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Abstract— In conventional UMTS cellular networks, during
deployment usually a set of NodeBs is assigned to one Radio
Network Controller (RNC), and a set of RNCs to one Serving
GPRS Support Node (SGSN) for data services, as well as to one
Mobile Switching Centre (MSC) for voice services. Operators
thus far have considered single-homing of RNCs to MSCs/SGSNs
(i.e., many-to-one mapping) with an objective to reduce the total
cost over a fixed period of time. However, a single-homing
network does not remain cost-effective any more when
subscribers later on begin to show specific inter-MSC/SGSN
mobility patterns (say, diurnality of office goers) over time. This
necessitates post-deployment topological extension of the network
in terms of dual-homing of RNCs, in which some specific RNCs
are connected to two MSCs/SGSNs via direct links resulting in a
more complex many-to-two mapping structure in parts of the
network. The partial dual-homing attempts to increase link cost
minimally and reduce handoff cost maximally, thereby
significantly reducing the total cost in a post-deployment optimal
extension. In this paper, we formulate the scenario as a
combinatorial optimization problem and solve the NP-Complete
problem using two meta-heuristic techniques, namely Simulated
Annealing (SA) and Tabu search (TS). We then compare these
techniques with a novel optimal heuristic search method that we
propose typically to solve the problem. The comparative results
reveal that, though all of them perform equally well for small
networks, for larger networks, the search-based method is more
efficient than meta-heuristic techniques in finding optimal
solutions quickly.

Keywords- Network planning; Cellular network; UMTS;
Dual-homing; Optimization; Simulated Annealing; Tabu Search;
Heuristic search

L INTRODUCTION

Post-deployment planning plays a key role in optimizing
the total cost of operation for modern cellular networks [1]-[5].
The dynamic nature of subscriber’s profile makes the operation
of cellular networks become sub-optimal with the passage of
time in terms of the operational cost, and, hence, re-planning of
networks needs to be done from time to time, with the existing
deployment as a set of constraints (to protect investments).

An operator usually face one of the following three possible
scenarios in post-deployment tuning phase: (i) both new call
traffic and handoff traffic increase, (ii) new call traffic in-
creases but handoff traffic does not, (iii) new call traffic does
not increase but handoff traffic does. The first two cases usu-
ally occur when subscribers’ density increases permanently.

This can be addressed in post deployment planning phase by
splitting cells (where capital expenditure as well as hand-off
cost will increase) or by redefining the connectivity of cells and
switches. The third case may arise due to a gradual change in
mobility pattern of the existing subscriber base over a long
period of time [6]. This problem can be addressed by
regrouping cells into new clusters i.e., by changing the
connectivity of NodeBs to RNCs and RNCs to MSCs/SGSNs
[31-[71.

However, this cannot take care of situations where handoff
increases with no increase in total traffic due to periodic (tem-
poral) changes of subscribers’ locations. If there is a clear pat-
tern of this temporal mobility of subscribers, a multi-homing
consideration (where many NodeBs are connected to one RNC,
and many RNCs are connected to one MSC/SGSN) will be a
useful strategy in post deployment tuning stage. Obviously, the
multi-homing concept can be implemented at two levels,
namely, in the first level, multi-homing of NodeBs, and, in the
second level, multi-homing of RNCs. In this paper, we have
considered dual-homing of RNCs, where some RNCs (to be
decided optimally) are connected to two MSCs/SGSNs (as
shown in Fig. 1) to reduce handoff cost, unlike single homing
where one RNC is connected to one MSC/SGSN only. In order
to achieve an optimal selection of RNCs from the set of
potential RNCs to be dual-homed, we have proposed three
techniques in this work.

No MsSC One MSC/ One MSCs/

SGiNis SGSNis SGSNs is
involved involved involved

Figure 1. Change in handoff type due to dual-homing of RNC in a UMTS
network (only relevant part of the UMTS network is shown; dotted lines
indicate additional connections)
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We define three types of handoff, namely simplest, simple
and complex. We call a handoff simplest when no MSC/SGSN
is involved in the handoff process. In case of simplest handoff,
one RNC handles the whole handoff process. On the contrary,
a simple handoff involves one (and only one) MSC/SGSN in
the handoff process, whereas a complex handoff involves two
MSCs/SGSNs. Obviously, simplest handoff cost is negligible
with respect to complex handoff cost. Dual-homing of RNC is
attractive for operators because it converts many complex
handoffs to simple handoffs. For example, the com-plex
handoff between NodeB 3 and NodeB 4 has changed to simple
handoff due to dual-homing of RNC 2 in Fig. 1.

