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Figure 9: Comparison of the simple indirect algorithm and the proposed algorithm

application, the application can be divided into several stages and the compu-
tational requirements of the stages vary. Thus, in each stage, different number
of processors are used. The M-to-N communication algorithm is used be-
tween any two consecutive stages. Such processing arises in applications such

as ATR, SAR, STAP, and Sonar.
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the second group, respectively. The previous algorithm needed M N commu-
nication steps. By using the proposed algorithms, the number of processors
required to perform 1K x 1K FFT was reduced by up to 50%. The maximum
data size that could be processed was also increased by using our algorithm.
The proposed M-to-N communication algorithms can be used in appli-
cations that have heterogeneous computational characteristics. In such an
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Figure 8: Minimum number of processors needed for FFT

12



shows that the proposed communication algorithm reduces the communication
time significantly. The reduced communication time is mainly due to the
reduction in the startup time.
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Figure 7: Communication time for processing 1K X 1K data

In addition to the SAR implementation, 2D FFT was also implemented.
Each data sample was 4 bytes in this implementation. The results are shown
in Figure 8.

A comparison of the performance of the previous and the proposed al-
gorithms for M-to-N communication is shown. In Figure 9, simple indi-
rect algorithm and the proposed algorithm are compared and in Table 2, the
MPI_Alltoall and MPI_Scatter primitives and the proposed algorithm are com-
pared.

Table 2: Comparison of the performance of the MPI primitives and the proposed algorithm
on SP2

| Data size | Proposed algorithm | MPI_Alltoall | MPI_Scatter |
4 Bytes 0.43 msec 0.75 msec 1.21 msec
4 KBytes 23.1 msec 44.5 msec 78.8 msec

6 Conclusion

In this paper, we implemented the SAR processing based on MITRE bench-
mark guidelines on the SP2 and the T3D. The implementation used software
task pipeline which consisted of two groups of processors. Using our communi-
cation algorithms, the number of communication steps was reduced to as low
as lg(M 4+ N), where M and N are the number of processors in the first and
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Figure 5: Minimum number of processors needed for SAR processing on SP2

algorithm is the increased maximum data size that can be processed to meet
the specified real time constraint. For example, when the data size is 2K x
2K, 1t was not possible to process it in 1 sec using the previous straightforward
algorithm on the SP2 (see Figure 5 (a)). Using the earlier straightforward
approach, when the number of processors is small, the data transfer time is
longer than 1 sec, and when the number of processors is large, the total startup
time is longer than 1 sec. Thus, in any case, the data could not be processed.

To analyze the communication time, it was measured separately. Figure 7
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Figure 6: Minimum number of processors needed for SAR processing on T3D
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Figure 4: An example of All-to-All communication (M = 27, k=3, and n=3)

The experiments were performed on the IBM SP2 at the Maui High Perfor-
mance Computing Center(MHPCC) and on the Cray T3D at the San Diego Su-
percomputer Center(SDSC). The communication routines were implemented
using the Message Passing Interface (MPI) standard. The image sizes used in
the experiments were 8 K(azimuth)x 1 K(range) and 8K x8K. Since one byte was
used to represent each pixel, the total data transferred between the processors
was 8MB and 64MB, respectively. The time for performing the FDC and the
time for communication were measured. Based on the MITRE benchmark eval-
uation guidelines®, the programs were executed 1000 times and the maximum
execution time was used. The MITRE benchmark evaluation guidelines were
designed to provide a methodology to assess the performance of HPC platforms
for real-time embedded applications®. These use the design-to-specification
methodology. In this method, both the timing and the functional specifications
are given. The minimum size of a machine that can process a given problem is
determined. Our experiments were performed based on the timing specification
for real-time FFT. The specification consists of two cases as follows.

Case 1: Period = latency = 1 second.

Case 2: Period = 1 second, no restriction on latency.

The period is the time interval between successive input matrices to the
machine. The latency is the elapsed time between the data input to the ma-
chine and the corresponding output.

