HeadDepth: Gaze Raycasting with Head Pitch for Depth Control
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Figure 1: We propose HeadDepth for 3D positioning by gaze raycasting with head pitch for depth control (left). Head pitch is
intuitive to use but not straightforward to map for control as it affects viewing angles (middle). We compare three strategies for
mapping pitch to depth in a comfortable viewing range: RELATIVE velocity-based mapping, EDGEGAIN with gain dependent
on eye-in-head angle, and PINGPONG as an absolute back-and-forth mapping that repeats at different pitch angles.

ABSTRACT

Gaze is fast and intuitive for raycasting, but lacks a way to con-
trol depth for input in 3D. We propose HeadDepth to augment gaze
with vertical head rotation (pitch) to control depth along the line of
sight, and investigate three pitch-to-depth mappings: Relative maps
pitch velocity to changes in depth; EdgeGain adds dynamic gain
dependent at eccentric gaze angles; and PingPong provides an ab-
solute back-and-forth mapping that repeats at different pitch angles.
HeadDepth is not as fast as controller-based RayCursor but has the
advantage of being hands-free. In a user study, all three variants
proved effective for 3D positioning; PingPong required least effort
and EdgeGain was least affected by differences in tasks. Eye-head
coordination and task had a significant effect, as head movements
in support of gaze can affect depth control synergistically or an-
tagonistically. Our results have significance beyond HeadDepth as
they generalize to any interaction where head rotational input con-
curs with gaze fixation on visual feedback. Interaction designs may
benefit from dynamic adjustment to eye-in-head angle to prevent
discomfort and maintain objects within the user’s field of view.

1 INTRODUCTION

Gaze is widely used for input in 3D environments, as it naturally
lends itself to fast pointing in any direction [45, 3, 15]. This makes
gaze efficient for pointing at objects over any distance but it lacks
a means to actively control depth. We propose HeadDepth as a
hands-free multimodal method that integrates gaze with depth con-
trol by head movement. Depth control by the head enables object
movement along the line of sight and in integration with gaze object
positioning anywhere in 3D (Figure 1, left).

Head pitch relates intuitively to depth, as we tilt our heads down
for many of our near-space interactions and up for interactions over
larger distances. However, integration with gaze for 3D input is
not straightforward as eye and head movements are coupled. Gaze
shifts are routinely supported by head rotation, which can interfere
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with the use of head movement for control [12]. Relying on head
pitch to move an object along the line of sight implicitly affects the
eye-in-head viewing angle and user’s view (Figure 1, middle). The
eye-in-head viewing range is limited, more so upward than down-
ward [19], and gaze is less comfortable at eccentric angles [40].
This poses a design problem of mapping pitch to depth in a manner
that aligns with comfortable viewing, which we investigate through
the design of three mapping strategies and the study of different
effects of concurrent eye and head movement on 3D positioning.

Figure 1 (right) illustrates the three mappings we investigate.
RELATIVE uses a mapping of pitch angular velocity to changes
in depth, to enable larger movements in depth with less head ro-
tation. EDGEGAIN adds dynamic gain to increase speed at eccen-
tric gaze angles and keep gaze within a comfortable viewing range.
PINGPONG, in contrast, uses an absolute mapping of pitch rotation
to depth position that repeats in a back-and-forth manner, so that
any depth position can be reached within comfortable eye-in-head
range, irrespective of how far up or down users tilt their head to gaze
at a target. We compared the three mappings in a study (N=16),
with controller-based 3D positioning [2] for reference. The study
was designed to investigate the influence of small versus large tar-
get amplitudes and eccentricities, in particular on visual comfort;
and the influence of eye-head coordination and task on HeadDepth
performance, as head movements performed with gaze can be syn-
ergistic or antagonistic in their implicit effect on depth control.

HeadDepth proved effective for 3D positioning across all three
mappings. It is naturally not as efficient as controller-based input
but enables hands-free input. PINGPONG required least head move-
ment and RELATIVE most. EDGEGAIN was least impacted by eye-
head interaction effects. Synergistic tasks required less time and
effort than antagonistic ones, and performance was worst on tasks
where gaze shifts interfered with keeping depth unchanged. These
results are significant for the design of 3D input techniques that in-
tegrate input from gaze and head. They also have wider significance
as they generalise to use of head rotational input that is concurrent
with gaze attention to visual feedback.

2 RELATED WORK

We build on background of gaze input in 3D, head movement for
depth control, and eye and head coordination for multimodal input.
2.1 Gaze Input in 3D Environments

Gagze is natural for pointing and faster than hand or head for raycast-
ing in 3D [45, 3, 15]. It can support the selection of objects over



any distance [33, 41], but it lacks a method for active depth con-
trol. The eyes naturally converge to focus on objects. Vergence eye
movement (and similarly differential eye-head movement [23]) can
be used to discriminate or switch between objects that are nearer or
farther in the line of sight [24, 55, 38]. However, vergence occurs
only in reaction to a stimulus and cannot afford deliberate user-
controlled depth input. Problems such as the selection of occluded,
dense, or moving objects instead require a separate interaction step
or complementary modality [39, 52]. Prior work has used controller
or hand input to control a ray or plane to manipulate the depth at
which gaze intersects [8, 46], or to control depth directly by hand
movement (but limited to near space) [47].

In this work, we augment gaze with head movement for depth
control, as that provides a hands-free method for 3D positioning.
This has no obvious baseline, as prior gaze extensions for 3D in-
put have been limited. As a point of reference, we instead com-
pare HeadDepth with RayCursor, a fully controller-based method
for raycasting with depth control [2].

2.2 Depth Control with Head Movement

Head movement controls the viewport in head-mounted displays
but is also used for pointing [25, 48] and other gestural input [53].
Depth control by head has been considered for applications that re-
quire hands-free operation, for example, in surgery and robotic con-
trol [31, 35]. A range of works have considered translational head
movement to control depth by leaning, stepping or “bobbing” back
and forth, as this intuitively manipulates distance [30, 22, 20, 54].
Rotational movement provides a larger input range, specifically
when seated. Head roll (tilt left and right) has been used to con-
trol the depth movement of a robotic arm as it avoids looking down
or up from the task [49]. However, roll introduces directional ambi-
guity, making it difficult for users to intuitively determine in which
coordinate system depth is modified, as it could be both the world-
coordinate system or the head-coordinate system. We consider head
pitch (tilt up and down) more naturally suited for depth control, as
it does not disrupt directions, and many of our “heads down” in-
teractions are closer up (e.g., in manual range) while “heads up”
interaction is typically over larger distances.

