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Abstract 

Embedded signal processing systems have tradition- 
ally been built using custom VLSI to meet real-tame 
requirements. This leads to limited programmability 
and restricted flexibility. With recent technological ad- 
vances in high performance computing, scalable sys- 
tems based on heterogeneous “off the shelf” modules 
are attractive as computing platforms an real-time em- 
bedded environments, leading to an emerging class of 
Scalable Heterogeneous High Performance Embedded 
(SHHiPE) systems. These systems offer advantages 
of low-cost, scalability, easy programmability, soft- 
ware portability, and the ability to incorporate evolv- 
ing hardware technology. In order to satisfy the tim- 
ing and predictability requirements that arise in em- 
bedded environments, several issues must be consid- 
ered. These issues arise at the hardware level - such 
as choice of processing element architecture, and also 
a t  the software level - issues related to operating sys- 
tem and communication libraries. We propose an in- 
tegrated methodology to develop eficient parallel solu- 
tions for signal processing applications on the SHHiPE 
platforms. Our approach is to develop scalable portable 
algorithms based on accurate computational models of 
the hardware platforms. We present preliminary per- 
formance results of such an approach applied to a 
Radar signal processing problem. 

*The implementations were performed on the SP-2 a t  the 
Maui High Performance Computing Center. This research is 
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terial Command, USAF, under cooperative agreement number 
F29601-93-2-0001. 

t Student author supported by a scholarship from Hyundai 
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1 Introduction 
Embedded systems in real-time environments have 

traditionally been based on custom VLSI. Exam- 
ples include single-board computers(SBCs) , custom- 
built boards, and attached processors in Radar, Sonar 
and other signal processing applications. Although 
these systems satisfy embedded system requirements 
of small size, light weight, etc., the flexibility offered 
by them is highly restricted. Timing requirements are 
incorporated into the hardware design phase, and crit- 
ical regions of software are programmed using a low- 
level language. Hence, porting solutions across differ- 
ent application environments often requires significant 
design modifications. Further, the application-specific 
nature of the developed hardware leads to higher over- 
all system costs. 

From the application perspective, the demand for 
system flexibility and higher computing power points 
to a different approach to embedded system design. 
The signal processing area has evolved significantly in 
recent years. New theories have been developed in 
statistical modeling, estimation methods, transforma- 
tion theory, among others. Many Radar applications 
such as Space Time Adaptive Processing (STAP) re- 
quire performance levels of teraflops [2O]. Currently, 
SBCs and other custom VLSI based embedded sys- 
tems do not provide adequate processing power to per- 
form these computations in real-time. 

Recent advances in microsystems research are mak- 
ing it extremely attractive to utilize Commercial-Off- 
The-Shelf(C0TS) components in embedded systems 
[2]. Currently, commercial High Performance Com- 
puting(HPC) systems are developed by integrating 
COTS processor and interconnect components in a 
‘plug-and-play ’ fashion. Most COTS processors of- 
fer over 1 Gops and 400 MFlops performance. For 
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message transfer between the processors, the typical 
startup times are in the range of tens of p e c  and the 
transfer time is in the range of a few hundredths of 
a pseclbyte. With advanced implementation and sys- 
tems packaging technologies, it is feasible to manufac- 
ture low power, light weight, and small sized versions 
of these components for embedded systems. Embed- 
ded systems can easily be designed using these com- 
ponents as building blocks. We refer to such systems 
as Scalable Heterogeneous High Performance Embed- 
ded(SHHiPE) systems. 

SHHiPE systems have a similar high level archi- 
tecture consisting of three main components: (a)A 
heterogeneous collection of computing nodes, 
each consisting of COTS processors (DSPs, general 
purpose processors) and local memory, (b) An in- 
telligent network interface consisting of processors 
and support circuitry that performs message handling 
and DMA access to the local memory, and (c) A low 
latency high bandwidth message passing net- 
work. 

