

  sustainability-13-09268




sustainability-13-09268







Sustainability 2021, 13(16), 9268; doi:10.3390/su13169268




Article



Modeling Pedestrian Flows: Agent-Based Simulations of Pedestrian Activity for Land Use Distributions in Urban Developments



Jesús López Baeza 1,*, José Carpio-Pinedo 2[image: Orcid], Julia Sievert 1, André Landwehr 1, Philipp Preuner 3, Katharina Borgmann 1, Maša Avakumović 1, Aleksandra Weissbach 1, Jürgen Bruns-Berentelg 3 and Jörg Rainer Noennig 1





1



Digital City Science, HafenCity Universität Hamburg, 20457 Hamburg, Germany






2



tGIS Research Group—Transport, Infrastructure and Territory, Universidad Complutense de Madrid, 28040 Madrid, Spain






3



HafenCity Hamburg GmbH, 20457 Hamburg, Germany









*



Correspondence: jesus.baeza@hcu-hamburg.de







Academic Editors: Yichun Xie and Bin Jiang



Received: 29 June 2021 / Accepted: 13 August 2021 / Published: 18 August 2021



Abstract

:

Pedestrian activity is a cornerstone for urban sustainability, with key implications for the environment, public health, social cohesion, and the local economy. Therefore, city planners, urban designers, and decision-makers require tools to predict pedestrian mobility and assess the walkability of existing or planned urban environments. For this purpose, diverse approaches have been used to analyze different inputs such as the street network configuration, density, land use mix, and the location of certain amenities. This paper focuses on the location of urban amenities as key elements for pedestrian flow prediction, and, therefore, for the success of public spaces in terms of the social life of city neighborhoods. Using agent-based modeling (ABM) and land use floor space data, this study builds a pedestrian flow model, which is applied to both existing and planned areas in the inner city of Hamburg, Germany. The pedestrian flows predicted in the planned area inform the ongoing design and planning process. The flows simulated in the existing area are compared against real-world pedestrian activity data for external validation to report the model accuracy. The results show that pedestrian flow intensity correlates to the density and diversity of amenities, among other KPIs. These correlations validate our approach and also quantify it with measurable indicators.
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1. Introduction


1.1. Walking Is the Cornerstone of Sustainable Cities


Contemporary urban policies are defining development targets towards resilience, sustainability, walkability, and people-centered approaches. Consequently, pedestrian activity and active mobility modes are becoming one of the main foci in the urban agenda. The ability to walk to places is the cornerstone of urban sustainability, with major impacts on the environment, public health, social cohesion, and the local economy [1]. Sustainability in its multiple realms, i.e., environmental, social, and economic, has been one of the most important topics of political and scientific debate in the last decades. This paper is located in the urban sustainability research area, offering a unique and fundamental contribution to the field of urban simulation. The paper comments on social sustainability and sustainable mobility embedded in the mid-2010s acquis of the UN-Habitat 17 Sustainable Development Goals (SDG) of the 2030 Agenda for sustainable Development—especially SDGs 9 and 11—and the German Advisory Council on Global Change (WBGU), from which the following pieces can be derived:



Firstly, planning mixed-used and walkable neighborhoods fosters environmental sustainability. Carbon emissions derived from motorized mobility, and automobiles in particular, can be reduced by encouraging active mobility modes such as walking. Therefore, fostering accessibility to amenities, services, and economic activities at a walkable distance can be considered an effort towards environmental sustainability. In the context of spatial planning and design, a detailed plan of amenities can be a powerful trigger for pedestrian activity, along with other built environment factors [1].



Secondly, social sustainability relies on inclusion and diversity. The WBGU argues that social inclusion directly relates to “higher levels of satisfaction and more peaceful communities” [2] (p. 31). A cohesive social fabric is generated from inclusive planning—of residents, visitors, workers, business, services, and amenities—at a local neighborhood scale. Consequently, the social fabric is connected to cultural embeddedness. They both are unique and essential characteristics of urban areas. The WBGU calls them “Eigenart” (idiosyncrasy). These characteristics flourish in public space, along with “social networks, trust, security, communication, [and] a shared sense of responsibility” [2] (p. 31). In this context, public space needs to be understood and planned from its potential to both generate and to be activated by flows and encounters of people [3].



In addition to public space, sports and leisure facilities, shops, cafes, bars, and other non-home, non-work third places, as described by Oldenburg [4], become essential conditioners for the establishment of a local sense of place and shared environmental images, playing a key role in the self-construction of urban identities and a cohesive social fabric [5]. The construction of neighborhood identity is strongly influenced by active and lively public spaces, and the supply of activity via the presence of amenities offering goods and services [6]. Consequently, derived socio-economic features condition the construction of everyday practices and define the perceptual characteristics of neighborhoods [7].



