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Abstract— Augmented reality (AR) is a key technology to 
enhance worker effectiveness during increasing automation of 
repetitive jobs in the workplace. AR will achieve this by assisting 
the user to successfully perform complex and frequently changing 
procedures. The design of AR applications for these roles is 
critical to their acceptability and utility. User quality of experience 
(QoE) will inform these design decisions. A user arrives at a 
quality judgment upon post-experience reflection of their degree 
of delight or annoyance relating to the degree of fulfilment of 
pragmatic and hedonic needs and expectations of the medium 
under consideration. QoE researchers have largely depended 
upon post-experience subjective reports to determine the user’s 
QoE. Subjective reports have been shown to be biased by 
primacy, recency and maxima of experience stimuli. Recent 
research involves the identification of implicit metrics that can be 
used to determine user QoE continuously during a multimedia 
experience. This work evaluates head rotation frequency as an 
objective metric of user QoE. 

The literature shows that emotion is expressed in the 
frequency of a person’s head rotation around three axes of 
movement (pitch, yaw and roll). Low frequency head rotation has 
been shown to include expression of happy emotion while high 
frequency exclusively expresses anger emotion. These emotions 
are analogous to those reflected on by a user during the quality 
formation process. This demo paper analyses the amount of high 
frequency head rotation exhibited by the user upon task 
completion using an AR procedure assistance application or a 
paper-based control. An optimal Rubik’s Cube solving AR 
application was used as a proof of concept for AR-based 
procedure assistance. Preliminary results showed that the AR 
environment yielded higher task success rates and significantly 
shorter task completion durations. The AR users exhibited 
significantly lower amplitudes of anger frequencies in their head 
rotations than the control group. 
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rotation frequency, affective state. 

I.  INTRODUCTION 

As automation of repetitive procedures increases in the 
workplace, AR has been identified as an important technology 
to improve worker utility by assisting the user in performing 
jobs with frequently changing procedures [1]. Examples of 
such perpetually novel procedures in the literature include 
optimisation of warehouse and distribution logistics [2], 
machine maintenance [3] and mass customisation [4]. To this 
end, an optimal Rubik’s Cube solver AR application was 
evaluated as a proof of concept for assistance with the 
alignment, adjustment, orientation, visual identification, 
inspection and verification interventions common to these 

novel procedures [5]. The AR application was compared 
against a paper-based procedure assistance medium. A 
significant factor that will influence the acceptability of AR for 
the procedure assistance use case is a positive user QoE [6]. To 
this end, this work evaluates user QoE of AR for procedure 
assistance. The traditional approach for researchers to 
determine user QoE has relied upon post-experience reports, 
which have recently been shown to be biased by primacy, 
recency and peak experience stimuli [7]. For this reason, recent 
research has focused on identifying implicit metrics of QoE 
such as heart rate, electrodermal activity [8]–[11], skin 
temperature, facial expressions [12], eye gaze [13] motion 
sickness, electroencephalogram [14] and gait [15]. Similarly, 
the focus of this work is an investigation of head rotation 
frequency as an objective continuous metric of QoE.  

User QoE can influence the user’s affective state and vice-
versa [16], [17]. This includes affective state that can be 
expressed in head pose [18]–[21], including head rotation 
frequency [22]. Fig. 1 shows how head movement is 
considered in this work as rotation around three axes. Pitch 
refers to rotating the head up and down (nodding), yaw refers 
to turning the head from side to side (shaking) and roll refers to 
rotating the head to the side (tilting). This work evaluates the 
emotion expressed in high frequency head rotation by the AR 
and control test subject’s upon task completion. The expression 
of emotion in head rotation frequency is evaluated as a proxy 
for the degree of delight or annoyance reflected upon by the 
test subjects during the quality formation process, indicating 
their QoE and likely quality judgement of the procedure 
assistance media. 

II. RELATED WORK  

The authors of [1] describe AR as a key technology in 
maintaining good working experiences in the face of increasing 
automation, an environment with complex tasks that change 
rapidly. AR can potentially achieve this by assisting the human 
user in performing the frequently disparate procedures of this 
new and demanding work environment [1]. They explored how 
novice assemblers performed under AR and fixed-screen-based 
assembly assistance modalities in a between-subjects design 

 
Fig. 1. Three axes of head rotation, adapted from [22]. 

 



for a product assembly task. They not only considered 
objective performance metrics but also gave due consideration 
to the hedonic component of user experience, including user 
satisfaction. Their results showed that the AR users completed 
the assembly task quicker and reported higher satisfaction than 
the fixed-screen users. 

 The authors of [22] used head rotation frequencies and 
static head position as low-level features for emotion 
recognition. They defined the natural range of head rotation 
frequency as falling within 0-12Hz, with unnatural head 
motions above 14Hz described as occurring very rarely. They 
defined standardised head rotation frequency ranges as low (0-
5Hz), intermediate (5-10Hz) and high (10-15Hz) and evaluated 
the influence of head rotation frequency on the expression of 
happiness, sadness, anger and neutral emotions. They 
concluded that low frequency head motion expresses 
happiness, sadness and anger together; intermediate 
frequencies express happiness and anger together; and high 
frequencies express anger exclusively. While it would be 
difficult to discern the component emotions in low and 
moderate head rotation frequencies, the high frequency range 
exclusively expresses anger emotion.  

