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Abstract

Processor allocation and job scheduling are two
complementary techniques for improving the
performance of parallel systems. This paper presents
an effort in studying the issues of processor allocation
and job scheduling on the emerging computing grid
platform and developing an integrated approach to
efficient workload management. The experimental
results indicate that through careful design of
processor allocation and job scheduling methods the
overall system performance on computing grid can be
improved more than 20 timesin terms of waiting ratio.
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1. INTRODUCTION

In addition to cluster computing [2,3], grid
computing [1] has recently become apromising trend in
the high performance computing field. Many
universities, research ingtitutes, and commercial
companies have been devoted to the development of
related technologies and applications [4,5,6,7,8].
Among the broad range of grid computing applications,
we have been focusing on the area of high throughput
computing. We are concerned with improving overall
system performance on a computing grid through
appropriate workload management approaches. Here,
workload is used to represent a mix of computing jobs
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on aparallel computer during a specific period of time.
It could comprise jobs of diverse characteristics.

Workload management in a multiprocessor system
usually entailstwo steps. Job scheduling decides the job
sequence for processor allocation. Processor allocation
is concerned with the assignment of the required
number of processors for incoming jobs. These two
steps deal with different issues and aspects of workload
management but both are crucia to the overall system
performance.

In our previous study [11] we evaluated a few
promising load sharing methods on a computing grid.
The experimental results showed the single-pool
centralized queue approach has great potential for
delivering good performance on computing grid. The
single-pool centralized queue approach regards all
processors at different sites in a computing grid as a
single large processor pool and thus allows a job to be
alocated across site boundaries. Although alowing
cross-site parallel computation can avoid the
fragmentation problem, a parallel job might take much
longer execution time when running across site
boundaries. Thisis because the speed and bandwidth of
inter-site network is usually much slower and less than
those of intra-site network. A slower cross-site parallel
job would, in turn, delay the start of execution of
succeeding jobs. Therefore, the number of cross-site
paralel jobs would affect the overall system
performance of a computing grid in an
unstraightforward way.
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This paper tries to further improve the performance
of the single-pool centralized queue approach through
dealing with the processor allocation and job scheduling
issues. While allowing cross-site parallel computation,
appropriate processor allocation methods are devel oped
to reduce its frequency and job scheduling methods are
designed to break the FCFS order for improving system
efficiency.

2. EvALUATION OF NON-FCFS
SCHEDULING POLICIES

Parallel computers are usually centrally controlled,
shared by many users who might run severa jobs
simultaneously. Most parallel computing systems
schedule paralel batch jobs based on the variable
partitioning scheme [13], meaning each job receives a
partition of the paralel computer with its desired
number of processors. Usualy the partitions of
processors are allocated to the submitted jobs based on
the first-come first-serve (FCFS) policy.

However, for the FCFS policy, once the number of
available processors cannot meet the requirement of the
first job in queue, al the jobs would be blocked until
enough processors for the first job become available.
This might lead to a fragmentation problem, where the
available processorsis less than the need of thefirst job
but equal to or more than the needs of one or more of the
jobs behind the first one. The FCFS policy does not
allow jobs to run out of the order in queue. Therefore,
some jobs with enough processors available are forced
to wait while the processors remain idle. This
fragmentation problem degrades system utilization and
performance [18,19].

It is know that the best solutions for the
fragmentation problem are to use dynamic partitioning
[20] or gang scheduling [21]. However, these methods
have practical limitations[17]. A simpler approach isto
use non-FCFS policies [22], reordering the jobs in the
gueue. In the following, the non-FCFS policies are
further divided into two categories. The first category
contains backfilling based scheduling policies
[14,15,16,17], and the second category refers to other
non-FCFS job reordering policies.

With backfilling policies, users are asked to provide
an estimate of the runtime before job submission. This
enables the scheduler to predict when jobs will
terminate and when the next queued jobs will be able to
run. Therefore, it is possible to identify processor/time
free spaces in the schedule and jobs that can fit into
these spaces. Backfilling policies support two
conflicting goals. The first is to move as many jobs
forward as possible in order to improve utilization and

responsiveness. The second is to avoid starvation for
jobs and to be able to predict when each job will run.
Different versions of backfilling policies balance these
goalsin different ways[17].

