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Abstract—Space-based applications increasingly require]l .| NTRODUCTION
more computational power to process large volunietata
and alleviate the downlink bottleneck. In addnegsihese
demands, commercial-off-the-shelf (COTS) systems ca
serve a vital role in achieving performance requists.
However, these technologies are susceptible toatiadi
effects in the harsh environment of space. In ortde
effectively exploit high-performance COTS systems i
future spacecraft, proper care must be taken vatidare
and software architectures and algorithms that cavami
overcome the data errors that can lead to erronessusts.
One of the more common kernels in space-base

applications is the 2D fast Fourier transform (FFTNany specialized parts are more expensive and exhibiero

papers have investigatgd fault-tolerant FFT, but nQ:omputational capability than current commerciditbé-
algorithm has been devised that would allow foroerr shelf (COTS) systems

correction without re-computation from original dat In
this paper, we present a new method of applyingrékgm-
based fault tolerance (ABFT) concepts to the 2D-Frat
will not only allow for error detection but also rer
correction within memory-constrained systems asl sl
ensure coherence of the data after the computatidn.
further improve reliability of this ABFT approachye

Spaceborne computer components lack the proteofitime
Earth’'s atmosphere and are constantly bombarded wit
various types of radiation. High-energy chargedigas
and ionizing electromagnetic waves are much more
widespread in the emptiness of space and can caitisal
errors in the unprotected digital and analog pafrsatellites
and other space vehicles. To protect against graiblems,
the majority of space-certified parts are radiati@ndened,
hich significantly improves their resilience to tho
ansient and permanent faults. Unfortunatelys¢houstom

To meet constantly increasing computational reqoenets

for space platforms, the shift to the COTS comptséias
been proposed [1]. Such unprotected computersireequ
proper care to be taken through software architecta
mitigate problems caused by soft errors. Resultshe

. algorithms that are executed on such systems mest b
propose use of a checks_um encodmg scheme thaxtsxr validated either by executing the application npldtitimes
issues related to numerical precision and.overroWhe (spatially or temporally) or by applying algorithipased
performance of the fault-tolerant 2D-FFT will beepented fault tolerance (ABFT). The ABFT approach was iy

and featured _as.part of a dependable range DOppI(areveloped for error detection and correction ontodigs
processor, which is a subcomponent of synthetictame arrays [2], but the concepts can be used on anyeséil

rada_r algorithms. This work is supported by th@é_]gjable machine. This method is extremely useful for sgaased
Multiprocessor project at Honeywell and the Uniugref computing [3] as it generally has lower overheaantithe

Florida, one of the experiments in the Space Teciyo3 ”

" . . tradit I N-modul dund NMR (17310
(ST-8) mission of NASA’s New Millennium Prograth. more traditional N-modular redundancy ( ) app
One of the most common kernels in space-related
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One such application is synthetic aperture rad&R{S a

common technique used for obtaining high-resolutiorto be multiplied by an encoder matrix.

images of the Earth’s topography as well as foedatg
and tracking ground and underground targets. Thaging
method was first introduced in 1978 when NASA l|awedt
the first satellite equipped with a SAR sensor. rélo
recently, a mapping mission to Mars has been pexptsat
would use SAR imaging to create detailed imageshef
surface [4]. The key computational subcomponerBAR

is the range Doppler processor (RDP) which is ¢jose
related to the 2D-DFT algorithm.

In this paper we propose a new method of applyiBfhA
concepts to the 2D-DFT algorithm and RDP. The pseg
method will not only allow for error detection batso for
error correction using redundant data. This metisodell
suited to memory-constrained systems where dasanfibst

of the system memory and does not allow out of glac

operations.

In a satellite system, the overall throughput ipatelent on
the downlink capability. To alleviate the bandwidt
bottleneck, efficient on-board processing of SARtada
requires specialized hardware or a powerful supeptter
system. The Dependable Multiprocessor (DM) progcts
to achieve reliable computation in space with tise of
COTS technologies in order to provide a small, [mwer,
supercomputer in space [1]. The method proposeekils

suited for such a system, which not only support

conventional processing elements but also highespE&GA
co-processors, which are more vulnerable to theshhar
radiation environment.

