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Abstract: Urban design has been valuable in bringing the principles of transit-oriented development
(TOD) into reality. However, a majority of recommendations summarized by scholars for promoting
TODs through urban design have failed to promote the progress of the urban design. The main reason
for this issue is the long-standing tradition of design decision-making based on designers” experience
and the lack of quantitative assessment feedback on design schemes. With the development of big data
and artificial intelligence, optimisation-based generative design has been explored to overcome the
limitations of experience-based urban design approaches. However, the techniques and workflows
are still not mature enough for designers to adopt. In response to these challenges, this study
proposes a framework that integrates the generative design method and data-driven decision-making
approach for urban design solutions that better implement the basic principles of TODs. Based on
the urban design intelligence for TODs, this framework uses parametric tools and models to evaluate
the generative urban design proposals, providing timely feedback to support the design decisions.
The framework is applied to a case study to examine the feasibility. It is demonstrated that this
approach succeeds in selecting optimal TOD design solutions. The role of designers” decision-making
in generative urban design, as well as the importance of quantitative and qualitative assessment in
experience-based decision-making, are highlighted.

Keywords: generative urban design; evidence-based design decision-making; activity-based model;
transit-oriented development; walkability; amenity accessibility

1. Introduction

Transit-oriented development (TOD) is a planning strategy that promotes non-motorized
travel modes through mixed-use, high-density, and walkable neighborhoods within walking
distance of transportation stations. It is widely recognized as an essential paradigm for foster-
ing sustainable urban development since it contributes to reducing air pollution and regional
congestion, boosting economic development, and improving urban vitality [1,2]. On the one
hand, TOD can reduce residents’ demands for private cars, thereby alleviating traffic conges-
tion and reducing greenhouse gas emissions. Previous studies have established that residents
of transit-oriented neighborhoods are more likely to travel by public transportation instead of
driving and take more leisurely walks than residents of car-oriented neighborhoods [3]. TOD
projects in many cities have contributed significantly to local GHG reduction goals. As an
example, in the Chicago Metropolitan Region, the GHG emission of the average household in
the neighborhoods near the transport station is reduced by 43 percent compared with non-
TOD areas. According to SDG goals, combating climate change is currently an important task
for all countries in the world. In this context, TOD should be greatly promoted to stop global
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warming. On the other hand, by reducing transportation costs and increasing employment op-
portunities, TOD can promote a robust regional economy. A number of studies have indicated
that local taxes benefit from TOD through increasing land prices and sales tax revenues from
restaurants and retailers [1,2]. In addition to promoting active transportation modes and facili-
tating regional economic development, TOD has the potential to bring vitality to communities.
The mixed-land uses in TODs provide favorable conditions for various social activities and
interactions [4]. It has been found that people living in TODs have significantly higher levels
of connection with their neighbors than in other communities [5]. The performance of TODs
is predicated on four major principles: (1) walkability—providing a pleasant, continuous,
networked pedestrian environment along with a wide range of experiences and amenities;
(2) transit accessibility—ensuring close proximity in distance or time for residents and workers
to reach transit facilities; (3) density—optimizing employment and residential densities along
transit corridors or station areas to promote walking and transit use; (4) diversity—providing
access to retail, commercial, and civic services, employment, and recreational facilities without
needing to travel by automobile [6,7]. A well-performed urban design can be a key mechanism
for transforming these guidelines into successful cases. Jacobson and Forsyth [8] enumerated
twelve aspects of good urban design initiatives for TODs (Table 1). These twelve elements are
derived from the literature review and understood in depth through case studies. Of all the
aspects, five are highlighted regarding place-making. First of all, designing on a human scale
is fundamental to creating a pedestrian-friendly environment. According to environmental
psychology, people are born with the perception of their surroundings. The characteristics
of the built environment (such as the sense of enclosure, sky view factor, etc.) play a major
role in the comfort that people feel in the space, and the comforts of the walking environment
are closely related to residents’ travel demand [9,10]. For instance, the atmosphere created by
excessively tall buildings with narrow streets tends to inhibit residents from moving around
the streets. With this in mind, the walkability of residents can be facilitated by controlling the
scale of buildings and streets. The ratio of building height to street width in TODs is supposed
to be designed to improve the pedestrian experience. Second, public spaces emerge in the
case studies as key components of TODs [10]. Open spaces not only provide opportunities
for residents to interact and exercise, but also allow for various events. As suggested by case
studies, the combination of transit stops and well-designed open spaces can improve the
recognition of the TODs and increase transit ridership [8]. Third, pedestrian safety serves
as an important factor for people to embrace the public spaces in TODs. Previous research
has established that real and perceived traffic safety is closely related to residents” walking
behavior to transport [11]. In terms of urban design solutions in TOD, security is a consid-
eration for the way the driveways and sidewalks are joined. To ensure people walk safely
in transit-oriented neighborhoods, places such as parks require a ban on vehicle traffic [12].
Fourth, the variety of land use, visual experience and social aspects are all essential aspects in
the design of public spaces. TODs need sufficient public spaces for walking and cycling, and
also spaces to promote interaction among various social groups. It is generally accepted in
urban design that the diversity in visual experiences creates a sense of place, which gives open
spaces distinct characteristics, and therefore, enhances their attractiveness to residents. These
have led to more people congregating in open spaces with more events taking place. Inviting
and lively public spaces in TOD areas will, in turn, attract more residents to move in and
bring about more transit ridership [2]. Fifth, street connections are essential for the creation of
pedestrian movements [13]. Well-organized street patterns enable pedestrians and cyclists
to move continuously in various ways [8]. Elaborate footpaths and cycle paths are the basis
for residents to approach transit facilities. Subsequently, Ogra and Ndebele [14] generalized
six variables that are vital for reaching the goals of the TODs, which are design, diversity,
density, distance, destination, and demand management. In terms of the built environment
design, it is pinpointed that providing various amenities is the key to walkable transit-oriented
neighborhoods. According to previous studies, the diverse range of amenities can provide
residents with abundant activities and thus stimulates walking and cycling trips [15,16]. In
addition, all kinds of amenities make walking less boring and bring joy to pedestrians [12].
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Table 1. The summary of twelve aspects of good urban design initiatives for TODs.

