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A COMPUTATIONAL-BASED METHODOLOGY FOR THE
RAPID DETERMINATION OF INITIAL AP LOCATION FOR
WLAN DEPLOYMENT

1. INTRODUCTION
1.1. Wireless Local Area Networks Basics
A Wireless Local Area Network (WLAN) is composed of two distinct
network systems: a wired Local Area Network (LAN) and a wireless network, as
depicted in Figure 1. Traditional wired LANs are composed of one or more host
computers (also called servers), workstations, printers, etc., which are connected via

network cables (e.g., Ethernet). If the wired LAN needs to be expanded, additional

network cable is required to allow new components to communicate through the
network. Wireless LANs are an indispensable adjunct to traditional wired LANs to

satisfy requirements for mobility, relocation, ad hoc networking, and coverage of
locations difficult to wire.
In general,

a wireless LAN architecture includes two fundamental

components: one or more base stations or transceivers (commonly referred to as
access points) and a multitude of mobile devices equipped with radio cards (RCs).

An access point (AP) is a hardware device that is attached to the wired LAN and
allows a mobile device to access the resources available in the system.

Laptop

Local Area Network (LAN)

Wireless Network

Figure 1. Example of a Wireless Local Area Network (WLAN)

Communication between the mobile device and the AP is achieved via the

RC, which is installed in the mobile device. Once the appropriate configuration
parameters have been set on both the APs and RCs, data can be transferred between

the traditional wired LAN and its wireless counterpart. Figure 2 depicts an example
of an AP and an RC.

I
/
a) Access Point

b) Radio Card

Figure 2. WLAN devices (source: www.symbol.com)
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The type of mobile devices used in a WLAN depends heavily on the
application environment.

Laptops are common in office environments, whereas

handheld bar code scanners (or portable data terminals, PDTs) and personal digital
assistants (PDAs) are typical in retail and industrial environments (e.g., warehouses).

In recent years, the market for WLANs has experienced tremendous growth
and this trend is expected to continue in the future. Market forecasts indicate that in

North America only the number of frequent WLAN users will increase from 4.2
million in 2003 to 31 million in 2007 (Gartner Press Release, 2003). Worldwide, the
number of shipments of WLAN equipment will almost triple in the same time frame
(Gartner Press Room, 2003).

The success and acceptance of WLAN equipment is due to the mobility,

efficiency, accuracy, and reduction in cost that result with its installation.
Applications of this technology, from real-time inventory control to reduced material

handling, can be found in industrial, warehouse, office, and even hospital
environments.

The advantages offered by WLANs are multiple; however, the

adequate performance of a WLAN-based system depends largely on a careful and
adequate system design.

Prasad et al. (2001) present a comprehensive set of guidelines for the design,

deployment and evaluation of 802.11-based WLANs. They state that an adequate

system design should take into consideration the coverage, cell and frequency
planning, interference, power management and data rate. Each one of these design

aspects depends on the number and location of APs. As stated above, an AP is the

component of a WLAN system that coimects the wired and wireless sections of a
WLAN. Placing the APs in "optimal" locations would improve the performance of
the network in a variety of aspects, from the coverage of the cells to the battery life
of the client units (Aboihassani et al., 2002).

Therefore, optimizing the location of base stations within a facility is a very

critical design factor. Currently, the most common procedure to try to optimize the
location of the APs in a WLAN installation is performed by a WLAN specialist and
it is very labor-intensive. This procedure is known as a "site survey."
1.2. The Site Survey

This section describes the process followed to perform a site survey. The
contents of this section are a compilation of information found in Gast (2002), Cisco
Systems (2003), and Symbol Technologies (2000).

The site survey process begins by determining initial trial locations for one or

more APs. These initial trial locations are selected based on the floor plan of the
areas that require coverage and the typical coverage radius of the specific APs to be
located. Table 1 shows values for the typical maximum coverage radius for different

types of environments. Besides the physical environment, other important factors

that should be taken into consideration are antenna type (e.g., omnidirectional,
directional, parabolic), obstructions that might not be indicated in the floor plans

(e.g., metallic shelving), and the RF characteristics of the building materials of the
facility (e.g., whitewall vs. concrete).

Table 1. Typical maximum coverage radius of APs for different environments
Environment

Typical maximum
coverage radius (feet)

Closed office
Open Office (cubicles)
Hallways and large rooms
Outdoors

50-60
90
150

300

The next step in the process is to perform the actual site survey, which consist

of refining the initial trial locations of the APs that were selected in the previous
step. This refinement is achieved by trial and error. The APs are placed in the trial
locations and their position is adjusted as needed based on the quality of the radio
signal received by the mobile unit. The quality of this radio signal could be affected

by unforeseen obstructions or active interference sources.

To ensure that the

environment where the network will have to exist is represented accurately, it is very

critical to perform the site survey with the radio link in operation and with known
sources of active interference functioning normally.

A site survey should always assess the following metrics of a WLAN
network installation:
1.

The "optimal" or best locations found for the APs and resulting coverage.

2. The actual number of users the WLAN system will support, along with
the actual throughput (in bits per second or a similar unit) and error rates

in various positions within the facility. This information becomes critical

especially in those zones that require the presence of a high number of
users.

3. The actual number of APs required. More or less APs than originally
planned could be necessary.

4. The performance characteristics of the actual customer applications that
will operate in the network.

The values of the site survey metrics described above are the driving and
deciding factors in performing the adjustments to the initial trial locations of the

APs. As with any design exercise, the process is of an iterative nature, i.e., the
locations of the APs could potentially have to be adjusted, evaluated, and readjusted
several times until a satisfactory solution to the problem is found.

1.3. Site Survey Equipment
The equipment used to perform a site survey varies significantly and could
consist of dedicated, highly specialized (and very expensive) hardware that collects

the necessary data. However, most commercially available RCs can be used in
conjunction with a piece of software (called the site survey tool) that runs on a laptop

computer. This tool may have different features depending on the vendor, but almost
all have the required characteristics to adequately perform a site survey.
The main measurements for signal quality taken while performing a site survey
could be one or more of the following:
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1.

Signal strength. Expressed either in decibel-miliwatts (dBm) or in a

mathematically derived unit of strength called the Received Signal
Strength Indication (RSSI). Accompanying this measure, a reading of the
noise level or a signal-to-noise ratio (SNR) can also be found.
2. Packet Error Rate (PER). Percentage of frames in error, without taking

into consideration retransmissions. A common practice is to try to keep
the PER below 8% to achieve acceptable WLAN performance.
3.

Multipath Time Dispersion. Degree to which a signal is dispersed in
time due to the difference in the lengths of the different paths followed by

the same signal. A higher time delay makes a signal harder to decode,
hence producing a higher PER. In addition, higher time delays also imply
lower attainable throughputs.

If a potentially problematic source of interference is found while performing
the site survey process, the use of a spectrum analyzer might be particularly useful.

In conclusion, a site survey is a very time- and energy-consuming process
that requires measuring signal quality several times after each small adjustment to
the location or configuration of the APs is performed. Therefore, more efficient and

faster methodologies to determine the number, location, and resulting coverage of
APs are needed.
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1.4. Research Objective
According to the literature review performed in this research, there is not a

single computational tool that encompasses all the main aspects involved in the
problem of placing 802.1 lb-compliant APs. Some computational tools take into

consideration the propagation and coverage characteristics of the design while
ignoring transmission power concerns. Other tools do the exact opposite. Therefore,

the main objective of this research is to improve current methodologies for the
optimal or near-optimal placement of APs in a WLAN installation.

To achieve this objective, several improvements and additions were made to
an existing computational tool, originally developed by Adickes (1997), to reflect the

changes and improvements that WLAN equipment has experienced in recent years.
Adickes' computational tool modeled older IEEE 802.11-compliant technology and
therefore was outdated.

A secondary objective of the present research was to provide a practical tool
to aid in the deployment of WLAN systems by providing high quality solutions in a

shorter time than that spent in performing the labor-intensive, time-consuming site
survey evaluation.

1.5. Contribution
This research extended the work performed by Adickes (1997) by updating and

improving the AP placement software and the underlying theoretical principles

applied by the author to develop it. Specifically, the improvements and updates
made to the computational tool include:
1.

Addition of the capability to handle multiple power levels for the APs, as
opposed to a single-power approach.

2.

Implementation of a more adequate and precise representation of the
passive interference sources for the path loss calculations.

3. Definition of a termination criterion to achieve reasonable computational

times without compromising the quality of the solution.
4. Creation of an input method for the capacity constraints via an ASCII

initialization file. The capacity constraints were previously hard-coded in
the source code of the computational tool.
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2. BACKGROUND AND LITERATURE REVIEW
This section is organized as follows. The modeling of RF propagation for
indoor wireless communications is presented in Section 2.1. Section 2.2 presents a

survey of different methods that have been employed to solve the problem of AP
placement optimization. In Section 2.3, frequency allocation and reuse as it applies
to 802.11b WLAN technology is discussed. The advantages and disadvantages of a
coverage-oriented versus a throughput-oriented cell design are presented in Section
2.4. Finally, Section 2.5 presents the specific problem proposed for this thesis.

2.1. RF Propagation Modeling for Indoor Wireless
Communications
Understanding the propagation medium and the way propagation is affected
in the medium is the first step towards achieving a successful communication system

and an optimal location for the APs (Prasad et al., 2001). In the present case, the
medium is the air and signal propagation is affected by such factors as atmospheric
conditions (e.g., temperature and humidity) and the surrounding environment (e.g.,
walls, partitions, and metal obstacles).

Several approaches have been taken to model the propagation of radio waves

in indoor environments. A commonly used approach is the multi-breakpoint model.
This technique assumes piecewise continuous functions for the path loss, which are

linear functions of the logarithm of the distance (Prasad et al., 2001; Stein, 1998).

Other approaches employ a ray tracing technique combined with some other
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technique to find the paths that radio waves will follow.

Examples of these

techniques include direct transmitted ray (Tamg and Liu, 1999; Kobayashi et al.,

2000) and uniform theory of diffraction (Ji et al., 2001). However, the major

disadvantage of conventional ray tracing is that it is very computationallydemanding and time-consuming.

Seidel and Rappaport (1992) developed a statistical approach to modeling

path loss that uses minimal ray tracing methods. Their research describes both
distance-dependent and partition-dependent models for single-floor and multi-floor
environments. In both types of models, the path loss (expressed in dB) experienced

by a signal traveling through the facility is equal to a mean path loss plus a random

variable with mean equal to zero and a given standard deviation. This random
variable follows a log-normal distribution.

The difference between distance-dependent and partition-dependent models

lies in the way the mean path loss is calculated. The distance-dependent model
calculates the path loss at a given distance d,

PL(do)dB + lOx

Z(d),

with the following equations:

n xloio[_J

(1)

42j'\2
PL(do)dB

=10xlog10

(2)
J

where:
d0

PL(do)

= reference distance of 1 m,
= free space path loss at the reference distance,
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2

= wavelength of the carrier wave, and
mean path loss exponent.

n

The mean path loss exponent

n is,

along with the standard deviation of the

log-normal distribution, a function of the environment itself, and it is calculated from

empirical measurements as a regression parameter to maximize the fit. An exponent

of n equal to 2 indicates that there is free space propagation. A higher exponent is a
sign of a more obstructed environment. A smaller exponent is plausible in places
that cause wave-guiding effects, such as hallways. The exponent is more accurate in

the predictions (i.e., smaller standard deviation) when it is calculated for a smaller,
more specific area of the facility rather than for a larger one. For example, it is more

accurate for the west wing of the fourth floor of a building than for the whole
building.

The partition-dependent model calculates the path loss at a given distance d,
Z(d),

using the following equation:
N

PL(d)dB

2

(3)
i=1

where:
20 x log10

Li
B

free space loss due to the distance traveled by the
signal
= attenuation factor (in dB) that the signal
experiences when going through the 1th obstruction.
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Each type of obstruction (e.g., concrete wall or floor) has its own attenuation
factor depending on the type of material it is made of, its thickness, permittivity, and
other physical characteristics of the material.

The data used by Seidel and Rappaport (1992) were measurements of signal
strength taken in a grocery store, a retail store, and two office buildings. A 914 MHz

narrow-band signal was used in the experiments.

The measurements were

continuously taken along a 12 m track, creating a received power versus distance
profile. Then, the median received power over a distance of 20X was calculated and

became a discrete measurement point. The 20X distance was chosen in order to

eliminate the influence of small scale fading masking the large scale path loss.
Additionally, their preliminary work had shown that the measurements were not
correlated if the 20X distance was used between data collection points. Regression
analyses were performed on the collected data to estimate key regression parameters

for the propagation models and to maximize their fit. The estimated propagation
models parameters were the path loss exponent n, the standard deviation of the lognormal distribution, and the average attenuation factors due to obstacles crossed by
the signal.

Seidel and Rappaport (1992) stress that in spite of the fact that all their
measurements were done at 914 MHz, the same-floor (or single-floor) model that

resulted from their research can be used to model the propagation behavior of
frequencies ranging from 1 to 5 GHz. They also single out spread spectrum as a
technology suitable for the application of their model.
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The literature shows, however, that not everybody agrees that the Seidel and

Rappaport model accurately represents the propagation of radio waves traveling
through indoor environments.

Chiu and Lin (1996) claim that Seidel and

Rappaport's partition-dependent model is somehow simplistic for the task because

the partition-dependent term of the equation does not represent reality accurately.

This is due to the fact that the model has a fixed value of path loss that the signal
experiences each time it crosses an obstacle. Their main argument is that as the

number of obstacles crossed increases, the path loss is affected not only by
transmission, as originally proposed, but also by reflection and diffraction. In order

to account for these phenomena, the partition-dependent term of Chiu and Lin's

model adds progressively smaller contributions of path loss as the number of
obstacles increases.

Similar findings had already been made by Törnevik et al. (1993), who
observed that in multi-floor environments the attenuation factors due to walls and
floors decreased as the number of floors that the signal has crossed increases. In

such obstruction and distance conditions, multipath propagation gives a higher
contribution to the actual received signal power. In their multi-floor model, Seidel
and Rappaport assigned attenuation factors that were incrementally smaller for each
additional floor. They stated that multipath could be the reason for the difference but

they ignored the phenomenon in the same-floor model. However, it is not expected

that multipath will pose a problem to the model proposed in this thesis, since the
multipath dispersion in the 2.4 GHz band is relatively small compared to the bit-
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period (Chadwick,

1995),

and the emphasis of the present research is in single-floor

modeling.

In spite of the aforementioned weaknesses of the Seidel and Rappaport model

for predicting path loss, it has been proven to obtain successful results in several
experiments and research performed on the field (Stamatelos and Ephremides,

1996;

Tang et al., 1997; Tarng and Liu, 1999; Tang et al., 2001; Adickes et al., 2002).
Therefore, Seidel and Rappaport's model will be employed in this research.

2.2. Placement Optimization Method
The placement method chosen to achieve optimal or near-optimal locations

for the APs will play a significant role in the eventual performance of a WLAN.

Typically, a trained individual (e.g., an RF engineer) performs a site survey to

determine these locations (see Section 1.2). A site survey is a very time- and
resource-consuming process with a high probability of yielding only sub-optimal
solutions that might not provide the system performance that is desired.

Table 2 shows recent research efforts that have addressed the AP placement

optimization problem and the approach they have followed. The last colunm in
Table 2 indicates the type of treatment given in these studies to the design space, i.e.,
continuous or discrete.
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Table 2. Optimization methods used by different research groups in addressing the
AP placement for indoor WLANs problem, along with treatment given to space
Method(s) used
Steepest descent

Type of space
considered
Continuous

Stamatelos and
Ephremides, 1996

Downhill simplex

Continuous

Neural networks

Discrete

Tang et al., 1997

Hierarchical genetic algorithm

Discrete

Dai, 1998

Seriable L-system

Continuous

Fruhwirth and Brisset,
2000

Geometric methods

Discrete

Rodrigues et al., 2000

Integer linear programming

Discrete

Kobayashi Ct al., 2000

Simulated annealing

Discrete

Nagy and Farkas, 2000

Simple genetic algorithm

Discrete

Martinez et al., 2000

Nelder-Mead

Continuous

Aguado Agelet et al., 2000

Bundle method

Continuous

Tang et al., 2001

Hierarchical genetic algorithm

Discrete

Adickes et al., 2002

Hierarchical genetic algorithm

Discrete

Research team

Steepest descent

Quasi-Newton
Simplex
Ji et al., 2002

Hooke and Jeeves'

Continuous

Rosenbrock
Simulated annealing
Genetic Algorithm

Modified Sebestyen algorithm
Abolhassani et al., 2002

Hybrid of genetic and K-means

Discrete

Algorithms

Prommak et al., 2002

Exhaustive Search

Discrete

A continuous treatment of the design space results in a constrained
optimization problem, since the locations can vary within a continuum ranging from
zero to a given maximum distance dictated by the facility layout. Treating the design
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space as discrete results in a combinatorial problem since a given number of suitable

locations for the APs have to be chosen from a larger, pre-defined set of locations

that represent the design space (Stamatelos and Ephremides, 1996). In the cases

where there is more than one method listed in the table for a particular study, the

objective of the research was to compare the relative ability of the different
algorithms and methods to resolve the problem in a given scenario.

Most of the studies shown in Table 2 cite the AP placement problem as being

extremely complicated and one that can be proven to be NP-hard. This explains the

results reported by Ji et al. (2002), which indicated the superiority of nonconventional optimization methods such as genetic algorithms and simulated
annealing for solving complicated scenarios, over the more mathematically strict
methods, like steepest descent or the simplex method. As evidenced in the studies

shown in Table 2, as well as in numerous articles found in the literature, nonconventional artificial intelligence methods have been widely used to solve NPcomplete and NP-hard problems such as the AP placement problem and similar or
related problems that have the same level of complexity.

The focus of the present thesis will be the work done by Adickes (1997),

which in turn served as a basis for the published work of Adickes et al. (2002).
Adickes' multi-objective hierarchical genetic algorithm proved to be a useful tool in

solving the problem at hand. In his research, the problems solved by Tang et al.

