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ABSTRACT

Fourier Transforms have wide range of applicaticargging from signal processing to
astronomy. The advent of digital computers ledhe tevelopment of the FFT (Fast
Fourier Transform) in 1965. The Fourier Transforngoathm involves many
add/multiply computations involving trigonometriznictions, and FFT significantly
increased the speed at which the Fourier transfoould be computed. A great deal of
research has been done to optimize the FFT conmputad provide much better
computational speed.

The modern advent of parallel computation offerseav opportunity to significantly
increase the speed of computing the Fourier tramsfdhis project provides a C code
implementation of a new parallel method of compytihis important transform. This
implementation assigns computational tasks to miffe processors using the Message
Passing Interface (MPI) library. This method inwdvparallel computation of the
Discrete Cosine Transform (DCT) as one of the pa&tsmputation on two different
computer clusters using up to six processors hasen bperformed, results and

comparisons with other implementations are presente
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CHAPTER |

INTRODUCTION

The discrete Fourier transform has a wide ranggppfications. More specifically
it is used in signal processing to convert the tdomain representation of a signal to the
frequency domain. However the process of conversomery expensive. Hence an
alternate way to compute the discrete Fourier foams is to use the Fast Fourier
Transform (FFT). This project deals with a new idéa&olving the FFT by dividing the
whole problem into parallel blocks and assigningnthto parallel nodes to obtain better
timings.
1.1Discrete Cosine Transform (DCT)

The DCT is central to many kinds of signal and gmaprocessing
applications, particularly in video compressioneTDCT divides an image into discrete
blocks of pixels each block of pixels has a diffgrenportance, for any given finite set of
data points from a real world signal. Similar te #8FT, the DCT transforms a signal or
image from a spatial domain to the frequency domauioes so by expressing a function
or signal in terms of sums of sinusoidal wavefothat vary in amplitude and frequency.

In particular, there exists a DCT for every Fourigated transform, but the DCT
can only be used only for real data points. Theee eight standard discrete cosines

transform, the most common variant of this is beimg type-1l DCT, which is referred



to as simply DCT. In this thesis we try to buildype-IV DCT. The difference between
the type-1l and type-IV DCT is that the type-1l D@¥ill generate two data points for the
given input whereas the type-1V DCT will generatecks of four data points for given
input data points.

1.2 Fast Fourier Transform (FFT)

The main reason why the FFT came into use is topatendiscrete Fourier
transforms. It is an efficient algorithm to computiscrete Fourier transforms with a
complexity of O (N log N), where N is the number ddta points, as compared to
complexity of O (N). For any given finite set of data points takeonfra real-world
signal, the FFT expresses the data points inta twmnponent frequencies. It is also
useful in solving the major inverse problem of mestoucting a signal from given
frequency data. The FFT are also of great impoganca wide variety of applications
including digital signal processing, solving pdrtdifferential equations and quick
multiplication of large integers. The FFT is alsoolwn to be the fastest algorithm to

multiply two polynomials.

1.3 Message Passing Interface (MPI)

There is a continual demand for greater computatigpeed from a computer
system than is currently possible [2]. There amesapecific applications like weather
forecasting, manufacturing applications, engineggdalculations and simulations, which
must be performed quickly. High-speed systems egatly needed in these areas. One

way to increase the computational speed is to udépie processors to solve a problem.



The problem is split into parts, each of which efprmed by a separate processor in
parallel. When the multiple processors work in perdhey need an interface by which
they can communicate. The MPI is a library used nyitiple processors to send
messages back and forth using send and receive aodsnThis approach provides a
significant increase in performance.

MPI's goals are performance, scalability and palitgb These features make
MPI the most dominant model used in high perforneacmmputing today. It has become
the de facto standard for communication betweeferéifiit processors both for shared
memory and distributed memory. MPI-1 is the staddar traditional message-passing
using shared memory between different processdrsreas MPI-2 is standard for remote
memory, with parallel input/output and dynamic @esing using distributed memory for
different processors

In this thesis we attempt to compute the FFT iralbelt We design the algorithm
in such a way that the problem is split into pavith each part executed in parallel and
the final result gathered at the end. We use the IMRary to communicate between
multiple processors.
1.4 Contributions and Outline

In this research, we present the following contitns that are implemented in
the course of designing FFT.

1. We implemented the DCT and FFT. The DCT is builhgswo new approaches,
a gg90 algorithm and a lifting algorithm.
2. We describe a different ways of implementing thd By making the FFT run in
parallel with the DCT, thus making the entire Feutransform run in parallel.

3



The rest of the thesis is organized as follows

1. Chapter 2 will give detailed information on DCT, F&nd the MPI library. It also
talks about the implementation of FFT by the “flastirier transform in the west”.
Mellon University’s “spiral group”, which has thee&t timings for the DCT and
FFT, will also be discussed.

2. Chapter 3 will describe the algorithms pertainirgg the DCT which we
implemented by using two different algorithms. W&e the naming conventions
the “gg90 algorithm” and the *“lifting algorithm”. ¥also explain how we are
implementing the FFT in parallel and embeddingDi@T along with FFT.

3. Chapter 4 describes the results which we havermaddry implementing the DCT
using the gg90 algorithm and the lifting algorithimlowed by FFT results which
we have obtained by making it run on different gssors. Here we also take an
opportunity to explain why the gg90 algorithm isf@rred in constructing the
FFT.

4. Chapter 5 describes the conclusions and future Woakso suggests new ways of
obtaining better timings for the FFT and also pdeg enhancements that can be

made to this algorithm.



CHAPTER Il

LITERATURE REVIEW

Discrete Fourier transforms are primarily usedignal processing. They are also
used in processing information stored in compusolying partial differential equations,
and performing convolutions. The discrete Founi@nsform can be computed efficiently
using the FFT algorithm.

The FFT has various applications including digdaidio recording and image
processing. FFTs are also used in scientific aatisital applications, such as detecting
periodic fluctuations in stock prices and analyzsejsmographic information to take
“sonograms” of the inside of the Earth [3]. Duetle vast usage of FFT different
algorithms have been developed over time. We visitss some of the FFT algorithms
which are currently being used.

The discrete Fourier transform of length N requtiee complexity to be O (Y
whereas the time complexity of FFT is O (NINg, where N is the number of data points.
The following table shows the significant differengetween the operation counts for the

DFT and FFT algorithms [1].



Table 2.1 Operation counts for DFT and FFT

N DFT(counts) | FFT(counts)
2 4 2
4 16 8
8 64 24
16 256 64
32 1024 160
64 4096 384
128 16384 896
256 65536 2048
512 262144 4608
1024 1048576 10240

2.1 Fastest Fourier Transform in the West (FFTW)

The Fastest Fourier Transform in the West packageeldped at the
Massachusetts Institute of Technology (MIT) by MattFrigo and Steve G. Johnson.
FFTW is a subroutine library for computing the dete Fourier transform (DFT) in one
or more dimensions, of arbitrary input size, antbath real and complex data [4].

FFTW 3.1.2 is the latest official version of FFTWere is a list of some of FFTW's
more interesting features [4]:

1. FFTW supports both one one-dimensional and muftiesisional transforms.

2. The input data can have arbitrary length. FFTW eypO(n logn) algorithms

for all lengths, including prime numbers.

3. FFTW supports fast transforms of purely real inpubutput data.

4. FFTW with versions above 3.0 supports transformealf even/odd data.



5. Efficient handling of multiple, strided transformshich lets the user transform
multiple arrays at once, transform one dimensioa ofulti-dimensional array, or
transform one field of a multi-component array.

