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Figure 4: Replication and Group Communication for Fault Tolerance.

components (i.e., messages may be lost). There is no
attempt to guard against more malicious processor fail-
ures nor against failures of non-replicated components
such as the network interconnect.

Paralex uses passive replication as the basic fault tol-
erance technique. Given the application domain (par-
allel scientific computing) and hardware platform (net-
works of workstations), Paralex favors efficient use of
computational resources over fast recovery times in the
presence of failures. Passive replication not only satis-
fies this objective, it provides a uniform mechanism for
dynamic load balancing through late binding of compu-
tations to hosts as discussed in Section 5.

Paralex uses the ISIS coordinator-cohort toolkit to im-
plement passive replication. Each node of the compu-
tation that requires fault tolerance is instantiated as a
process group consisting of replicas for the node. One
of the group members is called the coordinator in that it
will actively compute. The other members are cohorts
and remain inactive other than receiving broadcasts ad-
dressed to the group. When ISIS detects the failure of
the coordinator, it automatically promotes one of the
cohorts to the role of coordinator.

Data flow from one node of a Paralex program to an-
other results in a broadcast from the coordinator of the
source group to the destination process group. Only the
coordinator of the destination node will compute with
the data value while the cohorts simply buffer it in an
input queue associated with the link. When the coordi-
nator completes computing, it broadcasts the results to
the process groups at the next level and signals the co-

horts (through another intra-group broadcast) so that
they can discard the buffered data item corresponding
to the input for the current invocation. Given that Par-
alex nodes implement pure functions and thus have no
internal state, recovery from a failure is trivial — the
cohort that is nominated the new coordinator simply
starts computing with the data at the head of its input
queues.

Figure 4 illustrates some of these issues by consider-
ing a 3-node computation graph shown at the top as an
example. The lower part of the figure shows the pro-
cess group representation of the nodes based on a fault
tolerance specification of 2. Arrows indicate message
arrivals with time running down vertically. The gray
process in each group denotes the current coordinator.
Note that in the case of node A, the initial coordinator
fails during its computation (indicated by the X). The
process group is reformed and the right replica takes
over as coordinator. At the end of its execution, the co-
ordinator performs two broadcasts. The first serves to
communicate the results of the computation to the pro-
cess group implementing node C and the second is an
internal group broadcast. The cohorts use the message
of this internal broadcast to conclude that the current
buffered input will not be needed since the coordina-
tor successfully computed with it. Note that there is a
small chance the coordinator will fail after broadcasting
the results to the next node but before having informed
the cohorts. The result of this scenario would be multi-
ple executions of a node with the same (logical) input.
This is easily prevented by tagging each message with
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an iteration number and ignoring any input messages
with duplicate iteration numbers.

The execution depicted in Figure 4 may appear de-
ceptively simple and orderly. In a distributed system,
other executions with inopportune node failures, mes-
sage losses and event orderings may be equally possible.
What simplifies the Paralex run-time system immensely
is structuring it on top of ISIS that guarantees “virtual
synchrony” with respect to message delivery and other
asynchronous events such as failures and group mem-
bership changes. Paralex cooperates with ISIS toward
this goal by using a reliable broadcast communication
primitive that respects causality [19)].

5 Dynamic Load Balancing

To achieve failure independence, each member of a
process group representing a replicated node must be
mapped to a different host of the distributed system.
Thus, the computation associated with the node can be
carried out by any host where there is a replica. To
the extent that nodes are replicated for fault tolerance
reasons, this mechanism also allows us to dynamically
shift the load imposed by Paralex computations from
one host to another.

As part of stub generation, Paralex produces the ap-
propriate ISIS calls so as to establish a coordinator for
each process group just before the computation proper
commences. The default choice for the coordinator will
be as determined by the mapping algorithms at load
time. This choice, however, can be modified later on by
the Paralex run-time system based on changes observed
in the load distribution on the network. This situation is
depicted in Figure 4 where the coordinator for the pro-
cess group representing node C' is switched from the left
{default) to the right replica just before execution be-
gins. By delaying the establishment of a coordinator to
Just before computation, we effectively achieve dynamic
binding of nodes to hosts, to the extent permitted by
having replicas around.

Perhaps the most dramatic effects of our dynamic
load balancing scheme are observed when the compu-
tation graph is executed not just once, but repetitively
on different input data. This so-called “pipelined oper-
ation” offers further performance gains by overlapping
the execution of different iterations [5]. Whereas be-
fore, the nodes of a chain executed strictly sequentially,
now they may all be active simultaneously working on
different instances of the input.

6 Performance Results

The Synthetic Aperture Radar application described in
Section 3.2 was compiled and run on a network of Sun-
4/60 (SparcStation 1) hosts, each with 16 Megabytes of
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Figure 5: SAR Speedup for 4-way (5 Processors) and
8-way (9 Processors) Parallelism.

real memory. The communication medium was a stan-
dard 10-Megabit Ethernet connecting several hundred
other hosts typical of an academic installation.

Experiments were performed to compare the perfor-
mance of the 4- and 8-way parallel implementations of
SAR with that of a sequential version coded in C. The
resulting speedup is displayed in Figure 5 as a func-
tion of the input dimension ranging from 64 x 64 to
1024 x 1024 matrixes. The experiments were conducted
with the hosts configured and running as if in normal
use but with no external users logged in. The hosts
involved in the experiment were not isolated from the
rest of the network, which continued to serve the normal
Departmental traffic. The program was run with fault
tolerance set to zero, thus disabling replication and pro-
hibiting the possibility for dynamic load balancing. The
mapping for the parallel executions were as follows: the
input and output (display) nodes mapped to one host
while the internal nodes, grouped into vertical chains,
mapped to a different host associated with that chain.
This resulted in the 4- and the 8-way parallel implemen-
tations using 5 and 9 hosts, respectively.