(1997) were used for validation purposes.

It was found that Adickes' genetic

algorithm performed slightly better than Tang's. In fact, both hierarchical genetic
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algorithms are very similar, except that Tang's algorithm is strictly concerned with
the optimization regarding coverage and path loss in the facility, whereas Adickes'

algorithm also takes into consideration the throughput requirements in different
regions of the facility. Considering the throughput (or capacity) requirements of a

WLAN in the design phase is an advantage, as it will be explained in a subsequent
section of the literature review.

2.3. Frequency Channel Allocation
The IEEE 802.11b technology operates in the license-free 2.4 GHz Industrial,

Scientific and Medical (ISM) frequency band. In the U.S., this frequency band is
then divided into a total of 11, 22-MHz channels available for communications. The

separation between the center frequencies of adjacent channels is 5 MHz. (Huotari,
2002).

Conflicting information can be found regarding the required separation of

center frequencies of channels used for communication in co-located APs. The
separation chosen between channels ought to be large enough to avoid interference

between the APs. On one hand, the conservative recommendation and common

practice in the U.S. is to use a 5-channel or 25 MHz separation, leaving 3
independent channels with enough separation and buffer zones between them. These

are channels 1, 6, and 11 (Geier, 2002; Dell White Paper, 2001). On the other hand,

results can be found that show that in order for two adjacent cells to be used
independently without interference problems, a minimum distance of 15 MHz or 3

channels has to exist between their center frequencies. The 3-channel separation

offers an overlap of less than 5% due to the power distribution that occurs when
spreading the signal for transmission.

Figure 3 presents the power distribution versus frequency for two channels

with a) 25 MHz separation, and b) 15 MHz separation. Notice that the power
distribution resulting from the spreading of the signal places little power towards the

borders of the channel. If cells overlap completely, channel separation ought to be

25 MHz or 5 channels (Rodrigues et al., 2000; Prasad et al., 2001, Louderback,
2002). Thus, the channels that can be safely used in the U.S. for neighboring cells
are channels 1, 4, 8, and 11. A list of channel availability in different regions of the
World is presented in Table 3 (Prasad et al., 2001).
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Power

a)

Frequency
Power

b)

Frequency

Figure 3. Power distribution versus frequency for two 802.1 lb communication
channels separated by a) 25 MHz, and b) 15 MHz

Table 3. Channel availability in different regions of the World

Region
US
Europe
France
Spain
Japan

Channels
available
11

13

4
2
14

Frequencies (MHz)
2412,2417, ... 2462
2412, 2417, ... 2472
2457, 2462, 2467, 2472
2457, 2462
2412,2417, ... 2484

Number of
channels with 25
MHz separation

Number of
channels with 15
MHz separation

3

4

3

5

1

2

1

1

3

5
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2.4. Coverage-Oriented Cell Design vs. Throughput-Oriented Cell
Design
Two different approaches are typically employed when a new WLAN system

is deployed. The first approach, known as coverage-oriented, aims at ensuring

coverage of the service region.

Therefore, the resulting WLAN installation will

portray larger cell sizes that result in lower aggregate throughput. A "cell" is the

region of the facility that can be covered by a single AP. The advantage of this
approach is that it requires less APs, which translates in a lower overall cost.

The second approach, known as throughput-oriented, attempts to meet the

throughput requirements of the coverage region. In this approach, the WLAN
installation will have smaller cells and more APs, thus increasing the total cost of the
system (Prasad et al. 2001).

An attempt to minimize the number of APs to reduce the overall cost of the
system might no longer be a concern, given the current decline in prices of WLAN

equipment (Prommak et al., 2002).

Pronimak et al., also indicate that as the

network's size and traffic demands grow, the throughput-oriented approach becomes
even more important, displacing the coverage-oriented approach. On the other hand,

having too many APs in a WLAN installation has a negative effect on the
performance of the system due to the interference and frequency reuse problem
mentioned in Section 2.3. The degradation in the performance of the network is a

high price to pay when the cell planning does not take all these details into
consideration.
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A closer view of the work of Prommak et al., shows that they not only take
into consideration both the throughput requirements and the channel allocation (with

the 3 independent channels approach), but they also used different power levels for
the mobile units to transmit. They attack the proven NP-hard problem as a constraint

satisfaction problem rather than as an optimization problem, performing an
exhaustive search of the solution space. However, they estimate the path loss using

only a log-distance model that does not take into consideration any effect in the
signal due to the partitions and obstructions that it has to overcome. The result is a

perfectly circular cell that constitutes a poor approximation of the real shape of
coverage cells, as has been proven by other relevant studies (Skidmore et al., 1996;
Tarng and Liu, 1999).

2.5. Proposed Problem for Present Thesis
The goal of this thesis was to incorporate into one computational tool the best

aspects of the work conducted by Adickes (1997) and Prommak et al. (2002).
Specifically, the research performed by Adickes contributed to the computational
tool with the hierarchical genetic algorithm having a mixed coverage/throughputoriented approach. The research performed by Pronunak et al. contributed with the
throughput-oriented approach with multiple transmission powers.

However, combining these two features in the computational tool made the
problem more complex by adding more variables and calculations. Therefore, the

computational efficiency of the algorithm had to be improved by adding a new
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termination

criterion
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compromising the quality of the solution.

computational

times

without

24

3. METHODOLOGY
This chapter presents a detailed explanation of the additions made to the
computational tool developed by Adickes (1997) and that constitute the contributions
of this research.

The chapter is organized as follows: Section 3.1 addresses the inclusion of
multiple transmission power levels into the computational tool developed for this
thesis.

Section 3.2 explains the new treatment given to the sources of passive

interference. The additions and changes made to the ASCII file used to initialize the

computational tool are explained in Section 3.3. Section 3.4 includes a description

of the new termination criterion implemented. Finally, Section 3.5 presents the
experimental design used to validate the results obtained with computational tool for
this thesis.

It is assumed that the reader is familiar with the underlying concepts behind
the Genetic Algorithm Optimizer (GAO) developed by Adickes (1997). If this is not

the case, it is strongly advised that the material included in Appendix A is carefully
reviewed prior to reading the material included in this chapter.

3.1. Multiple Transmission Power Levels
Multiple power levels are used in the computational tool developed in this
research. The original implementation of the software tool developed by Adickes
(1997), only considered one transmission power level (in Wafts).
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The number of power levels and their specific values are input to the
computational tool via the ASCII initialization file.

This feature is particularly

useful since the number and values of the different power levels vary depending on
the WLAN equipment vendor used.

Table 4 shows a sample set of possible power levels and their values (in
Watts). The decision to include multiple power levels in the computational tool was

made to allow for a more accurate modeling of the possibilities that exist when
deploying a WLAN. This approach has shown to give good results in capacity-based

AP placement optimization problems, such as the present case (Prommak et al.,
2002).

Table 4. Sample power levels and their values in Watts and dBms
Level

Power (W)

Power (dBm)

1

0.1

20

2

0.05

17

3

0.03

15

4

0.02

13

5

0.005

7

6

0.001

0

Several changes and additions were made to the computational tool in order

to accommodate the new multiple power level approach.
presented in the following subsections.

These changes are

3.1.1. Coverage Determination
The calculations performed to determine the coverage region of an AP in a
given solution are very similar to those perfonned in the original computational tool.

The path loss calculations use the same ray tracing technique as before, i.e., they
determine the piecewise continuous path of squares that are crossed by the traced ray
on its trajectory.

The difference comes, however, when determining the cutoff point for a ray
being traced, i.e., how far the zone covered by an AP extends in the direction of that
particular ray. Originally, the computational tool used only the path loss suffered by

the signal as the cutoff criterion. When the path loss exceeded the AP sensitivity
limit (e.g., -90 dBm), the ray was terminated. The transmission power was used to
determine the received power and the SNR at a given location, but it was neglected

when determining the cutoff point for the traced rays. This approach caused the

shape of the coverage area for an AP being placed in a determined facility to be
always the same size and shape, regardless of the transmission power used.

In this research, the received power at a given location in the facility was

used as the new criterion for determining the cutoff point when tracing rays, to
address Adickes' tool limitation. The new calculated received power takes into
consideration the power level at which the AP in question is transmitting (which is a
known value) and the path loss suffered by the signal (estimated with Equation (3)).
Equation (4) gives a general definition of path loss (in dB):
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(4)

PL(d)dB =1O1og:2
out

where Pm is the transmission power (in Wafts) and

Prnt

is the received power (in

Watts). By rearranging this equation, the received power can be expressed as a
function of the path loss as shown in Equation (5). This value is then used for the
coverage determination.

-

'rn

(5)

PL(d)dB

10

10

3.1.2. Checking for Already Found Solutions
Since the computational tool developed for this research is a stochastic direct

search method, it is possible to see the same solution more than once when it is
executed. Therefore, it is desirable to keep a log of the solutions that have already
been found and evaluated, along with their fitness statistics, to avoid repeating the
calculations multiple times for the same solution.

The GAO developed by Adickes (1997) included such a feature. Any new
solution being generated was compared to a pool of solutions that had already been
observed.

If the new solution corresponded to any solution in the pool, the

characteristic values and fitness statistics saved for that solution were used, instead
of calculating them again.

This task was relatively simple in Adickes' implementation, since it had to

deal only with one transmission power, thus the permutations of a given solution
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were effectively the same solution. For instance, in a problem with three identical
APs, the following solution strings are equivalent for all practical purposes:
1.

[(23,45)(13,78)(32,9)]

2. [(23,45)(32,9)(13,78)]
3. [(13,78)(32,9)(23,45)]
4. [(32,9)(l3,78)(23,45)

Therefore, a mechanism had to be found to make all these solution strings

equivalent when found by the GAO. This was achieved by sorting the solution
strings. The individual coordinate pairs of a solution string are separated and then
compared to each other via a "bubble sort" technique, in which the pairs with lower

string values will "float" up to the beginning of the string and those with higher
string values will "sink" to the end of the string. Hence, after undergoing the sorting

process, all the solution strings presented above will transform into the following
string: [(13 ,78)(23 ,45)(32,9)].

In the computational tool developed in this research, the fact that each
coordinate pair in a solution string has a power level associated with it has to be
considered. Consequently, the task of sorting the solution strings is slightly more
complex.

For

example,

the

first

solution

string

presented

above,

[(23,45)(13,78)(32,9)J, could have also a variety of power level strings associated

with it (with a one to one correspondence between coordinate pairs and power
levels), like the following:

.

[(1)(4)(2)]
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.

[(l)(4)(3)]
[(5)(2)(6)]

.

[(4)(5)(1)]

As a result of this, the number of possible combinations of APs in a solution

and their corresponding power levels can grow rapidly as the available number of
power levels used increases. To cope with this additional modeling feature, a sorted
power level string was created. This sorted power level string differs from the sorted

solution string in that the power levels are not sorted according to their own values,

but they change positions to reflect the changes in position of their corresponding
APs when the latter are sorted. Therefore, two solutions are considered equivalent if

and only if both their sorted solution strings and their sorted power level strings are
identical. If this is not the case, even if the difference lies only in the power level of
one AP of the solution, all the calculations to detennine coverage must be performed
for the new solution found.

3.1.3. Crossover Procedure
The GAO breeds new individuals using a multiple-point crossover procedure.

In the computational tool developed in this research, the crossover procedure was

expanded to include the swapping of the power levels when their correspondent
coordinate pairs are exchanged.
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3.1.4. Mutation

Mutation is applied to each one of the individual x or y coordinates that make

up the position of an AP in the solution. However, since more than one power level
could be specified in the initialization ASCII file, this factor could also be subjected
to mutation.

After the individual coordinates of the location of an AP of the solution
undergo the mutation process, so does the power level for that AP. However, the
power level needs only two random numbers to complete the mutation process, as
opposed to three random numbers required for the coordinates.

The first random number will determine whether or not the power level is
mutated. The mutation threshold for the power level (i.e., its probability of being

mutated) remains as 0.1, which is the same value that was used for the x or y
coordinates.

The second random number is used to determine the new power level for the
mutated value. The new power level is chosen from the remaining power levels
currently not in use, and each one of them has an equal probability of being chosen.
This process is repeated for each AP in the solution.

3.2. Treatment of Passive Interference Sources
The computational tool developed in this research treats the sources of
passive interference (or obstructions) differently with respect to the procedure
followed by Adickes (1997).

The two main differences that were implemented
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include the orientation of the passive interference sources and their discretization.
The specific modifications performed are explained in the following subsections.

3.2.1. Orientation of Passive Interference Sources
The computational tool developed by Adickes (1997) was able to handle only

passive interference sources that were orientated in a vertical or horizontal fashion.
Oblique passive interference sources could not be handled adequately.

In the computational tool developed in this research, the capacity to handle
oblique obstructions was added and it is implemented in the procedure that reads the

ASCII initialization file. Basically, the same ray tracing principles used in the AP
coverage calculations to determine the piecewise continuous path of squares that are

crossed by a ray in its trajectory are used here. Thus, when inputting the definition
data of the passive interference sources via the ASCII initialization file, one ray is
traced from the center point of the square where the oblique obstruction begins to the

center point of the square where it ends. All the subsequent calculations are then
performed to identify the appropriate square that will be considered as a part of the
obstruction.

3.2.2. Discretization of Passive Interference Sources
Despite the fact that the entire facility representation is discretized in
Adickes' work, an obstruction is considered as a single body for the purpose of
calculating the path loss due to the propagation of the signal through sources of
passive interference. This approach to facility representation creates problems when
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oblong obstructions are present. These problems are illustrated in Figure 4. When a
ray crosses an oblong obstruction longitudinally, as depicted in Figure 4a, it should
suffer a higher attenuation than if it crosses an oblong obstruction transversally, as in

Figure 4b. However, Adickes accounted for the path loss due to obstructions only

when a transition occurred, i.e., when the ray crossed from open space into an
obstruction, or from one obstruction to another. Hence, the same attenuation factor

was added to the path loss whether an obstruction was crossed longitudinally,
transversally, or at any angle in between.

a)

I

I

b)

----t----I--..

Ray crossing
obstruction

Ray crossing obstruction

Figure 4. a) Ray crossing an oblong obstruction longitudinally; and, b) ray crossing
an oblong obstruction transversally.

In order to address this issue, the obstructions were discretized in terms of

path loss caused by attenuation. This means that the values for the attenuation

factors used for the obstructions were adjusted to represent the attenuation that the
signal would suffer when passing through one discretized square of the obstruction,

as opposed to a general "per obstruction" value. Then, the number of discretized

obstruction squares that were crossed by a ray in its trajectory is counted. The
obstruction squares are counted as the ray is traced following the aforementioned
principles for determining its piecewise continuous path.
This approach to dealing with obstructions yields more conservative solutions

to the AP placement optimization problem at hand. Yet, it still has issues that need

to be addressed. The method used to determine the number of obstruction squares
crossed, i.e., the piecewise continuous path determination, has a particular behavior
when the ray traced has a slope of 1 or -1 (i.e., 45°, 135°, 225°, and 3 15°). In these
cases, the number of squares counted as obstructions is smaller than at other angles

of incidence. This issue is depicted in Figure 5.

Rays traced at angles of less than

45°, exactly 45°, and more than 45° are illustrated in Figure 5a, Figure Sb, and Figure
Sc, respectively.
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a)

b)

c)

Figure 5. Rays traced at different angles: a) less than 45°; b) 45°; and, c) more than
45°

The shaded squares in Figure 5 are those that are crossed by the ray, hence
forming a piecewise continuous path, i.e., the squares that would be considered as
discretized obstruction squares. Notice that when the ray crosses at exactly 45°, only
the squares located at the corner of the previous squares are shaded. However, as the

ray deviates from 45°, the squares located above, below, or besides the last square

crossed by the ray are shaded, and consequently are also counted as discretized
obstruction squares.

This particular situation results in an overly optimistic calculation for the path

loss when rays traverse sources of passive interference at slope values of 1 or -1.
This effect is depicted in Figure 6. The figure represents a discretized facility with
an AP located exactly in its center. Areas in shades of gray represent the zones that
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that a linear relationship exists between the distance traveled by a signal through an
obstruction and the attenuation that obstruction causes in the signal.

3.3. Additions and Changes to the ASCII Initialization File
The additions and changes made to the ASCII initialization file that is read by

the computational tool are detailed in the following subsections.

A complete

example and description of the structure of the ASCII initialization file is included in
Appendix B.

3.3.1. Transmission Power Levels
Multiple power levels are inputted into the computational tool developed in

this research, as opposed to only one value used by the GAO. The ASCII file

specifies the number of levels used and the power (in Watts) that each level
represents.

3.3.2. Scale Factors
A scale factor is a value that defines the size of the discretization square. For

example, if the user would like to use a facility a resolution of half a meter, then a
scale factor of 0.5 should be used.

Adickes used a fixed scale factor; therefore, the source code had to be
accessed and modified to change this value. In the computational tool developed in

this research, the scale factor is now read from the ASCII initialization file, hence
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making it easier to manage. Furthermore, there are independent scale factors for the x
andy axes to allow for more flexibility in case uneven scaling is needed.

3.3.3. Capacity Constraints
Both the minimum average regional capacity and the specific region of the
facility where this is needed (see Appendix A for reference) were fixed in Adickes'
work and the source code had to be accessed in order to modify them.

The computational tool developed in this research inputs the value for the
minimum average regional capacity and the definition of the specific region of the
facility where it is needed via the ASCII initialization file. The specified region can
be the union of any number of areas defined by rectangles within the legal portion of

the facility.

The region can be disjoint, i.e., the defining rectangles do not

necessarily have to be connected to each other.

3.4. Termination Criterion
The main termination criterion for the computational tool was also modified.

Adickes' implementation terminated the program after a given number of runs
specified via the ASCII initialization file (e.g., 200 runs) with each of the runs lasting

one hundred generations. Adickes' version had an additional way to terminate the

program, which consisted in determining whether or not the current best solution
found changed when the next one hundred generations were executed (even if the
generations fall within different runs). If the current best solution did not change,
then the program was terminated.
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The problem with the old termination criterion was that whenever the number

of possible combinations that could create solutions increased (e.g., large facilities
and high number of APs placed), it could take a significant amount of time to run the

program (sometimes in the order of one or two days).

