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Abstract: Queuing network techniques are effective for evaluating the performance of computer systems. We
discuss a queuing network technique for a computer system with input to terminals. The finite number of termi-
nals exists in the network and a job arrives randomly from outside of the terminal. After a think-time at the ter-
minal, the job moves to the server, and it acquires some parts of memory and executes CPU and 1/O processing
in the server. After the job completes CPU and 1/O processing, it releases the memory and goes back to its own
terminal. However, because the terminal and the memory resource can be considered as a secondary resource
for the CPU and 1/0O equipment, the queuing network model has no product form solu-tion and cannot be calcu-
lated the exact solutions.

We proposed here an approximation queuing network technique for calculating the performance measures of
a computer system with input to terminals on which multiple types of jobs exist. This technique involves dividing
the network into two levels; one is “inner level” in which a job executes CPU and I/0O processing, and the other
is “outer level” that includes terminals and communication lines. By dividing the network into two levels, we can
prevent the number of states of the network from increasing and approximate the performance measures of the
network. We evaluated the proposed approximation technique by using numerical experiments and clarified the
characteristics of the system response time and the mean number of jobs in both level.

Keywords: performance evaluation, queuing network, central server model, a computer system with input to
terminals

1. Introduction

Queuing network techniques are effective for evaluating the performance of computer systems. In computer sys-
tems, two or more jobs are generally executed at the same time, which causes delays due to conflicts in accessing
hardware or software resources such as the CPU, 1/0 equipment, or data files. We can evaluate how this delay affects
the computer system performance by using a queuing network technique. Some queuing networks have an explicit
exact solution, which is called a product form solution [1]. With this solution, we can easily calculate the performance
measures of computer systems, for example the busy ratio of hardware and the job response time. However, when the
exclusion controls are active or when a memory resource exists, the queuing network does not have a product form
solution. To calculate an exact solution of a queuing network that does not have a product form solution, we have to
construct a Markov chain that describes the stochastic characteristics of the queuing network and numerically solve its
equilibrium equations. When the number of jobs or the amount of hardware in the network increases, the number of
states of the queuing network drastically increases. Since the number of states of the queuing network is the same as
the number of unknown quantities in the equilibrium equations, the number of unknown quantities in the equilibrium
equations also drastically increases. Therefore, we cannot numerically calculate the exact solution of the queuing net-
work. Moreover, when the queuing network is an open model where jobs arrive from or depart for the outside of the
network, the number of states of the network can become infinite (the number of jobs can be infinite), and we cannot
actually calculate an exact solution.

Here we discuss the queuing network model for computer systems with input to terminals (Figure. 1). In the mod-
el, the job arrives randomly from the outside to the network and acquires a terminal. If all terminals are occupied, the

https://doi.org/10.17758/ERPUB.ER1217248 106



6th International Conference on Chemical, Agricultural, Environmental and Biological Sciences (CAEBS-17) Dec. 7-8, 2017 Paris (France)

job joins the system waiting queue and wait until a terminal becomes available. After a think-time at the terminal, the
job moves to the server and acquires some parts of the memory and exe-cutes CPU and 1/O processing. When the job
completes CPU and I/O processing at

the server, it releases the memory and Vi go'
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In the same ways as [8][9], there are multiple types of job class exist in the network. Each job class behaves dif-
ferently in the outer level and the inner level. Although both the inner level and the outer level has a product form
solution when the model has solution when the model has a single job class, the both level does not have a product
form solution when the model has multiple job classes. Therefore, an approximation technique for the both level is
needed to analyse its performance measures.

In this paper, we have proposed an approximation technique for calculating the performance measures of a com-
puter system with input to terminals. We previously reported multiple job class including memory resource model
arrived randomly from the outside [8] and a model in which a job moves back and forth between a terminal and a
network [9]. In this research, we report a model in which a job arrives via a terminal from the outside including the
memory resource.

