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Abstract: In recent years, the rapid development of computer-aided planning and design technology has
provided a new perspective for the study of complex problems such as the generation of architectural complex
forms. This study focuses on how to apply parameterization technology to analyze and articulate traditional
spatial form composition rules, aiming to minimize reliance on subjective human judgment in the protection
and renewal design of the historical style of traditional villages. It aims to establish digital generative design
tools to address the challenges of accurately inheriting and innovatively utilizing historical and cultural
information in traditional settlements. It introduces how to rely on parameterization technology to analyze the
spatial form composition rules, parameter extraction rules, and spatial reconstruction rules of traditional
villages, facilitating the complete process from spatial features to parameterization rules, and then to the
application of computational methods to deduce spatial features. It also includes case studies demonstrating
the application of parameterization technology tools for village protection and explores the role of generative
design tools in preserving the spatial style of these settlements.

Keywords: traditional Chinese villages; spatial feature extraction; parametric design; digital
generative design; village reconstruction; cultural heritage preservation

1. Introduction

1.1. The Value and Protection of Traditional Chinese Villages

Traditional Chinese villages are a vital legacy of China’s agricultural civilization, embodying the
historical memory of the nation and encompassing rich historical information and cultural
landscapes. Spatial style is a key landscape resource of traditional Chinese villages and serves as a
spatial carrier that reflects the historical and cultural traits of these villages. Understanding the value
of traditional Chinese villages and preserving their spatial features and cultural elements are crucial
for the innovation and continuation of Chinese civilization in the new era.

Under the current new technological context and social development conditions, the protection
and renewal of traditional Chinese villages face two problems. Firstly, how should traditional
villages’ spatial feature information be identified and accurately transmitted? The spatial style of
traditional villages has been severely impacted by China’s rapid urbanization. The integrity of spatial
style and continuity of cultural inheritance have been disrupted, leading to a loss of spatial form
characteristics and cultural functions [1]. Protecting traditional villages is a significant challenge in
the urbanization process. The difficulties arise mainly from the mainstream planning model’s lack of
detailed analysis and application of the internal dynamics of traditional village spatial forms. This is
evident in the absence of precise quantitative analysis tools, efficient spatial form design technologies,
and dynamic planning methods. To address this, it is essential to objectively identify and extract
spatial feature information from traditional villages. Constructing a comprehensive information
system and expressing this information through computer-recognizable coding methods is
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necessary. The second problem is how to effectively utilize traditional villages” spatial feature data.
Advancements in data technology have led to an increase in digital research on traditional villages,
transitioning from manual to digital preservation methods [2]. Image recognition and spatial
information databases for traditional villages are maturing [3]. However, the application of digital
technology in village protection often stops at data visualization. The acquisition of extensive data
enables the accurate transmission of historical and cultural information, crucial for restoring
incomplete spatial features and reconstructing spatial textures [4]. Data mining is required to
understand the objective rules behind the visual aspects. Relying solely on static guidelines or
dynamic visualizations from data organization is insufficient. The deepening of data technology and
artificial intelligence research has made the parametric extraction of spatial information features and
the automatic generation of protection schemes for traditional villages an important research
direction and practical approach [5-9].

1.2. Literature Review on Parametric Design Research

Parametric design is a computer-aided technology based on processes and rules, which utilizes
computer automation to execute manually formulated logical processes and generate rules, and
quickly output specific content generation methods. This method is widely used in the field of
computer graphics for virtual world synthesis modeling. In the field of spatial planning and design,
parametric design was first widely applied in the nonlinear design of buildings, especially in the
design of building skins, and gradually spread to the fields of urban design and urban spatial
planning [10], and has been applied in urban form assisted design and urban form generation
modeling in recent years [11]. Parameterization is an important development direction of computer-
aided planning and design in the fields of architectural design and urban-rural planning.