Such a delay is

understandable if we consider that the original tool was conceived as a way to obtain

the optimal solution for a given problem. However, this delay is unacceptable for
practical purposes when a quick, "good enough" solution is needed, which is one of
the objectives of the new computational tool implementation.

Moreover, the addition of the ability to handle multiple-power levels to the

computational tool increases the time that a run lasts due to the extra calculations
required. This was expected, since adding multiple power levels represents adding
another variable to the optimization problem.

Therefore, the new implementation uses a different termination criterion
designed to cut down the processing time of a single run by reducing the number of
generations required in the run. This also ensures that a small number of runs can be

enough to present adequate solutions, hence reducing the total computation time.
The termination criterion is based on the average coverage of each generation. This

statistic was compared with that of the previous generation, and if the difference of

their values is smaller than a certain tolerance for a given number of stable
generations, the run is terminated. Also considered is the fact that there has to be at

least one solution over the acceptable coverage threshold, i.e., the portion of a
facility needing service that has to be covered to consider a solution acceptable.

39

3.5. Experimental Design
An experiment was designed to assess the performance of the computational

tool developed in this research. The type of experimentation performed belongs to
the first category of computational studies as described by Jackson et al. (1991), in
which preliminary testing is performed to assess the feasibility and potential of the

new implementation of the computational tool. A description and specifics of the
experiment are presented in the following subsections.

3.5.1. Factors
The effects of two factors were of interest in the experimental design: the

level of strictness of the computational tool when applying the implemented
termination criterion and the number of runs that had to be performed for the
computational tool to obtain an acceptable solution.

The strictness of the termination criterion was in turn defined by three
parameters:
1.

Acceptable Coverage Threshold. The acceptable coverage threshold,
i.e., the portion of a facility needing service that has to be covered to
consider a solution acceptable.

2.

Average Coverage Tolerance.

The tolerance for the difference of

average coverage for consecutive generations.

3. Number of Stable Generations. The number of generations for which
the mentioned difference has to be smaller than the specified tolerance
(i.e., measures the stability of the solution).

Given the fact that the number of combinations of possible values for these

three parameters is virtually infinite, two values were defined for each parameter.
These values represent a

constrained and

a

loose

setting, respectively. When all the

constrained or loose parameters are used together in the computational tool, they

yield the extremes of a

High

and a Low level of strictness for the termination

criterion, respectively. Table 5 shows the values used for all three of the mentioned
parameters for both levels of strictness.

Table 5. Parameter values used for high and low levels of Strictness
Strictness
High

Low

Acceptable coverage threshold

0.9995

0.95

Tolerance

0.005

0.01

10

5

Number of stable generations

The acceptable coverage threshold value for the high level of strictness (i.e.,

0.9995) was also used by Adickes (1997), whose computational tool had the
objective of finding an "optimal" solution to a given problem. The value for the low
level of strictness (i.e., 0.95) was selected as an analogy to the customary practice of
using the value of 95% for confidence intervals.

41

The tolerance values chosen for the high and low levels of strictness were
0.005 and 0.01, respectively. These values were set based on pilot testing conducted
with the computational tool that provided a better understanding of how the values of
average coverage for consecutive generations varied.

Finally, the number of stable generations required was set at 10 and 5 for
high and low strictness, respectively. These values represent 10% and 5% of the
maximum number of generations per run (i.e., 100) set by Adickes (1997), and also
used in this research.

One of the main goals of the computational tool developed in this research is

that it should provide a fast approximate answer to the AP placement optimization
problem. Therefore, it is important to determine the amount of time the program

needs to run to obtain that approximate answer. The goal is to minimize the time
needed to obtain a solution without compromising its quality. Since the actual time

the computational tool needs to produce an answer for a problem depends on its
complexity, the controllable parameter in this case is the

computational tool is allowed to perform.

number of runs

that the

Consequently, the performance of

solutions found after 1, 5, 10, 15, and 20 runs was evaluated.

3.5.2. Performance Measures
The performance of the computational tool when obtaining solutions to the
sample problems solved was measured across five different variables:
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1.

Time it took the computational tool to complete the operation
(minutes),

2.

Coverage, measured as a the percentage of the facility that was
covered (percentage),

3. Average path loss suffered by the signal as it moves through the
facility (decibels),

4. Average maximum path loss suffered by the signal for all APs in the
solution (decibels), and

5. Average theoretical capacity attained in a specified region of the
facility (bits per second).

The performance measure of time was used to assess the performance
criterion of speed of computation, whereas the remaining performance measures
address the criterion of quality of solution (Greenberg, 1992 and Barr et al., 1995).

According to Coffin and Saltzman (2000), the CPU time (i.e., the running
time) of an algorithm is, and should remain to be, the most widely used measure of
the speed of the algorithm, in spite of receiving several critiques with respect to its

potential variability due to differences in programming languages, compilers,
computers used, and even the programmers and their programming techniques.

These authors also express that running time of an algorithm is an appropriate
performance measure when the solution quality is a controllable stopping criterion,
such as is the case of the present thesis.

Regarding the use of quality of solutions generated as evaluation methods,
the authors point out that these are appropriate only for approximation and heuristic
methods.

Since the computational tool used in the present research is a

combinatorial search algorithm, the use of the quality performance measures chosen
is justified.

3.5.3. Analysis
When analyzing the performance of the computational tool developed in this
research, it is taken for granted that the running time will be affected by the number

of runs allowed. Therefore, it makes no sense to perform a formal test to assess the

difference in mean running time when different numbers of runs are performed.

Performing individual tests in each one of the levels of the factor runs to assess
whether there is a difference between the high and low levels of strictness is more
appropriate.

Coffin and Saltzman (2000) stress that the population of running times tends

not to be normal, hence they recommend that analysis tools that rely heavily on
normality should be avoided. However, they also point out that the use of larger
sample sizes (3 0-40 observations per treatment) results in an analysis that is robust to

non-normality. Furthermore, they recommend assuming that the different running
times do not have constant variances. With all these recommendations considered, a

t-test for unknown and unequal variances was performed to test the hypothesis that
the mean running times (in minutes) of the computational tool were equal at the low
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and high levels of the factor strictness for each one of the levels of the factor runs.
The alternative hypothesis is that the mentioned means are not equal.

The effect of the level of strictness of the termination criteria on the standard

deviation of the running time of the computational tool was also investigated. For

this purpose, an F-test was performed to test the hypothesis that the standard
deviations of running time (in minutes) of the computational tool were equal at the

low and high levels of the factor strictness for each one of the levels of the factor
runs. The alternative hypothesis was that the mentioned standard deviations are not

equal. Again, a difference in standard deviation in the different levels of runs was
expected. Usually, the standard deviation will increase with an increase in running
time due to the fact that the time values have a lower limit at zero and there is more
room for variability as the running time gets longer (Coffin and Saltzman, 2000).

The remaining performance measures, namely coverage, average path loss,

maximum average path loss, and average theoretical regional capacity were
analyzed with an ANOVA using a factorial design to test the equality of effects of
each level of both factors, as well as their interactions.
3.5.4. Sample Problems Solved

Three problems found in the literature were solved with the computational tool

developed in this research. The first two were presented originally by Tang et al.

(1997), and were also solved by Adickes (1997) and Adickes et al. (2002). Both

problems are based on the same floor plan and are presented in Figure 7. The

sensitivity threshold of -80 dBm. There are six available transmission power levels
(see Table 4 in Section 3.1). The carrier frequency used was 1800 MHz, in order to
better approach the propagation properties modeled by Adickes (1997) and Tang et

al. (1997). Sources of active interference could be added to the problem if desired,
but they were not considered for the present research.

The third and last problem solved in this research was taken from Ji et al.
(2002), and is depicted in Figure 8. The authors cite Cheung et al. (1998) as the
source for the propagation model and parameters they used. The same parameters
used by Ji were used to solve this problem with the computational tool developed in

this research. In the facility used in Ji's problem (80m x 60m), black lines represent
obstructions that attenuate the signal by 10 dB, whereas the obstructions denoted by

gray lines attenuate the signal by 5 dB. The carrier frequency used was 900 MHz.

The available bandwidth was 30 kHz. In this problem, the specified area with
minimum required theoretical capacity is the entire facility, and the value of 540
kbps is used. There are three APs to be placed in the facility, and their sensitivity
threshold is -9OdBm. The available transmission powers are the same as in the first
two problems solved. As before, active interference sources were not considered.
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4. Operating System: Microsoft Windows XP Professional, Version 2002

Service Pack 1.

The computational tool was developed using Microsoft Visual Basic 6.0
(SP5), and compiled into an executable application before being installed in the
computers where the experiments were run.

riLJ

4. RESULTS AND DISCUSSION
4.1. Best Solution to Problem 1
The best solution found for Problem 1 by the computational tool developed in

this research was (1 9,20)(62,7). The associated power level string was (0.1 W)(0. 1
W).

This solution was found consistently with all the runs-strictness level

combinations, ranging from once (1 run, low strictness) to 25 times (20 runs, high
strictness) out of 30 trials. The coverage provided by this solution was 94.77%. The

average path loss was 78.75 dB. The average maximum path loss was 119.99 dB.
The average regional capacity was 278,712,011 bps.

Figure 9 depicts the floor plan of the facility used for Problem 1. Three
different solutions are included in this figure for comparison purposes. The exact

same parameters governing the RF propagation were used to obtain all solutions.
The solution reported by Tang et al. (1997) was (32,21)(62,7), and it is represented
by circles (o). The solution presented by Adickes (1997) was (32,22)(63,7), and it is

represented by crosses (+). The best solution found in this research is depicted with

x's. Figure 9 shows that the AP located on the right side of the facility layout is
placed exactly in the same location as in Tang et al.'s solution and only one meter
away from the location reported by Adickes. However, the AP on the left side was
placed in a different location that those reported by these researchers.
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The differences are a result of the mechanisms employed by the
computational tool developed in this research to search for solutions. For example,
the smaller portion of the facility covered is a result of the different treatment given

to sources of passive interference (i.e., obstructions). As stated in Section 3.2.2,
obstructions are discretized in order to account for the different angles at which

oblong obstructions are crossed by a signal moving through the facility.

Both

Adickes and Tang et al. considered the obstructions as a single body and the same
aftenuation factor was added to the path loss, regardless of the angle of incidence.

The djscretizatjon of obstructions used in this research is more realistic and
conservative, and therefore more accurate.

This difference in the approach to discretize obstructions also explains the
offset of the AP located on the left side of the facility with respect to the other two
solutions. If this AP is placed near the same location as in Tang et al.'s and Adickes'

solutions, several oblong obstructions located on the left side of the facility would
have to be crossed by a propagating signal longitudinally or at neighboring angles.

Given the new treatment that obstructions receive, this situation would cause a
higher attenuation in the left side of the facility, causing some zones in that region to

loose coverage. Since coverage is the first criterion for fitness of solutions, the
location of the AP is forced to be placed further to the left.

The higher value of average maximum path loss apparently disrupts the
premise that the AP sensitivity is -100 dBm. Section 3.1.1 explains how the received

power at a given location of the facility is used to determine the limit of the area
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covered, taking into consideration the transmission power of the AP (in this case 0.1

W or 20 dBm). Both Tang et al.'s and Adickes' approaches use only the path loss to

determine this limit, hence obtaining equally shaped coverage cells, regardless of
transmission power. The criterion implemented in the computational tool developed
in this research varies the shape of the cell with transmission power to closely reflect
reality.

The higher average path loss obtained comes from a combination of the two
effects explained above. When the entire facility cannot be completely covered by a

solution due to high attenuation by obstructions, the APs will be pushed to their
sensitivity limit more often. Furthermore, the highest attainable value for maximum
path loss will also tend to inflate the value for average path loss.
4.1.1. Time

The p-values for the t-tests on equality of mean running times (in minutes)

for low and high levels of strictness at all the numbers of runs corresponding to
Problem 1 are presented in Table 7. The p-values range from 0.31699 for 15 runs to

0.77293 for 20 runs. These p-values indicate that there is not enough evidence to
reject any of the null hypotheses, leading to the conclusion that for Problem 1 there

is no significant difference in the mean running time of the computational tool
between the low and high levels of strictness, with any number of runs performed.
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Table 7. P-values for the t-tests on equality of mean running times (in minutes) for
low and high levels of strictness at different numbers of runs for Problem 1
Runs

P-Value

1

0.56005

5

0.70357

10

0.47896

15

0.31699

20

0.77293

The p-values for the F-tests on equality of standard deviations of running
time (in minutes) for low and high levels of strictness at all the numbers of runs are
presented in Table 8. The p-values range from 0.205466 for 20 runs to 0.9713 19 for

15 runs. These p-values indicate that there is not enough evidence to reject any of

the null hypotheses, leading to the conclusion that for Problem 1 there is no
significant difference in the standard deviations of running time of the computational

tool between the low and high levels of strictness, with any number of runs
performed.

Table 8. P-values for the F-tests on equality of standard deviations of running time
(in minutes) for low and high levels of strictness at different numbers of runs for
Problem 1
Runs

P-Value

1

0.767361

5

0.28244 1

10

0.63 1401

15

0.971319

20

0.205466
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The virtually identical performance in running time for the computational

tool at both levels of strictness is an indication of the fact that the termination
criterion did not converge because the facility could not be completely covered with
only two APs. Complementary results for this analysis are presented in Appendix C.
4.1.2. Coverage

Table 9 presents the ANOVA table for the performance measure of coverage

provided by the solutions for Problem 1. The results indicate that the factor runs is
statistically significant (p-value = 0.0000), whereas the factor strictness did not prove

to be a significant at the

0.05

confidence level (p-value = 0.0974). Finally, the runs-

strictness interaction factor is also significant (p-value = 0.0229).

Table 9. ANOVA table for coverage for Problem 1
Source

Sum of
Squares

Of

Mean
Square

F-Ratio

P-Value

MAIN EFFECTS
A:Runs
B:Strictness

0.0050741

4

0.00126852

51.42

0.0000

6.82172E-05

1

6.82172E-05

2.76

0.0974

0.000284572

4

7.11431E-05

2.88

0.0229

0.00715482

290

2.46718E-05

0.0125817

299

INTERACTIONS
AB

RESIDUAL

TOTAL (CORRECTED)

When checking for the ANOVA assumptions, slight non-constant variance
and moderate non-normality were found. However, the ANOVA procedure is quite

55

robust to these departures from the assumptions, especially with equal replications,
as in the present case (Montgomery, 2000; Coffin and Saltzman, 2000; and, Kuehl,
2000).

There have been studies that report that for experiments with equal

replication and carried at the 0.05 nominal significance level, the actual significance

level ranges from 0.056 to 0.074 when there

is

a variance ratio of 1:3

(smallest:largest group variance), and from 0.03 to 0.06 when non-normality is
present (as reported by Kuehl, 2000). The departure from the assumptions is not as

severe in the present case and the p-values fall far enough from those limits.
Therefore, they can be accepted as valid.

Figure 10 depicts the mean coverage and 95% confidence interval at each
level of runs. The significant lower coverage obtained at the 1-run level can be
easily distinguished. Likewise, an apparent equality of coverage provided by the
computational tool at 10, 15 and 20-runs levels can be observed.

However, it is not clear whether the mean coverage obtained at the 5-runs

level is completely different from that obtained at the 10, 15 and 20-runs levels.
Therefore, a 95% LSD multiple range test was performed and the results are depicted

in Figure 11.

This test confirms that the mean coverage at the 5-runs level is

significantly different from that obtained at the higher-runs levels. In addition, this
test suggests that at the 10, 15 and 20-runs levels there is no statistical difference in
coverage.

In summary, these results indicate that it is desirable to have the

computational tool perform more than a single run in order to obtain a better
coverage for the solutions.
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Figure 10. Mean coverage and 95 % confidence intervals for the different numbers
of runs for Problem 1

1

5

10 20 15

Figure 11. 95% LSD multiple range test for coverage for the different numbers of
runs for Problem 1

Figure 12 presents the runs-strictness interaction plot and 95% confidence
intervals for the coverage obtained for Problem 1. The interaction plot shows that
the performance in coverage for both levels of strictness at a given level of runs is

nearly identical except when the 1-run level is used. The coverage obtained at this
level with high strictness is noticeably lower than at low strictness. Complementary
results for this analysis are presented in Appendix C.
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Figure 12. Runs by strictness interaction plot with 95% confidence intervals for
coverage for Problem 1
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4.1.3. Average Path Loss

Table 10 presents the ANOVA table for the average path loss across the
facility for Problem 1.

The results indicate that the factor runs is statistically

significant (j-value = 0.0000). Neither the strictness factor nor the runs-strictness

interaction factor proved to be significant in this case (j-va1ues of 0.3945 and
0.8 129,

respectively). The ANOVA assumptions were checked, and departures from

nonnality and non-constant variance across treatment levels for the residuals were
found. Nevertheless, with the magnitude of the departures and the p-values obtained,

there is no risk of committing judgment errors based on the analysis (see Section
4.1.2 for a detailed justification).

Table 10. ANOVA table for average path loss for Problem 1
Source

Sum of
Squares

DI

Mean
Square

F-Ratio

P-Value

MAI1% EFFECTS

A:Runs

156.648

4

39.162

7.73

0.0000

B:Strictness

3.68315

1

3.68315

0.73

0.3945

AB

7.98136

4

1.99534

0.39

0.8129

RESIDUAL

1468.65

290

5.06432

TOTAL (CORRECTED)

1636.97

299

INTERACTIONS

Figure 13 depicts the mean average path loss and 95% confidence interval at
each number of runs. The significantly lower average path loss obtained at the 1 -run

59

and 5-runs levels can be easily distinguished. Likewise, an obvious equality of
average path loss achieved by the computational tool at the 10, 15 and 20-runs levels
can be observed.

