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Abstract Multiprocessor systems have been used to improve the
performance of computer systems such as to increase execution times. As the
interconnection network of computer systems, global bus is specially effective
for its high speed transfer.To reduce the contention for global bus and common
memory, multiple buses and multiple common memories are used. In the
application in which different processors frequently request to access a
common data at the same time, the contention for the common data decreases
system performance. To reduce such contention thus obtaining high
performance, in this paper, we have proposed multiple bus multiprocessor
systems with copied memories. We have evaluated the performance of the
systems and have compared the results with previously proposed S-M(single-
memory module) and D-M(distributed-memory module) systems.



1. Introduction

Multiple bus multiprocessor systems are
characterized by the presence of several processors,
one or more common memories(used by the
processors for the exchange of information) and
common buses(to connect the processors and common
memories).

Multiple bus multiprocessor systems with single
memory modules(S-M systems) and multiple bus
multiprocessor systems with distributed memory
modules(D-M system) aimed at reducing bus and
memory module conflicts were proposed. In previous
work[2][8], their performance has been analyzed
such that processors were assumed to execute
programs stored in their own privaie memeries. The
execution of a program was assumed to be
interleaved with accesses to common memories.

In some applications in which many processors
may want to access the same data in a memory at the
same time, the conflicts for common memory become
intolerant and the system performance decreases. To
reduce the conflicts(i.e.,obtaining high performance),
we have proposed a multiprocessor system with
copied memory modules(denoted as C-M system).
The proposed C-M system is constructed by inserting
multiple memories within each memory module such
that all the memories in each memory module have
even contents. Therefore same data in every memory
module can be accessed by different processors
simultaneously.

In this paper, we evaluate the performance of the
proposed C-M systems under the same assumptions
of [2] and [3]. We have compared our evaluation
results with those of S-M and D-M systems obtained
in [2] and [3]. The comparison results show an
obvious improvement of our C-M systems compared
with S-M and D-M systems.

In the next section we explain the analytical
model of the proposed C-M system. In section 3 we
introduce the exact performance evaluation of the C-
M system. In section 4 we analyze the system
approximately which gives closed form solution, and
then conform the approximate results. We give
numerical examples of the evaluation results and
compare them with S-M and D-M systems in Section
5. Conclusions appear in the final section. ‘

2. the Model and Assumptions

The system we propose in this paper consists of N
processors, M memory modules, B buses and L copies
in each memory module as shown in Fig. 1. We
denote it by N*(M-L)*B. We 'use here dualport
memory which permits simultaneously one read and
one write accesses if the read access and the write
access are not for the same memory location. The
data written into common memories will firstly be
multiplied-copied at the replicator. Then multiplied-
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Fig. 1. The model of C-M systems.

copied data are written into the L memories of that
memory module. Therefore, all memories of each
memory module maintain the same contents all the
time. Data will be read through the L read lines
directly. Consequently each memory module permits
L read accesses and one write accesses
simultaneously if there is no memory module
conflict.

The memory location conflict occurs if a processor
wants to write(read) into the memory location
from(into) which another processor is
reading(writing).

The memory module conflict occurs if a processor
wants to read from a memory module which is being
read by L other processors or a processor wants to
write into a memory module which is being written
by another processor.

The replicators make L copies of the data from its
input and send the L copies into the L memories in
that memory module.

[Definition 2.1]

Any processor can be in one of the following five
states.

1) active state represents the execution state
using the private memory.

2) accessing state represents the state accessing a
common memory.

3) waiting-for-memory state represents the state
waiting to access a common memory because of the
common memory module conflicts.

4) waiting-for-bus state represents the state
waiting to access a common memory because of the
global bus conflicts.

5) rejected state represents the state that the
processor’s request is rejected because of the memory
location conflicts and the processor is waiting to
request again after some time. ®

[Definition 2.2]

A memory module being read(written) by n
processors(m processors) is called n-read(m-write)
memory module, wheren=0,1,2 m=0,1®=

According to the above definitions, we can explain
our system’s operaton as follows:
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" Each processo: executes by accessing the private
memory for instructions and local data if the data
needed are stored in the private memory(in active
state). When the data needed are in common
memories or the processor wants to write data in
common memories, the processor stops executing for
the present and requests to access the common
memory in which the data needed are stored or are to
be written(in accessing state). If there is memory
location conflict, the processor’s request will be
rejected, and the processor has to request again after
some time(in rejected state). During this period the
processor does nothing.

