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Abstract—Space-based applications increasingly require 
more computational power to process large volumes of data 
and alleviate the downlink bottleneck.  In addressing these 
demands, commercial-off-the-shelf (COTS) systems can 
serve a vital role in achieving performance requirements.  
However, these technologies are susceptible to radiation 
effects in the harsh environment of space.  In order to 
effectively exploit high-performance COTS systems in 
future spacecraft, proper care must be taken with hardware 
and software architectures and algorithms that avoid or 
overcome the data errors that can lead to erroneous results.  
One of the more common kernels in space-based 
applications is the 2D fast Fourier transform (FFT).  Many 
papers have investigated fault-tolerant FFT, but no 
algorithm has been devised that would allow for error 
correction without re-computation from original data.  In 
this paper, we present a new method of applying algorithm-
based fault tolerance (ABFT) concepts to the 2D-FFT that 
will not only allow for error detection but also error 
correction within memory-constrained systems as well as 
ensure coherence of the data after the computation.  To 
further improve reliability of this ABFT approach, we 
propose use of a checksum encoding scheme that addresses 
issues related to numerical precision and overflow.  The 
performance of the fault-tolerant 2D-FFT will be presented 
and featured as part of a dependable range Doppler 
processor, which is a subcomponent of synthetic-aperture 
radar algorithms.  This work is supported by the Dependable 
Multiprocessor project at Honeywell and the University of 
Florida, one of the experiments in the Space Technology 8 
(ST-8) mission of NASA’s New Millennium Program.12 
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1. INTRODUCTION 

Spaceborne computer components lack the protection of the 
Earth’s atmosphere and are constantly bombarded with 
various types of radiation.  High-energy charged particles 
and ionizing electromagnetic waves are much more 
widespread in the emptiness of space and can cause critical 
errors in the unprotected digital and analog parts of satellites 
and other space vehicles.  To protect against such problems, 
the majority of space-certified parts are radiation hardened, 
which significantly improves their resilience to both 
transient and permanent faults.  Unfortunately, those custom 
specialized parts are more expensive and exhibit lower 
computational capability than current commercial-off-the-
shelf (COTS) systems. 

To meet constantly increasing computational requirements 
for space platforms, the shift to the COTS components has 
been proposed [1].  Such unprotected computers require 
proper care to be taken through software architecture to 
mitigate problems caused by soft errors.  Results of the 
algorithms that are executed on such systems must be 
validated either by executing the application multiple times 
(spatially or temporally) or by applying algorithm-based 
fault tolerance (ABFT).  The ABFT approach was originally 
developed for error detection and correction on systolic 
arrays [2], but the concepts can be used on any sequential 
machine.  This method is extremely useful for space-based 
computing [3] as it generally has lower overhead than the 
more traditional N-modular redundancy (NMR) approaches.  

One of the most common kernels in space-related 
applications is the 2D discrete Fourier transform (DFT) and 
its specialized implementation, the fast Fourier transform 
(FFT).  Because of the widespread usage of processing in 
frequency domain, it is necessary to develop methods to 
detect and correct errors in the computation of 2D-DFT to 
ensure correct operation of a space-based system in 
hazardous environments.  Many researchers have studied 
fault-tolerant 1D-FFT networks but, to the best of our 
knowledge, no efficient algorithm has been developed that 
would allow for error detection and correction that could be 
generalized to a multi-dimensional domain.  Development of 
a dependable 2D-DFT kernel will enable use of other 
applications in space-based environments. 
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One such application is synthetic aperture radar (SAR), a 
common technique used for obtaining high-resolution 
images of the Earth’s topography as well as for detecting 
and tracking ground and underground targets. This imaging 
method was first introduced in 1978 when NASA launched 
the first satellite equipped with a SAR sensor.  More 
recently, a mapping mission to Mars has been proposed that 
would use SAR imaging to create detailed images of the 
surface [4].  The key computational subcomponent of SAR 
is the range Doppler processor (RDP) which is closely 
related to the 2D-DFT algorithm. 

