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Abstract—There is rapid progress in the advancement of
user interfaces. One such advancement is enabling the sense of
touch, or haptics, as part of the interface. Haptic devices are
seeing growth in many types of applications such as gaming and
medical simulation. Assessing the quality of experience (QoE) of
the user is necessary to evaluate how the user perceives such
interfaces. The QoE is a user-centric parameter that shifts the
paradigm of evaluation from the technology itself to the user.
This paper proposes a mathematical-based QoE evaluation of
haptic-based applications. A mathematical model that is able
to quantify the QoE of the user is described. By conducting
a user study in which users evaluate a haptic-based game
application, we were able to test and validate the mathematical
model. There are several approaches in determining the weights
to be used with the mathematical model. This paper presents
and compares different approaches for weight determination,
namely even weight distribution, correlation-based weights, even
weights—correlation combination, linear regression analysis, and
principal component analysis (PCA). Our results show that PCA
weight determination performs slightly better than the rest of
the approaches.

Index Terms— Game applications, haptic interface, quality of
experience (QoE), weighted average.

I. INTRODUCTION

APTIC interfaces are instruments that are being incor-

porated into numerous and diverse range of applications
such as gaming and medical simulations. Each application
is usually designed to adapt to a certain type of haptic
devices [1]. The addition of the sense of touch into those
applications promises excitement, realism, and a more natural
feel for the users [2]. As this new haptic medium is advancing,
the need for its assessment increases.

Haptic-enabled applications are usually assessed by user
feedback in the form of user testing, interviews, and question-
naires [3]—[5]. This form of evaluation is resource-expensive
and relies on the subjectivity of the user. Thus, there is a need
for a more desirable assessment method that converts subjec-
tive user ratings into concrete results formed and validated by
objective means [6].

The former ideology in the multimedia community was the
Quality of Service (QoS). QoS is based on specific parameters
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that undermine the subjectivity of the user in the assessment
process. The newer ideology is the quality of experience (QoE)
which focuses more on the user satisfaction and perception.
The shift in ideology is in accordance with the user-centric
design and evaluation which became a necessary recipe for a
product’s success or demise [7].

The novelty of the QoE paradigm brings along certain chal-
lenges. Especially in virtual reality (VR) and haptic domains,
QoE assessment is still in its infant stage. There is still some
modular understanding on what constitutes the experience of
the user, and how to capture that in a unified systematic model.

This paper describes a mathematical model that is based on
weighted averages to quantify the QoE of users. The model
takes into account different categories of parameters and it
merges QoS parameters with user experience (UX) parameters.
A user study was conducted at the DISCOVER Lab of the
University of Ottawa to assess a haptic-enabled balance ball
game. This paper describes the user study and how the results
were adapted to be formalized by the mathematical model
including how the weights of the parameters were selected
and applied.

The paper’s focus is on utilizing different methodologies
in weight determination and comparing those methodologies
in terms of statistical metrics such as percent and relative
error. We adapt five techniques for calculating the weights of
the mathematical model among them correlation, regression
analysis and principal component analysis (PCA). The quan-
tified QoE based on the calculated weight is confirmed by
preliminary users’ evaluations that could be further validated
with more experiments in the future.

The rest of the paper is organized as follows. Section II
reviews the related work done previously in haptics and QoE.
In Section III, we describe the user study conducted to assess
a haptic-enabled game. The section describes the game appli-
cation, the parameters selected for testing, the questionnaire
results, and the standardization of data. The description of
the mathematical model is given in Section IV. Section V
lists and explains the weight determination approaches that are
considered. In Section VI we discuss and validate the results
obtained. Finally, we conclude this paper in Section VII.

II. RELATED WORK

There has been a tacit consensus within the multimedia
community that the focus in multimedia evaluation should
center on the user. Some authors articulate that by stressing
the need to shift the attention from the well-established QoS
to QoE [7]-[9]. In [7], the author lists the challenges that
arise from that shift, given that QoS-dominated multimedia
evaluation for a long time.
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In the VR domain, Whalen et al. list the common evaluation
methods and the challenges encountered when assessing QoE
in a virtual environment (VE). Traditionally, there are three
recognized methods for assessing the user’s feedback and
responses in a VE: subjective, performance-based, and physi-
ological measures [3]. Each method enables the collection of
a specific type of information regarding the user’s responses
to the application. For instance, subjective measures evaluate
the user’s satisfaction, fatigue, intuitiveness, and preferences.
(collected via surveys). Performance measures evaluate the
user’s behavior when performing a task with the VR applica-
tion. Finally, the physiological measures evaluate nonvoluntary
responses of the human body during and immediately after the
test session.