QoE is defined in [6] as “the degree of delight or 
annoyance of a person whose experiencing involves an 
application, service, or system”. Delight and annoyance denote 
emotions [23] and head rotation has been shown to be a good 
metric for emotion perception [22], [24]. The hypothesis for the 
work presented here is that it is possible to infer the user’s 
degree of delight or annoyance (i.e. QoE) by means of 
analysing the affective signals encoded in their head rotations. 

Therefore, this paper proposes the use of the high frequency 
head rotation to evaluate a user’s expression of anger as a 
proxy for the level of annoyance experienced during an AR-
based procedure assistance application. The level of annoyance 
expressed by the users in a paper-based procedure assistance 
control medium is used as a baseline for comparison. 

III.  EXPERIMENTAL SETUP 

A. AR procedure assitance modality 

 An optimal Rubik’s Cube solving task was used as a proof 
of concept for complex procedure assistance in AR and a 
paper-based control medium. In the AR condition, the Rubik’s 
Cube solving instructions were presented using the Meta2 AR 
head mounted display (HMD). The Meta2 was a prototype AR 
HMD aimed at developers in which augmentations are 
rendered on a screen positioned in front of the wearer’s eyes. 
The Meta2 was never released as a consumer product. The 
Meta2 had a 90-degree field of view; 2.5K screen resolution 
with a 60Hz refresh rate; a 720p front-facing RGB camera; and 
9 ft (2.7 m) USB cable for video, data & power. The AR 
application developed in this work used the Kociemba 
algorithm [25] to solve the standard 3x3 Rubiks Cube in the 
fewest possible number of moves (optimally) from any 
scrambled state. Solving the cube in this way from the set all of 
possible starting positions (43 quintillion [26]) is “not 
something which humans can do” [27] un-assisted. At the 
beginning of each test, the front-facing camera on the Meta2 

AR HMD was used to scan all faces of the scrambled cube. 
The AR application tracked the Rubik’s Cube using a 
combination of OpenCV filters, colour and shape detection 
algorithms. C# was used to describe the affine features of a 
standard 3x3 Rubik’s Cube for real-time detection from the 
input video feed. When the Rubik’s Cube was successfully 
scanned at the beginning of each test in the AR condition, the 
AR application proceeded to heuristically solve the cube. Once 
solved, the AR application guided the AR user step-by-step by 
displaying the shortest path to the solved state directly in their 
field of view, one instruction at a time. The AR application was 
adapted from an online repository1, originally developed for 
Android™2 devices. This application was translated from Java 
to C# for development in Unity 3D™ using the OpenCV 
library.  

B. Paper-based procedure assistance modality 

 Standardised testing necessitates that the procedure be the 
same in each test. To ensure this, each test began with the 
Rubik’s Cube in the same initial position. The superflip 
position [28] was used for this, being the furthest distance from 
the solved state, guaranteeing the maximum of 20 moves using 
the optimal solution algorithm. This standardisation allowed 
for the creation of the paper-based control medium. The test 
subjects who followed the paper-based control medium 
instructions, the control group (CG), were provided with the 
same set of procedure instructions as the AR group, but printed 
in a 22-page A4 paper instruction manual. Each page in the 
manual had one printed text instruction.  

C. The assistance instructions and instruction progression 

 Each instruction described the angle and direction to turn 
the Rubik’s Cube face in question. The face names in the 
instruction were colour coded by referencing the face’s centre 
tile. An example of such an instruction is:  

“Rotate the face with the red at its centre 90º clockwise.” 

 To further standardise testing, instruction progression was 
user-controlled in both test conditions as in [29]. The CG 
progressed through their instructions by turning each page of 
the instruction manual as required. The AR test subjects were 
presented with one instruction at a time in their field of view in 
the HMD. They progressed through the instructions, which 
consisted of 2D text, using keyboard input.  

D. Implicit QoE metric: head rotation frequency 

The test subject’s head rotation was estimated in radians 
using a desk mounted Logitech 1,080p video camera and the 
OpenFace facial recognition application [30]. An eight second 
duration [31] of post-task head rotation radians was used to 
evaluate the test subject’s emotional state at task completion. 
Eight seconds allows for the onset-apex-offset perception cycle 
of affect in head pose. Head rotation radians (rad) gathered 
after using the particular assistance modality limited the 
influence of the medium itself on head rotation. A sample rate 
of 27 FPS allowed for detection of frequencies up to 13.5 Hz in 
line with the Nyquist-Shannon sampling theorem. This allowed 

 
1 https://github.com/AndroidSteve/Rubik-Cube-Wizard 
2 Android is a trademark of Google LLC. 



for analysis of the full range of natural head rotation 
frequencies defined in [22]. Linear interpolation [32] of a 
maximum of 2 FPS was used for up/down sampling of the time 
domain signal. This time domain signal was passed through a 
fast Fourier transform in MATLAB™ for frequency domain 
analysis of head rotation. The resulting radian amplitudes, 
divided into 22 high frequency bins from 10Hz to 13.5Hz, were 
used to evaluate the degree of annoyance experienced by the 
test subjects as expressed in these anger frequencies [22]. 

