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1. INTRODUCTION
Typical image processing tasks require a large
amount of processing power, larger than can be
achieved by current state-of-the-art workstations. Parallel processing using distributed systems appears to be
the only solution to obtain sufficient processing power
for handling all image processing levels. In spite of the
fact that the exchange of information remains a critical
bottleneck in such applications with inherent high communication costs, the message passing paradigm has
significantly increased in popularity with the proliferation of clusters and GRID technology. It appears that
the optimization of parallel programs is as equally
demanding as the design of a parallel algorithm itself.
Communication cost depends on many factors such as
memory manipulation overheads (message preparation, message interpretation), network communication
delays, etc. Reducing this cost is vital to achieve good
performance. There are several strategies to minimize
it, for instance, by computation and communication
overlapping, network topology optimization, bandwidth increasing, reduction of number of messages
(message coalescing, caching messages), messages
pipelining, etc.
High performance of the fast Fourier transform
(FFT) and wavelet transforms is a key issue in many
image applications [1]. There have been several
attempts to parallelize and optimize FFT. For example,
an algorithm suitable for 64-processor nCUBE 3200
hypercube multicomputer was presented in [2] where a
speedup of up to 16 with 64 processors was demonstrated. The FFT implementations for hypercube multicomputers and vector multiprocessors were discussed
in [3]. A parallel FFT algorithm for 64-processor Intel
iPSC was described in [4]. Techniques for paralleliza-
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tion of the multidimensional hypercomplex FFT are
considered in [5]. The FFT implementations based on
incomplete data structures were presented in [6].
Speedup factors between 1.83 and 5.05 were archived
for shared memory computers if the size of the input N
is available. Good speedup is achieved despite the significant growth (Nlog2N) of the code size.
Nevertheless, in spite of the reduction in complexity
and time, FFT and wavelet transforms remain expensive mainly for distributed memory parallel computers
where network latency significantly affects the performance of the algorithm. In most cases, the speedup
gained by parallelization is limited due to inter-process
communication. That is why programming for distributed architectures has been somewhat restricted to regular, coarse-grained, and computation-intensive applications. FFT exploits fine grain parallelism, which
means that an improvement at the communication level
plays an extremely important role.
The aim of this work is to demonstrate that the performance benefits of incomplete information processing and partial evaluation can be brought to distributed
image processing in a high level manner that is transparent to users. To this end, partial evaluation is used
not only to remove much of the excess overhead of
sequential and shared memory parallel computation,
but also to distributed application to reduce the number
of messages when some information about the image or
part of the image is known. The work demonstrates that
good parallel speedups are attainable using MPI and
can be integrated into existing distributed environment.
1D-Fast Fourier and 2D Haar wavelet transforms’ optimization is presented.
The rest of the paper is organized as follows. In Section 2 a general description of the proposed optimization technique is presented. Partial evaluation, incomplete data structures and incomplete data structures
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software cache are described. Experimental results are
presented in Section 3. Partial evaluation of distributed
FFT and 2D Haar wavelet transform is discussed.
Finally, conclusions are described.
2. PROPOSED OPTIMIZATION TECHNIQUE
Theoretical and application results obtained in the
partial evaluation field are mostly associated with the
fundamental properties of sequential computations. In
this paper, these results are generalized and included to
distributed computations in a natural way. Distributed
incomplete data structures and distributed partial evaluation technique are designed and studied for distributed image processing optimization.
2.1. Partial Evaluation
Partial evaluation [7, 8] is an automatic program
transformation technique which allows partial execution of a program by pre-computing parts of the program that depends on known input parameter settings,
producing a residual program that depends on the rest
of the inputs. It enables the construction of specialized
