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Abstract™—In this paper, we propose to use aplatform [9], [18]. However, realizing the goal of
duplication based approach in scheduling tasks to @fficient cluster computing entails handling a

heterogeneous cluster of PCs. In duplication baseﬁumber of resource management chores [18]. One
scheduling, critical tasks are redundantly '

scheduled to more than one machine in order t&fthe mostimportant problems is the scheduling of
reduce the number of inter-task communicationtasks. Indeed, to effectively harness the aggregate
operations. The start times of the succeeding tasksomputing power of such a heterogeneous cluster, it

are also .reduced. The task duphcaﬂpn PFOCESS Iy crycial to judiciously allocate and sequence the
guided given the system heterogeneity in that the

critical tasks are scheduled or replicated in fastef3SKS on the machmgs. I'n a broad sense, the
machines. The algorithm has been implemented igcheduling problem exists in two formgynamic

our prototype program parallelization tool for andstatic In dynamic scheduling, few assumptions

generating MPI code executable on a cluster of,5 ¢ the parallel program can be made before

Pentium PCs. Our experiments using threeexecution and thus, scheduling decisions have to
numerical applications have indicated that ' ' 9

heterogeneity of PC cluster, being an inevitablé’® made on-the-fly. The goal of a dynamic
feature, is indeed useful for optimizing the scheduling algorithm as such includes not only the
execution of parallel programs. minimization of the program completion time but

Keywords: Scheduling, task graphs, algorithms, also the minimization of scheduling overhead,

parallel processing, heterogeneous systems, PC, . - .
cluster computing, task duplication, resource\%h'Ch represents a significant portion of the cost

management. paid for running the scheduler. In a cluster of PCs
1 Introduction environment, such dynamic scheduling algorithms
usually employ the so-called “idle-cycle-stealing”

. Rece.ntly we have witnessed an 'ncreasmgapproach [5] which attempts to dynamically
interest in employing a network of PCs ConneCtedbalance the work load evenly across all the

by a high-speed network to tackle many

. _ _ o machines. However, when the objective of
computationally intensive parallel applications [9],

scheduling is to minimize the execution time of a

[18]. .Parallel processing using - a clust(.—:‘r Ofparallel application, such dynamic scheduling
machines, also commonly calletlister computing strategies are not suitable.

enables a much larger community of users than ever
before to efficiently tackle many difficult On the other hand, the approach of using static
optimization problems on a readily available scheduling algorithms [11], [12], [22], which can
afford to use longer time to generate an optimized
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some other numerical applications [1], [3], [4], duplication based scheduling, critical tasks are
[13], [14], [19], [25] because the characteristics ofredundantly scheduled to more than one machines
such applications can be determined at compilein order to reduce the number of inter-task
time. A parallel program, therefore, can becommunication operations. The start times of the
represented by a directed acyclic task graph [3], irsucceeding tasks are also reduced. There have been
which the node weights represent task processinghany duplication approaches suggested in the
times and the edge weights represent datéterature [1], [10], [15], [16], [17], [20]. However,
dependencies as well as the communication timeall these methods are designed for homogeneous
between tasks [3], [6]. The static schedulingparallel architectures. Furthermore, the previous
problem is, in general, NP-complete [5], [8] and approaches are all evaluated based on simulations
there have been many heuristics suggested in thather than wusing real applications with a
literature for scheduling a parallel machine. parallelizing compiler. In our proposed approach,
However, the problem of scheduling tasks to athe task duplication process is guided by tracking
cluster is a relatively less explored topic. the critical path of the task graph given the system
Specifically, there are two difficult research issuesheterogeneity in that the critical tasks are scheduled
to be tackled in the scheduling problem for clusteror replicated in faster machines. Task duplication is
computing: indeed particularly effective for heterogeneous
systems because the overall completion time of an
application is usually determined by a subset of
PCs is still very significant relative to the tasks (i.e., theritical-path, discussed in detailed in
processing power of the machines [9]_Thus,8ection 2) which can be scheduled to execute
to avoid offseting the gain from efficiently on the faster machines. We have
parallelization by excessive communicationimplemented this duplication based scheduling
overhead, the tasks should be scheduled ilgorithm in the parallel code generator of a
such a manner that the number ofprototype program parallelization tool [2], which
communications is kept small. generates MPI code executable on a network of
2) Heterogeneity In a PC cluster, which Pentium PCs. The system on which we tested our
typically undergoes continual upgrading, @pproach is shown schematically in Figure 1. Our
heterogeneity in the hardware configurationexperiments using several real applications have
is unavoidable. Heterogeneity can be ademonstrated that the duplication technique is very
potential problem for some highly regular effective in reducing the completion time of the
applications (e.g., some data parallelgpplications on a heterogeneous cluster of Pentium