Finally, pedestrian flow relates to economic sustainability at the district scale. A steady flow of people to places translates as potential demand for goods and services, and a critical mass of customers to maintain local businesses feasibly. Novel contemporary practices such as e-commerce offer the most cost-efficient way to satisfy basic needs, placing physical consumption closer to socio-symbolic motivations [1,8]. The procedural evolution of the social practices of consumption, and consequently amenities, services, and economic activity, are directly related to the physical transformation of urban spaces [9] and consequently, affect the social fabric and its footprint at the local scale. Close monitoring, understanding, and potentially managing these dynamics is essential in the establishment of livable and cohesive neighborhoods, especially in the context of the development of new urban areas, to ensure and foster socially, ecologically, and economically sustainable urban spaces.




1.2. Literature Review: Walkability Analytics


Acknowledging pedestrian flow as the cornerstone for sustainable localities, which factors might influence pedestrian movement? The literature has identified consistent evidence pointing at urban morphology and land use distribution as the main drivers of pedestrian activity, strongly correlating them.



Space Syntax methodology analyses urban form and the street network from a configurational perspective [10,11,12]. The topological hierarchy of natural streets, among other variables, highly correlates with pedestrian flow volumes and distribution [13]. These variables summarize relevant topological and geometric patterns and develop the idea of natural movement and wayfinding due to visual connections and the topological hierarchy of the underlying living structures [13,14]. This methodology succeeded in identifying the pedestrian “desire lines” of movement, mapping the places with a higher pedestrian demand and the most common pedestrian itineraries.



Within the same theoretical basis, Visibility Graph Analysis (VGA) allows the assessment of urban spaces at a more micro-level [15,16,17]. For VGA developers, Space Syntax representations such as axial lines (straight parts of the street network) and, later, street segments between two consecutive junctions [18] provide a “large” scale representation and quantification of urban spaces, not addressing the on-street human experience appropriately.



Analyzing and quantifying pedestrian-related issues is a challenging endeavor regarding scale [19,20], as the level of detail (pedestrian-scale) limits or is limited by the extent of the sample (local, urban, regional scale). Some authors have analyzed a reduced number of factors per street or for a sample of streets to calculate neighborhood-level summary measures e.g., [21,22]. Others have proposed measures for street segments e.g., [23,24] or each footway e.g., [25]. In contrast, VGA enables a finer granularity (as detailed as required) and, therefore, the analysis of different locations within the same street segment and within the same footway, closer to the human scale of a footstep. This level of detail results in improved correlation coefficients with pedestrian flows measured on-site [13].



Including land-use data and transport node locations into the analysis have the potential to improve the correlation even further [26]. This seems evident as land use density, commercial activities, and public transport nodes are clear pedestrian trip generators [27]. Besides the distribution of retail activities and amenities, consistent studies also suggest the importance of other land-use variables such as population and employment density e.g., [28,29].



While several academics perform comparative studies focusing on pairs of variables (such as street centrality and pedestrian flow volume; street nodes and pedestrian activity level, among others), a comprehensive study including a multi-parametric approach has not yet been conducted. Furthermore, computational street-network approaches such as SpaceSyntax are often applied to data-model-based environments that risk oversimplifying the dynamics of a real-life setting. Therefore, this contribution builds upon the previous research in at intersection of computational street-network analytics and flow, considering several parameters simultaneously. More specifically, we expand on the link between the location of origins-destinations on a given network (in our case: amenities, services, and economic activity), and the quantitative and qualitative characteristics of flow (understood as an aggregation of several individual paths). Moreover, the simulations are compared against real-life empirical measurements.




1.3. Research Objectives


Within this overall investigational scope, this work assesses the role of amenities in enhancing the sustainability of urban spaces through pedestrian mobility and the presence of people in public spaces (urban vitality). As such, we defend that urban vitality and social interaction are matters of immediate concern for urban planners and developers. Applied to the formal process of city-making, knowing the factors that influence the distribution of livable spaces would mean that pedestrian flow could be “intentionally” designed, for instance, by the strategic allocation of amenities, or by aligning the design of the street network to the location of amenities.



