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Abstract

This paper is concerned with evaluating the performance of loss networks.
Accurate determination of loss network performance can assist in the design
and dimensioning of telecommunications networks. However, exact deter-
mination can be difficult and generally cannot be done in reasonable time.
For these reasons there is much interest in developing fast and accurate ap-
proximations. We develop a reduced load approximation that improves on
the famous Erlang fixed point approximation (EFPA) in a variety of circum-
stances. We illustrate our results with reference to a range of networks for
which the EFPA may be expected to perform badly.

1 Introduction

We shall use the standard model for a circuit-switched teletraffic network. The
network consists of a finite set of links J and the j-th link comprises a co-operative
group of C; circuits. Upon connection of a call an end-to-end route is established
such that a call initiated on route r seizes a number, a;,, of circuits from one or
more of the links in J. For simplicity, we will assume that a;, = 1 if link j is part of
route r; otherwise a;, = 0. More general models may allow a;, € {0,1,2,...,C}}.
The (a;,;j € J) circuits remain exclusively dedicated to the connection as long as
it is maintained, even when no information is being transferred. When the call is
terminated, all of the circuits are released simultaneously and are then available to
be used by future calls. Denote the set of all routes by R, the routing matrix (a;,;j €
J,r € R) by A, and write j € r as an abbreviation for j € {i € J : a;, > 0}. Rather
than identifying a call type by its originating and destination points, a call type is
identified by its route. To this end, the model assumes arriving calls are requesting
to be connected along a particular route. There are no waiting arrangements for
calls that cannot be connected immediately; a call that arrives to find insufficient
capacity on one or more of the links along its route is blocked from service and is
then lost. The proportions (L,;r € R) of calls that are expected to be lost on each
respective route r form a natural measure of network efficiency.

The usual state description tracks the numbers of calls in progress on each of
the routes. Let Y = (Y,;7 € R), where Y, is the random number of route-r calls in
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progress. Due to the capacity constraints, Y takes values in the subset S = S(C)
of N given by

S(C):{nENR: Zaj,r”rngv jEJ}. (1)

reR

We will suppose that calls for each route arrive in independent Poisson streams,
with route-r calls arriving at rate 1. Further suppose that calls have an exponen-
tially distributed duration after being accepted. Under these assumptions, Y is a
reversible Markov process and its equilibrium distribution has a product form. Let
the mean holding time of calls on route r be ¢, !. Define P to be the probability
measure under which (Y,;r € R) are independent Poisson random variables with
means v, = 1,./¢., 7 € R. This would be the equilibrium measure for the usage
on each of the routes were the system not to have any capacity constraints. The
restriction Y to S is a truncation of a reversible Markov process and its equilibrium
probability measure is thus given by

m(A) = P(A]Y €5), for all P-measurable A. (2)

Under 7, Y is still reversible (Kelly [8], Corollary 1.10), and thus the form of = can
be easily obtained from the detailed balance equations,

(Y =n)=(n,+1)o,7n(Y =n+e,), n,n+e. €8 (3)

(Here e, represents the unit vector with a 1 in the r-th position.) In the present
context, there is no need to distinguish between the traffic load v, and the arrival
rate v, for replacing v, by v, and ¢, by 1 does not alter (3). Thus, without loss of
generality, it may be assumed that the mean holding times of all call types are 1.
The form of 7w can also be derived directly from definition (2). For instance,
if K CJand R ={r € R:}_,xa;, >0} is the set of routes that use at least one
link in K, then the marginal distribution of the numbers of calls on routes in Ry is

P(Y € S‘YRK = nRK)P(YRK = nRK)

Tr(YRK:nRK): P(YES) )

where Y i, = ng, is shorthand for the event N,cr,{Y, = n,}. Noticing that

P(Y €S|Yre=np) =P | Y aj,Y,<Ci= Y ajm, jeJ

T%RK reRk

is a function (call it fx) only of nyr, = (n, : 7 € Rx N Ry k), we are lead to

(¥ = ) = ) T 2 ()

where G(C)) is a normalising constant chosen so that the distribution 7 sums to unity.
Expression (4) is due to Zachary and Ziedins [20]. It implies that the equilibrium
distribution for the loss network is a Markov random field.
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The loss probability on a route can be calculated from 7: for any route r € Ry,

T(Y+e €8)=PYeS) ™ > P(Y+e, €S[Yp, =np,)P(Yr, =ng,)

nRKESRK

=P(YeS) " ) P(Y€S|Yr, =ng, +e)P (Y, =ng,)
nRKGSRK

=P(YeS) "' Y P(Y€S|Yr, =ngr,)P (Yr, =ng, —e),
nRKESRK

where, for any R C R, Sg = Sg(C) = {nR e N®: Yorer Girny < Cj, J € J} is
the projection of S onto N®. Thus, the probability a call requesting route r arrives
to find one or more of the links in r full is

Yonpy esn, O(Mor )P (Y, = np, —e€;)

Lo=1-

()

In the case K = J, equation (5) has the concise form L, =1 — G(C — Ae,)/G(C).

