npj | heritage science

Article

https://doi.org/10.1038/s40494-025-01590-5

Genotype extraction of traditional dwellings
using space syntax: a case study of Tibetan
rural houses in Ganzi County, China
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Zhe Lei'?0< & Junhuan Li'?

This study investigates the spatial genotypes of traditional Tibetan dwellings in Ganzi County, China,
using the Justified Plan Graph (JPG) method and a dataset of 12 houses across three historical
periods. The analysis focuses on spatial integration () values and control (CV) values, combined with
Z-score standardization to ensure comparability. The results reveal changes in spatial layouts driven
by social transformations. In early houses, open terraces (OT) (e.g., House 1: Zi = 2.55, Zcv = 2.42)
served as key spaces for agrarian lifestyles, while inner yard corridors (C) in aristocratic houses (e.g.,
House 3: Zi =3.2, Zcv = 3.7) reflected formal social organization. Later houses shifted to multi-core
layouts. For example, in House 4, H (Zi=1.99, Zcv =1.74) and OT1 (Zi =1.99, Zcv = 1.37) jointly serve
as organizational cores, balancing traditional and modern functions. In contemporary and modern
houses, circulation spaces halls (H) and corridors (C) dominate spatial organization, as seen in House
8, where C (Zi = 3.26, Zcv = 3.13) reflects the trends of functional optimization and spatial
homogenization. Spaces such as storage (S), chanting hall (CH), and toilet (T) consistently exhibit low i
and CV values, reflecting a historical continuity in the need for privacy. Overall, traditional design
principles persisted in houses built as recently as 30 years ago, with significant changes in spatial
layouts only emerging in the past decade. These findings reveal the evolution of Tibetan dwelling
layouts, providing insights for their preservation and adaptation.

Traditional Chinese houses confront significant challenges in the
modern era as rapid urbanization and modernization threaten their
preservation and development. These challenges include preservation
issues stemming from demolition and lack of funding, adaptability
concerns related to changing family structures and modern amenities,
economic viability difficulties, and a general lack of public awareness
and appreciation.

Especially in the traditional Tibetan areas, although the forms and
styles of architecture have survived throughout history, the moder-
nized way of life and production has had a tremendous impact on them.
Some Tibetan communities still gather in Sichuan, Qinghai, and Gansu
in China, especially in Ganzi County in Sichuan, where a considerable
number of Tibetans gather. Since these areas are not the core area of
Tibetan culture, the traditional way of life in this area is more vul-
nerable as other cultures continue to influence it. Due to the trea-
cherous terrain of these places, some historical architectural remains
are still preserved, which are highly praised by the local people. The
Tibetan dwellings in Ganzi County are unique in their spatial structure,

shaped by local geography, climate, and cultural practices, reflecting
social hierarchy, religious beliefs, and community interactions. Field
investigations revealed that certain historical dwellings underwent
unauthorized modifications by non-residents for exhibition, resulting
in a failure to maintain their inherent spatial configuration. Addi-
tionally, in relocated or post-disaster reconstruction buildings, the
spatial design of new structures often does not fully meet the living and
production needs of local residents. To address this issue, identifying
the genotypes of local traditional housing can help architects under-
stand the social-spatial logic of these homes and make more informed
decisions.

Spatial syntax is a set of theories, methods, and techniques developed
by Bill Hillier and his team at University College London to investigate the
relationships between spatial configuration and social interaction'. Rooted
in mathematical principles, spatial syntax analysis uses topological data to
represent spatial organizations and the resulting social structures without
prioritizing measurable spatial properties, thus providing researchers with a
practical tool to establish correlations between spatial configurations and
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social behaviors™’. Space syntax is also regarded as a scientific methodology
for investigating the historical characteristics and morphological qualities of
the built environment*. In spatial syntax studies, the use of axial and
convex maps enables the analysis of morphological changes in historic
buildings, thereby facilitating the formulation of appropriate design
interventions” .

In the context of spatial syntax analysis, the Justified Plan Graph (JPG)
provides a graphical and mathematical model for analyzing the spatial
configuration of a building and assessing the spatial permeability of a built
environment' ', There are typically three models of JPG: shallow tree, deep
tree, and ring (Fig. 1). Model (a) shows a shallow tree structure with few
layers, meaning the space is accessible from the outside. Model (b) is a deep
tree structure with many layers and a hierarchical organization, often
representing a linear layout with specific functions. Model (c) is a ring
structure with alternative routes between parts of the pattern, suggesting
higher spatial connectivity and navigational flexibility. These models enable
a deeper exploration of hidden behavioral patterns and social interactions
within built environments'*,

Although initially introduced in Hillier'’s and Hanson’s books, it did
not generate significant interest and there was only a limited number of
research articles on this approach'>'. This is likely due to the lack of a
comprehensive explanation of the JPG method. In 2011, Ostwald from the
University of Newcastle School published two articles in the Nexus Network
Journal, presenting a scientific framework for the analysis and mathematical
calculation steps of the justified plan graph (JPG) method'”". Inspired by
Ostwald’s work, recent studies have applied the JPG method to various
contexts. For example, Jeong and Ban (2014) used the method to analyze
spatial patterns in Korean apartments, revealing changes in functional and
spatial configurations over time". Similarly, Elizondo (2022) examined
social housing in Monterrey, Mexico, using JPG to assess transformations in
spatial structures across different historical periods™. Additionally, the
method has been employed in the study of historical architecture, such as
Palladian villas, to understand the underlying spatial logic and visitor-
inhabitant relationships'“*****'. In vernacular architecture, the JPG method
has been applied to understand spatial and cultural dynamics in various
regions. Kamelnia et al.”* explored traditional courtyards in Iran, revealing
shifts in accessibility and privacy in core spaces™. Similarly, Asif et al.”®
investigated the socio-spatial arrangements in traditional Malay houses,
demonstrating how spatial organization supports cultural practices”.

