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Abstract

The rise of tourism in historical cities has become a widely observed global phenomenon.
As both urban heritage and channels of movement, streets influence the spatial distribution
of tourism-related functions. It is important to understand how this influence has evolved
over time. This study examines the temporal changes of tourism-related functional spaces
in the historical city of Pingyao, China, between 2009 and 2023. During this period, tourism
expanded rapidly, while the street network, as heritage, remained stable. Kernel density
estimation, space syntax, and Mann-Whitney U tests are used to map functional concentra-
tion, quantify street configuration, and test whether the association between them changed
between 2009 and 2023. The findings show that street network configuration, through
its differentiated movement potential, continuously influenced the spatial distribution of
tourism-related functions. However, attraction, commercial, and accommodation functions
followed distinct distributional logics that also shifted differently over time. Space syntax
indicators were extended into the temporal dimension to track these associations, reveal-
ing both their explanatory value and their limitations in this application. Based on these
temporal associations, planning and management strategies are offered that may help to
better adapt the actual use of streets to their functional potential.

Keywords: temporal change; tourism-related functional distribution; street network
configuration; historical city

1. Introduction
In historical cities and areas, tourism has become one of the key driving forces for urban
renewal and development, bringing about significant influence on spatial restructuring
‘ W) Check for updates and functional distribution [1]. This transformation exposes a particular tension, as urban
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such spatial overuse [3,4]. These authors identify the necessity of balancing the inherent
spatial limitations of historical cities and the continuously expanding spatial demands of
tourism development.

In this context, the present study focuses on street networks, which play a dual
role in historical cities. On the one hand, as urban heritage, their structural form and
historical value directly attract tourists. On the other hand, as channels of movement and
accessibility [11,13], they also influence the distribution of functional spaces along them
over time. Lefebvre argues that space should not be understood merely as a geographic
location or container of action, but that spatial arrangement itself constitutes a productive
force that actively shapes the social relations and practices unfolding within it [14,15].
Benjamin illustrates this point through Haussmann’s rebuilding of Paris. By widening
and straightening the streets, Haussmann made it difficult for workers to build barricades
and confront the ruling class. The long, straight boulevards also made the power of the
bourgeoisie visible throughout the city [16]. These examples indicate that the spatial
features of the streets reflect class relations and the ruling ideology. At the same time, de
Certeau uses the street as an example to show that although streets are planned by urban
authorities, individuals can still use and interpret this existing structure in different ways
by walking through it [17]. Building on these classical theories, this study argues that the
street network should not be understood merely as a physical container for functional
space. Rather, its spatial features actively engage with how that space is used, that is, how
functions are realized along it, while leaving room for individual practices to vary in how
the street network is used.

However, less attention has been paid to how streets” own spatial features have, over
time, influenced the distribution of tourism-related functions. Existing studies typically
treat the relationship between street networks and functional distribution as static. Space
syntax, a widely used tool for analyzing street configuration, has typically been applied to
examine this relationship as a snapshot in time, overlooking how the association between
street configuration and functional distribution may evolve over time [18]. Meanwhile,
in addressing the overuse of limited historical space, most strategies focus on regulating
the intensity of spatial resource use, such as assessing tourist carrying capacity [19], or
introducing tourism taxes and short-term rental regulations [20]. The role that street
features themselves play in shaping functional distribution has received far less attention
and remains underutilized as a means of guiding tourism-related space use.

Therefore, this study focuses on the temporal changes in the relationship between
street networks and tourism-related functions in historical cities, using Pingyao (China),
a UNESCO World Heritage Site, as a case study. Regulated by heritage conservation
policies [21,22], the street network within the walled city has remained configurationally
stable over the past three decades, while growing tourism demand has driven the expansion
of tourism-related functional space. This stability gives Pingyao dual significance for
studying historic city street networks, both methodological and practical. Methodologically,
space syntax theory holds that street network configuration determines the distribution
of economic activity [23], an influence confirmed in many cases, including studies in
Manhattan (US), Barcelona (Spain) [24], and Changsha (China) [25]. However, in these
cases, street configuration continues to densify and expand alongside urban development,
making configuration itself a continuously changing variable. This makes it difficult to
cleanly identify and verify whether the influence of street configuration on functional
distribution persists over time. Practically, as a historic city where street form itself is
protected as cultural heritage, Pingyao is also representative of the broader challenge
facing historic cities in balancing heritage conservation with the pressures of expanding
tourism-related functional space.
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This study makes several contributions. First, it provides an empirical case examin-
ing how the association between this evolving functional distribution and street features
changed between 2009 and 2023. Second, based on these temporal associations, it of-
fers planning and management strategies for tourism-related functions. Third, from a
methodological perspective, it extends the use of space syntax indicators into the temporal
dimension, examining their capacity and limitations in capturing the evolving relationship
between street movement potential and the distribution of tourism-related functions.

2. Literature Review
2.1. Static Relationship Between Street and Tourism-Related Function

Street network configuration is closely associated with tourism-related functions
through the movement of people, and its role as a channel for movement has attracted
increasing attention. One research perspective uses tourists’ actual movement patterns
as a proxy to examine this relationship [26,27]. Tourism-related functional spaces typi-
cally include attractions, restaurants, accommodation, and tourism-oriented retail services.
Studies show that the influence of tourist movement and dwell time on functional spatial
distribution varies across functional types. For example, in Madrid, Spain, sightseeing,
shopping, and accommodation were found to display differentiated patterns of tourist
concentration [28], while in Gorlitz, Germany, dining venues were found to cluster in areas
with higher tourist flow, with dwell time and walking speed also differing between dining
and attraction sites [29]. The close association between certain tourism-related functions
and pedestrian flows has also been widely discussed. Commercial activities in particular
rely heavily on dense pedestrian flows, as confirmed in Barcelona (Spain) [30], Bologna
(Italy) [31], and Buenos Aires (Argentina) [32].

