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Abstract 
An analytical model to evaluate performance of a computer network using multi-layered 

protocol is proposed in this paper. The model is based on Mean Value Analysis (MVA) method. 
Each layer of computer network protocol is modeled by a server and a data transmission process 
is modeled by a series of queues each of which processes a protocol control information of each 
layer. The model is applied to analyze various combinations of connection oriented and 
connectionless protocols. Efficiency of transmission is evaluated for various parameters of 
computer network using the proposed model. 

1. Introduction 

Variety of computer networks are constructed 
based upon multi-layered protocols typically represented 
by OSI model by ISO. The computer networks include 
various queues in which data units are stored. 
Information data units as well as supervisory data units 
in each layer are exchanged between nodes in the 
computer network. To evaluate network performance it 
is needed to analyze the interactions among data units in 
the networks. however it is so complex that evaluation of 
large scale networks is not easy. It is also difficult to 
simulate various cases in order to know the general 
tendency of the relation between the value of protocol 
parameters and the performance of the networks Le. 
throughput, response time and other statistics. Therefore 
some Simplified analytical methods to evaluate 
computer networks are needed. In this paper, an 
approximate model based on the queuing network to 
analyze the network constructed on the multi-layered 
protocol is proposed. 

This paper deSCribes a queuing network model to 
analyze data communication network based on queuing 
network model. Then an analytical method based on 
Mean Value Analysis (MVA)( 1) is described to analyze the 
queuing network. Various modifications are described to 
apply MVA method to various combinations of 
connectionless and connection oriented protocols. 

2. Queuing network model for multi-layered protocols 

The queuing network to be used to model a multi
layered protocol network is shown in Fig. 1. In this 
model, data units are modeled as circulating customers. 
The response time is modeled as the round trip delay in 
the queuing network. The delay is analyzed by various 
analytical technique such as the MVA method. 

Fig.I Queueing Network Model 

The basic constraint which determines the 
throughput of data conununication based on OSI model is 
the flow control mechanism. The flow control 
mechanism is to control the rate of transmission by 
permitting the transmission of data units only after 
availability of buffer space of receiving side is confirmed. 
In OSI model. although variety of flow control schemes 
are devised. the basic method is based on windowing. In 
the window flow control. predetermined number of data 
units can be transmitted before receiving 
acknowledgment. If the acknowledgment is not received. 
the transmission end must wait for it. Because the 
acknowledgment may be sent back before the last data 
unit in the window is received by the receiving end. the 
time the receiving end sends the acknowledgment is not 
determined. Therefore the arrival time of the 
acknowledgment at the transmitting end is not 
guaranteed. 

In the most simple model deSCribed in this paper. 
it is assumed that the receiving end send back the 
acknowledgment as soon as each data unit is received. By 
this assumption. the transport capabUity of the network 
can be evaluated as a fixed value. 

The model represented in Fig. I can be a close 
apprOximation of the network the transport protocol of 
which is connection-oriented and the protocols of the 
network and data-link layers are connectionless. To 
approximate networks using connection-oriented 
protocols in network and datalink layers . modifications 
to the model of Fig. I are needed. 

In the following chapters. various modifications 
to the queuing network model are devised to analyze 
connection-oriented protocols in lower layers and are 
used. The modified queuing models are obtained by 
adding imaginary queues to a simple queuing network 
model like one shown in Fig. I. The mean service time of 
the servers of the imaginary queues are obtained by 
approximating the response time of the networks to be 
evaluated. These modified queuing network models do 
not represent the system strictly. but it gives the response 
time (round delay) of the data units in the real network 
correctly. Using the response time throughput is also 
evaluated. 

