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Executive Summary

One of the fundamental problems with the integration of parallel computing platforms into
real-time embedded systems, is the scheduling of the software components to guarantee the
absence of deadline violations. Given parameters such as the periodicity of the tasks,
interconnection architecture, and communication bandwidth can play a vital role in how the
tasks are mapped onto processors. The focus of this effort was to review current static task
allocation techniques and determine their applicability for allocating periodic tasks in a
hypercube system. During the course of the effort, the mapping techniques were simulated
against an air defense model adapted from the literature. The simulation was carried out at
Rome Laboratory using the Optimal Mapping Alternate Routing System (OMARS) which
was developed via a joint in-house Rome Laboratory/Purdue University effort.
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I. INTRODUCTION

With rapid advances being made in technology for information acquisition for C3 sys-
tems, the Department of Defense has recognized the need for extensive research in high-
performance real-time information processing. The Global Surveillance and Communica-
tions thrust is an example of an area that requires technology for acquiring information
from remote sensors, transmitting information from remote senors to a command and
control center, and processing information so that orders can be issued to investigate
and/or counter threats. These command and control centers for Global Surveillance and
Communications Systems may be ground based or airborne.

In general, command and planning centers must have the computing power to make
sense of incoming information, respond to new threats, and plan missions to counter
threats. Recently, much of the required processing power has come in the form of dis-
tributed networks of workstations. Advantages of using networks of workstations include
the relative ease of programming, well supported operating systems, and a large user base
in the industrial sector. Because of these attributes, a substantial amount of high-quality
and portable software has been developed for workstation environments.

As high-performance parallel processing systems become more suited physically (in
terms of size and ruggedness), they too will find their way into operational use in com-
mand and control centers. Some airborne systems are already being developed (such as
the nCUBE/Microlithics hypercube [9]; also, the Advanced Research Projects Agency
(ARPA) has recently sponsored an effort with Intel and Honeywell to produce an mili-
tarized version of the Touchstone machine. Unfortunately, a systematic software devel-
opment process for such machines, especially real-time information processing systems,
is still largely undefined. One difficulty associated with developing real-time software for
parallel systems is that the degree of nondeterminism in (some) parallel systems makes it

difficult to determine schedules for resources such as the processors and memory modnles.




This nondeterministic timing problem is in direct conflict with the inhercntly time-critical
nature of real-time C3 applications.

The types of real-time computations required by C3 systems cover a wide spectrum:
the deadlines for completing a computational task may be soft or hard and the repe-
tition of the computational tasks may be periodic or asynchronous. A deadline for a
real-time task is said be a hard deadline if completing the computation after the dead-
line is of no value and/or results in catastrophic consequences. For instance, from the
time an incoming enemy missile is first detected, the computation required to eflectively
counter the attack must be delivered before a critical time deadline, i.e., before the mis-
sile enters a critical zone. A task with a soft deadline implies that while completing the
computation before the deadline is desirable, occasionally missing the deadline can be
tolerated [20]. Examples of computational tasks that may have soft deadlines include cer-
tain image/speech processing tasks, statistical processing of archived data, and data-base
queries.

A periodic task is a task for which the repetition of its execution is known and fixed.
Aircraft flight control systems and flight simulators require the computation of periodic
real-time tasks, e.g., in a flight control system, the task of computing the control signal
for driving an actuator of a control surface is a periodic task. It has been observed that
a majority of the computational tasks in today’s weapons systems are of the periodic

type [20]. An asynchronous task is one in which the demands for its execution are

either unknown or unpredictable. Certain tasks within C3 that are activated by sensory
information, e.g., the “determination of ‘friend or foe’ of an approaching aircraft,” could
be classified as asynchronous real-time tasks.

The remainder of the report is organized in the following manner. In Section II, brief
overviews of related research in the areas of parallel processing and real-time computing

are given. In Section III, the problem of mapping tasks onto the processors of a hypercube




architecture (as generally defined by the parallel processing community) is reviewed.
Section IV introduces a new research problem—how to effectively map periodic real-time
tasks onto the hypercube architecture—as a means of demonstrating the importance of
having expertise from both the parallel processing and real-time computing areas when
using parallel systems for real-time applications. In Section V, some general research
issues are briefly outlined in the context of how to effectively use parallel processing
systems for real-time applications. A summary of the report and some concluding remarks

are included in the last section.

