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Preface

This thesis is the culmination of a professional and academic path dedicated tounderstanding and designing complex projects. Its focus and methodology are directresponses to a gap I encountered throughout this journey.
My early career after my bachelor’s degree involved working on large-scale commercialcomplexes, including shopping malls, retail streets, and high-rise towers. This wasfollowed by a master’s research in urban design under Professor Yu Zhuang’s team,where I worked on railway station areas. Stations stood out as a pinnacle ofcomplexity, involving flow dynamics, mixed-use functions, and diverse stakeholders. Iwas dealing with the urban form of station areas. Yet, a clear research question rootedin the real world remained elusive.
It was this specific gap that shaped the central mission of my PhD. A significant part ofthis research—approximately a quarter of the program—was dedicated to defining theprecise problem: the co-existence of overcrowding and underutilization, driven bytemporal fluctuations in station use. This thesis is structured to address this core issue.
The work presented here is organized around a transdisciplinary response that bridgesspatial design, transport engineering, and computer science. It moves from providing afundamental understanding of the problem to developing a robust assessmentframework, and finally to formulating actionable design guidance.
This integrative investigation not only provides a solution to the identified problem butalso logically points to the broader potential of digital twins for managing complexbuilt environments—a direction I will explore in my forthcoming postdoctoral research.

Enshan ChenDelft, November 2025
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Summary

Railway station areas with periodic events causing fluctuations in the number ofpassengers often experience overcrowding during peak time and underutilizationduring non-peak time. Overcrowding is a safety concern–potentially causing stampede,and underutilization is a waste of space resources. Exemplary stations include BeijingWest Station and Amsterdam Bijlmer ArenA Station. In this thesis’s vision, stations canbe designed for flexible use to ease overcrowding and underutilization: during peaktimes, stations use spaces of the neighborhoods to increase accommodating capacity;during non-peak times, stations provide their empty spaces to be used bynon-passengers for leisure activities and events. In this way, the station and city shareeach other’s spaces, achieving station-city integration. According to this thesis’s pilotobservations on cases, overcrowding, underutilization, and flexible use all have spatialrelevance. The overcrowding and underutilization issue exists, the vision of flexible useis intriguing, and they have spatial relevance; However, they have not been jointlyinvestigated in existing research, as revealed by the literature reviews in Chapter 1(section 1.3) and Chapter 2.
This thesis aims to provide designers and other stakeholders with the tools andinsights to better understand, assess, and design railway station areas in a way thatthey can support flexible use (aimed at reducing overcrowding and underutilization)and promote station-city integration. This thesis addressed three research questions:What is the spatial relevance of the overcrowding and underutilization in the stationarea? What are the design principles for station areas that support flexible use? Howcan design proposals be assessed as supportive of flexible use?
To answer these questions, three parts of research were conducted. In Part I,Chapter 3 conducts an investigation of the spatial relevance of overcrowding andunderutilization. In Part II, Chapter 4 establishes a set of design principles guidingdesign practices, and Chapter 5 assesses the design principles (implemented in designproposals). In Part III, Chapter 6 develops an assessment framework facilitatingdesign evaluation, and Chapter 7 serves as a component of the assessment framework.
These chapters were conducted using multiple methods (subsection 1.7.1), includingcase studies, literature reviews, research-by-design, and software development. Casestudies were conducted to examine the spatial relevance and to develop designprinciples. Cases were selected for their relevance to overcrowding, underutilization, or
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flexible use, and for their importance as major stations within their respective nationalcontexts. These cases include Beijing West Railway Station (RS), Shanghai RS,Rotterdam Central RS (both the current and the former cases), Utrecht RS (both thecurrent and the former cases), and Station Xtreme (a virtual station). A literaturereview was conducted to identify the indicators for the assessment framework, followedby software development to operationalize its application. Research-by-design wasused to generate novel solutions when developing the design principles; it is also usedto generate design proposals for assessing the design principles.
Mulitple results were achieved in different chapters. First, the spatial relevanceinvestigation chapter (Chapter 3) resulted in a relationship mapping of factorsassociated with overcrowding, underutilization, or flexible use.National-context-related factors, such as security checks, ticket assignments, andtraveling patterns, affect the fluctuation in the number of passengers due to periodicevents, influencing the size of spare spaces. Despite these factors being critical, spatialaspects, including spatial layouts, elements, and qualities, also affect overcrowding,underutilization, or flexible use. For example, spatial connections between stations andtheir adjacent urban areas, bottlenecks and barriers in pedestrian paths, spare spacefor circulation, spaces as event venues, and human-scale spaces that facilitatespontaneous leisure activities, all affect the activities of transport travelers during peaktimes and the activities of non-transport users during non-peak times. This confirmsthe high potential of spatial design, in which these aspects are arranged.
Second, the design principle chapter (Chapter 4) resulted in the development of a setof design principles, including: (1) ensuring event visibility by aligning paths andspaces, (2) incorporating temporary elements and reconfiguration-supportive layouts,(3) establishing high-quality connections at different scales, (4) adopting dispersedlayouts for transport capacity or urban vibrancy, and (5) prioritizing core spaces forhumans rather than vehicles, (6) enabling flexible use through program planning.These principles were first reviewed by field experts during interviews and thenevaluated using research-by-design and simulations.
Third, the design principle assessment chapter (Chapter 5), where four proposals ofthe virtual station—Station Xtreme—containing design principles are assessed, resultsin a series of assessments. These assessments show that the principles in general areeffective, while each principle has its strengths and limitations.
Fourth, the assessment framework chapter (Chapter 6) resulted in an assessmentframework using agent-based simulation, which contains a theoretical model (whichconsists of five user needs: safety, speed, ease, comfort, and experience, withdifferences in peak and non-peak times), indicators, and digital tools. RotterdamCentral Station is used as a case to demonstrate how the framework works. The resultsshow that the framework is capable of assessing design alternatives by identifyingchanges in user satisfaction in different scenarios at different times. In this way, thestation’s performance in supporting flexible use is evaluated. This assessmentframework is applicable at the district level (at a scale of around 250m) withsubstantial details to inform design decision-making, and it is useful during the designstage when only limited data is available.
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Lastly, a linear regression model, as a component of the assessment framework, isdeveloped specifically for assessing the visual quality of ‘liveness’ (Chapter 7).Developing this model involves data extraction using image segmentation, testingmodels, and testing variable selection methods. The results reveal that factors such asthe number of pedestrians and the proportions of trees, buildings, and water positivelyinfluence perceptions of street ‘liveness.’ The developed linear regression model ispractical for assessing the visual quality of new scenes in design practice. However,developing this model shows significant limitations of computational means inassessing visual quality. Computational means, like this model, face challenges ofgeneralization (going beyond a single environment type), reliable accuracy, andincorporating other critical visual features.
This thesis contributes to the design research and practice of station areas that sufferfrom overcrowding and underutilization, advancing spatial understanding andsolutions that support flexible use and promote station-city integration. Regardingmultiple types of target audiences—including designers, researchers, andstakeholders (subsection 1.5.3)—this thesis offers insights and solutions that respondto both theoretical and practical needs. First, it clarifies the mechanisms of factorsaffecting the overcrowding-underutilization phenomena, raising awareness of the issueand highlighting the spatial relevance. Second, this thesis provides the design andresearch communities with an assessment framework, which contains digital toolsenhancing designers’ toolboxes. This framework also contains a linear regressionmodel. Developing this model involves extracting data from datasets, which enhancesthe scientific evidence for visual quality assessment using computational means. Third,this thesis enriches the design knowledge base with its developed design principlesthat offer actionable guidance for real-world design practice.
This thesis builds its novelty in emphasizing the temporal dimension—a dimensionthat is central to the O&U issue and flexible use, and is largely missing in existingstation research. This thesis also expands the meaning of station-city integration—itestablishes a new form of integration where stations and cities support temporalfunction changes and sharing resources, beyond mere static and physical collocation.
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Samenvatting

Stationsgebieden die te maken hebben met periodieke evenementen dieschommelingen in passagiersaantallen veroorzaken, ervaren vaak overmatige druktetijdens piekuren en onderbenutting buiten de piekuren. Overmatige drukte vormt eenveiligheidsrisico–met het potentieel om tot gedrang of paniek te leiden-, terwijlonderbenutting een verspilling van ruimtelijke middelen is. Voorbeelden zijn stationszoals Peking-West Railway Station en Station Amsterdam Bijlmer ArenA. In de visie vandit proefschrift kunnen stations worden ontworpen voor flexibel gebruik omovermatigedrukte en onderbenutting te verminderen: tijdens piekuren maken stationsgebruik van ruimtes in de omliggende buurten om de opvangcapaciteit te vergroten;buiten piekuren stellen stations hun lege ruimtes beschikbaar voor niet-passagiersvoor recreatieve activiteiten en evenementen. Op deze manier delen het station en destad elkaars ruimtes, waarmee station-stadsintegratie wordt bereikt. Volgens deobservaties in de casussen in dit proefschrift hebben overmatige drukte,onderbenutting en flexibel gebruik allemaal een ruimtelijke relevantie. De problematiekrondom overmatige drukte en onderbenutting is erkend, de visie van flexibel gebruik isveelbelovend én beide hebben een duidelijke ruimtelijke relevantie; ze zijn echter nogniet in samenhang onderzocht, zoals blijkt uit het literatuuronderzoek in Hoofdstuk 1(Sectie 1.3) en Hoofdstuk 2.
Dit proefschrift beoogt ontwerpers en andere belanghebbenden te voorzien vanmiddelen en inzichten om stationsgebieden beter te begrijpen, te beoordelen en teontwerpen, zodat deze flexibel gebruik kunnen ondersteunen (gericht op hetverminderen van overmatige drukte en onderbenutting) en station-stadsintegratiekunnen bevorderen. Dit proefschrift behandelt drie onderzoeksvragen: (1) Wat is de
ruimtelijke relevantie van overmatige drukte en onderbenutting in stationsgebieden?(2) Wat zijn de ontwerpprincipes die flexibel gebruik ondersteunen voorstationsgebieden? (3) Hoe kunnen ontwerpoplossingen worden getest op hunondersteuning voor flexibel gebruik?
Om deze vragen te beantwoorden is het onderzoek in drie delen uitgevoerd. In Deel I,Hoofdstuk 3 wordt de ruimtelijke relevantie van overmatige drukte en onderbenuttingonderzocht. In Deel II, Hoofdstuk 4 wordt een reeks ontwerpbeginselen vastgesteld diede ontwerppraktijk sturen, en in Hoofdstuk 5 worden deze ontwerpbeginselen (zoalstoegepast in ontwerpvoorstellen) beoordeeld. In Deel III wordt in Hoofdstuk 6 eenbeoordelingskader ontwikkeld dat de evaluatie van ontwerpen vergemakkelijkt, en
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dient Hoofdstuk 7 als een ondersteunend onderdeel van dit beoordelingskader.
Deze hoofdstukken zijn uitgevoerd met behulp van verschillende methoden (subsectie1.7.1), waaronder casestudies, literatuuronderzoek, ontwerpend onderzoek(research-by-design) en softwareontwikkeling. Casestudies zijn uitgevoerd om deruimtelijke relevantie te onderzoeken en ontwerpbeginselen te ontwikkelen. Casussenzijn geselecteerd op basis van hun relevantie voor overmatige drukte, onderbenuttingof flexibel gebruik, en het belang als hoofdstations binnen de respectievelijke nationalecontext. Deze casussen omvatten Peking-West Railway Station, Shanghai RailwayStation, Rotterdam Centraal (zowel de huidige als de voormalige situatie), UtrechtCentraal (zowel de huidige als de voormalige situatie) en Station Xtreme (een virtueelstation). Er is een literatuuronderzoek uitgevoerd om de indicatoren voor hetbeoordelingskader te identificeren, gevolgd door softwareontwikkeling om detoepassing ervan te operationaliseren. Ontwerpend onderzoek is ingezet omvernieuwende oplossingen te genereren voor het ontwikkelen van de ontwerpprincipes;Ontwerpend onderzoek is ook gebruikt om ontwerpvoorstellen te genereren voor hettesten van deze ontwerpprincipes.
Verschillende resultaten zijn behaald in de afzonderlijke hoofdstukken. Ten eersteresulteerde het hoofdstuk over het onderzoek naar ruimtelijke relevantie (Hoofdstuk 3)in het in kaart brengen van de relaties tussen factoren die samenhangen metovermatige drukte, onderbenutting of flexibel gebruik. Factoren gerelateerd aan denationale context, zoals veiligheidscontroles, toewijzing van treinkaartjes enreizigerspatronen, beïnvloeden de schommelingen in passagiersaantallen tijdensperiodieke evenementen, wat de omvang van restruimtes beïnvloedt. Hoewel dezefactoren cruciaal zijn, spelen ook ruimtelijke aspecten—zoals ruimtelijke indeling,bouwkundige elementen en ruimtelijke kwaliteiten—een rol bij overmatige drukte,onderbenutting of flexibel gebruik. Bijvoorbeeld: ruimtelijke verbindingen tussenstations en hun aangrenzende stedelijke gebieden, knelpunten en barrières invoetgangersroutes, restruimte voor doorstroming, ruimtes die dienen alsevenementenlocatie, en ruimtes op menselijke schaal die spontane recreatieveactiviteiten faciliteren, beïnvloeden allemaal de activiteiten van reizigers tijdenspiekuren en van niet-reizigers buiten piekuren. Dit bevestigt het hoge potentieel vanruimtelijk ontwerp waarin deze aspecten vorm worden gegeven.
Ten tweede resulteerde het hoofdstuk over ontwerpbeginselen (Hoofdstuk 4) in deontwikkeling van een reeks ontwerpprincipes, waaronder: (1) het waarborgen van dezichtbaarheid van evenementen door het uitlijnen van routes en ruimtes, (2) hetintegreren van tijdelijke elementen en indelingen die herconfiguratie ondersteunen, (3)het realiseren van hoogwaardige verbindingen op verschillende schaalniveaus, (4) hettoepassen van gedecentraliseerde indelingen voor vervoerscapaciteit of stedelijkelevendigheid, (5) het prioriteren van ruimte voor mensen in plaats van voertuigen, en(6) het maatschappelijk en ruimtelijk faciliteren van flexibel gebruik door middel vanprogramma-planning. Deze beginselen zijn eerst beoordeeld door experts uit hetwerkveld tijdens interviews en vervolgens geëvalueerd met behulp van ontwerpendonderzoek en simulaties.
Ten derde resulteerde de evaluatie van de ontwerpprincipes (Hoofdstuk 5)—waarin
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vier voorstellen voor een virtueel station (Station Xtreme) zijn beoordeeld—in eenreeks concrete bevindingen. Deze tonen aan dat de principes in het algemeen effectiefzijn, hoewel elk principe specifieke sterkten en beperkingen kent.
Ten vierde resulteerde het hoofdstuk over het beoordelingskader (Hoofdstuk 6) in eenbeoordelingskader op basis van agent-based simulatie. Dit kader bevat een theoretischmodel (bestaande uit vijf gebruikersbehoeften: veiligheid, snelheid, gemak, comfort enbeleving, met verschillen tussen piek- en daluren), indicatoren en digitale middelen.Station Rotterdam Centraal is gebruikt als casus om de werking het model tedemonstreren. De resultaten tonen aan dat het kader in staat is omontwerpalternatieven te beoordelen door veranderingen in gebruikerstevredenheid inverschillende scenario’s en op verschillende tijdstippen te identificeren. Op deze manierwordt de prestatie van het station in het ondersteunen van flexibel gebruik geëvalueerd.Dit beoordelingskader is toepasbaar op wijkniveau (op een schaal van ongeveer 250meter) met voldoende detail om ontwerpbeslissingen te onderbouwen, en is waardevoltijdens de ontwerpfase wanneer slechts beperkte data beschikbaar zijn.
Tot slot is een lineair regressiemodel ontwikkeld als onderdeel van hetbeoordelingskader, specifiek gericht op het beoordelen van de visuele kwaliteit van’levendigheid’ (Hoofdstuk 7). De ontwikkeling van dit model omvatte het extraheren vandata met behulp van beeldsegmentatie, het testen van modellen en het testen vanmethoden voor variabelenselectie. De resultaten laten zien dat factoren zoals hetaantal voetgangers en de proporties van bomen, gebouwen en water de perceptie vande levendigheid van straten positief beïnvloeden. Het ontwikkelde lineaireregressiemodel is praktisch toepasbaar voor het beoordelen van de visuele kwaliteitvan nieuwe situaties in de ontwerppraktijk. Het ontwikkelen van dit model brachtechter ook aanzienlijke beperkingen aan het licht van computationele methoden bij hetbeoordelen van visuele kwaliteit. Computationele methoden, zoals dit model,kampenmet uitdagingen op het gebied van generaliseerbaarheid (toepasbaarheid buiten éénspecifiek type omgeving), betrouwbare nauwkeurigheid en het opnemen van anderecruciale visuele kenmerken.
Dit proefschrift draagt bij aan het ontwerponderzoek en de ontwerppraktijk vanstationsgebieden die kampen met overmatige drukte en onderbenutting, door hetruimtelijk inzicht te vergroten en oplossingen te bieden die flexibel gebruikondersteunen en station-stadsintegratie bevorderen. Voor verschillendedoelgroepen—waaronder ontwerpers, onderzoekers en belanghebbenden (subsectie1.5.3)—biedt dit proefschrift inzichten en oplossingen die beantwoorden aan zoweltheoretische als praktische behoeften. Ten eerste verheldert het de mechanismenachter de factoren die het fenomeen van overmatie drukte versus onderbenuttingbeïnvloeden, wat het bewustzijn van de problematiek vergroot en de ruimtelijkerelevantie onderstreept. Ten tweede voorziet dit proefschrift de ontwerp- enonderzoeksgemeenschap van een beoordelingskader met digitale instrumenten die degereedschapskist van ontwerpers verrijken. Dit kader omvat tevens eenlineair-regressiemodel. De ontwikkeling hiervan omvatte het extraheren van data uitdatasets, wat het wetenschappelijke bewijs versterkt voor het digitaal beoordelen vanvisuele kwaliteit. Ten derde verrijkt dit proefschrift de aanwezige ontwerpkennis met deontwikkelde ontwerpprincipes die toepasbare richtlijnen bieden voor de actuele
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ontwerppraktijk.
De vernieuwing in dit proefschrift schuilt in de nadruk op de temporele dimensie—eendimensie die essentieel is voor de problematiek van overmatige drukte enonderbenutting en flexibel gebruik, maar die in bestaand stationsonderzoekgrotendeels ontbreekt. Dit proefschrift verruimt bovendien de betekenis vanstation-stadsintegratie: het introduceert een nieuwe vorm van integratie waarinstations en steden temporele functiewijzigingen en het delen van middelenondersteunen, verder reikend dan louter statische en fysieke samenvoeging.
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Executive summary

The challenge: overcrowding and under-
utilization

Railway stations that experience fluctuating passenger demands frequently suffer fromtwo opposing phenomena: severe overcrowding during peak times and significantunderutilization during non-peak periods. Overcrowding presents serious safety risksand degrades the passenger experience, while underutilization results in a massivewaste of valuable spatial, financial, and maintenance resources.
A “station sizing paradox” currently plagues infrastructure development: designinglarger stations to safely accommodate peak flows inevitably exacerbates the presenceof empty, underutilized voids during off-peak times, and conversely, shrinking stationsizes to reduce voids leads to dangerous peak-time crowding. This issue is oftenlocked in by rigid national standards that dictate spatial dimensions based exclusivelyon maximum peak capacities.

The vision: flexible use and station-city
integration

To resolve this paradox, the thesis proposes “flexible use” as a spatial and managerialstrategy. Flexible use envisions a dynamic sharing of space between the railway stationand the surrounding city.
– Peak/disruption times: Stations utilize adjacent neighborhood spaces and plazas astemporary buffers to increase their accommodating capacity.
– Non-peak times: Stations open their underutilized empty spaces to non-passengersfor civic events, commercial engagement, and leisure activities.
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This temporal and functional integration creates a new, deeper form of “station-cityintegration” that goes beyond simply placing a station in a dense urban environmentfor a physical collation.

Strategic insights

– Stakeholder value creation: Implementing flexible use aligns the interests of variousstakeholders. Mitigating underutilization protects the financial interests of real estateinvestors and commercial operators, while providing flexible venues for events boostslocal economic vitality and social cohesion for local governments.
– The impact of national contexts and operations: Overcrowding is not simply aproduct of passenger volume; it is heavily dictated by internal operational factors.Strict security checks, rigid ticket-to-seat assignments, and inexperienced travelerswith bulky luggage severely reduce transfer efficiency, creating artificial bottlenecksthat force stations to require larger spare spaces.
– Flow organization trade-offs: The fundamental layout of pedestrian flow impactsspace utilization. Unidirectional flow layouts (common in Chinese stations) separateingress and egress, which allows for higher maximum volumes but dispersespassengers and increases the risk of underutilization. Bidirectional shared paths(common in Dutch stations) concentrate flow but can intensify crowding duringpassenger surges.
– Spatial relevance and design potential: A station’s operational performance isintrinsically tied to its physical layout. For example, spatial bottlenecks andconstrained pathways exacerbate peak-hour overcrowding, while obscured sightlinesand rigid boundaries limit commercial foot traffic and adaptability during off-peakhours. By intentionally altering the underlying spatial configuration, spatial designdemonstrates significant potential to ease O&U and promote flexible uses.

Actionable design principles

The research identifies specific design principles to ensure station areas cansuccessfully accommodate flexible use:
– Establish high-quality connections: Create seamless spatial links across differentscales between the station and its adjacent urban districts. If a station is isolated byheavy traffic barriers, it cannot borrow city space during peak disruptions, nor can itinvite citizens in for leisure during off-peak hours.
– Adopt dispersed layouts: Dispersing mobility nodes across the building or districtlevel increases overall transport capacity and helps distribute transportation capacityand urban vibrancy more evenly across the station area.
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– Prioritize human-centered spaces: Keep vehicles and heavy transport infrastructureaway from the immediate core spaces. This creates a pedestrian-friendly environmentand frees up coherent central plazas that can be utilized for both passenger flowmanagement and leisure events.
– Ensure event visibility: Align paths and spatial sightlines so that temporary events orcommercial areas are easily visible and accessible to the public, overcoming thepsychological barrier of entering a transit-first environment.
– Support reconfiguration: Incorporate temporary elements, movable furniture, andflexible spatial layouts that can easily adapt to shifting daily or seasonal demands.

Assessment framework

To aid design practice, the thesis provides a comprehensive assessment framework toevaluate spatial proposals before physical construction begins. This multi-layeredframework features:
– Multi-layered user needs model: Evaluates proposals against a pyramid of userneeds—safety, speed, ease, comfort, and experience. The framework dynamically testsspecific spatial indicators for each need: safety (measured by flow density andovercrowding during peak times, versus the level of visual surveillance, or “eyes on thestreet,” during non-peak times), speed (measured by transfer time and transferdistance), ease (measured by direction changes in trajectories), comfort (measured byaccess to weather-protected areas and seating), and experience (measured by theproportions of different visual elements in the user’s view).
– Agent-based simulation: Functions as an evaluative engine by modeling individualpedestrians and their dynamic interactions with the physical environment. Thisprovides a rigorous method for spatial design assessment, enabling the testing ofproposed spatial configurations against user satisfaction metrics acrossspatial-temporal scenarios.
– Visual quality modeling: Incorporates a linear regression model, developed throughimage segmentation of street views, to computationally assess the visual experienceand “liveness” of the built environment.
– Early-stage decision support: Provides actionable, data-driven insights to informdesign decision-making during initial conceptual stages when only limited operationaldata is available.
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1 Introduction

This Introduction chapter provides a background to the research, states the problemof overcrowding and underutilization (O&U) in railway station areas, reviews relevantliterature, identifies the knowledge gap, sets a research objective of advancing spatialunderstanding and solutions for flexible use to address O&U in stations, designs theresearch, defines the research scope and key concepts, describes the researchmethodology, and outlines the thesis structure. This chapter, introducing the thesis, isalso complemented by the following detailed Chapter 2, revealing the knowledge gapthrough a systematic literature review.

1.1 Research background: station-city inte-
gration and user experience

Rail travel is the most energy-efficient form of motorized passenger transportation(Newman and Kenworthy, 1999; European Environment Agency, 2021), and stationuser experience is essential to promoting rail travel. During typical train journeys,passengers spend time on trains and in stations. To make rail travel attractive amongcompeting transport means (Kasraian et al., 2015), it is essential to leverage thetrains’ speed to reduce passengers’ travel time (Chen and Wei, 2013), and improveuser satisfaction at railway stations to make stations’ environments pleasant forpassengers during waiting (Van Hagen, 2011).
One potential means to promote rail travel and improve user satisfaction is station-cityintegration. As a concept, ‘station-city integration’ has no definitive definition; rather,it is a concept with growing meanings in the ongoing discourse (E.g., see Zemp 2011;Da Conceição 2015; Dai 2015; Triggianese et al. 2019; Cheng et al. 2021; Wang 2022;Du 2023) (Figure 1.1)). In general, it is an ideal scenario in which stations and citiesare appropriately integrated to address negative issues and achieve positive benefits.It has multiple proposed benefits of broad societal relevance, including reducing
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automobile dependency to curbing urban sprawl (Calthorpe and Poticha, 1993),promoting a willingness to travel by public transportation (Cervero and Kockelman,1997), fostering an appreciation of properties around stations (Cervero, 1994),bringing development profits for developers (Shikata et al., 2013), enabling megacitiesto function (Shikata et al., 2013), catalyzing urban regeneration (Novy and Peters,2012), improving the living and working environment around station areas (Dai et al.,2019), and improving user satisfaction (Triggianese et al., 2019, p. 131).
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FIG. 1.1 Station-city separation and integration. (Sources: Up-left: ruhrnachrichten.de; Up-right: bonjour-ratp.fr, the yellow linemarks the station and track area; Down-left: rotterdamcentrum.nl; Down-right: annotated by the author based on the situationduring the Summer Carnival time)

However, in certain railway stations with drastic usage fluctuations, a recurringphenomenon of overcrowding and underutilization (O&U) negatively affects user
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experience (Figure 1.2), limiting the potential benefits of station-city integration. Inaddressing the O&U issue, this thesis provides designers and other stakeholders withinsights and solutions. It focuses on the temporal dimension—a dimension central tothe O&U issue and flexible use, and is largely missing in existing station research. Thisthesis expands the meaning of station-city integration—it establishes a new form ofintegration in which stations and cities support temporal changes in function and shareresources; hence, both stations’ and cities’ maximum capacity is increased, andunderutilization is reduced, lowering investment and intensifying the use of resources.This differs from most existing research, which focuses on static collocation of stationsand cities, where only the physical building density is increased (Figure 1.1).
The following two sections describe the O&U issue from two distinct perspectives.section 1.2 first details the empirical, real-world manifestations, consequences, anddesign-related causes of overcrowding and underutilization. Building on this physicaland spatial foundation, section 1.3 then situates these challenges within broaderacademic discussions, establishing the theoretical relevance of the research.

1.2 Problem statement: overcrowding and un-
derutilization (O&U) in railway station ar-
eas

This section frames the challenge of overcrowding and underutilization (O&U) primarilythrough an empirical, spatial lens, describing the phenomenon, consequences, causes,and potential solutions in certain railway station areas. Given the author’s livingexperience in China and study experience in the Netherlands, the cases studied in thisresearch are mostly chosen from these two countries. Beijing West Railway Station is aclear example illustrating the O&U phenomena. Online commentary on this stationreflects seemingly contradictory complaints—some people criticize it as beingovercrowded (Jialing and Yue, 2021), while others criticize it as being underutilized (Yu,2018). This contradiction is not due to misinformation; it reflects variations in stationuse across different times. The station is occasionally overcrowded during peak timesand underused during off-peak periods. This fluctuation in use between peak andoff-peak times highlights the temporal dynamics that undermine a consistent, positiveuser experience.
Beyond Beijing West Railway Station, many other stations periodically experienceovercrowding and underutilization (Mccarthy, 2018; Chinadaily, 2014; Aseniya, 2019;Holt, 2025). For instance, in China and South Korea, major stations in megacities faceovercrowding during the Spring Festival due to mass migrations (Mccarthy, 2018;
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Chinadaily, 2014). Similarly, in Europe, all stations in Amsterdam are challenged byovercrowding during King’s Day (Times, 2015); stations like Amsterdam Bijlmer ArenAand Manchester Victoria are challenged during sports games and concerts (Aseniya,2019; Holt, 2025). Conversely, these stations usually remain underutilized duringoff-peak periods (Figure 1.2).

FIG. 1.2 Overcrowding (the left image) and underutilization (the right image) in railway station areas. (Source: Left—163.com;Right—Sohu.com)

1.2.1 The consequence of O&U

Overcrowding is a safety concern. In extreme cases, station overcrowding causesdeath (Chinadaily, 2008). Dangerous overcrowding in stations appears on the newsfrom time to time (ITV News, 2015; At5, 2014; Hartvannederland, 2022; At5, 2019;Chenchen and Simin, 2021; Bilibili, 2021; Juanming, 2024). In cases like AmsterdamBijlmer ArenA station (Joosten, 2022), railway companies have to shut down stationsto prevent anticipated overcrowding, which causes inconvenience to users and revenueloss to railway companies. Overcrowding in stations is as concerning as overcrowdingin other public spaces or buildings.
On the other hand, underutilization also causes negative consequences. First, it causesa boring user experience. At night, large underutilized spaces with insufficient light caneven make people feel unsafe. Beyond causing a negative user experience,underutilization is a waste of resources. Stations are typically complex buildings thatrequire substantial financial investment. The large land occupied by stations is usuallyvaluable, especially when they are located in high-density cities. Given these negativeconsequences of O&U, it is necessary, or at least helpful, to reduce overcrowding andunderutilization. Aimed at understanding O&U further and seeking potential solutions,this research examined relevant academic discussions described in the followingsection.

37 Introduction TOC

https://www.163.com/dy/article/DLED9I020524TFU4.html
https://www.sohu.com/a/386779398_640391


1.2.2 O&U associated with events and disruptions that cause fluctua-
tions

Stations’ overcrowding and underutilization (O&U) are often associated with eventsand disruptions that cause fluctuations in pedestrian number and the stations’capacity, respectively. Large events—such as holidays, festivals, sports games, orconcerts—lead to increased passenger flow to nearby stations, often resulting inovercrowding (Netease, 2018). This type of overcrowding can be mitigated throughcrowd management, including measures such as managing passenger flows in realtime or temporarily closing station gates to avoid overcrowding in front of stairs andplatforms (Aseniya, 2019).
Disruptions in railway systems—such as mechanical equipment failure, railway linefailure, or railway staff strikes (Rijdendetreinen, n.d.)—lead to reduced station capacity,often leaving passengers stranded and causing crowding. To reduce disruptions,engineering optimization is commonly taken to make railway systems more resilient(Bešinović, 2020).
To accommodate passengers during events or disruptions, stations are often designedwith extra-large spaces, such as the huge plazas and station halls in many stations(Dai et al., 2019), and the wide boulevard at Amsterdam Bijlmer ArenA Station. Thesespaces can be underutilized during non-peak times.

1.2.3 O&U associated with non-spatial and spatial factors

Besides events and disruptions, overcrowding and underutilization (O&U) are also
associated with other non-spatial factors, including security checks (Dai et al., 2019),ticket assignments, and increased or decreased demand for rail travel (Peters andTolkoff, 2016; Kasraian et al., 2015). First, crowding is more likely to occur at stationswith strict security checks, where passengers often need to queue or be stranded infront of the checkpoints. Second, when a ticket is assigned strictly to a specific trainand a seat, as all train services in China and the Eurostar train services in Europe, thepassenger needs to arrive at the station much earlier to avoid missing the train.Therefore, stations have more waiting passengers, leading to a more crowdedenvironment. Third, the increased or decreased demand for rail travel over theyears—for example, the annual number of passengers of Beijing West stations keepsincreasing—affects station crowding.
These non-spatial institutional, operational factors are also deeply intertwined withbroader societal perspectives on crowding. From a cultural and psychologicalstandpoint, crowding is not merely a metric of physical density, but a perceivedstressor that impacts passenger well-being, safety perceptions, and emotional comfort.Conversely, severe underutilization can strip these vital transport stations of their
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perceived civic vitality and public security. Perceptions of crowd density vary acrosscultures. Research has reported that the station platform’s normal crowd density inBeijing, China, is twice as high as the maximum crowd density value defined in a Swissstandard (Heuvel, 2022, p 50), demonstrating a significant density tolerancedifference.
In this research’s pilot case study of Beijing West Railway Station (RS), on-siteobservations indicate that overcrowding and underutilization (O&U) are associated
with spatial aspects; In other words, O&U exhibits spatial relevance. In Beijing WestRS, the north ground main plaza and the massive sunken plaza are configuredseparately, with only weak links between them (Figure 1.3). The available empty spacein the sunken plaza does not alleviate the pedestrian crowding on the main. Thisspatial configuration affects passenger flow dynamics, determining the distribution ofstranded versus passing passengers and, consequently, the occurrence of crowding.The spatial relevance is in the particular interests of this design-oriented research.

FIG. 1.3 The North Plaza of Beijing West Station with features that are non-supportive of leisure events or activities. (Source:meipian.cn; annotated author)

Beijing West RS, often perceived as over-sized, is not a single example of its kind. Inboth the Chinese and Dutch contexts, many contemporary station redevelopmentshave been approached as politicized urban megaprojects. These developments aredriven by administrative ambitions, high-speed rail integration, and urbancompetitiveness branding, which frequently result in over-scaled and over-sizedinfrastructure (Flyvbjerg et al., 2010; Peters and Novy, 2012). The ‘voids’ andunderutilized spaces in these station areas are not natural spatial phenomena. Rather,they represent the path-dependent consequences of a specific historical era oftransport planning.
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From a technical perspective, this physical over-sizing is also institutionalized andcodified by rigid national standards for station layout. Statutory codes dictatepeak-hour square-meter-per-passenger allocations, which traditionally mandate staticspatial dimensions tailored exclusively to maximum peak capacities (Ministry ofConstruction of the People’s Republic of China, 2011; European Commission, 2014).Once cast in concrete, these oversized structures create a physical lock-in (pathdependency). Because these massive spatial footprints cannot easily be shrunk, theypose long-term socio-economic and structural challenges to their efficient use. (Fordesign solutions addressing over-sized spaces, see subsection 4.3.5 ‘human scale’paragraph.)
Additionally, this thesis identifies a paradox of station sizing in station design, arisingwhen only one of the two—overcrowding or underutilization—is considered. Toalleviate overcrowding during peak times, stations can be designed larger with moreavailable spaces, but this results in greater underutilization during off-peak times.Conversely, to reduce underutilization, stations can be designed smaller with lessspace, but this exacerbates overcrowding during peak times. This is a paradox ofsimply changing the stations’ size, with only overcrowding or underutilizationconsidered. It highlights a core challenge in the spatial design of thesefluctuation-related stations: addressing both peak and non-peak space uses acrossfluctuating temporal situations.

1.2.4 The potential of flexible use in mitigating O&U in stations

The above subsection 1.2.3 described oversizing and the paradox of station sizing, andintroduced a challenge in spatial design—balancing space efficiency and user capacityacross fluctuating temporal demands. Consequently, effective solutions should dealwith overcrowding and underutilization together. Considering overcrowding andunderutilization are two related phenomena in the changing situations of stations, thisthesis hypothesizes flexible use as a solution; this is because the word flexiblelinguistically means ’able to change or be changed easily according to the situation’(Dictionary, n.d.).
Another heuristic for flexible use as a solution is those rare real-world cases wherestations are flexibly used. For example, in the Rotterdam Central Station case, duringthe Rotterdam Summer Carnival time (non-peak time of transport), the station frontplaza is used for event-goers dancing; During the station’s opening ceremony, thenearby neighborhoods’ spaces were occupied by the station to accommodateparticipants. If transport disruptions happen, the same neighborhoods’ spaces can beoccupied by the station to accommodate detained passengers (Figure 1.4).
In another example, at Shanghai Railway Station, large South and North plazas aredesigned to accommodate transportation needs during peak travel periods, such asthe Spring Festival. The North Plaza remains mostly empty on non-peak days. Elderly
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people gather and dance on this plaza in the evenings, utilizing the space moreeffectively during non-peak times (Figure 1.5).

FIG. 1.4 The flexible use of Rotterdam Central Station for the opening ceremony (the left image) and dancing (the right image).(Source: Left—West8.com; Right—Tropicaliente.nl)

FIG. 1.5 The flexible use of the North Plaza of Shanghai Railway Station for transportation (the left image) and dancing (the rightimage). (Source: Left—Douyin.com; Right—photoed by the author)
Flexible use typically involves managerial interventions. While small leisure activitiesnormally happen in public spaces spontaneously when the environment is pleasant(Gehl, 1987), larger events typically require managerial efforts to organize andmaintain. Taking stations as an example, during peak times, the pedestrian flow ismonitored through sensors and cameras (Heuvel, 2022; Aseniya, 2019), and on-sitestation staff may regulate the pedestrian flow to prevent overcrowding by takingmeasures such as setting crowd control belts. During non-peak times, using thestation spaces for events such as dancing or having markets on plazas requires thehosts to organize and maintain order (Van Nieuwenhuize, 2023).
This research also sees that the flexible use of stations requires suitable spatial
configurations to support activities and events. For example, the South Plaza of BeijingWest Station, with many staircases making the space fragmented, is non-supportive of
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large events during non-peak times. Its sunken plaza, with no easy access topedestrians, is non-supportive of leisure activities during non-peak times (Figure 1.6).

FIG. 1.6 The South Plaza of Beijing West Station with features that are non-supportive of leisure events or activities. (Source:Wikipedia; annotated author.)

Despite examples like Rotterdam Central Station and Shanghai Station, the flexible useof stations remains rare. The potential of flexible use in mitigating overcrowding andunderutilization (O&U) is seldom realized in real-world practice.

1.2.5 Summarize the O&U problem

In summary, overcrowding and underutilization (O&U) occur in railway stations thathave fluctuations, causing negative consequences to user experience andsocio-economic values. O&U in these stations are associated with multiple factors,including events and disruptions, security checks, ticket assignments, travel demandchanges over the years, and spatial configurations. This research sees a station sizingparadox and demonstrates that proper solutions should jointly address overcrowdingand underutilization. Flexible use is a potential solution to jointly mitigate overcrowdingand underutilization, resolving the paradox of station sizing. However, this potentialhas rarely been realized, as real-world examples of flexibly used stations remain scarce.
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1.3 Academic relevance

While the preceding section outlines the issue of O&U and potential flexible usethrough a localized spatial lens and emphasizes its tangible, real-world impacts, thissection situates the issue in a broader, multi-disciplinary academic discourse,introducing relevant academic literature. Given that no existing studies specificallyaddress this issue—i.e., reducing overcrowding and underutilization (O&U) in stationsthrough urban and architectural design, taking flexible use as a potential solution.Adjacent topics in multiple fields are examined (see Figure 1.7), including crowdmanagement, the use of public spaces, flexible use, and urban and architectural designof railway stations. Overcrowding is a central topic for crowd management in the civilengineering field. Spatial underutilization relates closely to research on public spacesin the urban design field. The concept of flexible use is examined across the spatialplanning and design disciplines. Urban and architectural design—or briefly call them‘spatial design’—of stations has been studied in the spatial design field, where
station-city integration is an important theme.

FIG. 1.7 The academic relevance of O&U in stations. (Source: Author)

1.3.1 Crowding studies in crowd management

Crowding is an important topic in the transportation engineering field (Peacock et al.,2011). Crowd movement has been studied regarding the pedestrians’ collective andindividual features, such as pedestrians’ preferred walking speed (Fruin, 1971),direction preferences, psychology (Campos Ferreira et al., 2022), and culturalbackgrounds. Extreme crowding leads to stampedes, of which much remains unknown(Almeida and Schreeb, 2019) due to the low frequency of happening and lack ofrecorded data.
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In crowd management studies, the physical environments examined are typicallylimited to small-scale building elements such as corridors, corners, crossings, exits(Duives et al., 2013), gates (Andresen et al., 2016). Specifically for railway stations,Heuvel (2022) focused on passenger behavior on station platforms. Other studies haveinvestigated the placement of gates and escalators within stations (Hoogendoorn andDaamen, 2004).
Technologies have been developed to monitor, simulate, validate, predict, andintervene in pedestrian flows in railway stations, helping reduce overcrowding.Monitoring can be done through Bluetooth, WIFI, GPS, sensors, phone signals,cameras, and ticket checking information (Heuvel, 2022). Crowd simulation can befacilitated by various software programs (Dubroca-Voisin et al., 2019). If thepedestrian flow is properly simulated, predictions and necessary interventions on theflow can be made. In real-world cases like Amsterdam Bijlmer ArenA station, wherecrowding recurs due to the nearby stadium’s sports events, these technologies areactively employed (Aseniya, 2019).
These crowding studies, conducted within the engineering field, do exhibit certainlimitations. First, they typically focus only on basic needs such as safety, while ignoringperceptual or experiential user needs (Van Der Hoeven and Juchnevic, 2016).Moreover, the micro-level environments or elements examined by these studies aretypically too small to be considered as urban or architectural interventions.

1.3.2 The uses of public space

The use of public spaces to promote vitality—as opposed to underutilization—is a keyresearch focus in the field of urban design (Gehl, 1987; Whyte, 2001; Mehta, 2007).Foundational studies in this field emphasize the role of human activity in shaping andactivating public spaces. For example, Jacobs (1961) examined the dynamics ofcommunity life and urban neighborhoods, arguing that mixed uses, short blocks,building diversity, and density foster urban vitality. Gehl (1987) categorized differentactivities in public space—including necessary activities, optional activities, and socialactivities. He argued that spatial design directly shapes the prevalence of optional andsocial activities through factors such as human-scale design, edge effects, sensoryrichness, and visibility and permeability.
Beyond behavioral observations on activities, environmental psychology has emergedas a critical lens for understanding how individuals perceive and interact with publicspaces (Gifford, 2001). This field explores the cognitive and emotional responses tospatial features, such as safety, comfort, and aesthetic appeal, which jointly influencehow people use and experience urban environments.
Recent research has expanded on these foundational ideas by examining specificaspects of specific public spaces that contribute to their vibrancy. For example, Whyte
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(2001) explored the micro-level social dynamics of plazas and small urban spaces,identifying key factors that contribute to their liveliness, including seatingarrangements, sunlight exposure, and proximity to street activity. Ewing and Handy(2009) measured features of street elements as related to people’s perceptions ofstreet walkability. Long and Ye (2019) reviewed studies that utilize new technologies toanalyze human-scale urban form in relation to space performance.
While much of the literature examines public spaces in general—such as streets,plazas, and parks—a few studies focus specifically on station areas. Studies by Dai(2015); Du (2023); Trip (2008) have explored place-making strategies in high-speedrail stations, emphasizing the importance of design quality in fostering a sense of placeand enhancing user experience. However, these studies, often rooted in transportplanning, tend to lack the spatial granularity needed to inform detailed architecturaland urban design interventions (Klaasen, 2001).

1.3.2.1 User experiences in stations
In the context of railway stations—a specific type of public space, Van Hageninvestigated user experience through a series of studies (Van Hagen, 2009, 2011;Hagen and Heilligers, 2015; Van Hagen and Bron, 2014). One of his key contributionsis the development of a user experience pyramid, which consists of five hierarchicallevels of user needs—safety and reliability, speed, ease, comfort, and experience(Van Hagen, 2011). Beyond these needs, he also emphasizes the value of creatingemotionally engaging and memorable moments during railway journeys (Van Hagenand Bron, 2014).

1.3.3 Academic discussions such as ‘flexible use’ addressing changes

Stations’ situations shifting between overcrowding and underutilization provide achanging context for potential solutions; In this context, in addition to flexible use(subsection 1.2.4), a series of terms, which share an underlying essence of dealingwith changes or being able to change, are relevant potential solutions. These termsinclude flexibility of buildings, kinetic architecture, flexible spaces, temporary use,urban open spaces, event spaces, resilience, and mixed use. They frequently co-occurin the same literature due to their similarity in meanings [e.g., see the papers byRoggema (2014) and Geraedts (2008)]. Still, across the broader multidisciplinaryliterature, these terms have different emphases on different systems—systems rangingfrom as small as building facade components to district elements, landscapes, or evencities, and are used in different disciplines—including architectural design, urbandesign, landscape architecture, spatial planning, and management, as explained below.
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In the architectural design discipline, the concept of flexibility of buildings has beenexplored through various frameworks and design strategies. For example, Alkhansari(2018) summarized tactics of flexibility in architecture, including ‘open plan’,‘pre-fabricated modules’, ‘similar spaces’, ‘extendable unit’, ‘attachment anddetachment of adjacent units’, ‘common space between adjacent units’, ‘portablewalls’, and ‘retractable furniture in a multifunctional space’. (Geraedts, 2008)proposed a framework with indicators for assessing flexibility for architecture. Ou (n.d.)proposed design typologies of flexible buildings. (Katsikakis, 2017) advocatesflexibility of office working spaces. Cellucci and Di Sivo (2015) defined criteria andstrategies for flexibility, specifically on housing.
Kinetic architecture is another concept describing buildings that support changes.Kinetic architecture is a kind of building with kinetic components—components thatare driven by mechanical engines. It has been studied in relation to building facades,movable structures, and buildings designed to be dismantled and reassembled(Engadget, 2019; Johnson et al., 2019; Megahed, 2017; Miguel, 2024; Smith, 2023).Kinetic buildings, however, are expensive to build and maintain. Only rare examples ofkinetic buildings have been built so far. Beyond buildings, a study by Dąbrowska-Żółtaket al. (2021) transforms the kinetic idea to urban design of urban spaces. This studyintroduces mechatronized city elements, including liftable bollards modifying streets’access, rotatable benches and boards reconfiguring urban plazas’ layouts, andfoldable umbrellas or moveable roofs adjusting the weather protection.
In the urban planning discipline, a series of terms with the meaning of flexibility hasbeen developed, which typically focuses on non-physical content such as planningprocess, user activities, social movements, and real estate management. For example,Carr and Dionisio (2017) proposed seven guidelines for creating flexible spaces toovercome problems in contemporary spatial planning. These guidelines include fixednon-renewable tenancies, shared tenancies, reconfigurable spaces, minimalistregulatory frameworks, the requirement of new uses, designing for unscheduled uses,free or minimal cost tenancies, and potential off-site expansions.
(Madanipour, 2018) analyzed temporary use of space through a detailed single casestudy, examining the processes where multiple actors collaborated to make use of atemporarily empty building, showing the opportunity as well as limitations in suchpractice. Dovey (2012) advocates assemblage thinking, treating urban systems ascomplex adaptive systems. His research examines how temporary informal settlementsprovide growth, productivity, and creativity.
In the landscape architecture discipline, Thompson (2002) proposed new urban open
space towards the 21st century, with ‘loose-fit’ landscapes, allowing opportunities forthe socially marginalized, shifting within dynamic urban networks. Ivers (2018)proposed the idea of staging urban landscape through activation and curation. Hisresearch documented dozens of flexible public spaces—including urban plazas, parks,and waterfronts—through vivid imagery.
In the urban design discipline, Smith et al. (2021) developed a typology of event
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spaces that associate city events with the public spaces. This typology has nine typesof event spaces categorized according to the level of public accessibility and themobility of event audiences. Ardeshiri et al. (2016), for explaining flexibility in urban
spaces, illustrated relevant spatial elements and qualities that are supportive offlexible use, including positive outdoor spaces, spaces with multi-modal behavioralpatterns, multi-use buildings, active frontages, and fine amenities.
Across numerous disciplines, the concept of resilience has been explored. The conceptof resilience was first introduced in ecology to reduce risks in systems that, due tobeing overly optimized for efficiency, lacked the capacity to absorb sudden changes(Holling, 1973). Over time, this concept has evolved, spread across numerous fields(Hosseini et al., 2016). Recent research has also incorporated the resilience conceptinto spatial planning and design fields (Büyüközkan et al., 2022). For example,Mehmood (2016) proposed urban resilience in spatial planning. Shafiei Dastjerdi et al.(2021) synthesized findings in literature and built a conceptual framework forassessing resilient place.
In the spatial planning and design disciplines, mixed use is widely promoted. From thisthesis’s perspective, the distinction between mixed-use and flexible use is whether thetemporal dimension and changing situations are inevitably involved. When differentuses occur at different times in response to changing conditions, the space should bemore accurately described as a flexible use space (Figure 1.8, left). In contrast, whenmultiple uses coexist simultaneously within a fixed context, the space is betterclassified as a mixed-use space (Figure 1.8, right). A few concepts share similarmeanings with mixed use, including multiple uses, all-in-one, and multi-function.‘Mixed use’ and ‘multiple uses’ are terms describing land use in the urban planningfield. ‘Multi-function’ (Blueid, n.d.) and ‘all-in-one’ are used to describe buildings andarchitectural programs. In the context of stations, mixed-usedevelopment—combining transport functions with non-transport functions such asoffices, dwellings, and facilities—is sometimes proposed for generating commercialrevenue and enhancing user experience (Peters, 2009; Bruinsma, 2009).

FIG. 1.8 ‘Flexible use’ vs ‘mixed use’. (Source: Author)
Most mixed-use research omits or only implicitly addresses the temporal dimensionand its temporal dynamics—for instance, the research by Rabianski and Clements(2007). A small number of studies have explicitly incorporated the temporal dimension,thereby aligning mixed use more closely with the concept of flexible use—as seen in
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the work of Hoppenbrouwer and Louw (2005); De Wilde (2006). This thesis treatsflexible use as a distinct concept and intentionally avoids using the term mixed use tohighlight the context of changing conditions over time.
Considering the systems and fields the above concepts focus on, flexible use is themost accurate term for describing railway station areas. The content, however, remainsunderexplored at the intersection of urban and architectural design (Figure 1.8).

FIG. 1.9 Terms in the spatial design field that deal with changes

1.3.4 Spatial design of stations and the theme of station-city integra-
tion

This subsection introduces research about stations in the spatial design and planningfields. First, it introduces research on station buildings, station areas, and stations inrailway networks, in the disciplines of architectural design, urban design, and spatialplanning, respectively. It then points out predominant research themes, includingtransit-oriented development and station-city integration. In these themes, centraltopics include stations’ dual identities, assessments of stations, and the multiplicity ofactors involved in station development. Lastly, with a particular interest in practice,this research also reviews existing design principles of stations.
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1.3.4.1 Differentiate three station-related concepts
This research differentiates three station-related concepts—station buildings, stationareas, and stations in railway networks—regarding the disciplines of architecturaldesign, urban design, and spatial planning, respectively (Figure 1.10). These threetypes of concepts are interrelated—any station building is situated within railway andurban transport networks, with local effects on station areas and global effects onrailway networks, and vice versa. Despite the interrelationship, each type of entity hasits own design concerns and priorities. Each of the disciplines approaching theseentities has its typical differentiated objectives, scopes, and methods, with uniquestrengths and limitations (Figure 1.11).

FIG. 1.10 Station buildings, station areas, and stations in railway networks.(Source: Left—Benthemcrouwel.com, Middle—Networkrail 2023, Right—Tang et al. 2011)

FIG. 1.11 Multiple spatial scales of stations and the corresponding research focuses. (Source: Author)
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Architectural design studies of railway station buildings date back a long time. Forexample, in 1956, Meeks (1956) examined the architectural evolution of railwaystations from the nineteenth century to the twentieth century. Richards and Mackenzie(1986) analyzed stations regarding geographical contexts, demographic aspects (e.g.,class, race, and sex), and social aspects (e.g., economy, work, war, and culture). Largestations once were engineering masterpieces as the long-span roofs were technicallynovel (Meeks, 1956). Stations also have symbolic and cultural values as the gates ofcities, glorifying cities’ status and architectural style was a central consideration inarchitectural design (Meeks, 1956). Ross (2000) studied the planning, design, andmanagement of railway stations, treating railway stations as architectural landmarks.
Beyond symbolic and cultural aspects, architectural studies have also investigatedfunctional and experiential aspects of station buildings. For example, Edwards (1997)examined stations’ layouts and typologies. Van Der Spek (2003) examined mobilitynodes’ layouts and station buildings’ compositions for better modal integration ofstations. De Wilde (2006) analyzed the multiple use of station buildings, regardingspatial quality, building structures, engineering, safety, and financial investment.Cavallo (2008) explored the role that architecture can mediate the integration orseparation between railroads and cities. Da Conceição (2015) explored howarchitecture can contribute to the improvement of the spatial performance of Europeanstations. Shikata et al. (2013) examined the historical phases of Japanese station-cityintegration practice, explaining the features of stations developed in each phase withrepresentative cases. These Japanese station cases are mostly located in typicalJapanese high-design urban contexts, mixed with city buildings or infrastructures suchas shopping malls or underground commercial streets.
A large body of studies on stations in railway networks at city and regional levelsemerged from the 1990s in the fields of spatial planning and human geography(Bruinsma et al., 2008). Stations within railway networks bring economic opportunitiesto cities and leverage the cities’ industries or businesses (Van Den Berg and Pol, 1998;Bertolini and Spit, 1998). Scholars have been studying stations’ or railway networks’effects on cities, based on data from station areas (Bruinsma, 2009; Debrezion et al.,2007). Yin et al. (2015) synthesized research findings on high-speed railway’s effectson urban development, aiming to provide implications for Chinese railway practice.
Urban design research focusing on station areas emerged relatively late. For example,Deike Peters conducted a series of case studies on the urban design of stations (Petersand Tolkoff, 2016; Peters, 2009; Peters and Novy, 2012; Novy and Peters, 2012;Loukaitou-Sideris et al., 2017). These case studies are detailed, documentedbuilding-level interventions that influence district-level configurations—for example,optimizing tram stop layouts to reduce traffic space, tunneling roads to improvepedestrian walkability, and creating pedestrian passages through buildings to enhancecross-rail connectivity. Triggianese (2023) highlighted design as a decision-makingtool that offers a platform for robust discourse on critical issues. Van Acker andTriggianese (2021) explored the urban design challenges in designing stations forsmall and medium-sized European cities, pointing out that the station in this context isno longer shaped as a monolithic, architectural cathedral, but interweaves as a systemof public infrastructure and facilities.
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Research has also explored applying place-making—an urban planning and designapproach—to station area development. Place-making is about creating places thatare not just functional, but also beautiful and meaningful to the people who live, work,and play there (Project For Public Spaces, 2018). Regarding station areas, Dusynthesized a definition of place quality in high-speed rail station areas, including aspatial dimension associated with aesthetic qualities of urban spaces, a socio-culturaldimension associated with experienced ‘sense of place,’ and an economic dimensionassociated with the agglomeration of economic activities (Du et al., 2021; Du, 2023).
Trip (2008) investigated to what extent urban quality has been considered in thestation development process in the cases of Amsterdam South Station and RotterdamCentral Station. Jehle et al. (2022) studied pedestrians’ perceptual accessibility inrelation to six qualities, including directness, simplicity, traffic safety, security, comfort,and built environment.
Design and planning research, including the placemaking approach, has explored thepossibility of surrounding stations with vital urban environments, or even transformingstation areas into urban centers (Kusumo, 2007), which are prone to high-densitydevelopment. However, when stations are located in certain low-density contexts, likerural areas, high-density development is not always an ideal option. Alternatively, oneoption is surrounding stations with green parks, remaining a low-density environment;for example, the newly built Jiaxing Station in China, themed a ‘train station in theforest’ (Gooood, n.d.), illustrates such an option.
Across different spatial scalar levels, the following topics have been frequentlyaddressed: station-city integration, transit-oriented development, stations’ dualidentities and multiple generic functions, stations’ assessment, and multi-actordecision-making processes. Station-city integration has commonly been set as aresearch context, as well as Transit-Oriented Development (TOD). Station’s dualidentities have been commonly set as the theoretical framework as well as theassessment framework in research. Similar to the dual identities idea, multiple genericfunctions of stations have been investigated and identified. In the development ofstations, especially of station areas, multiple actors are commonly involved. Thefollowing paragraphs elaborate more on these topics.

1.3.4.2 Station-city integration
Station-city integration is an ideal scenario where stations and cities are appropriatelyintegrated to resolve negative issues and to achieve positive benefits, as described atthe beginning of this thesis (section 1.1). Station-city integration has been discussedor practiced in various continental or national contexts, such as Europe (Peters andNovy, 2012), Japan (Shikata et al., 2013), and China (Cheng et al., 2021).
In this thesis, station-city integration is a vision featured with an explicit temporal
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dimension. It is a type of integration of stations and cities that is achieved by enablingtemporal function changes and sharing their resources. In this way, both stations’ andcities’ maximum capacity is increased, and underutilization is reduced, loweringinvestment and intensifying the use of resources. This is different than staticcollocation of stations and cities, where only the physical building density is increased.
Another widely addressed topic is Transit-Oriented Development (TOD). It is a type ofurban development that maximizes the amount of residential, business, and leisurespace within walking distance of public transport, promoting a symbiotic relationshipbetween dense, compact urban form and public transport use (Calthorpe and Poticha,1993; National Academies of Sciences, Engineering, and Medicine, 2004). It has beenestablished as a research context in some studies focusing on railway stations (Shikataet al., 2013; Singh et al., 2017), but more commonly, it is applied to metro stations(Calthorpe and Poticha, 1993; National Academies of Sciences, Engineering, andMedicine, 2004; Ibraeva et al., 2020; Knowles et al., 2020).

