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Abstract

This study presents a prioritisation framework for mobile patient monitoring systems (MPMSs) based on multicriteria analysis in
architectural components. This framework selects the most appropriate system amongst available MPMSs for the telemedicine
environment. Prioritisation of MPMSs is a challenging task due to (a) multiple evaluation criteria, (b) importance of criteria, (c)
data variation and (d) unmeasurable values. The secondary data presented as the decision evaluation matrix include six systems
(namely, Yale—National Aeronautics and Space Administration (NASA), advanced health and disaster aid network, personalised
health monitoring, CMS, MobiHealth and NTU) as alternatives and 13 criteria (namely, supported number of sensors, sensor
front-end (SFE) communication, SFE to mobile base unit (MBU) communications, display of biosignals on the MBU, storage of
biosignals on the MBU, intra-body area network (BAN) communication problems, extra-BAN communication problems, extra-
BAN communication technology, extra-BAN communication protocols, back-end system communication technology, intended
geographic area of use, end-to-end security and reported trial problems) based on the architectural components of MPMSs. These
criteria are adopted from the most relevant studies and are found to be applicable to this study. The prioritisation framework is
developed in three stages. (1) The unmeasurable values of the MPMS evaluation criteria in the adopted decision evaluation
matrix based on expert opinion are represented by using the best-worst method (BWM). (2) The importance of the evaluation
criteria based on the architectural components of the MPMS is determined by using the BWM. (3) The VlseKriterijumska
Optimizacija I Kompromisno Resenje (VIKOR) method is utilised to rank the MPMSs according to the determined importance
of the evaluation criteria and the adopted decision matrix. For validation, mean + standard deviation is used to verify the
similarity of systematic prioritisations objectively. The following results are obtained. (1) The BWM represents the unmeasurable
values of the MPMS evaluation criteria. (2) The BWM is suitable for weighing the evaluation criteria based on the architectural
components of the MPMS. (3) VIKOR is suitable for solving the MPMS prioritisation problem. Moreover, the internal and
external VIKOR group decision making are approximately the same, with the best MPMS being ‘Yale-NASA’ and the worst
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MPMS being ‘NTU". (4) For the objective validation, remarkable differences are observed between the group scores, which
indicate the similarity of internal and external prioritisation results.

Keywords Mobile patient monitoring system - Multicriteria decision-making technique - VIKOR - BWM

Introduction

Telemedicine used in healthcare has been growing rapidly be-
cause it offers several benefits such as providing health-related
information of patients [1-11] and remote healthcare services to
patients in distant locations [12—22]. Mobile health (M-health)
in the telemedicine refers to ‘the use of emerging mobile infor-
mation and communication technology, especially the Internet
with mobile devices, to improve or enable health and
healthcare’. M-health system and application are considered
the new paradigm for conventional computation for providing
high-quality healthcare. M-health can aid citizens to be respon-
sible for their own health and prosperity, reduce expensive visits
to hospitals and move towards prevention rather than cure. At
present, M-health has attracted considerable attention due to the
increasing number of high-performance mobile devices and
wireless access technologies [23-25]. M-health is a part of
electronic health, which uses mobile devices (such as smart
phones and personal digital assistants) and communication
technologies (such as wireless and Global Positioning System
technologies) to enhance traditional medical services [26]. The
M-health pattern guarantees real-time patient monitoring, diag-
nostic and therapy support, disease tracking, teleconsultation
and awareness services.

Mobile patient monitoring is a M-health application, which
refers to the continuous or repeated measurement of vital signs
of a remotely moving patient through the use of mobile com-
puting, wireless communication and network computing tech-
nologies [27]. The qualifications of any mobile patient moni-
toring system (MPMS) can be improved by using the network
resources of all available wireless networks in various
multiaccess environments. The benefits of such systems can
be utilised through the mobility amongst different radio access
networks. Reliable mobility management can be accom-
plished by assigning application flows to convenient inter-
faces through the use of intelligent decisions and adaptability
based on available network resources [28]. MPMSs are used
to provide doctors or healthcare organisations with biosignals
from wearable sensors [29]. Recently, mobile devices and
wireless sensor technologies have been utilised in developing
MPMSs using wireless sensors [30, 31].

The elderly population and patients with chronic diseases
especially need MPMSs to provide accurate healthcare ser-
vices and aid decision makers (caregivers and doctors) in sav-
ing lives. However, the selection of MPMSs involves many
aspects [32-34]. Many studies have attempted to evaluate and
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benchmark MPMSs to assist users in selecting suitable
MPMS. However, their evaluation and benchmarking have
focused on one or several aspects of MPMSs and neglected
the rest. [34] proposed a new platform for the healthcare of the
elderly and people with disabilities and compared it with other
previous systems. [35] presented a new MPMS based on a
user-centred design methodology and reviewed its advantages
and disadvantages compared with those of seven previous
systems. [36] compared MPMSs to identify their similarities
and differences by using a set of functional and nonfunctional
requirements. [32] introduced a generic architecture-associat-
ed terminology and a classificatory framework. [33] described
and compared two M-health solutions on the basis of their
different aspects. All these efforts in the evaluation and
benchmarking of MPMSs were dependent on individual eval-
uation criteria, Thus, such benchmarking does not completely
reflect the quality of these systems; none of these systems
simultaneously present an integrated framework for
benchmarking based on multiple evaluation criteria.

The MPMS architecture comprise two main parts, that is,
the body area network (BAN) and the back-end system
(BEsys). The BAN is a network of communication devices
that are worn on, around or inside the body and are used to
obtain health data and provide M-health services to patients.
Moreover, the BAN comprises a mobile base unit (MBU) and
other BAN devices, such as actuators and sensors, which are
used to collect vital signs of patients for clinical purposes.
Sensor front-end (SFE) transmits biosignals from the sensors
to the MBU, which acts as a gateway for transmitting
biosignals from the BAN to the BESys for processing and
analysis. BESys comprises back-end server(s) and supple-
mentary applications for processing biosignals and other data
received by servers [27].

