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ABSTRACT

Network optimization and design procedures often separate quality of service (QOS) performance measures from
reliability issues. This paper considers channel allocation and flow assignment (routing) in a network subject to link
failures. Fault-tolerant channel allocation and flow assingments are determined which minimize network cost while
maintaining QOS performance requirements. This approach is shown to vield significant network cost reductions

compared to previous heuristic methods used in the design of packet switched network with unreliable links.
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1. Introduction ion problem plays a central role in the design of large
scale packet switching networks!, This design meth-

The joint capacity and flow assignment optimizat- odology determines the capacity allocation and flow

or routing assignment to optimize network cosl sub-

e oo et F 710 AR s ject to quality of service (QOS) performance constra-
Schod of Electrical Korea University ints such as average delay, throughput or buffer over-
0 E I 195385- 1108 7 . L
ST 1995%1 119 89 flow probability. In conventional capacity and flow

assignment oplimization problems, network reliability
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issues are seldomly addressed. The common approach
in network optimization procedures is to separate
QOS requirement aspects from reliability issues, or
vice versa. Network reliability clearly affects a quality
of service or performance objective directly and thus.
reliability issues should be integrated with other QOS
measures in the course of network planning and de-
sign. In the tactical baitlefield environment, for ex-
ample, fault-tolerant network design methodologies
are of particular importance. It is also important to
develop fault-tolerant schemes for large-scale high-
speed networks serving critical applications.

The concept of performance-related reliability me-
asures was considered in [5] for analyzing a degrada-
ble computing system. A joint measure ot perform-
ance and rehability has been formulated into a perfor-
mability measure, which is defined to be the steady-
state probability that the network is in a set of states.
in which the performance measure is within a speci-
fied range!”. Using the performability measure. |5)
proposed a minimum-cost dimensioning approach for
common channel signaling networks under both per-
formance and reliability constraints. A network re-
liability measure based on a rouling model was pro-
posed for circuit switched networks in {7| where re-
liability is defined to be the difference between
amount of the lost call traftfic under no link failure
and that in the presence of hnk tailure. A fault-toler-
ant joint capacity and flow assignment design ap-
proach. called proofing method, has been proposed in
[8]. This approach assigns redundant capacity, beyond
that required to maintain a QOS level under normal
network conditions, to each hink in advance. This ca-
pacily augmentation prevents performance degra-
dation in the presence of network state changes ca-
used by link failures. Capacily augmentation approa-
ches in the proofing method were based on heuristic
considerations and were not claimed o be optimum
in any sense. Moreover, the proofing method itself
does not retlect the cost optimization issue.

In this paper, we generalize the proofing method by
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formulating an optimal capacity augmentation and
flow assignment (OCA/FA) problem. The objective is
lo obtain fault-tolerant capacity and flow assignment
schemes in which tratfic demand and QOS network
performance requirement are met at a minimum net-
work cost regardless of the network topological state.
This OCA/FA probiem is generally a nonlinear con-
vex oplimization problem. A novel integer solution
technique based on marginal analysis is devised to ob-
tain a suboplimal capacity augmentation scheme
while the optimal flow assignments in each state are
determined using the optimal routing algorithm.
Comparisons to previously proposed heunstic ca-
pacily augmentation procedures in (8] show that a
significant reduction in network cost can be obtained
by using this optimization approach.

This paper 1s organized as follows. The network de-
sign model with unreliable links and the QOS per-
formance measures are introduced in Section 2. The
fault-tolerant OCA/FA problem is formulated in Sec-
tion 2. The proposed solution technigue is given in
Section 3 while numerical examples are given in Sec-

tion 4.