In this paper we propose a new method of applying ABFT 
concepts to the 2D-DFT algorithm and RDP.  The proposed 
method will not only allow for error detection but also for 
error correction using redundant data.  This method is well 
suited to memory-constrained systems where data fills most 
of the system memory and does not allow out of place 
operations. 

In a satellite system, the overall throughput is dependent on 
the downlink capability.  To alleviate the bandwidth 
bottleneck, efficient on-board processing of SAR data 
requires specialized hardware or a powerful supercomputer 
system.  The Dependable Multiprocessor (DM) project aims 
to achieve reliable computation in space with the use of 
COTS technologies in order to provide a small, low-power, 
supercomputer in space [1].  The method proposed is well-
suited for such a system, which not only supports 
conventional processing elements but also high-speed FPGA 
co-processors, which are more vulnerable to the harsh 
radiation environment. 

The remaining sections of this paper are organized as 
follows.  Section 2 surveys previous work relating to ABFT 
and fault-tolerant DFT as well as provides basic concepts for 
the rest of the paper.  The details of the new encoding 
scheme for 2D-DFT are described in Section 3 followed by 
a description of the fault-tolerant SAR algorithm in Section 
4.  While Section 5 analytically compares the overhead of 
current methods to the ones developed, Section 6 presents 
experimental results.  Section 7 presents conclusions and 
provides directions for future research. 

2. RELATED WORK 

Algorithm-Based Fault Tolerance 

ABFT refers to a technique that can detect and/or correct 
errors that occur during the computation of certain linear 
algebra kernels.  The method relies on augmenting the 
matrices in question with extra rows or columns containing 
weighted checksums that will be preserved through 
mathematical operations [2, 3, 5, 6].  In turn, these 
checksums can be then used to analyze the correctness of the 
result and, if an error was detected, initiate a recovery 
procedure.   

To obtain the weighted checksums, the initial data will have 
to be multiplied by an encoder matrix.  Without loss of 
generality and to simplify the notation, we assume that 
generic matrix is square with dimensions of N × N. 

Definition 1: An encoder matrix is a matrix whose product 
with the data matrix will yield the desired checksums.  For 
the remainder of this paper we will refer to the encoder 
matrix as EN.  The EN used in this paper will have 
dimensions of N × 2. 

Definition 2: A column checksum matrix AC is an initial data 
matrix A that has been augmented with extra rows of 
checksums.  Such a matrix will have dimensions of 
(N+2) × N and has the form: 
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A column checksum matrix can also be obtained by 
multiplying a matrix that is already augmented by another 
matrix B of compatible size. 
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The associative property of the matrix product allows for 
verification of the multiplication procedure by simply 
recalculating the checksums and comparing them with ones 
obtained through the matrix multiply.  In general, an 
operation that preserves weighted checksums is called 
checksum-preserving and the matrix product is an example 
of such function. 

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

 [ ]NR EAAA ⋅=   (3) 

The transpose operation is also a checksum-preserving 
operation.  Transpose of the row checksum matrix will yield 
the column checksum matrix and vice versa as shown in Eq. 
(4).  This property allows for verifying the correctness of the 
transpose operation. 
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There have been extensive studies that investigate different 
encoding matrices (also known as weight vectors) with 
respect to numerical and error detection/correction 
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properties [5].  The focus of this paper is the new encoding 
scheme for data and for that purpose we will use one of the 
previously investigated weight vectors in a new way.  Our 
approach can also be used with different sets of weight 
vectors as long as they allow for the similar type of 
encoding. 

