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ABSTRACT In this paper, we designed a registration framework that can be used to develop augmented
reality environments, where all the real (including the users) and virtual elements are co-localized and
registered in a common reference frame. The software is provided together with this paper, to contribute
to the research community. The developed framework allows us to perform a quantitative assessment of
interaction and egocentric perception in Augmented Reality (AR) environments. We assess perception and
interaction in the peripersonal space through a 3D blind reaching task in a simple scenario and an interaction
task in a kitchen scenario using both video (VST) and optical see-through (OST) head-worn technologies.
Moreover, we carry out the same 3D blind reaching task in real condition (without head-mounted display
and reaching real targets). This provides a baseline performance with which to compare the two augmented
reality technologies. The blind reaching task results show an underestimation of distances with OST devices
and smaller estimation errors in frontal spatial positions when the depth does not change. This happens
with both OST and VST devices, compared with the real-world baseline. Such errors are compensated in
the interaction kitchen scenario task. Thanks to the egocentric viewing geometry and the specific required
task, which constrain the position perception on a table, both VST and OST have comparable and effective
performance. Thus, our results show that such technologies have issues, though they can be effectively used
in specific real tasks. This does not allow us to choose between VST and OST devices. Still, it provides
a baseline and a registration framework for further studies and emphasizes the specificity of perception in
interactive AR.

INDEX TERMS Augmented reality device calibration, depth perception in AR, egocentric perception,
interactive AR, reference frame alignment, user experience in AR.

I. INTRODUCTION
Among the various technologies to obtain Augmented Real-
ity (AR) systems, wearable AR devices are mostly suitable
when interaction in the peripersonal space is required [1].
Head-mounted displays (HMDs) allow the users to explore
an AR environment keeping their hands free, thus being
able to interact with it. Simultaneously, the AR point of
view can change according to the user’s movements [2], [3].
In all these situations, the spatial co-localization of virtual and
real elements is above all important since the users should be
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able to reach, touch, move, and coherently manipulate real
and virtual objects. Like in the real environment, interaction
is strongly linked to perception. To interact accurately, users
should have a coherent perception of all the scenes’ ele-
ments, and a wrong perception hampers an effective interac-
tion. Currently available video see-through (VST) and optical
see-through (OST) HMDs, however, are not able to provide
all the depth cues needed to properly perceive the scene
geometry, leading to misperceptions and thus interaction
issues. Albeit the perceptual differences between different
types of HMDs can be somewhat inferred from their optical
models, the mechanism underlying human’s depth percep-
tion is not yet fully understood due to the high number
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of interlinked depth cues, which have been the subject of
several AR studies in the past years. For this reason, many
perception-interaction studies often rely on the analysis of
the data obtained from user studies, where different groups
wear different devices. Different HMDs, however, usually
do not share the same tracking systems, and it is therefore
necessary that all the devices are calibrated and aligned in
a common reference frame and that measurements are done
with an external independent common measurement system.

The contribution of our work is thus twofold. The first
contribution is a registration framework that can be used to
develop augmented reality applications, in such a way that
real and virtual elements (user included) are co-localized
and registered in a common reference frame. The proposed
registration framework is based on an alignment method (see
the method in [4]) that can be used for any device. It provides
both a 6 degree-of-freedom (DOF) pose and a perceptual
(dependent on the users’ perception) calibration of the AR
devices.

This paper’s second contribution is to investigate the link
between perception and interaction in Egocentric Augmented
Reality by analyzing depth perception during reaching and
manipulation tasks with different types of wearable AR com-
mercial devices (OST and VST). First, we consider a sim-
ple interaction task (specifically a blind reaching task), also
with respect to the real counterpart (the baseline). Then,
we consider a more complex interaction task, which fully
exploits egocentric perception and interaction, where we test
the ability of people wearing VST andOST devices in solving
a visual positioning task. Specifically, several virtual and real
kitchen tools were randomly displayed on a table. People
were asked to move a real object to the same position as the
corresponding virtual one.

It is worth to note that the objective is not to devise how
to compensate for optical aberrations in commercial OST
and VST HMDs, but rather to assess their performance for
interaction tasks since users commonly use HMDs without
modifying them.

In a previous pilot study [5], we observed significant
depth compression with both OST and VST devices. Thus,
we devise a more controlled setup with a better registration
procedure to assess our previous results. Moreover, we also
perform a new interaction task to assess whether and how the
distortion of perceived position might affect user interaction
in AR in more naturalistic settings, where multiple cues to
depth are available.

The paper is organized as follows. In Section II, we briefly
review the literature about perception and interaction issues in
AR and the available calibration methods for VST and OST
devices. In Section III, we describe the registration frame-
work devised to align the considered VST and OST devices,
and the system used to track the user’s movements, into a
common reference system. In Section IV, we describe the
experiment designed to assess interaction in a blind reaching
task and the differences between OST and VST devices com-
pared to the real-world baseline. SectionV describes the other

experiment involving a first-person action task, analyzing the
interaction by considering both errors in the object position-
ing and user experience questionnaires. Finally, in SectionVI,
we present our conclusions.

II. RELATED WORKS
VST and OST devices are the two main technologies for
presenting to an observer virtual elements overlaid to the
real environment. In OST devices, augmentation is obtained
by showing virtual elements on a semi-transparent screen
in front of the users’ heads. VST devices are character-
ized by different features and thus by different perceptual
problems. The users see the real world captured by a cam-
era (thus not directly through some transparent surface like
in OST devices), and the augmentation is overlapped on
the video feed. In the past years, several researchers have
addressed the problem of evaluating such devices’ percep-
tual issues. In [6], the authors provide a classification of
perceptual issues in augmented reality by considering the
advantages and disadvantages of the different technologies.
Depth ordering and perception are some of the most impor-
tant issues since depth distortion primarily affects interac-
tion. The human eyesight perceives depth thanks to several
interlinked depth cues [7], which, in most cases, can lead to
accurate estimations (optical illusions are the most common
exceptions). Although absolute depth distance judgments
tend to be metrically imprecise as the distance increases,
relative depth perception (e.g. to discern which object is
closer between two distinct ones) is known to be much
more accurate. Depth perception is a known and established
issue in VR HMDs. This suggests that similar problem-
atics may arise in AR HMDs since several of the depth
cues lost in VR are often inhibited in AR contexts. The
main cues responsible for depth perception in peripersonal
space are binocular disparity, binocular convergence, accom-
modative focus, relative size, and occlusions [5], [7]–[10].
There are many other depth cues such as shading, cast shad-
ows, aerial perspective, texture, dimensionality, atmospheric
haze, or height in the visual field [11], [12]. Peripersonal
space is one of the three interaction zones [9], [13]–[15],
which are related to the distance with respect to the user, and
represents the space in close proximity (up to about 1.5m)
used in reaching/grasping/manipulation tasks. AR Percep-
tion in Extrapersonal space (medium distances, up to about
30m) and Vista space (large distances) related to respectively
motion/navigation and general context/orientation, is cur-
rently less explored, as most AR applications (with the excep-
tion of handheld AR, e.g. [16]) are often indoor and at close
distances. AR HMDs have to render different views for each
eye to convey binocular disparity, which are approximately
spaced by an interpupillary distance (IPD) of 63 mm [17].
However, the virtual cameras’ exact positions that render
the separate views for each eye change depending on the
user. To the author’s knowledge, a true orthoscopic view
(thus, without geometrical aberrations) is currently unavail-
able in all commercially available HMDs. To be considered
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orthostereoscopic, a VST HMD has to respect several con-
ditions [18], [19]: the center of projection and optical axes
of the cameras used to capture the video feed must coincide
with those of the displays and the user’s eyes; the distances
between cameras, lenses, and the observer’s eyes must be
equal (IPD), and the field of view (FOV) of the cameras
must be the same as the displays. To mechanically respect
these conditions, both the cameras and the lenses would have
to converge to the focus point (toed-in HMD). Currently,
widespread VST HMDs use a parallel setup instead, with
fixed cameras and lenses, which introduces aberrations such
as diplopic vision. However, there are techniques to reduce
the effects of these geometrical distortions [18], [20]. Sim-
ilar problematics are present in OST HMDs, as to achieve
locational realism, the position of the user’s eye must be
obtained [21]: since eye trackers are still rare in commer-
cial HMDs, calibration through alignment tasks is usually
required. In a real-world scenario, binocular convergence and
accommodative focus are usually tied together in a single
accommodation-convergence reflex, which is problematic to
preserve in VST HMDs, due to the conflict arising from the
presence of the display focal plane at a fixed distance from
the eyes. Perspective is also a strong monocular depth cue in
peripersonal space, as well as the relative size of observed
objects. When familiar objects (thus, with an approximate
known size) are observed, the distance is also estimated
depending on the perceived size. Some famous optical illu-
sions exploit this phenomenon by resizing common objects
to conceal the object’s real distance. Finally, occlusions and
motion parallax [22] provide a strong cue regarding the
object’s relative positions of objects in the scene. Several
other cues, such as atmospheric haze, shading, texture gra-
dient, and height in the visual field, are either more related
to medium/large distances or currently not conveyed through
commercially available AR HMDs (e.g., due to limited FOV
or resolution).

