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Abstract

Since existing models of parallel computation do not capture the inherent asynchrony in
message-passing architectures, a new model, called Communicating Random Access Machines
(CRAM) is proposed. Even though message-passing is a viable alternative to shared memory for
interprocess communication, it has received considerably less attention in terms of parallel algo-
rithm development. Motivated by this observation, we propose a programming paradigm that
would serve as a framework for algorithm development using the message-passing abstraction. It
turns out that several asynchronous algorithms naturally fit this paradigm. An execution model
for implementing this paradigm on parallel architectures is developed. Using this execution
model, preliminary results from implementing this paradigm on the Intel iPSC/2 and the Se-
quent architectures are discussed. Such experimental studies are very important to understand
the performance issues of parallel algorithms.
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1 Introduction

The programming of sequential machines has been dominated by the shared memory model. Since
programming of parallel machines have tended to be the outgrowth of programming with sequential
machines, parallel algorithm development as well as models of parallel computation have predom-
inantly used a shared memory abstraction. A dual to shared memory, namely message passing,
has drawn considerably lesser attention both from the programming point of view as well as the
model point of view, which may be attributed to the general view that programming using the
message-passing abstraction is hard. This view arises from the fact that this abstraction has not
been explored as a viable alternative to shared memory for algorithm development. At best, this
abstraction has been used to simulate shared memory leading to contrived implementations. This
serves as a motivation for developing a paradigm for programming using the message-passing ab-
straction.

Another important motivation for exploring programming paradigms for message-passing stems
from the architecture point of view. Parallel architectures may be broadly classified into two cat-
egories: shared memory, and message-passing based on the inherent communication and synchro-
nization model underlying the basic architecture. Shared memory machines are characterized by
a set of processors connected to a globally shared memory. All interprocessor communication and
synchronization are effected via this shared memory. Message-passing machines are characterized
by a set of processors each with its own private memories; there is a global interconnection network
that allows processors to communicate and synchronize with one another via messages. In shared
memory machines communication is implicit (e.g. updating shared locations); thus a set of mech-
anisms for synchronization is usually needed. On the other hand, in message-passing machines
communication is explicit (via messages). Synchronization and communication are intertwined in
that information exchange also serves as synchronization.

One may hypothesize that based on the above two machine classes, there ought to be two algo-
rithm classes as well: shared memory and message passing. The justification for such a classification
is that certain problems may map more naturally into one class than the other. Note that one class
may be simulated with the other class using the standard principle of duality [10]. However, such
simulations may be inefficient (see sections 4 and 5).

Models of parallel computation using the shared memory paradigm, such as the Parallel Ran-
dom Access Machine (PRAM) [9], have implied scalability assumptions such as unlimited number
of processors, unit cost for concurrent communication via the shared memory, and no-cost syn-
chronization. In general terms a shared memory machine has three resources, namely, processors,
interconnection network, and shared memory. The interconnection network serves dual purposes:
switching between processors and memories; and interprocessor communication. When the number
of processors scales up, while the interconnection network may be scaled up as well, the contention
for the shared memory can only increase (even if the size of the shared memory is increased)
thus limiting the scalability of such machines. A message-passing machine has only two resources:
processors with private memories and interconnection network both of which scale well'. The inter-
connection network in such systems serves purely for interprocessor communication. The enhanced
scope for scalability of message-passing architectures is another motivation for exploring paradigms
and models for such machines.

'Note that there are several recent attempts to address the scalability of shared memory machines [11]; our point
is merely to note that message-passing machines are intrinsically more scalable than shared memory machines [13].



The PRAM model which provides a framework for studying shared memory algorithms, cap-
tures only the computation aspect of parallel computation implicitly imposing a synchrony among
the processors. However, this is not a realistic assumption since real parallel machines (such as the
Sequent and the Butterfly) require programs to synchronize explicitly. Our earlier work also [15] re-
veals that dynamic scheduling which manifests itself as interprocessor synchronization is a limiting
factor in achieving the theoretically predicted performance when such algorithms are implemented
on these machines. Recently, there have been attempts at incorporating both communication and
synchronization into models of parallel computation ([16], [6],[4]). For example, the asynchronous
PRAM (APRAM) model introduced in [4, 6] captures the effect of asynchrony in the computation
between processors. While the duality of shared memory and message-passing is well-known, a
message-passing architecture has one key characteristic that distinguishes it from a shared mem-
ory architecture : the asynchronous notification associated with interprocessor communication via
message-passing. Since this is an inherent property of a message-passing architecture, it is essential
that any model of computation for such an architecture should capture this asynchrony. Thus we
may identify two types of asynchrony in a parallel architecture : the first arises due to the relative
speeds of the processors, while the second arises due to interprocessor communication. It may be
noted that APRAMs capture only the first kind of asynchrony since they model shared memory
architectures.

