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ABSTRACT

Virtual Reality (VR) is becoming increasingly mobile and ubiquitous
but the experience is still rarely tailored to a person’s individual ex-
perience and emotion. Autobiographical memories (AM) are better
remembered when an event is associated with strong emotional ex-
periences. In this work, we introduce an experimental paradigm in
VR to investigate the effect of emotional AM recall on a user’s phys-
iological state when coupled with wearable electrodermal activity
(EDA) sensors and integrated pupil trackers. With an objective
to benchmark the effect of AM recall on human physiology, we
replicated the Autobiographical Memory Test (AMT) in VR which
displays positive, negative, and neutral valence words to partici-
pants for them to recall self-relevant memories associated with that
word. We found that there was a positive effect of AM recall on EDA
peak amplitude, EDA peak number, and pupil diameter when com-
paring with no recall. However, there was no impact on emotional
AM recall. Finally, we discuss the limitations and possibilities of
leveraging autobiographical memory to create personalized mobile
VR experiences when used with wearable physiological sensors.
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1 INTRODUCTION

This paper explores how emotional Autobiographical Memory (AM)
recall in Virtual Reality (VR) can be detected by physiological cues.
Everyday-life experiences are better remembered when associated
with strong emotions when compared to those lacking emotional
relevance. This has been demonstrated through various flashbulb
memory investigations [4]. Individuals tend to remember the emo-
tional events with an enhanced vividness and in greater detail than
events without emotional association, suggesting that emotional
AM are more likely to be recalled when compared to autobiograph-
ical events without emotion. AM refers to the episodic memory
recall of personal events of one’s life [7, 11] or a complex mental
representation of the self in the past [6].

Developments in immersive technologies like VR offer excit-
ing opportunities for psychologists and human-computer interface
(HCI) researchers to improve the ecological validity of a task [20], es-
pecially with recent devices that are mobile and untethered, such as
Oculus Quest 2! , and HP Reverb G22. An experiment incorporated
in VR enables verisimilitude (i.e. the degree to which the experimen-
tal task replicates the real-life situation realistically) as well as its
veridicality (i.e. the degree to which experimental results accurately
indicate the psychological phenomenon). Many researchers have
demonstrated that VR experience can effectively elicit emotions
[1] and can facilitate a spatial reference for the past events recall
[30]. However, there is a lack of research on understanding how
emotional AM recall works in VR physiologically. Insights from
this research could benefit in designing better positive emotion
regulation strategies using Mobile VR-based AM interventions sup-
porting enhancement of positive reminiscence. These Mobile VR
experiences can consequently assist in up-regulation of momentary
positive emotions and advancing wellbeing [24].

In this work, we investigated in a VR setting how the emotional
response of users were shaped from their past experiences using
direct retrieval approach [15]. The stimuli cues for this direct and
effortless AM retrieval were presented in the form of affective words
from a database. We measured the electrodermal activity (EDA) and
pupil diameters of participants during their memory recollection as
!https://www.oculus.com/quest-2/
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objective measures of their emotional feedback. We also collected
subjective measures of emotional feedback through self-reported
affective and memory questionnaires. We found that AM recall
resulted in the significant increase in EDA peak amplitude, EDA
peak number, and pupil diameter compared to when participants
were not recalling memories. However, there was no significant
differences in EDA measures and pupil diameter when recalling of
emotional AM of varying valences (positive, negative and neutral).
Our work serves as a preliminary investigation in which we first use
a simple visual stimulus. We discuss limitations and possibilities of
leveraging autobiographical memory in mobile VR experiences as
well as integrating physiological sensors into an all-in-one wireless
head-mounted display (HMD). Future work could build on our
findings when presenting more complex and vivid visual stimuli.

