Balancing Productivity and Performance on @edl
Broadband Engine

Sadaf R Alarh Jeremy S MeredithJeffrey S Vette

Oak RidgeNational Laboratory
Oak Ridge, TN 37830

Yalamsr@ornl.gov
2jsmeredith@ornl.gov
Svetter@ornl.gov

Abstractd The Cell Broadband Engine (BE) is a heterogeneous heterogeneous multicore design on a single chip. The STI Cell
multicore processor, combining a generapurpose POWER processor wa s initially desi gr
architecture core with eight independent single-instruction- PlayStation3 video gaming systdi4]. Rather than having

multiple -data (SIMD) cores. Each core is capable of very high homogeneous cores transpahgrsharing a common level of
performance; however, users must explicitly manage data o000 Cell has a conventional PowerPC core (PPE) that

movement, scheduling, and synchronization. While these . . . . .
attributes provide some of the Cel | pr ogreatess dNABAYES eight simpler Single Instruction Multiple Data

performance strengths, they also form its greatest weaknesses in(>IMD) cores called synergistic processing elements (SPEs).
terms of developer productivity, code portability, and initial ~Each SPE contains a synergistic processing unit (SPogak
performance efficiencies. In this paper, we evaluateproductivity ~memory, and a memory flow controller. Unlike conventional
and relative performance improvements of a Cell BE system for designs from Intel and AMD that use coherent caches to
a diverse set of kernels and applications. Our experimental implicitly manage data movement among cores, the Cell
workload includes algorithms from scientific, cognitive, and processor requires that the application and/or runtime system
imaging problem domains. Our results demonstratethat the Cell explicitly manage da movement. Consequently, the precise
processor could beseveral times faster than a SSEenabled, orchestration of data movement and synchro,nization is a

contemporary dual-core processor and could sustain a high S .
performance-to-productivity ratio. We outline strategies for fundamental challenge for achieving high performance on the

transforming applicati ons to exploit th&ellPrgaesse's architectural
features, and measure productivity by comparing programming ~ Meanwhile, the HPC community is beginning to recognize
effort in terms of lines of code and pdormance. For instance, the importance of productiyit when using unconventional
our measurements revead that a covariance matrix creation architectures, like multicore. In particular, the DARPA High
routine T a common routine inhyperspectral imagingi ran over  Productivity Computing Systems (HPCS) program is driving
EIgh'[ times faSteI’ than a266 GHZ Intel Woodcrest processor the n0t|on Of |mpr0v|ng not Only Computer System
\rl)vgr”sﬁleI;szlijr?gtgagcr;gssathepL%?llecggletzeoTse tcr:I(;:reso fun%ﬁirngtl"c‘)’gpsbindperformance by orders of magnitude, but also the productivity
improving instruction level parallelism with éIMD instruction’s as ex p erienced by [5-9]_hltes cleay mat € mos
in a high-level language. as computing systems grow more archltecturally diver
software systems and programming models must improve to
I. INTRODUCTION enable high user productivity.

The move by major microprocessor vendors toward N this paper, we empirically measure both performance
processors with multiple processor cores per socket ajad productivity. For productivity, we compare source lines of

arguably the most important trend in contemporary compufi@de (SLOC) for the microprocessor against @ell BE
architecture. Given the abilitp tproduce chips with an ever IMPlementation using a tool called sloccotmt and  for
increasing number of transistors, this approach of duplicatifgformance we measure algorithm runtimes/e recognize
existing cores on a single chip is a straightforward technigii@t the SLOC does not fully capture the level of effort
to address problems related to physical constraints (e'gvolved in porting and optimizing an algorithm on a new
power, thermal, and signaling) and limitéustructionlevel SYStém; however, it ds provide a quantitative metric to

parallelism. Presently, both homogeneous and heterogendiffgPare and contrast different implementations in a-high
é@/ﬁl languagé C for all platforms in this studyAddressing

core designs exist, and even within the homogeneous des \ U )
realm, there are variations in levels of sharing in the memdfyues Of both topics, we evaluate and optimize a diverse set of

hierarchy, and in levels of support for multithreading. algorithms  that represents a widenga of workload
The early multicore offerings from processor vendors Intdfharacteristics, —without resorting to  asserrelel

and AMD for their general purpose markets are dual/qudfe9ramming. These algorithms not only represent different

core, homogeneous processors. Other vendors have naRlication domains, but also enable us to highlight how novel

