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Fig. 1. HeadShift improves ergonomics and precision of head pointing in HMDs by employing dynamic gain. The technique reduces

the amount of head movement required for cursor (red dot) positioning and makes targets selectable within a comfortable gaze range

around the head vector (white cross, included for illustration and not shown to the user).

Head pointing is widely used for hands-free input in head-mounted displays (HMDs). The primary role of head movement in an

HMD is to control the viewport based on absolute mapping of head rotation to the 3D environment. Head pointing is conventionally

supported by the same 1:1 mapping of input with a cursor fixed in the centre of the view, but this requires exaggerated head movement

and limits input granularity. In this work, we propose to adopt dynamic gain to improve ergonomics and precision, and introduce the

HeadShift technique. The design of HeadShift is grounded in natural eye-head coordination to manage control of the viewport and

the cursor at different speeds. We evaluated HeadShift in a Fitts’ Law experiment and on three different applications in VR, finding

the technique to reduce error rate and effort. The findings are significant as they show that gain can be adopted effectively for head

pointing while ensuring that the cursor is maintained within a comfortable eye-in-head viewing range.
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1 INTRODUCTION

Head pointing is the most readily available modality for spatial interaction in head-mounted displays (HMDs). Using

the head for pointing affords hands-free input and is more precise than gaze due to users’ fine-grained control over their

head movement [14]. As the head always points at the centre of an HMD, the state-of-the-art approach is to support

head pointing with a cursor fixed in the display centre [26]. Head movement is mapped 1:1 to cursor movement over the

3D scene, and the cursor is rigidly coupled with the display. This has several disadvantages. Selections are only possible

in the display centre and users need to move the entire view for selection. The cursor speed is tied to the head rotation

speed, which limits efficiency for positioning over larger distances and precision for selecting small targets [9]. Users

need to fully turn their heads toward a pointing target, which is not natural as we usually orient our heads only as far

as necessary to bring a target into a comfortable eye-in-head viewing range [33]. The movement required to fully align

the head with a target increases effort and can be experienced as exaggerated and uncomfortable, particularly with

targets high up or low down in a 3D scene [45]. All this compromises the efficiency and ergonomics of the interaction.

This work introduces HeadShift, a novel head pointing technique with dynamic control-display (CD) gain. Pointing

with dynamic gain is a default behaviour with relative input devices decoupled from the display, such as a mouse or

trackpad in graphical user interfaces [6]. CD gain is manipulated based on the speed of the input device to amplify

cursor movement in the fast transition toward a target while ensuring fine control over the cursor at the end of the

ballistic movement. However, our motivation for using dynamic gain extends beyond the possible optimisation of input

speed and accuracy, to improve the ergonomics of head pointing. Our idea is based on the natural coordination of the

eye and head in the visual acquisition of targets: The eyes move faster and reach targets first, while the head follows

more slowly and not all the way to the target [33]. Accordingly, we consider dynamic gain such that the cursor is

controlled by the head but moves faster than the head toward a target, with the head only needing to follow to within a

comfortable range for precise positioning of the cursor on the target.

Designing a head pointing technique with dynamic gain is not straightforward. As head movement is tracked as a

vector in motor space, it lends itself more intuitively to raycasting with an absolute mapping to the display space. When

the mapping is modified by gain, this should conform with the natural relationship between eye and head to preserve

the impression of direct pointing. Head movement supports eye saccades and most gaze fixations occur at offsets of

10-15° from the head vector [33] but head pointing becomes uncomfortable and less precise at larger gaze angles [14]. In

an HMD we have the additional challenge that head movement already controls the viewport. With a different mapping

for pointing than for viewport control, the cursor can move at an offset from the display centre, leading to the problem

that offset can accumulate and move the cursor beyond a comfortable range. In light of these challenges, prior work

has considered gain only for refinement modes, triggered manually or by target proximity [9, 19].

We designed HeadShift to work without any target assistance based on a non-linear transfer function. We developed

the technique iteratively through testing on a Fitts’ Law task in an HMD and analysing primary and secondary pointing

submovements. Primary submovements are aimed to land the cursor at the centre of the target, but noise in the

neuromotor system may cause under- or overshooting and trigger a secondary submovement for correction [23].

Considering this, we designed the transfer function with high- and low-gain states for coarse and fine positioning

and modes for moderate versus fast pointer acceleration. We further integrated cursor offset control into the transfer

function, to contain the pointer within a comfortable eye-in-head range. Figure 1 illustrates the technique: compared

with conventional head pointing, targets can be acquired with less head movement as the cursor moves faster toward

the target than the viewport.
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We conducted two studies to evaluate performance and usability of HeadShift, compared to conventional head

pointing in two di�erent HMDs. In a Fitts' Law experiment, we found no signi�cant di�erence in movement time

but HeadShift had a lower error rate. A usability study on pointing in three di�erent virtual reality (VR) applications

showed HeadShift to improve ergonomics in particular for tasks that require vertical pointing, and e�ciency for tasks

that require high precision. Collectively, the applications demonstrate the generality and e�ectiveness of the technique,

including for pointing over wider ranges vertically and horizontally, and at targets that are dynamically revealed. We

have open-sourced the technique1, including the implementation with a Unity demo scene, experiment data, and scripts

for generating �gures and statistics.

Although developed and evaluated in VR headsets, HeadShift is adaptable to other types of displays, and the design

principle of using gain while ensuring that the cursor remains in comfortable eye-in-head view is generalisable.