The JPG method enhances traditional space syntax by offering hier-
archical visualization, precise quantification of spatial properties, and
effective analysis of socio-spatial dynamics'”'°. It allows systematic com-
parison and tracing of spatial evolution, revealing configurations often
missed by traditional methods"”. This makes it particularly suitable for
analyzing the complex layouts of Tibetan dwellings in Ganzi County.
Despite its strengths, JPG has been underutilized in rural vernacular studies,
particularly in the systematic extraction of spatial genotypes and the
exploration of cultural and social factors influencing these genotypes over
time, especially in culturally rich Tibetan regions. Existing studies often
focus on general architectural functionality, neglecting the temporal and
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Fig. 1 | Three models of JPG. @(exterior), BR\BR1\BR2(bedroom), L\L1\L2(living
room), K(kitchen), T(toilet), BC(balcony), H\H1\H2(hall), CO(corridor).
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cultural dynamics reflected in spatial genotype evolution™. Recent studies,
such as An et al.*, have demonstrated the potential of the JPG method in
analyzing Tibetan vernacular dwellings, particularly in revealing spatial
isomerism and socio-cultural significance™. Based on these advancements,
this study applies the JPG method to extract and compare spatial genotypes
of Tibetan dwellings across different historical periods, uncovering the
socio-cultural factors that drive changes in these genotypes. Such an
approach offers a novel lens for understanding the interplay between spatial
organization and cultural heritage in Tibetan vernacular architecture.

Instead of JPG analysis, Visibility Graph Analysis (VGA) can focus on
visual connections within a space, making it particularly useful for envir-
onments where sightlines and spatial awareness are crucial . Recent studies
have also integrated spatial syntax with system dynamics to examine spatial
changes over time, offering insights into evolving layouts™. Although
alternatives like Visibility Graph Analysis (VGA) and system dynamics
integration provide insights into visual connections and spatial changes,
they lack the depth and cultural specificity needed for Tibetan architecture.
The JPG method can provide a comprehensive analysis of vernacular
architecture with a culturally rich background, which is quite important for
this study'".

The AGRAPH software, developed by Delft University of Technology,
is a PC application designed for drawing spatial syntax graphs and per-
forming spatial syntactic calculations. It provides graphical and data vali-
dation support for this study’”*.

Study areas and objects

Ganzi County, located in the northwest of Ganzi Tibetan Autonomous
Prefecture in Sichuan Province, China, is a key area for this research (Fig. 2a).
Situated on the southeastern edge of the Qinghai-Tibet Plateau, the region is
characterized by diverse topography, including undulating mountains, river
valleys, and elevations averaging 3500 meters, with Gongga Mountain
reaching a peak of 7556 meters. It is crossed by major rivers such as the
Yalong, Jinsha, and Dadu Rivers. Ganzi County lies within the active
“Kangding-Ganzi” seismic zone, historically prone to frequent earthquakes.

Historically, Ganzi County has served as the political, economic, and
cultural hub of northern Kham, holding significant strategic importance asa
junction along the ancient Tang-Tibetan route, facilitating trade between
Lhasa and inland China. The broad valleys of the Yalong River, which
provide fertile agricultural land, have supported dense populations and
economic development (Fig. 2a). The Hor tribe, which gained prominence
during the Yuan Dynasty and evolved into a ruling Tusi family by the Qing
Dynasty, significantly shaped the region’s culture and architecture until the
mid-20th century. In this socio-historical context, the traditional dwellings
in Ganzi County exhibit certain characteristics of cultural integration, which
themselves serve as a manifestation of local distinctiveness. Moreover, this
integration has undergone a certain evolutionary process over the course of
history.

Most of the existing traditional houses in Ganzi County are two stories
high, with some older houses reaching three or even four stories. These
houses reflect the local semi-farming and semi-pastoral lifestyle. The ground
floor of the house is primarily used as animal stables (AS), the first floor
serves as the main living area for the family, including spaces such as the
living room (LR), bedroom (BR), kitchen (K), chanting hall (CH), toilet (T),
and storage (S). Houses with three or four stories typically include an semi-
open grain drying shed. These dwellings are often located in river valleys
near water sources, with an average covered area of 300 to 500 square
meters, and are constructed using wooden beams and columns with ram-
med earth walls (Fig. 3).

The study area focuses on the core region of the Yalong River valley in
Ganzi County, specifically encompassing the Ganzi Town and the town-
ships of Shengkang, Kagong, Xiala. This region serves as the primary agri-
cultural hub and is the core governance area of Tusi strongholds. It includes
four national-level traditional villages, along with several others that, while
not officially recognized, retain well-preserved village forms and buildings.
The research primarily investigates traditional dwellings in these national-
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Fig. 2 | Geographical and Settlement Overview of Ganzi County. a The geographical location and land use of Ganzi County, b Villages of the sampled houses.

Fig. 3 | Typical houses in Ganzi County.

level villages, supplemented by others. Given the historically complex social
structure, the dwellings in this area comprise Tusi residences, aristocratic
residences (headmen or chiefs), farmers’” houses, merchants’ houses, Monks’
houses and settled pastoralists’ houses.

To clarify the historical evolution of housing genotypes and their
relationship with social activities, twelve representative cases from four
villages (Fig. 2b) were selected based on the following criteria: 1) identifiable
construction dates, 2) preserved original exterior appearance, and 3) known
or still-functioning interior spatial functions. These 12 houses span 200
years: houses 1-7 are older traditional houses, houses 8-10 were built about
30 years ago and are widely present, and houses 11-12 were newly con-
structed in the last 10 years with distinctive features. Table 1 details these
selected houses, Table 2 provides the letter abbreviations for each type of
space in the twelve houses, and Fig. 4 provides the Floor plans and JPGS.

Methodology

In the spatial analysis of the twelve selected houses in Ganzi County, this
paper will use the following four processes to conduct a graphical and
mathematical analysis of each space, and will then use tables and graphs to
compare and summarize the data, and finally extract the genotypes of
house space.

Drawing JPG

To mathematically analyze the justified plan graph (JPG), the first step is to
transform the architectural plans into a “convex map” that identifies spaces
and their connections. Hillier and Hanson define a convex space as one

where “no line drawn between any two points in the space goes outside the
space”'®. However, overly detailed segmentation can complicate spatial
nodes, making it harder to understand the house’s spatial logic. Recent
research favors drawing convex maps by associating spaces with functional
zones, reducing the number of nodes and more closely aligning with
inhabitation patterns™ .

