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Personal Communication Network (PCN) is an emerging wireless network that 

promises many new services for the telecommunication industry. The high speed back-
bone network (asynchronous transfer mode, ATM or wavelength division multiplexing, 
WDM) is one possible approach to provide broadband wireless transmission with PCN’s 
using the ATM switches for interconnection of PCN cells. The wireless ATM backbone 
network design (WABND) problem is to allocate backbone links among ATM switches 
such that the effects of terminal mobility on the performance of ATM-based PCN’s can 
be reduced. In this paper, the WABND problem is formulated and studied. The goal of 
the WABND is to minimize the location update cost under constraints. Since WABND is 
an NP-hard problem, two heuristic algorithms and a simulated annealing algorithm were 
proposed and used to find the close-to-optimal solutions. The simulated annealing algo-
rithm was able to achieve good performance as indicated from the simulated results.  
 
Keywords: wireless ATM, heuristic algorithm, simulated annealing, NP-hard, backbone 
network design  
 
 

1. INTRODUCTION 
 

Personal Communication Network (PCN) [1, 2] is an emerging wireless network 
that promises many new services. Users may move from one place to another and can 
maintain transparent network access through wireless links. Information exchanging be-
tween users, may be bidirectional, which includes voice, data, and image. In a PCN, the 
covered geographical area is typically partitioned into a set of cells. Each cell has a base 
station (BS) used for exchanging radio signals with mobile terminals. Due to the limited 
power of wireless transceivers, mobile users can communicate only with base stations 
that reside within the same cell. Moreover, several coverage areas of cells are grouped 
and formed a location area (LA). That is, an LA consists of an aggregation of coverage 
areas of cells forming a contiguous geographical region. 

A typical PCN architecture based on ATM (asynchronous transfer mode) switches is 
illustrated in Fig. 1 (a). The covered geographical area is partitioned into a set P = {P1, 
P2, …, Pm} of m disjoint clusters (or LAs). An ATM switch is allocated within each clus-
ter and each BS in this cluster is connected to the ATM switch. The ATM switch offers 
the services of establishing/releasing channels for the mobile terminals in the cluster. 
Two neighboring clusters can be interconnected via the associated ATM switches. The  
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(a)                             (b)                    (c) 

Fig. 1. (a) A typical PCN architecture based on ATM switches; (b) H(S, F, z)l (c) G(S, E, z) with p 
= 10, deg = 3. 

 

links between the ATM switches are called backbone links, and the links between ATM 
switches and BSs are called local links [2]. 

When a subscriber enters a cell that belongs to a different LA, a location update 
(LU) or handoff procedure that informs the network about the subscriber’s new location 
is performed. This will generate network traffic overhead in PCN and consume scarce 
radio resources. Moreover, LU also increases the load on distributed location databases 
and, thus, increases the complexity of implementing the databases [3]. 

 During the wireless environment, two types of handoffs should be considered in 
the designing of the network, they are inter-switch handoff and intra-switch handoff. The 
intra-switch handoff involves only one switch and the inter-switch handoff involves two 
switches. The inter-switch handoffs that occur between two cells, which connected to 
different switches, consume much more network resources (therefore, are much more 
costly) than the intra-switch handoff that occur between cells, which connected to the 
same switch [4-6]. Thus, the cost of intra-switch handoffs involving only one switch is 
negligible in designing the two-level wireless ATM network. 

Consider the example shown in Fig. 1, where cells A and B are connected to switch 
s1, and cells C and D are connected to switch s2. If the subscriber moves from cell B to 
cell A, switch s1 will perform a handoff for this call. Now imagine that the subscriber 
moves from cell B to cell C. Then the inter-switch handoff involves the execution of a 
fairly complicated protocol between switches s1 and s2 [4-6]. 

In this paper, the wireless ATM network design (WABND) problem is studied. Given 
the PCN network, the handoff frequencies between cells, the local links between cells 
and switches, the degree constraint, and the number of backbone links, the WABND 
problem is to find a set of backbone links which forms a connected network such that the 
total cost is minimized under the degree constraint. In [7], the WABND problem is stud-
ied and formulated, a heuristic algorithm and a genetic algorithm have proposed to find 
the sub- optimal solution. Due to the complexity of the WABND problem in a wireless 
ATM network, the provision of an optimal solution in reasonable time is not guaranteed. 
In this respect, the usual step is to devise an approximate algorithm for solving this prob-
lem. Simulated annealing (SA) is a stochastic computational technique derived from sta-
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tistical mechanics for finding near globally-minimum-cost solutions to large optimization 
problems. Kirkpatrick et al. [8] were the first to propose and demonstrate the application 
of simulation techniques from statistical physics to problem of combinatorial optimiza-
tion. In this paper, two heuristic algorithms and a simulated annealing algorithm are pro-
posed to solve it. 

2. NOTATIONS, PROBLEM FORMULATION AND RELATED WORKS 

This section first provides an overview of various terms and notations used in ex-
plaining the concepts outlined in subsequent sections. There after, the formulation of the 
problem and the related works are presented. 
 
2.1 Notations and Assumptions 

 
In this paper, the location of cells and switches are fixed and known. Let there be n 

cells in PCN network CG(C, L, w) where C = {c1, c2, …, cn}. Define Cell Graph CG(C, L, 
w), where C is a finite set of cells with |C| = n and L is the set of edges such that L ⊂ C × 
C, all the edges are undirected and with weight function w. Let fij be the cost per unit 
time of the handoffs that occurs between cell ci and cj, (i, j = 1, 2, …, n). Thus, fij is pro-
portional to the frequency of handoffs that occur between cell ci and cj. Assume cells ci 
and cj are connected by an edge (ci, cj) in CG with weight fij. Since the backbone link 
between two nodes are bidirectional and the traffic between two nodes in different direc-
tions is assumed passing through the same shortest routing path. Thus, to simplify the 
discussion, the handoff frequency between two cells is summed up and represented by wij 
= fij + fji, then wij = wji, and wii = 0.  