Even though there is no memory location conflict,
but if there is memory module conflict, the processor
has to wait until the conflict is dissolved(waiting-for-
memory state; Definition 2.1).

If there is neither memory location conflict nor
memory module conflict, but no bus is available, the
processor has to wait until some bus is
released(waiting-for-bus state; Definition 2.1). Then
it can access for read or write operation.

After the accessing, the processor returns to
active state i.e., executing by using private memory
until the next access to common memories.

We make the following assumptions regarding
the operation of the system for performance analysis:

1.1) The duration of accesses to common
memories is an independent, exponentially
distributed random variable with average 1/ for all
the common memory modules.

1.2) Upon memory access completion,memory
and bus are immediately released (with zero delay)
and the processor resumes its background activity.
The interval between subsequent access requests is
an independent, exponentially distributed random
variable with average 1/A.

1.3) An access request from any processor is
directed to all the memory modules with the same
probability 1/M.

1.4) When a processor requests access to common
memories, it requests for reading and writing in
probabilities B and (1-B) respectively.

1.5) When memory location conflicts occur, the
conflicting request is rejected and the processor has
to request again in an exponentially distributed
random time, with average 1/A.

1.6) The location conflict occurs with probability
(1—a).

[Notations]

N: number of processors

M: number of memory modules

B: number of global buses

L: number of copied memories in each memory
module

S-M: single memory module multiprocessor system

D-M: distributed memory module multiprocessor

system

C-M: copied memory module multiprocessor system

N+(M-L)+B: Multiple bus multiprocessor system
consisting of N processors M memory modules
L copies in each memory module and B global
buses

1/p: average access time

A: average requestrate

(1-a): probability that location conflicts occur

B:  probability that an access requests reading
operations.

p: - theratio: Mp

Ai:  transition rate from state i to state (i-1) in the
approximate Markov chain.

W,=p; 1 transition rate from state i to state (i+1)
in the approximate Markov chain.

S:  system state of the lumped Markov chain

Sa:  system state of the approximate Markov chain

Pn:  probability that system is in state n in the
approximate Markov chain

P:  processing power

Because of the complexity of the performance
evaluation of L-copied memory modules system, we
analyze the performance of 2-copied memory module
system denoted by N*(M-2)+B and compare the
results with those of S-M and D-M systems(as shown
in Fig. 2 and Fig. 3 respectively) obtained in [2] and
[3]

common

memory
modules
3 PR —
Q ‘i‘-‘* .4
= - = > global
1 > uses
Y processors
G R N o
private
e @ memories
Fig.2 The model of S-M systems.
common
m":l L. myy, memory
T modules
X% f 3
<= . > Global
: uses
< >
é processors
i wi
P“"] P m private
memories

Fig.3 The model of D-M systems.



3.Performance Evaluation-—--Exact Analysis

Processing power is the performance measure which

also has been used in [1] and [2]. Processing power is

defined as follows:

[Definition 3.1] )
Processing power =[the average number of active

processors] @

[Definition 3.2] o obtain a Markov chain and
to reduce the number of system states as small as
possible, we define lumped system state as :

S=(8y, Sy, S3)
where
S, =(511, 812, 813, 814, S15)
S11=nr;, Si2=ny, Siz=ny,
Sl4=nrlwl Sl5=nr2w1

S2=(S21, Sp2, -, S25)
S21 =0, lguiws ***» BV, lqulw
S22 =0 giqulrs ***s D Prgiqulr
S —=n® von nﬁS)
23 =0y wylgmlws *°s riwylg,lw
824 =0 gw;lqulws ***» Nryw,lqmlw
Sos5= nmrzwﬂqmlr, vy n(‘S)rzWNQmIY

S3=(831, 532, -, S37)
S31=0%iqylrs ***» %% gy lr
S32=nmlqblr» 0Py
Sg3= nPlgplws s D®qpiw
834 =0 1qytws s D5 11w
Sg5= nmr2|qblw: "y nGS)rglqblw
S3e =nmwl Iqplrs =" nwwllqblr
S37 = nml‘lwl Igplrs ***s n(mwlrl igplr

i1~i5=B
JA~T=M
frw, : number of processors accessing the j-read k-
write memory module.
n(i)Qm|er1'w : number of processors waiting to write
into the ith j-read 1-write memory modules because
of memory module conflicts

(j=0,1,2)
0 irgwylr ¢ number of processors waiting to read
from the ith 2-read k-write memory modules because
of memory module conflicts.

