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Abstract

With rapid advances in processing power, network bandwidth, and storage capacity, computer
systems are increasingly becoming extremely complex. Consequently, it becomes expensive and
difficult for human beings to manually manage complex computer systems. This problem can be
effectively tackled by self-managing computer systems, which are intended to meet high
performance requirements in a dynamic computing environment. In this paper, we develop a
performance model for self-manage computer systems under dynamic workload conditions,
where both CPU- and I/O-intensive applications are running in the systems. In particular, we
design in this paper a 2-dimenssional Markov chain model with two different arrival and service
rate of CPU- and I/O-intensive jobs. Importantly, two serving probabilities with respect to CPU-
and I/O intensive jobs are derived. To validate the analytical model, we developed an adaptive
admission controller in which the model is incorporated. Experimental results demonstratively
show that the controller is capable of achieving high performance for computer systems under

workloads exhibiting high variability.

1. Introduction

Computer systems are increasingly becoming large-scale and complex. This trend is mainly
because of rapid advances in processing power, network bandwidth, and storage capacity. As a
result, it becomes expensive and inefficient for human beings to manually maintain complex

computer systems. Self-managing computer systems are emerging to configure and repair



themselves in dynamic computing environments [1][4][6][7].

In this paper we construct an analytical performance model, which can be of help for large-
scale computer systems to manage themselves under dynamic and mixed workloads, where both
CPU- and I/O-intensive jobs are running in the systems.

I/O intensive applications become widely used, this is partly because a variety of large-scale
applications have significant I/O requirements. Typical examples of I/O-intensive applications
include long running simulations of time-dependent phenomena that periodically generate
snapshots of their state [2], archives of raw and processed remote sensing data [5][11],
multimedia and web-based applications [10], to name just a few. These applications share a
common feature in that their storage and computational requirements are extremely high. It is
worth noting that that a large number of applications are both CPU- and I/O intensive, making it
difficult to predict the nature of workload conditions. This paper address the issue of applying
autonomic computing techniques to computer systems under mixed workloads where I/O- and
CPU- intensive applications (terms applications and jobs will be used interchangeably
throughout this paper) are running in the systems. To facilitate the presentation of a analytic
performance model, we build an architecture model as well as a queuing model for the computer
systems. The analytical model is proposed and integrated into an adaptive admission controller
for the systems designed for CPU- and I/O-intensive applications.

The rest of the paper is organized as follows. Related work is briefly discussed in section 2.
Section 3 describes the architecture and queuing models. In Section 4 we construct the analytical
performance model. Section 5 present experimental results of the admission controller, in which
the performance model is incorporated. Finally, section 6 summarizes the main contribution of

the paper.

2. Related work

Autonomic computing plays an important role for self-managing computer systems. Lin ef al.
proposed an application of a quality metrics framework to establish a quantitative definition of
autonomic computing [7]. Sterrit and Bustard addressed the issue of making use of autonomic

computing to provide a framework for dependability, which is an important property for all



computer-based systems [8]. These techniques, however, were not designed for I/O-intensive
applications.

Increasing attention has been drawn toward I/O intensive applications. Kandaswamy et al.
examined optimization techniques and architecture scalability. They evaluated the effect of the
techniques using five I/O-intensive applications from both small and large applications domain.
Very recently we developed two effective I/0-aware load-balancing schemes, which make it
possible to balance I/O load by assigning I/O intensive sequential and parallel jobs to nodes with
light I/O loads [10]. However, the above techniques are insufficient for autonomic computing
platforms due to the lack of adaptability.

A self-managing computer system was developed by Bennani and Menasce [1]. The main
purpose of the approach was to build a required mechanism into a computer system in order to
satisfy requirements of the quality of service (QoS) for the system. Additionally, they evaluated
the robustness of the self-managing computer system in a way that requirements of the QoS can
be constantly met [4]. Gelenbe and Gellman have proposed an autonomous smart routing for
network QoS [5]. They developed an autonomous adaptive called Cognitive packet network
(CPN) which adaptively select paths so as to enhance the QoS to the end users bases on user
defined QoS. Our approach is to modify an existing performance model to design self-managing
computer systems [1]. Our work is in sharp contrast to theirs, because we aim at developing an
adaptive admission controller needed for mixed workload conditions. In particular, we build a
performance model that can handle a class of applications which are I/O and CPU intensive in

nature.

