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Abstract— Techniques for estimating and predicting the
availability of CPU resources for a task while executing in a singleand multi-core systems are introduced. These predictions have a
significant effect in areas such as dynamic load balancing,
scalability analysis, distributed task queue scheduling, and others.
Analytical models proposed in this paper is useful for predicting
the availability of CPU resources while executing a new task. The
model can predict the allocation of CPU for a new task without
prior knowledge of the run queue and system state. To validate the
introduced prediction models, a dynamic monitoring tool
(simulator) is developed. This real-time monitoring utility is
responsible for measuring states and availability of resources
based upon receiving resource request from client program.
Extensive experimental studies with real-world benchmark
programs and statistical analysis are performed to measure the
accuracy of models. The performance of introduced monitor tool
is evaluated as well while extracting resource availability data
from the computer grid.
Keywords— CPU availability; Computer grid; CPU Load;
Distributed system; Multi-core processors; Performance Prediction;

I. INTRODUCTION
Correlation refers to any of a broad class of statistical
relationships involving dependence. Correlations are useful
because they can indicate a predictive relationship that can be
exploited in practice. The approach of proposing the new model
in this paper is correlation based empirical model using time
series analysis. Data points are measured typically at successive
time instants because time series analysis assumes that
sequential values in the data file that embodies repeated
quantities are taken at equally spaced time intervals [3]. A
sequence of methods for analyzing time series data in order to
extract meaningful statistics and other characteristics of the data
has been employed in this paper. The introduced mathematical
models are based on an empirical average-case study in two
different extreme situations, when the CPU is lightly and heavily
loaded. Additionally, the scheduling pattern of tasks was
observed for a long period of time to incorporate the accuracy.
When the number of threads assigned to a multi-core
processor is less than or equal to the number of CPU cores
associated with the processor, then the performance of the CPU
is predictable, and is often nearly ideal. When the number of

assigned threads is more than the number of CPU cores, the
resulting CPU performance can be more difficult to predict. For
example, assigning two CPU-bound threads to a single core
results in CPU availability of about ͷͲΨ, meaning that roughly
ͷͲΨ of the CPU resource is available for executing either
thread. Alternatively, if two I/O-bound threads are assigned to a
single core, it is possible that the resulting CPU availability is
nearly ͳͲͲΨ, provided that the usage of the CPU resource by
each thread is fortuitously interleaved. However, if the points in
time where both I/O-bound threads do require the CPU resource
overlap (i.e., they are not interleaved), then it is possible
(although perhaps not likely) that the CPU availability of the two
I/O bond threads could be as low as ͷͲΨ [1].
Predicting the availability of CPU resources when the
number of threads assigned to the processor exceeds the number
of cores is important in making thread assignment and
scheduling decisions. Precise values of CPU availability are
difficult to predict because of a dependence on many factors,
including context switching overhead, CPU usage requirements
of the threads, the degree of interleaving of the timing of the
CPU requirements of the threads, and the characteristics of the
thread scheduler of the underlying operating system (or Java
Virtual Machine) [1]. In this paper, a thread is modeled by a
series of alternating work and sleep phases. For the purposes of
this study, the work portion of a phase is CPU-bound and
requires a fixed amount of computational work (i.e., CPU
cycles). The sleep portion of a phase length can be varied to
realize different CPU load utilization factors for a thread. Due to
the complex nature of the execution environment, an empirical
approach is employed to evaluate proposed CPU availability
prediction models and formulas.
In this paper, prediction of a new CPU availability model for
time-shared systems has been introduced. The introduced
mathematical forecasting model can be utilized in dynamic load
distribution, scalability analysis, parallel systems modeling, and
others. Therefore, the first step in this static analytical model is
usually a prediction of CPU assignment or availability for a new
task in computer systems that rely on a priori knowledge about
the systems state. Because of the dynamic nature of current
computer system and their workload, making such predictions is
not simple. Workload in a system can vary drastically in a short
interval of time. The model presented in this paper can predict
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CPU availability for a new task using the computational
requirements of the current tasks in the run queue and by the
operating system scheduler. The empirical results presented in
this paper exhibits low prediction errors for the empirical
proposed models.

memory, it spends a significant amount of time waiting for the
data to become available because of cache miss hit. This
situation is called memory stall and processor can spend up to
50% of its time waiting for data to become available from
memory. Figure 1 shows a memory stall situation.