aggressive designs. For instance, the Cell Broadband Engine

(BE) processor from SoryoshibalBM (STI) is a

! http://mww.dwheeler.com/sloccount/
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features of the Cell system can be exploited to maximipeocessors. The standard GNU development tool chain is
achievalle performance. Our suite includes floatipgint available, and IBM has also recently begun offering an @lph
intensive calculations (Molecular Dynamics), inherently scal&dition of its XL C/C++ compilers. However, simply using
calculations with dynamic loop count (Monte Carlo), logithese compilers will not automatically exploit the unique
intensive cognitive calculations (Satisfiability Solver), anteatures of the Cell processor; to create code that can execute
regular 2D arraypased signal processing calculationson an SPE, one must use a specialized compiler. A- SPE
(Covariance Matrix). specific port of theGNU and IBM compilers can both

In the process of porting and optimizing our representatigenerate the requisite object code and link against- SPE
calculations, we identified mappings of architectural featurspecific libraries to produce code that can be loaded and run
onto specific workload characteristics. Our experiemceble on the SPEs.
us to conclude #it performance and productivity of the Cell

SPE

processor depends on how amenable goréthm is to the use R
of vectordata types, SIMD instructions for instructitevel

parallelism, and taslevel threaeparallelism for loop level Ls

optimization. Furthermorethe maturity of the software stack e | e
contributes significantly to the achievable performance. We ‘ ‘
observed that in some cases, the XLC compiler can
outperform the GNU suite by an order of magnitudé/e

EIB (up to 96B/cycle

demonstrate that substantial porting and optimizatidortsf ppe | | 7 t68icyce to8icycle 21
on the C# systemresuls in overall performancegain over a

SSEenabled singleore implementation Despite an PPU e e
immature software stack for Cell for genepairpose

programming, the Cell system sustaimerformancedo- {EirPXU I I H
productivity ratiosfor two ofthe five targeted applications Dual XDR™  FlexiO™

The paper outline is as follows. In Sectibrwe provide a
brief description of the Cell architecture and programming
environment, and an overview of our scientific case studies. Soutce . Gschwindetal, Hot Cips-17, August 2000
Sectionlll outlines related research activitid¥ogramming Frigure 1: Design components ofthe Cell Broadband Engine
strategies for achieving high performance on the Cellhttp://www.research.ibm.com/cell/heterogeneousCMP.html]
processor are explained using different case studies in Sectio
IV. An evaluation of performanand productivity of the Cell
BE system is presented in Sectign SectionVl summarizes
key findings and presents future research plans.

[h the default Cell environment, an operating system runs
on the PPE but not the SPEs, and the operating systenotan

directly execute SPE code. However, there is a POSIX
threadlike API available where applications executing on the

Il. BACKGROUND PPE can Iau_nch_ﬁSPE threadso,
access main memory via DMA in order to read parameters
A. Overview of the&Cell Broadband Engin@rocessor and data from the PPE. \llh the PPE can load SPE

The Cell Broadband Engine is a heterogeneous multicé¥ecutables from disk at runtime through this SPE
processor, with one 6dit Power Processing Element (PPEJanagement library, the more convenient path is to embed the
and eight independent Synergistic Processing Elements (SPE§) ELF code into a normal PPE object file, link this into the
as shown inFigure 1. The PPE is a dughreaded Power PPE executable, and refer to it using an external symbol
Architecture core, but the SPEs are very lightweigh€fined by the embedding tool. Approaches using advanced
processors with a simple, heavily SiMabled instruction cOmpilers that can potentially hide the complexities of
set, a dualssue pipeline, no branch prediction, and a uniforffveloping and maintaining separate PPE and SPE code are in
128bit 128 entry register file. The SPEs can access onle@ly stages of developm€a0].
small (256KB) fixedlatency local store (LS), but they do have 2) Programming Models
an extremely high bandwidth DMA engine for transferring Since each SPE6s | ocal me mo r
data between this LS and main memory. Unfortunately, in this . : e . . y
first version of the Cell processor, the SPEs are not optimizceocperent with main memory, the SPEs within a single chip

for doubleprecision floating pointcalculations, making the mlght look ‘like a distributed memory. Th|§|ew of the .
Cell less attractive for many HPC scientific applications. architecture suggests task paraliel programming models, with

each SPE operating independently, possibly orchestrated by a
1) Programming Environment master thread running on the PPE. Because of the high

