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Abstract 
Avoiding person-to-person collisions is critical for visual field 

loss patients. Any intervention claiming to improve the safety of such 

patients should empirically demonstrate its efficacy. To design a VR 

mobility testing platform presenting multiple pedestrians, a 

distinction between colliding and non-colliding pedestrians must be 

clearly defined. We measured nine normally sighted subjects’ 

collision envelopes (CE; an egocentric boundary distinguishing 

collision and non-collision) and found it changes based on the 

approaching pedestrian’s bearing angle and speed. For person-to-

person collision events for the VR mobility testing platform, non-

colliding pedestrians should not evade the CE.  

Introduction  
Avoiding person-to-person (P2P) collisions, especially in 

heavily traveled areas such as busy shopping malls or transportation 

terminals/stations, is an everyday task frequently reported as a 

difficulty by patients with peripheral visual field loss [1-5]. A 

simulation-based analysis also identified it as a risk factor for such 

patients [6]. Any clinical intervention claiming to improve mobility 

performance should demonstrate its efficacy regarding collision 

detection and avoidance capability in P2P conditions, which directly 

leads to walking safety. 

Various devices have been introduced to reduce risk, such as 

prism glasses [7-11] and head-mounted displays [12-14]. Although 

such interventions have shown their validity by measuring their 

visual field expansion in clinical conditions, those vision measures 

were often conducted with a stationary stimulus (e.g., detection of a 

moving target while fixating on a point over a simple background), 

lacking the complexity of visual stimulus motion experienced while 

walking, thus fail to show the efficacy of an intervention in more 

problem specific collision conditions.  

To overcome this problem, obstacle courses have been used to 

measure one’s mobility performance [15-22]. Although obstacle 

courses provide better face validity than visual field measures, most 

obstacle courses are only composed of stationary obstacles and let 

the subject walk through the obstacle course. Therefore, obstacle 

courses may be suitable for measuring the fitness of navigation and 

path following, but they do not measure the real-world collision risk 

posed to the patients or an intervention's impact on risky mobility 

situations such as P2P collisions [23]. It is well known that when 

patients walk with a cane, which can easily detect a possible 

collision with stationary obstacles on the floor, they make minimum 

collision in the obstacle courses [17, 21]. 

To measure the P2P collision risk, moving obstacles must be 

included in the obstacle courses. However, it is hard to implement 

in a real-world obstacle course because 1) deploying colliding 

pedestrians will increase the risk of physical collision and reduce the 

safety of participants, 2) controlling pedestrian path and collision 

timing and keeping the consistency for repeated executions will be 

very tricky, 3) modifying obstacle course configuration (e.g., path 

shape and pedestrians positioning) will be limited by physical space 

and take a long time. Therefore, a virtual obstacle course may be a 

better solution for the realistic mobility performance measure since 

it can resolve the problems of real-world obstacle courses mentioned 

above.  

Since collision events will be simulated in a VR environment, 

no physical harm will be posed to the participants, the design of 

collision events can be precisely parameterized, and collision events 

can occur in any virtual environment. In addition, a virtual obstacle 

course conveniently affords positional tracking of the subject and 

target, making further analysis of collision detection and avoidance 

processes possible. 

To measure one’s collision risk quantitatively and reliably in a 

virtual obstacle course simulating heavy pedestrian traffic, subjects 

must be repeatedly exposed to dynamic situations where a P2P 

collision may (or may not) occur while multiple other pedestrians 

walk in various directions. No collision events should be included 

to reduce the priming effect. During the experiment, subjects must 

detect potential collision risks and take appropriate actions to avoid 

the collision, such as changing the walking path, slowing down, 

stopping until the approaching pedestrian passes by, or producing 

an auditory warning (e.g., “watch out”). The subject’s performance 

measure should focus on how well and safely to avoid possible 

collisions. If it is for evaluation of an intervention, it should be 

measured with and without the intervention so that within-subject 

comparison is possible. 

The successful development of such a testing platform depends 

on how well various dynamic events are designed with multiple 

pedestrians so that the distinction of apparent motion and looming 

between colliding and non-colliding pedestrians are clear enough, 

yet not obvious. Subjects should not misjudge non-colliding 

pedestrians as colliding or colliding pedestrians as non-colliding. 