II. RELEVANT WORK
Research that is closely related to this paper falls under two
different prediction models which are static CPU availability
prediction and dynamic CPU assignment prediction models. In
general, there are four major approaches to obtain performance
predictions in a computer system: code analysis, benchmarking,
statistical prediction, and analytical modeling. There are two
new response-time prediction models [7] also available. The
first one is a mixed model based on two widely used models,
CPU availability and Round Robin models. The second one,
called Response Time Prediction (RTP) model, is a completely
new model based on a detailed study of different kinds of tasks
and their CPU time-consuming. Queuing models have been
widely used for modeling processor performance due to their
simplicity. Almost all queuing model conclude that the best
workload descriptor for performance prediction is the number of
tasks in the run queue.
Most of the existing prediction models assume that in a timeshared system, CPU is equally distributed among all the
processes in the run queue by following the Round Robin
scheduling technique [6]. These models use the number of tasks
in the run queue as the system load index. As a result, the CPU
assignment prediction for a new arriving process at any given
instance when there are N processes in the run queue is simply
భ
. This model is correct only when all the processes in the
ሺಿశభሻ
run queue are CPU bound. This kind of processes always shares
the processor time in a balanced way, just like the RR model
assumes. But, when the processes are I/O bound or a mix, this
model fails to provide accurate predictions and incurs large
prediction errors though in most of the cases there are
heterogeneous tasks and resource requirements occurs.
Next in a multi-processor system, the most widely used
approach known as symmetric multi-processing (SMP), where
each processor is self-scheduling. Each processor has its own
private ready queue of ready processes. The scheduling proceeds
by having the scheduler for each processor examine the ready
queue and select a process to execute. Virtually all modern
operating systems support SMP, including Windows 7, Solaris,
Linux, and Mac OS X. On SMP systems, it is important to keep
the workload balanced among all processors to fully utilize the
benefits of having more than one processor.
Multi-core processors are the common trend in computer
hardware to place multiple processor cores on the same physical
chip. Each core has a register set to maintain its architectural
state and thus appears to the operating system to be a separate
physical processor [3]. That is, from the operating system
perspective, a system with two separate physical chips and a
dual-core processor are same. Therefore, the scheduling of
multi-processor and multi-core processor are similar as both
systems have separate private run-queue and uses symmetric
multi-processing. Multi-core processors have further advantages
as researchers have discovered that when a processor accesses

Figure 1: Memory stall situation [3].
To overcome this situation, most of the recent hardware
designs have implemented multithreaded processor cores in
which two or more hardware threads are assigned to each core.
That way, if one thread stalls while waiting for memory, the core
can switch to another thread. Figure 2 shows a dual-threaded
processor core on which execution of thread-1 and the execution
of thread-2 are interleaved.

