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Abstract

Background. Eye-controlled interfaces can support communication and selection tasks
when physical interaction is difficult, but conventional multi-point calibration may be
burdensome for users who fatigue quickly or have severe motor limitations. This study op-
erationally evaluates a low-burden single-point adaptive gaze-to-cursor correction pipeline
for a dwell-based selection interface. Methods. The pipeline combines central single-point
offset estimation, robust median/median absolute deviation (MAD) sample handling,
recorded-stream jump rejection, exponential moving average filtering, dwell-based se-
lection, and post-selection offset adaptation. It was evaluated using application-level
gaze-to-cursor coordinates from 43 participants across 129 sessions. The primary endpoint
was target-proximity Root Mean Square (RMS) during automatically logged dwell-active
selection periods. Because these periods were defined by the pipeline’s online state, the
endpoint was algorithm-conditioned. Whole-quiz RMS was analyzed as a secondary full-
trajectory descriptor rather than as independent validation. Results. Averaged across three
repeated measurements, target-proximity RMS during dwell-active periods decreased
from 193.40 pixels (px) (approximately 3.15°) for the recorded uncorrected coordinates to
56.02 px (0.91°) for the complete pipeline output. The mean reduction was 137.38 px
(95% confidence interval (CI), 116.59-158.17 px; Cohen’s d; = 2.03), and all 43 participants
showed a reduction. Conclusions. The results support the practical feasibility of the com-
plete correction pipeline for target localization in the evaluated dwell-based interface. They
do not independently validate native eye-tracker accuracy or establish superiority over
conventional multi-point calibration.

Keywords: eye tracking; single-point calibration; gaze correction; robust calibration;
exponential moving average; target-proximity RMS; dwell selection

1. Introduction

Gaze-based interaction systems require calibration to map measured gaze-related
observations to locations on a display. Conventional procedures commonly use several
spatially distributed fixation targets to estimate this mapping before gaze estimates are
used for interaction. Although such procedures can improve spatial accuracy, they also
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require time and user cooperation, which may be limiting in practical human—computer
interaction settings and assistive interfaces [1-3].

In assistive communication contexts, including settings involving post-stroke or neu-
rologically impaired users with severe motor limitations, calibration burden is not only
a technical issue but also a usability constraint. A procedure that requires many fixation
points, long cooperation, or repeated physical adjustments may be impractical when the
user fatigues quickly, has limited attention, or cannot easily restart an interaction.

This motivation is supported by prior work showing that eye-tracking or eye-
controlled systems can be used to assess cognition, consciousness-related visual responses,
and language functions in non-verbal or severely impaired patients with disorders of
consciousness or brain injury [4-7]. In particular, Kujawa et al. reported language-function
tasks performed with an eye-controlled alternative communication tool in six patients diag-
nosed with disorders of consciousness, supporting the relevance of gaze-based interaction
as an assistive assessment and communication context [6]. These studies motivate low-
burden gaze-to-cursor correction procedures, but they do not constitute clinical validation
of the present experimental interface.

Reduced calibration procedures are therefore attractive when the interaction task,
display geometry, and expected error structure permit a simpler correction. A single central
point cannot estimate a full spatial transformation across the screen without additional
assumptions, but it can provide an offset estimate when a substantial part of the observed
error is translational. Such a calibration step can be combined with robust sample handling
and temporal filtering to reduce jitter, abrupt jumps, and transient instability in recorded
gaze-position coordinates [8-11].

The intended use of the present method is therefore narrower: an eye tracker
may already provide a basic gaze-to-cursor stream, and the application adds a fast
single-point correction immediately before a dwell-based task. This should be un-
derstood as task-specific recalibration or correction, not as a general replacement for
full multi-point calibration.

Target-proximity root mean square (RMS) was used as an application-level evaluation
metric rather than as a full validation of eye-tracker accuracy. The primary endpoint
described the RMS distance to the active target center during dwell-active stable segments.
These segments were defined automatically by the online algorithm when the filtered
gaze-to-cursor point was inside an active target and dwell accumulation for that target was
in progress. A secondary whole-quiz RMS endpoint evaluated the full recorded interaction,
including transitions, reading, visual search, and other task-related behavior. Three tracker
position configurations were tested to check whether the observed effect was consistent
across repeated measurements.

Robust calibration sample handling can reduce the influence of transient outliers dur-
ing calibration. Median-based estimation and median absolute deviation (MAD) rejection
are well suited to this purpose because they are less sensitive to extreme samples than
mean-based estimates [12,13].

Exponential moving average filtering provides a simple recursive smoothing mecha-
nism that can reduce frame-to-frame instability while retaining online operation [10,11].

Dwell-based target selection uses temporal stability as an interaction criterion: a target
is selected only after the estimated gaze remains within its region for a configured duration.
This can reduce accidental selections in gaze-controlled interfaces, although it introduces a
trade-off between responsiveness and selection stability [14].

Accordingly, this study aimed to develop and operationally evaluate a low-burden
single-point adaptive gaze-to-cursor correction pipeline for a specific dwell-based selection
interface. We assessed whether the complete pipeline reduced application-level target-
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proximity RMS during dwell-active selection periods and whether the direction of change
was consistent across three repeated acquisition configurations. The study was not designed
to validate native eye-tracker accuracy, isolate the effects of individual pipeline components,
or compare the method with conventional multi-point calibration.