In comparison with the custom VLSI based sys- 
tems, SHHiPE systems offer advantages of architec- 
tural flexibility, software programmability, and porta- 
bility. Systems can be easily scaled in size and mod- 
ified in architecture to suit application requirements. 
Algorithms can be specified using high level program- 
ming languages. This feature allows for easy and ar- 
chitecture independent programming. New algorithms 
can also be incorporated into the design relatively eas- 
ily. This leads to increased system life-cycle time, and 
thereby lower equipment costs. Figure 1 compares the 
key features of custom VLSI and SHHiPE technolo- 
gies. 

Currently, there are many development efforts di- 
rected towards building prototype SHHiPE systems. 
Figure 2 shows a typical system. An example is Martin 
Marietta (Lockheed Martin) Labs’ High Performance 
Scalable Computing System (HPSCS) [6]. These sys- 
tems provide features such as low latency messaging, 
support for user defined communication primitives, 
and support for light weight protocols. These fea- 
tures enable efficient implementation of message pass- 
ing standards such as MPI [ll]. These systems also 
provide hardware support for asynchronous commu- 
nication, techniques to hide network latency, support 
for integrating message passing with shared memory, 
and for distributed computation using object oriented 
languages [6]. 

In our opinion, the SHHiPE systems signify a 
shift in the design methodology of embedded systems. 
With the ready availability of COTS components, the 

Figure 1: 
and SHHiPE technologies 

Comparison between custom VLSI 

hardware design phase is considerably simplified, in 
comparison with the custom VLSI approach. Instead, 
the emphasis is on development of efficient software. 
Scalable and portable algorithms are a critical com- 
ponent in achieving real-time performance on these 
systems. Scalable algorithms can realize increasing 
speed-ups as larger systems are utilized. Therefore, 
real-time performance requirements can be met by 
suitably scaling up the hardware. To ensure porta- 
bility, algorithms can be specified in a hardware inde- 
pendent fashion using standard software libraries such 
as MPI. The functionality to be supported by commu- 
nication libraries for real-time performance is still an 
open issue, and is the focus of the ongoing real-time 
MPI standardization efforts [12]. 

The rest of the paper is organized as follows - Sec- 
tion 2 discusses the issues in achieving real-time per- 
formance on SHHiPE systems. Section 3 describes 
our algorithmic approach and techniques for designing 
scalable solutions. Section 4 considers the computa- 
tional characteristics of STAP, and also presents our 
preliminary performance results in developing scalable 
and portable STAP algorithms for SHHiPE systems. 
Section 5 is the concluding section. 

2 Requirements and Issues 
Considerable research work in real-time hardware 

and systems software has focused on ensuring correct 
timing operation of real-time systems. Much of this 
effort is specific to custom VLSI based systems. The 
use of SHHiPE systems brings up several issues that 
must be addressed to meet application requirements. 

135 

Authorized licensed use limited to: HOSEO UNIVERSITY. Downloaded on October 7, 2009 at 23:11 from IEEE Xplore.  Restrictions apply. 



Low Latency Gigabit 
Interconnection Network 

I 

I I General Linear AlEebra Problem Solvers: I 1 

: Network 
Interface 

‘I 
Adaptive Beamfnrming 

Figure 2: An example SHHiPE architecture for 
Automatic Target Recognition in a typical air- 
borne application 

2.1 Application Requirements 
The most important requirement from the appli- 

cation perspective is that tasks must meet specified 
timing deadlines. Predzctability refers to the ability 
of the system to accurately estimate the execution 
time of tasks, and schedule them so that all timing 
constraints are satisfied [17]. Typically, estimates are 
made of worst case execution times. Many applica- 
tion environments also require support for task przor- 
ities. Appropriate task scheduling strategzes that take 
these deadlines and task priorities into consideration 
are necessary for correct system operation. There is 
also need for communication protocols that can guar- 
antee certain minimum bandwidth and buffer space, 
and thereby assure bounded message communication 
delays. 

