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In distributed systems, loosely coupled units often communicate with each other by message

passing through a communication subsystem,

which consists of transmit and receive buffers

interconnected by means of an interconection network with ring- or bus—oriented structure.

The subject of this paper is
via an interconnection network,

The investigation is based on a polling system with cyclic,
to the receiver having finite capacity buffers. An

the output process is further offered
approximate analysis

using a decomposition approach is developed.

the performance analysis of message interchanging mechanisms
which operates according to a cyclic scheduling strategy.

nonexhaustive service, where

The method uses an al-

ternating iteration of decomposed system parts, which combines the polling system analysis
of the sending part with a feedback caused by the receiver blocking, whereby different bus

scheduling modes
results for performance characteristics

in the case of receive buffer blocking are taken into account. Numerical
like walting time,

cycle time, rteceive buffer

blocking probability, etc. are presented, where the approximation accuracy and its depend-
ency on system parameters are discussed by means of simulations.

1. INTRODUCTION

Autonomous loosely coupled processing units in
systems with distributed control often communicate
via message passing through an interconnection
network. The wunits consist of, e.g., processing
devices, local memories and communication buffers.
They operate according to principles of load and
function sharing and communicate with each other
by addressed messages via their transmit and
receive buffers, which are connected to a bus or
ring architecture (c.f. Fig. 1). The allocation
of the communication medium to the processing
units is performed by a centralized or de-
centralized scheduling scheme, e.g. by setting a
flag indicating the blocking condition.

The subject of this paper 1is the performance
analysis of message interchanging mechamisms via a
bus- or ring-oriented interconnection network. 1In
general, the performance investigation presented
here is based on an extended version of polling
systems, where system constraints caused by the
limitation of the receive buffer capacity are
taken into account, in order to estimate its
influence to the degradation of the system
performance occuring 1in those systems. In the
case of receive blocking, two scheduling schemes
are investigated : either the scheduler proceeds
to the transmit buffer of the succeeding unit and
the message to be transmitted will wait further on
within its transmit buffer until the next polling
epoch, or the communication medium remains seized
and the message waits in the transmit buffer until
the blocked receive buffer becomes available.

Section 2 describes the queueing model, which 1is
based on a multiqueue system with cyclic, non-
exhaustive service, in which the output process

will further be offered to the receiving part hav-
ing finite capacity receive buffers. The
approximate analysis will be dealt with in section
3. Numerical results will be presented in section
4, whereby the approximation accuracy and its
dependency on system parameters will be discussed
in comparison with simulations.
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Fig. 1 : Communication in distributed systems via
interconnection networks

Interconnection Network

2. MODELLING
2.1 General

In the literature, polling mechanisms with various

service disciplines (e.g., exhaustive, nonex-
haustive or gating) and interqueue schedules
(e.g., cyclic or prioritized) have been the sub-

ject of numerous investigations. A survey on the

analysis of multiqueue systems operating under
different polling mechanisms was provided by
Takagi and Kleinrock [3]. In most of the

investigations the analysis was done by means of
the imbedded Markov chain technique, where
receiver constraints are not considered in the
performance analysis. An approximation technique
for cyclic queues with nonexhaustive service and
general switchover time was developed by Kuehn
[1}. This method has been extended in [2] where
the output process of the cyclic server was
calculated to 1investigate the performance of
hierachical polling systems with  feedback.
Further investigations of some specific cyclic
queueing systems were performed by Manfield [4]
for systems with two-way traffic and priority
cyclic service and by Morris and Wang [5] for
multiqueue systems with multiple cyclic servers.
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Raith
with systems of

[6] provided an analytical approach to deal
multiple cyclic servers, where
message blocking effects at recelve buffer ports
are taken into account. In the context of the
analysis in [6], the blocking effect due to memory
limitation is not investigated. In Tran—-Gia and
Raith ([7,8] the effects of finite sending queue
capacity in a nonexhaustive cyclic service polling
system are lnvestigated.

2.2 Performance Model of the Communication

Mechanism
Fig. 2 depicts the queueing model of the
communication structure described 1in section 1,
which consists of a polling system where the
receiver blocking effect 1is taken into account.
In the model, a number g of transmit and receive
buffers 1s considered. In order to investigate
the receiver blocking, the receive buffers are
assumed to have finite capacity S. The allocation
of the communication medium to each particular
connected processing unit is organized by means of
a cyclic scheduling strategy, i.e., the server is
cyclically allocated to one of the transmit
buffers at a time. The transmit buffers are serv-
ed in a nonexhaustive manner, according to which
only one message can be transmitted per polling
instant, if there are messages waiting for
transfer. Furthermore, the processing units are
assumed to operate in a full duplex mode, i.e.,
each of them can transmit and receive messages
simultaneously.

