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ABSTRACT 

This paper is concerned with the traffic effects of 
equipment faults causing changes in holding time 
distributions on a per call and device basis. In 
particular, the effect of so called killer devices, i.e. 
malfunctioning devices with relative short holding times, 
will be studied. 

The types of systems considered are a) full availability 
groups with random hunting and loss, b) link systems with 
loss, c) overflow systems with faulty primary groups . 

Holding time distributions are generally unrestricted, 
however, some results are limited to neg. expo distribu
tions. Calls are assumed arriving according to a state 
dependent birth process. 

Results are obtained in the form of stationary state 
distributions and the more important associated traffic 
parameters, such as carried traffics, call loss rates, 
trouble rates, etc. Further, a fault-checking statistical 
test on the number of seizures has been given. 

1. INTRODUCTION 

Studies of the traffic impact of equipment faults improves 
the background for analysing traffic measurement data for 
traffic operation and maintenance purposes. 

Considering their practical importance, it seems that such 
problems have not so far been subject to the exhaustive 
investigation which they deserve, even though recently the 
problems have become more evident. 

Studies of the influence of faults basically cover two 
separate types of problems, namely equipment reliability 
and traffic effects. 

The types of faults usually considered in traffic studies 
can be divided into two classes, according to their 
effects, namely: i) faults producing an out-of-service 
condition and ii) faults causing an in-service, but 
malfunctioning condition, implying incorrect service, and 
causing a loss of calls (the killer effect). In both 
cases, the fault occurrence might be permanent or variable. 

When evaluating traffic performance in operating systems 
by measurements, it should be noted that malfunctioning 
equipment can degenerate the measured data, and call for 
a more careful analysis, taking into account the effect 
of each specific type of fault on measurable traffic 
quantities. 

The impact of the first type of faults can be studied by 
applying current results from traffic theory to irregular 
configurations (see Ref. 5 and 9). 

Faults causing "in-service but malfunctioning condition" 
of equipment, as analysed in this paper, require a more 
careful treatment of the traffic processes involved. 

1.1 TRAFFIC MODELS ALREADY TREATED 

Attempts on analysing this second kind of faults are very 
recent and limited. Some of them consider faults causing 
large improper service times that will increase the 
apparent carried traffic and, subsequently, time and call 
congestion. The way to prevent these faults from 
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degrading traffic performance is to use time-outs, whose 
optimization is an important problem (see Ref. 10). 

Other relevant models consider faults causing short
holding-times of calls non-properly served by so-called 
killer devices, that increase call congestion and reduce 
time congestion. Partial results on some very simplified 
models have been published earlier (see Ref. 3 and 4). 
Recently two more empirical studies, mainly based on 
measurements, but very clearly demonstrating the effects, 
have appeared (see ref. 6 and 7), as well as a very 
complete paper on the case of having a single killer 
device in a group, for several hunting modes (see Ref. 2). 
The results, however, do not seem easily extendable to the 
case of several killer devices in the group. 

1.2 MODELS, ANALYTICAL TECHNIQUES AND RESULTS OF THIS 
PAPER 

First (sec. 2) we study a full availability loss system 
with random hunting where faults occur according to 
certain stochastic laws known from reliability and 
measurement studies, causing malfunctioning of certain 
devices and changing their occupation time distribution. 
The integro-differential equation describing the process, 
developed in Appendix 1, shows that the stationary state 
distribution will depend only on the mean values of the 
occupation time distributions, when calls arrive ~ccord
ing to a birth process, and consequently, covering the 
cases of Poisson and Engset/Bernouilli inputs (sec. 2.3 
and 2.4). 

State distributions are deduced, from which the significant · 
traffic parameters describing the traffic behaviour of the 
system are obtained in each case. All these parameters 
are expressed in form of computable analytical expressions. 