2 RELATED WORKS

2.1 Emotional Autobiographical Memory and
Physiological Signals

Electrophysiological signals such as electroencephalogram (EEG)
[8, 32] and electrodermal activity (EDA) [2, 5, 13] have been used
in research studies to examine users’ cognitive states, affective
states and memory processes (e.g., recollection and familiarity). For
example, Sheldon et. al. [31] showed emotional valence and arousal
of the musical AM retrieval cues were associated with accessibility
and vividness using EDA and facial expressions. Schaefer et al. [29]
also used EDA and HRV to understand emotional AM in an event
narration task where they reported that the emotional memories
are vivid but not specific in detail as compared to the neutral ones.
El Haj et. al. [10] investigated AM recall using pupil diameter and
found an increase in pupil diameter when recalling an AM but
could not find any significance in identifying emotional AM as
compared to neutral AM. From these previous works, we found
that a combination of EDA and pupil physiological information
could be useful in investigating emotional AM. However, these
works investigated emotional AM and physiological measures in
conventional lab settings. In our work, we build upon their findings
and methodologies in a VR setting, and also look towards a more
mobile-based application scenario, where these sensors can easily
be integrated into a mobile HMD in the future [25].

2.2 Autobiographical Memory Retrieval in
Virtual Reality

Previous work in immersive 3D virtual environments reported
an increase in memory retrieval in VR as compared to laboratory
settings [26, 33] as it provides a closer approximation to real-life
experiences contributing in enhancing experimental control and
ecological validity [27]. Halm et. al. [14] reported that the old/new
recognition task in four different virtual environments with unique
objects was significantly better for the environments which were
explored more, suggesting the benefits of memory recall with in-
crease in VR interactions. Later, this idea of benefit of active VR
interaction was extended from just object recognition to spatial
recall performance by Jang et. al. [16] through a virtual training
task. However, this research focused primarily on episodic memory.
Schone et. al. [30] reported that the 360° VR experiences contributes
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to autobiographical associative network, whereas traditional video
experiences in laboratory settings remain episodic events. They
compared retrieval reaction time and success rate in a motor-ride
experience in 360° video in VR and a 2D video in laboratory setting.
Kisker et. al. [19] used EEG information to indicate that the autobio-
graphical retrieval process is supported by VR experience retrieval
as compared to recalling in traditional laboratory as events might
not reflect real-life memory mechanisms.

Considering the benefits of immersive VR in AM retrieval from
previous studies but a research gap in understanding emotional
AM in VR using not just subjective or performance measures but
with the help of physiological information motivated us to conduct
our study.

3 METHODOLOGY
3.1 Participants

We conducted a pilot study with 6 volunteer participants between
the age of 21 and 31 (2 females, mean = 26.8, SD = 3.65). All of them
had normal or corrected to normal vision and had experienced
VR more than once. None of the participants had any history of
epilepsy or medically identified depression. Ethics approval and
participants’ consent were attained for the study and they were
allowed to withdraw at anytime.

3.2 System Design

Figure 1: Experiment setup with participant wearing HTC
Vive Pro Eye VR HMD and Shimmer3 GSR+ physiological
sensor taking the AMT test in VR

The experiment was conducted in a VR laboratory, isolated from
other rooms to minimize the audio noise and radio frequency in-
terference to reduce the risk of additional noise in physiological
signals [12]. During the experiment, participants wore the HTC
Vive Pro Eye HMD? to enable VR interactions along with Shimmer3
GSR+ sensor? to collect EDA physiological information. The pupil
information was collected using the Vive Eye Tracking SDK (SRani-
pal)>. In the Virtual Environment (VE; developed using Unity3D®),
we followed the laboratory setup used by Haj et. al. [10] where
participants were seated on a chair in a room with white walls at
40 cm distance from one of the wall where we displayed the cue
words. For the main task, we followed a modified Autobiographical
3https://www.vive.com/eu/product/vive-pro-eye/overview/
“https://www.shimmersensing.com/products/shimmer3-wireless-gsr-sensor
Shttps://developer.vive.com/resources/vive-sense/sdk/vive-eye-tracking-sdk-

sranipal/
Shttps://unity.com/
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Memory Test (AMT) [37] where the participants were asked to
recall AM associated to displayed cue words. We selected five emo-
tional words each for positive (happy, energetic, loved, successful,
and brave), negative (hopeless, lonely, sad, afraid, and angry), and
neutral (hardwork, election, huge, fork, and fast) emotions from
previous emotional AMT research [17, 23].

