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Call Blocking Probabilities of Dynamic Routing
Algorithms in B-ISDN Networks
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Abstract

In this paper we apply routing algorithms in circuit switched networks to B-ISDN networks and investigate the performance.
B-ISDN supports a-wide range of services with heterogeneous bandwidth requirements. We assume that the network supports

D classes of traffic. It is modeled as a finite /) dimensional Markov chain. A call is blocked on arrival if the required
bandwidth is not available on the route. The shortest path routing, alternate routing and trunk reservation are considered for
performance comparison. We also consider trunk reservation with restricted access control where the network reserves certain
amount of bandwidths for one class of traffic that assumes a higher transmission priority. Through the method of successive
iterations, we obtain the steady state equilibrium probabilities and call blocking probabilities for dynamic routing. The results
can be used to design a B-ISDN network that improves network connection availability and efficiency while simultaneously

reducing the network costs.

I. Introduction

Dynamic routing of calls in circuit switched networks can
improve throughput and robustness. Throughput is improved
by establishing calls on alternate routes when the primary
route is blocked. Robustness measured in terms of the
network’s ability to respond to unexpected mnetwork
conditions, is improved by transferring calls to backup routes
[1-8]. Alternate routing and trunk reservation are the two of
well-known dynamic routing schemes used to alleviate
network congestion in circuit switched networks. There is a
large literature investigating the performance of these
schemes. The methodology of successive iterations was
developed for performance bounds and approximations since
dynamic routing destroys the product-form result.

A lot of investigations have been done for single service
loss networks for which a call occupies exactly one circuit (or
channel) in each link along its route [5]. However, the
performance of dynamic routing for B-ISDN has not been
considered in detail, yet. Given the great gains in
performance achieved by dynamic routing in circuit switched
networks, we are motivated to apply the same routing
schemes to B-ISDN networks. This is mainly because
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B-ISDN networks based on like ATM use the virtual circuit
switching technology. The statistical multiplexing and the
heterogeneity of traffic complicate the design of the routing
scheme in B-ISDN networks. Even though various QoS
parameters can be given by a call, in this paper, we assume
that only the bandwidth requirement of the call, such as an
effective bandwidth or peak rate, is used for admission
control. Namely, each call’s QoS class is represented in the
form of required bandwidth. The concept of the effective
bandwidth has arisen from numerous studies on integrated
networks [10][11]. It is an accurate assessment of the
capacity required by an incoming call in order to guarantee
constrains on cell loss or delay. Effective bandwidth
admission is an admission policy that is easy to implement in
ATM networks.

In this paper we apply dynamic routing in circuit switched
networks to B-ISDN networks and analyze the performance
through the methodology of successive iterations to solve a
$D$ dimensional Markov chain problem. We consider both
networks of mesh and regular topology. Each call has an
heterogeneous bandwidth requirement. An incoming call is
accepted if the required bandwidth is available on the route
to the destination. Otherwise the network blocks the call.

This paper is organized as follows. We investigate the
performance of dynamic routing in a network of mesh in
Section II, and then we consider a fully connected network
in Section III. Some numerical examples are given in Section
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IV, followed by the conclusion in Section V.

II. Performance Analysis for a Network
of Mesh

In this section, we briefly study the product form solution
for the shortest path routing first
and consider the performance of dynamic routing in B-ISDN
networks. The network supports D classes of traffic; for each
class- 4 call at node ; destined for node j, arrivals are
assumed to form a Poisson process with rate A%, and the
holding time is exponentially distributed with mean 1/4x .
For convenience, we assume that each call requests a discrete
value of bandwidth and that each link has equal capacity.
Therefore, the capacity requirements have a greatest common
divisor equal to 1. Throughout the paper, we define the
following notations:
N = the number of nodes,
= a set of links (unidirectional),
B? = the blocking probability . of class- 4 calls at node ;
destined for node ;,
B§" = the link blocking probability of class- d calls at link
(& D,
B{:? = the link blocking probability of the shortest path
routed class- 4 calls at link (% ),
B{:? = the link blocking probability of alternate routed
class- ¢ calls at link (%, ),
L%' = the set of tandem links on the shortest path for
class- 4 calls at node; destined for node; ;
L cL,
L %7 = the set of tandem links on the gth shortest path for
class- 4 calls at node; destined for node j;
i L% C L,
p% = 2%/ug the offered external traffic intensity of
) class- 4 calls at node ; destined for node j,
p ™™ = the shortest path routed offered class- ¢ loads over
link (m, n),

o (™" = the alternate routed offered class- @ loads over link
(m, n),
p((im,n) = o (n; n)_l_p(m n)’

