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(UFPA), 66.075-900,
Belém, PA, Brazil

{kawasaki,diego,rfrances,ghsc,marcelino}@ufpa.br,
2 Department of Computing Engineering and Automation, Federal University of Rio

Grande do Norte (UFRN), 59072-970,
Natal, RN, Brazil

affonso@dca.ufrn.br,
3 National Institute for Space Research (INPE), Computing and Applied

Mathematics Laboratory (LAC), P.O. Box 515, 12245-970,
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Abstract. Parallel Computing has become a powerful tool to overcome
certain types of computational problems in many areas such as engineer-
ing, especially due to the increasing diversity of platforms for execution
of this type of application. The use of parallel computing over LANs and
WANs is an alternative in the universe of dedicated environments (par-
allel machines and clusters), but, in some cases, it needs to imply QoS
(Quality of Service) parameters, so it can execute efficiently. In this sce-
nario, the deployment of resource allocation scheme plays an important
role in order to satisfy the QoS requirements for parallel applications. In
this paper we propose and present Markovian models for resource alloca-
tion (CPU allocation) schemes in a GPOS (General Purpose Operating
Systems), aiming at offering an optimization method which makes the
efficient performance of parallel and interactive applications feasible.

1 Introduction

In the last years, the set of platforms for the performance of parallel applications
has become diversified. In the beginning, these environments were limited to
some processor units linked by internal bus. However, today, typical platforms
are great sets of computers linked by many different networks [1]. The points
which caused that approach change were [2]: (a) the high cost for achievement
and maintenance; (b) the use of highly specific purpose, which usually generates
a high degree of idleness, characteristics which limited the achievement of parallel
machines.



An alternative to this problem is to consider a differentiated treatment for the
parallel processes, whenever demanded, by means of QoS approach [3]. However,
provision of QoS guarantees in GPOS or in other similar systems (like wireless
and cellular mobile networks) is a complex issue due to problems such as those
related to how to design the system behavior which needs process scheduling and
admission control. It becomes even more challenging when in a system a specific
process or groups of processes need a minimum of resource assurance. To do so,
Call Admission Control (CAC) must act together with the process scheduler, so
that, when the system detects that a determined application needs a resource
assurance, it may adjust the system to provide it [4].

When it is needed to conjecture about the system performance, usually a
model s constructed, which obtains its essential information. From this point, a
performance analysis is carried out in order to explore and identify the system’s
behavior, bottleneck, bounds, etc [5]. Due to the necessity of investigating the
feasibility of providing QoS to guarantee a minimum of resources to processes
that need a differentiated treatment in a general purpose operating system, in
case GNU/Linux, a performance model has been developed for the traditional
GNU/Linux scheduler. Besides the traditional GNU/Linux model, a different
model that reserves a percentage of the processor time for providing attention
to parallel tasks has also been developed. By solving these models, their perfor-
mance evaluation was compared to identify the changes in the system behavior
due to reserving the resource.

This paper is organized as follows. In Section 2 it describes the analytical
model of Linux scheduler architecture and a new scheduler model with resource
allocation. The sensibility analysis is based on a detailed mathematical model
followed by numerical results that are presented in Section 3, admitted with
or without resource reservation models. Finally, in Section 4 it shows the final
remarks of this work.

2 Linux Scheduler Analytical Model

The basic structure of the Linux scheduler is the process queue (struct runqueue).
This struct is defined inside the archive kernel/sched.c. The current O(1) sched-
uler keeps a runqueue per processor, which is responsible for containing all the
executable processes of a given processor. Thus, if a process is inserted in a
runqueue of a specific processor, it will only run on that processor [6]. Each
runqueue contains two priority arrays [7]: active and expired. Priority arrays are
data structures composed of a priority bitmap and an array that contains one
process queue for each priority.