Our Cell blade servers run a PowerPC Linux Operatirp@rformance of the Element Interconnect Bus (EIB) that
system with a 2.6 series kernel modified to be aware of tffgnects the BEs, and because SPE DMA transfers are cache
SPEs. By virtue of the PPE in th@ell processor, mostcoherent [11], data parallel programming models like
applications will run without changes to the source cod@P€nMP[12] are also an attractive approach for programming
similar to porting to Linux on other &it Power Architecture the Cell processor. In a processor programming tutfitis



IBM suggests seeral other programming models, including force are explicitly relate

streaming data through SPEs organized in a pipeline, law. MD techniques are extensively used in many
offloading computation functions in libraries like the Basic areas of scientific simulations including biology,
Linear Algebra Subprograms (BLAS) API[13], and chemistry, and materials. The computational cost of
accelerating kernel level code like device drivefsr our MD simulations increases with the number of atoms
application case studies, we used what IBM calls the in a system. Our MD calculation is composed of
Asynchronous Thread Runtinprogramming model, where force evaluation (Lennardones potential model) and
we create SPEhreads as needed, starting the new threads at integration (velocity Verlet algorithm) to calculates
the address of a performance critical application function that atom trajectories from the forcgsg].

has been ported to the SPE. 1 A Satisfiability (SAT) solver attempts to find an

assignment to variables in a Boolean expression

B. Case Studies which makes the entire expression true. In general,

Our case studies are composed of a diveese of SAT is NPRcomplete. There are essentially two
calculations that represemt subset of critical donves in categories of SAT solvers: deterministic and
scientific, cognitive,and imaging application areaé brief stochastic. For stochastic solversicking a good
description of these calculations is as follows: variable to flip is often based on some variant of a

1 Genetic algorithms (GA) attempt to solve iscoreo for that var[d@bl e.
optimization problems in a highly parallel manner. this is the number of clauses that become true if the
Typically, the process is initiated with a der variable is flipped, and for WalkSAT18], it is the
population of individuals, where each individual number that would become false. This process of
represents some parameterization of the objective flipping variables and updating the scores can take a
function. For our tests, wsaignificast podionloihetiynd is a stochastictséhvern a n d
the traveling salesman problem, which are two of the
standard set of functions from the GENEsYs gjene Il. RELATED WORK
algorithm packaggl4]. Due to the raw processing power of the Cell system, on the

1 A covariance matrixis created in a number oforder of 256 GFLOPS for singlerecision floatingpoint
imaging applications, such as hyperspectral imagimglculations using all available SIMD units, it has been
(HSI). HSI, or image spectroscopy, can be describestaluated for scientific applicationd9-22] and embedded
either as theapture of imagery with a large numbecalculations [23].  [20-22] outline porting of scientific
of wavelengths, or spectroscopy across a largalculations and algorithm designs for the Cell BE system.
number of pixels. Whereas black and white imagethese research efforts highlight the niétiel parallelism
are captured at one wavelength, and color imagesti@it is offered by the Cell BE system as well as the
three (red, green, and blue), hyperspectral images arehitectural restrictions and outin the strategies for
captured in hodreds of wavelengths simultaneouslyexploiting performance enhancing features of the system.
If an HSI data cube is N by M pixels, with LWilliams et al [19], on the other handiresent a performance
wavelengths, the covariance matrix is an LxL matriodel for the Cell system and validation results from a Cell
where the entryCov,;, at rowa and columrb in the simulator for four scientific kernels. The authors identify
covariance matrix can be represented @@\, different programming environments for the Cell systang

N s present performance usingly the dataparallel programming
_2-1 ja='1 INPUE ;. > Ut , model, which is widely used for parallel scientific calculations.

) _ _ _Similarly, Sacco et al. [23] discuss programming and
T Monte Carlo technigesare widely used in the field herformance issues of the Cell systemdn embedded kernel,
of biological and biomedical simulations, forgiR The kernel is implemented in C, using SIMD intrinsics
instance, lasertissue interactions. The method i$ng assembly cod#Vhile these studies compare and contrast
statistical in nature and relies on calculating thSarformance of Cell implementations with microprocessor
propagation of a large number of photons (order ghsed implementations, another dimension to complexity, tha
tens to hundreds of theands). These Monte Carlog  he level of effort in designing and implementing
simulations are based on macroscopic opticglyorithms on the Cell system has not been discussed.
properties that are assumed to extend uniformly overaithough several productivity metrics have been proposed
small units of tissue volumELS]. We ported a test [5.9] research in productivity measurement and analysis for
case developed by Oregon Medical Laser_Céntgr. scientific applications has primarily been conducted for
1 Molecular Dynamics (MD)s a computer simulation myltiprocessor and muithreaded implementation including
technique where the time evolution of set of messaggassing (MPI) and Op#P implementation.The
interacting atoms is followed by integrating thgnique contribution of our paper is that it highligataumber
equations of motion. The motion and the appliegk Cell featuresfor both productivity and performander
calculations in scientific, imagingand cognitive computing
domains. Unlike the earlier work, we identify hitectural

