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Editorial 

Volume six of QI heralds several changes. The most visible is the change in format The black on red cover 
has been changed to a more readable blue on white, but we have retained the style of the old cover, for the sake 
of continuity. The papers are now set in a tighter format, using double columns, which will enable more 
papers to be published for the same cost. 

For authors, the most significant change is that as from Volume 6 Number 2 (the next issue), a charge will be 
made for typesetting. The charge is quite modest - R20 per page - and will enable us to keep up the high 
standards that we have become used to with QI. It is worth recording that the alternative to this suggestion 
was that authors should present camera-ready typescript, as is done for QU<£stiones Mathematicce. Given that 
document preparation and electronic typesetting is one of the areas of computer science that we can feel proud 
of, it seemed right that our journal should use the most modem techniques available. Fortunately, the two 
controlling bodies, the CSSA and SAICS, eventually agreed to our proposal and the result is the professional 
journal you have in front of you now. 

Supporters of QI may be interested in a few statistics that I compiled when I took over the editorship from 
Gerrit Wiechers in April this year. In the past two years (June 1985 to June 1988), 73 papers have been 
received. Of these 39 (53%) have appeared, 19 have been rejected or withdrawn (26%) and 15 (21 %) are either 
with authors for changes or with referees. If we look at the complete picture for Volumes 4 and 5, we find the 
following: 

Volume Issues 
5 3 
4 3 

P.c1pers 
27* 
21 

Pages 
220 
136 

Ave. pages per paper 
7.7 
6.4 

Although this issue contains one very long paper of 18 pages, the future policy of QI will be to restrict papers 
to 6 or 7 printed pages, and prospective authors are asked to bear this in mind when submitting papers. 

For the future, we arc hoping to move towards more special issues. Many of the papers being published at the 
moment were presented at the 4th SA Computer Symposium in 1987. Instead of continuing the policy of 
allowing such papers to be accepted by QI without further refereeing, we are hoping to negotiate with 
Conference organisers to produce special issues of QI. Thus the proceedings would ab initio be typeset by QI 
and all the papers would be in a single issue. Given the competitive charges of QI, there will be financial 
gains for both parties in such an arrangement. 

As this is my first editorial, it is fitting that it should close with a tribute to the previous QI team. My 
predecessor as editor was Gerrit Wiechers. Gerrit took over the editorship in 1980 and served the journal well 
over the years. With his leadership, the number and quality of the papers increased to its present healthy state. 
I must also extend a big thank you to Conrad Mueller and the University of the Witwatersrand who pioneered 
desk top publishing of QI in August 1985, using the IBM mainframe and its laser writer. Without Conrad's 
diligence and the excellent facilities provided by the Wits Computer Centre and subsequently the Computer 
Science Department, QI would easily have degenerated into a second-rate magazine. Quintin Gee, also of the 
Wits Computer Science Department, has taken over from Conrad and has raised the production quality of QI to 
new heights, as this issue testifies. 

I look forward to your help and support in the future. Long live QI! 

Judy M Bishop 
Editor 
June 1988 
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Protocol Performance Using Image Protocols 

P S Kritzinger 
Department of Computer Science, University of Cape Town, Private Bag, Rondebosch, 7700 

Abstract 

Performance analyses of data communication systems do not always rely on a detailed analysis of the 
underlying protocols. Those analyses which do, usually rely on an analysis of the protocol state transition 
graph. These graphs tend to become very large for nontrivial protocols and the analyses correspondingly 
complex. Image protocols is a recent approach to reduce the complexity of communication protocol analysis. 
The method allows for the construction of an image protocol which is generally smaller than the original 
protocol and its analysis therefore less complex. An image protocol system is said to be faithful if it preserves 
the safety and liveness properties of the original protocol system. In this paper we show that an image protocol 
is also faithful as far as its performance is concerned, a result which simplifies performance studies of the 
protocol considerably. An example which illustrates the principles involved is included. 
Keywords: Protocol performance, image protocol, aggregation, state transition graph.finite state machine, 
multiclass queueing theory, queueing network, MV A-algorithm. 
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1. Introduction 

Most international standards for data communication 
networks are based upon a layered architecture. At 
each layer tasks or protocol entities provide and 
receive services from the adjacent layers and execute a 
peer to peer protocol between that layer and the 
corresponding layer at remote stations. These 
architectures are very complex and initial reports 
about their performance in terms of measures such as 
Data Unit throughput are not encouraging. 

