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Abstract

Location area (LA) planning plays an important role in cellular networks because of the trade-
off caused by paging and registration signalling. The upper boundary for the size of an LA is the
service area of a Mobile services Switching Center (MSC). In that extreme case, the cost of paging
is at its maximum but no registration is needed. On the other hand, if each cell isan LA, the paging
cost is minimal but the cost of registration is the largest. Between these extremes lie one or more
partitions of the M SC service area that minimize the total cost of paging and registration. In this paper,
we seek to determine the location areas in an optimum fashion. Cell to switch assignments are also
determined to achieve the minimization of the network cost. For that purpose, we use the available
network information to formulate a realistic optimization problem, and propose an algorithm based on
simulated annealing (SA) for its solution. Then, we investigate the quality of the SA-based technique
by comparing it to greedy search, random generation methods and a heuristic algorithm.

Index Terms

Location Area, Location Management, Location Tracking, Location Update, Paging Area, Simu-
lated Annealing.

. INTRODUCTION

Mobility tracking is crucial for the wireless networks to achieve the quality of service (QoS)
objectives [1]. In cellular communications, upon the arrival of a mobile-terminated call, the
system tries to find the mobile terminal by searching for it among a set of base stations (BSs)
over the current region knowledge of the mobile. This search is called paging, and the set of
base stationsin which amobileis paged is called the Location Area (LA). At each LA boundary
crossing, mobile terminals register their new locations through signaling in order to update the
location management databases. Therefore, the size of the LA is important for reducing the
cost of paging and registration signalling [2]. Although there may be events other than location
updates that cause registration, we will use the term “registration” instead of “location update”
throughout this paper.

The cost of paging or registration has three distinct sources. (i) the selector updatequeries,
which create processing and storage load on the database elements of the cellular network;
(ii) the load created on the wired connection part of the cellular network; (iii) the load on the
air interface. Among these, the least scalable one (that is, the most affected resource as the

population and traffic in a cell grow) is the radio bandwidth resource. Moreover, because the
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radio bandwidth is shared by control functions such as paging, registration and call traffic, it is
regarded as the scarcest resource in awireless network. Hence, we may just consider the paging
and registration load on the radio bandwidth.

A particular LA management approach is classified according to its use of zone, time, move-
ment, distance or profile information in its location update and paging procedures. In zone-
based location updating, employed by the Global System for Mobile Communications (GSM)
standard, LA boundaries are fixed and the same boundaries are used for all mobile registrations.
Optimial location area planning in zone-based schemesis not widely studied. Saraydar et al. in-
vestigate zone-based schemes by aiming to optimizethe LA borders, wherethey either supposea
one-dimensional servicearea[2], or Poisson-distributed paging load [3]. The model and simula-
tionsin our work rely on actual data obtained from anational cellular service provider so that no
assumptionsare necessary regarding mobility or call arrivals. In [4], zone-based scheme with se-
lective paging isinvestigated, and a new location-tracking algorithm, namely tree-location area
algorithm(TrLA), is proposed. Ozugur [5] defines a multiobjective zone-based LA and routing
area (RA) problem for General Packet Radio Service (GPRS) and Universal Mobile Telecom-
munications System (UMTS) standards, and applies a genetic algorithm formulation. In[6], LA
partitioning is considered as a graph optimization problem.

The location update can be performed according to the time elapsed since the last update
[7]-[9]. The implementation of the so-called time-based location update schemes are simple.
However, redundant signalling may be incurred when the system has low mobility because of
numerous stationary mobiles. In movement-based LA management [10]-[13], the location up-
date decision depends on the number of cell boundary crossings measured since the previous
location update. Distance-based schemes state that location update will be carried out when a
mobile terminal moves athreshold number of cells away from the cell in which the last location
update was performed [14]-[17]. A hybrid of zone-based and distance-based scheme is studied
in [18]. The distance-based |ocation update scheme produces the minimum signalling cost com-
pared to movement- and time-based techniques [19]. However, itsimplementation is hard since
the distance of the mobile has to be computed dynamically as it moves from cell to cell. In the
profile-based scheme, the location update is performed according to some specific criterion such

as the mobility behavior of the mobile or the distribution of the mobile terminated call arrivals
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[20]-[23].

In this paper, we propose a solution for zone-based |ocation update and paging schemes, since
they are used in the widely deployed GSM systems. Most LA planning problemsin theliterature
have acommon objective: minimizing thetotal paging and registration costs, where the objective
function requires the addition of the two distinct cost types. To that end, certain assumptions are
made for the relative values of these costs; e.g., assuming one unit cost for each paging event is
equal to 10 unit cost for each registration event. Such assumptions have the deficiency of being
the same throughout the whole network, whereas the load (i.e., cost) of paging and registration
variesfrom cell to cell. Moreover, these costs do not have comparable units, for different control
channels are used for paging and registration. Hence, a linear combination of these costs is
not very meaningful since the operators cannot specify the relative weight of each cost. In
literature, the cell-to-switch assignments are often assumed to be known, and only cell-to-LA
assignments are considered. In this paper, we generalize the LA planning problem by including
the cell-to-switch assignment decisions. Hence, we define and formulate a problem in which
both cell-to-switch and cell-to-LA assignments are jointly investigated to minimize the cellular
network cost. Subsequently, a smulated annealing (SA) based solution is developed for the
generalized cellular network structuring problem. Although various algorithms are extensively
applied to LA planning in literature, SA-based sol utions have not been studied for cell-to-LA or
cell-to-switch assignment.