2 RELATED WORK

The background to our work comprises head pointing research over decades, insights on head movement in relation to

gaze, and prior work on pointing models and transfer functions.

2.1 Head Pointing

Head movement has a long history of study as a pointing modality [17, 25, 29]. Head pointing a�ords hands-free input

at a distance, and is viewed as a natural modality for pointing without a pointing device [1]. Rotation of the head

provides a wide input range of over50� to left or right relative to the body with precise control over movements as

small as 0.3� [14]. Head pointing has been used as a proxy for gaze, as we naturally turn towards objects of interest for

interaction [27, 32]. In comparison with eye gaze pointing, studies have consistently found head pointing to perform

better for precise input as it a�ords more stable control [2, 19, 28]. Head pointing has been investigated for desktop

interfaces [20, 29], mobile devices [40], large displays [27] and smart environments [32] but is most readily available

with HMDs where head-tracking is already built-in for viewport control [26]. In this work, we are motivated by the

speci�c challenges of head pointing within a head-referenced display. While we have developed HeadShift in VR, the

technique is not limited to HMDs and is transferable to other display environments.

In an HMD, the head always points at the centre of the display. The default for head pointing is thus to align the

entire display centrally over the target for selection, with a static cursor in the display centre for guidance [26]. The

technique is straightforward as it is based on the same absolute mapping of head rotation to both viewport control and

pointing, but the simultaneous use of head movement for view control and input has also been noted as con�icting [26].

The coupling of display and pointer is problematic for performance and usability as users would not normally turn

their heads all the way to align a target centrally in their �eld of view [33, 34]. Head pointing is generally experienced

as uncomfortable and fatiguing as it requires more than natural head rotation to align with a target [2]. With a 1:1

mapping of the pointer, there is also no scope for adjusting cursor sensitivity, which limits both speed and accuracy [9].

The rigid coupling of pointer and display has also been found to induce more overshooting when pointing targets are

dynamically revealed in an HMD [37]. In spite of evident problems, there has only been limited work on alternative

mappings of head movement for pointing in HMDs.

Recent related work proposed a dual-gain head pointing technique with a higher gain mode for the ballistic cursor

movement toward a target and a lower gain mode for the �nal positioning on the target [9]. For horizontal pointing,

1https://doi.org/10.5281/zenodo.11368509
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�xed gains of 1.8 for coarse and 0.5 for �ne positioning were found to improve e�ciency without compromising

usability. However, the dual-gain technique relies on a priori knowledge of target positions to switch modes when the

cursor comes into proximity of the target. This limits the technique's applicability to interfaces speci�cally designed to

support it. Earlier work had also proposed sticky targets to slow a cursor down for head-based selection by users with

limited motor control [39]. Other work has proposed explicit switching between default head pointing (gain of 1) and a

re�nement mode (gain of 0.5), using a manual trigger [19]. There is also work using other modalities as primary input

and head movement for re�nement in mappings relative to the primary modality [15, 19, 35, 36]. HeadShift, in contrast,

modi�es cursor gain solely based on properties of the head movement, using a transfer function without any target

assistance or explicitly switched modes.

2.2 Head Movement in Relation to Gaze

Head movement has long been used as a proxy for gaze in HMDs, but the relationship with gaze has not been considered

further in prior head pointing literature. Past research has described head input techniques as �gaze-directed� [25, 43]

and many works refer to the head vector as �head-gaze� [3, 9, 26]. As eye trackers become more widely integrated

with headsets, one might expect gaze to replace its proxy, but there are fundamental di�erences in the control we

have over either movement. Eye movement is entirely driven by visual processes that limit the precision of input

irrespective of eye-tracker performance, for example, making it impossible to pinpoint or nudge a cursor [44]. Head

movement naturally supports eye movement to acquire targets but we can also move our heads independently of

visual processes, including for small and precise movements. Recent work suggests distinguishing between �head-gaze�

and �head-gestures� as di�erent types of head movement, each of di�erent utility for interaction [14]. Head pointing

naturally leverages gaze-driven head movement for cursor positioning toward a target, while gestural head movement

enables us to align a cursor more precisely for selection than we would be able to do with gaze.

Recent studies of eye and head movement in HMDs provide more nuanced insight into head movement in relation to

gaze. Head movement routinely supports eye saccades to acquire gaze targets but the head moves more slowly than the

eyes and only to within 10-20 degrees from the target [33]. This e�cient behaviour limits e�ort and energy expenditure

while ensuring that the eyes reach a comfortable eye-in-head position before the next gaze shift [38]. It explains why

conventional head pointing gestures are often experienced as exaggerated [2, 45] and inspires us to use dynamic gain

for the cursor to move in advance of the head vector. Head pointing relies on gaze guidance of a cursor to align with a

target, for which it is important that the cursor remains within a range from the head vector that is comfortably covered

by eye-in-head rotation. A study of head-assisted gaze pointing observed that users tended to use an eye-in-head range

of up to 20 degrees, but less in the upward direction [33]. This is also re�ected in o�ce ergonomics guidance for displays

to be arranged with the upper edge at eye height and viewing ranges of 15-20 degrees from the central line of sight [10].

Recent work on head pointing at di�erent gaze angles found a drop in comfort and precision when head-gaze o�sets

exceeded 30 degrees [14]. Our design of HeadShift re�ects the relation of head vector and gaze, both in the use of gain

and in the integration of bounding mechanisms that keep the cursor in a comfortable interaction range.