6. Portability to any platform with a C compiler

The FFTW has obtained more accurate and optimiesdlts for FFT. They achieved
more extensive benchmarks on a variety of platformikeir code is machine
independent. The same program without any modifingperforms well on all most all
the architectures. Since the code of FFTW is abkiléor free download, we configured
it on the Akron Cluster (cluster2.cs.uakron.edu)e Will discuss the comparison of
FFTW results with our algorithm results in the nek@apter. FFTW’s performance is
typically superior to any other publicly availalff#&T software. The authors of FFTW
give three reasons for making their code more soipand faster than others [4]:
1. FFTW uses a variety of algorithms and implementatstyles that adapt
themselves to the machine.
2. FFTW uses an explicit divide-and-conquer methodphkagtake advantage of
the memory hierarchy.
3. FFTW uses a code generator to produce highly apgan routines for
computing small transforms.
2.2 The Carnegie Mellon University Spiral Group
The main goal of Carnegie Mellon University’s “sgigroup” [5], is to push the
limit of automation in software and hardware depetent and to provide optimization
for digital signal processing (DSP) algorithms arlder numerical kernels. They provide
a number of online generators for solving DFT ar@dTD Their method of solving the

v



DFT is using generators, to create the code fopexiBc case of N (where N is the
number of data points) which will fetch them moréanced timings and more compact

code.

2.2.1 DFT IP Generator

The Spiral DFT IP generator [24] is a fast gener&do customized DFT soft IP
cores. The user provides variety of input paramsdike size of DFT, scaling mode, data
width, constant width, parallelism, twiddle storageethod, and FIFO threshold that
control the functionality of the generated corel these parameters control resource
tradeoffs such as area and throughput as wellr Afieag in the parameters in the input
form, the resources are dynamically estimated. dimput generated is synthesizable

Verilog code for an n-point DFT with parallelism p.

2.2.2 DCT IP Generator

The Spiral DCT IP generator [25] is a fast gener&o customized DCT. The
user provides input parameters like DCT size, dattth, constant width, data ordering,
scaling mode, parallelism, constant storage me#rat FIFO threshold that control the
functionality of the generated core. The input peeters also control resource tradeoffs
such as area and throughput. The output genenadedthe generator is a synthesizable
Verilog code for an n-point DCT (type II) with pdedism p.

Both the DFT and DCT generators take the same ipatameters and generate
the specific Verilog code for the specific valueMfwhere N is number of input data
points. Since the code is specific for specifiareabf N the time generated is very less.
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2.3 Cooley-Tukey FFT algorithm

The Cooley-Tukey FFT algorithm is the most comnadorithm for developing
FFT. This algorithm uses a recursive way of solMdigT of any arbitrary size N [22].
The technique divides the larger DFT into small&TDWhich subsequently reduce the
complexity of their algorithm. If the size of theFD is N then this algorithm makes
N=N1.N2 where N1 and N2 are smaller DFT’s. The claxipy then becomes O (N log
N).
Radix-2 decimation-in-time (DIT) is the most commésrm of the Cooley-Tukey
algorithm, for any arbitrary size N. Radix-2 DITvales the size N DFT'’s into two

interleaved DFT’s of size N/2. The DFT is defingdtbe formula [21]

N-1 o

Xp=Y zpev™  kE=0,...,N-1

n=>0
Radix-2 divides the DFT into two equal parts. Thestfpart calculates the Fourier
transform of the even index numbers. The other gadulates the Fourier transform of
the odd index numbers and then finally merges tteeget the Fourier transform for the
whole sequence. This will reduce the overall tim©t(N log N).
In Figure 2.1, a Cooley-Tukey based decimation riegdiency for an 8-point FFT

algorithm is shown:
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Figure 2.1N = 8-point decimation-in-frequency FFT algorithm.
The structure describes that given an input N,allgerithm divides it into equal pairs,
and further divides it in a recursive way untilg@adata points are left. Once all the data
points are formed the algorithm then merges thergetothe Fourier transform for the
whole sequence.
2.4 Summary
In this chapter, we discussed the FFT models whrehcurrently being used. However
the models provide sequential versions of the HEffle amount of research has been
done on developing a parallel version of the FFTe Wdéveloped this approach of

implementing the FFT in parallel.
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CHAPTER IlI

MATERIALS AND METHODS

In this thesis the DCT is computed by using twdedént algorithms; the gg90 and the
lifting algorithm. We present gg90 algorithm.
3.1 DCT using the gg90 algorithm.
This algorithm involves three main steps, for n=8.

1. Reorder the input data points.

2. Calculate the cosine and sine values using the tmy@tula.

3. Calculate sum-difference step for the given inmib{s.
For the given input data points for a vector o8, first change the order of the input
points. In order to do that, the data points aveest in two different blocks: the even
elements are stored in one block and the oddseiwttiner in reverse order. For example
the 8 data points x0 to x7 would be re-order axX0x2, x5, x4, x3, x6, x1. Calculate

the cosine and sine values by using the formula.
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g (@)
a cos ()a+sin®) b

b sin @) a-cos @) b

Figure 3.1gg90 formula for calculating cosine and sine values

Figure 3.1 shows for two data points a, b, the wiplue of a is calculated as

cos (P) a +sin (P) b and the output value of b is calculated ag®)na - cos @) b.

The sum-difference step Figure 3.2 involves sum diffdrence operations on the input
data points. The points are divided into two halvdse top half performs the addition

operation and the bottom half performs the diffeeeaperation.

a atc
b b+d
d b-d

Figure 3.2Sum-difference for four input data points

There is a last computation step involved whendat point size is two, as seen in
Figure 3.3, the computation that needs to be paddris a sum-difference of two data

points divided by the square root of 2.
12



(a + b)N2

b (a— b)N2

Figure 3.3 ast steps in DCT

Figure 3.4 shows the complete discrete cosine fsemscomputation for 8 data points

[13].
. 9(1/32) Sumdiff Sumdiff i
>N // 7
) 9(5/32) \\ / / WSumdifﬁ\/Z )
s <N N>
\ 9(9/32) (U8 )

w
w

g(13/32) / )&\ g(5/8) Sumdiffr/2
> NN

Figure 3.DCT for 8 data points

(o))
(o))

=

As demonstrated in Figure 3.4 the given input g¢etiats are reordered and the cosine
and sine angles are computed. The output valueshare operated on by the sum-
difference method. After this first step, the peohlis partitioned into two halves. The

top half only requires a sum-difference operatibat the bottom half needs a sum-

13



difference and also a cosine and sine multiplicatiinally the last step carries out the

sum-difference operation and then divides by thexsgroot of 2.

3.2 DCT using the lifting algorithm
The steps involved in the lifting algorithm are 8an to that of the gg90 algorithm,
except for one step where the cosine and sineadealated [13, 14].
For the case of N=8 data points:

1. Reorder the input data points.

2. Calculate the cosine and sine values using thediformula.

3. Calculate the sum-difference step for the giveufirgmints.
Lifting performs the cosine and sine multiplicatidifferent from the gg90 algorithm.
After calculating the cosine and sine values fa& d¢fiven input data points, we tabulate
the R value, which is derived by the formula R=jtsWwhere c and s are the cosine and

sine values.