Generally, to limit the effects of the geometrical distortions
caused by the HMD, a calibration is required. Calibration
estimates the camera’s parameters and the object models to
match the virtual objects with their physical counterparts.
VST and OST devices are composed of different systems (to
track the real-world environment, the users’ head pose, and
to display the augmented contents) with different reference
frames that must be aligned. The calibration parameters are
the optical characteristics of the physical camera aswell as the
position and orientation of various entities such as the camera,
the trackers, and the various objects [23].

Many approaches have been proposed and developed
for OST calibration, starting from considering that a
non-accurate calibration hampers users’ ability to solve tasks
in the AR environment [24], [25]. Moreover, it is interesting
to note that human factors contribute to a significant extent to
calibration errors. Even different calibration procedures for
the same calibration algorithm yield significantly different
accuracy [26]. For this reason, the evaluation of methods to
calibrate OST HMD devices is often performed with user

studies, e.g., [27], [28]. A recent survey [21] describes several
OST devices calibration methods, classifying them into man-
ual, semi-automatic, and automatic approaches. In that paper,
the authors describe AR’s main problem: the fact that the
location of the virtual objects is to appear as equally real,
solid, and believable as the physical one, and they refer to
this concept as ‘‘locational realism’’.

The calibration requirements of a VST AR system have
been described in [4], [29]. One of the main problems with
interacting in AR environments experienced through VST
HMD devices is that the human eye and the camera’s intrinsic
parameters are different, thus hampering a correct estimation
of egocentric distances [5], [30].

In the case of multiple HMDs, i.e. in shared environments,
all the devices must be registered in the same reference
frame [31], [32], e.g. in [31], an OptiTrack was used to
improve the registration of three Microsoft HoloLens dis-
plays.

Having established that both OST and VST devices should
be calibrated to be used and that such a calibration should take
into consideration human perception, a still open question
is whether there are perceptual differences between the two
technologies and whether such differences affect interaction,
especially in the peripersonal space, i.e., at near reachable
distances, in the context of egocentric interaction. In the lit-
erature, the tradeoffs between optical and video see-through
HMDs with respect to technological, perceptual, and human
factors issues have been largely debated ( [33], [34]).

In [35], the combined effects of two types of latency in AR
(real-world latency and virtual object latency) are analyzed.
The main limitation of the approach is that they utilize an AR
simulation approach. Thus, the real and augmented portions
of the AR training scenarios are simulated in VR. The results
confirmed that latency could play a role in AR applications,
and it is something researchers must consider. Other specific
comparisons between VST and OST devices are about the
vergence-accommodation conflict [36] or the sense of pres-
ence for phobia treatment to small animals [37].

In [7], the authors review and discuss protocols for measur-
ing egocentric depth judgments in both VR and AR and the
well-known problem of depth underestimation in virtual envi-
ronments. Among the first authors who tried to evaluate depth
perception, they considered three different protocols: percep-
tual matching, blind walking, and verbal estimation. Their
work focused on depth perception at medium and far-field
distances, which are important distances for several com-
pelling AR applications, but not for peripersonal tasks. Inter-
estingly, they found evidence for a switch in bias, from under-
estimating to overestimating distance, at about 23 meters (see
also [38]). In the blind walking tasks, they found that AR
objects’ egocentric depth is underestimated, but to a lesser
degree than previously observed in VR. Other studies, based
on Gibson’s work on affordances [39], compared the affor-
dances of virtually assisted activities with respect to those
of physical reality [40] and measured perceived affordances
to assess space perception in AR through motion tasks [41],
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finding that judgments of gap-crossing in AR were underes-
timated. It is worth noting that underestimating distances is
also reported in natural viewing (or VR or AR), e.g., in [42]
the authors reported a good evaluation for distances only up
to 40 cm, by considering an alignment task. In real-world
scenarios, in [43] the authors analyzed distance perception
with a pointing task, finding out that accommodation can act
as a source of ordinal distance information in the absence of
other distance cues. Finally, in [12], [44], the authors quan-
tified egocentric perception, but they considered a walking
task, with distances from 2 to 8 meters from the observer.

III. THE REGISTRATION FRAMEWORK
The goal is to have all the devices share the same tracking
system, thus the same reference frame, to coherently compare
obtained data. Since the considered tracking system can track
any object’s pose using trackers, we convert all other devices
coordinates by finding their relative transformations with
respect to the tracker rigidly attached to each device.

Our setup is composed of two AR HMDs, one VST, and
one OST. The OST is the Meta2 (Metavision), while the
VST is the HTC Vive Pro equipped with ZED mini stereo-
cameras. The OST HMD field of view (FoV) is 90◦ and has
a Quad-HD (QHD) resolution (split between the two eyes),
thus 2560×1440 pixels in a 16:9 aspect ratio. The Vive Pro
HMD, on the other hand, has 110◦ FoV and a resolution
of 2880 × 1600 pixels (1440 × 1600 per eye). The Vive
Pro, while used as an AR device, is further restrained by the
ZED Mini used for the see-through, which has a maximum
resolution of 2560 × 720 pixels and a FoV of 90◦ (HxV).
The lighthouse-based tracking system of the HTC Vive Pro
has been used for both HMDs, due to its precision [45], [46]
and availability. To track the user finger during the reaching
task, a Kinect V2 RGB-D sensor was used. Unity 3D was
used as the graphic engine. The framework has been tested
on a PC with the following specifications: GPU NVIDIA
GeForce GTX 1080, processor Intel(R) Core(TM) i7-8700
@ 3.20 GHz, 32 GB of RAM, and as an operating system
Windows 10 Pro 64 bit.

