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Abstract: Today, suburban areas are home to an ever-increasing majority of the global population.
Models indicate that the next generation of US metropolitan growth will rapidly continue outside of
urban cores, where car-based development patterns have served as the dominant paradigm for more
than a century. With the emergence of autonomous mobility technologies and services, the suburbs
of the future offer key opportunities to tackle pressing environmental challenges, such as significant
GHG emissions from private vehicle trips, underutilized and fragmented landscape spaces, and a high
proportion of impervious surfaces. To leverage this opportunity, our research team employed a novel
scenario-based parametric modeling framework to generate and optimize suburban land use patterns
and block configurations that leverage autonomous mobility to optimize environmental performance
and accessibility metrics. The framework performed through our project, NOGAS (Next Optimized
Generation of Autonomous Suburbs), consists of five key parametric modules and a heuristic design
process covering various planning and design decision-making stages including scenario generation,
analysis, optimization, and visualization. It is the first of its kind tailored for suburban settings
with emerging mobility systems, which, more importantly, prioritizes landscape performance and
accessibility over the traditional automobile-centric approach in suburban development. One of the
most significant findings from this research is that substantial enhancements to a neighborhood’s
environmental performance and overall accessibility can be achieved by modifying existing suburban
land use patterns and individual block configurations, without the necessity of increasing density.
The results of the framework further suggest that a strategic atomized land use scheme, combined
with an innovative clustered block typology, is favored for the anticipated widespread adoption of
autonomous mobility systems and improved environmental performance. The innovative methods
and findings introduced in this research illuminate an alternative approach to sustainable suburban
development, offering valuable insights for city planners and developers to shape future suburban
master plans, zoning regulations, and design guidelines.

Keywords: suburban expansion; sustainable development; environmental performance; autonomous
mobility; parametric urban design

1. Introduction
1.1. Environmental Opportunities in the Suburbs of Today and Tomorrow

Although often castigated as environmental disasters [1–6], suburban areas offer an
abundance of opportunities for expanding ecosystem services, including habitat, biodiver-
sity, hydrology, and carbon sequestration, at the metropolitan scale. For instance, urban
ecologists have found that biodiversity, understood as the richness of species, is most
pronounced in suburban settings [7]. Similar results have been found with various pollina-
tors and birds [8,9]. Ecologist Robert Blair, who has studied avian biodiversity in urban,
suburban, and rural settings, found that suburban sites have the highest levels of species
richness when compared to both urban and rural sites [10].
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Research also shows the environmental significance of residential landscape design
choices and planting patterns in suburban areas. For instance, with current design and
maintenance practices, suburban lawns account for a major portion of the urban watershed
nitrogen budget [11]. However, redesigned suburban landscapes with mature trees, shrubs,
undisturbed soil, and swaths of land with vegetative litter left in place are likely to sequester
more atmospheric carbon [12,13]. One of the most important opportunities for increasing
the environmental performance of suburban areas has to do with the size and quantity
of leftover landscape surfaces in these areas. In suburban areas, the abundance of these
landscapes, coming with potential redistribution opportunities for enhanced continuity,
presents a distinct advantage for promoting crucial ecological functions and boosting
landscape system services in ways that the urban core could never achieve [14].

In the near future, the adoption of emergent transportation technology such as au-
tonomous electric vehicles (AEVs), micro-mobility, and mobility as a service (MaaS) [15]
presents a generational opportunity to reorganize suburban development patterns and
roadways for massive new gains in environmental benefits. By redesigning infrastructure
to prioritize connected autonomous vehicle fleets and ride-hailing services over privately
owned vehicles, substantial reductions in street widths become feasible [16]. The space
needed for parking lots can be reduced by an average of 62 percent, thanks to the sig-
nificantly smaller parking footprint of self-parking cars [17], while dedicated curbside
parking can be supplanted by more efficient pickup and drop-off zones [18]. With the
adoption of MaaS, the demand for private cars can be significantly reduced as well [19], and
thus garages and driveways can be eliminated or repurposed to support other programs,
like home offices and gardens. In addition, through the reorganization of traditionally
fragmented and underutilized landscape buffers, as well as the enormous potential to
reduce impervious surfaces and paving, it becomes possible to create a more contiguous
collection of higher-performing landscape spaces inside suburban neighborhoods. This can
not only enhance ecological performance but also provide ample room for a diverse range
of activities, maximizing the block’s functionality and livability.

1.2. Historic Car-Based Suburban Expansion and Its Consequences

Historically, suburbs did not develop with these environmental performance objectives
in mind. Using the US as a geographic example, car-based suburban expansion has been
the dominant model of metropolitan growth for a century (Figure 1).

Cities first passed land use regulations beginning in the early 1900s, as new building
forms, like skyscrapers, elicited responses from citizens about their impacts on light and
street presence. The 1924 Standardized State Zoning Enabling Act (SZEA) expanded and
further standardized this power, granting broad regulatory oversight of local land use to
municipalities [20]. In 1926, the supreme court case Village of Euclid vs. Ambler Realty
Co. codified the most common form of local land use control found in new suburban
development [21]. Euclidean zoning, named after the case, allowed municipalities to
divide communities into districts or zones that each allowed a single type of land use, such
as single-family residential, multifamily residential, commercial, industrial, etc., and set
parameters for block configurations, including minimum lot sizes, density limits, setbacks
and massing requirements [22]. During this era, the rise of the automobile marked a
paradigm shift in the way people traveled and perceived distance. From a planning
standpoint, the car was the missing link between town and country and enabled dispersion
of different uses from the city center. As an illustrative example, Checkoway describes how,
by the 1920s, the widespread adoption of trucks enabled factories in the Philadelphia metro
area to relocate to suburban locations [23]. This trend of jobs and residential relocations
was further fueled by the growing prevalence of telecommuting [24,25].

