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In this paper, we consider the problem of scheduling and mapping precedence-constrained tasks to a network of heterogeneous
processors. In such systems, processors are usually physicaly distributed, implying that the communication cost is considerably higher
than in tightly coupled multiprocessors. Therefore, scheduling and mapping agorithms for such systems must schedule the tasks as
well as the communication traffic by treating both the processors and communication links as equally important resources. \We propose
an agorithm that achieves these objectives and adapts its task scheduling and mapping decisions according to the given network
topology. Just like tasks, messages are aso scheduled and mapped to suitable links during the minimization of the finish times of tasks.
Heterogeneity of processors is exploited by scheduling critical tasks to the fastest processors. Our experimental study has demonstrated
that the proposed algorithm is efficient and robust, and yields consistent performance over a wide range of scheduling parameters.

1. Introduction

One of the major goals of using a heterogeneous system
is to minimize the completion time of a parallel application
by exploiting the heterogeneous processing requirements
within the application [7,22]. To achieve this goal, a judi-
cious scheme is needed to properly schedule and allocate
the tasks of the application to the most suitable proces-
sors. In this study, we are interested in the static scheduling
of precedence-constrained tasks to a network of heteroge-
neous processors. Static scheduling is normally done at
compile-time with available information about the struc-
ture of the paralel application in terms of its task exe-
cution times, task dependencies, communication, and syn-
chronization [5,17,20]. The goal of static scheduling is
to alocate a set of tasks to a set of processors such that
the overall completion time of the application, called the
schedule length, is minimized! while the precedence con-
straints among the tasks are preserved. Since this schedul-
ing problem is NP-complete [5,8,21] it is commonly tack-
led by using heuristics [12,13]. While each heuristic may
perform well under different circumstances, there are three
important criteria that must be considered for evaluating a
heurigtic:

(1) Doesthe heuristic make realistic assumptions about the
application and architecture of the system?

(2) Isit problem-specific or can it work under awide range
of parameters without compromising the solution qual-
ity?

(3) Does the complexity of the heuristic permit it to be
practically used for compile-time scheduling?

11t should be noted that balancing the computational load among proces-
sors does not necessarily minimize the program completion time due to
the inter-task communications.
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The first criterion relates to the assumptions made by
the scheduling algorithm about the program tasks and ar-
chitecture models. Indeed, to simplify the design of the
scheduling method, earlier approaches usually rely on sim-
plifying assumptions such as assuming all tasks to have
equal execution times, or ignoring the communication de-
lays among tasks altogether [5,17]. With the emergence of
awide variety of architecturesin recent years, the architec-
tural attributes such as system topology, message routing
strategy, overlapped communication and computation, and
processors heterogeneity, must also be taken into account by
a scheduling algorithm. The second criterion dictates that
the scheduling algorithm should generate good solutions
for avariety of applications and target systems. A schedul-
ing agorithm tailored for one particular application and
architecture may not generate efficient solutions on another
architecture [15,17]. The third criterion, which is related
to the execution time of the heuristic itself, is an impor-
tant consideration for effectively using it for compile-time
scheduling of large-scale applications [2].

The majority of algorithms that take into account inter-
task communication assume the availability of unlimited
number of processors [24,25]. These algorithms are called
the UNC (unbounded number of clusters) scheduling al-
gorithms [14-17,25]. The agorithms that consider lim-
ited number of processors are caled the BNP (bounded
number of processors) scheduling agorithms [3,15,17]. In
UNC and BNP scheduling algorithms, the processors are
assumed to be fully-connected, and no attention is paid to
link contention or routing strategies used for communica-
tion. Processors and links heterogeneity are also ignored.
The UNC and BNP agorithms are also called clustering
algorithms because they merge tasks into clusters (bounded
or unbounded) [19]; the clusters may need to be mapped
onto the processors using a mapping algorithm [25]. A few
algorithms, which relax all of the above mentioned assump-
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tions and can handle a system connected via an arbitrary
network topology, are called the APN (arbitrary processor
network) scheduling agorithms. In APN agorithms, the
mapping of tasks to processors is implicit, and messages
are also scheduled while considering link contention.

Most algorithms belonging to the above three classes
use different forms of the classical list scheduling approach
[1,5,15,18,20,25]. The basic idea of list scheduling is to
assign priorities to the tasks, and then repeatedly execute
the following two steps until a valid schedule is obtained:
select from the list the task with the highest priority for
scheduling; and select a processor to accommodate this
task. The main drawback of this approach is that the static
priority assignment does not aways lead to an optimized
task sequence for scheduling. Indeed, the weakness of a
list scheduling approach is that each task is scheduled in-
dependently without regard to the scheduling of subsequent
tasks. This adverse effect is particularly severe if message
scheduling, which is a difficult problem for a heteroge-
neous system, has to be considered. A later task may not
be able to occupy an earlier time dot because its incoming
messages cannot be scheduled earlier due to the inefficient
scheduling of previous messages. The idea of determining
priorities dynamically has been proposed [17,23,27] but it
increases the time complexity and still may not be able to
avoid making suboptimal scheduling decisions.