An ATM-based PCN topology can be represented by an undirected graph H(S, F, z); 
where S is a finite set of switches and |S| = m. Each node sk in S stands for a cluster Pk (or 
an ATM switch) and an edge ekl is in F if clusters Pk and Pl are adjacent in the given net-
work with communication cost zkl. For example, the corresponding graph of the ATM- 
based PCN topology depicted in Fig. 1 (a) is shown in Fig. 1 (b) and a possible backbone 
network with 10 backbone links for the PCN topology is given in Fig. 1 (c). Consider 
Las (or clusters) P1 and P5 whose cells are connected to the switch s1 and s5, respectively. 
Since P1 is a neighbor cluster of P5, there is a backbone link connects switches s5 and s1 
in H. Define that a sequence of switches is a path. For each pair of neighboring switches 
in the path, there is a backbone link between the two corresponding clusters. Therefore, 
any established call among clusters could be represented by a path in the corresponding 
graph [2].  

For the switch sk, k = 1, 2, …, m in S and (sk, sl) in F, let dkl be the minimal commu-
nication cost on the path between the switch sk, and sl. If cells ci and cj are assigned to 
different switches, then a (intra-switch) handoff cost is incurred. Assume for each cell ci 
in C, cell ci has been connected to a unique switch sid(ci), that is, sid(ci) = k if ci ∈ C is 
assigned to the switch sk, k is called the sid of cell ci. 

With the given graph H, a backbone network G(S, E, z) could then be built. The 
backbone network is built by utilizing the available edges in graph H. Typically, some 
limitation is placed on the number of links that could to be laid in the backbone network 
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as the cost of the network is proportional to the number of links that are to be set up in 
the network. The objective is to determine the link between switches so as to minimize 
the handoff costs per unit time under the degree constraint. Let deg(s) denote the degree 
of switch S and deg(G) denote the degree of graph G which is the maximum degree of 
the switches in G. Thus deg(G) = max{deg(s) | s ∈ S}. For example, given the graph 
shown in Fig. 1 (b), the corresponding graph of a possible backbone network with 10 
links and deg(G) = 3 is shown in Fig. 1 (c). 
 
2.2 Problem Formulation 
 

To formulate the location update (or handoff) cost, variables hij i, j = 1, 2, …, n 
takes a value of 1, if both cells ci and cj are connected to a common switch; 0, otherwise. 
That is, hij = 1 if and only if sid(ci) = sid(cj). With this definition, it is easy to see that the 
cost of handoffs per unit time is given by 

( ), ( )
1 1

(1 ) .
i j

n n

ij ij sid c sid c
i j

h w d
= =

− ×∑∑  

Given m nonempty sets of cells P = {P1, P2, …, Pm}, P is called an m-way cell par-
tition of CG, if P1 ∪ P2 ∪ … ∪ Pm = CG and Pk ∩ Pl = 0,/ where k ≠ l, k, l = 1, 2, …, m. 
Without loss of generality, assume the cells in set Pk are assigned to switch sk, k = 1, 2, …, 
m. To calculate the overall handoff cost of a cell ci to the set of cells assigned to switch sl,  
let LUCS(i, l) = Σcj∈Pl 

wij, if ci not in Pl; LUCS(i, l) = 0, otherwise. Then for a given  
m-way cell partition P, the location update cost of the partition can be represented as   

( ),( , ) .
i

i l

sid c l
c CG s S

LUCS i l d
∈ ∈

×∑ ∑  

Because the assignments of cells to switches are fixed and known, the location up-
date cost between switches is also fixed. To calculate the overall handoff cost between 
the set of cells ci assigned to switch sk and the set of cells assigned to switch sl, let  
LUSS(k, l) = Σcj∈Pk

LUCS(i, l), if k ≠ l; LUSS(k, l) = 0, otherwise. Then the location up-  
date cost can be represented as 1 1

( , ) .m m
klk l

LUSS k l d
= =

×∑ ∑  In this paper, the designing  
problem of allocating the backbone links among the ATM switches with the objective 
that minimizes the cost of location update under the degree constraint is studied. With the 
above definition, the wireless ATM backbone network design (WABND) problem defined 
in [7] is showed as follows: 
 
Wireless ATM backbone network design (WABND) problem [7]  Given a graph H = 
(S, F, z) with |S| = m, the m × m matrix LUSS, and positive integers deg and p, deg ≤ |S| 
and |S| − 1 ≤ p ≤ |F|, the WABND problem is to find a connected subgraph G(S, E, z) of H  
with |E| = p, such that the location update cost 1 1

( , )m m
klk l

LUSS k l d
= =

×∑ ∑  is minimized  
and satisfies the constraint deg(G) ≤ deg, where dkl is the minimal communication cost 
between sk and sl on G(S, E, z). 
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2.3 ILP Formulation 
 
The WABND problem can be formulated as integer program. Define Fij = 1, if the 

link (i, j) between switches si and sj is in graph H; Fij = 0, otherwise. Note that,  

1 1
| |,m m

iji j
F F

= =
=∑ ∑  and the value Fij is known and fixed. Let xij = 1, if the link (i, j) be-  

tween switches si and sj is selected as a backbone link; xij = 0, otherwise. Let zij be the  
cost of the link (i, j) in F. Let 1,kl

ijy =  if the shortest path between switches sk and sl pass  
the link (i, j); 

kl
ijy = 0, otherwise. 

