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Abstract. This paper presents compiler technology that targets gen-
eral purp osemicroprocessorsaugmented with SIMD execution units for
exploiting data level parallelism. FFT kernels are accelerated by auto-
matically vectorizing blocks of straight line code for processorsfeaturing
two-way short vector SIMD extensions lik e AMD's 3DNow! and Intel's
SSE 2. Additionally , a special compiler backend is intro duced which is
able to (i ) utilize particular code properties, (ii ) generate optimized ad-
dress computation, and (iii ) apply specialized register allocation and
instruction scheduling.
Experiments show that automatic SIMD vectorization can achieve per-
formance that is comparable to the optimal hand-generatedcode for FFT
kernels. The newly developed methods have been integrated into the
codelet generator of Fftw and successfullyvectorized complicated code
lik e real-to-halfcomplex non-power-of-two FFT kernels. The 
oating-
point performance of Fftw 's scalar version has beenmore than doubled,
resulting in the fastest FFT implementation to date.

1 In tro duction

Major vendors of general purpose microprocessorshave included short vector
single instruction multiple data (SIMD) extensions into their instruction set
architecture (ISA) to improve the performance of multimedia applications by
exploiting data level parallelism. The newly intro duced instructions have the
potential for outstanding speed-up,but they aredi�cult to utilize usingstandard
algorithms and generalpurposecompilers.

Recently , a new software paradigm emerged in which optimized code for
numerical computation is generatedautomatically [5,6]. For example,Fftw has
becomethe de facto standard for high performanceFFT computation. However,
the current version of Fftw doesnot utilize short vector SIMD extensions.

This paper presents compiler technology for automatically vectorizing numer-
ical computation blocks as generatedby automatic performancetuning systems
like Fftw , Spiral , and Atlas . The blocks to be vectorized may contain load
and store operations, index computation, as well as arithmetic operations.

Moreover, the paper intro ducesa special compiler backend which generates
assembly code optimized for short vector SIMD hardware. This backend is able
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to utilize special featuresof straight line code, generatesoptimized addresscom-
putation, and applies additional performanceboosting optimization.

The newly developed methods have been integrated into Fftw 's codelet
generator yielding Fftw-Gel , a short vector SIMD version of Fftw featuring
an outstanding 
oating-p oint performance(seeFigure 1).
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Fig. 1. Floating-p oint performance of the newly developed K7/ Fftw-Gel (3DNow!)
compared to Fftp ack and Fftw 2.1.3 on a 1.53 GHz AMD Athlon XP 1800+ carrying
out complex-to-complex FFTs in single-precision.

Related W ork. Established vectorization techniques mainly focus on loop-
constructs satisfying certain constraints. For instance, Intel's C++ compiler and
Codeplay's Vector C compiler are able to vectorize loop code for both integer
and 
oating-p oint short vector extensionsprovided that arrays are accessedin
a very speci�c way. The upgrade [8] to the SUIF compiler vectorizesloop code
for the integer short vector extensionMMX.

A Spiral based approach to portably vectorize discrete linear transforms
utilizing structural knowledgeis presented in [3].

Intel's math kernel library (MKL) and performance primitiv es (IPP) both
support SSE and SSE 2 available on Pentium I I I and 4 processorsand the
Itanium processorfamily.

Synopsis. Section2 describesFftw-Gel , the newshort vector SIMD versionof
Fftw . Section3 describesthe machine independent vectorization of basicblocks
and related optimization techniques. Section 4 intro ducesthe newly developed
backend optimization techniques.The methods of Sections3 and 4 are the core
techniquesusedwithin the codelet generation of Fftw-Gel . Section 5 presents
numerical results for the 3DNow! and the SSE 2 version of Fftw-Gel applied
to complex-to-complexand real-to-halfcomplex FFTs.
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2 FFTW for Short Vector Extensions: FFTW-GEL

Fftw-Gel 1 is an extended version of Fftw that supports two-way short vec-
tor SIMD extensions(seeFigure 2). In Fftw-Gel the scalar computing cores
of Fftw have beenreplacedby their short vector SIMD counterparts. Thus, the
overall structure and all features of Fftw remain unchanged,only the compu-
tational speedis increasedsigni�cantly . Details can be found in [2].

FFTW. The �rst e�ort to automatically generate and optimize FFT code
using actual run times as an optimization criterion resulted in Fftw [4]. In
many casesFftw runs faster than other publicly available FFT codes like the
industry standard Fftp ack 2.