Il. Fault-Tolerant Optimal Channel Allo-
cation and Flow Assignment Problem

2.1 Network Model

We consider a packetl switched network in which
the links between nodes are implemented using a mul-
tiple number of channels each of fixed capacity C. Let
N denote the set of switching nodes and L =11, 2. -,
L0 the set of L directed links. The network 1s assumed
to be subject to link failures, with each link being
cither up or down. The network state is represented
by the link failure configuration. Each state s can
then be characterized by a set of Ly of L, available
links, where L, L. We assume a state space S=10,
1.2, -, m—11!. In general, with L links, there are 2V
possible network states. In practice, only the most

probable states need to be considered. Hence S would
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comprise of the n most probable states, which can be
obtained by using the ORDER algorithm®. More-
over, # can be determined to obtain a desired level of
system modeling granularity. To complete the net-
work topology description, the number of channels
must be specified for each link. Our objective is to
implement a fault-tolerant channel allocation which is
invariant with respect to the network state. Hence, let
M; be the maximum number of allowable channels
for link 7. The channel configuration C for the net-
work is then specified by the vector N =(N{, Na, -,
Ny) where N, is the number of channels implemented
for link j& L. Thus, the network topology under
state s can be represented by the digraph (¥, L, C).
We assume a set W ={1, 2, ---) R} of R user ses-
sions whose traffic demand requested by a user session
ke W is denoted by 7. The set of traffic demands
can then be represented by a vector D=(¥, V2, -, ¥&).
We assume routing or flow assignments can be im-
plemented for each state s € S. The flow assignment
in state s is then specified by fi={fis. fas, =-=v Sfrs}
where fj is the traffic flow assignment for link j€ L.
The packets generated by all messages are assumed
to arrive according to a Poisson distribution and the
lengths of packets are assumed to be exponentially
distributed with a mean 1/u (bits/packet). The pac-
kets destined to a node along a link j are equally
distributed among the N; channels. We assume that
buffering for a link j is accomplished by N, separate
buffers, one for each channel. When the buffer space
is full, the incoming packet is dropped and lost due to

buffer overflow. We further assume that a packet is

[¢— & —>
A,/N,

N, channels

Fig. 1 N,—M/M/1/b Queueing Model

never lost in the switching component and therefore,
a packet is lost only due to buffer overﬂc;w. Then
each link j is modeled as an N;—M/M/1/b queue (see
Figure 1) by parallelizing the N; multiple channels in
each link, where & is the common buffer size. Finally.
we assume that a link 7 has a physical length L; km.
and a processing delay associated with its termination

equal to v; seconds/packet.

2.2 QOS Performance Measure

In high speed networks such as the ATM network
for Broadband ISDN, packet loss due to buffer over-
flow is much more important than average packet de-
lay. In these situations the end-to-end buffer overflow
probability is a relevant QOS performance measure.
For the Nj—M/M/1/b queueing model, buffer over-
flow probability Bjs(p;, b) for link j in stale s is

given by
1=, Pj,
Bjs= ( p]kb)f)]]'
1 —Pjs
b
pj.\
= )
CheoPh

where pjs is the channel utilization factor given by pjs
=f;s/N;C. Assuming that the buffer overflow prob-
ability for each link is fairly small (e.g., 107 to 1079),
the end-to-end average buffer overflow probability
QOS performance measure in each state s can be ap-
proximated by

BN, )=~ ¥ wfuBpsn b) @

Y el

where Y=Y 4en 7e is the total external traffic rate
(packets/sec).

In networks where buffer sizes are sufficiently large
enough so that buffer overflow is not a significant
issue, average packet delay is a more appropriate
QOS performance measure. In considering average
packet delay we assume an infinite buffer size (b= x)
for analytical tractability. Hence, using the packet-

length independence assumption of Kleinrock!"”, the
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average end-to-end packet delay in state s€ .S is given
by a weighted average of the average packel delay

over each link jinstate s T,.(-), as tollows;

|
TN, f)=— T MTuNG. J)
JARFIN
‘ Ny Jos L
=— ¥ s L '
Y T NiC—f +ltf,,\l . +\/”
(3)

where ¢ is the propagation constant(kme/sec), e.g.. a
two-third of the speed of light. The first term of (3)
represents the queueing and transmission delays in-
curred by a packet while the last two terms are the
weighted average of the propagation and processing
delays with respect to the link flows.

