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ABSTRACT 

This paper presents a queueing network model 
for common memory access contention and access 
contention to common data that cannot be 
referenced by more than one processor in a 
multiprocessor controlled switching system. The 
model takes into account the inter-dependence 
between these types of access contention, which 
is important for evaluating the performance of a 
single-bus multiprocessor system. Although this 
inter-dependence is incorporated into the 
queueing network model, an exact analysis is 
difficult. Therefore, an approximate analysis 
method is proposed based on decomposing the model 
into two submodels. Approximate analysis results 
and simulation results are compared and it is 
shown that the approximation method provides good 
approximate values. This queueing network model 
is useful for estimating the call processing 
capacity of a multiprocessor controlled switching 
system. 

1. INTRODUCTION 

Access contention for shared resources 
presents a major problem in estimating the call 
processing capacity of a multiprocessor 
controlled switching system (or simply , 
multiprocessor system), because call processing 
capacity is reduced due to access contention for 
shared resources. There are two types of shared 
resources: hardware resources, such as the common 
memory, and software resources, such as the 
common data that cannot be referenced or modified 
simultaneously by more than one processor. This 
paper considers access contention to common 
memory (from now on, referred to as common memory 
access contention or simply CMC) as well as 
access contention to common data that cannot be 
referenced or modified simultaneously by more 
than one processor (from now on, referred to as 
common data access contention or simply CDC) 
in a multiprocessor controlled switching system. 

For a multiprocessor system connected by a 
single common bus (see Fig.1), CMC and CDC cannot 
be treated independently, because the access rate 
from a processor to the common memory is affected 
by CDC and the time during which common data is 
locked is also affected by CMC. To accurately 
evaluate the call processing capacity of a 
multiprocessor system, it is necessary to 
investigate this inter-dependence between CMC and 
cnc. A number of papers have presented and 
analyzed mathematical models for CMC and CDC. 
However, the inter-dependence between CMC and CDC 
has been largely neglected. This paper presents 

a simple queueing network model taking into 
account the inter-dependence between CMC and CDC. 

Several authors have developed discrete-time 
Markov chain models in evaluating CMC in multi
processor systems that have a crossbar switch 
connecting processors and common memory modules 
[1,2,3,4,5,6]. In this model, as the number of 
processors or common memory modules increases, 
the state space of the Markov chain grows larger 
and more computational time is required to obtain 

,numerical values of the stationary probabilities 
of the Markov chain. Hence, several methods of 
approximate analysis have also been proposed 
[3],[7]. However, when this modeling technique 
is applied to a system in which processors and 
common memory modules operate asynchronously or 
to a system in which each processor has its own 
local memory and accesses common memory modules 
at a rate less than that of local memory access, 
the resulting Markov chain becomes too complex to 
analyze. To facilitate analysis of these 
systems, a continuous-time Markov model or a 
queueing network model has been proposed [8]. 
This modeling technique has also been used for 
evaluating CMC in bus-connected multiprocessor 
systems [9,10,11]. Marsan and Gerla [9] have 
analyzed CMC in multiple-bus multiprocessor 
systems. Marsan et al. [10] have developed 
Markov models for analyzing performance and for 
comparing several single-bus multiprocessor 
architectures. Marsan et al. [11] have also 
investigated CMC in a single-bus multiprocessor 
system using different modeling approaches ' 
(continuous-time Markov chains, queueing networks 
and stochastic Petri nets). In addition to the 
above reports, numerous papers related to CMC 
have already been published [12,13,14J. 

In addition to CMC, access contention to 
software resources in computer systems, such as 
serially reusable programs or common data, have 
been investigated by several authors. Queueing 
delay caused by software lockout has been 
evaluated by a finite source queueing model [8], 
[15],[16J. More recently, Gilbert [17J and 
Hoffman and Schmutz [18] have presented queueing 
network models for evaluating spin locks and 
suspend locks, respectively. King et al. [19] 
have evaluated the effects of serial programs on 
the performance of computer systems. Smith and 
Browne [20J and Thomasian [21J have emphasized a 
queueing network modeling for access contention 
to software resources. 

Section 2 describes the multiprocessor 
system considered in this paper and presents a 
queueing network model taking into account the 
inter-dependence between CMC and cnc. Section 3 
presents an approximation method for the queueing 
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network model described in section 2. Section 4 
gives numerical examples and validates the accu
racy of approximate analysis method as compared 
with simulation results. 

2. MULTIPROCESSOR SYSTEM AND QUEUEING NETWORK 
MODEL 

The multiprocessor system considered in this 
paper is shown in Fig.1. Processors PI'" P N and a 
common memory are connected by a single common 
bus. Each processor has its own individual 
memory, which can be accessed only by the 
processor. Programs that are frequently used are 
stored in the individual memories. 