Researchers have traditionally formulated the NodeB-RNC
(earlier known as cell-switch) assignment problem as a com-
binatorial optimization problem and have solved it using meta-
heuristics [3]-[7] or domain-specific heuristics [8]-[13]. How-
ever, till date they all have considered single homing criteria,
and have excluded the multi-homing scenario. Recently, we
attempted to solve the dual homing of RNCs to MSCs in 2.5G
networks with a suboptimal greedy algorithm [13] following
the approach given in [14], which, however, deals with ATM
networks (not cellular) and employs the meta-heuristic genetic
algorithm (GA). The state space formulation of the problem
was absent in [13], and, hence, we could not devise any do-
main-specific heuristic there. In the current work, we have
extended our earlier work to UMTS networks for dual homing
of RNCs to MSCs/SGSNs and solved it using three separate
techniques. Firstly, we have used simulated annealing (SA) [3]
and tabu search (TS) [5] meta-heuristic techniques and then
developed a novel optimal search method with a polynomial
time admissible heuristic [11],[16]. The heuristics method is
reasonably strong that works fine with even larger networks,
where SA and TS fail to give optimal solutions.

The paper is organized in six sections. Following Section I
that introduces the dual homing assignment problem, Section 11
presents an integer linear programming (ILP) formulation of
the problem. Section III and Section IV discuss the SA and TS
based solution methodologies. In Section V, the optimal
heuristic search algorithm is presented. Section VI contains the
experimental results with discussion, and Section VII con-
cludes the paper.

II. MATHEMATICAL FORMULATION

Let us consider that, in the UMTS network of a mobile tele-
com service provider (MTSP), there are n NodeBs, r RNCs, m
MSCs and s SGSNs, whose locations are known. Let I ={1,2,
... n} denote the set of NodeBs, J= {1,2, ... r} denote the set of
RNCs, K={1,2, ...m} denote the set of MSCs and L={1,2, ...
s} denote the set of SGSNs. We assume that, from the
existing single homing network, the initial assignments of No-
deBs to RNCs and of RNCs to MSCs/SGSNs are known a
priori. Throughout this formulation, we use a small letter to
denote a member of the set represented by the corresponding
capital letter; for example, i €1, j €J, k € K, | €L. More-
over, we assume NodeB i and NodeB i’ are different NodeBs (i
* 1'). Similarly we assume j # j°, k # k', 1 # 1". Let us further
define the following binary variables:

1, if RNC j is assigned to MSC k (new link) in dual

’
xjk = |
home network, 0, otherwise

x jl = 1,if RNC j is assigned to SGSN | (new link) in dual
home network, 0, otherwise

dj =1, if NodeB i is assigned to RNC j (old link) in single
home network, 0, otherwise

djk =1, if RNC  is assigned to MSC k (old link) in single
home network, 0, otherwise

d 'j,l =1, if RNC  is assigned to SGSN 1 (old link) in single
home network, 0, otherwise

C jk is the amortization cost of the link between RNC j and

MSC k

¢ j] is the amortization cost of the link between RNC j and
SGSN 1

Cap; and Cap’; are the capacity in circuit switching

(number of calls per unit of time) and
capacity in packet switching (bits per
second) of RNC j.

are the capacity in circuit switching
(number of calls per unit of time) and
capacity in packet switching (bits per
second) of MSC k and SGSN 1
respectively.

Cap”and Cap"’|

is the amount of voice traffic produced by RNC j
destined to MSC k
is the amount of data traffic produced by RNC j
destined to SGSN 1

voice
I

data
I

is the cost per unit of time for complex handoff

between NodeB i and NodeB i involving two MSCs

e js the cost per unit of time for complex handoff
between NodeB i and NodeB i’ involving two SGSNs

Hi*
ii'

Next, let us define the following composite variables:
Pi— d;‘/dj/'k s Uik — Z,Ip,-jk Then

Ui is equal to 1 if there .is a path from NodeB i to MSC k
ﬁijk: di X}k s Uik = g}ﬁfjk Then

Wik is equal to 1 if there is a new path NodeB i to MSC k

Then Ui Uik NV Uik Uik NV Uik Uitk is equal to 1 if NodeB i
and NodeB i” are under MSC k using at least one new path.



Moreover ké\K(l/;ik wie V it V Ui ui'k)is equal to 1
if NodeB i and NodeB i are under one MSC using at least one
new path.

Let us define the following variables:

= X4y
jeJ

Vi is equal to 1 if there is a path from NodeB i to SGSN 1

=24
jeJ

qz}l dU dJ/ Vi — Then

qu di xﬂ) Vi = Then

Vi is equal to 1 if there is a new path NodeB i to SGSN 1

Then Vit Viv NV Vi Viu V Vi Viu s equal to 1 if NodeB i
and NodeB i are under SGSN 1 using at least one new path.

Moreover ,/E\L (Viz Ve V vavie V Vi Vi'l) is equal to 1 if
NodeB i and NodeB i" are under one SGSN using at least one
new path.

Therefore the total reduction of complex handoff in the dual-
home network will be

ZI Z} k/E\K (Z/’iik Z/,l\i'k VU & I/,ii'k ik zk)H ZM
+ Z Z /\(V Vll Vil‘;zl vl]v/])H i

iel i'el lel

The total cost of the new links in the dual-home network will
be

Z:Zx]lcc]k +22x}1cﬂ

jeJ keK
The link constraints are
' 1
x Jjk +d Jjk <1
The link constraint signifies that there could be at most one
link (either an old link or a new link or no link) between RNC
jand MSC k.
1 1
Similarly, X jI *d jI < 1
!
2 ox jk< 1
ke K

The above constraint signifies that RNC j can be connected to
at most one MSC using a new link.

