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Randomised versus fixed trial order in repeated exposure VR studies of
pedestrian interaction with automated vehicles

MD SHADAB ALAM∗, Eindhoven University of Technology, The Netherlands

PAVLO BAZILINSKYY, Eindhoven University of Technology, The Netherlands

Repeated exposure experiments often use the trial position to study learning, fatigue, habituation, or carryover. Such analyses are
difficult to interpret if the order of conditions is fixed, because later trials may contain a different mixture of conditions from earlier
trials. We examine this issue in a virtual reality study of pedestrian interaction with automated vehicles. The same experiment was
available in two runs: 50 participants completed the 40 experimental trials in participant specific randomised orders, and 50 participants
completed the same trials in one shared fixed sequence. We asked where this ordering difference changed the conclusions. The
average trigger based responses were highly similar between the groups. Mean continuous unsafety was 0.34 in the randomised order
group and 0.34 in the fixed sequence group, and the fraction of time marked unsafe was 0.34 and 0.34, respectively. No behavioural
or head yaw outcome differed after correction for multiple comparisons. The ordering difference mattered more for trial position
based conclusions. In the fixed sequence group, the position of the test was related to yielding, eHMI status, visibility, and distance
to the pedestrian. The mixed effects models showed a corrected ordering scheme by trial position interaction for Q3, the rating of
understanding of vehicle intention (𝛽 = 0.33, 𝑞 = 0.01), while the corresponding interaction for fraction of time marked unsafe was
weaker after correction (𝛽 = 0.04, 𝑞 = 5.30 × 10−2). These effects weakened when trial position was replaced by prior exposure to
the relevant condition. The results show that a reused fixed sequence may preserve broad average responses while making apparent
learning effects ambiguous. For repeated exposure VR studies, participant specific randomisation or stronger counterbalancing is
especially important when the research question concerns learning, expectation, carryover, or other trial by trial changes.

Additional Key Words and Phrases: Statistical analysis, Virtual reality, Repeated measures, Trial order, Randomisation, Human factors,
Automated vehicles, Pedestrian behaviour
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1 Introduction

Repeated measures experiments are common in human factors research because each participant can experience several
experimental conditions. This design is efficient: responses can be compared within the same participant rather than
only between different participants [8, 11]. The same feature also creates a methodological challenge. As participants
move through a session, their responses may change due to practice, fatigue, habituation, contrast with previous trials,
or carryover from previous trials [19, 20, 27]. Randomisation is one of the main safeguards against this problem, because
it reduces the chance that a condition is consistently paired with a particular position in the session [7, 18].
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2 Alam & Bazilinskyy

The problem becomes important when the trial position itself is analysed. In many repeated exposure studies,
researchers use changes in trials as evidence of learning, adaptation, fatigue, or changing trust. Such an interpretation
is only straightforward when the trial position is reasonably independent of the conditions shown at that point in the
experiment. If one type of scenario appears mostly early and another mostly late, a trial position effect can combine
two sources: change due to repeated exposure and change due to the changing balance of conditions [24, 26, 30]. In that
case, an apparent learning curve may partly reflect the order in which the conditions were presented.

Several design strategies are available to reduce this problem. Complete randomisation and restricted randomisation
aim to separate condition assignment from trial position [18, 26]. Blocking and counterbalancing can improve balance
when an experiment contains many conditions or when full randomisation is undesirable [7, 24]. Latin square and
Williams designs are used when order and first order carryover need to be balanced more explicitly [22, 34]. The
common principle is simple: the schedule should not make a condition systematically more likely to occur early or late
in the session. Statistical adjustment can help after data collection, but cannot fully restore interpretability when trial
position and condition assignment are closely linked [15, 30].

VR studies of interactions between automated vehicles (AVs) and pedestrians provide a useful applied case. Pedestrians
judge whether an approaching vehicle is likely to yield using cues such as speed, distance, and deceleration [14, 28].
Their judgements may also be influenced by external human machine interfaces that communicate vehicle intent [9, 21].
VR makes it possible to repeat such encounters under controlled conditions, including situations that would be difficult
or unsafe to test in real traffic [4, 10, 17]. Repetition is useful, but it also means that participants can experience many
similar encounters in one session. Previous AV pedestrian work has shown that repeated exposure can affect crossing
behaviour, trust, perceived safety, and responses to external communication [12, 13, 23].

For this type of study, trial ordering can matter in two different ways. First, it may change average responses, such as
trigger based reports of unsafety, post trial questionnaire ratings, or head orientation summaries. Second, it may change
conclusions about how responses develop throughout the session. A fixed sequence can produce average responses
that are similar to those from a randomised order, while still making trial position effects difficult to interpret if some
conditions occur more often early or late. The present paper focuses on this distinction. Rather than asking whether
randomisation is preferable in general, we quantify which conclusions changed when one reused fixed sequence was
compared with participant specific randomisation in the same repeated exposure VR paradigm.

1.1 Aim of the study

This study asks how much the trial ordering scheme changed the conclusions drawn from a repeated measures VR
experiment. We compared two runs of the same AV pedestrian study. In one run, each participant received a participant
specific randomised order of the experimental trials. In the other run, all participants received the same fixed sequence.
We examine three questions. First, did the ordering scheme change the average trigger responses, questionnaire ratings,
or head yaw summaries? Second, did it change conclusions about responses about the trial position? Third, did the
fixed sequence make some experimental conditions more common earlier or later in the session?