The following is an integer programming formulation of the problem: 

1 1
: ( , ) .

m m

kl
k l

Minimize LUSS k l d
= =

×∑∑                                      (1) 

Thus the minimal communication cost dkl between switches sk and sl is defined as 

1 1
min , , 1, 2, ..., ,

m m
kl

kl ij ij
i j

d z y k l m
= =

= ∀ =∑∑                                 (2) 

1, if 
1, if 
0, otherwise,

kl kl
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⎩

∑ ∑                                      (3) 

, , 1, 2, ..., ,kl
ij ijy x k l m≤ ∀ =                                             (4) 

{0,1}, , , , 1, 2, ..., ,kl
ijy k l i j m∈ ∀ =                                       (5) 

1 1
,

m m

ij
i j

x p
= =

=∑∑                                                      (6) 

1
, 1, 2, ..., ,

m

ij
i

x deg j m
=

≤ ∀ =∑                                          (7) 

xij ≤ Fij, ∀i, j = 1, 2, …, m,                                           (8) 

xij ∈ {0, 1}, ∀i, j = 1, 2, …, m.                                        (9) 

The backbone network must be a connected graph, the reachability from one switch 
to any switch is ensured this way. The graph G is partitioned into two connected parts, X 
and Y. Obviously there must be at least an edge going from X to Y for each feasible solu-
tion. Otherwise, the switches in Y cannot be reached. The reachability of graph G is  
stated as 

,
1, partition  and  of .ij

i X j Y
x X Y G

∈ ∈

≥ ∀∑  There are 2m ways to partition a graph,  

so the number of constraints is in the order of 2m. This constraint is satisfied by all feasi-
ble solutions, and vice versa, any solution in which there exist unreachable switch must 
violate at least one of them. 
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2.4 Related Works 
 

Given the PCN, handoff frequencies of cells in PCN, the connected ATM backbone 
network, and the capacities of switches, Merchant and Sengupta [4] formulated the cell 
assignment problem and considered the problem of assigning cells to switches (deter-
mined local links) in wireless ATM network. Recently, several extended studies of the 
cell assignment problem have been explored in [5, 6] to find the optimal solution of the 
cell assignment problem in the extended two-level wireless-ATM environment. In [5], a 
solution model which consists of three phases (Cell Pre-partitioning Phase, Cell Ex-
changing Phase, and Cell Migrating Phase) is proposed. In [6], the simulated annealing 
technique was applied.  

In [2], Huang and Wang investigated the problem of allocating the backbone links 
among the ATM switches with the objective of reducing the effect of terminal mobility 
on the performance of wireless PCN’s. The problem, which is called the Link Allocation 
Problem (LAP) on ATM-based PCN, is known NP-complete [2]. Formally, given a graph 
H(S, F, z = 1) and positive integers deg and p, deg ≤ |S| and |S| − 1 ≤ p ≤ |F|, the LAP is to 
find a connected subgraph G = (S, E, z = 1) of H with |E| = p, such that the diameter (= 
max∀sk,sl∈S{dkl}) of the graph G is minimized and deg(G) ≤ deg. Two efficient heuristic 
algorithms were proposed in [2, 9] to solve the LAP. 

The Optimal Communication spanning Tree (OCT) problem [10] is similar to LAP 
problem. The difference to the LAP is that the constructed graph is a tree (p = |S| − 1) 
without degree constraint (deg = ∞) and the goal is to minimize the summation of the 
weighted distance. The OCT problem is defined as follows. Let H(S, F, z) be an undi-
rected graph with nonnegative edge length function z. Given the requirements λ(sk, sl) for 
each pair of nodes sk and sl. For any spanning tree T of H, the communication cost of T is  
defined as Σ∀sk,sl

 λ(sk, sl) × dkl. The goal of OCT is to construct a spanning tree T with the  
minimal communication cost. Like other constrained spanning tree problem, OCT prob-
lem is NP-hard [11].  

For a given network, to find the best backbone topology of a network, the well-    
known problem is the Degree Constrained Minimum Spanning Tree (DCMST) problem. 
For a given graph, DCMST is the problem of generating a minimum cost spanning tree 
with degree constraints. The difference to the LAP is that the objective cost is the sum-
mation of the edge cost of the tree. By reducing it to an equivalent symmetric TSP, Garey 
and Johnson [11] showed the DCMST problem is NP-hard. Several studies about 
DCMST on complexity, performance of approximation algorithms and worst case per-
formance guarantees were described in [12-14]. In [7], a genetic algorithm was proposed 
to solve the WABND problem. The Prüfer number was used in [7] to construct the de-
gree- constraint tree of the network and then augmented it to the backbone consists of p 
links. Since the OCT problem is a special case of the WABND problem, therefore the 
WABND is NP-hard [7]. That is, finding an optimal solution for it is impractical due to 
exponential growth in execution time. 
 
2.5 Contributions 

 
In this paper, following the problem formulation defined in the previous result [7], 

two heuristic algorithms named remove-based heuristic (RBH) and weight-median-based 
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heuristic (WMBH) are proposed to solve the WABND problem. Moreover, a hybrid 
method which combines the proposed heuristic algorithms and the well-known simulated 
annealing technique is proposed to find the near-optimal solution. Experiments are also 
given to show the efficiency of the proposed methods. 