Discrete Fourier Transform 

The basic form of the discrete Fourier transform of the 
vector x can be expressed in terms of the matrix product 
operation 

 NFxX ⋅= rr
  (5) 

where x is the input row vector, X is the output row vector, 
and FN is defined as the DFT matrix of the form: 
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 where )/2( Nqjq eW ⋅−= π   (7) 

The key property of the DFT is linearity, which implies that 
DFT of the weighted sum of two or more signals is equal to 
the sum of the weighted DFTs of each signal.  Eq. (8) 
demonstrates that property in matrix form where x and y are 
row vectors and a and b are arbitrary constants. 

 ( ) ( )NNN FybFxaFybxa ⋅⋅+⋅⋅=⋅+ rrrr
)(  (8) 

The FFT is an implementation of the DFT that removes the 
redundant computation from calculating the Fourier 
transform.  The method presented in this paper is 
independent of the implementation of the DFT. 

Fault-tolerant Fourier Transform 

Many schemes have been presented for creating fault-
tolerant FFT networks.  Choi and Malek have developed an 
approach based on recalculation of the transform [7].  The 
key drawback to such an approach is that it automatically 
incurs a large computational overhead when implemented on 
a sequential machine. Reddy and Banerjee have proposed an 
alternative approach that exploits Parseval’s theorem and 
compares the power of the input of the transform to the 
power of the output [8]. An advantage of such a scheme is 
that it can be applied not only to one-dimensional 
transforms, but also to a multi-dimensional one.  The 
method has low computational complexity, but the only way 
to correct the error is through full recomputation.  It also 
suffers higher rates of false-positive errors than other 

methods.  In order to address problems with previous 
approaches, an ABFT-inspired method, known as concurrent 
error detection (CED), has been developed.  Many variants 
of the CED form of the fault-tolerant Fourier transform are 
described in [2, 9, 16] and have been developed by using the 
ABFT concepts presented to formulate an efficient way to 
verify the calculation of 1D Fourier transforms.  

The general idea behind the CED scheme is to pre-compute 
encoding ve and decoding vd row vectors that will make the 
following equation hold 

 T
d

T
e Xvxv

rrrr ⋅=⋅   (9) 

where x and X are defined as in (5).  Such an approach can 
achieve a low overhead and fewer false-positives, but 
requires the computation of new coding vector pairs for each 
size of DFT. 

Because of the round-off error present in floating-point 
arithmetic, a small tolerance must be allowed during the 
comparison so as to prevent false positives.  This small 
tolerance level also reduces error coverage of the fault-
tolerant method and some errors might go undetected.  
Those errors do not usually have a large impact on the 
application as they occur in digits of low numerical 
significance.  The numerical precision issues are beyond the 
scope of this paper and a small tolerance will be chosen 
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 important property of 
the 2D-DFT is that it can be divided into two sets of 1D 
transforms separated by a transpose operation.  The current 
approaches for providing fault detection for the 2D 
transform use a simple power-comparison scheme or the 
CED implementation as described in the previous section.  
The CED scheme is applied by separating the 2D transform 
into multiple 1D kernels.  However, such an approach does 
not protect the data stored in memory or during the corner-
turn operation.  Furthermore, upon the detection of the error, 
the recovery strategy is to recompute the 1D transform 
again, which requires additional space and memory 
operations as the Fourier transform has to be performed out 
of place. 

Partial 2D Fourier Transform 

The 2D-DFT can be divided into four steps as shown in the 
Figure 1.  Steps 1-2 and 3-4 are identical with respect to the 
actual computation performed.  This property can be 
leveraged by designing a more general kernel that later can 
be duplicated to obtain the full transform.  Let us define a 
partial transform kernel as a Fourier transform along the 
desired dimension.  Such a partial transform can be 



 4 

expressed as (10) where A is an input matrix and B is an 
output matrix. 

 NFAB ⋅=   (10) 

The new encoding scheme focuses on making the partial 
transform fault-tolerant.  The full fault-tolerant 2D-DFT is 
performed by using two fault-tolerant partial transforms and 
two transposes. 

