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Fig. 1. Physiological response profile based opportunistic emotion annotation (PResUP) framework during video consumption
scenario. (a) In traditional approach (absence of opportunistic annotation) during video watching, the user annotates
continuously using an auxiliary device (e.g., joystick) and physiological signals also get recorded. (b) In the PResUP framework,
the user is probed opportunistically for emotion annotation (self-report). The user annotates only those segments, which
indicate major change in physiological response. So, the user does not need to annotate continuously, and therefore, survey
fatigue is reduced without disrupting the viewing experience.

Emotion-aware video applications (e.g., gaming, online meetings, online tutoring) strive to moderate the content presentations
for a more engaging and improved user experience. These services typically deploy a machine-learning model that continuously

Authors’ Contact Information: Swarnali Banik, Department of Computer Science & Information Systems, BITS Pilani Goa, India, p20210016@
goa.bits-pilani.ac.in; Sougata Sen, APPCAIR, Department of Computer Science & Information Systems, BITS Pilani Goa, India, sougatas@goa.
bits-pilani.ac.in; Snehanshu Saha, APPCAIR, Department of Computer Science & Information Systems, BITS Pilani Goa, and HappyMonk
Al Labs, India, snehanshus@goa.bits-pilani.ac.in; Surjya Ghosh, APPCAIR, Department of Computer Science & Information Systems, BITS
Pilani Goa, India, surjyag@goa.bits-pilani.ac.in.

Permission to make digital or hard copies of all or part of this work for personal or classroom use is granted without fee provided that
copies are not made or distributed for profit or commercial advantage and that copies bear this notice and the full citation on the first page.
Copyrights for components of this work owned by others than the author(s) must be honored. Abstracting with credit is permitted. To copy
otherwise, or republish, to post on servers or to redistribute to lists, requires prior specific permission and/or a fee. Request permissions from
permissions@acm.org.

© 2024 Copyright held by the owner/author(s). Publication rights licensed to ACM.

ACM 2474-9567/2024/9-ART91

https://doi.org/10.1145/3678569

Proc. ACM Interact. Mob. Wearable Ubiquitous Technol., Vol. 8, No. 3, Article 91. Publication date: September 2024.


https://orcid.org/0000-0002-2466-0025
https://orcid.org/0000-0002-8458-604X
https://orcid.org/0000-0002-0226-0733
https://orcid.org/0009-0007-7239-6066
https://orcid.org/0000-0002-2466-0025
https://orcid.org/0000-0002-8458-604X
https://orcid.org/0000-0002-0226-0733
https://doi.org/10.1145/3678569
https://orcid.org/0009-0007-7239-6066
https://orcid.org/0000-0002-2466-0025
https://orcid.org/0000-0002-8458-604X
https://orcid.org/0000-0002-0226-0733
https://orcid.org/0009-0007-7239-6066
https://orcid.org/0000-0002-2466-0025
https://orcid.org/0000-0002-8458-604X
https://orcid.org/0000-0002-0226-0733
http://crossmark.crossref.org/dialog/?doi=10.1145%2F3678569&domain=pdf&date_stamp=2024-09-09

91:2 « Baniketal.

infers the user’s emotion (based on different physiological signals, facial expressions, etc.) to adapt the content delivery.
Therefore, to train such models, the emotion ground truth labels also need to be collected continuously. Typically, those are
collated as emotion self-reports from users in a continuous manner (using an auxiliary device such as a joystick) when they
watch some videos. This process of continuous emotion annotation not only increases the cognitive load and survey fatigue
but also significantly deteriorates the viewing experience. To address this problem, we propose a framework, PResUP that
probes a user for emotion self-reports opportunistically based on the physiological response variations of the user. Specifically,
the framework implements a sequence of phases - (a) user profile construction based on physiological responses, (b) similar
user clustering based on the user profile, and (c) training a parameterized activation-guided LSTM (Long short-term memory)
model by sharing data among similar users to detect the opportune self-report collection moments. All these steps together
help to reduce the continuous emotion annotation overhead by probing at the opportune moments without compromising
the annotation quality. We evaluated PResUP by conducting a user study (N=36) during which the participants watched
eight videos, and their physiological responses and continuous emotion self-reports were recorded. The key results from
this evaluation reveal that PResUP reduces the annotation overhead by reducing the probing rate by an average of 34.80%
and detects the opportune probing moments with an average TPR of 80.07% without compromising the annotation quality.
Motivated by these findings, we deployed PResUP by performing a follow-up user study (N=18). In this deployment scenario,
we also obtained similar performance in terms of the probing rate reduction (average reduction of 38.05%), and opportune
moment detection performance (average TPR of 82.26%). These findings underscore the utility of PResUP in reducing the
continuous emotion annotation effort during video consumption.

CCS Concepts: « Human-centered computing — Interactive systems and tools; Empirical studies in HCI; Contextual
design.
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1 Introduction

In recent times, many video-based applications (e.g., online meeting platforms [43], online tutoring apps [31],
entertainment platforms [24]) aim to moderate the content flow based on user emotion (e.g., stress, anxiety)
to improve user engagement. For example, in case of online video lectures, if the stress level of the student is
high, the lecture delivery can be moderated. These applications generally use machine learning models that
infer emotions continuously based on the variations in the physiological responses as users watch the video.
Therefore, to train such fine-grain emotion inference models, the emotion ground truth labels must also be
collected continuously [70]. However, as emotion ground truth labels are typically collected as self-reports, the
continuous emotion annotation process during video consumption becomes challenging because the users need
to focus on two tasks simultaneously - (i) the users must watch the video, and (ii) they must provide the emotion
self-reports. As a result, the viewing experience degrades, and the cognitive load increases. Therefore, efficient
approaches for collecting continuous emotion annotations are essential.

In the existing literature, researchers primarily use an auxiliary device (e.g., mouse [14], joystick [55], or
similar devices) to collect annotations continuously while the participants watch the videos. For example, in
the CASE (Continuously Annotated Signals of Emotion) dataset [56], participants continuously provided emotion
annotation (valence and arousal based on the Circumplex Model of emotion [50]) using a joystick. Works such as
FEELTRACE [14] also collected continuous emotion annotations using similar devices. But these approaches
have the same underlying challenge — concentrating on two tasks (video consumption and emotion annotation)
at the same time. To address this challenge of simultaneously focusing on two tasks, Park et al. proposed a
post-interaction, time-based approach of collecting annotations every 5-second interval for debate sessions (based
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on audio-visual recordings) [47]. However, the challenge for this approach is the possibility of recall bias due to
the post-interaction nature [35] and collecting significant annotations for a long session.

Several key intuitions may help to address the aforementioned challenges. First, human emotion persists for
some time once experienced [63], commonly known as the persistence period of an emotion. Additionally, in
a video, the rate of change of emotional content may not be very frequent (i.e., every frame may not depict a
completely different emotion). Both these factors suggest that it may not be necessary to collect users’ emotion
ratings continuously. Second, the rich literature on emotion recognition suggests that the physiological signals
change once the user experiences an emotion [19, 57]. Therefore, it may be possible to detect these moments of
variations in the physiological responses and collect the emotion self-reports only at these opportune moments.
Third, as the physiological signals are essentially time series data, it may be possible to detect these opportune
moments using state-of-the-art sequential networks (e.g., LSTM - Long short-term memory) that are proficient in
these tasks [34, 38].

We, in this paper, propose the PResUP framework for opportunistic continuous emotion annotation based on
the physiological response profile of users leveraging the aforementioned intuitions. Based on these intuitions,
we identify the specific video segments that cause variations in the physiological responses and collect emotion
annotation only at these segments to avoid to continuous annotation. The framework operates in three phases
(Section 5). First, it creates the user profile quantifying the variations in the physiological responses during
different video segments. Intuitively, higher the variation in the physiological responses, more opportune the
segment is for emotion self-report collection (as emotional stimuli influences the physiological responses [57]).
The physiological response profile contains the summary statistics of user’s physiological response behavior
during the opportune and inopportune probing moments, thus provides an overview of user behavior at these
moments. Second, we identify a group of similar users using k-means algorithm [30] based on the physiological
response profile similarity. In the third (or final) phase, we enable data sharing among similar users to train a
parameterized LSTM (p-LSTM) model (a variant of LSTM with parameterized Elliott activation function [59]) to
detect the opportune moments for emotion self-report collection. The process of clustering similar users and
sharing data among them helps to train the p-LSTM model with a larger pool of data for better performance. Fig. 1
presents the schematic diagrams to differentiate PResUP framework from the traditional continuous emotion
annotation approaches. Unlike traditional approaches of continuously collecting emotion self-report during video
consumption, we probe the user only during those moments when there is significant variation in physiological
response (i.e., at the opportune moments); thus helping to reduce continuous annotation overhead.

We performed a lab-based user study (N=36, Section 3) to validate the hypothesis that emotion variations cause
physiological response variations; therefore, the moments of physiological response variations can be considered
for opportunistic annotation. During the study, the users watched a set of emotion stimuli videos (Table 1),
provided emotion ratings (valence and arousal as per the Circumplex model of emotion [50]) continuously, and
passively recorded their physiological responses (heart rate, galvanic skin response (GSR)) using the experiment
apparatus (Section 3.1) developed for the study. We split the collected sensor data into small windows, computed
the physiological response variations (in these segments using the RuLSIF algorithm [40]), and tagged a segment
as opportune (or not) based on the degree of variation in physiological response. A detailed analysis of the
dataset proves the existence of a causal relationship (Section 4) between emotion variation and physiological
signal change, which reinforces that the opportune segments are ideal for probing the user for emotion self-
reports. Motivated by this finding, we apply the PResUP framework on this dataset to identify the segments for
opportunistic annotation. The empirical evaluation (Section 6) on this dataset reveals that PResUP reduces the
average probing rate by 34.80% (with respect to baselines), detects the opportune probing moments with high
accuracy (True Positive Rate: 80.07%, and False Positive Rate: 9.30%), and yet maintains the emotion annotation
quality as observed in continuous annotations.
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Although promising, the results of the previous study do not showcase PResUP’s performance in a real-world
deployment scenario. So, we performed a follow-up user study (N=18, Section 7) deploying the framework. In
specific, we integrated the opportune moment detection model with the annotation application so that it detects
in real-time whether a particular video segment is opportune (or not) for self-report collection and accordingly
probes the user for annotation. As a result, this application alleviates the need for continuous annotation and
collects annotations only at the opportune moments, thereby reducing the annotation effort. The empirical
evaluation (Section 8) on this dataset (collected from this study) reveals that PResUP reduces the probing rate by
38.05% (on average) and detects the opportune moments accurately (average TPR: 82.26%, average FPR: 9.01%).
A post-study qualitative survey also underscores the low interruption and high usability experience of the
application. In summary, the major contributions of this paper are as follows:

e We propose a framework PResUP (Section 5) that reduces the continuous emotion annotation effort during video
consumption. It encompasses a parameterized LSTM (p-LSTM) network, which leverages the physiological
response pattern to identify the opportune moments for self-report collection, thus reducing the burden of
continuous emotion annotation. We demonstrate that in spite of the reduction in the number of probes to be
answered by the user, there is no significant difference in the quality of the emotion annotations.

e We propose a physiological response based user profile construction approach (Section 5.1). It allows to identify
users with similar physiological response behavior (Section 5.2) so that the p-LSTM network embedded in the
PResUP framework can be trained more efficiently (Section 5.3). The empirical evaluation demonstrates that
training the network by sharing data among similar users helps to identify the opportune probing moments
more accurately.

e We evaluate PResUP (Section 6) based on the dataset gathered from a real-world user study. The evaluation
results on this dataset demonstrate a reduction in average probing rate (34.80%) and a high performance in
detecting the opportune probing moments (avg. TPR: 80.07%, avg. FPR: 9.30%) without compromising the
annotation quality. Moreover, we discussed the generalizability (Section 9.1.3) of the PResUP by demonstrating
its superior performance over the baselines on couple of public datasets.

e Finally, we demonstrated the utility of PResUP by deploying it (Section 7, 8) and found that it detects the
opportune moments accurately (avg. TPR: 82.26%, avg. FPR: 9.01%) and reduces the continuous emotion
annotation effort substantially (avg. reduction: 38.05%).

