure of 
ambiguity preferences was significantly related to the 
proportion invested in the uncertain investment option. 
 
Under conditions of ambiguity, the contextualised Crop 
C decision and the contextualised Crop C/Crop D ratio 
measure of aversion to ambiguous background risk 
were also significantly related to the proportion 
invested in the uncertain investment option. 
 
 
 
 
 
 

 
Subjects will invest a greater 
proportion of their endowments. In 
the uncertain investment option 
with trade than without trade. 
 

H3.4 
 

 
The amount individuals invest in 
the uncertain option will be related 
to their measured risk and/or 
ambiguity preferences. 
 

H3.5 
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Figure 6-4 summarises the results regarding the effect of ambiguity on 

individual decisions and whether the market reduces ambiguity-aversion in individual 

decisions. 

 

Figure 6-4 Question 2: individual decisions – results summary 

 

 Evidence was found that the effect of ambiguity on individual decisions was 

not eliminated or significantly reduced by market interactions. The next section 

examines the relationship between measured risk and ambiguity preferences and the 

direction of trade in the ten-person double auction markets. 

 

6.3 Preferences and the direction of trade 

 

The ten-person experimental markets were designed so that measured 

preferences could be compared with the observed direction of trade between sellers 

and buyers in a double auction market. No additional supply and demand schedules 

were induced other than the binary lottery payoff of each investment unit of either 8 

cents or 0 cents. The outcome of an individual subject’s investment in the uncertain 

option was determined conjointly so that an investment of 100 units would pay either 

$8 or $0. This means that if measurements of subjects’ risk preferences are accurate, 

subjects who are relatively less risk-averse or more risk-preferring will buy the 

investment units from subjects who are relatively more risk-averse or less-risk-

preferring. Measured preferences can therefore be compared with the measured 

preferences of traders in the double auction markets. In particular, the observed 

Individual 
decisions 

There was a greater investment in the uncertain option 
under conditions of risk compared with conditions of 
ambiguity, with and without trade. 
 
 

The hypothesized interaction between the market 
treatment and the information treatment was not 
statistically significant.  
 
 
 
 

 
Individuals will invest a greater 
proportion of their endowments in 
an uncertain investment option 
when outcomes are unambiguous 
than when outcomes are 
ambiguous. 
 

H2.1 
 

 
Market interactions will reduce 
ambiguity-aversion in individual 
decisions. 
 

H2.2 
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direction of trade can be compared with the relative preferences of the traders. This 

section presents the results used to test the following hypotheses. 

 

H3.3: Different elicitation procedures and different contexts of measurements will 

affect the observed relationship between measured preferences and market 

behaviour. 
 

H3.6: Trade will be observed in the direction from subjects with lower preferences 

for an uncertain outcome to subjects with higher preferences for this outcome. 

 
H3.7: Observed trade is consistent with measurements of risk and/or ambiguity 

preferences. 

 
H3.8: Ambiguity preferences will be more strongly associated with the direction of 

trade than risk preferences (in the ten-person markets). 
 

These hypotheses are tested by comparing preferences measured using different 

elicitation procedures and in different contexts with the direction of trade, comparing 

this relationship between the contexts of risk and ambiguity and comparing the 

strength of the association between risk and ambiguity preferences in these different 

contexts.  

 

Table 6-14 shows, for each measurement procedure under risk and ambiguity, 

the proportion of trades that were anticipated rightly by each measurement procedure, 

in the direction from seller to buyer consistent with observed trades, and the 

proportion of trades wrongly anticipated in the opposite direction to observed trades 

by the measurement procedures. 
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Table 6-14 Percentages of observed trades in the directions consistent with measured preferences 
under risk and ambiguity 

 Risk Ambiguity 

Measure Right (%) Wrong 
(%) Sig. Right (%) Wrong (%) Sig. 

Paired lotteries (gains) 27 19 .207 27 35 .163 

Paired lotteries(losses) 27 9 .001*** 32 21 .054* 

CE (gains, $20/$0) 16 19 .665 36 19 .003*** 

CE (losses, $20/$0) 53 26 .001*** 56 30 .000*** 

CE (gains, $8/$0) 17 41 .000*** 46 20 .000*** 

WTA (risk, $20/$0) 73 21 .000*** 54 41 .071* 

WTA (ambiguity,$20/$0) 75 24 .000*** 53 43 .157 

WTA ratio 36 51 .080* 66 28 .000*** 

Prob. Equiv. (ambiguity) 56 42 .118 39 48 .207 

Crop C 55 45 .323 56 44 .111 

Crop D 66 34 .000*** 55 45 .237 

Ratio (Crop C / Crop D) 57 43 .110 52 48 .695 

* significant at α = 0.10; ** significant at α = 0.05; *** significant at α = 0.01 
 

Binomial tests were used to test whether the number of trades consistent with 

each measurement was greater than the number that was inconsistent. If a 

measurement procedure is to be at all useful for analysing market behaviour it must be 

able to pass this relatively weak statistical test. Firstly, it should be noted that more 

measurements procedures are significantly related to the direction of trade than were 

significant predictors of the individual investment decisions. For this statistical 

analysis, it is assumed that if the direction of trade is independent of measured 

preferences, measurements are equally likely to be right or wrong by chance alone, 

with the data on trades where preferences had been measured as the same and the 

excluded cases of subject error not used in this analysis so that percentages do not 

necessarily add to 100 percent. As discussed earlier, identifying subjects who have 

misunderstood a measurement procedure is potentially an advantage if erroneous 

responses can then be excluded from further analysis.  

 

If two subjects had the same response to a measurement procedure this is not 

counted as either right or wrong for this statistical analysis. If there is a trade between 

two subjects measured as having the same preference then this is technically wrong, 

since subjects with the same preference would not be anticipated to trade. Here the 
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‘wrong direction’ is defined as opposite to the direction implied by the observed 

direction of trade. However, this is less likely for procedures that better distinguish 

between degrees of preference. Compared with procedures that identify different 

subjects as having the same preference, procedures that distinguish between finer 

scales in preferences provide data better suited to statistical correlations and further 

analyses.  

 

It is central to the experiment design that it is the same risks and uncertainties 

driving the individual investment decisions that drive the direction of trade in the 

experimental markets, since trade is motivated by differences in subjects’ preferences 

for the uncertain investment option in the individual decision. More procedures may 

give significant results because of the greater sample size represented by a higher 

number of trades observed compared with the five investment decisions per subject. 

However, there are possibly additional risks and uncertainties affecting behaviour in 

the market context. For example, risk preferences may play a more immediate role in 

motivating trade, even in the context of ambiguity where only the WTA ratio 

measurement of ambiguity preferences significantly predicted individual decisions.  

 

Under conditions of ambiguity, the measures that are significantly related to the 

direction of trade include the certainty equivalents measured for a potential gain of 

$20 (p = .003), for a potential gain of $8 (p < 0.001) and for a potential loss of $20 (p 

< 0.001). Importantly the WTA ratio of ambiguity-aversion was significantly related 

to the direction of trade (p < 0.001), whereas the probability equivalence measure was 

not. It is interesting that the certainty equivalent for a potential $20 loss was 

significant since this measure was not a significant predictor of individual decisions. 

Under conditions of risk, the significant measures include the paired lotteries over 

potential losses (p = 0.001) and certainty equivalents measured over a potential $20 

loss (p = 0.001). This finding, in addition to the significance of this certainty 

equivalent measure under ambiguity, suggests an important role for risk preferences 

over potential losses for driving trade. Whereas neither of these measures was 

significantly related to the individual decisions, these procedures are both 

significantly related to the direction of trade here. This makes sense, since when 

investment units are bought by subjects, they risk losing the amount they paid if the 

lottery that determines the payoff from the uncertain option is unsuccessful. 
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The WTA values for risk preferences measured over ambiguous and 

unambiguous outcomes were the only procedures that significantly predicted the 

individual decisions under conditions of risk. Here, both these procedures are also 

found to be significantly related to the direction of trade (risk, p < 0.001; ambiguity, p 

< 0.001). This supports the potential usefulness of this procedure for more routine use, 

since the ratio of these values was also significantly related to the direction of trade 

under ambiguity. The WTA measurements predicted the highest proportion in the 

right direction, with 73 percent right when measured with unambiguous outcomes and 

75 percent right when measured with ambiguous outcomes and 66 percent of trades 

under conditions of ambiguity. It is also worth pointing out that this measure of 

ambiguity-aversion is not significantly related to trade under conditions of risk.  

 

This observation, together with the strong relationship between ambiguity 

preferences and individual decisions and with the direction of trade, are not only 

important because of the relevance of preferences measured using the WTA 

procedure. This also provides the strongest evidence to date for the effect of 

ambiguity preferences on market behaviour. Not only do markets not eliminate 

ambiguity-aversion in individual decisions, it appears that differences in ambiguity 

preferences are a major driver of trade in these experimental asset markets. This 

supports Camerer’s (1999) suggestion that ambiguity preferences might actually be 

more relevant to market behaviour than risk attitudes. If real markets are characterized 

by ambiguity as suggested by Knight (1921) then the evidence found here regarding 

the role of ambiguity preferences for driving trade under these conditions provides 

strong evidence for this idea. 

 

The WTA procedures were also compared directly against the paired lottery 

choice procedures in terms of the proportion of trades predicted correctly or 

incorrectly and the proportion of trades that were observed even though preferences 

were measured as identical. Under risk, the paired lottery over potential gains was 

found to be significantly more likely to have measured traders’ preferences as the 

same than either WTA estimate (p < 0.01). Although under conditions of risk, the 

paired lottery choice procedure over losses was significantly related to trade, under 

conditions of ambiguity, both paired lottery choice procedures are significantly more 
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likely to have measured traders’ preferences as the same than either WTA estimate (p 

< 0.01). This provides additional evidence in favour of the WTA procedures over the 

paired lottery choice procedures when the aim is to compare measured preferences 

with market behaviour. The paired lottery choice procedures used do not distinguish 

between sufficient degrees of preference to provide data useful for these kinds of test. 

 

Of the two crop choices, only the contextualised decision over Crop D was 

significantly related to trade under conditions of risk (p < 0.001). This makes sense 

because of the observed significance of ambiguity preferences in the ambiguity 

treatment. Of the two contextualised choices the Crop D decision has the greater level 

of risk and this may distinguish better between subjects’ in terms of their degree of 

preference. Although this procedure is not useful for classifying subjects according to 

their risk preferences, it does measure preferences in a similar context to the 

uncertainty that drives trade. 

 

Under risk, there is an anomalous finding, with certainty equivalents measured 

over a potential $8 gain significantly related to trade (p < 0.001). One factor that 

might explain this anomaly is the observation that a significant proportion of these 

subjects were risk-averse over potential gains and risk-preferring over potential losses, 

as described by prospect theory. It is possible that because risk preferences over 

potential losses are a major driver of trade, with 53 percent of trades consistent with 

these preferences, subjects who are risk-preferring over potential losses are also risk-

averse for the $8/$0 lottery. Notably, although not statistically significant, the 

certainty equivalents for the $20/$0 lottery are also inconsistent with the direction of 

trade under risk. Under ambiguity, where ambiguity preferences appear to be a strong 

driver of trade, a correlation between ambiguity and risk preferences would explain 

why the same pattern is not also observed. Future research could examine the role of 

loss aversion and this reflection effect in explaining trade.  

 

Additionally, the finding that risk preferences over potential losses were 

important in the market context but not in the individual decisions context can be  

related to recent research by Braga et al. (2009). Braga et al. (2009) found that some 

preference reversals were eliminated by market experience, but were replaced by a 

non-standard variety of reversals. If preferences measured in the different context of 
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losses become important in markets and there is a reflection effect as described by 

prospect theory, then this observation may provide some insight into their findings 

based on the importance of context in measuring preferences. The present study 

provides strong evidence for the importance of risk preferences measured over 

potential losses for understanding market behaviour. 

6.3.1 Ellsberg Urns as individual investment decision 
 

Additional experiments were conducted with a modified individual investment 

decision to further test the relationship between ambiguity-aversion and trade. Instead 

of a choice between certain and uncertain options, this new investment decision 

presented subjects with a choice between a risky and an ambiguous option based on 

the Ellsberg Urns. In this design, a decision-maker who is ambiguity-neutral will 

allocate equal amounts to both options to diversify their risk. In contrast, ambiguity-

aversion will lead a decision-maker to allocate less to the ambiguous option. Table 6-

15 presents summary statistics of the market outcomes from this design. 

Table 6-15 Summary statistics for risky versus ambiguous investment options (prices in cents) 

Variable Value Std. dev. 

Median price 226.10 10.36 

Mean price 233.71 15.03 

Intra-period std. dev 35.82 52.28 

Total quantity 149.40 26.77 

Number of trades 6.20 3.11 

 

 Trade was observed in this design with mean and median prices slightly above 

the expected value of the investment units. Table 6-16 presents the comparison of the 

individual investment decisions with and without the market.  

Table 6-16 The proportion allocated to the ambiguous option with and without a market 

Variable Without market With market 
Mean proportion .44 .54 

Mean proportion – std. dev. .21 .16 

 

These results imply that even if the final decisions taken by subjects after 

market interactions sometimes reflect less ambiguity-aversion, ambiguity-aversion 

might still be necessary to explain the direction of trade. If trade occurs between 

sellers who are more ambiguity-averse and buyers who are less ambiguity-averse then 
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buyers will allocate more equal numbers of units to the risky and ambiguous options 

to diversify their risk. This leads to greater amounts allocated to the ambiguous 

option. These results suggest that whilst the final allocations with the market do not 

exhibit the effects of ambiguity-aversion as much as the individual session. However, 

the observation that the allocation with the market does not appear to reflect as much 

ambiguity-aversion may be because the less ambiguity-averse subjects have bought 

the investment units from the more ambiguity-averse. Thus, the effect of ambiguity on 

individual decisions can still be essential for understanding the observed trade in this 

environment even if final outcomes do not exhibit ambiguity-aversion on average. 

 

In summary, this analysis has found that risk preferences measured over 

potential losses are significantly related to the direction of trade in the double auctions 

for both conditions of risk and ambiguity, even though they were not significant 

predictors of the individual investment decisions. This suggests that additional risk 

factors play a role in market behaviour that did not affect individual decisions. 

Additionally, the analysis suggests a greater role for ambiguity-aversion under 

ambiguity. Whilst the WTA ratio was not significantly related to the direction of trade 

under conditions of risk, it appears to be a major driver of trade under conditions of 

ambiguity. These results further highlight the importance of measuring preferences in 

contexts appropriate to other experimental decisions. 

 

Previous studies have had limited success relating measured preferences to 

experimental market behaviour (e.g., Ang and Schwarz, 1985; Fellner and 

Maciejovsky, 2007).  Ang and Schwarz (1985) relied on very limited measurements 

to divide their subject pool into two groups based on the degree of preferences. 

However, by comparing a selection of procedures, the present study has related 

measured preferences to the direction of trade in double auction markets designed for 

this purpose. These findings indicate which measurement procedures may be most 

useful for future research. To demonstrate the potential of these experimental 

methods, the next section examines how a better understanding of the role of risk-

preferring behaviour in experimental asset markets can assist the experimental study 

of market phenomena such as price bubbles. 
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6.3.2 Risk-preferring subjects and market behaviour 
 

If subjects are assumed to be risk-neutral or risk-averse, some trading in asset 

market experiments might be interpreted as part of a price bubble or even as irrational 

behaviour. For example, if subjects are assumed to be risk-neutral in the market 

design used by Smith et al. (1988) then behaviour might be explained based on a lack 

of common knowledge of rationality or even actual irrationality (Lei et al., 2001). 

Although, traders in these markets also failed to adjust to diminishing dividends over 

time, other experiments have also observed trade with uniform dividend payoffs and 

thereby relied on endogenous differences in subjects’ preferences and expectations to 

motivate trade (e.g. Lundholm, 1991). Of course, there are likely to be other 

differences between subjects that will affect trade (Sunder, 1995). However, the 

present data can be used to examine the relative role of risk-preferring behaviour in 

motivating trade. 

 

The results of several of the measurement procedures suggest that a relatively 

large proportion of subjects were risk-preferring compared with previous risk 

preference studies (see Table 6-2). However, some procedures that have related 

measured preferences to market behaviour in the past have not been able to measure 

risk-preferring behaviour. For example, the lottery choice procedure related to market 

behaviour by Fellner and Maciejovsky (2007) only distinguished between risk-

neutrality and risk-aversion. The data on transactions and subjects’ preferences can be 

used to test whether risk-preferring traders are more likely to be the buyer in a 

transaction than traders with other risk-preferences. For all trades, this data can be 

used to examine the relative importance of risk-preferring subjects for motivating 

trade. For trades with prices over the expected value, the relative importance of risk-

preferring behaviour in buying can be compared with its role in other transactions. 

Firstly, however, the data on all market transactions is used to see whether buyers are 

more likely to be risk-preferring overall.  

 

To examine the relative importance of risk-preferring behaviour for trade in 

these experimental asset markets, the proportion of risk-preferring traders who were 

the buyers in a trade in the double auction was compared with the proportion of 
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traders who were not risk-preferring and were the buyers in a transaction. Table 6-17 

displays the results of this analysis for risk and ambiguity. 

Table 6-17 Percentages of risk-preferring traders who were the buyer in a transaction compared 
with the same percentages for non-risk-preferring traders45

 

 

Risk Ambiguity 

Measure % of risk-preferring 
traders as buyer 

% of not risk-
preferring traders as 

buyer 

% of risk-preferring 
traders as buyer 

% of not risk-
preferring traders as 

buyer 

Paired lotteries (gains) 44.8 52.5 57.1*** 41.1 

Paired lotteries(losses) 67.1*** 42.9 55.1* 45.9 

CE (gains, $20/$0) 53.1 48.3 64.2*** 44.4 

CE (losses, $20/$0) 58.7*** 38.3 55.7*** 41.0 

CE (gains, $8/$0) 35.0 58.8*** 57.7** 46.2 

WTA (risk, $20/$0) 62.2*** 43.9 54.5* 45.5 

WTA (ambiguity,$20/$0) 57.8*** 44.7 60.2*** 40.9 

WTA ratio 57.0 46.7 65.0*** 42.6 

Prob. Equiv. (ambiguity) 37.9 53.3* 55.6 48.7 

Ratio (Crop C / Crop D) 52.1 49.2 45.2 53.9* 

* significant at α = 0.10; ** significant at α = 0.05; *** significant at α = 0.01 
 

 On average, about 60 percent of risk-preferring traders were the buyer in a 

transaction. The likelihood that a risk-preferring trader would be the buyer in a 

transaction compared with the likelihood a trader with any other preference would be 

the buyer was compared using z-tests on proportions. This provides an indication of 

the relative importance of risk-preferring subjects in driving trade compared with the 

role of differences in subjects’ degree of risk-aversion. Overall, the likelihood that a 

risk-preferring trader will be the buyer in a transaction is greater than the chance a 

non-risk-preferring trader will be the buyer in a transaction. Under risk, more risk-

preferring traders are buyers as measured by the paired lottery choices over losses (p 

< 0.01), the certainty equivalents for losses (p < 0.01), and WTA measurements for 

risk (p < 0.01) and for ambiguity (p < 0.01). Risk-preferring subjects were 

significantly more likely to be the buyer in any given transaction. 

 

                                                 
45 For simplicity, the category of ‘risk-preferring’ is used here to include ‘ambiguity-preferring’ as 
measured by the WTA ratio and the Probability Equivalence measure. Responses to Crop C and Crop 
D individually do not provide a classification of risk-preferring, risk- neutral, or risk-averse and are not 
included in this table. 
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The preferences measured by the certainty equivalent for the $8/$0 lottery 

suggest that more non-risk-preferring traders are buyers than risk-preferring traders. 