II. RELATED RESEARCH

Brief overviews of related work in the areas of both parallel processing and real-time
computing are included in this section. These overviews include only a representative
subset of important topics from within each area and should not be viewed as complete
tutorials. The overviews are presented to demonstrate the range of issues that must
be considered in order to make effective use of parallel processing platforms for use
in real-time applications. Just as the discussions within the overviews contain only a
representative subset of important topics from within each area, the cited references for

the various topics are also only a representative few.

A. Parallel Processing

The basic concept of parallel processing is to perform computation by first decomposing
a given task into subtasks and then executing these subtasks on independent processors.
The goal is to decrease the total time required to complete the overall task by simultane-
ous execution of the subtasks. While the philosophy of parallel processing is clear, and
while there are both practical and theoretical success stories, there are still many open

questions. To illustrate the spectrum of unresolved issues that exist in parallel process-




ing, consider the following representative list of questions. To a certain degree, each of

these questions is associated with an active area of research.

e How much parallelism is present within any given problem domain?

e Should parallelism be exploited early on during the initial design of the software

(i.e., before any code is written)?

e Can general sequential programs be effectively parallelized using automated com-

piler techniques?

How much parallelism should the user be expected to detect and exploit?

e How much parallelism should the compiler be expected to detect and exploit?

What attributes should the language for parallel processing systems have?

What system model should the programmer use in order to develop parallel soft-

ware?

What types of meaningful system models can be realistically implemented or ap-

proximated?

e What is the “best” general purpose parallel processing architecture?

With so many unresolved (and perhaps unresolvable) questions, one may ask “Why
consider parallel processing?”and/or “Why not wait one year for the speed of sequential
machines to double?”

The fact that the speed of light is a constant, and thus there is a definite upper bound
on the attainable speed of sequential machines, provides some motivation for investigating
the potential of parallel processing. Another more practical motivator involves economics.
For certain application domains, some commercially available massively parallel process-

ing systems have demonstrated cost/performance ratios superior to those of the more
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traditional state-of-the-art vector supercomputers. Cray Computers Inc., perhaps the
most successful manufacturer of vector machines, has recognized that massively parallel
processors will eventually be the only way to continue to increase performance [14].
Perhaps the most popular taxonomy for parallel processors is the concept of the mul-
tiplicity of instruction stream and data stream, introduced by Flynn [8]. A single instruc-

tion stream - multiple data stream (SIMD) system executes the same thread of control

(i.e., instruction stream) on all processors and each processor executes the instructions
on distinct (locally stored) data. The term “SIMD” is often used synonymously with
the term “data parallel.” A multiple instruction stream - multiple data stream (MIMD)
system is able to execute multiple independent threads of control, one or more on each
processor. The term “MIMD” is often used synonymously with the terms “control par-
allel” and “functional parallel.”

Machines that support the SIMD mode of parallelism typically have a special pro-
cessor called the control unit that executes the single thread of control and broadcasts
instructions to an array of processors that operate on there own data memories. Thus,
the processors of an SIMD machine execute the same instruction at the same time (in
lockstep synchronization) on distinct data. An example of a commercially available SIMD
computer capable of supporting up to 16,384 processors is the MasPar MP-1 system, see
[4] for a detailed description of its architecture.

Machines that support the MIMD mode of parallelism consist of an interconnected col-
lection of independent processors, each capable of executing its own independent thread
of control. An example of an MIMD machine capable of supporting up to 8,192 processors
is the nCUBE 2 system [13].

It is generally acknowledged that the SIMD and MIMD modes of parallelism each have
their own sets of advantages and disadvantages. For instance, it is usually agreed that

SIMD machines are easier to program than MIMD machines; however, MIMD machines




allow more flexibility for expressing parallelism and thus offer the (potential) advantage
of being suitable for a wider range of application domains.

Some experimental machines have been proposed and/or built that are capable of
supporting both modes of parallelism. An example of such a “mixed-mode” machine is
the PASM (partionable SIMD/MIMD) system, which offers the advantage of being able
to switch between modes of parallelism at instruction level granularity with negligible
overhead [17]. Being able to change modes at a fine level of granularity is important
in applications where several parts of the code are much better suited for one mode of
computation than the other (i.e., SIMD versus MIMD).