Hypothesizing that amenities, retail activities, and services are active motors of social activity in urban and public space, we aim at determining to what extent their key characterizing elements (i.e., density (density is understood as the quantity of elements by the unit of area, is known to be a key condition for urban activeness. Referred to the presence of amenities, a higher density of amenities is related to a higher degree of possibility of action through the supply of goods and services, the satisfaction of basic needs, and to perform leisure and optional activities [30]. It is also related to a higher demand for employees and therefore a higher presence of people) diversity (diversity and heterogeneity of uses and functions foster the mix of people and social interaction [30] by avoiding monofunctional and sectorized areas), and complementarity (complementarity is understood as the capacity of some types of amenities to complete others, creating the possibility of a sequence of actions from the pedestrian perspective e.g., walking from a restaurant to a café instead of having a coffee in the same restaurant where they had lunch. The possibility of sequenced actions is given by complementarity at two different levels [31,32]: functional complementarity, produced when the main function of amenities allows them to become both origin and destination of trips; spatial complementarity, produced as the distance between amenities is walkable)) are related to the configuration of pedestrian flow (i.e., interaction opportunities (opportunities of interaction, in line with the definition of cities as spaces of serendipity [33], which promotes social, cultural, and economic exchange by chance, and it is fertilized by the opportunity to make spontaneous decisions based on the availability of “things to do”—the presence of amenities—and the co-presence with other people in the same location. This is also explored by Stier et al. [34] describing that the “exposure to semi-random social interactions” correlates to mental health indicators), temporal distribution (temporal entropy, is the measure of both the number of trips and the temporal diversity, qualifies the trips as concentrated in a specific time range or spread throughout the day), location and number of pedestrians (pedestrian density is the number of trips that occur per unit of area), time spent outside (duration of the trip is the average length of time that a pedestrian is present in a public space), and distance walked (length of the trip is the average of the aggregated distance that a pedestrian walks)).




1.4. Case Study: New Walkable Districts in Central Hamburg


Located in the inner city of Hamburg, Grasbrook is a future mixed-use waterfront district currently under planning. Its outline is the result of an international urban and landscape design competition held in 2020. The development is expected to be completed by 2040. Built on former harbor land, the maritime and industrial flair is key for the Grasbrook development. The integrated planning process includes landscape and mobility planning, with an ambitious modal split aiming at a 10-min walkable city. The neighborhood is expected to host some locations of national significance, such as the Deutsches Hafenmuseum [35]. To properly connect Grasbrook with neighboring districts has been a central focus throughout the planning process [36], especially to create synergies with the district Veddel to the east [37], and as a link between the northern and southern districts of central Hamburg.



In order to validate the assumptions made to simulate the unbuilt district of Grasbrook, our simulations are also implemented in the neighboring district of HafenCity. Both HafenCity and Grasbrook are very similar in morphology, they are located close to each other at a walkable distance (the construction of a bridge from Grasbrook to HafenCity is being discussed), and they are both inner-city waterfront developments transformed from previous harbor industrial areas. While Grasbrook is currently a brownfield at its Functional Planning phase, HafenCity is half completed and has a current population of approximately 6000 residents as well as visitors and commuters on a daily basis. Therefore, HafenCity provides a suitable comparative case to test the simulation models developed in this research contribution, and compare them against empirical data coming from a close and similar context. The results from the pedestrian simulation models are compared to the data collected from pedestrian-count devices installed in the streets of the west of HafenCity.



The results of the simulations can be the base to assess an integrated Functional Planning phase of development, as decisions about land-use placement can be taken informed by the results of our models. The integrated Functional Planning is prepared on a City-BIM model (CIM) that includes the 3D shape of buildings and public spaces along with land use data (classes and floor areas). The compared scenarios for pedestrian infrastructure and land use distribution result from the planning discussion between city administration and architects. In order to develop a tool that is oriented on highly realistic planning decisions, our simulation scenarios represent several options of “what if”, with a focus on the topics discussed by the Functional Planning stakeholders (e.g., What would happen if we built a bridge connecting Grasbrook with HafenCity?) These options are hereafter referred to as “user inputs”.





2. Materials and Methods


This contribution utilizes agent-based models (ABM) to simulate pedestrian flow. The choice of ABM lies on the focus on an agent scale, in which agents represent individuals, in contrast to network approaches such as SpaceSyntax or VGA where the base entities are streets and street segments. ABM makes it possible to define a set of rules at an individual agent’s level, in order to easily observe upscaled behavior of larger groups. Therefore, it is possible to define a set of routines for one person to follow through one day, and then observe the behavior of the entire neighborhood. Furthermore, the ABM software selected (the GAMA platform) allows multiple data types as input, flexible outputs, and integration in further user interfaces such as dashboards and web applications (see Section 4.3).



2.1. Simulation Area


The focus area of the simulation is placed in the planned development of the district Grasbook, including all of the extents of the Functional Plan in development at the time when the simulation is built (November 2020). The new district Grasbrook is characterized by certain isolating conditions: the river Elbe, major traffic arteries, and port industrial areas at west and south. On the east side, however, the district Veddel shares a border with Grasbrook along over one kilometer. Due to the characteristic form of the area, the Grasbrook–Veddel configuration is surrounded by canals, and delimited by the river Elbe at the north. The limits of the simulation are established by those canals and water bodies surrounding the Grasbrook and Veddel districts, plus a walkable offset of 300 m that includes access bridges (Figure 1).