To better understand the performance issues in parallel computation it is important to undertake
experimental studies involving the implementation of parallel algorithms on parallel architectures.
In our earlier work [15], we implemented several shared memory algorithms on the Sequent and
the Butterfly with a view to understanding the architectural impediments that limit their perfor-
mance. To our knowledge, there are very few experimental studies that investigate the impact of
architectural features on algorithmic performance. Anderson [1] reports results of an experimental
and analytical study of parallel merge sort on the Sequent. Yew et al. [3], analyze specific parallel
programs to identify the appropriate grain size of parallelism that exists in these programs. Lin
and Snyder [12] compare message passing and shared memory paradigms for implementing specific
parallel algorithms on shared memory multiprocessors.

This paper begins by developing a framework for message-passing architectures consisting of
a machine model called communicating random access machine (CRAM) and a programming
paradigm. The CRAM model would serve as a vehicle for the design and analysis of message-
passing algorithms. The message-passing paradigm would make the mapping of algorithms that fit
this paradigm onto message-passing architectures more natural. Preliminary experimental results
from implementing this paradigm on parallel architectures are presented. Finally, the performance
implications of implementing shared memory algorithms on message-passing architectures are dis-
cussed.

2 Message Passing Model

A Communicating Random Access Machine (CRAM) is a collection of processors each of which
is a sequential random access machine (RAM) and an interconnection network for interprocessor
communication. The interconnection network provides a physical connectivity between any pairs
of RAMs. However, the set of processors that a RAM can communicate with (logical neighbor set)
is determined dynamically as detailed below. The interconnection network is assumed to be failure
free. The processors execute asynchronously with respect to one another. There is no global clock in



the system. A processor has private memory, a set of standard RAM instructions (such as reading
and writing to private memory, and arithmetic and logical operations), and special instructions
to model message passing. A program for the RAM consists of a set of labeled instructions. The
special instructions that model message-passing are:

o Non-deterministic Branch (NBR L1, L2): The RAM chooses non-deterministically one of the
two execution paths identified by the labels L1 and L2.

o Select Neighbor Set (SNS(< neighbor_set >)): The RAM creates a bit-vector that defines its
logical neighbor set.

o Send Message (SEND(< message >)): The RAM sends the message to the processors iden-
tified by its neighbor set. The instruction is non-blocking, i.e., the processor executing this
instruction does not wait for the message to be received by all the neighbors. There are
two possible scenarios that may follow a SEND instruction in a program: In one case, the
program may need to know that the neighbors have received the message. In the second case,
the progress of the program may not depend on knowing that the message has been received.
Both the scenarios may be modeled using standard RAM instructions.

o Receive Message (RECEIVE(< message >, sender)): The RAM receives a message (if there
is any to be received). The identity of the sender is made available along with the message
to the receiving RAM. The RECEIVE instruction is deemed as a non-blocking instruction
(the processor executing this instruction returns immediately with either success or failure
depending on whether a message is available or not).

One of the significant features of our model is its ability to capture asynchronous events as-
sociated with interprocessor communication, which is an inherent property of message-passing
machines. None of the earlier models of parallel computation (such as the PRAM or the APRAM)
address this asynchrony, since these models are for the shared memory paradigm. It may also be
noted that asynchronous events such as interrupts can be captured using the NBR primitive of our
model.

Using this model we can describe a real message-passing architecture such as the hypercube.
Each processor in the hypercube has specialized instructions for communicating with one another
in addition to the standard RAM instructions. The basic SEND primitive of the hypercube is non-
blocking and is identical to our CRAM SEND. All other sophisticated forms of SEND (including
blocking versions) can be implemented on top of this basic version using ordinary RAM instructions.
The same is true of the RECEIVE primitive of the hypercube. The hypercube has a facility to
interrupt a processor on message arrival. The RAM, PRAM, or the APRAM models do not
provide primitives for efficiently capturing such asynchronous events. On the other hand, the non-
deterministic branch primitive of the CRAM allows modeling such events. For example, interrupts
may be modeled using a non-deterministic branch at the end of every instruction.

2.1 Computation Costs

The processors are assumed to be identical in functionality, and the clock speeds of all processors
are assumed to be the same. We associate unit cost for all standard RAM instructions and the

special instructions (NBR, SNS, SEND, and RECEIVE).



The NBR instruction is no different from a standard branch instruction from the point of
view of execution cost. Although the model allows an unbounded number of neighbors, in reality
this set is bounded by the total number of processors in the system. The SNS instruction is
similar to a standard load instruction from the point of view of execution cost. For example, an
implementation of the SNS instruction may be to load a processor register (interpreted as a bit-
vector) from (possibly) multiple memory locations. Thus a unit cost for the SNS instruction is
justified. While a logarithmic cost model proportional to the size of the neighbor set (to account
for truly unbounded neighbor set) may easily be incorporated, we do not consider this approach in
this paper for the sake of simplicity of analysis.

