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(a) Saccade landing on subtitle box.

(b) Fixation detected on word within subtitle box.

Figure 1: Gaze behavior in relation to subtitles: (c) saccade to subtitle, (d) fixation on specific word within a subtitle.

Abstract

The paper describes an eye-tracking framework for offline analysis
of and real-time interaction with gaze-responsive subtitled media.
The eventual goal is to introduce and to evaluate gaze-responsive
subtitles, which afford pausing of video when reading subtitles.
Initial modes of interaction include: look-to-read and look-to-release.
The former pauses video as long as gaze is detected over subti-
tles, the latter pauses video until gaze falls on subtitles. To avoid
disrupted perception of media content, an additional ambient sound-
track matched to the general content of video is proposed. Note
that this is potentially revolutionary as it would require an en-
tirely novel approach to film direction. Just as Audio Description is
now included in most modern films, ambient sound would also be
needed to fill in brief temporal gaps when the user’s visual atten-
tion is directed toward subtitles. Concomitantly, the eye-tracking
framework fosters quantitative analysis of attention to audiovi-
sual content apart from qualitative evaluation on which most of
subtitling standardization is based.
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1 Introduction

The objective of this paper is to introduce and propose evaluation
of real-time gaze-responsive subtitles, which afford pausing of video
when reading subtitles. Making use of eye-tracking methodology,
in turn, allows off-line quantitative analysis of captured gaze over
subtitled media. Such quantitative analysis of gaze and perception
of audiovisual content can yield more meaningful insight into sub-
title consumption than traditional qualitative evaluation on which
most of subtitling standardization is based. Recording and playback
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(a) I°* ranked: sans-serif font, 80% transparency.
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(b) 2™ ranked: sans-serif font in outline.

Figure 2: Top two qualitatively ranked subtitle styles [University Autonoma de Barcelona 2010].

of gaze captured during video presentation allows word-level anal-
ysis of visual behavior over scene and subtitles. This allows the
possibility of controlled user studies of novel interactive means of
subtitle rendering.

Extending traditional 2D cinematic subtitles to interaction re-
quires consideration beyond typical attributes such as their position,
color, font, background box, etc. Instead, a framework is proposed
that not only embodies such traditional attributes, but also affords
dynamic subtitle effects in response to the user’s gaze.

1.1 Contributions and Overview

This paper’s contribution is a description of the eye-tracking frame-
work that can be used for recording, playback, and interaction of
gaze over subtitled media, e.g., in Virtual Reality (VR).

The paper starts with an overview of prior work pertaining
to subtitling standards and, in particular, how eye tracking has
featured in this context. Next, prior technical developments made in
VR are reviewed, providing details of gaze recording and playback.
Finally, the novel concept of gaze-responsive subtitles is introduced,
highlighting the need for future user-centered evaluation.

2 PRIOR ART CONCERNING CAPTIONS

Prior evaluation of subtitles including style, speed of display, and
position, has largely been qualitative. In Europe, progress has been
made testing the quality of audiovisual accessible material, part
of the Digital Television for All (DTV4All) project [Matamala and
Orero 2010]. Primary findings relate to: subtitle dimensions, e.g.,
limited to 32-37 characters per each of two lines of text [Utray
et al. 2010]; font and size, with sans serif fonts displayed in an
80% transparent box (see Fig. 2); synchronization and timing, with
subtitles synchronized to appear when related characters begin to
speak or when sound information is provided, usually lingering on
the screen following the six-second rule [Pereira 2010]; and position,
with preference favoring appearance at bottom.

These recommendations are based on subjective preference, even
though such ratings are known to be influenced by habit or conven-
tion [Bartoll and Tejerina 2010]. How subtitles are read is largely
uncharted, although it is known that, unlike reading static text,
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the pace of subtitle reading is in part dictated by the media rather
than the reader: there is little time for the reader to regress to an
earlier part of a sentence or phrase, and no opportunity to return
to previous sentences [Kruger et al. 2015]. An eye tracker allows
measurement of when subtitles are read (not just looked at), and
also allow pacing of the media content accordingly.

