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Abstract
This paper presents comprehensive insights into mobile patient monitoring systems (MPMSs) from evaluation and
benchmarking aspects on the basis of two critical directions. The current evaluation criteria of MPMSs based on the architectural
components of MPMSs and possible solutions are discussed. This review highlights four serious issues, namely, multiple
evaluation criteria, criterion importance, unmeasurable criteria and data variation, in MPMS benchmarking. Multicriteria
decision-making (MCDM) analysis techniques are proposed as effective solutions to solve these issues from a methodological
aspect. This methodological aspect involves a framework for benchmarking MPMSs on the basis of MCDM to rank available
MPMSs and select a suitable one. The benchmarking framework is discussed in four steps. Firstly, pre-processing and identi-
fication procedures are presented. Secondly, the procedure of weight calculation based on the best–worst method (BWM) is
described. Thirdly, the development of a benchmark framework by using the VIKORmethod is introduced. Lastly, the proposed
framework is validated.

Keywords Multi-criteria analysis . Evaluation and benchmark .Mobile patient monitoring systems (MPMSs)

Introduction

eHealth is the use of information and communication technol-
ogies for health [1–18]. mHealth, a component of eHealth, is
healthcare through mobile phones, personal digital assistants
(PDAs) and other wireless devices and provides a potentially
cost-effective solution [19–25]. Mobility provides healthcare
providers and recipients freedom from temporal and spatial
limitations thus facilitates healthcare participation [26].
mHealth includes mobile applications (‘apps’) for medical
and public health practices supported by mobile technologies
to provide health information, check patients, monitor physi-
ological signs and offer direct care and patient education [27].
Mobile patient monitoring (MPM) is a special type of
mHealth service that is used to measure, collect and transmit
bio-signal data provided by wearable sensors from patients to
hospitals or other healthcare centres [28]. MPM systems
(MPMSs) are emergent mHealth applications that perform
continuous and frequent measurement and analyses of bio-
signals of remote or mobile patients through mobile comput-
ing, wireless communication and network computing technol-
ogies [29]. MPMSs use environmental sensors to provide sur-
rounding environmental conditions, such as room tempera-
ture, humidity, lighting level and location, to patients [30].
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Most MPMSs are designed for a specific group or community
of people suffering from chronic diseases, such as diabetes
[31], hypertension [32], cardiovascular diseases [33], demen-
tia [34] and depression [35]. Several systems are designed for
elderly patients [36] and large-scale accidents [37].

Many MPMSs have been developed recently to provide
healthcare services to patients. Each MPMS comprises vari-
ous components depending on its architecture and thus pre-
sents different characteristics. The growing number of avail-
able MPMSs is considered a problem for users because of the
difficulty in selecting an appropriate MPMS that would fulfil
the requirements of users efficiently. Therefore, evaluation
and comparison of MPMS are required to determine the avail-
able MPMS that is better than others. Evaluation and compar-
ison in this area are considered challenges and gaps in existing
literature. Most existing studies, such as Ref. [38–42], com-
pared MPMSs on the basis of their individual aspects whilst
disregarding other characteristics. Thus, such comparisons do
not completely reflect the quality of these systems. Comparing
MPMSs is difficult because multiple criteria should be con-
sidered. The comparisons performed in the aforementioned
studies do not completely reflect system performance because
they were conducted partially and thus fail to provide a clear
picture of system operations. Therefore, a comprehensive re-
view of literature is essential in determining the limitations of
using previously established criteria for research. This work
provides comprehensive insights into MPMSs and their eval-
uation and benchmarking, as shown in Fig. 1. The rest of this
paper is organised as follows. The MPMS concept and its
generic architecture are presented in Section 2. Common
MPMSs are discussed in Section 2.2. The evaluation criteria
of MPMSs are explained based on MPMS architectural com-
ponents in Sections 2.2 and 2.3. The challenges and open
issues in MPMS evaluation and comparison are reported in
Section 3. The possible solutions developed for future re-
search are presented in Section 4. These solutions aim to stan-
dardise basic and advanced requirements for the evaluation
and benchmarking of MPMSs. The methodological aspect is
described in Section 5, and the study’s conclusions are pro-
vided in Section 6.

MPMSs are primarily implemented to quantify the physi-
ological parameters of patients during the critical periods of
biological functions. The main goal of patient monitoring sys-
tems is to standardise all aspects ranging from medical termi-
nologies to network protocols so that medical records can be
stored electronically and sent immediately to doctors [43].
Recent MPMS development includes using mobile devices
and wireless sensor technologies [44]. Existing MPMSs differ
in terms of the types and number of features that they support.
MPMSs collect and monitor patients’ vital signs, such as
blood pressure and body temperature, and observe their phys-
ical activities, such as walking and running [45]. MPMSs can
use environmental sensors to provide surrounding

environmental conditions, such as room temperature, humid-
ity, lighting level and location, to patients [30].

Generic architecture of MPMS

Figure 2 illustrates the extended architecture of the MPMS
developed during the Mobile Health Project, which has been
mainstreamed to accommodate MPMSs.

As shown in Fig. 2, an MPMS consists of a body area
network (BAN) and a back end system (BESys). BAN is a
set of interconnected devices that are worn on the body and
provide an integrated set of personalised services to patients. It
consists of a mobile base unit (MBU) and several BAN de-
vices (e.g. sensors, actuators and other wearable devices used
for medical purposes). MBU acts as a processing platform and
a storage and communication gateway and is implemented on
a PDA or smartphone. The communication between BAN
components is known as intra-BAN communication, which
can be wired, wireless or a mixture of both. Bio-signal data
from sensors are directly transmitted to MBU. Several sensors
require a sensor data acquisition device called SFE. The con-
nection between SFE and MBU can be wired or wireless. In
the latter, analogue bio-signals are digitised and filtered by
SFE before transmission to MBU. Extra-BAN communica-
tion refers to the communication between BANs and BEsys,
and the communication should be wireless. Back-end
server(s) and supplementary applications are included in
BEsys to process bio-signals and other data received by
servers. The architectural components of MPMSs are de-
scribed in Table 1.

Common MPMSs

Many MPMSs at present use a representative selection for
comparison. The evaluation criteria utilised in the comparison
are communication technology utilisation, practical trials and
availability of sufficient published scientific information
based on these evaluation criteria. Below are the most com-
mon MPMSs [38–40].

Intelligent mobile health monitoring system (IMHMS)

This system provides patients with feedback through their
mobile devices by using wearable wireless sensors to collect
data from patients, mine data and intelligently predict patients’
health status. IMHMS allows patients to access their health
information flexibly anywhere and at any time. This system
provides patients the opportunity to participate in the
healthcare process through their personal devices. The system
architecture contains three parts, namely, wearable body sen-
sor network (WBSN), patient’s personal home server (PPHS)
and intelligent medical server (IMS). In WBSN, bio-signals
are transmitted as electromagnetic radio frequency (RF)
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Fig. 1 Framework of
comprehensive insights into
MPMSs with focus on evaluation
and benchmarking
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waves. Communication between WBSN and PPHS can be
through any wireless protocol, such as Bluetooth, WLAN
(802.11) or ZigBee, depending on the coverage distance.
PPHS can be a personal device (cell phone/PDA) or a personal
computer. It acts as a gateway through which medical infor-
mation collected from body sensors are transmitted to IMS by
using logics. Specifically, PPHS determines whether the med-
ical information needs to be sent to IMS or not.
Communication between PPHS and IMS is performed over
the Internet. IMS acts as the backbone of the system that
receives data from PPHS and learns through data mining tech-
niques after analysing and processing the data; feedback is
then provided to PPHS or the health organisation [42, 46].