Performance analyses of data communication 
networks do not always include a detailed analysis of 
the protocol itself as it influences the execution of 
the protocol function. Those analyses which do, 
make use of a formal specification of the protocol 
and more specifically, the protocol state transition 
graph. As is the case for protocol validation 
methods, these graphs become very large for real-life 
protocols and the analyses correspondingly complex. 

Despite the obvious advantages to be gained, 
protocol performance analysis is not a very active 
research area. The first work to make use of a formal 
specification is that of Bauerfeld [2] followed by 
Rudin [8]. Analyses based upon Petri-net 
descriptions are those by Molloy [6] and Razouk [9]. 
More recently the author has proposed a performance 
analysis technique [5] which applies the techniques 
of multiclass queuing network theory. The latter 
analysis is based upon the state transition graph of a 
protocol and although it can handle systems with 
many thousands of states the method can benefit 
from state reduction as indeed can all of the proposed 
methods. 

Several techniques have been proposed in the 
literature for the reduction of the protocol state space 
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with the objective of protocol validation in mind. 
Recent advances in this regard is the work on 
decomposition by Choi and Miller [3], that on phase 
reduction techniques by Chow et al. [4] and the use 
of image protocols by Lam and Shankar [10]. 

In this paper we show how the performance 
analysis technique proposed by the author [5] can be 
combined with the method of projections as proposed 
by Lam and Shankar to reduce the complexity of the 
performance analysis. We define the concept of 
faithful performance of an image protocol and show 
that it applies. 

After first introducing the protocol system model of 
Lam and Shankar the performance analysis technique 
is described in terms of that model. A very brief 
overview is given of the construction of an image 
protocol and the paper ends with an analysis of the 
performance properties of an image protocol. 

2. Protocol System Model 

The reader is referred to Lam and Shankar [10] for a 
full description of the protocol system model used 
here. In this paper only those definitions from that 
paper which are required for an understanding of the 
performance model, described in the next section, are 
given. 

Let there be / protocol entities P 1, P 2, ••• , P 1 and K 
channels C1, C2, ... ,CK.Let Sibe the set of states of 
P; and M;k be the set of messages that P; can send 
into Ck. 

The dynamics of these protocol entities and 
channels are described by entity events and channel 
events. 

Channel events specified for channel Ck are denoted 



by E1c and are used to model various types of channel 
errors. The reader is referred to [ 10] for a full 
description of channel event errors. 1be occurrence of 
a channel event in E1c depends on, and changes only 
the state of C1c; no change in the state of a protocol 
entity is involved and for that reason channel events 
are not considered any further in this paper. 

There are three types of entity events: 
• Send Events: Let t;(r ,s,-m) denote the event of P; 

sending message m into channel C1c where me Mile 
and C1cis in the outgoing channel set of P;. The 
send event is enabled when P; is in stater. After 
the event occurrence, Pi is in state s and m has 
been appended to the end of the message sequence 
in C1c. 

• Receive Events: Let tlr,s,+m) denote the event of 
Pi receiving message m from channel C1c where 
me M i/c and C 1c is in the incoming channel set of 
Pi. The receive event is enabled when P; is in state . 
rand mis the first message in channel C1c. After 
the event occurrence, Pi is in state s and m is 
deleted from the channel. 

• Internal Events: Let t;(r,s,a) denote an internal 
event of P; where a is a special symbol indicating 
the absence of a message. This internal event is 
enabled when Pi is in state r. After the event 
occurrence, Pi is in state s. Internal events model 
timeout occurrences internal to P ;, as well as 
interactions between the entity and its local user. 