We used the self-assessment manikin (SAM) [3] rating to get
subjective valence and arousal ratings and the Memory Experiences
Questionnaire - Short Form (MEQ-SF) [21] to measure subjective
AM characteristics. These subjective questionnaires were integrated
into the VE both for participant’s convenience and to avoid any
negative impact on their immersion, which may affect their physi-
ological state.

3.3 Study Design and Procedure

We used a within-subject study design with 5 words each shown in
randomized order for three categories i.e. positive, negative, and
neutral. In order to reduce the carry forward effect, participants
were asked to relax for 30 seconds before the start of each trial
followed by a counting session. The participants were first asked to
complete the pre-experiment questionnaire consisting of demogra-
phy, past VR usage, and Positive and Negative Affect Schedule [36]
to make sure that the pre-session negative affect will not impact the
study. After that, the experimenter helped them to put on the Vive
HMD and Shimmer sensor on the non-dominant hand and gave
a sample task to get them familiar with the virtual environment.
We instructed the participant to keep their dominant hand’s thumb
on the controller’s touchpad while recalling the memory to tag the
actual recall event during the 30 seconds of recall session.

Once the participants understood the procedure, we started the
main session following sequence: relaxation, counting, recall, and
speak phase. Participants were first asked to relax for 30 seconds
during which they were asked to not to think about anything and
keep their mind as clear as possible. After that, they heard a ring
sound indicating the start of the "Count” session which lasted for
the next 60 seconds. During this time, they needed to start counting
from one at a comfortable pace. After that, another ring sound
indicated the end of the session. After 10 seconds, a cue word ap-
peared for 3 seconds, and they needed to recall any past experience
associated with that word for the next 30 seconds. At the end of the
30 seconds, they heard another ring sound and they needed to start
narrating the recalled experience for 120 seconds. After each trial,
participants were asked to complete the SAM scale and MEQ-SF
questionnaires in VR.

3.4 Physiological Analysis

The EDA and pupil data was first cleaned by eye-balling and re-
moving any sudden peaks due to motion [13]. For EDA analysis,
we used the Neurokit2 Python package [22] to decompose EDA
data into Phasic and Tonic components. We then used the method
proposed by Kim et al. [18] on the Phasic data to extract features
such as peak number (PN), mean peak amplitude (MPA), and peak
offsets for each relax (baseline), count (no recall), memory recall,
and memory narration session data. For pupil diameter analysis,
pupil data during blinks (where missing values were coded as -1)
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were removed. The mean pupil diameter (PD) was calculated for
each event in the trials.

4 RESULTS
4.1 Physiological Measures

The computed EDA features were not normally distributed from
the Shapiro-Wilk test (p <.001). Thus, for the emotional recall condi-
tions, we conducted Friedman tests (a = 0.05) and for the pairwise
comparison, we performed Nemenyi post-hoc tests (a = 0.05). We
used Wilcoxon-Signed Ranks tests to understand the effect of AM re-
call. The Wilcoxon test found a significant main effect of AM Recall
on the MPA (Z = 2.71, p < .005). The median MPA for recall condi-
tion (0.1015 pS) was higher than the no-recall condition (0.0543 pS).
There was no main effect of emotional recall (y?(2) = 1.33,p = .51
) found on the MPA using the Friedman test with median MPA
of 0.2647, 0.1779 and 0.1855 pS for neutral, positive, and negative
recall respectively. A significant main effect of AM recall was re-
ported on the PN (Z = 4.10, p < .001) using the Wilcoxon-Signed
Rank test. The median PN for recall condition (3) was higher than
the no-recall condition (2). There was no main effect of emotions
(positive, negative, and neutral) reported on PN using the Friedman
test (y2(2) = .82, p = .66). The median PN for neutral cues was 3.5
and 3.4 for positive and negative cues.