The main problem with the backfilling policies is
that they require estimates of job runtimes to be
available. In this section, we propose and evaluate
several non-FCFS policies that do not require users’
estimates of runtimes before job submission and need
much less calculation upon making scheduling
decisions than backfilling policies. This section
compares the effectiveness of improving system
performance of the proposed non-FCFS policies against
the commonly used backfilling and FCFS policies.

The following describes the evaluated non-FCFS
scheduling policiesin this section.
®  Backfilling. Among the many variations of

backfilling scheduling methods, the backfilling
policy in this section refers to the conservative
backfilling method [17]. In this policy,
backfilling a specific job is done subject to
checking that it does not delay any previousjobin
the queue. We choose the conservative
backfilling method instead of other more
aggressive versions such as EASY [17] because
of its advantage that it allows scheduling
decisions to be made upon job submission and,
thus, has the capability of predicting when each
jobwill run and giving users guaranteed response
times. This is the most important feature that
distinguishes the backfilling policy from other
non-FCFS policies. It is clear that there is no
danger of starvation for the backfilling policy asa
reservation is made for each job when it is
submitted.

The following are three non-FCFS policies which
do not require users’ estimates of runtime before job
submission and need much less calculation upon
making scheduling decisions than backfilling policies.
Theoretically the following three non-FCFS policies
run the risk of starving the large job, which requires
more processors, as small jobs continue to pass it by.
However, in practice this starvation problem can be
avoided by allowing only a limited number of jobs to
pass ajob by and then starting to reserve the processors
for it anyway.
® First available. This is the simplest non-FCFS

policy proposed in this paper. In this policy each
job is put into the queue according to the arrival
order and at each time making a scheduling
decision, the scheduler scans the queue to find a
job which can run with current available
processors. Therefore, the first job in the queue
would not block the jobs after it from execution



evenwhenit itself doesnot has enough processors
for immediate execution and must wait.

® Smallest first. In this policy, each job is put into
the queue according to its requirement of
processors. Jobs with smaller requirements of
processors will be put before jobs with larger
requirements of processors. When two jobs have
identical requirement of processors their order in
the queue is determined by their arrival times.
Therefore, early arrival jobs will be able to run
earlier. At each time making a scheduling
decision, the scheduler scans the queue to find a
job which can run with current available
processors. In this policy smaller jobstend to get
the requested resources earlier.

® Largest first. Inthispolicy, again each job is put
into the queue according to its requirement of
processors. However, jobs with larger
requirements of processorswill be put before jobs
with smaller requirements of processors. When
two jobs have identical requirement of processors
their order in the queue is determined by their
arrival times. Therefore, early arrival jobswill be
able to run earlier. At each time making a
scheduling decision, the scheduler scans the
gueue to find a job which can run with current
available processors. In this policy larger jobs
tend to get the requested resources earlier.

The above three non-FCFS policies all allow the
first job in queueto be passed by in order to increase the
system utilization and they differ mainly in selecting
which job to pass the first job by. The different job
selecting preferences in these three policies can lead to
different occurring patterns of free processors, which in
turn will determine at any specific moment how many
jobs in the queue can fit into the free processors, and,
thus, affect the overall system utilization and
performance.

This following describes the simulation studies we
conducted to evaluate the effectiveness of the different
scheduling policies described in this section for
dynamic workload on a parallel computing. We used
publicly downloadable workload logs on [9] as the
input workload in the simulation studies. In the

following, we discuss the smulation studies with the
workload log on SDSC’s SP2 [23] in details.

The workload log on SDSC’s SP2 contains 73496
records collected on a 128-node IBM SP2 machine at
San Diego Supercomputer Center (SDSC) from May
1998 to April 2000. After excluding some problematic
records based on the completed field [9] in the log, the
simulations in this paper use 56490 job records as the
input workload. The detailed workload characteristics
are shown in Table 1. In the original SP2 system the
jobsinthislog are put into five different queues, and all
these queues share the same 128 processors on the
system. In the following simulations, all the 56490 jobs
are assumed to be submitted to the same queue on a
384-processor computing cluster. A much larger
384-processor cluster is assumed instead of 128
processors in order to be able to simulate much heavier
workloads. To evauate the effectiveness of the
scheduling policies from light to heavy workloads, our
studies conduct simulations for workloads with
different load factors: 1.0, 1.5, 2.0, 2.5, 3.0, 4.0. Load
factor 1 represents the original workload described in
Table 1 and the workloads with the other load factor
values are formed by multiplying the runtime of each
job by the corresponding load factor value.