program from general highly parameterized software
systems. Specialization turns a general program into an
efficient one, optimized for a specific parameter setting.
It is similar in concept to, but in several ways stronger
than, a highly optimizing compiler. It can take into
account run-time information. Specialization can be
done automatically or with human intervention. Partial
evaluation may be considered a generalization of the
conventional evaluation [9].
Adopting notations of Mogensen and Sestoft [8], p
is used for the program text, and [[p]] for the function
computed by p. Let p require two inputs, x1 and x2.
When the specific values d1 and d2 are given for the two
inputs, the program can be executed producing a result.
Let us denote by [[p]]L[d1, d2] the result of running p
with input values d1 and d2 on an L-machine. When
only one input value d1 is given, p cannot be executed,
but can be partially evaluated producing a version pd1 of
p specialized for the case x1 = d1. A partial evaluator is
a program peval, which performs partial evaluation.
Hence, given a program p and d1, it produces a residual
program pd1, with one input such that [[peval]]L [p,
d1] = pd1. It satisfies [[pd1]]T[d2] = [[p]]S[d1, d2] for all d2
or [[peval]]L[p, d1]]]T[d2] = [[p]]S[d1, d2], where L is the
language in which peval is written, S is the language of
the source program, and T is the language of the target
program.
Although simple in concept, partial evaluation has
been used in such areas as compilation, scientific computing, meta-programming, computer graphic, pattern
matching, and others [10–17].
It has been shown [18, 19] that the majority of scientific programs and, in particular, image processing
programs are static structured, that is, the programs’
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skeleton and communication patterns can be determined if the size of the problems and number of processors are known. Thus, they are highly suitable for partial evaluation. As an example, we refer to [20] where
the partial evaluation technique is incorporated in a
library of general-purpose mathematical algorithms in
order to allow automatic generation of fast, special-purpose programs from generic algorithms.
2.2. Partial Evaluation of Distributed Applications
The idea of using partial evaluation for distributed
applications has been considered in the recent past. A
partial evaluation model that distributes the work of
creating the specializations to distinct computational
agents called specialization servers is presented in [16].
Each specialization server can perform work on an
arbitrary specialization, given its static configuration.
As specialization produces more and more static configurations, it is necessary to distribute the work among
the specialization servers. In [21], the OMPI (Optimizing MPI) system that removes much of the excess overhead by employing partial evaluation and exploiting
static information of MPI calls is considered.
The important question now is would it be possible
to use partial evaluation not only to remove the excess
overhead of distributed processes as in the original
approach, but also to reduce the number of messages
between them? The answer is effectively yes. The
problem is to assess how to partially evaluate
MPI_send and MPI_receive operations. In this paper,
the representation of messages in the form of splitphase transactions such as send-a-request, receive-arequest, send-a-value, and receive-a-value are proposed that allows evaluating MPI programs partially
without losing determinacy. To support split-phase
transactions, distributed incomplete data structures are
designed (see 2.3).
Figure 1 shows the main phases of distributed programs partial evaluation. A program code and a set of
known parameters are given as an input. The output is
a residual (optimized) code. Two main steps are considered: pre-processing and message elimination.
At the preprocessing step, the MPI code is transformed to facilitate detection of static memory
accesses. The main parallelized code is replicated in
accordance with the number of processes given, constants are propagated, dead codes are eliminated, and
loops are unrolled. At the message elimination step,
static memory accesses are evaluated by inserting a
special instruction into the corresponding processes to
perform the remote request locally. After evaluation of
static memory requests, at the second step, partial evaluation of local codes is performed to complete execution of requests that have enough information.
The code size and memory consumption may be
increased while improving efficiency. However, the
same occurs with traditional partial evaluation tech-
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Residual program