2.2. Space Syntax for Street Configuration and Tourism-Related Function

Space syntax offers an analytical framework for quantifying the movement potential
of street networks, grounded in the assumption that people perceive and navigate space
through the spatial configuration features of street networks [33]. In space syntax theory,
a segment is the basic spatial unit used to compute street configuration features, derived
by dividing the street network at each intersection [34]. Configuration, in turn, refers to
the relational properties of a street network, specifically, how each segment is connected
to all others, determining its relative position within the system as a whole [35,36]. Build-
ing on this, Hillier proposed that street network configuration generates differentiated
movement potential across streets, which in turn shapes the spatial location of economic
activities [23,37]. Given the close relationship between streets and human movement,
flow-driven economic activities, including tourism-related functions such as shopping and
dining, are closely associated with street networks [38,39].

Although it has been criticized for overlooking key factors in wayfinding and street
configuration, such as 3D information and attractors, space syntax still serves as a powerful
quantitative tool [40,41]. Empirical studies have widely applied space syntax to examine
how street network configuration influences human movement and the spatial distribution
of urban functions, including commercial and tourism-related spaces [24,42,43]. In Beijing,
China, streets with higher accessibility tend to attract large volumes of tourists [38]. In
Lisbon, Portugal, configurational features of the street network impose long-term con-
straints on the clustering and location of commercial spaces, leading to dynamic patterns of
spatial evolution across periods [44]. However, these studies tend to apply space syntax as
a static tool, examining the spatial association between street configuration and functional
distribution while paying less attention to whether this association changes over time. In

https://doi.org/10.3390/land15101982


https://doi.org/10.3390/land15101982

Land 2026, 15, 1982

4 0f 22

other words, street configuration is treated as a fixed consequence rather than as an active,
continuously evolving component of functional change.

3. Materials and Methods
3.1. Overview of the Case Study

As shown in Figure 1, the study area refers to the ancient city of Pingyao, located in
Shanxi province, northern China. The area within Pingyao’s city walls has remained fixed
at around 2.25 km? since its original establishment in the 14th century [45]. The city largely
retains its imperial urban structure, featuring well-preserved urban morphology and rich
architectural heritage [46,47]. It is enclosed by defensive walls, within which the street
network follows a grid pattern. City gates function as key nodes of traffic flows, and the
avenues connecting these gates serve as the main streets, namely South Avenue, North
Avenue, East Avenue, and West Avenue. South Avenue lies along the city’s central axis and
has functioned as the main commercial corridor since the mid-15th century.

Under the constraints of relevant legal regulations, the street network has undergone
minimal change since 1985 [47,48]. Based on field survey data and comparisons with
historical maps, the overall structure of the street network can be considered stable. Today,
tourists predominantly explore the city on foot [49,50]. As this study examines the relation-
ship between street networks and the spatial distribution of tourism-related functions, the
street movement potential modeled using space syntax is based on pedestrian movement.

| East-South

Ringyac Historical City .
~ Gate

()

750 Meters

Figure 1. Location of the study area: (a) location of Pingyao County within Shanxi Province; (b) lo-
cation of the ancient city of Pingyao within Pingyao County, and (c) the ancient City of Pingyao:
boundary outline, street network, and main street names. Source: drawing by the first author based
on the administrative map of Pingyao [51].

In 1997, Pingyao was inscribed on the UNESCO World Heritage List, after which its
cultural heritage tourism grew rapidly, driven by cultural festivals and conservation initia-
tives [52], with annual tourist numbers rising steadily to 10.12 million in 2024 alone [53].
This sustained growth has driven a substantial expansion of tourism-related functions
within the historical urban fabric. The resulting tension between a stable street network and
rapidly evolving tourism-related functional spaces provides a particularly suitable context
for examining how functional transformations unfold within a persistent street network.
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3.2. Data Collection

This study draws on two types of data: a street network dataset that remains stable
in structure, and tourism-related functional space data. Focusing on the period of rapid
tourism development, the study examines how tourism-related functional spaces evolved
in relation to the street network.

3.2.1. Street Network Dataset Collection

Space syntax theory emphasizes the influence of street network configuration on indi-
vidual route choice [24]. Within this framework, the angular change and metric distance
measures were found to be crucial for quantifying the extent to which individual street seg-
ments and their intersections influence potential pedestrian flows [34,54]. To employ these
measures, road centre-line data were collected, which were derived from OpenStreetMap
(OSM) street vector data (2023), and subsequently refined through fieldwork surveys. Then,
the road centre-line network was preprocessed, including geometry repair, removal of
duplicate features, and clipping to the study area boundary. And it was converted into a
segment-based street network, yielding 618 street segments in total. Space syntax analyses
were then conducted in DepthmapX software (v0.8.0). Notably, because the street network
remained stable throughout the study period, space syntax values were computed only
once and applied uniformly across time.

