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Chapter 1

Introduction

The rst examples of hand-tracking can be dated back to when the Sayre Glove was
developed in 1977 [27]. The glove used bendable tubes along with each nger and
each tube would have a light source at the end that would decrease the amount
of light passing through when the tubes were bent, thus allowing detection of the
amount of nger bending. The Sayre Glove is known as an active data glove, con-
trary to a passive data glove, that solely detects ngers based on a camera and a
sensor-less glove with colour markers. It was not until the early 1980s that camera-
based tracking was developed for hand-tracking, although the technique required
a sensor-free glove with colour markers for the camera to properly detect each
nger [27]. Since then, there has been a continual increase in the level of image
recognition processes, in terms of recognition accuracy which has led to the use of
an optical image recognition system. Hand-tracking shows a lot of promise and
potential for frictionless Virtual Reality (VR) experiences which could bene t large
industries in implementing improved VR training simulations. Another example

is the rehabilitation of stroke patients, who are unable to hold physical controllers
in their hands [15].

One of the most recent methods for hand-tracking was introduced to the Ocu-
lus Quest back in December 2019 [13], which welcomed a new form of interaction
in VR that solely depended on tracking the user's hands, thus removing the need
for controllers [32]. The Quest utilises four wide-angle cameras mounted on the
front of the head-mounted device to capture, recognise and track the user's hands

[8].

The company Unity Studios has functioned as a collaborative partner through-
out this project. Unity Studios works with developing VR applications, amongst

other XR technologies, and were interested in exploring the potential of hand-
tracking technology and if it could be bene cially implemented into their appli-
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cations, speci cally focused on the VR training scenarios. The collaborative work
has helped guide this paper with a professional context and create reasoning for
choices throughout the paper.

This paper was initially planned to explore how to ef ciently utilise hand-tracking
as a substitute for controllers and how using hands as an input device compares
to using controllers. During the exploration of this, there was a shift in focus to-
wards tracking-stability, investigating the in uence of tracking technology. This
happened as a result of the collected data from study of this paper, which was
used to guide the evolution and focus towards the third study on tracking stability.

The general approach of this paper is to develop prototypes for evaluations to
obtain quantitative data for statistical analysis. Qualitative data will also be col-
lected on a minor scale to function as an explanatory tool to account for tendencies
in the data.



Chapter 2

Background Research

This chapter focuses on relevant background research related to the project, in-
cluding sections on ergonomics, ray cast pointing followed by natural pointing be-
haviour. Finally, general tendencies of previous studies investigating hand-tracking
compared to controller-tracking interactions are synthesised.

2.1 Ergonomics and Interaction Space

The following section contains an analysis of ergonomic considerations in regards
to hand-based interactions, as the design of interactable elements in the virtual
scene has direct implications on the muscular strain. With controllers, the user can
manipulate the controller to perform the desired interaction, such as pointing in
different directions, without physically translating the hand a large distance as is
the case for pointing at objects with ngers. Furthermore, hand-based interaction
affords touch input, where the physical arm movement towards touching a virtual
element is dependent on the placement of the objects in the virtual world. Pointing
is another aspect with ergonomic implications, as people tend to carry over their
natural pointing behaviour with a stretched arm [14] towards the intended object
[5], which imposes a muscular strain on participants [10, 24]. Extended periods of
arms reaching into strenuous positions can lead to the "gorilla arm" effect as it is
termed, meaning the user experiences fatigue or their arm starts to hurt [10]. Ray
cast pointing in VR is often a continuous operation, rather than a singular instance
for guiding attention towards an object [14, 18], which can quickly leave users fa-
tigued. Therefore, ergonomic considerations in the design process are important
to consider.
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2.1.1 Direct Object Interaction

When it comes to direct object interaction without ray cast assisted pointing at vir-
tual objects in VR environments, vertical and horizontal placement of the virtual
objects are both in uential on the required arm movements. In terms of vertical
placement of virtual objects in the scene, the most frequently interacted objects
should be placed between 0 -(-15) degrees to avoid musculoskeletal strain [24],
where 0 denotes the horizontal level from a user's eyes. Similarly, participants
in the study reported that they would place objects between (-0.5 )-(-6.5) degrees,
meaning objects are desired to be placed just below the horizontal level for inter-
action. When it comes to object placement, Hincapie-Ramos et al. recommends
designing placements that support interactions with a center+bent+inwards arm
placement [10], as seen in the last panel of gure (2.1). The preceding three-panel
pictures illustrate the effects of target placement on arm and hand placement.

Figure 2.1: Target location effects on physical arm placement, with the last panel illustrating recom-
mended target location for supporting ergonomic interactions [10].

While distance to object would depend on each user's arm length, their recommen-
dation states placement <35cm from the user's abdomen. Oculus provide similar
recommendations of virtual scene design, as presented in gure (2.2) [8], where
they de ne primary, secondary and tertiary zones of interaction.
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Figure 2.2: Primary, secondary and tertiary interaction zones as recommended by Oculus [8].

The primary zone supports an ergonomic position for prolonged or frequent in-
teractions, whereas the secondary and tertiary interactions ought to be reserved
for shorter sporadic interactions. Hincapie-Ramos et al. took their study a little
further by investigating musculoskeletal strain in a Ul setup, nding interactions
occurring in the lower-left corner of a 25cm x 25cm grid are less fatigue-inducing
than interactions in the upper right corner as illustrated in gure (2.3) [10].

Figure 2.3: Consumed Endurance heatmap [10] (25cm x 25cm grid) of target location (imagine a Ul
placed in front of the user in VR at the center+bent+inwards hand placement illustrated in gure
2.1) where blue indicates least strenuous location and red indicates the most strenuous location to
reach.
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2.2 Ray Casting with Oculus Quest's Hand-Tracking

Ray cast pointing is an action that can occur continuously over the course of en-
gagement with the virtual environment and therefore serves as an interaction with
the requirements of living up to the ergonomic recommendations. The default
pointing method implemented by Oculus for the Oculus Quest hand-tracking fea-
ture, is implemented in a manner that supports the ergonomic recommendations
outlined in section (2.1), but this implementation does not come without trade-offs.