In this paper. the network is assumed to include 
two terminals which are to communicate based on 4 
lower layer protocols of OSI model. Le. transport layer. 
network layer. datalink layer and physical layer. Since 
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the last layer is not related to exchange of logical data 
unit. the analysis is focused on the three logical layers. 
Networks have combinations of connection-oriented and 
connectionless protocols in each layer and their 
combinations are represented by abbreviation like OOL 
or 000 (types of protocols). OOL and 000 mean that the 
network is constructed upon the combination of 
connection-oriented protocol in transport and network 
layers. and connectionless protocol in data-link layer 
and connection-oriented protocol in all the lower logical 
layers respectively. 

3. QueulD' network and MVA (Mean Value Analysis) 
method 

3.1 QueulDt network to evaluate layered protocol 

Queuing network is one of the analytical models 
to analyze computer networks. In the queuing network. 
data units in the computer network are modeled as 
customers and the processing time needed in each layer 
and transmission time in the physical media are 
modeled as service time at each server. 
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Fig.2.(1) Protocol Structure of 4 Lower Layers 
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Pm : Transmission Time & Queueing at Physical Layer 
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Fig.2.(2) Queueing Network Model for Fig.2(1) 

As the most simple example. the protocol 
structure of 4 lower layers of a network. Le. transport. 
network. data-link and physical layers is shown in 
Fig.2(1). If connectionless protocols are used in network 
and data-link layers and a connection-oriented protocol 
is used in the transport layer. the data unit queues in each 
layer can be modeled as Fig.2(2). In the model of Fig.2(2) 
data units are deSCribed as circulating customers in the 
queuing network. The response time is modeled as the 
round trip delay in the queuing network. 

This queuing network is solved analytically if the 
following three conditions are satisfied. 

(1) If there are incoming customers. their arrival 
process is Poissonian. 

(2) If there are no incoming customers. customers 
which already exists in the queuing network never leave 
the system. 

(3) Service time distribution at each queue is 
exponential. 

The solution of the network which satisfies these 
conditions is known to have product-form. In this case. 
the probability that the network is in a state which is 

represented by a combination of length of each queue is 
proportional to the product of simple terms 
corresponding to state of each queue. To calculate 
throughput. average queue length and waiting time at 
each queue etc .. it is indispensable to calculate total sum 
of the products which represent all possible states in the 
network. This calculation is very much time consuming 
and tend to be errorous caused by various reasons. 

3.2 MVA (Mean Value Analysis) method [1) 

By MVA method. the average performance 
measures of the networks having the product-form 
solution are directly obtained without calculating the 
proportional constant. In other words. using the relation 
between the average performance measures of the 
network including some number of customers and the 
measures of the network including one less customers. 
the performance of the network with any number of 
customers is calculated inductively by MVA method. 

As an example. the algorithm to solve the simple 
queuing network shown in Flg.2(2) is as follows. The 
following symbols are used. 

W 

Algorithm 

: The number of the customers in the 
network (Window Size) 
: Mean service time of queue i 

: Average waiting time at queue i 

: Average queue length at queue i 

: Throughput 

ni (0)=0 

Loop forW=l to W=Wend 
Qi(W)= t' j[l+ni(W-l)) 

(FCFS with single server) 
A (W)=W / l: ~ (w) 

ni (W) = A (W) Qi (W) 

Endloop 

The algorithm is performed for all the values of 1. 

4. Response time of network having connection-oriented 
protocolln a plurality of layers 

4.1 Assumptlou 

The followings are the main assumptions to 
evaluate response time of the networks. 

(1) The network has sender and receiver 
terminals. 

(2) The sender terminal has infinite information 
to be sent and sends Information as soon as possible. 

(3) Both terminals have buffers of infinite 
capacity in each layer. 

(4) Error. collision and missing of data units are 
neglected for evaluation. . 

(5) Processing time needed for protocol processing 
in each layer of each node. time needed for transmission 
of data units and propagation delay are all assumed to be 
constant. 

(6) The length of PCI's(Protocol Control 
Information) and acknowledgments in each layer are 
assumed to be constant. 

(7) When connection-oriented protocols are 
adopted in more than two layers. the window size of each 
layer is identical. 



From the timing chart of sequence of data units in 
the network. the time duration between transport data 
unit transmission and the corresponding response 
reception can be measured. 