The RECEIVE instruction is non-blocking. If the message is in transit or is being formed,
the instruction returns with failure. Only when the message is fully formed and available does
the processor execute this instruction successfully. Thus the instruction execution time may be
considered independent of communication delays such as the copying time of the message, and
the transit time for the message through the interconnection network. Note that such delays may
be accounted for in a program written in this model by standard instructions busy-waiting for a
message arrival. Similarly the time for processing this message (which may be proportional to
the size of the message) after reception may be accounted for in a program by standard RAM
instructions. Similarly, the SEND instruction is also assumed to be non-blocking. The processor
executing this instruction simply specifies the message to be sent.

2.2 Comparison with APRAM

The expressive power of the CRAM is illustrated in a simulation of an APRAM by a CRAM. The
APRAM model used in the simulation is as defined in [6]. A formal instruction level simulation
is given in Appendix A. The simulation uses the general notions of simulating shared memory
using message-passing primitives. There are two approaches to simulating shared memory on
message-passing architectures. The first approach is to view the distributed private memories of
the processors as one big shared memory. Whenever a processor needs access to a remote memory
location, it sends a message to the processor which owns that location. The remote processor gets
interrupted, services the request, and continues with its computation. The second approach is to
replicate the shared memory in the private memories of all the processors. All read and writes
are now local to each processor. However, on writes each processor is responsible for updating the
replicated copies of the location in all the remote processors. The simulation in Appendix A uses
the first approach. It is unlikely that a CRAM can be efficiently simulated by an APRAM owing to
the non-deterministic primitive in the CRAM. It is not clear whether simulating a non-deterministic
branch between any two instructions on an APRAM can be accomplished in less than exponential
time.

3 Message-Passing Paradigm and an Execution Model

A message-passing architecture is characterized by a loose coupling among the processing elements.
Thus an algorithmic paradigm for such an architecture should provide for embodying this loose
coupling.



3.1 A Message Passing Paradigm

A message-passing algorithm is a dynamic graph whose vertices are tasks, and the directed edges
emanating from a vertex reflect the set of tasks with which the vertex needs to communicate at
the end of the current computation step. A computation step is local to each vertex. At any
instant, a vertex may non-deterministically choose to either do a computation step or respond to
a communication event (Figure 1). In either case the vertex performs some local computation that
may lead to changes in the neighbor set of this vertex.

External events are also modeled as vertices in the graph. Note that the current neighbor set
of a vertex may change either as a result of computation step or as a result of responding to a
communication event. See Figure 2 for an encoding of the message-passing paradigm using the
instructions defined in our CRAM model.

This paradigm is general enough to capture formulation of message-passing style algorithms
and asynchronous algorithms. In general, problems that map to the above paradigm exhibit the
following properties: no global state, sporadic communication between tasks, and a regular com-
munication pattern usually limited to a subset of the tasks. There are several problems that occur
naturally in science and engineering that fit this paradigm. See for example Seitz [13], for a con-
current formulation of an N-body simulation problem.

There are problems for which concurrent formulations are possible requiring no explicit synchro-
nization between concurrent threads. Such formulations are referred to as asynchronous algorithms.
Solution of linear systems of equations, unconstrained optimization, dynamic programming algo-
rithms, shortest path problem, network flow problems, solution of differential equations are some
of the problems that fit this category [2]. It is interesting to note that algorithms with explicit
synchronization between concurrent threads exist for many of these problems. Such asynchronous
algorithms can be expressed as instances of our message-passing paradigm. We illustrate this fact
by providing a CRAM program (Figure 4) for the Jacobi algorithm (Figure 3) for the solution of
a system of simultaneous linear equations.

An iterative formulation of the Jacobi algorithm is : given an n X n matrix A, an n vector b, find
an n vector z* such that z* = Az* 4+ b. A parallel version of the Jacobi algorithm on the PRAM
using n processors is shown in Figure 3. During an iteration ¢, each processor ¢ calculates the new
value z;[t + 1] using the values z[t] already calculated in the previous iteration. The solution z* is
obtained when z[t] converges to this limit (as t tends to infinity).

Figure 4 shows an implementation of the same algorithm on the CRAM. Owing to the absence
of a globally shared memory, each processor maintains a local copy of the z vectors. During
each iteration, each processor ¢ updates the x; vectors using the values in its local memory. The
updated value is then sent to the other processors in the system (Note that the processor does
not wait for the updated value to get reflected in other processors). The non-deterministic branch
to the communication event during each iteration ensures that a CRAM processor updates its
local state using the newly calculated values that may have been sent by other processors. The
convergence criterion remains the same as in the PRAM implementation, and a formal proof of the
condition under which the criterion holds may be found in [2]. Note that we do not assume that
the communication channels between processors preserve the order of the messages transmitted nor
do we assume that a processor can determine whether an update received from another processor
is older than the corresponding value stored in its local memory.