The remaining sections of this paper are organiasd
follows. Section 2 surveys previous work relattogABFT

and fault-tolerant DFT as well as provides basitcepts for
the rest of the paper. The details of the new dincp
scheme for 2D-DFT are described in Section 3 fadidvay

a description of the fault-tolerant SAR algorithmSection
4. While Section 5 analytically compares the oeeauh of
current methods to the ones developed, Sectioresepts
experimental results. Section 7 presents conaissand
provides directions for future research.

2.RELATED WORK

Algorithm-Based Fault Tolerance

ABFT refers to a technique that can detect andéorect
errors that occur during the computation of cerfaear
algebra kernels. The method relies on augmentieg t
matrices in question with extra rows or columnstaming
weighted checksums that will
mathematical operations [2, 3, 5, 6]. In turn, sthe
checksums can be then used to analyze the corssatih¢he
result and, if an error was detected, initiate aovery
procedure.

be preserved through

To obtain the weighted checksums, the initial deithhave
Without dosf
generality and to simplify the notation, we assuthat
generic matrix is square with dimensions of N x N.

Definition 1: An encoder matrix is a matrix whoseguct
with the data matrix will yield the desired checksu For
the remainder of this paper we will refer to thecaer
matrix as Ey. The Ey used in this paper will have
dimensions ofN x 2.

Definition 2: A column checksum matrix: is an initial data
matrix A that has been augmented with extra rows
checksums. Such a matrix will have dimensions
(N+2) x N and has the form:

of
of

A

A= B ®

A column checksum matrix can also be obtained
multiplying a matrix that is already augmented mpther
matrix B of compatible size.

by

A —
ET xA 8=
N

AxB

A B = E; {AxB)

@)

SI'he associative property of the matrix productvadicfor

verification of the multiplication procedure by gim
recalculating the checksums and comparing them avis
obtained through the matrix multiply. In generan
operation that preserves weighted checksums isectall
checksum-preserving and the matrix product is amgte
of such function.

Definition 3: A row checksum matridg is an initial data
matrix that has been augmented with extra columis o
checksums. Such a matrix will have dimensions of
N x (N+2) and has the form:

A=A AE]

The transpose operation is also a checksum-preservi
operation. Transpose of the row checksum matrilxyweld
the column checksum matrix and vice versa as showy.
(4). This property allows for verifying the corteess of the
transpose operation.

®)

AT

T = BC
£l )
There have been extensive studies that investijétrent

encoding matrices (also known as weight vectorgh wi
respect to numerical and error detection/correction

A=la g = ( @



properties [5]. The focus of this paper is the mawoding
scheme for data and for that purpose we will use anthe

previously investigated weight vectors in a new wayur

approach can also be used with different sets dfhwe
vectors as long as they allow for the similar typg

encoding.

Discrete Fourier Transform

The basic form of the discrete Fourier transform tlod

vector x can be expressed in terms of the matrix produc,

operation

X =xxF, (5)

wherex is the input row vectorX is the output row vector,
andFy is defined as the DFT matrix of the form:

we  we we X we
WO Wt W2 x WD (6)
Fy = wW° W32 w? x WD
X X X X X
WO W(n-l) W2(n-1) X W(n-l)(n 1)
where W9 =g 1@7/N) (7)

The key property of the DFT is linearity, which iligs that
DFT of the weighted sum of two or more signalsdaa to
the sum of the weighted DFTs of each signal.
demonstrates that property in matrix form whewsndy are
row vectors ana andb are arbitrary constants.

(ax+by) Fy =a>(0Fy)+b(yFy) @
The FFT is an implementation of the DFT that rensotres
redundant computation from calculating
transform.  The method presented in this paper
independent of the implementation of the DFT.

Fault-tolerant Fourier Transform

8. (

methods. In order to address problems with previou
approaches, an ABFT-inspired method, known as coecu
error detection (CED), has been developed. Mamiants

of the CED form of the fault-tolerant Fourier tréorsn are
described in [2, 9, 16] and have been developadsing the
ABFT concepts presented to formulate an efficieat wo
verify the calculation of 1D Fourier transforms.

The general idea behind the CED scheme is to preuote
ncodingv, and decodingy row vectors that will make the
ollowing equation hold

v, xx" =v, xXT (9)
wherex andX are defined as in (5). Such an approach can
achieve a low overhead and fewer false-positivast, b
requires the computation of new coding vector plairgach
size of DFT.