These findings underscore the efficacy of the PResUP framework in reducing the continuous emotion annotation
overhead without compromising the annotation quality during video consumption.

2 Related Works

In this section, first, we discuss the existing approaches for emotion annotation using self-reports and the
continuous video annotation strategies. Later, we highlight the relationship between physiological responses and
emotion from existing literature and discuss the related works on user profile creation based on physiological
response behavior. Finally, we summarize how each of these aspects helps to develop the opportunistic annotation
strategy to reduce the continuous annotation overhead.

2.1 Emotion Annotation using Self-report

In the existing literature, the emotion annotations are typically collected as self-reports using survey question-
naires due to the subjective nature of human emotion [37]. The most widely adopted approach for self-report
collection is the post-interaction or post-stimuli one, where the participants provide emotion self-reports based on
a standard scale (e.g., Self-assessment Manikin (SAM) [8]) after watching the video. As a result, these approaches
fail to capture intra-video emotion variations due to the post-interaction annotation.
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2.1.1  Continuous Emotion Annotation. To address this problem, researchers use continuous emotion annotation
strategies, where participants provide emotion annotations using a mouse or joystick, as they watch the video.
For example, earlier works such as Feeltrace [14], GTrace [15], DARMA [26] require users to continuously
input the emotions as they watch the videos. Similarly, in the CASE (Continuously Annotated Signals of Emotion)
dataset [56], participants continuously provided emotion annotation (valence and arousal based on the Circumplex
Model of emotion [50]) using a joystick. Drawing on these set of works, Zhang et al. proposed a continuous
emotion annotation wheel based on the Circumplex model of emotion so that the users can annotate the emotions
on a mobile screen during video watching [70]. However, the challenges with these approaches are - (i) they
require the users to use an auxiliary device for emotion annotation, (ii) due to the continuous nature of emotion
annotation and video consumption (in parallel), mental workload increases and the viewing experience degrades.

2.1.2  Retrospective Emotion Annotation. To address the challenges of concentrating on two tasks at the same time,
researchers proposed to annotate the segments retrospectively. For example, Park et al. [47] collected emotion
annotations (valence, arousal on a scale of 1 to 5) at every 5-second interval based on the debate performed by two
subjects. To reduce the burden further, Bota et al. [7] suggested to identify only those segments, which produced
major variations (above a threshold) in the EDA signals and collect annotation from the users for these segments.
However, these approaches require users to watch videos multiple times, which becomes more time-consuming
for longer videos, and the need for users to recall previous emotions associated with the specific video segments
during initial viewing.

2.2 Emotion and Physiological Responses

The rich literature in affective computing highlights a strong relationship between human emotion and different
physiological signals [57]. For example, physiological signals like EEG, ECG have been explored extensively
to detect different types of emotions or different levels of valence (or arousal) [2, 33, 39, 44]. Similarly, other
physiological signals such as Galvanic skin response (GSR) or Electrodermal activity (EDA), Electromyography
(EMG), Respiratory signal (RSP) have also found to be effective in detecting different emotions (or different levels
of valence/arousal) [58, 68, 69]. Moreover, many earlier works showed the combination of different types of
physiological signals are also effective in detecting different emotions [18, 25, 60].

Typically, the emotion inference pipeline from the physiological responses uses a machine learning model,
which either involves manual feature extraction [3, 57] or neural network [51, 61]. Example of manually extracted
features include Fast Fourier Transform (FFT) on EEG signal, Wavelet transform (WT) on EEG, ECG, RSP
signals [27, 45]. Similarly, recent advances in the neural network automatically extract representations (from raw
physiological signals) that correlate well with the emotions [52, 65]. However, both the approaches highlight
that as human emotions vary, there are noticeable changes in the physiological responses [57]. We leverage
such variations in the physiological signals to detect the opportune probing moments for emotion self-report
collection rather than asking users to continuously input their emotions.

2.3 Physiological Response based User Profile

The existing literature on social psychology indicates that physiological responses vary based on the user
characteristics (e.g., Personality traits) [64]. For example, extraverts require more external stimulation than
introverts, and that neurotics are aroused more easily [21]. Therefore, it may be possible to group users based on
the physiological response profile, defined as the physiological response behavior of a user based on different
types of stimuli [46]. Although different types of user profiles (e.g., based on user preference [16, 23]) are explored
widely in the existing literature for various tasks (e.g., recommender systems [6]), the application of physiological
response profile is relatively underexplored.
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Fig. 2. The overview of the user study - (a) study setup (including the sensors and the Ul for video consumption and
annotation using keyboard arrows) (b) Sensor configuration for physiological response (GSR, HR) collection. (c) “Annotate
App” Ul for video consumption and annotation (d) the Circumplex model of emotion [50], which guides the emotion
annotation in a 2D plane (valence, arousal).

The recent developments highlight that neural networks usually require a large amount of training data for
superior performance [32, 36]. One possible approach to counter the data scarcity is to share data among similar
users. For example, in recommender system design, often the data among similar users are shared for better
performance [28]. Recently, Hari et al. demonstrated that affective profile similarity-based data sharing can lead
to better emotion recognition [29]. Motivated by these examples, we also considered to construct physiological
response profile to enable data sharing among similar users so that the neural network models can detect the
opportune probing moments accurately.

Key Takeaways: In summary, probing a user opportunistically for emotion self-report may be an alternative
for continuous emotion annotation during video consumption. While machine learning models can be used to
detect the opportune moments, they may require large training data, which can be overcome by sharing data
among users with similar physiological response profiles. However, such an approach has not been investigated
in the case of continuous emotion annotation, which we undertake in this paper.

3 User Study I: Physiological Response and Continuous Annotation Collection

The objective of this user study is to collect physiological responses and continuous emotion annotations from
the participants during their video consumption. The collected dataset from this study is used for the following
purposes - (a) to validate that emotion variations cause the physiological response variation (Section 4) (b) To
make design choices while developing the PResUP framework (Section 5).

In this section, we discuss the user study including experiment apparatus, study procedure, pre-processing and
the collected dataset. This work has been approved by our institute’s Human Ethics Committee (HEC), and we
have obtained the IRB approval (HEC/BPGC/2023/005) prior to the user study.

3.1 Experiment Apparatus

The experiment apparatus consists of two key components (Fig. 2a). The first component includes a pulse rate
sensor (HW-827, World Famous Electronics LLC) and a galvanic skin response (GSR V1.2, Seeed Studio Grove)
sensor connected to the GPIO pins of an Arduino Uno board. These sensors record the heart rate (HR) and skin
conductance respectively at a sampling frequency of 10 Hz (for each sensor). The sensor data is transferred
to a connected laptop via the serial port. The sensor configuration is shown in Fig. 2b. These sensors were
selected strategically to ensure real-time measurements with precise and accurate data' while also maintaining
affordability and can be implemented practically in a variety of situations [42].

1We compared the signal quality of these sensors with that of an Empatica Embrace Plus in Appendix A.1.
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The second component is an UI (“Annotate App” in Fig. 2c) that displays the videos and allows users to provide
emotion annotations continuously using the keyboard. The emotion annotations are collected based on the
Circumplex model [50]. This model represents human emotion in two dimensional plane (valence, signifying
pleasure and arousal, signifying activeness) divided into four quadrants (Fig. 2d). When the application is launched,
the cursor (represented by a red dot in circumplex model) starts at the origin point (Fig. 2c). As the video proceeds,
the user moves the arrow keys to indicate experienced emotions (valence and arousal) on the keyboard. At a
specific timestamp, the cursor position assigns valence and arousal ratings to video content. Launching the
annotate app triggers the Arduino to passively record physiological signals (HR and GSR) while users annotate
their emotions during video playback.

3.2 Study Procedure

We recruited 36 participants (18F, 18M) aged between 20 and 40 years from our university. During the study, each
participant watched 8 videos and recorded their emotion continuously via the Annotate App. The physiological
signals were recorded passively using the sensor setup. We selected these videos as the embedded emotion of
these videos (see Table 1) cover all quadrants (one emotion from every quadrant) and have been used for similar
tasks in earlier studies [55]. We present the video details with related emotions (amused, relaxed, bored, scared)
of every video in Table 1.

Video id | Emotion | Valence | Arousal I?uratlon
(in sec.)
1 amusing | med/high | med/high 185
2 amusing | med/high | med/high 173
3 boring low low 119
4 boring low low 160
5 relaxing | med/high | low 145
6 relaxing | med/high | low 147
7 scary low high 197
8 scary low high 144

Table 1. Details of the stimuli videos used in the user study. The same videos were used in earlier studies [55] for physiological
response and continuous emotion annotations.

Every participant watched the videos in a predetermined random order and recorded the valence and arousal
scores continuously on a scale of 1 to 9 using the keyboard arrow keys (the scores were automatically assigned
based on the cursor position). During the annotations the users were not required the input the annotation
values using the keyboard, rather they moved the arrow keys and accordingly the scores get assigned based
on the cursor position. The annotation interface presents the circumplex plane containing the discrete emotion
labels (e.g., amused, stressed, bored, relaxed), which helped the users to move the cursor accordingly to the
direction of the perceived emotion. Based on the cursor position on the circumplex plane, we recorded the value
of valence and arousal on a 9-point scale. As a result, although the annotations are collected on a 9-point scale,
the users were reporting the emotions they felt. This annotation process allowed to reduce the cognitive load
and guided the users to annotate correctly. A two-minute-long blue screen interleaved the videos to avoid the
carry-over effect. The participants were explained about valence and arousal component of emotion. They were
also instructed how to record emotions using the arrow keys during video consumption.