The constraints of planning and design are complex, and the larger the scale, the more
constraints need to be considered. Therefore, parametric design has shown different effects when
applied to large-scale planning projects and small-scale design projects. In large-scale planning
projects, parametric design is widely used as an auxiliary planning tool at the urban level. In the
design of historical settlement texture with clear modulus, using the characteristic modulus of
traditional architectural settlements and street textures, and through data mining technology, a
digital generation design tool was established to generate historical block morphology and textures.
Xiong [12] applied formal grammar theory, Tang [13] applied case study methods, and Luo [14]
applied rule-based urban modeling methods, verifying the advantages of parameterized methods in
solving complex problems in urban design. In terms of spatial simulation and form generation
design, Chen [15] developed a hybrid approach to 3D urban form simulation that addresses the
important drawback of cellular automata (CA) models, which cannot explicitly represent urban form
change in a 3D manner. The proposed approach integrates a patch-based urban CA model with a tool
for 3D modeling of building objects, and its effectiveness in modeling urban form changes was
verified through practical cases. Zhang [16] proposed a computer-generated architecture (CGA)-
based workflow, the practical application results have demonstrated that this workflow could
generate multiple layout proposals and alternative facade textures quickly. Pérez-Martinez [17]
explored a methodology for generating urban planning based on generative design, the methodology
developed urban design solutions by subdividing a given plot and assigning different housing
typologies on it. Wang [18] studied generative urban design using shape grammar and block
morphological analysis, the research implemented a framework of digital description and generative
grammar of block form from the perspective of block morphological complexity. Road network
generation is an important aspect of parametric design applications. Parish and Muller [19] pioneered
the introduction of Lindenmayer systems into the field of urban design modeling. Based on user-set
parameters, they executed the system’s embedded urban road network generation rules selected by
the user, and semi-automatically generated the corresponding urban road network form. Weighted
Anisotropic Shortest Path Algorithm, Space Colonization Algorithm, Layer System are also used to
characterize the geometric or topological relationships of urban road networks, which are then
programmed into generating rules to drive automated generation and modeling of urban road
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networks [20-22]. Wang [23] proposed a method to generate complex and large-scale 3D road
networks automatically with the open source GIS data, introduce the application of a semantic
structure of road network in traffic simulation, the method does well in the generation of various
types of intersections and the high-detailed features of roads. Benes [24] and Garcia Dorado [25]
focused on the relationship between the functional performance and the form of urban road
networks, establish urban road network generation rules with the goal of optimizing the performance
of road network functions, proposed a method for generating urban road networks that iteratively
adjusts and gradually optimizes based on simulation results.

Architectural layout and form generation are mature applications of parametric design. Parish
et al. [26,27] conducted a study to segment the land parcels divided by the road network to determine
the location of buildings, and used the Lindenmayer system to sequentially generate building forms
at different locations.In order to generate multiple architectural layouts within the land parcels, Fang
[28] proposed a computer-aided modeling method for urban form generation to generate multiple
architectural layouts within land parcels. He presented a systematic framework for urban form
perceptual recognition, generative modelling, and virtual simulation following three methodologies:
"professional knowledge + deep learning", "human intelligence + artificial intelligence", and
"sociological investigation + big data analysis". In order to generate more detailed architectural forms,
generation rules based on Shape Grammar and high-level procedural language (CGA grammars)
have also been proposed and applied in architectural generative modeling [29-32]. Sugianto [33]
proposed a 3D modeling building method, the endeavor undertaken through a technique termed
LoD, with ArcGIS and CityEngine serving as the fundamental instruments for this initiative. For
buildings with a single function, automatic generation of building clusters is achieved by setting and
combining constraint mechanisms that individual buildings need to follow. Sun [34] and Lin [35]
respectively conducted research on the construction of automatic layout models for buildings,
focusing on the layout of residential buildings and campus design.

Based on parameterized computer-aided planning and design, the relevant processes and rules
are based on mature design logic, and the interpretability of scheme generation is strong. The method
based on process and rules is also convenient for carrying a powerful human-computer interaction
interface, which can adjust generation conditions and modify generation results in real time, and the
generation process is highly controllable.

1.3. The Purpose and Significance of the Research

The research on traditional Chinese villages mainly focuses on the analysis and excavation of
spatial features and architectural construction characteristics [36-39], the management mechanism
for the protection and utilization of traditional villages [40—42], the paths for the protection and
renewal of traditional villages [43,44]. Practical research on the application of parameterization
techniques in the planning and design of rural settlement spatial forms is limited. Parameterized
research on traditional villages mainly focuses on parametric design of street and alley spaces [45],
quantitative analysis of spatial texture [46,47], quantitative research on the spatial morphology of
traditional villages based on spatial syntax [48,49], etc. This study integrates concepts of inheritance
and innovation to construct a parametric analysis system that quantitatively analyzes the inherent
laws and characteristics of traditional Chinese village spaces. Employing artificial intelligence
techniques, it explores the automatic generation of traditional village protection schemes, guiding
the continuation of the spatial style and providing effective, novel technical methods for optimizing
spatial form planning in traditional villages. Additionally, it examines the application of parametric-
assisted planning and design to enrich the methods and approaches for the protection and renewal
of traditional villages.

2. Research Method

This section outlines the parametric technology employed in the study and the choice of software
platform, CityEngine, followed by the overarching research ideas guiding the investigation.
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2.1. Parametric Technology

Parametric technology is an advanced design technique that leverages numerical relationships
between variables to define geometric properties. It establishes dynamic connections between
parameters (variables) and geometric shapes, enabling control over geometric changes by adjusting
parameter values [50]. This technology encompasses three essential components: identifying
parameters, establishing rules, and choosing software platforms [51]. Its comprehensive advantages
include dynamic and efficient responses to the complexities of urban planning and architectural
design [52-54], positioning it as a key development direction in these fields. The application of
parametric design in traditional village protection planning offers several benefits:

o Enables quantitative analysis of spatial characteristics in traditional villages.

e Allows for the reconstruction of spatial textures, providing an objective and rational design
approach that enhances the scientific and rational aspects of planning and design.

o Utilizes computer software platforms as the data foundation for Al planning models, facilitating
dynamic simulations of village growth processes.

e  Features strong scalability and openness, allowing for manual modifications and adjustments to
objectively generated plans, which supports efficient public participation and aids in building
information management systems for traditional village protection.