2.3 Pointing Models and Pointer Acceleration

We draw on long-established pointing models to develop and evaluate our technique. Fitts' Law estimates the time

required to perform an aimed movement according to target properties (distance and width) and has long been shown

to also hold for head pointing [16]. Meyers' optimised initial impulse model describes the aimed movement itself, as

composed of a primary ballistic submovement programmed in the neuromotor system to land the pointer at the centre
Manuscript submitted to ACM
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of the target and a secondary submovement for correction in case the primary submovement over- or undershoots [23].

The model is re�ected in the prior design of transfer functions that manipulate CD gain for pointer acceleration,

increasing gain during the ballistic phase of the movement but reducing it for �ne positioning and any corrective

movement [6]. This is achieved by coupling gain to the velocity of the input device in motor space. At the start of an

input movement, the pointer is in a low-gain state which may require more movement in motor space than of the

cursor on the display, but gain increases rapidly with input speed before dropping back to low-gain at the end of the

ballistic movement. The e�ect of such a dynamic gain transfer function is a dynamic reduction of target distance in the

ballistic phase, and a dynamic increase of target width as the pointer approaches the targetin the corrective phase [6].

Head pointing gain and transfer functions have been studied for 2D desktop and handheld displays [17, 20, 31, 40].

In such settings, displays occupy a narrow �eld of view (FOV) in which content can be comfortably viewed with

eye-in-head rotation, without the need for head movement. As the display is �xed in the world, head movement can

be adopted for cursor control on the entire screen, including with a limited degree of gain [17, 40]. Head pointing

has also been studied for larger displays in the world, where head rotation is necessary for orienting toward targets.

A problem in such settings is the increase in target size at oblique viewing angles, addressed in prior work with a

transfer function for coarse input by head-gaze combined with manual input on a touchpad [27]. Head pointing in an

HMD presents di�erent challenges as the display itself is head-referenced, as a viewport to a surrounding environment.

Pointing in this context is generally based on an absolute mapping of a vector tracked in motor space to a ray cast in

the display environment. Prior work has proposed transfer functions that modify ray-cast input in subtle ways, with

reduced gain for precise pointing carefully compensated during ballistic movement to maintain a perception of absolute

input [12, 18]. Our work is similar in how it facilitates more precise input but more liberal in using gain to accelerate

the cursor. We are not aiming to make cursor o�sets imperceptible but have designed HeadShift for head vector and

cursor to move in accordance with our natural experience of o�sets between head movement and gaze direction.

3 DESIGN OF HEADSHIFT

The principal idea for the design of HeadShift is to have a head pointer that moves faster toward the target than the

head vector itself, to reduce required head movement and enable target selection at a natural gaze o�set. We aimed for

the technique to a�ord precise input without any target assistance. We therefore based our technique on the design of a

transfer function to modify cursor gain solely based on properties of the head movement.

Methodologically, we used a Fitts' Law task to test performance for di�erent task conditions throughout the

development process. As the input is a vector, target widths were controlled as visual angles, including as small as

1� for precise input, while targets were presented at a �xed depth in the 3D scene. The task is described in detail in

the next section, as we also used it for summative evaluation for comparison with 1:1 head pointing. For testing and

development, we parsed head movement to segment it into primary and secondary submovements in accordance with

Meyer's model [23], using smoothed head speed and acceleration magnitudes (cf. Appendix A for a description of

the method). This allowed us to optimise the HeadShift transfer function by analysing the e�ect of design choices on

ballistic versus corrective phases of input.

The two key parts of HeadShift developed in the process are (1) the design of the core of the transfer function for

pointer acceleration and (2) the integration of cursor o�set control into the transfer function to ensure that the cursor

remains within an ergonomic eye-in-head movement range. The technique is dependent on the integration of both

parts as pointer acceleration alone would result in a pointer prone to cursor drift beyond comfortable viewing range.

Manuscript submitted to ACM
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3.1 Head pointer acceleration

Pointer acceleration in head pointing is commonly based on sigmoid functions that provide a smooth transfer between

low- and high-gain states [17, 27, 40]. We adopted the following function:

� ¹Gº =
� "0G � � "8=

1¸ 4: ¹%8=5� Gº
¸ � "8= (1)

whereGis the property of head movement used as input for the transfer function. In pointer acceleration literature

[11, 30], transfer functions are generally described as velocity-based withGas the speed of the input device.� "8= and

� "0G are minimum and maximum values that de�ne the CD gain range.: determines the slope of the sigmoid function

at G= %8=5where%8=5 is the in�ection point of the sigmoid function.

In experimentation, we found it challenging to optimise for faster ballistic movement and high precision solely based

on �rst-order control, i.e. with speed as input. When the cursor was made too sensitive to changes in speed, then it

tended to overshoot at the onset of corrective submovements. Lower sensitivity, on the other hand, resulted in the

cursor gaining momentum too slowly for e�cient coarse positioning. We therefore added second-order control (i.e.

acceleration input) into our transfer function

� 2>A4=

8>>>>><

>>>>>
:

� 5 0BC¹022º• if B?443� 0”2A03•B•

>Aj022j � 1A03•B2

� <>34A0C4¹B?443º• otherwise

(2)

where� <>34A0C4and� 5 0BCde�ne two modes of the transfer function that are automatically switched depending on

speed and acceleration thresholds. In moderate mode, the function takes speed as input, obtained as the magnitude of

HMD angular velocity, while the fast mode is based on acceleration, calculated as the derivative of speed with respect

to time between two frames. In addition to switching order of control, each mode is optimised with di�erent gain

parameters, to allow for a higher gain range in fast ballistic movement while capping gain for shorter and corrective

movements. The high-gain state for the combined function is de�ned by the fast mode parameters as the function

switches to fast mode before the theoretical high-gain state of the moderate mode can be reached. On the contrary,

low-gain states can be reached in both modes, with fast mode parameters determining cursor behaviour during the

slowing down of the head in the ballistic phase, and moderate mode parameters controlling cursor behaviour for

re�nement (c.f. Table 1 for parameters and Section 4 for evaluation of di�erent parameter sets).