Yale–National Aeronautics and Space Administration (NASA)

The Yale–NASA Himalayan climber monitoring system was
developed by NASA and Yale University [47]. The Yale–
NASA Commercial Space Centre for Medical Informatics
and Technology Applications Consortium realised that high-
altitude mountaineers experience numerous issues, such as
physiological stress, and that their consequent adaptation to a
remote and extreme environment presents medical challenges
that are different from those faced by astronauts in space. In
1998, the capacity of the technology was demonstrated with the
inaugural Yale telemedicine project known as the Everest
Extreme Expedition (E3). This project improved the capability
of telemedicine to provide advanced care by connecting a team

in a remote and severe environment with a medical centre. E3
focused on humanitarian and scientific aspects by providing
medical support from the humanitarian aspect and conducting
medical and technology research from the scientific aspect.

The mission had three objectives, namely, (1) to establish a
telemedicine clinic from the base camp at 17,800 ft at Mount
Everest Base Camp that could provide advanced medical sup-
port to climbing expeditions, (2) to evaluate the performance
of the vital sign monitoring system (designed by Fit Sense
Technologies, Wellesley, MA) in monitoring the physiologic
ciphers and vital signs of climbers and (3) to follow up on
climbers’ cardiovascular adaptation to hypoxia at great
heights. Bio-signals were presented in standard ASCII data
format. The bio-signals experienced a loss of transmission rate
from 3% to 12%. However, the maximum loss of bio-signals
was less than 35 min or 7 serial recordings. No signals were
lost in all monitoring devices for more than 4 consecutive
readings or 20 min. This condition only occurred on one oc-
casion. The bio-signals were lost due to severe weather con-
ditions. Bio-signal monitoring functioned from 95% to 100%
of the time. Low Earth-orbiting satellites can be effective in
determining patient location and eliminating the requirement
for RF repeaters in monitoring patients in remote areas.

Advanced health and disaster aid network (AID-N)

AID-N is a system developed collaboratively by a number of
institutions, including John Hopkins University, University of

Table 1 Architectural components of MPMSs

Parameter Description

Sensor/actuator set Sensors, actuator types or any other wearable devices

SFE Details of SFE (bio-signal processing functions, models and features)

MBU Features of MBU (bio-signal processing functions, supported applications and network)

Intra-BAN communication - Link type between BAN components; communication can be (wired/wireless)
- Bio-signal processing (on MBU and communication path)
- QoS of data transformation
- Protocols used in communication

Extra-BAN communication - Communication techniques between MBU and BESys
- Bio-signal processing (on BESys and communication path)
- QoS of data transformation
- Protocols used in communication

BAN back-end server and contributory applications - Server implementation and deployment (technology options)
- Contributory applications using bio-signals and health-related data

Clinical back-end server and contributory applica-
tions

- Server implementation and deployment (technology options)
- Contributory applications using bio-signals and health-related data

BEsys communication - Mechanism for data generation at back-end servers and its availability to contributory applica-
tions

- Data transfer technologies and protocols

Trial patient group - Selected patient groups are monitored by MPMS

Trial information Information from previous trials used to validate the mobile patient control
system in terms of patient number and trial duration

Reported findings/problems Reported problems and critical technical findings
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California and Harvard University [37]. It has an electronic
triage and sensing system that comprises low-power embed-
ded devices. The physiological characteristics of each patient
are efficiently monitored and tracked with a fault-tolerant
communication infrastructure. Patient data are collected by
embedded medical systems. Thereafter, patient information
is distributed to response team members on platforms tailored
to fit individual workflow needs. Laptops display patient in-
formation that is suitable for use by treatment officers local-
ised to a particular treatment area. PDAs with GPS serve as a
portable platform to collect patient demographics. A central
server allows authenticated users to log on and review critical
information from the field. The primary benefits of the AID-N
electronic triage include continuous monitoring of triage
levels, physiological status and location of patients and auto-
mated distribution of patient data in real time to response team
members on and off the disaster site [37].

Major incidents or disasters are medical emergencies with
many casualties. The initial and critical step in emergency
response is the rapid and accurate specification of casualties.
This process refers to the classification of patients according
to their need for medical intervention. Accurate and specific
information must be reported and continuously updated to
multiple parties in response teams [39]. Ref. [48] reported that
the use of the AID-N system relative to paper tags provides
first responders three times the opportunity to re-triage pa-
tients. During disasters, the quality and quantity of patient care
can be increased by using AID-N. Several challenges have
been reported during the implementation and deployment of
AID-N. Firstly, the need to track indoor locations with mini-
mum setup time and a resolution of up to 1 m accuracy during
disasters presents difficulties. Secondly, the high data rates of
ECG waveforms cause serious delays during the operation of
several parallel movements in an ad-hoc mesh network.
Thirdly, technical challenges arise because casualties some-
times wander in and out of wireless coverage areas [39].

Personal health monitor (PHM) system

The PHM system was developed by the University of
Technology Sydney. This system is designed for patients
who have suspected cardiovascular diseases and need to be
monitored round the clock [49]. The PHM system proposes
the use of off-the-shelf sensor systems that include a built-in
SFE. This approach allows PHM system users to use their
Microsoft Windows mobile phones to buy or rent the required
sensors according to their status. Patients download the PHM
application on their mobile phones and use it easily, similar to
any other mobile application [39].

PHM detects life-threatening arrhythmias locally using
smartphones. If the patient is in danger, the system contacts
an ambulance automatically. In normal situations, the system
monitors and records sensor data for inclusion in patients’

health records. These records are used for further analysis by
specialists. The system is designed in consideration of
personalisation. For instance, a heart specialist can select one
or more sensors to be used for a particular patient and config-
ure the corresponding threshold levels for that patient. This
application generates alarms or warnings when thresholds are
reached [49]. Ref. [49] reported that the trial version of the
PHM system is easy to use. In most cases, the bio-signals
received by cardiologists demonstrate sufficient quality for
an appropriate evaluation. Furthermore, a healthcare profes-
sional can select one ormore sensors to be used for a particular
patient when providing personal monitoring and treatment.
PHM trials highlighted the need for personal comments. The
results indicated that a number of patients did not appreciate
the interaction with the application because they found the
process cumbersome. Meanwhile, several elderly patients
who lived alone requested for a feature that would allow them
to receive notifications and warnings.

An additional feasibility study was conducted on the use of
the PHM system for non-invasive cardiac rhythm manage-
ment [50]. Thus far, the system has been applied to 70 low-
risk heart patients. Preliminary results revealed the commer-
cial potential of this system to identify and diagnose arrhyth-
mias. The results of the feasibility study [50] have been used
to identify the possible applications of the PHM system in
various areas, such as athletic performance, community
healthcare, cardiac rehabilitation and monitoring of lifestyle
changes [39]. The PHM system also targets patients who have
had a heart attack or are at a high risk for one. Discussions
with cardiologists show that these patients are worried about
suffering from another heart attack. Thus, these patients are
motivated to wear a device that can monitor and reassure
them; intrusiveness does not appear to be an issue for these
patients [49].