3. HEURISTIC ALGORITHM FOR WABND 

In this section, two heuristic algorithms are proposed to solve the WABND problem, 
they are remove-based heuristic (RBH) and weight-median-based heuristic (WMBH) 
algorithms. 
 
3.1 Remove-Based Heuristic (RBH) 
 

Given network H(S, F, z), since p ≤ |F|, |F| − p edges should be removed from H(S, 
F, z) to construct the backbone network G(S, E, z). Define bridge edge be an edge whose 
remove disconnected H(S, F, z). After removing edges from H(S, F, z), the graph G(S, E, 
z) should be a connected and constraint-satisfied (degree-constraint and edge-constraint) 
graph. Obviously, bridge edges in H(S, F, z) can not be removed. Moreover, if the con-
nected components of graph H(S, F, z) are given, bridge edge is the edge which connects 
different components. Obviously, the connected-component finding algorithm (in O(|F| + 
|S|) time) and a sequential testing procedure (in O(|F|) time) can be used to find the set 
BEH of bridge edges in H(S, F, z). Let CCH = {CC1, CC2, …, CCq} be the set of the con-
nected components of the H(S, F, z). 

Let degreeH(sk) be the degree of switch sk in H(S, F, z). For each switch sk, define 
CONH(sk) = 1, if degreeH(sk) > deg; CONH(sk) = 0, otherwise. For each edge e = (sk, sl) in 
CCH, define CONH(e) = CONH(sk) + CONH(sl). Moreover, edges in F − BEH are parti-
tioned into three groups FREEH, CON1H, CON2H according to the CONH value of edges. 
That is, FREEH, CON1H, and CON2H are the set of edges in CCH, whose CONH value is 
equal to 0, 1, and 2, respectively. 

Define opt(H′) be the object cost of the network H′, that is, opt(H′)
1 1

m m

k l
LUSS

= =
= ∑ ∑  

(k, l) × dkl, where dkl is the shortest distance between switches sk and sl in H′. Initially, let 
H′(S, F′, z) be the same as H(S, F, z). A non-bridge edge e = (sk, sl) is found in (CON2H′, 
CON1H′ or FREEH′) which minimize Δ = opt(H′ − e) − opt(H′), ∀e ∈ CON2H′. That is, if 
CON2H′ is nonempty, find an edge e = (sk, sl) in CON2H′; otherwise if CON1H′ is non-
empty find an edge e = (sk, sl) in CON1H′; otherwise find an edge e = (sk, sl) in FREEH′. 

Then, remove e from H′. Since edge e should be in CCi ⊆ CCH′ for some i, remove e 
from H′ may make the CCi change. The component CCi may be divided into several 
smaller connected components and some new bridge edges may be generated. These may 
change BEH′ and CCH′; moreover, the sets FREEH′, CON1H′ and CON2H′ should be up-
dated. The edge-removing process is performed repeatedly until H′(S, F′, z) contains ex-
act p edges. Clearly, if there exists a feasible solution, then after performing the edge-   
removing processes, all edges (include bridge edges) should be in FREEH′. The details of 
the RBH algorithm are stated as follows:  
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Remove-Based Heuristic (RBH)   
Let H′(S, F′, z) = H(S, F, z).  
Perform Connected-component finding algorithm to find the CCH′ = {CC1, CC2, …, CCq} 
of H′(S, F′, z). Group those edges which connected two different connected components 
into BEH′.  
Determine the associated group (FREEH′, CON1H′, or CON2H′) of edge e in F − BEH′ ac-
cording to the value of CONH′(e). 
while (|F′| > p) do 
 begin 
 if (CON2H′ ≠ 0)/   
  then 
    Select and edge e = (sk, sl) in CON2H′ which minimizes opt(H′ − e) − opt(H′), ∀e ∈ CON2H′; 
  else if (CON1 ≠ 0)/  
   then 
     Select an edge e in CON1H′ which minimizes opt(H′ − e) − opt(H′), ∀e ∈ CON1H′; 
    else 
     Select an edge e in FREEH′ which minimizes opt(H′ − e) − opt(H′), ∀e ∈ FREEH′; 

Remove e from H′ (S, F′, z). 
Update degreeH′(sk), degreeH′(sl), CCH′, BEH′, FREEH′, CON1H′, CON2H′.   

end   //end of while 

if ((CON1H′ ≠ 0)/ or (CON2H′ ≠ 0))/  
 then 
  return notfound. 
 else 
  return H′ (S, F′, z). 
 
3.2 Weight-Median-Based Heuristic (WMBH) 

 
The backbone network of the wireless-ATM can also be constructed by first finding 

a spanning tree of the network which satisfies the degree constraint and then augmenting 
the tree to consist p links. To find the spanning tree of a given graph, the shortest path 
algorithm is used. But the cost of the spanning tree may vary if the source node is 
changed. Since the objective cost of the WABND problem is weighted-distance based, 
the median node with the minimal summation of weighted distance to all nodes may be 
the best choice. Thus, in the proposed weight-median-based heuristic, first, the weighted 
median is found; then the degree-constrained spanning tree rooted at median is con-
structed; finally, the spanning tree is augmented to form the backbone of the ATM net-
work. For an undirected network H(S, F, z) with m nodes, choose a vertex sx on the graph  
H such that 

1
( , )m

kxk
LUSS k x d

=
×∑  is minimized. The location of x is called the 1-weight-  

median of the network H(S, F, z). To find the 1-weight-median of the network, first,  
Floyd’s algorithm is used to find the shortest distance matrix [dkl]m×m for all pairs of ver-
tices, sk and sl, of the network H(S, F, z). Next the terms LUSS(k, x) × dkx is computed by 
multiplying each element of the distance matrix [dkl]m×m by the weight of corresponding 
element in matrix LUSS. Third, for each row (or column) the sum is computed. The node 
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that corresponds to the row with the minimum sum of terms is the location for the 
l-weight-median. 