Fftw is basedon a recursive implementation of the Cooley-Tukey FFT algo-
rithm and usesdynamic programming with measuredrun times ascost function
to �nd a fast implementation for a given problem sizeon a given machine. Fftw
consistsof four fundamental parts: (i ) the planner, (ii ) the executor, (iii ) the
codelet generator genfft , and (iv ) codelets.

Planner and executer provide for the adaptation of the FFT computation
to the target machine at runtime while the actual computation is done within
routines called codelets.Codeletsare generatedby the codelet generatorgenfft ,
a special purposecompiler.

Within the codelets a variety of FFT algorithms [9] is used, including the
Cooley-Tukey algorithm, the split radix algorithm, the prime factor algorithm,
and the Rader algorithm.

The methodspresented in this paper wereusedto extendFftw 's codelet gen-
erator to produce vectorized codelets. Due to the structure of FFT algorithms,
codeletsfeature a certain degreeof parallelism allowing for the application of the
newvectorization technique but preventing the application of standard methods.

These vectorized codelets are compatible with Fftw 's framework and thus
can be usedinstead of the original codeletson machines featuring two-way short
vector SIMD extensions.That way Fftw 's core routines are sped up while all
features of standard Fftw remain supported.

Short Vector SIMD Extensions. Examples of two-way short vector SIMD
extensionssupporting both integer and 
oating-p oint operations include Intel's
streaming SIMD extensionsSSE2 and AMD's 3DNow! family.

Double-precision short vector SIMD extensionspaved the way to high per-
formance scienti�c computing. However, special code is neededas conventional
scalar code running on machines featuring theseextensionsutilizes only a small
fraction of the potential performance.

Short vector SIMD extensionsare advancedarchitectural featureswhich are
not easily utilized for producing high performance codes. Currently , two ap-
proachesare commonly usedto utilize SIMD instructions.

1 available from http://www.fftw.org/~skral
2 available from http://www.netlib.org/fftpack
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Vectorizing Compilers. The application of compiler vectorization is restricted to
loop-level parallelism and requires special loop structures and data alignment.
Whenever the compiler cannot prove that a loop can be vectorized optimally
using short vector SIMD instructions, it has to resort to either emitting scalar
code or to intro ducing additional code to handle special cases.

Hand-Coding. Compiler vendors provide extensions to the C language (data
typesand intrinsic or built-in interfaces) to enablethe direct useof short vector
SIMD extensionsfrom within C programs.Of course,assembly level hand-coding
is unavoidable if there is no compiler support.

FFTW-GEL. Both of the latter approachesare not directly utilizable to gen-
erate vectorizedFftw codelets that may act asa replacement for the respective
standard codelets. Due to its internal structure, Fftw cannot be vectorized us-
ing compilers focusing on loop vectorization: (i ) arrays are accessedat strides
that are determined at runtime and may be not unit stride, preventing loop
level vectorization, and (ii ) a large classof codeletsdoesnot even contain loops.
Fftw 's automatically generatescode featuring large basic blocks (up to thou-
sands of lines) of numerical straight line code. Accordingly, such basic blocks
consisting of straight line code have to be vectorized rather than loops.

Fig. 2. The basic structure of Fftw-Gel . FFT DAGs generated by the codelet gen-
erator genfft are vectorized and subjected to advanced optimization.

Vectorization of Straight Line Code. Within the context of Fftw , codelets do
the bulk of the computation. As codelets feature a function body consisting
sometimesof thousands of lines of automatically generated straight line code
without loops, the vectorization of straight line code is an indispensablerequire-
ment in this context. The challengeaddressedby vectorizing straight line code is
to extract parallelism out of this sequenceof operations while maintaining data
locality and utilizing special features of the target architecture's short vector
SIMD extensions.

Straight Line CodeAssembly Backend. The straight line codeof Fftw 's codelets
features several characteristics that can be exploited by special backend opti-
mization: (i ) All input array elements of a codelet are loaded into a temporary
variable exactly once,(ii ) each output array element is stored exactly once,and
(iii ) all index computations are linear (baseaddress+ index � stride).

