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Abstract.

BACKGROUND: In order to compare existing usability data to ideal goals or to that for other products, usability practitioners
have tried to develop a framework for deriving an integrated metric. However, most current usability methods with this aim
rely heavily on human judgment about the various attributes of a product, but often fail to take into account of the inherent
uncertainties in these judgments in the evaluation process.

OBJECTIVE: This paper presents a universal method of usability evaluation by combining the analytic hierarchical process
(AHP) and the fuzzy evaluation method. By integrating multiple sources of uncertain information during product usability
evaluation, the method proposed here aims to derive an index that is structured hierarchically in terms of the three usability
components of effectiveness, efficiency, and user satisfaction of a product.

METHODS: With consideration of the theoretical basis of fuzzy evaluation, a two-layer comprehensive evaluation index
was first constructed. After the membership functions were determined by an expert panel, the evaluation appraisals were
computed by using the fuzzy comprehensive evaluation technique model to characterize fuzzy human judgments. Then with
the use of AHP, the weights of usability components were elicited from these experts.

RESULTS AND CONCLUSIONS: Compared to traditional usability evaluation methods, the major strength of the fuzzy
method is that it captures the fuzziness and uncertainties in human judgments and provides an integrated framework that
combines the vague judgments from multiple stages of a product evaluation process.

Keywords: Usability, fuzzy comprehensive evaluation, analytic hierarchy process (AHP)

1. Introduction usability [5], a major weakness of current methods
is that there is no principal technique that addresses
the vagueness and uncertainties inherent in the var-

ious components that contribute to the concept of

Usability has become an increasingly important
factor that influences how consumers and designers

choose among different systems or products [1-3].
Usability evaluation is a specialized process that has
been shown to require expertise from a wide range
of knowledge domains [4]. However, according to
Hornbak’s paper on current practice in measuring
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usability. Indeed, most usability methods rely heavily
on human judgment about the various attributes of a
product, but often fail to take account of the inherent
uncertainties in these judgments in the evaluation pro-
cess. The main goal of this study was to demonstrate
how these uncertainties can be elicited, captured
and combined by using a fuzzy method integrated
with an analytic hierarchy process (AHP) method.
Section 2 provides a brief review of existing usability
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evaluation techniques such as those conducted using
general mathematical methods, questionnaires, the
AHP method, and fuzzy approach. In Section 3, the
general methodological steps of how to use fuzzy
evaluation and AHP method will be described. Sec-
tion 4, will consider the theoretical framework of the
proposed fuzzy usability evaluation technique based
on the AHP method. A discussion is provided in
Section 5.

2. A brief review of existing usability
evaluation techniques

As a core term in human factors and ergonomics,
usability has been defined by researchers in different
ways [4, 6-10]. By focusing on product perception
and acceptance, Shackel proposed an operational def-
inition of usability which provided a set of usability
criteria, including effectiveness (level of interaction
in terms of speed and errors), learnability (level of
learning needed to accomplish a task), flexibility
(level of adaptation to various tasks) and attitude
(level of user satisfaction with a system) [6]. This def-
inition has been generally accepted by the usability
community [11]. Another well-accepted definition of
usability was offered by Nielsen [4], which described
usability as ‘the measure of the quality of the user
experience when interacting with something whether
a Web site, a traditional software application, or
any other device the user can operate in some way
or another’ [7]. Nielsen suggested several oper-
ational usability dimensions such as learnability,
memorability, efficiency, user satisfaction (subjec-
tive assessment of how pleasurable it is to use) and
error (number of errors, ability to recover from errors,
existence of serious errors) [4]. To consolidate the
definitions, the International Organization for Stan-
dardization (ISO) defined usability as ‘the extent to
which a product can be used by specified users to
achieve specified goals with effectiveness, efficiency
and satisfaction in a specified context of use [8].
However, these various definitions of usability con-
tain concepts that are far from concrete, and they are
often highly context dependent in the sense that no
single set of measurements can be applied to all prod-
ucts or services. Indeed, many practitioners lament
that usability can mean different things to different
people, even when it is defined, and it still remains
intuitive, uncertain, and ambiguous [5, 6, 12]. There-
fore, in the usability community, in order to compare
existing usability data to ideal goals or that of other

products, practitioners have tried to develop a frame-
work for deriving a single or integrated metric from
the various aforementioned metrics with the use of
different evaluation techniques [13, 14].