However, this procedure was significantly inconsistent with the direction of trade and 

appears to be anomalous, as discussed previously. The probability equivalence 

measure of ambiguity-aversion also provides a contrary result. As discussed earlier, 

these results might be explained by correlations between these measurements or a 

reflection effect, when it is preferences over potential losses that appear to motivate 

trade. However, it seems reasonable to pay more attention to measures that were 

significantly consistent with the direction of trade, and these measures indicate that 

risk-preferring traders were more likely to be the buyer. 

 

Under ambiguity, more risk-preferring traders are buyers as measured by the 

paired lotteries over gains (p < 0.01), the certainty equivalents for the $20/$0 lottery 

(p < 0.01), the certainty equivalents for losses (p < 0.01), the certainty equivalent for 

the $8/$0 lottery (p < 0.05), and the WTA for a lottery with an ambiguous outcome (p 

< 0.01). Importantly, under ambiguity, the WTA ratio measure of ambiguity-aversion 

also suggests that a greater proportion of ambiguity-preferring subjects were buyers 

than traders with other types of ambiguity-preference (p < 0.01). Once again, this 

measure appears to identify subjects with the kind of preference that is motivating 

trade over ambiguous assets and the probability equivalence measure does not. 

 

In summary, a significantly higher proportion of risk-preferring and 

ambiguity-preferring traders are the buyer in a transaction than the proportion of 

traders with other kinds of preference. Although further research would be needed 

with risk-preferring subjects excluded from the markets to examine the prevalence of 

trade between subjects with varying degrees of risk-aversion or risk-aversion and risk-

neutrality, these results indicate that risk-preferring subjects were an important factor 

driving trade in these experimental markets. Whereas the earlier comparison of risk 

preferences with the direction of trade indicated that risk preferences over potential 

losses is important, this analysis suggests further, that it is risk-preferring behaviour 

over losses that causes this. It may be that measuring preferences focuses a subject’s 

attention but it is consistent with the observation that significant proportion of 

subjects who were risk-preferring over losses was also risk-averse over gains. These 

results further highlight the importance of measuring preferences over potential losses 
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and for procedures that can detect risk-preferring behaviour as well as other 

preference types. 

6.3.3 Risk-preferring subjects and price bubbles 
 

In the risk treatment 46 trades with prices greater than the expected value were 

observed compared with 17 under conditions of ambiguity. This provides better data 

for comparisons within the risk treatment. In the risk treatment, the probability of 

outcomes, and therefore the size of the risk being taken by buyers, is precisely known. 

A buyer who is risk-preferring will be willing to pay more than the expected value of 

an asset without behaving inconsistently. However, if traders’ preferences had not 

been measured this same observation might have suggested a role for price bubbles. 

Although it is possible prices may generate their own momentum (Ricciardi and 

Simon, 2000), risk-preferring behaviour may still play a greater role than has been 

previously assumed. The role of risk-preferring behaviour is examined here to 

demonstrate how more accurate measurements of preferences may help future 

research into such market phenomena.  

 

To examine the relative importance of risk-preferring behaviour in trades with 

prices greater than the expected value, the relative proportion of the buyers in these 

transactions who were classified as risk-preferring was compared with the proportion 

of buyers who were classified as risk-preferring when prices were equal to, or below, 

the expected value. The results presented above suggest that risk-preferring behaviour 

was important in these experimental asset markets for driving trade. This analysis 

aims to test whether risk-preferring behaviour was even more important when prices 

were above the expected value than at other times. Table 6-18 presents the percentage 

of risk preferring subjects who were buyers when prices are over the expected value 

compared with the percentages of buyers who were risk preferring at other times. 
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Table 6-18 Percentages of risk-preferring subjects who were buyers when prices are over the 
expected value compared with the percentages of buyers who were risk-preferring at other times 

 Risk 

Measure 
% of buyers who were  

risk-preferring when the 
price was above the 

 expected value 

% of buyers who were  
risk-preferring when the 
price was not above the 

expected value 

Paired lotteries (gains) 23.9 31.5 

Paired lotteries(losses) 50.0* 33.7 

CE (gains, $20/$0) 45.7*** 10.1 

CE (losses, $20/$0) 58.7 71.9 

CE (gains, $8/$0) 39.1** 19.1 

WTA (risk, $20/$0) 54.3** 34.8 

WTA (ambiguity,$20/$0) 73.9*** 32.6 

WTA ratio 67.4*** 20.2 

Prob. Equiv. (ambiguity) 28.3*** 10.1 

Ratio (Crop C / Crop D) 15.4 28.7 

* significant at α = 0.10; ** significant at α = 0.05; *** significant at α = 0.01 
 

Significantly more of the buyers were risk-preferring when prices were above 

the expected value than at other times as measured by the certainty equivalents for 

$20/$0 (p < 0.01), certainty equivalents for $8/$0 (p < 0.05), and WTA for 

unambiguous outcomes (p <0.05) and ambiguous outcomes (p < 0.01). Even under 

conditions of risk, 67.4 percent of buyers were ambiguity-preferring as measured by 

the WTA ratio measure (p < 0.01). The probability equivalence measure of 

ambiguity-aversion also indicates a significantly higher proportion of buyers were 

ambiguity-preferring (p < 0.01). Of these measures, the WTA for unambiguous 

outcomes and the WTA for ambiguous outcomes were also significantly related to 

trade. The certainty equivalent for losses was highly related to the direction of trade 

overall yet a smaller proportion of buyers were risk-preferring by this measure when 

the price was greater than the expected value. It may be that risk-preferring behaviour 

over potential losses is particularly important for driving trade even when the price is 

less than the expected value anyway (71.9 percent of buyers), or alternatively, that the 

kind of risk-preferring behaviour measured by other procedures is more important for 

this kind of risk-taking at high prices.  
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Overall, these results suggest that trades with prices above the expected value 

may well be consistent with measured preferences and perhaps do not require a 

further explanation as price bubbles. However, further research would be needed to 

determine the relative importance of risk-preferring behaviour and other factors for 

explaining such market phenomenon. For example, since 67.4 percent of buyers were 

ambiguity-preferring as measured by the WTA ratio of ambiguity preferences, 

ambiguity preferences also seem to drive people to trade at these high prices. 

However, since ambiguity preferences do not seem as relevant under risk, this 

observation may be the result of some unmeasured characteristic of subjects that is 

correlated with ambiguity-preferring behaviour.  

 

Without these comparisons with market behaviour, it would seem that the 

proportion of risk-preferring subjects observed was relatively large compared with 

some findings (e.g. Harrison and Rutström, 2008). However, observed trades are 

consistent with a relatively large minority of risk-preferring traders. It is possible that 

if the multiple measurement tasks reduce the salience of individual choices, this might 

lead to a greater proportion of subjects measured as risk-preferring compared with 

studies using one or two procedures. Additionally, different procedures may well 

result in differences in risk perceptions as well as preferences (e.g. Weber, 2003). In 

summary, risk-preferring behaviour appears to be an important factor driving trade in 

these experimental asset markets and may be even more important for understanding 

trades with prices over the expected value.  

 

To conclude this section, the results regarding context and framing, the 

direction of trade, and the effect of ambiguity-aversion on market outcomes are 

summarised in turn. Figure 6-5 presents a summary of the results regarding the effects 

of context and framing on the relationship between measured preferences and market 

behaviour. 
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Figure 6-5 Question 3: context and framing - results summary 

 

Different elicitation procedures and context affected the relationships between 

measured preferences and market outcomes. Figure 6-6 presents a summary of the 

results comparing preferences measured in different contexts and using different 

elicitation procedures to the observed direction of trade under conditions of risk and 

ambiguity. 

 

 

 

 

Context 
and 
framing 
 

The different contexts and elicitation procedures used 
to measure risk and ambiguity preferences affected 
the observed relationships with the direction of trade in 
the double auction markets. 
 
Under risk, the paired lottery choices over potential 
losses, the certainty equivalent choices over potential 
losses, the WTA measured using the BDM procedure 
with known and unknown probabilities, and the 
contextualised decision with ambiguous background 
risk were all consistent with the observed direction of 
trade. 
 
Under ambiguity, the aired lottery choices over 
potential losses, the certainty equivalent choices over 
potential gains ($20/$0 and $8/$0) and losses, the 
WTA with a known probability and the WTA ratio 
measure of ambiguity preferences were all consistent 
with the observed direction of trade. 
 
Other procedures were not significantly related to 
trade or were significantly related to trade at a lower 
confidence limit in the opposite direction.  

 
Different elicitation procedures and 
different contexts of measurements 
will affect the observed relationship 
between measured preferences 
and market behaviour. 
 

H3.3 
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Figure 6-6 Question 3: direction of trade - results summary 

 

In summary, evidence was found in support of Hypothesis 3.6, that trade 

would be observed in a direction consistent with preferences for the uncertain 

investment option. Evidence was also found in support of Hypothesis 3.7 that the 

direction of trade would be related to measured risk and/or ambiguity preferences. 

The relationship did depend on the context of risk and ambiguity. Mixed evidence 

was found in support of Hypothesis 3.8. Whilst, ambiguity preferences measured by 

the WTA ratio were strongly related to the direction of trade under conditions of 

ambiguity, these measurements were not significantly related to the direction of trade 

under conditions of risk. Instead, measured risk preferences were more strongly 

related to the direction of trade under these conditions. Notably, risk preferences 

Direction 
of trade 

Risk-averse subjects were more likely to sell to less 
risk-averse or more risk-preferring subjects. Under 
ambiguity, ambiguity-averse subjects were more likely 
to sell to less ambiguity-averse or more ambiguity-
preferring subjects. 
 

Risk preferences measured by various elicitation 
procedures were significantly related to the direction of 
trade under conditions of both risk and ambiguity. 
 
Under risk, the WTA (risk) and WTA (ambiguity) 
measurements were consistent with the direction of 
73% and 75% of observed trades, respectively. 
 
Ambiguity preferences measured by the WTA ratio 
were not significantly related to the direction of trade 
under conditions of risk but were strongly related to 
the direction of trade under conditions of ambiguity. 
 
Under ambiguity, the WTA ratio measure was 
consistent with the direction of 66% of all trades. 
 
A more even proportion of investment units was 
allocated to the ambiguous option with trade than 
without trade (in the modified design with Ellsberg 
Urns as the investment decision and diversification). 
 
 
 
 
 
 

 
Trade will be observed in the 
direction from subjects with lower 
preferences for an uncertain 
outcome to subjects with higher 
preferences for this outcome. 

H3.6 

 
Observed trade is consistent with 
measurements of risk and/or 
ambiguity preferences. 

Under conditions of ambiguity, ambiguity preferences 
measured by the WTA ratio were consistent with the 
greatest proportion of observed trades.  
 
However, under conditions of risk, ambiguity 
preferences measured by the WTA ratio and the 
Probability Equivalence procedure were not 
significantly related to the direction of trade.  
 

 
Ambiguity preferences will be more 
strongly associated with the direction 
of trade than risk preferences. 

H3.8 

H3.7 



 212 

measured using the BDM procedure and also measured over potential losses were 

most strongly related to the direction of trade under conditions of risk. These results 

also provided evidence relevant to the second research question as to whether markets 

eliminate ambiguity-aversion; in particular, Hypothesis 2.3 that ambiguity-aversion 

will not be related to market outcomes. 

 

Figure 6-7 Question 2: market outcomes – results summary 

 

The comparison of individual investments in the uncertain option under 

conditions of risk and ambiguity, with and without trade, indicated that ambiguity-

aversion in individual decisions was not eliminated or significantly reduced by market 

interactions. The comparisons between measured ambiguity preferences and the 

direction of trade suggest that not only is ambiguity-aversion not eliminated, under 

conditions of ambiguity these preferences appear to be a major driver of trade in these 

markets. 

 

Conclusion 

 

 The results presented in this chapter demonstrate how different elicitation 

procedures and contexts affected the classification and relative ranking of subjects 

according to their risk and ambiguity preferences. These results emphasized the 

importance of elicitation procedure and context when the aim is to compare measured 

preferences with other experimental outcomes. In particular, willingness-to-accept 

estimates of certainty equivalents measured using the BDM mechanism were found to 

be related to both individual decisions and market behaviour. Risk preferences 

measured with known and unknown probabilities were related to individual decisions 

and the direction of trade under conditions of risk and ambiguity preferences 

estimated as the ratio of these responses were related to individual decisions and the 

Market 
outcomes 

The relationship between ambiguity preferences and 
the direction of trade and as measured by the WTA 
ratio provides evidence that ambiguity-aversion is 
related to market outcomes. 
 

 Ambiguity-aversion will not be 
related to market outcomes. 

H2.3 
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direction of trade under conditions of ambiguity. The relationship between ambiguity 

preferences and the individual investment decisions under conditions of ambiguity 

was further supported by the finding that there was a greater investment in the 

uncertain option under conditions of risk compared with conditions of ambiguity, with 

and without trade.  

 

Additionally, the hypothesized interaction between the market treatment and 

the information treatment was not significant, indicating that ambiguity-aversion was 

not eliminated or significantly reduced by the presence of the market. The market did 

increase the contribution to the uncertain investment option compared with these 

decisions taken without trade but this effect depended on the type of trader, with 

buyers allocating significantly more to the uncertain investment option. Although not 

significantly related under conditions of risk, ambiguity preferences measured using 

the BDM mechanism were strongly related to the direction of trade under conditions 

of ambiguity. Together, these findings suggest that ambiguity-aversion is not 

eliminated by the market but differences in the ambiguity preferences of subjects were 

a major driver of trade under conditions of ambiguity. 
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Chapter 7. Results and discussion 

 

This chapter draws together the experimental results to summarise the 

evidence for or against each experimental hypothesis. The results are discussed for 

each research question, (1) What is the role of ambiguity and ambiguity-aversion in 

understanding market behaviour? (2) Do markets eliminate ambiguity-aversion?; and   

(3) What is the relationship between preferences measured under conditions of risk, 

ambiguity, gains and losses, using different elicitation procedures, and market 

behaviour? 

 

7.1 Ambiguity and market behaviour 

 

This section considers the experimental evidence regarding the effect of 

ambiguity on market behaviour. Whether ambiguity leads to increased price volatility 

or more predictable behaviour in markets is fundamental to understanding the social 

processes that affect the disequilibrium or out-of-equilibrium behaviour of markets. 

Other predicted effects of ambiguity on market behaviour included lower prices, 

lower volumes of trade and wider bid-ask spreads. This section brings together the 

experimental evidence used to test the hypotheses that examined the role of ambiguity 

and ambiguity-aversion in understanding market behaviour. Figure 7-1 summarises 

the results of the hypothesis tests used to answer the first research question, “What is 

the role of ambiguity and ambiguity-aversion in understanding market behaviour?” 
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Figure 7-1 Question 1: results summary

Trade was observed under conditions of risk and ambiguity in 
the ten-person markets. 

Question 1: 
 
What is the role of 
ambiguity and 
ambiguity-aversion in 
understanding market 
behaviour? 
 

Prices 

Price 
volatility 

Transaction prices were significantly lower under conditions of 
ambiguity compared with risk. 

The standard deviation of prices was not significantly different 
between risk and ambiguity. A higher proportion of prices were 
consistent under conditions of ambiguity compared with risk.  

Prices in the two-person markets were not significantly different 
between risk and ambiguity. 

No differences in price volatility or price consistency were 
found between risk, ambiguity, or certainty. 

Quantity 
and 
number of 
trades 

The total quantity traded was significantly higher under 
ambiguity compared with risk in the first periods of the ten-
person markets. In later periods, there was a significantly 
higher number of trades under ambiguity.  
 
There was a lower proportion of trades in the pooled data from 
the five and ten-period models of the two-person markets. 

Early trade 
and ambiguity 

Trade  

There was no evidence that ambiguity increased price volatility 
for future markets to eliminate. 

Lower prices were observed under conditions of ambiguity than 
under conditions of risk. The first and last prices per trading 
period were significantly greater under risk and lower under 
ambiguity compared with certainty. 
 

 
Bid-ask 
spreads 

In the ten-person markets, there were narrower opening bid-
ask spreads under ambiguity. In the two-person markets, the 
trade bid-ask spread was narrower under ambiguity. However, 
in the box-design markets the initial and opening bid-ask 
spreads were wider under ambiguity. 
 

 
Early trading behaviour will reflect the role of 
ambiguity and ambiguity-aversion on market 
outcomes such as greater bid-ask spreads, 
price ranges and increased price volatility. 

H1.11 

There will be trade without additional induced 
supply and demand step-functions.  H1.1 

Prices will be lower under conditions of ambiguity 
than under conditions of risk (in the ten-person 
markets). 

 H1.2 

 
Prices will be lower under conditions of ambiguity 
than under conditions of risk (in the two-person 
markets). 

H1.3 

Prices will be lower under conditions of ambiguity 
than under conditions of risk or certainty (in the 
box-design markets). 

 H1.4 

 
Price volatility will be greater under conditions of 
ambiguity than under conditions of risk in markets 
motivated by subjects’ endogenous risk and/or 
ambiguity preferences. 

H1.5 

 Price volatility will be greater under conditions of 
ambiguity than under conditions of risk or certainty. H1.6 

 
If ambiguity increases price volatility, then open 
markets for future trading periods will reduce price 
volatility in earlier trading periods. 

H1.7 

 
There will be a lower quantity of trade under 
conditions of ambiguity compared with conditions 
of risk. 

H1.8 

 There will be fewer trades under conditions of 
ambiguity compared with conditions of risk. 
 

H1.9 

There will be wider bid-ask spreads under 
conditions of ambiguity compared with 
conditions of risk and/or certainty. 

H1.10 

Price ranges were greater under ambiguity than risk in early 
trade. No evidence was found that bid-ask spreads are wider 
in early trade although in the box-design markets they were 
wider under ambiguity compared with risk. No difference in 
the standard deviation was found. Prices were more 
consistent under ambiguity and more consistent under risk 
and ambiguity after the first period. 
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 Each aspect of market behaviour is discussed in the following sections in turn, 

beginning with trade and prices, price volatility, quantity and number of trades, bid-

ask spreads, and ending with early trade and ambiguity. 

7.1.1 Trade and prices 

 
This thesis has provided additional evidence of the effect of ambiguity and 

ambiguity-aversion on market prices. Previous research found mixed evidence that 

has depended on the particular probabilities used in experiments but also on the 

choice of market context and whether there was trade simultaneously or sequentially 

in risky and ambiguous assets (Camerer and Kunreuther, 1989; Sarin and Weber, 

1993; Di Mauro and Maffioletti, 2001, 2004; Bossaerts et al., 2007; Di Mauro, 2008). 

Evidence from the ten-person markets, two-person markets and box-design markets 

were used to examine the effects of ambiguity on price levels. 

 

In the ten-person market design, trade was observed in this experimental 

environment, motivated by subjects’ preferences for an uncertain investment option 

with separate treatments with either a known or unknown probability of return. The 

advantage of using the probability of 50% in the ten-person and two-person markets is 

that the predictions for conditions of risk are directly comparable with conditions of 

ambiguity where an ambiguity-neutral decision-maker following the Laplace criterion 

would assign an equal probability to both outcomes of a binary lottery. Evidence was 

found that prices were lower under conditions of ambiguity compared with risk, 

consistent with the predicted effects of ambiguity-aversion. These markets also 

provided evidence that the effects of ambiguity on market prices persist even when 

market conditions are characterized by prevailing ambiguity rather than a comparison 

of prices for trade in risky and ambiguous assets. Interestingly, a significant difference 

in minimum prices was found to persist over all trading periods. Epstein and Wang 

(2008) presented a model that suggests traders who over-react to bad news under 

ambiguity could negatively skew prices. This provides an interesting avenue for 

future research. 

 

There was no evidence from the two-person markets of different prices 

between conditions of risk and ambiguity. Markets introduce additional uncertainty 
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about the information held by others and their behaviour (Arrow, 1996) and might 

exacerbate the effects of ambiguity by increasing perceptions of comparative 

ignorance or competence amongst traders (Camerer, 1999). It is possible that a greater 

number of traders increase the effects of ambiguity whereas the lack of a difference in 

price levels in the two-person markets could be related to the reduced social setting. 