Many of the embedded systems are safety-critical, 
and must therefore continue to operate in the presence 
of faults. Fault tolerance techniques must encompass 
both hardware and software, and must be integrated 
with the timing requirements [MI. 

Typical Radar and Sonar applications involve as- 
similating and processing large quantities of data. A 
fast 1/0 subsystem with scalable 1/0 bandwidth is 
needed. Size constraints are also encountered in em- 
bedded system environments. Memory systems are 
therefore constrained to have small sizes. 

For cost-effective operation of the system, high lev- 
els of processor utilization and throughput must be sus- 
tained. 

2.2 System Design Issues 

Various issues arise in satisfying real-time appli- 
cation requirements on SHHiPE systems. The use 
of general purpose commercial processors in real- 
time processing gives rise to several sources of un- 
predictability. For example, the presence of a cache 
memory could lead to improved average memory ac- 
cess performance, but it introduces a source of uncer- 
tainty in the execution time. The difference in execu- 
tion time between a cache hit and a cache miss is often 
a factor of 10. Accurately predicting the worst case 
execution time is therefore complicated in such situa- 
tions. Similar uncertainties arise due to page faults in 
virtual memory management [18, 151. 

Other sources of uncertainty in execution time are 
external interrupts, DMA transfers, and operating 
system overheads. DMA transfers result in bus ar- 
bitration overheads, even in cycle-stealing mode [7]. 
Operating system overheads consist mainly of context 
switching times in multitasking operating systems. 

An architectural solution to address this unpre- 
dictability is to use separate processors for applica- 
tion tasks and for system related tasks. The system 
processors perform task scheduling, handle interrupts, 
etc. The application processors are dedicated to per- 
form user computations, and therefore can have pre- 
dictable execution times. Such a solution is adopted 
in the SpringNet architecture [18] and also in Myri- 
com’s 2-level multicomputer [13]. Each node in the 
2-level multicomputer employs a “primary” processor 
for message handling and other runtime tasks, and one 
or more “secondary” processors for performing user 
computations. The secondary processors are not bur- 
dened by a runtime system or operating system. In- 
stead, tasks are scheduled onto them by the runtime 
system executed by the primary (network) processor. 
The secondary processors can be simple, low-cost, per- 
formance oriented devices such as DSP chips, with- 
out cache memories. Since the secondary processors 
can be dedicated for the currently assigned task, pre- 
dictability is enhanced. 

The requirements imposed by real-time applica- 
tions suggest enhancements to general purpose pro- 
cessor architectures. For example, consider an en- 
hancement which allows the processor to lock a line 
in the cache. With this feature, once a line is loaded 
into cache, it will not be replaced until explicitly al- 
lowed. This is particularly useful in instruction caches, 
wherein a code, if small enough, can be loaded into 
cache entirely, and then locked. Since real-time appli- 
cation programs often tend to be small, this feature 
can provide significant benefits. The issue lies in de- 
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ciding what enhancements can be incorporated with- 
out sacrificing the generality of the processor archi- 
tecture. The low cost of COTS processors is primarily 
due to economies of scale, since the same processors 
are used in many other applications. 

Another issue is the partitioning of critical system 
functionality into software and hardware. Tradeoffs 
must often be made between system complexity and 
achievable performance benefits. For example, provid- 
ing efficient and predictable communication support in 
point-to-point message-passing systems is crucial. By 
migrating communication functions to special-purpose 
hardware, it is possible to reduce the communication 
overheads incurred by the processor while simultane- 
ously increasing communication performance. On the 
other hand, this functionality can also be provided 
by software communication scheduling schemes [5] at 
a lower hardware cost. Similarly, hardware support 
for scheduling can be provided in the form of a co- 
processor. The Spring scheduling co-processor is an 
example of such hardware support [14]. 