Topics Aspects Descriptions
Time TOD design should take into account changes over time and
future possibilities.
. . The visions of different stakeholders should be considered in the whole
process Engagement with public desi
esign process.
Programming Arrange events and activities for the public in open spaces.
Maintenance Manage the budget to ensure investment in maintenance and landscaping.
Scale Design at a human scale to create a comfortable walking environment.
Public spaces for human use Create public space for pedestrian activities
) Safety Create safe walking environments and public spaces.
places : - : : : . .
Variety and complexity Pay attention to the variety of land use, visual experience, and social aspects.
Connecting places to create good walking and cycling experiences (including
Connections building and outdoor connections, sidewalk connections, cycling path
connections, etc.)
Pedestrian facilities Design safe and vibrant sidewalks
Transit Connect transportation facilities and the surrounding environment
facilities
Ensure a safe and comfortable pedestrian environment. Adjust the direction
Car movement and parking and speed of cars through urban design. Parking spaces should be designed to

meet the demands while not impeding walking.

Based on the four principles, the above aspects (human scale, public spaces, safety,
variety of visual experience, and amenity diversity) regarding urban design for TODs
provide valuable suggestions for urban designers [17]. Nevertheless, useful advice plays an
insignificant role in guiding potential urban design improvements. Few design initiatives
are given quantitative or qualitative evaluations, which can result in a lack of evidence
and feedback to support design decisions. Starting with good intentions but ending with
poor design execution can result in no improvement or even harm to the surrounding
environment [18]. Thinking further about this particular issue, it roots in a long tradition of
the experience-based design workflow, i.e., designers use their own experience or personal
preferences to determine the design solutions. In the majority of countries, the evidence-
based design approach is not yet widespread. Therefore, some schemes are limited by
the designers’ subjective opinions or clients’ requirements, and often fail to be effective
TOD proposals. In recent years, parametric and generative design has received consider-
able attention, which explores potential solutions to decision-making issues in the field
of architecture, urban design, and urban planning [19,20]. Using big data and algorithms,
these approaches can yield unlimited possible solutions that are beyond one’s imagination,
with automated optimization solutions based on predefined objectives [21-26]. Compared
with the traditional decision-making approach, they are advantaged in overcoming the
limitation of individual thoughts to inform more feasible alternatives, and are able to gen-
erate data-based feedback for each solution. To date, scholars have explored the potential
of generative urban design in the light of various objectives. The works related to TODs
centered around design generation and optimization, based on walkability or/and amenity
distribution [21,24,27,28]. Using a walk score as an indicator, the network optimization
model created by Tarek and Christoph [21] provided a promising insight for later studies.
They used genetic algorithms (the natural selection-based approaches to solve both con-
strained and unconstrained optimization issues) to optimize the initially generated street
network design and obtained a series of viable options. However, this approach was later
criticized for lacking consideration of the impact of amenities on the street network. A
new workflow to create street networks and amenity distribution schemes was developed
by Yang et al. [17], which takes a good account of the interplay between amenities and
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networks and the adaptability of specific contexts. While the weakness is that they fail
to provide information on building configurations that can be influenced by network lay-
outs, which is inappropriate to be considered separately in urban design. Lima [24] et al.
leveraged multiple optimization algorithms to create urban networks in terms of transit
accessibility and infrastructure cost. Unfortunately, this approach idealises the local context,
and its ability to solve real-world problems is uncertain. More importantly, the quantitative
indicators still need to be complemented by qualitative dimensions [29]. This is because
some solutions meet the quantitative metrics well, but are not preferred by residents due to
the weakness in qualitative features (e.g., urban design quality, maintenance of historical
sites, etc.) On account of the complexity of the urban system, design decisions cannot yet
entirely rely on algorithms. Designers still have the responsibility to perform qualitative
analysis and make the final decision. In response to these concerns, this paper proposes an
original framework to evaluate and interpret generative urban design proposals for TODs.
This is the first comprehensive framework that transforms urban design principles for TOD
into an evaluation methodology that utilizes both data feedback and experts” experience to
guide designers in their decision-making. It is later applied to a case study in a TOD area
in the city of Glen Eira, Melbourne, to validate its capacity to address real-world issues.