We evaluated the scheduling policies in terms of
average waiting time and waiting ratio. We defined
waiting ratio to be the ratio of waiting time to execution
time [12]. Smaller waiting ratios usualy imply higher
user’s satisfaction. The concept of waiting ratio is
similar to the notion of bounded slowdown in [22].
However, in our definition of waiting ratio, we exclude
the runtimein the nominator. Table 2 and Table 3 show
the performance results for different scheduling policies
under workloads with different load factor values,
respectively. The results indicate that al non-FCFS
policies outperform the FCFS policy and in general the
smallest first policy is superior. In terms of waiting
time, both smallest first and first available policies
perform better than the backfilling policy. Asregarding
the waiting ratio, only the smallest first policy
outperforms the backfilling policy for al workloads.

Table 1. Characteristics of the workload log on SDSC'’s SP2

Number | Maximum execution | Average execution | Maximum number of | Average number of
of jobs time (sec.) time (sec.) processors processors
per job per job
Queue 1 4053 21922 267.13 8 3
Queue 2 6795 64411 6746.27 128 16
Queue 3 26067 118561 5657.81 128 12
Queue 4 19398 64817 5935.92 128 6
Queue 5 177 42262 462.46 50 4
Tota 56490




Table 2. Average waiting time for different scheduling policies

FCFS First Available Smallest First Largest First Backfilling
Load Factor=1.0 | 102.71 49.17 47.40 51.86 50.73
15 335.20 142.49 134.14 150.79 157.63
2.0 956.25 370.18 343.39 417.00 396.85
25 2815.84 938.98 833.67 1075.84 1082.79
3.0 8328.50 2280.82 1909.66 3059.78 2863.94
4.0 350945.34 51191.40 49653.18 95794.07 65481.10

Table 3. Average waiting ratio for different scheduling policies

FCFS First Available Smallest First Largest First Backfilling
Load Factor=1.0 | 0.77 0.17 0.15 0.21 0.16
15 1.89 0.51 0.40 0.53 0.53
2.0 4.08 0.86 0.79 1.15 0.85
25 10.38 1.68 1.29 2.03 1.75
3.0 26.92 3.15 2.19 5.27 3.22
4.0 840.93 62.63 21.99 153.65 50.72

3. PROCESSOR ALLOCATION METHODS
FOR REDUCING CROSS-SITE PARALLEL
COMPUTATION

Inour previousstudy [11], in general, the single-pool
centralized queue method would first try to schedule an
entire paralel job onto a single cluster at a certain site.
Only when no single cluster can accommodate such job,
the method then arranges that parallel job to run across
site boundaries. However, it is not uncommon that at the
same time there are more than one cluster which are all
be able to accommodate an entire paralel job. In that
situation, although different choices of clusters make no
difference to the job itself, different choices can lead to
different probabilities for the succeeding jobs to become
cross-site parallel computation.

The processor alocation problem for reducing
cross-site parallel jobs can be further divided into two
parts. The first part is how to choose an appropriate
cluster for aparallel job among several clusterswhich all
can fulfill the resource requirement of that job. The
second part is to select a set of clusters among all the
clusters in the computing grid for a cross-site parallel
job. In the following we begin with dealing with the first
part. Thefirst part of the processor allocation problemis
somehow similar to the dynamic storage allocation
problem, which is how to satisfy arequest of size n from
alist of free holesin the storage system [10]. The set of
holes is searched to determine which hole is best to
alocate. First-fit, best-fit, and worst-fit are the most
common strategies used to select afree hole from the set
of available holes[10]. In the following simulations, we

evaluate five different allocation methods. In addition to
the three common strategies, we evaluate two more
methods: median-fit and random-fit. The following
briefly describes how these five allocation methods
search for asitein acomputing grid to allocate.

