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Abstract
A traditional Chinese private garden (TCPG) is a historically important spatial type of garden
that is well-known for its rich experiential properties. Although several theories have been used
to explain the creation of these experiential properties, little evidence exists for any of the
current explanations because TCPGs are complex environments and their visual properties
change as a person moves through them. This study uses computational analysis—isovists, isovist
fields, and visibility graphs—to measure the spatio-visual character of movement along a path
through a well-known TCPG, namely, the 16th century Yuyuan Garden in Shanghai. The
measures derived from this process are used to evaluate four theories on the spatial experience
of the TCPG.
& 2018 The Authors. Production and hosting by Elsevier B.V. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

A traditional Chinese private garden (TCPG) is a special type of
landscaped architectural space. The TCPG is a designed
environment that is created by combining existing and
artificially created landscape elements that are intermeshed
with a range of architectural features. The former category
8.003
ction and hosting by Elsevier B.V.
/by-nc-nd/4.0/).

u (R. Yu).
Southeast University.

stwald, M.J., Spatio-visual experi
ty graphs. Frontiers of Architectu
includes ponds, small streams, rock formations, and artificial
mountains. The latter category includes complex networks of
paths, paved squares, covered corridors, bridges, and pavilion
structures. TCPGs are mostly located in southern China, such
as in Suzhou, Hangzhou, Shanghai, and Wuxi. The origins of
TCPG are typically traced to the Han Dynasty (circa 200 CE),
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although examples of artificially constructed landscapes—
frequently private hunting reserves—can also be found in
China as early as 11th century BC. During the Weijin Dynasty
(circa 200 CE–600 CE), the upper class society often pursued a
Taoist spirit, which encouraged people to immerse themselves
in nature and escape from urban society. This idea led to the
emergence of private gardens where the owners could bring
nature into their own properties. During the Tang Dynasty
(circa 600 CE–900 CE), the design of TCPG was considered
beneficial for the prosperity of literature and art, and
gradually took on its unique artistically derived style. Private
garden design during this period tended to be small scale but
still expressed a sophisticated and artistic spatial arrange-
ment. TCPGs have been recognized as a special type of
landscaped architectural space during the 17th century(Ming
and Qing dynasties) and are known to exhibit high levels of
spatial complexity and variety, which have led to their
acceptance as having unique experiential qualities (Peng,
1986; Tong, 1997). Many recent landscape architecture texts
have described the representation or development of TCPG
features in contemporary settings (Feng, 2010; Chen, 2011;
Sui and Xun, 2011). In parallel with the considerable interest
of designers, researchers have analyzed the TCPG from various
qualitative perspectives (Tong, 1997; Hunt, 2012) and a few
studies have also examined their spatial properties by using
quantitative methodologies (Chang, 2006; Lu, 2009, 2010; Li,
2011; Wang and Wang, 2013). For example, in the former
case, Keswick (1978) and Zhou (1999) separately investigated
the characteristics of TCPGs from a historical and social
perspective. In the latter case, multiple attempts have been
conducted to understand the dense and complex spatial
configurations in TCPGs and the rich and changing vistas
experienced while navigating through them (Peng, 1986; Li,
2011; Chen, 2012). Computational syntactical techniques have
also been employed to examine the specific spatial qualities of
TCPGs (Chang, 2006; Chen, 2012; Wang and Wang, 2013) and
to support grammatical interpretations of their formal com-
positions (Lu, 2009, 2010) or visual perceptual characters (Li,
2011). Despite the increasing number of studies, the spatio-
visual qualities that make TCPGs unique have rarely been
measured or mathematically analyzed.

Although the experience of moving through a TCPG has
been described in similar ways in multiple sources (Tong,
1997; Chang, 2006), past literature has a tendency to simply
note the emotional response felt by users rather than
identify the properties of the space that evoke this
response. Thus, the accounts of movement through a TCPG
often note feelings of mystery, complexity, excitement, and
discovery (Conan, 1999; Han, 2012; Zou, 2013). However, no
explanation is provided for the occurrence of these emo-
tions or which properties of TCPGs are responsible for
evoking them. Certainly, the general question of “why such
feelings occur” in any landscape environment has been the
source of several well-known theories (Appleton, 1975),
some of which have been applied to architecture and
Chinese landscape design (Hildebrand, 1999). Researchers
have also identified and assessed the general spatial and
visual properties that might elicit such reactions (Kaplan,
1988; Ulrich, 1993; Stamps, 2000). Despite this situation,
the TCPG has not been the subject of specific analysis of this
type, and scholars are left with a selection of arguments or
theories to explain the experience of movement through the
Please cite this article as: Yu, R., Ostwald, M.J., Spatio-visual exper
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TCPG. The aspects of four theories are evaluated in the
present paper.