80

78

bO

77

76
1

5

10

15

20

Runs
Figure 13. Mean average path loss and 95 % confidence intervals for the different
numbers of runs for Problem 1

Figure 13 also shows that the average path loss increases as more runs are
performed, but seems to stabilize at the 15-runs level. This trend is due to the fact
that coverage is the main criterion for fitness of solutions, but the solutions cannot
cover the facility completely with only two APs and they have to be brought closer

to their sensitivity limit more often. In an attempt to increase the proportion of area

covered, the computational tool spreads the locations of the APs, obtaining higher
values of path loss throughout the facility. The difference in mean average path loss

between both homogenous groups seen in Figure 13, although significant, is very
small. In the most extreme case (using the 5-runs and 1 5-runs levels) the mean

difference amounts to only 1.6075 dB. Complementary results for this analysis are
presented in Appendix C.
4.1.4. Average Maximum Path Loss

Table 11 presents the ANOVA table for the average maximum path loss

across the facility for Problem 1.

The results indicate that the factor runs is

statistically significant (p-value = 0.0004). Neither the factor strictness nor the runsstrictness interaction factor proved to be significant (p-values of 0.9068 and 0.1359,
respectively). The data collected complied with the ANOVA assumptions.

Table 11. ANOVA table for average maximum path loss for Problem 1
Source

Sum of
Squares

Mean
Square

Df

F-Ratio

P-Value

MAIN EFFECTS
A:Runs

0.000563528

4

0.00014088

5.37

0.0004

B:Strictness

3.60596E-07

1

3.6050E-07

0.01

0.9068

0.000185422

4

4.6355E-05

1.77

0.1359

RESIDUAL

0.00761518

290

2.6259E-05

TOTAL (CORRECTED)

0.00836449

299

INTERACTIONS
AB

Figure 14 depicts the mean average path loss and 95% confidence interval at
each level of runs. The significant lower average maximum path loss obtained at the

61

1 -run level can be easily distinguished. All the other runs levels performed similarly
to each other.

119.991

119.989

119.987

119.985

119.983
1

5

10

15

20

Runs
Figure 14. Mean average maximum path loss and 95 % confidence intervals for the
different numbers of runs for Problem 1

The difference in mean average maximum path loss between the 1-run level

and the rest of levels, although significant, is negligible. In the most extreme case

(using 1 run and 20 runs) the mean difference amounts to only 0.0004 dB. For
practical purposes, this value is equal to zero since it cannot really be measured.

The high values of average maximum path loss of almost 120 dB mean that

the APs are being pushed towards their sensitivity limit (i.e., -100 dBm) from the
maximum output power available (i.e., +20 dBm). This is due to the fact that two

APs are not enough to cover the entire facility. Complementary results for this
analysis are presented in Appendix C.

4.1.5. Average Regional Capacily
Table 12 presents the ANOVA table for the average regional capacity across

the pre-specified region of the facility for Problem 1 (see Figure 7 in Section 3.5.4
for reference). The results indicate that the factor runs is statistically significant (p-

value = 0.0004). Neither the strictness factor nor the runs-strictness interaction
factor proved to be significant (p-values of 0.243 8 and 0.8729, respectively). The
ANOVA assumptions were verified and departures from normality in the residuals
were found. Nevertheless, with the magnitude of the departures and the p-values
obtained, there is no risk of committing judgment errors based on the analysis.

Table 12. ANOVA table for average regional capacity for Problem 1
Source

Sum of
Squares

Mean
Square

Df

F-Ratio

P-Value

MAIN EFFECTS
A:Runs

2.2402E+17

4

5.6007E+16

26.68

0.0000

B:Strictness

2.8638E+15

1

2.8638E+15

1.36

0.2438

AB

2.5819E+15

4

6.4549E+14

0.31

0.8729

RESIDUAL

6.0881E+17

290

2.0993E+15

TOTAL (CORRECTED)

8.3829E+17

299

INTERACTIONS

Figure 15 depicts the mean average regional capacity and 95% confidence
interval at each level of runs for Problem 3. Clearly, the value for average regional
capacity reduces as the number of runs increases. This trend seems to stabilize at the

higher values of runs (i.e., 15 and 20). This is a direct effect of the AP moving
further away from the region where the minimum average capacity is needed (see
Section 4.1). Since the theoretical capacity is calculated based on the SNR, if the AP

is further away from the mentioned pre-specified region of the facility, the capacity

in that region will be diminished. None of the limits of the confidence intervals
include the value of the desired minimum average capacity threshold, which is 396

Mbps. The solutions that had an AP closer to the pre-specified region were able to

reach the capacity threshold, but as the number of runs performed increased, the
solutions generated had the tendency to place the AP further away from the region.
Complementary results for this analysis are presented in Appendix C.
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Figure 15. Mean average regional capacity and 95 % confidence intervals for the
different numbers of runs for Problem 1

4.2. Best Solution to Problem 2
The best solutions found for Problem 2 for each runs-strictness combination

are presented in Table 13, along with their corresponding power level strings. It
should be noted that even if the exact same solution was not found with every single

runs-strictness combination, an AP to AP comparison of all the solutions will reveal

that the computational tool developed in this research tends to place corresponding

APs of different solutions around the same area (with few exceptions).

This

behavior indicates that in spite of the large number of possible combinations that
yield a solution, the computational tool converged towards similar solutions with all
numbers of runs and levels of strictness.

Table 13. Best solutions and power levels for Problem 2 found for each combination
of runs and strictness
Runs

Strictness
Low

High
Low
5

High
Low
10

High
Low
15

High
Low
20

High

Solution
(8,12)(35,24)
(36,6)(45, 14)(69, 18)

(11,12)(34,23)
(49,11)(66,6)(71,22)
(8,12)(36,22)
(46,26)(52,7)(71,19)
(1 1,12)(31,24)
(48,1 1)(62,6)(70,24)
(10,12)(35,23)
(48,1 1)(61,6)(68,24)
(10,12)(31,23)
(47,12)(65,7)(68,24)
(9,12)(29,6)
(37,24)(48,11)(71,21)
(11,14)(30,22)
(48, 12)(63,6)(69,24)
(7,12)(31,25)
(51,25)(54,7)(71,19)
(11,12)(31,23)
(47,12)(63,7)(68,24)

Powers
(0.03 W)(O.1 W)
(0.05 W)(0.03 W)(O.03W)
(0.03 W)(0.03 W)
(0.02 W)(0.03 W)(0.02 W)
(0.03 W)(O.05 W)
(0.03 W)(0.03 W)(0.1 W)
(0.02 W)(0.02 W)
(0.02 W)(0.03 W)(0.02 W)
(0.03 W)(0.05 W)
(0.1 W)(0.1 W)(0.03 W)
(0.05 W)(0.05 W)
(0.05 W)(0.05 W)(0.05 W)
(0.02 W)(0.02 W)
(0.03 W)(0.05 W)(0.1 W)
(0.05 W)(0.05 W)
(0.05 W)(0.02 W)(0.03 W)
(0.05 W)(0.03 W)
(0.03 W)(0.005 W)(0.005 W)

(0.02W)(0.02W)
(0.02 W)(0.02 W)(0.02 W)

All the solutions shown in Table 13 covered 100% of the facility, which
caused the transmission powers of the solutions to be reduced by the computational
tool. This is the opposite phenomenon than that occurring when there are not enough

APs to cover the facility, which causes the transmission powers to be raised to the
maximum (see Section 4.1 for comparison).

Table 14 shows additional performance measures for the solutions presented

in Table 13. The best overall solution found was with the combination of 20 runs
and

high

strictness.

This

solution's

AP

location

string

is

(11,1 2)(3 1 ,23)(47, 1 2)(63,7)(68,24) and the corresponding power level string is (0.02

W)(0.02 W)(0.02 W)(0.02 W)(0.02 W). The average path loss for this solution was

45.03 dB. The average maximum path loss was 92.98 dB. The average regional
capacity was 464,894,226 bps.

Table 14. Performance measures for best solutions to Problem 2 found for each
combination of runs and strictness
Runs
1

5

10

15

20

Average Path
Loss (dB)

Average Maximum
Path Loss (dE)

46.12

96.23

Average Regional
Capacity (bps)
487298149

High

45.42

94.04

444005321

Low

45.81

96.24

446817727

High

45.16

93.33

459021579

Low

45.47

97.29

452570533

High

45.13

96.99

493976636

Low

45.48

95.54

503668280

High

45.15

95.73

500687395

Low

45.72

92.09

468420091

High

45.03

92.98

464894226

Strictness
Low
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loss for the best solution found in this research was 45.03 dB, which is lower (i.e.,

better) than the 61.42 and 50.23 dB levels found by Tang et al. and Adickes,
respectively. The average maximum path loss found in this research was 92.98 dB,

which once again is a higher value than those found by Tang et al. (74.64dB) and
Adickes (79.97 dB).

Table 15. Perfonnance measures of solutions found for Problem 2 by different
computational tools
Tang et al.

Adickes

Present
Research

Coverage

100%

100%

100%

Average Path
Loss (dB)

61.42

60.23

45.03

Average Max.
Path Loss (dB)

74.64

79.97

92.98

The high value of average maximum path loss seems to surpass the AP
sensitivity of -80 dBm set for this problem. Nevertheless, it can be recalled from

Section 3.1.1 that the computational tool developed in this research uses the
transmission power as the starting point to calculate the path loss (i.e., 0.02 W or 13
dBm for all the APs in the solution at hand), which allows the maximum path loss to

total 93 dB. Of this figure (i.e., 93 dB), 80 dB come from the sensitivity threshold
and 13 dB from the transmission power.

4.2.1. Time

The p-values for the t-tests on equality of mean running times (in minutes)

for low and high levels of strictness at all the numbers of runs for Problem 2 are
presented in Table 16.

Since all the p-values are zero, there is enough evidence to

reject all the null hypotheses and conclude that for Problem 2 there are significant
differences in the mean running time of the computational tool between the low and
high levels of strictness, at all the numbers of runs performed. Table 17 presents the
mean time (in minutes) for each of the combinations of runs and strictness levels for
Problem 2, along with 95% confidence intervals.

Table 16. P-values for the t-tests on equality of mean running times (in minutes) for
low and high levels of strictness at different numbers of runs for Problem 2
Runs

P-Value

1

0.00000

5

0.00000

10

0.00000

15

0.00000

20

0.00000

Table 17. Mean running times (in minutes) and 95% confidence intervals for low and
high levels of strictness at different numbers of runs for Problem 2
Runs

Strictness
Low

2.0072

Mean

95% Confidence Intervals
(1.7910,2.2233)

High

6.6839

(5.4333, 7.9343)

Low

10.2294

(9.7847, 10.674)

High

3 1.9361

(28.6373, 35.2349)

Low

20.5000

(19.9871,21.0129)

High

68.6172

(64.0571,73.1774)

Low

30.7278

(29.8010, 3 1.6546)

High

109.0617

(103.0470, 115.0760)

Low

40.8522

(38.8499, 42.8545)

High

150.2978

(144.2990, 156.2960)

1

10

15

20

The statistically significant differences for the mean running times for a given

number of runs at different strictness levels were expected. This occurs because five

APs are more than enough to completely cover the facility and the termination
criterion will have a much better opportunity to be effective.

Therefore, a more

realistic comparison involves an estimate of the difference between the mean running

time (in minutes) at the high and low levels of strictness, for each level of runs. This

information is presented in Table 18 along with 95% confidence intervals. These
results show the time that could be saved for a specific number of runs depending on
the level of strictness used. For instance, if the computational tool is used to perform

10 runs with low strictness (as opposed to high strictness) a user should expect to
save, on average, between 44 and 52 minutes.
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Table 18. Estimate of the difference between the mean running time (in minutes) at
the high and low levels of strictness, for each number of runs, and 95% confidence
intervals for Problem 2
Runs

Mean Difference

95% Confidence Intervals

1

4.6767

(3.4107, 5.9426)

5

21.7067

(18.3831,25.0302)

10

48.1172

(43.5332,52.7012)

15

78.3339

(72.2602, 84.4076)

20

109.4460

(103.1710, 115.7200)

Table 19 presents the mean percentage time that is saved when Problem 2 is

ran at the low level of strictness, compared to running it at the high level of
strictness, for each number of runs. On average, running Problem 2 at the low level
of strictness requires 70.54% less time than doing it at the high level of strictness.

Table 19. Mean percentage time savings when Problem 2 is ran at the low level of
strictness, compared to the high level of strictness, for each number of runs
Percent Time
Runs
1

Savings
69.97%

5

67.97%

10

70.12%

15

71.83%

20

72.82%

The p-values for the F-tests on equality of standard deviations of running
time (in minutes) for the low and high levels of strictness at all the numbers of runs

for Problem 2 are presented in Table 20. All the p-values are zero, hence providing

enough evidence to reject all the null hypotheses.

The p-values in Table 20
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identified by an asterisk could be invalidated due to high values of standard kurtosis
and standard skewness (see Appendix C).

Table 20. P-values for the F-tests on equality of standard deviations of running time
(in minutes) for low and high levels of strictness with different numbers of runs for
Problem 2
Runs

P-Value

1

0.00000*

5

0.00000

10

0.00000

15

0.00000

20

0.00000*

Table 21 presents point estimates of the standard deviation of running time

(in minutes) for each of the combinations of runs and strictness levels, along with
95% confidence intervals. It should be noted that the confidence intervals for the
levels of strictness do not overlap within the same level of runs. The same effect can

be seen graphically in Figure 17, which plots the point estimate of the standard
deviation and the 95% confidence intervals for each strictness-runs combination,
grouped by runs.

Table 21. Point estimates of the standard deviations of running time (in minutes) and
95% confidence intervals for low and high levels of strictness at different numbers of
runs for Problem 2
Runs
1

10

15

20

Strictness
Low

Std dcv
0.5789

95% Confidence Intervals

High

3.3489

(2.6670, 4.5019)

Low

1.1909

(0.9484, 1.601)

High

8.8342

(7.0356, 11.876)

Low

1.3736

(1.0939, 1.8465)

High

12.2123

(9.7259, 16.417)

Low

2.4820

(1.9766, 3.3365)

High

16.1076

(12.8282,21.6536)

Low

5.3623

(4.2705, 7.2086)

High

16.0640

(12.7935, 21.595 1)

(0.4610, 0.7781)

25
.E
E

20

11

15

a
10

.

a
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LowHj

LowHi

11 551010

LowHi

LowHigh

1515 2020

Strictness-Runs Combination

Figure 17. Point estimate of the standard deviation and 95% confidence intervals for
each strictness-runs combination, grouped by runs for Problem 2

Table 22 presents estimates of the ratio of variances of running time (in
minutes squared) between the low and high level of strictness, for each level of runs,

along with 95% confidence intervals. These results indicate that in all cases for
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Problem 2, the variation in running times is higher at the high level of strictness than
at the low level of strictness. Complementary results for this analysis are presented in
Appendix C

Table 22. Estimates and 95% confidence intervals of the ratio of variances of
running time between the low and high levels of strictness, for each level of runs for
Problem 2
Runs

Variance Ratio

95% Confidence Intervals

1

0.0299

(0.0142, 0.0627)

5

0.0182

(0.0086, 0.0381)

10

0.0127

(0.0060, 0.0265)

15

0.0237

(0.0113, 0.0498)

20

0.1114

(0.0530,0.2341)

4.2.2. Coverage
There was no need to perform any statistical analysis on the coverage of the

solutions found for Problem 2, since all of them attained a value of 100%, i.e., the
entire area that needed service was covered.

4.2.3. Average Path Loss
Table 23 presents the ANOVA table for the average path loss across the
facility for Problem 2. The results indicate that the factors runs and strictness are

both statistically significant (p-value = 0.0000).

The runs-strictness interaction

factor proved not to be significant (p-value = 0.1187). The ANOVA assumptions

were verified and departures from normality were found. Nevertheless, with the
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magnitude of the departures and the p-values obtained, there is no risk of committing
judgment errors based on the analysis.

Table 23. ANOVA table for average path loss for Problem 2
Source

Sum of
Squares

Mean
Square

Df

F-Ratio

P-Value

MAIN EFFECTS
A:Runs

31.9665

4

7.99163

17.14

0.0000

B:Strictness

44.5618

1

44.5618

95.6

0.0000

AD

3.45552

4

0.86388

1.85

0.1187

RESIDUAL

135.182

290

0.46615

TOTAL (CORRECTED)

2 15.166

299

INTERACTIONS

Figure 18 depicts the mean average path loss and 95% confidence intervals at

each number of runs. The significantly higher average path loss obtained at the 1run level can be easily distinguished. Likewise, an obvious equality of average path

loss achieved by the computational tool at 10, 15 and 20-runs levels can be seen.
Even if the differences of average path loss between levels of runs are statistically
significant, they are very small in magnitude. In the worst case scenario (i.e., 1-run
and 15 runs levels) the mean difference amounts to only 0.8769 dB, which is a very
small number for practical purposes.
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47

46.5

46

45.5

bO
45
1

10

5

15

20

Runs
Figure 18. Mean average path loss and 95 % confidence intervals for the different
numbers of runs for Problem 2

Figure 18 also shows that the average path loss decreases as more runs are
performed, and seems to stabilize at the 1 0-runs level. This trend is due to the fact
that the first two criteria for fitness of solutions (i.e., coverage and average regional

capacity) can be easily met with five APs for this facility.

Consequently, the

computational tool developed in this research continuously finds better solutions

based on the third criterion for fitness of solutions, which is precisely a lower
average path loss throughout the facility.

Figure 19 depicts the mean average path loss and 95% confidence intervals at

each level of strictness. The significantly higher average path loss obtained with low

strictness can be easily distinguished. The difference of average path loss between
both levels of strictness, although statistically significant, is very small in magnitude
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(0.7708 dB mean difference). As stated before, a difference of less than 1 dB is
insignificant for practical purposes. Complementary results for this analysis are
presented in Appendix C.

,.'