We are interested in APN algorithms that both schedule
tasks and messages on arbitrary networks consisting of het-
erogeneous processors and communication links. Schedul-
ing tasks while considering link contention for a heteroge-
neous system is arelatively less explored research topic and
very few algorithms for this problem have been designed.
One well-known agorithm is the dynamic level schedul-
ing (DLS) agorithm [23], which employs a dynamic list
scheduling approach. In this paper, we propose a new
algorithm, the primary objective of which is to generate
efficient solutions while simultaneously handles arbitrary
communication and execution costs in the parallel appli-
cation, schedules tasks and messages by considering link
contention as well as processors heterogeneity, and adapts
to arbitrary network topology. The algorithm has a prac-
ticable complexity and is suitable for regular and irregular
parallel program structures.

The remainder of this paper is organized as follows.
In the next section, we provide a formal problem state-
ment, followed by a detailed description and explanation
of the proposed algorithm. An illustrative example is used
throughout the section to explicate the features of the al-
gorithm. Section 3 includes some performance analysis of
the algorithm. Section 4 presents the experimental results.
The last section concludes the paper.

2. The proposed algorithm

In this section, we first formally define the scheduling
problem and the model used. We then explicate our pro-
posed algorithm, called Bubble Scheduling and Allocation
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(BSA), by describing its constituent procedures. A small
example is used for illustrating the algorithm'’s characteris-
tics.

2.1. The scheduling and mapping model

A paralel program is composed of n tasks {T1,7>,
.., T} in which there is a partial order: 7; < T; implies
that 7%; cannot start execution until 7; finishes due to the
data dependency between them. Thus, a parallel program
can be represented by a directed acyclic task graph [3].
Parallelism exists among independent tasks —7; and 1; are
said to be independent if neither T; < 7 nor 1 < Tj.
Each task T is associated with a nominal execution cost 7;
which is the execution time required by T; on a reference
machine in the heterogeneous system. Similarly, a nomi-
nal communication cost ¢;; is associated with the message
M;; from T} to T;. These nominal costs are obtained by
estimation techniques such as profiling and analytic bench-
marking [2,6,9-11,26]. Assume there are e messages where
(n — 1) < e < n? so that the task graph is a connected
graph.

To model heterogeneity of the target system which con-
sists of m processors { P1, P, .. ., P}, heterogeneity fac-
tors are used. For example, if a task 7; is scheduled to
a processor P,, then its actua execution cost is given by
hi.7; Where h;, is the heterogeneity factor which is deter-
mined by measuring the difference in processing capabili-
ties (e.g., speed) of processor P, and the reference machine
with respect to task 7;. Similarly, if a message M;; is
scheduled to the communication link L, between proces-
sors P, and P,, its actual communication cost is given by
N ijzycij. An example parallel program graph and a het-
erogeneous processor network are shown in figure 1.

The start time and finish time of a message M;; from
T; to T; on a communication link L,, are denoted by
MST(M;j, Lyy) and MFT(M;j, Ly,), respectively.  Ob-
vioudly, we have MFT(M;;, Lyy) = MST(M;;, Lyy) +
N ijzycij. The start time of a task T; on processor P,
is denoted by ST(73;, P,) which critically depends on the
task’s data ready time (DRT). The DRT of a task is de-
fined as the latest arrival time of messages from its pre-
decessors.  The finish time of a task 7; is given by
FT(T;, P,) = ST(T};, P,)+ h;,7;. The objective of schedul-
ing is to minimize the maximum FT, which is caled the
schedule length (SL).

2.2. Overview of the BSA algorithm

In a traditiona scheduling agorithm, the tasks are first
arranged as a list using some priority measure and then each
task is scheduled one after another to a processor which
allows the earliest finish time. To find such a processor
in a heterogeneous target system where message schedul-
ing has to be handled, a routing table is also needed, as
in the DLS algorithm [23], for determining the most suit-
able route for messages in order to minimize the DRT. The
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(a)

Figure 1. (a) A pardlel program task graph

problem with using arouting table is two-fold: (1) the rout-
ing table has to be pre-determined, usually using shortest-
path agorithm, for the input target topology; (2) during the
scheduling process, the routing table, which has to be fre-
quently updated, may not give optimized routes. Checking
such routing information for every candidate processors in-
evitably results in high time complexity. Furthermore, the
routing information is usually maintained for only a few
common network topologies which may not be useful for
an arbitrary network.