1.3.4.3 Dual identities of railway stations
A few studies have consolidated the theoretical foundations of station-cityintegration—studies proposing the dual identities of stations or identifying the multiplegeneric functions of stations. According to Bertolini and Spit (1998), stations functionboth as nodes within the railway network and as places embedded in cities(Figure 1.12), and ideal stations should balance these two identities. Numerous stationstudies have adopted this idea of dual identities, and use the node-place assessmentframework to evaluate station performance or railway development (Peek et al., 2006;Ortuno-Padilla et al., 2017; Kim et al., 2018). Some studies also expanded the dualidentities into multiple functions or components. For example, the ‘butterfly mode’addresses stations as places, nodes, humans, and mobilities (Ministerie Van AlgemeneZaken, 2020, p. 31). Through focus groups, expert interviews, and workshops, Zempet al. (2011) identifies five generic functions of stations, including “linking catchmentarea and transport network, supporting transfer between modes of transport,facilitating commercial use of real estate, providing public space, and contributing tothe identity of the surrounding area."
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FIG. 1.12 The Node-place model by Bertolini. (Source: Bertolini 1999)

1.3.4.4 Design principles
Regarding the design practice of stations, a few manuals of design principles havebeen developed. For example, the company Network Rail in the UK has developeddesign principles for stations (Anthony and Frank, 2021) and station areas(Networkrail, 2023). The company ‘Spoorbeeld’ (the Dutch word for ‘Railway Image’)in the Netherlands has developed design principles for different aspects of stations,including urban design of station areas (Spoorbeeld, n.d.). These kinds of guidance areestablished with diverse objectives to improve station qualities. Regarding the specificproblem of overcrowding and underutilization, specific design principles addressingthe problem are still lacking.

1.4 Knowledge gap: lacking integrated knowl-
edge for spatially addressing O&U in sta-
tions

This section outlines a multifaceted knowledge gap. As described in the problemstatement (section 1.2), there is overcrowding and underutilization (O&U) in somerailway stations (i.e., stations that have fluctuations associated with events ordisruptions). Ideally, this research expects existing knowledge that provides a deep
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and comprehensive understanding of the issue of O&U in stations, and providessolutions to it. However, the literature review (section 1.3) shows that although manystudies are partially relevant, none specifically address the issue of O&U in stations,resulting in a fragmented body of knowledge. This highlights a need to developintegrated knowledge (subsection 1.4.1). Considering the format of knowledge, thereis a lack of descriptive knowledge explaining spatial relevance, as well as know-howknowledge for assessing and designing station areas (subsection 1.4.2).

1.4.1 Lacking knowledge integration between academic topics

Given the problem statement and literature review, the following three gaps inknowledge integration have been identified (See also subsection 2.5.2). First, there is a
lack of integration of knowledge about overcrowding and underutilization.Overcrowding and underutilization happen in stations at different times. Solelyresolving any of them without considering the other may lead to a paradox of stationsizing, where reducing overcrowding leads to more underutilization, and vice versa(subsection 1.2.3). Therefore, overcrowding and underutilization should be consideredtogether, which favors the flexible use of stations (subsection 1.2.4 andsubsection 1.3.3) and requires taking the temporal dimension into account(subsection 1.3.3). While in existing literature, studies about crowd managementaddress overcrowding (subsection 1.3.1), studies about the use of public spacesaddress underutilization (subsection 1.3.2), and the integration is yet to be achieved(Figure 1.13, ①). In studies about the dual identities of stations (subsection 1.3.4) andmixed use of stations (subsection 1.3.3), the temporal dimension is usually notexplicitly stated.
Second, there is a lack of knowledge integration between flexible use and spatial
design of station areas. For easing overcrowding and underutilization (O&U), spatialdesign is a potential means of intervention, as O&U are associated with spatial factors(subsection 1.2.3) and stations can be intervened by spatial design (subsection 1.3.4).For easing O&U, flexible use is a potential solution, because it linguistically means ‘ableto change easily according to the situation’ (Dictionary, n.d.), enabling it as a solutionto change for addressing overcrowding and underutilization (subsection 1.3.3); flexibleuse happens in rare real-world cases like Shanghai Station (subsection 1.2.4).Considering the potential of spatial design and flexible use, it is meaningful to integratethem (i.e., spatial design station areas that support flexible use) (Figure 1.13, ②).However, integrated knowledge is lacking. Existing literature on flexible use lacksspatial details at the district level (subsection 1.3.3).
Third, there is a lack of knowledge integration between flexible use (for addressing
O&U) and station-city integration (Figure 1.13, ③). Station-city integration is agrowing concept that conveys positive values (subsection 1.3.4). Promoting flexibleuse can be a new positive value to enrich the meaning of station-city integration. Also,benefiting from the proper integration, stations can have a larger capacity for peak
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time uses, or have spaces optimally used during non-peak times, promoting moreflexible use. However, hardly any studies on station-city integration address flexibleuse (which should not be conflated with mixed use, see subsection 1.3.3), nor anystudies on flexible use of stations taking integration into account.

FIG. 1.13 Knowledge integrations needed. (Source: Author)

1.4.2 Lacking knowledge for spatial design practice

Considering the design practice on railway stations, three types of knowledge arecurrently lacking. First, there is insufficient understanding of the spatial relevance ofovercrowding and underutilization (O&U) in railway stations. Overcrowding,underutilization, and flexible use are influenced by a complex interplay of spatial andnon-spatial factors (see section 1.2), as observed in pilot case studies. However,existing literature has not systematically documented or analyzed these relationships.A more detailed understanding of the causal interrelationships among thesefactors—along with a clearer articulation of their spatial relevance—is needed toprovide a solid foundation for effective design practice.
Second, for design practice, rigorous assessment frameworks are essential forevaluating and improving design quality (Carmona et al., 2003). Overcrowding andunderutilization in stations are temporal phenomena and should be addressedregarding both peak and non-peak conditions. However, as revealed in the precedingliterature review (subsection 1.3.4), existing assessment frameworks largely overlookthe temporal dimension (see subsection 1.3.4, dual identities of stations andassessment; and subsection 1.3.3, mixed use). Assessment frameworks that
incorporate the temporal dimension are currently lacking.
Third, in design practice, clear design principles—such as design principles—isessential for translating complex spatial challenges into actionable interventions
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(Carmona et al., 2003). While a few design principles documents on railway stationsexist (Anthony and Frank, 2021; Networkrail, 2023), none specifically address theflexible use aimed at reducing overcrowding and underutilization (O&U) in stations.
design principles for the flexible use of stations aimed at reducing O&U are lacking.

1.5 Research objectives and research design

This section sets the research objectives and research design. In designing theresearch, it asks research questions (subsection 1.5.2), plans different parts andchapters to work on (subsection 1.5.3), and aims for corresponding researchsignificance (subsection 1.5.4).

1.5.1 Research objective

Aiming to fill the aforementioned knowledge gap in the integration of knowledge andits application in practice, this research sets its objectives as follows:

Advance flexible use (aimed at reducing overcrowding and underutilization in railwaystation areas) through urban and architectural design, promoting station-city
integration. In doing so, the research will provide spatial understanding, as well as
solutions in the form of an assessment framework and design principles), for actorswho are involved with the station design and development, with user experience as akey consideration (Figure 1.14).
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FIG. 1.14 Research objectives. (Source: Author)

This research aims for knowledge integration between topics, including flexible use,overcrowding and underutilization, urban and architectural design, and station-cityintegration. It hypothesizes flexible use as a solution aimed at reducing overcrowdingand underutilization (O&U), expecting stations to share spaces and resources withcities at different times. In this way, stations become integrated with cities bothphysically and functionally, forming a deeper level of station-city integration. Flexibleuse, aimed at reducing O&U, becomes a new positive value in the discourse of
station-city integration.
This research situates itself within the field of spatial design, motivated by twoconsiderations. First, overcrowding and underutilization have spatial relevance, andspatial design demonstrates potential to mitigate them (subsection 1.2.3). Second, theauthor has an educational background in the spatial design field and has the objectiveto contribute to this field. More precisely, this research positions itself at theintersection of ‘urban and architectural design’. Urban design of station areas at thedistrict level, and architectural design of station buildings at the building level, areredoften related. For instance, a district axis proposed in an urban design scheme willonly function if there are passages across the buildings on that axis. Therefore, it isnecessary to study urban and architectural design jointly in this research.
The research aims to develop three forms of knowledge corresponding to theknowledge needed in practice (subsection 1.4.2): (1) a description of spatialrelevance—to help designers and stakeholders understand how spatial aspects,among other aspects, affect overcrowding and underutilization (O&U), flexible use, andstation-city integration; (2) an assessment framework that incorporates the temporaldimension—to facilitate designers, researchers, and stakeholders in designevaluations; (3) a set of design principles—to inform designers to make practicaldesign schemes for stations that support flexible use and station-city integration.These three forms of knowledge sit at the intersection of the aforementioned academictopics—each relates to O&U, flexible use, and spatial design (subsection 1.4.1),forming a better integration between these academic topics.
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1.5.2 Research questions

To achieve the research objectives, this research addresses three main researchquestions, each containing multiple specific sub-questions, as listed in Table 1.1.
TABLE 1.1 Research questions in this thesis

Main research questions Sub-questions
1. What is the spatial
relevance of theovercrowding andunderutilization in the stationarea?

➤ How do national contexts affect the overcrowding-underutilization phenomena in railwaystations? ➤ How do spatial configurations affect the overcrowding-underutilization phenomenain railway stations, and hence, what is spatial design’s potential? (Chapter 3)

2. What are the design
principles for station areasthat support flexible use?

➤ What are the design principles for railway station areas that support flexible use? ➤ How candesign principles of complex projects, like railway stations, be developed in a systematic waythat enables synthesizing, probing, and validating knowledge? (Chapter 4)
➤ How effective are the design principles of flexible use of stations, as demonstrated throughresearch-by-design and agent-based simulations (ABS)? ➤ What will these design principles belike when applied to new cases? (Chapter 5)

3. How can design proposalsbe assessed as supportive offlexible use?
➤ To what extent can agent-based simulation help assess user satisfaction to facilitate thespatial design of station areas (that are integrated with cities and support flexible use)?(Chapter 6)
➤ How to computationally assess the visual quality of the built environment for design use? ➤What are the limitations of ABS in assessing complex projects like railway stations?(Chapter 7)

1.5.3 Research design

The main body of this research is divided into three parts with six chapters. Toinvestigate the three main questions, this research sets three primary chapters:Chapter 3 (Describing spatial relevance), Chapter 4 (Developing design principles),and Chapter 6 (Developing assessment framework), respectively. Chapter 2 (LiteratureReview) examines existing solutions that are relevant for the flexible use of stations,revealing the gaps to be filled by this thesis. During the research process, a componentof the assessment framework—the visual assessment model—grew significantly inscope and importance. This led to its distinction as a separate supplementaryChapter 7. As the research progressed, the possibility emerged to apply theassessment framework to evaluate design proposals generated based on the designprinciples. In response to this insight, an additional Chapter 5 was introduced toexplicitly structure this application and evaluation process (Figure 1.15).
To provide a coherent thematic progression, the thesis is presented in three parts.PART I (Chapters 2 and 3) provides the contextual foundation required for thesubsequent research. PART II (Chapters 4 and 5) focuses on the development ofdesign principles for the flexible use of railway stations. Finally, PART III (Chapters 6and 7) presents the assessment framework (Figure 1.15).
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FIG. 1.15 The main body of this research is designed into three parts with six chapters. (Source: Author)

The target audience of this research’s outcomes, in a broad sense, is actors who arerelevant or interested in the design and development of station areas. More specifically,the description of spatial relevance is for stakeholders and designers; the designprinciples are for designers; the assessment framework is for actors who want to do anassessment of stations, such as researchers, designers, consultancy companies,developers, or government departments.

1.5.4 Research significance

With research packages planned and the target audience set, this research anticipatessocietal and academic significance. With a focus on railway stations that experiencerecurring overcrowding and underutilization (O&U), this research has societal
significance by informing the design of stations that are supportive of flexible useaimed at reducing O&U, and are more efficient, resilient, affordable, and sustainable.The research produces a description of the spatial relevance, an assessmentframework, and a set of design principles, which help understand the role that spatialdesign can play, guide the design practice, and facilitate design assessment,respectively.
Overcrowding and underutilization (O&U) have a general relevance beyond railwaystations, as it is common across other types of infrastructures and public spaces, suchas airports, stadiums, music venues, sports centers, hospitals, and libraries. TheO&U-mitigating approaches, developed in this research, for railway stations, caninform similar approaches for other infrastructures.
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This research has academic significance by addressing the underexplored potential offlexible use as a spatial design strategy aimed at reducing overcrowding andunderutilization. It enriches the knowledge base of relevant fields, fosterscross-disciplinary knowledge integration, and extends the boundaries of existingresearch. The research outcomes—a description of the spatial relevance, anassessment framework, and a set of design principles—collectively broadenmethodological approaches and conceptual foundations in urban and architecturaldesign of stations.

1.6 Research scope and key concepts

With the aforementioned research objective defined and research questions presented,it is still overly broad to conduct research considering the complexity of stations’ O&Uand flexible uses. This section further clarifies key concepts to narrow down theresearch scope. The following subsections define what events (subsection 1.6.1) areconsidered as affecting stations, the diverse temporal uses of stations(subsection 1.6.2), relevant stakeholders and their corresponding interests(subsection 1.6.3), to what extent spatial and management interventions areconsidered (subsection 1.6.4), the station type and case selection (subsection 1.6.5),and the spatial scale of station areas (subsection 1.6.5).
Notably, temporality is a crucial aspect in this thesis, as it relates to event frequenciesand durations, frequencies of intervention on stations, and the efficiency of space use.To describe temporality, a few extra technical concepts, such as the magnitude of uservolume, intensity of fluctuations, and spatial-temporal occupancy ratio, are used in thefollowing subsections.

1.6.1 Events

The events affecting stations, as considered in this thesis, have the followingcharacteristics: they happen with frequencies between multi-weekly and yearly; theycause peaks of user volumes with different magnitudes or intensities; and physically,they do not necessarily happen at stations.
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1.6.1.1 Events and their frequencies of happening
Events can happen with different frequencies, or correspondingly, can be observed atdifferent temporal scales. Railway station areas are affected by a spectrum of eventsacross different temporal scales, ranging from rare pandemics, Olympic games, yearlyfestivals (Mccarthy, 2018), multi-weekly railway disruptions (Rijdendetreinen, n.d.),weekly markets, and daily commuting.
This research focuses on events and disruptions that occur with a frequency betweenmulti-weekly and yearly, such as sports events, festivals, and railway disruptions.These events are particularly relevant to railway stations for several reasons: theyproduce significant pedestrian fluctuations that can potentially be mitigated throughspatial design; they exhibit recurring patterns that can be analyzed; and they remainunderexplored in spatial design research.
In contrast, high-frequency events, such as daily and weekly commuting, are morecharacteristic of metro station dynamics and are extensively studied in the context ofTransit-Oriented Development (TOD) (Ibraeva et al., 2020). Meanwhile, low-frequencyevents, such as the Olympic Games, are too rare to allow for meaningful patternrecognition (Alexander, 1977; Sanchez and Essex, 2018).

1.6.1.2 Magnitudes of user volumes
These abovementioned different kinds of events bring different magnitudes of peakuser volumes to stations. When evaluating these volume peaks in relation to theirduration, these fluctuations display distinct intensities (i.e., the concentration ofvolume over time). For instance, daily commuting during workdays generatespredictable morning and evening peak volumes during rush hours. Weekend passengerflows are typically smoother, lacking significant surges. A major festival (e.g., theRotterdam Summer Carnival) can sustain a large volume of users throughout the entireday. A football match may force a massive surge of passengers through a nearbystation (e.g., Amsterdam Bijlmer ArenA) within a highly compressed window of just 20minutes (Figure 1.16).
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FIG. 1.16 Events and fluctuations with different magnitudes and intensities.(Source: Author)

1.6.1.3 Events at stations or not
Notably, the events that affect station dynamics do not necessarily have to occurwithin the physical station buildings (e.g., an exhibition inside a concourse). They canalso take place in the immediate vicinity outside the station (e.g., a market assembly onthe station plaza), at a short distance away (e.g., a sports match in a stadium located200 meters from the Amsterdam Bijlmer ArenA station), or even at a city-wide scale(e.g., the Chinese Spring Festival migration affecting major railway stations).

1.6.2 The temporal uses of stations

1.6.2.1 Activities and users
Regarding the uses of stations, in the context of station-city integration, this thesisassumes that both transport and non-transport activities happen within stations.Transport activities include passengers waiting for their trains, transferring betweendifferent modes of transport, or enjoying commercial services like catering and retailstores. Different types of passengers have their different traveling purposes, withdiverse needs and psychological preferences (Van Hagen, 2009).
Non-transport activities include non-passengers or local citizens using station spacesas public spaces for civic or leisure activities, such as gathering on the plaza orhanging out in station retail stores. Both passengers and non-passengers canpotentially use station commercial services, if these services are not in gated areasthat require train tickets. Station-related properties may be used as work spaces,adding to the complexity of uses (De Wilde, 2006).
Notably, some of these activities involve users staying in certain spaces for relativelylong periods (e.g., waiting, gathering), while others involve users passing by certain
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spaces in short periods (transferring between modes, hanging out). To measure thespace usage regarding these activities, the temporal dimension must be considered.
Stations are not only spaces for human activity, but they are also complexinfrastructural assets that require regular operational support. A series ofindispensable supportive activities must be conducted regularly to keep servicesoperational, safe, and satisfactory. These operational tasks encompass routinecleanliness and sanitation practices within high-traffic concourses, ongoingmaintenance and repair of technological and mechanical devices (such as automatedticket gates and escalators, and building equipment), strict security tasks, and safetyinspection tours. Many of these supportive activities, like repairing, preferably takeplace during off-peak or nighttime hours when user density is low, so that theinterference of supportive activities on main activities can be minimized.
In the context of flexible use of stations, this thesis also assumes stations to bepossibly being used as venues for events, like people dancing on squares, or exhibitionsin station concourses. Organizing these events often involves the pre-event setup,event running, and post-event dismantling (Allen et al., 2022, pp. 79-82). In summary,this thesis assumes several types of activities happen in stations—transport activities,commercial activities, and events—with related supportive activities (Figure 1.17).
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o Transport activities 
    (Passengers as users)
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FIG. 1.17 Functional uses of stations. (Source: Author)

1.6.2.2 Spatio-temporal uses of stations
The use of space typically involves the spatial and temporal dimensions (De Wilde2006; Fruin 1971; Timmermans et al.). In transport planning, human geography, andurban planning fields, the ‘space-time concept’ is used as an important term,describing the available space and time as unified resources provided by transportinfrastructures, cities, or regions Timmermans et al.; Benz (1986). Technically,
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describing how space is used by activities, involves the measurement of occupancyregarding space and time; e.g., Li et al. (2024) defined the concept ‘spatio-temporaloccupancy rate’ to measure the rate of time in which the space is occupied by trafficflow; Benz (1986) evaluates the capacity or the use of transport spaces by measuringof space and time required versus available for passenger queuing and circulation.Given that a certain area of space or a specific period of time can be partially occupied,this thesis defines two concepts to differentiate the uses of space and time: spatial
occupancy rate, defined as the proportion of area occupied by events; and temporal
occupancy rate, which refers to the proportion of time during which the space isoccupied by events (Figure 1.18). To evaluate space utilization across both dimensionssimultaneously, the integrated spatio-temporal occupancy rate can be computed bymultiplying the spatial occupancy rate by the temporal occupancy rate.
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(In a 24-hour cycle of time)

Temporal occupancy 

ratio = 0.67

FIG. 1.18 Spatio-temporal occupancy rate. (Source: Author)
The spatio-temporal occupancy rate provides an aggregate descriptor of how physicalspace and temporal durations are consumed relative to total available space-timeresources. However, achieving efficient and satisfactory station uses across theaforementioned diverse activity types requires looking beyond a singular focus onmaximizing occupancy; it requires the consideration of multiple systemic factors and avariety of optimization strategies. For example, supportive operations are ideallyscheduled during off-peak hours to minimize interference with primary passenger andcivic activities. Station operators often aim to minimize queuing, waiting, andcirculation times for passengers; yet, once waiting time is minimized to a certainoperational threshold, the strategy must pivot toward improving the qualitative waitingexperience rather than continuously optimizing waiting time (Van Hagen, 2009).Commercial stakeholders, such as retail and catering operators, may seek the oppositeeffect, aiming to prolong the staying time of customers within their spaces to maximizeeconomic patronage.

1.6.3 Stakeholders and interests

From a spatial political economy perspective, urban transport infrastructures are notmerely technical assets for functional mobility, but contested arenas where theproduction of space is continuously negotiated among diverse socio-economic forces
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(Lefebvre, 1991; Harvey, 2006). Railway station areas epitomize this dynamic; theyrepresent critical spatial nodes where the imperatives of capital accumulation, realestate commodification, and public civic life converge. The physical and programmaticconfigurations of these areas reflect the shifting power structures and resourceallocations among various institutional, commercial, and civic stakeholders.
This socio-spatial production typically involves multiple actors. Station areas usuallyhave site boundaries beyond the railway companies’ own lands, involving other entities’lands and properties. The rail and property development often involves investmentfrom different entities, including railway companies, real estate developers, and localand national governments (Chen and Zhuang, 2022; Triggianese, 2014). The public, astaxpayers, is also often involved (Novy and Peters, 2012). Different interest groups,such as NGOs or unions for heritage preservation, for environmental preservation, forcitizens’ livability, or for retail, may participate as well (Van Den Berg and Pol, 1998;Chen and Zhuang, 2022; Novy and Peters, 2012; Wang, 2022; Dai, 2015). Differentactors’ interests potentially align or conflict with others (Zemp et al., 2011; Novy andPeters, 2012).
Among these relevant actors, designers play an important role in mediating diverseinterests by exploring tangible design proposals. Additionally, when users are absentfrom the decision-making process, designers have the power to incorporate users’needs (Chen and Zhuang, 2022; Triggianese, 2014, 2023) into design proposals. Thisresearch, although not diving deeply into the decision-making process, treats multipleactors as the target audience of the research outcomes (subsection 1.5.3).
To structurally map the diverse stakeholders and their interests, Figure 1.19 depictsthe links between specific stakeholder interests and the objectives of flexible stationutilization. Specifically, the objective to reduce overcrowding is a direct need ofimmediate station users—both passengers navigating transit and non-passengersutilizing the facility—as well as station operators tasked with maintaining safety andefficient pedestrian circulation. Concurrently, the imperative to reduce underutilizationaligns with the financial and structural motives of station real estate investors andowners, who seek optimized asset efficiency, alongside station operators andcommercial operators who benefit from sustained, balanced foot traffic. Finally,creating flexible or temporary uses providing station spaces as venues for events andcivic activities introduces shared opportunities for users (passengers andnon-passengers), commercial operators seeking market exposure, and localcommunities and local governments aiming to enhance social cohesion, neighborhoodlivability, and local economic vitality.
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FIG. 1.19 Objectives of flexible station uses and the relevant stakeholders.(Source: Author)

Building upon this relational mapping, and following an established power-interest gridframework Bryson (2004); Ackermann and Eden (2011), Figure 1.20 illustrates ananalytical evaluation of stakeholder interests and power. In this analytical matrix,station real estate investors and owners, alongside station operators and commercialoperators, occupy positions of exceptionally high interest and high formal power, asthey wield direct financial control and operational decision-making authority over thephysical infrastructure. Conversely, the direct beneficiaries of stations—passengers,non-passengers, local communities, and local governments—demonstrate highinterest but possess relatively limited direct structural power to dictate spatialconfigurations.
Within this power mapping, designers and planners (encompassing urban planners,transport planners, urban designers, and architects) occupy a distinct, highly nuancedposition on the grid, characterized by a high level of interest and an intermediate, opencircle designation of power. Planners and designers, although they are typicallycommissioned by their clients—station investors and owners— do not make directdecisions on the projects, they still exert huge power as they plan and design theproject at an initial stage and intervene at a fundamental level, translating abstractstakeholder demands into concrete spatial proposals.
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FIG. 1.20 Power-interest grid of stakeholders.(Source: Author)

1.6.4 Intervening through spatial design and management

Spatial design (i.e., urban design and architectural design) is one discipline thatprovides interventions to stations, alongside spatial planning and managementdisciplines, among others. One key difference between these disciplines is their typicalinterventions’ frequency and temporal scale. Spatial design interventions typicallyoccur infrequently, with a frequency of once every several years, corresponding to along-term temporal scale. Spatial planning interventions are even less frequent,typically occurring once every several decades, reflecting an even broader temporalscale. Management interventions are more frequent, occurring on shorter temporalscales, e.g., ranging from hourly to daily or seasonal. Notably, spatial design canprovide a physical, spatial basis for management interventions; conversely,management interventions require spatial design to provide a suitable physical, spatialbasis.

FIG. 1.21 Interventions with different frequencies on different temporal scales.(Source: Author; inspired by Figure 130, on p. 38 of De Jong and Van Der Voordt 2002)
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1.6.4.1 The content addressed by urban and architectural design
Both urban and architectural design encompass a wide range of practices. Typically,urban design deals with aspects at the district level, and architectural design dealswith aspects at the building level. This subsection outlines the specific aspects that arerelevant to this research at these two levels in these two disciplines.
In this thesis, two types of aspects are treated as core content: (1) pedestrian flow,(2) user experience, and (3) spaces that people can pass through or linger in, whosequalities directly affect pedestrian flow and user experience. In contrast to corecontent, other aspects are treated as secondary content, which affects pedestrianflow, user experience, and space performance.
At both the district and building levels, the following core content are considered:pedestrian flow dynamics (considering temporal variations), potential event venues,user experience (e.g., safety, speed, ease, comfort, experience, according toVan Hagen 2011), pedestrian paths (which could across multiple physical elementslike footbridges, tunnels, passages, or plazas) (Edwards 1997, pp. 50-83; Ross 2000,pp. 103-213; Bach et al. 2009, pp. 206-220). The following secondary content areconsidered: layouts of mobility nodes (e.g., railway stations’ affiliated metro stations,bus stops, tram stops, taxi drop-off and pick-up areas, car parking sites, bike parkingsites), event-related managerial interventions (subsection 1.2.4)—which are part ofthe contexts for spatial design interventions.
At the district level, the following core contents are also considered: urban spaces(e.g., plaza). The following secondary content is considered: urban buildings, anddistrict structures. Figure 1.22 illustrates a general picture of station areas that aredealt with by urban design. At the building level, the following core contents are alsoconsidered: paid areas, and indoor commercial areas. The following secondarycontents are also considered: ticket gates. Figure 1.23 illustrates a general picture ofstation buildings that are dealt with by architectural design. Building elementsintegrated into the district-level structures, such as pedestrian passages across thebuildings, are considered with priority.
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FIG. 1.22 Urban design of railway station areas.(Source: Networkrail 2023, p. 54)

FIG. 1.23 Architectural design of railway station buildings.(Source: Benthemcrouwel.com)
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Notably, in this thesis, urban design and architectural design are differentiated. Someliterature and cases advocate blending the practices of urban design and architecturaldesign, where urban design adopts design strategies that are typically only used at thebuilding level, or architectural design adopts design strategies that are typically onlyused at the district level. For example, a book highly cited by papers on station-cityintegration in China—Holistic design on urban architecture Han (1999), promotes thefollowing trends: the social integration and megastructuralization of buildings, and theverticalization and interiorization of urban design. Transferring building-level designstrategies to district-level is common and effective in high-density contexts like HongKong, Japan, and South Korea, with station cases like Kowloon Station (Xue et al.,2012), Shibuya Station, and Yongsan Station.
However, such strategies show limitations when they are used outside of high-densitycontexts. For example, an high-density urban and architectural proposal for RotterdamCentral Station area developed in 2000 by William Alsop, with its appealing stationbuildings like champagne glasses, blending urban spaces and buildings(Wederopbouwrotterdam, n.d.), was ultimately rejected due to concerns that the area’slow intensity of use would render it underutilized and unsafe and the it would cost toomuch to build (Elise, 2017). Additionally, applying building-level strategies to districtssometimes leads to oversized city elements that lack the human scale. This isillustrated by a proposal for Sloterdijk Station, where a 1-kilometer-long roof wasproposed to cover the station area (Triggianese et al., 2019, p. 190). Given theselimitations and the non-reliance on a high-density context (see subsection 1.6.5), thisresearch maintains a clear distinction between urban and architectural designwhenever feasible.

1.6.4.2 Managerial interventions
In response to events and disruptions, and to promote flexible use during non-peaktime, managerial interventions at stations can be taken, and spatial design solutionsshould support these managerial interventions. This research considers two types ofinterventions: (1) organizing events in station areas during non-peak times and (2)regulating access to stations’ elements, such as pedestrian paths. According to Carret al. (1992), there are multiple types of rights in public space, including access, claim,change, ownership, and disposition, and so on. These rights can be regulated throughmanagerial interventions, and regulating access is a common practice in stations andduring events.
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1.6.5 The station type and case selection

Railway stations are among the most rapidly and widely constructed building types inmodern history (Richards and Mackenzie, 1986, pp. 52, 385), making the definition ofstation typologies both necessary and challenging (Peters and Novy, 2012).Nevertheless, regarding topic relevance, practicality for site visits, and researchimpacts, this research defines an ideal type of station with the following set of stationfeatures, which also serve as the criteria for case selection:
1 Exhibit overcrowding and/or underutilization phenomena2 Have addressed overcrowding and/or underutilization through spatial design.3 Show the phenomenon of flexible use, or have the capacity to support it.4 Surrounded by city environments (such as city districts or green spaces).5 Located in the Netherlands or China.6 Serve as major stations in their respective cities or countries.

As described in the research objective (subsection 1.5.1), this research addressesflexible use to mitigate overcrowding and underutilization in stations, promotingstation-city integration. It seeks spatial understanding of the problem as well asdevelops spatial solutions. Therefore, the ideal station cases should involve challengessuch as overcrowding and underutilization, or present solutions like flexible use. Theyshould also locate in city environments where the relationship between the station andthe city—whether separated or integrated—plays a significant role. Criteria 1-4 reflectthese considerations.
The ideal station cases are confined to China and the Netherlands, owing to theauthor’s physical proximity, which facilitates on-site visits to gain experientialunderstanding. The author, being Chinese and studying in the Netherlands, is thuspositioned to engage directly with these contexts. However, the theoretical andempirical insights derived from these Chinese and Dutch cases are not inherentlyrestricted to these two nations, as case study research is often designed to generatetheoretical insights that transcend the specific contexts under examination (Flyvbjerg,2006; Yin, 2002). The ideal station cases are set as major stations in their respectivecities or countries, making the findings likely to attract significant attention and impact.
While this research primarily focuses on the selected station cases, it will alsoreference—though not examine in depth—other building types and public spaces (e.g.,stadiums, shopping malls, airports, and metro stations) where relevant to the analysis.
Notably, high density is not a criterion in this research, though it is central to somestation studies in the transit-oriented development discourse (Knowles et al., 2020).In contexts like North America, high-density surroundings are often a prerequisite fortransit-oriented development, ensuring sufficient ridership (Calthorpe and Poticha,1993). In contrast, in China, station users typically arrive from across the entire city,not just adjacent neighborhoods, making high density less critical. Furthermore, thisresearch highlights the flexible potential of station areas—such as their use as
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low-density leisure green spaces during off-peak hours, exemplified by Jiaxing Station(Gooood, n.d.). This reinforces why high density is not a decisive criterion here.

1.6.5.1 Selected cases
Based on the above criteria, this research selects seven cases: six real-worldstations—Beijing West Railway Station (RS), Shanghai RS, the former and currentRotterdam Central RS, and the former and current Utrecht RS—as well as one virtualcase, Station Xtreme, which is proposed and designed as part of this research(Table 1.2; Figure 1.24 and Figure 1.25). For both Rotterdam and Utrecht stations,their former and current scenarios are analyzed as different cases due to their spatialdifferences. The total number of cases is limited due to the project’s time constraints(Small, 2009). These cases serve different chapters’ research purposes (seesubsection 1.7.1, case studies).

TABLE 1.2 Cases selected considering their relevance with O&U or flexible use
Cases Overcrowding Underutilization Flexible use City environment

surrounded
Beijing West
Railway
Station (RS)

Overcrowdinghappensoccasionally
Largeunderutilizedcommercialspaces

– • Dense city areas aresurrounded• Heavy traffic betweenthe station and thesurrounding citydistricts; Weak linksthrough footbridges andtunnels
Shanghai RS [Compared toBeijing West RS] Noobviousovercrowding

– • Vibrant surroundingcommercialenvironment;• The North Plaza isflexibly used fortransportation duringpeak days and fordancing duringnon-peak days

• Dense commercial cityareas are surrounded• Walkable to thesurrounding areas

The current
Rotterdam
Central RS

– – • Vibrant commercialenvironment;• Leisure events on thestation plazaoccasionally

• City areas surrounded• Easily walkable to thesurrounding areas

The former
Rotterdam
Central RS

– – [Compared to thecurrent station] Notpossible to have leisureevents on the plaza

• City areas surrounded• Heavy traffic betweenthe station and thesurrounding citydistricts
Continued on next page
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The current
Utrecht
Central RS

[Compared to theformer station]Overcrowdingresolved

– • Vibrant commercialenvironment;• Leisure events on theplaza

• Dense cityenvironmentsurrounded• Easily walkable to thesurrounding areas
The former
Utrecht
Central RS

Crowded(Loukaitou-Sideriset al., 2017)
– – • City areas surrounded• The shopping mallmixed with the stationbuilding causesconfusion in wayfinding

Station
‘Xtreme’

A nearby stadiumcreates a peak flowof rail travelers,causing potentialovercrowding

– – • City areas surrounded• Heavy traffic betweenthe station and thestadium
Note: Except for the virtual Station ‘Xtreme’, all others are in China or the Netherlands, and are major stations in the respectivecities or countries.
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Beijing West Railway Station (RS) is one of the four major stations in Beijing (as of 2025), China. It is shown on social media as being crowded occasionally (Jialing and Yue, 2021; Bilibili, 2021), where passengers get delayed for dozens of minutes to hours. Meanwhile, it has huge underground spaces that are underutilized, as reported by news (Yu, 2018) and observed by the author’s on-site visit in 2022. The station is surrounded by dense city areas, with footbridges and tunnels linking them, crossing wide traffic roads.
Shanghai Railway Station is one of the three major stations in Shanghai (as of 2024), China. Compared to Beijing West RS, Shanghai RS is hardly seen on social media as congested or underutilized. It has a vibrant surrounding commercial environment. Its North Plaza is used by elderly people dancing during non-peak days. The station is surrounded by dense commercial city areas. It is walkable between the station and the surrounding areas.
The current Rotterdam Central Station is the largest station in Rotterdam, the Netherlands. It was redeveloped between 2007 and 2014, and it is one of six stations redeveloped through the Dutch ‘new key projects’ (Majoor and Schuiling, 2008). It has a pleasant plaza where leisure events happen from time to time, such as people dancing during the Rotterdam Summer Carnival, the railway company organizing promotion events, or live streamers dancing and creating social media content. The current station has also won many design prizes as it positively transformed the area (MVSA, 2022). The station is surrounded by city areas. It is easily walkable between the station and the surrounding areas.
In contrast with the current station, the former Rotterdam Central Station did not support leisure activities on the plaza because all transport facilities occupied it. The former station’s surrounding environment was unsatisfactory due to heavy traffic(Loukaitou-Sideris et al., 2017). The station was surrounded by city areas. There was a ground-level main road with heavy car traffic between the station and the surrounding city districts.
The current Utrecht Central Station is the largest station in Utrecht, the Netherlands.
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It was redeveloped between 2011 and 2016, and part of its surrounding areas are stillundergoing redevelopment. It is also one of six stations redeveloped through the Dutch‘new key projects’ (Majoor and Schuiling, 2008). The west plaza of the new stationoccasionally hosts leisure events such as exhibitions (Muis, 2018). The station issurrounded by city areas. It is easily walkable between the station and the surroundingareas. With a plaza in between, the adjacent shopping mall on the east brings livelyimages and experiences to rail passengers.
In contrast with the current station, the former Utrecht Central Station wascomplained about by passengers as being crowded. The station was surrounded bycity areas. The shopping mall on the east was built in a mixed style with the stationbuilding, causing confusion in wayfinding.
The virtual Station Xtreme is a synthesized case study designed to evaluate theproposed design principles with high generalizability, free from the strict constraints ofa single real-world location. While real-world stations like Amsterdam Bijlmer ArenAexperience the extreme stadium-driven passenger fluctuations relevant to this study,their relatively successful urban integration lacks the severe infrastructural barriersneeded to rigorously test station-city integration. Therefore, Station Xtremedeliberately adopts the heavily fractured spatial layout of AmsterdamSloterdijk—separated from its surroundings by traffic roads, viaducts, and open-airparking lots—while incorporating the volatile crowd fluctuations of Bijlmer ArenA. Thiscomposite setting creates a spatially relevant and demanding case that challenges thespatial design to simultaneously resolve overcrowding, underutilization, andstation-city separation.
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FIG. 1.24 Selected cases of stations. (Sources: Up-left—youtube.com; Up-right—gooood.cn; Down-left—fotos.serc.nl;Down-right—west8.com)

FIG. 1.25 Selected cases of stations. (Source: Up-left—meipian.cn; Up-right—skyscrapercity.com; Down-left and down-right—bythe author)
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1.6.6 The spatial scale of railway station areas: Around a 250m range

This research focuses on the urban and architectural design of station areas andstation buildings (subsection 1.5.1). Station buildings are normally clearly identifiable,while station areas typically have vague ranges. Thus, it is essential to define the rangeof station areas for this research.
In defining the range of station areas, existing approaches rely on various factors,including walkable radius, functional-historical elements, topography, and adevelopment perimeter (Bertolini and Spit, 1998; Zhang et al., 2019). Walkable radiusis possibly the most widely adopted one because it is simple and can be applied acrossdifferent cases. With a slight variance in different literature, this radius value typicallylies between 500-700m distance or a 5- to 10-minute walk (Calthorpe and Poticha,1993; Bertolini, 2008).
However, based on the following considerations, this thesis adopts a radius of around250-300m maximum as the station area, about half of the typical walkable radius value(Figure 1.26, see more diagrams in the thesis appendix). First, this thesis studies usersatisfaction in railway stations, and perception instead of walking ability is prioritized.Scholars like Peek and Van Hagen (2002) recommended a 300m radius for theso-called ‘station environment ’; Bach et al. (2009, pp. 211-212) mentioned 300m asan important scale for urban design of stations, regarding pre-transport to stationsand accessibility of station buildings. During field visits, the author also found that thestations are usually perceivable around a maximum 250m range (Figure 1.26). Second,because station areas are public spaces, insights from other types of public spaces arecomparable for understanding user behavior and design implications. Studies of greenparks suggest a maximum of 300m walking distance (Konijnendijk, 2023) fromresidents’ homes to green spaces. Third, this smaller range serves this thesis’sexplorative nature to investigate spatial configurations that lie in urban design andarchitecture domains, and it relates more to user perception ability (Enshan et al.,2025b).
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FIG. 1.26 Rotterdam Central Station area. (Source: Google Maps; annotated by the author)

This smaller range (around 250m), compared to the larger range (around 500m), isbarely investigated in existing assessment literature, for at least two reasons. First, it isdifficult to find a positive relationship between the station’s proximity and economicperformance when the location is too close to the station buildings, due to railwaynoise and pollutants. This makes planners favor the larger range for a positiverelationship. Second, given the formula for the area of a circle (Area = πr2), anincrease in radius (e.g., by 250 m) in a peripheral area, compared to the same radiusincrease in a core area, results in a substantially larger area size, which highlights theimportance of the catchment area. Nevertheless, this thesis sees the uniqueimportance of the core area. For example, if it is unsafe, a piece of area located in thecore part, compared with its counterpart located in the catchment area, will have alarger influence since more passengers go through it (Figure 1.27).
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FIG. 1.27 Multiple ranges of station areas. (Source: Author)

1.6.7 Summarize the research scope

To summarize, this research has the following scope:
– It addresses fluctuations—associated with events or disruptions—that occur at atemporal scale ranging from multi-weekly to yearly.– The focus is on major Chinese or Dutch railway stations experiencing overcrowdingand/or underutilization, particularly those embedded within city environments withrelevance to station-city integration.– The spatial scope of the station area is defined as approximately a 250-meter radius.– Within this area, the research investigates urban and architectural design aspects,including 3D spaces, layouts of transportation nodes, pedestrian flows, and userexperience.

1.7 Research methodology

With chapters (subsection 1.5.3) planned and research scope (section 1.6) refined inthe above sections, this section introduces the research methodology. Overall, thisresearch uses multiple methods (subsection 1.7.1) in these chapters. This chapteralso describes components that are fundamental to the multiple methods. Thesecomponents include a theoretical model (subsection 1.7.2) and criteria for positive
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solutions (subsection 1.7.3). For more specific descriptions of each method, pleaserefer to the corresponding chapters.

1.7.1 Multiple methods

Multiple methods are used during this research (Figure 1.28). Case studies, literaturereview, and analytical visualization are the main methods. Additional methods are usedfor developing the assessment framework, developing the visual assessment model,and validating the design principles.

Describing spatial relevance

Assessment Framework (AF)

Design principles (DPs)

Assess DPs using AF

Visual assessment model

(Chapter 3)

(Chapter 4)

(Chapter 6)

(Chapter 7)

(Chapter 5)

Examining solutions in literature
(Chapter 2)

Case studies 

Literature review 

Analytical visualization 

Expert interviews 

Research-by-design 

Assessment 

Agent-based simulation 

Coding 

Image segmentation 

Statistical analysis

Introduction
(Chapter 1)

FIG. 1.28 Multiple methods used in this research. (Source: Author)

1.7.1.1 Case studies
In this research, case studies (Yin, 2002; Tasci et al., 2020) are used to investigate thespatial relevance of overcrowding and underutilization in station areas (Chapter 3),identify design principles (Chapter 4), test the application of design principles(Chapter 5), and test the application of assessment framework (Chapter 6). Caseselection criteria and cases’ basic information are explained in subsection 1.6.5.
Seven cases, described in subsection 1.6.5, are selectively used in different chapters.For understanding the spatial relevance, Chapter 3 examines problematic cases thatexperience overcrowding and underutilization. These cases include Beijing WestRailway Station (RS), the former Rotterdam Central RS, and the former Utrecht Central
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RS. For developing design principles, Chapter 4 studies cases that resolvedovercrowding or underutilization, or support flexible use. These cases includeShanghai RS, the current Rotterdam Central RS, and the current Utrecht Central RS.These cases are also compared with the problematic cases to make the positive spatialsolutions more evident. For testing the application of the assessment framework,Chapter 6 uses the former and current Rotterdam Central RS. For assessing designprinciples through the assessment framework, Chapter 5 makes proposals for a virtualstation—Station Xtreme.

1.7.1.2 Literature review
Five literature reviews are conducted in this research (Table 1.3): the first one inChapter 1, section 1.3 broadly examines the relevant existing academic knowledge at ahigh level to inquire about the problems, assessment, and solutions; the second in thewhole Chapter 2 specifically examines the existing solutions; the third in Chapter 3,section 3.1 specifically examines existing explanations of the problems; the fourth inChapter 6, section 6.1 specifically examining existing assessment methods, and theassociated user satisfaction indicators; and the fifth in Chapter 7, section 7.1specifically examines existing visual assessment methods that are based on computervision. Chapter 4 addresses the knowledge gap identified in Chapter 2, so no additionliterature review is conducted. Chapter 5 primarily applies the outcomes of Chapter 6and Chapter 4, without conducting additional literature review.

TABLE 1.3 Literature review as a method employed in different chapters
Thesis chapters Sections Aims of employing literature review

(LR)
Scopes of the LR

Ch1. Thesisintroduction Section 1.3 Examine academic knowledge on theproblems, assessments, and solutions Spatial design and planning, transportplanning, management
Ch2. Literature review – Examine existing solutions Spatial design and planning, transportplanning, management, humangeography, computer science
Ch3. Spatial relevance Section 3.1 Examine existing explanations of theproblems Spatial design
Ch4. Assessmentframework Section 4.1 Examine existing assessment methods,and associated indicators Spatial design and planning, transportplanning, and computer science
Ch5. Visual assessmentmodel Section 5.1 Examine existing visual assessmentmethods that are based on computervision

Computer science, spatial design andplanning
Note: The research disciplines or fields listed in the ‘Scopes of the LR’ column were identified iteratively—some were predeterminedbefore the literature review, while others emerged as relevant during the sampling process.
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1.7.1.3 Analytical visualization
In this research, analytical visualization is used in two ways: First, it is used to analyzehow hypothetical scenarios will impact stations in Chapter 3. Second, analyticalvisualization is used to visualize design principles learned from cases and literature,and examine their variations (Chapter 4). When a design principle is identified inexisting cases or literature of a specific scale in specific contexts, analyticalvisualization is used to transfer and adapt this principle to potential new cases of newscales in new contexts, thereby exploring its potential variations.

1.7.1.4 Methods for developing the assessment framework
In this research, the assessment framework is developed through a combination ofliterature review, agent-based simulation, coding, and a case study (Chapter 6). Theframework is designed to assess design performance as indicated by user satisfaction.It comprises multiple indicators and a set of digital mapping tools (Figure 6.7). Theindicators are selected based on findings from the literature review. The digital toolsinclude both existing software programs—such as MassMotion and Rhino—andcustom Python scripts developed in this research. Agent-based simulation is used tosimulate the station system to measure the values of indicators. The assessmentframework is tested for effectiveness through its application to the case of RotterdamCentral Station.

1.7.1.5 Methods for developing the visual assessment model
In this research, a visual assessment model (Chapter 7) is developed as a componentof the overall assessment framework. The model is constructed using imagesegmentation and statistical analysis. It draws on the PlacePulse 2.0 dataset (Salesses,2012), which contains street images rated by humans for scene qualities such as‘liveness’. Image segmentation is applied to extract street elements from these images.Then, machine learning models are used to analyze the statistical relationship betweenthe extracted elements and corresponding ‘liveness’ scores.
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1.7.1.6 Methods for assessing the design principles
To validate the design principles, this research employs two methods: expert interviewsand assessment using the assessment framework (Chapter 4; Chapter 5). Duringexpert interviews, experts are introduced to the research context and invited toexamine the developed design principles. They provide feedback on these principles,identifying potential use scenarios and limitations. The principles are also assessedusing the developed assessment framework. In this assessment, throughresearch-by-design, the principles are applied to generate four design proposals for avirtual case—Station Xtreme. These proposals are subsequently assessed using theassessment framework, and the results are analyzed to evaluate each principle’seffectiveness.

1.7.2 Theoretical model

A theoretical model provides a structured way to analyze problems and developsolutions. Overcrowding and underutilization (O&U) arise from temporal fluctuations instation usage (subsection 1.2.2), yet existing theoretical models largely overlook thetemporal dimension (subsection 1.3.4). To address this gap and promote flexible useas a solution for mitigating O&U, this research proposes the Flexible Use model ofstations (Figure 1.29, right).
This model stands in clear contrast to the widely established Node-Place modelproposed by Bertolini (1999) (Figure 1.29, left). Bertolini’s framework approachesstation areas from a spatial planning perspective, positioning them based on acombination of structural, operational, and socioeconomic indicators—such as dailytransit service frequencies, the number of neighborhood residents, and sectoralemployment densities (Bertolini, 2008). Bertolini’s approach evaluates theseindicators as static, time-invariant values (e.g., using total daily service frequencies orstatic census counts). By flattening these metrics into static daily averages, his modeloverlooks the variations in station use. Under this static approach, traditional spatialplanning of railway stations targets the central ‘balance’ zones as permanent idealstates, where the dual identities of transport connectivity and urban density areintended to be equally and permanently co-developed.
In contrast, the Flexible Use model shifts the analytical lens from temporally smoothed,static averages to the dynamic, temporal uses of stations. By explicitly emphasizingthe temporal dimension, this model accounts for multi-weekly to yearly usefluctuations and recognizes that a station’s operational reality and functional identityare highly dynamic. Instead of striving for a static equilibrium in the matrix’s center, anideal flexible station is conceptualized as deliberately oscillating along a diagonaltrajectory between two distinct states: operating with a node-dominated identityduring peak times to efficiently process high transit volumes, and transitioning into a
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place-dominated identity during non-peak times to foster local urban vitality. Ratherthan measuring fixed capacities or daily aggregate totals, the Flexible Use modelcaptures dynamic flow and space use, evaluating the shifting temporal-spatialoccupancies by various human activities at different times. This new theoreticalfoundation directly guides the investigation of spatial relevance (Chapter 3) andestablishes the baseline for the subsequent assessment framework (Chapter 6).

FIG. 1.29 Node-Place model vs Flexible Use model. (Source: Author)

1.7.3 Assessment criteria for positive solutions

To evaluate whether spatial interventions are effective, this research develops a set ofassessment criteria, including reducing overcrowding and underutilization, addingsocio-economic values to the station or the city, and improving user experience(Table 1.4).
User experience encompasses a broad meaning that requires contextual adaptation torailway stations. As transport infrastructure, stations primarily serve passengers;however, following Bertolini and Spit’s (1998) conceptualization of stations as urbanplaces, they should also accommodate non-passengers for non-transport users. Forpassengers, Van Hagen (2011) identifies five core needs: safety, speed, ease, comfort,and experiential quality. Enshan et al.’s (2025b) subsequent research operationalizedthese needs through quantifiable spatial and behavioral/perceptual metrics. Fornon-passengers, since they are diverse in nature, it is hard to define their universalneeds; One attempt by Carr et al. (1992) specifies the general public space users’
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needs as comfort, relaxation, passive engagement with the environment, activeengagement with the environment, and discovery.
TABLE 1.4 Assessment criteria for positive spatial interventions

Assessment criterion Exemplary spatial interventions
(1) Reduce/ease overcrowding and/or underutilization;Support flexible use Widening bottleneck corridors; Applying reconfigurable layouts tounderused spaces to support leisure gatherings and markets
(2) Add socio-economic values to the station or the city Introducing retail kiosks adds commercial revenue to stations
(3) Improve user experience Designing the station plaza with greenery makes itclimate-comfortable during the summer

These criteria are developed mainly based on the research objective—Advancingflexible use of stations through spatial design, promoting station-city integration (seesubsection 1.5.1). First, the emphasis on flexible use is aimed at reducingovercrowding and underutilization (O&U). Second, for typical spatial design and theflexible use of stations as public spaces, improving user experience is a central priority.Third, for station-city integration, any added positive benefits would be desirable(Figure 1.30).
Notably, cultural values, although closely related to architectural design and users’perceptual/experiential experience, are not included in the criteria, because culturalvalues are overly broad and subjective for this research, and their importance can beeasily surpassed by other factors during the discussion of O&U.

FIG. 1.30 Values derived from the research objectives. (Source: Author)

Regarding the temporal dimension, these criteria vary. First, different user experienceshave different priorities or even different meanings during the peak and non-peaktimes. Considering safety, speed, ease, comfort, and experience as user needs(Van Hagen, 2011), speed, comfort, and experience are relevant during non-peaktimes, while less relevant during peak times. Ease suits the opposite scenarios. Duringpeak times, overcrowding is a safety concern, while during non-peak times, empty darkspaces are a safety concern, as people will fear being attacked there.
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Second, flexible use and station-city integration can provide different potential benefitsat different times. During peak time, reducing overcrowding and increasing thestation’s accommodating capacity are the relevant benefits. During non-peak time,increasing the space usage and providing proximal retail are the relevant benefits.Figure 1.31 incorporates these temporally varied criteria into the Flexible Usemodel—which emphasizes the temporal dimension.

FIG. 1.31 Embed the indicators into the theoretical Flexible Use model. (Source: Author)

1.8 Thesis outline

The thesis is organized as follows: This introduction Chapter (Chapter 1) presents theresearch question: How to spatially understand, design, and assess railway stationareas that support flexible use aimed at reducing overcrowding and underutilizationand promote station-city integration? This research question is based on the problemstatement and the knowledge gap. Chapter 2 provides an extended literature reviewrevealing the knowledge gap. Chapters 3-7 answer the research question bydescribing the spatial relevance, building an assessment framework, and developing aset of design principles. Specifically, Chapter 3 describes the problems in detail,Chapter 2 investigates the extent to which solutions have been developed in existingliterature, Chapter 6 develops an assessment framework to assess stationperformances that are indicated by user experience, using agent-based simulation;Chapter 7 specifically explains the visual experience assessment within the assessment
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framework; Chapter 4 establishes design principles; Chapter 5 tests the designprinciples using the assessment framework; and Chapter 8 discusses and concludes(Figure 1.32). Except for the first and last chapters, each chapter is a published paperor a manuscript that can be read independently.
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PART I Contextual
Foundation

This part, comprising Chapters 2 and 3, establishes the contextual foundation of the
research by demonstrating both the academic necessity and spatial relevance of
flexible station use.
Chapter 2 presents a systematic literature review that builds upon the broad academic
context mapped in Chapter 1. It investigates existing solutions for the flexible use of
station areas, revealing that relevant knowledge remains fragmented across disciplines,
with critical gaps in spatial layout strategies and design-oriented toolsets. These gaps
underscore the necessity of the research presented in this thesis.
Chapter 3 establishes the relevance of spatial design to the flexible use of stations.
While overcrowding, underutilization, and flexible use are inherently linked to events
and operational management, how they are shaped by spatial configurations remains
poorly understood. This chapter explicitly evaluates these spatial influences,
demonstrating the significant potential of spatial design in enabling flexible station use.



2 Literature review

A review of existing knowledge onflexible use from a spatial designperspective
ABSTRACT As described in Chapter 1, this thesis promotes flexible use as a strategy to mitigateovercrowding and underutilization (O&U) in railway stations, with spatial designserving as a key enabler. However, the relevant knowledge—of railway stations,overcrowding, underutilization, flexible use, and spatial design—is scattered acrossdisciplines, limiting a comprehensive understanding of the issue. Therefore, acomprehensive review across disciplines is required. Meanwhile, a reflection from thespatial design perspective is necessary for potential design solutions. This chapteraddresses the questions: to what extent has flexible use been spatially addressed byexisting literature? A systematic literature review across multiple disciplines (e.g.,spatial design, transport planning, and management) is conducted in this chapter,examining four types of knowledge: design measures, user knowledge, theoreticalinsights, and relevant technologies. The results present the relevant existingknowledge, with four knowledge gaps: (1) an explicit definition describing the flexibleuse of railway station areas to reduce O&U, (2) spatial layouts supporting flexible use,(3) knowledge integration, and (4) design-oriented toolsets.

KEYWORDS Spatial design, urban design, architecture, flexible use, railway station
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2.1 Introduction

As described in Chapter 1, section 1.2, the overcrowding-underutilization (O&U)phenomena happen in railway stations that have fluctuating passenger numbers or incase of railway system disruptions, raising safety concerns and wasting spaceresources (subsection 1.2.2). Flexible use is a potential solution to address O&U, asthe word ‘flexible’ linguistically means being ‘able to change or be changed easilyaccording to the situations’, and flexible use has been seen in real-world cases likeShanghai Railway Station and Rotterdam Central Station (subsection 1.2.4), wherestation areas are flexibly used for transport and non-transport activities. Within theresearch context of station-city integration (section 1.1), this thesis sees flexible useas a new positive value of station-city integration (subsection 1.5.1).
Spatial design is of crucial relevance to the overcrowding-underutilization phenomena,flexible use, and station-city integration due to several reasons: first, theovercrowding-underutilization (O&U) phenomena are associated with spatialconfigurations, as shown in cases like Beijing West Railway Station (subsection 3.3.3),indicating the potential of spatial design; second, flexible use is enabled by properspatial layouts, as shown by case comparisons between the current and the formerRotterdam Central stations (subsection 3.3.4); and third, station-city integration haslong been discussed within the discourse of spatial design (subsection 1.3.4). Spatialdesign is one discipline among several (like urban planning, transport planning, andmanagement) that address station-related issues. In this thesis, flexible use isexpected to be realized through tangible spatial design interventions (Figure 2.1).