The analytical results obtained for the full availability 
group with faults, are then applied together with the 
Jacobaeus method to investigate the impact of faults in a 
link system (sec. 3.1) with conjugate selection and 
operated on a loss basis. 

Comments are made on the effect of faults on the traffic 
behaviour in trunk group networks, section 3.3, (the over
flow problem), and on the dependence of the hunting modes 
(sec. 3.2). 

Finally, a statistical test for analysing peg count 
measurements, indicating equipment faults, is given in 
section 4. The test is based on an approximated distribu
tion of the number of seizures per subgroup of devices 
(of any size), for a given total number of seizures in the 
whole group. Some additional remarks on the present work 
and future possibilities can be found in section 5. 

2. BASIC MODELS. FOR FULL AVAILABILITY LOSS SYSTEMS WITH 
RANDOM HUNTING 

We will consider throughout section 2 the case of a full 
availability loss system composed of several subgroups 
which have different holding times, assuming random hunting 
within the entire group. 

To begin with, let us consider a simple case to illustrate 
the features of the analytical technique used later to 
treat the "general basic model" from which several 
specific cases are obtained. 
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2.1 ELEMENTARY MODEL 

Consider a system of n devices composed of two subgroups 
with n

l 
and n 2 devices, holding times being negative 

exponentially distributed with different means hI' h2 for 
each subgroup. The call arrival process is assumed' to be 
Poissonian with mean intensity A. 

Then if we let P be tne stationary state probability 
, kl,k2 

for having exactly kl and k2 busy devices in the first and 
second subgroup respectively, we obtain the following 
equations. 

n_kl~k2+1[(nl-kl+l)Pkl-l,k2+(n 2-k2+1)Pkl'k2-1J 
kl+l k2+1 

+ ~ Pkl + l ,k2 + ~ Pkl ,k2+1 

where ={l (x=O) 
Ox 0 otherwise 

o 

1 

(1) 

(2) 

(3) 

(4) 

Analytical solutions have been published (Refs. 3 and 4) 
for the particular cases h2=O, h2~ ~ and n2=1. 

The general solution of the system (1-4) can, however, be 
found to be: 

~l I2 
R. l=O R.2 =0 

(5) 

with k 

This result can also be obtained from a somewhat different 
model of unbalanced traffic sources studied by Dartois 
(Ref.l.), observing that superpositions of Poisson 
processes are Poisson processes. 

It will follow from the next paragraph that this distribu
tion will not depend on the specific type of holding time 
distribution. 

2.2 GENERAL BASIC MODEL 

Now let us assume a group of n devices consisting of g 
subgroups, subgroup i having n. devices with holding time 
distributions Si(t) with mean ~alue hi' whose density . 
exists for all t ~ O. Calls arrive according to a birth 
process with state dependent intensities Aj. 

The 
for 
has 

stationary state probability distribution Pnl, ••. ,ng 
the number of busy devices in the various subgroups as 
been obtained in Appendix 1: 

with 

po, ... ,0 
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i=lki 1 k-l 

j~O Aj 
(6) 

(7) 

where 
g 

n = E ni 
i=l 

k (8) 

There we have also shown that the stationary state 
distribution will depend only on the mean values of the 
holding time distributions, which is a well known fact in 
the case of a homogeneous group i.e. g=l. 

Various traffic parameters might be obtained from the 
stationary state distribution. At the moment, however, 
we will only define: 

Offered call intensity. 

ng 

k~=OAkl+ ••• +kgPkl, •.• ,kg 

Traffic carried by subgroup i. 

(9) 

(10) 

Other useful parameters have been defined in Sec. 2.5 and 
some numerical examples are given in Sec. 2.6. 

2.3 SPECIAL CASES OF BIRTH PROCESSES 

Let us consider the "contagion" arrival process, which 
provides birth coefficients of form Aj = A+Xj. One then 
obtains 

Stationary state distribution 

Offered call intensity 

Traffic carried subgroup 

with 

po, .. ,0 

(.(R. i ) 
1=1 

A 
(;( ) 

k 

The previous formulas might then be applied to the 
following arrival laws. 