The pointing implementation works by anchoring the ray cast to two points on
the user's body, namely the controlling anchor on the knuckle and the stabilising
anchor on the spine as illustrated in gure (2.4) [8].

Figure 2.4: Oculus default ray cast pointing implementation for hand-tracking, where stabilising
anchor point on the spine dynamically moves up and down, based on vertical gaze angle [8].

The stabilisation anchor point is likely obtained through estimation from the user's
height, which can be extracted from head-tracking data by calculating the differ-
ence between the guardian oor and the y-axis position of the headset. The head-
gaze angle of the user controls stabilisation point position on the spine, meaning
if head-gaze is directed upwards from the horizontal level, the stabilising anchor
point dynamically moves towards the hip for instance [8]. By dynamically shift-
ing the stabilising anchor point, an ergonomic arm position can be maintained
throughout use with the application. Supporting an ergonomic pointing position
is particularly important considering some users tend to extend their natural point-
ing behaviour into the VR world at rst [5], meaning they extend their arms into
stretched out positions for extended periods of time that they would not do in the
real world, quickly leaving the user fatigued.

The implementation does not, however, adhere to natural pointing behaviour.
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When it comes to pointing out a singular specic object in a context, pointing
distinctly takes the form of index nger pointer with hand palm down [14], as
illustrated in gure (2.5).

Figure 2.5: Index nger pointing with hand palm down, distinctly used by people to individuate a
speci ¢ object in a context.

An implementation of this natural pointing method is vulnerable to natural nger
tremors, which gets ampli ed over distance due to the permanently visible ray
cast [8]. Stabilisation of the ray is achievable by anchoring the stabilisation anchor
at the knuckle and anchoring the controlling anchor to the index ngertip [25], as
seen in gure (2.6).

Figure 2.6: Method for stabilising ray cast implementation adhering to natural index nger pointing.
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However, pinch selection accuracy would be affected by nger movement, which
highlights that the Oculus pointing method opens for selections with the pointing
hand, similarly to what is possible with a mouse or controller, as the knuckle con-
trolling anchor point is unaffected by nger movements occurring during selection.

2.3 Natural Pointing

Early internal tests of pointing implementations made it immediately clear to the
research team that pointing with the Oculus implementation did not feel natural
to use, however, natural tremors were also a distracting factor with an implemen-
tation that adhered to the index nger pointing method that is more natural. Jug-
gling trade offs between pointing implementations begged the question of what
exactly is meant by natural pointing behaviour, which the following section exam-
ines.

Speech, physical arm movement and cognitive inference of intended target all mix
together in the process of natural pointing [18]. Typically, pointing occurs when
more than one person is present, where a speaker is intending to guide a recipient's
attention towards an obiject, location or person of interest [14]. Pointing can take
different shapes depending on context of a conversation, but for this project, we
are only interested in the process of individuation of a singular object in a context,
as is a common task in VR experiences, which distinctly takes the shape of index
nger pointer with hand palm down as illustrated in gure (2.5), presented in the
previous section. In a solo VR experience, speech does not typically accompany the
process of pointing, which is commonly employed through ray casting, meaning
visualisation of a virtual "laser" ray shooting out from a pre-de ned origin point

on the user's hand. While speech recognition systems are being investigated [9, 6,
12], they are not usually found in today's mainstream VR applications beyond a
select few select examples. But what does this missing piece of natural pointing in
VR mean for users?

Answering that question requires splitting the pointing process up into its indi-
vidual parts, namely the physical act of pointing and the speech we use to guide
attention towards an object. In an identi cation game experiment by Liicking et al.,
they nd that the physical act of pointing cannot be considered a direct reference
towards a singular object, but should instead be thought of as a cone (presented in
gure (2.7)) we shoot in a general direction to establish context [18].
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Figure 2.7: Pointing considered as a cone for establishing context, which gets increasingly dif cult
to disambiguate over distance [18].

In their experiment, one participant acts as the description giver, meaning the per-
son pointing towards objects (24 in 8x4 grid) on a table (140cm x 70cm), whereas
the object identi er attempts to identify the speci c object pointed at. Without
speech allowed from the participants (22 identi cation games) over 1408 trials of
data in a between-subjects design experiment, identi cation error rate starts to rise
substantially at >0.5m, from 5% error rate at 0.68m to 42.5% at 1.22m. In the sec-
ond group with speech allowed, identi cation error rate remains at 0.02% across
all distances, but the difference shows itself in the number of words used to iden-
tify the object. At 0.5m, participants (description giver) used 3 words to describe
the object, which increases to 6 words per object at >1m. Not only can physical
pointing not be considered a direct reference towards a speci ¢ object, complexity
of speech increases in tandem with the fuzziness of pointing accuracy [18]. Simi-
lar ndings on pointing inaccuracy were documented by Mayer et al., who found
that with no visual guidance, such as ray casting, participants will systematically
overshoot their pointing, resulting in 10-60cm offset from an intended target point
(2m distance between participant and target), dependent on origin of the ray on
the participants arm [21, 25]. These offsets matched those found by Liicking, as
shown in gures (2.8) and (2.9), which supports the idea that the physical act of
pointing is not an accurate process without speech as a guiding mechanism.
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Figure 2.8: Systematic offset error in pointing (27cm-29cm). Ray cast origin from the right hand's
index ngertip, without visual feedback of the pointing ray cast [21]. Intended target is marked with
a red cross, VR data visualised in blue and real world data visualised in light orange.