In this paper, convex maps are drawn using architectural labels as
boundaries. Once the convex map is established, a justified plan graph is
created. Each space is represented as a circular node, numbered
alphabetically by function (e.g., BR1, BR2 for bedrooms), with the
exterior shown as a crossed circle (@). The nodes are arranged in
horizontal layers indicating depth: line 0 typically represents the out-
side, with other lines representing spaces connected to the previous
layer. Links between nodes are drawn as lines: dashed for connections
to the exterior, solid for connections within the same floor, and break
lines for connections across floors (Table 3).

Mathematical analysis

Step I: Determine the total number of graph nodes K. For example, in Fig.
(1¢). K= 8(that is, there are 8 nodes: @, H1, K, CO, L, H2, BR, T). At the
same time, the depth L of each node relative to the carrier @ is marked.
There are 5 levels of depth. (0, 1, 2, 3, 4) in Fig. (3¢), the depth L value for
node H2 =3.

Step 2: Calculate the total depth of the graph for a given space node,
denoted TD. Equation (1) outlines the expression for calculating the total
depth’. The nX in the equation represents the total number of space nodes in
a given level.

TD = (0Xn,)+ (1 Xny)+ (2Xn,)+--- (XXny)

Step 3: Mean depth MD refers to the average depth of spatial nodes in a
reasonable floor plan (Ostwald, 2011). MD is calculated by dividing the total
depth TD by the number of graph nodes K minus one (i.e., excluding itself)"”.

MD TD
C(K-1

Step 4: The relative asymmetry RA can be used when there is a need to
compare and analyze the TD and MD results when there are two housing
estates with different numbers of spatial nodes. However, if the K values
(total number of space nodes) become too dissimilar, the accuracy of this
comparison will be reduced, as shown in step 6 below. This term describes
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Table 1 | Specific information of twelve sample houses

House number House age Altitude Floor Covered area Gross floor area Owner
Houset 200 years 3165m 3f 520 m? 780 m? farmer
House2 150 years 3312m 3f 550 m? 1050 m? farmer
House3 100 years 3421m 3f 650 m? 1200 m? aristocrat
House4 85 years 3320m 2f 320 m? 440 m? merchant
House5 80 years 3312m 3f 330m? 600 m? farmer
House6 70 years 3352m 2f 600 m? 1010 m? merchant
House7 50 years 3099 m 2f 560 m? 830 m? farmer
House8 35 years 3332m 2f 340 m? 520 m? farmer
House9 32 years 3230m 2f 320 m? 600 m? farmer
House10 30 years 3212m 2f 440 m? 750 m? farmer
House11 12 years 3155m 2f 400 m? 900 m? family restaurant
House12 10 years 3103m 2f 360 m? 700 m? homestay

Table 2| Space abbreviations used in the floor plans and JPGs

AS Animal stable GR Guest room oT Open terrace
BR Bedroom H Hall Toilet

BS Beacon Smokehouse ~ HR Hay Room S Storage

C Corridor K Kitchen Woodshed
CH Chanting Hall LR Living Room Yi Inner Yard
GD Grain Drying shed LA Laundry Room PO Porch

Yo Outer Yard DR Dining Room

an important method of normalizing the range of possible results to between
0.0 and 1.0°. The RA of a carrier space reflects its relative isolation. The
formula is:

_ 2(MD —1)
TOK-2

RA

Step 5: The degree of integration igs of a space node in JPG can be
calculated by taking the reciprocal of the RA.

. 1
= Ra

However, when comparing buildings of radically different sizes, a
comparison must be constructed against an optimal benchmark (see Step 7).

Step 6: When buildings with radically different K values, Real Relative
Asymmetry RRA values can be used instead of Relative Asymmetry RA for
analysis. The RRA analysis develops a scalable spatial configuration that can
be utilized to analyze sets of results in a relative manner. To achieve this, a
diamond-shaped configuration is selected and its RA value is denoted as the
D value to signify this initial stage. A lower RRA value means a higher level of
integration, while a higher RRA value means a higher degree of resolution.

The RRA is produced by dividing the subject RA by the relativized RA

or D, and D for a K can be obtained from Hillier and Hanson’s table'.

RA
RRA = —
Dk

Step 7: When using RRA to represent the relative isolation of nodes in
JPG, the degree of integration i can be calculated as:

. 1
s = RRA

The degree of integration reflects the accessibility and importance of a
space within the entire layout. Specifically, the lower the igr4 value, the more
easily accessible the space is relative to others, indicating higher integration.
This typically means that the space is more central and important within the
entire layout.

Step 8 The control value CV of a JPG is typically described as being a
reflection of the degree of influence exerted by a space in a network. To
calculate the CV value of a node, first calculate the numeric N, value of each
node that is directly connected to other nodes. Since “each space provides its
neighbor with a value equal to I/n of its ‘control” (Shapiro, 2005). The
distributed or shared value of each node is called C,,, and C,, = 1/ N,,,. In the
end, the CV value of the node is the sum of the C,, values shared by all the
nodes directly connected to it.

These are all the values involved in the analytical methodology, and
since there are relatively large differences in the number of spaces in the
cases selected for this paper, the RRA values will be used instead of the RA
values in the final results for the sake of comparable analysis of the values,
and the 7 values will be based on this.

Z-Score standardization of i-values and CV-values

To enable consistent comparisons of i values and CV values across different
houses and periods, this study applies Z-score standardization. The Z-score
method standardizes each space’s i values and CV values by converting them
into a common scale. This process helps identify deviations from the mean,
where positive values indicate above-average integration or control, and
negative values represent lower values. The formula for calculating the
Z-score is:

Z=(x—-w/o

Where X is the original i-value or CV-value of the space.  is the mean value
for all spaces in the dataset. o is the standard deviation of the values.

This standardization process is essential for comparing spatial con-
figurations across different houses, allowing for a clearer understanding of
how certain spaces function over time in relation to household social and
functional needs.

Results

Justified plan graphs

The JPGs of the 12 houses show that although the overall structures remain
tree-like, significant changes have occurred within the internal configura-
tion (Fig. 4).