FIG. 2.1 Spatial design is assumed by this thesis as a means to realize flexible use to reduce overcrowding andunderutilization. (Source: Author)
The relevant knowledge—of railway stations, overcrowding, underutilization, flexibleuse, and spatial design—is fragmented across different disciplines and fields. Forexample, within the spatial design discipline, in the architecture field, studies have
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addressed the design of station buildings (Ross, 2000; Edwards, 1997; Da Conceição,2015); In the urban design field, studies have investigated people’s activities in publicspace (Gehl, 1987; Whyte, 2001); and in the transport planning discipline, studieshave concentrated on pedestrian movement, linked to overcrowding (Fruin, 1971;Heuvel, 2022).
Such a fragmented knowledge distribution limits a comprehensive understanding ofthe complex issue of flexible use and the current state of research. Therefore, it isnecessary to examine existing research across disciplines. Meanwhile, with this thesis’sintention of pursuing potential design solutions, it is necessary to reflect on themultidisciplinary knowledge from a spatial design perspective. Regarding thesenecessities, this chapter provides a systematic literature review, guided by twoframeworks (section 2.2): one defines the ideal solutions’ characteristics to guide thesearching and screening of the literature (subsection 2.2.1); the other defines theknowledge types to guide the reviewing and reflecting on the literature(subsection 2.2.2). Through the systematic literature review, this chapter addressesthe following main research question:

Aimed at seeking solutions to reduce overcrowding and underutilization inrailway station areas, and from a spatial design perspective, to what
extent has flexible use been addressed by existing literature? [Answeredby subsections 2.4.3-2.4.6.]

The scope of ‘to what extent’ in this main research question is specified by thefollowing sub-questions:
1) What spatial content has been addressed, at what spatial scales? [Answered bysubsections 2.4.4 and 2.5.1.]2) What user activities have been addressed, and are they comparable to stationusers’ transport and non-transport activities? [Answered by subsections 2.4.5,and 2.5.2.]3) What technologies have been developed that can potentially support the flexibleuse of stations? [Answered by subsections 2.4.6 and 2.5.3.]4) What limitations of flexible use solutions have been reported? [Answered bysubsection 2.4.7.]

This chapter is written for designers in mind and is also relevant to researchers,planners, managers, developers, and other stakeholders who are interested in stationplanning, design, development, and management. The research results contribute to acomprehensive understanding of the existing knowledge as well as the currentknowledge gaps. Within this thesis, this chapter supports Chapter 1 by underpiningthe knowledge gap, and supports Chapter 4 by providing spatially relevant literature asinput. Comparing to the literature review (section 1.3) in Chapter 1, which is ahigh-level overall review of relevant topics on the problems, assessment, and solutions,this chapter specifically inquires about solutions.
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The remainder of this chapter is structured as follows: section 2.2 develops twoframeworks for searching and analyzing the literature; section 2.3 describes thedetailed criteria and processes of literature searching and screening; section 2.4presents the findings and interpretations; section 2.5 concludes by outlining theknowledge gaps and suggesting future research directions.

2.2 Frameworks for the literature review

Two frameworks are developed in this chapter: one to support searching and screeningthe literature (subsection 2.2.1), and the other to support reviewing and reflecting onthe literature (subsection 2.2.2).

2.2.1 Framework defining the ideal solutions’ characteristics

For systematically searching and screening literature, this chapter builds FrameworkOne (Figure 2.2), defining six characteristics of the ideal spatial design solutions (andthe selected literature should have these features):
1) Addressing station-city integration, or describing railway stations and theirsurrounding areas;2) Addressing overcrowding, underutilization, or events;3) Providing flexible use solutions relevant to spatial design—either directlyproposing prescriptive spatial interventions, or providing descriptive knowledgewith spatial implications;4) (Optional) Addressing problems or solutions at the district level within a range ofaround 250 meters, or at the building level (in the spatial dimension);5) (Optional) Addressing events that occur on temporal scale cycles ranging frommultiple weekly to yearly (in the temporal dimension);6) (Optional) Providing solutions that are achievable through the design of spatialelements and layouts.
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FIG. 2.2 Framework One: primary (in bold text) and optional characteristics (in light text) of ideal solutions.(Source: Author)

These characteristics are determined based on the following considerations: (1) theresearch context of station-city integration (see section 1.1); (2) theovercrowding-underutilization phenomena’s nature relating to events (seesubsection 1.2.2); (3) the expected flexible use strategy (see subsection 1.2.4); (4) thestation areas’ spatial scale (subsection 1.6.6); (5) events and their temporal scale (seesubsection 1.6.1 and subsection 1.6.2); and (6) the spatial design content (seesubsubsection 1.6.4.1).

2.2.2 Framework defining the knowledge types

For systematically reviewing and reflecting on the literature, this chapter buildsFramework Two (Figure 2.3), categorizing knowledge into four types:
1) Knowledge of design measures for flexible use;2) Theoretical insights conceptually addressing spaces or users related to flexibleuse;3) User knowledge, associated with user behaviors or psychology, in transport andnon-transport activities;4) Relevant technologies (e.g., crowding monitoring and simulation) that supportuser analysis or intervention assessment.
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FIG. 2.3 Framework Two: the knowledge types. (Source: Author)

These four knowledge types are determined based on two considerations: (1) theirrelevance to spatial design, and (2) their differences in research philosophical natures.First, these four types of knowledge are relevant to design. The primary type ofknowledge this chapter expects is design measures—tangible interventions that canbe directly applied by designers, such as spatial elements, layouts, strategies, andfeatures of buildings or urban areas. However, this type of knowledge is relativelylimited in literature, and design measures are usually specific to the context, limitinggeneralizability. To gain a broader understanding, the chapter also examines the otherthree types of knowledge—user knowledge, theoretical insights, and relevanttechnologies—that contribute to design measures. User knowledge, which deepensthe understanding of how people interact with spaces, provides evidence to informappropriate design measures that better facilitate user activities. Theoretical insights,which summarize existing practice at a high level or provide visions for flexibledevelopment, can guide design measures. Relevant technologies (e.g., crowdmonitoring and simulation) can enhance design measures, making them more effective.
Second, design measures, theoretical insights, and user knowledge are fundamentallydifferent from a research philosophical perspective—they are means-end knowledge,descriptive knowledge, and theories. According to Zwart and De Vries (2016), differentresearch projects produce different knowledge, including descriptive knowledge,means-end knowledge, and other types. Means-end knowledge gives prescriptiveguidance on the means under certain contexts to achieve specific goals, and designmeasures are means-end knowledge. Descriptive knowledge aims to explain anddocument phenomena as they are, without necessarily providing guidance for action,and user knowledge is descriptive. Theories which are more intangible and abstract(Sutton and Staw, 1995), providing conceptual frameworks or explanatory logics,synthesizing existing practices or envisioning future possibilities; and this chapterseeks theoretical insights.
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2.3 Literature searching and screening

Based on the six characteristics defined in the first framework (subsection 2.2.1,Figure 2.2), inclusion and exclusion criteria are developed for literature searching andscreening (subsection 2.3.1 and subsection 2.3.2). Additionally, literature based onexperts’ suggestions is also added in the end (subsection 2.3.3). Figure 2.4 providesan overview of the whole process of searching and screening.

FIG. 2.4 The searching and screening processes and the corresponding criteria. (Source: Author)
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2.3.1 Searching strategy (Inclusion criteria)

2.3.1.1 Expand five clusters of keywords
This chapter expects the literature to be relevant to ‘railway station areas,’‘overcrowding and underutilization,’ ‘flexible use,’ ‘spatial design,’ and ‘station-cityintegration.’ These keywords cover the primary characteristics defined in FrameworkOne in subsection 2.2.1. Each keyword is expanded into a larger cluster of more wordsto ensure enough papers are retrieved (Figure 2.5), as described below.
‘Railway stations,’ according to Bertolini and Spit (1998), are ‘nodes’ of the transportnetworks and ‘places’ of the cities. Therefore, stations are fundamentally ‘transportinfrastructures’ for transportation activities and ‘public spaces’ for other leisureactivities. ‘Station areas’ include the ‘station buildings’ and the outdoor ‘spaces,’therefore, ‘open/urban/public space’ and ‘landscape’ are relevant.
‘Overcrowding’ is a type of ‘risk’ to the station system (Weng et al., 2023), and‘resilience’ is a quality of systems to address risks (Bešinović, 2020). ‘Underutilization’is a lack of use of spaces as resources (Chen and Wei, 2013; Hwang and Lee, 2020),with spaces be ‘empty’ during certain periods. The shift in station status betweenovercrowded and underutilized is partly due to ‘fluctuation’ in passenger numbers andspace usage, and is affected by ‘events’ such as holidays.
‘Flexible use’ requires systems to change at different times. Similarly, terms like‘dynamic,’ ‘adaptive,’ ‘robust,’ ‘movable,’ ‘reconfigurable,’ ‘multi-functional,’‘temporary,’ ‘kinetic’ (Johnson et al., 2019; Parametric Architecture, 2024), and‘demand-responsive’ (Hunkin and Krell, 2018) typically also require systems to changeat different times. Due to their shared essence that incorporates time and changes,these words often co-appear in the same papers.
‘Spatial design’ typically includes fields of ‘urban design,’ ‘architecture,’ or ‘landscapearchitecture,’ and deals with the ‘built environment’ in a broader sense (De Jong andVan Der Voordt, 2002). ‘Spatial design’ is closely associated with ‘urban planning.’
‘Station-city integration’ is commonly mentioned in literature about ‘station areas,’‘station development,’ ‘catchment areas,’ ‘station AND urban,’ and so on (Cheng et al.,2021; Yang, 2021; Shikata et al., 2013; Martínez et al., 2016).
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2.3.1.2 Search with keyword combinations
Literature searches are conducted using combinations of keyword clusters. When allfive clusters were combined, no articles were retrieved, suggesting that this topic hasnot been explicitly discussed in the literature. Alternatively, looser combinations wereapplied by including only four or three clusters at a time (Figure 2.5; see documentedsearch queries in the Supplementary Materials).

(Flexibility) 
Eesilience, flexible, temporary


Eesponsive, dynamic,

Adaptive, robust,


Moveable, kinetic,

Reconfigurable, 


Multi-functional, mixed-use, 

Participatory, assemblage

(Station-City Integration) 
Integration*/area*/city/cities/

Urban/development*/
Redevelopment*

(Spatial Design) 
Built environment, 


Urban planning, 

Urban design, 


Architecture, 

Landscape architecture

(Railway Station Areas) 
Railway/train station

         OR 
(Nodes vs Places) 
Transport*/transit) /+ infrastructure

public space, open/urban space

         OR 
(Districts vs buildings) 
Station area, catchment area, landscape

Station building

(RSA) 
         AND 
(Topic overlaps)

(Topic overlaps) 
  (OU OR F) AND SCI AND SD

         OR 
  (OU OR F) AND S﻿CI

         OR 
  (OU OR F) AND SD

         OR 
  SCI AND SD

(Overcrowding or Underutilization) 
Event, fluctuation,


Overcrowd*, empty*

FIG. 2.5 Using keyword clusters and their combinations for searching literature. (Source: Author)

2.3.2 Exclusion criteria

Multiple exclusion criteria are developed, based on the last three optionalcharacteristics defined in Framework Two in subsection 2.2.1 (i.e., within spatial scaleof around 250m, temporal scale between multi-weekly to yearly, relevant to spatialdesign), as well as the insights gained during the screening process (see the full list ofexclusion criteria in Supplementary Materials). The following paragraphs present threeexemplary exclusion criteria.
First, regarding events or activities, this chapter seeks solutions for regular humantransport and non-transport events or activities, with temporal scales betweenmulti-weekly to yearly. Articles addressing non-human events or rare events at largetemporal scales—such as climate, weather, water, flood, food, ecology, disasters, or
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COVID-19—are excluded. Articles addressing events of terror, violence, and protestare also excluded, as these events are calamities and less common in normal daily life.
Second, regarding the subjects, this thesis focuses on the physical content of spatialdesign, treating station areas as physical spatial layouts and elements, as described insubsubsection 1.6.4.1. Therefore, articles focusing purely on non-physicalaspects—such as planning processes, management, production, or teaching anddesign methodologies—are excluded.
Third, regarding values, this chapter expects flexible use of stations to intensify the useof space resources, generating direct socio-economic value. Articles purely aimed atcultural, artistic, heritage, or philosophical values are excluded.

2.3.3 Additional references suggested by experts

The above literature search and screening were conducted in the databases WOS andScopus. However, for the design and practice of railway stations, a wealth ofdocuments and books—with abundant empirical knowledge—are not indexed in thesescience-driven databases. To overcome this database limitation, additional documentsand books are added based on recommendations from station experts (Table 2.1).
TABLE 2.1 Additional references included based on expert recommendations

References Relevance
Jones and Meagher 2015; Leupenet al. 2005 Books addressing architecture with movement or time
Ross 2000; Edwards 1997 Books addressing the planning, design, and management of railwaystation buildings
Fruin 1971 A classic book on pedestrian movement
Carmona et al. 2003; Gehl 1987;Whyte 2001; Jacobs 1961 Classic books on public spaces, urban places, and people’s activities
Networkrail n.d.; Spoorbeeld n.d.;UIC n.d. Official websites of companies or organizations developing designprinciples for architectural and urban design of stations
Sheng 2019 An article on station classifications
Bertolini and Spit 1998; Calthorpeand Poticha 1993; Cervero 1998 Books addressing the development of station areas, proposing theNode-Place model and Transit-Oriented Development (TOD)
De Wilde 2006 A thesis on the multiple use of spaces and railway infrastructure
Heuvel 2022; Zhao and Siu 2014;Van Hagen 2011; Van Hagen andBron 2014

Thesis or article addressing user behavior, perceptions, or emotions, intransport spaces
Van Hagen 2009; Van Hagen et al.2022; Dallen 2007 Articles on user classification
Holder and Tapamo 2018 An article addressing the technology of facial expression recognition forcrowd monitoring
Gifford 2001 A book about environmental psychology
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2.4 Results and interpretations

This section presents the observations from the full-text screening of the selectedreferences. The following subsection 2.4.1 presents the general overview of theincluded articles. Subsections 2.4.4–2.4.6 report the detailed findings in four types ofknowledge, answering this chapter’s main research question. These findings areinterpreted from a design perspective, with attention to their applicability at differentspatial scalar levels—building level, district level (within a range of around 250m, seesubsection 1.6.6), or both. In relation to stations’ flexible use, these findings areexamined in terms of their relevance to reducing overcrowding, reducingunderutilization, or promoting flexibility. Subsection 2.4.7 synthesizes the challengesor limitations of flexible use mentioned by the literature. Broader observations from theabstract and title screening of both the selected and excluded references areincorporated into section 2.5.

2.4.1 General overview of the included articles

After examinations of titles, abstracts, and full texts, 59 articles were shown to berelevant to this chapter’s inquiry. As shown in Figure 2.6, in the selected articles, thefrequently addressed subjects include public spaces, architecture, and train stations.The frequently addressed properties include kinetic, responsive, and sustainability,among others. This keyword occurrence analysis shows these selected articles areindeed centered around this chapter’s inquiry that lies in the discourses about railwaystations, flexible use, and spatial solutions. (See Supplementary Materials for the fulldata of selected articles.)
Reflecting the strict screening and inclusion criteria detailed in the previous section,Figure 2.7 illustrates the chronological distribution of the final 59-article sample. Thenumber of publications has been increasing over time, showing a growing researchinterest in addressing related topics.
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FIG. 2.6 Keyword occurrence in the selected articles. (Source: Author. The number of occurrences is represented by the node size)

FIG. 2.7 Publication trend in the selected articles
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2.4.2 The literature distribution in relation to disciplines

After reviewing the full text of the included literature, it becomes evident that multipledisciplines are represented, which shows that this chapter is indeed a multidisciplinaryliterature review. (Figure 2.8 presents the disciplines and fields involved, based on theliterature for each knowledge type. The relationship between the knowledge types anddisciplines contributes to the later understanding of existing knowledge (see Table 2.2,last column), and the reflection of knowledge gaps—some gaps exist within disciplines,while others span across disciplines (see section 2.5, Figure 2.11).

FIG. 2.8 The selected literature’s distribution in relation to disciplines or fields. (Source: Author)

2.4.3 Theoretical insights

In the reviewed literature, two types of studies provide theoretical insights (Table 2.2),including:
1) studies that envision new types of environment, space, or buildings that supportflexible uses; and2) studies that synthesize typologies of existing content related to flexible use.

2.4.3.1 Envision new types of environments, spaces, and buildings
Addressing different necessities or values, studies have envisioned new types ofenvironments, spaces, and buildings that support flexible uses, with descriptions of
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their key features. For example, Roggema (2014) proposed a ‘dismantable city,’ inwhich both functional and physical parts are seen as temporary, allowing them tochange location and/or function. Three directions of development strategies areprovided, such as multiple layers for urban activities (‘multi-layer urbanism’), easyconstruction (‘light urbanism’), or reusing abandoned spaces (‘transformableurbanism’). In explaining these development strategies, the study provided anillustrative conceptual design as well as real-world community practices in theNetherlands.
By reviewing existing literature and proposing her own arguments, Thompson (2002)conceptually envisioned the evolving roles and features of urban open spaces (suchas parks and streets) toward the 21st century, repeatedly implying flexible use. Forexample, in the information age, taking advantage of new information andtelecommunication technologies, the landscape should be designed as moreresponsive and intelligent to facilitate real-world social interactions. ‘Loose-fit’ placesare also needed, allowing for a variety of functions, rich experiences, and even risk, aswell as for less conventional activities to arise. In Thompson’s research, open space istreated as part of the solution to satisfy diverse user and societal needs. In contrast, ina study by Ivers (2018, pp. 54–57), open space is framed as a problem of ongoingmaintenance, which necessitates flexible activities—especially income-generatingones—as the solution.
Carr and Dionisio (2017) proposed ‘flexible spaces’ as a ‘third way’ in urban planningto overcome the limitations of traditional expert-led and participatory models, such aselite dominance, undemocratic input, and NIMBYism (‘NUMBY’ stands for ‘not in myback yard’), particularly in post-disaster or socio-economically disrupted cities likeChristchurch and Detroit, where they enable resilient, inclusive ‘planning by doing.’These spaces are expected to have the following features: short and non-renewabletenancies, shared and reconfigurable uses with modular materials, minimal regulationsfor safety and fairness, novel successor activities, impromptu use provisions, low-costaccess for marginalized groups, and potential off-site scaling fostering innovation andcommunity empowerment.
Qian (2020) argues that the intellectual landscapes of public space research havemoved beyond conventional definitions focused on physical accessibility and presence.He categorized three theoretical approaches that conceptualize public space: (1) as asituated and lived experience, (2) as an assemblage of human and non-humanelements, and (3) as a liminal zone where inclusion and exclusion are co-constituted,respectively. Qian’s article mapped the permutations of new theoretical and conceptualdevelopments in the research of public space, and pointed out public space andpublicness as more open-ended, processual, and ambivalent.
Considering the development and management of city districts, Coppens et al. (2021)transformed the ‘real options’ concept from the finance field into a real options
framework for adaptive urban design. In this framework, ideal development projectshave options to defer or stage, grow, scale, switch use, and even abandon ortemporarily suspend, providing flexibility to deal with future uncertainty.
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Katsikakis (2017) noted that due to the increasing online communication, there will beless need for conventional physical office space, necessitating the flexible use of theresulting redundant space. In this context, the flexible workspaces were envisioned asloose-fit, socially oriented, technology-enabled environments, embracingincompleteness and user participation. The associated real estate becomes a serviceindustry focusing on people rather than on assets, and the associated design andmanagement of buildings become less about the ‘hardware’ and more about the‘software.’

2.4.3.2 The synthesis of existing types of spaces or uses
Other studies have synthesized typologies of existing content that are related toflexible use or stations—such as city events, spaces, buildings, and users, whichprovide theoretical frameworks for analysis or for systematizing knowledge. Forexample, Smith et al. (2021) classified nine types of city events in public spaces,aiming to explore associated issues, and reduce negative impacts and user conflicts.Based on the accessibility of the events and the movement freedom of participants,these events are classified as: large indoor arenas, concerts and screenings, pleasuregardens, parades and street races, roadshows, markets and fairs, mass gatherings,micro-performances, and marches and street parties. Ardeshiri et al. (2016)categorized flexibility in urban spaces into three types, namely spaces with versatility,convertibility, and expansibility, aiming to accomplish flexibility in its completemeaning.
Megahed (2017) proposed a framework for classifying kinetic architecture, in whichbuildings are categorized according to different factors like spatial vs non-spatial,function vs aesthetics, movement, and materials. This framework enables architects tothink about the major aspects of kinetics and explore their potential for architecturalapplications. Alkhansari (2018) established a framework synthesizing tactics andprinciples for flexible housing, aiming for convergence of existing knowledge.

TABLE 2.2 Theoretical insights on spaces and uses related to flexible use
Key concepts or
subjects ▼

Necessities or values ▼ Key ideas or content ▼ References and
disciplines ▼

Envision new types of spaces
(D) (U)‘Dismantable’ city Overcome limitations ofurban metabolism model,increase resilience duringtransformations

Multiple layers for urban activities,easy construction, or re-usingabandoned spaces
Roggema 2014(Urban planningand design)

(D) (F ) Urbanopen space in the21st century
Satisfy diverse user andsocietal needs in theinformation age

Using technologies, responsive andintelligent; ‘Loose-fit’ (supportdiverse functions; associated withthe sense of touch; provides placesof escape; emphasizes real uses)

Thompson 2002(Landscapearchitecture)

Continued on next page
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(D) (F ) ‘Stagingurban landscape’ Solve ongoingmaintenance problems foropen spaces
Income-generating activities as asolution to sustain the maintenanceof open spaces

Ivers 2018, pp.54-57 (Landscapearchitecture)
(D) (F ) Flexiblespaces Overcome limitations oftraditional & participatoryplanning models

Tenancies (fixed, non-renewable,shared, and of free or minimal cost);minimal regulations; reconfigurablespaces; unscheduled uses, off-siteexpansion

Carr and Dionisio2017 (Urbanplanning)

(D&B) (F ) Newconceptions ofpublic space andpublicness

Move beyondconventionally narrowdefinitions of publicnessand show the emergingunderstandings

Public space as (1) a situated andlived experience, (2) an assemblageof human and non-human elements,and (3) a liminal zone whereinclusion and exclusionco-constitute

Qian 2020 (Humangeography)

(D) (F ) A‘real-options’framework foradaptive urbandesign

To guide the design ofmaster plans that mightbe deployed in the face ofuncertainty.

Options to defer or stage, grow,scale, switch use, and even abandonor temporarily suspend
Coppens et al.2021 (Urbandesign andmanagement)

(B) (F ) Flexiblearchitecture forworking spaces
Adapt to decreased needfor conventional officesdue to onlinecommunication

Flexible use of redundant space,high-quality offline communicationenvironments
Katsikakis 2017(Architecturaldesign)

Synthesize typologies of existing spaces or uses
(D) (F ) Typologyof city events Explore associated issues,and reduce negativeimpacts and user conflicts

Nine types of events based onaccess and mobility Smith et al. 2021

(D) (F ) Typologyof flexibility inurban spaces
To accomplish flexibility inits complete meaning Three types of flexible spaces:versatility, convertibility, andexpansibility.

Ardeshiri et al.2016
(B) (F ) Typologyof kineticarchitecture

To enable architects tothink about the majoraspects of kinetics andexplore their potential forarchitectural applications

Based on: spatial vs non-spatial,function vs aesthetics, movement,materials, etc.
Megahed 2017

(B) (F ) Typologyof tactics andprinciples forflexible houses

Provide a frameworktoward convergence forthe existing knowledge
(As described in subsection 2.4.4and Table 2.4) Alkhansari 2018

Note: Notations for spatial scales— (B) = applicable at the building level, (D) = applicable at the district level,(B&D) = applicable at both the Building and District levels.Notations for topic relevance— (O) = potentially guide practice to reduces overcrowding, (U) = potentially guidepractice to reduces underutilization, (F ) = potentially guide practice to increases flexible use.

2.4.3.3 Theoretical insights specifically on station-related content
Studies have envisioned new types of stations or developments. To analyze thecomplexities of railway station redevelopment, Bertolini and Spit (1998) conceptuallyproposed railway stations as both nodes in transport networks and places in cities,highlighting stations’ dual identities. Aimed to curb the urban sprawl, Calthorpe and
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Poticha (1993) proposed transit-oriented development (TOD) around stations, withhigh density and mixed-use as features. In an ideal TOD community, residents areencouraged to use public transit instead of cars, and the communities are lively duringthe day and night due to their mixed commercial and residential functions. If thetemporal dimension is considered, from this chapter’s perspective, both node-placeand TOD theories support flexible use of stations, allowing for different functions—liketransport, commercial, and residential uses at different times—at different times.Highlighting the importance of stations, Cavallo (2008) explored the roles of railwaystations in city development, and the transformation issues stations and citiesencounter. Recognizing the need to expand railway infrastructure and the need forurban development, De Wilde (2006) explored railway infrastructure, through multiple(or mixed) use of space, surface, and land, as well as prolonged use over time. Hisresearch focuses on technical aspects that affect safety and financial aspects.
Studies have synthesized typologies of station-related content, such as station typesand user types. Clarifying station types is particularly important because stations are aparticular type of building that have numerous variations (Richards and Mackenzie,1986, p. 52). Studies have attempted to classify railway station types based on thefollowing aspects: the layout relationship between the station building and the railwaytracks (Meeks, 1956), the project driving factors (Peters and Novy, 2012), the numberof passengers (UIC, 2025), the station-city relationships (Sheng, 2019), mobility types(Ross, 2000), and so on. Studies have attempted to classify normal railway passengersbased on passengers’ psychological preferences (Van Hagen, 2009), or particularlyclassify tourists and leisure visitors using trains based on their behavior and attitudes(Dallen, 2007).

TABLE 2.3 Theoretical insights on station-related content
Key concepts or
subjects ▼

Necessities or values ▼ Key ideas or content ▼ References and
disciplines ▼

Envision new types of stations or developments
Stations are nodesand places To analyze thecomplexities of railwaystation redevelopment

Railway stations as both nodes intransport networks and places incities, highlighting stations’ dualidentities

Bertolini and Spit1998

Transit-orienteddevelopment (TOD) To curb urban sprawl, toreduce car use, and topromote public transport
Development around stations, withfeatures including: high density,mixed-use, etc.

Calthorpe andPoticha 1993;Cavallo 2008
Multiple use ofrailwayinfrastructure

The need to expandrailway infrastructure andthe need for urbandevelopment

Multiple (or mixed) use of space,surface, land; prolonged use overtime; Focusing on technical aspects(related to safety) and financialaspects

De Wilde 2006

Synthesize existing types of stations or users
(B) (F ) Typologiesof railway stations (Clarify station types forprecise analysis and clearapplicability of findings,given stations’ numerousvariations)

Based on: relationship between thestation building and the railwaytracks; the project driving factors;the number of passengers;station-city relationships; mobilitytypes; and so on

Meeks 1956; Petersand Novy 2012;UIC 2025; Sheng2019; Edwards1997; Ross 2000
Continued on next page
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(D&B) (F )Typologies ofrailway users
(Clarify user types forprecise analysis) Based on: psychologicalpreferences; behavior and attitudes Van Hagen 2009;Dallen 2007

Note: Notations for spatial scales— (B) = applicable at the building level, (D) = applicable at the district level,(B&D) = applicable at both the Building and District levels.Notations for topic relevance— (O) = potentially guide practice to reduces overcrowding, (U) = potentially guidepractice to reduces underutilization, (F ) = potentially guide practice to increases flexible use.

2.4.4 Design measures

This subsection presents the results on the design measure in three stages: First,design books on time and movement—which are fundamental for flexible use—arebriefly presented; Then, articles addressing design measures for flexible use arepresented (Table 2.4); Lastly, studies specifically addressing the design of railwaystations are presented.
Studies have explored time and movement in urban and architectural design. Forexample, Carmona et al. (2003) described urban design in six dimensions, includingthe temporal dimension. Leupen et al. (2005) explored how architecture can respondto time and changing patterns of use, presenting design strategies and conceptualapproaches for creating spaces or buildings that accommodate flexible use.

2.4.4.1 Design measures for the flexible use of buildings or urban spaces
Towards flexible use, studies have investigated many spatial aspects, including:

1) spatial elements (including indoor and outdoor elements),2) spatial layouts,3) design strategies, and4) spatial features.
Addressing buildings or indoor spaces, studies have examined indoor elements tosupport flexible use. Soft, removable elements such as light (Croci, 2008), ARprojection or VR wearable devices (Elkhouly et al., 2023; Barry et al., 2012), curtains(Coffman, 2018), and tents (Trisno et al., 2023). In addition, studies have addressedmechanically powered, removable elements like moving robotic walls (Nguyen et al.,2022; Johnson et al., 2019). From a design perspective, these elements can bedesigned separately and added to existing buildings, activating empty spaces duringnon-peak times and distributing pedestrian flows more evenly during peak times tosupport flexible use.
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Buildings with particular hard and non-detachable elements allow reconfigurations andtherefore support flexible use. ‘The Shed’ building (Holden, 2019), in Hudson Yards,Manhattan, New York, for example, with its lightweight building envelope andmechanical bogie wheels, allows reconfiguration between an open-air plaza and anenclosed performance hall, enabling flexible use for public outdoor events and indoorcultural performances. The Center Pompidou, Paris, with its structural elementspositioned to the exterior, achieves a large free internal floor space, which can bereconfigured on various time scales, enabling programmatic flexibility and supportingdiverse uses (Akgün et al., 2022).
Addressing outdoor spaces, studies have shown a variety of outdoor elements thatsupport flexible use. These include soft or easily removable elements, such as gianttemporary inflatable installations, movable urban furniture, temporary structures, andpotted plants (Ivers, 2018; Loo and Fan, 2023; Preston and Bank, 2012; Appel, 2015),as well as mechanically powered elements that enable dynamic adaptation, such asrotatable benches and boards for partitioning spaces, liftable bollards for controllingvehicle traffic, foldable umbrellas or movable roofs for weather protection, andmovable stages (Dąbrowska-Żółtak et al., 2021).
In comparison to spatial elements, spatial layouts (Figure 2.9) are less examined bystudies. A rare study by Heathcott (2019) analyzed Mexico City’s street markets andidentified five typologies of layouts—linear, circuit, cluster, contour, and hybrid—whichrelate to the geometry of the streets.

FIG. 2.9 ‘Layouts’ vs ‘elements.’ (Source: Author)

Beyond individual elements and certain types of layouts, studies also use moreoverarching design strategies to enhance flexibility in public spaces. At the districtscale, for example, in a design proposal for an old city in Guangzhou, China, Bai et al.(2023) applied the ‘plug-in city’ concept, originally developed by the Archigram group,to activate public spaces through modular and adaptable interventions. At the buildinglevel, buildings with modular components can be dismantled and reassembled,enabling flexible use of the site. Stadium 974, for instance, was constructed from 974shipping containers, allowing it to be disassembled and relocated. Inspired by thisapproach, a design proposal by Smith (2023) explored the possibility of designingstadiums with modular units that can similarly be shipped and reassembled. Together,
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these examples illustrate that buildings and outdoor spaces can support a variety ofuses and activities when their elements are strategically designed or arranged toenable flexible use.
Beyond concrete design elements, layout, and strategies, studies also examined thegeneral features that characterize flexibility in buildings and outdoor spaces. At thebuilding level, Geraedts (2008) proposed four indicators for assessing buildings’flexibility—partitionability, adaptability, extendability, and multi-functionality.Alkhansari (2018) illustratively analyzed 33 examples and identified eight tactics fordesigning flexible buildings, including open plan, pre-fabricated modules, similarspaces, extendable unit, attachment and detachment of adjacent units, common spacebetween adjacent units, portable walls, and retractable furniture in a multifunctionalspace. From these tactics, she extracted three broader fundamental principles: softconnection, diversity and multiplicity of spaces, and multi-functional space. At thedistrict level, Ardeshiri et al. (2016)—through vivid illustrations—explained threeprerequisites followed by main requisites for achieving urban spaces that can beflexibly used. The three prerequisites include permeability, adaptability, and legibility,and the main requisites include positive outdoor spaces, spaces with multimodalbehavioral patterns, multiuse buildings, active frontages, and fine amenities. Alongsimilar lines, Roggema (2014) proposed the concept of a ‘dismantable city’, in whichurban objects are detachable from their environment and building components aredismantable, allowing them to be reused in other configurations. This idea challengesthe conventional assumption that design must be specific or even fixed to a givencontext.

TABLE 2.4 Design measures for flexible use
Design measures Detailed content References

Indoor design
elements

(B) (F ) Soft, removable elements: light; AR projection and VRwearable devices; curtains; tents. Croci 2008; Elkhoulyet al. 2023; Barryet al. 2012; Coffman2018; Trisno et al.2023; Johnson et al.2019
(B) (F ) Mechanically powered, removable elements: movingrobotic walls. Nguyen et al. 2022
(B) (F ) Non-removable elements that supportreconfigurations:(The Shed, New York) lightweight hall driven by mechanicallypowered wheels, enabling space reconfiguration;(Center Pompidou, Paris) large free internal floor withstructures positioned externally, and lightweight internalbuilding parts, enabling floor layout reconfigurations

Holden 2019; Akgünet al. 2022

Outdoor design
elements

(D) (U) Soft elements: giant inflatable installations. Removableelements: removable Ferris wheels, removable urban furniture,potted plants; temporary structures.
Ivers 2018; Loo andFan 2023; Prestonand Bank 2012;Appel 2015

(D) (F ) Mechanically powered elements: rotatable benches,foldable umbrellas, movable roofs, movable stages Dąbrowska-Żółtaket al. 2021
Spatial layouts (D) (U) Five typologies of streets (layout) in Mexico City: linear,circuit, cluster, contour, and hybrid supporting street markets. Heathcott 2019

Continued on next page
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Design measures Detailed content References
Design
strategies

(D) (U) ‘Plug-in city’ strategy to activate public spaces in anold city area. Bai et al. 2023
(B) (F ) Design buildings with modular units (e.g., containers)to be reassembled and transported. Smith 2023

Features of
building or
outdoor spaces

(B) (F ) Assess buildings’ flexibility through four indicators:partitionability, adaptability, extendibility, multifunctionality. Geraedts 2008
(B) (F ) Achieve architecture flexibility through eight tactics:open plan, pre-fabricated modules, similar spaces, extendableunit, attachment and detachment of adjacent units, commonspace between adjacent units, portable walls, and retractablefurniture in a multifunctional space; and three principles: softconnection, diversity and multiplicity of spaces, andmultifunctional space.

Alkhansari 2018

(D) (F ) Urban flexibility requires three prerequisites:permeability, adaptability, legibility; and multiple bodyrequisites: positive outdoor spaces, spaces with multimodalbehavioral patterns, multiuse buildings, active frontages, andfine amenities.

Ardeshiri et al. 2016

(B&D) (F ) Detachable urban objects and dismantablebuilding components. Roggema 2014
Note: Notations for spatial scales— (B) = applicable at the building level, (D) = applicable at the district level,(B&D) = applicable at both the building and district levels.Notations for topic relevance— (O) = this solution potentially reduces overcrowding, (U) = this solution potentiallyreduces underutilization, (F ) = this solution potentially increases flexible use.

2.4.4.2 Spatial design of railway stations
The following paragraphs present station-specific studies that addressed the design ofstation building components, station buildings, and the broader station areas. Thesestudies are not necessarily dealing with flexible use, but reviewing them provides anopportunity to understand how much (or how little) flexible use has been addressed byexisting station-specific design literature.
First, station building components like bi-directional ticket gates and escalators, withmechanical and digital interventions, can adjust their directions dynamically tochanging pedestrian flows, supporting efficient peak-time transport use. Studies haveexamined the impact of changing gates from unidirectional to bidirectional in stations(Lai et al., 2024; Yamada and Utaka, 2023).
Second, beyond building components, the design of the whole railway station
buildings has been explored by studies in the design discipline. For example, Ross(2000) provided a comprehensive overview of the planning, design, and managementof railway stations. Her book described the functional requirements of stations,including the flexibility of station elements (Ross, 2000, p. 213), and briefly introducedmanagement issues related to station development and maintenance. Edwards (1997)presented different perspectives to view station architecture, discussed stations’ roles
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as urban gateway and landmark, categorized railway stations into different types basedon their status in the railway networks, and described station buildings’ layout, design,and technical issues. Da Conceição (2015) explored how architecture can contributeto the improvement of spatial performance of station areas, analyzing the layouts ofstation buildings regarding railway tracks and the city ground. The edited volume byTriggianese et al. (2019) explored the role of stations in future metropolitan areasthrough a series of case studies and design studios that illustrate design proposals.
Third, beyond the station buildings, studies have addressed the broader station areas(See the scale and content of ‘station areas’ explored in this thesis, Chapter 1,subsection 1.6.6). For example, Du has revealed and defined the ‘place quality’ ofrailway stations, by literature review, expert interviews, and user surveys (Du et al.,2021; Du, 2023). In his definition, the place quality of station areas consists ofaesthetic qualities of urban spaces (the spatial dimension), experienced ‘sense ofplace’ (the socio-cultural dimension), and the agglomeration of economic activities(the economic dimension). Peters did a series of case studies, examining designmeasures in station cases such as Rotterdam Central Station, Utrecht Central Station,Stuttgart 21 Station, Berlin Central Station, London King’s Cross Station, Penn Station(Peters, 2009; Peters and Novy, 2012; Novy and Peters, 2012; Peters and Tolkoff,2016; Loukaitou-Sideris et al., 2017).
Companies like Spoorbeeld (a Dutch company specializing in developing designguidelines for Dutch Railways) and Networkrail (a British company that owns andoperates some of Britain’s biggest and busiest railway stations), and organizations likeUIC (International Union of Railways), publish a variety of station-related guidance,including design principles for architectural and urban design of stations (seeNetworkrail n.d.; Spoorbeeld n.d.; UIC n.d.).

TABLE 2.5 Design measures for railway stations
Design measures Detailed content References

Station building
components

(B) (F ) (Non-removable elements) Bi-directional ticketgates and escalators adjust to changing pedestrian flow. Lai et al. 2024; Yamada andUtaka 2023
Station buildings The planning, design, and management of railway stations;the functional requirements of stations, including flexibilityof station elements; briefly introduced management issuesrelated to station development and maintenance.

Ross 2000

Perspectives on station architecture: the politics of railway,station types, station layouts and design (with clarificationson generic functional requirements, and building/spaceelements), and technical issues; Exemplary cases.

Edwards 1997

Design strategies and guidance manuals address stationbuildings and building components (e.g., lighting, verticalcirculations, facilities, retail), encompassing generic stationqualities such as safety, comfort, sustainability, efficiency,identity, etc.

See documents inNetworkrail n.d.,Spoorbeeld n.d., and UICn.d., e.g., Networkrail 2024,Spoorbeeld 2025
Examine spatial performance regarding the vertical positionof railway tracks: ground level, elevated level, orunderground level.

Da Conceição 2015

Continued on next page

109 Literature review TOC

spoorbeeld.nl
networkrail.co.uk
https://uic.org/


Explore the role of railway stations in future metropolitanareas Triggianese et al. 2019
Station areas Define the ‘place quality’ of station areas and its dimensions:aesthetic qualities of urban spaces (spatial dimension);experienced ‘sense of place’ (socio-cultural dimension); andthe agglomeration of economic activities (economicdimension).

Du et al. 2021; Du 2023

Case studies on stations, addressing diverse urban designaspects such as the spatial layouts of station areas, the costand benefits of station (re)development, and the politics andpower struggles during project development.

Peters 2009; Peters andNovy 2012; Novy and Peters2012; Peters and Tolkoff2016; Loukaitou-Sideriset al. 2017
Guidance on the urban design of station areas or publicspaces in station areas, covering diverse objectives, such asenhancing stations’ identity, improving public spaces’attractiveness.

See documents inNetworkrail n.d.,Spoorbeeld n.d., and UICn.d. e.g., Networkrail 2023,Networkrail 2022,Spoorbeeld n.d.
Note: Notations for spatial scales— (B) = applicable at the building level, (D) = applicable at the district level,(B&D) = applicable at both the building and district levels.Notations for topic relevance— (O) = this solution potentially reduces overcrowding, (U) = this solution potentiallyreduces underutilization, (F ) = this solution potentially increases flexible use.

2.4.5 User knowledge

Studies have developed user knowledge that describes behavioral or psychologicalpatterns of users in the following activities:
1) transport user activities (e.g., waiting and moving);2) non-transport user activities (e.g., leisure activities like playing in parks,participating in events like open-air markets, and ‘informal use’ like sleeping onthe streets)

Aiming at flexible use of stations, this chapter treats knowledge of both transport andnon-transport activities as relevant, for the following three reasons. First, userknowledge in transport activities potentially informs design measures that improveefficiency to reduce overcrowding. Second, user knowledge in non-transport activities,such as activities during leisure events and informal use, potentially guides the creationof pleasant spaces that accommodate such activities to reduce underutilization. Finally,by combining user knowledge in transport and user knowledge in non-transportactivities, stations can be designed to flexibly serve multiple functions.
Classic studies such as those by Fruin (1971), Jacobs (1961), Gehl (1987), Whyte(2001), and Jones and Meagher (2015) continue to inform understandings of howpeople move through space and use space. Fruin (1971) quantitatively definedindividual pedestrians’ physical and perceptual characteristics in movement, outlined
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flow patterns like the relation between flow volumes, density, and speed, andtransferred the level-of-service (LOS) concept from the field of highway design to thedesign of transport spaces that passengers use.
Jacobs (1961) described how people use community spaces for activities like dailyinteractions, children playing, local businesses, and so on. She suggested districts tohave features like mixed primary uses, short blocks, aged buildings with varyingconditions, and high densities of people, to promote diverse uses towards safe andlively urban environments. Gehl (1987) differentiated three types of outdoor useractivities: necessary activities, optional activities, and social activities, and generallydescribed the spatial features that emphasize pedestrian comfort, social interaction,and sensory experience. Whyte (2001) further observed detailed behaviors anddescribed the practical design details like sitting space that facilitate diverse userneeds, considering factors like the sun, wind, trees, water, and food. In studying theinteraction between humans and the environment, a field called ‘environmentalpsychology’ has been established and continuously contributed new insights on spaceusers (Gifford, 2001).
Jones and Meagher (2015) brought together a series of articles that examinearchitecture through the lens of bodily movement, temporality, and lived experience.They discussed how buildings and landscapes are encountered dynamically,emphasizing sequences of perception, shifting viewpoints, and the ways in which users’actions shape spatial meaning. These foundational studies are commonly referencedby later studies. Beyond these studies, more recent research has expanded knowledgewith more empirical findings on transport and non-transport user behavior, asdescribed below (Table 2.6).

2.4.5.1 Transport activities
First, for transport activities, at the building level, studies have examined howdifferent passenger behaviors are affected by varying conditions and factors. Suchstudies are conducted in various spatial settings, including across the entire railwaystation buildings, within specific areas inside the building, and/or on the platforms. Forexample, with multiple Dutch railway station buildings as the spatial setting and withfield and laboratory experiments, Van Hagen (2011) systematically studied howpassengers’ waiting experience is influenced by three dimensions of waitingenvironments—ambient, design, and social dimensions. In his research, the ambient(intangible) dimension was manipulated with music and light intensity, the design(tangible or visible) dimension was manipulated with color, advertising, andinfotainment, and the social (people) dimension was manipulated with varying degreesof crowd density on the platform. The results show that it is necessary to add the rightenvironmental stimuli at the right moment, avoiding too much or too little forpassengers. Negative stimuli should first be eliminated or neutralized before addingpositive ones. Additionally, a user need pyramid was constructed in the study,
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specifying the priorities of different user needs from fundamental to high-level needs,ranging from safety and reliability, speed, ease, comfort, to experience (Van Hagen,2011, p. 211). Van Hagen also conducted related studies investigating the experienceof users traveling in stations or trains, regarding user emotional experiences(Van Hagen and Bron, 2014), and user types with different psychological preferences(Van Hagen, 2009; Van Hagen et al., 2022).
In a railway station, Haghani and Sarvi (2016) investigated pedestrian route choicedifferences between normal egress and emergency evacuation, highlighting several keydifferences in passenger priorities: (1) In nonemergency egress, the proximity of theexit points to the passenger’s destinations is a dominant factor. (2) In emergencies,passengers place a much higher priority on avoiding crowded exits. 3) Directionalflows of pedestrians are not a significant factor in a normal egress, and 4) are anegative utility factor for most individuals, depending also on visibility of the exits.
Harding (2024b) analyzed the user experience of inclusivity in a railway station. Heobserved passengers’ behaviors such as moving, waiting, and queuing, and reflectedon the station’s design details like the number and positions of lifts and escalators, thehazard warning marks, the lack of seating in ‘paid’ and ‘unpaid’ areas, and so on. Theobservations revealed detailed user needs, such as needing seating areas that definecomfortable waiting zones, to avoid being anxious. The research method Harding(2024b) used is a qualitative and rigorous one called auto-ethnography, which involvesimmersing himself in the daily use of this station. Relatedly, Zhao and Siu (2014)conducted a study in a similar qualitative way, observing and analyzing the behavioraland perceptual boundaries of public space in metro stations. The findings providenuanced insights into people’s perceptions of space boundaries, as influenced by hardfacilities, soft signs, other people’s presence and activities, and so on. For example, oldladies selling newspapers result in a boundary of the area, as passengers generallywant to avoid them. Qualitative studies like the two by Harding (2024b) and Zhao andSiu (2014) are relatively scarce in research on transport passengers’ behavior, wherequantitative research dominates.
With two particular areas—one ingress area and one egress area—in a station, Fanget al. (2015) extracted data from camera footage and analyzed the passengermovement in catching trains and leaving the station. The results showed that, onaverage, passengers catching trains, due to time pressure, walk faster than passengersleaving the station. Regarding passengers who carry baggage, surprisingly, within acertain range of baggage quantity, the more luggage the passengers carry, the fasterthey walk. This phenomenon is possibly due to passengers’ increasing psychologicalpressure to catch the trains with increasing luggage. In addition, a ‘dislocationphenomenon’ sometimes happens—some passengers stop walking to stow theirluggage or wait for their companions, then the passengers behind are blocked andneed to change their walking lanes. Therefore, Fang et al. (2015) suggest adding aprobability of pausing in the simulation of pedestrian movement.
With a concourse area in front of station gates as the spatial setting, Sukor (2019) alsoextracted data from camera footage and studied the pedestrian flows during threepeak times—morning, afternoon, and evening peak hours, in normal working days. The

112 Towards Flexible Use of railway station areas that promotes Station-City Integration TOC



results show that during these three periods, for the same paths, there are varyingvolumes of pedestrians, with varying density and walking speeds, demonstrating theheterogeneity of the movement associated with space.
With station platforms as the spatial setting, Heuvel (2022) defined a measurablecapacity of platforms as limited by three aspects: arriving passengers queuing orwalking in undesirable areas, boarders waiting in the danger zone along the platformedge, and train dwell times prolonged. These are related to passengers’ boarding andalighting behavior, escalators’ capacity, and trains’ dwell time. The study revealeddetailed passenger behavior patterns with associated factors by analyzing thequantitative measurements of passengers. For instance, a queue of 20 or morepersons forms an obstacle for persons attempting to pass it, the platform crowdingincreases the number of persons and their time spent in the buffer zone (i.e., thedanger zone alongside the platform edge), the 0.8m width of the buffer zone isineffective at high crowd densities, passenger service time (for boarding and alightingprocesses) is a reason leading to trains’ delayed dwell time.
With a mock-up station platform in laboratory experiments as the spatial setting,Küpper and Seyfried (2023) investigated the effects of waiting time, number ofpedestrians, and obstacles on the distribution of waiting passengers. The findingsshow that interpersonal distance varies surprisingly little regardless of obstacles orcrowd density, suggesting a strong collective optimization when searching for waitingpositions. In this collective optimization, passengers chose shorter distances to eachother, ranging from 1.0 to 1.2 meters, which fall within the classical ‘personal space’zone (0.45 < d < 1.2 m), rather than the ‘social’ zone (1.2 < d < 3.6 m).

2.4.5.2 Non transport activities
Second, for non-transport activities like leisure use and informal use, in outdoor andindoor spaces at the district and building levels, studies have examined how differentuser behaviors and psychology are affected by physical and non-physical factors. Afew studies examined how installations in urban spaces or buildings affect userbehavior or psychology. For example, in a public square setting, Paukaeva et al. (2021)showed that installations set up during a temporary winter event attract 40–60%more participants and encourage longer stays, more even use of space, and greaterparticipation in place-based activities, illustrating temporary design interventions’effectiveness in shaping user behavior and engagement, even in an extremely coldclimate. Similarly, in an urban park setting, Loo and Fan (2023) showed that movableurban furniture significantly attracts pedestrians. Also, both the fixed landmark andmovable furniture attract people by forming visible edges, confirming the ‘edge effects’(Gehl, 1987; Whyte, 2001) in public space. Both studies (Paukaeva et al., 2021; Looand Fan, 2023) call for combining flexible elements with fixed elements in the design ofpublic spaces. In an indoor room setting with an autonomously moving robotic wall, astudy by Nguyen et al. (2022) explored user perception, showing that if spatial,
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situational, and subjective qualities are balanced, the wall generates positiveexperiences, enhancing privacy, noise reduction, and a refreshed view. Conversely,poor balance results in negative feelings of confinement or unrest.
Studies in the planning and design fields have examined activities like street vending,markets, homeless people sleeping rough, which are often seen as ‘informal’ use(Koster and Nuijten, 2016; Lutzoni, 2016) because they involve informal orunregistered occupations of spaces designed for ‘formal’ uses. For example, Flock andBreitung (2016) studied street vending in Guangzhou, China, showing a complex socialproduction of public space, with the dynamics between migrant street vendors andpublic security forces, the government’s multifaceted considerations on city image andpeople’s livelihood, and the evolving policies involving zones and periods of controlover vending in public spaces. Similarly, Heathcott (2019) studied street markets inMexico City, Mexico, and mentioned that there are constant struggles between vendorsand residents over parking, sidewalks, spaces, blocked access to buildings, and so on.Entities and dynamics at different operational levels, such as governments,government delegations, vendors’ associations, gangs, district laws, economicrestructuring, and international trade agreements, make the street markets morecomplicated and dynamic. With a spatial setting of a railway station building, Lenhard2022 studied homeless people’s sleeping rough. During the process of homelesspeople seeking access to the hot air vents for warmth in winter, dynamic interactionshappen both internally between homeless people and externally with the securityforces. Also, building elements like hot air vents, spikes, and fences duringconstruction affect homeless people’s use of space in a prolonged or permanent way.

TABLE 2.6 User knowledge in transport and non-transport activities
Spatial settings
▼

User behaviors or
psychologies ▼

Physical or non-physical factors
involved ▼

References ▼

In transport activities
(Bindoor) Railwaystations User perception of stations andwaiting Intangible, tangible, and socialelements; the number of elements atdifferent moments; userpsychological preferences, emotionalexperiences

Van Hagen2011;Van Hagenand Bron2014;Van Hagen2009;Van Hagenet al. 2022
(Bindoor) Arailway station (O) Route choice differencesbetween normal egress andemergency evacuations.

Different priorities on proximity toexits, avoiding crowded exits, andmaintaining directional flow;
Haghani andSarvi 2016;

(Bindoor) Arailway station Passenger movement andwaiting The number and position ofescalators and lifts, warning marks,and seating that signify waiting areas
Harding2024b;

(Bindoor) Metrostations User behavior indicating theirperception of the boundaries ofspace
Hard facilities, soft signs, otherpeople’s presence and activities, etc. Zhao and Siu2014

Continued on next page
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(B) An ingressarea and anegress area in astation

(O) Movement efficiency ofpassengers with baggage; Baggage size. Fang et al.2015;

(Bindoor) Aconcourse area infront of thestation gates

(O) Pedestrian movement. Speed, density, oblique movement Sukor 2019;Harding2024a
(Bindoor) Stationplatforms Pedestrian queuing and waiting Queues’ sizes, escalators’ capacity,the width of the buffer zone, trains’dwell time, measurement accuracyrelated to the platform segment size

Heuvel 2022

(Bindoor) A stationplatform (amock-up platformin laboratoryexperiments)

(O) Passengers’ waitingbehavior, measured by crowddensity, spatial positions, anddistance between individuals.

Number of pedestrians, waiting time,and obstacles; a a superposing effectduring collective optimization
Küpper andSeyfried 2023;

In non-transport activities
(D) A city square,with eventinstallations

(U) 40–60% more participants,longer stays, more even spaceuse, greater participation
Temporary installations, temporaryand permanent design, day and night Paukaeva et al.2021

(D) An urbanpark, withmovable furnitureand fixedlandmarks

(U) Playing, group forming andinteraction Spatial edges, moveable furniture,and visual landmarks. Loo and Fan2023

(Bindoor) A room,with a movingrobotic wall
(F ) Positive perception:enhanced privacy, noisereduction, and a refreshed view;negative perception:confinement or unrest.

Balance of spatial, situational, andsubjective qualities Nguyen et al.2022

(D) Two streetsand a stationsquare
(U) Street vending Zones and periods of control byadministration; street elements likethe signs and flowerpots.

Flock andBreitung 2016
(D) Streets (U) Street markets Street spatial layouts (as describedin Table 2.4); different entities andpolicies at different operationallevels.

Heathcott2019

(Boutdoor) Arailway station (U) Homeless people sleepingrough Building elements like hot air vents,spikes, fences; personnelinterventions.
Lenhard 2022

Note: Notations for spatial scales— (B) = at the building level, (Bindoor) = indoor settings at the building level,(Boutdoor) = outdoor settings at the building level, (D) = at the district level.Notations for topic relevance— (O) = this knowledge potentially help reduces overcrowding, (U) = this knowledgepotentially help reduces underutilization, (F ) = this knowledge potentially help enhance or increase flexible use ofspace.
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2.4.6 Relevant technologies

In the reviewed literature, multiple studies have applied different technologies tosupport transport and design research. The following text first introduces threeclusters of technologies (Table 2.7), and then presents their applications in studies(Table 2.8).

2.4.6.1 Three clusters of technologies
In the reviewed literature, three clusters of technologies emerged, including:

1) user data collection technologies (which are applicable at the collective level orindividual level),2) user virtual reality (VR) experiments, and3) user simulation.
First, user data collection at the collective level, which captures groups ofpedestrians in shared spaces, has been facilitated by technologies such as Bluetooth,Wi-Fi, GPS, sensors, phone signals, cameras, or comparisons of ticket or chip-cardcheck-in and check-out data (Heuvel, 2022; Wu et al., 2020; Elhamshary et al., 2019;Pouw et al., 2024). They have adapted rapidly alongside developments in computerscience; for instance, methods for automatically counting pedestrian numbers incamera footage have evolved from early texture-based algorithms (Marana et al.,1998) to modern neural network object-detection algorithms (Wong and Law, 2023;Zhao et al., 2022). Similarly, in Dutch railway stations, Bluetooth tracking was replacedby Wi-Fi tracking, which was subsequently superseded by OV-chipcard data (Heuvel,2022, p. 72). Each of these technologies carries trade-offs in terms of accuracy, userprivacy, and cost (Heuvel, 2022, p. 70).
At the individual level, user data collection has been facilitated by multiple types oftechnologies such as biotechnologies, neurotechnologies, and human-computerinteraction technologies, including more specific technologies like eye tracking andelectroencephalogram (EEG) (Schneider et al., 2023; Egger, 2016; Schrom-Feiertaget al., 2016). These technologies enable the collection of detailed biometric and neuraldata from participants. Combined with mathematical models, such as structuralequation modeling, which can uncover latent factors (Cheng et al., 2018), and discretechoice modeling, which quantifies the effects of observable variables (Yang et al.,2024a,b), these data provide detailed insights into pedestrians’ decision-making.
Second, virtual reality (VR) technology enables user VR experiments, providingmultiple advantages over experiments in real-world scenes (Zhu and Li (2021); Egger(2016); Armougum et al. (2019); Yang et al. (2024a,b)). VR environments offer easiercontrol over the elements to be investigated, allowing researchers to include elements
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of interest while excluding irrelevant real-world elements. They also enable researchthat otherwise would be dangerous to conduct in real-world settings. For instance,research on pedestrian perception of running vehicles. VR environments also offer acost-effective way to design and test experiments that would be prohibitively expensivein real-world settings. With these advantages, VR experiments are increasingly adoptedin both the transport and spatial design fields (E.g., see VR labs in civil engineering andarchitectural faculties at TU Delft.) Technologies for user data collection at theindividual level are commonly applied in VR experiments to extract detailed user data.
Third, based on user data and the patterns derived from them, user simulationenables simulating users’ behavioral and perceptual abilities, including the abilities tonavigate and move, to see the scene or even feel the visual quality, to conduct tasks,and so on. Simulation of users’ movement, or traditionally called crowd movement, haslong been developed through diverse algorithms, approaches, and software programs(Duives et al., 2013; Yang et al., 2020). Algorithms, for example, physics-based SocialForce Model, simulate pedestrian movements by modeling repulsive and attractiveforces between individuals and obstacles. Discrete methods, including CellularAutomata, represent space as a grid and update pedestrian states in discrete timesteps. Utility models focus on decision-making, where agents select actions tomaximize a utility function based on factors such as travel time, congestion, or comfort,and are often integrated within agent-based modeling frameworks. Machine learningalgorithms, such as Support Vector Machines or neural networks, are increasingly usedfor trajectory prediction, parameter calibration, or behavior recognition. Thesealgorithms are frequently implemented within broader modeling approaches such asagent-based modeling, rule-based simulations, or vision-based modeling (Yang et al.,2020), and applied at micro, meso, and macro spatial levels, providing flexible choicesto capture complex pedestrian behaviors in both normal and emergency scenarios.Based on these algorithms and approaches, software programs—both commercial andopen-source—have been developed (Dubroca-Voisin et al., 2019; Richards, n.d.), suchas MassMotion and SUMO, to support the simulation of complex projects like railwaystations.
Comparatively, simulation of other types of user abilities has been less developed.Traditional methods like ‘Isovist’ analysis enable the simulation of the user’s seeingability in scenes (Benedikt, 1979). Recent studies have applied computer visiontechnologies, with mathematical models to simulate user visual perception, to be ableto recognize elements in the scenes and even tell the visual quality of the scenes(Enshan et al., 2025b; Schrom-Feiertag et al., 2016). Based on agent-based modeling,which enables the simulation of users as agents to interact with environments, studieshave expanded the simulation of other user behaviors and abilities, like wayfinding andconducting tasks (Schrom-Feiertag et al., 2016; Brunnhuber et al., 2012; Kim et al.,2023). Equipped with new technologies like multimodal large language models(MLLMs), agents in simulation are becoming more intelligent with more advancedcognitive abilities to understand the world (Noyman et al., 2025).
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TABLE 2.7 Three clusters of user-based technologies
User-based
technologies

Technology, software, or data

User data
collection

Collective level. Bluetooth, WIFI, GPS, sensors, phone signals, camera footage, data ofcheck-in and check-out; neural-network-based object-detection algorithms (Heuvel, 2022;Wu et al., 2020; Elhamshary et al., 2019; Pouw et al., 2024; Wong and Law, 2023; Sukor,2019; Loo and Fan, 2023; Zhao et al., 2022).
Individual level. Biotechnologies, neurotechnologies, and human-computer interactiontechnologies, such as eye tracking, and electroencephalogram (EEG) (Schneider et al., 2023).

