\Z I El' A International Information and

Engineering Technology Association

International Journal of Sustainable Development and

Planning
Vol. 16, No. 6, October, 2021, pp. 1019-1026

Journal homepage: http://iieta.org/journals/ijsdp

Comparability of Urban Street Networks: Consideration of the Size Effect in the Evaluation |
of Network Characteristics and a Proposal for Determining an Appropriate Size of the Gheckfor

Catchment Area for Pedestrian Networks

Hsiao-Hui Chen”, Udo Dietrich

updates

Resource Efficiency in Architecture and Planning, HafenCity University, Hamburg 20457, Germany

Corresponding Author Email: hsiao-hui.chen@hcu-hamburg.de

https://doi.org/10.18280/ijsdp.160603

ABSTRACT

Received: 23 May 2021
Accepted: 19 October 2021

Keywords:

average street length, catchment area,
edge effect, network analysis, node
degree, size effect

For the analysis of urban networks indicators, like average node degree, connectivity and
betweenness centrality, are widely used. Their values are calculated for a catchment area of
the network. This research investigates if and to what extent the size of the catchment area
influences the indicator’s values. A methodology for determining the size of catchment area is
proposed and recommendations for its appropriate size for pedestrian network analysis are
offered. For the mathematical deduction of the relationship between the size of the catchment
area and the indicator values an idealized regular network is used as a reference model. We
found that the size effect on indicator values is prominent. It decreases exponentially as the
size of the catchment area increases. The size effect is notable until a side length of the
catchment area that equals 50 times the average street length, while the variation is still
acceptable if it is 30 to 40 times the average street length. The typical average street length in
cities is about 100 meters, a catchment area larger than 4000 x 4000m? is not necessary. This
reference model can also be used to evaluate real networks and to compare them with an
idealized case.

1. INTRODUCTION

1.1 The challenge

When evaluating the real-world spatial networks, the central
point and the catchment area around it need to be defined
before carrying out network analysis, so that the indicators of
different networks can be compared with each other. However,
the real-world spatial networks are not strictly discreet systems
and the boundaries of their catchment areas are often
arbitrarily defined. This arbitrarily defined size of the
catchment area often exerts significant distortion on the values
of network indicators [1-6] for the following reasons.

If the size of the catchment area is too large, it is more likely
that it contains multiple sub-networks or sub-structures with
words, the mixed
characteristics of the entire network are often a combination of
sub-structures, such as grids, trees, hubs and spokes, or lines
structure. And each type of network structure may differ in
complexity [7, 8]. Since the value of the indicator is the
average value for the entire network, the complexities of the

different characteristics. In other

Concerns over the size effect on the reliability or
significance of the network analysis results have been
expressed and shared by many researchers [1, 9-12]. They test
the size effect on the performance of spatial network models
by varying the threshold radius of the catchment area. For
example, Yoshimura et al. [13] have investigated betweenness
centrality with radius of the catchment area varying from 300
to 5000 meters with 100 meters step, and the results show that
the indicator value is sensitive to the size of the catchment area.
To be more specific, the indicator value of the same node or
link in the network may change with the size of the catchment
area. And this distortion is particularly pronounced for the
nodes and links at the border of the catchment area [1, 14]. For
example, Gil [1] has found that nodes or links near the center
of the catchment area tend to have higher degree of
betweenness centrality compared with those close to the
border. Accordingly, this influence has been called the “edge
effect” or “boundary effect” [1, 9, 10, 14].

In this research, we focus on the effect of size of the
catchment area on the indicator value. This effect is hereafter
referred to as the “size effect”.

sub-structures within the network may affect the calculation of

the indicator for the evaluation of the characteristics and

attributes.

1.2 Types of research where size effect should be
considered

On the other hand, if the catchment area is too small, the

network model excludes the characteristics beyond the
arbitrarily defined boundary of the model. Since the analytic

Consideration of the size effect may be particularly crucial
in research projects associated with the following purposes.

algorithms are relational, the world outside the catchment area

of analysis still affects the world inside it and the movement

patterns within [1].