The proposed BSA agorithmis different from traditional
scheduling schemesin several aspects. First, in the BSA al-
gorithm, the tasks are not fixed in one single list throughout
the entire scheduling process as in the traditional approach.
Initially, the tasks are all scheduled to a single processor —
effectively the parallel program is serialized. Then, each
task is considered in turn for possible migration to the
neighbor processors. The objective of this process is to
improve the finish times of tasks because a task migrates
only if it can “bubble up”. If a task is selected for mi-
gration, the communication messages from its predecessors
(some of which may remain in the original processor while
others may have also migrated) are scheduled to the com-
munication link between the new processor and the original
processor. After al the tasks in the original processor are
considered, the first phase of scheduling completes. In the
second phase, the same process is repeated on one of the
neighbor processor. Thus, a task migrated from the origi-
nal processor to a neighbor processor may have an oppor-
tunity to migrate again to a processor one more hop away
from the original processor. This incremental scheduling
by migration process is repeated for all the processors in
a breadth-first fashion. The advantage of this incremental
approach is that no pre-specified routing table is needed be-
cause the algorithm adapts its scheduling decisions to each

W,

(b)

; (b) a 4-processor ring heterogeneous system.

input topology, which may be arbitrary. More importantly,
the incremental scheduling of tasks and messages can lead
to optimized routes.

2.3. Serialization

The serialization process, which determines the order of
subsequent task migration, isacrucial step of the algorithm.
A paralel program can be serialized using many different
methods because there are many total orders which do not
violate the original partial order. In the BSA agorithm, the
serialization process is centered around a critical path of
the parallel program.

Definition 1. A critical path (CP) is defined as the set of
tasks and messages forming a path with the largest sum of
execution costs and communication costs.

In the case that there are multiple CPs, we select the
one with a larger sum of execution costs and ties are bro-
ken randomly. The CP is a crucia structure of a paral-
lel program because it is the longest execution path and
thus, timely scheduling of its tasks can potentially lead to
a shorter schedule length. However, to preserve the prece-
dence constraints among tasks, we cannot arrange al the
CP tasks first. Instead, in the serialization process, we
have to first consider a CP task’s predecessors, which need
not be CP tasks themselves. Such predecessors are called
in-branch (I1B) tasks. The remaining tasks, which are nei-
ther CP tasks nor IB tasks, are called out-branch (OB)
tasks. This partitioning of the tasks into three disjoint cat-
egories induces a serial order of the parallel program, in
which CP tasks are arranged to occupy the earliest possible
positions, with IB tasks inserted among them, and OB tasks
are appended at the end.
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To determine whether a task is a CP task, we can use
two attributes. t-level (top level) and b-level (bottom level).
The b-level of atask is the length of the longest path be-
ginning with the task. The t-level of a task is the length
of the longest path reaching the task. Thus, all tasks on
the CP have the same value of (t-level + b-level), which is
equal to the length of the CP. Based on this observation, we
can easily partition the parallel program into CP, IB, and
OB tasks by in O(e) time because the t-level and b-level
of al tasks can be computed by using depth-first search.
A task with alarger b-level impliesthat it is followed by a
longer chain of tasks, and thus, is given a higher priority.
The seriaization process can be performed by an O(e) time
algorithm outlined below.

Algorithm Serialization
Input: aprogram task graph with n tasks {71, 7%, . . .
Output: a serial order of the tasks.

T}

1. compute the t-level and b-level of each task by using
depth-first search;

2. identify the CP; if there are multiple CPs, select the
one with the largest sum of execution cost and ties are
broken randomly;

3. put the CP task which does not have any predecessor
to the first position of the serial order;

. 1« 2; T, «— the next CP task;
. while not al the CP tasks are included do

4
5
6. if T}, hasall its predecessors in the serial order then
7 put 7, at position 7 and increment 4;

8

else let T}, be the predecessor of 7, which is not in
the serial order and has the largest b-level (ties are
broken by choosing the predecessor with a smaller
t-level);

9. if T, has al its predecessors in the serial order
then put 7}, at position ¢ and increment i;
otherwise, recursively include all the ancestors of
T, in the serial order such that the tasks with a
larger b-level are included first;

10. repeat the above step until al the predecessors of
T, arein the seria order;

11 put 7, at position 7 and increment 4;
12. T, « the next CP task;

13. append all the OB tasks to the serial order in de-
scending order of b-level.