The Justified Plan Graphs (JPGs) of traditional houses exhibit an
asymmetric tree-like structure. In early farmer dwellings (e.g., Houses 1 and 2),
the open terrace (OT) serves as the central core, with a single core node
connecting the primary family spaces through the shortest paths,
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Fig. 4 | Floor plans and JPGS of house samples in Ganzi County.

demonstrating a highly centralized layout. However, some nodes arelocated at  accessible. Additionally, the branching in Houses 4, 5, and 7 increases sig-
greater depths from the core, with lower accessibility, reflecting a certain  nificantly, presenting a multi-core distribution and making the overall spatial
demand for privacy. In noble residences (e.g., Houses 3 and 6), the corridor (C) ~ structure increasingly asymmetric with separated circulation spaces. This
becomes the central core, leading to a clearer spatial organization and evolution reflects the changes in spatial layout patterns driven by shifting
improved accessibility, while still maintaining some private spaces that areless  functional demands.

npj Heritage Science| (2025)13:13 5


www.nature.com/npjheritagesci

https://doi.org/10.1038/s40494-025-01590-5

Article

Floor plans of house 7

L]
AS] AS2, CHI BRI {S1 K

HR or 52

In2msm

Floor plans of house 10

K DR2 DR3 | st GR BRI BR2

" LW ori | or | LR2

Floor plans of house 11 *

w K2 | cH | GRI GR2| GR3

w = ]

A G HH

moog 2
o K

o

Floor plans of house 12

The JPGs of Houses 8 to 12 still exhibit an asymmetric tree-like
structure, but significant changes have occurred within their internal
organization. In these houses, the spatial layout centers on vertical circu-
lation spaces, such as corridors (C) or halls (H), as core nodes. The control
value of the outer yard (Yo) also increases. The multi-core node layout
improves spatial accessibility and allows for more efficient movement. The

n2m_sm

In_m_sm

b-E

JPG of house 12

reinforcement of circulation spaces introduces localized symmetry within
the overall asymmetry, contributing to the specialization and uniformity of
spatial functions. Overall, the JPGs reflect the increasing number of control
nodes in Ganzi County’s houses as they adapt to evolving social needs, as
layouts transition from compact and imbalanced to more dispersed and
balanced arrangements.
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Table 3 | The analysis of i value of houses

No. Integration (RRA) rank order Mean Max Min

H1 S (0.588), K (0.588) < GD (0.607) < AS (0.701) < CH (0.759) < BR (0.867), T (0.867) < LR (0.911) <OT2 (0.959) < Yo (1.072) <H 0.928 1.822 0.588
(1.401) < OT1 (1.822)

H2 OT2(0.609) < HR (0.680) < S2 (0.785), S3 (0.785) < S5 (0.822) < S6 (0.822) < GD (0.862) < T (0.906) < AS (1.010) <K (1.178),BR(1.178),S1  1.132 2.719  0.609
(1.178) < LR (1.262) < CH (1.262) < S4 (1.359), C (1.359) < H (1.607) < OT1 (2.719)

H3  S6(0.661) < CH (0.864), W (0.864) < HR (0.936), OT2 (0.936) < PO (0.977) < S2 (1.021), S3 (1.021), S4 (1.021), S5 (1.021), OT1 (1.021)<S1  1.282 3.210  0.661
(1.322), K2 (1.322), T (1.322), BR (1.322) < Yi (1.404), K1 (1.404) < GD (1.498) < AS (1.605) < LR (1.873) < C (3.210)

H4 PO (0.681) < CH (0.697) <K (0.732), T (0.732) < GR2 (0.771), GR3 (0.771), GR4 (0.771) <AS (0.861), S (0.861) < Yo (0.976) < GR1 1.001 2.091 0.681
(1.010)<BR (1.084) < OT (1.171) < C (1.273) < H1 (1.541) < H2 (2.091)

H5 GD (0.581) < CH (0.627), S (0.627) < LR (0.825), K (0.825), T (0.825) < AS (0.922), OT2 (0.922) < BR (1.045) < OT1 (1.742), H (1.742) 0.971 1.742 0.581

H6 GD (0.527) < BR2 (0.631), S4 (0.631), T (0.631) < W (0.7), OP (0.7) < S2 (0.726), S3 (0.726) < HR (0.819) < LR (0.895), H (0.895) < Yo 0.923 1.832 0.527
(0.938) < S1(0.987) <K (1.04) < CH (1.099), BR1 (1.099) < Yi (1.327), AS (1.327) < C (1.832)

H7 CH (0.565) < S (0.565) < AS1 (0.641) <HR (0.641) <K (0.801) < T (0.801) < AS2 (0.801) < PO (0.801) < BR (0.874) < LR (0.874) < H 0.895 1.602 0.565
(1.068) < Yo (1.602) < OT (1.602)

H8 AS2 (0.672) < S1(0.767), W (0.767), T (0.767) < S2 (0.806), CH2 (0.806) < HR (0.948) < AS1 (1.007), Yo (1.007) < CH1(1.151), 1141 2686 0.672
BR2(1.151) < BR1 (1.240), K (1.240), Yo (1.240) < LR (1.343) < H (1.791) < C (2.686)

H9  CH(0.732), T (0.732), PO (0.732) < AS1 (1.014), AS2 (1.014), HR (1.014) < BR (1.098), LR (1.098), K (1.098), S1(1.098) <OT (1.198), Yo = 1.204 2.636 0.732
(1.198) <H (2.196) < C (2.636)

H10 T (0.501), CH (0.501) < HR (0.599), S1 (0.599), AS (0.599) < Yo (0.628) < S2 (0.659), K(0.659), OT(0.659) < LR(0.694), BR (0.694), H3 0.660 1.014 0.501
(0.694) < H1(0.879) < H2(1.014)

H11  T(0.788), PO (0.788), W (0.788), LA (0.788) < LR2 (0.999), CH (0.999), GR (0.999), OT (0.999) < BR1 (1.045), BR2 (1.045), S2 (1.045) <LR1  1.152 2365 0.788
(1.152), K (1.152), S1 (1.152), DR1 (1.152), DR2 (1.152), DR3 (1.152), <Yo (1.215) < H (1.664) < C2 (1.798) < C1 (2.365).

H12 T(0.562), S1(0.562), BS (0.562), LA (0.562) < S2 (0.612), S3 (0.612) < LR1 (0.630), CH (0.630), GR1 (0.630), GR2 (0.630), GR3 (0.630), LR2  0.718 1114  0.562

(0.630) < K1(0.678) < OT1 (0.726), C1 (0.726), BR2 (0.726), K2 (0.726), OT2 (0.726) < BR1 (0.770), W (0.770) < C2 (0.810) < C3 (0.843) < H2

(0.931) < H3 (1.023) <H1 (1.114)

Spatial composition

The statistical analysis of the twelve houses identified a total of twenty spatial
nodes. A heatmap was generated to visualize their distribution across a
0-35% range, with darker colors representing higher percentages (Fig. 5).