Previous studies indicate that the influence of street network configuration on move-
ment potential varies depending on factors such as mode of transport and the spatial
range of activity, and different space syntax indicators have been developed to capture
these varying influences [43,55]. As tourists rely on the overall network structure when
navigating unfamiliar environments, this study adopts indicators that capture street net-
work configuration at the global scale, facilitating analysis of tourists” overall perception of
the urban street network [55]. In addition, studies have shown that Normalized Angular
Choice (NACH) and Normalized Angular Integration (NAIN) are closely associated with
the clustering of commercial, entertainment, and attraction functions, providing further
justification for adopting these two indicators [56-58]. Furthermore, because both indi-
cators are normalized, they are also suitable for comparing street network configuration
across different time periods. Taken together, NACH and NAIN are used in this study to
capture tourist movement potential as modeled by the street network, and to examine their
associations with the spatial distribution of tourism-related functions.

NACH measures the likelihood that a street segment will be chosen when travelers
move from one segment to another within the city; streets with higher NACH values
thus serve as frequent, convenient paths [59] that carry larger movement volumes [60],
potentially influencing the distribution of functional spaces along them. NAIN measures
how close each street is to all other streets within the city network, reflecting its overall
accessibility and spatial centrality [59]. A higher NAIN value indicates greater ease of
access, which is associated with higher movement presence and the clustering of social
and retail activities [23,61]. A prior study has shown that NACH exhibits stronger explana-
tory power than NAIN for commercial space in particular [62]. However, whether this
difference extends to other functional types, and how these associations evolve over time,
remains underexamined.

It should be noted that NACH and NAIN capture the movement potential inherent
in the street network, modeling the likelihood that streets channel movement based on
their configurational relationships, rather than actual tourist flows. Street configuration
is also not the sole factor influencing pedestrian movement; land use and associated
activities [63], as well as urban wayfinding systems [64], may further attract tourist flows.
This study, therefore, treats movement potential as an analytical measure derived from
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street configurational features, on the basis of which it examines the association between
street network and the spatial distribution of tourism-related functional spaces.

3.2.2. Tourism-Related Functional Space

Function refers to the primary uses or activities that occur within space, serving as both
an attractor and repellent of people’s movement across different parts of the city [65,66]. In
urban tourism research, although strictly distinguishing whether space users are tourists or
residents is difficult [13], spatial units that primarily serve tourists in tourism-dominated
historical cities can be defined as tourism-related functional space.

Following Ashworth’s classification principles [2], this study categorizes tourism-
related functions into three types: accommodation, commercial, and attractions, based on
the primary activities each space unit serves. Attractions refer to spaces whose primary
function is to attract tourists. The commercial category comprises facilities providing
consumer services. The accommodation category includes lodging facilities. The specific
examples of each category are provided in Table 1.

Table 1. Category of tourism-related functions.

Tourism-Related Functions Examples
. Museums, exhibitions, theaters, parks, city
Attractions .. .
walls, market tower, religious sites
Commercial Retailing and catering facilities
Accommodation Hotels

3.2.3. Tourism-Related Functional Space Dataset Collection

Data on tourism-related functional space were collected for 2009 and 2023, drawn
mainly from land use maps, fieldwork surveys, and satellite imagery. Specifically, the
datasets include land use maps [22], field data collected by the first author in December
2023 and January 2024, and Point of Interest (POI) data from 2009 sourced from the
Amap Open API (https://console.amap.com/dev/index, access on 20 September 2025),
which provides geocoded information on the spatial distribution of urban facilities and
functional activities.

Constrained by heritage conservation policies, tourism-related functions in the case
area are accommodated mainly within architectural courtyards whose physical scale and
morphology have undergone limited structural changes between 2009 and 2023. Accord-
ingly, data were collected as polygon attributes and mapped in a GIS environment, with
each polygon representing a spatial unit associated with a primary function and attribute
information, including location and functional type, at each time point.

Figure 2 illustrates the spatial distribution of tourism-related functions in 2009 and
2023, respectively. Several limitations regarding functional overlap and data completeness
should be noted. First, primary and secondary functions may coexist within a single
spatial unit, for example, gift shops within museums, in which case units are classified
by their primary function. Second, differences in counting approaches between the two
study periods mean that the 2009 dataset, derived from land-use statistics and POI records,
assigns a single functional category per unit, whereas the 2023 field survey dataset records
multiple functions within the same unit. As a result, 37 units in 2023 host both commercial
and accommodation functions. As these represent a small proportion of the total dataset
(37 out of 1026 units), their overall impact is limited, and they are excluded from statistical
analysis to avoid inaccuracy.

https://doi.org/10.3390/land15101982
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(a) 2009 (b) 2023
) Functional category
A [ Attraction
0 75150 300 Meters [] Commercial space
Ll [ Accommodation

Figure 2. Spatial distribution of tourism-related functions in 2009 (a) and 2023 (b). Source: drawing
by the first author. 2009 data based on land use maps [22] and Point of Interest (POI) data from
2009 sourced from the Amap Open API. 2023 data based on field data collected by the first author in
December 2023 and January 2024.

Data collection for this study is subject to certain limitations. Tourism accommodation
extends beyond formal hotels and guesthouses to include private residences that have
been converted into tourist accommodation, which are difficult to identify reliably from
available datasets. Given this constraint, the study does not aim to establish an absolute
functional classification of spaces, but instead focuses on the association between the spatial
distribution of different types of tourism-related functional space and street features, and
on whether this association changes over time.

3.3. Data Analysis
3.3.1. Overall Functional Distribution and Street Configuration

To explore the temporal changes of tourism-related functions, the overall spatial
distribution of tourism-related functional space in 2009 and 2023 was compared. These
functional spaces were simplified into point features by deriving the centroid of each
polygon, and Kernel Density Estimation (KDE) was employed to measure the spatial density
and concentration patterns of functions in each period. The results of KDE across the two
time periods were subsequently overlaid with space syntax measures to identify temporal
shifts in functional concentration patterns in relation to the street network structure.