In order to prohibit linear combining of incomparable costs, the paging cost isincluded in the
problem formulation as a constraint. The registration cost is left alone in the objective function,
which still results in a difficult combinatorial optimization problem. However, compared to
minimizing the paging within acceptabl e registration capacities, this goal is advantageous since
paging capacity is easier to quantify as a constraint as explained in Section 1I. We propose
a simulated annealing algorithm and a heuristic approach for the solution of the problem in
Section 111, and present the results of the computational experiments in Section IV. Section V

concludes the paper.

II. THE LOCATION AREA PLANNING PROBLEM

Without loss of generality, we consider amodel that complieswith the GSM hierarchy, which
consists of Base Stations (BSs), Base Station Controllers (BSCs) and Mobile Switching Centers
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(MSCs) [24]. While formulating the LA planning problem, we only use the available network
information and try to include all realistic constraints and goals. The overall problem in LA
planning and dimensioning stemsfrom the trade-off between the paging cost and the registration
cost. The paging cost is aresult of the arriving calls to mobiles (i.e., mobile-terminated calls).
The called party has to be searched and located in order to establish the connection. In order
to have a feasible cellular network, the paging capacities of BS i and BSC j (that have the
unit paging commands per secoend denoted by P,” and PS¢, respectively) should not be
exceeded. For evaluation of the paging loads, the paging rate for each cell i, \;, which just
includes the paging generated because of the mobilesresiding in that cell, is used.

The maximum call traffic load capacities of BSC j and MSC k (C*°¢ and C}'°¢, respec-
tively) impose constraints that are related to the processing capabilities of the equipment. These
constraints are checked through the busy-hour call traffic of each cell, whichis¢; for cell i and
which has the unit Erlang-hours

In order to have a feasible cellular network, the limited call processing capability of MSCs
and BSCs may create alimit on the peak call arrival rate (this call arrival rate includes not only
the established connections but also the failed attempts), known as the Busy Hour Call Attempt
(BHCA) capacity. The BHCA capacities for BSC j and MSC k are represented as D¢ and
DMSC | respectively. The BHCA load on BSCs and MSCs are calculated by using the call
attempt rate of the cells which has the unit call attempts per unit timeLet d; denote the peak
call attempt rate of cell i per unit time.

Each BS has afinite number of transmitters (TRXs), which defines the number of channelsin
that cell. The TRX capacity constraint is vendor-specific for BSCs and MSCs. For any BSC |
and MSC k, the sum of the number of TRXs for each cell connected to that BSC or MSC must
comply with alimit, denoted as R and R'*“, respectively. To check for this constraint, we
need to know the number »; of TRXsin cell 4, for al i.

The registration cost has severa components including usage of radio resources, database
updates. Normally, the registration cost is directly proportional to both idle-state cell boundary
crossings and active-state handovers between cells at LA boundaries. The calculation of these
costsrequiresthe collection of theflow ratesat all cell boundarieswhilemobileterminalsareidle
(i.e., with hand-set on but not in conversation). Sincethisisinfeasible, cellular network operators

(including the four in Turkey) cannot collect idle-state statistics. On the other hand, operators
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collect handover data for the mobiles passing cell boundaries during conversation. Since our
formulation relies strictly on available data, the aggregate mobile flow behavior is approximated
by assuming that the idle mobile flow rate between any given two cells is proportional to the
active mobileflow rate (i.e., the handover rate) between these cells. In other words, the handover
traffic from the ith cell to sth cell, h;,, isused instead of the mobile flow data which has the unit
handovers per unit time
To propose a BS-BSC topology, we must know which BS can be connected to which BSC
and discard those BS-BSC pairs that are not feasible (due to physical limitations, geographical
congtraints, etc.). Thisinformation is available in the form of a proximity matrix, A, among
BSs and BSCs in which a;; = 1 if BS; can be connected to BSC;, and a;; = 0 otherwise.
Similarly, for the BSC-MSC topology, we will use a proximity matrix, B, among BSCs and
MSCs where b, = 1 if BSC; may be connected to M/ SCy, and b, = 0 otherwise. Because,
part of the network structure may already be established with connections that are not allowed
to be changed. Hence, using the proximity matrix, existing physical infrastructure can be taken
into account in the resulting network solutions.
The following design variables will also be used in the formulation:
1) LA-BStopology is represented by the matrix [L];, = ¢;,. If the ith BS resides in the nth
LA, then?;, = 1, and /;,, = 0 otherwise.
2) The L matrix is used to establish the matrix [D];; = d;s, where d;; = if the ith and sth
BSsresidein different LAs, and d;, = 0 otherwise.
3) The BSC-MSC topology is represented by the matrix [Y],;x = y;r. If the jth BSC is
connected to the k&th MSC, then y;, = 1, and y;;, = 0 otherwise.
4) The BS-BSC topology is represented by the matrix [X];; = z;; in which, if the ith BSis
connected to the jth BSC, then z;; = 1, and z;; = 0 otherwise.
The paging cost on a cell is determined by the total call arrivals to cells that belong to the
same LA. We use a vector, \*, where the ith entry holds that total value for i** cell, which can
be calculated as

A=A+ D) A1 —diy) (1)
Asaresult, our “minimize the total registration signalling” goal is formulated as follows.
Minimize Z Z dishis, (2
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subject to the following constraints.
1) Each BS should be assigned to exactly one BSC. Thus, for the ith cell, the BS-BSC topol-

ogy matrix should have only one entry in the ith row that is 1 and others must be O.
j

2) Each BSC should be assigned to exactly one M SC. For the jth BSC, the BSC-M SC topol -
ogy matrix should have only one entry in the jth row that is 1 and al others must be
0.