The framework is composed of several independent mod-
ules (see Fig. 1), which will be discussed in detail in the fol-
lowing sections. The software can be downloaded, together
with configuration examples and instructions, from the repos-
itory in [47]. The software is developed in C++ and C#.
Circuit schematics, Arduino files and 3D printable files are
also provided.

Without loss of generality, we assume the proposed
approach to be valid under any other choice of visualization
devices and tracking systems. Most procedures have been
carried out by using the raw data streams from the different
sensors.

A. OST REGISTRATION
The Meta2 6DOF pose in the scene can be obtained through
its internal SLAM (Simultaneous Localization And Map-
ping), which upon initialization asks the user to perform

FIGURE 1. The flowchart encapsulating all the modules of the proposed
registration framework, used during the design of the experiments
described in sections IV and V. Rounded-edge blocks represent 3D points,
tracked with respect to the displayed reference frame and registered in
the connected systems.

a short environmental scan by turning the head to collect
enough features to build a 3D mesh of the surroundings
through its integrated RGB-D sensors. This feature has been
disabled and replaced by the HTC Vive Pro tracking sys-
tem, using one Vive Tracker. This step is required as the
Meta2 SLAM system places the origin of the world reference
frame in the first pose registered after initializing. Thus,
it would be impossible to render objects in the same position
with respect to the real world across different initializations,
and compare data collected among different users. Thus,
theMeta2 HMD servesmerely as a visualization device, as no
advanced features of the Meta SDK were used. Since the
rendering of the two eyes view is based on the position of
the SLAM localization system reference frame, the HMD
needs to be calibrated to obtain the transformation between
the Vive Tracker reference frame (used to track the HMD)
and its default localization reference frame. A screw rigidly
fastens the HMD Vive tracker to the HMD through a 3D
printed support (Fig. 2 left), specifically designed for the
Meta2 HMD. Moreover, each user has to calibrate the HMD
each time it is worn, as for a proper AR rendering, the position
of the user’s eyesmust coincidewith the position of the virtual
cameras in the graphic engine, and the intrinsic parameters of
the eye-HMD model must also be defined.

To perform the OST HMD calibration, we used the pop-
ular SPAAM technique [48], as the Meta HMD has no
eye-tracking sensors to be used for automatic calibration
methods. For more insight on the SPAAM technique, refer
to [48], [49], sincewe aim to provide a registration framework
that allows having a common reference frame for different
devices and real objects, not to devise a new calibration proce-
dure for OST HMDs. Independent of the type of calibration,
the purpose is to find the transformation matrix that can map
HMD pixel coordinates to the user’s eyes’ coordinates.

The Vive tracker attached to the OSTHMDwill be referred
to as the mark from now on for coherence in our setup [48];
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FIGURE 2. The OST HMD calibration setup. (left) The transformations needed to obtain a common reference frame with respect to the Vive lighthouses
tracking system. Such transformations can be computed off-line, whereas the G matrix is obtained through the visual alignment task (right). The ZED
camera has been temporarily placed on the 3D printed support only to find the Z

C T fixed transformation, and then removed.

we will use the same notation as in [48], with a few modifi-
cations.

The OST SPAAM calibration technique is based on the
pinhole camera model (Eq. 1) (see [50]–[52]), where the pro-
jective transformation G maps a 3D world point (xw, yw, zw)
into 2D pixel coordinates (u, v). The G matrix can be fur-
ther decomposed as in Eq. 2, where K denotes the intrinsic
parameters matrix, and [R | t ] defines the extrinsic param-
eters that describe the position and orientation (pose) of the
camera.

λ

uv
1

 = G


xw
yw
zw
1

 (1)

G = K [R | t ] (2)

K =

fu s cu
0 fv cv
0 0 1

 (3)

The A system matrix (Eq. 4) which defines the projec-
tive transformation from world coordinates to virtual camera
coordinates, where the virtual camera models the combined
display system composed of the display and the human visual
system, is formed of

a 4×4 homogeneous transformation matrix (MWT) which
contains the pose of the mark expressed in world coordinates
and a 3× 4 projection matrix (G) of the eye-tracker transfor-
mation (see Fig. 2).

A = GM
WT (4)

In our setup, the mark is already tracked in what are
considered as world coordinates, thus, in this case, MWT rep-
resents what is referred to as FC in the original study. During
the calibration, a crosshair is displayed (red cross on the
left lens in Fig. 2) and needs to be aligned to the fixed
3D point in the world, which in our case is tracked with
a second Vive Tracker. To obtain the matrix G, we solve

through singular value decomposition (SVD) the projection
model equations composed of the coordinates of the 3D point
Pw = [xw, yw, zw, 1]T which is aimed with the crosshair
during the visual alignment task, the coordinates of the pro-
jected image pointPI = [x, y, 1]T expressed in the coordinate
system of the mark, and the pose of the mark (Fig. 2).
In [48], the 3 × 4 projection matrix G (in Hartley and

Zisserman [50] notation) was converted in the 4×4 projection
notation used by OpenGL by pushing the parameters into
a 4 × 4 orthographic projection (for more insight on the
procedure, see [48], [53]). In our study, we dissected the
camera matrix into its intrinsic and extrinsic parameters by
RQ decomposition, and applied them separately to a stan-
dard camera object in Unity, by using its transform (for the
extrinsic parameters) and physical camera (for the intrinsic)
properties to render the virtual objects correctly.

This calibration method works in the monocular case and
can be adapted to a stereoscopicmodel by aligning 3D objects
instead of points [23]. For simplicity, we calibrate separately
for each eye.

From preliminary testing, we observed that outliers caused
bymisalignments during the calibration (due to breathing and
small head movements) could introduce a non-trivial amount
of error, thus to reduce the variance between calibrations,
we implemented a RANSAC procedure [54]. We thus col-
lected n = 15 alignments for each eye between the virtual
crosshair and the fixed 3D point instead of the minimum
6 alignments. An alignment was then considered an inlier if
the reprojection error was under 0.1 mm. We computed the
projected pixel size (0.059 mm) by considering the surface
ratio between the projecting LCD surface and the lenses.
The stopping criteria are based on the number of iterations i,
which is updated every time a new model with more inliersm
is found, based on the probability β of finding a better model
(Eq. 5). The value of β was set to 0.001.

i =
logβ

log(1− (m/n)k )
(5)
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FIGURE 3. (a) The mannequin head used to perform the HMD calibration.
(b) Calibration of the ZED camera with the Meta2 camera to obtain the
transformation matrix Z

C T.

Increasing the number of alignments required in the pro-
cedure increases the calibration precision at the cost of
increased user strain. As pointed out in [21], it is advisable to
track the workload increase using subjective measurements,
such as NASA TLX [55], In our case, we did not consider
fatigue a limiting factor during calibration, prioritizing loca-
tional realism. The aim was to obtain a functional procedure
which can be used in experimental settings, not to assess the
usability implications behind the procedure itself.