Similarly, 2 x j< 1

The capacity constraints can be considered in two ways:

(1) The worst case capacity constraints (when the capacity of
RNCs are considered) are

- (] . (] . < "
Teap, (xjk+d ji) < capy

j%cap’,. (xj[+ d j1) < capy

(i) The best case capacity constraints (when the capacity
utilization of RNCs are considered) are

LOLCL

(x]k+ d]k) = capk

data

(x]l"‘ d]l) < capl

Therefore the dual-homing problem can be formulated as

Maximize
(u v v )
;;/& Wil Uy Ui ™ Ui Ui Hu ;/;(XJkC]k

D WNUATAZRIRERINY - 6

iel i'el leL

ZZXJIC]Z (i#1)

jeJ leL

Subject to
Pu— did i i€Lj€lk €K (1)
u,kZZpijk €Lk €K @
jeJ
Du=dsxx i€LjE€Lk €K 3)
U = Z;ﬁijk i€LKEK @
je
ql/l dljd]l ie I,_] € J,l € L (5)
Vi — Zqijl i€ L1 €L (6)
jeJ
4= dyxﬂ i€ELj€J1 €L e
\A/f/ZZqW i€l €L ®
jeJ
X jk +d Jjk <1 J€EJKEK ©
X ']'Z +d 'J'l <1 j€J1€L (10)
Z ¥ ks b je (11)
z ox i< 1 e (12)

‘ y. 1. < "
j%capj (x]k+ d jk) < capy kEK (13)
chap',.(x}[+ d}[) < cap'l” I€EL (14)



The objective function, formulated above, is not linear and
contains boolean operator ‘OR’ and product of binary
variables. The boolean operator ‘OR’ can be converted to
arithmetic addition as follows:

XVY=X+Y-XY, where X and Y are binary variable.

The nonlinear term XY (i.e., the product of two binary
variables) can be converted to linear form using additional
variable Z = XY (Z is binary too) and by adding the following
type of constraints in the above formulation.

7<= X
Z<Y
Z>2X+Y-1

Similarly, product of more than two binary variables can be
converted to linear form using additional binary variables and
constraints. Thus, the above formulation of the problem can be
converted to a 0-1 integer linear programming (ILP) problem
which can be easily proven to be NP-Complete [17]. Thus, we
can conclude that the problem of dual homing is NP-Complete.
It is obvious from the formulation that an exhaustive
enumeration technique for assigning RNCs in dual homing
problem requires checking (m+s)” combinations. So, when the
problem size is large, heuristic techniques are suitable to solve
such problems [11].

A state S is defined by a set of connections, S = {C;, C,, C;,
Cq .........} represented in the form of a matrix. A connection C
is an ordered pair <j-k> which implies that RNC j has been
assigned (connected) to MSC k. The solution state space of the
problem is the entire set of sets of connections generated by all
possible and feasible combinations of <j-k> pairs. To illustrate
the concept, let us show a toy UMTS network of three MSCs
and six RNCs (NodeBs are omitted for the sake of simplicity)
in Fig. 2. Spare capacities of MSCs are shown in square boxes
next to them in Fig. 2.

( j ; % E f 238
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Figure 2. Initial single-home network and its state representation
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So (Fig. 2) represents the initial state for the network; we
assume that a state matrix represents the network in terms of a
connectivity matrix whose rows indicate RNCs and columns
indicate MSCs. State representation of a network is explained
in more details in Section V. Let us consider that S, is the
initial single-homed network that needs post-deployment
tuning now. We shall use this toy network in explaining our
proposed algorithms in subsequent sections. Table 1 shows the
capacities of RNCs, and Table 2 shows the handoff costs
between RNCs for Sy. Table 3 shows the amortized cost of the
high speed links from RNCs to MSCs.

TABLE 1. RNC capacity

RMC 1 2 3 4 4] b
Capacity | 480 | 1158 | 318 | 1188 | 240 | 984

TABLE 2. Handoff Matrix for S, TABLE 3. Link Cost

RNC MSC

- 1123456 = 1 2 3
1 - | s[4 - 1 36 | 36 -
2 - [ 1904 - 1M 2 - 36 | 36
] 9] - [ 5|6 3 200 26 | 17
4 1415 4 36 - 36
5 4] - 16 5 26 |17 20
b 24 ) B 4H4 )10

III. SIMULATED ANNEALING TECHNIQUE

Simulated Annealing (SA) is a global optimization algo-
rithm that can be applied to solve various combinatorial opti-
mization problems. Annealing is a metallurgical process. It is
basically heating followed by a slow cooling down process of a
molten material in order to increase the crystal size and hence
decrease their structural defects. Heat causes the atoms to get
energized from their initial positions (a local minimum),
wander randomly in states of higher energy, and then slow
cooling gives the atoms chance to find configurations with
lower internal energy than the initial state. SA-based tech-
niques follow this approach for combinatorial optimization. By
analogy with metallurgical annealing, SA randomly finds a
neighbour of a current state, and then replaces the current state
with this neighbour based on an acceptance probability which
depends on the costs of the two states and the temperature of
the system. When the temperature of the system is high (i.e., in
the beginning), the probability of an ‘uphill’ move (i.e.,
acceptance of a worse solution) is more. This prevents the
search process from being stuck at a local optimum. However,
as the temperature of the system decreases slowly over time,
the probability of accepting a worse solution decreases, and, at
considerably low temperatures, almost all moves are ‘down-
hill’. When temperature becomes ‘zero’, the system freezes
giving the lowest cost state as output.