Head pitch is supported by neck extension up to 55°, and flexion
of about 45° [21]. Mapping of rotation to control can be absolute
or relative. With absolute mapping, there is a fixed output value
for any input, for example, for viewport control [18, 36] and head
pointing [28]. Relative mapping, in contrast, adjusts the output by
an offset and has, for example, been used for head pointing with
dynamic gain [48, 10] and refinement of gaze input by head move-
ment [15, 42, 13]. We consider absolute and relative mapping, with
designs adapted for depth control integrated with gaze.

2.3 Coordinated Eye and Head Input

In 3D user interfaces, head input has been widely considered as
a proxy for gaze [27], and the modalities have been contrasted in
speed versus control they afford [3, 34]. A range of work has con-
tributed techniques that integrate input from eye and head, with
gaze as primary pointing modality and head movement to con-
firm [41, 43], refine [15, 42, 13] and manipulate [29, 43] gaze se-
lections. These techniques utilise head rotational input over small
ranges, whereas depth presents a large range to control.

A principal challenge for integrating the modalities is that eye
and head are naturally coupled for directing visual attention [40].
We naturally move our head to support eye saccades, which can
interfere with head movement for control and cause unintended in-
put [12]. There are specific aspects of eye-head coordination to
consider for extension of gaze pointing with head pitch for comple-
mentary control. Head rotation during a gaze fixation is compen-
sated by stabilising eye movement (VOR) but affects gaze eccen-
tricity, i.e. the eye-in-head angle. The eyes can rotate around 45°
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Figure 2: In this example, pitching the head up increases depth and
vice versa. The user selects a sphere with the gaze from a tablet (A)
and places it next to a blue cube at a distance (B). Aligning the gaze
to the target position naturally pitches the head up, coincidentally
moving the sphere towards the cube—a synergistic situation. When
the user places the sphere next to the red cube (C—D), looking
upward moves the sphere (again) away, hindering interaction—an
antagonistic situation.

down relative to the head but only around 30° up, declining with
age [19], but most gaze fixations occur naturally within 10-15° from
the head centre [43]. This leaves room for additional movement to
eccentric angles, in other work used for explicit gaze control [9],
and in this work to allow for head pitch relative to the line of sight.
The interplay of gaze and head pitch is complex and warrants a
more detailed analysis of the problem space as the basis for the de-
sign of control mappings.

3 PROBLEM ANALYSIS

Eye and head movements are coupled in 3D interaction [37, 40]. In
considering head pitch for depth control along the gaze ray, we need
to carefully consider interactions between the eye and the head. We
identified the following two core problems for the design of depth
mappings.

3.1 Synergistic and Antagonistic Movement Types

In 3D environments, we rotate eyes, head, and torso to bring targets
into a comfortable viewing angle [40]. Head movement naturally
supports eye saccades and can implicitly trigger depth changes if
used for depth control.

Consider the example illustrated in Figure 2. We assume that
in this example, pitching the head up moves the target away (and
vice versa; cf. Section 2.2). Selecting a sphere from the hand-
held tablet, the user may wish to place it next to a distant cube in
mid-air (A—B). Looking towards the target location naturally in-
volves pitching the head upward, implicitly triggering depth input
and moving the sphere farther away. In this example, this behaviour
aids the user because the natural head pitch moves the sphere closer
to the target location. We call these situations synergistic. However,
depending on the implementation and target location, it may hinder
interaction, leading to antagonistic situations: In Figure 2 C—D,
the user may want to move the sphere next to the red cube. When
shifting the gaze to the target location, the head rotates (slightly) up.
This moves the sphere away—the opposite of what the user wants,
making depth control more difficult. A third situation is when the
target location does not require the user to change the depth. The
user can complete the task by moving only the eyes. For example,
moving the sphere slightly lower from the red cube’s left side can
be done with a simple eye gaze shift. We aim to design our map-
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Figure 3: The user looks at the sphere in the upper field of view (3a).
They rotate their head down to bring the sphere closer, leading to
an extreme eye-in-head angle or even moving the sphere out of the
eye tracker’s range (3b).

ping strategies to exploit (or at least be robust to) these synergistic,
antagonistic and no-depth-change conditions.

3.2 Eccentric Viewing Angles during Gaze Fixation

To maintain a comfortable viewing experience, the head rotates dur-
ing gaze pointing to keep the eye-in-head angle' within about 20
degrees, which is the comfortable eye-in-head angle for viewing
[40]. Consequently, the range of head rotation that can be used for
comfortable interaction is limited by the comfortable eye-in-head
angle. This may become exacerbated if the eye-in-head angle is al-
ready large at the start of a depth change. Figure 3 illustrates such
a scenario. The eye-in-head angle is already large after acquiring
a target up far with gaze (Figure 3a). The user may want to bring
the target closer by pitching the head downwards (cf. Figure 3b).
Doing so will increase the eye-in-head angle, cause eye strain [40],
decrease eye-tracking precision [11], or even move the sphere out
of view. This problem becomes especially problematic for targets
at eccentric viewing angles and large target amplitudes. Thus, when
designing and evaluating head pitch for depth control, it is impor-
tant to consider that the input range is limited by visual comfort.
This strongly influences the pitch-to-depth mapping strategies.

3.3 Design and Study Objectives

Based on our problem analysis, we formulated the following objec-
tives for our work:

O1 Develop hands-free depth mapping strategies, providing com-
petitive speed, accuracy, visual comfort, and user experience.

02 Investigate the influence of synergistic, antagonistic, and no-
depth-change situations on performance, especially speed and
accuracy.

03 Investigate the influence of target eccentricity/amplitude on
performance, especially visual comfort.

4 DESIGN OF DEPTH MAPPINGS

To enhance gaze raycast, we designed depth mapping strategies that
use head pitch rotation to control depth along the gaze ray. While
eye gaze indicates the direction, the users can pitch their heads up
and down to change depth (e.g., of a cursor or “grabbed” object)
along the line of sight.

We designed three depth mapping strategies: RELATIVE, EDGE-
GAIN, and PINGPONG. RELATIVE and EDGEGAIN are imple-
mented based on relative mapping, while PINGPONG is based on
absolute mapping (cf. Section 2.2).

4.1 RELATIVE

We designed RELATIVE as a speed-sensitive mapping: Fast pitch-
ing allows quick travel across the depth range, while slow pitching
preserves precision. With this, the user can travel a large distance

! The angle between eye-forward and head-forward.

in depth with a small amount of pitch rotation to maintain a com-
fortable eye-in-head angle while being precise when they slow their
head down for refinement.

