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Abstract

Measures of target selection in virtual reality (VR) have focused
mainly on overall performance, such as speed and accuracy. How-
ever, a selection is not atomic—numerous things happen during the
short “click” when a target is selected. In this work, we formalize a
set of measures that provide insight into what happens during this
process. The measures characterize the pointer movement, user
behaviors (gaze, head, hand and finger), and coordination between
modalities. To validate the measures, we collected pointing data
from 36 participants using five different 3D pointing techniques.
Our results show that these measures effectively characterize point-
ing performance, task load, perceived exertion, ease of use/learning,
comfort, and sense of agency. We found that tolerating less “stable”
pointing and considering alignment between modalities both im-
prove pointing performance. Our findings suggest that 3D pointing
should prioritize speed, allow for more movements during selection,
and consider coordination of different modalities.
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1 Introduction

With the rapid development of virtual reality (VR) devices, pointing
techniques utilizing various input modalities have been invented,
for example, using controllers [52, 60], hand gestures [12, 48],
gaze [44], or on-body devices. Prior work compared pointing tech-
niques on their performance and user preference, but often without
a consistent measure for comparing these techniques [45]. Mean-
while, most existing performance measures focus on high-level and
overall measures, such as speed and accuracy.

However, a 3D target selection process is not atomic [42]. Even
during a short, quick “click”, numerous things happen between the
start and end of selection trigger, for example, changes in user’s
gaze point, hand posture or controller position, etc. Such character-
istics are not unique to 3D pointing—prior work investigated what
happens during selection with mice [26, 28, 39] and touch-based
systems [30, 31], devising measures characterizing device and user
performance. Motivated by similar ideas, we investigate what hap-
pens during a 3D target selection in VR. The aim is to understand
how the pointer traces and user behavior during this process are
related to the pointing experience. This approach has the potential
to reveal causes of inaccuracies, discomfort, or fatigue, and inform
improvements to these techniques.

In this work, we offer eight measures that can effectively char-
acterize pointing performance and user experience—by looking
into what happens during the short “click” of selection. The mea-
sures consist of four that characterize user behavior within a single
modality: gaze direction range, head direction range, palm position
drift, and index fingertip variability. Additionally, four measures
assess pointer movement and the alignment between modalities:
pointer direction variability, hit point variability, mean alignment
distance, and alignment-adjusted endpoint. These measures were
selected from a total of 31 measures investigated, based on their
significance of correlation with performance and user experience
ratings, conceptual clarity, and ease of interpretation.

To validate these measures, we ran a lab study to collect pointing
data with 36 participants and five pointing techniques: using the
controller, gaze and pinch, gaze and the controller button, handray,
and a ring prototype [29]. We collected 13,885 valid pointing trials,
computed measure values for each trial, and ran descriptive and
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inferential statistics on them. Our results show that these measures
can effectively characterize differences among techniques and align
with pointing throughput. We also found significant correlations
between these measures and accuracy, task load, perceived exertion,
ease of use/learning, comfort, and sense of agency.

The empirical findings revealed distinct patterns of user behavior
during 3D pointing. First, speed had larger effects on overall perfor-
mance than accuracy across all the techniques, and higher tolerance
for less “stable” pointing reduces task load and exertion. Second, we
found that different modalities work in coordination, and using our
alignment-adjusted endpoint measure improves pointing accuracy.
Our findings suggest that 3D pointing should improve tolerance for
less “stable” pointing, prioritize movement speed and lower latency
over pointing and sensing accuracy, and consider coordination of
different input modalities. The contributions of this work are:

e Formalizing eight 3D measures that characterize pointer
movement, gaze, head, and hand movements, pointer inter-
action with task planes, and alignment of a user’s gaze and
their pointer;

o Validation of these measures with five different 3D pointing
techniques in a formal study of 36 participants;

o Empirical results of 3D pointing behavior and their design
implications through investigating the measures with differ-
ent pointing techniques.

2 Related Work

Understanding Human Pointing Behavior. Numerous works
have examined human pointing behavior, particularly with tradi-
tional graphical user interfaces (GUIs). MacKenzie et al. [39] devised
accuracy measures that include movement variability, offset, er-
ror and more for evaluating mouse pointing, revealing differences
that enable detailed comparison of input devices. Keates et al. [28]
and Hwang et al. [26] extended MacKenzie et al’s work, character-
izing pointing behavior by people with motor impairments, and
Kong et al. [30, 31] devised touchscreen measures that characterize
fine motor abilities. Prior work also modeled how users perceive
their own touch point [24, 25], conceptualized touch selection as a
probabilistic distribution around the target [6], and quantified the
relative precision of touches due to the speed-accuracy tradeoff [5].
Our work takes inspiration from MacKenzie et al. [39] and Kong
et al. [31] for traditional 2D mouse and touchscreens, and aims to
investigate similar measures for pointing in 3D environments.