Since this subject’s perceptional error reduces the validity of the 

test, this kind of confusion should be removed or reduced as much 

as possible.  

A pedestrian collision can be defined as an event where the 

following two conditions are met: 1) the subject’s walking path 

intersects with another pedestrian’s walking path, and 2) the subject 

and pedestrian arrive at the intersection simultaneously. The event 

can be considered non-colliding if any of those conditions are not 

met. However, the distinction between colliding and non-colliding 

events in the psychophysical experiment is more complex than the 

physical definition because the subject’s visual judgment of 

collision may be affected by the perception of direction and speed 

of self-motion, of relative motion of other objects to self-motion, 

estimation of collision risk, etc.  
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The concept of collision envelope (CE or safety envelope) was 

introduced previously to measure the perceptual threshold for the 

subject’s lateral safe passing margin [24-28]. Studies showed that 

people have an internal safety boundary larger than their physical 

width to avoid center-to-center collision and safely prevent partial 

contact with by-passing objects. In those studies, static human-sized 

objects appeared at a distance with a lateral offset for a brief time 

(1sec) and asked if the object would collide if subjects continued 

walking straight. In other words, it asked if the appeared object’s 

width overlapped with the subject’s perception of lateral safe 

passing margin. For example, it is like judging if one can pass a door 

without contacting the door frame.  

Although those CE studies showed interesting results, such as 

a shifting of the CE center for homonymous hemianopia patients 

(i.e., loss of vision on the left or right side) while keeping the same 

CE width, those results have limited application to the highly 

dynamic walking scenarios where the colliding (and non-colliding) 

pedestrians may approach from various bearing angles (i.e., angle 

from walking direction).  

If pedestrians are approaching from diagonal directions (i.e., 

the walking paths of the subject and pedestrian are not parallel), or 

if they are approaching at fast or slow speed (i.e., increased or 

reduced apparent risk in terms of consequence, respectively), is the 

CE affected by those factors? If it does, what change may occur to 

the CE? Previously, the safe passing distances for pedestrians 

approaching from various bearing angles were measured in a driving 

simulator that simulated virtual walking[11, 27] and demonstrated 

that a larger safety margin is needed for the pedestrians passing in 

front than those passing behind, which suggested a different safe 

passing distance may exist with the various bearing angle, but it was 

measured with poor resolution and did not formulate the full shape 

of the CE.  

A parameter of interest in developing a virtual walking 

simulation for collision judgment/avoidance is how large a safe 

passing offset should be for pedestrians when they are supposed to 

pass by the subject so that the subject perceives it as non-colliding 

(non-risky) pedestrians. If the offsets are too large, detecting and 

judging potential collision becomes trivial. Thus, non-colliding 

pedestrians will not work as distractors. Also, if the offsets are too 

small, the subjects may perceive non-colliding pedestrians as 

possible collisions, resulting in too many false positive responses for 

potential collisions.  

In this study, we measured normally sighted subjects’ collision 

envelope during simulated slow and fast walking, where a virtual 

pedestrian approached from various bearing angles with lateral 

offsets (different passing distances). The measured normative 2D 

CE boundary can be used as a guideline for designing colliding and 

non-colliding pedestrians, where colliding pedestrians should be 

configured to invade the subject 2D CE while non-colliding 

pedestrians should not invade the 2D CE during virtual person-to-

person collision event simulations. 

Design of Pedestrians 

Overall Geometry of Collision Event Design  
The pedestrian collision events can have an infinite set of 

configurations based on the pedestrian's initial distance, walking 

speed, and initial bearing angle from the subject’s walking path, etc. 

Therefore, we used a simple geometry collision model to simplify 

the event development.  

Fig. 1 shows the geometry of a possible set of pedestrian 

collision events where the virtual avatar (subject) walks toward the 

assumed collision point (ACP) at a constant walking speed with a 

time-to-contact (TTC) of 5s. With a fixed TTC, we do not need to 

worry about the variable event duration. A pedestrian may appear at 

one of the bearing angle positions on the circle centered at the ACP 

with a radius of 5s of TTC of the subject’s walking speed. 