In the numerical examples described in this paper 
processing time for each layer are assumed to be 

data send: 2 [msec) 
data receive: 3 [msec) 
acknowledgment send: 1 [msec) 
acknowledgment receive: 2 [msec) 
acknowledgment post processing: 1 [msec) 

The propagation delay is assumed to be 5 [m sec) 
which roughly corresponds to the surface distance of 
1000 km assuming the stgnal propagation speed of 200 
[km/msec). 

The length of PCI's and acknowledgments are 
assumed as shown in Table 1. 

4.2 RespoDae time of networks based OD OLL protocol 

Ftg.3 shows the timing chart of data transmission 
in the most simple case of OLL network. 

In the following part of this chapter these 
symbols of protocol parameters are used. 

Window size : W 
DPDU length: Dd 
TSDU length: Dt 
Transmission speed: V 
Propagation delay : d 
MiniInum time duration between the consecutive 
transmission of data units : t 
Length of acknowledgment of transport 
layer+NPCI length+DPCI length:At 

Sum of processing time of each layer when the 
transport data unit and its corresponding ac
knowledgment are transmitted: 1" 

Response time : R 

The value of t the maximum time interval 
between two constructive transmission of data is given as 
the largest time among all kinds of the protocol 

Table 1 The length of PCI's and Acknowledgments 
in each layer [Byte) 

T 
Send N 

D 

D 
Receive N 

T 

layer PCI Ack. 

transDOrt 3 5 
network 4 4 
datalink 6 6 

R = Max [RD. Wt) 
~ ... 
t=Max[Dd/V 
~ needed for data receplon) 

FJg.3 TIming chart of data transmission in 
OOL type network 

183 

processing time and transmission time of a data unit. 

where 1" max is the maximum protocol processing time. 
In the model. since the total number of customers 

in the network is W. if the value ofW is small enough. the 
network is free from congestion and the response time is 
gtvenbyRo. 

From the value of Ra. the maximum number of 

customers that can be accommodated in the network is 
obtained and denoted as Wmax. 

(3) 

If the window size W exceeds W max the response 
time wlll increase. In this case. the acknowledgment for 
the first data unit in a window reaches the transport 
layer of the sender within the window. So the data units 
in the next window must wait for the transmission of the 
last data unit in the former window. The waiting time of 
the first data unit in the following window is the time to 
wait (W-Wmax) data units. Since the waiting time for one 

data unit is t. the response time when W is greater than 
Wmaxis given by. 

R= Ra+(W-Wmax)t 

=tWmax+(W-Wmaxlt=Wt (4) 

In other words. When W is greater than Wmax' 

there is congestion at the bottleneck which causes the 
response time increase to Wt. 

These formulae give the exact value of the 
response time which is exactly identical to the result of 
the Simulation which assumes the fixed time of seIVice at 
each service stage. 

4.S Response time of networks based on OOL protocol 

The response time of OOL type of network becomes 
greater than that of OLL type of network by following 
reasons. 

(1) Response time increases because data units 
must wait for the acknowledgment of the network layer. 

(2) Response time increases because the network 
must transmit and receive the acknowledgment of the 
network layer. 

(3) Response time increases because of congestion 
among' the data units and the acknowledgments of the 
transport and network layers. 

The first reason (1) is illustrated by Fig.4 which 
causes the increase of delay by 

~ S ;:;t-cll 
FJg.4 Effect of waiting for acknowledgment in the 
network layer 
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(The number of the data units which must wait the 
acknowledgment In the network layer) x (the time 

between the two adjacent transmission t) + Constant 
The second reason (2) is illustrated by Fig. 5 which 

causes the increase of delay by 
. (Length of the acknowledgment of network layer 

in the physical media) 
/(Transm1ssion speed V) + Constant 

Table 2 shows the evaluation formulae of the 
response time of a OOL type of network. 

Following symbols are used in the table. 