Each send or receive event may alter the states of 
the entity and the channel involved in the event. 
Internal entity events do not affect the state of any 

channel. Following Lam and Shankar we use Ti to 
denote the set of events specified for Pi, i = 1, 2, ... , 
I. 

In most cases, the behaviour of Pi would be. 
nondeterministic. For example, we may specify T; to 
contain both ti(r,s,x) and t;(r,u,x) wheres ct; u as well 
as both t;(r ,s,x) and t;(r ,s,y) where x * y. We denote 
the probability of an entity event t;(r,s,x) by 
Pi(r ,s,x). Note that unless otherwise specified, we 
will use the notation t;(r,s,x) to mean all of x = +m, 
-m ora. 

Each event corresponds to a set of transitions in the 
global state space G of the protocol system. The 
union of the sets of transitions over all events 
specified for the protocol system will be denoted by 
t. The simultaneous occurrences of multiple events 
in the protocol system are treated as occurrences of 
the same events in some arbitrary order. The pair 
(G,t) is also called the global state transition graph. 

Figure 1 taken from [10] is an example of two 
protocol entities P 1 and P 2 modelled by two 
communicating finite-state machines. 

3. Protocol Performance Model 

Each event in the protocol system is specified by its 
enabling condition and its execution. The enabling 
condition of an event is a predicate in the 
components of the global state of the protocol 
system. We will not concern ourselves with the 
logical properties of a protocol system in this paper. 

-b 
1 

0 1 ~ 
a 1 0 •2 
A 3 +al 

+a2 a 

?;5 .. 6 
-b ~ ~ +a2 

-b 
3 

p2 
Figure 1. Two Communicating Finite-State Machines 
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The execution of an event however, specifies an 
update to the components of the global state and 
requires time from the processor on which the entity 
is executing. 

The performance model first described in [5], 
assumes that there are Ii instances of entity Pi, i = 1, 
2, ... , I as would be the case with several endpoint 
connections in a real protocol system. It is moreover 
assumed that all protocol entities contend for service 
at a single processor. A measure of the perfonnance 
of the protocol would typically be the rate at which a 
particular send event !j(r ,s,-m) is executed or the 
throughput rate at the processor of all send events 
associated with entity Pi· These, and other 
perfonnance quantities are computed by considering 
the protocol system as a closed multiclass queueing 
system with two service centres. 

The one service centre is of the Processor Sharing 
type [1] and models the processor. The second service 
centre is a pure delay server and models the delays 
experienced in channels C 1, C2, ... , CK associated 
with receive events. 

Customers in the network are instances of the 
entities Pi, P2, ••• , P1• A customer takes on a distinct 
class associated with each distinct entity event 
causing a state transition. Each distinct entity event 
therefore represents a distinct customer class. Each 
entity event is moreover classified to be either an 
active event, if the event requires processor time, or a 
delay event otherwise. 

For example, all send events t,(r ,s,-m) are active 
events, since they require the execution of a certain 
average number of instructions, which in tum 
requires a certain average amount of processor time. 
Receive events t,(r ,s,+m) represent time delays in the 
corresponding channel. An internal event t,(r,s,x) 
could be either a delay event (denoted by x = +a), 
representing a timeout event say, or an active event 
(denoted by x = -a) when it represents an interaction 
between the entity and its local user requiring 
processor time. 

Note that an event cannot be both an active event 
and a delay event; any such event would have to be 
decomposed into two events with a new intermediate 
state. If t,(r,s,a) were such an event for example, it 
would be decomposed into an active event t,(r,si,-a) 
and a delay event t;(s1,s,+a). 

It follows from the above that we associate a time 
duration with every entity event. Denote the expected 
value of this time for event t,(r ,s,x) by µ11(r,s,x). 