(11) 

(l4) 

a) Engset/Bernouilli input, Aj = a(N-j), (j=O,l, •• ,N) 
where a (> 0), is the offered call intensity per idle 
source, N being the number of sources. 

b) Negative binomial case, Aj = A + x j (A, x >0) • 

c} Poisson input, Aj = A. This case will be particularly 
treated in the following Subsection 2.4. 

2.4 POISSON INPUT 

In this case, with arrival intensities Ak 
stationary state distribution is: 

A, the 
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P 
kl, ..• ,kg 

g 
TI (~~) (Ah i ) ii 

i=l ~ 

from which the following recursive relation, useful in 
numerical calculations, can be found 

starting with hO=O, 00=1. 

In particular 

The offered call intensity is trivially a = nl,.· ,ng 
wh ile the traffic carried by subgroup j is 

nj Ah , 0g(nl,··,n j -l, .. ,ng} 

n J 0g(nl, .. ,ng} 

2.5 STOCHASTIC FAILURE LAW (SFL): EXACT THEORY 

(15) 

(16) 

(17) 

(18) 

(20) 

Malfunctioning equipment in many cases cause systematic 
variations of holding times for certain devices and certain 
categories of call. In order to study this effect, we will 
slightly extend the previously treated full availability 
model. We will assume that for each subgroup i exists a 
discrete distribution qi,j(j=1,2 .•.• } such that with a 
probability q' , a call seizing a device in subgroup i 
will have holairtg time distribution Si,j(t}. Then, the 
holding times of calls seizing devices ~n subgroup i will 
have the "over-all" distribution. 

S; (t) = Eq , ,S , , (t) 
... j ~,J ~,J 

Let hi,j and hi be the mean values of Si,j and Si(t} 

respectively. Then of course 

(21) 

(22) 

Now let {ki,j}j be the sequence k i ,l , .. ,ki,j'··' where ki,j 

is the number of devices in subgroup i being busy with 
calls of holding times with distribution function Si,j(t}." 
The number of busy devices in subgroup i is therefore 

(23) 

Further, introduce the multinomial coefficient 

(24) 
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The stationary state distribution for the number of calls 
of the various holding time categories, then will be 
according to Sec. 2.2. 

with Pk1 , •• ,k
g 

and po, .• ,o given by (6) and (7) 

respectively. 

k-l 

TI Am (25) 
m=O 

The parcel of traffic carried by subgroup i and having 
holding time distribution function Si,j(t), has the mean 
value 

(26) 

Now, suppose that we have g subgroups and that calls 
seizing a device in group i have a probability qi for 
failing, in which case they are assumed to have mean 
holding times h i ,2. Calls, which do not fail, have mean 
holding time h. We thus might substitute 

(27) 

(28) 

in the formulas for the stationary state distribution and 
carried traffics deduced above. 

In this case we might define the effective carried traffic 

g 
Teff = , E Ti, 1 (n 1 , •• ,ng ) 

~=l 

and the noneffective carried traffic. 

g 
Tneff = , E Ti ,2(nl, . • ,ng ) 

~=l 

(29) 

(30) 

Various parameters of interest in traffic engineering and 
mai ntenance can be defined in terms of the previous 
results. Below we state a few: 

Equivalent killed traffic 

g h 
Tk ' ll d = E ----Ti 2 

~ e i=lhi,2 ' 
(31) 

is the non-properly served traffic equivalated to properly 
served traffic. 

Effective call loss ratio 

is t he fraction of offered calls not obtaining proper 
service. 

Virtual call loss ratio 

Bvirt 

(32) 

(33) 

is identical with time congestion in the total group, and 
also the call congestion, if no difference between 
properly and non-properly served calls is made. 