Dividing the model into two levels is one of two-layer queuing network techniques [3]. Our proposed technique is
also a two-layer technique for a computer system with input to terminals. In our previous study [4], we reported an
approximation technique for evaluating performance of computer systems with file resources. Meanwhile, heteroge-
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2. Model Description

The CPU and 1/0 model in the
inner level is equivalent to the or-
dinary central server model with
multiple job types (each of which
is called a job class). In this model,
R job classes exist, and each of
them is numbered r =1, 2, ... , R
by affixing r. We denote n, as the
numbers of jobs of job class r in
the central server model and n as
the total number of jobs in the cen-
tral server model. We also denote
i, as the number of jobs of job
class r in the inner level (the dif-
ference of n, and i, is the number
of jobs in the system waiting
queue 1). The inner level consists
of single CPU node and multiple
I/0 nodes. We denote M as the
number of 1/0O nodes. The 1/0 _
nodes are numbered m=1, 2, ..., : All jobs are in central server model
M by affixing m, and the CPU
node is numbered m = 0 by also affix-
ing m. The service rate of job class r

at the CPU node is 7,", and the

service rate of job class r at an 1/0 @‘T’O D @ (et @ K n.@ﬂ i,
node m is #,". The service time at 2

each node is a mutually independ- Fig.4: State transition diagram (signal job class)
ent random variable subject to common

exponential distributions. Jobs are scheduled on a first come first served (FCFS) principle at all nodes. At the end of
CPU processing, a job probabilistically selects an 1/0 node and moves to it, or completes CPU and I/O processing and
goes back to its own terminal. The selection probability of I/O node m of job cIaMss ris
pr(m=12...,M;r=12,...,R)and the completion probability of job class r is p;. Therefore, zprrﬂ =1
(r=1,2,..,R). "

In the outer level, there are K terminals exist and the job arrives randomly from the outside to the network and
acquires a terminal. If all terminals are occupied, the job joins the system waiting queue and wait until a terminal
becomes available. When the job completes the CPU and 1/O processing in the central server model, it returns to
its own terminal. We denote kr as the number of jobs of the job class r (r = 1, 2, ... , R) acquiring the terminal.
These k, are not constant and Zk < K holds.
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Fig.3: State Transition diagram of computer system with input terminals
{two job classes, tow dimensional birth-death process
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The job stays in the terminal for short while. The staying time is called “think-time”. The think-time is mutu-
ally independent random variable subject to common exponential distribution with parameter v, of job class r (v,
is job departure rate from the terminal).

Memory resources are added to this central server model (Figure 1). We denote s _as the number of the units

of the memory acquired by a job of job class r and S as the total number of the units of the memory. After the
think-time, a job of job class r moves to the inner level, and requests and acquires s_units of the memory before

entering the central server model. If sufficient units of the memory do not available, the job joins the system
waiting queue 1 and waits for the memory to be released by another job. When the job completes CPU and 1/0
processing, it releases the memory and leaves the inner level and goes back to its own terminal in the outer level.
Since the job has to acquire the memory before entering the central server model, the total number of units of the

occupied memory in the central server model has to be less than or equal to S, i.e. zR;n S <5S
r=r — "

r=1

By replacing “CPU — outer level transition” with “CPU — CPU transition,” the central server model is modi-
fied to a closed model in which the number of jobs is constant (Figure 2). 0049n this modified model, when
“CPU — CPU transition” occurs, we consider as the job terminates and a new job is born. Therefore, the mean
job response time is the mean time between two successive “CPU — CPU transitions.” This means that the job
response time can be considered as the job lifetime.