For example, consider the parallel program graph shown
earlier in figure 1(a). Based on the nominal execution and
communication costs, the t-levels and b-levels of the tasks
are shown in table 1 and the tasks {11, 17, Ty} form the CP.
Since T3 is the first CP task, it is placed in the first posi-
tion in the seria order. The second task is 7> because it
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Table 1
Thet-level and b-level of each task in the task graph based on the nominal
execution costs.

Task t-level b-level
Ty 0 230
e 60 150
T3 30 140
Ty 30 150
Ty 30 50
Tes 100 100
Ty 120 110
Ty 80 100
Ty 220 10

Table 2

The task execution cost h;,7; of each task T; on the four heterogeneous
processors.

Task P P, Py Py
i 39 7 2 6
e 21 50 57 56
Ty 15 28 39 6
Ty 54 14 16 55
Ts 45 42 o7 12
Ty 15 20 57 78
e 33 43 51 60
Ty 51 18 47 74
Ty 8 16 15 20

is another unexamined predecessor of the next CP task T7.
After T, is appended to the serial order, al predecessors
of 7% have been considered and, therefore, it can also be
added. Now, the last CP task, 15 is considered. It cannot
be appended to the serial order because some of its pre-
decessors (i.e., the 1B tasks) have not been examined yet.
Since both Tg and T have the same vaue of b-level and
Ts has a smaller t-level, Ty is considered first. However,
both predecessors of T3 have not been examined. Thus, its
two predecessors, 13 and T} are appended to the list first.
Next, T3 is appended followed by 75. The only OB task,
Ts, is the last task in the serial order. The final serialized
list is as follows: {Tl, Ty, 17, Ty, 13, Ty, Tg, To, T5}.

In the serialization process, the tasks are all scheduled to
a single processor, called the pivot processor, which is se-
lected as follows. The first processor in the heterogeneous
system is considered and the corresponding heterogeneity
factor is multiplied to the nominal execution cost of each
task. Based on the set of actual execution costs, the CP
is constructed. This process is repeated for other proces-
sors and eventually the processor that gives the shortest
CP length based on actua execution costs is selected as
the first pivot processor. To illustrate, consider the actual
execution costs of the tasks on the four processor hetero-
geneous system as shown in table 2. Given the actual
execution costs, the CPs with respect to P, P, Ps;, and
Py are {T1,17,To}, {11,712, T, To}, {11, 1,177,710}, and
{T1,T>,Ts, To}, respectively. The CP lengths are 240, 226,
235, and 260, respectively. Thus, the first pivot processor
is P, because the CP is shortest with respect to this proces-
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sor. The seria order is {Tl, 15, T, 17, 13, T4, Tg, Ty,
Ts}, which is different from that determined earlier using
nominal execution costs.

2.4. Tasks migration

After the parallel program is serialized to the first pivot
processor, tasks have to be considered for possible migra-
tion to the neighbor processors in order to improve their
finish times (bubble up). To determine whether a migra-
tion is beneficial, we have to compute the finish time of the
task on a neighbor processor. To compute the start time,
we need to know the DRT of the task, which in turn de-
pends on the scheduling of messages. We outline below an
algorithm for computing the finish time of a message on a
communication link between two processors.

Algorithm ComputeMFT

Input: a message M;;, a communication link L, on
which k& messages { M;, ., Mi,j,, - .., M;, ;. } have been
scheduled, and FT(T;, P,) (note that P, may be P,).

Output: MFT(M;j, Lyy).

1. check if there exists some s such that:

MFT(M;, 1)1 Lay)
— max{MFT(Mi,j,, Lsy), FT(T;, P.)} > h

'Iij;cyc’ij
where s = 0,1,...,k, MST(M;, ., ,j, 1, Lay) = 00, and
MFT(Migjos Lzy) = O;

2. if such s exists, use the smallest one to compute:
max{MFT(M;.;,, Lsy), FT(T}, P.)} + Ry Cid

which is returned as MFT(M;;, L,,) otherwise, re-
turn oo.

Using ComputeMFT, we can determine the finish times
of every incoming messages of the task on a neighbor
processor. The maximum finish timeis then the DRT of the
task. The corresponding predecessor which sends this latest
message is called the very important predecessor (VIP) of
the task. Specifically, we use the algorithm outlined below
for finding the DRT and VIP.

Algorithm ComputeDRT

Input: a neighbor processor P, a task T}, its set of pre-
decessors, and their messages to 7’;

Output: DRT(T}, Py).