2 Method

2.1 Participants

The study received ethical approval from the Ethics Review Board of the Eindhoven University of Technology, and all
participants provided their informed consent. The present analysis combines two runs of the same VR street crossing
Manuscript submitted to ACM
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Randomised versus fixed trial order in repeated exposure 3

experiment on interactions between an AV and pedestrians. The fixed sequence run was conducted first. In that run, all
participants received the same sequence of the 40 experimental trials. The randomised order run was conducted later
and has previously been reported by Alam et al. [1]. In that run, the same 40 experimental trials were used, but their
order was randomised separately for each participant. The previous report describes the shared experimental protocol;
the present paper compares the shared fixed sequence with participant specific randomisation.

In addition to the ordering scheme, the two runs used the same laboratory room, apparatus, software, virtual
environment, procedure, trial structure, experimental conditions, response instructions, and outcome measures. The
analysis included 100 participants with complete trial records: 50 in the randomised order group and 50 in the fixed
sequence group. In the randomised order group, the mean age was 28.30 years (SD = 7.30). The gender counts were 28
male, 21 female, and 1 other. Recent VR use was reported as not in the past month by 32 participants, less than once per
week by 10 and regular use by 7; one participant chose not to answer this question.

In the fixed sequence group, the mean age was 25.28 years (SD = 4.61). The gender counts were 29 male, 20 female,
and 1 other. The nationalities were India (13), the Netherlands (13), China (5), Bulgaria (4), Austria (2), Italy (2), Portugal
(2), and a participant each from Brazil, Canada, Indonesia, Iran, Japan, Malta, Morocco, Romania, and Somalia. Recent
VR use was reported as not in the past month by 41 participants, less than once per week by 7 and regular use by 1; one
participant chose not to answer this question.

2.2 Apparatus and virtual environment

Both runs used the same immersive VR setup, laboratory room, hardware, software, and virtual street crossing
environment. The experiment was conducted using a Meta Quest 31 head mounted display and handheld controller. The
virtual environment was implemented in Unity 2022.3.5f1 and depicted a straight residential street with an approaching
AV and a life sized virtual co-pedestrian on the pavement. The participants remained at the kerb throughout the
experiment. The behaviour data were recorded at 50 Hz, including the pose of the headset and the analogue trigger
value of the controller.

2.3 Experiment design

Both runs followed the same full design within the participant. Each participant completed 42 trials in total: two practice
trials followed by 40 experimental trials. These 40 experimental trials formed the analysed repeated-measures sequence
and covered the full factorial design, with one trial for each condition combination. The factors within the participant
were vehicle yielding with two levels (yielding, non yielding), eHMI status with two levels (off, on), pedestrian position
with two levels (participant first, participant second on the vehicle path) and inter pedestrian distance with five levels
(2, 4, 6, 8 and 10 m). After each experimental trial, participants provided three ratings on 0 to 100 scales: Q1, the
influence of the other pedestrian on the decision to cross; Q2, the influence of the distance between pedestrians; and
Q3, understanding of the intention of the vehicle.

2.4 Trial order

The two study runs differed only in the ordering of the 40 experimental trials. In the randomised order group, the 40
experimental scenarios were randomly assigned for each participant using System.Random C # together with a LINQ

1https://www.meta.com/ch/en/quest/quest-3/
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4 Alam & Bazilinskyy

shuffle. In the fixed sequence group, the same scenario order was generated once and then reused for all participants, so
that each participant experienced the same trial sequence.

2.5 Procedure and measures

Both runs followed the same study procedure. Participants first read an information sheet and completed a pre-
experiment questionnaire. The experimenter then explained the task and demonstrated the trigger mechanism. The
participants were instructed to imagine that they intended to cross the road in front of an approaching AV and to
press and hold the controller trigger whenever initiating a crossing felt unsafe. Releasing the trigger indicated that
crossing would feel safe, and participants could press and release the trigger multiple times within a trial. Throughout
the manuscript, we use unsafety for this trigger based response: a time resolved report that initiating a crossing felt
unsafe. The participants remained on the pavement throughout the experiment. After each experimental trial, they
completed the three trial wise questions Q1 to Q3 described above. The original randomised study included two practice
trials and optional short breaks after trials 14 and 26, and the same procedure was followed here.

2.6 Data processing and outcomes

The analysis used the timestamp, analogue trigger value, and HMD pose streams recorded at 50 Hz. All trial level
features were recomputed from the recorded time series for the present comparison rather than copied from the earlier
study. For each trial, the timestamps and trigger values were coerced to numeric values, sorted in temporal order, and
deduplicated if repeated timestamps were present. The time was then expressed in seconds relative to the first valid
sample in the trial.

2.6.1 Trigger windowing and state definition. The primary trigger analyses used the part of each trial from trial onset
until the approaching vehicle had passed the participant’s crossing position. This endpoint was defined as the moment
when the front of the vehicle, that is, the bonnet, passed the relevant pedestrian position: position 1 when the participant
was the first pedestrian on the vehicle path and position 2 when the participant was second.

Within this window, the unsafe state was defined from the analogue controller trigger. Because the trigger was
pressure sensitive, a sample was treated as unsafe only when the trigger value exceeded 0.05. This 5% threshold was
used to avoid classifying very small trigger deflections or numerical noise as intentional trigger presses. The binary
unsafe indicator in sample 𝑘 was therefore 𝑈𝑘 = 1 if the trigger value exceeded 0.05 and 𝑈𝑘 = 0 otherwise. We use
the term unsafety as shorthand for the participant’s momentary report that initiating a crossing felt unsafe under this
response rule.

2.6.2 Trigger derived trial features. The two primary behavioural outcomes were derived from the trigger signal within
the crossing window. The mean continuous unsafety was defined as the average magnitude of the trigger in the analysed
part of the trial. Fraction of time marked unsafe was defined as the proportion of the analysed trial window in which
the trigger exceeded the unsafe threshold described above.