3. Approximation Model

We use the following notations.
t. : mean think-time of job class r
vy : departure rate from the terminal of job class r
7m » Mean total service time of job class r at node-m in the central server model
S : number of units of memory acquired by a job of job class r
S : total number of units of memory resorce
N - NUMber of jobs of job class r at node-m in the central server model (r=1, 2, ..., R; m=0, 1, ... , M)
n, : number of jobs of job class r in the central server model
n = (ny, Ny, ..., NR) : vector of number of jobs in the central server model (n,=0, 1, 2, ..., k)
iy : number of jobs of job class r in the inner level
k: : number of jobs of job class r in the network (= number of terminals of job class r)
N" = (Mo, N1, -, Naws Nag, N2t oo, Now, <., Nroy MRy, <., Nrw) © State vector of the central server model

M
F)={n"| > n,=n,n,=0(Mm=0,L...M)}(NS, +n,S, +...n.S, <S)
m=0

: set of all feasible states of the central server model when the number of jobs of job class r is n,
P, (n) : steady-state probability of state n”

T," : mean job response time of the central server model when the vector of number of jobs is n
un' - completion rate from the central server model of job class r

T ": system response time of job class r (= lifetime of job class r)

3.1. Inner level

Since the central server model in the inner level is equivalent to the ordinary central server model with mul-
tiple job classes, it has the product form solution. Then the steady-state probability Ps(n*) is represented by the
following formula [1][2].
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Ps(n) = r=1 m=0 , where p(n,, n,,---, N, M) = Z HHTrm”m is the normalizing constant of steady-

¢(n11 Nyyeey Ne, M) neF(n) r=1 m=0

state probabilities when the number of jobs of job class r in the central server model is n, (=0, 1,2, ..., k.; r=1,2, ...,

R). From these steady-state probabilities, we can calculate the mean job response time T," of job class r as

1 ey e g, M)
’ (N, N =1, ng, M)

The memory resource in inner level can be considered as an M/M/S queuing model with S servers. In an ordinary

M/M/S queuing model, the service rate at a server is constant, regardless of the number of guests in the service. In the

memory resource of our model, however, the service rate changes depending on the number of occupied memories.

The mean job response time T,," of job class r (=1, 2, ..., R) when the vector of number of jobs is n= (n, n,, ..., NR) is

equal to the mean time while the memory is occupied. Since the completion rate x," of job class r from the central

server model is denoted as u,' _ 1 , u, also depends on n= (ny, N, ..., NR), that is the number of jobs in the central

an

server model. The state transition of the M/M/S queuing model with two job classes is shown in Figure 3, where the

completion rates from the central server model change depending on the number of jobs in the central server model.

This is a two dimensional birth-death process. The equilibrium equations with the steady-state probability Qs(is, i2),

when the total number of the units of the memory is S and the number of jobs in the inner level is (iy, i,), are as fol-

lows (similar to the case with higher dimensions). Where s; is the maximum integer such as s S <S,i.e. s, :[s/sr].

, when the number of jobs in the central server model is n,.

(1) i1:0, i2:0
(Kavi+ Kav2)-Qs (0, 0) = puao*- Qs (1, 0) + won® Qs (0, 1)
(2) 0<iS, <S,i,=0