In the model, a sequence of events will thus cause 
an entity to spend time in either one of the two 
servers, depending on whether the associated event is 
an active event or a delay event. For example, an 
entity in a transition due to active event t;(r ,s,-m) 
having received a corresponding average service time 
µ;\r ,s,-m) fiom the processor centre, will leave and 
either return to that same centre if the following 
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event is again an active event, or would proceed to 
the delay centre if the following event is a delay 
event. In this way an entity would pass 
nondetenninistically between the servers, depending 
on the sequence of events. 

Figure 2 illustrates these concepts for the 
communicating finite state machine P 1 of Figure 1 
where, arbitrarily, the internal events ti(r ,s,a) have 
been considered to be active events for all r, sand a. 

Note that the only assumptions required to solve 
the model as a closed multiclass queueing network 
are that, 
• the probabilities Pi(r ,s,x) are independent for all r, 

s andx, and 
• the time µ 1\r ,s,x) associated with an event is 

independent of the time associated with any other 
event in the same protocol system. 

4. Analysis of the Performance Model 

As one event follows another, an entity Pichanges 
from one to the next, not necessarily different state 
in Si. Let ~.(r,,) denote the expected value of the 
number of times P ;is in state re Si between 
successive times that it is in some arbitrarily chosen 
state r* e Si, In other words, ~;(r ,,)/l;;(r* ,,) is the 
relative number of times that Pi would be in state r 
compared to the number of times it would be in state 
r*. The ~(r,,) satisfy the set of linear equations given 
by 

~(r,,) = I, L t(s,,)p;(s,r ,x) 
SESj X 

(1) 

where :Ex denotes the summation over all xeM;1c, k = 
1, 2, ... , K, such that t;(s,r,x) takes entity P,from 
state s to state r. It is not difficult to see that if 
~(r ,s,x) denotes the expected value of the relative 
number of times entity event t,(r,s,x) is executed, 
that 

~(r ,s,x) = p;(r,s,x)~(r,,) (2) 

Define the relative utilisation v ia(r ,s ,x) of the 
processor centre by instances of entity P; in a 
transition due to active event t.(r ,s,x) to be 

v;a(r,s,x) = l;;cr ,s,x)/µ;(r,s,x) (3) 

where x = -m or -a. Similarly we define the relative 
utilisation v,J..r ,s,y) of the delay centre by instances 
of entity P; in a transition due to delay event ti(r ,s,y) 
to be 

v,J..r,s ,y) = ~;(r ,s ,y)/µ;(r ,s,y) (4) 

where y = +m or +a. 



ACTIVE CENTRE DELAY CENTRE 

I L ______ _J_ _____ _J 
Figure 2. Event Sequences in the Two Servers for Entity Pt of Fig. 1 

Denote the total relative utilisation of the processor 
centre by Pi by 

Pia= L L, via(r,s.,x) 
r,seS; x 

where x = -m or -a, and of the delay centre by 

Pid= L L, viJr,s,y) 
r,seSi y 

where y = +m or +a. 

(5) 

(6) 

Let L = (/1, 12, •.• , h) be the system population 
vector of the number of instances l; of entity Pi, i = 
1, 2, ... , /. Let Xia(r ,s.,x,L) denote the average rate at 
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which active events t;(r,s.,x) arc completed at the 
processor or in other words, the expected throughput 
rate of the I; instances of the entity Pi in a transition 
due to that event. It is known [ 11] that the value 
Xia(r,s.,x,L) is given by 

XiaCr,s.,x,L) = l;;(r ,s.,x)x;(L) (7) 

where x = -m or -a. The average throughput rate 
Xia{L) of entity Pi due to any active event t;(r,s.,x) 
where r ,se S;, x = -m or -a, is the sum of the 
throughputs given by (7) for individual events. That 
is, 

• Xia(L) = Eia x(L) (8) 



with 

.:.ia = r. l: ~.<r .s.x) 
r,seS; x 

(9) 

X;* (L) in (7) and (8) is a mathematical quantity 
without direct physical interpretation and which is 
calculated in the Mean-Value-Analysis (MV A)
Algorithm [7] presented in Fig. 3. 