L (P
(@) L1 +R*L2

L2=s*L1-b

L1=a-R*b

Figure 3.5 Lifting step for two data points

Computed: ¢ = cos(pi/ 8), s = sin(pi/8) R= (c-1)/s

14



Figure 3.5 shows that for two data point a, b dhly R and sine values are used. First
calculate an intermediate value L1=a-R*b whichsedito derive the values for the two
data points. The first second data output valwelsulated by the formula s*L1 —b. This
value is stored in L2 which is then used to comphéeoutput for the first data point by
the formula L1+R*L2.

3.2.1 DCT using the lifting algorithm for 8 dataipis

The given input data points are reordered. The gaéres are stored in order and the odd
values are stored in reverse order. The liftingrigla is applied to compute the cosine
and sine values followed by a sum-difference sédter the sum-difference operation the
problem is divided into two halves. The first hprforms the normal sum-difference
step and the bottom half performs lifting and thendifference step. As seen from

Figure 3.6, the last step involves the sum-diffeeesand then division by the square root

of 2.
L (1/32) Sumdiff Sumdiff
0 0
>N/ :
NV O

s NS N

L (9/32)

3 3

L (13/32) / K\ L (5/8) Sumdifin2
, o N\ A >,

Figure 3.6 DCT using lifting step for 8tagoints
15
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Both algorithms have been implemented on The Usityenf Akron cluster and tested
on the Ohio Supercomputer cluster for comparisoa.digcuss the results of both these
algorithms in Chapter 4.

As we have seen, for both algorithms, the inpua g@ints are reordered before applying
the DCT. Hence the results produced are also nibteircorrect order. A re-ordering step
is used to bring the values back into original ord&e applied the re-ordering step for
the lifting algorithm, but the timings went veryghi because the processor interaction
time surpasses the actual time to compute the Ddldes. In the gg90 algorithm, instead
of re-ordering the final data points, we performattbtep in the FFT itself. By doing this

the timings were very satisfactory.

3.3 Fast Fourier Transform
In this thesis we implemented a FFT algorithm whehs in parallel with the DCT [14].
As we have seen from the above section 3.1 and iB\glemented two different
algorithms for computing the DCT and hence useriher in the FFT. We chose to
proceed with the gg90 algorithm for computing th€l knstead of the lifting algorithm
because it is seen from the implementation thatatteairacy of the gg90 algorithm is
much higher than that of the lifting algorithm.
3.3.1 Fast Fourier transform algorithm using gg@@thm
In order to compute the FFT there are two majopsstavolved, applied many times in
succession.

1. Calculate the sum-difference step for the giveuirgoints.

2. Compute the DCT using the gg90 algorithm.

16



As seen from figure 3.7 for the four data pointdbac and d the sum-difference step
breaks the data points into two halves. The figdt performs the addition operation and

the second half performs the difference operation.

a atc
b b+d
d b-d

Figure 3.7 Sum-difference operations for the irgata points
Since we have already computed the DCT using ti®® gdgorithm, for the FFT we fix
the DCT and make the entire FFT run in parallel.
When computing the FFT for any input of real datants, the first step is to compute the
sum-difference. After this initial step the FFThsoken into two halves. The first part
performs only the sum-difference operation. Theadmothalf calls the sub routine which
calculates the DCT using the gg90 method. Bothdsalun in parallel independent of
one another. After computing the resulting valud® master processor receives the
computed values and performs a few final re-oradgesieps to generate the output values.
The FFT for complex values is computed by computing real and imaginary part
separately on two different processors. For exammpbeder to calculate
a + i (b), where a and b are real and imaginarg gaints, the real part is computed on

processor O and the imaginary part on processoifhkese two processors work
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independently of each other, and each internallig ¢the DCT. Thus not only does the
FFT run in parallel but also the DCT runs in paalVithin it.

We implemented the FFT using cases of real and Bxmpput values. We discuss and
compare our results with previous FFT implementetifiil] and show ways to improve

the timings by using multiple processors in patatiehe next chapters.

3.4 Construction of n=8 point FFT in parallel

We now discuss how we have constructed the FFTaiallel for a small case of 8 data
points. For the given 8 data points, the initis¢psis to perform the sum-difference
operation. After the first step, the data points laalved. The first half is independent of
the bottom half. The top half calculates only thensdifference operation for the four
data points. The bottom half performs a diffsumflipich means flipping the data points
after the sum- difference operation. The outpuhen multiplied with cosine and sine

values by the gg90 formula.
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b Sin (@) a-cos®) b

Figure 3.8 FFT for n=8 data points
As seen from Figure 3.8, the gg90 formula for tvatadpoints a, b is co®ja + sin (P)b
and —sin @)a + cos ©)b. A final flip is carried out in the bottom hat output the data
points in the correct order. In other words theidrathalf is the same as that of the DCT
transform for four data points.
In our experiments we have made the bottom andhébges independent of one another.
We programmed the two halves to run in parallaistmaking the FFT run in parallel.
Since the DCT is working in the bottom half, we et to achieve having both the FFT

and DCT run in parallel.
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3.5 FFT using 16 data points

Figure 3.9 below shows the FFT using 16 data p¢itk After the initial step of a sum-

difference, the top half and bottom half work inde@ent of each other.
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The top half works as in the 8 point FFT. The hottealf calls the internal DCT sub
routine. Both halves work on different processard with the final result reported back

to the master processor.

3.6 Summary
In this chapter, we demonstrated algorithms foRE" using the gg90 and lifting
algorithms. We also explained how the DCT is fixethe FFT algorithm using suitable

examples for 8 and 16 data points.
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CHAPTER IV

RESULTS AND DISCUSSION

Many major benchmarks have been obtained duringnidementation phase of the
parallel computation of the DCT and FFT. We testent application both on The
University of Akron cluster (UA), and on the gleroluster located at the Ohio
Supercomputer Center (OSC).
4.1 Hardware configuration of the OSC cluster [7]
1. 877 System x3455 compute nodes
Dual socket, dual core 2.6 GHz opterons
8 GB RAM
48 GB local disk space in np
2. 88 system x3755 compute nodes
Quad socket, dual core 2.6 GHz opterons
64 GB (2 nodes), 32 GB (16 nodes), or 16 GB (7espRAM
1.8 TB (10 nodes) or 218 GB (76 nodes) local dis&ce in /tmp
3. One e1350 Blade Center
4 Dual Cell base®S20 blades
Voltaire 10 Gbps PCI express adapter

4 System x3755 login nodes

22



Quad socket 2 dual core 2.6 GHz Opterons
8 GB RAM
4. All parts connected by 10 Gbps Infiniband
4.2 Hardware configuration of the Akron cluster
1. 46 compute nodes
Intel ® Pentium ® D CPU 3.00 GHz
2 GB RAM
CPU MHz is 3000.245
2. Dual gigabit networks on private switches aredu®r cluster communications;
one for diskless operations, the other dedicat@dRotraffic. Only the front node
communicates to the outside world.
4.3 Discrete Cosine Transform
As we discussed earlier in Chapter 3, we startaldlibg the DCT type IV, using two
different algorithms. We present the results of IN@T computation using the lifting
algorithm and the gg90 algorithm, followed by a pamson of these two algorithms.
4.3.1 Discrete cosine transforms using liftingoaidnm
Table 4.1 below shows the relative timings gener&be the DCT for values of N using
the lifting algorithm. The program is implemented one, two and four processors. A
comparison graph is also displayed. These testsrglemented on the UA cluster. It is
observed from the Figure 4.1 that the DCT on omegssor gives better timings than 2
and 4 processors because the DCT requires a reargddep. Also when running on 2
and 4 processors, the processors require extensgsage passing which increases the
overall computation time. The table describes othlg relative timings on the UA
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clusters, as it list the ratio of the timings other 1 or 4 processors to the timings on 2

processors. For actual timings, refer to Appendix A

Table 4.1 Comparing DCT lifting algorithm on 1, 2de4 processors

N Lift 1 Lift 2 Lift 4
8 0.27 1 1.43
16 0.133 1 0.919
32 0.09 1 1
64 0.07 1 1.14
128 0.06 1 1.19
256 0.04 1 1.067
512 0.04 1 1.011
1024 0.03 1 1.012
2048 0.03 1 0.99
4096 0.02 1 0.99
8192 0.028 1 1.002