Specific to haptic-based applications, subjective measures
dominated the form of user evaluation. Usually the user
feedback is expressed as a mean opinion score (MOS).
In [10] and [11], the authors use MOS to determine the
overall QoE. Their main idea is to test network jitter and delay
effect on haptic quality reflected on the user. Using different
settings and jitter parameter, they test different scenarios using
a networked haptic application. In one scenario, they test a
hockey game, while in another they test a networked writing
application. From the MOS values, the authors use multiple
regression analysis to link QoE parameters with application-
level parameters.

Previously, we have created a taxonomy for the possible
parameters that can be used to evaluate a haptic audio virtual
environment (HAVE). Moreover, the taxonomy’s higher level
organization was divided into QoS and UX, because we
reckoned that QoS is an important part of QoE along with the
UX. The UX is in turn divided into four subcategories: per-
ception measures, rendering quality, psychological measures,
and physiological measures. Perception measures is a user-
center subcategory that mirrors how the user perceives the
application. The rendering quality relates to the quality of the
three major modalities in VR application, namely graphics,
audio, and haptics. Psychological measures and physiological
measures are complementary sets that indicate the user’s state.
Psychological measures subcategory reflects the state of the
user through observation and user feedback, while physiologi-
cal measures subcategory uses direct biological measurements,
such as heart rate, to reflect the state of the user. Each category
groups related parameters together forming an organizational
taxonomy. Evaluators could choose the categories and parame-
ters to include in their evaluation. For a full list of parameters
please consult [12]-[14].

Moreover, in [12], we have introduced the mathematical
model along with the preliminary evaluation of two haptic-
enabled applications: haptic learning system and a haptic Uni-
fied Modeling Language (UML) case tool. The weights were
arbitrary chosen based on expert opinion. In subsequent work,
we slightly modified the mathematical model and applied it to
the evaluation of a haptic game entitled Balance Ball game.
We used a systematic approach in normalizing the results,
determining the weights, and validating the model [15].

This paper extends our previous work by considering var-
ious techniques in determining the weights to be used in the
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Fig. 1.

Screenshot of the Balance Ball haptic game.

mathematical model. The results based on those weights are
analyzed to observe the optimal technique for the evaluation
of QoE of haptic-based applications.

III. USER STUDY DESCRIPTION
A. Application Description and Experimental Setup

The application we used to test the proposed model is the
Balance Ball game [16]. A screenshot of the game is shown in
Fig. 1. A ball is placed on a long wooden board that is held by
two players from each side. The game involves the two users
collaborating in maintaining the balance of a virtual ball on a
board using remote haptic devices. Each player holds one end
of the board with his/her haptic device and raises it slowly
over a virtual pole to a predefined end mark. The challenge
is to collaborate in an attempt to keep the board horizontally
balanced as much as possible from the initial location to the
destination. Any variation in the horizontal balance will cause
the ball to roll away toward one side thus penalizing both
the players. The players should remedy that by using the
force feedback and the 3-D graphics to apply their judgment
in balancing the board again. The score consists of the task
completion time and the variations of the ball’s position from
the middle of the board.

The experiment took place at the haptic laboratory of
the DISCOVER Lab at the University of Ottawa. Twenty-
two users participated in the experiment. The collaborative
application was ran on two computers. The computers were
running WinXP SP3 on a 2x Intel Xeon 2.8 GHz with 2 GB of
RAM and an Nvidia QuadroFX 2000XGL 128 MB video card.
Each computer had a Phantom Desktop haptic device attached
to it. The Phantom Desktop is a six degrees of freedom (DOF)
positioning and sensing haptic device developed and marketed
by SensAble Technologies, Inc. It has a compact design and
provides three DOF feedback capabilities. A snapshot of the
experiment setup is shown in Fig. 2.