Unfortunately, calculating the loss probabilities using G(C) is often intractable.
Direct normalisation of the distribution 7 in (2) entails summing over the space S,
and, even for moderately sized networks, it is apparent from (1) that the number of
distinct states in S is large and grows rapidly with the number of routes and also
with the link capacities. Louth et al. [13] prove that the problem of evaluating 7 in
this way is # P-complete. Thus, there is evidence to suggest that an algorithm for
finding the loss probabilities in polynomial time using G' does not exist.

An alternative to evaluating G is to find 0k and then use (5) to calculate L,.
Choose a collection of links H disjoint from K. Then,

P(Y € S‘YRK = nRK) =
Z P (Y € S|YRKUH = mRKuH) P (YRH = mRH|YRK = nRK)?

MRy SSRKuE:
mRK anK

(recall that mpg, = ng, is short for N,.cg,m, = n,). Thus, Ok satisfies the recur-

rence m
l/ T

Ok (nor,) = > Okom (Morge,y) [ e, (6)
MR, €SRy: reRg\Rrx
MR NRy =M R NRy

where mypg,.,, indexing Ox g is actually the vector (m, :r € Ry \ Rk) joined
with (n, :r € ORk \ Rg). The functions 0k often have a natural factorisation,
which refines (6) and sometimes reduces the complexity of the problem to the point
where exact calculation of the loss probabilities is tractable. If the problem is still
too large, Zachary and Ziedins [20] suggest imposing a product form on 6, and then
using (6) as the basis for an approximation scheme. This approach, which is very
accurate for a wide range of networks, is reviewed in Section 3.



2 Link interactions

Instead of Y, it is frequently convenient to work in terms of the link utilisations.
Overlapping routes are, in some sense, competing for usage of the circuits on the
links that they share. It is this competitiveness between routes that cause the
volumes of carried traffic on the links to affect one another and makes analysing the
process so interesting and challenging.

For each link j, let U; = > . R, Y, be the random amount of capacity being
used on link j. Only in exceptional circumstances is there sufficient information
encapsulated in a state description that lists only the links’ utilisation for the pro-
cess U = (Uy;j € J) to be Markovian. While transitions U — U + Ae, are made
at a rate ZreR Vr L{r+ e, <cy that only depends on the state U, the rate at which
transitions of the form U — U — Ae, occur is Y, a quantity that cannot always be
extracted from U.

Under P, U; is the superposition of independent Poisson streams and is therefore
marginally distributed as a Poisson random variable with mean p; = > R, Ur: The
joint probability generating function of U; and Uj is

Z vy (st — 1)] :

reR

Ep (sUitUj) = exp

Clearly, if there is at least one route that uses both links 7 and j then even under P
the links will not operate independently. When capacity constraints are present in
the model the link interactions become complicated. The effects of link blocking not
only influence the behaviour of neighbouring links but tend to propagate throughout
the network. Owing to this complexity a useful explicit expression for 7(U = u)
does not usually exist. These probabilities do, however, form the unique solution to
the equations

u; (U = Am) = Z v,1(U=A(n—-e,)), jeJ nes, (7)

TERJ'

where u; =}, g ne. Recurrence (7) was established by Dziong and Roberts [4].
A neat derivation is given by Zachary [19].

We have described the classical loss network model, similar to that of Kelly [9].
It also arises in variety of different contexts. Appropriate choices of A and C for the
linear constraints will lead to simple models for fixed-line networks [17, 6, 10], cellular
mobile networks [5, 3], computer database access problems [14], and other kinds of
telecommunications networks [18, 16]. Part of the model’s appeal is that it can easily
be extended to include call acceptance criteria that cannot necessarily be expressed
using a linear constraint AY < C. Provided those controls preserve the reversibility
of the process Y, even the product-form distribution 7 in (4) applies. Unfortunately,
this is not the case for admission policies such as trunk reservation [11, 7] or virtual
partitioning [2, 15]. Nor does the product-form result hold for networks allowing
alternative routing.



3 The Markov field method

Sometimes the network has special structure that allows quicker determination of
the loss probabilities. Again fix some K C J. For each link j € J\ K, let X, =
> rg¢ Ry @Yy denote the random amount of capacity used on link j due to calls on
routes not in Rg. Under P, the X; and X corresponding to two links j and k
for which there does not exist a common route (¢ Rg) are independent random
variables. That is to say, if a;, > 0 only for the routes in the set {r ¢ Ry : a;, = 0},
then X; and X}, are independent. This means that 6k can be factorised as

O (nory) = | [ Ox.ot.(Mrcors, ). (8)

where U;H; = J \ K and each H; is a group of links satisfying ngRK a; 0y > 0 if
and only if j and k belong to the same group. Furthermore,

QK,Hi(nRKﬂRHi) =P (Xj <Cj— Z aj Ny, J € HZ) ) 9)

reRk

Expression (8) separates the calculation of fx into the smaller calculations of O g,
which may then be attempted in parallel.