M¢ = the number of candidate paths for class- ¢ calls at
'nodez‘ destined for j,

K% = the blocking probability of class- 4 calls on the ¢

th shortest path at node i destined for node j,

g=1, -, M‘é ,

the link rate [bps],

BW, = the required bandwidth[bps] of a class- ¢ call that

2
[l

guarantees its required QoS,
BW, = the greatest common divisor of {BW, ---, BiWj}
which corresponds to the bandwidth of one channel,

Ap) where A,= —gﬁ

A= (A, Ay, We is the number of

channels required by a class- d

C= | BCVI[}[ | ; the total number of channels that a link
G

can support where | x] represents the largest integer less
than or equal to x,

x = (x,,%, ,xp) " ; the state vector of a link where x,
represents the number of class- 4 calls on the link,
P( x) = the steady state probability that a link is in state x,
R = (R,R;,",R
parameter for class- 4$d$ calls.
Then, the set of all possible states of a link is given by

p}; where R, is the trunk reservation

ACD); ={x: Ax < C}={=x: ﬁlA*x"SC}' 1)

Therefore, we can write the probability of the link being in
unreachable states '

P(x)=0 for xe2CD). @)
Consider the one link problem first where the directly
offered loads of class- 4 calls are p,.

In this case, it is well known that the unique equilibrium
probabilities associated with this model have a product form

solution [4]-[6]. Then, P(x) is given by

. Px)=G"YCD) P x), 3)
where
o= 125, @
and ) . '
G(CD)= %]m ﬁ1 PR &)

" The quantity G(CD) is termed the normalization constant.
The link (or call) blocking probabilities of class- 4 calls are
given by

G(C—A 4D)

Bi=1-"0cD)

d=1,--,D. 6)

Let’s apply this to a network of mesh with N nodes that
uses the shortest path routing scheme. In this scheme, a call
tries the shortest path only. If busy, the call is blocked.
Since there are no alternate routed calls, the offered loads at
link (m, n) are given by

(m,m) _

Ods ZNJO:/ (l_Bg'kD), (7)

(&, I)ELH {(m,n)}
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o =0. . (6]
Then
e =pmn, C)

Therefore, the call blocking probabilities BY are given by

d_ prdl _q_ —pd =1 . :

B{=K3'=1 quL;ﬂ B"), d=1,-,D.- (10)
Given the call arrival rates to link (s, n), we can obtain

BY™™ with the assumption that each link blocks the calls

independently.
1. Alternate Routing Scheme

In this scheme a class- 4 call at node ; destined for node ;
tries the shortest path first. If busy, it will try up to (M%—1)
alternate routes in order of preference. If the shortest path and
all alternate paths are busy, the call is blocked.

Consider a network with five nodes in figure 1. A% and
B’* represent the arrival rate and blocking probability of
class-3 calls at node 2 destined for node 5, respectively.
Table 1 shows the list of candidate paths and link set for
each path for M%=4. If all the candidate paths are not

available for an incoming class-3 call, the call is blocked.

% Aa(1- B

Fig.-1. An example of a network with five nodes.

Table 2. An example of the list of candidate paths.

Candidate paths Set of links
1 25 '={(2,1, (1,5}
2 25 ’={(2,3). 3.1),(1,5))
3 25 ={(2,3), (3.4, (4,5)}
4 %'=12,3), (3,1, (1,4, 4,5))

Generally the offered loads of class- ¢ calls over link
(m,n) are given by

(m " _ —_nrkd 1
;;1\1‘07(;3[) LH 17 BED an
(m,m) _ dyrdl _ kb
Oda i'jzesz i (k,l)EL;;[—((m.n))(l B, )+
dyrdlpr-d?2 — gDy ...
i;}Mo,,K,, Ky <k.oeL;l-—’[—<<m.n>)(l Ba)+--(12)
Mi-1
208 I Ky (=B,
N7 =l Gk, DeL P9 ((m, n)) :

where
da__y_ _Rrd
Ki'=1 (k,ng(l B;"), a (13)
=1,2,'-',M§§~,a’=1,2,'-',D
The total offered loads ™" are given by
p(mn)_p(mn)+p(mn)_ 14)

-

These equations are obtained by assuming that the class- ¢
call stream offered to the g-th shortest path is thinned by the

(1-B%"% at each link (k )eL%'—{(m, 7))}
before being offered to link (m, ). The quantity K j 24 is the

proportion of class- 4 calls at node ; destined for node j
offered to the g-th shortest route which are lost.