2. Data and Method
2.1. Assessment Indicators and Methods

Given its enlightening and objective-based optimization capabilities, the generative
urban design method is utilized in the study to propose different solutions for TOD. A t
the core of this study is the creation of an evaluation framework for these generative urban
design proposals. On the basis of the good urban design recommendations summarized
by Jacobson, Forsyth, Ogra, and Ndebele, the evaluation method is developed. For some
aspects, indicators can be set up for quantitative assessment. (1) It is commonly recognized
that the ratio of building height to street width has a strong relationship with how people
feel in urban space. Therefore, it is chosen as the assessment indicator in the framework
to reflect the comfort level of residents moving around in public spaces. As suggested by
scholars, the ideal height-to-width ratios for public spaces are between 1:1 to 1:3 [30-32].
The ratios of design proposals that fall within this interval range are identified as the optimal
ratios. (2) A walk score is a reliable metric of walkability recognized by many experts [33].
While most walkability metrics apply to a region, the walk score quantifies both the
walkability of an area and the walkability of a housing unit. Visualizing the walkability
of each housing unit in a TOD area is vital for evaluating design strategies. For example,
different street network designs may result in the same regional walkability results, but
contribute differently to the walkability results of each building block. Understanding the
variation in walkability between individual units can help designers make trade-offs in
their solutions. The Walk Score algorithm, which ranges from 0 to 100 scores, uses the
distance decay function (Equation (1)) to rate locations based on the minimum distance to
amenities in each category [34,35]. A higher score for a location means a more walkable
level. (3) TODs encourage a wide variety of amenities. However, it is not the case that the
greater the variety and number of amenities, the better. When the demand for amenities in
an area exceeds the supply, it would be a loss for investors. The Amenity score is a metric
that seeks to quantify the disparity between the supply and demand of various amenity
types in an area, which can help the decision-makers to determine the right number and
type of amenities. An Amenity score close to zero means that the supply of amenities
in the study area is close to the demand. A value below zero for a certain amenity type
means that it is not well configured and is in short supply. The opposite is true for amenity
scores greater than zero [16]. (4) Two auxiliary metrics (Amenity Hits and street hits)
provide information on people’s activities in TOD areas, which help designers reflect on
their choices of amenity locations and the forms of the street networks. The indicator
of Amenity Hits sums up the total number of residents visiting a certain amenity across
all trips. The metric of Street Hits measures the total number of people using certain
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street segments on all trips. For each amenity or street segment, a higher score indicates
a larger number of users. By further visualizing these two indicators, urban designers
can intuitively understand the activeness of different parts of the study area in terms of
amenities and streets, and thus adjust their design solutions.

Decay (x) = —17.15x° 4 89.45x* — 126.37x> + 4.639x> 4 7.58x + 99.5 (1)

Due to the complexity of urban design, not all the issues can be analyzed relying
on indicators and evaluation criteria. Qualitative analysis is suggested for the following
dimensions. (1) Public spaces are often designed to strike a balance between aesthetics, the
scheduled activities to be accommodated, local regulations, and other aspects [36]. There
is no consistent standard for the size and shape of public spaces. The reliable method for
assessing the quality of public spaces is to use the public space index (PSI) [37]. This index
involves a combination of more than forty factors in terms of inclusiveness, meaningful
activities, comfort, safety, and pleasurability. Although this method is well-established, it
takes months, or even years, for the evaluator to engage in observations. It is not a wise
choice for urban designers due to the lack of timely and effective design feedback. What can
be confirmed is that it is more desirable to have open space in TOD areas than not. For the
specific size and form of the public space, urban designers are advised to make decisions
based on 3D models and their own experiences. (2) The visual experience in public spaces
is also a difficult element to quantify. A good way to analyze the visual experience in urban
spaces is through the use of isovist [38]. The isovist is the area or volume of space visible
from a given point in space, which intuitively reflects the visual-spatial qualities in the
built environment [39]. According to Batty [40], factors such as area, perimeter, and the
average distance of a series of isovists at different locations on a walking path can reflect
changes in visual experience. In addition, 3D models and renderings are recommended
to aid the analysis process. In light of this, the evaluation framework utilizes shapes and
areas of isovist to assist designers in understanding the visual experiences in the existing
built environment and their design proposals. Specifically, the shape and area of the isovist
along a walking path are measured for the analysis of visual changes in public spaces.
Previous literature has demonstrated the methodology of DecodingSpaces toolbox to be
useful for isovist measurements [41,42].

2.2. Computational Tools and Overall Framework

Rhinoceros3D-Grasshopper (GH) is chosen as the platform to conduct the assessment
process. Rhinoceros3D software and its inherited parametric design platform Grasshopper
can be used by urban designers to create three-dimensional city models, visualizing simu-
lations and analytic solutions in real-time. Compared with other 3D modeling software,
Rhinoceros3D has its advantages in terms of data visualization and efficient parametric
workflow. The parametric evaluation framework in this study relies heavily on 3D models
and the visualization of spatial data. Taking street network design, for example, it has an
impact on both visual diversity and regional walkability. City designers need to analyze
the diversity of visual changes based on a three-dimensional spatial environment, and also
need to get data feedback on walkability. These requirements make the Rhinoceros3D-
Grasshopper (GH) platform a suitable choice. The following two plug-ins are used in the
evaluation and generative process: the Urbano and the DeCodingspaces toolboxes. The
Urbano tool is a useful analytical tool that provides measurable design feedback in terms of
walkability and the activeness of amenities and streets. It utilizes data input from designers
to simulate human activity in the city and evaluate design scenarios with built-in algorithms
and metrics [16,43]. It is worth being used in this study because of its well-established work-
flow and compatibility with 3D models. The DeCodingspacestoolbox contains a variety of
analytical and generative elements, which provides technical support for the generative
design process. According to the previous literature, the DeCodingspaces toolbox is more
functional and easier to use than other computationally generated methods [25,44-46]. The
tool has the potential to become widespread, as urban designers and planners can operate
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model
construction

it with a simple understanding of the data structure and the meaning of the parameters.
Hence it serves as the obvious choice for this study. The overall framework can be divided
into three steps: context modeling and assessment, computational generation of urban
design proposals, and quantitative assessment and qualitative analysis of generative design
proposals. Each step (including input parameters and operation methods) will be detailed
in the following sections.

