
 

 

Visualizing Pedestrian Perception: Eye-Tracking Analysis for Walkable 

Urban Environments  

Mahzerin Sultana1*, Shuva Chowdhury2, Balakrishna Gokaraju3, Raymond C. Tesiero4, Md Fahim Shahriar5 

1Civil, Architectural & Environmental Engineering, North Carolina A&T State University, Greensboro, United States of America 

(msultana@aggies.ncat.com)  
*Corresponding author 

2 Civil, Architectural & Environmental Engineering, North Carolina A&T State University, Greensboro, United States of America 

(schowdhury@ncat.edu) 

3 Computational Data Science and Engineering, North Carolina A&T State University, Greensboro, United States of America 

(bgokaraju@ncat.edu) 
4 Civil, Architectural & Environmental Engineering, North Carolina A&T State University, Greensboro, United States of America 

(rctesier@ncat.edu) 

5 Management Information System, Lamar University, Beaumont, United States of America (mshahriar4@lamar.edu) 

 

 

Abstract – Understanding pedestrian perception is essential for designing walkable and inclusive urban environments. This study 

employs real-world eye-tracking to investigate how pedestrians visually engage with urban streetscapes during everyday 

navigation. Using wearable eye-tracking technology, the research captures gaze behavior and fixation patterns across various 

streetscape elements including sidewalks, crosswalks, greenery, and building facades. The analysis reveals that features 

associated with spatial clarity and safety—such as curbs and well-defined pedestrian paths—receive prolonged visual attention. 

Natural elements like vegetation also play a significant role in shaping visual comfort and environmental appeal. Gaze data 

segmented by Areas of Interest (AOIs) shows a clear hierarchy of visual focus, suggesting that spatial composition and surface 

detail directly impact cognitive processing and navigation. Additionally, gender-based differences in attention strategies indicate 

the need for inclusive design that supports diverse user behaviors. By translating subconscious visual behavior into actionable 

insights, this research contributes to the advancement of evidence-based urban design practices. The results highlight how real-

time perceptual data can inform the creation of more intuitive, comfortable, and engaging city spaces. 
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I. INTRODUCTION 

In the evolving landscape of urban design and planning, 

integrating objective data on human perception and behavior 

has become increasingly important. Pedestrian experience is 

shaped by an interplay of visual, spatial, and emotional factors, 

yet traditional planning methods often fail to capture these 

subjective dimensions effectively. As urban environments 

grow more complex, there is a growing need to understand 

how design elements influence perception in real-world 

contexts[1].  

Eye-tracking technology offers a promising solution by 

providing direct insights into visual attention and cognitive 

processing during urban navigation. Unlike traditional surveys 

or interviews, which rely on self-reported impressions, eye-

tracking captures real-time, subconscious visual behavior that 

reveals how individuals interact with their surroundings[2-4]. 

This makes it a powerful tool for understanding which features 

of the built environment attract attention, support wayfinding, 

or influence comfort and safety. 

By equipping participants with wearable eye-tracking 

glasses, it becomes possible to document how pedestrians 

respond to various streetscape elements—such as sidewalks, 

crosswalks, greenery, signage, and built structures—within an 

authentic urban setting. Data were segmented using Areas of 

Interest (AOIs) to compare gaze behavior across different 

environmental components and to identify patterns in visual 

engagement. 

The study also considers how demographic variables, such 

as gender, may influence attention patterns, reflecting diverse 

perceptual strategies among pedestrians [5].In addition to 

spatial composition, contextual factors such as visibility, 

enclosure, and environmental complexity significantly shape 

visual experience and navigation behaviors[6].  

The research contributes to a growing body of literature that 

links visual attention with urban form and pedestrian behavior. 

Previous findings have shown that design factors like tree 

canopy, spatial openness, and continuity of the pedestrian path 

are positively associated with perceived walkability and 

landscape preference[7]. By integrating this evidence with 

localized real-world gaze data, the study offers practical 

insights for urban designers and policymakers aiming to foster 

more livable, inclusive, and perceptually responsive 

environments. 

This investigation is guided by the following research 

questions: 

• Which elements of urban streetscapes attract the most 

visual attention from pedestrians? 