The effect of comparative ignorance might be reduced when there is only one other 

trader involved in an exchange. 

 

In the box-design markets, ambiguity was induced using a second-order 

probability distribution such that subjects were told the probability of the return from 

a binary lottery was either 70% or 30%. This alternative design with induced values 

for buyers and sellers was used to provide further comparisons of prices under 

conditions of ambiguity with risk but also an additional treatment for conditions of 

certainty. Furthermore, this design simplified the problem of learning the actual 

probability over time so that changes in price levels could be compared over time 

under conditions of ambiguity, risk and certainty. Although studies of individual 

behaviour had found that values for ambiguous assets were higher at lower 

probabilities (e.g. Einhorn and Hogarth, 1985, Curley and Yates, 1985, Kahn and 

Sarin, 1988), Sarin and Weber (1993) found that prices converged rapidly for a 5% 

probability but not for a 50% probability. In the box-design markets, prices were 

lower under conditions of ambiguity than risk. Some evidence was found of lower 

prices under ambiguity and higher prices under risk compared with certainty. 

However, no evidence was found that prices converged under ambiguity to the levels 

predicted at the actual probability or to the levels observed under conditions of risk. 

Whilst these comparisons of prices reveal differences in market behaviour between 

conditions of risk and ambiguity, the effect of ambiguity on price volatility is of 

central concern. 

7.1.2 Price volatility 
 

This thesis has presented two alternative lines of reasoning regarding the 

effects of ambiguity on price volatility. Epstein and Wang (1994) suggested that 

Knightian uncertainty would lead to increased price volatility as indeterminate 

equilibrium left the determination of particular equilibrium prices to Keynes’ animal 
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spirits. This hypothesis was contrasted with Heiner’s (1983) prediction that 

uncertainty will lead to more predictable outcomes. Price volatility was compared 

between treatments using conventional measures of variability such as the standard 

deviation and no evidence was found to suggest price volatility was increased. 

However, an additional measure of variability as it affects price movements was used 

to compare the two experimental conditions. This measured whether prices were 

consistent with previous price movements rather than fluctuating randomly as traders 

search for equilibrium.  

 

No evidence was found that ambiguity increased volatility in market prices. 

Instead, evidence was found that prices are more likely to be consistent under 

ambiguity and in this sense, are more predictable. Specifically, in the ten-person 

markets, with trade motivated by endogenous differences in subjects’ preferences over 

an individual investment decision, the next price was more likely to be the same as the 

previous price or in the same direction as the previous price movement when 

probabilities are unknown. No evidence was found from the box-design markets that 

ambiguity increased price volatility over time. In these market experiments, prices 

appeared relatively stable under conditions of risk, ambiguity and certainty. These 

findings support the general observations of patterns in prices in box-design markets 

by Smith and Williams (2000) who found mixed support for orderly drift in prices and 

forms of weak and strong stability in prices. 

 

The proportion of consistent prices was significantly greater under conditions 

of ambiguity compared with risk. This finding supports Camerer’s (1999) suggestion 

that ambiguity-aversion might reflect the over-application of a common rule of 

thumb. Paying undue attention to market prices is also consistent with Camerer’s 

(1999) suggestion that ambiguity-aversion might be explained by the over-application 

of a rule of thumb, whereby people suspect other people have relevant information 

even when they do not. This kind of behaviour has been implicated in information 

bubbles (Camerer, 1989), information mirages (Camerer and Weigelt, 1991), and 

information traps (Nöth et al., 1999). Ambiguity effects might be a common cause of 

these kinds of market behaviour. Traders might think they have inferred inside 

information even when there is no information there for them to infer (Camerer, 

1989). Rule-based behaviours or the use of simple rules of thumb appear to be more 
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prevalent under conditions of ambiguity. In the ten-person markets, the proportion of 

consistent prices actually increased after the first period under risk and ambiguity, 

suggesting that this kind of rule-based behaviour became more prevalent over time. 

This finding supports the argument presented by Braga and Starmer (2005) that  price 

following indicates traders are following a naïve rule of thumb in markets as opposed 

to discovering their preferences in line with the discovered preference hypothesis 

(Plott, 1996), at least under conditions of ambiguity. 

 

 This matches the perspective that ambiguity leads to inflexible and more 

predictable behaviour. Simon (1986) argued that individual behavioural factors 

combine with social processes to select the information used in decision-making. 

According to Choi (1993), as uncertainty increases people appear to pay more 

attention to the behaviour of others. No trader has any more information than any 

other trader but they all have a tendency to act as if market prices reveal useful 

information. This behavioural effect is reflected in the more consistent prices under 

ambiguity. Choi (1993) suggested that in unfamiliar situations people may either act 

randomly or stretch existing behaviours to match the task at hand. People will tend to 

use vicarious experimentation and copy each other more when less information is 

available to guide behaviour. Rather than increase price volatility, as suggested by 

Epstein and Wang (1994), the experimental evidence implies that Keynes’ animal 

spirits lead to more predictable behaviour in markets under conditions of Knightian 

uncertainty or ambiguity. Some models of the effect of ambiguity on market outcomes 

also predicted lower volumes of trade. The following section discusses this question. 

7.1.3 Quantity and number of trades 
 

This thesis has presented evidence regarding the effect of ambiguity on the 

volume and number of trades based on evidence from the ten-person and two-person 

markets. In contrast, in the box-design markets with induced differences between 

buyers and sellers to motivate trade, ambiguity was not predicted to change the 

volume of trade. The theoretical prediction of lower volumes of trade under 

conditions of ambiguity is based on the same theoretical developments that predict 

ambiguity and ambiguity-aversion will lead to indeterminate equilibria and increased 

price volatility (Dow and Werlang, 1992; Mukerji and Tallon, 2003; Epstein and 
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Wang, 1994). Larger sets of overlapping beliefs under ambiguity lead to a range of 

prices that are more likely to support initial endowments, decreasing the likelihood of 

trade.  

 

In the ten-person markets, there was a greater total quantity of trade in the first 

periods and in later trading there were more trades under ambiguity. This provides 

evidence against the theoretical prediction. An alternative interpretation is that higher 

volumes of trade could reflect the out-of-equilibrium behaviour of markets (see 

Anderson and Sutinen, 2006).  

 

In the two-person markets, some evidence was found for a lower proportion of 

trades under conditions of ambiguity compared with risk. In contrast, with the 

findings from the ten-person markets, this provides evidence in support of the 

theoretical prediction of lower trading volumes under ambiguity. This observed 

difference between the findings from the ten-person and two-person markets warrants 

further investigation. However, with a greater number of traders higher volumes and 

numbers of trades were observed in the ten-person markets. 

 

The greater volume and number of trades in the ten-person markets might 

therefore be interpreted as evidence of a herding or copying type of behaviour, where 

traders are motivated to trade by the activity of the market itself. With only two 

traders and a single unit for trade there was less potential for the market by itself to 

generate active trading. It appears that the initial allocation of the asset to one trader 

of each pair in the two-person design is more likely to be maintained after trade. 

Combined with the finding that subsequent prices are more likely to be the same as 

the previous price or price movement under ambiguity, this interpretation is 

compatible with the idea that rule-based or imitating behaviours are more likely under 

ambiguity in a market with many traders, even though ambiguity might reduce the 

likelihood of a transaction between any two individuals. 

 

To further compare market behaviour between conditions of risk and 

ambiguity bid-ask spreads were analysed. These results are discussed further in the 

next section. 
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7.1.4 Bid-ask spreads  
 

This thesis has examined the prediction that ambiguity and ambiguity-aversion 

lead to wider bid-ask spreads and has explored the behaviour of traders as they make 

offers to buy and sell under conditions of ambiguity in comparison with conditions of 

risk and certainty. Camerer (1999) related wider bid-ask spreads in early trading in 

experimental markets to the effects of ambiguity and ambiguity-aversion. The 

evidence for the effect of ambiguity on bid-ask spreads depends on the experiment 

design. In the two person markets, the trade bid-ask spread was narrower under 

ambiguity. Similarly, in the ten-person markets there were narrower opening bid-ask 

spreads bid-ask spreads under ambiguity. However, in the box-design markets the 

initial and opening bid-ask spreads were wider under ambiguity than risk. Examining 

the potential reasons for this difference might help explain the relationship between 

risk and ambiguity preferences and the out-of-equilibrium behaviour of markets.  

 

The relationship between the risk or ambiguity preference of traders and bid-

ask spreads is relevant to how market prices adjust to new information and converge 

to equilibrium. In particular, Ang and Schwarz (1985) found that markets with more 

risk-averse traders were slower to adjust to new information and were slower to 

converge to equilibrium. This market also had lower levels of price volatility. 

Interestingly, this thesis has presented evidence that in markets under ambiguity, 

prices were also less volatile as measured by the consistency of prices and price 

movements. These findings are consistent with the findings of Ang and Schwarz 

(1985) since ambiguity might enhance perceptions of risk and lead to similar 

outcomes as greater levels of risk-aversion. Both risk-aversion and ambiguity might 

lead traders to pay more attention to market prices. Furthermore, trading behaviour 

also appeared to be affected by differences in the design of the ten-person and box-

design markets. 

 

In the ten-person markets, subjects had identical initial endowments and 

decided for themselves whether to participate as buyers, sellers or not at all. In the 

box-design markets, induced differences in redemption values for buyers and sellers 

were used to motivate trade. There is greater uncertainty over the value of an asset in 

the ten-person markets in contrast with the box-design markets. As Heiner (1985a) 
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argued, in contrast with experimental designs that provide subjects with more reliable 

information about their own values, the convergence process might be sensitive to 

preference uncertainty. Heiner (1985a) suggested that rather than simply combine pre-

existing values, markets may organize a sequence of bids and asks as a feedback 

process that helps agents cope with uncertainty in their own valuations. The results 

from the ten-person markets are consistent with the idea that past prices and price 

movements provided a greater guide to subsequent trades under conditions of 

ambiguity than risk. This provides one answer to Heiner’s (1985a) question as to how 

market prices might be determined with preference uncertainty. Under these 

conditions, the initial bidding or asking prices of early actors in the market guide 

subsequent counter-offers, giving a narrower opening bid-ask spread. However, in the 

box-design markets, redemption values appear to have provided a reference point for 

traders and led to wider bid-ask spreads. This result also provides some evidence that 

induced stepped supply and demand functions might influence the interaction between 

individual values and affect the convergence behaviour of experimental markets.  

 

In the box-design markets bid-asks spreads were wider before earlier trades 

and then narrowed before later trades. Ang and Schwarz (1985) found that with more 

risk-averse traders, although wider bid-ask spreads were found before the first 

transaction in a trading period, subsequent bid-ask spreads were narrower. In 

comparison, with less risk-averse traders wider bid-ask spreads were observed 

throughout trading periods; these markets had higher price volatility yet also 

converged faster to equilibrium (Ang and Schwarz, 1985). The differences between 

bidding behaviour in the box-design and ten-person markets and the finding of a 

greater proportion of consistent prices under ambiguity suggest that further 

examination of the interaction between preferences and bidding behaviour would be a 

useful way to investigate the convergence process further. Relating differences in 

early and later trade to the effects of ambiguity and ambiguity-aversion provides 

another way to investigate the out-of-equilibrium behaviour of markets. 

7.1.5 Early trade and ambiguity 
 

This thesis then compared differences between risk and ambiguity in early and 

later trading in experimental markets in order to test Camerer’s (1999) suggestion that 
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ambiguity and ambiguity-aversion are related to commonly observed market 

behaviours in the early trading of experimental markets. The discovered preference 

hypothesis also describes differences between the early and later behaviour of 

experimental markets (Plott, 1996). Comparisons of early market behaviour revealed 

significant differences in opening periods in variables including the price range, the 

opening bid-ask spread, the number of adjustments in offers before a transaction.  

 

Examining whether these factors persisted over time helped distinguish the 

effects of ambiguity from other aspects of market behaviour. Although some 

differences between risk and ambiguity were not statistically different in later trading, 

there was most importantly a consistent pattern of prices under ambiguity reflecting 

lower intra-period price volatility that persisted over time. Under both conditions of 

risk and ambiguity, the proportion of consistent prices actually increased after the first 

period. Excluding the first periods of markets from further analysis does not eliminate 

this kind of effect. This finding emphasises the important role of habit, rules of thumb 

and social processes in markets, and supports the perspective presented by Heiner 

(1983) that uncertainty can lead to more predictable behaviour. Further, if patterns in 

prices consistent with a rule-based behaviour increase in later trade, then this provides 

evidence against the idea that subjects discover their preferences over time in 

experimental markets.  

 

In conclusion, examining the behaviour of experimental markets under 

conditions of ambiguity has provided evidence for significantly lower prices under 

conditions of ambiguity. This is consistent with generally ambiguity-averse traders. 

Importantly, no evidence was found to suggest the effect of ambiguity on price levels 

was eliminated over time. Conventional measures of price volatility were compared 

between risk and ambiguity but no significant differences were found. Instead, prices 

and price movements were found to be more predictable under conditions of 

ambiguity than risk. The idea of ambiguity as a cause of incomplete preferences 

(Rigotti and Shannon, 2005) or preference uncertainty (Heiner, 1983; Heiner, 1985a) 

means that examining differences in market behaviour between conditions of 

ambiguity and conditions of risk and certainty provided one way to study the role of 

preferences in market behaviour. The effect of ambiguity on the details of market 

activity, such as bidding and asking prices, appears to depend on the fine structure of 
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experimental market institution. Without important information about probabilities, 

traders appear to rely more heavily on rules of thumb and the information provided by 

market prices. The next section discusses the experimental evidence as to whether 

markets eliminate ambiguity-aversion. 



 225 

7.2 Markets and ambiguity-aversion 

 

The persistence of ambiguity-aversion in markets is an important question 

related to the appropriate use of alternative models or assumptions about individual 

decision-making under risk and uncertainty when describing, explaining or predicting 

market behaviour. Whilst past research has provided some evidence for the effect of 

ambiguity on market outcomes, this thesis explored the important question of whether 

markets eliminate ambiguity-aversion in individual decisions. This section brings 

together the experimental evidence used to test the effect of markets on ambiguity-

aversion in individual decisions and whether the effect of ambiguity-aversion on 

market prices persisted over time. Figure 7-2 summarises the results of the hypothesis 

tests used to answer the second research question, “Do markets eliminate ambiguity-

aversion?” 
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Figure 7-2 Question 2: results summary 

 

There was a greater investment in the uncertain 
option under conditions of risk compared with 
conditions of ambiguity, with and without trade. 
 

 

 

 

Question 2: 
 
Do markets eliminate 
ambiguity-aversion? 
 

Market 
outcomes 

The hypothesized interaction between the market 
treatment and the information treatment was not 
statistically significant.  
 

The relationship between ambiguity preferences and 
the direction of trade and as measured by the WTA 
ratio provides evidence that ambiguity-aversion is 
related to market outcomes. 
 
No evidence was found in support of this 
hypothesis. 

Individual 
decisions 

 

Individuals will invest a greater proportion of their 
endowments in an uncertain investment option 
when outcomes are unambiguous than when 
outcomes are ambiguous. 

H2.1 

Market interactions will reduce ambiguity-
aversion in individual decisions. 

H2.2 

Ambiguity-aversion will not be related to market 
outcomes. 

H2.3 

Market prices under ambiguity will begin to 
reflect the actual probability known to traders 
under conditions of risk over time. 

H2.4 
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 In the following sections, the evidence as to whether markets eliminate 

ambiguity-aversion from individual decisions and market outcomes is summarised.  

7.2.1 Individual decisions 
 

This thesis has found that subjects invested more in an uncertain investment 

option when the probability of return was known under conditions of risk compared 

with when it was unknown under conditions of ambiguity. This result was found with 

and without the opportunity for subjects to trade in the investment units before 

making their individual decisions. Many individual decision experiments that have 

demonstrated violations of expected utility theory have lacked the role of market 

feedback (Buschena, 2003). This thesis has presented the results of an experiment 

design that was developed so that the same individual investment decision could be 

studied with and without the market. If markets had eliminated ambiguity-aversion in 

individual decisions then there would have been a significant statistical interaction 

between the market treatment and the information treatment. In other words, the 

difference between risk and ambiguity would only be found without trade or this 

difference would have been significantly reduced. However, this hypothesized 

interaction was not statistically significant.  

 

Whereas past research demonstrated the effects of ambiguity on market 

outcomes (e.g. Camerer and Kunreuther, 1989; Sarin and Weber, 1993) this thesis 

presented the results of a critical test of the effect of markets on ambiguity-aversion in 

individual decisions. A variety of ways that market institutions might eliminate or 

reduce the effects of individual behavioural phenomena on the outcomes in markets 

have been considered (Camerer, 1987; Frey and Eichenberger, 1989; Blaug, 1992; 

Camerer, 1995; Cox and Grether, 1996; Di Mauro and Maffioletti, 2001; Stracca, 

2004). The most common suggestion is that markets might provide information 

feedback and opportunities for learning via interactions with other traders that can 

correct biases in individual decision-making over time (e.g., Di Mauro and 

Maffioletti, 2001). The comparison of individual decisions with and without 

interactions with other traders and market feedback presented in this thesis not 

provide any support to this hypothesis. However, it is possible that learning and 

market feedback will be reflected in prices over time. To examine whether the effects 
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of ambiguity-aversion on market outcomes persists over time, the box-design markets 

provided a comparison of prices over a greater number of repeated trading periods 

under conditions of ambiguity, risk and certainty. The comparisons of market 

outcomes under these conditions are discussed next.  

7.2.2 Market outcomes 
 

The argument as to whether markets can be modelled as if people do follow 

normative decision theories can still be contentious (Stracca, 2004). This thesis did 

not find any evidence that interactions with other traders or market feedback reduced 

ambiguity-aversion in individual decisions. However, further evidence that the 

markets do not eliminate ambiguity-aversion was provided by examining prices in the 

box-design markets over time. In the box-design markets, subjects were told the 

actual probability was either 70% or 30% under conditions of ambiguity. The actual 

probability used was 70% in this treatment. However, no evidence was found that 

prices would begin to reflect the actual probability known to traders under conditions 

of risk.  

 

In contrast, Sarin and Weber (1993) found that the prices of risky and 

ambiguous assets quickly converged when the probability of return was actually 5%. 

Varying the level of probability and the consequences of a comparative versus non-

comparative context on this type of learning in markets over time might be 

investigated further to explain these differences in findings. However, the evidence 

presented in this thesis supports the reasoning that markets do not provide an ideal 

learning environment. Markets do not appear to provide the opportunities for repeated 

practice and experimentation, low deliberation costs, or quality of information 

feedback that are necessary for learning (Thaler, 2000). Furthermore, the interaction 

of traders exhibiting bounded rationality and cognitive biases might be a substantial 

source of transaction costs (Smith, 1985; Foss, 2001). The effect of these factors on 

the market might themselves inhibit the ability of the market reduce biases or errors in 

individual decision. 

 

Perhaps the strongest evidence that market feedback and interactions amongst 

traders does not eliminate the effects of ambiguity-aversion on individual decisions or 
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market outcomes was provided by the strong relationship found between measured 

ambiguity preferences and the observed direction of trade in experimental double 

auction markets. Ambiguity preferences played a role in driving trade and were 

therefore reflected in market outcomes. The additional experimental sessions with and 

without a market but with an individual decision based on the Ellsberg’s (1961) two-

colour problem provide an interesting example for discussion. In this case, ambiguity-

aversion might appear to have been reduced when looking at decisions taken in the 

market, even though differences in ambiguity preferences might still be vital for 

understanding trading behaviour. The observed level of diversification observed 

between risky and ambiguous investment alternatives was greater with a market, 

consistent with a reduction in the effects of ambiguity-aversion in individual 

decisions. However, if differences in ambiguity preferences were driving trade then a 

superficial examination of the final outcome would ignore the importance of 

ambiguity preferences for understanding observed trade.  