1. DRT(T}, P,)) = O;
2. for each predecessor 71 of 17 do:
3. let P, be the processor currently accommodating 77;;
4. if P, = P, then arrival-time = FT(T;, P,);
5. ese callComputeMFT and
arrival-time = MFT(M;;, Loy);
6. if arrival-time >DRT(7}, P,) then
DRT(T}, P,) = arrival-time; VIP = T;.
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After the DRT of the task on a neighbor processor is
computed, the potentia finish time of the task can also be
determined, using the algorithm outlined below.

Algorithm ComputeFT

Input: a task 77, a neighbor processor P, on which !
tasks {T'p1,Tp2,...,Tp:} have been scheduled, and
DRT(T};,P,). ’

Output: FT(7}, Py).

1. check if there exists some ¢ such that:
ST(Tpy+1, Py) — max{FT(Tp;, P,), DRT(T}, P,) }
2 hjyT;

where ¢ = 0,1,...,1, ST(TPJH,Py) = oo, and
FT(Tpo, ) = 0; ‘

2. if such t exists, use the smallest one to compute:
max{FT(Tp:, P,), DRT(T}, P,)} + hjy;
which is returned as FT(7}, P,); otherwise, return oco.

Using ComputeFT, we can determine whether a task can
improve its finish time through migrating to a neighbor
processor of the pivot processor. If the finish time doesim-
prove, the task is rescheduled to the neighbor processor and
its incoming and outgoing messages are also rearranged. |If
the finish time does not improve, nevertheless a task will
also migrate provided that its VIP is scheduled to that neigh-
bor processor. The rationale behind this heuristic decision
isthat if atask and its VIP are scheduled to the same proces-
sor, the successors of the task may subsequently improve
their finish times also. This process is repeated for al the
remaining tasks on the pivot. Then a neighbor processor is
chosen to be a new pivot. Thus, each processor in the het-
erogeneous system in turn will be assigned as the pivot in
a breadth-first manner. Throughout the entire bubbling up
process, messages are automatically routed in the migration
process of tasks from the pivot processor to other proces-
sors. Thereis no need to use a routing table. If the routing
of messages has to be static (as in some commonly used
networks, such as a hypercube that uses the E-cube routing
method), we can just put a constraint on the destinations
a task can migrate to. Moreover, the routes taken by such
messages are optimized routes in that, at every step, a task
migrates if its finish time is not increased.

Using the techniques discussed above, the BSA ago-
rithm can be formalized below. In the following, the pro-
cedure BuildProcessorList constructs a list of processorsin
a breadth-first order from the first pivot processor.

Algorithm BSA

Input: a paralel program graph with n tasks {711, 7%,. ..,
T,} and a heterogeneous system with m processors
{P1,P,,...,P,}.

Output: a program schedule.

1. initiad Pivot — the processor that gives the shortest
CP length;
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Figure 2. (a) Intermediate schedule generated by the BSA agorithm after Serialization (schedule length = 238, total communication costs = 0);
(b) intermediate schedule after T3, T4, and 77 migrate to neighbor processors (schedule length = 218, total communication costs = 110).

2. Serialization(Pivot);
3. BuildProcessorList(Pivot);
4. while ProcessorList is not empty do:

5. Pivot — remove the first processor from
ProcessorList;

6. for each T; on Pivot do:
7. if FT(13, Pivot) > DRT(T;, Pivot) or
VIP of T; is not scheduled to Pivot then
8. for each neighbor processor P, of Pivot,
compute DRT(T75, P,) and FT(T;, P,);
9. if there is a neighbor processor P’,, such that
FT(T;, P',) < FT(T;, Pivot) then
10. make T; migrate from Pivot to P’,;
11. dse if FT(T;, P',) = FT(T}, P',) and
VIP of T; is scheduled to P’ then
12. make T; migrate from Pivot to P’,,.

The time complexity of the BSA algorithm is derived
as follows. The procedure BuildProcessorList takes O(1m?)
time while Serialization takes O(n?) time. Thus, the domi-
nant step is the while-loop, which takes O(e) time to com-
pute the FT and DRT values of the task on each neighbor
processor. If migration is done, it aso takes O(e) time.
Since there are O(n) tasks on the Pivot and there are O(m)
neighbor processor, each iteration of the while loop takes
O(men) time. Thus, the BSA algorithm takes O(m?en)
time. The correctness of the BSA agorithm is formalized
in the following theorem.

Theorem 2. The BSA algorithm generates schedules in
which precedence constraints are preserved.