The first two theories suggest that passage through the
TCPG involves a rhythmic shifting between conditions of
spatial openness and enclosure. In particular, Keswick
(1978) notes the presence of alternating close and distant
screens or walls that rhythmically conceal and expose
views, and Gu (2013) identified a spatial experience when
navigating paths that results in an “enclose-open-enclose”
rhythm. However, whether this rhythmic shift is created by
increasing and decreasing the area of space (Gu, 2013) or
the depth of visible space (Keswick, 1978) is not clearly
explained in these arguments. Furthermore, different opi-
nions are observed between the two arguments because the
former suggests that the condition is a repetitive cycle
(… open, enclosed, open, enclosed …), whereas the latter
says that the condition is a single cycle (enclosed, open,
enclosed). By contrast, the third theory proposes that the
paths through TCPGs are designed to enhance the illusion of
expansiveness. For instance, Gu (2013) argues that the
design of the path through the Yuyuan Garden intensifies
the experience of the space by extending the length of the
path well beyond any practical purpose and uses frequent
turns to create a sense of mystery (or to confuse the visitor
into feeling that the garden is larger than it really is). The
fourth explanation for the experiential properties of the
TCPG is based on the observation that decorated and
perforated screens, bridges, and colonnades break up the
volume and depth of space that is observable, which results
in the experience of fragmented views or the intensification
of “information” through glimpses of distant areas within
small spaces (Clancy and Ryan, 2015). This way of under-
standing the TCPG suggests that the degree of complexity or
perforation in the experience of views is more important
than the depth or the volume of visible space. This study
performs computational analysis to test these four explana-
tions for the spatio-visual properties of passage through the
Yuyuan Garden in Shanghai.

The Yuyuan Garden was originally built during the Ming
Dynasty by government official Pan in Shanghai. The Yuyuan
Garden took 20 years to create and was completed with an
area of approximately 45,000 m2. During the Qing Dynasty,
the Yuyuan Garden deteriorated until around 1760 when it
was bought by a wealthy businessman in Shanghai, who
arranged for its reconstruction to match its original state.
However, during the first England–China war (1839–1842),
parts of the Yuyuan Garden were destroyed, and several
original pavilions, bridges, and mountains decayed and
partially collapsed, ponds were dried, and some of the
vegetation decayed in the garden during the late Qing
Dynasty. In 1956, the Yuyuan Garden was rebuilt by the
local government, and half of the garden was recovered
based on its original form (Gu and Sun, 1996; Tong, 1997).
Today, the Yuyuan Garden has an area of approximately
20,000 m2 and is widely regarded to represent or encapsu-
late the general characteristics of an ideal TCPG. The
Yuyuan Garden possesses a high level of aesthetic signifi-
cance with many surprising elements (Keswick, 1978). The
master plan shows that the Yuyuan Garden consists of six
sub-garden areas, which are Sanhui Hall, Wanhua Chamber,
Dianchun Hall, Deyi Hall, Yuhua Hall, and an inner garden
area. Each sub-garden has unique scenery characteristics,
ience of movement through the Yuyuan Garden: A computational
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Fig. 1 Yuyuan Garden (photos by the author).

Fig. 2 Perspective view of the Yuyuan Garden.

3Spatio-visual experience of movement through the Yuyuan Garden
and they are separated by walls or false mountains and are
connected by entries, pathways, and covered corridors
(Fig. 1).

The computational method used in this study is a varia-
tion of isovist analysis, which is a common space syntax
technique. Isovist analysis derives various measures from
the geometry of space that is visible from a particular
position. The changing spatio-visual properties experienced
in moving along a path can be determined by measuring and
comparing various isovist parameters, such as isovist area,
perimeter, jaggedness, and occlusivity. These properties can
be graphed, a trend line can be developed, and the specific
and general properties can be compared in the TCPG. In this
way, the four theories can be evaluated by using
quantitative data.

This research has several practical limitations. First, the
selected method is concerned with vision (relative to space
and form) only and cannot be used to examine arguments
about other sensory conditions. The variant of the adopted
method also analyzes vision in horizontal planes (effective
plans constructed at particular heights that correspond to
the average eye height of a standing person). A sectional
analysis could provide additional information because it is
the geometry of the plan that has a considerable impact on
visibility in a horizontally arrayed spatial system. Further-
more, although slight differences in simulated viewing
heights might affect the results derived from small interior
spaces, the impact of such changes for an expansive garden
is insignificant. The third limitation is associated with the
fact that the visual impact of vegetation in the garden is
Please cite this article as: Yu, R., Ostwald, M.J., Spatio-visual experi
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highly variable depending on the seasons, maintenance, and
rejuvenation strategies. The trees in winter can be bare and
shrubs can be covered with thick snow, whereas in summer
the trees can be densely packed with leaves and shrubs are
transparent. On this basis, this study uses only hard or fixed
surfaces as spatial boundaries (walls, rocks, landforms,
etc.). This choice is appropriate because the vegetation in
the Yuyuan Garden does not completely obscure any of
these hard boundaries, despite some seasonal variations for
much of the year, under normal daylighting conditions. The
fourth limitation is that this study does not empirically
examine the experience of the TCPG. Instead, this study
derives measures from the geometric properties of the
TCPG, which have previously been demonstrated as having
a correlation (frequently statistically significant) with
human experience. Finally, many possible ways can be used
to walk through the Yuyuan Garden; this study uses the path
identified by Keswick (1978) in her interpretation of the
space and its experience. This path is well-known and it
approximates the route that tourists currently take as they
are led through the garden by guides or as they follow
marked routes. This path also passes through and around
the majority of the major features in the garden (Fig. 2).
The existence of this defined path is the primary reason for
selecting the Yuyuan Garden because the descriptions of the
experience of movement through other TCPGs rarely define
the path taken.