Common memory a'ccess contention (CMC) occurs 
when more than one processor attempt to access 
the common memory. When the common memory is 
accessed, the bus is occupied. If a processor 
attempts to access the common memory when the bus 
is occupied, that processor will be delayed. A 
bus-control unit (omitted in Fig.l), which 
arbitrates CMC, serves delayed requests for 
accessing the common memory on a first-come 
first-served basis (FCFS). Thus, i nstruction 
execution time in processors becomes longer than 
when no CMC occurs. 

In addition, common data access contention 
(CDC) occurs. In Fig.l, processors perfor m call 
processing functions, such as detection of call 
origination, translation and task selection, 
using common data in the common memory. There 
are several types of common data that must not be 
referenced or modified simultaneously by more 
than one processor: the speech path map, call 
state data etc. If a processor is allowed to use 
common data while another processor performs call 
processing using the same common data, the common 
data may be modified or updated simultaneously by 
more than one processor. This will cause the 
normal call processing failure. To ensure normal 
'call processing, it is necessary to serialize 
requests ' for accessing the same common data. A 
Test and Set flag (T&S flag) that indicates 
whether the data is being accessed or not is 
given each common data. A Test and Set 
instruction (T&S instruction) is usually us ed to 
ask whether the data is being accessed or not. 
If the common data is being accessed, the 
pr ocessor executes the T&S instruction repeatedly 
until it succeeds in accessing the common data. 
This mechanism is called the spin l ock. Thus, 
the time during which the T&S inst r uction is 
executed repeatedly is wasted. 

Here, note that there is the inter
dependence between CMC and CDC by the following 
reasons: 

(A) the common memory access rate for each 
processor cannot be determined independently of 
CDC, because the number of unsuccessful T&S 
instructions executed for accessing common data 
results in an increase in common memory access 
rate; 

(B) the time during which common data is 
used by a processor (from now on, referred to as 
common data service time), that is, the time 
between a set operation and a release operation 
for a T&S flag, cannot be determined 
independently of CMC, because total execution 
time for the instructions executed between the 
set and release operation for the T&S flag 
increases as a result of CMC. 

This paper analyzes this inter-dependence 
between CMC and CDC. 

Common bus 

Pi: Processor IM: Individual memory 
CM : Common memory CD: Common data 

Fig.1. Multiprocessor system. 

The following assumptions are made for 
processors, a bus and common data. 

(1) Each processor usually decodes and 
executes instructions in its individual memory 
and sometimes accesses the common memory. 

(2) When a processor attempts to access the 
common memory and at the same time the bus is 
free, the processor holds the bus to access the 
common memory by some constant time h. In other 
words, the bus holding time is aIWaysb~. Upon 
the completion of common memory accessing. the 
bus is immediately released. 

(3) The number of common memory accesses per 
unit time varies with the number of calls offered 
to a processor per unit time. It is assumed that 
when the effect of CDC is excluded from consid
eration, the mean number of common memory ac
cesses per unit time, v , can be calculated by the 
following equation of the number of calls offered 
to a processor per unit time, x (see [22],[23]): 

where 
v =(D

O
+D

1
x)ex, (l) 

DO: the number of instructions executed per unit 
time for tasks other than call processing; 

D1: the number of instructions executed for 
completing call processing from the 
origination to the termination of one call. 

ex: the mean number of common memory accesses 
during one instruction execution. 

When the effect of CDC is considered, the mean 
number of common memory accesses per unit time 
is calculated by: 

v = (D
O

+D
1
x)ex+ tw , (2) 

where 
~v: the increase in the number of common 

memory accesses per unit time caused by 
CDC. 

A method for calculating~v will be given in 
section 3. 

(4) The intervals between an instant of 
common memory access completion and an instant of 
the next common memory access are independent ,and 
exponentially distributed random variables with a 
mean of I/Ab for each processor. Note that the 
quantity Ab is defined so as to include the 

increase in the number of common memory accesses 
per unit time caused by CDC. The quantity ~ is 
referred to as common memory access rate and is 
calculated using v. A method for calculating 

Ab will be discussed in section 3. 
(5) There are K types of common data that 

cannot be referenced or modified simultaneously 
by more than one processor. It is assumed that 
service times of common data i are independent 
and exponentially distributed random variables 

4.4B-1-2 



ITC 11 Kyoto September 1985 

with a mean of l/Ui • The mean service time of 
common data i .is assumed to be calculated by the 
mean instruction execution time of a processor, 
T, multiplied by the mean number of instructions 

executed between a set operation and a release 
operation for T&S flag of common data i, d

i
: 

l/u
i
= Td

i
. (3) 

T is defined so as to include the time increase 
caused by CMC. T is given by: 

T = TO+ tH, (4) 
where 

TO: mean instruction execution time when the 
effect of CMC is excluded from 
consideration; 

~T: the increase in mean instruction 
execution t 'ime caused by CMC. 