1.  Fourier 

Transform 

Along X 
Dimention

2.  Transpose

3.  Fourier 

Transform 
Along Y 

Dimension

4.  Transpose

 
Figure 1.  2D-DFT Computation Flow 

 

Error Model 

During the matrix multiplication, all resulting entries are 
computationally independent of each other.  This fact means 
that if an error occurs during a computation then only one 
resulting value would be corrupted.  If one were to use the 
DFT algorithm as specified in Eq. (5), such assumptions 
would hold.  If the error were to occur in the FFT algorithm, 
it could manifest as multiple incorrect values on the output 
since the FFT uses an Omega-type network [17] for 
computation of the final result.  Depending upon which 
complex butterfly the error occurs, it could result in a 
varying number of errors within the output vector.  In the 
worst-case scenario, an error would manifest as corruption 
of all the values in the result. 

Let us assume that only one error will occur during the 
computation of the 2D-DFT.  As a result only one row of the 
matrix could get corrupted at any point in time since the 
computations on each row within the partial transform are 
independent of each other.  If the error occurs during the 
first partial transform then it will be detected and corrected 
before data is fed to the second partial transform.  Similarly, 
if the error is introduced during the second partial transform 
then it will be corrected before computation is finished. 

Encoding Scheme for Partial Transform 

To perform fault-tolerant partial transforms, an encoding 
scheme is required that will allow the correction of, at most, 
one error per column of the matrix.  A column checksum 
matrix encoded with the encoder matrix in Eq. (11) 
addresses that requirement by employing a SECDED (Single 
Error Correcting Double Error Detecting) code. 
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The encoding proposed is a form of a Hamming code and it 
is closely related to one developed in [2, 5].  Since the 
partial transform is the matrix product of the input matrix 
and the DFT matrix, we can conclude based on Eqs. (1) and 
(2) that the partial transform is checksum-preserving. 

The process of performing the fault-tolerant partial 
transform is shown in Figure 2 and described by Eqs. (12) 
and (13). The input matrix A is augmented to form column 
checksum matrix AC, which is in turn transformed through 
matrix product to form BC. 

 ( )NCC FAB ⋅=   (12) 
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The alternative way of showing that the partial transform 
preserves the weighted checksums is to view the input 
matrix as a series of vectors, the checksum vectors as the 
linear combinations of the input vectors, and the partial 
transform as the series if 1D-DFTs to be performed on the 
input vectors.  The linearity property of the DFT transform 
as described in Eq. (8) proves that the partial transform is 
checksum-preserving. 

 
Figure 2.  Fault-tolerant Partial Transform 

 
Error Detection and Recovery 

Error detection and correction is performed on a column 
basis only.  The Hamming encoding proposed allows for the 
detection of up to two errors or the correction of one error 
per column. 
Let yT = (y0, y1, y2 … yN-1, cs1, cs2) be a single column of the 
matrix BC. In order to validate the calculation we have to 
recalculate the checksums and validate them. Let the two 
syndromes be defined as follows: 
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Then the detection and correction procedure can be 
described by the following: 

• If S1=S2=0 then there is no error. 

• If S1≠0 and S2=0 then the error occurred in 
checksum S1.  The new checksum can be 
recomputed based on the data in the column. 

• If S1=0 and S2≠0 then the error occurred in 
checksum S2.  The new checksum can be 
recomputed based on the data in the column. 

• If S1≠0 and S2≠0 then the error is in the data.  The 
ratio of the two checksums will allow us to localize 
the error.  If t is defined as in Eq. (16) then the 
error has occurred in yt. 

 1
1

2 −=
S

S
t    (16) 

There are two methods of correcting the error.  The first 
method involves subtracting S1 from yt and is commonly 
used in fixed-point problems.  However, this approach may 
not yield good results in floating-point arithmetic when the 
magnitude of the error is much larger than the original value 
of yt.  A method that will yield better results can be 
described as follows: 
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The approach in Eq. (17) calculates the values of yt based on 
the difference of cs1 and the remaining data in the column.  