Figure 2.9: Systematic offset errors in the pointing task from the Description Giver's perspective.
Table is sized 140cm x 70cm with objects placed in a 8x4 grid. At distal areas (>0.5m, row 3+),
precision of pointing ray falls off dramatically and turns into a cone. Center of drawn circles marks
the average offset error of where the pointing ray cast would land on the table if visualised. Black
boxes marks the center of the real world object being pointed at [18].
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It is, however, important to note that visual feedback in pointing, as is employed by
ray casting, nearly eliminates precision issues from 7cm offset to 1.1cm offset [21],
and therefore can be considered a simple guiding mechanism in VR. It remains
unknown how this mechanism changes users' perception of pointing accuracy.

Simple linear ray cast works well for simple VR scenes with scattered objects and
invariant depth placement. However, more complex scenes with occluding objects
or densely packed objects complicate matters with ambiguous situations, which is
one reason for research to be focused on enhancing the shape and behaviour of the
ray cast. Objective measures such ascompletion timeand error rateare at the core
of such enhancement method experiments, as the benchmark to beat is considered
traditional linear ray casting [22, 29, 3]. Bendcast is one such enhancement method,
where the ray cast vector determines which target is closest based on distance [17].
This can be determined either at the end of the vector or at any given point along
the ray cast vector. By bending the ray cast into a circular arc, it locks onto the
closest target as visualised in gure (2.10).

Figure 2.10: Traditional ray cast visualisation and behaviour compared to Bendcast. Traditonal ray
cast is linear, Bendcast locks to the nearest object.

In collaborative tasks, or re-targeting, the movement of the circular arced ray is
valuable in providing immediate feedback, either for inferring intention of move-
ment from a collaborative partner [29], or how close one is to re-target another
object.
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Bendcast does not lend itself well to complex scenes with clustered objects [3,
17], due to smaller, if any, areas of free movement between targets. The snap-
ping threshold essentially makes the target bigger than its visualisation, which
affects user behaviour in the pointing process. Larger targets require less preci-
sion, which means users do not require ne-tuning their selection to be precise,
which is a slower process [22]. Selection time improves, but the relaxed state of
mind consequently produces more errors as the user does not take specialised care
in avoiding errors [3, 22], which can be considered more critical due to selection
of an unintended object. In a non-clustered environment, a Fitt's law task with
targets located at 5m, 10m and 15m, selection time for Bendcast (named "Snap-
To" here) was signi cantly faster than traditional ray cast as shown in table (2.1),
summarising data of the non-clustered condition tested by Moore et al. [22].

Table 2.1: Selection time per object in a non-clustered environment, compared between traditional
linear ray casting and Bendcast/Snap-To method, showing signi cant selection time advantages for
the Snap-To method, especially at further distances (>10m) where selection time was 2-2.5 times
faster [22].

Distance Time(s)/Object Time(s)/Object

Traditional Snap-to
5m 1.136s 0.712s
10m 1.476s 0.788s
15m 2.030s 0.835s

However, as stated before, the trade-off is a higher error rate for Bendcast/Snap-
To (Traditional: 0.80% vs. 3.80% Snap-To), meaning 4.5 times the amount of er-
rors occur during all distance conditions when the Snap-To method is used. In
a similar study, Cashion et al. compared Bendcast against Expand (two-step pro-
cess of selecting an area with a cone-shaped pointer into an expanded view, fol-
lowed by a precise selection of an intended object in the expanded view) and their
auto-selection algorithm, which chooses the most suitable selection method on a
frame-to-frame basis, based on the density of objects. Selection time per object is
signi cantly faster, but more error-prone as shown in the table (2.2) [3].

Table 2.2: Selection time per object and Error rate %, compared between Bendcast, Expand and the
researchers' developed Auto-Selection algorithm [3].

Method Time(s)/Object Error (%)

Bendcast 1.44s 0.42%
Expand 2.86s 0.08%
Auto-Select 2.38s 0.17%
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Even though these studies are based on different contexts (Cashion used PS3 con-
troller and 3D environment, Moore used Wii-Remote controller in a VR environ-
ment), similar ndings can be found. To our knowledge, similar experiments have
not been conducted with bare hand pointing, which we know from the literature is
both a slower and more error-prone input method compared to using controllers,
as described in section (2.4), although it is focused more on direct object interaction.

2.4 Controller-Based Interaction vs. Hand-Based Interac-
tion

Changing the input method for a technological system immediately begs the ques-
tion of why one would use the newer method (hand-tracking) over the older one
(controller-tracking). This section is primarily focused on direct object interaction
but may contain examples also relevant to ray cast pointing. Hand-tracking has
the advantage of providing a more frictionless VR experience compared to con-
troller tracking, as no peripheral device is required for engaging with the digital
environment [2], since the tracked hands acts as the controllers for interaction. Sec-
ondly, hand tracking ought to be easier to learn and use as design can build on
natural human behaviour [35]. A notion that is validated by users approaching
grasping real and virtual objects equivalently [4], indicating interaction intuitive-
ness afforded by hand-tracking. Finger-tracking, which hand-tracking provides,
brings the promise of ne motor control interaction possibilities, because of more
degrees of freedom (each joint in hand-tracking adds to degrees of freedom, which
is usually controlled by trigger/button activated animations with controllers). Pos-
sibilities one could imagine would aid in matching a VR training scenario to the
real-world task, as is a common use of VR technology in business contexts.

Hygiene challenges in medical care present an option where mid-air interactions
could provide a direct bene t. For instance, a standardised procedure in surgery
involves one doctor examining pictures on a computer in a separate room, who
then relays instructions to the doctor performing the surgery [16]. Kim Yonjae et
al. describes that contactless hand tracking for surgical robot control is an attrac-
tive alternative because it can be executed with a minimal footprint at the patient's
bedside without impairing sterility while eliminating current disassociation be-
tween the surgeon and patient [16]. By enabling mid-air interactions with digital
displays, relay of information could be eliminated, which can be prone to miscom-
munication or lacking important details. Rehabilitation of stroke patients present
another option for hand-tracking to provide value, as some of these patients may
not have the physical strength or motor control, to use a handheld controller [15].