The main goal in optimized index computation is to avoid expensive inte-
ger multiplication by computing the required multiples of the stride by clever
utilization of integer register contents and implicit operations supported by the
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target instruction set (e.g., load/store instructions involving somee�ectiv e ad-
dresscalculation or the \load e�ectiv e address" instruction in the x86 ISA). The
optimal cache utilization algorithm is usedfor register allocation. Furthermore,
straight line code speci�c optimization techniques are applied.

3 Tw o-way SIMD Vectorization of Straigh t Line Code

An important core technology usedin Fftw-Gel is the two-way SIMD vector-
ization of numerical straight line code. This processextracts vector instructions
out of the stream of scalar 
oating-p oint operations by joining scalar operations
together. These arti�cially assembled vector instructions allow to completely
vectorize rather complex codes. However, some of these instructions may not
be contained in the target architecture's instruction set and thus have to be
emulated by a sequenceof available vector instructions.

The vectorization engineperformsa non-deterministic matching against a di-
rected acyclic graph (DAG) of scalar 
oating-p oint instructions to automatically
extract two-way SIMD parallelism out of a basic block.

Additional optimization stages are required to translate SIMD pseudo-
instructions into target instructions and to produce a topologically sorted se-
quenceof SIMD instructions. This sequenceis subsequently fed into the back-
end described in the following section for further optimization and unparsing to
assembly language.

3.1 The Vectorization Engine

The goalof the vectorization processis to replaceall scalar
oating-p oint instruc-
tions by SIMD instructions. To achieve this goal, pairings of scalar 
oating-p oint
instructions (and their respective operands)are to be found yielding in each case
oneSIMD 
oating-p oint instruction. In somecases,additional SIMD instructions
like swapsmay be required. A given pair of scalar 
oating-p oint instructions can
only be fusedif it can be implemented by the available SIMD instructions with-
out changing the semantics of the DAG.

The vectorization algorithm works asfollows. (1) Pick two scalar instructions
with minimal depth whose output variables are already paired. (2) Combine
theseand pair their input variables. A set of rules de�nes feasiblepairs of scalar
instructions and the resulting pairings of scalar variables for each alternativ e
SIMD implementation. It has to be assertedglobally that every scalar variable
occurs in at most one pairing. Alternativ esare saved on a stack.

Initially no scalar instructions are paired. Steps(1) and (2) are iterated until
either all scalar instructions are vectorized, or the search processfails. Upon
failure, the last alternativ e saved on the stack is chosen,resuming the search at
that point. This implements a depth-�rst search with chronologicalbacktracking.

The pairing ruleset is chosento enablea large enoughnumber of alternativ e
SIMD implementations for pairs of scalar operations to enable vectorization
while keepingthe search spacereasonablysmall.
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The bene�ts of the vectorization processare the following: (i ) Scalar
oating-
point instructions arereplacedby SIMD instructions. Thus, the instruction count
is nearly halved. (ii ) The fusion of memory accessoperations potentially reduces
the e�ort for calculating e�ectiv e addresses.(iii ) The wider SIMD register �le
allows for more e�cien t computation.

3.2 Vectorization Speci�c Optimization

After �nishing the vectorization stage, further optimization is performed in a
separatestage.This procedurekeepsthe implementation of the vectorizer simple
and saves time neededfor the vectorization processby postponing additional
optimization until the backtracking search has succeeded.

The pseudo SIMD instructions generated by the vectorization engine are
directly fed into the optimization stage. A rewriting system is used to sim-
plify groups of target-architecture independent instructions as well as target-
architecture speci�c combinations of instructions.

A �rst group of rewriting rules is applied to (i ) minimize the number of
instructions, (ii ) eliminate redundancies, (iii ) reduce the number of source
operands,(iv ) eliminate deadcode, and (v) perform constant folding. Somerules
shorten the critical path lengths of the data dependency graphs by exploiting
speci�c properties of the target instruction set. Finally, somerules reduce the
number of sourceoperands necessaryto perform an operation, thus e�ectiv ely
reducing register pressure.

A secondgroup of rules is usedto rewrite pseudoinstructions into combina-
tions of instructions actually supported by the target architecture.

In a third and last step the optimization processtopologically sorts the DAG
that will be translated subsequently . The respective scheduling algorithm was
designedto minimize the lifetime of variablesin the scheduledcode by improving
the locality of variable accesses.The scheduling processof Fftw-Gel extends
the scheduler of Fftw 2.1.3 by additional postprocessingto further improve
locality of variable accessesin somecases.