>y =1, Vj. (4)
!

3) Each BS should be assigned to exactly one LA. For the ith cell, the BS-LA topology

matrix should have only one entry in the ith row that is 1 and others must be O.

Sl =1, Vi (5)

4) Each LA must reside within exactly one MSC. For each cell pair, if they belong to the
same LA, then they also must belong to the same MSC. Thus,

if nggsn = 17 then Z (Z TijYik Zl‘sryrk) = 17 V(Z, 3)- (6)

n k j r

5) The paging capacity of any BS must not be exceeded.
M\ < PPS Vi 7)

6) The paging capacity of any BSC must not be exceeded. Assuming that a BSC pages the
Mobile Station (MS) separately in each cell of the same LA, this constraint becomes

>y < PPC V. (8)
7) The cal traffic capacity of any BSC must not be exceeded.

> wijei < CF%C, 5. 9)
8) The call traffic capacity of any MSC must not be exceeded.

SN wiyres < CF5C, k. (10)

7 )
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9) The BHCA capacity of any BSC must not be exceeded.
sz]dz < D]BSC, V] (11)
10) The BHCA capacity of any MSC must not be exceeded.

SN wiypds < DYEC, V. (12)

j i

11) The TRX capacity of any BSC must not be exceeded.
Z zir < RPSC V). (13)

12) The TRX capacity of any MSC must not be exceeded.
D> wiyeri < By 5¢ Vk. (14)

j i

13) The proximity constraints must be satisfied.
Ty < ag, Y(i,7), (15)

Yk < bjk, V{4, k). (16)

The generalized LA planning formulation in equations (1)-(16) poses a difficult optimization
problemin whichthe LA-BS (matrix L), BSC-MSC (matrix Y') and the BS-BSC topologies (the
matrix X) have to be determined. There may be many special cases of the general LA planning
problem. Typically, some of the constraints may be omitted. For example, there may not be any
call capacity constraint for the M SCs, in which case, Constraint (10) is omitted. Another special

case arises when there may be exactly one BSC for each MSC. Then, Y isalready known.

[Il. SOLUTION TECHNIQUES

Our aim is to develop algorithms that take the available constraints, capacity and load infor-
mation described in Section Il as inputs, and find an optimal or near optimal network topology
which includes the assignment of cells (BSs) to switches (BSCs and MSCs) and location areas
(LAS).
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A. Remarks on the Complexity of the Problem

Since the solution space consists of all possible network topologies, the BS-to-BSC, BSC-to-
MSC and BS-to-L A assignments determine the complexity of the solution. If thereare n BSs, m
BSCs, p MSCs, the number of possible BS-BSC assignmentsis calculated as follows: For each
BS, there are m possible BSCs to be connected, hence n™ possible connections. Likewise, the
number of possible BSC-to-M SC assignmentsis m? and because the upper limit of the number
of LAsisthe number of BSs (n), the number of possible BS-to-LA assignmentsisn™. Conse-
guently, the size of the solution space is n™m?n". Although the solution space includes both
feasible and infeasible solutions, all solutions must be assessed whether they are feasible or not.
Because of the solution space size, exhaustive methods result in exponential time complexity.

In order to give asense for the difficulty of the formulation, NP-hardness of two subproblems
can be shown. The assignment of cells to switches without considering the location areas was
studied in [25], where the problem was formulated as integer programming and shown to be
NP-hard.

Next, consider the subproblem of assigning BSsto LAs. LAs correspond to bins due to their
common paging capacity limit. We try to pack the BSsto LAsin such away that the number of
LAsis minimum. In general, the smaller the number of LAS, the smaller the registration cost.
In the limit, if there is only one LA, there is no need for registration, and the corresponding
cost becomes zero. Therefore, having the registration cost or the number of LAs in the ob-
jective function results in similar final solutions. Since minimizing the number of LASs can be
formulated as a bin packing problem which is known to be NP-hard [26], we conjecture that the
optimization described by (1)-(16) is aso NP-hard.

B. Simulated Annealing

Due to the difficulty of the problem described in Section 11, it is not possible to guarantee
the optimal solution in reasonable running times. Therefore, techniques that give near optimal
solutions within acceptable run times are needed. One method that finds a suboptimal solution
without searching the entire solution space is smulated annealing (SA) [27], which approxi-
mates the solution of very large combinatorial optimization problems[28]. Detailed information
about the SA agorithm can be found in [29].
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The SA-based algorithm described here finds a network topology that consists of the LA-BS
assignments (the matrix L), the BSC-M SC topology (the matrix Y') and the BS-BSC topology
(the matrix X).

Figure 1 shows the flowchart of the SA algorithm. For a successful SA implementation,
two key items that must be defined carefully are the moves that create neighbor solutions and
the cooling schedule. A feasible solution is a topology where all network nodes (BSs, BSCs,
MSCs) are connected and the LA borders are specified while satisfying the constraints. There-

fore, a (feasible) neighbor solution may be generated by any of the three types of moves:

1) Changing a BS-to-BSC assignment: If constraints are not violated, a new BSC is assigned
to arandomly chosen BS. Then, arandom feasible LA isassigned to that BS. If no feasible
LA isfound, anew LA iscreated.