A method for calculating ~T will be given in 
section 3. 

The number of times that common' data 1 1S 
accessed for completing call processing from the 
origination to the termination of one call is l i • 

(6) The intervals between an instant of 
common data access completion and an instant of 
the next common data access are independent and 
exponentially distributed random variables with a 
mean of l/Ad . Ad is _referred to as common data 
access rate. When an access to common data 
occurs, the common data i is selected with 
p:obability qi' Using lk defined in (5), qi is 
g1ven by: 

k=K 
qi=l i /Lk=l l k • (5) 

The queueing network model taking into 
account the inter-dependence between CMC and CDC 
is shown in Fig.2. 

3. APPROXIMATE ANALYSIS 

Although the inter-dependence between CMC 
and CDC is incorporated into the queueing network 
model in Fig.2, an exact analysis is difficult, 
because common memory access rate Ab and common 
data access rate Ad cannot be determined 
independently. Therefore, an approximate 
analysis method is presented in this section. 

The queueing network model in Fig.2 is 
decomposed into two submodels: the common memory 
access contention model (CMC model) shown in 
Fig.J and the common data access contention model 
(CDC model) shown in Fig.4. After decomposing 
the model in Fig.2 into two submodels, each 
submodel can be analyzed independently. However, 
to analyze one submodel, an analytic result of 
the other submodel is required. Thus, an 
iteration method is used. 

3.1 Common memory access contention model (CMC 
model) 

From assumptions concerning the bus 
described in Section 2, the CMC model is a finite 
source queueing model M/D/l//N (shown in Fig.3), 
where N is the number of processors. Using the 
results of the finite source queueing model 
'M/G/l//N in Takacs [-24], a mean waiting time for 
accessing the common memory is given by 

(6) 

where 

Common 
memay 

Common memory 
access queue 

Pi Processor COj: Common data j 

Fig.2. Queueing network model taking into account 
the inter-dependence between CMC and CDC. 

Population: N 

Pi: Processor CM: Common memory 
~b: Common memory access rote 
hb: 'bus holding time 

Fig.3. Common memory access contention model. 

i 
C.= IT exp(-jAb~)/(l-exp(-jAb~))' 

1 '-1 
]- , i=1,2, •.. ,{N-1). 

To calculate W using Eq.(6), it is 
necessary to determ~ne Ab according to the number 
of calls offered to a processor per unit time, x. 
To obtain Ab when the number of calls offered to 
a processor per unit time is x, the following 
relation can be used: 

(7) 
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Equation (7) is derived as follows: the number of 
accesses to the common m'emory per unit time is 
given by v and the mean time between successive 
common memory accesses is given by (l/~+Wb+~); 
the fact that the product of both terms is equal 
to 1 leads to Eq.(7). Here, note that the number 
of common memory accesses per unit time, v , is 
given by: (D

O
+D

1
X)C1+!lV. A variant of Eq. (7) was 

first derived by Khintchine. This was pointed 
out in Takacs [24]. 

Thu's, Wb and Ab must be calculated so as to 

satisfy Eqs. (6) and (7). To do this, the 
following iteration algorithm is used: 

Step 

Step 2 

Step 3 

Step 4 

Set initial value Wb (0)=0 and k=O; 
(k+l) . 

Compute Ab ' using Eq.(7) in wh1ch 
(k) 

Wb is replaced by Wb ; 
(k+l) . 

Compute Wb ' uS1ng Eq.(6); 

If IW
b 

(k+1) - Wb (k) I~ £ , where £ has 

the pre-specified and sufficiently 
small positive value, then terminate 
the algorithm. Otherwise, return to 
Step 2. 

In the above algorithm, it is assumed that the 
increase in the number of common memory accesses 
per unit time, !lv, is known and fixed. To 
determine !lv, the analytic results of a CDC model 
described in the next subsection are used. 

Using the mean waiting time Wb ' the increase 
in mean instruction execution time caused by CMC, 
!IT, is given by 

M= C1W
b

, (8) 
and T is given by 

T = 'T
O 

+ C1W
b

. (9) 

3.2 Common data access contention model (CDC 
model) 

From assumptions concerning common data in 
section 2 , the CDC model is a closed queueing 
network model with a single customer class having 
N customers and (K+1) nodes, where node 0 is an 
infinite server node and node 1-vK are FCFS 
nodes. 