The Pupil Diameter (PD) values were not normally distributed
according to the Shapiro-Wilk test (p < .05). A Wilcoxon Signed
Rank test showed that there was a significant main effect of AM
Recall on PD (Z = —4.615, p < .001). The median PD for recall
condition (3.12 mm) was higher than the value for the no-recall
condition (2.96 mm). A Friedman test showed that there was no
significant differences (y%(2) = .33, p = .85) in the PD for emotional
recall. Median values for PD for neutral, positive and negative
emotional cues were 3.05, 3.12 and 3.14 mm respectively.

4.2 Subjective Questionnaires

The PANAS questionnaire results reported higher level of posi-
tive affect with a mean Positive Affect Score of 27.9 (SD = 6.4) as
compared to mean Negative Affect Score of 19.1 (SD = 7.2). The
SAM scale involved two 9-point sub-scales for valence (rating of 1:
negative, 9 :positive and 5 :neutral) and arousal (rating 1 : calm, 9 :
excited and 5: neutral). The ratings on both sub-scales were not nor-
mally distributed according to the Shapiro-Wilk test. The Friedman
test found a significant main effect of emotional recall (positive,
negative, neutral) on valence ratings (y2(2) = 12,p < .005) but no
main effect on arousal ratings (y%(2) = .26, p = .88). The median
valence ratings for positive, negative and neutral emotional recall
were 7.2, 3.4 and 5 respectively. As a follow up on valence ratings,
pairwise signed-ranks post-hoc tests revealed that there was a sig-
nificant difference in median ratings between positive-negative
cues (p < .05), neutral-negative cues (p < .05), and positive-neutral
cues (p < .05). The median arousal ratings for positive, negative
and neutral emotional recall were 5.8, 5.7 and 5.6 respectively.
The MEQ-SF sub-categories were measured on 5-point scales.
The Shapiro-Wilk test showed that vividness, accessibility, sen-
sory, visual, emotion, and valence categories were not normally
distributed except for the time perspective category. We performed
a Friedman test on non-parametric categories followed by Pairwise
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Table 1: Memory Experience Questionnaire - Short Form - Median values for each category

MEQ-SF Category Positive | Negative | Neutral
Vividness (1: low, 5: high) 3.63 3.63 3.2
Accessibility (1: low, 5: high) 3.3 3.6 34
Sensory (1: low detail, 5: high detail) 2.9 3.1 3.1
Time Perspective (1: vague, 5: clear) 3.1 3.4 3.5
Visual (1: first-person, 5: third-person) 3.7 3.8 3.7
Emotion (1: weak, 5: strong) 3.0 3.1 2.9
Valence (1: negative, 5: positive) 4.2 2.1 3.9

signed-ranks post-hoc test. We report the median values for each
category in Table 1 for positive, negative and neutral recall. Fried-
man test reported a significant main effect of emotional recall on
valence category (x%(2) = 9.33; p < .05) and Pairwise signed-rank
post-hoc tests showed a significant difference in ratings between
positive-negative (p < .05), and negative-neutral (p < .05), but no
difference between positive and neutral (p = .53) memory recall. No
main effect of emotional recall on vividness (y?(2) = 3.22;p = .20),
accessibility (y%(2) = 1.13;p = .57), sensory (y* = 2.33;p = 0.31),
visual (y2(2) = 1.13; p = .57), and emotion (y%(2) = 5.33;p = .069)
was found. A one-way repeated measure ANOVA for time per-
spective did not report any main effect of emotional recall on time
perspective category (F = 2.34,p = .15).

