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Abstract

Processor self-scheduling is an efficient dynamic
scheduling for multiprocessors. This paper discusses the
impact of the self-scheduling order on the performance
of multiply-nested parallel loops.

It is shown that, due to data synchronization for
crogs—iteration data dependences, the completion time of
a multiply-nested loop is reduced when the nesting
parallel loops with smaller delays are moved to the
inside. The best performance is achieved when a
shortest—delay scheduling order is used. The performance
of the shortest—delay self-scheduling is compared to
other self-scheduling orders and to compile-time static
scheduling order proposed elsewhere. Program transfor-
mation needed to implement shortest-delay self-
scheduling is also included.

1. Introduction

Since Lusk et al. [1} proposed self-scheduling DO-
loops for HEP [2], there has been increasing interest in
processor self-scheduling for multiprocessor systems. A
processor self-scheduling scheme for multiply-nested
loops was proposed in [3]. A self-scheduling scheme for
even more general parallel loop structures was -proposed
in [4]. [5] proposed a compiler-guided self-scheduling
scheme to improve the performance of singly-nested
loops. Processor self-scheduling for singly—nested paral-
lel loops has been implemented in several experimental
multiprocessor optimizing compiles [6] [7]. Alliant FX/8
(8] and IBM 3081 [9] also use self-scheduling for proces-
sor allocation.
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Processor self-scheduling on multiprocessor systems
is a dynamic list scheduling [10] {11]. Whenever a proces-
sor becomes free, it scans a scheduling list to find the
first task in the list whose predecessors are all completed,
and starts to execute the task. Scheduling list represents
the order in which the tasks are scheduled. In self-
scheduling, the precedence relation among tasks can be
enforced either by barrier synchronizations (3] or task
queues [4]. The data dependences between concurrent
tasks can be enforced by explicit low-level
synchronizations [12] [13]. Tang et al. showed in [14]
that an appropriate scheduling order is needed to
prevent deadlocks if data dependences are explicitly syn-
chronized between concurrent tasks.

Scheduling order can affect the performance of a
task system. For a parallel nested loop, there can be
many scheduling orders that allow deadlock—free execu-
tion. Due to the delay caused by explicit synchronizations
between concurrent tasks, one scheduling order may
result in better performance than the others. The pur-
pose of this paper is to study the impact of different
self-scheduling orders on the performance of parallel
nested loops. We propose a scheduling order called the
shortest-delay order, and show that the performance of
using the shortest-delay order is always better than using
other scheduling orders. We also present an algorithm to
transform a nested loop into a form which allows-
shortest-delay self-scheduling.

2. Issues of Processor Self-Scheduling

In this section, a model for processor self-scheduling
is described and the model will be used throughout the
paper. We also address some issues regarding processor
self-scheduling.

To execute a program on a multiprocessor system,
the program needs to be decomposed into tasks with a
precedence relation among these tasks. Tasks are usually
iterations of parallel loops or a block of code that can be
executed on a processor. If there are data dependences
among tasks, they must be satisfied in order to preserve
the semantics of the original program [15].

Tasks can be scheduled either statically at compile
time or dynamically at run time. In static scheduling,
each processor is pre-assigned a number of tasks at com-



pile time. However, to minimize the total execution time
of a program, it needs a lot of information such as the
execute time of each task and the bound of each loop,
which is usually not available at compile time. Dynamic
scheduling does not need such information. It assigns

tasks to processors dynamically according to the avail--

able resources at run time. One of the advantages of
dynamic scheduling is that it tends to balance the work-
load among processors, especially when the execution

time of each task varies substantially due to conditional
statements in tasks or different execution rate of proces-
sors.

Self-scheduling is an efficient dynamic scheduling
scheme. In self-scheduling, processors schedule them-
selves at run time by accessing and updating some shared
variables or tables without calling the operating system.
Some processor self-scheduling schemes can be found in
(3] [4]. Fig. 2.1 shows a self-scheduling model used in
this paper. The task system with a precedence relation is
determined at compile time. Data dependences between
concurrent tasks are enforced by explicit low—level data
synchronizations [12] [13] [16]. The precedence relation of
the task system decides what tasks to be scheduled at a
given time. The processor pool contains all free proces-
sors. Each processor in the processor pool grabs the first
ready task according to a scheduling order. To simplify
the presentation, when there are many processors in the
processor pool competing for the first ready task, we
assume that the processor with the smallest number gets
that task. After a processor finishes a task, it returns to
the processor pool immediately. To simplify our model,
both the time for a processor to grab a task and the time
to return to the processor pool are assumed to be zero.