3.2 An Execution Model

An execution model for a paradigm identifies the issues in implementing the paradigm onto a
parallel architecture. In our earlier work [15], we developed an execution model for the shared
memory paradigm. It is appropriate to re-visit this model to identify a corresponding model
for the message-passing paradigm. Programming paradigms [5] for shared memory machines is
well understood. An inherent property of shared memory machines is a tight coupling among
the processing elements. Correspondingly, the tasks that constitute a parallel algorithm for such
machines also reflect this tight coupling. The model of execution is single-program-multiple-data
wherein each processor executes the same code on a different portion of the data (data partitioning).
The input data is partitioned into chunks and each chunk of this partition is called a task. Each
processor performs the same set of operations on the task assigned to it. There are four important
issues to be considered in this execution model : scheduling, task granularity, synchronization and
communication.

The assignment of a task to a processor is called scheduling. Static scheduling pre-assigns tasks
to processors at compile time while dynamic scheduling does it at run-time. Dynamic scheduling
requires maintaining a global queue of tasks. Task granularity has two dimensions : computation
granularity and data granularity. The former deals with the amount of computation that a processor
needs to do for the particular task while the latter involves the size of the data partition in the
task. These are important input parameters that need to be considered to determine the effect
of task granularity on performance. During the course of execution, a processor may need to
synchronize with other processors. Synchronization is achieved through messages in a message-
based architecture. A special form of synchronization is the barrier synchronization where all the
processors participating in the problem need to arrive at a common point in the course of execution
before any of them can proceed. Barrier synchronization is used in the model of execution considered
here. Tasks in a shared memory algorithm communicate by reading and writing shared memory
locations.

Shared memory is the fundamental abstraction of shared memory paradigm. Thus the primary
issue that has to be addressed in the execution model for the shared memory paradigm is scheduling
(i.e. dividing the problem into tasks and assigning them to processors). On the other hand, the
message-passing paradigm is inherently process oriented. Thus the primary issue in an execution
model for a message-passing paradigm is the assignment of processes to the available processors,
referred to as process assignment. There are two approaches to address this issue: In the first
approach an allocation of processes to processors is done at compile time and remains unchanged
during the execution of the program (similar to static scheduling in shared memory multiprocessors).
In the second approach the load at each processor is evaluated periodically during the execution of
the program and processes may be migrated among processors to ensure an equitable distribution of
load on all the processors (similar to dynamic scheduling in shared memory multiprocessors). Unlike
the execution model for the shared memory paradigm, task granularity in the message-passing
case has only one dimension, namely, computation granularity. The data granularity dimension
is non-existent since there is no shared data. Process connectivity refers to the requirement posed
by the communication interconnection among processes in the message-passing program. This is
an important issue in the execution model since the underlying architecture has to support this
requirement. Synchronization and communication are both achieved through the mechanism of
message-passing. Another important issue to be considered in the execution model is the size of



the messages (or message granularity) exchanged between processors. Thus the execution model
for the message-passing paradigm consists of the following issues: process assignment, computation
granularity, process connectivity, and message granularity.

4 Implementation of the Message-Passing Paradigm

In this section, we discuss preliminary results of implementing the message-passing paradigm on
both message-passing as well as shared memory architectures. In the former, the implementation is
straightforward. To further simplify the implementation, we restrict the number of processes to be
exactly equal to the available number of processors. In the latter case, message-passing has to be
simulated using shared memory. This simulation entails two things: establishing a communication
channel between processors, and a mechanism for notifying the processors of the arrival of messages.
Non-determinism has been built into our message-passing paradigm to capture the asynchrony
associated with message arrival. This asynchrony is typically implemented in message-passing
architectures via interrupts. In our simulation a two-way communication channel between every
pair of processors is established by designating a unique shared memory location. Using these
channels, it is easy to model the send and receive primitives. The asynchrony has been simulated
using polling. During each iteration, each processor polls all its channels for messages. Any pending
messages are processed before continuing with its local computation. Although shared memory
machines such as the Sequent usually have interprocessor interrupt capability, we chose not to use
it for notification of message arrival since such a feature is really a message-passing feature.

In the shared memory paradigm, the amount of work involved in solving the problem grows as a
function of the size of the shared data. Therefore, it is meaningful to discuss metrics such as speedup
and completion time for shared memory algorithms since this work is being subdivided among a set
of processors. On the other hand, the amount of work involved in a message-passing algorithm is
the union of the work represented by the processes cooperating to solve the problem. The amount
of work grows as a function of the number of processes in the message-passing algorithm. The
notion of speedup would be meaningful in this context only if the number of processes is more than
the available number of processors [13]. Since, the focus of our experiments is to study the effect
of the message-passing overhead on the performance of the message-passing paradigm we restrict
the number of processes to be equal to the available number of processors. The metric used for
measuring the performance is the completion time of the algorithm. With respect to the paradigm
presented in section 3, in the experiments we assume that the predicate becomes true after 1000
iterations of the repeat loop. The size of the messages considered in the implementation is zero
bytes.