Proof. We sketch a proof of this theorem by induction on
the number of migrations. First observe that in the pro-
cedure Serialization, the program task graph is serialized
by partitioning the graph into three categories: CP tasks,
IB tasks, and OB tasks. In the process, every |IB tasks of
a CP task are considered first before the CP task itself is
put into the serial order. The OB tasks are also appended
according to their levels. Thus, Serialization produces a
serial order that preserves the precedence constraints. In
the task migration process, a task migrates only if its finish
time improves. And in the computation of potential fin-
ish times, the message scheduling and task scheduling are
examined according to the procedures ComputeMFT and
ComputeFT, in which there are inequalities that determine
schedulability based on precedence constraints. Note that
the inequalities capture the scheduling state of previous mi-
grations, which according to the induction assumption do
not lead to violation of precedence constraints. Thus, atask
or a message will not be inserted in a slot which leads to
a violation of precedence constraints. As such, both the
Serialization procedure and the task migration process will
not violate the precedence constraints, and therefore, the
BSA algorithm generates valid schedules. O

2.5. An example

To illustrate the novel characteristics of the BSA algo-
rithm, let us consider applying it to schedule the parallel
program graph shown in figure 1(a) to the heterogeneous
ring system shown in figure 1(b) with the actua execution
costs depicted in table 2. For simplicity, we assume that the
communication links are homogeneous; that is, 4';j., = 1
for al messages M;; and links L. Initialy, the tasks
are injected by the procedure Serialization to the first pivot
jprocessor P, in the order: {T]_, 15, Te, 17, T3, Ty, Tg, T,
Ts}, as we have shown in section 2.3. The resulting inter-
mediate schedule is depicted in figure 2(a). Note that the
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Figure 3. (a) Intermediate schedule after T and Ty migrate to neighbor processors (schedule length = 147, total communication costs = 200); (b) final
schedule after T3 migrates from Py to P4 (schedule length = 138, total communication costs = 200).

actual execution costs on P, are quite different from the
nominal execution costs. Then, tasks are considered for
possible migration. In the first phase, T3, being the first
CP task, does not migrate because its migration is not ben-
eficial. Also, T and Ts do not migrate because their finish
times cannot be improved by migration. However, T3 and
T, migrate to P, and Ps, respectively, as their finish times
are improved. Note that the reduction of 75's finish time is
contributed not only by the “bubbling up” process but also
by the heterogeneity of the processors — the execution cost
of T3 on P, is 28 whileon P; isonly 15. Similarly, 77 also
migratesto P; sinceit can also be “bubbled up” and its exe-
cution cost is reduced. The resulting intermediate schedule
is shown in figure 2(b). After two more migrations from
the first pivot processor P», the first phase is completed; the
intermediate schedule at this point is shown in figure 3(a).
In the second phase, the pivot processor is P;. Only T3
migrates while the other tasks cannot improve their finish
times. No more migration can be performed after this stage
and the final scheduleis shown in figure 3(b). The schedule
length is only 138 which is considerably smaller than that
can be achieved on homogeneous processors.

3. Analytical performance on primitive structures

The BSA agorithm considers a large number of systems
parameters, in particular, the processor heterogeneity which
leads to the lack of symmetry in the problem. Thus, ex-
act performance analysis of the algorithm on general task
graphs and processor networks is very difficult. In this
section, nevertheless, we analyze the performance of the
algorithm on a basic graph structure: the fork set. An ex-
ample of a fork set is shown in figure 4. The fork set isa
basic building block of many general task graphs.

Given afork set with parent 7, and k children (labeled
from 717 to Ty), without loss of generality, we assume that

for the fork set F,.,
ColtTL ZCoat T2 2 Cuz+T3 2" 2 Cup + Tk

First, we assume that the target system has m homogeneous
processors which are fully connected with homogeneous

Figure 4. A fork set F.

communication links and m > k. The optimal schedule
length SL{jyt for the fork set on this system is given by

J
- max{ ( + Z) oty + >}

i=1
where j is given by the following conditions:
J
Z Ti < Coj + T
=1
and
j+1
Z Ti > Cgj+1 + Tj+1.
i=1
Intuitively, the above optimal schedule length is obtained
by including the tasks to the processor holding the parent
task until the accumulated execution costs exceed the finish
time of the next task.

Next we analyze the optimal schedule length for the fork
set for a hypercube network with m processors (m = 29). If
d > k—j (cal this condition C1), then the optimal schedule
length SLEG, for a hypercubeis equal to Sy This follows
from the fact that all the tasks can be scheduled within one-
hop away from the processor P, to which the root task is
scheduled.

On the other hand, if d < k — j < C%, where C¢
denotes the number of combination of choosing » objects
from d objects, some of the tasks have to be scheduled
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on processors at two hops from P,.. In this scenario, it is
difficult to obtain a closed form expression for the optimal
schedule length. Here, we impose one more constraint,
caled C2, on the task graph:

e =K, 1<t<k.