Pointing Techniques for 3D. Controller, hand, and gaze point-
ing are being widely used in head-mounted devices (HMD). One
common technique is the Handray, leveraging the “virtual pointer”
[46] of a ray-cast from a user’s palm enabling distant object manip-
ulation, in contrast to the “virtual hand” [46], which better supports
nearby interactions. Gaze-based techniques have also been shown
to be effective, both with 2D graphical UIs [49, 59] and virtual or
augmented environments [32, 45, 53], for example, the “gaze and
pinch” [32, 34, 44]. Novel 3D pointing techniques have been in-
vented leveraging a combination of input modalities [1], such as
integrating depth into mouse control [62], combining gaze and hand
gestures [11, 37, 44, 47, 59], integrating eye and head motion [50].

Prior work also compared different 3D pointing techniques, high-
lighting their strengths and weaknesses. For example, prior work
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found gaze improving speed but weakening spatial information
recall compared to finger pointing [53], faster and more preferred
than mid-air cursors [54], and advantageous for interacting with
distant objects [58]; gaze was also found to be slower than head-
and foot-based pointing [41], had lower cognitive load and lower
accuracy compared to controllers [36] and degraded performance
on smaller targets [15]. Prior work also found dwelling more ac-
curate yet significantly slower than pinch and button control [43],
and faster selection and reduced hand fatigue through combining
gaze with hand input [61].

Characterizing 3D Pointing Performance. To characterize 3D
pointing performance, a large body of prior work applied Fitts’ Law
[16] with adjustments enabling transformation from 2D to 3D, for
example, in investigating gaze and hand alignment during 3D menu
selection [55], click-and-dwell interactions using gaze, head, and
mouse [18], the effects of rotational jitter on mid-air interactions [2—
4]. Different from these experiments, this work primarily focuses
on the short duration of selection attempts.

Metrics have been devised to characterize physical exertion
caused by 3D pointing, the most popular being consumed en-
durance [22]. Other arm exertion measures include Jang et al’s [27]
model for estimating active, rest, and fatigue muscle states. Prior
work also observed pointing errors caused by movement during
selection, namely the “Heisenberg effect” [9], which was found to
be responsible for a significant proportion of pointing errors [57].
Our work expands upon this prior work to more modalities and
beyond overall performance measures like accuracy.

Indeed, some similar measures have been previously used in
individual studies on an ad hoc basis (Table 1). Yet, this work statisti-
cally validates correlations of each measure with existing high-level
measures like pointing performance and task load. Furthermore,
research has found inconsistencies of results in prior evaluations
due to the varying tasks and ratings [45, 55], and called for the need
of a “set of common tasks and evaluation metrics” [45]—which is
exactly what this work is offering.

Measures as Described
in Prior Work

Prior Work Leveraging
Similar Measures

Our Measure (1/8)

Hand Movement Distance,

Palm Position Drift Yu et al. [58], Wagner et al. [55]

Hand Rotation Angles
Additional Measures We Investigated (4/31)
Target Hit Ratio, HeisenbergError,
Pointer Direction Drift Wolf etal. [57] HeisenbergMagnitude

Number of times the participant
lost the target during aiming
Hand Movement Space

Target Re-Entry Luro and Sundstedt [36]

Palm Position Range Luong et al. [35]

Table 1: Prior work using similar measures to evaluate spe-
cific techniques, and measures as described in prior work.

3 DPointing Measures

In this section, we formalize eight measures that we use to charac-
terize what happens between “pointer start” and “pointer release”
during 3D target selection in virtual environments.

3.1 Anatomy of 3D Pointing

Our measures intend to capture movements during the “click” of
pointing selection that consists of at least an active pointer and a



[anfilying 3D Pointing: Characterizing What Happens During Pointing Selection in Virtual Reality

TASKPLANE Selection End

e

Selection Start

Selection Start

d0 [

SelectionEnd : '®

dnl n ACTIVE POINTER
: TASKPLANE
: @%)
: Selection Start

[N Ky.2)
o w o @ ACTIVEPOINTER

Selection End
Selection Start
s Timestamp

H .‘ ACTIVE POINTER @ GAZE
c

di

Selection End

Figure 1: (a) Formalization of a pointing trace as a time series
of 6 DoF ray-casts from selection-start to selection-end, using
a controller, hand, or eye gaze; (b) Illustration of hit point
variability; (c) Illustration of mean alignment distance.