2. Analyzing TCPGs and identifying a method

The common methods used for the analysis on TCPGs are
qualitative, descriptive, and intuitive (Chang, 2006; Li,
2011; Lu, 2009, 2010; Tong, 1997; Hunt, 2012). For exam-
ple, Keswick (1978) and Zhou (1999) investigated the
importance of space in TCPGs from social and historical
perspectives. Few studies have examined the spatial prop-
erties of TCPGs by using quantitative and computational
methodologies. For example, a previous study analyzed the
dense spatial configurations of the TCPG and the variable-
changing views experienced during navigation (Li, 2011;
Peng, 1986; Yu et al., 2016). Chang (2006) used a space
syntax technique to investigate the Lin Family Garden,
which effectively provides a new means of understanding
the spatial characteristics of this garden. Lu (2009, 2010)
assessed the Yuyuan Garden by using a combined method
drawn from space syntax and shape grammar approaches,
which provides a formal language in examining TCPGs and
demonstrates an effective approach to linking the physical
system to the cognitive processes of users or designers.
Yu et al. (2016) evaluated the cognitive properties of TCPGs
ence of movement through the Yuyuan Garden: A computational
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Fig. 3 Main path in the Yuyuan Garden.
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by examining spatial transparency and complexity using
space syntax methods. Yu et al. (2015) separately analyzed
the aesthetic character and visual complexity of multiple
large TCPGs by using fractal dimensions, and characterized
the mathematical properties of small TCPGs, to parame-
trically generate new plans that conform to the social
structures of the originals (Yu et al., 2016).

The majority of these recent computational approaches use
the developed techniques as part of space syntax research.
Space syntax is a collective name for a set of techniques used to
examine the topological properties of space (Hillier and Hanson,
1984; Hillier, 1996). Space syntax techniques typically operate
by abstracting various properties of plans (architectural, urban
or landscape) into graphs that can be mathematically analyzed
and compared (Ostwald, 2011; Ostwald and Dawes, 2013).
A graph is a diagrammatic system of representation of sets of
nodes and the connections between them (Bondy and Murty,
1982). Graph theory is a domain of mathematics that is
concerned with the definition, measurement, and analysis of
networks of connections. The three widely accepted approaches
to abstracting space into a graph for mathematical and visual
analyses are convex mapping, axial mapping, and isovist
mapping (Klarqvist, 1992). Space syntax methods have been
extensively developed over the last few decades and applied in
research on urban planning, architectural design, and landscape
design. Several TCPGs have been examined using space syntax
techniques (Yu et al., 2015; Li, 2011; Sun, 2012). For example,
Li (2011) used convex mapping to examine the visual-perceptual
experience of passage through the Lingering Garden. Despite
this example (Li, 2011), computational studies on the experi-
ence of movement are rare, and the best precedent for the
method used in the present study is found in the analysis of
Please cite this article as: Yu, R., Ostwald, M.J., Spatio-visual exper
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movement through architecture using isovists, isovist fields, and
visibility graphs (Dawes and Ostwald, 2014, 2015).

An isovist is a polygon that represents the volume of
visible space in any direction from a given observation
point. Although isovists can be generated in three dimen-
sions, the accepted application of this approach and the one
in which has the most available evidence uses 2D isovists
constructed in the plan. An isovist field is a set of measures
derived from a grid of locations in a space. Each point in the
isovist field is associated with a range of geometric mea-
sures that reflect the properties of the space when viewed
from that position (Conroy-Dalton and Bafna, 2003). Some
of these properties and the corresponding isovist measures
are as follows: the volume of visible space from a position is
the isovist area, the distance a person can see before their
vision is blocked is the longest radial, the distance to
the closest solid wall is the shortest radial, the
volume of space that is implied but unseen is occlusivity,
the complexity of the visible space from a position is
jaggedness, with the ratio of square of isovist perimeter2

to area (Franz and Wiener, 2008). An isovist property drift is
the difference between the center of gravity of an isovist
and the location of the observer. A space may be observed
to be static when the difference is minor. A strong sense of
directionality or a strong “draw” may be observed, which
pulls a person through a space when the difference is
marked (Franz and Wiener, 2008). Numerous isovist mea-
sures have been derived and used in previous studies, and
several measures have displayed a statistically significant
correlation to human perceptions of space (Stamps, 2000;
Dosen and Ostwald, 2016). For instance, Dosen and Ostwald
(2016) investigated the interior space for feelings of enclo-
sure and exposure by correlating participants’ visual per-
ceptual results and isovist measurement of the same spaces.
Their results suggested that human perceptions of environ-
mental conditions are generally accurate and that some
isovist measurements have a high relation with participants’
perceptions. The combined method of surveying partici-
pants and correlation analysis on their response with room
measurement is an important contribution to the design
field. Subsequent studies explore visual experience using
isovists (Dawes and Ostwald, 2015) to examine the spatial
and visual experience of moving through five of Wright's
Usonian houses. The results partially support the existence
of the “Wright space,” which is defined based on specific
spatial features of Wright's design style. The application of
isovist analysis in spatial studies provides a quantitative
method to assess the spatial and visual experience of people
when they are navigating specific spaces. Objective and
rational results can be achieved through the use of these
measurements. Considering that several theories about
the experience of movement through TCPGs emphasize
the existence of a rhythm of small and large views or close
and distant views, these can be readily evaluated using
isovist area and longest and shortest radial measures. The
topological distance in TCPG can be determined by using
simple measures (including the number of turns on a path or
visible connections), and metric measures (like length of
path) can also be informative for evaluating arguments
about efficiency or intentionality. Jaggedness and occlusiv-
ity measures can be used to examine complexity and
mystery. Thus, a mathematical determination can be made
ience of movement through the Yuyuan Garden: A computational
ral Research (2018), https://doi.org/10.1016/j.foar.2018.08.003
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Fig. 4 Views from different locations.
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about the extent to which the data matches the four
intuitive arguments about the spatial properties of the
TCPG, when these isovist measures are calculated at regular
intervals along a path through a TCPG.