A fundamental issue in the parallel processing area is the question of how to effectively
map parallel algorithms onto parallel architectures. Because the interconnection networks
employed by different machines have a wide range of characteristics and properties, the
best mapping strategy for one architecture is generally not the best strategy for another.
For more information on the various types of interconnection networks proposed and/or
used in parallel processing systems, refer to [15]. To appreciate the range of strategies
and techniques developed for mapping tasks onto parallel systems, compare the technique

described in [16] with that described in [1].

B. Real-Time Computing

The basic concept of real-time computing is the scheduling of functionally distinct tasks
to insure that deadlines are met. Failure to adhere to decadlines can lead to degraded
system performance and/or loss of life or property.

There are two major approaches to solving the scheduling problem for real-time ap-

plications. The first is dynamic scheduling, where the scheduling of tasks is determined

on-line as tasks arrive for execution [20]. The appeal of dynamic scheduling is that tasks

can be scheduled for execution as a need arises and/or as resources become available in




the system. This may be especially useful in environments where there are many asyn-
chronous real-time tasks to be executed. A critical issue in dynamic scheduling research
is to devise fast scheduling algorithms so that the amount of time spent executing the
scheduling algorithm does not infringe upon the performance of the system. Refer to
(20, 21} for more detailed discussions of dynamic scheduling techniques.

A second scheduling approach is static scheduling, where the scheduling of tasks is

determined off-line, before execution begins. This type of scheduling technique requires
that certain attributes of the tasks be known in advance in order to compute a feasible
schedule (if one exists). Static scheduling techniques are especially well-suited for envi-
ronments where the majority of real-time tasks are periodic. Refer to [20] for more a
detailed discussion of static scheduling techniques.

A well-known result for the scheduling of periodic tasks on a single processor sys-
tem is the rate monotone algorithm [11]. The rate monotone algorithm is a preemptive,
priority-driven algorithm, where priorities are assigned to tasks proportional to their rates
of repetition. Given a collection of K periodic tasks with execution times and repetition
periods denoted by 7; and p;, respectively, the rate monotone algorithm guarantees to pro-
vide a feasible schedule (i.e., no missed deadlines) provided that the following inequality
is satisfied:

K

T E<KEYE -, (1)
=1 p'

The sum on the left-hand side of the equation represents the processor utilization. Each

term in the sum is called the utilization factor, and is denoted by p; = 2. It is easy to
show that the right-hand side of the equation is bounded above by unity for all values of
K > 1, and it approaches In2 as K — co.

To illustrate the rate monotone algorithm and its relationship to the above inequality.
consider the examples shown in Figs. 1-3. In all three figures, the rate monotone algo-

rithm is applied to a problem of scheduling thrce periodic tasks. The execution times and
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Fig. 1. Example application of the rate monotone algorithm. The incquality of Eqn. (1)
is satisfied and no deadlines are missed.

repetition periods (i.e., 7; and p;) are indicated on the figures. In Fig. 1, the utilization
factors are such that the inequality of Eqn. (1) is satisfied (i.e., 0.7333 < 0.7797). Note
from the timing diagram of Fig. 1 that all tasks complete their execution hefore ieir
deadlines. In Fig. 2, the execution times for the three tasks are the same as those in Fig. 1,
however, the repetition periods of tasks 2 and 3 are reduced to where the inequality of
Eqn. (1) is no longer satisficd (i.e., 0.8833 £ 0.7797). From the timing diagram in Fig. 2,
note that no deadlines are missed during the shown time interval. This example shows
that the inequality of Eqn. (1) is (only) a sufficient condition for meecting deadlines. In
other words, the rate monotone may provide valid schedules even when the inequality is
violated. Fig. 3 shows an example where the inequality is violated and the rate monotone
algorithm fails to provide a feasible schedule. This demonstrates that, in general, the

inequality must be satisfied in order to guarantee no missed deadlines.
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Fig. 2. Example application of the rate monotone algorithm. The inequality of Eqn. (1)

is not satisfied and no deadlines are missed. This demonstrates that the inequality is

(only) a sufficient condition for no missed deadlines.




