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ABSTRACT

This paper aims to conceptualize eXtended Reality Head-Mounted Displays (XR HMDs) as measuring systems.
In fact, XR HMDs are commonly employed to integrate the physical and digital worlds by overlaying digital
information onto the surrounding environment or enabling interactions with it, thereby providing immersive
user experiences. When information originates from environment-related physical quantities, it is typically
acquired through external measuring systems, with XR HMDs acting merely as a visualization device.
However, the availability of advanced onboard sensors and computational units has opened the possibility
of reshaping the role of XR HMDs in the measurement processes. In this regard, much of the existing literature
focuses on measurement algorithms embedded within XR HMDs; on the other hand, limited attention has
been dedicated to performance aspects from a metrological perspective, which are instead crucial for a
comprehensive conceptualization of XR HMDs as proper measuring devices. Within this novel framework, a key
distinguishing factor is that users wearing XR HMDs (who act as measurement operators), introduce additional
metrological challenges, particularly concerning their impact on the overall measurement uncertainty, which
are generally more straightforward to manage in conventional measurement scenarios. To illustrate this
perspective, without losing generality, a case study on distance measurement using a commercial XR HMD is
presented. The results demonstrate the potential of XR HMDs to serve as proper measuring systems, provided
that their specific sources of measurement uncertainty are adequately identified, evaluated, and combined.

1. Introduction

Extended Reality (XR) has emerged as a key enabling technology,
initially within the framework of Industry 4.0 [1], and more recently
as a cornerstone of the evolving Industry 5.0 paradigm [2], reflecting
its increasing relevance in both technological and human-centric in-
novation. By encompassing Virtual Reality (VR), Augmented Reality
(AR), and Mixed Reality (MR) technologies, XR offers experiences that
seamlessly blend the physical and digital worlds, marking a profound
transformation across multiple domains, including not only industry
but also healthcare and entertainment [3-6].

Among XR devices, Head-Mounted Displays (HMDs) represent a
prominent category, as they enable the integration of physical and
digital content while simultaneously offering immersive user experi-
ences [7,8]. This capability is guaranteed thanks to dedicated hardware
and software components that support the visualization of digital in-
formation, which may be (i) pre-defined or (ii) dynamically adapted in
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response to data collected from users and/or their surrounding envi-
ronment. In this regard, sensor systems embedded in XR HMDs, such
as RGB cameras, depth cameras, or Inertial Measurement Units (IMUs),
play a pivotal role. For pre-defined content, these onboard sensors map
the surrounding space and track user movements in order to ensure
the accurate placement of the digital elements within the user’s Field
of View (FoV) [9]. Instead, for dynamically-adapted content, they also
recognize the user’s actions (e.g., hand gestures [10], or eye and head
movements [11]) and translate them into meaningful system responses:
in this case, they function as Human-Machine Interfaces (HMIs) [12].

However, in cases when information is derived from environment-
related physical quantities (e.g., length, area, and volume of objects,
as well as the velocity of objects moving within the FoV [13]), XR
HMDs generally act solely as visualization devices, relying on data
acquired through external measurement systems [14,15]. This practice
underutilizes the sensing capabilities already embedded in modern XR
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HMDs, limiting the full exploitation of the measurement performance
offered by their onboard sensor systems and overlooking the potential
to reposition XR HMDs as active elements within the measurement
chain. In this novel perspective, XR HMDs can be considered fully
fledged measuring systems, capable not only of retrieving data but
also of generating it autonomously or semi-autonomously, while the
user wearing the XR HMD takes the role of the measurement operator.
This aspect has not yet been fully explored in the literature, where
only a limited number of XR HMD-based measurement attempts can be
found [16-19]. In all cases, the primary focus is on proposing measure-
ment algorithms implemented within XR HMDs, without addressing
their performance from a metrological perspective. Specifically, two
critical metrological considerations remain largely overlooked:

» Manufacturers typically do not provide information regarding cal-
ibration procedures or instrumental uncertainty associated with
the embedded sensor systems. Information is generally limited
to consumer-level metrics and lacks details on traceability and
testing conditions.

The operator represents a critical element of the overall mea-
surement chain, directly influencing the measurement process.
Neglecting operator-related effects, such as (i) variability in pose,
temporal instability, and (ii) differences between operators, may
lead to an incomplete uncertainty budget. Although such factors
are partly acknowledged in the Guide to the Expression of Un-
certainty in Measurement (GUM) [20], standardized methods for
the evaluation and combination of these contributions are still
lacking.