The potential for hand-tracking is there, however, the lack of haptic feedback in
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grasping a virtual object presents a fundamental challenge towards the natural-
ness of the VR experience. While mid-air haptics is a research area being explored
through ultrasonic sensors [20], it is currently necessary to augment the system
with a third party device, which would increase the friction of use similarly to
controllers. For this reason, we do not explore this research area further, as it
would eliminate one of the primary purposes for hand-tracking. At a fundamental
level, the lack of haptic and force feedback in the process of picking up an object
goes against natural human behaviour. Picking an object out of thin air exposes
the complex coordination of mental and physical processes taking place in what
may seem like a simple task in the real world. While the approach to grasping an
object is equivalent between the real world and virtual, differentiation between the
two environments shows itself in the contact points on the surface of the virtual
object. Without a physical medium to naturally stop movement into the object,
users in virtual overshoots their nger placements [4]. Five participants averaged
1.05cm (SD: 0.53cm) between the index nger and the thumb, comparatively to
the 2.5cm ideal distance matching the virtual object's visual width. A shortcoming
showing that the lack of haptic feedback makes people uncertain of how much
force to apply in their grasping behaviour. One could also imagine that without
haptic feedback, interacting with an object outside peripheral vision would be next
to impossible, as there would be no con rmation that the object is touched.

The pinch gesture visualised in gure (2.11) may not be considered a natural ges-
ture in the sense that humans do not use the gesture to select something in the real
world, but it provides haptic feedback that would be lacking when attempting to
pick up a virtual object in a natural manner.

Figure 2.11: Pinching gesture used to select and object in VR environments.

For this reason, the pinching gesture is recommended by Oculus as the method of
object selection [8], both for direct object interactions and ray cast pointing selec-
tions. Secondly, since it is not a naturally occurring gesture, it can be recognised
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as a distinct interaction by the tracking system. Designing distinct interactions can
be a challenge in gesture recognition systems, but is important for avoiding recog-
nition of unintended behaviour that can lead to interaction errors [35].

Technological constraints in state-of-the-art within hand-tracking presents more
limitations that can hinder the applicability of hand-tracking. The leap-motion
sensor used in research studies previously [2, 7, 5, 23] is based on infrared imagin-
ing sensors combined with arti cial intelligence software predictions of nger joint
location [26]. Oculus Quest's hand-tracking feature is based on two frontal camera
recordings augmented by computer vision software prediction of hand location
[8]. Commonly for both systems, depth understanding is not provided through
hardware, but rather a software predictions which can be faulty if assumptions are
violated. Occlusion for instance, as illustrated in gure (2.12), is an issue that is
dif cult for either system to handle which consequently limits the design space to
two separate hands with limited ability to work together.

Figure 2.12: One hand occluding the other, where the optical tracking system cannot disambiguate
between the two.

Hand position is also limited to positions where all ngertips are visible to the
cameras, as the system can otherwise lose tracking due to missing crucial infor-
mation in prediction. As shown in gure (2.13), when pinching with the hand
pointing forwards, the two middle ngers would potentially be occluded from the
camera view, which can introduce tracking losses.
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Figure 2.13: Acceptable pinching state with all ngers visible to the cameras, compared with a
non-acceptable pinching state occluding the two middle ngers from cameras.

Depth sensing cameras that are starting to appear on the market, both as stan-
dalone and in smartphones [33], may potentially advance tracking abilities, how-
ever, implementing this emergent technology requires a hardware upgrade.

With the stated advantages and disadvantages in mind, the second element of
comparison involves performance (time completion and error rate) and user expe-
rience differences. Since hand-tracking on the Oculus Quest is only four months
old at the time of research for this project, we turn to literature using custom-made
hand-tracking implementations and studies utilising leap motion. The following
sections focus on tasks requiring direct object interaction.

2.4.1 Task Time Completion

Previous studies investigating task time completion between hand-tracking and
controller-based interactions typically recruited between 8-30 participants, with an
overall average between 27-33.62 [2, 7, 5, 23]. Pre-de ned interaction tasks in VR
(re-position objects, grab and release, direct object interaction) has been a common
experimental approach [2, 7, 5], however, Olbrich et al. conducted their compar-
ative study in a VR training scenario for handling an emergency situation on a
space station [23]. Looking at the data presented in table (2.3), the designed hand
interactions result in slower completion time in nearly all tasks explored with a
factor of 1.1-2.4 times the controller interaction benchmark.
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Table 2.3: Overview of studies comparing task time completion between hand-tracking interac-
tions and controller-tracking interactions, showing tendency for hand interactions as a slower input
method.

Study Task Hand Controller
Time (s) Time (s)
Caggianese 18 [2] 1.) Re-position objects (5) 79s 42s
(Horizontal plane)
2.) Re-position objects (4) 55s 23s
(Vertical stacking)
3.) 3D Sequence matching (6) 113s 50s
(Sel./Pos./+Rotation)
Gusai 17 [7] 1.) Dock objects (12) 161.1s 68.5s

(Shape match + re-position)

Figueiredo 18 [5] 1.) Text input (Direct touch) 2.19s/Input  2.19s/Input

2.) 1D Slider (Direct touch) 5.64s/Input  4.45s/Input
3.) 2D slider (Direct touch) 3.98s/Input  4.09s/Input
4.) Grab and Release 3.31s/Input  3.28s/Input
(Re-position objects)
Olbrich 18 [23] 1.) Training Scenario (6 tasks)  155s 140s

(Selection and Touch)

For controller interactions, the user would select an object by pressing and hold-
ing a button on the controller, while hovering the virtual controller representation
inside the virtual object to be selected [2]. The controller interaction design was
also used by Gusai et al. [7], Olbrich et al. [23] and partially by Figuiredo (task 4)
[5]. Hand-tracking interactions were more varied, where users would close their
hands in a st inside the virtual object to make selections [2], directly touch the
virtual object [5, 23], or grabbing and releasing the object in a natural manner [7,
5]. The direct touch tasks (1-3) by Figuiredo et al. followed controller interaction
design similar to the hand interaction, as only direct touch with the tip of a HTC
Vive controller was necessary to interact with the virtual object [5].