Benchmarking MPMSs is a challenging task due to multi-
ple criteria. This task is considered a multicriteria problem and
includes the following issues.

(1) Multiple evaluation criteria. Each system should be si-
multaneously evaluated and benchmarked according to a
set of criteria to facilitate the application of an acceptable
benchmarking. Considering all the system specifications
using all important criteria is difficult because each cri-
terion only measures one specification of the system.

(2) Importance of criteria. The importance of each criterion
should be determined on the basis of other criteria; some
criteria are more important than others.
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(3) Data variation. The existence of various values in each
criterion with respect to each MPMS is observed.

(4) Unmeasurable data. Linguistic evaluation criteria are re-
quired to be represented to be applicable to the MCDM
technique. Meanwhile, unmeasurable evaluation criteria
include categorical criteria (such as interval values and
ranges), text (including communication technologies),
binominal criteria (that is, yes/no) and polynomial
criteria (such as colours).

All these issues can be solved by using multicriteria deci-
sion-making (MCDM) technique. MCDM can be used to
achieve the benchmarking and prioritisation of the MPMSs
to enable the users to select the best amongst them. MCDM
is defined as an extension of decision theory that covers any
decision with multiple objectives [37-42]. A methodology for
assessing alternatives on individual, often conflicting criteria,
and combining them into one overall appraisal [43—49]. When
different criteria are involved in decision problems, MCDM is
considered the most popular amongst decision-making
methods [50-58]. MCDM can be proposed as the best solu-
tion for problems of decision makers [59—-63]. The extensive
use of MCDM can be due to its superior efficiency, rationality
and clarity compared with that of traditional processes to im-
prove the quality of decisions [64]. The objectives of MCDM
are to (i) prioritise alternatives in descending order of perfor-
mance, (ii) classify valid alternatives; and (iii) help data
miners choose appropriate alternatives [65-68]. Healthcare
decision makers can enhance decision making by systemati-
cally obtaining appropriate solutions through many existing
MCDM techniques [69, 70]. Several MCDM theories have
been identified. MCDM techniques include numerous
methods that depend on mathematical approaches and human
interaction [71, 72].

To the best of the author’s knowledge, no MCDM meth-
od has been used for the benchmarking and prioritisation
of MPMSs in terms of MPMS selection, thereby presenting
a theoretical gap. In several studies, numerous MCDM
methods, such as AHP and best-worst method (BWM),
have been proposed and used to calculate criterion weights
[73-77]. AHP allows the decision makers to structure the
decision-making problem into a hierarchy tree and facili-
tates understanding of the problem. However, this ap-
proach possesses high time consumption because of the
number of pairwise comparisons and requires mathemati-
cal calculations that increase with the number of attributes
and alternatives. Moreover, AHP is significantly restrained
by the human capacity for information processing; thus, 7
+2 is regarded as the ceiling for comparison. However,
scoring and prioritisation in AHP depend on the alterna-
tives considered for evaluation, and the removal or addi-
tion of alternatives may change the final prioritisation
(rank reversal problem). The BWM requires fewer

comparisons and saves more time for decision making
and producing reliable and consistent results compared
with existing pairwise comparison-based methods
[78-81]. The BWM also yields more coordinated results
and has fewer pairwise comparisons than AHP [82]. The
MEW and WPM can eliminate any element to be measured
and utilise proportional values instead of actual ones.
Nevertheless, these methods do not provide any solution
with equal decision matrix (DM) weight. WSM and HAW
techniques are easy to use and understand. However,
utilising both techniques become difficult with the increase
in the number of criteria because the weights of the attri-
butes are arbitrarily assigned. The use of common numer-
ical scaling to obtain the final score is another limitation of
these methods. SAW considers all criteria/attribute, intui-
tively decides and offers simple calculation; however, it
does not commonly discover the actual situation, and all
criterion values must be positive and maximum. TOPSIS
and VlseKriterijumska Optimizacija I Kompromisno
Resenje (VIKOR) are applied to situations that involve
several alternatives and criteria. These methods are also
particularly suitable for quantitative or objective data and
entail the application of a compromise priority approach to
achieve multiple responses [83—85]. TOPSIS determines
the shortest distance to the ideal solution and the longest
distance from the ideal passive solution; nonetheless, the
relative importance of these distances is ignored [84, 86,
87]. By contrast, VIKOR functionally relates to emergent
problems. This method is one of the most practical ap-
proaches to handle real-world problems. VIKOR can
quickly find the best alternative [83]. Thus, it is suitable
for situations that involve several alternatives and features.
However, VIKOR cannot elicit weights and examine the
consistency of judgement [86]. Several studies [82, 87-92]
have applied BWM with VIKOR to improve the consisten-
cy of weights. The use of BWM with VIKOR has been
widely suggested because VIKOR cannot calculate
weights and check consistency on its own [80, 81, 90].

Methodology

This section describes and explains the methodology phases
of the proposed framework for MPMSs. The methodology
comprises four phases. Phase 1 is the identification and pre-
processing phase, which finds suitable data for the proposed
framework. Phase 2 is the determination phase, which ascer-
tains the importance of the available criteria. Phase 3 is the
development phase, which establishes the prioritisation frame-
work for MPMSs. Phase 4 is the validation phase, which
verifies the proposed framework. Figure 1 presents the entire
proposed framework.
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Fig. 1 Framework for
prioritisation of MPMSs

Prioritisation framework for MPMSs
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Phase 1: Identification and representation phase

In this phase, the data used for testing the proposed framework
are identified. The DM consists of two parts, namely, evalua-
tion criteria and alternatives (MPMSs), as shown in Table 1,
which was adopted from the most relevant study [32]. This
table includes the data that cover the evaluation criteria based
on the generic architecture of MPMSs.