2. Materials and Methods
2.1. Participants

A total of 129 sessions were analyzed, obtained from 43 participants who underwent
three repeated measurements. Each participant contributed one session to each of the
three controlled acquisition configurations (Configuration 1, 2, and 3), with every ses-
sion consisting of eight target selection tasks. This repeated-measures structure enabled
a robust participant-level evaluation of the target-proximity reduction achieved by the
proposed pipeline.

Data collection took place between December 2024 and March 2025 across two uni-
versity sites. Eligibility criteria were: (1) age of at least 18 years, (2) provision of informed
consent, (3) no severe visual impairment, and (4) at least one eye that could be successfully
tracked during calibration.

Candidates were excluded if they: (1) had a refractive error exceeding +3 D, or
(2) began pharmacological treatment during the observation period that could affect
visual function.

This research was conducted in accordance with the 1975 Declaration of Helsinki and
its later amendments, ensuring strict adherence to ethical standards for human participation.
The study protocol was formally reviewed and approved by the Senate Committee on
Research Ethics at the Wroctaw University of Health and Sport Sciences, Poland (approval
no. 5/2021).

2.2. Device Used in the Study

Measurements were performed on an HP OMEN 17-cb1004nw laptop (HP Inc., Palo
Alto, CA, USA) equipped with Tobii Eye Tracker 5 (Tobii AB, Stockholm, Sweden). The
laptop has a nominal 17.3-inch in-plane switching (IPS) display and a nominal resolution
of 1920 by 1080 pixels. Participants used the same chair and desk, and the setup was kept
consistent across sessions. The approximate face/eye distance from the screen was 70 cm.
The vertical distance from the seat surface to the laptop was 29.5 cm.

The recorded sample files show that the coordinate system used by the experimental
application was 1920 by 1061 pixels (px) in all 129 analyzed sessions. This matched the
recorded runtime application window size. It differs from the nominal 1920 by 1080 px
panel resolution and from 13 session metadata records that listed a 1080 px screen height.
Therefore, RMS calculations used the sample-level application coordinate system of 1920
by 1061 px. Approximate angular conversions used the physical pixel pitch derived from
the nominal 17.3-inch, 1920 by 1080 display geometry.

The three acquisition configurations were defined by controlled positioning of the
eye-tracker assembly relative to the participant’s face. A cross laser mounted on the eye-
tracker setup was used to reproduce the device position across participants and sessions.
In Configuration 1, the laser cross was aimed between the participant’s eyebrows along
the nose axis. In Configuration 2, the laser cross was aimed at the participant’s nose. In
Configuration 3, the laser cross was aimed at the participant’s chin. These configurations
provided repeated controlled measurements and a supporting consistency check; they were
not used as the primary experimental factor.
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2.3. Design Objective and System Assumptions

The proposed system was designed as a lightweight correction pipeline for dwell-
based gaze-to-cursor interaction. Its purpose was not to estimate a full spatial calibration
model for the display, but to provide a fast correction mechanism for a visual target
selection interface.

The central assumption was that a single central calibration point can compensate
primarily for a translational offset in the recorded gaze-to-cursor coordinates. The pipeline
therefore combines robust central-point offset estimation with online coordinate correc-
tion, jump rejection, temporal stabilization, dwell-based selection logic, and limited post-
selection adaptation. The human evaluation examined the complete implemented pipeline
during interaction with the dwell-based interface.

The translational model was used because the evaluated interface was not intended
to estimate a full screen-wide gaze mapping from one point. Instead, it addressed the
narrower situation in which the operating-system gaze-to-cursor stream is already available
and a substantial part of the residual error during a short interaction session can plausibly
arise from a global displacement caused by posture, tracker placement, or session-specific
gaze-to-cursor bias. Under this assumption, a central point can estimate only an offset,
not scale, rotation, or spatially varying distortion. The model is therefore justified as a
lightweight application-level correction for a dwell interface with large targets, and not as
a general substitute for multi-point spatial calibration.

Formally, if residual error contains scale, rotation, or spatially varying components,
a one-point estimate cannot identify them. The proposed pipeline can reduce only the
component expressible as an approximately constant displacement, together with temporal
instability handled by filtering and rejection.

2.4. Proposed Single-Point Adaptive Gaze-to-Cursor Correction Pipeline
2.4.1. Processing Pipeline

The pipeline receives normalized gaze-to-cursor coordinates and produces a final
filtered coordinate used for target selection. Its purpose is to compensate for a systematic
displacement estimated from one central calibration point, suppress transient jumps and
jitter, and emit a selection only after the estimated gaze-to-cursor point remains stable on a
target for the required dwell duration.

The evaluated pipeline comprises central-point calibration, robust median/MAD-
based outlier rejection, translational offset correction, jump rejection in the recorded cur-
sor stream, exponential moving average filtering, dwell-based target selection, and post-
selection offset adaptation. The evaluation compares recorded uncorrected gaze-to-cursor
coordinates with the final filtered output on the same time indices. The resulting estimates
describe the complete applied pipeline rather than the isolated effect of any single internal
operation. The overall processing flow is summarized in Figure 1.