2.2. Synthetic Population


Agent-based models utilized in this contribution simulate the movement of “agents”, which represent people in the neighborhood. These agents are generated as a synthetic population. By cross-referencing the functional classification (land use) with the surface dedicated to each function in the designers’ CIM model, the agent-based model calculates the gross number of “residents” and the number of “employees” from a deterministic-model approach matching target densities given by studies that indicate the area needed per person, on each land use [38,39,40,41] (Figure 2).



From these target amounts, the agent characteristics are assigned from a stochastic-model approach weighted in a probabilistic model with statistical data regarding each of the agent’s internal values. For example, agents are assigned a “workplace”, an “age group”, and a “main transport mode” with reference to the external statistics.




2.3. Simulation Models


To simulate the pedestrian flows of a day in the neighborhood, we define “the everyday” and “the exceptional”. The everyday of each agent is understood as a list of subsequent “things to do” that are conditioned by decision rules, weighted by statistical data (For the case of the Grasbrook, a file containing external statistics is inputted as a data table formatted manually. The table contains information about (a) the probability of a person to pertain to a specific age group, taken from the demographic census of the city of Hamburg [42]; (b) the probability of a resident in the neighborhood to be employed in a place located in a different neighborhood, taken from the designers’ target values; (c) the probability of a worker to be a resident from a different neighborhood, taken from the statistical census “Mobility in Germany” [43]; (d) the modal split of visitors, taken from the statistical census “Mobility in Germany” [43]; (e) the target modal split for residents, taken from the designers’ target values. For the simulation of the comparative case i.e., HafenCity, the external statistics are taken from the sources described above, except for (f) the probability of a resident in the neighborhood to be employed in a place located in a different neighborhood and (g) the modal split for residents, which are both taken from the statistical census “Mobility in Germany” [43]). Due to the high complexity of the simulation, we perform four independent and simultaneous models working with the same inputs and delivering four different outputs that are merged afterward. The representation of the everyday routines is divided into three temporal segments of the simulated day (Models 1 to 3). The simulation of the exceptional is computed on a fourth model running along 24 h of a simulated day, and it represents those activities that are not generally included in everyday routines. Furthermore, these exceptional activities are hosted by buildings classified by the designers as “special-use” in their BIM model, including health-related facilities, public services, religious facilities, community centers, and museums.



2.3.1. First Model—Home to Work


This model simulates the trips to a workplace and the early hours of the morning, from 6 am to 11 am. This simulation model creates a trip for every agent to go from their home origin location to the target location of their workplace or education facility.




2.3.2. Second Model: The Lunch Break


This model simulates the trips from a working place to a lunch facility, from 11 am to 3 pm. At lunchtime, agents generate a series of trips connecting a lunch facility and/or a coffee facility within a radius of walking distance and chosen according to a probabilistic model. After lunch and coffee, the agents walk back to their original workplace.




2.3.3. Third Model: Work to Home


This model simulates a sequence of the trips for each agent, from a working place to other activities and eventually to their home, from 3 pm to midnight. The model “work to home” does not imply that all agents go to their homes directly after work; but they are able to perform leisure, consumption, or service-based activities after their working hours. The decisions whether to perform an activity after work, where to perform it, and how many places they visit are regulated by a probabilistic model.




2.3.4. Fourth Model: Special-Use Amenities


This model simulates the trips to a special-use amenity, during the 24 h of a simulated day. Since this model focuses on the performance of “exceptional” activities which are not part of the everyday, it places special emphasis on the buildings classified with special use. Therefore, this model loads a file containing the demand for special-use amenities i.e., information about the number of visitors going to each special-use amenity every hour to detect the peak demand hours.





2.4. Accuracy of the Models


External validation is performed by simulating the district of HafenCity and comparing the simulated pedestrian flow with data obtained from pedestrian volume measurements taken on-site by the transport consultancy ARGUS. More specifically, we compare the flow volume distribution in 19 specific physical locations (Figure 3), where CCTV cameras were placed. These cameras are equipped with anonymization software that allows them to count the number of pedestrians and bikes crossing a virtual line drawn perpendicularly to the sidewalk. This automatic pedestrian counting was performed in 2012, 2016, and 2019. Due to the evolutionary capacity of urban space—the simulation area being majorly under construction in 2012 and 2016—we compare only the latest dataset generated in 2019. Similarly, our simulation model includes a representation of those virtual lines in GIS format in those locations where pedestrians were counted in the real-life setting. The simulation module also counts the number of times that a virtual line has been crossed by an agent, outputting a pedestrian flow volume that can be compared directly with the historical on-site data.