Based on these considerations, this paper proposes a novel methodol-
ogy, compliant with the GUM principles, to address the uncertainty
budget associated with XR HMDs used as measuring systems. The
proper identification, evaluation, and combination of all relevant un-
certainty components facilitate a more rigorous assessment of whether
a given XR HMD meets the requirements imposed by a specific mea-
surement context. To illustrate this approach, and without loss of
generality, a case study on distance measurement is presented using
the Microsoft HoloLens 2 as the XR HMD [21].

The paper is organized as follows. In Section 2, the basic concepts
of measurement uncertainty are recalled, along with the problem state-
ment. Then, Section 3 illustrates the novel framework of considering
XR HMDs as a measuring systems. The case study with Microsoft
HoloLens 2 is described in Section 4, while the obtained experimental
results are discussed in Section 5. Finally, conclusions are drawn and
future work is outlined.

2. Background and problem statement

XR HMDs encompass devices with substantially different percep-
tual and technological characteristics across modalities. Following the
reality—virtuality continuum proposed by Milgram and Kishino [22],
AR overlays virtual content onto the real world using optical or video
see-through displays (OST/VST); MR enables a deeper integration be-
tween real and virtual elements, allowing spatial anchoring, occlusions,
and physically coherent interactions; finally, VR provides full immer-
sion in synthetic environments via opaque stereoscopic displays. These
modalities are designed to serve different application goals and user
experiences, and, as a consequence, XR HMDs may exhibit substantially
different hardware architectures and system characteristics. Such de-
sign choices translate into different performance profiles in terms of
tracking, latency, geometric consistency, and rendering behavior [23].

For reshaping the role of an XR HMD as a measuring system, these
aspects must be carefully considered, along with (i) the identification
of the sources of measurement uncertainty; (ii) how to evaluate them;
and (iii) how to combine them following a GUM-compliant approach.
Therefore, for comprehensiveness, it is useful to briefly recall the estab-
lished model used for uncertainty evaluation, along with a discussion of
the critical issues that arise when the operator becomes a non-negligible
influence factor in the measurement chain.
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2.1. Fundamentals of uncertainty evaluation

As outlined in the International Vocabulary of Metrology (VIM), a
measurement is “a process of experimentally obtaining one or more quan-
tity values, that can reasonably be attributed to a quantity" [24]. To
perform the measurement, a measuring system is needed, defined as
“a set of one or more measuring instruments which are assembled and
adapted to give information used to generate measured quantity values
within specified intervals for quantities of specified kinds" [24].

All the quantities known to be involved in a measurement are com-
prised in the measurement model, namely the model relating the mea-
surand (Y) and a set of N input quantities {X;} ,li 1 The measurement
model is typically constituted by a functional relationship [24]:

XN (€D)]

The measurement result is typically expressed as (i) a measured
quantity value, representing the best estimate of the measurand, along
with (ii) a corresponding measurement uncertainty, namely a “non-
negative parameter characterizing the dispersion of the quantity values being
attributed to a measurand, based on the information used" [24], and (iii)
the measurement unit. According to the GUM [20], the best estimate
of the measurand y is obtained from the best estimates of the input
quantities as expressed by

3’=f61’z2»---,§1v) (2)

This method is well established and allows for obtaining an unbiased
estimate [25]. However, the evaluation of measurement uncertainty
requires more in-depth considerations. In particular, three main sources
of measurement uncertainty are conventionally recognized [26]:

Y =f(X, Xy, ...

1. Definitional uncertainty: it arises from the “finite amount of detail
in the definition of a measurand” [24]. It may originate from
an imperfect specification of the measurand or from an inac-
curate definition of the interaction between the measurand and
its environment. Since the identification and modeling phases
are preliminary to any measurement activity and influence all
subsequent steps, definitional uncertainty constitutes the lower
bound of measurement uncertainty [27].

2. Interaction uncertainty: it arises from an imperfect or incomplete
description of the interaction between the measurand and the
measuring system to which it is connected. In fact, when a
measuring system is connected to the measurand, an interaction
occurs that may alter the measurand value during the mea-
surement process. This phenomenon is also referred to as the
loading effect. Since the origin of this contribution lies in the
description and modeling phases, it can be regarded as a form
of definitional uncertainty. For this reason, interaction uncertainty
is not explicitly defined in the VIM [27]. Nonetheless, the in-
teraction between the measurand and the measuring system is
often sufficiently significant that the corresponding contribu-
tion to uncertainty is typically considered separately from other
uncertainty components.

3. Instrumental uncertainty: it arises from the measuring system in
use. Typically provided in the instrument specifications, it may
result from the finite resolution of the system, approximations
inherent in the measurement method and procedure, and the
calibration of the system itself [24].