 

In conclusion, no evidence was found that markets eliminate or significantly 

reduce ambiguity-aversion in individual decisions. Instead, evidence was found that 

ambiguity-aversion drives a large proportion of trades under conditions of ambiguity 

and that ambiguity has diverse effects including lower prices, more consistent price 

patterns, and effects on trading volume and the likelihood of trade. Ambiguity-

aversion is not just one of many alternative anomalies that could have been 

investigated in this way. The effects of ambiguity on individual decisions is a central 

challenge to the use of expected utility theory as a model of rational decision-making 

to explain, model and predict market outcomes. It is of key concern to the 

understanding the role of uncertainty, identified by Knight (1921) as central to 

understanding differences between theoretical predictions and observed market 

behaviour and by Heiner (1983) as a basic source of predictable behaviour. The 

relationship between risk and ambiguity preferences and market behaviour are 

discussed further in the next section. 
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7.3 Risk and ambiguity preferences and market behaviour 

 

The third main area of research was the relationship between risk and 

ambiguity preferences and market behaviour. Studying the relationship between risk 

and ambiguity preferences enables the differences between individual decisions and 

market outcomes to be examined in more detail. The findings discussed in this section 

provide additional evidence that can be used to explain the findings of the first two 

research questions regarding (1) the effect of ambiguity on market behaviour and (2) 

whether markets eliminate ambiguity-aversion in individual decisions. Furthermore, 

this thesis has examined important differences in the context and framing of 

preference measurement procedures, compared measured preferences with individual 

decisions and with the direction of trade. Figure 7-3 summarises the results of the 

hypothesis tests used to answer the third research question, “What is the relationship 

between preferences measured under conditions of risk, ambiguity, gains and losses, 

and using different elicitation procedures, and market behaviour?” 

 

 



 231 

Figure 7-3 Question 3: results summary

 

The relative ranking of subjects by risk and ambiguity 
preference differed depending on the context and 
elicitation procedure used. 
 
 

 

 

 

Question 3: 
 
What is the 
relationship between 
preferences measured 
under conditions of 
risk, ambiguity, gains 
and losses, using 
different elicitation 
procedures, and 
market behaviour? 

Individual 
decisions 

 The relationship between measured preferences and 
individual decisions was affected by the different 
elicitation procedures and contexts. 

Although the market by itself did not have an effect, 
the type of trading behaviour had a significant effect 
on allocations i.e. buyers allocated significantly more 
to the uncertain investment option. 
 

The different contexts and elicitation procedures used 
to measure risk and ambiguity preferences affected 
the observed relationships with the direction of trade 
in the double auction markets. 
 
 

The amount individuals invest in the uncertain 
option was related to their measured risk and 
ambiguity preferences. 
 

Context 
and 
framing 

There will be differences in the relative ranking of 
subjects according to risk and ambiguity 
preferences measured in different contexts and 
using different elicitation procedures. 
 

H3.1 

Different elicitation procedures and different contexts 
of measurements will affect the relationship between 
measured preferences and individual decisions. 

H3.2 

 
Different elicitation procedures and different contexts 
of measurements will affect the observed relationship 
between measured preferences and market 
behaviour. 

H3.3 

Subjects will invest a greater proportion of their 
endowments in the uncertain investment option 
with trade than without trade. 

H3.4 

The amount individuals invest in the uncertain 
option will be related to their measured risk 
and/or ambiguity preferences. 

H3.5 

 

Direction 
of trade 

Risk-averse subjects were more likely to sell to 
less risk-averse or more risk-preferring subjects. 
Under ambiguity, ambiguity-averse subjects were 
more likely to sell to less ambiguity-averse or 
more ambiguity-preferring subjects. 
 
 

 
The direction of trade was related to both risk and 
ambiguity preferences. WTA (risk) and WTA 
(ambiguity) were consistent with 73% and 75% of 
trades under risk, respectively. The WTA ratio was 
consistent with 66% of trades under ambiguity.  

Trade will be observed in the direction from subjects 
with lower preferences for an uncertain outcome to 
subjects with higher preferences for this outcome. 

H3.6 

Observed trade is consistent with measurements of 
risk and/or ambiguity preferences. 
 

H3.7 

Ambiguity preferences will be more strongly 
associated with the direction of trade than risk 
preferences. 

H3.8 

Under conditions of ambiguity, ambiguity 
preferences measured by the WTA ratio were 
consistent with the greatest proportion of observed 
trades. However, ambiguity preferences were not 
significantly related to the direction of trade under 
risk. 
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 The effects of context and framing and the consequences for comparing 

measured preferences with individual decisions and the direction of trade are 

discussed in the following sections. 

7.3.1 Context and framing 
 

This thesis has presented a study of the effect of important differences in the 

context and framing of procedures used to measure subjects’ preferences over chance 

outcomes, including the effect of risk and ambiguity, gains and losses, and common 

differences in elicitation procedure. The main aims of this analysis were to examine 

the centrally important difference in context between risk and ambiguity in order to 

relate these preferences to other experimental decisions taken in these same contexts. 

This included comparisons between measured preferences, individual decisions and 

market behaviour.  

 

Subjects’ preferences were measured over ranges of payoffs common in 

laboratory experiments. This enabled the comparison of measured preferences with 

other experimental decisions and experimental market behaviour and the potential 

consequences of risk-preferring behaviour. The use of a selection of procedures was 

designed to overcome the limitations of previous research that has related risk 

preferences to market activity using procedures that could not distinguish between 

risk-neutral and risk-preferring behaviour (see Fellner and Maciejovsky, 2007). 

Procedures were chosen that could measure the full spectrum of subjects’ preferences 

and subjects were found to exhibit a range of preferences, with risk-averse, risk-

neutral and risk-preferring behaviour, sufficiently diverse to motivate trade in the 

investment units. Measuring preferences over gains and losses revealed that a 

significant proportion of subjects were risk-averse over gains and risk-preferring over 

losses, as described by prospect theory (Kahneman and Tversky, 1979). The results 

confirm the importance of not relying on any single procedure and of measuring 

preferences in different contexts. 

 

Comparison provided a measure of the heterogeneity in the preferences of 

subjects and one way to examine the effect of context and framing on these 

measurements. Subjects were found to have heterogeneous risk and ambiguity 
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preferences categorized as risk-averse, risk-neutral, and risk-preferring as well as 

ambiguity-averse, ambiguity-neutral and ambiguity-preferring. In general, the relative 

ranking of subjects by measured preference, and the relationship between these 

measurements and individual decisions and market behaviour were all found to be 

affected by differences in the context and framing of the elicitation procedures used. 

 

 Overall, the results of preference measurements suggest that the average 

subjects are approximately risk-neutral or slightly risk-averse over gains and slightly 

risk-preferring over losses; and is also ambiguity-averse. The range of preferences 

exhibited by subjects was examined by classifying them into the categories of 

preferring, neutral and averse for each procedure. A relatively large proportion of 

risk-preferring subjects were observed, which is consistent with the peanuts effect, 

since preferences were measured over the small payoffs common for experiments. 

This was interesting, since these observations were made using several procedures, 

even though the results for the paired lottery choice procedure measured a similar 

degree of risk-aversion to past studies using the same procedure (Holt and Laury, 

2002). 

 

A sizeable minority of subjects was observed to follow the pattern of 

preferences described by prospect theory (Kahneman and Tversky, 1979; Tversky and 

Kahneman, 1992), exhibiting risk-aversion over potential gains and risk-preferring 

behaviour over potential losses. Significant correlations were found between 

procedures with similar elicitation formats for choices over potential gains, between 

risk preferences measured under conditions of risk and ambiguity, and between risk 

preferences and ambiguity preferences. In other words, a subject who is risk-averse 

when the probability is known is also likely to be risk-averse when the probability is 

unknown. In addition, the greater their level of risk-aversion, the more they will prefer 

an option with a known probability to an option with an unknown probability. These 

results provided strong evidence in support of the WTA measurement procedure as 

suitable for comparison with other experimental decisions, in contrast with any of the 

other procedures.  

 

The significant correlation between risk and ambiguity preferences provides 

additional evidence in support of the findings presented by Lauriola and Levin (2001) 
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and Bossaerts et al. (2007). Lauriola and Levin (2001) found that this correlation was 

only significant for choices in the loss frame but not in the gain frame. Bossaerts et al. 

(2007) infer a possible correlation between risk and ambiguity preferences indirectly 

from asset holdings in their experimental markets. This thesis provides evidence of a 

correlation between risk and ambiguity preferences in the gain frame.  

 

It is also interesting to note that the procedures that did not have significantly 

correlated rankings provides further evidence that elicitation formats and contexts of 

choices do affect the relative rankings of subjects. In particular, the lack of 

correlations between the paired lottery choice procedures based on Holt and Laury 

(2002) support Warneryd (1996) who found that hypothetical lottery choices were 

weakly correlated with individual portfolio choices. Overall, the results suggest that 

measuring subjects’ preferences in decision-making only in the context of risky 

outcomes is inappropriate if other experimental decisions are taken in the context of 

ambiguity. The results also led to questions concerning the relationship between risk 

and ambiguity preferences and individual decisions. 

7.3.2 Individual decisions 
 

Individual decisions were examined under conditions of risk and ambiguity, 

with and without trade. Motivating trade using subjects’ endogenous preferences over 

the same uncertain outcome with and without trade enabled a comparison of the same 

measurement procedures with individual decisions and market behaviour. In the 

individual decisions treatment, subjects decided how many investment units to 

allocate to an option with an uncertain return and another with a certain return, in a 

decision analogous to the standard portfolio choice problem. Under conditions of risk, 

subjects were told that the probability of return from the uncertain option was 50 

percent but under ambiguity, subjects were not told this probability (and were told 

they were not being told this probability).  

 

The different measurement procedures were related to subjects’ individual 

investment decisions to provide a comparison of measurement procedures between 

conditions of risk and ambiguity. The most important finding here was the success of 

the WTA procedure in comparison with all other procedures. Risk preferences 
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measured using the BDM procedure over unambiguous and ambiguous lotteries 

ambiguity were significant predictors of individual investment decisions under 

condition of risk. The ratio of these two WTA values was used to measured 

ambiguity-aversion and this measure was a significant predictor of decisions under 

conditions of ambiguity. Also, under ambiguity, the ratio of water allocated to the 

Crop C decision compared with Crop D was significant, which reflects an aversion to 

the additional background risk in Crop D. 

 

The WTA ratio measure of ambiguity preferences was a significant predictor of 

individual investment decisions in the ambiguity treatment whereas the probability 

equivalence procedure was not. This indicates that the kind of preference that is most 

relevant under ambiguity is the preference that influences a subject’s comparison of 

ambiguous and unambiguous outcomes. Since none of the measurements of risk 

preferences were a significant predictor under ambiguity, it appears that ambiguity 

preferences are the greatest driver of individual decisions in this context. These results 

indicate that it is inappropriate to measure subjects’ preferences over purely risky 

outcomes if the experimental setting is better characterized by conditions of 

ambiguity. This finding adds weight to Epstein and Miao’s (2003) warning that it is 

theoretically inappropriate to simply transfer parameters measured for risk preferences 

to settings of ambiguity. 

 

No evidence was found that the simple presence of a market increased 

investments in the uncertain option via a mechanism such as information aggregation 

and dissemination over time. However, whether subjects bought, sold or did not trade 

had a significant effect on allocations. This provides indirect evidence of the role of 

ambiguity preferences since subjects who bought investment units allocated 

significantly more of them to the uncertain investment option under conditions of 

ambiguity. The comparison between measured preferences and the direction of trade 

discussed in the next section provides further evidence of the role of ambiguity 

preferences in the market. 
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7.3.3 Direction of trade 
 

Further evidence for the importance of ambiguity preferences for driving trade 

in experimental asset markets was provided by comparisons of measurements of 

subjects’ preferences in decision-making under different contexts of risk, ambiguity, 

gains, losses and using different elicitation formats. Although there is some 

experimental evidence for the effect of risk attitudes on market behaviour, direct 

comparisons between measured risk preferences and market outcomes have been 

limited by unreliable measurement procedures. Some previous research, such as the 

work of Ang and Schwarz (1985) has been criticized for relying on the procedure they 

used for measuring risk preferences (Cohen, 1985). More recently, Fellner and 

Maciejovsky (2007) found that risk preferences were related to market activity, 

however, one of their procedures was unable to distinguish between risk-neutral and 

risk-preferring behaviour. The peanuts effect suggests that risk-preferring behaviour 

plays a role in experimental market behaviour. 

 

 Different sets of measurements were found to be related to subjects’ other 

experimental decisions between risk and ambiguity. It was interesting to find that 

whilst risk preferences measured over potential losses were not significant predictors 

of the individual investment decisions, they appear to have a substantial role in 

explaining observed trades. Given that some subjects who were risk-averse over gains 

were found to be risk-preferring over losses, these results further highlight the 

importance of measuring preferences in an appropriate context. 

 

Perhaps most importantly, the WTA values for risk preferences measured over 

ambiguous and unambiguous outcomes were the only procedures that significantly 

predicted the individual decisions under conditions of risk. The WTA ratio measure of 

ambiguity preferences also appears to be strongly related to the direction of trade 

under conditions of ambiguity. The WTA measurements predicted the highest 

proportion in the right direction, with 73 percent right when measured with 

unambiguous outcomes and 75 percent right when measured with ambiguous 

outcomes and 66 percent of trades under conditions of ambiguity. This supports the 

potential usefulness of this procedure for more routine use, since the ratio of these 

values was also significantly related to the direction of trade under ambiguity.  
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These results also provide additional evidence that ambiguity-aversion is not 

eliminated by the markets. Not only do markets not eliminate ambiguity-aversion in 

individual decisions, it appears that differences in ambiguity preferences are a major 

driver of trade in these experimental asset markets. This supports the suggestion that 

ambiguity preferences could be more relevant to market behaviour than risk 

preferences (Camerer, 1998), especially if markets in the field are characterized by 

Knightian uncertainty (Knight, 1921). Even so, it appears that risk preferences played 

an immediate role in motivating trade even in the context of ambiguity where only the 

WTA ratio measurement of ambiguity preferences significantly predicted individual 

decisions.  

 
 Some evidence was found in support of the peanuts effect, with risk-preferring 

traders much more likely to be a buyer than traders with other preference types. There 

is some evidence from related experiments of market outcomes consistent with 

slightly risk-preferring behaviour (e.g. Camerer and Kunreuther, 1989). The findings 

of this thesis imply that the presence of risk-preferring subjects is potentially 

important for understanding the behaviour of experimental asset markets. Additional 

analyses demonstrated the potential for future research by measuring subjects’ 

preferences and relating them to experimental decisions and markets designed for this 

comparison. Successful measurement procedures can be identified under controlled 

conditions, where risk preferences are expected to be a major driver of behaviour. 

These same procedures can then be used with more confidence to examine the relative 

roles of risk preferences and other behavioural factors in other experimental contexts. 

 

 Additionally, buyers were much more likely to be risk-preferring when prices 

were above the expected value of the assets traded. This suggests that some market 

phenomena that might otherwise be interpreted as a price bubble may be consistent 

with traders’ preferences and not require further explanation. However, further 

research would be needed to determine the relative importance of risk-preferring 

behaviour and other factors for explaining such market phenomenon. Without these 

comparisons with market behaviour, it would seem that the proportion of risk-

preferring subjects observed was especially large compared with general findings 

(Harrison and Rutström, 2008). Observed trades appear to be consistent with a large 
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minority of risk-preferring traders, supporting the results of the measurement 

procedures. 

 

Under conditions of ambiguity, all three certainty equivalents and the paired 

lottery choices over potential losses were significantly related to trade. However, the 

ambiguity preferences measured by the WTA ratio were highly significant and 

consistent with 66 percent of trades. Under conditions of risk, five of the nine stylised 

measurement procedures are significantly related to trades in the direction predicted 

and the Crop D decision. Notably, the WTA ratio measure of ambiguity-aversion was 

not. However, the WTA measures of risk preferences predicted the highest proportion 

in the right direction, 73 percent when measured with unambiguous outcomes and 75 

percent measured with ambiguous outcomes.  

 

Perhaps the most useful observation for future comparisons between measured 

preferences and market behaviour was the finding that preferences measured over 

potential losses were significantly related to the direction of trade under risk and 

ambiguity. This is interesting, given that a significant proportion of subjects who were 

risk-averse over gains were also risk-preferring over losses. These results further 

highlight the importance of measuring preferences in an appropriate context. Even 

though some practical limitations of the BDM procedure have been identified by 

Harrison and Rutström (2008), the success of the WTA measurements for relating risk 

preferences and ambiguity preferences to both individual decisions and market 

behaviour makes this procedure a suitable candidate for future routine use. Given the 

importance of preferences over potential losses for driving trade, it would be useful to 

examine the performance of this procedure for measuring preferences over losses as 

well as gains. Overall, the results suggest that it would be inadvisable to rely on any 

single procedure. 

 

Comparisons of the different procedures suggest that the paired lottery 

procedures used were not significant predictors of the individual decisions, although 

such procedures have been proposed for routine use by Holt and Laury (2002) among 

others. In this thesis, whilst the paired lottery choices over gains were not well related 

to the direction of trade under risk or ambiguity, paired lottery choices over potential 

losses were highly significant under conditions of risk. Future research might use 
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paired lottery choices with finer degrees of probability, in order for paired lottery 

choices to measure finer degrees of preference better suited to this kind of statistical 

analysis. The requirements of measurement procedures designed for comparison with 

other experimental decisions, where the heterogeneity in the preferences of subjects is 

paramount, implies that some procedures well-suited to testing individual decision 

theories or fitting alternative functional forms of utility functions may not be the best 

procedures for comparison with other experimental behaviours.  

 

The finding that the paired lottery choices performed poorly for predicting 

individual decisions is qualified by the fact that the payoffs used for this procedure 

were similar to Holt and Laury’s (2002) low payoff treatment. Higher lottery payoffs 

may better focus attention. With trade, the paired lottery choice procedure performed 

better. By adding an additional row to this procedure, this thesis added another 

opportunity for subjects to reveal a lack of comprehension of the procedure through 

their choices. This is an advantage of any measurement procedure, since it allows 

errors to be clearly identified and excluded from further analysis. Better methods for 

quantifying errors can greatly improve estimates of preferences (for a discussion of 

error estimation in risk preference measurements, see Hey and Orme, 1994, Hey, 

1995, and Harrison and Rutström, 2008). 

 

This thesis compared a selection of procedures with other experimental 

decisions. Any single procedure may perform better if used in isolation since this 

allows increased salience in payoffs and subjects are required to make fewer choices. 

Without multiple procedures the comparisons presented here would not have been 

possible. The individual decisions and market trades motivated by subjects’ 

endogenous preferences over the same risks and uncertainties was designed for this 

comparison. However, in other experimental environments, where such a comparison 

is complicated by other factors, researchers might use these procedures with more 

confidence. Knowing which procedures have performed well when comparisons are 

straightforward will enable future research to compare the relative importance of risk 

preferences and other experimental variables. However, the present thesis is only one 

step in the research needed to develop measurement procedures suitable for routine 

use. Larger studies using similar individual procedures across many different subjects 
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and across multiple experimental laboratories and types of risky decision would be an 

ideal future development.  

 

 The potential for this kind of research to provide insights into experimental 

market behaviour was examined by focussing on the role of risk-preferring subjects in 

understanding market behaviour. According to several different preference 

measurements, it appears that a significantly higher proportion of risk-preferring 

traders were the buyer in transactions than traders with other risk preferences. This is 

consistent with the underlying distribution of subjects’ preferences and indicates an 

important role for risk-preferring behaviour in experimental markets, as implied by 

the peanuts effect (Weber and Chapman, 2005). The peanuts effect is consistent with 

the idea that subjects may not view small payoffs as risky as larger payoffs. Such 

differences in risk perception may also affect the accuracy of measurement procedures 

(e.g. Weber, 2003). The anomalous results for the certainty equivalents measured over 

$8/$0 compared with certainty equivalents for $20/$0 lotteries may be evidence of 

this kind of phenomenon, and suggests that whilst it makes sense to measure 

preferences over amounts similar to other experimental payoffs, smaller amounts may 

also lead to noisier measurements. 

