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Abstract

:

Providing pedestrian accessibility to urban services is a big challenge and a key factor in creating more walkable urban areas. Moreover, it is a critical aspect of climate-resilient urban planning as it is broadly assumed that neighborhoods with greater walkability discourage automobile use and reduce CO2 emissions. The idea of 15-minute cities, defined as urban environments where most places that residents need to access are within a 15-minute walk, is gaining increasing attention worldwide. Because aspects of urban performance are increasingly quantifiable, generative, and data-driven design approaches can explore broader sets of potential solutions, while optimization can help identify designs with desired properties. This work demonstrates and tests a new approach that combines shape grammars, a formal method for shape generation that facilitates the elaboration of complex patterns and meaningful solutions, with multi-objective optimization. The goal was to optimize the design of urban fabric layouts and the location of amenities to provide 15-minute neighborhood configurations that minimize infrastructure cost (as estimated by cumulative street length) and the number of amenities, while maximizing pedestrian accessibility to urban services (as assessed by overall integration and the average distance from all plots to nearest amenities).
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1. Introduction


Automobile dependency combined with urban population growth has resulted in significant challenges in cities worldwide. Increasing CO2 emissions, noise pollution, traffic jams, and social segregation are among the most harmful and severe impacts in contemporary urban life [1,2,3]. Cities are home to 56% of the world’s population [4] and are accountable for more than 70% of global CO2 emissions, while fuel combustion in automobiles creates up to 75% of urban air pollution [5]. Thus, designing areas where most daily needs can be accessed by either walking or cycling has been progressively adopted as a necessary premise regarding the current urban planning agenda.



The concept of 15-minute cities relies on locating urban services within walkable and bikeable distances from all places in a neighborhood. It envisions more sustainable communities by promoting proximity, diversity, density, and ubiquity, requiring a social, environmental, and urban reconfiguration of communities. The ultimate goal is to obtain neighborhoods with short perimeter access to essential social functions such as living, working, supplying, caring, learning, and enjoying [6].



The term 15-minute city was first coined in 2016 by Carlos Moreno [7]. Its main logic can be found in similar approaches that rely on “Spatio-temporal” metrics, such as the 15-minute walkable neighborhood proposed by Weng et al. [8] and the 20-Minute City model, explored by Da Silva et al. [9]. Cities such as Paris, Melbourne, Portland, and Bogotá have implemented urban models of neighborhoods that can be traversed in a few minutes [6].



At the same time, the advent of novel technologies within the urban design framework has brought a whole new set of possibilities for assessing the efficiency and performance of cities. As the 15-minute city concept relies on measurable features for evaluating its performance, computational approaches can contribute to the improvement of proposals within this scope. This work focuses on exploring computation to support decision-making concerning the layout of urban fabrics and the location of amenities in a neighborhood. These two critical features of pedestrian accessibility [8], essential for promoting 15-minute urban areas, are used to generate fabrics that minimize physical and topological distances to basic urban needs while reducing the street network length, a proxy for infrastructure costs.



The proposed grammar-based approach to the generation of urban fabrics falls within the category of discursive grammars [10,11], which are grammars that can generate designs that are both syntactically and semantically adequate, meaning that they match the design context, or in other words, they satisfy user and site requirements. Frameworks that implement a discursive grammar typically include a generative system to produce candidate solutions, an evaluation system to rate and rank the solutions, and a search mechanism to browse the design space in search of the most adequate solutions.



In previous work [12], we have shown a grammar-based optimization approach to generate fabrics that simultaneously minimize the physical distance between locations in a neighborhood, considering Physical Proximity Index [13,14] and its street network length. In sequence [15], we have investigated the generation of optimal urban grid layouts, considering both the Physical Proximity Index and topological measures from Space Syntax [16] like integration and connectivity. These works, however, focused just on generating and evaluating fabric layouts without addressing the location and distribution of facilities or desirable secondary goals between them, such as minimizing the distances between schools and parks, maximizing the distance between bars and schools, and prioritizing the location of retail in corners.