Time Domain 
Data Matrix

Frequency 

Domain Data 

Matrix

Fault-Tolerant 2D DFT

4.  Transpose

3.  Fault-

tolerant Partial 

Transform

2.  Transpose

1.  Fault-

tolerant Partial 
Transform

 

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

Figure 3 shows the process that must be applied to compute 
the fault-tolerant 2D-DFT.  The first step involves fault-
tolerant partial transform followed by a transpose step.  To 
protect the data during the transpose operation the transpose 
can be taken before the results of the partial transform are 
verified.  The transpose operation preserves the checksum 
encoding by turning the column check-summed matrix into 

row check-summed one as shown in Eq. (4).  Steps 3 and 4 
are equivalent to steps 1 and 2, and are performed in the 
same manner. 

4. SYNTHETIC APERTURE RADAR 

Range Doppler Processor 

The algorithms for processing SAR images have been well 
studied.  The most common one is the RDP [10-14] and 
variations thereof.  In order to correctly focus the SAR data, 
filtering in the frequency domain is performed.  The 
coefficients of the filters are based on the radar frequency 
and various other parameters that are dependent on the orbit 
of the satellite.  It is possible to resolve the SAR data in the 
time domain through 2D convolution but such 
implementations would require a time-domain-specific filter 
for each range cell [11].  The resulting algorithm would be 
computationally inefficient, and as such, is not used.  The 
RDP takes advantage of the properties of the SAR data 
which make the range and azimuth data nearly orthogonal to 
each other.  This approach allows for independent resolution 
of the range and azimuth data by performing filtering in the 
frequency domain.  The key steps for the RDP algorithm are 
presented in Figure 4. 

Raw SAR 
Data Matrix

1.  Range 
FFT

4.  Transpose

Single Look 
Complex 

Image (SLC)

2.  Range 
Compression

3.  Range 
IFFT

5.  Azimuth 
FFT

6.  Azimuth 
Compression

7.  Azimuth 
IFFT

 
Figure 4.  A Typical RDP Algorithm 

 
The datasets collected by the SAR-enabled satellites are 
very large and could range from a million data points to a 
few billion.  A typical data set collected by the ESR satellite 
is 5616 × 28000 complex points [15]. 
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The RDP algorithm is very similar to the 2D-DFT in that 
that it uses partial transform and inverse partial transform to 
perform the bulk of the processing.  There are two distinct 
phases to the RDP processing algorithm, range filtering 
(steps 1-3) and azimuth filtering (steps 5-7), which are 
separated by a transpose operation step (4).  Both phases 
involve identical computational steps: partial transform, 
followed by the modified Hadamard product, and inverse 
partial transform.  The modified Hadamard product can be 
defined as follows: 

 xAB
r⊗=   (18) 

where x
r

 is a row vector of length N, A and B are matrices 
of size N × N, and the modified Hadamard product is 
denoted by ⊗ . Hadamard product is also called element-
wise matrix vector multiplication.  Each element of matrix B 
in Eq. (18) is given by bij = aij + xj 

Augment the 

Input Matrix

Partial 

Transform

Hadamar

Product

Inverse

Partial 
Transform

Verify the 

Checksums

Filtering

 
Figure 5.  Fault-tolerant Filtering in Frequency Domain 

 
Fault-tolerant Range Doppler Processor 

Fault tolerance for the RDP is a relatively new topic because 
technologies allowing such high computational power have 
only recently become available to be used in space and, as 
such, not studied thoroughly.  Fang, Le, and Taft [14] have 
investigated the use of FPGA-based systems for RDP that 
employ TMR for fault protection.  On sequential machines, 
such an approach would incur overhead of over 200%. 