CMS mobile patient monitoring system

In Singapore, the Institute of InfoComm Research and other
partners collaborated to develop a wireless system that can
provide continuous management of patients with dementia
[51]. Incontinence is the inability to control or manage urina-
tion or defecation. This condition is common amongst the
elderly, especially those who suffer from dementia. The
CMS system was developed for elderly people who are suf-
fering from incontinence and living in nursing homes [51].
The BAN consists of a receiver connected to a humidity sen-
sor built into a 2.4 GHz mote module mounted near the pa-
tient’s bed or wheelchair. A humidity sensor is inserted into
the diaper worn by the patient to detect incontinence. CMS
includes the use of a distributed and expandable sensor net-
work to support the potentially large spread of humidity sen-
sors in different institutions, such as elderly care centres, hos-
pitals and nursing homes [51]. Using wireless sensor networks

J Med Syst (2019) 43: 207 Page 5 of 23 207



facilitates the monitoring of the elderly suffering from incon-
tinence either inside or outside the ward (on the bed or on the
wheelchair). The mechanism used to transmit the bio-signals
of patients indicates that patients have freedom of movement
in healthcare institutions. The trial of the CMS system indi-
cated no false alarms, but the humidity detection ratio was
only 50%. This low ratio was attributed to several causes,
namely, deliberate reduction of the sensitivity of the humidity
sensor to remove false alarms, incorrect placement of the sen-
sor inside the diaper and differences in the absorption proper-
ties of various types of diapers. The trial also highlighted
various problems, such as limited coverage and need to train
caregivers to properly deal with daily system operations [39].

National Taiwan University (NTU) mobile patient monitoring
system

NTU developed a wireless PDA monitoring system [48].
Patient transportation within hospitals (e.g. radiology room)
generally involves moving large medical surveillance equip-
ment along with patients’ trolleys. Transporting such equip-
ment with many wires connected to sensors can lead to diffi-
cult situations and inconvenience. The NTU system was de-
signed as an alternative solution to the use of medical surveil-
lance equipment during inpatient transport by utilising ad-
vancedmobile technologies for continuous patient monitoring
[48]. The NTU system has powerful security features, such as
user authentication, secure wireless transport and the ad-
vanced encryption standard algorithm, in addition to the
error-free transmission of bio-signals using TCP/IP. The dis-
tinctive aspects required by the NTU system are the improve-
ment of the mobility of patient monitoring equipment during
inpatient transport and increased usability and flexibility for
patient monitoring using wireless communication [48]. The
NTU system is user friendly, convenient and feasible for
intra-hospital patient transport. Proposed improvements to
the NTU system include the utilisation of advanced algo-
rithms for determining many health-related parameters using
a few sensors and replacement of the RS232 connection via
Bluetooth for enhanced flexibility [39].

MobiHealth (MH) system

The MH system was developed during the MH project and is
supported by the EU Commission under the fifth research
framework under project number IST-2001-36,006 [38]. The
primary impetus behind developing MH was to provide med-
ical care everywhere by mobile surveillance using BANs and
wireless technology. BAN technology was first used by the
MH project in patient monitoring applications; thus, it is the
foundation of the BAN Health Concept [38, 52, 53]. The
system has been developed in many European and Dutch
projects [54]. Instead of focusing on patients with particular

health conditions, MH focuses on general BAN development
that can be customised for any particular type of remote mon-
itoring or telemedicine application by integrating a specific set
of sensors and other devices into the appropriate application
function. During the MH project, a general BAN was allocat-
ed for various conditions, such as cardiovascular diseases,
trauma, high-risk pregnancies and chronic obstructive pulmo-
nary diseases. Wired and wireless sensors were used in MH
BAN [55]. Bluetooth was utilised for intra-BAN communica-
tion in both cases [53].

Healthcare organisations and doctors reported a positive
experience in applying the MH trial version. However, tech-
nical failures (instability), non-optimal interface design and
difficulty of the (re)start sequence caused irritation and confu-
sion to users of the initial version. Although the trials showed
the feasibility of using the system, numerous problems were
encountered. For example, in several cases, measurements
were disrupted by movement artefacts; as a result, the bio-
signals of ambulatory surveillance were more successful than
those of others [52]. The limited bandwidth provided by
WWAN technologies (2.5G) was insufficient for applications
that require the simultaneous transmission of bio-signals to
each user. In cases where 3G (UMTS) was provided, the
MH trials did not experience the same restriction [39].

CardioSentinal (CS)

Themain objective of the CS system is to provide 24-h cardiac
services and monitoring on demand for the elderly and outpa-
tient clinics. Users carry biomedical sensors that contain many
other sensors, such as ECG and sensors for motion, humidity
and temperature, to obtain a full context of heart activity.
Physiological data collected from biomedical sensors are
transmitted to a smartphone via Bluetooth modules [56]. CS
provides surveillance services through bio-sensors, short-
range wireless communication, mainstream computing, cellu-
lar networks and modern data centres. Machine learning clas-
sification algorithms are implemented in the system to identify
patterns of ECG deflection and support decision making. The
bio-signals collected by the system lack precision (up to 96%
in several cases) compared with hospital standards. The sys-
tem requires improvement in terms of power, reliability of
communication, accuracy, energy consumption and security
[42].

Evaluation criteria based on architectural components
of MPMSs

This section describes 13 criteria used to evaluate the selected
MPMS on the basis of the generic architectural components of
the MPMS in Fig. 2 [39].
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1- Supported number of sensors (C1): The types and num-
bers of actuators, sensors or any other wearable devices
used in eachMPM system differ in terms of the indicators
and readings needed by each system. Specifically, a range
of sensors is integrated into BAN. The vital signs of pa-
tients (e.g. blood pressure) can be monitored using
(wearable) wireless sensors (e.g. ECG, accelerometer, ox-
imeter, weight scale and blood pressure monitor). The
information from the used sensor is collected and trans-
ferred wirelessly to a smartphone; several of the sensors
are Bluetooth enabled or integrated into smartphones (e.g.
GPS) [49]. Several studies [38–40, 42] used this criterion
in their MPMS evaluation.

2- Sensors-to-SFE communication (C2): SFE and intra-
BAN communication type (wired/wireless). A set of
sensors/actuators and a set of wearable devices are con-
nected (wired/wireless) to the SFE [53]. As such, they
affect patients’ freedom of movement. The communica-
tion type should be considered in relation to application
requirements. Numerous studies [38–41] used this crite-
rion in their MPMS evaluation.

3- SFE-to-MBU communication (C3): Data from sensors
are processed by the SFE before transmission to the
MBU. A group of front ends can be associated with an
MBU to enable BAN customisation. The SFE communi-
cates with the MBU using wired/wireless communica-
tion. Before transmitting the bio-signals to the MBU
using a communication link (e.g. wired, serial, RF and
BT), the SFE digitises and filters the raw analogue signals
[38]. Patients’ freedom of movement is considered. A
number of studies [38–41] used this criterion in their
MPMS evaluation.

4- Bio-signals displayed on the MBU (C4): The MBU con-
sists of data collection, communication and data transmis-
sion modules. Several types of wireless devices (e.g. RF
transmitter and wireless sensor node) can be used as an
MBU. The ability of the MBU to display bio-signals lo-
cally can be improved if the device that implements the
MBU can. The MBU creates an adaptive user interface
that can be displayed and locally stored to help healthcare
professionals in configuring the monitored parameters in
accordance with patients’ profiles [57]. Feedback can be
monitored by the patient and transmitted to the health
centre. A number of studies [38, 39, 42] used this criterion
in their MPMS evaluation.

