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Cost minimization and robustness are the key issues for designing corporate networks. In this paper, 
we first extend the dependability planning method to the international corporate networks, and then 
propose dynamic trunk reservation as a means to reduce the total cost and increase the robustness of 
international corporate network. A network model with the reservation is analyzed, and numerical 
examples of network performance under the optimal control are provided to evaluate the proposed 
control method. 

1. INTRODUCTION 

Recent rapid globalization of corporate activities has 
been tending toward the construction of large-scale 
international corporate networks which provide cost
effective telecommunication between business locations 
distributed over numerous countries. Corporate net
works are composed of various facilities such as switch
ing systems, leased circuits, TDM's and public switched 
networks, and serve multiple types of telecommunication 
traffic such as voice, image and data. 

! _n efficient network design method which optimizes net
works with respect to cost and fault-tolerance simul
taneously, however, has not yet been established, and 
new design methodology has thus been required. One 
of the prospective methodologies for such network op
timization is the dependability planning method, which 
was developed for domestic public network planning[I]. 
Furthermore, cost-effective traffic and network control 
methods are required to keep the level of damage due 
to unexpected turbulence lower and increase fault tol
erance, and network design and evaluation methods 
should be developed taking account of such control tech
niques. In corporate networks, traffic is usually routed 
and carried by public switched networks when it over
flows private capacity. Especially, public switched net
works are used as an important backup capacity when 
private facilities fail and unexpected traffic surges oc
cur. Regarding corporate network design, therefore, the 
trade-off between private facility cost and usage cost of 
public switched networks is one of the key issues. 

In this paper, we extend the dependability planning 
method to international corporate network design, and 

. propose a network control method based on dynamic 
trunk reservation which minimizes expense for public 
network use. The principles of the dependability plan
ning technique and proposed control method are de-

. scribed by using a model consisting of a single leased cir
cuit and public network. The control method is then ap
plied to a private network model with alternate routing, 
and performance evaluation and robust network design 
methods are presented. Numerical examples are shown 
and the effectiveness of the control method is evaluated 
based on numerical examples. 

2. SIMPLIFIED CORPORATE NETWORK MODEL 

Large-scale international corporate networks generally 
consist of 

(1) leased circuit networks in which a private circuit
switched network is operated with alternate routing 
scheme and data circuits are routed, and 

(2) public switched networks which carry the traffic 
overflowing from the leased circuit network. 

Fig.l shows a simplified triangle model of the private 
circuit-switched network. 

aAB(h)~ t + +-..L....-_ 

+- Offered load 
........... Overflow to public network 
.... - - Overflow to alternate route 

Fig.l: Triangular network model 

When an alternate routing is used, calls from node A to 
node B are first offered to the direct link AB and then 
overflow to the alternate route in the leased circuit net
work if the link AB is busy. Moreover, the calls blocked 
at the alternate route are offered to the public network 
which connects nodes A and B. We assume here that the 
traffic overflowing from the private section is all carried 
in the public networks. 

We shall use the following notations: 

h hour in a day (h = 0,1,2, ... ,23), 
N ij : the number of switched trunks of link ij, 
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aij(h) 

cfj(h) 

bij(h) 

offered Poisson traffic from i to j in hour h 
in Erlangs, 
per Erlang charge of public network from i 
to j in hour h, 
blocking probability of traffic aij (h) in 
private section, 

In our corporate network model, the total network cost 
can be formulated as 

(1) 

where Cl = facility cost of the network, and CP = 
public usage cost. CP is modeled as 

23 

CP = E C~ = E E aij(h)bij(h)cfj(h) . (2) 
i,j i,j h=O 

A conventional way to increase the network reliability 
is the implementation of facility redundancy and route 
diversity. Such redundant configurations can contribute 
to reduce the overall cost including the monetary loss 
caused by facility outage. 

It should be noted that the important features of the 
international networks are: 

(1) traffic aij (h) varies with time of day and day of 
week, and hence the peak hours of traffic streams 
may not coincide, and 

(2) unit cost for public network use varies with time of 
day and also with origin-destination country pair 
due to the discount systems employed, and there
fore, like 24-hour traffic profiles, the per call charge 
of the public network between a certain origin
destination country pair may be substantially lower 
than that between the other pairs during a certain 
time period. 

It follows from item (1) above that a time-varying alter
nate routing scheme [2] which makes use of the noncoin
cidence of busy hours is effective to reduce the network 
cost by routing traffic via spare capacity. The dynamic 

. routing scheme is also advantageous to increase network 
fault-tolerance [3]. 