3. Results


3.1. Simulation Results


An internal evaluation is performed to observe the role of the user input, for each of the characteristics of the pedestrian flow resulting from it (Table 1). This evaluation is performed through Biserial correlation analytics, where correlation is measured from −1 to 1, where −1 means 100% of inverse correlation, 1 stands for 100% direct correlation, and 0 would mean the absence of correlation.



By observing the results depicted in Table 1, it is possible to notice a strong −0.828 inverse correlation between the placement of a bridge in the north-west side of the island and the average length of trips, as the bridge would shorten the connection between the Grasbrook and the southern waterfront of HafenCity, and consequently reduce the trip duration. A −0.73 inverse correlation is also noticeable between the clustering of amenities by function and the temporal entropy of the pedestrian flow, meaning that a higher mix of uses and functions (less functional clustering) favors a temporal diversity in the activeness of space. In other words, functional segregation e.g., placing offices in one cluster, and restaurants in another cluster would favor temporal segregation e.g., office areas only active during working hours, and restaurant areas active only during lunchtime. In the range of the 0.50 correlation, it is observable that the emphasis of locations being put in North-South axis versus East-West axis can have a significant impact on the temporal entropy, and both the length and duration of trips i.e., the time that people spend on public space.



Having a closer look at the effect of specific configuration scenarios for further analysis is possible by using boxplot metrics. These serve as visual representations of the metric value distributions among the various agents. For example, the comparison of the distributions of the trip length among different scenarios can be seen in the following diagram (Figure 4).



Figure 4 depicts scenarios with the variable “HafenCity Bridge” (including the presence of a bridge connecting to the northern district of HafenCity over the Elbe river, or not including it) making a notorious influence on the values. On average, of all trips across all possible scenarios, the lowest trip length is realized when the bridge to HafenCity is placed. This is especially important for stakeholders to make decisions driven by sustainability goals. Shortening the trip length and duration directly increases accessibility to services and amenities through active mobility modes, and consequently, it can potentially reduce usage and CO2 emissions from motorized transport.



On the contrary, the variable “Veddel Bridge” controls two options for the placement of a bridge connecting to the district of Veddel on the south-eastern side of the Grasbrook development area, each option considering the placement of a bridge as an extension of either the first or the second street east-west-oriented at the south of the Grasbrook. As both options include a bridge in a very similar location, the boxplots corresponding to the two scenarios including the “Veddel Bridge” options in Figure 4 portray the minimum difference in average trip length, as also reported in the Biserial correlation (Table 1) with an inverse correlation of only −0.027.



Regarding the effects of the strategic placement of amenities, the “Orientation of the main axis” offers two possibilities, emphasizing (1) one long street with orientation east-west, versus (2) several shorter streets with orientation north-south. Emphasis is put on placing a higher density of amenities along these street segments. Results show that one-long-street scenarios increase both the duration and length of trips, while several-shorter-streets scenarios accomplish higher temporal entropy (0.568) and more opportunities for social interaction derived from public space encounters (0.317). Similarly, block permeability contributes to this effect and of smaller and denser street segments, as it allows for pedestrians to walk in between the inner courtyards and semi-private spaces. These spaces of smaller size constitute a higher potential for social interaction derived from spatiotemporal encounters (0.315). Furthermore, as pointed out above, not having the amenities clustered by function, type, or use outputs a more diverse and evenly distributed supply of services with increasing the temporal entropy (0.730), the density of people in the streets (0.318), and shortening the trips in distance and time, as more services are accessible.



These observations point in the direction of more socially active spaces in urban fabrics distant from modern and post-modern design patterns with big main streets as structural axis, in favor of smaller, narrower, and denser fabric types, where people perform more and shorter trips and include a variety of use types in a walkable radius.



In sum, correlations between the model inputs (i.e., planners’ and designers’ decisions like the placement of the northern bridge, and general distribution patterns for amenities) show a significant impact on the characteristics of pedestrian flow, meaning that indeed pedestrian flow and activeness of public spaces can be intentionally designed to emphasize certain areas or accomplish certain levels of activity, through strategic placement of amenities and a comprehensive design of the street network. However, two of the variables (i.e., placement of the southern bridges, and block permeability) perform a minimum impact on the pedestrian flow characteristics, probably because (1) our pedestrian agents follow “desire paths” or most efficient routes to reach their destinations (in most of the cases where blocks are permeable, these routes are still following the structure of main streets and therefore, agents do not tend to choose routes that cross through inner courtyards between buildings simply because it would take longer) and (2) the options considered for the bridges at the south of the districts being too similar, with no different outcome in the pedestrian flows generated.