2 Available athttp://omlc.ogi.edu/software/
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attributes and code development features of the Cell BREBux kernel and under the newer Linux kernel with
system that not only improve performance but atdémduce optimized launch timeshe eightSPE version runs 4.5 times

potential performance bottlenecks. faster than with one SPE.
IV. OPTIMIZATION STRATEGIES B. SIMD Intrinsics
A. Thread Launch Overheaghd Mailboxes Most SPE instructions, including memory operations, are

S ] . SIMD instructionsoperating on 12®its of data at a time.

We initiate code execution on tH8PEs using the SPEHence, the scalar code execution (if not generated correctly) is
thread library. As this library uses a virtual file system tgxpensive because of the penalties for misaligned accesses. To
access the SPEs, there is a high cost associated with launchififfess this issue the Cell SDK provides C/C++ language
an SPE thread. In the case of thder Linux .kernel version extensions in the form of vemt intrinsics to exploit SIMD
2.6.15bsc3.0 for the Cell processor, this thre&@linch capabiliies in the SPEs. There is support for loading and
exceeds 15 ms. In throre recentinux kernel(2.6.16bsc4.2) storing individual character or integers, and for extracting or
thread launch overhead is approximately 6 ms for each Iaur\%rging individual values from or into a 1B& register.
Nevertheless, this overhead can easily dominate smM@diancing the use of intrinsics is a compisen between
computations. _ ~ productivity and performance. Writing assembly code is much

In the molecular dynamics benchmark, the bottlenetiheis more time consuming, but we found that through intrinsics we
function to compute acceleration, which is executed ongguld often exploit the Cell SIMD features beyond a high
every time step. Thus, it is this function which we offloadgdye| c/C++ language level.

to the SPEsFigure 2 shows the total runtime, and the The molecular dynamics applicationrkel deals with three
percentage which is devoted to launching SPE tisteladthe  dimensional positions, velocities, accelerations, and other
first case, we see that when a single SPE is tasked to compdtgors. While optimization might show greater performance
all acceleration functions, it takes enough time to execute tB?'funrolling loops and SIMDizing across successive loops
the thl’ead |aunCh OVerhead iS a Sma” fI’aCtiOI’l Of the runtinﬂgther than across the Spatia' ComponErE$ th|s iS neither a
However, when we parallelize over eight SPE threads, f§roductive nor a natural way for developers to program.
thread launch overhead grows by a similar factor and tA@nce, we examine the benefits of successive optimization
runtime in each SPE drops almost by the same amount. Thigugh making use of the SIMD intrinsics for these three

has two effects: first, the thread launch overhead surpasg@Sensional quantities ithe SPEs, as shown Figure3.

90% of the total runtime of the program, and second, tr- 020

eight SPE version rursignificantly slower than the orf@PE
version
1.6 0.15
14 — O Total Runtime L ~
B SPE Launch Overhead §
1.2 £ 0.10 A
g 10 E
£ 08 0.05
Z 06
0.4
0.00 - ; ; ; ; ;
0.2 + original replace "if* SIMD SIMD SIMD SIMD
with unit cell direction length acceleration
0.0 - T T T “copysign" reflection vector calculation
1 SPE 8 SPEs 1 SPE 8 SPEs
Respawn every time step Launch only first time step Figure3: SIMD optimization for the MD applicatiokernel.
Figure2: SPE launch overheazh MD using older Linux kernel. Since the unit cell for the MD calculation has periodic

