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ABSTRACT 

This paper contains a description and analysis of a particular flow control rule on the entry-to-exit 
level. The method is implemented by use of the well-known window mechanism. The limited re
sources of the network considered here are taken into account by the model under study. The ana
lysis leads to some rules for the optimization of the parameters as a function of the main perfor
mance values, e.g. the average delay and the throughput in the virtual channel. 

1. INTRODUCTION 

A computer network may be thought of as a distribu
ted pool of productive resources (channels, buffers, 
switching processors, etc.) of which the capacity must 
be shared dynamically. To optimize this sharing of re
sources, the applicatIon of several rules is necessary. 
One of these rules is the flow control rule at the 
entry-ta-exit (ETE) level [1]. The objective of the 
ETE flow control is the reliable transport of single
and multipacket messages from the network entry to 
the network exit node. The so-called window mecha
nism is generally used for this purpose. The domina
ting items in the window mechanism are the window 
size and the length of the timeout interval. The opti
mum choice of these parameters form a problem 
which is unsolved yet. 

Some analyses of the ETE flow control have been 
made by Yu and Majithia [2], by Penotti and 
Schwartz [3] for M/M/l/IO Systems and also by 
Reiser [4] for nodes of type M/M/l/m. Hsiao and 
Lazar [5] try to use game theory for determining the 
optimum wtndow size. Many simplifications in [2, 3] 
or large overall calculation efforts [4, 5], however, 
make the results not so suitable to be used in practi
cal applications. For this reason the analysis of the 
window mechanism is continued in this paper with 
more realistic assumptions, pointing out a rule easy 
to use for practical appJications. 

First the model under study wiJI be described in de
tail in chapter 2.1, followed by the rerformance ana
lysis of ETE flow control in a virtua channel, compri
sing of nodes of type M/M/I/IO and M/M/1/m. Sec
tion 2.2 contains analytIcal results for the M/M/l/ID 

type and chapter 2.3 presents analytical and simula
tive results for the M(M/l/m type. A summary in 
chapter 3 gives a fina survey over the obtained re-
sults and the new rule found. . 

2. MODEL UNDER STUDY 

2.1. General assumptions 

In this paper a virtual channel (VC) (see figure 1) in 
a packet switching network is considered which is 
consisting of W nodes. The packets under observa
tion either use the whole channel from node w1 to 
node wH + 1 or enter the channel as background traffic 
in node wl' leaving the channel again in node wl-i; l' 
i = 1,2, ... ,H. The number of packets currently. on tne 
way between source w1 and sink node wH+1 (first and 
last node of the VC) IS regulated by the well known 
window mechanism (ETE flow control). 

The input traffic of the VC is assumed to be genera
ted by locally attached sources at a rate of ).1 
packets/so Transit packets arrive from adjacent nodes 
at a rate of ).t packets/so Both traffics are thought to 
be of Poisson characteristic. The packet length in 
both classes of traffic is negative-exponential distribu
ted with an avera~e value of l/v bits/packet. All 
channels are workmg at a data rate of C bit/so In 
terms of packets per time unit we obtain a speed of 
J,l= l/vC packets/so The dispatcher in each node is of 
infinite speed, thus needin~ no time to transfer an 
arriving packet to the specified outgoing way. 

In the following considerations two different cases 
are investigated: 

a) nodes with unlimited buffer size and 
b) nodes with limited buffer size. 

In both cases an optimum window size F 0 t will be 
evaluated. This variable is meant to be the ~mber of 
packets in the channel, fOT which the so called power 
(the quotient of the throughput and the average de
lay) reaches its maximal value. 
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202. Nodes or type M/M/l/G 

In this case a model of a virtual channel as shown in 
figure 1 is assumed. In this model H describes the 
number of hors and correspondingly H + 1 represents 
the number 0 nodes in the virtual channel. 

Figure 1: Model of a virtual channel with nodes of 
type M/M/1/G 

Under the assumptions mentioned in chapter 2.1 the 
response time (waiting time + service time) in each 
hop can be calculated as follows [6] 

1 
tp'l) = (1) 

#' - ).1 - ).1 

where 

).1 - rate of local traffic, 
).1 - rate of background traffic. 

In the following sections the traffic is assumed to be 

).1 = >-. = const. i=l, ... ,H. (2) 

Using the relations (1) and (2) the average delay in 
the VC can be determined as 

H 

T G().I) = .r tl().I) = 
."' 1 

H 
(3) 

Furthermore, a new performance value, the so-called 
power P which is defined as power = throughput per 
delay, is introduced f7]. Its value is used as a cri tenon 
of quality of the flow control rule analyzed here. 
First, the power P is expressed as a function of the 
window size F which in turn is assumed to be equal to 
the expected average number of packets EK m the 
channel. The parameter K(t) represents thenumber 
of packets actually transported in the whole virtual 
channel at a distinct moment in time. Due to Little's 
theorem the formula 

(4) 

holds true. By using (4) in (3) the following expres
sion is obtained: 

F= 
#' - ).1 - >-. 