As shown in Table 1, the MPMSs are evaluated on the basis
of the following criteria. Criterion 1 presents the set of sensors
integrated into the BAN (the value is numbers). Criterion 2,
which has two values (RF or wired), is the communication
used between sensors and the SFE. Criterion 3, which has four
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values (RF, serial, BT and wired), presents the communication
used between the SFE and the MBU. Criterion 4 presents the
capability of the MBU to display biosignals (the value is yes
or no). Criterion 5 indicates the capability of the MBU to store
biosignals (the value is yes or no). Criteria 6 and 7 report the
availability of problems in intra-BAN (the value is yes or no)
and extra-BAN (the value is yes or No) communications, re-
spectively. Criterion 8, which has six values (3G/GSM,
WLAN, RF, multihop ad hoc or WLAN/3G/general packet
radio service (GPRS)), shows the extra-BAN communication
technology. Criterion 9 decides which of the three values
(HTTP, SMAC or TCP/IP) are used for the extra-BAN com-
munication protocol. Criterion 10 presents the BESys
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Adopted data provided by [7]

Table 1

13.

12.

1.

10. BESys

8. Extra-BAN 9. Extra-BAN

7. Extra-BAN
communication communication communication communication communication Intended

6. Intra-Ban

3. SFE-to- 4.

MBU

2. Sensors-to-

1.

Criteria

End-to- Reported

Biosignal

Biosignal

Supported SFE

MPMS

trial

area for use security problems

technology geographic end

protocol

technology

problems

number of communication communication display on storage on problems

the MBU the MBU

sensors

Yes

No
No

Outdoor
Indoor

TCP/IP

SMAC
SMAC

No RF

No No

RF No

RF

5
3

Yale-NASA
AID-N

Web Services Yes

Multihop ad

Yes

No No

Yes

Serial

Wired

hoc
3G, GSM

No No

Indoor/

Web Services

TCP/IP

Yes Yes No

BT

Wired

>6

PHM

Outdoor

Indoor

Yes

No

SMAC P

Multihop ad

Yes

No No

No

Wired

RF

CMS

hoc

WLAN

Yes No

Indoor

HTTP

Jini

TCP/IP
HTTP

No

Yes No

Yes

Serial
BT

Wired

NTU
MH

No Yes

Indoor/

WLAN, 3G,

Yes

Yes No

Yes

Wired

>10

Outdoor

GPRS

communication technology with five values (web services,
Jini, IP, TCP/IP or HTTP). Criterion 11 reports the three
values of intended geographic area (indoor, outdoor or out-
door/indoor). Criterion 12 presents the availability of security
solutions for the transmission of biosignals (the value is yes or
no). Finally, Criterion 13 indicates the availability of technical
problems, communication problems and user acceptance dur-
ing trial version (the value is yes or no).

Some of these criteria need representation to be applicable
to MCDMs. Using MCDM theory in the raw data shown in
Table 1 is mathematically inapplicable due to the following
reasons: (1) inconsistent format (strings and numbers) of the
values in the raw data and (2) the use of different communi-
cation technologies and protocols. Moreover, the values of the
used data must be digitalised for the prioritisation framework.

Data representation

The process of data representation must be designed and ap-
plied amongst raw data in the DM. The values in Table 1 must
be digitalised for their usage in MCDM analysis techniques
and representing the data on the basis of experts’ opinion. The
experts provide opinions on the values that must be represent-
ed using the BWM. Table 2 presents the criteria, which in-
clude the values for representation.

Integer values are designated by the data representation to
each extracted value. The integer values indicate the state of
the values in prioritisation based on the DM. According to
Tables 1 and 2, Criteria 1, 4, 5, 6, 7, 12 and 13 do not need
experts’ opinions; they are represented as two types. The first
type includes integer values that can be represented as num-
bers, such as in Criterion 1. The second type comprises
binominal values (yes/no), which can be represented as 1 for
yes and O for no, such as in Criteria 4, 5, 6, 7, 12 and 13.
Criteria with multiple values, such as Criteria 2, 3, 8,9, 10 and
11, cannot be represented and need experts’ opinions based on
BWM standards. The experts’ role is to provide their opinion
on each value relative to others. The BWM converts such
opinion into digits.

Experts decide the best and worst values in each criterion.
They conduct a pairwise comparison between the best value
and the other values to determine the predilection of the best
value over all other values and then process the pairwise com-
parison between the other values and the worst value to deter-
mine the preference of all values for the least important value.
The designed form in Appendix A-1 is used to designate ex-
perts’ opinion based on BWM standards. The pairwise steps
of the six criterion values that need representing are presented
in Table 1.

(1) C2 has two values, namely, RF and wired. The best and

worst values are selected, and the preference value is
given.

@ Springer
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Table 2 Criteria including values

for representation Criteria

Evaluation according to values

Criterion 1
Criterion 2
Criterion 3
Criterion 4
Criterion 5
Criterion 6
Criterion 7
Criterion 8
Criterion 9
Criterion 10
Criterion 11
Criterion 12
Criterion 13

Its values are ready to use.

Its values need representation based on experts’ opinions according to BWM standards.
Its values need representation based on experts’ opinions according to BWM standards.
Its values do not need experts’ opinions.

Its values do not need experts’ opinions.

Its values do not need experts’ opinions.

Its values do not need experts’ opinions.

Its values need representation based on experts” opinions according to BWM standards.
Its values need representation based on experts” opinions according to BWM standards.
Its values need representation based on experts” opinions according to BWM standards.
Its values need representation based on experts” opinions according to BWM standards.
Its values do not need experts’ opinions.

Its values do not need experts’ opinions.

(2) C3 has four values, namely, RF, serial, BT and wired.

(3) C7 has five values, namely, RF, multihop ad hoc, 3G/
GSM, WLAN and WLAN/3G/GPRS.

(4) CS8 has three values, namely, SMAC, TCP/IP and HTTP.

(5) (€9 has five values, namely, TCP/IP, web services, IP,
HTTP and Jini.

(6) CI10 has three values, namely, indoor, outdoor and in-
door/outdoor.

Each expert scores each value by following the steps of
selecting the best and worst amongst the values. They use
the 1-9 measurement scale in giving a preference score for a
pairwise comparison of the best value with the other values
and for the other values in comparison with the worst value.
The BWM mathematical model is used to convert those
values into digits. Additional description of this mathematical
model is provided in the next section.