Algorithm 
Step 1. initialisation 

set Qa(O, 0, ... , 0) = 0 

Step 2. loop over the number of instances of every 
entity 

for i1 = 0, 1, ... , /1 i2; = 0, 1, ... , /2; ••. ; h= 0, 1, 
... ,hdo; 

01 changes most rapidly) 

Step 3. loop for every entity 
for j = 1, 2, ... ,/ do; 

Rja(z) = ~[Qa(i - ej) + 1] 
=;a 

RiJ.t) =~ 
~ 

• xj(z) = i/(PiaCQii - ei) + 1] + pµJ 

end; 
end of step 3. 

I 

Qa(i) = L '=-iaX/(i)Rja(z) 
j=l 

end:, 
end of Step 2. 

Figure 3. The MV A-Algorithm 

The average queue length Q;a(r ,s,x,L) of instances 
of entity P; in transition due to event t;(r,s,x), x: -
m or -a is given by 

Q ( ~;a(r ,s,x) - • 
ia r,s,x,L) .:.;aX;(L)Ria(L) (10) 

Pia 

The quantity R ia(L) in the last equation is the 
average response time at the processor centre of 
instances of entity P; in any transition. According to 
Little's formula the corresponding quantity 
R ia(r ,s ,x,L) for entity P; in transition due to an 
active event t/r,s,x), x = -m or -a, is given by 
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R;a(r,s,x,L) = Qia(r ,s,x,L)/ 'X.ia(r ,s,x,L) (11) 

The same statistical quantities can be computed for 
the delay centre by replacing the subscript "a" by the 
subscript "d'' in equations (7) - (11) and computing 
the relevant quantities for delay events. 

The vector quantity ei is a unit vector in the j-th 
direction. The reader is referred to [5] for a full 
description of the computation of these quantities 
using the MV A-algorithm. 

S. Constructing an Image Protocol System 

An image protocol system is a partition of each of 
the sets 
S;, M;t, T;, E1: for all i and k 
in the original protocol system specification. 
Protocol entity states, messages and events in each 
partition subset are treated as equivalent and are 
aggregated to form a single quantity, called their 
image, in the image protocol system. Since partition 
subsets are mutually exclusive and collectively 
exhaustive, quantities that are treated as equivalent 
have the same image; quantities not treated as 
equivalent have different images. Following Lam and 
Shankar we shall use x to denote the image of a 
protocol quantity x. 

Since an image protocol is obtained from the 
original protocol by aggregations, it captures only 
part of the logical behaviour of the original protocol 
system. First, global states of the image protocol 
system correspond to aggregations of global states of 
the original protocol system. Second, in the global 
state space of the image protocol system, the 
observable effect of different events in the original 
protocol system may be different or nil. Our 
objective however, is to show that the performance 
behaviour of the image protocol system will be 
faithful to th&t of the original protocol system. 
Before doing that however, and for the convenience 
of the reader, we describe the process used in [10] to 
construct an image protocol system. 

5.1 Aggregation of Entity States 
An image state s' of a set of states of the original 
state space S; is constructed by partitioning S;. All 
entity states in a partition subset are aggregated to 
the same image. Let s'. denote the set of images of 
states in S; i.e., s'. = (s':se S;}. S. is called the image . ' state space of P;. 

For example, Fig. 1 shows the partition { {O, 1, 2, 
3, 4 }, (5, 6}} of the state space S1 of entity P1• Let 
image state O' denote the image of states 0, 1, 2, 3 
and 4 in S1 and 5' denote the image of states 5 and 6 
in S1• The image state space of P1 is s' = (O', 5'}. 
Similarly let image states O', l' and 2' iespectively 
denote the images of the states in the partitions { O, 
3, 4}, {l, 5} and {2, 6} of S2• In this cases' =(0', 1', 
2'}. 2 



5.2 Aggregation of Messages 
Only when the reception of two messages m and n 
cause identical state changes in the image state space 
of the receiver of C1 are they treated as equivalent. 
This equivalence relation partitions M it. and 
messages within the partition subset may be 
aggregated to fonn an image message m'. The image 
message sets are given by 

M 1
• = {m':meMikJ for all i and k. 
lk 

In particular, messages in Mik whose receptions do 
not cause any state change in the image state space 
of the receiver are said to have a null image. 