(j=0,1,2 k=0,1)

n“’qblrjlw : number of processors waiting to write into
the ith j-read memory module because no bus is
available.

where

. (j=0,1,2)
nm%lrjwm : number of processors waiting t read from
the ith j-read k-write memory module because no bus
is available.

(j=90,1;k=0,1)
. (Brgwy =Ny, yywe=ny, etc.) @

For example, S14= nr,w, =4 means that there are
two memory modules both of which are being read by
a processor and being written by another processor.
823 =0"¢ w,lqiw =2 means that there is a 1-read 1-

write memory module and two processors are
waiting for this memory module because of the
memory module conflict. Sg7= D wy gyl
n? rigpir =1, 1 means that there are two 1-read 1-
write memory modules and a processor is waiting for
one of them and another processor is waiting for the
other one.

4.Performance Evaluation----Approximate
Analysis

4.1 Approximate Solution with Closed Form

Even in the lumped markov chains, the number of
system states increases rapidly as system size
becomes larger. For example, a 3%(2-2)*2 system has
26 states, but in 4%(2-2)*2 system the number of
system states increases to 59 only by adding one
processor. The explosive growth is due to the detailed
information that the state must includes about the
queues inside the system.

In order to reduce the number of system states
and to obtain a closed form solution, we construct an
approximate Markov chain in which the system
states include very little information about system
queues. This approximate markov chain has
smallest number of states and is suitable especially
for calculating the processing power.

[Definition 4.1]
System state for the approximate chain is defined
as
Sa=(n)
where n is the number of active processors. @

The state transition rate is given by

Apn=nAi
po=ppn = > Pa-pY > ab)
i+j=N-n i1+i2+i3=i
where
a= (i2+il+4jl) ; i2+il+jl1=B
B ; i2+il+j1>B
b=pi2(i3) pj1(2)/py(D) py(J)
where

iz the number of processors which are reading or are
waiting to read

j: the number of processors which are writing or are
waiting to write

il: the number of processors reading from 1-read
memory modules

i2: the number of processors reading from 2-read
memory modules

i3: the number of processors waiting to read from
two-read
memory modules

j1: the number of processors which are writing
j2: the number of processors waiting to write into
one-write memory modules



p,(n) : the number of unordered partitions of n into k
parts,with k and n integers.

Bn is the transition rate from state n to state
(n+1) and is obtained by taking the average of the
transition rates for all the possible states of the (N-n)
non-active processors.

For simplicity, in calculating pj, the memory
location conflict is ignored. In fact, the probability
that memory location conflict occurs is generally
very small.

We have reduced the system description to a birth
and death Markov chain, whose solution is easily
obtained. Denote by Pp, the steady state probability
of state n, then -

N-1 N-1
P =Py [ Airy=Py [1 G+1) My,
where o o

N-1N-1
Py=1+ Y [] G+nam)

=0 i=
The expression of the pr::)cgssing power P is then
as follows:

N N N-1
P=3 nP = > {0V @ [] vy
n=0 n=0 i=n
N-1 N-1
N~ *
1+ ZO ™" avvnd [T 1)
n= 1=n

The approximate approach has greatly reduced
the number of system states. For example, a 3+(2-2)+2
system has 26 states in the case of lumped Markov
chain but only 4 states in approximate approach. A
4+(2-2)+2 system has 59 states in the case of lumped
Markov chain but only 5 states in the approximate
approach.

- 4.2 Computer Simulation
To conform our approximate solution, we compare
the approximate results with those of exact solution
for small number of system components. To test the
performance of the approximate techniques on large
systems, a simulation program was written for
general N+(M-2)+B systems.

Exact and approximate analytic results were
compared by considering 5+(2-2)+2 system as shown
in Fig. 4, We can see that the difference between the
approximate and the exact results is very small.

Fig. 5.1, Fig. 5.2 and Fig. 5.3 are the approximate
~esiits and simulation results of large system size for
different number of processors, memory modules,
and global buses respectively.

It can be seen that the results of the approximate
solution and the results of the simulation approach
are very close in any case. This conforms our
approximate solution.
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5 Numerical Examples and Comparisons of
the Three Systems: S-M, D-M and C-M

Fig. 6 shows the results of C-M system of different
read probabilities f’s. We find that p=2/3 is the
optimum value at which the system obtains the best
performance. This is because a memory module in
our C-M systems permits two reads and one write
accesses at the same time. If the read access and
write access occur in the ratio 2:1, the memory
module conflicts are the fewest. So we obtain the best
performance at the point of p=2/3.