User VR
experiments

Virtual reality (VR) (Zhu and Li, 2021; Egger, 2016; Armougum et al., 2019; Yang et al.,2024a,b).
User simulation(see also sub-section 6.1.2)

Movement simulation—algorithms (e.g., social force model, Cellular Automata, Utility models,machine learning models), approaches (e.g., agent-based simulation, rule-based simulation,vision-based simulation), and software programs (e.g., MassMotion, SUMO) (Duives et al.,2013; Yang et al., 2020; Dubroca-Voisin et al., 2019; Richards, n.d.).
Visibility or visual perception simulation—approaches (e.g., Isovist analysis, mathematicalmodels like linear regression models for visual quality, visual attention modeling) (Benedikt,1979; Enshan et al., 2025b; Schrom-Feiertag et al., 2016).
Simulation of other abilities—like wayfinding, conducting tasks, and cognitive abilities basedon large language models (Schrom-Feiertag et al., 2016; Brunnhuber et al., 2012; Kim et al.,2023; Noyman et al., 2025).

Note: The references cited in this table encompass both the literature reviewed in this chapter and additionalsources from the author’s broader knowledge.

2.4.6.2 Applications of these technologies in transport or design research
As presented in the following paragraphs, studies have applied the above technologiesto support transport or design research on:

1) user analysis (of both passengers and non-passengers),2) stations’ dynamic daily operations and users’ route choices, or3) assessing management or design interventions (Table 2.8).
For user analysis, user data typically serves as a basis, and it has been collected at thecollective level using technologies like WiFi, sensors, and object-detection algorithms.These technologies monitor pedestrian presence, movements, and conditions—forexample, counting pedestrian numbers, detecting crowd density, tracking trajectories,distinguishing between waiting and moving, identifying interactions between people ingroups, and capturing facial expressions that indicate moods (Heuvel, 2022; Wu et al.,2020; Elhamshary et al., 2019; Loo and Fan, 2023; Pouw et al., 2024; Holder andTapamo, 2018). The corresponding user analysis typically reveals collective userbehavioral patterns. User data collection has also been conducted at the individuallevel through VR experiments, together with technologies like eye-tracking andelectroencephalogram (EEG), supporting user analysis that reveals in-depth userpsychology or decision-making mechanisms (Schneider et al., 2023; Egger, 2016;
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Yang et al., 2024b; Schrom-Feiertag et al., 2016; Yang et al., 2024a,b).
Studies have addressed the monitoring of pedestrian flows (e.g., detecting crowddensity and congestion), which inform decision-making in stations’ operations (Daiet al., 2024; Pouw et al., 2024; Trivedi and Pandey, 2020; Wong and Law, 2023; Wuet al., 2020; Yasufuku and Takahashi, 2024; Zhao et al., 2022). The monitoring of thesystems can provide a basis for mobile applications to inform users’ decision-makingof route choices and trip scheduling (Mayr et al. 2023; see also the application ofplanning users’ trips to-and-from Schiphol Airport, https://www.schiphol.nl)
The decision-making can also be earlier informed through real-time simulation (alsocalled ‘online’ simulation), as simulation provides predictions on future pedestrian flow(Yasufuku and Takahashi, 2024; Hänseler et al., 2016). The monitoring, simulation,and data exchange between real-world and digital systems is forming a trendingpractice of ‘digital twins’ (Li et al.).
Since simulation provides predictions of systems’ future status, it can be used toenable the assessment of future interventions on the systems. For example, studieshave applied simulation to assess management interventions—like adopting mobilephone apps to inform passengers (Elkhouly et al., 2023; Mayr et al., 2023).
Studies have applied simulation to assess design interventions. For example, studieshave applied agent-based simulation to assess design schemes (Enshan et al., 2025b),design principles (Enshan et al., 2025a), and existing spatial configurations (Harding,2019). For assessing design proposals at the design stage, a unique challenge is thatthe (offline) simulation should be free from the constraint of existing data, as theproject is not built and existing data is lacking (Enshan et al., 2025b). In contrast,simulation on existing spatial configurations often heavily involve existing data (e.g.,see Hänseler et al., 2016; Pu et al., 2022).
Notably, the inputs, outputs, and settings of different simulations are different,determined by research aims. For example, in simulations for design interventionassessment (e.g., see Enshan et al., 2025b), the inputs are designed interventions (inthe form of different spatial configurations), the outputs are performances of thetransport or spatial systems, and the fixed settings are agent parameters. In contrast,in model calibration studies of simulations (e.g., see Davidich and Köster, 2013), theinputs are varying agent parameters, the outputs are the agent behaviors or themodel’s performance, and the fixed settings are the spatial configurations.
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TABLE 2.8 New technologies applied in the studies of users and interventions
Usage Specific usage Methods References
Support user
analysis

(D&B) (O) Monitor pedestrianpresence, movements, andconditions (e.g., to countpedestrian numbers, detectcrowd density, track pedestriantrajectories, and detect thestatus of waiting or moving), foruser analysis.

User data collection at the
collective level. Heuvel 2022; Pouwet al. 2024

(D&B) (F ) Cost-effectively andsafely conduct experiments, andextract detailed biometric andneurologic data, for useranalysis.

User VR experiments, with user
data collection at the individual
level.

Schneider et al. 2023;Egger 2016;Schrom-Feiertag et al.2016
Support
stations’
operations and
users’ route
choices

(D&B) (O) Real-timemonitoring pedestrian flows toinform stations’ flowmanagement and mobilitysupply, or users’ route choicesand trip scheduling.

Conduct user data collection atthe collective level, (optionally)run real-time simulationsgenerating timely predictions offuture crowd status, to informflow management or mobilitysupply.

Dai et al. 2024; Trivediand Pandey 2020;Wong and Law 2023;Wu et al. 2020;Yasufuku andTakahashi 2024; Zhaoet al. 2022; Hänseleret al. 2016;Elhamshary et al.2019
Support
assessing
management or
design
interventions

(D&B) (O) Assessmanagement interventions (e.g.,adopting mobile phone appsthat inform passengers; usingpartition line to split passengersaccording to their baggage)

Run offline simulation, with andwithout managementinterventions, and predictinterventions’ effects onpedestrian flows.

Mayr et al. 2023;Elkhouly et al. 2023;Fang et al. 2015

(D&B) (F ) Assess designinterventions (e.g., new designproposals, different spatialconfigurations)

Run offline simulations toevaluate the spatialconfigurations’ effects onpedestrian flows and user visualperceptions.

Enshan et al. 2025b,a;Harding 2019

Note: Notations for spatial scales— (B) = applicable at the building level, (D) = at the district level, (B&D) =applicable at both the Building and District levels.Notations for topic relevance— (O) = potentially support reducing overcrowding, (U) = potentially support reducingunderutilization, (F ) = potentially support increasing flexible use.

2.4.7 Limitations of flexible use solutions

Design with flexibility has been explored by architects for over a century, yet it is stillmarginal to the profession at large (John Habraken, 2008). Therefore, it is necessaryto be mindful of the challenges or limitations of flexible use solutions. This subsectionsynthesizes and reports the practical challenges and limitations identified in theliterature (Table 2.9), which also answer this chapter’s research sub-question 4 (i.e.,What limitations of flexible use solutions have been reported?). Synthesizing the
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challenges and limitations in this dedicated section helps form a comprehensivepicture of barriers across scales and highlights their practical relevance.
As described in the above subsections, towards flexible use, studies have addresseddesign measures regarding flexible buildings, urban spaces, or cities. These studiesalso pointed out multiple challenges or limitations. At the building level, for instance,Meagher (2014) noted that flexible buildings are typically more expensive to constructand maintain, as their mechanical components are prone to failure (Therefore, theauthor suggests prioritizing low-tech elements in flexible buildings). Holden (2019)pointed out that the radical open floor plan in the Center Pompidou, while offeringflexibility, also imposes a burden on curators—they must completely rearrange theinteriors for each exhibition. In promoting flexible office spaces that support dual usefor living, Katsikakis (2017) mentioned that there is a risk of generating affordable butuncomfortable living spaces. In the case of Chesterfield House, Madanipour (2018)revealed that temporary use has pitfalls of perpetuating precarity and displacement forusers. The multivalent practice of temporary use, driven by economic crises andneoliberal globalization, serves as a stopgap to manage empty spaces but oftennormalizes inequality, accelerates gentrification, and prioritizes investor gains overlong-term community benefits. At the district or city levels, in envisioning ‘dismantablecity,’ Roggema (2014) outlined current technical, social, and regulatory constraints; forexample, in most current cases, many city elements or buildings are difficult to move orreassemble, and current land use is regulated in a fixed manner with determined uses.
Towards flexible use of space, this thesis suggested adding non-transport activities(subsection 1.2.4), with this chapter reviewing literature on leisure events, streetmarkets, vending, and homeless people’s sleeping rough. However, as shown ormentioned in the literature, such activities have certain limitations. First, street marketsand vending may negatively influence the city’s image, as they often involve sellingunhealthy food, creating dirty scenes, and causing traffic problems. They usuallyrequire significant management effort from administrators or other entities (Flock andBreitung, 2016; Heathcott, 2019). Similarly, homeless people sleeping rough, as themore radical type of informal use, raises even more concerns about safety for thepass-by pedestrians. The radical strategy of using vacant community spaces forhomeless people to counter gentrification (Carr and Dionisio, 2017), if situated in thecontext of railway station areas, may be largely questionable for the same concerns.Second, flexible activities in public spaces, particularly revenue-generating ones, mayresult in exclusion: for example, by occupying spaces, by creating gated and paidareas, or by setting high rental prices that exclude price-sensitive space users, tenants,or event organizers (Flock and Breitung, 2016; Carr and Dionisio, 2017; Madanipour,2018). Lastly, specifically for railway stations, non-transport services, such ascommercial areas and kiosks, if not properly designed, can result in congestion,causing travel experience degradation. (E.g., Ross (2000) mentioned stationscongested by kiosks paying hundreds of pounds a year in rent, despite having millionsof pounds in ticket revenue; Beijing West Railway Station’s egress area historically wascongested by the clothing wholesale stalls (Sinanews, 2006).)
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TABLE 2.9 Challenges or limitations of flexible use solutions
Category by
solutions

Limitations or challenges References

(F ) Limitations of
flexible buildings,
spaces, or cities

(B) Mechanical components prone to damage. Meagher 2014
(B) Burden of over-flexibility for exhibition curators using the openfloor plan. Holden 2019
(B) Affordable but disagreeable living space in dual-useliving-and-office spaces. Katsikakis 2017
(B) Temporary use perpetuates precarity and displacement forusers; the related practice normalizes inequality, acceleratesgentrification, and prioritizes investor gains.

Madanipour 2018

(D) ‘Dismantable city’ faces current technical, social, andregulatory constraints Roggema 2014
(U) Challenges of
adding
non-transport
activities

(D) Street vending and markets—may negatively affect the city’simage; Require significant management efforts. Flock and Breitung2016
(D) Causing exclusive use or tenancy Flock and Breitung2016; Carr andDionisio 2017;Madanipour 2018
(B) Significant travel experience degradation due to non-transportuse Ross 2000, p. 317?Sinanews 2006

Note: Notations for spatial scales— (B) = relevant at the building level, (D) = relevant at the district level.Notations for topic relevance— (U) = relevant for practice to reduces underutilization, (F ) = relevant for practiceto increases flexible use.

2.5 Knowledge gaps and future research di-
rections

Based on the existing knowledge as presented above (section 2.4), and the broaderobservations during the review process, this section outlines four knowledge gapsconcerning the spatial design for the flexible use of stations, including:
1) an explicit definition of the flexible use of stations;2) knowledge of spatial layouts supporting flexible use;3) integrated knowledge of transport and non-transport activities; and4) design-oriented toolsets.
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FIG. 2.10 Knowledge gaps (in colored texts) regarding existing knowledge (in gray texts). (Source: Author)

In relation to the research questions posed in this chapter, subsection 2.5.1 answerssub-question 3 (i.e., What spatial content has been addressed, at what spatial scales?).

2.5.1 Spatial layouts supporting flexible use

Existing literature on design measures for flexible use has dealt mostly with elements,while barely investigating layouts (subsection 2.4.4, Table 2.4), leaving a gap inknowledge on spatial layout supporting flexible use (Figure 2.10, Gap 2). Elements andlayouts are two key considerations in spatial design (De Jong and Van Der Voordt,2002; Carmona et al., 2003; Liu, 2020). In design projects, designers typically need tofirst understand the basic elements and their characteristics, then organize theseelements in suitable layouts. Layouts are important because they define the overallstructure and spatial organization, shaping how users experience the environment at aglobal scale. Crucial user experiences in stations, such as user paths, transferdistances, and wayfinding, are largely determined by the station layout. For thesuccessful implementation of flexible use in stations, which directly impacts these userexperiences, a deeper understanding of layouts is essential. Therefore, this knowledgegap in station layouts needs to be addressed.
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2.5.2 Knowledge integration

Regarding design measures and user knowledge, integrations are needed both withinand across disciplines (Figure 2.11, Gap 3).
First, as shown by subsection 2.4.4, within the design discipline, there is designknowledge of flexible use (of non-station buildings and space), and design knowledgeof stations; yet there is a lack of integrated design knowledge on the flexible use ofstations (Figure 2.11-①).
Second, as shown by subsection 2.4.5, across disciplines and fields, there isknowledge of users in transport activities (developed in transport planning field), andknowledge of users in non-transport activities (developed in fields like urban designand environment psychology); yet there is a lack of integrated knowledge of users inboth activities with dynamic user needs (which is relevant in the context of stationflexible use) (Figure 2.11-②).
In the existing literature, studies of users in transport activities primarily focus onsafety-related factors and capacities, while studies on users in non-transport activitiesusually investigate other higher-level user needs and spatial qualities related to leisureexperience. Integrating both will facilitate a more comprehensive understanding ofuser needs and station design.
Third, it would be helpful if there were an integration between design measureknowledge and user knowledge, where scientific evidence on users can be substantiallytranslated into design interventions (see Figure 2.10, the green box). Yet thisintegration is relatively lacking.
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FIG. 2.11 Knowledge integrations needed. (Source: Author)
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2.5.3 Design-oriented toolsets

Reflecting on the related technologies, a gap in design-oriented toolsets is identified.Stations are complex projects, involving many spatial elements in complex spatialconfigurations. The flexible use of stations further involves more dynamics, such asvarying space uses and user needs in different scenarios during different time periods.Considering this complexity, in the design practice, technical toolsets are needed forthe quantitative assessment of design proposals, enabling designers to makebetter-informed design decisions. However, in the existing literature, design-orientedtoolsets are scarce (Figure 2.10, Gap 4).

To fill the above four knowledge gaps, future research is suggested to:
1) develop explicit definitions of the flexible use of stations,2) integrate knowledge of crowd movement and public space, and integrateknowledge of station design and flexibility design,3) develop spatial layouts knowledge (see Chapter 4), and4) develop design-oriented toolsets (see Chapter 6).

As an initial step toward more precise definitions, this chapter proposes the term‘fluctuation-supportive’ to describe the flexible use aimed at reducing overcrowdingand underutilization in railway stations. To maintain inclusive language, however, thisterm is intentionally not used widely throughout the text.
For knowledge integration and developing knowledge of spatial layout, this chaptersuggests synthesizing and visualizing knowledge (Liu, 2020), with designers’ analyticaldrawings and practical interpretations (Haoxiang, 2025).
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3 Spatial relevance

Case studies through scenarioanalyses
ABSTRACT The phenomena of overcrowding and underutilization (O&U) in railway station areasraise concerns about safety during peak times and waste of space during non-peaktimes. Preliminary observations suggest that at least two dimensions—the physicalspatial configurations and social-cultural national contexts—impact theovercrowding-underutilization phenomenon. This chapter aims to systematicallyunderstand these two dimensions’ influence on the O&U phenomena, providing anexplanation and informing future design solutions. Acknowledging the existingliterature’s insufficiency in doing so, this chapter addresses the following questions:(1) How do spatial configurations affect the overcrowding-underutilization phenomenain railway stations, and hence, what is spatial design’s potential? (2) How do nationalcontexts affect the overcrowding-underutilization phenomena in railway stations?

Methodologically, the chapter sets five types of scenarios—stations during disruption,peak times, non-peak times with commercial use, with leisure activities, and withleisure events, and applies these scenarios to four cases—Beijing West Railway Station(RS), Shanghai RS, and the previous and current Rotterdam Central RSs. The resultsreveal that national contexts affect O&U through distinct pathways: internaloperational factors (security checks, ticketing-seating rules) directly determine spatialperformance, while external factors (events, travel patterns) challenge stationperformance. Counterintuitively, passenger numbers alone do not explain thesignificant size differences between Chinese and Dutch stations. Spatial configurations,including spatial elements, layouts, and qualities, significantly affect overcrowding andunderutilization.

KEYWORDS Flexible use, assumptions, urban design, architectural design, station-city integration
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3.1 Introduction

As described in Chapter 1, section 1.2, overcrowding and underutilization (O&U)phenomena happen in railway stations that have fluctuating passenger numbers or incase of railway system disruptions, raising safety concerns and wasting spaceresources (subsection 1.2.2). Flexible use is a potential solution to reduce O&U,because the word ‘flexible’ linguistically means being ‘able to change or be changedeasily according to the situations.’ Within the research context of station-cityintegration (section 1.1), this thesis also sees flexible use as a new positive value toenrich station-city integration (subsection 1.5.1). O&U are the phenomena examinedand explained in this chapter.
This chapter examines two key dimensions that affect theovercrowding-underutilization phenomena in railway stations—spatial configurationsand national contexts. Spatial configurations refer to the relational arrangements ofspaces and their connections, which give rise to patterns of accessibility, visibility, andmovement (Hillier and Hanson, 1989; Hillier, 1995). Rather than describing isolatedspatial units, configurations capture the structural relationships between them,shaping how spaces are perceived, navigated, and used.
Based on the author’s preliminary observations, spatial configurations affect theovercrowding-underutilization phenomena (subsection 1.2.3 and subsection 1.2.4).For example, comparing Beijing West Railway Station (RS) and Shanghai RS, ShanghaiRS experiences less overcrowding and less underutilization with more non-transportuses—e.g., neighborhood residents dancing on the station squares in the night(observed by the author). These two stations share similarities as they are both majorstations in megacities facing the same national holiday challenges, while they differsignificantly in spatial configurations. Therefore, it is reasonable to attribute thisperformance difference to their different spatial configurations. Considering urban andarchitectural design (or briefly referred to as spatial design) deals with spatialconfigurations, it has the potential to address O&U and flexible use (Figure 3.1).
National contexts refer to overarching social, cultural, institutional, and systemicenvironments that differ between countries or regions. While the context itself is abroad construct that is hard to observe directly, it gives rise to specific, observablefactors. National-context-associated factors across railway stations nationwide, suchas ticketing, security checks, and travel patterns (Dai et al., 2019) affect stationoperations and spatial configurations, hence affecting theovercrowding-underutilization phenomena. For instance, security checks in Chinesestations pose a greater bottleneck effect on pedestrian flows, necessitating the designof additional spare spaces to prevent overcrowding.
On the one hand, the above insights are preliminary, as they arise from the author’sscattered experiences. On the other hand, railway stations as complex systems involve
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many spatial aspects (e.g., space, elements, layouts) and non-spatial aspects (e.g.,human activities, pedestrian flows, functions, operational factors), which are incomplex interplays (Ross, 2000; Edwards, 1997). Given this complexity, it is necessaryto systematically examine how spatial configurations and national contexts affect theovercrowding-underutilization phenomena (Figure 3.1).
In the design field, a variety of PhD theses have studied railway stations, examiningdifferent spatial aspects to achieve diverse aims. These studies successfully link spatialaspects to critical values such as transfer efficiency (Van Der Spek, 2003), economicdevelopment and urban synergy (Peter, 2002; Peek, 2006; Chorus, 2012), placequality and urban integration (Trip, 2007; Da Conceição, 2015; Du, 2023; Dai, 2015),and the architectural resolution of railway-city interfaces (Cavallo, 2008) (See alsoChapter 2, subsection 2.4.4).
However, a significant gap remains. First, while these works provide a strongfoundation for understanding stations as nodes or places, none explicitly address theovercrowding-underutilization phenomena or flexible use. The thesis by De Wilde(2006) on the multiple use of space is the most conceptually relevant to flexible use,yet its content focus is on structural, managerial, and financial feasibility for buildingover railways, leaving the causal relationship of spatial configuration on flexible useunexplored, and the national contexts and their associated factors largely untouched.Therefore, the complex interplay between national contexts, spatial configurations, andthe overcrowding-underutilization phenomena constitutes the core knowledge gap thischapter aims to fill.
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FIG. 3.1 To understand the influence of spatial configurations and national contexts. (Source: Author)
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3.1.1 Research questions and contributions

In light of the above insights and knowledge limitations, this chapter adopts adescriptive and exploratory approach to map the complex, real-world station system.Following a research tradition that uses case studies (Yin, 2002) to understandrelationships in complex systems (e.g., Rizal, 2007), this chapter is guided by thefollowing research questions:
1) How do national contexts affect the overcrowding-underutilization phenomena inrailway stations?2) How do spatial configurations affect the overcrowding-underutilizationphenomena in railway stations, and hence, what is spatial design’s potential?

The central aim is to describe and analyze the relationships between these influencingfactors and the resulting phenomena. In this chapter, the national contexts and spatialconfigurations of railway stations are defined in more detail as follows:
– Spatial configurations of railway stations: relational arrangements of spatial elementsand their connections, encompassing both the physical spatial layout—the tangiblearrangement of spatial elements like platforms, circulation areas, ticket sales and retailspace, and station forecourt (Edwards 1997, pp. 50-83; See also the detailed listing ofspatial elements in subsubsection 1.6.4.1)—and physical-associated aspects, such asconnectivity, flow potential, and the affordances that spaces provide for movement andinteraction (Van Der Spek, 2001). Rather than describing isolated spatial components,configurations capture the structural relationships between them, shaping how spacesare perceived, navigated, and used. In this thesis, stations are analyzed at a spatialrange of around 250m (subsection 1.6.6).– National contexts and their associated factors: The institutional, cultural, andsystemic environments that differ between countries and give rise to specific,observable factors influencing station performance. In this study, the national context(e.g., of China vs. the Netherlands) is operationalized through a set of systemic andoperational factors, such as events, prevalent travel patterns, security checks (Daiet al., 2019), and ticketing processes.

This chapter conducts exploratory case studies to answer the research questions,producing descriptive knowledge as research outcomes, and it makes the followingcontributions:
– For designers: It provides a detailed, evidence-based explanation of how spatialconfigurations affect station performance, thereby confirming the significant potentialof spatial design as a key intervention means for mitigating overcrowding andunderutilization and supporting flexible use.– For international practice: It elucidates how national contexts affect performanceoutcomes, thereby supporting the transfer of knowledge and design strategies acrosscases in different countries.
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The remainder of this chapter is organized as follows: section 3.2 describes themethodology, section 3.3 presents the results, and section 3.4 discusses and pointsout future research directions.

3.2 Methodology

The chapter conducts case studies to analyze how spatial configurations and nationalcontexts affect the overcrowding-underutilization phenomena in stations. Asillustrated in Figure 3.2, four cases of railway stations are chosen, compared(subsection 3.2.1), and analyzed. The cases are tested under different scenarios(during peak and non-peak times) (subsection 3.2.2), to see their performance insupporting pedestrian flow, small user activities, and large user events. Technically,the cases are analyzed through three methods: either observe during the author’s sitevisits, review relevant literature and website news, or hypothetically apply unseenscenarios on the case. Combining these methods provides comprehensive datasources to gain insights into both past occurrences and future possibilities (Figure 3.3).Analytical visualization is conducted to present the final results.
While this research is case studies, it also can be seen as scenario analyses, in whichthe settings are scenarios; the inputs are cases, their spatial configurations, andnational contexts; and the outputs are (the possibility of) the phenomena ofovercrowding and underutilization, which indicates the station performance. Thisresearch is also empirical research, in which the station performance variables aredependent variables, and others are independent variables (Figure 3.2).
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FIG. 3.2 Research methodology of this chapter. (Source: Author)

FIG. 3.3 Scenarios are observed, reviewed, or hypothetically applied to cases (using Beijing West Railway Station as an example.Source: meipian.cn, wiki.com, and photoed by the author)

The site visits include a five-day on-site observation at Beijing West Railway Station inDecember 2021, a five-day on-site observation at Shanghai RS also in December 2021,a site visit during the Rotterdam Summer Carnival in 2022, and frequent use ofRotterdam Central RS. The following subsections provide more details on caseselection and comparisons, and the assumptions of flexible use in different scenarios.
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3.2.1 Selected cases and case comparisons

This chapter selects Beijing West Railway Station (RS), Shanghai RS, the formerRotterdam Central RS, and the current Rotterdam Central RS for case studies, basedon the following criteria (See also Chapter 1, subsection 1.6.5):

– The cases are either relevant to overcrowding, underutilization, or non-transport usesthat are useful for reducing underutilization;– The cases suit the author’s physical proximity, allowing for site visits;– The cases are major stations in their respective countries, enabling the findings to havea significant impact.

Beijing West RS is often seen on social media as being congested (Jialing and Yue,2021; Bilibili, 2021), and large parts of its underground commercial spaces areunderutilized (Yu, 2018). In comparison, Shanghai RS is hardly seen on social mediaas congested or underutilized. It has a vibrant surrounding commercial environment.Its North Plaza is used by elderly people dancing during non-peak days.
The current Rotterdam Central RS has a large capacity, and congestion is not a majorissue; leisure events happen on its front plaza, which reduces underutilization. Incomparison, the former Rotterdam Central Station did not support leisure activities onthe plaza because all transport facilities occupied it. The former station’s surroundingenvironment was unsatisfactory due to heavy traffic (Loukaitou-Sideris et al., 2017)(Table 3.1).

TABLE 3.1 Cases selected considering their relevance with overcrowding and underutilization
Relevance ▼ Beijing West RS Shanghai RS The current Rotterdam

Central RS
The previous
Rotterdam Central RS

Relevance to
overcrowding
during transport
peak times

Overcrowding happensfrom time to time No obviousovercrowding – –

Relevance to
(reduce)
underutilization
during non-peak
times

Large underutilizedcommercial spaces • Vibrant commercialenvironment;• North Plaza used byelderly people dancingduring non-peak days

Leisure events on theplaza (e.g., crowddancing duringRotterdam SummerCarnival)

No Leisure events onthe plaza

The cases within the same countries provide comparisons for investigating theinfluence of spatial configurations. The cases in different countries providecomparisons for investigating the influence of national contexts (Figure 3.4).
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FIG. 3.4 Case comparisons planned in this chapter. (Cases are noted as ‘poor’ and ‘good’ in a relative sense:‘good’ cases resolve overcrowding and underutilization and support flexible use, while ‘poor’ cases do not.Source: Author)

3.2.2 Assumptions of flexible use in different scenarios

This chapter makes the following assumptions about stations supporting flexible use indifferent scenarios. In these assumptions, words like ‘can’ and ‘should’ are used, whichseem inappropriate for academic writing, but this is due to the nature of designresearch—Design research develops normative mean-end knowledge (Zwart andDe Vries, 2016) for achieving certain goals under certain conditions, and uses wordslike ‘can’ and ‘should’ to suggest better future versions (Nijhuis and Bobbink, 2012).

• [Scenario 1-a] During event times when large volumes of passengers come and aredelayed before bottlenecks, or [Scenario 1-b] during railway disruption times whenmany passengers are stranded,
[Assumption 1] stations supporting flexible use should be able to effectively use thecity areas adjacent to stations, as spare space, to enlarge the capacity ofaccommodating passengers.

• [Scenario 2] During non-peak times when stations are underutilized,
[Assumption 2] stations should support non-transport use. This assumption is furtherspecified into three sub-assumptions:

• [Assumption 2-a] Stations’ commercial areas should be used by leisure users(i.e., non-passengers) beyond passengers to avoid underutilization.
• [Assumption 2-b] spaces should have spatial qualities that initiate self-motivatedleisure activities (or ‘optional activities’ as noted by Gehl 1987)—e.g.,wandering in the station areas, enjoying outdoor dining—to avoid beingunderutilized.
• [Assumption 2-c] It should be possible to organize leisure events (e.g., openmarkets, air music concerts, dancing) in underutilized spaces to enliven thespaces.

Assumptions 2-a, 2-b, and 2-c all relate to non-transport uses of stations, differing in
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usage duration and space requirements. Commercial and leisure activities (e.g., dining,wandering) use space for extended periods, resulting in higher usage rates, whileleisure events (e.g., markets, concerts) require significant preparation and are lessfrequent, leading to lower usage rates. Commercial and leisure activities can occur insmaller spaces, while leisure events need larger, coherent areas. Despite eventstypically requiring larger spaces and resulting in low space utilization, they remain animportant part of diverse city life. Combining all the above assumptions allows for amore comprehensive investigation of station cases.
This chapter examines the assumptions (embedded in scenarios) on the selected casesin three ways: through site visits, reviews of literature, online websites, orhypothesizing. Some scenarios in certain cases are directly observable (e.g.,Youtubers’ dancing activities on the plaza of Rotterdam Central RS during non-peaktimes); some scenarios are documented in literature or on news websites (e.g., anevent of crowd dancing in front of Rotterdam Central RS during Summer Festival in2022); Other scenarios are hypothetical (e.g., hypothetically organizing a squaredancing on the square of Beijing West RS). Testing hypothetical scenarios is a practicein which design has an advantage (Zevenbergen et al., 2024). All observations,reviews, and scenario hypothesizing are processed using analytical visualization.
The scenarios and assumptions are employed as analytical instruments in this chapter.According to De Jong and Van Der Voordt (2002, p. 258), a scenario is ‘the descriptionof a possible future, partly designed, that corresponds partly to prognoses andperspectives.’ Therefore, it integrates existing phenomena and intended futures—andnot only the futures that are possibly to spontaneously happen, but also the futuresthat are actively driven by policies or intentions (In this research, the intention is topromote flexible use). An assumption here is a normative proposition about a desireduse that a station’s performance should fulfill. These assumptions are treated aslogically valid premises for this design-oriented analysis. This approach ismethodologically analogous to simulation, where simplifying assumptions arenecessary to model a complex system (e.g., see the assumptions used in studies byMarzouk and Mohamed 2019; Hassannayebi et al. 2020). Assumptions do not claimuniversal applicability; specific contexts, such as stringent safety requirements, mayoverride assumptions of flexible use. Notably, assumptions are not hypotheses to bestatistically tested for truth or falsehood. Instead, they are design criteria used toevaluate and understand how different spatial configurations can support the goal offlexible use under varied conditions.
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3.3 Results

This section presents the research results. The first five subsections combined revealhow the phenomena of O&U or flexible use are affected by complex aspects, includingnational contexts, national-context-associated factors, and spatial configurations. Thefirst five subsections serve as the basis for the sixth subsection, and the first sixsubsections serve as the basis for the seventh subsection (Figure 3.5).

FIG. 3.5 The underlying logic of organizing subsections in this section. (Source: Author)

More specifically, subsection 3.3.1 reveals multiple factors associated with nationalcontexts, and how they affect overcrowding and underutilization (O&U);subsection 3.3.2 explains how these factors affect spatial configurations, which, inturn, influence O&U; subsection 3.3.3 explains how spatial configurations affectovercrowding, at a detailed level with case examples; subsection 3.3.4 explains howspatial configurations affect flexible use that reduces underutilization, at a detailedlevel with case examples; subsection 3.3.5 synthesize the spatial configurations’influence on overcrowding and underutilization, at an abstract level. subsection 3.3.6outlines the differences and commonalities between Chinese and Dutch stations; andsubsection 3.3.7 synthesizes the complex interrelationships and highlights spatialdesign’s potential.

3.3.1 National contexts’ influence on overcrowding and underutiliza-
tion

Several factors, associated with national contexts, affect stations, including events,passenger numbers, security checks, ticketing-seating rules, and travel patterns. The
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following paragraphs explain how overcrowding and underutilization in stations areaffected by these factors, and why these factors are hard to change, as they typicallyrelate to broader social contexts.
First, events—such as national holidays in China, or sports matches and King’s Day inthe Netherlands—challenge railway station in terms of overcrowding. During eventtimes, large numbers of passengers come to railway stations, potentially resulting inovercrowding. In China, the most extreme event affecting stations is the Chinese NewYear, during which stations are challenged by massive numbers of passengers travelingto or from their hometowns (Mccarthy, 2018). It is a cultural tradition for Chinesepeople to return home during the Chinese New Year, and long-distance travel occursdue to the uneven distribution of jobs between cities (where people work) and ruralareas (where many people’s hometowns are). Therefore, it is hardly possible to changethis recurring pattern of surging passengers during the Chinese New Year solely toreduce station overcrowding; instead, it presents a contextual challenge that testsstations’ capacity and operational resilience. In the Netherlands, events such as largefootball matches, concerts, or a combination of these, as well as King’s Day, createsurges in the number of passengers, similarly challenging certain stations’ capacityand operational resilience (Aseniya, 2019; Times, 2015).
Second, security checks, ticketing-seating rules, and travel patterns (e.g.,
long-distance travel on a monthly or yearly basis, lack of traveling experience,
irregular trains causing long wait) affect stations in terms of overcrowding. In theNetherlands nowadays, most passengers simply check in and out using theirOV-chipcard, take any one of the relevant trains towards their destinations, and travelwithout assigned seats; many people take trains on a daily basis, for relativelyshort-distance travel. In China (and in Europe, international high-speed railwayservices like Eurostar running between London to Paris), the check-in process inrailway stations is similar to that of airports, with security and ticket checks thatcauses longer waiting times (Chen and Wei, 2013); each ticket is tied to a specific trainand assigned seat, so passengers tend to come to stations early to avoid missing theirscheduled trains, results longer waiting time and quire more waiting area; Chineserailway passengers typically use the railway for long-distance traveling, often carryinglarge luggage, and are less familiar with the travel processes as they use the railway ona monthly or yearly basis. The combination of strict security checks, early arrivingpassengers due to rigid ticketing-seating rules, and inexperienced passengers withbulky luggage decreases the efficiency of the passenger transfer processes in Chinesestations, potentially increasing overcrowding. Historically, Dutch stations also featuredlarge waiting areas to accommodate travelers who often had to wait days for irregulartrains to arrive.
Preventing overcrowding during peak times necessitates stations to be designed withgenerous capacities, which often become underutilized during non-peak times.Therefore, overcrowding and underutilization are closely related. The very factorsdescribed above that affect overcrowding also affect underutilization, through thesame mechanism.
Reflecting on these factors, they differ in how they relate to and express national
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contexts. Events and travel patterns (i.e., long-distance travel on a monthly or yearlybasis, lack of traveling experience, irregular trains causing longer wait) function as
external factors to stations: they originate from broader mobility systems andsocio-cultural norms, and test stations’ capacity to accommodate temporary surges inpassengers, rather than directly altering stations’ internal performance mechanisms.In contrast, security checks, and ticketing-seating rules are internal operational
factors. These are embedded in institutional and systemic settings that directly shapehow passengers move, wait, and use space within stations, thereby exerting a moreimmediate influence on station performance. This differentiation resonates withDa Conceição (2015, p. 33), who distinguishes between internal and externalinfluences on station functioning. These external and internal factors either directlyaffect station performance or influence the design of stations that, in turn, influencehow effectively stations address overcrowding and underutilization, or support flexibleuse (Figure 3.6).

FIG. 3.6 National contexts’ influence on overcrowding and underutilization. (Source: Author)

3.3.2 National-context-associated factors’ influence on spatial con-
figurations

The above subsection reveals several factors associated with nationalcontexts—events, passenger numbers, security checks, ticketing-seating rules, andtravel patterns. This subsection further analyzes how these factors affect spatialconfigurations, which, in turn, influence overcrowding and underutilization. Theanalysis follows abductive reasoning (Cross, 1990), and treats pedestrian flow as theprimary focus. The analysis resulted in two illustrative diagrams—Figure 3.7 andFigure 3.8. Three key analytical concepts are employed to guide the analysis. These
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concepts—circulation space, bottlenecks, and spare spaces—are defined below.
Circulation space denotes any physical area through which pedestrians move, such ashalls, corridors, platforms, and squares (Designing Building, n.d.), whose geometryaffects pedestrian flow and bottleneck formation (Liao et al., 2014; Li et al., 2022a).
Bottlenecks refer to locations with reduced capacity to process pedestrian flow andcan cause congestion (Schadschneider et al., 2012, p. 4). Finally, in this thesis, spare
space denotes additional area in stations designed to accommodate excess pedestrianflow during peak times, and it is additional to what is required for ordinary use. It isalso logical to call it ‘redundant space’ because during non-peak times, this space isunderutilized, presenting redundancy.
Notably, overcrowding—and in its most extreme form, stampedes—is a complexphenomenon influenced by factors beyond the physical spaces, such as crowdbehavior and psychology (e.g., people tend to concentrate in certain areas and do notredistribute themselves automatically for fear of missing trains), as well as managerialinterventions (e.g., on-site personnel guiding the crowd) (Almeida and Schreeb, 2019).Nevertheless, this study focuses on circulation space and spare space, as they areprerequisites for accommodating pedestrians and preventing overcrowding.
Figure 3.7 is a basic diagram illustrating the relationship between spatialconfigurations and national-context-associated factors. In stations, pedestrians’transfer journeys can be seen as moving from origins to destinations. Along thejourney, the pedestrians pass through various circulation spaces, such as pedestriansquares, passages, tunnels, paths, footbridges, etc.
If any of these circulation spaces, or facilities within them, have insufficient capacity toprocess the passenger flow, they act as bottlenecks (e.g., gates for security and
ticket checks often present bottlenecks in stations). Adding spare space is a directsolution to increase the capacity of accommodating stranded passengers beforebottlenecks to prevent overcrowding. However, spare space is typically underutilizedduring non-peak times.
More spare space is needed if bottlenecks become more significant, capacities atdestinations drastically decrease (e.g., due to railway disruptions, no running trainsaccepting passengers), or travel demands at origins drastically increase (e.g., due to
events like the Chinese New Year, massive numbers of Chinese passengers come to thestations). However, increasing spare space also raises the risk of underutilization.
The basic pattern of passengers moving from origins to destinations influenced bybottlenecks and spare spaces (Figure 3.7) appears repeatedly, in its variant forms, instations, as illustrated in Figure 3.8. During a journey, a passenger repeatedly movesfrom one point (origin) to the next point (destination), such as from a bus station tothe railway station, from a building entrance to an exit, from a hall to a train; thebottlenecks can be gates, stairs, or narrow passages; the spare spaces can be stationsquares, halls, platforms, or other spaces.
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FIG. 3.7 A conceptual basic unit of passenger flow. (Source: Author)

FIG. 3.8 A topological mapping of the spatial configuration of Beijing West Railway Station. (Source: Author)
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3.3.3 Spatial configurations’ influence on overcrowding

[Scenario 1-a] During event times when large volumes of passengers are coming anddelayed before bottlenecks, or [Scenario 1-b] during railway disruption times when manypassengers are stranded, [Assumption 1] stations should be able to effectively use theadjacent city areas, as spare space, to enlarge their capacity in accommodatingpassengers (subsection 3.2.2). Case analyses show the influence of the followingspatial aspects: stations’ connections with neighboring city districts, and elements
potentially forming barriers to the pedestrian flow (Table 3.2, row 1).
In the current Rotterdam Central Railway Station (RS) case, the station plaza isconnected to the adjacent city areas through pedestrian-friendly walkable paths(Figure 3.10-①), enabling the station to effectively utilize the neighboring plaza toaccommodate delayed or stranded passengers during peak or disruption times. Thispotential of effectively using the neighboring plaza was indicated by a similar real-worldscenario—during the opening ceremony of the current station, people accumulated allacross the station plaza (Figure 3.10-②) and expanded to the neighboring plaza in theadjacent area. In comparison, the previous Rotterdam Central RS was physicallyisolated from the neighboring areas by a fast road acting as a barrier, rendering itunable to utilize the neighboring areas for passenger buffering (Figure 3.15-①).
In the Shanghai RS case, a neighboring city pedestrian street on the north side isconnected to the main station square by a zebra crossing, enabling easy pedestrianmovement (Figure 3.16); consequently, this street can serve as a spare space foraccommodating pedestrians. In comparison, in the Beijing West RS case, the station isisolated from adjacent city areas by arterial roads acting as barriers (Figure 3.18). Onthe north side, although neighboring sunken plazas exist, their connections to the mainstation plazas are weak: passengers must navigate to either footbridges orunderground tunnels, whose presence is hard to notice. Consequently, the neighboringsunken plazas do not serve as spare space for the station for peak time use(Figure 3.19).

3.3.4 Spatial configurations’ influence on non-transport uses

3.3.4.1 Spatial configurations’ influence on the use of commercial areas
[Scenario 2] During non-peak times when stations are underutilized, [Assumption 2-a]stations’ commercial areas should be used by leisure users (i.e., non-passengers)beyond passengers to avoid underutilization (subsection 3.2.2). Case analyses showthe influence of the following spatial aspects: stations’ connections with neighboring
city districts, commercial areas’ relative locations to gated zones that affect
accessibility, spatial layouts that affect commercial areas’ visibility, and bike
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parking that affect station areas’ accessibility (Table 3.2, row 2-a).
In the current Rotterdam Central Railway Station (RS) case, the station and itsneighboring city districts are well connected at the street level, thanks to the previoustraffic-intensive road being submerged into the underground tunnel. Neighboringresidents can easily walk or cycle to the station, visiting its stores located outside thegated zones. If having railway chip cards, users can go inside the gated zone for freewithin 30 minutes to explore more stores (Figure 3.11). In comparison, in the previousRotterdam Central RS case, to visit the stores in the station, neighboring residentsneed to take detours and cross a traffic-intensive road, which is not pleasant to do forthose with leisure purposes (Figure 3.12).
In the Shanghai RS case, most stores are located at the front of the station buildingand outside the gated zones, so they are accessible to both passengers with traintickets and non-passengers without tickets (Figure 3.17). In the Beijing West RS case,a substantial number of stores are located within the ticketed area, accessible only topassengers with tickets. Additionally, numerous stores are situated in the undergroundspaces on both the south and north sides of the station, which are hardly noticeableunless one ventures downstairs (Figure 3.21). In the South Station Plaza, two atriumsabove the underground commercial areas are designed like equipment facilities,making the expansive commercial spaces below almost invisible to passersby on theplaza (Figure 3.19 and Figure 3.21-⑤). Access to these stores is also challenging forresidents from the neighboring city districts: the south side lacks clear walking paths,and the north side relies on footbridges or tunnels (Figure 3.18). Furthermore, there isno designated bike parking, making cycling impractical. Commercial shared bikes werediscarded haphazardly in the station area.

3.3.4.2 Spatial configurations’ influence on leisure activities
[Scenario 2] During non-peak times when stations are underutilized, [Assumption 2-b]spaces should have spatial qualities that initiate self-motivated leisure activities—e.g.,wandering in the station areas, enjoying outdoor dining—to avoid being underutilized.Case analyses show the influence of the following spatial aspects: spaces of human
scale, mobility sites’ constellation that reduces negative influence on human
perception, traffic elements’ arrangement that reduces negative influence on
human perception, and stations’ connections with neighboring city districts(Table 3.2, row 2-b).
In the current Rotterdam Central Railway Station (RS) case, it is comfortable to hangaround on the plaza, in the weather-protected gray spaces under the large roof, andinside the building. The human-oriented environment supports staying. The plaza iscovered with red marble tile, extending to the station hall. When the weather is fine,many people sit idle on the grass areas’ edges that are designed for seating(Figure 3.10-③), and various activities happen, such as social media video creators
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dancing using the station as a background. The station is designed proportionallyaccording to its neighborhoods’ characteristics—the south side is grand, showingitself as a gateway for the high-rise urban center; the north side is designed in ahumble manner, aligning with southern historical districts (ArchDaily, 2015). There arealso installations and exhibitions held in the station hall from time to time. Incomparison, the previous Rotterdam Central RS, according to Peters and Tolkoff (2016,p. 88), was ‘architecturally drab,’ not easy to find from the city center, and had its’plaza cluttered with vehicles (Figure 3.15).
In the Beijing West RS case, the main station building, its many sub-buildings, and itsspaces are so large that they are out of human scale (e.g., the south facade is 720mlong). The huge dimension of buildings and spaces makes walking experiences lengthyand boring, as experienced by the author. Many underutilized underground spaces areshabby and dark due to a lack of maintenance. The ubiquitous facilities on the southplaza and the massive traffic roundabouts on the north plaza constantly remind peoplethat this is a space designed for transit, not for lingering Figure 3.19. In comparison,the Shanghai RS is more favorable for leisure users. The station is huge, but its size iscomparable to normal buildings in Shanghai city. The station plazas are large andunderutilized during non-peak time, with trees surrounding the edges. So generally, asexperienced by the author, it is fine and also a bit boring to stay on the plazas as aleisure user. During the night, the north plaza is used by elderly people dancingFigure 3.16-②. Of note, it is not fair to directly compare user experiences betweenDutch and Chinese cases, as typical users from each country may have different traits,such as beauty perceptions, and degree of traffic tolerances when walking from theneighborhoods to stations.

3.3.4.3 Spatial configurations’ influence on leisure events
[Scenario 2] During non-peak times when stations are underutilized, [Assumption 2-c] Itshould be possible to organize leisure events (e.g., open markets, air music concerts,dancing) in underutilized spaces to enliven the spaces. Case analyses show theinfluence of the following spatial aspects: coherent large spaces as event venues,
and alignment between paths and event venues (Table 3.2, row 2-c).
In the previous Rotterdam Central Railway Station (RS), the plaza was full of vehiclesand not available for any leisure events (Figure 3.15). In comparison, in the currentRotterdam Central RS case, leisure events like dancing and promotions happen on thestation plaza. This is possible thanks to the new spatial layout (or composition, VanDer Spek 2001) of the transport facilities—the bus and tram stations have beenrelocated to the plaza’s side areas, the main car parking and the main bike garage havebeen placed underground, and the tram lines are simplified with reduced tramplatforms (Peters and Tolkoff 2016, p. 88; Figure 3.11).
In the Beijing West RS case, large leisure events are not well supported by the station
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configuration: The south plaza has many traffic facilities, leaving no coherent space forlarge events; the south sunken plaza is surrounded by road traffic, not favorable forleisure events; the north plaza is relatively small, and its core area is intensivelycrossed by walking passengers; although the north sunken plaza is the most suitablespace regarding physical features, if hypothetically adding events there, the events willbe invisible to the majority of people. In the Shanghai RS case, although no leisureevents have been held to the author’s knowledge, if such events were to be organizedon the station plaza, most people would notice and could easily participate.
TABLE 3.2 Findings of case studies through scenario analyses

Assumptions (in
different
scenarios) ▼

The current
Rotterdam
Central RS

The previous
Rotterdam
Central RS

Beijing West RS Shanghai RS Relevant
spatial aspects

1. To
accommodate
delayed or
stranded
passengersduring peak ordisruption times

• Large plaza.• Smoothconnections,possible to useneighboringplaza

• Plaza forvehicles, peoplecould not use it
• Sunken plazasareunderutilized,hardly helpfuldue to weakconnectionswith mainplazas

• Large plazas • Spare spaceas pedestrianplazas;• Stations’connectionswithneighboring citydistricts
2-a. To let
commercial
areas be used
also by
non-transport
users duringnon-peak times

• Easy walk tocome.• Stores outsidethe gated zone—accessible to all;inside the gatedzone—onlyaccessible withrailway chipcards.

• Take detoursand crosstraffic-intensiveroads to come.• Stores wereaccessible to all.

• By footbridgesor undergroundtunnels tocome.• Atriums’ roofsblock visibility,hardlynoticeableundergroundcommercialareas; storesinside gatedzones—only forpassengers withtickets.• No bikeparking

• Easy walk tocome.• Commercialstores at thefront, accessibleto all.

• Stations’connectionswithneighboring citydistricts;• Commercialareas’ relativelocations togated zonesthat affectaccessibility;• Bike parkingthat affectstation areas’accessibility;• Spatial layoutsthat affectcommercialareas’ visibility
Continued on next page
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Assumptions (in
different
scenarios) ▼

The current
Rotterdam
Central RS

The previous
Rotterdam
Central RS

Beijing West RS Shanghai RS Relevant
spatial aspects

2-b. To motivate
leisure users to
have leisure
activities duringnon-peak times

• Comfort plaza,materials, roof,edges forseating• Buildingresemblesenvironments,the hall hasexhibitionssometimes •Grass areas’edges serve forseating

• Trafficelementsdominateplazas, spacesfor vehicles, notfor people.

• Huge spacesand buildings,out of humanscale, trafficelementsdominateplazas, forpassing, not forstaying.

• Sizecomparablewith citybuildings; largeplazas, mostlyunderutilized,with treessurrounding theedges.

• Spaces ofhuman scale;• Trafficelements’arrangementthat reducesnegativeinfluence onhumanperception;• Stations’connectionswithneighboring citydistricts;• Elementspotentiallyforming barriersto thepedestrian flow;• Seating
2-c. To organize
leisure events to
enliven spacesduring non-peaktimes

• Station plazafor large events,thanks to thenewconstellation ofmobility nodes

• [Not possible] • Main plazas,not possible forevents; sunkenplazas, possible,but invisible.

• Plazas arepossible forlarge events,visible

• Coherent largespaces as eventvenues;• Mobility sites’constellationthat reducesnegativeinfluence onhumanperception;• Alignmentbetween pathsand eventvenues

filler
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FIG. 3.9 Birdview of the current Rotterdam Central RS (on the district level). (Source: Author)

FIG. 3.10 Human-oriented spaces of the current Rotterdam Central RS. [Event in the 2nd image—the station opening ceremony.Event in the 4th photo—Rotterdam Summer Festival. Both events are formally organized.] (Source: up-left anddown-left—west8.com; up-right—dutchnews.nl; down-right—Tropicaliente.nl)
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FIG. 3.11 The current Rotterdam Central RS (on the building level). (Source: Author)
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FIG. 3.12 The previous Rotterdam Central RS (on the building level). (Source: Author)
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FIG. 3.13 The neighborhood connections of the previous and current Rotterdam Central RSs. (Source: Author)
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FIG. 3.14 The previous Rotterdam Central RS (on the district level). (Source: Author)

FIG. 3.15 Traffic-oriented spaces of the previous Rotterdam Central RS (Source: Up-left—commons.wikimedia.org;Down-left—fotos.serc.nl; Up-right—fotos.serc.nl; Down-right—commons.wikimedia.org)

147 Spatial relevance TOC

https://commons.wikimedia.org/wiki/File:Nieuw_Centraal_Station_in_Rotterdam_aangetast,_Bestanddeelnr_908-5455.jpg
http://fotos.serc.nl/zuid-holland/rotterdam/rotterdam-48309/
http://fotos.serc.nl/zuid-holland/rotterdam/rotterdam-45582/
https://commons.wikimedia.org/wiki/File:Rotterdam_Centraal_Station,_2005.jpg


FIG. 3.16 Birdview of Shanghai RS (district level). (Source: Up—douyin.com; Down—photoed by the author

FIG. 3.17 Shanghai RS (on the building level). (Source: Author)
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FIG. 3.18 Bird view of Beijing West RS (on the district level). (Source: Author)
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FIG. 3.19 The south and north plazas of Beijing West RS (Source: Author. Note: Texts in pink are descriptions based on observablefacts, while texts in orange involve the author’s personal experiences and judgments.)
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FIG. 3.20 Beijing West RS (on the building level). (Source: Author)

FIG. 3.21 Beijing West RS (building level) with underground floors (Source: Down-left—m.thepaper.cn; Others—photoed by theauthor)
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3.3.5 Synthesize spatial configurations’ influence on overcrowding
and underutilization

As described in detail by subsection 3.3.3 and subsection 3.3.4, spatial
configurations affect how pedestrian flows are distributed and managed withinstations, thereby affecting both overcrowding and underutilization (See alsoFigure 3.23). The following paragraphs synthesize the findings, highlighting spatialconfigurations across two major aspects: spatial layouts, elements, and qualities(See the table embedded in Figure 3.23).
Spatial layouts affect the overcrowding-underutilization phenomena in stations. Thecase analyses reveal that the overall arrangement of spaces, paths, and functionalzones fundamentally shapes how stations perform under different scenarios. Stations’
connections with neighboring city districts are crucial, as they are associated withuse during peak and non-peak times—strong connections enabling stations to useneighboring city districts’ space as spare spaces during peak time, and enablingresidents to come to and visit stations’ stores or have leisure activities duringnon-peak time. The comparison between the previous and current Rotterdam Centralstations demonstrates how submerging a traffic-intensive road transformed a barrierinto a seamless connection, significantly enhancing the station’s capacity to handleoverflow during disruptions and attracting leisure visitors during quiet periods.
Commercial areas’ relative locations to gated zones that affect accessibility,directly influences whether non-passengers can easily access station amenities. Whencommercial areas are placed outside gated zones and connected to city streets withclear, pleasant paths, as in Shanghai RS and the current Rotterdam Central RS, theybecome natural extensions of urban commercial environments. Conversely, whenstores are hidden underground or locked behind gate barriers, as in Beijing West RS,they remain underutilized assets. Similarly, spatial layouts that affect commercial
areas’ visibility determines whether potential users can even discover theseamenities—hidden commercial areas beneath facility-like designed atriums or behindarchitectural barriers fail to attract leisure visitors, as in Beijing West RS.
The mobility sites’ constellation that reduces negative influence on human
perception—how different transport modes are arranged relative to each other andthe station core—profoundly affects space utilization. The current Rotterdam CentralRS demonstrates how relocating bus/tram stations to the sides and burying carparking creates a coherent central plaza available for both passenger flowmanagement and leisure events. In contrast, stations where surface transportationdominates the central spaces sacrifice this flexibility. Relatedly, the traffic elements’
arrangement that reduces negative influence on human perception either createspedestrian-friendly environments or reinforces the station’s identity as purely a transithub. When traffic roundabouts and vehicle drop-off zones fragment pedestrian spaces,as in Beijing West RS, they discourage leisure use and limit available space formanaging peak flows.
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The alignment between paths and event venues ensures that spaces designated forevents are naturally encountered and easily accessible. Well-aligned paths bringpeople past potential event spaces, making events visible, inviting, and enlivening theenvironments, whereas hidden or detached spaces, like Beijing West RS’s sunkenplazas, remain underutilized even when physically suitable for events.
A further essential layout feature, which significantly affects station use in allscenarios, will be examined in the middle of the next subsection 3.3.6: layouts
associated with flow organization—unidirectional vs bidirectional.
Spatial elements affect the overcrowding-underutilization phenomena in stations.
Elements potentially forming bottlenecks to the pedestrian flow, like gates, stairs,footbridges, narrow tunnels, and passages, directly affect the continuity and capacityof pedestrian flow. When the design or capacity of these elements is insufficient, theycreate bottlenecks that impede movement. When a station’s layout includes a highnumber of such elements, during peak or disruption times, it increases the likelihood ofovercrowding in critical areas and demands more spare space elsewhere toaccommodate waiting passengers.
Elements potentially forming barriers to the pedestrian flow, like traffic-intensiveroads and tracks, typically act as barriers to pedestrian flow. Therefore, they are betterto be submerged in underground tunnels or relocated through proper layouts. Whenbarriers are designed on the ground level, footbridges and tunnels are commonlydesigned to cross barriers. It is important to note that stairs or footbridges—whichrequire vertical movement, and dark tunnels—which feel unsafe to navigate, even whendesigned with sufficient width, are usually not comfortable for (leisure) users to use,thereby impeding their movement. When a station’s layout includes a high number ofsuch elements, it increases the likelihood of underutilization during non-peak times.
Huge spare space—initially designed for transport use during peak time—can alsofunction as spare space as pedestrian plazas during non-peak times. These largespaces also have potential to be designed as coherent large spaces as event venues,where the challenge lies in designing these large spaces to be coherent andunobstructed by other functional elements, so they can be suitable for event gathering.
Spaces of human scale makes stations inviting for leisure activities rather thanintimidating. Oversized spaces and structural elements, as in Beijing West RS, feelinstitutional and transit-oriented, and do not encourage lingering and spontaneousactivities. Elements like seating support staying and waiting. Notably, large spaces forevents may be out of human scale, hence not suitable for spontaneous, small-scaleleisure activities. Therefore, it is necessary to limit the amount of large space, or makelarge space configurable for small activities.
Spatial qualities affect the overcrowding-underutilization phenomena in stations byinfluencing how people perceive and use station spaces. From the perspective ofenhancing users’ perception and motivating activities or events, commercial areas andevent venues can be considered positive elements. The accessibility and visibility of
positive elements or activities are qualities that work together to determine whether
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stations can successfully attract non-transport users. Commercial areas and spacesfor leisure activities must be both easy to reach and easy to see to overcome thepsychological barrier of entering a primarily transport-oriented environment. Thesequalities are affected by spatial layouts, mobility facilities (as captured in the lack of
bike parking that affect station areas’ accessibility, in Beijing West RS), and thearrangement of gated zones. Similarly, qualities like ‘human scale’ of spaces and‘complexity’ of scenes emerge from the combination of spatial elements and layouts,making stations feel inviting and vibrant rather than monolithic and boring.