The optimization approach to be considered in this
paper is strictly based on the network model and per-
formance measures presented in the above, Since the
accuracy of the proposed approach will depend on
those assumption and approximation, the perform-
ance model needs to be validated. In [13] and (14]. the
approximation of the overall average network delay
using the Kleinrock’s independence assumption for a
single channel network. modelled by a M/M/1 queue,
has been validated by a simulation in the realistic net-
work cnvironment. Furthermore, it is shown in [2]
that the delay performance of the parallel channel
network in this paper. modelled by a m—M/M/I
queue, closely approximates the single channel net-
work if the number of channels(»2) 1s large enough as
in most of applications. Based on these cariler results.
the delay model adopted in this paper i1s considered to
be valid towards our optimization approach. In fact,
the delay model based on the M/M/1 queueing model
has been commonly adopted and accepted towards
the topological and routing optimization tor the pac-
ket switching networks!™ 3% 1% On the other hand.,
the average overflow probability approximation (eq-

uation {2)) is justifiable in a similar manner.

2.3 Network Cost
450

We assume that the network cost is the sum of the
link costs and that the cost of each link 7 depends
only on the number N; of channels over that link. Let
D (N} be the cost function for link ;. The total net-

work cost function D(N) is then given by

DIN)=3 D;(N))

il

We shall further assume that each D;(N;) is a
monotonically increasing convex function of N;. An
example is the case of i high speed network where the
cost of each link is linearly proportional to the num-
ber of channels as in conventional network design
and the worst-case nodal hardware switching cost is
proportional to the square of the number of channels
to reflect the increase in complexity of switching com-
ponents when additional channels are added"'!. This
leads to the following cost function:

DIN) = ; Di(Nj) = ‘_[ [6;+a;N;+8,N;1, (4)
i r
where a,. £,. and J; are non-negative proportional
factors varying with each link ;. In practice, the cost
of cach channel is proportional to its physical length.
So «, =8, 1.,, where s, is the cost per channel per km
for a simplex link 7. On the other hand. the con-
stants. o, and A, reflect the initial set up and switch-

ing costs respectively.

2.4 Fault-Tolerant OCA/FA Problem

Suppose the traffic demand requirement T 1s given,
along with a QOS requirement specified in terms of a
maximum allowable pertormance threshold Ppu, 1m-
posed on a performance measure in each slate. i.e. Py
< Py, Vs€S. This performance measure P, 1s
taken to be cither the average packet delay T, given
by (3) or the average bufter overflow probability B,
given by (2). Subsequently. depending on a type of
the performance measure taken, Pu.x 1s denoted by
T e OF Buar. correponding to the maximum allow-

able allowable average packet delay or the average
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buffer overflow probability, respectively. We are in-
terested in simultaneously determining the design
variables N (channel configuration) and f; (flow con-
figuration) in each siate s to minimize the total net-
work cost (4) with respect to the performance con-
straint, Ps < Pmax. We refer to this problem as the
fault-tolerant OCA/FA problem, which can be for-

mally stated as follows:

* Given: Network topologies(N, L;, C) associated
with a stale space S and traffic demand T,

* Minimize:
D(N) = ZI D;(N;), (5
)E .

® Over channel configuration N=(N;, N2, ..., N1}
and flow assignments f;, S€ S

® Subject to the constraints:

Ps(N, L) < Poar YsES, )
Ni<M; Vi€eL, (7

and f; < N;C V€L, VsES (8)
and the multicommodity flow satisfying the traf-

fic demands.

The first constraint in (6) imposes the performance
requirement on each state and thus the network per-
formance is ensured not 1o exceed the given design
threshold Py, regardless of the network state in S.
The constraints in (7) give the maximum limit on the
number of channels for each link while the constra-
ints in (8) guarantee the feasibility of the flow assign-
ment with respect to the link capacity. Note that both
are convex separable functions of (N, f;). Since D(N)
is assumed to be a convex separable function of N,
this fault-tolerant OCA/FA problem has a global op-
timal solution.

The complexity of performing a joint optimization

over N and (fo. fi, -, f4-)) involving multiple non-
linear constraints can be circumvented by separating
the above problem into two subproblems. The first
subproblem determines the optimum channel allo-
cation for given flow assignments in every state. The
second subproblem involves | .S | =#» optimization pro-
blems each of which determines the optimum QOS
flow assignments in each state. These two subpro-
blems can be solved sequentially until there is no
further improvement in reducing the network cost.
We restate the above fault-tolerant OCA/FA problem

in terms of these two subproblems as follows:

Subprobiem 1
¢ Given: Network topologies (N, Ls. C) associated

with a state space S, traffic demands I" and flow
configurations f;, €S,

& Minimize:
D(N)=13. Di(N;), Ol
JjEL

¢ Over the augmented channel configuration N =
(Ni, N2y o N1

# Subject to the constraints:

PN, f) € Py VseS,
N, <M, Viel,

and fj; < N;C V€L, VSES
Subproblem 2
For each state s €S:

* Given: Network topology (N, L¢, C) associated
with a state s € S, traffic demands I and channel
configuration ¥V,

e Minimize: PN, f)

® Over the flow assignment f;,

» Subject to the multicommodity flow constraints.
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. Solution Approach

Each of the |S| optimizations in Subproblem 2
above can be efficiently handled using the flow devi-
ation method!" or other optimal routing algorithms.
The set of | S| nonlinearinequality constraints in Sub-
problem 1 imposed by the QOS performance require-
ments presents some difficulties for large state spaces.
For example, 20 states in a small size network is not
unusual. Since efficient primal nonlinear integer pro-
gramming techniques are not available for a large
number of nonlinear inequality constraints, an ef-
ficient solution method for Subproblem 1 has to be
devised. We applied the concept of marginal analysis
12l to obtain an efficient incremental allocation sol-
ution of the subproblem 1. The following assum-
ptions, which must be satisfied to apply the marginal

analysis, are valid here:

1. The cost objective function D(N) and the per-
formance objective function PN, f,) are convex
separable functions.

2. For PN, f)=Yjer. Pis(N;. f;5). each P;idN;,
f;5) is monotonically decreasing in N, for fixed fj,.

3. D;(N,) is monotonically increasing in N,.

The basis for this approach is the following intuit-
ive consideration. Counsider the two conflicting ob-
jectives of minimizing network cost and maintaining
the QOS performance constraints. If an additional
channel is available, it should be assigned to return
the maximum possible economic benefit in the sense
that the link cost should increase rather slowly while
decreasing the performance measure in each state rap-
idly. The marginal benefit is measured by the allo-
cation margin, which is defined as the ratio of per-
formance degradation due lo cost decrease with re-
spect to each channel allocation. Therefore, every ad-
ditional channel must be assigned to a link with the
largest allocation margin. This is the basis of Fox's

marginal analysis'Y. The channel allocation method
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which we previously devised in {I1] is a link-by-link
incremental allocation (LICA) algorithm based on
this marginal analysis approach.

However, the link-by-link incremental allocation al-
gorithm in [11] cannot be directly applied to Subpro-
blem | because of the multiple performance constr-
aints here. We shall modify the LICA algorithm in
the following manner. Assuming that there exists an
optimal channel allocation within the given resource
level, ie.. P(M, f)< Pmax. V'S ES. the procedure is

to start with the initial allocation,
N:/m = ma\x f,x/C‘ V€L,

so that every additional channel allocation always sa-
tisfies the capacity constraint (8). As far as the in-
cremental channel allocation is concerned in Subpro-
blem [, there will be two directions to be optimized,
one for a state and the other for a link, in each allo-
cation cycle. We conjecture that in one direction, the
state with the worst QOS performance measure must
be optimized and subsequently in the other direction,
a link must be selected to improve the QOS perform-
ance of the corresponding state. In other words, a
state with the worst QOS performance measure in
each allocation cycle and in turn, a link returning the
most economic benefit in the corresponding state are
considered to be the steepest descent direction with
respect to link-by-link incremental channel allocation.
Once a state with the largest QOS performance
measure, denoted by s*€ S, i1s identified under the
current channel allocation and flow assignment, the
economic benefit achieved by the incremental allo-
cation for each link is measured in terms of the fol-

lowing allocation margin A je:

AP .
‘ L N ]eLx
A= BD; (10)
(). jeL—Ls's

where
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APjs'= Pjs‘(ij f;’s')_PjS‘(Nf +1, fjs')

is the decrease in the QOS performance measure for

link 7 in state s* and
AD;=DjiN;+1)—Dg«N,)

is the increase in the link cost when an additional
channel is allocated to link 7. The maximum econ-
omic benefit for each channel allocation is then
achieved by assigning it to a link with the largest allo-
cation margin. Let max;., f; denote the index *&€/
such that f-=max;e; f; for a set of indices 1. The al-
gorithm then allocates one channel at a time to the

link 7* with the largest allocation margin, i.e.,
j*:maX‘I Ajs'
JjeL

Consequently the steepest descent is bi-directional gi-
ven by (s*, 7*} in each channel allocation cycle. When
the additional channel allocation violates the channel
constraint, i.e.. N;»> M;-, the corresponding link is
excluded from further consideration by setting Aj-x
to —oo. This algorithm is completed by repeating the
above link-by-link incremental channel allocation with
the (s*, 7*)-descent direction until PN, f,) < Poax,
Vs €S. The link-by-link capacity augmentation pro-
cedure to solve the Subproblem 1 is summarized be-
low. The superscript of each variable denotes the iter-
ation number starting from 0 in the following presen-

tation.
Step | Initialize the parameters:

A0, Vi€eL,

N — max,ey -ICJ—‘ , VJjEL.

ne 1.

Step 2 Identify the state with the worst performance

measure -

st:maxfl PS(A{(M*I)’ é)

SEL

Step 3 Compute allocation margins { A, given by

_ P NPTV, fi) =P (NT TV 1, fie)
DANT T+ )= DN )

Aje:
Step 4 Find a 7*-th unit vector ¢;- such that

Fr*=max"' Ajs

jel

Step 5 Determine N =(N{", NY, ..., N{’) by N?W =
Mrﬁl) +§j'.

S[Cp6 IfN;?)=M/‘ set Aj""‘ — 00,

Step 7 If PAN", f)> Puax, VSES, set ne—n+I
and go to Step 2.
Otherwise, N is the augmented channel sol-

ution.

Convexity of both D(N) and PN, f;) in N guarantee
convergence to an suboptimal integer solution. We
note that the above bi-directional allocation strategy
requires an | S| element ranking to find a state of the
worst performance measure and an | L| element ran-
king to find the maximum margin among the links in
the corresponding state for each allocation cycle. The
computational requirements for the above procedure
are relatively small because the procedure terminates
within L Xmax e, M; iterations.

Subproblems 1 and 2 are iterated sequentially until
no further significant reduction in network cost is
obtained. This iterative procedure can be started in
Subproblem 2 with each N; set to the maximum num-
ber M; of channels. The iteration is stopped when
| DIN'*) — DIN*~DY]| <€ for tolerance level €.

V. Numerical Examples

We have evaluated the proposed fault-tolerant
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OCA/FA problem approach on a 12 node example net-
work shown in Figure 2, with the network cost func-
tion given by (4). We assume 20 user sessions with
uniform traffic demands as listed in Table |. Each
channel is assumed to have 24 channels of 10 kbps
capacity and other necessary design parameters are
included in Table 3.

Fig. 2 Example Network

Table 1. Traffic Demand Requirement

—

[ session 121345 67 | 8 1 9 110
| Souree | 1|23 313 4156 T |7

Dest 8§ 6169 1212 8 2n
TDemand |12 12 122 22l e e e
CSession 1t 2 mlualus e 17 w19 2

Source 8 LR 199 1010 TE T 12112
Cbest 1|9 s m 25319 3%
‘Demand | 12 lehz‘ 2ol e e

We have considered 5 different link failure config-
urations as specified in Table 2 where a set of failed
links is listed for each state. Among all 2% possible
states of link failures. for cxample. 24 most probuble
link failure network states have been gencraled and
the failed links are identified in each state (or the link
failure configuration 1. In this case. the fault-tolerant
design is applied to guarantee the performance
objectives in these 24 states only, since it is simply

assumed that the rest of states rarely occur pro-
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Table 2. Link Failure Configurations

Link Failure ! \! 3 T {
/Conﬁguralion‘ir‘ R N |\ S \ AN
No. of States | 24 23 20 30 40