Figure 5 and Figure 6 show the minimum number of processors needed to
perform SAR processing for the above two cases. The results show that the
proposed algorithm reduces the required number of processors by up to 50%.
The reduction is possible due to the reduced communication time using the
proposed algorithm. Another advantage of SAR processing using the proposed
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Figure 3: An illustration of the scheduling of the first stage in the i-th (0 < ¢ < M — 1)
subgroup when N/M =7

In the second stage, an all-to-all communication is performed. A destina-
tion processor P; j(i=0,1,..,.M —1,j=1,..., N/M) needs to exchange data
among Py ;(0 <k < M — 1,k # j) using an all-to-all communication.

A general algorithm for the second stage is described here. The processors
are arranged in a k-ary n-cube, 2 < k < M and n = [lg; M]. The number
of communication steps and the total communication time 1s determined by
setting k. The communicationschedule is performed in n(k—1) steps as follows:
In the s-th (s = 0,1,...,n(k — 1) — 1) step, a processor P;;(0 < i < M —
1, 1 S _] S N/M) sends data to P(i-l—km(s mod (k—1))) mod km+14[i/km+1|pm+1 5.
The amount of data transferred by each processor is M B/k. Thus, the total
communication time is n(k — 1)Ts + (Mn(k — 1)B/k)r4. An example of the
schedule is shown in Figure 4, where £ = 3 and n = 3.

5 Experimental Results

The SAR signal processing was implemented using a FFT library and the
proposed communication algorithms. In our implementation, the processors
are partitioned into two groups: one group consisting of M processors performs
FDC in the row dimension, and the other consisting of N processors performs
FDC in the column dimension. The proposed algorithm using n=2 was used
for corner turn between the two groups. For the sake of comparison, the
SAR signal processing was also implemented using a straightforward serial
communication algorithm for corner turn.
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example of this case is performing a permutation of data. During T + m7y
time, the sending processor is busy handling the communication. However,
if there is a communication coprocessor and nonblocking send is used, the
sending processor has to spend only the startup time to activate the commu-
nication coprocessor. After this initial startup time, the processor is free and
can continue its computations, while the actual transfer of messages is handled
by the communication coprocessor. Such a model has been used for algorithm
design on distributed memory parallel systems. It has been called the General
Purpose Distributed Memory(GDM) model. Similar models have been used
by others %2,

Our proposed general algorithm consists of two stages. Without loss of
generality, we assume that M < N. If M > N, the roles of senders and
receivers in the following algorithms are reversed. If M = N, it becomes All-
to-All communication. In the first stage, we assume that N/M + 1 = 27 for
simplicity, where ¢ is a positive integer. The N destination processors are
partitioned into M subgroups. Let the source processor in the g-th subgroup
(9=0,1, ..., M-1) be denoted as P, . Let the i-th destination processor in
the g-th group be denoted as P, ;(i = 1,2,...,N/M). Let C(4,4,k)(0 < i <
M-10<j<M-11<k < N/M) be the data block from P; o to be
sent to Pjz. Let B = D/MN, where D is the total amount of data to be
communicated.

Initially, the data is rearranged which is performed only once at the source
processors to avoid data rearrangement during the communication. After the
rearrangement, the data in the source processor F; g is redistributed to destina-
tion processors P; 1(1 < k < N/M) in lg(N/M +1) steps as follows (see Figure
3). In the s-th step, s = 0,1,....,1g(N/M + 1) — 1, there are 2° processors
that can initiate the send operation in each subgroup. In the i-th subgroup,
2* processors P;; (j = 0,1,...2° — 1) send data C(i, 9,5 + 2°F1(1 + 2k))(g =
0,1,... M =1,k =0,1,....,(N/M + 1)/25t1 — 1) to P; j4os+1. In Figure 3, an
example communication schedule and the corresponding data movement are
shown. In this figure, the number within a box represents the destination
processor of a data block. After the s-th step, the number of processors that
would have received the data is 2°+1. These processors can initiate a send op-
eration in the next step. After lg(N/M + 1) steps, in each subgroup, the data
in the source processor will be distributed to all the destination processors in
the group.