problems). However, it has been || pCs connected via a Fore Fast Ethernet switch.
demonstrated that heterogeneity is useful for

further enhancing the performance of The remainder of this paper is organized as
irregu|ar|y structured para||e| app”cation follows. In the next section, we describe in detalil

[7], [21], by exploiting the affinity of the modelused and the design considerations of the
different tasks to different machines. duplication algorithm. Section 3 includes the results

of our performance study. The last section

r(1:oncludes the paper.

1) Communication overhead The
communication overhead in a network of

In this study, we propose to usedaplication
approach to scheduling the tasks to the cluster. |
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Figure 1: System support for high-performance computing on a heterogeneous cluster.

2 Scheduling for a Heterogeneous PC  heterogeneous system. Similarly, a nominal
Cluster communication COstc;; is associated with the
messageM;; fronT; td; . Assume there are

messages wheren—1)<e<r? so that the task

raph is a connected graph.

In this section, we first describe our scheduling
model, followed by a discussion of the duplication
techniques employed in our scheduling module 019
the parallel code generator. To model heterogeneity of the target system
which consists oin  processofsP;, P,, ..., P}
heterogeneity factorare used. For example, if a

A parallel program is composed ai  tasksask T, is scheduled to a process®y , then its
{T1 Ta ..., Ty} in which there is a partial order: actual execution cost is given by, T,  wherg s
T; <T; implies thatT; cannot start execution until the heterogeneity factor which is determined by
T; finishes due to the data dependency betweemeasuring the difference in processing capabilities
them. Thus, a parallel program can be represente@_g., speed) of processdr, and the reference
by a directed acyclidgask graph[3]. Parallelism  machine with respect to task, . Similarly, if a
exists among independent task$—  anf  argnessageM;; is scheduled to the communication
said to be independent if neithef; <T; nOr Jink L,, between processo,  amj, , its actual
T;<T;.Eachtaskrl; is associated with a nominalcommunication cost is given DYy Ci An

execution costt;  which is the execution time example parallel program graph is shown in
required by T; on a reference machine in theFigure 2.

2.1 The Model
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Figure 2: A Gaussian elimination task graph.

The start time and finish time of a messadg 2.2 Parallel Code Generation with Duplication
from T; to T; on a communication link.,, are Based Scheduling

denoted byMST( M;, L,,) andMFT(M;,L,,) .  The proposed duplication scheduler is designed
respectively. Obviously, we have: as a core module in the CASCH (Computer-Aided

MFT (M, Ly,) = MST(M;, L,,) + 1’ SCHeduling) tool [2]. The system organization of

the CASCH tool is shown in Figure 3. It generates

The start time of a taskl; on processBy  isa task graph from a sequential program, uses a
denoted byST( T;, P,) which critically depends on scheduling algorithm to perform scheduling, and
the task’sdata ready timgDRT). The DRT of a  then generates the parallel code in a scheduled form
task is defined as the latest arrival time of messagefr a cluster of workstations. The timings for the
from its predecessors. The finish time of a task  tasks and messages are assigned through a timing
is given byFT(T;, P,) = ST(T, P,) +h,T; . The database which was obtained through profiling of
objective of scheduling is to minimize the the basic operations [2], [6]. As soon as the task
maximumFT , which is called thechedule length  graph is generated, the duplication based scheduler
(SL). is invoked.

ijxyCij
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Figure 3: The organization of the CASCH tool.