1.2.1 Research aiming at comparing and classifying multiple
networks distributed in different locations
For any comparative study, where more than one network is

1019


https://crossmark.crossref.org/dialog/?doi=10.18280/ijsdp.160603&domain=pdf

included, the size of the catchment area will either have to be
identical or it must be examined as one of the factors that may
explain the variation of the measurement values among the
multiple networks.

1.2.2 Research requiring the distinction among different types
of mobility networks based on the mode of transportation,
such as the networks for pedestrian, cyclists or motorized
vehicles

For example, “a small road segment in a residential area
might be important for pedestrians, but it is almost negligible
for motorized transportation. In this sense, the road segment
should have at least two kinds of importance: one for
pedestrians and the other for motorized transportation” [15].
In other words, the value of the indicator varies depending on
whether the catchment area is at the human or vehicle scale.
Without considering the size of the study area, the degree of
betweenness centrality cannot represent multiple aspects of the
city that is perceived by people in the real world [16]. To avoid
these problems, Yoshimura et al. [13] propose that, in addition
to the global betweenness centrality for the entire city, a set of
local betweenness centrality values at a smaller neighborhood
scale shall also be calculated.

1.2.3 Research where an area needs to be divided into sections
of smaller size with regular shape

The city area is often divided into smaller units due to the
structural complexity and size associated with the scale
problem [17-19]. For example, the analysis of connectivity of
the road and street network structure is often conducted with
the application of topological measures and typically requires
that a large geographical space be divided into smaller parts
with regular shape [8]. In a recent study, in order to determine
the size of the catchment area on the value of the selected
measures, SoczAvka et al. [8] have carried out a comparative
analysis by dividing the analyzed area into different sizes with
regular shape and comparing the values of connectivity
measurements of the road and street network structure, In such
a case, the size of a single basic catchment area is very
important because it can significantly affect the computational
results of these measures.

1.2.4 Research measuring the spatial accessibility

Arbitrary administrative boundaries (such as census tracts
or block groups) are often used in the studies of spatial
accessibility. The arbitrarily defined border may lead to a
methodological limitation [20, 21] because, first of all,
accessibility involves movement and a given boundary does
not actually prevent people or vehicles traveling across the
border from reaching the facilities, services, amenities or any
points of interest [22]. Secondly, a given boundary may
exclude behavior outside the catchment area [12, 20-22, 23-
31]. Thirdly, the resource or services beyond a defined
arbitrary boundary may influence the behavior within the
catchment area [27]. Many research projects studying the
spatial accessibility have pointed out the risk that the
accessibility of facilities may be biased [22, 25, 27, 32] or
under-reported [12, 23, 28, 29, 33] because “areas close to the
boundary may be classified as having poor geographic access
even though they may in fact be proximate to resources across
the boundary” [34].
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1.3 Proposed solutions for mitigating the distortion

In an attempt to mitigate, contrast or diminish the distortions
stemming from the size effect, the proposed features and
principles underlying further classification can be broadly
categorized into the following two approaches.

1.3.1 Adding a buffer zone with the assigned threshold radius

The first approach is to create buffer zones around the
catchment area in order to compute the indicator value [1, 4,
35-37]. For example, the Python library OSMnx [38, 39]
automatically creates a buffer of half a kilometer around the
requested area so that each node has a correct street count. The
buffer zones are then trimmed from the constructed network
model. The indicator values of nodes and links within the
buffer zone are excluded from the analysis because they are
not reliable.

1.3.2 Using a homogeneous feature as the criterion for the
division

Soczéwka et al. [8] propose to divide the city area into
smaller catchment areas with homogeneous features before
conducting the analysis. They suggest several possible criteria
of the homogeneous features including, firstly, administrative
criteria, such as administrative district boundaries; secondly,
structural criteria, such as the spatial distribution of density of
inhabitants in households; and, thirdly, technical and
functional criteria, such as the public transport management
system.

