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Queue Discipline NIFO for a Tree Structured 
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ABSTRACT 

Certain tree structured switching networks can 
be treated as a generalized M/G/1 queue, where 
the service discipline is characterized by the 
term "Nearest In First Out" (NIFO). In this 
queuing system the service times are mutually 
dependent - a fact which aggravates the mathe
matical treatment of the model. 

After discussing in detail the behaviour of the 
NIFO-model several variants of the model are 
developed which differ in their tree structure 
and also in their "secondary" discipline (FIFO 
or LIFO) supplementing the "primary" discipline 
NIFO. The distributions and mean values of the 
delay time, the service time and the number of 
calls in the system are obtained by extensive 
simulation. As a direct application the special 
multiplexor of a data switching system is 
described. 
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1. INTRODUCTION 

Connecting a set of buffered input channels al
ternatively to a single server channel is a main 
function of data switching systems. In various 
cases such an arrangement can be regarded to be 
a single server queue, where the service time is 
identical with the setup time needed to change 
an existing connection. 

This paper deals with such a queuing model being 
characterized mainly by the fact that 

-the serv i ce time as well as 
-the order of service 

depend on the state of the system at the begin
ning of each service. 

A related model has been investigated by Abate 
and Dubner /1/ in an attempt to optimize the 
access time to rotating memories. They obtained 
appr o ximative, analytical results for a queuing 
system with state dependent setup times and the 
discipline "Shortest Setup Time First" (SSTF). A 
similar discipline has been treated by Jazeolla 

/2 / in the case of a multiqueue system. Harris 
/3 / and more recently Meyer /4/ have studied 

queuing systems wi th state dependent service 
rates in case of queue disciplines not affecting 
the service process. 

2. QUEUING MODEL 

2.1 MODIFIED TREE STRUCTURE 

Consider a complete tr e e consisting of branches 
and nodes arranged in H+1 levels. Within each 
level h = l,2, ... H 0 branches originate at any 
node whi c h is the origin of a subtree of class 
h. The nodes of level h = 0 are the endpoints of 
the tree. 

Let now the tree be modified in the sense that 
there are infinitely many "endpoints belonging to 
each subtree of class 1 as shown in fig. 1 

4-----------------

3-------

• 2 

o (WP) 
012 = 012 = 012 = 

Fig. Modified tree for the case 0=3 and H=4 

The n the totality of all endpoints of the tree 
rep r esent the waiting places (WP) of the queu
ing system considered here. 

234-1 



2.2. INPUT PROCESS 

Calls arrive at the system according to a Pois
son process of rate A. Each call is allocated to 
a WP chosen at random among all the infinitely 
many, empty WP of the system. 

2.3. SERVICE PROCESS 

The single server walks along the branches of 
the tree from one occupied WP to another. As 
soon as the server enters an occupied WP the call 
waiting there quits immediately leaving an empty 
WP behind it. For the transition from one WP to 
the next the server needs a finite time which 
represents the service time, T , of the call oc
cupying the next WP. TS is theSsum of K time in
tervals of constant length, T. The discrete ran
dom variable K = 1,2, ... H equals the spatial 
distance between two WP successively attended by 
the server, the distance being defined by the 
number of branches the server passes in descen
ding direction on the shortest transition route 
between the two WP, see fig. 2. It is assumed 
that the server needs no time for moving in as
c~nding direction. 

Empty 

Descending 
Direction 

o 1 2 o 1 2 o 1 2 

Fig. 2 The indicated shortest transition route 
between two occupied WP includes two 
branches to be passed in descending di
rect i on: TS=2 oT 

2.4. CLOCK GOVERNED SERVICE 

The server transitions are clock controlled that 
is each service can only start and stop at epochs 
of a clock with period T. Consequently the wai
ting time T~ of each call can be described as the 
sum of two ~ndependent random variables 

( 1 ) 

TV' which i s the time between the call arrival 
and the next clo c k epoch, is uniformly distribu
t ed in the interval O<'V<T while V= 0,1,2, ••• 
is a discrete random variable. The delay time 
TD(T~TD~~)' the sum of TW and TS' denotes the 
t~me a call spends in the system. For the defini
tion of TV' TW' TS' and TD see fig. 3. 

Time 

Axis 

Call 
Arrival 
Epoch 

Call 
Start 
Epoch 

Call 
Departure 
Epoch 

T D------... 