Consequently, the offered rate becomes Aét{jK ¢! Equations

factor

(3)-(4) and (11)-(14) can be solved iteratively to obtain the
link blocking probabilities Bj™™, given the convergence

range, the external offered loads (%, and the initial arbitrary
values of the total offered loads o/™™. This means that the

product form solution is valid for alternate routing. Then, we
obtain

Md

I K¢, a=1,2,-D
=1 4

BY= 1s)

2, Trunk Reservation Scheme

The purpose of trunk reservation is to limit excessive
alternate routing during periods of general overload, and yet
not to exclude alternate routing altogether. This is because the
alternate route consumes much of the bandwidth resource. In
this scheme, alternate routed class- ¢ calls are blocked if a
minimum number of idle trunks, say R,, are not available.
The shortest path is tried first. If busy, then alternate paths
will be tried in order of preference. Therefore, we obtain

(m,m) _ d (k H 16
Pds t;N‘O” (k,DEL;—‘I—((rn. )>(l BdsD, (16)
(mm) _ dprdl 1Y)
d,a = X g —B a +
Oa z;;zezvp d (k.I)EL;-,l-‘-"I—((m.n))(l @)
dp-dlg-d2 —pdyy ...
i,]ZENp z;Kz; Kz/ (k,DEL!;I—((m,n))(l Bd,a )+ (17) )
Mi-1
+ 208 I K (1-BED),
iEN 7 i=1 (B DL~ (m, n))
where
dl_q_ —_gkb
K$t=1 ue_gw(l B, (18)
4q_. 1 D
Ki'=1 (k‘gwa(l Baz), (19)

g=2,,M% d=1,2,-.D
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We also obtain the same form of p ™™ as in (14). These
equations are obtained by assuming that class- 4 call streams
offered to the shortest path and alternate paths are thinned by
the factor (1—B(k’0"‘) and (l—B(k'D""’), respectively, at
each link (%, HeLl ;5.-"— {(m, n)} before being offered to link

(m, n).

Figures 2 illustrates the Markov chain for the case of
K =2 with the numbers of channel requirement of 1 and 2,
respectively. Figure 3 shows the general state transition
diagram at state x for the case of D. The steady state
equilibrium probability P(x) satisfies the normalization
condition ,ZE:QP( x)=1, and can be solved by an iterative

method. If we omit the superscripts (m, n) for o {™”, o %7,

(m, n)

oaw™, we can write the state equation for link (m, ) as

Z Gt 1A DuIRD= B(GatDud x0) g0
+7 x40 x,) for xe8

where

Fig. 2. Markov chain for trunk reservation
(K=2,A,=1,A,=2).

@\ e, n.(x)w/@
ok, (v, +1)p,

— N, (Y u\ / M%)

LU, -~ (. +1)y,
\//

. . —
. “n(xn)i‘/ Nl X))y,

‘oMo Dy,
,/// \\\\‘ED

Fig. 3. State transition (K= D)

©

( =] Pa if AxI'<C-Ry
74 %) { Od.s otherwise,

and

1
x 7=(xy, " Xg-1.%4F 1. X gr 1,7, X D).

7 x) represents the change of offered class- 4 traffic loads
between the interregion boundaries. The link blocking
probabilities. B{%” and B{%” are given by

BIY = X P(x),

x=2,

BRY = 3 Kx), d=1,D,

82,

@1

where
Q4 ={x:C—R; Ax<C},

Q40 :={x:C—R;—AL Ax<C).
Then, the call blocking probabilities B9 are given by

d

Bi= I K%, d=1:2,,D. @)

=

3. Trunk Reservation Scheme with Restricted Access
Control

We evaluate an trunk reservation scheme reserving certain
amount of trunks for one class of traffic. Specifically, we
assume that #, channels are reserved for class-1 traffic. This
means that if less than #, channels are idle, only class-1
traffic is admitted into the network.

Fig. 4. Markov chain for trunk reservation with restricted
access control (K=2,A;=1,A,=2).

For example, figure 4 shows the Markov chain with some
unreachable states for the case of K=2. For convenience,

_ 0 if xe .Qd
Sl )= { 1 otherwise,
where

2, ={xC—A Ax<(},
.Qd . ={x:C—n1—Ad< Ax<Cand %< L
,i=2,--,D} for d=2,-,D.