3Ti
u=1 p=3 ;1—.#3(2”3"1)
1,=2 p2=6 = Pi
13=3 p3=10

(0.9667 f( 0.7797)

missed deadlines

Fig. 3. Example application of the rate monotone algorithm. The inequality of Eqn. (1)
is not satisfied and some deadlines are missed. This demonstrates that, in general, the

inequality must be satisfied in order to guarantee no missed deadlines.
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The problem of how to schedule real-time tasks for multiprocessor systems has also
been studied by the real-time computing community. A common approach to the problem
of scheduling real-time tasks on multiple processors is to first assign (i.e., map) the
tasks onto the processors once and for all, and then schedule the tasks assigned to each
processor independently of the tasks assigned to other processors [6]. In order to decrease
the likelihood of a missed deadline, it is desirable in practice to assign the tasks so that
the processor utilizations are as uniform as possible across all processors. In (3], a greedy
heuristic for assigning tasks to processors is analyzed in terms of how its assignments
compare to an optimal assignment (where an optimal assignment is one that yields a
minimal variation in processor utilizations). It is proven in [3] that the simple heuristic
algorithm produces near optimal assignments.

An important assumption made in [3], and one that is typically made for the task as-
signment problem (within the real-time computing area), is that the cost of interprocessor
communication is independent of the assignment. While this assumption is reasonable for
some multiprocessor systems designed specifically for real-time applications (which often
employ a common bus for interprocessor communication, see for example [19]), it is not
generally valid for commercially available massively parallel processing systems. This is
because the delay characteristics for the types of interconnection networks often used in
commercial systems are sensitive not only to the volume of network traffic but also to the
interprocessor communication pattern. Thus, because the interprocessor communication
pattern depends on how the tasks are mapped onto the processors, the performance of

these networks do generally depend on task mapping.
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ITII. MAPPING TASKS ONTO THE HYPERCUBE ARCHITECTURE

A. The Hypercube Architecture

The hypercube architecture has been a popular choice for interconnecting large numbers
of processing elements in parallel processing systems. Some of the attractive features
of the hypercube are: a relatively low number of incident links at each processor (node
degree = n = log, N), a small hop distance between processors (network diameter =
n = log, N), and a large number of alternate paths between processor pairs. Examples of
commercially available MIMD machines that utilize a hypercube interconnection topology
include nCUBE’s nCUBE 2 and Intel’s iPSC2.

An n-dimensional hypercube has two connected processors along each of n dimensions
for a total of N = 2" processors. By labeling the processors from 0 to N —1, the processor-
to-processor interconnection pattern is conveniently defined using these processor labels
as follows: there is a direct communication link between two processors if and only if the
binary representation of their addresses differ in exactly one bit position. For example,
in a 3-dimensional hypercube, processor 0 is directly connected (only) to processors 1, 2,

and 4. The interconnection pattern for a 3-dimensional hypercube is illustrated in Fig. 4.

B. The Standard Hypercube Embedding Problem

The standard hypercube embedding problem, as typically defined in the parallel process-
ing literature, is to map a given collection of tasks onto the processors of the hypercube
topology so that the available communication resources are effectively utilized. Assumed
to be given is the intertask communication demands. For general intertask communica-
tion patterns, most formulations of the hypercube embedding problem are known to be
NP-Hard [7].

A specific objective often used for the hypercube embedding problem is to minimize

12




Fig. 4. The network topology of a 3-dimensional hypercube.

the average Hamming distance (i.e., path length) between those pairs of tasks that require
communication. For the case of circuit-switched and virtual cut-through routing schemes
[10], minimizing the average distance between communicating process pairs reduces the
total number of communication links needed to establish all required connections and
can therefore potentially reduce the latency caused by contention for common links.

Figs. 5 and 6 show example mappings of eight tasks onto the processors of a eight-node
hypercube. The intertask communication demand pattern is the same for both cases and
is depicted graphically on the left side of each figure. For instance, the directed link from
task T1 to task T5 indicates that task T1 sends a message to task T5. The task-to-
processor mapping of Fig. 5 is such that the average distance between communicating
tasks is 2.25. In contrast, the task-to-processor mapping of Fig. 6 produces an average
distance of 1.00. Also, from the hypercube architectures depicted on the right side of
each figure note that some links in Fig. 5 are shared by as many as three paths between
communicating tasks while the maximum link utilization for the mapping of Fig. 6 is
unity.