In short, any divisions and classifications of geographical
space should define the boundary of the catchment area. In
response to these considerations, the current research intends
to contribute to this decision process and to quantify the effect
on the value of the indicators by 1) investigating whether and
to what extend indicators, such as the node degree, change
with the size of the catchment area; 2) proposing a
methodology to decide the size of the catchment area based on
the average street length; and 3) offering the recommendation
for the appropriate size of the catchment area for the
investigation of pedestrian networks.

A theoretical model representing an idealized regular
network (see Figure 1) has been created as a reference model
for the clear mathematical deduction of the relationship
between the size of the catchment area and the changes in the
indicator values. This allows us to answer the following
research questions in a more controlled environment, where
the differences in the values of the indicator will only be
caused by the size effect (This is not ignoring the fact that, in
the case of real network, the size effect may still exist
regardless of the size of the catchment area. Because a real
network is not regular to eternity and, therefore, its
characteristics change).

e How do we decide the appropriate size for the
investigation of pedestrian networks?
Are there upper and lower limits of the size effect on
the value of an indicator?
How big should the network catchment area be in
order to be able to compare it with the reference
model?



2. METHOD
2.1 The investigated indicator

The indicator we have chosen to examine the size effect is
the average node degree, k, which is expressed by

M
— 9w 1
k 2><N (1

where, M refers to the total number of links and N refers to the
total number of nodes. In addition, the average node degree
provides the information of the network pattern and can also
be used to evaluate the level of "gridness.". A network with a
lot of nodes connecting to 4 links, i.e. k = 4, means that the
network is more likely to be grid-pattern. And "more-gridded
cities have higher connectivity (i.e., higher node degrees, more
four-way intersections, fewer dead-ends etc.) and less-winding
street patterns"[39]. This means that, holding the number of
nodes constant, if the average node degree of a real network is
smaller than that of a grid-pattern network, the connectivity of
the real network is worse than the connectivity of a grid-
pattern network.

Before examining the size effect on the node degree, we
need to provide some definitions concerning our theoretical
model.

2.2 The theoretical mathematical model

For the investigation of the size effect, a real network might
not be a good basis to be the reference for comparison. The
main problem is that the size effect cannot be clearly separated
from other effects. Therefore, a theoretical model for the
prognosis of the size effect was created in order to provide the
method of mathematical analysis of an idealized regular
network. In this way, the differences in the values of the
indicator will only be caused by the size effect. Our definition
of an idealized network consists of the following components.

2.2.1 Definition of a single quadrat as the basic element

To illustrate the rules of how the network is created, we start
with a network that is just a quadrat (square). As shown in (a)
in Figure 2 and Table 1, a quadrat has four links as its boundary
and it serve as the basic unit of the quadratic network with four
nodes (N = 4) and four links (M =4). We use d to refer to the
length of a link in the network, which is also the side length of
a quadrat.

2.2.2 Definition of a network

A quadrat is expanded and extended in the same quadratic
pattern, as shown in (b), (c¢) and (d) in Figure 2 and Table 1.
The size of the network is measured by the total number of
nodes, N, and the total number of links, M. Element (b) in
Figure 2 and Table 1 show that a network consisting of four
quadrats has nine nodes (N =9) and 12 links (M = 12).

2.2.3 Definition of a catchment area

In the case of real networks, a network is different from a
catchment area and the selected catchment area will be smaller
than the entire network. As illustrated in Figure 1 (a) and (b),
the black solid line indicates the links and also the boundary
of a quadratic network and the red dashed line indicates the
boundary of a catchment area. A catchment area is like the
section that cuts off links connecting nodes from inside of the
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catchment area to nodes outside of the catchment area (In a
real network, it is not necessarily the case that a catchment area
cuts off links connecting nodes from inside of the catchment
area to nodes outside of the catchment area. Sometimes, the
boundary of the catchment area may coincidently lie exactly
on a link as shown in Figure 1(b).). The link cut off by the
catchment area could be counted as a complete or a half link.
And the value of the indicator will be affected by how these
links are counted. Alternatively, they might be excluded from
the calculation altogether. For the purpose of this paper, we
assume that these cut-off links are neglected and they are
excluded from the calculation.