5- Bio-signal storage on the MBU (C5): The storage of bio-
signals on the MBU in the case of extra-BAN communi-
cation problems between the MBU and back-end system
increases the system’s applicability and availability [57].
Several studies [38, 39, 42] used this criterion in their
MPMS evaluation.

6- Intra-BAN communication problems (C6): Intra-BAN
communication can be wired or wireless. Wired media

include copper wires, optical fibre and other wearable
computing solutions (e.g. spectacles and jewellery).
Wireless media include microwave, radio and infrared
light. The most widely used short-range wireless commu-
nication types are Bluetooth (IEEE 802.15.1) and Zigbee
(802.15.4) [53]. When the communication type is wire-
less, a wireless data security mechanism must be applied
to protect patients’ bio-signals and personal data.
Problems in communication using these technologies
and the loss of bio-signal data during communication ne-
cessitate a thorough discussion. A number of studies
[38–40, 42] used this criterion in their MPMS evaluation.

7- Extra-BAN communication problems (C7): A wireless
network suffers from problems in transmitting signals
due to the lack of sufficient bandwidth, unavailability of
wireless network coverage and high delay. A research has
proposed the use of a context-aware handover mechanism
in MPMSs to solve these problems [58]. A number of
studies [38–40, 42] used this criterion in their MPMS
evaluation.

8- Extra-BAN communication technology (C8): In terms of
quality of service (QoS) requirements, the bandwidth re-
quirements for bio-signal delivery were stated during sys-
tem trials; however, delays and breaks in signals were
ignored [37, 47, 48]. Point-to-point or ad-hoc networks
and other wireless technologies can facilitate extra-BAN
connectivity (C9). Several studies of [38–41] used this
criterion in their MPMS evaluation.

9- Extra-BAN communication protocols: Wireless connec-
tivity involves many protocols with advantages and dis-
advantages. Social, mobile, analytics and cloud (SMAC)
is the preferred communication protocol. WLAN or
WWAN technologies are used for extra-BAN connectiv-
ity at present. Therefore, the transmission of bio-signals is
carried out by using IP-based communication protocols.
Bio-signals are transmitted continuously from the MBU
to the BESys. A number of studies [39–41] used this
criterion in their MPMS evaluation.

10- BESys communication technology (C10): The most
common technology choices for the communication of
back-end system components are service-oriented archi-
tectural and web-based technologies (e.g. web services,
HTTP and TCP/IP) [59]. A number of studies [38–41]
used this criterion in their MPMS evaluation.

11- Intended geographical area of use (C11): Determining
patient location is important in providing the services
required by mHealth applications. The location determi-
nation technology used by mHealth applications is af-
fected by the indoor or outdoor environment. GPSwith a
precision of 10 m or more is widely available; however,
several problems associated with using the GPS tech-
nique have been reported [60]. The major problem fac-
ing localisation is the indoor coverage of satellite
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signals. Several approaches can solve this problem. A
survey and a comparison of wireless indoor localisation
techniques were performed in [61]. RSS-based WLAN
localisation can be used in MPM. It identifies a patient’s
current location with a precision of 1–5 m. A number of
studies [38–40] used this criterion in their MPMS
evaluation.

12- End-to-end security (C12): Bio-signals are transmitted
using a wireless techniques via extra-BAN communica-
tion. However, the privacy of patient information should
match QoS requirements. Such a need may be realised
by developing end-to-end security solutions. Efforts
should ensure that the QoS requirements for bio-signal
delivery are properly elicited and met by the extra-BAN
communication path. Moreover, end-to-end security so-
lutions should be developed for the transmission of bio-
signals. Data loss or corruption of the patient data trans-
ferred from the MBU to the clinical back end should be
avoided. Transmission should be secure and accurate,
and patient data should not be mixed. Data security,
integrity and privacy during transmission are important
challenges that emerge when using wireless communi-
cation in MPMSs [52]. A number of studies [39, 42]
used this criterion in their MPMS evaluation.

13- Reported trial problems (C13): Problems and critical
technical findings regarding trial patient group(s), clini-
cal specialties/settings and clinical applications (moni-
toring/telemonitoring) have been reported [38]. Several
studies [38, 39] used this criterion their MPMS
evaluation.

The thorough investigation of related literature indicates
that five studies have used these evaluation criteria in the
comparison of MPMSs. However, the usage differed from
one study to another. Table 2 presents the comparison criteria
and processes used in previous studies.

Acronyms:
C1: Supported number of sensors C2: Sensor-to-SFE

communication.
C3: SFE-to-MBU communication C4: Bio-signal display

on the MBU.
C5: Bio-signal storage on the MBU C6: Intra-BAN comm.

Problems.
C7: Extra-BAN comm. Problems C8: Extra-BAN comm.

Technology.
C9: Extra-BAN comm. Protocol C10: BESys comm.

Technology.
C11: Intended geographical area for use C12: End-to-end

security.
C13: Reported trial problems.
Table 2 presents all related studies on the evaluation and

benchmarking of MPMSs according to the evaluation criteria
based on the architectural components of MPMSs. This table

highlights five studies, with the symbol (√) indicating the
fulfilment of the criteria and the symbol (X) specifying
unimplemented criteria. The findings obtained from the stud-
ies explored in Table 1 are summarised as follows. (1) The
evaluation and benchmarking processes of MPMSs are indi-
vidually implemented. (2) Each MPMS has a specific number
of evaluation criteria that should be considered in comparisons
of applications. (3) No study has provided an integrated plat-
form for comparing MPMSs and selecting the best one.
Therefore, the following challenges and open issues in com-
paring MPMSs should be dealt with to address the gap.

Challenges and open issues in benchmarking
MPMSs

This section discusses problems in comparing and ranking
MPMSs to select the best one [38–40, 42]. A ranking is a
standard or point of reference in which things can be com-
pared [62, 63]. Ranking in information technology and com-
puter systems involves comparing the output values of differ-
ent systems on the basis of a given set of criteria to ensure the
quality, improvement, contribution or performance of the sys-
tem [64]. The primary challenge is ranking MPMSs and
selecting the best one. This challenge is affected by four major
issues, namely, multiple evaluation criteria, importance of
criteria, data variation and unmeasurable values. These issues
are explained in the following sub-sections.

Multiple evaluation criteria

Multiple criteria should be considered when comparing
MPMSs. Ref. [38] used several criteria depending on the func-
tion of the system; each system has a number of criteria that
may be different from those or do not exist in other systems
(e.g. number or type of sensors and communication technol-
ogy). Ref. [41] compared systems using different criteria. For
example, more than one criteria were found for communica-
tion in each system (i.e. extra-BAN and BESys communica-
tion technologies); additionally, MPMSs involve different
criteria, and each MPMS is different in terms of architecture
and functions [38–40, 42]. Multiple criteria complicate the
comparison amongst MPMSs because a system might meet
several criteria that the other systems might not. Two or more
systems can be compared according to a few criteria.
However, selecting the acceptable system amongst a number
of systems by depending onmultiple criteria simultaneously is
difficult.