 
1-Weight-Median Algorithm   
Perform Floyd’s algorithm to find the shortest distance matrix [dkl]m×m for the nodes of H.  
Let sumk = 0, for k = 1, 2, …, m represents the sum of row k. 
for k = 1 to m 

for l = 1 to m 
sumk = sumk + LUSS(k, l) × d(k, l) 

Find the node sx which minimizes sumx.  
 
Then, the famous Dijkstra’s algorithm is modified to find shortest-path based de-

gree-constrained spanning tree. The details of algorithm are shown as follows: 
 

Degree-constrained-tree (source s) 
V = {s}, N = S − V, T 0;= /      
while (S − V 0)≠ /  begin   

for all links (u, v), u ∈ V and v ∈ S − V begin 
find the link (k, l) such that deg(T ∪ (k, l)) ≤ deg and with smallest cost 
zkl ≤ min∀u∈V,v∈S-V{zuv} 
if (found) 
 then {T = T ∪ (k, l); V = V ∪ {l}; N = S − V};  
else return notfound; 

 end 
end 
return T; 

 
Finally, the shortest-path based degree-constrained spanning trees Tx = (S, E1, z) of 

H(S, F, z) with 1-weight-median sx as root is found by performing the degree-constrained 
algorithm [7] (as shown above). Define opt(T) be the object cost of the spanning tree T,  
that is, opt(T) = 1 1

( , ) ,m m
klk l

LUSS k l d
= =

×∑ ∑  where dkl be the shortest distance between  
switches sk and sl in T. Finally, a set of p − |E1| edges are added in phase two to form the 
graph G. The order of edges to be added to G, is determined by a greedy scheme. For 
each link e in F − E1, compute Δ = opt(Tx) − opt(Tr ∪ e). Sort links in F − E1 in non-
descending order according to the value of Δ. The detail of the weight-median-based heu-
ristic algorithm is shown as follows.   
 
Weight-Median-Based Heuristic (WMBH) 
Call 1-Weight-Median Algorithm to find the 1-weight-median sx of H(S, F, z).  
Call degree-constrained-tree(sx) to find the spanning tree Tx of H with root sx. 
Let Tx = (S, E1), G = Tx. 
// augment-edge phase 
for each link e in F − E1 do 
 { 
 Compute Δ = opt(Tx) − opt(Tx ∪ e); 
 Sort links in F − E1 in non-descending order according to value Δ. 
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 } 
Assume links are re-indexed as {e1, e2, e3, …, e|F|-m+1}; 
for i = 1 to |F − E1| do 
 if ((deg(G ∪ ei) ≤ deg) and (|G ∪ ei| ≤ p)) 
  then G = G ∪ ei; 

if (|G| ≠ p) 
then  
 return not found; 
else 
 return G; 

4. SIMULATED ANNEALING ALGORITHM FOR WABND 

Due to the complexity of the WABND problem, the provision of an optimal solution 
in reasonable time is not guaranteed. Moreover, heuristic algorithms may trap into local 
optimal. In this respect, the usual step is to devise an approximate algorithm for solving 
this problem. The simulated annealing (SA) technique is applied to solve the WABND 
problem in this section. In this section, the details of simulated annealing algorithm de-
veloped to solve the WABND problem are present.  

4.1 Configuration Space 

The objective of WABND problem is to find an optimal backbone network topology 
so that the object function value is minimized under the connected and degree-constraint. 
To do this, the configuration space is designed to be the set of possible solutions. Each 
configuration is defined as a topology network which is represented by adjacency matrix. 

4.2 Initial Configuration Generation 

The initial configuration of the simulated annealing algorithm is generated by per-
forming one of the heuristic algorithms described in section 3. 

4.3 Cost Function 

Generally, simulated annealing algorithms use the cost function to achieve the 
goal of finding optimally assignments. The goal is to minimize the total cost of the 
wireless ATM network. For the given network topology, the all-pair shortest path algo-
rithm is used to find the distance dkl between switches sk and sl. Thus, the cost function is  

1 1
( , ) .m m

klk l
LUSS k l d

= =
×∑ ∑  The generated topology is constraint-satisfied, that is, there  

is no need to attach the penalty cost. 
 
4.4 Perturbation Mechanism 
 

Simulated Annealing algorithm uses perturbation to change the configuration from 
one state to another state. In this subsection, the perturbation methods used for designing 
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the topology of backbone network are developed. The resulted configuration is still a 
constraint-satisfied one after performing perturbation. The basic idea of the perturbation 
is edge−exchange, that is, an edge in current topology is removed and the other edge is 
added into the topology to form a new configuration. The order and the method of deter-
mining edge-addition or edge-deletion do affect the result of configuration (as showed in 
Table 1). In the following, several types of perturbations are introduced into the SA algo-
rithm for solving the WABND problem. 