Since busy-waiting is used in explicit data synchron-
ization between concurrent tasks, deadlocks are possible
if there are not enough processors in the system. It was
shown in [14] that if both precedence relation and data
dependences between tasks are consistent with the
scheduling order, deadlocks can be prevented.

Task System

L[]

' , ] Scheduling Order

Processor Pool

Fig. 2.1 A model of self-scheduling
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3. Performances of Different Self-Scheduling Ord-

‘ers

Given a multiply-nested parallel loop and a limited
number of processors, processor self-scheduling order can
have a significant impact on the completion time of the
loop.

Let us consider -a n-level perfectly—nested loop as
shown in Fig. 3.1. The index variables are iy, fg, ey ty,
and the corresponding loop upper bounds are N, N,, ...,
N,. The loop lower bound and the loop step of each loop
are assumed to be 1. The loop body contains k state-
ments: S;, Sy .., Sk, There are N;X-::-XN,

A

iterations, each of which has an iteration vector I
(F138950e0stn)e

do il = 1, Nl
do ¢, =1, N,
5y
Sk
end do

end do

Fig. 3.1 A perfectly-nested loop

Consider two statements in the loop body: S, and
S (1<p,q<k). If the output value of S, is used in S,
there is a flow dependence from S, to S,. If the value of
a variable used in S, is updated in S,, there is an anti-
dependence from S, to S,. If the output value of S, is
updated by S, there is an output dependence from Sy to
Sg. S, is data dependent on S,, denoted by S,6S,, if
there is a flow dependence, an anti-dependence or an
output dependence from S, to S;. S, and S; are called
source and sink of that dependence, respectively. If
p<g, 5,65, is a lexically forward dependence (LFD); if
P=>q, 8,68, is a lezically backward dependence (LBD).

Each data dependence has a distance vector A
defined as follows, If Sp6Sq and S, is in iteration I
(¥1:935-r8,) and S, is in iteration I' = (i),i}),...,1,"), the
distance vector of the dependence is

A=I—I'=(i;=1 " yeryin—in")
Since each iteration is a task and is executed by a single
processor, the dependences with zero distance vectors are
satisfied by the sequential execution of the task within
the processor. The dependences with non—zero distance
vectors are called cross—steration dependences. There are
two ways to enforce cross—iteration data dependences:
smplieit data synchronization and ezpliest data synchron-
ization. If data dependences are enforced by the pre-
cedence relation among tasks, it is called implicit data
synchronization. For example, cross-iteration data
dependences in a loop can be enforced by forcing a par-



ticular loop to be executed in serial. If data dependences
are between two successive loops, we can use a barrier
between them to enforce the data dependences. Using
precedence relations (i.e. by serializing loops or using
barriers) to enforce cross-iteration data dependences will
lose parallelism in a program. Alternatively, we can use
low-level synchronization instructions to enforce cross—
iteration data dependences directly. The executions of
these concurrent tasks can be fully or partially over-
lapped, depending on the characteristics of the data
dependences, and more parallelism can be exploited.
Algorithms for generating data-level synchronization

instructions to explicitly enforce these data dependences
can be found in [16] [12] [13] [17]. In this paper, we
assume that there are enough processors in the system
and all nesting loops in Fig. 3.1 are parallel loops with
explicit data synchronizations for cross-iteration depen-
dences. '

Fig. 3.2(a) shows an example of a perfectly-nested
loop. The data dependences among the four statements
are illustrated by the data dependence graph in Fig.
3.2(b). In Fig. 3.2(b), each node represents a statement
and each directed edge represents a data dependence.
The distance vector of each cross-iteration dependence is
shown as the label of the corresponding edge. There are
16 iterations for the loop, and we assume that both nest-
ing loops are executed as parallel loops, i.e. there is no
precedence relation among the tasks.

doi=1,4

doj=1,4
S1: A(ivj) = B(iyj"l) + C(i—lyj)
S2: Cfi,j) = A(i,j) + D(i,j-1)
S3: B(iyj) = C(i’J) + E(i;j)
s4: D(ij) — B(ij) + F(.j)

end do
end do

(a)

(59
(v)