According to the GUM and the VIM, the definitional uncertainty com-
ponent can be reduced by appropriately choosing the measurement
model [20,24]. Similarly, interaction uncertainty can be minimized by
designing an experimental procedure in which the disturbance in-
troduced to the measurand is negligible. Once such conditions are
achieved, the most significant component of measurement uncertainty
is represented by instrumental uncertainty. For the sake of clarity, this
conceptual structure is illustrated in Fig. 1. Overall, these consider-
ations constitute a commonly acknowledged framework that encom-
passes the majority of measurement operations.
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Fig. 1. Conventional components of Measurement Uncertainty.

2.2. Problem statement

The conceptual structure described in the previous section inher-
ently includes an ideality condition related to the effects arising from
one or more operators conducting the measurement. In this regard, part
6 of the GUM [28] refers to manpower effects to indicate sources of
accidental errors such as incorrect measurement procedures, operator
fatigue, and distraction. The same document also introduces the con-
cept of poorly understood effects, which include, among others, those
arising from different operators performing the same measurement.
Overall, both manpower and poorly understood effects are recognized
as contributing to the dispersion of values that can be attributed to
the measurand and therefore should be explicitly addressed in the
uncertainty analysis. However, in conventional measurement setups,
these effects can typically be minimized with relative ease; for this
reason, the GUM does not prescribe specific guidelines for addressing
them.

Nevertheless, when XR HMDs are used as measuring systems, these
effects can no longer be automatically neglected in the overall uncer-
tainty budget; hence, the conventional approach can become insuffi-
cient. Even a single operator, fully aware of the measurement task and
unaffected by fatigue, may introduce involuntary movements that alter
the FoV of the XR HMD. Moreover, different operators naturally exhibit
varying physical characteristics that can affect the positioning of the XR
HMD relative to the measurand. In both cases, such operator-dependent
effects ultimately influence the measurement result. Based on these
considerations, it becomes necessary to introduce an additional un-
certainty component, which can be referred to as operator uncertainty,
accounting for these specific sources of variability.

3. Conceptualization of XR HMDs as measuring systems

To consider XR HMDs as fully fledged measuring systems, the
conceptual structure of measurement uncertainty components should
be revised to explicitly include operator uncertainty. In fact, the human
operator becomes a significant element of the measurement chain: their
actions and physical characteristics influence the measurement process
in a non-negligible manner, extending beyond mere accidental effects
due to fatigue or lack of familiarity with the measurement procedure to
be conducted. Moreover, this additional uncertainty component should
be properly evaluated and combined with the existing components in a
manner consistent with the established uncertainty evaluation practices
outlined in the GUM.

To this end, the following section introduces a novel framework
specifically designed to address this issue.

3.1. Revised uncertainty model

Fig. 2 shows a sketch of the proposed, revised model of the mea-
surement uncertainty components. The measurement and environment
models remain unchanged, as the identification and modeling of the
measurand constitute preliminary phases of any measurement activity
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Fig. 2. Revised model of measurement uncertainty components.

and are subject only to definitional uncertainty. Therefore, neither the
measurement model nor the environment model requires redefinition.

Instead, the measuring system block is expanded to address the
operator-related effects. The measuring system is now considered to
consist of two elements, namely the XR HMD (equipped with sensor sys-
tems) and the operator, with each contributing distinctly to the interac-
tion uncertainty. However, it is worth noting that, within the considered
framework of XR HMDs used to measure environment-related quanti-
ties, measurements are performed using non-contact sensing methods.
Consequently, the physical value of the measurand remains unaffected
by the presence of the operator or the XR HMD: therefore, interaction
uncertainty can be considered negligible.

As in the conventional model, the XR HMD is subject to instrumental
uncertainty, while the novel concept of operator uncertainty pertains to
the human operator. As previously mentioned, the operator uncertainty
component should be (i) evaluated to quantify the operator’s influ-
ence on the measurement result,’ and (ii) combined with the other
uncertainty components, such as the instrumental uncertainty one.

3.2. Proposed uncertainty evaluation

Clearly, a necessary condition for conducting a thorough uncer-
tainty evaluation is the identification of the measurand Y, the input
quantities {X;}",, and the establishment of an appropriate measure-
ment model Y = f(X,,X,,...,Xy). These elements are essential for
the development and deployment of a dedicated application on the XR
HMD used as a measuring system. Subsequently, the proposed method
for uncertainty evaluation consists of three main steps, which should be
carried out under controlled environmental conditions. For example,
ambient illuminance is particularly critical in XR applications, as the
visibility and clarity of digital content strongly depend on adequate
illumination levels in the surrounding environment [29]. More gener-
ally, non-standard environmental conditions may lead to performance
degradation or sensor drift [30], highlighting the importance for prac-
titioners to ensure that XR HMDs operate within the limits specified by
the manufacturer. The three-step method is described as follows.