47

46.5
Ii'

46

45.5

Ii

45

High

Low

Strictness
Figure 19. Mean average path loss and 95 % confidence intervals for the different
levels of strictness for Problem 2

4.2.4. Average Maximum Path Loss
Table 24 presents the ANOVA table for the average maximum path loss

across the facility for Problem 2. Neither the main factors nor the two way

interaction proved to be significant (p-values of 0.7707, 0.3413 and 0.118,
respectively). The data complied with the ANOVA assumptions. Complementary
results for this analysis are presented in Appendix C.
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Table 24. ANOVA table for average maximum path loss for Problem 2
Source

Sum of
Squares

Mean
Square

Df

F-Ratio

P-Value

MAIN EFFECTS
A:Runs

7.23423

4

1.80856

0.45

0.7707

B:Strictness

3.63319

1

3.63319

0.91

0.3413

AB

29.7031

4

7.42577

1.86

0.118

RESIDUAL

1159.49

290

3.99823

TOTAL (CORRECTED)

1200.06

299

INTERACTIONS

4.2.5. Average Regional Capacity
Table 25 presents the ANOVA table for the average regional capacity in the
pre-specified region Problem 2 (see Figure 7 in Section 3.5.4 for reference). Neither

the main factors nor the two way interaction proved to be significant (p-values of
0.3253, 0.2907 and 0.5025, respectively). The ANOVA assumptions were verified

and departures from normality in the residuals were found. Nevertheless, with the
magnitude of the departures and the p-values obtained, there is no risk of committing

judgment errors based on the analysis. Complementary results for this analysis are
presented in Appendix C.

"I

Table 25. ANOVA table for average regional capacity for Problem 2
Source

Sum of
Squares

Mean
Square

Df

F-Ratio

P-Value

MAIN EFFECTS
A:Runs

9.4E+15

4

2.4E+15

1.17

0.3253

B:Strictness

2.3E+1S

I

2.3E+15

1.12

0.2907

AB

6.7E+15

4

1.7E+15

0.84

0.5025

RESIDUAL

5.8E+17

290

2E+15

6E+17

299

INTERACTIONS

TOTAL (CORRECTED)
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4.3. Best Solution to Problem 3
The best solutions to Problem 3 for each runs-strictness combination are
presented in Table 26, along with their corresponding power level strings. As with
Problem 2, it should be noted that even if the exact same solution was not found with

every single runs-strictness combination, an AP to AP comparison of all the
solutions will reveal that the computational tool tends to place corresponding APs of

different solutions around the same area (with few exceptions). This behavior
indicates that in spite of the large number of possible combinations that yield a
solution, the computational tool converged towards similar solutions at all numbers
of runs and strictness.

Table 26. Best solutions and power levels for Problem 3 found for each combination
of runs and strictness
Runs

Strictness
Low

Solution
(16,16)(29,38)(71,12)

(0.05 W)(0.1 W)(0.1 W)

High

(16,16)(29,38)(69,12)

(0.1 W)(0.1 W)(0.1 W)

Low

(16,15)(30,37)(69,12)

(0.1 W)(O.1 W)(0.1 W)

High

(16,16)(29,38)(69,12)

(0.1 W)(0.1 W)(0.1 W)

Low

(16,16)(29,38)(69,12)

(0.1 W)(0.1 W)(0.1 W)

High

(16,16)(34,49)(63,14)

(0.1 W)(0.1 W)(O.1 W)

Low

(17,16)(29,38)(68,12)

(0.1 W)(O.1 W)(0.1 W)

High

(17,16)(29,38)(68,12)

(0.1 W)(0.1 W)(0.1 W)

Low

(18,14)(29,38)(71,12)

(0.1 W)(0.1 W)(0.1 W)

High

(18,14)(30,37)(68,12)

(0.1 W)(0.1 W)(0.1 W)

Powers

1

10

15

20
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All the solutions shown in Table 26 covered 100% of the facility. However,
a few of the solutions found at the 1 -run level and the low level of strictness did not

achieve full coverage.

The existence of these solutions with less-than-complete

coverage and the power level strings of the solutions in Table 26 (with mostly
maximum power values) suggest that even when the three APs to be placed in this
problem are enough to cover the whole facility, they do not overcrowd it, as it is case
in Problem 2.

Table 27 shows additional performance measures for the solutions presented

in Table 26. The best overall solution found was with the combination of 20 runs
and high strictness. This solution's AP location string is (18,14)(30,37)(68,12), and
the corresponding power level string is (0.1 W)(0. 1 W)(0. 1 W). The average path
loss for this solution was 69.717 dB. The average maximum path loss was 109.965
dB. The average regional capacity was 789,757 bps.

Table 27. Performance measures for best solutions to Problem 3 found for each
combination of runs and strictness
Runs

Average Path
Loss (dB)

Average Maximum
Path Loss (dB)

Average Regional
Capacity (bps)

69.941

108.982

779496

High

69.870

109.994

788560

Low

69.755

109.986

789645

High

69.841

109.981

788560

Low

69.841

109.981

788560

High

70.189

109.981

787294

Low

69.923

109.986

787732

High

69.923

109.986

787732

Low

69.914

109.978

787861

High

69.717

109.965

789757

Strictness
Low

1

5

10

15

20

employed (e.g., steepest descent, simplex, simulated annealing, genetic algorithm)
Therefore, a direct comparison based on similar performance measures could not be
performed for this problem; only a visual comparison could be performed. Figure 20

shows that both solutions tend to place the APs in the same general area of the
building. However, Ji et al.'s solution places the APs too close to the borders of the
facility, causing a large amount of signal power to be dissipated to the outside of the

building, where it is not needed. The solution found in this research places the APs
closer towards the middle of the different wings of the facility, thus making a more

efficient use of the signal power and allocating it where it is more needed. This
better solution is obtained due to the multi-objective approach to the AP placement
optimization problem.
4.3.1. Time

The p-values for the t-tests on equality of mean running times (in minutes)

for low and high levels of strictness at all the numbers of runs for Problem 3 are
presented in Table 28. All the p-values are zero, therefore, there is enough evidence
to reject all the null hypotheses and conclude that for Problem 3 there are significant
differences in the mean running time of the computational tool between the low and
high levels of strictness, at all the numbers of runs performed. Table 29 presents the
mean time (in minutes) for each of the combinations of runs and strictness levels for
Problem 3, along with 95% confidence intervals.
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Table 28. P-values for the t-tests on equality of mean running times (in minutes) for
low and high levels of strictness at different numbers of runs for Problem 3
Runs

P-Value

1

0.00000

5

0.00000

10

0.00000

15

0.00000

20

0.00000

Table 29. Mean running times (in minutes) and 95% confidence intervals for low and
high levels of strictness at different numbers of runs for Problem 3
Runs

Strictness
Low

5.5044

95% Confidence
Intervals
(4.1335, 6.8754)

High

15.7511

(15.5147, 15.9875)

Low

28.3500

(25.7301, 30.9699)

High

80.2517

(79.6398, 80.8636)

Low

55.8111

(52.2778 59.3444)

High

164.5811

(163.6050, 165.5570)

Low

86.5328

(81.5369 91.5287)

High

253.2411

(252.3200, 254.1630)

Low

119.4144

(114.1220 124.7070)

High

345.3122

(343.7210, 346.9030)

Mean

1

10

15

20

Given that the mean running times for a given number of runs at different
strictness levels are statistically different, an estimate of the difference between the
mean running time (in minutes) at the high and low levels of strictness and for each
level of runs is presented in Table 30, along with a 95% confidence interval. Table
31 presents the mean percentage time that is saved when Problem 3 is ran at the low

level of strictness, compared to running it at the high level of strictness, for each
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number of runs.

On average, running Problem 3 at the low level of strictness

requires 65.41% less time than doing it at the high level of strictness.

Table 30. Estimate of the difference between the mean running time (in minutes) at
the high and low levels of strictness, for each level of runs, and 95% confidence
intervals for Problem 3
Runs

Mean
Difference

95% Confidence Interval

1

10.2467

(8.8588, 11.6345)

5

5 1.9017

(49.2227, 54.5807)

10

108.7700

(105.1250, 112.4150)

15

166.7080

(161.6420, 171.7750)

20

225.8980

(220.4080,231.3880)

Table 31. Mean percentage time savings when Problem 3 is ran at the low level of
strictness, compared to the high level of strictness, for each number of runs
Runs

Percent Time
Savings

1

65.05%

5

64.67%

10

66.09%

15

65.83%

20

65.42%

The p-values for the F-tests on equality of standard deviations of running
time (in minutes) for low and high levels of strictness with all the numbers of runs
for Problem 3 are presented in Table 32. All the p-values are zero, hence providing

enough evidence to reject all of the null hypotheses. The p-values in Table 32
identified by an asterisk could be invalidated due to high values of standard kurtosis
and standard skewness (see Appendix C).
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Table 32. P-values for the F-tests on equality of standard deviations of running time
(in minutes) for low and high levels of strictness at different numbers of runs for
Problem 3
Runs

F-Value

1

0.00000*

5

0.00000

10

0.00000

15

0.00000

20

0.00000*

Table 33 presents point estimates of the standard deviation of running time

(in minutes) for each one of the combinations of runs and strictness levels, along
with 95% confidence intervals. It should be noted that the confidence intervals for

the levels of strictness do not overlap within the same level of runs. The same effect

can be seen graphically in Figure 21, which plots the point estimate of the standard

deviation and the 95% confidence intervals for each strictness-runs combination,
grouped by runs.
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Table 33. Point estimates of the standard deviations of running time (in minutes) and
95% confidence intervals for low and high levels of strictness at different numbers of
runs for Problem 3
Runs

Strictness
Low

Std dcv

95% Confidence Intervals

3.67 15

(2.9240, 4.9357)

High

0.6330

(0.504 1, 0.85 10)

Low

7.0162

(5.5878,9.4320)

High

1.6387

(1.3051,2.2030)

Low

9.4623

(7.5358, 12.7203)

High

2.6142

(2.0819,3.5142)

Low

13.3793

(10.6554, 17.9860)

High

2.4681

(1.9656,3.3179)

Low

14.1725

(11.2871, 19.0523)

High

4.2602

(3.3929, 5.7271)

1

10

15

20

25

20

a
10

:5
I-

a
a

0

Low

High

Low

High

Low

High
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1
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10
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15

15

Low High
20

20

Strictness-Runs Combination

Figure 21. Point estimates of the standard deviation and 95% confidence intervals
for each strictness-runs combination, grouped by runs for Problem 3

Table 34 presents estimates of the ratio of variances of running time (in
minutes squared) between the low and high level of strictness, for each level of runs,

along with 95% confidence intervals. The results indicate that in all cases for
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Problem 3, the variation in running time is lower at the high level of strictness than at

the low level of strictness. This is due to the fact that for Problem 3, the termination

criterion does not converge at the high level of strictness, hence becoming
ineffective. The facility is completely covered with three APs; therefore, it can be
inferred that the reason for the non-convergence of the termination criterion is that

the average coverage of the population of solutions cannot remain stable for 10

consecutive runs, as demanded by the high level of strictness.

This unstable

condition comes from the variability in coverage resulting from using a number of
APs (3 in this case) which is able to yield both solutions that cover the whole facility

and solutions that leave regions of the facility without service. Complementary
results for this analysis are presented in Appendix C.

Table 34. Estimates and 95% confidence intervals of the ratio of variances of
running time between the low and high levels of strictness, for each level of runs for
Problem 3
Runs

Variance Ratio

1

33.6409

95% Confidence IntervaJs
(16.0119,70,6794)

5

18.3311

(8.7250,38.5136)

10

13.1017

(6.2360,27.5267)

15

29.3859

(13.9866,61.7396)

20

11.0669

(5.2675,23.2516)

4.3.2. Coverage

Table 35 presents the ANOVA table for the coverage of the facility provided

by the solutions for Problem 3. The main factors

runs

and

strictness

as well as the

interaction factor proved significant (j-values of 0.0000, 0.0037 and 0.0000,
respectively).

The ANOVA assumptions were verified and departures from

normality and non-constant variance across treatment levels for the residuals were
found. Nevertheless, with the magnitude of the departures and the p-values obtained,
there is no risk of commifting judgment errors based on the analysis.

Table 35. ANOVA table for coverage for Problem 3
Source

Sum of
Squares

Df

Mean
Square

F-Ratio

P-Value

MAIN EFFECTS
A:Runs

1.9E-05

4

4.7E-06

8.56

0.0000

B:Strictness

4.7E-06

1

4.7E-06

8.56

0.0037

AB

I .9E-05

4

4.7E-06

8.56

0.0000

RESIDUAL

0.00016

290

5.5E-07

0.0002

299

INTERACTIONS

TOTAL (CORRECTED)

Figure 22 depicts the mean coverage and 95% confidence interval at each
level of runs. Since the coverage caimot exceed 1, this value is used as an upper
limit for the plot. The statistically significant lower coverage obtained with a single

run can be easily distinguished.

However, the mean value of coverage for the

mentioned combination of runs and strictness is 0.99875, and the difference from 1 is

almost negligible (0.00125). This effect comes from the fact that there were a few

solutions found with a single run at low strictness that did not cover the facility

completely.

The same can be said about the significant difference between the

coverage obtained at high and low levels of strictness, which can be seen in Figure
23. In this case, the mean difference amounts to 0.00025.

1111

1

0.9995
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Runs
Figure 22. Mean coverage and 95 % confidence intervals for the different numbers
of runs for Problem 3

91

1

I
0.9995

0.999

0.9985

[11:1

High

Low

Strictness
Figure 23. Mean coverage and 95 % confidence intervals for the different levels of
strictness for Problem 3

Figure 24 presents the runs-strictness interaction plot as well as 95%
confidence intervals for the means. The only combination performing at a slightly

lower level is the 1 -run level and low strictness. Complementary results for this
analysis are presented in Appendix C.
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Figure 24. Runs by strictness interaction plot with 95% confidence intervals for
coverage for Problem 3

4.3.3. Average Path Loss

Table 36 presents the ANOVA table for the average path loss across the

facility for Problem 3.

Both main factors present strong evidence of having

significant differences amongst their levels (p-value of 0.0000 in both cases). The
runs-strictness

interaction factor proved not to be significant (p-value = 0.4398).

The ANOVA assumptions were verified and departures from normality and nonconstant variance across treatment levels for the residuals were found. Nevertheless,

with the magnitude of the departures and the p-values obtained, there is no risk of
committing judgment errors based on the analysis.

Table 36. ANOVA table for average path loss for Problem 3
Source

Sum of
Squares

Mean
Square

Df

F-Ratio

P-Value

MAIN EFFECTS
A:Runs
B:Strictness

27.3075

4

6.82688

22.84

0.0000

5.3523

1

5.3523

17.91

0.0000

1.12664

4

0.28166

0.94

0.4398

86.683

290

0.29891

120.469

299

INTERACTIONS
AB

RESIDUAL

TOTAL (CORRECTED)

Figure 25 depicts the mean average path loss and 95% confidence interval at

each level of runs. The significantly higher average path loss obtained at the 1-run

level can be easily distinguished. Likewise, the average path loss achieved by the

computational tool at 10, 15 and 20-runs levels is very similar. However, it is not
clear whether the average path loss obtained at the 5-runs level forms part of that
homogenous group. The LSD multiple range test depicted in Figure 26 indicates that

the 10, 15, and 25-runs levels form a single homogenous group.

A second

homogenous group is formed by the 5, 10 and 15-runs levels. Finally, the 1-run
level forms an independent group.

71

70.5

70

bO

1

5

10

20

15

Runs
Figure 25. Mean average path loss and 95 % confidence intervals for the different
numbers of runs for Problem 3

20 15 10

5

1

Figure 26. LSD multiple range test for average path loss for the different numbers of
runs for Problem 3

Figure 25 also shows that the average path loss decreases as more runs are

performed, but seems to stabilize at the 10-runs level. This trend is due to the fact

that the first two criteria for fitness of solutions, namely coverage and average
regional capacity, can be easily met with five APs for this facility. Consequently, the
computational tool used for this research continuously finds better solutions based on

the third criterion for fitness of solutions, which is precisely a lower average path

loss throughout the facility. Even if the differences of average path loss between
different numbers of runs are significant, they are very small. In the worst case
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scenario (i.e., 1-run and 20-runs levels) the mean difference amounts to 0.8067 dB,
which is a very small number for practical purposes.

Figure 27 depicts the mean average path loss and 95% confidence interval at
each level of strictness. The high strictness obtains a slightly lower value of average

path loss. The mean difference is 0.2671, which for practical purposes is negligible,
in spite of being statistically significant. Complementary results for this analysis are
presented in Appendix C.
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Figure 27. Mean average path loss and 95 % confidence intervals for the different
levels of strictness for Problem 3

4.3.4. Average Maximum Path Loss

Table 37 presents the ANOVA table for the average maximum path loss
across the facility for Problem 3. Both the main factors

runs

and

strictness

proved

significant (p-values of 0.000 1 and 0.004, respectively).
interaction factor was not significant (p-value

The

runs-strictness

0.3255). The ANOVA assumptions

were checked, and departures from normality and slightly non-constant variance
along factor levels were found. Nevertheless, with the magnitude of the departures
and the p-values obtained, there is no risk of committing judgment errors based on
the analysis (See Section 4.1.2 for a detailed justification).