3. Method, hypotheses, and data

A 3D computer model of the Yuyuan Garden was constructed by
using published plans and a photographic survey (taken by the
authors in 2015). The primary path through the garden was
mapped, including the “start” and “end” points, and four
important reference or “pause” points were identified along
the paths (A, B, C, and D), to assist the process of intuitively
cross-referencing the data in the charts to the path diagram.
The length of the path was divided into segments between 4 and
6m. This variation is required to accommodate several tight
turns in the path and to allow a segment to end at every major
junction (or change in direction) along the path. A total of 88
segments or stages along the path were annotated (Fig. 3).
Fig. 4 shows the views from different locations. Depthmap
(Version 10) software was used to develop an isovist field for the
entire garden based on a plan constructed at eye height (h =
1.6m), and isovist data was generated for each of the 88 stages
of the path. This approach generally replicates the standard that
was developed previously using isovist analysis for testing the
arguments about spatial experience (Dawes and Ostwald, 2014,
2015). A total of 880 isovist measures were extracted from the
path itself, and over 29,310 measures were collected from the
entire garden for comparative purposes. The primary results for
the path are presented in Table 1.

A testable hypothesis was established for each of the four
arguments about the spatial properties of passage through
the Yuyuan Garden along with a benchmark profile in the
isovist data that would be uncovered when that hypothesis
is true or not (Table 2). These hypotheses are simplifications
of the original arguments, and test conditions (true/untrue)
are also established around obvious interpretations of the
data. Many open-ended tests could also be performed to
determine the patterns in the data. However, the tests are
directly focused on the four arguments in this study.
4. Results

4.1. Testing hypothesis 1

The first hypothesis states that the “rhythm” of the
experience in the TCPG cyclically shifts between open and
enclosed states (Keswick, 1978; Tong, 1997; Lu, 2009;
Smith, 2015). The isovist area is the volume of space visible
from a location, and an open space has a higher value for
Please cite this article as: Yu, R., Ostwald, M.J., Spatio-visual experi
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this measure than an enclosed space. A complete set of
isovist areas associated with 88 points along path is
established to determine what constitutes an open or
enclosed space relative to the complete experience of the
path. The range is from 2679.36–200.65 m2. The threshold
values—“open” 4 1300 m2 and “enclosed” o 700m2—are
derived from the quartiles of the set of isovist areas. Thus,
the proportion of isovist areas in either group must be
higher than 25% for the experience to shift between an open
and an enclosed space. On this basis, the first test requires
that 30% of the isovist areas experienced along the path
must be 4 1300 m2 and 30% o 700m2. The 30% value could
be considered a low threshold because it is only 5% greater
than a “normal” random distribution of data in a set. The
results of this test confirm that 31.8% of the isovist areas are
larger than 1300 m2 and 37.5% are smaller than 700m2 for
the 88 points. This finding confirms the first part of the
hypothesis, which states that the visible space along the
path is divided from open and enclosed spaces.

The second test aims to determine whether the shift
between open (4 1300m2) and enclosed (o 700m2) spatial
conditions is notable (the shift occurs within a relatively short
distance) and constitutes a cycle, which means that it occurs
at least four times. Four is the effective minimum number of
shifts to identify a full cycle (open, enclosed, open, enclosed).
The data show that such a shift occurs on only three occasions
along the path, namely, near locations 31 (as part of a rapid
increase in the isovist area), 61 (as part of a rapid decrease in
the isovist area), and 85 (as part of a rapid increase in the
isovist area). The volume of visible space from the path
increases and decreases on many occasions, and only three
trends are specifically notable (Fig. 5). This finding indicates
that the experience is not cyclical. Rather, (i) a general
increase from A to B, (ii) a decrease toward C, and (iii) a
slight increase to D are observed. Given this result, the second
part of the hypothesis is not supported.
4.2. Testing hypothesis 2

The second hypothesis maintains that the experience of the
path progresses from enclosure at the start to exposure in
the middle and back to enclosure at the end (Guo, 2014;
Chen, 2012). Thus, a linear or controlled experience is
observed rather than a cyclical or rhythmic shift. If this
theory is correct, two major changes occur in the gradient
(or shifts from o 700m2 to 4 1300 m2 and back again) in
the data. Actually the results for Hypothesis 1 show that
three shifts are observed in the trends, although the last
one is not as substantial as the other two. This finding
disproves the hypothesis (as shown in Table 1). However, a
ence of movement through the Yuyuan Garden: A computational
ral Research (2018), https://doi.org/10.1016/j.foar.2018.08.003
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Table 1 Isovist measures for the 88 positions along the main pathway.