{(ky—i) vit+ kava + iy Hig } Qs (i1, 0)
= (ki —ig+1) v Qs (ii—1, 0) + (ir+1) 47 ;- Qs (ir+1, 0) + 47 - Qs (iz, 1)
(3) S<i,S,, i, <k, i,=0
{(ke—i0) vit Koo+, } Qs (g, 0) = (ky—is+1) vi- Qs (i1 —1, 0) +5,10,- Qs (i1+1, 0) + 47 - Qs (i, 1)
(4) i, =k, i,=0
(kava +31/‘;0)' Qs (k1, 0) =v1- Qs (ki =1, 0) + 42, - Qs (k1,1)
(5)i,=0,0<i,S, <S
{kivi+ (ka—1i2) v2 + i ,ugiz}' Qs (0, i2)
= (ke—i2t1) v2: Qs (0, 12— 1) + 4, - Qs (1, i2) + (iz+1) g - Qs (0, iz+1)
(6) i, =0, S <i,S,,i, <k,
{kovi+ (ke —i2) va+s,u8 }-Qs (0, 1) = (ko —i2+1) v2:Qs (0, 2= 1) + 43, -Qs (L, i) + Sz 5, Qs (0, i2+1)
(7) i,=0,i, =k,
(kovy +Sz,u§52)'Qs (0, k2) =v2:Qs (0, k= 1) + 45, -Qs (1, ko)
(8) 0<i,, 0<iy, (i, +1) S, + (i, +1) S, <S
{(ke—i) vit+ (ke—i2) vot iy g, + 1247} Qs (in, I2) = (ke —i1+1) v, Qs (111, i)
+(ke—i2t1)v, Qs (in, o= 1) + (i1t1) 1, - Qs (a1, i) + (i2+1) i} |, - Qs (in, i2+1)
9) 0<i,,0<i,,i,S, +i,5,<S and S < (i, +1) S, +i,S,
{(ka—i) vit+ (ke—i2) vot iy gy, + 1247 Qs (in, 12) = (ks —i1+1) v, - Qs (111, i)
+ (ke —iz+1) v, Qs (i, o= 1) +i1 g, - Qs (int1, i) + (i2+1) 4 - Qs (i, 12+1)
(10) o<i,,0<i,,i,S, +i,S,<S and S <i,S, +(i, +1) S,
{(ki—ig) vi+ (kpy— i) vo + ilyiiz +1p 7 } Qs (in, i2) = (ki —i1+1)v,- Qs (i1—1, i2)
+ (ke —iz+1) v, - Qs (in, o= 1) + (ir+1) 4, - Qs (ia+1, i) + iz 41 - Qs (i, 12+1)
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(11) s <i,S, +i,S,,0<i, <k, 0<i, <k,
9R(i,,i,) denotes the set of the shortest routes from (0, 0) to (iy, i), and there is the lattice point (jy, j2) on a route
ueR(y,i,) suchas js +j,s,<s and S <(j, +1)S, +j,S, Or S < j;S, +(j, +1)S,. When we denote the steady-state
probability along the route u as Q.* (i, i,) » the following equilibrium equation holds.
{k, =) vy +(k, —i,) v, + jlﬂiiz + iZ/’lifiz}QSjljz (i, 1,)
= (k=i +) v, Qg% (i, =1, i,) + (K, =iy + v, Qg2 (iy, I, —1) + jl/’l:}ljz = (i, +10,) + JZILIJlJZ Jl]z (i, i, +1)
Q (i, i,) can be represented as Q)= 3 Q' ().

ueR(iy i)
(J1, Jz)isonu

For the state (iy, io) of the Markov chain, when i s, +i,s <S,all jobs are in the central server model and executing
CPU and 1/0O processing, and when S <i;S, +i,S,, some jobs are in the system waiting queue 1 and waiting for a
part of the memory to be released. The transition diagram of the two dimensional birth-death process is shown in Fig-
ure 3. However, the equilibrium equations do not have the product form solution. Therefore, some approximation is

required to solve it.
When the model has a single job class, it can be described with a one dimensional birth-death process. Its transi-
tion diagram is shown in Figure 4, and the equilibrium equations are as follows:

(1) kyv1-Qs (0)=p1" Qs (1)
(2) {(ki—ig) vt i1ﬂi }- Qs (i1) = (ky—i1+1) vi- Qs (iy—1)+(i1+1) ,Ui;l' Qs (i1+1) (0<iy$1=9)

(3) {(ki—i1) vitsy y; } Qs (i) = (ky—i1+1) vi- Qs (iy—1) +s; #; - Qs (i1+1) (S<iiS:1<ky)
(4) s,u - Qs (k1) =vi- Qs (ki —1)

The solutions for the equilibrium equations are . @
described in the following product form. @ O @
. A
Q@ f o {6k On I I ;=1 21 ) I
0. (i) = 1w M I 44, )
Q.0 ]l fmsn foos L C)‘*—*''@"*t'—*"%.‘*"ﬂ+ @H@
7 S ,usl S /u§ﬂ '\.'. I I I
<O—Or .<—> ©
oﬁ<—>:~:> —@©
YR S AN
. .
— _%t:e@