On the software side, the development of high level 
programs for the SHHiPE systems requires program- 
ming language support. An object oriented program- 
ming language allows for direct mapping of the prob- 
lem domain semantics onto the programming model. 
This feature allows for easy representation of complex 
interactions between the various entities in a typical 
real-time application. Programming language func- 
tionality should include provisions for specifying tim- 
ing constraints. Extensions to popular high level lan- 
guages that incorporate this feature would be conve- 
nient, rather than a completely new language [3]. The 
partitioning of functionality between the programming 
language and a standard software library is also an is- 
sue to be considered. 

The definition of a standard software library en- 
ables development of application code that can be eas- 
ily ported across different computing platforms. In the 
HPC domain, the MPI standard has been recently de- 
fined for this purpose [ll]. However, existing tech- 
niques for programming real-time embedded proces- 
sors are inadequate as a basis for a standard. Real- 
time MPI is currently in its early stages of formaliza- 
tion [12]. The functionality supported by a real-time 
software library should allow the application program- 
iner to exploit features available at  the hardware level, 
such as priority, preemption, etc. Since the features 
provided by different hardware platforms vary widely, 
the functionality to be included in a standard library 
is a point of debate. Operations supported by the 
standard library must provide efficient and predictable 

performance, even for operations with irregular com- 
putational profiles. For example, [19] presents an ef- 
ficient algorithm for many-to-many personalized corn- 
munication with message length variance. 

The heterogeneity among the computing nodes in 
SHHiPE systems raises issues of task partztzonzng, 
mapping, and scheduling. Each of the computing 
nodes efficiently supports tasks with a particular kind 
of processing requirement. The application algorithms 
must first be partitioned into subtasks that each have a 
homogeneous computational structure. Multiple sub- 
tasks could then be combined into larger modules. 
These program modules must be mapped onto the 
computing nodes that best suit their processing re- 
quirements. Suitable scheduling strategies are nec- 
essary to share the computing resources among the 
program modules so that timing constraints specified 
by the application are satisfied. These scheduling al- 
gorithms must also focus on achieving high system 
throughput and utilization. Further, the heteroge- 
neous nodes could have different data input/output 
formats. Data originating from one node must be effi- 
ciently converted into the format of the receiving node 

The partitioning and mapping of the subtasks can 
be done statically, while the scheduling must be typ- 
ically done online by the operating system. Micro- 
kernel based operating systems are necessary to pro- 
vide low overhead context switching and interrupt la- 
tency characteristics. A microkernel operating system 
consists of a relatively small kernel providing minimal 
services, surrounded by a set of processes providing 
higher level operating system services such as file and 
device 1/0 and networking. The POSIX 1003.4 real- 
time operating system standard specifies functional- 
ity for prioritized process scheduling, high-resolution 
timer control, and enhanced IPC primitives, among 
others [4]. 

All the processors within a SHHiPE system must 
have a common view of time. Events must be time- 
stamped, so that deadline based scheduling can be 
performed. The use of a single central clock leads 
to low fault tolerance. With multiple clocks, synchro- 
nization between the clocks is necessary to avoid clock 
drifts [18]. 

3 A Unified Approach to Developing 
Efficient Parallel Solutions 

From the discussion in Section 2, it is clear that the 
design approach on the SHHiPE systems should in- 
corporate many issues not addressed in custom VLSI 
based design. As shown in Figure 3, we propose an 
integrated framework to develop efficient solutions on 

PI. 
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the SHHiPE systems. The framework considers hard- 
ware aspects of the systems, as well as parallel algo- 
rithmic techniques to efficiently exploit the hardware 
features. 
3.1 The Computational Model 

An important component of our approach is a re- 
alistic computational model of the SHHiPE systems. 
The model enables us to choose appropriate data par- 
titioning schemes, and to schedule computational sub- 
tasks. It also allows us to analyze the computation and 
communication overheads, and hence the scalability of 
a particular algorithm-architecture pair. 