selection trigger, similar to Wagner et al. [55]’s conceptualization. A
selection trigger should consist of at least a start and end event, for
example, controller button-down and button-up. A pointing process
can be defined as a sequence of pointer events from selection-start
at timestamp @ to selection-end at timestamp G_1 (Figure 1). For
the & pointer event: 7?3 = (?G 87~ 8 7 8) is the origin position of
the ray-cast; 3g = (3G 83~ 8 31 8) is the direction of the ray-cast. To
simplify presentation, we also define the angle change from 3gto 39
as (3g 39) and the Euclidean distance between 3D points ?g and
?9as (?g ?9). We define gaze, head, hand and finger movement
events captured from selection-start to selection-end as follows:
e Gaze Movement: =—1,Where 8= (?G 8?8748
3G; 8 3~ 8 314 8) is the 6 DoF gaze ray direction;
e Head Movement: = _1,where 8= (?c 87~ 87 8
36 83~ 83 g is the 6 DoF head ray direction;
e Palm Movement:% %, _1, where %= (?G,8 ?~,8 2, 8
is the palm position;
o Index Fingertip Movement: 5 jgx

55 —1idx> where EBidx -
(PG5 8idx ?~5 8idx 7l 5 8idx) is the index fingertip position.

3.2 DPointer Measures

We formalize two measures for the active pointer movement in 3D
and on the 2D task plane.

Pointer Direction Variability. Pointer direction variability is
the cumulative change of pointing direction over the duration of se-
lection. Intuitively, this measure indicates how “jittery” the pointing
direction was during a selection.

=1
Pointer Direction Variability =
&1

(38-1 3g) € [0 )

Hit Point Variability. For the & pointer event, we define
Hitg = (G,it 8 ~hit8) as the position where the pointer ray-cast hits
the task plane, in the plane’s 2D coordinates (Figure 1b). Hit point
variability is the total distance of successive hit point movements
from selection-start to selection-end. Intuitively, this measure indi-
cates how “jittery” the pointer movement is on the task plane.

=-1
Hit Point Variability =
81

(Hitg—; Hitg) € [0 o)
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3.3 Single Modality Measures

We formalize four measures for movement in each modality.

Gaze Direction Range. Gaze direction range is the angle be-
tween the two gaze directions that are farthest apart.

Gaze Direction Range = 8 &(I)Ila)§67 (368369 € [0 )
Head Direction Range. Head direction range is the angle be-
tween the two head directions that are farthest apart.
Head Direction Range = g g X (B3g3g) €[0 )
Palm Position Dri [ Halm position drift is the Euclidean dis-

tance between the palm positions at selection-start and selection-
end, indicating how far the user’s hand moved from where it started.

Palm Position Drift = (% %, _1) € [0 )

Index Fingertip Variability. Index fingertip variability is the
total distance covered by successive index fingertip movements
from selection-start to selection-end.

=5-1
Index Fingertip Variability =
81

(B-11dx Bidx) € [0 )

3.4 Alignment Measures

We formalize two measures for the alignment between modalities.

Mean Alignment Distance. Alignment distance is the average
distance between the active pointer hit point Hitg = (Gy;t 8 ~hit 8
and the gaze hit point Hitg = (G, g . ¢ on the task plane. Fig-
ure 1c illustrates an example of alignment distance during pointing.

=-1
Mean Alignment Distance =

i

(Hitg Hitg) € [0 o0)
80
Alignment-Adjusted Endpoint. Alignment-adjusted endpoint
is the 3D pointer position at the time when the active pointer and
gaze hit point locations are closest on the task plane. Intuitively,
this measure offers the pointer position when the active pointer
and the user eye gaze are the most “aligned”.

Alignment-Adjusted Endpoint =

(G ~g lg) where & = 8eztrgmin (Hitg Hitg)
0 =—

In this work, we investigated a total of 31 measures, and selected
eight measures based on two criteria: (1) correlation with perfor-
mance and user experience ratings, and (2) conceptual clarity and
ease of interpretation. We first selected measures based on their
significance of correlations in our analyses with the full set of 31
measures (Appendix E); among measures exhibiting similar statisti-
cal significance, we then selected one measure for each modality to
avoid repetition yet retain high interpretability. For example, we
chose range of motion for gaze and head movements while using
finer-grained measures for pointer movements, and we chose palm
movements over average joint movements. We include formaliza-
tions of all 31 measures and their distributions and analyses in
Appendices A-E.
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Figure 2: The ve techniques evaluated: Controller, Gaze-
Contr, Gaze-Pinch, Handray , and Ring. The dashed lines il-
lustrate the ray-cast used for pointing in each technique.

4 Study Method

We conducted a controlled lab study with 36 participants to as-
sess how well our measures characterize 3D pointing behaviors.
Unlike prior work that primarily compares techniques, we also
investigated the correlations between our measures and existing
pointing performance measures (speed, accuracy, throughput)
anduser experience ratings (task load, perceived exertion, ease
of use/learning, comfort, sense of agency).