From item (2), to reduce the total public network us-
. age cost, it is effective to use a control which makes the 
private section preferentially carry the traffic of origin
destination pairs with a higher per call charge. In other 
words, by forcing a certain amount of traffic of the pairs 
with a lower per call charge to overflow and reserving 
a part of the private capacity for other costly traffic, it 
is possible to decrease the total network cost. Further
more, such a control provides an effective way to lessen 
the expense for backing up traffic when a private facility 
fails and a traffic surge occurs. It is noted that, since 
the discrepancy among the per call charges of the public 
network varies from time to time, the priority allocation 
to the traffic streams should be altered dynamically. We 
propose a dynamic trunk reservation method to imple
ment the control scheme. Such reservation method is 
implement able in current private switching systems, and 
can be applied on a link by link basis. 

3. PRINCIPLES OF DEPENDABILITY PLANNING 
FOR CORPORATE NETWORKS 

In the dependability planning method, the disturbance 
cost caused by network failure is integrated as a part 
of the total network cost which is evaluated to justify 
the introduction of robust configurations such as trunk 
group diversity[6]. In our corporate network model, the 
network cost function ZD for dependability planning can 
be formulated as . 

ZD = Z + Cl, (3) 

where Cl represents the disturbance cost caused by fa
cility failure of the private portion. Public networks can 
be used as a final alternative route in case of private 
facility outage as well as traffic congestion. By defining 
aij (h) as a monetary valuation coefficient for disturbed 
traffic from i to j, therefore, we model the disturbance 
cost as 
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Cl = E EP[kI1(h) Eaij(h)cfj(h)d!;l)(h)aij(h) , (4) 
h=O k,l i,j 

where p[kI1(h) is the failure probability of leased circuit 

kl in hour h, and d!;ll (h) is the percentage of the dis
turbed traffic in aij(t) when leased circuit kl fails. It is 
considered that the value of the coefficient aij(t) may 
vary with type of traffic, scale of users, duration of fail
ure and so forth. Some traffic may be of greater impor
tance in corporate activities. For such traffic streams, 
aij(h) may take a quite large value. 

The introduction of robust network configurations such 
as trunk group diversity and backup capacity will reduce 
d!;IJ, and consequently the disturbance cost Cl will be 
decreased. Conversely, such redundant configurations 
raise the facility cost Cl since the unit capacity cost of 
larger systems is lower. In this way, there is a trade
off between facility cost and disturbance cost. Decisions 
on whether or not the robust configurations are to be 
employed should be made by comparing these two cost 
elements. 

To illustrate the concept of dependability planning for 
corporate networks, we calculated the cost ZD of the 
network model in Fig.2 with the trunk group diversity 
by bisectioning the total trunk group capacity into two 
separate leased circuits. In this example, it is assumed 
that each leased circuit fails with probability p. Fig.3 
shows the variations of Z when the circuit failure prob
ability p varies while the valuation coefficient for dis
turbed traffic, denoted by aAB(h) = aBA(h) = a, is 

International leased circuit 

aAB (h) erl 
NAB trunks ill 

a
BA 

(h) erl 

Fig.2: Network model with a single leased circuit 



kept constant over hours at (a) a = 20 and (b) a = 30. 
It follows from Fig.3 that the optimal configuration de
pends on the circuit failure probability p and coefficient 
a, and trunk group diversity is more advantageous as a 
becomes larger even when the circuit failure probability 
is small. 
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Fig.3: Total network cost versus failure probability 

4. DYNAMIC TRUNK RESERVATION 

In this section we shall present the principle of the pro
posed dynamic trunk reservation method, and evaluate 
the performance of the method based on numerical ex
amples. 

4.1. Principles of Dynamic Trunk Reservation 

Consider a corporate network composed of an interna
tional private leased circuit and public network between 
nodes A and B as shown in Fig.2. In the model, the cost 
for public network usage during a single day is given by 

23 

C~B = L: [C~B(h) + C~A(h)l 
h=O 
23 

L: [~B(h)aAB(h)bAB(h) 
h=O 

+ ~A(h)aBA(h)bBA(h)l. (5) 

If priorities are placed on a stream by stream basis, a 
weighting function like the monetary valuation ajj( h) 
may be multiplied to the cost coefficient Cfj (h). 