2.1 Tracking Gaze: Current Limitations

Compared to the qualitative research conducted thus far, few in-
roads have been made into analysis of process measures, i.e., eye
movements, to corroborate survey responses on which traditional
recommendations are based [Uzquiza 2010]. Early eye-tracking stud-
ies indicated that the reading of subtitles is an automatic process
that is independent of one’s familiarity with subtitling, knowledge
of the foreign language in the soundtrack, and the availability of
the sound track [d’Ydewalle and Van de Poel 1999]. That is, subtitles
are read mandatorily, and processed in detail and remembered. The
addition of subtitles were shown to alter eye movement patterns
with the viewing process becoming primarily a reading process
with the amount of time spent on subtitles varying among indi-
viduals [Jensema et al. 2000]. As basic reading skills are learned,
more attention shifts to captions since more and more information
is obtained from this source [Jensema 2003].

Eye movements during reading have been studied extensively
[Rayner 1998], but they have mainly been evaluated only qualita-
tively over video, with results limited to visualization of scanpaths,
reminiscent of early work, e.g., that of Yarbus [1967]. Visualiza-
tions alone do not offer quantitative comparisons of eye movement
elements such as fixations, fixation durations, etc., that are com-
monplace today [Jacob and Karn 2003; Webb and Renshaw 2008].
Uzquiza [2010] states this is precisely what is called for to better
improve subtitles” processing and reception.

However, there is a paucity of gaze analysis over film beyond a
handful of notable examples (e.g., Josephson and Holmes [2006]).
The reason is likely due to the dynamic nature of video: synchro-
nization of video with eye movement data is problematic (e.g.,
specification of dynamic Areas Of Interest (AOIs) is for the most
part absent in commercial software [Papenmeier and Huff 2010;
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Ryan et al. 2010]) and the proliferation of digital video formats
complicates playback (e.g., commercial systems are often locked in
to use specific codecs, and transcoding of video can be challenging).

Caffrey’s [2009] study of gaze over Japanese anime exempli-
fies the methodological problems of commercially-supported eye-
tracking analysis over video, highlighting the lack of software avail-
able to deal with voluminous data collected.

Martinez and Linder [2010] tested subtitles displayed either in
scrolling mode (word-for-word), or in blocks. Quantitative analysis
was performed on the number of fixations made per subtitle line
and on the ratio of time spent on subtitles versus the remainder of
the scene. The general finding was that viewers devoted about twice
as many fixations to scrolling (word-for-word) subtitles as they did
to block subtitles. Similarly, Perego et al. [2010] evaluated well-
vs. ill-segmented two-line subtitles and also found a significantly
greater proportion of fixations devoted to text than to the visual
scene, regardless of the segmentation quality. A larger number of
shorter fixations were issued to the subtitle region while fewer
longer fixations were devoted to the visual elements. However, no
significant differences were observed in terms of eye movements
(numbers of fixations, mean fixation duration, or number of visual
transitions between scene/subtitle regions) across conditions of
differing subtitle segmentation quality. Lang et al. [2013] used an
eye tracker to test properly or poorly synchronized subtitles but
failed to show significant differences in number of fixations.

Significant aspects that are missing from prior evaluation of eye
movements over video are quantitative analysis as well as the possi-
bility of interaction. Prior work has either focused on a proportion
of fixations or failed to produce statistically significant results. Gen-
erally, commercial software is ill suited for statistical analysis since
this is not the software’s primary function. This is not surprising
since eye-tracking vendors can hardly be expected to anticipate all
possible experimental designs for which their equipment is used.

An analytical approach is needed to quantitatively evaluate gaze
distribution, i.e., a framework that will yield quantitative compar-
ison of how viewers distribute their gaze on differing forms of
subtitles. Since eye tracking hardware is becoming commonplace
(e.g., in Virtual or Augmented Reality (VR/AR) headsets or on the
desktop), there is potential for exploiting real-time gaze-based inter-
action with subtitles, e.g., pausing the audiovisual stream when gaze
on subtitles is detected. Since commercial software is not suitable
for this task, custom-developed software is required.

