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Abstract The significant challenges that urban design faces when moving forward into this
new digital era involve the increasingly massive and complex projects that must be analyzed
and developed. The need for efficient analysis tools and rational design methods represent
ongoing concerns, while practicable and maneuverable applications rather than experimental
studies are scarce. This research implemented a framework of digital description and genera-
tive grammar of block form from the perspective of block morphological complexity. The im-
plemented framework was tested in an urban design practice. First, this study adapted the
hierarchical structure and access structure theory to analyze the spatial form of target blocks.
The characteristics of blocks case samples in Nanjing are extracted as text descriptions. Sec-
ond, the relevant composition patterns and parameters were employed as features for classi-
fication and were converted into procedural rules. With the top-down control by rules and
bottom-up generation by shape grammar in CityEngine, the texture of the block can be gener-
ated as close to the actual block as possible. Furthermore, in a real urban design case located
in Nanjing, this work applies the method to construct a three-dimensional scene quickly and
accurately. After integrating design factors such as an environment, transportation, and vision
and summarizing the intentions of blocks and buildings in corresponding functions and control
indexes, the initial generation plan was built by applying the obtained characteristics and pro-
cedural rules in specific shape grammar. Finally, designers can adjust the result in detail by
employing real-time calculation and interactive operation.
ª 2020 Higher Education Press Limited Company. Production and hosting by Elsevier B.V. on
behalf of KeAi. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

1.1. Background

In computer-aided architecture design (CAAD) methods for
urbandesign, generativedesign is gaining increasingattention
in the deliberation of space form, as this method can provide
many benefits for managing project complexity, optimizing
for specific criteria, and offering a real-time model for adap-
tation (Walmsley and Villaggi, 2019). In particular, the rule-
based generative method (Stouffs and Janssen, 2017) is one
of the widely used CAAD strategies. The technique is vital for
formulating procedural rules to control the generative pro-
cess, which, in turn, controls the form generation and opti-
mization. As a bottom-up rule, the shape grammar can hardly
foresee the final form of the generative result. Therefore,
combining multiple top-down rules is necessary to constrain
the growth result for the desired goals.

Block spatial morphology is one of the most important
factors when considering the suitability and comfort of the
living condition for urban design. To create a satisfying
design scheme, the actual typical block features need to
abstract as rules in generative modeling. An effective
method that can analyze the block by the formation pro-
cess and logic will make the procedural rules more reliable
and thus guide the final decision-making accurately.

1.2. Previous research

Since shape grammar theory was proposed by Stiny and Gips
(1972), it has been successfully used for the construction
and analysis of architectural design (Stiny, 1980; Müller
et al., 2006). Several works have been performed on
shape grammar. Amorim and Griz (2019) suggested an
adjacent model to produce an apartment and interposition
mode of the opening and architectural elements. They
proposed a two-phase exploration syntax for a single
building and internal relations. Al-Jokhadar in Wassim Jabiu
team (2016) further created a discursive coding model to
explore the courtyard styles in the Middle East and Africa.
These works illustrate the research direction and possibil-
ity, while the shape grammar in each case varies consid-
erably, thereby requiring specific analysis.

By focusing on the procedural modeling in urban design
by shape grammar, Smelik et al. (2014) conducted a survey
on procedural modeling for virtual worlds. They stated that
grammar-based methods can be considered pure proce-
dural approaches and emphasized shape grammar and L-
systems as the two most important approaches. Larger-
scale research have demonstrated the capability of shape
grammar (Beirão et al., 2012). A prototype of city genera-
tion design tool was developed (Beirão et al., 2010) ac-
cording to a GIS platform to formulate, generate, and
evaluate city models, as well as performing specific ex-
plorations of city Praia (Beirão et al., 2009). A Grasshopper-
based system for non-professional users was developed by
Castro e Costa et al. (2019), and the specific application of
the Santa Marta Urban Grammar. Relevant detailed in-
vestigations have also been achieved on urban roads (Klerk
and Beirão, 2017), land division (Cassiano et al., 2018), and
other grammatical form studies.
For block morphological analysis, feature engineering
has been used to study the morphological structures and
topological hierarchies of blocks. For example, a morpho-
logical model of a superblock in Nanjing old town (Liu,
2018) was obtained by analyzing the form of the super
spatial grid structure to divide and recognize the
morphology. Through comparative studies of morphological
features, the morphological types and morphological evo-
lution of a super block are summarized. Using a morpho-
logical description-reasons-interpretation logic framework,
Liu analyzed the evolution of a block streets system,
property plot, and space texture. Given the block form
complexity, previous works also proposed the hierarchy of
the Nanjing urban blocks formation by validating and
developing the presentation method using the western
theory of urban morphology (Song et al., 2018). These early
works established the tools for extracting the features of
case projects in Nanjing.