®  First-fit. Allocate the first site found in the
searching process that has enough available
processors for the waiting job. The system can
stop searching as soon asit finds asite that has
enough available processors, and therefore this
method is generally faster.

®  Best-fit. Allocate the site with the least
available processors that is enough for the
waiting job [24,25]. The system must search
each site in the computing grid. This method
produces the least |eftover processors for the
selected site.

® Worgt-fit. Allocate the site with the most
available processors that can fulfill the
requirement of the waiting job. Again, the
system must search each site in the computing
grid. This method produces the most leftover
processors for the selected site which may be
more likely to accommodate the next waiting
job.

® Median-fit. Among all the sites that have
enough processors for the waiting job, allocate
the site with the median number of available
processors. This method also needs to search
each site in the computing grid to find the
median site.



® Random-fit. Randomly allocate a site among
al the sites that have enough available
processors for the waiting job. The system first
search the computing grid to find all those sites
that have enough available processors, and
then pick up one randomly.

In the following simulations, the workload log and
performance metrics used are the same as described in
section 2. In the SDSC’s SP2 system the jobs in thislog
are put into five different queues and al these queues
share the same 128 processors on the system. In the
following simulations this workload log will be used as
the workload on the computing grid, where the grid
consists of five different sites whose workloads
correspond to the jobs submitted to the five queues
respectively. To focuson the effects of cross-site parallel
computation, in the simulations we assume the
computing clusters at these five sites have the same type
of processors and interconnection networks with the
same speed. However, clusters at different sites may
have different number of processors. Table 4 shows the
configuration of the computing grid for the simulations.

Table 4. Configuration of the computing grid

tota Site | site | Site | site | site
1 2 3 4 5

Number of 442 8 | 128 | 128 | 128 | 50

Processors

Tables 5 and 6 show the average waiting time and
waiting ratio of the five processor allocation methods
under different slowdown ratios. The slowdown ratio
represents the likely sowdown due to slower inter-site
communication when executing aparalléel job across site

boundaries. It is defined as
ExecutionTimeAcrossSteBoundaries
ExecutionTimeWithinSngleSte [11]

The results for both performance metrics reflect the
same trend. When the slowdown ratio is equal to one, all
sites in the computing grid are like a big cluster.
Therefore, the five methods show no performance
difference. In general, the best-fit method outperforms
the other four methods. When the slowdown ratio isless
than or equal to two, the performance order of these five
methods from high to low is best-fit > first-fit >
median-fit > random-fit > worst-fit. However, when the
slowdown ratio is larger than or equa to four, the
random-fit method beats the first-fit and the median-fit
methods, and the performance order changes to best-fit
> random-fit > first-fit > median-fit > worgt-fit.

Table5. Average waiting timefor different slowdown ratios (sec.)

Slowdown ratio | First Fit | Median Fit | Random Fit | Best Fit | Worst Fit
1 50.36 50.36 50.36 50.36 50.36
2 61.71 65.08 80.10 60.48 93.93
4 117.57 166.13 92.48 64.05 530.58
5 200.71 959.88 133.83 99.44 | 2219.90

Table 6. Average waiting ratio for different slowdown ratios

Slowdown ratio First Fit Median Fit Random Fit Best Fit Worst Fit
1 0.37 0.37 0.37 0.37 0.37
2 0.47 0.50 0.65 0.47 0.76
4 0.90 1.28 0.86 0.51 5.06
5 1.88 10.11 1.14 0.75 23.11

The followings deal with the second part of the
processor allocation problem, how to allocate cross-site
paralel jobs. Sincetheresultsin Tables 5 and 6 indicate
that the best-fit method is the best one, we decide to
adopt the best-fit policy when alocating cross-site
paralel jobs. The best-fit policy for allocating cross-site
paralel jobisto select aset of sitesin the computing grid
such that the goal of the |east |eftover processors for the
selected sitesis achieved. This becomes a combinatorial
optimization problem. Therefore, to find a set of sites
that lead to the least leftover processors is much more
difficult and time-consuming than finding a site with the

least |eftover processorsin the first part of the processor
alocation problem.