The spatial elements of traditional farming dwellings (Houses 1, 2, 5,7)
reveal a layout rooted in Tibetan values and agricultural-pastoral lifestyle.
These houses share common spatial elements such as storage (S), kitchen
(K), animal stable (AS), open terrace (OT), chanting hall (CH), living room
(LR), and bedroom (BR), reflecting the essential layout required for agri-
cultural activities, animal husbandry, and social interactions in farming
households. House 3, 6, built 100 years ago for an aristocratic or merchant
family, include inner yard (Yi) and corridor (C) spaces for formal gatherings
and social interactions. Similarly, merchant houses like Houses 4 incorpo-
rate outer yards (Yo) and corridors (C) to facilitate commercial and social
functions. Nevertheless, even among these aristocratic and merchant
families, traditional agricultural and pastoral spaces are still preserved,
indicating a continued connection to their traditional livelihoods.

The contemporary farmhouses were generally built around 30 years
ago, with House 8 to House 10 being the most representative examples of
contemporary farm dwellings in the Ganzi region. Although still featuring
essential agricultural spaces such as open terrace (OT) and storage (S), these
farming households have begun expanding their ground-floor outer yards
(Yo), and use the space porch (PO) frequently for more complex activities.
Houses 11 and 12, built within the last 10 years as a restaurant and guest-
houses, showcase the impact of modernization and urbanization. Their
spatial focus has shifted to commercial functions, reflecting a trend toward
adapting traditional spaces for tourism, which is influenced by Han culture.

The heatmap analysis indicates a consistent presence of fundamental
spatial elements in traditional houses, particularly in farmhouses. Core
elements such as storage (S), kitchen (K), bedroom (BR), living room (LR),
animal stable (AS), chanting hall (CH), toilet (T), and open terrace (OT) are
consistently found across these farmhouses, emphasizing their alignment
with the agricultural-pastoral lifestyle and Tibetan Buddhist practices.
However, other types of households, such as aristocratic or merchant
houses, exhibit slight variations. These houses may include spatial, elements
for formal gatherings, such as inner yards (Yi) and corridors (C). In the past

decade, with the advent of modernization and urbanization, the spatial
composition elements have become more diverse and complex.

Syntactic measures

In this study, after extracting the i values and CV values of various spaces,
standardized processing and analysis were conducted (Table 4). Spatial
Heatmaps were created for each sample house (Fig. 8). A diachronic analysis
was conducted focusing on the values of spaces H, C, Yo, OT, and LR (Fig. 6).
These visualizations provide a deeper understanding of the evolution of
architectural spatial structures and changes in human behavior patterns.

Spaces with high i (Zi>1) and CV values (Zcv>1). When Z> 1, it
indicates that the data point deviates significantly from the mean and is
considered a high value within the overall dataset. This serves as the basis
for evaluating core spaces in this study.

OT (Zi=2.55,Zcv=2.42) in House 1 and OT (Zi = 3.4, Zcv = 3.45) in
House 2 all stand out in these two houses. In House 3, key spaces include C
(Zi=32,Zcv=3.7) and LR (Zi=1.17, Zcv=2.62). In House 4, the halls
include H1 (Zi =2.99, Zcv =1.3) and H2 (Zi = 1.48, Zcv = 1.68), which are
prominent. In House 5, H (Zi=1.99, Zcv=1.74) and OT1 (Zi=1.99,
Zcv=1.37) emerge as key spaces. In House 6, C (Zi=2.93, Zcv=22) is
prominent. For House 7, Yo (Zi=2.14, Zcv=1.24) and OT (Zi=2.14,
Zcv =1.96) hold significant roles.

In Houses 8 to 12, spaces with high i (Zi > 1) and CV values (Zcv > 1)
are limited to halls and corridors, highlighting the importance of circulation
spaces. Specific values are as follows: in House 8, C (Zi = 3.26, Zcv=3.13)
and H (Zi=1.37, Zcv =1.14); in House 9, C (Zi = 2.82, Z¢v=3.00) and H
(Zi=196, Zcv=1.77); in House 10, H2 (Zi=2.69, Zcv=2.81) and H1
(Zi=1.67, Zcv=1.99); in House 11, C1 (Zi=3.31, Zcv=2.78) and C2
(Zi=1.76, Zcv=2.28); and in House 12, H3 (Zi=2.19, Zcv=1.46), H1
(Zi=2.84, Zcv=1.31), and H2 (Zi=1.53, Zcv = 1.08).

Spaces with relatively high i but lower CV values. Spaces include H in
House 1 (Zi=1.35, Zcv=0.52) and House 2 (Zi=1.01, Zcv =0.35), as
well as AS (Zi=1.3, Zcv=0.72) and the Yi (Zi=1.3, Zcv=—0.23) in
House 6. Additionally, Yo in House 12 (Zi=0.8, Zcv=0.27)
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Fig. 5 | The heatmap of occurrence frequencies of each node