In the international public switched network, Cfj (h) of
ten differs in direction. The difference between StB (h) 
and ~A(h) may become larger when subscriptions such 
as off-peak discount rates and volume discount rates are 
applied. We employ a trunk reservation with parame
ters varying with hour h at the private, circuit as a con
trol method to minimize Cp. Let rkl(i,jj h) denote the 
reservation parameter at hour h, which indicates that 
if the number of free trunks at trunk group kl is less 
than or equal to rkl(i,jj h), the call offered at node i 
and directed to node j is blocked there and overflows 
to the public network. The optimal parameter values of 
rAB(A,Bjh) and rAB(B,Ajh) are obtained by solving 
oCV(h)jorAB(i,jj h) = O. 
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4.2. Numerical Examples of Single Leased Circuit 
Model 

In order to represent the effectiveness of the method, we 
shall define the public cost gain as 

Hourly gain: g(h) = (CV(h) - CV(h))jCP(h) , (6) 

Daily gain: G = (CV - CV)jCV , (7) 

where CV(h) and Cv denote the hourly and daily pub
lic network usage cost in case of no trunk reservation, 
respectively. 

FigA shows the variation of single hour gain g( h) with 
the discrepancy of directional public network charges. It 
is clear from this figure that a greater gain is obtained 
when the discrepancy of per Erlang charge is larger. 

;g 
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:E' 
0; 

100 r---------------------------~ 
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60 

40 
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0 
0.0 0.2 

-- aAB(h) = a (h) = 20 
BA 

---____ a (h) = a (h) = 30 
AB BA 

0.4 0.6 0.8 1.0 

Fig.4: g( h) versus public charge discrepancy in direction 

If nodes A and B are assumed to represent Tokyo and 
New York, respectively, a typical fluctuation of unit 
charge StB and ~fl is as shown in Fig.5. Fig.6 shows the 
results of this model with the mixed voice and non-voice 
CCITT standard traffic profile of the public networks 
[4][51 with non-voice traffic ratio of 50% and peak hour 
traffic volume maxh{aAB(h)} = maxh{aBA(h)} = 20 
erl. As unit charge Cfj (h), the PSTN charges for a 3-
minute call between the two locations were used. The 
fluctuation of the unit charge ~B and ~A is shown in 
Fig.5. The number of private trunks was determined as 
NAB = 33 to minimize the total network cost Z without 
any trunk reservation controls. Fig.6 also shows the op
timal reservation parameters r AB(i,j; h) and hourly gain 

150~------------------------~ 
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h (Japan Standard Time) 

Fig.5: Variation of unit charge of public network 
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(a) Normal Condition 
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(b) Overload condition (8 -A traffic is overloaded) h 
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(c) Partial facility failure (1/3 of NAB failed) h 

Fig.6: Hourly cost gain of single leased circuit model 

g( h) for the cases of (a) normal condition, (b) 20% over
load condition, and (c) partial facility outage condition 
with 1/3 of the circuit failed. 

. The gain g(h) is available in the hours in which the dif
ference in directions of unit charge in the public network 
is relatively large. In this example, a maximal gain g( h) 
of 17% and gain G of 5.6% are obtained. Further gain 
is attained in the case of overload by small modifica
tion of reservation parameters. Fig.6( c) verifies that the 
method is also effective in case of partial facility failure. 

5. NETWORK DESIGN METHOD 

In this section, we shall describe our performance evalu
ation method for networks with the dynamic trunk reser
vation, and present the principle of our proposed robust 
network design methodology based upon the depend
ability planning concept. 

5.1. Performance Evaluation Method 

Consider the triangular network model with alternate 
routing in Fig.1. What should be analyzed is the block
ing of each traffic stream in every hour in the private 
section. Four routing patterns shown in Fig.7 are con
sidered in this network model. Like the conventional 
analytical method, our analysis consists of two steps, 

( ..- ftrSt-choice route ... -_. alternate route ) 

Fig.7: Routing patterns 

namely, (1 )analysis of parcel overflows at the first-choice 
group, and (2)analysis of parcel blockings at the alter
nate route. 

5.1.1. Parcel Overflow Analysis 

For simplicity, regarding the first-choice group, we as
sume the following : 

(1) The group has N trunks. 

(2) Calls of stream i = 1,2 arrive as independent Pois
son input with rate Ai. Let A = Al + A2. The 
holding time of calls in any streams is exponentially 
distributed with rate /1. 

(3) Traffic stream 1 is the priority stream, and the 
trunk reservation parameter is r ~ O. 