Fig. 3 Definition of the random variables TV' 
TW' TS' and TD 
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For queues with related server behaviour we re
fer to Langenbach-Belz /5/ • 

2.5. GATE EFFECT 

The selection of the call to be served next a
mong the present calls is carried out at the be
ginning of each service. Calls which arrive du
ring a service have no in~luence on the current 
server transition. This behaviour equals that of 
a queuing system where the arriving calls must 
pass a gate before becoming eligible for service. 
Calls which find the gate closed (during each 
service) wait outside until - at the beginning 
of each new service - the gate opens permitting 
the calls outside to occupy their WP. Systems 
like this lead to a greater justice of service 
as shown by Coleman /6/. However this effect be
comes negligable if the gate time is small com
pared to the mean waiting time of a call. 

2.6. SERVICE DISCIPLINE 

The chosen service discipline is "Nearest In, 
First Out" (NIFO): That call is selected next 
the WP of which is the closest to that the ser
ver has just left. As a consequence the server 
cannot leave each subtree before it is complete
ly empty. In ambiguous conditions (two o r more 
occupied WP equidistant from the server position) 
a s e condary discipline 

-First In, First Out (FIFO) 
or 

-Last In, First Out (LIFO) 

replaces the primary discipline NIFO. During an 
idl e period the server remains at the position 
of the WP attended last. 

3. QUEUE DISCIPLINE NIFO 

3.1. SELF-REGULATING BEHAVIOUR 

Some remarkable features in the system behavi
our arise when the discipline NIFO is introduced. 
An important one is that NIFO permits the system 
to b ecome self-regulating: with increas i ng mean 
num b er of present calls the average distance 
between two calls subsequently served during a 
bus y period that is the average service time de
cre a ses. Thus the server adapts its service rate 
~ , t o the input rate A within th e range 

T 
(2 ) 

As a direct consequence two subsequent service 
tim e s as well as the waiting time and the ser
vic e time of a call are no longer independent 
ran d om variables. 

3.2. SECONDARY DISCIPLINES 

Besides NIFO also the secondary disciplines FIFO 
and LIFO affect the rate of the service process: 
The server can only leave a subtr e e of a given 
class h= 1,2, •.. H-1 if the subtree is empty.This 
is a direct consequence of NIFO.A necessary con
dit i on for the server to re-enter this subtree 
is t hat there is at least one new call waiting. 
Supposing this among the 0 subtrees of class h-1 
whi c h belong to this subtree the server selects 
tha t one whic'h contains the call having arrived 
fir s t (FIFO) resp. last (LIFO). In both cases 
the probability of being the first selected is 
the same for each of the D subtrees and thus at 
thi s point there is no difference between FIFO 
and LIFO. 

Now consider the situation just after the server 
has attended n<D of the D subtrees for the first 
tim e :Due to the fact that the input rate of each 
sub t ree is the same the average number of calls 
of t he remaining D-n subtrees must be large 
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compared to that of the subtrees already attended. 
Thus it is highly probable that one of the non 
served subtrees contains the eldest call. Conse
quently in the case of NIFO/FIFO the subtrees 
with a large average number of calls that is to 
say with a small average distance between the 
calls are preferred by the server and thus the 
average service time per call is low. On the 
contrary the probability that one of the non
empty subtrees of class h-1 contains the call 
which has arrived last is the same regardless 
of the number of calls in each of these 
subtrees before its arrival. So in the case of 
NIFO/LIFO the needed average service time per 
call must increase. 

Thus, in statistical equilibrium, given a con
stant input rate A (and consequently the same 
output rate) the discipline NIFO/LIFO leads to a 
greater average number of calls in the queuing 
system compared to discipline NIFO/FIFO. 

3.3 INFLUENCE OF THE TREE PARAMETERS. 

Two related tree structures are compared to show 
the influence of different tree parameters, see 
fig. 4. 

6 

o I 2 3 It 
\. I 

+ 
)./8 )./8 

Fig. 4: Two related, modified trees 

The tree parameters are D
1

,H 1 resp. 
following equation shall hold: 

(3 ) 

Consider now a server transition governed by the 
discipline NIFO together with a secondary disci
pline. NIFO determines the highest level the 
server passes during the transition while the 
secondary discipline selects one of the possible 
routes back to the level 0 that is to the WP of 
the call chosen next. 