Comparison is dif cult due to differences that arise between interaction methods.
For instance, the time discrepancy reported by Gusai et al. (161.1s vs. 68.5s) can
be a result of natural grabbing being subject to the uncertainty of virtual hand
placement to grab the object [4], unlike the controller interaction which is a bi-
nary state that ought to be easier to understand [7]. Their data also stands in
contrast to the grab and release task (task 4) of Figuiredo et al. (3.31s/input vs.
3.28s/input) nding no signi cant differences in time completion [5], suggesting
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interaction design specics can be a major factor on reported task time comple-
tion differences. It is uncertain which speci c differences result in this deviation,
but releasing grabbed virtual objects in a seamless manner has previously been
reported as a dif cult obstacle to overcome in implementation [11]. In the training
scenario tested by Olbrich et al. only the overall completion time is reported [23],
obscuring exactly which of the six interaction tasks contributed to slower com-
pletion time. Summarising the data, hand interactions appear to be slower than
established controller interaction paradigms, though the differences may be in u-
enced by interaction design decisions.

The in uence of interaction design on results brings the question of which ap-
proach to take in experimental design, either mimicking interactions or differenti-
ating interaction to device advantages. By mimicking interactions between hand-
tracking and controller-tracking, the research team can obtain better comparative
results but their applicability to the real world can fall if the designed interaction
for one device would not be used. Conversely, accepting interaction differences
between hands and controllers in design can lessen the comparative understand-
ing obtained from results, but may give better applicability of results to the real
world. Context of study is in uential in this decision for the research team, for in-
stance if the goal is to expand the objective understanding of interaction methods,
mimicking interactions provides potential discovery of new interaction methods.

If the goal is to understand interaction design for real-world applications, such as
training scenarios or games, the team may adopt a design approach of accepting
the differences.

2.4.2 Error Rate

When it comes to error rate comparison, the data reported in table (2.4) signi-
es hand interactions as more error-prone than controllers. Participants in the
Gusai et al. study were tasked with re-positioning virtual objects into matching
empty shapes, meaning they were "docking" the virtual objects. The score started
at 12, with a deduction for each position error made by the participant, resulting
in re-positioning by the facilitator. Without a de nition of how many points are
deducted per error, it is unclear how many errors occur exactly, but it is clear that
controller interactions are near awless whereas precision falls with hands [7]. The
error rate reported by Speicher et al. signi es the number of edited characters in
the participants' task of replicating a string, by directly touching virtual keyboard
buttons [30]. Similarly in the text entry task (task 1) of Figuiredo et al., the error
rates constitute the number of times the virtual delete button was pressed. As for
task 2 and 3 with sliders, errors were counted for each time the slider was released
outside the intended target indicated by the task. For task 2 the slider represented
a volume picker of 0-100, whereas the 2D slider in task 3 mimicked a colour picker.
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Errors in the grab and release task (task 4) were counted for each time the object
was released and for each time the object was released over an unintended target

[5]-
Table 2.4: Overview of studies comparing error rates between hand-tracking interactions and

controller-tracking interactions, indicating hand interactions as a less precise and more dif cult input
method.

Study Task Hand Controller
Error rate  Error rate
Gusai 17 [7] 1.) Dock objects (12) 10.3/12 11.9/12

(Shape match + re-position)
(Start score = 12, deductible
per interaction error)

Speicher 18 [30]  1.) Text Entry (Direct touch) 7.57% 1.94%

Figueiredo 18 [5] 1.) Text Entry (Direct touch) 3.22% 1.88%
2.) 1D slider (Direct touch) 17.57% 12.37%
3.) 2D slider (Direct touch) 24.53% 13.48%
4.) Grab and Release 5.28% 1.50%

(Re-position objects)

In summary, it appears to be more dif cult to achieve the same level of precision as
controller interactions as well as keeping an object grabbed in your hand, at least
for natural grasping interaction as designed in the grab and release task.

2.4.3 User Experience

As the previous two sections exemplify, hand-tracking interactions are objectively
slower and more error-prone than the controller interaction benchmark. A similar
story follows in regards to the user experience, as exempli ed in table (2.5), where
hand interactions score equivalently or worse in all measurements.
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Table 2.5: Overview of studies investigating various user experience measurements between hand-
tracking and controller-tracking interactions.

Study UX Measure Hand  Controller

Caggianese 19 [2] Perceived dif culty 2.69 1.13
(Very easy: 1 - 7: Very dif cult)

Gusai 17 [7] Preference 13% 73%
(Range: 0-100% of respondents)

Olbrich 18 [23] Satisfaction 32 % 82%

(With Time-Completion)
(Range: 0-100% of respondents)

Reski 19 [28] NASA TLX (Mental Workload)  50/100 41/100
(Range: 0-100, Lower = better)

Figueiredo 18 [5] System Usability (SUS) 86.28 86.80
(Range: 0-100, Higher = better)
Fatigue 2.28 2.25
(Range: 0-3.5, Lower = better)

Speicher 18 [30] User Experience (UEQ) 0.55 0.56

(Range: -3 - 3, Higher = better)