Comparing lifting algorithm on 1, 2 and 4 processors

16

1.4
1.2

11— — |—m—Lift 1
0.8 Lift_2
0.6 Lift_ 4

% Time

0.4
0.2 -

8 16 32 64 128 256 512 1024 2048 4096 8192

Figure 4.1 Comparing lifting algorithm on 1, 2 ahgrocessors
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4.3.2 Comparison of lifting algorithm on UA and O8€ing 1 processor

Table 4.2 below shows the comparison of the liftaigorithm for the DCT using one
processor both using the UA cluster and the OS&t@luFrom Figure 4.2 the graph, it is
observed that the UA cluster performs better tihh@QSC cluster when the value of N is
small. This is because all nodes in the OSC clumterQuad core. Though the program
utilizes only one processor, all four processoesiattiated. As the value of N increases,
the OSC cluster gives comparatively better timingee table describes only the relative

timings on both of the clusters. For actual timings$er to Appendix A.

Table 4.2 Comparing the lifting algorithm at UA a@&C cluster on 1 processor

N UA_1Processor OSC_1 Processor
8 0.6 1
16 0.62 1
32 0.67 1
64 0.67 1
128 0.76 1
256 0.845 1
512 1.06 1
1024 1.18 1
2048 1.33 1
4096 1.57 1
8192 2.03 1
16384 2.38 1
32768 2.81 1
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Comparing lifting algorithm on 1 processor

3
25 /.
2
(]
€ —l— UA_1Processor
iz 1.5
< OSC_1 Processor
1 77.__..,-.—-/'/-/ N
0.5
0

Figure 4.2 Comparing lifting algorithm on 1 proaass

4.4 Comparison of the gg90 and lifting algorithm

After implementing lifting algorithm we found outhdt the timings were not so
impressive, that is due to the fact that the fimabrdering step in DCT is taking more
processor time. In gg90 algorithm we eliminated fihal re-ordering step and take care
of this step in FFT algorithm. Table 4.3 below skatwat gg90 algorithm gives better
timing than lifting algorithm. The table describ@dy the relative timings on the clusters.

In order to see the actual timings, refer to Apperd

26



Table 4.3 Comparing the gg90 and lifting algoritatJA cluster on 1 processor

N UA 1gg90 OSC 1 Lift
128 0.61 1
256 0.49 1
512 0.54 1
1024 0.52 1
2048 0.47 1
4096 0.48 1
8192 0.47 1
16384 0.47 1
32768 0.48 1

% Time

1.2

0.8

0.6

0.4

0.2

Comparison of gg90 and lifting algorithm

2

Tj
.

—o—UA 1
gg90

—8—05SC_1
Lift

128 256 512 1024 2048 4096 8192 16384 32768
N

Figure 4.3 Comparing gg90 and lifting algorithmIprocessor
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4.5 Fast Fourier Transform
The FFT has been implemented in this study for tirthat is both real-valued and
complex-valued. For the complex-valued case, thE iEFmplemented by using 1, 2 and

6 processors.

4.5.1 Real case FFT using 1 processor

Table 4.4 below shows the comparison of the FFTHemreal case on the UA cluster and
the OSC cluster. It is seen from the figure 4.4 tha timings on the OSC cluster are
comparatively better than those on the UA clustecalise of the architecture of the
machine, and because each node on the OSC clesté&dGB of memory which is three

times faster than the memory on the UA cluster. fBide describes only the percentage

timings on both the clusters. For actual timing$er to Appendix A.

Table 4.4 Real case FFT using 1 processor

N UA_1Processor OSC_1 Processor
128 0.91 1
256 0.8669 1
512 0.938 1
1024 1.008 1
2048 1.03 1
4096 1.15 1
8192 1.19 1
16384 1.18 1
32768 1.12 1
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Real case FFT on 1 processor
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Figure 4.4 Real case FFT on 1 processor

4.5.2 Comparisons of the real case FFT using lessmr
Table 4.5 below shows the comparison of FFT timingsh [1]. It is observed from
Figure 4.5 our FFT on one processor performs béttefarge values of N. The table

describes only the percentage timings on both thgters. For actual timings, refer to

Appendix A.
Table 4.5 Comparison of real case FFT on 1 processo
N UA_1Processor OSC 1 Processor Misal [1]

256 0.8669 1 0.29
512 0.938 1 0.45
1024 1.008 1 0.62
2048 1.03 1 0.93
4096 1.15 1 1.14
8192 1.19 1 1.42
16384 1.18 1 1.38
32768 1.12 1 1.64
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Comparing complex case FFT on 1 processor

1.5
GEJ —e— UA_1 Processor
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256 512 1024 2048 4096 8192 16384 32768
N

Figure 4.5 Comparison of real case FFT on 1 pracess

4.5.3 Complex case FFT using 2 processors

We consider both the real and imaginary case famptex-valued FFT. The Figure 4.6
below shows how the FFT has been implemented ialphusing two processors. When
the execution begins, processors 0 and 1 recehe rdal and imaginary parts of the
input, respectively. Both processors work indepeatigeon the real and imaginary input.
Once processor 1 completes execution, it sendstitss to processor 0. Th& @rocessor

will then combine the real and complex parts toegate the complete FFT.
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Figure 4.6 Implementation of FFT on 2 processors

Table 4.6 below shows comparative results whenFRE has been implemented on 2
processors, comparing the UA processor and the €&Ter. The comparison graph is
shown below in figure 4.7. From the graph, it isrséhat as the value of N increases, the
timings on the UA processor slowly decrease and termatch up with the OSC cluster.
This is because the UA cluster has a latency ti®aycles whereas OSC latency time
is 0. In the initial cases the timings are affectddwever, once both of the processors get
enough input to process, at this point the latemog is overshadowed by the execution
time. The table describes only the relative timingsboth the clusters; for actual timings

refer to Appendix A.
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Table 4.6 Complex fast Fourier transform on Zpssors

N UA 2 Processor | OSC_2 Processor
128 1.73 1
256 1.49 1
512 1.54 1
1024 1.36 1
2048 1.4 1
4096 1.23 1
8192 1.289 1
16384 1.28 1
32768 1.17 1

Complex case FFT on 2 processors

1.8
> \./.\‘.7.\."/4._.\
1.2

g " —m— UA_2 Processor
i; 0.; o T OSC_2 Processor
0.6
0.4
0.2

0 T T T T T T
128 256 512 1024 2048 4096 8192 16384 32768

N

Figure 4.7 Complex case FFT on 2 processors
4.5.4 Comparisons of the complex case FFT using@essors
Table 4.7 below shows the comparison of the FHJaiallel with [1] using 2 processors.
The timings are calculated on both UA cluster ar8iCCOcluster. From the table we
observed that as the value of N increases, the iRFarallel generates comparatively

better timings than [1]. This is because when thieier of N is small, the interaction time
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between processors time is dominating, but as #heewvof N increases, both processors
get enough data to work on. The method of this phpats the timings from those in [1]
once the value of N becomes 8192. As above, the tiscribes only the relative timings

on both the clusters. For actual timings refer ppéndix A.