Heatmap of Space Node Frequencies (Percentage within each house)
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Table 4 | The analysis of CV value of houses
No. Control value rank order Mean Max Min
H1 BR (0.2), T (0.2) < CH (0.33), K (0.33), S (0.33) < GD (0.5) < Yo (0.7) < OT2 (1.2) < AS (1.5) < H (1.53) < LR (2.33) < OT1 (3.33) 1.04 333 0.2
H2 S1(0.125), K (0.125) < BR (0.125) < HR (0.33), T (0.33), S6 (0.33), S5 (0.33) < OT2 (0.5), S2 (0.5), S3 (0.5) < C (0.625) < CH (1.125), LR 1.04 516 0.125
(1.125) < H (1.455) < GD (1.5) <S4 (2.125) < AS (2.33) < OT1 (5.16)
H3 S1(0.11), T (0.11), BR (0.11), K2 (0.11) < OT1 (0.17), S2 (0.17), S3 (0.17), S4 (0.17), S5 (0.17) < HR (0.33) < S6 (0.5), CH (0.5), W (0.5)<GD  1.034 6 0.11
(0.61)<Yi(1.11), K1 (1.11) < PO (1.33) < 0T2 (1.5) < AS (1.83) < LR (5.11) < C (6)
H4  GR1(0.2) < GR4 (0.25), GR3 (0.25), GR2 (0.25), S (0.25), AS (0.25) < T (0.33), K (0.33), CH (0.5) < Yo (0.75) < BR (1.2) < PO (1.5) <OT 1.03 32 02
(2.2)<H2 (2.33)<H1 (2.7)<C (3.2)
H5 K (0.25), LR (0.25), T (0.25) < CH (0.33), S (0.33) < GD (0.5) < AS (1.25), OT2 (1.25) < OT1 (2.25), BR (2.25) < H (2.58) 1.04 258 0.25
H6 S1(0.17) < GD (0.33), HR (0.33), S2 (0.33), S3 (0.33), BR2 (0.33), S4 (0.33), T (0.33) < CH (0.5) W (0.5) < Y0 (0.66) < Yi (0.83) <K (1.17) <AS  1.03 299 0.17
(1.67) < LR (1.83) <BR1 (2.17) < H (2.33) < PO (2.5) < C (2.99)
H7 K (0.2), T (0.2) < AS1 (0.25), AS2 (0.25), HR (0.25), PO (0.25) < CH (0.5), S (0.5) < BR (1.2), LR (1.2) < Yo (2.45) < OT (3.25), H (3.25) 1.0568 325 0.2
H8 CH1 (0.14), BR2 (0.14), HR (0.25) < S12 (0.33), CH2 (0.33) < AS2 (0.5), W (0.5), T (0.5), S1 (0.5) < BR1 (1.14), K (1.14), OT (1.14) < AS1(1.25), 1.06 408 0.14
Yo (1.25)<H (2.14), LR (2.14) < C (4.08)
H9 BR (0.14), LR (0.14), K (0.14), S1 (0.14) < AS1 (0.2), AS2 (0.2), HR (0.2) < PO (0.33) < CH (0.5), T (0.5) < S2 (1.14), OT (1.14) < Yo (1.2) <H 0976 5.2 0.14
(8.47)<C (5.2
H10  S2(0.14), K (0.14), OT (0.14) <AS (0.2), HR (0.2), S1 (0.2) < T (0.5), BR (0.5), CH (0.5) <H3 (1.14), S3 (1.14), LR (1.14) < Yo (1.2) < H1 1.056 4.7 0.14
(8.64)<H2 (4.7)
H11 K (0.125), LR1 (0.125), S1 (0.125), DR1 (0.125), DR2 (0.125), DR3 (0.125) < LR2 (0.14), CH (0.14), GR (0.14), OT (0.14) < PO (0.167), W 1.038 6.64 0.125
(0.167), LA (0.167), T (0.167) < S2 (0.5) < BR1 (1.14), BR2 (1.14) <H (0.292) < Yo (5.5) < C2 (5.625) < C1 (6.64)
H12  LR1(0.14), CH (0.14), GR1 (0.14), GR2 (0.14), GR3 (0.14), LR2 (0.14) < BR1 (0.17), W (0.17) < BR2 (0.2), K2 (0.2), OT2 (0.2) < S1 (0.25),BS 1 6.5 0.14

(0.25), LA (0.25), K1 (0.25) < S2 (0.33), S3 (0.33), T (0.33) < Yo (1.5) < OT1 (1.58) < OT1 (0.3) < H2 (2.75) < H1 (3.11) < C2 (2.33) < C1
(3.25) < H3 (3.34) < C3 (6.5)

demonstrates moderate integration. These spaces may serve as local hubs
within the spatial structure of the houses.

Spaces with relatively high CV but lower i values. Spaces include the
LR in House 1 (Zi=—0.05, Zcv=1.37) and AS in House 2 (Zi=—0.26,
Zcv=1.08). In House 4, both C (Zi=0.75, Zcv=2.18) and OT (Zi=0.46,

Zcv=1.17) exhibit this pattern. Similarly, BR in House 5 (Zi=0.19,
Zcv=1.37)andBR1 (Zi =0.57, Zcv = 1.28) and PO (Zi = —0.72, Zcv = 1.65) in

House 6 highlight this trend. Other examples include H in House 7 (Zi = 0.52,

Zcv=1.96), LR in House 8 (Zi = 0.43, Zcv =1.14), Yo in House 11 (Zi =0.17,
Zcv=221), and C3 in House 12 (Zi=0.90, Zcv =3.51). These spaces likely
function as localized control points within the spatial organization.
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Fig. 6 | Diachronic analysis of the Z-scores of i and CV values for OT, C, Yo, LR
and H.

Spaces with low i and low CV values. Spaces, such as the grain drying
shed (GD), hay room (HR), kitchen (K), storage (S), chanting hall (CH),
and toilet (T) have low i values and CV values. The Zi and Zcv values of
these spaces are generally less than 0, indicating that the data points are
below the mean. This suggests that these spaces are typically located at the
periphery of the structure and are less accessible. These spaces are likely
related to the need for privacy or serve primarily as auxiliary spaces for
daily activities (Table 1, Fig. 8).

When conducting diachronic analysis of the values for H, C, Yo, OT
and LR, the highest value was used when multiple similar spaces existed
within a house. The study focuses on typical houses, excluding Houses 3 and
6 due to their unique historical spatial structures, which limit their com-
parability with other houses. When certain spaces are absent, the value of Z
is set to -1 (Fig. 6).

Halls (H) consistently maintain high i and CV values across all
periods, emphasizing their stable and central role in spatial organiza-
tion. Corridors (C) show a significant increase in both i and CV values
in contemporary and modern houses, reflecting their growing impor-
tance as traffic and connection hubs. Outer yards (Yo) display a marked
rise in integration and control in modern houses, highlighting their
increasing functional and social significance. Meanwhile, open terraces
(OT) are highly integrated and controlled in historical houses, like
houses 1 and 2, but their importance diminishes in contemporary
layouts. Living rooms (LR) consistently show low integration but
maintain moderate control in traditional houses, gradually losing their
hierarchical importance in modern layouts. Overall, these trends reflect
a shift in spatial organization, with modern houses increasingly
emphasizing interior connectivity and the renewed importance of
outdoor courtyards, driven by evolving cultural and functional prio-
rities. (Fig. 6).