Phase 2: Determination phase

This phase focuses on determining the importance of the
available criteria and calculates the weights of the evaluation
criteria in the DM. These weights determine the importance of
each criterion and should thus help in the prioritisation.
Conducting the prioritisation is difficult if all criteria have
the same importance. The importance of each criterion
amongst the other criteria must be considered. The BWM is
used to calculate the weights of the evaluation criteria due to
its reliability and few comparison requirements. This phase
comprises three steps. The first step is designing the expert
form to collect experts’ opinions. The compatibility of this
form with the BWM and the comparison amongst criteria
are considered. The second step is expert selection, in which
the experts’ opinion on the identified criteria is collected. The
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third step involves eliciting the weights for the criteria using
the BWM.

The experts’ opinion in the field of research must be ob-
tained to gather all the necessary data for a BWM analysis. A
form is designed to collect experts’ opinion on the criteria
according to the BWM standard. The BWM is used to calcu-
late the weights for evaluation criteria. The experts are then
selected from several academic experts (four experts; [93-96].
This study depends on the experts’ opinion on the criteria to
help 1) represent the data from the previous phase and 2) rank
the criterion weights. Moreover, the experts are selected from
those who have a minimum of five years of experience [97].
The BWM procedure to set the appropriate weights for mul-
tiple criteria includes the following five steps [80, 98].

Step 1: Determining a set of decision criteria

Before deciding the best alternative, the criteria set to be
used by decision makers must be determined (C;, C, ..., Cp).
Table 3 provides the selected criteria, and their weights are
calculated.

Step 2: Determining the best and worst criteria

Depending on the decision, the most desirable or the most
important criterion is treated as the best criterion, whereas the
least desirable or least important criterion is the worst criteri-
on. The definition of the best and worst criteria depends on the
viewpoints of decision makers.

Step 3:  Conducting a pairwise comparison between the best
criterion and the other criteria

Pairwise comparison is performed between the identified
best criterion and other criteria to determine the predilection of
the best criterion over all the other criteria, as shown in Fig. 2.
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Table 4 Consistency index

apw 1 2 3 4 5 6 7 8 9

Table 3 Selected criteria

Criterion set Description

C, Supported number of sensors

C, Sensor-to-SFE communication

Cs SFE-to-MBU communication

Cy Biosignal display on the MBU

Cs Biosignal storage on the MBU

Cs Intra-BAN communication problems
C, Extra-BAN communication problems
Cg Extra-BAN communication technology
Cy Extra-BAN communication protocol
Cio BESys communication technology
Cyy Intended geographic area for use

Ci End-to-end security

Cisz Reported trial problems

A value from 1 to 9 must be specified by the experts to sym-
bolise the importance of the best criterion over the other
criteria. A factor known as ‘best-to-others’ will result from
this procedure.

AB:(aBlvaBZa-~~7aBn)7 (l)

where ag; refers to the importance of the best criterion B over
criteria j, and app =1.

Step 4: Pairwise comparison between the other criteria and
the worst criterion, as shown in Fig. 2.

The preference of all criteria over the least important crite-
rion (the worst criterion) is determined through comparison.
Experts identify the importance of all criteria on the basis of
the worst criterion; the values from 1 to 9 are used to specify
the importance. A factor known as ‘others-to-worst’ will result
from this procedure.

Aw = (alwvaZW, ~--7anw)7 (2)

Fig. 2 Reference comparisons in
the BWM method

Best

criteria

Consistency index 0.0 0.44 1.0 1.63 230 3.00 3.73 447 523

where aj,, indicates the preference of criterion j over the worst
criterion W, and a,,, = 1.

Step 5: Calculating optimal weights (W'1, W2, ..., W n)

The perfect weight for a criterion is one in which for each
pair of Wg/Wj and Wj/Ww, and Wg/W;=agy and Wy/W,, =
Ajw-

A solution with the maximum absolute differences should
be identified to achieve these conditions for all j.

3)

Wp J W,
——ag;|and |——agjy,
Wj Bj Ww Bj
All values of j are minimised. Considering the
nonnegativity and sum condition for the weights, the follow-

ing problem is created:

. W3 W;

mmmaxj{vj—agﬂ, W—:V_ajw }, (4)
such that

ZjWi =1,

W;>0, for all ;.
Problem (5) can be substituted into the following problem:

Minimise &,
such that

<&, for all j, (5)

Wpg
s
w, Y

Worst
criteria

Criterion 1 Criterion 2 Criterion n-2
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W,
’W‘i—ajw <&, for all j, (6)
>Wi=-1

The perfect weights wy : wy; ...;w,, and & n are achieved
by solving Problem (5).

The value of * reflects the reliability of outcomes and
relies on the scope of consistency in the comparisons. The
value closest to zero leads to high consistency and reliability.
The consistency ratio (CR) using &* and the corresponding
consistency index are calculated as follows:

&

Consistency Index

*

Consistency Ratio =

(7)

As proposed by [80], a high &* value yields a consistent
factor (Table 4).

Phase 3: Development phase

This phase focuses on developing a new framework for
prioritisation of MPMSs on the basis of the determined
importance of the evaluation criteria and adopted DM.
Therefore, a new framework is developed on the basis
of MCDM techniques. The VIKOR method is used to
rank the various alternatives (MPMSs) of the weighted
DM, as presented in Phase 1. The phase steps are pre-
sented below.

wi(f1=A10)/(f1=f71) wa(f2-/12)/(f 2/ 2)
wl(f*l—le_)/(f*l—f1) wz(j'*z—fZZ)/(f*Z—f’z)

wi(f 1131/ (f 1=f71) wa(f2-£32)/(f2-2)

Step 1: Defining the highest and lowest values for each

criterion

The best /*i and worst /i values of all criterion functions,
i=1,2,..,n, are identified. If function i represents a benefit,
then

fi=maxfy, fi =minf,. (8)

Step 2: Constructing a weighted DM

Weights are calculated in the BWM for all criteria. A set of
weights (W =Wy, Wp, W3, ***, Wj, =", Wy,) by the decision maker
is accommodated in the DM. This set of weights is equal to 1.
The resulting matrix can also be calculated, as shown as
follows:

WM = wi*(f"i~fij) [ (fTi~f"i). 9)

The following weighted matrix is produced by the previous
process:

wi(f A7) / (i)
wi (f i) /(f*i—f*i) _ (10)

wi (i) / (i)

Step 3:  Calculating S; and R; in rough numbers

The §; and R; values, (j=1,2,3,...,/)and (i=1,2,3, ...,
n), are calculated as

N i
SJ*Z;’:IWI f*l_f_l ) (11)
Rj:m?xwi*%, (12)

where wi expresses the weights of the criteria by presenting
their relative importance.