Hand-tracking interactions are perceived as more dif cult to perform (2.69 vs 1.13,
1-7 Likert scale) [2], are less preferable as an input method (13% vs. 73%) [7]
and considered less satisfactory when it comes to task completion time (32% vs.
82%) [23], suggesting task-time completion could be an in uential parameter in
the user's experience. Using hand interactions also induces a higher experienced
workload compared to controllers (50/100 vs. 41/100, as measured by the NASA
TLX Questionnaire where lower score = lower workload experienced) [28]. The di-
rect object interaction tasks explored by Figuiredo et al. were not found to be less
useful or more fatigue inducing comparatively to controllers [5], neither were user
experience scores found signi cantly different in a text entry task [30]. It should
be noted that Speicher et al. tested direct object interaction with controllers in the
form of inverting the handheld Vive-controller, simulating a stylus input device.
By taking controller pointing into account, which can be considered a more fre-
quent interaction method employed by applications, the user experience difference
shows itself at 0.55 for hands versus 1.17 for controller pointing, on a range of -3
(very bad) to +3 (excellent) [30]. While controller pointing is not the focus of this
section, this detail provides an idea that familiarity of interaction may play a factor

in the user experience.
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There is an example where qualitative data from informal interviews would sug-
gest some users adopting hand-tracking interactions despite their aws, at least for
near eld direct object interactions (see primary-tertiary zone gure (2.2))[5]. Near
eld direct object interactions also contribute to learning complex machinery as-
sembly procedures [37], however, the study did not take a comparative approach,
meaning they lacked a ground truth benchmark.

To summarise the data presented in table (2.5), there are no cases where hand-
tracking seem to provide a better experience that would advocate for its adoption.
Evident by various user experience measures in six different studies paints a pic-
ture of hand-tracking as a less useful input method compared to the established
controller-based interaction mappings. At best a similar user experience can be
expected [5, 30], but more often one would expect a worse experience [2, 7, 23, 28,
30].

2.4.4 Hands vs. Controllers Summary

Summarising the data in the previous three subsections, we arrive at the conclusion
of hand-tracking interactions being slower, more error-prone, and a consequently
worse user experience. Since a worse experience can be expected in most cases,
with the best case scenario equivalent to controller-tracking experiences, it would
be easy to conclude that hand-tracking interactions ought not be explored further.
However, in most cases the experiments took the approach of an objective study
on individual hand interactions, detached from real world scenarios [2, 7, 5, 30].
When it comes to VR training scenarios, Olbrich et al. did conduct their experiment
in a complete training scenario, but they did not split the data analysis into its
individual tasks [23], meaning there is a lacking understanding of which exact
interaction task out of the six task steps (including re-positioning objects and direct
object interactions) contributed to a less satisfactory time completion. A gap is
therefore identi ed in the literature, which the second study of this paper will
seek to answer, specically combining the singular hand interaction focus with
contextualised understanding of applicability to training scenarios.






Chapter 3

Problem Formulation

Based on the background research, it was decided to have an overall problem for-
mulation revolving around the general usability of hand-tracking. Throughout the
paper we want to explore hand-tracking in different situations, and learn more
about what and where speci cally hand-tracking proves usable. This created the
problem formulation:

Can Oculus Quest's hand-tracking in its current state successfully function as a suit-
able alternative to the controllers in any aspect of VR applications?

For each of the studies throughout the paper we worked with minor questions
to guide the evaluations. Inspiration for the rst study revolves around Oculus
Quest's default hand-tracking pointing implementation. The input method imple-
mentation opens for selection with the pointing hand, but it does not feel natu-
ral to use. Focus shifted towards enhancement of the pointing implementation,
namely the Bendcast method [17], which has previously shown to be faster, but
more error-prone [22, 3], though in contexts unrelated to hand-tracking. Previously
hand-tracking has shown to be a slower input method compared to controllers [2,
7, 5, 23], which brings us to the research question stated as follows:

In the context of hand-tracking pointing, how do Bendcast behaviour and visualisa-
tion variables affect task completion time, error rate and preference?

For the second study, inspiration is taken from the knowledge that hand-tracking
is considered a slower and more error-prone input method [2, 7, 5, 23, 30]. How-
ever, the literature nds a lack of focus on real-world VR use cases, such as VR
training scenarios. A study that investigated a VR training scenario context did
not establish an understanding of which singular interaction performed by partic-
ipants lead to slower completion time [23]. With a focus on singular interactions,
the research question is stated as follows:

23
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In the context of VR training scenarios, are there singular hand-tracking direct object
interactions that perform better, or are found to be suitable alternatives to equivalent
controller-tracking interactions?

The third study was based on insights from the previous analysis, that prompted
us to focus on the tracking stability of hand-tracking with the Oculus Quest. This
introduced the following research questions:

In the current state of Oculus Quest's hand-tracking, how often is tracking lost
during the interaction?

Sub-Question: Are there interactions where hand-tracking is found as a preferable
alternative to controller-tracking?



Chapter 4

Study One: Linearity and Snapping
Ray Cast Behaviour - Design & Im-
plementation

The following chapter starts by establishing motivation for the study along with
the research question it seeks to answer, followed by design decisions taken to
accomplish that goal. The remaining sections present how the prototype was im-
plemented, with in-application screenshots and code snippet details.

4.1 Motivation

In the early exploration of development possibilities with Oculus Quest's hand-
tracking, the research team identi ed the default pointing method implementation
as unnatural to use. As described earlier in section (2.2), the developers have traded
natural perception for an increased number of interaction possibilities, considering
the input method opens for selection with the same hand as one is pointing with.
After researching and understanding the problems solved with the default point-
ing implementation, the focus shifted towards behaviour and appearance of the
ray cast.

The hand-tracking demo released by Oculus in late December 2019, includes hand-

tracking pointing in the Oculus Quest menus, taking the visual form seen in gure
(4.2).

25
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Figure 4.1: Ray cast implementation for hand-tracking in the Oculus Quest menus, where ray cast
endpoint is visualised as a dot.

Besides feeling unnatural to use, the visual representation of ray casting lacked a
clear connection between hand and end-point. Often the research team members
would nd it dif cult to identify which hand controlled the corresponding dot,
which results in confusion.