As shown in Figures 1 and 4, the phases of 2D DFT and 
RDP involve some identical steps.  Therefore, we could use 
a similar approach as was used in the design of the fault-
tolerant 2D DFT algorithm to design a fault-tolerant RDP 
algorithm.  We augment the input data matrix with 

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

Let AC be the augmented input data using the encoder matrix 
specified in Eq. (11).  As shown in Eq. (13) we can safely 
perform the partial transform on an augmented matrix with 
the checksums being preserved.  Using the same arguments 
it stands to reason that the inverse partial transform would 
also preserve the checksums.  The particular definition of 
the modified Hadamard product is also checksum-preserving 
as shown in Eq. (19), 
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where x is a row vector containing filter coefficients.  
Looking at Eq. (19) from a different perspective, each 
column in the matrix A is scaled by the same constant and, 
since scaling by a constant does not affect the validity of the 
checksums, the operation above is checksum-preserving. 

With the introduction of a fault-tolerant frequency domain 
filtering scheme that can be used to perform range and 
azimuth compression, we can now design a fault-tolerant 
RDP.  As shown in Figure 6, the dependable RDP algorithm 
consists of two filtering steps separated by the transpose 
operation.  In order to protect the data during the transpose 
operation we can include the transpose step in the first 
filtering stage.  Such an operation would yield a row 
checksum matrix as shown in Eq. (3). 

 
Figure 6.  Fault-tolerant RDP 

5. OVERHEAD ANALYSIS 

Overhead for Fault-tolerant 2D-FFT 

In Table 1, we present the overhead comparison of our fault-
tolerant 2D-FFT cited as CE (checksum encoding).  We 
compare it against the power-based method [8], the 
implementation using the efficient fault-tolerant 1D-FFT 
CED scheme as presented in [9], and the self-checking pair 
(SCP) approach.  The SCP is a type of NMR method with 
two members.  The three most crucial parameters under 
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examination are the overhead during fault-free execution, 
the upper bound on overhead when errors are detected, and 
the memory requirement. The overhead in Table 1 is derived 
based on the number of extra computations needed as 
compared to the conventional, non-fault-tolerant 2D FFT 
algorithm. 

According to [12, 13] the majority (over 85%) of RDP 
computation is focused in the FFTs, IFFTs and Hadamard 
product.  The other computations needed include matched 
filter generation.  For the purpose of the experiments, the 
generation of matched filters is ignored to focus on the most 
computationally demanding portions of the algorithm. 

Table 1.  Overhead Comparison of Selected 2D-FFT Methods 
Overhead [%] 

No Error Worst Case with Error 
Size 

N × N 
MR PW CD CE MR PW CD CE 

64 100 27 34 70 200 153 34 86 
128 100 23 29 59 200 146 29 73 
256 100 20 25 51 200 140 25 63 
512 100 18 22 45 200 136 22 56 
1024 100 16 20 40 200 132 20 50 
2048 100 15 18 36 200 129 18 46 
4096 100 13 17 33 200 127 17 42 
8192 100 12 15 31 200 125 15 38 
16384 100 11 14 29 200 123 14 36 
32768 100 11 13 27 200 121 13 33 
65536 100 10 13 25 200 120 13 31 
MR – Self-checking pair NMP scheme 
PW – Power-based method [8] 
CD – CED-based scheme [9] 
CE – Featured scheme with checksum encoding 

 
The detailed complexities of the algorithms presented are 
shown in the Table 2.  All of the computations are assumed 
to be performed on complex numbers.  As such, a complex 
multiply requires six operations and a complex add requires 
two.  Also, the linear and constant terms were dropped from 
the equations as they are strongly implementation-dependent 
and do not influence the overhead significantly for large 
values of N. 