Let X t denote the number of busy trunks at time t, 
where 0 ~ X t ~ N. The Markov process X t , t E R+ has 
the infinitesimal generator Q = {Q(k, In where 

-A for k = 1=1 
-(A+/1) 
-(AI + /1) 

Q(k,l) = -/1 

for k = I , 0 < k ~ (n - r + 1) 
for k = 1 , (N - r) ~ k < n 
for k = 1 = N 

k/1 
A 
o 

for I = k - 1 
for 1= k + 1 
otherwise 

(8) 

Let LP) and L~2) denote the first and second moments 
of overflow of stream i = 1,2, respectively. By apply
ing our moment formulae for Markovian queueing sys
tems [7],[8], these moments can be easily computed. The 
equations for moment calculation are 

7rQ = 0 : steady state equations, (9) 

lP)(/11 - Q) = 7r Ai , 

L~l) = ~7rA . e 
I /1 I, 

L~2) = ~l(1) A 'e + L~l) 
I I I I 

/1 
where the overflow rate matrices Ai = {Ai(k, l) 
k,1 ~ N}, i = 1,2 are given by 

A (k 1) = {AI for k =.1= N, 
I, 0 otherwIse, 

A (k 1) = {A2 for k =. I, N - r ~ k ~ N, 
2, 0 otherWIse. 

(10) 

(11) 

(12) 

0::; 

(13) 

(14) 

Note that since the generator Q is of the tridiagonal 
type, the system of linear equations (9) and (10) can be 
easily solved. 

5.1.2. Blocking Analysis of Alternate Route 

The alternate route of the network model in Fig.1 is 
a tandem connection of two trunk groups AC and BC, 
each of which has two fresh traffic inputs and two via 
traffic inputs corresponding to two overflows from the 
first-choice group. Since trunk reservation is applied 



at each group, parcel blocking analysis which differen
tiates traffic streams is necessary. For simplicity, we 
assume that priority is always given to the two via traf
fic streams. We thus use an IPP approximation method 
which models the two via traffic streams as a single in
terrupted Poisson process[9]. To evaluate the blockings 
of the tandem link connection, the following procedure 
is proposed: 

(1) assume a set of initial values of IPP parameters. 

(2) considering trunk reservation, analyze each group 
independently to evaluate the parcel blockings and 
the first and second moments of via traffic carried. 

(3) by treating the via traffic carried at the first group 
of the alternate path as the via traffic offered to 
the succeeding group, recalculate the values of IPP 
parameters based on the moment values obtained 
in step (2). 

(4) perform steps (2) and (3) iteratively until the parcel 
blockings converge. 

For step (2), the analysis of an M1 ,A12 ,IPP/M/S(0) 
queueing model is necessary. Consider the Markov pro-
cess .Kt = (Xct, X 1PPt ), t E R+ where X ct and X 1PPt 
denote the number of occupied trunks and IPP's on/off 
state at time t. The state space of the process is 
E = {(i,j) : 0 ~ i ~ S,j = on,off}. Fig.8 shows the 
state transition diagram of the process in the case where 
rl and r2 trunks are reserved for Poisson inputs 1 and 2, 
respectively. IT the states are lexicographically ordered, 
the generator Q of the process can be expressed as a 
band matrix with a bandwidth of 5. Thus, the steady 
state equation irQ = 0 with normalization condition 
ire = 1 can be easily solved by applying a Gaussian 
elimination method. 

j =off \oJIIIIP----VIIIII!----~'-
(S -1)fJ. S J.L 

{O
l if r <SO 

-I (j=12). 
if r ~ S-i ' 

C .= 
J 

A.
IPP 

= arrival rate at "on" state of IPP 

Fig.8: State transition diagram of trunk group with an 
IPP input and reservation 

The moments of carried traffic can be computed by ap
plying our moment formulae. Since the system of linear 
equations for the first moment vector also has a band 
matrix of the same structure as Q, a similar fast com
putational method can be used. 

In addition to the IPP approximation, the assumption 
that the arrival process and the service completion rate 
in each trunk group are independent is expected to de
crease the precision of the calculation. The approxima
tions are compared with simulated results in the next 
section. 

y 
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5.1.3. Numerical Examples 

Using the analytical results described above, the perfor
mance of the proposed dynamic trunk reservation for a 
sample triangle network has been evaluated. . 