3. System model

To facilitate the presentation the analytical performance model, in this section we describe the
architecture and queuing models of a computer system.

The architecture of a computer system is depicted in Figure 1. The architecture is comprised
of five major components, namely, an admission controller (1), an accepted job queue (2), a
scheduler (3), a monitor (4), and an analytical model (5). The admission controller, a centerpiece
of the system architecture, receives arriving jobs submitted to the system. It is the admission

controller’s responsibility to decide the acceptance of the jobs. Admission decisions are made in



accordance to information, e.g., nature of workload conditions, provided by the analytical model.
At the time when a job is admitted to the system, the job is stored in the job-accepted queue and

it resides in the queue until it is completed by the system.
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Figure 1. Architecture of the computer system

The scheduler assigns priorities for each job accommodated in the queue before executing
them in the system. The monitor is intended to provide the analytical model with required
information, including arrival and departure rates for CPU- and I/O-intensive jobs. Finally the
analytical model, which will be detailed in Section 4 calculate the serving probabilities in terms
of CPU- and I/O-intensive jobs. The probabilities will be used to predict workload conditions,
which, in turn provide the admission controller with insights about which incoming jobs have to
be accepted.

In order to clearly describe a mixed workload where CPU- and I/O-intensive jobs are running
in the system, we built a queuing model for the computer system.

The queuing computer system shown in Figure 2 consists of a multithreaded server as well as
two waiting queues. In this study, we consider workloads under which CPU- and I/O-intensive

applications are running in the system. Thus, the first queue is dedicated for CPU-intensive jobs



admitted into the system, whereas the second queue is made available for I/O-intensive jobs.
The load caused by CPU-intensive jobs can be modeled by an arrival rate, e.g., A,y No./Sec., of
all coming jobs with high demands on CPU resources. Similarly, an arrival rate, e.g., Ayo
No./Sec., of I/O-intensive jobs are used to reflect load imposed by those applications with

significant disk I/O requirements.
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Fig. 2. The queuing model of a Computer System

The adaptive controller depicted in Figure 1 is intended judiciously choose the most
appropriate jobs from these two queues to be executed in multithreaded server. The ultimate goal
of the admission controller is to maximize the system utilization with respect to both CPU and
disk I/O resources. To effectively achieve this objective, we constructed an analytical
performance model. The analytical model, which is presented in the subsequent section, makes it
possible to predict system performance trends in a system with mixed workloads. With the
performance model in place, the admission controller is capable of accepting the most
appropriate arriving jobs to make the computer system be readily adapted to workload conditions

that are dynamic in nature.

4. Analytical model

The main contribution of this paper is the analytical performance model needed for computing
the average response time R, average throughput 7, and probability, e.g., prj, of an application
being rejected by the admission controller when the workload exceeds a certain capacity. The
response time and throughout can be expressed as functions of the arrival rates of CPU- and I/O-

intensive jobs.



The analytical model can be characterized by a two-dimensional Markov chain. The Markov
chain is employed to model two waiting queues, which are depicted in Figures 1 and 2. Without
loss of generality, it is assumed that one queue is used for CPU-intensive jobs, while the other is
dedicated for I/O-intensive jobs. In case where the workload is overloaded, the system can only
simultaneously execute n jobs. After each successful completion of a job in the system, the
admission controller makes an effort to select the best candidate job from the two waiting queues

to bring into the system for execution.
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Figure 3. Markov chain for the computer system

We can use the discrete-time Markov chain depicted in Figure 3 to model the system {c(?),
d(t)}, where c(?) is the stochastic process representing the number of running CPU-intensive jobs,
and d(t) is the stochastic process representing the number of I/O-intensive jobs running in the

system. In this Markov chain, the one-step transition probabilities are:



P, jli—1,7} = Aepy ie[l,n],i+j<n
Pli,k|i,j—1} =24, jel[lLnl,i+j<n
Pli,k|i+1j}=Xcpyon, i€0,n=1]i+j<n
Pli,k|i,j+1} =/110(i,j+1)je [0,n=1],i+j<n

(1)

Where we adopt the following short notation:

Pli,k|i'k'y = Plc(t+1)=i,dt+1)=k|c(t)=1,d()=k"}.
In expression (1), X ., ;, represents the rate at which a CPU-intensive job is completed under

the condition that there are the system is running i and j CPU- and I/O-intensive jobs. Similarly,

X 0.5 denotes the rate at which an I/O-intensive job completes its execution when there are i

and j CPU- and I/O-intensive jobs running in the system.