The factorisation of 6 substantially simplifies the recurrence (6). Let K7, ..., Ky
be collections of links that form a complete covering of J and let ~ be the relation
on pairs of link groups o and 3 in K = {Kj,..., K4} defined by a ~ 3 if and only
if R, N Rg # 0. Now suppose that the collections of links I are chosen such that

0o (MoR,) = H 00,3 (PR.AR,) .  for cach o € K. (10)
Bra

This choice is always possible: at worst, d = 1 and K; = J. In a network that has
been decomposed this way, recurrence (6) implies that, for each o € K and ( ~ «,

my

Qa,ﬁ (nRanRﬁ) = Z H 0/377 (mRBmRv) H Z; i G_W. (11)

mRﬁESRﬁ: v~ 0 TERﬁ\Ra T
MRaNRg=MNRaNRg aGaet

This finer recursion relates 0, to only those 63, for which a ~ 3 and 8 ~ «
and suggests that it may be solved efficiently using block iterative methods. Then,
using (8) and (5), the loss probabilities can be determined from

(C—Aer)

(C—Aey)
1 E"Rar‘lRﬂ €SRaNRg ba,8
l s =1—

(mranng )% " (mrary )P (¥ Rarity=rransy) (12)

Y
E”RaﬂR@ €SRaNR4 Oa,8 (nRaﬁRB)e,B,a ("RaﬂRB) P(YRaﬂRﬁ =”RaﬂRﬁ)

where

9(()5/;;14&) (nRaﬂRﬁ) =P Z aj:PYP < Cj — Qjyr — Z ONUTY JEP

p¢Ra pERa



When r € R, \ Rg,

C—Ae,
9;5 ¢ )<nRaﬂR5) = ea,ﬂ(nRaﬂRB>a for all mr,nr, € Sr.nRs,

and if r € Ry, N Rg,

C—Ae,
95),5 ¢ )<nRaﬂR5) = Oas(MRr.nr, +€r), forall ng Ar, € Sr.nr,,

in either case, and otherwise 6&%7’467) satisfies relations (8) and (11) with .S replaced
by S(C — Ae,).

The factorisation (10) holds if the graph (IC, ~) contains no 3-cycles. Thus, the
extent to which J may be separated into the subsets /C is limited. This might present
a problem. If Rg contains more than a few routes, the space Sg, might be too large
to sum over and evaluation of 6, s in (11) might still prove to be a formidable task.
In this case, imposing a product form on fx may lead to a good approximation.
This is the approach that Zachary and Ziedins [20] take in developing their Markov
field approximation (MFA) method. It is a general approximation scheme of which
the Erlang fixed point approximation (EFPA) is a special case.

4 The Erlang fixed point approximation

In the EFPA the loss probability for route r is estimated to be

L=1-]](1- By, (13)

€T
with By, Bs, ..., By a solution to the set of fixed-point equations

Bj = E(p;,C;), je, (14)
Pj = ZVT H (1_Bz)a jEJ, (15)

reR; er\{7}

where
c

c ~1
v v

is Erlang’s formula for the probability that capacity on a single isolated link offered

Poisson traffic at rate v is fully utilised. The EFPA replaces the true probability

measure 7 by a more amenable measure P. Under P, each link j is assumed to be

offered a stream of traffic at a constant rate p;. If this were the case, the equilibrium

probability distribution for U would be P(U = u) = [[ ., P(U; = u;), where

This amounts to the assumption that the links operate independently, and is there-
fore much simpler. Under P, the probability that link j is full is B; in equation (14).

6



Except in the most trivial of circumstances, calls on routes that use link j do
not arrive at a constant rate. In state Y with U = AY, calls requesting link j
as part of their route actually arrive at rate a;(U) = ) . R, Vr Ly +4e,<C}- When-
ever > p Y, < Cj, for all i, the arrivals seen by link j form a Poisson stream
with rate ) . R, Vr- In states Y for which one or more links ¢ are full (that is,
> rer, Yr = Ci), the arrival stream for link j only includes calls that can be ac-
cepted without violating the capacity constraints. When j is full, a;(U) = 0.

The quantity p; given in expression (15) can be interpreted as an expected arrival
rate under the distribution P:

pi(uj) = Ep(a;(U)|U; = uy)
= ZVrP(U—i-AeT SC'UJ:UJ)

TERj

= > 1P NiedUi +1 < CHU; = uy)

TERj

= Z v, H (1 — Bi) 1{Uj<Cj}' (16)

reR; er\{j}

The system (14)-(15) is simply stating that, for each link j € J, the likelihood of
congestion and the intensity of offered traffic should be consistent. There is a unique
vector (B4, ..., By) € [0,1]7 satisfying (14) and (15) (see Kelly [9]).

The EFPA fits the MFA framework of Section 3. Specifically, the EFPA can be
realised by assuming

P (YRJ - nRj) X Hejvi (nRj”Rz‘) H s

Y
L n,!
i~vj reR;

along with
0,: (Nr,nR,) = H (1-B)",
reR;NR;
for individual links ¢ and j in J.

The EFPA is known to be effective under a variety of limiting regimes. Kelly [10]
proved that the estimates for a network with fixed routing and no controls tend
towards the exact probabilities when (i) the link capacities and arrival rates are in-
creased at the same rate, keeping the network topology fixed (Kelly limiting regime),
and (ii) the number of links and routes are increased while the link loads are held
constant (diverse routing limit [21]). The EFPA performs least well in highly linear
networks and in circumstances where the offered traffic loads are roughly equal to
the capacities (critically loaded).