1. Request evaluation
2. Request completion

Partial Evaluation

Fig. 1. General view of the optimization.

nique. The regulation of the extra code generation can
be done by restriction of unfolding, recursion depth,
and loop unrolling automatically or with human interaction during partial evaluation step.
Before going into details of experimental analysis,
the design of Incomplete data Structures (ISs) and Distributed Incomplete data Structures (D-IS) memory
systems is presented.
2.3. I-Structures
In a multiprocessor system, arbitrary (chaotic) writing and reading may occur because of parallel computations. When processors communicate, they need to
synchronize to ensure that valid data are used and to
avoid race conditions. If some required data are not
available, the processor must either wait them (using
coarse or fine grain synchronization), or switch to
another thread, and occasionally poll for the arrival of
the data or wait for an interrupt announcing the arrival
of the data.
The distributed message passing paradigm provides
many benefits for scalable parallel computations. However, one of its drawbacks is that it also allows unrestricted access to data. Its performance is bounded by
the performance of the underlying communication
interface. However, an efficient interface does not necessarily guarantee a high performance implementation.
IS
e
f 36.5
d

CV

e
e
e
Fig. 2. IS.

In the paper, to increase message passing performance, the elimination of synchronization issues, nonstrict asynchronous data access, and the reduction of
the number of messages are applied.
Incomplete data structures [22–28] provide nonstrict data access and fully asynchronous operations
that makes them highly suited for the exploitation of
fine-grain parallelism. A request for IS fetch may arrive
at an individual IS element before the corresponding IS
store completes. It facilitates asynchronous access. Values production and consumption proceed with a looser
synchronization than conventionally understood. To do
it, the run-time system should be capable of testing for
an element state. Each element maintains a presence bit
which has three possible states: full (f), empty (e), or
deferred (d), indicating whether a valid data has been
stored in the element (Fig. 2).
2.4. Distributed I-Structure Memory System (D-IS)
D-IS is a message passing communication library
that implements the functionality of ISs on the top of
MPI. Each MPI process manages a local IS memory
system arranged in a linked list (Fig. 3). Remote operations are performed using split-phase transactions
within MPI point-to-point routine calls. Exchange of
information involves a send-request, receive-value on
the requester side and receive-request, send-value on
the side of the owner of the IS. Split-phase operations
tolerate request latencies by decoupling initiators from
receivers of communication transactions [29]. D-ISs
facilitate the exploitation of parallelism while timing
sequences and determinacy issues would otherwise
complicate its detection, and regain flexibility without
losing determinacy [28, 30, 31].
D-IS permits reading an IS element even before a
value is bound to that memory location. This feature
breaks the restrictions unnecessarily imposed by
sequential systems, which demand the complete production of data before their consumption. The write
policy is a write-through one to ensure that data will be
available as soon they are produced.
D-IS is a further development of the IS memory system. As D-IS runs on the top of MPI, it has most of MPI
features such as portability and efficiency on different
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Fig. 3. D-IS and D-ISSC.

architectures. The D-IS memory system has been tested
on NUMA S2MP ORIGIN 2000 supercomputer and
Pentium IV cluster. However, the overhead of D-IS
management becomes its major drawback [26].
Several efforts related to the optimization of IS
memory systems using a caching mechanism (IS Software Cache, ISSC) have been proposed [29, 30, 32, 37].
In order to extend this mechanism for distributed
address space, Distributed IS Software Cache (D-ISSC)
is designed. It is a further development of the ISSC system. D-ISSC takes advantage of spatial and temporal
localities without hardware support. The spatial data
locality refers to the situation when, due to the long
latency and unpredictable characteristics of a network,
a second remote access to the data elements in the same
data block (cache line) may be issued while the first
request is still pending. The temporal data exploitation
refers to the reuse of data which are already in the
cache. Due to the inherent cache coherence feature of
D-ISs, no cache coherence problem exists. This significantly reduces the overhead of the cache system functionality. D-ISSC works as an interface between user
applications and network and is implemented as an
extension of the MPI library. It makes the cache system
portable and provides non-blocking communication
facilities.
Distributed programs where parallel control structure is determined by the size of the problem (dataindependent programs) as well as by the number of parallel processes can be partially evaluated even if the
data bindings of the input are not performed. The
MPI_Send (send-a-request) instruction can be executed
because the data decomposition and data localization
are available.
By using IS, the receive-a-request transaction can
also be evaluated. The owner of the value executes the
MPI_Receive instruction, checks the status of the corresponding element, and, if it is available, sends a value
back to the requester by the MPI_Send instruction.
Otherwise, it stores the request as a deferred read to this
D-IS element. Hence, the residual program includes
only send-a-value and received-a-value operations.
PATTERN RECOGNITION AND IMAGE ANALYSIS