Many of the proposed algorithms for solving the hypercube embedding problem as-

13




Fig. 5. An example of a task-to-processor mapping onto a hypercube architecture. The
average distance between communicating tasks is 2.25. The maximum link utilization is

three.

Fig. 6. An example of a task-to-processor mapping onto a hypercube architecture. The
average distance between communicating tasks is 1.00. The maximum link utilization is

unity.
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sume that /V or fewer tasks are to be mapped onto the N processors of a hypercube. For
a thorough discussion and evaluation of such techniques, refer to [5] and the references
therein.

In [1], a nonlinear programming approach is introduced for solving the hypercube
embedding problem. The basic idea of the approach is to approximate the discrete space
of an n-dimensional hypercube, i.e., {z: z € {0,1}"}, with the continuous space of an
n-dimensional hypersphere, i.e., {x : £ € R* & ||z||*> = 1}. The mapping problem is
initially solved in the continuous domain by employing the gradient projection technique
to a continuously differentiable objective function. The optimal tasks “locations” from
the solution of the continuous hypersphere mapping problem are then discretized onto
the n-dimensional hypercube. Unlike many past approaches, the technique proposed in
[1] can solve, directly, the problem of mapping K tasks onto N processors for the general

case where K > N.

IV. MaAPPING PERIODIC REAL-TIME TASKS ONTO THE HYPERCUBE

The problem of how to effectively map periodic real-time tasks onto a hypercube ar-
chitecture is illustrated through an example in this section. As discussed previously in
Subsection II-B, when mapping periodic real-time tasks onto multiple processor systems,
it is important to achieve balanced utilization of the processors. Also, as discussed in
Section III, when mapping tasks onto the hypercube it is desirable to map the tasks so
as to minimize contention for the resources of the interconnection network. Thus, for the
problem of mapping periodic real-time tasks onto a hypercube architecture, the need to
produce uniform processor utilizations should somehow be incorporated in the standard

hypercube mapping objective of minimizing network contention.
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A. Possible Techniques for Mapping Real-Time Tasks onto the Hypercube

In order to illustrate the range of possibilities for mapping real-time tasks onto the

hypercube architecture, four candidate techniques are described in this subsection.

Random Modulo Mapper (RMM)

This mapping technique strives to balance the number of tasks mapped to each processor
(not the total utilization assigned to each processor) by mapping all tasks ¢ that satisfy
the equation : — 1 mod N = k, for some k, onto the same processor. Thus, for the case of
N =8, tasks 1, 9, 17 would all be mapped to the same processor, and tasks 2, 10, and 18
would all be mapped to another processor. Obviously, this mapping scheme is oblivious
to both the task utilization values and the intertask communication pattern. The RMM
is included here to provide a baseline for comparison for the other more sophisticated

techniques described below.

Allocate Mapper (AM)

This mapping technique strives to balance the total utilization mapped to each processor

by employing the greedy allocation algorithm of [3]. Initially, the utilization of processor j,

denoted by g;, is set to zero for each processor j. The allocation scheme starts by sorting
the task utilizations (i.e., ;’s) in descending order. The mapping is defined by selecting
the next task ¢ from the sorted list, assigning task ¢ to the least utilized processor j, and
updating the utilization at processor j according to ¢; «— ¢;+ ¢, where i, is the task with
the £th largest utilization. As proven in [3], this allocation scheme results in mappings
with a variation in processor utilization that is no more than g times that of a mapping
with the minimal possible variation in processor utilization. Of course this scheme does
not take the intertask communication pattern nor the topology of the interconnection

network (in this case the hypercube) into consideration.
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Allocate- Hypersphere Mapper (A-HM)

This technique involves first applying the AM technique to cluster the tasks into N
“macro-tasks,” where N is the assumed number of processors. The associated commu-
nication pattern among these N macro-tasks is then used as input to the hypersphere
mapper algorithm [1]. Thus, this technique is a two phase approach: the first phase
attempts to cluster the tasks into macro-tasks with uniform utilizations and the second
phase attempts to map these macro-tasks onto the hypercube architecture so as to min-
imize contention for the network. Other hypercube embedding techniques besides the
hypersphere mapper approach could be applied in the second phase; for other possibili-

ties, refer to the techniques evaluated in [5).