• How do differences in spatial design influence gaze 

behavior and route decision-making? 
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• What variations exist in visual engagement across 

different gender groups? 

 

A. Perceptual and Behavioral Understanding 

Perception and behavior in urban environments are strongly 

influenced by mental schemas—internal models shaped by 

personal experience, memory, and environmental cues [4]. 

These cognitive patterns guide individuals in interpreting 

visual stimuli and making decisions about navigation, comfort, 

and safety. By leveraging real-time eye-tracking data, this 

study analyzes how pedestrians interact with their 

environment, offering deeper insights into subconscious visual 

behavior that traditional observation often overlooks. 

 

B. Measuring Walkability 

Walkability is a multidimensional concept influenced by 

spatial layout, environmental aesthetics, and perceived safety. 

Research indicates that pedestrians engage more with 

streetscapes that feature inviting ground-level design, 

greenery, and consistent pedestrian infrastructure[3]. This 

study builds on prior findings by using eye-tracking to pinpoint 

which urban elements most directly influence visual focus 

during walking. High fixation on elements like shaded 

sidewalks, benches, or building facades suggests greater 

spatial interest and navigational clarity[7, 8]. 

 

C. Measuring Attraction 

Urban environments often contain visual cues or "attraction 

points" that naturally capture attention and influence 

pedestrian flow. These stimuli can be architectural features, 

signage, vegetation, or even human activity. Pedestrian 

behavior alternates between active exploration and reactive 

response to these stimuli [9]. Through AOI-based 

segmentation, this study quantifies which elements function as 

attraction points and how they shape moment-to-moment gaze 

behavior. 

 

 

II. MATERIALS AND METHOD 

This study adopts a human-centered, real-world 

methodological framework (Figure 1 Framework) to examine 

pedestrian intersection with urban environments through 

wearable eye-tracking technology. Participants engaged in a 

wayfinding task within a walkable urban context (Greensboro, 

NC, USA) while their gaze behavior was recorded using Tobii 

eye-tracking glasses. The real-world observation phase 

included generating urban navigation tasks and capturing gaze 

data such as fixations. Saccades, and dwell times across 

predefined Area of Interest (AOIs). The analytic phase 

involved processing this data into heatmaps, gaze plots, and 

key fixation metrics including time to first fixation, total 

fixation count and dwell duration. These metrics were used to 

evaluate walkability, visual attraction, environmental 

preferences, and behavioral changes in response to spatial 

features such as crosswalks, curbs, greenery, and signage. Data 

interpretation emphasized perceptual and cognitive responses 

to the built environment, forming the basis for evidence- based 

urban design. The methodology connects participant 

engagement and real-time behavioral analysis to broader goals 

such as improving pedestrian comfort, spatial legibility, and 

inclusive design. Ultimately, this approach informs the 

creation of more responsive and walkable urban streetscapes 

by integrating visual attention insights into the design process. 

A. Study Location and Context 

The research was conducted in downtown Greensboro, 

North Carolina—a vibrant, mixed-use urban setting(Figure 2) 

Figure 1 Framework 
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known for its efforts to promote walkability, multi-modal 

connectivity, and inclusive design. The selected study area is 

moderately trafficked by pedestrians and features a diverse 

mix of streetscape elements including sidewalks, intersections, 

public art, green spaces, and transit points. The area represents 

a representative example of a Southern U.S. mid-sized city 

where streetscape improvements are prioritized to enhance 

safety, comfort, and visual connectivity. 

 

Figure 2Location Map of the Study Area 

 

B. Participant Recruitment 

A total of 10 participants were recruited using convenience 

sampling. Participants were selected to represent a different 

demographic group in terms of age, gender, and height. Before 

participating in the study, each individual provided informed 

consent and was briefed on the experimental process. 

Demographic data were collected prior to the task and included 

information on age, gender, and height to support analysis of 

perceptual differences across user profiles. 

C. Eye-Tracking Equipment and Setup 

The participants were equipped with Tobii Glasses 3, a 

wearable eye-tracking device capable of recording gaze 

behavior in real-world environments. These glasses captured 

continuous gaze data, including fixation points and durations, 

throughout the navigation task. The system enabled high-

fidelity tracking without interrupting natural walking 

behavior, preserving ecological validity during the 

observational study[3].  