3.3.6 Commonalities and differences between the Chinese and the
Dutch stations

Commonalities in fundamental station dynamics. Whether in China or theNetherlands, stations are affected by events. For stations with surging passengernumbers during event times or those experiencing railway disruptions, spare spacesare needed to accommodate passengers. The core challenge of managing themismatch between fixed spatial capacity and fluctuating demand is universal.Consequently, spare space is typically crowded during peak times, while underutilizedduring non-peak times in both contexts, establishing a common basis for the O&Uphenomenon.
Differences in national-context-associated factors. The primary divergence lies inthe internal operational factors embedded within each national system. Specifically inChina, stations need significantly more spare space to complement the decreasedtransfer efficiency caused by strict security checks, early arriving passengers due torigid ticketing-seating rules, and inexperienced passengers with bulky luggage. Thisoperational context, which is less prevalent in the Dutch system, explains why Chinesestations are usually much larger than Dutch stations, even when given similar railwaytrack numbers and comparable daily passenger volumes (Table 3.3).
Differences in spatial layouts associated with flow organization—unidirectional vs
bidirectional. A critical difference in spatial design is found in the fundamentalapproach to flow organization. In Dutch railway stations, the spatial layout is designedfor passengers to use the same paths for ingress and egress, forming bidirectionalflows. In contrast, Chinese railway stations often separate these flows—similar toairport designs—creating unidirectional circulation where ingress and egress paths aredistinct (Figure 3.22).
Each layout has advantages and drawbacks. Separated paths allow for highermaximum flow volumes and reduce head-on conflicts between opposite streams ofpedestrians (Zhang, 2012). However, they can also cause pedestrians to become morespatially dispersed, which may result in certain areas being underused. Conversely,shared bidirectional paths concentrate flows, which can intensify overcrowding duringpeak periods or directional surges.
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The choice between unidirectional and bidirectional layouts, therefore, reflectsdifferent spatial logics and operational challenges. For example, in Chinesestations—where ingress and egress are spatially separated, and ingress includesadditional steps such as security checks—the ingress side is often more prone toovercrowding. In contrast, Dutch stations, which lack such separation, must managebidirectional flow conflicts within shared spaces.

Ingress flowLegend: Egress flow

Unidirectional 
(Chinese stations) 

Bidirectional 
(Dutch stations) 

FIG. 3.22 Spatial layouts associated with flow directions (on the building level)(Source: Author. Note: Corresponding real-world examples: top-left—Shanghai RS, top-right—Jiaxing RS; bottom-left—RotterdamCentral RS, bottom-right—Utrecht Central RS. In this figure, floors are annotated in the form of ‘Level X’—instead of 1F, B1, BG,etc.—to overcome the difference in floor number conventions between the Netherlands and China.)

Reconciling station size with passenger numbers. People commonly assume thatChinese major stations, compared to those in other countries, have much largerpassenger volumes and therefore must be much larger to prevent overcrowding.However, the data collected in Table 3.3 contradict this assumption: Beijing West RShandles approximately 150,000–320,000 passengers daily under normal conditionsand around 400,000 during the Chinese New Year, while Rotterdam Central RS servesabout 110,000 passengers daily, and still functions with 330,000 passengersaccording to this thesis’s simulation—see section 6.4, Figure 6.18-B-New. Therefore,the passenger number differences are not as substantial as commonly perceived, yetChinese stations are several times larger in floor area. This suggests that the number
of passengers does not account for the significantly larger sizes of Chinese stationscompared to Dutch ones.
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TABLE 3.3 Daily passenger numbers and sizes of the stations
Measurement ▼ Beijing West RS Shanghai RS The current Rotterdam Central

RS

Daily passenger
numbers during
holiday peaks

• Ingress+Egress=400,000[Date not specified] accordingto (Zhuohetech, n.d.)• Ingress=262,200*[02-02-2019] according to(Baidubaike, n.d.)

• Ingress=191,000*[08-02-2024] according to(Chinanews, 2024)• Ingress=196,000* [2024]according to (ShanghaiMunicipal TransportationCommission, n.d.)

(330,000, tested in simulation—see section 6.4,Figure 6.18-B-New)

Daily passenger
numbers on normal
days

• Ingress+Egress=150,000–180,000 [Date not specified]according to (Zhuohetech, n.d.)• Ingress+Egress=274,000**[2019] according to (ChinaState Railway Group Co., n.d.)• Ingress+Egress=320,000[2018] according to (Yu, 2018)

Ingress+Egress=191,3000** [2023] accordingto (Jintainews, 2024)
Ingress+Egress=104,840 [2023] according to(NS, n.d.)

Tracks numbers 20 15 13
Floor area 500,000 m2 90,000 m2 45,000 m2

Note: * No data on egress, but typically, in this pre-Chinese New Year time in major stations in megacities,passenger numbers of egress are less than those of ingress, because many people are traveling from megacitiesto their hometowns. ** Averaged from the annual passenger number

3.3.7 The complex interrelationships and the potential of spatial de-
sign

Synthesizing the above findings, this subsection presents Figure 3.23 to illustrate theinterrelationship among key factors. National-context-associated factors—includingevents, travel patterns, passenger characteristics, and operational procedures-directly influence passenger behavior and flow dynamics, creating conditions that leadto overcrowding during peak times.
These factors contribute to bottlenecks in pedestrian flow, which can be caused byboth non-spatial factors (strict security checks, early arriving passengers due to rigidticketing-seating rules, and inexperienced passengers with bulky luggage) and spatialelements (narrow passages, insufficient gates, stairs), exacerbating overcrowding.
Spare space emerges as a pivotal concept that connects these aspects of stationperformance, with its benefits and drawbacks. As shown in the diagram, spare spaceaddresses overcrowding by providing extra capacity to accommodate strandedpassengers during peak periods or service disruptions. However, this same spatialresource contributes to underutilization during normal operations, a phenomenon thatfundamentally emerges from the mismatch between fixed spatial capacity andfluctuating passenger numbers. The dual nature of spare space—as both essentialsafety infrastructure during peaks and potential wasted resource during off-peaktimes—makes it a critical focus for spatial configurations.
In contrast to national-context-associated factors, which are generally difficult to

155 Spatial relevance TOC



change due to their roots in broader socio-cultural systems, spatial configurations aremore malleable. Spatial configurations affect pedestrian activities, and interact withnational-context-associated factors. The substantial content of spatialconfiguration—encompassing layouts, elements, and qualities—highlights spatialdesign as an important means of intervention.
This potential can be realized through thoughtful design strategies: by enhancingstation connections with neighboring districts, optimizing flow organization patterns,carefully locating commercial areas, and creating human-scaled spaces thatencourage diverse activities and serve as coherent event venues. In doing so, spatialdesign can transform stations from mono-functional transport hubs into vibrant,flexibly-used urban spaces that transition seamlessly between transportaccommodation and non-transport uses, thereby maintaining operational efficiencywhile supporting broader urban vitality.
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FIG. 3.23 The relationships between aspects related to the overcrowding-underutilization phenomena. (Source: Author)
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3.4 Discussions

This section discusses several insights or reflections that emerged from the research,including the potential of static layouts, the nature of elements and layouts in relationto spatial scales, the role of other contextual factors, and experience transfer betweendifferent national contexts. The research contributions and limitations are summarizedat the end of this section.

3.4.1 The untapped potential of static layouts for flexible use

The findings of this research underscore the significant yet overlooked potential ofstatic layouts. In the previous Chapter 2, subsection 2.4.4, the literature review revealsthat existing literature has a strong focus on dynamic—‘reconfigurable,’ ‘flexible,’ or‘kinetic’—solutions, such as kinetic buildings, moveable walls, retractable seating,potted plants, and other flexible elements, which allow a physical layout to bereconfigured. While these solutions are valuable, this chapter’s findings highlight acomplementary and often overlooked strategy: the potential of static, fixed layouts to
enable flexible use.
A fixed layout, such as the layout of mobility sites and plaza at the current RotterdamCentral Station, does not physically change during peak and non-peak times, but thepatterns of use it supports are highly flexible. It provides easy connections, allowingcity users to visit the station during off-peak hours, and gives passengers naturaloverflow routes into the neighboring city plaza during peak times. This approach offersa more permanent and potentially lower-maintenance pathway to mitigating O&U,positioning static layouts as a critical tool alongside dynamic, reconfigurable ones.

3.4.2 The nature of elements and layouts in relation to spatial scales

‘Elements’ and ‘layouts’ are fundamental concepts in design research (Liu, 2020).According to Alexander (1979), “the element itself is not just embedded in a pattern ofrelationships, but is itself entirely a pattern of relationships, and nothing else." Whilethis view powerfully emphasizes the primacy of relationships (or layouts in a physicalsense), this chapter’s analysis suggests a more nuanced distinction between an‘element’ and a ‘layout’ is relative to the scale of analysis (Figure 3.24). What appearsas a singular element at one scale—for instance, a station plaza—is, at a smaller scale,potentially comprising multiple elements such as mobility sites, facilities, and their
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interrelationships embedded in layouts, as in Beijing West RS and the previousRotterdam Central RS. Also, bottlenecks and barriers are rarely isolated elements butare often caused by a specific layout at a larger scale. Designing for the flexible use ofrailway stations requires a conscious understanding of how interventions at one scaleredefine the elements and layouts at another.

FIG. 3.24 The nature of elements and layouts in relation to spatial scales. (Source: Author)

3.4.3 The role of other contextual factors

Beyond the factors already discussed, stations are also affected by other contextualelements, such as the typical city size and the number of railway stations in a city. Forexample, the lack of bike parking in Beijing West Railway Station is partially due to thefact that bikes are currently of low priority to its passengers. Large Chinese cities likeBeijing and Shanghai, with populations of dozens of millions and with only three to fourmajor railway stations, rely largely on vehicle transportation to transfer theirpassengers within the cities. In comparison, Dutch cities like Rotterdam, with apopulation of less than one million, actively utilize bikes and walking as a way oftransportation. This research expects future research to continue this exploration ofmore factors.

3.4.4 Experience transfer between different national contexts

A primary challenge in comparative urban studies lies in navigating the tensionbetween contextual specificity and the desire for generalizable knowledge. Thequestion of whether experience from one national context can be meaningfully appliedin another often meets with skepticism. This chapter, however, argues that this barriercan be overcome by distinguishing between different types of experience. This
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research’s reflection suggests that transferability is not a binary condition but aspectrum, dependent on which conceptual level the analysis is conducted, and howbroad the systems in which these experiences are rooted—concrete experience of awhole case may not be entirely transferable to another case, but components andrelated abstract concepts of a case are usually transferable (Chorus, 2012, p 19). Thischapter recaps the following types of experience with their varying transferabilityacross contexts and cases:

– Regarding national contexts: National-context-associated factors are generally hard tochange from the station design perspective. Internal operational factors—like securitychecks and ticketing-seating rules—are rooted in institutional systems; Externalfactors—like travel patterns—are even harder to change as they are rooted in widermobility systems and socio-cultural norms (subsection 3.3.1); therefore, theassociated experience is hard to transfer. Conceptual knowledge associated withevents, spare spaces, and bottlenecks (subsection 3.3.2) remains highly generalizable,as events happen to both Chinese and Dutch cases, manifesting in different forms, e.g.,as national holidays or football matches.
– Regarding spatial configurations (subsection 3.3.3 and subsection 3.3.4): experiencewith spatial elements and qualities is easier to transfer. In comparison, experience withspatial layouts—especially layouts associated with flow organization which eveninvolves operational contexts—is harder to transfer. Experience of district-levelaspects, such as stations’ connections with neighboring city districts, is moretransferable than experience of building-level aspects.

3.4.5 Correlation between flexible use and station-city integration

When examining the complex interrelationship in Figure 3.23, a critical insight emergedregarding the role of stations’ connections with neighboring city districts—theseconnections are a primary physical manifestation of station-city integration and a keyenabler of the flexible use. This insight consolidates the functional and conceptualcorrelation between the two topics—flexible use and station-city integration—flexibleuse is functional integration of stations and cities, hence being a new value enrichingthe meaning of station-city integration (Chapter 1, section 1.1 and subsection 1.5.1).

3.4.6 Research contributions and limitations

This research makes two primary contributions to the knowledge body. First, itprovides a detailed explanation of how factors affect the overcrowding-underutilizationphenomena, in a complex relationships network (Figure 3.23), which serves as astarting point for developing further solutions. By revealing the substantial layouts,
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elements, and qualities involved in spatial configurations, it confirms spatial design asan important means of intervention. Second, this research elucidates how nationalcontexts affect stations, differentiating external factors and internal operational factors,which supports the transfer of station design knowledge across different countries.
Methodologically, while both the use of in-depth case studies and prospective scenarioanalysis are established qualitative approaches in transport and urban research(Hickman et al., 2012; Abou Jaoude et al., 2022; Lu et al., 2023), combining andapplying them to the specific question of spare space and theovercrowding–underutilization phenomenon has remained limited. In this research, thescenario-based exploration proved particularly valuable for revealing not onlyhistorical patterns in the four selected stations but also their likely performance underfuture potential conditions. This study’s limitation lies in its small scope of four cases,potentially overlooking greater complexity and more significant findings.

3.5 Conclusions

This chapter establishes the definitive mechanics driving the dual phenomena ofovercrowding and underutilization (O&U) across different national contexts and spatialconfigurations. By evaluating four major railway station cases under varied peak andnon-peak scenarios, this research provides a substantial, evidence-based frameworkthat explicitly answers how national contexts affect the overcrowding-underutilizationphenomena in railway stations, as well as how spatial configurations affect thesephenomena and hence what spatial design’s potential is, thereby advancing thediscourse on flexible use and station-city integration.
In answering the first research question—how national contexts affect theovercrowding-underutilization phenomena, this study demonstrates thatmacro-systemic settings dictate a station’s physical size and internal operationalcapacity through distinct, context-dependent pathways. Counterintuitively, raw
passenger numbers alone do not explain the significant size differences betweenChinese and Dutch stations. While Beijing West Railway Station handles approximately150,000 to 320,000 passengers daily under normal conditions and around 400,000during the Chinese New Year peak, the current Rotterdam Central Station serves about104,840 passengers daily on normal days and successfully functions with up to330,000 passengers under simulation. Yet, despite these comparablepeak-throughput scales, Beijing West requires a massive floor area of 500, 000 m2 with20 tracks, whereas Rotterdam Central operates within a compact floor area of
45, 000 m2 with 13 tracks.
Instead, national contexts affect overcrowding and underutilization through distinct

161 Spatial relevance TOC



internal operational factors and external factors that differ fundamentally between thetwo environments. In the Chinese case, major stations face unique demographic andoperational challenges driven by rigid institutional systems, such as strict airport-style
security checks and rigid ticketing-seating rules where tickets are tied to specifictrains and assigned seats. This forces passengers to arrive early, resulting in longerwaiting times, which is further compounded by a passenger demography characterizedby long-distance, infrequent traveling, a lack of traveling experience, and bulky
luggage. These internal operational factors significantly decrease passenger transferefficiency and create severe pedestrian flow bottlenecks before gates, necessitatingthe design of massive spare spaces (or redundant spaces) to safely accommodateflows and prevent overcrowding during extreme external events like the Chinese NewYear. Because these large spatial allocations are hardcoded for peak conditions, theyare structurally forced to function as sterile, underutilized voids during standardoperations.
Conversely, the Dutch case presents a completely contrasting operational paradigmdesigned for short-distance, daily travel where passengers seamlessly check in and outusing their OV-chipcard, travel without assigned seats, and face no strict securitychecks or entrance bottlenecks. Furthermore, the demographic behavior relies heavilyon walking and cycling as an active way of transportation, supported by bike parking.While external contextual challenges like sports matches or King’s Day still createsurges that challenge station performance, the high efficiency of the internalpassenger transfer process allows Dutch stations to maintain operational resiliencewithin a significantly smaller floor area, proving that solutions to theovercrowding-underutilization phenomena cannot be universally generalized but mustbe tailored to these localized institutional settings and socio-cultural norms.
In answering the second research question—how spatial configurations affect thesephenomena and what spatial design’s true potential is, the findings prove that specificspatial layouts, elements, and qualities directly govern a station’s resilience againstovercrowding and its capacity to systematically reduce off-peak underutilization.Physical configurations influence overcrowding via the geometry of elementspotentially forming bottlenecks to the pedestrian flow and layouts that fail to distributecritical circulation streams smoothly. This spatial mechanic is demonstrated within theanalyzed precinct radius, where the current Rotterdam Central Station utilizes a highlyconnected, pedestrian-friendly plaza to access adjacent city areas as critical passengeroverflow buffers during disruptions, whereas Beijing West Railway Station is physicallyisolated by arterial roads and a long north facade that traps pedestrian streams awayfrom its nearby sunken plazas due to unnoticeable footbridges and tunnels.
Correspondingly, spatial design holds immense potential to mitigate underutilizationduring quiet periods by intentionally configuring layouts to support non-transport
uses, which are categorized into commercial activities, leisure activities, and leisureevents. This intervention potential is directly governed by the layout of commercialareas relative to gated zones. Positioning storefronts at the front of the station buildingin Shanghai Railway Station and outside gated boundaries at Rotterdam Central makesthem fully accessible and visible to non-passengers, while the massive subterraneancommercial zones of Beijing West suffer from poor accessibility and are completely
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masked from the plaza by facility-like atrium roofs.
Furthermore, initiating self-motivated leisure activities and hosting large-scale leisureevents depends heavily on maintaining high spatial qualities, human scale, and aperipheral constellation of mobility sites. Burying car parking underground andrelocating bus or tram stations to the side areas creates the coherent, large spaces asevent venues necessary to enliven the precinct. Prioritizing surface traffic elementsand neglecting dedicated bike parking reinforces a purely transit-oriented identity thatprevents the environment from being used for lingering.
A further critical manifestation of spatial design’s potential lies in managing thefundamental layout aspects associated with flow organization, specifically the choicebetween unidirectional and bidirectional circulation patterns. Unidirectional layouts,prevalent in Chinese stations, completely separate ingress and egress paths to handlehigher maximum flow volumes and eliminate head-on pedestrian conflicts, yet theyincrease spatial dispersion and risk leaving certain areas underused. Bidirectionallayouts, prevalent in Dutch stations, consolidate passengers along shared paths tooptimize space utilization during standard hours, but introduce complex shared-spacefriction points that challenge operational safety during sudden directional peak surges.
Ultimately, layout aspects like stations’ connections with neighboring city districtsserve as the primary physical mechanism affecting both overcrowding andunderutilization across all scenarios. Strong street-level connections establish adual-purpose resilience; they empower a station to effectively absorb extreme transitdisruptions into the surrounding fabric, while simultaneously allowing neighboringresidents to naturally filter into the precinct for non-transport uses during standardoperations. This confirms that static, fixed layouts possess an unexploited potential forflexible use. While the physical geometry remains unchanged, a highly integratedspatial configuration allows a transit hub to transition seamlessly between transportaccommodation and active urban life, establishing spatial design as a powerfulintervention means for successful station-city integration.
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PART II Design Principles

This part, comprising Chapters 4 and 5, addresses the knowledge gaps identified in
Part I by substantiating the spatial relevance of flexible use into concrete spatial
design principles.
Chapter 4 develops a set of design principles for designing stations that enable flexible
use. These principles cover elements and layouts of stations at building and district
levels.
Chapter 5 tests and validates these principles. Through research-by-design, it
translates the principles into concrete spatial proposals for a virtual case study
(Station Xtreme), and it evaluates their performance using the assessment framework
developed in Chapter 6.
The content of Chapter 5 has also been published in: Enshan, C., van der Spek, S.,
Tian, A., Triggianese, M., & van der Hoeven, F. (2025). Evaluate design principles for
flexible use of railway station areas: Through research-by-design and agent-based
simulation. Journal of Building Engineering, 112, 113775.
https://doi.org/10.1016/j.jobe.2025.113775
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4 Design principles

Iteratively learned from cases andliterature through analyticalvisualization
ABSTRACT Spatial design has the potential to enable flexible use aimed at reducing overcrowdingand underutilization in railway station areas, with design principles serving as essentialguides for practice. However, this potential has not yet been realized, as no widelyaccepted or systematically articulated set of design principles currently supports suchflexible use in railway station areas. Addressing this gap in knowledge, this chapter

questions: What are the design principles for railway station areas that supportflexible use aimed at reducing overcrowding and underutilization? It employs amultiple-step methodological framework, examining cases and the literature papersthrough analytical visualization to iteratively develop design principles. The heuristicsfor design principles are accumulated through the analysis of scenarios, issues, spatialand managerial dimensions, spatial qualities, and expert comments. This chapter
resulted in the identification of 27 design principles, from which six design qualitiesemerged: event visibility, reconfiguration, connection, dispersed, human-centered, andflexible use.

KEYWORDS Overcrowding, underutilization, urban design, pattern language
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4.1 Introduction

This thesis aims to advance flexible use as a strategy for reducing overcrowding andunderutilization, and promoting station–city integration (section 1.5). Spatial design iseffective in realizing flexible use (subsection 1.2.4, subsection 3.3.3, subsection 3.3.4),providing an extra means of interventions besides other means like management andplanning (Ross 2000; see also subsection 4.2.2, temporal dimension; andsubsection 1.3.4). From the spatial design perspective, Chapter 2 revealed gaps inintegrating knowledge of crowd dynamics with public space use, as well as in applyingspatial layouts as design solutions. Accordingly, this chapter seeks design principlesthat both integrate existing insights and provide new knowledge on spatial layouts(Figure 4.1).

FIG. 4.1 Design principles supporting flexible use aimed at reducing overcrowding and underutilization instation areas. (Source: Author)
Design principles are commonly used in the fields of urban and architectural design,with meanings that vary in different research or design projects, from vague to morespecific (Liu, 2020; Van Der Hoeven and Juchnevic, 2016). A classical concept called‘patterns’ proposed by Alexander (1979, 1977), can serve as a structured definition ofdesign principles:

“Each pattern is a three-part rule, which expresses a relation between acertain context, a problem, and a solution” (Alexander, 1979, p. 247).“Each pattern depends both on the smaller patterns it contains, and on thelarger patterns within which it is contained” (Alexander, 1979, p. 312).
Regarding railway stations, a few manuals of design principles have been developed.For example, the company Network Rail in the UK has developed design principles forstations (Networkrail, 2024) and station areas (Networkrail, 2023). The company‘Spoorbeeld’ (the Dutch word for ‘Railway Image’) in the Netherlands has developeddesign principles for different aspects of stations, including urban design of station
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areas (Spoorbeeld, n.d.). These kinds of guidance were established with diverseobjectives to improve station qualities. However, despite these efforts, designprinciples that specifically address the problem of overcrowding and underutilization,through flexible use, are still lacking. Regarding this knowledge gap, the following main
research question is presented:

What are the design principles for railway station areas that supportflexible use (aimed at reducing overcrowding and underutilization, andpromoting station-city integration)?
Developing such design principles involves the following opportunities and challenges:First, there are multiple data sources for developing design principles, including theliterature and case studies of stations that provide insights into existing practices (e.g.,Peters and Tolkoff 2016), as well as scenario analyses that offer insights into futurepossibilities (Chapter 3). Second, railway stations are complex projects that involvespatial-temporal and management aspects; therefore, systematic approaches forstation analysis should be able to integrate these aspects. Third, many existing designprinciples lack an external validation process during their development. Regardingthese opportunities and challenges, in this chapter, a subsequent minor researchquestion is presented:

How can design principles of complex projects, like railway stations, bedeveloped in a systematic way that enables synthesizing, probing, andvalidating knowledge?
Addressing these questions, the study applies a multi-step analytical framework tomultiple cases to develop design principles for railway station areas. The findingscontribute to both the substantive body of design knowledge and the methodologicalapproaches for deriving such principles. The remainder of this chapter is structured asfollows: section 4.2 describes the methodology, section 4.3 reports the results,section 4.4 discusses extra insights and reflections, and section 4.5 draws conclusions.

4.2 Methodology

This chapter employs a multi-step methodological framework to systematically developthe design principles, which involves establishing design objectives and designdimensions, collecting data from cases and literature, processing the data iterativelythrough analytical visualization, formulating initial findings, and reflecting on thefindings through expert interviews (Figure 4.2).
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Figure 4.3 provides an example of how such principles are iteratively developed withthe accumulated heuristics. The chain of reasoning unfolds as follows: It begins withan ideal scenario in which people engage in leisure activities on station plazas toprevent underutilization (Link 0)→ This leads to the recognition that railway tracksform barriers to accessing these plazas (L1)→ Passages across station buildings areidentified as a way to overcome these barriers and facilitate pedestrian flow →Consideration is given to which higher-level spatial factors affect the effectiveness ofsuch passages (L2)→ The positioning of the passages is examined (Links 3’ and 3)→From the two principles developed, the quality or strategy of connection emerges →This leads to the question of what other design principles can be developed, bytransforming and applying connection at a larger spatial scale (L4)→ The concept ofcity axes is introduced (L5)→ An expert comments that city axes can also helpstakeholders understand the structure of urban design schemes. Iterations occurthroughout this process, as illustrated by the transitions between Links 3 and 4, whereideas move from design principles to emerging qualities and back again. The followingsubsections describe key components of the methodological framework.
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FIG. 4.3 An example of how design principles are iteratively developed.(Source: Author. See also the full results in Figure 4.5)
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4.2.1 Objectives and scenarios to support

4.2.1.1 Design objectives or assessment criteria
As described in Chapter 1, subsection 1.7.3, this research established multipleassessment criteria for positive solutions, including: (1) reducing overcrowding andunderutilization, (2) adding socio-economic values to the station or the city, and (3)improving user experience. These criteria serve as design objectives that the designprinciples are intended to support.

4.2.1.2 Scenarios and assumptions of flexible use
As described in Chapter 3, subsection 3.2.2, this research constructs two scenarioswith corresponding assumptions on flexible use, which the design principles shouldsupport:
• [Scenario 1-a] During event times when large volumes of passengers come and aredelayed before bottlenecks, or [Scenario 1-b] during railway disruption times whenmany passengers are stranded,

[Assumption 1] stations that support flexible use should be able to effectively useadjacent city areas, as spare space, to enlarge their capacity of accommodatingpassengers.
• [Scenario 2] During non-peak times when stations are underutilized,

[Assumption 2] stations that support flexible use should support non-transportactivities or events. This assumption is further specified into threesub-assumptions:
• [Assumption 2-a] Stations’ commercial areas should be used by leisure users(i.e., non-passengers) beyond passengers to avoid underutilization.
• [Assumption 2-b] Spaces should have spatial qualities that initiate self-motivatedleisure activities (or ‘optional activities’ as noted by Gehl 1987)—e.g.,wandering in the station areas, enjoying outdoor dining—to avoid beingunderutilized.
• [Assumption 2-c] It should be possible to organize leisure events (e.g., openmarkets, air music concerts, dancing) in underutilized spaces to enliven thespaces.
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4.2.2 The spatial, temporal, and managerial dimensions of stations

In this thesis, stations are examined in terms of their spatial, temporal, and managerialdimensions. As described below, within these dimensions, the contents of analysis andways of analysis are further clarified.

4.2.2.1 Spatial dimension
In this thesis, the spatial dimension is foundational for defining the scope of whatcontent to analyze and at what scalar levels.
This thesis focuses on station areas with a defined spatial scale ranging from districtto building levels and within a range of around 250m. District level and building levelsare typical scale levels for urban and architectural design interventions. This 250m asa station area range is determined considering the typical ranges of people walkingand perceiving, as explained in Chapter 1, subsection 1.6.6.
This thesis analyzes stations’ spatial configurations (section 3.1), which is defined asfollows: the relational arrangements of spatial elements and their connections,encompassing both the physical spatial layout—the tangible arrangement of spatial
elements like platforms, circulation areas, ticket sales and retail space, and stationforecourt (Edwards 1997, pp. 50-83; See also the detailed listing of spatial elements insubsubsection 1.6.4.1)—and physical-associated aspects, such as connectivity, flowpotential, and the affordances that spaces provide for movement and interaction (VanDer Spek, 2001). Rather than describing isolated spatial components, configurationscapture the structural relationships between them, shaping how spaces are perceived,navigated, and used.
Non-physical (or semi-physical) contents that are affected by spatial configurations,including pedestrian flow, experience, and station functions, are also examined, fromthe following perspectives (Figure 4.4):

– Approach stations as infrastructures that facilitate pedestrian flow transferring fromorigins to destinations (Figure 3.7, Figure 3.8) and conducting flow analysis;
– Examine specific paths of users to gain experiential/perceptual understandings ofspace (Arne, 2022);
– Considering station-city integration, analyze the station areas (subsection 1.6.6) asthings that belong to either the station or the neighboring city.
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4.2.2.2 Temporal dimension
In this thesis, the temporal dimension is foundational for defining the scope andenabling the analysis of events, spatial design, and space use. Events can happen withdifferent frequencies, or can be observed at different temporal scales. Railway stationareas are affected by a spectrum of events across different temporal scales, rangingfrom rare pandemics, Olympic games, yearly festivals (Mccarthy, 2018), multi-weeklyrailway disruptions (Rijdendetreinen, n.d.), weekly markets, and daily commuting. Thisthesis focuses on events that occur with a frequency between multi-weekly and yearly,because these types of events in stations are less studied (see more explanations insubsection 1.6.1 and subsection 1.6.2).

4.2.2.3 Managerial dimension
In this thesis, the managerial dimension is also considered because management isclosely related to flexible use. The following management interventions are consideredalongside spatial design interventions: (1) organizing events in station areas during
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non-peak times, and (2) regulating access to station elements such as gated areas,specific pedestrian paths (subsection 1.6.4).

4.2.3 Data sources and data processing

4.2.3.1 Station cases and literature as the data sources
This chapter uses real-world cases and literature as data sources to discover designprinciples that already exist in practice. The cases used in this chapter include sixinitial station cases, multiple extended station cases, and non-station cases. The sixinitial station cases include Beijing West Railway Station (RS), Shanghai RS, the formerand the current Rotterdam Central RSs, and the former and the current Utrecht RSs.(See the detailed description of case selection in Chapter 1, subsection 1.6.5).
Extended station and non-station cases are used in the following situations: (1) Whenadditional station cases help further illustrate the discovered solutions, (2) When extracases extend the generalizability of the design principles. The non-station casesinclude airports, shopping malls, and stadiums because they, like stations, are alsolarge infrastructures that deal with massive numbers of users.
12 papers provide heuristics for analytic drawing (See Supplementary Materials).These papers were selected during the literature review of the PhD project (Chapter 2).They contain content closely related to building- and district-level design, yet notspecified for railway station area design regarding flexible use. These cases and theliterature are observed and read, followed by analytical visualizations.

4.2.3.2 Analytical visualization for data processing
Drawing is a powerful medium for designers to acquire knowledge and understanding,as well as generate and develop design (Unwin, 2007). Designers typically employ acertain level of abstraction in drawings to capture the essence instead of exhaustivedetails of reality (Edwards, 2008). Abstraction enables the findings and designoutcomes to be more generalizable to new contexts. This chapter conducted analyticalvisualizations in a structured way. It examined each case regarding its relevance todesign objectives and design dimensions, compared relevant pairs of cases to seeevident commonalities or differences, and then drew the findings as design principles(See Supplementary Materials) After an initial design principle has been drawn, thischapter further changes the principle itself and its contexts to examine the impact. Thechanges include transferring the principle between different types of buildings or
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spaces; transferring the principle between different spatial scales; testing it withdifferent shapes, sizes, positions, directions, and so on (Department of ArchitectureDesign Fundamentals, Tongji University, 1991). These changes allow for thedevelopment of new design principles that do not exist in practice yet (i.e., not inreal-world cases or the literature). After the changes and examination, the initialdesign principles were extended into a broad set of principles containing variations ofthe initial ones.

4.2.4 Reflect the design principles

The design principles are evaluated in two ways: through expert interviews andthrough research-by-design. Four experts, including two designers in the practice, astation manager, and a professor (Table 4.1), were interviewed, providing commentson the design principles based on their broader interests and considerations. Insection 4.3, this chapter incorporates experts’ relevant comments into the descriptionsof principles.
TABLE 4.1 Occupation background of the interviewees

Interviewee Occupation

Interviewee 1 Professor of Urban Design at a university; Chief architect at a design firm
Interviewee 2 Architect at a design firm that specializes in railway station projects
Interviewee 3 Urban designer at a design firm that engages in railway station projects
Interviewee 4 Station manager at NS Stations

Methodologically, this chapter is also supported by other chapters: Chapter 3 buildsfive scenarios of flexible use and identifies relevant spatial elements and issues, whichserve as heuristics for developing design principles in this chapter; Chapter 5 furthertests the design principles through research-by-design and agent-based simulation.

4.3 Results

In this chapter, more than twenty design principles were discovered or developed(Figure 4.5). Both the literature and station cases provide substantial heuristics for thefinal result. Different design principles have their varying strengths and limitations(Appendix B). It is evident that more potential design principles can be found in futureresearch following the same methodology.
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In the final 27 developed design principles, six qualities emerged: human-oriented,event visibility, connection, reconfiguration, dispersed, and flexible use (Figure 4.5 andTable 4.2). For the simplicity of this final report, the 27 (minor) design principles areaggregated into six major principles, based on these qualities. Table 4.2 provides abrief overview of qualities, the major design principles, and the key heuristics they arebased on. Each quality adds a certain value to the stations or solves issues of thestations.
TABLE 4.2 Design principles for flexible use of station areas with supporting heuristics

Qualities to achieve Major design principles
(DPs)

Main heuristic basis

1. Event visibility Ensuring event visibility byaligning paths and spaces. Events on the plaza of the current Rotterdam Central Railway Station(RS) easily attract pedestrian attention, enlivening the environment,while any events in Beijing West RS’s sunken south plaza remainunseen from ground level.
2. Reconfiguration Incorporating temporaryelements andreconfiguration-supportivelayouts.

In Figure 4.16, Layout B (inspired by pedestrian controls in airportsand stations) supports efficient non-peak time transfers and safelong-distance peak-time transfers, while Layout A (referencing AllianzArena, where the metro station is far away from the arena) does not.
3. Connection Establishing high-qualityconnections at differentscales.

In Utrecht Central RS and Rotterdam Central RS, there arehigh-quality city axes and pedestrian passages, enabling easypedestrian movement to enliven the environment. In contrast, BeijingWest RS has inconvenient footbridges and tunnels, and pedestriansonly use them out of necessity.
4. Dispersed Adopting dispersed layoutsfor high capacity or vibrancy. While facing similar contextual challenges of holiday peaks, ShanghaiRS is typically less crowded than Beijing West. Shanghai RS has eightbus stations dispersed around it, while Beijing West RS has two majorbus stations concentrated.
5. Human-oriented Prioritizing core spaces forhumans instead of vehicles. The current Rotterdam Central RS has a human-oriented plazasupportive of leisure events, while the former plaza was dominated byvehicles, trams, and a metro station, leaving no space for such events.
6. Flexible use Enabling flexible use throughprogramming. In Guangzhou, China, during the Chinese New Year, when railwaystations are under pressure from surging high volumes of passengers,stadiums in the city were planned for backup use of stations in case ofemergencies.

The following sub-sections present the design principles with more details, in the formof: context - problems/potentials - solutions - examples - limitations. In section 4.1,this chapter already described the general context—station areas aiming for flexibleuse and station-city integration, and general problems—overcrowding andunderutilization. In the following sub-sections, when describing specific components ofprinciples, their corresponding specific contexts will be mentioned.
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4.3.1 Ensuring event visibility

4.3.1.1 Make events visible by aligning main paths and open spaces
To reduce underutilization, leisure events such as open-air concerts, markets, androadshows (Smith et al., 2021), can be organized to create a vibrant stationenvironment; But If the events happen in spots that are invisible to pedestrians (e.g.,due to level changes, street-level sight lines are blocked) or away from main pedestrianpaths, then events will not be able to attract people easily. Therefore, open spaceshosting events should be well aligned with leisure pathways to enhance visibility andattract attendees. Obstacles blocking views should be removed. Figure 4.6 illustratestwo comparable scenarios: Events on the plaza of the current Rotterdam CentralRailway Station (RS) easily attract pedestrian attention, enlivening the environment,while any events in Beijing West RS’s sunken plazas remain unseen from ground-levelplazas.

FIG. 4.6 Event visibility regarding path-space alignment. (Source: Author)

4.3.1.2 Leverage ‘see-and-be-seen’ by using stairs as stages or seats
Events’ visibility can be enhanced by using stairs as stages or seats. Grand stairs aregenerally not recommended for station areas as they hinder pedestrian flow,potentially causing pedestrians to stumble. However, in some situations, station areasstill have grand stairs due to topography or floor changes, like the grand stair in thewest of Utrecht Central Station, or the grand stairs of the Cologne Cathedral in front ofthe Cologne Central Station. In this context, the grand stairs can be designed aspotential performance stages or audience seats, taking advantage of the level changeto leverage the ‘see-and-be-seen’ relationship (Gehl, 1987) between audiences andperformers. Using grand stairs as stages or seats has been practiced in variousreal-world cases. For instance, the grand stairs at the west side of Utrecht Central
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Station have been used as seats during open-air exhibitions (Figure 4.7), the grandstair in the hall of Antwerpen Central Station has been used as performance stage formusic festivals, and the grand stairs in front of Cologne Central Station has used as astage for demonstrations.

FIG. 4.7 Stairs for seating during events (Source: architectenweb.nl)

4.3.2 Incorporating temporary elements and reconfiguration-supportive
layouts

To support different uses at different times, stations can provide users with thefollowing options: temporary installations and facilities to fill the empty underutilizedspaces for leisure use during non-peak times; reconfigurable walking paths duringpeak and non-peak times; and layouts that support reconfigurations at both districtand building levels.

4.3.2.1 Temporary elements
During non-peak times, if a station’s underutilized spaces are huge and boring, thentemporary elements—installations and facilities—can be added (Figure 4.8 andFigure 4.9). Installations stimulate events, reduce the size of huge empty spaces tomake them more human-scale, and add positive complexity to the scenes. Commontemporary elements for urban public spaces include urban furniture, potted plants, artinstallations, stalls, and so on (Ivers, 2018). Installations can be interactive, like Ferriswheels, or just visually interesting, like big inflatable art installations (Ivers, 2018).Certain installations, like chairs, can even be reconfigured by users (Figure 4.8). Forlarge indoor spaces, adding temporary pop-up stores is an option. While temporaryelements may be installed either frequently (e.g., weekly) or infrequently (e.g.,
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seasonally), the temporal occupancy ratio (subsection 4.2.2)—i.e., the proportion oftime the space is actively used—remains critical. A high ratio is preferred, whichmeans minimizing the duration of pre-event preparation and post-event dismantlingthat render the space unavailable.

FIG. 4.8 Temporary and configurable urban furniture (Source:Ivers 2018) FIG. 4.9 Reconfigurable space with installations. (Source:Shutterstock.com)

According to an expert during the interviews, one pitfall of adding temporary elementsis that, if the installations and facilities are not attractive by themselves, theydeteriorate the space quality, according to an expert during the interview. For instance,in the Antwerpen Central Station case, when the Ferris wheel is installed (Figure 4.10),the corresponding facilities, such as ticket-selling points and fenced pavilions,potentially make the square messy. On the street level, pedestrians’ views are muchblocked by these facilities, rendering the beautiful facade of the station less visible topedestrians.

FIG. 4.10 The Ferris wheel as a temporary installation. (Source: Flickr.com)
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4.3.2.2 Spare spaces preventing overcrowding
During peak time, if a station has surges of passengers, it is necessary to have sparespaces for accommodating them, or, equivalently, setting apart bottlenecks. Asillustrated in Figure 4.11-left and Figure 4.12-left, the origins and destinations areseparated by spare spaces, reducing the congregation of pedestrians, as compared tothe situations illustrated in Figure 4.11-right and Figure 4.12-right. spare spacesmake pedestrians walk longer, and since different people walk at their different desiredindividual speeds, the peaks of pedestrians at the origins will be smoothed when theyarrive at their destinations (Figure 4.13, based on an interviewed expert’s comment).

FIG. 4.11 Spare spaces (at the district level). (Source: Author) FIG. 4.12 Setting apart bottlenecks (at the building level).(Source: Author. Inspired by Hoogendoorn and Daamen 2004)

FIG. 4.13 Longer walking distance smoothens the flow peak (Source: Author)

4.3.2.3 Path reconfiguration for safe and efficient transfers
Despite spare spaces being helpful in preventing overcrowding during peak times, theyadd to a longer transfer distance, causing a burden for passengers during non-peak

180 Towards Flexible Use of railway station areas that promotes Station-City Integration TOC



times. In this context, path reconfiguration is an alternative. As illustrated inFigure 4.14, in a more ideal setting, during peak times like national holidays,pedestrians walk in a fenced zigzag path, forming an orderly queue, preventing randomcongregation or stampedes; during non-peak times, the path is reconfigured into adirect form, thanks to the fences removed. In addition, during non-peak time, the sparespaces can be used by city users for leisure activities and events. The reconfigurationof pedestrian paths can not only be applied to outdoor spaces but also to indoorspaces (Figure 4.15)—station building can be designed with path shortcuts, enablingefficient direct transfers between different mobility nodes during non-peak times, whileretaining the lengthy paths for peak-time use.

FIG. 4.14 Path reconfigurations (with seasonalfrequency—reconfigure during national holiday times). (Source:Author)
FIG. 4.15 Shortcuts of paths. (Source: Author)

4.3.2.4 Layouts that support path reconfiguration
Reconfigurable paths are supported by corresponding spatial layouts. Typically,physical spatial layouts are static and not reconfigurable by themselves, but certainkinds of layouts serve as the prerequisite for the reconfiguration of paths. For instance,in Layout B in Figure 4.16, the mobility nodes are located close to spare spaces,enabling the transfer paths to be reconfigurable: During non-peak times, passengerswalk from one mobility site to another in a short distance; During peak times,passengers walk along the zigzag path that prevents overcrowding. In comparison,Layout A in Figure 4.16-left, where mobility nodes are located far away from eachother, does not support reconfigurable paths: Passengers have to walk a long distancefrom one mobility site to another even during non-peak time.
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FIG. 4.16 Layouts (of mobility nodes) affect path reconfigurations. (Source: Author)

Using fences or ribbons to form the zigzag path may appear to be an intrusiveintervention for some users. Alternating to fences or ribbons, more user-friendlyspatial elements can be used, such as urban furniture, water bodies, fountains, pottedplants, art installations, and stalls (Figure 4.17). These elements usually create apleasant environment for staying, compensating for the longer waiting time.

FIG. 4.17 Path regulation using non-intrusive, human-friendly elements. (Source: Author)

Reconfigurable paths balance peak and non-peak time uses; however, during theinterview, experts expressed related concerns. For instance, path reconfigurabilityrequires managerial costs. Creating extra shortcuts beyond normal paths in the stationbuildings requires more construction investment, especially considering that extraelectronic systems are needed. It also adds more complexity for the system and for theusers. Moreover, zigzag paths, if their necessity is not understood by pedestrians, willeasily raise complaints.
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4.3.2.5 Kinetic architecture and temporary use buildings
Beyond urban elements and paths, buildings themselves can be reconfigurable andtemporary to support flexible uses. A type of so-called ‘kinetic buildings’—buildingswith movable components driven by engines—is being explored in the architecturefield (Dąbrowska-Żółtak et al., 2021; Engadget, 2019; Megahed, 2017; ParametricArchitecture, 2024). Real-world cases, such as The Shed building, Manhattan, NewYork (Figure 4.18), demonstrate the concept, yet built examples remain rare due tohigh construction costs and maintenance. Similarly, temporary structures andbuildings designed for re-assemblage (Miguel, 2024) offer flexible solutions(Figure 4.19). In station examples, Shanghai South Railway Station and Beijing WestStation, there are spare checking machines in the gate areas to be used during peaktimes. In addition, unique station examples, like Rotterdam Stadion Station, are usedonly during event periods.

FIG. 4.18 A changeable building—The Shed. (Source: Architecturaldigest.com)

FIG. 4.19 Changeable elements of buildings. (Source: Author)
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4.3.3 Establishing high-quality connections at different scales

To flexibly use spaces for transport and non-transport activities at different times,people should be able to move freely, requiring stations and surrounding city areas tobe well-connected. The connections between the station and city can be established atdifferent spatial scales in diverse forms, including city axes, path networks in thedistricts, passages across railways and station buildings, and smooth landscapes.

4.3.3.1 City axes
City axes (Figure 4.20) delineate the main urban structure, concentrate the flow ofleisure users, and energize the environment. City axes also make the spatial structureof certain areas recognizable to decision-makers, thereby also promotingcollaborations for different stakeholders to align the important spaces and facilities,for creating memorable experiences for users when they move in the environment. Cityaxes have been successfully implemented in station area (re)development projects likethe Amsterdam Bijlmer ArenA station area, the Rotterdam Central station area, UtrechtCentral station area (Figure 4.21), and the Delft station area.

FIG. 4.20 Two city axes were planned during the redevelopmentof the Utrecht Central station area. (Source: Structuurplan,Stationsgebied Utrecht, December 2006)
FIG. 4.21 District-level axes connecting stations withneighborhoods. (Source: Author)

4.3.3.2 District-level path networks
The station and its city neighborhoods should be well-connected by district-level pathnetworks (Figure 4.22 and Figure 4.23). Several common barriers and bottlenecks canhinder their performance, including: stairs; lengthy, narrow, and boring paths; tunnels
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and skywalks/footbridges, which require effort to climb walking areas that areinterfered with by intensive vehicle traffic; paths with sudden changes in the width,causing greater bottleneck effects (Rzezonka et al., 2021); and strict security checkingpoints or ticket gates.
To maximize accessibility and comfort, during the design process, such barriers andbottlenecks should be avoided, and corresponding design strategies can be taken. Forexample, ground-level paths can be prioritized to minimize level changes and preservethe street-level walking experience, while pedestrian routes can be separated fromtraffic either through horizontal alignment or by submerging or elevating roadways. Inaddition, paths should be shaped with well-considered geometries that allow forsmooth transitions in width, ensuring comfort and continuity for users.

FIG. 4.22 Reduce barriers to ease flow (at the district level).(Background image source—Meipian.cn; annotated by author) FIG. 4.23 Reduce barriers to ease flow (at the building level).(Source: Author)

4.3.3.3 Cross-railway passages and their positioning
Railway tracks are commonly seen in station areas, cutting city areas apart. In thiscontext, to enable easy pedestrian movement, cross-railway passages are needed. Atthe district level, these passages across railway tracks should be positioned accordingto the stations’ usage as well as the city neighborhoods’ conditions (Figure 4.25). Thepassages should avoid bringing interference between transport passengers and cityleisure users. At the building level, city passages can be designed with fine details, withenough lighting, and not too dark to make people feel unsafe (Figure 4.24).
The more passages, the more choices for pedestrians to pass through; however, ittakes financial costs to build passages. Moreover, for large railway stations at thebuilding level, it is usually difficult to vertically arrange the passages with many otherfundamental elements, such as railway platforms, the ground, and stations’ internalpassages.
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FIG. 4.24 The city passages (at the building level). (Source:Amsterdam-viptours.com) FIG. 4.25 Position city passages (at the district level). (Source:Author)

4.3.3.4 Smooth level changes through landscape design
Level changes are common in station areas due to many station buildings beingmulti-floor, or having topographic variations in the surrounding landscape. Stairs are acommon solution for managing level changes; however, they present limitations—suchas hindering pedestrian flow and posing a risk of falls. For larger level changes,escalators serve as an alternative. For small level changes, an alternative to stairs is tocreate smooth transitions through landscape design. Smooth landscape design isapplicable at both the district and building levels (Figure 4.26 and Figure 4.27). At thebuilding level, it occasionally provides a fresh spatial experience, as demonstrated inthe Arnhem Central Station case. One drawback of implementing landscape design tosmooth level changes is that it often involves high construction costs; thus, escalatorsmay serve as a more economical alternative, especially for significant level differences.Additionally, such landscape solutions risk causing wayfinding confusion for usersunfamiliar with these spatial configurations.

FIG. 4.26 Smooth level changes by landscape design (at thedistrict level). (Source: ThePaper.cn) FIG. 4.27 Smooth level changes by slopes (at the building level).(Source: UNStudio.com)
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4.3.4 Adopting dispersed layouts for transport capacity or urban vi-
brancy

4.3.4.1 Increase accommodating capacity by dispersed layouts of mobilitynodes
Railway stations typically include many mobility nodes, like metro stations andentrances, bus stations or stops, tram stops, and parking lots. A dispersed layout ofmultiple mobility nodes, compared to a concentrated layout, helps to prevent thesudden congregation of pedestrians during peak times and accommodates morestranded passengers, reducing the risk of stampedes. In real-world cases likeShanghai Railway Station, as many as eight bus stations are evenly dispersed aroundthe train station (Figure 4.28). When organizing events in cities, according to an expertduring the interview, it is common practice to use multiple event sites dispersed acrossa large city area, preventing people from sudden congregation during particularsituations, for example, when it is raining.

FIG. 4.28 Increase transport capacity by dispersed mobility nodes (at the building level). (Source: Author)

4.3.4.2 Enliven city environment by dispersed layouts of mobility nodes
If areas around a station are underutilized during non-peak times, adopting dispersedlayouts can encourage pedestrians to walk longer distances, thus enlivening the area(Figure 4.29). In Japan, many stations have such layouts because different railwaycompanies historically developed their own facilities close to one another. Awell-known case is Tokyo’s Shibuya Station, which features numerous entry and exitpoints connected to various mobility networks, such as the metro, bus, and pedestrianwalkways. This arrangement encourages people to move through the area for diversepurposes—commuting, leisure, or shopping—thereby keeping the environment lively
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even during off-peak hours.
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FIG. 4.29 Enliven city environment by dispersed mobility nodes (at the district level). (Source: Author)
Despite their advantages, dispersed layouts may result in harder wayfinding forpedestrians (Jay, n.d.). Therefore, it is necessary to keep a balance between beingdispersed and concentrated when designing the layout of mobility nodes.
While the dispersed layouts discussed above emphasize mobility nodes, the broaderrelationship between stations and their surrounding urban fabric can also beunderstood through station–city layout typologies. Qi and Lu (2019) distinguishedspaces as belonging either to the station or to the city, and categorized their spatiallayout into six types: separated, connected, adjacent, inserted, mixed, and stacked(Figure 4.30). Their study of multiple stations across diverse contexts shows that asingle station often embodies several layout types in varying proportions. Building onthese findings, the design of station–city layouts should be carefully adapted to thespecific station context.

FIG. 4.30 Different general layouts of the station and city. (Source: Qi and Lu 2019)
One example highlighting the importance of station-city layout is the case of UtrechtCentral Station. The former Utrecht Central Station building is mixed with the shoppingmall building on the east, causing confusion and raising complaints as passengers can
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not distinguish the two buildings. The design of the current Utrecht Central Stationresolves this issue by adding a beautiful east plaza, separating the two buildings(Figure 4.31 ). This layout creates an urban environment around the station yet avoidsconfusion.

FIG. 4.31 The east plaza at Utrecht Stations separates the station building from the shopping mall. (Source:Santenco.nl)

4.3.5 Prioritizing core spaces for humans rather than vehicles

4.3.5.1 Human-centered spaces
Human experience is often overshadowed by a focus on transportation efficiencyduring the design of railway stations; however, aiming for flexible use to reduceunderutilization, railway station areas must be human-centered so that they attractleisure users during non-peak times. The core accessible spaces in railway stationareas should be supportive of leisure activities or even large events. Figure 4.32-leftillustrates a basic diagram with a few essential features of a human-centered stationspace regarding the layout: The space is coherent at a core place in the station areasor in the station buildings, free from traffic elements or intensive pass-by transportflow, so that people would like to stay there. In contrast, the vehicle-oriented space inFigure 4.32-right does not have these features. The current and the former RotterdamCentral stations manifest this contrast clearly. The current Rotterdam Central Station(Figure 4.33-a) has a pleasant plaza which allows people to gather for festivals. This isachieved thanks to the current human-centered layout of mobility nodes—the carparking, bus stops, tram stops, and bike parking are all relocated aside orunderground, leaving the core area free for people. In contrast, the former stationplaza was full of traffic elements, making it impossible to hold leisure events(Figure 4.33-b). It is also helpful to provide seating in station areas for bothpassengers and leisure users, making stations not only efficient for transfer but alsocomfortable for lingering and staying.
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FIG. 4.32 Human-oriented spaces vs traffic-oriented spaces.(Source: Author) FIG. 4.33 The old and the new Rotterdam Central stations.(Source: Upper-left - Wikimedia.org; Upper-right -Internaathetposthuis.nl; Lower-left - Indebuurt.nl; Lower-right -MVSA Architects)

4.3.5.2 High spatial qualities
Human-oriented spaces also need high spatial qualities that enhance the humanexperience. It is impossible to exhaustively define all the qualities, which is whyAlexander calls such qualities the ‘quality without a name’ (Alexander, 1979).Nevertheless, in the urban design field, scholars have identified several recurringqualities with associated spatial features, for instance: human scale; enclosed spaceswith clearly-defined boundaries (Sitte, 1889); positives edges that promote socialactivities and urban life (Gehl, 1987; Whyte, 2001); recognition or identity of differentareas (Jacobs, 1961; Lynch, 1960); and complexity or diversity of visual elements(Ewing and Handy, 2009).