3.2. Principles of Pedestrian Flow


Evaluating the correlation between user inputs and characteristics of the output pedestrian flow shows interesting results that can potentially be applied following the line of thought in which inputs can be adapted i.e., urban space can be modified to accomplish certain levels of pedestrian activity. Besides, it is also possible to evaluate the correlation between the internal characteristics of pedestrian flow by comparing indexes against each other. This comparison can shed light on the characteristics of urban activity related to people walking and being in public space, as already explored by academia since the decade of the 1960s defending that higher density and diversity of amenities would bring people to the streets. However, this claim was observed in real-life settings where the intangible layers of meaning, popularity, perception, or mere routine preferences of pedestrians could not be isolated. We defend that our pedestrian simulation models could be understood as a laboratory experiment where the pure cause and effect relationship can be analyzed quantitatively.



While Table 1 shows a biserial correlation between model/user inputs (planning/design decisions) and resulting pedestrian flow measured in the district Grasbrook as a unit, Table 2 shows a correlation between characteristics of the amenity distribution and pedestrian flow in smaller sub-areas of the district Grasbrook, compared against each other. The Pearson’s correlation coefficient applied to the flow results point towards a 0.435 increment of the temporal entropy with a higher diversity of types of amenities, and a 0.528 increment of pedestrian density by increasing the number of amenities, both reflected in a decrease of both the average trip durations and length—meaning that urban areas could become highly active locally, as people can perform a variety of activities within their walkability radius. Consequently, higher pedestrian density and shorter trips constitute a 0.333 increase in the chances of having social interaction produced by the spatio-temporal encounter between two or more pedestrians in their paths. In other words, correlation results point towards the fact that higher density and diversity of amenities produce a sense of locality that is manifested in pedestrian density activating local centers by walking to close locations throughout several temporal segments of the day.



Interestingly, the complementarity index shows an extraordinarily low correlation to all other indexes. Complementary is understood as a distribution of amenities (restaurant near café or clothing store near shoe store) in which potential destinations of trips are also origins of subsequent trips within a walkable distance. Following this idea, functional and spatial complementarity did not show a correlation to any other indexes. From a data perspective, multiple data sources on activities, uses, and functions implement a layered categorization, e.g., Google Places, Facebook Places, or Foursquare, in which a general type, “Food-related service” can be sub-categorized as “Restaurant” and sub-sub-categorized as “Italian restaurant”. In many cases, complementarity could be established within the context of the main category and different sub-categories, as in “Consumption” types complement each other between sub-categories such as “Clothing store” and “Shoe store” understanding that the “Consumption” sequences often relate several products of apparel. Such sub-categorization is not included in our model, in which only general categories are treated. In consequence, if the diversity index would have accounted for sub-categories, the complementary indexes might have correlated with diversity. The implementation of our pedestrian models aims at informing a Functional Planning phase of a certain district or neighborhood. In that context, the level of detail regarding the definition of sub-categories remains unaddressed by the designers at this stage, meaning that it is neither possible nor useful to determine whether a commercial space shall be used to sell clothing, shoes, or accessories, from a Functional Plan perspective. Therefore, the question on quantifying complementarity tendencies remains open for further studies on consolidated urban areas, or in more advanced stages of urban development planning and operative city management.




3.3. Model Validation


This evaluation of the model is performed taking the district of HafenCity as a use case, where CCTV cameras were placed in 2019 to automatically count pedestrian volume. Similarly, our model of HafenCity includes a representation of those devices in the same locations, so that empirically counted pedestrian flow volume can be compared directly with the pedestrian flow generated by our simulated agents in the model.



Even though the gross numbers of flow in the simulation and the physical sensors are far away from each other, the relative flow measurements concerning the percentage of flow that is hosted by the street segments that are measured are very similar. In Figure 5 it is possible to observe that the most popular street segments in the simulation models are also those that host the highest level of pedestrian transit reported by the physical sensors, with a maximum deviation of 6.81%.





4. Discussion


4.1. Universal Principles and Case-Dependent Results


A question that derives from the aforementioned observations addresses the topic of scalability and replicability of the approach. As the two case studies included in the present research involve two urban areas of similar morphological characteristics and socio-economic context, it is natural to pose the question of whether the same correlations would apply to different city types, namely urban areas with higher levels of integration within the city network, or areas with different sizes and forms. In those cases, it is possible to have a higher inflow of people walking through the neighborhood with an external origin and destination, and, therefore, the placement of amenities at a local level could only affect the local distribution of pedestrian flow, being local and external flows merged and producing different dynamics with different quantitative relations. In those cases, it would be likely to assume that longer trips would tend to approach local centers of activity thus density and diversity of amenities could be correlated directly with trip duration and length. Therefore, to what extent our findings are case-dependent is a question that would be addressed with a broad-scale study on pedestrian mobility tracing citizens through different areas of the city, in several different typological settings.