After the eye-mark projective transformation is found, it is
possible to adapt the calibration to any system by finding
the MO T transformation (Eq. 6) between the mark tracker and
the device origin reference frame (see left part of Fig. 2).
To do this, we temporarily attached a camera (ZED mini)
in a known M

Z T position with respect to the mark tracker
with a 3D printed part (Fig. 3b). We performed a stereo
camera calibration with the HMD camera to find the Z

CT
transformation. The camera can then be removed, as it is
contextually needed only to find Z

CT. The transformation C
OT

between the HMD camera and the device origin is obtained
through the manufacturer documentation.

M
O T = M

Z T Z
CT

C
OT (6)

Using the mark-eye transformation M
V T (extrinsic param-

eters extracted from G), which can be decomposed (Eq.7)
into M

O T (mark-device origin transformation) and O
VT (device

origin-eye), we can compute OVT to express the eyes position
in any device reference frame (see Fig. 2).

M
V T = M

O TOVT (7)

Since the full calibration procedure has been proven to be
subject to human error due to the alignment task’s difficulty,
a general calibration profile has been obtained after minimiz-
ing the detected residual error over several calibrations. The
OST calibration and validation of the setup have been further
discussed in previous studies: for more details, refer to [48],
[49]. Each user optical model will still be slightly inaccurate.
For this reason, we added a step (fine alignment module, see
Fig. 1) to deal with the residual drift error. The procedure is
performed by each user by aligning a virtual checkerboard
on top of a checkerboard attached to a tracked metal table.
The task of aligning a grid, as opposed to aligning several

FIGURE 4. The view from inside the OST HMD before (top row) and after
(bottom row) the calibration. The initial rototranslational error is
generated by the offset M

O T (see Fig. 2) between the position of the Vive
tracker used to track the HMD and the position of manufacturer device
origin.

points in a row, decreases the time and fatigue needed for each
calibration session, as it is much easier to fit a plane rather
than matching a point with pixel-wise accuracy. The residual
error correction is performed separately for each eye. The
users physically hold the real checkerboard andmove/rotate it
in different positions, communicating the needed adjustments
to the experimenter until a correct alignment is maintained
through several roto-translations. A gizmo is displayed to
show the virtual checkerboard reference frame’s axes and
simplify the communication of the adjustments needed. The
calibration effects can be seen in Fig. 4: the augmented and
real objects are aligned.

To avoid any possible incompatibilities between the OST
HMD Unity SDK and the target system SDK (in this case,
SteamVR), the positional data of the Vive trackers is obtained
externally and streamed to the main project through an UDP
socket connection. In this way, the framework is easily adapt-
able to register any OST HMD to any other similar external
tracking system.

B. VST REGISTRATION
The VST HMD, composed of the Vive Pro HMD with a
mounted ZED-mini stereo camera, uses a non-orthoscopic
parallel setup. The optical parallaxes between the user’s
eyes and the cameras can cause several possible distortions,
as described in [19], which can influence the user’s per-
ception of spaces. Since this paper aims not to build an
orthoscopic parallax-free VST HMD but rather assess the
usability impact of the distortions caused by currently avail-
able HMDs, we will not address those aberrations. How-
ever, we performed some simple adjustments which should
reasonably be performed by every AR HMD utilizer. First,
we performed a traditional stereo camera calibration using
MATLAB’s toolbox based on Zhang’s implementation [56],
to ensure the ZED video feed was not distorted. The ZED
Mini stereo cameras are then attached on top of the Vive
Pro HMD using the manufacturer mount, which encapsulates
the Vive frontal cameras with a very tight fit. Our setup
is thus the same as a standard user would have. The last
adjustment we made is an IPD tune for each user. To do this,
the position of each eye’s virtual camera was modified in
the same way described in the OST calibration, by aligning
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a virtual checkerboard over a real one (Fig 4) in several
poses, one eye at a time. The users could only translate the
virtual checkerboard on x and y axes, thus modifying only the
virtual stereo camera’s extrinsic parameters for the rendering.
The VST HMD can be already considered registered in the
proposed registration framework’s common reference frame,
as the HTCVive system is already tracking the HMD, and the
ZED camera is attached with the manufacturer mount.

C. USER TRACKING: KINECT REGISTRATION
To detect the user reaching, a Kinect V2 was used. In a
previous study [5] the reaching position was captured through
the skeleton tracking features provided by the Kinect sensor
SDK, which proved to be subject to several issues. One of
them is the sensor’s tracking instability, which cannot pre-
cisely find the hand position due to occlusions. Moreover,
measuring the grasp error is subject to more noise than in a
finger reaching task, as it is not trivial to express the perceived
position of a 3D point in space by using the palm. Thus, here
we detect the position of the finger that is used in the reaching
task.

To track the user’s finger, a color-detection algorithm
has been implemented in C++ with OpenCV. A simple
slider-based interface allows us to define the HSV color
ranges, and the settings are saved for future uses. Once bina-
rized through the HSV filter, the image is processed by a
morphological erosion filter to remove noise and a morpho-
logical dilation filter to fill small gaps in the tracked finger.
Since the experiment was conducted in the darkness, the users
were asked to wear a finger-cap with a green LED positioned
on the fingertip, which facilitated the segmentation. After
the filtering, the binarized image will contain only the blob
representing the source of light on the finger: the centroid
of the blob has been considered as the 3D position of the
reaching. Since the Kinect V2 works on infrared light, it can
detect distances in the dark without issues. However, it is
possible that the image coordinates of the blob centroid are
not mapped in the IR sensor since the RGB camera resolution
is 1920 × 1080 pixels while the IR camera has a 512 × 424
pixel resolution. Whenever the correspondence between the
RGB and the IR images was not found, the closest valid pixel
was taken instead. To avoid taking ill-measurements due to
the small cross-section of the finger during a reaching task,
the finger-cap was covered by a small green plastic planar
circle, which ensured that the Kinect sensor did not miss the
small fingertip surface area (See Fig. 5 bottom-right), and also
served to filter out the higher light frequencies components
of the LED light, which were casting several rays in the dark
image. Several finger-caps were printed in different sizes to
give a tight fit to all the users regardless of the finger size to
maintain reaching precision.

The Kinect sensor was positioned 1.5m in front of the
users, fixed with a 1/4’’ screw on a metal bar (Fig. 9 left).
To convert the Kinect data in the same coordinate system of
the HTC lighthouses tracking system, a Vive Tracker was
also placed on the metal bar in a fixed position. The Vive

FIGURE 5. A camera (ZED mini) is temporarily placed in a known fixed
position S

Z T with respect to the Vive sensor, through a custom 3D printed
part. The camera is then calibrated with the Kinect camera to obtain the
transformation Z

K T, which can then be used to obtain the transformation
S
K T, needed to convert Kinect coordinates into the HMDs reference frame.
The finger-cap tracked by the Kinect contains a green LED: a green plastic
disk covers the LED and slightly increases the finger cross-section to
increase the tracking reliability.