The algorithm we have used here is not a pure SA algo-
rithm. A pure SA algorithm does not keep track of the best
solutions found in previous iterations. Thus, a pure algorithm,
at the end of the iterations, always returns the current state (i.e.,
the state obtained at the last iteration) to be the solution. In
contrast, our modified SA algorithm returns the best result of
all the states visited during the iterations. We have found that,
in several cases, this can be a significant improvement over the
solution returned by the pure SA.

In SA, we start with an initial solution marked as the
current node. Then, at each iteration, a child node is selected as
the neighbour (the leftmost feasible child of the current node).
We shall define neighbour below. If the acceptance probability
of the selected node is greater than some threshold, the selected
node is accepted for further exploration and is made the cur-
rent node. If the selected node is not accepted, the next child is
taken as the neighbour (i.e., the one to the right of the previous
child). In this way the search continues. Typically, in this for-
mulation, all children of a node are ‘neighbours’ of the node.



Neighbourhood Function: We define neighbourhood
function of a state as a function which produces feasible
children of the state. Neighbourhood generation of one
example initial state S; (for a toy network of 4 RNCs and 3
MSCs) is shown in Fig. 3. All children of a state may not be
feasible because some child states may correspond to infeasible
network operation. We need to ignore them. So only the
feasible children (without repetitions) of a parent state are its
neighbour at the next level.

In the example shown in Fig. 3, S,, S;, S4, S5 and S¢ are
children (neighbours) of the current initial state S;. Neighbours
of a node are generated by changing one connection of the
node at a time, thus generating all permutations which differ
from the parent state in exactly one RNC. In the shown
example, S, differs from the parent at RNC 1, S; differs in
RNC 2, S, differs in RNC 3, S5 and S¢ differ from the parent at
RNC 4 and so on. Hence, all pairs of nodes that differ from
each other in exactly one RNC are neighbours of each other
also.

ol x| 1| 8

1| x| ol (Current Node)

X| 1|0

(o] X| O
1 X| O (o] X 1 o] X 1 0 . S | o X 1
1 X| O (0] X 1 1 X| 0 1 x| o 1 X| o
X 1 o X 1 (o] X (6] 1 X 1 8] X 1: o
(0] X| 0 (o] X| O 8] X| 0 1 X| O o X 1

S, S Sq Ss Se

Figure 3. Neighbourhood nodes (states) of an initial node (state)

Reachability  of  Neighbourhood = Function:  The
neighbourhood function we are using is exhaustive i.e., all
possible combinations of RNC-to-MSC assignments are
generated in this search tree. Hence, every node can be reached
from every other node and the reachability criterion is satisfied.

Selection Criteria for new current state: If the cost C™ of
any randomly chosen neighbour S” of the current state S is less
than the cost C of current state S, then the neighbour S’ is
selected as the new current state for the next iteration.
Otherwise, a random number R(0,1) between 0 and 1 is chosen
from a uniform distribution. If P(C,C’,T) > R(0,1), the
neighbor S’ is selected as the new current state (T is the current
temperature, and function P is defined below). Otherwise, the
present current state is propagated to the next iteration as the
new current state. P(C,C",T) is the acceptance probability and
is defined by the Boltzmann probability factor as follows:

P(C,C',T) =1 ,ifC'<C
=exp (-AC/T) where AC =C’-C , otherwise

Annealing Schedule: Typically, update of the temperate T
is done by using the relation T = T * o (a is known as the
cooling rate) after every V iterations, starting with the initial
temperature T = T.

Thus, the various parameters for the SA algorithm are:

e «, the cooling rate i.e., the rate at which the temperature
decreases (0 <a<1)

o T, the initial temperature

e 'V, the maximum number of iterations at a particular
temperature

e v, the maximum number of consecutive acceptance of
worse solutions

e I the maximum number of iterations, I >>V

Initial Feasible Solution: First an initial solution has to be
generated which becomes the current state S for the very first
iteration. To generate an initial feasible solution, we take the
following heuristic approach (algorithm is given below). We
maintain internally a table which stores the possible handoff
reduction that can be achieved by connecting an RNC to an
MSC. We connect that RNC to the MSC only if (i) the RNC is
not already dual-homed, (ii) the reduction achieved is greater
than the link cost, and (iii) the capacity of MSC is sufficient to
accommodate the capacity of the RNC. Since we are designing
a dual-homing approach, an RNC cannot have more than 2
links i.e., an RNC cannot be connected to more than two
MSCs. After connecting an RNC to an MSC, the capacity of
the MSC is reduced by an amount equal to the capacity of the
RNC. We simply try to connect RNCs to MSCs one after
another in this greedy fashion provided the capacity constraint
and link constraint are satisfied for each new connection. This
ultimately results in a complete solution after which no more
connections are possible. This is then taken as the initial
feasible solution. Then the main algorithm sets out to
improving this initial solution.