2.1. The general weighted additive method

The definition of usability is highly dependent on
the measurement method. One of the most direct mea-
surements is the method of user performance which
is used widely for evaluating product usability. Prac-
titioners can easily measure the task success rate of
users in actually using a product and derive an average
accuracy or error rate that reflects product effective-
ness [9]. However, different products may require
different sets of metrics to measure their effective-
ness and it is always difficult to make comparisons
between evaluations for different products. A num-
ber of attempts have been made to derive a single
usability score that combines the different metrics in
order to facilitate comparisons. Babiker et al. sug-
gested assigning different weights to a set of metrics
such as ease of access, navigation, orientation, and
user interaction for evaluating usability of hypertext
systems, and then integrating these metrics into a
simple weighted additive score [15]. Although they
found that the combined metric correlated well to
subjective assessment measures, whether the method
could be easily generalized or transferred to other
systems is questionable, because the weights were
based on the specific assessment criteria of a prod-
uct use. Other methods based on this kind of weighted
additive model have been used by various researchers
[5, 13, 16]. However, a common problem with this
method is that the measurements depend critically
on specific products and on the practitioner’s subjec-
tive judgment. Also, there is always the problem that
it may be too simplistic to assume that a single weight
can be assigned to each of the evaluated attributes.

2.2. The questionnaire method

In contrast to objective performance measure-
ments, usability evaluation can be made with
subjective evaluations [17-19]. In the ergonomics
community, several well-known subjective usabil-
ity questionnaires have been developed based on
user personal interactive product experience. These
methods include the Post-Study System Usabil-
ity Questionnaire (PSSUQ) [17, 18], the Software
Usability Measurement Inventory (SUMI) [20, 21],
and the Questionnaire for User Interaction Satisfac-
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tion (QUIS) [22, 23]. The primary advantage of using
questionnaires over other usability evaluation meth-
ods is that they can be readily applied and have a high
benefit to cost ratio. All three questionnaire methods
are claimed to have high reliability and validity for
usability testing in practice. However, as found in
the weighted additive method, these questionnaires
suffer from the same problem that it is not clear
how multiple metrics (either subjective or objective)
derived from the responses can be weighted and com-
bined to provide an overall product usability index.

2.3. The analytic hierarchy process (AHP)
method

The AHP method was developed by Saaty [24]
and has been generally accepted as a robust and flex-
ible multi-criteria decision-making tool for dealing
with complex decision problems in various research
domains [25-27]. In usability engineering, the AHP
method has been used to determine the weights of dif-
ferent components during the evaluation process as
well as to conduct synthetic comparative evaluation
for multiple products or prototypes [28, 29]. With a
structurally hierarchical model, this method requires
experts to provide only the rank orders of different
metrics of usability, such as the learnability and ease
of use, and the corresponding weights for these met-
rics can then be derived. The AHP is a technique that
focuses directly on deriving the appropriate weights
based on expert judgments. It is well suited to com-
paring the relative usability of different alternatives,
and thus is a powerful multi-criteria decision-making
tool for usability testing purpose. In later sections it
will be shown how this method can be coupled with
a fuzzy approach to enhance its ability to capture the
uncertainties and vagueness of usability perceptions
expressed by the experts.