Ref Isovist
area

Isovist
compactness

Isovist drift
angle

Isovist drift
magnitude

Isovist max
radial

Isovist min
radial

Isovist
occlusivity

Isovist
perimeter

Jaggedness Proportional
occlusivity

1 311.79 0.36 58.85 2.84 21.66 3.91 28.75 104.67 35.14 0.27
2 385.37 0.33 128.41 4.07 26.74 3.92 20.39 121.56 38.34 0.17
3 411.44 0.23 154.78 7.81 40.79 2.32 35.89 150.53 55.07 0.24
4 377.51 0.16 164.64 5.21 46.89 3.24 75.67 171.93 78.30 0.44
5 341.49 0.17 156.82 3.03 42.05 2.56 67.90 157.34 72.49 0.43
6 546.51 0.18 124.23 9.65 42.59 1.80 105.14 197.57 71.43 0.53
7 736.14 0.15 136.63 12.11 38.57 1.84 112.55 246.63 82.63 0.46
8 666.55 0.18 146.55 10.47 33.75 1.32 111.63 213.63 68.47 0.52
9 684.88 0.19 168.38 9.27 35.45 1.34 103.49 210.40 64.64 0.49

10 676.74 0.19 203.21 8.81 38.04 1.76 94.85 211.78 66.27 0.45
11 552.02 0.19 239.64 12.63 42.60 0.72 83.49 193.38 67.75 0.43
12 209.75 0.09 280.06 15.55 47.37 1.77 117.23 171.40 140.06 0.68
13 200.65 0.07 285.34 17.31 52.26 1.63 142.59 187.90 175.96 0.76
14 264.84 0.22 98.75 11.59 24.73 1.67 69.17 121.69 55.91 0.57
15 828.15 0.03 320.44 11.43 81.73 1.14 478.70 616.08 458.31 0.78
16 717.11 0.05 316.98 2.54 48.57 2.07 306.62 421.88 248.20 0.73
17 587.24 0.07 322.25 10.14 51.49 1.09 242.92 320.76 175.20 0.76
18 749.78 0.07 316.91 8.72 42.03 0.97 280.97 379.28 191.86 0.74
19 664.66 0.13 307.31 4.96 34.23 0.85 163.80 255.80 98.45 0.64
20 587.05 0.11 304.08 2.56 33.35 4.20 168.91 261.87 116.81 0.65
21 587.39 0.09 216.93 4.07 45.59 4.17 189.37 288.87 142.07 0.66
22 699.47 0.04 215.88 7.88 51.73 5.13 321.54 443.58 281.30 0.72
23 580.04 0.06 308.51 11.06 64.19 3.43 244.38 339.21 198.37 0.72
24 1115.50 0.06 268.98 16.64 89.60 0.84 365.41 502.40 226.27 0.73
25 682.56 0.15 291.67 11.29 49.12 1.52 119.76 242.01 85.81 0.49
26 621.17 0.12 321.84 4.85 44.93 4.52 135.37 252.68 102.79 0.54
27 735.14 0.06 290.72 9.74 65.44 2.73 249.78 378.43 194.80 0.66
28 883.06 0.09 229.73 6.29 45.20 2.76 201.18 343.12 133.32 0.59
29 1164.83 0.11 239.90 15.82 64.53 2.33 206.23 360.88 111.80 0.57
30 1173.57 0.07 188.74 1.42 50.91 5.12 261.30 446.04 169.53 0.59
31 1592.24 0.10 221.45 6.19 53.15 2.22 241.50 437.39 120.15 0.55
32 1641.28 0.05 247.11 14.65 112.45 2.66 436.71 620.68 234.72 0.70
33 1260.02 0.07 202.38 15.14 50.25 2.85 313.30 461.07 168.71 0.68
34 1041.15 0.10 173.44 15.17 60.54 3.86 235.57 362.15 125.97 0.65
35 1118.22 0.09 162.35 11.66 47.51 4.16 272.89 400.44 143.40 0.68
36 1340.20 0.09 162.61 8.69 61.98 3.41 293.69 437.39 142.75 0.67
37 1856.50 0.19 257.41 9.26 48.45 4.07 162.18 351.54 66.57 0.46
38 1851.20 0.10 249.16 8.10 91.47 2.11 313.83 476.89 122.85 0.66
39 1937.09 0.13 255.63 9.38 115.71 1.94 269.73 436.91 98.54 0.62
40 2679.36 0.12 314.18 9.90 90.34 3.81 297.12 523.92 102.45 0.57
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41 2575.94 0.16 292.65 14.64 84.70 4.90 259.63 453.44 79.82 0.57
42 2591.06 0.12 305.99 3.03 100.14 12.21 317.49 522.78 105.48 0.61
43 2574.30 0.12 129.81 2.78 94.73 14.30 306.79 516.95 103.81 0.59
44 2471.93 0.14 105.56 9.33 74.43 11.52 261.02 476.29 91.77 0.55
45 2571.63 0.13 118.50 10.93 86.95 7.00 273.34 491.97 94.12 0.56
46 2459.90 0.15 127.64 17.21 73.97 2.71 232.79 456.55 84.74 0.51
47 1990.45 0.15 133.82 20.66 83.32 1.25 239.89 405.56 82.63 0.59