Several secondary trigger summaries were also extracted to check whether the ordering scheme affected other
aspects of the response. These summaries described response variability, response peaks, changes in trigger pressure
over time, transitions between safe and unsafe states, and the timing and duration of unsafe responses. They were used
as supporting analyses rather than as primary outcomes.
Manuscript submitted to ACM
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Randomised versus fixed trial order in repeated exposure 5

2.6.3 Yaw processing. Head orientation was processed from the HMD rotation data. For each sample, the recorded
headset quaternion was converted to Euler angles and the yaw component was retained. The yaw values were expressed
in degrees and wrapped in the interval [−180◦, 180◦] [4].

The extracted yaw summaries were mean yaw, mean absolute yaw, yaw standard deviation, yaw range, and the
fraction of samples in which the headset was facing approximately forward. The forward-facing summary was defined
as an HMD yaw within ±15◦ of the scene-aligned forward direction [31].

2.6.4 Primary outcomes and participant level summaries. To make the inferential hierarchy explicit, we define three
primary outcomes for the main analyses: mean continuous unsafe, fraction of time marked unsafe, and Q3. The two
trigger based outcomes capture the continuous behavioural response and the proportion of the trial spent in an unsafe
state. Q3 was selected as the primary outcome of the questionnaire because it asks about the participant’s judgement of
the vehicle’s intention, which is the central post trial judgement in this study. Q1 and Q2 were analysed as secondary
questionnaire outcomes because they refer to specific explanatory cues, namely the presence of another pedestrian and
the distance between pedestrians, rather than to the participant’s overall judgement of vehicle intention.

For participant level mean comparisons, each outcome was first averaged across the experimental trials with available
data, and then the two ordering groups were compared using two sample Welch tests 𝑡 [33]. The control of the false
discovery rate within each outcome family used the Benjamini–Hochberg procedure [5].

2.6.5 Trial position and factor drift. To assess whether the ordering scheme linked the trial position with the experi-
mental factors, we computed Pearson correlations between the trial position and each factor separately within each
ordering group. Yielding, eHMI, and visibility were coded as binary indicators, whereas inter pedestrian distance was
coded using its ordered distance level. Pearson correlations were used as descriptive measures of factor drift throughout
the trial sequence.

2.6.6 Primary mixed effects models. The temporal analyses tested whether the responses changed throughout the
session in the same way for the randomised order and fixed sequence groups. Because each participant completed
many trials, the trial observations of the same participant could not be treated as independent. We therefore used linear
mixed effects models, which account for repeated observations within participants [3]. The models also allowed each
participant to have their own starting level and their own trend in the trial position, because some participants may
respond more strongly than others and others may change more during the session [2].

For mean continuous unsafety and Q3, the model was:

𝑌𝑖 𝑗 = 𝛽0 + 𝛽1 Order𝑖 + 𝛽2 TrialPosition𝑖 𝑗 + 𝛽3 (Order𝑖 × TrialPosition𝑖 𝑗 ) + 𝑢0𝑖 + 𝑢1𝑖 TrialPosition𝑖 𝑗 + 𝜀𝑖 𝑗 . (1)

Here, 𝑌𝑖 𝑗 is the response from participant 𝑖 on trial 𝑗 . Order𝑖 identifies whether the participant belonged to the
randomised order or fixed sequence group. The randomised order group was the reference group. TrialPosition𝑖 𝑗
represents where the trial occurred in the session. The terms 𝑢0𝑖 and 𝑢1𝑖 represent participant specific deviations from
the overall starting level and trial position trend.

The coefficient of interest was 𝛽3. This term asks whether the fixed sequence group had a different change in the trial
position compared to the randomised order group. In other words, it tests whether the two ordering schemes produced
different time on task patterns.

Manuscript submitted to ACM
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6 Alam & Bazilinskyy

Fig. 1. Average trial composition by trial position across participants. The top panel shows the proportion of participants who
encountered a yielding trial at each trial position, and the bottom panel shows the proportion who encountered an eHMI on trial at
each trial position. Shaded bands indicate 95% binomial confidence intervals for the randomised order group only; the fixed sequence
has no confidence band because all participants received the same trial order.

For the fraction of time marked unsafe, the same model was used after applying a logit transformation, because
this outcome is a proportion and is bounded between 0 and 1 [6, 32]. Values equal to 0 or 1 were moved slightly inside
Manuscript submitted to ACM
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Randomised versus fixed trial order in repeated exposure 7

the interval before transformation so that the logit could be calculated. The transition-count analysis was treated
as secondary and used a log(1 + 𝑥) transformation because the outcome was a count. For each result, we report the
estimate, the 95% confidence interval, the 𝑝 value, and the Benjamini–Hochberg adjusted value 𝑞 for 𝛽3.

Table 1. Participant level comparison of behavioural and yaw outcomes by ordering group.

Outcome 𝑛𝑟 𝑀𝑟 𝑛𝑓 𝑀𝑓 𝑡 𝑞

Maximum increase rate of unsafety 50 151.32 50 32.76 1.73 0.85
Unsafety volatility (SD of rate of change) 50 5.02 50 1.79 1.61 0.85
Fraction of time marked unsafe 50 0.34 50 0.34 -0.05 0.99
Mean continuous unsafety rating 50 0.34 50 0.34 8.00 × 10−3 0.99
95th percentile unsafety rating 50 0.78 50 0.80 -0.38 0.99
Unsafety rating variability (SD) 50 0.34 50 0.35 -0.09 0.99
Latency to first unsafe response (s) 50 5.52 50 5.77 -0.47 0.99
Latency to first return to safe (s) 50 9.50 50 9.77 -1 0.99
Mean unsafe bout duration (s) 50 3.98 50 3.97 0.02 0.99
First press to first release interval (s) 50 4.25 50 4.30 -0.11 0.99
Yaw forward fraction (within 15°) 50 0.91 50 0.90 0.56 0.99
Mean yaw (deg) 50 1.40 50 0.34 1.25 0.99
Yaw SD (deg) 50 7.17 50 7.68 -0.67 0.99
Mean absolute yaw (deg) 50 6.16 50 6.32 -0.26 0.99
Yaw range (deg) 50 41.14 50 40.96 0.04 0.99

𝑛𝑟 and 𝑛𝑓 denote the number of participants in the randomised order and fixed sequence groups.𝑀𝑟 and𝑀𝑓 are participant means across the 40
experimental trials with available data. Welch 𝑡 tests compare the two ordering groups at the participant level; 𝑞 values are Benjamini–Hochberg
adjusted across outcomes.