4.3.5.3 Human scale
As explained in subsection 1.2.3, modern railway stations are prone to over-sizing.Therefore, designing railway station space at a human scale is essential to preventthem from becoming sterile, underutilized voids. To judge whether a station square isappropriately proportioned, there are classic spatial theories that govern physicaldimensions and human perception. E.g., following Sitte (1889, pp. 39-44, The size andshape of plaza), a pleasant plaza functions as an ‘outdoor room’ where a comfortablesense of enclosure is preserved, suggesting that the horizontal distance betweenbuildings should ideally not exceed twice the height of the principal building façade(D/H ≤ 2). Beyond this enclosure relationship, Ashihara (1970, pp. 42-50, Scale)suggests that human spatial perception in exterior environments operates on a 1/10scale module compared to interiors. This scales down comfortable, active outdoorspaces to an intimate boundary of approximately 20 to 25 meters, which represents the
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natural limit for human visual recognition and vocal interaction. Scholars also noticean edge effect in space use—that the edges of the forest, beaches, groups of trees, orclearings were the preferred zones for staying, while the open plains or beaches werenot used until the edge zones were fully occupied Gehl (1987). Therefore, creatingactive edges along spaces is also important.
When large spaces like station plazas must be designed larger to accommodatestatutory peak-capacity passenger flows, it is architecturally necessary to subdividethese vast spaces into smaller human-scale squares. Rather than creating a single,amorphous concrete expanse, designers can implement ‘soft’ boundaries—such asstepped level shifts, tree canopies, low retaining walls, and flexible urban furniture.During non-peak hours, these sub-divisions create inviting, human-scaled sub-spacesthat encourage dwell time and civic vitality, with active edges surrounding theboundaries of these sub-areas. During peak periods or major events, the soft nature ofthese boundaries allows the partitioned sections to seamlessly coalesce, preservingthe spatial elasticity required for high-capacity transit flows and pleasant flexibletemporal use (Figure 4.34).
If a station plaza must remain exceptionally large and cannot be easily subdivided,transforming the hardscape into green lawns is an alternative. Rather than laying out avast, heat-absorbing expanse of concrete, using lawns allows the space to function asa restorative urban park during daily off-peak times while remaining flat and openenough to safely absorb surging pedestrian flows during transport peak times. Thisapproach is common used in stadium design, and is exemplified by a rare stationexample of Jiaxing Railway Station, themed a ‘train station in the forest’ (Gooood n.d.,Figure 4.35).

FIG. 4.34 King’s Cross Station Square (7500m2). (Source:kempsarchitecturallighting.com) FIG. 4.35 ‘Train station in the forest’—Jiaxing station. (Source:Gooood, n.d.)
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4.3.6 Enabling flexible use through programming

4.3.6.1 Planning stations with city infrastructures
To promote flexible use, city infrastructures can be programmed to work with railwaystations, whether located nearby or located farther away. For example, green parks andpedestrian-friendly streets, if located next to stations, can be temporarily adapted toaccommodate waiting passengers during railway peak times or to support evacuationduring emergencies. Large infrastructures such as sports stadiums and music venues,which typically are not used on a daily basis, can be shared for stations’ peak timetransport use, even when they are not adjacent (Figure 4.36). In the real-world case ofGuangzhou, China, during the Chinese New Year, when railway stations are underpressure from surging high volumes of passengers, stadiums in the city were plannedfor backup use of stations in case of emergencies (Xinhua News Agency, 2016).

FIG. 4.36 Programming considering the temporal dimension (for flexible use). (Source: Author)

4.3.6.2 Dual uses of transport spaces
To promote flexible use, transport spaces for vehicle traffic can be programmed fortemporary non-transport leisure activities (Bendiks and Degros, 2020), as exemplifiedby the seasonal practice of ‘Paris Plages (Paris Beaches)’—every summer, a proportionof roads in Paris, normally used for vehicle traffic passing by, is temporarilytransformed into beaches for diverse leisure activities (De La Pradelle and Lallement2004; Figure 4.37). Similarly, stations’ transport spaces, when equipped withtemporary installations or reconfiguration-supportive layouts (subsection 4.3.2), canalso be programmed for leisure uses.
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FIG. 4.37 ‘Paris Beaches’—Roads in Paris seasonally transformed into beaches in the summer. (Source:stadsstranden.nl)

4.4 Discussion

4.4.1 Non-design interventions

During this chapter’s research process, a series of non-design, purely managementinterventions were mentioned by experts and by the author’s colleagues. Althoughthey are not the focus of this thesis, these non-design interventions meaningfullysupplement the broader discussion of flexible use of stations. This chapter reportsthem as follows:
To avoid overcrowding and stampedes, there are management interventions, including:(1) Reschedule holidays for the public, letting different groups of people have the sameholidays at different times; (2) Manage regional-level transportation. E.g., thecoordination of scheduling trains between multiple railway stations in Amsterdamwhen there are sports events near Amsterdam Bijlmer ArenA station, spreading thecapacity of stations to prevent overcrowding; (3) Shutdown stations; (4) Manage userexpectations, notifying passengers that during peak time, there will be longer transfertimes than usual; (5) Manage passenger access to the station building based ondeparture times. For example, only passengers with trains departing within the nexttwo hours are allowed to enter, preventing the building from becoming overcrowdedwith early arrivals.
Notably, the above interventions from (1) to (5) involve decreasing temporal andspatial scales; typically, the smaller the temporal and spatial scales involved, the easierit will be to implement the interventions. Interventions (1) and (5) spread the traveldemand across certain time periods; in comparison, intervention (2) spreads the travelcapacity across certain stations (or spaces); Both strategies help mitigate the pressure
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of large volumes of travelers coming to a station at a peak time.

4.4.2 Research contributions

This chapter has two contributions to the design knowledge body. First, contently, itprovides design principles that practically facilitate designers in addressing theovercrowding-underutilization issue of stations. These principles also enrich thecontent of relevant academic discussions, such as urban open space, responsivelandscape with a ‘loose-fit’ feature (Thompson, 2002), and traffic space as publicspace (Bendiks and Degros, 2020). Second, at the methodological level, this chapterprovides a multi-step methodological framework that is generalizable for developingsimilar design principles in future research. This framework complements existingapproaches (Alexander, 1977; Van Der Hoeven and Juchnevic, 2016), therebyexpanding the methodological means for generating design principles. Compared toChristopher Alexander’s approach—developed over eight years of practice andevaluated largely through intuitive judgment (Alexander, 1977)—the proposedframework is more feasible within shorter research time frames due to its reliance onmultiple data sources, and it produces more objective outcomes through systematicexpert reflection.

4.4.3 Limitations and future research directions

This chapter exhibits two limitations. First, although the developed principles werereviewed by experts, they may still contains unforeseen limitations. Second, duringinterviews with field experts, it is noted that the design principles primarily address thespatial form of station buildings and their surround urban districts, while other crucialaspects—such as programming, user types, spatial qualities, nature-based solutions,and cost-benefit analysis of solutions—remain largely unexplored. Recognizing theselimitations, future research should investigate these overlooked aspects.
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4.5 Conclusion

This chapter addressed two research questions. In section 4.1, two questions werepresented: what are the design principles for railway station areas that support flexibleuse (aimed at reducing overcrowding and underutilization, and promoting station-cityintegration)? how can design principles of complex projects, like railway stations, bedeveloped in a systematic way that enables synthesizing, probing, and validatingknowledge? The first question is addressed by the resulting design principles:prioritizing core spaces for humans rather than vehicles, ensuring event visibility byaligning paths and spaces, establishing high-quality connections at different scales,incorporating temporary elements and reconfiguration-supportive layouts, adoptingdispersed layouts for transport capacity or urban vibrancy, and enabling flexible usethrough program planning. The second question is addressed by the multi-stepmethodological framework for developing design principles, which contains identifyingdesign objectives and assessment criteria, clarifying the spatial and managerialdimensions, learning iteratively from cases and literature through analyticalvisualization, and reflecting through expert interviews and case implementations.

Supplementary Materials

The detailed descriptions of the design principle development—Appendix B.
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5 Evaluating design
principles

Through research-by-design andagent-based simulation
ABSTRACT Design principles are widely used in the design field, yet some remain visionary ratherthan grounded in real-world applications. Six visionary design principles weredeveloped in Chapter 4 for the flexible use of stations aimed at reducing overcrowdingand underutilization. Assessing their effectiveness is therefore essential beforeimplementation. This chapter aims to address the gap in validating these designprinciples. Recognizing the potential of jointly employing research-by-design andagent-based simulation, this chapter presents a major research question: Howeffective are these design principles, as demonstrated through research-by-design(RbD) and agent-based simulation (ABS)? Methodologically, it first applies the designprinciples to Station Xtreme and generates multiple design proposals, then simulatesthe generated proposals, followed by assessments and reflections. The resultssuggest that the principles are generally effective, though limitations emerged: forexample, quality connections may demand greater investment and space, whiledispersed layouts can increase wayfinding difficulty and operational complexity. Thischapter contributes to the growing body of design knowledge by validating theseflexible-use principles. It also establishes a transferable conceptual framework thatintegrates RbD and ABS, offering a novel methodological approach for testing othervisionary design principles.

KEYWORDS Urban design, architectural design, simulation, validation
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5.1 Introduction

Design is inherently a forward-looking discipline, focused on inventing innovativesolutions for a better future—often addressing challenges or possibilities that do notyet exist in the real world (Cross, 1982; Nijhuis and Bobbink, 2012). Within thiscontext, design principles are widely used to guide creative decision-making. Someprinciples are derived from analyses of built projects and are therefore grounded inpractice, while others are visionary in nature, proposing directions for futuredevelopment. These visionary principles function less as proven rules and more ashypotheses—speculative ideas that require validation through application andevaluation.
As described in Chapter 4, six major spatial design principles were developed for theflexible use of stations aimed at reducing overcrowding and underutilization (see alsothe project website), including:

1) ensuring event visibility,2) incorporating temporary elements and reconfiguration-supportive layouts,3) establishing high-quality connections at different scales,4) adopting dispersed layouts for transport capacity and urban vibrancy,5) prioritizing core spaces for humans rather than vehicles, and6) enabling flexible use through program planning.

These design principles were inspired by or inferred from station and non-stationbuildings of multiple scales and contexts, and their effectiveness is hypothetical, as notall of them have been implemented in the real world. Regarding validation, ideally,whether design principles are effective should be observed before and after theconstruction of the projects that use the principles. However, this is practicallychallenging because large infrastructure projects like railway stations usually takeyears or even decades to build, and this time range usually falls outside typicalresearch projects’ time frames. Alternatively, in Chapter 4, subsection 4.2.4), thisresearch has conducted expert interviews to reflect on the design principles, providingan initial validation. Complementary to expert interviews, this chapter sees twomethods—research-by-design and agent-based simulation—as potentially helpful forvalidating visionary design principles.
Research-by-design (RbD), also called ‘research through design’ or ‘study by design’,is a methodological approach where design practice becomes the primary mode ofinquiry to generate new knowledge (De Jong and Van Der Voordt, 2002; Klaasen, 2003;Habraken, 2005; Cross, 2011). Unlike traditional research that analyzes designs onlyafter they are completed, RbD integrates research into the design processitself—exploring questions and generating knowledge before designs are built. Byusing prototyping, making, and iteration as research tools, RbD actively investigates
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how different design solutions and their contexts influence one another (De Jong andVan Der Voordt, 2002, p. 21). In this way, design solutions are intrinsically assessed.
Agent-based simulation (ABS) is another valuable approach for spatial designassessment. In the spatial design practice, the spaces being designed are mostly forhumans to use; ABS, using agents mimicking humans, takes the end-users into coreconsideration in design. Simulation, by computationally quantifying the measurement,adds more objectivity to assessment, complementing other traditional designevaluation approaches such as research-by-design, which heavily rely on personaljudgment (See also subsection 6.1.3).

5.1.1 Research objectives and conceptual framework

Building on the visionary design principles and validation potentials outlined above,this chapter sets two objectives: (1) to address the gap in validating design principlesfor flexible use (which address overcrowding and underutilization in stations), and (2)to explore the potential of combining research-by-design with agent-based simulationin the assessment of design principles. To achieve these objectives, an initial challengearises: design principles can not be modeled through agent-based simulation, asdesign principles are not systems themselves. To address this, the study designed anindirect approach—applying the design principles to a design project to transformthem into design proposals, then simulating the design proposals, and finally, byobserving the performance of the design proposals, it is feasible to see theeffectiveness of the corresponding design principles. With this methodologicaladaptation, this chapter proposes a conceptual framework illustrated in Figure 5.1.

FIG. 5.1 This chapter integrates multiple research topics. (Source: Author)
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In this conceptual framework, multiple components work together to integrate andenhance one another. In the process of generating design proposals throughresearch-by-design and the follow-up assessment through agent-based simulation,new understandings emerge, allowing critical reflections on the design principles’effectiveness. By introducing computational quantification, agent-based simulationcomplements traditional spatial design assessment methods like research-by-design,which rely heavily on expert judgment. In the practice of research-by-design, wheredesign principles’ effects are examined, this chapter also provides an opportunity toreflect on the limitations of agent-based simulation (Figure 5.1). Within the framework,this chapter addresses a major question and two minor questions:

How effective are the design principles of flexible use of stations, as
demonstrated through research-by-design and agent-based
simulations (ABS)? What will these design principles be like when appliedto new cases? What are the limitations of ABS in assessing complexprojects like railway stations?

To answer these questions, this chapter conducted research-by-design to apply thedesign principles, followed by an assessment using agent-based simulation. thischapter provides detailed insights into the design principles in new scenarios forunderstanding their effectiveness. It also highlights the potential and limitations ofagent-based simulation in design assessment. The remainder of this chapter isorganized as follows: section 5.2 describes the methodology; section 5.3 presents theassessment results; section 5.4 discusses the relevant research implications,contributions, and limitations; and section 5.5 concludes.

5.2 Study design

This section implements the conceptual framework (Figure 5.1) with practical details.This chapter first employs the research-by-design approach, applying the designprinciples to Station Xtreme and generating multiple design proposals. Then, itsimulates the generated proposals through agent-based simulation, followed byassessments and reflections. The following subsections explain the context of thestation case (subsection 5.2.1), the features of design proposals (subsection 5.2.2),the settings of simulations (subsection 5.2.3), and the logic of assessments(subsection 5.2.4).
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5.2.1 Context of the case

This chapter uses Station Xtreme—a virtual station instead of a real-world one—as thecase for applying the design principles. The lack of strict real-world contextualconstraints allows the case to incorporate multiple relevant features that a singlereal-world case might not have, and make the results more generalizable to differentcontexts.
This virtual case includes multiple features highly relevant to the whole research’sobjectives—overcrowding and underutilization, flexible use, and station–cityintegration (section 1.5). In the case’s setting, a stadium is situated near the railwaystation, with fluctuating numbers of users transferring between the stadium and thestation. The peak time number is set referencing Amsterdam Bijlmer ArenA station’spassenger number from its nearby stadium, Johan Cruijff ArenA (Aseniya, 2019). Thissetting challenges the station design, requiring it to be supportive of flexible use aimedat reducing overcrowding and underutilization. The station’s spatial layout is setreferencing the Amsterdam Sloterdijk Station area, where the station and the nearbycity areas are significantly separated by traffic roads, viaducts, and open-air parkinglots. This setting challenges the station design, requiring it to promote station-cityintegration. The origin-destination (OD) matrix of passengers, which highly relies onspatial layout, is set referencing Amsterdam Sloterdijk Station’s (Figure 5.2).

FIG. 5.2 The initial spatial settings of the case at the district and building levels. (Source: Author)

5.2.2 Design proposals

This chapter develops design proposals for the case of Station Xtreme in two stages:first, through a workshop with 20 participants, and then through the author’s iterativerefinement. The author refined the proposals from the workshop to make eachproposal’s features more distinct and representative of the design principles.
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Four district-level proposals (indexed as DX) with different features were made(Figure 5.3 and Table 5.1). Proposals D1 and D2 have a more dispersed layout withthree station buildings. D1 has a landscape with many pedestrian path choices andsupports more reconfigurations of them (e.g., opening and closing some paths duringdifferent times for controlling pedestrian flows). While Proposal D1 emphasizes thequantity of connections, D2 emphasizes the quality of connections. D1, D2, and D3 arehuman-centered, with pedestrian-friendly paths and human-scale buildings. Incontrast, D4 is a vehicle-oriented proposal, with wide roads and a large vehicle parkingarea in front of the station’s main entrance. The new buildings in D4 are also relativelylarge and tall, following a ‘modernism’ style. Regarding these features, this chapterrates the proposals with relative rankings of ‘High’ or ‘Low’, or categories of ‘Yes’ or‘No’ (Table 5.1).

FIG. 5.3 District-level proposals. (Source: Author)

TABLE 5.1 District-level design proposals
Design proposals D1 D2 D3 D4
Event visibility – – – –
Reconfigurability High Low Low Low
Connections High Low Low Low
Dispersed High High Low Low
Human-centered spaces – – Yes No

Three building-level proposals (indexed as BX) with different features were made
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(Figure 5.4 and Table 5.2). Proposals B1 and B3 support events to be held in the hall,while B2 has no large space for holding events. B1 has a wide station hall, supportingmore routes (which essentially are ‘connections’ from origins to destinations) choices.B1 and B2 are more dispersed regarding their layout of stairs (colored in orange inFigure 5.4), while B3 is more concentrated. Regarding these features, this chapterrates the proposals with relative rankings of ‘High’ or ‘Low’ (Table 5.2).

FIG. 5.4 Building-level proposals. (Source: Author)

TABLE 5.2 Building-level design proposals
Design proposals B1 B2 B3
Event visibility High – High
Reconfigurability High Low –
Connections High Low –
Dispersed High High Low
Human-centered spaces – – –

5.2.3 Settings of agent-based simulation for the assessment

This chapter adopts the agent-based simulation framework from Enshan et al.(2025b)’s work. This framework provides systematic evaluation criteria for assessingstations’ performances and the digital tools for simulation. It requires anOrigin-Destination (OD) matrix data as a necessary setting, and its optional settingsinclude temporal scenarios associated with flexible uses.

5.2.3.1 The evaluation criteria or station performances
The evaluation criteria for station performance are adopted from Enshan et al.(2025b)’s assessment framework. Initially based on five types of user needs (Hagenand Heilligers, 2015), these criteria are translated into measurable indicators:
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– Safety [indicated by agents’ crowding density during peak time, the space capacity toaccommodate stranded passengers during disruption time, and ’eye-on-the-street’(Jacobs, 1961) during normal time]– Transfer distance– Ease of wayfinding [indicated by the agents’ degrees of direction change]– Comfort of facilities [Not applicable in this chapter]– Visual experience [calculated through a linear regression formula that incorporatesmultiple factors in agents’ views: the proportion of trees, sky, buildings, water, and thenumber of pedestrians]

5.2.3.2 The digital tools for simulation
The digital tools this chapter uses include Rhino, MassMotion, and a Python script.Rhino is used to model spatial design proposals, with details including sky, buildings,trees, walkable areas, and stairs/ramps. The Rhino 3D models are then imported toMassMotion (a software program for movement simulation), followed by setting the ODmatrices and running the movement simulation. MassMotion generates agenttrajectories and facilitates movement analysis. The trajectories are then imported intoRhino, where visual analysis is conducted with Python scripts.

5.2.3.3 Temporal scenarios associated with flexible uses
This chapter sets three temporal scenarios associated with flexible uses: normal time(weekday non-rush hours), peak times (after a football match when massive stadiumspectators come to the station), and disruption time (when the railway has disruptionsand trains are delayed). These time scenarios are denoted as [Normal time], [Peak time], and
[Disruption time] in this chapter). In different temporal scenarios, different numbers ofagents are used (Table ??), and different types of user experiences are examined(Table 5.4).

5.2.3.4 OD matrix
This chapter deduces the OD (Origin-Destination) matrix (Table ??) based on the datapublished on the NS website (NS, n.d.). This website documents all the stations in theNetherlands with their number of overall passengers, passengers of transfer, andmodal split. The number of passengers transferring between the new stadium and thestation, during the peak time, is derived by referencing the data from Amsterdam
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Bijlmer ArenA Station. The OD matrices also incorporate temporal fluctuations.
TABLE 5.3 The OD matrix simulating the transfers between stations and other places

Origins \
Destinations

Railway sta-
tion(s)

Neighborhood
[Walking]

Bike parking
[Cycling]

Bus/tram
stations
[Bus/tram]

Car parking
[Car]

Stadium

Railway station(s) 0.2a 0.50 0.11 0.35 0.05 [Normal time]5
[Peak time]0

Neighborhood[Walking] 0.13 – 0 0 0 0
Bike parking [Cycling] 0.38 0 – 0 0 0
Bus/tram stations[Bus/tram] 0.40 0 0 – 0 0
Car parking [Car] 0.08 0 0 0 – 0
Stadium [Normal time]30b

[Peak time]0 0 0 0 0 –
Note: [1] Each value represents a number of agents as a proportion of the total passenger count. The total passenger count is711/hour (access/egress separated) during the weekday non-rush hours.[2] In the district-level design proposals, there are three possible stations, with 10, 2, and 1 rail tracks. The ratio of agent numbersfor these stations is correspondingly set as 10 : 2 : 1.[3] The ratio of agent numbers per hour during evening rush time : off-peak time is set as 4.75 : 1.a Passengers who switch between platforms.b It may seem strange here as the agent number for ‘normal time’ is higher than ‘peak time.’ This is because these scenariosare named from the perspective of the railway station instead of the stadium. Normal time is ‘normal’ for passengers in railwaytransport, whereas it is kind of ‘peak’ time for people in the post-match dispersal from the stadium. The flow from the stadium issimulated for a short period of 5 minutes to mimic a post-match dispersal, referencing the data from Amsterdam Bijlmer ArenAstation (Aseniya, 2019). Compared to the rushed egress from the stadium, ingress is typically smoother, as spectators arrivegradually over several hours before the match begins.

5.2.3.5 Agent parameters
This research defines the agent characteristics in two ways: First, it adoptsMassMotion’s default setting of agent behavioral parameters, including individualoptimum moving speed, direction preference, and height. These parameters are basedon multiple scientific research works (Kinsey et al., 2015). Second, it defines agents’visual perceptual ability based on the work of Enshan et al. (2025b), which builds on aseries of technical studies that extract data from human-rated street images.
Of note, in the simulations, the inputs are different design proposals (subsection 5.2.2),and the outputs are design proposals’ performances, which are based on evaluationcriteria (subsubsection 5.2.3.1). Other things, including agent parameters, the ODmatrix, and temporal scenarios (subsection 5.2.3), are settings; Although inputs andoutputs are different from proposal to proposal, settings are all the same insimulations.
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5.2.4 Make comparisons between design proposals

This chapter compares the design proposals, observing their correspondingperformance differences, to investigate the effects of principles on stationperformances (Table 5.4). The performance examination considers multiple aspects,including spatial scales and scopes, time, people, and experiences. For example, whenanalyzing transfer distances, these aspects are specified. Different users have differentsensitivities to transfer distance in station areas—stadium spectators are less sensitiveto distance, while railway travelers are more sensitive to distance. Therefore, whenanalyzing transfer distance, this paper differentiates the groups of agents thatrepresent these people. Building-level proposals only influence the journeys thathappen within the station buildings, while district-level proposals affect the journeysthat happen on the district level. Therefore, when analyzing transfer distance, thispaper specifies the spatial scope of journeys.
TABLE 5.4 Proposal comparisons

Related design principles Proposal
comparisons

Performances to examine

(1) Make event visible (B1 – B3) [Normal time] visibility of events
(2) Reconfiguration-supportive
layouts

(D1 – D2)(B1 – B2) [Normal time] transfer distance;[Peak time] crowd density
(3) Quality connections (D1 – D2)(B1 – B2) [Normal time] visual experience, transfer distance, ease ofwayfinding;[Peak time] crowd density
(4) Dispersed layouts for[peak/disruption time] high capacity or[normal time] vibrancy

(D2 – D3)(B1 – B3) [Peak time] crowd density;[Disruption time] accommodating capacity for strandedpassengers;[Normal time] visibility of stores/installations, visual experience,transfer distance
(5) Human-centered spaces (D3 – D4) [Normal time] possibility of organizing events, visual experience

Note: When building-level proposals are compared (proposals about the main station building), they are all set within the environmentof district-level proposal D1. When district-level proposals are compared, all proposals’ main station buildings are set as building-level proposal B1.

5.3 Results

This section presents the simulation results. In general, the results show that everyproposal has its pros and cons (Figure 5.5). D2 and B1 excel the most in theperformances. The following subsections explain each design principle’s effects on therelated proposals.
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FIG. 5.5 Proposals’ performance (Source: Author. The vertical axis denotes each proposal’s relative ranking among all relatedproposals)

5.3.1 The effects of Principle 1 (event visibility)

Figure 5.6 shows the simulation results of proposals B1 and B3 during weekends whenan event is going on. In B1, the event is located in the central area, while in B3, theevent is located near the main entrance. The event in B3 is visible to 47.47% of agentsduring their journeys, while the event in B1 is only visible to 21.23% of agents duringtheir journeys. This is because more agents pass by the main entrance area. Thisshows that when adopting design principle one, the location of events matters. Theevent location should be considered with respect to pedestrians’ routes.

FIG. 5.6 Event visibility in proposal B1 and B3. (Source: Author)
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5.3.2 The effects of Principle 2 (reconfiguration-supportive layouts)

During the stadium peak time, in D2, when massive passengers move towards stations,some paths (see paths 9 and 10 in ?? - top) can be closed to avoid overcrowding. InD1, on-site staff can even guide pedestrians to the normally redundant paths (i.e., thepath colored in yellow in Figure 5.7, or the path 11 in ?? - bottom) to further reducethe crowd density. D1 enables lower crowd density than D2.
Proposal D1 is more reconfiguration-supportive in terms of paths. Hypothetically, inD1, when the main path needs maintenance (e.g., when repairing streets or digging tofix pipelines), pedestrians can alternatively use the redundant paths. In D2, however,as there is only one main path, there will be no such alternative. One option for D2 is towiden the main street to avoid overcrowding during maintenance, but that could lowerthe visual experience as the street becomes wide and visually boring.

FIG. 5.7 The shortcut path in proposal D1. (Source: Author)
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FIG. 5.8 The crowd density in proposals D3 and D4 (Source: Author)

5.3.3 The effects of Principle 3 (quality connections)

Proposal D1 has many walkable paths (connections) and emphasizes the quantity ofconnections, while D2 has fewer connections and emphasizes the quality ofconnections. D1 has more connections and supports more configurations, enabling itto have a lower crowd density during peak times (see subsection 5.3.2, ??). With adense, walkable network, D1 also provides more route choices. Some routes arecomparatively shorter in D1 than in D2 (see routes 5 vs 5’). However, the many
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connections in D1 come with more costs. As cut by a dense pedestrian street network,D1 has less suitable plots for large-sized buildings (see the new buildings in Figure 5.9- middle, colored in white), and less green space (see the green areas in Figure 5.9 -middle).
In the simulation, counterintuitively, agents in D1 walk longer distances. This may bedue to the algorithm used in the simulations. The simulation is based on the socialforces algorithm Helbing and Molnár (1995), which has a force that models attractiveeffects (e.g., pedestrians stay close to friends, or are attracted by interesting objects).As D1 has more routes, agents may sometimes be ’attracted’ to routes that are notnecessarily the shortest.
The street visual quality and route direction changes are similar in the two proposals.Only in a few spots, D1 has higher visual quality values (see locations 3, 4, 3’, 4’ inFigure 5.9 - bottom). In summary, the district-level dense walkable network enableslower crowd density during peak times, makes negligible differences in the directionchanges and visual perception of agents, and does not necessarily lower the agents’walking distance.

FIG. 5.9 The direction change, transfer distance, and visual quality in proposals D1 and D2. (Source: Author)
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FIG. 5.9 The direction change, transfer distance, and visual quality in proposals D1 and D2 (continued). (Source: Author)

Building-level proposal B1 has more connections (as it supports more route choices inthe hall area) than B2. The crowd density is similar in both proposals (?? - top). In B1,thanks to the direct routes (see routes 6 and 7) in the large hall spaces in B1, thetransfer distance (measured within the station buildings, including platforms) isshorter, and the direction change is less (?? - middle and bottom).
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FIG. 5.10 The crowd density, direction change, and transfer distance in proposals B1 and B2. (Source: Author)
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5.3.4 The effects of Principle 4 (dispersed layouts)

Regarding the railway station building(s), proposal D2 is designed in a dispersed layout(with three station buildings at three locations), while D3 is designed in a concentratedlayout (with only one station building). During peak times, the crowd density in D2 islower than in D3 at some points (e.g., locations 17 and 17’ in Figure 5.11 - top). Thedensity difference is not significant because the passenger volume shared by the twosmall stations is not significant (the small stations in D2 only add three extra tracks tothe main stations’ 10 tracks). During disruptions, D2 also has a better accommodatingcapacity for stranded passengers (see crowding accumulated at locations 15 vs 15’ inFigure 5.11 - middle). The averaged visual quality is slightly higher in D2 than in D3(Figure 5.11 - bottom). This may be due to the higher proportion of agents goingthrough the high-quality main path in D2. Another drawback of the dispersed layout isthat it adds to the difficulty of wayfinding. When people have to choose one amongthree stations, they may mistakenly go on the wrong path.

FIG. 5.11 The crowd density (during rush hours and disruption times) and visual quality in proposals D2 and D3. (Source: Author)
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FIG. 5.11 The crowd density (during rush hours and disruption times) and visual quality in proposals D2 and D3 (continued).(Source: Author)

Regarding the stairs and gates, proposal B1 is designed in a dispersed layout, while B3is designed in a concentrated layout. However, locally, B1 also has an area where threestairs are concentratedly located (area 12 in Figure 5.12 - middle). In general, thecrowd density in B3 is higher during peak times (see locations 14’ in Figure 5.12 - top).However, the crowd density is not a big issue for B3 during peak time, as thebottlenecks occur at the gates for both proposals B1 and B3.
During disruption times, the stranded agents aggregate in the area where stairs areconcentrated (location 13’ in proposal B3, location 12 in proposal B1). B1 needs lessmanagerial effort to redistribute the aggregated passengers in area 12. B3 needs moremanagerial effort to redistribute the more aggregated passengers in area 13’
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(Figure 5.12 - middle). In this sense, B1 has a higher capacity to accommodatestranded passengers.
Surprisingly, B3, with a more concentrated layout of stairs, which would intuitively leadto an assumption of shorter transfer distances, actually results in longer averagetransfer distances (of agents switching between platforms). After further analysis, it isobserved that in B1, stairs are more dispersed and evenly positioned, so agents canswitch between platforms using the nearby stairs. In B3, some agents need to takelonger routes to the stairs further away (see Figure 5.12 - bottom, the routes in yellowdash). This suggests that the initial assumption was based on a limited understandingof layout, considering only the stairs and missing the platforms. When platforms areconsidered, the initially ‘concentrated’ layout—regarding only stairs—turns out to beactually ‘dispersed.’

FIG. 5.12 The crowd density, accommodation capacity during disruptions, and transfer distance in proposals B1 and B3. (Source:Author)
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FIG. 5.12 The crowd density, accommodation capacity during disruptions, and transfer distance in proposals B1 and B3(continued). (Source: Author)

In summary, the above results and reflections show that dispersed layouts ease thecrowd density during peak times and increase the accommodating capacity duringdisruption time, but potentially decrease the district-level experience of visual quality,and add to the difficulty of wayfinding.
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5.3.5 The effects of Principle 5 (human-centered spaces)

Proposal D3 is relatively more human-oriented, while D4 is more vehicle-oriented. D3has human-scale buildings and streets, and it supports large events (to be held in frontof the station) to enliven the environment. In contrast, D4 has wide streets and largeparking spaces for vehicles; it does not support large events (unless all the transportactivities stop, i.e., no buses, trams, and cars come and go to stations, which is notpossible). Therefore, during non-peak times, the environment in D4 will be moreunderutilized and lifeless (Figure 5.13). In summary, the results show thathuman-centered design creates a more vibrant environment.
Surprisingly, according to the simulation, the average visual quality value is slightlyhigher in D4 (=31.65) than in D3 (=31.29). This count-intuitive result may be due tothe limitations of the current simulation approach. In reality, people generally havenegative feelings, fearing being hit by vehicles when they cross the streets; humansalso have a perception of the distance of objects (or the depth of space), so a spacewith buildings far away is less lively than a space with buildings nearby. These patternsare not captured by the current simulation approach. The simulations show a necessityfor improving the simulation approach in the future.

FIG. 5.13 Visual quality and potential event sites in proposals D3 and D4. (Source: Author)
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5.4 Discussions

5.4.1 Research implications

The research findings offer detailed insights into how each design principle functionswithin specific contexts and how they are interrelated (Figure 5.14). According toAlexander, design principles (what he calls patterns) are essentially solutions forproblems under certain contexts (Alexander, 1979, p. 314). Meanwhile, in the designpractice, the contexts, problems, and solutions are usually not linearly established;rather, they usually iterate and accumulate during design (Nijhuis and Bobbink, 2012).For designers, creating solutions even helps uncover and define the problems orcontexts they address (De Jong and Van Der Voordt, 2002, p. 455). In this research,with the design principles being assessed, their suitable specific contexts becomeclearer. For example, considering proposals D1 and D2,reconfiguration-supportiveness is a highly relevant station quality in the context whereflow bottlenecks exist; without bottlenecks, reconfiguration is not necessary(Figure 5.14).
With the design principles being assessed, their interrelationships also become clearer.For example, considering proposals D1 and D2, ‘quality connections’ enable‘reconfiguration-supportiveness’; in Proposals B1 and B3, making stations‘reconfiguration-supportive’ enables ‘making event visible’ (Figure 5.14). Negativecorrelations are also discovered. For example, in proposals D1 and D2, dispersedlayouts add to the managerial difficulty of reconfigurations (when different groups ofpeople go to three different station buildings, it is hard to make path reconfigurationssatisfying all the groups) and the difficulty of wayfinding (Figure 5.14).
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FIG. 5.14 The interrelationship between contexts, principles, and user experiences. (Source: Author)

5.4.2 Research contributions

This chapter contributes to the accumulation of design knowledge. It demonstrates theeffectiveness of the design principles for the flexible use of stations, while alsorevealing the strengths and limitations of each principle. It shows the feasibility ofjointly using research-by-design and agent-based simulation (ABS) as an approach fordesign assessment and offers reflections on ABS’s limitations. Notably, this chapter’scontribution does not include developing the assessment framework; rather, it buildson the framework previously established by Enshan et al. (2025b).

5.4.3 Research limitations and future directions

The research has its limitations embedded in its station settings. Each case has its ownspatial settings, and transferring its experience to other cases requires considerablegeneralization efforts. More challenging is that stations are the type of buildings withthe most diverse variants (Richards and Mackenzie, 1986). This chapter’s case is justone representing its similar counterparts, and there are many other significantlydifferent cases beyond.
This chapter focuses on user experiences as the indicators of station performance;however, in the development and daily operations of railway stations, there are many
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other types of performance that other actors—beyond users, including developers,railway companies, governments, NGOs, and local residents—care about. For example,the cost and return to build stations (financial performance), the programmingadaptability to future changes, the managerial capacity needed to run stations, and thevehicle transportation efficiency, the reserved spaces for nature (Zemp et al., 2011;Van Den Berg and Pol, 1998; Bertolini and Spit, 1998; Wang, 2022; Boorsma, 2024).Acknowledging these limitations, this chapter outlines work for future research:expand studies on more station settings and performances.

5.5 Conclusions

This chapter addresses one major question. In section 5.1, regarding design principlesfor the flexible use of station areas, this chapter presents the major question—howeffective are the design principles of flexible use of stations, as demonstrated throughresearch-by-design and agent-based simulations (ABS)? The results confirm that theprinciples are generally effective, each with its own strengths and limitations. Fordesigners and policy-makers, the following executive summary is provided:

1) For addressing overcrowding and underutilization in railway stations, design proposalsat both district and building levels can promote flexible use by incorporating thefollowing features: event visibility, reconfiguration-supportiveness, quality connections,dispersed layouts, and human-centered spaces.2) However, quality connections may require more investment to build and occupy moreusable land; Dispersed layouts may increase wayfinding difficulty and require greatermanagerial effort for reconfiguration (Figure 5.14).

The study also answers two minor questions. The first minor question—what will thesedesign principles be like when applied to new cases?—is addressed through thedevelopment of multiple design proposals. The second minor question—what are thelimitations of ABS in assessing complex projects like railway stations?—is addressedby recognizing that current ABS models have not yet incorporated more humanabilities, including subjective feelings of safety, wayfinding capacity, and humans’ability to perceive spatial depth. These limitations of ABS highlight the usefulness ofother traditional means for design assessment, such as expert evaluations anddesigners’ analytical drawings.
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PART III Assessment
Framework

This part, comprising Chapters 6 and 7, establishes the quantitative evaluation
framework of this dissertation, providing computational tools to evaluate how station
design proposals perform across fluctuating temporal scenarios.
Chapter 6 formulates the overarching assessment framework utilizing agent-based
simulation to evaluate multi-layered user satisfaction metrics during both peak and
off-peak conditions. This framework is demonstrated through the case of Rotterdam
Central Station. It is also utilized by Chapter 5 to assess design principles.
Chapter 7 supplements this framework by introducing a visual assessment model that
computationally quantifies visual qualities of environments perceived by pedestrians.
The content of Chapter 6 has also been published in: Enshan, C., Van de Spek, S., Van
der Hoeven, F., & Triggianese, M. (2025). Evaluate user satisfaction for urban design of
railway station areas: An assessment framework using agent-based simulation.
Environmental Impact Assessment Review, 110, 107685.
https://doi.org/10.1016/j.eiar.2024.107685
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6 Assessment
framework

Using agent-based simulation
ABSTRACT Railway station areas can play a crucial role in promoting sustainable development ifintegrated with cities and support flexible use through effective urban design. However,during the design stage, assessing the station areas’ performance, of which usersatisfaction is indicative, is challenging due to methodological limitations. Agent-basedsimulation (ABS) is promising as it can link spatial features with agents’ behaviorfeatures. This chapter addresses the question: to what extent ABS can help assess theurban design of station areas? Methodologically, this chapter adopts the user pyramidas the theoretical framework, which outlines five types of user needs: safety, speed,ease, comfort, and experience. The chapter selects indicators linking satisfaction andspatial features at the district and building levels. These indicators are measured in thesimulation of the station system using digital tools, including MassMotion and Pythonscripts. The theory, indicators, and tools, in combination, serve as an assessmentframework. Rotterdam Central Station is used as a case to demonstrate how theframework works. The results show that the framework is capable of assessing designalternatives by identifying changes in user satisfaction. It can be applied on the districtlevel (at a scale of 250m) with substantial details to inform design decision-making,and it is useful during the design stage when only limited data is available. This chapterstrengthens the scientific knowledge of railway station areas through themultidisciplinary literature review that translates user needs for urban design use, andit advances the digital means to visualize user satisfaction affected by design.

KEYWORDS Mapping, environmental psychology, crowd simulation, vision analysis
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6.1 Introduction

Railway stations play a crucial role in promoting sustainable development. Railtransport is more energy-efficient than any other motorized means of transportationon the ground (Newman and Kenworthy, 1999; Loo and Comtois, 2016). To increasethe use of rail transport, stations should be able to attract passengers (Kasraian et al.,2016). Also, compact development around railway stations provides cities with largergrowth potential and curbs urban sprawl (Shikata et al., 2013). If railway stations arewell-integrated into the structure of the cities and their direct surroundings, then theycan contribute to making the city competitive, realizing economic potential from realestate development, and so on (Bertolini, 2008; Ibraeva et al., 2020; Priemus, 2008;Peters and Novy, 2012; Dai et al., 2019; Cheng et al., 2021). With these motives, aresearch topic, namely ‘station-city integration’, has long been discussed.
Stations have been studied in engineering, architecture, urban planning, andmanagement. Engineering design efforts have been made for optimizations ofscheduling and assignment of resources (Shafahi and Khani, 2010); Architecture cancontribute by making stations visually attractive as gateways to city centers (Richardsand Mackenzie, 1986); While management and urban planning deal with thepositioning of station sites during decision-making and making stations moreaccessible to passengers (Yin et al., 2015; Wang, 2022; Borghetti et al., 2021).Besides these traditional fields for station design research, urban design in practice isshown to be critical for station-city integration (Peters and Tolkoff, 2016; Triggianese,2015; Da Conceição, 2015). Urban design, which primarily deals with public space andusers (Carmona et al., 2003; De Jong and Van Der Voordt, 2002), is even morerelevant for stations considering the past decades’ planning paradigm shift fromvehicle-oriented to human-oriented (Bertolini, 2020).

6.1.1 Assess urban design toward station-city integration and flexible
use

The PhD project that includes this chapter has been conducted to explore thecontribution of urban design to station-city integration (Figure 6.1), where a particularstation issue is identified—the overcrowding-underutilization phenomena. The use ofstations typically fluctuates, especially during events. Events across different temporalscales (Carmona et al., 2003) can cause overcrowding during peak times andunderutilization during non-peak times. These events include daily rush-hourcommuting, multi-weekly sports events, and yearly holidays. Overcrowding is a safetyconcern, and underutilization is a waste of space resources, both of which decreaseuser experience. Therefore, it is beneficial to ease the overcrowding andunderutilization in stations, for which flexible use is a potential strategy
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(subsection 1.2.4). Overcrowding and underutilization can either be reduced orexacerbated during station-city integration. This is because cities can positively bringstations with more accommodating capacities and more users. Cities can alsonegatively bring more conflicting use and empty space. Assessment of designproposals during the design stage is necessary to ensure design solutions takeadvantage of the positive impact while avoiding the negative.

FIG. 6.1 This chapter is part of the PhD project at the intersection of three topics. (Source: Author)
Spatial and human aspects are inseparably considered during urban design. Spatialconfiguration facilitates users’ needs, and user satisfaction indicates spatialperformance (Figure 6.2). However, evaluating user satisfaction in urban designproposals for railway station areas remains challenging due to the limitations ofexisting digital tools, as described in the following two sections.

FIG. 6.2 Space and users are interrelated in urban design. (Source: Author)

6.1.2 Existing analytical methods in the urban design field

Various digital methods and tools are available in the field of urban design (Figure 6.3).For example, space syntax, accessibility analysis, connectivity analysis, proximityanalysis, resilience analysis, isovist, visibility analysis, eye-tracking, computer vision,
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vision analysis, movement simulation, virtual reality, statistical index analysis (Jehleet al., 2022; Stojanovski, 2020; Lu et al., 2022; Benedikt, 1979; Chen et al., 2021;Hollander et al., 2023; Liu, 2020; Zhang et al., 2023; Hillier, 1995; Yu et al., 2021; Pigaand Morello, 2015). They vary in modeling strategies, content being addressed, and
data dependencies.

FIG. 6.3 Common methods used in the urban design field. (Source: Author)

These methods use different modeling strategies to represent real-world systems.Network-based methods treat systems as networks consisting of lines and nodes, suchas railway networks and city street networks. Space-based methods treat systems asthe sum of space units or grids. For example, a plaza can be seen as a plane withhundreds of 1m×1m space units combined. Agent-based methods treat systems asbeing composed of agents that interact with each other and with their environment.For example, a plaza can be seen as a physical plane with human users upon it, wherethese users interact with each other and can interact with the environment by movingand seeing (Figure 6.4).

FIG. 6.4 Exemplary evaluation of spatial openness using different approaches. (Source: Author)
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In terms of the content being dealt with, some primarily address spatial aspects, whileothers can also address human aspects. For example, connectivity analysisinvestigates purely the physical structure of a network. In contrast, movementsimulation builds not only the physical environment but also the human-like agentsmoving in the environment.
These methods have different data dependencies. Some methods require real-worlddata from the investigated projects. For example, when eye tracking is used to analyzea project, photos of the project are typically needed, or alternatively, participants areput into the project environment for experiments. Participants’ eye attention isinfluenced by the detailed elements of the real-world scene. In contrast, some othermethods do not require real-world data from the investigated projects. This is possiblebecause these methods use universal data from other projects or universal laws. Forexample, a visibility analysis can simply use (unbuilt) 3D models instead of photos ofthe investigated projects, because whether sight lines are blocked or not follows theuniversal physical law of light (Figure 6.5).

FIG. 6.5 A photo of a real-world scene (Source: Google Maps) vs a 3D representation model of a design (Source: Author)

6.1.3 Agent-based simulation

Among the above methods, agent-based simulation (ABS) is the most promisingapproach for assessing user satisfaction in designing railway station areas.
Thanks to its modeling strategy, ABS provides high-resolution results and links
spatial and human aspects better. For research of railway station areas on a spatialscale as ‘small’ as several hundred meters, agent-based simulation can specificallyshow qualities of certain spaces (or space units) that are actually used by agents(Figure 6.4). In contrast, the network-based methods abstract much of the reality intolines and hence barely provide any insights; space-based methods show the qualitiesof all space units regardless of whether they are being used or not (Figure 6.4).Beyond the high-resolution modeling of space, ABS, with agents’ parameter settings,better represents human features than other methods.
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Agent-based simulation (ABS) does not require real-world data from the investigatedprojects, making it suitable during the design stage. Project-specific real-world datadoes not exist during the design stage as design proposals are not yet built. ABS takesthe 3D models of design proposals as input and the set parameters of agents usingdata, scientific evidence, or knowledge developed in other projects or research fields,such as environmental psychology and behavior (Gifford, 2001).
Despite the promising potential, Agent-based simulation (ABS) is limitedly used in thedesign practice of railway stations. It has been used to assess safety with movementsimulation in basic scenarios such as overcrowding and evacuation (Dubroca-Voisinet al., 2019; Pu et al., 2022). Other diverse user perceptual and spatial aspects
remain unexplored by ABS. In fact, in design practice, other user perceptual aspectsare largely evaluated by designers’ manual analysis based on their personalhypotheses.

6.1.4 Research gap and research questions

The above introduces a research gap through a research overview. Assessing urbandesign alternatives is critical for enabling the flexible use of stations and achieving thepositive effects of station-city integration. To facilitate this assessment, agent-basedsimulation is the most promising among many existing analytical methods. However, itis currently limitedly used only for safety evaluation, without considering other diversehuman and spatial aspects.
Aiming to fill this research gap, this chapter sets the research question: To what
extent can agent-based simulation help assess user satisfaction to facilitate the
spatial design of station areas (that are integrated with cities and support flexible
use)? The expected outcome of this research is an assessment framework, and twosub-questions are proposed: (1) Is the developed assessment framework effective inidentifying the user satisfaction changes caused by different design alternatives? (2)What is the usage of this framework in practice?
This chapter constructs the assessment framework by integrating theory, indicators,and digital tools. During this construction, it conducts a multidisciplinary literaturereview that translates user needs for urban design use, strengthening the scientificknowledge of railway station areas. This chapter also does software development,advancing existing digital tools beyond their existing functionality.
The remainder of this chapter is organized as follows: section 6.2 describes themethods. It defines the station area, user needs, and indicators. section 6.3 andsection 6.4 apply these methods in Rotterdam Central Station and analyze the results.section 6.5 discusses the implications of the research findings, and section 6.6concludes (Figure 6.6).
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FIG. 6.6 The structure of this chapter. (Source: Author)

6.2 Methodology

This chapter develops the assessment framework, which consists of a theoreticalframework, indicators, and digital tools. In the whole assessment process, thetheoretical framework and indicators are the settings of the agent-based simulation,spatial design proposals are the inputs, and the user satisfaction mappings are theoutputs (Figure 6.7).

FIG. 6.7 The assessment framework in the assessment process. (Source: Author)
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6.2.1 Theoretical framework

Based on a recurring survey of all Dutch rail stations, Hagen and Heilligers (2015)outlined a pyramid of customer needs with five types of user needs of railwaypassengers: safety, speed, ease, comfort, and experience (Figure 6.8). There aremanagerial interventions to satisfy these needs, such as music, colored light, andinfotainment (Van Hagen, 2011). While this user pyramid is currently only used toinspire management interventions, it can also be linked with urban design. Variouskinds of knowledge make it possible to link user perceptions with spatial qualities, asdetailed in subsection 6.2.2 and subsection 6.2.3. Before establishing the spatial link,it is necessary to articulate the spatial scale of the railway station area, as described inthe following subsection 1.6.6.

FIG. 6.8 Pyramid of (railway station) customer needs. (Source: Hagen and Heilligers 2015)

6.2.2 Literature review and selection of user satisfaction indicators

This study adopts the user pyramid (Van Hagen, 2011), which consists of five userneeds: safety, speed, ease, comfort, and experience. To operationalize theseconcepts for urban design, this chapter links them to spatial-related indicators basedon a literature review. Using Web of Science, a topic search (title, abstract, authorkeywords, and keywords plus) is conducted. The topic words include all five needs,‘qualities,’ combined with ‘measure*’ (* denotes fuzzy search), ‘evaluation*,’‘assessment*,’ ‘station,’ and ‘public space.’ The search for papers was conducted in allthe publications of the Environmental Impact Assessment Review, Journal of UrbanDesign, Journal of Environmental Psychology, and Environment and Planning B: UrbanAnalytics and City Science. Among the resultant papers, those with top citations are
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examined. Common references shown in these papers are further searched andreviewed. Besides the academic publications, relevant building codes, industrystandards, and design guidelines are examined based on the author’s knowledge.

6.2.2.1 Safety
Indicators for safety. Safety in public space has been described as related to manynon-spatial, usually equipment and managerial aspects, such as CCTV, sufficientlighting, security signage, cleanliness, familiarity (Larimian and Sadeghi, 2021;Van Melik et al., 2007; Mehta, 2014; Kong and Pojani, 2017), upkeep (De Silva et al.,2017), separation from vehicles, and proper pavement (Hebbert, 2005; Movahed et al.,2012). Some research also linked safety to high-level, large-scale spatial planningpatterns (Stoker et al., 2015). This study chooses two concepts to operationalizesafety: ‘eyes on the street’ and flow density. ‘Eyes on the Street’ is introduced by(Jacobs, 1961), describing the surveillance provided by residents and shopkeepers,which deters criminal activities in public spaces. This implies that spaces enclosed bymore building facades with windows will be safer, as people living inside watchingthrough the windows provide surveillance (Chen et al., 2021). Some railway stationareas are too empty during non-peak times, making pedestrians feel unsafe; thereby,‘eyes upon the street’ are needed. On the other hand, during peak times, high densityin pedestrian flow is a safety concern as it may lead to overcrowding and evenstampedes (Almeida and Schreeb, 2019). To measure the density as well as relatedaspects, including speed and flow volume, the concept of ‘level-of-service’ (from A to Flevel, with low to high density) articulated by (Fruin, 1971) is commonly used in thepractice of flow management.

6.2.2.2 (Transfer) speed
Indicators for transfer speed. Transfer speed is a clear-cut concept. The measurableindicators include the transfer time and the transfer distance. For measuring transfertime, there are more advanced indicators such as ‘Generalized Journey Time’ and‘Social Cost’ (Tfl Programme Management Office, 2017). They incorporate influencesof journey quality by assigning different weights to the original journey time segmentsregarding different motions (walking, waiting, or climbing stairs) and congestionstatuses.
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6.2.2.3 Ease (of wayfinding)
Indicators for ease (of wayfinding). In the initial search using ‘ease’ as the topic word,no paper shows up. Therefore, this chapter further interprets the meaning of ‘ease.’According to van Hagen’s initial expression: ‘. . . then the traveler wants the change tobe easy, i.e., convenient and with little hassle. Travel information and signposting are ahelp and must be seen as logical and unambiguous . . . ‘ (Van Hagen, 2011), thischapter interprets ease as ‘easiness of wayfinding’. Wayfinding is a complicated issue,determined by numerous socio-demographics, motility, urban environment,navigational preferences, and daily travel behavior factors (Zomer et al., 2019). Somecommon factors include journey distance, time, angles, turns, length of the first leg (aleg means a route segment) and decision points (Golledge, 1999), enclosurefamiliarity, social interaction, environmental information, spatial orientation, exitselection (Veeraswamy, 2011), and signage (Arthur and Passini, 1989).

6.2.2.4 Comfort
Indicators for comfort. Comfort (Van Hagen, 2011) is interpreted as the comfortableuse of facilities in this study. In railway station areas, facilities include free toilets,ticket office, seating, food retail, other retail, and weather-protected areas)(Anthonyand Frank, 2021), travel information, parent room for baby change, police office, lostand found, and so on (Brons and Rietveld, 2009). For the comfort of non-passengers,such as neighborhood city users, free-access passages also matter.
In common sense, the more abundant (e.g., more chairs, larger weather-protectedarea), freer (e.g., free toilet outside gated areas), and closer (e.g., closer conveniencestores) the facilities are, the more comfortable passengers can be. These factors arenot hard to mimic using agent-based simulation (e.g., enable area detection tocalculate the abundance, proximity analysis to evaluate distance, and set the tokenstatus to check access). However, no research has yet quantitatively linked thesefactors with comfort value. This study made a limited contribution by calculatingcomfort statistically using the AHP method (subsubsection 6.2.3.4). This study alsochooses the proximity of stores as an example for mapping. The spatial linkagebetween comfort and spatial aspects is a direction for future research to explore.

6.2.2.5 (Visual) experience
Indicators for experience. Experience (Van Hagen, 2011) is interpreted as visualexperience in this study. Ewing and Handy (2009) related many visual elements of the
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built environment to some commonly used urban design qualities, includingimageability, enclosure, human scale, transparency, and complexity. The visualindicators used by Ewing and Handy (2009) include factors that urban design typicallycan intervene in, such as buildings with non-rectangular silhouettes, buildingproportion, dominant building colors, accent colors, sight lines, building height,planters, landscape, etc. The measurement of these elements is done manually inEwing & Handy’s work. With the recent years’ development of image segmentation inthe computer science field, it is possible to measure visual elements by machine(Nagata et al., 2020). Visual elements can be quantified with qualities using opendatasets like Place Pulse, in which street images are scored for qualities including safe,lively, boring, depressing, wealthy, and beautiful (Salesses, 2012). This study chooses‘lively’ in Place Pulse as the experience quality for further analysis. ‘Lively’ is a criticalexperience quality in the station area because station areas can be easily renderedlifeless due to the many traffic elements that discourage people from staying.

6.2.2.6 Final selection of indicators
The final inclusion of indicators considers several criteria. First, indicators should haverelevance to spatial-morphological implications. Second, they should be measurablebased on the typical design proposals (usually containing cartoon-like 3D models) asinput and not rely on real-world data. Third, overlapping is reduced as much aspossible between different categories of indicators. Fourth, knowledge of collectiveexperience based on the general population instead of special populations is preferred.Lastly, indicators that can reflect the peak times and normal times differences areincorporated. The indicators selected are listed in Table 6.1 (Figure 6.9). Theseindicators are measured in the simulation (subsection 6.2.4). The values of user needsare calculated based on these measured indicator values (subsection 6.2.3).

FIG. 6.9 Various indicators of user needs (Source: author)
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TABLE 6.1 Indicators selected in this chapter
User Needs Selected Indicators Key Reference Spatial-Morphological Configuration

Relevance
Safety (Peak time) Flow density;(Non-peak time) Visibility ofwindows

Fruin 1971; Chen et al.2021 Shape of spaces, enclosure of facades;Building location and shape
Speed Transfer time & distance Tfl Programme ManagementOffice 2017 Constellations of mobility sites, locationof passage
Ease Direction change Conroy 2001 Constellations of mobility sites, layoutsand paths
Comfort Various types of facilities,weather protected areas Anthony and Frank 2021 Outdoor and indoor spaces
Experience Various types of visual elements Ewing and Handy 2009 Locations of artworks & activities,diversity of elements

6.2.2.7 Summary
The above literature review translates the five types of user needs into many indicators.These indicators come from multiple disciplines or fields, including urban design,transport, environmental psychology, and computer science. The further selection ofindicators ensures that they can link spatial aspects with human features and arepractical for use in agent-based simulation. These indicators play a central role inlinking different parts of the assessment framework (Figure 6.10).

FIG. 6.10 The indicators’ critical role within the assess framework. (Source: Author)

6.2.3 Define measurement formulas

Based on the selected indicators, the following formulas are proposed. They calculatedifferent indicators to measure the five user needs quantitatively.
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6.2.3.1 Safety (regarding overcrowding during peak time and ‘eyes uponstreets’ during non-peak time)
Eq.(6.1) calculates safety during peak time. Eq.(6.2) calculates safety during non-peaktime. d denotes the agent’s experienced density. Pf denotes the proportion of
building facades in an agent’s vision.

Vsafe1 = d (6.1)

Vsafe2 = Pf (6.2)

6.2.3.2 (Transfer) speed
Eq.(6.3) calculates the speed value, i.e., how fast a passenger can finish his transferjourney. Given the same walking ability of the general population, the ‘speed’ offinishing the transfer journey is inversely proportional to the travel distance. Lrepresents an agent’s travel distance from origin to destination.

Vspeed = 1/L (6.3)

6.2.3.3 Ease (of wayfinding)
Eq.(6.4) calculates the ease of wayfinding for passengers in railway station transfer. Itequals an agent’s accumulated heading direction change for its whole movementjourney. ∆θ denotes the direction change at a given time interval, which is set as 1s inthis study. It is the whole time that an agent takes to finish his journey.