Group trouble ratio 

GTR 
Beff - Bvirt 

1 -Bvirt 

(34) 

is defined as the fraction of the carried calls which are 
not properly served. 

Group trouble deviation factor 
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GTDF 
GTR(actual) 

GI'R (normal) 

2.6 STOCHASTIC FAILURE LAW: NUMERICAL EXAMPLES 

(35) 

The influence of killer devices is shown for three cases 
of low loss groups. We assume that three full availability 
groups of 10, 50 and 100 devices respectively, have been 
dimensioned for a loss of 1%, under fault-free condition. 
Under normal condition, faults forcing early releases, are 
assumed to occur with a probability of ql=5% for each call 
and device independently. Such calls are assumed to have 
a mean holding time of 10% relative to normally carried 
calls. We will now see what happens if fault occurs in 
some of the devices or in connected equipment, increasing 
the failure probability in a subgroup of n2 devices to q2' 

The numerical values of the previously defined parameters 
can be found in the tables of Appendix 2. 

Further, the effective call loss ratio as a function of 
the three total group sizes has been plotted in Figure 3. 

The almost linear relationship between effective call loss 
ratio and the number of faulty devices n2' for small n2' 
can be explained, by nothing that the traffic load per 
killer device is lower, and the number of carried calls 
higher than for devices in order. Thus, when a device 
turns to be a "killer" then the additional number of calls 
it will carry, are mainly calls which otherwise would have 
been carried by devices in order. When the number of 
killer devices becomes somewhat larger, the per device 
load differences will decrease, and many calls carried by 
the additional killer device would otherwise have been 
carried by other killer devices. 

2.7 STOCHASTIC FAILURE LAW: APPROXIMATE THEORY. POISSON 
INPUT 

Under the same assumptions as in Sec. 2.5, let ~i be the 
mean seizure rate in subgroup i. Then we will assume that 
these rates are proportional to the mean number of free 
devices in the groups, i.e. 

(36) 

where ~ is independent of i. 

This relation is not quite exact. In fact if hi>h j then 

< 

We also have the following exact relation. 

g 
~ ~i = A(l - Bvirt) 

i=l 

If we, however, put Bvirt=O, which should be a good 
approximation in case of low loss groups, we obtain 

g n· 
As O~~ ihi ~ni we have to assume that A ~. E h~ 

1.=1 1. 
Note that this is not a serious restriction in a group 
with killer devices having rather short holding times. 

g ni 
Approximate values for ~i can, in case A $i~l Ki' 
be found by 

(37) 

(38) 

(39) 

ni t,; 
4J . ::: -- (40) 

1. l+hi /;; 

where E,; is the unique non-negative real solution of the 
equation 

(41) 

which is an algebraic equation of degree g. 

~. 
The method, for hi > hj will over-estimate ~and in the 

j 
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case of a low loss group, ~. will be slightly under
estimated, if hj is small c6mpared with the other holding 
times. 

If in particular g=2 and 

(nl+n2-A(hl+h2»2+4A(nlh2+n2hl-Ahlh2») ~-nl-n2+A(hl+h2) 
2 (nlh2+n2hl-Ahlh2) 

(42) 

nl+n2+A(h1-h2 )-( (nl+n2-A(hl-h2»2+4n2A(hl-h2») ~ 
~l= --------------.---------------------------

2(h1-h2 ) 
(43) 

(44) 

For the previously defined traffic parameters we obtain 
the following expressions 

T i (n 1 ' •• , ng) .. ~ihi (45) 

g 

Teff h E 
i=l 

(l-qi)~i (46) 

Bvirt 0 (47) 

1 g 
GTR ::: Beff '" )., E %~i (48) 

i=l 

The relative errors in the previously defined traffic 
parameters are smaller than 10% in all investigated cases. 

3. EXTENSIONS OF THE BASIC MODEL 

In the following, we will study a link system with faulty 
trunks. The influence of such faults in a network with 
alternate routing will also be discussed, and comments 
will be made on the possibility of removing the random 
hunting conditions from the above models. 