The work described in this article is focused on the design of new urban fabrics for 15-minute cities, that is, cities in which most amenities and other targets sought by people in their daily life are within a walking distance. In the assessment of walkability, we considered both dimensional (length) and topological (number of turns) measurements of physical and psychological distance, as proposed in Space Syntax and other urban planning and design literature concerned with walkability and accessibility. Shape grammars provide a suitable basis to develop a generative design system for this purpose because of their ability to generate solutions with dimensional and topological variation, thus yielding diverse solutions in potentially wide design spaces. They are thus used as the backbone of the generative system. Dimensional and topological measurements of walkability are encoded into the evaluation system. The coupling of shape grammars with space syntax was first proposed by [17] for the mass customization of housing but is applied to urban design in the present work. The use of optimization in the design of housing was introduced by [18], and the current work extends such research by utilizing optimization to find the best solutions in urban design.



For the application of the framework combining a grammar-based generative system with evaluation and optimization to the retrofitting of existing urban fabrics see, for instance, [19].



This paper aims to address the above limitations in the proposed grammar-based optimization approach. By developing and improving the design method, this research seeks to support proposals for 15-minute urban areas. We are interested in gaining a better understanding of how to maximize the overall integration of a given urban fabric while minimizing its street network length and maximizing the location of amenities, simultaneously considering physical and topological proximities and attending to a set of desirable secondary goals. To this end, we present an approach using a generative system combining (1) a parametric urban grammar interpreter, (2) a set of computational tools to assess conflicting metrics such as Physical Proximity Index, Space Syntax integration, and street network length, with (3) multi-objective optimization algorithms. The goal of the demonstrated method is to find urban arrangements that maximize proximity (from both physical and topological viewpoints) while minimizing the infrastructure cost and additional secondary goals. A shape grammar depicting the urban fabric of Chicago (one of the top 10 cities in the world with the largest carbon footprints) is used to (1) to ground the research on an existing, recognizable grid type to avoid generating designs that could be perceived as inappropriate, (2) address an orthogonal grid, paradigmatic of American cities, and (3) compare the performance of the obtained fabrics with an existing area.



In the proposed approach, design flexibility exists on three levels. In general terms, it exists in the selection of rules to generate different urban fabric types—orthogonal, organic, etc. The current research is focused on orthogonal grids, namely, Chicago’s grid, but for other grid types see [12,15,20]. In the case of the Chicago grammar, flexibility exists in how the rules are applied to generate regular or irregular grids [12,20]; for instance, in the subdivision of large blocks into small blocks, as shown in Section 2. Flexibility also exists in how the amenities are distributed within the selected grid. In the current approach it is used a two-step sequential optimization, with the grid layout being optimized first and the amenity distribution later. This decreases the complexity of the optimization process, but it may constitute a limitation, as theoretically it may miss designs with a higher overall score in which the grid layout might not be optimal. To overcome this limitation, concurrent optimization can be explored in the future.




2. Materials and Methods


2.1. Parametric Urban Grammar Interpreter: Chicago Urban Grammar


Shape grammars are systems of simple visual rules used to transform one shape into another [20,21], which include an initial state, a set of instructions, and a termination condition. They support the exploration of designs within an existing design language, by providing the means to describe their generation, or the production of new design languages. Although their use is still more prominent in architecture, shape grammars have been increasingly used at the urban design scale [12,22,23,24,25,26], due to software and hardware improvements that have supported their use for flexible urban planning in recent years.



This work builds on the parametric implementation of the Chicago Urban Grammar developed previously [12]. The logic behind Chicago’s urban fabric was encoded into a shape grammar and then translated into a parametric system to support the generation of urban fabrics within the design language defined by the grammar.



The Chicago Urban Grammar consists of two sets of rules. The first set defines the compositional structure of Chicago’s street grid (Rules 1–6) and the orientation of blocks (Rules 7 and 8). It is used to create a series of perpendicular (vertical and horizontal) axes, creating a square grid of half a mile (roughly 800 m). These axes define the city’s major streets and establish proper subdivision operations resulting in standard blocks of 330 by 660 feet (approximately 100 m × 200 m) that can be oriented vertically or horizontally. Thus, this first set of rules can create urban plans that vary from four east-west blocks by eight north-south blocks to eight east-west blocks by four north-south blocks and all the combinations in between.