Importance of criteria

The importance of criteria is a serious issue in this study. Each
application of MPM involves multiple attributes that should
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be considered. Thus, ranking processes become difficult.
Several criteria are important to patients, whereas others are
important to specialists; examples include the number of sen-
sors, communication type between components and design of
wrist-worn sensors in terms of size and power consumption
[65]. Technically, the ranking of MPMSs requires simulta-
neous consideration of multiple attributes (e.g. communica-
tion technology, communication protocols and communica-
tion problems). The communication type between SFE and
MBU is a criterion that is important to patients; if it is wireless,
then patients have freedom of movement. By contrast, extra-
BAN communication protocols and technology criteria are
important to specialists in terms of QoS requirements and
bandwidth for bio-signal delivery [37, 47, 48].

Data variation

A wide variation exists in the data of different MPMSs.
Table 3 shows an example of the data variation amongst sys-
tems in the same criteria. As shown in the second criterion
(C2), more than one communication type is used. In the third
criterion (C3), several communication technologies are used.
Selecting and providing healthcare services through suitable
MPMSs on the basis of varying available criteria represent a
sophisticated decision problem. This selection process in-
volves looking at data frommultiple attributes simultaneously,
resulting in data discrepancies, which represent a problem in
multiple decision making [66].

Other examples of data variation include the mechanism
and type of communication amongst system components that
can be wired/wireless or both [54]. The technology used in
data transmission varies (bio-signal transmission). The varia-
tion amongst evaluation criteria is an important issue in deci-
sion making [66]. Such variation complicates the comparison

and selection processes. Therefore, a suitable technique must
be used to handle these issues [67]. MCDM has been recom-
mended in previous studies as a pathway solution to solve the
above-mentioned issues and address the challenge of selecting
the best MPMS [68]. An overview of MCDM methods and
recommended solutions is provided in the next section.

Unmeasurable values

Communication technology criteria are unmeasurable.
Existing literature utilised many unmeasurable evaluation
criteria, including categorical (interval values and ranges), text
(communication technology), binominal (yes/no) and polyno-
mial (colours). These types of evaluation criteria are constant,
and no procedure is performed to evaluate the alternatives
(MPMSs) using the aforementioned criteria. Nonetheless,
these evaluation criteria are widely used in selection. Table 4
presents an example of MPMS selection consisting of three
MPMSs. The evaluation criteria are communication problem
(C1), communication technology (C2), communication proto-
cols (C3) and intended geographical area (C4). These linguis-
tic evaluation criteria need to be re-presented to be applicable
to the MCDM technique [38, 40–42].

The values of the used data must be digitalised for use in
MCDM. The data also require re-presenting, which is difficult
to perform when the data are not homogeneous [69].

Theoretical background of MCDM
(recommended solution)

The recommended solution ofMPMS selection is presented in
this section. The appropriate MPMS is selected after compar-
ing numerous available systems (Rocha et al., 2013). The
comparison involves the consideration of several evaluation
criteria simultaneously. Ranking and selection are achieved
with decision-based methods. The recommended solution
for this research is the MCDM method.

MCDM: Definition and importance

MCDM is defined as ‘an extension of decision theory that
covers any decision with multiple objectives. A methodology
for assessing alternatives on individual, often conflicting

Table 3 Examples of data variation

MPMs
Criteria

MPM1 MPM2 MPM3 MPM4 MPM5 MPM6

C1 5 3 >7 1 2 >10

C2 Radio frequency Serial Bluetooth Wired Serial Bluetooth

C3 Radio frequency Multi-hop ad-hoc GSM, 3G Multi-hop ad-hoc WLAN 3G, WLAN, GPRS

Table 4 Unmeasurable criteria

Alternative Criteria

C1 C2 C3 C4

AID-N Yes WLAN TCP/IP Indoor

PHM No RF HTTP Outdoor

MH Yes 3G SMAC Indoor
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criteria, and combining them into one overall appraisal’ [70].
Stewart and Belton defined MCDM as ‘an umbrella term to
describe a collection of formal approaches, which seek to take
explicit account of multiple criteria in helping individuals or
groups explore decisions that matter’ [71].

MCDM is the most popular amongst the decision-making
methods; it handles decision problems involving different
criteria, which are part of the research process [72, 73].
MCDM includes structure, layout and problem solving of a
similar type [72]. MCDM can be proposed as a feasible solu-
tion for such problems of decision makers [74], [68, 75–79].
MCDM is more rational, more efficient and clearer than tra-
ditional processes in improving the quality of decisions, hence
its wide use [80–86]. The objectives of MCDM are (i) to
prioritise alternatives in a descending order of performance,
(ii) to classify valid alternatives and (iii) to help data miners
select appropriate alternatives, [87–93]. The best and most
appropriate alternatives are recorded. MCDM has easily be-
come common in healthcare [67, 81–83, 94–97]. Healthcare
decision makers can enhance decision making by systemati-
cally obtaining appropriate solutions through many of the cur-
rent MCDM techniques [68, 98].

MCDM methods

Many MCDM theories have been identified [75, 81]. The
most commonly used MCDM techniques are mathematical-
based and human interaction-based methods, which use dif-
ferent notations (Fig. 3), [67, 96, 99–105]. The most popular
methods of MADM using different concepts include analytic
hierarchy process (AHP), best worst method (BWM), multi-
plicative exponential weighting (MEW), weighted product
method (WPM), weighted sum model (WSM), simple addi-
tive weighting (SAW), hierarchical adaptive weighting
(HAW), VlseKriterijumska Optimizacija I Kompromisno
Resenje (VIKOR), and technique for order of preference by
similarity to ideal solution (TOPSIS) [76].

To the best of our knowledge, no MCDM method has
been used to rank MPMSs in terms of providing
healthcare services. This condition presents a theoretical
gap. In several studies, numerous MCDM methods, such

as AHP and BWM, have been proposed and used to cal-
culate criterion weights [106–110]. AHP allows DMs to
structure the decision-making problem into a hierarchy
tree and facilitates the understanding of the problem.
This method is time consuming because of the substantial
pairwise comparisons, and it requires mathematical calcu-
lations that increase as the number of attributes and alter-
natives increase or change. AHP is significantly restrained
by the human capacity for information processing; thus, 7
± 2 is regarded as the ceiling for comparison. However,
scoring and ranking in AHP depend on the alternatives
considered for evaluation, and the removal or addition
of alternatives may change the final ranking (rank reversal
problem). Compared with existing pairwise comparison-
based methods, BWM requires fewer comparisons and
saves time when making decisions and producing sub-
stantial reliable and consistent results [111–114]. BWM
also yields more coordinated results than AHP does and
has fewer pairwise comparisons; thus, it is used in the
current study [115]. MEW and WPM can eliminate any
element to be measured and utilise proportional values
instead of real (actual) ones. Nevertheless, these methods
do not provide a solution with an equal decision matrix
(DM) weight. WSM and HAW are easy to use and under-
stand. With an increasing number of criteria, both become
difficult to use because the weights of the attributes are
arbitrarily assigned. The use of common numerical scal-
ing to obtain the final score is another limitation of these
methods. SAW considers all criteria/attributes, makes de-
cisions intuitively and offers simple calculation. However,
this method does not commonly discover the real situa-
tion, and all criterion values must be positive and maxi-
mum. TOPSIS and VIKOR are applied to situations that
involve several alternatives and criteria. These methods
are particularly suitable for use with quantitative or objec-
tive data, and they entail the application of a compromise
priori ty approach to achieve multiple responses
[116–118]. 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 [94, 117, 119]. By contrast,
VIKOR functionally relates to emergent problems. This
method is one of the most practical ways to handle real-
world problems. VIKOR can find the best alternative
quickly [116]. Thus, VIKOR is suitable for situations that
involve several alternatives and features. However, this
method cannot elicit weights and examine the consistency
of judgment [94].