Later, when a value of the element is produced and
written, the owner of the element finds out the list of
pending reads (continuation vectors) and sends a value
to the requestors by executing MPI_Send instructions.
A
receive-a-value
transaction
executes
an
MPI_Receive instruction and writes the value to the
local memory of a requester. Hence, the residual program may be evaluated completely.
It is important to mention that the residual program
may be executed as many times as needed with different input data. It is expected to be faster than the original program.
3. EXPERIMENTAL RESULTS
In this section, designed distributed incomplete data
structures and partial evaluation technique applied to
distributed applications optimization are studied. Performance evaluations of the MPI FFT and the 2D Haar
wavelet transform are presented.
3.1. FFT
In this section, performance evaluation of the MPI
FFT algorithm with 2048 double precision complex
data on an SGI ORIGIN2000 with 8 MIPS R10000 processors running at 195MHz, 1280MB of main memory,
and a network bandwidth of 800 MBs/sec is discussed.
Six different implementations have been compared:
(1) FFT. It is the basic implementation with MPI.
(2) FFT-Residual. This program differs from FFT in
that all send-a-request and receive-a-request transactions are performed at the partial evaluation step.
Hence, they are not included in the residual program.
Each IS element has a vector of deferred reads. The
residual program includes operations to bind elements,
complete pending requests, and execute send-a-value
and receive-a-value transactions.
(3) FFT-DIS. Remote requests are managed by the
D-IS memory system.
(4) FFT-DIS-Residual. A residual program differs
from the original FFT-DIS program in that all requests
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Number of messages varying the number of processors
Cache
line

MPI programs
FFT

2
PEs

4
PEs

8
PEs

16.384 40.960 81.920

FFT-Residual

8.192 20.480 40.960

FFT-DIS

16.384 40.960 81.920

FFT-DIS Residual

8.192 20.480 40.960

FFT-DISSC

CL = 1 16.384 40.960 81.920

FFT-DISSC-Residual
FFT-DISSC

8.192 20.480 40.960
CL = 4

FFT-DISSC-Residual
FFT-DISSC

CL = 8

FFT-DISSC-Residual

4.096 10.240 20.480
2.048

5.120 10.240

2.048

5.120 10.240

1.024

2.560

5.120

Speedup

for D-IS data items, local or remote, and receive-arequest operations are performed during the partial
evaluation step.
(5) FFT-DISSC. The D-ISSC system is used.
(6) FFT-DISSC-Residual. Each element of the D-IS
has a vector of deferred reads. The residual program
only binds elements, completes pending requests, and
executes send-a-value and receive-a-value transactions.
To support a cache line (CL) mechanism, the vector has
one extra element which counts how many elements in
a requested cache line have been produced.
Table 1 shows the number of messages varying
numbers of processors. It may be seen that D-ISSC
does not reduce the number of messages when a single
D-IS data item is cached (CL = 1). With caching 4 and
8 D-IS data items, the reduction of messages obtained
by FFT-DISSC is 4 and 8, respectively. This shows that
the FFT algorithm has no significant temporal data
locality; hence, no re-use of data is optimized by the
cache. Only spatial locality is exploited by the cache
line support. Table 1 shows how D-ISSC contributes to
the messages reduction. Increasing the size of the cache
line proportionally decreases the number of messages,
for example, the total reduction in the FFT-DISSC–

5
4
3
2
1
0

FFT
FFT-DISSC (CB = 1)
FFT-DISSC (CB = 8)

1 PE

2 PEs

FFT-DIS
FFT-DISSC (CB = 4)

4 PEs

8 PEs

Fig. 4. Speedup of FFT, FFT-DIS and FFT-DISSC (with
cache line sizes 1, 4 and 8) varying number of PEs.