1. The first step consists of conducting a conventional calibration
procedure, with the XR HMD in a static configuration (i.e., not
worn by the operator). According to the VIM, calibration is de-
fined as the “operation that, under specified conditions, establishes
a relation between the quantity values with measurement uncer-
tainties provided by measurement standards and corresponding in-
dications with associated measurement uncertainties” [24]. Hence,

1 In practice, the operator may affect the measurement result due to factors
such as visual occlusions, imperfect alignment between virtual and physical
objects, limitations in depth perception, latency-related effects, natural and
involuntary body movements, or variability in the operator’s height.
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for a given reference quantity value y,., multiple indication
values are acquired to obtain the best estimate of the measurand
Yinstr» along with the corresponding measurement uncertainty,
typically expressed as a standard uncertainty u;,q,(y), which
represent the instrumental uncertainty component. Moreover, for
each reference quantity value y,., this procedure allows for
the estimation of the measurement error e (y), obtained as
the difference between the best estimate ), and the reference
value y,.¢ as e (V) = Vinstr — Vref- Overall, this procedure enables
the identification of systematic effects and the evaluation of the
instrumental uncertainty. It is important to note, however, that
this procedure may not be feasible or meaningful in specific
scenarios, such as measurements that necessarily require the
operator to wear the XR HMD to perform an action (e.g., the
selection of points using hand gestures) [31].

2. Once the instrumental uncertainty has been evaluated, the second
step addresses the variability of the indications that occurs when
the XR HMD is worn by a single operator. This variability,
also referred to as within-operator variability, is a contribution
to the overall operator uncertainty, which arises from the in-
teraction between the single operator and the XR HMD during
the measurement process. The evaluation of such within-operator
variability can be conducted in the same way as in step #1, with
the only difference being that the XR HMD is now worn by the
operator. Consequently, at the end of step #2, it is possible to
obtain, for each reference quantity value y,.., a best estimate
Vwithin» @ standard uncertainty u;,;,(»), and a measurement error
eyithin(?) = Vwithin — Veer- Unlike step #1, the obtained standard
uncertainty accounts not only for the instrumental uncertainty
component, but also for the contribution due to within-operator
variability.

3. As aforementioned, each operator may exhibit different physical
characteristics that influence the measurement result; hence, it
is also necessary to evaluate the between-operator variability as
an additional contribution to the overall operator uncertainty.
The procedure is described as follows. For a given reference
quantity value y,, repeated indications must be obtained from
a cohort of M different operators. In this way, for each ith
operator (i = 1,2,...,M), a best estimate y,..,» a standard
uncertainty u;,;. (), and a measurement error e . i = Yihini —
Yref Can be determined. Given the best estimates vector from

the M operators, {¥;ini } ,’Z i the overall best estimate Yy cen

can be obtained as its arithmetic mean. The between-operator
variability up.iyeen () is then evaluated as its standard uncertainty
and represents the dispersion of the best estimates attributable to
differences among the operators conducting the measurements.

Once both the within-operator and between-operator variabilities

are obtained, the overall operator uncertainty can be derived

using the law of total variance [32] expressed as

uoperator(y) = \/ubetween(y)2 + uwithin(y)z 3

where u;,in(») is computed as the mean of the within-operator
uncertainty vector {u, i ()}M .

In a nutshell, the proposed procedure draws inspiration from the es-
tablished calibration of measuring devices, extending it to account for
the uncertainty contribution of the operator wearing the XR HMD and
performing the measurement.

Overall, by including operator-related effects into the measurement
uncertainty model, a more reliable evaluation of the measurement
uncertainty can be achieved.

For the sake of example, let us consider the case of an operator
wearing an XR HMD and obtaining a single indication value related
to an environment-related quantity to be measured. If the XR HMD
has been characterized according to the method described above, it
becomes possible, even with a single indication value, to determine an
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(a)

Fig. 3. Equipment chosen for the experimental setup: XR HMD Microsoft
HoloLens 2 (a); QR code (b); and Vicon Vero camera (c).

interval of values that can be reasonably attributable to the measurand,
meaning that all relevant sources of variability have been accounted
for, including those from the measuring system itself as well as from
the within-operator and between-operator variability.?