Spatial connection patterns

To further explore the spatial genotypes of the houses, the study also con-
ducted an analysis of spatial connection patterns. It also calculated the
connection values for each type of spatial connection pattern in Houses 1-7,
8-10, and 11-12, and conducted a comparative analysis.

The spatial connection patterns in Houses 1-7. The main connection
patterns are as follows: S-LR has the highest connection, with a value of 7.
K-OT and K-W each have a connection value of 3. GD-OT is closely
connected with a value of 4. AS-HR and AS-H both have a connection
value of 3. CH-BR is consistently connected, while BR-OT and BR-H
each have a connection value of 3. H serves as a central node, with strong
connections to K-OT and other spaces. The chord diagram below pro-
vides an intuitive understanding of the differences in connections, with
thick lines indicating stronger connections and thin lines indicating
weaker ones (Fig. 7).

The spatial connection patterns in Houses 8-10. In contemporary
Houses 8-10, some traditional spatial connection patterns with specific
connection values are still preserved, including AS-H, AS-HR, HR-H, S-
LR, OT-T, LR-CH, and K-W. Unlike traditional houses, the high con-
nection values in these three houses are primarily concentrated on the
connections between the corridor (C) and other main functional spaces,
and the halls (H). Notably, all three houses feature a connection between
the outer yard (Yo) and the halls (H).

The spatial connection patterns in Houses 11-12. The spatial con-
nection patterns in Houses 11-12 have undergone significant changes,
with most of the traditional connection patterns nearly disappearing,
replaced by strong connections between the corridor (C) and other main
functional spaces. Additionally, the outer yard (Yo) is connected with
more auxiliary spaces, resembling the spatial organization typically found
in modern rural houses in Han regions.

Discussion

Types of house genotypes

Houses in Ganzi County have different features that reflect the lifestyles of
their inhabitants and their social status. Based on the above calculations and
graphical analysis, the spatial genotypes of houses in Ganzi County can be
classified into four types. The changes in genotypes are visually illustrated in
Fig. 8.
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Fig. 7 | Chord diagrams with different connection values between nodes in 1-7 house
samples.

Traditional house genotype

Open terrace-dominated houses (genotype I: houses 1, 2). This spatial
genotype is characteristic of early farmers” houses in Ganzi County. In this
genotype, the open terrace (OT) functions as the dominant core space,
reflecting its significance in early agrarian lifestyles. The open terrace
demonstrates high spatial integration and control (Zi > 2, Zcv 2 2), which
makes it the primary hub for activities. Secondary spaces, such as the hall
(H) and outer yard (Yo), show moderate integration, serving as transitional
zones that connect private and public areas. Peripheral spaces like the living
room (LR) and animal stable (AS) offer limited connectivity but retain some
control in the spatial hierarchy. This layout reveals a single-core organiza-
tion centered around the open terrace, with private spaces loosely connected
to the core.

Inner yard corridor-dominated house (genotype II: houses 3, 6). This
genotype is characteristic of aristocratic or merchant households,
emphasizing formal interactions and social status. The inner yard
corridor (C) serves as the central organizing element, exhibiting high
levels of both integration and control. Other spaces, such as the living
room (LR) and animal stables (AS), also hold significant roles,
reflecting the diverse functional demands of these households. The
spatial organization in this genotype is marked by high coherence and
fluidity, with multiple secondary nodes supporting public and formal
activities. This is a historically unique genotype, as houses combining
inner yards with corridors are relatively rare among the preserved
dwellings in Ganzi County.

Multiple nodes-dominated house (genotype III: houses 4, 5, 7). These
houses represent a transition from traditional agrarian to semi-modern
lifestyles. Unlike the single-core structure of earlier genotypes, this type
features a multi-core layout, with halls (H1, H2) and open terraces (OT)
sharing the role of organizational cores. This configuration provides more
diverse traffic routes and accommodates both agricultural and social
functions. For instance, the hall and open terrace form dual cores in House 4,
while in Houses 5 and 7, open terraces (OT) play a reduced role as halls
across different floors gain prominence. This evolution reflects an adapta-
tion to changing functional needs, moving towards a balance of domestic
and social spaces.

ii. Contemporary and modern house genotype
Circulation-dominated spatial genotype (genotype IV: houses 8-12). In
these houses, spatial connection patterns shift significantly, with the corri-
dor (C) emerging as the dominant core. Traditional strong connections,
such as those with open terraces (OT), diminish or disappear, while corri-
dors connect directly to key functional spaces like halls (H) and activity
areas. This shift indicates a reorganization of space to prioritize circulation
and efficiency. Additionally, the connection between outer yards (Yo) and
halls (H) is consistently observed, and the increasing CV values of the outer
yard (Yo) suggests that it is emerging as a local central node within the
house's spatial layout.

Relationship between household activities and spatial genotypes
The transition from single-node-dominated houses to circulation-
dominated house in Ganzi County illustrates the household activities
within different socio-cultural contexts. This section will further explore the
differences and consistency in these household activities, which help us gain
a deeper understanding of the evolution of the genotypes.

Differences in public activity spaces. In traditional farmhouses, open
terrace (OT) accommodates agricultural and social activities like grain
drying, ritual offerings, and gatherings, essential for both livelihood and
social cohesion. It symbolizes shared responsibility and public life,
reflecting the intertwined economic and social aspects of Tibetan rural
life. While in contemporary and modern houses, the organization of
circulation spaces has led to the gradual homogenization of family
public spaces such as open terrace (OT) and living room (LR). How-
ever, it is important to note that outer yards (Yo) have gained increasing
prominence, becoming key venues for family public activities. This
transformation reflects the impact of social development and ethnic
integration.

Additionally, traditional noble and merchant families were usually
large households that needed public activity spaces and optimized
circulation provided by inner yards (Yi) and corridors (C). In contrast,
families in modern society are typically smaller nuclear units, and as
modern economic activities have become more focused on external
trade, commerce, and services, the enclosed inner yards have lost their
significance. As a result, the inner yard corridor genotype has gradually
disappeared.