The reader is referred to the example in [10] for the 
derivation of the image message sets M' = {a2',a3'}, 
and M 1 = {b 1'} where b1'denotes the image of 
messag~s b1 and b3 and the image of a1 and bz are both 
null. These transitions in the image state spaces are 
illustrated in Fig. 4. 

S.3 Aggregation of Entity Events 
Entity events which have the same observable effect 
in the image global state space are aggregated to the 
same image entity event. An image event whose 
occurrence does not have any observable effect in the 
image global state space is said to be a null image 
event. An image internal event th' ,r',a) is a null 
image event ifs'= r'. Image send events involving 
null image messages and infinite buffer channels are 
treated as image internal events in T.; in this case the 
image event is represented as tls',r':a) and it is a null 
image event ifs'= r'. Finally, image receive events 

involving null image messages must haves'= r' by 
definition; hence such receive events are null image 
events if the channel involved is an infinite buffer 
channel. 

The set of image events for P; is defined by T. = 
I 

{tb' ,r' .x') : t;{s,r ,x) e T;} where x = +m, -m or a 
and the image of ti(s,r ,x) is not a null image event. 

The reader is referred to the example in [10] for the 
derivation of 

T1 = {t1(0',S',~). lt1(0',S',--a;). t1(5',0',+b)} 

aoo 

Ti= {tz(O',O',+~). t2{0',5',-a~). t2(0',I',+a;). 
t2tl',2',u), t2(2',0',-b 1)} 

in Fig. 5 which illustrates the image protocol 
constructed from the original protocol illustrated in 
Fig. 1. 

6. Properties of Image Protocols 

Lam and Shankar [10) discuss various logical 
properties of image protocols in relation to the 
logical properties of the original protocol. 

In [5] the question was posed whether, depending 
typically on the constituent functions of the 
protocol, it would be possible to decompose a 
protocol state transition graph into its constituent 

-bl' -b3 

\ 
+a a ( +a 0 , 

0 
2· 3 

+b ' +b o· .. I 3 

6 
-b 

2 

-b 2 , +a 2 , a 

Figure 4. Transitions in the Image State Spaces 
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o· 

-a' 
2 

5' 

+b' 
I 

+a' 
2 

+a' 
3 

-b' 
] 

\ 
a 2' 

Figure 5. Image Protocol Constructed from the Original Protocol in Fig. 1 

subgraphs, aggregate each subgraph and still have a 
system whose performance would be faithful to the 
original system. In this section we show that this is 
indeed possible. 

6.1 Performance Properties 
Let t;(r' ,s' ,x') denote the image entity event of a 
subset of entity send events in h Define the relative 
utilisation of the processor centre by all instances of 
entity Pi in a transition due to event tlr' ,s' ,x') to be 

via(r',s' ,x') = L 'E,.(r,s.,x)/µ;(r,s,x) 
(r',s',x) 

(12) 

Here ~r' ,s' ,x') denotes the summation over all send 
events t;(r ,s,x) in the original protocol system with 
image t;(r',s' ,x'). 

Similarly, let t;(r',s',y') denote the image entity 
event of a subset of entity receive events T;. Define 
the relative utilisation of the delay centre by all 
instances of entity Pi in a transition due to event 
t;(r' ,s' ,y') to be 

vj,r' ,s',y') = L, "t,.{r,s,y)/µ;(r ,s,y) (13) 
(r',s',y') 

where r.(,',s',y') denotes the summation over all 
receive events t;(r ,s ,y) in the original protocol 
system with image t;(r',s',y'). 