Linux scheduler and admission control is depicted in Fig.1. Higher (parallel
jobs with QoS, kernel process) and lower priority jobs (compilers, browsers,
parallel - without QoS jobs, and others) arrive at the system according to two
mutually independent Poisson processes with parameters λ1 and λ2, respectively.
For the sake of simplicity, it is assumed that both services require a negative
exponential service time with rate µ. A job is removed from the active array if:



(a) its processing is finished, with rate qs1µ (for high priority jobs) and qs2µ (for
the other processes); or (b) it needs to be rescheduled to the high priority queue
or low priority queue in the expired array, with rates pr1µ or pr3µ, respectively.
The scheduling of a job in the low priority queue in the active array is tied to
the occupancy of the high priority queue in the active array in the sense that
it will only be scheduled if the high priority queue in the active array is empty.
When the processing queues are empty in an active array and there is a job to
be processed in the expired array, these arrays are switched. This switching (via
pointer) has an associated time of the 10−6s [7].
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Fig. 1. System model.

Given the assumptions presented above, it a Continuous-Time Markov Chain
(CTMC) [8] model of the system, whose state is defined as:

s = (b1, b2, p1, p2, ac|0 ≤ b1 ≤ B1; 0 ≤ b2 ≤ B2; 0 ≤ p1 ≤ P1; 0 ≤ p2 ≤
P2; ac = 0 or 1)

Where b1 and p1 are the number of processes in the high priority queues;
and b2 and p2 are the number of processes in the low priority queues; and Bi

is the buffer size of the queue i. At time, there is only one high priority queue
in the active array and only one low priority queue in the active array, and the
remainders are on the expired array. In order to indicate which queues are in
these arrays it is used the variable ac, in such a way that if ac = 0, then the
queues b1 and b2 will be in the active array and p1 and p2 in the expired array,
and when ac = 1, vice-versa.

Using standard techniques for the solution of Markov chains, the steady-state
probabilities of the CTMC are computed. Again because of the symmetry of the
system only the performance measurements associated with the condition ac = 0
will be described, i.e., when b1 and b2 are in the active array, and p1 and p2 are
in the expired array. Thus, let p(b1, b2, p1, p2, ac) be the steady state probability
of that Markov model, then the job blocking probability (Pbi) of a job in the
queue i, it is given by the probability of its priority queue is full. Eq. (1) shows,
for instance, that probability for the high priority queue in the active array. The



job blocking probability for other arrays may be computed at the same way.

Pb1 =
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The mean delay of the high priority queue and the low priority queue in the
active array may be computed as
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Where, Pb2 is the job blocking probability on the low priority queue. Likewise,
since, at time, only p1 and p2 are in the expired array, the mean delay of the
high priority queue and the low priority queue may be, respectively, computed
as
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Wp2 =

∑B1

b1=0

∑B2

b2=0

∑P1

p1=0

∑P2

p2=1
p2π(b1, b2, p1, p2, 0)

µ(pr3 + pr4)(1 − Pp2)
(5)

Where, Pp1 and Pp2 are the job blocking probability on the high and the low
priority queue in the expired array. The throughput of the jobs of the high
priority queue and the low priority queue in the active array are, respectively,
given by:

X1 = qs1µ
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2.1 Reservation model

In this section, an extended model is proposed in order to describe a static
reservation allocation policy, where a percentage of the processor capacity (R) is
allocated to process one class of applications (Fig. 2). Using this policy, we can
divide the capacity of the processor in two variables, R (percentage reserved)
used for applications with high priority and (1 − R) for the other applications
in the system.

The state of the CTMC of that system is defined as: s = (b1, b2, p1, p2, bp, ac|0 ≤
b1 ≤ B1; 0 ≤ b2 ≤ B2; 0 ≤ p1 ≤ P1; 0 ≤ p2 ≤ P2; 0 ≤ bp ≤ Bp; ac = 0or1).
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Fig. 2. Resource allocation.

Table 1. Transitions from state s = (b1, b2, p1, p2, bp, ac) to successor state t for jobs
in priority policy.

Successor State Condition Rate Event

(b1 + 1, b2, p1, p2, bp, ac) (b1 < B1) ∧ (ac = 0) λ1 A job arrives in high
priority class

(b1, b2 + 1, p1, p2, bp, ac) (b2 < B2) ∧ (ac = 0) λ2 A job arrives in low
priority class

(b1 − 1, b2, p1, p2, bp, ac) (b1 > 0) ∧ (ac = 0) qs1(1 − R)µ A job from high class
terminates

(b1 − 1, b2, θ, p2, bp, ac) (b1 > 0) ∧ (ac = 0)