The increasingly dynamic feedback loop between zoning policies and technologies
progressively influenced people’s travel behavior, subsequently bolstering governmental
initiatives in favor of car-based suburban development. As the number of registered
automobiles in the country ballooned almost exponentially—with approximately 1 million
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registered vehicles in 1913, 32 million in 1940, 108 million by 1970, 221 million by 2000, and
275 million by 2020 [26]—governments at all scales organized to lay down roads, highways,
and bridges. The passage of the 1956 Federal-aid Highway Act, the largest public works
project in American history, cast this proclivity toward an auto-oriented transportation
network into concrete, as the federal government agreed to back 90 percent of the funding
for municipalities to build new highways [27]. Gone were the days of the walking city;
rather, car-based development, which has become the paradigm for suburban expansion,
was designed with the driver in mind, with wide roads, garages, and carports becoming
standard residential features, and parking saturating commercial and public places [28].
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The proliferation of the automobile, coupled with favorable governmental policies,
served as the foundation for car-based suburban expansion. As a result, the changing travel
patterns between suburbs and urban cores have contributed to the solidification of car-
based travel behavior among suburban residents. The concept of the encapsulated garden
city characterized by distinct nodes has evolved into a paradigm of extensive polycentric
urbanization, an occurrence initially examined by Jean Gottmann in his seminal 1961 work
Megalopolis: The Urbanized Northeastern Seaboard of the United States [29]. Contemporary
suburbanization exhibits a diminished tether to the urban core, with predominant growth
regions consisting of multiple employment centers and commercial development [30].
Currently, intra-suburban trips (suburb-to-suburb commutes) outnumber metropolitan
commutes to central business districts in the US by a factor of more than two [31]. In
this new model, the prevailing transit infrastructure, traditionally designed to facilitate
commuting between urban cores and suburban regions, fails to adequately cater to the
mobility demands of contemporary suburban workers [32,33]. Simultaneously, as indicated
by the criteria from previous studies, the economic viability of establishing a new high-
frequency transit system between sparsely populated suburban areas is constrained by the
dearth of potential users [34,35]. Consequently, in the American suburban landscape, the
automobile reigns supreme and is anticipated to maintain its dominance. According to the
latest National Household Travel Survey, more than 93 percent of US households own at
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least one car [36]. Conversely, per the 2019 census Journey-to-Work survey, a mere 5 percent
of the U.S. working population utilized public transit for their daily commutes [37].

Reflecting on today’s awareness of climate change, one major consequence of car-based
development patterns is a larger carbon footprint due to an increased dependency on fossil
fuels [38]. Each household in the United States makes an average of 5.1 vehicular trips per
day, with the majority (65 percent) of these trips dedicated to shopping, running errands,
and engaging in social or recreational activities [36]. According to the Environmental
Protection Agency (EPA), transportation is the largest single source of greenhouse gases
in the US, and nearly 60 percent of those emissions come from the country’s millions of
passenger cars, SUVs, and pickup trucks [39].

1.3. The Significance of Suburbs and Potential of Autonomous Mobility

These issues are particularly significant given the current rate of suburban growth.
Today, 55 percent of the world’s population lives in urban areas, which are largely defined
by vast suburb fields outside small downtown cores. This number is expected to increase to
as much as 68 percent by 2050 [40]. A steadily increasing urban population intensifies the
reliance on surrounding areas to provide essential environmental resources and ecosystem
services vital for sustaining adjacent high-density population hubs because most cities
rely heavily on imported resources to sustain dense populations in the urban core [41].
Furthermore, the vast majority of people are moving to urban areas not to inhabit their
centers but to suburbanize their peripheries [42]. Studies indicate that the next generation
of metropolitan growth will rapidly continue outside of urban cores [43,44].

This trend holds when looking at development patterns in the United States. Accord-
ing to the American Housing Survey (2017) of nearly 76,000 households nationwide, about
52 percent of people in the United States describe their neighborhoods as suburban [45].
Moreover, 70 percent of US workers from metropolitan areas now live and work in the
suburbs [46]. As population, production, and jobs continue to head toward the periphery,
it is here that planners and designers can innovate new forms and environmental solutions
to the growth challenge, particularly around carbon-based transportation.

Due to the increasing significance of the suburbs, planners and politicians have looked
for ways to mitigate the negative externalities of car dependency in these areas. One
common approach to this challenge is to increase the density of existing inner suburban
neighborhoods by introducing housing around transit hubs to boost ridership and en-
courage residents to forgo car ownership [47,48]. However, numerous studies show that
residential density in suburban settings does not have a direct impact on local transporta-
tion choices [49,50]. Furthermore, in the public sector, not only has increasing density
within established communities been met with various resistance, such as the NIMBY
movement [51], but baby boomers, who now make up 39% of home buyers [52], show
a clear preference for single-family homes over other housing types, as reported by the
NAHB [53].

Meanwhile, for the majority of the US population, commuting without an automobile
is scarcely appealing, particularly in the wake of the COVID-19 crisis, as individuals seek
safer and more private means of transportation [54]. Therefore, it is almost predictable
that simply adding density or up-zoning may have a very limited impact on changing
suburban travel patterns in the near future. Moreover, the “middle neighborhood” or
up-zoning strategy itself is not harmless or an easy-to-achieve success. Without careful
decision-making, the “middle neighborhood” development may neglect considerations
of existing infrastructure, destroy the neighborhood’s social fabric, and ultimately lead to
gentrification [55–57].

In this context, the emergence of new mobility technologies and services, including
AEVs, micro-mobility, and Mobility as a Service (MaaS), presents untapped possibilities for
addressing car dependency while unlocking the potential environmental benefits inherent
in suburban areas. According to a report from the transportation research board, “The world
is on the cusp of three revolutions in transportation: vehicle electrification, automation, and
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sharing of vehicle trips. Separately or together, these revolutions will fundamentally change
urban transportation around the world over the next few decades [58]”. Hundreds of
companies have begun rolling out various forms of driverless technology along with rapid
advancements in micro-mobility offerings and shared mobility services. Cumulatively,
these investments have surpassed USD 200 billion, as revealed in public disclosures [59].

Technological innovations including advanced sensors, artificial intelligence, and
enhanced user interfaces have brought a slew of operational and environmental benefits,
including higher energy efficiency [60], lower operational costs [61], less idle time [62],
and so forth. Still, the second- and third-order effects of new mobility technologies, which
are more likely to benefit the suburban areas, outside the reaches of established mass-
transit systems where personal vehicular transport is the most ubiquitous, may be of even
greater consequence. Arguably, based on the advanced features of autonomous mobility, its
implementation could enhance the environmental performance of existing suburban areas.

However, technology itself is not the silver bullet. Drawing on a comprehensive body
of research examining the potential impact of autonomous mobility systems on future ur-
ban development, it becomes evident that the realization of an ideal suburban development
scenario through appropriate planning and design paradigms leads to more sustainable
results. These results, in turn, hold promising prospects for addressing challenges related
to greenhouse gas (GHG) emissions [63,64], land use efficiency [65], operational costs [66],
pedestrian safety [67], and other pertinent environmental factors [68]. Adopting a tech-
nocentric approach can only result in solutions that fall short of achieving sustainable
objectives due to a lack of comprehensive thinking. Furthermore, the introduction of
autonomous vehicles, without appropriate policy measures in place, has the potential to
increase both car ownership and miles traveled, rather than curbing them as intended [69].

1.4. Pre-Adapting Future Suburban Development through Urban Planning and Design

Based on all constraints, the main research gap filled by this research is that very few
studies are suitable for influencing the design of autonomous mobility systems in suburban
areas with a focus on environmental performance. This research is aimed at supporting
urban planners and designers, who will have unprecedented opportunities for reinventing
the suburbs of the future through new approaches to zoning, land use planning, and urban
design that effectively anticipate the impacts of new autonomous mobility innovations.