The modules have distinct roles. Central calibration estimates translational bias, MAD
rejection reduces calibration outliers, jump rejection removes abrupt cursor-coordinate
discontinuities, Exponential Moving Average (EMA) filtering attenuates high-frequency
jitter at the cost of latency, dwell logic converts temporal stability into selection, and
post-selection adaptation uses successful selections as weak online supervision.

Normalized coordinates were constrained to the unit interval:

0, <0,
clampy, (v) =41, v>1,

v, otherwise
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Figure 1. Schematic of the single-point adaptive gaze-to-cursor correction pipeline. Panel (A) shows
the initial central-point calibration and offset estimation. Panel (B) shows the online correction,
dwell-state handling, and offset-adaptation loop used during interaction. Blue boxes denote input
or primary processing operations, yellow boxes denote decision points, the green box denotes the
dwell-active stable state, purple boxes denote offset estimation, storage, and adaptation, and gray
boxes denote sample rejection or dwell-state reset. Solid arrows indicate the main processing and
state flow, whereas purple dashed arrows indicate offset initialization, use, and feedback adaptation.

2.4.2. Robust Single-Point Calibration

During calibration, samples were collected while the user was instructed to keep gaze
on the central target. Let the calibration samples be

{(xi/yi)}f\il-
The initial robust center estimates were the coordinate-wise medians:
my o = median(x;), my,n = median(y;).
Coordinate-wise median absolute deviations were computed as

MAD, = median(|x; — n,9]), ~ MAD, = median(|y; — m,

The MAD values were rescaled by 1.4826:
ox = 1.4826 MADy, oy = 14826 MAD,,

with a small numerical lower bound if MAD was nearly zero.
A calibration sample was retained if

|xj —myo|< zox and |y, —myo|< zoy,

where z is the MAD rejection multiplier. The multiplier was set to z = 4.0. If enough
samples remained after rejection, the retained medians m, and m, were used; otherwise,
the initial medians were used.

2.4.3. Offset-Based Gaze Correction

The calibration target was the center of the screen:

co = (0.5,0.5).
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The translational offset was
0= (Ox, Oy) - (0.5 — My, 0.5 - my).

For each recorded uncorrected gaze-to-cursor sample r; = (xt,y¢), the corrected
coordinate was computed as

q; = (clampy, (x; + 0x), clampy, (y¢ +0y))

2.4.4. Jump Rejection in the Recorded Cursor Stream

Let the display width and height be W and H pixels. Consecutive recorded cursor-
coordinate samples were compared in pixel units:

Ay = (x¢ —x—1)W, Ay = (yr —yi—1)H.

A sample was accepted if
A%+ 45 < Jrax

where Jmax is the maximum allowed frame-to-frame jump in the recorded cursor stream.
The threshold was set to Jmax = 180 px. This value was used as a predefined engineering
threshold to reject abrupt cursor-coordinate displacements that were unlikely to represent
useful dwell evidence, while still allowing intentional movement between large screen
targets. It was retained as an implementation parameter rather than optimized post hoc
for the statistical endpoint. If a recorded cursor-coordinate sample failed this test, the
update returned without applying offset correction, EMA filtering, dwell-state updates, or
target selection.

Because [max is distance-based rather than velocity-normalized, its numeric value is
tied to the realized sampling and update characteristics of this system. A more general
implementation should express this criterion relative to elapsed time or report threshold
sensitivity and rejection rates across devices.

Across the 129 analyzed sessions, the jump rejection rule rejected 5555 recorded
cursor-coordinate samples, while 286,341 samples with evaluated validity were accepted.
Rejected samples therefore accounted for 1.90% of samples with evaluated validity; across
sessions, the rejection percentage had a mean of 1.94%, median of 1.89%, and range of 1.24%
to 3.03%.

2.4.5. Exponential Moving Average Filtering

The final filtered coordinate was updated using an exponential moving average:

fx,t = &fxt + (1 - ‘X)fx,t—lr
fyr = aqye+ (1 —a)fyi 1.

The smoothing factor was set to « = 0.18, as specified in the implementation configu-
ration and retained in the session metadata. This value was selected before the analysis as a
practical compromise between suppressing high-frequency cursor jitter and preserving suf-
ficient responsiveness for dwell-based interaction. Smaller values would increase temporal
lag, whereas larger values would pass more short-lived instability into the dwell logic.

The EMA introduces a first-order response lag; therefore, the chosen « affects target
acquisition time, false dwell risk, and the interaction between smoothing and the 1500 ms
dwell threshold. These temporal consequences were not isolated experimentally in the
present study.
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For a = 0.18, the approximate number of update steps required for a first-order EMA
step response to reach 90% of a new value is

In(0.1)

If the effective gaze-to-cursor update rate is 10 Hz, this corresponds to approximately
1.16 s. This should be interpreted as an approximate temporal characterization only, because
the application logger ran at a higher and variable rate and could store repeated cursor
coordinates between true gaze-to-cursor updates.