2) Changing a BSC-to-M SC assignment: First, a BSC and a candidate M SC for new assign-
ment is chosen randomly. If the constraints are not violated, the LAs residing merely in
that BSC (i.e., none of their BSs are connected to another BSC) stay with their BS connec-
tions(i.e., nothing is changed for these LAS), but LAs having some of their BSs connected
to that BSC go through rearrangement. The assignments of BSsto those LAs are released,
and therefore those LAs have no more BSs assigned to them from that BSC. For those
“released” BSs, an adequate number of new LAs are created (if the capacity of anew LA
isfull, then another LA is created).

3) Changing a BS-to-LA assignment: Without affecting the BS-BSC connection, a new LA
assignment is done by searching the available LAs residing within the same BSC.

The cooling schedule consists of three components: setting the initial temperature; the de-
cision of when and how to decrease the temperature; and the stopping rule of the algorithm.
The efficiency of a cooling schedule is determined by the quality of the solution and the rate
with which the process converges [30]. The performance of SA depends heavily on the cooling
schedule and neighborhood structure, which should be carefully investigated and optimized to

have the best results.

April 3, 2003 DRAFT



IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, TO APPEAR 11

C. Greedy Search

As a natural competitor, Greedy Search (GS) is one of the techniques that we compare the
SA-based algorithm to. It starts with randomly selecting one of the feasible neighbors. If the
chosen neighbor improves the registration cost of the current solution, then it is accepted as the
current solution. The search continues until an “iteration limit” is reached or a * specified num-
ber of iterations’ result in no improvement. The flowchart of the GS algorithm is obtained by
setting the initial temperature to 0 in the SA flowchart (Figure 1). When the system tempera-
tureis zero, the probability of accepting a neighbor that yields worse registration cost becomes
zero. Therefore, only the neighbors that improve the registration cost of the current solution are
accepted.

The registration cost produced by GS should be an upper bound on the SA runs, since the
greedy search can only find the local minima of the solution space. The quality of GS results
rely on the initially formed solution, and a number of simulation runs are performed to test the

GSwith different initial solutions.

D. Heuristics

Since heuristics try to find the best solution without tracing an extensive part of the solution
space and instead attempt to build the best solution directly, their time complexity is generally
much better than other techniques. However, heuristic solutionstend to offer inferior quality.

The cellular network registration cost is determined by the sum of the number of handovers
among cells belonging to different LAS, since those handovers are assumed to be proportional
to the number of location updates that occur by crossing the LA borders. The total network cost
can be minimized by designing the LA borders such that the cell pairs belonging to different
LAs have the lowest handover rates. We call the heuristic based on the preceding approach as
the Heuristic for Optimization of Location Area Planning (HOLAP). Hence, HOLAP aims to
gather cell pairs with high handovers within the same LA so that the registration cost is not
raised by the high handover rates. Figure 2 represents the flow diagram of HOLAPR, which
consists of two main blocks (loops). The algorithm starts with sorting the cell pairs according to
the handover rates between them.

Starting with the pair that inducesthe highest handover rate, HOL AP triesto assign acommon
LA to both cells of that pair. The process beginswith searching feasible BSCs for the same pair
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by assuring that the BSC capacities are adequate to handle these cell-to-BSC assignments. If any
cell of the pair under process was previously assigned to an LA, that pair is skipped. Otherwise,
if the number of available LAs is greater than one, then the decision of the LA assignment is
made based on the decision priorities shown in the flow diagram. After the processing of al
cell pairs in a sequential manner, there will be cells that are not assigned to any LA. For the
remaining unassigned cells, the algorithm described in the second loop applies, and again the
decision priorities are considered. HOLAP is compared to SA and GSin Section IV-C.2.

V. COMPUTATIONAL EXPERIMENTS

The cluster system named ASMA (Advanced System for Multicomputer Applications) isem-
ployed in the experiments. ASMA residesin the Computer Engineering Department of Bogazici
University, and has 32 personal computers (PCs) with Linux operating system [32]. In order to
find the SA parameter set that gives the best results, different parameter values are tried on mul-
tiple data sets. Experiments are repeated approximately 30 times for each data and parameter
set. The data sets used in the experiments are collected from an operational GSM network at
different times of a week. By choosing a pilot area from the GSM network, al relevant infor-
mation about the network elements (BS, BSC, and MSCs) is extracted. The capacity limits are
vendor-specific and those stipulated by the GSM operator’s equipment are fed to the algorithm
as execution parameters. In particular, the paging capacity limitsfor acell and aBSC are 33.98
and 8,500 paging commands per second, respectively. Call traffic capacity limitsfor aBSC and
an MSC are 1,300 and 2,600 Erlangs, respectively. The BHCA limits for BSC and MSC are
200,000 call attempts per unit time. Finally, the TRX capacity limits of a BSC and an MSC are
600 and 1,200 TRXs, respectively.

In the second and third set of experiments, the greedy search (with random initial topology),
random generation and HOLAP are applied to the same data sets for comparison with the SA
technique. Evaluation of SA against other evolutionary algorithmsfor different applications can
be found in [33], [34].