C—n1 J
A

i

We can write

P(x)=0 for x20.,(CD), 23)
where the feasible region is

'Q/eas(CD)::{x: Ax<C and (24)
C—
x< L A:,“ |, d=2, -, D}.
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- The state equation for link (m, n) is

g(xiﬂi +rd DS )P(x)= i((xﬂrl)ﬂ;P(le)(zs)
tox Ded = DP(x ),

for x€0 .. (CD).
The link blocking probabilities B ™" are given by

B = Z P(x), d=1,,D. (26)

xEd

Then we obtain

BY= H”KU : @7
where .

da_ 1 __ — Ry
Ky'=1 <k./QL:i‘"(l B (28)
=1, M% d=1,--,D.

I1I. Performance Analysis for a Fuﬂ]ly
Connected Network

In this section, we consider a network with N nodes that
is symmetric and fully connected. In ATM networks, a fully
connected network can be configured by the engineering of
trunks through virtual path routing. For this topology, we can
keep the notations much simple. We assume that the direct
(shortest) path consists of one hop only, while alternate routes
consist of M disjoint two-link paths ( M<N-—2).

1. Alternate Routing Scheme

In this scheme, a call tries the direct 'path first. If busy, it
will try up to M more alternate routes, in order of
preference. If the direct path and all M/ paths are busy, the
call is blocked. Let p,, represent the intensity of direct
routed class- ¢ traffic that comes from the directly linked
node. Let o ,, represent the intensity of alternate routed

class- 4 traffic. Each link is offered an equal amount of the

class- ¢ alternate routed traffic that overflows to the rest of
the network. Under the assumption that traffic conditions of
the successive links are independent and that all node-pair
traffic loads are equal, we can describe the traffic statistics
for one source-destination node pair on a link. The total
offered loads of a link, 04, are the sum of direct routed

traffic and alternate routed traffic.

Pdaa= 20 4B ;+20 4 BAl— HYH;+
+20 4 BL1— H) Y H,
=2pd.sBd(]-_(l—Hd)M)/de (29)

g =0astOga
H; =1—-B;, d=1,2,,D

where H,; is the link availability for class- 4 overflow
traffic. As before, the above equations can be solved
iteratively to obtain the link blocking probabilities B,(5),
given the convergence range, the external offered loads o,
and the initial arbitrary values of the total offered loads o ,.
Then, the call blocking probabilities CB,; experienced by
class- 4 calls are given by

CB,=BA1—-H»" d4=1,2,--,D. (30)

2. Trunk Reservation Scheme

In this scheme the direct path is tried first. If busy, then
alternate paths will be tried in order of preference. If alternate
routed calls find less than $R_d$ channels on all the alternate
routes, they are blocked. Let B,, and B, ,(21) represent
the link blocking probabilities of direct routed and alternate
routed class- 4 calls, respectively. Then, we obtain

0da =204:BaoH 4.+2045B 0 1—Hy)H 4
+o 4200 By (1-Hy) Y ' Ha,
=204:Ba1-(1—H;)"/H,., 3D
Pa =045 040

H,, =1-B,,, d=1,2,-,D.

The state equations for the fully connected network have
the same form as in a network of mesh. Then, we obtain

CB,=B,(1-H3 )", d=1,-,D. (32)
IV. Numerical Amnalysis

In this section, we investigate the performance of the
routing algorithms through numerical analysis. As the
required CPU time for a network of mesh is too large, we
consider the fully connected network with each link capacity
of 100 channels. We assume the following:

- The network supports two classes of traffic

(A,=1,A,=2,R=R,=Ry).
= The intensity of class-1 traffic is one and a half times

higher than that of class-2 traffic.

For the trunk reservation scheme ¢ model the system as a
two dimensional Markov chain which has 2601 states.
Through the method of iterations we can obtain the steady
state equilibrium probabilities. The iterations are stopped
when the maximum change in blocking probability is less
than 10 % Calculations were done by using OCTAVE
(compatible with MATLAB). It was executed on a Pentium
Pro 200MHz CPU machine. It took about 10 minutes to
calculate one point in the graph.
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- ¢ —~ -

& -8 ) M=0 3 - L M=0

o / (diract routing} | © » . {direct routing)

3 - . e M=t 3 -ul” v - ;
-12 e -y e =3 i
L M=5 BT B u=5
-6} -16
Y7 075 08- 085 09 095 t 07 075 08 08 09 0% |}

normalized external offered lraffic, p, +2p, narmalized external offered traffic, p +2p,
@) (b)

Fig. 5. Call blocking probabilities of direct routing and
dynamic alternate routing. (a) Class-1 traffic. (b)
Class-2 traffic.