The result of this research is NOGAS—a parametric design framework [70] developed
in the P-REX Lab at MIT to help planners and designers effectively usher in an innova-
tive suburban development paradigm that prioritizes environmental performance targets
without compromising traditional engineering goals with neighborhood and block infras-
tructures. The NOGAS framework is specifically developed for greenfield development
in suburban areas. Compared to the multifaceted challenges of retrofitting existing inner
suburbs, greenfield developments typically follow similar procedures and goals. This
consistency increases the reliability of applying the NOGAS framework in various contexts
without extensive customization.

One important assumption of NOGAS is that autonomous mobility systems will be-
come ubiquitous in future suburban areas. The autonomous mobility systems we refer to
throughout this research are imagined as a collective bundle that not only encompasses
new mobility technology and services, such as AEVs, (autonomous) micro-mobility, and
(autonomous) MaaS systems, among others, but also incorporates a set of spatial elements
that are either newly proposed or retrofitted through innovative planning, design, and pol-
icy solutions, which are essential to achieve an optimized operational environment for the
future implementation of these new mobility technologies and services. We acknowledge
that reaching ubiquity is a paradigm shift in transportation and lifestyle that will require
significant structural change.
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1.5. The Study Site—Northridge, McKinney, TX

To test the utility of our parametric design framework, we worked with the City of
McKinney, Texas1, to find sites for exploring scenarios to help inform planning and urban
design decision-making over the next 20 years in tandem with emergent autonomous mo-
bility systems at two distinct scales: the district scale and block scale. The city’s 2040 vision
plan (hereinafter, 2040 plan [71]) was used to establish baseline conditions from which the
effectiveness of proposed outcomes could be measured. The design issues, assumptions,
and objectives of each scale are outlined as follows:

• At the district scale, the parametric design framework was used to explore potential
spatial relationships between different land uses within the context of a widespread
autonomous mobility system. The predetermined objectives for these new land use
configurations were to increase access to a more distributed array of commercial and
recreational amenities.

• At the block scale, the parametric design framework was used to experiment with
various block configurations. These configurations were developed to respond to
opportunities related to the adoption of an autonomous mobility system, such as
narrower vehicular rights-of-way or more distributed multi-modal mobility hubs. The
predetermined objectives for these optimized block configurations were to achieve
improved accessibility, reduce impervious surfaces, and achieve more contiguous
inner-block landscape space.

McKinney has experienced rapid population growth during the past three decades.
From 1990 to 2022, the city’s total population grew from 21,283 to 206,654 [72]. In order to
accommodate this growth McKinney created a 2040 vision plan in which unincorporated
areas slated for annexation along the edges of McKinney provide a generalized framework
for the future of suburban development broadly. According to the 2040 plan, more than
50 percent of the total undeveloped area is slated for single-family land uses, with the
rest mostly allocated to low-lying riparian corridors and other hard-to-develop parklands
(about 20 percent) along with a few small clusters earmarked for potential employment
centers and commercial districts (less than 10 percent) [71].

Northridge district, which is designated as a residential area for one-third of the city’s
projected new population, is located in the northwest sector of McKinney. Zooming into
the portion of the Northridge district, it is clear that the city’s vision plan presupposes the
addition of many more car-dependent neighborhoods (Figure 2). The district plan calls
for mostly (80 percent) single-family residential land uses with lot sizes ranging from a
half-acre to two acres. Neighborhood commercial development is planned, including small
freestanding buildings located almost exclusively at major arterial intersections.

As shown in Figure 2 (the area within the red-bordered square), the selected study site
is situated in the northeast corner of the Northridge district. This area encompasses four
predominant land uses found in American suburbs: suburban living, estate residential,
neighborhood commercial, and landscape space. By applying our framework to these
prevalent land uses, we aim to demonstrate the potential adaptability of the NOGAS
framework across various suburban contexts.

As planned, the selected site would largely repeat the typical car-based suburban
expansion pattern, which we have already taken a critical position on, producing an
inequitable and inadequate distribution of public open space with nearly 60 percent of the
total expected population situated outside of a five-minute park walkshed. Furthermore,
only 25 percent of households would have walkable access to commercial amenities,
further reinforcing vehicle dependency, even for relatively short trips—once again putting
a disproportionate burden on working-class households and residents with disabilities.
Under this planning scenario, the absence of adequate access to amenities will be very
likely to lead to a large number of vehicle trips and VMT. The findings also suggest that
if new development followed the protocols and standards of existing suburban forms,
a substantial portion of land within the study area would be designated for impervious
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surfaces, landscape buffers, or private yards with minimal provision of ecosystem services.
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The most significant finding from this research is that a collective bundle of au-
tonomous mobility technologies combined with modifications to traditional suburban
land use patterns and block configurations can have significant impacts on a community’s
environmental performance, capacity for integrating new forms of mobility, and overall
accessibility, without the necessity of increasing density.

The subsequent section provides a comprehensive introduction to the proposed para-
metric design framework, elucidating its intricacies and functions. In the third section,
a case study is presented to showcase the practical application of the proposed design
framework within a real-world setting. In the end, design interpretations derived from the
model outputs are discussed, followed by a conclusion.

2. Materials and Methods
2.1. A Heuristic Parametric Design Framework—NOGAS

Extensive research has shown that under ideal conditions, autonomous mobility
systems have various positive impacts on development, while several studies have also
highlighted that in the absence of appropriate regulations and designs, widespread imple-
mentation of autonomous mobility systems could have adverse effects [73,74]. Therefore,
the implementation of new mobility technologies alone will not lead us toward a more
sustainable future. To fully capitalize on the advantages of autonomous mobility, it is
imperative that communities simultaneously adopt new approaches to development with
specific objectives, such as prioritizing landscape performance and environmental services.

A crucial challenge encountered in the pursuit of a new suburban development
paradigm lies in effectively reconciling divergent development objectives sought through
such transformation, which further involves a large amount of design iterations. Em-
ploying conventional design methods to conduct numerous design iterations, even with
assistance from computer-aided software, can be excessively time-consuming and resource-
intensive [75]. However, design approaches that include generative and parametric features
increase designers’ ability to explore wider sets of potential solutions [76].

In this context, a significant body of research has been dedicated to exploring the
potential role of computational algorithms in establishing more efficient and accurate design
workflows. These research efforts encompass various design stages, including design
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generation, pre-/post-design analysis, and design optimization. Moreover, they cover a
wide range of design topics, such as land use allocation [77], transportation planning [78],
building structure optimization [79], and more [80,81].

An increasing number of studies have attempted to develop a parametric design
framework with computational optimization techniques at various scales (Table 1). How-
ever, very few of them are suitable for influencing the design of autonomous mobility
systems in suburban areas with a focus on environmental performance.