2.4.6. Dwell-Based Selection and Post-Selection Adaptation

Given active targets Tj = (cyj, ¢y j, R;), the nearest target was selected by minimizing
the distance from the filtered point to each target center.

d]Z = (fx,t - Cx,]‘)z + (fy,t — Cy,]')2.

The filtered point was inside target j when its pixel distance from the target center was
less than or equal to the target hit radius R;.

[(fr — Cx,j)W}z + [(fye = Cy/j)H]Z < RJZ'

If the filtered point was inside the nearest active target and no dwell target was
currently assigned, the algorithm entered a dwell-active stable segment for that target and
set the dwell timer to zero. If subsequent logged samples remained inside the same nearest
target, the dwell timer accumulated. If the point left the target region, no active target was
available, or another target became the dwell target, the segment was reset or restarted
for the new target. The same target had to remain active for the dwell interval before the
algorithm emitted a selection. When the dwell criterion was met, the algorithm emitted a
selection and adapted the offset according to

Ox <= 0x + k(cx,j — fut),
Oy < Oy + k(Cy,] - fy’t).

The post-selection adaptation rate was set to k = 0.05. After this adaptation, the dwell
state was reset and a post-selection cooldown was started.

With k = 0.05, each completed dwell selection updates the translational offset by
5% of the residual target center error. This limits abrupt changes but assumes that the
selection reflects the intended target; an incorrect selection may therefore reinforce an
erroneous offset. The present evaluation did not include a formal convergence analysis or
an adaptive-versus-non-adaptive ablation.

2.4.7. Implementation in the Dwell-Based Interface

The pipeline was implemented in a custom in-house gaze-based quiz and visual
selection application developed specifically for this study. Each session contained eight
tasks: four shape selection tasks, three digit selection tasks using a 3-by-3 grid, and one
sorting task involving red and blue shapes and two baskets. The application first presented
a central calibration phase and then started the quiz after calibration completion.

Screen targets were represented by an identifier, a normalized center (cx, cy), and a
hit radius in pixels. During the task, the pipeline estimated the filtered gaze-to-cursor
point and compared it with active targets. A dwell-active stable segment began when the
filtered gaze-to-cursor point entered the hit region of the nearest active target; while the
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same target remained active and the filtered point stayed inside its hit region, the dwell
timer accumulated. A target was selected only when this same-target dwell state persisted
for the configured dwell interval. The dwell interval was 1500 ms and the post-selection
cooldown was 300 ms.

The recorded input stream consisted of application-level gaze-to-cursor coordinates
obtained through Tobii Eye Tracker 5, Tobii Experience (version 1.69.32600.0) running
on Windows 11, version 25H2, and the operating-system cursor interface [15-17]. The
data path was Tobii Eye Tracker 5 — Tobii Experience — operating-system cursor
coordinates — application logger — offline analysis. The experimental application did not
read native Tobii Pro Software Development Kit (SDK) or Tobii Pro Lab data streams; it
logged the currently available cursor coordinates in its own processing loop, which ran
at a higher and variable realized rate than the 10 Hz gaze-to-cursor trigger. Across the
analyzed samples.csv files, consecutive stored records could therefore contain repeated cur-
sor coordinates between true gaze-to-cursor updates. The analyzed recorded uncorrected
baseline is an application-level cursor stream, not native timestamped research-grade Tobii
gaze samples.

Consequently, the baseline represents the recorded uncorrected cursor coordinates
available to the application after Tobii Experience and operating-system processing. Tobii
Eye Tracker 5 is a consumer eye-tracking device used with Tobii Experience software; Tobii
(version 1.69.32600.0) describes it as primarily intended for interactive use in games and not
compatible with Tobii Pro SDK or Tobii Pro Lab for collection of Eye-Tracking Data [15,16].
The recorded uncorrected baseline may therefore include vendor- or operating-system-level
processing such as smoothing, latency, throttling, coordinate quantization, and duplicated
cursor coordinates.

2.4.8. Task Phases and Rationale for the Dwell-Active Endpoint

Each task was interpreted as comprising three phases: visual search/exploration,
intentional dwell selection, and emitted selection with optional post-selection adaptation.
During visual search, reading, and comparison of possible answers, the participant’s
intended gaze target is not known with sufficient certainty; target center RMS to a particular
answer is therefore not a valid primary reference for that phase. During intentional dwell
selection, the interface requires the user to keep the gaze-to-cursor point on one selectable
target until the dwell criterion is met. Target proximity to that active target is therefore
operationally meaningful for the behavior the interface is designed to support.

At the same time, dwell-active samples are not independent fixation-validation win-
dows. They are entered when the online filtered coordinate satisfies the dwell-entry
condition, so the endpoint is algorithm-conditioned. For this reason, the stable segment
analysis is paired with whole-quiz RMS as a secondary descriptor of the full trajectory,
including visual search, transitions, reading, and non-dwell periods.