4 Backend Optimization for Straigh t Line Code

The backend translates a scheduledsequenceof SIMD instructions into assembly
language. It performs optimization in both an instruction set speci�c and a
processorspeci�c way. In particular, register allocation and the computation
of e�ectiv e addressesis optimized with respect to the target instruction set.
Instruction scheduling and avoidance of addressgeneration interlocks is done
speci�cally for the target processor.

4.1 Instruction Set Speci�c Optimization

Instruction set speci�c optimization takes into account properties of the target
microprocessor'sinstruction set.
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Depending on whether a RISC or a CISC processoris used,additional con-
straints concerningsourceand target registershave to be satis�ed. For instance,
many CISC style instruction sets(lik e Intel's x86) require that onesourceregister
must be usedas a destination register.

The utilization of memory operands,as provided by many CISC instruction
sets, results in locally reduced register pressure.It decreasesthe number of in-
structions as two separateinstructions (one load- and one use-instruction) can
be merged into one (load-and-use).The code generator of Fftw-Gel usesthis
kind of instructions whenever someregister content is usedonly once.

Many machinesinclude complexinstructions that are combinations of several
simple instructions like a \shift by some constant and add" instruction. The
quality of the code that calculatese�ectiv e addressescan often be improved by
utilizing this kind of instructions.

Register Allo cation. Fftw codelets are (potentially very large) sequencesof
straight line C code. Knowing the complete code structure and data dependen-
cies, it is possible to perform register allocation according to Belady's optimal
caching algorithm [1].

Experiments have shown that this policy is superior to the ones used in
mainstream C compilers (lik e the Gnu C compiler, Compaq's C compiler for
Alpha, and Intel's C compiler) for this particular type of code.

E�cien t Calculation of E�ectiv e Addresses. Fftw codelets operate on
arrays of input and output data. Both input and output arrays may not be
stored with unit stride in memory. Thus accessto element in[i] may result in
a memory accessat addressin + i*sizeof(in)*stride . Both in and stride
are parameters passedfrom the calling function. For a codelet of size N , all
elements in[i] with 0 � i < N are accessedexactly once. As a consequence,
the quality of code dealing with variable array strides is crucial for achieving
high performance. In particular, all integer instructions apart from parameter
passingoccurring in Fftw codelets are usedfor calculating e�ectiv e addresses.

To achieve an e�cien t computation of e�ectiv e addresses,Fftw-Gel fol-
lows the following guidelines:(i ) Generalmultiplications are avoided. While it is
tempting to usean integer multiplication instruction (imul ) for general integer
multiplication in e�ectiv e addresscalculation, it is usually better to useequiva-
lent sequencesof simpler instructions (addition, subtraction or shift operations)
instead. Typically, these instructions can be decoded faster, have shorter laten-
cies,and are all fully pipelined. (ii ) The load e�ectiv e addressinstruction (lea )
is a cheap alternativ e to integer multiplication on x86 compatible processors.
It is used for combining up to two adds and one shift operation into a single
instruction. (iii ) Only integer multiplications are rewritten whoseresult can be
obtained using lessthan n other operations, where n dependson the latency of
the integer multiplication instruction on the target architecture.

In Fftw-Gel , the actual generation of code sequencesfor calculating e�ec-
tiv e addresseshas been intertwined with the register allocation process.When-
ever code for the calculation of an e�ectiv e addressis to be generated,the (lo-
cally) shortest possiblesequenceof instructions is chosen(determined by depth-
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�rst iterativ e deepening), trying to reusee�ectiv e addressesthat have already
beencalculated and that are still stored in someinteger register.

4.2 Pro cessor Speci�c Optimization

Typically, processorfamilies supporting one and the sameinstruction set have
di�eren t instruction latencies and throughput. Processorspeci�c optimization
hasto take into account the executionproperties of a speci�c processor.The code
generatorof Fftw-Gel usestwo processorspeci�c optimizations: (i ) Instruction
scheduling, and (ii ) avoidanceof addressgeneration interlocks.

Instruction Scheduling. The instruction scheduler of Fftw-Gel tries to
�nd an ordering of instructions optimized for the target processor.During the
scheduling processit usesinformation about critical-path lengths of the under-
lying data dependency graph in a heuristic way. The basic principles of the
instruction scheduler are illustrated in [7].

The instruction scheduler is extendedby a relatively simple processormodel
that is used for estimating whether a sequenceof instructions can be issued
within the samecycle and executedin parallel by meansof super-scalarexecu-
tion. By using this prediction, the scheduler tries to resolve tie situations arising
in the scheduling process.