RELATIVE calculates the new depth every frame by scaling the
amount of head pitch rotation since the last frame with a gain factor:

depthnew = dep[hcurrent + Gl - APifCh (D

where G, is the speed-sensitive gain function for scaling the
change in head pitch rotation A ;.

We use the same speed-based linear interpolation function for
G, as RayCursor for manual depth control [2]. In this model, a
slow pitch gives a small gain factor for scaling; fast pitching outputs
a large gain factor:

Gmax, if Vpitch = Vmax
Gret = { Gumin, if Vpitch < Vmin ~ (2)
Gin + % (Vpitch —Vmin), otherwise
where v, is head pitch speed, obtained as the magnitude deriva-
tive of the head pitch angle between two frames. Gjqx and Gyin
are the maximum and minimum gain factors that can be applied to
the depth change. vy4x and v,,;, are the corresponding speed values
that the function reaches for G4y and G,,;,. Equation (2) outputs a
maximum gain if the head moves faster than v,,,, (and vice versa).
Otherwise, the gain is linearly interpolated between these two lim-
its, with higher v ¢, resulting in a higher gain (and vice versa).
RELATIVE mitigates problems of visual comfort (e.g., during an-
tagonistic situations as well as with eccentric starting angles) with
two general strategies: First, it supports clutching for larger depth
traversal through repeatedly pitching their head quickly in the de-
sired direction, then slowly realigning their eye and head gaze.
Second, users can use fast rotations to adjust the depth quickly to-
wards the desired location—arriving before the eye-in-head angle
becomes uncomfortable.

4.2 EDGEGAIN

Our second mapping strategy, EDGEGAIN, also uses relative map-
ping and is designed to avoid uncomfortable eye-in-head angles.
It considers the current eye-in-head angle in the gain function to
do this. When the eye-in-head angle exceeds a predefined angle,
EDGEGAIN scales up the gain, avoiding excessive angles. The
closer the eye-in-head angle gets to the comfort threshold, the
stronger the gain is scaled up. We implemented this by adding a
Ficaie to the gain function G,,;:

depthyew = deptheyrrent + Fycate - Grer - Apitch. 3)

Fy.qa1e = 1 if the eye-in-head angle is below a predefined eye-in-head
angle. Above this angle, Fj.,, increases linearly as long as the eye-
in-head angle increases. This behaviour is implemented with:

Ew=1 (g _ Our i O
1+9,,l:7"'hf (0—F=), if6>7- & 0> 0

Fihr " 4
1, else

Fycale =

with

* 0 is the current eye-in-head angle.

6,1, is the eye-in-head-angle’s comfort threshold.

F;p, controls the strength of the scaling (tunable parameter).
. % defines when scaling starts.

thr

* Opre is the eye-in-head angle in the previous frame.

3

6,1, the eye-in-head angle’s comfort threshold, is not a fixed value
but depends on the viewing direction [40]. It is lower and narrower
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Figure 4: Visualization of the comfortable eye-in-head angle 6,
in FOV, following Sidenmark et al. [40]. Gaze has a lower comfort
threshold in the upper half compared to the lower half.

Figure 5: Ilustration of PINGPONG. The user selects a sphere with
the gaze from a tablet and places it next to the red cube. She could
not pitch further down to bring the sphere closer due to visual com-
fort. Instead, she pitches up and moves the sphere away (A) until it
reaches a limit (B). On the limit, the direction is reversed. The head
tilts up, and the sphere moves in the opposite direction (C).

in the upper field of view than in the lower field of view, as il-
lustrated in Figure 4. The effect of this asymmetric and viewing-
direction-dependent value is that Fj.,;, increases earlier when look-
ing up than when looking down. 6, is defined as follows:

Oup . -
0, — (1_(1_61 )'Sm(tan 1(%))).651'[167 YZO
thr — ( 1

side

1_(1 _%)'Sin(l‘ani (%)))'esidw y<0

side

(&)

with

* x and y representing the eye-in-head angle in degrees (x+ is
right and y+ is up).

* 6up, B4own are the y-axis’ comfort angles (constants).

* 6y4. s the x-axis’ comfort angle (constant).

EDGEGAIN adjusts sensitivity based on the head pitch speed and
eye-in-head angle to keep depth control comfortable and efficient
(RELATIVE only uses the speed of head pitch). Like RELATIVE,
users can clutch.

4.3 PINGPONG

PINGPONG is based on an absolute mapping, which means that the
relationship between input and output is fixed and that clutching
is neither required nor possible. The assumption is that this sup-
ports learnability and the users’ recall of depth values, as the same
head pitch angle consistently produces the same depth value. In
a standard absolute mapping, each depth value would map to one
head pitch angle. While this might be beneficial as users may recall
angles and depth positions, this would prevent access to certain re-
gions. For example, if the lowest pitch angle (looking far down) is
mapped to the closest depth value, selecting the same close depth
value with the maximum head pitch (looking far up) is impossi-
ble. To solve this problem and retain the absolute mapping, we de-
signed PINGPONG. PINGPONG maps multiple head pitch angles to
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Figure 6: The transfer functions of PINGPONG. Pitching the head
upward (o increases) from the forward position (@ = 0°) moves the
object farther away until it reaches the maximum depth limit (dynax)
at a head pitch angle of @;;,. If the head continues tilting upward
beyond this point, the object comes closer until the change reverses
at the minimum depth limit (d,,;,) at a head pitch angle of 2@,

the same depth value, illustrated in Figure 5. If a user keeps pitch-
ing their head upwards (A—B), depth increases before reaching the
maximum, where it reverses direction (B—C; and vice versa).

Figure 6 shows the transfer function of PINGPONG. It is com-
posed of a series of linear interpolations defined by the depth limits
dmin and dy,4x, the current head pitch angle w, and a head pitch
threshold @y, (the head pitch angle at which the user reaches the
depth limits). Outside [—y,,; @y, the gain is twice as high as in-
side this range to prevent excessive eye-in-head angles. The lower
gain inside this range eases interaction in the centre of the FOV:
When translating objects at eye-level, where many interactions hap-
pen, users can conveniently navigate across the full depth range,
relying on fixed pitch-to-depth mappings, without uncomfortable
eye-in-head angles and the need for clutching.