Because of the round-off error present in floafimiat
arithmetic, a small tolerance must be allowed dyrihe
comparison so as to prevent false positives. FBhisll
tolerance level also reduces error coverage of faudt-
tolerant method and some errors might go undetected
Those errors do not usually have a large impactthen
application as they occur in digits of low numetica
significance. The numerical precision issues a&ohd the
scope of this paper and a small tolerance will hesen
based on the data used for the experiments.

3. FAULT -TOLERANT 2-D FOURIER TRANSFORM

The 2D Fourier transform is one of the most common
kernels used in image processing. An importanpgity of
the 2D-DFT is that it can be divided into two sefs1D
transforms separated by a transpose operation. clifnent

the FourierdPProaches for providing fault detection for the 2D

ansform use a simple power-comparison schemeher t
CED implementation as described in the previougis®c
The CED scheme is applied by separating the 2Bsfioam
into multiple 1D kernels. However, such an apphodoes
not protect the data stored in memory or duringdbmner-

Many schemes have been presented for creating- faulfurn operation. Furthermore, upon the detectiotheferror,

tolerant FFT networks. Choi and Malek have devetbpn
approach based on recalculation of the transfofim The
key drawback to such an approach is that it autcalbt
incurs a large computational overhead when impleéeteon
a sequential machine. Reddy and Banerjee have gedpn
alternative approach that exploits Parseval’'s theoand
compares the power of the input of the transformthi®
power of the output [8]. An advantage of such aeswh is

the recovery strategy is to recompute the 1D toansf
again, which requires additional space and memory
operations as the Fourier transform has to be padd out

of place.

Partial 2D Fourier Transform
The 2D-DFT can be divided into four steps as showtihe

that it can be applied not only to one-dimensional':igure 1. Steps 1-2 and 3-4 are identical witlpeesto the

transforms, but also to a multi-dimensional one.heT actual computation performed.

method has low computational complexity, but thiy evay
to correct the error is through full recomputatioit. also
suffers higher rates of false-positive errors thather

This property can be
leveraged by designing a more general kernel ttet kcan
be duplicated to obtain the full transform. Letdefine a
partial transform kernel as a Fourier transformngldhe
desired dimension. Such a partial transform can be



expressed as (10) whefeis an input matrix and is an
output matrix.

B = AxF, (10)

The new encoding scheme focuses on making theaparti

transform fault-tolerant. The full fault-toleraBD-DFT is
performed by using two fault-tolerant partial trimmens and
two transposes.

\ 4

.

Figure 1. 2D-DFT Computation Flow

Error Model

During the matrix multiplication, all resulting ei®s are
computationally independent of each other. Thi$ faeans
that if an error occurs during a computation thafy @ne
resulting value would be corrupted. If one weraise the
DFT algorithm as specified in Eq. (5), such assimngt
would hold. If the error were to occur in the F&i§orithm,
it could manifest as multiple incorrect values e putput
since the FFT uses an Omega-type network [17]
computation of the final result. Depending uponiclth
complex butterfly the error occurs, it could resuit a
varying number of errors within the output vectdn the
worst-case scenario, an error would manifest asuption
of all the values in the result.

Let us assume that only one error will occur durthg
computation of the 2D-DFT. As a result only one af the
matrix could get corrupted at any point in timecsirnthe
computations on each row within the partial transfare
independent of each other. If the error occursnduthe
first partial transform then it will be detecteddacorrected
before data is fed to the second partial transfo8imilarly,
if the error is introduced during the second phtteEnsform
then it will be corrected before computation isdired.

Encoding Scheme for Partial Transform

To perform fault-tolerant partial transforms, anceing
scheme is required that will allow the correctidnai most,
one error per column of the matrix. A column cleck

matrix encoded with the encoder matrix in Eq. (11) N

addresses that requirement by employing a SECDHIYIES
Error Correcting Double Error Detecting) code.

(11)

The encoding proposed is a form of a Hamming catkita
is closely related to one developed in [2, 5]. cBirthe
partial transform is the matrix product of the ihpoatrix
and the DFT matrix, we can conclude based on Bysard
(2) that the partial transform is checksum-preseyvi

The process of performing the fault-tolerant pértia
transform is shown in Figure 2 and described by. E4®)
and (13). The input matrid is augmented to form column
checksum matriXAc, which is in turn transformed through
matrix product to form B.