4. Case study

As a case study for the applying the conceptualization proposed
in Section 3, and without loss of generality, hands-free distance mea-
surements were considered. Specifically, the following measurement
scenario was identified: the operator wears the XR HMD, positions
themselves in front of a wall featuring two reference points (repre-
sented by fiducial markers), and obtains indications from the XR HMD
corresponding to the distance between the top-left corners of the two
markers. Both the reference points and the wall belong to the physical
world, hence the distance represents an environment-related quantity.
Accordingly, the necessary equipment consists of: (i) the XR HMD worn
by the operator, (ii) the fiducial markers from which the XR HMD
derives the indications, and (iii) a reference system used to compare
the measurement results obtained from the XR HMD. Overall, the
selection of this specific case study was motivated by its relevance
within the current literature, as highlighted in [34,35]. Nonetheless, to
the best of the Authors’ knowledge, there remains a lack of studies that
formally conceptualize XR HMDs as fully fledged measuring systems by
proposing a comprehensive method for evaluating all pertinent sources
of uncertainty in accordance with the GUM guidelines.

It is worth mentioning that the proposed methodology is also ap-
plicable to the complementary case of marker-free distance measure-
ments, relying on alternative interaction strategies, such as hand-based
gestures [17] or the recognition of spatial anchors. In such scenar-
ios, the marker-derived coordinates are simply substituted by spatial
feature points identified by the HMD, maintaining the same formal
approach for uncertainty evaluation.

4.1. Experimental setup

The equipment chosen for the experimental setup, shown in Fig. 3,
is described as follows:

* XR HMD: The XR HMD chosen was Microsoft HoloLens 2. It is
an OST XR HMD, characterized by a stereoscopic vision system
consisting of visible light and infrared (IR) cameras (used as depth
sensors), along with an IMU to track user head position and
orientation [21]. These on-board sensor systems allow HoloLens 2
to scan the environment and effectively conduct distance mea-
surements without any significant latency [36]. Although the

2 Notably, a similar approach can be found in the context of HMIs, where
intra-individual and inter-individual variabilities are considered [33]. Although
the law of total variance is likewise applied, it is important to highlight that,
in the case of HMIs, the objective is not the measurement of environment-
related quantities, but rather the acquisition and classification of diverse
human actions. As a result, the conclusions drawn in that context fall outside
the scope of the present work.
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Fig. 4. Definition of the distance between two QR codes. The orientation of
the xyz coordinate system follows the HoloLens 2 left-handed convention.

HoloLens 2 is a mature technological platform, its distinctive
features continue to make it the most widely used OST HMD
in current state-of-the-art applications [37]. Additionally, it is
worth pointing out that, while the experimental setup focuses
on this specific OST device, the proposed framework is designed
to be platform-independent and is therefore also applicable to
VST devices, such as the Meta Quest 3 [38] or Pico 4 [39],
although the uncertainty sources would additionally need to ac-
count for the camera-mediated perception of the physical world.
The XR environment was developed using the Unity game en-
gine [40], integrating the Mixed Reality Toolkit (MRTK) [41]
and the Microsoft.MixedReality.QR [42] libraries to enable the
recognition of the fiducial markers. The implemented marker
detection system provided detailed information regarding the
spatial coordinates of the top-left corner of each marker.
Fiducial Markers: The selected fiducial markers consisted of QR
codes specifically designed to comply with the technical specifi-
cations of the HoloLens 2 device [42], as well as the requirements
of XR applications in industrial and medical domains [35]. In
particular, a set of custom QR codes with physical dimensions
of 100 x 100 mm was employed [42]. Given two QR codes
affixed to a surface, the distance between their top-left corners
was evaluated through the measurement model shown in (4):

d =)0~ 122 4 (1 = 3R + (2 — 1) @

where the z-axis corresponds to depth, and the orientation of
the xyz coordinate system follows the left-hand rule, as defined
by the HoloLens 2 reference frame. Hence, the XR environment
provides direct information on the coordinates of the QR codes,
whereas the distance between the QR codes was determined
indirectly through the application of the measurement model. Fig.
4 provides a representation of the measurand definition.
Reference system: A high-performance motion capture system based
on Vicon Vero [43] cameras, consisting of ten IR cameras, was
used as the reference system. A series of reflective markers was
used to evaluate the positions of the fiducial markers and measure
the distances between their top-left corners as a ground-truth.
Data were collected after the calibration procedure, performed
according to the specifications recommended by the system man-
ufacturer. The software used was Vicon Tracker [44].