In this formula, for the state transition at i =1,

2, .., st — 1, multiply by factor (k,—i+Dv,
D7

while for the state transition at i =sg, $1+1, ..., kg

multiply by factor (& —i+Dv; |
S 'ﬂ;

For two dimension case, we consider a short-
est route from lattice point (0, 0) to (iy, i) shown
in Figure 5, and for the horizontal state transi-
tion at the lattice point (i, i) such as
i,S, +i,5,<S on the route, multiply by factor

1
—0
I

(k=i +Dv; . and  multiply by factor
i ':uilliz +1, '/Uifi2
(k, =i, +1)v, for the horizontal state transition,

&
5 9
&
éH@H

il‘ﬂiiz +i2'#ifi2 ST prmmmmemmaaa. -
P H P P " All jobs are in central server model.
When the lattice point (i;, i) such as S ]
Fig.5 State Transition diagram (two job classes)

(k,=4, k,=5)
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<iS+i,S,, for the state transi-
tion outside of the lattice point
(i J2) such as jsS +j,S,<S .=
and S<(j+) S, +j,S, or
1S, +(j,+D S, <S8
on the route (between(j.,j») and
(i1, i2)), multiply by factor
(k,—J,+Dv,  for the horizon-
jl'ﬂ}ljz + ] ',ujzlj2
tal state transition
or_(k;—§,+Dv, for the verti-
b ',uijz + 1 '/112112
cal state transition Thus, the
coefficient of Qs(iy, i) related to
Qs(0, 0) is represented as the
summation of the product along
all the routes from
(0, 0) to (i, i,). For example, for
the route from (0, 0) to (1, 2)
when S=4, S;=2, S,=1, and k;=5,
k,=4, which is the case
ofi,S, +i,S, <S (2i1 +i,<4),the
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Hor “Hop2

™ For the route from (0, 0) to (3, 2), which is the case of s <i;S, +i,S,, (4<2i, +i,), the multiplication along

Hyy + 2411
the route (ii) is Q. (0,0) .471/21 151/2 _x
Ho1 Mo+ My
v, A, 2y
ﬂlll + /”121 ﬂlll + /”121 ﬂlll + /”121 .
Since there are multiple routes from (0, 0) to (iy, i2), the coefficient of Qs(iy, i,) related to Qs(0, 0) is approximately
represented as the total of the products along all routes from (0, 0) to (i, i»). Similar to the case above, we can approx-

imate the state probability of a queuing network with multiple job classes when R >2.

3.2. Outer level
Figure 6 shows a state transition diagram of the outer level. The outer level is also expressed in a two-
dimensional

birth-death process. In the dashed-line triangle of Figure 6, all jobs are in a state of acquiring a terminal. Unlike
the inner level, it is an open queuing network where the number of jobs in each class can be infinite. The equilib-
rium equations with the steady-state probability Ux(k)= Ux(ki, k), when the number of terminals is K and the
number of occupied terminals is k"=(ks, k,), are as follows (similar to the case with higher dimensions).

(1) k=0, k,=0
(11+/12)vUK (0, 0) = VlolvUK (1, 0) +V012vUK (0, 1)
2) k=1, 2, ..., K—1, k=0
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(Artlotkevy ))-Uk (K, 0) = 21- Uy (k =1,0) + (kit1) vy, -Uk (katl, 0) +42,- Uk (ke 1)
(3) ki= K, K+1, ..., k,=0
(Atlo+ Ky )-Uk (K, 0) = 21-U (K =1, 0) + Ky}, Uk (K+1,0) +,2 .Uk (K, 1)
(4) k=0,k=1,2,.., K-1
(A+iatkavg, )-Qs (0, k) = 22-U, (0, k, 1) + v, -Qs (L, ko) + (ke+1)vg Uk (0, kot1)
(5) ki=0, ko= K, K+1, ...
(Ar+22+K 2 )- Uk (0, K) =25-U, (0, K-1) + 2 -Uk (1, K) +Kv{, -Uk (0, K+1)
6) kitko=< K -1, k=1, 2, .., K=2, kp=1, 2,., K =2
(Zatdztkovy, +hovy )-Uk (ki ko) =21-Uy (K, =1, K,) +42- Uy (K, k, 1) +(Ket1) vy ) -Uk (Kot ko) +
(kat1) v, ;- Uk (ke kot1)
(7) ketho= K, ki=1, 2, .., K =1, ko=1, 2, ..., K =1
(Zathotkuvy, thovi )-Uk (ke ko) =20-Uy (k=1 K,) +42-U, (K, K, =1) +Kavy, Uk (Ketd, ko) +
|(2vk21kz Uk (K1,  kot+1)