Modified Hypersphere Mapper (MHM)

In contrast to the A-HM approach, which attempts to first divide the tasks into N
uniform clusters and then map these clusters onto the hypercube to minimize network
contention, the MHM approach attempts to simultaneously satisfy these two objectives.
In particular, the objective function of the MHM technique is a modified version of the
objective used by hypersphere mapper [1]; it reflects weighted combination of the average
distance between communicating tasks and the variance in processor utilization (see [2]
for more details). Thus, by minimizing this new objective function, the algorithm searches
for mappings that simultaneously balance processor utilization and minimize the effect

of network contention.

B. An Ezample Problem

Fig. 7 shows a portion of a task graph adapted from an air defense system model described
in [12]. The air defense system collects sensor data from radar, which is input information

to the system. The function of the system is to track all possible attacking vehicles and
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command interceptors to protect defended areas. There are 20 tasks shown in the graph
numbered from 1 to 20. The directed arcs in the graph denote data dependencies between
pairs of tasks. For example, in order for task 4 to complete execution, it must have a
data item that is produced by task 0. For simplification of the description here, the data
items associated with all intertask data dependencies are assumed to be of the same size.

All of the tasks in Fig. 7 are periodic. The execution times and repetition periods (i.e.,
7; and p; as defined in Subsection II-B) and the associated utilization factors, p; = o,
are listed in Table 1. The tabulated execution times are conservative estimates in that
they are based on the assumption that all required intertask communications will require
interprocessor communication between two processors of the hypercube. In reality, if two
tasks that are linked by a data dependency are both mapped onto the same processor,
then no interprocessor communication will be required and thus the effective execution
times for the two tasks will be less than the tabulated estimates, because the overhead
associated with accessing the interconnection network will not be needed.

The assumed overhead times for an interprocessor communication are 0.2 mseconds
for each send and 0.1 mseconds for each receive. So, for example, if task 6 and task 7
are mapped to the same processor, then their actual execution times are reduced from
3 mseconds and 0.8 mseconds down to 2.8 mseconds and 0.7 mseconds, respectively.
Note that the tabulated execution times for some of the tasks comprise a relatively
large fraction of (assumed) interprocessor communication overhead. For instance, for
task 8, 0.9 mseconds of its tabulated 1.5 mseconds of execution time (i.e., 40%) is from
assumed interprocessor communication. Thus, there can be significant reduction in actual
execution times if the tasks are appropriately clustered onto the processors.

The assumption that the send and receive times (i.e., 0.2 mseconds and 0.1 msec-
onds, respectively) are distinct is consistent with specifications from existing commer-

cially available hypercube systems, see for example [13]. The implicit assumption that
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Fig. 7. The example task graph from an air defense system model (adapted from [12]).
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TABLE I. TIMING SPECIFICATIONS FOR THE PERIODIC TASKS ofF FiG. 7

Task Number | Repitition Period | Execution Time | Utilization Factor

i pi (mseconds) 1; (mseconds) wi = 7i/pi
1 7.10 1.10 0.1549
2 20.00 1.00 0.0500
3 40.00 3.50 0.0875
4 3.20 0.90 0.2813
5 10.00 1.20 0.1200
6 5.50 3.00 0.5455
7 4.10 0.80 0.1951
1 8 7.00 1.50 0.2143
9 8.60 0.50 0.0581
10 21.00 1.00 0.0476
11 6.70 1.20 0.1791
12 25.00 5.30 0.2120
13 5.00 0.50 0.1000
14 3.50 0.60 0.1714
15 10.10 4.00 0.3960
| 16 14.30 1.30 0.0909
| 17 17.00 0.80 0.0471
EE 33.00 3.20 0.0970
19 4.90 0.50 0.1020
P[ 20 13.60 1.50 0.1103
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TABLE II. TASK-TO-PROCESSOR MAPPINGS

Processor Mapping Technique

t RMM AM A-HM MHM
0 2,10, 18 6 4,18 1,2,9,17

h 1 3,11, 19 15 6 4, 10, 18
2 4,12, 20 4,18 15 3,11, 19
3 1,9,17 [ 2,8,13,17| 1,10, 14 12, 20
4 7,15 9,12, 19 9,12, 19 5, 13
b) 8, 16 3,7, 20 3,7,20 6
6 6, 14 5, 11, 16 5, 11, 16 7,15
7 5, 13 1,10, 14 [ 2,8,13,17} 8, 14.16

these times are fixed and precisely known is an oversimplification of what could be ex-
pected in practice. Even though all of the data items being transferred are assumed to
be of the same size, the actual times for sending and receiving messages between pairs of
processors may increase if network traffic is sufficiently high to cause contention for com-

munication links that are common to paths used to connect distinct pairs of processors.