Tracker was thus rigidly attached to the Kinect sensor up to an
unknown transformation. To find the transformation between
the Tracker and the Kinect sensor, the tracker was fixed on
a 3D printed part designed to house a camera (ZED Mini).
Then, the transformation Z

KT between the Kinect sensor and
the ZED camera has been obtained through traditional stereo
camera calibration. At the same time, the transformation S

ZT
between the ZED camera and the HTC Vive tracker (S) is
known from the CAD of the 3D printed adapter. By chaining
the two transformations in cascade (SKT =

S
Z T Z

KT), we can
convert 3D coordinates expressed in the Kinect reference
frame into coordinates expressed in the HTC reference sys-
tem, regardless of the position of the Kinect sensor (see
Fig. 5). The raw 3D measurements obtained by the Kinect
were sent to Unity through a UDP connection.

D. REAL CASE REGISTRATION
To be as coherent as possible to the AR case, we devised a
system to provide the same visual stimulus streamed through
the HMDs (Fig. 6).

The visual stimuli are provided using a LED light con-
nected to an Arduino Uno and programmed to turn on for
the same amount of time as in the AR task (1 second).
A remote controller turns on the LED light, and the whole
circuit is encased in a 3D-printed box designed to be precisely
positioned on 3 specific positions of a metal rod. The box
has a circular hole (1 cm radius), which is internally covered
with a small square of plastic (0.8 mm thick) to diffuse the
LED light in a uniform circle, to be as similar as possible to
the stimuli provided in AR. The metal rod can be placed in
fixed positions of a metal structure with 18 hook supports and
served as support for the rod. Thus, the LED light can assume
3 different positions on the rod, which can be housed in 9 dif-
ferent positions. When using this setup, the experiment must
be conducted in the darkness as the whole metal structure’s
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FIGURE 6. Top: the stimulus as observed from inside the OST HMD
through an inner camera. Bottom: the stimulus as observed without any
HMD, displayed through a green LED, using the structure displayed
in Fig. 7. On the right side, the views in the darkness are displayed,
as during the experiment. In the darkness, the perceived stimuli are the
same.

FIGURE 7. The structure used to convey visual stimuli similar to the ones
perceived in AR, while not wearing any HMD (see Fig. 6 for a depiction of
the perceived stimulus). A box with a green LED can slide on a rod and
snap into 3 possible positions. The experimenter can move the rod into
9 possible positions, thus achieving a 3 × 3 × 3 grid, enclosed inside a
cube with a side length of 24 cm.

sight would otherwise provide a strong cue on the stimulus’s
3D position.

The positions of the grid points, expressed in the HTC
Vive reference system, have been obtained by positioning
the LED box in all the 27 positions and measuring its 3D
world coordinates with a Vive Tracker attached on top of the
center of the LED light. The whole structure was designed
to quickly remove the metal rod after the visual stimulus
vanished, leaving an empty volume in front of the user. In this
way, the users are deprived of the haptic feedback deriving
from the finger’s physical contact with the LED box.

It is then possible to compare the user’s finger’s position
during a reaching task (which can be tracked with the Kinect
registration module described in section III-C) with the real

FIGURE 8. (a) The points triangulated in the real (blue dots) and virtual
(red dots) stereo rigs (only the left view is displayed). The 2D
misalignment between the triangulated 3D points can be observed (grid
size is 5 cm). (b) Heat map of the Euclidean distance of alignment error
along the plane orthogonal to the optical axis (colormap measures in
mm).

position of the stimulus to obtain an error measure, since both
measures are now registered in the same reference frame.

E. RESIDUAL ALIGNMENT ERROR
To quantify the OST residual calibration error, we performed
several calibrations with a mannequin as described in [49]
(see Fig. 3a). We then considered (see Fig. 8a) the real
position of the projected 3D points (blue dots) with respect
to the positions of the corresponding virtual points (red dots)
of the checkerboard used for the OST calibration (Fig.4).

The average Euclidean distance error (thus, along all
3 axes) between perceived and real positions is 23±11.5mm,
computed over 594 pairs of points (11 image pairs, 54 points
per image). When considering only X and Y axes without
the depth (i.e., the plane orthogonal to the user’s optical
axis), the average 2D Euclidean distance error perceived is
8.5± 4.5 mm.

The heat map (Fig. 8b) of the alignment error distribu-
tion along the XY plane (orthogonal to the user’s optical
axis) shows that the distortion increases towards the bound-
aries of the field of view. The depth misalignment does
not change significantly over distance, with a mean error
of 20.5± 12.6 mm.

Regarding the user tracking, the Kinect measurement error
in the world reference frame (after the transformations) has
been obtained by positioning the rod with the light box in
all the 27 possible positions that have to be reached by the
user’s finger (see section IV for details of the procedure).
First, we measured the ground truth coordinates by attach-
ing a Vive tracker on top of the light. Then, we removed
the Vive tracker and attached the finger-cap with the green
LED right on top of the correct position, touching the light
box. Finally, the box was removed, and the Kinect detection
of the finger was captured. The 27 measurements in world
coordinates obtained by the Kinect were then compared to
the 27 measurements taken with the Vive Tracker. The mean
Euclidean error between the measurements was 15± 12 mm,
which we treat as the accuracy error. To assess the precision
of measurements, we collected another 3 batches of measure-
ments of the 27 grid positions with the Kinect. We computed
each point’s mean position (separating the three axes) and the
absolute difference of the 4 readings with respect to the mean
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TABLE 1. Mean Reprojection Error (MRE) of the stereo camera
calibrations used in the setup, representing the distance (in pixels)
between a pattern key-point detected in a calibration image, and a
corresponding world point projected into the same image.

value. We then computed the mean absolute difference of all
27 points with respect to their mean position and obtained a
precision error of 1.7 ± 2 mm on the x-axis, 3.4 ± 3 mm on
the y-axis, and 4.4 ± 4 mm on the z-axis. Finally, the mean
reprojection errors (MREs) of the stereo camera calibrations
are reported in Table 1.
The full framework operates with a frame rate (com-

puted over 5 minutes with a cumulative moving average)
of 74.8 frames per second (fps) for the OST HMD and
76.3 fps for the VST HMD.

F. FRAMEWORK DISCUSSION
The distribution and magnitude of the misalignment over the
image plane (Fig. 8) can be used as a metric of the perceived
error, which can help define which areas of the workspace are
suitable for egocentric interaction. From the heat map repre-
sentation (Fig. 8b), we can observe how the error increases
towards the boundaries of the field of view, possibly due to
a non-compensated radial distortion introduced by the OST
HMD optics. Moreover, during stereo camera calibrations,
distortions often manifest towards the image boundaries:
since the camera’s views lateral boundaries are usually not
overlapped due to disparity, checkerboard alignments cannot
be performed in those areas, introducing a bias on the repro-
jection model. Despite a slight constant depth misalignment,
we observed that the misalignment was hardly noticeable
(i.e., see Fig. 4): we assume that the error is compensated by a
scale factor introduced by a focal length drift with respect to
the real one. For more details about the OST calibration and
validation, refer to [49]. The proposed approach is considered
to be suitable to register an OST HMD inside the HTC Vive
Lighthouse system, and without loss of generality to other
similar systems that allow the precise positioning of trackers
(i.e. MOCAP).