To fill this gap, a toolkit has been developed as a part of the NOGAS framework
(Figure 3) to execute several key functions. Firstly, it can generate design scenarios by
considering input parameters and predefined design logic. As the input parameters are
altered, the generated scenarios will adapt accordingly. The performance of these scenarios
can be assessed using predefined targets, which are formulated based on specific design
objectives. The toolkit also has the ability to optimize input parameters in order to enhance
performance. Lastly, the toolkit can be used to analyze key performance metrics across all
generated scenarios and provides analytic graphs, which aids designers in comprehending
the quantitative costs and benefits associated with each scenario with respect to various
design objectives. In this research, the process of assessing and evaluating the costs and
benefits of a given scenario, with the aim of ultimately selecting the optimized option, is
referred to as trade-off analysis.
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Table 1. A literature review on parametric design research with optimization techniques.

Land Use Allocation
Optimization
Reference

Planning and Design
Context Planning and Design Scales Main Optimization Algorithm Planning and Design Objectives Operation Environment

Urban Suburb Rural Regional City District Block Linear
Optimization

Genetic
Algorithm

Particle
Swarm

Optimization
Ant Colony

Optimization
Simulated
Annealing

Economic
Performance

Environmental
Performance

Mobility
Access

GIS
Platform

and
Coding

Rhinoceros/
Grasshopper

Based
Platform

Berawi et al.
(2020) [82] • • • •
Cao et al.
(2012) [83] • • • • • • •
Caparros-Midwood et al.
(2015) [84] • • • • • •
Eikelboom et al.
(2015) [85] • • • • •
Haque and Asami
(2014) [86] • • • •
Janssen et al. (2008) [87] • • • • •
Koenig et al.
(2020) [88] • • • •
Li and Parrott
(2016) [89] • • • • • • • •
Liu et al.
(2012) [90] • • • • • • •
Liu et al.
(2013) [91] • • • • • • •
Liu et al.
(2015) [92] • • • • • • • •
Makki et al.
(2019) [93] • • • • •
Mi et al.
(2015) [94] • • • • • • • •
Mohammadi et al.
(2016) [95] • • • • • • •
Porta et al.
(2013) [75] • • • • • • •
Sante et al.
(2016) [96] • • • • • • •
Sharmin et al.
(2019) [97] • • • • •
Stewart and Janssen
(2014) [98] • • • • •
Zhang et al.
(2016) [99] • • • • • • • •
This research • • • • • • •

• This symbol indicates that the paper contains relevant topics.
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Trade-off analysis is a central tenet of our research that is trying to address a multi-
objective issue. In the context of land use planning and urban design, different objectives
can be at odds with one another [100,101]. This means that as the performance factor
of one design objective is increased, the performance factor of another design objective
may be decreased due to their associative relationships. The theoretical trade-off point
is represented by the equilibrium at which both performance objectives achieve their
highest level possible given these associations. However, in reality, the trade-off point
is also determined by many other factors, such as feedback from end users, particular
governmental regulations, market trends, and more.

Another integral aspect of this modeling workflow is its adoption of a heuristic
architecture. By heuristic, we mean the proposed parametric workflow is designated to
provide quantitative and spatial information for early-stage planning and design decision-
making. For this purpose, the outputs from the model, as suggested by previous research,
are more suitable for starting the exploratory design process rather than offering a final
design product [102]. The outputs serve as valuable references, insights, and sources of
inspiration for planners and designers to develop a more comprehensive understanding of
diverse future conditions. The ultimate design scheme can then emerge from an integrated
consideration of the insights gleaned from the model, as well as other external factors.

2.2. Key Modules

To realize the proposed parametric design framework toward generating scenarios
that are not only customized for autonomous mobility transformation in suburban contexts
but also exhibit optimal sustainability performance, a series of models were developed
utilizing Rhinoceros 3D (Rhino3D) and Grasshopper (GH)2. A cluster of models that serve
a similar purpose constitutes a module. In total, the toolkit of the NOGAS framework
contains five key modules. These five modules are presented in sequential order:

1. Data configuration module: This module provides users with the capability to set
or input parameters in multiple formats. Some of these parameters are associated
with the generation of design scenarios, such as block size, building height, and land
use attributes. Other parameters are typically linked to specific design objectives and
are utilized later on in the scenario analysis module. This module can accommodate
various data formats, including but not limited to Rhino3D vector data, ESRI Shapefile
data, and matrix data. Different data formats are then converted into appropriate
formats for future usage.

2. Scenario generation module: With the input parameters from the data configuration
module, this module is used to generate design scenarios based on predefined spatial
objectives. As the parameters are modified, the generated results adapt accordingly.

3. Scenario analysis module: This module is specifically designed to measure the perfor-
mance factors of each generated scenario based on predefined metrics and predeter-
mined objectives, as described in Section 2.2.

4. Optimization module: This module is used to execute the design optimization pro-
cesses. It serves as a crucial link between the scenario generation module and the
scenario analysis module. By utilizing the performance metrics obtained from the
scenario analysis module, this module dynamically adjusts the parameters that are
input into the scenario generation module. This iterative process aims to refine and
optimize the scenarios to achieve enhanced outcomes. It can accommodate various
algorithms, including linear optimization [103], simulated annealing [104], particle
swarm optimization [105], and others. After careful evaluation of different algorithms,
Non-dominated Sorting Genetic Algorithm II (NSGA-II [106])3 is applied for its effi-
cient non-dominated sorting procedure [107], performance in optimizing problems
with two or more objectives [108], and ability to generate a comprehensive set of
Pareto-optimal solutions rather than a single optimum solution [109].

5. Visualization module: This module encompasses a collection of scripts that enable
real-time visualization of output scenarios and performance metrics. By utilizing
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this module, designers gain a clear understanding of the generated and optimized
scenarios, facilitating improved design communication.

2.3. Optimization Factors

This design framework evaluates and optimizes the performance and design objectives
at two distinct scales.

2.3.1. District Scale Optimization Factors

The district scale or neighborhood scale refers to a sub-division of urban, suburban,
or rural locations in which people live [110]. In this research, a district is defined as a site
between 500 and 1000 acres with a typical inner suburban population density of 1000 to
3000 people per square mile [111].

• Land Use Distribution

As illustrated in the introduction (Figure 1), land use planning, as an indispensable
component of suburban form, has a profound impact on people’s travel behavior and
the perpetuation of car-based suburban expansion. The proliferation of autonomous
mobility systems provides an unprecedented opportunity to rethink land use planning
approaches that may facilitate mixed-use suburban development patterns with improved
access, walkability, and environmental performance [112,113].