2.3. Context Modeling and Assessment

To inform the subsequent generative design solutions, the existing built environment
needs to be modeled and evaluated. By measuring aspects such as the walk score and
amenity score of the built environment, designers can realize the issues that need to
be improved. The method of context modeling and assessment consists of three parts
(Figure 1): context modeling, active mobility simulation, and context assessment. These
three aspects are proposed based on the Urbano workflow [16,47]. According to the
workflow, two models (the contextual model and activity-based model) and four metrics
(walk score, amenity score, street hits, and amenity hits) are required to this end. The
contextual model refers to the model of the existing built environment in Rhinoceros3D,
which serves as the physical basis of the assessment process. The activity-based model
is a model that estimates people’s activity trips according to different design scenarios
in an area. It is a concept proposed by Joe et al. [15], which later becomes the theoretical
foundation of the mobility simulation process in the Urbano workflow. The four metrics
are used to quantify the results of active mobility simulation. All three aspects, with their
components, will be introduced in detail in the following subsections. Table 2 illustrates
the details of input parameters in these three aspects.

context modeling context assessment

existing built
| | environment modeling |
L i

quantitative analysis
height-to-width ratios

R

qualitative analysis

visual experience

|

|

I

|

|

| I

| I |

I : public spaces :
I |

I |

| I |

|

|

|

|

|

and | N SHLY 3 1 H score calculation
t % trip sending simulation .—L—': e
i | \  based on indicators

input parameters quantitative analysis

(E

amenity type walk score

amenity capacity amenity score

street hits

amenity hits

Figure 1. The workflow of context modeling and assessment.
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Table 2. The details of input parameters of context modeling and assessment.
Parameters Data type When to Select Data Source Reference
OSM: from OpenStreetMap
Building footprint OSM/ shapefile Mgst be selected when website; Shapefile: from [16,43]
creating a contextual model.
governments, developers, etc.
OSM: from OpenStreetMap
Street networks OSM/ shapefile M.ust be selected when website; Shapefile: from [16,43]
creating a contextual model.
governments, developers, etc.
OSM: from OpenStreetMap
POIs OSM/ shapefile Must be selected when website; Shapefile: from [16,43,47]
creating a contextual model.
governments, developers, etc.
OSM: from OpenStreetMap
Building height OSM/ shapefile Mgst be selected when website; Shapefile: from [16,43]
creating a contextual model.
governments, developers, etc.
It can be customized by the
Amenity type metadata Mus.t pe se.zlected. for designer or extracted from the [16,43]
mobility simulation.
OSM data.
Optional for It can be customized by the
Amenity capacity metadata ot . designer or derived from the [16,27]
mobility simulation.
Urbano database.
Optional for mobility
. simulation. Use it only when It can be customized by
Routing factors metadata the bike score calculation the designer [16,27]
is needed.
Residential Optional for It can be customized by the
. metadata e . designer or calculated by [16]
population mobility simulation.

Urbano components.

Amenity demand
profile

Must be selected for It can be an be customized by the

Csv mobility simulation designer or derived from the [16,43]
y ’ Urbano database.

2.3.1. Context Modeling

There are three kinds of data that serve as the basis for modeling existing built environ-
ments: building footprints, street networks, and point of interest (POI), which can be either
OSM data or shapefiles. POI refers to the place where an amenity is located. The building
footprint shapefiles are available for download on the official government websites in many
countries (such as the city of Melbourne and the city of New York). For establishing street
networks and POI models, it is common to use OSM data since it is open to the public and
available from the OpenStreetMap website (https://www.openstreetmap.org accessed on
10 August 2022). However, it is worth noting that the quality of POI data from the OSM
website is not high, with fewer POI entries than other shapefile sources such as Google
Maps [43]. The use of OSM data for POIs may lead to errors in the research. Therefore, it
is suggested to use shapefiles in terms of POIs modeling. The three types of data can be
parsed via the Urbano component and transformed into geometric shapes in Rhino [16].

2.3.2. Mobility Simulation

Mobility simulation enables the designer to understand the impact of their design
solutions on residents” active mobility. It is fundamental to the subsequent evaluation process
regarding walkability and amenity diversity, which are essential aspects of good TOD design.
The mobility simulation comprises three parts, i.e., the metadata creation, the integration of
metadata and contextual model, and the trip-sending simulation. Metadata creation prepares
the necessary data for the trip-sending simulation. The parameters that must be included
are Building height, Amenity type, and Amenity demand profile (ADP). Building height
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and Amenity type are metadata, which can be either customized by designers or extracted
from OSM data. The metadata is supposed to be appended to geometric data and provide
additional information, which requires the integration of metadata and contextual model.
When the building geometry and Building height are combined, the population contained in
the building can be calculated by the Urbano component. When Amenity type and POlIs are
combined, spatial points with amenity information are generated. ADP is an estimation of the
proportion of residents participating in different activities in the study area, which is the driver
of the trip-sending process [16]. The ADP data represents the weight of different activities
or the activeness of different amenities in the area, which can be customized by designers or
obtained directly from the Urbano dataset. The specific method can be referred to [43]. In light
of the activity-based model [15], the trip-sending process in Urbano workflow can be explained
in three parts—trip generation, trip distribution, mode choice, and route assignment (Figure 2).
In this process, residential buildings are defined as the starting points, and amenities are as
the destinations. For each building, (a) The population is divided according to the ADP to
derive the number of people involved in different activities. (b) Those who are divided will
be matched with the corresponding amenities within a walkable distance. Depending on the
chosen mode of travel (e.g., by nearest destination and by amenity capacity), residents are
allocated to amenities in different ways. (c) The routes are formed based on the starting point
and destinations. As a result, visitors per amenity and per street segment can be calculated as
amenity hits and street hits. The mobility simulations for all buildings in the area can be used
to analyze regional mobility.