To minimize the overall execution time of the OB (out-branch) tasks. The IB tasks are ancestors
application on the cluster, the scheduler firstof CP tasks but are not CP tasks themselves. The
determines which tasks are more critical so thaOB tasks are neither CP nor IB tasks and as such,
they need to be scheduled to start at earlier timare relatively less important. This partitioning can
slots, possibly by duplicating their ancestors. In abe performed inO(e) time because thkeveland
task graph, theritical-path (CP), which consists of b-levelof all tasks can be computed by using depth-
tasks forming the longest path, is such an importantirst search. A task with a largérlevelimplies that
structure because the tasks on the CP potentialliy is followed by a longer chain of tasks, and thus, is
determine the overall execution time. To determinggiven a higher priority. A procedure is outlined
whether a task is a CP task, we can use twdelow for constructing a scheduling list based on
attributes:t-level (top level) andb-level (bottom the partitioning.
level) [13], [24]. Theb-levelof a task is the length

o . ALOGRITHM 1: CONSTRUCTION OF SCHEDULING

of the longest path beginning with the task. The | g7
level of a task is the length of the longest path  Input: a program task graph witim  tasks
reaching the task. Thus, all tasks on the CP havethe {T1 T2 - Tp}
same value oft{level + b-leve), which is equal to Output: a serial order of the tasks
the length of the CP. Based on this observation, we 1. comp_ute thelevglandb-levelof each task
can easily partition the parallel program into three py us_lng depth-fl_r st search; .

i - ) 2. identify the CP; if there are multiple CPs,
categories: CP (critical path), IB (in-branch), and
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11.
12.
13.

Using the above scheduling list, we can
determine which tasks have to be considered first in

select the one with the largest sum ofwill stop when the finish time of the task starts to
execution cost and ties are brokenjncrease orthe time slot has been used up. The order

randomly; ) of selecting ancestors for duplication is governed
put the CP task which does not have anyb the schedulina list. The het ity f
predecessor to the first position of the y the scheduling list. The heterogeneity factias

serial order: are also used for determining the finish times. After
i « 2;T, « the next CP task all the CP tasks are scheduled (and hence all the IB
while not all the CP tasks are included do tasks), the OB tasks are considered for scheduling.
if T, has all its predecessors in the serialTo avoid using an excessive number of machines,
order then we attempt to schedule the OB tasks without using
putT, atposition and incremeint ; qnjication. This is useful because the OB tasks
else letT, be the predecessor ®f 5y do not affect the overall completion time
which is not in the serial order and has the -
largestb-level(ties are broken by choosing and, thus, need not be scheduled to finish as soon as
the predecessor with a smalldevel); possible. However, if such a conservative approach
if T, has all its predecessors in the fails—that is, the overall completion time is
serial order then puT,  at position  and increased by scheduling a certain OB task without

!ncrement i otherwise, 'recurswe!y using duplication, then the same recursive
include all the ancestors df in the serial

order such that the tasks )\/Nith a larder duplication process will be applied to the OB task.
levelare included first; The whole duplication based task scheduling
repeat the above step until all theprocess is summarized in Alogrithm 2 below.
predecessors of, are in the serial order,
putT, atpositiori and increment ALOGRITHM 2: HETEROGENEOUS DUPLICATION

" BASED SCHEDULING
Ty  the next CP task Input: a program task graph wittm  tasks

append all the OB tasks to the serial order  {T,,T,,...,T,}, a heterogeneous system
in descending order d&flevel with m machines{ P, P,, ..., P} , and the
relative speeds of the machines;

Output: a duplication based schedule
Construct the scheduling list (use

the duplication process. During scheduling, the CP ™ Alogrithm 1);

tasks are always considered first. However, we > For each CP task, first recursively schedule
cannot attempt to schedule the CP tasks unless all of each of its unscheduled ancestor IB tasks
their ancestor tasks, which need not be CP tasks to a machine so that they can finish as soon

themselves, are scheduled. Thus, we use a recursive
approach. For each CP task, we first recursively

as possible by trying to duplicate on the
machine as many ancestors as the time slot
allows (use the heterogeneity factang

check whether its ancestors are scheduled. If not, for determining the finish times); the order
then the candidate for scheduling will be changed to of selecting tasks for duplication is
the unscheduled ancestor which is at the earliest governed by the scheduling list; finally

position on the scheduling list. To actually schedule
a task, we try to minimize its finish time by 3

apply the same recursive duplication
process to the CP task itself;