48 2380.33 0.13 77.01 7.33 87.88 2.25 277.85 476.59 95.42 0.58
49 2089.49 0.12 26.07 8.82 73.34 6.96 256.62 472.61 106.90 0.54
50 2033.97 0.09 28.38 11.32 83.96 5.23 318.63 540.75 143.76 0.59
51 1749.68 0.12 35.92 14.32 53.51 3.99 268.83 429.96 105.66 0.63
52 1886.61 0.10 46.75 14.60 66.12 3.76 311.03 486.04 125.22 0.64
53 935.38 0.11 324.74 13.52 53.29 0.49 214.46 332.34 118.08 0.65
54 1536.49 0.19 308.89 17.92 55.92 0.71 173.81 320.38 66.80 0.54
55 1395.05 0.08 21.96 9.81 69.26 6.21 285.73 460.24 151.84 0.62
56 1632.13 0.08 62.32 15.65 69.36 8.40 316.05 495.71 150.56 0.64
57 1729.59 0.08 77.17 20.16 74.45 5.69 345.50 530.92 162.98 0.65
58 1679.91 0.09 87.28 25.67 79.43 1.65 320.08 484.78 139.89 0.66
59 1079.06 0.09 84.29 33.91 85.44 2.69 284.58 391.57 142.09 0.73
60 965.05 0.09 84.76 34.51 89.40 3.25 276.11 369.75 141.66 0.75
61 1015.02 0.10 76.54 26.65 93.40 1.53 251.92 349.56 120.38 0.72
62 763.74 0.04 19.93 9.76 101.00 2.71 346.80 470.65 290.03 0.74
63 725.59 0.06 20.37 12.43 45.78 2.38 267.02 385.13 204.42 0.69
64 715.46 0.07 37.80 15.01 50.29 1.52 236.17 353.28 174.44 0.67
65 389.41 0.07 349.21 6.59 56.32 1.01 158.96 256.17 168.52 0.62
66 408.39 0.06 39.50 8.55 62.99 1.82 210.95 303.65 225.77 0.69
67 396.75 0.06 66.63 12.66 68.92 1.58 213.24 298.86 225.12 0.71
68 414.59 0.10 79.60 16.28 68.79 2.83 155.28 228.85 126.32 0.68
69 370.07 0.24 113.94 11.81 43.57 2.30 72.33 140.53 53.37 0.51
70 439.76 0.25 112.73 9.02 39.08 1.85 68.42 148.74 50.31 0.46
71 649.70 0.14 84.09 8.66 58.62 1.62 140.02 244.47 91.99 0.57
72 767.94 0.09 127.22 8.69 59.42 2.05 228.12 336.48 147.43 0.68
73 697.30 0.12 145.42 12.11 39.67 2.10 171.52 268.23 103.18 0.64
74 635.30 0.12 158.41 15.27 41.60 3.28 162.93 255.15 102.47 0.64
75 654.10 0.13 192.57 13.32 36.38 2.14 145.11 249.36 95.06 0.58
76 789.88 0.07 175.63 4.89 47.95 3.74 241.71 368.01 171.46 0.66
77 856.90 0.10 227.13 3.93 37.32 2.06 199.02 328.74 126.12 0.61
78 726.75 0.15 265.28 9.17 40.57 4.06 137.52 246.71 83.75 0.56
79 1021.50 0.09 118.66 13.10 83.98 4.68 211.37 380.57 141.78 0.56
80 1298.65 0.07 135.28 10.48 79.21 1.42 312.88 500.56 192.94 0.63
81 1029.27 0.06 112.63 18.57 74.46 4.76 282.43 457.85 203.67 0.62
82 486.22 0.17 91.25 4.70 38.10 3.87 94.49 190.50 74.64 0.50
83 362.70 0.24 92.35 1.00 26.55 3.70 68.78 138.17 52.64 0.50
84 907.27 0.16 132.48 13.84 49.65 1.39 158.25 269.99 80.35 0.59
85 1598.36 0.12 100.03 28.28 93.48 2.26 256.20 403.53 101.88 0.63 7
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slightly less rigid testing parameter might have supported
the hypothesis.

The second way of interpreting this argument about the
experience of the TCPG, is concerned with the distance to
the closest and furthest visible point from each space,
rather than the total volume of visible space (isovist area)
from each point. This second interpretation is important
because a person standing in the center of a small space
may actually feel less enclosed, than a person standing
close to the wall of a marginally larger space. For this
reason, the longest radial (the longest distance that can be
seen from any position) and shortest radial (the shortest
distance to any wall) dimensions for each isovist might be
implicitly investigated.