The offered load of a link changes from 0.7 to 1.0 which
is the interval of heavy loading showing interesting results.
Figure 5 plots the call blocking performance of direct (the
shortest path) routing and dynamic alternate routing for
various values of M. The case of M=( corresponds to
direct routing. Dynamic alternate routing improves the
blocking performance at light and moderate loading as M
increases. This result also shows that when heavy traffic is
offered, alternate routing becomes much more sensitive than
direct routing due to routing oscillations.

R=100 R=100

3 - )
9 (direct routing) | € {direct routing)
g R I A=5 g R=§
-2y” A= : - R=3
, =0 g R=0
T Y |
/’ (alternate routing) " ,’, (alternate routing)
-6 -6
/
- -18
67 075 08 08 09 095 1 07 075 08 08 09 095 1

normalized external offered traffic, p, +20,

(a) ()

normalized external offered taffic, o, -2,

Fig. 6. Call blocking probabilities of trunk reservation
scheme (M=5) (a) Class-1 traffic. (b) Class-2 traffic.

Figure 6 plots the performance of trunk reservation for
various values of R. This result shows that trunk reservation
behaves very similarly to alternate routing for small R. The
case for R=( corresponds to dynamic alternate routing. In
most cases, trunk reservation performs better than direct
routing. In heavy traffic, the performance of trunk reservation
is about the same as that of direct routing. This means that
since reserved trunks for direct routed traffic are in effect, too
much use of alternate routes (routing oscillations) can be
avoided.

)

-6 M=5 M=5

loo(c8,)

-8t /- Py +2p, =095 -8y 0 - Py +2p,=095
-0 P1+20,~0875 o T py+2p, 0875
............. py+2p, =085 ey 429, 088
-12 : -12
Py 429,08 £y+2p,0.8
o 5 W0 15 N B X 0 s 10 15 2 2% B
number of teserved trunks {R) number of ceserved trunks (R)
(2 ' ®

Fig. 7. Call blocking probabilities vs. number of reserved
trunks (M=5). (a) Class-1 traffic. (b) Class-2 traffic.

Figure 7 shows the call blocking probabilities of the trunk
reservation scheme with respect to the number of reserved
trunks when five alternate paths are available for each
source-destination node pair. Four patterns of the external
offered loads are considered. This figure shows that at the
loading of 0.8, dynamic alternate routing works better than
trunk reservation. However, as the traffic load increases, the
trunk reservation scheme with optimum R shows the best
performance. Routing oscillations and instability are observed
at low number of reserved trunks when heavy loads are
offered. Too high a number of reserved trunks for direct path
users also deteriorates the performance. This is because the
network limits too much use of alternate paths. In the case
of the external offered load of 0.85, this figure also shows
that the optimal number of reserved trunks is 3.

Figure 8 shows the performance of the trunk reservation
scheme for which the number of alternate paths are 5 and 10,
respectively. The shape of the curves in figure 8 can be
divided into three parts: a steep segment for small R, a
shallow segment around optimum R, and a concave segment
with an asymptote for large R. The curve of p;+20,=0.85
in figure 7 has a similar shape. As Mitra observed in [4], it
is undesirable to operate in the region where R is too small
with respect to the optimum R and otherwise performance is

relatively insensitive.

log(CB )

0 5 10 15 20 25 30
numbar of resorved trunks (R)

Fig. 8. Call blocking probabilities of two classes traffic vs.
number of reserved trunks ( o, +20,=0.9).
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V. Conclusion

In this paper, we applied routing algorithms in circuit
switched networks to B-ISDN networks and analyzed the
performance. The considered network supports D classes of
calls with heterogeneous bandwidth requirements. Networks
of mesh and regular topology are both considered. They were
modeled as a finite D dimensional Markov chain. Alternate

routing and trunk reservation were considered for the study of

performance comparison. The performance of alternate
routing with restricted access control was also considered.
Some numerical results were also provided. Through the
method of successive iterations, we could obtain the steady
state equilibrium probabilities and the blocking probabilities
experienced by each call. The results can be used to design
a B-ISDN network that improves network connection
availability while simultaneously the reducing network costs.
Performance analysis of dynamic routing with several routing
parameters is left for further studies.
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