2.6.7 Exposure-based and sequential models. The trial-position models tested whether the two ordering groups changed
differently from early to late trials. However, trial position can mix two things. It can reflect real changes within the
session, such as learning, habituation, or changing expectations. It can also reflect the order of the conditions. For
example, if more yielding trials occur late in the fixed sequence, a late-session change may partly reflect increased
exposure to yielding trials rather than time in the session itself.

To check this, we fitted a second set of models based on prior exposure. For each participant and each trial, we
counted how many previous trials had belonged to a relevant condition category, such as eHMI in trials. We then
refitted the temporal models using this prior-exposure count instead of trial position. This analysis tested whether
the two ordering groups still differed after the participants were compared at similar levels of prior exposure to the
relevant condition.

These exposure-based models were used as a sensitivity check. If a difference between the two ordering groups
became smaller after using prior exposure, this suggested that the original trial-position effect was partly related to the
sequence of conditions. If the difference remained, this suggested that it was less dependent on the specific condition
order. We also fitted secondary sequential models that included the previous trial outcome, whether the yielding state
changed from the previous trial, the current trial factors, and the previous trial factors. These models were used to
check whether short-term carryover from the immediately preceding trial contributed to the observed pattern patterns
at the trial-level.
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8 Alam & Bazilinskyy

Table 2. Participant level questionnaire ratings by ordering group.

Outcome Randomised order Fixed sequence 𝑡 𝑞 𝑑

Q1 21.30 (17.22) 15.25 (16.91) 1.77 0.12 0.35
Q2 27.70 (18.79) 18.81 (16.13) 2.54 0.04 0.51
Q3 68.10 (17.30) 65.26 (16.33) 0.84 0.40 0.17

Values are participant means across the experimental trials, with standard deviations in parentheses. Both ordering groups had 𝑛 = 50 participants for
each outcome. Welch 𝑡 tests compare the two ordering groups at the participant level; 𝑞 values are Benjamini–Hochberg adjusted across Q1–Q3. Cohen’s
𝑑 is reported as the standardised mean difference.

Table 3. Association between trial position and experimental factors (Pearson 𝑟 ), by ordering group.

Randomised order Fixed sequence

Correlation with yielding condition 4.00 × 10−3 -0.36
Correlation with eHMI on condition -0.02 0.41
Correlation with visibility condition −8.00 × 10−3 0.25
Correlation with inter pedestrian distance level -0.01 0.10

2.6.8 Equivalence and event-defined latency analyses. We used a targeted equivalence analysis to check whether the
yielding effect was similar under the two ordering schemes. The test focused on the ordering scheme by yielding
interaction from the mixed model. This term asks whether the difference between yielding and non-yielding trials
changed when the experiment used one fixed sequence instead of participant specific randomisation.

Equivalence was assessed using two one sided tests. The equivalence bound was set to Δ = 0.20 × SD(𝑌 ), where 𝑌
is the dependent variable analysed on its fitted scale. This bound represents a small standardised effect and allowed
the same rule to be used across outcomes with different scales. The coefficient was treated as equivalent only if it was
within [−Δ, +Δ].

The latency outcomes were analysed separately because they are event-defined measures. The latency to the first
unsafe response was calculated only for trials in which the trigger exceeded the unsafe threshold. The latency to the
first return to safe was calculated only for trials in which an unsafe response was followed by a return to safe state. We
therefore modelled whether these latency events were observed using generalised logistic estimating equations with
the participant as the clustering variable. The predictors were ordering scheme, yielding, eHMI, trial position, and the
ordering scheme by trial position interaction.

3 Results

All 100 participants had complete trial logs. The randomised order and fixed sequence groups each contributed 50
participants and 2,000 experimental trial observations for trigger and questionnaire analyses.

3.1 Overall comparisons

The average response levels were very similar in the two ordering groups. The primary trigger outcomes in Table 1
showed almost no difference between the randomised order and fixed sequence groups. Fraction of time marked unsafe
was 34.00 × 10−2 in the randomised order group and 34.20 × 10−2 in the fixed sequence group. The mean continuous
unsafety was 33.80×10−2 and 33.70×10−2, respectively. None of the behavioural or yaw outcomes showed a statistically
reliable difference after correction for multiple comparisons.
Manuscript submitted to ACM
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Randomised versus fixed trial order in repeated exposure 9

The questionnaire ratings are reported in Table 2. Q1 and Q2 were lower in the fixed sequence group and Q3
was slightly lower. After correction in Q1–Q3, only Q2 met the adjusted threshold of 𝑞 < 0.05. Q2 was 27.70 in the
randomised order group and 18.81 in the fixed sequence group, indicating a lower rating of the influence of inter
pedestrian distance in the fixed sequence group. The two primary trigger outcomes and Q3 did not show corresponding
mean level differences.

Equivalence results and latency event absence are reported in Table 5 and Table 6. Equivalence for the yielding versus
non yielding contrast was supported only for the number of transitions. It was not supported for mean continuous
unsafe, Q3, yaw SD, or fraction of time marked unsafe. The first unsafe response was not observed in 17.30% of the
trials in the randomised order group and 14.60% in the fixed sequence group. A first return to safe was not observed in
48.70% and 47.50% of the trials, respectively.