The practical test sequence was organized to mirror the intended use of the inter-
face. Each session began with a short central single-point correction phase in which the
participant was instructed to keep the gaze-to-cursor point on the central target until the
calibration progress bar was completed. The quiz then presented eight tasks: four shape
selection tasks with four choices each, three digit selection tasks using a 3-by-3 grid, and
one color-sorting task. In the shape and digit tasks, the participant selected an answer
by maintaining the gaze-to-cursor point inside one target region until the 1500 ms dwell
criterion was met. In the sorting task, items were first selected by dwell and then assigned
to the corresponding color basket. These representative task screens are shown in Figure 2
and illustrate why the task naturally separates into visual search/exploration, intentional
dwell selection, and emitted selection with optional post-selection adaptation.
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Question 1/8: select the circle

0
=

Question 8/8: sort red and blue shapes

Figure 2. Representative screens of the experimental quiz interface. (A) Central single-point correction;
(B) four-choice shape selection; (C) 3-by-3 digit selection; (D) color-sorting task. The panel is included
to clarify the test procedure and task phases; it is not an additional outcome analysis.

2.4.9. Application-Level Data Quality Summary

The analyzed dataset comprised 43 participants and 129 included sessions. The
application logs contained 1935 target selections during the dwell-based tasks. This number
exceeded the 1032 administered tasks (129 sessions x 8 tasks) because the sorting task
required multiple item and basket selections. For jump rejection in the recorded cursor-
coordinate stream, 5555 samples were rejected and 286,341 samples with evaluated validity
were accepted. Rejected samples therefore accounted for 1.90% of samples with evaluated
validity. Across sessions, the rejection percentage had a mean of 1.94%, median of 1.89%,
and range of 1.24% to 3.03%.

Because the application logged the cursor-based stream provided through Tobii Ex-
perience and the operating-system cursor interface rather than native Tobii Pro SDK or
Tobii Pro Lab data, the logs did not contain native binocular or monocular tracking status,
pupil validity, device confidence values, high-precision eye-tracker timestamps, or blink
and tracking-loss markers [18,19]. The logs also do not provide a separate native record
of failed acquisitions or missed dwell attempts outside the implemented application-level
states. Missing or invalid data could therefore only be represented at the application level
through the recorded cursor-coordinate stream, the jump rejection flag, dwell-state fields,
and emitted target selections.

2.5. Evaluation Metrics and Statistical Analysis

The primary endpoint was application-level target-proximity RMS during dwell-active
selection periods [20,21]. These periods were defined from the online state recorded by
the application: a stable sample was any quiz sample with a non-empty stable_target_id,
assigned when the filtered gaze-to-cursor point was inside the nearest active target’s
hit region and the dwell timer for that target was active. This endpoint evaluates the
operational phase for which the interface was designed, but it is dwell-conditioned
and algorithm-conditioned rather than an independent ground-truth measure of spatial
gaze accuracy.

Operationally, a dwell-active stable segment began at the first logged sample after
the filtered point entered a target’s dwell region. At that point, the algorithm stored the
target identifier in stable_target_id and set stable_time_ms = 0. The segment continued
while the same target remained active. It ended when the filtered point left the target

https:/ /doi.org/10.3390/ technologies14070444


https://doi.org/10.3390/technologies14070444

Technologies 2026, 14, 444

10 of 17

region, when another target became active, or immediately before a dwell-based selection
reset the dwell state. Stable samples therefore represent the application’s dwell-entry and
dwell-accumulation periods during the task, including all logged samples in that state.
Samples outside this state were retained for the secondary whole-quiz endpoint.

This design was chosen because the intended target is ambiguous during search and
reading, whereas during dwell selection, the active target is the user’s likely intended
selectable object. The resulting metric is therefore task-relevant but not independent of the
pipeline that defines dwell entry.

For each participant, stable recorded-coordinate RMS and stable filtered RMS
were averaged across the three repeated measurements. This participant-level aggre-
gation respects the repeated-measures structure and avoids treating 129 sessions as
independent participants.

No main paired inference treated the 129 sessions as independent observations; the
participant was the unit of analysis for the primary statistical comparison.

Target-proximity improvement was defined as

ArMSs = RMS;aw — RMSfilteredr

so positive values indicate lower RMS after filtering. The primary paired comparison
was performed using the Wilcoxon signed-rank test. A paired t-test was reported as
a supplementary analysis. Cohen’s d, the 95% confidence interval (CI) for the mean
improvement, and the number of participants showing improvement were also reported.
Offline data processing and statistical analyses were performed using Python 3.11.9 with
NumPy 2.2.6, pandas 2.3.3, and SciPy 1.17.0. Figures and spreadsheet outputs were
prepared using Matplotlib 3.10.3 and openpyxl 3.1.5, respectively.

For a given stage s € {raw, corrected, filtered } let ngs) = ( J((Sl), p;SZ)) denote the stage-
specific screen coordinate in pixels for stable sample i. Let ¢; = (cx,iW, cy,iH ) denote
the center of the same target that was active in the dwell state for that sample, with W
and H the screen width and height. In the analyzed sample files, stable_target_id and
nearest_target_id matched for stable samples, so ¢; was obtained from the corresponding
nearest_target_cx and nearest_target_cy fields. Recorded, corrected, and filtered RMS
values were computed on the same set of stable sample time indices; only the coordinate

(s)

stage p;’ differed between comparisons. Session-level stable RMS is defined as

1 Nitable (S) 2
RMSs,stable = Natabl E H p; — ¢ Hz
stable ;—1

The same formula applies to whole-quiz RMS when the sample set includes all
quiz samples.