1.3. Research aim

From the perspective of morphological complexity, this
study focuses on the implementation paradigm of specific
analysis and generative design by shape grammar rather
than the shape grammar itself. The proposed method at-
tempts to solve the gap between research and practice
especially in China. This work optimized the digital
description and generative grammar of urban blocks and
buildings and examined the application approach in prac-
tice. The main contributions of this work include the
characteristics extraction of block pattern and form gen-
eration, including.

(1) the geometrical parameters and topological rules of
typical blocks (in Nanjing),

(2) the relevant shape grammar of design objects and
procedural modeling methods, and

(3) the application and decision workflow in a real proj-
ect by considering the form and development ca-
pacity in the early stage of urban design.

2. Methodology

2.1. Basic concepts

Cognitive-based research seeks to understand the inner
order and complexity of block morphology. In the
“compositional hierarchy” model (Kropf, 2009, 2014), the
hierarchical and access structures are the main features for
describing the morphological order of the block. This model
can provide a coherent approach to organize the street
network and the inside of the block qualitatively and
quantitatively, thereby providing an effective context for
the formulation of shape grammar in the subsequent gen-
eration process.

2.1.1. Hierarchical structure
On the basis of land properties, forms, and transport links
with the streets, the physical unit of a building lot can be
defined in multiple scales. The hierarchy of block elements
can be built consequently in the manner of “Block - Plot



Fig. 1 Hierarchical structure of typical blocks.
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Series - Plot Sub-series - Physical Plots” and can be used to
identify and analyze the spatial hierarchy of blocks.

This study focused on the Nanjing urban area. There-
fore, we analyzed the form and hierarchy of the typical
blocks in Nanjing to optimize the texture of the generative
scheme. Block samples were decomposed through the
above framework. The hierarchical structure was combined
with the geometrical data for conversion to the relevant
rules of plot polygon division by levels (Fig. 1).

2.1.2. Access structure
The basic order entering the plot is the “access structure,”
following the sequence of street-plot-building sequence
which connects the physical elements of each level. Access
structures were obtained according to the order of entering
each level (Fig. 2), and the path characteristics can be
determined and compared by calculating the corresponding
indexes (interlocking degree, merging degree, and nesting
degree). This approach can provide the quantitative index
for evaluating the similarity of results. In this work, this
access structure concept will help identify the road fea-
tures such as the type, depth, node distance.

2.2. Method of shape grammar

This study used a method on the basis of shape grammar to
generate and control the form and utilized the CityEngine
modeling platform.
Fig. 2 Access structur
CityEngine is a generation tool for architects, planners,
and related personnel engaged in the design study of cities
(Esri CityEngine, 2020a). Parish and Müller (2001) proposed
a procedural modeling method of cities and developed the
original CityEngine version, which is developed according to
a hierarchical set of comprehensible rules that can be
extended depending on the user’s needs. The CityEngine
system consists of several different tools, including the L-
system and extended L-system. Then, Müller et al. (2006)
extended the method for building a computer generated
architecture (CGA) language (Smelik et al., 2014). As a
novel shape grammar for the procedural modeling of
buildings, CGA can produce building shells with high visual
quality and geometric detail (Müller et al., 2006).

2.2.1. Generation module with parameter control using
the CGA language
A graphical operating module was built in the CityEngine
with an editable node, and the polyline and shape of the
road and block. Further growth shape was controlled
though CGA. The generation logic of roads, buildings, and
other shape models are illustrated in Fig. 3.

2.2.2. Editable attributes under external data control as
the linked mapping layer
Parameter values and variations were controlled through the
map layer, which can involve the texture, terrain, obstacles,
mapping, and function layers. This article mainly used the
e of typical blocks.