Figure 2a illustrates the behaviour of the HeadShift pointer acceleration function. At the start of a ballistic movement,

the gain is moderate, but HeadShift switches into fast mode as soon as the acceleration threshold is reached. The

speed threshold ensures that HeadShift remains in fast mode when acceleration drops below a threshold at maximum

speed. At the end of the ballistic phase, HeadShift switches back to �rst-order control of the cursor to facilitate cursor

re�nement in the corrective phase. The mode switching thresholds have been determined in pilot testing to reach

fast mode quickly in ballistic movements while ensuring that HeadShift remains in moderate mode during corrective

submovements. In either mode, gain is based on un�ltered input for maximum sensitivity, while mode switching is

based on �ltered data to ensure robustness2. Note that not all pointing involves a corrective phase, as the primary

submovement may already land the cursor on the target [23]. The HeadShift transfer function supports that by the low

gain state of the fast mode, for the cursor speed to drop well below head speed in the latter part of the ballistic phase.

2We use 1¿Filter [5], with default parameter values52<8= = 1 andV = 0 and sampling frequency 90Hz for all 1¿Filters reported in this work.
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(a) Pointer acceleration with HeadShift. (b) Cursor o�set bounding.

Fig. 2. HeadShi� pointer behaviour. (a) Initially, cursor gain is first-order controlled by head speed (moderate mode; blue speed
curve). Second-order control (fast mode; red speed curve) is activated once a minimum acceleration threshold is reached (C1). A�er the
head has reached maximum acceleration (C2), cursor gain reaches a peak and thenrapidly decreases. By the time the head reaches
maximum speed (C3), gain has dropped back to approximately 1 by design. HeadShi� remains in fast mode as the head decelerates,
for cursor speed to drop faster than head speed, and only switches back to moderate mode when both speed and acceleration fall
below threshold at the end of the ballistic phase (C4). In the corrective phase, gain remains low as corrective movements do not reach
fast mode activation thresholds. (b) Cursor o�set increases when the cursor moves faster than the head and corresponds to the
area between the two curves. In HeadShi�, we cap gain at 1 when the o�set reaches 15� (C1 ). The maximum o�set may be reached
depending on the amplitude of the movement, and the position of the cursor at the start.

3.2 Cursor O�set Control

As a result of gain, the cursor can move at an o�set from the head vector. In contrast to other work on raycast

enhancement with dynamic gain [12, 18], we treat o�set not as a problem but as desirable for the acquisition of targets

with less head movement and at natural gaze angles. However, cursor o�sets need to be controlled to ensure that targets

can be acquired within comfortable eye-in-head range. Also, with the cursor o�set from the head vector at the end of

the pointing movement, the next pointing action will start from an o�set, and o�sets can accumulate over time [11, 12].

As there is no natural clutching mechanism with a head pointer, we constrain cursor movement to within an

ergonomic range. We do this by extending our transfer function to cap the gain at 1 when the cursor reaches a

maximum o�set from the head vector. From the literature, we considered o�sets up to 20� [33] and, through pilot

testing, established 15� as a range for the cursor to remain naturally associated with head control, and comfortably

usable. Figure 2b illustrates the bounding e�ect: a cursor can accelerate faster than the head until the maximum o�set

is reached, at which point its speed becomes capped at head speed. In an HMD, this restricts the cursor position to a

circular bounding area in the centre of the display.

In pilot testing, we observed an upward bias in cursor o�set accumulation. Analysis of head movements revealed

asymmetries in vertical movement. Users decelerated later during upward head movement compared to downward

movement, which might be caused by the kinematics of the head, the e�ect of gravity, the weight of the headset or the

more limited view in upward gaze [13]. These di�erences resulted in cursor o�set accumulation upwards from the head

vector, causing discomfort as it is more straining to gaze upward relative to the head vector than downward. To counter

Manuscript submitted to ACM
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Fig. 3. Adjustment of vertical gain. Head movement downward has a di�erent dynamic compared with upward movement, and
cursor gain is adjusted accordingly. For downward movement (blue), gain is scaled at a fixed rate. For upward movement (red), gain is
reduced depending on the direction of movement.

the bias in vertical o�set, we adjust gain for vertical head movement with a direction-dependent scale factor:

� E4AC=

8>><

>>
:

1 � ¹ 1 � %<8=º � B8=¹\ º• �403+4;~ ¡ 0

� 3>F= • �403+4;~ � 0
(3)

where�403+4;~ is the head movement velocity along the y-axis in world coordinates (vertical movement, with �ltering

applied), and a positive�403+4;~ indicates upward head rotation, while a negative means downward head rotation.\ is

the angle between the horizontal (xz axis) plane and the direction of movement (�ltered).%<8= ¹»0; 1¼ºis the minimum

proportion of gain applied with upward head movement, and� 3>F= ¹»1;1»º is the scaling factor for downward head

movement. Figure 3 illustrate the dependency of� E4ACon the direction of head movement. For downward movement,

gain is scaled at a �xed rate de�ned by� 3>F= . For upward movement, gain is scaled to a proportion that depends on

the angle of head movement, where the scaling factor is lowest when the head rotates straight up and approximates 1

when the movement is near-horizontal.