To examine the temporal relationship between functional distribution and the configu-
ration characteristics of associated streets, this study used street segments derived from
space syntax analysis as the basic unit of analysis. Each functional space was first matched
to its adjacent street segment based on the location of its primary entrance, and was then
assigned the NACH and NAIN values of that segment. This procedure resulted in the
construction of a street-segment-level functional dataset.

https://doi.org/10.3390/land15101982
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To confirm whether the distribution of tourism-related functional space is linked to the
NACH and NAIN values of street segments, and whether this link differs between the two
parameters, street segments were further categorized based on their corresponding NACH
and NAIN values. Because NACH and NAIN values of the street network did not change
across years, this classification only needed to be performed once. All street segments in
this case were first split into High and Low groups by NACH, and split again into High
and Low groups by NAIN, using the median of each measure as the cut point. This way,
the High and Low groups had an equal number of segments for both measures. Putting
these two groupings together yielded four quadrants (HH, HL, LH, LL) for the whole street
network. To account for potential differences in street capacity across quadrants, the total
street length within each quadrant was also calculated as a reference measure. Because each
functional space had already been matched to its adjacent street segment, it accordingly
inherited the quadrant classification of that segment. On this basis, the number of street
segments hosting tourism-related functional space within each quadrant was counted
separately for 2009 and 2023, and normalized by dividing by that year’s citywide total of
such segments, yielding the relative share of each quadrant for that year. Finally, differences
in these shares among the four quadrants within the same year were compared to assess
whether functional space was concentrated in particular types of street configuration, while
changes in the share of each quadrant between the two years were compared to assess
whether this concentration pattern shifted over time.

3.3.2. Differences in Functional Categories

Tourism-related functions were classified into three categories: attraction, commercial,
and accommodation, and the number of each type was counted for every street segment in
2009 and 2023.

To visualise how each functional category relates to street configuration, NAIN and
NACH values were grouped into intervals of equal width (NAIN: 0.05-unit intervals
ranging from 2.15 to 2.5; NACH: 0.2-unit intervals ranging from 0 to 1.6). For each interval,
the relative shares represent the normalized concentration degree of that functional type for
that year. This procedure was applied separately for NAIN and NACH, yielding overlaid
histograms that enable direct visual comparison of how the association between street
configuration and each functional category shifted over time.

The temporal change in the relationship between each functional type’s spatial dis-
tribution and street configuration was further quantified. The medians of NACH and
NAIN were calculated for the street segments linked to each functional unit (attraction,
commercial, and accommodation), for both 2009 and 2023. Since the data were found not
to follow a normal pattern (Shapiro-Wilk test), non-parametric tests (Mann-Whitney U)
were employed to check whether the NACH and NAIN values of street segments linked to
the same functional type differed significantly between 2009 and 2023.

4. Results
4.1. Overall Temporal Change of Tourism-Related Functions

Kernel Density Estimation was employed to analyze the spatial distribution of tourism-
related functions (Figure 3). Although a high-density core persisted throughout 20092023,
its structure and extent changed markedly: functional spaces were concentrated in a few
locations in 2009, but had expanded outward by 2023, with medium- and low-density
areas broadening substantially. This expansion aligned with street network configuration
(Figure 3b): high- and medium-density areas corresponded primarily to street segments
with high NAIN (>2.38) and NACH (>1.23) values, indicating that street configuration was
significantly related to the clustering and expansion of tourism-related functions over time.
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Figure 3. Spatial distribution of tourism-related functions and street network configuration. (a) Kernel
density of tourism-related functions in 2009 and 2023. (b) Spatial extent of tourism-related functional
density overlaid with street-level space syntax (NAIN and NACH); labels 1, 2 and 3 indicate tourism
functional clusters not associated with high NACH or NAIN values. Note: the number and boundary
of these KDE-derived clusters are based on the computation parameters used in this study. Source:
drawing by the first author.

However, high NACH and NAIN values are not the sole predictor of tourism-related
function clusters. As shown in Figure 3b, locations marked 1, 2 and 3 exhibit notable
clustering despite low NAIN (<£2.38) and NACH (<1.23) values. These areas share a
common feature in that their clustering appears to be influenced by proximity to tourist
attractions and traffic hubs, such as the city gate (marked 1) or neighboring attractions
(marked 2, 3), rather than by street network configuration.

4.2. Temporal Changes in NACH and NAIN

While the KDE results point to a general relationship between functional density
and street configuration, a further analysis was conducted to test whether the links differ
between NACH and NAIN. Street segments were classified into four quadrants based on
the median NACH and NAIN values (1.02 for NACH and 2.32 for NAIN), so that the high
and low groups each contain an equal number of segments. Specifically, HH indicates high
NACH and high NAIN; HL indicates high NACH and low NAIN; LH indicates low NACH
and high NAIN; LL indicates low NACH and low NAIN. Figure 4 shows the distribution
of NACH and NAIN values across the street segments on which tourism-related functional
space was located in 2009 and 2023, respectively.

https://doi.org/10.3390/land 15101982
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Figure 4. Quadrant distribution of NACH and NAIN values for all street segments and street
segments hosting tourism-related functional space, in 2009 and 2023. Dotted lines indicate the
median NACH (1.02) and NAIN (2.32) values of all street segments. n refers to the number of street
segments hosting at least one tourism-related functional unit in that year.

As shown by the grey points in Figure 4, the street network is concentrated mainly in
the HH and LL quadrants. Tourism-related functional space, however, expanded over time,
as visualized in Figure 3a. Figure 4 offers a clearer representation of this expansion in terms
of street configuration values, showing that the street segments hosting tourism-related
functional space were concentrated mainly in the HH quadrant in 2009, whereas by 2023
they had expanded toward quadrants with lower NAIN and NACH values.