Fig. 3.2 An example of a perfectly-nested loop

3.1. Performance with unlimited number of pro-
cessors

First, assume that there are unlimited number of
processors in the system. For the loop in Fig. 3.2(a),
P=18 processors are enough to achieve the minimum
completion time. According to the self-scheduling model
described in section 2, 16 processors are self-scheduled to
all 16 iterations instantly. If we use the natural lexico-
graphic order of index vectors in self-scheduling, proces-
sor 1 will get iteration (1,1), processor 2 will get iteration
(1,2) and so on. The execution profile of the loop is
shown in Fig. 3.3. We assume that each statement takes
one unit of time. Each vertical bold line in Fig. 3.3
represents the execution of an iteration. The iterations
are illustrated in their natural lexicographic order, i.e.
the first vertical line from the left corresponds to itera-
tion (1,2) and the second line corresponds to iteration
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Fig. 3.3 The execution profile of the loop
in Fig. 3.2 with 16 processors

(1,2) and so on. Arrows in Fig. 3.3 denote the cross—
iteration dependences enforced by explicit data synchron-
ization. In Fig. 3.3, the number near the beginning of
each iteration indicates the number of the processor
assigned to that iteration and s(s,7) is the starting time
of iteration (i,5). Notice that, due to the dependence
5,88, (see Fig. 3.2(b)), the starting time of an iteration
of loop j is delayed by d;=3 units of time from that of
the previous iteration. Similarly, due to the dependence
S$308,, the starting time of an iteration of loop ¢ is

delayed by d;=2 units of time from the previous itera-
tion. Thus, the completion time of the loop is

Too = Dmin+B = di(Ni_l)+dj(Nj_1)+B (3‘0)

= 2(4—1)43(4—1)+4 = 19

where B is the execution time of each iteration (i.e. B=4)
and D, is the delay for the starting time of the last
iteration (i.e. iteration (4,4)) from that of the first itera-
tion (i.e. iteration (1,1)) of the loop.

Cytron [18] proposed a Doacross model for parallel
execution of loops. A Doacrogs loop is a Do loop with a
delay between the starting time of its successive itera-
tions. The motivation of introducing these delays is to
eliminate busy-waiting caused by data dependence
enforcement. The delays of the nesting loops are calcu-
lated in such a way that the source statement of each
data dependence is always executed before its sink state-
ment. An algorithm to calculate these Doacross delays
can be found in [18]. Although Doacross delays will not



be the same as the actual delays observed when the loop
is self-scheduled with explicit data synchronization, they
characterize the effect of data dependences on the
amount of overlapping between loop iterations. To this
end, we can use Doacross delays as a guideline in consid-
ering the performance of different self-scheduling orders.

For the loop in Fig. 3.2(a), the Doacross delays cal-
culated by using the algorithm in [18] happens to be the
same as the actual delays for processor self-scheduling in
Fig. 3.3 with unlimited number of processors (i.e. P>>16).
The starting time s(s,7) of each iteration is also shown in
Fig. 3.3. From Fig. 3.3, we have

(i, 5)=d, (i —1)+4;(i—1) (3.1)

s(t,7) represents the earlist time when iteration (#,7)
can start. When there are limited number of processors
in the system, iteration (¢,7) may start later than s(f,7)
due to the lack of available processors.

3.2. Performance with limited number of proces-
sors

In this section, we show that when there are limited
number of processors, self-scheduling order has a
significant impact on the completion time of a loop. For
the loop in Fig. 3.2(a), we examine three scheduling ord-
ers: (1) the natural lexicographic order of the original
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Fig. 3.4 The execution profile with
limited processors
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loop, (2) the natural lexicographic order of the loop after
loop ¢ and loop j are interchanged and (3) the shortest—
delay scheduling order based on s(i,7).

Assume that the self-scheduling order is the natural
lexicographic order of the index vector (i,7), i.e. (1,1),
(1,2), ..., (2,1), ...,(4,4). Fig. 3.4 shows the execution
profile of the loop using P=6 processors. The vertical
bold lines in Fig. 3.4 represents the executions of 16
iterations in their natural lexicographic order. According
to the self-scheduling model in section 2, 6 processors get
the first 6 iterations (1,1), (1,2), ..., (2,2) instantly at time
0. As before, the number of the processor is labeled at
the beginning of each iteration. Iteration (1,1) completes
at time 4 and processor 1 returns to the processor pool
and will get iteration (2,3) immediately. Notice that the
next completed iteration is iteration (2,1) which com-
pletes at time 8, instead of iteration (1,2) which com-
pletes at time 7. After Processor 5 completes iteration
(2,1), it is self-scheduled to iteration (2,4). Iteration (3,1)
can start at time 4, but there is no processor available
until processor 2 finishes iteration (1,2) at time 7. The
starting time of iteration (3,1) is thus delayed by 3 units
of time due to the unavailability of processors, Due to
the delay caused by the dependences, the starting times
for the remaining iterations are also delayed by 3 units of
time. The new starting time is represented by a square
0. Iteration (4,1) is supposed to start at time 9; however,
for lack of available processors, it is again delayed by
another 3 units of time to time 12. This causes the start-
ing times of iterations (4,2), (4,3) and (4,4) to be also
delayed for another 3 units of time (see triangulars in
Fig. 3.4). Compared to the completion time of the loop
with unlimited number processors (see (3.0)), there is an
extra delay D'=3+3=6 for the case of 6 processors:

T6 = Dmin+Dl+B = d'(M—1)+dJ(N’—‘1)+D'+B (32)

= 2(4—1)+3(4—1)+6+4 = 25

The second self-scheduling order that we want to
examine is the natural lexicographic order of the loop
after interchanging the loop with smaller delay (i.e. loop

i, because d;=2 and d;=3) into the inside. According to
the rule of loop interchanging [19] [20] [21], the semantics
of the loop will be preserved after interchanging loop 1
and loop j in Fig. 3.2(a). Loop { becomes inner loop and
the natural lexicographic order of the iteration (¢,5)
becomes (1,1), (2,1), ..., (1,2), ..., (4,4). Notice that loop
interchanging is allowed only when it does not change
data dependences. The delays between successive itera-
tions of loop ¢ and loop j are still d;=2 and d,;=3,
respectively. Fig. 3.5 shows the execution profile using
this new self-scheduling order. We can see that the extra
delay due to the unavailability of processors, D'=1+1=2,
is shorter than before loop interchanging. The reason is
that the processors are first assigned to a loop with
smaller data dependence delay between successive itera-
tions. Processors start to execute iteration earlier and are
released earlier. The released processors can be self-
scheduled to the remaining iterations earlier. As a result,
the total completion time for the nested loop is reduced.
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Fig. 3.5 The execution profile after
loop interchanging

We can push this rule even further by directly con-
sidering s(i,7), i.e. the delay of starting time for iteration
(f,7) due to data dependences. We can sort s(1,5) and
use the order of the sorted s(s,;) as the self-scheduling
order. That is, we define the self-scheduling order as fol-
lows: iteration (i3,7,) is scheduled before iteration (f3,73)
if and only if (1) s(iy,5;) < s{igJ2) or (2) s(iy,51) =
8(fg,79) and (iy,J1) < (i3,72) Here, (iy,71)<(s1,73) if and
only if (1) ¢;<ty or (2) {;=¢, and 7,<j,. Using this order
in self-scheduling, a processor is always scheduled to the
iteration with the shortest delay among the tasks to be
scheduled. We call this order shortest-delay self-
scheduling order. According to the starting times of
iterations illustrated in Fig. 3.3, the shortest—delay self-
scheduling order is: (1,1), (2,1), (1,2), (3,1), (2,2), (1,3),
(4,1), and so on. The execution profile using the
shortest—delay scheduling order is shown in Fig. 3.6.
There is no extra delay caused by the lack of available
processors, i.e. D'=0, and

Tg = Dmin+B = d.(M "‘1)+d1 (M_l)'f‘B (3.3)
= 2(4—1)+3(4—1)+4 =19

This is the best completion time we can get because it
equals to the completion time with unlimited number of

nraceasnra {aee (3.0)).
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Fig. 3.6 The execution profile of the shortest—
delay scheduling order

We also compare their performance with that of the
static scheduling scheme proposed in (22].

To facilitate our discussion, we use the following
formula to describe the completion time of a parallel loop
using P processors;

Tp=T+D'(P) (3.4)

where T, is the optimal completion time with unlimited
number of processors and D'(P)>0 represents the extra
delay due to the limited number of processors. For the

-parallel loop in Fig. 3.2(a), T,=19. Let us call the

natural lexicographic order of the loop in Fig. 3.2(a) j-
inner order. The natural lexicographic order after loop ¢
and loop j are interchanged is called {~fnner order. For
the loop in Fig. 3.2(a), D(8) for the j-inner, i-inner and
shortest-delay self-scheduling orders are 6, 2 and 0,
respectively.

Let us consider the minimum number of processors
needed for the optimal completion time for a loop. Let it
be denoted by P, i.e. P=min{P | D'(P)=0}- Following
the same process as in section 3.2, we found that, for the
loop in Fig. 3.2(a), P for the j-inner, i-inner and
shortest—delay self-scheduling order are 11, 8 and 6,
respectively. That is,

Pnhortuf Spl’—l'nnerspj—-l'nner (3'5)

-

For a doublv—-nested loon with both loon hounda N.





