A land use matrix was developed to examine various land use distribution scenarios
through a parametric cross-impact method. Cross-impact analysis, as a scenario-planning
methodology, was first developed by Theodore Gordon and Olaf Helmer in 1966 to help
determine how relationships between elements would impact outcomes and reduce uncer-
tainty in the future [114,115]. Similarly, the proposed land use matrix can assist planners and
designers in testing and evaluating various land use distribution scenarios. Furthermore,
by integrating future needs into this land use matrix, we can enhance our understanding of
potential outcomes based on specific assumptions.

The land use matrix is structured with the first row and column representing given
land use types in a specific order. Within this matrix, each cell is assigned an incentive score
(2, 1), indicating the degree to which two land uses should be pushed together, a penalty
score (−1, −2), indicating the degree to which two land uses should be pulled apart, or a
score of 0, representing no preference for their spatial relationships (Figure 4). By utilizing
these incentive and penalty scores, new land use configurations can be generated under
specific constraints, representing different assumptions for future conditions.
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The final score of a given land use cell is calculated by summing the scores between
that cell and all adjacent land uses. Consequently, the performance factor of the entire
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site is determined by summing the scores of each individual land use cell (Figure 5). The
quantitative formulation of the analysis process is shown as follows:

fdist = ∑n
i=1 ∑r

j=1 disti, j (1)

In the function, n is total land use cells in the study area, i represents any given land
use cell, and r is the number of neighbor land use cells of cell i. In this research, r equals
four, which means that in a grid system, any given land use cell has four neighbor cells. j is
one of the neighbor cells of cell i. disti,j is the score between land use types located in cell i
and cell j. This value is derived through the Delphi method [116].
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• Landscape Space Allocation

The possibility of new land use distribution models aimed at capturing the benefits of
autonomous mobility systems may yield new approaches to landscape space allocation.
When large contiguous and homogenous land use clusters are broken into smaller pieces,
new configurations of public landscape space become possible. This presents a tremendous
opportunity for improving the environmental performance of suburban areas, which can
further bring benefits related to public health [117], heat mitigation [118], stormwater
detention [119], the preservation of ecologically significant areas [120], and carbon seques-
tration [121]. Consequently, the allocation of landscape spaces, a crucial component of
contemporary sustainable development [122], will assume even greater significance in the
era of autonomous mobility. When evaluating the performance of public landscape space
allocation, two key factors are closely interrelated.

Access (Distance from Residential Areas): Research emphasizes that the proximity
of landscape spaces to residential areas significantly influences the frequency of their
utilization. In other words, when residential areas have direct access to nearby landscape
spaces, the utilization rate of those landscape spaces tends to be higher. This helps ensure
a shorter distance between residential areas and landscape spaces, which is crucial for
encouraging their utilization [123,124].
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Contiguity: Contiguity plays a vital role in the ecological performance of landscape
spaces. A well-connected landscape space usually has higher ecological production, more
ecosystem resilience, and greater biodiversity [125]. The level of contiguity also determines
the range of programs or activities that can be accommodated within it. Therefore, enhanc-
ing the contiguity of landscape spaces is essential for maximizing their ecological benefits
and accommodating various activities.

As illustrated below, (Figure 6), a high contiguity of landscape space allocation
(Figure 6, Scenario 1) contributes to the appearance of inequalities, which means that
fewer residents have direct access to the landscape space [126]. However, another set
of landscape space allocations (Figure 6, Scenario 2) with high access performance may
have low contiguity and thus degraded environmental performance [127]. The optimized
solution should consider both contiguity and accessibility of landscape spaces.
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Hence, two measurements are formulated to measure landscape space accessibility
and contiguity. Landscape space access is represented by the overall perimeter of a given
set of landscape spaces [128]. The longer the total perimeter, the more residents will likely
have direct access to it. Landscape space contiguity is defined by the number of shared
edges between landscape space cells [129]. The higher counts of shared edges represent
higher contiguity of landscape spaces. The quantitative formulations of two indices are
shown below:

faccess = ∑n
i=1 Pi (2)

In the function, n is the total number of landscape spaces, which is composed of
adjacent landscape space land use cells. i is any given landscape space. Pi is the perimeter
of the landscape patch i. Finally, by summing the perimeters of all landscape spaces, the
landscape space access is measured.

fcontiguity = ∑n
i=1 ∑r

j=1 Sij (3)

In the function, n is the total number of landscape space land use cells, i is any given
landscape space cell, and r is the set of neighbor cells of cell i. Sij is a binary variable. When
cell i and cell j are both landscape space cells and share an edge, Sij equals 1; otherwise, Sij
equals 0.

2.3.2. Block Scale Optimization Factors

The block represents the smallest cohesive group of buildings enclosed by streets
within a particular area.
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• Impervious Surface Reduction and Landscape Space Contiguity

The widespread adoption of autonomous mobility systems presents a significant
opportunity to address issues related to excessive impervious surfaces in suburban areas
and to facilitate the creation of more contiguous landscape spaces. According to the US
EPA, “Impervious surfaces are materials that do not allow the penetration of water, such
as buildings, roads, and parking lots [130]”. Much research has proven that impervious
surfaces have various negative impacts on the environment such as a reduction in wa-
tershed protection [131], the conveyance of urban pollution [132], an increase in local
temperatures [133], threats to biodiversity [134], and so forth. Hence, the investigation of
impervious surfaces has emerged as a significant area of scientific interest concerning the
management of Nonpoint Source Pollution (NSP) and as an indicator of the ecosystem
quality of a given site [135].

As mentioned in the introduction, with the adoption of an autonomous mobility
system, it becomes possible to reduce impervious surfaces and create a more contiguous
collection of landscape spaces inside the block. This can not only enhance ecological
performance but also provide ample room for a diverse range of activities, maximizing the
block’s functionality. Typical suburban areas are awash with impervious surfaces including
driveways, sidewalks, parking lots, etc. The formula for calculating the ratio of impervious
surface is shown below:

fimpervious =
∑n

i=1 Ai

A
(4)

In the function, n is the total number of driveways. i is any given driveway. Ai is the
area of a single impervious surface i. A is the area of the whole block.

Given the different granularity and resolution, landscape space contiguity at the block
scale is represented by the area of the largest single landscape space inside the given block.

fconti = Max (AL) (5)

In the function, AL is the area of each landscape space inside the block.

• Multi-modal Mobility Hub Access

As shown in many studies, in order to achieve a scenario in which an autonomous
mobility system results in an overall reduction in vehicle miles traveled (VMT) and
transportation-based GHG emissions, it is essential to roll out AEVs alongside a MaaS
system, such as shared mobility or mobility on demand [63,136]. With this in mind, the
design of passenger loading zones, as a fundamental infrastructure for MaaS, will become
more important than ever [18]. In many cases, a key strategy will likely entail promot-
ing a seamless mobility mode transfer by co-locating these spaces with other mobility
infrastructures, like e-bike docking stations, to form a multi-modal mobility hub.