Without using any duplication, schedule

attempting to schedule it to the fastest machine. . each of the remaining tasks (i.e., OB tasks)
Duplication is employed for the minimization of to the fastest machine provided that the
finish times in that as many ancestors as possible schedule length does not increase; if this

are inserted before the task. The duplication process

fails, employ recursive duplication



technique to schedule the OB task; scheduling algorithm in the code generator module
To illustrate how the heterogeneity of the Of the CASCH tool (see Figure 3), which is

machines is exploited, consider in Figure 4 the twoEXecutable on a Linux-based Pentium Il PC in our
schedules of the Gaussian elimination task grapﬁluster. We have parallelized several numerical
(shown earlier in Figure 1). The schedule on the lef@PPlications on CASCH. Here, we present and
is the best schedule without duplication using®/SCUSS some preliminary results obtained by
homogeneous machines. On the right is a SChedu@easuring the execution time of three applications:
using six heterogeneous machines inwhtch  is of>aussian elimination, Gauss-Seidel algorithm, and
the same speed as the machines in the left scheduf%_!,'BOdy pro.blem..By varying the p.roblel.*n sizes

while P, andP, are two times and 1.3 times faster(l-€ the dimensions of the matrices in these
thanP, , respectively. The remaining machines ar@Pplications, from 32 to 256) and the granularities
slower thanP,, . We can see that the CP of the taskfrom 1-column block to 8-column block, using 1-

graph is scheduled to the fastest machiye . The decomposition), we generated four task graphs

critical IB tasks, T, andls , are also scheduled tof0r €ach application with roughly 100, 200, 400,

finish as early as possible on fast machiirgs an@nd 800 tasks.

P,, respectively, by duplicatind; . Theresulting  Our heterogeneous cluster consists of twelve
schedule has an overall completion time of 182pcs: eight Pentium Il 333 MHz with 32 MB
units which is significantly smaller than that of the memory and four Pentium 1l 450 MHz with 64 MB
homogeneous schedule without duplication (33Gnemory. The PCs are connected by a Fore Fast
Un|tS)T Due to Space |ImltatI0nS, deta”ed StepS OfEthernet SWitCh. A” the experiments were
producing the two schedules are not shown. performed using eight PCs but with different
é;onfigurations: (1) eight homogeneous machines
(i.e., all are Pentium Il 333 MHz); (2) five Pentium

After a symbolic schedule is generated, the cod
generator is invoked to actually implement the
schedule using the SPMD (Single Program” 333 MHz plus two Pentium Il 450 MHz; (3) two
Multiple Data) model [2], [23]. The program Pentium 1l 333 MHz plus four Pentiume Il 450

statements or procedures constituting a task ardiHz. The aggregate computing power of the three

allocated to the specified machife ~ for eXecu,[ionconflguratlons are approximately the same because

using conditional statements checking the ID of theVe found that a Pentium Il 450 MHz is about 1.5

machine, as shown in Figure 5. Data structure§imes faster than a Pentium Il 333 MHz. The
associated with a task are also replicated Théationale behind selecting these configurations is

output of the code generator is a C program inthat we wanted to investigate the benefit of

which MPI communication primitives are inserted. heterogeneity. These configurations are denoted as
£8S (for eight slow machines), 2F+5S (two fast plus

five slow machines), and 4F+2S (four fast plus two
slow machines), respectively. Ten different runs for
3 Performance Results each size of the three applications were done and
c]Ihe average application execution times were noted.

The resulting parallel program is then compiled an
executed on the cluster of workstations.

We have implemented the duplication base

These average execution times of the three
T In the homogeneous case, the scheduler is also given six

machines. However, to arrive at the best schedule applications are shown in Figure 6. As can be seen,
shown, it needs only three.
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if (mynode() == ) {

/* execution of task i */

}

Figure 5: SPMD implementation of a schedule.

important issue related to using a PC cluster is fault-
tolerance. Unlike a tightly couple parallel
architecture (e.g., the IBM SP2), a PC in a cluster
may experience intermittent failure, possibly due to
user reboots. Thus, the task schedule has to be fault-
tolerant so that the application can finish its
execution even in the presence of such faults. We
believe that task duplication, augmented with
check-pointing and roll-back recovery techniques,

heterogeneity has a significant impact on thelS & viable approach to achieve this goal. A

overall execution time of an application in that

performance model is being developed to

using more fast machines (albeit the total number ofiuantitatively analyze the merits of this approach.
machines is smaller), in general, can speedup thﬁeferences

application considerably. The improvement in the
Gaussian elimination application is the most
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