3.3 Data Pre-processing

We performed two data pre-processing steps on the raw data collected from the user study,
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3.3.1 Segmenting Physiological Response. We segmented the physiological signals into 5-second fixed-size
windows (based on the earlier works [1, 47]) for every participant and every video combination.

3.3.2 Labeling Opportune Moments. We labeled the segments as opportune (or not) based on the degree of
variation of the physiological signals in a window - a higher variation in a window is the manifestation of the
emotional change [1] during that time (hence opportune for probing user for emotion self-report).

We performed the following steps for each video. First, we compute the change point score between every two
consecutive windows (5-second segment) by applying the RuLSIF algorithm [40]. A change point score denotes
the degree of change in the time-series values (i.e., physiological responses) of two consecutive windows [5]. A
high value of this indicates a major change in the physiological signals and therefore, indicator of emotional
change. Second, we separate out the higher end (> p + 3 * o) outliers, and perform k-means clustering (k=2) to
cluster the remaining change point scores. We pick the cluster with higher centroid value and identify only those
points within the cluster having value higher than the centroid. These points and the outlier points are marked
together as opportune moments (as they indicate significant change in the physiological responses). A similar
strategy has been adopted by Aditya et al. to identify significant changes in physiological signals [1]. We present
these steps for labeling opportune moments as an algorithm (Algorithm 1) in Appendix A.2.

- Opportune
& 100
c
2 & 15.13%
=
2
£ o0
8
aQ 40
2
5 20
£
$ o 84.87%
User
Opportune (%) = Inopportune (%)
Inopportune
(a) User-wise segment distribution (b) Segment distribution (total)

Fig. 3. Distribution of opportune and inopportune segments (a) user-wise distribution, (b) distribution in the total dataset.

Total number of segments 8608
Total number of opportune segments 1303
Total number of inopportune segments 7305
Average (SD) number of segments per users | 239 + 1.29
Duration of every segment 5 Second
Duration of total sensor dataset 11.96 Hr.

Table 2. Final dataset details

3.4 Final Dataset Details

We obtained 8608 segments (5-second window) after the segmentation process from all the users. This dataset is
equivalent to = 12 hours of sensor and video data. Each user contributes to an average of 239 windows (SD:1.29).
We did not observe a large variation in the number of segments for every user as they watched the same set of
videos. We present the user-wise distribution of opportune and inopportune segments in Fig. 3a. In this case also,
we observe the user-wise distribution of opportune and inopportune segments are similar. In total, we marked
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15.13% segments as opportune and 84.87% segments as inopportune (Fig. 3b). We summarise the final dataset in
Table 2.

4 Feasibility Analysis: Causality between Emotion and Physiological Response

In this section, we describe the feasibility study performed to test the hypothesis that emotion variations cause
physiological signal variations. If this hypothesis is found to be true, then emotion variations can be captured by
probing only at the opportune moments (denoted by substantial change in the physiological signals). We validate
this hypothesis using the dataset collected from the user study I (Section 3.4).

4.1 Causality between Emotion and Physiological Response

Emotion variations are reflected in valence (or arousal) scores, whereas the physiological signal variations are
manifested in the change point scores. Therefore, we investigate the causal relationship between valence-arousal
scores and change point scores. In specific, we performed the Granger causality test [22] to verify if variation in
valence and arousal causes variation in change point score. This test is a statistical hypothesis test for determining
whether one time series (in this case emotion scores) is useful in forecasting another (in this case change point
score). Mathematically it is expressed as follows. One time series X; does "Granger-causes" another time series Yz,
if the past values of X; help to predict the future values of Y;,;. Granger causality or G-causality works on the
principle of modeling the two processes X and Y as auto-regressive processes. Specifically, in order to determine
if ‘Y G-causes X, the two models considered are: —

X(8) = Y (peX(t =) + ) (Y (t =) + & (1)
=1 =1
X(t)= ) (@ X(t- 1)+, (2)
=1

where ¢ stands for time, p,, q., 7, are coeflicients at a time lag of 7 and ¢, ¢ are error terms. Covariance stationarity
is assumed for both X and Y. Whether Y G-causes X (or not) can be predicted by the measure known as F-statistic
which is the log ratio of the prediction error variances:

var(e)

®3)

Fy_x =1 .
Y=X nvar(gc)

If the model represented by equation (1) is a better model for X (¢) than equation (2), then var(e;) < var(e) and
Fy_x > 0, suggesting that Y Granger causes X. Even though G-causality uses the notion of autoregressive models
for the variables, the generic nature of this modeling with minimal assumptions about the underlying mechanisms
makes it a very popular choice in a wide range of disciplines [59, 66].

4.2 Causality Test Outcome

We perform this test twice (once for arousal and once for valence). We accumulate the arousal scores and the
change point scores for every segment in two different lists and run the causality test (using the package?). The
test outputs the following results (F = 3.9048, y? = 3.9062, p-val = 0.0481, df = 1). The null hypothesis is that
arousal scores do not Granger cause the change point scores. However, as per the results (p < 0.05), we reject this
null hypothesis, thus implying a causal relationship between arousal and change point scores. We repeat the same
steps for valence. Like arousal, the null hypothesis is that valence scores do not Granger cause the change point
scores. The test returns the following results (F = 14.1973, y? = 14.2022, p-val = 0.0002, df = 1), and therefore,
we reject the null hypothesis (as p < 0.05). This outcome suggests that a causal relationship does exist between

2https://tinyurl.com/funzzup?7
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valence and change point scores. These findings highlight that emotional variations reflect in physiological signal
changes (as emotion comprises both valence and arousal). Therefore, by probing at the opportune segments (i.e.,
points with high physiological response variation), we can capture the emotional changes. So, we aim to detect
the opportune moments (using the PResUP framework) as discussed next.

5 PResUP Framework

In this section, we describe the PResUP framework. We present the overview of the PResUP framework in
Fig. 4. The framework operates in three phases - (a) physiological response profile creation, (b) similar user
identification, (c) opportune moment detection. In the profile construction phase, we create user profile based
on the physiological responses observed in opportune and inopportune segments. Based on the physiological
response profile similarity, we identify similar users using the k-means clustering algorithm. Once the similar
users are identified, we share data among these users to train a parameterized LSTM model (for every cluster) for
opportune moment detection. We discuss each of the phases in detail now.

Physiological response Similar user Opportune moment
profile creation identification detection

S e S
' 3 eQ® |
] A O Y P |
| ‘ probe user
l s Ino|
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‘ probe user
’ Inopportune
do not probe
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Fig. 4. Overview of the PResUP framework. It operates in three phases - (a) physiological response profile creation (b) similar
user identification (c) opportune moment detection. In the first phase, during video consumption, the physiological responses
are recorded that are used to create the response profile. In the second phase, the physiological response profile of the users
are used to cluster the similar users. In the last phase, cluster-specific machine learning model (using p-LSTM) for opportune
probing moment detection is constructed by sharing data among those users, who belong to the same cluster.

5.1 Physiological Response Profile Creation

The physiological response profile creation for a user is a two-step process. In the first step, we compute the
change point scores between every two consecutive segments (s;, si+1, where 1 < i < n — 1; n is the total number
of segments). In the second step, we compute the mean (¢) and standard deviation (o) of the change point
scores for both opportune and inopportune segments. The user profile is therefore constructed as a four tuple
<Hopps Oopps Hinopps Tinopp™> Where [,p, 0opp indicate the mean and std. dev at the opportune segments, and
Hinopp» Tinopp indicate the mean and std. dev at the inopportune segments. These steps are repeated for every user.
Intuitively, change point scores indicate the variation in the physiological responses after applying the emotional
stimuli. Therefore, profile creation by combining two types of change point scores can help to identify the group
of users whose physiological response variations are similar during opportune and inopportune moments.

Proc. ACM Interact. Mob. Wearable Ubiquitous Technol., Vol. 8, No. 3, Article 91. Publication date: September 2024.



Towards Reducing Continuous Emotion Annotation Effort During Video Consumption « 91:11

5.2 Similar User Identification

In this phase, we aim to identify the similar users based on the physiological response profile. We run the k-means
algorithm on the response profile vectors for different values of k. We vary the value of k from 2 to 36 (as there
were 36 users, Section 3.2), and note the cluster quality in Fig. 5a using Silhoutte score [49] and Within-Cluster
Sum of Squares (WCSS) of elbow method [53]. We observe the highest value of the Silhouette score and the elbow
pattern (in the plot) for k = 2. Therefore, we group the users into two clusters. To visualize the user groups, we
perform PCA (Principal Component Analysis) [67] on the profile vectors and display the clusters in a 2D plane
(Fig. 5b). Once we group the users into clusters, we proceed to construct the opportune moment detection model
by sharing data among the similar users (i.e., users present in the same cluster).
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(a) Silhoutte score and WCSS variation (b) User clustering (k=2)

Fig. 5. Clustering users based on the physiological response profile vectors - (a) variation in Silhouette score and Within-
Cluster Sum of Squares (WCSS) score for different cluster number (k) which reveals that number of optimal clusters is two
(b) visualization of group of similar users for optimal number of cluster (k=2) after applying PCA on the profile vectors

Cluster # Cluster Centroid Age Groups #of Males | #of Females
(Hopp: Fopp» Hinopp: Tinopp) (age_group: #M, #F)
1 [7.690, 2.805, 6.053, 1.666] | (20-24: 7M, 5F), (25-29: 4M, 7F), (30-34: 2F), (35-40: 2M, 2F) 13 16
2 [5.709, 2.155, 1.661, 1.457] (20-24: 1M, 1F), (25-29: 4M, 1F) 5 2

Table 3. Cluster analysis reveal that (i) the users with substantial different profile vectors are grouped in different clusters
(observed in the different average (i) values of the centroid) (ii) users in a cluster have similar profile vector (observed in the
low SD (o) values of the centroid) (iii) demographic details do not play a major role in differentiating the users (as users with
different gender and age-group) are present in both clusters.