Table 1. Perturbation schemes. 
ADD-First 

Method Random ADD Best ADD 
Random DELETE RARD BARD 

Best DELETE RABD BABD 
Delete-First 

Method Random ADD Best ADD 
Random DELETE RDRA RDBA 

Best DELETE BDRA BDBA 
 

Let G(S, E, z) be the network topology in current configuration. Recall that de-
greeG(sk) be the degree of switch sk in G(S, E, z). For each switch sk, define CDGG(sk) = 1, 
if degreeG(sk) = deg; CDGG(sk) = 0, otherwise. For each edge e = (sk, sl) in F − E, define 
CDGG(e) = CDGG(sk) + CDGG(sl). For a given graph G, define FREEG, CDG1G, and 
CDG2G be the set of edges, whose CDGG value is equal to 0, 1, and 2, respectively. Let 
UNFREEG be the set of edges whose CDGG value is greater than 1. 

Edges in F − E are partitioned into three groups FREEG, CDG1G, CDG2G according 
the to the CDGG value of edges. If an edge e in CDG2G is selected and added into G(S, E, 
z). Then after removing an arbitrary edge other than e, the resulted configuration will not 
be a constraint-satisfied one. Thus, only those edges in FREEG or CDG1G can be selected 
and added to G(S, E, z). Let G′(S, E′, z) = G(S, E, z) ∪ e. 

To remove an edges from G′(S, E′, z), the resulted graph should be connected and 
constraint-satisfied. Thus bridge edges in G′(S, E′, z) can not be removed. Let BEG′ be the 
set of bridge edges in G′(S, E′, z). Edges in G′ − BEG′ are partitioned into two groups 
FREEG′ and CDG1G′ according to the CDGG′ value of edges. 

Eight types of perturbations are introduced into the simulated annealing algorithm 
and shown as follows. The following perturbation schemes are: first added an edge into 
G(S, E, z), then deleted an edge to construct the new configuration. 

 
• P1: random add random delete (RARD): Randomly select an edge ein in FREEG ∪ 

CDG1G and add to G(S, E, z). If ein ∈ FREEG then random select an edge eout in 
FREEG′ and delete. If ein ∈ CDG1G and sk be the switch with degree(sk)G′ > deg then 
random select an edge eout, one of the endpoint of eout is sk and eout in CDG1G′. Delete 
the edge eout form G′(S, E′, z) to generate the new configuration. 

• P2: random add best delete (RABD): Randomly select an edge ein in FREEG ∪ CDG1G 
and add to G(S, E, z). If ein ∈ FREEG then find the edge eout which minimizes opt(G′(S, 
E′, z) − eout) − opt(G′(S, E′, z)); if tie, random select one of them. If ein ∈ CDG1G and sk 
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be the switch with degreeG′(sk) > deg then find the edge eout in CDG1G′ which mini-
mizes opt(G′(S, E′, z) − eout) − opt(G′(S, E′, z)). Delete the edge eout form G′(S, E′, z) to 
generate the new configuration. 

• P3: best add random delete (BARD): Select an edge ein in FREEG ∪ CDG1G which 
maximizes opt(G(S, E, z)) − opt(G(S, E, z) ∪ ein); if tie, random select one of them and 
add to G(S, E, z). If ein ∈ FREEG then random select an edge eout in FREEG′. If ein ∈ 
CDG1G and sk be the switch with degreeG′(sk) > deg then random select an edge eout, 
one of the endpoint of eout is sk and eout in CDG1G′. Delete the edge eout form G′(S, E′, z) 
to generate the new configuration. 

• P4: best add best delete (BABD): Select an edge ein in FREEG ∪ CDG1G which maxi-
mizes opt(G(S, E, z)) − opt(G(S, E, z) ∪ ein); if tie, random select one of them and add 
to G(S, E, z). If ein ∈ FREEG then random select an edge eout in FREEG′. If ein ∈ 
CDG1G and sk be the switch with degreeG′(sk) > deg then find the edge eout in CDG1G′ 
which minimizes opt(G′(S, E′, z) − eout) − opt(G′(S, E′, z)). Delete the edge eout form 
G′(S, E′, z) to generate the new configuration.  

The following perturbation schemes are: first deleted an edge from G(S, E, z), then 
add an edge to construct the new configuration. The resulted graph G″(S, E″, z) which is 
obtained be removing an edge in G(S, E, z) may be disconnected while the bridge edge is 
selected and removed. Let BEG be the set of bridge edge in G(S, E, z). Edges in G are 
divided into two groups BEG and E − BEG. After selecting and deleting eout, if G″(S, E″, z) 
is disconnected then G″(S, E″, z) is divided into two connected components, the set of 
edges which connected two components and make G″(S, E″, z) ∪ e be a feasible solution 
of the WABND problem is denoted as CONNG″. 

If G″(S, E″, z) is connected then edges in F − E″ are partitioned into two groups 
FREEG″ and UNFREEG″ according to the CDGG″ value of edge e. 

• P5: random delete random add (RDRA): Randomly select an edge eout in G(S, E, z) and 
delete. If eout ∈ BEG then random select an edge ein in CONNG″ and add. Otherwise, 
random select an edge ein in FREEG″ and add.  

• P6: random delete best add (RDBA): Randomly select an edge eout in G(S, E, z) and 
delete. If eout ∈ BEG then find the edge ein ∈ CONNG″ which minimizes opt(G″(S, E′, z) 
∪ ein); if tie, random select one of them. Otherwise, find the edge ein in FREEG″ which 
minimizes opt(G″(S, E′, z)) − opt(G″(S, E′, z) ∪ ein); if tie, random select one of them 
and add. 

• P7: best delete random add (BDRA): Select an edge eout in E − BEG which minimizes 
opt(G(S, E, z) − eout) − opt(G(S, E, z)); if tie, random select one of them and delete. 
Random select an edge ein in FREEG″ and add. 