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

Function Operations Count Memory Requirement 

2D-FFT 10 N2 log2(N) N2 

MR 20 N2 log2(N) 3 N2 

PW 10 N2 log2(N)+16 N2 2 N2 
CD 10 N2 log2(N)+20 N2 N2 + N 
CE 10 N2 log2(N)+40 N2+ 

+20 N log2(N) 
N2 + N 

 
The four schemes presented do not provide the same fault 
protection for the data and as such the comparison requires 
more insight.  The NMR method has the highest level of 
data protection but it also has the highest memory and 
computational overhead.  Consequently, it could be used on 
systems where the processing power and memory are 

plentiful.  The power-based scheme shows the lowest 
computational overhead but incurs a tremendous penalty 
when an error occurs.  Additionally, the power scheme has 
high spatial complexity requiring the transform to be out of 
place.  The CED-based scheme has low computational and 
memory overhead but requires each 1D-FFT to be 
performed out of place and therefore requires a large 
number of memory operations.  Furthermore, it also does not 
protect data stored in memory or during the transpose 
operations.  The featured scheme has slightly higher 
computational and memory overhead than the CED scheme 
but it addresses all of the shortcomings of the other schemes. 
 For large data sets it is characterized by low computational 
overhead of 25% and low memory footprint.  It does not 
require extra memory operations for out-of-place transforms 
and the 7% extra overhead required to correct errors is also 
relatively low.  Most importantly, the scheme proposed 
protects the data at all times, starting when the checksums 
are first computed through both partial transforms and both 
transpose operations and ending when data leaves the 
system. 

Table 3.  Computational Complexity of RDP 
Function Operations 

RDP 20 N2 log2(N) + 12 N2 
RDP with CED 20 N2 log2(N) + 68N2 

RDP with CE 20 N2 log2(N) + 52N2 + 40 N log2(N) 
 
Overhead for Fault-tolerant RDP 

In Tables 3 and 4 we compare the overhead of the featured 
fault-tolerant RDP with CE versus other methods.  The 
TMR approach guarantees high penalties on sequential 
systems but it is easily parallelizable as demonstrated in 
[14].  The specialized system developed allows for high 
throughput at the expense of area and power.  An alternative 
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 provide 
reliable calculations but would not protect data from being 
corrupted in memory or during the transpose.  Our method 
not only protects data during the transpose but throughout 
the entire RDP algorithm.  In addition, this novel method 
shows the lowest error-free overhead of the algorithms 
studied. 

Table 4 shows that the overhead for fault-free execution of 
our CE approach would be only 16% for images of 
64k × 64k pixels, which is the best of all three methods.  For 
the same size image, the worst-case scenario, a whole 
erroneous row incurs only 23% penalty, which is slightly 
higher then the CED scheme.  The errors occur relatively 
infrequently to the time required to perform the RDP 
calculations, which makes the featured algorithm more 
attractive as the common case has 5% lower overhead. 
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Table 4.  Overhead Comparison of Fault-tolerant RDP’s 
Overhead [%] 

No Error Worst Case with Error 
Size 
N × N 

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 applications have 
been implemented on the Dependable Multiprocessor (DM) 
testbed.  The DM cluster computer is a prototype for the 
DM flight system that is being developed by researchers at 
Honeywell and the University of Florida. 

The DM testbed is configured with two Orion CPC7510 and 
four Orion CPC7520 single-board computers in a 
CompactPCI chassis interconnected by a pair of independent 
Gigabit Ethernet networks.  The six PowerPC nodes are 
configured as one System Controller, four Data Processors, 
and one Mass Data Store node.  The Data Processor nodes 
contain 1GB of system memory each and are augmented 
with ADM-XRC-4 FPGA coprocessors which can be used 
for accelerated processing.  The testing was performed on a 
single Data Processor node without the assistance of the 
FPGA.  The algorithms have been implemented using freely 
available libraries.  The FFTW library was used for the FFT 
kernel, and for matrix operations necessary for the checksum 
calculations the GSL and BLAS libraries were used. 
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Figure 7.  Experimental Overhead of Fault-tolerant 2D FFT 

Algorithm vs. a Fault-intolerant Version 

 
Figure 7 shows the overhead of the fault-tolerant 2D-FFT as 
executed on the DM testbed.  Due to the memory constraints 
of the system the maximum possible data set is a 
4096 × 4096 matrix filled with double-precision, floating-
point, complex values.  The figure shows two plots, one 
depicting overhead in an error-free environment and the 
second representing the worst-case overhead incurred due to 
one error. 