The relationships between P and the probability measures P and 7 are interest-
ing enough to mention. If there were no capacity constraints on the network, then
all three would imply that U; is a Poisson random variable with mean ) _ R, Vs but
only under P do the links operate independently. When the constraints AY < C
are added, m and P bear little resemblance to one another. They may not even be
equivalent measures. The true distribution 7 restricts U to the set {u € N7 : In €
S : An = u}. The approximate distribution P assigns non-zero probability mass to
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all of the states {u € N/ : w < C}. Only if the routing matrix A has rank J will
the two sets coincide. Some extra care should be taken when applying the EFPA
to networks with rank(A) < J [10]. One thing that the two measures 7 and P do
share, is a common expression for the expected utilisation of link j:

E.(U;) = Z Y k(U

k=0 u:uj=k

= Z] Z Z v,m(U =u — Ae,) (from (7))

= Z ve(1—L,). (17)

TERj

The construction of P using reduced load rates p;, as given by (16), ensures that
Ep (U;) is also equal to } -, .5 v-(1 = Ly), but this time L, is only an estimate of the
loss probability of calls on route r as calculated from (13). The marginal distribution
of U; under both P and P is a quantity p?j Ju;! appropriately normalised. It appears
as though P(U; = u;) has adopted the exact form of P(U; = u;) with the transition
rate 3, cp. vr of Uj — Uj + 1 replaced by the reduced rates (15), so that Ep (U;) is
consistent with (17). This observation is the motivation for the approach taken in
the next section.

5 A two-link approximation

An estimate of the route loss probabilities, which is more accurate than those in (13),
can be obtained by taking into account the link interdependencies. Here we present
an approximation method that makes some allowance of the link interactions. This
two-link approximation is achieved by considering reduced load approximations for
the joint distributions of pairs of links. The EFPA instead estimates the marginal
distribution of each single link in isolation.

The two-link approximation is as follows. For each pair of links i, j, let

[Tno " pis(m) [ pog(m) Thio” piis(m) (18)

L ’
um. uw. U]\z-

hi j (i, wi g, ugi) =

for (Ui‘j, Us 5, UJ|Z) € N3 DU + Us 5 S Ci)uj\i + Uy 5 S Oj, where

min(C;—u,Cj) Cj—ui . N
pz\] Z Uy Z H 1 — Bk\z u+ Um)) CZZ_:):? cjwu(,u, i ) , (19)
reR;\R; u;;=0 ker Zw:O > wlo hi j(u, w, v)
C —u—l Cj_u_l h (U Uw U
pig(u Z Vr Z H 1 — Byyi(ug; + u)) cizivzlo cj—zg—(1 iy ) , (20)
rERNR; uy ;=0 ker Zw:o >l hij(w, u,v)
and '
Zrur;u;(zcg,ui) Po,i (Cle—i g Wi g Ui — U k) £ e 7& .
- 7 - 1 1
Bk“(ui) = fojzo ZZ‘Z,‘;(ES’“” P (W =i gy ot = ;) | ’ (21)
]‘{ui:Ci}7 if k=1.



Equations (18) through (21) will be derived in Section 7. They form a set of fixed
point equations in the unknowns B = (Byy;;i,k € J) where By; = (By(m);m <
C;) € RY%. Let O = {x}, € [Lc, R : 0 < x, < 1}. Existence of a solution is
guaranteed by Brouwer’s fixed point Theorem. To see this, observe that

(O s

Zzliu;(:éc uZ)hk,i(ck_ui,kvui,kyui_ui,k) T 7§ .

. - 1 1

. C T, 5 )
f;:ﬁ(B) = Zufzo ZZ“;@& i) P i (g =g o W5 1o UG —Ug ;)

1{%:01.}, if k=1,

is a continuous mapping from € = J[,.; € into [0,1]. Thus with f = (fj;w =
0,...,Ci ki € J), we have f(Q2) C €, and therefore f has at least one fixed point
in Q.

The loss probabilities can be estimated using b = (h; ;4,5 € J). Losses on
two-link routes, for example, have

@i,j(Ci - 170]‘ - 1)

Lo=1- ,
®;;(Ci, Cy)

if r=1{i,7}, (22)

where
C; Cj min(ug,uj)

05(CC) =Y hij(ui — k, kyuy — k).

u; =0 u;=0 k=0
Calls that use the single link r = {i} are lost with probability

®;;(Ci — 1,C5)
®;,;(Ci, Cy)

B=1- (23)

where j is any link with a route common to .

The rationale for the approximation is as follows. The traffic offered to a sub-
system consisting two arbitrary links, ¢ and j, can be classified as either link 7 only,
link j only, or common to both links 7 and j. Correspondingly, let Uy; = > . RAR, Y.,
Uj; = ZreRj\Ri Y,and U, ; = ZreRij Y, be, respectively, the number of calls using
link ¢, the number using link 7 and the number on routes using both ¢ and j. This
is a natural way to classify the traffic offered to the subsystem. Without capacity

constraints, the joint probability distribution for the link utilisations U; = U;); + Uy
and Uj = U]\z + Ui7j is

min(ug,u;)
P(Uz:’UHL,Uj :Uj): Z P(Uz“:’ul—k, Ui,j:k,Uj‘i:’U/j—k),
k=0

where

P(Ui|j = w5, Uiy = w5, Ujji = Uju) = ———6_(pi'j+pi’j+pj”)a (24)