Fig. 3 Diagram of tree shape structure and CGA generation process (Esri CityEngine, 2020b).

Generative urban design using shape grammar 917
function type to connect the pixel color and gray value of the
imported map with the generated parameter values.

According to the built-in parameter-based generation
module and the CGA rule language for shape grammar, the
model of spaces in different scales (such as cities, districts,
and blocks) with various elements (roads, parcels, and
buildings) can be automatically realized (Lienhard et al.,
2017; Halatsch et al., 2008). This tool facilitates the pro-
duction of a two-dimensional density map of the estimation
result in ArcGIS be visualized in CityEngine (Xu and Coors,
2012). The tool can also be used to simulate possible ver-
tical development scenarios such as that of Surrey City in
Canada from 2011 to 2040 (Koziatek and Dragi�cevi�c, 2017).
The research on high-density cities from the Marc Schnabel
et al. (2017) used CityEngine to explore the form-driven
parameter coding and model generation. These schemes
are all references for this research when using the Cit-
yEngine to explore its potential capability for urban design.
Fig. 4 Workflow of th

Fig. 5 Site location o
2.3. Practical operation

Given the complex form of blocks, obtaining the rules and
parameters required by CityEngine from the morphological
analysis is a more practical approach. In addition, target
patterns were formatted and tree structures were con-
structed in the CityEngine. The workflow of this case study
is depicted in Fig. 4.

3. Research and implementation

3.1. Project introduction

The urban design of the Zidong core area in Nanjing is
studied in this work. Nanjing is an important central city in
the eastern coastal areas in China and ranks second only to
Shanghai in the city scale. Moreover, Nanjing is currently
e proposed method.

f the case project.
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the only megacity among the city clusters in the Yangtze
River Delta. The selected site, Zidong core area, is located
at the east part of Nanjing, next to the downtown sector
(Fig. 5). The unique scheme of this area requires a design
that not only conforms to the organic growth texture of
Nanjing city, but also differentiates its development from
other centers of Nanjing.

Therefore, this study uses the above workflow in
conjunction with the design goals to obtain a reference solu-
tion. This project is designed to address the balance between
development and environmental friendliness as well as
regional vitality. First, theenvironmental factors of target site
are analyzed to obtain the control rules that influence the
generative process. Second, three representative neighbor-
hoods in Nanjing are selected to create a suitable living
environment and adapt to the existing Nanjing neighborhood
texture. After analyzing their morphological complexity, the
corresponding control rules can be obtained, such as the
neighborhood level and access structure parameters that in-
fluence the form. According to the design intent, the detail
generative syntax of CGA language is written for different
types of building groups, such as plot division and building
organization. Finally, the city model is generated in Cit-
yEngine and the schemecanbeadjustedbymodel parameters
and economic indexes on a large scale. Furthermore, the
scheme selection is achieved in line with the visual analysis
and final economic indicators.

3.2. Pre-process information

Site conditions, including environment, ecology, trans-
portation and other aspects, were pre-processed.
Fig. 6 Analysis of each a

Fig. 7 Block
Constructability indexes and motivation factors were
quantified from the relevant disciplines and were used as
the initial conditions of the design.

(1) Ecology: Site construction conditions were classified
according to the analysis of higher-level planning
conditions, the physical environment, and site ele-
ments. In addition, a suitable construction scope was
obtained according to the influence of the above
factors.

(2) Performance: The group layout strategy and the
spatial arrangement were proposed according to the
cold island rating and wind environment analysis.

(3) Transportation: The main transportation network was
employed to derive the pattern of the block, the
critical traffic stations, and other influencing factors.

By calculating the above information separately, the cor-
respondingpixel images that illustratehoweachaspectexerts
its influence are provided for subsequent use (Fig. 6).

3.3. Characteristics extractions from typical blocks
in Nanjing

To preserve the organic growth of Nanjing, the texture char-
acteristics of typical blocks in Nanjing were extracted from
three groups located in Jinlun, Zhenxiang and Hongmiao,
sectors which represents Nanjing’s old and new blocks,
especially the typical residential blocks (Fig. 7). A hierarchical
structure decomposition was employed to analyze spatial
level features. The scale information of each level was ob-
tained from the measurement of geometric data.
spect as mapping layer.

samples.