Algorithm GENERATE_INITIAL_SOLUTION:
for k=0 to MAX NO_OF MSCS
{ forj=0to MAX NO OF RNCS
{  if RNCj is connectable to MSC k ( i.e. link cost from
RNC j to MSC k < handoff cost reduction
& spare capacity of MSC k is > capacity of RNC j &
number of links of RNC jis = 1)
{ connect j tok;
decrement the spare capacity of MSC k by the
capacity of RNC j;
increment the number of links of RNC j by 1;
update the tables that store info about the handoff
cost and handoff cost reduction;

The cost of the initial solution is also computed. The initial
solution becomes the current solution for the first iteration. The
iteration steps are performed in the main annealing process.

Example: For the network of Fig. 2, we take SA parameters
as Ty=3000, V=50, 0=0.5, I=1000. Link cost of single home
network = 17+17+10 = 44. Total handoff cost of single home
network = 9+14+19+4+24+19+5+6+9+4+5+ 14+6+24 = 162.
Total cost of single home network = Link cost + Handoff cost
= 44+162 = 206. The matrix representation of the toy single



home network is also given in Fig. 2 as Sy. To generate the
initial solution, connections are attempted one after another in a
directed manner i.e., in the order 1-to-1, 2-to-1, 3-to-1, 4-to-1,
5-to-1, 6-to-1, 1-to-2, 2-to-2, 3-to-2 and so on. The connections
already present in Sy are ignored. If a connection is found to be
feasible (i.e., capacity and link constraints are satisfied) then it
is included. The initial solution thus generated and the RNC-
RNC handoff costs for that solution are given in Fig. 4.

acceptance probability = exp (-AC/T) = exp (- (175-165)/3000)
= 0.996672. Thus, at initial high temperature, we see the
probability of accepting a worse solution is very high, and we
accept it. The tree traversal continues in this fashion, and each
child is checked for acceptance. After every 50 iterations, the
temperature of the system is halved (¢=0.5). We stop when the
iteration count reaches the a priori set value of I.

)

R 1 2 |3 e 1 (2 [3 [4 [5 |6
= [1 |2 |3 e 1 [2 [3 [+ [s e : T : — j
1 0 1 X 1 - 2 14 3 1 0 X 3 - 5 6 -
2 X |0 |0 7 _ 4 4 0 |X |0 4 4 5 |- [- [
3 1 0 X 3 R - R 5 |6 3 0 [X [0 5 6 |- =
4 0 % 0 1 0 1 5 - 6 1 01X 6 - - - - -
5 o X |0 3 14 G Figure 6. (a) New solution (b) Handoff costs
6 1 0 X 6 N N N
IV. TABU SEARCH TECHNIQUE
Figure 4. (a) Intial solution (b) Handoff costs

Total cost of this solution = Single home link cost + Dual
home link cost + Handoff cost=44+ (36+20+35) + (4+5+6+
4+5+6) = 165. Hence, cost reduction = Single home cost — dual
home cost =206 — 165 =41.
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Figure 5. Neighbour generation. Only feasible nodes are shown.

Now, taking this initial solution as the root node (current
node), the tree traversal starts in a breadth first manner.
Children are accepted probabilistically and new solutions are
checked for improvements over the previously found best
solution. The leftmost feasible child of the current node and
the corresponding handoff matrix are shown in Fig. 6.

Cost of this child (neighbour) = Single home link cost +
Dual home link cost + Handoff cost = 44+(20+35)+(4+5+6+
9+14+4+5+6+9+14) = 175. Hence, cost reduction=Single
home cost — dual home cost = 206 — 175 = 31. Also,

This process is very similar to SA. The word “tabu”
describes a sacred place or object. Things that are tabu must be
left alone and should not be visited or touched. Tabu Search
extends hill climbing by this concept— it declares solution
candidates which have already been visited as tabu. Hence,
they must not be visited again, and the optimization process is
less likely to get stuck to a local optimum. The simplest
realization of this approach is to use a list of tabu, which stores
all solution states that have already been visited. If a newly
generated neighbour can be found in this list, it is not accepted
but rejected right away. Of course, the list cannot grow
infinitely but has a finite maximum length N.

The tabu search (TS) algorithm we are using is
straightforward. We start with an initial solution as current
solution (say S) which can be found randomly. In every
iteration of TS, we find a new solution by making local
movements on this current solution. The neighbourhood
function is used to find all neighbours of the current state S i.e.,
the neighbourhood set of S. The next solution state is the best
solution among all the possible neighbours of S which are not
already in the tabu list. Here, we use the same state space
formulation and neighbourhood function as those used in SA.