B. = (A <) (12)
B. = A xF, = Ay (13)
CEA N EL{AE,)

The alternative way of showing that the partiansfarm
preserves the weighted checksums is to view theitinp
matrix as a series of vectors, the checksum veatsrthe
linear combinations of the input vectors, and tlatipl
transform as the series if 1D-DFTs to be perforraadhe
input vectors. The linearity property of the DRarnsform
as described in Eqg. (8) proves that the partialsfiarm is
fochecksum-preserving.

| U 2 Partia 3 Verify the

Transform Checksums

the Input
Matrix

Figure 2. Fault-tolerant Partial Transform

Error Detection and Recovery

Error detection and correction is performed on &roo
basis only. The Hamming encoding proposed allawsgHe
detection of up to two errors or the correctionoog error
per column.

Lety' = (o, Y1, V2 ... Yn-1, €S, C3) be a single column of the
matrix Bz. In order to validate the calculation we have to
recalculate the checksums and validate them. Lesttilo
syndromes be defined as follows:

N-1
S= Y -C§ (14)
k=0
-1
S= (k+Dxy, -cs (15)

k=0



Then the detection and correction procedure can bew check-summed one as shown in Eq. (4). Steqsd34
described by the following: are equivalent to steps 1 and 2, and are perfoimede
same manner.
If S;=S,=0 then there is no error.
4.SYNTHETIC APERTURE RADAR
If S 0 and S,=0 then the error occurred in
checksum S,. The new checksum can be Range Doppler Processor
recomputed based on the data in the column.

~ The algorithms for processing SAR images have lvesih
N studied. The most common one is the RDP [10-14] an
be yariations thereof. In order to correctly focus AR data,

filtering in the frequency domain is performed. €Th

coefficients of the filters are based on the radaguency
If S 0 andS; O then the error is in the data. The and various other parameters that are dependethiecorbit
ratio of the two checksums will allow us to localiz of the satellite. It is possible to resolve theFSdata in the

If §=0 and S, 0 then the error occurred
checksum S,. The new checksum can
recomputed based on the data in the column.

the error.
error has occurred .

S,
S

There are two methods of correcting the error. Tirs

method involves subtracting, from y, and is commonly
used in fixed-point problems. However, this apptoamay
not yield good results in floating-point arithmetihen the
magnitude of the error is much larger than theioaigvalue
of V.
described as follows:

t="2-1 (16)

t-1 N-1

Yo T

k=0

Y =C§- Yk (17)

k=t+1

The approach in Eq. (17) calculates the valueglmdsed on
the difference o€s; and the remaining data in the column.

o _ )
L@=©

\_ J

Figure 3. Computation Flow of Fault-tolerant 2D-DFT
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Computational Process

Figure 3 shows the process that must be appliedrtpute
the fault-tolerant 2D-DFT. The first step involvéault-

tolerant partial transform followed by a transpesep. To
protect the data during the transpose operatiotrémspose
can be taken before the results of the partialsfoam are
verified. The transpose operation preserves theEksum
encoding by turning the column check-summed maitic

5

Ift is defined as in Eq. (16) then the time

A method that will yield better results can be

domain through 2D convolution but such
implementations would require a time-domain-spedifter

for each range cell [11]. The resulting algorithmuld be
computationally inefficient, and as such, is noédis The
RDP takes advantage of the properties of the SAR da
which make the range and azimuth data nearly octhalgto
each other. This approach allows for independesdlution

of the range and azimuth data by performing fiftgrin the
frequency domain. The key steps for the RDP algariare
presented in Figure 4.

A

\ 4
$ % &

()%

Figure 4. A Typical RDP Algorithm

The datasets collected by the SAR-enabled satelhre
very large and could range from a million data p®ito a
few billion. A typical data set collected by th&E satellite
is 5616 x 28000 complex points [15].



The RDP algorithm is very similar to the 2D-DFT timat
that it uses partial transform and inverse pafttatsform to
perform the bulk of the processing. There are dtinct
phases to the RDP processing algorithm, rangerifiie
(steps 1-3) and azimuth filtering (steps 5-7), \whiare
separated by a transpose operation step (4). PBlodises
involve identical computational steps: partial sfmm,
followed by the modified Hadamard product, and isee
partial transform. The modified Hadamard produa be
defined as follows:

B=AAX (18)

where X is a row vector of lengthl, A andB are matrices

of size N x N, and the modified Hadamard product is
denoted byA . Hadamard product is also called element-

wise matrix vector multiplication. Each elementadtrix B
in Eq. (18) is given b = a; + X

Figure 5. Fault-tolerant Filtering in Frequency Domain
Fault-tolerant Range Doppler Processor

Fault tolerance for the RDP is a relatively newiddpecause
technologies allowing such high computational powave
only recently become available to be used in sgaxk as
such, not studied thoroughly. Fang, Le, and TH4f have
investigated the use of FPGA-based systems for RiaP
employ TMR for fault protection. On sequential miaes,
such an approach would incur overhead of over 200%.