In this case, however, there is a simple solution. TRQUNdary conditions, each atom pair must be compared no
communication between the PPE and SPEs is not limited®fy in the unit cell itself, but in each of the 26 neighboring
large asynchronous DMA transfers; there are other chann&fS: The existing comparison used "if" tests in a loop across
(fimail boxesodo) that <can be cagofdg thr?eoaéges_,, Ry ag @ frst $iep in e optinizatioy, |, 4
receives of information of small sizeon the order of bytes. 1€S€ Were replaced with a version using the "copysignfreall
Since we are offloading only a single function, we can simggﬁ Cell SDK's optimized math library. This providedly a
launch the SPE threadsce on the first time step, and sign all improvement in runtim¢2%). Howe\(er,once this "if
them using mailboxes when there is more data to consufffst was conver.ted to extra arlthmetlc, these boundary
Thus, the thread launch overhead is amortized across all tfsRAdition calculations could be vectorized to occur across all
steps. This helps the scaling greatiis eightSPE version is three componestsimultaneously. This resulted in a dramatic

3.1 times faster than this siegSPE version on the 0|derimpr0ve_ment, runni_ng over 1.5 times faster. Similarly, the
calculation for the direction vector was converted from a loop



over the components to use the SIMD intrinsics, resulting irba Loop Unrolling and Latency Hiding

distance, we calculate the dot product by multiplying th§efetching or oubf-order execution). An SPE can dispatch
vector with itself, and then add the extracted componenig to two instructions per cycle to seven execution units that
This optimizatiorimproved the total runtime by 15%. are organized into even and odd instruction pipes. The first
Once an interacting atom pair is found, the fobedween instryction must come from an even word address and use the
them must be converted into a 3D acceleration vector. The &gk pipe. The second instruction must come from an odd
step in optimization replaces a loop over the three compon&gitd address andse the odd pipe. Because of these features,
with its equivalent using the-@omponent SPU intrinsics. the SPE can be sensitive to latencies and instruction ordering
Unfortunately, since so few of the tested atoms interact, vghycodes.
little runtime is actually spent in this loop, and so the total The SAT solver benchmark has very little computation and
improvement in runtime was only 3%. is capable of very little instructielevel parallelism. It
These SIMD optimizations resulted in a speedup of 2.4%sentially performseadmodify-write (RMW) actions on a
over the original SPE implementation with no hand tuning  gport (up to 24 for this data set) sequence of random memory
C. (Task) Threadevel Parallelism | o cations for ea C.h At I. lpo. .Wh €
to an increment or decrement operation. For this reason, it is

In order toachieve high performance on the Cell system, ary jjjystrative of this catey of manual optimizations.
code developer must decompose and run multiple taskscQfmnaring the SPE performance with the PPE performance,
threads on PPEs and the eight SPEs simultaneously. In sq@i&hqwn over a sequence of cumulative hand tuning steps in

of our target applications, like light propagation using Mon{gjgre 5 helps distinguish which aspects are unique to the
Carlo techniques, this is reialy straightforward due to the

inherent concurrency in the problem. Nevertheless, there v~ 3(;

initialization and data aggregation overheads for runnir ] B PPE
applications on multiple SPEs. We further improvec 25 OSPE [
utilization and performance by overlapping PPE an& SF 5 , | ]
calculations in our Monte Carlo implementation. We <
implement an initialization routine that determines whether ¢ £ 15 1 *
not there are sufficient photons in a calculation to distribu 5 1 - -
them to the PPE and among eight SPEs. Note that sa
number of photons doesot necessarily mean the same %% I
amount of computation, as loop bounds are dynamic. 0.0 A ; ; ‘

Figure 4 shows results of our implementation when usini original -O3 simplify loop instruction
only the PPE, when using one or more SPEs, and wh doring unroling  reordering

overlapping calculation on both the PPBdaSPEs for a
simulation run with 100K photons using the GNU tool chaiifrigure5: Optimizations irthe SAT solvebenchmark.

As shown in the figure, this Monte Carlo calculation hugely The first result is the baseline version of the SAT solver

benefits from the eight SPEBlowever, ve observe only a ponchmark Thesecond shows the result of hand optimization
very small performance improvement byeotapping PPE and 1, 4y0id the latency of unnecessary calculation when

SPE exegtion since 1 SPE is almost as efficient as the P%Enerating some arrapdices. Note that the SPE responds

for the fully SIMDized Monte Carlo implementation. Wey jite well to this optimization. There are two reads in each
anticipate that significant performance gains can be achieygdlaiion of the loop over the scoresne to read the locations

by overlapping nosSIMDized computation onto the PPE corg,, ihe scores to modify, the second to read the scores

40000 themselves. By unrolling the loop fotimes, the first reads
are grouped together to use a single vector load operation.
Reordering these instructions also groups both the modify
80000 y——— commands together and the write commands together to hide
25000 1 the latency in the computation. In the PPE, unrolthregyloop
alone results in slower performanicenly by also reordering
— the instructions do these hand optimizations achieve the same
15000 7 performance as compiler optimization alone. In contrast, each
10000 +— of these last two hand optimizations individually help th& SP
code significantly. The final column in this figure shows the
|_| |_| most optimized implementation.