{

θ = p1 + 1, if p1 < P1

θ = P1, if p1 = P1

pr1(1 − R)µ A job is rescheduled
to high priority class

(b1 − 1, b2, p1, θ, bp, ac) (b1 > 0) ∧ (ac = 0)

{

θ = p2 + 1, if p2 < P2

θ = P2, if p2 = P2

pr3(1 − R)µ A job is rescheduled
to low priority class

(b1, b2 − 1, p1, p2, bp, ac) (b1 = 0) ∧ (b2 > 0) ∧
(ac = 0)

qs2(1 − R)µ A job from low class
terminates



(b1, b2 − 1, θ, p2, bp, ac) (b1 = 0)∧(b2 > 0)∧
(ac = 0)

{

θ = p1 + 1, if p1 < P1

θ = P1, if p1 = P1

pr2(1 − R)µ A job is rescheduled
to high priority class

(b1, b2 − 1, p1, θ, bp, ac) (b1 = 0)∧(b2 > 0)∧
(ac = 0)

{

θ = p2 + 1, if p2 < P2

θ = P2, if p2 = P2

pr4(1 − R)µ A job is rescheduled
to low priority class

(b1, b2, p1, p2, bp+1, ac) bp < Bp λp A job arrives in QoS
priority class

(b1, b2, p1, p2, bp−1, ac) bp > 0 qspRµ A job from QoS class
terminates

(b1, b2, p1, p2, bp−1, ac) bp > 0 prpRµ A job is rescheduled,
but before it is decre-
mented

(b1, b2, p1, p2, bp+1, ac) bp < Bp prpRµ A job is rescheduled,
but after it is incre-
mented

(b1, b2, p1, p2, bp, ac+1) (ac = 0) ∧ ((b1 =
0) ∧ (b2 = 0)) ∧
((p1 > 0) ∨ (p2 >

0))

mtv Change of arrays, b1

and b2 become ex-
pired

(b1, b2, p1, p2, bp, ac−1) (ac = 1) ∧ ((p1 =
0) ∧ (p2 = 0)) ∧
((b1 > 0)∨(b2 > 0))

mtv Change of arrays, b1

and b2 become active

Transitions from state s to all possible successor states are reported in Table
1 along with their rates and conditions under which the transitions exist; the last
column indicates the type of event to which a transition refers. When ac = 0, if
a job is generated in the high priority queue in the active array, the occupancy
of that queue, b1, will increase by one unit. A rescheduled job from that queue
will go to the high priority queue in the expired array with rate pr1(1−R) or to
the low priority queue in the expired array with rate pr3(1−R). In the first case
the job keeps the same priority and, in the latter, the priority is decreased. A job
can leave the high priority queue in the active array, after finishing its processing
with rate qs1(1 − R). An arrival in the low priority queue in the active array
takes place with rate and increases b2 by one unit.

Since the system under analysis is finite, when a buffer (active or expired
arrays) is full an incoming or rescheduled job is blocked. After switching, the
queues that were in the expired array (p1 and p2) become active and vice-versa.
The variable bp represents parallel jobs. We assumed that mtv = 10−6. The sys-



tem is symmetric, which makes quite natural the match of the other transitions
of the model.

The variable bp represents parallel jobs. We assume that mtv = 10−6. The
system is symmetric, which makes quite natural the understanding of the Table
1.

Due to the lack of space and for simplicity only the performance measure-
ments of the high priority jobs (parallel) that demand QoS guarantees are pre-
sented. Assuming that ac = 0, the mean delay perceived by that processes are
computed as

Wpb =
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∑P2
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∑BP
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(λp + prpRµ)(1 − Pbp)
(8)

Where Pbp is blocking probability of high priority jobs that demand QoS
guarantees derived as Eq.(1). The throughput is given by:

Xpb = qspRµ
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3 Performance study

In this section some numerical results are presented to evaluate how adequate is
the Markov model to scheduling GNU/Linux with and without resource alloca-
tion policy. First, we present the performance of the Linux Markovian model. For
validation purpose, Linux scheduler was simulated by using an academic version
of a powerful tool named ARENA c©[9]. Some measures were obtained through
system calls which collect data for later analysis, minimizing the overhead in
kernel (this can be obtained in www.lprad.ufpa.br/parqos). Table 2 summarizes
the parameters used.