The vertical adjustment factor is applied to the gain value of the fast mode� 5 0BCin pointer acceleration function

� 2>A4to determine the �nal gain:

� 5 8=0;=

8>>>>><

>>>>>
:

� 5 0BC¹022º � � E4AC• if B?443� 0”2A03•B•

>Aj022j � 1A03•B2

� <>34A0C4¹B?443º• otherwise

(4)

Vertical gain adjustment reduces the o�set generated when the cursor moves upward and contributes to o�set

accumulation in the lower part of the bounding area. Note that vertical adjustment of gain is only applied in fast mode.

There is no adjustment in moderate mode, to ensure that �ne positioning on a target is not biased in any direction.

4 PERFORMANCE EVALUATION

The main objective of our �rst study was to compare the performance of HeadShift for head pointing in HMDs against

the conventional 1:1 mapping of the head vector for input. The conventional technique, in our study, referred to as
Manuscript submitted to ACM
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Table 1. HeadShi� Parameter Values

Transfer Function Vertical Correction
Technique Variation M5 0BC M<>34A0C4 [ ? J >F=

M"0G M"8= V8=5 k M"0G M"8= V8=5 k V<8= L3>F=

Low 1.5 0.8 1 1.3 1.2 0.5 0.3 7 0.95 1
Medium 3.85 0.55 4.2 0.4 1.2 0.5 0.3 7 0.9 1.1

High 6.05 0.55 6.5 0.35 1.2 0.5 0.3 7 0.87 1.1

NoGain constitutes the relevant baseline for our work as it is the only available technique that supports head pointing

in HMDs generically. We did not consider techniques that rely on target awareness for gain modulation, or use head

movement only for re�nement. A secondary objective was to evaluate HeadShift performance with di�erent gain levels,

to inform the choice of maximum gain for a follow-up study on pointing in di�erent application contexts. For this

purpose, we implemented low-, medium-, and high-speed variants of the technique.

We used a 2D Fitts' Law task for our evaluation, and a 4� 3 � 3 within-subject design with four techniques (NoGain,

Low, Medium, High ), 3 target amplitudes (7� , 25� , 40� ) and 3 target widths (1� , 2� , 4� ). Amplitudes were chosen as in

prior work on eye-head pointing in HMDs [33], to range from a short distance where targets are in comfortable gaze

range before the head movement starts to a larger distance where a head movement has to be underway before the

targets come into the comfortable gaze range. Target widths were chosen to include small targets in accordance with

prior work on precise pointing in HMDs [19].

The study was conducted with 28 participants (16 male, 12 female) aged 20 � 32 (M = 25, SD = 3.2) recruited from

our local university. 17 reported normal vision, and 11 wore glasses or contact lenses. 7 reported no, 20 occasional,

and 1 weekly experience with VR. We used an HTC VIVE Pro Eye VR headset for the study, with 110°diagonal FOV,

2880Ö1600 pixels resolution, and 90 Hz refresh rate. The study task was presented in a VR environment developed with

the SteamVR toolkit 2.7.3 in Unity 2020.3 on a computer with an Intel Core i7-8700 CPU, 16 GB RAM, and an NVIDIA

GeForce GTX 1080 GPU.

4.1 Techniques

All techniques were based on the head vector of the HMD as input, in the case ofNoGain without any transformation.

In the HeadShift conditions, �ltering was only applied in gain calculation but not to head vector control of the cursor.

The implementation of theLow, Medium, andHigh variants of HeadShift di�ered in the parameterisation of the

fast mode (� 5 0BC), while the� <>34A0C4was implemented with the same parameters for all three variants (cf. Figure 4

and Table 1). The maximum gain� "0G in fast mode was set to 1.5, 3.85, and 6.05, with the lowest value based on

recommendations in literature [9] and the largest value based on the maximum we had found usable in pilot testing.

� "8= , : and%8=5were hand-tuned for the fast mode, so that head acceleration in the range from -1 to 1A03•B2 would

map to output in the range from 0.85 to 1.15 on the slope of the transfer function, which we found optimal for a fast

but controlled response of the pointer. Mininum gain� "8= for moderate mode was set to 0.5 as in other work on

head movement for precise input [19] with � "0G set to 1.2 which he found optimal in pilot testing to avoid over- or

undershooting.%<8= and� 3>F= were adjusted for each variant so that o�sets would tend to accumulate in the lower

half of the FOV. See Appendix B for a more detailed description of the parameterisation process.

For all techniques, cursor feedback was implemented as a red dotwith a diameter of 10mm, presented on the task

plane at a depth of 1 meter. Accordingly, the cursor size was 0.57° in visual angle.
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(a) Head Angular Acceleration
022(A03•B2)

(b) Head Angular Speed
B?443(A03•B)

Fig. 4. Low, MediumandHigh variants of HeadShi�. The three variants di�er in parameterization of the transfer function in fast
mode but use the same transfer function in moderate mode.

