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Abstract

Networked applications, no matter whether connected in a wired
or wireless way, rely upon the ability of timely data delivery. The
achievable throughput is a quality measure for the very task of a
communication system, which is to transport data in time. This
is of particular importance for nowadays trendy streaming appli-
cations such as digital TV, Internet Protocol (IP)-telephony, and
gaming. Especially the higher throughput offered by 3G mobile
systems (and beyond) as compared to earlier generations of mobile
communications seems to pave the way for streaming applications
into mobile environments.

In this report a method is described that makes a decision be-
tween different communication technologies depending on differ-
ent criteria and expectations stated by the end-user and perceived
within the network itself. The Multi-Criteria Decision Making
(MCDM) method together with the Analytic Hierarchy Process
(AHP) method is used to achieve the concept of Always Best
Connected (ABC). Two different groups of criteria are used: ben-
efits and costs. Within the benefit group three metrics are used:
Initial Delay (ID), Link Capacity (LC) and Direction Loss (DL)
which are analyzed and used before a decision is made. These three
metrics are weighted against each other. Finally a case study is
presented, using the AHP together with the weighted metrics.





Acronyms

ABC Always Best Connected

AHP Analytic Hierarchy Process

AI Artificial Intelligence

BH Benefits Hierarchy

CA Covering Area

CH Cost Hierarchy

CS Coding Schemes

DAB Digital Audio Broadcast

DCF Distributed Coordination Function

DL Direction Loss

DM Distributive Mode

FR Flat Rate

GPRS General Packet Radio Service

GSM Global System for Mobile Communications

ID Initial Delay

IM Ideal Mode

IP Internet Protocol

ITS Intelligent Transport Systems and services

LC Link Capacity

MCDM Multi-Criteria Decision Making

MP Monthly Pay

QoS Quality of Service

SF Spreading Factor

SNR Signal-to-Noise Ratio
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UMTS Universal Mobile Telecommunications System

WLAN Wireless Local Area Network
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Chapter 1

Introduction

1.1 Background

Communication and information during the recent decades has
been important. Today, a user has the ability to choose the way
of communicating compared to a few years ago. Instead of using
one telephone connected to only one provider one has the option
to choose between several providers and services. Always Best
Connected (ABC) is one way of always be connected according to
a decision based on different static and dynamics criterion together
with a type of service. Based on this information a decision is made
from the end-user perspective. To use a certain communication
technology, the average user does not need to fully comprehend the
technical details, which is mostly considered to be too complicated.
This choice should be done automatically in order to make things
easier. Thus, we can pose the question: Is it possible to reduce the
complexity of making a decision and leave the most of it to some
sort of Artificial Intelligence (AI)? The answer is, yes. By using a
Multi-Criteria Decision Making (MCDM) method this is possible,
see Chapter 3.

The evolution of wireless networks like Digital Audio Broadcast
(DAB), Universal Mobile Telecommunications System (UMTS),
General Packet Radio Service (GPRS) or Wireless Local Area
Network (WLAN) and handhold devices has enabled the chal-
lenge to handle the trade-off between mobility and performance.
Users demand high performance quality when using small and re-
source efficient devices. It is therefore essential that a commu-
nication service provides the best subjective application Quality
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2 Chapter 1

of Service (QoS). This leads into another question: What type
of metrics are usable within a network? The key parameters in
mobile scenarios are Initial Delay (ID), Link Capacity (LC) and
Direction Loss (DL). These metrics could easily show the behavior
of the connection, see Chapter 2.

The goal, in this report, is to find a procedure which is able to
measure distinct values and transform these values into linguistic
ones. These values are later used as inputs to a decision method. A
case study is also presented on how a MCDM using the Analytic
Hierarchy Process (AHP) [1] can be used for decision mainly in
order to yield ABC connectivity.

1.2 Structure

In Chapter 2 the subjective QoS point of view, with seamless inte-
gration of ABC, and finally the AHP are presented. In Chapter 3,
a case study of the decision methods is presented. Finally, in
Chapter 4 conclusions and future work are given.



Chapter 2

Seamless Integration

In this chapter, the subjective quality between the provider and the
end-user is described. From the subjective perception perspective
down to the objective perceived metric used to accomplish the QoS
needed. This is followed by a description of seamless integration
of ABC. Finally this chapter ends with a general description of
the AHP.

2.1 Subjective Quality of Service

According to Fig. 2.1 [2] the subjective quality combines the hu-
man perceptive and the objective quality through the whole sys-
tem. The objective quality consists of four components, where
the transport is one of them. The transport could be any wireless
system, e.g. WLAN, UMTS, or GPRS. Each wireless system has
its own QoS which is to be considered when choosing the proper
link. Different aspects should be considered. e.g. initial delays
of a connection, link capacity which may be different depending
on the direction e.g. uplink and downlink, direction losses which
also may be different depending on the direction, coverage which is
different depending on the mobile telephone provider and its area
of coverage, monthly cost for the subscription, flat rate charge per
MB, etc.

When it comes to subjective quality, Miller [3, 4] as early as
1956, stated an upper limit of short-term memory based of the
humans capacity which he referred to as capacity. The outcome is
to use a nine-point scale which is used by the AHP. To remember
these numbers a range of 10–30 seconds is needed and is referred

3
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Figure 2.1: Subjective Quality of Service

to as duration. Before this, in 1932, Likert [5] was able to define
different scales like a three-point, five-point, and a seven-point
scale. In 1971, Jacoby [6] showed that a three-point scale could be
enough. Finally in 1994, Chang [7] was looking into the scale in
between a four-point and a six-point scale.

A well-known branch for decision making is the MCDM method,
in which the AHP is included with a nine-point scale. It is a gen-
eral class of models which deal with decision problems under the
presence of a number of decision criteria. The final decision is
highly dependent on the preferences of the application. However,
the preferences are concerned with a quantitative method to trans-
fer measurement to human values and it needs to be defined what
the measurement means to a human. The number depicted needs
to be understood otherwise it is useless and the number can also
have different meanings in different problems.