3.2 Trial order and condition structure

The randomised order group showed little association between trial position and the experimental factors (Table 3).
The correlations ranged from -0.02 for eHMI on condition to 4.00 × 10−3 for yielding condition.

The fixed sequence group showed clearer changes in the balance of conditions throughout the session. Yielding trials
were more common earlier in the sequence (𝑟 = −0.36), whereas eHMI on trials became more common later (𝑟 = 0.41).
Visibility and inter pedestrian distance also increased across trial position (𝑟 = 0.25 and 𝑟 = 0.10, respectively). Figure 1
shows these changes for yielding and eHMI status.

Condition level and factor level summaries are reported in the Appendix. They did not change the interpretation
based on the primary outcomes.

3.3 Primary temporal analyses

The mixed effects results are reported in Table 4, and the corresponding raw trajectories are shown in Figure 2. The
ordering scheme by interaction of the position of the test survived correction for Q3 (𝑏 = 0.33, 𝑞 = 9.00 × 10−3), with
the positive coefficient indicating a greater increase in Q3 in the position of the test in the fixed sequence group than
in the randomised order group. The fraction of time marked unsafe and the mean continuous unsafety interactions
were in the same direction but did not survive correction (𝑞 = 5.30 × 10−2 and 𝑞 = 0.07, respectively). The number of
transitions and the yaw SD also did not show a corrected ordering scheme by the effects of the position of the test.

The exposure based models did not retain any corrected ordering scheme by exposure interactions for mean
continuous unsafety, Q3, or unsafety volatility. Therefore, the trial position difference observed for Q3 was not retained
when the comparison was expressed in terms of prior exposure. The Appendix reports the carryover, reliability, break
matched, ROC AUC, cross metric correlation, and latency event absence analyses.

Manuscript submitted to ACM



469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

10 Alam & Bazilinskyy

Table 4. Ordering scheme×trial position interaction terms from the mixed effects learning model.

Outcome 𝑏 𝑆𝐸 95% CI 𝑝 𝑞

Q3 0.33 0.10 [0.12, 0.53] 2.00 × 10−3 9.00 × 10−3
Fraction time unsafe 0.04 0.02 [6.00 × 10−3, 0.08] 0.02 5.30 × 10−2
Mean unsafety (continuous) 2.00 × 10−3 1.00 × 10−3 [< 1.00 × 10−3, 4.00 × 10−3] 0.04 0.07
Number of transitions −2.00 × 10−3 2.00 × 10−3 [−5.00 × 10−3, 2.00 × 10−3] 0.29 0.36
Yaw SD 0.02 0.03 [-0.03, 0.08] 0.39 0.39
Positive coefficients indicate a steeper increase over trial position in the fixed sequence group. 𝑞 values are Benjamini–Hochberg adjusted across
outcomes.
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Fig. 2. Raw time on task trajectories by ordering group. Trial position is normalised from 0 to 1, where 0 indicates the start of the
session and 1 indicates the end. The top left panel shows mean unsafety, the top right panel shows Q3, the rating of understanding of
vehicle intention, and the bottom panel shows unsafety volatility.

4 Discussion

This study examined whether the conclusions from a repeated exposure VR pedestrian experiment changed when the
same experimental trials were presented in a reused fixed sequence rather than in participant specific randomised
orders. The main finding was that the influence of the ordering scheme depended on the type of conclusion to be drawn.
The average trigger based outcomes were largely stable across the two ordering groups, whereas analyses based on
trial position were more sensitive to the fixed sequence.

For average comparisons at the participant level, the two primary trigger outcomes were almost unchanged between
the ordering groups. The mean continuous unsafe and the fraction of time marked unsafe did not show a corrected
Manuscript submitted to ACM
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group difference, and the same was true for the broader set of behavioural and yaw outcomes (subsection 3.1; Table 1).
This indicates that, in this experiment, the reused fixed sequence did not substantially alter broad average estimates
of the trigger based response. In other words, if the analysis had been limited to average response levels, the fixed
sequence and the randomised order would have led to similar conclusions.

The results were different for analyses that depended on trial position. In the fixed sequence group, the trial position
was associated with the experimental factors: yielding, eHMI, visibility, and inter pedestrian distance were not evenly
distributed across the session (subsection 3.2; Table 3). This was not observed in the randomised order group, where the
corresponding correlations were close to zero. The mixed effects models also showed a corrected ordering scheme by
trial position interaction for Q3, the rating of understanding of vehicle intention (subsection 3.3; Table 4). Thus, the
clearest consequence of the fixed sequence was not a shift in average unsafety, but a change in how responses appeared
to vary across the session.

The exposure based analyses help to interpret this finding. When the trial position was replaced by prior exposure to
the relevant experimental conditions, the ordering scheme by exposure interactions no longer survived correction. This
suggests that the trial position effects in the fixed sequence should not be interpreted as pure learning, habituation,
or adaptation effects. A later trial in the fixed sequence was not only later in time; it was also more likely to have a
different combination of experimental conditions. The main methodological contribution of this paper is therefore to
show, in a concrete repeated exposure VR study, that a fixed sequence can preserve average response estimates while
weakening the interpretability of temporal effects.

The results of the questionnaire provide a related indication that the type of outcome matters. Q2 differed between
the ordering groups, while Q3 and the two primary trigger based outcomes did not show the corresponding mean level
differences (subsection 3.1; Table 2). Because Q2 asked about the influence of inter pedestrian distance, this result may
reflect a difference in how participants evaluated a specific scene factor rather than a difference in their average trigger
based response. This distinction is important because trial order may affect retrospective ratings and continuous trigger
measures in different ways.