3 EYE-TRACKING FRAMEWORK

One objective of the proposed framework is to record and analyze
gaze captured over subtitled video. To do so, control must be ex-
ercised over the style of presented subtitles, which means control
over the video rendering, e.g., using OpenGL with proper synchro-
nization established between eye movements usually expressed as
time-stamped 2D coordinates (x;, y;, t;) synchronized to the multi-
media streams (video, audio, and subtitles). In short, the first step
of the project is to develop a custom video player program able to
parse . srt SubRip subtitles and communicate (e.g., via the network)
with an eye tracker. Software to analyze the eye movement streams
must be provided along with routines for statistical analysis. The
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development effort draws on recent work conducted in VR 360°,
reviewed below for context.

3.1 360° Video Subtitle Format Parameters

Most recent work on subtitles in VR 360° relied to some extent on
prior art featuring creative subtitles [McClarty 2012, 2014], which
leads to a more adventurous proposition for immersive subtitles to
heighten engagement and immersion, which are at the heart of the
new immersive media formats. Though not tested in 360°, creative
2D subtitles have been tested and improve the viewing experience
[Fox 2018]. This allows for the subtitles to be rendered relative to
either the scene (fixed captions) or relative to the users viewpoint
(head-locked). In addition, a number of parameters can be specified
either per subtitle or speaker, defaulting to global settings where
no parameters are supplied [Hughes et al. 2015].

3.2 The ImAc Testing Framework

As in traditional 2D media, to create subtitles in XR, a subtitle
editor and a subtitle player are needed. Although there are com-
mercially available immersive video players offering the ability to
play VR 360° video, not many of them support accessible services
[Brescia-Zapata 2022; Hughes and Montagud Climent 2020]. The
majority of players seem to have inherited from the traditional 2D
world, instead of addressing specific features of 360° environments.
This scenario served as an inspiration for initiatives such as the
European H2020 funded Immersive Accessibility (ImAc) project !
that explored how accessibility services and assistive technologies
can be efficiently integrated into immersive media, focusing on VR
360° video and spatial audio. Under the auspices of this project, an
accessible player and subtitle editor were developed.

The accessibility-enabled 360° ImAc player supports audio de-
scription, audio subtitles, and sign language, among other features
[Montagud Climent et al. 2019]. However, the ImAc subtitle editor
is a commercial web-based editor, and its interface is similar to any
traditional subtitle editor. The main innovations are related to the
Field of View (FoV) in VR 360° video i.e., the extent of observable
environment the user is able to see at any given moment.

3.3 The Live Web Testing Framework

One of the challenges of testing immersive subtitles is the difficulty
for users to properly evaluate new modalities. This has been ad-
dressed by the design and development of a web-based prototyping
framework [Hughes et al. 2020b,a].

Fundamentally, there are two primary mechanisms for subtitle
rendering: (1) head-locked where the subtitle is rendered relative to
the user’s viewpoint, and (2) fixed, where the subtitle is rendered
relative to a fixed location in the world, usually close to the character
speaking. To allow for producing creative subtitles a framework was
designed [Hughes et al. 2020b,a]. where subtitle manipulation and
evaluation depend on three components of the 360° video display
system architecture: a video container, a fake camera container, and
a fixed subtitle container.

Along with this XR subtitle simulator, a web-based editor was
also developed. This editor allows importing subtitles previously
created in .srt format or to create subtitles from scratch. Each

Thttp://www.imac-project.eu
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Figure 3: Eye-tracking VR system architecture (from Brescia-Zapata et al. [2022]).

subtitle can be associated with a character, or each subtitle is as-
sociated with a position (FoV), that is, the place in the 360° scene
where it should appear.

Both the demo player and the editor are open source and can
be accessed from a main project area, including a few 360° videos.
These tools take inspiration from the player and the editor devel-
oped by the ImAc project. The main difference is that ImAc tools
are intended to be used by generic audiences (final users), while
the demo tools are more focused on research and testing.

3.4 System Architecture

To enable recording of gaze within 360° video, the live web testing
framework developed by Hughes et al. [2020b,a] was ported to Unity
3D to display 360° video and to capture data from the eye tracker
built in to the VR device. A new system architecture emerged, as
depicted by the schematic in Figure 3.