Users were selected randomly from the School of Elec-
trical Engineering and Computer Science department at the
University of Ottawa (8 females and 14 males). Fifteen users
were familiar with haptic devices (among them 11 users with



HAMAM AND EL SADDIK: TOWARD A MATHEMATICAL MODEL FOR QUALITY OF EXPERIENCE EVALUATION

Fig. 2. Experimental setup of the user study conducted. The figure displays
the station setup of one of the users during his game play.

previous working haptic experience), while the other seven
users were new to the haptic notion. In either case, the user
was given a general background about the application, how to
handle and hold the haptic device, and what are the goals of
the experiment. Users were reminded that the purpose of the
experiment is to evaluate the application and not the users’
abilities.

Users were divided into eleven teams randomly. Each team
consisted of two users, and the experiment lasted on average
~ 15 mins, which included playing the game twice (the first
time was a trial run of the application, while the second one
was the actual game). In some instances, users performed more
than one trial of the application until they got comfortable
with the hardware. After the team finished playing the virtual
game collaboratively by reaching their destination in the actual
game, they were asked to fill out a questionnaire with general
questions about the virtual game, past haptic experience, and
specific questions that reflect elements of their experience
which are described precisely in the following section. More-
over, the questionnaire presented the opportunity for the user
to give an overall QoE evaluation of the application which
would be used to validate the mathematical model results (the
computed QoE from the mathematical model). Each user filled
a separate questionnaire.

B. Parameter Selection

The taxonomy in [12] groups the QoE parameters into
certain categories for organizational purposes. Five parameters
from the taxonomy were selected that are relevant to any
haptically rendered 3-D collaborative game application such
as the Balance Ball game that we tested. They are listed below
along with a description of each parameter as well as the
reason it was selected. The category from which the parameter
is selected is written in parenthesis. If the parameter is not
from the QoS category, then it will be from a subcategory of
the UX.

1) Media synchronization (QoS parameter). There are usu-

ally three media modals in an HAVE application.
Any miss-synchronization between the audio, video,
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and haptics can cause a drastic loss of perception
of both the media that are miss-synchronized. There-
fore, media synchronization is necessary for players
to maximize their perception and enjoy the game.
In this particular case, we focus on the subjective
aspect of media synchronization from the user’s point
of view (even though it can be analyzed through
equations, our focus is on user’s perspective and
experience).

2) Fatigue (perception measures parameter). Research has
shown that fatigue, which is caused by muscle exhaus-
tion, is linearly distributed as a function of time [17].
Fatigue is a crucial parameter because the haptic applica-
tion needs users to interact with the virtual environments
by exerting force and it induces fatigue easily compared
to audio-visual feedback. Depending on the specifics
of an application and on the haptic device used, rapid
fatigue can hinder users and limit their rapport with
the application. On the other hand, if the application
minimized the users’ fatigue, then their experience will
be more positive.

3) Haptic rendering (rendering quality parameter). Haptic
rendering quality remains the same until we reach a
threshold [that is usually referred to as the just noticeable
difference (JND)] after which the quality starts decaying
[18]. For any haptic application, we want the quality to
remain above that threshold, otherwise any instability,
low resolution, or low haptic fidelity will render the
application virtually unrealistic from the user’s point of
view.

4) Degree of immersion (psychological measures parame-
ter). Even though the degree of immersion will cause
a difference in quality, this difference is still not quite
understood [19]. However, immersion in gaming appli-
cation is of importance, because the more the users are
immersed in the game, the more they are involved and
experiencing enjoyment [20].

5) User intuitiveness (perception measures parameter).
User intuitiveness is an important phenomenon that
has been considered in disciplines other than human—
computer interaction, such as nursing [21]. Although the
factors that contribute to intuitiveness are less known, it
can be observed through swift and determined actions
of the user. It can be determined through user feedback
as well.

The selection of the parameters is tailored toward the new
medium experience and game experience holistic theory. The
new medium (haptic) is emphasized by the two parameters:
media (graphic and haptic) synchronization and the haptic
rendering parameter.