The graphs show a modest increase in overhead when 
changing the size of the input matrices from 128 × 128 to 
512 × 512 that may seem counter-intuitive.  This behavior is 
related to the cache size of the processor used as well as the 
large linear and constant complexity terms that are part of 
the implementation.  As long as the whole data matrix can fit 
in the cache, the calculation and validation of the checksums 
is greatly expedited. 

For data sizes above 512 × 512, the data shows a decrease in 
overhead as predicted in the theoretical analysis of the 
algorithm.  The theoretical analysis shows the lower bound 
on the overhead for the large data sizes where the high 
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 similar as in the 2D-
FFT algorithm and can also be attributed to the cache size 
and the large linear and constant coefficients. 

Both graphs show low overhead for the execution of the 
fault-tolerant kernels as compared to SCP techniques which 
would automatically incur 100% overhead since each data 
element is calculated twice.  For the largest data size the 
error-free overhead for our fault-tolerant 2D-FFT is 61% 
and for RDP algorithm is only 28%.  In the worst-case 
scenario where the whole row is corrupted, the overhead can 
increase 10%-20% over the fault-free case.  Note that upsets 
are relatively infrequent occurrences and that overall 
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performance of the algorithm will be similar to that of the 
error-free case. 

7. CONCLUSIONS AND FUTURE WORK 

In this paper we presented a novel way of performing fault-
tolerant 2D-DFT and SAR algorithms, which are commonly 
used kernels in space science.  Traditional ABFT concepts 
are used and extended to allow the error correction and 
detection of single errors that occur during computation.  
We have shown theoretically and experimentally that both 
fault-tolerant kernels have low overhead.  For large datasets 
the proposed fault-tolerant 2D-FFT algorithm has only 25% 
overhead and requires little additional memory.  The 
experimental results on the smaller data sets show an 
overhead of 61%, which is lower than methods using NMR 
techniques.  The proposed fault-tolerant SAR algorithm has 
shown an impressively low theoretical overhead of only 
16% and experimentally only 28%. 

In comparison to other fault-tolerant algorithms for the 2D-
FFT and the SAR algorithms, our approach shows excellent 
characteristics missing from others.  Comparatively, the 
proposed kernels have very low computational overhead and 
memory footprints.  They do not require any out-of-place 
2D or 1D transforms.  Most importantly, they protect the 
coherence of data not only during the computation but also 
during memory operations. 

The experiments were performed on double-precision, 
floating-point numbers.  Due to rounding issues, a further 
study is required to analyze the numeric properties of the 
methods proposed. Such a study would include the proper 
selection of small tolerance values during comparisons, and 
precision of the corrected values. 

The structure of the fast Fourier transform lends itself to 
efficient hardware implementation.  It is possible to use low-
cost reconfigurable devices (FPGAs) to implement a 
hardware FFT engine with commodity parts.  Using FPGAs, 
it is possible to achieve over 5× speedup compared to 
current high-end microprocessors and over 20× speedup on 
processors for future space missions, such as the 
Dependable Multiprocessor [1]. One of the drawbacks to 
using these reconfigurable devices is that they are 
significantly more susceptible to transient errors than 
microprocessors.  To mitigate that disadvantage, the TMR 
system has been proposed [13].  While providing necessary 
levels of fault-tolerance, the TMR method incurs a high 
power penalty due to use of three FPGAs.  Use of the ABFT 
approach could dramatically reduce the power consumption 
while maintaining the appropriate level of fault tolerance. 
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