Tree 1 possesses only H1 = 2 levels which are 
different from the level 0 but there are D1 = 8 
branches leading back from each level h to the 
level h-1. Consequently the influence of the 
secondary discipline is strong. In the case 
of tree 2 there are H2 = 6 levels different 
from level 0 but only D = 2 branches leading 
back to the lower next fevel. Thus the secondary 
discipline has a small influence and because of 
the binary structure of tree 2 the smallest 
possible one . 

In the special case of a binary tree each sub
tree of class h-l belonging to a given subtree 
of class h >1 has only one neighbour subtree. At 
the instant the server enters the subtree of 
class h it selects the subtree of class h-1 to 
be served first according to the secondary 
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disciplines FIFO or LIFO. In the present binary 
case after this selection the sequence of ser
ving the two subtrees of class h-1 is com
pletely determined by the primary discipline 
NIFO. Due to the Poisson input process it can be 
proved that in both cases, FIFO or LIFO, the num
ber of calls in the chosen subtree of class h-l 
must have the same conditional distribution. The 
time needed to empty the subtree of class h must 
therefore be independent of the choice of FIFO 
or LIFO. Consequently in statistical equilibrium 
the distributions of the service time' as well 
as those of the number of calls 8 in th~ system 
are the same in both cases. Because of the gene
ral relation 

(4) 

the mean delay times are the same,too. The delay 
time distributions are not identical but their 
difference is small because in the present case 
of a binary tree the primary discipline NIFO is 
rarely supplemented by the secondary disciplines 
FIFO or LIFO. 

3.4 LIMITING BEHAVIOUR 

As the service rate ~ depends on the input rate 
A it is convenient to define the utilisation 
factor p as follows: 

p = AT (5 ) 

In the limiting case p~o no call meets another 
call in the system and thus the queue discipline 
NIFO/FIFO degenerates to FIFO. Consequently the 
service times of calls successively served 
become independent random variables with the 
same complementary distribution function. 

Prob{, >nT} = I_D-(H-n) 
S 

n=1,2, ... H ( 6) 

The delay time"o,of each call is now the sum of 
'V a nd 'S' see flg. 3, which are independent of 
each other. So its mean E{, } resp. variance 
var { 'D} are D 

[ 
-(H-1)~ 

E{'D} = T -2
1 + H _1~-~D~~ __ 

- (D-1) (7 ) 

2[1 D-(D-1) (2H_1)D-(H-1)_D-2(H-1~ 
Varh }=T - + (8) 

D 12 (D_1)2 

In the limiting case p~1 the service process 
bec o mes identical with the output process. Now 
adapting the output rate to the input rate leads 
to 

T lim prob{,s>T} 
p-+1 

Thus the average number of calls in 
increases to infinity. 

4. SIMULATION RESULTS 

4.1 SIMULATED VARIANTS OF THE MODEL 

o (9 ) 

the system 

The numerical results presented here have been 
obtained by means of extensive simulations 
(SIMULA on CDC 6400). They represent the fate 
of 100,000 up to 300,000 calls while passing the 
queuing system. The 95% confidence intervals 
associated to each result have been evaluated 
according to the usual t-test.The system has 
been considered just after the completion of 
each service. All the distribution functions are 
given in their complementary form. Instead of 
the variance of the delay time" , the coeffi-
cient of variation D 

(10) 

is specified. 
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Two variants of the queuing model have been in
vestigated which differ mainly in their tree 
structures being closely related to those shown 
in fig. 4. 

S t r u c tu r e 2: D = D 2 = 2, H = H 2 = 9, T = T 2' P= P 2 (1 2 ) 

The tree parameters of both variants satisfy 
equation (3). Additionally we suppose 

( 13) 

in order to get suitable conditions for a compa
rison of the two variants. 

3 

t ".. 
- --- - -t ..... '+: \iSTRucrURE 

',.\ 
'+. 