• P8: best delete best add (BDBA): Select an edge eout in e − BEG which minimizes 
opt(G(S, E, z) − eout) − opt(G(S, E, z)); if tie, random select one of them and delete. 
Find the edge ein in FREEG″ which minimizes opt(G″(S, E′, z)) − opt(G″(S, E′, z) ∪ ein); 
if tie, random select one of them and add.  

Let Pi be the probability of transforming current configuration to a new one by ap-  

plying the perturbation Pi, i = 1, 2, …, 8, respectively. Assume that 
8

1
1.ii

p
=

=∑  Let AP0  
= 0 and APi = 1

i
jj

p
=∑  be the accumulated probability of pi, i = 1, 2, …, 8. 
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4.5 Cooling Schedule 

One of the most important problems involved in the simulated annealing algorithm 
implementation is the definition of a proper cooling schedule, which is based on the 
choice of the following parameters: starting temperature, final temperature, length of 
Markov chains, the way of decreasing temperature. A correct choice of these parameters 
is crucial because the performances of the algorithm strongly depend on it. These pa-
rameters are described as follows. 

(1)  Initial value of the control parameter: The rule used in SA that the starting tempera-  
ture c0 is determined by calculating the average increasing in cost, ,C

+
Δ for 50 ran- 

dom transitions and solve c0 from 1
0 0/ ( ),c C ln

+ −= Δ X where accepted ratio X0 de-
fined as the number of accepted transitions divided by the number of proposed tran-
sitions. In this paper, the accepted ratio X0 is empirically set to 0.55. 

(2)  Decrement of the control parameter: The decreasing rate of the temperature needs to 
be small enough to reach thermal equilibrium for each temperature value. As the 
temperature is decreased, the accepted ratio is lowered. The decrement rule in SA is 
defined as follows: Tk+1 = γTk, where γ is empirically determined and discussed in 
section 5.1. 

(3)  The final value of the control parameter: The iterative procedure is terminated when 
there is no significant improvement in the solution after a pre-specified number of 
iterations. It can also be terminated when the maximum number of iterations is 
reached. 

(4)  The length of Markov Chains: In this paper, the chain length is empirically deter-
mined and discussed in section 5.1. 

4.6 Simulated Annealing Algorithm of WABND Problem 

The details of the simulated annealing are described as follows:  

Algorithm  Simulated Annealing 
Step 1: For a given initial temperature T, perform RBH or WMBH algorithm to generate 

initial configuration IC. The currently best configuration (CBC) is IC, i.e. CBC = 
IC, and the current temperature value (CT) is T, i.e., CT = T. Determine pi, i = 1,   
2, …, 8, AP0 = 0 and 1

,i
i jj

AP p
=

= ∑  i = 1, 2, …, 8. 
Step 2: If CT = 0 or the stop criterion is satisfied then go to step 7. 
Step 3: Generate a random number p in [0, 1), if APi-1 ≤ p ≤ APi, (i = 1, 2, …, 8) then 

new configuration (NC) is generated by applying the Pi perturbation schema. 
Step 4: The difference of the costs of the two configurations, CBC and NC is computed, 

i.e., ΔC = E(CBC) − E(NC). 
Step 5: If ΔC ≥ 0 then the new configuration NC becomes the currently best configura-

tion, i.e., CBC = NC. Otherwise, if e−(ΔC/CT) > random [0, 1), the new configura-
tion NC becomes the currently best configuration, i.e., CBC = NC. Otherwise, go 
to step 2. 

Step 6: The cooling schedule is applied, in order to calculate the new current temperature 
value CT and go to step 1.   

Step 7: End. 
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5. SIMULATION RESULTS 

In order to evaluate the performance of the proposed algorithms, these algorithms 
have been implemented and applied to solve several randomly generated examples. The 
results of these experiments are reported below. All the algorithms were implemented by 
C, and all experiments conducted on a personal computer (PC) with Pentium IV 2.8 GHz 
CPU and 512MB RAM. A hexagonal system in which the cells were configured as an 
H-mesh was used for simulation. Assume the antenna for each cell was at the center of 
the cells. Switches are located at the same position of cells which are randomly selected 
from the cells. The cabling cost between a switch and a cell was taken to be proportional 
to the geometric distance between the two. The communication cost between two 
switches is assumed to be proportional to the geometric distance. The handoff frequency 
fij for each border was generated from a normal random number with mean 100 and 
variance 20.  

The experiment shown here is divided into two parts, the goal of the first part is to 
determine the control parameters of SA, and the goal of the second part is to examine the 
performance of the proposed simulated annealing algorithm and other solving methods. 

5.1 Determining the Control Parameters 

In the following, for each experiment, 10 runs are tested and the average result is 
computed. First, the effect of the various values of chain length is determined. For the 
experiments, chain length is in {1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 20, 30, 40, 50} and the num-
ber of links (p) in backbone is in {40, 50, 60, 70, 80, 90}. The perturbation method is 
randomly selected from the eight perturbations with equal probabilities. The effect of the 
different chain lengths to the cost is shown in Fig. 2. In Fig. 2 only those cases whose 
chain length is less than or equal to 10 are shown since for the other cases (chain length 
greater than 10) the objective cost can not be reduced. Observe form Fig. 2, it is easily to 
find that SA can find best result if the chain length greater than 7. 

          
Fig. 2. The objective cost of the set of exam-

ples with m = 30 for different values 
of p and chain lengths. 