In the absence of any message-passing overhead, we would expect the completion time to remain
the same for a given task granularity independent of the number of processors. Any deviation from
this situation quantifies the effect of the message-passing overhead.

Figures 5 and 6 show the performance of this paradigm for different numbers of processors on
the Hypercube and the Sequent. Figure 5 shows the performance of the message-passing algorithm
on the hypercube for low computation granularities ranging from 0 to 50 microseconds. For low
computation granularities, the message-passing overhead is significant (especially for larger number
of processors). For example, with computation granularity zero, this overhead is 90.9% while it is
98.9% with 16 processors. At high computation granularities, this overhead becomes less dominant.

Figure 6 shows the performance of the message-passing paradigm on the Sequent. The com-
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pletion times on the Sequent are better than those on the Hypercube for the following reasons:
Message simulation on the Sequent (writing to a shared memory location) is much cheaper (or-
der of microseconds) than true message-passing on the Hypercube (1 millisecond for a round-trip
message). At such low computation granularities the message-passing overhead dominates the
completion time. The size of the messages exchanged is zero bytes. Finally, since the number of
processors used in the experiments is quite low (8 on the Sequent, and 16 on the Hypercube), the
scalability advantages of the message-passing architecture is not evident. We hope to study the
impact of large numbers of processors via simulation.

5 Implementation of the Shared Memory Paradigm

There has been considerable effort expended in developing parallel algorithms using the shared
memory paradigm. It would be interesting to study the performance implications of implementing
these algorithms on message-passing architectures. The fundamental abstraction of shared mem-
ory algorithms is shared memory. Thus implementation of such algorithms on message-passing
architectures requires simulating the shared memory efficiently. This problem can be viewed as
simulating the PRAM by the CRAM, which is presented in Appendix A. In this section, we present
experimental results obtained by implementing two shared memory algorithms on the Intel iPSC/2
hypercube, a message passing architecture. The shared memory algorithms that have been taken
up for this study - List Ranking and Parallel Prefix - are each representative of a class of problems.
List ranking is a fundamental operation on lists wherein the position of each element in the list
relative to the end of the list is to be calculated. The algorithm is data dependent and thus the
memory access patterns of the algorithm are not known beforehand. The parallel prefix algorithm
on the other hand is independent of the input data (data oblivious). Thus, since the access patterns
are known in this case, the data could be partitioned so as to reduce the number of accesses.

The Intel iPSC/2 that is used in the implementation is a 16 node hypercube with all nodes being
fully connected (when a node sends a message to another, the message goes directly to the receiving
node without disturbing any of the other nodes). It uses a circuit-switched message transfer scheme
with no store and forward. A round trip message of length zero takes around 1 millisecond.

In implementing the two algorithms on the hypercube, we have taken both approaches of sim-
ulating shared memory enumerated in Section 2. In both approaches each processor is allocated
an equal chunk to work on. However, these two algorithms have the following characteristics: each
processor has to write to only the chunk allocated to it; each processor may only need to read the
remote chunks; the reads are only for values written prior to the most recent barrier synchronization
point in the program. Given these characteristics it is possible to simplify the simulation of shared
memory for the second approach: the locally allocated chunks are exchanged among the processors
only at the barrier synchronization point. No messages are needed in the phases between barrier
synchronization points. While the second approach limits message exchanges to synchronization
points, the size of the messages exchanged may be arbitrarily large especially if the access pattern
is not known a priori.

The barrier synchronization itself is implemented using a tree structure for communication [8]
thus reducing the number of messages needed to achieve synchronization. For barriers implemented
with message length zero, this approach takes less than 5 milliseconds for a cube of dimension four.
In cases where there is no data exchanged at the barrier the system provided primitive [7] has been
used.



The tree barrier works as follows: At the leaf level, the left child processors send their data to
their respective siblings. The siblings combine this data with their own and send them as messages
to their respective parents. Messages are propagated to the root processor in this fashion. When
the root receives the entire data, it propagates down the tree to all the processors participating in
the barrier.

Given the considerable overhead involved in maintaining a global queue of tasks in a message-
passing architecture, static scheduling is more meaningful. To ensure equitable distribution of the
workload at each processor, the data is partitioned into equal size chunks. This chunk of data is
allocated locally on the processor. Since we consider only static scheduling in this study, the task
granularity has only one dimension, namely computation granularity. The computation granularity
is varied by introducing some artificial work in the place where the processor solves the problem for
the chunk allotted to it. The artificial work is an idle loop and the loop count is used as a measure of
the computation granularity. An advantage of implementing the barrier synchronization primitive
using messages is that data could be exchanged among the processors at the synchronization point.

In the discussions that follow, the completion time of the program is used as a measure of
the performance of the algorithm. It does not include the times taken for process creation and
termination and any sequential part that deals with data allocation. Further, in the first approach
for simulating shared memory, the time taken for processing interrupts is not included in the overall
timings. The results for the uniprocessor case are obtained by running the multiprocessor parallel
algorithm on a single processor. Hence the speedup using n processors refers to the ratio of the
completion time of the parallel algorithm on I processor to that on n processors.