When designing the transfer function with @y, dpin, and dpay,
we had to ensure that the linear interpolations solved the original
problem of the naive absolute mapping (only having access to lim-
ited areas) while providing comfortable eye-in-head angles and ad-
equate sensitivity. Every depth position can be reached from sev-
eral specific head angles, and the design ensures that at least one
of these is within comfortable eye-in-head range. This is the case
even in antagonistic situations or when the interaction starts from
eccentric angles. Sensitivity for fine adjustments is higher, though,
in the central range, where most interactions usually happen.

4.4 Summary

Using head pitch for depth control of gaze raycast is complex. The
relationship between eye, head, and desired target location leads
to edge cases (e.g., antagonistic, Section 3.1, and off-centre start
location Section 3.2), and these can lead to uncomfortable eye-in-
head angles, hindering interaction. Strategies mapping head pitch
to depth must ensure that these angles are avoided (or minimized)
while not impairing performance. We did this with RELATIVE,
EDGEGAIN, and PINGPONG.

5 [EVALUATION

We conducted a within-subject study to evaluate the mapping strate-
gies regarding efficiency, effort, and visual comfort.

5.1 Task

The task was a sequential 3D docking task. Targets were semi-
translucent spheres which were positioned at the corners of a cube
[1, 47] (cf. Figure 7). Participants were instructed to move a small
opaque green sphere (cursor) from one corner to another, following
specific sequences. Figure 8 illustrates the sequences (in two direc-
tions). One individual corner-to-corner movement is a trial. Four
trials make up a sequence. In a sequence, the start is the same as the
end position. We included all corner-to-corner movements except



(a) Third person view (b) First person view
Figure 7: Targets (grey spheres) were positioned at the corners of a
small and large cube (connecting lines only for illustration). A red
sphere spawned at the cube’s centre, acting as a start button. During
the task, only one sphere (red or grey) was presented to participants
at a time.

Figure 8: Sequences used in task illustrated in two directions (red
and blue). Participants started from a random sequence node, and
the rest followed the order shown by arrows. Sequences in the
dashed box were also used for practice.

the purely horizontal movements, as they do not involve head pitch.
Target positions were confirmed by pulling the controller trigger to
minimize the effect of the confirmation method.

The task started at the cube’s centre, and participants had to align
eye- and head-forward vector (and controller-forward vector if us-
ing the controller-based technique) with the red sphere and confirm
with a button press on the controller. Next, one grey target sphere
appeared at a random corner (the red sphere disappeared, and no
other sphere was visible). The participant had to move the cursor
into this new sphere and confirm with a button click. This click in-
dicates the start of a sequence (cf. Figure 8). After a sequence, the
cursor disappeared. The red sphere was in the centre again for the
next task. Movement from and to the red sphere was not analysed.

When the cursor was inside the target sphere, the target sphere
turned from grey to blue. A yellow fading line guided the user to
the next target sphere. Pulling the trigger provided visual, auditory,
and haptic feedback. If the cursor was inside the sphere, it turned
green; otherwise, it turned red. Regardless, the next one was shown.

5.2 Experimental Design
5.2.1 Independent Variables

MappingStrategies (O1): RELATIVE, EDGEGAIN, and
PINGPONG as well as RAYCURSOR as reference (Baloup et al.
[2]). RAYCURSOR is controller-based and requires manual input.
As a standard technique, it serves to contextualise our contributions
within a practical and established interaction paradigm, and also
provides a reference for natural eye and head behaviour in 3D po-
sitioning. More details in Section 5.4.2.

MovementType (O2): Trials are grouped into subsets: AllSe-
quences (all trials), Synergistic, Antagonistic, and NoDepthChange
(shown in Figure 9).

CubeSize (03): We tested with two cube sizes in the study
to account for small and large amplitudes/eccentricity: The small
cube has an edge length of 1m (targets 15° from the centre). The

Synergistic

NoDepthChange Antagonistic
Figure 9: Synergistic, NoDepthChange, and Antagonistic trial sets
(in red) grouped for the analysis of movement type.

large cube has an edge length of 2m (targets 35° from the centre).
Both cubes are placed 3m in front of the user at eye level. We
chose the large cube’s size so that all corners are barely visible when
facing straight ahead, leading theoretically to the most extreme eye-
in-head angles if the head stays still. The small cube size covered
the central area of the field of view where many interactions happen.

5.2.2 Measures

The performance of mapping strategies was measured via move-
ment time (speed), error rate (accuracy), cumulative head move-
ment (effort), and maximum eye-in-head angle (visual comfort)
for each trial. Movement time is the interval between confirming
the previous target position and the current target position. Errors
were counted when the cursor was outside the target 200 ms be-
fore confirmation to filter out late-trigger issues [14] and minimise
the Heisenberg effect [S1]. Cumulative head movement was the
accumulated difference of the head vector measured via the HMD-
forward vector between consecutive frames from the start to the
end of a trial. Maximum eye-in-head angle was obtained from the
maximum angular difference between head and eye vector per trial.
In our study, the reference mapping strategy, RAYCURSOR, in-
herently exerts minimal influence on head movement and maximum
eye-in-head angle as it does not require eye and head input. Conse-
quently, to analyse these two dependent variables, we have chosen
to exclude RAYCURSOR from direct comparisons. We include its
results in our reporting to ensure completeness and transparency.
For subjective metrics, the workload was measured with the
RAW NASA-TLX questionnaire [5]. We also measured Ease (“The
technique was easy to use”) and Comfort (“The technique was com-
fortable to use”) on a 7-Likert scale. Hand, neck, and eye fatigue
were independently measured with the BORG CR10 scale [4].

5.3 Procedure

Upon arrival, participants were briefed on the study, completed a
consent form, filled out a demographics questionnaire, and received
a short presentation of the task.

Each participant completed four sessions (RELATIVE, EDGE-
GAIN, PINGPONG, RAYCURSOR). Session order was counterbal-
anced using a balanced Latin square. The experimenter introduced
and demonstrated the mapping strategy at the start of each session.
Next, participants were seated in a fixed chair, fitted with a VR
headset, calibrated eye-tracking and instructed to hold the controller
in their dominant hand. They then started practising to familiarise
themselves with the technique. The practice task was a shortened
version of the experimental task, with two sequences (cf. Figure 8)
for each cube size. If needed, they were allowed one additional
round. After practice, participants proceeded with the task and were
instructed to complete it as quickly and accurately as possible.

Each session included 24 sequences (12 for the large and 12 for
the small cube). The order of sequences and start location was ran-
dom. After each session, participants filled out post-session ques-
tionnaires, provided any comments, and took a short break before
moving on to the next session. After completing four sessions, par-



Table 1: Target visual and world sizes for small and large cubes.