Residual (CL = 8) is 16 times comparing with the FFT.
In the residual programs, the number of messages is
reduced by a factor of two as compared to the original
ones, irrespective of the number of PE. MPI-send messages corresponded to the data requests are eliminated.
It is important to note that the messages reduction
diminishes not only the program execution time, but
also improves the computer system behavior by reducing the saturation of the communication system.
Figure 4 shows the speedup varying numbers of
PEs. FFT-DIS has the lower speedup than FFT due to
the D-ISs management overhead. FFT-DISSC with
CL = 1 has a lower speedup than FFT-DIS because of
extra overhead and the lack of temporal data locality.
Nevertheless, the spatial data locality exploited by the
D-ISSC mechanism contributes to the speedup of the
FFT program. For instance, for 8 PEs, the speedups are
from 1.19 to 4.39 varying CL from 1 to 8.
Figure 5 presents the relative time reduction of FFTDIS and FFT-DISSC, with different cache line (cache
block) sizes over the original FFT program, varying the
number of PEs. FFT-DIS and FFT-DISSC with CL = 1
are not faster than FFT. The speedup is increased when
CL = 4, and 8. For PEs = 8, FFT-DISSC has a relative
time reduction of 1.46 and 2.01, respectively. The time
reduction is higher than the overhead of D-ISs and DISSC management.
The degree of parallelizability of the residual programs is presented in Fig. 6. It shows the speedups of
the residual programs varying number of PEs. It shows
that the speedup of FFT-Residual, and FFT-DIS-Residual is relatively small, between 2 and 3 for 8 PEs. For
the same number of PEs, the speedup of FFT-DISSCResidual is increased from 2.1 to 5.35 varying CL from
1 to 8.
To evaluate the impact of partial evaluation on the
o
performance, a time optimization coefficient S p =
o

TO/TR is calculated. S p is the ratio of the execution time
TO taken by the original program over the time TR taken
o

by the residual one. Figure 7 shows the S p for the
benchmark program with and without cache system
versus the number of processors. FFT-Residual is 20–
50% faster (depending on the number of PEs) than FFT.

Time reduction
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2.5
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1.5
1.0
0.5
0

FFT-DIS
FFT-DISSC (CB = 4)

1 PE

2 PEs

FFT-DISSC (CB = 1)
FFT-DISSC (CB = 8)

4 PEs

8 PEs

Fig. 5. Time reduction of FFT-DIS and FFT-DISSC (with
cache line sizes 1, 4 and 8) over FFT, varying the number of
PEs.
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3.2. 2D Haar Wavelet Transform
In this section, experimental evaluation of the 2D
Haar wavelet transform (2D-HWT) applied to a 1024 ×
1024 image is presented. Four dual-Pentium IV PC
cluster with 10/100 Fast Ethernet point-to-point interconnection, and 512 MB of each node memory is used.
The Haar wavelet transform is the first known wavelet, proposed by Alfred Haar in 1909 [34]. It is also the
simplest wavelet. As opposed to the functions sine and
cosine used in Fourier transforms, a wavelet not only
has locality in the frequency domain, but also in the
time or spatial domain. The algorithm produces an output containing the average of the original image
together with the detail information of the image. In
studied implementation, collective communications,
cache mechanism, message coalescing, data locality
exploitation, or other program tune-ups are not used.
These restrictions are set to observe how much gain can
be obtained by the partial evaluation technique.
In the benchmark program, different percentage of
the known input image is assumed. This assumption is
reasonable in digital image processing where images
may contain a constant background or fixed objects. In
the experiments, the 2D-HWT with D-IS memory system is studied.
Evaluation results are presented for different percentages of static (known) image, network latencies,
and number of processing elements (PEs). Let:
D-IS be the original MPI program without optimization;
D-IS(k) be the optimized program when k percent of
the image is known. If k = 0, partial evaluation still can
be performed because the data requests can be evaluated when the image size is provided.
Figure 8 shows the number of messages in the optimized and non-optimized programs varying the number of PEs. Comparing D-IS and D-IS(0), we can see
that half of the messages is eliminated by setting the
image size and the number of processing elements.
Under available information, the memory requests can
be evaluated completely even without knowledge of the
image. The other half of messages required the value of
the pixels, so they are kept in the residual program. The
number of messages is reduced when the number of
PEs increased due to data locality. Comparing D-IS(0),
D-IS(5) and D-IS(20) in Fig. 8; it can be seen that a certain part of data requests can be answered, thereby
eliminating send-a-value messages.
The reduction of the ratio between the number of
messages sent by the D-IS program over the number of
PATTERN RECOGNITION AND IMAGE ANALYSIS
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Fig. 6. Speedup of FFT-Residual, FFT-DIS-Residual, and
FFT-DISSC-Residual (with cache line sizes 1, 4 and 8) for
different number of PEs.