Table 37. ANOVA table for average maximum path loss for Problem 3
Source

Sum of
Squares

Mean
Square

Df

F-Ratio

P-Value

MAIN EFFECTS
A:Runs

6.80476

4

1.701 19

6.15

0.0001

B:Strictness

3.53955

1

3.53955

12.8

0.0004

AB

1.29057

4

0.32264

1.17

0.3255

RESIDUAL

80.1807

290

0.27649

TOTAL (CORRECTED)

91.8155

299

INTERACTIONS

Figure 28 depicts the mean average maximum path loss and 95% confidence

interval at each level of runs. Clearly, the average maximum path loss increases as
the number of runs increases, but seems to stabilize at the 10-runs level. This effect

is produced by the computational tool's effort to spread the APs to cover the entire

facility when a higher number of runs is used, given that the coverage is the first
criterion for determining the fitness of a solution.
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The LSD multiple range test depicted in Figure 29 shows the existence of
three homogenous groups. The first group includes the i-run and 5-runs levels. The
second group is composed of the 5, 10 and 15-runs levels. Finally, the third group is
composed of the 10, 20 and 15-runs levels.
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109.8
109.6
109.4
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Runs
Figure 28. Mean average maximum path loss and 95 % confidence intervals for the
different numbers of runs for Problem 3

1

5

10 20 15

Figure 29. LSD multiple range test for average path loss for the different numbers of
runs for Problem 3

The differences in mean average maximum path loss among the different
numbers of runs, although significant, are almost negligible. In the most extreme
case (i.e., at the 1-run and 15-runs levels) the mean difference amounts to 0.395 dB.
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Figure 30 depicts the mean average path loss and 95% confidence interval at
each level of strictness. The mean difference in average maximum path loss between
the high and low levels of strictness was 0.2 17 dB, which is again a negligible value

for practical purposes.

Complementary results for this analysis are presented in

Appendix C.
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Figure 30. Mean average maximum path loss and 95 % confidence intervals for the
different levels of strictness for Problem 3

4.3.5. Average Regional Capacity
Table 38 presents the ANOVA table for the average regional capacity
throughout the facility for Problem 3. The main factors

runs

and strictness as well as

the interaction factor proved significant (p-values of 0.0000, 0.0000 and 0.0062,
respectively).

The ANOVA assumptions were verified and departures from

normality and non-constant variance across treatment levels for the residuals were
found. Nevertheless, with the magnitude of the departures and the p-values obtained,
there is no risk of committing judgment errors based on the analysis.

Table 38. ANOVA table for average regional capacity for Problem 3
Source

Sum of
Squares

Mean
Square

Df

F-Ratio

P-Value

MAIN EFFECTS
A:Runs

7.2E+09

4

1.8E+09

28.46

0.0000

B:Strictness

2.2E+09

1

2.2E+09

34.29

0.0000

AB

9.3E+08

4

2.3E+08

3.67

0.0062

RESIDUAL

1.8E+10

290

6.3E+07

TOTAL (CORRECTED)

2.9E+10

299

INTERACTIONS

Figure 31 depicts the mean average regional capacity and 95% confidence
interval at each level of runs for Problem 3. The average regional capacity increases

as the number of runs increases, but seems to stabilize at the 10-runs level. This
occurs because as the number of runs is increased when the computational tool is
run, it tends to find better solutions. Improving the average regional capacity is part

of that process, as the second criterion for judging relative fitness of solutions. The

multiple range test depicted in Figure 32 shows that at 10,

15

and 20 runs, the

average regional capacity is not significantly differently, and that 5 and 1 runs form
their own group.
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Figure 31. Mean average regional capacity and 95 % confidence intervals for the
different numbers of runs for Problem 3

1

5

10 20 15

Figure 32. LSD multiple range test for average regional capacity for the different
numbers of runs for Problem 3

Figure 33 depicts the mean average regional capacity and 95% confidence

interval at each level of strictness for Problem 3. There is a significantly lower
performance at the low level than at the high level of strictness. This phenomenon
can be explained simply by the extra time spent by the computational tool looking
for improved solutions when the high level of strictness is used.
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Figure 33. Mean average regional capacity and 95 % confidence intervals for the
different levels of strictness for Problem 3

Figure 34 presents the runs-strictness interaction plot and 95% confidence
intervals for the average regional capacity for Problem 3. This plot shows that the

overlap of the confidence intervals for mean average regional capacity for both

levels of strictness at a given number of runs increases as the number of runs
increases. The most noticeable difference is at the single run level, where there is no
overlap.
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Figure 34. Runs by strictness interaction plot with 95% confidence intervals for
average regional capacity for Problem 3

Although the main factors and the two-way interaction factor have a
significant effect in the average regional capacity obtained, all the values calculated

are above the minimum required theoretical average regional capacity. This makes

the mentioned differences irrelevant when determining the relative goodness of a
solution. Complementary results for this analysis are presented in Appendix C.

4.4. Summary of Experimental Results
Table 39 presents a summary of the experimental results obtained in this
research. The values included in the table are only the p-values for those effects that

were significant for a given performance measure and problem. The empty cells
represent those factors that proved to be not significant. The cells where the message

"N/A" (i.e., "not applicable") appears represent those factors that did not have to be
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analyzed. The analysis of the strictness factor for the running time (denoted with an
asterisk) encompasses multiple t-tests. If the value "0.0000" is shown for a time
analysis, it indicates that all the multiple t-tests of that analysis obtained the same p-

value of 0.0000. When no value is present for a time analysis, this indicates that the
multiple t-test for that analysis had different non-significant p-values.

Table 39. Summary of experimental results
Runs
Time

Problem 1

Problem 2

*

Strictness

Interaction

N/A

N/A

Coverage

0.0000

0.0229

Average Path Loss

0.0000

Average Maximum Path Loss

0.0004

Average Regional Capacity

0.0000

Time*

N/A

0.0000

N/A

Coverage

N/A

N/A

N/A

0.0000

0.0000

N/A

0.0000

N/A

Coverage

0.0000

0.0037

0.0000

Average Path Loss

0.0000

0.0000

Average Maximum Path Loss

0.0001

0.0004

Average Regional Capacity

0.0000

0.0000

Average Path Loss

Average Maximum Path Loss
Average Regional Capacity

Time*

Problem 3

0.0062
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5. CONCLUSIONS AND FUTURE WORK
5.1. Conclusions

The main objective of the present research was to improve current
methodologies for the optimal or near-optimal placement of APs in a WLAN
installation. To achieve this objective, a computational tool was developed in this

research based on the work performed by Adickes (1997). Certain features of the
computational tool increased both the number and the complexity of the calculations

that had to be performed, requiring the addition of a termination criterion to achieve

reasonable computational times without compromising the quality of the solution.
The latter condition helps to achieve the secondary objective of this research which

was to provide a practical tool to aid in the deployment of WLAN systems by
providing reasonable solutions in a shorter time than that spent in performing the
labor-intensive, time-consuming site survey evaluation.

An experiment was designed to assess whether or not the improvements
made to the computational tool were able to provide the desired balance between
computational time and fitness of the solution obtained. The controlled factors in
this experiment were the level of strictness of the termination criterion (i.e., high or
low), and the number of runs that the computational tool performed (i.e., 1, 5, 10, 15,

and 20 runs). The quality performance measures used to assess the performance of
the computational tool included miming time, coverage provided by the solution's,
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average path loss suffered by RF the signal, average maximum path loss found in the
facility, and theoretical average capacity in a pre-specified region of the facility.

The experimental results indicated that the termination criterion is more
likely to be effective when enough APs are specified to completely cover the facility

for a given problem. These results also proved that the termination criterion might
not converge at the high level of strictness, particularly in cases where:
1.

The specified number of APs is barely able to cover a facility, or

2. In problems where the number of possible locations for APs is very large

compared to the number of APs that need to be placed.

The low level of strictness proved to dramatically reduce (i.e., from 65 to
70%) the running time required to obtain an acceptable solution when compared to

that obtained at the high level of strictness. This was true regardless of whether or

not the termination criterion was able to converge at the high level of strictness.

Despite the fact that the solution quality performance measures (i.e., coverage,

average path loss, average maximum path loss, average regional capacity) are
statistically worse at the low level of strictness than at the high level of strictness, the
differences are negligible for all practical purposes.

The experimental results also showed that the quality of the solutions found
with a single run of the computational tool was considerably lower than that obtained

with the other number of runs performed.

On the other hand, all the quality

performance measures seemed to stabilize (i.e., the levels observed could be
considered acceptable, and did not increase) at and after 10 runs, indicating that there
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is no added value to the quality of the solution when 15 or 20 runs are performed.
Nevertheless, the running time required to obtain a solution does increase at these

number of runs levels.

Finally, it was observed that the quality performance

measures for the solutions obtained at the 5-runs level are statistically worse than
those obtained at the 10-1 5-20-run performance plateau; however, the differences are
negligible for all practical purposes.

In summary, we can conclude that having the computational tool developed
in this research execute 5 runs with the low level of strictness would generate high

quality solutions (as demonstrated in the experimental results) in a reasonable
running time.

This statement is limited by the convergence constraints of the

termination criterion previously mentioned in this chapter.

5.2. Future Work
The following recommendations for future work that can be performed to
extend this research:
1.

Inclusion of a mechanism that will help identify automatically the
minimum number of APs needed in order to provide sufficient coverage
in a given facility.

2. Additional experimentation with a broader variety and size of problems to

further assess the robustness of the computational tool.
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3.

Individual variation of the parameters dictating the strictness of the
tennination criterion to develop a better understanding of their specific
effects and contributions.

4.

Inclusion of a frequency reuse pattern automation algorithm to avoid
interference between the APs.

5.

Changes in the input mechanism of the computational tool to provide the
ability to directly accept a CAD drawing that represents the facility under
evaluation.

This would simplify the building characterization and

digitization process.
6. Inclusion of an algorithm that would automate the plotting of different

types of results and solutions, e.g., AP location maps, coverage maps,
received power maps and contour plots, SNR maps and contour plots, etc.
7.

Migration of the computational tool from Visual Basic 6.0 to a newer
platform, such as Visual Basic .NET.
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Appendix-A. Methodology used by Adickes (1997) and Adickes et al.
(2002)
This appendix presents a brief explanation of the methodology used by
Adickes (1997) and Adickes et al. (2002) which served as a base for the development
of the computational tool presented in this thesis document.

A.!. AP Coverage Representation
The AP coverage representation used in this research takes into consideration

the different ways a transmitted radio frequency signal is attenuated. Ideally, the
coverage area of any given AP would be a perfect circle. However, the existence of
obstructions (also referred to as passive interference sources), e.g., walls and office

modular partitions, will cause the signal to lose power, hence reducing the distance

that it can travel and changing the shape of the coverage area. Sources of passive
interference reduce the

quantity

of the signal received at a given point in space. On

the other hand, noise (also referred to as active interference) limits the distance the
signal can travel by reducing its

quality

in terms of the signal to noise ratio (SNR).

Therefore, when too much noise is present in comparison to the level of the signal
(low SNR value), the signal becomes indistinguishable from the background noise.

The effects of different types of interference on the coverage area of an AP are
depicted in Figure 35.
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Free space

Active

Figure 35. Effects of different types of interference on an AP's coverage area

The following subsections explain how passive and active interference
sources degrade the quality of a radio frequency signal. Also, the representation
schemes necessary to model these interference sources are presented.

A.1.1. Facility Design Space Representation
Before a determination can be made of the area that an AP can cover in a
facility, it is necessary to find a suitable way to represent the characteristics of the
facility itself. The method chosen for such purpose was to treat the design space as
discrete, yielding a combinatorial problem.

First, the entire area of the facility is enclosed into a rectangle which is in
turn discretized into squares of uniform size. The size of the squares is generally
selected by the researcher and involves an important tradeoff. If the size of the

squares is too large, the resolution of the problem will be inappropriately low,
making it difficult to model small obstructions. On the other hand, if the squares are
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made too small, the computation time needed to solve the problem would increase

exponentially without necessarily increasing the accuracy of the answer. In this
research, a resolution of one-meter per square was chosen as an acceptable value
given that such a resolution has been shown to "balance" the tradeoff just discussed,

as evidenced by several publications found in the literature (Aboihassani, 2002;
Adickes et al. 2002; Prommak et al., 2002)

The squares representing locations in the facility have facility-related
information associated with them. This information includes their coordinates, the
type of interference (i.e., active or passive) they represent, the attenuation factor of a

passive interference located in a square, and whether or not an AP can be placed

there. For example, an AP cannot be placed over a passive interference or outside
the walls of the facility.

An example of a facility representation is depicted in Figure 36. Notice that

the origin of the coordinate system is located on the top left corner of the design
space. This was done to create a one to one correspondence between the coordinate
system in the plot and the way the matrix that represents the facility is indexed in the
computational implementation of the methodology.
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In order to obtain the coverage area of each AP, a ray representing the radio

frequency signal is drawn from the center of the square containing an AP to the
center of every point in the border of the design space. This assures that all the
squares in the facility are crossed at least by one ray. Then, the continuous path
described by the ray is used to determine the piecewise continuous path of squares

that are crossed by the ray in its trajectory, as depicted in Figure 37. This can be
achieved by calculating the coordinates of the points where the ray passes from one

square to the next and comparing them to the coordinates of the square boundaries.
The necessary pieces of information to perform this calculation are the coordinates

of the initial and end points of the ray and the size of the discretizing square. The

process is performed square by square, advancing radially from the AP location.
This algorithm is analogous to the task of visually identifying the squares that are
crossed by a ray.

_....
Continuous

Piecewise Continuous

Figure 37. Path determination of RF signal
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Once the facility is discretized, the path loss calculations are performed in the

center of each one of the squares defined in the piecewise continuous path and it is
assumed that the same results are valid in the whole square.

The formula used for the path loss calculation, Equation (3), has two terms.

The first term accounts for the path loss due to the distance traveled by the signal.
The distance used for this calculation is the Euclidean distance from the center point
of the square containing the source AP and the current square being evaluated in the

piecewise continuous path determination process. The second term accounts for the
attenuation due to the obstructions that the signal has to cross. The obstructions are
counted as the piecewise continuous path determination process moves from square
to square.

The attenuation factor of each obstruction is added when there is a transition

in the composition of the path traveled, i.e., when the ray moves from open space
into a source of passive interference, or from one source of passive interference into
another.

However, as the signal moves within the same source of passive

interference, no additional attenuation is added. This procedure may be an issue with

oblong obstructions, as discussed in the methodology chapter of this thesis (Section
3).

The total attenuation due to the obstructions is then added to the total path loss

calculation. When the attenuation suffered by the signal reaches a level beyond the

specified sensitivity threshold of the AP, it means that the AP cannot effectively
cover any point further. Hence, the path is terminated and the next path is evaluated.
This process is repeated until the entire facility is characterized.
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In the case where there is only one AP in the facility, all the evaluated
squares are covered by it. However, when more than one AP is being placed, a given

square could potentially be covered adequately by more than one AP. In such cases,
the ownership of the square is granted to the AP that provides the strongest signal.

After all the path loss calculations and AP assignment operations are
performed, the effects of noise are also taken into consideration in the coverage of
APs in the facility. In order for a square in the facility to be effectively covered by
an AP, the calculated value of SNR for that square has to be lower than a specified

threshold value that ensures correct discrimination of the signal over noise. The
SNR in a given location is calculated using the following equation (Stallings, 2002):

SNRdB =101og10

received signal power
received noise power

(6)

If there are no active interference sources that create noise, the noise power is

assumed to be constant throughout the entire facility. If active interference sources

are present, the received noise power will also contain the calculated signal power
for the active interference sources. Since the noise from active sources is also an RF

signal, it is also subject to all the aspects of RF propagation and path loss that were
already described for the signal, and hence will follow the same calculation process.

The only difference is that the path the noise follows will only be terminated at the
border of the facility.
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A.2. The Genetic Algorithm Optimizer
The Genetic Algorithm Optimizer (GAO) is an elementary computationbased tool used to try to optimize the AP placement problem. The literature review

section of this thesis states the suitability of genetic algorithms for complex
problems, like the one at hand, which could be nearly impossible to solve with more
mathematically strict techniques. The concepts behind a genetic algorithm are fairly
simple.

However, going from theory to practice is more complicated and

application-dependant. As with all types of modeling, the solution provided by a
genetic algorithm can only be as good as the original representation of the problem
itself and the design space.

The following sub-sections describe the GAO and its component parts.
Section A.2. 1 presents an overall view of the GAO developed. The rest of the subsections describe the internal mechanisms of the GAO.
A.2.1. Overall view of the GAO

Figure 38 depicts a flowchart representing a single run of the GAO.
Techniques considered "standard" in genetic algorithms were used in each of the
components of the GAO. The adaptation of the GAO to the AP placement problem

is done in the data structures used to represent the design space and in the solution
evaluation mechanisms.
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Figure 38. GAO flowchart

122

The GAO starts by initializing the data structures used to model the problem.

Then, the GAO generates a random population of solutions. Each solution has a
given number of APs to be placed in the chosen facility, M. The solutions are then
evaluated and assigned a fitness value. If there is an "acceptable" solution, based on

its fitness evaluation, the results are recorded. Then, if the run termination criterion

is met, the run is terminated and a new one can begin. If that is not the case, the

population reproduction process will begin by generating the breeding pool of
candidate solutions for reproduction.

Then, the breeding itself takes place,

generating a new population. Finally, mutation is applied in the new generation and

it is evaluated, repeating the cycle until the termination criterion is met. In order to

increase the probability of finding a near-optimal solution, several runs are
performed.

The GAO uses problem-dependent "static" information regarding its
parameters, the RF performance evaluation, and the layout of the design space. This
information is considered static because it defines the problem being solved and does

not change as the program runs. A summary of these parameters is presented in
Table 40. This information is fed into the program through an ASCII text file.
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Table 40. Static GAO parameters (adapted from Adickes (1997))
PARAMETER
TYPE

PARAMETER

GA

Population size
Number of pairs of solutions to breed
Number of Elitist Survivors
Save threshold for solutions
How many transceivers will be evaluated
Maximum columns that defme the coverage region
Maximum rows that define the coverage region
Mutation rates

RF

Range of the transceiver
Sensitivity threshold of transceiver
Frequency of the RF signal
Sensitivity of transmitting and receiving antennas
Decay factor governing transmitted signal
Factor representing any other unknown signal losses
Channel bandwidth
Gaussian (white) noise
Environmental noise
Minimum acceptable Signal to Noise ratio (SNR)
Signal to Noise threshold
Average Regional Capacity Threshold

Facility

Location of active interference sources
Strength of active interference sources
Frequency of active interference sources
Type of passive interference source
Location of passive interference sources
Attenuation due to passive interference sources
Illegal areas

The GAO also uses "dynamic" information of its parameters, the RF
performance evaluation, and the layout of the design space. They are dynamic in the

sense that they depend on the values of the solutions, hence varying as the programs
runs. These parameters are summarized in Table 41.
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Table 41. Dynamic GAO parameters (adapted from Adickes (1997))
PARAMETER
TYPE

PARAMETER

GA

Crossover rate
Search range for mutation

RF

Signal to Noise Ratio at each facility location
Received signal strength at each facility location
Transceiver ownership of each facility location
Capacity at each facility location
Multiple coverage of each facility location

Facility

Transceiver Location

The information from both the static and dynamic parameters of the GAO is

used to create data structures that are used in turn to model the AP placement
problem. These data structures are listed in Table 42, as well as their function.