 

To demonstrate the usefulness of measurement procedures for studying market 

behaviour, the potential role of risk-preferring behaviour in explaining trades with 

prices above the expected value was examined. This analysis indicated that for several 

different procedures, the proportion of buyers that were risk-preferring was 

significantly greater when prices were above the expected value than at other times. 

This indicates risk-preferring behaviour is even more important when prices are above 

the expected value of the asset and demonstrates the usefulness of measuring subjects’ 

preferences. If risk-preferences had not been taken into account, these trades might be 

interpreted as part of a price bubble rather than simply as consistent with subjects’ 

preferences. This is important because assumptions about subjects’ preferences have 

often been required when interpreting the results of past asset market experiments 

(e.g., Smith et al., 1987; Camerer, 1987). 

 

Duxbury (1995; 2005) argued that the comparatively little attention that risk 

preferences have been given as an experimental variable in market studies is 
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surprising, given the importance of assumptions of risk-neutrality or risk-aversion for 

many of the models of equilibrium and variants of rational expectations equilibrium 

examined by experiments. This may have been due at least partly to the difficulties 

researchers have encountered relating measured preferences to market behaviour (e.g. 

Ang and Schwarz, 1985; Fellner and Maciejovsky, 2007). However, by comparing a 

selection of procedures, the present study has related measured preferences to the 

direction of trade in double auction markets designed for this purpose.  

 

In particular, the results of this comparison indicate that WTA estimates of 

certainty equivalents for lottery known and unknown probabilities provide good 

predictors of individual decisions under conditions of risk. The ratio of WTA for 

known and unknown probabilities that can be calculated from this measure was the 

only measure significantly related overall to individual investment decisions under 

ambiguity and was highly consistent with observed trades in this context. The results 

also indicate the importance of measuring preferences over potential losses as well as 

gains.  

 

In conclusion, this thesis has demonstrated how preference measurements can 

be compared with trade motivated by subjects’ risk and ambiguity preferences. The 

results have emphasised the importance of heterogeneity in subjects’ preferences and 

the role of ambiguity-aversion in understanding market behaviour. Previous research 

had suggested that asset market experiments with more subjects and therefore a 

greater heterogeneity in preferences can impact on the ability of markets to converge 

to equilibrium (Lundholm, 1991). Fellner and Maciejovsky (2007) found that less 

risk-averse subjects were more active in experimental assets markets. This is of some 

practical concern given evidence that more activity in financial markets can have 

negative impacts on overall market performance (Barber and Odean, 2000). 

Investigating the role of risk preferences in asset markets and the convergence of 

prices to equilibrium continues to be an important area for additional theoretical and 

empirical research. 
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Conclusion 

 

This chapter has summarised the tests of the experimental hypotheses and 

discussed the results for each research question. Simon (1986) argued that ancillary 

assumptions about people’s utilities, beliefs and expectations need to be empirically 

founded in order to improve the explanatory and predictive power of economics. This 

thesis has applied a new experimental approach combining the study of individual 

decisions, market outcomes and measured preferences to examine the relationship 

between alternative assumptions about individual decision-making and market 

behaviour. The next chapter concludes the thesis and examines some of the broader 

implications of the findings for understanding market behaviour under conditions of 

risk and ambiguity. 

 

 

 

 

 

 

 

 

 



 243 

Chapter 8. Conclusions and implications 

 

This thesis examined (1) the effect of Knightian uncertainty, ambiguity and 

ambiguity-aversion on the out-of-equilibrium behaviour of markets, (2) the effect of 

ambiguity and market interactions on individual decisions, and (3) the relative roles of 

risk and ambiguity preferences. It did this by examining the role of risk and ambiguity 

preferences in understanding market outcomes under conditions of uncertainty. The 

findings are consistent with rule-based explanations for ambiguity-aversion and the 

out-of-equilibrium behaviour of markets. This chapter presents the main conclusions 

and discusses the broader implications of these findings in terms of economic theory 

and its application. It discusses the out-of-equilibrium behaviour of markets under 

uncertainty, the role of risk and ambiguity preferences and the relationship between 

rule-based behaviour and market equilibrium. 

 

8.1 The out-of-equilibrium behaviour of markets under uncertainty 

 

This thesis compared predictions based on alternative behavioural assumptions 

using experiments designed to model Knight’s (1921) distinction between risk and 

uncertainty. Knight (1921) argued that the differences between theoretical predictions 

and observations of market behaviour could be explained by examining the difference 

between measurable and unmeasurable uncertainty. Epstein and Wang (1994) 

suggested that Knightian uncertainty and Keynes’ animal spirits would lead to 

increased price volatility. In contrast, Heiner (1983) argued that uncertainty is the 

basic source of predictable behaviour. This thesis has presented evidence that 

ambiguity leads to more predictable behaviour and more predictable patterns of 

market prices rather than increased price volatility.  

 

The results of this thesis present a serious challenge to the assumption that the 

interactions of individual decision-makers within markets can be accurately described 

using models based on the axioms of subjective expected utility theory and ancillary 

assumption of interactive or strategic rationality. In particular, the results question the 

ability of information feedback from markets and opportunities for learning in 
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markets to eliminate discrepancies between predictions based on rationality 

assumptions and observed individual behaviour. This is still the most common 

suggestion for a mechanism that could support predictions based only on market 

rationality, despite empirical evidence for violations of subjective expected utility 

theory at an individual level (Stracca, 2004). No evidence, however, was found that 

markets eliminate or significantly reduce the effects of ambiguity-aversion in 

individual decisions. Instead, evidence was found that ambiguity-aversion drives a 

large proportion of trades under conditions of ambiguity and that ambiguity has 

diverse effects including lower prices, more consistent price patterns, and affects 

trading volume and the likelihood of trade.  

 

8.2 The role of risk and ambiguity preferences 

 

This thesis has provided further evidence of the importance of ambiguity-

aversion in the market context. Ellsberg (1961) demonstrated how ambiguity-aversion 

conflicts with subjective expected utility theory, the conventional model of rational 

decision-making. Ambiguity-aversion is not just one of many alternative decision-

making phenomena that could have been investigated in this way. The effects of 

ambiguity on individual decisions is a central challenge to the use of subjective 

expected utility theory as a model of rational decision-making to explain, model and 

predict market outcomes. It is of key concern to the understanding the role of 

uncertainty in markets and was identified by Knight (1921) as central to 

understanding differences between theoretical predictions and observed market 

behaviour.  

 

Ambiguity-aversion (Ellsberg, 1961) questions the descriptive validity of 

subjective expected utility theory (Savage, 1954), which extended von Neumann and 

Morgenstern’s (1947) expected utility theory to situations where objective 

probabilities are unknown. This thesis has presented evidence that people still tend to 

violate Savage’s (1954) sure-thing principle and prefer choices with known 

probabilities even when making decisions with market feedback and opportunities for 

learning. Further, in markets people tend to follow simple rules of thumb and pay 

more attention to the behaviour of others under conditions of ambiguity. 
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Models based on individual rationality are widely accepted as incomplete first 

approximations for predicting market behaviour (Smith, 1991), yet the argument as to 

whether markets can be modelled ‘as if’ people follow normative decision theories 

can still be contentious (Stracca, 2004). Buschena (2003) pointed out that many 

individual decision experiments that demonstrate violations of expected utility theory 

do not incorporate market feedback, which is a key element of Friedman’s (1953) 

discussion of the rationality assumption. However, this thesis has found that the 

effects of ambiguity-aversion persist even with market feedback.  

 

This thesis also found no evidence that markets eliminate ambiguity-aversion 

in individual decisions. This contrasts with Plott’s (1996) interpretation of his 

description of the stages of behaviour in experimental markets, from irrational to 

strategic, as the discovery of preferences. Instead the findings of this thesis are 

consistent with Braga and Starmer’s (2005) suggestion that subjects are more likely to 

be learning rules of thumb that help them cope with a complex environment than they 

are to be discovering a consistent and stable preference. This interpretation is also 

consistent with Heiner’s (1983) argument that uncertainty is the basic source of 

predictable behaviour and that increased uncertainty increases the likelihood of rule-

based behaviours. Predictions of competitive equilibrium based on assumptions of 

interactive rationality require cognitive capacities that exceed the capabilities of 

human beings (Tietz, 1983, Arrow, 1996). Rule-based behaviour and social 

conventions are the adaptive response to a competence-gap (Heiner, 1983, Choi, 

1993). These factors appear to play an important role in determining whether and how 

competitive equilibrium can be established in markets.  

 

 To examine the role of risk and ambiguity preferences in market behaviour, 

this thesis developed new methods for comparing measured risk and ambiguity 

preferences with market behaviour. Previously, very few studies have examined the 

relationship between risk preferences and experimental market behaviour directly. 

This thesis has extended the results of previous studies by Ang and Schwarz (1985) 

and Fellner and Maciejovsky (2007), which demonstrated intriguing relationship 

between risk preferences and market activity but also highlighted the limitations of 

past methods for studying the relationships between risk preferences and market 

activity. This thesis developed new methods in order to compare measurements of risk 
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preferences with behaviour in experimental markets that were designed so that trade 

could be motivated by differences in subjects’ preferences. This enabled comparisons 

of measured ambiguity preferences in addition to risk preferences and also enabled 

measurements to be compared with the outcomes of other experimental decisions with 

and without the presence of a market institution.  

 

 The notorious unreliability of different measurement procedures is another 

reason why relatively few studies have examined the relationship between risk 

preferences and experimental market behaviour directly (e.g. Camerer and Weber, 

1992; Warneryd, 1996; Pennings and Smidts, 2000). By developing new experimental 

procedures, this thesis has show how important differences in elicitation procedure, 

such as framing as gains or losses and the contexts of risk or ambiguity, affect 

comparisons with market outcomes. These comparisons provided further evidence 

that the market did not eliminate the effects of ambiguity on individual decisions, 

since differences in subjects’ ambiguity preferences accounted for many trades 

observed under conditions of ambiguity. Overall, the comparisons of measured 

preferences and market outcomes emphasise the importance of the heterogeneity in 

risk and ambiguity preferences and the importance of the distinction between risk and 

ambiguity for understanding market behaviour. 

 

This thesis has presented evidence relating the effects of ambiguity and 

ambiguity preferences to the out-of-equilibrium behaviour of experimental markets. 

Under conditions of ambiguity, where observed trades were also found to be strongly 

related to measured ambiguity preferences, lower price volatility in the form of more 

consistent patterns in prices and price movements was also observed. Duxbury (2005) 

suggested that the interaction between risk preferences and the out-of-equilibrium 

behaviour of markets was an important direction for research. Duxbury (1995) argued 

that it was surprising that risk preferences had been given relatively little 

consideration in experimental asset market studies. The assumptions that traders are 

risk-neutral or risk-averse are important for various models of rational expectations 

(Duxbury, 1995). For instance, under conditions of aggregate uncertainty, the 

aggregated private information of traders does not identify the state of the world 

precisely and equilibrium prices are dependent on traders’ risk preferences 
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(Lundholm, 1991). Examining ambiguity preferences in addition to risk preferences 

has revealed how rule-based behaviours might affect markets out of equilibrium. 

 

8.3 Rule-based behaviour and market equilibrium 

 

Aggregate uncertainty is a feature of realistic market contexts and without this 

type of uncertainty many of the difficulties in decision-making disappear (Lundholm, 

1991). Lundholm (1991) found that when traders have different private information, 

aggregate uncertainty significantly reduced efficiency in experimental markets. 

Investigating factors that might inhibit convergence is an important field of research 

(Smith, 2000). Anderson and Sutinen (2006) suggested that increased price volatility 

could impede the introduction of new environmental and natural resource markets if it 

interferes with traders’ search for mutually agreeable prices. This thesis tested 

whether ambiguity would lead to increased price volatility. Although evidence was 

presented that ambiguity leads to more predictable prices and price movements as 

traders search for equilibrium prices, this pattern of behaviour might also be a 

hindrance to the convergence process and implies one possible mechanism for 

uncertainty to interfere with traders’ search for equilibrium prices. This is the idea that 

ambiguity and ambiguity-aversion lead traders to use rules of thumb or conventions to 

guide their decisions and pay increased attention to the information they suspect is 

revealed through market prices.  

 

As Knight (1921) suggested, examining the effects of ambiguity on market 

behaviour revealed important differences between theoretical predictions and 

observed outcomes.  Examining investment decisions in markets under conditions of 

total ignorance provides a clear illustration of the contrasting roles of rational choice 

and empirical observation. In particular, definitions of market equilibrium based on an 

assumption of rational choice and perfect foresight do not help explain the 

convergence of markets to equilibrium (Hayek, 1937). Because it does not deal with 

social processes, an analysis of equilibrium can only ever provide a useful prelude to 

the study of the main problem (Hayek, 1945). 

 

Explaining the effects of ambiguity-aversion and ambiguity based on rule-

based behaviours (Heiner, 1983) and social convention (Choi, 1993) provides a 
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connection between the psychology of individual choice and social psychology. If 

ambiguity-aversion is explained by the use of rules of thumb and the effects of 

ambiguity on market behaviour are mediated by the processes of social convention 

then this could lead to forms of herding behaviour. Ambiguity and ambiguity-aversion 

would mean traders were more likely to base decisions on heuristics based on price 

momentum (Lee and Swaminathan, 2000), anchoring and adjustment (Duxbury, 

2005), price following (Braga and Starmer, 2005) and other rules of thumb or social 

conventions.  

 

This thesis has presented evidence that under conditions of ambiguity traders 

pay undue attention to market prices, leading to more predictable patterns in prices. 

Ambiguity and ambiguity-aversion might be very important in markets when people 

do suspect that prices reflect better information held by other traders. This supports 

the idea that ambiguity preferences could be more important than risk preferences for 

understanding market behaviour (Camerer, 1998). Ambiguity and ambiguity-aversion 

could thereby help explain the patterns in market prices caused by misaligned 

expectations and trading based on mistaken beliefs about the information held by 

others, including fads (Shiller, 1984), information bubbles (Friedman and Aoki, 

1986), and information traps (Noeth et al., 1999). These traders might think they have 

inferred inside information even when there is no information there for them to infer.  

 

This reasoning suggests that the interaction between the rules of thumb 

followed by individual decision-makers to overcome cognitive limitations interact in 

important ways in market institutions. Behavioural rules can work well in some 

situations but perform poorly in others. Halevy and Feltkamp (2005) showed that 

something like ambiguity-aversion is rational for a decision problem closely related to 

the Ellsberg paradox but with additional urns and positively correlated risks. If this 

kind of decision context is common then this provides an explanation for the 

evolution or adoption of behavioural rules that generate ambiguity-aversion in 

decision contexts where it appears to be paradoxical.  

 

It appears that seemingly irrational behaviour is sometimes necessary to reach 

the outcomes predicted based on assumptions of rationality. In some environments the 

partial adjustment of expectation might be necessary for a market to reach 
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equilibrium. Heiner (1989) showed that in some circumstances traders who only 

partially update their expectations with the receipt of new information will reach the 

equilibrium predicted based on rational expectations. In the same situation rational 

decision-makers who update expectations according to the axioms of subjective 

expected utility theory will not. However, a behavioural rule that enables traders to 

coordinate their expectations in many situations might not perform particularly well 

under other conditions.  

 

 Market behaviour is ultimately produced by the interplay between institutional 

structure and individual behaviour (Smith, 2005). This means that particular rule-

based behaviours might work well in some environments with some market 

institutions. For example, Braga and Starmer’s (2005) argued that if more than three 

bidders use a price following rule, then properties of the second price auction would 

eliminate any disparity between valuations of subjects’ willingness-to-pay and their 

willingness-to-accept. Although this suggests a role for price following behaviour, the 

ability of traders to reach a predicted equilibrium by using this rule of thumb may be 

overstated if the properties of the institution itself are ignored. 

 

In some environments the partial adjustment of expectation might be 

necessary for a market to reach equilibrium (e.g. Heiner, 1989) but simpler rules of 

thumb that reflect the behaviour of traders who pay undue attention to market prices 

might impede equilibration. In some environments behavioural rules might help 

decision-makers coordinate their expectations (Heiner, 1989). In contrast, less 

predictable prices observed under risk might reflect the behaviour of better informed 

traders and the potential for faster rates of convergence to equilibrium. Rather than a 

hindrance to the introduction of new markets, this form of price volatility might 

reflect a better functioning market. High price volatility might hinder traders’ search 

for mutually agreeable prices but some intra-price volatility might reflect a better 

functioning market if it reflects traders who are making decisions based on their own 

valuations rather than assuming prices contain useful information about value and 

using a price following heuristic. 

 

This thesis presented evidence that in a market under conditions of ambiguity, 

traders will behave in a manner that leads to more predictable prices and price 
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movements and not act randomly. The evidence presented in this thesis suggests that 

in such situations animal spirits influence behaviour via rule-based behaviours that 

simplify decisions and lead people to imitate others. Keynes (1936) questioned 

whether rational behaviour was possible under conditions of total ignorance when 

decisions cannot depend on strict mathematical expectations. Even behavioural rules 

that might perform well when the environment is structured so that it does contain 

some useful information (e.g. Todd and Gigerenzer, 2007) might not work well under 

other conditions such as total ignorance. Gilboa and Schmeidler’s (1996) case-based 

decision theory is a model of decision-making where decision-makers retrieve the 

most similar cases from memory or identify a paradigm that prescribes the action 

when faced by a new decision problem (Choi, 1993). Choi (1993) suggested that 

when confronted by an unfamiliar situation they may not be able to identify a suitable 

paradigm at first and they would search for a paradigm, either by stretching existing 

paradigms or by acting randomly.  

 

The effect of ambiguity on other forms of price volatility, represented by inter-

period price volatility in experimental markets is an important direction for future 

research. In other experimental settings, where traders might receive different 

information about probabilities or different timing, or know that insiders have some 

information about probabilities, it is possible that ambiguity could lead to increased 

price volatility if traders overreact to the receipt of new information under conditions 

of ambiguity.  

 

Examining the difference between Knight’s (1921) measurable and 

unmeasurable uncertainty has revealed important differences between theoretical 

predictions based on the assumptions of subjective expected utility theory and 

ancillary assumptions of interactive or strategic rationality and observed behaviour in 

markets. In contrast, an approach that assumed decision-makers follow subjective 

expected utility theory with the attendant assumptions about market competition 

would have ignored the search for equilibrium prices and assumed the process was 

instantaneous (Roth, 1995). Heiner (1983) suggested that loyalty to rationality 

assumptions is not based on the usefulness of the resulting predictions. Heiner (1983) 

argued that it is based on the fear that unless we assume decision-makers are perfectly 
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competent there would be no regularities in behaviour because errors would lead to 

unpredictable and erratic behaviour.  

 

This thesis has applied rule-based explanations of the effects of ambiguity and 

ambiguity-aversion to the out-of-equilibrium behaviour of markets to shed some light 

on the psychological and social forces that affect price formation. These findings 

support Heiner’s (1983) argument that uncertainty leads to predictable behaviour. As 

Simon (1986) suggested, individual behavioural factors combine with social factors to 

select some aspects of reality as the basis for decisions and influence the strategies 

people use to cope with a complex reality. These findings have some general 

methodological implications. As Lawson (1985) argued, developing empirical models 

based on historical regularity makes sense where conventions lead to predictable 

behaviour; yet to anticipate the end of a convention, such as the collapse of a price 

bubble, requires a deeper understanding of the underlying processes.  

Conclusion 
 

This thesis aimed to (1) examine the effect of Knightian uncertainty, 

ambiguity and ambiguity-aversion on the out-of-equilibrium behaviour of markets, (2) 

examine the effect of ambiguity and market interactions on individual decisions, and 

(3) examine the relative roles of risk and ambiguity preferences in market behaviour. 