5.2.1 Cluster Analysis based on Physiological Response Profile. We perform cluster analysis based on the physio-
logical response profile vectors and present the findings in Table 3. The key differentiating factor between the
clusters is the physiological response profile behavior (captured using the response profile vectors). We observed
that the centroids of the two clusters are far from each other (the values of the mean change point score for oppor-
tune and inopportune moments are very far C; : {iopp = 7.690, finopp = 6.053}; Cy = {fiopp = 5.709, finopp = 1.661}).
We also noted that the physiological response properties are very similar as noted in the low std. deviation
values (C; : {gopp = 2.805, Ginopp = 1.666}; Cz : {0opp = 2.155, Oinopp = 1.457}) of the centroids. The demographic
properties (age group, gender) do not play a differentiating role while grouping the users as each cluster has
representation from both genders and varied age groups. Therefore, as the clustering is performed based on the
physiological response properties of the users, it generalizes across demographic properties.
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5.3 Opportune Moment Detection

To detect the opportune probing moments, we develop parameterized-LSTM (p-LSTM) [59] models by sharing
data among users present in a cluster. The p-LSTM is similar to an LSTM network, where the activation functions
of the LSTM gates (input, forget, and output) are replaced with parameterized Elliott activation function [20].
This activation function allows to capture dataset specific complex relationship and avoids the need of separate
hyperparameter-tuning effort where the p values are learnt from data via gradient descent [59].

We show the model architecture in Fig. 6. Given a sequence of segments X = (X,X;...Xr) containing
physiological responses, the model takes an input x; = [cp;, gsrz, hrt, Upideo» Gvideo]” at each step t, where cp; is
the change point score at time t, gsr, is the difference in the mean value of GSR between segment ¢ and ¢ — 1,
hr, is the difference in the mean value of HR between segment t and t — 1; vy;4e0 and a@y;qe, denote the valence
and arousal of the video respectively. These two values remain same in every segment for a given stimuli video
depending on the valence and arousal of the video. For example, for stimuli video 1, the valence and arousal
values are ‘1’ as this video embeds the emotion amusing, which belongs to the first quadrant of the Circumplex
model (Fig. 2d). We present the details of the stimuli videos in Table 1. Notably, the effectiveness of GSR (or EDA)
and HR sensors have been demonstrated in many earlier works (e.g., [11], [17]) to infer emotional engagement.
So we use GSR and HR values as input to the model.

| Opportune / Inopportune |

1
[ Dense I.taver 1) |
[ Swish Ltaver ()
[ Dense Layers (2)

cp; cp, cp; | Change point score
gsr; gsr, gsr; | GSR diff. in two windows
X; hr, X, hr, Xr hry | HR diff. in two windows

Video Viideo| *°*°° Vyideo | Valence of the video

Arousal of the video

Qvideo Ayideo Ayideo

Fig. 6. p-LSTM-based architecture used in the PResUP framework for opportune probing moment detection

We incorporated parameterized Elliott activation functions (PEF) [20, 59] to replace the activation functions of
the LSTM gates (input, forget, and output) in the p-LSTM architecture. The PEF is represented by

fly = (4)

1+ |x]|

The first-order derivative of the function PEF is expressed as: f’(x) = m This derivative becomes zero when
the function equals the parameter p at the origin. Upon incorporating the PEF (Parameterized Elliott Function),
the hidden state equation is given by: h; = O;p.PEF(C;). By the chain rule,

oI _ol _ 9]

= = O; = Elliott(C 5
ope  ope ok t* iott(C) 5)
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After each iteration, the p. is updated by gradient descent (pc(n+1) =pl+dx %). These modified activation

functions introduce model parameters and enhance flexibility to capture complex data patterns (via adjusting
slope, p) and relationships.

The usage of the parameterized Elliott activation function offers the following advantages - (a) as p in Eq. 4
is learnt from the dataset through back-propagation; if the dataset changes, the final activation form adjusts
accordingly; thus removing the necessity for separate “parameter-tuning” efforts (b) PEF has a lower saturation
rate, compared to the standard non-parameterized Elliott function (e.g., tanh, sigmoid) [59].

The proposed p-LSTM network consists of T cells®. The p-LSTM embedding is input to two fully connected
dense layers with parameterized Elliott activation functions followed by a swish activation layer [48]. The swish
activation function is similar to the ReLU (Rectified Linear Unit) activation function, but it introduces a non-
linearity based on the sigmoid function. Swish improves p-LSTM over ReLU due to its non-monotonic nature [4].
The swish layer output is finally connected to a sigmoid function as it is used for the binary classification (i.e.,
opportune or not). Therefore, we use binary cross-entropy loss for training this architecture. We specify the
hyperparameter details in Section 6.1.3. While training the model for a particular user u, we use data from only
those users who belong to the same cluster as u (Fig. 5b, Section 5.2). We do not use any data from user u for
training the model, rather it is used for evaluating the model. The same process is repeated for all the users.

6 Evaluation: User Study |

In this section, we evaluate the performance of PResUP in reducing the annotation effort (measured in terms
of probing rate), detecting the opportune moments, and maintaining the annotation quality. Accordingly, we
compare the performance of the PResUP with a set of baselines using the metrics defined below.

6.1 Experiment Setup

The experiment setup for evaluation of PResUP is as follows. First, we construct the physiological response profile
of the users and cluster them. Next, for every user (u), we train the proposed p-LSTM model using data of other
users present in that cluster only and test using the left-out user’s (u) data. The process is repeated for each user.

6.1.1  Performance Metrics. We use the following metrics to evaluate the performance of the PResUP framework.

e Probing Rate: The number of video segments detected as opportune is the number of probes answered by a
user (because the user will not be probed at the inopportune segments). We compute the average number of
probes issued per video for every user as the probing rate.

e Opportune Moment Detection Metrics: We use the standard metrics to measure the probing moment
detection performance. True Positives (TP): Opportune moments that are correctly identified. False Positives
(FP): Inopportune moments that are identified as opportune. True Negatives (TN): Inopportune moments
that are identified as Inopportune. False Negatives (FN): Opportune moments that are identified inopportune.
We calculate: True Positive Rate (Recall or Sensitivity) TPR(%) = % x 100. True Negative Rate

(Specificity) TNR(%) = =— x 100. False Positive Rate (Fall-out) FPR(%) = 100 — TNR(%). Likelihood

TN+FP
. _ TPR(Sensitivity)
Ratio for opportune moments (LR+) = FPROI-Specificity)"

e Annotation Quality: We investigate if there is any statistically significant difference (significance level,
a = 0.05) in the mean valence (and mean arousal) between the ground truth annotations (continuous) and the
annotations collected by probing at the opportune moments.

6.1.2 Baseline. We discuss the baselines below used for comparing the performance of the PResUP framework.

3We found (empirically) superior performance in detecting opportune moments for T=10. Therefore, we decide to use T=10.
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Time-based Probing Strategy (TBS) [47]: This baseline is inspired by earlier work on continuous emotion
annotation [47]. In this approach, we probe the user at every 5 seconds. We select 5 sec. interval based on
earlier work [10, 47]. Moreover, in our case, the duration of every segment is also 5 seconds. We compare
PResUP with this baseline as it demonstrates the efficiency of the opportunistic probing over continuous (fixed
interval) probing.

Random Probing Strategy (RPS): In this approach, we randomly probed in some of the windows for
annotation collection. We ran multiple iterations (n=20) of the baselines, and computed the average of different
performance metrics.

Retrospective Probing Strategy (RePS): In this baseline, we adopt the annotation method proposed by Bota
et al. [7], focusing exclusively on the EDA signal. Similarly, we only consider the GSR signal while implementing
this baseline. This work suggests to annotate only those segments in which the EDA value is above a threshold
(0.01% of maximum EDA) of the minimum EDA. Accordingly, we annotate only those segments as opportune,
which follows this rule. We compare the PResUP with this baseline to highlight the advantage of profile-based
clustering over a rule-based annotation approach.

Feature-based Probing Strategy (FBS): In this baseline, we train a classical machine learning model (not
LSTM) by adopting the same approach (user profile creation, followed by clustering) as used in PResUP. It
does not consider the sequence of segments, rather extracts the same features from the current segment for
opportune moment detection. Notably, we implemented multiple algorithms (Random Forest [9], Support
Vector Machine [13], XG Boost [12]). The results presented here are based on Random Forest as it returned the
best performance. The comparison with this baseline underscores the utility of segment sequence in p-LSTM.
Personalized Probing Strategy (PPS): This baseline implements a p-LSTM model like PResUP. However,
the model is personalized. The model is trained using 80-20 split, where initial 80% physiological data of a
user is used for training and the remaining 20% is used for testing. Notably, comparison with this baseline
demonstrates the generalizability of PResUP, i.e, how well it can perform in absence of personal data during
training.

Generalized Probing Strategy (GPS): In this case, we train a p-LSTM network as used in PResUP. However,
we do not create the user profile and identify the similar users (like PResUP). Rather, we adopt a Leave-one-
subject-out cross-validation approach to evaluate this baseline. We compare PResUP with this baseline to
showcase profile-based clustering returns superior performance instead of indiscriminately aggregating data
from all users.

Age-based Probing Strategy (APS): This baseline adopts same architecture like PResUP. However, in this
case, clustering is performed based on the subject’s age group. As there are four age groups (20-24, 25-29, 30-34,
and 35-39 years) in the collected dataset, we created four clusters. To evaluate the model, we consider one user
(test user) at-a-time and train the model using data from only those users present in the same cluster of the
test user. The process is repeated for each user. Comparison of PResUP with this baseline demonstrates the
superiority of physiological profile-based clustering over demographic-based (age) clustering.
Gender-based Probing Strategy (GBPS): This is similar to the APS baseline with only difference is that
the clustering is done based on the gender (male or female) of the participants. This helps to determine the
efficiency of the physiological profile-based clustering over demographic-based (gender) clustering.
RNN-based Probing Strategy (RNNPS): This baseline implements a recurrent neural network (RNN) layer
employing the same method as PResUP (i.e., user profiling and user clustering). Two dense layers with ReLU
activation are added, with the final layer facilitating binary classification using sigmoid activation. We present
the hyperparameter details in Section 6.1.3.

GRU-based Probing Strategy (GRUPS): This baseline employed a gated recurrent unit (GRU) architecture,
followed by three dense layers with ReLU activation. Finally, ending with a single neuron output layer facilitated
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binary classification. This method adopts the same approach (user profiling and clustering) as used in PResUP.
The hyperparameter details are outlined in Section 6.1.3.

e 1D-CNN based Probing Strategy (CNNPS): This baseline employs a 1D-CNN with a convolutional layer
(10 filters, kernel size 3) followed by max-pooling (pool size: 2). This is followed by flattening and two fully
connected dense layers with ReLU activation, finally ending with a sigmoid output layer for binary classification.
This method follows the same user profiling and clustering approach utilized in PResUP. The hyperparameter
details are presented in Section 6.1.3.