Several studies [115, 119–124] applied BWM with
VIKOR to improve the consistency of weights and resolve
the uncertainties related to the research problem. These studies
also provided ranking and selection for alternatives. The use
of BWM with VIKOR has been widely suggested because

Mathmatical-based techniques

VIKOR

SAW

HAW

TOPSIS

MEW

WSM

WPM

Human interaction-based techniques 

BWM

AHP

MCDM methods

Fig. 3 MCDM methods
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VIKOR cannot calculate weights and check consistency on its
own [113, 114, 122].

BWM

Working on decision making with multiple criteria when
using MCDM methods aims to determine the most important
and desirable alternative. The comparison of decision criteria
indicates that the weights are elicited for them [113]. BWM
results in low pairwise comparison, thereby resulting in the
highest degree of consistency in the weight gain process [114].
In [113], the author aimed to obtain weights for decision
criteria and alternatives with respect to various multiple
criteria through pairwise comparisons but required a number
of comparisons; thus, the author focused on improving the
consistency of the weight determination process [125, 126].
In BWM, the weight extraction process is based on reference
comparisons, which lead to reduced comparisons; thus, it fo-
cuses on determining the best criterion and preference for this
criterion across all other criteria and preferring all criteria over
the worst one [125]. BWM exhibits several advantages, such
as easy use, provision of reliable results with few comparisons
and reduced comparison time. This method uses a scale from
one to nine when determining preferences amongst criteria
[113, 127]. BWM also contains a consistency index for mea-
suring the reliability of reference comparisons between
criteria. Selecting the best criteria is easy, but the manner by
which to determine the level of importance for the best crite-
rion based on other criteria is difficult, as is the importance of
all the criteria over the worst one. Weight elicitation by BWM
is conducted in five sequential steps [113, 114, 119, 122, 128,
129], as demonstrated in Fig. 4.

VIKOR method

VIKORwas developed by SerafimOpricovic [130]. The main
issues of this method are ranking and selection of alternatives,
especially when decision making is difficult amongst multiple
criteria [117, 131]. A compromise ranking of the alternatives
is performed according to the proximity of the alternatives to
the ideal solution; in other words, the alternatives are arranged
from near to optimal to the farthest [132]. VIKOR compares
available alternatives on the basis of multiple criteria to rank

alternatives and select the best amongst them even when using
different measurement units for the criteria [133]. The VIKOR
method must determine the elements in the compromise rank-
ing, that is, the solution that can settle and stabilise the weight
intervals for preference stability [117]. Several studies [131,
134, 135] reported that VIKOR is a common method and has
been used for alternative ranking. This method has a decision
matrix, which is the structure of alternatives and decision
criteria; the rows of this matrix represent several decision
criteria, and the columns represent a number of alternatives
[122, 133]. The VIKOR method is implemented in six se-
quential steps [117, 122, 130, 132, 134], as demonstrated in
Fig. 5.

Methodology aspects

This section introduces the description and explanation of the
methodological aspects of the proposed framework for compar-
ing MPMSs. Developing the framework includes four steps.
The first step is pre-processing. The second step is the identifi-
cation of the decision matrix on the basis of the evaluation
criteria. The third step is the development of a new framework
for comparing the MPMSs on the basis of the integrated BWM
and VIKOR. The final step is the validation process. The steps
of the proposed framework are presented in Fig. 6.

Identification and pre-processing

These steps identify the data that are used to test the proposed
framework. The decision matrix shown in Table 5 is adopted
from the most relevant study [39]. This table includes the data
used in our study that cover all of the evaluation criteria based
on the generic architecture of MPMS in terms of communica-
tion aspects.

As shown in Table 5, the MPMSs are evaluated based on
the following 13 criteria: criterion 1 presents the set of sensors
that are integrated into the BAN (its values are numbers);
criterion 2 shows the communication used between sensors
and SFE and has two values or features (RF or wired); crite-
rion 3 has three features (RF, serial, BT and wired) and pre-
sents the communication used between SFE and MBU; crite-
rion 4 demonstrates the ability of the MBU to display

Define the set of 

decision criteria

Step 1

Identify the best and 

worst criteria

Step 2

Determine the preference 

of the best criterion over 

all the other criteria

Step 3

Determine the preference 

of all criteria over the 

worst criterion

Step 4

Find the optimal weights

(W*1, W*2, … W*n)

Step 5

Fig. 4 Steps of the BWMmethod
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biosignals (its value is yes or no); criterion 5 illustrates the
ability of the MBU to store biosignals (its value is yes or
no); criteria 6 and 7 present the availability of problems in
communication in intra-BAN and extra-BAN, respectively
(their values are yes or no); criterion 8 has six values
(features) and present the extra-BAN communication technol-
ogy (RF, multi-hop ad-hoc, 3G, GSM, WLAN or GPRS);
cr i ter ion 9 presents three choices of extra-BAN

communication protocol (SMAC, TCP/IP or HTTP); criterion
10 presents BESys communication technology with five
choices (TCP/IP, web services, IP, HTTP or jinni); criterion
11 shows three choices of intended geographical area for use
(outdoor, indoor or indoor/outdoor); criterion 12 presents the
availability of security solutions for the transmission of
biosignals (its value is yes or no); and criterion 13 presents
the availability of technical and communication problems and

Develop a framework for ranking MPMSs

Rank MPMSs using the VIKOR method

Validation proposes using the statistical method

Mean and standard deviation

Select experts and obtain their opinions on the identified criteria

Calculate weight on the basis of the BWM method

Weighted decision matrix
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Fig. 6 Proposed framework
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Calculate Si and Ri in 

rough number.
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decision matrix.

For each criterion, 

define the highest and 
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Step 5 Step 4Step 6

Check the ‘acceptable 

advantage’ and 

‘acceptable stability’ 

in decision making.

Perform alternative 

ranking.

Calculate Qi in rough 

number.

Fig. 5 Steps of the VIKOR
method
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user acceptance during the trial version that it concentrates on
(its value is yes or no).

Several of the criteria need pre-presenting to be applicable
in MCDM. Applying multi-criteria decision-making theory
on the raw data in Table 5 is mathematically impossible due
to the following reasons: (1) the values in these raw data are in
an inconsistent format (strings and numbers) and (2) different
communication technologies and protocols are used. The
values of the used data must be digitalised to be used in
weighting the criteria.

Data re-presentation

The data re-presentation process must be designed and applied
between raw data in the decision matrix. The values (features)
in Table 5 need to be digitalised to be used in multi-criteria
decision-making analysis techniques. Therefore, these data
are re-presented depending on experts’ opinion. Experts pro-
vide the weights of the values (features) that need to be re-
presented on the basis of BWM. Table 6 illustrates the criteria
that include values (features) that require re-presentation.