Also let l;;(r',s' ,x') denote the relative frequency of 
execution of the image event t;(r',s' ,x'). Clearly 

S;(r',s' .x') = L Si(r,s,x) 
(r',S',X') 

(14) 

where ~r'.s',x') has the same meaning as above. The 
quantities via(r',s' ,x'), vit/..r' ,s',y'), and ~(r' ,s' ,x'), are 
respectively the image protocol quantities 
corresponding to via(r,s,x), v;J..r ,s,y), and l;;(r,s ,x) of 
the original protocol defined in (2), (3) and (4). 

Although all entity events t;(r,s,x) whose image is 
a null image event are eliminated in the construction 
of the protocol image system, they cannot be ignored 
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in the analysis of the image protocol system. The 
effect of these events have to be taken into account 
in the computation of the performance quantities Pia 
and Pid defined in (5) and (6). Let r;- !:;;; Ti denote the 
set of send events in Pi which have null images. 
Define 

p:- = L via(r ,s,x) (15) 

rt 
where x = -m or -a. Similarly, let T'',+ !;;;; Ti denote 
the set of receive events in P; which have null 
images. Define 

p:+ = L vi,i(r ,s,x) (16) 

17 
where x = +m or +a. 

Rewrite (5) and (6) in terms of image entity events, 

p~ = p:-+ 1 I via(r' ,s' ,x') 

r',S'es'. x' 
I 

where x'= -m' or -a, and 

' n+ ~ ~ p ia = Pi: + L... £,... V i,i{r' ,s' ,y') 
' ' r',S'ES. x 
• 

where y'= +m' or +a., and 

(17) 

(18) 

Definition: An image protocol system is said to 
have faithful performance if the value of a 
performance statistic of the entity Pi in a transition 
due to an image event ti(r' ,s' ,x') is the sum of the 
performance statistics of the entity events whose 
image is ti(r' ,s' ,x'). 

Note that if an image event is the image of a single 
event in the original protocol, that the statistics for 
the two events will be identical. 

Theorem: The performance of an image protocol 
system constructed as explained above, is faithful. 

Proof: The proof follows from the MV A-algorithm 
using the quantities p'. and p'. defined in (17) and 

. ,a id 
(18) mstead of Pia and Pid as well as the equivalent 
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Figure 6. Finite State Machine with the Probability Values Indicated. 

image protocol quantities defined in (12), (13) and 
(14) and substituting in the appropriate equations. 

As an example, consider the throughput rate 
x1.i5',0',+b1') at the delay centre of entity P 1 in 
transition due to image entity event t,{5',0',+bi'). 
Assume a single instance of P1, the expected value of 
all times to be unity and the probabilities of the 
various events as illustrated in Fig. 6. 

Computing the quantities given by equations (12) -
(18) for the image protocol and applying the MV A
algorithm, it can be shown that x1.i5',0',+bi') = 
0.18182 per unit time from the image protocol 
equivalent equation (7). However, t1(5',0',+b1') is the 
image of entity events t1(5,0,+b1), t1(5,4,+b3), 
t1(6,4,+b 1) and t1(6,2,+b 3). The equivalent 
throughputs are x1d(5,0,+b 1) = 0.06061 and 
X1J5,4,+b3) = 0.06061 and X1.i6,4,+b1) = 0.03030 
and x1ct(6,2,+b3) = 0.03030 per unit time. The result 
follows. 

7. Conclusion 

Previous work by other authors have shown how to 
construct image protocols for individual protocol 
functions of a complex protocol. The complexity of 
the image protocol system is less, and under certain 
conditions it is faithful to the original protocol 
system in all its safety and liveness properties. 
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Image protocols have a further advantage in that 
they reduce the complexity of analysing the 
performance of the protocol. In this paper it is 
shown that the performance of an image protocol 
system is also faithful to that of the original 
protocol system. It is therefore possible to do a 
performance study of the reduced image protocol 
system, where the results obtained would be the 
same as when the analysis were applied to the 
original protocol system. 
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