Table 2 further compares the share of street segments, the share of street length, and
the share of tourism-related functional space in each quadrant. Here, the share of street
segments refers to the proportion of all street segments falling within each quadrant of
NACH and NAIN values while the share of street length refers to the corresponding
proportion of total street length. The share of tourism-related functional space refers to the
proportion of tourism-function street segments falling within the same quadrants, relative
to the citywide total of such segments. By comparing these two shares, this analysis clarifies
whether tourism-related functional space exhibits a distributional preference across NACH

and NAIN values.
Table 2. Distribution of tourism-related functional space across NACH and NAIN quadrants, 2009
and 2023.
Subset HH (%) HL (%) LH (%) LL (%)
Street segments base 37.70 12.30 12.30 37.70
Street length base 46.38 7.65 14.62 31.35
2009 functional space 88.30 0.10 6.47 512
2023 functional space 76.66 1.94 8.02 13.38
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Table 2 shows that street segments are generally distributed within HH and LL quad-
rants, each accounting for 37.70% of the total. The corresponding share of street length
varies across the four quadrants: HH accounts for the largest share (46.38%), indicating
greater capacity, whereas the length shares of the other three quadrants remain close to
their respective shares of street segments. In both years, tourism-related functional space
was concentrated in the HH quadrant, far beyond its corresponding share of street seg-
ments: 88.30% in 2009 and 76.66% in 2023. In other quadrants, by contrast, tourism-related
functional space accounted for a smaller share than street segments and street length did,
showing that such functions tend to concentrate on streets with high NACH and high
NAIN values.

In addition, although HL and LH share the same proportion of street segments, LH's
share of street length is nearly double that of HL (14.62% versus 7.65%), indicating that LH
does offer greater capacity for tourism-related functions. In 2009, only 0.10% of tourism-
related functional space fell in HL, compared with 6.47% in LH. By 2023, the figures were
1.94% for HL and 8.02% for LH. This gap is far larger than the twofold capacity difference
alone can explain, showing that street accessibility also has a significant influence. This
indicates that tourism-related functional space rarely settles on streets with high through-
movement potential but poor accessibility. However, it is still found on streets with poor
through-movement potential but high accessibility. In other words, when NACH and NAIN
diverge, tourism-related functions tend to concentrate on streets with high accessibility.

In summary, tourism-related functional space remained most concentrated in the HH
quadrant throughout the study period, though its share declined from 88.30% in 2009
to 76.66% in 2023, while the shares of all other quadrants increased, most notably in LL.
This indicates that, over time, although HH streets remain the most concentrated location
for tourism-related functions, the relationship between functions and street configuration
is increasingly differentiated. The following section will therefore examine, for different
types of tourism-related functions, the relationship between functional distribution and the
street network.

4.3. Transition Patterns of Tourism-Related Functional Categories

This section examines the numbers and spatial distribution of commercial, accommo-
dation, and attraction functions, and their association with street configurational properties,
across 2009 and 2023.

A total of 434 tourism-related functional spaces were identified in 2009, rising to 989
by 2023. As shown in Figure 5, all three categories grew at different rates: commercial
spaces increased from 319 to 534, though their share declined from 73.50% to 53.99%;
accommodation spaces saw the greatest growth, rising from 71 to 392 (16.36% to 39.64%);
while attraction spaces remained the smallest category. Their count grew from 44 to 63, but
their share of the total fell from 10.14% to 6.37%. These changes reflect not only overall
numerical growth, but also a structural shift in function.

Figure 6 shows the relative concentration of each functional type across the full range
of NAIN and NACH values. Because the total number of tourism-related functions varies
across categories and over time, proportions were then used to allow comparison across
functional types and years. The y-axis represents the proportion of each functional type per
street segment relative to the citywide total of that function in the corresponding year.
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Figure 5. The number and proportion of tourism-related functions in 2009 and 2023.
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Figure 6. Relative share of attraction, commercial, and accommodation functions across street
segments in relation to street-segment NAIN (a) and NACH (b) values, in 2009 and 2023.
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From Figure 6, it can be seen that the association between the three functional cate-
gories and street configuration follows distinct temporal trajectories. Attraction spaces
tend to be distributed along streets with higher accessibility and through-movement po-
tential. The highest-value range showed the largest increase in share among all value
ranges for both dimensions, rising by 22% for NACH (1.4-1.6) and 14% for NAIN (2.45-2.5).
Table 3 confirms this trend, with the NAIN median rising from 2.395 to 2.413, whereas the
corresponding increase in NACH did not reach statistical significance (p = 0.051).

Table 3. Comparison of NACH and NAIN values of street segments hosting tourism-related functions
between 2009 and 2023 (Mann-Whitney U test).

2009 2023 ok .
. . A*** Median
Funct Indicat **
unction ndicator » Median " Median b (2023-2009)
NACH 1.296 1.344 0.051 +0.048
Attraction e — 44 63
NAIN 2.395 2.413 0.025 +0.018
NACH 1.396 1.342 <0.001 —0.054
Commercial —————— 319 534
NAIN 2.440 2.412 <0.001 —0.028
NACH 1.354 1.084 <0.001 —0.270
Accommodation ————— 71 392
NAIN 2.412 2.362 <0.001 —0.050

Note: * n refers to the number of functional units of each type recorded in that year. ** Significance
level < 0.05. **A Median refers to the difference between the median values in 2023 and 2009.