The system architecture was developed to utilize the HTC Vive
Pro Eye, which contains a Tobii eye tracker built in to the display.
The application uses two Unity assets: one optimized for recording
and the other for playback. The linchpin of the architecture is a Data
Manager, which stores all test data. It also handles file management
and generates output data in a variety of formats as required.

Recording allows for a specified 360° video to be played with
the captions fixed in the scene. During the test, each event and
data is logged into the data manager as it becomes available and
timestamped. To replay a user viewing session, the system records
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head orientation, video (frame) position, gaze data (raw and ana-
lyzed), and the subtitle caption state, i.e., which caption from the
accompanying SubRip (. srt) file was being displayed and where.

Playback retrieves data from the Data Manager which allows the
entire test to be replayed. This affords the opportunity to change the
analysis process or include additional Areas Of Interest (AOIs) and
the analysis repeated. It also allows for visual analysis by overlaying
gaze data onto the video after capture.

3.5 Apparatus

Gaze data is recorded with an HTC Vive Pro Eye VR headset (see
Figure 3) driven by Unity 3D. The Vive’s eye-tracking accuracy
estimation is 0.5°-1.1° [Sipatchin et al. 2020]. The HMD has two
AMOLED screens, with a resolution of 2,880 X 1, 600 pixels in total
(1,440 x 1,600 pixels to each eye resulting in a pixel density of 615
pixels per inch, or PPI), with a display refresh rate of 90 Hz and a
field of view of 110°.

If data from the eye tracker is collected in lockstep with the
display, it will be recorded at 90 Hz. This is the most straightforward
approach. However, the eye tracker samples at 120 Hz, and it is
possible to record data from it at its 120 Hz sampling rate (how it
is done in our current implementation). To do so, a separate thread
is used to capture eye movement data that runs concurrently with

the display thread.

3.6 Eye Movement Signal Processing

We are particularly interested in how well participants read subtitles
Eye movement data shows quantitatively when and where each



Interactive Storytelling with Gaze-Responsive Subtitles

¢Si? Hola.

ACM IMX Workshops, June 3 - 6, 2025

(a) saccade flight (b) saccade below text

(c) saccade landing on text (d) fixation on word

Figure 4: Recording in VR showing gaze behavior in relation to subtitle: (a) saccade mid-flight, (b) saccade landing below subtitle,
(c) saccade to midpoint of subtitle, (d) fixation within a subtitle.

subtitle was processed, e.g., see Figure 1. Our system captures gaze
as it traverses subtitles when reading the text displayed within the
quadrilaterals that contained them. We are interested in counting
fixations as they fall within the subtitles.

Analysis of eye movements relies on fixation detection, which
in turn depends on saccade detection. We detect fixations from the
raw eye movement signal following Nystrom and Holmqvist [2010]
and by using the Savitzky and Golay [1964] filter for velocity-based
(I-VT [Salvucci and Goldberg 2000]) event detection. The Savitzky-
Golay filter fits a polynomial curve of order n via least squares
minimization prior to calculation of the curve’s st derivative (e.g.,
1% derivative (s=1) for velocity estimation) [Gorry 1990].

The current system architecture allows for detection of fixations
falling within arbitrarily defined Areas Of Interest (AOIs), including
polygons defined over actors and more importantly over quadrilat-
erals (quads) used to display subtitles and defined over individual
words, see Figure 4.

3.7 Empirical Evaluation

Two experiments were conducted, following a 2x2 mixed design
with between-subject subtitle position (fixed or head-locked) and
within-subjects subtitle color (monochrome or color) as indepen-
dent variables. Two videos were created and shown to mitigate
memory effects.

In the first study, Brescia-Zapata et al. [2022] found differences
in fixation duration on scenes vs. subtitles, as well as differences in
ambient/focal scanning of scenes vs. subtitles.

In the second study, Brescia-Zapata et al. [2023] recruited 73
participants from 3 different locations (Spain, Poland, and the UK),
split between hearing and Deaf groups. A significant effect of subti-
tle position was found for hearing viewers (a greater percentage of
subtitles was read when they were fixed) but not for Deaf viewers.
Effects of subtitle color were also noted (e.g., fewer fixations on
color subtitles).