Regarding the VST HMD, it is already registered in the
correct reference frame, thus only the outer cameras have
been calibrated. Perceptual aberrations are expected to some
extent, as discussed in [18], [20]. As previously mentioned,
we calibrated the OST HMD only to have a framework
where all the obtained data can be coherently compared. Still,
the aim is to assess the standard performance of the two
HMDs as interaction devices (as provided by the manufactur-
ers, since most users use them without modifications) and the
impact of the optical distortions they introduce on interaction.

The accuracy of the user registration, with an average error
of 15 ± 12 mm, has been considered suitable for pointing
tasks as long as the distance between target positions is
much higher than the system uncertainty, and is coherent with
previous studies on the used device accuracy [57].

The full framework is thus able to (i) register a VST and an
OST AR HMDs in the same reference frame; (ii) track and
register the user’s fingertip in the same common reference
frame and (iii) provide a method to convey visual stimuli
without wearing an HMD, in such a way that the stimuli are
coherent to those displayed in AR. The proposed framework
can be useful to perform experiments on AR spatial percep-
tion, such as the ones described in the next sections, as for a
proper comparison all the data must be properly aligned and
synchronized (a control group must be considered to isolate
ground bias). More generally, the framework can also be used
to develop AR applications where the virtual elements can be
precisely rendered in specified known locations.

IV. BLIND REACHING EXPERIMENT
This experiment aims to isolate the visual perceptual error
in the reaching task by removing the visual alignment cue
by using the blind paradigm. The experiment is performed
in the darkness to be able to have a coherent control group,
who do not use any HMD, to have a baseline with which to
compare the performance of the users when wearing HMDs.
Displaying a 3D point in space without an AR HMD always
requires the presence of a structure or contraption, which
would otherwise introduce a perception bias if not hidden
from the user. Although this experiment can be considered as
not strictly AR, as the real-virtual blending is basically dis-
abled, we consider this setup required to establish the impact
of perception or other biases present in our experimental
setup during the interaction without the visual alignment cue
between the target and the finger. We thus have to assess if,
in our experimental settings users without HMDs are able
to accurately point a target whose location is specified by
visual information alone (as in [58]), and blind reaching
has been repeatedly found to be more accurate than explicit
judgements (e.g. [59]). If distortion is also observed in the
control group, then part of the misperception can be imputed
to the specific experimental setting, e.g., due to physical
constraints during the reaching, such as targets being too
far away. Otherwise, any other statistically relevant misper-
ception encountered can be attributed solely to the optical
aberrations caused by the two HMDs.

A. SETUP
The subjects had to perform a blind reaching task: they were
asked to reach with a finger the 3D location of a sphere (1 cm
radius), which was shown for 1 second. The experiment is
performed with the VSTHMD, with the OSTHMD, and with
no HMD (with the real case registration technique described
in section III-D). The stimuli displayed in ARwere generated
on the same 3 × 3 × 3 stimuli grid that was displayed
without the AR HMDs (see Figs. 7 and 9). The experiment
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was performed in an enclosed room, which was darkened
as much as possible by covering any source of light. Since
the eyes quickly adapt to dim light conditions, we asked
them to keep the eyes closed to deprive any geometrical cue
subjects. The subjects were informed when to open the eyes
to see the stimulus’s position and had to close the eyes again
before attempting the reaching (blind reaching task). The
same procedure has been used for both the HMDs and the
baseline (without HMD), to maintain the same cognitive load
over the different tasks and avoid any possible bias.

During interaction tasks, the reaching misalignment error
cannot be imputed solely to the reduction of optical cues
induced by the use of an HMD, as the reaching also involves a
motor task. As we already stated, the control group’s motiva-
tion is to see the impact of any biomechanical bias during the
movement and isolate the real perceptual error induced by the
HMDs. The control group had to perform the same reaching
task but without HMD.

B. PROCEDURE
We gathered data from 15 volunteers,1 mean age of
29±7 years (6 females, 9 males). The 15 subjects were evenly
split into three groups to avoid bias, and each group tested
all three cases in a different order (balanced within-subject
experimental design). The average height was 174 ± 10
cm. All the participants had a strong technical background,
which allowed the understanding of all the experimentation
phases under strict conditions to reduce the noise caused by
ill-calibrations. All the subjects had normal or corrected to
normal eyesight. Users with glasses were asked to keep them
underneath HMDs.

The experiment was performed as follows. The whole
experimental procedure is explained to the subject before
starting. The user is shown how to wear and tighten the HMD
(if any is used). Once comfortable, the user is asked to sit still,
and the procedure starts by registering the head height. The
user is then asked to perform the calibration as described in
Section III-A and Section III-B. Once finished, the subject
wears the finger-cap on the right-hand index finger, and the
battery-powered LED inside the finger-cap is turned on, and
the room lighting is switched off. The subject is asked to close
the eyes. The experimenter warns the subject when to open
the eyes, just as a target (a 1 cm radius sphere) is about to
appear in a random position of a 3 × 3 × 3 grid (of size
24×24×24 cm). The grid occupies a cubic spawning volume
(Fig. 9) volume standing 48 cm away from the user. The
volume height adapts to the height of the user, which was
measured when the experiment began. The target positions
are extracted from the randomly shuffled list of the 27 pos-
sible configurations, and each target appears only once. The
target disappears after 1 second: the user is asked not to move
until the target has disappeared and to close the eyes again as
soon as the target disappears. Thus, the user blindly reaches

1All subjects gave written informed consent in accordance with the
Declaration of Helsinki.

FIGURE 9. Sketches of the experiments. (left) in the blind reaching task
configuration, targets (green circles) appear inside a spawning volume in
front of the user: the fingertip is tracked by a Kinect placed in a tracked
position. In the interaction kitchen task configuration, targets (kitchen
objects, see Fig. 12) appear on the spawning plane; in this configuration,
the observer’s line of sight is approximately perpendicular to the
spawning plane. The HMDs calibrations are adjusted by aligning a
tracked checkerboard. (right) an example of the stimuli displayed in the
blind reaching task; during the experiment, the room was darkened (as
in Fig. 6, right images).

the perceived position, and the experimenter records through
a button press the finger location and the target position.
Each user performed 27 reaching movements per session, and
4 sessions were repeated consecutively, using the same hard-
ware configuration for all 4 sessions. Once the experiment
ends, the subject is given enough time to accommodate and
rest before testing the other devices configurations (1 day) to
exclude any bias caused by the user’s fatigue.

C. BLIND REACHING RESULTS
The users’ fingertip 3D positions during the reaching task
have been compared with the real positions, where the
stimulus is displayed. Each one of the 15 users performed
27 × 4 reaching attempts for all the 3 experimental condi-
tions: OST, VST, and real-world (RW) baseline (i.e. perform-
ing the task without HMD, our control condition). A total
of 1620 points were displayed for each setup. After discarding
outliers (mainly due to erroneous recording of the finger posi-
tion), the final analysis has been performed on 1399 points
for the control condition, 1472 points for the VST HMD, and
1361 points for the OST HMD.
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FIGURE 10. Results of the Blind Reaching Task (measures in meters). Red
dots represent the stimulus position (target). Colored dots represent the
user’s fingertip positions during the blind reaching: a specific color is
associated for each target position to see the related cluster of reaching
positions. The vectors point the center of mass of the cluster, which
encloses all the hits for that target. The origin is the user’s point of view.