In addition, the instruction scheduler servesasruntime estimator and is used
for controlling optimizations that could either increaseor decreaseperformance.

Av oiding Address Generation In terlo cks. Although many modern super-
scalarmicroprocessorsallow an out-of-order execution, most architecture de�ni-
tions require that memory accessinginstructions must be executedin-order.

An addressgeneration interlock (AGI) occurs whenever a memory operation
that involves some expensive e�ectiv e addresscalculation directly precedesa
memory operation that involves inexpensive addresscalculation or no address
calculation at all. Then the secondaccessis stalled by the computation of the
�rst access'e�ectiv e address.

The backend tries to avoid AGIs by reordering instructions immediately after
instruction scheduling. This is done in a separatestageto simplify the designof
the instruction scheduler.

5 Exp erimen tal Results

Numerical experiments were carried out to demonstrate the applicabilit y and
the performanceboosting e�ects of the newly developed techniques.

Fftw-Gel was investigatedon two IA-32 compatible machines: (i ) An Intel
Pentium 4 running at 1.8 GHz and featuring two-way double-precisionSIMD ex-
tensions(SSE2), aswell as (ii ) an AMD Athlon XP 1800+ running at 1.53GHz
and featuring two-way single-precisionSIMD extensions(3DNow! professional).

Performancedata are displayed in pseudo-
op/s, i. e., 5N logN=T for com-
plex-to-complex and 2:5N logN=T for real-to-halfcomplex FFTs. This unit of
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measurement is a scaledinverseof the run time T and thus preserves run time
relations and givesan indication of the absolute 
oating-p oint performance[5].

The speed-upachievable by vectorization (ignoring other e�ects like smaller
code size, wider register �les, etc.) is limited by a factor of two on both test
machines. However, the additional backend optimization further improves the
performanceof the generatedcodes.All codeswere generatedusing the Gnu C
compiler 2.95.2and the Gnu assembler 2.9.5.Both complex-to-complexFFTs for
power-of-two problem sizesand real-to-halfcomplex FFTs for non-powers of two
wereevaluated. Experiments show that neither Fftw 's executornor the codelets
are vectorizedby Intel's C++ compiler. Thus, the newly developed vectorizer of
Fftw -GEL is more advantageousthan traditional compiler vectorization by a
big margin.
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Fig. 3. Floating-p oint performance of the newly developed P4/ Fftw-Gel (SSE 2)
compared to Fftw (double-precision) on an Intel Pentium 4 running at 1.8 GHz for
real-to-halfcomplex FFTs.

AMD 3DNo w! Figure 1 (on page 2) shows the performance of Fftp ack ,
Fftw 2.1.3,and K7/ Fftw-Gel on the Athlon XP in single-precision.The run-
times displayed refer to powers of two complex-to-complex FFTs whose data
sets�t into L2 cache. K7/ Fftw-Gel utilizes enhanced3DNow! which provides
two-way single-precisionSIMD extensions.Fftw is up to two times faster than
Fftp ack , the industry standard in non-hardware-adaptive FFT software.

Fftw-Gel is about twice as fast as Fftw which demonstrates that the
performance boosting e�ect of vectorization and backend optimization is out-
standing.

In tel SSE 2. Figure 3 shows the performanceof Fftw 2.1.3 and P4/ Fftw-
Gel on the Pentium 4 in double-precisionarithmetic. Runtimes were measured
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for non-powersof two with real-to-halfcomplex FFTs whosedata sets�t into L2
cache. P4/ Fftw-Gel utilizes the two-way double-precisionSIMD operations of
SSE2. For most problem sizesFftw-Gel is faster than Fftw 2.1.3(up to 60%).
Note that real-to-halfcomplex FFTs are notoriously hard to vectorize(especially
for non-powers of two) due to the much more complicated algorithmic structure
comparedto complex-to-complexFFT algorithms.

Conclusion

This paper presents a set of compilation techniquesfor automatically vectorizing
numerical straight line code. As straight line code is in the center of all current
numerical performance tuning software, the newly developed techniques are of
particular importance in scienti�c computing.

Impressive performanceresults demonstrate the usefulnessof the newly de-
veloped techniques which can even vectorize the complicated code of real-to-
halfcomplex FFTs for non-powers of two.
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