Step 4: Calculating Q; in rough number
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The value of 0, j=(1,2, -+, J), is calculated as follows:

v(S;=S")
§—S

(I-v) (R ~R")

QJ = R__R* 9

(13)
where
S* =minS;,S” = maxS;,

J J

R*=minR;,R" = max R;.
Rk X

v is presented as the weight of the strategy of ‘the majority of
the criteria’ (or ‘the maximum group utility’); the value of v =
0.5.

Step 5:  Performing alternative prioritisation
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The set of alternatives can be ranked by sorting the values
(S, R and Q) in ascending order. The lowest value indicates
optimal performance.

Step 6: Examining the ‘acceptable advantage’ and ‘accept-
able stability’ in decision making

The alternative ' is proposed as a compromise solution,
which is ranked the best by the measure Q (minimum) if the
following two conditions are satisfied:

* Cl. “‘Acceptable advantage’;
* Q)—Q()=DQ,

where (¢") is the alternative at the second position in the
prioritisation list by Q, DQ = 1/(J — 1), where J is the number
of alternatives.

C2. ‘Acceptable stability’ with the decision-making con-
text: alternative a should also be the best ranked by S and/or
R.

This compromise solution is stable within the decision-
making process and can be subjected to ‘voting by majority
rule’ (v > 0:5), ‘by consensus’ (v =0.5) or ‘with veto’ (v<
0.5). Herein, v is the decision-making strategy weight of
‘the majority of the criteria’ (or ‘the maximum group utili-
ty’). VIKOR can be applied to various environments. This
study depends on individual and group contexts in decision
making to eliminate the variation, and the GDM is applied
depending on two techniques, namely, internal and external
aggregation.

Phase 4: Validation phase

This phase focuses on the objective validation of the proposed
framework. The results of the proposed prioritisation frame-
work are verified using objective validations. In this study,
two statistical methods are used, namely, mean + standard de-
viation (SD), to ensure the validity of the MPMS prioritisation
based on the proposed prioritisation framework.

Mean is the average result, which can be calculated as
follows:

1
T=-Y" x. 14
R =L (14)

The SD for determining the amount of dispersion or vari-
ation in the value set is calculated as follows:

5= \/%nyl(xix)z. (15)

On the basis of the prioritisation result determined
from the proposed prioritisation framework, the MPMS

scoring values are divided into three groups to validate
the prioritisation results using the two aforementioned
tests. Each group contains an equal number of MPMSs
(two MPMSs in each group) according to the MPMS
scoring values of the prioritisation results. According to
a statistical platform, this process is applied using mean =
SD methods to confirm that the first group has the lowest
scoring value when the mean and SD are measured. For
result validation, the first group is presumed to have the
lowest mean and SD in comparison with that of the other
two groups. The mean and SD results of the second group
must be higher than or equal to those of the first group.
The mean and SD results for the third group should be
higher than those of the first and second groups or equal
to those of the second group. Accordingly, the results of
the methodological arrangement statistically imply that
the first group should have the lowest result amongst the
groups [99, 100].

Results and discussion
Data representation results

The data used in this study are adopted from the most relevant
study by [32], as presented in Table 1; they contain some
values that must be represented. The use of decision-making
theory for the raw data is mathematically inapplicable based
on the aforementioned reasons in Section “Phase 1:
Identification and representation phase”. Thus, the data repre-
sentation process is applied to the raw data on the basis of four
experts’ opinion according to the BWM standard to convert
their judgements into weights for each of the six criterion
values that need representing, as described in Section “Data
representation”. The results of the representation process
based on Expert 1 are presented in Table 5, and the results
of the representation process based on the other three experts
are presented in Appendix B (Tables B1-B3).

The best and worst values are identified, a comparison
between the best value and the others is performed and a
comparison between all values and the worst value is
achieved. The linear model of the BWM is solved according
to Egs. (5) and (6) in Section “Phase 2: Determination phase”
to obtain the score values, and Eq. (7) is used to calculate the
CR of each expert’s preferences, as mentioned in Section
“Phase 2: Determination phase”. The obtained score values
provided by the experts are different. Table 6 shows the final
results of data representation from the four experts based on
arithmetic mean.

Table 6 shows the final DM after representation depending
on the opinion of the four experts. This final DM result is used
in prioritisation (Table 7).

@ Springer
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Table 5 Results of the representation based on BWM standards (First expert)

Expert 1

C2: Sensor-to-SFE communication

List of values Best value Other values Scores Score values
RF RF Wired 7 0.875
Wired - - 0.125

Consistency: 0.0
C3: SFE-to-MBU communications

List of values Best value Other values Scores  Other values Worst value ~ Scores  Score values
RF RF Serial 7 RF Serial 7 0.572
Serial BT 3 BT 5 0.066
BT Wired 5 Wired 3 0.226
Wired - - - - 0.136

Consistency: 0.029
C8: Extra-BAN communication technology

List of values Best value Other values Scores  Other values Worst value  Scores Score values
RF WLAN, 3G, GPRS  RF 7 Multihop ad-hoc RF 5 0.051
Multihop ad hoc Multihop ad hoc 5 3G and GSM 3 0.125

3G and GSM 3G and GSM 3 WLAN 5 0.208
WLAN WLAN 5 WLAN, 3G and GPRS 7 0.125
WLAN, 3G and GPRS - - - - 0.491
Consistency: 0.035