This thesis has applied a new experimental approach combining the study of 

individual decisions, market outcomes and measured preferences to examine the 

relationship between alternative assumptions about individual decision-making and 

market behaviour. 

 

Experimental procedures were employed to study (1) individual decisions 

under risk and ambiguity with and without trade, (2) ten-person markets motivated by 

subjects’ own risk and/or ambiguity preferences, (3) measurements of risk and 

ambiguity preferences, (4) box-design markets under conditions of certainty, risk and 

ambiguity, (5) two-person markets and the effect of ambiguity on the likelihood of 

trade, and (6) the effect of price information from futures markets on volatility in 

markets under conditions of ambiguity. The key findings included evidence of lower 

prices under ambiguity for equivalent probabilities under risk, no evidence that the 
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effects of ambiguity on market prices are eliminated or significantly reduced over 

time, and the importance of heterogeneity in preferences and ambiguity-aversion for 

understanding market behaviour. Most centrally, this thesis has presented evidence 

that ambiguity leads to more predictable behaviour and more predictable patterns of 

market prices rather than increased price volatility. This is compatible with rule-based 

explanations for ambiguity-aversion and the effects of ambiguity on market 

behaviour.  

 

The thesis supports Knight’s (1921) argument that the difference between 

measurable and unmeasurable uncertainty is central to understanding the contrast 

between theoretical predictions of market competition and empirical observations of 

market behaviour. Market theories based only on assumptions about rationality and 

ancillary assumptions about market competition ignore the role of other behavioural 

processes. This thesis has shown that examining the relationship between ambiguity, 

ambiguity-aversion and market behaviour can shed some light on the psychological 

and social factors that affect price formation. Instead of assuming rationality and a 

common knowledge of rationality, the interactions of individual decision-makers 

within market institutions under conditions of uncertainty is better understood in 

terms of rule-based behaviours. 
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Appendix A: Subject demographics 
 

This appendix reports the results of the demographic survey that subjects in 

the first series of experiments were asked to complete after the procedures used to 

measure risk and ambiguity preferences. Results are reported for the demographic 

characteristics of the 63 subjects that participated in the measurement phase of the 

main experiment design. Although additional subjects participated in other 

experimental sessions, demographic data was only collected as part of the preference 

measurement procedures in the main design. However, these results are representative 

of the larger subject pool. The mean age of these subjects was 24 with 40 male and 23 

female subjects. Table A.1 shows that 35 subjects were Australian and 27 were of 

another nationality.  

 

Table A.1 Nationality of subjects 

Nationality Number of 
subjects 

Australia 35 
Bangladesh 2 

China 7 
India 5 

Indonesia 1 
Iran 4 

Kuwait 1 
Norway 2 
Spain 1 

Thailand 2 
United Kingdom 1 

USA 1 
Unanswered 1 

 

Fifty-seven of these subjects were full-time students at the time of the 

experiments. Asked about the year of their degree programs, subjects responded: first 

year (11 subjects), second year (13 subjects), third year (15 subjects), fourth year (6 

subjects), last year (8 subjects), or another year (4 subjects), and 6 subjects did not 

respond to this item. Thirty-seven reported having studied probability at some stage of 

their education, but only six reported having studied a formal course in decision 

theory at the university level. 
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Questions were asked about aspects of personal finances that might affect 

subjects’ preferences over risky outcomes. Thirty-two subjects worked either casually 

or part-time and twenty-nine were students only46

 

. Subjects were asked about who 

had the responsibility for their living expenses. Table A.2 displays subjects’ 

responses. 

Table A.2 Responsibility for subjects’ living expenses 

Responsible for provision of living expenses Number of subjects 

Self 16 

Parent(s) 20 

Parent(s) and yourself 7 

Scholarship 1 

Loans 3 

Combination or other 15 

Unanswered 1 

 

The majority of subjects relied either upon their parents or themselves for their 

living expenses (68.3 percent). The following graphs present the results of subjects’ 

responses to other questions regarding household income (Figure A.1) size of 

household (Figure A.2), and personal income (Figure A.3).  

 

 

Figure A.1 Number of subjects in each range of household income 

 
 

                                                 
46 One subject answered ‘unemployed’ and one did not respond to this item. 
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Figure A.2 Size of household. 

 
 

 

Figure A.3 Personal income 

 

Based on the average household size (2.97 people) and household incomes the 

average household income lies between $10 001 and $50 000 per year. The majority 

of subjects reported a personal income of less than $10 000 per year. Lastly, Table 

A.3 presents subjects’ responses regarding the method of receiving their income. 
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Table A.3 Method of receiving income 

Method of receiving income Number of subjects 

Fixed salary 0 

Hourly rate 28 

Scholarships 2 

Parents 14 

Other or a combination 17 

Unanswered 2 

 

Two-thirds of subjects reported being paid via an hourly rate or by their 

parents. The fact that the majority of subjects are full-time students, rely on 

themselves or their parents for financial support and have relatively low personal 

incomes indicates that the payments used as incentives in these experiments would be 

sufficient to induce salient decisions. This is consistent with the self-selection method 

of recruiting test subjects as described in the methodology chapter. 
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Appendix B: Individual decisions and market behaviour 
 

 This appendix contains the instructions for the main experimental design and 

its pilot experiments. The instructions for the risk treatment with a market are 

presented in full. The instructions for the ambiguity treatment without a market are 

presented for comparison. The instructions for other two treatment combinations are 

re-arrangements of these instructions. The instructions are also shown for the session 

that had an ambiguous Crop A and a risky Crop B. The formatting has been modified 

to condense the instructions. Instruction files were downloaded by subjects as Word 

documents or Adobe Acrobat files. A link at the end of the instructions took subjects 

to a comprehension quiz in Excel and another link took them to the TESS experiment 

software. 

B.1. Risk treatment with trade 
 
About this Experiment 
 
What to do: 
 
1. Read through the instructions carefully.  
2. After reading the instructions you will be taken to a short quiz that will test your comprehension of 

the instructions.  
3. Correctly answering ALL of the quiz questions will give you a unique password that you can use 

to hyperlink to and login to the experiment 
 
If you follow the instructions and make sound decisions based on the information you are provided 
with, you may earn money that will be paid to you in cash. 
 
 
Experimental Rules 
You are being paid to participate in this experiment. Failure to comply with these rules will result in the 
forfeiture of earnings from this session and you will not be allowed to participate in future sessions. 
 
1. Talking is not permitted during the experiment: You must not reveal your characteristics or share 

information with others during the experiment 
2. Only the experiment windows are permitted to be open during the experiment: You are not 

permitted to operate other software such as email or internet during the experiment 
3. You may ask questions of the instructor during the experiment  
 
Instructors can answer questions about procedures but cannot provide you with advice about decisions. 
You must make decisions by yourself. 
 
 
Overview of the experiment 

Your characteristics: 
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• You have an allocation of 100 ML of water at the start of each period. Your allocation of 
water in each period is independent of how much water you used in previous periods. 

 
• There are five (5) decision periods in this experiment. 

 
• In each period there will be a market and a water use decision. 

 
• There are a total of ten (10) traders in the market. 

 
• If you buy water in the market the quantity will be added to your water allocation when the 

market closes. If you sell water the quantity will be subtracted from your water allocation 
when the market closes. 

 
• You can grow two crops in each period. They are called Crop A and Crop B. 

 
• The sum of water used on Crop A and Crop B cannot exceed a Maximum Water Use of 200 

ML. Any water you have after trade greater than 200 ML cannot be used on your crops and 
has no value to you. It will not be available in future periods. 

 
• After the market you must decide how much of the water you have available to use on Crop 

A. The rest of the water you have available up to the Maximum Water Use of 200 ML will 
automatically be used on Crop B.  

 
 
Your payments: 

 
• You decide in each period how much water to use on Crop A. 
 
• The value of water used on Crop B is 2 cents per ML.  

 
• You have 100 ML of water in each period. If you use 0 ML of water on Crop A then 100 ML  

- 0 ML = 100 ML of water will be used on Crop B. All of your water will be used on Crop B. 
You will earn $0.02 x 100 ML = $2. 

 
• The value of water used on Crop A will depend on whether or not your crop is grown and sold 

successfully. 
 
• If your crop is successful, you will earn 8 cents per ML for each ML of water you use on Crop 

A. You have 100 ML of water in each period. If you use all of your water on Crop A and Crop 
A is successful you will earn $0.08 x 100 ML = $8. 

 
• If your crop is unsuccessful, you will earn 0 cents per ML for each ML of water you use on 

Crop A. If you use all of your water on Crop A and Crop A is unsuccessful you will earn 
$0.00 x 100 ML = $0. 

 
• The probability that Crop A will be grown and sold successfully is 50 percent. 

 
• The probability that Crop A will be grown and sold successfully is the same for all 10 traders 

in the market.  
 

• The success of your Crop A is independent of the success of the other traders’ crops. That is, 
your Crop A might be successful when other traders have an unsuccessful Crop A. Likewise, 
your Crop A might be unsuccessful when other traders have a successful Crop A. However, 
the probability that Crop A will be grown and sold successfully is the same for all traders in 
the market. 

 
• The success of Crop A in each period is independent of the success of Crop A in any other 

period.  
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• The cost of water bought will be subtracted from your income in each period. 
 

• Any income from water sold will be added to your income in each period. 
 

• You will not be allowed to spend more than the $10 plus any income you earn in the session. 
 

• You cannot earn more than $50 from this part of the experiment (including the $10 you are 
paid for coming to this session). If Your Total Income becomes greater than $50 you will no 
longer be able to participate in the market or enter water use decisions. 

 
The process: 

 
• At the start of each period a market will open allowing you to place bids and asks to buy and 

sell water. 
 

• When the market closes the amount of water you have available after trade will be shown in 
the Production Table. 

 
• A Decision Box will then appear. You are asked to enter how much of the water you have 

available after trade you want to use on Crop A. The rest of the water you have available up to 
the Maximum Water Use of 200 ML will automatically be used on Crop B.  

 
• The sum of water used on Crop A and Crop B is not allowed to exceed the 200 ML Maximum 

Water Use. Even if you have more than 200 ML of water available after trade you can only 
use up to 200 ML on Crop A. 200 ML minus any water used on Crop A will be used on Crop 
B. 

 
• After you have made your decision in each period information about the success of Crop A 

and your earnings from that period will be provided. 
 
 
 
At the Start 
Once you have successfully completed the quiz you will be taken the login screen where you will enter 
your Player ID (provided to you at the start of the experiment by the instructor) and Password (obtained 
by successfully completing the quiz). 
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Stage 1 - Introduction Stage 
 
Once you have entered your Trader ID and Password you will see the following screen: 
 

 
 

 
When you click on ‘Bid Info’ a new menu will appear: 

 

 
 

Click on the Production Table link and you will be shown information about your water allocation and 
water use in each period. 
 
Click on Income Table and you will be shown information about your income in each period. 
 
Production Table 
 
Your Production Table will look like this: 
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Period There are five periods in this experiment. 
Water Allocation You have a water allocation of 100 ML in each period. 
Qty Bought Quantity of Water Bought 
Qty Sold Quantity of Water Sold 
Water Available after Trade Water Allocation + Qty Bought – Qty Sold 
Maximum Water Use The sum of water used on Crop A and Crop B cannot exceed 200 ML. 

If you have more than 200 ML available after trade then up to 200 ML 
can be used on Crop A and 200 ML minus any water used on Crop A 
will be used on Crop B. 

Water Used on Crop A After you have made a decision in each period the amount of water you 
use on Crop A will be shown here. 

Water Used on Crop B After you have made a decision in each period the amount of water you 
use on Crop B will be shown here. 

 
Income Table 
Your Income Table will look like this: 

 
Numbers shown in Cost of Water Bought, Income from Water Sold, Value of Crop A Water, Value of 
Crop B Water, Income from Crop A, Income from Crop B and Total Income are shown in units of 
1/100ths of a cent. So, to convert these values into cents divide by 100.  
 
1 cent is shown as 100 
 
Numbers in Your Income are shown in cents (Your Total Income divided by 100). 
 
Your Total Income This is shown above the Income table. At the start of the experiment it shows 

the $10 you are paid for attending this session. Your earnings from each 
period will be added to this amount. If you want to buy water before you have 
earned income from growing a crop you must use some of this $10. 

Period There are five periods in this experiment. 
Cost of Water Bought This will be updated when the market closes. 
Income from Water Sold This will be updated when the market closes. 
Value of Crop A Water Please ignore the zeros in this column. After you have made your water use 

decision in each period the value of water per ML used on Crop A will be 
shown here.  The value of Crop A Water will either be 8 cents per ML or 0 
cents per ML. 8 cents will be shown as 800. 

Value of Crop B Water The value of Crop B Water will always be 2 cents per ML. 2 cents will be 
shown as 200. 

Income from Crop A Your income from Crop A is the Water Used on Crop A (from the Production 
Table) x Value of Crop A Water 

Total Income Income from Crop A + Income from Crop B 
Trader’s Income How many cents you have earned in each period (Total Income divided by 

100). 
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Stage 2 – Market Stage 

At the start of this stage the following screen appears: 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In the ASKS box – you can make offers to sell 
In the BIDS box – you can make offers to buy 
 
Please note: Prices must be entered in units of 1/100th of a cent. If you want to enter a price of 1 cent 
per ML enter 100. Half a cent is entered as 50. One and a half cents (1.5) is entered as 150. 
 
How the market works: 
 
• To place an ask or a bid enter a Quantity and a Price. The Quantity is the number of ML you wish 

to buy or sell. The Price is the price per ML of your offer. To send an offer click the ‘Send Offer’ 
button. 

• You can trade as many times as you like during this market session, provided that you have water 
available to trade. 

• The first ask and bid stand until better offers are made. 
• An ask with a lower price will replace the standing ask regardless of quantity. 
• Similarly, a bid with a higher price will replace the standing bid regardless of quantity. 
• Offers which do not improve on the standing offer price are rejected. 
• To accept the standing ask enter a bid with a quantity and a price equal to the asking price. 
• To accept the standing bid enter an ask with a quantity and a price equal to the bidding price. 
• You can accept all or part of the quantity offered – accepting part of the quantity offered, leaves 

the remainder as the new standing offer.  
 

Full quantity trade: When the full quantity of an offer is accepted, all offers are cleared and the market 
is open to new offers to asks and offers to bids. 
Part quantity trade: When only part of an offer quantity is traded the remainder of the offer stands and 
the opposing offers are cleared. For example, if a player buys 6 ML of a 10 ML ask, 6 units will be 
traded and 4 units of the original asks will stand. All bids will clear.  
 
Please note: 
1. Trading is optional. 
2. You cannot trade with yourself 
 
The “Water Available after Trade” column in the Production Table is only updated after the 
market closes. 
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During the trading period you are able to view the Current Stock, My Trades and All Trades tables 
to see what has happened in the market so far. You will need to click on these links each time you want 
to refresh the display. 
 
After the Market Stage you will be able to see the Qty Bought, Qty Sold, and Water Available after 
Trade in the Production Table. Cost of Water Bought and Income from Water Sold will be updated in 
the Income Table. 
 
 
Current Stock 

 
The Current Stock link will display this table. It shows your Water Allocation, the Net Quantity 
Traded, the Current Amount of Water Available and your Maximum Water Use. Remember any 
water you have in excess of the Maximum Water Use when the market closes has no value to you. 
Click on the Current Stock link while the market is open to update this information. 
 
My Trades 

 
The My Trades link will display this table. It shows any trades you have made listed by Period, Trade 
type (Bought or Sold), Qty and Price. Click on the My Trades link while the market is open to update 
this information. 
 
All Trades 

 
The All Trades link will display this table. It shows all trades that have occurred listed by Period, Price 
and Qty. Click on the All Trades link while the market is open to update this information. 
 
Stage 3 - Water Use Decision 
In this stage, you must decide how much water to use on Crop A.  Any water left from your water 
allocation will be automatically used on Crop B up to the 200 ML Maximum Water Use. You will have 
a limited amount of time to make this decision. The time left for you to make a decision will be shown 
on the screen. 
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Stage 4 - Income Stage 
 
After the Water Use decision in stage 3 you will be able to see updated information in your Production 
Table and your Income Table.  
 
The amounts of water used on Crop A and Crop B will be shown in the Production Table.  
 
The value of water on Crop A will be displayed in the Income Table and you will be able to see if it is 
8 cents per ML or 0 cents per ML. Your earnings from Crop A and Crop B will also be shown in the 
Income Table. 
 
Before you start the quiz 
 
You are being paid to participate in this experiment. Failure to comply with these rules will result in the 
forfeiture of earnings from this session and you will not be allowed to participate in future sessions. 
 
1. Talking is not permitted during the experiment: You must not reveal your firm’s characteristics or 

share information with others during the experiment 
2. Only the experiment windows are permitted to be open during the experiment: You are not 

permitted to operate other software such as email or internet during the experiment 
3. You may ask questions of the instructor during the experiment  
 
Instructors can answer questions about procedures but cannot provide you with advice about decisions. 
You must make decisions by yourself. 
 
Now that you have read the instructions - click here
 

 to go to the quiz. 

B.2. Ambiguity treatment without trade 
 
Your characteristics:  
 
• You have an allocation of 100 ML of water in each period of this experiment.  
 
• There are five (5) decision periods in this experiment.  
 
• You can grow two crops in each period. They are called Crop A and Crop B.  
 
• You must decide how much water to use on Crop A. Any water that you do not use on Crop A will 

automatically be used on Crop B.  
 
• You have 100 ML to use in each period. Your allocation of water in each period is independent of 

how much water you used in previous periods.  
 
• You can use any amount of water on Crop A up to your 100 ML water allocation.  
 
Your payments:  
 
• You decide in each period how much water to use on Crop A.  
 
• The value of water used on Crop B is 2 cents per ML.  
 
• You have 100 ML of water in each period. If you use 0 ML of water on Crop A then 100 ML - 0 

ML = 100 ML of water will be used on Crop B. All of your water will be used on Crop B. You 
will earn $0.02 x 100 ML = $2.  
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• The value of water used on Crop A will depend on whether or not your crop is grown and sold 
successfully.  

 
• If your crop is successful, you will earn 8 cents per ML for each ML of water you use on Crop A. 

You have 100 ML of water in each period. If you use all of your water on Crop A and Crop A is 
successful you will earn $0.08 x 100 ML = $8.  

 
• If your crop is unsuccessful, you will earn 0 cents per ML for each ML of water you use on Crop 

A. If you use all of your water on Crop A and Crop A is unsuccessful you will earn $0.00 x 100 
ML = $0.  

 
• You do not know the probability that Crop A will be grown and sold successfully.  
 
• The success of Crop A in each period is independent of the success of Crop A in any other period.  
 
The process:  
 
In each period, you will be asked to enter how much water you want to use on Crop A. The rest of your 
water allocation will automatically be used on Crop B.  
 
After you have made your decision in each period information about the success of Crop A and your 
earnings from that period will be provided.  
 

B.3. Ellsberg urns as individual decisions  
 

Overview of the experiment  
   
Your characteristics:  
  

• You have an allocation of 100 ML of water in each period of this experiment.   
  

• There are five (5) decision periods in this experiment.  
  
• You can grow two crops in each period. They are called Crop A and Crop B.  

  
• You must decide how much water to use on Crop A. Any water that you do not use on Crop A 

will automatically be used on Crop B.   
  

• You have 100 ML to use in each period. Your allocation of water in each period is independent 
of how much water you used in previous periods.  

  
• You can use any amount of water on Crop A up to your 100 ML water allocation.  

  
 Your payments: 
 
• You decide in each period how much water to use on Crop A. 
 
• The value of water used on Crop A will either be 4 cents per ML or 0 cents per ML. 
 
• The probability that Crop A will be successful is between 20 percent and 80 percent. 
 