The results for the longest and shortest radials (Fig. 6)
display several interesting patterns when charted. For
example, a person is never more than 15m from a wall or
enclosing surface (shortest radial o 14.3 m) throughout the
entire experience of the path and never more than 4m from
a wall for more than 75% of the length of the path. The
locations along the path where a person is farthest from any
wall are all in close proximity (43, 42, and 44). For the rest
of the experience of the path, a person is constantly close
to at least one wall. A linear trend line generated from the
data is nearly level, and no distinct rise and fall is observed
in the data, which might reflect the hypothesis. This
condition is a far more diverse result for the longest radial
with a range between 115.71m (location 39) and 21.66 m at
the start of the path (location 1). Meanwhile, the trends are
less clear than those for the isovist area, and similarities are
observed for the longest radial with a general rise to
location B, a fall to C, and a slight rise to D. The linear
trend line for the entire path shows an average increase in
the longest radial or typically, as a person progresses further
along the path, more of the garden is exposed to view.

In summary, the results of the first and third tests do not
support the second hypothesis. However, some evidence in
the data reflects the general spirit of the argument. The
results of the second test do not support the hypothesis.
However, they reveal some particular properties of the path
that were not previously examined in previous studies.
4.3. Testing hypothesis 3

The third hypothesis suggests that the path through the
Yuyuan Garden is artificially extended and complicated to
create the illusion of a large space. To examine this
proposition, whether the total length of the path is sub-
stantially longer than the required length should be deter-
mined. Then, whether the total number of turns is
substantially higher than the required number of turns
should be determined. The first two tests rely on basic
topological reasoning and simple numerical or metric ana-
lysis rather than isovist data. The third test requires an
examination of data that pertains to isovist drift magnitude
and direction.

To make the first of these determinations, a benchmark
figure of five is selected after an analysis of the geometry of
the garden plan (a broad L-shaped configuration) and the
entry and exit points (in the north façade of different arms
of L) in the plan. The linear distance between the entry
ience of movement through the Yuyuan Garden: A computational
ral Research (2018), https://doi.org/10.1016/j.foar.2018.08.003
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Table 2 Hypothesis.

Hypothesis Test Calculation

Hypothesis 1 This hypothesis requires two tests:
i. To determine if the spatial properties shift from
open to enclosed multiple times along the path.

ii. To determine how often these conditions shift
along the path.

If the hypothesis is true:
i. 30% of isovist areas experienced along the path must be 4 1300m2, and 30%
must be o 700m2.

ii. The number of instances where the isovist area shifts from 4 1300m2 to o
700m2 within 20 “steps” when the path length is 4 4.

The “rhythm” of the spatial experience cycli-
cally shifts between open and enclosed.

Hypothesis 2 This hypothesis requires three tests:
i. To determine if the volume of visible space shifts
from low to high and back to low along the path.

ii. To determine if the distance to the closest wall
shifts from low to high and back to low along
the path.

iii. To determine if the distance to the furthest wall
shifts from low to high and back to low along
the path.

If the hypothesis is true:
i. Two shifts are observed on gradient in the charted data for isovist area,
where the first shift is from o 700m2 to 4 1300m2 and the second shift is
from 4 1300m2 to o 700m2.

ii. The shortest radial increases toward the center of the path and is low from
the beginning and end.

iii. The longest radial increases toward the center of the path and is lower from
the beginning and end.

The experience of the path progresses from
enclosure to exposure and back to enclosure
at the end.

Hypothesis 3 This hypothesis requires three tests:
i. To determine if the total length of the path is
substantially higher than it needs to be.

ii. To determine if the total number of turns is
substantially higher than it needs to be.

iii. The paths should feature a weak forward linear
enticement.

If the hypothesis is true:
i. The length of the path is five times the linear distance between the start
and end points.

ii. Turning points along the path 4 18.
iii. Mean drift magnitude is less than 20% of the mean longest radial and drift

direction is the average between 901 and 2701.

The experience of the path is artificially
extended and complicated to create the
illusion of a large space.

Hypothesis 4 Four related conditions are used in this hypoth-
esis, the first two of which are relative to the
garden as a whole:
i. The complexity of the path is greater than that
of the garden.

ii. The mystery of the path is greater than that of
the garden.

iii. The complexity of space along the path is
increased.

iv. The mystery associated with the path is
increased.

If the hypothesis is true:
i. Mean jaggedness (path) 4mean jaggedness (garden).
ii. Mean occlusivity (path) 4mean occlusivity (garden).
iii. A linear trend line generated for jaggedness appears.
iv. A linear trend line generated for occlusivity appears.

The path features a high level of spatial
complexity and mystery as a result of
increased permeability.
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Fig. 6 Longest and shortest radials and associated linear trend lines.

Fig. 7 Drift magnitude, direction, and associated linear trend lines.

Fig. 5 Isovist areas and linear trend line.

R. Yu, M.J. Ostwald10
(location 1) and exit (location 88) is 86.05 m. Considering
the geometry of the plan, an efficient path should be at
least double this length (172.1 m), and an inefficient path
should be triple or more than this length (258.15 m).
A length that is greater than five times
Please cite this article as: Yu, R., Ostwald, M.J., Spatio-visual exper
analysis based on isovists and visibility graphs. Frontiers of Architectu
(430.25 m) might be anticipated when the theory is correct
and the designers deliberately select a path that exceeds
any practical purpose. The actual length of the path is
463.32 m, which confirms that the data for the first test
support Hypothesis 3.
ience of movement through the Yuyuan Garden: A computational
ral Research (2018), https://doi.org/10.1016/j.foar.2018.08.003
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For the second test, the benchmark figure is determined by
assessing the difference between an optimal or efficient path
given the shape of the plan and its entry and exit locations.
Two turns are required for an optimal orthogonal path (a non-
curved path), and six turns are required for an efficient route
when the major pavilions along the path through the Yuyuan
Garden are included as stops. An inefficient path around these
pavilions could double that number (12), and any number of
turns above 18 would exceed any possible argument for
functional efficiency. The actual number of turns in the main
path is 20, which supports Hypothesis 3.