As proposed, the AHP method will be used to select the best
link alternative with QoS level in mind and was originally proposed
by Saaty in [1] to support decision in Management Science [8].
The AHP method has further been published by Saaty in other
publications like [9–13]. It has also been used in several software
engineering settings [14–17] and several sofware programs have
been carried out using AHP as a foundation [18–22].

2.2 Always Best Connected (ABC)

Decision on selecting always best connected by selecting a link
tends to be complex and depends upon a whole range of steps,
see Fig. 2.2.

• The traffic situation has to be specified, what should be mea-
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sured and valued, which criteria should be used etc.

• How should this be measured and valued, which scale should
be used?

• How to preprocess and classify the information?

• How this should be translated to the MCDM model together
with AHP

• Based on the previous steps, when should the switch be ex-
ecuted to the newly determined best link?

 

Methods 

Measurements 

Preprocessing Classification 

Transformation 

Multi- 
Criteria 
Decision 
Making 

Analytic 
Hierarchy 
Process Traffic 

Situation 

Always 
Best 

Connected 

 

Figure 2.2: Always Best Connected Management

A whole range of criteria, most of which relate to the con-
ditions and efficiency within each device and environment under
consideration, needs to be stated. Normally, the criteria are hard
to quantify and the most creative task in the decision process is
to define those criteria that are of most importance. With this in
mind, the following problems are addressed, see Fig. 2.3:

• Given a set of criteria on metrics, each criteria is defined as
static or dynamic depending on if they are measured on the
fly or not, e.g. monthly cost is a member of the static group,
or e.g. link capacity is a member of the dynamic group.
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• The best alternative is selected in order to obtain the overall
goal of ABC in a time frame suitable for the situation.

 

Static 

Dynamic 

Decision Process 
towards the Goal 

Selected Link 

Figure 2.3: Always Best Connected Model

2.3 Fuzzy Sets and Rough Set Alter-

natives

The final step toward ABC is to make a decision about which one
of the wireless links should be selected. This could be accomplished
by using the AHP model. Still, all data has to be preprocessed
and classified before any decision could be made. One method of
preprocessing and classifying the measured data are by the use of
Fuzzy modeling. Fuzzy Set Theory and Rough Set Theory are two
tools used to classify a set of data. For the Fuzzy Set Theory Lotfi
A. Zadeh [23] defined its terminology. The Rough Set Theory is
proposed by Zdzislaw Pawlak [24] and used in decision analysis.
One distinction between the two theories is that Rough Set Theory
does not need any preliminary information compared to the Fuzzy
Set Theory.

2.4 The Analytic Hierarchy Process

This section describes in detail the AHP for decision making. Us-
ing the AHP method in solving decision problems includes five
major steps:

• Step 1: Construct the hierarchical structure by breaking
down and decompose the decision problem and into several
decision elements.
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• Step 2: Create the input values by pair-wise comparisons of
decision elements.

• Step 3: Estimate the relative weights of the decision ele-
ments.

• Step 4: Check for consistency.

• Step 5: Synthesize the priorities and combine the relative
weights to determine the final set of ratings for the different
decision alternatives.

Step 1: Building a hierarchy is as much an art as it is a
science and the most inventive and critical part of decision making
is the structuring of the decision as a hierarchy. This includes the
decomposition of the problem into several elements according to
their characteristics. In order to model complex decisions correctly
and efficiently the following guidelines should be kept in mind.

1. Do not include more than nine elements in any set because
experiments have shown that it is challenging for human be-
ings to deal with more than nine factors at one time and this
can result in less accurate priorities. This was demonstrated
in [25]. Moreover, as the number of elements being compared
is increased the measure of inconsistency decreases so slowly
that there is insufficient space for improving the assessment
as well as consistency.

2. Try to cluster elements so that they include elements that
are comparable, or do not differ too much from each other.
Also, it is of importance that the elements on a lower level
are comparable with the elements on the next higher level.

To make comparisons possible one can proceed with the work
down from the goal to the alternatives and then work up from the
alternatives until the levels are linked. A useful way is to use the
following suggestions [13] for a hierarchical design:

1. Identify overall goal and sub goals of overall goal. What are
you trying to accomplish? What is the main question?

2. Identify criteria that must be satisfied in order to fulfil the
sub goals of the overall goal.
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3. Identify, if necessary, sub criteria, under each criterion. Note
that criteria or sub criteria may be specified in terms of
ranges of values of parameters or in terms of verbal intensi-
ties such as high, medium, and low.

4. Identify actors involved and actor’s goal.

5. Do benefit/cost analysis. Because we are dealing with dom-
inance hierarchies, ask which alternative yields the greatest
benefit; for costs, which alternative costs the most.

Therefore, the basic form consists of a hierarchy structure with
the goal at the top level. Second level is the criteria, followed by
the alternatives at level three, as shown in Fig. 2.4a or with four
levels, as shown in Fig. 2.4b.

In many cases the AHP is based on one complex constructed
hierarchy. In this case two hierarchies are use; Benefits Hierarchy
(BH) and Cost Hierarchy (CH). Benefits are positive things like
advantages of all sorts. Costs are negative things like high cost or
losses of all sorts. Different criteria could be defined for both, still
one has to make a choice, and one of the alternatives BH and CH
has to be chosen. After respective calculation they are used to be
in the final decision.

Step 2: The judgments in the AHP are made in pairs. The
scale used is represented by the intensities between each other
according to the fundamental scale, as illustrated in Table 2.1.
The fundamental scale is validated according to effectiveness and
theoretical justifications according to Saaty [1]. The scale consists
of nine levels. To make it even easier to judge one can use a more
restricted scale with five levels; 1 is equal, 3 indicates moderately
more, 5 strongly more, 7 very strongly more and 9 extremely more.
A more refined scale is using all nine levels.