2.4. The fuzzy evaluation method

In the discipline of ergonomics there is a good
understanding of the role of fuzzy set theory in show-
ing a quantifiable degree of uncertainty in human
judgment [26, 30, 31]. The fuzzy evaluation method
is based on fuzzy set theory developed by Zadeh [32]
for capturing the uncertainties inherent in a system.
As discussed above, the processes in usability eval-
uation inherently involve fuzzy, uncertain, dynamic,
and changing information. In the usability engineer-
ing field, some early attempts at using the fuzzy
evaluation method were made. Cai et al. applied the

method to capture the perceived shape and color aes-
thetics of different products [31]. To compare design
alternatives, the imprecise preference structures of
the alternatives were modeled by a set of fuzzy pref-
erence relations. These relations not only specified
whether one attribute was preferred over another
attribute, but also how confidently this particular pref-
erence order was expressed by the user. For Web page
design, Hsiao et al. proposed a Gestalt-like percep-
tual measure method by combining Gestalt grouping
principles and fuzzy entropy [26]. They developed
a set of fuzzy relations that captured the layout of
graphics, arrangement of texts, and combinations of
colors. Both studies showed that the fuzzy evaluation
approach can provide a powerful mathematical tool to
quantify imprecise information in human judgments.

3. The methodological framework

Based on these previous efforts in structuring user
experience or usability evaluations, in this paper, a
universal method of usability evaluation for products
will be proposed. This universal method will involve
combining the AHP and fuzzy evaluation methods
for synthesizing performance data and subjective
response data. The aim for this universal method is
to derive an index that is structured hierarchically
within the framework of ISO 9241 part 11 [8], which
define usability in terms of three major components,
viz. effectiveness, efficiency, and user satisfaction.
An additional goal is to demonstrate the generality of
the fuzzy usability evaluation method by showing that
any set of standard usability attributes can be adopted
and the same process can be applied to obtain a com-
prehensive evaluation. The general methodological
framework will be described in the next section.

3.1. The general fuzzy evaluation model

The general fuzzy evaluation model aims at provid-
ing a fuzzy mapping between each of the evaluation
factors e.g. effectiveness, efficiency and user satisfac-
tion, to a set of categorical appraisal grades e.g. good,
excellent. The idea is to define fuzzy sets for the eval-
uation factors, such that for a particular a usability
rating e.g. a 5 on a 7-point scale, could belong to the
both the grades ‘good’ and ‘excellent’. However, the
extent to which the usability rating belongs to each
grade may vary i.e. different degrees of membership
to each grade, depending on the weights given to each
evaluation factor and the average ratings given by
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different raters. In the above example, one may find
that a rating of 5 for effectiveness can be mapped
to the fuzzy sets ‘fair’, ‘good’, and ‘excellent’ with
degrees of membership of 0.2, 0.7, and 0.5 respec-
tively. By assigning membership degree to multiple
‘fuzzy grades’, more of the uncertainties inherent
in the rating process can be captured and retained,
which will be particularly useful for comparing two
products. The formal procedures of the general fuzzy
evaluation model can be described by the following
steps.

Step 1: Determining the set of evaluation factors

Evaluation factors can be defined according to
the objectives of the product evaluation process.
A set of n evaluation factors can be represented as
a vector U = {uy, ua, ...., u,}. For example, one
can define U = {effectiveness, efficiency, user
satisfaction} such that different measurements will
be conducted to evaluate the product based on these
three factors.

Step 2: Determining the set of appraisal grades

The appraisal set can be represented as a vector
V ={v1, v2, ...., Vm}, in which m represents the
number of levels in the appraisal. For example, if
m =35, the appraisal vector can be represented as V =
{very poor, poor, medium, good, excellent} .

Step 3: Setting the fuzzy mapping matrix

The goal of the evaluation process is to provide a
mapping from U to V. For a specific factor u; the fuzzy
mapping to the appraisal vector V can be represented
by the vector R; = {ri1, ri2, ..., Tiks ---» Tim}, IN
which m represents the number of levels in the
appraisal (see step 2), and rj; represents the fuzzy
membership degree of appraisal factor i to grade k.
Using the example from step 1 and 2, if R =
{0, 0, 0.3, 0.7, 0}, then the measurement on the
evaluation factor “effectiveness” i.e., u1, on this prod-
uct has a fuzzy membership of 0.3 in the grade
“medium”, and a fuzzy membership of 0.7 in the
grade “good”, respectively.