Table 4.7 Comparing complex case FFT using 2qzsars

N UA_2 Processor | OSC_2 Processor Misal [1]
256 1.49 1 0.236
512 1.54 1 0.38
1024 1.36 1 0.49
2048 1.4 1 0.61
4096 1.23 1 0.67
8192 1.289 1 1.07

16384 1.28 1 1.29
32768 1.17 1 1.54

Comparing complex case FFT using 2 processor

.
’ D v\.’/—’_/
012 '\*‘_ —— UA_2 Processor

€ 1 - ) = = o - - #— | —=m— 0OSC_2 Processor

N Misal [1]

O ) ) ) ) L L L
256 512 1024 2048 4096 8192 16384 32768

N

Figure 4.8 Comaprison of complex case FFT usingp2gssors
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4.5.5 Complex case FFT using 6 processors

Figure 4.9 below shows how the FFT is implementedsing 6 processors. Processors 0
and 1 get the real and complex input respectilgcessor 0O will then assign processors
2 and 3 to compute the DCT. Processors 2 and 3hvaifi work independently and sends
the message back to processor 0. Processor 1, wigrorking on complex input
independent of processor 0, will assign procesdors to compute the DCT. Both
processors 4 and 5 send messages back to procksafter computing the DCT.
Processor 1 then gives the computed complex vdtugsocessor 0. Processor 0 will

perform final computations and generate the FFT.

Input

DCT DCT DCT DCT

Figure 4.9 Implementation of FFT on 6 processors
Table 4.8 below shows the comparison of timingsdoth the UA cluster and the OSC
cluster. The comparison graph figure 4.10 is shdwow. It is observed that the

performance of the OSC cluster is better than dfidlhe UA cluster because of the high
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latency time of the UA cluster. While using 6 presers, the latency time will be
approximately 6*50, whereas the latency time isozat the OSC cluster. The table
describes only the relative timings on both clustéor actual timings refer to Appendix

A.

Table 4.8 Complex case FFT on 6 processors

N UA_6 Processor | OSC_6 Processor
128 2.53 1
256 2.65 1
512 3.04 1
1024 3.53 1
2048 2.92 1
4096 3.35 1
8192 3.45 1
16384 4.34 1

Complex case FFT on 6 processor

4.5 1
4 d
3.5 .
3
£ 25 ./,g/-/ = —m— UA_6 Processor
= 251
S 5] OSC_6 Processor
1.5
14 —
0.5

256 512 1024 2048 4096 8192 16384 32768

Figure 4.10 Complex case FFT on 6 processors
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4.5.6 Comparison of complex case FFT using 1, 26amebcessors

Table 4.9 below shows the comparison of the FFhgud, 2 and 6 processors. With an
increase in the value of N, the FFT running ondcpssors gives a more optimized time.
It is seen that for small cases of N the messagsima time between 6 processors
dominates the overall time to generate the FFT asuhe value of N increases the FFT
using 6 processors gives a comparatively betteinginthan those using 1 and 2

processors. The table describes only the relaiimestin order to see the actual timings

refer to Appendix A.

Table 4.9 Complex case FFT on 1, 2 and 6 procgsso

N OSC_1 Processor | OSC_2 Processor OSC_6 Processor
128 0.94 1 3.523
256 0.87 1 2.62
512 0.866 1 1.61
1024 0.89 1 1.18
2048 0.86 1 1.07
4096 1.12 1 1.13
8192 0.911 1 0.99
16384 0.876 1 0.85
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4.5.7 Comparison of complex case FFT in parallghwFTW 3.2
Table 4.10 below shows the comparison of the FFganallel with the (FFTW) [4]. It is
seen from the table that as the value of N inceage performance of the FFT in

parallel improves. The table describes only thatnet time on the clusters, for actual

timings refer to Appendix A.
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Table 4.10 Comparison of FFT and FFTW 3.2

N FFT FFTW 3.2
2048 26 1
4096 25 1
8192 20 1
16384 17 1
32768 16 1
65536 15 1

131072 13 1
262144 13 1
524288 10 1
1048576 10 1

% Time
[EEY
o

Comparison of FFT and FFTW 3.2

30
25 A

20

—B—FFT
FFTW 3.2

o un

2048 4096 8192 16384 32768N65536 1E+05 3E+05 5E+05 1E+06

Figure 4.12 Comparison of FFT and FFTW 3.2
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4.6 Summary

In this chapter, we showed the experimental redoltshe DCT using the lifting and

0990 algorithms. We explained how the gg90 algoritherforms better than the lifting
algorithm. Finally conducted experiments for theTF&nd compared our results with
those from previous thesis [1]. All experiments eaeried out on both the UA and OSC

clusters.
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CHAPTER V

CONCLUSIONS

The research contribution of this thesis providesew parallel implementation of the
FFT that involves the Type IV DCT. This implemerdatwas coded in C and tested on
both the UA cluster and the OSC cluster. This pelr&®FT allows the entire FFT to be
computed in parallel. This application can be usbdn a fast FFT computation needs to
be done. The results are promising, but the speetign using two or six processors has

not yet been shown to provide a significant inceeas

5.1 Future work

There is future work where in the user can imprtve performance of the FFT by
increasing the number of processors. This wouldirequsing all of the processors with a
load-balancing technique. The general FFT prograsmksvwith any number of input

points. In order to achieve better timings, gerwgatcan be implemented which will
create fewer lines of code for small values of M &mus give better timings. All well

known FFT developers in the market currently useegators.
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APPENDIX A

TABLES SHOWING THE ACTUAL TIMINGS

4.3.1 DCT using the lifting algorithm

Table Al Timing in microseconds of lifting algonithon 1,2 and 4 processors

N Lift 1 Lift 2 Lift 4

8 45.9 174 250

16 49.9 373 342.98
32 63.2 636 642.8
64 93.4 1312.98 1497
128 157.9 2529.99 3032.88
256 299.9 6643.0 7089.9
512 679.02 16555.1 16739.9
1024 1516.08 40896.93 41398.93
2048 4009.91 129486 129199.9
4096 12242.02 442861.9 441023.1
8192 40544.23 1436512 14398112
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4.3.2 Comparison of the lifting algorithm on UA and O8laster using 1 processor

Table A2 Timing in microseconds of lifting algonithon 1 processors

N UA_ 1Processor OSC_1 Processor
8 33 55

16 41 66

32 52 77

64 80 119
128 151 198
256 296 350
512 649 608
1024 1557 1315
2048 4094 3059
4096 12487 7912
8192 41265 20285
16384 148190 62259
32768 572643 203109

4.4 Comparing the gg90 and lifting algorithm

Table A3 Timing in microseconds of gg90 and liftaigorithm on 1 processor

N UA_19gg90 OSC_1 Lift
128 124 202
256 215 431
512 437 799
1024 848 1621
2048 1658 3472
4096 3411 7018
8192 7225 15163
16384 15066 31153
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4.5.1 Real case FFT using 1 processor