The results confirm our expectations — the larger
the data size, the more significant the speedup. The
fact that performance degrades for the largest input
size is totally an artifact of thrashing due to paging.
Note that in the case of a 1024 x 1024 image, the input
data (radar signal and filter matrixes of complex num-
bers with 8 bytes per entry) amount to more than 16
Megabytes. Furthermore, even in the parallel versions,
the input and output nodes are strictly sequential and
have to process the entire radar signal and gray-scale
matrixes, respectively. As a consequence, the host to
which they are mapped has to support a demand for
virtual memory significantly greater than the available
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16 Megabytes of real memory, resulting in severe pag-
ing. In the case of small input sizes, it hardly pays to
parallelize. The overhead of communication and process
management outweigh the gain in processing (which is
minimal for these dimensions).

7 Related Work

The idea of viewing a collection of workstations on a
network as a parallel multiprocessor appears to be a
popular one. There are numerous projects that have
been experimenting with different abstractions to pro-
vide on top of such a system.

The Amber System [12] creates a shared memory mul-
tiprocessor abstraction over a network of Firefly multi-
processor workstations. The system is programmed us-
ing the shared objects paradigm with Amber handling
all remote invocation and consistency issues.

The idea of broadcast-based parallel programming is
explored in the nigen++ system [2]. Using ISIS as the
broadcast mechanism, nigen++ supports a program-
ming style not unlike the Connection Machine — a
single master process distributes work to a collection
of slave processes. This paradigm has been argued by
Steele to simplify reasoning about asynchronous parallel
computations without reducing their flexibility {20].

The master/slave model forms the basis of the AERO
system [3]. Unlike nigen++, however, the model is com-
pletely asynchronous with the master having to explic-
itly accept results from parallel slave computations.

The Mentat system [15] is based on an object-oriented
programming language derived from C++. The user
encapsulates data and computation as objects and the
compiler performs all the necessary data flow analysis
to permit parallel invocations whenever possible. The
run-time system ensures correct object semantics even
though all invocations are performed asynchronously.

Yet another object-oriented approach to parallel pro-
gramming is TOPSYS [8]. The basic programming ab-
straction in TOPSYS consists of tasks, mailboxes and
semaphores realized through library routines. The em-
phasis of the system is a collection of graphical tools for
performance monitoring and debugging.

The system that perhaps comes closest to Paralex
in its design goals and implementation is HeNCE [7].
In HeNCE, the graphical representation of a computa-
tion captures the precedence relations among the vari-
ous procedures. Data flow is implicit through syntactic
matching of output names to parameter names. HeNCE
graphs are dynamic in that subgraphs could be condi-
tionally expanded, repeated or pipelined. Unlike Par-
alex, HeNCE has no automatic support for fault toler-
ance or dynamic load balancing.

8 Status and Conclusions

A prototype of Paralex is running on a network of
m680x0, SPARC, MIPS and Vax-architecture Unix
workstations. Paralex relies on Unix for supporting ISIS
and the graphical interface. The graphical interface is
based on X-Windows with the Open Look Intrinsics
Toolkit. As of this writing, the graphics editor, com-
piler and executor are functional. Dynamic load bal-
ancing and debugging support have been implemented
but have not yet been integrated into the environment.

The current implementation has a number of known
shortcomings. As computations achieve realistic realis-
tic dimensions, executing each Paralex node as a sepa-
rate Unix process incurs a large amount of system over-
head. In the absence of shared libraries, each process
must include its own copy of the ISIS services. This,
plus the memory required to buffer each input and out-
put of a node contribute to large memory consumption.
We are working on restructuring the system to create a
single Paralex process at each host and associate sepa-
rate threads (ISIS tasks) with each node of the computa-
tion. In this manner, the library costs can be amortized
over all the nodes and buffer memory consumption can
be reduced through shared memory. Yet another limi-
tation of the current implementation is its reliance on
NFS as the repository for all executables. Obviously,
the NFS server becomes a bottleneck not only for fault
tolerance, but also for performance since it must sup-
ply the initial binary data and then act as a paging and
swapping server for a large number of hosts. A satisfac-
tory solution to this problem requires basing the storage
system on a replicated file service such as Coda [18] or
Echo [16].

Paralex provides evidence that complex parallel ap-
plications can be developed and executed on distributed
systems without having to program at unreasonably low
levels of abstraction. Many of the complexities of dis-
tributed systems such as communication, synchroniza-
tion, remote execution, heterogeneity and failures can
be made transparent automatically. Preliminary re-
sults indicate that the costs associated with this level
of transparency are completely acceptable. We were
able to obtain performances for the SAR application
that achieved maximum speedups of 2.7 and 5.0 for the
4-way and 8-way parallel versions, respectively. Given
the large amount of sequential code for reading in the
problem input and displaying the result, these figures
are probably not too far from the theoretical maximum
speedup possible. We should also note that SAR rep-
resents a “worst-case” application for Paralex since its
computation to communication ratio is very low. Most
importantly, however, the performance results have to
be kept in perspective with the ease with which the ap-
plication was developed.

Paralex is an initial attempt at tapping the enormous
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parallel computing resource that a network of work-
stations represents. Further experience is necessary to
demonstrate its effectiveness as a tool to solve real prob-
lems.
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