Game experience psychologists have divided the experience
for users of digital games into two categories; immersion and
flow [22]. Under flow, there are certain characteristics that
model an acceptable level of enjoyment for the user. Most
importantly, the interface should not be too cumbersome and
it should be responsive to the user (intuitiveness). In addition,
the lack of fatigue will increase the flow and enjoyment level
among users [23].
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TABLE I
SUMMARY OF THE QUESTIONNAIRE RESULTS

Parameter Mean gt:;:;z:
Media Synchronization 3.95 0.88
Fatigue 1.77 0.90
Haptic Rendering 4.18 0.89
Degree of Immersion 4.09 0.79
User Intuitivenss 4.09 1.04
Overall Rating (%) 84.64 13.00

All the parameters are out of 5, except the overall rating which is a
percentage. The table presents the average values of the 22 participants in the
experiment along with the standard deviation.

The parameters selected represent all the categories in
the taxonomy (considering that both the psychological and
physiological measures represent the user state). This was
convenient to the evaluation process because we wanted to
conduct an overall QoE evaluation. An overall QoE evaluation
would present the general mental association of the user to the
quality of the application. Moreover, because the parameters
selected stems from game theory, they are relevant to any
haptically rendered 3-D collaborative game application such
as the Balance Ball game that we tested.

C. Questionnaire Results

The results of the questionnaire are summarized in Table I.
The questionnaire presented to the users was a Likert-like scale
developed for this experiment. Essentially, most questions are
followed by a five-point scale in which the users are required
to circle the point that is closest to their level of agreement.
Each extreme poles of the scale are marked by opposing
descriptive labels based on the content of the questions. The
descriptive labels help the user reflect on the question as he/she
is completing the questionnaire. A sample question presented
to the user was the following:

To what extent do you think the haptic feedback was useful?

Not useful Completely useful
1 2 3 4 5

There was mostly one-to-one mapping between the user
preference and the evaluation assigned to the parameter, such
that one question corresponded to the evaluation of the para-
meter by the user. The focus was on the preference of the user,
while the performance was used in another research area [16].
Our goal here was to quantify the subjective evaluation of the
user without including the performance metrics.

The users rated the overall QoE as a percentage to get a
more precise value for several reasons. The value is important
as it is the ultimate goal of the evaluation. A precise value
would ease the validation of the model and enhance error
calculations. Hence given the users’ percentage rating of the
application, we will have two QoE values to compare: one
from the user and another from the mathematical model
described in Section IV.
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D. Standardizing Data

To calculate a weighted average of the QoE, two modifi-
cations need to be performed for the data to adhere to two
rules that we have specified. The first rule is that all the
values selected by the users in the questionnaire should be
converted to a normalized number between zero and one. This
will facilitate the calculation of the QoE value in a percentage
format. The second rule dictates that all the values should be
in ascending order. That is, the higher end of the value of the
parameter indicates better rating, while the lower end indicate
worse evaluation.

We applied the two modifications necessary to the results.
To normalize the numbers, we applied the following formula
(x-min)/range, where x is the Likert-scale value selected by the
user and range = max—min (max is the maximum value that
can be selected by the user and min is the minimum value).

Looking at the results in Table I, all the parameters present
follow rule two except fatigue. Higher fatigue ratings in
the questionnaire indicate that the application causes higher
fatigue. In this case, fatigue is undesirable and higher subjec-
tive fatigue values will degrade the user’s satisfaction. Modi-
fication of the fatigue Likert values was done by subtracting
the normalized fatigue value from one. We applied 1 (norm.
fatigue value) according to [24]. We renamed the variable as
comfort.

IV. MATHEMATICAL MODEL DESCRIPTION

This section describes the mathematical model where the
QoE is computed as the weighted linear combination of the
QoS and UX for a particular haptic user interface. In turn,
the QoS is computed as a weighted linear combination of the
parameters in the QoS category. For the UX, each subcategory
is adjusted by weights of its own. Moreover, the subcategories
are treated as a weighted average of their own parameters.

The mathematical model equations are as follows:

QoE =¢ x QoS+ (1 —¢) x UX (D
where
> mS
s=! 2
Qo Zl:’ll 2)
and
Saib 2PR XU
UX=A-" + B +ck . 3
2. ai 2. B %Vk @
i J

The symbols are defined as follows:

1) ¢ controls the relative weight given to the QoS parame-
ters compared to the user experience parameters.

2) S1, Pi, R, Uk represent the quality values given to the
individual parameters of QoS measures (S;), perception
measures (P;), rendering quality measures (R;), and user
state measures (Uy).