Typically there are two kinds of tabu lists- (i) a long term
memory maintaining the history through all the exploration
process as a whole, and (ii) a short term memory to keep the
most recently visited tabu movements. The first approach can
actually produce the optimal solution if the state space search
algorithm is exhaustive and the reachability criterion is
satisfied. We use the second approach for faster solution. The
tabu list has a finite length which is a parameter for the process.
Whenever a case arises in which we have to add a solution to
the tabu list and the list is full, we first remove the oldest
solution from the list and then add the new one.

Neighbourhood Function: The neighbourhood generation
used here is similar to that used in SA (Fig. 3). However,
unlike a single neighbour in SA, all neighbours of the current
node are generated. Then, the best child (neighbour), not
already in the tabu list, is selected as the current node and
search continues in the same manner. The various parameters
needed for the TS algorithm are:



e N, the length of the tabu list i.e., how many recent
solutions are to be remembered
e [, the maximum number of iterations

Initial Feasible Solution: Same approach is used as it is in
the case of SA.

Example: For the network of Fig. 2, we take parameters
[=3, N=2 (size of tabu list). Initial solution is generated similar
to the one found in SA and hence is as given in Fig. 4. Total
cost of this solution is 165 and cost reduction is 41. This
solution (S;) is put into the tabu list as the first entry. As shown
in Fig. 5, the initial solution is made as the root node. Of the
three feasible children in level 1, the costs (from left to right
respectively) are 175, 183 and 178. Hence, the best child is the
leftmost child (S,), and it is not in the tabu list. It is accepted,
made the current node (to be explored next) and entered into
the tabu list. The list now contains S; and S,. At level 2
(iteration 2), there are three feasible children. The costs are
193, 155 and 188 respectively (from left to right). Of these, the
best child is accepted i.e., Sg, the middle one (cost=155) which
is not already in the tabu list and entered into the tabu list. The
tabu list now contains S, and S¢. S is then made the current
node and search continues in this way.

V. STATE SPACE FORMULATION AND OPTIMAL
HEURISTIC SEARCH ALGORITHM

The concept behind this algorithm is similar to our previous
work [11]. It is based on a state space representation of the
problem [16] (as exemplified in Fig. 7). For example, in this
case, each state S (Fig. 7) has four rows and three columns
where row i corresponds to RNC; and column j corresponds to
MSC/SGSN,. The s(i,j) is an element of the state S where s(i,j)
assumes a value 0 when RNC; is not connected to MSC/SGSN,,
and 1 means the RNC; is connected (i.e., dual homed) to
MSCj/SGSN; and assumes x’ when the RNC; is connected to
MSC; (in the single homed network). The root state provides
information on links in the existing single homed network. For
7 RNCs and m MSCs, the root state has (m-1)*r child states
(level 1), each state at level 1 has (m-1)*(r-1) child states, each
state at level 3 has (m-1)*(r-2) child states and so on. A state at
a level 7 has (m-1)*(r-i+1) child states [i<r]. There are n levels
in the state space.

r i r

The complete state space contains 1;) (m ~1)"°P, states
where P stands for permutation of numbers. In single homed
network, call handling capacities of each MSCs and RNCs are
known. The existing handoff costs between RNCs and the
amortize link costs from each RNCs to each MSCs are known.
The objective is to reduce the handoff cost of the network
making RNCs dual-homed. An RNC can be connected to an
MSC (for dual homing), if the call handling capacity of the
MSC is not less than the call handling capacity of the RNC
(capacity constraint) and the amortized link cost between the
RNC and the MSC is less than the handoff cost reduction that
arises due to dual homing of the RNC (cost constraint). We
have presented an admissible heuristic function %(S) of total
possible handoff reduction for a state S and Optimal Dual
Home (ODH) Algorithm considering a voice network (network

consists of NodeBs, RNCs and MSCs) which is used for finding
optimal solution for the problem. Similar heuristic and
algorithm can be formulated for data network as well as a
combination of voice and data networks.
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Figure 7. Dual home State Space

Algorithm ODH:

Step-1: INITIALIZATION:

I. Initialize the search process with a root state », where
r represents the single homing configuration of the
RNCs-MSCs connectivity.

II. Initialize the cost of solution, COST as sum of cable
cost and handoff cost. Set S COST = COST, RED=0.
III. Initialize the solution G as 7.
IV. PUSH rin the stack STK.
Step-2: EXPANSION:

I. IF STK is empty then GOTO Step-3
ELSE POP a state S from STK. IF h(S) < RED
GOTO Step-2.1 ELSE find all feasible child states
(assignment of RNCs which satisfy capacity
constraint and cost constraint) of S.

II. IF no feasible child state is found then mark the
POPPED state S as a solution and find the cost of S.

IF cost of S'is less than COST
i. Update COST with cost of
ii. Update G as S.
iii. RED=S COST- COST
iv. GOTO Step-2.1
ELSE GOTO Step-2.1
ELSE find the heuristic values for each of the feasible
child states.