Table 42. GAO data structures (adapted from Adickes (1997))
DATA
STRUCTURE

FUNCTIONALITY

fitA
locationType
solutionTypeA
solutionTypeB
area
areaB

Tracks fitness aspects of best solutions
Defines coordinates of transceiver location
Tracks statistics for a general solution of transceiver locations
Tracks statistics for generation of breeding pooi
Tracks dynamic values associated with area to be covered
Tracks static values associated with area to be covered
Characterizes active interference sources
Characterizes continuous path of transmitted signal
Characterizes current and candidate squares being evaluated
for coverage

AISType
Seg
Sq
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The user interface of the program that runs the GAO loads the ASCII file that

initializes all the data structures.

Then, it draws the facility and the passive

interference sources, color coding them for easy identification. As the program runs,

the results are summarized and displayed in a form that includes the best solution

found in the present generation, the best solution for the run, and the best overall
solution.
A.2.2. Solution Encoding

The encoding scheme chosen to represent the chromosomes of the GAO
solutions was

real-value encoding,

i.e., the values of the chromosomes represent

actual solution values. An example of the encoding scheme used in the GAO is
depicted in Figure 39. As it can be seen, the values of the coordinate pairs in the
solution string represent directly the locations of the APs inside the facility. This
representation provides an easy interpretation of the results.

Facility

*
Solution String = (4,12)(25,6)(35,16)

Figure 39. Sample GAO encoding
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A.2.3. Fitness of Solutions
Determining the goodness of the solutions generated by the GAO is done
with three fitness functions, hence yielding a multi-objective problem. The three
objective functions used for this thesis are expressed in Equations (7), (8) and (9)
below.

S, L
z1=

(7)
x=1 y=l

where

Ii

if GXYT

lo

otherwise

Ii

f px,y)EL

1°

otherwise

x

y

CxyAxyLxy

z2=

x=1 y=l

(8)
AXYLXY

x=1 y=l

Ii

where

10

p(x,y)EN

iy.

otherwise

AEL

Z3_

x=1 y=1

x

Y

x=1 y=l

(9)
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Equations (7), (8), and (9) use the following notation:
fitness functions; i

X
Y

x

=

1, 2, 3

= total number of columns in the design space

total number of rows in the design space
= x colunm in the design space

row in the facility region
p(x,y)

= discretized square corresponding to the intersection of colunm x

and rowy

S,
L

indicates successful transmission to point p(x,y) from an AP
= legal area
= legal coverage indicator for p(x,y)

A

desired capacity area
= regional capacity indicator for p(x,y)

T

= upper path loss threshold value for APs

C,

= theoretical capacity of p(x,y)
= path loss of the signal in dB of the transceiver assigned to cover

point p(x,y), as calculated with Equation (3)
signal strength of point p(x,y)

Equation (7), or

Z1,

represents the ratio of legal area successfully covered by

an AP to the total legal area. A

legal area is

the portion of the design space where it

is legal to place an AP, i.e., without obstructions or undesirable locations. A given

square of the facility is considered to be successfully covered if the path loss
experienced by the signal from the AP providing the service to the position of the
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square is lower than a given sensitivity threshold for the AP, defined as T. This
function will make the GAO try to place APs far from each other to cover more area
and aftempt to get a value of Z1

Equation (8), or

Z2,

1.

represents average regional capacity calculated in the

desired capacity area. The desired capacity area is a pre-defined portion of the
facility where a minimum average regional capacity, A, is required. This fitness
function will make the GAO try to place APs closer together in the specified desired

capacity area. This fitness function can be used to model the existence of portion of
the facility where more users will be present, requiring a higher capacity.

The capacity of a given square of the desired capacity area, C,, is calculated

using the theoretical maximum achievable capacity given by Shannon-Hartley's
formula, expressed in Equation (10) below (Stallings, 2002)
C

=Wlog2[1+L'

NJ

(10)

where
W

= bandwidth of the channel in Hertz

S

= received power of the signal atp(x,y)

noise level atp(x,y)

It is important to point out that the term SXJ/NXY in Equation (10) is NOT the
SNRdB calculated with Equation (6); it is just the ratio of powers.

Equation (9), or

Z3,

represents the average signal strength of the signal

throughout the entire legal area. This fitness function will make the GAO tend to
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place APs closer together in the legal areas to try to conserve signal spillage to
unwanted regions.

Having a single measurement of fitness is desirable to compare the goodness
of the solutions provided by the GAO. However, due to the nature and effects of the
three objective functions on the AP placement process, they cannot be satisfied at the

same time. Therefore, an importance rank of the fitness functions has to be applied
in order to be able to evaluate the solutions of the GAO with a unique value.

In this program, the coverage (Zj) is considered the most important
measurement, followed by the minimum capacity in a defined area (Z2), and finally

the average signal strength in the facility (Z3). Given this ranking scheme and the

two solutions Sol and Sol' with objective functions Zi,

Z2, Z3

and Z ', Z

Z'3,

respectively, solution Sol' is considered superior to Sol if and only if one of these
conditions are true:

Condition I:
z; >z,

Condition II:
(Z=Z1)and(Z2

<As) and (Z >z2)

Condition III:

(z

=Z1) and (z2 >=

A) and (Z

>A1)and(Z >z3)
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The above stated conditions are a Pareto ranking of the objective functions
based on the importance given to them. Condition I always chooses the solution that

covers more area in the facility. Condition II shows the case when the same area is
covered in both solutions, but the minimum capacity for the pre-defined area needing

it is not achieved, in which case the solution with best average regional capacity in

the pre-defined area will be chosen. Condition III presents the case where the first
two requirements (coverage area and average regional capacity) are met, which will
result in choosing the solution with best average signal strength.

The single measurement of fitness for the solutions in a population is based

on the comparison criteria explained above. Once the solutions have been ordered
and ranked, the fitness value for a solution is calculated with Equation (11)

=b, +(b b

{rank(i)-1
(11)

N,0,-1 )

where

fitness of solution i
lower boundary of fitness

upper boundary of fitness
rank(i)

= rank position of solution i in the ordered population

N

= number of solutions in the population

The upper boundary of fitness, b, was set to 1 and the lower boundary,

b1,

was set to 0.1 in order to provide all the solutions with a probability of being
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selected. If there are solutions with the same rank, their fitness values are averaged
to give them equal opportunity of selection.

With the calculated fitness values for each one of the solutions in a
population, the total fitness of the population is calculated with Equation (12)

F=f

(12)

A.2. 4. Selection Procedures
Based on the fitness and probability scheme described in section A.2.3., the

GAO implements several types of selection procedures, namely roulette,
tournament, and elitist selections, which will later be used in the breeding process.
They are described in the following subsections.

A.2.4.1. Roulette Selection
Roulette selection is used in the GAO as a way to select the solutions that

will enter the breeding pooi. The roulette selection procedure randomly selects
solutions from a pooi of possible individuals whose probability of being chosen is

proportional to their overall fitness. More fit solutions have a larger probability of
being selected than less fit solutions.

Equation (13) below gives the probability of selection of a given

th

solution,

based on its fitness (/) as it compares to the total fitness of the population (1).
pfl.

(13)
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Equation (14) represents the cumulative probability distribution curve that
can be calculated as the individual probabilities are calculated.
(14)

The "roulette" metaphor is illustrated in Figure 40. Better solutions (e.g.,
solution 5) are assigned a larger area in the roulette, which corresponds to a larger
probability of selection when "spinning" the roulette.

Figure 40. Roulette selection

The computational tool "spins" the roulette until the number of solutions
constituting the breeding pool is reached, in this case 30. The way to simulate the
spin of the wheel is by generating 30 random numbers

(rh

i =

ito 30) and comparing

them to the cumulative probability distribution curve specified in Equation (12).
Solution n will be chosen if c

<r1 <=

than Cl, the first solution is selected.

c,. If the value of the random value is lower
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A.2.4.2. Tournament Selection
Tournament selection is used to pick solutions that will participate in
breeding from the breeding pool created via roulette selection.

In tournament

selection, first a "mother" is randomly chosen and removed from the breeding pool.

Then, 5 potential "fathers" are randomly chosen from the remaining of the breeding

pool, and only the best of them, as determined by the fitness value, will be selected

for breeding with the mother solution. After the breeding, all the chosen solutions
are restored to the breeding pool in order to participate in the next breeding process.

A.2.4.3. Elitist Selection
Elitist selection takes the best solution of a generation and passes it
automatically to the next one. The GAO passes the top two solutions in the
population. This technique effectively makes the maximum fitness of the population

a monotonic non-decreasing function, eliminating the chance of loosing good
solutions due to the stochastic nature of the GAO. These elite solutions were also
included in the other selection techniques, to give them an opportunity to improve
their genes.
A.2.5. Breeding

A.2.5.1. General Overview of Breeding
Breeding is the process through which the GAO generates a new population
of candidate solutions for the AP placement problem. The size of the population can
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be input via an ASCII initialization file. For the experiments performed by Adickes
(1997) and Adickes et al. (2002), the size of the population was set to 30 solutions.

The first mechanism used in breeding is the elitist selection process by which

the top two survivors are automatically passed onto the next generation. Then, in
order to obtain the rest of individuals in the generation, the GAO generates a pooi of

individuals eligible for breeding via roulette. Next, the GAO selects two parents for
breeding with tournament selection (see Section A.2.4), and produces two offspring.

All four resulting solutions (i.e., both parents and both offspring) are evaluated and
given a rank based on their fitness. Finally, the two best solutions are transferred to
the next generation.

A.2.5.2. Crossover Procedure
The GAO breeds new individuals using a multiple-point crossover procedure

ruled by the fitness of the preceding population. Any given solution will have M
coordinate pairs, corresponding to the APs placed in the facility. Of those Mpairs, a

given number L will take part in the crossover procedure, calculated based on the
average fitness of the preceding generation,

F, with Equation (15) below. If the

solutions in the past generation are good (i.e.,

Fav

is large) fewer pairs will take part

of the crossover procedure than if the solutions in the past generations are bad.
L=INT(M*(1_Fav))+1

Once L is calculated, a

binary mask of

(15)

length M is randomly created. For

example, a possible mask for a solution with five APs (i.e., M = 5) and L = 2 could
be 01010. A 1 in the mask means that the coordinates at that position of the ordered
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solution strings of the mother and father will exchange values when generating the
offspring.

A 0 means they will not exchange positions.

exchange takes place, the

entire pair

When a coordinate

of coordinates is exchanged, not the individual

x or y coordinates of a given pair. The same mask is used throughout the process of
a generation creation, but then it is changed with every new generation.
A.2. 6. Mutation

Mutation is applied to the new generation of solutions produced by the
breeding process. From a given generation of solutions, only those that passed by
elitist selection are not considered for mutation. The average fitness of the preceding

population is also taken in consideration in order to determine how much a solution

will change upon being mutated. Figure 41 shows a flowchart of the procedure
performed during the mutation process.
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Figure 41. GAO Mutation Process

Mutation occurs at the individual x or y coordinates that make up the location

point of the position of an AP in a given solution. The values that determine the
characteristics of the mutation are the mutation threshold, M1, the mutation range,
Mr, and the mutation search threshold,

M8.
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The mutation threshold represents the probability that a particular coordinate

has of being mutated. In the work performed by Adickes (1997) and Adickes, et al.

(2002), the mutation threshold was set to 0.1. Such a seemingly high value was
chosen in order to maintain the exploration capabilities of the GAO in spite of the
strong selection mechanisms used, which try to ensure that the best solutions found
keep moving along to the following generations practically unchanged.

The mutation range determines how large the mutation exercised in a
coordinate will be. The mutation range is calculated using the following equation:

Mr=:INT[k*(1_F)*R]+1

(16)

where
k

user-defined scaling constant, set to 0.1 (Adickes et al., 2002)

F

= average fitness of the previous population

R

= maximum effective transmission range of the transceiver.

Equation (14) shows that as the average fitness of the generation increases
and approaches its maximum value of 1, the allowed mutation range decreases to the

immediate neighborhood around the original location of the coordinate being
mutated.

The mutation search threshold is used jointly with mutation range to ensure

that the entire design space has a probability of being investigated. The mutation
search threshold is the probability that a mutation in a coordinate will be within the

entire range of valid coordinates, as opposed to the mutation range defined by
Equation (14). The selected value for M5 was 0.3 (i.e., on average, 30% of the
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mutations will take place within the entire valid range of coordinates and 70% will
occur just within the calculated mutation range).

The mutation process, properly speaking, is performed as follows. For each

individual x or y coordinate, a U(0,1) random number is generated. If the random
number for a given coordinate is smaller than M, that coordinate will be mutated. A

second random number is generated for the coordinates to be mutated, and it is
compared to M3 to determine if the mutation will take place in the entire range of

coordinate values or the determined mutation range. A third and final random
number is generated to determine in which side of the original location the mutation

takes place (i.e., up-down or left-right) with a 0.5 probability in each case.
Naturally, the new location is checked for validity by comparing it against the
facility data and possible co-located APs.
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Appendix-B: Sample initialization ASCII file
This appendix represents a sample initialization ASCII file. The text in
normal font represents the contents of the file. The phrases in italics and between
parentheses are comments inserted in this appendix, for clarification purposes.

30, popsize (Population size, i.e., number of solutions in a population)
10,NTB (Number of solutions to enter the breeding process)
2,topsurvivors (Number ofelitist survivors in each generation)
0.9995,savethreshold (Acceptable threshold offitness for solutions)
0.005,tolerance (Tolerance for difference of average fitness for consecutive
generations)
5,generationDifferenceLimit (Number of generations in which average fitness of
solutions must remain stable)
1 ,APcount (Number ofAPs to be placed)
20,APrange (Typical maximum range for APs in given environment; used in
mutation)
1 ,lowerbound (Lower bound for beginning of coordinates; 0 or 1, depending on
chosen matrix encoding)
19,maxCols (Width ofthe facility, in number of squares)
25,maxRows (Length of the facility, in number of squares)
5,maxRuns (Number of runs to be performed by the software tool)
90, maxDBloss (Sensitivity threshold of units, in dBm)
6,transmitterPowerLevels (Number of transmission power levels)
1,0.1 ,index, Watts

2,0.05,index,Watts
3,0.03 ,index,Watts
4,0.02,index,Watts
5,0.005,index,Watts
6,0.001,index,Watts
2400,carrierFrequency(Mhz) (Frequency used by APs, in MHz)
1.64, Gain of transmitting antenna
1.64, Gain of receiving antennae
2,n pathioss exponent (Exponent used in path loss model)
1 ,systemloss (Path loss due to system as a whole; values greater than 1 will reduce
performance of APs)
1 ,XScaleFactor (Scale factor for Xaxis)
1 ,YScaleFactor (Scale factor for Y axis)
1 ,illegaltypes (Number of types ofpassive interference sources, or obstructions)
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e,2.38,1, illegalcolor,dbloss,Index (Color for drawing the facility in the software
tool, attenuation factor, and index ofobstruction)
1 ,Interference sources (Number oftypes of active interference sources)
16,16,1 800,.0003 ,x,y,frequency,watts (x andy coordinates, frequency, and power of
interference source)
1 2,illegalareas (Number ofpassive interference sources and illegal areas)
1,1,1,19,1,1 (Number ofobstruction, start point x coordinate, start point y
coordinate, endpoint x coordinate, endpointy coordinate, index to type of
obstruction)
1,19,2,19,25,1
1,1,25,18,25,1
1,1,2,1,24,1
1,7,2,7,24,1
1,13,2,13,24,1
1,2,7,6,7,1
1,2,13,6,13,1
1,2,19,6,19,1
1,14,7,18,7,1
1, 14,13,18, 13, 1
1, 14, 19, 18, 19,1

30000000, regionalTbreshold(bps) (Minimum average regional capacity required in
desired capacity area, in bps)
1 ,capacityLegalAreas (Desired capacity area)
14,20,18,24 (Start point x coordinate, start pointy coordinate, endpoint x
coordinate, endpointy coordinate)
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Appendix-C: Complementary Results
This appendix presents analysis results which are complementary to those
presented in Section 4 of this thesis.

C.!. Complementary Results for Problem 1
C.1.1. Time
Table 43 presents the mean time (in minutes) for each of the combinations of
runs and strictness levels for Problem 1, along with 95% confidence intervals.

Table 43. Mean running times (in minutes) and 95% confidence intervals for low and
high levels of strictness at different numbers of runs for Problem 1

Runs
1

10

15

20

Strictness

Mean

95% Confidence Intervals

Low

4.2450

(4.1591, 4.3309)

High

4.2111

(4.1299,4.2924)

Low

21.4156

(21.2313,21.5998)

High

21.4700

(21.2445,21.6955)

Low

44.5211

(44.2128,44.8295)

High

44.6667

(44.3848, 44.9485)

Low

69.0294

(68.4614, 69.5974)

High

69.4272

(68.8554, 69.9991)

Low

95.5072

(94.7776, 96.2368)

High

95.6389

(95.0640,96.2138)
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C.1.2. Coverage

Table 44 is the table of means and 95% confidence intervals for the coverage

for Problem 1. There are mean estimates and confidence intervals for all levels of
both factors and for each runs-strictness combination.