3) A, B, C are empirically determined weighing constants
for the respective perception measures, rendering quality
measures, and user state measures.
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4) n1, ai, Bj, yx are weighing factors which depend on the
relative quality value of individual user experience para-
meters underneath QoS measures, perception measures,
rendering quality measures, and user state measures,
respectively.

If the quality factors are restricted between O and 1, then the
overall QoE will also have a value between 0 and 1 (i.e., 0 <
QoE < 1). To achieve this condition, the constant coefficients
A, B, and C in (3) should satisfy the constraint

A+B+C=1. 4)

In this mathematical model, we have combined both the
psychological and physiological categories from the taxonomy
presented in [12] into one category called user state. If
physiological parameters are included for physical validation
in the future, it can be combined with psychological measures,
because both categories reflect the user state.

This three-tier organization of the mathematical model
allows the evaluator to retain a greater control of the equations
from the higher level to the lower one. As an example,
supposedly the evaluator wants to focus all his/her study on
UX, while maintaining the effects of the QoS constant. In this
case, ¢ would be set to zero then the full weight would go to
UX in the higher level equation. Moreover in (3), supposedly
the effect of the user state is negligible, then C could be set
to zero and (4) becomes A 4+ B = 1 and the weights then can
be distributed between A and B.

V. DETERMINING WEIGHTS

We have conducted five approaches in determining the
weights to be used within the mathematical model: even
weight distribution, correlation values, even weight/correlation
amalgamation, regression analysis, and PCA. This section
describes these approaches as well as the results obtained.

A. Even-Weight Distribution

Even-weight determination is used when there is no prefer-
ence on which is the most dominant parameter involved [24].
In this approach, the weights are determined based on the
number of the parameters involved, to maintain an equal
distribution of weights to parameters ratio [24]. For the top-
level equation, we have one QoS parameter and four UX
parameters (the parameters that are presented in Table I).
Therefore ¢ = 1/5 and the top-level equation becomes
0.2 QoS + 0.8 UX.

The same process applies to (3). The A, B, and C weights
are determined by the number of parameters involved. In our
case, we have two parameters from the perception measures
category weighted by A, one parameter from rendering quality
category weighted by B, and one parameter from the user state
category weighted by C. Because we have a constraint in (4)
that the sum of A, B, and C should be equal to one, we can
calculate the weights values as follows: A =0.2,B=C =04.

The designation of B = C and B = 2A come from the fact
that because A weighs two parameters, then it should be half
of the weight that controls only one parameter. This way each
category contributes equally to the UX calculation [24].
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The weights associated with each individual parameter
(m, ai, Bj, yx) can be set to one which allows the single
parameters in a category to have full weight, while if a
category has multiple parameters each one of those parameters
can be equally weighted.

B. Weight Based On Correlation

Our next approach calculates the weight of a parameter
based on the correlation of that parameter with the overall
rating of the application. The higher the correlation value, the
more weight is the parameter encompasses. The correlation
formula used is

L 2l = M)y — My)]
V(85x)(SSy)

where X is the overall QoE rating and Y is the intended
parameter (with means of Mx, My and sum of squared
deviation of SSx, SSy respectively).

To determine A, B, and C of (4), which define the weight of
each parameter category of the user experience, we calculated
an aggregate correlation value of that parameter category (e.g.,
perception measures) and the overall QoE rating, using (5).
The aggregate correlations for categories with single parame-
ters are equivalent to the correlation of the parameter. For cate-
gories with multiple parameters, the aggregate correlation was
an overall correlation value (instead of averaged correlation)
according to [25]. The values were normalized to satisfy (4).
For weight parameters of (1), we used aggregate correlation
values normalized as well to add up to one.

(5)

C. Combination of Even Distribution and Correlation

This approach was performed as an amalgamation of the
previous two approaches. We set the weights of the categories
[in (1) and (4)] as even-distributed weights, while we varied
the weights of multiple parameters in the same category. The
way we treated those multiple parameters is to set their weight
according to the correlation value between the parameter and
the overall user evaluation which can be inferred from the
questionnaire results.