This means that the boundary of the catchment area consists
of the links of the network as shown in Figure 1(b). Therefore,
the side length of a catchment area, D, consists of one or
multiple links of the network. And the size of the catchment
areais D x D.
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Figure 1. Abstracted expression of the boundaries of the
idealized network and the catchment area

There can be two kinds of relationships between the
network and the catchment area.

2.2.4 When the catchment area consists of one quadrat and D
consists of single d (i.e. D =d)

In the case of the smallest catchment area (as shown in
element (a) in Figure 2 and Table 1), there is only one quadrat
and, therefore, the side length, D, of this catchment area equals
to d. The size of the catchment area is DxD = d°. The network
in this catchment area has 4 links (M = 4) and 4 nodes (N = 4).
The node degree, £, is accordingly 2.

2.2.5 When the catchment area consists of multiple quadrats
and D consists of multiple d

In element (b) in Figure 2 and Table 1, there are 4 quadrats
and, therefore, the side length, D, of this catchment area equals
to 2d. The size of the catchment area is D x D = 4d>. The
network in this catchment area has 12 links. The total number



of links, M, in this network is 12 and the total number of nodes,
N, is 9. The node degree, k, is accordingly 2.67.

The relationship between the quadrat, the network and the
catchment area of various sizes are summarized in Table 1 and
it shows that, with the increasing side length, D, of the
catchment area, the node degree, £, also increases. This means
that there is a size effect on the indicator of node degree. This
trend is noteworthy, so we break down the process into steps
in order to investigate the details. The following discussion is
divided into two parts: the additional links and the additional
nodes.

a [] D.'d..]_ s

a1 3 2
(a) (b)
sl2120121213
G121 2 2
3l 2l2] A3 : 5
2. B : 2
i 2
S F . . I 1 2
a=12121] 3 al21212]z213
(c) (d)

Figure 2. Abstracted expression of the process of increasing
the size of the catchment area

Table 1. Relationship between the quadrat, network and
catchment area of various sizes

Elements in Figure 2
Number of quadrats
Total
number of
links (M)
Total
number of
nodes (N)
Node
degree (k)
Side length
of
catchment
area (D)
Size of
catchment
area (D>D)

@)
1

(©
16

(b) (d)
4 36

4 12 40 84

Network

25 49

2.67 3.2 3.43

2d 4d 6d

Catchment
area

d? 36d2

4d? 1602

2.3 Process of increasing the size of the quadratic network

2.3.1 Increasing the number of links

Figure 2 presents the abstracted expression of the process of
increasing the size of the catchment area. Figure 2 (a) shows
one quadrat (square). The network with one quadrat is the
smallest network.

Figure 2 (b) shows a network consists of 4 quadrats. To
extend the network from (a) to (b) in Figure 2 and Table 1,
three links are added to create the yellow quadrats. And then
two more links are added to create the blue quadrat.

For the network in (c) in Figure 2 and Table 1, which is a
network consists of 16 quadrats, we begin with a corner and,
firstly, create the green quadrate with four links. Next, two
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more links are added to create another two blue quadrats.
Thirdly, three links are added to create the yellow quadrat in
the corner. Finally, these three steps are repeated until the final
purple quadrate, which needs only one additional link to be
created.

As the network becomes bigger and bigger, there are more
and more blue quadrats, which are formed by two additional
links, among the newly created quadrats. In other word, the
number of blue quadrats increases much faster than other
quadrats. Eventually this type of quadrat becomes more and
more important and thus dominant the pattern of the increasing
side length, D. Meanwhile, the yellow corner quadrat, which
consists of 3 links, becomes less dominant.