III. PUSH the feasible child states in STK in ascending
order of heuristic values.
IV. GOTO Step-2.1
Step-3: TERMINATION:
Output S (the dual-homed configuration) and solution
cost, COST (the dual-homed network cost).[]

Calculation of h(S):

Let scap(MSC;) be spare call handling capacity of MSC;
(i=1,2 ... m). Let cap(RNC)) be call handling capacity of RNC;
(G=1.2,... r). Let L(RNC;,MSC;) be amortize link cost between
RNC; and MSC;. Let H[r,r] be the RNC-RNC handoff matrix.
Here m is the number of MSC and r is the number of RNC.

Step-1: INITIALIZATION:

I.  Initialize the heuristic value, A(S), to zero.

II. Initialize the array of size 7, Hyux rea msc/m] to zero (to
store maximum possible handoff reduction for each
MSCQ).

II. Seti=1

Step-2: COMPUTATION:

I. IFi>m, GOTO Step-3 ELSE consider MSC;

II. PUSH the single-homed RNCs which are not connected
to MSC; and satisfy the following conditions, in the

stack STK.
i.  (capacity constraint) Capacity of RNC is less than
scap(MSC;)

ii. (cost constraint) The amortized link cost between
the RNC and the MSC; is less than the handoff cost
reduction that arises due to dual homing of the RNC

II. IF STK is empty then GOTO Step-2.VI ELSE POP

RNC; from STK and compute maximum possible
RNCj

handoff reduction for RNC; i.e. ~~ Red =3\ (H[k,;] +
H[jk]) — Yu(H[pj] + H[jp]), where k =1 to r.
Summation over p will be taken for p =1 to » where
RNC, is dual homed and it is not connected to MSC;.

H RNGj
IV. IF HMax_Red_MSC[l] < (SCdp(MSCI)* Re d /
cap(RNC,) — L(RNC, MSC)) then
RNCj

set Hyx rea mscli] = scap(MSC)* ~~ Red [ cap(RNC))
— L(RNC;, MSC)
V. GOTO Step-2.111.
VI. Compute A(S) = h(S) + Hytax gea mscli]. Seti=1+ 1 and
GOTO Step-2.1
Step-3: TERMINATION:
Output /(S), the heuristic value of the state S. [

Theorem 1: /4(S) is admissible heuristic and can be computed in
O(m*r).
Theorem 2: The algorithm ODH outputs optimal solution.

Proofs of the theorems are omitted due to space constraint.

Now the execution of ODH of the example network (Fig. 2)
is shown below:

Step-1: INITIALIZATION:

I. Initialize the root state r = S,.
1L Calculate cost of Sy,
COST = Total Handoff Cost + Total Cable Cost
= Sum of Handoff Matrix + Sum of Cable
Cost for all RNC to MSC connection
=162 +44 =206
S _COST =206
I1I. Set G=S, and RED =0
IV. PUSH the state S, in the stack STK.
Step-2: EXPANSION:
I. The stack STK is not empty. POP the state S, from STK.
Since h(Sy) > 0, find all feasible child states of S,.
Feasible Child States Creation from Sy
From the 1st row of Sy, it is found that RNC; can be
made dual homed in two ways and hence two child states
are generated (first two child states in Fig. 8). Similarly
from the remaining rows of Sy, ten more child states are
generated. Each child state provides one more new link
from its parent state (Sy). Now the capacity constraint and
cost constraint are checked for each child state. The feasible
child states are those child states which satisfy both
capacity constraint and cost constraint. For each feasible
child state an updated RNC-RNC handoff matrix is
maintained.
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Figure 8. First Level Child States of Sy

Consider the first child state where RNC; is dual homed
and connected to MSC,. Here capacity constraint
scap(MSC,) > cap(RNC)) is satisfied as 1389 > 480. To
check the cost constraint, we need to calculate total handoff
reduction of the state. Total Handoff reduction = Handoff
between RNC, and other RNCs that are connected to MSC,
= H(RNC,, RNC;) + H(RNC,, RNC,) =0. Link Cost from
RNC; to MSC; is 36. So, the cost constraint is not satisfied
as total handoff reduction < link cost between RNC,; and
MSC,. Hence the first child is not a feasible child state.
From Fig. 8, it is found that the following five child states
of the S, are feasible child state.
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Figure 9. State S; of dual-home Network
TABLE 4: RNC-RNC Handoff Matrix for S;
RNG | 4 2 3 4 5 6
RMC
1 - - 0 0 -
2 - - 19 4 - 24
3 - 19 - 5 b -
4 0 4 5 = - _
5 0 - 6 - - -
b - 24 - _

Fig. 9 shows the dual-home network corresponding to the
state S;. The spare capacities of MSCs are shown in square
boxes. To calculate h(S;) for state S;, we need to compute
maximum possible handoff reduction for all individual MSCs
of S; and then sum them up. Let us first take MSC;. RNC; is
already dual homed and RNC, is connected to MSC,;. Hence,
we need not consider RNC, and RNC, further. Here, s(3,1) = 0.
Capacity of RNC; is 318 which is less than the spare capacity
of MSC; (i.e., 1389). From Table 3, it is found that the
amortized link cost between the RNC; and the MSC; is 20
which is less than the handoff cost reduction that arises due to
dual homing of the RNC; i.e., HRNGC;, RNC,;) + HRNC,,
RNC;) = 38. Similarly, from the Table 4, it is found that total
possible handoff reduction for RNC; is 60 ie,
(19+19+5+5+6+6). From the first column of Sy, it is found that
s(4,1) =0, s(5,1) = 0 and s(6,1) = 0. But the RNC4, RNCs and