FIGURE 11. Linear fittings displaying the relationship between the real
and perceived depth positions in the three conditions (measures in
centimeters), where the bisector represents the ideal case (with equal
real and perceived depth). The slope α in the OST group suggests that the
undershooting, and thus compression of the perceived depth, grows as
distance from the user increases.

Fig. 10 (left images) shows the scatter plots of the reaching
points (colored dots) with respect to the position of the target
stimulus (red dots) for the XY plane (which is a frontal plane
for the observer). Fig. 10 (right images) and Fig. 11 display
the horizontal plane XZ’s behavior, where the depth is along
the z-axis (see Figs. 7 and 9).

Table 2 shows the mean absolute errors (MAEs) during
the reaching task for the three axes. With respect to the user,

TABLE 2. Mean absolute errors of the Blind Reaching Task.

X is the lateral axis (left/right), Y the vertical axis, and Z the
longitudinal axis (depth).

Being the data not normally distributed, we performed a
Wilcoxon signed-rank test to analyze the obtained errors.
The test has shown no significant difference in the y-axis
MAE between the OST and Real-World case, and significant
difference in all other condition comparisons (p < 0.005):
when comparing the errors along the axes between the control
group and the two HMD, and when comparing the two HMD
together.

D. BLIND REACHING DISCUSSION
In Fig.10, we can observe how the OST and real-world (RW)
conditions are comparable as cloud shape for the frontal plane
XY, and the error is quite uniform around the target. In con-
trast, the VST shows a slight asymmetry that is highlighted
by the red arrows. This could be due to the ZED camera’s not
optimal positioning on the Vive HMD, which introduces a
rotational error that the user’s calibration has not completely
removed.

By looking at Fig. 11, which considers depth (z-axis),
we can notice a different behaviour for the three conditions:
indeed, for the OST, the users experience a relevant depth
compression. This is evident in the scatter plot (Fig. 10, OST
top view) and in Fig. 11 OST HMD, where the underesti-
mation of depth changes as a function of distance. On the
contrary, the VST HMD, while still performing significantly
worse than the real-world condition, seems to cause less
distance compression, and such compression is less affected
by the distance. As expected, there is no asymmetry and
compression for the RW condition.

The VST HMD data seems to show the effect of the afore-
mentioned rotational error, with a trend to cause an overesti-
mation of the distances over the x-axis (Fig. 10, middle plots).

V. THE INTERACTION TASK EXPERIMENT
This experiment aims at obtaining a comparison of the two
AR devices in a functional and interactive task. The aim is
to assess whether and how the distortions observed in the
blind reaching experiment affect user interaction in more
naturalistic settings, where multiple depth cues are available.

A. SETUP
Subjects were asked to move a few common household items
on a table and overlap them to their virtual projection (see
Fig. 12). The CAD models used for the rendering were not
necessarily a replica of the real ones (e.g., our box of cereal
was of a different brand). Still, the models’ shapes and sizes
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FIGURE 12. Frames of the interaction task experiment, for the VST device (a-d) and for the OST device (e-h). For each subplot,
the top image shows the scene before the task: the real and virtual corresponding objects are highlighted with red and green
boxes, respectively. The task consisted in moving the real objects onto the virtual corresponding ones. Each bottom figure shows
the scene after the task has been completed.

were scaled accordingly to be dimensionally coherent with
the real items used.

The virtual objects appeared in a 3×3 grid (20 cm distance
between central points) on a table in front of the users.
We choose to have a larger workspace area with respect to
the previous experiment (40× 40 cm instead of 24× 24 cm),
increase the users’ mobility around the scene, observe their
behaviour and the possible undesired effects like sickness
in a more naturalistic task. We fixed the rendering positions
of the virtual objects on the 3 × 3 grid by placing a Vive
Tracker on the 9 possible positions on the table and recording
its position: the grid is therefore rendered in the same place
for all the users. The subject had as much time as needed to
align the real object with the corresponding virtual one, and
no constraints were imposed on the movements. The virtual
items’ spawning position was randomized by shuffling the
list of the 9 possible positions of the grid. Each user aligned
45 items, thus moving to the same point of the grid 5 times.
Among all the users, virtual objects were displayed 60 times
on every candidate position of the grid.

The experiment was conducted under normal lighting, thus
providing all the cues which would be present for normal
usage circumstances of the OST and VST HMDs. We gath-
ered data from 12 volunteers2 (9 males, 3 females) who
were evenly split into two groups of 6 people. Each group

2All subjects gave written informed consent in accordance with the
Declaration of Helsinki.

started the experiment with a different HMD to avoid bias
(balanced within-subject experimental design). All the sub-
jects had already performed the blind reaching experiment
thus, they knew the calibration procedures. Of the original
15 participants from the blind reaching experiment, 3 could
not attend the second experiment: the average age of the
examined sub-group was 30 ± 7 years. The average height
was 174± 9 cm.

In this experiment, the perceived position of the virtual
objects was recorded through a Vive Tracker fixed on a
glove (instead of the Kinect as in the previous experiment) to
increase the freedom of interaction movements. This is also
motivated by the fact that we do not need to detect the position
of a finger, but just the position of the hand that grasps
the real items. We built the glove with a 3D printed ankle
band adapter attached with two Velcro straps on a custom
adjustable glove, sewed from washable synthetic fabric. Data
gloves, which also include precise finger tracking, are com-
mercially available (e.g., Manus gloves) but not necessary for
our experiment.

During this experiment, we asked the participants to fill
the Simulator Sickness Questionnaire (SSQ) [60] and the
Igroup Presence Questionnaire (IPQ) [61] to measure user
experience differences between the two HMDs.

The SSQ consists of 16 questions, to be answered on
4 points Likert scale, indicating the level of perceived symp-
toms from None to Severe. The evaluation of simulator sick-
ness for a human-computer interaction topic is still under
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discussion [62]. Still, the SSQ is the de facto standard to
evaluate undesired effects when using VR and AR devices.
To obtain an indication of the symptoms over the Nausea,
Oculomotor, and Disorientation domains, the answers to the
16 questions are weighted as in [63].

The IPQ is a questionnaire for measuring the sense of
presence experienced in a virtual environment. The IPQ has
three subscales and one additional general item not belonging
to any specific subscale. The three subscales are: spatial Pres-
ence, i.e., the sense of being physically present in the virtual
environment; Involvement, measuring the attention devoted
to the environment; and Experienced Realism, measuring
the subjective experience of realism in the virtual environ-
ment [64].