IV. DEMONSTRATION AND PRELIMINARY REULTS 

 Convenience sampling led to a sample size of 48 test 
subjects with a mean age of 32 (σ 10). Sampling excluded 
those familiar to solving the Rubik’s Cube. The experimental 
methodology consisted of five distinct phases. In the 
information sharing phase (1) the volunteer test subjects were 
informed that they would be required to solve a Rubik’s Cube 
under one of the test conditions. Upon giving informed 
consent, test subjects were screened (2) for visual acuity and 
spatial cognition. No test subjects were excluded from testing 
during this screening phase. Next, the test subjects were trained 
(3) in using the Rubik’s Cube manipulation instructions. This 
was followed by the practice phase (4), in which the test 
subject’s understanding of the Cube manipulation instructions 
was evaluated. Upon successful demonstration of 
understanding, the test subjects proceeded to the testing phase 
(5) under one of the test conditions. In testing, the test subjects 
were presented with a Rubik’s Cube in the superflip position, 
requiring twenty manipulations to solve correctly.  

 The AR group proceeded to testing wearing the AR HMD 
while the control group were presented with a paper-based 
instruction manual. Instructions consisted of 2D text to 
standardise both testing environments. Each instruction 
described the direction and amount of rotation to apply to each 
Cube face. There were three fundamental instructions used to 
solve the Rubik’s Cube. These were: (a) a 90º clockwise, (b) a 
90º anti-clockwise, or (c) a 180º clockwise rotation, of the face 
in question. The face in question is identified by referring to 
the colour of its central tile, as this never changes location on 
the face. The test subjects firstly had to locate the correct 
Rubik’s Cube face by rotating the entire Rubik’s Cube in theirs 
hands. Upon locating the correct face, the test subjects then had 
to rotate the individual Rubik’s Cube face by the required 
amount in the correct direction. After the twentieth instruction, 
a final statement reading “The Cube should now be solved” 
was presented in both test environments, informing the test 
subject that the test was complete. If the test subjects correctly 
followed all twenty instructions, they finished the test with a 
correctly solved Rubik’s Cube. 

Preliminary results showed that AR and paper-based 
instruction yielded successful procedure completion in 96% 
and 92% of tests respectively (p=0.555, α=0.05). Mean task 
completion times were 02:24s and 02:47s (p=0.033, α=0.05) 
for AR and paper-based instruction respectively. The control 
group consistently expressed significantly higher (p=0.000, 
α=0.05) radian amplitudes of the high range frequencies on 
each axis of head rotation during the post task sample. These 
results are shown in Fig. 2, which shows each groups 
minimum, mean and maximum amplitudes for pitch yaw and 

roll combined, plotted across each of the 22 high frequency 
bins (from 10Hz to 13.5Hz). The CG had higher maximum 
amplitudes of rotation on all three axes with pitch = 0.48 rad, 
yaw = 0.20 rad and roll = 0.27 rad greater than the AR group. 
Pitch, yaw and roll accounted for 41%, 35% and 24% of the 
CG’s higher mean amplitudes respectively. Fig. 3 shows each 
individual’s mean amplitude of the high range frequencies 
plotted against their task duration. Linear regression shows that 
an increase in task duration accounted for a minor increase in 
the amplitudes of high range head rotation frequencies in both 
test groups with R2=0.005 for pitch (blue), R2=0.008 for yaw 
(yellow) and R2=0.003 for roll (green). Head rotation 
estimation confidence values were 91.4% and 98.0% in the AR 
group and CG respectively, where the AR HMD resulted in a 
loss of an average of 6.6% estimation confidence due to the 
partial occlusion of the AR user’s upper head. 

V. CONCLUSION 

This work investigated the use of head rotation frequency 
as an indicator of QoE, with a focus on AR. AR yielded utility 
gains over the paper-based control by improved task success 
rates and significantly reduced task durations. While the paper-
based control group performed worse than the AR group they 
also expressed circa twice the mean amplitudes of anger 
emotion in their head rotation frequencies during a post task 
sample. Future work proposes to use head rotation frequency to 
evaluate user QoE continuously during usage. The influence of 
head rotation estimation confidence on these results will be 
investigated. The proposed future evaluation system allows for 
cross correlation between head rotation frequency and 
established subjective QoE metrics.    

 
Fig. 2. Group minimum, mean and maximum amplitutdes of 

combined high range pitch, yaw and roll frequencies. 

 

 
Fig. 3. Individual mean amplitudes of high range pitch yaw and roll 

frequencies plotted against task duration. 
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