Ressolving this equation for ~I yields 

F 
).I(F) = (H + F) (I-' - ).,) , 

T (F) = H + F 
G 1'->-. 

(5) 

(6) 

(7) 

and therefore 

P(F) = F(#' - ).t)2 (8) 
(H + F)2 

The function P(F) reaches its maximum value if 

dP(F) = 0 
dF . (9) 

The solution for this equation gives the optimum 
value for F opt as 

(10) 

It is obvious that the optimum window size F opt in a 
VC is equal to the number of used links between 
source and sink and therefore equal to the number H 
of transit nodes in the virtual channel. 

Of course the number of transit nodes in a network is 
not only depending on the considered pai( of source 
and sink nodes but also on the used routing rule in 
the network. If the routing tables are known, it is pos
sible to determine the average number E!J of tran.sit 
nodes in the network [8]. In general Ell IS not an 10-
teger value, so Hw = int (EtJ + 1 ~ should .be .used as a 
base for the decislOn, where the mdex w 10dlcates the 
relation of this parameter to the numoer w of nodes 
in the virtual channel under consideration. Adapted 
in this manner a description of the optimum window 
size as a function of the obtained average number of 
transit nodes seems to be of practical importance .. 

2.3. Nodes of type M/M/l/m 

2.3.1. Model overview 

We assume the same model of the virtual channel as 
(according to figure 1) in chapter 2.1. The nodes, 
however, are equipped with buffers of limited size 
now (as shown in figure 2). 

Figure 2: Model of a node of ope M/M/1/m 

The dispatcher (D) receives traffic of two different 
classes. Considering node Wj class 1 is made up by the 
local traffic plus the transit traffic leaving node wi_1• 
elas.s 2 is formed by t~e transit traffic. enterin~ ~o~e 
wl' 1= 1,2, ... ,H. The dispatcher, work1Og at mf10lte 
speed ("'0)' distin~ishes between the transit traffic of 
node wl_1 which IS routed to the local sink and the 
other packets which are led to the outgoing buffer 
and experience losses with the probability of Bi. lea
ving the buffer, the packets are sent to the node wi+ 1 



by the sender (S) which is operating at the same 
speed as described in chapter 2.1. 

2.3.2. Analytical results 

In contrast to the coqsiderations for M/M/1/11J 
systems the throughput A of the VC is now less than 
the local traffic AI fed into the source node. It can be 
calculated as 

H 

A· = AI ",n (1 - BI) 1-1 
(11) 

where BJ indicates the blocking probability in node 
wl. In thIS model the losses in node wl can be deter
mined by [7] 

(12) 

with 

(13) 

and 

i-I 

AI = AI. n (1 - Bj) p·l 
(14) 

The average delay T G between source node and sink 
node is yielded by 

(15) 

where the delay tl in every node is [7] 

...!l,2 1 - p,m(m + 1 - p,m) . (16) 
tl = JlI" 1 _ P1m+2 

Due to the recurrent structure of these formulas an 
iterative solution for finding the maximum power is 
used instead of an exact solution. 

The general behaviour of the system is shown in 
figure 3. 

. Figure 3 shows the theoretical maximum of power for 
virtual channels with 2 to 8 hops at varying buffer 
sizes in each node. The throughput in the VC is able 
to reach nearly its theoretical maximum because the 
losses in the VC are not taken into account. 
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Figure 3: Trajectories of the maximum power P max at 
p=O.3 

The fundamental characteristics describing the situa
tion are: 

- the power decreases with increasing num
ber of nodes and buffers, 

- the number of packets in the channel has 
a maximum, provided the channel is used 
at a maximum of power. 

The latter statement has to be interpreted as follows. 