Let P(mO,m1' •.• '~) be the state probability 

that there are m
i 

customers in node i, i.e, there 
are mi processors accessing common data i or 
waiting for access to common data i and mO 
customers in node 0, i.e. mO processors issuing 
no requests for common data access. This 
queueing network model has a product form 
solution [25] and P(mO,m1' •.• '~) is given by 

mO K m. 
P(mO,m1, •.• ,~)=(1/G)(1/mO!)(1/Ad) IT (q./ti.) 1 

i=l 1 1 

(10) 
where G is the normalizing constant. To compute 
the normalizing constant G, the following 
recursive relation developed by Buzen [26] can be 
used; 

G(0,i+1)=1, i=O, ••. ,K; 

G(N,l)= (1/A
d

)N/N!; (11) 

G(n,i+1)=G(n,i)+(qi/ lli)G(n-1,i+1), 

n=l, •• ,N, i=l, •• ,K. 

where G(n,i+1) is defined as the normalizing 

Population: N 

Node 0 

PI : Processor CDJ: Common data J 
q J : Branching protiabllty 
Ad: Canmon memory access rate 
J.I j : Service rote of common data J 

Fig.4. Common data access contention model. 

constant when the number of processors is nand 
the number of common data is i. G(N,K+1) is the 
normalizing constant G to be calculated . . Using 
G(n,i), the mean queue length of requests for 
accessing common data i, which is defined so as 
to include the processor currently accessing 
common data i, L

i
, is given by: 

_ j=N . 
Li -L j =l p( mi~ J ) 

=\~=N1 (q./ti.)jG(N-j,K+1)/G(N,K+1), (12) 
LJ = 1 1 

and the throughput of requests for accessing 
common data i, 9 i , is given by: 

(13) 

Appling Little's formula, the mean waiting 
time for accessing common data i, Wd,i is given 
by: 

Wd ,i=Li /8 i - l/11i • 

We have presented the algorithm for 
computing Wd,i. However, to use the above 

(14) 

algorithm, it is necessary to determine Ad 

according to the number of calls offered to a 
processor per unit time, x. To obtain Ad when 
the number of calls offered to a processor per 
unit time is x, the following relation is used: 

The above relation can be derived in the same way 
as the one for Eq.(7). The number of accesses to 

i=K 
common data per unit time is xL i =1 li when x 

calls are offered to a processor per unit time. 
Since the probability of access to common data i 
is qi' the mean time between successive common 

i=K 
data accesses is given by (l/Ad+ Ii=l qi(l/lli 

+Wd,i»; the fact that the product of both terms 

is equal to 1 leads to Eq.(15). 
Thus Wd,i and Ad must be calculated so as 
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to satisfy Eqs. (14) and (15). To do this, an 
iteration method similar to the one for computing 
Wb in the CMC model can be used. The description 

of the algorithm is omitted here. At this point, 
note that the mean service time of common data i, 
l/U

i
, must be modified so as to incorporate an 

increase in the mean instruction execution time 
caused by CMC: 

(16) 

Using Wd,i' we can calculate the increase in the 

number of common memory accesses per unit time 
caused by CDC, 6v (6v has been used in the 
analysis of the CMC model discussed in the pre
vious subsection). 6v can be approximated by: 

i=K 
6 v = XLi = 1 1 i W d , i / ( T 0+ et Wb ) • (17) 

3.3 Algorithm 

In this subsection, combining the analytic 
results of the CMC and CDC models, an algorithm 
is presented for computing Wb and Wd,i. 

The algorithm is as follows: 

Step 1 

Set 6V(0)=0, V(0)=(D
O

+D
1

X)et and 1=0. 

Compute Wb (0) using the results of the CMC 

model in 3.1, where v is replaced by v(O) in 

Eq. (7). 
Step 2 

Set T(I)= TO + etW
b 

(I). Set U
d
,i-1 = diT(I). 

Compute W (I) using the results of the CDC 
d,i 

mo'del analyzed in 3.2. 
Step 3 

Compute the increase in the number of 
accesses to the common memory per unit time, 

6T(I+1), using the following equation: 

A (1+1) = ricK 1 W (1)/( + W (I» 
uV x i=l i d,i TO et b 

(1+1) (1+1) Set v =(D
O

+D
1
x)et+ 6v and compute 

(1+1) Wb using the results of the CMC model 
analyzed in 3.1. 