with p;; = ZreRij Vry Pilj = ZTGRARJ_ vy, and pjj; = ZTGRJ_\RZ, v,. To construct
a reduced load approximation we shall replace the aggregate rates p; j, p;; and pj;
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in (24) with reduced load rates. We isolate the subsystem composed of traffic of-
fered to link 7 and traffic offered to link j from the network. Motivated by the
form of (24), let us suppose that 7(U;; = w,;,Us; = wij,Ujp = uj;) has the
form R, (), wij, ;) / Pi;(Ci, C;). If this were the case then questions concerning
call blocking could be answered easily. For instance, the probability that link ¢ is
full would be B; in expression (23), the probability that either link ¢ or link j are
full would be L, in expression (22), and the conditional probability that link & is
full given link ¢ carries u; calls would be Byj;(u;) in expression (21). To ensure that
the traffic offered to the subsystem is consistent with blocking in other parts for
the network, the rates p;;, p;; and p;; are replaced with state-dependent reduced
rates. For example, expression (19) for p;;(ui;) is pijj = 32, g, vr reduced by an
estimate of the average blocking on the other links £ € r : r € R; \ R; when link ¢
is carrying u,; calls that are not also carried by link j.

6 Examples

In this section we present the results of applying the two-link reduced load approxi-
mation to a suite of simple networks. We compare its accuracy with other methods
such as the MFA and the EFPA.

6.1 A star network

Consider a private computing network consisting of a number of workstations linked
to a central mainframe in a star configuration. Each workstation is linked directly
to the central processor. Any exchange of information between workstations must
be via the central mainframe. This structure is quite common and in the past it
was a popular design for computing environments. As such, the backbone of many
networks in existence today is a number of star configurations with a few additional
links to improve resilience [12].

In a star network, each link carries a single-link route as well as sharing two-
link traffic with each of the other links. For simplicity, we will assume that the
network is completely symmetric: the link capacities are the same (C; = C for
all j € J ={1,2,...,1}), each link is offered single-link traffic at the same rate 14
and the [ — 1 streams of two-link traffic are each offered at rate v,.

6.1.1 The Erlang fixed point

When considered in isolation, the arrivals at any given link consist of [ — 1 streams
at rate 1o, each thinned by a factor (1 — B), and, one traffic stream at rate v;. Thus,
the EFPA for the loss of single-link and two-link calls, respectively, are given by

L1:B and ngl—(l—B)2,
where B is the solution to

B=FE(n+(—-1)wn(l-DB),0).

10



6.1.2 The two-link approximation

The two-link reduced load approximation is obtained by solving the following sys-
tem. By the symmetry of this network Byj;(u) = B(u) and p;j;(u) = p(u) are inde-
pendent of ¢ and j. Since the longest route consists of only two links, p; j(u) = vs.
The parameters B(u) and p(u) satisfy

C—u—1 Zc_ow Hum;lo p(m) ﬁ va;lo p(m)
. . _ v= u! w! v!
p(U,) o V1—|—<J 2)V2 (1 B(w+u)> C—u—1 ZC—k Hum;lo p(m) ﬁl_[fn;lo p(m)’ <25)
k=0 v=0 u! k! v!

g
g

C—w—1

gmin(Cou) o=t~ p(m) v Tt~ p(m)

w=0 (C—w)! w! (u—w)!

B(u) = foru=0,...,C—1. (26)

v—w—1 w u—w—1 ( )7

C min(v,u — m) v, i m
Zv:O Zw:é M (Cg)—ug'( )ﬁn (uo—w;

Under this scheme, the loss probabilities are estimated to be

(C —1,0) o(C—1,C—1)

! o(Cc,cy e o(C,C) (27)
with (
u; uj min(z,y) 1‘ kl k y—k—1
p )VQ HmO p( )
=0 y= k=0

6.1.3 Zachary and Ziedins’ method

In Section 4 of their paper, Zachary and Ziedins [20] describe a generic approximation
for networks that exhibit a certain degree of symmetry. For the star model, the
approximation is achieved by replacing the existing probability measure 7 under
which ( )
0 NHR. v
Yr =np)=—-2 ——, forall j €J,
7T( R; RJ) G(C) H ol J

TERj r

by P with

P (Yr =ng,) x [[ A (nrar) [] 2’”', for all j € J,

where \ is given by

)\(nijRk) X Z H)\ mkaR H Zin,-

e
mRkest reRL\R;
MR;NR,=NMR;NRy

Under P, instances of blocking of single-link and two-link routes have the respective
likelihoods

CINRAk + 1) - CINk+ DAk +1)%
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Figure 1: Accuracy for a star network (J =5, C' =5, vy = 11/2)

This scheme is labelled MFA.

Figure 1 compares the relative errors in the MFA, EFPA | and two-link reduced
load approximation schemes. The network considered had five links and five circuits
per link. The z-axes have the single-link arrival rate 14 varying over [0, 10]. We have
chosen vy = 14 /4, so that each link is offered roughly equal proportions of single-link
and two-link traffic. From the graphs it appears that the two-link approximation
compares favourably with the EFPA over most of the region tested. The accuracy
of the two-link scheme is only marginally worse than the MFA.