B. PROCEDURE
At the beginning of the experiment, the subject is asked to
fill the SSQ (PRE) questionnaire. The experimenter briefly
explained the task. Then, after the same calibration procedure
described in the previous experiment carried out, the task
started. The experimenter spawned a virtual item on the table
(see Fig. 12). After the user aligned the real object with its
virtual counterpart, the user was asked to keep the palm flat,
above each object, centered on the object’s midpoint along the
XZ plane. The experimenter recorded the perceived location
with a button press, and a new virtual item was generated.
It is worth noting that to proceed with the alignment, the user
can move the real objects present on the table, thus creating
a new and not controlled configuration of the real objects.
We ensured that the user’s concept of the center was the same
as the actual physical center by showing which position must
be considered as the central one for each object before the
start of the experiment. Moreover, all the objects used were
either circular or mostly symmetrical, thus no misinterpreta-
tion of the task was likely possible. After the subject finished
aligning 45 items, the task ended. The subject removed the
HMD, and filled the IPQ, SSQ (POST) and SSQ (PRE, for
the second trial) questionnaires. The same procedure was
then repeated with the other HMD. After finishing the task
again, the SSQ (POST) and IPQ questionnaires were filled.
Since this experimental setup was much quicker than the
blind reaching, we performed the test with the two HMDs
consecutively, without letting the user’s rest 1 day as in
the first experiment. However, we can safely exclude any
bias introduced by fatigue both because the first HMD used
was equally different for the whole experimental group and
because the starting user conditions were recorded before
each test through the SSQ questionnaire (PRE). Two videos
showing the First-person task experiment with the VST3 and
the OST4 devices are available.

C. INTERACTION TASK RESULTS
In this experiment, the task is to move the real objects onto
the virtual corresponding ones. To quantify the errors in

3https://youtu.be/YmdEGhQpEbE
4https://youtu.be/LxXglAcNj9w

FIGURE 13. The hand positions (colored dots, as in Fig. 10) recorded
during the interaction task experiment with the OST and VST HMDs
(measures in meters). Red dots represent the displayed object position.
A small undershooting can be observed, which is likely due to the palm
being slightly offset with respect to the center of an object (red dots)
during a grasp. The vectors point to the center of each cluster. The origin
is the user’s point of view.

FIGURE 14. Interaction task experiment: the results of the SSQ
questionnaire for the OST and the VST devices (left and right,
respectively). Each plot shows the mean values, averaged on all the
participants, and the associated standard deviation, for 3 subscales and
the total score. The SSQ questionnaire has been filled before (PRE) and
after the experiment (POST). The Wilcoxon Signed Rank Test p-values are
displayed where a significant difference is found (i.e. when the paired,
two-sided test rejects the null hypothesis of zero median in the
difference between paired samples at the 5% significance level).

performing the task, the position of the user’s palm, after the
alignment of the real object with the virtual one, is compared
with the position of the displayed virtual object in the kitchen
scenario (Fig. 13). Each subject performed 45 alignments for
a total of 540 interactions. The mean absolute error over the
x-axis is 17±11mm for the OSTHMD and 18±17mm for the
VST HMD. For the z-axis (depth), the mean absolute error is
28 ± 20mm for the OST HMD and 35 ± 25mm for the VST
HMD. The Wilcoxon signed-rank test shows no significant
difference between the two HMDs over the x-axis. The depth
errors (z-axis), on the other hand, are found to be different
(p < 5e−5), with the VST HMD slightly underperforming
when compared to the OST HMD.

The SSQ scores (Fig. 14) also display a better performance
of the OST HMD, with the VST HMD increasing all the
motion sickness symptoms significantly more. A significant
increase in nausea, oculomotor, and total scores are observed
for the VST HMD and no substantial increase in any score
for the OST HMD. The cross-validation between the starting
conditions (OST-VST pre) of the subjects, who used different
HMDs, shows no significant difference. The cross-validation
between the final conditions (OST-VST post) shows a signifi-
cant difference in the way the nausea and total scores increase
during the use of the two different HMDs.
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FIGURE 15. First-person interaction task experiment: the results of the
IPQ questionnaire. Blue is for OST HMD, and red for VST HMD. The values,
averaged across the participants, are represented for the 3 subscales.

Finally, a Wilcoxon signed-rank test shows that the results
of the IPQ questionnaire (Fig. 15) display no significant
differences in the perceived sense of presence between the
users of the two HMDs.

D. INTERACTION TASK DISCUSSION
In this experiment, the users are able to use many more
depth cues with respect to the blind case. The perspective of
the scene from above (i.e. on the XY plane with respect to
the line of sight), together with the ability to move around,
helps the user perform the task. The feedback exploited
during the alignment task (i.e. the visual alignment cue)
greatly enhances the user’s accuracy and precision: the errors
observed during the experiment are coherent with the errors
measured in the control group of the blind reaching experi-
ment. This behaviour is also coherent with the results of our
previous study [5], where users performed significantly better
when the visual feedback is possible (i.e. the visual alignment
between the real and the virtual object) was provided during
the movement. It must be noted how the movement, in this
case, was constrained for simplicity on a plane (the table), but
without loss of generalization, we expect to observe similar
behaviours even while the same task is carried out at different
heights. Similar experimental setups are not uncommon in
depth perception experiments (e.g. in [65] a similar setup is
proposed for VR depth perception). Our final consideration
is that albeit current AR HMDs do indeed introduce enough
aberrations that distort the user’s spatial perception, it is
possible to achieve an effective interaction in ARwith enough
visual feedbacks.

VI. CONCLUSION
In this paper, we have (i) developed a registration frame-
work which can be used to develop AR applications where
real and virtual elements are co-localized and registered in
a common reference frame. The generalized nature of the
framework allows the use of different types of headsets, both

VST and OST, and tracking systems, and provides a way to
track and register the user’s interaction in the same common
reference frame where the virtual elements are displayed.
Moreover, we have (ii) quantitatively assessed and compared
the interaction and 3D position perception in the peripersonal
space, when using OST and VST HMDs.

To perform a quantitative comparison, all the elements of
the scene must be expressed with respect to the same, known,
reference frame. This also applies to the users’ fingers and
hands, if the interaction is quantified as well. The procedure
developed in [49] has been improved and generalized to also
work for VST, and can be extended to any VST or OST
head-worn device.

We used the developed framework to perform a systematic
comparison, by carrying out two experiments.

The first one is a 3D blind reaching experiment, where sim-
ple objects (spheres) appeared randomly in a 3D grid in front
of the user. The results reveal a consistent underestimation
(∼10 cm) of depth (i.e. along the z-axis that is orthogonal
to the viewer image plane) when using the OST device, and
also differences between OST and VST devices along the x
and the y-axis (left/right and up/down directions with respect
to the user). The baseline data, recorded by performing the
same task without using HMDs, i.e. the real-world condition,
revealed that the task is usually performed with errors of
less than 4 cm in depth. This result is interesting per se,
since it provides a baseline of the user’s performance in real
condition, i.e. without wearing an HMD. The AR devices
affect user’s perception and thus the interaction capabilities,
in line with similar results in the literature.

The second experiment considers a realistic interaction
task in AR: people should move objects in a scene containing
both real and virtual elements. In this case, the results reveal
negligible (for the purposes of the given task) differences
between VST and OST devices in terms of accuracy. Inter-
estingly, such a result is in line with the previous result of the
blind reaching task in real condition. Indeed, the egocentric
geometry of the scene and the specific task make the 3D
position perception constrained on the table, which is on the
XY plane with respect to the observer’s line of sight, and in
the XY plane no appreciable differences between VST and
OST are observed. A further observation is that the VST
device causes more sickness than the OST one, this fact is
due to the latency in the video stream and is coherent with
other findings in the literature.

In this paper, we report results that can serve as a baseline
for further studies by highlighting the specificity of egocen-
tric perception in interactive AR and we propose a registra-
tion framework to the research community. The repository
containing each module software, 3D printable files and doc-
umentation is publicly available [47].
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