Approximate angular RMS was computed from the same sample-level distances
rather than by converting only aggregated pixel RMS values. The physical display size
was derived from the nominal 17.3-inch, 1920 by 1080 panel geometry, giving a display
width of 382.99 mm, a display height of 215.43 mm, and a pixel pitch of approximately
0.199 mm/px. For each sample, the pixel displacement from the relevant target center was
converted to millimeters and then to visual angle using

\/ [(PE) — cxi) 0.199}2 + | (py) = cyi) 0.199}2

700 !

f; = arctan
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with 8; expressed in degrees. Approximate angular RMS was then computed as the root
mean square of the sample-level angular distances. Because the eye-to-screen distance was
approximately 70 cm rather than measured continuously, all angular values are reported
as approximate.

Stable segment RMS therefore represents application-level target proximity during the
interface’s own dwell-active periods. It should not be interpreted as general eye-tracker
accuracy or independent fixation accuracy. Whole-quiz RMS was retained as a secondary
descriptor of the full interaction trajectory, not as independent validation. It is less spe-
cific than the dwell-active endpoint because visual search and reading phases do not
provide an unambiguous intended target, but it includes visual search, reading, transi-
tions, target exploration, non-dwell periods, and dwell-active periods, thereby reducing
the risk that interpretation relies only on dwell-conditioned samples. The three acquisi-
tion configurations were analyzed only as a supporting consistency check of whether
recorded-to-filtered target-proximity reduction was observable across the controlled
acquisition protocol.

3. Results

Table 1 summarizes the participant-level comparison of target-proximity RMS during
dwell-active stable segments, and Table 2 reports the corresponding paired statistical
evidence. These segments comprise all logged quiz samples in which the application had
entered the dwell state for a target, as indicated by non-empty stable_target_id. Filtered
coordinates had substantially lower RMS distance to the active target center than recorded
uncorrected gaze-to-cursor coordinates. Mean stable RMS decreased from 193.40 px to
56.02 px, corresponding to a mean improvement of 137.38 px.

Table 1. Descriptive participant-level target-proximity root mean square (RMS) summary for dwell-
active stable segments. Pixel values are reported in pixels (px); angular values are approximate
degrees of visual angle.

Recorded Pipeline Output
Unit Metric Uncorrected P P Improvement
RMS
RMS
px Mean 193.40 56.02 137.38
px SD 68.71 7.83 67.57
px Median 181.70 56.53 124.10
px 2> Clfor mean - - 116.59-158.17
Improvement
° Mean 3.149 0.915 2.235
o ?5 %o CI for mean B B 1.896-2 573
improvement

Table 2. Paired participant-level statistical evidence for target-proximity RMS reduction during
dwell-active stable segments.

Statistic Result
Improved participants 43/43
Wilcoxon signed-rank test p<10-%

Paired t-test t=1333, p< 1078
Cohen’s d, 2.03

The improvement was observed in all 43 participants. The Wilcoxon signed-rank test
was significant (p < 1078), and the paired effect size was large (Cohen’s d, = 2.03). Using
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the approximate display geometry, participant-level stable RMS decreased from 3.149° for
the recorded uncorrected coordinates to 0.915° for the complete pipeline output, with a
mean reduction of 2.235° (95% ClI, 1.896-2.573°). The paired participant-level changes are
shown in Figure 3, and the corresponding reduction distribution is shown in Figure 4.

Here, “after pipeline application” refers to the complete implemented pipeline rather
than the EMA filter alone. The comparison uses identical algorithm-conditioned dwell-
active time indices. These statistics should not be interpreted as showing that failed
acquisitions, missed dwell events, or unsuccessful target selections were eliminated,
because the primary window excludes samples outside the dwell-active state.

- Mean
350

300 1

2501 o

200 1

stable RMS px

150 A

100 4

50 4

T
Recorded Filtered

Figure 3. Participant-level target-proximity RMS during dwell-active periods for the recorded
uncorrected coordinates and the complete pipeline output. Thin lines show individual participants,

and the dark line shows the group mean.

= Mean = 137.38 px
==== Median = 124.10 px
- No improvement

Participants

=

0 50 100 150 200 250 300

Improvement = recorded-coordinate RMS - filtered RMS [px]

Figure 4. Distribution of participant-level target-proximity RMS reduction during dwell-active
periods (ARMS = RMS(recorded) — RMS(pipeline)). Positive values indicate lower RMS for the
complete pipeline output.

3.1. Whole-Task Target-Proximity Analysis

Whole-quiz RMS was analyzed as a secondary endpoint because it includes the full
recorded task trajectory: transitions, reading, visual search, target exploration, non-target
periods, and dwell-active periods. Mean whole-quiz RMS decreased from 325.35 px for
the recorded uncorrected coordinates to 247.66 px for the complete pipeline output, with a
mean reduction of 77.70 px (95% CI, 62.88-92.51 px). All 43 participants showed a reduction
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(Wilcoxon p < 10~8; Cohen’s d, = 1.61). This full-trajectory descriptor complements the
dwell-active primary endpoint but is less specific because the intended target was not
externally defined during visual search, reading, and transitions.