In general, the fuzzy appraisal matrix of all n fac-
tors can be derived and represented as a matrix R, such
that if there are n factors and m levels of appraisal
grades:

riri2 - rim

21 122 -+ m

nl Tn2 = T'nm

In the above matrix notation for R, each row repre-
sents the set of appraisal membership degrees to the
corresponding appraisal vector V for each evaluation
factor u; in the evaluation vector U.

Step 4: Determining the weight of each evaluation
factor

To obtain a comprehensive usability evaluation, the
relative importance of each evaluation factor on the
overall grading of the product should be quantified.
The weight vector can be represented by W, which
can be formulated by the AHP method, as described
in the next subsection. As above, for n evaluation
factors, the weight can be represented by the vector
W = (Wi, W, ..., W,),inwhich the sum of all ele-
ments equal 1. From the example discussed earlier,
if it is determined that W = (0.3, 0.3, 0.4), then the
relative weights for effectiveness, efficiency, and user
satisfaction will be 0.3, 0.3, and 0.4 respectively.

Step 5: Getting the overall appraisal result

The overall appraisal result can be obtained by
taking into the account the relative weights of each
evaluation factor, such that a single vector with the
same level of appraisal grades m (see step 2) can be
represented by:

Bz(blv b2» (A bm)= WOR (2)

Where ‘o’ is a composition operator,b; could be
operated by a number of possible models [33, 34].
The different composition operations will affect how
the final appraisal vector B will be changed by differ-
ent distributions of the weights i.e., in vector W. The
choice of composition operators is clearly beyond the
scope of this paper (for a comprehensive set of oper-
ators and when they should be used see, for example
[33, 34]). For the current purpose, we assume that
all evaluation factors should be considered, such that
no single factor is significantly selected or ignored
more than others. We therefore choose to use the com-
position operator that calculates each element b; of
the final appraisal vector by the following formula,
which is suitable for evaluations in which all weights
of factors must be accommodated:

n
bj :min{l,ZWirij}(i,j: 1,2,---,n) (3)
i=1

3.2. Determining the weight vector by AHP

The weight vector W (see step 4 in subsection 3.1)
can be determined by consulting expert opinions,
by conducting empirical and/or field studies, or by
adopting an existing theoretical framework [26, 27].
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One advantage of the AHP method is that it provides
both an elicitation method as well as a strong the-
oretical framework that allows precise quantitative
calculations. The procedures of the AHP method can
be illustrated step by step as follows [24, 26, 35].

Step 1: Structure a hierarchy of the criteria based
on the evaluated factors

First, state an overall objective for the problem
and list factors that affect the objective. Then struc-
ture a hierarchy of criteria for the problem: for each
cluster or level in the hierarchy, some factors will
be subjected to a corresponding evaluated objective.
According to previous suggestions [24], it is desirable
to have no more than seven elements in each cluster
in each level of the hierarchy.

Step 2: Construct a pair-wise comparison matrix
(nxn)

The major advantage of the AHP method is that,
instead of asking experts to directly give a weight
for a particular evaluation factor, they will be asked
to rate the relative importance of the different fac-
tors. Assuming that there are n evaluation factors, the
importance intensity of factor i over factor j can be
represented by a;;. A pair-wise comparison matrix A
can therefore be obtained as follows:

apl ai2 -+ ain
azl ax --- a
A= . e )

dnl dp2 - Apn

Each a;; of the matrix represents the importance
intensity of factor i over factor j. The a;; value
is supposed to be an approximation of the relative
importance of i to j. In other words, if W; and W;
represent the weights assigned to factor i and j respec-
tively, then a;j = (W;/W;). This can be generalized
such that each a;; (i, j=1, 2, ..., n) is specified
as follows:

(1) a;; = W;/W; > 1,whena; is more important
than a;

(2) ajj = 1, when i =j

(3) ajj = 1 /a,’j, and aij 7& 0.