Table A4 Timing in microseconds of FFT using 1 @ssors

N UA_1Processor OSC_1 Processor
128 113 123

256 202 233

512 431 459

1024 799 792

2048 1621 1563

4096 3472 3008

8192 7018 5961
16384 15163 12846
32768 31153 27781

4.5.2 Comparisons of the real case FFT using lessmr

Table A5 Comparing timing in microseconds of FFihgsl processor

N UA_1Processor OSC_1 Processor [1]
256 202 233 68
512 431 459 204
1024 799 792 486
2048 1621 1563 1170
4096 3472 3008 2800
8192 7018 5961 7000
16384 15163 12846 18100
32768 31153 27781 46900
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4.5.3 Complex FFT using 2 processors

Table A6 Timing in microseconds of FFT using 2 @®sors

N UA_2Processor OSC_2 Processor
128 260 151
256 415 269
512 721 519
1024 1266 929
2048 2401 1704
4096 4284 3472
8192 8458 6582
16384 17256 13775
32768 35675 30410

4.5.4 Comparisons of the complex case FFT using@essor

Table A7 Comparing Timing in microseconds of comptase FFT on 2 processors

N UA_2Processor OSC_2 Processor [1]
256 415 269 65.5
512 721 519 199
1024 1266 929 456.2
2048 2401 1704 1040
4096 4284 3472 2330
8192 8458 6582 7000
16384 17256 13775 17900
32768 35675 30410 47000
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4.5.5 Complex case FFT using 6 processors

Table A8 Timing in microseconds of FFT on 6 prooess

4.5.6 Comparison of complex case FFT using 1, 26amebcessors

N UA_6Processor OSC_6 Processor

256 1923 647

512 2335 838

1024 4066 1097
2048 7789 1832
4096 13401 3851
8192 27205 6609
16384 51167 12737
32768 120313 26613

Table A9 Timing in microseconds of FFT on Brizl 6 processor

N osC 1 osC 2 0SC 6
128 123 151 529
256 233 269 647
512 459 519 838
1024 792 929 1097
2048 1563 1704 1832
4096 3008 3472 3851
8192 5961 6582 6609
16384 12846 13775 12737
32768 27781 30410 26613
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4.5.7 Comparison of complex case FFT in paralléhWwFTW 3.2

Table A10 Timing in microseconds of FFT and FFTW3.2

N FFT FFTW 3.2 Performance
2048 1832 68.96 X26
4096 3851 150.66 X25
8192 6609 328.31 X20
16384 12737 748.81 X17

32768 26613 1650 X16
65536 61187 3980 X15
131072 129389 9570 X13
262144 291218 20910 X13
524288 622134 58260 X10
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APPENDIX B

C CODE FOR FAST FOURIER TRANSFORMS

/1 Sept 10 Programis done with the addition of real and conplex part

#i ncl ude<st di 0. h>

#i ncl ude<ti ne. h>

#i ncl ude<stdlib. h>
#i ncl ude<npi . h>

#i ncl ude<mat h. h>

#i ncl ude<stdl i b. h>
#define Pl 3.141592654
#define SQH 0. 707106
i nt ordb[ 65536];
doubl e sunP[ 65536] ;
doubl e poutf[65536];

main (int argc, char *argv[])

{

i nt myrank, nunprocs,tag=1234,cl

int n, i, nl1 =0, m space, nstart,nstart?2, space2, ncounter, n2, j,
k, hi;

n = atoi (argv[1]);

doubl e xout[n], J, mytinme, x[n], x2[n], x4[n], tenp[n], tenpl[n],
temp2[ n], xbothal f[n], xbothal f2[n], tenmp5[n], temp6[n], xlout[n],
x2out [ n], fxoutl[n],fxout2[n],fxout3[n],fxout4d][n];

void dct(double [], int);
int getlog(int);

MPI _St at us st at us;

MPI Init (&argc, &argv);

MPI _Comm rank (MPI _COVM WORLD, &mnyrank);
MPI _Comm si ze (MPI _COWM WORLD, &nunprocs);

if (myrank == 0)
{ fftporderd (n);
whi | e( nl<n)
X[ nl] = nl+1;

nil++;

}
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nytime = MPI_Wime ();
J = getlog (n);
m = n;

space = 2
nstart =

for (ncounter = 1; ncounter <= (J - 2); ncounter++)
{
sundi ff2 (x, 0, m n);

for(i=0;i<n;i++)

X[i]=sunm?[i];
n =m/ 2
for (i =n2, j =1; i <m i++, |j++)

tenp[j] = x[i];

for (k =0, i =2, j =1; i > (n2/ 2) + 1; i--, j++, k++)
templ[k] = tenp[i] - tenp[j];

k = 2*(n/ 4);
MPI _Send(tenmpl, k, MPI_DOUBLE, 2, tag, MPI_COVM WORLD)

for (k =0, i =nm2/ 2, j =(n2/ 2) +1;, i >=1, j <= ng;
i--, j++, k++)
tenp2[k] = tenp[i] + tenp[j];

k = 2*(n/4);
MPl _Send(temp2, k , MPI_DOUBLE, 3, tag, MPI_COW WORLD)

/1 DCT | MPLEMENTATI ON

MPl _Recv (tenmpl, k , MPI_DOUBLE, 2, tag, VPl _COWM WORLD
&st at us) ;

MPI _Recv (tenmp2, k , MPI_DOUBLE, 3, tag, MPl _COVM WORLD
&st at us);

for (i =0; i < (M2 /[ 2); i++)
{
xbot hal f

[i] = tenp2[i];
xbot hal f 2[ i

] =-1~ templ[i];

for (i = (m2/ 2), j = (n2/2)-1; i<n@; i++ j--)

xbot hal f

[i] = temp2]]
xbot hal f 2[ i t

] =
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&st at

&st at

/1

nstart2 = nstart;
space2 = space;

(
{
ordb[i]

for = 0; i < nR,nstart<=n; i++)
= (ordb[i] / 2);

fxout1l[ nstart] xbot hal f[ ordb[i]
fxout 2[ nstart] xbot hal f 2[ or db[

nstart=nstart +space;

}

nstart nstart2 + (space2 / 2);
m=m/ 2;
space = 2 * spacez;

}
//Last Step 4 Val ues

(i 0; i
templ[i]

1;
= 11;

< 4;
x[i];

sumdi ff2 (tenpl, 0, 4,

for (i

x[i]
sundi ff2 (x,

for i ++)

n);

0; i < 4;
sun2[i];

i ++)

0, 2, n);

f xout 1] 1]
f xout 2[ 1]

sunm?[ 0] ;
=0;

fxoutl[1l + (n / 2)]
f xout 2[ 1+(n/ 2)] =0;

for (j
temp[j]

sun[ 1];

Oy

3; i
x[i-1];

<= 4; i++, | +4)

fxout1[ (n /
fxout2[ (n /

4) + 1]
4) + 1]

tenp[ 0] ;
-1 * tenp[1];

2) + 1]
2) + 1]

fxout1[ (n /
fxout2[ (n /

4) + (n/
4) + (n/

tenmp[ 0] ;
temp[1];

MPI _Recv (fxout3, n+1 ,
us);
MPI _Recv (fxout4,

us);

n+l , MPI_DOUBLE, 1,

for =1; i

{

(i <= n; i+4)
fxout 1[i
fxout 2[ i

xout1[i] - fxoutd[i];