C9: Extra-BAN communication protocol

List of values Best value Other values Scores  Other values Worst value ~ Scores  Score values
SMAC SMAC TCP/IP 3 SMAC HTTP 5 0.644
TCP/IP HTTP 5 TCP/IP 3 0.244

HTTP - - - - 0.111
Consistency: 0.039

C10: BESys communication technology

List of values Best value Other values Scores  Other values Worst value ~ Scores  Score values
TCP/IP TCP/IP Web services 3 TCP/IP HTTP 5 0.433

Web services 1P 3 Web services 3 0.164

1P HTTP 5 1P 3 0.164

HTTP Jini 3 Jini 3 0.075

Jini - - - - 0.164
Consistency: 0.026

C11: Intended geographic area of use

List of values Best value Other values Scores  Other values Worst value ~ Scores  Score values
Indoor Indoor/Outdoor Indoor 5 Outdoor Indoor 3 0.111
Outdoor Outdoor 3 Indoor/Outdoor 5 0.244
Indoor/Outdoor - - - - 0.644

Consistency: 0.039

Three specific issues must be addressed in the comparison ~ Weight results of the evaluation criteria based
and prioritisation processes using the adopted DM, thatis, (1)  on BWM
multiple evaluation criteria, (2) importance of criteria and (3)
data variation. Therefore, MCDM is used to handle these is- ~ Weight results are presented and explained in this section. As
sues. The results are presented in the next two sections. mentioned in Section “Phase 2: Determination phase”, four

@ Springer
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Table 6  Final results of represented value based on arithmetic mean g é
5 38
Arithmetic mean e §?§ Jé_ e o - o —
C2: Sensor-to-SFE communication ) ;Cj = g
List of values Score value Y552 |cococo~o
RF 0.833 L2
Wired 0.166 CEE e s v ow
C3: SFE-to-MBU communication = g ag g g E g g g
List of values Score value g
RF 0.368 o B o
Serial 0.110 EE
BT 0.399 f_fgfﬁ) gagzan
Wired 0.155 - 2= e e e e e
C8: Extra-BAN communication technology p4 .§
List of values Score value ZIE g _
RF 0064 FE: |l33zizs
Multihop ad hoc 0.143 = S & S22 sacz
3G and GSM 0.146 - g
WLAN 0.176 g .S z
WLAN, 3G and GPRS 0.418 éﬁ g —g
C9: Extra-BAN communication protocol it g % § g § g E E
List of values Score value %32 SsSs s S <S<S
SMAC 0.644 z §
TCP/IP 0.214 E@ é 2
HTTP 0.140 5‘: E 2
C10: BESys communication technology =~ 8 % o - o - o —
List of values Score value g
TCP/IP 0.300 Z 5
Web services 0.297 ig 5 g
P 0.118 E E ’—.é
HTTP 0.127 R °ce=see-
Jini 0.155 g ;ﬁ
C11: Intended geographic area of use z g %
List of values Score value MABS oo ~ o — ~
Indoor 0.114 g gg
Outdoor 0.228 z2>
Indoor/Outdoor 0.657 </ 'i Sle —~—o —~—
=
n2% |gz3vcs
experts were asked to provide their preferences on the evalu- i 2 i S S S S SS
ation criteria for MPMSs (six systems) via the BWM. The s %
weight results of Expert 1 for the evaluation criteria are pre- g 2
sented in Table &, and the detailed results of the three other % - g mg g @me g
three are shown in Appendix C (Tables C1-C3). | G858 |[52Z228353
Table 8 and Appendix C (Tables C1-C3) show that the z 26
results of the weights depend on the four experts based on E ég Z
the BWM. For the evaluation criteria, the following steps are % . §‘ % § v o — A
conducted: (1) identifying the best and worst criteria; (2) £ <
performing a comparison between the best criteria and the I <Zt S
others; (3) comparing all criteria and the worst criterion; and 2 5 E bAsS g 2 =
(4) solving the linear model of the BWM according to Egs. (5) c| 53 S2ESZS
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Table 8 Results of BWM for the
weight preferences of the Expert 1

evaluation criteria of MPMSs

(Expert 1) List of Best Other Scores  Other Worst Scores ~ Weight
criteria criterion Criteria criteria criterion
C; C; C, 1 C; C10 9 0.137
C, Cs 1 C, 8 0.126
Cs C, 3 C; 8 0.126
Cy Cs 3 Cy 8 0.057
Cs Cs 3 Cs 8 0.057
Cs C, 3 Cs 7 0.057
C, Cs 5 Cs 7 0.057
CS Cg 5 Cg 5 0.034
(& Cio 9 Co 5 0.034
Cio Ci 1 Cp 7 0.011
C11 Clz 3 C]z 3 0 1 14
Ciz Ci3 1 Cis 8 0.057
Ciz - - - - 0.126
Consistency: 0.0065
and (6) in Section “Phase 2: Determination phase” to obtain  subsections, the results of the individual and group
the weights. The CR of the preferences of each expert is cal- ~ VIKOR decision-making contexts are presented.
culated using Eq. (7), as mentioned in Section “Phase 2:
Determination phase”. In all the tables, the overall CR for  Table9 BWM weight results of the four experts
the scores of the four experts shows an acceptable ratio of less
. K Expert 1 Expert 2
than 0.1. Table 9 illustrates the weight results of the four [« of criteria Weights List of criteria Weights
experts. C, 0.137 C, 0.101
As shown in Table 9, Expert 1 assigned the maximum G2 0.126 G, 0.060
weight for C1 with a value of 0.1379 and the minimum weight g* gégg g; gfgf
for C10 with a value of 0.0114. Expert 2 assigned the maxi- C: 0057 C: 0.060
mum weight for C3 with a value of 0.2282 and the minimum Cs 0.057 Cs 0.060
weight for C13 with a value of 0.0169. Expert 3 assigned the ~ C7 0.057 G 0.060
maximum weight for C9 and C10 with a value of 0.1690 and gg gggj gs g(l’gf
the minimum weight for five criteria, namely, C1, C4, C5, Cfo 0011 C?o 0.060
C12 and C13, with a value of 0.0422. Expert 4 assigned the Cu 0.114 Cu 0.060
maximum weight for two criteria, namely, C12 and C13) with ~ Ci2 0.057 Cio 0.043
avalue 0of 0.1637 and the minimum weight for C5 with a value Cis 0-126 Cis 0.016
Consistency: 0.0065 Consistency: 0.0144
0f 0.0249. Expert 3 Expert 4
The final results are used in the application of the VIKOR  List of criteria Weights List of criteria Weights
method in the next section, as mentioned in Section 2.3.1. G 0.042 C 0.058
C, 0.056 C, 0.136
Cs 0.056 Cs 0.136
. Cy 0.042 Cy 0.013
Prioritization results of MPMSs based on VIKOR Cs 0.042 Cs 0.024
method Cso 0.084 Ce 0.058
C, 0.084 C, 0.058
e C 0.084 C 0.034
The results of the prioritisation framework for MPMSs CZ 0.169 Cz 0.034
according to the weighted DM are presented in this section. Cio 0.169 Co 0.058
As described in Section 2.3.1, two main decision-making Ci 0.084 Cu 0.058
) L . " Cn 0.042 Ci 0.163
contexts are emphasised, that is, individual decision mak ch 0.042 ch 0.163