C. Simulation Results

The four candidate mapping strategies of Subsection IV-A were applied to the problem
of mapping the 20 periodic tasks of Fig. 7 onto the eight processors of a 3-dimensional
hypercube. The task-to-processor mappings produced by the four mapping techniques
are given in Table Il. The resulting processor utilization metrics and network metrics for
these four mappings are given in Table Il and Table IV, respectively.

| From Table 111, note that the tabulated values for the variance in processor utilization,
i.e., var(q), for the AM and A-HM techniques are superior to (i.e., smaller than) the other
techniques. As expected, the variance in processor utiliz~‘ion for the RMM mapping is

the poorest of the four techniques because RMM does not consider task utilization values
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TABLE III. PROCESSOR UTILIZATION METRICS

[ Processor Utilization Mapping Technique
Metric RMM | AM | A-HM | MHM
9 0.2601 | 0.5455 | 0.3782 | 0.2770
q 0.1946 | 0.3960 | 0.5455 | 0.4258
q2 0.3487 | 0.3782 | 0.3960 | 0.3487
q3 0.5882 | 0.3628 | 0.3740 | 0.3069
qa 0.2200 | 0.3722 | 0.3722 | 0.2200
gs 0.7169 | 0.3929 | 0.3929 | 0.5455
g6 0.5912 | 0.3900 | 0.3900 | 0.5912
q7 0.3052 | 0.3740 | 0.3628 | 0.4195
min(q) 0.1946 | 0.3628 | 0.3628 | 0.2200
max(q) 0.7169 | 0.5455 | 0.5455 | 0.5912
avg(q) 0.4031 | 0.4014 | 0.4014 | 0.3918
var(q) 0.0445 | 0.0040 | 0.0040 { N.0191

TABLE IV. NETWORK METRICS

Network Mapping Technique
Metric RMM | AM | A-HM | MHM
" Avgerage Hamming Distance | 1.41 | 1.50 | 1.45 1.18
Total Network Traffic 20 21 21 18
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when mapping the tasks onto the processors. The MHM technique does not perform as
well as the AM and A-HM techniques in terms of the metric var(q), note, however, that
the maximum processor utilization produce by MHM, denoted by max(q), is only slightly
higher than that produced by AM and A-HM.

Because the the actual utilization assigned to each processor depends on the amount
of required interprocessor communication, note that the average processor utilizations are
distinct for three of the mappings. It is clear from the metric avg(q) that the mapping
produced by the MHM technique reduces the amount of required iterprocessor communi-
cation. For the MHM, four pairs of tasks that require communication are all mapped to
the same processor and thus the associated utilizations are reduced because the assumed
overhead for accessing the interconnection network are not required. This can be veri-
fied by careful examination of the mappings given in Table II relative to the task graph
of Fig. 7. For the MHM mapping, the following four pairs of communicating tasks are
mapped to common nodes: (1,2), (3,11), (12,20), and (7,13). For the RMM mapping
only two pairs of communicating tasks get mapped to a common processor, and for AM
and A-HM, only one pair gets mapped to a common processor.

Table IV gives two network metrics for each of the four mapping techniques: aver-
age Hamming distance and total network traffic. The average Hamming distance is the
average number of links that must be traversed for all pairs of tasks that access the inter-
connection network. The total network traffic is the number of times the interconnection
network is accessed. Note that the MHM technique is superior to the other techniques
for both of these network metrics. The RMM and AM techniques do not account for
the intertask communication pattern nor the topological structure of the hypercube ar-
chitecture when mapping tasks to processors. The A-HM technique produces a slightly
better average distance measure than the related AM technique. However, the A-HM

technique does not match the distance produced by the MHM technique. The reason
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TABLE V. SUMMARY OF MAPPING PERFORMANCE METRICS