Target Small Cube Large Cube
Visual Size ~ World Size Visual Size ~ World Size
Front Targets (1-4) 5.5° 0.25m 7° 0.3m
Back Targets (5-8) 4° 0.25m 4° 0.3m

Table 2: Summary of repeated measures ANOVA on the dependent
variables. Effect sizes are reported as ng for the error rate and né%
for all other metrics. Significant results are highlighted in grey.

ticipants were asked to rank the mapping strategies and comment
on their preferences. The study took around 90 minutes.

5.4 Implementation Details
5.4.1 Experiment Environment

Target sizes remained constant throughout the study. To focus on
mapping strategies, we set the size of the back targets to 4° of visual
angle, which is robust to gaze error [11], minimizing the impact of
eye-tracking accuracy. The front targets were the same physical
size as the back targets to ensure consistent perception of depth
cues. Detailed target sizes are shown in Table 1. The red sphere
was generated at the centre of the task cubes, 3 meters from the
participants. It was placed at eye level and had the same world
size as the target spheres. The green cursor controlled was 0.02m
in diameter, equivalent to 0.38° visual degrees when placed at a
distance of 3m away. For uniform contrast and depth cue, we placed
a grey plane sized 22.5m x 60m (W x H), 6 meters away, fixed and
centred at ground level. The directional light in the scene was off
to prevent distractions.

5.4.2 Mapping Strategies

We experiment with interactions out of the reach of hands and
within indoor spaces and thus used a depth range of 1 to 5 me-
ters [26]. We applied 1€ Filters [7] with sampling frequency of
90Hz to head velocity (f.,,, = 1, B = 0) [48], gaze position and di-
rection (f,,,, = 0.05, B = 10) [18] for input filtering in RELATIVE,
EDGEGAIN, and PINGPONG. Pitching upwards increases the depth
(and vice versa, cf. Section 2.2). No depth output of these mapping
strategies exceeds 1 to 5 meters from gaze origin.

RELATIVE was implemented as described in Section 4.1, with:
Viin = 0.2 rad/s, the threshold below which head movement is con-
sidered refinement [48]. v,ac = 0.6 rad/s, set to three times vy,
consistent with the ratio between low and high gain states in RAY-
CURSOR [2]. Gjax = 0.4 m/°, covering the full depth range (1 to 5
meters) with 10° of pitch rotation (half of the comfortable eye-in-
head angle [40]). Gpin = 0% m/°, aligned with the ratio between
Vinin and Vipgy.

EDGEGAIN was implemented as described in Section 4.2, with
0.p = 15°, a conservative upper eye-in-head angle boundary for
earlier activation of edge scaling. 6y ,,, = 30° and 64, = 30°,
liberal values to prevent excessive speed boosts in other directions.
F,j, = 3, matching the three times ratio applied in RELATIVE. Other
parameters were identical with RELATIVE.

PINGPONG was implemented as described in Section 4.3. The
translation sensitivity of the outer linear functions was set to the
high gain of RELATIVE (6, = 10°). This ensured any position
within the depth range could be reached with a maximum eye-in-
head angle of 15°.

RAYCURSOR was implemented to be identical to the original
work [2] (including the mapping, filtering, and corresponding pa-
rameters) without target assistance. The cursor distance from the
controller was set to a minimum of zero with no maximum.

Variable ANOVA

Effect F value P Effect Size
Normalized MxTxS F (3.55,53.22) = 1.337 270 .006
MxT F (4.03, 60.46) = 3.468 013 .023
Time$ MxS F(3,45)=1.776 .165 .008
TxS F (1.83,27.42) =2.022 155 .003
M F (2.03, 30.46) = 24.388 <.001 314
T F(1.97,29.53) = 13.736 <.001 .038
S F (1, 15) = 64.285 <.001 156
Error MxTxS F(9,465)=1.126 342 021
Rate? MxT F(9,465)=1.236 271 023
MxS F (3,465) = 1.420 236 009
TxS F (3,465) = 1.075 359 .007
M F(3,465)=12.141 <.001 073
T F (3,465) =2.138 .095 014
S F (1, 465) = 6.393 012 014
Normalized MxTxS F(2.79,41.79) = 0.531 L6351 .001
Head MxT F (2.93,43.94) = 1.046 381 .002
Movement$ MxS F(2,30)=3.393 .047 .006
TxS F (1.64,24.63) =2.491 112 .002
M F (2,30)=3.703 037 037
T F (1.38,20.77) = 8.118 .005 022
S F (1, 15) =265.850 <.001 322
Max MxTxS F (2.60, 38.98) = 1.650 199 .004
Eye-in- MxT F (2.55,38.29) = 2.992 .05 012
Head Mx S F(1.42,21.27)=5.518 .019 027
Angle$ TxS F(1.27,19.09) = 7.807 008 017
M F(2,30)=3.229 054 035
T F (1.25, 18.69) = .690 448 .003
S F (1, 15)=254.209 <.001 805

M = MappingStrategy: T = MovementType: S = CubeSize
o _ 2
P= 7,,2,; 8=n?

5.4.3 Apparatus

We used an HTC VIVE Pro Eye VR headset for the study, with 110°
diagonal FOV, 2880x1600 pixels resolution, and 90 Hz refresh rate.
The study task was presented in a VR environment developed in
Unity 2022.3.15 with the OpenVR XR Plugin 1.2.1 on a computer
with an Intel Core i7-12700KF CPU, 32 GB RAM, and an NVIDIA
GeForce RTX 4070 GPU.

5.5 Participants

16 participants (8 self-identified as male, 8 as female) aged 19-48
(M = 28.69, SD = 7.90) were recruited from our local university
via flyers and word-of-mouth. 13 reported normal vision, 2 wore
glasses, and 1 wore contact lenses. 6 reported no, 6 monthly, 2
weekly, and 2 daily playing video games. 2 reported no, 13 occa-
sional, and 1 weekly experience with VR. 6 reported no, 9 occa-
sional, and 1 weekly experience with an eye-tracking device. The
university ethics committee approved the study. Participants re-
ceived 10 GBP as compensation.

6 RESULT

We have 96 data points per technique, 384 per participant, totalling
6144. Outliers (151, 2.46%) were removed if the value deviated by
more than 3 standard deviations from the grand mean, leaving 5993
data points. Movement time and cumulative head movement from
2D or 3D diagonal trials were normalized by v/2 and /3.