It may be challenging for planners to determine the ideal distribution of these hubs to
ensure that optimal accessibility is achieved within the budgetary constraints of a project.
The level of accessibility is typically a key factor in determining how many users will be
willing to use these hubs and thus the overall mobility system. According to the research
by TRB (2014), access (walking distance) will affect people’s willingness to use a particular
mobility mode, such as a bus. While at short distances (e.g., 0–50 m), most people are
willing to walk to a bus stop, but less than 5 percent of people walk to destinations further
than 600 m [137]. Similar empirical results have been found in other studies [138,139].
Furthermore, when access analysis is applied to analyze block configurations, trade-offs
need to be negotiated between two measurements (Figure 7).
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One is the average distance between households and the closest multi-modal mobility
hub. This formulation is shown below:

favgdistance =
∑n

i=1 Di

n
(6)

In the formulation, n is the total number of households. i is any given household.
Di = Euclidean distance between the centroid of household i and multi-modal mobility hub.

Another is the ratio of households that have immediate access (<150 ft ≈ 50 m ≈ 1 min
walking) to the closest multi-modal mobility hub. This formulation is shown below:

fhouseholdaccess =
∑n

i=1 Xi

n
(7)

In the formulation, n is the total number of households. i is any given household. Xi is
a binary variable. When household i in inside the 1 min service buffer of the multi-modal
mobility hub, the Xi = 1; otherwise, Xi = 0.

2.4. Baseline Analysis and Input Configurations
2.4.1. Baseline Analysis

A baseline analysis for two distinct scales was conducted to obtain inputs for the
framework. The outcomes of this baseline analysis served two purposes. Firstly, these
data were employed in the scenario generation module to establish essential parameters.
Secondly, they were used as a basis for comparison against the outputs produced by
the proposed framework. This comparative analysis aimed to evaluate the framework’s
effectiveness in improving scenario performance compared to the baseline conditions.

District scale: The research site has four land use types (Figure 8), which were iden-
tified in the plan as “Suburban Living”, “Estate Residential”, “Landscape Space”, and
“Neighborhood Commercial”. Among them, suburban living (SL) takes the largest area
(60 percent), followed by estate residential (ER), which takes 23 percent of total land.
Landscape space (LS) and neighborhood commercial (NC) take 14 percent and 3 percent,
respectively. Only 9 percent of the residential zones, including the SL and ER areas, are
within a 5 min walk to the closest LS and NC areas.

Block scale: SL—the dominant block type within the research site—was selected as the
survey object. Two of the most common SL block configurations—linear configurations and
cul-de-sac configurations—are analyzed (Figure 9). The survey results revealed that these
two configurations exhibit comparable landcover attributes. In both cases, approximately
25 percent of the total land area is allocated for vehicular use, indicating a significant portion
dedicated to impervious surfaces. Additionally, nearly 50 percent of the land area consists



Land 2023, 12, 1786 16 of 31

of fragmented turf areas, which generally exhibit low environmental performance [140]
and high maintenance costs [141].
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2.4.2. Input Configurations

For each scale, three different sets of parameters were input into corresponding mod-
ules. The first set of parameters, mainly including baseline data obtained from the baseline
analysis, was input into the scenario generation module. The second set of parameters
related to the optimization factors was input into the scenario analysis module. The last set
of parameters was utilized for configuring the optimization process. All parameters are
shown in Tables 2 and 3.

Table 2. Model inputs.

District Scale
Inputs -> Scenario Generation Module

1. Land use cell size 4.5 acres

2. Land use cell type Suburban living; estate residential;
Neighborhood commercial; landscape space

3. Land use cell count of each land use type Suburban living: 114; estate residential: 45;
Neighborhood commercial: 9; landscape space: 28

4. Site boundary A spatial data input from Rhino3D
Inputs -> Scenario Analysis Module
1. Land use matrix See Figure 10 for detailed information
Block scale
Inputs -> Scenario Generation Module
1. Block size 4.5 acres
2. Building density 4 units per acre
3. Lot area 5400 ft2

4. Building footprint (without garage) 1400 ft2

5. Number of multi-modal mobility hub 1
Inputs -> Scenario Analysis Module
1 min walking distance 150 ft
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Table 3. Optimization settings.

Optimization Size District Scale|Block Scale Algorithm Settings District Scale|Block Scale

Generation size 50|50 Mutation rate 1/n|1/n
Generation count 100|100 Crossover probability 0.9|0.9

Population size 5000|5000 Mutation distribution
index 20|20

Number of variables 784|10,002 Crossover distribution
index 20|20

Size of search space 1 × 10118|2.5 × 107 Simulation runtime 4 h 36 min|18 min

It is noteworthy that at the district scale, a grid system has been adopted to adhere
to the governmental master plan. As depicted in Figure 8, the local government utilizes a
grid system to partition the land for future development. By incorporating a grid system
that aligns with the established grid by the local government, our proposal can seamlessly
integrate into the regional development framework. Moreover, the land use cell has been
defined with a size of 4.5 acres (450 ft × 450 ft), which is equivalent to the dimensions
of an average single block, which we considered as the minimum operational unit. The
determination of this block size is based on the average block dimensions prevalent in the
local context.

The land use matrix shown in Figure 10 is determined by researchers, developers,
and planning officials from McKinney based on not only current development objectives
but also future needs for mixed-use communities, improved environmental performance,
enhanced accessibility, and autonomous mobility adaptations.

The modules were run on a PC with the following specifications: Intel(R) Core (TM)
i7-8700 K CPU @ 3.70 GHz (3696 MHz) processor with 64.0 GB (2133 MHz) of RAM. The
following settings have been applied to the optimization module (Table 3). For each scale,
the generation size was set as 50, while the generation count was set as 100. The total
number of generated scenarios is 5000. The value of crossover probability was set as 0.9.

3. Case Studies and Results

Based on the analysis of the standard deviation for each optimization factor across
generations, the success of the model run is evident. As shown in Figure 11, compared
to a larger variance of earlier generations (represented by red lines in the graph), later
generations (represented by blue lines in the graph) typically display a convergence toward
lower fitness values, indicating improved performance for each optimization factor. This
suggests that an optimized value range emerges as the process progresses. More detailed
analyses at two distinct scales are presented in the subsequent sections.
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3.1. District Scale Results

The performance of various district scale scenarios generated through this process
is shown in various forms, including before/after land use plans, a parallel coordinate
plot4, and a radar chart (Figure 12). The plot indicates that no scenario has the best
performance across all objectives, hence it is important to negotiate trade-offs between
different objectives. Particular emphasis has been placed on prioritizing the land use
distribution score and landscape space access when selecting the output. This choice is
driven by the overarching goals of promoting a mixed-use land use pattern that aligns
with the anticipated autonomous mobility system and ensuring convenient access to
landscape spaces. Additionally, a minimum land use cell size has been established to
maintain a certain level of contiguity for single landscape space land use. However, the
selected scenario can vary based on different objectives derived from different stakeholders’
viewpoints and site conditions.
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Figure 12. District scale outputs vs. the existing scenario.