A. Simulated Annealing-Based Solution

Figure 3 shows the registration cost of the solutions found at different stages of atypical SA
run for a moderate sized example network, which has about 600 BSs, 6 BSCs and 6 MSCs.
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While the SA parameters are optimized with this network, verification via other networks is
also carried out. In the initial stages, the SA algorithm accepts nearly all solutions, since the
temperatureisvery high. It actsas arandom search first, and the registration cost of the accepted
solutions fluctuates in a wide range as seen in Figure 3. As the temperature decreases, the
probability of accepting worse solutions also decreases so that in the later stages of the run, the
search becomes greedy and only better solutions are accepted.

The parameter set of SA includes the number of neighbors assessed for the initial tempera-
ture setting (IN), the o value (alpha) and the number of accepted neighbor movements (AD) to
decrement the temperature, the number of iterations to stop the execution (IL) and the number
of temperature decrements without registration cost improvement to stop the execution (WI).
The optimized parameter set found for the reference case with 600 BSs, 6 BSCsand 6 MSCsis
{IN:10,000, alpha:0.9999, AD:20, IL:5,000,000, WI:5,000}, as described in [31]. The execu-
tion time varies with the size of the problem and the SA parameter values, but the longest run
has taken about 1.5 hours the above network.

B. Statistical Quality Measures

Besides GS and HOLAP, a large set of randomly generated solutions is also used to inves-
tigate the quality of SA results. The two random generation (RG) methods, labelled as RG1
and RG2 are based on the procedure where first BSs are connected randomly to feasible BSCs
(considering the constraints), and then BSCs are connected to feasible MSCs. In RG1, for each
MSC starting with one LA, BSs are assigned to an LA. If LA capacity (paging capacity of BSs)
reachesitslimit, then anew LA is created and the remaining BSs are assigned to that LA. Here
the goal is to create the minimum number of LAs for each MSC (after randomly establishing
the BS-BSC-M SC topology). In contrast, in RG2, arandom number of LAs are created for each
MSC. The randomization is based on the uniform distribution with upper limit to be the number
of BSs connected to BSCs of the MSC. Then, all BSs are assigned to a randomly feasible LA.
If for aBS, no feasible LA exists, then anew LA is created and the BS is assigned to it. With
RG2, the am isto make all of the network topology decisions random, and therefore to sample
the solution space more uniformly.

A sample histogram of the registration cost values found by RG1 and RG2 can be seen in
Figures 4 and 5, respectively. The histograms reflect approximately 1,000,000 random solutions
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groupped within 50 bins (classes) according to their network registration costs. The number of
solutionsthat fall into each bin are counted. Relative frequency showsthe number of occurences
for each bin, and gives an idea about the distribution of the registration costs of generated solu-
tions. Figure 4 depicts that the registration cost values of RG1 have a normal distribution. On
the other hand, because for each MSC a random number of LAs are created in RG2, the total
number of LAS created in the system deviates a lot from the minimum possible number. For
example, if the number of MSCs in a system is 6, then minimum number of LAs that can be
created is6. For each MSC, LAs are created randomly, and the probability of having the number
of LAscloseto 6 isvery small. This explains the accumulation of the RG2 results to the right

side of Figure 5.

C. Comparison of Solution Techniques

The comparison between SA and the other techniquesis based on the resulting network regis-
tration cost. Both information collected from three pilot areas of a GSM network and randomly
generated network data are employed in experiments. For the latter, the loads on all network
elements are assumed to be exponentially distributed with mean set equal to the average value
measured on the GSM network. Proximity matrices are such that all BS-to-BSC and BSC-
to-M SC connections are alowed. A third set of experiments are performed with random data
representing different types of cellular networks. For instance, to represent a network with
higher mobility subscribers, the mean value of the handover ratesis scaled up. Sample random
data generated, the network architecture of the best solution found by SA and GS algorithms,
and source code for all techniques are hosted on the Bogazi¢i University Computer Engineering
Network Research Laboratory webpage [35].

Experimental results produced by the SA algorithm reflect the averages of about 30 indepen-
dent runs. The minimum registration costs found by the GS, RG1 and RG2 runs are selected for
comparison. The number of GS algorithm runs on each data set is between 30 and 100. RG1
and RG2 methods are applied 1,000,000 timesto each data set.

1) Experiments on Real Network Datalhe experiments that are based on the GSM net-
work datayield Table |. All data are collected at the peak hour when channel occupation is at
its maximum within the day. The first set of data is measured on a Friday in a pilot area of the

GSM network that belongs to a metropolitan city. Data sets 2 to 5 are extracted from a smaller
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pilot area of the same city on a Monday, Tuesday, Saturday and Sunday, respectively. The sixth
data set is comes from the third pilot area that belongs to a less populated city on a Friday.
Table | shows that the SA-based solution technique outperforms the others. Furthermore, the
minimum registration costs found by the RG1 runs are uniformly lower than those attained by
RG2. Thus, setting the number of LAs randomly and then making the BS-BSC-MSC assign-
ments does not give a better result than making BS-BSC-M SC assignments randomly and then
setting the number of LAs to the minimum possible value. Another outcome of Table | is that
SA gives approximately 50% better results than GS, which turns out to be the best competitor
to SA. The reason behind the superiority of SA isthat the SA algorithm is able to escape from
local minima, while GS always gets stuck in alocal minimum.

Although just the averages of the SA resultsare presented in Tablel, their variance on different
runsisnot very large. For example, the 30 separate SA runs performed for Data Set 1 range from
405,571 to 475,072. The maximum and the minimum registration costs found on distinct SA
runs diverge at most 15% from the average. Therefore, we may state that SA has atight range,
and any execution of the SA method gives results near the values presented in the tables.