4.1 Experiment Conditions
4.1.1 Pointing Techniqué¥e chose ve pointing techniques:

Controller . The user points with the default controller ray
and selects targets using the controller button;
Gaze-Contr. The user points with their gaze and selects
targets using the controller button;

Gaze-Pinch. The user points with their gaze and selects
using a pinch gesture with the thumb and the index nger;
Handray . The user points with a ray-cast emanating from
their palm and selects using a pinch gesture with the thumb
and the index nger;

Ring. The user points with a ray-cast emanating from the
ring position (Figure 2) and selects by tapping their thumb
on the middle phalanx of the index nger (Figure 4b).

These techniques were selected to cover a range of di erent
modalities (gaze, hand, nger, controller) and selection triggers
(pinch, thumb-tap, button). They also enable pairwise comparisons
that isolate either the pointing modality or the selection trigger.
Furthermore, the techniques range from widely adopted controller-
based interaction to novel wearables, supporting assessment of the
measures' applicability across various devices and techniques.

4.1.2 Target Configurationid/e used spherical targets with two
target size conditions: small and large5( and 10 diameters),
following prior work [ 14, 55. Other factors (e.g., depth, shape) were
omitted due to fatigue observed in a pilot study including both size
and depth. As full counterbalancing was infeasible for a within-
subjects study with 36 participants and 10 conditionsTgchnique

2 Target Sizg we used constrained randomization to generate 36
unique presentation orders, ensuring balanced distribution across
ordinal positions. Each technique appeared 5 9 times per position,
within 2 of the theoretical mean.

Kong et al.

Figure 3: The ve pointing techniques: user posture during
pointing (top), default state without target hit or selection
(middle), and state during target selection (bottom).

4.2 Existing Pointing Task Measures

We validate our measures by comparing them to existing pointing
task measures as below:

Hit or Miss . We record whether each trial was a hit, mean-
ing that the pointing ray-cast collides with the target sphere
at both selection-start and selection-end;

Task Load. We measure task load using the NASA-TLX
questionnaire 19 20. We record user self-reported physical
demand, mental demand, temporal demand, performance,
e ort, and frustration, each from 0 to 10;

Perceived Exertion We measure perceived exertion using
the Borg CR-10 scal&]. We record the user's overall per-
ceived exertion as well as exertion in the eye, head and neck,
hand and nger, and arm, each from 0 to 10;

Additional User Experience Ratings. We include addi-
tional measures taking inspiration from prior work3g,
including ease of use, ease of learning, overall comfort, and
sense of agency, each from 0 to 10.

4.3 Pointing Testbed

We developed a Unity testbed app that generates pointing targets
and records user behavior data. The application ran in Unity version
2022.3.38f1, on a high-end Windows 10 machine (2.7GHz Intel i7
CPU, 1.73GHz GeForce GTX 3070 GPU).

4.3.1 Eye CalibratioWe used the Meta Quest Pro default eye

calibration, and validated calibration results through accuracy and
precision of gaze on 10 blinking cross-hair targets on a circle of 10
degrees radius around the center of the view.

4.3.2 Pointing Taskor each trial, the testbed generates a gray
target sphere (Figure 3) at a random position withir85 horizon-
tally and vertically from the center of view, at a xed distance of

2 meters, a comfortable range within users' view and reat[
Upon selection, a sound is played and the next target is generated
until the block ends. The testbed provides a yellow hover e ect and
visualizes pointer ray-casts as red beams with a red cursor at the
hit point. Ray visualization is enabled for controller, hand, and ring,
but not gaze, following prior work 14, as it improves pointing
accuracy for hand/controller but can degrade gaze performance
due to cursor chasing [40].






	Abstract
	1 Introduction
	2 Related Work
	3 Pointing Measures
	3.1 Anatomy of 3D Pointing
	3.2 Pointer Measures
	3.3 Single Modality Measures
	3.4 Alignment Measures

	4 Study Method
	4.1 Experiment Conditions
	4.2 Existing Pointing Task Measures
	4.3 Pointing Testbed
	4.4 Participants
	4.5 Procedure
	4.6 Data Analysis

	5 Results
	5.1 Summary of Data
	5.2 Comparing Different Pointing Techniques
	5.3 How Our Measures Characterize Pointing Performance
	5.4 How Our Measures Characterize Pointing User Experience

	6 Discussion
	6.1 Characterizing Performance and User Experience
	6.2 Findings
	6.3 Design Implications
	6.4 Limitations and Future Work

	7 Conclusion
	References
	A Full List of Measures We Explored
	A.1 Target-Agnostic Measures
	A.2 Target-Aware Measures
	A.3 Measure Collection and Evaluation

	B Interaction Plots for Task Load, Perceived Exertion, and Additional User Ratings
	C Interaction Plots for All Measures
	D Full Omnibus Test Results Comparing the Measures Across Techniques
	E Full Analysis Results of All 31 Measures