Population in origin building Divide population according to ADP Mode 1: by nearest distance Mode 2: by amenity capacity Estimate the routes and street hits
34 - o J > e |
N N = AW < S £
m R m . g < vi 5< A L¢ N
(a) trip generation (b) trip distribution and mode choice (c) route assignment

Figure 2. Trip-sending simulation process for each building.

2.3.3. Context Assessment

A context assessment can help urban designers identify problems of the existing
condition, which serves as a reference for the subsequent generative design evaluation. The
assessment involves five metrics (height-to-width ratios, walk score, amenity score, amenity
hits, and street hits) and two qualitative aspects (public spaces and visual experience). The
mobility simulation lays the foundation for the calculation of the walk score and amenity
score via Urbano components [16]. Based on the walk score methodology, the walk score
for each activity trip in the mobility simulation can be measured. Amenity scores, on the
other hand, can be derived from Amenity hits according to Equation (2) (where A stands
for Amenity score, H stands for Amenity hits, and C stands for Amenity capacity). Other
metrics and evaluation methods can be referred to in Section 2.1.

A=H/C -1 )

2.4. Computational Generation of Urban Design Proposals

After selecting the site based on the contextual model, parameters can be set for
generative urban design solutions. Among various ways for computational generation
of urban design proposals, this study follows the method proposed by Koenig et al. [45]
via the DeCodingspaces toolbox. Unlike other generative design approaches, this method
is not limited to the separate production of building schemes or street network solutions,
but can generate street networks, plots, parcels, and buildings in sequence, forming a
well-function system [25,45]. The consistency of multiple elements is crucial in urban
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design. The generative design process comprises five steps: street network generation,
block generation, parcel generation, building generation, and amenity generation. The
parameters used in each step with related information are listed in Table 3. Together, these
parameters control the forms of streets, plots, and buildings.

Table 3. The information of input parameters in generative urban design process.

Parameters Explanation Required/Optional Step Reference
B Boundary to generate street networks required Street neh.Nork [45]
generation
S Street sggments as the . optional Street network [45]
starting points for generation generation
. The shortest distance between . Street network
MDist the start and end of a street segment required generation [44,45]
Random angle defining the . Street network
RA direction of the street segments required generation [44,4]
Tree depth for controlling branch levels of tree . Street network
D structures to define the size of street networks required generation [44,45]
MA Maximum number of arms for crossroads required Street netyvork [45]
generation
Random seed number for choosing . Street network
RndS the generative street network pattern optional generation [45]
BA Buildable area on each parcel required Street network [45]
generation
Building types (including block building, row . building
BT building, and free-standing) required generation [45,48]
Blen The length of the building required bmldlr.lg [45]
generation
Bdep The depth of the building required building [45]
generation
Floor area ratio. It determines the building . building
FAR height when the building footprint is defined optional generation 431
Orientation Building setback from the street optional bmldlr.lg [45]
generation

Figure 3 shows the grasshopper components used in the computational generation
process. The street network generation rests on a particular data structure—the instruction
tree [45]. It has advantages in substituting sophisticated street networks with simple tree
structures connected by nodes, which makes it easier for computing and mutating. The
instruction trees determine the structure of the street networks and are mainly controlled by
the parameters MDist, RA, TD, and MA [44]. Therefore, to generate street networks, these
three parameters are required for the street network generator component (Figure 3a). In
addition, parameter B is required to define the boundary of the street network. The output
L returns a series of line segments representing the street network (Figure 4a). For the block
generation (Figure 3b), the extract polygons component transforms street networks into
their dual-directed graphs [44]. The output P creates polygons representing street blocks
(Figure 4b). The parcel generation is based on the slicing tree structure [49], according to
which the street blocks are divided into smaller polygons (parcels). The parcel component
takes street block polygons as input (Figure 3c) and output Pcl as parcel polygons (Figure 4c).
The building generation is based on simple calculations and extrusions, which consist of
two steps. First, the buildable component takes the polygons of parcels and blocks as
input to calculate BA as the buildable area in each parcel (Figure 3c). Second, the building
component utilizes BA and parcel polygons to generate Ftpt (building footprint) and
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BH (building height) (Figure 3d). In this process, the parameters BT, Blen, and Bdep are
required to control the building forms. The output Ftpt can be further extruded as building
blocks via Extr component. All the optional parameters involved in the generative design
process are used to refine the results.

(a) street network generation  (b) block generation (c) parcel generation (d) building generation

Random rectangular as boundary (a) street network generation

e

Figure 3. The grasshopper components used in computational generation process.

(b) block generation ( grey)

I

N
==

-

|

i
| ﬁ.-=|Illl-III=

(c) parcel generation ( grey) (d) buildable areas ( dark grey) (e) building generation

Figure 4. The results of each step in the generative design process (with random rectangle as boundary
and default input parameters).

The amenity generation is the basis for assessing the walkability of generative solutions.
It is required that urban designers determine the type and number of amenities in their
proposals depending on the client’s requirements or the zoning regulations. Information on
the type and number of amenities needs to be added to generative design schemes in the
form of metadata. The method can be referred to as the metadata creation in Section 2.3.1.