Throughout the rest of the manuscript, a positive and negative 

bearing angle means the pedestrians are positioned on the right and 

left side of the subject’s walking path, respectively.  

 

 

Notice that the initial appearing positions of the pedestrians 

with ±45 bearing angles are closer to the subject’s initial position 

than other pedestrians, while the distance to the initial appearing 

positions of the pedestrians with 0 bearing angle (i.e., along the 

subject's walking path) is farthest. 

This design simplifies the event configuration so that three 

parameters completely describe an event: 1) TTC, 2) the subject’s 

walking speed, and 3) the pedestrian’s initial bearing angle. This 

also sets the walking speed of all pedestrians to be uniform (i.e., 

same as the subject’s walking speed) regardless of the pedestrian’s 

initial position because their walking path length until making a 

collision will be the same. 

Colliding Pedestrian  
With the above event geometry, the colliding pedestrian will 

arrive at the ACP at the given TTC. Since the subject and pedestrian 

are assumed to walk on straight paths at a constant speed, both will 

arrive at the ACP simultaneously for a center-to-center collision. 

Note that in this colliding pedestrian design, the target pedestrian 

remains at the same bearing angle until the collision happens [28] 

(Fig. 2).  

Non-Colliding Pedestrians  
The non-colliding pedestrians are designed to initially appear 

at the same bearing angle position as the colliding pedestrians, but 

they are configured to arrive at a point on the front-parallel line of 

the approaching pedestrian passing the assumed collision point with 

an offset (Fig. 3). This means that the non-colliding pedestrians will 

be slightly off from the collision course. Thus, there will be no 

center-to-center collision.  

If the initial bearing angle of the pedestrian is 0, a positive 

lateral offset (offset>0m) and negative offset (offset<0m) result in a 

path rotated in a counterclockwise and clockwise direction from the 

center-to-center collision path (offset=0m). 

 

 
Figure 1: A schematic of collision events geometry. The subject is assumed to walk 

in a straight path at a constant speed. The assumed collision point can be 

determined based on the time-to-collision and the subject’s walking speed. A 

pedestrian appears along the circle centered at the assumed collision point.  
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Note that when the pedestrian’s initial bearing angle is larger 

than 0 (i.e., approaching the subject from the right side), a positive 

offset results in the pedestrian crossing in front of the subject’s 

walking path, and a negative offset results in the pedestrian to pass 

behind the subject. This behavior will be reversed if the pedestrian’s 

initial bearing angle is less than 0 (i.e., approaching the subject from 

the left side). Unlike colliding pedestrians, the non-colliding 

pedestrians’ initial bearing angle regarding the subject’s point of 

view will not be maintained during the walking. For example, as the 

subject approaches the ACP, the non-colliding pedestrians move 

toward the center of the visual field and then move to the outer 

eccentricity (crossing ahead) or move toward the outer eccentricity 

passing by) while their angular size increases (looming) 

monotonically. The looming of the non-colliding pedestrian is 

slightly faster than the colliding pedestrian because the pedestrian 

needs to walk farther than the colliding pedestrian for the same TTC.  

As shown in Fig. 3, a non-colliding pedestrian is configured to 

pass one of the points (blue dots) on the front parallel line, passing 

the assumed collision point when the subject arrives at the assumed 

collision point. The lateral offsets can be either ±2m or ±1m. If the 

lateral offset is 0m, it is in the same condition as a colliding 

pedestrian. 

Methods 

Experiment Setup 
The VR walking simulator experiment was developed using the 

Unity 3D game engine and ran on Windows 10 PC (Intel i5, 16G 

RAM) with NVidia GTX-1060 GPU.  

Subjects were sitting at 50cm from a large TV (65”), which 

covers 104° horizontal and 81.5° vertical field of view (Fig.4). The 

Unity 3D’s rendering camera field of view (FOV) was matched with 

the FOV of the TV from the viewing position to maintain the correct 

angular size of pedestrians and environment, which eliminate any 

perspective distortion caused by the angular size mismatch between 

rendering and display condition.  