We conducted repeated measures ANOVAs (o = .05). When
sphericity was violated (Mauchly’s test), Greenhouse-Geisser cor-
rections were applied. Normality was validated using Shapiro-
Wilk tests, histograms, and QQ plots. Bonferroni-corrected post-
hoc tests were used as needed. If data was non-normal, we ap-
plied Aligned Rank Transform [50] with accompanying post-hoc
tests. Subjective data were analyzed using Friedman tests and
Bonferroni-corrected Wilcoxon signed-rank post-hoc tests. Ta-
ble 2) contains all ANOVA results and test statistics. Raw data is
available in the supplemental material.
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Figure 10: Normalized movement time of each mapping strategy at

each level of movement type. Error bars represent the 95% CI.

6.1 Normalized Movement Time

Figure 10 illustrates normalized movement time by MappingStrat-
egy and MovementType. A 3-way ANOVA did not find a sig-
nificant 3-way interaction. We found a significant 2-way interac-
tion between MappingStrategy x MovementType. All combina-
tions of movement properties with RAYCURSOR were faster than
other factor combinations (all p < .002). For both PINGPONG and
RELATIVE, Synergistic movements were significantly faster than
NoDepthChange and AllSequences (all p < .031). For PINGPONG,
we found that NoDepthChange movements were also slower than
AllSequences (p = .025). There were no significant differences be-
tween other factor combinations (all p > .918).

We found a significant main effect for MappingStrategy. While
no significant difference was shown between RELATIVE (M =2.87,
95% C1[2.73, 3.01]), EDGEGAIN (M =2.92, 95% CI [2.80, 3.04]),
and PINGPONG (M =3.08, 95% CI[2.95, 3.21]; all p > .347), RAY-
CURSOR (M = 2.01, 95% CI [1.93, 2.09]) was faster than all three
(all p < .001), independent of cube size or movement type. This
is partially explained by the interaction effect of MappingStrategy
x MovementType. However, the main effect of RAYCURSOR is
strong as it consistently outperforms our mapping strategies.

We also found a significant main effect of MovementType.
Synergistic movements (M = 2.53, 95% CI [2.40, 2.66]) were
faster than Antagonistic (M = 2.75, 95% CI [2.62, 2.89]),
NoDepthChange (M = 2.87, 95% CI [2.71, 3.03]), and AllSe-
quences (M = 2.72, 95% CI [2.59, 2.84]; all p < .048).
NoDepthChange movements were also slower than AllSequences
(all p £.020). The interaction effect of MappingStrategy x Move-
mentType can partially explain this main effect. We found a signif-
icant effect of CubeSize. Participants were faster when positioning
within small cubes (2.45, 95% CI [2.36, 2.55]) compared to large
cubes (2.98, 95% CI [2.89, 3.08]; p < .001).

6.2 Error Rate

We transformed the error rate with ART as it was not normally dis-
tributed. We conducted a 3-way ANOVA on the error rate. We did
not find any significant interaction.

We found a significant effect of MappingStrategy. Post-hoc
tests showed no significant difference between RELATIVE (M =
3.17%, 95% C1[2.38%, 3.95%]), EDGEGAIN (M =3.73%, 95% CI
[2.73%, 4.74%]), and PINGPONG (M = 4.45%, 95% CI [3.13%,
5.77%]; all p > .682). RAYCURSOR (M = 1.11%, 95% CI [0.66%,
1.56%]) was less error-prone than the other three (all p < .001).

In addition, we found a significant main effect of CubeSize.
Small cubes (3.40%, 95% CI [2.77%, 4.03%]) were more error-
prone than large cubes (2.83%, 95% CI [2.09%, 3.56%]; p = .012).

We found no other main or interaction effects (p>.271).

6.3 Normalized Head Movement

Figure 11 illustrates normalized head movement. We conducted a
3-way ANOVA on normalized head movement (°) with only REL-
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Figure 11: Normalized head movement of (a) each mapping strat-
egy for each level of cube size and (b) each level of movement type.
Error bars represent the 95% CI. Statistical analysis was only per-
formed between RELATIVE, EDGEGAIN, and PINGPONG.
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Figure 12: Max eye-in-head angle of each mapping strategy for
each level of cube size. Error bars represent the 95% CI. Statistical
analysis was only performed between RELATIVE, EDGEGAIN, and
PINGPONG.

ATIVE, EDGEGAIN, and PINGPONG included (as outlined in Sec-
tion 5.2.2). We did not find a significant 3-way interaction.

We found a significant 2-way interaction between MappingStrat-
egy X CubeSize (Figure 11a). Post hoc analysis showed partici-
pants needed to rotate their heads more with RELATIVE than PING-
PONG for the large cube (p = .010). In addition, all factor combina-
tions with the small cube required significantly less head movement
than those with the large cube (all p < .001).

We found a significant main effect of MappingStrategy. Post hoc
tests revealed significant differences between all pairwise compar-
isons (all p < .014), with RELATIVE (M = 27.72, 95% CI [25.28,
30.16]) requiring the most, followed by EDGEGAIN (M = 25.00,
95% CI [22.91, 27.09]), with PINGPONG (M = 22.75, 95% CI
[20.62, 24.87]) requiring the least amount of head movement. Note
that the interaction effect partially explains this effect.

Furthermore, we found a significant main effect of Movement-
Type (Figure 11b). Synergistic movements (19.65, 95% CI [17.51,
21.79]) required less head movement than AllSequences (21.79,
95% CI [19.54, 24.03]), NoDepthChange (23.72, 95% CI [21.10,
26.34]), and Antagonistic (22.00, 95% CI [19.76, 24.25]; all p <
.001). NoDepthChange movements required a significantly higher
amount of head movement than AllSequences (p < .001).

Finally, we found a significant main effect for CubeSize. Small
cubes (15.10, 95% CI [13.81, 16.38]) required less head movement
than large cubes (28.48, 95% CI [26.93, 30.04]; p < .001; partially
explained by the interaction effect).