5.1 List Ranking

A parallel algorithm for the list ranking problem [9] is shown in Figure 7. The algorithm is data
dependent and thus the access pattern of the list elements is not known a priori. The randomness
of access of the list elements does not favor data partitioning.

A randomly generated input list of 32K elements is equally partitioned among the available
number of processors. After a processor completes processing its chunk of data, it needs to barrier
synchronize with the other processors before proceeding to the next iteration of the outermost loop.

5.1.1 First Implementation

Since the first approach captures the true semantics of shared memory, the implementation is
straightforward. Figure 9 shows the performance of the first implementation on the hypercube,
which is almost 20 times worse than that obtained when implementing the same algorithm on
a shared memory machine like the Sequent (Figure 12). A roundtrip message is incurred for
each external memory request which is far more expensive than a simple memory access on the
Sequent. Further there is considerable queueing delay due to the network traffic. Hence the poor
performance. By increasing the number of processors, the number of external requests made by
a processor decreases. Thus with larger number of processors, the performance improves getting
closer to linear speedup.

Similarly, the detrimental effect due to network latency and queueing may be compensated by
increasing the computation granularity. However, as seen in Figure 9 this impact is not significant
for the computation granularity experimented with.



5.1.2 Second Implementation

In this approach, all operations on the list are local to each processor during a phase of the
computation delineated by barrier synchronization points. At the barrier synchronization point,
the lists are exchanged using the tree barrier, so that they look identical in each processor for the
start of the next phase.

Figure 10 shows the performance of the second implementation on the hypercube. The 4
processor performance seems to be the best with no added computation granularity. Increasing the
number of processors, increases the available computing power but also increases the time spent at
the barrier. Due to the tree barrier, the size and the number of messages exchanged at the barrier
increases. Thus when we go from 1 to 4 processors, we get improvement in performance, but after
that the synchronization overhead starts dominating. But this effect is compensated by increasing
the computation granularity.

Comparing Figures 9 and 10, we note that the second approach fares much better than the first
despite the increased size and number of messages exchanged at the barrier, showing that fewer
longer messages are preferable to numerous shorter messages.

5.2 Parallel Prefix

The algorithm for the parallel prefix problem [9] used in this implementation is shown in Figure
8. The input data of 64K elements is equally allocated among the processors and each processor
works on the chunk allocated to it.

Since the algorithm is data oblivious, the first approach to simulating shared memory does
not incur any remote memory references. If the second approach to simulating shared memory is
used, the amount of information that needs to be exchanged at the end of a phase delineated by
barrier synchronization points is merely the prefix sum of the chunk allocated to each processor.
Hence the cost for barrier synchronization in the second approach is roughly the same as a normal
barrier synchronization without any data exchange. Hence the two approaches to simulating shared
memory turn out to be equivalent in implementation cost for this algorithm.

The results for the parallel prefix algorithm in Figure 11 shows an almost linear improvement
in performance with the number of processors. This behavior is more pronounced at higher com-
putation granularity. The performance of this algorithm on the hypercube is comparable to its
performance on a shared memory machine like the Sequent. See Figure 13 for the performance of
parallel prefix on the Sequent.

5.3 Discussion

It is interesting to compare the results that we have obtained in the above experiments to those in
our earlier study of these two algorithms on the Sequent which is a shared memory architecture.
For the list ranking algorithm, we find the performance of both the implementations to be much
worse than that on the Sequent. The data dependent nature of this algorithm results in increasing
the message overhead. On the other hand, the performance of parallel prefix (which is a data
oblivious algorithm) on the hypercube is comparable to that on the Sequent.

In summary, we note that shared memory algorithms are not naturally suited for implementation
on message-passing machines.
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6 Concluding Remarks

The main thrust of our work is to explore message-passing as a vehicle for parallel algorithm
development. Since existing models of parallel computation do not capture the salient features of
message-passing architectures, a new model (CRAM) was proposed. We presented a programming
paradigm and showed its suitability to describing classes of problems that are not a natural fit for
the shared memory paradigm. We also presented preliminary results of experimenting with this
paradigm on both message-passing and shared memory architectures.

In conclusion we make general observations stemming from our study, and list avenues for
further research.

As may be expected, shared memory algorithms perform much better on shared memory ma-
chines than on message-passing architectures. In simulating shared memory on message-passing
architectures, it may be advantageous to replicate the data and customize its consistency main-
tenance in the algorithm rather than distributing the shared memory in the private memories of
the processors. The overhead in simulating shared memory may be compensated by increasing
the computation granularity. Data oblivious shared memory algorithms perform much better on
message-passing architectures than data dependent algorithms. The performance of data oblivious
algorithms on message-passing machines is comparable to their performance on shared memory
machines.