• At the end of each period the computer will simulate the roll of a 10-sided dice to determine 

whether Crop A is successful or not.  
 
• For example, if the probability is 20 percent then if the dice shows sides 1 or 2, then the value of 
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Crop A will be 4 cents per ML. If the dice shows sides 3, 4, 5, 6, 7, 8, 9, or 10, then the value of 
Crop A will be 0 cents per ML. The dice will be rolled separately for each period. 

 
• Likewise, if the probability is 80 percent then if the dice shows sides 1, 2, 3, 4, 5, 6, 7 or 8, then the 

value of Crop A will be 4 cents per ML. If the dice shows sides 9 or 10, then the value of Crop A 
will be 0 cents per ML. The dice will be rolled separately for each period. 

 
 
Any water you do not use on Crop A will automatically be used on Crop B. 
 
• The value of water used on Crop B will either be 4 cents per ML or 0 cents per ML. 
 
• The probability that Crop B will be successful is 50 percent. 
 
• At the end of each period the computer will simulate a coin toss to determine whether Crop B is 

successful or not. If the coin lands on Heads the value of Crop B will be 4 cents per ML. If the 
coin lands on Tails the value of Crop B will be 0 cents per ML. The coin will be tossed separately 
for each period. 

 
 
The process:  

  
• In each period, you will be asked to enter how much water you want to use on Crop A. The rest of 

your water allocation will automatically be used on Crop B. 
 
• After you have made your decision in each period information about the success of Crop A and 

Crop B and your earnings from that period 
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B.4. Graphs of prices 
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Appendix C: Preference measurement procedures 
 

 This appendix contains the formats of the elicitation procedures used to 

measure subjects’ preferences. The original procedures were programmed in zTree 

v2.1 and are presented here in an abridged form. The computer program prevented 

subjects from switching back and forth in lists of paired choices. A calculator was 

accessible from each screen and subjects proceeded at their own pace. Subjects were 

shown the random devices before making their choices – a coin toss for 50 percent 

probabilities, a 10-sided die for other probabilities and the containers of marbles for 

Ellsberg urns. Subjects were told that gains would be added to their payments from 

the second part of the experiment session and that losses would be subtracted to 

provide salience in both contexts. 

 

C.1. General instructions 
 

Thank you for participating in this experiment session. This session has two parts. In the first part you 
will be asked to make a number of choices between options with different outcomes and probabilities. 
The instructions for the second part of this experiment will be provided after part one. A number of the 
choices made by everyone who participates in part one of this experiment have been randomly selected 
to be paid for real. All of your decisions in part two of the experiment will be paid for real.  
 
One of your choices from this part of the experiment has been randomly selected to be paid for real. 
Every choice you make has an equal chance of being selected for payment. 
 
Your choice will determine your payment. For example, if you choose an option with a certain amount 
in a row that is selected for payment then this amount will be added to your total payment for the 
session. If this amount is a certain loss this amount will be subtracted from your total payment for the 
session.  
 
If you choose an option that gives you a 50% chance of receiving $X and a 50% chance of receiving 
$Y a coin will be tossed to determine if you will receive $X or $Y. If you choose an option that gives 
you a 50% chance of losing $X and a 50% chance of losing $Y a coin will be tossed to determine if 
you will lose $X or $Y. Payments from part one will be calculated at the end of the session. 
 
Some choices in part one of this experiment have negative outcomes. If one of your choices is selected 
for payment that has a negative outcome the amount will be subtracted from your payment from part 
two of the experiment. In this session, even if you have a loss from part one of the experiment this will 
only be subtracted from your payment from part two of the experiment. You will still be paid $10 for 
attending this session. Remember that all of your choices in the second part of the experiment will be 
paid for real.  
 
In summary, your payment from this session will be $10 for attending plus your payment from part two 
of the session plus or minus a payment from part one of the experiment if any of your choices have 
been selected to be paid for real. You will earn between $10 and $50 from this session. 
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C.2. Paired lottery choices over potential gains and losses 
 
This format was used with outcomes over potential gains and potential losses. 

 
Please choose Option A or Option B in each row of the list below. Remember: every choice you make 
has an equal chance of being selected for payment. 
 
After you have made your choices please check that in any row you have chosen A you have chosen A 
in all rows below and in any row you have chosen B you have chosen B in all rows above. 

 

Option A Option B 

0/10 of $3.85, 10/10 of $0.10   0/10 of $2.00, 10/10 of $1.60 

1/10 of $3.85, 9/10 of $0.10   1/10 of $2.00, 9/10 of $1.60 

2/10 of $3.85, 8/10 of $0.10   2/10 of $2.00, 8/10 of $1.60 

3/10 of $3.85, 7/10 of $0.10   3/10 of $2.00, 7/10 of $1.60 

4/10 of $3.85, 6/10 of $0.10   4/10 of $2.00, 6/10 of $1.60 

5/10 of $3.85, 5/10 of $0.10   5/10 of $2.00, 5/10 of $1.60 

6/10 of $3.85, 4/10 of $0.10   6/10 of $2.00, 4/10 of $1.60 

7/10 of $3.85, 3/10 of $0.10   7/10 of $2.00, 3/10 of $1.60 

8/10 of $3.85, 2/10 of $0.10   8/10 of $2.00, 2/10 of $1.60 

9/10 of $3.85, 1/10 of $0.10   9/10 of $2.00, 1/10 of $1.60 

10/10 of $3.85, 0/10 of $0.10   10/10 of $2.00, 0/10 of $1.60 

  

C.3. Certainty equivalent procedures 
 

This procedure was used to elicit certainty equivalents for a number of 

different lotteries, including a potential gain of $20, a potential loss of $20 and a 

potential gain of $8. For particular lotteries, a second screen was used to measure 

certainty equivalents more precisely, by presenting subjects with a list of values 

between the amounts where they switched from Option B to Option A. 

 
Please choose Option A or Option B in each row of the list below. Remember: every choice you make 
has an equal chance of being selected for payment.  
 
After you have made your choices please check that in any row you have chosen A you have chosen A 
in all rows below and in any row you have chosen B you have chosen B in all rows above. 
 
 

Option A Option B 

$0.00   B 

$2.00   B 

$4.00   B 

$6.00   B 

$8.00   B 

$10.00   B 
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Option A is a certain amount. Option B is a 50% chance of  

receiving $0.00 and a 50% 
chance of receiving $20.00. 

 
 
 
 

 

 

 

 

For the prudence question two lists of choices between certain amounts and 

each lottery were presented side-by-side on the same screen. In the first of these lists 

Option B was a 25 percent chance of $5, a 25 percent chance of $15, and a 50 percent 

chance of $20. In the second list Option B was a 50 percent chance of $10, a 25 

percent chance of $15 and a 25 percent chance of $25.  

C.4. Willingness-to-accept values for lotteries with known and unknown 
probabilities 

 
In this question you are asked to enter the smallest amount of money that you would accept instead of 
receiving the outcome of a draw from Container A and Container B. 
 
If one of your answers is selected to be paid for real, then a random price will be generated between $0 
and $20. If this price is higher than the amount you entered you will receive the outcome of a draw 
from the container. 
 
If a marble is drawn from one of the containers and it is Orange then you will be paid $20. If a Black 
marble is drawn you will be paid $0.  
 
 

 

 

 

 

 

 
 
 
 
 
 

$12.00   B 

$14.00   B 

$16.00   B 

$18.00   B 

$20.00   B 

Container A  Container B 
           
25 Orange Marbles 
25 Black Marbles 
50 Marbles in Total 
 

            
? Orange Marbles 
? Black Marbles 
50 Marbles in Total 
 

 
Please enter the smallest amount of 
money in dollars you would accept 
instead of drawing a marble from 
Container A. 
 

  
Please enter the smallest amount of 
money in dollars you would accept 
instead of drawing a marble from 
Container B. 
 

    

 
If the random price is higher than your 
price then you will be paid the random 
price. If the random price is lower than 
your price you will draw a marble from 
Container A. 
 

  
If the random price is higher than your 
price then you will be paid the random 
price. If the random price is lower than 
your price you will draw a marble from 
Container B. 
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C.5. Probability equivalence procedure for measuring ambiguity preferences 
 
Please choose Option A or Option B in each row of the list below. Remember: every choice you make 
has an equal chance of being selected for payment. After you have made your choices please check that 
in any row you have chosen A you have chosen A in all rows below and in any row you have chosen B 
you have chosen B in all rows above. 
 
The experimenter has two containers, each filled with 50 marbles. There are two types of marbles. One 
type with orange swirls we’ll call “orange” and another type that are darker coloured and speckled and 
we’ll call “black”. You are asked to select either Container A or Container B for each row below. 
 
If a row from this question is selected for payment a marble will be drawn at random from the type of 
container you have chosen for that row. If it is Container A the number of marbles will be adjusted to 
the number of marbles specified in the row selected before a random draw is made. Container B has an 
unknown number of marbles of each type. If the marble is of type “orange” you will be paid $20. If the 
marble is of type “black” you will receive $0. 
 
 

 
 
 
 
Container B has an unknown 
number of Orange Marbles and 
Black Marbles. 
 
 
 
 
 
 
 
 
 

 

This list of choices was followed by a second screen with choices over finer 

degrees of probability, as represented by unit increments in the number of marbles 

between the crossover points. 

 

 

 

 

 

 

 

 

 

Option A Option B 

0 Orange Marbles and 50 Black Marbles   B 

5 Orange Marbles and 45 Black Marbles   B 

10 Orange Marbles and 40 Black Marbles   B 

15 Orange Marbles and 35 Black Marbles   B 

20 Orange Marbles and 30 Black Marbles   B 

25 Orange Marbles and 25 Black Marbles   B 

30 Orange Marbles and 20 Black Marbles   B 

35 Orange Marbles and 15 Black Marbles   B 

40 Orange Marbles and 10 Black Marbles   B 

45 Orange Marbles and 5 Black Marbles   B 

50 Orange Marbles and 0 Black Marbles   B 
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C.6. Contextualised standard portfolio choice question without and with additional 
ambiguous background risk 

 

In this question you are asked to decide what percentage of water to use on two different crops. 
 
You have 100 ML of water to use on Crop C. 
 
You do not know how much water you will have to use on Crop D. All you know is that it will be 
between 50 ML and 150 ML. 
 
The value of water used on Crop C and Crop D will be determined by tossing a coin. If the coin lands 
on heads you will receive 8 cents per ML used on the crop. If the coin lands on tails you will receive 0 
cents per ML used on the crop. 
 
You will be paid 2 cents per ML for any water you do not use if this question is chosen for payment. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Crop C  Crop D 

           
You can use up to 100ML on Crop C 
 

            
You do not know how much water you will 
have to use on Crop D 
 

 
Please enter what percent of water you 
want to use on Crop C. 
1 percent = 1 ML of water. 
 

  
Please enter what percent of your water 
you want to use on Crop D. 
1 percent = between 0.5 and 1.5 ML water 
 

    

 
If the coin lands on Heads you will be 
paid 8 cents x how many ML you use on 
Crop C. If the coin lands on Tails you will 
be paid 0 cents per ML. 
 
You will also be paid 2 cents per ML for 
any water you do not use 
 

  
If the coin lands on Heads you will be paid 
8 cents x how many ML you use on Crop 
D. If the coin lands on Tails you will be 
paid 0 cents per ML. 
 
You will also be paid 2 cents per ML for 
any water you do not use 
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Appendix D: Box-design experiments 
 
The instructions are presented here in an abridged format and with modified 

formatting. Instructions are included for the certainty treatment followed by the 

differences in the instructions for the risk and ambiguity treatments.  

D.1. Certainty treatment 
 
About this Experiment 
 
What to do: 
 
4. Read through the instructions carefully.  
5. After reading the instructions you will be taken to a short quiz that will test your comprehension of 

the instructions.  
6. Correctly answering ALL of the quiz questions will give you a unique password that you can use 

to hyperlink to and login to the experiment 
 
If you follow the instructions and make sound decisions based on the information you are provided 
with, you may earn money that will be paid to you in cash. 
 
Experimental Rules 

You are being paid to participate in this experiment. Failure to comply with these rules will result in the 
forfeiture of earnings from this session and you will not be allowed to participate in future sessions. 
 
4. Talking is not permitted during the experiment: You must not reveal your characteristics or share 

information with others during the experiment 
5. Only the experiment windows are permitted to be open during the experiment: You are not 

permitted to operate other software such as email or internet during the experiment 
6. You may ask questions of the instructor during the experiment  
 
Instructors can answer questions about procedures but cannot provide you with advice about decisions. 
You must make decisions by yourself. 
 
General: There are ten (10) decision periods in this experiment. In each period there will be a market. 
There are a total of twelve (12) traders in the market. If you buy water in the market the quantity will 
be added to your water allocation when the market closes. If you sell water the quantity will be 
subtracted from your water allocation when the market closes. All players will receive a $10 payment 
for attendance that will be added to your payments at the end of the session. 
 
Players 1 to 6: You start each period with 0 ML. You have a maximum water use of 1 ML. If you 
buy water it will automatically be used on your crop up to the maximum. You have a $10 budget for 
market trade. Water used on the crop is worth $5.60 per ML in every period. Your crop will be 
successful in every period. 
 
Players 7 to 12: You start each period with 1 ML. Water used on the crop is worth $0 per ML in each 
period. Your allocation of water in each period is independent of how much water you used in previous 
periods. In other words, you will have 1 ML at the start of each period. You will see the value of the 
crop for players 1 to 6 (560 cents) but you will not earn any income from your crop. 
 
The process:  At the start of each period a market will open allowing you to place bids and asks to buy 
and sell water. When the market closes the amount of water you have available after trade and the 
amount of water used on your crop will be shown in the Production Table. After you have made your 
decision in each period, information about your crop and your earnings from that period will be 
provided in the Income Table. 
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Production table 
 

 
 

Period There are ten periods in this experiment. 
Water Allocation Players 1 to 6 have a water allocation of 0 ML at the start of each 

period. Players 7 to 12 have a water allocation of 1 ML at the start of 
each period. 

Qty Bought Quantity of Water Bought 
Qty Sold Quantity of Water Sold 
Water Available after Trade Water Allocation + Qty Bought – Qty Sold 
Water Used on Crop The amount of water used on your crop up to the maximum water use 

of 1 ML. 
 

 
 

Your Total Income Your attendance payment of $10 will be added to Your Total Income at the 
end of the session. 

Period There are ten periods in this experiment. 
Cost of Water Bought This will be updated when the market closes. 
Income from Water Sold This will be updated when the market closes. 
Value of Water Please ignore the zeros in this column. After the market closes the value of 

water per ML used on the crop will be shown here. Players 1 to 6: 1 ML will 
be worth 560 cents. Player 7 to 12: You will see the value of the crop to 
players 1 to 6 but your Income from Crop will be 0. 

Income from Crop Players 1 to 6: Value of Water x Water Used on Crop 
Player 7 to 12: will be 0 in every period. 

Total Income Your income in cents. 
Trader’s Income Your income in cents. 
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Market stage 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
In the ASKS box – you can make offers to sell 
In the BIDS box – you can make offers to buy 

 
Please note: Prices must be entered in units of a cent. 
 
How the market works: To place an ask or a bid enter a Quantity and a Price. The Quantity is the 
number of ML you wish to buy or sell. The Price is the price per ML of your offer. To send an offer 
click the ‘Send Offer’ button. The first ask and bid stand until better offers are made. An ask with a 
lower price will replace the standing ask regardless of quantity. Similarly, a bid with a higher price will 
replace the standing bid regardless of quantity. Offers which do not improve on the standing offer price 
are rejected. To accept the standing ask enter a bid with a quantity and a price equal to the asking price. 
To accept the standing bid enter an ask with a quantity and a price equal to the bidding price. You must 
accept all of the quantity offered 
 
Please note:  1. Trading is optional. 2. You cannot trade with yourself 
 
The “Water Available after Trade” column in the Production Table is updated after the market closes. 
 
During the trading period you are able to view the Current Stock, My Trades and All Trades tables to 
see what has happened in the market so far. You will need to click on these links each time you want to 
refresh the display. 
 
After the Market Stage you will be able to see the Qty Bought, Qty Sold, and Water Available after 
Trade in the Production Table. Cost of Water Bought and Income from Water Sold will be updated in 
the Income Table 
 
Current Stock 
 

 
 

The Current Stock link will display this table. It shows your Water Allocation, the Net Quantity 
Traded, and your Current Amount of Water Available. Players 1 to 6: Remember any water you have 
in excess of 1 ML when the market closes has no value to you. Click on the Current Stock link while 
the market is open to update this information. 
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My trades 
 

 
The My Trades link will display this table. It shows any trades you have made listed by Period, Trade 
type (Bought or Sold), Qty and Price. Click on the My Trades link while the market is open to update 
this information. 
 
All trades 
 

 
 
The All Trades link will display this table. It shows all trades that have occurred listed by Period, Price 
and Qty. Click on the All Trades link while the market is open to update this information. 
 

Income stage 
 

After the Water Use decision in stage 2 you will be able to see updated information in your Production 
Table and your Income Table. The Water Available after Trade and the Water Used on Crop will be 
shown in the Production Table. Your earnings from each period will be updated in the Income Table.  
Only players 1 to 6 can earn income from the crop. 
 
 

D.2. Risk treatment 
 
• The probability that a ML will be worth 800 cents is 70 percent in every period in this session.  At 

the end of each period the computer will simulate the roll of a 10-sided dice to determine the value 
of a ML.  

 
• The value of a ML will be the same for all players in each period. Since the probability is 70 

percent, if the dice shows sides 1, 2, 3, 4, 5, 6 or 7, then the value of a ML will be 800 cents. If the 
dice shows sides 8, 9 or 10, then the value of a ML will be 0 cents. The dice will be rolled 
separately for each period.  

 
• The value of a ML will be the same for all players in each period. That is, the dice is rolled once at 

the end of each period and that outcome is used for all players. 
 

D.3. Ambiguity treatment 
  
 
• The probability that a ML will be worth 800 cents is either 30 percent or 70 percent. The 

probability is the same in every period in this session. At the end of each period the computer will 
simulate the roll of a 10-sided dice to determine the value of a ML. 

 
• If the probability is 30 percent then if the dice shows sides 1, 2, or 3, then the value of Crop A will 

be 800 cents. If the dice shows sides 4, 5, 6, 7, 8, 9, or 10, then the value of Crop A will be 0 cents.  
 
• Likewise, if the probability is 70 percent then if the dice shows sides 1, 2, 3, 4, 5, 6 or 7, then the 

value of a ML will be 800 cents. If the dice shows sides 8, 9 or 10, then the value of a ML will be 
0 cents.  The dice will be rolled separately for each period.  

 
• The value of a ML will be the same for all players in each period. That is, the dice is rolled once at 

the end of each period and that outcome is used for all players. 
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D.4. Graphs of prices 
 

This section of the appendix presents the graphs of the prices from the box design 

experiments under conditions of ambiguity, risk and certainty. 
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Appendix E: Two-person markets 

E.1. 10 periods of bilateral exchange under risk 
 

Overview of the experiment 

 
General instructions: 
 

• Each person has a $10 budget for the market periods. 
 
• The $10 you are paid for attendance will be added to your income when you are paid by the 

experimenter. 
 

• If you spend all of your $10 budget you will be asked if you want to invest your attendance 
payment as well. If you invest your attendance payment you will not be guaranteed to receive 
$10 at the end of the session. 

 
• In each period you will be able to trade with one other person. 
 
• You will be paired with a different person in each period. 

 
• One person in each pair will have one (1) unit. This person can either keep the unit themselves 

or sell it to the other person. 
 

• You will not know the value of units until the end of the experiment. 
 

• There are ten (10) market periods in this experiment. 
 
• Each unit will either be worth 400 cents or 0 cents. 

 
• The probability that a unit will be worth 400 cents is 50 percent. 