D. Observation Task and Route 

Participants completed a walking route in downtown 

Greensboro that included various urban conditions such as 

intersections, sidewalks, street crossings, and open spaces. 

Observers documented behavioral responses—particularly at 

decision points like street crossings or passing by other 

pedestrians and vehicles. Concurrently, the eye-tracking 

system recorded visual attention patterns. 

 

Figure 3Route Choices 

Environmental conditions such as time of day and weather 

were also noted, as they could influence visibility and 

participant behavior. 

The three most potential pedestrian routes(Figure 3), labeled 

Route 1 (red), Route 2 (yellow), and Route 3 (blue), overlaid 

on the map of the selected urban environment. Route 1 

involves three pedestrian crossings and two curb extensions, 

while Route 2 includes four pedestrian crossings with three 

curb extensions. Route 3 also features four pedestrian 

crossings but only two curb extensions. Two participants 

chose Route 1, three participants selected Route 2, and one 

participant opted for Route 3. Notably, 83.3% of the 

participants preferred routes that incorporated more curb 

extensions, suggesting a preference for pedestrian paths with 

this specific design element. 

E. Data Collection and Processing 

Gaze data were processed using Tobii Pro Lab, a 

professional-grade analysis software. The software extracted 

key eye-tracking metrics including: 

Time to First Fixation (TFF): Measures how long it takes for 

a participant’s gaze to land on an Area of Interest (AOI). 

Fixation Count (FC): Total number of fixations within an 

AOI. 

Total Duration of Fixation (TDF): Cumulative time spent 

looking at a particular AOI.  

Dwell Time: Aggregate time the eyes spent within specific 

AOI boundaries. 

F. AOI Definition and Classification 

The scene was segmented into seven major AOI categories 

to classify visual focus across different streetscape 

components: 

Table 1. Data Classes 

Group Classes 

Flat Road, sidewalks, parking, rail track 

Human Person, rider 

Vehicle Car, truck, bus, motorcycle, bicycle 

Construction Building, wall, fence, guard rail 

Object Pole, traffic sign, traffic light 

Nature Vegetation, terrain 

Sky Sky 
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Figure 4 AOI segmentation in different locations 

AOIs were used to compare patterns of visual attention and 

identify which urban elements consistently drew more or less 

engagement. These classifications enabled us to detect 

preferences, distractions, or potentially stressful features. 

G. Data Analysis 

The visual data were visualized through heatmaps and gaze 

plots to illustrate spatial patterns in attention. Temporal data 

(such as when a fixation occurred and how long it lasted) were 

layered with spatial information (where the fixations occurred) 

to detect hotspots of perceptual interest. Patterns were 

analyzed comparatively across AOIs, participant profiles, and 

urban conditions to identify design features that support or 

hinder walkability. 

III. RESULTS 

A. Heatmap Insights and Visual Focus Areas 

Focus heatmaps revealed concentrated attention on key 

pedestrian infrastructure such as crosswalks, curbs, sidewalks, 

and vegetation (Figure 5). These urban elements consistently 

attracted high levels of fixation, as represented by red zones in 

the heatmaps, indicating elevated visual attention and 

cognitive processing. Specifically, the presence of curbs in 

crosswalks significantly altered gaze distribution, shifting 

focus between the street and approaching traffic. In scenarios 

lacking curbs, participants showed heightened vigilance 

towards vehicle movement, suggesting the role of physical 

boundaries in perceived pedestrian safety. 

 

 

Figure 5 Focus heat maps 

Vegetation and shade—particularly trees and green 

buffers—also drew sustained attention, reinforcing the role of 

greenery in enhancing visual comfort and spatial appeal. 

However, the placement and density of green infrastructure 

influenced the degree of visual engagement, with more 

organically arranged elements holding longer fixation 

durations. 

B. AOI-Based Metrics and Hierarchy of Engagement 

The Areas of Interest (AOI) analysis produced quantitative 

metrics that highlight a hierarchical distribution of visual 

attention. Among the six categorized AOIs—Flat (walkways), 

Construction (buildings), Nature (vegetation), Object (urban 

elements), Vehicle, and Sky—the data revealed different 

patterns as mentioned in Table 2 AOI Based Metrics. 
 