In order to have a feeling about the distribution of the registration cost values in the solution
space, and to see how far from the average of the solution space the SA results are, RG methods
are used, aswell. The resulting networks of RG methods consist of real (measured) loads, albeit
an arbitrary topology. For the first group of experiments, the mean value of SA results are
compared to the mean and standard deviation (o) of the RG1 runsin Table Il. The SA results
are located very far from the average. For Data Set 1, the distance between the SA and the mean
RGL1 resultsis 130.

RG2 designates the actual solution space; however, it only includes the feasible solutions.
Finally for thefirst group of experiments, Table 1l showsthe mean value of SA results compared
with the mean and standard deviation of RG2 runs. Since the network topol ogies created by RG2
method are collected in asmaller region, RG2 has smaller standard deviation compared to RG1.
Hence, in the units of &, the distance of SA result to the RG2 mean is much more than the RG1.
Asan example, again for the case of the second data set, the distance from SA result to the mean
of RG2 resultsis48c. Another observation from Table Il isthat the first data set produces much

higher values compared to other data sets. The reason is that the first pilot area is a hotspot in

April 3, 2003 DRAFT



IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, TO APPEAR 16

the city.

2) Experiments on the Second Set of Example Problems: Rand8&aidSetA106f Table
IV list the resulting network registration costs for a network with 386 BSs, 6 BSCs and 6 MSCs.
Although the loads are randomly generated for all elements based on the average values calcu-
lated using real GSM network data, the results obtained from all techniques are similar. Table
IV depicts that SA again finds the best solution. However, the GS results are closer to those of
SA compared to the runs performed with the real data. For the first data set, the SA registra-
tion cost is 11% better than GS as opposed to 43% for Data Set 1 in Table I. Loads generated
according to a specific distribution are similar unlike real GSM network measurements. Hence,
neighboring solutions have similar registration costs, and it is harder for SA to find significantly
better solutions.

RandLargeSetand RandLargeSetaf Table IV indicate that SA produces superior solutions
for a network consisting of 800 BSs, 12 BSCs and 12 MSCs. For the experiments conducted
on this larger network topology, data sets are obtained again through random data generation.
It is interesting that the results are very close to those listed for Data Sets 2-4 of Table|. This
similarity is be an evidence for the reliability of random data generation.

The comparison between SA and HOLAP isin Table V for 386 BSs, 6 BSCs and 6 MSCs.
Theloads of the network elements are generated randomly based on the average val ues obtained
from the GSM network. Asit turns out, HOLAP is not a competitor to SA, and not even to GS.
The reason behind the worse performance of HOL AP can be that the first those pairs with higher
handover rates are considered and the pairs with low handover rates are discarded. The main
godl isto allocate the pairs with high handover rates to the same LA. The remaining pairs have
to be assigned to different LAs due to system constraints, and it is these ones that determine the
network registration cost. That is, cell pairs with average or low handovers are also critical for

the network registration costs and should not be ignored.
3) Effect of Network Propertieskor anetwork with high (low) mobility, the average val ue of

the handover rates, which is obtained from the GSM network, is multiplied (divided) by two. A
network with high (low) paging isgenerated by multiplying (dividing) the average paging rate by
three. A random network with low (high) call traffic load is obtained by dividing (multiplying)
the average value of the call traffic load by two. However, for the high call traffic case, because

the number of BSCs used in the experiments, which issix, isnot capable of handling the number

April 3, 2003 DRAFT



IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, TO APPEAR 17

of BSs, which is 386, we decrease the number of BSs to 250. To obtain a network with high or
low TRX load, the same procedure is applied to the average values as in networks with high or
low call traffic. Again because of capacity constraints, for high TRX load, the number of BSsis
reduced to 250.

In Table VI, data sets from HighMob1to HighMob4 have high mobility, and data sets from
LowMob1lto LowMob4belong to networks with low mobility. In the rest of the tables, the
data sets represent a random network whose data are formed by using the same average values.
This is one reason why the registration costs in the table are close. Table V1 indicates that the
impact of high mobility isan increase in registration cost due to increased handover rate. When
compared to Table IV, this becomes more obvious. Although SA gives better results compared
to other techniques, for some experiments, GS does approach SA (e.g., data set HighMob2).

A network with high paging implies that the number of mobile-terminated calls occurring in
the network ishigh. Asseenin Table VI, for the high paging situation, SA gives better outcomes
compared to other methods. In addition, we notice that there are improvementsin SA network
registration costsover Table V. However, the paging capacity isone of the constraints, and high
paging reduces the size of the feasible solution space. In contrast, the results of GS, RG1, and
RG2 are very close to those in Table IV. Since methods other than SA use random search and
simplelogic, they cannot improve the results when constraints are tightened. It is also observed
that low paging and high paging cases create similar results.

Table VII displays the performance against traffic load. Comparison of data sets LowTraffl-
LowTraff4of Table VII with data sets LowPagtLowPag4of Table Vireveas that although SA,
RGL1 and RG2 generate networks with similar registration costs to those in Table VI, GSyields
higher registration costs. Moreover, networks with low call traffic have worse registration costs
than those with high load, because the number of feasible solution spaceis enlarged by relaxing

aconstraint, and it is harder to find better resultsin alarger space.