3.2. Target Selection Timing and Example Trajectory

Across 1935 logged target selections, the median time from task onset to target selection
was 5.17 s (interquartile range (IQR): 2.83 to 14.68 s; mean: 10.20 s). When timing was
measured from the first availability of the selected target in the active target set, the
median was 2.79 s (IQR: 1.78 to 7.91 s; mean: 6.61 s). The final continuous dwell segment
immediately preceding selection lasted a median of 1.51 s (IQR: 1.51 to 1.52 s), consistent
with the configured 1500 ms dwell threshold. Figure 5 shows an example single-target
trajectory, illustrating the recorded cursor path, filtered trajectory, target hit region, and
selection point for one representative target selection.

e
: = target hit region
. o recorded cursor
400 - o e filtered trajectory 2.5
. =} target center

X selection
450 4

N
o

._.
w
time in shown window [s]

500 A

y [px]

550 A

=
=}

600 -

650 A

800 850 900 950 1000 1050 1100
X [px]

Figure 5. Example single-target selection trajectory for one representative target selection.

3.3. Consistency Across Controlled Acquisition Configurations

As a supporting consistency check, recorded-to-filtered target-proximity RMS reduc-
tion was observed in each of the three controlled acquisition configurations. This indicates
consistency within the acquisition protocol, but it should not be interpreted as evidence
that one tracker position setting had a performance advantage over another. Mean stable
RMS improvement was 124.76 px in Configuration 1, 134.99 px in Configuration 2, and
152.40 px in Configuration 3, with improvement observed in all 43 participants within each
configuration (Table 3).

Table 3. Stable RMS improvement across controlled acquisition configurations. Configuration 1: laser
cross aimed between the eyebrows along the nose axis; Configuration 2: laser cross aimed at the nose;
Configuration 3: laser cross aimed at the chin.

Recorded Uncorrected Mean  Pipeline Output Mean = Mean Improvement

Configuration [px] [px] [px] Improved
1 181.98 57.22 124.76 43/43
2 190.07 55.08 134.99 43/43
3 208.16 55.77 152.40 43/43

4. Discussion

This study presented a custom single-point adaptive gaze-to-cursor correction pipeline
designed for dwell-based eye-controlled interaction and evaluated it in human interaction
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sessions. The proposed solution combines rapid central-point offset estimation with robust
calibration handling, translational correction, jump rejection in the recorded cursor stream,
temporal stabilization, dwell-based selection logic, and online post-selection adaptation.
This design follows the rationale that calibration, outlier handling, and temporal filtering
address distinct sources of gaze-to-cursor error in eye-tracking interaction [1-3,8-13].

The main finding is that the complete correction pipeline reduced application-level
target-proximity RMS during operational dwell-active selection periods. The primary
endpoint is intentionally tied to the dwell behavior required by the interface: after visual
search and exploration, the user must keep the gaze-to-cursor point on one answer to select
it. Thus, stable segments are not treated as arbitrary post hoc success cases, but as the task
phase in which target proximity is behaviorally meaningful. However, because entry into
this phase is determined by the online filtered coordinate, the endpoint remains algorithm-
conditioned and does not provide independent validation of spatial gaze accuracy against
externally cued fixation targets.

The secondary whole-quiz endpoint showed the same direction of target-proximity
reduction, although with a smaller mean reduction because it included transitions, reading,
visual search, target exploration, and periods before or outside target dwell. It provides
a broader full-trajectory descriptor that complements, but does not replace, the more
task-specific dwell-active endpoint.

The findings therefore concern target localization in the implemented interface and do
not demonstrate improved native eye-tracker accuracy or superiority over conventional
multi-point calibration.

The contribution of the work is twofold. First, it specifies and implements a complete
lightweight gaze-to-cursor correction pipeline for a dwell-based interface. Second, it pro-
vides human data showing that the complete pipeline reduced target-proximity RMS in the
operational dwell-active state of that interface. The evaluation does not determine which
individual component caused the observed reduction, because central offset estimation,
jump rejection, temporal smoothing, dwell logic, and post-selection adaptation were evalu-
ated together as one applied pipeline. The dwell-based operating context is also important,
because gaze selection performance depends on the balance between response speed and
selection stability [14].

Accordingly, the term correction is used in an operational sense: the pipeline modifies
cursor coordinates to improve dwell-based target localization in this interface, not to recover
an independently verified gaze point.

The present study did not include a conventional multi-point calibration baseline
or externally cued fixation-validation targets; these limitations and the corresponding
requirements for future validation are described in the Limitations section.

The reduction was observed in all three controlled acquisition configurations. This
observation is used only as a consistency check for the protocol, not as an analysis of
differences between tracker position settings or as evidence for the advantage of any single
tracker position. Further validation should also measure eye-to-screen geometry more
precisely if angular target-proximity RMS is a major endpoint.

Limitations

Several limitations should be considered when interpreting the present findings.