The communication time of the s-th step is Ty + B(N/M + 1)74/(2°+1)
using the GDM model. Therefore, the total communication time T,ppm for
the first stage is:



be performed sequentially. A comparison of the performance of these methods
and our proposed algorithm is presented in Section 5.

Another algorithm for M-to-N communication is a simple indirect algo-
rithm. In this algorithm, N destination processors are partitioned into [N/M]
groups. In the s step, s =0, 1,...,[N/M]—1, M source processors send data
to M destination processors in the s*® group. After the destination processors
receive the data, the processors perform an all-to-all communication among
the processors in their group. The drawback of this algorithm is that the
available network and processors are not fully used because only a few groups
are involved in the communication. A comparison of the performance of this
algorithm and our proposed algorithm is shown in Section 5.

Another method is a straightforward serial communication method re-
ported in *. During the s'* step (s = 0,..., MN — 1), the ([s/M])*" source
processor sends its (s mod M) block to the (s mod N)* destination pro-
cessor. In this algorithm, the number of communication steps is M N. This
method is easy to program and there is no node and link contention. It uses
very little available network bandwidth since only one path from a proces-
sor to another is used during each communication step. This results in large
communication time.

4 Proposed Communication Algorithms

In this section, we first introduce the General-purpose Distributed Memory
(GDM) model *®. Then, we propose a general efficient algorithm for M-to-N
communication using this model. Using our communication algorithms, the
required number of processors can be reduced by as much as 50% in a SAR
benchmark implementation. Also, our algorithm is suitable for using a soft-
ware task pipeline which is an efficient architecture to obtain high throughput
performance for signal processing applications.

An important component of our approach is the use of a realistic compu-
tational model of HPC platforms. It allows us to analyze the computation and
communication overheads. The communication operation in such a system
can be modeled using two parameters. One is the startup time which occurs
in every message transfer. This includes the software and the communication
protocol processing overheads. The other is the unit transmission ttme which
is the cost of transferring a message of unit length through the network. Let T
denote the startup time and 74 denote the unit data transmission time. Then,
the time for sending a message containing m units of data from a processor to
another i1s modeled as T; + m7y. This corresponds to the case when “block-
ing” send is used and no special hardware for communication is available. An
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limited scalability. Since the size of a block must be larger than the size of the
filter, the maximum number of processors is limited by the ratio of the data
size to the filter size.

In the second case ', there are two stages of computation. After each
processor performs FDC in range dimension in the first stage, all of the data
is redistributed among all the processors to perform the FDC in azimuth di-
mension. After the first stage, the data in a processor is partitioned into M
blocks, where M is the number of processors. During step s, 0 < s < M — 1,
processor j sends a data block to processor ((j @ s) mod M), where @ repre-
sents the binary exclusive-OR operation. The number of communication steps
is M — 1. A completely connected topology is assumed. This algorithm gives
good performance for all-to-all communication. However, the algorithm is not
suitable for communication between adjacent stages in a software task pipeline
in which adjacent stages have different number of processors.

In the third case, a software task pipeline 1s used. The processors are
partitioned into two groups. One group consisting of M processors performs
the FDC in range dimension, and the other consisting of N processors performs
the FDC in column dimension. Since computational requirement for each
group is different, the number of processors assigned to each group is different.
Thus, in general, M # N. The data in a processor in the first group is
partitioned into N blocks, and each data block is sent to a different processor
in the second group. Therefore, M-to-N communication is required between
the two stages.