~--------~\\ ----------------~ 

1 ,EQ. (11 ) 

STRucrURE ' ,EQ. 02) \ 

+ 

2 

~ WORST CASE 
95'1. CONFIDENCE 
INTE RVAL 

1 
o 0.5 3 P 2--" 1.0 

Fig. 5 Mean service time 

as 

STRUCTURE 1 
EQ. (11) 

OL----=.-.....;......I..---...... ---.... --..... o 2 n ~ 3 

Fig. 6 Structure 1, Eq.(11) 
distribution 
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service time 

4.2 INTERPRETATION OF THE RESULTS 

Because of the service discipline NIFO the ser
vice time, TS' is affected by the utilization 
factor,p . As stated in section 3.1 this fact 
causes the self-regulating capability of the 
syste~. Fig. 5 shows the mean service time as a 
function of Pt = 3P 2 for P 1 > 0.5 the differ
ence between 1nput rate, A, and service rate, 
~= l/E{T

S
}' vanishes and thus the idle periods 

of the system tend to zero. In f i g. 5 the indi
cated part of the pt-axis does not i nclude the 
values P 2 > 1/3. The influence of P 1 on the ser
vice time distribution is shown in fig. 6 and 
fig. 7 for structure 1,Eq. (11) and structure 2, 
Eq. (12) respectively. In the case of structure 2 
the secondary disciplines FIFO or LIFO cause the 
same service time distribution,as stated in 
section 3.3. So only the distribution occurring 
in the case of NIFO/LIFO is indicated. 

Due to the nonlinear dependency between the mean 
number of calls and the serv i ce rate being 
quite different from that of usu al queuing 
models with self-regulating capability (e.g. 
multi-server queues) a c o mp ar is on of the NIFO
model with such a queuing model will be diffi
cult if not impossible. Therefore the two vari
ants of the model are compared mutually with 
respect to the secondary disciplines. 

According to Eq. (13) the max i mum values of the 
service time, TS' are identical in both struc
tures. The minimum value of TS in case of struc
ture 2, Eq. (12), is three times smaller than 
that of structure 1, Eq. (11). Thus in order to 
achieve the same output rate the average dis
tance between the calls in structure 2 can be 
larger than that of structure 1. The consequence 
is a smaller average number of calls, E{B}, in 
structure 2 and a corresponding influence on the 
distributions of Band TD, f ig. 10 resp. fig.ll. 
With given E{T D}, see fig.13, E{B} , can be ob
tained by aid of Eq. (4) . 

Fig. 10 shows the distribution of B occurring 
in the case of structure 2 with the service dis
cipline NIFO/LIFO. It must be identical to that 
in case of NIFO/FIFO as shown in section 3.3. 
This fact has been confirmed by the simulation 
results which show a very high degree of accor
dance. The analog result has been found when 
comparing the service time distributions, fig.7, 
as well as the mean values o f TD, fig.13, which 
must also be identical in case of structure 2. 
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Fig . 8 Structure 1, Eq. (11): d stribution of 
the number of calls, e, ust after the 
completion of each serv ce 

1 

t 
.--. 
+J 
1\ 

Cl 
I-' 

.0 
o 
I-< 
0. 

STRUCTURE 1, 
EQ. ( 11) 

NIFO/FIFO 
NIFO/LIFO 

10-3 L-J~..u....u..L---'-..i---j~"'-'-........ -~---'" 

3 10' ,tiT --. 102 3'10
2 

Fig. 9 Structure 1, Eq. (11): delay time 
distribution 
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Fig. 10 Structure 2, Eq. (12): d stribution of 
the number of calls, e, ust after the 
completion of each serv ce 
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Fig. 11 Structure 2,Eq. (12): delay time 
distribution 
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\ 
\ 

-- NIFO / FIFO , 
--- NIFO / LIFO , 

• 

Fig. 12 Comparison of the delay time distri
butions for structure 1 resp.2 and that 
of the M/D/1-queue with random service 
under the assumption that in all cases 
E{f3} '" 20 

In order to illustrate the nature of the selec
tion mode caused by the service discipline NIFO 
the delay time distributions in the cases of 
structure 1 and structure 2 are shown in f~g.12 
together with that obtained by Burke /7/ for the 
M/D/l-queue with random service. In all the in
dicated cases the mean delay times as well as 
the average number of calls and the mean service 
times in the corresponding queuing systems are 
o£ fairly comparable size. 

EhD/Tl } E{S} E{TS} ATl 

Structure 1 . 
NIFO/FIFO 35 17.5 2 0.5 
NIFO/LIFO 41.5 20.7 2 0.5 

Structure 2 
NIFO 33.4 19.9 1. 67 0.6 

M/D/l RANDOM 40 20 2 0.975/2 

It should be noted that the relations between 
the four distributions of the NIFO-model and 
that of the M/D/l-queue must be attached only 
to these special conditions and cannot be gene
ralized because the behaviour of the two models 
can absolutely not be compared in general. 