That is, the communication costs are the same. With this
congtraint, the ordering of tasks is preserved even though
some tasks are to be scheduled two-hop away from P,.
The optimal schedule length is then given by

9 = max{ (s.{;;}: + 0y n) (72 4 2K + TS+1)},

i=j+d+1

where s is given by the condition

S
SngtI + Z T < Ty + 2K + 74
i=j+d+1
and
s+1
S_ngtl—f— Z Ti>Tw+2K+TS+1.
i=j+d+1

The above optimal schedule length is obtained by in-
cluding the tasks with index larger than j + d in the subset
of processors holding the tasks with indices less than or
equal to j + d until the schedule length is longer than the
finish time of the next task to be scheduled two-hop away
from P,. Given the constraint C1, the analysis for the
cases in which some tasks have to be scheduled on proces-
sors which are three hops away from P, is similar. We
have the following result on the BSA agorithm.

Theorem 3. The BSA algorithm gives optimal schedule
length for afork set F, if:

(1) the processors are homogeneous and fully-connected
with homogeneous links; or

(2) the processor network is a homogeneous hypercube
with C1 satisfied; or

(3) the processor network is a homogeneous hypercube
with C2 satisfied.

Proof. First, we observe that according to procedure Se-
rialization, the tasks are injected in an increasing order
of indices to the pivot processor, call it P.. The tasks
are then examined for possible migration to the neighbor
processors one by one. Thus, for cases (1) and (2), only
those tasks with indices larger than j will migrate to the
neighbor processors. The resulting schedule length is opti-
mal. For case (3), assumethat d < k — j < C4. The tasks
with indices from j + 1 to j + d will migrate to the neigh-
bor processors of P,. Afterwards, tasks with indices from
j+d+ 1to s will not migrate to the neighbor processors
because they cannot start earlier according to the expres-
sions given earlier in the above discussion. A task 7; with

Y.-K. Kwok, |. Ahmad / Link contention-constrained scheduling

t > s, however, will migrate to the neighbor processors be-
cause it can start earlier. The task may eventualy migrate
to processors which are at two hops from P, depending
upon whether it can start at atime 7, + 2K + 1. Asa
result, the BSA algorithm constructs an optimal schedule.
Similar arguments can be applied to the case when some
tasks have to be scheduled to processors at three hops in
an optimal schedule. O

4. Performance results

In this section, we present the experimental performance
of the BSA agorithm and also compare it with the DLS
algorithm [23], which was also designed for heterogeneous
systems. The DLS algorithm is also a greedy algorithm in
that it chooses a task for scheduling if its potential start
time is the earliest and it has the largest b-level.

In our experiments, we applied the two algorithms to
two suites of task graphs using a Sun Ultrasparc work-
station. The first suite consisted of regular graphs rep-
resenting a number of parallel applications including the
mean value analysis [2], Gaussian elimination [4], Laplace
equation solver [2], LU-decomposition [4], containing reg-
ular patterns of tasks and communication messages. Since
these applications operate on matrices, the number of tasks
(and messages) in their task graphs depends on the matrix
dimension N. Each application has its own equation in
terms of NV for determining the exact number of tasks but
all of the equations are O(N?). We generated ten graphs
for each application by varying N such that the graph size
varies from approximately 50 to 500 with increments of 50.
The average execution cost each task of the applications
is about 150. Note that the graph structure and relative
magnitudes of the execution costs in these applications are
fixed according to the underlying algorithm modeled by the
graph. However, the communication costs can be varied.
We used a parameter called granularity, which is defined
as the average execution cost divided by the average com-
munication cost in a graph. Within each type of graph,
we used three granularities: 0.1, 1.0 and 10.0. Thus, in
a fine-grained (i.e., granularity = 0.1) application, the av-
erage communication cost is about ten times the average
task execution cost. On the other hand, in a coarse-grained
(i.e., granularity = 10.0) application, the average commu-
nication cost is only about 10% of the average task ex-
ecution cost. In summary, the regular graphs suite con-
tained 90 graphs (three graph types, ten sizes, and three
granularities). The second suite of task graphs consisted
of randomly structured graphs with sizes also varied from
50 to 500 with increments of 50. The execution cost of
each task was randomly selected from a uniform distribu-
tion with range [100-200]. Again, three granularities (0.1,
1.0 and 10.0) were selected for each graph size. Unless oth-
erwise state, the heterogeneity factors (i.e., h;, and i)
were selected randomly from a uniform distribution with
range [1-50]. Thus, the nominal execution and commu-
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Figure 5. Average schedule lengths for the regular graphs with different graph sizes using four different network topologies.

nication costs in each graph represented the costs of the
fastest processor.