First, the recorded input was acquired indirectly through the Tobii Experience gaze-to-
cursor function and operating-system cursor interface rather than through native research-
grade Tobii Pro SDK or Tobii Pro Lab streams. This acquisition path may affect temporal
resolution, quantization, smoothing, throttling, coordinate duplication, and latency. Gaze-
to-cursor updates were triggered at 10 Hz, while the application logged the currently
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available cursor position at a higher and variable realized rate. Consecutive stored records
could therefore contain repeated coordinates between actual gaze-to-cursor updates. The
stored trajectory should be interpreted as the application-level recorded cursor-coordinate
stream rather than as native research-grade gaze-coordinate records.

Potential preprocessing may include vendor calibration, smoothing, latency, throttling,
coordinate quantization, and duplication before the application logger receives the cursor
position. Because native Tobii Pro SDK or Tobii Pro Lab streams were not recorded,
the logs did not contain native binocular or monocular tracking status, pupil validity,
device confidence values, high-precision eye-tracker timestamps, or blink and tracking-
loss markers. Application-level missing-data representation was therefore limited to the
recorded cursor-coordinate stream, jump rejection flag, dwell-state fields, and emitted
target selections.

The observed jump rejection rate was low in the analyzed dataset: 5555 recorded
cursor-coordinate samples were rejected and 286,341 samples with evaluated validity were
accepted. Rejected samples therefore accounted for 1.90% of samples with evaluated
validity. The session-level rejection percentage averaged 1.94% (median 1.89%, range 1.24%
to 3.03%). These values characterize the present implementation and acquisition path, not
a device-independent rejection rate.

Second, the study evaluated a specific device, measurement setup, software path,
and experimental protocol. The results should not be generalized automatically to other
eye trackers, native gaze application programming interfaces (APIs), display geometries,
calibration procedures, or measurement conditions without additional validation. In
particular, the present findings should not be interpreted as evidence about native Tobii
Pro SDK data quality, because those research-grade data streams were not logged.

Third, stable RMS was reported for dwell-active stable segments identified using the
online logic of the evaluated pipeline. This means the primary endpoint used all logged
samples for which the application itself had entered target dwell, rather than manually
selected windows. However, the experimental task did not include a separate, independent
validation block with unambiguously cued fixation points. Therefore, the present dataset
does not allow a fully independent validation of spatial accuracy relative to a known target
that the participant was explicitly instructed to fixate upon.

Fourth, angular RMS values are approximate. The display pixel pitch was derived
from the nominal laptop panel geometry, and the recorded sample coordinate system was
the 1920 by 1061 px application window. The eye-to-screen distance was approximately
70 cm, and the position of the eyes relative to the active screen area was not measured
per participant.

Fifth, the clinical and assistive relevance is motivational. Although the prior literature
supports the relevance of eye-controlled interaction for patients with limited verbal or
motor communication channels [4-7], the present experimental sample and protocol do
not establish clinical effectiveness in post-stroke or severely motor-impaired users.

Sixth, no ablation separated the contributions of central offset estimation, jump re-
jection, EMA filtering, dwell logic, and post-selection adaptation. The study also did not
compare adaptive and non-adaptive versions of the algorithm, so the specific contribution
and long-term stability of the adaptation rule remain unresolved. Thus, the present results
do not support causal module-level attribution.

A future ablation should compare at least offset-only correction, offset plus jump
rejection, offset plus EMA filtering, the full pipeline without post-selection adaptation, and
the full adaptive pipeline. The study does not include an ablation analysis of the individual
components of the correction pipeline. Consequently, it is not possible to isolate the
contribution of specific algorithmic elements to the observed performance improvements.
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A future validation study should combine externally cued pre- and post-task fixation
targets, a direct conventional multi-point calibration comparator, native research-grade gaze
recording where available, and a predefined ablation of the pipeline modules. It should
also assess parameter sensitivity, cumulative offset drift, rejected-sample proportions,
acquisition time, and false dwell events in the intended user population.

5. Conclusions

This work implemented a complete low-burden single-point gaze-to-cursor correction
pipeline in a dwell-based selection interface. The pipeline combined central offset estima-
tion, MAD-based calibration outlier handling, jump rejection in the recorded cursor stream,
EMA filtering, dwell logic, and post-selection adaptation.

In 43 participants and 129 sessions, the complete pipeline reduced application-level
target-proximity RMS during operational dwell-active selection periods. Participant-level
mean stable RMS decreased from 193.40 px to 56.02 px, with a mean improvement of
137.38 px and a large paired effect size. In approximate angular units, stable RMS decreased
from 3.15 degrees to 0.91 degrees. Whole-quiz RMS also decreased as a secondary full-
trajectory descriptor that includes visual search, reading, transitions, target exploration,
non-dwell periods, and dwell-active periods.

These findings support the practical feasibility of a low-burden operational correction
layer for the evaluated gaze-to-cursor interface. They do not establish independent spatial
gaze accuracy, native eye-tracker accuracy improvement, clinical effectiveness in assistive
populations, or superiority over conventional multi-point calibration. Further studies
should address these design limitations through independent validation, comparative
calibration, and module-level analysis.
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