Table 2. Input data.

High Priority Measures Low Priority: Measures

λ1 7 λ2 7,3
pr1 0,1 pr2 0
pr3 0,09 pr4 0,67
Avarage Buffer 5 Avarage Buffer 5

To validate the probability distributions adopted, models use input data ob-
tained from the real system. In these data, Kolmogorov-Smirinov (K-S) goodness
of fit tests were applied, using the trial version of BestFit c©tool [10].



These data were used as parameters of probability distributions in question
(Poisson for inter-arrivals times). The simulation results were collated with the
performance measures obtained from the real system. As the numerical results
of that comparison match (very similar), the values may be considered validated
for the analytical model.

To implement CPU allocation policy it is important to study the CPU be-
havior. Assuming the table above, it represents a situation where scheduler is
very busy and the inputs are Poisson traffic. A new application is added in λ1,
simulating a situation of great workload. Table 3 ilustrates the Markovian model
output. As expected, higher the traffic load, bigger the throughput and, for that
reason, longer the mean waiting time, longer is the blocking probability. In the
table, 0% represents the system behavior performance with just λ1 and λ2. λp is
derived from λ1(5%, 10%, 20%, 30%, 40%) and represents the impact of adding
an application to the system.

Table 3. Performance measurements.

Queue Waiting Time

0% 5% 10% 20% 30% 40%
Active High Priority 0,21246 0,21491 0,21687 0,21943 0,22037 0,21995
Active Low Priority 0,59056 0,60058 0,60970 0,62533 0,63785 0,64774
Expired High Priority 6,05108 6,28370 6,48294 6,79442 7,01313 7,16437
Expired Low Priority 0,85739 0,87383 0,88871 0,91386 0,93334 0,94802

Blocking Probability

0% 5% 10% 20% 30% 40%
Active High Priority 0,09701 0,10763 0,11827 0,13925 0,15940 0,17838
Active Low Priority 0,44159 0,44832 0,45431 0,46434 0,47214 0,47817
Expired High Priority 0,43127 0,44343 0,45346 0,46847 0,47854 0,48530
Expired Low Priority 0,45635 0,46216 0,46734 0,47591 0,48241 0,48723

The investigation of the impact on increasing CPU allocation (sensibility
analysis) is interesting because it shows the system behavior that determines at
which extent the CPU is efficiently and fairly used by all processes. The data in
which this analysis was conducted is described in Table 2, adding a load of 50%
to λ1 (originated by the parallel application).

The Fig. 3.a shows the processes active high priority (parallel processes),
active low priority and expired low priority remain with values Queuing Waiting
Time almost constant with respect to several CPU allocation (from 0 to 50%).
This implies that the impact on the waiting time is low, for the processes high
priority, active low priority and expired low priority, with respect to the increase
in the CPU allocation. On the other hand, the expired high priority processes
have their time substantially increased when the CPU allocation gets larger. (for
instance, 6 seconds of waiting to 0% of CPU allocation and 15 seconds to 50%
of CPU allocation)



The blocking probability presents their worst values for active low priority,
expired high priority and expired low priority (around 0.5 for 50% of CPU allo-
cation) (Fig. 3.b). The smallest blocking probability is related to the active high
priority processes.

Throughput is reduced approximately by 50% for both high priority and low
priority processes (considering 0 to 50% of CPU allocation) (Fig. 4).
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4 Final remarks

In this paper, a Markovian Linux scheduler model has been presented and pro-
posed for performance study and, in addition, an extended model, which uses



static resource allocation policy. Through the sensibility analysis, it has been
concluded that the performance of the parallel applications with QoS are greatly
improved in its throughput. However, others applications have suffered some lim-
itations. The contributions of this paper are: (1) Proposal of performance models
for GPOS scheduler; (2) Proposal of a resource (CPU) allocation scheme in a
parallel computing environment as well as showing through numerical results,
obtained from its Markovian model, improvement of performance of parallel ap-
plications when compared to other applications.

Currently, we are implementing another extended model which uses dynamic
CPU allocation policy. As future work, we are performing experiments with
Markov decision process to find optimal admission control and scheduling strate-
gies aiming at improving the resource (CPU and memory) allocation for parallel
applications.

This work is supported by CNPq and CAPES.
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