 
• At the end of the session the computer will simulate a coin toss for each unit you have at the 

end of the experiment. If the coin lands on Heads the value of that unit will be 400 cents. If the 
coin lands on Tails the value of that unit will be 0 cents. The coin will be tossed for each unit 
separately. 

 
• Units will have the same value for all participants in the experiment. A unit will be worth the 

same regardless of whether you were allocated that unit at the beginning of a period or bought 
that unit during a period. 

 
 
The process: 

 
• In each period you will have an opportunity to trade with one other player.  
 
• You will trade with a different player in each period. 
 
• You will be able to see your income from units sold and the cost of units bought between each 

period. 
 

• You will also be able to see how many units you have accumulated from previous periods and 
how many you have from the period that has just ended.  
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• Units you have from previous periods cannot be traded. Only one (1) unit can be bought or 
sold in each period. 

 
• However, you will only find out the value of the units at the end of the session. Income from 

units you have will be added to your earnings at the end of the last period. 
 

 
At the end of these instructions there is a link to a short quiz. Once you have all the answers on the quiz 
correct, please raise your hand and the experimenter will assign you a player number and give you 
further instructions. 
 
 

Stage 1 – At the start 

 
When you start you will see the following screen: 
 

 
 
This screen will be displayed until all participants are ready to begin. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 310 

Stage 2 – Market Stage 

 

At the start of this stage the following screen appears: 

 

 
 
 
The first market that opens is a trial market. This will allow you to familiarize 
yourself with the software and ask the experimenter any questions you might have. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 311 

Asks: In the ASKS box – you can make 
offers to sell or accept offers to buy (Bids). 
 
Enter an ask: Enter a price and press the 
“Ask” button. 
 
Conditions: You must have stock to sell. 
The price of a new ask must be lower than 
the standing ask. The price of a new ask 
must be greater than the standing bid.  
 
You cannot trade with yourself. 
 
To buy: Select the standing Ask and press 
the “Buy” button. 
 
Make sure the lowest asking price is 
highlighted (this is the default) before you 
press the “Buy” button. 
 
Please note:  Price must be entered in units 
of a cent. Trading is optional. 
 
 

 
 
 
Bids: In the BIDS box – you can make 
offers to buy. 
 
In the BIDS box – you can make offers to 
buy or accept offers to sell (Asks). 
 
Enter a bid: Enter a price and press the 
“Bid” button. 
 
Conditions: The other player must have 
the unit to sell. The price of a new bid 
must be higher than the standing ask. The 
price of a new bid must be lower than the 
standing bid.  You cannot trade with 
yourself. 
 
To sell: Select the standing Bid and press 
the “Sell” button. 
 
Make sure the highest Bidding price is 
highlighted (this is the default) before you 
press the “Sell” button. 
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Market Prices 

 
Market prices will be displayed in the middle of the screen once trade has occurred: 
 
 

 
 
 
Stage 3 - Income Stage 

 
After each market period you will see information about your income and the number 
of units you have. 
 
The value of each unit will be added to your income at the end of period 10. 
 
 

 
 
 
 
 
 
 
 

E.2. 10 periods of bilateral exchange under ambiguity 
 
General instructions: 
 
 

• Each person has a $10 budget for the market periods. 
 
• The $10 you are paid for attendance will be added to your income when you are paid by the 

experimenter. 
 

• If you spend all of your $10 budget you will be asked if you want to invest your attendance 
payment as well. If you invest your attendance payment you will not be guaranteed to receive 
$10 at the end of the session. 

 
• In each period you will be able to trade with one other person. 
 
• You will be paired with a different person in each period. 

 
• One person in each pair will have one (1) unit. This person can either keep the unit themselves 

or sell it to the other person. 
 

• You will not know the value of units until the end of the experiment. 
 

• There are ten (10) market periods in this experiment. 
 
• Each unit will either be worth 400 cents or 0 cents. 
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• The probability that a unit will be worth 400 cents is either 30 percent or 70 percent. 
 

• Whatever the probability is, it will be the same in each period. 
 

• If the probability is 30 percent, the computer will simulate the roll of a 10-sided dice for each 
unit you have at the end of the experiment. If the dice shows sides 1, 2 or 3, then the value of 
that unit will be 400 cents. If the dice shows sides 4, 5, 6, 7, 8, 9, or 10, then the value of that 
unit will be 0 cents. The dice will be rolled for each unit separately. 

 
• If the probability is 70 percent, the computer will simulate the roll of a 10-sided dice for each 

unit you have at the end of the experiment. If the dice shows sides 1, 2 or 3, 4, 5, 6 or 7, then 
the value of that unit will be 400 cents. If the dice shows sides 8, 9, or 10, then the value of 
that unit will be 0 cents. The dice will be rolled for each unit separately. 

 
• Units will have the same value for all participants in the experiment. A unit will be worth the 

same regardless of whether you were allocated that unit at the beginning of a period or bought 
that unit during a period. 

 
 
The process: 

 
• In each period you will have an opportunity to trade with one other player.  
 
• You will trade with a different player in each period. 
 
• You will be able to see your income from units sold and the cost of units bought between each 

period. 
 

• You will also be able to see how many units you have accumulated from previous periods and 
how many you have from the period that has just ended.  

 
• Units you have from previous periods cannot be traded. Only one (1) unit can be bought or 

sold in each period. 
 
• However, you will only find out the value of the units at the end of the session. Income from 

units you have will be added to your earnings at the end of the last period. 
 

 
At the end of these instructions there is a link to a short quiz. Once you have all the answers on the quiz 
correct, please raise your hand and the experimenter will assign you a player number and give you 
further instructions. 
 

E.3. 5 periods of bilateral exchange under risk 
 
General instructions: 
 

• In each period you will be able to trade with one other person. 
 
• You will be paired with a different person in each period. 

 
• One person in each pair will have one (1) unit. This person can either keep the unit themselves 

or sell it to the other person. 
 

• You will not know the value of units until the end of the experiment. 
 

• There are five (5) market periods in this experiment. 
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• Each unit will either be worth 800 cents or 0 cents. 
 

• The probability that a unit will be worth 800 cents is 50 percent. 
 

• At the end of the session the computer will simulate a coin toss for each unit you have at the 
end of the experiment. If the coin lands on Heads the value of that unit will be 800 cents. If the 
coin lands on Tails the value of that unit will be 0 cents. The coin will be tossed for each unit 
separately. 

 
• Units will have the same value for all participants in the experiment. A unit will be worth the 

same regardless of whether you were allocated that unit at the beginning of a period or bought 
that unit during a period. 

 
The process: 

 
• In each period you will have an opportunity to trade with one other player.  
 
• You will trade with a different player in each period. 
 
• You will be able to see your income from units sold and the cost of units bought between each 

period. 
 

• You will also be able to see how many units you have accumulated from previous periods and 
how many you have from the period that has just ended.  

 
• However, you will only find out the value of the units at the end of the session. Income from 

units you have will be added to your earnings at the end of the last period. 
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Appendix F: Futures markets 
 

 Instructions are first presented for the pilot experiments with 10 periods under 

conditions of ambiguity. The original intention had been to conduct pilot sessions 

comparing conditions of risk and ambiguity with and without futures markets. 

However, the software proved problematic since the strain on the software caused the 

10 simultaneous periods market to frequently freeze during the first few trial sessions. 

A market with only 6 traders was tried with similar consequences. As a result, the 

number of periods was reduced and pilot experiments were conducted under 

conditions of ambiguity with and without the futures market. The instructions for 

markets under conditions of ambiguity are presented second.  

F.1. Futures market pilots with 10 periods 
 

About this Experiment 
 
What to do: 
 
1. Read through the instructions carefully.  
2. After reading the instructions you will be given further instructions. Before you start the 

experiment there is a short test to check you have understood the instructions. 
3. You must answer all the quiz questions correctly to proceed. 
 
If you follow the instructions and make sound decisions based on the information you are provided 
with, you may earn money that will be paid to you in cash. 
 
Experimental Rules 
You are being paid to participate in this experiment. Failure to comply with these rules will result in the 
forfeiture of earnings from this session and you will not be allowed to participate in future sessions. 
 
1. Talking is not permitted during the experiment: You must not reveal your characteristics or share 

information with others during the experiment 
2. Only the experiment windows are permitted to be open during the experiment: You are not 

permitted to operate other software such as email or internet during the experiment 
3. You may ask questions of the instructor during the experiment  
 
Instructors can answer questions about procedures but cannot provide you with advice about decisions. 
You must make decisions by yourself. 
 
Overview of the experiment 
 
General 
 
• There are ten (10) periods in this experiment. 
 
• In each period there will be a market for the current period. Markets for all periods in the 

experiment will be open from the start of the session. Markets will close as the periods end. 
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• There are a total of twelve (12) traders in the market. 
 
• If you buy a unit in the market it will be shown in the information table that can be accessed using 

the buttons at the bottom-right hand-side of your screen. 
 
• All players will receive a $10 payment for attendance that will be added to your payments at the 

end of the session. 
 
 
At the end of these instructions there is a link to a short quiz. Once you have all the answers on the quiz 
correct, please raise your hand and the experimenter will give you further instructions. 
 
Players 1 to 6: 

 
• You start each period with 0 units. 
 
• You can only buy up to one unit in any of the markets. It does not matter if you buy units 

during the period or before the relevant period. You will only find out the value of units in 
each period after each period. 

 
• You have a $10 budget for market trade. 

 
• Trading is optional. 

 
• Units will either be worth 800 cents or 0 cents. 

 
• The probability that units are worth 800 cents is either 30 percent or 70 percent. 

 
• If the probability is 30 percent, the computer will simulate the roll of a 10-sided dice at the 

end of each period. If the dice shows sides 1, 2 or 3, then the value of units will be 800 cents 
for that period. If the dice shows sides 4, 5, 6, 7, 8, 9, or 10, then the value of units in that 
period will be 0 cents for that period. The dice will be rolled for each period separately. 

 
• If the probability is 70 percent, the computer will simulate the roll of a 10-sided dice at the 

end of each period. If the dice shows sides 1, 2 or 3, 4, 5, 6 or 7, then the value of units will be 
800 cents for that period. If the dice shows sides 8, 9, or 10, then the value of units will be 0 
cents. The dice will be rolled for each period separately. 

 
• Whether the probability is 30 percent or 70 percent, it will be the same for every period. 
 
• Units will have the same value for all participants in each period in the experiment. For 

example, if units from period 1 are worth 800 cents they will be worth 800 cents for all 
traders. If units from period 1 are worth 0 cents they will be worth 0 cents for all traders. 

 
 
Players 7 to 12: 
 

• You start each period with 1 unit. 
 

• Units are worth zero dollars to you in every period. 
 

• Trading is optional. 
 

• Your allocation of units in each period is independent of how many units you had at the end of 
the last period. In other words, you have 1 unit for each of the 10 market periods. 
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• You will see the value of units for players 1 to 6 in the information table after each period in 
the experiment but the value of units will not contribute to your income. 

 
 
The process: 

 
• At the start of each period markets will open allowing you to trade units. 

 
• At first, a market will be open for all 10 market periods in the experiment. After 3 minutes, the 

first period market will close and you will be provided with information about your income 
and the value of units in that period.  

 
• An income table will be displayed for 30 seconds and then the markets will be displayed 

again. 
 

• As each period passes, market will only be open for the current periods and remaining periods. 
 

• If you trade a unit for a future period, the cost of buying a unit or income from selling a unit 
will be added to your income for the current period. However, the value of that unit will only 
be known at the end of the relevant period. Income from units will be added to the income of 
players 1 to 6 at the end of the relevant period. 

  
Stage 1 – At the start 
 
When you start you will see the following screen: 
 

 
 
This screen will be displayed until all participants are ready to begin. 
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Stage 2 – Market Stage 

At the start of this stage the following screen appears: 

 
 
The first market that opens is a trial market. This will allow you to familiarize 
yourself with the software and ask the experimenter any questions you might have. 
 
If you do not have any units to sell, you will not see the Ask boxes down the left-hand 
side. 
 
If you already have a unit for each period, you will not see the Bid boxes down the 
right-hand side. 
 
The buttons at the bottom-right of the screen will display information about the units 
you have for trade. At the end of each period your income calculations will be 
displayed and you will see the value of units in this table. 
 
Along the bottom of the screen, the start and stop times of each market period are 
displayed. These are the approximate times that will be shown at the beginning and 
end of each period on the clock at the top-right of the screen.  
 
In between market periods, the updated income table will be displayed for 30 seconds. 
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Asks: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In the ASKS boxes – you can make offers to sell or accept offers to buy (Bids) for any 
of the market periods. 
 
Enter an ask: Enter a price and press the “Ask” button. 
 
Conditions: 1. You must have units to sell in that period. 2. The price of a new ask 
must be lower than the standing ask in that period. 3. The price of a new ask must be 
greater than the standing bid in that period. 4. You cannot trade with yourself. 
 
To buy: Select the standing Ask and press the “Buy” button. Make sure the lowest 
asking price is highlighted (this is the default) before you press the “Buy” button. 
 
Please note: Price must be entered in units of a cent. Trading is optional. 
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Bids: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In the BIDS box – you can make offers to buy or accept offers to sell (Asks) for any 
of the market periods. 
 
Enter a bid: Enter a price and press the “Bid” button. 
 
 
Conditions: 1. You must have stock to sell. 2. The price of a new bid must be higher 
than the standing ask. 3. The price of a new bid must be lower than the standing bid.  
4. You cannot trade with yourself. 
 
To sell: Select the standing Bid and press the “Sell” button. Make sure the highest 
Bidding price is highlighted (this is the default) before you press the “Sell” button. 
 
 
Please note: Price must be entered in units of a cent. Trading is optional. 
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Market Prices Market prices for each period will be displayed in the middle of the 
screen once a trade has occurred. 
 

Stage 3 - Income Stage 

After each market period you will see information about your income. 

 
 
At the end of the tenth period, your final payment (including your $10 attendance 
payment) will be displayed. 
 
 
 
Before you start the quiz 

You are being paid to participate in this experiment. Failure to comply with these 
rules will result in the forfeiture of earnings from this session and you will not be 
allowed to participate in future sessions. 
 
4. Talking is not permitted during the experiment: You must not reveal your firm’s 

characteristics or share information with others during the experiment 
5. Only the experiment windows are permitted to be open during the experiment: 

You are not permitted to operate other software such as email or internet during 
the experiment 

6. You may ask questions of the instructor during the experiment  
 

 
Instructors can answer questions about procedures but cannot provide you with advice 
about decisions. You must make decisions by yourself. 
 
Now that you have read the instructions - click here
 

 to go to the quiz. 

 
 
 
 
 



 322 

F.2. Futures market pilots with 5 periods 
 
Overview of the experiment 

General 
 
• There are five (5) periods in this experiment. 

 
• In each period there will be a market open for the current period and markets for future 

periods open from the start of the session. Markets will close as the periods end. 
 

• There are a total of six (6) traders in the market. 
 

• If you buy a unit in the market it will be shown in the information table that can be accessed 
using the buttons at the bottom-right hand-side of your screen. 

 
• All players will receive a $10 payment for attendance that will be added to your payments at 

the end of the session. 
 

• At the end of these instructions there is a link to a short quiz.  
 

Player characteristics: 
 
• You have a $10 budget for market trade. 

 
• Trading is optional. 

 
• Some players start every period with 1 unit and some players start every period with 0 units. 

 
• If you start with 1 unit at the beginning of a period you can sell this unit or keep it. If you keep 

it and it has a value at the end of the period this value will be added to your income for that 
period. 

 
• If you start with 0 units at the beginning of a period you can buy up to 1 unit for that period. If 

it has a value at the end of the period its value will be added to your income for that period. 
 

• Units will either be worth 800 cents or 0 cents. 
 

• You will find out the value of units at the end of each period. 
 

• The probability that units are worth 800 cents is between 20 percent and 80 percent. 
 

• For example, if the probability is 30 percent, the computer will simulate the roll of a 10-sided 
dice at the end of each period. If the dice shows sides 1, 2 or 3, then the value of units will be 
800 cents for that period. If the dice shows sides 4, 5, 6, 7, 8, 9, or 10, then the value of units 
in that period will be 0 cents for that period. The dice will be rolled for each period separately. 

 
• For example, if the probability is 70 percent, the computer will simulate the roll of a 10-sided 

dice at the end of each period. If the dice shows sides 1, 2 or 3, 4, 5, 6 or 7, then the value of 
units will be 800 cents for that period. If the dice shows sides 8, 9, or 10, then the value of 
units will be 0 cents. The dice will be rolled for each period separately. 

 
• Whatever the probability is, it will be the same for every period. 

 
• In this experiment, the dice will be rolled separately for each player, so one player might have 

a value of 0 cents for their unit at the end of a period and another player might have a value of 
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800 cents for their unit at the end of a period even though the probability for all players is the 
same. 

 
 
The process: 

 
• At the start of each period markets will open allowing you to trade units. 

 
• At first, a market will be open for all 5 market periods in the experiment. After 5 minutes, the 

first period market will close and you will be provided with information about your income 
and the value of units in that period.  

 
• An income table will be displayed for 30 seconds and then the markets will be displayed 

again. 
 

• As each period passes, markets will only be open for the current periods and remaining 
periods. 

 
• If you trade a unit for a future period, the cost of buying a unit or income from selling a unit 

will be added to your income for the current period. However, the value of that unit will only 
be known at the end of the future period. Income from units will be added to your income at 
the end of that future period. 

  
 
Stage 1 – At the start 

 
When you start you will see the following screen: 
 

 
 
This screen will be displayed until all participants are ready to begin. 
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Stage 2 – Market Stage 

At the start of this stage you will see one of the following screens: 

 
If you have a unit to sell in each period you will see this screen at the start: 
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If you do not have any units at the start of the periods you will see this screen at the 
start: 
 

 
 
The first market that opens is a trial market. This will allow you to familiarize 
yourself with the software and ask the experimenter any questions you might have. 
 
The buttons at the bottom-right of the screen will display information about the units 
you have for trade. Information about units you have for each period is updated whilst 
the market is open. At the end of each period your income calculations will be 
displayed and you will see the value of units in this table. 
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Along the bottom of the screen, the start and stop times of each market period are 
displayed. These are the approximate times that will be shown at the beginning and 
end of each period on the clock at the top-right of the screen.  
 
In between market periods, the updated income table will be displayed for 30 seconds. 
 
 

 
 

 
 
 

 
 
 

 
 
Asks: 
 
In the ASKS boxes – you can make offers to 
sell or accept offers to buy (Bids) for any of 
the market periods. 
 
Enter an ask: Enter a price and press the 
“Ask” button. 
 
Conditions:  
 
1. You must have units to sell in that period. 
2. The price of a new ask must be lower than 
the standing ask in that period.  
3. The price of a new ask must be greater 
than the standing bid in that period.  
4. You cannot trade with yourself. 
 
To buy:  
 
Select the standing Ask and press the “Buy” 
button. Make sure the lowest asking price is 
highlighted (this is the default) before you 
press the “Buy” button. 
 
Please note:  Price must be entered in units 
of a cent. Trading is optional. 
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Bids: 

 
In the BIDS box – you can make offers to buy or 
accept offers to sell (Asks) for any of the market 
periods. 
 
Enter a bid: Enter a price and press the “Bid” 
button. 
 
Conditions: 
 
1. You must have stock to sell.  
2. The price of a new bid must be higher than the 
standing ask.  
3. The price of a new bid must be lower than the 
standing bid.   
4. You cannot trade with yourself. 
 
 
To sell: 
 
Select the standing Bid and press the “Sell” 
button. Make sure the highest Bidding price is 
highlighted (this is the default) before you press 
the “Sell” button. 
 
Please note:  
 
Price must be entered in units of a cent. Trading 
is optional. 
 

 
Market Prices 

Market prices for each period will be displayed in the middle of the screen once a 
trade has occurred. < picture omitted > 
 
Stage 3 - Income Stage 

After each market period you will see information about your income. 
 

 
At the end of the fifth period, your final payment will be displayed (including your 
$10 attendance payment). 
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