6.4 Max Eye-in-Head Angle

Figure 12 illustrates the maximum eye-in-head angle by mapping
strategy and cube size. A three-way ANOVA was conducted on
the max eye-in-head angle (°) with only RELATIVE, EDGEGAIN,
and PINGPONG included (cf. Section 5.2.2). We did not find a



Mapping Strategy

Overall TLX Ease Comfort

Hand Fatigue Eye Fatigue Neck Fatigue

RAYCURSOR M =5.86, 95% CI [4.39, 7.33] M =6.00, 95% CI [5.49, 6.51] M =5.44,95% CI [4.90, 5.97] M =4.12,95% CI [2.89, 5.36] M = 1.81,95% CI [0.88, 2.75] M = 1.69, 95% CI [0.85, 2.52]
RELATIVE M =10.27,95% CI [8.95, 11.58] M =3.88, 95% CI [3.26, 4.49] M =3.88,95% CI [3.28, 4.47] M =0.81,95% CI[0.40, 1.22] M =6.12,95% CI [4.93, 7.32] M =5.00, 95% CI [3.70, 6.30]
EDGEGAIN M =10.78,95% CI [9.07, 12.49] M =4.38,95% CI [3.64,5.11] M =4.12,95% CI [3.29, 4.96] M =1.25,95% CI[0.59, 1.91] M =6.12,95% CI [4.71,7.54] M =5.94,95% CI [4.35, 7.52]
PINGPONG M =10.70, 95% CI [8.96, 12.43] M =3.56,95% CI [2.76, 4.36] M =3.31,95% CI [2.50, 4.13] M= 1.12,95% CI [0.59, 1.66] M =6.31,95% CI [5.18, 7.44] M =5.06,95% CI [3.68, 6.44]

Table 3: Mean values and 95% Cls of subjective metrics for each mapping strategy.

Ranked Best B Ranked Worst
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Figure 13: Preference ranking for each mapping strategy (N = 15).

significant 3-way interaction.

We found a significant two-way interaction between Map-
pingStrategy x CubeSize. Pairwise comparison showed EDGE-
GAIN (24.56, 95% CI [23.78, 25.34]) required less eye-in-head an-
gle than RELATIVE (26.58, 95% CI [25.97, 27.20]) for the large
cube (p =.002).

We also found a significant two-way interaction between Move-
mentType x CubeSize. However, we found no significant differ-
ence between movement types in the post hoc pairwise comparison.

We did not find a significant main effect on MappingStrategy
(RELATIVE: M = 21.30, 95% CI [20.32, 22.29]; EDGEGAIN: M
=20.16, 95% CI [19.28, 21.04]; PINGPONG: M = 20.84, 95% CI
[19.79, 21.89]). RAYCURSOR had an overall max eye-in-head an-
gle of M = 17.47,95% CI [16.57, 18.36].

We found a significant main effect of CubeSize. Small cubes
(15.15, 95% CI [14.91, 15.40]) required less extreme eye-in-head
angle than large cubes (24.73, 95% CI [24.26, 25.20]; p < .001).

6.5 Subjective Metrics

Table 3 lists subjective results. RAYCURSOR was consistently rated
better than RELATIVE, EDGEGAIN, and PINGPONG (all p < .026).
This includes task load (mental demand, performance, effort, frus-
tration, and overall), neck fatigue, eye fatigue, ease, and comfort
(all p <.002, W > .318). The only exception is comfort, where we
did not detect a significant difference between RAYCURSOR and
EDGEGAIN (p = .142). RAYCURSOR led to higher reported hand
fatigue than the other three (all p < .001). We found no other sig-
nificant difference (all p > .142).

Figure 13 shows post-study preference ranking (N = 15, as one
participant’s data was missing). Most participants (N = 12) ranked
RAYCURSOR as the best. EDGEGAIN showed mixed preference.
It was ranked best by 3 participants, although 7 participants ranked
it lowest. RELATIVE and PINGPONG were appreciated by some
(ranked second best by 6 and 7 respectively) but were not ranked
first by any participant.

7 DISCUSSION

We investigated three head-pitch-to-depth mapping strategies
(RELATIVE, EDGEGAIN, PINGPONG) and related them to the
controller-based RAYCURSOR. Our results indicate that all Head-
Depth mappings perform well for depth control. There were no
outstanding differences between the mappings. As hand movement
is known to have higher throughput than head movement [6], it was
expected that the controller baseline would perform better in ob-
jective performance measures and subjective participant feedback.
Given the nature of the techniques, RAYCURSOR has low eye and
neck fatigue but high hand fatigue, whereas HeadDepth shows op-
posite results — suggesting further ergonomics optimizations. The

performance trade-off for gaining hands-free control was surpris-
ingly low (around 1s slower, about 2.5% higher error rate, maxi-
mum eye-in-head angle difference less than around 5°). Only nor-
malized head movement showed a stark difference up to 25°, which
is no surprise as HeadDepth requires more head movement.

We aimed to develop hands-free competitive mapping strategies
(O1), and our results suggest that head pitch for depth control is
a viable alternative without major performance degradation when
the hands are occupied (e.g., during manual work such as mainte-
nance or repair jobs) or cannot be used otherwise (e.g., for people
with injuries or disabilities). The benefit of HeadDepth is that it can
be easily enabled in off-the-shelf AR/VR devices with eyetracking,
such as the Meta Quest Pro or Pimax Crystal Light. With that,
HeadDepth is a readily available solution for depth control for con-
texts in which the hands are busy and for accessibility.

Regarding our objective to investigate the influence of different
movement types (02), as expected, synergistic movements gen-
erally performed better than antagonistic movements. In detail,
we found that the EDGEGAIN technique was the least affected by
movement type in terms of movement time, while PINGPONG re-
sulted in the least head movement and RELATIVE the most. This
suggests that EDGEGAIN might be an interesting candidate to pur-
sue further, despite PINGPONG leading to less head movement, as
it might offer a consistent user experience without very challeng-
ing and uncomfortable (but also without very easy and convenient)
situations. Interestingly, situations with NoDepthChange often per-
form the worst in movement time and head movement. Intuitively,
participants should have been able to rely on gaze rotations in these
situations without moving their head at all, as all targets were in
view. However, participants still tended to move their heads in ac-
cordance with gaze direction, affecting pitch and thus depth con-
trol. This is explained by the close coordination of eye and head
in gaze shifts, and natural support of eye saccades by head move-
ment. Previous studies have suggested that VR may induce more
head movement than naturally used for gaze [32], and also reported
individual differences in head movement tendency [17].

Cube size significantly impacted all objective measures (O3). As
per Fitts’ Law, this was expected: Larger cubes required a larger
travel distance between targets, which degraded movement time
and increased cumulative head movement. Larger cubes also re-
quired more eccentric eye-in-head angles as targets were closer to
the edge of the field of view. Smaller cubes led to more errors,
which can be partially explained by the slightly smaller target size
(Fitts’ Law). Overall, larger target eccentricity and amplitude be-
tween targets negatively influenced the results, but these effects re-
mained within acceptable limits.

7.1 Designing with and for HeadDepth

We outlined the mappings’ configuration for our setup and task in
Section 5.4. Developers and designers must balance comfort and
available depth range when customizing them (and interaction tech-
niques relying on them).