2.2. Selection of Software Platform: CityEngine

Parametric design technology operates on a computer software platform, and CityEngine has
been chosen for this research. As a software compatible with Python programming, CityEngine can
effectively address complex issues in traditional village spatial forms through secondary
development. Its seamless integration with ArcGIS allows for rapid modeling using GIS data, making
it particularly advantageous for large-scale 3D form modeling [55,56]. The parametric design process
in CityEngine follows a sequence: establishing the street network, segmenting blocks, modeling
buildings, and creating detailed scenes. Through associative rules, CityEngine can dynamically
adjust various objects within the model [57].
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Figure 1. CityEngine workflow diagram.

2.3. Research Ideas

Employing data technology, this study confronts the protection and development challenges of
traditional Chinese villages with a focus on spatial analysis and reconstruction. Spatial analysis
involves separately identifying the roads, blocks, and buildings that constitute the characteristic
elements of traditional village space, and transforming optimized feature points into parameters and
rules. Spatial reconstruction uses computer language algorithms to automatically generate spatial
textures based on spatial feature data extraction and parameter analysis, facilitating the automatic
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reconstruction and weaving of traditional village spatial textures [58]. The logical framework of the
research is detailed in Figure 2.
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Figure 2. The logical framework of the research.

3. Extraction of Core Parameters of Spatial Characteristics in Traditional Chinese Villages

This section details the process of identifying and codifying the core parameters that define the
spatial characteristics of traditional Chinese villages.

3.1. Spatial Feature Analysis

Spatial feature analysis involves converting spatial elements into quantifiable parameters and
rules for descriptive analysis. This process includes two stages: quantitative analysis of spatial
features and their parameterized translation. Initially, spatial features are deconstructed based on
principles of spatial elements’ integrity, with basic elements of roads, blocks, and buildings being
identified and separate parameter sets being constructed for each. These parameters are designed to
independently represent and control specific features. Subsequently, algorithmic rules are developed
to extract parameter values from spatial forms, translating them into computer-readable data linked
to spatial elements through functions and equations, thus establishing constraint relationships.

3.2. Parameter Analysis and Extraction Rules of Road Spatial Features

A detailed analysis of the spatial characteristics of traditional village roads reveals the internal
dynamics and functional traits of their morphological development. The parameterized analysis
begins with preprocessing existing roads to identify and remove redundant information. Roads are
then segmented into subgraph sets to isolate fundamental compositional elements, which are
subsequently translated into parameters or rules. Algorithmic rules are formulated to extract
parameter values from the existing terrain [58,59]. The effective parameters and extraction rules for
road spatial features, as determined through experimentation, are presented in Table 1.

Table 1. Road spatial features parameters and extraction algorithms.

Classification Form Parameter Extraction Algorithm
Road network
Overall Extract characteristics based on the current road
) Road morphology
morphological network
o network mode
characteristics
 road morphology Number of Based on on-site research and experience
of roads

village centers judgment
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Number of  Number of
The number of sections of a single road
roads road sections
Minimum
flIntersectionsDiatanceMin)=Min(d1,d2,ds...dn) ;
distance
d represent the shortest road distance between
between road
] ) road network intersections
intersections
Road R=Nr/Ni
Intersection
intersection G Nr represent number of road nodes
ratio
Ni represent number of intersection nodes
Minimum fiMinAngle)=Min(01,02,0s...6x);
angle of 0 represent minimum value of intersection
intersection angle
Road Maximum fiMaxDeflection Angle)=Max(f1,p2,5s...5n);
oa
deviation p represent the maximum value of the
deflection
angle of the minimum angle set between adjacent two
angle )
road sections of road
Long road
lwe=Average(l1,I2,13...1n)
length(lrl)
fllr)=Average(las,lo Is3...Ian) » among them lun>luve
Shorter road
flsrl)=Average(lvs, loz, lvs...In) , among them lon<lwe
length(srl)
Elastic
interval of flelrD=[ | max(la Lz, .Ln)-f(Ir1) | + | min(las,Liz,...Jan)-
Road length
longer road far) |12
length (elrl)
Elastic
interval of flesrl)=[ | max (o1, vz, Iv3...Ion)-
shorter road  fisrl) | + | min(los,loz,los...Ion)-f(s71) | 1/2
Characteristics
length (esrl)
of Road Plane
Main road
Morphology flmrw)=Average(wm1, wmz,wWm3...wWnn)
width (mrw)
secondary
road width flsrw)=Average(ws1,ws2,ws3...wWsn)
(stw)
Elastic range
Road width flemrw)=[ | max(Wmi, Wm2,Wm3... Winn)-

of main road
width (emrw)
Elastic range
of secondary
road width

(estw)

fmrw) | + | min(wm,wn,wws...wmn)-fmrw) | 1/2

flesrw)=[ | max(Ws1,Ws2,Ws3... Wsn)-

flsrw) | + | min(ws,ws, ws...ws)-f(srw) | 1/2

doi:10.20944/preprints202404.2001.v1
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Road
f(RoadElevationMax)=Max[Elevation(e1, ez, es...en)]
elevation max