6.1.3  Hyperparameters. To select the optimal values of the hyperparameters for the p-LSTM model, we performed
grid search. We tried with the following: (i) batch sizes (8, 16, 24), (ii) epochs (25, 35, 45, 55) (iii) number of p-LSTM
nodes (10, 20, 50, 100, 200) and (iv) number of dense layer nodes (10, 20, 50, 100, 200) to train the models. We
observed that for the batch size of 16, the epoch of 35, number of p-LSTM nodes of 10, number of dense nodes
of 100 (in first dense layer) and number of dense nodes of 50 (in second dense layer), the best classification
performance is obtained. Hence, we fixed these values as the model hyperparameters.

For the neural network based baselines (RNNPS, GRUPS, CNNPS), optimal performance was achieved with a
batch size of 16, epoch of 35 epochs, and a number of dense nodes of 200. Hence, we fixed these values as the
baseline hyperparameters.

6.2 Probing Rate Reduction

We present the comparison of probing rate between PResUP and baselines in Table 4. PResUP has the best probing
rate (on average 5.48 probes (std. dev: 1.73) per video per user), while time-based strategy (TBS) has the worst
(on average 29.89 probes). TBS performs the worst as it continuously probes at every 5-second. Similarly, RePS
also has a very high probing rate (on average 28.79 probes) as it probes based on a rule. RPS also returns a high
probing rate (on average 17.93) as it probes randomly. Similarly, PPS has a high probing rate (on average 21.59)
because it relies only on personal self-reports to create the opportune moment detection model. Although the
demographic-based baselines have a relatively lower probing rate (APS: 7.18, GBPS: 6.68), but they still have
a higher probing rate than that of PResUP. The FBS and GPS baslines have comparatively lower probing rate
(FBS: 5.60, GPS: 7.79). As these baselines share data from other users, they reduce the individual user’s probes,
but could not outperform PResUP. The recurrent neural network-based baseline (RNNPS: 6.08) returns lower
probing rates than the traditional ML model but not lower than PResUP. The CNNPS and GRUPS have a probing
rate of 6.13 and 7.65, respectively, still inferior to PResUP.

In summary, we note that PResUP reduces the probing rate in comparison to all the baselines (maximum
reduction of 81.67% wrt TBS, minimum reduction of 2.14% wrt FBS, and an average reduction of 34.80%); but
whether this reduction in probing rate influences the probing moment detection performance (or the emotion
annotation quality) is investigated next.

6.3 Opportune Probing Moment Detection

We next evaluate the probing moment detection performance of PResUP. First, we compare the model performance
using the likelihood ratio (LR+) in Table 4. Intuitively, LR+ (= %) should be high enough to instill confidence
in detecting the positive instances, in our case, opportune moments. LR+ can go as low as 0 meaning if the
test is positive, the condition of opportune moment is definitely absent, and as high as infinity (a very large
real number, in practice) implying that if the test is positive, the condition of opportune moment is definitely
present. Therefore, the model with higher LR+ is desired. We observe that PResUP outperforms (LR+ = 8.61) all
the baselines and TBS performs the worst (LR+ = 1). Next, we delve deep to investigate if PResUP also has a high

TPR and low FPR.
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| Probingrate] | TPR(%)T | FPR(%)] [ LR+T |

TBS 29.89 (0.00) | 100.00 (0.00) | 100.00 (0.00) | 1.00
RPS 17.93(0.01) | 60.28(0.01) | 59.98(0.01) | 1.00
RePS 28.79 (0.01) | 99.39(0.02) | 95.77 (0.01) | 1.04
PPS 21.59 (3.46) | 71.53(0.23) | 9.96(0.04) | 7.18
FBS 5.60 (4.58) 53.23(0.03) | 9.53(0.17) | 5.9
APS 7.18 (5.32) 65.27 (0.24) | 15.88(0.16) | 4.11
GBPS 6.68 (4.96) 66.84 (0.24) | 14.32(0.14) | 4.67
GPS 7.79 (3.11) 76.21(0.18) | 19.72(0.11) | 3.86
RNNPS 6.08 (3.25) 61.16 (0.38) | 14.08(0.12) | 434
GRUPS 7.65 (3.60) 67.50 (0.36) | 18.83(0.09) | 3.58
CNNPS 6.13 (1.75) 68.80 (0.19) | 13.13(0.08) | 5.24
PResUP | 5.48(1.73) | 80.07 (0.16) | 9.30(0.05) | 8.61

Table 4. Performance comparison of PResUP and baselines with respect to different metrics. The values indicate the average
for a metric across all users. The values in the parenthesis indicate std. dev. PResUP outperforms all baselines in terms of
probing rate (having the least probing rate, thereby reducing annotation effort the most). It also outperforms all baselines
in terms of LR+ (having the highest LR+) and FPR (having the least FPR). Although TBS and RePS have the highest and
second highest TPR, they also have the worst (100%) and second worst FPR (95.77%) respectively. T, | indicate higher and
lower value preferred respectively.

6.3.1 TPR Analysis. We present the comparison of mean TPR in detecting the opportune probing moments in
Table 4. The FBS baseline performs the worst (mean TPR: 53.23%, std dev: 0.03%) followed by the RPS baseline
(mean TPR: 60.28%, std dev: 0.01%). The RPS model does not perform well as it randomly probes at some
window, and developing a feature-based model like FBS without considering the temporal sequence is also not a
good option. The PPS (mean TPR: 71.53%, std dev: 0.23%) highlights that relying only on the personal data to
train the opportune moment detection model (as done in the PPS) does not yield good performance. However,
the sequence-based model (GPS) that aggregates data from all users (without considering the physiological
response similarity) returns comparatively better performance (mean TPR: 76.21%, std dev: 0.18%). Similarly,
the demographic-based baselines (APS, GBPS) also return relatively better performance with mean TPR of
65.27% (std dev: 0.24%) and 66.84% (std dev: 0.24%) respectively. We also note that the neural network-based other
baseline models (RNNPS: 61.16% (std dev: 0.38%), GRUPS: 67.50% (std dev: 0.36%), CNNPS: 68.80% (std dev:
0.19%)) do not perform well in terms of TPR. But PResUP outperforms all these baselines with a mean TPR of
80.07% (std dev: 0.16%).

These findings demonstrate that - (a) aggregating data from all users without the physiological response
similarity (as done in GPS), or (b) combining data just based on demographic similarity (as done in GBPS, and
APS) are not good choices. Rather, aggregating data from users having similar physiological responses (as done
in PResUP) helps to obtain superior performance. Finally, we note that TBS has the best mean TPR (100%). This is
because it continuously probes at every 5-seconds interval, therefore all opportune probing moments are captured
but at the cost of very high probing rate (Section 6.2) and very high error rate (Section 6.3.2). Another baseline
RePS also has very high TPR (99.39%). However, this is not useful as it has a very high probing rate (Section 6.2)
and a significantly high error rate (Section 6.3.2). In summary, these results demonstrate that leveraging the user’s
physiological response profile similarity and a sequence of previous time steps (as done in PResUP) improve
opportune probing moment detection performance.

6.3.2  Error Analysis. In this section, we analyze the error rate in detecting the opportune probing moments
(see Table 4). We note that PResUP outperforms all the baselines with a mean FPR of 9.30%. The TBS model
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performs the worst (mean FPR: 100%) as it does the probing continuously and therefore ends up probing in every
inopportune moment. The RePS has the second worst performance (mean FPR: 95.77%) as it probes based on a
rule. Also, RPS model’s performance is not good (mean FPR: 59.98%) as it randomly probes in some windows
for annotation collection. The PPS, FBS, and GPS baselines also have a high mean FPR of 9.96%, 9.53%, and
19.72%, respectively. The demographic based models (APS, GBPS) also have a high mean of FPR of 15.88%, and
14.32%, respectively. Similarly, the neural network-based models (RNNPS: 14.08%, GRUPS: 18.83%, CNNPS:
13.13%) also have high mean FPR. These findings further underscore the effectiveness of PResUP - that it not only
detects the opportune moments correctly (as TPR is high), but also makes relatively few errors while detecting
the opportune probing moments.

6.4 System Performance: Latency Analysis of PResUP

In this section, we analysed the performance of PResUP in terms of latency. In specific, we measured the time taken
in each phases of the framework. We carried out this measurement on a computer with following configuration
- a 13th Gen Intel(R) Core(TM) i9-13900 processor at 2.00 GHz, 128 GB of RAM (128 GB usable), and a 64-bit
operating system (Windows 11) with an x64-based processor.

We ran all the phases (profile creation, similar user clustering, and opportune moment detection; as outlined in
Section 5) 15 times on the data collected from the user study I and computed the time required at each phase.
We noted that the time required profile creation is 66.70 milliseconds on average (SD: 3.31), clustering is 99.75
milliseconds on average (SD: 2.61), and opportune moment prediction is 0.62 milliseconds on average (SD: 0.17).
Notably, the time required for opportune moment prediction is very low, as the prediction time is computed for
every segment. These values highlight that that the framework does not have a very high latency.

6.5 Emotion Annotation Quality Comparison

We next investigate the annotation quality of valence and arousal. In specific, we compare the user-wise and video-
wise valence (and arousal) sampled using PResUP (at opportune moments) and present in original continuous
annotations. We observe that in both the cases (user-wise and video-wise), there is no significant difference in
the sampled and continuous data of valence (and arousal). We present the user-wise comparison next. However,
to improve readability, the detailed video-wise comparison is presented in Appendix A.3.

8.0 7.0

75 6.5 R
7.0 6.0
6.5 T
8 855
[}
goo :
5.0
55
50 45
45 40 N P— —
Continuous Probed Continuous Probed
Emotion type Emotion type
(a) Comparison of valence scores (b) Comparison of arousal scores

Fig. 7. Comparison of users’ valence and arousal between the ground truth (continuous annotation) and probed moments’
annotation (using PResUP) reveals no significant difference between the continuous and probed values. Mann-Whitney U
test shows both valence and arousal do not vary significantly (p < 0.05) between the continuous and probed annotations.

To compare the users’ valence (and arousal), we perform the following steps (once for valence and once
for arousal). We compute the median score of valence for every user by collecting annotations only at those
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windows, when the probe was issued as per the PResUP framework. Similarly, we compute the user-wise median
score of valence from the ground truth data. Then, we checked if the valence (continuous and sampled) and
arousal (continuous and sampled) follow normal distribution using the Shapiro-Wilk test [54]. This experiment
revealed that the responses did not follow a normal distribution (p < 0.05) both for valence and arousal. Since the
distribution is not normal and the two groups (continuous, sampled) are not paired, we performed Mann-Whitney
U test [41] to evaluate the difference between continuous and sampled valence scores. The same steps were
repeated for arousal.