State () o F T V
State | 12 112 2 >
State2 4 2 \757 4 s
State 3 8 348 8
Saed 3 | 4 3w s 2
State 5 I]T 5 | s T 10
Stte6 19 |6 | 69 | 10 6
sae7 9 L7 ey T Ty
State 8 78 1120 0
State9 20 9 1518 20
Sate10 510 1417 7y
TR TN
State 12 14 129,10 1313
State 13 10 13 1309 19 | 1
Satetd 1714 e 177
State 15 6 15 1320 15 5
State 16 2 16 1470 20 3
Sae 171204 17 1220 16 15
State 18 | 128 18 12,16 214 1 21
I e
State 20 12,3 20 [ 6
CGwen A n T T
sae 22 Lay 22 Thas |1
Sate2d 419 xS } 214
State 24 | o i 14,11 29
State 25 w‘ i L 72,9 : 2 Il‘ )
State 26| a2t 149
State 27 N N VR S P T
State 28 14,1120 9.12
State 29 T e 20
State 30 - BN
State 31 ' - R
State 32 ' - S 1410
Stale 33 ' ' 146
State 34 ‘ v o 7 ‘ 9.6
State 38 - 4
Stale 36 ‘ ‘ T
State 37 ‘ 2,149
State 38 ' ' Ca912
CoState ‘ 21410

babilistically. The similar scenario is applied to the

configuration I, IH, IV and V.
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The average packet delay and average buffer over-
flow probability QOS performance measures are both
considered. In each case, the traffic demand T” has
been carefully adjusted so that the network can fully
accommodate the total traffic demand ¥ in any oper-
ational mode with the maximum number of channels
M available for each link j under the QOS require-
ment of PN, £) < Pmar, V' € S(here, Poax = Topgx OT
By, 1.e., the maximally tolerable performance thre-
shold, either for the average network delay or buffer
overflow probability). Our results were compared
with the heuristic Max and Max-average methods
considered in [8]. Note that the so-called pathological
incoming or outgoing nodes in [8] are not observed in
our example.

We illustrate the channel allocation results for the
Max method, the Max average method and the fault-
tolerant method in Table 3 under two different per-
formance requirements:T\(N, f)<Tmx=04, Vs€
S, for the average packet delay and BN, f,) < Bux =

1.0x107% ¥seS, for the average buffer overflow
probability. All the necessary parameters to evaluate
the network cost, such as the link cost(a;) and
switching cost(8;), are listed in Table(3). Without a
loss of generality, all the initial set-up costs are set to
zero, i.e., §;=0, /7, in these examples. Table 3 also
includes the results in the normal operational mode
with no link failures (i.e., without capacity augmen-
tation.) These examples show that the OCA/FA
method reduces network cost by 70% to 140% with
respect to the Max average method and by 15% to
16% with respect to the Max method. These signifi-
cant network cost reductions are also accompanied by
dramalic savings in the number of channels over
some of the links. For example, consider link 12 and
22 for Ther=0.4 and, link 1, 7 and 16 for Byu,=1X
107% The weakness of both the Max and Max-aver-
age methods is apparent. The similar cost reduction
results are summarized for various link failure con-

figurations and performance constraints in Table 4.

Table 3. Channel Allocation Results: Link Failure Configuration |

Parameters Tnax =0.4 Buax =1 X107¢
Link | a; B, M; | No Aug. Max | Maxavg | OCA/FA | No Aug. Max | Max avg | OCA/FA
1 10 | 0.5 | 24 8 9 14.9 9 T 235 8
2 | 10| 05| 24 0 9 9.0 9 4 1 9.9 1
3 105]10] 24 6 10 11.8 9 8 10 19.5 9
4 25110 24 9 13 16.7 1 13 19 | 306 18
S 13010 24 8 | 14 15.3 12 12 19 | 290 18
6 | 55|10 24 9 | 16 17.8 15 13 20, 322 19
7 10510 24 709 1 131 8 10 14 240 10
8 | 5005 24 9 14 17.2 13 1 16 28.8 16
9 165110 24 6 8 1.1 8 10 14 23.2 i
10 ] 1010 | 24 6 0. 11 9 .6 12 14.9 1
11 {40 | L0 | 24 5 8§ 97 7 5 1 13.1 1
12 130 |05 24 9 20 177 7R 21 293 02
13110 |10 24 5 9 93 9 | 6 12 | 147 11
14 12005 24 7 13134 13 ] 9 131 214 12
15 10| 10| 24 7 10 138 0w o 4 267 12
16 15| 1.0 24 6 8 1.6 g8 9 i} 21.6 7
17 110 | 10 | 24 9 12 (7.3 10 12 17 29.0 16
18 120 | 10 24 7 9 12.8 8 A A 16.9 12
19 25| 10| 24 8 i 15.5 10 9 17 22.6 27
20 70 | 0.5 24 8 12 15.5 10 T s 223 13
21 120 ) 1.0 | 24 9 0167 10 I3 263 12
| 22 [70 [ 10 | 24 300l 6.1 7 5 15 124 13
Total Cost | 13920 30870 | 4416.2 2556.0 23150 50885 11596.1 4338.5
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Tabte 4. Cost Reductions for Different Failure Configurations