Road
) . flRoadElevationMin)=Min[Elevation(ei ez e...en)]
elevation min

Vertical
Road Road
morphological ) . ) )
elevation elevation f(RoadElevation Average)=Ave| Elevation(e1, ez, es...en)]
characteristics
average
of roads )
Elastic range
Of road f(Eere):[ | Emax-Cave | + | Emin-Cave | ]/2
elevation

Road slope  Slope range f(SlopeRange)=[Smax, Smin]

The illustrations for parameterized translation of road spatial features are as follows:

e  The road network morphology can be summarized into three types: organic, raster, and radial.
Complex road networks can be achieved through the superposition and fusion of these three

types (Figure 3).

Organic road network Raster road network Radial road network

Figure 3. Three basic road network forms.

o The number of village centers refers to the number of public centers in the village, and the road
density in the village center is often higher than that in the periphery (Figure 4).

-+

Figure 4. Schematic diagram of village centers (a single center and two centers).

e  TFigure 5 illustrates the spatial quantification feature for road length, road angle, and road
intersections, where 02 represents road intersections, 04 represents road nodes, di represents
distance between road intersections, O represents the road intersection angle, and 3 represents
the angle between roads.
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Figure 5. Schematic diagram of parameter extraction for road length, angle, and nodes.

3.3. Parameter Analysis and Extraction Rules for Spatial Features of Blocks

The organizational structure and planar morphology of blocks are crucial in shaping the spatial
form of traditional villages. The parameterization analysis aims to delineate block divisions that
reflect their functions and closely match actual property blocks. Blocks are decomposed into
subgraphs, and their organizational and morphological characteristics are converted into parameters
and rules [58]. Research and reconstruction experiments on traditional village block patterns have
yielded specific parameter indicators and extraction rules, which are outlined in Table 2.

Table 2. Blocks spatial feature parameters and extraction algorithms.

Classification Form Parameter Extraction Algorithm
Block f(SubdivideType)=Recursive Subdivide;
subdivisio  f(SubdivideType)=Offset Subdivide;

Cluster
; n form f(SubdivideType)=Skeleton Subdivide;
orm
Subdivisio
) a1%,a2%,a3%, ar+a+as=100
n type ratio
Maximum
block f(DensityMax)=Max(a1,a2,as,...an)
density
Minimum
Block
] block f(DensityMin)=Min(a1,az2,as,...an)
o density )
Organizationa density
1 structure Average
characteristics block f(DensityAverage)=Average(ai,az,as,...an)
density
Maximum
block f(DirectionMax)=Max(B1,42,5s,...pn)
direction
Minimum
Block

block f(DirectionMin)=Min(B1,B2,Bs,...5n)
direction

direction

Average

block f(Direction Average)=Average(p1,$2,63,...[n)

direction
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Terrain
adaptatio
n

methods

Terrain
adaptation

methods

fLotAlignment)={Uneven, Minmum, Maxmum,Average

/}

Functiona
1 blocks
number

ratio

Functional
blocks
number

ratio

a1%,a2%,a3..an%, a1+axt+as+...an=100

Block
interface

density

Block
interface

density

T = ZR% ,Ri represent the length of the base on one

side of the boundary of the i-th building adjacent to
the block; L is the length of the block boundary

Block area

Maximum
block area
Minimum
block area
Average
block area
The
interval
size and
probability
distributio
n of block

area

f(AreaMax)=Max[area(a,a2,as,...an)]

f(AreaMin)=Min[area(ai,az,as,...an)]

flAreaAverage)=Average[area(ai,az,as,...an)]

flAreaFrequency(i-j)I=Frequency(date_arry,bin_arry)

morphologica

Block
boundary

line

The longest
side length
of the
bounding
rectangle
on the
block

The
shortest
side length
of the
bounding
rectangle
of the
block

f(EdgeLongest)=Max(I1,12,13,...In)

f(EdgeShortest)=Min(l,12,13,...In)
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The
average
side length
of the
) flEdgeAverage)=Average(ls, Iz, I3,...1n)
bounding
rectangle
of the
block
The
maximum
length-
width ratio
of fiMaxtLength/Width ratio)=Max(ai,az,as,...an)
bounding
rectangle
outside the
block
The
minimum
length-
width ratio
of fMintLength/Width ratio)=Min(ai,az,as,...an)
bounding
rectangle
outside the
block
The
average
length-
width ratio
of flAverageLength/Width ratio)=Average(a:,az,as,...an)
bounding
rectangle

outside the

block
Maximum
block
Block o f(CoenerAngleMax)=Max(01,02,0s,...0x)
interior
interior
angle
angle o
Minimum

f(CoenerAngleMim)=Min(01,02,053,...0x)
block
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interior

angle

Average

block

o f(CoenerAngleAverage)=Average(01,02,03,...01)
interior

angle

The illustrations of parameterized translation of block spatial features are as follows:

o  The block subdivision forms have three types: recursive subdivide, offset subdivide and
skeleton subdivide (Figure 6).