The comparison for the valence and arousal are shown in Fig. 7a, and 7b, respectively. The medians of valence
(continuous) and valence (probed) are 5.45 and 5.8, respectively. The Mann-Whitney’s U test did not find a
significant difference in the continuous and probed values (U = 754.0, Z = 1.21, p = 0.229) of valence. Similarly,
the medians of arousal (continuous) and arousal (probed) are 5.0 (in both cases). In arousal also, we did not
find a significant difference in the continuous and probed values (U = 603.5, Z = 0.520, p = 0.607) from the
Mann-Whitney’s U test. In summary, these findings underscore that there is no significant difference in the
valence and arousal values between the ground truth continuous annotations and the values sampled using the
PResUP framework.

6.6 Influence of Temporal Sequence

In this section, we investigate the influence of temporal sequence on the performance of PResUP. Since the
p-LSTM model of PResUP takes a number of previous segments as input to determine whether the current
segment is opportune (or not), it is required to identify the optimal sequence length.
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Fig. 8. Influence of sequence length on (a) TPR, (b) FPR, and (c) Probing rate. The highest TPR is obtained for sequence
length of 15. At the same time, if sequence length is increased beyond 15, although the probing rate and FPR improve, the
improvement is not significant (in comparison to the deterioration of TPR).

To investigate the optimal sequence length, we vary the number of sequence length from 5 to 40 as input to
the the p-LSTM network. We choose 40 as the highest sequence length, as the longest video has 40 segments. We
plot the variation in TPR, FPR and probing rate in Fig. 8. We observe that with increasing segments, initially the
TPR increases (till sequence length 15) and then it stabilizes after dropping (beyond 15). We obtained the highest
TPR (80.07%) for a sequence length of 15 (Fig. 8a). Moreover, we do not observe a large variation in the FPR with
increasing sequence length (Fig. 8b). So, we decided to use 15 as the sequence length in our experimental results
(presented earlier in Section 6). The variation in TPR with sequence length can be attributed to the persistence
effect of emotion [63], which suggest that the human emotion persists for some time once experienced. Typically,
many emotions have a persistence period of a few seconds to minutes [62]. Therefore, if the sequences are very
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long (i.e., beyond the persistence period of an emotion), the earlier emotion may not have an effect on the current
segment’s emotion. As a result, trying to estimate the current segment as opportune (or not) based on a number
of segments way behind in time may not yield a good detection performance.

We also note that the probing rate drops gradually with an increasing number of sequences (Fig. 8c). This can
be attributed to the fact as the number of segments are increased, the number of queries sent to the model is
reduced (which in turn reduces the number of probes to be issued). For example, for a sequence length of 20, the
first query to the model will be sent only when 20 segments are accumulated, whereas for a sequence length of
10, in the same period 11 (20-10+1) queries would be made. Moreover, there is not a substantial decrease in the
probing rate with increasing sequence length. As a result, considering the values of TPR, FPR, and probing rate,
the sequence length (=15) was selected.

7 User Study II: Deployment of PResUP

To investigate the effectiveness of PResUP for an unknown user in a real-world setting, we deployed it and
performed the second user study. Unlike the previous user study (Section 3), in this study we integrated the ML
model for opportune moment detection with the annotation application and probe user for self-report only at the
opportune moments (as detected by the ML model). In this section, we discuss the user study in detail, including
the experiment apparatus, study procedure, and the dataset. We obtained the IRB approval (HEC/BPGC/2023/005)
from our institute’s Human Ethics Committee (HEC) prior to the user study.

| ARDUINO UNO

Valence (1-9):7
Arousal (1-9){6

Resume

(a) User study setup (b) Sensor setup  (c) “Annotate App” (modified Ul with emotion collection pop-up)

Fig. 9. The overview of user study after deployment of PResUP- (a) study setup (including the sensors and the Ul for video
consumption and annotation opportunistically) (b) Sensor configuration for physiological response (GSR, HR) collection. (c)
“Annotate App” modified Ul for video consumption and annotation. The interface displays the video and allows the user to
record emotion (valence, arousal on a scale of 1to 9) at the opportune moments by pausing the video. Once the annotation is
provided and the user clicks on the ‘Resume’ button on the self-reporting pop-up, the self-reporting pop-up disappears and
the video resumes to play.

7.1 Experiment Apparatus and Deployment Scenario

We show the complete user study setup in Fig. 9. We used the same experiment apparatus (Fig. 9a) as introduced
in Section 3.1. It also consists of the two components - the sensor setup (Fig. 9b) and the annotation application
(“Annotate app”, (Fig. 9c)). We do not make any changes to the sensor setup (comprising a GSR sensor and
pulse rate sensor), which the user wears during the study. However, we make the following modifications in the
annotation application.

First, we changed the interface of the annotation application so that it captures the annotations only at
opportune moments (instead of continuous annotation). Therefore, the new UI does not have the provision for
capturing continuous annotation, rather it probes (by sending a popup) the user at opportune (as determined by
the model) moments during video consumption. The annotation interface and the emotion self-report collection
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pop-up are shown in Fig 9c. Once the pop-up is displayed, the video pauses and the user records the valence and
arousal (on a scale of 1 to 9) by typing the corresponding key from the keyboard. After providing ratings, once
the user presses the ‘Resume’ button, the corresponding video segment is labeled with the values as provided by
the user, the emotion self-reporting pop-up disappears and the video resumes. As the user watches the video, we
passively collect the HR and GSR sensor values, however, when the video is paused, we do not record the sensor
values.

Profile creation

Model selection
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Fig. 10. Deployment of the PResUP framework. In the deployment scenario, first, we create the physiological profile of the
(unknown) user based on the first video. Next, this profile vector is passed to the database (which contains the cluster details
based on the offline data collected earlier - Section 5.2) to find the nearest cluster and the corresponding opportune moment
detection model. Once the model is selected, it is used for detecting the opportune moments based on the physiological
response signal as recorded while watching the subsequent videos (second video onward). If the current segment is detected
as inopportune, the video continues and no probing is done; otherwise the video is paused and the user is probed for the
emotion self-report.

Second, we also integrated the opportune moment detection models with the application. We maintained a
record of the clusters and models created earlier using the data collected from the first user study (N=36, Section 3).
Notably, there were two clusters (and corresponding models, Section 5.2, 5.3) created from the first user study.
When an unknown user (say u) starts using the application, we sample the HR and GSR from the sensor setup,
but do not probe the user for emotion self-report while the user watches the first video. Rather, the sensor data
collected during this period is used to create the profile vector (Section 5.1) of the user in real-time. Once the
vector is created, we compute the distance of this user’s profile vector from the centroids of the two clusters and
identify the user’s (u) nearest cluster. Accordingly, we enable the opportune moment detection model associated
with the nearest cluster for opportune moment detection. Thereafter, for all videos (second video onward), we
segment the sensor data (into 5-sec window) and send to the model to decide if the current segment is opportune
for probing. If the current segment is opportune, we pause the video, and probe the user issuing the self-report
collection pop-up (Fig. 9c), otherwise, we do not probe the user (and the video continues). Once, the user provides
the emotion self-report on the pop-up and clicks on the ‘Resume’ button, the pop-up disappears and the video
resumes. This process continues until the user watches all the videos. We show the schematic diagram for the
deployment scenario in Fig. 10.
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7.2 Study Procedure

We recruited 18 participants (5F, 13M) aged between 20 and 30 years from our university. Notably, these participants
differ from those who participated in the first user study (Section 3). During the study, each participant watched
the same eight videos (as used earlier, Table 1) and recorded the emotion annotations opportunistically (as
determined by the opportune moment detection model integrated in the experiment apparatus). The participants
were explained about valence and arousal. They were also instructed to record integer values between 1 and 9.

Similar to the first user study, every participant watched the videos in a predetermined random order and
recorded the valence and arousal scores on a scale of 1 to 9 whenever the self-report collection pop-up appeared.
A two-minute-long blue screen interleaved the videos to avoid the carry-over effect.

7.3 Final Dataset

We obtained a total of 4524 segments (5-second window) from the 18 users. The users watched the 8 videos in a
predetermined random order. For every user, the first video was used to create the profile vector and during this
period no probing was performed. As a result, the segments associated in the first videos (a total of 612 segments,
~ 34 segments per user) were not considered for probing. The remaining segments (a total of 3912 segments,
~ 217 segments per user) associated with the other seven videos were considered for probing (i.e., probed if
detected opportune by the model). Out of these 3912 segments, 703 segments were predicted as opportune by the
model and in these segments probing were done. This number yields an average probing rate of 5.58 (per user
per video).

8 Evaluation: User Study Il

In this section, we evaluate the performance of PResUP after deployment. To evaluate, we compare the performance
of PResUP with the baselines (Section 6.1.2) using the same performance metrics (Section 6.1.1). Additionally, we
performed a post-study qualitative evaluation of PResUP.

8.1 Data Labeling

To validate the performance of PResUP, we are required to know the label (ground truth) of each segment. We
adopted the same data labeling steps (segmentation, opportune segment labeling) as outlined in Section 3.3 to
tag a segment as opportune (or not). In total, we marked 16.8% segments as opportune and 83.2% segments as
inopportune. Notably, this distribution of opportune and inopportune segments are in line with the data collected
in the first user study (Section 3.4). These labels are used as the ground truth and the predicted values are decided
based on the model output (i.e., if a user is probed at a specific segment of the video, then the segment is predicted
as opportune, and the vice-versa). We compare these two to find the values of the different metrics.

8.2 Quantitative Evaluation

In this section, we compare the performance of the PResUP framework with the baselines. We provide the
comparison in Table 5. We discuss the performance comparison with respect to the metrics next.

8.2.1 Probing Rate. The results demonstrate that PResUP outperforms all the baselines with a probing rate of
5.79 (std. dev: 2.54). This probing rate yields a reduction of 38.05% in terms of the average probing rate of the
baselines (max reduction: 83.18% with respect to the TBS baseline, min reduction: 0.34% with respect to the FBS
baseline). These findings are similar to the offline analysis (Section 6.2), which indicates that PResUP reduces the
probing rate substantially when deployed for opportunistic annotation.
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| Probing rate| | TPR(%)T | FPR(%) | [ LR+1 |

TBS 34.42 (0.00) 100 (0.00) | 100(0.00) | 1.00
RPS 23.99 (0.01) | 69.79(0.01) | 69.6(0.01) | 1.00
RePS 30.38 (0.10) | 98.82(0.01) | 96.25(0.00) | 1.03
PPS 12.16 (1.62) 788 (0.18) | 9.49(0.03) | 8.30
FBS 5.81 (2.57 61.62 (0.15) | 9.21(0.02) | 6.69
APS 7.77 (5.21 71.23 (0.20) | 12.11(0.12) | 5.88

GPS 3.22 (4.02 64.77 (0.41) | 17.54 (0.18) | 3.69
RNNPS 8.09 (3.94 54.9 (0.36) | 21.29 (0.10) | 2.58
GRUPS 7.36 (3.77 51.16 (0.39) | 19.7 (0.09) | 2.60
CNNPS 9.59 (1.98) 34.82 (0.18) | 31.13 (0.06) | 1.12
PResUP | 5.79 (2.54) | 82.26 (0.09) | 9.01(0.06) | 9.13
Table 5. Performance comparison of PResUP (after deployment) and baselines with respect to different metrics. The values
indicate the average for a metric across all users. The values in the parenthesis indicate std. dev. PResUP outperforms
all baselines in terms of probing rate (having the least probing rate, thereby reducing annotation effort the most). It also
outperforms all baselines in terms of LR+ (having the highest LR+) and FPR (having the least FPR). Although TBS and RePS
have the highest and second highest TPR, they also have the worst (100%) and second worst FPR (96.25%) respectively. T, |
indicate higher and lower value preferred respectively.