2.3.2 Increasing the number of nodes

Since the blue quadrat is more dominant than the other types
of quadrats on the increasing side length, D, the focus of the
investigation is on this type of quadrats. For every blue quadrat,
it takes two additional links to crease one additional node.
Eventually the total number of nodes, N, will be half of the
total number of links, M. Therefore,

1
N = EM )

or, in other words,

M=2N 3)

This means that node degree, k, will eventually approach the
final limit.

M 2N
2X—=2X—=4
N

k N

“4)

The results are shown in Figure 3 and Table 2.

4.00

o—O& <& ——
g f
2 3.00
(<3}
8 4
c 250
2.00

0 10 20 30 40 50 60 70 80 90 100
Number of links, which is equivalent to D/d, on each
side of the catchmet area.

Figure 3. Relationship between the value of the node degree,
k, and the size of the catchment area, which is expressed by
the number of links on each side of the catchment area

2.4 Appropriate size of the catchment area for pedestrians

For the investigations of pedestrian networks, it makes no
sense to explore a large area. If we consider that the
pedestrians’ maximum acceptable walking time is about 15 to
20 minutes, the size of the catchment area would be between
1500x1500m? to 2000x2000m?. Also, following the findings
regarding the size effect, the comparison between different
“pedestrian” networks is only correct and thus possible if all
catchment areas have the same size.



Table 2. Relationship between size of the catchment area and the values of indicators. The size of the catchment area is indicated
by its side length, D, and D is indicated by the number of links, which is equivalent to D/d

Side length, D, of the
catchment area

Links in the network

Number of links on each side
of the catchment area

Total number of links, M

Total additional links of
base quadrat, indicated by
the black links

Total additional links required to create the
new quadrat, indicated by colorful links

1 4 4 4
2 12 4 8
4 40 12 28
6 84 40 44
8 144 84 60
10 220 144 76
12 312 220 92
14 420 312 108
16 544 420 124
18 684 544 140
20 840 684 156
40 3280 2964 316
50 5100 4704 396
100 20200 19404 796

Side length, D, of the
catchment area

New quadrat

. . Number of new green Number of new yellow Number of new blue Number of
Number of links on each side purple quadrats
of the catchment area quadra_ts_ forme_zd by 4 quadra_ts: formgd by 3 quadra_ts_ formgd of 2 formed of 1
additional links additional links additional links . .
additional link
1 1 0 0 0
2 0 2 1 0
4 1 3 7 1
6 1 3 15 1
8 1 3 23 1
10 1 3 31 1
12 1 3 39 1
14 1 3 47 1
16 1 3 55 1
18 1 3 63 1
20 1 3 71 1
40 1 3 151 1
50 1 3 191 1
100 1 3 391 1
Side length, D, of the Indi
ndicators
catchment area
Number of links on each side Total number of nodes, N Node degree, k Nodes / area Area
of the catchment area
1 4 2.00 4.00 1
2 9 2.67 2.25 4
4 25 3.20 1.56 16
6 49 3.43 1.36 36
8 81 3.56 1.27 64
10 121 3.64 1.21 100
12 169 3.69 1.17 144
14 225 3.73 1.15 196
16 289 3.76 1.13 256
18 361 3.79 1.11 324
20 441 3.81 1.10 400
40 1681 3.90 1.05 1600
50 2601 3.92 1.04 2500
100 10201 3.96 1.02 10000

3. RESULTS AND IMPLICATIONS

The benefit of investigating the size effect with a theoretical
model is clear because, with the controlled condition, we can
find out the scenario when the size effect is (nearly) saturated
and deliver a correct prognosis about the total size of the

network. Figure 3 shows the relationship between the value of
the node degree, &, and the size of the catchment areas, which
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is expressed by the number of links on each side of the
catchment area. It can be concluded that the size effect is very
notable until the side length of the catchment area, D, equals
10 times of the length of the link, i.e. D = 10d. And it is still



notable with a derivation of 3.8/4 = 5% when D = 20d. The
derivation is reduced to 2.5% when D=40d, which can be
regarded as a threshold and recommended as the size that is
big enough to allow comparisons between different catchment
areas and/or different networks. Eventually, it comes close to
saturation where D = 50d. For values D >= 50d the node
degree, k, reaches the ideal value of the extended network and
the size does not play a role after that.