~ 
D 

D 
N 
T 

Length of acknowledgment of network 
layer + NPCI length + DPCI length: An 
Length of acknowledgment of datal1nk 
layer + DPCI length: Ad 
Data unit transmission(reception) 
processing time : Ds(Dr) 
Acknowledgment transmission (recep
tion, post) processing time: Ag(Ar Aa) 

Fig.S Effect of transmission of acknowledgement in the 
network layer 

Table 2 Evaluation formulae of the response time 
c:i OOL type network 

V>Dd/Dr 
W=1 RO(=(Dd+At)/V+2d+ T ) 

W=2 RO+Ar 
W>2 RO+(W-3)t+Dr-As-Ds 

Dd/Dr> V>An/(Dr+As) 
W=1 RO 
W=2 RO+Max(An/V,Ar) 
W>2 RO+An/V +(W -1)t -(Dr+Ds+Ar+As)-(At -An) /V 

An/(Dr+As»V>An/(3Ds+Aa-As) 
W=1 RO+An/V-(Dr+As) 
W> 1 RO+(W-l)t-(Ds+2Dr+Ar+2As)-(At-An)/V 

An/(3Ds+Aa-As»V 
W=1 RO+2An/V-(Dr+3Ds+Aa) 
W>1 RO+(W-l)t-(Ds+2Dr+Ar+2AsHAt-An)/V 

These formulae give the approximate value of the 
response time which has only a few percent of error 
compared with the results of simulation(flxed service 
time). 

4.4 Response time of networks based on 000 protocol 

The response time of 000 type of network 
becomes greater than that of OOL type of network by 
following reasons. 

(1) Response time increases because data units 
must wait for the acknowledgment of the data-link layer. 

(2) Response time increases because the network 
must transmit and receive the acknowledgment of the 
data-link layer. 

(3) Response time increases because the 
congestion among the data units and the 
acknowledgments in the transport, network and data
link layers happens. 

Since the window cycle of each layer is not 
synchronized, if the final data unit in a window of 
transport layer is received, it does not always accompany 
the acknowledgment of datal1nk layer. To avoid 
complexity caused by this asynchronism, it is assumed 
that acknowledgment of datal1nk layer is always 
generated after the reception of the final data unit in a 
window of transport layer. The interaction between 
acknowledgments of different layers is neglected in the 
analysis. 

The first reason (1) is illustrated by Fig.6 which 
causes the increase of delay by 

(Sum of the length of the acknowledg-ment of 
network layer and the acknowledg-ment of the datalink 
layer in the physical media)/(Transmission speed V) + 
Constant 

And this case occurs at both ends in the network 
regardless of the window size W. 

The second reason (2) is illustrated by Fig.7 which 
causes the increase of 

(Length of the acknowledgment of the datal ink 
layer in the physical media)/(Trans-mission speed V) + 
Constant 

Table 3 shows the evaluation formulae of the 
response time of 000 type of network. 

tS-t4= 
((An+At)/V 
+2d+cl)-c2 

Fig.6 Effect of waiting for acknowledgment in the 
data1ink layer 

~ SSs2>la?7~::t)/V 
T 

Fig.7 Effect of transmission of acknowledgment in the 
datalink layer 

Table 3 Evaluation formulae of the response time 
of ()()() type netwmc 

~>D/Dr 
W=1 Rl(=RO+2(An+Ad)/V+(4d+As+2Ar+Aa-Dr-2Ds)) 
W=2 RI+2Ar 
W>2 Rl+(W-3)t+Ar+Dr-As-Ds 

D/Dr>V>(Dd+Ad+An)/(Dr+2Ar) 
W=l RI 
W=2 Rl+Dr+2Ar-Dd/V 
W>2 Rl+Dr+2Ar-Dd/V+(W-l)t-IDr+Ds+Ar+AsHA t-An)/v 
Dd+Ad+An)/(Dr+2Ar»V>An/(2Ds+Dr-As) 
W=l RI 
W=2 Rl+(Ad+An)/V 
W>2 R1+(Ad+An)/V+(W-1)t-(Ds+2Dr+Ar+2As)-(At-An)/V 