3.1 LINK SYSTEMS WITH FAULTY TRUNKS 

Let us consider the simple case of a two stage link system 
with m and n matrices in the A- and B-stage respectively. 
Between each A- and each B-matrix there is exactly one 
link. A route with n trunks is connected to the outlets 
of the B-stage with one trunk to each matrix. The route 
is composed of g subgroups, subgroup i having ni devices. 
For each seizure in subgroup i, there is a probability qi 
that the corresponding device will be in a fault condition. 
The probabilities qi are further assumed to be independent 
of the state of the system. 

Let B be the probability for an arr1.v1.ng call to be 
blocked. Under the independence assumption the Jacobeaus 
method gives 

where Pk1, .• ,k
g 

is the state probability of having k i 
occupied trunks (either properly 

(49) 

serving of not) among the ni in subgroup i. 

B(kl, .. ,kg)is the probability that the call will be 
blocked if encountering state (k1, .. ,k

g
). 

Let us call F(k1, .. ,kg ) the probability to seize a free, 
but faulty device, P(t) the probability to have t occupied 
A/B links and H(k1, .. ,kg ) the probability of mismatch of 
free links and trunks. 

Then we have 

B(kl,·· ,kg) F(k1 , .. ,kg)+(l-F(k1 , •. ,kg) )H(k 1 , .. ,kg) (50) 

with 

F(k 1 , •. ,kg) 
i (ni-ki)qi 

i=l n-k 
(51) 
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(52) 

In the last formula equal link loads have been assumed. 
This might prove justified in multi route cases. 

In the case of unbalanced link loads, homogeneous group
ings of links have to be considered, when deducing 

H(k1,···kg ) . 

Extension of the theory to incomplete two-stage link 
systems and to three or more stages can be made along the 
same lines as indicated above. 

3.2 EFFECTS OF THE HUNTING MODE 

When studying a full availability group working on loss 
basis, with arrivals according to a birth process and 
equally distributed holding times for all the calls, 
independent of the seized device, the stationary state 
probabilities (and the corresponding marginal traffic 
parameters) are independent of the hunting mode. 

But when the mean holding times vary, depending on the 
seized devices, this no longer holds, because the hunting 
mode and the position of the devices will influence the 
properly and non-properly carried traffic. 

Let us illustrate this fact by means of two different 
simple cases. 

Consider a full availability group composed of two types 
of devices, n 1 non-faulty and n 2 killer devices. Let us 
further assume sequential hunting and let us consider 
first the case when the nl non-faulty devices are situated 
next to the home position, then the case when the non
faulty devices are situated after the killer ones. 

Let us restrict ourselves to the case of negative 
exponentially distributed holding times with mean values 
hI and h 2 respectively (hl >h 2 ) and Poissonian input . 

One can derive (see Ref. 11 eq. 1,2,3,4,38,28), some 
recursive formulas to obtain the stationary state 
probabilities Pkl,k2 (1st. case) and Pk 2 ,kl (2nd. case), 

properly and non-properly carried traffic (traffic carried 
by the nl and n 2 devices respectively) and the overflow 
traffic from the second subgroup. In general, the closer 
the killer devices are to the home position, the more 
calls they will carry, increasing the non-properly carried 
traffic and reducing time congestion and overflow traffic. 

When studying a real system, the devices (normal or killer) 
in the route, will not be so ideally distributed as 
assumed above and, at the moment, no general results for 
cases other than n 2=1 seems to have been published. Only 
the more general method described in Ref. 8 seems to be 
promising when studying an arbitrary partitioning of the 
route. 

3.3 OVERFLOW TRAFFIC FROM FAULTY GROUPS 

Let us return to the case of random hunting and study the 
overflow problem in a full availability loss system with 
Poisson input and suffering from per call variations of 
holding time distributions, which are all assumed to be of 
negative exponential types. 