For better c omparison of the four delay time 
distributions of the NIFO- model the means, 
E{T }, and coefficients of variation, see Eq.l0, 
areDgiven in fig.13 as a function of P l . As in 
fig.5 the indicated part of the P 1-axis does not 
include the values of P2 >1/3. 
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Fig. 13 Mean and coefficient of variation of 
the delay time 

5. APPLICATION 

The queuing model considered here can be applied 
to the situation ~rising in the time multiplex 
switching unit of a data switching system. In its 
simplest application this switching unit works 
serially by bit: a multiplexor concen~rates the 
anisochronous signals of N (e.g. N=10 ) incoming 
lines ( ~ waiting places, WP, in our model). 
Polarity reversals ( ~ calls) appear on each of 
the active lines and are stored in a 1 bit-buf
fer. Each polarity reversal causes a single 
scanner ( ~ server) to identify its line that is 
to perform a binary coding of the line number. 
This line number is used now by the system to 
determine the previously stored number of the 
corresponding outgoing line. The polarity rever
sal is now transmitted through a common channel 
to a demultiplexor directing it to the outgoing 
line. Fror more detailed information about a spe
cial intrasyste~ transmission mode we refer to 
Kammerl /8/. Schaffer /9/ has discussed various 
switching techniques based on the time multiplex 
principle in connexion with such a switching 
system. 

As the scanner can handle only one polarity re
versal at a time, a situation where several pola
rity reversals arrive nearly at the same instant 
causes stochastic waiting times. Now the scanner 
identifying one of the lines with a polarity re
versal has to perform also a selection of this 
line which is carried out in several steps. Each 
selection step of constant time ( ~ T) is repre
sented by the activation of one switch only in 
the multiplexor tree, see fig. 14. The number 
of selection steps depends on the line numbers 
of two lines successively selected. For example 
let just line 110 be selected by the scanner as 
shown in fig. 14. In order to select now line 
001 the scanner needs three selection steps. Se
lecting line 111, however, requires only one se
lec t ion step. As the polarity reversals occur 
stoc hastically on the lines, the lines to be se
lec t ed are distributed at random among all lines 
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1 {Binary 
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, Number 

Fig. 14 Switching principle of the scanner in 
case of 8 lines 

and thus the number of needed selection steps is 
a random variable. The scanner is organized to 
prefer among several possible lines always that 
line which requires the smallest number of se
lection steps. This is the principle of the NIFO 
discipline. Obviously in ambiguous situations 
the scanner must select according to a "secon
dary" discipline like FIFO or LIFO, see section 
2.6. 

The time needed to transmit each polarity rever
sal after selection through the system to the 
corresponding outgoing line is constant. Thus 
the stochastic nature of the delay between arri
val and departure of each polarity reversal de
pends only of the stochastic waiting time and 
selection time ( ~ service time) within the 
multiplexor . 

This stochastic property of the intra system 
delay of each polarity reversal causes distor
tion of the transmitted data signal. In order to 
keep this delay sufficiently small the average 
scanning speed of the switching system must be 
high compared to the transmission speed of the 
data lines. Thus only uncorrelated polarity re
versals coming from many independent sources are 
present in the system at the same time. This 
fact is a main condition for approaching the in
put process by an independent Poisson process 
and thus for the necessity to replace a group of 
e.g. 8 lines (in case of an octal structured 
multiplexor) by a queue of infinite length in 
the model ( ~ modified tree, see section 2.1). 
The assumption that the polarity reversals ar
rive at each of these groups with the same pro
bability is the worst case condition beause in 
this case the average number of coding steps per 
polarity reversal has its maximum. The choice of 
the secondary disciplines FIFO and LIFO in our 
model may be regarded to be an attempt to cover 
the range of influence of possible secondary 
disciplines treating all waiting polarity re
versals in the same manner. 

6. CONCLUSION 

A tree structured single server queuing system 
with the unusual service discipline NIFO is pre
sented with respect to an application in a data 
switching system . The model behaviour is dis
cussed. Quantita t ive r esults are obtained by 
simulation . 

Further investigations are directed towards the 
exact or at least approximate calculation of the 
mean and distribution of the number of calls in 
the system and of the delay time of each call in 
case of a binary tree structure. The difficul
ties in the mathematical treatment arising when 
state-dependent service times occur can be par
tial reduced here by interpreting the queuing 
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model as a nested mUltiqueue system with setup 
times and describing the state of the system 
from the viewpoint of the server. 
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