The first equation in expression (1) accounts for the fact that a CPU-intensive job is admitted
and loaded in the system. The second equation accounts for the fact that an I/O-intensive job is
admitted and loaded in the system. The third equation models the fact that a CPU-intensive job
is accomplished. The last equation in expression (1) models the case where an I/O-intensive job
is completed.

Initially, the Markov chain starts at state (c(z)=0, d(¢)=0), which means there is no CPU- and
I/O-intensive jobs running in the system. If a CPU-intensive job arrives with arrival rate A, the
number of the CPU-intensive jobs in the system will be increased by 1, while the number of I/O-
intensive jobs remains unchanged. Likewise, at the time when an I/O-intensive job arrives with
arrival rate 4,0, the number of I/O-intensive jobs is increased by one, whereas the number of

CPU-intensive will remain constant.
Let p,, =lim,__ Pl{c(t)=i,d(¢) = j},i,j€[0,n] be the stationary distribution of the chain. In

what follows, we derive a closed-form solution for the Markov chain.

First note that CPU-intensive jobs, we have the following equation:
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We obtain the following equation by applying equation (2) repeatedly.
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Likewise, we initially have the following equation for I/O-intensive jobs.
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We are now able to express p, ; by recursively applying equation (4):
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By equations (3) and (5), all the values of p, ; are expressed as functions of the value p, ,, the

arrival and departure rates. Thus, p, ; can be rewritten as follows:
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Do, 1s finally simplified as the following equation:
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where B, (i, ) and B,,(i, j) are determined as follows:
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The analytical model can be used to obtain the average response time, average throughput,
and probabilities that the request is rejected. The probability that a job will be rejected by the

admission controller is as follow:
P,y =p(i,n) ,or p(n,j) (10)

The following two equations represent the average through 7" and response time R of the

system:
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5. Performance Evaluation

To wvalidate the analytical model, we implemented an adaptive admission controller
(hereinafter referred to as AC), in which the model is incorporated. In particular, we conducted a
large number of trace-driven simulations. In this section, we compare the performance of the
admission controller with baseline schemes. Throughout this section, the two baseline schemes,
where the adaptive admission controller is not deployed, are referred to as CPU and IO,

respectively. The CPU scheme give the highest priority to CPU-intensive applications, the 10



scheme favors 10-intensive jobs over CPU-intensive jobs.

The performance metric used in our simulations is slowdown, since jobs may be delayed
because of waiting in queues. We extend the definition of slowdown by incorporating I/O access
time. The extended definition of slowdown for a job & is given as:

Twall (k) (1 3)

slowdown(k) = —————
TCPU (k) + TIO (k)

where T,4(k) is the total time the job spends running, and accessing I/O.
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Figure 4. Mean slowdowns as a function of /O Figure 5. Mean slowdowns as the I/O
access rate access rate increases on the trace.

In our first experiment, slowdown is measured as a function of I/O access rate in the range
between 1.1 and 1.9 No./ms with increments of 0.1, as shown in Figure 4. We observed from
Figure 4 that the mean slowdowns increase with the increasing values of the I/O access rate. The
results also reveal that the AC scheme significantly outperforms the two alternatives. This is
mainly because AC takes the full advantages of the analytical model to predict the nature of the
future workload conditions, thereby noticeably improving the utilizations of computing resources
in the system.

To stress the I/0 workload, we keep the page fault rate at a very low value. Figure 5 plots the
slowdown as a function of I/O access rate for three schemes under the workload conditions that
the I/O access rate is chosen in the range between 2.1 and 2.9 No./ms with increments of 0.1. It is

also observed from Figure 5 that when I/O access rate is higher than 2.3No./sec, AC consistently

10



outperform perform CPU and IO. Again, this is because AC improves the utilization of disks,
which dominates the overall performance when the system experiences high loads in disk

resources.

6. Conclusion

In this paper, we developed a performance model for self-manage computer systems under
dynamic workload conditions, where both CPU- and I/O-intensive applications are running in
computer systems. To validate the analytical model, we simulated an adaptive admission
controller in which the model is incorporated. Experimental results show that the controller is
capable of achieving high performance for computer systems under workloads exhibiting high
variabilities. As a future research direction, we will apply this performance model to large-scale

distributed systems.
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