A simple method for M-to-N communication is to use the all-to-all com-
munication primitive on M + N nodes supplied by an MPI library 7. This
method is easy to program. However, the all-to-all primitive requires each of
the processors to send the same amount of data to each destination processor.
Thus, the destination processors need to send dummy data which results in low
utilization of bandwidth. Another method is to use MPI Scatter primitive. M
scatter groups are constructed; in the i** group, the i'* source processor and N
destination processors are included. Then, in each group, a scatter operation
is performed. The drawback of method is that all the scatter operations must
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Figure 1: Block diagram of SAR signal processing
Table 1: Typical parameters of SAR signal processing

Parameter | Typical Value |
Number of range samples 6840
Number of azimuth samples 4096
Block size 8192 x 8192
Data rate 11.27 M samples/sec
Computational requirement(azimuth) 3.28GFLOPS
Computational requirement(range) 1.83GFLOPS
Total computational requirement 5.11GFLOPS

The number of samples in range dimension is fixed by parameters such as the
pulse dispersion angle and the pulse incident angle to the ground. However,
the number of samples in the azimuth dimension depends on the scanning time.
Thus, the number of samples in the azimuth dimension can be arbitrarily long.

3 Previous Research

SAR processing consists of three main stages; range dimension FDC, corner
turn, and azimuth dimension FDC. Based on how the input data is parti-
tioned, parallel implementation of SAR processing can be classified into three
categories. Each of them is briefly explained in the following.

In the first case, the data is partitioned into N overlapped blocks as shown
in Figure 2. The boundary data of a block overlaps with up to four adjacent
blocks. Each block is assigned to a processor which performs FDC using given
filter coefficients. The overlapped region between adjacent blocks is sufficiently
large so that no communication is required during the FDC computation. This
method is efficient in terms of communication because 1t minimizes the com-
munication cost during the computation. A disadvantage of this algorithm is
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nication is also shown. In this algorithm, the number of communication steps
is [lg(N/M + 1)] + n(k — 1), where & > 2, n = [lg, M|. As an example,
if M = 16 and N = 48, the number of steps in the proposed algorithm is 6
whereas a serial communication algorithm takes 768 steps.

Our implementation was performed on the IBM SP2 and the Cray T3D us-
ing C and the Message Passing Interface (MPT) standard. The processing times
were measured using the MITRE real-time benchmark evaluation guidelines®.
Our implementation results shows that the required number of processors for
a SAR benchmark was reduced by 50%. The reduction was possible due to the
reduced communication time using the proposed algorithm. Also, the maxi-
mum data size that can be processed under a given throughput and latency
constraints was increased.

The organization of this paper is as follows: The SAR model and its compu-
tational requirements are described in Section 2. Previous work in parallelizing
SAR is discussed in Section 3. Section 4 describes the proposed communication
algorithms. The analyses of the previous and the proposed algorithms are also
presented here. Experimental results are presented in Section 5. Concluding
remarks are made in Section 6.

2 The SAR Model and its Computational Requirements

In this section, we briefly explain the principles of SAR and the key signal
processing operations to be performed?.

A vehicle carrying the antenna moves along the azimuth direction at a con-
stant speed. A pulse is transmitted in the range direction. The echoed signal
received by the antenna is sampled and stored. The sampled data correspond
to a range value. Then, a new pulse is transmitted to obtain new range data.
The new pulse corresponds to the next azimuth value. Therefore, the collected
data is two dimensional data along the range and the azimuth dimensions.

A single point target appears in many samples in the SAR raw data. There-
fore, the signals spread over many samples should be collected to one point.
This can be accomplished by two-dimensional convolution. The convolution
can be performed efficiently by Frequency Domain Convolution (FDC). The
FDC consists of three parts: FFT of data set, multiplication of the transformed
data and transformed filter coefficients , and Inverse FFT (IFFT) of the result
of multiplication.

The basic SAR signal processing sequence is shown in Figure 1. The pre-
processing, postprocessing and other steps that require relatively small amount
of computations are not shown in this sequence.