First, the criteria are compared pair-wise with respect to the
goal. A n× n matrix, denoted as A, is created using the compar-
isons with elements aij, indicating the value of criteria i relative
to criteria j, as shown in Formula 2.1.

A =











a11 a12 a13 · · · a1n

a21 a22 a23 · · · a2n

...
an1 an2 an3 · · · ann











(2.1)
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Figure 2.4: Decompositions
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Table 2.1: The Fundamental Scale for AHP

Intensity of Definition Explanation

importance

1 Equal importance Two activities contribute equally to

the object

2 Weak Between Equal and Moderate

3 Moderate importance Experience and judgment slightly

favor one activity over another

4 Moderate plus Between Moderate and Strong

5 Strong importance Experience and judgment strongly

favor one activity over another

6 Strong plus Between Strong and Very Strong

7 Very strong or demonstrated An activity is favored very strongly

importance over another; its dominance

demonstrated in practice

8 Very, very strong Between Very Strong and Extreme

9 Extreme importance The evidence favoring one activity

over another is of the highest

possible order of affirmation
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The values in aij are then formed by the following rules: aii = 1,
aij = 1/aji, aij > 0, ∀ i. Therefore, if activity i has one of the
above numbers assigned to it when compared with activity j, then
j has the reciprocal value when compared with i.

After constructing the matrix of comparison, the next step is
to determine the weights of the criteria, in which wi is the weight
of objective i in the weight vector w = [w1, w1, · · · , wn] for n
criteria. The objective is to recover w from matrix A by finding
the solution for some eigen value v, in which

A · wT = v · wT (2.2)

In order to determine wi an approximate solution is used that
normalize each column j in A such that

∑

i

aij = 1 (2.3)

Then denote the resulting normalized pair-wise matrix by A’ and
for each row i in A’, compute the average value

wi =
1

n

∑

j

a′

ij (2.4)

where wi is the weight of criteria i in the weight vector.

Step 3: The next step is to check for consistency in order to
trust the results. According to [1] three procedures are used as
follows:

1. Compute λmax, which is the largest eigenvalue of matrix A.

2. Compute the Consistency Index (C.I.), C.I. = λmax − n
n − 1

3. Compute the Consistency Ratio (C.R.), C.R. = C.I./R.I.

• If C.I. = 0 then A is consistent

• If C.I./R.I. ≤ 0.10 then A is consistent enough

• If C.I./R.I. > 0.10 then A is not consistent
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Table 2.2: Average Random Consistency Index (R.I.)

n 1 2 3 4 5 6 7 8 9 10

R.I. 0 0 0.52 0.89 1.11 1.25 1.35 1.40 1.45 1.49

in which R.I. is the average value of C.I. for randomly chosen
entries in A, and is given by Table 2.2 [1].

Step 4: The next step is to compare the alternatives pair-wise
with respect to how much better one is than the other in satisfying
each criteria on the level above. Thus there will be n matrices of
judgments since there are n criteria and each matrix contains the
weight for each alternative and is determined in a similar way as
described above for wi in Formula 2.4.

Step 5: Finally, the last step is to select the alternative that
best satisfies the goal and synthesize the priorities. If there exist n
criteria and m alternatives then a matrix B of size n×m is created
that contains the weight results bij for the alternative with respect
to the criteria. Then for each j compute the overall weight or score
si for each alternative by

si =
∑

i

wi · bij (2.5)

The alternative with the largest sij is then selected. This way
of synthesize the priorities is called the distributive mode [1]. An-
other way of synthesizing is called the ideal mode. In this mode
the pairwise comparison of the criteria is not used. An exam-
ples is showed in Appendix A which is based on Saaty et al. [13].
This examples describes how to choose a house A, B, or C based
on eight different criteria: Size of house, transportation, neighbor-
hood, age of house, yard space, modern facilities, general condi-
tion, and financing. Each criteria is weighted toward each other,
see Table A.1. After that each house is weighted toward each
other depending on the criteria, see Tables A.2, A.3, A.4, A.5,
A.6, A.7, A.8, A.9. Finally, the synthesis is executed. Two types
could be selected: Distributive Mode (DM) or Ideal Mode (IM).
The distributed mode includes the weighted criteria with itself,
DM = {0.473, 0.223, 0.304}, see Table A.10. The IM includes only
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the weighted criteria of each house, IM = {0.424, 0.262, 0.314},
see Table A.11. In both cases the house A should be selected1.

1In the book [13] the house example is selecting the house A for the Dis-
tributive Mode and house B for the Ideal Mode. This is not correct. Both
synthesis types should select house A.
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Chapter 3

Case Study: Always Best
Connected

To illustrate the ideas discussed above regarding decision making,
consider the following case study, in which a decision is performed
of how to select the best alternative with respect to the necessary
and best link. Two hierarchy groups and several criteria are iden-
tified in the process, as illustrated in Fig. 2.4. The decision process
is then further divided into several steps as follows:

1. Define the overall goal

2. Define the criteria

3. Perform pair-wise comparison of criteria

4. Check for consistency in the pair-wise comparison of criteria

5. Perform pair-wise comparison of alternatives

6. Decide which alternative to use

3.1 Define the Overall Goal

The objective is to find the proper link, which is most appropriate
to the requirements to the resources available and QoS. In this
case two goals are chosen; Benefits and Costs. The Benefits and
Costs are used to calculate the Preference Ratios and the link with
the highest preference ratio is selected.