D. Linear Regression Analysis

Regression analysis models the relationship between differ-
ent variables. Linear regression model is a type of regression
analysis where there is a regressor x and a response y related
through a straight line, represented by (6) [26]

y=p+pfix+e 6)

where f,, f1, and & are the intercept, slope, and random error
component, respectively.

The coefficient of determination (Rz), associated with the
linear regression model, describes how well the line of the
linear regression fits the data.

Studying the behavior of the data, we assumed a linear
regression fit between the input (parameter evaluation) and the
QoE output of the user. Human behavior is not linear, but this
is the best fit that the data provided (with certain acceptable
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Linear regression model for haptic rendering parameter
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Fig. 3. Linear regression graph for haptic rendering parameter. The equation
is also displayed. The haptic rendering values are the Likert value for each
user normalized between 0 and 1.

TABLE I
CORRELATION MATRIX OF THE PARAMETERS

Parameter A B C D E F
A 1 (059|042| 04 | 04 | 0.68
B 0.59 1 04 | 042 |0.22|0.53
C 042 | 04 1 0.3 | 0.33 | 0.82
D 04 | 042 | 03 1 0.49 | 0.58
E 0.4 | 0.22 | 0.33 | 0.49 1 |0.58
F 0.68 | 0.53 | 0.82 | 0.58 | 0.58 1

Parameters: A is Media Synchronization, B is Comfort (Fatigue inversed),
C is Haptic Rendering, D is Degree of Immersion, E is User Intuitiveness,
and F is overall QoE rating. Correlation is significant (p < 0.05) if it is
greater than 0.36.

error range as described in the analysis section), and the
most convenient given the linear relationship of the weighted
average methodology. Other evaluation methodologies which
assume nonlinear relationship also exist [13].

The linear regression model for the haptic rendering para-
meter is provided in Fig. 3 as an example. The QoE value of
the user is the response to the regressor which is the haptic
rendering parameter in this case. The weight of the parameter
would be equal to the strength of the linear regression model
represented by the slope of the line multiplied by RZ.

We have also attempted a linear regression model aggre-
gated for user experience parameters and QoS parameters to
compute (1). Moreover, for each category of user experience
parameters, we calculated an aggregate linear regression model
to satisfy (4). The values obtained for the linear regression
model after optimization are ¢ = 0.57, a; = 047, ar = 0.53,
A =0.17,B =0.62, C = 0.21, where ¢ is used for (1), a; and
o, are for multiple perception measures parameters (comfort
and intuitiveness) and A, B, and C satisfy (4).
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E. Principal Component Analysis

PCA is a statistical technique that has been used in vari-
ous fields such as finite data representation [27] and sound
recognition [28]. PCA transforms the original set of data into
a simplified set of data by removing any redundancy that is
present in the data [29].

Table II displays the correlation matrix of all the parameters
including the overall QoE rated by the user. The table shows
that most of the parameters correlate significantly with one
another. This suggests that there is redundant information
present in the data. By performing PCA, we remove this
redundancy and maintain a set of uncorrelated variables.

The advantages of PCA are threefold.

1) Minimizing random error that may arise from one of the
measures taken.

2) Eliminating redundant data from the variables.

3) Determining how much each parameter weighs in the
model and which one has the highest weight.

Our PCA results produced similar number of uncorrelated
variables but some of those variables had really low weight.
Most notably is the perception measures variables had a weight
of 0.02 (A = 0.02). The weight of QoS variables could also
be eliminated with PCA (¢ = 0.01).

VI. RESULT ANALYSIS AND DISCUSSION

The weights derived in each approach were inserted in the
mathematical model and a quantified QoE was calculated.
For each user, there are two sets of results: one derived
by the mathematical model and one provided by the user
as a subjective evaluation of the overall system. The QoE
value quantified by the mathematical model varied by the
weight approach. The values produced by the mathematical
model were validated against the users’ own evaluation of the
application. Table IIT summarizes the results obtained.

The average calculated QoE value represents the overall
QoE of the application using the mathematical model and
given a certain weight approach. The values along with the
standard deviation vary only slightly within the different
approaches. Actually, the similarity between some approaches
can be noticed. For example, the even-weight distribution and
the weight—correlation combination are almost identical in all
the attributes. This is because of the fact that the parameters
correlation values are very close in magnitude as well. We
had one category with multiple parameters. The perception
measures under the UX had two parameters. The correlation
values for both the parameters with the overall QoE were 0.53
and 0.58 for comfort and user intuitiveness, respectively. No
matter what the magnitudes of the weights are, if they are
similar in value, then the result of the weighted average would
be the same (or close to the equal weights result).