The arrival process of messages at each processing
unit 1is assumed to be Poissonian with rate .
Receive buffers are served by the message handler

according to a negative exponentially distributed
service time T . The traffic between processing
units 1in the" system is assumed to be equally

distributed. The transmission time T for
messages via the interconnection network - from
the ogirinating transmit buffer to the terminating
receive buffer = 1is considered to be generally
distributed. After finishing service in a unit,
corresponding to the polling scheme assumed, the
server will be allocated by the scheduler to the
succeeding unit. 1If its transmit buffer 1is empty,
the observed interscan period will be denoted as
the switchover time T . This switchover time,
which models all overheads spent and procedures
performed by the scheduler to allocate the server
cyclically, is assumed to have a general distribu-
tion function. In case of receiver blocking the
server will proceed according to the following
optional scheduling modes :

i) "Repeat" mode :
the scheduler proceeds to the following trans-—
mit buffer cyclically and the message waits
further on within its transmit buffer wuntil
the next polling instant

1i) "Wait" mode :
the server remains occupied and the message
has to wait until the blocked receive buffer
gets idle and the destinating unit is able to
accept the message.

It should be noted here that, without the receive
buffer consideration, the model depicted in Fig. 2
corresponds to a single server polling system with
nonexhaustive cyclic service [1].

The following symbols and random variables (r.v.)
are used :
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g nunber of processing units

A arrival rate of messages offered to the
transmit buffer

T r.v. for the server cycle time

r.v. for the message transmission time in
the sending part
T r.v. for the switchover time

r.v. for the message processing time in the
receiving part

S capacity of a receive buffer

B receive buffer blocking probability

The following notations are used for a r.v. T :

F(t) probability distribution function
£(Qt) probability density function

d(s) Laplace-Stielt jes-Transform of F(t)
E[T] mean value of T

c coefficient of variation of T.
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Fig. 2 : Performance model of the communication

mechanism
3. ANALYSIS
3.1 Overview
In this subsection, an overview of an algorithm

for an approximate analysis of a single server
polling system is given, taking into account the

feedback effect of the blocking due to finite
capacity receive buffers. In general, the
analysis 4is done 1in accordance with the method

presented in [1]. However, some modifications
must be provided in order to take into account the
receive buffer blocking effect. The main idea 1in
the calculation meihod presented in this paper is
to combine the decomposition of the sending and
receiving parts with an iteration approach. The
analysis of the sending part will be described in
subsection 3.2, followed by the receiving part
analysis 1in subsection 3.3 and finally, the
overall algorithm in subsection 3.4. System
characteristics of interest are givem 1in subsec~
tion 3.5.



3.2 Sending Part

3.2.1 Cycle Time Segment Analysis

The server cycle time is thought of to be divided
into cycle time segments (c.£.17,8]). The cycle
time segment corresponding to an arbitrary
transmit buffer is described by the random
variable T , which is the time interval between
the scanning epochs of two successive transmit
buffers. The first two moments of the cycle time
segment distribution function will be calculated.
The moments depend on the probability of message
blocking at the receive buffer and on the bus
scheduling modes discussed above. The calculation
method of the receive buffer blocking probability
will be presented in subsection 3.3.

i) Scheduling mode "Repeat' :

According to the scheduling mode ‘Repeat" and the
receive buffer blocking probability B, the Lapla-
ce-Stielt jes-Transform (LST) of the cycle time
segment T corresponding to a transmit buffer can
be given §s :

o (s) = 8 (s){(1-By) ((1-B) & (s) + B) + Py},
(3.1)

where P denotes the probability that no message
is waiting for transfer in the transmit buffer,
given by

P.=1= ) E[TC]. (3.2)

0
11) Scheduling mode "Wait" :

Analogously, the Laplace-Stielt jes-Transform (LST)
of T according to the scheduling mode "Wait" can
be given as :

6,(s) = & (s)1(1-B() (B &7 (s)+(1-B)) &, (s) + B},

(3.3)
where " (s) corresponds to the LST of the message
processgng forward recurrence time 1in the receiv-
ing part.

3.2.2 Conditional Cycle Time

Under the assumption of independence between
successive cycle segments, the LST of the server
cycle time can be written as a product of all
¢e(s). In order to reduce the independence
aSsumption above, we use the consideration of
conditional cycle times (c.f. [1]) and define the
following random variables (r.v.) for the time
between two succeeding server visits at a
particular transmit buffer :

Tc, r.v. for the cycle time, conditioning on an
empty transmit buffer at the previous scann-
ing instant.