These imply that matrix A should be a positive
and a reciprocal matrix, in which each element of the
lower-left triangle is the inverse of the corresponding
element of upper-right triangle. So one only needs to
provide the value judgments in the upper-triangle of
the matrix. Saaty proposed a linear scale for assign-

Table 1
Saaty’s lineal scale of preferences in the pair-wise comparison
process [24]

Numerical
rating

Judgments of preferences between factor i and j

factor i is equally important to factor j

factor i is slightly more important than factor j
factor i is clearly more important than j

factor i is strongly more important than factor j
factor i is extremely more important than factor j
Intermediate values

N O 3 W W=

,4,6,8

ing comparison values to a;; [24], and this has been
widely used. Table 1 presents Saaty’s scale of prefer-
ences in the pair-wise comparison process. Usually,
the numbers of judgments needed in upper-right tri-
angle of the matrix are n(n—1)/2, where n is the size
of the matrix.

Step 3: Calculate the priority vectors of evaluated
factors

To calculate the weight vectors of evaluated fac-
tors, we used the common method of ANC (average
of normalized columns). ANC can be presented as:

1 " a,‘j
Wi = — 7(1.51.:1725“'5”) (5)
" ]z_; i1 aij

The weight vector can therefore be obtained from
matrix A by normalizing the vector in each column
(i.e., dividing the elements of each column by the sum
of that column) and then averaging over the rows of
the resulting matrix.

Step 4: Check the consistency of the human
Jjudgments

From Step 3, the numerical weights (W, Wa,
...., W, of the factors from the numerical judgments
matrix A can be obtained. It is important to check
that the human judgments are internally consistent.
One method is to calculate the consistency ratio (CR),
which is a measure of how a given matrix compares to
a purely random matrix in terms of their consistency
indices. CR can be calculated by:

_a
"~ RI
where R/ is the average random index, which is com-

puted and tabulated as shown in Table 2 [24]. CI is
the consistency index, which can be calculated as:

CR (6)

A —-n
CcJ = "max (7)
n—1
where 7 is the size of the pair-wise comparison matrix
A and Apax represents the maximum or principal
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Table 2
Average random index values according to matrix size [24]
n 1 2 3 4 5 6 7 8 9 10 11
RI 0.00 0.00 0.58 0.90 1.12 1.24 1.32 1.41 1.45 149 1.52

eigenvalue of the matrix. It turns out that matrix A is
consistent if and only if A nax = 7 and that we always
have Amax >n when matrix A is a positive reciprocal
one. So the closer the Anyax s to n the more consistent
the matrix. The value of Anx is formulated as:

Amax = i (AVT})i (8)

nwi
i=1 !

If a value of the consistency ratio CR is less than
0.1, the numerical judgments will be considered to
be acceptable [24].

4. The proposed AHP based fuzzy usability
evaluation technique

4.1. Two-layer comprehensive evaluation indices

In the usability community, there are many ways
to determine an evaluation index. For example, the
International Organization for Standardization com-
bined and consolidated several definitions of usability
inISO 9241 [8]. Here, it was decided to adopt the ISO
usability framework as the basis for usability evalua-
tion as it contains the set of attributes most commonly
used by some practitioners [14, 19]. In it, usability is
measured by effectiveness, efficiency and user satis-
faction. Specifically, measures of effectiveness relate
the goals of the user to the accuracy and completeness
with which these goals can be achieved, measures of
efficiency relate to the level of effectiveness achieved
with regard to the expenditure of resources i.e., task
time, and user satisfaction can be measured as the
extent to which users are free from discomfort, and
as well their attitudes towards the use of the product.