15
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Always Best Connected 

Benefits Cost 

Preference 
Ratios 

Figure 3.1: Illustration of Always Best Connected

3.2 Define the Criteria

First we have to find metrics which are measurable and usable in
a decision model. In addition, there might be other criteria that
could be addressed which could be included later. The criteria for
benefits that are identified as important and of consideration in
this specific case study are:

• Initial Delay (ID): The setup time for a connection takes
time, in some systems more than others. According to Fiedler
et al. [26] the uplink for GPRS does have the lowest delay
(τ0 ≈ 0.5 s − 1.5 s) followed by the uplink UMTS (τ0 ≈
3.0 s − 4.5 s), downlink UMTS (τ0 ≈ 1.5 s − 7.0 s), and fi-
nally downlink GPRS (τ0 ≈ 0.5 s−12.5 s) for mobile wireless
cellular networks. The objective is to have as low ID as pos-
sible.

• Link Capacity (LC): Throughput, which is heavily depend-
ing on the LC, is thus one of the most essential enablers
for networked applications, if not the most important one.
While in general, throughput is defined on network or trans-
port level e.g. for User Datagram Protocol (UDP), the
application-perceived throughput reflects the perspective of
the application, i.e. captures the behavior of all commu-
nication stacks in-between the endpoints. Streaming multi-
media applications require some amount of throughput on a
regular basis. For an elastic application such as file trans-
fer, the achieved throughput determines the download time.
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For situation-dependent services, e.g. for Intelligent Trans-
port Systems and services (ITS), short response times are of
outmost importance, which is enabled by high throughput
values as well.

WLAN is the natural chose according to the best throughput
compared to UMTS and GPRS. Still, if several WLAN units
are available this could be a problem, the number of available
channels are limited. This was investigated by de Vendictis
et al. [27] among others. The fairness index defined by Jain et
al. [28] F (3.1) decreases and the ”capture effect” increases as
the number of monitor stations increases, there the Xi is the
throughput and the N is the total number of active mobile
stations.

F =

[

∑N

i=1 Xi

]2

[

N
∑N

i=1 X2
i

] (3.1)

In some cases the transmission is reduced to near zero be-
cause the Signal-to-Noise Ratio (SNR) is lower compared to
other links. Another issue is the number of available chan-
nels, see Fig. 3.2. In the case of 802.11b there are 13 available
channels inside the 2.4 GHz ISM-band, but only three non-
overlapping ones to choose between.
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Figure 3.2: Wireless Local Area Network 802.11b

Other research made by Bianchi [29] implied a performance
analysis of the IEEE 802.11 Distributed Coordination Function
(DCF). The DCF consists of two types of mechanisms: basic
access using a two-way handshake and request-to-send/clear-
to-send using a four way handshake. A general formula
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of normalized system throughput was stated regardless of
mechanism used (3.2).

S =
Ps · Ptr · E[P ]

(1 − Ptr)σ + Ptr · Ps · Ts + Ptr(1 − Ps)Tc

(3.2)

One interesting observation is that when using two simulta-
neous connection the total throughput performance increases
(two nodes ≈ 5.6 Mbps) even if respective device sense a de-
creased throughput. As expected when using several nodes
the overall throughput performance decrease (20 nodes ≈
5.0 Mbps).

UMTS has other boundaries like Spreading Factor (SF) which
decides the throughput at the end. A low value of the SF
means high throughput for few users and a high value of the
SF means low throughput for many users.

The GPRS throughput consists of three components; Cod-
ing Schemes (CS), time slots, and GSM networks (1800 /
1900 MHz or 900 MHz). GPRS does have another approach
using different numbers of slots. First, there exist four types
of CS ∈ {1, 2, 3, 4}, today only the first two are usually im-
plemented due to the implementation cost. The error cor-
rection for those CS are {high, medium, low, none}. Sec-
ond, there are maximum 8 slots available. Together with
these two first conditions, a table with the throughput is
provided, see Fiedler et al. [26]. Finally, depending on the
network type, Global System for Mobile Communications
(GSM) 900 MHz requires more base stations compared to
GSM 1800 / 1900 MHz and because of that more or less
slots are used. For the downlink the usual scenario is 4 slots
depending on the capacity of the base station which could
be reduced to only one slot. If the base station does have a
capacity problem voice does have priority over data.

• Direction Loss (DL): The packet loss for the UMTS (∼ 0 %)
and GPRS (≈ 0.0 − 0.6 %) uplink is very low according to
Fiedler et al. [26], and the packet loss high for UMTS (≈
0.0 − 8.7 %) and GPRS (≈ 0.0 − 19.9 %) downlink. The
objective is to have as low DL as possible.

The criteria for costs that are identified as important and of
consideration in this specific case study of Criteria for costs hier-
archy are:
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Benefits 

Initial Delays Link Capacity Direction Losses 

UMTS GPRS 
 

WLAN 

Figure 3.3: Hierarchy of benefits

• Monthly Pay (MP): Every subscription costs money, more or
less. It’s essential to chose the cheapest one. The objective
is to have as low MP as possible.

• Flat Rate (FR): Every provider does have a prize tag on the
amount of data being sent. The objective is to have as low
FR cost as possible.

• Covering Area (CA): Every provider does have different cov-
ering area goals. The objective is to have as high CA as
possible.

 

Costs 

Monthly Pay Flat Rate Covering Area 

UMTS GPRS 
 

WLAN 

Figure 3.4: Hierarchy of costs

Finally the goal, alternatives, and attributes are presented in
Table 3.1.
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Table 3.1: Setup parameters for the AHP

Goal

Always Best Connected

Alternatives

WLAN, UMTS, GPRS

Attributes

Benefits Initial Delay (ID)

Link Capacity (LC)

Direction Loss (DL)

Costs Monthly Pay (MP)

Flat Rate (FR)

Covering Area (CA)

3.3 Perform Pair-wise Comparison of

Criteria

Now when the hierarchical structure is defined, the next step is
to determine the relative importance between each criteria. The
AHP measures the strength of importance by pair-wise compar-
ison and creates a matrix. Therefore, of two compared criteria
which is more important with respect to the best alternative, and
how much more important is it? The scale value presented in Ta-
ble 2.1 is used to make such comparison. The data in Table 3.2
represents the pair-wise comparison matrix and how important is
the ith criteria compared with the j th criteria. For example, in
this case study the service used is based on a generic service called
streaming services (SS), the matrix ”benefits”, which should be in-
terpret as an benefit in the system, and the criteria link capacity
has the intensity of ”strong importance”compared to initial delays.
Hence, reciprocally, the direction losses has the intensity of ”very
strong” compared to initial delay. Finally, direction losses has the
intensity of ”moderate importance” compared to link capacity. Af-
ter the pair-wise matrix is calculated, each entry in column i is
divided by the sum of the entries in column i. This leads to the
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normalized matrix, as shown in Table 3.3, in which the sum of
each column is equal to one. Finally, by computing the average
for each row i, according to (2.4), the weights of the criteria and
their relative degree of importance is determined.