T ,, r.v. for the cycle time,
non-empty transmit buffer at
scanning instant.

conditioning on a
the previous

Thus, we obtain the LST of the conditional cycle
times for the scheduling modes "Repeat" and "Wait"
as follows :

1) Scheduling mode "Repeat" :

- (g-1)
WIORERNORRC et
8 .(0) = 0(e)((1-B) (o) + B) 8 () E,

i1) Scheduling mode "Wait" :

() = 0 (s) o ()
¢ (3.5)

8 ..(6) = 0 ()(BOT(s) + (1-B)) 4, ()0 () E D

Based on equations (3.4) and (3.5), the first two
moments of the conditional cycle times can easily
be calculated for the scheduling modes [6].

3.2.3 Transfer Request Process

In order to determine the blocking probability for
messages at the receive buffer, we consider the

transfer request process, i.e. the point process
consisting of instants, at which requests for
transfer to receive buffers are observed. Assum-

ing the transfer request process to be a renewal
process and denoting T_ to be the r.v. for the
interrequest time, i.e. the time between two
successive transmission requests, we obtain the
LST & (s) according to the considered scheduling
modesr"Repeat" and "Wait':

1) Scheduling mode "Repeat” :
(1'P0)¢u(s)

¢ (s) = T-7,8 () {(1-B) ¢, (s) + B}.
u (3.6)

11) Scheduling mode "Wait" :
-p )d
(1 PO) u(s)

4@ = TGy ® oL(s) + (1-B)} ¢ (s).

(3.7)

In order to calculate the input process to a
particular receive buffer, the first two moments
of the message transfer request process is
decomposed into g input streams, which are offered
to the receive buffers. Subsequently, using the
decomposition method provided in [9], we obtain

the moments of the distribution of the request
process seen from a particular receiver.

3.3 Receiving Part

Using the decomposition approach discussed above,

the model of the receiving part of a particular
station is just a GI/M/1-S queue. Considering the
equally distributed branching probability, the
input process of this queue 1is given by a
decomposed process out of the output process of
the entire polling system in the sending part.
Thus, the receiving part analysis reduces to the
state analysis of standard type GI/M/1-S queueing
model, in conjunction with a Markov chain
analysis. In order to estimate the receive buffer
blocking probability B at the transmission request
instants, which is used for the feedback in the
iteration discussed below, distinction is made
between two processes concerning the receiving
part (c.f. Figs. 3,4) :

- the process of
by the rev. T
- the input proEess of successsfully transmitted
messages described by the r.v. T, (i.e. the de-
composed output process of the polling system).

transmission requests described

By means of the state analysis of the GI/M/1-S
model, however, we obtain the receive buffer state
probabilities {P(k), k = 0,1,...,5+1} at regenera-
tion points of the Markov chain, which is imbedded
jmmediately before the events of the input
process. As depicted in Figs. 3 and 4, the
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Fig. 3 : Sample path of the receive buffer state
process (Scheduling mode "Wait")

instants of successfully transmitted messages are
defered by the message transmission time compared

to their request 1instaats, while the blocked
transmission requests (Fig. 3) do not affect the
receive buffer state process. The input process,

which is in general nonrecurrent, is assumed to be
renewal for further analysis. Based on the
transmission request process as well as the input
process and out of Markov chain state
probabilities, approximate formulae for the block-
ing probability B for messages at request instants
will be derived in the following.

1) Scheduling mode "Repeat" :

*
Denote T, the r.v. whose distribution is that of
the difference between the interrequest time and
the transmission time, we obtain

eO[TI]

W , (3.8)

B = {P(S) + P(S+1)}

where eo[T] = Pr{no departures in the message
handler during T}

® —t/ElT.]
- . P odr(e).
t=0

11) Scheduling mode '"Wait" :

(3.9)

Analogously, the blocking probability B can be de-
rived for this scheduling mode (c.f. Fig. 4). The

extensive derivation of the formula will not be
discussed here in more detail.
*

B = {P(S) + P(S+1)} eO[Tll' (3.10)
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3.4 Calculation Algorithm

Based on the expressions derived in section 3.2
for the sending part and the receive buffer block-
ing probability derived in section 3.3 a numerical
algorithm is developed. The main steps during an
iteration cycle are :

1) sending part analysis :

- Calculation of the first two moments of a cycle
time segment and the conditional cycle times

= Calculation of the server output and the trans-
mission request processes (c.f. [2])

~ Decomposition of the output and the request
process 1into input and the request processes
seen from the receivers.

1i) receiving part analysis :

= Analysis of the GI/M/1-S receiving part model to
obtain the receive buffer state probability at
the message arrival instants

- The GI-Messages 1interarrival time probability
density function is estimated by means of a two-
moment description according to [9] in conjunc-
tion with a substitute process

- Calculation of the blocking probability for mes-—
sages at the request instants.

111) use of the obtained blocking probability to
update the conditional cycle times for the
next iteration cycle.

iv) iteration until convergence and calculation of
system characteristics according to [1l].