Let a route be composed of n devices, divided into g sub
groups of ni devices respectively, with mean holding time 
hi for calls seizing devices in the subgroup i. When all 
devices are busy, calls overflow to a secondary group of 
m (homogeneous) devices. See figure 1. 

Poisson input 

(rate A) 

Mean holding times 

__ 0 .~~ .• ,0 •... 0.~'1 •. 0 -0 .. ~ .. O 

h 

Figure 1. Overflow model. 

An exact solution of the overflow problem will not be 
presented here. An approximate method which might serve 
for engineering purposes, is to substitute the real group 
of n devices by an "equivalent group" of n homogeneous 
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devices with negative exponentially distributed holding 
times with mean value he' the same as the calls carried 
by the real group of n devices. 
We have 

and hence 

nihi 
g --n-- Dg(n1,···,ni-l, .•. ,ng ) 
L 

i=l Dg(n, ... ,ng) _ ~ fi (Ah.)ni 
n!i=l 1. 

The equivalent system becomes 
n m 

Poisson input 
(rate A) 

mean holding times 

--+- 0 .••.••• 0 - 0 ••••••• 0 

h 

Figure 2. Equivalent overflow model. 

(53) 

(54) 

The solution of this problem, as already mentioned in Sec. 
3.2 is given in Ref. 11. 

In an alternate routing network, killer trunks in primary 
routes might drastically reduce the effect of alternative 
routes. As we have seen for a full availability group, 
the presence of killer devices will decrease the virtual 
call loss ratio Bvirt which is the proportion of overflow 
traffic from the group. On the other hand, the effective 
call loss ratio Beff will increase. Thus, assuming that 
alternate routing is performed on totally busy primary 
routes, the call loss ratio B must fulfill 

B > Beff - Bvirt (55) 

The numerical examples of Section 2.6 indicate that B 
might reach values which indicate a serious service 
deterioration. Repeated call attempts might then, in 
critical cases, decrease seriously the traffic performance 
for parts of the telephone network. This is one of the 
most important points to be investigated in order to 
improve the practical application of the model. 

4. STATISTICAL FAULT CHECKING TEST 

Automatic processing of traffic measurement data for 
maintenance or traffic operation purposes requires 
statistical tests to detect anomalies in the data, 
indicating faults in the measured devices or interacting 
equipment. 

Normally, data for the parameters such as number of 
seizures (peg counts), carried traffic (usage) and mean 
holding times are available from traffic measurements 
either directly or after pure arithmetic treatment. We 
will assume that such data has been obtained on a per 
subgroup or individual (device) basis. In the following 
we will restrict ourselves to the case of random hunting 
in the measured groups and assume that failures cause a 
systematic change in holding times. We wish to establish 
a statistical test for the non-faulty hypothesis based on 
the numbers of seizures in subgroups. 

Let the random variables Xi (i=l, ..• ,g) denote the number 

of seizures in each of g equally sized subgroups given 
that the total number of seizures during the measurement 
period is X. Ideally we would like to base our test on 
the knowledge of the true distribution fx(XI, ... ,Xg ) for 
the number of seizures in the various subgroups. For 
simplicity, how~ver, we will assume that for a non-faulty 
group the random variables will have the multinomial 
distribution 

(56) 

This distribution is exact if the holding times are all 
zero. Non-zero times imply a stochastic dependence between 
the random variables which will concentrate Xi closer to 
Xqi than according to the corresponding multinomial 
distribution 
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hX (Xl," . ,Xg ) 

where 

g 
L qi 1 

i=l 

g 
L Xk X 

k=l 

(57) 

(58) 

This suggests that a test based on the distribution ~X 

i.e. with qi = g-l will have a smaller probability of 
rejecting a true hypothesis (i.e. that the total group is 
fault-free) than a test based on the true distribution f x . 
The power of the test, i.e. its capability to reject a 
false hypothesis, will generally depend on the particular 
holding time distributions, and can not be estimated 
without a thorough knowledge of the properties of the true 
distribution f X' This problem, however, will not be 
considered here. 