V. CONCLUSIONS

The most important benefit of optimized LA planning is preventing needless radio resource
usage that can instead be allocated for the communication of the customers. Furthermore, the
network elements can be utilized more efficiently, and network construction costs can be re-

duced. In order to design afeasible cellular network, constraints on the call handling capacities
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of network elements and costs related to the paging and registration activities should be consid-
ered. Inthis paper, we presented a generalized formulation of the LA planning and cell-to-switch
assignment problem that uses the available network information in arealistic manner. We aso
proposed a solution technique based on the SA agorithm, which has not been studied in this
field, as well as, a heuristic algorithm to the NP-hard optimization problem. The load values
supplied to the SA-based algorithm can be generated using any model, or they can be fetched
from an existing network.

We described the implementational details of the algorithm and compared it to other solution
techniques. For the comparison between SA and the other techniques, three types of experiments
were conducted. Real GSM network data (loads of the functional cells, etc.) were used in the
first type of experiments, with the SA-based algorithm delivering the best performance. The
second best method was GS, with 50% higher registration cost than SA. For the second group of
experiments, to assure that the success of SA isnot dependent on to a certain data set, randomly
generated network data are deployed. Again SA performed the best; however, the difference
between SA and GS results narrowed down to approximately 15%. The heuristic algorithm
HOLAP turned out to be poorer than SA and GS. The last group of experiments investigated the
impact of load characteristics, with superior resultsfor SA.

Better heuristic algorithms need to be developed in the future. The SA algorithm can also be
run on awider test set to check the optimality of currently proposed SA parameter values.
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Current-Solution

New-Solution
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Cost(New-Soln) <
Cost(Current-Soln)

Current-Solution=New-Solution with
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e |Cost (New- Soln)- Cost (Current - Soln) | /T

Current-Soln=New-Soln
Keep the best soln so far

Decrement control
parameter, T, after
accepting a certain

number of new solns

Stop annealing?

VY YES

Save the best soln so far

Fig. 1. SA Fowchart
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LA PLANNING HEURISTICS
FLOWCHART

DECISION PRIORITIES:
1) Large HOs to same LA.

2) Do not increase # of LAs.
3) Load distributed bw. LAs
4) Large HOS to same BSC,
5) Load distributed bw. BSCs
6) Load distributed bw. MSCs.

Sortcell pairs acc. to
HO rates in
descending order

Process sorted cell
pairs in order, starting
with the first pair

For the cell pair next
in the order, find
common BSC (from
proximity marices)

Find BSC pairs (from
proximity mattices of cells)
that are currently connected
1o a common MSC

Find BSC pairs (from proximity

matices of cells) hat are not
currently connected to any MSCs
‘and may connect (o same MSC

according 10 (3)
(Tie-breaker: (5))

Within that BSC,
choose a feasible LA
according to (3)

Choose one of the
pairs according fo (3)
(Tie-breaker: (5))

Choose one of the
pairs according 10 (5)
(Tie-breaker: (6))

Assign the cell pair to
that LA & BSC

Within these two BSCs,
choose a feasible LA
according to (3)

Assign the cell pair to that LA &
corresponding BSCs

Assign the chosen MSC,
to chosen BSC pair

For that cell, find BSCs
(from proximity matrices)r

Choose a BSC
from proximity

according to (5)

(Tie-breaker: (6))

Create an LA in that

Choose one
according to (3) (Tie-
breaker: (5))

Within that BSC,
choose a feasible LA
according 1o (3)

Assign the cell o that
LA&BSC

*feasible BSC: Capacity constraints are not violated & Contains an LA with available capacity for assignment

“feasible BSC pair: Capacity constraints are not violated & At least one of them contains an LA with available capacity for assignment

Note: -A cellin a pair may be connected to a BSC, at the time of ts processing.

Fig. 2. Flowchart of HOLAP.

April 3, 2003

22

DRAFT



IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, TO APPEAR 23

x10°

Network Cost

I I i L BV
0 0.5 1 15 2 25 3
Iteration Number

Fig. 3. A typica run of the SA agorithm on a sample network. The registration cost of the network is computed in total

number of hand-offs incurred between the LAs per second.
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Fig. 4. RGL1 histogram. The registration cost of the network is computed in total number of hand-offs incurred between the
LASs per second.
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Fig. 5. RG2 histogram (with logarithmic frequency axis). The registration cost of the network is computed in total number of
hand-offs incurred between the LAs per second.

TABLE |

SA, GS, RG1, AND RG2 COMPARISONS FOR DIFFERENT PROBLEMS BASED ON DATA OF AN EXISTING NETWORK

Dat a SA G (Mn) |IRGL (Mn) |R& (Mn)
Set 1 | 450,882 | 792,769 | 1,870,809 2,772,498
Set2 | 12,161 24,693 134, 410 161, 974
Set 3 | 15, 352 27,930 138, 889 161, 365
Set4 | 11,514 20, 839 109, 852 131, 300
Set5| 7,308 14,910 84,571 101, 962
Set 6 901 1, 956 22,402 31, 508
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TABLEII

SA AND RG1 COMPARISON FOR DIFFERENT PROBLEMS BASED ON DATA OF AN EXISTING NETWORK

Dat a SA RGL (Mean) | RGL(Std. Dev.)
Set 1| 450,882 | 2,572,020 156, 555
Set2 | 12,161 150, 569 3,220
Set 3 | 15, 352 153, 915 3, 305
Set4 | 11,514 122,772 2,493
Set5| 7,308 94, 253 1, 845
Set 6 901 29, 937 1, 692
TABLE I