The second set of rules (Rules 10–18) defines alternatives for block arrangements by inserting alleys and dividing blocks into parcels that can then be further divided into plots. Additional rules can be utilized for deleting street segments when needed. Different applications of these rules result in various urban fabrics within the Chicago language. The resulting fabric layouts can be evaluated and optimized according to several performance-related metrics. In the context of this work, we consider Physical Proximity, integration, and street network length as metrics. Figure 1 depicts the two sets of rules and some example fabrics within the Chicago Urban Grammar.




2.2. Physical Proximity—A Metric for Pedestrian Accessibility


Several scholars have assumed that pedestrian accessibility, as estimated by the proximity to everyday urban services, has substantial implications for the walkability of an urban area [27,28,29,30,31,32]. As the likelihood of walking trips decreases with greater distances [33], a robust body of research has estimated pedestrian accessibility by calculating distances to facilities, focusing on grid layout and the location of amenities.



This work employs the Physical Proximity Calculator (PPC), a CityMetrics tool developed by Lima [13], to measure pedestrian accessibility. The PPC computes the smallest distance between two or more points of interest, assigning a Physical Proximity Index (PPI) on a scale of 0–1. For example, a 400 m or less distance between two spots corresponds to a PPI of 1. The index decreases as the distance approaches 1600 m and is 0 when the distance becomes greater than 1600 m. Our experiments aim to estimate and optimize pedestrian accessibility. We use the PPC to calculate the PPIs between each block and identify possible locations for amenities considering six categories of urban services: educational (elementary and middle schools), food (bars and restaurants), retail (stores), entertainment (theaters), recreation (parks), and “others” (banks, gyms, etc.). Other categories can be considered in the proposed methodology, depending on the researcher’s goals. Figure 2 depicts the PPC procedure considered in this work.




2.3. Integration


Integration is a syntactic measure from Space Syntax, a set of techniques introduced by Hillier and Hanson [16] to model and analyze spatial configurations and understand social dynamics. Space Syntax advocates that spaces can be decomposed into system components, such as maps and graphs, that permit to assess different features (syntactic measures) related to these spaces. Integration captures how close one space is to everything else in an urban system, referring to the to-movement potential [34,35,36]. In other words, it is a normalized measure of distance from any place to all others in a system, similarly to how closeness centrality works in network science [35]. In theory, it shows the cognitive complexity of reaching a street, allowing one to predict its pedestrian importance by assessing how close one street segment is in relation to all others in a system.



The importance of coupling integration with Physical Proximity to assess pedestrian accessibility relies on the fact that, in addition to being physically accessible (providing smaller physical distances to basic urban amenities), a neighborhood should also provide smaller topological distances between its locations; that is, fewer street turns, aiming at more connected and legible fabrics [15]. Legibility, considered by Kevin Lynch [37] a major quality of a city, is a key feature that integration helps to assess, so we incorporate it in this study.




2.4. Street Network Length as a Proxy for Pedestrian Accessibility and Infrastructure Cost


It is hypothesized that pedestrian accessibility increases as fabrics become denser as the likelihood of connecting destinations through shorter routes rises within more extensive street networks. Sevtsuk et al. [27] concluded that when various dimensions for plots, block length, and street width are mixed, fabrics with smaller blocks provide higher pedestrian accessibility than the ones with larger blocks. Accordingly, Zhao et al. [38] confirmed that orthogonal street grids with high street density present greater accessibility, while Stahle et al. [39] explored the distribution of land uses while addressing physical proximity and Space Syntax. Feng and Peponis [40,41], in turn, explored different street network and grid typologies.



At the same time, as assessed by the network street length, infrastructure cost proportionally rises with the density of fabrics, defining a trade-off to be addressed toward less CO2 emitting and more climate-resilient cities—which is a primary goal of 15-minute cities. According to the American Road and Transportation Builders Association [42], the cost of constructing new roads can range from $2.8 million to $11.2 million per mile, depending on the location, the number of lanes, and the type of road. Therefore, the street network length is the third performance metric we explore in our proposed approach.