Commercial spaces continued to be concentrated along streets with high through-
movement potential and accessibility, though their distribution gradually diffused toward
secondary-configuration streets over time. As shown in Figure 6, over 80% of commercial
space was clustered within a NAIN range of 2.4-2.5 and a NACH range of 1.2-1.6 in 2009.
By 2023, the highest sub-ranges had declined by over 15% for NAIN (2.45-2.5) and 12% for
NACH (1.4-1.6), with lower sub-ranges increasing correspondingly in both cases. Table 3
confirms this trend, with both medians declining significantly (NAIN from 2.440 to 2.412
and NACH from 1.396 to 1.342, both p < 0.001).

Accommodation spaces were initially concentrated along streets with high through-
movement potential and accessibility, but their dependence on high street configuration
declined markedly over time. As shown in Figure 6, accommodation space was clustered
within a NAIN range of 2.4-2.45 (53%) and a NACH range of 1.2-1.4 (65%) in 2009. By
2023, the second-highest sub-ranges had declined by 26% for NAIN (2.4-2.45) and 35%
for NACH (1.2-1.4), with lower sub-ranges increasing correspondingly (NAIN: 2.25-2.4;
NACH: 0.6-1.2). Table 3 confirms this trend, with both medians declining significantly
(NAIN from 2.412 to 2.362 and NACH from 1.354 to 1.084, both p < 0.001).

Taken together, both commercial and accommodation functions shifted toward
streets with lower accessibility and through-movement potential (their A Median val-
ues in Table 3 are negative). Specifically, commercial’s decline was comparatively slight
(ANACH = —0.054, ANAIN = —0.028), while accommodation exhibited the most pro-
nounced shift (ANACH = —0.270). Attraction spaces, by contrast, shifted toward streets
with higher accessibility and through-movement potential (A Median values are posi-
tive). These changes in category help explain the differentiated pattern across quadrants
shown in Table 2. Accommodation grew faster than any other category. It showed the
most pronounced shift toward the LL quadrant, and this shift accounts for much of the
increase in that quadrant’s share. By contrast, commercial spaces remained concentrated
on high-configuration streets, although this concentration gradually diffused over time.
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This continued concentration helped the HH quadrant stay dominant, even as its overall
share declined.

Notably, a small proportion of accommodation and attraction spaces, but no com-
mercial spaces, are located along the streets with 0 NACH values (see Figure 6b). These
streets correspond to dead-end or isolated segments with no through-movement potential.
This distinction suggests that a portion of accommodation and attraction spaces operate
as route destinations, attracting visitors through deliberate access rather than passing-by
flows. Commercial spaces, by contrast, appear to require passing-by traffic to operate.

These findings form the basis for the planning classifications presented in Section 5.3.
For example, the relative share of commercial space per street segment in 2023 could be
used to assess whether high-configuration streets have sufficiently attracted commercial
activity. Segments were classified into three concentration levels using the Natural Breaks
(Jenks) method, with high concentration defined as a relative share exceeding 0.0193, while
segments below this value were classified as moderate to low concentration.

5. Discussion
5.1. Contributions and Limitations of Space Syntax

The findings of this study validate the established view that street network config-
uration influences economic activities through movement potential, and further provide
new empirical evidence from a temporal dimension. As the street network remained
stable, space syntax variables, NACH and NAIN, continued to predict the distribution of
tourism-related functions along them. This indicates that the impact of street configuration
on functional distribution is not a static or one-time constraint, but a continuous influence
that persists over time while becoming differentiated across functional types.

In space syntax, NACH represents through-movement potential, and NAIN represents
street accessibility [23,61]. This study found a high overlap between the NACH and NAIN
values of street networks, with streets where both values are simultaneously high or
simultaneously low, together comprising over 74% of the total. In other words, streets with
high accessibility in this case are highly likely to be streets more readily selected as through
routes. This can be attributed, according to space syntax theory, to the city’s grid layout,
which is more easily comprehended by travelers, leading to a high overlap between route
choices and accessibility [34]. This overlap between differently configured streets, in turn,
causes tourism-related functions governed by different locational logics to be distributed
on the same streets. In this case, commercial spaces, which depend more on passing-by
flow, and attraction spaces, which depend more on high accessibility, despite following
different locational logics, are similarly concentrated on HH streets.

Differences between NACH and NAIN values within the same street network have
also been identified in the case of Shichahai, Beijing, where these two space syntax indicators
were found to coincide at the global scale but diverge at the local scale across historical
periods [67]. A comparative study of four Chinese historic towns, including Pingyao,
similarly found that the function aggregation correlates more strongly with integration
(which NAIN normalizes) than with choice (which NACH normalizes), though without
accounting for why [62]. Our findings extend their results by inferring this reason and
showing that NAIN is a stronger predictor of tourism-related functional distribution than
NACH. Specifically, more tourism-related functions were located on streets with poor
through-movement potential but with high accessibility (LH) than on streets with the
reverse pattern (HL). As shown in Table 2, the difference in street length between these two
quadrants is about twofold, far smaller than the resulting gap in functional space, indicating
that street length is not the sole reason for this divergence, and that accessibility is also
an important factor. After breaking down by functional category, this tendency becomes
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more specific. Along streets with an NACH value of 0 (i.e., dead-end or isolated segments),
only attractions and accommodation spaces were present, while no commercial spaces
appeared. This extreme case shows that attraction and accommodation spaces can exist on
streets with low through-movement potential, while commercial spaces remain dependent
on passing-by flow, a pattern that may explain why NAIN better predicts tourism-related
functional distribution overall.