RNC 3
RNCy are not dual homed. Hence, value of ~~Red  with

respect to MSC; is 60. Maximum possible handoff reduction
RNC3

for RNC; = scap(MSCy)* Hpeq / cap(RNGC;) — L(RNG;,
MSC)) = {(1389*60/318) — 20} = 242.08. Similarly, value of
maximum possible handoff reduction for RNC,, RNCs and
RNC4 with respect to MSC; would be 0, 0 and 32.76,
respectively. So, Maximum Possible Handoff reduction
correspond to MSC; = Max {242.08, 0, 0, 32.76} = 242.08.
Similarly, we calculate the maximum possible handoff
reductions with respect to the remaining MSCs. Finally, we get
h(S,)= Sum of Maximum Possible Handoff reduction for all
MSCs = 242.08 + 0 + 137.55 = 379.63. Similarly, we can
calculate h(S,), h(S3), h(S4) and h(Ss).

State 51 - Za 54 EEN
He“fflti“ 37063 © 27150 | 48174 | W73 52001
e ;

I PUSH the feasible child states in STK in ascending
order of its heuristic value.

sTk- [ 151815 5:]5:]

IV. GOTO Step2.1

Continue to execute the above steps following the
ODH algorithm till the stack STK gets emptied. For
the single homed state S, it is found that the optimal
dual home solution state S,pima (Fig. 10) is achieved
using ODH algorithm. The optimal solution cost is
136 and total reduction of cost is =206 — 136 = 70.

Soptimal
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Figure 10. Optimal Dual-home Network and its state representation, Sypimal

VI. RESULTS AND DISCUSSION

We divide a rectangular area into multiple hexagonal
NodeBs created using a non orthogonal Cartesian system
inclined at 600. Each NodeB has exactly six neighbouring
NodeBs except the boundary NodeBs that have less than six
neighbouring NodeBs. A specified set of RNCs and MSCs are
placed randomly in some NodeBs such that an MSC is co-
located with an RNC. Subsequently, NodeBs are assigned to
RNCs, and RNCs are assigned to MSCs using nearest
neighbour distance.

After the creation of the above synthetic UMTS single
home network architecture, voice handoff costs for
neighbouring NodeBs are generated from a uniform random
distribution. Amortized cost for a link from NodeB to RNC and
RNC to MSC is taken proportional to the physical distance.
Complex voice handoff costs between RNCs are calculated
based on handoff cost between NodeBs. Spare capacities of
MSCs and capacities of RNCs of the network are generated
using capacities of NodeBs which are generated from a
uniform distribution.

Algorithms SA, TS and ODH are run for 100 instances, and
average solution cost is recorded against the triplet (MSCs,
RNCs and NodeBs). Fig. 11 compares the algorithms with
respect to average solution costs. The initial cost is taken as the
cost of the single home network. For each dual-homed
architecture solution, the reduction in handoff cost for the
network is calculated, considering the cost of amortized link,
subject to the capacity constraints of the MSCs and the RNCs.



The optimal dual-home network architecture and the
corresponding cost of the network are found out from ODH.
For TS, we have taken the tabu list size is equal to 10 and
maximum number of iteration is equal to 1000. Average
solution costs obtained by TS in most cases are close to
optimal, when problem sizes are small. Fig. 12 shows that SA
and TS increasingly fails to reach optimal solution cost with
increase in problem size.

Comparlson of ODH SAand TS
%
S 1o
.E 200 @ ODH
Y 600 mSA
5 400 -
8 200! oTs
2 0
o
é?‘ g§> & & H & 653‘ )
o o rl» rI,- o "19
{3 b e
< ¥ g ¢ @
(MSC-RNC-NodeB)
Figure 11. Dual-home solution costs
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VII. CONCLUSION

We have formulated the selective dual homing scenario of
RNCs for post-deployment tuning of an existing single home
UMTS networks as an ILP problem. Dual-homing of RNCs
reduces the handoff cost but additional capacities are required
at the MSCs/SGSNSs in the network. The problem is difficult to
solve in polynomial time as it falls into NP-Complete category.
So we have first solved the problem using SA and TS (meta-
heuristic) algorithms. We have then mapped the dual-homing
problem into a state space and proposed an optimal heuristic
search algorithm ODH of polynomial time heuristic O(n?) for
the state space so formulated. It is found that TS technique is
capable of finding good quality solutions which are better than
those obtained by SA. But, when the problem size is large, the

optimal solution from SA and TS becomes less likely, whereas
the ODH can still produce optimal solutions. The technique
will be helpful to the operators because the proposed solution
can be implemented with minor changes in the protocol stack
of the existing standards. We are currently working in this area.
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