Step 4 

If I Wb (1+1) - Wb (I) \< e:, where e: has the 

pre-specified and sufficiently small 
(I) 

positive value, then set Wb=Wb and 
(I) 

Wd,i=Wd,i ,and terminate the algorithm. 

Otherwise 1+-1+1 and return to Step 2. 

3.4 Calculation of processor occupancy 

In this subsection an application to 
calculating processor occupancy is discussed. As 
discussed in the previous reports (for example, 
see [22],[23]), for a single processor controlled 
switching system, processor occupancy is 
approximated by a linear equation of the number 
of calls offered to a processor per unit time. 
On the other side, this linear approximation 
cannot be applied to a multiprocessor system, 
because the effect of CMC and CDC must be 
considered. Let fb(x) be the increase in 
pr ocessor occupancy of each processor caused by 

CMC and fd(x) be the increase in processor 
occupancy of each processor caused by CDC when 
the number of calls offered to a processor per 
unit time is x. Using Eq.(8), fb(x) is given by: 

f
b

(x)=(D
O

+D 1x)6T 

=(D
O

+D
1
x)etW

b
• (18) 

Using Wd,i and li' fd(x) is given by: 

. i=K 
f d (x)=XL i =l 1 i Wd ,i. (19) 

Taking into account the increase in processo.r 
occupancy caused by CMC and CDC, processor 
occupancy for each processor in a multiprocessor 
system, f(x), can be approximated by: 

f(x) (20) 

Using Eq.(20) and the algorithm described in 3.3, 
we can compute processor occupancy as a function 
of the number of calls offered to a processor per 
unit time. 

4. NUMERICAL EXAMPLES 

In this section numerical results are given 
under the following conditions: 

h
B
=l, T 0=2.2, Ct=0.16 or 0.32, 

K=5, d1=30, 1 1=30, d
2

=25, 1
2

=15, d
3

=140, 

13=12, d4=100, 14=5, d5=140, 15=5, 

DO=15 (step) /10000 unit time, and 

D1=20000 (step) /1 call. 

First, analytic results are compared with 
simulation results. Figure 5 shows a comparison 
between the approximate analysis results and 
simulation results for the mean waiting time for 
accessing the common memory when N=5 (solid line: 
analytic results, square: simulation results) and 
N=8 (dashed line: analytic results, triangle: 
simulation results). Figures 6 and 7 show the 
approximate analysis results and simulation 
results for the mean waiting time for accessing 
common data under the same conditions as in 
Fig.5. In either figure, the horizontal axis 
shows the number of calls offered to a processor 
per unit time, x. As mentioned in section 2, 
when a processor attempts to access common data 
and at the same time the data is being accessed 
by another processor, the processor trying to 
access the data executes a T&S instruction 
repeatedly until it succeeds in accessing the 
data. This spin lock operation is modeled as a 
system with repeated calls. However, to 
facilitate analysis of spin lock, we used a model 
in which requests for accessing common data form 
a queue (see Fig.4), assuming that repeated 
requests for accessing the same common data are 
independent attempts from each other. we can see 
that the analytic results and the simulation 
results are in good agreement. In the present 
comparison, simulation required more computa
tional time than analytic method. In spite of 
the approximation, the analytic method proposed 
in section 3 is useful for performance analysis 
in the design phase of multiprocessor systems. 

Next, we evaluate the effects of the number 
of common memory accesses during one instruction 
execution, et, on system performance. Figure 8 
shows the increase in processor occupancy caused 
by CMC, fb(x), and the increase in processor 
occupancy caused by CDC, fd(x), for et=0.16 and 
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~=0.32 by the approximate analysis method. The 
conditions for the other system parameters, such 
as DO,D1'~ etc., are the same as those 
described earlier. From Fig.8, we see that while 
fb(x)<fd(x) for ~=0.16, fb(x)~fd(x) for a=0.32. 
In other words, as ~ grows larger, CMC affects 
the system performance to a greater extent than 
CDC. From this figure, it can be seen that 
system performance is largely improved by 
reducing the influence of CMC. 

5. CONCLUSION 

This paper has emphasized the significance 
of the inter-dependence between the common memory 
access contention and access contention to common 
data that cannot be referenced or modified 
simultaneously in multiprocessor controlled 
switching systems. A queueing network model 
taking into account this inter-dependence has 
been developed. An approximate analysis 
.technique based on decomposing the queueing 
network model has been proposed. When compared 
with simulation results, it has been shown that 
the proposed technique provides good approximate 
values. 

Calculation of processor occupancy is 
essential for estimating the call processing 
capacity of electrical switching systems. The 
queueing network model proposed in this paper 
makes it possible to accurately calculate 
processor occupancy for each processor in a 
multiprocessor controlled switching system. 
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