It should be noted that NACH and NAIN capture the movement potential inherent in
the street network, modeling the likelihood that streets channel movement based on their
configurational relationships, rather than actual tourist flows. Street configuration is also
not the sole factor influencing movement; land use and associated activities [63], as well as
urban wayfinding systems [64], may further attract tourist flows. This is also observable
in the present case. As shown in Figure 3b, localized clustering along low-NAIN and
low-NACH segments suggests that, alongside the overall preference for high-accessibility
streets discussed above, transport hubs and attraction spaces can also attract tourism-
related functional clusters.

5.2. Temporal Change of Tourism-Related Functions

Overall, the results show that the spatial distribution of tourism-related functions
expanded over time, and this expansion was closely associated with street NACH and
NAIN values. A large proportion of tourism-related functions remained concentrated along
streets in the core area (the HH quadrant), confirming that Pingyao’s stable street network
has kept this core of tourism-related functions in place. By contrast, in the Changsha case,
as the street network expanded and grew denser over time, the accessibility of the old city
declined, and new economic centers emerged elsewhere [25]. At the same time, functions
increasingly spread beyond this core, with the share in the LL quadrant increasing the
most, indicating emerging internal differentiation in how tourism-related functions relate
to street configuration.

Divided into attraction, commercial, and accommodation functions, each category
shows a distinct trend over time in both quantity and spatial distribution. In terms of
numerical growth, accommodation increased the most, followed by commercial spaces,
while attraction spaces increased the least. This can be attributed to their differences in
spatial scale, operational actors, and decision-making processes. Commercial spaces and
small guesthouses are typically operated by individual entrepreneurs and can respond
quickly to market demand [2,68]. In contrast, attraction functions are largely associated
with cultural heritage, managed by collective organizations or government authorities [22].
Their designation and renovation typically require complex approval procedures and
substantial investment [69], which constrains the pace at which attraction functions can
grow. For instance, in this case, Yide Guesthouse, a residential courtyard of approximately
1500 m?, was converted into a functioning guesthouse within a year [70]. By contrast, the
Rishengchang Draft Bank, now functioning as a heritage museum of comparable scale
(1402 m?), underwent a restoration process spanning 15 years [71].

In terms of spatial distribution, the relationships between the three tourism-related
functional categories and street configuration followed distinct trajectories in both direction
and magnitude over time. Attraction spaces exhibited the smallest change, with their
distribution concentrating further along high-configuration streets; the other two categories
shifted in the opposite direction. Commercial spaces remained largely dependent on high-
configuration streets overall, showing only a slight diffusion toward secondary streets.
Accommodation spaces exhibited the most pronounced change among the three categories,
shifting substantially toward lower-configuration streets. This divergence did not stem
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from any structural change in the street network itself, but rather reflects differences in the
locational logic of the three functional categories.

This pattern in the distribution of attraction spaces echoes explanations offered in
prior research. Attractions located on highly accessible streets are more likely to gain visitor
attention and exposure, which raises their public recognition and attracts subsequent
development investment [72].

That most commercial spaces remained concentrated on high-NACH, high-NAIN
streets over time is consistent with prior research, which emphasizes commercial spaces’
dependence on through-movement flows [31,57,73], and sustained pedestrian activities
associated with short-stay visits [58].

While prior studies suggest that accommodation spaces are weakly related to street
accessibility [62,74], this study finds that the locational preference of accommodation
spaces shifted markedly over time. Accommodation was initially concentrated on higher-
configuration streets, but as the number of units grew substantially over the study period, it
increasingly spread toward lower-configuration streets. Drawing on field observations, two
complementary factors may help explain this shift in locational preference. First, accommo-
dation functions are characterised by long stays and limited spatial capacity [2], making
pedestrian flow less critical in location selection than it is for commercial spaces. Second,
historical courtyards away from main streets tend to meet growing tourist demand for cul-
tural experiences [67,75]. Consistent with this, accommodation along lower-configuration
streets is mostly guesthouses converted from private residences or historical courtyards
(Figure 7).

Figure 7. A small-scale guesthouse located in an alley off North Avenue, with low configuration
values (NAIN of 2.30 and NACH of 0.64). The sign reads “Chengjia Guesthouse”. Source: Photo
taken by the first author, December 2023.

5.3. Spatial Planning and Management Implications

The findings offer practical implications for tourism spatial planning and management,
particularly for historical cities characterised by stable street networks and sustained
tourism expansion. The persistence of street networks does not constrain the expansion
of tourism-related functions; rather, street configuration continuously influences their
spatial distribution through differentiated movement potential. Accordingly, planning
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and management should incorporate dynamic strategies that address the evolving spatial
distribution and functional transition of tourism-related uses.

In this regard, street configuration can serve as an effective tool to evaluate the spatial
layout of tourism functions. Although functional distribution broadly corresponds to street
configuration, this correspondence is not uniformly realized in practice, and localised
spatial mismatches are difficult to correct through spontaneous functional adjustment
alone. Particularly, cultural heritage attractions require long-term preservation rather than
market-driven relocation. Differentiated planning strategies for each function type can
therefore be systematically derived from this correspondence.

Taking commercial functions as an example, North Avenue exhibits high configura-
tional values but remains at moderate to low levels of commercial concentration, indicating
that the movement potential embedded in its street configuration may not yet have been
fully realized in commercial use. For such streets, planning could prioritise monitoring
visitor flow and evaluating the possibility of encouraging commercial functions to locate
there. A similar principle applies in Beijing’s Qianmen area, where public space located in
high-accessibility areas of the existing street network is recommended as priority zones for
recreational development [42]. For high-configuration streets with high commercial con-
centration, management should prioritise monitoring visitor flow and preparing measures
to relieve potential congestion.