2.5. Computational Optimization in Urban Contexts


Computational optimization methods and tools to support design tasks have improved substantially in recent years. Their use on the urban scale is still limited compared to architecture due greater complexity and computational requirements. However, many scholars have explored optimization as a tool to discover potentially improved urban designs from several viewpoints [14,15,20,43,44]. In our work, we understand optimization as a resource for finding possibilities or even directions for further exploration and refinement instead of a deterministic approach to choose a single, perfect solution.



The proposed approach encompasses both single and multi-criteria optimization, depending on the goals and context. It uses several tools encoding different algorithms to generate optimized urban fabrics (multi-criteria) and locate amenities while attending to PPI, integration, and certain secondary goals (single criteria supported by a weighting equation).



In summary, we considered three Grasshopper optimization tools (Radical [45], Opossum [46], and Wallacei [47]) and their potential to implement the four following algorithms: (i) Radical—SBPLX; (ii) Opossum—RBFOpt; (iii) Opossum—CMAES, and; (iv) Wallacei—NSGA-2. The algorithms have varying strengths and weaknesses for different problem types. The algorithm SBPLX is a variant of the numerical Nelder-Mead simplex optimization method, RBFOpt builds and iteratively refines a surrogate model to reduce the number of simulations required during optimization, and CMAES and NSGA-2 are evolutionary strategies that create progressively better generations of possible design outcomes. As explained in below, these algorithms were utilized in two different stages of the proposed approach.




2.6. A Grammar-Based Optimization Approach for 15-Minute Fabrics—Exploring Pedestrian Accessibility and Infrastructure Cost


As mentioned above, the proposed approach combined a parametric interpreter for generating urban fabrics within a specific language and a set of computational tools developed to assess their performance within a multi-objective optimization framework. The approach included two main optimization stages. The first drove the generation of fabrics belonging to the Chicago Urban Grammar, maximizing their integration while minimizing street network length. The second stage focused on selecting an optimal fabric and finding optimal locations for different amenities while considering desired secondary goals. To this end, a workflow of eight steps was established, including the two optimization stages, as depicted in Figure 3: (1) the generation of a base grid and its parcels using the Chicago Urban Grammar rules 1 to 8; (2) the subdivision of the base grid parcels into blocks by inserting additional streets and alleys, according to the rules 10–18; (3) the assessment of the generated fabrics considering integration and street network length; (4) the multi-optimization step addressing the trade-off between the overall fabric integration and street network length (using Wallacei X); (5) the selection of one optimal fabric among the best solutions found (Pareto-frontier); (6) the elaboration of an algorithm informing the types and number of amenities to be located on the fabric and a collection of secondary goals (established by the users) to drive this location; (7) the setting of an equation that weights the performance criteria and secondary goals into a single fitness function for assessing the amenities distribution; and (8) the optimization step (testing SBPLX, RBFOpt, and CMAES) locating all amenities while maximizing pedestrian accessibility and attending to additional desired secondary goals.





3. Case Study


We explored a case study addressing an existing neighborhood in Chicago to test our grammar-based optimization approach. The main goal was to generate an alternative neighborhood configuration that maximized pedestrian accessibility, minimized the infrastructure cost, and attended to a set of desirable secondary goals. Considering the idea of 15-minute cities and the Chicago Urban Grammar framework, we opted for a one-mile square sample area. We did not consider the influence of nearby amenities located outside the studied fabric, although we recognize that they play an important role. The guidelines for determining the sort and number of amenities were extracted from the actual neighborhood features. At the end of the experiment, the existing site and the proposed one were compared.



3.1. Area of Study


The city of Chicago can be divided according to three different categories: wards, neighborhoods, and community areas. According to the City of Chicago website [48], a ward is a political district whose boundaries change after each United States census to reflect population shifts within the city and ensure that each ward has approximately the same population and representativity. Similarly, Chicago neighborhood names and boundaries can change over time. Different people may have different perceptions of specific neighborhood names and locations, and the city government does not recognize neighborhood boundaries for any official purposes. Community area boundaries, in turn, do not vary over time, meaning that information about the city can be consistently collected and analyzed over long periods. Chicago is divided into seventy-seven community areas, amongst which we selected Portage Park, a walkable-residential neighborhood located on the northwest side of the city.