In order to structure a universal usability evaluation
index for different systems, the common performance
measures of fask success and task completion time
were selected for measuring effectiveness and effi-
ciency respectively in this study. Task success refers
to the measures of the extent to which tasks are solved
successfully. For example, it may be a combination of
accuracy, errors and completeness, and is defined as
observer’s assessment with numerical score ranging
from O to 1. Task time refers to how long users take to
complete assigned tasks with a product. In summative

Effectiveness

]—[Task Success ]

Usability or UX Satisfaction

Efficiency ]—[IntQualTask Time ]

Fig. 1. A hierarchy structure of the evaluated indexes for usabil-
ity measure (SysUse = System Usefulness, InfoQual = Information
Quality, IntQual = Interface Quality).

usability testing, user satisfaction questionnaires are
often applied as a part of debriefing section after auser
test [4]. According to the study of Ryu (2005) [29], the
items of Post-Study System Usability Questionnaire
(PSSUQ) ([17, 18]) have the highest redundancy
percentage (100%) with other sets of questionnaire
items. It was developed exclusively for measurement
of satisfaction for user testing and so was chosen here
for measuring user satisfaction after a test using this
universal usability evaluation model. The PSSUQ has
a3-factor structure of System Usefulness, Information
Quality, and Interface Quality. Summarizing the con-
siderations here, a hierarchy of evaluated indexes can
be structured as shown in Fig. 1. In this hierarchy, the
evaluated elements and objectives are presented as
a two-layer hierarchy structure of evaluated indexes,
and have no more than seven elements in each clus-
ter in each level of the hierarchy [24]. ‘Usability’
in the hierarchy is the overall objective evaluated,
and this was considered as the top-layer which was
broken down into the second layer consisting of the
three factors of effectiveness, efficiency, and user
satisfaction.

4.2. Determining the fuzzy member function
of evaluation matrix R

When determining the mapping quality for fac-
tors, the corresponding measure or logistic value
of each factor will be ranked as a grade. Five
levels of appraisal grades are presented as V =
{very poor, poor, medium, good, excellent} in
the present model. Then, generally, an expert panel
will be asked to determine the threshold valuei.e., vy,
V2, V3, V4, V5, and vg, for each grading. By compar-
ing threshold values and specific measured value v,
the quality of corresponding factor will be obtained.
According to ISO/IEC (1998-2001) [36], a direct
membership mapping method should be used for
ranking measure value. However, the major disadvan-



R. Zhou and A.H.S. Chan / A fuzzy usability evaluation technique: Theoretical framework 15

tage of this method is that, by converting a continuous
value to a single categorical value, important infor-
mation may be lost. For example, when v is close to
the threshold of v3, it is hard to decide whether one
should rate v as ‘medium’, or ‘poor’.

In order to address this issue, several geomet-
ric mapping functions have been proposed, such as
some variations of the triangular or trapezoidal map-
ping functions. In line with previous studies [37, 38],
the semi-trapezoid and trapezoidal distribution are
used to construct mapping functions to characterize
fuzzy measure values. In this way, the ambiguities
and vagueness involved in the process of usability
estimations can be retained. If & is used to represent
the subsets of appraisal set V, the fuzzy membership
functions could be defined separately as below:

I visv=w

§1(v) =4 e V2 <v<e 9)

0 otherwise

I va<v=<vs3
V=C1
V2=Cl
d(v) = v-c3
V3-c3

0 otherwise

cL<v<v
(10)

V3 <V <3

1 vi<v<wy
=)
V3=C2
i((v) = v-cy4
va-c4

0 otherwise

<V <v3

an

Vg4 <V < C4

1 vy<v<vs
v-c3
v4-C3
84(‘}) = V=C;5

V5-C5

0 otherwise

c3 <V <4
(12)

Vs <V <Cjs

1 vs<v<vg

85(v) = { yacey C4 <V < Vs (13)

0  otherwise

In the above equations, c1, ¢, ¢3, ¢4, and cs rep-
resent the middle values of the intervals (v;, v»),
(v2, v3), (v3, v4), (v4, v5), and (vs, vg) respectively.
According to Zhou (2004) [38], in the implementa-
tion process, the threshold parameters (i.e., the value
of vy, v2, v3, v4, vs, and vg) in these membership

functions can be determined by an expert panel. In
this study, the intervals for task success and satis-
faction score can be easily well defined, however the
interval for task time is more variable and needs some
transformation. To deal with this issue, absolute val-
ues of task time are converted using the following
formula:

roE_, Y 14
T = z (14)
Where E represents the expectable shortest task

time, which will be estimated by the product devel-

opment team and v is the absolute task time. Therefore

v will be a value in the intervals (o0, 0), [0, 1], or

(1, 2). That is to say, v signifies very poor singly and

completely for v <0, and signifies excellent singly

and completely for 1 < V' <2.