Vease =

T∑
t=0

∆θ (6.4)
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TABLE 6.2 Importance of different facilities regarding comfort
Indicators Weight
Weather protected areas 0.200
Toilets and Parent rooms 0.193
Ticket offices/machines 0.180
Travel information points 0.156
Seats 0.122
Kiosk/Retail 0.090
Lost and found and Police offices 0.059
Note: Consistency ratio = 0.053

6.2.3.4 Comfort (regarding facilities and weather-protected areas)
Eq.(6.5) calculates the comfort value. fi denotes facilities, including toilets & parentrooms for baby change, ticket offices/machines, seating, kiosk & retail, travelinformation points, lost and found services & station police offices, andweather-protected areas. The weight of each type of facility is obtained based onexperts’ ratings (n=11) using the Analytic Hierarchy Process (AHP) method (Table 6.2).

Vcomf =

n∑
i=1

fi (6.5)

6.2.3.5 (Visual) experience
Eq.(6.6) is a linear regression model (see supplementary material section 3.5 for whychoosing this model) that calculates the experience value based on visual elements.Two visual features of the visual elements are used: (1) the visual (pixel) proportions ofelements and (2) the number of elements (using semantic segmentation and instancesegmentation, correspondingly. Figure 6.11). These two visual features are feasible tobe extracted from photos, but more importantly, are also possible to be extracted fromcartoon-like design renderings or 3D models (Figure 6.5). (In comparison, there aremany features used in the computer vision field that are not usable since they arebased on photos - real-world data, like the eight features used in the work of (Naiket al., 2014)). The variables’ weights are extracted from the Place Pulse 2.0 dataset(consisting of human-rated street view images) (Salesses, 2012). The statisticallysignificant (p-value < 0.05) and spatial-related variables include the proportions ofsky, buildings, water, and trees, and the number of people. Besides the direct effects ofthese variables, a significant and positive effect of the Shannon index on ‘lively’ is alsofound (Table 6.3). The Shannon index is a common index used for diversitymeasurement (Zhong et al., 2020), which in this study is calculated based on the visualproportions of buildings, sky, trees, grass, and sidewalks. Including the Shannon indexas an extra variable in the linear regression model helps improve the model’s accuracy
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(See more details in supplementary materials 3.1-3.5).

Vexpe = β0 + β1x1 + β2x2 + . . .+ βmxm + e (6.6)

FIG. 6.11 Instance segmentation (the left image) and semantic segmentation (the right image). (Source: Author)

TABLE 6.3 Importance of different facilities regarding comfort
95% CIIndicators Unstd. B

Lower Upper
Std. Coeff. P

(Constant) 22.388 20.457 24.320 <.001
Sky -6.554 -11.685 -1.422 -0.127 0.012
Building 8.457 5.135 11.780 0.257 <.001
Person_No. 0.539 0.272 0.807 0.174 <.001
Water 39.143 16.241 62.044 0.141 <.001
Tree 4.596 1.421 7.771 0.145 0.005
Shannon index 2.202 0.656 3.747 0.124 0.005

Note: a) Dependent variable: ‘lively’ score. b) R2 = 0.167, adjusted R2 = 0.156. c) The Shannon index iscalculated based on the proportions of buildings, sky, trees, grass, and sidewalks.

6.2.4 Methods and tools

Among the five needs, four can be measured when two types of agent features aresimulated - movement and vision (Figure 6.12, left). The other one, comfort, wasmanually analyzed due to a lack of directly applicable scientific data for quantitativesimulation, at the time this research was conducted. MassMotion is used for movementsimulation, generating movement trajectories, and relevant information. This chapterwrites Python scripts for vision simulation based on the linear regression model. Rhinois used for modeling and rendering. More Python scripts are written for varioussupporting works, including image segmentation (to get the linear regression model),data analysis, visualization, and so on (Figure 6.12, right).
This paragraph describes the practical software operations in detail, explaining howthe indicators (Tables 1, 2, and 3) are applied in the simulation. First, this study builds
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3D Rhino models of the station cases, with necessary scene elements, including thesky, buildings (specifying window areas), water bodies, and trees. These sceneelements are assigned in different colors. Second, this study imports the Rhino modelsinto Massmotion, sets the origins and destinations of passengers, sets the OD(Origin-Destination) matrix defining the numbers of passengers, and runs themovement simulation. Then, the flow density, transfer time, and transfer distance canbe retrieved. Third, from Massmotion, this study exports the movement trajectories asCSV files, then analyzes these files using Python scripts to get the direction changes ofeach passenger. Fifth, in Rhino 3D models, through the Rhino built-in Python plugin,with Python scripts, import passengers’ (every 5s) positions, set people figures onthese positions, set the camera on these positions to mimic passengers’ views, andexport screenshots (.png images) from the camera positions. Sixth, this studyprocesses the .png images using Python scripts to analyze the proportions andnumbers of different elements (i.e., windows, sky, buildings, people, water, trees) bytelling the different colors of pixels or using instance segmentation, respectively.Seventh, this study calculates the values of user needs based on all the indicators’values, and uses Python scripts to map the values into different colored points on thepassengers’ positions in Rhino models.

FIG. 6.12 Methods and tools used in this chapter. (Source: Author)

6.3 Case study

To demonstrate the current assessment framework’s usage, this chapter applied it tothe Rotterdam Central Station (RCS) (‘Rotterdam Centraal’ in Dutch) case. Thesignificant changes in user satisfaction before and after the redevelopment of RCSprovide a great opportunity to see whether a new assessment framework can identifysuch changes. Also, this case’s physical accessibility allows the author to take fieldtrips to collect data and reflect on the methods and findings.
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6.3.1 The context of Rotterdam Central Station

Rotterdam Central Station has been redeveloped, leading to significant changes in userexperience. The previous Rotterdam Central Station (RCS), built in 1957, was designedfor a smaller number of passengers. It became increasingly congested with thegrowing passenger flow before being redeveloped. Pedestrians also felt unsafe asvehicles were running all over the place (Figure 6.13, left). The station no longerserved as the city’s gateway, and companies were unwilling to invest there. Since2014, the station and surrounding area have been redeveloped. A new station openedin 2014. According to annual passenger surveys, it maintains top rankings amongnearly 400 stations in the Netherlands (e.g., 6th in 2022). It has also received manydesign awards (Figure 6.13, right).

FIG. 6.13 The previous and the current Rotterdam Central Stations.(Sources: left-large—commons.wikimedia.org; left-small—internaathetposthuis.nl; right-large—tropicaliente.nl;right-small—west8.com)

6.3.2 Research design

Regarding spatial scale, the stations and surrounding areas are modeled on thebuilding and district levels. The maximum range of station area is defined as around250m (subsection 1.6.6), where the more specific analyzed areas cover mobility sites(i.e., bus station, tram station, bike parking sites) and walkable outdoor spaces(Figure 6.14, Figure 6.16, and Figure 6.17; see also subsubsection 1.6.4.1).
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FIG. 6.14 The study area of Rotterdam Central. (Source: Google Maps; annotated by the author)

FIG. 6.15 Compare different temporal scenarios. (Source: Author)

FIG. 6.16 The stations on the district level. (Source: Author)
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FIG. 6.17 The stations on the building level. (Source: Author)

Regarding the temporal dimension (Carmona et al., 2003), this research setssimulation scenarios for weekday peak, weekday non-peak, weekends, disruption, andsummer carnival times. It then compares these scenarios (Figure 6.15).

6.3.3 Data sources

As outlined in Figure 6.7 and Figure 6.28, the simulation process has differentcomponents, including inputs (design proposals), settings (agents, flow, events), andoutputs (user satisfaction mappings). Various data from multiple sources are used forthese components.
The design proposals are basically 3D models of the station area. This study built thesemodels based on satellite images, floor drawings, and historical photos from theinternet.
For movement-related agent parameters, this study adopted the default values inMassMotion. These default values come from multiple sources, such as Fruin’s work(Fruin, 1971) and data from the London railway system (Tfl Programme ManagementOffice, 2017). Vision-related agent parameters are actually the coefficients of thelinear regression model. The model was built based on the Place Pulse 2.0 dataset
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(section 2.4.5), which consists of human-scored street images. For agent flow, thisstudy uses the Origin-Destination matrix with the same mode split (to make the flow thesame ‘controlled variable’) for the previous and the current scenarios. This mode splitis based on the author’s on-site pedestrian counting and the Dutch railway company’sflow data (NS, n.d.) (see detailed explanation in supplementary materials section S2).For simulating Summer Carnival events, the author observed the locations of crowdson the station plaza and in the station building during the carnival time in 2023.
When the simulation outputs, i.e., user satisfaction mappings, are generated, this studycompares them with the real-world user satisfaction changes and interprets them withdesign interventions. The real-world user satisfaction data comes from the annualsurvey named Station Experience Monitor (‘Stationsbelevingsmonitor’ in Dutch) by theDutch railway company. The design interventions are documented in a paper byPeters and Tolkoff (2016), in which user experience improvement is described from theexperts’ perspective.

6.4 Application results

6.4.1 Mappings of user satisfaction

The mapping results are shown as follows:

6.4.1.1 Safety (regarding overcrowding during peak time and ‘eyes uponstreets’ during non-peak time)
Figure 6.18-A. shows the peak time safety perception, represented by the flow density.In the previous station areas, the area in front of the station building (location 1 in thediagrams) is crowded, and passengers may face the danger of being hit by vehicles.This area forms a bottleneck to the pedestrian flows. This issue is solved in the currentstation, where pedestrian flows are more evenly distributed. In the hypotheticalscenarios when pedestrian numbers are increased (Figure 6.18-B and Figure 6.20,locations 1 and 12), the previous station can have severe congestion (level-of-serviceF) while the current station can still handle the increased pedestrian numbers.Therefore, the current station has a better peak-time safety performance.
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FIG. 6.18 Mapping results: (A) flow density as peak-time safety. (B) capacity comparison with triple times of passenger numbers.(C) capacity comparison during a hypothetical disruption. (D) ‘eyes on the street’ as non-peak-time safety. (Source: Author)
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FIG. 6.19 Mapping results: (E) transfer distance. (F) ease of wayfinding. (G) store proximity as comfort. (H) visual experience.(Source: Author)
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FIG. 6.20 Mapping results: Flow density with three times the agent numbers. (Source: Author)

Figure 6.18-D shows non-peak time safety perception in the station. In the previousstation, the main passage across the building under the railway tracks (location 2)receives little eye surveillance. While in the current station, it receives much more eyesurveillance thanks to the newly added retail under the track. This means a saferenvironment during non-peak time, especially at night.

6.4.1.2 (Transfer) speed
Figure 6.19-E and Figure 6.21 show the passengers’ transfer speed (This transferspeed analysis is conducted only for passengers and not for leisure users, as theformer care about it while the latter hardly do). The average passenger transferdistance and time in the current scenario are just slightly shorter than those in theprevious scenario. In the previous station areas, most mobility sites are directlylocated in front of the station building (location 3), which makes the transfer distancequite short for the majority of passengers. Different from most passengers, those whocome from the bus and tram stations that are located in the far south (location 4) needto take much longer transfer journeys in the scenario. They also need to take thedetours caused by the motorway Weena (location 5) during their transfer journey. Inthe current station, passengers transferring from various modes of transportation havemore equitable experiences.
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FIG. 6.21 Agents’ transfer time and transfer distance. (Source: Author)

6.4.1.3 Ease (of wayfinding)
Figure 6.19-F and Figure 6.22 show the ease of wayfinding, indicated by the directionchange (This analysis is only conducted on transport passengers and not for leisureusers, as the former care about it, while the latter do not necessarily). In the previoussituation, when moving in the high density of people in front of the station building(location 6), passengers need to constantly change heading directions to avoidcollisions with others; People who come from the far south bus/tram stations need totake many detours. In the current station, passengers have more direct trajectoriesand would feel much more at ease.

FIG. 6.22 Direction changes in trajectories. (Source: Author)
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6.4.1.4 Comfort (regarding facilities and weather-protected areas)
The comfort needs in general are better satisfied in the current station than in theprevious station. The previous station has limited retail stores in the station hall, whilethe current station has plenty of stores located in the hall and in the main passageunder the tracks (Figure 6.17), which provide convenient consumption choices forusers (e.g., Figure 6.19-G, location 7, where stores are closer to the current stationthan the old). In the previous station, seats are largely missing. The current stationprovides several types of seating options: several clusters of seats in the station hall;seats in the coffee shop; and in the outside space, the marble edges surrounding theflowerbeds can be used as benches (Figure 6.23). The current station has much largerweather-protected spaces, including indoor spaces and the gray spaces covered by thebig canopy. However, there are gates for ticket checking in the current station whichreduces its comfort use than the old, as the latter was totally free-access (Figure 6.23).Sales of retail located within the gated area have dropped by 25% after the installationof ticket gates (Peters and Tolkoff, 2016, p. 7).

FIG. 6.23 Weather-protected areas and seats. (Source: Author)

6.4.1.5 (Visual) experience
Figure 6.19-H shows visual experience in the station. In the station plaza area, thevisual perception is more positive in the current scenario than in the previous scenario.This is because, in the previous scenario, when people stand in the plaza area (location1), their sight lines towards positive environmental elements (including buildings, trees,and humans) are pretty much blocked by vehicles. In the summed visual perception ofall agents (Figure 6.24), a greater proportion of buildings is presented in the view inthe previous scenario. This is because the previous paths from the neighborhood weremainly located alongside the building (locations 9 and 10), while in the current stationareas, the paths are evenly located in the open spaces (location 11).
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FIG. 6.24 Proportions of different elements in agents’ view. (Source: Author)

6.4.1.6 Performance during events and disruptions
The current station is supportive of large events, while the previous station is not. Inthe current station area, the plaza can be used for big events, and smaller events orinstallations can be set in the station hall (Figure 6.13 and Figure 6.17). A furthersimulation shows that adding events in the current station has negligible impacts onthe flow density, transfer distance, and transfer time (Figure 6.25). In contrast, in theprevious station, no major event can be organized at the plaza as it was occupied bytransport facilities (Figure 6.13 and Figure 6.17) unless all the transport functionstops to give way to events.
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FIG. 6.25 Flow density and agents’ transfer time in the current station during normal time and event time.(Source: Author)

The current station is more resilient to disruption than the previous station. Railwaylines and stations can be affected by different disruptions(https://www.rijdendetreinen.nl/en/statistics), leading to stations sometimes beingshut down. In such a situation, the passengers will not be able to board and will bedetained in the spaces around the station. The summed area of outdoor spaces aroundthe current station is doubled; therefore, it will have a double capacity to accommodatethe detained passengers during extreme disruptions (Figure 6.18-C).

6.4.2 Relates to station-city integration and flexible use

Various design interventions, whose impacts are reflected by agents’ satisfactionduring the above application, are relevant to station-city integration and flexible use.
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Some of these design interventions are primarily about the spatial layout, e.g., a betterlayout of mobility sites with human-centered plaza; and other design interventions areabout the elements of stations, e.g., adding stores providing better surveillance(Figure 6.26).
Regarding station-city integration, the previous station area was vehicle-dominant,making the whole adjacent city area unpleasant to visit. The current station has beentransformed by interventions that promote high-quality connections, provide thestation with city functions and environment, and reduce interference between thestation and the city.
Regarding flexible use, these interventions reduce overcrowding, build space that canbe potentially used as event venues, and promote quality during non-peak times(Figure 6.26, see also Figure 6.1). These interventions enable the station area to beused during non-peak times, preventing underutilization and an empty, unsafeenvironment.

FIG. 6.26 Design interventions and their relevance to station-city integration and flexible use. (Source: Author)

6.4.3 Validation of the assessment framework

In general, as shown in the Rotterdam Central Station (RCS) case, the wholeframework successfully reflects the impact of design alternatives on agents’satisfaction. This aligns with the ’Stationsbelevingsmonitor’ passenger surveys andqualitative observations by Peters and Tolkoff (2016). For each specific need, thesimulation’s validity varies. Peak-time safety, (transfer) speed, and ease (ofwayfinding), non-peak-time safety values are measured based on physical quantitiesderived from agents’ movement trajectories, so their validity is determined by themovement simulation algorithm in MassMotion (namely ‘social forces’). MassMotion isa validated commercial software program (Kinsey et al., 2015). The comfort and
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experience values are less accurate due to subjective factors involved (i.e., thevariables’ weights). The comfort value calculated through the AHP method has aconsistency ratio = 0.053, suggesting that the judgments made by different expertsare reasonably consistent. The linear regression model for experience value has anadjusted R2 = 0.156, indicating an acceptable accuracy in social science (According toOzili, 2023, R2 should be greater than 0.1).

6.5 Discussions

6.5.1 Potential applications of the assessment framework

During the design stage, the assessment framework facilitates the evaluations duringdesign iterations. This framework presents the user needs systematically for designersto check in case of neglecting certain aspects when dealing with the complexity ofstations. The framework incorporates scientific knowledge to inspireevidence/knowledge-based design (Klaasen, 2003). Since applying this framework stillneeds some coding skills (while typical designers hardly have coding skills) andfamiliarity with MassMotion software, it would be easier for the assessment provided bythe design consultant service.
The framework also facilitates communication and collaboration with different actorsinvolved in station area developments (Figure 6.27). Since the results generated bythis framework are vivid, they can be communicated to a broader audience, such asretailers, neighborhood residents, and the general public through different mediaplatforms (Li et al., 2023), and increase the public participation (Gao, 2023).
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FIG. 6.27 The assessment framework’s potential applications in practice. (Source: Author)

Moreover, the framework can potentially be used for site assessment before design, forpost-occupancy evaluation (Weimin and Mo, 2019) after design, and for non-designevaluation, such as estimating the impact of organizing events (Smith et al., 2021).With its future development, the more reality this framework can simulate(Figure 6.28), the more usage it will have in different parts of the whole ecology ofpractice (Figure 6.27).

FIG. 6.28 A limited part of reality is simulated. (Source: Author)
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6.5.2 Knowledge contributions

This chapter contributes to the knowledge base of station area design. This chapter’sliterature review of indicators bridges existing knowledge that is scattered acrossmultiple disciplines. New knowledge is also developed during the research for acomplete framework, including the linear regression model for visual experiencesimulation and the weight values for comfort evaluation.
The research forms part of the PhD project that considers stations’ temporal usefeature, enriches the meanings of ‘flexible use,’ ‘resilience’ (Shafiei Dastjerdi et al.,2021), and ‘temporary use’ in railway station practice. These terms all convey adynamic essence and contribute to a more sustainable way of space usage(Madanipour, 2018; Carr and Dionisio, 2017).

6.5.3 Limitations and future research directions

With a specific (urban design) domain-specific purpose to assess spatialconfigurations that user satisfaction is indicative of, this chapter only simulates alimited part of the station system (Figure 6.28, content in colored texts). The stationsystem, in its total reality, is a mixture of the station environment, users, and so on.The station environment has many spatial features on different spatial scales(subsection 1.6.6) and many non-spatial features. Users are of many types, withfeatures on collective and individual levels, and they are evolving/adaptive. The stationsystem has different types of performance and can be approached from differentprofessional fields. In acknowledging the broader picture depicted in Figure 6.28, thischapter outlines a future research direction: to integrate more aspects to expand theassessment framework.
In this research, the stations’ performances are judged through comparisons betweenthe current and old stations. A more ideal judgment is to compare the station’sperformance with standards. However, user satisfaction regarding the five user needsis a complex issue that relates to many factors, including national contexts, userpreferences, and so on. The existing evidence in this study is still far from forming suchstandards. These standards are possible in the future with more scientific evidence orindustrial standards, and the assessment framework being applied in more cases (Seesupplementary materials section S11. Referenceable values regarding user needs).
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6.6 Conclusions

This chapter addresses one main research question and two sub-questions: To whatextent can agent-based simulation help assess user satisfaction to facilitate the spatialdesign of station areas (that are integrated with cities and support flexible use)? Is thedeveloped assessment framework effective in telling the user satisfaction caused bydifferent design alternatives? What is the usage of this framework in practice? Theresults and discussion show positive answers as well as limitations to these questions:
(1) Agent-based simulation (ABS) has proven useful in developing the currentassessment framework. ABS makes it possible to integrate human perceptualknowledge and spatial quality knowledge. The simulation settings in this chapterinclude agent parameters, flow, and events, which reflect real-world station systems.This chapter acknowledges that there are still many more factors to be simulated.
(2) The assessment framework is shown to be effective when applied to the RotterdamCentral Station (RCS) case. Given the input of different design alternatives, theassessment framework outputs the agents’ satisfaction mapping to show the impact.Besides the whole framework being effective, the separate quality value calculationsare also valid with varying accuracy.
(3) This assessment framework is applicable in design practice. It facilitates designproposal evaluation, promotes communication among different actors, and potentiallyhelps assess non-design interventions.
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7 Supplementary
visual assessment

Evidence extracted from the imagesegmentation of street views
ABSTRACT The visual quality of the environment influences human perceptions of safety,aesthetics, vibrancy, and more. Assessing visual quality is crucial in design practice,whether for pre-design site analysis or for assessing the performance of designproposals. However, existing computational visual quality analysis models dependheavily on real-world data and cannot evaluate design proposals when projects are notbuilt. This chapter addresses the question: How to computationally assess the visualquality of the built environment for design use? Methodologically, it employs imagesegmentation to extract the proportions and numbers of elements in street images,followed by systematic testing of various models and methods to establishrelationships between these data and human ratings of the images. A final linearregression model is developed and incorporated into an agent-based simulation toassess visual quality in design proposals during the design stage, as demonstrated inthe case of the Amsterdam Zuidas area. The results reveal that factors such as thenumber of pedestrians and the proportions of trees, buildings, and water positivelyinfluence perceptions of street ‘liveness,’ while sky proportion has a negativerelationship (likely due to reduced visual diversity). The developed linear regressionmodel offers a practical tool for assessing the visual quality of new scenes in designpractice, using only features extractable from typical 3D design representation models.

KEYWORDS Urban analytics, scientific evidence, perception, agent-based simulation, urban design
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7.1 Introduction

Visual quality is an important aspect of the built environment. For humans, visualperception contributes to as much as 80% of the whole perception of the environment(Haupt and Huber, 2008). Enhancing the visual perception of space users is animportant task of designers’ and planners’ daily practices. For example, architects aretypically enthusiastic about the aesthetics of buildings (Scruton, 2013); urbandesigners and planners emphasize many visual qualities of the outdoor environment,such as imageability, complexity, enclosure, human scale, transparency, legibility(Ewing et al., 2013). Studies reveal that visual qualities correlate with the intensity ofpeople’s activities (Gehl, 1987; Whyte, 2001; De Nadai et al., 2016), because visualfeatures affect people’s perception of the environment’s safety, comfort, and affectpeople’s willingness to walk (Ewing and Handy, 2009; Paydar et al., 2023). Meawhile,visual quality is commonly considered highly subjective to people’s individual tastes,making it hard to assess objectively and deliver replicable results. Thanks toadvancements in computational means, it is possible to conduct more objective andreplicable evaluations.

7.1.1 From visibility to visual quality analysis

7.1.1.1 Visibility analysis
The key computational concepts for visibility analysis have long been developed inthe urban and architectural design fields, where visibility analysis, as a simple analysisof whether things are visible, has been implemented using computational means. Thecomputational measurement of visibility dates back to Benedikt (1979)’s ‘isovist’concept, which represents the range that is visible to people at a given point in space.This foundational concept has been extensively developed and applied across multiplescales and contexts, with extensions to three-dimensional analysis enablingcomprehensive visibility assessment in complex architectural and urban environments(Turner et al., 2001; Batty, 2001).
The development of visibility graph analysis (VGA) further advanced computationalvisibility methods by creating graph representations of visibility relationships, enablingthe analysis of large-scale spatial networks and their visual properties (Turner et al.,2001; O’sullivan and Turner, 2001). Building upon isovist and VGA, the visibilityanalysis component of space syntax was built. Space syntax methodology is a majorframework for analyzing spatial configuration in built environments. It encompassesvisibility analysis as one of its two fundamental analytical pillars—visibility analysisand accessibility analysis. By providing quantitative measures such as visual
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connectivity and integration, space syntax allows for the objective assessment of howspatial configuration influences visual experiences, wayfinding, and visual accessibilityin urban and architectural settings (Hillier, 1995; Penn et al., 1998).
Various software programs have been developed for visibility analysis, such asDepthmap (for visibility analysis of space syntax), Isovist app (https://isovists.org),and the ‘view studies’ component in Ladybug (for environmental analysis). It is alsorelatively easy to conduct visibility analysis by coding Python scripts and implementingthem on modeling platforms such as Rhino and ArcGIS, enabling custom workflowsand integration with design processes.
The data required for visibility analysis typically consists of 3D geometric models andgeometry data, which can be extracted from 3D design representation models such asRhino, Revit, and ArcGIS. These data are often available from OpenStreetMap data orother sources.
The applications of these visibility-based methods span diverse contexts, includingurban security analysis (Chen et al., 2021), pedestrian emotion modeling (Xiang et al.,2021), environmental and social sustainability assessments (Zare et al., 2022),wayfinding and navigation studies (Conroy, 2001; Haq, 2003), retail and commercialspace analysis (Natapov and Grinshpun, 2020), museum and exhibition design(Dursun, 2007), healthcare facility design (Haq and Luo, 2012), and transportationinfrastructure planning (Van Der Hoeven and Van Nes, 2014). The computationalapproaches to visibility analysis have become integral to evidence-based designpractices, enabling designers to quantitatively assess and optimize spatialconfigurations for desired visual experiences and functional outcomes.

7.1.1.2 Visual quality analysis
Beyond visibility, the nuanced content in people’s views can also be assessed (and thismethod is named as ‘visual quality analysis’ in this paper) thanks to the developmentof image processing in the computer vision field in recent years. Key computational
concepts for visual quality analysis include image segmentation, which involvesdividing an image into multiple segments, each representing a distinct object or regionof interest (Ronneberger et al., 2015). This segmentation can be used to extractfeatures such as the number of buildings, trees, and other objects in the image, as wellas the proportions of these objects. Object detection is another key concept in visualquality analysis. It involves identifying and localizing objects in an image (Redmonet al., 2016; He et al., 2018). This can be used to extract features such as the numberof cars, pedestrians, and other objects in the image, as well as the proportions of theseobjects. Pattern recognition is a key concept in visual quality analysis. It involvesidentifying and classifying patterns in an image (Simonyan and Zisserman, 2015). Thiscan be used to extract features such as the texture of the image, the color of the image,and the shape of the image.
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After extracting features from images using these methods, computational models aredeveloped to establish relationships between these features and human-rated qualityscores. These models can take various forms: regression models (linear or non-linear)that predict continuous quality scores (Naik et al., 2014), classification models thatcategorize images into quality classes, or end-to-end deep learning models thatintegrate feature extraction and quality prediction (Dubey et al., 2016). In some cases,particularly with deep learning approaches, pattern recognition models (such asconvolutional neural networks) can simultaneously extract features and learn themapping to quality scores in an integrated manner.
Deep learning algorithms and models, e.g., Mask R-CNN (He et al., 2018), YOLO(Redmon et al., 2016), U-Net (Ronneberger et al., 2015), VGG (Simonyan andZisserman, 2015), have been developed to conduct these tasks. Open-source datasetslaid the foundation to train these models. (Note: ‘Models’ are trained on datasets using‘algorithms,’ and models have weights while algorithms do not have; Algorithms andmodels can have the same names, such as the ‘linear regression’ algorithm and ‘linearregression’ models.) These datasets include CityScape, and Place Pulse. Softwarelibraries and packages such as MMSegmentation, PixelLib, and Scikit-image (Chenet al., 2019; India, 2023; Walt et al., 2014), which integrate such algorithms or models,provide more user-friendly options for doing the visual quality analysis with less codingeffort.
Data sources for visual quality analysis in the spatial design and urban planning fieldhave been greatly expanded by the proliferation of street view imagery, particularlyfrom platforms like Google Street View, which has enabled large-scale visual qualityassessment across entire cities and regions.
Applications of visual quality analysis in urban planning are extensive. Urban designand planning researchers have leveraged computer vision and machine learning toassess various perceptual qualities from visual data. The assessed visual qualitiesinclude perceived safety (Naik et al., 2014), aesthetic quality and beauty (Seresinheet al., 2015; Zhang et al., 2018), liveliness and vibrancy (Salesses, 2012),environmental quality including greenery, openness, and enclosure (Li et al., 2017;Wang et al., 2021), complexity (Florio et al., 2023), imageability and legibility(Filomena et al., 2019), and socioeconomic characteristics (Gebru et al., 2017; Jeanet al., 2016).
Visual quality metrics have been applied to diverse urban planning applications,including analyzing urban greenery distribution and accessibility, assessing walkabilityand pedestrian-friendliness, evaluating urban design quality, understandingrelationships between visual characteristics and urban functions, and assessing theimpacts of urban policies and interventions. Studies have also explored therelationship between visual quality and health outcomes (Li et al., 2022b), propertyvalues (Zhang et al., 2018; Gebru et al., 2017), and social equity (Li et al., 2022b; Longand Ye, 2019), demonstrating the broad relevance of visual assessment forevidence-based urban planning. Studies also commonly combine visual quality withother types of qualities (e.g., human scale urban form, functions mix) to analyze cities,integrating visual quality data with other urban datasets such as census data, land use
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information, point of interest (POI) data, mobile phone or GPS data, demographic data,and social-economic data to enable comprehensive urban analytics that informplanning decisions at multiple scales.
The visual quality analytics using computer vision is so extensive that it leads toliterature reviews (Ibrahim et al., 2020), or even reviews of reviews (Liu and Sevtsuk,2024). While these studies demonstrate the breadth of visual quality assessment andits applications, their technical foundations and data requirements vary significantlyacross different stages of the design process, as discussed in the following section.

TABLE 7.1 Overview of computational visual assessment methods
Visibility Analysis (Whether visible) Visual Quality Analysis (What is in view)

Concepts: Isovist (Benedikt, 1979), VGA (Turner et al., 2001;O’sullivan and Turner, 2001), Space Syntax (Hillier,1995; Penn et al., 1998)
Image segmentation, Object detection, Patternrecognition

Software/
Models/
Algorithms/
Datasets:

Depthmap, Isovist App, Ladybug, Python(Rhino/ArcGIS) Models/Algorithms: Deep learning (Mask R-CNN (Heet al., 2018), YOLO (Redmon et al., 2016), U-Net(Ronneberger et al., 2015), VGG (Simonyan andZisserman, 2015)).Software: MMSegmentation (Chen et al., 2019),PixelLib (India, 2023), Scikit-image (Walt et al.,2014).Datasets: CityScape, Place Pulse
Data: 3D geometric models (Rhino, Revit, ArcGIS),OpenStreetMap Street view imagery (Google Street View)
Applications: Urban security (Chen et al., 2021), Pedestrianemotion (Xiang et al., 2021), Environmentalsustainability (Zare et al., 2022), Wayfinding &navigation (Conroy, 2001; Haq, 2003), Retail &commercial (Natapov and Grinshpun, 2020),Museum & healthcare (Dursun, 2007; Haq and Luo,2012), Transportation planning (Van Der Hoevenand Van Nes, 2014)

Visual qualities assessed: Safety (Naik et al., 2014),Aesthetic (Seresinhe et al., 2015; Zhang et al.,2018), Liveliness (Salesses, 2012), Greenery (Liet al., 2017; Wang et al., 2021), Complexity (Florioet al., 2023), Imageability (Filomena et al., 2019),Socioeconomic (Gebru et al., 2017; Jean et al.,2016), Enclosure (Li et al., 2017; Wang et al.,2021).Applications: Greenery distribution, Walkabilityassessment, Design quality evaluation, Policyimpact analysis, Health outcomes (Li et al., 2022b),Property values (Zhang et al., 2018; Gebru et al.,2017), Social equity (Li et al., 2022b; Long and Ye,2019)

7.1.2 Design-related assessment

A critical distinction in computational visual quality assessment lies in the design stageat which assessment occurs, and this distinction is fundamentally driven by dataavailability. The data available at different stages—detailed street images in builtenvironments versus limited geometric information in 3D design models—determineswhich assessment methods can be applied. This data dependency creates afundamental gap: existing methods that rely on street imagery cannot assess designproposals during the design stage, when projects are not yet built, and such images do
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not exist. Understanding this data-driven distinction is essential for identifying whereexisting methods apply and where knowledge gaps remain.

7.1.2.1 Assessing existing scenarios during the pre-design or post-designstages
Visual quality analysis plays different roles at different stages of the design process. Inpre-design stages, assessment can help analyze existing site conditions and informinitial design decisions. In post-design stages (after projects are built), assessmentcan evaluate the performance of completed projects and inform future designimprovements. In both pre-design and post-design scenarios, street images of theexisting built environment are available, enabling traditional computational assessmentmethods that rely on detailed street images.
Numerous studies have developed computational models for assessing visual quality inexisting built environments, where street-level imagery is readily available (Dubey et al.,2016; Ogawa et al., 2024). These studies primarily operate at neighborhood tocity-wide scales, enabled by the comprehensive coverage of street view imagery fromplatforms like Google Street View. The technical foundation of these methods reliesheavily on extracting detailed visual features from street images, including fine-grainedelements such as fences, street furniture, facade textures, and advertisementbillboards (Naik et al., 2014; Tang and Long, 2019), or advanced image features suchas color distributions, hue, luminance, edge patterns, and texture characteristics(Florio et al., 2023; Naik et al., 2014). These detailed street elements and advancedimage features are reliably present only in street photos of built projects, enablingcomprehensive feature extraction that supports further assessment of visual qualities(Figure 7.1, the left image).
Many studies also integrate street image data with other types of urban data, includingbuilding footprints, road networks, land use information, point of interest (POI) data,sensor data of pedestrian flow, mobile phone or GPS data, demographic data, andsocioeconomic data to enable comprehensive urban analytics (Long and Ye, 2019; Liet al., 2022b). This integration allows for multi-scale analysis, from individual streetsegments to entire neighborhoods and cities, supporting evidence-based planningdecisions (Faludi and Waterhout, 2006). These additional types of data are also onlyavailable in existing built projects, and are unavailable in 3D design models used duringthe design stage (Figure 7.1, the right image).
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FIG. 7.1 A photo of a real-world scene (Source: Google street view) vs a 3D representation model of a design(Source: Author; modeled in Rhino)

7.1.2.2 Assessing non-existing scenarios in design proposals during thedesign stage
While extensive research exists on visual quality assessment for existing builtenvironments, studies addressing design-stage assessment for unbuilt proposals arenotably scarce. This chapter addresses this gap by developing a model that uses onlyfeatures extractable from typical 3D design representation models (Figure 7.1, theright image), enabling visual quality analysis for future scenarios (design proposals)before they are constructed (Figure 7.2).
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FIG. 7.2 Positioning of this study in the landscape of design-related visual analysis. (Source: Author)
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7.1.3 Research question

As such, assessing the visual quality of design proposals during the design stageremains a knowledge gap. The developed models in the aforementioned studies are notapplicable for projects during the design stage, when projects are not yet built, anddetailed street images or built-environment data are unavailable. This chapteraddresses the following research question:
How to computationally assess the visual quality of the built environmentfor design use?

To answer this question, this chapter builds a computational model that assessesvisual quality based on limited features that are available in typical 3D designrepresentation models. This chapter also intends to show the potential as well as thelimitations of computational means in assessing visual quality during the design stage.The targeted audience of this chapter is designers and urban planners, who aretypically not familiar with technical terms and concepts in computer vision and machinelearning. Therefore, this chapter explains engineering terms in a way that is accessibleto them. The final developed model has a broader general relevance as it can be usedin design simulation. After this introduction section, the following sections are outlinedas follows: section 7.2 describes the methodology, section 7.3 presents the results,and section 7.4 discusses the research contributions, limitations, and future directions.

7.2 Methodology

This chapter develops a computational model for assessing visual quality during thedesign stage, when projects are not yet built. A key constraint is that the model mustuse only features that can be reliably extracted from typical 3D design representationmodels, as detailed street images and built-environment data are unavailable at thisstage. The methodology therefore focuses on: (1) identifying and extracting featuresavailable in 3D design models, (2) developing relationships between these features andhuman perception using systematic model testing, and (3) integrating the model intodesign workflows through agent-based simulation. This approach addresses the gapidentified in the introduction by enabling visual quality analysis when traditionalmethods cannot be applied due to data limitations.
This chapter follows a structured methodology consisting of multiple components,including manipulating a dataset that has been rated by humans, extracting imagefeatures from the dataset, testing various models to model the relationship between
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the image features and visual perception, and incorporating the final chosen modelinto a simulation to do design assessment (Figure 7.3). Many factors influence themodeling accuracy, so many tests are made on each component of the modeling. Thefull methodology is explained in detail below.

Visual quality:
‘Liveness’ score

Visual features in the 
pedestrians’ view:

Proportions of sky, buildings, 
water, trees; Number of people;

 and Shannon index

(Extracted from PP2 dataset) (Provided by PP2 dataset)Step 1: Model training
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(Predicted)(Extracted from 3D models, 
i.e., Rhino .3dm files)

Step 2: Model application
Approach: Agent-based 
simulation
Case: Rotterdam Central 
station area

A linear 
regression 

model

A linear 
regression 

model

Model

FIG. 7.3 Research methodology of this chapter. (Source: Author)

7.2.1 Extract features that are available in 3D models during the de-
sign stage

To enable visual quality analysis during the design stage, this chapter extracts featuresthat are available in typical 3D design representation models. Unlike post-designassessment methods that can analyze detailed street elements (fences, streetfurniture, facade textures) or advanced image features (color, hue, luminance) fromphotographs, design-stage assessment must work with limited information. Thischapter focuses on two types of features that can be reliably extracted from 3D models:the proportion of uncountable elements in the view (e.g., how many percent of trees)and the quantity/number of countable elements (e.g., how many people) (Figure 7.4).These two features are chosen from many others because they are extractable fromtypical 3D design representation models of design proposals.
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FIG. 7.4 Extracting two types of image features—the proportion of elements (the left image) and the number ofelements (the right image) in the scenes. (Source: Google Street View; processed by author)

7.2.1.1 Proportion-based visual features
The proportion of elements represents the percentage of each visual element (e.g.,buildings, sky, trees, water) in the view. These proportions are crucial for design-stageassessment as they can be calculated from 3D model geometry without requiringdetailed renderings or photographs.
The proportion of elements is extracted first by machine and then by manualannotation. As the input of the regression model, the images should be segmented asaccurately as possible. This chapter first tried to use semantic segmentation models(e.g., the PSPNet models, embedded in the MMSegmentation library) to automaticallyextract the different proportions of elements in the images. However, the accuracy ofusing semantic segmentation models is visually problematic (e.g., Figure 7.5, leftimage). Also, since the element categories are predefined in the datasets that thesemodels were trained on, it is not possible to investigate new types of elements (e.g.,water bodies). This chapter finally decided to use the most accuratemethod—manually annotating images (through the platform Roboflow, which providesthe option to utilize the embedded Segment Anything algorithm to pre-segmentimages to save manual efforts) (Figure 7.5, right image).

262 Towards Flexible Use of railway station areas that promotes Station-City Integration TOC

https://github.com/open-mmlab/mmsegmentation
https://roboflow.com/
https://segment-anything.com


FIG. 7.5 Comparison of semantic segmentation of images by machine (the left image) and by human (the rightimage). (Source: Google Street View; processed by the author)

7.2.1.2 Count-based visual features
The number of countable elements (or ‘instances’) in each picture represents discreteobjects such as people, vehicles, or bicycles. These counts are important for assessingvisual quality as they indicate activity levels and human presence, which are keyindicators of ‘liveness’ in urban environments.
The number of elements (or ‘instances’) in each picture is extracted using the instancesegmentation model PointRend ResNet50 (which is pre-trained on the COCO datasetusing Mask R-CNN algorithm) embedded in PixelLib Python library. The instancesegmentation applied is shown to be relatively accurate (Figure 7.4, right image), so itis conducted entirely by the machine in this paper.

7.2.2 Model development

7.2.2.1 Data source and preparation
This chapter uses the Place Pulse 2.0 (PP2) dataset, which comprises images from 56cities across the world, each evaluated based on six urban attributes: safety, liveliness,boredom, wealth, depression, and beauty. These images are initially rated by humansin a simple manner – pairwise comparison, then the number of clicks is transformedinto rating scores of each image using the ’true’ skill algorithm (Salesses, 2012). Thischapter manipulates the dataset by removing noise and outliers and then comparingmodel accuracy when using the whole dataset versus using its subsets for modeling.
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7.2.2.2 Algorithm selection and testing
This chapter tests different mathematical and computational algorithms to model therelationship between the human-rated ‘liveness’ scores and the image features. Thetested algorithms include linear regression, Multilayer Perceptrons (MLPs), and spatialregression. Linear regression is one of the most common and simple mathematicalmodels, assuming linear relationships between independent and dependent variables.The tests of linear regression are conducted in the software program SPSS. SPSS alsoprovides an option—Automatic Linear Modeling, which is similar to linear regression,so this chapter also tests it. Beyond linear algorithms, non-linear algorithms are alsotested. This chapter chooses Multilayer Perceptrons (MLPs) (one type of neuralnetwork model typically used for classification and regression tasks) as an example ofnon-linear models to test. When testing the MLPs algorithm, the modeling isapproached as both regression and classification tasks [In the classification test usingMLPs, this chapter classified the image ‘lively’ scores into 10 categories and trainedthe model to predict each image’s category] (Table 7.2). Street images may havespatial auto-correlations (Cliff and Ord, 1981) that decrease the modeling accuracy.Therefore, spatial regression models, which can resolve auto-correlations, are alsotried. The spatial regression is conducted in the software program GeoDa.

TABLE 7.2 Different models for testing
Linear Non-linear

(Regression) linear regression; automatic linear modeling MLPs; spatial regression
(Classification) – MLPs

Note: MLPs (Multilayer Perceptrons) are a type of neural network used for both regression and classificationtasks. Spatial regression can be either linear or nonlinear, depending on the model specification.

7.2.2.3 Variable selection for design relevance
The extracted data from image segmentation (i.e., the proportions and quantities ofdifferent elements) contains information about many elements, which are potentialvariables for models; however, not all the elements’ information is essential ormeaningful, necessitating variable selection. This chapter carries out variable selectionin two steps. First, it utilizes multiple (mathematical or computational) variableselection methods and compares the outcomes. The aim is to determine whichcombination of variables yields high model accuracy. Considering variable selectionmethods are also dependent on the algorithms/models chosen, in the research designstage, no specific methods are determined, keeping the choices open. Second, theauthor makes manual selections to eliminate variables (elements) that have littledesign relevance.
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7.2.3 Incorporating the model into agent-based simulation

To show the usefulness of the linear regression model for design use, this chapterincorporates the model into agent-based simulation and applies the simulation to thecase of Rotterdam Central Station. In the simulation, the 3D model of the scene ismodeled regarding the proportion and number of elements (Figure 7.6). This modelingprocess can be seen as a reverse process to the image feature extraction process;Each agent (representing a pedestrian) has a view of the scene, and the scene’s visualquality is calculated using the linear regression model. Technically, this simulation isfirst run in MassMotion, a movement simulation software program, to get themovement trajectories of all the agents; then, it is executed using Python scripts(written by the author) in Rhino to get a mapping of the visual quality.

FIG. 7.6 Modeling a design scene regarding the proportion and the number of elements. (Source: Author)

7.3 Results

This section presents the results. Subsection 7.3.1 presents the relationship betweenhumans’ perception and view features in a linear regression model. Despite linearregression being the final chosen model in this chapter, it is one among many choicesof models, with many factors affecting the accuracy of models (subsection 7.3.2).Subsection 7.3.3 further integrates the linear regression model into an agent-basedsimulation approach, assessing the visual experience in Rotterdam Central Station and

265 Supplementary visual assessment TOC



demonstrating the practical application of this linear regression model in designpractice.

FIG. 7.7 Research results (in colored texts). (Source: Author)

7.3.1 A linear regression model that models the relationship between
view elements and ‘liveness’ perception

Using the linear regression algorithm (Equation 7.1), a linear regression model isdeveloped to model the relationship between human perception of ‘lively’ and streetimage features (Equation 7.2. It is the same model that was used in Test 8 inTable 7.4). Table 7.3 displays the varying importance of different visual elementscontributing to the ‘lively’ score. It can be seen from the standardized coefficients thatthe building proportion in the view contributes the most to the ‘lively’ quality, followedby the person numbers, tree proportion, and water proportion. Sky, although it is anelement that people generally like, surprisingly contributes negatively. This may bebecause when there is more sky in the scene, there are fewer other elements, henceless visual diversity, leading to a declining perception of ‘lively.’
Y = β0 + β1x1 + β2x2 + . . .+ βmxm + e (7.1)

YLivelyScore = 22.388− 6.554 · xSky + 8.457 · xBuilding + 0.539 · xPerson_No
+ 39.143 · xWater + 4.596 · xVegetation + 2.202 · xShannonIndex + e

(7.2)
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TABLE 7.3 Importance of different facilities regarding liveness
95% CIIndicators Unstd. Coefficients

Lower Upper
Std. Coefficients P

(Constant) 22.388 20.457 24.320 <.001
Sky -6.554 -11.685 -1.422 -0.127 0.012
Building 8.457 5.135 11.780 0.257 <.001
Person_No. 0.539 0.272 0.807 0.174 <.001
Water 39.143 16.241 62.044 0.141 <.001
Tree 4.596 1.421 7.771 0.145 0.005
Shannon index 2.202 0.656 3.747 0.124 0.005

Note: a) Dependent variable: ‘lively’ score. b) R2 = 0.167, adjusted R2 = 0.156. c) The Shannon index iscalculated based on the proportions of buildings, sky, trees, grass, and sidewalks.

7.3.2 The accuracy of modeling affected by various factors

The final model developed above is built upon a series of works and operations(Figure 7.7); Various factors affect the accuracy of modeling, including factors relatedto data (e.g., data diversity, data noise and outliers, spatial auto-correlation, andimage segmentation accuracy), the choices of different models, the choices of variableselection methods, and the choice of variables. This chapter runs multiple rounds oftests with different factors, with the results listed in Table 7.4 (The final selected modelis the one used in Test 8), and more details are explained below.
TABLE 7.4 Tests on different factors affecting model accuracy

Test Data Data ma-
nipulation

Algorithm Variable
selection
method

Variables selected Accuracy
(adjusted
R2)

1 Whole set[withoutelementquantity](n=92692)

– Linearregression [Auto-selection]’Backward’method

[14 out of 19 variables]1
car, vegetation, fence, sky,wall, person, terrain, bicycle,pole, traffic.sign, traffic.light,building, truck, train

0.065

2 Whole set(n=92692) – Linearregression [Auto-selection]’Backward’method

[39 out of 97 variables]car, carNo., potted.plant, road,bicycle, bicycleNo., pole,vegetation, personNo., sky,wall, fence, fire.hydrantNo.,traffic.lightNo., . . .

0.095

3 SubsetAmsterdam(n=506)
– Linearregression [Auto-selection]’Backward’method

[21 out of 97 variables] 0.210

4 SubsetAmsterdam(n=490)
Noise andoutliersexcluded

Linearregression [Auto-selection]’Backward’method

[17 out of 97 variables] 0.230

(Continued on next page)
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Test Data Data ma-
nipulation

Algorithm Variable
selection
method

Variables selected Accuracy
(adjusted
R2)5 SubsetAmsterdam(n=490)

Noise andoutliersexcluded;manuallyannotated

Linearregression [Auto-selection]’Backward’method

[26 out of 135 variables]sidewalk, train, parking.meter,building.wallannotated,traffic.light, kite,road.bricks.redannotated, water,stop.sign, . . .

0.265

6 SubsetAmsterdam(n=490)
Noise andoutliersexcluded;manuallyannotated

Linearregression [Manualselection] [5 out of 135 variables]sky, buildingannotated,personNo., waterannotated,vegetation

0.144

7 SubsetAmsterdam[includeinteractionterms](n=490)

Noise andoutliersexcluded;manuallyannotated

Linearregression [Auto-selection]‘Backward’method

[6 out of 15 variables]4
sky, buildingannotated, sky ×personNo., sky ×waterannotated,buildingannotated × vegetation,personNo. × waterannotated

0.162

8 SubsetAmsterdam(n=490)
Noise andoutliersexcluded;manuallyannotated

Linearregression [Manualselection] [6 out of 136 variables]5
sky, buildingannotated,personNo., waterannotated,vegetation, ShannonIndex

0.156

9 SubsetAmsterdam(n=490)
Noise andoutliersexcluded;manuallyannotated

AutomaticLinearModeling
[Auto-selection bySPSS]

[10 out of 135 variables]bicycleNo., carNo., personNo.,potted.plantNo., fence, rider,sky, vegetation,bulidingannotated,waterannotated

0.278

10 SubsetAmsterdam(n=490)
Noise andoutliersexcluded;manuallyannotated

Spatialregression6 [Manualselection] [5 out of 135 variables]sky, buildingannotated,personNo., waterannotated,vegetation

0.161

11 SubsetAmsterdam(n=490)7
Noise andoutliersexcluded;manuallyannotated

MLPs [clas-sification] [Manualselection] [5 out of 135 variables]sky, buildingannotated,personNo., waterannotated,vegetation

[Notapplicable]8

12 SubsetAmsterdam(n=490)7
Noise andoutliersexcluded;manuallyannotated

MLPs[regression]9 [Manualselection] [5 out of 135 variables]sky, buildingannotated,personNo., waterannotated,vegetation

0.101
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13 SubsetAmsterdam(n=490)7
Noise andoutliersexcluded;manuallyannotated

MLPs[regression]9 [Semi-automaticselection]10
[5 out of 135 variables]car, buildingannotated,bicycleNo., carNo., personNo.

0.137

Note: [1] This data has no element quantity/number information and, therefore, has fewer variables;[2] The ‘_annotated’ subscript represents that the corresponding element is manually annotated;[3] The ‘_No.’ subscript represents that the variable is the quantity/number of the corresponding element.[4] This data includes five variables (that were selected in test 6) and their ten interaction terms.[5] This data has the Shannon index added.[6] The spatial weight matrix was created using Euclidean distance between the geometric centroids of the spatial units. The spatialregression model used is the spatial lag model, which has a higher accuracy than the spatial error model in this case (0.161 vs0.153).[7] The NaN values are imputed with zeros.[8] In this classification task, the data is divided into ten categories. The model achieves an accuracy of 0.173, meaning it correctlyclassifies 17.3% of the instances. While this is slightly better than random guessing (which would yield 10.0% accuracy for tencategories), the performance is still poor.[9] Hyperparameters: solver: ‘adam’, learning rate init: 0.001, hidden layer sizes: (100, 50), alpha: 0.0001, activation: ‘relu.’[10] In this test, the variables are selected by the machine, based on the ANOVA F-test. However, the number of top variables toselect is decided manually, as five.

7.3.2.1 Geographical diversity of data samples
The diversity of data samples affects the accuracy of modeling, as shown by thecomparison between tests 2 and 3 in Table 7.4. It is a common understanding in dataanalysis that the more diverse the dataset is, the harder it becomes to identify clearpatterns, as the variability in the data increases. This chapter first tried the whole PlacePulse 2.0 dataset (data sample size n = 92692, after exclusion of images with missingscore values), which contains street view images from 56 cities across the world; thenit tried to use a subset of the whole dataset, which contains data of only one city –Amsterdam (n = 506). The latter test resulted in significantly higher accuracy(R2 = 0.210) than the former (R2 = 0.095). The difference in accuracy when modelingusing the whole dataset and the subset also indicates that geographically, differentenvironments vary significantly. [Therefore, it is important to note that this chapter’sfinal model has a limited context, and its generalization ability in other cities orgeographical areas needs further examination.]

7.3.2.2 Data noise and outliers
Data noise and outliers affect the accuracy of modeling, as shown by the comparisonbetween tests 3 and 4 in Table 7.4. When analyzing the relationship between ’buildingproportion’ and the ‘lively’ score, it first seems no statistically reliable relationshipexists (with a high p-value, > 0.05). This is counter-intuitive because common sensesuggests that a scene with more buildings would appear livelier (e.g., Figure 7.8, a).Presumptively, a strong, reliable relationship should exist (p-value < 0.05). After
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examining the data, the author realized that in the dataset, while most images havebuildings as positive elements, there are some images where the buildings look reallynegative to pedestrians’ perception, as they basically are walls with little or nowindows and cover a large proportion of the scene (e.g., Figure 7.8, b). After removingthese ’outlier’ images, the p-value dramatically reduces to a value less than 0.05.Totally unrecognizable image (e.g., Figure 7.8, c), and images of tunnel environmentsthat are significantly different from normal street scenes (e.g., Figure 7.8, d) areremoved. After noise removal (data sample size from n = 506 to n = 490), theaccuracy of modeling increased (from R2 = 0.210 to R2 = 0.230). This accuracydifference also indicates that different scene environments will have an impact on themodel accuracy. Therefore, the developed model is limited in urban streetenvironments, and the generalization ability needs further examination when applied toother environments, such as indoor spaces and tunnel environments.

FIG. 7.8 The data noise or outliers in the data. (Source: Google Street View; annotated by the author)

7.3.2.3 Spatial autocorrelation of data samples
Spatial autocorrelation of data samples affects the accuracy of modeling, as shown bythe comparison between tests 10 and 6 in Table 7.4. Given the same data, whenspatial autocorrelation is addressed (by applying the spatial weight matrix), theaccuracy value increases (from R2 = 0.144 to R2 = 0.161). Spatial regression takesthe assumption that visual quality is associated with spatial autocorrelation, whilelinear regression takes the assumption that visual quality depends on the imagefeatures and is independent of locations. Despite being more accurate in these tests,the spatial regression model is a less usable model than the linear regression model.This is because spatial regression models are dependent on weight matrices, and eachweight matrix is unique (linked with the corresponding geographical area), making theassociated spatial regression not transferable to other geographical contexts.

7.3.2.4 The accuracy of image segmentation
The accuracy of image segmentation affects the accuracy of modeling, as shown bythe comparison between Tests 4 and 5 in Table 7.4. With manually annotated variables,
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the model’s accuracy increased (from R2 = 0.230 to R2 = 0.265). This chapter’s finalselected model includes manually annotated variables (Equation 7.2, Test 8 inTable 7.4). More accurate semantic segmentation of images can be achieved with thefast development of image segmentation in the computer field (e.g., see(Paperswithcode, n.d.)).

7.3.2.5 The choice of algorithms
The choice of (mathematical or machine learning) algorithms affects the accuracy ofmodeling, as shown by the comparison between tests 5 and 9; and between tests 6, 10,11, and 12 in Table 7.4. Auto-linear regression in SPSS software has slightly higheraccuracy than linear regression (R2 = 0.278 vs R2 = 0.265). Spatial regression has ahigher accuracy than linear regression (R2 = 0.161 vs R2 = 0.144). Typically, MLP(Multilayer Perceptron) regression is able to capture more complex relationships thanlinear regression hence it is more accurate. However, surprisingly, the MLP regressionis no better than the linear regression in this chapter’s tests (R2 = 0.101 to
R2 = 0.144). This may be due to the sample size being small (n = 490), while MLP isusually effective on large data. When changing the task from a regression task to aclassification task, the MLP’s performance is still not impressive (accuracy as 0.17 vs
0.10, see table note [8] in Table 7.4).
This chapter adopted linear regression as the final algorithm for the training model,considering that the normal linear regression algorithm is clearer for interpretation,and none of the other algorithms yielded dramatically improved accuracy. Linearregression is usually an oversimplification of reality, but statistically, nevertheless, itshows the net effects of independent variables on the dependent variable.