4.2 Task

The task was a conventional 2D Fitts' Law pointing task with a circular arrangement of targets, following the ISO 9241-9

standard and adopting presentation detail from prior Fitts' Law work [41]. 11 circular, �at targets were presented one

meter away on a dark grey plane in front of the participants. The target plane was �xed in the environment for natural

acquisition by gaze. Targets were shown transparent by default, with only one target highlighted at a time, distinguished

by a vibrant yellow hue. Participants con�rmed the selection of targets with a click on a handheld controller touchpad

for a shorter activation distance than the trigger. After participants selected a target, they received visual and audio

feedback, and the next target was highlighted in yellow on the opposite side for the next selection. Hovered targets

were visually indicated by blue. Successful selections were visually indicated by a change in target colour to green,

while a change to red indicated errors. The same audio feedback was given regardless of the success of the selection.

The task was completed in one round of 11 selections.

4.3 Procedure

Upon arrival, participants were briefed on the study and completed a consent form and demographics questionnaire.

Participants were seated for the study and introduced to the task with a short video. After being �tted with the VR

headset, participants calibrated their position relative to the virtual environment.

Participants completed the task with technique order counterbalanced via a balanced Latin square. In each technique

condition, participants practised 4 � 8 blocks with 2� of target size and 25� amplitude to familiarise themselves with the

cursor speed. Participants were then instructed to perform the task as fast and accurately as possible. Amplitude and

width conditions were randomised before each technique, and participants completed the task with two repetitions for

each unique combination of width and amplitude. Each task involved 11 selections, of which the �rst was to initiate the

task, with the remaining 10 selections included in the data analysis, resulting in a total of 720 data points per participant.

After each technique condition, participants �lled in post-condition questionnaires and had a short break before the

next technique. At the end of the study, participants completed a post-study questionnaire to rank techniques and

comment on their preferences. The study took around 60 minutes.
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Performance was measured with the conventional Fitts' Law metrics movement time, throughput, e�ective width,

and error rate (cf. Appendix C for detail on calculation of throughput and e�ective width). In addition, the amount

of head movement was measured as an indicator of e�ort. The perceived workload was measured with the RAW

NASA-TLX questionnaire [8] formatted as a 7 Likert scale. We also measured user's perception of Control, Fatigue,

Ease, Precision, and Perceived O�set with a self-de�ned questionnaire (cf. Appendix D).

4.4 Results

Unless otherwise stated, the analysis was performed with a three-way repeated measures ANOVA (U =.05) with

Technique, Amplitude, and Width as independent variables. When the assumption of sphericity was violated, as tested

with Mauchly's test, Greenhouse-Geisser corrected values were used in the analysis. Shapiro-Wilk test and QQ plots

were used to validate the assumption of normality. ART (Aligned Rank Transform) [42] was applied when normality

was violated. Bonferroni-corrected post-hoc tests were used when applicable. Partial eta squares ([ 2
?) were used for

reporting e�ect sizes. Statistical results of the three-way repeated measures ANOVA of all dependent variables are

shown in Table 6 in Appendix E. Subjective data were analyzed using Friedman tests and Bonferroni-corrected Wilcoxon

signed-rank tests in post-hoc tests.

Trials with movement time or trial endpoint distance to the target greater or smaller than 3 standard deviations from

the grand mean were discarded as outliers. In total, 391 (1.9%) trials were discarded from the dataset before extracting

metric data. After outlier �ltering within each evaluation metric during statistical analysis, 74 of the 12,096 cells for the

3-way repeated measures ANOVA were missing and replaced using winsorization.

4.4.1 Movement Time(B). Movement time is de�ned as the time between the completion of the previous trial and

the completion of the current trial. Both correct and erroneous selections are considered (Figure 5). No signi�cant

interaction was found between Technique� Amplitude � Width. We found a signi�cant interaction between Technique

� Amplitude. Post-hoc analysis showed thatNoGain required signi�cantly less movement time thanMediumandHigh

(all ? � ”029; � NoGain� Medium = � 0”07B, � NoGain� High = � 0”07B) for 7� amplitude. We found a signi�cant interaction

between Technique� Width but no signi�cance shown in the post-hoc analysis. We found no signi�cant main e�ect of

Technique, suggesting statistically absence of di�erence between the techniques regarding overall movement time (M =

1.04, 95% CI [1.02, 1.06]).

Fig. 5. Movement time in Fi�s' Law evaluation. Error bars represent the mean 95% confidence interval.

4.4.2 Throughput(18CB•B). Throughput is the human motor system transmission rate in the metaphor of Fitts' Law

[21] (Figure 6). We found no signi�cant 3-way interaction, but 2-way interactions between Technique� Amplitude and
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Fig. 6. Throughput in Fi�s' Law evaluation. Error bars represent the mean 95% confidence interval.

Technique� Width. Post-hoc tests showed thatNoGain had higher throughput thanMediumfor the target amplitude

of 7� (? = ”006; � NoGain� Medium = 0”36). NoGain also had higher throughput thanHigh for both target amplitude of

7� (? Ÿ ”001; � NoGain� High = 0”35) and target width of 4� (? = ”025; � NoGain� High = 0”23). On the other hand,High

performed higher throughput thanNoGain for a target width of 40� (? = ”032; � High � NoGain = 0”16). However, we

found no statistical signi�cant main e�ect on Techniques (M = 3.13, 95% CI [3.10, 3.17]).