According to the Chicago Metropolitan Agency for Planning [49], Portage Park has a population of 63,020 inhabitants, a population density of 15,834 hab/sq mile, and 100% of its population in areas of high walkability. In addition to that, it has a relatively large territorial area, allowing us to explore a one-mile square for the experiment. The idea was to test our approach’s potential in a highly walkable area and search for improvements within this context. Figure 4 illustrates the location of Portage Park, its boundaries, fabric, and the area we are addressing in the experiment.




3.2. Experiment


The experiment tests the grammar-based optimization approach by implementing two subsequent stages. The first consisted of generating an alternative fabric for the study area, maximizing its overall integration while minimizing its infrastructure cost. The second stage was to identify optimal locations for amenities within the fabric selected from the first stage, seeking to simultaneously: (1) maximize the average Physical Proximity between all the sites in the area and their nearest amenities, considering six categories (education, retail, food, entertainment, recreation, and others), (2) insert the amenities in street segments with higher integration, thereby maximizing their overall topological proximity, and (3) comply with a set of desired secondary goals between them (minimize the distances between food and retail, schools and recreation, retail and other, entertainment and food, and maximize the distances between schools and bars).



Additionally, it was established that retail should be on the corners and education should not so that we could ensure more accessibility to the former and more privacy to the latter. The criteria for choosing the number of amenities for each category followed the current Portage Park ratio for education, recreation, and entertainment [48]. A minimum number of four facilities for retail, food, and other categories was also established. Due to the 15-minute city concept and the scope of the study, which aimed at the distributing amenities within a walkable perimeter, it was decided to consider only amenities within the limits of the study area. Nevertheless, it is acknowledged that nearby facilities may serve the site and improve pedestrian accessibility. Consequently, the distribution of amenities was expected to be concentrated in the middle of the neighborhood. Future implementations considering a larger area may result in the distribution of amenities in a larger and continuous fabric. Table 1 summarizes the amenities categories, their numbers, and secondary goals.



Different optimization techniques were considered in the two experimental stages. To first find a fabric layout that addressed the trade-off between integration and infrastructure cost, Wallacei X [47] was used to employ NSGA-II, a common multi-objective evolutionary solver [50]. This tool enables the analysis and selection of one specific fabric from a set of equivalently efficient solutions (the Pareto Frontier).



The second stage consisted of: (1) proposing the amenities distribution visually, aiming to provide a balanced configuration based on their perceptions, and (2) using three different optimization algorithms (CMAES, RBFOpt, and SPBLX) to find optimal amenities distributions while considering several metrics and secondary goals. To accurately weigh the importance of multiple viewpoints, the following equation was developed to define a performance metric incorporating all viewpoints and secondary goals as a single fitness function to be optimized:


Performance metric = 5a + 2.5b + 0.5c + 0.5d + 0.5e + 0.5f + 0.5g



(1)







In the above scalarized objective function, a is the normalized average PPI of the neighborhood, b is the normalized average integration of the street segments where amenities are located, c is the normalized average distance between food and retail, d is the normalized average distance between others and retail, e is the normalized average distance between recreation and education, f is the normalized average distance between entertainment and food, and g is the normalized average distance between schools and food amenity number 4 (bar).



Finally, to guide the calculations and better identify the potential locations of the study area, we subdivided each street segment into smaller segments of 50 m. The resulting points of these operations were set as possible locations for the amenities. Figure 5 illustrates this subdivision.