Recursive Subdivide Offset Subdivide Skeleton Subdivide

Figure 6. Three types of block subdivision forms.

o  Figure 7 illustrates the quantitative extraction method for block planar morphological features,
where O represents the block interior angle, L and W represent block boundary lines, and L’
represents the block direction line, which is a straight line parallel to the long side of the
bounding rectangle outside the block.

Minimum
bounding
rectangle 1

______ Yok
Block
direction
line

Figure 7. Schematic diagram of block planar morphological features.

3.4. Parameter Analysis and Extraction Rules of Building Space Features

The spatial characteristics of buildings are captured by translating their planar and facade form
elements into parameters and rules. The established parameter indicators and corresponding
extraction rules are detailed in Table 3.

Table 3. Buildings spatial feature parameters and extraction algorithms.

Classification Form Parameter Extraction Algorithm

Characteristic ~ Building Building
L i i Using typological methods to extract the shape of
s of building  foundatio foundation o
building plans
plane form n shape
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Scale of
building
foundation

shape

§1%,52%,53..5n.%, Sr+s2+ss+...51=100, sn% represent the
ratio of the number of n-th type building plans to

the total number of buildings

Building
width

Maximum
building
width
Minimum
building
width
Average
building
width

ABuildingWidthMax)=Max(w1,w2,ws,...wn)

f(BuildingWidthMin)=Min(w1,w2,ws,...wn)

f(BuildingWidth Average)=Average(w1,w2,ws,...wn)

Building
depth

Maximum
building
depth
Minimum
building
depth
Average
building
depth

A(BuildingDepthMax)=Max(d1,dz,ds,...dn)

f(BuildingDepthMin)=Min(d1,dz2,ds,...dn))

f(BuildingDepthAverage)=Average(di,dz,ds,...dn))

Building

area

Maximum
building
area
Minimum
building
area
Average
building
area
Concentrate
d
distribution
range of
building

area

f(BuildingShapeAreaMax)=Max[area(a1,a2,a3,...an)]

f(BuildingShapeAreaMin)=Min|area(a,az,a5,...an)]

f(BuildingShapeArea Average)=Averagelarea(ai,az,as,...an
)]

flBuildingShapeArea(i-
j)I=Frequency(date_arry,bin_arry)

Characteristic
Building

s of building heieht
eig

facade form

Maximum
building
height

f(BuildingHeightMax)=Max(B1,82,65,...pn)

doi:10.20944/preprints202404.2001.v1
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Minimum
building f(BuildingHeightMin)=Min(B1,B2,5,...pn)
height
Average
building f(BuildingHeight Average)=Average(B1,B2,Bs,...pn)
height
Concentrate
d
distribution
flBuildingHeight(i-j)[=Frequency(date_arry,bin_arry)
range of
building
height
Building Building
§1%,52%,53..5n.%, sr+s2+s3+...51=100, sn% represent the
storey storey ) ) L
proportion of floors in the n-th type of building
number number
Maximum
building f(BuildingDirectionMax)=Max(B1,B2,3,...5n)
direction
Minimum
building f(BuildingDirectionMin)=Min(B1,62,53,...n)
direction
Average
Building
building f(BuildingDirection Average)=Average(B1,2,Bs,...pn)
direction
direction
Concentrate
d
distribution  f[BuildingDirection(i-
range of j)1=Frequency(date_arry,bin_arry)
building
direction
b1%,b2%,b3..bn.%, bi+batbs+...b»=100, bn% represent
Roof style ]
Roof the proportion of the n-th type of roof form
00
Roof c1%,¢2%,c3..cn%, cr+crtest...c=100, cn% represent
material the proportion of the n-th type roof material
Building d1%,d2%,ds..dn.%, di+drtds+...dr=100, dn% represent
Wall wall the proportion of the n-th type of building wall
material material

The illustrations of parameterized translation of building spatial features are as follows:

The patterns of building foundation shapes mainly include L-shaped, U-shaped, I-shaped, and
combinations of these types (Figure 8).

doi:10.20944/preprints202404.2001.v1


https://doi.org/10.20944/preprints202404.2001.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 April 2024 d0i:10.20944/preprints202404.2001.v1

14

] H RN q
mam =
™ =

(]
“a M

I - shaped L - shaped U - shaped Same type Heterogeneous

combination combination

Figure 8. Schematic diagram for extracting the building foundation shape.

e The building angle is the smaller angle between the building direction line and the reference
line. Figure 9 illustrates the extraction rules for building angle.
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Figure 9. Schematic diagram for extracting building angle parameter.

o  Figure 10 illustrates the extracted elements of building facade morphological features.