A triangular corporate network connecting Tokyo, Lon
don, and New York is assumed, and the current tariffs 
of the leased circuits and public networks among these 
locations are applied. The CCITT standard traffic pro
files between these locations are used as the offered traf
fic. The peak volume of each traffic stream is assumed 
as max h { aij ( h)} = 30 er 1. An alternate routing in the 
network is assumed. The routing pattern has been op
timized in each hour h, and the network has been di
mensioned to minimize the total network cost including 
leased circuit cost and public network usage cost. 

The approximate analytical values of end-to-end block
ing probabilities were compared with the simulation re
sults, and it was recognized that our analytical method 
gives a good approximation. Fig.9 shows a sample of 
numerical result when every offered traffic is multiplied 
by 'Y = 1.0 to 2.5 while the control parameters are not 
changed. 

I 95% confidence interval of 
simulated result. 

1.00 

i j ai/h) 
(er!) 

AB 5.7 
BA 23.4 
BC 28.5 
CB 6.9 
CA 3.0 
AC 2.1 

NAB =33 '~c=5l,NcA =39 

r.. (ij"h) = {I for ij =AB 
I)' 0 otherwise 

1.50 2.00 2.50 

Load factor 'Y 

Fig.9: Comparison of analytical and simulation results 

The hourly gain g(t) obtained by applying the proposed 
dynamic trunk reservation is shown in Fig.lO. Although 
the alternate routing also largely contributes to reduc
tion of the public usage cost by utilizing the spare capac
ity in the network, Fig.lO verifies that employing pro
posed method yields a further gain. 

Fig.11 shows the overload performance of the network 
with the reservation where every offered traffic is mul
tiplied by 'Y = 1.0 to 3.5. This figure illustrates that 
the gain attained by the dynamic reservation control 
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20~-----------------------------------' 

g(h) 
10 

[%] 

NAB =33 ,NBC =51,NCA =39 

max (a .. (h))= 30.0 (erI) 
h IJ 

8 10 12 14 16 18 20 22 h 

Fig.10: Hourly gain g(h) of the triangular network 
model 

depends on the relative value of traffic to network size. 
In this example, the gain G is largest at I = 2.0. 

Fig.12 shows the hourly gain g(h) in the case of circuit 
failure at the Tokyo - New York link. When a circuit 
fails, the utilization of circuits on the alternate route 
becomes higher due to route diversity realized by the 
alternate routing in this model. So the traffic volume 
offered to the alternate route relative to network size 
changes, and hence the hourly gain g( h) becomes larger 
in several hours as shown in Fig.12. It is therefore ad
vantageous to combine an alternate routing and the pro
posed dynamic trunk reservation to reduce public usage 
cost when facilities fail. 

8 

~ 
6 

~ 
c A: Tokyo B: New York . C: London .~ 4 co 

N AB= 33,NBC =51, NCA =39 '" 0 
() 2 mr (aij(h)} = 30.0 X 'Y (erI) () 

:.= 
.&J ::s 
p., 

0 
1.0 2.0 3.0 

Load factor 'Y 

Fig.11: Gain G of the triangular network model 

20 

g(h) 
NAB = 0, NBC =51, NCA =39 

max (a .. (h))= 30.0 (erI) 10 h IJ 
[%] 

0 
0 2 4 6 8 10 12 14 16 18 20 22 

Fig.12: Hourly gain g( h) of the triangular network 
model in circuit failure condition 

5.2. Network Optimization by Dependability Planning 
Method 

If the dependability planning method is applied to ro
bust network design, the objective of the network opti
mization is to minimize the cost function ZD described 
in section 3. For a triangular network in which both 
dynamic reservation control and facility diversity by bi
sectioning the trunk group at every link kl are employed, 
the objective function is formulated as 

ZD = Z(N~:),N~~),rkl(i,j;h): kl=AB, BC, CD) 

h 

where the variables N~:) and N~~) represent the number 
of trunks of groups 1 and 2, respectively, between nodes 
k and 1. The optimal solution corresponds to the best 
trade-off between Z and Cf. 

Although efficient optimization techniques need further 
elaboration, the proposed methodology of the robust 
network design based upon the dependability planning 
concept can be easily extended to more complex network 
models. 

6. CONCL USlONS 

We proposed a robust design method for international 
corporate network based on the dependability planning 
and a network control method using a dynamic trunk 
reservation which minimizes expense for public network 
use. 

It was found that the dynamic trunk reservation is quite 
effective under overload and facility failure conditions as 
well as the normal condition, and the cost savings gained 
by the control method depend on the traffic volume rel
ative to network size as well as the variation of the per 
call charge of the public network with time and location. 
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