6.2 A ring network

Reduced load approximations such as the EFPA tend to perform least well in net-
works of linear structure with the links joined end-to-end or in a cycle. A popular
test case is the ring network, where the links are arranged in a loop with adjacent
pairs of links sharing routes.

As with the star network, we assume a high degree of symmetry in the model.
Suppose that all links have the same capacity C' and that there are only two types
of traffic. Single-link traffic is offered to each link, 1,2,...,/, at a common rate 1,
and two-link traffic is offered to each pair of adjacent links, {1,2},{2,3},...,{l, 1},
at rate 1.

12



The MFA is applicable to the star network. Indeed, successive applications of
recurrence (6) provides a means of eract analysis in reasonable time; see [20] for
details.

6.2.1 The Erlang fixed point

Arguing that every single link sees one traffic stream at rate 14, and two streams
at v, thinned by a factor (1 — B) representing the proportion of calls accepted on
neighbouring links, the reduced load rate for the EFPA is 14 4+ 215(1 — B). The
EFPAs for the loss of single-link and two-link calls, respectively, are given by

L1:B and ngl—(l—B)2,
where B is the solution to

B = E(V1 + 21/2(1 - B),C)

6.2.2 The two-link approximation

The EFPA is accurate when instances of link blocking appear almost independently
of one another. Unfortunately, the link utilisations are sometimes significantly de-
pendent. This is particularly true of linear and cyclic networks, such as the ring.
The two-link approximation is an attempt to account for the link interactions. The
approximation used for the star network requires only minor modification for the
ring network. In fact, the only change is that

C—u—1 Zcfw 145 p(m) vy TToy p(m)
_ 1-B v=0 u! w! !
pu) =11+ vy Z ( (w+ “)) C—u—1~C—k [1%42 p(m) vk [15 p(m)’
w=0 k=0 Z’U:O ul k! !

instead of (25) (in the ring network each link ¢ carries a single two-link route {i,i+1}
not shared with an adjacent link i—1). Expression (26) for B(u) and expressions (27)
for the loss probabilities remain unaltered.

6.2.3 The method of Bebbington, Pollett and Ziedins

A similar approximation for the ring network was previously devised by Bebbington,
Pollett and Ziedins [1] (here labelled BPZ). In both their Approzimation II and our
two-link approximation, the rates are reduced by a usage-dependent factor (1 —
B(m)). Link i is offered three streams of traffic. Let Y;, Yi;41 and Y;_1,; be the
numbers currently carried on the respective streams. Taking into account the cyclic
structure of the network, we write ¢ =1 for e =1+ 1. For m =0,...,C — 1, they

define
Bm)=PYi+Yiun+Yi=ClYi +Yi, =m),

whereas our approximation requires
Bm)=PYi+Yi+Yi,,=C|Y,a+Y, 1, +Yio;i1=m).

Aside from this, the schemes are the same. The event {Y;_; +Y; 1, = m} yields
more information than does {Y;_1 + Y;_1; + Yi_2,-1 = m} in deciding the likelihood
of {Yi+Y,in1+Yi 1, =C}

13
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Figure 2: Accuracy for a ring network (J =5, C' =5, v = 11/2)

Figure 2 shows that the relative errors in the estimates from the BPZ scheme
are negligible when compared with our two-link approximation and the EFPA. Both
two-link approximations improve on the EFPA.

6.3 A linear network

As a final example, the accuracy of the two-link approximation is compared with
the EFPA on a network in which the links are joined end-to-end. Typically, reduced
load approximations perform poorly in linear networks.

Consider a network of [ links labelled 1,...,l. Suppose that each link is offered
a stream of single-link traffic, and that each of the links i € {2,...,] — 1} share
two-link routes {i — 1,7} and {i,7 + 1}, with each of their neighbouring links, i — 1
and ¢ 4+ 1. For simplicity, assume that calls on single-link routes arrive at common
rate v1, and that calls on each two-link route arrive at rate v,. In this network, there
are [ single-link routes and [ — 1 two-link routes.
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6.3.1 The Erlang fixed point
The EFPA for the route loss probabilities is
L; = B, i=1,...,1,
Li,iJrl = 1—(1—31)(1—31‘“)7 =101,
where (B;;i=1,...,1) is the solution to
By = ni+wn(l-D05y),

Bi = n+1n(l-5B_1)+r(l-DBy), i=2,...,01-1,
Bl = V1+V2(1—Bl,1).

6.3.2 The two-link approximation

The two-link reduced load approximation for this network is as follows. For u =
0,...,C —1,set p;j(u) =1y for all i,j = I such that j =¢—1or j —2+1
pr2(u) = vi, pri—1(u) = vy, and let (Bj;(u ),i,j =1,...,0,j=i—1lorj=1i+1) be
a solution to

S By (C = g, g, u — i)

(W) = 2
jli - min(u;,u ’
S0 o S (g — g g — )
i j=1,...0,j=i—1lorj=i+]l,
C—-u—1 C—k
> oo Nim1i(w, Ky u)
piici(w) =v1+vy Y (1= Bip(u+k)) —g=2=0 o> :
k=0 Zv:O Zw:O hifl,i(wa U7u)
1=2,...,0—1,
C—-u—1 C—k
= hzz u, k:aw
pifi+1(u) = 11 + 1 Z (1 — Biyi(u+ k)) C—%—ui_o cjl( ) ’
k=0 szo szo hi i1 (u, v, w)
i=2,...,0—1,
where

ug);—1 o ,J Ui
hi,j(uﬂjaui,j,uj\i) — Hm:O p'Z|J( )VQ 'Hm 0 pJ|Z( )’
U2|j U 5+ Uﬂl.
fori,5 =1,...,1, 7 =4—1or 5 =i+ 1. Estimates for the loss probabilities on
single-link routes are
®;i11(C —1,0)
®;:11(C, C)