As shown in Figures 1 and 4, the phases of 2D DRT a
RDP involve some identical steps. Therefore, wactose
a similar approach as was used in the design ofahi-
tolerant 2D DFT algorithm to design a fault-toler&DP
algorithm.

6

We augment the input data matrix withtwo members.

additional checksums, perform the range or azimuth
filtering, and then verify the checksums. This @ex is
shown in Figure 5.

Let Ac be the augmented input data using the encodemxmatr
specified in Eq. (11). As shown in Eq. (13) we caffely
perform the partial transform on an augmented matith
the checksums being preserved. Using the samenargs

it stands to reason that the inverse partial tansfwould
also preserve the checksums. The particular diefinof
the modified Hadamard product is also checksumepvasy

as shown in Eq. (19),

AA X
E. {AA x)

AA x
EJ, xA)A x

= (19)

(A Ax)= (

where x is a row vector containing filter coefficients.
Looking at Eq. (19) from a different perspectivegcle
column in the matriA is scaled by the same constant and,
since scaling by a constant does not affect thiditsabf the
checksums, the operation above is checksum-presgervi

With the introduction of a fault-tolerant frequendgmain
filtering scheme that can be used to perform raagd
azimuth compression, we can now design a faultaate
RDP. As shown in Figure 6, the dependable RDPriltgo
consists of two filtering steps separated by tlendpose
operation. In order to protect the data duringtthespose
operation we can include the transpose step infitse
filtering stage. Such an operation would yield @wr
checksum matrix as shown in Eq. (3).

-

~

Fault Tolerant Range Doppler Processor

Fauli-Tolerant
Azimuth
Compressior

Fauli-Tolerant
Range
Compression

Transpose

Single Look
Complex
Image (SLC)

Raw SAR
Data Matrix

Figure 6. Fault-tolerant RDP
5.OVERHEAD ANALYSIS

Overhead for Fault-tolerant 2D-FFT

In Table 1, we present the overhead comparisomiofault-
tolerant 2D-FFT cited as CE (checksum encoding).e W
compare it against the power-based method [8], the
implementation using the efficient fault-toleranD-EFT
CED scheme as presented in [9], and the self-chgqgbair
(SCP) approach. The SCP is a type of NMR methdd wi
The three most crucial parameterserund



examination are the overhead during fault-free etiec,
the upper bound on overhead when errors are ddiemel
the memory requirement. The overhead in Tabledkised

plentiful. The power-based scheme shows the lowest
computational overhead but incurs a tremendous lfyena
when an error occurs. Additionally, the power sobehas

based on the number of extra computations needed &ggh spatial complexity requiring the transformhb®e out of

compared to the conventional, non-fault-tolerant BBT
algorithm.

According to [12, 13] the majority (over 85%) of RD

place. The CED-based scheme has low computatanmil
memory overhead but requires each 1D-FFT to be
performed out of place and therefore requires aelar
number of memory operations. Furthermore, it dises not

computation is focused in the FFTs, IFFTs and Haddm protect data stored in memory or during the trasspo

product. The other computations needed includecimealt
filter generation. For the purpose of the expentsethe
generation of matched filters is ignored to focnglee most
computationally demanding portions of the algorithm

operations. The featured scheme has slightly highe
computational and memory overhead than the CEDnsehe
but it addresses all of the shortcomings of therstchemes.
For large data sets it is characterized by lowmaational
overhead of 25% and low memory footprint. It does

Table 1. Overhead Comparison of Selected 2D-FFT Methods require extra memory operations for out-of-pla@msforms

The detailed complexities of the algorithms presdndre
shown in the Table 2. All of the computations assumed
to be performed on complex numbers. As such, gotsm
multiply requires six operations and a complex eefflires
two. Also, the linear and constant terms were geapfrom

the equations as they are strongly implementatepeddent
and do not influence the overhead significantly farge

values of N.