3.5 System Characteristics

Based on eqns. (3.4) and (3.5) the transmit
buffer state analysis shown 1in [l] can be
performed. Thus, we obtain performance measures
for the different scheduling modes, e.g. mean
waiting time of messages in the transmit buffer,
mean number of messages waiting in the transmit
buffer or mean and coefficient of variation of the
cycle time. All performance measures depend on
the blocking probability of messages at their
destinating receive buffer. It should be noted
here that for the different scheduling modes the
well-known formula for the mean cycle time (c.f.
[1]) can be modified for the case of recelve
buffer constraints yielding



i) Scheduling mode "Repeat" :
g E[T ]

= —— .11
ElT) = = -®op (3.1
11) Scheduling mode "Wait" :

g EIT,]
E[TC] = I_-—GT?WS . (3.12)
where the mean message processing time is chosen
as
E[Tp] = g.E[Th] . (3.13)
4. NUMERICAL EXAMPLES
In the following, numerically obtained results

will be presented and discussed for the case of a
symmetrically loaded system in order to illustrate
the accuracy of the derived algorithm. The system
consists of g = 5 units. Each receive buffer has
the capacity S = 5. For the results presented,
the time variables are normalized to E[T ] = 1.
The switchover time is chosen to be consganc with
E[T ] = 0.5 E[Thl. In order to validate the
appgoximation, computer simulations are provided,
whereby the simulation results will be depicted
with their 95 % confidence 1intervals. The
diagrams are drawn for performance measures as
functions of the total offered traffic
P =g XE[Th] to the communication medium.

Figs. 5 and 6 show performance comparisons of the
two scheduling modes "Wait" and "Repeat", where
attentions are devoted to the mean cycle time and
the mean waiting time of messages. It can be seen
clearly in Fig. 5 that at lower load conditions
the cycle times are limited to the sum of all
switchover times (empty cycle E[T ] = 2.5) and no
receiver blocking occurs, i.e. both scheduling
modes lead to the same  mean cycle time.
Considering the scheduling mode "Repeat", only a
switchover time is observed in the case of receive

buffer blocking, where in the scheduling mode
EITc]
Wait /
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CyE
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E ] él//’frs\
[} Repeat
o
FS
[S X cHy=S
c
4
=
4”//”///fo
2
0 01 03 05 07
Offered Traffic p —=
Fig. 5 : Mean cycle time versus offered traffic

intensity
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Fig. 6 : Mean message waiting time versus offered
traffic intensity

"Wait" the server waits until the blocking receive
buffer 1is able to store the message, which has to
be transmitted. This leads to a higher mean cycle
time and consequently to higher mean waiting time,
when the scheduler operates under the scheduling
mode "Wait". Furthermore, Fig. 5 shows that the
scheduling mode "Repeat" leads to smaller mean
cycle times for transmission times with higher
variances. This is caused by a higher blocking
probability for larger c,.

The cycle time coefficient of variation is depict-
ed in Figs. 7 as function of the offered traffic
intensity for the scheduling mode “Repeat", assum-
ing Markovian ( = 1) and hyperexponential
transmission time (c, = 5). As expected, for

disappearing wmessage traffic, the cycle time
coefficient of variation starts at zero, due to
the chosen constant switchover time. With
2

Cc

5

-]

<

o

>

k]

3

8

g

] 1

°

]

ES

(8]

e 'L o
° cp=l —
Mode “Repeat”
T
0 0.1 0.3 05 07
Offered Traffic p —=

Fig. 7 : Mean cycle time coefficient of variation
versus offered traffic intensity
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values of the transmission time
of variation and the offered traffic
increase of the cycle time
variation 1is also shown in this

increasing
coefficient
intensity, an
coefficient of
Figure.

The influence of the transmission time coefficient
of variation on the blocking probability for
scheduling mode "Wait" is shown in Fig. 8. It can
be seen that the approximation accuracy is higher
for smaller values of . In general, results
obtained by the presented method always show the
same tendencies and phenomena as delivered by
computer simulations.

5. CONCLUSION

In this paper, the traffic performance of message
interchanging mechamisms via an interconanection
network is investigated, which have, e.g., a bus-
or ring-oriented structure and operates according
to a cyclic scheduling strategy. The analysis is
based on a polling system with cyclic, nonex-
haustive service, whose output process is further
offered to the receiver having finite capacity
buffers. An approximate analysis approach 1is
developed, where different bus scheduling modes in
the case of receive buffer blocking are taken into

account. Numerical results showing system
characteristics are presented, whereby the
approximation accuracy and its dependency on

system parameters are discussed in accordance with
validations by simulations. The modelling
approach and the analysis method presented can be
applied for a wide range of models in computer and
communication systems, such as local area networks
or stored program controlled switching systems
with distributed structures.
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