4.4.3 E�ective Width(� ). The e�ective target width is the width of the selection endpoint clusters, revealing the

pointing precision. The results did not show a 3-way interaction, but a signi�cant 2-way interaction was found for

Technique� Amplitude. The estimated means ofMediumandHigh were higher thanNoGain andLow for 7� target

amplitude (with 0.24°to 0.30°of di�erences). However, signi�cance only showed betweenMediumandLow (MLow=2.52,

95% CI [2.25, 2.80]; MMedium=2.81, 95% CI [2.51, 3.11];? = ”026). We did not �nd a signi�cant 2-way interaction for

Technique� Width (cf. Table 2 for complementary data). We found no signi�cant main e�ects on Technique (M = 2.88,

95% CI [2.80, 2.96]).

Table 2. Mean values and 95% confidence intervals of E�ective Widtha for all target widths.

Technique Width = 1 � Width = 2 � Width = 4 �

NoGain 1.76¹1”64•1”89º 2.77¹2”60•2”95º 4.10¹3”85•4”35º
Low 1.63¹1”48•1”77º 2.63¹2”44•2”82º 4.24¹4”05•4”44º

Medium 1.64¹1”52•1”76º 2.65¹2”50•2”81º 4.32¹4”12•4”51º
High 1.67¹1”54•1”81º 2.79¹2”63•2”95º 4.37¹4”18•4”57º

aMean (95% CI) in degrees (� ).

4.4.4 Error Rate.We de�ne an error as the cursor being outside the target when the participant con�rms the selection

(Figure 7). We found no 3-way interaction. However, the results showed signi�cant 2-way interactions for Technique�

Amplitude and Technique� Width. MediumandHigh had signi�cantly lower error rates thanNoGain with relatively

large amplitudes (25� , 40� ; all ? � ”007; cf. Table 3) and relatively small target widths (1� , 2� ; all ? � ”047; cf. Table 3). At

the same time,Low had a signi�cantly lower error rate thanNoGain for the medium target amplitude (25� ; ? = ”018)

and small target width (1� ; ? Ÿ ”001). No signi�cant di�erences were shown for easier selections: large target size (4� )

and small target amplitude (7� ). We found a signi�cant main e�ect of Technique.Low (10.5%),Medium(10.3%), and

High (11.1%) had signi�cantly lower error rates thanNoGain (14.0%) overall (all? � ”002; MNoGain = 0.14, 95% CI

[0.12, 0.16]; MLow = 0.11, 95% CI [0.09, 0.12]; MMedium = 0.10, 95% CI [0.09, 0.12]; MHigh = 0.11, 95% CI [0.10, 0.12]).
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Fig. 7. Error rate in Fi�s' Law evaluation. Error bars represent the mean 95% confidence interval.

Table 3. Mean values and 95% confidence intervals of Error Ratea for target amplitudes of 25� and 40� , widths of 1� and 2� in Figure 7.

Technique Amplitude = 25 � Amplitude = 40 � Width = 1 � Width = 2 �

NoGain 0.16¹0”13•0”19º 0.19¹0”15•0”22º 0.22¹0”19•0”25º 0.13¹0”11•0”15º
Low 0.12¹0”10•0”14º 0.14¹0”12•0”17º 0.14¹0”12•0”17º 0.11¹0”08•0”13º

Medium 0.11¹0”09•0”13º 0.12¹0”10•0”15º 0.15¹0”12•0”17º 0.10¹0”08•0”12º
High 0.12¹0”09•0”14º 0.14¹0”11•0”17º 0.15¹0”12•0”18º 0.11¹0”09•0”13º

aMean (95% CI).

4.4.5 Head Movement(� ). Head Movement is the accumulated head angular di�erence in each frame (Figure 8). We

found a signi�cant three-way interaction for Technique� Amplitude � Width. BothMediumandHigh required less

head movement thanNoGain andLow for target widths of 25� and 40� (all ? Ÿ ”001; cf. Table 4). We also observed

less head movement withHigh than Mediumfor target widths of 1� and 2� with target width of 40� (all ? Ÿ ”001; cf.

Table 4). Surprisingly, we foundLow required more head movement than all the other techniques for the target width

of 1� with the target amplitude of 7� (all ? Ÿ ”001; � Low� NoGain = 0”98� , � Low� Medium = 0”89� , � Low� High = 0”99� ).

We found a signi�cant main e�ect of Technique.Medium(17.73� ), andHigh (17.36� ) required signi�cantly less head

movement thanNoGain (22.44� ) andLow (21.87� ) overall (all? Ÿ ”001; MNoGain = 22.44, 95% CI [20.67, 24.21]; MLow

= 21.87, 95% CI [20.23, 23.51]; MMedium = 17.73, 95% CI [16.47, 18.99]; MHigh = 17.36, 95% CI [16.15, 18.58]).

Table 4. Mean values and 95% confidence intervals of Head Movementa for target amplitudes of 25� and 40� in Figure 8.