Then, in the following, assume that we want to test the 
hypothesis that there are no faults in the group, assuming 
that the distribution ~X approximates fX sufficiently, 
which will allow us to· use the Karl Pearson X2 test. This 
test is based on the fact that if Xl, ... ,X g are distribu
ted according to ~X' then the observator 

g (X .-x.g- l ) 2 
Z L ] (59) 

j=l x.g- l 

will be a random variable distributed approximately as X2 

with g-l degrees of freedom. Accordingly, with a 
confidence level E , we should reject the hypothesis that 
the group is functioning properly, if 

g (X. -x.g l ) 2 
IT ] -1 ~ c 

j=l X'g 

where c is the E upper percentage point of the X2 
distribution with g-l degrees of freedom. 

5. CONCLUSIONS 

(60) 

In this paper we have studied analytically the effect of 
stochastic failures producing per call variations of 
holding times in a full availability loss system with 
random hunting. The traffic model and its results will 
have to be confronted with real measurement and mainten
ance data before its validity can be verified and eventual 
refinements initiated. 

A serious restriction of the theory presented, is that it 
does not explicitly take the repeated call phenomenon into 
account. The main reason for this is the difficulty of 
describing the repeated call process explicitly in terms 
of the fault state of the network, from available 
published reports on measurements. 

Finally, we would emphasize the practicability of extending 
the theory to waiting systems and the refinement of 
statistical equipment fault detection methods applicable 
to traffic measurement data. 
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APPENDIX 1. 

ANALYTICAL DEVELOPMENT OF TBE GENERAL BASIC MODEL 

Let us study the steady-state probabilities of the model 
described in Section 2.2. 

We define the probability function 

Pk . k (u 1 1 , .. ., u 1 , kl ; ... ; u g 1"'" u g , kg) 1"", g , , 

= Pr ob {At time t there will be exactly ki busy devices 
in subgroup i (i=l, .•• ,g), the present occupations 
having lasted times no greater than ui,l, ••• ,ui,ki 
respectively.} 

The stochastic process with state space consisting of the 
number of busy devices in each subgroup and their 
momentary occupation times is a Markov process. To each 
holding time distribution assign the function 

1;i (t) = l-Si (t) (61) 

{ 

Sl(t) if Si(t) < 1 

o if Si(t) = 1 

Then, up to the first order of ~ we obtain the following 
equation 

Pk k (ul l+~,··,Ug k +~;t+~)= 1 , .. , g, , g 

g 

·I(nR,-k '/,+1)Pk1, •.• ,kR,-1, ... ,kg (u1,1, ... ,Ug,k
g 

it) 
R.=l . 

(62) 

(t > 0 , 0 < Ui,j< t) 

Boundary conditions will be 

ITea 

• • 

• 

• 

• • 



• • 

• 

• 

• 

• • 

As we will be interested here only in the stationary state 
distribution, we let t -+ ~ and introduce 

Pkl, ••• ,k (Ul,1, •.• ,U9,kg)=lim Pk k (u l 1,··,Ug k it) 9 t-Jo<X> 1 ' .•• , g' , 9 

Then the previous equation system can be turned into 

((1-0 9 ) A 9 
a 

E (ni -ki) E ki 

+ all
l 

1+····+ aU
g 

k )-
, , 9 

i=l i=l 

-Pk k (U1,l,···,U9,k
g

) + 
1 , .•• , 9 

with boundary conditions 

n1-k~. 
-g~-~- A 9 

E (ni -k i ) E k i 
i=l i=l 

Pk k (ul l'···'u k) 
1'···' g' g, 9 

which has the solution 

Pk k (u l l,···,ug k ) 
1 '···' g' , 9 

where 

9 
n = E ni 

i=l 

k-l 
IT A. U 

. -0 J 9 (ki i, j ) 
~ IT IT fo (l-Si(T»dT 

k! i=l j=l 

k 

(64) 

(65) 

(66) 

(67) 

As we will not be interested in the momentary occupation 
times we can let all Ui,j approach infinity and obtain 
the marg i nal distribution, after using the norm condition. 