After preparatory work, a six-expert panel was
used here to determine the thresholds. All experts had
more than one year of professional experience in the
field of usability engineering, and were introduced to
some basic knowledge about how to use the threshold
values in the present evaluation model. The threshold
values were found to be (0, 0.3, 0.6, 0.8, 0.95, 1) for
both task success and task time (for values in inter-
vals [0, 1]), and those for satisfaction were (1, 2, 3.5,
5.5, 6.5, 7). The fuzzy membership functions could
then be obtained for task success, task time, and user
satisfaction respectively.

For example, if one success measure for a specific
task was scored as 0.47, then in line with Equations
(9) to (13), the subsets in V could be obtained as:

5 V=086 =1,
83(0) =0.13, 84 ) =0, 85 (V) =0

Therefore, according to Equation (1), the quality
of the task success measure can be presented:

r = (Saypoor: oor medom: good* aveellent ) (15)
Normalizing,
T
2.13°2.13° 2.13° 2.13" 2.13
- (0, 0.88, 0.12, 0, 0) (16)

In this way, the membership degree of factor i
to ranking j can be calculated and hence the fuzzy
appraisal matrix R for objectives and sub-objectives
to be evaluated in the hierarchy can be obtained.
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Table 3
Pair-wise comparison with respect to user satisfaction
InfoQual IntQual SysUse Weight
InfoQual 1 2 12 0.312
IntQual 172 1 172 0.198
SysUse 2 2 1 0.490

Amax =3.054, CI=0.027, CR=0.046. InfoQual=Information
Quality, IntQual = Interface Quality, SysUse = System Usefulness.

4.3. Quantifying weighting vectors
of the two-layer evaluation model

Because only one measure was employed for effec-
tiveness and efficiency separately, we need only
determine the weight vectors for user satisfaction
and overall usability respectively, as shown in Fig. 1.
The same six-expert panel used the above pair-wise
comparisons. Firstly, they discussed the situation and
arrived at agreed pair-wise comparisons with respect
to user satisfaction and overall usability separately;
then the weights according to Section 3.2 were cal-
culated. The panel would be required to repeat the
first process if the CR > 0.1 [24]. Table 3 presents the
matrix of pair-wise comparisons with respect to user
satisfaction.

In accordance with Equation (5), first the vector in
each column for the matrix of numerical judgments in
Table 3 was normalized. The procedure is presented
asA’:

1 2 1/2
[+1/242 24142 1/2+1/2+2
/ 1/2 1 1/2
A" = | TFi252 412 124120

2 2 1
T+1/242 2+1+2 1/2+1/2+2

0.286 0.400 0.250
= | 0.143 0.200 0.250 | , a7
0.570 0.400 0.500

Then after averaging over the rows showninA’, i.e.
adding the elements in each row and dividing this sum
by the size of the matrix n, the process of generating
the priorities weight can be presented as:

0.286 + 0.400 + 0.250

W, = + 3 + =0312, (18)
0.143 + 0.200 + 0.250

Wy = + : + =0.198, (19)
0.570 + 0.400 + 0.500

W3 = + + =0.490. (20)

3

The resulting weight vectors, given to the three
factors used to evaluate user satisfaction, can then
be used to generate eigenvector W = (0.312, 0.198,
0.490).

In order to test whether the resulting eigenvector
suggests a consistent numerical judgments matrix in
Table 3, the value of CR was computed in accordance
with Section 3.2 as follows:

First, the maximum eigenvalue Apax of the matrix
in Table 3 was calculated as shown:

1 21/27 10312 0.952
AW = [1/211/2| [0.198 | = | 0.599 | (21)
2 21 0.490 1.510

It follows that

— (Aw);
)‘max = -
Zl: nw;
_(0.952/0.312) + (0.599/0.198) + (1.510/0.490)
N 3
= 3.053, 22)

hmax —n_ 3.053 -3

CI = - =0.027, (23)
n—1 3.1
cr - 0.027
CR= — = ——1 —0.046. (24)
RI _ 058

Since CR < 0.1, then the numerical judgments in
Table 3 are consistent statistically, so the weights of
System Usefulness, Information Quality, and Inter-
face Quality were confirmed as 0.312, 0.198, and
0.490 respectively.