Fig. 3. The CPU time in seconds of the set of 
examples with m = 30, for different val-
ues of p and chain lengths. 
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The effect of the different chain lengths to the CPU time in seconds is shown in Fig. 
3. The time shown in Fig. 3 is the time that the objective cost can not be reduced for the 
same value of γ (temperature decreasing rate). Observe form Fig. 3, it is easily to find 
that as the chain length increases the CPU time in seconds increases proportionally. As 
the chain length greater than 10, the curve is slow down. 

The effect of different values of temperature decreasing rate γ to the cost and the 
CPU time in seconds is shown in Figs. 4 (a) and (b), respectively. The result in Fig. 4 (a) 
shows that SA with γ ≥ 0.9 can get the best performance. The result in the Fig. 4 (b) 
shows that γ set to 0.9 is cost-effective.  

   
(a)                                     (b) 

Fig. 4. Experiments on the set of examples with m = 40, p = 50, deg = 5, (a) objective cost for dif-
ferent values of γ, (b) CPU time is seconds for different values of γ.  

 
Fig. 5. Experiments on the set of examples with m = 40 for different values of p and chain lengths. 
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The effect of the number of edges (p) in backbone network to the chain length and 
CPU time in seconds is shown in Fig. 5. In this experiment, p is in {50, 60, 70, 80, 90, 
100, 110, 120, 130, 140, 150, 160}. Observe the result shown in Fig. 5, it is easily to find 
that the CPU time in seconds increases proportionally as p increases. In most cases, it is 
easily to find that the CPU time in seconds increases proportionally as the chain length 
increases. 

5.2 Performance of SA 

Several examples were used to test the efficiency of the proposed algorithms. The 
mean result obtained by running ten times of simulated annealing algorithm (SA), ge-
netic algorithm (GA) [7], and the result obtained by performing the heuristic algorithms 
RBH, WMBH, and HA (proposed in [7]) were examined. The parameters of the GA [7] 
were: crossover probability is 1.0, mutation probability is 0.3, and the population size is 
5 × (m + p), and the number of generations of the GA is 500. In the experiment of GA, 
since the population size is large enough, for most cases, the result of GA with generation 
greater than 500 can not be reduced further.  

For the set of examples: m = 20, deg = 5, p is in {25, 30, 35, 40, 45}, the result is 
showed in Fig. 6 (a). For the set of examples: m = 20, deg is in {5, 6, 7, 8, 9, 10, 11, 12}, 
p = 25, the result is showed in Fig. 6 (b). For the set of examples: m = 30, deg = 10, p is 
in {40, 50, 60, 70, 80, 90}, the result is showed in Fig. 7 (a). If p = |F|, then result back-
bone network G(S, E, z) should be H(S, F, z). Let “LB” represent the cost obtained on the 
topology H, which is the lower bound of the WABND problem. For the set of examples: 
m = 30, deg is in {5, 10, 15, 20, 25, 30}, p = 40, the result is showed in Fig. 7 (b). Ob-
serve the results shown in Figs. 6 and 7, the proposed simulated annealing algorithm can 
get the best result as the same obtained by the genetic algorithm (GA) as indicated from 
the experimental results. Moreover, the proposed heuristic algorithms RBH and WMBH 
get better results than HA. 

     
(a)                                    (b) 

Fig. 6. Experiments on set of examples with m = 20, (a) different values of p, (b) different values of deg. 
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(a)                                        (b) 

Fig. 7. Experiments on set of examples with m = 30, (a) different values of p, (b) different values of deg. 
 

Table 2. Comparison of SA, GA, and LB. 

 
 

To know the effect of GA and SA in depth, the SA and GA were run with 10 random 
seeds on each problem in order to get some statistical information about the quality of 
their solutions. The result is summarized in Table 2. In this table, the heading of “GA” 
refers to the objective value obtained by performing genetic algorithm in [7]. The head-
ing of “SA” refers to the objective value obtained by performing simulated annealing 
algorithm. The heading of “time” refers to the CPU time in seconds spent by performing 
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algorithm. The SA and GA columns of Table 2 show the minimum, average, maximum, 
and standard deviation of the cost of solutions for 10 runs. 

The result shows that simulated annealing and genetic algorithms obtained same 
results for the cases m = 20 and m = 30. For the other cases (m = 50, m = 100), the pro-
posed simulated annealing algorithm can get better result than GA. Take the value of SA 
as a reference, it is easy to compute the result of the GA to that of the SA, the ratio is 
106.70% on average. The result of SA and GA in Table 2 shows that SA has better per-
formance than GA in objective cost and CPU time in seconds. 

6. CONCLUSIONS 

 In this paper, the problem of optimum design of the two-level wireless ATM net-
work is investigated. Given PCN network, handoff frequencies between cells, locations 
of switches on an ATM network, the number of backbone links, the communication cost 
between switches, and the degree constraint of switch, the problem is to determine the 
topology of the backbone network in an optimum manner and named as the wireless 
ATM backbone network design problem (WABND). 

First, the formulation of the WABND problem is given; since the optimal commu-
nication spanning tree (OCT) problem is a special case of WABND which is NP-hard, 
thus the WABND is NP-hard. Thus finding an optimal solution of this problem in rea-
sonable time is impractical. In this paper, two heuristic algorithms (RBH and WMBH) 
and a simulated annealing algorithm (SA) are proposed to solve this problem. Simulation 
results showed that simulated annealing algorithm is robust for this problem. 

In the SA method, adjacency matrix is used to represent the topology of the back-
bone network. In the design encoding method, the configuration represents a connected 
graph witch is a constraint-satisfied one. Thus there is no need for penalty function and 
thus the performance of SA can be improved. Experimental results indicate that the pro-
posed SA runs efficiently. The total cost of SA gets better performance than heuristic 
algorithms.    
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