Table 3.2: Pair-wise comparison matrix of benefits

Benefits ID LC DL

Initial Delay 1 1/5 1/7

Link Capacity 5 1 1/3

Direction Loss 7 3 1

Sum 13.000 4.200 1.476

λmax = 3.065, C.I. = 0.032, C.R. = 0.062

Table 3.3: Normalized pair-wise comparison matrix with corre-
sponding weights of benefits

Benefits ID LC DL Weights

Initial Delay 0.077 0.048 0.097 0.074

Link Capacity 0.385 0.238 0.226 0.283

Direction Loss 0.538 0.714 0.677 0.643

Sum 1 1 1 1
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Next, is the the matrix ”costs”, see Table 3.4 and 3.5, which
should be interpret as an cost in the system. The flat rate has
the intensity of ”moderate importance” compared to monthly pay.
Next, monthly pay has the intensity of ”moderate importance”
compared to covering area. Finally, flat rate has the intensity
of ”strong importance” compared to covering area.

Table 3.4: Pair-wise comparison matrix of costs

Costs MP FR CA

Monthly Pay 1 1/3 3

Flat Rate 3 1 5

Covering Area 1/3 1/5 1

Sum 4.333 1.533 9.000

λmax = 3.039, C.I. = 0.019, C.R. = 0.037

Table 3.5: Normalized pair-wise comparison matrix with corre-
sponding weights of costs

Costs MP FR CA Weights

Monthly Pay 0.231 0.217 0.333 0.260

Flat Rate 0.692 0.652 0.556 0.633

Covering Area 0.077 0.130 0.111 0.106

Sum 1 1 1 1

3.4 Check for Consistency in the Pair-

wise Comparison of Criteria

It is fully possible that the construction of the pair-wise matrix is
inconsistent. This is especially true for high-order matrices. To
improve an inconsistent matrix, one can be forced to reconsider
pair-wise comparison until the consistency measure proves to be
satisfactory [30]. The AHP model contains a method to conclude
these inconsistencies by calculating the ratio from the determined
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consistency being tested to the consistency of the same problem
evaluated with random numbers as described in Table 2.2. If the
consistency ratio is less than 0.10, the degree of consistency is
satisfactory. However, if it is larger, inconsistencies may exist in
the matrix and the results might not be valid. As shown in Table
3.2 and 3.4 the C.R. is less than 0.10, thus the degree of consistency
is considered satisfactory.

3.5 Perform Pair-wise Comparison of

Alternatives

A pair-wise comparison of the different alternatives with respect to
the criteria and their local priorities are then given in Tables 3.6
and 3.7 for Initial Delay, Tables 3.8 and 3.9 for Link Capacity,
Tables 3.10 and 3.11 for Direction Loss, Tables 3.12 and 3.13 for
Monthly Pay, Tables 3.14 and 3.15 for Flat Rate, and finally Ta-
bles 3.16 and 3.17 for Covering Area in which each alternative
needs to be compared against to every criteria forming a pair-wise
comparison matrix.
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Table 3.6: Pair-wise comparison matrix of alternatives with re-
gards to benefits and Initial Delay

Benefits

Initial Delay WLAN UMTS GPRS

WLAN 1 9 7

UMTS 1/9 1 1/3

GPRS 1/7 3 1

Sum 1.254 13.000 8.333

λmax = 3.080, C.I. = 0.040, C.R. = 0.077

For Initial Delay (ID), see Tables 3.6, WLAN has the intensity of
”extreme importance” compared to UMTS. Next, WLAN has the
intensity of ”very strong importance” compared to GPRS. Finally,
GPRS has the intensity of ”moderate importance” compared to
UMTS.

Table 3.7: Normalized pair-wise comparison matrix of alternatives
with regards to benefits and Initial Delay

Benefits Normalized

Initial Delay WLAN UMTS GPRS

WLAN 0.797 0.692 0.840 0.777

UMTS 0.089 0.077 0.040 0.069

GPRS 0.114 0.231 0.120 0.155

Sum 1 1 1 1
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Table 3.8: Pair-wise comparison matrix of alternatives with re-
gards to benefits and Link Capacity

Benefits

Link Capacity WLAN UMTS GPRS

WLAN 1 5 9

UMTS 1/5 1 3

GPRS 1/9 1/3 1

Sum 1.311 6.333 13.000

λmax = 3.029, C.I. = 0.015, C.R. = 0.028

For Link Capacity (LC), see Tables 3.8, WLAN has the intensity of ”strong
importance” compared to UMTS. Next, WLAN has the intensity of ”extreme
importance” compared to GPRS. Finally, UMTS has the intensity of ”mod-
erate importance” compared to GPRS.