The latency results require a more restricted interpretation. The first press latency is defined only when a participant
gives an unsafe response, and the first release latency is defined only when the participant later returns to the safe state.
A substantial proportion of the trials did not contain these events, particularly the first return to safe events (Table 6).
These latency measures are therefore useful for describing the timing of observed trigger changes, but they are less
general than outcomes that are defined for every trial. They should not be treated as the main basis for conclusions
about ordering effects.

These findings have implications for the design and analysis of repeated exposure VR and human factors studies.
When the research question concerns broad average response levels, a fixed sequence may sometimes produce estimates
similar to participant specific randomisation, although this should still be checked empirically. When the research
question concerns learning, habituation, expectation, carryover, or other changes in the session, the trial schedule
becomes part of the inference. In such cases, participant specific randomisation, restricted randomisation, or stronger
counterbalancing is needed to reduce the dependence between trial position and condition exposure.

The substantive behavioural findings are secondary to this methodological point. The broad trigger based responses
were stable, and the head orientation summaries did not drive the main conclusions. The central result is that the same
fixed sequence had little effect on average unsafety estimates but made trial position effects harder to interpret. This
distinction is important for repeated measures VR studies in which many similar trials are presented within a single
session, and apparent changes over time may partly reflect the structure of the trial sequence.
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5 Limitations and future studies

The study provides comparative methodological evidence, not a direct causal test of randomisation. The two runs were
closely matched in apparatus, procedure, virtual environment, and outcome measures (subsection 2.1; subsection 2.2;
subsection 2.5), but they were collected from different participant samples. Residual differences between the two groups
therefore cannot be ruled out. In addition, the fixed sequence condition was represented by one shared order. The
observed factor drift and carryover patterns should therefore be understood as properties of that particular schedule,
not as estimates of all possible fixed sequence designs. A stronger next step would be a prospective comparison in which
several order control strategies are tested within the same data collection, such as participant specific randomisation,
restricted randomisation, blocked randomisation, Latin square designs, or Williams type designs [26, 30].

The scope of the conclusions should also be kept narrow. Similar participant level means do not imply that fixed and
randomised ordering are generally interchangeable. The targeted equivalence analysis addressed only the stability of
the yielding contrast, which is a central contrast in AV pedestrian interaction research (method in subsubsection 2.6.8;
results in Table 5). Even for that narrow question, equivalence was supported only for the number of transitions and
not for mean continuous unsafety, Q3, yaw SD, or fraction time unsafe. Future work would benefit from prospectively
specified smallest effects of interest, formal equivalence tests for the principal outcomes, and sample size planning that
includes temporal effects as well as mean differences [25, 26].

A measurement related constraint concerns the scope of the derived outcomes. The latency measures are conditional
on the relevant trigger event being observed (subsubsection 2.6.2). They describe when an unsafe response began
or when it returned to safe among trials in which those events occurred; they should not be interpreted as general
summaries of every trial. The event absence rates in Table 6 therefore indicate the limits of the latency summaries, not
missing trigger recordings. The trigger summaries themselves are also one operationalisation of perceived unsafety;
they do not capture all aspects of pedestrian appraisal or action preparation. The head yaw provides only a coarse
description of the head orientation (subsubsection 2.6.3). Without eye tracking, it cannot identify fixed targets, visual
search sequences, or covert attention. Future studies would benefit from richer multimodal measurement, including eye
tracking, gaze event coding, locomotor or postural measures, and explicit crossing decisions [17].

Finally, the conclusions are strongest for repeated measures VR street crossing studies with a similar exposure
structure and a relatively sparse social scene. Order effects may differ in studies with denser pedestrian contexts,
multiple vehicles, more dynamic pedestrian behaviour, different eHMI reliabilities, longer exposure schedules, or
more complex traffic environments. Future work should test whether the same pattern holds across a wider range
of AV pedestrian paradigms [9, 28, 29]. It would also be useful to evaluate candidate trial schedules before data
collection by checking factor drift, carryover balance, and cumulative exposure balance, the same diagnostics used
in this comparison (subsubsection 2.6.5; subsubsection 2.6.7), so that problematic schedules can be rejected before
participants are tested [15, 24].

6 Supplementary material

In line with current open science practices and recommendations for transparency in automotive user research [16], the
authors openly provide these research artefacts to support reproducibility, collaboration and further advancements in
the field. The materials used in the study, the analysis code and anonymised responses of the participants are available
at https://www.dropbox.com. The maintained versions of the analysis code and the VR environment are available at
https://github.com/Shaadalam9/multiped-learning.
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Appendix

Additional analyses

This appendix contains analyses that complement the main results. Each block below states the purpose of the analysis
before the corresponding table or figure. The analyses are not part of the primary inferential hierarchy, but they help to
document the robustness of the conclusions and the behaviour of secondary outcomes.

Equivalence of the yielding contrast. Table 5 reports the targeted equivalence test for the ordering scheme×yielding
term. This analysis asks whether the estimated yielding effect was practically similar in the randomised order and fixed
sequence groups. It should not be read as a test that the two ordering schemes were equivalent for all outcomes.

Table 5. Targeted equivalence testing (TOST) for the ordering scheme×yielding term. This analysis addresses whether the estimated
yielding contrast was practically similar across ordering groups; it is not a test of overall interchangeability between ordering schemes.