Figure 2: Multithreaded multi-core system [3].
From an operating system perspective, each hardware thread
appears as a logical processor that is available to run a software
thread. Thus, on a dual-threaded, dual-core system, four logical
processors are presented to the operating system.
III. THE CORRELATION-BASED AVAILABILITY MODEL
In this section, an analytical framework is developed for
estimating CPU availability associated with executing
concurrent threads on a multi-core processor. Most of the
modern OS uses priority-based algorithm in which higherpriority tasks get longer time quanta and lower-priority tasks get
shorter time quanta. Each processor maintains its own run-queue
and schedules itself independently. Each run-queue contains two
priority arrays: active and expired. A runnable task is considered
eligible for execution on the CPU as long as it has time
remaining in its time slice. When a task has exhausted its time
slice, it is considered expired and is not eligible for execution
again until all other tasks have also used their time quanta. The
OS maintains a list of all runnable tasks in a run-queue data
structure. In Linux, each CPU has a run-queue made up of ͳͶͲ
priority lists that are serviced in FIFO order. The scheduler
chooses the task with the highest priority from the active array
for execution on the CPU. For multi-core machines, it means
that each processor is scheduling the highest priority task from
its own run-queue structure. When all tasks have used their time
slices (that is, the active array is empty), the two priority arrays
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Figure 3: Multi-core processor with two hardware threads and associated private run-queue.
are exchanged. Figure 3 illustrates a multi-core processor
containing two hardware threads and awaiting tasks in the runqueue.
All CPU bound processes in the run queue consume
processor time for their execution. On the other hand, I/O bound
processes fail to utilize allocated processor time to them in RR
scheduling as they are busy with doing some I/O operation. The
prediction error occurs in RR scheduling when a node has two
running CPU bound processes in its run queue and another node
has two I/O bound processes in its run queue. The RR model
predicts the same CPU assignment for a new process. It is not
correct as the new task will have a shorter response time in the
second node than in the first node. To handle these situations and
to describe the CPU prediction accurately, this paper has
proposed a new CPU assignment model that distinguishes
different CPU requirements for processes and overcomes the
limitations of the RR model.
The proposed static CPU availability prediction model
required prior knowledge about the tasks in the run queue and
the unloaded CPU usage for the processes [2]. So, this model
requires information about the number of CPU bound tasks n,
the number of I/O bound task (m), and the unloaded CPU usage
Ûi for process Pi. For CPU bound process, Ûi value is always
ͳǤͲ. Empirical average-case studies in two different extreme
situations have been deployed to propose the desired new model
because Linux scheduler behavior is different in these two
situations. In first t cases, two (ʹሻ CPU- and two (ʹሻ I/O-bound
tasks in the run queue with very low CPU usage ሺmൌͲǤͲʹሻ has
been used. It has been observed that the scheduler assigns a
single time slice or quantum to every CPU bound process and
these processes have consumed all the CPU time that is allocated
to them, unlike I/O bound processes.
As I/O bound processes cannot consume allocated time
quantum, the CPU-bound processes steal a fraction from their
time quantum to better utilize the CPU. Because of this
allocation, the I/O bound processes are given higher priority, by
assigning them in higher priority queue, for processing tasks

than CPU bound processes. On average, this behavior is
coherent with the Linux scheduler mechanisms. In second case,
when I/O bound processes are very close to being CPU bound
processes, i.e., Û value is very close to 1.0, it leads to scheduling
of I/O bound process only once in the scheduling round similarly
as CPU bound processes [2]. The combination of these two
extreme situations gives the general equation to obtain the
fraction of CPU time that corresponds to any process in the run
queue.
Let the number of CPU core is c, the number of hardware
thread is ξ, and the number of run-queue is R. Then the number
of run-queue R = (c × ξ). As the static model derived for
measuring CPU availability is based on the prior information
about the run-queue, for a multi-core processor with two hyperthreading requires ሺʹ ൈ ሻ separate predictions (one for each
logical processor). Therefore, the definitive expressions for the
static prediction of each logical processor, denoted using αlp
where lp { א0, 2, ..., R-1}, is:

ߙ ൌ ݉ܽ ݔቀ
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ାଵ

ଵ

ǡ ାାଵቁ

(1)

with the expression of shared CPU usage is the following:
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Here, the first part of the Eq. 2 computes the shared CPU
usage of the I/O bound process in the run queue. The second part
of the equation computes the usage of the CPU bound process in
the run queue. All processes in the run queue can take advantage
of their processor quantum. Finally, to get the average CPU load,
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denoted by δ, of the multi-core processor, the following equation
can be employed:
ோିଵ

Ɂൌ

ఈ

(3)

ୀ 

This average CPU load availability, δ, can be used as a
parameter for calculating the priority of nodes in a grid for
assigning tasks to achieve faster response time.
IV. EMPIRICAL STUDIES
A. Overview
The purpose of the experimental studies is to empirically
measure CPU availability of computers in a grid while assigning
a new task. A simple Java based system monitor application has
been designed and implemented to reside on each system node.
The implemented monitor tool is based on client-server
architecture in which client sends resource measure request to
all computers of the grid using UDP datagram. The UDP
protocol is utilized to reduce the overhead of connectionoriented protocol. Upon receiving the request, system nodes will
talk with respective operating system to gather lower-level date
(like pid, utime, stime, idle time etc.) for each process to compute
the CPU usage by each process of the run-queue. These
parameters are then passed to the CPU availability model for
computing CPU load average. Along with CPU availability, OS
name, number of cores, total free physical memory, and other
resource information are send to the requested node for making
job scheduling decision. The algorithm for the developed clientserver model is given below:
ͳǣǦ
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The Algorithm 1 shows the high-level pseudocode for the
client-side of the monitor tool. The Algorithm 2 shows highlevel statements of the server side while extracting resource
availability information from the system and the run-queue. The
monitor is implemented in real client-server environment which
becomes a real-time monitoring utility responsible for extracting
computer node’s state information, interpreting it and computing
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the model to predict CPU assignment. This application can serve
as a flexible state measurement module for heterogeneous
cluster or grid application that require a CPU assignment
prediction, such as load balancing and scheduling algorithms or
resource discovery service of a grid.
B. Empirical Environment
The computer grid that has been used to run this model
consists of eight (8) heterogeneous computer nodes. This
heterogeneous grid consists of 6 Linux machines each consists
of 8 cores. The other two machines are MAC consists of 24 and
2 cores. Detail configurations of the computers in the grid are
shown in Table 1.
Table 1: Configuration of the machines utilized to construct a
distributed grid for the empirical work.
OS Name
Linux
Linux
Linux
MAC OS X
Linux
MAC OS X
Linux
Linux