2.5. Quantitative Assessment and Qualitative Analysis of Generative Design Proposals

The quantitative assessment and qualitative analysis of generative design proposals
are rooted in the evaluation methods proposed in Section 2.1. The quantitative assessment
includes the measurement of height-to-width ratios, walk score, and amenity score. The
walk score and amenity score calculation are based on mobility simulation, the method
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model
construction

—mobility model—

of which can be referred to in Sections 2.3.2 and 2.3.3. For qualitative analysis, the visual
experience analysis and public space analysis are involved. The workflow for quantitative
assessment and qualitative analysis of generative design proposals is illustrated in Figure 5.

Quantitative evaluation

generative urban design and qualitative analysis

|
| I
| I
| I
[ I
: quantitative analysis :
! height-to-width ratios |
| 1
e,
....................... O i — B | | R |
i 1 ! i i i ;
——oenerative model— | generative urban 1 i street networks, blocks and | ! % 2 ! s S '
& | i Aeilin propossis :'—; o :‘—‘: public space extraction :‘—f—l—/‘, building : |
| T——— | SRS, VNN, [ """""" || ------------------ |
____________ I !
| I |
| qualitative analysis | |I |
|
I : shape and size : | | I
| A 11 |
_____________ 1, I
mobility simulation | |
R e !
AAAAAAAAAAAAAAAAAAAAAAA PRI, P s | i
) | ion of data and | ! - | score calculation |

based on indicators | |

input parameters quantitative analysis

amenity type walk score

I
|
[
| |
|
|1 building height amenity score
|

Figure 5. The workflow for quantitative assessment and qualitative analysis of generative design
proposals.

3. Case Study
3.1. Assessment of the Study Area

Carnegie is a major activity center in the City of Glen Eira, an inner suburb precinct
located in Melbourne, Victoria. Due to the rapid growth of the population, the local govern-
ment started a new planning process that aims to accommodate the growing population,
while promoting new and sustainable development. One of the vital decisions was to
direct population growth to areas near public transportation, and to transform these areas
into mix-used, high-density, and walkable neighborhoods. The area within 1/4 miles of
Carnegie station is selected as the study area, and an urban renewal site is identified as the
site for the computational generation of design proposals (Figure 6).

First, the walkability of the study area is examined. The average walk score in the study
area is calculated as 57.3, which indicates that there is still much room for improvement in
local walkability. As can be seen from Figure 3, amenities in the area are clustered along the
central axis, and the number gradually decreases as the distance from the station increases.
Poor road connections in the northwest may affect accessibility to amenities. The hypothesis
is, therefore, formulated that poor street connectivity and the uneven distribution pattern
of amenities account for the unsatisfactory low walk score. Second, the average amenity
scores, amenity hits, and street hits in the study area are calculated. Figure 7a shows the
average amenity scores of the study area by amenity type. It can be found that the score
of each amenity type is greater than zero. This reveals that the number of these six types
of amenities available in the area is already sufficient to meet the needs of the residents.
Therefore, there is no need to add more counterparts of the same type to the renewal
site. Figure 7b visualizes the street hits and amenity hits in the study area. The darker
the color, the higher the activeness of the street segments or amenities. It can be noticed
that the renewal site features low street vitality and amenity occupancy, further validating
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the previous assumptions on walkability. This informs the designers to enhance street
connectivity within the site.
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within a radius of 1/4 mile around Carnegie station
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Figure 6. Profile of the study area.
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Figure 7. (a) Average amenity scores of the study area by amenity type; (b) The activeness of streets

and amenities in the study area.

According to the principles of good urban design in TODs, public spaces, such as
streets and parks, need to be designed to increase their attractiveness to residents through
a diversity of visual experiences. To explore the visual experiences of the existing built
environment, a street segment adjacent to the renewal site is selected, with the shape and
area of isovists being measured (Figure 8). It can be seen that there is a significant visual
change from point A to B, with the view gradually opening up. This indicates that the
present public space is visually attractive.

Further, the height-to-street width ratios (H/W) of the street-facing buildings in the
renewal site are measured and recorded in Figure 9. All of these ratios are in the range of
1:1 to 1:3, indicating that the current public space is considered comfortable for pedestrians

and has a sense of enclosure.
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(a) The shape of isovists from point A to B

60,000m? 1
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(b) the area of isovists from point A to B

Figure 8. Visual experience analysis of the renewal site.
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Figure 9. The height-to-street width ratios of the street-facing buildings in the renewal site (The x-axis
represents, from left to right, the height-to-width ratio of the buildings passing from point A to B).

3.2. Generative Urban Design Proposals

The context assessment of the renewal site informs the creation and selection process
of generative design solutions. According to the assessment results, the main issue of
the renewal site is the underutilization of amenities and streets. This can be improved
by increasing the number and type of amenities and changing the form of the road net-
work. Regarding amenities, providing residents with a wealth of activities is not only a
requirement of the TOD principles but also a practical necessity in Carnegie. According
to the government report of Glen Eira activity centers [50], the survey on local amenities
shows that 72 percent of residents want new retails and say they are overwhelmed by too
many restaurants. Three types of amenities (butchers, newsagents, and bookstores) are
most in demand by residents—accounting for 50 percent of the total population. Therefore,
these three types are added to the generative schemes. After 25 iteration experiments,
a total of 150 schemes are generated, of which ten representative schemes are selected.
Compared with the original state, new design solutions need to enhance the walkability
of the area with amenities that better meet the needs of the residents. As a result, design
solutions with higher average walk scores and lower amenity scores are chosen. From
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these design alternatives, the experts select ten satisfactory options that can be further
developed in terms of building forms, street patterns, and interesting public spaces. The
input parameters of ten representative urban design proposals are recorded in Table 4.