The principal implication of this theoretical model is
twofold. First of all, the above investigation provides evidence
to show that the size effect is remarkable and cannot be
neglected until D = 40d.

Secondly, Table 3 shows the relationship between the
average street length and the catchment area size range. The
results offer a principle guideline for determining the size of
the catchment area where the real network can be compared
with the theoretical model. In the real street network, the
average length of a street, which is the length of the link, d, in
the theoretical model, is mostly between 50m and 100m.
Assuming that d = 100m, the size of the selected catchment
area has to be at least 20d x 20d = 2000x2000m? in order to be
able to compare it with the theoretical model. If the side length
of the catchment area is 40d, i.e. 4000m, and the size of the
catchment area is at least 4000x4000m?, the size effect will be
even less significant in the theoretical model. Therefore, we
provide the evidence to support that the lower and upper limits
of the size of the catchment area should be 2000x2000m? and
4000x4000m?.

Table 3. Recommendations for the lower and upper limits of
the side length of the catchment area

Average street

length, d 50m 100m

Lower limit of the

side length of the 20d=1000m 20d=2000m
catchment area

Upper limit of the

side length of the 40d=2000m 40d=4000m
catchment area

Range of the sizes of 1000x1000m?~ 2000 x 2000m?~

catchment areas 2000x2000m? 4000 x 4000m?

To sum up, the results in this research contribute to the
argument that a catchment area with an area size that is too
large would not be practical due to the following reasons.

First of all, the characteristics and patterns of the street
networks in a real city may vary from quarter to quarter. For
example, the characteristics of the network in the historical
center would be different from its surrounding areas.
Therefore, if the size of the catchment area is too big, the
values of the indicators would reflect not the information about
one type of network but rather about a sum of multiple types
of networks in several neighboring and connected quarters.
Such mixed information would be less valuable for
investigating the relationship between the street network
structure and the indicators or for classifying the street
networks.

Secondly, the average street length can be one of the
indicators for determining the size of the catchment area.
According to our analysis, in the theoretical network, the size
effect on the indicator is not very significant when the size of
the catchment area is larger than 4000 x 4000m?. Therefore,
any size larger than 4000 x 4000m? would not be necessary.

Thirdly, the node degree of an idealized regular network
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changes with the size of the catchment area. But the variation
becomes nearly neglectable when the size of the catchment
area is larger than D = 40d and vanishes with D >= 50d. This
means that, if the size of the catchment area of the real network
is larger than D = 40d to 50d and the node degree is 4, the
network pattern has a grid-like character. However, if the node
degree of a real network is smaller than 4, its connectivity is
worse than that of the theoretical grid-pattern network and vice
versa.

Fourthly, we suggest that in all future investigations the size
of the catchment area should be defined before carrying out
further analysis.

Fifthly, when comparing the indicators of multiple
catchment areas, all of the catchment areas should have the
same size as long as D is less than 40d to 50d.

Finally, node degree has been chosen because its behavior
can be calculated for the theoretical and idealized networks
proposed in the current research in order to quantify and to
demonstrate the size effect on the indicator values step by step.
To what extent other indicators reach the saturation until the
size effect vanishes should be part of further investigations. It
would be interesting to test whether their threshold is also
around D = 40 to 50 d. In future research, the analysis of the
variability and the sensitivity of indicators shall facilitate
decisions on which indicators should be used for a given size
of the catchment area.
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