Unlike commercial functions, accommodation and attraction functions do not require
strategies based on functional concentration. The shift of accommodation towards moderate
to low configuration streets reflects growing differentiation in accommodation type and
scale. Planning should follow this trend, providing guidance on functional positioning and
operational scale according to each street’s configurational context. Attraction functions,
constrained by the fixed locations of heritage resources, have limited spatial flexibility.
For attractions along high-configuration streets, the focus should be on monitoring visitor
flow and preparing measures to relieve potential overcrowding. For those streets, such
as Southeast Mentou Street, limited accessibility of the street network may constrain
visitors’ ability to reach them. To address this, planning should prioritise improving their
connectivity to high-configuration streets and wayfinding. Specific measures could draw
on approaches identified in relevant studies, such as visual guides and designated tour
routes [62].

Building on the findings, street segments were classified using two measures already
established in the Results. Configurational level came from Section 4.1 (Figure 3b), and
commercial concentration level came from commercial-space share in 2023 reported at the
end of Section 4.3. Planning recommendations follow this classification. Street segments
with high configuration values but moderate-to-low commercial concentration are classified
as having latent potential for commercial expansion. This classification does not apply to
accommodation and attraction functions, as their planning recommendations do not assess
functional concentration. The identification process and corresponding recommendations
are summarised in Table 4. It should be noted that these classifications are based on street
configuration, with functional concentration also considered for commercial functions,
rather than on direct measurements of visitor flow, crowding, or spatial capacity. In
practice, assessments of street configuration’s movement potential should therefore be
combined with actual visitor-flow monitoring and spatial capacity indicators.
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Table 4. Planning and management recommendations for tourism-related functions.

Function Config. Level Concentration Planning Advice Example Streets *
High (NAIN > 2.38; Monitor visitor flow, East-West Avenue,
NACH > 1.23) prevent congestion South Avenue
Strengthen their
. connectivity to
Attraction Mid—low Not assessed high-configuration Southeast Mentow
(NAIN < 2.38; streets; Design Street
NACH < 1.23) visitor routes
supplemented by
wayfinding systems
Possible saturated
. . East-West Avenue,
High (NAIN > 2.38; High (>0.0193) segments: Monitor South Avente,
NACH > 1.23) flows, prevent )
. Shangximen Street
congestion
Commercial North Avenue,
Possible latent Southwest Mentou
High (NAIN > 2.38; Moderate to low otential: Encourage Street, West
NACH > 1.23) (<0.0193) p - & Madao Street,
commercial uses
Chenghuang-Yadao
Street
. Guide
High (NAIN > 2.38; large-scale,/chain East-West Avenue,
NACH > 1.23) & . West Madao Street
accommodation
Accommodation Not assessed
Mid-low smallseci
(NAIN < 2.38; accommodation No fixed location
NACH < 1.23) s
facilities

* Example street locations are shown in Figure 1c.

6. Conclusions

This study examines the temporal changes of tourism-related functional spaces and
their relationship with the street network in Pingyao between 2009 and 2023. Rather than
acting as a static constraint, the persistent street network exerted a continuous influence on
the distribution of tourism-related functions over time.

The results show that tourism functions expanded within the persistent street network,
with each functional category following a distinct trajectory in its association with street
configuration over time. Attraction spaces concentrated further along high-configuration
streets; commercial spaces remained largely dependent on high-configuration streets, with
only slight diffusion toward secondary streets; and accommodation spaces shifted substan-
tially from high- to lower-configuration streets. The space syntax indicators used to model
movement potential, NACH and NAIN, also differed in their capacity to predict these tem-
poral shifts across functional types: attraction and accommodation spaces showed weaker
dependence on NACH (pass-through potential), whereas commercial spaces remained
closely associated with it.

Methodologically, this study treats Pingyao’s stable street network as a fixed variable.
Space syntax is used to quantify its movement potential, and the relationship between this
potential and the degree of functional space concentration is compared across different
time points to examine the influence of street configuration on functional distribution. This
approach is particularly well suited to other historical cities or areas similarly constrained
by heritage conservation policies that require the long-term preservation of street layouts,
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such as historical walled towns in China or Europe. The method proposed in this study
offers a reusable analytical framework for tracking how a stable spatial structure continues
to shape functional distribution as it evolves.

However, this method has limitations. First, it relies on movement potential as a
proxy, not actual visitor flow data. Therefore, it cannot directly capture how crowded
streets actually are. Second, an analysis using street length as a proxy for locational
capacity suggests that street configuration is not the sole factor influencing tourism-related
functional concentration. However, due to its scope this analysis does not incorporate
other dimensions of street capacity, such as building frontage width and height. Third, the
quantitative analysis is based mainly on the number of tourism-related functional spaces at
the street-segment level. It does not account for other potentially important dimensions,
such as spatial scale and functional mix. These dimensions may also shape how well
a functional space attracts flow [76,77]. Future research could integrate these factors to
develop a more comprehensive understanding of functional evolution patterns in historical
cities. In addition, the implications drawn from this study risk favouring continued
tourism expansion while overlooking the needs of local residents. How to balance tourism
development with local residents’ daily activities should be further explored.

Nonetheless, the findings demonstrate that a physically stable street network does not
imply a static functional pattern, and tourism-related activity in Pingyao has continued
to redistribute and diversify across the street network, following distinct trajectories for
different functional types. Therefore, planning and management of functional patterns in
historical cities should recognize their temporal changes.
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