Most SHHiPE systems have a uniform high-level 
architecture as described in Section 1. The communi- 
cation operation in such a system can be modeled with 
two parameters. One is startup time which occurs in 
every message transfer. This includes software and 
communication protocol processing overheads. The 
other is unit trcansmasszon tame which is the cost of 
transferring a message of unit length. Let T d  denote 
the startup time and r d  denote the transmission time. 
Then, sending a message containing m units of data 
from a module to another module takes T d + m r d  time. 
This is the case when “blocking” send is used and no 
special hardware for communication is available. Dur- 
ing T d  + m r d  time, the sending processor is busy han- 
dling the communication. However, if there is a com- 
munication processor and nonblocking send is used, 
the sending processor has to spend only the startup 
time to activate the communication processor. Af- 
ter this initial startup time, the processor is free and 
can continue its computations, while actual transfer 
of messages is handled by the communication proces- 
sor. Such a model has been used for algorithm design 
on homogeneous distributed memory parallel systems 
in [19]. It has been called the General Purpose Dis- 
tributed Memory(GDM) model. 

The GDM model accurately represents the commu- 
nication features of SHHiPE architectures. The model 
also represents features for overlapping computation 
with communication and latency hiding(for example, 
this feature represents the DMA access capability of 
the LANai network interface chip in Myricom systems 
[l]). Since many SHHiPE platforms are under de- 
velopment, architecture independent algorithms and 
portability of the developed code are very important. 
We specify our algorithms using the MPI standard [ll] 
to ensure portability of our code. 
3.2 Data Layout and Remapping 

In general, the data layout problem is to design a 
distribution of data among the processors such that 
the overall communication time is minimized, and the 

workload is balanced. In typical signal processing ap- 
plications, the data is accessed and processed in dif- 
ferent ways in each subproblem. The goal of data 
remapping is to rearrange the data between the steps 
of the algorithm so as to reduce the communication 
time. In some scenarios, the overhead incurred in per- 
forming the remapping operation might be larger than 
the benefit due to remapping. To estimate the trade- 
offs, we use the model to evaluate the benefits and 
overheads due to data remapping. 
3.3 Mapping and Scheduling of Compu- 

tations 
Most signal processing problems have regular and 

known computation and communication characteris- 
tics. This permits mapping and scheduling of com- 
putations to be performed at compile time. Indeed, 
this feature has been exploited in systolic arrays to 
transform the computations into a form that can be 
executed with localized communication. The schedul- 
ing problem for SHHiPE platforms is different from 
that of custom VLSI systems on account of the larger 
granularity of the computations, heterogeneity of the 
architecture, large overheads in performing communi- 
cation, and the capability to overlap computation with 
communication. 

In the next section, we demonstrate the application 
of our techniques, using a generic problem in Space 
Time Adaptive Processing (STAP) as an example [ lo ,  
91. 

4 An Example Application: STAP 
STAP techniques are needed in many applica- 

tions such as Automatic Target Recognition, Air- 
borne Surveillance Systems, etc. STAP is a multidi- 
mensional adaptive filtering process, performing com- 
putations over spatial samples from the elements of 
an antenna array and temporal samples from multi- 
ple pulses of a coherent waveform [20]. Due to the 
computationally intensive nature of the application, 
tradeoffs between accuracy and real-time constraints 
must be made. Higher-Order Post-Doppler process- 
ing (HOPD) is one possible method for maintaining 
performance while reducing computational complex- 
ity [ZO]. 
4.1 Computational Characteristics 