The experimental setup was established in a controlled environment
to ensure consistency with the technical and functional constraints of
the selected equipment, while preserving the generalizability of the
proposed method. In particular, ambient illuminance was identified as
a critical environmental factor and was maintained within the optimal
range recommended by Microsoft (specifically, [500-1000] lux [45])
to ensure reliable visualization of digital content and accurate recog-
nition of QR codes [42]. Additionally, the ambient temperature was
maintained within the interval [20-25] °C to prevent sensor drift and
preserve the stability of the chosen equipment.

A representation of the setup is shown in Fig. 5. In particular,
Fig. 5-(a) shows a general overview of the experimental setup (not
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Fig. 5. Sketch of the experimental setup: (a) general overview (not to scale);
(b) front view with the QR codes placed at a height #; (c) top view with the
measurement points ¢;; delineated on the floor to be equidistant from the QR
codes between which the distance was to be measured.

to scale). Hence, Fig. 5-(b) shows seven QR codes affixed to a white
wall, ensuring adequate contrast for reliable detection. All QR codes
were positioned at fixed locations and aligned at a uniform height of
h = (155.0 + 0.1) cm above the floor level, measured using a tape
measure.® QR code #0 established the origin of the coordinate system
and remained active throughout the session, whereas the other six QR
codes were revealed sequentially to represent D = 6 different distance
values {d;} jD: . between the QR code #j and QR code #0.

As a preliminary step to the acquisition of experimental data via
the Microsoft HoloLens 2, the Vicon system was employed to record
the position of the reflective markers affixed to the top-left corner
of each QR code. The reflective markers were placed at the top-left
corners of each QR code to enable detection by the Vicon system, in
order to obtain a corresponding reference value {drer, }j’; , for each of
the aforementioned distance {d; }j'; ,- Data acquisition was performed
over a 10-second interval at a sampling rate of 100 samples per second
(sps), yielding a total of 1000 indication values for each distance

3 The use of a tape measure to provide information regarding the height
at which the QR codes are positioned is only for indicative purposes, as the
reference measurements of the distance between the QR codes were conducted
using the Vicon Vero cameras.
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{d; }f= y The best estimates (evaluated as the mean values) and the
corresponding percentage standard uncertainties, expressed in parts per
million (ppm), for the each distances {d; | , were determined through
a Type-A evaluation [20], and are reported in Table 1.

Finally, Fig. 5-(c) depicts the different positions of the operator.
Since, as already described, QR code #0 established the origin of
the coordinate system and remained active throughout the session
(whereas the other six QR codes were revealed sequentially to represent
the different distances to be measured) six midpoints were marked
horizontally on the floor, facilitating the correct alignment between
the participants wearing the HoloLens 2 and the active QR codes and
ensuring a consistent viewing angle for all participants. Moreover, three
different depths (p), defined as the distances between the wall and the
positions from which participants performed the measurements, were
considered. The selected depth values, denoted as {p, } 1’;1 with P = 3,
were {70.0,90.0,110.0} cm, each determined with mm-scale uncertainty
using a tape measure. These depth values were chosen following the
official guidelines provided for Microsoft HoloLens 2 [46]. Hence, given
the D = 6 distance values {d; }][_’= . between QR codes and the P = 3
depth values {p, },’::] , a total of 18 measurement points were delineated
on the floor. Specifically, each measurement point was denoted as
4jx> With j = 1,...,D and k = 1,..., P representing, respectively, the
distance to be measured d; and the depth p, at which the user was
positioned. This configuration ensured that each measurement point
was equidistant from the QR codes used for distance measurement.

For the sake of example, the measurement point ¢, was used to
measure the distance dgq between the QR codes #0 and #6, at a depth
p3. For this reason, it is positioned in the center between the QR code
#0 and the QR code #6 to guarantee the same distance (denoted as r)
to the two QR codes. At each of these points, a measurement operation
was conducted with a fixed duration of 10 s, during which participants
wearing Microsoft HoloLens 2 acquired I = 30 indication values. The
total experimental session for each participant lasted approximately
15 min.

4.2. Flowchart of the experimental procedure

To better clarify the experimental procedure for acquiring measure-
ment data, the following flowchart is provided.

1. First, the XR HMD is worn and the user is positioned at depth p,
with respect to the wall. QR #0 remains uncovered throughout
the entire experiment.

2. QR #1 is uncovered, and the user moves to position g;; to
measure distance d,.

3. QR #1 is then covered and QR #2 is uncovered. The user moves
to position ¢,; to measure distance d,.

4. This procedure is repeated sequentially for all remaining QR
codes (up to QR #6), each time uncovering the next QR code, po-
sitioning the user at the corresponding location, and measuring
the associated distance value {d; };)=1.

5. After completing the full set of distance measurements at depth
p,, the user steps back to depth p,, where the entire measure-
ment sequence is repeated.