Table 1 Selected design principles and rules.

No. Description

1 When the length of the main road is under 600 m, main
streets are in the northesouth direction and only one
orthogonal main street is set perpendicular to the main
road. When the length of the main road is over 600 m,
two orthogonal lines are set.

2 The areas (s) of each block should be 1 hectare � s � 3
hectares, and its aspect ratio does not exceed 2.

3 The total number J of intersections connected to each
main street should be 5 � J � 8.

4 The distance D of all intersections in the block is
80 m � D � 200 m.

5 A T-shape is used in 70%e90% of intersections inside the
block that do not cross the peripheral main roads.

6 A T-shape is used in 30%e50% of intersections inside the
block formed by directly crossing the peripheral main
roads.

7 Street depth is 3 or 4 m.

Fig. 9 Plot division diagram

Fig. 8 External data import and initial model of site.
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The selection of the blocks reflects the designer’s
intent. In the case of the residential-oriented neighbor-
hoods, the samples that have characteristics and advan-
tages in terms of scale, street vitality, and organization
patterns of buildings are selected prudently and purpose-
fully. Moreover, the designer expected the target blocks to
have such characteristics as well, thereby referring to data
of samples related to plot subdivision and street organiza-
tion. The physical environment, natural resources, and
other factors corresponding to these blocks are controlled
by established rules, namely, the attributes mapping layer.

3.4. Extraction of design principles and rules

To describe the block morphological complexity and subse-
quent generative process, the proposeddesignmust cover the
street, plot, and functions. Moreover, the procedural rules
included the geometrical parameters, topological relations,
and statistical values. Correspondingly, the extraction
methods were in accordance with the surveying and mapping
results, relevant design specifications, and design objectives
and concepts. The basic rules are summarized in Table 1.

3.5. Application of rules and modeling

The block plots and building base division were built using
the above grammar and rules of building groups in the
following three steps.

3.5.1. Basic model
Basic models were built with three maps. 1) The existing
initial main road network and land polygon were imported
to construct the outline of the study site. 2) Open Street
Map data within the set range were loaded into CityEngine
to obtain terrain, road, and building information. 3) The
prepared CAD drawings of the design sketch were imported
as reference. The basic model was built by linking the
corresponding attributes control mapping layer.
and selected parameters.
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As illustrated in Fig. 8, three mapping layers are present.
The colored blocks represent the land use as a design
requirement. The color information can be recognized by
CityEngine as the RGB value. Users can link the color value in
the #RRGGBB format to the land use attribute as one color
represents one land use. In the GCA rule files, the land use
attribute can be selected as variables to participate in further
runtimes.

3.5.2. Plot division
According to the texture requirements of each specific land
use and the prior extracted rules, the access path growth
and the plots are divided consequently. The default pa-
rameters of road growth mode and plot division mode were
Fig. 10 Organization modes

Fig. 11 Buildings’ generative process a
used in CityEngine. Parameters such as road width, plot
area, and road accessibility were chosen (Fig. 9) according
to the analysis results and extraction rules.

The initial block polygon was operated by the CGA code as
the user’s design intent. The operations for geometry subdi-
vision can, for example, offset, setback, and split the shape
object. The final sub-lot was controlled by the area range and
shape form, such as the aspect ratio and the rectangle- or L-
shaped style sets.

3.5.3. Building groups
According to land use functions and control indexes, the
building target form under corresponding functions was
summarized as the standard template. For example, the
according to the land uses.

nd corresponding grammar structure.
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land types include the commercial, residential, and
research and technological types. The development ca-
pacities and index requirements (e.g., height, depth, area,
and floor area ratio) of each land varies. The control of the
target form required that the commercial and commer-
cialeresidential mixed types were mainly high-rise build-
ings with podiums. Moreover, apartment and compound
communities are mainly towel-type and panel-type struc-
tures. By contrast, technology offices were mainly multi-
story structures (Fig. 10).

The block was subdivided into several plots. Further, they
were subdivided into the building footprints according to the
building types corresponding with the land uses, such as
towers with podiums for commercial buildings and slab
buildings for apartments. Standard building group models
Fig. 13 Real time dashboard for monitoring the relevant index
rameters setting.

Fig. 12 An initial generative scheme.
were generated according to the tree structure from foot-
prints (Fig. 11).