In this way, Table 4 presents the pair-wise com-
parison with respect to overall usability, and we can
obtain the weights of effectiveness, efficiency and user
satisfaction. The CR for the matrix was computed and
is shown in Table 4.

Table 4
Pair-wise comparison with respect to overall usability

Effectiveness Efficiency Satisfaction Weight

Effectiveness 1 3 1 0.443
Efficiency 173 1 172 0.170
Satisfaction 1 2 1 0.387

Amax =3.018, CI=0.009, CR=0.016.
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5. Discussion

Based on fuzzy evaluation theory, a model for eval-
uating usability of a product or system was proposed
in this study. We believed that the fuzzy comprehen-
sive evaluation technique provided an appropriate and
promising path for evaluating the overall usability of
a product and the technique is in line with the existing
framework used in conducting usability evaluations.
This technique will be particularly useful for com-
paring the advantages and disadvantages of different
products or different versions in one product’s life
cycle.

Compared to existing usability evaluation meth-
ods, this fuzzy evaluation model provides advantages
over the conventional methods, and can benefit
usability evaluation in two major ways: (1) The fuzzy
evaluation method is based on fuzzy set theory, and
is an attractive means for modeling the uncertainty
or lack of precision that arises from human informa-
tion processing, and are neither random nor stochastic
[37, 43]: i.e. usability can be labeled as intuitive,
uncertain, or elusive, especially with respect to user
satisfaction. In the evaluated model here, trapezoidal
fuzzy number was chosen to determine the fuzzy
member function for structuring the fuzzy evaluation
matrix, and we found that this function was suc-
cessful in capturing the uncertainties inherent in the
usability evaluation. In addition, the weights obtained
with the AHP method can then be combined with the
fuzzy evaluation method to provide an overall usabil-
ity assessment of the product. (2) The current method
uses a hierarchical evaluation index that allows itera-
tive measurements on multiple dimensions. Usability
can be defined in many dimensions and attributes, and
there are many metrics that can be used to measure
each of these dimensions or attributes. The choice
of the appropriate dimensions and measures often
depends on specific business objectives and available
resources. Although there is no general rule for how
measures should be chosen or combined, in the eval-
uation framework proposed here it was shown how
the three most common and important elements i.e.,
effectiveness, efficiency, and user satisfaction, can be
measured and combined in the hierarchical evaluation
process.

Although fuzzy evaluation and AHP are commonly
used to determine different aspects of products qual-
ity, the fuzzy technique proposed here needs to be
tested as to how successfully it can be applied in
practical cases. More importantly, the advantage of
the fuzzy approach proposed in this study over the

traditional evaluation methods like averaging meth-
ods should be verified. In a sense, the mathematics
process in the fuzzy approach may be challenging for
practical use, which is why we should try structuring
a common evaluation index within the ISO usability
framework, as well as weighting the importance for
the different factors evaluated. However, usability or
user experience can mean different things for differ-
ent goals in practice, thus the evaluation index along
with mapping functions or parameters may need be
set again. As mentioned above, this fuzzy evaluation
technique is more suitable to integrate both quantita-
tive data and qualitative data for conducting overall
usability evaluations. Combining all these consider-
ations, we would suggest applying this evaluation
procedure to summative evaluations like benchmark-
ing or comparing product usability. The evaluation
index and its metrics tend to be stable in specific
usability practice, and thus we can use some soft-
ware to run all procedures within the fuzzy technical
framework. In another study, we will use a summative
usability test case to test the application and strength
of the general fuzzy usability framework, as well as to
illustrate the effectiveness of the proposed evaluation
technique [44].
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