CI)M'_l(C — 1, O)
(I)z',i—l(Ca C)

L, = 1-— ,fori=1,...,l—1, and

L, = 1-— , fori=2,...1,

where

C; C; min(ug,uj) -1

(€.C) [To " pas(m) o4 Tz~ pits(m)
Zj v ZZ Z ’UHL—]C' F uj—k' ’

u;=0 u;=0
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Figure 3: Accuracy for a line network (5 links, C' =5, vy = 1,/2)
for v = 1,...,] and j a link adjacent to ¢. For certain links there may be more

than one possible estimate for the congestion probability. For example, this scheme
produces two estimates for the loss probability on link 2,

B,,(C,C — 1) By 4(C —1,0)
_ 2 Ly=1— -2
0,,(C,C) and L 0,,5(C,C)

L2:1

In practice there is no way of knowing which estimate is the most accurate. Both
estimates achieved greater precision than the EFPA for the network tested here.
There is no ambiguity in estimating the loss probabilities on two-link routes. For
i=1,...,0—1,

®,,1(C—1,C-1)

®;11(C, C)

In Figures 3, 4 and 5, the relative errors in the loss probability estimates for the
EFPA and the two-link reduced load approximation are compared. The network
tested had 5 links, each with a carrying capacity of 5 calls. The single-link route
arrival rate vy was varied over [0,10] and v, was set at v;/2. By symmetry, there
are only three single-link routes and two two-link routes to distinguish. In this test
case, the two-link approximation provided a significant improvement in accuracy
over the EFPA in each of the two-link routes (Figure 5), the single-link route using
an end link (top pane of Figure 3) and the single-link route that uses the centre link
(bottom pane of Figure 3). The single-link route that uses a link second from the

Lijp1=1-
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Figure 5: Accuracy for a line network (5 links, C' =5, vp = 11/2)
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end was the only one with multiple loss estimates. In Figure 4 the relative errors
of the estimates of L, using the ®;,, and ®,3 are compared to the EFPA. Both
two-link estimates improve significantly on the EFPA’s accuracy.

7 Derivation of the two-link approximation

In this section we derive the fixed-point equations for the two-link reduced load ap-
proximation of Section 5. Recall the way that we classified traffic offered to links ¢
and j. We had introduced U;; = ZreRi\Rer, Ui = ZreRj\RiY}, and U, ; =
Zre RiR, Y,. When capacity constraints are present, questions concerning U, ; =
(Ui, Ui j,Uj;) are generally not easily answered. Let us now introduce new, in-
dependent processes Uw = (UU,U,J,UN) for each pair of links 7,7 € J. We
shall suppose U ; to be a continuous-time Markov chain that approximates the -
behaviour of Uy ; in the space S;; = S;;(C;, Cj) = {uagyy iy, wjs) = iy + iy <
Ci, uji + iy < C;}. Suppose that U; ; makes transitions

(wilgs wigy uz)  — (wiy — 1wy, ugp),  at rate g,

(wilgs wigo uz) = (wiy, iy — L,ugp),  at rate g,

(Walj, Wig, i) —  (Wipj, Uij, uj; — 1), at rate g,

(Wi, wigowy) — (Wi + Lougg,ug),  at rate py; (i) ju,;+u,<cib

(Uiu, Ui,j,um) - (Uz‘|j, u;; + 1, Uj|i)7 at rate Pm‘(Ui,j)1{ui|j+ui,jgci,uj‘ﬁui,jgcj}7
(wilgs wigs ug) = (Wil wig,up + 1), at rate pji(us) L, +u <o

and no other transitions are possible. Then, the stationary distribution for l}” is
P (Uw‘ = (ui\j,ui,j,uﬂi)) =

O, ,(Ci, C;) 1Hmzljo pii(m) [TmZo z( )Hnilzo pjli(m )

| |
U’ZU' Us 5 U]\z'

(28)

The partition function ®; ;(C;, C;) is chosen such that the sum of P over the set S, ;
1s 1:

_ ujfkf
Z 1426 pa (m) TTEZ o (m) TT9 20" pje(m)
— u; — k! k! uj— k'

Our aim is to choose p;|;(-), pi;(-), and p;;;(-) such that the behaviour of U,,;, with
its assumed transition structure, best approximates that of U, ;. We assign these
quantities expected rates.