Our preliminary results of experimenting with the message-passing paradigm suggests that it
is suitable when (a) the task granularity is comparable to the message overhead, (b) the message-
size is fairly high, and (c¢) when the number of processors solving the problem is fairly large. Our
ongoing research includes investigating the effects of the above parameters through experimentation
and simulation.

This study suggests several interesting research directions in parallel computation pertaining to
the message-passing paradigm. There has been considerable amount of work done in investigating
the mapping of processes to processors. Two important issues to be studied are load balancing, and
process migration when there are more processes than available number of processors. These issues
have been well explored in the context of distributed systems, but to our knowledge have not been
addressed for multiprocessors to any great detail. Finally, it is hoped that the CRAM model would
serve as a basis for the development and analysis of parallel algorithms using the message-passing
paradigm, just as the PRAM model served as the basis for the shared memory paradigm.
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repeat
computation step:

compute locally /* execute the task */
communicate with the current neighbors
reconfigure /* change the neighbor set if need be */

communication event:
receive communication event /* modify local state */
reconfigure /* change the neighbor set if need be #*/
until (<predicate>)

Figure 1: Message Passing Paradigm

SNS(Initial _config)
repeat {
NBR Comp_Step, Comm_event;

Comp_step
Computation();
SEND(Message) ;
Compute new_config();
SNS(New_config);
BR Continue;

Comm_event
if (RECEIVE(message,sender))
Service event() ;
Compute new_config();
SNS(New_config);
BR Continue;

Continue :
} until (<predicate>);

Figure 2: Message-Passing Program using the CRAM Model
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In parallel, for each processor 1 <:<n do
x; < wnitial _value >;
L+ 0
repeat {
[t + 1] « x[t];
it + 1]« 2o7oy aija;(t] + bi;
t—t+1;
}ountil |z[t] — 2zt — 1] |< €;

Figure 3: A Parallel Implementation of the Jacobi Algorithm on the PRAM

In parallel, for each processor 1 <:<n do
SNS(<every_one>);
z[0] < initial value >;
t« 0;
repeat {
zt + 1] « z[t];
NBR Comp_Step, Comm_event;

Comp_step :
wilt + 1] « Yoy aija(t] + bi;
SEND (z;[t + 1]);
BR Continue;

Comm_event :
if (RECEIVE(< value >, sender))
Tsender[t + 1] ¢ value;
BR Continue;

Continue :
t—t+1;
}ountil |z[t] — 2zt — 1] |< €;

Figure 4: A Parallel Implementation of the Jacobi Algorithm on the CRAM
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For log n iterations repeat
In parallel, for i := [,...,n do
list[¢] .rank < 1list[7].rank + list[list[¢].successor].rank;
list[¢] .successor « list[list[7].successor].successor;

Figure 7: List Ranking Algorithm

Prefix(z,n,s)
If n=1 then 51 +
else
in parallel, for i:=1 to n/2 do
Yi & Tgi—1 * T
prefix(y,n/2,ss)
ssg +— 1identity
in parallel, for i:=1 to n do
if i even then s; ¢« $s;/9
else s;  s5(_1)72 * ¥;

Figure 8: Parallel Prefix Algorithm
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Appendix
A Simulation of an APRAM by a CRAM

An APRAM is a collection of loosely coupled processors (RAMs) that can each execute a set of
instructions asynchronously with respect to each other. Each processor has a set of local registers
Ry, Ry, Ry ... and can also access globally shared memory locations M[0] ... M[maz — 1]. The
instruction set of an APRAM processor is given below. All instructions except 9 are standard
RAM instructions. The BARRIER_SYNC instruction is used to enforce synchronization among
the processors during the course of execution.

1. START

2. Ryes < constant >
3. Ryes ¢ Ropt
4. Ryes < Ryp1QR,py where @ is a binary operator
5. Ryes ¢ M[Rop1]
6. M[R,cs] < Rop1
7. BR < label >
8. BR < label > IF < condition >
9. BARRIER_SYNC
10. HALT

An instruction-by-instruction simulation of an APRAM on a CRAM is given below. For the
simulating CRAM, each processor i has local memory registers Rg, Ry, Ry ... (which are identical
to the APRAM registers), and local memory locations M[lo_mem] ... M[hi_mem] where lo_mem =
(max +no_of_procs) x ¢ and hi_mem = (max +no_of_procs) x (1+1) —1 (the APRAM’s common
memory is equally divided among the simulating CRAM processors). Any access by a CRAM
processor outside these bounds will result in a memory fault. The instruction set of a CRAM
processor includes the standard RAM instructions (all but instruction 9 in the set listed above)
augmented by the specialized instructions enumerated in Section 2.

A frequently used macro in the simulation called CSEND is a variation of the original CRAM
SEND in that the message is sent to a single destination. It can be easily implemented with the
original primitive.