Link Failure Configuration “ I ‘
Total No. of States . 24 i
 Tew 0.4
. Max Method s |
OCA/FA Method 2556.0
) % C;)'sl Reduction 158%
B i Ix107¢ |
| Buffer Size(b) ]
| Max Method 5088.5
~ OCA/FA Method 4338.5
% Cost Reduction 14.7%

I I I v v
3 ! 0 | 3 | 4
04 04 04 | 04
2785 SISTS | 34930 | 31485 |
23155 | 40380 | 28I8.S 2442.0
19.6% 22.2% 193% | 224% |
Ix10 ¢ Ix10°° | 1x10° 1107
2 B S R T N R T
47450 3367.5 50510 | 50650 |
39155 30325 42190 4095.0
8.3% 17.5% 165% | 192% |

Figure 3 and 4 illustrate the network cost for the
different QOS requirements under link failure con-
figuration 1 as the number of iterations between the
two subproblems increases. The vertical lines are cor-
responding to the total costs obtained by the Max
method. It can be seen that only a small number of
iterations are required.

Figure 5-10 shows the respective average packet
delays and buffer overflow probabilities in every state,
which have resulled from both heuristic and optimiz-

ation approaches. From these figures. a trade-off be-

L
2000 4 —&— Tmax~=0. 40
—{f— Tmax=0 . 50
—h— Tmau=0 . 60
¢ * g
~ 2500 1
a
Y]
n
6
2000 +
f
4]
(3]
1500 ]\
\‘_\A & A
1000 $ + {
o 1 3 4

2
Iteration Nunber

Fig. 3 Network Cost vs. lterations: Average Packet Delay
QOS Measure

456

tween the network cost and QOS performance is ob-
vious for the oplimization approach. That is, the net-
work cost reduction obtained by OCA/FA procedure
(as illustrated in Table 3 and 4) relative to the Max
and Max-average methods is achieved with the per-
formance constraints in some of the states becoming
active. For example, cost reduction of 15.8% by lh;
OCA/FA approach, for the configuration 1 with Ty
=0.4. 1s achieved by the increased delay as shown in
Figure 5. That is, this numerical result shows that the

lower network cost 1s traded with the worse QOS per-
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formance. On the top of such a trade-off, it should be
noted that the QOS requirement(7 <0.4 in this ex-
ample) set for the design is always satisfied for all 24
states considered in the conﬁguratii)nl. Meanwhile, 4
states (state 9, 19, 21 and 23) are close to saturation
for the OCA/FA method while none of the state is
saturated for the Max method, which illustrates that
the network cost is further minimized by the optimiz-
ation approach until some of the states reach the
maximum allowable delay. Similar observations are
found in Figures 6-10.

Finally we note that the OCA/FA method incurs
substantially higher network costs, e.g., in some cases
almost twice as much as the design cost compared to
the normal network cost without capacity augmen-
tation. This may not be practical in some applicat-
ions. In these cases, the performance constraints may
be relaxed in some states to arrive at a more reason-
able network cost. The OCA/FA problem then needs
to be modified to take into account non-uniform(over

the states) QOS performance requirements.

V. Conclusion

This paper has considered networks subject to link
failures. We have formulated a fault-tolerant optimal
capacity allocation and flow assignment (OCA/FA)
problem to minimize the network cost. The approach
developed here produces fault-tolerant capacity and
flow configurations with significant network cost re-
duction in comparison with previous heuristic meth-
ods. Since the solution technique given in Section 3
obtains only a suboptimal solution, more work has to
be performed to determine how close this solution is
to the optimal solution. Moreover, the approach taken

here can be applied to circuit switched networks.
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