OS Version
2.6.32-22
2.6.32-22
2.6.32-22
10.6.8
2.6.32-22
10.6.8
2.6.32-22
2.6.32-22
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Number of
Processors
8
8
8
24
8
2
8
8

CPU
Speed
2.67 GHz
2.67 GHz
2.67 GHz
2.66 GHz
2.67 GHz
3.06 GHz
2.67 GHz
2.67 GHz

Physical
Memory
6.0 GB
6.0 GB
6.0 GB
12.0 GB
6.0 GB
4.0 GB
6.0 GB
6.0 GB
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Figure 4: Distributed architecture of the monitor-tool for
dispatching resource availability query to multi-core nodes.
The JVM used for these experiments is JDK 1.7. The above
specified machines used for empirical studies are lightly loaded.
Real-world benchmark programs like fast furrier
transformation, modular arithmetic, image rendering, matrix
chain multiplication is utilized to conduct empirical case
studies. These benchmark programs are chosen to facilitate
variable CPU and I/O requirements. Before running test cases,
CPU load of each machine are measured accurately. Figure 4
shows the diagram of monitoring tool implemented for carrying
out the empirical case studies accurately. The Average CPU
load for machines were found 0.01782 per core in a scale of 1.0.
The Table 2 shows the available CPU and memory resources of
all computer nodes in the grid.
Table 2: The machines utilized to construct a distributed grid for
the empirical work.
Node
Name

Response
Time

Linux
Linux
Linux
MAC OS X
Linux
MAC OS X
Linux
Linux

2.04
2.14
2.17
1.65
2.06
1.86
2.11
1.86

Number
of CPU
Cores
8
8
8
24
8
2
8
8

CPU Load
Average
0.0155170
0.0191543
0.0182963
0.0167428
0.0125637
0.0215643
0.0171522
0.0187421

Available
Physical
Memory
6.0 GB
6.0 GB
6.0 GB
12.0 GB
6.0 GB
4.0 GB
6.0 GB
6.0 GB

Benchmark threads are given ʹǤͲ ൈ  ͳͲ଼ units of work load
to accomplish in 50 quantums. A quantum consists of a work
phase and a sleep phase. Each thread needs to accomplish
4Ǥ Ͳ ൈ  ͳͲ units of work in each work phase so that it can
complete total work in 50 phases. Sleep phase lengths of the
threads are calculated depending on CPU load and remains
constant during its life time, but the work time can vary
depending on CPU availability. When threads have completed
their work, the report of thread execution containing start time,
work time, sleep time, number of phases, and end time are
stored into multiple files for statistical analysis. Each of the
sample is timestamp for accuracy and future reference.