Denote the space [, ;c; Si;j by S. Let Ajjj(u) = {(u,v) € Sx S : wyj = u,vy); =
u+ 1}, foru=0,1,...,C; — 1, then p;;(u) defined as r(A;;(u)) is a quantity

pm(u) = Ep (q((j, Ai|j(u, ﬁ)) ‘ UZU = u, UZU + U@j < Cl) s (29)

where

Q(U’Ai\j(uvu)): Z Uy H 1{uk|i+uk,i<ck}1{’U«+Ui,j<ci}'
re€R;\R; ker\{i}
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Expression (29) may be partially evaluated as follows.
E (Q(fﬂ A (u, O))| Uy = u, Uy + Uy < Ci) =
E <ai|j(l’7i|j + Ui, Ujji + Uig)| Uiy = u, Uy + Ui < Cz’) :
where a;);(u;, uj) = E(q(U, Ay (u, U))|E(us, u;)), and

E(u;,uj) = {U|k + U, r=u;, ke J\ {Z}} {Uﬂk + Uj,k =uj, k€ J\{J}}

is the event that links ¢ and j have utilisations u; and u; respectively. The substituted
function aj;(u;,u;) is the expected rate of transitions of type {(u,v) € S x S :
'LLiU + Uij = U, 'LLj|i + Ui j = Uy, Ui|j = ui‘j -+ 1} It simpliﬁes to

)y (us, uj) = Z v, P (ffk\i + UM < Ck, ker\ {z}‘E(ul,uj)) , otherwise.
TERZ‘\R]'

To make progress we need to make a simplifying assumption about U. In the Erlang
fixed point approximation it is assumed that the network’s link utilisations U =
(U;,i € J) have a product-form distribution. This assumption, which is equivalent
to link independence, substantially simplifies the analysis. In the present scheme we
assume independence of the random variables ﬁi,j, so that each pair of links {7, j} €
J forms an index to a random process (7” that operates independently of every other
process. Using this assumption,

o (i, uj) = Z Vr H P(Uspi + Usge < Co| Uipe + Ui = w3) Lwe<cny
reR;\R; ker\{i}

Z Yr H(1 — Byi(ui))

reR;\R; ker

where By;(u;) is the likelihood that link % is full when link ¢ is known to have wu;
circuits busy. This quantity is estimated to be

min(Cl,u;) ] o ) _ - o
Sy P (Ungs = Ok — Ui Uiy = Wi, Ui = Ui — i)

Bk‘l(u’) = Ck min(ug,u;) U o Uv . U .
§ up=0 2u; ;=0 73( ki = Ug — Uik, Uik = Uk, Ujle = Ui — uzk)

C
me( oti) i (Ck—ui kWi ko Ui —Usj k)

Uik > ) ; . .
Cp min(u, ul) 5 lf k % Z7

= Zuk:O Zui 5=0 Pogo i (U =g Jo U o UG — U 1)
Lwi=cy35 if k=1,

with A (Ui, Ui, Ukji) < P(f];” = (uk|i,uk7i,uk|i)) in Sy;. Thus, we have an ex-
pression for the reduced load marginal rate of arrivals to link ¢ that do not use
link j:

min(C;—u,Cj)

pz\] Z Vy Z H 1 — Bk\z U+ U)) ,P(UZ'J‘ = U‘Uﬂj = u, UZ‘J + UZ‘J‘ < Cz)

rER;\R; v=0 ker
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Expression (19) results when P(Ui,j = U; ! Uilj = u, UZ-U + U” < C’i) is estimated

by
Sote" hiy(u, uiy,v)

Sty T L bl w,v)

Expression (20) for the reduced load rate p;;(u) of arrivals of type A, ;(u) =

{(u,v) € S xS wij=u,v,; =u+1}, u=0,1,..., min(C; — 1,C; — 1), is derived

in a similar way. The quantity «;;(u;, u;) representing the average rate at which

calls that cause an increase in the utilisation of both resource ¢ and j are arriving
when U; = u;, and U; = u;, is

@ j(us,u;) =E § Vy H 1{Uki+0k,¢<ck}‘E<uivuj) Lu<Ciuj<Cyts
reRiNR;  ker\{ij}

which leads to
0, if u; = Cj;
ZreRij Uy err (1 - Bku(ui)), otherwise.

Setting p; ;(u) = r(A; ;(u)),

i (i, uy) = {

pij(u)=E (ai,j(ﬁiu + Uiy, Upyi + Usy)
Ci—u—1

= > vy, JI (= Buug +w)

r€RNR;  w;=0 ker\{j}

Ui,j =u, UzU + Ui,j < Ci, U]\z + 07;7]' < C]>

P (Ulb = Uj); [71'7]' = u, UZ‘J + Uvi’j < CZ‘, [7]‘2 =+ Ui,j < CJ) .
Expression (20) follows on substituting
b0 (g, uv)

Zg:ou ' quiou hm‘(w,u,’l})

for the conditional probability P(Um = w; | Uy = u, Ui‘j + Uw < C’i7(~]j|i +
(~]Z-7j < Cj). The loss probabilities may be estimated using ®; ;. Losses on two link
routes, r = {7, j }, have
(Iy,j(C’i — ]_, Cj — 1)

0i;(Ci Cy)

LT:1—7T(U¢<Ci,Uj<Cj>%1—

Calls that use the single link ¢ are lost with probability

®;,;(C; —1,G5)
®;,;(Ci, Cj)

Bz‘zl—ﬂ'(Ui<Ci)%1—

The approximation for B; depends on j because the distribution of ﬁilj + (7” has a
different expression from that of U, +U; x. As a result, the loss estimated using ®;
may be different from the estimate of ®; .
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