Outcome 𝑏 95% CI ±Δ 𝑝TOST 𝑞 Equivalent

Number of transitions -0.01 [-0.21, 0.19] 0.25 9.00 × 10−3 4.70 × 10−2 Yes
Mean unsafety (continuous) 0.10 [0.02, 0.17] 0.05 0.86 0.95 No
Q3 15.84 [3.83, 27.85] 6.01 0.95 0.95 No
Yaw SD -1.25 [-4.44, 1.95] 1.39 0.47 0.95 No
Fraction time unsafe 1.30 [-0.55, 3.16] 0.05 0.91 0.95 No

Event-defined latency outcomes. Table 6 summarises trials in which a latency value was not defined because the
corresponding trigger event was not observed. These cases are not missing trigger recordings. Rather, they indicate
that the participant did not give a first unsafe response, or gave an unsafe response without a subsequent return to the
safe state within the analysed window.
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Table 6. Latency event absence descriptives and participant-clustered logistic models (GEE). No first unsafe response indicates that
the trigger never exceeded the unsafe threshold during the analysed trial window. No first return to safe after unsafe response
indicates that an unsafe response occurred but no subsequent return to the safe state was observed. The all-trial descriptive value for
no first return to safe includes both trials without an unsafe response and trials with an unsafe response but no subsequent return to
safe. Odds ratios (OR) are reported with 95% confidence intervals.

Outcome Term OR 𝑝 95% CI

No first unsafe response Ordering scheme (fixed sequence vs randomised order) 0.50 0.23 [0.16, 1.56]
No first unsafe response Yielding (1 vs 0) 2.26 0.02 [1.14, 4.46]
No first unsafe response eHMI on (1 vs 0) 1.21 0.23 [0.89, 1.65]
No first unsafe response Trial position 0.99 0.35 [0.98, 1.01]
No first unsafe response Ordering scheme × trial position 0.99 0.38 [0.97, 1.01]
No first return to safe after
unsafe response

Ordering scheme (fixed sequence vs randomised order) 0.94 0.89 [0.41, 2.20]

No first return to safe after
unsafe response

Yielding (1 vs 0) 0.05 6.01 × 10−11 [0.02, 0.12]

No first return to safe after
unsafe response

eHMI on (1 vs 0) 1.27 0.04 [1.01, 1.59]

No first return to safe after
unsafe response

Trial position 0.99 0.22 [0.98, 1.01]

No first return to safe after
unsafe response

Ordering scheme × trial position 1.00 0.95 [0.98, 1.02]

Randomised order No first unsafe response / no first return to safe 0.17 / 0.49
Randomised order No first return to safe after unsafe response 0.38
Fixed sequence No first unsafe response / no first return to safe 0.15 / 0.47
Fixed sequence No first return to safe after unsafe response 0.39

Figure 3 gives the same event absence information by trial position. It is included to show whether the absence of
latency defining events followed a clear time on task pattern in either ordering group.

Fig. 3. Trial-position profiles of latency event absence by ordering group. The left panel shows the mean probability that no first
unsafe response was observed at each trial position, and the right panel shows the mean probability that no first return to safe was
observed. Shaded bands indicate 95% binomial confidence intervals across participants.

Learning, drift, and carryover summaries. Table 7 reports the participant level learning, drift, and carryover summaries
that differed between ordering groups after correction. These outcomes provide additional context for the main temporal
analysis by showing which trial by trial summaries were most sensitive to the ordering scheme.
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Table 7. Participant-level learning and sequential metrics differing between randomised order and fixed sequence groups (𝑞 < .05).

Outcome 𝑛𝑟 𝑀𝑟 (SD) 𝑛𝑓 𝑀𝑓 (SD) 𝑡 𝑞 𝑑

Carryover of previous trial camera on mean unsafety 50 -0.01 (0.04) 50 0.04 (0.04) -5.91 2.03 × 10−6 -1.18
Early to late drift in Q3 (late minus early) 50 3.80 (15.74) 50 16.51 (15.31) -4.09 2.00 × 10−3 -0.82
Carryover of previous trial yielding on Q3 50 1.10 (7.75) 50 -4.64 (7.40) 3.79 3.00 × 10−3 0.76
Carryover of previous trial pedestrian distance on Q3 50 0.27 (2.49) 50 -1.40 (2.36) 3.43 9.00 × 10−3 0.69
Linear slope of Q3 across trial position 49 0.15 (0.58) 50 0.47 (0.47) -3.04 0.03 -0.61
Carryover of previous trial yielding on yaw SD 50 0.47 (1.58) 50 -0.61 (2.27) 2.77 0.04 0.55
Carryover of previous trial yielding on mean unsafety 50 −3.00 × 10−3 (0.05) 50 -0.03 (0.04) 2.75 0.04 0.55
Early to late drift in number of transitions 50 0.16 (0.65) 50 -0.15 (0.49) 2.68 0.04 0.54

Figure 4 visualises selected learning and carryover summaries from Table 7. The plots show the distribution of
participant estimates in each ordering group, rather than only the group means.

Fig. 4. Participant level learning and sequential metrics by ordering group. The top left panel shows the carryover of previous trial
yielding on Q3, and the top right panel shows early to late drift in Q3. The bottom panel shows the carryover of previous trial yielding
on mean unsafety.

Figure 5 separates carryover estimates by previous trial factor. These plots show whether Q3 carryover patterns
were associated with the previous trial’s eHMI status, camera condition, or inter pedestrian distance.
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Fig. 5. Additional carryover estimates by previous trial factor. The top panel shows the carryover of previous trial eHMI status on Q3,
the middle panel shows the carryover of previous trial camera condition on Q3, and the bottom panel shows the carryover of previous
trial inter pedestrian distance on Q3.

Trigger response shape and event-aligned checks. Figure 6 describes the interval from the first unsafe response to the
first return to safe. This is an event-defined timing measure and therefore applies only to trials in which both events
occurred.
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Fig. 6. First press to first release interval by ordering group. Larger values indicate that an initial unsafe commitment was maintained
for longer once initiated.

Table 8 provides descriptive trigger shape summaries. These measures complement the primary trigger outcomes by
describing integrated unsafety, occupancy above alternative thresholds, and the time from vehicle stop onset to return
to safe.