The typical parameters of SAR signal processing are shown in Table 13,
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send and receive data. The overhead incurred for the initial setup to perform
the communication is called startup time and the data transmission overhead
is called data transfer time. Therefore, the time for point-to-point communi-
cation when there 1s no contention in the network can be modeled as T + D74,
where Ty is startup time, 74 is data transfer time per byte, and D is the amount
of data transferred in bytes '®. T is usually much larger than 7;'%.

SAR implementations can be classified into three cases based on how the
input data is partitioned. In the first case, the SAR image data 1s partitioned
into N blocks in chessboard style, where N 1s the number of processors. Each
block is assigned to a distinct processor which performs the SAR processing.

In the second case, the SAR image data is first partitioned into N nonover-
lapped horizontal strips. Each data strip has Y/N rows, where Y is the number
of samples in a column. Each data strip is assigned to one of N processors
which performs FDC in row dimension. Then, each horizontal data strip is
partitioned into N blocks. The size of each block is Y/N x X/N, where X is
the number of samples in a row. Each block in a processor is sent to a distinct
processor for subsequent processing. Therefore, All-to-All communication is
needed.

In the third case, there are two groups of processors; one group consisting
of M processors performs the FDC in row dimension, and the other consist-
ing of N processors performs the FDC in column dimension. The data in a
processor in the first group are partitioned into N blocks, and each of them
is sent to a distinct processor in the second group. Thus, there are M source
processors and N destination processors. Therefore, M-to-N communication
is required between the two groups. A straightforward serial communication
algorithm was reported in *. The number of communication steps was M N.
Note that using the MPI all-to-all communication primitive is not efficient for
this communication.

The M-to-N communication pattern is also required for implementing an
application that consists of several stages and the computational requirements
of the stages vary. In such an application, the processing can be performed
on a software task pipeline. The software task pipeline consists of several
stages, and each stage has a different number of processors. Therefore, M-
to-N communication is required between any two consecutive stages. Such
processing arises in applications such as Automatic Target Recognition (ATR),
SAR, Space-Time Adaptive Processing (STAP), and Sonar.

The third case discussed above offers an i1deal environment for implement-
ing many high throughput signal processing applications including SAR. We
present an efficient SAR implementation on HPC platforms to obtain high
throughput performance. An efficient general algorithm for M-to-N commu-
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In this paper, we show high throughput implementation of SAR on High Perfor-
mance Computing (HPC) platforms. In our implementation, the processors are
divided into two groups of size M and N. The first group consisting of M pro-
cessors computes the FDC (Frequency Domain Convolution) in range dimension,
and the second group of N processors computes the FDC in azimuth dimension.
M and N are determined by the computational requirements of FDC in range and
azimuth dimensions respectively. The key contribution of this paper is in the devel-
opment of a general high-throughput AM-to-N communication algorithm. M-to-N
communication algorithm is a basic communication primitive used in many signal
processing applications when a software task pipeline is employed to obtain high
throughput performance. Our algorithm reduces the number of communication
steps to 1g(N/M + 1) 4+ n(k — 1), where k£ > 2 and n = [lg; M. Implementation
results on the IBM SP2 and the Cray T3D based on the MITRE real-time bench-
marks are presented. The results show that, given an image of size 1K x 1K, the
minimum number of processors required for processing the SAR benchmarks can
be reduced by 50% by using the proposed communication algorithm.

1 Introduction

Synthetic Aperture Radar(SAR) is a radar system which produces high reso-
lution images using signal processing techniques®. SAR signal processing has
been implemented on special purpose architectures'®1% and on HPC platforms
1,4,8,10,11,12 Due to the high cost of the special purpose SAR processors, HPC
platforms are becoming popular for SAR processing. The most time-consuming
task in performing SAR signal processing is Frequency Domain Convolution
(FDC). Thus, an efficient implementation of FDC is needed.

Another major problem in performing SAR signal processing on High Per-
formance Computing (HPC) platforms is the cost of communication; partially
processed data should be moved between processors for subsequent processing.
To send data from a processor to another in a message passing environment,
the two processors first need to set up a communication channel, and then
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