If operated at a certain configuration, i.e. the number 
H of hops and the buffer size m in the VC are given, 
a maximum value for the power can be gained, which 
can be found on the trajectories in figure 3. In this 
case, however, the number of packets in the VC de
pends on the parameters mentIoned above. Its value 
will never exceed over H + 1 as the investigations for 
this paper have shown. Therefore, in accordance to 
the results of 2.1 where the window size is chosen 
equal to the number of packets in the VC, an upper 
limit for a window size of practical meaning can be 
given as 

(17) 

The analytical investigations have shown a uniform 
behaviour of the system regardless of the background 
traffic in the vc. 
The behaviour of the system can be gravely changed 
by fixing an upper limit for the losses in the channel 
as shown in figure 4. 
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Figure 4,' Maximum of power for a maximum bloc-
Idngprobability atl% and p=O.3 

This condition restricts the offered maximum local 
traffic and therefore the throughput as well as the 
power of the channel. The throughput can be easily 
Increased by adding buffer size in each node and 
therefore decreasing the losses in the VC for a con
stant AI at the source node. For small values of m the 
average waiting time will not increase significantly so 
that the power increases with the buffer size. Further 
expansion of buffer size will then reduce the power 
because of the influence of the network delay and 
finally the curves of figure 4 meet the ones from 
figure 3. This point is reached when the curves are 
starting to bend backwards, e.g. the power is lessened 
while the number of packets in the VC is lowering, 
too. 

For any value of background load in the nodes a con
stant value of mo t can be found, for which a maxi
mum of power c'gn be obtained. Further investiga
tions have shown a linear dependancy between the 
ba~kground load At and the buffer optimum mopt,G 
which can be calulated as 

mopt,G = mopt + CAt (18) 

The constant C in (18) has been introduced to em
phasize the possible interpretation of this formula. 

The actual buffer size is used for both the local and 
the transit packets. In average this can be thought of 
as a splitting of the whole buffer into two parts, one 
for the local and one for the transit traffic. The 
amount of buffer size reserved exclusively for the 
local traffic should be fixed at mopt while the amount 
used for the background load should be linear adop
ted to the mean value of the transit traffic. 

The value of mo t was determined as 8 in the study. 
In the following ~onsiderations m = mo is assumed. 
Using this value it is possible to obtain~be optimum 
of power while keeping the blocking probability 
below a certain value (see fig.4). 

Selecting the buffer size for the local traffic in the VC 
as mopt = 8 and using a certain limit for the blocking 

probability in respect to practical purposes leads to 
an optimal value of power at a certain load. 

In accordance to the results of chapter 2.1 the maxi
mum value of power in case of a M/M/1/m system 
implies that the number of packets in the VC meets 
the number of transit nodes H. Therefore the optimal 
window size can be calculated again as 

I Fopt = H I (19) 

Because of the existence of losses in a M/M/1/m 
system the assumption of poisson character for the 
traffic in the VC has to be verified by simulation 
which is the topic of the next section. 

The simplicity of the obtained rule makes it powerful 
for practical applications. Furthermore these results 
meet the parameters which are applied in the 
ARPANET from 1972 [6]. The buffer size for packets 
in each node there is chosen as 8 and the window size 
between entry node and exit node is set to 4 while the 
average number of hops in that net can be deter
mined as 3.4 [8]. 

2.3.3. Simulative study 

The model described in chapter 2.3.1 is investigated 
by a simulative study under use of an event to event 
method. The results are introduced in figure 5. The 
confidence intervals are determined for a significance 
probability of 95%. 
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m=11 

8 10 
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Figure 5,' Maximum of power for a maximum 
blocking probability at 1% and p=O.3 wilh . 
confidence intervals. 

As shown by the confidence intervals in figure 5 the 
simulative study determines less values of power than 
the analytical investigations with growing differences 
at a higher number of hops. This behaviour can be 
interpreted as follows. 

The assumption of Poisson traffic in each node shows 
growing discrepancy to reality as we go along the vir
tual channel because of the obtained losses. 
Especially packets with small call distances are con-



cemed by these losses, hence the probability of an 
increasing waiting time grows, in turn giving us a 
reduced value of power. Furthermore a correlation 
between the arrivals in the VC is to be expected. 

3. CONCLUSION 

In this paper a performance analysis of a virtual 
channel has been carried out by means of a new per
formance . value, the so-called power which was de
fined as the quotient of the obtained throughput and 
the system response time. A maximum of this value 
can be obtained if the buffer size reserved for the 
packets using the virtual channel is set to eight. In 
this case an easy to use rule for maximizing the power 
is worked out: 

The maximum of power can be obtained if there is an 
avera~e value of one waiting packet in every node in 
the virtual channel. This means the window size 
should be chosen equal to the number of hops in the 
virtual channel. 

Furthermore it is possible to get an approximation of 
the optimal window size if the exact length of a vir
tual channel is not known while implementing the 
flow-control rule. The maximum window should not 
exceed the longest possible channel in the considered 
network. 

Simulative studies have confirmed the validity of this 
rule in addition to analytical investigations. 

Further studies are planned for research on large 
topologies of different networks for more investiga
tions on the rules for ETE flow control presented 
from this paper. In addition other protocols needed 
for the transmission of packets in a computer net,,: 
work will be taken into account, obtaining further 
improvement of the accuracy of the model of the 
nodes under consideration. 
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