In this paper we adopt heuristic methods for the site
selection issueto avoid the time-consuming computation
for solving the combinatorial optimization problem and
to make the site selection process more practical to be
applied to the real world. The followings evaluate three
different heuristic methods.
®  Fixed order. The system maintainsalist of al the

sitesin the computing grid. The order of thislist is
fixed. Each time the system picks up a site from
the list according to the fixed order until the total



number of available processors on all selected
sites is larger than or equal to the requirement of
the waiting parallel job. This heuristic method is
used for dealing with cross-site parallel jobs in
Tables5 and 6.

® Larger first. The system first sortsthe sitesin the
computing grid into decreasing order according to
the number of available processors. Then, the
system repeatedly picks up a site according to the
sorted order until the total number of available
processors on all selected sites is larger than or
egual to the requirement of thewaiting parallel job
[24].

® Smaller first. In contrast to larger-first, the
system first sorts the sites in the computing grid
into increasing order according to the number of
available processors. Then, the system repeatedly
picks up a site according to the sorted order until
the total number of available processors on all
selected sites is larger than or equa to the
requirement of the waiting parallel job.

The following simulations evauate these three
heuristics. Tables 7 and 8 show that in genera the
larger-first heuristic outperforms the other two
heuristics.

Table 7. Waiting time for different heuristic methods (sec.)

Slowdown ratio | Best Fit with Fixed Order

Best Fit with Smaller First

Best Fit with Larger First

1 50.36 50.36 50.36
2 60.48 60.13 60.23
4 64.05 64.07 63.71
5 99.44 176.57 66.12

Table 8. Waiting ratio for different heuristic methods

Slowdown ratio | Best Fit with Fixed Order

Best Fit with Smaller First

Best Fit with Larger First

1 0.37 0.37 0.37
2 0.47 0.47 0.47
4 0.51 0.51 0.51
5 0.75 161 0.53

4. ANINTEGRATED APPROACH TO
WORKLOAD M ANAGEMENT ON
COMPUTING GRID

In this section we propose an integrated workload
management approach considering both of the processor
allocation and job scheduling issues on computing grid.
Based on the studies described in the previous sections,
the integrated approach adopts the smallest first policy

for job scheduling and uses the best-fit with larger first
policy for processor alocation. Table 9 presents the
performance comparison of the integrated approach and
the origina single-pool centralized queue method in
[11]. The results indicate that the integrated approach
greatly improves the performance of the single-pool
centralized queue method and the improvement
increases as the slowdown ratio gets larger. The
integrated approach achieves more than 20 times
performance improvement in terms of average waiting
ratio when the slowdown ratio equals 5.

Table 9. Performance comparison of the integrated approach and single-pool centralized queue method

Slowdown ratio Average waiting time (sec.) Average waiting ratio
Single-pool Theintegrated Single-pool The integrated
centralized queue approach centralized queue approach
5 200.71 28.54 1.88 0.08
4 117.57 23.68 0.90 0.07
2 61.71 23.30 0.47 0.07
no slowdown 50.36 22.18 0.37 0.06

5. CONCLUSIONS
This paper studies two important issues, processor
allocation and job scheduling, of workload management

on computing grid. We evaluated and analyzed severd
processor alocation and job scheduling methods with
simulation studies. Based on the studies, we propose an
integrated workload management approach, considering
both processor alocation and job scheduling, to improve



the performance of the previously proposed single-pool
centralized queue method for efficient load sharing on
computing grid. While allowing cross-site paralel
computation, appropriate processor alocation methods
aredeveloped to reduceitsfrequency and job scheduling
methods are designed to break the FCFS order for
improving system efficiency. The single-pool
centralized queue method, as shown in our previous
studies [11], can reduce the average waiting time to less
than one tenth of that of a system without applying grid
computing technology when the slowdown ratio is
smaller than 5. Theintegrated approach, as shown in the
simulation studiesin this paper, can further achieve more
than 20 times performance improvement in terms of
average waiting ratio when the slowdown ratio equals 5.
Moreover, the improvement increases as the slowdown
ratio getslarger.
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