Roof
Building
height
and
storey Wall
number

Figure 10. Extracted elements of building facade morphological features.

4. Parameterized Reconstruction and Practical Application of Traditional Village Space

This section outlines the process of parameterized reconstruction of traditional village space and
its practical applications.

4.1. Parameterized Space Reconstruction

Parameterization technology, coupled with computer programming algorithms, enables the
automatic generation of spatial textures that mimic original features, facilitating the reconstruction
and weaving of traditional village textures. The reconstruction process is divided into two main parts:
the organization of associated feature elements and the construction of visualization models.

4.1.1. Organization of Associated Feature Elements

Utilizing the CityEngine software platform’s generation module, a set of logical rules and code
expressions are created to construct spatial "growth" within the constraints of space (dimensional and
geometric) and organizational rules. The spatial form elements of roads, blocks, and buildings are
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arranged in a cohesive relationship model. Figure 11 illustrates this organization, where A, B, and C
represent spatial types, a1, b1, and ci represent the feature elements constituting spatial types, the lines
between elements indicate constraint relationships, bsi signifies the conditions for constraining
spatial elements, c23 denotes the conditions for constraining different spatial elements of the same
type, and ab12 represents the constraint conditions for spatial elements between different types.

a

Figure 11. Spatial feature element relationship model.

The spatial generation of roads is carried out through the StreetModule of the CE software
platform, which decomposes the roads into five components: street, sidewalk, crossing, junction, and
junctionentry. The components are organized in an orderly manner into a framework according to
constraint conditions, and through the secondary development of CGA rule files, revise and optimize
the generated road spatial form. Figure 12 illustrates the process of road space reconstruction.

StreetModule
Road — SideWalk —
parameter |—» —
Development of
values CGA REIe Files | cCrossing |—|—| Road spatial form

t+ L—|  Junction |—

Constraints of space
(dimensional and geometric)

— Street —

[l

—| JunctionEntry |—

Figure 12. The process of road space reconstruction.

The reconstruction of block space and building is mainly achieved through programming
methods. By using the CGA language provided by CE and writing CGA rule files, spatial features
and constraint relationships between features are integrated to form a spatial generation relationship
model. Parameter values are substituted into the CGA file and imported into the CE platform for
spatial generation. Figure 13 illustrates the process of block space and building reconstruction.

[ Characteristic ] Block: organizational structure,
parameter values planar morphological

[ Building: plane form, facade ]

—>[ Complete form generation ]

[ Planned land use ] — form, roof
T

[ CGA Rule Files ] . : ,
Generation of constituent elements

Figure 13. The process of block space and building reconstruction.
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4.1.2. Visualization Model Construction

Employing the CityEngine software platform, visual models are constructed based on the
overall linked relationship model. This is done using parameter-driven and relationship-driven
mechanisms to create two-dimensional graphics and three-dimensional visualization images. These
models simulate the generation of basic spatial features and serve as a foundation for the subsequent
reconstruction of the traditional village space.

4.2. Practical Application of Parameterized Space Reconstruction

4.2.1. Research Area

Qiji Village, located in Yanggu County, Shandong Province, is recognized on the sixth list of
traditional Chinese villages. As an important historical dock of the Grand Canal since the Yuan
Dynasty, Qiji Village has been a prosperous trading hub. Its well-preserved ancient dock and
connected commercial street are significant components of the Grand Canal’s World Heritage
application, as shown in Figure 14a. However, with the decline of river transport, Qiji Village faces
challenges such as depopulation, dilapidated buildings, and poor infrastructure, leading to the
erosion of its social functions, cultural values, and spatial features. The study focuses on a 22-hectare
area designated for the protection and renewal of Qiji Village, as shown in Figure 14b.

In the national spatial planning context, Qiji Village is within the urban development
boundaries. The main challenge is integrating traditional village protection with urban construction,
preserving spatial patterns and historical buildings, improving infrastructure, and enhancing the
village’s vitality. This research aims to address these challenges.

(b)

Figure 14: (a) Current situation map of Qjiji Village; (b) Study area range.

4.2.2. Data Acquisition and Establishment of Parameter Sets

Data collection involves on-site research and the use of open-source geographic information to
gather data on roads, land parcels, and buildings within the Qiji Village landscape protection area.
This data serves as the foundation for generating renewed spatial morphological features. Following
the earlier mentioned parameter analysis and extraction rules, the data is categorized, integrated, and
current spatial feature parameter values are extracted. These values are optimized to reflect changes
in urban development and residents’ needs, creating a traditional village spatial characteristic
parameter database to support the automatic reconstruction of spatial styles (Figure 15).
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Figure 15. Feature extraction of spatial characteristics.