The virtual subject’s eye height was set to 150cm to provide 

the perspective of the virtual walking (upright standing) on the 

screen while the subject was seated in the real world. Once the 

subject adjusted the seat height for their comfort, the table height 

was adjusted so that the center of the TV was aligned with the 

subject’s eye level. Aligning the subject’s viewpoint in the real 

world to the virtual camera position is necessary for distortion-free 

viewing of the simulated virtual environment to avoid the distortion 

caused by the perspective mismatch. 

 

 

Experiment Design 
Subjects were instructed to “Press key A if the approaching 

pedestrian appears to bump into you. If the pedestrian is not 

bumping into you, press key B. Make the judgment as quickly as 

possible”.  

For all trials, the TTC was set to 5s. The pre- and post-event 

walking periods of 1s and 2sec, respectively, were added to each 

trial (a total of 8s walk per trial). These pre- and post-walk segments 

were added to give subjects time for preparation and resting before 

and after the measurement event.  

For each trial, the subject’s virtual walking speed was set to 

either 0.8m/s (1.8mph: slow walk) or 1.2m/s (2.7mph: fast walk), 

which makes the length of the subject’s walking path to be 4m 

(~13ft) and 6m (~20ft) for given 5s TTC, respectively. The target 

pedestrian’s initial bearing angle was set to be one among ±45°, 

±30°, ±15°, and 0°. The passing offset was set to be one among ±1m 

(non-colliding), ±2m (non-colliding), and 0m (colliding).  

Subjects completed a scenario containing 350 trails (2 walking 

speeds × 7 bearing angles × 5 passing offsets × 5 repetitions), which 

took around 50 minutes. Subjects were free to pause the experiment 

and take a break, if needed, during the scenario run. 

           
Figure 2: Modeling of a colliding pedestrian. The pedestrian is configured to walk 

toward the assumed collision point with the same walking speed as the subject. Both 

the subject and pedestrian will arrive at the collision point simultaneously, resulting 

in a collision. Note that the bearing angle of the colliding pedestrian remained the 

same throughout the event.  

           
Figure 3: Modeling of non-colliding pedestrians. A pedestrian is configured to pass 

one of the points (blue dots) on the front-parallel line, passing the assumed collision 

point when the subject arrives at the assumed collision point. If the offset is non-

zero, the pedestrian crosses in front of the subject or passes by the subject. If the 

offset value is 0, it results in collision. 

           
Figure 4: Experimental setup. A large display (104°H ×81.5°V) is placed on a 

height-adjustable table to align the subject's eye level with the screen center. The 

rendering camera’s field of view and display field of view were matched. Subjects 

were instructed to press a key if an approaching pedestrian appeared to bump into 

them. 
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The order of trials, including all combination of configuration 

factors, were randomly distributed over the scenario when the 

experiment was started so that each subject was exposed to a 

scenario with different trial orders.  

Analysis of Safe-Passing Thresholds 
Subject’s binary responses to the approaching pedestrian (A: 

the pedestrian was perceived as colliding, and B: the pedestrian was 

perceived as non-colliding) with each passing offset was converted 

to the probability of true-positive response (i.e., a total number of 

positive responses divided by total repetitions per offset and bearing 

angle). Then, the probability values for the passing offsets were 

fitted to a logistic function. 

𝑓(𝑥) =
1

1 + 𝑒−𝑏(𝑋−𝑎)
 

A custom curve fitting algorithm was developed using dynamic 

programming to explore the best fitting parameters with the 

minimum total error within the known search ranges (e.g., [0 to 1] 

for the probability of collision judgment and [±2 to 1] for the lateral 

offset). For the left side of the responses, f(x) was fitted so that the 

model would have a higher probability of ‘collision’ responses for 

pedestrians approaching the subject’s midline. If pedestrians cross 

with a large enough lateral offset, the probability of producing a 

‘collision’ response becomes zero (too obvious). To fit the subject 

responses for the right-side passing pedestrians, -f(x) was fitted to 

find an internal psychophysical model of collision judgments. 

Once a fitted logistic function is acquired, a 50% cutoff value 

is applied to compute the subject’s collision judgment threshold. 