Integer values are designated by the data re-presentation to
each extracted feature. These values represent the state of the
feature in ranking based on the decision matrix. Tables 5 and 6
demonstrate that criteria 1, 4, 5, 6, 7, 12 and 13 are already
used as evaluated and represented as two types. The first type
is integer values that can be represented as numbers, as in
criterion 1. The second type is a yes/no choice that can be
represented as 1/0, as in criteria 4, 5, 6, 7, 12 and 13. The
measurements of parameters with multiple choices, which
can be observed in criteria 2, 3, 8, 9, 10 and 11 according to
Tables 5 and 6, cannot be represented and need experts’ opin-
ion according to BWM standards. These criteria have variable
data that need to be digitalised. The expert decides on the best
and worst choices in each criterion. Then, a pairwise compar-
ison between the best and the other choices is conducted to
determine the predilection of the best choice over all other
choices. Lastly, a pairwise comparison between the other
choices and the worst one is performed to identify the prefer-
ence of all choices for the least important choice.

Weight determination

This step aims to calculate the weight of the attribute that will
be used as evaluation criteria in our decision matrix. This
weight will determine the importance of each criterion, which
will help in the ranking. Ranking is difficult when all criteria
have the same importance. The importance of each criterion
must be considered. BWM is used to calculate the weight
because it is reliable and needs few comparisons of data
[113]. This task consists of three steps. The first step is to
design an expert questionnaire for collecting experts’ opin-
ions. This step considers the compatibility of thisTa
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questionnaire with BWM and the comparison between
criteria. The second step includes the selection of experts
and obtainment of their opinions on the identified criteria.
The third step elicits the weight for the criteria using BWM,
as shown in Fig. 7.

The opinions of experts in the field of research must be
obtained to gather the necessary data for performing BWM
analysis. A form is designed to determine the preference of
respondents for the MPMS criteria (from communication as-
pects) and elicited according to their responses. This task is
conducted to collect the weights for the criteria according to
the BWM standard. Practitioners and industry experts face
multi-criteria mode choices in their daily life. Researchers also
face the decision of selecting the multi-criteria mode when
conducting related studies. The selection of three industrial
and academic experts [76, 77, 136, 137] depends on their
opinions about the following criteria: (1) data representation

in the previous step and (2) assignment of criterion weights.
Moreover, experts with good experience (minimumof 5 years)
in communication aspects are selected [138].

The BWM procedure for setting the appropriate weights for
multiple criteria includes the following five steps [113, 139].

Step 1: Determine a set of decision criteria

Before deciding on the best alternative, the criterion set
must be determined (C1, C2, …, Cn), which will be used by
decision makers. In this study, the criterion set is obtained
from [38–40] during the literature review. Table 7 illustrates
the selected criteria whose weights will be calculated.

Step 2: Determine the best and worst criteria

Depending on the decision, the highly desirable or impor-
tant criterion is treated as the optimal one, whilst the less

Table 6 Criteria that include
values that require re-presentation Criteria Evaluation according to its value

Criterion 1 The values should be ready for use.

Criterion 2 The values need re-presentation based on experts’ opinion according to BWM standards.

Criterion 3 The values need re-presentation based on experts’ opinion according to BWM standards.

Criterion 4 The values do not need expert opinion.

Criterion 5 The values do not need expert opinion.

Criterion 6 The values do not need expert opinion.

Criterion 7 The values do not need expert opinion.

Criterion 8 The values need re-presentation based on experts’ opinion according to BWM standards.

Criterion 9 The values need re-presentation based on experts’ opinion according to BWM standards.

Criterion 10 The values need re-presentation based on experts’ opinion according to BWM standards.

Criterion 11 The values need re-presentation based on experts’ opinion according to BWM standards.

Adopted 
Decision 
Matrix

Weighted 
Decision 
Matrix

Determine a set of decision criteria

Determine the best and worst 
criteria

Determine the preference of the 
best criterion over all other 

criteria

Determine the preference of all 
the criteria over the worst one

Find the op�mal weights

BWM for weightsFig. 7 Weighting decision matrix
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desirable or important one is viewed as the worst. The defini-
tion of the best and worst criteria depends on the decision
maker’s viewpoint.

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

In this step, a pairwise comparison is performed between
the identified best criterion and the other criteria to determine
their predilection, as shown in Fig. 8. Avalue from one to nine
must be specified by the expert to symbolise the importance of
the best criterion over the others. A factor known as ‘best-to-
others’ is obtained in this procedure, as follows:

AB ¼ aB1; aB2;…; aBnð Þ ð1Þ

where aBj indicates the importance of the best criterion B over
criterion j and aBB = 1.

Step 4: Process the pairwise comparison between the other
criteria and the worst one, as shown in Fig. 3-3.

Determine the preference of all criteria for the least impor-
tant criterion by comparison. The expert identifies the impor-
tance of all criteria on the worst criterion. Values from one to
nine are used to specify the importance. A factor known as

‘others-to-worst’ is obtained from this step, which is per-
formed as follows:

Aw ¼ a1w; a2w;…; anwð Þ ð2Þ

where ajw indicates the preference of criterion j over the worst
criterion W and aww = 1.

Figure 8 clarifies the two types of reference comparisons,
namely, ‘best-to-others’ and ‘others-to-worst’ criteria.

Step 5: Elicit the optimal weights (W*1, W*2, …W*n)

The perfect weight for the criteria is the one where WB/
Wj = aBJ and Wj/Ww = ajw for each pair of WB/Wj and Wj/Ww.

A solution for the maximum absolute differences must be
obtained to achieve these conditions for all j.

WB

W j
−aBj

����
����and Wi

Ww
−aBjw

����
���� ð3Þ

where all j are minimised. Considering the non-negativity
and sum condition for the weights, the following problem
is created.

minmax j
WB

W j
−aBjj; jW j

Ww
−ajw

� �
s:t:
∑
j
W j¼1

W j≥0; for all j

ð4Þ

Problem (5) can be transferred to the following problem.

minξ
s:t:
jWB

W J
−aBjj≤ξ; for all j

ð5Þ

jW j

Ww
−ajwj≤ξ; for all j

∑
j
W j¼1

ð6Þ

The perfect weights w*1; w*2;;w*n and ξ n are achieved
by solving Problem (5).

The value for 휉* reflects the reliability of outcomes de-
pending on the extent of consistency in the comparisons. The
closest value to zero exhibits high consistency and reliability.
The consistency ratio is calculated using ξ* and the corre-
sponding consistency index as follows:

Consistency ratio¼ ξ*

Consistency index
ð7Þ

As proposed by [113], the larger ξ* is, the more consistent
the factors are.

Table 7 Selected criteria

Criterion set Criterion description

C1 Supported number of sensors

C2 Sensors to SFE communication

C3 SFE to MBU communication

C4 Biosignal display on the MBU

C5 Biosignal storage on the MBU

C6 Intra-BAN comm. Problems

C7 Extra-BAN comm. Problems

C8 Extra-BAN comm. Technology

C9 Extra-BAN comm. Protocol

C10 BESys comm. Technology

C11 Intended geographical area for use

C12 End-to-end security

C13 Reported trial problems

Table 8 Consistency index

aBW 1 2 3 4 5 6 7 8 9

Consistency index 0.0 0.44 1.0 1.63 2.30 3.00 3.73 4.47 5.23
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Development step

This step aims to develop a framework for comparing and
ranking the MPMSs on the basis of the determined im-
portance. A new framework is developed based on
MCDM techniques. The VIKOR method is used to rank
the various alternatives (MPMSs) of the decision matrix
presented in step two. The steps of this framework are
presented below. Figure 9 illustrates the new framework
for the ranking.