4.2. Walkability and Rationality


The results portray pedestrian flow resulting from agents designed as rational entities in the neoclassical economic sense [44], meaning that they make choices based on optimization and utility (e.g., choosing the shortest path as the most efficient route). In this sense, specific agent behavior and perception are not considered, as they all behave to follow the same set of procedures rationally. Omer and Jiang [45] proved a high correlation between street centrality and flow, concluding that individuals’ cognition during movement had only a minor influence when compared to topological, angular, and metric measures. Following that approach, we modeled our agents as purely rational entities.



Therefore, one possible criticism of models such as the one presented in this paper might derive from the fact that we are not considering evolutionary Butterfly Economics theory in which individuals are also able to adapt their decision-making based on new information [46] and, therefore, creating an adaptive model in which agents would be able to perform decisions based on a constant evaluation of the environment. Recent research has shown that pedestrians can deviate from the shortest path due to factors like the presence of retail, green areas, or street furniture [47]. Following this line of reasoning, our model outputs a result based on statistics that are utilized as a deterministic probability to the extent that spontaneous decision is limited by the agents as they are able to “decide what to do”—based on an evaluation of the surrounding environment conditioned by the probabilistic choice model that is coded in them—only when they finish performing an action, and they are not able to “change their mind” on the fly. Furthermore, we are not considering the symbolic value of urban spaces in line with the spatial consequences of the “conspicuous leisure” or practices influenced by their socio-symbolic dimension [8,48], such as (1) going to fancy places in order to be seen or showcase status or interact with specific types of people, or (2) performing actions or going to locations in order to refine the “spatial-self” attachment of narratives of places for the construction of a self-identity. We acknowledge the importance of the presence of a flow of people to define spaces of success in the sense that the outcome of our models shall be taken into account when designing new neighborhoods to consider a potential impact in the symbolic layers of urban spaces that host said flow e.g., the potential to create social interaction, social activeness, and to give relevance to specific public spaces to eventually generate landmarks.



The second criticism is related to the main limitation of agent-based models regarding the level of complexity of the simulation performance, i.e., the elements of reality we choose to simulate, and the elements we choose to exclude. We could define the deepest level of reality considering variables with a minor influence on the environment whilst the question regarding “where to place the line” would always be raised. Instead, our model is placed under the “good enough” conditions established by Bourgais et al. [49], in which they state that the level of depth on a simulation including social variables should depend on the level of detail expected in the results, due to the highly challenging nature of the complex and sometimes unpredictable human cognition and behavior. Applied to our case, our main objective is to observe general patterns and major trends in the distribution of pedestrian flow as a comparison of different settings for the logic behind the distribution of amenities. We assumed static environmental conditions across all the scenarios, with the purpose of performing observations of the isolated impact of the distribution of amenities. e.g., since we do not simulate the impact of weather conditions in pedestrian flow, we did not model it.




4.3. The Added Value of Agent-Based Modeling of Pedestrian Flow


In this regard, the results of the simulations included in this paper shall complete the information provided by the performance of purely spatial analyses e.g., Space Syntax computations about connectivity and centrality. Our added value relies on (1) the weight of flow based on population existing target values (2) the emphasis on the description of origins and destinations by the strategic placement of amenities with scenario-based feedback, (3) the observations of the dynamic behavior of flow in time, placing the focus on specific daily routines performed at different times of the day and their progressive evolution, and (4) the probabilistic approach, moving away from fully deterministic approaches.



Furthermore, our integrated KPI dashboard allows, from the user perspective, a horizontal evaluation of the qualitative and quantitative performance of the flow distribution across every scenario allowing the user to compare design options performance and make decisions about the placement and distribution rules of amenities and services (Figure 6). Within the urban project development process, the integrated dashboard assesses stakeholders and designers in iterative design processes such as deliberations on street design and placement of amenities and services.