Typically, HOPD processing proceeds as follows 
[16]: The input data can be conceptually represented 
as a three-dimensional data cube as shown in Figure 
4(a). The dimensions represent the delay M ,  the ele- 
ment N ,  and the rangegate L. A cross section of the 
data cube orthogonal to the rangegate dimension is 
called a snapshot. Typical values of these parameters 
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Figure 3: An integrated framework for the design of efficient parallel solutions 

are shown in Figure 4(a). The data cube is first trans- 
formed to the Doppler domain, which requires N L  
M-point FFT’s. Next, the transformed data cube is 
divided into least squares problems: The data cube is 
divided into M slabs along the rangegate dimension, 
which are referred to as Doppler bins as shown in Fig- 
ure 4(b). There are ( M  - 2 )  problems, where for each 
problem i, the problem matrix is obtained by concate- 
nating the bins i - 1 ,  i and i + 1. The resulting matrix 
has a size of L x 3 N .  Each matrix is divided into 
two parts, along the rangegate dimension. The first 
part of size LlS x 3N defines the least square problem 
that is solved by QR decomposition; the solution of 
the least square problem (or weight vector) is applied 
to the remaining part (Lwa x 3 N ) .  Lis will typically 
vary from 2 ( 3 N )  = 6 N  to 5 ( 3 N )  = 15N1.  

The primary operations are FFT and QR decompo- 
sition. The sequential m-point FFT problem requires 
m log m complex multiplications and additions. Se- 
quential QR decomposition of a m x n matrix needs 
n2(m - n/3 )  floating point operations. We estimate 
the computational requirement of HOPD STAP as 
3.24 GFlops, assuming that the entire process should 
be done in less than 0.5 seconds for real-time compu- 
tation. 

4.2 Scalable Portable Algorithm 
We illustrate our integrated approach with a scal- 

able solution for HOPD STAP. Results are presented 
from an IBM SP-2 implementation of the scalable al- 
gorithm. While our final target platform is a SHHiPE 
system such aa Martin Marietta’s HPSCS [6], a proto- 
type of such a system is not currently available. Since 
we analyze the scalability of the algorithm using the 

‘ L  = Ll, + Lwa 

Figure 4: (a) Doppler Processing (b) Bins ( c )  
Snapshot mapping (d) Rangegate mapping 

GDM model, similar scalable performance can be ex- 
pected to be achieved on the SHHiPE platforms. 

The above STAP computation contains N L  FFT 
problems and (M - 2 )  QR decomposition problems. 
We develop a scalable algorithm that exploits this high 
degree of parallelism. The algorithm incorporates effi- 
cient data distribution and data remapping schemes 
that significantly reduce interprocessor communica- 
tion overhead. Let p be the number of Processing 
Elements(PEs). In the initial stage of our algorithm, 
the data cube is partitioned along the rangegate di- 
mension into slabs, each slab containing L l , / p  snap- 
shots. The slabs are distributed among the p PES in 
a cyclic way. We refer to this as snapshot mapping. 
By this mapping scheme, the FFT computations need 
no interprocessor communication because all the point 
data is contained within a PE. The other mapping is 
shown in Figure 4(d), which we name as rangegate 
mapping. Here, only the Lis portion of the data cube 
is partitioned along the delay dimension into p blocks. 
Note that only the Ll, portion of the data cube is 
used for finding weight vectors. Thus, this part is 
block mapped along the rangegate dimension. There 
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are ( M / p  - 2) QR decomposition problems which can 
be solved without any communication and two more 
problems to be solved by communicating between ad- 
jacent processors. 

During the remapping process, every processor dis- 
tributes its data to all other PES. This is a collective 
communication and can be converted into ( p  - 1) all- 
to-all personalized communications (i.e., perfect per- 
mutations) by a simple scheduling. This exploits the 
fact that many point-to-point communications can be 
done in parallel. As another nice feature in this algo- 
rithm, it is possible to overlap all the communication 
with computation. 