] =1f
] = fxout2[i] + fxout3[i];

for(i=1;i<=n;i++)
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t ag, MPl _COVM WORLD



[l printf("9%f

mytime
nmytime

printf ("\nTiming fromrank % is % fus.\n",
rank 0 ends here

} [1if
i f(myrank == 2)
{
k

J
J

f
{

&st at us);

(n/ 4)*2;

J-2;

MPI _Recv (tenpl, k ,

% fi\n", fxoutl[i],fxout2[i]);

getlog(n);

MPI Winme () - nytine;
nytime * 1000000;

or (ncount er =J; ncount er >=1; ncount er - -)

cl = pow (2, ncounter);
dct (tenpl, cl);

MPl _Send(tenpl, k , MPI_DOUBLE, O,

}

i f(myrank == 3)
{

k =(n/4)*2;
J = getlog(n);
J = J-2;

for (ncount er =J; ncount er >=1; ncount er - -)

{

MPI _Recv (tenp2, k ,

&st at us) ;
cl =

pow (2, ncounter);

det (temp2, cl);

MPI _Send(tenp2, k ,

}
}

if (myrank == 1)
{

fftporderd (n);

whi | e( nl<n)
x2[ nl] =
nil++;
}
J = getlog (n);
m= n,
space = 2;

nstart = 2;

nl+1;
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MPI _DOUBLE, O,

MPI _DOUBLE, O,

MPI _DOUBLE, O,

nyrank, nyti nme);

t ag, VPl _COVM WORLD,

tag, MPI_COVM WORLD);

t ag, MPl _COVM WORLD,

MPI _COVM WORLD) ;



for (ncounter = 1; ncounter <= (J - 2); ncounter++)
{
sumdi ff2 (x2, 0, m n);

for(i=0;i<n;i++)
x2[i]=sunmk[i];

for (i =nR, | =1; 0 <m i++ |+4)

for (k =0, i =nR, j =1; i > (n2/ 2) + 1; i--, j++ kt+)
templ[k] = tenp[i] - tenp[j];
k = 2*(n/4);

MPl _Send(tenpl, k, MPI_DOUBLE, 4, tag, MPI_COVM WORLD);

for (k =0, i =m/ 2 j =(m/ 2 +1; i >1 | <=ng
i--, j++, k++)
tenp2[k] = tenp[i] + tenp[j];
k = 2*(n/ 4);

MPI _Send(tenmp2, k, MPI_DOUBLE, 5, tag, MPI_COVM WORLD);

MPl _Recv (templ, k , MPI_DOUBLE, 4, tag, MPl _COVM WORLD,
&st at us) ;

MPl _Recv (temp2, k , MPI_DOUBLE, 5, tag, MPI _COVM WORLD,
&st at us) ;

for (i =0; i < (M2 / 2); i++)

{
xbothal f[i] = temp2[i];
xbothal f2[i] = -1 * tenpl[i];
}
for (i =(nm2/ 2), j = (nm2/2)-1; i<nR; i++, j--)
{
xbothal f[i] = temp2[j];
xbothal f2[i] = tenpl[j];
}
nstart2 = nstart;
space2 = space;
for (i = 0; i < n2,nstart<=n; i++)

{

ordb[i] = (ordb[i] / 2);
fxout3[nstart] = xbothal f[ordb[i]]
fxoutd4[nstart] = xbothal f2[ordb[i]
nst art =nst art +space;

}

I;
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nstart = nstart2 + (space2 / 2);
m=m/ 2
space = 2 * spacez;

} //for counter endsa

//Last Step 4 Val ues

for (i =0; i < 4; i++4)
templ[i] = x2[i];

sumdi ff2 (tenmpl, 0, 4, n);

for (i =0; i < 4; i++4)
x2[i] = sun?[i];

sumdi ff2 (x2, 0, 2, n);

fxout 3[ 1] = sun?[0];
f xout 4] 1] =0;

fxout3[1 + (n / 2)] = sunR[1];

f xout 4[ 1+(n/ 2)] =0;

for (j =0, i =3; i <=4; i++ |++4)
temp[j] = x2[i-1];

fxout3[(n / 4) + 1] = tenp[0];

fxoutd4[(n / 4) + 1] = -1 * tenp[1];

fxout3[(n/ 4) + (n/ 2) + 1] = tenmp[O0];

fxoutd[(n/ 4) + (n/ 2) + 1] = tenp[1];

MPI _Send(fxout3, n+1, MPI_DOUBLE, 0, tag, MPI_COVM WORLD)
MPI _Send(fxout4, n+1, MPI_DOUBLE, 0, tag, MPI_COVM WORLD)

} /1if rank 1 ends here
i f(myrank == 4)

{
k =(n/4)*2;
J = getlog(n);
J = J-2;
for (ncount er=J; ncount er >=1; ncount er - -)
{
MPI _Recv (tenpl, k , MPI_DOUBLE, 1, tag, MPl _COVWM WORLD
&st at us);
cl = pow (2, ncounter);
dct (tenpl, cl);
MPl _Send(tenpl, k , MPI_DOUBLE, 1, tag, MPI_COVM WORLD)
}
}

i f(myrank == 5)
{
k =(n/4)*2,
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J
J

getlog(n);
J-2;

f or (ncount er =J; ncount er >=1; ncount er - -)

MPl _Recv (temp2, k , MPI_DOUBLE, 1, tag, MPl _COVM WORLD
&st at us);

cl = pow (2, ncounter);

dct (tenp2, cl);

MPI _Send(tenmp2, k , MPI_DOUBLE, 1, tag, MPI_COVM WORLD)

}

}
MPI _Finalize ();
return O;

}

//**************m‘l’ INPLENEN‘I’ATI O\l*****************//
void dct (double xout[], int z1)

{

long int n = 0;

int L, n2, myrank, pcounter, |1, tag =1234, hl1l, h3, h4, h5, h6, KI,
hi16, h7, h8, nunprocs, i, j, ¢j, m k

count;
long int jar[z1];
double ¢, s, J1, angnum nrs, ang, mult, Cz1], S[zl], Cb[z1],
S2b[ z1],
angl e, anglel, tenp[zl], xin[zl], temprs[zl], v[zl], S2[z1],
pl[z1],
C2c[z1], S2c[zl1], tenp2rs[zl], p2[zl], mytine, tenpl[zl],
bl ock[ z1],
pairl[zl], pair2[zl], temp2[zl], tenp3[zl], tenpd[zl],
p[z1], xpin[z1];

while (n < z1)

n++;

}

if (n == 2)

{
angle = Pl / 8;

c = cos (angle);
s = sin (angle);
xpi n[0] = xout[O0];
xpin[1] = xout[1];
xout[0] = (c * xpin[0]) + (s * xpin[1]);
xout[1] = (-s * xpin[0]) + (c * xpin[1]);
else if (n == 4)
{
¢ =cos (Pl / 16);
s =sin (Pl / 16);
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tenp[1] = xout[O0];
tenmp[2] = xout[3];
temp[ 3] = xout[2];
tenp[ 4] = xout[1];

xin[0] =c * tenp[1] + s * temp[2];
xin[1] = (-s * temp[1]) + ¢ * tenmp[2];

c =cos ((5* PI) / 16);

s =sin ((5* PI) / 16);

xin[2] = c * tenp[3] + s * tenp[4];
xin[3] = (-s * tenp[3]) + c * tenp[4];

sundi ff2 (xin, 0, 4, zl);

temp[0] = sunR[2] * SQH,
temp[ 1] = sunR[3] * SQH
xout[0] = sun2[O0];

xout[1] = sun2[1];

xout[2] = tenp[0] + tenp[1];
xout[3] = -tenp[0] + tenp[1];