Table 2. Computational and Memory Complexities of Selected
2D-FFT Methods

Function Operations Count Memory Requirement
2D-FFT 10N logy(N) N
MR 20 N? log,(N) 3N
PW 10N? logy(N)+16 N 2N
CD 10N logy(N)+20 N N+ N
CE 10N? logp(N)+40 N>+ N?+ N
+20 N log(N)

The four schemes presented do not provide the $aute
protection for the data and as such the comparisquires
more insight. The NMR method has the highest lefel
data protection but it also has the highest merrarg
computational overhead. Consequently, it couldiged on

Si Overhead [%] and the 7% extra overhead required to correct €iisoalso

1ze . ) .

N x N No Error Worst Case with Error relatively low. Most importantly, the scheme prepd
MR | PW | CD | CE| MR| PW| CD| CE| protects the data at all times, starting when thecksums

64 1001 27 | 34| 70] 200 158 34 84  gare first computed through both partial transfoans both

128 100) 23 | 29| 59| 200 145 29 13 transpose operations and ending when data leawes th

256 100| 20 25 51 200 140 25 63 system

512 100| 18 22 45 200 13p 22 56 '

1024 100| 16 20 40 200 13p 20 5 . .

5048 100 15 18 36 200 120 16 T FunctionTabIe 3. Computational Coomzlrz)t?(t){](s)f RDP

4096 100| 13 17 33 20¢ 127 17 42 > P >

8192 | 100| 12 | 15| 31| 200 125 1§ 3 RDP 20N 10g(N) + 12N

16384 | 100 11| 14| 29| 200 128 14 36 RDP with CED 20 N logy(N) + 68N

32768 | 100] 11| 13| 27| 200 121 13 33 | RDPwith CE 20 N? logy(N) + 52N + 40 N logy(N)

65536 100| 10 13 25 200 120 13 31

MR — Self-checking pair NMP scheme Overhead for Fault-tolerant RDP

PW — Power-based method [8]

CD — CED-based scheme [9] _ In Tables 3 and 4 we compare the overhead of tirked

CE — Featured scheme with checksum encoding fault-tolerant RDP with CE versus other methodshe T

TMR approach guarantees high penalties on seqlientia
systems but it is easily parallelizable as dematstr in
[14]. The specialized system developed allows High
throughput at the expense of area and power. t@nnaltive
approach to the problem would involve using the CED
scheme for the 1D-FFTs and the SCP scheme for the
Hadamard multiplication. This technique would pds/
reliable calculations but would not protect datanirbeing
corrupted in memory or during the transpose. Osathod

not only protects data during the transpose budutjinout

the entire RDP algorithm. In addition, this noweéthod
shows the lowest error-free overhead of the algost
studied.

Table 4 shows that the overhead for fault-free etien of
our CE approach would be only 16% for images of
64k x 64k pixels, which is the best of all three metho#sr

the same size image, the worst-case scenario, dewho
erroneous row incurs only 23% penalty, which iglsly
higher then the CED scheme. The errors occurivelat
infrequently to the time required to perform the RD
calculations, which makes the featured algorithmremo
attractive as the common case has 5% lower overhead

systems where the processing power and memory are

7



Table 4. Overhead Comparison of Fault-tolerant RDP’s

Size Overhead [%] .
N x N No Error Worst Case with Error
TMR | CED CE TMR | CED CE
64 200 57 47 200 58 63
128 200 49 39 200 49 53
256 200 43 33 200 43 46
512 200 38 29 200 38 40
1024 200 34 26 200 34 36
2048 200 31 24 200 31 33
4096 200 28 22 200 28 30
8192 200 26 20 200 26 28
16384 200 24 19 200 24 26
32768 200 23 17 200 23 24
65536 200 21 16 200 21 23
TMR — Triple modular redundancy approach [14]
CED — Scheme with CED [4] and SCP
CE — Featured scheme with checksum encoding

6. EXPERIMENTAL RESULTS

The fault-tolerant 2D-FFT and the RDP applicatidrase
been implemented on the Dependable Multiproced3t) (
testbed. The DM cluster computer is a prototypetfe
DM flight system that is being developed by reskars at
Honeywell and the University of Florida.