Table 3.9: Normalized pair-wise comparison matrix of alternatives
with regards to benefits and Link Capacity

Benefits Normalized

Link Capacity WLAN UMTS GPRS

WLAN 0.763 0.789 0.692 0.748

UMTS 0.153 0.158 0.231 0.180

GPRS 0.085 0.053 0.077 0.071

Sum 1 1 1 1
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Table 3.10: Pair-wise comparison matrix of alternatives with re-
gards to benefits and Direction Loss

Benefits

Direction Loss WLAN UMTS GPRS

WLAN 1 3 7

UMTS 1/3 1 3

GPRS 1/7 1/3 1

Sum 1.476 4.333 11.000

λmax = 3.007, C.I. = 0.004, C.R. = 0.007

For Direction Loss (DL), see Tables 3.10, WLAN has the intensity of ”moder-
ate importance” compared to UMTS. Next, WLAN has the intensity of ”very
strong importance” compared to GPRS. Finally, UMTS has the intensity of
”moderate importance” compared to GPRS.

Table 3.11: Normalized pair-wise comparison matrix of alterna-
tives with regards to benefits and Direction Loss

Benefits Normalized

Direction Loss WLAN UMTS GPRS

WLAN 0.677 0.692 0.636 0.669

UMTS 0.226 0.231 0.273 0.243

GPRS 0.097 0.077 0.091 0.088

Sum 1 1 1 1
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Table 3.12: Pair-wise comparison matrix of alternatives with re-
gards to costs and Monthly Pay

Costs

Monthly Pay WLAN UMTS GPRS

WLAN 1 9 7

UMTS 1/9 1 5

GPRS 1/7 1/5 1

Sum 1.254 10.200 13.000

λmax = 3.397, C.I. = 0.199, C.R. = 0.382

For Monthly Pay (MP), see Tables 3.12, WLAN has the intensity of ”extreme
importance” compared to UMTS. Next, WLAN has the intensity of ”very
strong importance” compared to GPRS. Finally, UMTS has the intensity of
”strong importance” compared to GPRS.

Table 3.13: Normalized pair-wise comparison matrix of alterna-
tives with regards to costs and Monthly Pay

Costs Normalized

Monthly Pay WLAN UMTS GPRS

WLAN 0.797 0.882 0.538 0.739

UMTS 0.089 0.098 0.385 0.190

GPRS 0.114 0.020 0.077 0.070

Sum 1 1 1 1
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Table 3.14: Pair-wise comparison matrix of alternatives with re-
gards to costs and Flat Rate

Costs

Flat Rate WLAN UMTS GPRS

WLAN 1 5 9

UMTS 1/5 1 5

GPRS 1/9 1/5 1

Sum 1.311 6.200 15.000

λmax = 3.117, C.I. = 0.059, C.R. = 0.113

For Flat Rate (FR), see Tables 3.14, WLAN has the intensity of ”strong
importance” compared to UMTS. Next, WLAN has the intensity of ”extreme
importance” compared to GPRS. Finally, UMTS has the intensity of ”strong
importance” compared to GPRS.

Table 3.15: Normalized pair-wise comparison matrix of alterna-
tives with regards to costs and Flat Rate

Costs Normalized

Flat Rate WLAN UMTS GPRS

WLAN 0.763 0.806 0.600 0.723

UMTS 0.153 0.161 0.333 0.216

GPRS 0.085 0.032 0.067 0.061

Sum 1 1 1 1
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Table 3.16: Pair-wise comparison matrix of alternatives with re-
gards to costs and Covering Area

Costs

Covering Area WLAN UMTS GPRS

WLAN 1 1/7 1/9

UMTS 7 1 1/5

GPRS 9 5 1

Sum 17.000 6.143 1.311

λmax = 3.208, C.I. = 0.104, C.R. = 0.200

For Covering Area (CA), see Tables 3.16, UMTS has the intensity of ”very
strong importance” compared to WLAN. Next, GPRS has the intensity of
”extreme importance” compared to WLAN. Finally, GPRS has the intensity
of ”strong importance” compared to UMTS.

Table 3.17: Normalized pair-wise comparison matrix of alterna-
tives with regards to costs and Covering Area

Costs Normalized

Covering Area WLAN UMTS GPRS

WLAN 0.059 0.023 0.085 0.056

UMTS 0.412 0.163 0.153 0.242

GPRS 0.529 0.814 0.763 0.702

Sum 1 1 1 1
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3.6 Decide Which Alternative to Use

The final step is to synthesize the priorities and select the most
desirable alternative. In this case the Distributive Mode is used.
Create a matrix that contains the weights of the alternatives with
respect to each criterion and multiply each column of matrix by
the weights of the corresponding criterion and add across each row,
as describe in equation (2.5), see Tables 3.18 and 3.19.

Table 3.18: Synthesis of benefits

Benefits ID LC DL

Weights 0.074 0.283 0.643

WLAN 0.777 0.748 0.669 1.713

UMTS 0.069 0.180 0.243 0.352

GPRS 0.155 0.071 0.088 0.254

Table 3.19: Synthesis of costs

Costs MP FR CA

Weights 0.260 0.633 0.106

WLAN 0.739 0.723 0.056 1.080

UMTS 0.190 0.216 0.242 0.502

GPRS 0.070 0.061 0.702 0.728
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Finally the preference ratios of benefits and costs are used with
element-wise division, see Table 3.20. Benefits / Costs = Prefer-
ence Ratios. The WLAN is the best choice followed by UMTS and
last GPRS.

Table 3.20: Benefits/Cost Preference Ratios

WLAN UMTS GPRS

Benefits 1.713 0.352 0.254

Costs 1.080 0.502 0.728

Preference Ratios 1.587 0.702 0.348

3.7 Summary

This chapter presents a practical decision model to determine the
best link due to the trade off between metrics and performance.
The method is based on a MCDM, namely the AHP, which is a
well-known methodology. From the outcome of the model it is
possible to offer necessary bandwidth and to help users to choose
the correct and most efficient decision of the links available based
on desirable QoS. A case study was performed to decide which dif-
ferent link to choose based on a few alternatives: WLAN, UMTS,
and GPRS. The case study further contained a couple of criteria
that was prioritized with respect to the overall goal of ABC and
other metrics and also weighted against the alternatives. Finally
in the case study, the proper link was selected after the relative
judgment and calculations.
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Chapter 4

Conclusions and Future
Work

Establishing QoS by maintaining the throughput and quality of the
selected service is very important to a user. To go even further, the
provisioning of QoS should still work in a mobile environment and
seamless communications. This means that the end user expects
that all effort is put into the selection of the best link to provide
the best decision application-QoS.