We compare the performance of the three
systems: S-M, D-M and C-M (shown in Fig. 2, Fig. 3
and Fig. 1 respectively), by using our approximate
results. Some examples are shown in Fig. 7.1(Table
1.1) and Fig. 7.2(Table 1.2).

Fig. 7.1(Table 1.1) and Fig. 7.2(Table 1.2) show
the results of the three systems with the global bus
conflict and the results of the three systems without
the global bus conflic respectively. We observe that
the maximum difference of processing power
between D-M system and S-M system is 50%. But in
our C-M system, we can obtain about 124%
maximum improvement of processing power over S-
M system when p is about 2. It can also be seen that
even in the case with bus conflict, our C-M systems
achieves improvement over S-M systems more than
D-M systems can achieve.

6_Conclusions

In this paper, we have proposed a multiple bus
multiprocessor system with

L-copied memory modules. We have evaluated the
performance of the system for L=2 and have
compared the results with S-M systems and D-M
system.
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Fig. 6. Resultsof 15¢(4-2)+12 C-M
systems for different vaiues of P's.
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Fig. 7.1. The comparison of the three systems:
S-M, D-M, and C-M in thr case of 15¢(4-2)+12,
without the global bus conflict.
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Fig. 7.2. The comparison of the three systems:
8-M, D-M, and C-M in the case of 15¢(4-2)+3,
with the giobal bus conflict.



p=Mp | Psy | Ppy | Poy | eePsu | PR

~ L3

0.1 12.75 12.75 13.50 0.00 5.88
02 9.79 10.60 12.05 8.27 27.68
04 5.80 720 9.58 24.13 41.03
0.6 3.75 5.15 7.38 37.33 96.80
0.8 2.80 3.60 5.75 28.57 105.35
1 2.25 2.90 4.85 28.88 | 115.35
2 1.25 1.57 2.80 25.60 124.00
4 0.70 1.00 1.50 42.85 114.28
6

3

0.50 0.75 1.02 50.00 104.00
0.45 0.60 0.80 33.33 7111
10 0.40 0.5 0.60 25.00 50.00

Table 1.1 The comparison of the three systems:
S-M, D-M and C-M in the case of 15+(4-2)-12,
without the global bus conflict

For small number of system components, we have
obtained the exact solution and compared with that
-of S-M systems. For large number of system
components, seeking for exact solution become very
tedious because of the explosion of the system states.
As a result, we have obtained an approximate
solution which has not only very small number of
system states but also can give closed form which is
very desirable in analytical approach. Then we have
compared the approximate results with those of
exact solution for small number of system
components, and with those of computer simulation
for large number of system components. We have
found that the difference between the approximate
results and the exact results or simulation results is
very small thus conforming our approximate
solution.

We also have found that the read probability :

P=2/3 obtains the best performance for the systems
with 2-copied memory modules.

By comparing the three systems: S-M, D-M, and
C-M, we have also found that their performances can
be ordered as: Pc.Mm>Pp.M>Ps.m.

We have evaluated multiprocessor systems
consisting of memories with 1 read port and 1 write

port, memory modules with 2-copied memories, and
arbitrary number of processors, memory modules
and global buses which we denote by
s=(1,1,2,N,M,B). The problem of performance
evaluation of multiprocessor systems consisting of
memories with arbitrary number of read and write
ports and memory modules with arbitrary number of
copies(ie. s=(R,W,C,N,M,B)) remains as the future
work.

p=Mn | Psym | Ppy | Poa | o7 | FewmPx

. -

0.1 12.30 12.30 13.50 0..00 9.75

0.2 9.60 10.10 11.50 5.20 18.79
0.4 5.30 6.00 7.10 13.20 33.96
0.6 3.50 3.80 4.70 8.50 34.28

0.8 2.70 2.80 3.70 3.70 37.03
2.07 2.10 2.90 144 40.09
1.09 110 1.50 0.91 37.61
0.68 0.68 0.69 0.00 1.40
0.50 0.50 0.50 0.00 0.00

o jro]lm

Tabie 1.2 The comparison of the three systems:
§-M, D-M, and C-M in the case of 15+(4-2)+3,
with the global bus conflict.
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