SA AND RG2 COMPARISON FOR DIFFERENT PROBLEMS BASED ON DATA OF AN EXISTING NETWORK

Dat a SA R& (Mean) | R&(Std. Dev.)
Set1l || 450,882 | 3,379, 986 61, 265
Set2 | 12,161 178, 509 1, 993
Set3 || 15, 352 182, 433 2,034
Set4 || 11,514 145, 526 1, 636
Set 5 7, 308 111, 731 1, 206
Set 6 901 43, 621 1, 527
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TABLE IV

SA, GS, RG1, AND RG2 RESULTS FOR RANDOM DATA

Dat a SA [GS (Mn) |RGL (Mn) | R@ (M n)
RandSet Al 5,647 | 6,346 35, 257 54, 163
RandSet A2 5,495 | 6,844 37, 306 57,575
RandSet A3 5,178 | 6, 159 31, 567 45, 649
RandSet A4 5,824 | 7,285 36, 210 53, 616
RandSet A5 5,229 | 5,130 30, 201 47, 459
RandSet A6 5,536 | 5,232 31, 974 52, 479
RandSet A7 5,541 | 7,647 35, 043 54, 024
RandSet A8 5,265 | 8,289 36, 925 54, 223
RandSet A9 5,626 | 6,520 36, 927 55, 071
RandSet A10 | 5,548 | 6,509 32, 331 61, 336

RandLar geSet 1 || 13, 807 | 27,725 | 106,844 | 126, 409
RandLar geSet 2 | 14, 122 | 29,409 | 110,059 | 131,725
TABLEV

26

HOLAP, SA, GS, RG RESULTS OF RANDOM DATA FOR NETWORKS WITH 386 BSs, 6 BSCS AND 6 MSCs

Dat a HOLAP | SA |GS (Mn) |RGL (Mn) |R@ (M n)
RandSet Bl || 21, 244 | 4,565 | 6, 145 27,720 41, 787
RandSet B2 || 20, 624 | 4,302 | 5, 800 25,788 40, 935
RandSet B3 || 20, 766 | 4, 674 | 5, 609 27, 481 39, 720
RandSet B4 || 21,317 | 3,886 | 4,177 27, 161 39, 691
RandSet B5 || 21, 579 | 4, 137 | 7, 230 26, 502 38, 055
RandSet B6 || 21, 859 | 4, 426 | 6, 752 28, 120 39, 883
RandSet B7 || 19, 708 | 3,995 | 5, 410 26, 395 40, 918
RandSet B8 || 20, 686 | 4,532 | 5, 125 26, 693 39, 722
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TABLE VI

27

SA, GS, RG1, AND RG2 COMPARISON FOR RANDOM DATA FOR NETWORKS WITH DIFFERENT MOBILITIES

April 3, 2003

Dat a SA G (Mn) |IRGL (Mn) |R& (Mn)
Hi ghMbbl || 8, 823 11, 566 62,470 91, 930
Hi ghMbb2 || 10,277 | 11, 104 63, 045 99, 258
H ghMob3 || 8, 480 14, 825 57,981 96, 295
H ghMob4 || 9, 866 12, 224 72,970 108, 841
Lowmvbbl || 2,267 3, 055 17, 407 27,959
Lowbb?2 2,426 3,125 18,474 26, 956
Lowmvbb3 || 2,612 3, 627 18, 564 28, 057
Lowbb4 || 2, 366 3,012 18, 393 28, 308
H ghPagl || 4, 279 7, 265 35,573 55, 106
Hi ghPag2 || 4, 698 5, 280 28, 393 54, 486
Hi ghPag3 | 3,604 5, 085 27,893 54, 700
Hi ghPag4 || 4, 840 6, 015 37,314 56, 418
LowPagl || 4,743 6, 665 32,698 57,668
LowPag2 || 4, 027 7,418 33,632 54, 470
LowPag3 || 4, 206 6,410 29, 844 52,548
LowPag4 || 4,776 6, 508 36, 805 49, 232
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TABLEVII

28

SA, GS, RG1, AND RG2 COMPARISON FOR RANDOM DATA FOR NETWORKS WITH DIFFERENT CALL TRAFFIC LOADS

April 3, 2003

Dat a SA G (Mn) |[RGL (Mn) |R& (Mn)

Hi ghTraffl | 3, 513 6, 582 24, 165 35, 854
Hi ghTraff2 | 3, 342 6, 955 25, 441 34,921
Hi ghTraff3 | 3, 185 5, 997 24,023 30, 835
H ghTraff4 || 3, 219 6, 436 25, 584 37,676
LowTraffl || 4,710 8, 267 39, 735 58, 474
LowTraff2 || 4, 754 7,876 39, 183 57, 255
LowTraff3 | 4, 355 6, 887 37,507 54, 169
LowTraff4 | 5,052 7,763 36, 996 51, 881
H ghTRX1 | 3, 968 6, 492 25, 867 38,212
Hi ghTRX2 | 4, 402 6, 541 27,092 38, 069
H ghTRX3 | 4, 320 6, 939 26, 204 38,170
H ghTRX4 | 4, 027 6, 899 25, 539 36,076

LowTRX1 4,543 5, 020 37,637 61, 006

LowTRX2 4,234 7, 365 37,701 55, 743

LowTRX3 5, 091 8, 735 35, 798 51, 698

LowTRX4 4,617 7,207 37, 649 54,631
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