Attention was directed towards the permanently visible Bendcast/Snap-To ray cast
method, which locks onto a target further away than the target visualisation, while
simultaneously bending the ray cast into a circular arc [17]. Bendcast visualisation
and behaviour is controlled by two variables, namely linearity of the ray cast and
shapping behavioymeaning threshold distance to target before snapping. Previ-
ously, this method has shown to be a faster, but more error-prone enhancement
method, in controller-held contexts (PS3 and Wii Remote in VR) [22, 3]. However,
hand-tracking has shown to be a slower input method in a variety of task contexts
[2, 7, 5, 23], although those studies focused on direct object interaction. Using
Oculus Quest's default hand-tracking pointing implementation with Bendcast en-
hancement, the research question for this study is stated as follows:

In the context of hand-tracking pointing, how does Bendcast behaviour and visuali-
sation variables affect task completion time, error rate and preference?

To answer this question, a VR application prototype, utilising the Oculus Quest
hand-tracking, was designed and implemented for evaluation purposes.
4.2 Design

Unlike study two and three described later in this paper, this study could be con-
ducted alongside the participants in the real world. For this reason, implementa-
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tion did not have a requirement of focusing on guiding the participant through the

application exactly, as guidance would be handled by the facilitator during the ex-
periment. A choice that also allowed for proceeding with a controlled randomised
order, to avoid order effects (learning) from affecting the results. For similar rea-
sons, a simplistic environment design was chosen to avoid environmental factors.

Regarding task design, it should be simple for participants to execute, so they do
not spend the entire experience learning the interaction task. Avoiding learning ef-
fects provided the reason for including a familiarisation scene, where participants
could get comfortable with the interaction before testing. By designing the task as
too simplistic the data analysis could run into issues of ceiling effects because the
participants would complete the test perfectly, which is particularly relevant with
error rate as a dependent variable. For this reason, the task needed to incorporate
ways of making errors.

A permanently visible ray cast was decided to be implemented, as the research
team expected similar experiences of confusion with the default dot ray cast rep-
resentation to arise with test participants.

4.3 Unity Game Implementation

This prototype was created using Unity version 2019.3.0f6, which at the time was
the newest of cial release. It was chosen since this version of Unity of cially sup-
ports the Universal Render Pipeline, which allows the use of single-pass rendering
optimised for VR [34], combined with more control over general performance of
graphics [31]. Universal render pipeline replaced the light-weight render pipeline
in Unity version 2019.3 but has the same functionality.

4.3.1 Oculus SDK

Since the prototype was developed for the Oculus Quest, we decided to use Ocu-
lus Integration version 15 (released 21/04/2020) for implementing Oculus SDK

features in our project. This SDK was the newest at the time of implementation,

including all the tools necessary for hand-tracking.

4.3.2 Hand-Tracking Implementation

To implement hand-tracking in the prototype, we used several essential Oculus
built-in prefabs. The rst one was the OVRCameraRig, which replaces the reg-
ular Unity camera with a VR camera. This is necessary for displaying the scene
correctly in VR, as it uses two cameras - one for each eye - to display the scene.
Furthermore we used the OVRHandPrefab, one for each hand, as a child object
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to the OVRCameraRig. These prefabs handle functionality for the hands, such as
enabling physics and detailed colliders for the hands, scaling of the hands to match
the user's actual hand size, and easy changing of the hands' visual appearance, all
by simple toggle switching and drag and drop.

Another prefab called HandsManager was used to visualise both hands in the VR
space. The HandsManager allows for visualising either the mesh or the skeleton
of the hands. We used this prefab to render and visualise the hands as standard
meshes.

The last prefab used for the hands was called InteractableToolsSDK. This prefab
was used to implement and visualise pointing rays from each hand. Rays are vi-
sualised from an origin position between the index nger and thumb, which is
the default location of rays when using implementation by the Oculus SDK for
hand-tracking.

4.4 Scene Implementation

For the evaluation we used three scenes, a familiarisation scene made for the par-
ticipants to get familiar with the interactions, a test scene for testing and collecting
data, and a lobby scene for the patrticipants to chose any of the two former men-
tioned scenes with different conditions. All scenes had a similar layout and design.

4.4.1 Lobby Scene

The lobby scene presented in gure (4.2) was used to enter the training scene and
the test scenes. Four square buttons were placed on the wall in front of the user,
one button for each test scene. The different buttons indicate different conditions
for each scene, which changes how the ray works. Lastly, a button was placed far
left of the user, which led to the familiarisation scene.
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Figure 4.2: Screenshot of the lobby scene, with interactable buttons to enter a scene with the corre-
sponding condition applied.

4.4.2 Testing Scene

When the participant rst enters the test scene, they are shown a single button in
front of them, which starts the evaluation upon selection. Once the test is started,
24 boxes appears in front of them (12 green boxes and 12 red boxes), as shown in
gure (4.3). Each green box appears with a number 1 to 12. The participant's task
is to target and select the 12 green boxes in the order of the corresponding number
that appears on the box, starting from 1 and ending on 12.

Figure 4.3: Screenshot of the testing scene, where green marks an intended box to select and red
signi es an unintended box for selection.

If the participant selects a green box in the correct numbered order, the box dis-
appears and a bell sound will play to indicate that the action was correct. If the
participant selects a wrong box, a buzzer sound will play to indicate that the action
was wrong, but the box will remain active. We evaluated four conditions and used
the same scene in every one of them. We did this through a DontDestroyOnLoad()
function on a game object with a static class to pass variables. This means that the
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object would be active in the lobby scene where the conditions would be set based
on which button was selected, and then these variables would be passed forward
upon entering the test scene.

The boxes are placed in a 3x8 grid, with an inter-distance of 1.15m per row and
1.15m per column. Each square box has a width and a height of 0.8m. Participants
were standing 6m-7m from the boxes at all times, as the boxes were placed in a
curved surface formation at different heights. The curved formation was created
in order to surround the user and avoid depth perspective differentiating target
size, meaning this formation partially eliminates differences in target acquisition
dif culty between targets.