Technique
Amplitude = 25 � Amplitude = 40 �

Width = 1 � Width = 2 � Width = 4 � Width = 1 � Width = 2 � Width = 4 �

NoGain 23.19¹21”84•24”53º 23.56¹22”27•24”85º 24.39¹23”05•25”73º 38.36¹36”28•40”45º 38.55¹36”52•40”57º 38.92¹36”90•40”94º
Low 22.32¹21”32•23”33º 22.74¹21”64•23”83º 23.14¹22”15•24”14º 37.46¹35”92•39”00º 37.00¹35”30•38”70º 37.13¹35”45•38”82º

Medium 19.02¹18”06•19”98º 19.17¹18”25•20”08º 19.27¹18”32•20”22º 28.73¹27”46•30”00º 29.28¹27”90•30”66º 29.09¹27”84•30”33º
High 18.89¹17”96•19”83º 19.02¹17”99•20”05º 19.53¹18”47•20”60º 27.57¹26”16•28”98º 27.54¹26”02•29”06º 28.63¹27”28•29”98º

aMean (95% CI) in degrees (� ).

4.4.6 Subjective.Friedman tests on RAW NASA-TLX questions did not show signi�cant di�erences. However, analysis

of self-de�ned usability questions revealed a signi�cant di�erence in Fatigue (j 2¹3º = 8”24• ? = ”041). Post-hoc test
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Fig. 8. Head movement in Fi�s' Law evaluation. Error bars represent the mean 95% confidence interval.

showed participants rated neck fatigue lower forNoGain (MNoGain = 3.25, 95% CI [2.63, 3.87]) thanLow (MLow =

4.04, 95% CI [3.44, 4.63];? = ”038) andHigh (MHigh = 3.93, 95% CI [3.23, 4.63];? = ”038). There was no statistically

signi�cant preference among techniques. Participants who preferredNoGain andLow felt these techniques were more

precise and gave them more control. Other participants preferredHigh or Mediumas they foundNoGain andLow too

slow, and more tiring as they required more head movement.

4.4.7 Summary of Key Results.

� NoGain was faster thanMediumandHigh for short target distances but we found no signi�cant di�erences in

movement time overall.

� High had higher throughput thanNoGain for large distance selections, whereasNoGain had higher throughput

than MediumandHigh for selections of short distances and large targets, i.e. tasks with lower di�culty.

� All three variations of HeadShift had a lower error rate than baseline head-pointing. The error rate was lower for

selection of smaller targets, and selections over larger distance.

� MediumandHigh required less head movement thanNoGain andLow. High was the best performing of all

techniques for selection of small and medium targets over large distance, the two most di�cult conditions tested.

5 USABILITY EVALUATION

We conducted a second study to gain further insight into the usability of HeadShift. The main objective was to compare

the usability ofHigh as the most e�cient version of our technique with theNoGain baseline on more varied pointing

tasks in realistic applications. We also had three speci�c objectives: (1) to evaluate cursor o�set accumulation in free

selection on the interface where successive movements are not as regular and predictable as in the Fitts' Law task; (2)

to assess the e�ect of HeadShift in vertical pointing as up and down head movement is comparatively more straining;
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and (3) to evaluate usability for precise selection all around, including targets that are not initially in view. We designed

three tasks accordingly: Free Selection, Vertical Placement and Horizontal Docking.

This study had 16 participants (8 male, 8 female) aged 20-32 (M = 24.9, SD = 4.43), none of whom participated in the

previous study. 8 reported normal vision, and 8 wore glasses or corrective lenses. 3 had no, 12 occasional, and 1 weekly

experience of using VR HMDs. We used a Meta Quest Pro (106� � 96� , 90 Hz) with Quest Link. The study environment

was developed with the OculusVR toolkit version 53.1 in Unity 2021.3 on a computer with an Intel Core i7-12700 CPU,

16 GB RAM, and an NVIDIA GeForce RTX 3070 Ti GPU.

5.1 Tasks

(a) Free Selection (b) Vertical Placement (c) Horizontal Docking

Fig. 9. Task examples with typical head movement traces are shown in dashed yellow lines. The grey region indicates the FOV.
Bubble clustered pseudo-randomly in the grid, which requires free input all over the place with mixed distances and directions (a).
Participants pick tools on the ground and position them in the toolbox on the wall, which requires frequent vertical head movements
(b). Participants select furniture in the menu and position in the room with a high volume of horizontal head movements (c).

5.1.1 Free Selection.We implemented a bubble shooter game that requires participants to clear a grid of bubbles in

front of them. The grid had a size of 18� 18 bubbles and was placed at 1m depth covering an area of 63° � 63° in the

FOV (Figure 9a). Each bubble has one of four colours (red, green, yellow, or blue) and a size of 3.5°. The colour pattern

was the same for both techniques (High andNoGain) but mirrored vertically to keep the task di�culty comparable.

This task represents free selection across the entire interface as we aimed to evaluate o�set accumulation when there is

no prescribed order or alternation of movements, such as in the Fitts' Law task.

The gameplay involves two phases. In the �rst phase, participants generate a bubble with a random colour by pulling

the trigger. They then have to �nd a group of at least two bubbles of the same colour, move the bubble to this group so

that they overlap, and release the trigger. With that, the group of bubbles, including the one they had moved, disappears.

After 50% of the bubbles are cleared, the game switches to a drag-and-drop phase in which players have to pick up

existing bubbles by pulling the trigger and moving them close to a cluster of at least two of the same colour and releasing

the trigger to clear the bubbles. When the number of bubbles was below 8, the system allowed participants to generate

new bubbles again to help the remaining bubbles. In this situation, the colour of the newly generated bubble will only

be chosen from the existing bubbles. Sound feedback was provided every time participants released the trigger.

After every ten bubbles, the application generated a white bubble and played a sound cue to prompt the participant

to move the white bubble onto the blue ring displayed in the centre of the grid (Figure 9a), with a tolerance of 1� .
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