4.2.3. Reconstruction and Continuation of Spatial Texture

Using the spatial feature parameter database, the study explores the automatic generation of
traditional village spatial textures with the CityEngine software platform. The process begins with
the application of traditional village boundary extraction rules, combined with the scope of
traditional village protection planning and the construction area designated by national land space,
to determine the areas requiring renewal. The road space form generation module is then used to
generate the road network form by adjusting parameter values. The generated road form is further
refined by importing rule files for secondary development (Figure 16a). Following this, block
segmentation and block spatial texture reconstruction are performed through programming using
the CGA rule language provided by CityEngine or compatible Python language (Figure 16b). Finally,
parameterized 3D modeling of buildings is conducted using CGA syntax or rule files written in
Python to generate and reconstruct the spatial texture of buildings (Figure 16c¢).

(a) (b) ()

Figure 16. (a) Parameterized automatic generation of the road network; (b) Parameterized automatic

generation of the block segmentation; (c) Parameterized automatic generation of the building layout.

As demonstrated, parametric design can automatically generate planning schemes through
programming with rule-based languages based on extracted parameter data. By adjusting parameter
indicators, the automatically generated plans can be optimized and adaptively modified to
reconstruct planning and design schemes that not only retain traditional village characteristics but
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also meet modern living needs. This alignment with traditional village protection and future
development trends makes the planning and design process more rational and efficient.

5. Conclusions

Digital technology is increasingly applied to protect traditional settlements. Parameterization
technology extracts the systematic rules governing the spatial information of traditional settlements,
overcoming limitations such as potential biases and inaccuracies inherent in subjective methods of
information transmission, and ensuring the accurate preservation of historical landscape
information. By integrating advanced technologies and combining human and computer decision-
making, planning schemes are generated that preserve the spatial characteristics of case studies while
incorporating modern living needs. Digital technology promises to bring order and innovation to
traditional spaces.

The digital generation of Qiji Village’s protection and development planning scheme validates
the effectiveness and technical advantages of automatic generation methods based on the
parameterization of spatial feature elements. Parametric design utilizes parameters and algorithms,
with its rich and rigorous design logic, to improve design efficiency. This reflects the advantages of
parametric design methods in terms of systematicity, interpretability, and controllability. Despite the
diversity of traditional Chinese villages, their unique bottom-up growth pattern provides a
recognizable and consistent basis for digital generative design techniques. With advancements in
artificial intelligence and digital technology, and as spatial data on traditional villages becomes richer
and more refined, data-driven automatic generation of planning and design schemes will
increasingly address the complex challenges of protecting and renewing traditional settlements and
historical buildings.

6. Discussion

6.1. Play the Important Role of Planners in Computer Aided Planning and Design

One important purpose of computer-aided planning and design is to gradually move towards
intelligent systems that alleviate human workload and ensure that the process remains human-
centric. It transforms design principles into intelligent rules and hands them over to computers,
freeing more human energy into design decisions and forming a human-machine interactive
planning and design process. Any planning and design scheme is almost never carried out on a blank
sheet of paper. The current situation or existing constraints themselves are important base map
information for planning and design. In addition, the manual preset of key design intentions is also
an important factor in determining the outcome of the scheme, which is a work scope that computers
cannot automatically complete. The interpretation of existing conditions, the addition of manual
presets, and computer-aided generation form a reciprocating relationship: on the one hand, the
results generated through computer-aided generation provide situational feedback for existing
conditions and manual presets, triggering rethinking and re judgment of existing conditions and
manual presets. On the other hand, for the results generated through assisted generation, human
intelligence needs to be deeply involved in screening, evaluating, and adjusting, ultimately
transforming them into design solutions guided by the thinking of planners. During the adjustment
process, the barriers between planners and computers are broken to the greatest extent possible, and
a traceable and iterative interaction form is established. Human intelligence and role become the top
priority in the computer-aided process.

6.2. Building Effective Application Methods and Approaches

Transforming research results into understandable planning languages is an important aspect
of parametric design application transformation. The specific application forms include planning and
design guidelines, graphic language, and control indicators. One approach is to transform core
parameters and related rules describing spatial texture characteristics into planning and design
guidelines. For example, in traditional building updates, the building height should be given a
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reasonable interval range as an important guidance. The second approach involves expressing the
rules and parameters in graphical language, with the CityEngine software exporting the simulated
traditional village protection planning scheme as JPG or vector graphics, and using the data exchange
function between CityEngine software and ArcGIS system to build a geographic information
database. The third approach is to convert the parameters into control indicators for traditional
village protection and renewal, guiding the design and evaluation of the completed planning plan,
such as road density and building area.