This process was applied to the pedestrians passing on the subject’s 

left and right sides separately to get the passing offset for both sides 

(Fig. 5).  

 

 

Note that for the pedestrians approaching from the same initial 

bearing angle, their lateral offset polarity decides which side of the 

subject the pedestrian passes by. For example, if the pedestrians with 

a positive initial bearing angle (i.e., +15° +30°, or +45°; approaching 

from the right side), the positive offset (i.e., +1m or +2m) makes the 

pedestrian passes by the right side of the subject (crossing behind), 

while the negative offset (i.e., -1m or -2m) makes the pedestrian 

passes by the left side of the subject (crossing ahead). These relative 

motion of the pedestrian to the subject’s point of view are reversed 

when they are with negative initial bearing angles, where a positive 

offset makes the pedestrian passes by the left side of the subject, and 

a negative offset makes the pedestrian passes by the right side of the 

subject.  

The collision judgment thresholds for the pedestrians passing 

by the left and right sides are computed independently for each 

initial bearing angle. This threshold represents a subject’s internal 

collision judgment criteria, where the subject is more likely to 

perceive an approaching pedestrian as a colliding pedestrian if the 

pedestrian passes by with a smaller offset than the threshold value. 

If the pedestrian passes by with an offset larger than the threshold, 

the subject will likely consider it a non-colliding pedestrian.    

Participants 
Nine normal vision subjects (42.1±20yrs, 6 males) participated 

in the study. No visually induced motion sickness was reported, and 

all participants completed the scenario. The study was approved by 

the Massachusetts Eye and Ear’s Institutional Review Board and 

carried out in accordance with the ethical principles for medical 

research involving human subjects. All subjects gave written 

informed consent in accordance with the Declaration of Helsinki. 

Results 

Safe-Passing Thresholds 
Fig. 6 shows the resulting safe-passing thresholds for all 

subjects regarding the pedestrians passing by on the subject’s left 

and right side with various initial bearing angles when subjects were 

exposed to the slow (0.8m/s) and fast (1.2m/s) walking simulations. 

Each bar graph represents the safe-passing envelope with respect to 

the pedestrian approaching from each initial bearing angle. A longer 

bar indicates that a larger gap is needed to be perceived as a non-

colliding pedestrian to be ‘non-colliding’ by the subjects. 

  
Figure 5: Example of logistic function fits to find the safe-passing thresholds. The 

subject’s probability of positive responses (perceived as a colliding) was computed 

based on five repetitions for each offset (±1m, ±2m, and 0m) (blue and orange dots). 

A logistic function was fitted to each side (blue and orange lines). A cutoff value of 

0.5 is applied to find the safe-passing threshold for the subject (blue dashed lines). 

This process was applied separately to the left and right sides of the subject’s 

walking direction. In this example, the passing offsets for the left and right sides are 

-0.6m and +1.15m, respectively. 

(a)  
 

(b)  
Figure 6: Safe-passing thresholds for pedestrians approaching from all initial 

bearing angles with (a) slow (0.8m/s) and (b) fast (1.2m/s) walking speeds for all 

subjects. A larger safe-passing envelope is required for pedestrians approaching 

from a larger initial bearing angle (outer eccentricity) than a smaller initial bearing 

angle (central eccentricity). Also, the safe-passing envelope (length of the bars) is 

larger for fast walking than for slow walking conditions. Note that in the slow-

walking condition, subjects made no misjudgment for non-colliding pedestrians 

approaching from straight ahead, so the safe-passing threshold became zero, but 

the same subjects made a few misjudgments in the fast-walking condition, resulting 

in a non-zero threshold. Error bars indicate standard error. 
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A two-factor (bearing angle and walking speed) ANOVA with 

replication was applied to the size of the passing envelope (i.e., a 

sum of safe-passing thresholds for left and right sides) and found 

significant main effects on both factors, where the subjects required 

a larger passing threshold for the pedestrians with a larger initial 

bearing angle than smaller initial bearing angle (F(6, 48)=8.73, 

p<0.00) and requires a larger threshold for the fast walking than 

slow walking conditions (F(1, 8)=4.08, p=0.046). No significant 

interaction was found. Note that subjects made no misjudgment for 

those non-colliding pedestrians approaching from straight ahead as 

colliding in the slow walk condition, so the safe-passing threshold 

became zero. However, in the fast walk condition, some subjects 

misjudged the non-colliding pedestrians approaching from straight 

ahead as non-colliding, resulting in a non-zero threshold. 