Table 4. Input parameters of 10 representative urban design proposals.

i’?;:rtne ters Proposal 1 Proposal 2 Proposal 3 Proposal 4 Proposal 5
MDist 50 50 50 30 30

MA 4 4 4 4 4

RA 10 10 10 10 10

TD 5 5 5 5 5
RndS 2 1 5 5 6

BT bl bl bl bl bl
Blen 80 80 80 80 80
Bdep default = 15 default = 15 default = 15 default = 15 default = 15
FAR 3 3 5 5 5
Orientation 3.14 3.14 3.14 3.14 3.14
}I)I;Ir):r:\e ters Proposal 6 Proposal 7 Proposal 8 Proposal 9 Proposal 10
MDist 20 20 20 20 20

MA 4 4 4 4 4

RA 10 10 10 10 10

TD 5 5 5 5 5
RndS 3 5 2 2 6

BT bl ™w bl ™w bl
Blen 80 default = 25 80 default = 25 80
Bdep default = 15 default = 15 default = 15 default = 15 default = 15
FAR 3 3 3 3 3
Orientation 3.14 3.14 3.14 3.14 3.14

“bl” for block building. “rw” for row building.

4. Results and Discussion

To understand the role of generative urban design in facilitating transit-oriented
development, this evaluation framework examines design solutions from the following
five perspectives.

4.1. Walkability Assessment

This framework both quantifies the average walk score of the study area and visualizes
the walk score of the housing units within the area (Figure 10). The average walk score rep-
resents the walkability of the studied TOD area, which allows designers to understand the
impact of their solutions on the entire region. Of the ten scenarios, proposal 1 (average walk
score = 95.8) and proposal 7 (average walk score = 95.1) provide the greatest enhancements
to regional walkability. The walk score of the housing units, on the other hand, emphasizes
the equity of walkability in the region. Even in areas with high walkability, there may
exist households with poor walkability. While the overall walkability of the study area in
Proposal 1 is higher, the variation is smaller in Proposal 7. This requires urban designers
and urban planners to make trade-offs and think about improvements.
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proposal 1
MinDist=50, FAR=3.0

proposal 2
MinDist=50, FAR=3.0

proposal 3
MinDist=50, FAR=5.0

proposal 4
MinDist=30, FAR=5.0

proposal 5
MinDist=30, FAR=5.0
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Average walk score of the study area=95.8

Average walk score of the study area=92.7

Average walk score of the study area=90.3

Average walk score of the study area=94.4

Average walk score of the study area=93.8

proposal 6
MinDist=20, building_length=80

proposal 7
MinDist=20, building_length=80

proposal 8
MinDist=20, building_length=80

proposal 9
MinDist=20, building_length=25

proposal 10
MinDist=20, building_length=80

Average walk score of the study area=90.7
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Average walk score of the study area=95.1 Average walk score of the study area=93.1 Average walk score of the study area=93.4 | Average walk score of the study area=91.7

Figure 10. Walk scores of 10 representative urban design proposals.

4.2. Amenity Assessment

According to the results of the amenity assessment (Table 5), Proposal 8 has the smallest
amenity score among all options, meaning that it has the most reasonable configuration
of amenities. The ten design scenarios are generated based on the same type (butchers,
newsagents, and bookstores) and number (a total of five) of amenities, but yield different
amenity scores. A possible explanation for this is the building density, location of amenities,
and street network patterns vary in these design scenarios. In light of the trip-sending
simulation process, the building-level population and the degree of connectivity of the
street network determine the number of visitors to each amenity. In Urbano’s algorithm, the
building height is a determinant of the building-level population. The amenity assessment
enables designers to understand how different aspects of their design (building height,
location of amenities, and road network patterns) can impact the relationship between
supply and demand for local amenities.

Table 5. Average amenity scores of 10 representative urban design proposals.

Proposall  Proposal2  Proposal3  Proposal4  Proposal 5
Average 50.1 48.1 76.7 68.3 59.3
amenity scores

Proposal 6  Proposal7  Proposal8  Proposal9  Proposal 10
Average 50.2 62.5 38.6 413 52.1

amenity scores

4.3. Height-to-Street Width Ratio Assessment

Figure 11 shows the height-to-street width ratios of buildings in 10 representative
urban design proposals. It can be found that the ratio is more than 1:1 for all proposals
except Proposals 1, 6, and 9, where H/W is basically between 1:1 and 1:3. This can be
explained in two aspects. The first is that TOD promotes an increase in building density
(floor area ratio). This is directly reflected in an increase in building heights. Secondly,
the DecodingSpaces workflow leads to the uncertainty of the building heights, since it is
difficult for designers to manually assign building height values when a large number of
buildings are generated automatically. According to the algorithm of computational design
generation, the building height is determined by the FAR value and building footprint. The
building footprint is influenced by the buildable area in each plot, which has a tendency
to be random. This reflects that the generative design is not yet ideal in terms of height
control for building mass generation. Based on the results of the height-to-street width
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ratio assessment, it can be inferred that H/W tends to be desirable when the FAR is less
than or equal to 3 in the TOD design.
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Figure 11. Height-to-street width ratios of buildings in 10 representative urban design proposals (The
x-axis represents, from left to right, the height-to-width ratio of the buildings passing from point A to B).