For simple relative mappings (as in RELATIVE), designers must
balance how quickly users reach maximum gain. To cover larger
depth ranges than our 1-5m, designers can either increase sensitiv-
ity, allowing large depth shifts with small head movements or keep
sensitivity low and rely on clutching. The former is suitable for
coarse tasks but challenging for precise adjustments. The latter en-



ables precise adjustments but requires more effort for larger depth
traversals, e.g., via clutching. The optimal solution and customiza-
tion depend on the use case.

A similar trade-off applies for mappings that dynamically scale
up the gain factor. In EDGEGAIN, such a scale factor modulates
gain. If gain-scaling starts at a smaller eye-in-head angle (i.e., ear-
lier), the head pitch angular range where depth changes unscaled—
and by that, with high precision—becomes smaller. Consequently,
users change depth more often with a scaled gain. This offers less
precision but allows them to make larger depth adjustments. Ad-
justing these two “zones” gives designers room to design for differ-
ent depth ranges required by different use cases.

Customizing absolute mappings for different depth ranges re-
quires adjusting the (linear) interpolation(s). In PINGPONG, this
can be done by modifying the slope of the individual linear interpo-
lations (they can have different slopes) and adding/removing repe-
titions. Extending this behaviour with cubic or bicubic interpola-
tions could make sensitivity depend on head pitch and, in addition,
head yaw. This is relevant as the range of head pitch changes with
head yaw [44]. However, this might further complicate maintaining
comfortable eye-in-head angles.

7.2 Implications for Transfer Functions

Our work implies that integrating the eye-in-head angle into the de-
sign may benefit many, if not all, head-rotation-based interaction
techniques (as long as head gaze does not simply act as a proxy for
eye gaze). In addition, our work implies that it can also be benefi-
cial to consider the relationship between head rotation and eye-in-
head angle when designing transfer functions for other interactions.
Imagine using a controller to move a grabbed object in 3D, where a
relative transfer function adjusts how the object moves. Here, gain
during translation can be very high because the hand is good for
fast and precise control. However, a gain that is too high could lead
to objects moving too quickly towards uncomfortable eye-in-head
angles or out of view. This would hinder interaction by requiring
additional head movements. Integrating the eye-in-head angle into
the transfer function to reduce the gain could support interaction.

7.3 Using HeadDepth for Interaction

Currently, HeadDepth is an evaluated means to an end for depth
control of eye gaze. Designed as a target indication method [16],
it still requires a confirmation mechanism, such as dwelling on a
button press, for a complete interaction. Nonetheless, it holds po-
tential for broader applications that involve control for depth or any
continuous value. With gaze input, or just need visual feedback.

HeadDepth may support 3D selection in virtual environments by
easing disambiguation during controller raycast selection of targets
in dense or (partially) occluded environments. Integrating Head-
Depth can offer an easy way to move the cursor behind a distracting
or occluding target. Here, having a controller reduces the challenge
of uncomfortable eye-in-head angles while integrating HeadDepth
for depth control and dwell for confirmation avoids reliance on but-
tons and, by that, the Heisenberg effect [51].

While we evaluated HeadDepth in VR, the mappings promise
value beyond that. For example, to control smart appliances such
as light bulbs, thermostats, or speakers. Such devices could be ac-
tivated by gaze, and HeadDepth can change values such as bright-
ness, volume, or temperature. Although voice control is an alter-
native, design for eye-in-head comfort remains important as users
need to maintain gaze on the Ul to receive visual feedback.

Furthermore, HeadDepth can complement existing interaction
techniques. Gaze+Pinch [33] offers easy and efficient 2D selec-
tion and confirmation. However, 3D mid-air positioning relies on
hand translation, which can be tiresome (Gorilla Arm). Here, Head-
Depth can complement Gaze+Pinch by allowing for controlling
depth without hand translation.

7.4 Limitations

Participants reported visual distraction by the cursor, and we ob-
served attention drawn from the target to follow the cursor with
their eyes. This may have impacted performance, however, in the
same manner across conditions.

We used a depth range of 1-5m. We expect effects observed to
generalize to other ranges common in AR/VR applications. How-
ever, moving content close to the eyes in AR/VR can cause visual
discomfort as it strains vergence and accommodation, and eye-head
movement to control depth might add to discomfort. We combined
amplitude and eccentricity via cube size in our study. This design
enabled us to investigate the effect of movement type (driven by
gaze shifts at different eccentricities) but prohibited insight into sep-
arate effects of amplitude and eccentricity.

Our study involved only 16 healthy, relatively young partici-
pants with a university background. While this is appropriate for
early-stage evaluation, the limited and homogeneous sample re-
stricts generalizability. Sensitivity analysis via G*Power showed
we could reliably detect effects of eta> = .03 or larger. Smaller
effects would require a larger sample. These findings offer useful
initial insights but should not be considered fully robust.

Finally, the head is effective for refining 2D eye gaze direction
[42, 13]; using it simultaneously for depth control can introduce
challenges, potentially undermining the precision and comfort it
can offer during 2D gaze interactions.

8 CONCLUSION

This work is inspired by the ease and speed at which gaze can be
used for 2D raycasting and provides an in-depth investigation into
the extension of gaze raycast with head pitch for depth control. This
includes: a problem analysis of interactions between eye and head
rotational movements to consider in contexts where head movement
controls input for gaze other than as a proxy; The design and evalu-
ation of pitch-to-depth control mappings that demonstrate relative,
absolute, and eye-in-head-angle adjusted solutions to control depth
within a comfortable view; and empirical insights into synergistic
and antagonistic effects of using head pitch for depth control, fully
integrated with gaze.

We draw several key conclusions: (1) Integrating head-based
depth control with gaze results in a robust, effective, and hands-
free 3D positioning method. This is significant for control without
input devices, contexts in which the hands are busy, and generally
for accessibility. (2) The interaction model provides great simplic-
ity from a user’s perspective. It reduces a relatively complex task
(control of movement in 3D) to a control movement in 1D along
the line of sight. (3) The design behind the scenes is complex,
though, as eye and head movements continuously interact: Gaze
shifts affect head movement for control, and head movements af-
fect eye-in-head viewing angles. Our results underscore the value
of integrating head and gaze movements for more natural and ef-
fective 3D interactions.
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DIGITAL APPENDIX

We provide open-source code, a demo Unity project, a video figure,
and the raw data for further experimentation: https://doi.org/
10.5281/zenodo. 16679236
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