Table 8. Trigger response shape metrics (randomised order vs fixed sequence; descriptive summaries).

Outcome 𝑀𝑟 𝑀𝑓 Δ

Integrated unsafety (integral) 4.05 4.05 −8.00 × 10−3
Time above 10% unsafety threshold 0.34 0.34 1.00 × 10−3
Time above 30% unsafety threshold 0.34 0.34 −1.00 × 10−3
Time above 50% unsafety threshold 0.34 0.34 −1.00 × 10−3
Time from stop onset to first return to safe (s) 1.90 1.73 -0.17

𝑀𝑟 and𝑀𝑓 are grand means across all experimental trials in the randomised order and fixed sequence groups. Participant level inference for these
outcomes yielded no reliable differences after correction.

Table 9 reports trigger values at specific moments in the scenario, including yield onset, yield resume, and the
participant’s crossing point. These checks assess whether ordering related differences appeared at specific task events
rather than only in trial averaged summaries.
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Table 9. Event-aligned unsafety markers (randomised order vs fixed sequence).

Outcome 𝑛𝑟 𝑀𝑟 (SD) 𝑛𝑓 𝑀𝑓 (SD) Δ 𝑝 𝑞

Unsafety rating at yield onset (yielding trials) 1050 0.47 (0.50) 1050 0.38 (0.48) -0.09 0.27 0.30
Unsafe state at yield onset (yielding trials) 1050 0.47 (0.50) 1050 0.39 (0.49) -0.08 0.30 0.30
Unsafety rating at yield resume (yielding trials) 1050 0.15 (0.35) 1050 0.23 (0.42) 0.08 0.14 0.30
Unsafe state at yield resume (yielding trials) 1050 0.15 (0.36) 1050 0.23 (0.42) 0.08 0.14 0.30
Unsafety rating at crossing point P2 2100 0.46 (0.50) 2100 0.52 (0.50) 0.05 0.30 0.30
Unsafe state at crossing point P2 2100 0.47 (0.50) 2100 0.53 (0.50) 0.06 0.24 0.30

Δ: fixed sequence minus randomised order mean difference. 𝑝 values use OLS with participant clustered robust standard errors. 𝑞 values are
Benjamini–Hochberg adjusted across the six event aligned outcomes.

Factor composition and exposure checks. Table 10 gives a direct early versus late view of the factor drift described in the
main results. It compares the average condition mix in the early and late parts of the session for each ordering group.

Table 10. Early versus late factor composition, by ordering group. Values are means, with proportions used for binary factors.

Randomised Fixed-sequence
Factor Early Late Early Late
Yielding (proportion) 0.50 0.50 0.64 0.10
eHMI on (proportion) 0.52 0.50 0.18 0.70
Visibility condition (proportion at level 1) 0.51 0.50 0.46 0.70
Pedestrian distance factor (mean level) 2.98 2.94 2.91 3.20

Figure 7 re-expresses time on task as cumulative prior exposure to a focal condition. This figure complements the
trial position models by showing whether between group differences were reduced when participants were compared
by prior exposure rather than by raw trial position.
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Fig. 7. Exposure based learning analysis. The top left panel shows Q3 as a function of cumulative prior exposure to yielding trials,
and the top right panel shows Q3 as a function of cumulative prior exposure to eHMI on trials. The bottom panel summarises the
ordering group by exposure interaction terms. In these analyses, time on task is expressed as prior exposure to the focal condition
rather than raw trial position.

Reliability, break matched checks, and discriminability. Figure 8 and Figure 9 show within participant stability for the
two main repeated outcomes. Odd even splits assess consistency across interleaved trials, whereas early late splits
assess whether participant level responses remained stable across the session.

Fig. 8. Within participant stability of mean unsafety responding. The left panel shows the odd versus even split half correlation of
participant means, and the right panel shows the early versus late split half correlation.
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Fig. 9. Within participant stability of Q3 ratings. The left panel shows the odd versus even split half correlation of participant means,
and the right panel shows the early versus late split half correlation.

Table 11 compares the changes before and after the break after the matching in yield and eHMI composition. This
check examines whether apparent reset effects around the break remained after accounting for two key experimental
factors.

Table 11. Break window reset effects controlling for factor composition (matched yielding×eHMI). Participant level outcomes are
post−pre differences.

Outcome 𝑛𝑟 𝑀𝑟 𝑛𝑓 𝑀𝑓 𝑡 𝑞 𝑑

Mean continuous unsafety rating 50 −8.00 × 10−3 50 0.03 -2.82 0.02 -0.56
Q3 50 −9.00 × 10−3 50 -1.26 0.87 0.58 0.17
Unsafety volatility (SD of rate of change) 50 2.66 50 0.10 0.39 0.70 0.08

Table 12 and Figure 10 report how well individual signals distinguished yielding from non yielding trials. Values
near 0.50 indicate chance level discrimination, whereas larger values indicate stronger separation.

Table 12. Discriminability of yielding versus non yielding trials (ROC AUC) by signal and ordering group.

Signal Randomised order Fixed sequence Δ (Randomised − Fixed)
Number of transitions 0.68 0.62 0.05
Q3 0.52 0.55 -0.04
Yaw forward fraction (within 15°) 0.51 0.54 -0.03
Unsafety volatility 0.48 0.41 0.07
Yaw SD 0.49 0.46 0.02
Mean absolute yaw 0.50 0.46 0.04
Mean unsafety rating 0.37 0.38 −8.00 × 10−3
Fraction time unsafe 0.37 0.38 −7.00 × 10−3
Trigger SD 0.47 0.48 -0.01
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Fig. 10. ROC AUC by signal and ordering group for discriminating yielding versus non yielding. Dashed line indicates chance (AUC =
0.50).
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