35000 —

20000 +—

Runtime (msec)

5000 1

0

PPE  1SPE  2SPE  4SPE  8SPE  Overlap E. SDK Optimized Math Libraries

The compilers available for the Cell contain the expected

Figure 4: Performance improvements in the Monte Carlo light propagaticigvel of inherent support for the Ianguages For example the

calculation on the Cell System.



IBM XLC and GNU GCC compilers for the SPEs contain the
standard C library and related include files. However, the IBM
Cell BE Software Development Kit extends this support by
providing libraries with a wide variety of optimized routines.
This Cell BE SDK includes ojmized high level routines
such as FFTs and matrix math. However, it also provides
versions of many lowelever routinesi most importantly, it
includes many routines found in the standard math library,
such as cos, sqrt, and pow. These are not only highly
optimized for the Cell processor, but often include SIMD
versions that can operate on the multipl®e mp onent Avector o
operands supported by the compilers. Additionally, inlined
versions of these functions sometimes exist and can further
improve performace. Note that the SIMD versions require

more significant code changes, as the operands are vectdiigure 7: The effect of precision on branching in thenetic algorithm
types. traveling salesman problem.

Ackl eyds function from the Ta@kget ifcoral ﬁéﬂmPlh?n’ bdheEn nth k&t
makes use of several transcendental functions, such as co&ip¥eling salesman problem. This example spends most of its
square root, and the exponenfiahction. It uses the cosine intime in the fitness evaluation actually sorting the values

an inner loop across the dimensions of the individual, theS S gned to the TSP Atownso. F
square root once, and the exponential function twice for edcfy € fdasorto standard C [ ibrar:
individual. SPEs, which requires a predicate for comparison on the values
of the array whichreturnsi 1,+1, or 0 depending on if the first
) SPE Optimizations argument is less than, greater than, or equal to the second,
0.681s respectivel y. The standard i mp

Runtime (sec) [log scale]

test for the first comparison
0.248's comparison, and defaults to thieird. While this performs

admirably for single precision arguments, as seeFgiie 7,
the added latency of double precision arguments results in a

0.1 7 YT tremendous penalty on the bran

0.047s However, this penaltyan be greatly mitigated. Using the

doubl e precision ficopysigno ro
math library, we can simply subtract the arguments, copy the
sign to a double precision 1.0, and cast the result to an integer.

This speeds up the double preasiesults by better than a
Original  Fastcosine Fastexp/sqt  SIMD factor of two. Note, however, that the single precision
performance drops by more than a factor of two if we attempt
Figures: Opti mi zation of Genetic Al gdhissame trick makingtbe singleand dowble precision results
almost equal. This implies that it is not simplye extra

. Figure 6 shows the _results on the total runtlme_ USING &cylation time required for double precision, but instead its
single SPE after applying a sequence of these optimizatio re pronounced effect on the

Replacing the cosine in the inner loop with the in””egausing the poor performance

optimized version from the SDK was very effective, rasglt '

in a 2.75 times speedup. Replacing the square root @dConcurrent Bandwidth

exponential function with their respective inlined optimized The Element Interconnect B(EIB) in the Cell processor

versions resulted in another speedup of 3.9x. Unrolling thgs 4 theoretid unidirectional bandwidth of 25.6GB/sec per

code and replacing these functions with theicoAnponent o and with four ports, the maximum concurrent sustained

SIMD equivalentsesulted in another 1.3 times improvemenyysnqwidth exceeds 200GB/sec. As such having multiple

Cumulatively, these optimizations resulted in a 14x speedgpgs performing DMA transactions simultaneously can

relative to the original SPE |mpIer_nentat|on: (_Dlscountmg ”{ffeatly decrease the total runtime spent performing

thread launch overhead included in these timings would resttymunication.

in even larger proportionapsedups.) For the covariance matrix creation example, the data set

F. Doubleprecision Penalties anq t_iling sizes u;ed resulted in a totgl of 16 chunks to process.
This implementation streams the entire data set through a SPE

The double precision performance on the Cell ProcessOL Sqreate each of the output chunks. In thésichmark, we

0.01 -