3.8 Summary of Subtitle Testing in VR

The eye-tracking framework is an effective means of testing subtitle
usage in viewing VR 360° videos. Beyond examination of subtitle
position and color, what was perhaps more interesting was the
anecdotal observation of excessive head movement required to
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locate the subtitles that were relevant at particular points in time
of video viewing.

To exploit the 360° video surround, speaking characters were
often placed strategically to make use of the entire 360° immer-
sive space. However, this, in turn, necessitated that users make
quick head movements in an effort to (1) locate the subtitles of the
given speaker (e.g., in fixed subtitle mode), and to then (2) read
the subtitles before they disappeared. Consequently, it was discov-
ered that pausing video playback would give viewers sufficient
time to accomplish both. However, several design decisions pre-
sented themselves when pausing video, leading to two interaction
metaphors: look-to-release and look-to-read. Both of these modes
of interaction are described in greater detail below, in the larger
context of prior art concerning gaze-responsive subtitles.

4 Gaze-Responsive Subtitles

As with built-in eye trackers in VR as well as with affordable table-
mounted eye tracking (e.g., from Gazepoint), novel insights into
the subtitle reading process can be obtained and provision of novel
means of subtitle interaction can be explored. Kruger et al. [2015]
review past eye-tracking research on subtitles in traditional 2D
media, e.g., film shown on typical television or monitor screens
(see also Bisson et al. [2012] for a review and an example of an
eye-tracking study of subtitles). The proposed framework is the
first to use eye tracking to actively use subtitles interactively. While
a few approaches have appeared concerning gaze-adaptive or other
forms of dynamic subtitles [Brown et al. 2015; Kurzhals et al. 2020],
no one has yet proposed the use of an eye tracker to detect reading
of subtitles as a means of media control.

During our prior work on evaluation of subtitles in VR [Brescia-
Zapata et al. 2022, 2023] (see Fig. 4), we noticed that pausing video
automatically when gaze was detected over subtitles led to their less
hurried reading. Anecdotally, this discovery showed that adapting
video pacing to subtitle reading could improve comprehension
of information contained within the subtitles so long as viewers
had time to process the information. This form of self-pacing was
hinted at by Kruger et al. [2015] but it appears that it has never
been attempted where gaze acts as the trigger.

The proposed framework is not unlike Vertegaal’s [2003] Atten-
tive User Interface, or AUI, but in reverse. An attentive television
would, for example, play video when looked at, but would pause
when gaze turned away. For gaze-responsive subtitles, at least three
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technical challenges present themselves: (1) when to pause video,
(2) what to do when the video (and audio) are paused (and when to
resume playback), and (3) how to detect reading in the first place.

The latter problem is perhaps easier to tackle as it relies on
classification of eye movements when reading. One could employ
a reading model of eye movement, similar to that of Campbell and
Maglio [2001] or based on a transition matrix model as was used
to develop models of eye movement synthesis [Duchowski et al.
2019]. The former two problems are address to a certain extent by
two proposed interaction metaphors.

First, the look-to-release metaphor pauses the video when a new
subtitle appears. Video is resumed as soon as gaze lands on the
subtitle, i.e., media stops before the newly appearing subtitle is
fixated. However, this causes slight disorientation in the sense that
the viewer might not initially realize why the video has paused.

Second, video is paused when gaze lands on a subtitle and re-
sumes once gaze exits the subtitle box. This is the look-to-read
metaphor, which seems more intuitive i.e., media stops when a sub-
title is fixated. Note that look-to-read mode of video interruption
can be implemented so that media is paused only when a subtitle
newly appears and is located by the viewer. This allows the possibil-
ity of the user missing the subtitle, e.g., when preferring to attend
to the visual content instead. However, this form of interaction is
potentially disruptive of the spoken audio track.

Relying on video and audio cessation, both approaches beg the
question of how noticeable such an interruption might be. When
engaged in reading subtitles, with gaze concentrated on the small
portion of the display, pausing video might not be too noticeable,
but pausing audio is likely to disrupt aural perception. The pro-
posed solution is to endow videos with an additional soundtrack
matched to the general content of video. Note that this notion
is potentially revolutionary as it would require an entirely
novel approach to film direction. Just as Audio Description is
now included in modern films, ambient sound would also need to
be provided to fill in brief temporal gaps when the user’s attention
is devoted to reading subtitles. Because the sound score is a key
component of the narrative, ambient audio will need to be carefully
crafted so as not to distract from the present point in the score.