4. Results

4.1. Massive modeling

By implementing the rule files into the initial site model, the
massive modeling can be achieved immediately. The result
can change accordingly in real time with the modification of
the initial site situation.

Fig. 12 shows an example of generative modeling consid-
ering one specific influence aspect. The red part of the base
mapping layer represents high density and priority as a peak
value in this heatmap. The concentration of commercial
buildings and high height is obvious in the figure.

4.2. Real-time analysis

With the built-in functions in CityEngine, the calculation
results of key indexes can be reported and generated by the
CGA rule code. Users can simultaneously view the calcu-
lated values in the dashboard. By setting the way of dis-
playing data (Fig. 13a), mastering the global and part
indexes of the generated plan and realizing real-time
monitoring of the overall or selected targets can be
intuitive.

4.3. Interactive operation

Real-time calculation and interactive operation of the plat-
form are usually required to finish the plan adjustment and
es and parameters. a. Indicator dashboard b. Interactive pa-



Fig. 15 The final referable generative scheme.
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optimization. For the form of the general site, the shape and
quantity can be refined subsequently through altering the
selected targetkeyparameters, aswellas the landuse, shape,
and texture according to the previous calculation results. For
the form of a local part, users can modify the relevant pa-
rameters or use the mouse to directly modify the XXX
(Fig. 13b).

4.4. Scheme comparison

Crucially, it is available to compare several different
generative forms in the same starting site and different
results with diverse initial conditions or settings. Apart
from the partial change, the significant variation is re-
flected in the quantity and details which are visible in the
indicator dashboard.

The designers were concerned at the early stage of
project design with the relationship between form and
quantity. Therefore, the solution selection is mainly ac-
cording to meeting the development indicators and the
view of key points. After the generative process on the
basis of an environmental cold island, the development
intensity distribution, traffic and other conditions, the
specific performance with regard to wind and thermal
environment or energy consumption, can be simulated in
other platforms.

As Fig. 14 shows, two schemes (a and b) are based on the
man-made land use proportion, layout, and corresponding
FAR. These values of the indicator are set by rough
Fig. 14 Schemes according to different condi
estimation from the designers’ experience in the conven-
tional design process. Another two schemes (c and d) in-
tegrated multiple aspects like density and customized
adaption. However, the design request of total develop-
ment capacity is 1,200,000 m2. The man-made indicator
values cannot generate a satisfactory result
(11,600,496.92 m2 and 11,726,039.952 m2) to meet the
requirement. The generative design results could be better
than the rough estimation and reduces the rehandling
duplication of labor in subsequent adaption, a feature
which is vital a time-limited real project. The final result
can serve as reference for further design and rendering
(Fig. 15).
tions and their total development capacity.
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5. Conclusions and discussions

This study proposed a generative urban design process
framework with specific block analysis and shape grammar
platform using the CityEngine modeling platform and the
morphological rules of the CGA language according to the
shape grammar to explore the practical way of generating
design results and applying them to the actual project
scheme. The framework can competently undertake issues
that must be solved in the early stage of the design.

The analysis data of other majors are within a limited
project time. Thus, the modeling process demonstrated in
this study will require a short time given existing research
achievements on the target area about the relationship
between plot forms and architectural forms. Designers can
therefore obtain the visible 3D scene immediately.

Moreover, the analysis data are simplified as pixel im-
ages to facilitate the operation in the external information
pre-process. For related disciplines, intervention method is
also simplified, and they can thus participate in the design
process as early as possible. Designers can take advantage
of value calculation and form the simulation function in
that stage. As for the learning cost and availability of re-
sults, designers can benefit from this design strategy in real
practice.

In addition, the previous analysis and programming
related works can be differentiated, such that the urban
designers can focus on the core issues. The available sup-
ports can be considered and digital advantages can be
utilized effectively. More importantly, this information
processing and utilization are visual and intuitive for non-
professional users.

This work is limited to the project site. In the analysis of
the blocks in Nanjing, the perspective of block morpho-
logical complexity is adopted to understand the block
characteristics through the hierarchical and access struc-
tures to extract the rule clues suitable for the logic
generated by CityEngine. Compared with the data-driven
design method, the scope of capabilities and scope of
application of the suggested framework is obtained on the
basis of particular rules or the proposed operation. For the
shape grammar itself, many specificities consider the
different projects and sites. If a strange area is involved,
then the deep learning method based on big data could be
more effective in limited even without the previous
research. In the era of big data, the role of deep learning in
urban design should be anticipated.