The DM testbed is configured with two Orion CPC7 %@l
four Orion CPC7520 single-board computers in
CompactPCI chassis interconnected by a pair ofpeddent
Gigabit Ethernet networks.
configured as one System Controller, four Data €ssors,

and one Mass Data Store node. The Data Procesdesn

contain 1GB of system memory each and are augmente
with ADM-XRC-4 FPGA coprocessors which can be used

for accelerated processing. The testing was peddron a
single Data Processor node without the assistafidieo
FPGA. The algorithms have been implemented usigg)yf
available libraries. The FFTW library was usedtfue FFT
kernel, and for matrix operations necessary forctiecksum
calculations the GSL and BLAS libraries were used.
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Figure 7 shows the overhead of the fault-tolerd-ET as
executed on the DM testbed. Due to the memorytrings

of the system the maximum possible data set is a
4096 x 4096 matrix filled with double-precisionpdking-
point, complex values. The figure shows two plaise
depicting overhead in an error-free environment #mel
second representing the worst-case overhead imtdure to
one error.

The graphs show a modest increase in overhead when
changing the size of the input matrices from ¥2828 to

512 x 512 that may seem counter-intuitive. This behaigo
related to the cache size of the processor useeihgs the
large linear and constant complexity terms that g of

the implementation. As long as the whole data imatn fit

in the cache, the calculation and validation of¢hecksums

is greatly expedited.

For data sizes above 5%512, the data shows a decrease in
overhead as predicted in the theoretical analy$ighe
algorithm. The theoretical analysis shows the lol@und

on the overhead for the large data sizes wherehite
complexity terms dominate.

A similar experiment has been performed for the RDP
algorithm as shown in Figure 8.
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Figure 8. Experimental Overhead of Fault-tolerant RDP vs.
a Fault-intolerant Version

The initial increase of the overhead is similairathe 2D-
FFT algorithm and can also be attributed to theheasize
and the large linear and constant coefficients.

Both graphs show low overhead for the executiorthef
fault-tolerant kernels as compared to SCP techsigu@ch
would automatically incur 100% overhead since edata
element is calculated twice. For the largest ddte the
error-free overhead for our fault-tolerant 2D-FF 61%
and for RDP algorithm is only 28%. In the worssea
scenario where the whole row is corrupted, the loaad can

Figure 7. Experimental Overhead of Fault-tolerant 2D FFT increase 10%-20% over the fault-free case. Nateupsets

Algorithm vs. a Fault-intolerant Version

are relatively infrequent occurrences and that aller



performance of the algorithm will be similar to tha the
error-free case.

7.CONCLUSIONS AND FUTURE WORK

In this paper we presented a novel way of perfognfiult-
tolerant 2D-DFT and SAR algorithms, which are comino
used kernels in space science. Traditional ABFiicepts
are used and extended to allow the error correctiod
detection of single errors that occur during corapanh.
We have shown theoretically and experimentally thath
fault-tolerant kernels have low overhead. Fordadgtasets
the proposed fault-tolerant 2D-FFT algorithm haly @%%

overhead and requires little additional memory. eTh
experimental results on the smaller data sets show

overhead of 61%, which is lower than methods usiMR
techniques. The proposed fault-tolerant SAR algorihas
shown an impressively low theoretical overhead ofyo
16% and experimentally only 28%.

In comparison to other fault-tolerant algorithms floe 2D-

FFT and the SAR algorithms, our approach showsliexte
characteristics missing from others. Comparativehe

proposed kernels have very low computational oettend
memory footprints. They do not require any ouplHee

2D or 1D transforms. Most importantly, they pratéoe

coherence of data not only during the computatiohatso

during memory operations.
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The experiments were performed on double-precision,

floating-point numbers. Due to rounding issuegurher
study is required to analyze the numeric propentieshe
methods proposed. Such a study would include theeor
selection of small tolerance values during compaiss and
precision of the corrected values.

The structure of the fast Fourier transform lendgli to
efficient hardware implementation. It is possitdeuse low-

cost reconfigurable devices (FPGAs) to implement a

hardware FFT engine with commaodity parts. UsinGRB,

it is possible to achieve over 5x speedup compaoced

current high-end microprocessors and over 20x speed
processors for future space missions,
Dependable Multiprocessor [1]. One of the drawbattks
using these reconfigurable devices
significantly more susceptible to transient errdfsgn
microprocessors. To mitigate that disadvantage, TthIR
system has been proposed [13]. While providingessary
levels of fault-tolerance, the TMR method incurshigh
power penalty due to use of three FPGAs. UseeofBFT
approach could dramatically reduce the power copsom
while maintaining the appropriate level of faullet@nce.

such as the

is that they are
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