Fixation counts and visit frequency were highest for Flat and 

Construction AOIs, suggesting that these elements demanded 

more visual processing, likely due to their role in navigation 

and spatial understanding. By contrast, sky, vehicles, and static 

objects received minimal visual engagement, aligning with 

previous studies showing limited cognitive demand in these 

areas during pedestrian tasks. 

 

 

Table 2 AOI Based Metrics 

AOI Class 

Avg. 

duration of 

fixations 

(ms) 

Min duration 

of fixations 

(ms) 

Max duration 

of fixations 

(ms) 

Number of 

Glances 

Number of 

fixations 

Number of 

Visits 

Avg Pupil 

diameter 

(mm) 

construction 10,617 6,189 18,936 132 207 132 125.06 

Flat 13,518 9,969 19,251 248 443 248 164.50 

nature 11,289 7,266 16,713 79 108 79 112.77 

object 4,590 4,269 4,932 32 33 32 35.42 

sky 1,626 1,020 2,523 20 39 20 31.24 

vehicle 3,846 2,463 5,169 35 39 35 50.52 
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These results support broader findings that architectural 

detail and environmental affordances shape attention 

hierarchy. For instance, prior research [7] confirms that 

features such as fenestrations, architectural edges, and contrast 

boundaries attract more attention than flat or unembellished 

facades. 

C. Gender-Based Visual Strategies 

An analysis of first glance times revealed a bimodal 

distribution across genders. Male participants exhibited 

shorter times to first fixation, suggesting a more reactive visual 

strategy, whereas females tended to exhibit delayed initial 

fixations, potentially indicative of a more deliberate scanning 

process. These differences in attentional behavior may point to 

gender-based variations in spatial exploration and 

prioritization of safety or environmental cues. 

 
These findings align with earlier cognitive research 

showing that visual perception and object-location memory 

vary by gender, with implications for universal design that 

accounts for diverse navigation styles. 

D. Cognitive Load and Fixation Patterns 

The longer average fixation durations on built elements 

suggest a higher cognitive load associated with processing 

complex structures like buildings, signage, and curbs. In 

contrast, natural elements, while visually engaging, required 

shorter fixations, indicating more intuitive or effortless 

processing. This supports the idea that natural environments 

reduce cognitive fatigue, echoing established theories in 

environmental psychology, such as Ulrich’s stress-reduction 

theory[7]. 

IV. DISCUSSION 

The findings from this real-world eye-tracking study offer 

nuanced insights into how urban design elements shape 

pedestrian perception, navigation, and comfort in downtown 

Greensboro. By directly mapping gaze behavior to elements of 

the built environment, the study provides evidence-based 

recommendations for urban design interventions that can 

enhance safety, wayfinding, and environmental satisfaction[5, 

7]. 

The heatmaps and AOI data revealed that crosswalks and 

curbs received the highest fixation rates, confirming their 

essential role in safety perception and navigational clarity. 

These elements serve as both physical and visual boundaries, 

guiding pedestrian decision-making and emphasizing 

transitions between walking zones and traffic areas. This 

aligns with broader findings indicating that street edges and 

pedestrian interfaces are among the most visually engaging 

components in urban environments [2]. This strong visual 

engagement can be attributed to the high cognitive demand 

involved in interpreting these spaces. Crosswalks and curbs 

often function as decision points where pedestrian must asses 

vehicle proximity, signal timing, and spatial alignment, 

making them focal areas for attention and mental processing. 

Their materiality, contrast, and edge definition further enhance 

their visual prominance, reinforcing their dual role as 

navigational tools and safety buffers. For urban designers, this 

highlights the importance of treating these elements not just as 

infrustructural necessities but as perceptual anchors that 

influence flow, comfort, and risk awareness. Enhancing the 

visibility and clarity of crosswalks and curbs through tactile 

paving, color contrast, or lighting can therefore directly 

improve pedestrian confidence and safety.  