To investigate the effect of processor network topol-
ogy (i.e., processor connectivity), we used four differ-
ent topologies in the experiments. 16-processor ring,
16-processor hypercube, 16-processor fully-connected net-
work, and 16-processor randomly structured topology. The
random topology was generated such that the degree of
each processor ranged from two to eight.

In our first experiment, we compared the schedule
lengths produced by the BSA agorithm with those by the
DLS agorithm. For the regular graphs, it turned out that
each algorithm generated similar performance for the three
types of applications and thus, we computed the average
schedule lengths across different applications. To exam-
ine the effect of graph size, we also computed the average
schedule lengths across the three granularities. These aver-
age schedule lengths for the four topologies are shown in
figure 5. From the plots, we make a number of observa-
tions:

e the BSA algorithm consistently outperformed the DLS
algorithm;

o the improvement was about 20% and increased dlightly
with graph size;

o the improvement was dlightly larger for lower processor
connectivity (e.g., aring); and

e both algorithms gave shorter schedule lengths for higher
processor connectivity (e.g., a clique).

These observations can be explained as follows. First,
notice that the DLS algorithm selects a task for schedul-
ing if its start time is the earliest. This greedy decision is
made without regard to the scheduling of subsequent tasks
and hence, such a decision may be too “local” in that the
communication links are not properly utilized leading to
inefficient scheduling of communication messages of sub-
sequent tasks. Indeed, when we looked into the schedules
produced by the DL S algorithm more closely, we found that
there were many cases in which atask could not be sched-
uled to a better time sot due to the inefficient scheduling
of messages of previous tasks. The adverse effect of in-
efficient scheduling of messages and tasks was also more
profound for increasing graph size and decreasing processor
connectivity. In this aspect, the BSA algorithm has a better
strategy because the messages are incrementally scheduled
to suitable slots such that the finish times of tasks can beim-
proved. When the connectivity was high, both algorithms
generated shorter schedules because the message schedul-
ing was easier to handle.

The results for randomly structured graphs are shown
in figure 6. From these results, we can see that the BSA
algorithm is robust in that it also consistently outperformed
the DLS agorithm, despite that both algorithms generated
longer schedules compared with the regular graphs. Next,
we investigated the effect of granularity by computing the
average schedule lengths across the graph sizes. Theresults
for regular graphsare shown in figure 7. We can see that the
granularity had significant impact on the performance of the
scheduling algorithms. First, the schedule lengths increased
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Figure 6. Average schedule lengths for the random graphs with different graph sizes using four different network topologies.
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Figure 7. Average schedule lengths for the regular graphs with different granularities using four different network topologies.

sharply with decreasing granularity. At a low granularity the BSA algorithm over the DLS algorithm was a'so larger
(e.g., 0.1), the message scheduling was adominant factor in ~ for lower granularity. Finaly, it is interesting to note that
determining the schedule length. Thus, the improvement of  the effect of network topology was less significant from a
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granularity perspective. Similar conclusions can be drawn
from the results for randomly structured graphs, which are
shown in figure 8.

We also investigated the effect of heterogeneity. For this
purpose, we used ten different randomly structured task
graphs with 500-task each (the granularity was 1.0). We
chose the 16-processor hypercube topology and varied the
range of heterogeneity as follows: [1-10], [1-50], [1-100],
and [1-200]. Thus, alarge range impliesthat there are more
slow processors in the system. Again we computed the av-
erage schedule lengths, which are shown in figure 9. As
can be seen, both algorithms generated longer schedules as
the heterogeneity range increased. However, the rate of in-
crease in schedule lengths generated by the BSA algorithm
was lower than that of the DLS algorithm. This indicates
that the BSA agorithm is more adaptive to a highly het-
erogeneous system. We also measured the running times
of both algorithms, which were about the same because the
two algorithms are of comparable time complexity.

5. Conclusions

In this paper we have presented a new algorithm, called
the BSA agorithm, for scheduling and allocation of par-
allel tasks onto message-passing heterogeneous architec-
tures using a novel task ordering strategy. The objective is
to generate efficient solutions while simultaneously taking
into account realistic parameters such as arbitrary execution
and communication costs, network topology, contention on
communication links, and heterogeneity of processors. The
distinctive feature of the BSA agorithm is that it can adapt
its tasks and messages scheduling decisions according to
the given network topology. Messages are incrementally
scheduled to suitable links during the optimization of the
finish times of tasks. Heterogeneity of processors is also
exploited by scheduling critical tasks to the fastest proces-
sors. Our performance evaluation study has demonstrated
that the BSA agorithm is efficient, robust, and able to
give consistent performance over a wide range of para-
meters.
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