)
)
GBPS 7.65 (4.94) 73.82 (0.20) | 11.3(0.11) | 6.53
)
)
)

8.2.2 Opportune Moment Detection Performance. We compare the opportune moment detection performance
in terms of the following metrics - LR+, TPR, and FPR (see Table 5). PResUP outperforms all the baselines with
the highest LR+ of 9.13. We also investigate whether PResUP detects the opportune moments accurately and
generates a few false probes, i.e., it has a high TPR and low FPR. PResUP also has the highest TPR (ignoring
the TBS and RePS baselines as both of them also have very high FPR) of 82.26% and the lowest FPR (9.01%).
Notably, these values are similar to the earlier results (Table 4) carried out during offline analysis. In summary,
these findings indicate that PResUP, when deployed, reduces the probing rate substantially and yet detects the
opportune moments correctly.

8.2.3 Influence of Number of Videos used for Profile Creation. In this section, we evaluate the performance of
PResUP in the deployment scenario based on the number of videos used for profile creation. This is important to
investigate as it allows to find out the optimal number of videos required for profile creation. To find out the
optimal number of videos required for user profile creation, we vary the number of videos used for profile creation
from 1 to 7 and measure the performance of PResUP in terms of TPR, FPR, and probing rate (Fig. 11). Notably, if
‘n’ videos are used for profile creation, the remaining (8-n) videos are used for performance assessment.

We observe that the TPR reduces with an increasing number of videos being used for profile creation (Fig. 11a).
This may be attributed to the fact that with more videos, the user profile contains a lot of variance, which may
lead to incorrect cluster identification and poor performance. We also observe in Fig. 11b that FPR reduces a little
with the increasing number of videos; then again, it increases (beyond 5). However, the total variation noted
in FPR is not substantial if the number of videos is increased from 1 to 7. The probing rate reduces gradually if
more videos are used for profile creation (Fig. 11c). This is because if more videos are used for profile creation,
the model is therefore probed for fewer segments to detect the opportune segments, which in turn reduces the
probing rate. Notably, although the probing rate reduces with an increasing number of videos, the reduction is
not substantial. On the contrary, the TPR drops sharply if more videos are used for profile creation. Therefore,
we decide to use only one video for user profile creation during deployment (Section 7.1).
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Fig. 11. Influence of the number of videos used for profile creation on (a) TPR, (b) FPR, and (c) Probing rate. The highest TPR
is obtained if one video is used for profile creation. At the same time, if more videos are used for profile creation, although
the probing rate and FPR improve, the improvement is not significant (in comparison to the deterioration of TPR).

8.2.4 System Performance: Latency Analysis of PResUP after Deployment. In this section, we measure the latency
of PResUP after deployment. We used the same computer configuration (as mentioned in Section 6.4) to measure
the latency values of each component of the framework. Notably, we ran the framework for each of the users
(N=18) and computed the average time required in each phase. In the deployment scenario, the profile is created
only when the user completes watching the first video. Therefore, the profile creation time includes the duration
of the first video. As a result, the average time required for profile creation is 158055.38 milliseconds (SD: 21.42).
As evident, this is relatively higher as the profile creation step needs to wait (and hence this is not a system
limitation) for the first video to complete. The time required for clustering is 67.66 milliseconds on average (SD:
6.14), and opportune moment prediction is 0.87 milliseconds on average (SD: 0.21). These values demonstrate
that the end-to-end time required in the framework after deployment (for opportune moment detection) is on
average 158122.9 milliseconds, which is not very high.

8.3 Post-study User Survey

We also performed a qualitative evaluation to understand the usability of the PResUP framework. In specific,
we conducted a post-study user survey to understand - the timeliness of probing (i.e., probing was done at the
opportune moment), interruption level, ease of using the interface, and user experience.

Q1. The self-reports were issued when the emotional variations occurred ;—:I
[1: Strongly disagree, 5: Strongly agree]
2]
£ Q2. Rate the interruption caused by the proposed opportunistic annotation method |:| {
.g [1: Very high, 5: Very low]
8 Q3. Rate the ease of use of the proposed opportunistic annotation interface )—Ej
8 [1: Very difficult, 5: Very easy]
Q4. Rate your user experiences of the annotation interface |:I
[1: Very dissatisfying, 5: Very satisfying] \ 2 3 . s
Score

Fig. 12. Boxplot showing the scores as obtained from the survey participants for the four survey questions in the questionnaire.
Higher values for each of the four questions are desired.
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We performed a qualitative survey (immediately after the user study II) asking user feedback (on a scale of 1
to 5) for the following questions - (a) the self-report probes were issued when the user’s emotion changed [1:
strongly disagree to 5: strongly agree] (b) the level of interruption caused by the probing [1: very high to 5: very
low interruption] (c) the easiness of using the interface [1: very difficult to 5: very easy] (d) the user experience
for user interface [1: very dissatisfying to 5: very satisfying].

We present the findings from this survey in Fig. 12. We plotted the scores against each question as obtained
from all the 18 users, who participated in this study. We observe that most of the users agree that the probes were
issued when the emotions actually varied (median is 4 and upper quartile is 5). We also noted that the users feel
the interruption caused by the interface is low (median is 4). However, a comparatively low upper quartile value
(of 4) indicates that the interruption level needs to be further improved. The users agreed that the interface is easy
to use (median is 4.5 and upper quartile is 5) and they provided a high user satisfaction score (median and upper
quartile; both are 5). These findings as obtained from the qualitative evaluation highlight the usability of the
PResUP framework in terms of collecting user annotation based on user emotion variation with low interruption
and high user satisfaction.

9 Discussion

In this section, we discuss the implications of the findings. We also mention the possible future works in this
direction.

9.1 Implications of the Findings

9.1.1 Reducing Continuous Annotation Effort: The major takeaway from this paper is that PResUP reduces the
continuous emotion annotation overhead during video consumption without compromising the annotation
quality. We investigated deep to find out if the probes issued vary across the videos in different user studies.
We show the average number of probes (per user) issued for every video for user study I (see Fig. 13a) and user
study II (see Fig. 13b) in Fig. 13. The analysis reveals that in both the studies none of the videos has a very high
number of probes. The comparatively high number of probes issued for video 7 and 8 can be attributed to the
fact that these videos embed the ‘scary’ emotion, which may have caused a high number of emotional variation
(and therefore, a higher number of probes). We also note that in both the studies, a similar number of probes
were issued in each video (barring video 2, 3). These could be attributed to the different groups of subjects, who
participated in two studies. In summary, we do not observe a large number of probes issued in any video for both
the studies.

9 9
8 | s |
% 7 w7 |
£ 26
> | w5 |
Saf Saf
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a2 | a2 |
1| 1 |
0 0
1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8
Video number Video humber
(a) Video-wise avg. probes per user (user study I) (b) Video-wise avg. probes per user (user study II)

Fig. 13. The average number of probes (per user) issued in every video (a) for user study I, (b) for user study Il reveals that
there is not a large number of probes issued in any videos
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Further, we observe that PResUP is efficient when deployed, implying that it can reduce the probing rate and
detect the opportune probing moments accurately for an unknown user (Section 8). These findings suggest that
it is possible to develop opportunistic, low-overhead emotion annotation strategy and yet collect high-quality
emotion annotations. We envision that PResUP can be generalized to other modality also (e.g., audio) that reveal
variations in physiological responses.

9.1.2  Physiological Response based User Profile: Another key takeaway from the current study is the physiological
response based user profile creation approach. This approach allows to create a snapshot of user behavior with
respect to different physiological signals. Notably, this profile can be used for user modeling, personalization,
and recommendation. We have shown the possibility of aggregating data from similar users (in terms of user
profiles). The same approach can be adopted in other domains (e.g., while recommending some content based on
user’s behavioral response). We have also shown that finding similar users just based on the demographic profile
is not optimal, rather adopting the approach to cluster users based on profile similarity helps to obtain superior
results (Table 4, 5).

9.1.3  Generalizability of PResUP:. We evaluated the generalizability of PResUP on two publicly available contin-
uous emotion annotations dataset (CASE [56], K-emocon [47]). The CASE dataset contains the physiological
responses and continuous emotions annotations (valence and arousal) of 30 users as they watch eight different
videos. The K-emocon dataset also contains physiological responses and continuous annotations of valence
and arousal from 16 paired debate sessions. We applied PResUP on these two datasets by adopting the steps
(segmentation, user clustering, and opportune moment detection modeling) and compared the performance
with the baselines (Section 6.1.2). In both the datasets, we observe that PResUP outperforms all the baselines in
terms of probing rate, TPR and FPR. In case of CASE dataset, we obtain an average reduction of 26.19% in the
probing rate, whereas in case of K-emocon the average probing rate reduction is 30.47%. We present the detailed
comparison results in Appendix A (CASE daataset: Section A.4, K-emocon dataset: Section A.5). These findings
underscore the generalizability of PResUP.

9.1.4  Deployment Consideration for Potential Use Case. We deployed PResUP for continuous emotion annotation
reduction and demonstrated its effectiveness (Section 7). However, we envision that the framework can be
deployed in different use cases with some scenario-dependant adaptations. For example, PResUP can be deployed
to monitor the continuous stress of students during online video lectures. The framework can detect the moments
of high stress and accordingly adapt the lecture delivery. To deploy for such a use case, the framework may
need minor modifications (e.g., inclusion of video lectures instead of the stimuli videos, incorporating the stress
detection model based on the physiological signals, defining the high stress moments as opportune moments to
adapt the lecture delivery, creating user profiles based on high stress and low stress moments). In summary, by
adapting to the specific context, the proposed framework can be used in different situations.