Consistency in private activity spaces. Despite the evolution in public
spaces, private spaces across all periods show notable similarities. Spaces
like the bedroom (BR), chanting hall (CH), storage (S), and toilet (T)
consistently exhibit low i and CV values, reflecting their private, function-
specific roles. For instance, the storage room (S) is isolated to ensure
security for valuable goods. Similarly, the chanting hall (CH), central to
Tibetan Buddhist practice, is placed in secluded parts of the house to
maintain spiritual privacy. The toilet (T), while segregated from other
areas, has moderate i values but low CV values, ensuring limited inter-
action with more central spaces.

These specific private space designs have persisted into houses built in
the past 30 years. Although modern houses have largely homogenized
spatial layouts, these spaces still maintain their privacy. The consistency in
private activity highlights the cultural continuity in Tibetan household
designs, where private needs are consistently prioritized across different
social classes and periods. The design of these spaces reflects not only
practical considerations but also deep-rooted cultural and religious values
that transcend changes in economic activities.

Spatial behavior patterns under cultural concepts

In traditional Tibetan houses, Tibetan values influenced by valley agri-
culture, religious beliefs, and the Tusi political system profoundly shape the
behavior patterns within the houses. It is noteworthy that the chanting hall
(CH) is often accessible only through the bedroom (BR) or living room (LR),
underscoring its sacred and private nature, deeply embedded within family
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Fig. 8 | Spatial node heatmaps based on Z-score analysis of i values and CV values.

life. Additionally, the direct connection between the open terrace (OT) and  to the open terrace (OT), reflecting the Tibetan people’s sense of cleanliness

the grain drying shed (GD) demonstrates the close integration of household  and ecological wisdom.

production and daily life. The strong connection between storage (S) and the However, the spatial behavior patterns in modern houses have
bedroom (BR) or living room (LR) reflects the Tibetan people’s concern for  undergone significant changes. The unique spatial connections within the
the safety of their family’s property. The toilet (T) are usually only connected  house have gradually disappeared, leading to a homogenization of spatial
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functions and greater functional refinement. These changes indicate that the
lifestyle and attitudes of Tibetan residents have gradually shifted from being
inward-looking and secure to outward-facing and open.

Conclusion

This study applies the Justified Plan Graph (JPG) method to analyze the
spatial genotypes of traditional Tibetan dwellings in Ganzi County, focusing
on twelve representative houses spanning three historical periods. The
findings reveal significant transitions in spatial configurations, reflecting
socio-cultural and functional changes over time. Four primary spatial
genotypes are identified:

Open Terrace-Dominated Houses (Genotype I), exemplified by
Houses 1 and 2, where open terraces (e.g., House 1: Zi = 2.55, Zcv = 2.42)
serve as central spaces for agricultural activities, community gatherings, and
religious rituals, emphasizing shared responsibilities and social cohesion.

Inner Yard Corridor-Dominated Houses (Genotype II), found in
aristocratic or merchant houses, like Houses 3 and 6, featuring inner yard
corridors (e.g., House 3: Zi = 3.2, Zcv = 3.7) as organizing cores, supporting
hierarchical social interactions and balancing accessibility with privacy.

Multiple Nodes-Dominated Houses (Genotype III), represented by
transitional houses like Houses 4, 5, and 7, showcasing a shift from single-
core to multi-core layouts where terraces lose dominance to halls
(e.g., House 4, Zi = 1.99, Zcv = 1.74) and other spaces, accommodating both
domestic and social functions.

Circulation-Dominated Houses (Genotype IV), observed in
contemporary and modern houses, where corridors (e.g., House 8, Zi=3.26,
Zcv=3.13) and halls (e.g., House 8, Zi = 1.37, Zcv = 1.14) dominate as central
nodes and, outer yards (Yo) evolve into multifunctional spaces, reflecting
functional optimization and spatial homogenization.

Despite these transitions, private spaces such as bedrooms (BR),
chanting halls (CH), and toilets (T) consistently exhibit low integration and
control, usually with Zi <0, Zcv <0, underscoring their enduring role in
maintaining privacy across historical periods.

The analysis of spatial connection patterns further illustrates the evo-
lution of Tibetan dwellings. Traditional houses (Houses 1-7) exhibit strong
connections between key spaces, such as S-LR and K-OT, emphasizing their
agricultural and communal focus. Contemporary houses (Houses 8-10)
retain some traditional patterns while shifting toward corridor-dominated
layouts, with connections like C-LR and C-H reflecting the growing impor-
tance of circulation spaces. In modern houses (Houses 11-12), traditional
patterns have largely disappeared, replaced by strong connections between
corridors and main functional spaces, along with increased connectivity
between outer yards (Yo) and auxiliary spaces. These changes highlight a
transition from agrarian-oriented spatial configurations to circulation-centric
layouts, driven by modernization and changing socio-cultural priorities.

A relevant study on Tibetan vernacular dwellings using JPG method is
the one conducted by An et al.”. This paper analyzes Tibetan vernacular
dwellings in semi-agricultural and semi-pastoral transition zone in Gannan
Prefecture and reveals the variability of vernacular dwellings in different
areas within Tibetan settlements, influenced by the varying intensity of Han
cultural diffusion’. Similarly, Ganzi County, is also a semi-agricultural and
semi-pastoral transition zone. As a key hub in northern Kham, Ganzi
County has historically experienced frequent inter-ethnic interactions, with
notable influences from Han-style courtyard dwellings. Furthermore, with
urbanization and tourism development, the spatial layouts of houses in
Ganzi County are increasingly resembling modern Han rural residences.
While the perspectives differ, both studies underscore the historical trans-
formations in Tibetan spatial layouts and their influencing factors.

While the JPG method effectively highlights spatial-genotype transi-
tions, it has notable limitations. One key issue is its disregard for spatial
dimensions, as it focuses solely on topological relationships and overlooks
the size or scale of spaces, which may influence their function and
accessibility'”'*. This reliance on quantitative metrics may also fail to capture
the nuanced cultural meanings embedded in spatial arrangements. Addi-
tionally, the sample of twelve houses, though representative, may not

encompass the full diversity of Tibetan dwellings in Ganzi County. Future
research should integrate qualitative methods, such as ethnographic studies,
to explore how spatial-genotype changes relate to broader social and cultural
transformations. Expanding the dataset to include a wider range of Tibetan
dwelling types and regions, combined with advanced computational tech-
niques like machine learning, could further refine the predictive modeling of
spatial-genotype changes under evolving socio-economic conditions.

Data availability
Availability of data and materials: Please contact the author for data
requests.
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