4.4. Further Research


By the beginning of 2021, the simulations described in this paper were being implemented in an open-source interactive online interface that allowed users to select the initial conditions of the street network and placement of amenities to simulate pedestrian flow and measure it through the indexes that are presented in this research. In the near future, our team plans further research in different directions: (1) Interconnection of pedestrian flow simulation with other spatial simulations with a focus on public space e.g., noise comfort and thermal comfort, with the fully interactive placement of amenities and services to feed a real-time simulation embedded on the current user interface, (2) showing the capacity of planned streets and spaces for the projected number of people, including the pedestrian flow/footway width ratio. This feature would be a useful indicator of pedestrian comfort and level of service, as described by Transport for London [50]. (3) The design and documentation of several workshop use-cases to be included in the decision-making the process of the Functional Planning phase of new neighborhoods in the German context, in which the simulation models would be actively utilized to inform about scenario performance and potential intervention impacts. (4) In the near future, we aim to model existing areas with more detailed datasets including socio-behavioral and socio-symbolic inputs in order to overcome the limitations of a neoclassical-economy-driven approach and consequently increasing the level of complexity and improving our consideration of social diversity. Potential data sources include social media and crowd-sourced data.





5. Conclusions


This paper posed the hypothesis that by simulating the pedestrian flow generated by the certain distribution of amenities and streets, during the Functional Planning stages of sustainable area development, the distribution of amenities has the potential to attract people and boost the popularity, livability, and sustainability of new district developments areas by guiding the pedestrian flow to certain areas or emphasizing the locality of certain streets. Especially in the case of having the opportunity to shape a new neighborhood, it might be important to remember a word of warning: “once urban structures and infrastructures are built, you cannot correct mistakes anymore. The future is literally being cast in concrete. Mistakes made in the next two or three decades will haunt many future generations” [2]. Observing the results of the simulation models described in this paper, it is possible to extract conclusions in that direction and avoid lock-in effects.



By using simulation models to inform decision-making processes, it is possible to achieve evidence-based planning in the distribution of amenities with the desired effect on the activity levels of pedestrian flow and pedestrian distribution. Urban and landscape designers, as well as traffic planners, could benefit from such a simulation tool, especially during integrated, temporally compressed, and complex planning processes of sustainable area development projects.



The consequent pedestrian flow produced by the amenities and services follows certain rules, in our two use cases, in which higher density and diversity of amenities tend to produce a higher density of pedestrians walking predominantly on a local scale, potentially producing a higher sense of locality in line with Martí et al. [51] describing urban clusters of social activity following the aggregation of economic activity. The results presented in this research not only validate their approach but also quantify it with measurable indicators.
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Figure 1. Description of the boundaries of the simulated area, and the area affected by the Functional Plan. Image source: Authors. 
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Figure 2. Description of the input data from the Functional Plan design at the stage of November 2020. Image source: Authors. 
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Figure 3. Location of the pedestrian counter devices in the district of HafenCity (Qn). Image source: Authors. 
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Figure 4. Boxplots comparing the average trip length distributions among all possible scenarios. 
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Figure 5. Distribution of pedestrian flow. Comparison between the percentage of agents simulated (top) and percentage of pedestrians measured in place (center). The resulting difference between both distributions is at the (bottom). 
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Figure 6. Image of the user interface accessible online. 
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Table 1. Biserial correlation between scenario options as input (horizontal), and output pedestrian flow (vertical), calculated for all possible user-generated scenarios.
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	Bridge

to HafenCity
	Bridge

to Veddel
	Main-Axis Orientation
	Block

Permeability
	Amenities

Clustered





	Pedestrian density
	−0.305
	0.318
	−0.016
	−0.005
	−0.318



	Temporal entropy
	0.243
	0.081
	0.568
	0.081
	−0.730



	Interaction opportunity
	−0.315
	0.320
	0.317
	0.315
	0.013



	Trip Duration
	−0.499
	−0.083
	−0.499
	−0.083
	0.249



	Trip Length
	−0.828
	−0.027
	−0.495
	0.056
	0.337
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Table 2. Correlation between amenities distribution characteristics, and output pedestrian flow, calculated for all sub-divisions (i.e., different areas of the neighborhood).
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	Amenity Diversity
	Amenity Density
	Complementarity
	Pedestrian Density
	Temporal Entropy
	Interact. Opport.
	Trip Duration
	Trip Length





	Amenity Diversity
	1.000
	
	
	
	
	
	
	



	Amenity Density
	−0.192
	1.000
	
	
	
	
	
	



	Complementarity
	0.051
	−0.073
	1.000
	
	
	
	
	



	Pedestrian density
	0.129
	0.528
	−0.025
	1.000
	
	
	
	



	Temporal entropy
	0.435
	−0.488
	−0.147
	−0.239
	1.000
	
	
	



	Interaction opportunity
	0.185
	−0.167
	−0.026
	0.333
	0.102
	1.000
	
	



	Trip Duration
	−0.591
	−0.335
	−0.055
	−0.436
	0.116
	−0.016
	1.000
	



	Trip Length
	−0.414
	−0.150
	−0.021
	−0.509
	0.051
	−0.467
	0.507
	1.000
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