9.2 Future Works

In this section, we discuss the future works and the limitations of the current framework. First, we aim to
investigate the relationship between probing rate and opportune moment detection performance so that depending
on the priority (e.g., to have minimum user interruption measured by least probing rate, to accurately detect all
the annotation points measured by highest TPR) we can select the best model for a user. Second, in this work,
we did not consider other physiological signals (e.g., respiration or skin temperature) for opportune moment
detection. Considering those signals may improve the opportune moment detection performance as these signals
also correlate with human emotion [56]. Third, as users are spending more time on mobile devices for consuming
the videos, we aim to find the applicability of PResUP on a mobile platform. We also aim to reduce the interruption
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level of the current framework (by reducing the FPR) so that the users’ viewing experience is further improved.
Finally, automatic identification of sufficient physiological data for profile creation also remains to be in the scope
of future work.

10 Conclusion

This paper proposes PResUP, a framework for opportunistic emotion self-report collection to reduce the continu-
ous emotion annotation effort during video consumption. The key idea is that physiological signal variations can
be leveraged for opportunistic emotion self-report collection to alleviate the need for continuous annotation. To
implement this, first, the framework constructs the physiological response profile of the users and clusters the
users based on the profile similarity. Later, combining physiological response data among the users in a cluster,
a parameterized LSTM (p-LSTM) model is constructed to detect the opportune probing moments for emotion
self-report collection. The profile creation and data sharing among similar users allow to train the p-LSTM
model with a larger dataset, thereby improving the opportune moment detection performance. We validated
the proposed approach conducting a real-world user study (N=36). The major findings from the evaluation are
that PResUP reduces the probing rate by 34.80% (on average), detects the opportune probing rate with a TPR
of 80.07% (on average), and yet maintains similar emotion scores as present in the continuous annotations. We
also deployed the proposed framework by running a follow-up user study (N=18). The findings from this study
also align with the earlier findings (average probing rate reduction: 38.05%, average TPR: 82.26%). In summary,
PResUP allows to reduce the continuous emotion annotation effort during video consumption leveraging the
physiological response variation.
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A Appendix
A.1  Sensor Signal Quality Analysis

In this section, we investigate the sensor (HR, and GSR) signal quality. To perform this, we compared the GSR
V1.2 sensor (Seeed Studio Grove) and the pulse rate sensor (HW-827, World Famous Electronics LLC) with the
Empatica Embrace Plus. EDA and pulse rate data were collected from the Empatica Embrace Plus while GSR and
HR values were recorded from our setup as participants watched stimuli videos. The cosine similarity between
the pulse rate from the Empatica Embrace Plus and the HR sensor was 0.99, and between the EDA from the
Empatica Embrace Plus and the GSR sensor was also 0.99. These high similarity values indicate that the data
from these sensors are comparable to the accurate readings of the Empatica wristband, and we preferred using
these sensors due to challenges with the real-time processing of Empatica data.

A.2  Algorithm for Labelling Opportune Moments

We outline the steps of labeling the opportune moments in Algorithm 1. At first, we pass the segmented
physiological signals as input to the algorithm and compute the change point score (1ine 1-5). Next, we calculate
the mean and SD (line 6-8) of the change point score. Then we find the outliers at the higher end, which
are considered as opportune moments from the calculated change point score (1ine 9-14). Later, we identify
non-outliers and perform k-means clustering (k=2)(1ine 17-22) on it. Next, pick the cluster with a higher
centroid value, and identify only those points within the cluster having a value higher than the centroid (1ine
23-33). These identified points are also marked as opportune moments (as they indicate a significant change in
the physiological responses).

A.3  Video-wise Emotion Annotation Quality Comparison

In this section, we show that there is no significant difference in the video-wise valence (and arousal) scores
between ground truth continuous data and the probed values sampled using the PResUP framework. In this case
also, we repeat the experiments twice (once for valence, once for arousal).

In specific, we performed the following steps for every video. First, we computed the average valence value
from the continuous annotations for every video. Then, we found the average value of valence from only the
probed segments of the corresponding video. We checked the distribution of these values to verify if they follow
normal distribution. We performed the Shapiro-Wilk test [54], which revealed that the distribution is not normal.
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Algorithm 1: Algorithm for labeling opportune moment in the dataset

Input: PS = {[PS];,.. [PS]n-1}, segmented physiological signals.
Output: P: Opportune moments
/* Calculate change point scores */
fori— 1to(n—1)do
[S]? « RuLSIF(PS[i-1], PS[i])

L [S] < [STU[S)
/* Calculate the mean, SD of change point scores */
fis < mean(S)
o5 < standard_deviation(S)
/* Calculate Outliers at higher end %/

w N o=

EIS

6 fori« 1to(n—-1)do
7 if [S]? > ps + (3 % 05) then
8 L L Os « [S]¢

/* outliers are considered as opportune moment */
9 P« O

/* Identifying Non-Outliers */
10 NOs « [S] - Os

/* Set the value of k for k-means clustering */
1n ke2

/* Perform k-means clustering */
12 [cluster, c_ids] < k_means_clustering(NOs, k)

/* Finding the cluster with the higher centroid */

13 [cd1, cd2] « Compute_centroid(cluster, c_ids)
14 [cluster_of _interest, cd] < Max(cd1, cd2)
/* Identifying opportune moment from Non-Outliers */
15 fori < 1to(n—1) do
if [C_ids]|® = cluster_of_interest then
L if [NOs]’ > cd then

R
& 9 o

| P« [NO

19 return P

As a result, we performed the Mann-Whitney U test [41] to compare if there is a significant difference in the
valence scores between ground truth annotations and sampled annotations. We did not observe a significant
difference for each of the videos in the valence scores present in continuous annotations and collected using the
PResUP framework (see Fig. 14). The same steps were performed for video-wise arousal score comparison and in
this case also, we did not observe a significant difference for any video (see Fig. 15). These results demonstrate
that there is no significant difference in video-wise valence (and arousal) scores of continuous annotation data
and probed annotations.

A.4  Generalization of PResUP: CASE Dataset

We evaluated the generalizability of PResUP on the publicly available CASE [56] dataset. The dataset captures
the physiological responses from six sensor streams from 30 participants as they watch eight different videos and
perform the continuous annotation using a joystick. The continuous annotations were collected on a 5-point
valence-arousal scale based on the Circumplex model [50] of the emotion. We implemented the pre-processing
steps outlined in Section 3.3, which yielded a total of 7290 segments (11.6% opportune, 88.4% inopportune),
thus, on average, 243 segments per user. We applied PResUP on this processed dataset to detect the opportune
moments.

The performance comparison of PResUP and the baselines on the CASE dataset is presented in Table 7. We
note that PResUP outperforms all the baselines in terms of probing rate (5.80 (per user per video)), therefore
offers an average reduction of 26.19% in probing rate compared to the baselines. It also has the highest LR+ (7.01),
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the highest mean TPR (86.07%), and the least mean FPR (12.27%). All these findings highlight the utility of PResUP
in reducing the continuous emotion annotation effort without compromising the annotation quality.

[ [ Probingrate] [ TPR(%) 1 [ FPR(%)| [ LR+7 |

TBS 30.38 (0.00) 100.00 (0.00) | 100.00 (0.00) | 1.00
RPS 15.27 (0.01) 5235 (0.01) | 49.98(0.01) 1.05
PPS 20.38 (1.33) 69.21 (32.34) | 16.16 (18.72) | 4.28
FBS 6.50 (3.02) 70.49 (22.49) | 15.02 (8.31) 4.69
APS 6.10 (4.04) 71.18 (20.86) | 14.35(15.98) | 4.96
GBPS 6.07 (4.07) 82.12 (16.18) | 13.68 (13.19) | 6.00
GPS 6.37 (4.10) 81.30 (21.24) | 14.93(14.15) | 545
RNNPS 6.01 (8.72) 82.66 (11.52) | 12.88(5.24) 6.41
GRUPS 6.03 (8.98) 76.14 (10.75) | 13.68 (5.37) 556
CNNPS 6.52 (6.76) 82.55(10.39) 15.47(6.96) 533
PResUP 5.80 (2.89) 86.07 (11.64) | 12.27 (9.67) | 7.01

Table 6. Performance comparison of PResUP and baselines on the CASE [56] dataset. The values indicate the user-wise
average and std.dev (inside parenthesis) for a metric. PResUP outperforms all baselines in terms of probing rate (least probing
rate), LR+ (highest LR+), TPR, and FPR. Although TBS has the highest TPR, it also has the worst FPR (100%). T, | indicate
higher and lower value preferred respectively.

A.5 Generalization of PResUP: K-Emocon Dataset

[ [ Probingrate] [ TPR(%)T [ FPR(%)| [ LR+ 1 |

TBS 237.28 (0.00) 100 (0.00) 100 (0.00) 1.00
RPS 118.48 (0.01) 50.88 (0.01) | 49.76 (0.01) | 1.02
PPS 74.46 (14.87) 81.26 (15.41) | 13.01(1.02) | 6.25
FBS 32.32 (16.61) 80.22 (16.19) | 4.04(5.86) | 19.86
APS 33.82 (16.41) 78.28 (17.51) | 3.72 (5.74) | 21.04
GBPS 33.78 (17.22) 80.01 (17.16) | 3.74 (5.98) | 21.39
GPS 33.89 (21.96) 75.65 (36.17) | 5.16 (6.58) | 14.66
RNNPS 34.35 (23.93) 6839 (44.94) | 656 (6.92) | 10.42
GRUPS 40.96 (18.35) 5051 (43.57) | 11.60 (2.94) | 435
CNNPS 445 (16.38) 7353 (27.01) | 11.41(5.95) | 6.44
PResUP | 31.36 (11.23) | 82.26(13.38) | 3.41(4.41) | 24.12

Table 7. Performance comparison of PResUP and baselines on K-emocon [47] dataset. The values indicate the user-wise
average and std.dev (inside parenthesis) for a metric. PResUP outperforms all baselines in terms of probing rate (least probing
rate), LR+ (highest LR+), TPR, and FPR. Although TBS has the highest TPR, it also has the worst FPR (100%). T, | indicate
higher and lower value preferred respectively.

We evaluated the generalizability of PResUP on the publicly available K-emocon [47] dataset. This is an
audio-visual dataset that records physiological responses from three wearable devices during 16 paired debates (a
total of 32 participants) on a social issue. The continuous annotations were collected on a 5-point valence-arousal
scale as per the Circumplex model [50] of the emotion. We implemented the pre-processing steps outlined in
Section 3.3, which yielded a total of 6644 segments (13.6% opportune, 86.3% inopportune), thus on average 238
segments per user. We applied PResUP on this processed dataset to detect the opportune moments.

The performance comparison of PResUP and the baselines on the K-emocon dataset is presented in Table 7.
We note that PResUP outperforms all the baselines in terms of probing rate (31.36 (per user)), therefore offers an
average reduction of 30.47% in probing rate compared to the baselines. It also has the highest LR+ (24.12), the
highest mean TPR (82.26%), and the least mean FPR (3.41%). All these findings highlight the utility of PResUP in
reducing the continuous emotion annotation effort without compromising the annotation quality.
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