Likewise, greenery—particularly in the form of trees and 

shaded zones—was consistently associated with prolonged 

visual engagement. These findings confirm that vegetation 

enhances environmental comfort and contributes to perceived 

walkability[10]. Prolonged fixation on natural elements 

suggests that pedestrians not only notice greenary but may also 

derive sense of psychological ease and spatial orientation from 

it. Green infrastructure serves both functional and aesthetic 

roles providing shade, reducing glare, softening the hard edge 

of urban form, and signaling zones of rest or transition.The 

presense of trees and planting buffers can visually break down 

large or monotonous facades, offering perceptual variety that 

improves the walking experience. In some cases, vegetation 

may even act as an implicit guide for movement, drawing 

pedestrians toward shaded paths or defining edges of walkable 

zones.  

Interestingly, vehicular movement recieved notably low 

fixation duration and count, suggesting that pedestrians may 

either avoid prolonged attention to moving vehicle or percieve 

them as peripheral to their immediate navigation task. While 

this might reflect intuitive visual filtering or a reliance on 

auditory cues for traffinc awareness, it also raises safety 

concerns.  

AOI analysis showed that pedestrians directed the most 

sustained attention toward flat surfaces (sidewalks) and 
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construction elements (buildings). These areas required higher 

cognitive processing due to their role in route evaluation, 

visual legibility, and architectural complexity[7]. In contrast, 

less fixation time was spent on sky, vehicles, and static urban 

objects, supporting existing literature that these components 

require less detail for moment-to-moment navigation. 

These findings highlight how urban complexity and 

material composition can influence cognitive load. Previous 

studies confirm that moderate visual complexity enhances 

attachment, while excessive complexity in built environments 

may hinder spatial understanding. 

This study observed bimodal distributions in first glance 

times across genders. Males demonstrated quicker first 

fixations, while females exhibited longer latency, possibly 

reflecting different cognitive strategies—reactive versus 

deliberate. Such gender-based perceptual strategies align with 

research suggesting males prioritize rapid orientation while 

females engage in more context-aware scanning[11]. This 

supports the argument that inclusive design must 

accommodate diverse perceptual and behavioral tendencies, 

especially in public realm planning. 

The findings contribute to the growing field of evidence-

based design by showing how real-time eye-tracking can 

evaluate and inform urban environments. Fixation metrics 

such as dwell time, total fixations, and AOI rankings offer 

objective indicators of environmental success, guiding future 

intervention[5]. 

For mid-density cities like Greensboro, which balance 

between walkability and automotive reliance, formal spatial 

structures such as edges, thresholds, and defined façades take 

on heightened significance in reinforcing spatial legibility. 

This study highlights how specific morphological 

characteristics (e.g., articulated curbs, vegetated buffers, and 

mid-rise architectural edges) function as visual anchors, 

optimizing cognitive load during navigation[12].  

Unlike compact high-density areas, where overstimulation 

is a concern, or sprawled low-density zones, where legibility 

may be lacking, mid-density environments demand a refined 

calibration of spatial stimuli. Our gaze data supports Rosas, et 

al. [5], who noted that organized visual complexity such as that 

found in pre-modern or biophilic architecture enhances 

attention retention and spatial comprehension. These 

characteristics are evident in Greensboro’s active downtown 

segments, where building fenestrations, human-scaled 

storefronts, and layered edges consistently drew visual focus. 

In this context, our AOI-based perceptual hierarchy offers a 

framework for assessing the “spatial performance” of urban 

form. Flat AOIs (sidewalks, open pavements) and 

Construction AOIs (walls, buildings) dominated fixation 

metrics, signaling their dual role as navigational platforms and 

spatial narrators [13, 14]. Visual engagement with these zones 

not only indicates movement paths but reflects real-time 

evaluation of safety, coherence, and affordances. 

 These perceptual responses contribute to an operational 

understanding of form-based design. As Simpson, et al. [3] 

show, visual engagement with urban edges is highly sensitive 

to pedestrianized versus vehicle-dominated spatial structures. 

Similarly, our participants demonstrated greater focus on 

walkable edges when accompanied by design cues such as 

shaded awnings or curb extensions suggesting that visual 

attention can serve as a proxy for spatial desirability and 

intuitive urban flow. 

From a formal analysis perspective, the spatial layout of 

Greensboro’s urban blocks characterized by moderate building 

height, articulated plot boundaries, and intermittent green 

insertions provided the perceptual diversity necessary to 

sustain gaze engagement. This affirms the claim by Lavdas 

[15] that emotionally resonant spatial configurations are key to 

affective and cognitive resonance in architectural space. Eye-

tracking data, when applied in this manner, becomes not only 

a diagnostic tool but a validation metric for architectural clarity 

and urban legibility. 