4.4. Visual Experience Analysis

The visual experience is difficult to measure directly through metrics, so the evaluation
framework incorporates qualitative analysis regarding residents’ visual experiences, which
is to use the variation in isovist areas to help urban designers understand the impact of
their solutions on the visual experience of residents as they walk in public spaces. The
same path as the context assessment (from point A to B) is selected for analysis. Figure 12
shows a variety of visual experiences of ten representative design proposals, which can
be mainly divided into two categories—the field of vision that gradually becomes smaller
(Proposal 2,5,6,7,8,9,10), and the field of vision with few changes (Proposal 1,3,4,5). There
are no good or bad criteria for evaluating the changes in visual experience. Designers can
make trade-offs depending on the atmosphere they want to create in the public spaces.

60.000m 60,000 0 60,000 60,000 60,000m
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. s6000m L 36000 e
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proposal 6 proposal 7 proposal 8 proposal 9 proposal 10

Figure 12. The area of isovist from point A to B in 10 representative urban design proposals.

4.5. Public Space Analysis

As suggested in the assessment methods (Section 2.1), there is no specific standard
for deciding the size and shape of public space. It depends on many factors, such as
citizen preferences, local context, aesthetics, etc [38]. The 3D model can be used as a tool
to assist the designers in decision-making. For the selection of public spaces in these ten
proposals (Figure 13), the experts have given some suggestions. First, since the renovation
site contains a variety of retail stores, the large public spaces near the street can be more
attractive to visitors than scattered small public spaces. In addition, the public spaces that
are located on the main axis can create a certain sense of sequence. Therefore, the public
spaces in Proposals 3 and 8 are considered to be suitable choices.
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Figure 13. The public spaces in 10 representative urban design proposals.

4.6. Comprehensive Analysis

Taking into account the five aspects of the evaluation framework, Proposal 1 seems
to be the optimal choice. However, this by no means indicates that it is flawless. Almost
all the generative scenarios produced irregular building forms and undesirable building
sizes in 25 iterations, which requires the designers to make further adjustments. The
deficit suggests that although the smart algorithm is informative and powerful during
the conceptual design stage, the intervention and engagement of experienced designers
should not be overlooked. It also verifies two arguments made earlier in this paper: when
considering generative urban design, one cannot focus on the road network alone and
ignore other essential factors, such as the building layouts, and one cannot rely entirely on
algorithms for design generation.

4.7. Strengths and Limitations of the Evaluation Framework

To the best of our knowledge, this is the first comprehensive framework that trans-
lates urban design recommendations for TOD into an evaluation methodology that utilizes
both data feedback and experts’ experience to guide designers in their selection of options.
Affirmatively, a relatively satisfactory proposal can be selected using this framework. The
advantages of this framework are demonstrated in two aspects. Firstly, the computational
design generation has been notoriously hard to interpret [25], which hindered its application
in real-world problems. This framework contributes to the interpretability of computational
generative urban design by providing useful explanations of generative design solutions
(in terms of walkability, amenity accessibility, open space creation, visual experience, and
hight-to-width ratio) to help designers understand their potential in TOD design. Secondly,
the shortcomings of the optimization methods in the generative urban design proposed by
previous studies are enhanced by the qualitative analysis methods and the intervention of
experts’ experience. At the same time, the framework avoids the disadvantages of completely
subjective decisions by designers (with no optimization objectives and decision criteria).

However, this assessment framework still has some areas that could be improved.
On the one hand, safety as an important aspect of TOD design is not included in this
framework due to the lack of a suitable evaluation method. On the other hand, because of
the introduction of qualitative analysis in the framework, the various dimensions cannot be
weighed in the assessment process by simply applying weights or other methods. Further
research could usefully explore in terms of these two limitations.
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5. Conclusions

Good urban design can play an important role in promoting TOD, and the enlight-
ening and objective-based optimization capabilities of computational urban design bring
new opportunities for city designers to realize good urban design. To help them better
understand the role of generative urban design in TOD, this study proposes a novel evalua-
tion framework that aims to assess and explain the use of generative design in TOD. The
findings of the evaluation process emerge from five aspects. With regard to the walkability
assessment, the walk score metric succeeds in allowing designers to filter out the generative
design options that contribute the most to the walkability of a TOD area. However, consid-
ering the equity of walkability, designers and planners need to make further trade-offs. The
amenity assessment clarifies that building heights, street network patterns, and amenity
locations in generative design can influence the supply and demand for amenities in TOD
areas. The height-to-street width ratio assessment points out the defects of generative
design, i.e., the randomness of building generation and the difficulty of controlling building
heights. For visual experience analysis, it is concluded that the impact of generative design
on people’s visual experience is difficult to quantify and there is no fixed standard. The
designer’s experience needs to be involved in the analysis. Regarding public space analysis,
it is suggested in the literature that the shape and size of public spaces are determined by
a variety of factors. Taking expert advice is the most effective way to make decisions in
public space design. By combining the results of the five evaluations, a suitable design
solution can be derived. In general, the evidence from this study strengthens the idea that
neither experts” judgment (e.g., qualitative analysis, manipulation of architectural form
and scale) nor quantitative metrics can be absent in the evaluation process of generative
urban design solutions.

The contribution of this study is two-fold. First of all, the study proposes the first
comprehensive framework that transforms TOD urban design guidelines into an evaluation
approach to assist designers in making decisions. Second, by offering helpful explanations
of generative design solutions, the study contributes to the interpretability of computational
generative urban design and enables designers to recognize the potential of these solutions
in TOD design. Nevertheless, there is room for improvement in this framework. It could
benefit from further exploration of integrating the safety evaluation into the assessment
framework, as well as balancing quantitative and qualitative evaluations. In addition, the
method for analyzing the size and shape of public space can be further improved.
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