P 
0, ••• ,0 

0,1, .•. ,ni 

with 

Po, ... ,0 

lTea 

9 k · 
IT (ni)h. ~ 

i=l k i ~ k-l 
IT Aj 

(~) k! j=O 

i 1, ... ,g) 

(68) 

(69) 

APPENDIX 2. NUMERICAL EXAMPLES (See Sec. 2.6) 

Ah 4.4 erl. n = 10 .009254 

h 1 

n 2 

Tl 

T2 

Teff 
Tneff 

Tki11ed 

Bvirt 

Beff 

GTR 

GTDF 

hl= .1 

1 

1 

3.5315 

.0697 

3.5130 

.0882 

.8818 

.0012 

.2016 

.2006 

4.0127 

ql 

1 

2 

2.9924 

.1266 

2.9767 

.1422 

1.4224 

.0002 

.3235 

.3233 

6.4668 

.05 

.5 

1 

3.6745 

.2918 

3.9205 

.0458 

.4576 

.0050 

.1090 

.1045 

2.0905 

.5 

2 

3.2006 

.5684 

3.7005 

.0684 

.6843 

.0035 

.1590 

.1561 

3.1212 

Ah 

h 

38 erl. n = 50 El, 50 (38) .009254 

n2 

Tl 

T2 

Teff 

Tneff 

1 

Tki11ed 

1 

1 

hl= .1 

1 

2 

1 

5 

ql .05 

.5 

1 

.5 

2 

.5 

5 

34.1983 32.5647 28.6632 35.0869 34.1009 31.2507 

.2129 .3884 .7986 .5980 1.1823 2.8588 

34.0192 32.3942 28.5131 35.4468 34.9972 33.6860 

.3919 .5589 .9487 . 2381 .2860 .4235 

3.9194 5.5887 9.4866 2.3806 2.8602 4.2351 

Bvirt .0016 .0005 <10-4 .0045 . 0038 .0021 

Beff .1048 .1475. .2497 .0672 .0790 .1135 

GTR .1033 .1471 .2496 . 06 29 .0756 .1117 

GTDF 2.0662 2.9428 4.9930 1. 2587 1.5110 2. 2 336 

Ah 84 erl. n = lOa El ,1 00 (84) .009873 

h 1 hl= .1 ql = .05 

1 

1 

1 

2 

1 

5 

. 5 

1 

. 5 

2 

.5 

5 

Tl 77.2597 74.9317 68.9812 78.7049 77.5474 74.1447 

T2 .2966 .5490 1.1767 .6987 1.3879 3.4005 

Teff 

Tneff 

76.8552 74.5394 68.6200 78.9280 78.4031 76.8479 

.7011 .9414 1. 5378 .4756 .5322 .6973 

Tki11ed 

Bvirt 

7.0106 9.4136 15.3784 4.7558 5.3218 6.9733 

Beff 

GTR 

.0016 

.0851 

.0836 

.0006 

.1126 

.1121 

.1831 

.1831 

.0038 

.0604 

.0568 

.0033 

.0666 

.0636 

.0021 

.0851 

.0832 

GTDF 1.6719 2.2426 3.6616 1.1366 1.2712 1.6638 

8.ff~----~----~------~-----T------~----~ 
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/ .10 t----+----c,:L+ 
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I 
I 

.25 "---+--1---+ 
./ 
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. Figure 3 Effective call loss ratio as function 
of number of faulty devices. 
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