ing and group decision making (GDM). GDM includes
internal and external aggregations. In the following

@ Springer
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Table 10 Prioritisation

results of the weights MPMS Q Order

according to Expert 1
Yale-NASA 0.21349 1
AID-N 0.759235 4
PHM 0.630191 3
CMS 0.835924 5
NTU 0.877946 6
MH 0.377946 2

Prioritization results of individual context for the weights
of different experts based on the VIKOR method

The weight preferences of the evaluation criteria from the
viewpoint of each expert are used in VIKOR to rank the alter-
natives (MPMSs). In VIKOR, the dependency is on the Q
value in prioritisation of the alternatives; a low Q value de-
notes a good alternative, whereas a high Q value represents a
poor alternative, as described in Section 2.3.1. The VIKOR
results of prioritisation according to the weights of Expert 1
are shown in Table 10, and those by the other three experts are
presented in Appendix D (Tables D1-D3).

Table 10 and Appendix D (Tables D1-D3) show that the
lowest Q value in the first rank is 0.133148 for ‘Yale-NASA’;
thus, the highest MPMS in this rank is “Yale-NASA’. ‘NTU’
has the highest Q value of 0.888889, which indicates that this
MPMS is the worst in this rank. In the second rank, the lowest
Q value is 0.043647 for ‘MH’; thus, the highest MPMS in this
rank is ‘MH’. The highest Q value is 1 for ‘NTU’, which
indicates that this MPMS is the worst. In the third rank, the
lowest Q value is 0 for disaster aid network ‘(AID-N)’, which
implies that the highest MPMS in this rank is ‘AID-N’. The
highest Q value is 1 for ‘NTU’, which implies that this MPMS
is the worst. In the fourth rank, the lowest Q value is 0 for
‘MH’, which indicates that this MPMS is the best in this rank.
The highest Q value is 1 for ‘NTU’, which denotes that this
MPMS is the worst in this rank. In conclusion, the
prioritisation scores are affected by the differences in the

weights provided by experts. Figure 3 shows the variance
amongst the VIKOR results.

As shown in Fig. 3, the MPMS rank varies depending on
the weights provided by the four experts. According to the
weights provided by Expert 1, “Yale-NASA’ is the first index.
Meanwhile, the first index based on the weights provided by
Experts 2 and 4 is ‘MH’. The first index based on the weights
provided by Expert 3 is ‘AID-N’. The second index according
to the weights provided by Expert 1 is ‘MH’. The second
index based on the weights provided by Expert 2 is ‘PHM’.
The second index based on the weights provided by Experts 3
and 4 is ‘Yale-NASA’. ‘PHM’ is the third index according to
the weights provided by Experts 1 and 3. The third index
based on the weights provided by Expert 2 is “Yale-NASA’.
The third index according to the weights provided by Expert 4
is ‘CMS’. The fourth index based on the weights of Experts 1
and 4 is ‘AID-N’ and that for Experts 2 and 3 is ‘MS’ and
‘MH’, respectively. The fifth index based on the weights pro-
vided by Experts 1 and 4 is ‘CMS’. ‘AID-N’ is the fifth index
according to the weights provided by Expert 2. The fifth index
according to the weights provided by Expert 4 is ‘PHM’.
Finally, according to the weights provided by the four experts,
‘NTU” is the sixth index. The results of the individual context
clearly show variances amongst the prioritisations of the four
experts. Thus, a group VIKOR decision-making context is
necessary to provide alternative prioritisation that considers
the overall decision makers. The results of the group
VIKOR decision-making context are illustrated in the follow-
ing subsection.

Prioritisation results of group context for the weights
of different experts based on VIKOR method

In this subsection, two ways are used to apply VIKOR to a
group decision environment depending on multiple decision
makers, namely internal and external aggregations. As men-
tioned in Section 2.3.1, internal GDM results are calculated by
the arithmetic mean of the final weights of the four experts’

Ranking results based on the viewpoint of four experts

S = N W Kk 0

Yale-NASA  AID-N PHM

—eo—Expert | —e—Expert 2

Fig. 3 Prioritization results based on the weights of four experts

4\\\//\

CMS NTU MH

Expert 3 Expert 4
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preferences to eliminate the variation amongst the four ex-
perts. Then, VIKOR is applied on the basis of the final arith-
metic mean results. The arithmetic mean of the Q values for
the prioritisation results of each expert is used to calculate the
external assembly results, and the external group prioritisation
depends on the final Q values. Table 11 shows the overall
prioritisation results of VIKOR with internal and external
GDM for the six MPMSs.