Declaration of competing interest

The authors declare that there is no conflict of interest.

Acknowledgements

This work was supported by the National Natural Science
Foundation of China under Grant 51778118. The authors
also thank all their colleagues in the Zidong project who
designed and provided helpful information for this
paper.

References

Al-Jokhadar, A., Jabi, W., 2016. Humanising the computational
design process: integrating parametric models with qualitative
dimensions. In: Parametricism vs. Materialism: Evolution of
Digital Technologies for Development. Imperial House Pub-
lishers - ASCAAD, pp. 9e18.

Amorim, L., Griz, C., 2019. Amorim’s Law-A modern grammar. In:
Sousa, J.P., Xavier, J.P., Castro Henriques, G. (Eds.), Architecture
in theAge of the 4th Industrial Revolution - Proceedings of the 37th
eCAADe and 23rd SIGraDi Conference, vol. 2, pp. 393e402.

Beirão, J., Duarte, J., Gil, J., Montenegro, N., 2009. Monitoring
urban design through generative design support tools: a
generative grammar for Praia. In: Regional Networks and
Development e Proceedings of the 15th APDR Congress,
pp. 1223e1252.

Beirão, J., Mendes, G., Duarte, J., Stouffs, R., 2010. Implementing
a generative urban design model: grammar-based design pat-
terns for urban design. In: eCAADe 2010 Conference: Future
Cities, pp. 265e274.

Beirão, J., Arrobas, P., Duarte, J., 2012. Parametric Urban Design:
joining morphology and urban indicators in a single interactive
model. In: Achten, Henri, Pavlicek, Jiri, Hulin, Jaroslav,
Matejovska, Dana (Eds.), Digital Physicality - Proceedings of the
30th eCAADe Conference, vol. 1, pp. 167e175.

Cassiano, M., Félix, L.L., Griz, C., 2018. Shape Grammar applied to
urban morphology studies: land subdivision in urbanized areas.
In: Proceedings of the 22nd Conference of the Iberoamerican
Society of Digital Graphics, pp. 346e352.

Castro e Costa, E., Verniz, D., Varasteh, S., Miller, M., Duarte, J.,
2019. Implementing the Santa Marta Urban Grammar-a peda-
gogical tool for design computing in architecture. In: Sousa, J.P.,
Xavier, J.P., Castro Henriques, G. (Eds.), Architecture in the Age
of the 4th Industrial Revolution - Proceedings of the 37th eCAADe
and 23rd SIGraDi Conference, vol. 2, pp. 349e358.

Esri CityEngine, 2020a. Build entire 3D cities. Retrieved from.
https://www.esri.com/.

Esri CityEngine, 2020b. Rule-based modeling. Retrieved from.
https://doc.arcgis.com/.

Halatsch, J., Kunze, A., Schmitt, G., 2008. Using shape grammars for
masterplanning. In:Gero,J.S.,Goel,A.K. (Eds.),DesignComputing
and Cognition, vol. 8. Springer, Dordrecht, pp. 655e673.

Klerk, R., Beirão, J., 2017. CIM-St. In: International Conference on
Computer-Aided Architectural Design Futures. Springer,
Singapore, pp. 42e59.

Koziatek, O., Dragi�cevi�c, S., 2017. iCity 3D: a geosimualtion
method and tool for three-dimensional modeling of vertical
urban development. Landsc. Urban Plann. 167, 356e367.

Kropf, K., 2009. Aspects of urban form. Urban Morphol. 13 (2), 105.
Kropf, K., 2014. Ambiguity in the definition of built form. Urban

Morphol. 18 (1), 41e57.
Lienhard, S., Lau, C., Müller, Pascal, Wonka, P., Pauly, M., 2017.

Design transformations for rule-based procedural modeling.
Comput. Graph. Forum 36 (2), 39e48.

Liu, H., 2018. Research of the morphological types of urban blocks
in the old city of nanjing. In: 24th ISUF International Confer-
ence. Book of Papers. Editorial Universitat Politècnica de
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