4. Results


4.1. Optimization Step 1 Results—Fabric Layout Definition


Stage 1 optimization procedures lasted 25 h and 15 min on an Intel (R) Core (TM) i9-9900X, 3.50 GHz computer, with 128 GB of installed RAM. It led to 25,000 alternative configurations (500 generations with 50 individuals) for fabric layout. The Pareto frontier consisted of 50 solutions sorted into 31 clusters of designs with the same performance and different configurations. The clustering of designs is due to how the grammatical rules are established and translated through a parametric interpreter, as well as how the objectives are calculated. Because the rules add and take away discrete streets on a rectangular grid, many of the solutions snap to similar performance results. Nevertheless, the optimization algorithm demonstrates an ability to improve solutions over generations. Considering the integration vs. total streets length trade-off, most of the solutions found performed better than the existing fabric. Among the Pareto Frontier solutions, the one that provided the best average integration was selected to proceed to stage 2. This design provided an integration improvement of 0.305 (0.926–0.621) compared to the existing layout, and it decreased the total street length by 14,650 m (=68,400 − 53,750 m), meaning a 27.4 million US dollar cost reduction, following estimate guidelines by the American Road and Transportation Builders Association [42]. Figure 6 illustrates all step 1 solutions and highlights three fabrics from the Pareto Frontier: the one with the highest integration (A), the one with the smallest street length (C), and one solution in between them (B). Figure 7 compares the existing fabric and solution A, the fabric set as input to step 2.




4.2. Optimization Step 2 Results—Distribution of Amenities


As indicated above, optimization step 2 resulted in four different amenities distributions, shown in Figure 8. The distribution manually proposed by the authors, which consisted of an attempt to visually balance the location of amenities within the fabric, had a performance metric of 7.51. This distribution was used as the starting configuration for the SBPLX optimization procedures, as the CMAES and RBFOpt algorithms start with a randomized solution. The best distribution found with this procedure after 4 h returned a configuration with slightly better performance: 7.52. The RBFOpt procedure yielded a configuration with a performance metric of 8.19 (after 8 h), and the CMAES procedure found a configuration with a performance metric of 8.24 (after 8 h). The ranking of solutions according to performance metrics did not correspond to the ranking of solutions considering PPI and integration. Table 2 presents the obtained solutions and their performance.





5. Discussion


Orthogonal grids like the Chicago grid can be extended indefinitely. The proposed approach could be applied to an entire city, but this possibility greatly increased computational and design complexity. As our main goal was to verify the affordances of the approach, it was decided to focus on a one-mile square area, encompassing four super-blocks. This allowed us to study the relationships between super-blocks and the entire area, and super-blocks and smaller blocks, while facilitating comparison with the actual area. In addition, if the entire city was considered, the increase in scale would require the use of other metrics and the consideration of other amenities, proper of such a large scale. Nonetheless, the application of the proposed approach to the entire city could, in fact, mimic its application to the one-mile area, with the relationship between the city and the super-blocks being “analogous” to the relationship between the super-blocks and the blocks, in a hierarchical fashion. In this fashion, the city would be considered as a polycentric entity with semi-autonomous neighborhoods. This would have clear advantages, such as decreasing the need for movements between neighborhoods and facilitating intermediate lockdowns [51] with positive impacts on CO2 emissions and on limiting the spread of infectious diseases [32], respectively. Ultimately, the choice of how to apply the proposed approach would depend on a variety of factors, including, the preferred urban design theory.



Our goal was not to validate shape grammars but to create a framework to support designers in their quest for producing urban designs that are as adequate as possible to the design context, while matching specific design objectives, which in the current case is walkability. It just happens that this goal cannot be achieved by shape grammars alone. This refers to the discussion between strong AI, like rule-based design systems of which shape grammars are an example, and weak AI, like search and learning. There is not enough domain and contextual knowledge to rely solely on shape grammars. Therefore, a hybrid system is proposed. The first work to propose such a system was by Cagan and Mitchell [52], and the concept was formalized by Duarte [10], where a more in depth discussion on the subject can be found.



Stage 1 results demonstrated a broad spectrum of possibilities to improve the overall integration of the existing fabric while minimizing its total street network length. The vast majority of the 25,000 solutions obtained performed better considering this trade-off than the existing fabric. The application of multi-criteria optimization in this stage enables a designer to view and choose from 50 different solutions found on the Pareto front. The chosen fabric (the one that provided the highest average integration) allowed for a 27.4 million dollars less expensive configuration while delivering a more integrated network within the Chicago urban language. Moreover, if the Pareto frontier solution that provided the less expensive fabric was chosen, this would mean a 32.3 million dollars cost decrease.