Sop

FFT-DIS-Residual is about 70% faster than the original
FFT-DIS program. The time reduction of FFT-DISSCResidual program is slightly higher. It is about 90%
when CL = 1 and 46% for CL = 8. Increasing the CL
reduces the number of messages and, hence, fewer
messages are removed by partial evaluation.

Speedup
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Fig. 7. Sop for FFT with and without cache system varying
the number of PEs.
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Fig. 10. Execution time reduction rate varying the number
of PEs, k and the interconnection network speed (a) twice
faster (b) original and (c) twice slower network speeds.

messages sent by the D-IS(k) programs is presented in
Fig. 9. As may be seen, this ratio is at least 2 and
increases when the part of the image is known. This
tendency is kept for 2, 4, and 8 PEs.
Figure 10 shows the execution time reduction of the
D-IS program varying the percentage of constant information, number of PEs, and the interconnection network latency. Execution time reduction rate is the ratio
of D-IS execution time over D-IS(p) execution time.
The impact of the partial evaluation with different interconnection network latencies is observed. In Fig. 10a,
the interconnection network is twice faster than network in Fig. 10b and four times faster than in Fig. 10c.
The reduction rate is higher when the interconnection
network is slower. It means that the proposed technique
makes single assignment memory system more robust
and latency tolerant. The optimization gain is not
observed for one PE. It proofs that the main contribution is based on the reduction of remote memory operations instead of local memory operations. An increment of the reduction ratio is observed when k is
increased from 0 to 20 due to eliminating a part of senda-value messages. It is small because the processing of
those messages is less time-consuming compared with
send-a-request and receive-a-request messages. The

0

1 PE

2 PEs

4 PEs

8 PEs

Fig. 11. Speedup of D-IS, D-IS(0), D-IS(5), D-1S(20) programs with different numbers of PEs. We present data for
(a) twice faster (b) original and (c) twice slower interconnection network.

optimization gain is reduced when the number of PEs is
increased. This is due to the data distribution between
PEs. When more PEs are added, more messages are
required to exchange information.
Figure 11 shows the speedup obtained by 2D-HWT
increasing the number of PEs and varying the interconnection network speed by a factor of two. Figures 11a,
11b, and 11c show that D-IS have a speedup below one
for all networks, so it is slower than its sequential counterpart. This is due to the time consuming messages
exchange. However, with the introduction of more PEs,
the program begins speeding up. When the interconnection network is fast enough, the speedup becomes
higher than one (see Fig. 11a D-IS with 8 PEs). However, when the partial evaluation is applied to D-IS(0),
we note a positive speedup. This tendency is also valid
for D-IS(5) and D-IS(20). In these cases, the overhead
introduced by the management of I-Structures and the
communication times can be hided by partial evaluation producing a faster optimized code.
4. CONCLUSIONS
In this paper, we have proposed approaches to distributed image processing optimization based on
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incomplete data structures and partial evaluation.
Experimental results of Fast Fourier and Haar wavelet
transforms are presented. It is demonstrated that the
performance benefits of incomplete information processing can be brought to distributed image processing
in a high level manner that is transparent to users. FFT
and 2D-HWT MPI programs based on D-IS and DISSC take advantage of spatial and temporal data localities with optimized asynchronous memory accesses.
The split-phase memory access scheme of MPI and DISs allows not only long communication latencies overlapping with useful computations, but also lifting the
main restriction which conventional (and sequential)
computation implies: complete production of data
before their consumption. Our D-ISSC provides a software caching mechanism to further reduce the communication latency by caching the split-phase transactions, so that the system would combine the benefits of
both latency tolerance and latency reduction together.
Although the management of D-IS has a cost, the
D-ISSC overcomes this cost and improves the programs performance by eliminating messages. Experimental results show the good speedup of partially evaluated MPI programs and confirm that our concept of
distributed image processing optimization is beneficial.
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