Aspect of Mapping Technique
Performance RMM AM A-HM MHM

Processor Utilization | poor | excellent | excellent | good

Network Usage poor poor poor excellent

that the second phase of the A-HM technique (i.e., the application of hypersphere map-
per to the macro-task communication graph) does not improve this measure very much
from the related AM technique is because the macro-task communication graph produced
during the first phase of the technique (from the allocate algorithm) is relatively dense
(i.e., each of the eight macro-task requires communication with nearly all other macro-
tasks). Thus, all mappings of the eight macro-tasks onto the hypercube have roughly
the same average hamming distance. In contrast, the MHM technique does not “lock
into” an initial macro-task graph and is thus able to cluster the original 20 tasks in order
to simultaneously balance average distance with processor utilization. Table V gives a

summary of the mapping results in relative terms.

V. OTHER RESEARCH ISSUES

A. Task Partitioning

As discussed in [3], there are two basic approaches to using multiple processor systems for

executing real-time tasks. The first approach is called the partitioning method, which

seeks to partition a collection of tasks into groups and assign the groups to distinct
processors. The discussion of the mapping problem described in the previous section
for hypercube architectures is an application of the partitioning method. The second

approach is called the nonpartitioning method, which treats the entire collection of pro-

cessors as a powerful “virtual processor,” and uses this increased processing power to
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quickly execute the entire set of tasks sequentially.

The question of how to apply the nonpartitioning approach is closely aligned with
some of the research issues and questions found within the parallel processing commu-
nity (refer to the list of questions listed in Subsection II-A). The following important dis-
tinction can be made, however. Within the parallel processing community, the primary
reason for exploiting parallelism is to decrease the execution time. Actually, because of
the nondeterministic timing behaviors of many commercially available machines, perhaps
a more accurate statement of this goal is to decrease the erpected execution time.

In real-time environments, not only is it desirable to decrease the expected execution
time, it is generally also important for the execution time to be highly predictable (i.e., of
low variance). As the variability of task execution times increase, it becomes increasingly
difficult to effectively schedule tasks to guarantee that all deadlines are always met. Of
course, very conservative schedules could be used to account for large execution time
variances, but such an approach may defeat the purpose of using a high performance
parallel system, because conservative schedules may generally result in unacceptably low

processor efficiencies.

B. Operating Systems

In order to effectively apply the partitioning method on an MIMD system for executing
real-time tasks, it is necessary for the operating system (usually resident on each proces-
sor) to have some real-time task scheduling capability. While recent strides have been
made in implementing real-time task scheduling functions within the domain of operat-
ing systems for sequential systems, it is not clear if porting this technology into the lean
operating system kernels found on most massively parallel MIMD processors is a viable

and cost-effective option.
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c. 1/0

Many commercially available parallel systems are not designed to provide high-throughput
bursty 1/0. There may be, however, clever ways to overlap computation and communi-
cation on such systems so that the I/O subsystems are not a bottleneck for real-time

applications.

D. Software Development Process

The software development process for real-time parallel systems is clearly distinct from
any current sequential software development process model. The development process
for real-time parallel systems is difficult to define because there is currently no sufficient
software development model for parallel systems in general. For instance, the problem
of how to map real-time tasks onto various classes of architectures is a new problem
that must be addressed at some phase of the software development cycle. In order
to effectively maintain and upgrade complex parallel software for C3 applications, a

meaningful software development process model must be established and adhered to.

VI. CONCLUSIONS

The next generation of C3 systems will likely contain suites of massively parallel pro-
cessing platforms for executing real-time tasks. The primary goal of this report has been
to demonstrate the necessity for a combined effort between researchers in the parallel
processing and real-time computing communities.

As noted in [18], there is evidence that some degree of confusion exists concerning
how the issues important to real-time computing are influenced by assuming a massively
parallel computing platform. An attempt was made in the present report to clear up
some of this confusion by giving brief overviews of research issues important to both the

parallel processing and real-time computing communities. A specific research problem
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involving the mapping of real-time tasks onto a popular type of parallel architecture was

introduced to demonstrate the importance of having expertise in both areas.
Representative examples of other more general issues associated with the use of mas-

sively parallel processing systems for real-time computing were briefly discussed. These

issues represent fertile ground on which significant research can grow.
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