The method described in this report is normally used for man-
agement and business decision in which the human aspect is in-
volved to determine the importance between different criteria and
alternatives. However, we have shown that the decision method
is useful even for a technical application in the data / telecom-
munication area to determine the appropriate connection between
three alternatives. It is of interest to continue with this work and
construct a hierarchy that contains additional alternatives and cri-
teria. Moreover, an adaptive method that could determine the
proper link in a real time environment is also desirable.

As the AHP heavily depends on human perception and grading
between two different criteria. Some method on transforming met-
ric results from a criterion to a decision method could be suitable
in these situations. Fuzzy Sets could be the glue between these
constrains which in some degree is being solved by a subjective
judgment in present situations for the AHP.

33





Bibliography

[1] T.L. Saaty. The Analytic Hierarcy Process. McGraw-Hill,
New York, 1980.

[2] T. Sutinen and T. Ojala. Case Study in Assessing Subjective
QoS of a Mobile Multimedia Web Service in a Real Multi-
access Network. In Thirteenth International Workshop on
Quality of Service, Passau, Germany, 2005.

[3] G.A. Miller. The magical number seven, plus or minus two:
Some limits on our capacity for processing information. In
Psychological Review, volume 63 (2), pages 81–97, 1956.

[4] R.T. Kellogg. Cognitive Psychology. SAGA Publications Ltd,
London, 1997.

[5] R. Likert. A technique for the measurement of attitudes. In
Archives in Psychology, pages 1–55, 1932.

[6] J. Jacob and M. Matell. Three Point Likert Scales Are Good
Enough. In Journal of Marketing Research, volume 8, pages
495–500, 1971.

[7] L. Chang. A psychometric evaluation of 4-point and 6-point
Likert-type scales in relation to reliability and validity. In
Applied Psychological Measurement, volume 18, pages 205–
216, 1994.

[8] D.R. Anderson, D.J. Sweeney, and T.A. Williams. Quantita-
tive Methods for Business. Thompson / South-Western, Ma-
son, OH, 9th edition, 2004.

[9] T.L. Saaty. How to make a decision: The analytic hierarchy
process. European Journal of Operational Research, 48(1):9–
26, 1990.

35



36 Bibliography

[10] T.L. Saaty. Homogeneity and clustering in AHP ensures the
validity of the scale. European Journal of Operational Re-
search, 72:598–601, 1994.

[11] T.L. Saaty and L.G. Vargas. The Logic of Priorities. Kluwer
Nijhoff Publishing, Boston, 1982.

[12] T.L. Saaty and M.S. Ozdemir. Negative priorities in the an-
alytic hierarchy process. Mathematical and Computer Mod-
elling, 37:1063–1075, 2003.

[13] T.L. Saaty and L.G. Vargas. Models, Methods, Concepts &
Applications of the Analytic Hierarchy Process. Kluwer Aca-
demic Publishing, Dordrecht the Netherlands, 2001.

[14] M. Svahnberg, C. Wohlin, L. Lundberg, and M. Mattsson. A
method for understanding quality attributes in software ar-
chitecture structures. In SEKE ’02: Proceedings of the 14th
international conference on Software engineering and knowl-
edge engineering, pages 819–826, New York, NY, USA, 2002.
ACM Press.

[15] J. Karlsson and K. Ryan. A cost-value approach for prioritiz-
ing requirements. IEEE-SOFTWARE, 14(5):67–74, Septem-
ber/October 1997.

[16] J. Karlsson, C. Wohlin, and B. Regnell. An evaluation of
methods for prioritizing software requirements. volume 39(14-
15), pages 939–947, 1997.

[17] M. Svahnberg. An industrial study on building consensus
around software architectures and quality attributes. Infor-
mation & Software Technology, 46(12):805–818, 2004.

[18] InfoHarvest, Criterium DecisionPlus.
http://www.infoharvest.com (Checked 2005-09-02).

[19] Arlingon Software Corporation, ERGO.
http://www.arlingsoft.com (Checked 2005-09-02).

[20] Helsinki University of Technology, HIPRE+: The Analytic
Hierarchy Process (AHP) and The Simple Multiattribute Rat-
ing Technique (SMART).
http://www.sal.hut.fi (Checked 2005-09-02).



Bibliography 37

[21] Krysalis Ltd., OnBalance.
http://www.krysalis.co.uk (Checked 2005-09-02).

[22] Catalyze Ltd., Hiview.
http://www.catalyze.co.uk (Checked 2005-09-02).

[23] L.A. Zadeh. Fuzzy sets. In Proceedings of Inform. Control 8,
1965.

[24] Z. Pawlak. Why rough sets? In Proceedings of 1996 IEEE
International Conference on Fuzzy Systems., Piscataway, NJ:
IEEE, pages 738-743, ul. Baltycka 5, 44000 Gliwice, Poland,
1996.

[25] T.L. Saaty and M.S. Ozdemir. Why the magic number seven
plus or minus two. Mathematical and Computer Modelling,
38:233–244, 2003.

[26] M. Fiedler, L. Isaksson, S. Chevul, J. Karlsson, and P. Lind-
berg. Measurements and Analysis of Application-Perceived
Throughput via Mobile Links. In Proceedings of the 2005 3ed
Performance Modeling and Evaluation of Heterogeneous Net-
works (HET-NETs) T06, Ilkley, West Yorkshire, U.K., 2005.