An(2Ds+Dr-As»V>Ad/(Dr+As) 
W=1 RI 
W>1 Rl+(Ad+An)/V+(W-l)t-(Ds+2Dr+Ar+2As)-(At-An)/V 

Ad/(Dr+As»V>Ad/(3Ds+Aa-As) 
W=1 Rl+An/v-(Dr+As) 
W>1 Rl+(Ad+An)/V+(W-l)t-(Ds+2Dr+Ar+2As)-(At-An)/V 

!Act/(3Ds+Aa-As) 
W=1 Rl+2An/V-(Dr+3Ds+Aa) 
W>1 Rl+(Ad+An)/V+(W-l)t-(Ds+2Dr+Ar+2As)-(At-An)/V 



Response time obtained by the fonnulae has close 
approximation to the value obtained by simulation. The 
maximum error is about 8 percent. 

5. The modlfled queuing network models and the results 
of the evaluation 

In the case of aLL type of network, the exact 
perfonnance measures are easily obtained by solving the 
original queuing network shown Fig.2 (2). 

In the case of OOL and 000 type of networks, since 
the interactions among data units and acknowledgments 
of each layer are complicated to be modeled by the 
original queuing network, some modifications to the 
original model are needed. 

For this purpose, the fonnulae of the response 
time are approximated and the main tenns which differ 
from the response time of the aLL type network are 
modeled by imaginary queues. The modified queuing 
models are obtained by adding these imaginary queues to 
the original queuing network model like Fig.2(2) . Since 
these modified models do not have the product-fonn 
solutions, the MVA method can not be strictly applied to 
solve the models. However, we use the algorithm of the 
MVA method to obtain an approximate value of the 
solutions. From this point of view, it can be said that we 
use "an approximate MVA method" to solve the 
approximate modified models. 

5.1 Assumptions 

In this chapter, these two assumptions are used. 
(1) Every service time is assumed to be distributed 

exponentially. 
(2) An approximate MVA method is used to solve 

the modified queuing network models. 

5.2 Networks based on OLL protocol 

In the case of aLL type of network, the original 
queuing network model(Fig.2(2)) exactly corresponds to 
the system shown in Fig.2( 1) irrespective of distribution 
of processing delay time. Especially the response time 
when the each processing delay is constant is given by 
Eq's 2 and 4 . The exactness of Eq's 2 and 4 was confinned 
by Simulation. Fig.8 shows that the values of response 
time obtained by MVA method when processing time is 
exponentially distributed exactly match with the values 
obtained by Simulation. In the following figures. the 
values of the throughput nonnalized by transmission 
speed ( transmission efficiency: TJ )are shown instead of 
the response time. 

~ 20 
I: Simulation 

I=:"- -:MVA 
10 

t r is 
W= 7 

3 
1 

<LOC) 

10 100 1000 

V(kbitls) 
Fig.8 Relation between tranSmission efficiency and 
transmission speed evaluated by approximate MV A 
method and simulation for aLL type network 
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5.S Networks based OD OOL protocol 

From the table 2 the response time of the OOL type 
of network when each processing time Is constant is 
approximated by the following equation. 

Rool =Ro + (W-l)t + Constant (5) 

Where Ro Is the response time of OOL type of 
network without congestion, t Is the mean selVice time at 
the bottleneck in the network, and W is the window Size. 

When the original queuing network 
model(Fig.2(2)) is used. the response time doesn't increase 
if W is less than Wmax. So the model must be modified to 
increase the response time. In the view point to increase 
the response time by (W-l)t. an imaginary queue whose 
mean service time Is Wt and whose selVers are infinite is 
used instead of the original bottleneck queue of the 
original queuing network model. 

Then an apprOximate MVA method Is applied to 
solve the model. This method uses the same algorithm as 
the original MVA method in the following manner. 