7

C. Assumptions
The following are the assumptions for the CPU availability
model:
x A batch of threads are spawned concurrently in a single- or
multi-core system.
x The single- and multi-core systems in which threads will be
spawned are dedicated, meaning they are not loaded with
other threads.
x There are no inter-thread communication or message
passing among threads.
x Overhead related to the operating system's real-time process
execution is negligible.
x The CPU requirement of each thread is known, which is
used to estimate the aggregate CPU load for that batch.
x The CPU utilization is statistically \stationary" over time.
The model depends on the above specified assumptions. If
these assumptions are not specified, then the model may
produce prediction errors or may not be completely viable.
D. Empirical Case Study Results
An extensive set of empirical studies are conducted to
determine the resource utilization by the developed monitoring
tool and the accuracy of the introduced CPU availability
prediction model in real-world environment with benchmark
programs. Two distinct sets of test cases are conducted to
measure monitoring tool’s performance and introduced model’s
accuracy. All test cases are conducted independently, and runtime are measured for relative comparison.
The server monitor tool load time and memory requirement
are measured through Linux system monitoring tool. It shows
that for the very first time, the server program load time is 235
ms. The amount of memory requires to serve concurrent clients
is 3.27 KB. While querying for resource availability, average
response time from each node 1.76 ms. Cumulative response
time from all nodes is 14.08 ms. If a node doesn’t respond
immediately, the monitor uses a threshold wait of 1000ms. After
the threshold limit exceeds, it gives up as the node may be down
or the network connection is broken. Execution time for the
client module is 28.68 ms.

Figure 5: Comparison between actual measured CPU usage and
the prediction model after dispatching 12 tasks concurrently.
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Figure 5 correspond to experiments for a set of 12
benchmark programs (mix of all) to for a quad-core machine in
the grid. In the Figure 5, the horizontal axis represents the
number of tasks (N), and the vertical axis represents the CPU
usage of the machine. The actual CPU usage line is an average
of multiple run. It can be observed from Figure 5 that the CPU
usage prediction model line and the actual CPU usage line
follows same basic shape and pattern. The variation between
actual and predicted lines are very low.

measured. These two magnitudes are then used to compute
prediction error percentage. The monitor data shows introduced
CPU usage prediction model achieves very low prediction error.
The minimum prediction error is 1.39% for the cases in which 1
and 15 tasks spawned in the system. The maximum prediction
error is 5.43% in which 13 tasks were dispatched. Regardless of
CPU- or I/O-bound.
The results retrieved from the grid showing the resource
availability of each node can be applied to make critical decision
of node selection for job assignment based on highest resource
availability for faster response. Though only few experimental
results are shown in this paper, but all performed experiments
are utilized for drawing the conclusions.
The data extracted using CPU availability prediction model
for multi-core processor can be applied to select the best service
node for better performance. The computer node in the grid
which is extracting the data can use the data for arranging the
worker nodes into the computer pool. The worker node which
has the highest CPU availability can be assigned the highest
priority of achieving task as it can process early. Figure 4 shows
the distributed model which can make use of the CPU
availability prediction to select the worker node with the highest
available resource to process the job early.
V. CONCLUSION

Figure 6: Comparison between actual measured CPU usage
and the prediction model after dispatching 16 tasks concurrently.
Figure 6, and 7 also depicts similar shape and patters
between actual and predicted measures with low variation. The
CPU usage prediction model lines are smooth compared to the
actual CPU usage lines.

Figure 7: Comparison between actual measured CPU usage
and the prediction model after dispatching 20 tasks concurrently.
The results of spawning 20 tasks from task queue to a quadcore machine in the grid shows a slim prediction error (δP). For
each of the cases, task name (Scenario), measure of actual CPU
usage (U), measure of CPU usage prediction model (Pc), and the
prediction error (_δP = | Pc × U |_× 100) are measured. After
dispatching each task, real CPU usage and predicted usage are

This paper has developed analytical models (and conducted
empirical studies) for estimating (and predicting) CPU
availability of single- and multi-core machines in a computer
grid. The model discussed in this paper has been implemented
to measure CPU availability of computer nodes in a
heterogeneous grid from state measurements and without prior
knowledge about the processes in the run-queue. This feature
helps this model to be applied in the real environments, with
processes starting and ending dynamically with unknown
requirements. The application developed to validate the model
is light weight and separates the state measurement from the
model computation. This design will help the application to be
adapted in the future to other operating systems.
As the extraction of state information is time consuming, this
dynamic measure application will gather resource data only if it
receives a request from client instead of period measuring. The
models have been verified and validated with a set of in-depth
experiments which indicates lower predictions errors because its
predictions are based on real system state measurements instead
of predictions or prior information. This light and reasonably
simple resource monitor application has the ability to accurately
predict the CPU assignment for a new process on a computer in
a grid. The resource availability data extracted using the
prediction model for single- and multi-core processor can be
applied to select the node with the highest available resource for
processing the job to achieve the upmost performance.
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