The selected scenario has the highest performance in the land use distribution score,
which means it aligns most closely with the predefined objectives. By comparing the
baseline against the optimized land use plan (Table 4), it is clear that the landscape space
allocation of the selected scenario has an improved balance between distribution and
contiguity. Meanwhile, the NC land use areas are more equitably distributed across the site,
which provides improved access overall. Moreover, the overall perimeters of the LS land
use clusters have been increased by 300 percent, which means there is greater access for
residents to public landscape spaces throughout the district. While this expansion has led
to a decrease in the overall contiguity of landscape spaces, effective planning techniques,
such as landscape corridors and innovative block configurations, can help mitigate this
issue. Furthermore, the block configuration proposed in this research promotes a more
contiguous landscape space connection through the residential block (as explained in the
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following sections). Overall, all four types of land use are more granular, providing various
opportunities for mixed-use development through distribution.

Table 4. District scale output vs. existing scenario.

Optimization Factors Existing Scenario Optimized Scenario
(Ranking out of 5000) ∆Variation

Land Use Distribution (fdist) −1820 −388 (1) +1432
Landscape Space
Allocation

Access (faccess) 10,618 ft 42,472 ft (1102) +300%
Contiguity (fcontiguity) 27 8 (4117) −70%

3.2. Block Scale Results

The performance of various block scale scenarios generated from the design framework
is shown in Figure 13. In the optimization process, the complex block configuration was
simplified into line and point elements, as shown in the diagram. The plot shows that
no scenario has been found to possess the best performance across all objectives, hence
it is important to negotiate trade-offs between different objectives. When selecting the
output scenario, balanced performances across all four metrics are considered optimal. One
scenario with the highest performance in one metric may fall short in all other metrics,
which will ultimately lead to an unfeasible scenario when applied to real-world conditions.
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Figure 13. Block scale outputs vs. the baseline scenario.

The selected scenario has a balanced performance across all objectives (Table 5). As
shown by the radar chart, the selected scenario has a relatively high capacity to help min-
imize the average distance between each household and multi-modal mobility hub and
maximize the area of contiguous landscape space inside the block. It has a moderate capac-
ity to help maximize households within a 150 ft distance to a multi-modal mobility hub and
minimize the ratio of impervious surfaces. In the selected scenario, the ratio of impervious
surfaces, mainly including driveways and roadways, is approximately 11 percent lower
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than the baseline scenario, which represents almost a 50 percent reduction. Moreover,
through strategically clustering households, narrowing driveways, integrating landscape
buffers, and reducing the household yard, a more contiguous communal landscape space
is established within close proximity to all households. The largest single landscape space
is 50 times larger than the largest landscape buffer that can be found in the baseline con-
figuration, which can provide better recreational functions and environmental benefits.
Meanwhile, a multi-modal mobility hub is strategically installed within a 1 min walking
distance to 65 percent of all households.

Table 5. Block scale output vs. baseline conditions.

Optimization Factors Baseline
Solution

Optimized Solution
(Ranking out of 5000) ∆ Variation

Ratio of impervious surface (fimpervious) 23% 12% (3173) −11%
Landscape Space
Contiguity

Area of the largest single landscape
space inside the block (fconti)

1755 92,673 ft2 (1698) +5180%

Multi-modal
Mobility Hub Access

Average distance between each
household and multi-modal mobility
hub (favgdistance)

N/A 160 ft (533) N/A

Ratio of households within a 150 ft
distance to the multi-modal mobility
hub (fhouseholdaccess)

N/A 65% (2087) N/A

4. Discussion: Design Interpretations from the Model Outputs

Inspired by the model outputs of the proposed design framework, several further
design interpretations have been drawn at two distinct scales to achieve a more sus-
tainable environment with higher accessibility and landscape performance in the era of
autonomous mobility.

4.1. District Scale Design Interpretation

The output indicates that by breaking up large homogeneous land use clusters and
distributing them more evenly, it becomes easier to accommodate mixed-use development
patterns within the context of future autonomous mobility systems. This atomization of
large land use clusters can also facilitate a more walkable and accessible living environment
with reduced VMT [142,143]. As shown in the analytic diagram (Figure 14 and Table 6),
in the selected scenario, 89 percent of residences are situated within a 5 min walking
distance from the nearest landscaped area, 70 percent are within a 5 min walk of the closest
neighborhood commerce, and in total, 46 percent of households are within a 5 min walk of
both landscape space and neighborhood commercial land uses.

Table 6. District scale proximity analysis.

Existing Scenario Optimized Scenario ∆Variation

Neighborhood
Commercial

3 min walking * 10% 36% +26%
5 min walking ** 25% 70% +45%

Landscape Space 3 min walking * 12% 62% +50%
5 min walking ** 27% 89% +62%

Both
3 min walking * 0% 15% +15%
5 min walking ** 4% 46% +42%

* 3 min walking—one block away (450 ft), ** 5 min walking—two blocks away (900 ft).

Meanwhile, in the future, neighborhood commercial land uses can be utilized as
strategic sites for shared mobility/mobility-on-demand dispatching centers, autonomous
mobility idling, mobility maintenance, and more (Figure 15). Consequently, a reduced
distance between neighborhood commercial areas and households results in shorter wait
times for a mobility-on-demand/shared-mobility system. This, in turn, enhances the
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reliability and responsiveness of the system, which are crucial factors influencing its usage
frequency [144]. Additionally, atomized land use patterns provide significant opportunities
to configure a fine-grain urban fabric with pedestrian-scale circulation networks, which
can further yield improved accessibility and higher mobility capacity [145,146].
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It is worth noting that the output that reveals an optimized approach to distributing
various land use types should also be developed based on their distinct characteristics. For
example, the NC land use designation benefits from an equitable distribution throughout
the site, ensuring access for all. On the other hand, the allocation of landscape spaces
requires a delicate balance between access and contiguity. As a result, unlike neighborhood
commercial land use, the distribution of landscape space land use tends to form small
clusters, providing a balanced performance between ecology and accessibility.
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4.2. Block Scale Design Interpretation

The model output shows that through strategically reducing private yard space and
setbacks, combined with the extra spaces freed from driveways and household front
parking, which is made possible by the autonomous mobility system, a large communal
area, which is separated from vehicular traffic, can be gained. These larger open spaces can
provide environmental advantages, public health benefits, and extra spaces for necessary
infrastructure that is vital for future autonomous mobility systems, such as charging spaces.
Meanwhile, a smaller private yard space aligns with current market trends. Research has
shown that adults spent less than 15 min of time per week in their yards, while children
averaged less than 40 min per week [147].