6. Once the measurements at depth p, are completed, the same
measurement cycle is finally performed at depth p;.

In this way, for each user, 18 independent measurement results are
obtained, corresponding to 6 distance values {d;} /D= L (D=06) measured
at each of the 3 depth values {p, }If:] (P=3).

4.3. Experimental campaign
The experimental campaign involved M = 32 healthy partici-

pants aged between 20 and 31 years. All participants had normal or
corrected-to-normal vision and provided written informed consent prior
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Fig. 6. Distribution of the participants’ heights.

to participation. Their heights ranged from 150 cm to 186 c¢cm and
were distributed as illustrated in the histogram shown in Fig. 6. Before
conducting the experiments, all participants received clear instructions
on the task to be performed (i.e., to remain as still as possible during the
measurements). Participants wore HoloLens 2, adjusting it to display
the digital content correctly and performing eye calibration prior to
starting the experiments in order to guarantee the stability of the
holograms.

5. Experimental results

Following Step #1 of the proposed framework (described in Sec-
tion 3.2), preliminary measurements were conducted with HoloLens 2
in a static configuration (i.e., placed on a mannequin head), in order to
(i) evaluate the instrumental uncertainty contribution and (ii) ensure
that the device’s baseline performance was quantified independently
of human-induced variability. Then, for each measurement point, char-
acterized by specific distance between QR codes {d j},l-)= , and depth
{p} le , atotal of I = 30 indication values were obtained for each of the
M = 32 participants. Hence, for each distance, depth, and participant,
the best estimate (as the arithmetic mean among the indications) and
the standard uncertainty (through a type-A evaluation) were evaluated.
Therefore, for each distance and depth, the results for each participant
were combined through the law of total variance expressed by (3), in
order to obtain a combined standard uncertainty which considers both
the within-operator and the between-operator contribution to the operator
uncertainty.

The obtained results are summarized in Table 2, where the measure-
ment result is reported in terms of mean value (mm) and combined
standard uncertainty (%), expressed as a percentage. Additionally, in
the last row, the measurement results were further aggregated across
all considered depths { pk},’::l to provide a representative uncertainty
specification over a broader range of operational depths. Moreover, Ta-
ble 3 reports the measurement error {e; } jl.)z |» expressed as a percentage,
between the reference quantity values provided by the Vicon system
and the measured quantity values provided by the operators wearing
HoloLens 2, for each condition reported in Table 2.

5.1. Discussion

The conducted preliminary tests in static configuration revealed that
the instrumental uncertainty component of HoloLens 2 was negligible
compared to the operator-induced variability. Therefore, the following
analysis focuses directly on within- and between-operator variability.

Table 2 reveals a decreasing measurement uncertainty as the dis-
tance between QR codes increases. This behavior could be attributed to
the intrinsic features of HoloLens 2. When the distances to be measured
cover a significant area, close to the full FoV, the device employs a
higher spatial information density, namely a larger number of pixels.
In these conditions, any detection errors on single pixels have a lower
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Table 1
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Distances between the QR code #j and QR code #0, measured by Vicon tracker in terms of mean values (mm) and percentage

uncertainty (ppm).

Distance between the QR codes - Vicon results (mm)

drey, drey, ref,

dres, dres, dref,

149.772 (17 ppm) 299.377 (39 ppm) 448.117 (5 ppm)

599.028 (4 ppm) 747.637 (3 ppm) 898.968 (3 ppm)

Table 2

Mean value (mm) and relative standard uncertainty (%) measured through HoloLens 2 for each distance between
QR codes and each projected depth. The obtained standard uncertainty is evaluated considering both within-
operator and between-operator variability following the proposed method described in Section 3.

Depth | Distance between the QR codes - HoloLens 2 results (mm) —

Dyreas, Deas, Dyeas, Dyeas, eas, Dneas,
P 150.9 (2.0%) 299.7 (1.4%) 449.6 (1.0%) 601.6 (0.9%) 750.7 (0.7%) 899.8 (0.9%)
2 150.8 (1.9%) 299.9 (1.2%) 449.8 (0.9%) 601.9 (1.1%) 750.7 (1.0%) 900.1 (1.0%)
P 150.8 (2.6%) 300.0 (1.3%) 449.8 (1.2%) 602.4 (0.9%) 751.0 (1.0%) 900.2 (0.9%)
Combined 150.8 (2.2%) 299.9 (1.3%) 449.7 (1.0%) 602.0 (0.9%) 750.8 (0.9%) 900.0 (0.9%)

Table 3
Measurement error (expressed as a percentage) between measured and refer-
ence values.