7.3.2.6 The choice of variable selection methods
When using the machine to auto-select variables, different variable selection methodscan lead to different final sets of selected variables, resulting in models with differentaccuracy. For linear regression, in SPSS software, there are ‘forward,’ ‘backward,’ and‘stepwise’ as variable selection methods. When testing the whole set of data(n = 92692), these three methods resulted in similar accuracy. When testing with thesubset data of Amsterdam (n = 490), the ‘backward’ method resulted in the highestaccuracy (Table 7.5). For MLP regression, this chapter tested various methods,including KBest F-test, KBest Mutual Info, Lasso, Tree Importance, and PCA. Thehighest accuracy resulted from the KBest F-test method (Table 7.5). Since automaticselections by the machine usually include variables that hardly have relevance tospatial design during the design stage, or can not be modeled reliably (e.g., theproportion of parking meters and traffic lights and the number of bicycles in Test 5),
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this chapter has to drop them and make manual selections further. After severalrounds of tests, a combination of variables that balance the accuracy and designrelevance was chosen (Test 6 in Table 7.4).
TABLE 7.5 Model accuracy affected by variable selection methods

Models Selection Methods Accuracy (adjusted R2)
Linear regression (Based on Test 5 in Table 7.4) Stepwise 0.220

Forward 0.220
Backward 0.265

MLP regression (Based on Test 13 in Table 7.4) KBest (F-test) 0.201
KBest (Mutual Info) - 0.130
Lasso 0.051
Tree Importance - 0.102
PCA 0.151

7.3.2.7 The choice of variables
Models’ accuracy is determined by the variables selected. Typically, more variablesenable more accurate models. For example, in comparisons between Tests 1 and 2 inTable 7.4, when the variables of element quantity were added, the model’s accuracyimproved (from 0.065 to 0.095). Many variables automatically selected by the machinehave little relevance to the spatial design or can not be modeled reliably and, hence,are dropped. The manual selection finally includes five variables: sky, buildingannotated,personNo., waterannotated, and vegetation (see Test 6 in Table 7.4). Beyond theseselected variables, two types of artificial variables calculated based on them,interaction terms and the Shannon index, are also tested.
Interaction terms represent the combined effect of two or more independent variableson the dependent variable (e.g., exercise and diet may have combined effects onweight loss). Including interaction terms slightly increases the model accuracy, asshown by the comparison between Tests 7 and 6 in Table 7.4. However, in this chapter,the interaction terms selected by the machine have no evident real-world meaning(e.g., sky × personNo.).
Shannon index has been used as an indicator for measuring diversity in the builtenvironment (Zhong et al., 2020; Zachary and Dobson, 2021); In urban designresearch, visual diversity or complexity are qualities commonly mentioned to beimportant to environmental perception (Ewing and Handy, 2009; Jacobs, 1961); Thischapter achieved a statistically reliable Shannon index (p-value < 0.05), calculatedbased on the visual proportions of several elements, including buildings, sky, trees,grass, and sidewalks. The model’s accuracy increased with this Shannon index beingadded as an extra variable (See the comparison between Tests 8 and 6).
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7.3.2.8 Comparing the accuracy of the models in this chapter with thosein other studies
The above tests explained how various factors affect models’ accuracy. Withmanipulations of these factors, other studies in the existing literature have achievedmuch higher accuracy values, compared with the R2 = 0.167 and the adjusted
R2 = 0.156 of the final model in this chapter, reaching R2 values such as 0.54 (Naiket al., 2014), 0.51 (Nagata et al., 2020), and 0.238 (Liang, 2020). This chapter’sapproach only includes the proportions and quantities of visual elements (to make itusable for design renderings). In comparison, other studies incorporated moreadvanced visual features as variables or non-visual variables. In the study by Naik et al.(2014), all variables are features that only exist in photos, and do not exist in typicalcartoon-like design renderings. In the study by Nagata et al. (2020), the width ofroads and interactive terms are important variables; also, that study includes manystatistically unreliable variables (p-value > 0.05). In the study by Liang (2020),variables related to urban form and road networks are included.

7.3.3 Applying the model to the case of Rotterdam Central Station

To showcase the use of the visual quality assessment model, this researchincorporated it into agent-based simulations, in which each agent navigates thesimulated environment and continuously assesses the scenes it views along its journey.The simulations are applied to the case of Rotterdam Central Station, with acomparison between the previous and the current scenarios.
As shown in the bottom left image in Figure 7.9, the mapping can differentiate thevisual qualities in different locations across the area in the same scenario. E.g.,comparing location 1 and location 2, the former has a higher quality score than thelatter, which corresponds to the real-world user perceptions—at location 1, users seea more lively scene with more people and building facade, while at location 2, users seea less lively scene with fewer people and less building facade.
As shown in the bottom left and right images in Figure 7.9, the mappings candifferentiate the visual qualities at the same locations in different scenarios. E.g.,comparing location 1 and location 1’, the former has a higher quality score than thelatter, which corresponds to the real-world user perceptions—at location 1 in thecurrent station, users see a more lively scene with positive elements like people, trees,and building facade, while at location 1’ in the previous station, the views are mostlyblocked by vehicles. These mappings demonstrate the effectiveness of the visualquality assessment model and illustrate the potential of computational assessment ofvisual quality in design practice.

273 Supplementary visual assessment TOC



(The previous Rotterdam Central Station)(The current Rotterdam Central Station)

1'1

Each point is a position in the 

agent trajactory

The value is calculated based 

on what the agent sees

 High 

 

 Low 

 Visual quality score 

(The previous Rotterdam Central Station)(The current Rotterdam Central Station)

1'1

Each point is a position in the 

agent trajactory

The value is calculated based 

on what the agent sees

 High


 

 Low 

 Visual quality score 

 High


 


 Low 

 Visual quality score 

2

FIG. 7.9 Mapping the visual quality in the current and the previous Rotterdam Central Station areas. (Source:Author)
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Notably, in the above showcase, significant technical challenges were encountered inconducting the simulation. First, this chapter optimized computational accuracy andthe speed of image processing. E.g., while exporting .jpg pictures results in huge errorsin the calculation of element proportion in the view, exporting as .png format resolvesthis issue. The processing of all agent views by Python scripts using a pixel-by-pixelapproach takes hours, while using PIL (Python Image Library) only takes a few minutes.Second, this chapter addressed the differences between different digital tools. E.g,while an agent position is recorded with coordinates as X, Y, Z in MassMotion (themovement simulation software), the same position is denoted as X, -Z, Y in Rhino (in3D spatial modeling software). Lastly, in this agent-based simulation, the visual qualitymapping relies on movement trajectories, which are generated based on theorigin-destination (OD) matrix using movement algorithms. This approach potentiallyintroduces bias into the visual mapping.

7.4 Discussions

7.4.1 Research contributions

This chapter contributes to the knowledge body in the following ways: First, bybuilding a linear regression model that calculates visual quality (‘lively’) based on theenvironment’s elements, it extends the quantitative understanding of visual quality.Second, this chapter shows the possibility, as well as outlines the limitations and futuredirections of visual quality assessment through computational means.

7.4.2 Limitations of assessing visual quality using computational
means

This chapter exhibits the limitations of computational assessment of visual quality. Asshown by the research results, models are typically built on many primary works andcorrespondingly affected by various associated factors. On the one hand, the finallinear regression model in this chapter is trained on data with limited variability interms of geography (Amsterdam) and environmental type (outdoor streetenvironment). On the other hand, other research suggests different environments canresult in significant variations of perception (Lou et al., 2024). Therefore, the modelshould be limitedly used for new cases with similar characteristics. Training a modelrequires huge efforts, and yet the model’s generalizability and accuracy are often

275 Supplementary visual assessment TOC

https://pypi.org/project/pillow/


limited. This highlights the necessity of traditional means of visual quality assessment –designers’ (who are experts with aesthetics to a certain degree) manual judgments.

7.4.3 Future research directions

There are several future research directions toward more generalizable and accuratemodels (Figure 7.10). Future research can verify the training data’ variations, byincluding new data of more types of geography, environments (outdoor), or buildings(indoor); These new data can either be collected in similar ways to what this chapterdid—extracting image features from datasets like Place Pulse 2.0, or be collected fromVR experiments—where digital virtual environments provide directly-extractable imagefeatures. Of note, in this chapter, manual labeling/annotation was used to ensure thesegmentation accuracy and to investigate elements that are not included insegmentation models’ variable categories. However, manual labeling, as a laborioustask, is challenging to apply to large datasets. Thus, image segmentation by machineis still promising and requires more accurate segmentation models trained on moreproperly labeled datasets, using future new algorithms.
This research builds a model for assessing visual qualities based on features that arereliably available in 3D models during the design stage. With the emergence ofgenerative AI tools capable of creating photorealistic images, advanced image features(e.g., color, hue, luminance, edges, patterns) are becoming increasingly accessibleduring the design stage. As a result, future research could develop models based onthese advanced features. However, the challenge lies in the reliability of these featuresto represent reality, as images of future scenarios are still not photos of the existingworld. Photorealistic images generated during the design stage—whether by AI ortraditional architectural rendering—often vary in quality and can be easily altered.
Future research can also conduct city-level mapping using the developed model, andcompare the effectiveness of mappings using this model versus using existing othermodels (Figure 7.10). If the developed model has a similar effectiveness, then itprovides a new way of city-level visual quality assessment that does not rely on streetimages but on 3D models. This would be meaningful for areas that have no streetimages but have rough 3D spatial information.
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FIG. 7.10 Future research directions (in colored texts). (Source: Author)

7.5 Conclusions

In the introduction section of this chapter, a research question is proposed: how tocomputationally assess the visual quality of the built environment for design use? Thisquestion is answered by this chapter’s final linear regression model. This model isdeveloped based on extensive tests on a series of relevant factors. The usage of thismodel is further demonstrated through an agent-based simulation of the RotterdamCentral Station area.
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8 Conclusions

The thesis has investigated the overcrowding-underutilization (O&U) phenomena inrailway station areas and provided design solutions and tools. Overcrowding raisesconcerns about safety, and underutilization is a waste of a valuable resource,necessitating knowledge to reduce them. Meanwhile, knowledge gaps were identified inliterature reviews (Chapter 1, section 1.3, and Chapter 2): (1) the understanding of thespatial relevance of the overcrowding-underutilization (O&U) phenomena and flexibleuse; and (2) the assessment framework as well as design principles that enable flexibleuse of stations.
This research aims to provide designers and other stakeholders with the tools andinsights to better understand, assess, and design railway station areas in a way thatthey can support flexible use (aimed at reducing overcrowding and underutilization)and promote station-city integration.
This thesis addresses three research questions (see the following section 8.1) in threePARTs. First, it starts with an examination of spatial relevance, studying cases tounderstand the causes of the O&U issues, reflecting on the relevance of spatialconfigurations, and discussing the potential of spatial designs (Part III, Chapters 2 and3). Second, it develops design principles for the flexible use of stations and tests thedesign principles through research-by-design (Part II, Chapters 4 and 5). Third, itdevelops an assessment framework for evaluating whether design proposals supportflexible use. These studies respectively resulted in a published paper or a manuscript.This concluding chapter synthesizes the conclusions, reflects on the findings, andprovides recommendations (Part III, Chapters 6 and 7).
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8.1 Answers to research questions

8.1.1 Research question 1 (PART I, Chapters 2-3)

What is the spatial relevance of the overcrowding and underutilization in the
station area?

The overcrowding-underutilization phenomena is investigated in Chapter 3 throughcase studies. The investigation revealed that the overcrowding-underutilizationphenomena are affected by spatial layouts, elements, and qualities, confirmingspatial design’s potential in reducing O&U. For example, overcrowding can beexacerbated by elements potentially forming bottlenecks to the pedestrian flow andlayouts that involve many bottlenecks; and it can be reduced by providing spare space.Underutilization—which can be reduced with commercial activities, other leisureactivities, and leisure events—is respectively affected by a series of spatial aspects,such as commercial areas’ accessibility and visibility, the size and qualities of spacesaffecting user experiences, traffic elements’ arrangement affecting pedestrian walkingexperience, and footbridges or tunnels form barriers to pedestrian flows. Certainspatial layout aspects, like stations’ connections with neighboring city districts andlayouts associated with flow organization—unidirectional vs bidirectional, are morefundamental, affecting both overcrowding and underutilization across multiple usescenarios. Spatial design’s potential lies in intervening in these spatial aspects.
In addition to Chapter 3, Chapter 2 also briefly explains the spatial relevance of theovercrowding-underutilization phenomena, and inquires into the existing knowledge onpotential solutions. It reveals the gaps in design principles and assessmentframeworks that substantially deal with urban and architectural design.

8.1.2 Research question 2 (PART II, Chapters 4-5)

What are the design principles for station areas that support flexible use?

Six major design principles are developed in Chapter 4, including: (1) prioritizing corespaces for humans rather than vehicles, (2) ensuring event visibility by aligning pathsand spaces, (3) establishing high-quality connections at different scales, (4)incorporating temporary elements and reconfiguration-supportive layouts, (5)adopting dispersed layouts for transport capacity or urban vibrancy, and (6) enablingflexible use through program planning.
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These principles were validated through research-by-design applied to a virtual casestudy (‘Station Xtreme’) and assessed using the assessment framework (Chapter 5).The evaluation confirmed that the principles are generally effective, while each has itsown strengths and limitations.

8.1.3 Research question 3 (PART III, Chapters 6-7)

How can design proposals be assessed as supportive of flexible use?

A design-oriented assessment framework is developed in Chapter 6. This frameworkcomprises a theoretical model, various indicators, and multiple digital tools. Stationsthat support flexible use should satisfy users’ needs (including safety, speed, ease,comfort, and experience) during peak and non-peak times. The assessment frameworkassesses the crowd density and direction changes in wayfinding during peak times,crowd density affected by events, the proximity of facilities, and the visual experienceduring non-peak times.
Agent-based simulation (ABS) has proven useful in developing the new assessmentframework. ABS makes it possible to integrate human perceptual knowledge andspatial quality knowledge. The assessment framework is shown to be effective whenapplied to the Rotterdam Central Station (RCS) case. Given the input of differentdesign alternatives, the assessment framework outputs the agents’ satisfactionmapping to show the impact. Besides the whole framework being effective, theseparate quality value calculations are also valid with varying accuracy.
A key component of this framework is a computational visual assessment model(Chapter 7), which quantifies perceptual qualities like ‘liveness’ from street-viewimagery. Applied to the case of Rotterdam Central Station, the frameworkdemonstrated its capacity to compare design alternatives, visualize user experiencehotspots, and rigorously evaluate how spatial changes affect performance underdifferent temporal conditions. It provides a design-decision support tool that isparticularly valuable in early design stages when real-world data is scarce.

8.1.4 Synthesis of the findings

To achieve the research aim of using spatial design as a means to realize flexible usefor reducing overcrowding and underutilization in stations, this research conducted asequence of studies. Multiple methods were used to conduct a set of studies, aspresented in this thesis’s six chapters. First, case studies were taken, to investigatehow spatial aspects affect the overcrowding-underutilization phenomena. Next,
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through case studies, a set of design principles was developed, followed by evaluationusing research-by-design and simulations. Last, an assessment framework wasproposed, utilizing a theoretical model, multiple indicators, and technical tools. Theconclusions are synthesized as follows:

1. The overcrowding-underutilization phenomena are affected by spatial aspects,including spatial layouts, elements, and qualities. Spatial aspects, such as sparespace for circulation, spatial connections between stations and their adjacent urbanareas, bottlenecks and barriers in pedestrian paths, space as event venues, andhuman-scale spaces that facilitate spontaneous leisure activities, all affect theactivities of transport travelers during peak times and the activities of non-transportusers during non-peak times.
2. Scenario analysis, incorporating existing scenarios and future potential scenarios, isshown to be effective in investigating cases, providing insights into existing andnon-existing practices.
3. An assessment framework is developed to evaluate whether stations are supportiveof flexible use during peak and non-peak times. In this framework, users’ movementand visual experience are simulated, followed by the assessment of five types oftravelers’ needs: safety, speed, ease, comfort, and experience.
4. A linear regression model has been developed in this thesis to assess specifically thevisual experience of users in an urban environment, where the ‘lively’ feeling ofusers is positively related to the following content in the view: the proportions ofbuildings, water, and trees, and the number of people.
5. Six major design principles are developed for designing stations that supportflexible use: (1) prioritizing core spaces for humans rather than vehicles, (2)ensuring event visibility by aligning paths and spaces, (3) establishing high-qualityconnections at different scales, (4) incorporating temporary elements andreconfiguration-supportive layouts, (5) adopting dispersed layouts for transportcapacity or urban vibrancy, and (6) enabling flexible use through program planning.
6. A multi-step methodological framework is established for systematically developingdesign principles, which includes: establishing design objectives and designdimensions, collecting data from cases and literature, processing the data iterativelythrough analytical visualization, formulating initial findings, and reflecting on thefindings through expert interviews.
7. This research constructs a novel framework for evaluating design principles, which,combining research-by-design and agent-based simulation, is shown to be effectivefor evaluating design principles.
8. In cases like the current Rotterdam Central Station case and Shanghai Station,stations have easy connections with adjacent city districts. These connections are aprimary physical manifestation of station-city integration and a key enabler of theflexible use. They consolidate the functional and conceptual correlation between thetwo topics—flexible use and station-city integration—flexible use is functionalintegration of stations and cities, hence being a new value enriching the meaning ofstation-city integration.
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Together, these studies explain to designers and stakeholders how spatialconfigurations affect the overcrowding-underutilization phenomena and why there is ahigh potential of spatial design in realizing flexible use of stations. Meanwhile, itempowers designers with design principles and instruments to work on stations forflexible use and towards station-city integration.
This thesis builds its novelty in emphasizing the temporal dimension—a dimensionthat is central to the O&U issue and flexible use, and is largely missing in existingstation research. This thesis also expands the meaning of station-city integration—itestablishes a new form of integration where stations and cities support temporalfunction changes and sharing resources, beyond mere static and physical collocation.

8.2 Reflection on the research

8.2.1 Scientific contribution

This research made scientific contributions to the design research and practicetowards flexible use of railway stations, by providing knowledge and analytical tools.First, it provides a detailed description of spatial relevance (Chapter 3), explaining howspatial factors affect the overcrowding-underutilization phenomena, in a complexrelationships network (Figure 3.23), providing descriptive knowledge on thephenomena, which serves as a starting point for developing further solutions. Byrevealing the substantial layouts, elements, and qualities involved in spatialconfigurations, it confirms spatial design as an important means of intervention.
Second, this thesis creates a transdisciplinary assessment framework (Chapter 6) thatintegrates spatial analysis, agent-based simulation, and computer vision-basedperceptual modeling. This framework is not only useful for research on railway stationareas, but also applicable to other types of urban districts. It provides a newmethodological approach for evidence-based, performance-driven urban andarchitectural design, enriching the designers’ toolbox of analysis.
Third, when developing the visual assessment component (Chapter 7) of theassessment framework, this research extracts scientific evidence through imagesegmentation and builds a mathematical model (i.e., linear regression model). Thescientific evidence and mathematical model contribute to the knowledge base forunderstanding the visual quality associated with elements in the views.
Four, by examining existing as well as potential future scenarios in station cases, this
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thesis produces a coherent set of design principles (Chapter 4) specifically targeted atmitigating O&U through flexible use. These principles provide practitioners withactionable guidance.
Last, with the description, the assessment framework, and design principles combined,this thesis enriches academic discussions on flexible use (Carr and Dionisio, 2017), aswell as similar topics that convey a dynamic temporal essence, such as ‘resilience’(Shafiei Dastjerdi et al., 2021), ‘temporary use’ (Madanipour, 2018), urban open space,responsive landscape with a ‘loose-fit’ feature (Thompson, 2002), and traffic space aspublic space (Bendiks and Degros, 2020).

8.2.2 Societal contribution

The research provides guidance, tools, and insights for practice. First, for designersand planners, it offers a set of design principles and a design-oriented assessmentframework to support the design practice of station areas for flexible use. Second, forstakeholders and decision-makers, it provides a clear explanation of the O&Uproblem’s spatial dimension, facilitating more informed discussions about investmentsin station development. It makes the case for flexible use as a strategy that enhancesuser experience, space usage, and urban integration. Third, for the public, ultimately, itwill contribute to the vision of creating better, more human-centered stationenvironments that are capable during busy times, and are vibrant, welcoming publicspaces at all times.

8.2.3 Research limitation

When utilizing the research results, readers should be aware of the limitations of thisresearch, due to the research focus and constraints. The research findings areprimarily grounded in Chinese and Dutch contexts; While the principles are designedfor transferability, their application requires adaptation to different cultural, regulatory,and urban contexts. This research focuses on cases with high fluctuations; therefore,the findings are less relevant for stations with low fluctuations.
Based on the author’s background and interests in design, this research is centered onspatial design as the intervention means. However, spatial design is just one means ofintervention to support dynamic use, while other interventions like management, policymaking, planning, etc., remain powerful means. Centered on design, this researchprioritized users’ experience as the perspective to analyze stations’ performance;However, in the development and daily operations of railway stations, there are manyother types of performance that other actors—beyond users, including developers,
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railway companies, governments, NGOs, and local residents—care about. For example,the cost and return to build stations (financial performance), the programmingadaptability to future changes, the managerial capacity needed to run stations, and thevehicle transportation efficiency, the reserved spaces for nature (Zemp et al., 2011;Van Den Berg and Pol, 1998; Bertolini and Spit, 1998; Wang, 2022; Boorsma, 2024).
The assessment framework in this thesis is based on simulation, and only a limitedreality is simulated (Figure 8.1). Railway station areas are complex systems consistingof physical environments, users, etc., influenced by higher-level positioning in therailway and urban networks. Users are of many types, with features on collective andindividual levels, and they are evolving and adaptive. Other things, includingpassengers’ mode split, different types of events, and spatial distribution of activities,all determine stations’ performance. In the simulation study (Chapter 6), this researchtreated spatial configuration as a changeable factor, treated some other factors asfixed settings, and skipped the rest factors (Figure 8.1). This is due to the researchproject’s limited time, as well as due to some factors being understudied in existingliterature. Much remains unknown about station users, station facilities, spatialqualities, etc., and their interactions.

FIG. 8.1 Limited parts of reality have been simulated. (Source: Author)

The principles developed in this thesis were reviewed by experts, but they may stillcontain unforeseen limitations. Meanwhile, during interviews with field experts, it isnoted that the design principles primarily address the spatial form of station buildingsand their surrounding urban districts, while other crucial aspects—such asprogramming, spatial qualities, and nature-based solutions remain largely unexplored.
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8.3 Recommendations

8.3.1 Recommendations for future research

Recognizing the above research limitations, this thesis suggests future research toaddress them. For example, future research should conduct similar research in diversegeographical and cultural contexts to refine the findings’ universality and identify newcontext-specific variables.
Particularly, this thesis sees a research spectrum where emerging technologies can beincorporated to further the understanding of station systems (Figure 8.2) and enrichdesigners’ toolboxes. New research is needed to understand station users’ types,psychology, and behavior, and new tools are needed to better simulate station systemsand assess their performance. New technologies, such as biometrics-related, VR,agent-based modeling, machine learning, big data, digital twins, can be utilized tofacilitate such research.

FIG. 8.2 A spectrum of future research that incorporates technology. (Source: Author)
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8.3.1.1 Business model for valuation of flexibly used station space
Developing a dedicated business model to evaluate the economic and functionalviability of flexibly used station spaces is essential to justify upfront investments,negotiate public-private partnerships, and coordinate complex spatial-temporalmanagement, because flexibly used station spaces—optimally utilized during differenttimes for various functions—should yield higher functional and economic valuecompared to standard station spaces that remain underutilized during non-peak times.Such an evaluation of space also suits the ‘assetization’ of railway stations, wherestations are treated as not only infrastructure but also as real estate assets and marketplace (Riot, 2025).
This thesis suggests that the valuation of such flexibly used space should beconceptualized as an extension to the financial evaluation of conventional stationspaces and static investments, where a suitable business model would requireweighing specific additional benefits against extra costs. This conceptual approach ofcalculating the “extra" is inspired by De Wilde, 2006, (Chapter 9 in his book), whocalculated the incremental benefits and costs of adding office buildings over railwaytracks.
Although a detailed valuation model lies outside the scope of this research, this thesisexpects the following aspects to be considered in the calculation: (1) the totalspace-time supply provided by the station space; (2) the potential spatial-temporaloccupancy ratio (subsection 1.6.2) as a key indicator of spatial efficiency; (3) thediverse values that main activities bring, including direct commercial revenues forrailway operators and retail businesses, alongside indirect social benefits generated forcitizens when the spaces serve as public plazas; (4) the extra operational costsassociated with the supportive and managerial activities required to maintain and shiftdifferent functions across scenarios; and (5) the shares of vestment and interestsamong the various stakeholders involved (subsection 1.6.3).

8.3.2 Recommendations for design practice

It is recommended for practitioners involved in planning, design, and management ofstations with high fluctuations to adopt a temporal and scenario-based approach,explicitly planning for peak and off-peak conditions and fostering flexible use. Forurban designers, it is recommended to implement the developed design principles as achecklist in master planning and design competitions for station areas, and utilizeagent-based simulation and visual assessment tools in the early design phases to testconcepts and optimize layouts for flexible use.
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APPENDIX A Glossary

(Terms related to Railway Stations)
‘Node’ and ‘Place’: This pair of concepts is proposed by Bertolini and Spit (1998),describing the two different identities of railway stations, as nodes in transportnetworks, and as places in cities.
Station-city integration: It is a developing concept with no definitive definition yet.In general, it is an ideal scenario of stations being properly integrated with cities toachieve positive benefits like bringing financial interests and creating vibrantenvironments, and to resolve negative issues like poor user experience caused byheavy traffic, and urban sprawl caused by car dominance (Shikata et al., 2013; Novyand Peters, 2012; Dai et al., 2019). (See also section 1.1.)
Transit-oriented development (TOD): It is an idea promoted to developcommunities around transit stations, like train, tram, or metro stations. It is assumedto bring benefits such as promoting public transport to limit car use and curb theurban sprawl pattern in urban planning, and creating vibrant communityenvironments (Calthorpe and Poticha, 1993; Knowles et al., 2020). The concepts of‘transit-oriented development’ and ‘station-city integration’ share similarities as wellas differ in the existing literature. One difference is that TOD is now often used formetro stations, while station-city integration is more commonly used for trainstations. (See also subsection 1.3.4.)

(Terms related to Flexible Use in the spatial planning and design fields)
Adaptive reuse: It refers to interventions such as renovating historical buildings fornew functions (Remøy and Van Der Voordt, 2014). In terms of time, theseinterventions typically occur over long periods, often taking place every few years oreven decades.
Assemblage: In the architecture and urban design fields, assemblage is a conceptthat views buildings and cities from a dynamic perspective—seeing them ascomposed of constantly interacting elements rather than as fixed, stable structures.Assemblage often associated with informal settlement, disorder, or non-regulatorycontexts (Dovey, 2012).
Demand-responsive: ‘Demand-responsive’ is a concept aiming to have dynamicmobility supply to meet changing demand, through mobility services like schedulingof buses (Hunkin and Krell, 2018). It is a concept centered on transport management,without spatial aspects involved.
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Flexibility: The word ‘flexible’ linguistically means ‘able to change easily according tothe situation’ (Dictionary, n.d.). Flexibility in the design field has been addressedregarding purely non-physical subjects such as urban planning processes (Carr andDionisio, 2017; Xu, 2013), space value management (Madanipour, 2018), designmethodology (Duarte and Beirão, 2011), design strategy (Coppens et al., 2021), anddesign education (Palazzo and Shirleyana, 2024). Research on flexibility in relation tophysical content remains scarce (e.g., John Habraken, 2008).
Flexible use: In this thesis, flexible use particularly means transport use andnon-transport use of station areas.
Fluctuations: In this thesis, fluctuations specifically refer to the variations in thequantity of people, human activities, or space usage in stations during peak andnon-peak times.
Kinetic architecture: A kind of building with kinetic components—components thatare driven by mechanical engines. It has been studied in relation to building facades,movable structures, and buildings designed to be dismantled and reassembled(Engadget, 2019; Johnson et al., 2019; Megahed, 2017; Miguel, 2024; Smith, 2023).(See also subsection 1.3.3.)
Mixed-use: (See subsection 1.3.3.)
Place-making: A human-centered approach to designing and activating publicspaces that promotes social interaction, community identity, and meaningfulexperiences (Project For Public Spaces, 2018). In existing literature, it has addressedurban planning aspects such as land use (e.g., see Dai, 2015).
Resilience: ‘Resilience’ initially describes the ability of an (eco)system to bounceback to equilibrium after disruption (Holling, 1973), which means the system isflexible during normal and disruption times. Resilience’s meaning is ever-expandingand has developed into numerous fields (Hosseini et al., 2016), including spatialplanning and design (subsection 1.3.3) as well as transport planning. In transportresearch, studies typically address the resilience of railway systems at the city,regional, national, or international levels (Bešinović, 2020), testing the systems’ability to sustain failures of nodes or links in the networks. Network or graph analysisis usually used in this context, simplifying much of the reality of the 3D world. Besidesnetwork structures of railway systems, existing research also investigated the modetransfer during disasters (Martins et al., 2019). Research has paid little attention tosingle railway stations at the district or building levels, addressing disruptions andcrowding within a single station area as associated with spatial aspects. A rareexample is the study by Xu et al. (2020), which examined the resilience of stations asurban public spaces; however, their focus extended broadly to facilities, electricalsystems, and managerial preparedness, with spatial aspects representing only aminor component.
Staging urban landscape: The phrase ‘staging urban landscape,’ introduced byIvers (2018), refers to the activation and curation of flexible public spaces. Iversobserved and documented urban landscapes, such as plazas and parks, whererecurring events take place. Similarly, Smith et al. (2021) used the term ‘staging cityevents in public spaces’ and proposed a typology of urban spaces based on differenttypes of urban events.
Temporary use: In the urban design and architecture fields, temporary use refers tothe short-term occupation or utilization of urban spaces or buildings (Bråten, 2024;Madanipour, 2018), and is often associated also with non-regulatory or minimumregulatory use.
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(Terms related to Spatial Design)
‘District level’ and ‘Building level’: These terms refer to two different spatial scaleswithin the context of urban design and planning. The district level generally refers tolarger areas, often encompassing multiple buildings or urban blocks, while thebuilding level pertains to the specific scale of an individual building. In this thesis, thestation area at the district level is specifically defined within a range of around 250meters (subsection 1.6.6).
‘Layout’ and ‘Element’: This pair of words shares a fundamental whole-to-partrelationship. The Layout is the overarching organizational strategy—the arrangementof spaces, structures, and pathways—that defines the overall function and experienceof a place. Elements are the individual components, such as buildings, trees, or walls,that are strategically selected and composed within that layout. (In this thesis, theelements of station areas are defined in subsubsection 1.6.4.1.)
‘Temporal scale’: Temporal scale refers to the time dimension or duration overwhich events or activities occur. In this thesis, the temporal scales of events causingfluctuations, or overcrowding and underutilization, in stations, are specifically definedas between multi-weekly to yearly (subsection 1.6.2).

(Terms related to Technology)
‘Online’ simulation: Simulation that is directly connected to a real system, possiblyreceiving live data inputs and updating in real time. It’s ‘online’ in the sense of beingcoupled to a process or experiment while it runs.
‘Offline’ simulation: Simulation that runs without real-time constraints, often fortesting, calibration, or exploring multiple scenarios without live data input.
Feedback control loops: This is a term that originates from control theory. Afeedback control loop is an iterative mechanism in which system outputs (e.g., userbehavior, pedestrian flows, or intervention performance) are monitored, comparedwith desired objectives, and fed back into the system, so that system parameters canbe adjusted to achieve the desired objectives.
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APPENDIX B The details for
developing the
design principles

The diagrams of station areas

As shown in the following diagrams, and the on-site visits, the station areas are hardlyperceivable (by vision) outside the 250m range.
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FIG. APP. B.1 The Utrecht Central Station area - 250m vs 500m. (Source: Author)

FIG. APP. B.2 The Rotterdam Central Station area - 250m vs 500m. (Source: Author)
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FIG. APP. B.3 The Beijing West Railway Station area - 250m vs 500m. (Source: Author)

filler

Literature selection

Enrich the meaning of ‘fluctuation-responsive station areas’
and establish the first theme for literature searching

Since overcrowding and underutilization are very particular issues that are barelyaddressed by any existing spatial design research, therefore if directly using ‘railwaystation area’ + ‘fluctuation-responsive’ as the keywords for searching, hardly anyrelevant papers can be found, and no heuristics can be gained. An enriched meaning of‘fluctuation-responsive station areas’ is needed to serve as a basis for literatureselection. This paper enriches the term’s meaning by reinterpreting the identities of‘railway station areas’ and the nature of ‘overcrowding’ and ‘underutilization.’
The identities of railway stations: According to Bertolini and Spit (1998), ‘railway
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stations’ are ‘nodes’ of the transport networks and ‘places’ of the cities, so stations arefundamentally ‘transport infrastructures’ for transportation activities and ‘publicspaces’ for other leisure activities.
‘Station areas’ include the ‘station buildings’ and the outdoor ‘spaces,’ therefore,‘open/urban/public space’ and ‘landscape’ are relevant. ‘Overcrowding’ can be seen asa type of ‘risk’ to the station system, which can be addressed by ‘resilience’ as a qualityof the system. ‘Underutilization’ is a lack of use of public spaces; therefore, ‘flexible’use can be helpful. Both ‘resilience’ and ‘flexible’ mean a system that is capable ofchanging, and similar words can include ‘dynamic,’ ‘adaptive,’ ‘robust,’ ‘moveable,’‘reconfigurable,’ ‘multi-functional (in the time dimension),’ ‘temporary,’ ‘kinetic’, and soon. The combination of these concepts facilitates this paper in finding relevantliterature.

Paper selection criteria

The papers that are used as the heuristics for research-by-design meet at least one ofthe following criteria: 1) The papers are related to design aspects, including designqualities, programming/functions, layouts, spaces, elements, and so on. 2) The papersdeal with demands and users in station areas. 3) The papers’ knowledge is preferablyapplicable on both building and outdoor spaces, otherwise too specific and notgeneralizable. In paper selection, I excluded plenty of papers that are purely aboutplanning, or managerial solutions, which can hardly be transformed to spatialinterventions.
Initial papers selected through each searching strategy and their relevance to thelayouts and elements of design principles:

FIG. APP. B.4 The literature selected and the relevance to the research findings
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Data processing

(Data processing for developing Design Principles)
Design Objectives Spatial or Managerial Dimensions

Problem-oriented (Macro-level) User-based (Micro-level) Spatial Managerial+Spatial?

Has 
Overcrowding 
phenomena?

Has interventions that 
(potentially) reduce 
Overcrowding?

Has Emptiness 
phenomena?

Has interventions 
that (potentially)  

reduce Emptiness?
Add City 
Value?

Reduce 
Conflicts of 
Use between 

the station 
and the city?

Related to Safety 
(Overcrowding or 

Eyes-on-the-Street)
Related to 

Speed 
Related to 
Ease (of 

Wayfinding)

Related to 
Comfort (of 
Facilities and 

Weather-
Protected areas)

Related to 
(Visual) 

Experience

Related to 
different


Sizes (Scales)?
Related to Layout - 

Element?
Related to


Path/Flow?
Related to


Programming?

Access Events Others

Related to 
Access/Flow 
Regulation?

Has Spatial 
relevance?

Feasible to 
add Events?

Has Spatial 
relevance?

Other 
managerial 

aspects
Has Spatial 
relevance?

Cases

Initial 
cases

1 Beijing West
√ 


(Problem 
Statement)

√− 

(Problem Statement)

√ 

(Problem 

Statement)

√− 

(Design Principle 22, 

23)
○ ○

√−

(Non-peak-time 

Emptiness)

√−

(Design Principle 

13)

√−

(Hard 

wayfinding in 
Complex 
Gigantic 
buildings; 

Underground 
spaces)

○ ○ —
√


(Design Principles 
22, 23)

√−

(Design 

Principles 22, 
23)

○

√

(Path Regulations 

during peak 
times; The Time 
period allowed 

for entering)

○
√−


(Design 
Principles 6, 7)

√

(Design 

Principles 6, 7)
○ ○

2 Shanghai ○ √+ 

(Design Principle 5) ○ √+ 


(Design Principle 22)

√+

(Design 

Principle 22, 
23)

○ ○ ○
√−


(Design 
Principle 5 - 
Limitations)

○ ○ — √

(Design Principle 5)

√+

(Design 

Principles 22, 
23)

○

√

(Path Regulations 

during peak 
times; The Time 
period allowed 

for entering)

○
√+


(Design 
Principle 7)

√

(Design 

Principle 7)
○ ○

3 Rotterdam ○
√+ 


(Design Principles 8, 
10)

○
√+ 


(Design Principles 1, 
6, 7, 16, 20, 21, 25)

√+

(Design 

Principle 20, 
21, 22, 23)

○ ○
√


(Different 
priorities for 

different modes)
○ ○ ○ —

√

(Design Principles 

7, 8, 10, 25)

√

(Design 

Principles 20, 
21, 22, 23, 25)

○ ○ ○
√+


(Design 
Principles 6, 7)

√

(Design 

Principles 6, 7)
○ ○

4 Utrecht ○ √+ 

(Design Principles 3) ○

√+ 

(Design Principles 1, 

7, 16, 20, 21, 25)

√+

(Design 

Principle 20, 
21, 22, 23)

○ ○
√


(Different 
priorities for 

different modes)
○ ○ ○ —

√

(Design Principle 3, 

25)


√

(Design 

Principles 20, 
21, 22, 23, 25)


○ ○ ○
√+


(Design 
Principles 24)

√

(Design 

Principles 24)
○ ○

5 Bijlmer √
 √+

(Design Principles 8, 

21)
√
 √+


(Design Principle 22)

√+

(Design 

Principle  21, 
22)

○
√−


(Peak-time 
Overcrowding)

○ ○ ○ ○ — ○

√

(Design 

Principles 21, 
22)


○

√

(In the building, 
flow separation 

by crowd control 
line, during peak 

times)

○ √+
 √
 ○ ○

Other cases 
(added during 

iterations)

Zandvoort

√

(Lack of 
weather-

protected areas 
during peak 

times)

— ○ √+ ○

√

(Schedule 
more trains 
during peak 

times)

○

Beijing South √
√+


(Design Principle 
13)

—
√+


(Design 
Principle 13)

Guangzhou √+

(Design Principle 12) —

√ 
(Design 

Principle 12)

Shanghai South —
√


(Design Principle 15 - Increase 
ticket-checking machines during 

peak times)

Allianz Arena ○ √+

(Design Principle 18)

√
 √−

(Design Principle 18 - 

limitations)
○ ○ ○

√−

(Design Principle 
18 - limitations)

○ ○ ○ — √

(Design Principle 18) ○ ○ ○ ○ ○ ○ ○

Case 
Comparisons 
(Any differences 

or commons 
considering the 

different 
objectives /

dimensions?)

1 Beijing West vs Beijing South
√− +


(Design Principle 
13)

○ √


2 Beijing West vs Shanghai √ + ○
 √ − +

(Design Principles 5, 

22)
√
 √


√ − +

(Design 

Principle 21, 
22)

○ √ − +

(Design Principle 5) ○

√ + −

(Hard 

wayfinding in 
Underground 

spaces)

○ ○ ○ √

(Design Principle 5)

√

(Design 

Principle 21, 
22, 23)

○

√

(Path Regulations 

during peak 
times; The Time 
period allowed 

for entering)

○
√ − +


(Design 
Principle 7)

√

(Design 

Principles 6, 7)
○ ○

3 Beijing West vs Rotterdam
√ + ○


(Research 
objective)

√ − +

(Design Principles 8, 

21)
√ ○

√ − +

(Design Principles 6, 

7, 21, 22, 23, 25)

√ − +

(Design 

Principle 21, 
22, 23, 25)

○ √ − +

(Design Principle 8)

√− +

(Design Principle 
- Human scale)

○ ○ ○
√


(Station 
Typology 
implied)

√

(Different flow patterns, paths, and 

layouts)
○

√

(With/Without 

security checks)
○

√ − +

(Design 

Principle 6)

√

(Design 

Principle 6)
○ ○

4 Beijing West vs Utrecht
√ − +


(Design 
Principle 24)

√

(Design 

Principle 24)
5 Beijing West vs Bijlmer
6 Beijing West vs Zandvoort
7 Beijing South vs Shanghai
8 Beijing South vs Rotterdam
9 Beijing South vs Utrecht
10 Beijing South vs Bijlmer
11 Beijing South vs Zandvoort

12 Shanghai vs Rotterdam ○ ○ ○ √ + +

(Design Principle 22)

√ + +

(Design 

Principles 22, 
23)

○ ○
√ − +


(Security 
checks)

○ ○ ○ ○
√


(Different flow patterns, paths, and 
layouts)

○ ○ ○
√ − +


(Design 
Principle 6)

√

(Design 

Principle 6)
○ ○

13 Shanghai vs Utrecht
√ − +


(Design 
Principle 24)

√

(Design 

Principle 24)
14 Shanghai vs Bijlmer
15 Shanghai vs Zandvoort
16 Rotterdam vs Utrecht
17 Rotterdam vs Bijlmer
18 Rotterdam vs Zandvoort
19 Utrecht vs Bijlmer
20 Utrecht vs Zandvoort
21 Bijlmer vs Zandvoort

Utrecht new vs Utrecht old √ ○ +
 √ + −

(Design Principles 3, 

21, 22)
○

√ + −

(Design Principles 23, 

24, 25)

√ + −

(Design 

Principles 22, 
23)

√ + −

(Design 

Principles 3, 
21)

√ + −

(Design Principle 

18)
○

√ + −

(Design 

Principle 3)
○ ○ —

√

(Design Principles 

3, 25)

√

(Design 

Principles 21, 
25)

○ ○ ○ ○ ○ ○ ○

Rotterdam new vs 
Rotterdam old

√ ○ +
 √ + −

(Design Principles 8, 

18)
○

√ + −

(Design Principles 6, 

7, 25)
○ ○ √ + −


(Design Principle 8) ○
√ + −


(Image of the 
station 

building)

√ + −

(Seatings)

√ + −

(Design 

Principle 7)
—

√

(Design Principles 

7,  25)

√

(Design 

Principle  25)
○ ○ ○

√ +  −

(Design 

Principle 7)

√

(Design 

Principle 7)
○ ○

Literature

1 (Van Acker & Triggianese, 
2021) ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ √
 (Spatial Scale of 

Stations) ○ ○ ○ ○ ○ ○ ○ ○ ○

2 (Guangping & guanyu, 2019) ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ √

(Design Principle 2) ○ ○ ○ ○ ○ ○ ○ ○

3 (Ardeshiri et al., 2016) ○ ○ ○ ○ ○ ○ ○ ○ ○ ○
√


(Design 
Principle 7)

○ ○ ○ ○ ○ ○ ○ ○ ○ ○

4 (Geraedts, 2008) ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○
√


(Design Principles 
14, 15)

○ ○ ○ ○ ○ ○ ○ ○

5 (Hoppenbrouwer & Louw, 
2005) ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○

√

(Design 

Principle 1)
○ ○ ○ ○ ○ ○

6 (Kelpe, 2007) ○ ○ ○
√


(Design Principle 16, 
17)

○ ○ ○ ○ ○ ○ ○ ○
√


(Design Principle 
17)

○ ○ ○ ○ ○ ○ ○ ○

7 (Smith, 2023) ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○
√


(Design Principles 
14, 15)

○ ○ ○ ○ ○ ○ ○ ○

8 (Hoogendoorn & Daamen) √
 √

(Design Principle 19) ○ ○ ○ ○ ○ ○ ○ ○ ○ ○

√

(Design Principles 

18, 19)
○ ○ ○ ○ ○ ○ ○ ○

9 (Jin et al., 2020) √
 √

(Flow regulation) ○ ○ ○ ○ √


(Flow regulation)

√

(Flow regulation, 

with longer 
distance)

○ ○ ○ ○
√


(Design Principles 
11, 18)

○ ○

√

(Guide 

pedestrian for 
more even 
distribution)

○ ○ ○ ○ ○

10 (Arne, 2022) — — — — — — — — — — — — —
√


(Paths of 
passengers)

— — — — — — —

11 (Smith et al., 2021) ○ ○ ○ √

(Add Event)

√

(Add Event) ○ ○ ○ ○ ○ √


(Add Event) ○ ○ ○ ○ √

(Event typology)

√

(Relate the 

Event 
Typology to 

Design 
Principles)

√

(Event 

typology)

√

(Relate the 

Event 
Typology to 

Design 
Principles)

○ ○

12 (Ivers, 2018) ○ ○ √
 √

(Design Principles 16, 

17, 26)
○ ○ ○ ○ ○ ○

√

(Design 

Principles 16, 
17, 26)

○
√


(Design Principles 
16, 17, 26)

○
√


(Design 
Principles1, 12)

○ ○ ○ ○ ○ ○

Legend: Abbreviations of stations: References:
Initial literature/cases/comparisons of 
cases

Beijing West —  Beijing West Railway Station

Beijing South — Beijing South Railway Station

Shanghai — Shanghai Railway Station

Rotterdam — Rotterdam Central Station

Utrecht — Utrecht Central Station

Bijlmer — Bijlmer Railway Station

Zandvoort — Zandvoort Railway Station

Guangzhou — Guangzhou Railway Station

Zandvoort — Zandvoort Railway Station

Utrecht new — the new Utrecht Central Station

Utrecht old — the old Utrecht Central Station

Rotterdam new — the new Rotterdam Central Station

Rotterdam old — the old Rotterdam Central Station
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(Cases/comparisons that) have not 
been examined

— Not relevant regarding this aspect


○ Examined but no relevant findings


√ Has relevant findings


√+ Has relevant and positive findings


√− Has relevant and negative findings


√+ + In the comparison, has (relevant,) 
positive and positive findings

√+ − In the comparison, has (relevant,) 
positive vs negative findings

√− + In the comparison, has (relevant,) 
negative vs positive findings

√− − In the comparison, has (relevant,) 
negative and negative findings

√ ○ + In the comparison, has (relevant,) non 
significant vs positive findings

√− +

(Text in the 
bracket)

Relevant content derived from this 
case/literature

FIG. APP. B.5 Examine relevance and compare cases
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Internal reflections of design principles

(Internal evaluations of Design Principles)

Index Names of Design Principles

Meet Design Objectives?

Have Spatial Relevance ?
Problem-oriented (Macro-level) User (Passenger)-based (Micro-level)

Reduce 
Overcrowding ?

Reduce 
Emptines ?

Add city 
value ?

Reduce 
conflicts of 
use between 
the station 

and the city?

Improve Safety 
(Overcrowding 
or Eyes-on-the-

Street)

Improve 
Speed 

Improve Ease 
(of Wayfinding)

Improve 
Comfort (of 
Facilities and 

Weather-
Protected areas)

Improve 
(Visual) 

Experience

1 Flexible use √# √# √# ○ √# # # √# √+ √ (Programming)
2 Suitable general layouts of the 

station and city √# √# √# √# √# √# √# √# √# √ (Spatial Layout)

3 Set apart non-transport function √+ ○ ○ √+ √# ○ √+ ○ √# √ (Spatial Layout)
4 Vibrate city environment by 

scattered mobility nodes ○ √+ √+ ○ ○ √− √− ○ ○ √ (Spatial Layout)

5 Increase accommodating 
capacity by scattered mobility 
nodes

√+ ○ ○ ○ √+ √− √− ○ ○ √ (Spatial Layout)

6 Make events visible by aligning 
main paths and open spaces ○ √+ ○ ○ ○ ○ ○ ○ √+ √ (Spatial Layout; Path/Flow)

7 Human-oriented spaces ○ √+ ○ √+ ○ ○ ○ ○ √+ √ (Spatial Layout; Flow)
8 Connect with neighborhoods √# ○ √# √# √+ ○ ○ ○ ○ √ (Layout)
9 Smooth level changes by 

landscape design (District level) ○ √+ ○ ○ ○ ○ ○ ○ ○ √ (Spatial Element [District level])

10 Smooth level changes by 
landscape design (Building level) ○ √+ ○ ○ √+ ○ ○ ○ ○ √ (Spatial Element [Building level])

11 Adaptive redundant spaces with 
path regulation √+ √+ ○ ○ √+ √+ ○ ○ ○ √ (Spatial Layout; Path/Flow)

12 Programming considering the 
time dimension √+ √+ √+ ○ ○ ○ ○ ○ ○ √ (Programming)

13 Shortcuts or optimizing paths ○ ○ ○ √+ √− √+ √− ○ √− √ (Spatial Layout; Path/Flow)
14 Flexible buildings √+ √+ ○ ○ ○ ○ ○ ○ ○ √ (Spatial Element [District level])
15 Flexible building components √+ √+ ○ ○ ○ ○ ○ √# √# √ (Spatial Element [Building level])
16 Add installations and facilities ○ √+ ○ ○ ○ ○ ○ √+ √+ √ (Spatial Element)
17 Reconfigurable elements ○ √+ ○ ○ ○ ○ ○ ○ ○ √ (Spatial Layout)
18 Redundant spaces √+ √− ○ ○ √+ √− ○ ○ √− √ ([District level] Spatial Layout)
19 Set apart bottlenecks √+ √− ○ ○ √+ √− ○ ○ ○ √ ([Building level] Spatial Layout)
20 City passage ○ √+ √+ ○ ○ √# ○ ○ ○ √ (Spatial Element; Path/Flow)
21 Position city passages √# √+ √+ √# ○ ○ ○ ○ ○ √ (Spatial Layout; Path/Flow)
22 Reduce barriers to ease flow 

(District level) √# √+ √+ √# ○ ○ ○ √+ ○ √ ([District level] Spatial Element; 
Path/Flow)

23 Reduce barriers to ease flow 
(Building level) √# √+ √+ √# ○ ○ ○ √+ ○ √ ([Building level] Spatial Element; 

Path/Flow)
24 Stairs as stages or seats ○ √+ ○ ○ ○ ○ ○ ○ √+ √ (Spatial Element)
25 City axes √# √+ √+ ○ ○ ○ √+ √+ ○ √ (Spatial Layout; Path/Flow)
26 Reconfigurable spaces ○ √+ ○ ○ ○ ○ ○ ○ √+ √ (Spatial Element)

Legend:
○ No relevance


√ Has relevance


√+ Has relevance, with Positive effects


√− Has relevance, with Negative effects


√# Has relevance, and the effects 
depend on the contexts

# Uncertain


FIG. APP. B.6 The table of internal evaluation of design principles
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Results and interpretations

Sources of heuristics for each design principle

TABLE APP. B.1 Sources of heuristics for each design principle
Diagrams Minor design

principles
Cases Literature Analytical

visualization
Reflections
from experts

1) Flexible use Paris Beaches Hoppenbrouwerand Louw2005
- -

2) Suitablegeneral layouts ofthe station andcity

- Qi and Lu2019;Shikata et al.2013

Applydifferentlayouts
-

3) Set apartnon-transportfunction
Utrecht RScurrent vsformer; -

- - -

Other 
mobilities

Other 

mobilit
ies

Other 
mobilities

O
th

er
 

m
ob

ilit
ie

s

Other 
mobilities

Other 

mobiliti
es

Ra
ilw

ay
  

st
at

io
n

Stat
ion’s

 dire
ct 

vic
init

y

Stat
ion’s

 dire
ct 

vic
init

y

Station’s direct vicinity

Station’s direct vicinity

4) Enliven cityenvironment bydispersed mobilitynodes

- - Transformedfromprinciple 5 toa larger scale

-

5) Increaseaccommodatingcapacity bydispersed mobilitysites

Beijing West RSvs Shanghai RS - - -

6) Make eventsvisible by aligningmain paths andopen spaces

Beijing West RS;Rotterdam RScurrent vsformer

- Virtually addevents to seethe effects
-

7)Human-orientedspaces
Rotterdam RScurrent vsformer

- Virtually addevents to seethe effects
-

Continued on next page
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8) Connect withneighborhoods Beijing West RS;Rotterdam RS;Utrecht RS
Peters andTolkoff 2016 - Mind transportandnon-transportinterferences

9) Smooth levelchanges bylandscape design(District level)

Jiaxing RS - Transformedfromprinciple 10to a largerscale

-

10) Smooth levelchanges bylandscape design(Building level)

Arnhem RS - - Costly, harderwayfinding

11) Layouts thatsupport pathreconfigurations
Shanghai RS;(Pathregulations inAirports;Shoppingmalls)

- Transformedfromnon-stationcaseexperience

Path regulationbeing intrusive,managerialefforts

12) Programmingconsidering thetime dimension
Guangzhou;TOD mixed-usepractice

Calthorpeand Poticha1993
Transformedfrom higher-frequencyevents

-

13) Shortcuts oroptimizing paths Beijing West RS - Designshortcuts asa newsolution

Extra cost

14) Flexiblebuildings The Shed;Stadium 974 Ivers 2018;Smith et al.2021
- Costly

15) Flexiblebuildingcomponents
- - Transformedfromprinciple 14to a smallerscale

-

16) Addinstallations andfacilities
Antwerpen RS Ivers 2018;Kelpe 2007 Transformedfromnon-stationcases

Installations’quality matters

17)Reconfigurableelements
- Ivers 2018 Transformedfromnon-stationcases

-

Continued on next page
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18) redundantspaces Allianz Arena - Transformedfromnon-stationcases

-

19) Setting apartbottlenecks - Hoogendoornand Daamen2004
- -

20) City passages Rotterdam RS;Utrecht RS;Bijlmer RS
- - -

21) Position citypassages Rotterdam;Utrecht;Amsterdam
- Apply this asa context forprinciple 20

-

22) Reducebarriers to easeflow (Districtlevel)

Beijing West RS;Rotterdam RS;Utrecht RS
- - -

23) Reducebarriers to easeflow (Buildinglevel)

Beijing West RS - Transformedfromprinciple 22to a smallerscale

-

24) Stairs asstages or seats Utrecht RS;Cologne RS;Antwerp RS
- - -

25) City axes Rotterdam RS;Utrecht RS - - -

26)Reconfigurablespaces
- Ivers 2018 Transformedfromnon-stationcases

Managerialefforts
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Relate design principles to an event typology

Events are an important aspect of this research, as they are the causes of fluctuationsin station areas and are a solution to address underutilization. As part of theexploration of design solutions, we investigated the relationship between event typesand design principles.
In this research, we adopted an event typology developed by Smith et al. (2021). Thistypology is framed based on access and mobility, including nine types of events: E1)large indoor arenas, E2) concerts and screenings, E3) pleasure gardens, E4) paradesand street races, E5) roadshows, E6) markets and fairs, E7) mass gatherings, E8)micro-performances, and E9) marches and street parties. Two events - E4 and E9,primarily happen on streets, which are irrelevant for most spaces in railway stations, sowe excluded (×) them (Figure B.7).
The relationships between event types and design principles, are explained as follows(Note: ‘E’ stands for Event types, and ‘D’ stands for Design principles):

– Large open-air events with concentrated distributions, including E2, E3, and E7, needlarge coherent outdoor spaces and should not block city passages. Therefore, theseevents have relevance to design principles (DPs) (11) Adaptive redundant spaces withpath regulation, (7) Human-oriented spaces, and (21) City passages’ positioning.(Links: E2-D7, E3-D7, E6-D7; E7-D7; E2-D11, E3-D11, E6-D11, E7-D11; E2-D21,E3-D21, E6-D21, E7-D21)
– For large events with performances - E2, (24) Stairs as stages or seats can be used.(Link: E2-D24)
– Small spaces are common in a dispersed layout (D4), and small events - E8 can be heldin these small spaces. (15) Flexible building components can also be the small spacesto hold small events. (Links: E8-D4, E8-D15)
– For events that require user participation and are open-access, including E7, E5, E6,and E8, it is necessary to (6) Make events visible by aligning main paths and openspaces. (Links: E7-D6, E5-D6, E6-D6, E8-D6)
– Small performances and markets can help promote a vibrant environment, and it is aprerequisite to (23) Reduce barriers to ease flow at the building level. (Links: E6-D23,E8-D23)
– Large indoor arenas can be Flexible buildings (14). Flexible and Shared use betweenarenas and stations can be realized if the station areas are Programmed consideringthe time dimension. The arenas should be located in Suitable general layouts of thestation and city (2). (Links: E1-D2, E1-D14, E1-D12)
– In events E3 and E6, it is necessary to (16) Add installations and facilities, which canbe (17) Reconfigurable elements. (Links: E3-D11, E6-D11; E3-D16)
– For all possible events happening in railway stations, the event spaces should supportflexible use and be configurable, and pedestrians should be able to walk smoothly tothe event spots. Therefore, several design principles are relevant, including (22)
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Reduce barriers to ease flow at the district level, (25) City axes, (1) Flexible use, (26)Reconfigurable spaces. (Links: All-D25, All-D22, All-D26, All-D1)
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FIG. APP. B.7 The design principles related to the event typology (Source: Author; The event typology diagram is reused from Smithet al. 2021;

filler
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Towards Flexible Use of railway station areas 
that promotes Station-City Integration
The spatial relevance, design, and assessment

Enshan Chen

Railway station areas with periodic event-driven demand experience overcrowding during peak 
periods and underutilization during off-peak periods. Traditional design standards mandate 
static dimensions tailored exclusively to peak capacities, creating oversized spatial voids off-
peak. This thesis investigates how spatial design can enable flexible use—a dynamic strategy in 
which stations utilize neighboring urban spaces as temporary buffers during peak periods and 
open underutilized spaces for civic and leisure activities during off-peak periods—to mitigate 
overcrowding and underutilization while promoting station-city integration. Using case studies, 
research-by-design, and agent-based simulation (ABS), this research establishes the spatial 
relevance of operational bottlenecks and spatial configurations. It formulates six actionable design 
principles—focusing on visibility, reconfigurability, high-quality connections, dispersed layouts, 
human-centered spaces, and dynamic programming—and develops an ABS-driven assessment 
framework to evaluate multi-layered user needs (safety, speed, ease, comfort, experience). 
By shifting the design paradigm toward dynamic temporal-spatial utilization, this study offers 
actionable insights, guidance, and tools to create resilient, efficient, and integrated station areas. 
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