Step 2 results reflect an even more difficult problem. The distribution of amenities should deliver less than 15-minute distances (an average PPI of 0.6) between all locations and the closest amenities. In addition, we were seeking configurations that located urban services in street segments with higher integrations while complying with a set of secondary goals. The distribution proposed by the authors intended to respond to these conditions using their perception and expertise as designers. This solution provided the lowest performance metric value but the highest average PPI. The best solution for SPBLX started with the distribution proposed by the authors as input and could not significantly increase its performance (actually, it improved the integration and decreased the PPI) before getting stuck in a locally optimal solution.



Both the RBFOpt and the CMAES best solutions provided significantly better performance metric scores (8.19 and 8.84, respectively). However, these solutions delivered worse PPI performances (yet desirable for 15-minute neighborhoods as they are >0.6), probably due to their trend to centralize the amenities.




6. Conclusions


This study builds on the research thread of grammar-based optimization approaches to address the generation of urban fabrics in early design. The presented approach is intended to parametrically implement a shape grammar that codifies the rules for designing urban fabrics within the Chicago language while attending to multiple viewpoints related to the 15-minute cities concept.



In summary, this study contributes to 15-minute city design methods by exploiting the potential of coupling shape grammars and computational optimization to filter solutions at the urban design scale. A grammar-based optimization approach was used to find 15-minute neighborhood configurations that minimized infrastructure cost (as estimated by cumulative street length) and the number of facilities while maximizing pedestrian accessibility to urban services (as assessed by the fabrics overall integration and the average distance from all plots to nearest facilities). As the 15-minute city concept envisions more sustainable communities by promoting proximity, we believe the presented approach is an initial step toward computational methods to support its proposition.



Despite achieving meaningful findings, the authors acknowledge some limitations of the conducted study. The Chicago Urban Grammar does not address irregular or non-orthogonal urban block patterns, and the influence of nearby amenities located outside the studied fabric was not considered. In addition, other critical aspects related to the 15-minute city concept, like density or the number of street intersections, should be incorporated as objective functions or in the proposed performance metric equation. We also aim to explore shape grammars for irregular urban block patterns. Therefore, there is a wider spectrum of opportunities for future work and improvement of the presented approach.
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Figure 1. The basic logic of the Chicago Urban Grammar: example of rules for grid generation and urban fabrics within the grammar, obtained through different rules combinations. 
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Figure 2. The main steps to calculate the PPI of a given fabric, considering only one type of amenity (e.g., educational). The used tool calculates the shortest path that connects an amenity and a dwelling and repeats that for all assigned locations. The same operations should be performed simultaneously or consecutively for all categories considered. 
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Figure 3. A summarized description of the proposed workflow. The generation of the base grid and its parcels is followed by a subdivision of the parcels into blocks. These configurations are assessed and their performances are set as fitness functions in multi-optimization procedures to determine amenities optimal positions. 
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Figure 4. Portage Park location, fabric, and the selected area for the experiment. 
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Figure 5. The subdivision of a street network into segments of 50 m. Each point represents an approximate access point to amenities. 
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Figure 6. All optimization step 1 solutions and three illustrating fabrics within the Pareto Frontier: the one with the highest integration (A), the one with the smallest street length (C), and one solution in between them (B). 
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Figure 7. A comparison between the existing fabric and the one obtained in step 1 in terms of integration, with higher integrated streets shown in red and less integrated ones in blue. 
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Figure 8. The distribution of amenities manually elaborated by the authors and the best distributions found with different optimization algorithms. 
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Table 1. Amenities considered in this study: categories, number, and secondary goals.
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	Amenity Category
	Number of Amenities
	Secondary Goals





	education
	2
	not on corners



	retail
	4
	on corners



	food
	4
	minimize distances to retail 1



	others
	4
	minimize distances to retail



	recreation
	3
	minimize distances to education



	entertainment
	1
	minimize distances to Food







1 One specific food amenity was considered a bar and set to maximize its distances to education.
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Table 2. The performance of the solution manually proposed by the authors and of the best solutions found by the different optimization algorithms according to different viewpoints.
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	Procedure
	Performance Metric
	Average PPI
	Average Integration





	By Authors
	7.51
	0.84
	0.79



	SPBLX (Radical)
	7.52
	0.83
	0.80



	RBFOpt (Opossum)
	8.19
	0.72
	0.86



	CMAES (Opossum)
	8.24
	0.74
	0.87
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