Depth | Measurement Error (%)

e e, ey ey es [
Dy 0.76% 0.10% 0.33% 0.43% 0.41% 0.09%
Py 0.75% 0.17% 0.38% 0.48% 0.40% 0.13%
Py 0.74% 0.21% 0.37% 0.56% 0.45% 0.13%
Combined 0.75% 0.16% 0.36% 0.49% 0.42% 0.12%

impact on the overall precision of the measurement. In addition, mea-
surement errors shown in Table 3 reveal a significantly low deviation
between the measured quantity values provided by HoloLens 2 and
those provided by the Vicon system, suggesting a good accuracy of the
XR HMD.

Furthermore, the analysis of within- and between-operator variability
revealed a significant difference between the two contributions, show-
ing a greater influence of the between-operator contribution for each
of the 18 measurement points. This outcome suggests that the main
sources of variability may not be attributed to the performance of the
measuring system itself (i.e., the instrumental uncertainty), but rather to
the intrinsic and behavioral characteristics of the operator. As such, by
considering participant height as a potential influencing factor, statisti-
cal analyses on the measurement results obtained by each operator, in
terms of mean value and within-operator variability, were conducted. In
particular, for each distance between the QR codes {d; }jp= . and depth
{pk},‘;l, linear correlation analysis between the participant heights
and the associated measurement uncertainty values was carried out
through the evaluation of Pearson’s correlation coefficients. However,
the obtained correlation coefficient values {0.19,0.15,0.20} suggested
low correlation, i.e., it is not possible to state that the measurement
uncertainty increases or decreases as a function of the participants’
height.

In conclusion, although the overall measurement uncertainty is pre-
dominantly influenced by the between-operator rather than the within-
operator variability, it is not possible to assert that the primary source of
variability is the participants’ height. This implies that the HoloLens 2
is robust with respect to this specific source of variability. Therefore,
a possible explanation for the significant between-operator variability
may be the physiological micro-movements exhibited during mea-
surement tasks, the analysis of which would require data from IMUs
embedded in the XR HMD.

6. Conclusions and future work

This work addressed the novel perspective of employing XR HMDs
not merely as visualization tools, but as active measuring systems

capable of providing information about environment-related physical
quantities. Specifically, a novel methodology was proposed for the
evaluation of the measurement uncertainty associated with XR HMDs,
in accordance with the principles of the Guide to the Expression of Un-
certainty in Measurement (GUM). The approach was developed through
the identification of all relevant uncertainty sources, distinguishing
between the contributions due to the XR HMD itself (instrumental
uncertainty), those arising from the same operator wearing the HMD
(within-operator variability), and those related to the variability among
different operators (between-operator variability). A structured method-
ology, based on a three-step procedure conducted under controlled
conditions, was outlined to systematically evaluate and combine these
components.

A marker-based distance measurement scenario using Microsoft
HoloLens 2 was selected as a case study, due to its relevance in both
industrial and medical applications. The experimental campaign, in-
volving a cohort of 32 healthy participants, demonstrated the effective-
ness of the proposed framework in evaluating the overall measurement
uncertainty. While the between-operator variability emerged as the dom-
inant contribution, the analysis did not reveal a significant correlation
between participants’ height and measurement uncertainty, suggest-
ing robustness of HoloLens 2 with respect to this potential source of
variability. The results rather indicate that minor, individual-specific
micromovements might be responsible for the observed uncertainty.

In summary, the proposed methodology enables a comprehensive
and GUM-compliant uncertainty evaluation for XR-based measure-
ments, ensuring traceability and reliability of the indications provided
by the XR HMD. Furthermore, it offers a structured means to identify
the most critical contributions to uncertainty for any given measure-
ment scenario, thereby guiding possible mitigation strategies aimed
at enhancing the metrological performance of XR HMDs when used
as active measurement systems. Importantly, considering the human
factor in the form of operator-related effects allows advancing towards
a more human-centric perspective, aligning with one of the pillars of
the Industry 5.0 paradigm. In future work, influencing factors such
as ambient illuminance, temperature, and operator-related conditions
(e.g., fatigue) will be investigated, together with possible strategies to
mitigate these effects, including ergonomic supports, training protocols,
and algorithmic compensation. In addition, the applicability of the
approach to markerless measurements will also be explored. Such an
analysis will be instrumental in assessing the applicability of XR HMDs
across a broader range of measurement tasks, especially in dynamic
and unstructured environments where marker deployment may not be
feasible. The results are expected to provide further insight into the
metrological implications of different localization and tracking strate-
gies, thus contributing to the development of generalized uncertainty
evaluation frameworks for XR-based measurement systems.
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