As shown in Table 11, the results of internal and external
GDM show that the order of the best/first three MPMSs is
Yale-NASA, MH and PHM. The worst/last MPMS based
on the results of internal and external GDM is NTU. Other
MPMSs have different orders between internal and external
GDM. The order of those MPMSs based on internal
prioritisation is CMS as the fourth and AID-N as the fifth.
On the basis of external prioritisation, AID-N and CMS are
fourth and fifth, respectively. Therefore, the best three indices
of MPMSs in internal and external GDM are equal, and the
worst index MPMS is equal as well. The remaining two
MPMSs have different score indices. From this point, the
internal and external aggregation decision-making ranks can
be considered the final prioritisation results and will be used in
validation processes. The next section comprehensively de-
scribes the validation results.

Results of validation

This section presents the validation processes of the internal
and external GDM ranks. Objective validation processes are
used in this study. As mentioned in Section “Phase 4:
Validation phase”, the validation process for MPMS
prioritisation results is obtained by dividing the prioritisation
result into three groups of two MPMSs in each group. For
each group, the mean=SD is calculated to ensure that the
prioritisation of MPMSs undergo systematic prioritisation.
After normalisation and weighting process for the represented
raw data of the first, second and third groups of MPMS. The

Table 11 Overall prioritisation results of VIKOR with internal and
external GDM

Internal GDM External GDM

MPMS Q Order MPMS Q Order
Yale-NASA  0.124982 1 Yale-NASA  0.1256775 1
AID-N 0.779007 5 AID-N 0.4837975 4
PHM 034741 3 PHM 0.38386 3
CMS 0.642803 4 CMS 0.6510775 5
NTU 1 6 NTU 0.832435 6

MH 0.151255 2 MH 0239745 2

@ Springer

validation results for internal and external GDM are presented
in Table 12.

As shown in Table 12, the validation results for internal
aggregation GDM indicate that the mean+ SD in the first
group is lower than that in the second group in most values,
except for C2 in the first group M =0.048 £ 0.067 and in the
second group M =0.047+0.067; C7 in the first group M =
0.033 £0.045 and in the second group M = 0.032 = 0.045; C9
in the first group M =0.043 +£0.060 and in the second group
M =0.036+0.051. The mean=+SD are equal for C4 M=
0.027+0.038, C5 M=0.023+0.032, C6 M=0.0+0.0 and
C12 M=0.077+0.0. The mean+SD for the second group
is lower than that in the third group for most criteria, except
for C4 in the second group M =0.027 £0.038 and in the third
group M =0.0£0.0; C8 in the second group M =0.038 +0.0
and in the third group M =0.036 +0.002; C10 in the second
group M =0.038 £0.052 and in the third group M =0.036 +
0.049; and C12 in the second group M = 0.077 + 0.0 and in the
third group M =0.038 +0.054. The mean = SD are equal for
(C5 M=0.023+0.032, C6 M=0.0+0.0, C7 M=0.032+
0.045, C9M =0.036+0.051 and C13 M =0.043 £ 0.061).

Regarding the validation results for the external aggrega-
tion GDM, the mean =+ SD in the first group is lower than that
in the second group, except for C4 in the first group M =
0.027 £0.038 and in the second group M =0.0+0.0; C9 in
the first group M =0.042 +0.060 and in the second group
M=0.036+0.051; C10 in the first group M =0.03 +0.042
and in the second group M =0.001 £+ 0.0; and C13 in the first
group M =0.0+£0.0 and in the second group M =0.043 +
0.061. The mean+ SD are equal for C5 M =0.023 +£0.032,
C6M=0.0+£0.0,C7 M=0.032+0.045 and C12 M =0.077
+0.0. The mean + SD for the second group is lower than that
in the third group for most values, except for C2 in the second
group M =0.095+0.0 and in the third group M =0.047 +
0.067; C8 in the second group M = 0.038 £ 0.0 and in the third
group M =0.036+0.002; and C12 in the second group M =
0.077+0.0 and in the third group M =0.038 +0.054. The
mean + SD are equal for C5 M =0.023+0.032, C6 M =0.0
+0.0, C7 M =0.032+0.045, C9 M =0.036£0.051 and C13
M =0.043+0.061. Accordingly, the first group has a lower
value than that of the second group, and the second group has
a lower value than that of the third group for internal and
external GDM. Overall, the ranks of internal and external
GDM are valid and systematic.

Conclusion

The number of MPMSs is continuously increasing to pro-
vide healthcare services and save the lives of patients.
Biosignal transmission can be an important factor in the
remote patient monitoring field. Search and review were
performed for MPMS selection, focusing on benchmarking
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and prioritisation to determine the research gap, challenges
and open issues in the MPMS selection process. A serious
gap was found in the reviewed studies, which failed to
benchmark a set of MPMSs according to selected criteria
in an integrated platform. These studies only partially con-
ducted benchmarking and prioritisation. Such shortcoming
causes a challenge in the comparison of numerous MPMSs
to determine the best due to the following: varying evalua-
tion criteria, criterion importance, data variation and un-
measurable values. The goal of using MCDM methods is
not only to predict the choices of decision makers but also to
help humans make informed decisions. This study reviewed
the selected evaluation criteria based on the architectural
components of MPMSs for benchmarking. This study pro-
posed a prioritisation framework based on MCDM tech-
niques for comparing and prioritising MPMSs to fill the
research gap and address the challenges and open issues.
The methodology was clarified on the basis of four key
phases. The identification and preprocessing, including data
representation design and raw data application based on
judgements of experts, are involved in Phase 1. Phase 2
determined the importance of the available criteria based
on the BWM. The development of a new prioritisation
framework for comparison and prioritisation based on the
VIKOR method comprised Phase 3. The validation process
was Phase 4. The results of the proposed framework are
presented and discussed in Section “Results and discus-
sion”. The prioritisation of MPMSs was performed on the
basis of internal and external GDM. The results showed that
both GDM were almost the same. Finally, the validation of
the results was achieved objectively. The statistical results
indicate that the MPMS prioritisation results undergo sys-
tematic prioritisation based on internal and external aggre-
gation GDM.
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