}
el se

for (j =1, jJ <=(n/ 2); j++)
{
angnum= 4 * (j - 1) + 1;
milt =Pl / (n* 4);
ang = angnum * nmult;
Clj] = cos (ang);
slj] = sin (ang);

}

for (j =1; j <= (n/ 4); j++)
{

cj =2* (j - 1);
m=n - 1;

//0,7,4,3'in the first iteration and 2 5 6 1 in the second
iteration

pairl[0] = xout[cj];

pairl[1] = xout[(m- cj)];

pair2[0] = xout[(cj + (n/ 2))]; [/xtenp(3:4)

pair2[1] = xout[(m- (cj + (n/ 2)))];

v[0] = (C[j] * pair1[0]) + (S[j] * pair1[1]);

vi1] = (-S[j] * pairl[0]) + (Cj] * pairl[1]);

vi2] = (Cj + (n/ 4)] * pair2[0]) + (S[j + (n/ 4] *
pair2[1]);

v{3] = (-S[j + (n/ 4)] * pair2(0]) + (Cj + (n/ 4] *
pair2[1]);

sumdi ff2 (v, 0, 4, z1);
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pL[(2 * j) - 2] = sune[0];
pL[(2 * j) - 1] = sune[1];
p2[(2 * j) - 2] = sune[2];
p2[(2 * j) - 1] = sune[3];

}

pcounter = 1,
whil e (pcounter <= 2)

{
if (pcounter == 1)
for (i =0, J =1; i <n /[ 2; i++ |++)
{
pli] = pi[i];
count ++;
}
} /[1if ends here
el se
{
count = 0;
for (j =1, 1 =0; i <n /[ 2, i++ |++)
pli] = p2[i];
count ++;
}
for (i =1; (4* (i - 1) +1) <=n/ 2; i++)
{
angle =4 * (i - 1) + 1;
anglel = angle / n;
C2b[i] = cos (Pl * anglel);
S2b[i] = sin (Pl * anglel);
0g90cs (p, C2b, S2b, count, z1);
for (i =0, J =1; j <=n /[ 2; j++, i++)
{
p[i] = poutf[j];
} /1 else ends here
J1 = getlog (n);
KL =J1 - 2
m=n/ 2

for (11 =1; 11 <= K1; |1++)
{
n2 = pow (2, (11 - 1));
L=m/ ng;

for (j =1; (4* (] - 1)) <L/ 2 j+4)
nrs 4 * (j - 1) + 1;

nrs nrs / L;
C2c[j] = cos (Pl * ms);
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S2c[j] = sin (Pl * mrs);

for (k = 1; k <= nR; k++)
hi =L * (k - 1);

h3 = (L * k) - 1;

hé = L * (k - 1);

h16 = 0;

while (hl <= h3)
bl ock[ hl] = p[h1];
h16++;
h1l++;
}
sundi ff2 (block, h6, h3 + 1, zl);
for (i = 0; i < hl6; i++)

temp2[i] = sunk[i];
}

ha = (L / 2);

for (i = 1; hd < L; hd++ i++)
{ temp3[i] = tenp2[ h4];
ggQOcs (temp3, C2c, S2c, L/ 2, zl);
for (i =1, h5 =L/ 2; h5 < L; i++, h5++)
temp2[ h5] = poutf[i];

h7
h8

L* (k- 1);
(L * k) - 1

for (i = 0; h7 <= h8; i++, h7++)

p[h7] = tenp2[i];
}
}

if (pcounter == 1)

}

for (i =0; i <n/ 2 i++)
xout[i] = p[i];

el se

{

for (j =0
xout[i]

i =n/ 2,0 <n; i++ j++)
plil;
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pcount er ++;

}

} //dct ends here

gg90cs (double pinl[], double C2b[], double S2b[], int count, int zl)
{

int mj, nm, nm2, i;

doubl e tenp[zl], tenmpl[zl], pout3[zl], poutd[zl];

m = count;
if (m==2)
{
poutf[1] = (pinl[1] + pinl[2]) * S2b[1];
poutf[2] = (-pinl[1l] + pinl[2]) * S2b[1];
}
el se
{

for (j =1; ] <=m/ 4; j++)
m =(2*j) - 1L

= pini[m];
temp[2] = pinl[n + 1];

pout3[nj] = (C2b[j] * tenp[1]) + (S2b[j] * temp[2]);
pout3[m + 1] = (-S2b[j] * temp[1]) + (C2b[j] * temp[2]);:

pinl[((m/ 2) + nj)];
pinl[((m/ 2) +n + 1)];

templ[ 1]
tenmpl[ 2]

pout4[mj] = (-S2b[j] * templ[1]) + (C2b[j] * templ[2]);
pouta[m + 1] = (-C2b[j] * templ[1]) + (-S2b[j] * templ[2]);
)

for (i =1, i <=m/ 2; i++)
poutf[i] = pout3[i];

}
for (i =1, j =(m/ 2+ 1); i <= m i++, j++)

poutf[j] pout4[i];

} /1 el se ends

}

FEEETEEE i rrirni
sumdi ff2 (double xy3[], int rl1, int r2, int zl)

{
int f1, r, i, j, h, k, |, sizel
sizel = z1;
doubl e x1[sizel], x2[sizel], xy2[sizel];

r =r2 - ri;
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f1 = (r / 2);

for (i =r1, k =0; i <r2; i++ k++)
xy2[ k] = xy3[i];

for (i =0, k =0; i < f1l; i++ k++)
x1[ K] = xy2[i];

for (h =0, j =f1;, j <r; j++, h++)
x2[h] = xy2[j];

for (k = 0; k < f1; k++)
sum?[ k] = x1[ k] + x2[Kk];

for (I =f1, k =0; | <r; |++ k++)
sun2[I] = x1[Kk] - x2[K]:

}
fftporder4 (int nl)

{

doubl e J;

doubl e veca[ nl];

veca[ 0] = O;

veca[l] = 2;

veca[2] = 1;

veca[ 3] = 3;

doubl e vecb[nl], zl1[n1];
int klev, i, nv, s1, k
nv = 2;

int n=nl;

J = getlog(n);
for (klev = 1; klev <= J - 2; klev++)
{
nv *= 2;
for (i =0; i <=(nl/ 2) - 1; i++4)

vecb[i] = 2 * vecali];

}
sl =(2* nv) - 1;

for (i =0; i < nv; i++)
z1[i] = s1 - vecb[i];

for (i =nv, k=nv -1, k>0, i <(2* nv);
vecb[i] = z1[K];

for (i =0; i < (nv * 2); i++)
veca[i] = vecb[i];

}
}

for (i = 0; i < nl; i++)
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ordb[i] = vecb[i];
}

}

int getlog(int n){
i f(n==8) return(3);
el se if(n==16)return(4);
el se i f(n==32)return(5);
el se if(n==64)return(6);
el se if(n==128)return(7);
el se i f(n==256)return(8);
el se i f(n==512)return(9);
el se i f(n==1024)return(10);
el se i f(n==2048)return(1l1);
el se i f(n==4096)return(12);
el se i f(n==8192)return(13);
el se i f(n==16384)return(14);
el se i f(n==32768)return(15);
el se i f(n==65536)return(16);
el se return(0);
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