Furthermore, the methodology developed in this research 

can offer urban planners in mid-sized cities a scalable model 

to evaluate and enhance spatial quality. By visualizing how 

built form draws attention or fails to do so this method supports 

adaptive design strategies for crosswalk enhancement, facade 

articulation, pedestrian refuge zones, and green-infrastructure 

positioning. These insights are particularly relevant for cities 

like Greensboro undergoing incremental redevelopment and 

densification without losing human-scale intimacy[7, 16]. 

Moreover, these insights validate calls from urban scholars 

to rethink urban renewal through the lens of human behavior, 

ensuring interventions resonate with perceptual realities rather 

than abstract criteria. 

V. CONCLUSION 

This study examined pedestrian perception and spatial 

behavior through real-world eye-tracking in downtown 

Greensboro, highlighting how urban design elements 

influence visual attention and route decision-making. By 

capturing gaze data in an authentic environment, the research 

offers an empirical foundation for understanding how 

pedestrians navigate and engage with city spaces. The findings 

demonstrate that pedestrians’ visual attention is not randomly 

distributed but is shaped by the spatial hierarchy, visibility, and 

affordances of design features such as crosswalks, curbs, and 

green infrastructure. These elements function not only as 

physical components of the streetscape but also as perceptual 

signals that guide behavior and support safety. Furthermore, 

the use of eye- tracking technology revealed nuanced 

differences in how pedestrians interact with various 

environmental stimuli, underscoring the value of objective 

visual data in capturing lived experience. The research also 

highlights the potential risks associated with under-engaged 

areas such as limited fixation on vehicular movement which 

may warrant future design interventions to enhance visual 

awareness and safety conflicts. Overall, the study reinforces 

the importance of designing cities that are not only 

functionally efficient but also perceptually intuitive, 

emphasizing a human-centered approach in shaping walkable 

and inclusive urban environment. 

The findings underscore the significance of crosswalks, 

curbs, building edges, and greenery as visual anchors that 

support safety, orientation, and environmental comfort. AOI-

based metrics revealed a hierarchy of visual engagement, with 

built surfaces and vegetation commanding the most sustained 

attention. These patterns suggest that walkable, visually 

structured, and green environments foster more intuitive and 

enjoyable pedestrian experiences. 

Moreover, the study identified gender-based differences in 

gaze behavior, reinforcing the need for inclusive urban design 

that accommodates diverse perceptual and navigational 

strategies. By leveraging real-time visual data, this research 
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contributes to a growing body of human-centered design 

practices that prioritize the lived experiences of urban users. 

Ultimately, the integration of wearable eye-tracking 

technology into urban research presents a promising path for 

evidence-based design. The ability to translate subconscious 

visual behavior into spatial strategies enables designers and 

planners to create more responsive, engaging, and equitable 

public spaces. 

 

VI. FUTURE WORK 

While this study focused on real-world pedestrian 

perception using eye-tracking, future work will explore the 

integration of immersive virtual reality (VR) environments to 

expand the research scope. VR offers a controlled yet 

immersive platform for replicating urban scenarios and testing 

design interventions without the logistical constraints of 

physical environments. By reconstructing real streetscapes 

within virtual environments using tools such as Unity and 

Spatial.io, researchers can simulate changes in infrastructure, 

greenery, signage, and traffic dynamics while recording 

participant responses with integrated eye-tracking systems. 

This next phase will allow for comparative analysis between 

real and virtual environments, enabling an evaluation of how 

environmental fidelity, motion, and spatial manipulation 

influence visual attention and cognitive load. Additionally, VR 

environments offer the opportunity to include dynamic 

elements—such as moving vehicles or changing light 

conditions—to examine how temporal changes affect 

perception and navigation. 

Incorporating VR into pedestrian perception studies can 

also enhance participatory urban design practices, offering 

stakeholders and non-expert users the ability to experience 

proposed changes firsthand. This hybrid approach will 

contribute to a more adaptive and human-centered urban 

planning methodology, leveraging both real-world behavioral 

insights and the flexibility of virtual simulation. 
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