Finally, the path should possess a moderate sense of
enticement (drift magnitude) and a moderate forward direc-
tion (drift direction) when it is designed to create the illusion
of increased space and complexity rather than to completely
confuse visitors. The data for drift magnitude display a range
from 1m (location 83) to 34.51m (location 60) (Fig. 7) with a
mean result of 11.92m and a median of 10.70 when charted,
which suggest a right skew in the data or that a small number
of high results distorts the average. The mean longest radial
along the path is 61.07m, and the median is 54.71, which
confirm a right skew. The strength of enticement is approxi-
mately 19%, which is relatively low, when the mean drift
magnitude is 11.92m and the mean longest view is 61.07m.
The next issue is the direction of the enticement. Drift
direction is an angle between 01 and 3601. An angle of 1801 is
directly forward along the path, whereas 01 and 3601 are
directly in the opposite direction back along the path that is
used. Any angle below 901 or above 270% is effectively in the
reverse direction. The mean drift angle along the entire path
is 168.651 or slightly to the right of forward although the
actual direction shifts from left to right on 22 occasions. The
combination of moderate drift magnitude and moderate
forward direction supports the hypothesis.
4.4. Testing hypothesis 4

The final hypothesis suggests that the sense of complexity and
mystery experienced along the path is higher than that in the
rest of the garden, and the sense of complexity and mystery
associated with the path typically increases from start to
finish. The isovist jaggedness measure is an indicator of spatial
complexity, and occlusivity is an indicator of mystery. Four
short tests are used to determine these conditions.

The mean jaggedness for the path is 129.56, and the
mean jaggedness for the entire garden is 95.53 or a
difference of 35.62% (Table 3). The mean occlusivity for
the path is 217.79, and the mean occlusivity for the entire
garden is 204.93 or a difference of 6.28% (Table 3). A linear
trend line derived from the jaggedness data is nearly level,
and the occlusivity trend line shows a slight increase
(Fig. 8). Thus, three of the four tests broadly support the
hypothesis, although several anomalies are observed. For
example, the experience of the path is significantly more
complex (35.62%) than the general experience of the garden
and is relatively constant. The complexity does not remark-
ably change across the length of the path. Conversely, the
difference between the occlusivity of the path and of the
garden is insignificant (6.28%), and a strong trend is
observed in the experience, where mystery increases across
the length of the path.
ence of movement through the Yuyuan Garden: A computational
ral Research (2018), https://doi.org/10.1016/j.foar.2018.08.003
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Fig. 8 Jaggedness, occlusivity, and associated linear trend lines.

R. Yu, M.J. Ostwald12
5. Conclusion

No evidence was found that a cyclical compression and
expansion of space occurs across the length of the path
through the Yuyuan Garden (Hypothesis 1) by using the
methods employed in this study. Some evidence shows that
the general pattern of enclosure and exposure first
increases and reduces across the length of the Yuyuan path
(Hypothesis 2). The general pattern was neither simple nor
emphatic based on the theory. The actual spatio-visual
experience of movement is midway between the expecta-
tions of Hypotheses 1 and 2 for the Yuyuan Garden.
However, the analysis of the two factors uncovered an
interesting characteristic, that is, for the majority of a
person's passage through the Yuyuan Garden, they are rarely
far from a surface. Close proximity to a surface is a strong
characteristic of the path, although it is never explicitly
mentioned in terms of the experience of TCPGs.

Clear evidence indicates that the path through the
Yuyuan Garden is not designed for the sake of efficiency
or expediency (Hypothesis 3). It is not just a slightly
rambling or inefficient route; it is an almost unreasonably
convoluted path around a relatively small, enclosed garden.
Moreover, the path is around five times longer than it would
need to be, and it has between nine and three times more
turns than it requires. Nevertheless, it has a sense of
enticement and is generally in the forward direction, which
might assist in moderating what might otherwise be an
extremely confusing path. The last result is interesting
in terms of the final hypothesis, and the route through
the Yuyuan Garden emphasizes complexity (albeit in a
relatively consistent way) and increases mystery with its
progression.

Future research should consider other TCPGs using the
proposed method, and important historical landscape design
principles may be revealed. Furthermore, the quantitative
spatial analysis method applied in this study can provide
architects and landscape designers the tools for analyzing
users’ spatial experience when navigating through a com-
plex space. This method will potentially assist architects
and landscape designers in the conceptual design stage.
This study should be expanded to examine other TCPGs in
the same way, before its results could be generalized. This
Please cite this article as: Yu, R., Ostwald, M.J., Spatio-visual exper
analysis based on isovists and visibility graphs. Frontiers of Architectu
approach illuminates the intuitive readings of these land-
scapes proposed by historians, critics, and theorists,
thereby providing a unique insight into this complex topic.
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