Response Time and Subject-Pedestrian Distance 
when Collision Judgement Was Made 

The response time and the distance to the pedestrian when the 

collision judgment was made (i.e., key press), were analyzed for 

each initial bearing angle (Fig. 7). The results show that subjects 

judged a collision much earlier (~2.5s) than the actual collision 

(TTC of 5s). This indicates that collision judgments were made 

based on the estimation of where a potential collision may occur 

along the subject’s walking path, and the subjects must have 

acquired enough information to predict oncoming pedestrians’ 

moving direction and speed relative to the subject’s motion, within 

1s to 2s.  

 A two-factor (bearing angle and walking speed) ANOVA with 

replications was applied to the response time and found significant 

main effects where the subjects required more time to make a 

collision judgment (i.e., slower response time) in the fast walk 

condition than the slow walk condition (F(1, 8)=11.07, p<0.001), 

and for the pedestrians with a larger initial bearing angle than 

smaller bearing angles (F(6, 48)=2.62, p=0.02). No significant 

interaction was found.   

 

The response time and the subject-pedestrian distance for 

collision judgment are not perfectly correlated because the 

pedestrian with a smaller bearing angle appears at a farther distance 

than the one with a larger bearing angle (see Fig. 1). Note that the 

difference between blue-circle (fast walking) and orange-triangle 

(slow walking) marker pairs becomes smaller as the bearing angle 

increases where an inversed trend is shown for the subject-to-

pedestrian distance. This is because the initial distance between the 

subject and the pedestrian is farther for the fast walk condition than 

the slow walk condition, even for the same bearing angle 

pedestrians. All events were configured along the circle with a 

radius of the same TTC multiplied by the walking speed (see Fig. 

1). 

A two-factor (bearing angle and walking speed) ANOVA with 

replication was applied to the subject-to-pedestrian distance and 

found significant main effects on both factors. Subjects made a 

collision judgment at a significantly farther distance for the fast walk 

condition than slow walk condition (F(1, 8)=4.44, p<0.01), and for 

the pedestrian approaching from central eccentricity than outer 

eccentricity (F(6, 48)=39.61, p<0.01). No significant interaction 

was found. 

2D Collision Envelope (2D-CE) during Walking 
Since subjects made a judgment of collision (or no collision) 

that may occur at the ACP, the measured safe-passing envelopes 

(Fig. 6) can be radially arranged at the ACP to produce a 2D-CE 

(Fig. 8). For example, the safe-passing thresholds for the pedestrians 

with an initial bearing angle of ±45 were arranged along the vertical 

axis because such non-colliding pedestrians walk along the front-

parallel line crossing the ACP. The safe passing envelopes for the 

pedestrians with an initial bearing angle of ±30 were arranged 

along the ±30 line from the vertical axis, crossing the ACP.  

As expected, the shape of the 2D-CE was changed by the 

walking speeds, where the egocentric forward portion of the 2D-CE 

for the slow walk condition was wider than the rear portion during 

the slow walk condition. The shape of the 2D-CE was, in some 

sense, reversed during fast walk conditions (i.e., narrower forward 

portion than the rear portion). In both walking speed conditions, the 

forward portion stretched farther than the rear portion. However, the 

overall size of the 2D-CE is similar regardless of the walking speed.  

These 2D-CEs indicate that when the subjects walk slowly, 

they try to secure more safety margins for the pedestrians crossing 

in front of the subjects’ walking path. When the subjects walk fast, 

they try to secure more safety margins for the pedestrians crossing 

behind the subject’s walking path. In both walking speeds, subjects 

put larger safety margins for the pedestrians approaching from the 

forward direction. Remember that the 2D-CE is positioned around 

the ACP estimated along the forward direction. Therefore, the 

forward portion of the 2D-CE is always ahead of the subject’s 

current position, suggesting that the walking subjects estimated the 

possible collision by constant prediction. 