Using asynchronous nonblocking communication 
primitives (such as MPIlsend, MPIlrecv, MPI-Wait 
in MPI), we can overlap the remapping communica- 
tion with the remaining FFT computations, (which 
are performed over L,, part of the data cube), and the 
subsequent QR decomposition computations. Upon 
receiving at least three consecutive slabs from the 
remapping process, one QR decomposition problem 
can be solved by using the sequential algorithm. Thus, 
there are no more communication overheads in solving 
this QR decomposition problem. 
4.3 Scalability Analysis 

In our approach, the remapping process consists of 
( p  - 1) permutations. During a permutation, each PE 
sends and receives L1$N size data simultaneously. 
Therefore, the communication time for the remapping 
process without overlapping computation is: 

p = 4  
15 sec 

For the values taken by p ,  Ll,, M ,  and N in typical 
STAP applications, Td(p - 1) << Td . Then, 
Trenap can be approximated by Td . 

It has been reported that the row wrap mapping 
can be used to avoid the data redistribution [16]. With 
this scheme, FFT is performed without interproces- 
sor communication, and QR decomposition is done in 
parallel. However, parallel QR decomposition com- 
prises most of the communication time as well as the 
computstion. Furthermore, the communication time 
increases rapidly as the number of processors is in- 
creased. For example, when a 32 node SP-1 is em- 
ployed, the communication time is more than 50% of 
the total execution time. 

In contrast, the communication time of our algo- 
rithm is inversely proportional to p .  If more proces- 
sors are used in the range ( p S M ) ,  the communication 
time becomes less. Additional data communication 
is necessary for the boundary data. This can be done 

4P . 

p = 8  p = 1 6  p = 3 2  p = 6 4  
7.8 sec 3.9 sec 2.0 sec 0.96 sec 

either by two permutation operations or by sending re- 
dundant data during remapping. The boundary data 
is used for solving two more QR decomposition prob- 
lems. Each of these two data transfers have a small 
size of L1,N. For the weight application step, the 
solutions of QR decomposition problems, i.e., weight 
vectors should also be permuted. But in this permuta- 
tion, the message size is very small. Therefore, these 
communication times are not considered here. 

Due to the remapping process, the load on the PES 
is well balanced. Therefore, the parallel computation 
time is [IO]: 

9(M - 2)N2(L/4 + N) + 5LMNlog M - _  Ts Tp = - 
P P ’  

where Ts is sequential execution time. The time for 
data remapping is 

LMN 
Tremap  = r d  ’ - 

4P 

Thus, our algorithm is scalable since the execution 
time of the algorithm on a machine with p processors 
varies as 1. 

4.4 Experimental Results 
We have performed our implementations using C 

and MPI on the IBM SP-2 at the Maui High Perfor- 
mance Computing Center. The use of MPI ensures 
portability of the code, and we can therefore port our 
solutions to SHHiPE platforms such as the HPSCS 
platform at Martin Marietta Labs. The SP-2 was con- 
figured in the dedicated mode to obtain the results 
shown in Table 1. For the sake of comparison, an ear- 
lier implementation [16] of the same technique using 
the same parameters runs in about 30 seconds on a 32 
node SP-1. 

P 

5 Conclusion 
Design methodology for real-time embedded sys- 

tems is undergoing a shift from custom VLSI based 
solutions to COTS based heterogeneous architectures. 
The emerging SHHiPE systems offer advantages of ar- 
chitectural scalability, flexibility, software portability 
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and lower overall system costs. This paper has identi- 
fied several issues that must be addressed in the con- 
text of this new design paradigm. We have proposed 
an integrated approach that incorporates hardware as- 
pects, as well as development of scalable algorithms 
to efficiently exploit the hardware features. Applica- 
tion of this approach to a STAP algorithm has yielded 
promising performance results. 

Further research is necessary before the SHHiPE 
platforms can be widely used for real-time appli- 
cations. In particular, research on techniques and 
methodologies that efficiently exploit the hardware 
platforms is needed. Accurate computational models 
which represent the benefits due to task partitioning 
and mapping, and which allow for task migration are 
needed. As further experience is gained with this ap- 
proach, new standards such as Real-time MPI must 
evolve to provide portability and high performance in 
real-time signal processing systems. 
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