Table 44. Table of means and 95% confidence intervals for coverage for
Problem 1
Level

Count

GRAND MEAN

Mean

95% Confidence Intervals

300

0.943794

1

60

0.935904

(0.934642, 0.937166)

5

60

0.94358

(0.942318,0.944842)

10

60

0.946022

(0.94476, 0.947284)

15

60

0.946871

(0.945609, 0.948133)

20

60

0.946592

(0.94533, 0.947854)

High

150

0.943317

(0.942519,0.944115)

Low

150

0.94427 1

(0.943473, 0.945069)

Runs

Strictness

Runs by Strictness
1

High

30

0.933519

(0.931735,0.935304)

1

Low

30

0.938288

(0.936503, 0.940073)

5

High

30

0.943824

(0.942039, 0.945609)

5

Low

30

0.943336

(0.941551,0.945121)

10

High

30

0.945685

(0.9439, 0.94747)

10

Low

30

0.94636

(0.944575,0.948144)

15

High

30

0.946825

(0.94504,0.94861)

15

Low

30

0.946918

(0.945133,0.948703)

20

High

30

0.946732

(0.944947, 0.948517)

20

Low

30

0.946453

(0.944668, 0.948238)
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C.1.3. Average Path Loss

Table 45 is the table of means and 95% confidence intervals for the average

path loss for Problem 1. There are mean estimates and confidence intervals for all
levels of both factors and for each runs-strictness combination.

Table

45.

Table of means and 95% confidence intervals for average path loss for
Problem 1

Level

Count

GRAND MEAN

Mean

95% Confidence Intervals

300

77.901

1

60

77.0592

(76.4874, 77.63 1)

5

60

77.0089

(76.4371, 77.5807)

10

60

78.2159

(77.6441,78.7877)

15

60

78.6164

(78.0446,79.1882)

20

60

78.6047

(78.0329, 79.1766)

Strictness
High

150

77.7902

(77.4286,78.1519)

Low

150

78.0118

(77.6502, 78.3735)

Runs

Runs by Strictness
1

High

30

76.667

(75.8583, 77.4756)

1

Low

30

77.45 14

(76.6428, 78.260 1)

5

High

30

77.0377

(76.2291, 77.8464)

5

Low

30

76.98

(76.1713, 77.7887)

10

High

30

78.2259

(77.4 173, 79.0346)

10

Low

30

78.2059

(77.3972, 79.0 145)

15

High

30

78.6 148

(77.8062, 79.4235)

15

Low

30

78.6 18

(77.8093, 79.4267)

20

High

30

78.4057

(77.597, 79.2143)

20

Low

30

78.803 8

(77.9952, 79.6 125)
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C.1.4. Average Maximum Path Loss

Table 46 is the table of means and 95% confidence intervals for the average

maximum path loss for Problem 1. There are mean estimates and confidence
intervals for all levels of both factors and for each runs-strictness combination.

Table 46. Table of means and 95% confidence intervals for average maximum path
loss for Problem 1
Level

Count

GRANDMEAN
Runs

Mean

95% Confidence Intervals

300

119.988

1

60

119.986

(1 19.984, 119.987)

5

60

119.989

(1 19.987, 119.99)

10

60

119.989

(119.988, 119.99)

15

60

119.989

(1 19.988, 119.99)

20

60

119.99

(1 19.988, 119.991)

Strictness
High

150

119.988

(119.988, 119.989)

Low

150

119.988

(1 19.988, 119.989)

Runs by Strictness
1

High

30

119.985

(1 19.983, 119.987)

1

Low

30

119.987

(119.985, 119.989)

5

High

30

119.988

(1 19.986, 119.99)

5

Low

30

119.989

(1 19.987, 119.991)

10

High

30

119.989

(119.987, 119.99)

10

Low

30

119.989

(1 19.988, 119.991)

15

High

30

119.99

(1 19.988, 119.992)

15

Low

30

119.988

(1 19.986, 119.99)

20

High

30

119.991

(1 19.989, 119.993)

20

Low

30

119.989

(1 19.987, 119.99)
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C.1.5. Average Regional Capacity
Table 47 is the table of means and 95% confidence intervals for the average
regional capacity for Problem 1. There are mean estimates and confidence intervals
for all the levels of both factors and for each runs-strictness combination.

Table 47. Table of means and 95% confidence intervals for average regional capacity
for Problem 1
Level

Count

GRAND MEAN

Mean

95% Confidence Intervals

300

3.085E+08

1

60

3.54 1E+08

(3.424E+08, 3.657E+08)

5

60

3.252E+08

(3.135E+08, 3.368E+08)

10

60

2.946E+08

(2.830E+08, 3.063E+08)

15

60

2.855E+08

(2.739E+08,2.971E+08)

20

60

2.829E+O8

(2.713E+08, 2.945E+08)

Strictness
High

150

3.1 1SE+08

(3.042E+08, 3.189E+08)

Low

150

3.054E+08

(2.980E+08, 3.127E+08)

Runs

Runs by Strictness
1

High

30

3.615E+08

(3.450E+08, 3.779E+08)

1

Low

30

3.467E+08

(3.302E+08, 3.632E+08)

5

High

30

3.267E+08

(3.103E+08, 3.432E+08)

5

Low

30

3.236E+08

(3.072E+08, 3.401E+08)

10

High

30

2.957E+08

(2.792E+08, 3.122E+08)

10

Low

30

2.936E+08

(2.771E+08, 3.100E+08)

15

High

30

2.852E+08

(2.688E+08,3.017E+08)

15

Low

30

2.858E+08

(2.693E+08, 3.022E+08)

20

High

30

2.886E+08

(2.72 1E+08, 3.05 1E+08)

20

Low

30

2.772E+08

(2.607E+08, 2.937E+08)
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C.2. Complementary Results for Problem 2
C.2.1. Time
The F-tests on equality of standard deviations of running time (in minutes)

for the low and high levels of strictness at all the numbers of runs for Problem 2
(presented in Table 20, Section 4.2.1) have a potentially invalidating condition. The

values of standard kurtosis and standard skewness for a single run and 20 runs fall
outside the desirable range of -2 and +2, potentially invalidating the test. However,
given that the calculated p-value is extremely small, the conclusion still holds true.

Figures 42 and Figure 43 present the box-and-whiskers plots at both levels of

strictness for the 1-run and 20-runs levels, respectively. In Figure 42 there is one far
outside point (at a distance greater than three times the inter-quartile range from the
box) for low strictness. There are also one far outside point and one outside point (at

a distance greater than 1.5 times the inter-quartile range from the box) for high
strictness.

In Figure 43, there is one far outside point for low strictness. The

presence of these outside and far outside points could represent either outliers or a
severely skewed distribution.

The apparent difference in size of the box and

extension of the whiskers provide further evidence to support the conclusions of the
F-tests, in spite of the potential for an invalid test detected.
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Figure 42. Box-and-whiskers plot at both levels of strictness for a single run for
Problem 2
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Figure 43. Box-and-whiskers plot at both levels of strictness for 20 runs for Problem
2
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C.2.2. Coverage

There was no need to perform any statistical analysis on the coverage of the

solutions found for Problem 2, since all of them attained a value of 100%, i.e., the
entire area that needed service was covered.
C.2.3. Average Path Loss

Table

48

presents estimates for the means of the average path loss and 95%

confidence intervals for Problem 2.

There are mean estimates and confidence

intervals for all the levels of both factors, as well as for each of the runs-strictness
combinations.
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Table 48. Table of means and 95% confidence intervals for average path loss for
Problem 2
Level

Count

GRAND MEAN

Mean

95% Confidence Intervals

300

46.0092

1

60

46.5911

(46.4176, 46.7645)

5

60

46.1443

(45.9708,46.3177)

10

60

45.794

(45.6205, 45.9675)

15

60

45.7142

(45.5407,45.8877)

20

60

45.8027

(45.6292, 45.9762)

High

150

45.6238

(45.5141,45.7336)

Low

150

46.3946

(46.2849, 46.5044)
(45.7548, 46.2455)

Runs

Strictness

Runs by Strictness
I

High

30

46.0002

1

Low

30

47.18 19

(46.9366, 47.4273)

5

High

30

45.8545

(45.6091,46.0998)

5

Low

30

46.434 1

(46.1887, 46.6794)

10

High

30

45.4068

(45.1614,45.6521)

10

Low

30

46.1812

(45.9359,46.4266)

15

High

30

45.3839

(45.1386,45.6292)

15

Low

30

46.0445

(45.7992, 46.2899)

20

High

30

45.4738

(45.2285,45.7192)

20

Low

30

46.1315

(45.8862,46.3768)

C.2.4. Average Maximum Path Loss

Table 49 presents estimates for the means of the average maximum path loss

and 95% confidence intervals for Problem 2.

There are mean estimates and

confidence intervals for all levels of both factors, as well as for each runs-strictness
combination.
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Table 49. Table of means and 95% confidence intervals for average maximum path
loss for Problem 2
Level

Count

GRAND MEAN

Mean

95% Confidence Intervals

300

95.6165

1

60

95.7613

(95.2532, 96.2694)

5

60

95.8398

(95.33 17, 96.3478)

10

60

95.5472

(95.039 1, 96.0553)

15

60

95.4553

(94.9472, 95.9633)

20

60

95.4788

(94.9707, 95.9869)

High

150

95.7265

(95.4052, 96.0478)

Low

150

95.5064

(95.1851,95.8278)

Runs

Strictness

Runs by Strictness
1

High

30

96.1547

(95.4362,96.8733)

1

Low

30

95.3679

(94.6494, 96.0864)

5

High

30

96.3096

(95.5911,97.0281)

5

Low

30

95.3699

(94.65 14, 96.0884)

10

High

30

95.2488

(94.5302,95.9673)

10

Low

30

95.8456

(95.1271, 96.5641)

15

High

30

95.6611

(94.9426,96.3796)

15

Low

30

95.2494

(94.5309, 95.9679)

20

High

30

95.2583

(94.5398, 95.9769)

20

Low

30

95.6993

(94.9808, 96.4 178)

C.2.5. Average Regional Capacity

Table 50 presents estimates for the means of the average regional capacity

and 95% confidence intervals for Problem 2.

There are mean estimates and

confidence intervals for all levels of both factors as well as for each runs-strictness
combination.
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Table 50. Table of means and 95% confidence intervals for average regional capacity
for Problem 2
Level

Count

GRAND MEAN

Mean

95% Confidence Intervals

300

4.848E+08

1

60

4.910E+08

(4.796E+08, 5.024E+08)

5

60

4.767E+08

(4.653E+08, 4.88 1E+08)

10

60

4.798E+08

(4.684E+08, 4.912E+08)

15

60

4.868E+08

(4.754E+08, 4.982E+08)

20

60

4.896E+08

(4.782E+08, 5.O1OE+08)

High

150

4.875E+08

(4.803E+08, 4.947E+08)

Low

Runs

Strictness
150

4.820E+08

(4.748E+08, 4.892E+08)

Runs by Strictness
1
High

30

4.964E+08

(4.803E+08, 5.125E+08)

I

Low

30

4.857E+08

(4.695E+08, 5.018E+08)

5

High

30

4.824E+08

(4.663E+08, 4.986E+08)

5

Low

30

4.709E+08

(4.548E+08, 4.871E+08)

10

High

30

4.869E+08

(4.708E+08, 5.03 1E+08)

10

Low

30

4.726E+08

(4.565E+08, 4.888E+08)

15

High

30

4.882E+08

(4.720E+08, 5.043E+08)

15

Low

30

4.854E+08

(4.693E+08, 5.O1SE+08)

20

High

30

4.837E+08

(4.675E+08, 4.998E+08)

20

Low

30

4.955E+08

(4.794E+08, 5.117E+08)

152

C.3. Complementary Results for Problem 3
C.3.L Time

The F-tests on equality of standard deviations of running time (in minutes)

for the low and high levels of strictness at all the numbers of runs for Problem 2
(presented in Table 32, Section 4.3.1) have a potentially invalidating condition. The

values of standard kurtosis and standard skewness for a single run and 20 runs fall
outside the desirable range of -2 and +2, potentially invalidating the test. However,
given that the calculated p-value is extremely small, the conclusion still holds true.

Figures 44 and Figure 45 present the box-and-whiskers plots at both levels of

strictness for the 1-run and 20-runs levels, respectively. In Figure 44, there are two

outside points and two far outside points for low strictness. This relatively high
number of outside and far outside points plus the noticeable difference in position of

the mean and the median suggest that indeed the distribution for the low level of
strictness for a single run is severely skewed. In Figure 45, there is one outside point

for each level of strictness. These points are more likely to suggest outliers than
severely skewed distributions.

The apparent difference in size of the box and

extension of the whiskers provide further evidence to support the conclusions of the
F-tests, in spite of the potential invalidation detected.
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Figure 44. Box-and-whiskers plot at both levels of strictness for a single run for
Problem 3
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Figure 45. Box-and-whiskers plot at both levels of strictness for 20 runs for Problem
3
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C.3.2. Coverage
Table 51 is the table of means and 95% confidence intervals for the coverage

for Problem 3. There are mean estimates and confidence intervals for all levels of
both factors and for each runs-strictness combination.
Table 51. Table of means and 95%confidence intervals for coverage for
Problem 3
Level

Count

GRAND MEAN

95% Confidence Intervals

Mean

300

0.99988

1

60

0.99937

(0.99919, 0.99956)

5

60

1

(0.99981, 1.00019)

10

60

1

(0.99981, 1.00019)

15

60

1

(0.99981, 1.00019)

20

60

1

(0.99981, 1.00019)

High

150

1

(0.99988, 1.00012)

Low

150

0.99975

(0.99963, 0.99987)

Runs

Strictness

Runs by Strictness
1

High

30

1

(0.99973, 1.00027)

1

Low

30

0.99875

(0.99848, 0.99901)

5

High

30

1

(0.99973, 1.00027)

5

Low

30

1

(0.99973, 1.00027)

10

High

30

1

(0.99973, 1.00027)

10

Low

30

1

(0.99973, 1.00027)

15

High

30

1

(0.99973, 1.00027)

15

Low

30

1

(0.99973, 1.00027)

20

High

30

1

(0.99973, 1.00027)

20

Low

30

1

(0.99973, 1.00027)
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C.3.3. Average Path Loss

Table

52

is the table of means and 95% confidence intervals for the average

path loss for Problem 3. There are mean estimates and confidence intervals for all
levels of both factors and for each runs-strictness combination.

Table

52.

Table of means and 95% confidence intervals for average path loss for
Problem 3

Level

Count

GRAND MEAN

Mean

95% Confidence Intervals

300

70.2585

1

60

70.8438

(70.7049, 70.9828)

5

60

70.2485

(70.1096, 70.3875)

10

60

70.1011

(69.9622, 70.24)

15

60

70.0621

(69.9231,70.201)

20

60

70.037 1

(69.8982, 70.176)

Strictness
High

150

70.125

(70.0371, 70.2128)

Low

150

70.3921

(70.3042, 70.48)

Runs by Strictness
1
High

30

70.6468

(70.4504, 70.8433)

1

Low

30

71.0409

(70.8444, 71.2373)

5

High

30

70.0354

(69.8389, 70.23 18)

5

Low

30

70.46 17

(70.2652, 70.6582)

10

High

30

69.9827

(69.7862, 70.1792)

10

Low

30

70.2195

(70.023,70.4159)

15

High

30

69.9898

(69.7934, 70.1863)

15

Low

30

70.1343

(69.9378, 70.3307)

20

High

30

69.97

(69.7736, 70.1665)

20

Low

30

70.1042

(69.9077, 70.3006)

Runs
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C.3.4. Average Maximum Path Loss

Table

53

is the table of means and 95% confidence intervals for the average

maximum path loss for Problem

3.

There are mean estimates and confidence

intervals for all levels of both factors and for each runs-strictness combination.

Table 53. Table of means and 95% confidence intervals for average maximum path
loss for Problem 3
Level

Count

GRAND MEAN

Mean

95% Confidence Intervals

300

109.718

1

60

109.457

(109.323, 109.59)

5

60

109.641

(109.507, 109.774)

10

60

109.819

(109.686, 109.953)

15

60

109.852

(109.718, 109.986)

20

60

109.822

(109.689, 109.956)

High

150

109.827

(109.742, 109.91 1)

Low

150

109.61

(109.525, 109.694)

Runs

Strictness

Runs by Strictness
1

High

30

109.686

(109.497, 109.875)

1

Low

30

109.227

(109.038, 109.416)

5

High

30

109.721

(109.532, 109.91)

5

Low

30

109.56

(109.371, 109.749)

10

High

30

109.92

(109.731,110.109)

10

Low

30

109.718

(109.529, 109.907)

15

High

30

109.954

(109.765, 110.142)

15

Low

30

109.75 1

(109.562, 109.94)

20

High

30

109.853

(109.664, 110.042)

20

Low

30

109.792

(109.603, 109.981)
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C.3.5. Average Regional Capacity
Table 54 is the table of means and 95% confidence intervals for the average
regional capacity for Problem 3. There are mean estimates and confidence intervals
for all levels of both factors and for each runs-strictness combination.

Table 54. Table of means and 95% confidence intervals for average regional capacity
for Problem 3
Count

Level

GRAND MEAN

Mean

95% Confidence Intervals

300

783358

1

60

773935

(771911, 775960)

5

60

783081

(781056, 785105)

10

60

786235

(784211, 788259)

15

60

786807

(784782, 788831)

20

60

786732

(784708, 788756)

High

150

786051

(784771, 787332)

Low

150

780664

(779384, 781945)

Runs by Strictness
I
High

30

779912

(777049, 782774)

1

Low

30

767959

(765096, 770822)

5

High

30

786034

(783171, 788897)

5

Low

30

780127

(777264, 782990)

Runs

Strictness

10

High

30

788129

(785267, 790992)

10

Low

30

784340

(781478, 787203)

15

High

30

788510

(785647, 791373)

15

Low

30

785104

(782241, 787966)

20

High

30

787672

(784810, 790535)

20

Low

30

785791

(782929, 788654)