5 DISCUSSION

A significant main effect on EDA, MPA and PN shows that we can
identify the AM recall in VR. However, we could not determine
any difference in emotional AM recall (i.e. positive, negative, and
neutral) using emotional words. An increase in MPA and PN sug-
gests an AM recall as compared to no-recall. Our results regarding
the increase in PD when recalling AM and the lack of statistical
significance in PD for emotional recall are consistent with the find-
ings from previous works in conventional laboratory settings [10].
The words might have induced similar emotional arousal or might
not have triggered strong emotions, resulting in insignificant dif-
ferences in EDA and PD measures in emotional recall. Another
reason could be that PD is better for reflecting differences in emo-
tional arousal stimuli than for valence [35]. Our SAM scale analysis
reported a significant main effect on perceived valence with signifi-
cant differences between positive-negative, positive-neutral, and
negative-neutral median scores (7.2: positive, 3.4: negative, and
5: neutral). This suggests that participants perceived the valence
of the emotional cue words correctly. No significant main effect
on perceived arousal and almost similar median scores supports
our suggestion that the words induced similar arousal A signifi-
cant main effect on the valence category of MEQ-SF suggests that
the participants were able to recall positive, negative, and neutral
emotional experiences. There were significant differences between
positive-negative and negative-neutral ratings (4.2 for positive, 2.1
for negative and 3.9 for neutral). However, there was no difference
between positive and neutral recall indicating that participants
perceived positive and neutral words with almost similar valence.
Given that the valence rating for neutral was 3.9, 0.9 above the theo-
retical neutral rating of 3, neutral words could have caused slightly
more positive recall. A sample anecdote was the AM recall for the

neutral word "Huge’ where participant shared her experience of go-
ing to a huge theme park which was a positive experience for them.
Another participant shared their memory for the neutral word ’Elec-
tion’ as ".. all these TV channels usually shows some movies and those
kind of stuff during these election results announcements, so me and
my sister used to like cook some food, get some snacks peanuts, roasted
peanut at home. And then we watch all night we watch all the movies.
that was really fun!". As suggested by Talarico et. al. [34], events
with higher emotional intensities tend to be remembered longer,
hence affecting the vividness, accessibility, and emotional sense
of recollection. The lack of varying range of emotional intensities
could be a possibility of our results showing no significant effect
on these categories.

6 LIMITATIONS AND FUTURE WORK

One of the first key limitation is that our data collection and anal-
ysis is only from a total of 6 participants. As this is a preliminary
pilot study, we plan to run a full study with more participants
in the future. We also found that the absence of diverse arousal
dimensional emotional words was the primary drawback in inves-
tigating the different emotional autobiographical memory recall.
For our future work, we would like to include higher emotional
intensity words. The results indicated that using EDA and pupil
physiological signals could provide promising results, so we plan
to extend this by also exploring Electroencephalogram (EEG) and
heart rate variability (HRV) signals as proposed by past research.
These sensing methods, like both EDA and pupil, can be integrated
into a standalone HMD as well. Utilizing a single integrated sensing
device will enable more mobile experiences.

Our next step will also be to use a more immersive and interactive
virtual environment, such as 360° video or a completely interactive
virtual environment, towards identifying emotional AM. Lastly, we
wish to develop an emotional autobiographical recall prediction
model based on the collected physiological signals in VR. Such
a model could potentially be integrated in VR to create a more
impactful and immersive experience that is reactive to the user’s
AM.

The implications of this study could be used to understand the
effect of AM recall while designing text-based VR interfaces or
textual content in VRUI [9]. Other potential applications of this
could be as a form of passive learning or exposure treatment device.
For passive learning, users could use our system during long rides
for effective learning since we can potentially monitor the user’s
emotional state and adapt to it. The same can be said regarding
exposure treatment or therapy. VR has proven to be effective in



Physiological Responses to Emotional Autobiographical Memory Recall in Mobile VR

this [28], and we are looking towards promoting our system to be
more ubiquitous and allowing treatment at any location. Lastly,
our system can be used to create a more personalized VR gaming
experience. Research could be conducted into a multiplayer co-
located VR experience where the virtual environment is a collage
of each participant’s emotional state and AM.

7 CONCLUSION

In this paper, we examined the effects of AM recall and Emotional
AM recall on EDA, and pupil physiological signals in VR. Our results
show that AM recall has a significant effect on EDA mean peak
amplitude, EDA peak number, and pupil diameter compared to the
condition when the participants were not recalling memories. We
could not identify any effect of emotional AM recall i.e. positive,
negative, and neutral emotional experiences. However, our results
also imply the potential improvement points for the used emotional
words to be of varying intensity. These issues will be addressed
in the future work along with investigating more physiological
sensors such as EEG, and HRV.
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