In the optimized scenario, with less demand for impervious surfaces, the block with
the same number of houses can be designed with more permeable surfaces for vastly
better environmental outcomes. These advantages might be accentuated in the context of
multifamily zoning, where expansive parking spaces usually constructed within a block can
be supplanted by on-site stormwater retention mechanisms and augmented recreational
facilities. Replicating this re-envisioned block design across multiple blocks to establish a
corridor and incorporating appropriate trees can markedly reduce summer temperatures
and enhance the carbon sequestration capacity by over 300 percent (Figure 16).
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When it comes to the location of the multi-modal mobility hub, the outcome is some-
how counterintuitive. Usually, in order to maximize the accessibility of the multi-modal
mobility hub, the optimal location is the center of the block. However, there are two sets of
trade-offs that need to be further considered. One is the accessibility of the multi-mobility
hub versus the landscape space contiguity, another is the number of households with
immediate access to the mobility hub versus the average distance between all households
and the mobility hub. In the selected scenario, a relatively balanced outcome has been
achieved. Approximately 67 percent of all households have immediate access to the hub,
requiring less than a minute of walking. On average, the walking distance between all
households and the hub is approximately 160 feet. As the crucial role of the proximity
between households and mobility hubs in promoting higher usage of the given mobility
service [148], this output achieves a balanced performance in both access and equality.
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5. Conclusions

This research illustrates that with the proliferation of an autonomous mobility system,
some environmental impacts of car-based infrastructures in suburban areas can be greatly
reduced. The NOGAS framework provides a heuristic model for implementing new
mobility systems in future suburban land use planning and block forms. Through it, city
planners and other development decision-makers can easily envision future integrations of
autonomous mobility systems with little cost, risk, or disruption.

The research results reveal that transitioning to autonomous mobility has vast potential
for new types of land use distribution, landscape space allocation, and accessibility in
suburbs without radically altering typical density ranges. Increased amounts of permeable
surfaces, more equitable access to commercial and recreational amenities, and placement
of multi-modal mobility hubs in the output scenarios further suggest a more walkable
and livable suburb is achievable, ironically, by reducing the past century’s development
layouts dominated by car-based forms. Furthermore, as shown by the research, new types
of mixed-use suburban neighborhoods can be created by leveraging new autonomous
mobility technology, additional mobility path systems, and micro-mobility platforms.
Based on the research findings, we offer several recommendations for future development
and policy implementation in suburban areas.

1. When developing future suburbs, policymakers, developers, and planners must move
away from the last century’s car-centric models. Mobility in and around metro areas
is much more diverse than the outdated transportation and policy model of planning
solely for suburb to downtown core trunkline commuting patterns. People and jobs
have spread out well beyond the historic cores of cities. Cities and towns should adopt
a more dynamic transportation system for polycentric suburb-to-suburb linkages that
prioritize accessibility and integrate a range of new mobility technologies and services.

2. Leveraging emerging mobility solutions and innovating zoning codes to allow for new
mobility patterns will give policymakers, developers, and planners the opportunity
to reimagine the current car-based mixed-use development paradigm, which forces
an extraordinary number of extra household trips.

3. In shaping future suburbs integrated with new mobility systems, policymakers, de-
velopers, and planners should consider employing a landscape performance-oriented
method of design optimization over the traditional pavement-come-first method,
which can offer novel opportunities to devise more comprehensive and sustainable
development strategies.

4. In formulating policies and plans for future suburbs, policymakers, developers, and
planners ought to consider integrating a parametric design framework, like NOGAS.
This not only enhances the process’s efficiency and precision by accelerating iterations
and delivering data-driven outcomes but also maximizes future prospects by offering
a large testbed of innovative solutions in a relatively short period of iteration.

Admittedly, planning and design for future suburban development is a complex issue,
encompassing various fields and specializations. This research delves into reinventing
suburban development patterns to integrate autonomous mobility systems for better en-
vironmental outcomes. However, there are several other promising directions for future
exploration. Firstly, while the current focus is on achieving improved environmental and
access performance, it is essential to also consider universal access as an objective factor of
the design framework. Given the increasing aging population and people with disabilities
in the US [149,150], the distributed, hyper-flexible future offered by fully automated mo-
bility systems could provide the most equitable remedy to this systemic mobility-access
deficit, as substantiated by extensive research findings [151,152]. Secondly, the proposed
design framework can be augmented with road network-based and efficiency-related met-
rics and algorithms, such as the traveling salesmen model [153] and the minimum cost
paths model [154]. This integration would bolster the system’s capacity to optimize the
scenario’s performance in mobility efficiency. Thirdly, in order to enhance the safety of the
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autonomous mobility system, new roadsides that can curb infrastructures are needed to
support V2X (vehicle-to-everything) development [155] and provide a way for information
exchange between pedestrian and autonomous mobility [156]. Hence, how to allocate
these new infrastructures is an important aspect to be incorporated in reimagining future
block configurations.

To conclude, the evolution of autonomous mobility systems will significantly influence
future suburban development and further investigate how environmental benefits can be
accrued and equitably distributed throughout increasingly suburban metropolitan regions.
If policymakers and urban planners genuinely aim to curtail GHG emissions and achieve
other environmental benefits in suburban areas, they ought to contemplate instituting con-
temporary land use regulations that align with physical planning and design innovations
built around autonomous mobility technologies to greatly reduce the need for household
trips to do everything outside the block or neighborhood. Incorporating ecological per-
formance requirements into the retrofitting of middle suburban neighborhoods and new
greenfield suburban developments could ameliorate overarching environmental impacts
by removing vast amounts of paving and integrating ecological priorities such as corridors,
continuous canopy habitats, and hydrological catchments, all of which can mitigate the
impact of land consumption and climate change.
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Notes
1 The collaboration between P-REX lab, MIT and the City of McKinney, TX was funded by Toyota Mobility Foundation.
2 Rhino3D is a widely adopted professional 3D modeling platform developed by Robert McNeel & Associates, renowned in the

planning and design industry. GH, serving as a plugin for Rhino3D, enables users to generate, analyze, and optimize design
scenarios in a parametric manner. Additionally, GH provides a comprehensive coding environment, including Python and C++,
allowing users to implement customized functions using programming languages. These capabilities grant Rhino3D and GH the
necessary flexibility and usability to serve as the foundation for developing a new parametric design framework.

3 During optimization process, NSGA-II employs the crossover and mutation operation to generate new scenarios from old
scenarios. These two operations mimic the process of natural evolution. The crossover operation is switching several parameters
of two old scenarios to generate new scenarios. The mutation is randomly changing several parameters of an old scenario create
new scenarios. Several open-source NSGA-II plugins are available on the market. The Wallacei evolutionary simulation engine
was selected for this research.

4 The values shown in the plot are fitness values. Fitness value is an intermediate value used by algorithm to judge which scenario
have better performance in terms of given objective. The smaller fitness value, the better performance of given scenario.
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