Adaptive VIKOR method for ranking

VIKOR is applied to rank selected MPMSs in this step
because of its suitability for the decision cases with many
alternatives and multiple criteria. The advantages of this
method include the ability to provide results in a short time
and specify the most suitable option. The weights of all
criteria are calculated using BWM then used in VIKOR
for ranking. The available decision alternative results are
ranked in a decreasing order, and the MPMSs are ranked
according to the selected criteria by applying the VIKOR
method. VIKOR’s steps include the following:

Step 1: Define the highest and lowest values for each crite-
rion.

Identify the best f∗i and worst f−i values of all
criterion functions, i = 1; 2; ...; n. If i represents a
benefit, then

f *i ¼ max
j

fij; f −i ¼ min
j
fij ð8Þ

Step 2: Develop the weighted decision matrix.
Weights for the criteria are calculated using

BWM. A set of weights w =w1, w2, w3, ⋯, wj, ⋯,
wn from the decision maker is accommodated in the
decision matrix. This set is equal to 1. The resulting
matrix can be also computed, as follows:

WM ¼ wi* f *i−fij
� �

= f *i− f −i
� � ð9Þ

The following weighted matrix is produced by the previous
process.

w1 f *1− f 11
� �

= f *1− f −1
� �

w2 f *2− f 12
� �

= f *2− f −2
� �

w1 f *1− f 21
� �

= f *1− f −1
� �

w2 f *2− f 22
� �

= f *2− f −2
� � … wi f *i−fij

� �
= f *i− f −i
� �

… wi f *i−fij
� �

= f *i− f −i
� �

⋮ ⋮
w1 f *1− f 31

� �
= f *1− f −1
� �

w2 f *2− f 32
� �

= f *2− f −2
� � ⋮ ⋮

… wi f *i−fij
� �

= f *i− f −i
� �

2
664

3
775 ð10Þ

Step 3: Calculate Sj and Rj in rough numbers.
Compute the Sj and Rj values, j = 1, 2, 3, …., J,

i = 1, 2, 3, …,n by using the following:

Sj ¼ ∑
n

i¼1
wi* f *i−fij

� �
= f *i− f −i
� �

; ð11Þ

Best 
criteria

aB1

aB2

aBn2

aBw

an−2wa2wa1w

Criterion 1 Criterion 2 Criterion n−2
Worst 
criteria

Fig. 8 Reference comparisons in
the BWM method
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Rj ¼ max
i

wi* f *i−fij
� �

= f *i− f −i
� �

; ð12Þ

wherewi are the weights of criteria expressing their relative
importance.

Step 4: Calculate Qi in a rough number.
Compute the values Qj, j = (1, 2,⋯, J) by the

following:

Qj ¼
v S j−S*
� �
S−−S*

þ 1−vð Þ Rj−R*
� �

R−−R* ð13Þ

where

S* ¼ min
j
S j; S− ¼ max

j
S j R* ¼ min

j
R j;R− ¼ max

j
R j

where v is the weight of the strategy of ‘the majority of
criteria’ (or ‘the maximum group utility’) and v = 0.5.

Step 5: Perform alternative ranking.
The set of alternatives (MPMSs) can now be

ranked by sorting the values S, R and Q in an as-
cending order. The lowest value indicates the opti-
mal performance.

Step 6: Check the ‘acceptable advantage’ and ‘acceptable
stability’ in decision making.

Propose a compromise solution for the alternative (a′),
which is ranked the best by the measure Q (minimum) if the
following two conditions are satisfied.

C1. ‘Acceptable advantage’:
Q (a′′) −Q (a′)≥ DQ,
where (a′′) is the alternative at the second position in the

ranking list by Q, DQ = 1/(J − 1) and J is the number of
alternatives.

C2. ‘Stability’ is acceptable in the decision-making context:
Alternative a′ should be also ranked the best by S and/or R.

This compromise solution is stable within the decision-
making process, which could be ‘voting by majority rule’
(v > 0:5), ‘by consensus’ (v ≅0.5) or ‘with veto’ (v < 0.5).
Here, v is the decision-making strategyweight of ‘the majority
of criteria’ (or ‘the maximum group utility’).

Validation step

Comparison of MPMSs is difficult because they depend on
multiple criteria on one side and the because of the difference
amongst them in terms of communication aspects and other
features. The expected results of the proposed framework are
validated through objective validations.

Objective validation

Two statistical methods (mean ± standard deviation) are used
in this study to confirm the validity of the MPMS ranking

VIKOR technique for ranking

Establish the decision matrix

Determine the normalized 

decision matrix

Determine the ideal and 

negative solutions

Calculate the utility and regret 

measures

Calculate the VIKOR index

Rank the order of preference

Weighted 

Decision 

Matrix

Fig. 9 New framework for
ranking
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based on the proposed comparison and ranking framework.
Three similar groups present the ranking results of MPMSs
[140, 141]. The expected results are expressed as mean ± stan-
dard deviation for each group.

Mean is the average result, which can be calculated as

x ¼ 1

n
∑
n

i¼1
xi : ð14Þ

Standard deviation is used to determine the amount of dis-
persion or variation in the value set and calculated as

s ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

N−1
∑
N

i¼1
xi−x

� 	2
s

: ð15Þ

Mean ± standard deviation are used to guarantee that the
four sets of MPMS are subject to systematic ordering. The
scoring of MPMSs is divided to three groups on the basis of
the ranking result determined from the proposed ranking
framework to validate the ranking results using the above-
mentioned test. Each group contains an equal number of se-
lected MPMSs (2) according to the scoring values of the rank-
ing results. This process is applied using two methods on the
basis of a statistical platform, which must confirm that the first
group reaches the highest scoring value when the mean and
standard deviation are measured. Assume that the first group
has the highest mean and standard deviation amongst all
groups to validate the result. The mean and standard deviation
results of the second group must be lower than or equal to
those of the first group. However, the mean and standard de-
viation results for the third group should be lower than those
for the first and second groups or equal to those of the second
group. The mean and standard deviation results of the third
group should be lower than those of the first and second
groups or equal to those of the second group. According to
the results of the systematic ranking, the first group must be
statistically determined to be the highest group amongst all
groups.

Conclusion

This study covers various aspects of the evaluation and
benchmarking processes of MPMSs. The findings are derived
from collecting and analysing the evaluation criteria of
MPMSs and identifying and confirming the limitations of
comparison processes used in previous studies. The chal-
lenges and open issues are also emphasised. Moreover, the
advantages and disadvantages of MCDM techniques in the
framework of MPMS comparison are presented and
discussed. BWM and VIKOR are effective techniques to

solve the comparison problems of MPMSs. Four steps can
be considered when developing a comparison framework for
MPMSs. The first step includes data identification and pre-
processing. The second step involves calculating the weights
for MPMS evaluation criteria. The third step describes the
procedure of applying the VIKOR method for comparing
and ranking MPMSs to select the best one. The last step in-
cludes performing statistical analyses to validate the output of
the proposed framework. The proposed framework will be
implemented in the future as a tool for users who intend to
select the appropriate MPMS.
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