~(W+l) = l' b X (W+l) (6) 

b : Suffix indicating the bottleneck 

Fig.9 shows comparison of the result obtained by 
the modified model and the apprOximate method and 
that obtained by the Simulation which assumes the 
exponentially distributed service time. 

50 

I=:"- -:MVA 
10 

10 100 

V[kbitls) 
Fig.9 Relation between transmission effiCiency and 
transmission speed evaluated by apprOximate MVA 

method and simulation for OOL type network 

In all cases. the approximated values show a good 
agreement to that of the simulation with a few percent 
(maximum 7 percent) of error. The error decreases as W 
becomes greater. so the reason of the error seems to be 
that the constant tenn of the fonnulae is neglected. In 
particular. when transmission speed is low. almost no 
error is detected in the result. This is because t(=DdfV) is 

much greater than the other tenns so the model better 
deSCribes the real network. 

5.4 Networks buecl OD 000 protocol 

As in the case of OOL type of network, the response 
time of 000 type of network is approximated as 
following. 

Rooo = Ro + (W-l)t + (time needed to wait for the 

acknowledgment in datalink layer) + constant (7) 

Using the approximation the modified model for 
000 type of network is obtained by adding to the OOL 
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model one more imaginary queue whose mean selVice 
time equals to the value of the time for waiting for the 
acknowledgment of the datalink layer. And the queue 
also has infinite selVers. 

Fig. 10 shows comparison of the result obtained by 
the modified model and the apprOximate method and 
that obtained by the simulation which assumes the 
exponentially distributed seIVice time. 

10 100 1000 

V[kbit/s] 
Fig. 10 Relation between transmission efficiency and 
transmission speed evaluated by approximate MV A 
method and simulation for 000 type network 

In all cases. the approximate results show a good 
agreement to that of the simulation with a few 
percent(maximum 9 percent) of error. 

6. Results of analysis 

As indicated by the results of analysis shown in 
Figs.8.9. and 10. by assuming transmission delay of 5 
[msec) an protocol processing time deSCribed in 4.1. 
transmission effiCiency of data transmission using the 
transmission speed higher than 1 Mb / s tends to be very 
low. In addition. the following tendency of the relation 
between the protocol parameters and the performance 
are obtained. 

6.1 General tendency In an case. of the combination of 
the protocoJa 

l)When transmission speed is relatively low (less than 
350[kbit/s)) 

The bottleneck is the time needed for 
transmission of a data unit. 

Transmission efficiency is relatively high for 
almost all transmission speed. 

Since Wmax is relatively small (1 or 2), if the 
value of W is increased the transmission efficiency does 
not increase so much although response time increases. 

2)When transmission speed is relatively high (more than 
350 [kbit/ s)) 

The bottleneck is time needed for reception of a 
data unit. 

Transmission efficiency is proportional to V I . 
which means the throughput is constant regardless 
transmission speed. 

Since Wmax is relatively large (about 15). when W 
is less than 15 the response time does not increase and 
transmission effiCiency is improved. 

6.2 Comparison among the cases of the combination of 
the protocols 

When all the protocol parameters are identical. 
the transmission effiCiency of the 000 type network is 
the lowest and that of the OLL type network is the highest. 
The reason is that interactions among data units and 
acknowledgments of each layers in the 000 type network 
are the most complicated. 

7. Conclusion 

In this paper modified queuing network models to 
represent networks which have connection-oriented 
protocols in more than two layers are proposed and are 
solved by an approximate method t evaluate these 
networks. The results have a good agreement to that of 
Simulation with only a few percent of error. 

The modified models can be created from the 
simplified evaluation formulae of response time which 
consider only the effect of the waiting for the 
acknowledgments in the lower layers. And the method to 
be used to solve the modified models is also 
approximation. Though these approximations are used. 
the results of the evaluation has a good agreement with 
results of simulation. The method proposed in this paper 
makes it possible to evaluate many kinds of networks 
based on multi-layered protocols quickly and precisely. 
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