(8) kitko> K, k=1, 2, ..., k=1, 2, ...
When the lattice point (I, I,) such as I,+I,=K Solution the shortest route | from (0, 0) to (ky, k2) and U, (k,, k,)
is the state probability along the route | of the state (ki, k),
(Artaatlivy +12v7): Uy (k, k,)=41-Uj (k, =1, 0) +42- U} (0, k, —1) + liv), - Ui (k, +1 k,) +
Lovi Uy (K, k +1)).
@) kitk> K, k=1, 2, ..., K, k=12, .., K =U, (k,,k,) = iu:((kl, k,)

1=K—k,

K
(b) kitko> K, ky=K+1, K+2, ..., k=1, 2, ... ,.K= U (K, k,) = D Uy (K, k,)

1=Kk,

kg
(€) kitk> K, k=1, 2, ..., K, k=K+1, K+2, ... :>UK(kl,k2)=ZU|'<(k1,k2)
1=0

K
(d) katko> K, ky= K+1, K+2, ..., kp=K+1, $+2, ... = U, (k,,k,) :ZUI'((nl, n,)
1=0

4. Numerical Experiments

We evaluated the proposed approximation technique through numerical experiments. We used the following
parameters.

1. Number of terminals: K = 10 5. Think-time and arrival rate:

2. Number of memory resources: S=5 * Figure 7, 8

3. Number of I/0O nodes: M =2 (t;, t2) = (2.0, 1.0)

4. Total service time at each node (A1, 42) = (0.05, 0.1), (0.06, 0.1),..., (0.2, 0.1)
710=1.0, 711=11,=1.0, 790=1.0, 791=7,,=0.5, » Figure 9, 10
where ., is the total service time of job class (t;, t2) = (1.0, 1.0), (1.1, 1.0),..., (2.5, 1.0)
r at node m. (A1, 42) =(0.2,0.0)

where t, is the mean think-time of job class r and
Ar 1S the arrival rate of job class r (r=1, 2)
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Figures 7 ~ 10 show the mean system response times and mean numbers of job as in the inner level of job
classes 1 and 2 respectively, when the arrival rate 1, is fixed and 1; change from 0.05 to 0.2 by 0.01, and the
think-time t; is fixed at 1.0 and t; change from 1.0 to 2.5 by 0.01. The mean system response time is the mean
time from job arrival to departure from the network (that is the mean time of moving between terminal and the
central server model plus the think-time at the terminal). Similar to the case of a single job class, the mean sys-
tem response time for both job class increases monotonically in a convex curve. When the think-time of job
class 1 increases, the mean number of jobs in the inner level increases linearly along increasing of the think-time
of job class 1.

5. Conclusion

We proposed an approximation technique for evaluating the performance of a computer system with input to
terminals using a queuing network technique and analyzed its performance measures through numerical experi-
ments. The concept of the approximation is based on separately analyzing the inner level (CPU, I/0 equipment,
and memory) and the outer level (terminals and communication lines). The numerical experiments clarified the
characteristics of the system response time.

In the future we plan to examine the accuracy of the proposed approximation technique by comparing it
with exact solutions or simulation results.
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