The specific application approaches can be considered from the aspects of planning, design,
evaluation, and management. One is to guide the conceptual design of the overall spatial form of
traditional villages, promote planning to respect and explore the original spatial features of the
village in terms of concept and cognition, explore the internal organic connection with traditional
spatial features, and thus enable the design scheme to better integrate with the original village space.
The second is to guide the detailed plan for the protection and renewal of traditional villages. The
study breaks down the village’s spatial style into subdivided spatial constituent elements, achieving
parameterized control of each constituent element. It can accurately guide the planning and design
of the micro spatial form of villages. The third is to quantitatively evaluate the planning and design
scheme, analyze the planning scheme, extract corresponding parameter values, compare and analyze
them with specific parameters in research results, judge the differences and values of characteristic
parameters based on planning demands, evaluate the planning scheme, and propose suggestions for
scheme adjustment. The fourth is to finely manage the renewal behavior of traditional villages.
Unplanned construction can easily result in spatial textures that deviate from the original style.
Parameterized research results can provide personalized and detailed construction guidance
suggestions for different plots and specific buildings, achieving refined management and avoiding
the occurrence of extreme texture forms. The fifth is to optimize village planning technology.
Parametric planning has advantages in data, visualization, and dynamism. By generating three-
dimensional visualization models, it increases the readability of the planning process and the
dynamism of the planning.

6.3. Limitations and Prospects of Research

6.3.1. Improving the Extraction Method of Spatial Features and Organizational Rules

The traditional parameterization method is mainly based on human settings. If designers
intervene excessively in the design process, the resulting designs may lack true intelligence and
automation, and it is difficult to get rid of the dependence on subjective factors of humans. Therefore,
in future research, parameterized planning and design methods will also be combined with other
data mining tools to jointly extract rules. In recent years, breakthroughs have been made in the
research of artificial intelligence assisted planning and design. Through machine learning of a large
number of real cases, case features are extracted, enabling the recognition and extraction of villages’
spatial forms with strong locality and adaptability [60-62]. This approach minimizes manual
intervention in the generation process and addresses the issue of manually selecting generation rules
and adjusting parameters in parametric design methods. Integrating the advantages of parametric
design methods in systematicity, interpretability, and controllability with the advantages of deep
learning methods in feature perception, a computer-aided form design framework combining
parametric design and deep learning is constructed to accurately perceive and recognize complex
spatial forms, intelligently assist in generating spatial form schemes, and accurately simulate and
deduce the schemes in real-time.

6.3.2. Multidimensional Optimization Parameterized Content System

There are many parameters that affect and control the generation of village spatial texture.
Although guided by static indicators and capable of generating spatial plans, traditional village
protection is a complex task that involves the inherent mechanism of multi-scale space, with more
diverse humanistic and social content. It is necessary to consider a range of objectives, encompassing
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both objective constraints, such as land rights and heritage conservation, and subjective factors, such
as culture, social systems, economy, and aesthetics. These issues require further study in subsequent
artificial intelligence model development, aiming for their effective integration into parameterized
planning through parameter values and reconstruction rules. Analyzing the relationship between
parametric design methods and the cultural characteristics of rural areas, although human behavior
patterns and socio-economic factors play an important role in shaping space, the subjectivity of space
itself cannot be ignored. It is necessary to "spatially” consider social and economic development,
human demands, sociocultural and institutional structures. This concept can provide a feasible
approach for incorporating "invisible" indicators into the parametric design process, build a more
comprehensive parameterized indicator system.

6.3.3. Application of Planning and Design Considering Traditional Village Differentiation

Although the sample traditional villages selected in this article have certain representativeness,
in reality, the development and evolution of Chinese traditional villages are influenced by natural
geographical environment, social and cultural circle layer, and socio-economic development
processes, resulting in traditional village types with obvious spatial differences and distinct regional
characteristics. The research results of this article cannot be directly applied to all types of traditional
villages, but their principles are the same. By adjusting the parameters and rules according to the
characteristics of the research object, based on the research in this article, they can be applied.
Additionally, the construction of a national database detailing the morphological characteristics of
traditional villages would be beneficial. Clustering algorithms could then be employed to classify
traditional villages, identify common and differential features between them, better understand the
semantics and spatial characteristics of traditional villages, and provide technical support for
parametric design to promote the centralized and contiguous protection and utilization of traditional
villages.

6.3.4. The Construction of Efficient Public Participation Platform

Protecting traditional villages involves more than just spatial conservation and the restoration
of historical buildings; it requires coordinating multiple stakeholders, particularly ensuring active
participation by villagers as primary guardians [63]. The planning and design ideas proposed in this
article may face numerous management challenges when implemented in practice. Particularly after
decentralization, the high threshold for participation and associated costs can significantly reduce
planning efficiency. In daily village management, there may be many contradictions, greatly
increasing management costs. The dynamic, interconnected, and visually accessible nature of
parameterization technology offers a cost-effective and efficient path for participatory planning. The
framework proposed in this study can facilitate the villagers’ comprehension of the plan and allow
them to provide feedback on their interests, and enhances the possibility of multi-stakeholder
involvement in the protection process.

In contemplating the role of technology in planning, it is worth considering whether computer-

aided planning and design have inadvertently given precedence to technology over other aspects.
Does intelligent tool thinking weaken the dominant position of humanism in creative thinking? As
the French philosopher Bernard Stiegler once said, “We need to create a new technological culture to
respond to the era of technology” [64]. Therefore, under new technological conditions, we need to
consider how to reshape spatial planning and design under human-machine symbiosis.
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