Macro CSEND(< message >, destination)
SNS(destination)
SEND(< message >)
SNS(< every_body >)

End CSEND
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Another frequently used macro is Service_Msg which is an interrupt service routine used for
serving remote memory requests. When a CRAM processor needs to access a location corresponding
to the APRAM’s shared memory that is not local to the CRAM, it sends a message to the CRAM
processor owning that location. The Service_Msg macro services such remote memory requests
(which may be stores or retrieves to the memory locations).

Macro Service_Msg
NBR Retrieve_msg, Store_Msg
Retrieve_msg :
BR Continue IF (RECEIVE(< RECFEIVE, addr >, sender))
CSEND(< REPLY, M[addr] >, sender)
BR continue
Store_msg :
BR Continue IF (RECEIVE(< STORE, addr,val >, sender))
Mladdr] + val
CSEND(< ACK >, sender)
Continue :
End Service_Msg

The macro that implements the APRAM’s BARRIER_SYNC primitive (instruction 9) is given
below. The CRAM processor signals its arrival at the barrier to all the other processors in the
system and waits for the others to arrive at the barrier. During the wait, it can go ahead and
service any messages that it may receive (this feature prevents deadlocks).

Macro Barrier sync
< templ > Ry
< temp2 > Ry
Ry < no_of_procs >
Ry +1
L1: SEND(< BARRIER >)
L2: Ro — Ro — R1
BR L6 IF (R < 1)
L3: NBR L4, L5
L4 : Service_Msg
L5: BR L3 IF (RECEIVE(< BARRIER >))
BR L2
L6: Ry «<temp2>
Ry < templ >
End Barrier_sync

The simulation of the instruction START of the APRAM on the CRAM processor can be accom-
plished as follows :

START
SNS(< every_body >)

21



Since the memory access patterns of the APRAM are not known beforehand, the simulating CRAM
may need to potentially send a message to any processor in the system to access a memory location.
Hence the neighbor set is set to include all the processors in the system.

For an instruction | (where I can be any of instructions 2, 3, 4, 7 or 8) that an APRAM executes,
the corresponding CRAM executes :

NBR L1, L2
L1: Service_Msg
L2: 1

The CRAM processor can service a remote memory request (if there is one to be serviced) and
then proceed with the actual instruction.
The simulation for the load instruction (instruction 5) is given below.

NBR L1, L2
L1: Service_Msg
L2: BR L6 IF (Rop1 IN {lo_mem...hi_mem})
CSEND(< RETRIEVE, Ropy >, (Rop1/(hi-mem — lo_mem + 1))
L3: NBR L4, L5
L4 : Service_Msg
L5: BR next_instn IF (RECEIVE(< REPLY, R,.s >, sender)

BR L3
L6: Ryes — M[Ropl]
next_instn :

If the memory address is local to the CRAM processor, it can look it up right away. If not, it
needs to send a message to the processor owning that memory location and wait for the retrieved
value. During this waiting period, it can go ahead and service other messages (thus avoiding any
deadlocks that may otherwise occur).

A similar simulation for the store operation (instruction 6) is given below.

NBR L1, .2
L1: Service_msg
L2: BR L6 IF (R,.s IN {{lo_mem...hi_mem})
CSEND(< STORE, R,p1 >, (Ryes/(hi_mem — lo_mem + 1)))
L3: NBR L4, L5
L4 : Service_Msg
L5 : BR next_instn I[F (RECEIVE(< ACK >, sender)

BR L3
L6 : M[R,es) + Ropi
next_instn :

The simulation for the HALT instruction on the CRAM is slightly tricky since we need to ensure
that a processor service all memory requests that have been issued to it or will be issued in the
future. Owing to the asynchrony among the processors, a CRAM processor may complete execution
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before the others and may thus ignore any future memory requests that the executing processors
may issue to it. Using a barrier synchronization before halting (as shown below) prevents such an
execution.

Barrier_sync

HALT

The above piece of code implements a barrier synchronization and is necessary to ensure that all
memory requests are satisfied despite the differing processor speeds.

It is straightforward to present the correctness of this simulation. For each of instructions 2, 3,
4, 7 or 8 that an APRAM may execute, the corresponding CRAM executes the same instruction.
The simulation for the HALT instruction ensures that every memory request in the system will be
served despite the relative speeds of processors. And, for every memory access that is not local,
a message is sent to the processor containing that location (simulations for instructions 5 and 6)
which is eventually served. Assuming that message delivery takes zero time and memory requests
are immediately serviced, this is an efficient simulation (within a constant running time of the
original APRAM).

The simulation presented here is for an EREW APRAM. It can be modified to work for CRCW
APRAMs also (changing the Service_Msg macro). To capture the concurrent read effect, we will
have to check for presence of several messages, accumulate all responses into one long message, and
send it all at once (using the SEND primitive) to the requesting processors. The concurrent write
can be implemented by using some policy (priority, lowest numbered processor wins, etc.) on the
incoming requests.
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