4.4.3 Familiarisation Scene

The familiarisation scene seen in gure (4.4) was set up almost identical to the
test scene, with the exception that boxes would re-spawn 0.2 seconds after being
selected (objects disappear upon selection). All boxes had an identical colour to
signify that they all did the same when selected. When the user had familiarised
themselves with the interaction, they could return to the lobby by selecting a back
button placed on the left wall.

Figure 4.4: Screenshot of the familiarisation scene with selectable cubes.

4.5 Interaction Implementation

The interaction was done entirely through pinches with ray casting as a selection
tool. To interact with an object, the user would point at it with the ray cast, and

then pinch their index nger and thumb to interact with objects in the applica-

tion. The Oculus SDK includes a function (GetFingerlsPinching()which is used
to calculate the distance between any one nger and the thumb. This function
returns a value between 0 to 1, to indicate whether the ngers are far apart or if
they are touching, respectively. We created a boolean value to turn true whenever
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the GetFingerlsPinching(method returns a value of 1, which in turn adds 1 to the
number of pinches made.

4.5.1 Ray Cast Implementation

Ray cast implementation was achieved through the Oculus SDK, using the already
mentioned InteractableToolsSDK, which included a script to generate these rays
from the users hands. The script already had a default curvature set in the code,
so we manually tweaked the code in order to change the curvature. We used
a singleton reference to get the information about the amount of curvature and

were able the change it through a variable stored in the singleton. The default
curvature is determined by a Bezier curve and visualised through a line renderer.

The difference in linearity between the two test levels in this study are visualised

in gure (4.5).

(a) Linear ray.

(b) Curved ray.

Figure 4.5: Linearity of ray, illustrating the differences in visual representation between the two
tested levels.

4.5.2 Snapping

The snapping functionality was created by the Oculus SDK, where we added a
variable to control the magnitude of the snapping, in a similar way as the ray cast-

ing curvature. The snapping level is based on the distance from the edges of the
objects and is controlled to snap to the closest option of selectable targets.

Distance between the ray and the object for snapping is determined in the script
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via a method called FindinteractableViaConeTestfhich is made by Oculus. In the
method we changed a single value to determine the distance required between the
ray and the object to snap. When snapping is on (heavy snapping), the ray needs
to be 1m from the object's edge to snap. When snapping is off (minor snapping),
the ray still snaps to the object, but does so minimally with a required distance of

maximum of 0.4 meters between the object's edge and the ray cast.

4.6 Data Logging Implementation

For data logging we implemented a feature in the application that created a text
le and wrote directly to it. In this le we wrote individual information from the
entries in the evaluation, to collect and store data as presented in the code snippet
of gure (4.6).

Figure 4.6: Snippet of the code that stores the captured data in a text le.

The data logged was completion time , total pinches and correct box pinch/wrong
box pinch, wrong pinch (leading to no interaction).

Completion time was calculated trough a oat variable which would be in-
creased every frame with Time.deltaTime. It calculates the time between
every frame in an Update() method which makes the amount of frames ir-
relevant. The timer would start when participants pressed the start button
to indicate that they were ready, ending when the last correct selection was
made.

To detect the total amount of pinches we created a Boolean to be true when
the pinch threshold was activated, and false when it was deactivated. This
meant that the participant had to release a pinch before the next could be
detected. The total amount of pinches would be increased by one whenever
this was detected.

To detect correct box pinches/wrong box pinches/wrong pinches, we created

a list which would have an entry added every time a selection was made. On
gure (4.6) this list is represented in the third line with the  allTimerTextvari-
able, which stores these throughout the test. A list entry would consist of a
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timestamp for the selection, along with a letter to represent one of the three
categories. This allowed us both to collect information about the amount of
times it happened, but also to gain further knowledge about where speci -
cally it happened.
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Study One: Linearity and Snapping
Ray Cast Behaviour - Evaluation

In this study, we sought to understand how pointing enhanced with Bendcast,
based on Oculus Quest's hand-tracking, affects dependent variables such as task
completion time, error rate, and preference. Regarding ray casting behaviour, two
independent variables were explored, namely linearity of the ray cast itself and
snapping behaviouof the ray upon entering proximity to targets. Each indepen-
dent variable was tested with two-levels ( Linearity: Linear and Curved, Snapping
behaviour Minor Snapping and Heavy Snapping), resulting in a total of four con-
ditions as follows:

Heavy Snapping + Linear (S+L).
Heavy Snapping + Curved (S+C).
Minor Snapping + Linear (NS+L).

Minor Snapping + Curved (NS+C).

5.1 Measurements

Before engaging with the testing environment, demographics data was collected re-
garding gender, age, previous VR- and Hand-tracking experience as well as study
faculty their education belonged to.

While participants were carrying out the experiment, the system logged their in-
teraction data behind the scenes. Time (seconds) was logged from when the partic-
ipant started the experiment by pressing the start button on the wall until the last
box had been selected. For each box that was selected, a time-stamp was logged
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to ensure selection time between boxes could be calculated when processing the
results.
Regarding errors, participants can make the following errors:

Select the wrong (red) box.
Select without completing interaction (empty pinch).
Select the wrong instance in the numbered sequence.

For this reason, for each box the system also logged whether it was a correct box
in the numbered sequence or a wrongful selection, meaning a red box. Each pinch
that occurred over the duration of the test was logged, both pinch selections that

were correct and pinches that did not lead to an interaction.

Preference was collected in a ranking task post-testing of the four conditions. Par-
ticipants were asked to rank the four conditions from 1-4, where 1 indicates the
most preferable. The ranking task was completed in a forced-choice questionnaire
manner, mixed with physical interaction of placing their rankings (see gure 5.1)
in accordance to the recommendations by Anne Marie Kanstrup's description of
the visual tangible artefacts (VTA) method. She explains that a VTA is used as a
physical tool to support the cooperation of users and their ability to express them-
selves [1]. Participants were asked if they could provide a reason for their rankings
afterward.
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