On the other hand, just by considering correlation values as
weights (approach 2), then the results differ from approaches
1 and 3 described earlier. Correlation weights produce higher
percent error and higher average of differences. The average of
differences is defined as the average value of all the differences
between the user ratings and the QoE ratings obtained from
the given mathematical model under a specific approach.
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TABLE III
SUMMARY OF THE RESULTS OBTAINED BY DIFFERENT WEIGHT APPROACHES

Even weight Correlation Weight - Linear
Attribute/Approach . g R correlation regression PCA

distribution weights L. .

combination analysis
Average calculated | ., o0, 1591 | 7618+17.22 | 77.58+15.92 | 76.053+17.74 | 78.71+16.22
QoE value

Average of differences 7.77 9.51 7.76 10.07 7.47
Range of differences 0-18 0-34.2 0-18 0-359 0-17
Percent Error (%) 9.95 12.04 9.95 12.78 9.51
Correlation (p<0.005) 0.92 0.86 0.92 0.86 0.89

3321

Q
o
E
\Y

40
. /

30
I ]

20
u

10
£ o T

0 5 10 15 20 25
User
—#—User Rating  —M=Mathematical Model
Fig. 4. Users’ ratings versus even-weight distribution results. The mathe-

matical model results are based on the even-weight distribution.

The highest average of differences and percent error stems
from the linear regression approach. The linear fit had low
coefficient of determination values in some instances which
suggest that the data may deviate from the linear regression
fit and this could be the reason for the high error rate.

The range of differences attribute lists the minimum differ-
ence encountered between user rating and the mathematical
model result in a given approach. This attribute does not allow
us to infer conclusions because these values are sporadic and
occurred mostly once within the data. They were included here
for interested readers.

All the approaches correlated significantly with the user rat-
ings. The correlation of even-weight distribution mathematical
model and user rating is displayed in Fig. 4. The correlation of
each approach additionally validates the mathematical model.
In Fig. 4, we have plotted the data of the 22 users. One
line shows the users’ QoE value and the another line shows
the values computed by the mathematical model. The values
follow the same pattern and coincide sometimes. This indicates
a high correlation pattern. The correlation value was computed
to be 0.92, p < 0.005 (DOF = 20). This is the highest
correlation value in all the approaches (the weight-correlation
combination approach had similar correlation). This means
that the mathematical model results significantly follow the
users’ ratings of the haptic application.

The PCA approach seems to have a slightly better per-
cent error and average of differences than the rest of the
approaches. Removing the redundancy of the variables had
a certain effect which could be attributed to the advantages of

PCA. The correlation of PCA mathematical model results and

user ratings is not the highest but it is significant and relatively
high.

VII. CONCLUSION

This paper presented a mathematical model capable of
quantifying the QoE of users when utilizing haptic-based
applications. This paper also presented the user study con-
ducted and how the data were applied in the mathematical
model. It focuses on approaches for weight determination
of the mathematical model to investigate which approach
produces the more accurate results when utilized.

The results suggest that there was a variation on how the
approaches faired with certain degree of similarity. Linear
regression analysis and correlation weights produced the high-
est error rates. PCA and even-weight distribution produced
the best results with PCA generating a slightly smaller error
rate. A combination of even weights and correlation values for
multiple parameters produced similar results as even-weight
distribution approach.

We have attempted the even-weight approach previ-
ously [15] and our goal was to reduce the percent error by
considering different and more advanced approaches such as
the linear regression and PCA. Although the PCA approach
managed to reduce the error slightly, it is still similar in
range with the even-weight approach. Our conclusion is that
there will always be some limitations when modeling human
behavior through a mathematical model and certain range of
error is expected. With PCA and even-weight distribution, this
range of error is minimal and acceptable.

In accordance, the five approaches can be used in weight
determination, but our recommendation is to use even-weight
distribution or PCA if the evaluators do not desire the weights
to be even. Our future work includes further testing with
different types of applications and experimental setups.
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