 

(a)  
 

(b)  
Figure 7:  Response time and subject’s distance to the pedestrian when subjects 

responded. (a) A longer observation time was needed to make a collision judgment 

for fast walking than slow walking conditions, and the difference becomes larger 

for the pedestrians approaching from a large bearing angle than a small bearing 

angle. (b) When the distance to the pedestrian for collision judgment was 

considered, subjects made a judgment at father distance for fast walk conditions, 

and the distance differences were smaller for the pedestrian with a large bearing 

angle. Note that the initial distance between the subject and the pedestrian is larger 

for the fast walk condition than for the slow walk condition because all events are 

configured with the same time-to-collision parameter. Error bars indicate standard 

error. 
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We assume the subject continuously computed and predicted a 

possible collision with an approaching pedestrian, which might 

occur at (or around) the ACP, based on perceived egocentric motion 

and visually estimated pedestrian motion in space. This 2D-CE 

shape change may be due to the fact that subjects usually bypass the 

other pedestrians in the fast-walking condition, so subjects may 

overestimate their walking speed (or underestimate the pedestrian 

walking speed) and thus expect to arrive at the ACP slightly earlier 

than the approaching pedestrian. So, they need to secure more safety 

space for the rear portion. An estimation of the opposite direction 

may exist for the slow-walking conditions, and the subjects may 

expect to arrive at the ACP slightly later than the pedestrians. So, 

the subjects try to secure more space on the forward portion. 

Conclusions 
In this study, we directly measured the shape of 2D-CE during 

walking. The subjects will perceive that there will be a collision if a 

pedestrian’s walking path invades the 2D-CE in the future. The 

shape of the 2D collision envelope changes based on the subject’s 

walking speed. Note that in our collision event design, the walking 

speed parameter applies to both the subject and pedestrian so that a 

light increase in the walking speed greatly increases the impact of 

the collision.  

An interesting point of the measured 2D-CE is that most of the 

2D-CE shape change due to the walking speeds changes occurred 

for the pedestrians approaching from ±15 or ±30  initial bearing 

angles (e.g., diagonal impacts), but not for the ones with ±45 initial 

bearing angles (e.g., side impacts). It may be related to how human 

subjects estimate the speed and direction of an approaching 

pedestrian. Subjects must rely more on looming information for 

pedestrians approaching the ACP diagonally because the bearing 

angle will be less visible at a far distance. For the side approaching, 

both looming and bearing angle shifts are clearly visible and can be 

utilized. Note that their bearing angle remains the same for colliding 

pedestrians, but for non-colliding pedestrians, the subject needs to 

keep monitoring if the bearing angle is changing. Since the 

diagonally moving pedestrian shows less lateral motion than the 

approaching pedestrian, the subject may have less confidence in 

their prediction for those pedestrians, resulting in more variations in 

2D-CE for those pedestrians approaching the ACP diagonally than 

from the side.  

Although it is hard to confirm why a subject’s walking speed 

change induces such shape morphing in 2D-CE from our data, our 

data provides a convenient reference for designing non-colliding 

pedestrians that can be clearly distinguishable from the colliding 

pedestrians.  

In our analysis, the safe-passing margin was decided by 

applying a 50% cutoff, which means that subjects perceive non-

colliding pedestrians with a lateral offset at the threshold value may 

be misjudged as a colliding pedestrian half the times, indicating that 

this threshold value may not be sufficient for designing a non-

pedestrian for a clear distinction. Therefore, to provide a clear 

distinction between colliding and non-colliding pedestrians, it will 

be more practical to apply a cutoff that is smaller than 50% (e.g., 

25% or even 10% cutoff) to get a larger 2D-CE or double the safe-

passing offset for a safe margin.  

We implemented walking scenarios with multiple pedestrians 

based on such offsets and confirmed that it provides realistic 

complexity of busy shopping mall-like simulations, and subjects can 

clearly distinguish the colliding pedestrian from non-colliding 

pedestrians (see the demo video for multiple pedestrians in action).  
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