[27] A. de Vendictis, F. Vacirca, and A. Baiocchi. Experimental
Analysis of TCP and UDP Traffic Performance over Infra-
structured 802.11b WLANs. In Proceedings of the Interna-
tional Seminar on Telecommunication Networks and Teletraf-
fic Theory, COST279 TD(04)033, Ghent, Belgium, 2004.

[28] R. Jain, A. Durresi, and G. Babic. Throughput Fairness In-
dex: An Explanation. In ATM Forum/99-0045, February
1999.

[29] G. Bianchi. Performance Analysis of the IEEE 802.11 Dis-
tributed Coordination Function. In IEEE Journal on se-
lected areas in communications, volume 18(3), pages 535–547,
March 2000.

[30] P. Harker. An analytic hierarchy approach for the determi-
nation of interregional migration patterns, presented at the
Association of American Geographers annual meeting, Wash-
ington D.C., April 22-25, 1984.





Appendix A

Choosing The Best House

In this Appendix, an examples of how a decision could be syn-
thesized in two ways by using the distributive mode or the ideal
mode, is given, which was taken from the book [13], with some
corrections. The following criterion was used; 1) size of house, 2)
transportation, 3) neighborhood, 4) age of house, 5) yard space,
6) modern facilities, 7) general condition, 8) financing.
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Table A.1: Pair-wise comparison matrix of criterion with normalized weights

Priority

1 2 3 4 5 6 7 8 Vector

1 1 5 3 7 6 6 1/3 1/4 0.174

2 1/5 1 1/3 5 3 3 1/5 1/7 0.066

3 1/3 3 1 6 3 4 6 1/5 0.170

4 1/7 1/5 1/6 1 1/3 1/4 1/7 1/8 0.019

5 1/6 1/3 1/3 3 1 1/2 1/5 1/6 0.035

6 1/6 1/3 1/4 4 2 1 1/5 1/6 0.044

7 3 5 1/6 7 5 5 1 1/2 0.178

8 4 7 5 8 6 6 2 1 0.312

Sum 9.010 21.867 10.250 41.000 26.333 25.750 10.076 2.551

λmax = 9.669, C.I. = 0.238, C.R. = 0.170
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Table A.2: Pairwise Comparison Matrix for Size of House

Normalized Idealized

House A B C Priorities Priorities

A 1 6 8 0.739 1.000

B 1/6 1 4 0.192 0.259

C 1/8 1/4 1 0.069 0.094

Sum 1.292 7.250 13.000

λmax = 3.136, C.I. = 0.068, C.R. = 0.130

Table A.3: Pairwise Comparison Matrix for Transportation

Normalized Idealized

House A B C Priorities Priorities

A 1 7 1/5 0.250 0.363

B 1/7 1 1/8 0.060 0.087

C 5 8 1 0.690 1.000

Sum 6.143 16.000 1.325

λmax = 3.247, C.I. = 0.123, C.R. = 0.237



42 Appendix A

Table A.4: Pairwise Comparison Matrix for Neighborhood

Normalized Idealized

House A B C Priorities Priorities

A 1 8 6 0.739 1.000

B 1/8 1 1/4 0.069 0.094

C 1/6 4 1 0.192 0.259

Sum 1.292 13.000 7.250

λmax = 3.136, C.I. = 0.068, C.R. = 0.130

Table A.5: Pairwise Comparison Matrix for Age of House

Normalized Idealized

House A B C Priorities Priorities

A 1 1 1 0.333 1.000

B 1 1 1 0.333 1.000

C 1 1 1 0.333 1.000

Sum 3.000 3.000 3.000

λmax = 3.000, C.I. = -0.000, C.R. = -0.000

Table A.6: Pairwise Comparison Matrix for Yard Space

Normalized Idealized

House A B C Priorities Priorities

A 1 5 4 0.665 1.000

B 1/5 1 1/3 0.104 0.156

C 1/4 3 1 0.231 0.347

Sum 1.450 9.000 5.333

λmax = 3.086, C.I. = 0.043, C.R. = 0.082
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Table A.7: Pairwise Comparison Matrix for Modern Facilities

Normalized Idealized

House A B C Priorities Priorities

A 1 8 6 0.726 1.000

B 1/8 1 1/5 0.065 0.090

C 1/6 5 1 0.208 0.287

Sum 1.292 14.000 7.200

λmax = 3.197, C.I. = 0.099, C.R. = 0.190

Table A.8: Pairwise Comparison Matrix for General Condition

Normalized Idealized

House A B C Priorities Priorities

A 1 1/2 1/2 0.200 0.500

B 2 1 1 0.400 1.000

C 2 1 1 0.400 1.000

Sum 5.000 2.500 2.500

λmax = 3.000, C.I. = -0.000, C.R. = -0.000

Table A.9: Pairwise Comparison Matrix for Financing

Normalized Idealized

House A B C Priorities Priorities

A 1 1/7 1/5 0.074 0.115

B 7 1 3 0.643 1.000

C 5 1/3 1 0.283 0.440

Sum 13.000 1.476 4.200

λmax = 3.065, C.I. = 0.032, C.R. = 0.062
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Table A.10: Synthesis for Distributive Mode

Normalized

1 2 3 4 5 6 7 8 Priorities

0.174 0.066 0.170 0.019 0.035 0.044 0.178 0.312

A 0.739 0.250 0.739 0.333 0.665 0.726 0.200 0.074 0.473

B 0.192 0.060 0.069 0.333 0.104 0.065 0.400 0.643 0.223

C 0.069 0.690 0.192 0.333 0.231 0.208 0.400 0.283 0.304
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Table A.11: Synthesis for Ideal Mode

Normalized

1 2 3 4 5 6 7 8 Priorities

A 1.000 0.363 1.000 1.000 1.000 1.000 0.500 0.115 0.424

B 0.259 0.087 0.094 1.000 0.156 0.090 1.000 1.000 0.262

C 0.094 1.000 0.259 1.000 0.347 0.287 1.000 0.440 0.314