Development of interactive subtitles stands to fundamentally
transform immersive media creation. This is because content cre-
ators will need to be mindful of accessibility and inclusion criteria
in directing film or developing games. Beyond subtitle standards
which the proposed work will help define, creators will need to tai-
lor content to instances when users are reading subtitles, ushering
in a novel form of media, i.e., media that is made aware of the user’s
attention, be it on subtitles or scene. As an example of its potential
significant cultural impact, consider the Grammy award category
newly created in 2023: Best Score Soundtrack for Video Games and
Other Interactive Media, awarded to composer Economou [2023]
The key technical achievement centered on creation of composi-
tion of ambient sounds (including music) that can loop indefinitely
without spoiling gameplay, thus adapting to the player’s skill level
(an expert only needs to hear the soundtrack for a short period
of time compared to that of the novice). This is precisely what is
needed for interactive processing of subtitles.
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4.1 Empirical Evaluation

Gaze-based quantitative analysis will allow design of preliminary
experiments, which can be used to evaluate the following aspects
such as effects of (1) shot changes on subtitle perception; (2) var-
ious attributes of foreign subtitles, e.g., font, characters per line,
6-second rule, etc.; (3) subtitling color, lines, position. Excluding
preference, gaze analytics are applicable to the above tests, pro-
vided experimental parameters are recorded, e.g., distance to screen,
screen size and resolution, and sampling rate of the eye tracker.
These are normally operationalized parameters which are recorded
as a matter of course in eye-tracking experiments. As such, the
anticipated importance and potential of success of the eye-tracking
framework are both high.

In prior work we were able to replicate Yarbus’s [1967] classic
result showing that the task given to viewers changes their gaze
behavior. The novelty of our contribution was our ability to quantify
this effect over video [Grindinger et al. 2011, 2010; Vilar¢ et al.
2011]. Success was limited, however, suffering from two critical
deficiencies. First, the machine-learning approach used was too
computationally expensive to be practical. Second, the Gaussian-
based similarity metric is unconventional and unwieldy.

The Gaussian similarity measure can be replaced by one based
on entropy. Computation of entropy is straightforward, yielding
a single, normalized value associated with a heatmap, indicating
in essence the probability of dispersion (density) of an individual’s
or a group’s distribution of visual attention. Entropy can readily
be compared statistically to indicate whether one sequence of en-
tropies (e.g., per video frame per individual or group) differs from
another (via traditional analysis of variance, or ANOVA). This type
of approach is needed for quantitative analysis of gaze when video
is viewed with subtitles present or absent.

Future efforts need to compare and contrast both look-to-release
and look-to-read mechanisms in connection with the ambient sound-
track matched to the general content of the video. Experimental
design will need to consider user demographics (e.g., not-impaired
users) and alternative methods such as looping a set of frames when
paused. Individual user modeling could also be examined.

5 Conclusion

The paper reviewed a first-of-its-kind analysis of eye-tracked gaze
on subtitles by individuals immersed in viewing subtitled VR 360°
videos. Results were intriguing showing that head-locked subtitles
are fixated more than when shown in fixed position. Deaf viewers
showed preference for colored subtitles, viewing them with greater
frequency than their monochrome version. Moreover, objective
gaze data showed a stark contrast between how viewers thought
they perceived subtitles and how they actually viewed them. This
type of in-depth analysis of subtitle reading would not be possible
without detailed examination of gaze. More importantly, perhaps,
this work led to anecdotal observations of the benefits of two novel
interaction metaphors: look-to-release and look-to-read. Both modes
of interaction rely on temporary stoppage of video and audio. Con-
sequently, new methods of ambient audio (and video) are required.
Provision of these carefully crafted additional video tracks in the
context of gaze-responsive subtitles is likely to usher in a fresh
approach to interactive film direction and immersive storytelling.
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