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ABSTRACT

Unlike generaburpose processors, digital signal processors (DSPs) are strongly applisggendentTo
meetthe needdor diverse applicatios, a wide variety of DSPs based on different architectures ranging tiem
traditional to VLIW have been introduced to the markeér theyears. The functionality, performance, and cost of
these processors vary over a wide rangerder b selecta rocessoithat mees the criteria of their applications a
costeffective way DSP applicationdevelopergely on theperformance dataf the processordPerformance data are
also essential fahe designersf DSPprocessato improve their desigrConequently several DSP benchmarks have
been proposed over the past decade oHewever, none ofitese benchmarkseem to havencludedrecent newDSP
applications

In this paperwe use a new benchmark we have recently developed to measure and cthapsedormance
of popular DSP processors from Texas Instruments and StarCore. The new benchmark is thes8elentable Mode
Vocoder (SMV), a speeetoding program from theecentthird generation (3G) wireless applicatioddl benchmark
kernels are ampiled by the compilers of the respective DSP processors and run on their sisnalatesedghted mean
of clock cyclesGeometric meawnf code size and are used to compare the performance of DSP prodesaddition,
we studied the relationships betweewde structuresf the benchmarkandthe various features of thBSP processors
We also analyzetow such relationships mighthpact on performanc&xtensiveexperimentatlatagathered, analyzed,
and presented in this paper should be helpful for procemsd compiler designeto optimize their desigmoward
specific desigmoals.

l. INTRODUCTION

Digital signal processing (DSP) industry has enjoyed rapid growth over the past few years and the growth is
expected to continue at an annual rate of 15 % éot few years $tr05. To address the need for many different
applications, various types of DSP processors based on different architectures have been introduced to the market. As a
result, performance measurement of DSP processors becomes an impaseafbrigsoth the manufacturers and the
users. DSP manufactuserely on the performance data to improve their design and customers need them to select the
processors that meet their requirementséost effective way.

Over the past decade or, severabenchmarks such as BDTI [BDTIO4a], EEMBC [EEMBCO00], MediaBench
[Lee97] and MiBench [Gut01] have been proposed for DSP processors. However, none bétiohsearkseems to
have includednostrecent applicationsr reportedon how the code structures ofi¢se benchmarkis relation to the
architectures and optimizincompilers of DSP processargght impact on performancdt is well known that, unlike
generalpurpose processors, the performance of DSPs is strongly applidafiendent. It is therefore partant to
learn the efficienciesof variousDSPs intheir handling of newer DSP applications. To this end, we have recently
developed and proposed a new benchnjelik06] based on the Selectable Mode Vocoder (SMV), a speedimg
program from the recenhitd generation (3G) wireless applicatiol@MV is a new speech coding technology that
provides significant capacity and qualitgprovements on the CDMA 2000 system.

The new benchmark, referred to as the SMV benchmark hereafter, consists of eight weitbedsin C
language Our goalin this papelis to usethe new benchmarto measure the performance pdpularDSP platforrs.
Performance of a DSP platformdefined as the combined performance of both the DSP processis anthpilels
[Gen01] In order to gain insight into how the architectures and compilers of DSPs might be impn@/atsostudied
the relationships between code structures of the benchpragtamsand the architectural features of the DSPs
including the number othe available regiters and functional units, hardware loop controls, branch delays, and load
latency and how such relationships might impact on performance.

We conducted Extensivgeries of experimenisn five popular DSP processonscluding Texas Instrumenés
TIC64,TICG62 and TI C55, and St DSKEAIkerdesof theCnevt Heichmearirel corSpiled #Hy0
the compilers othe respectiv®SP processors arttden executedn their simulators.



This paper is organized as follows: section I, webriefly review the rationale foour choosing the SMV as
the new benchmarRkNe also discuss the selection criteria for the benchremil our methodologin building it. In
section Il we discus®ur experimental procedure and prestet experimental resultn section IV, we try torelate
the experiment results to practical design considerations for both DSP processors and optimizing cbigeitéicn
V, we provide ouconcluding remarks and discyssssiblefuture work.

Il. THE SMV BENCHMARK PROGRAM
As mentioneefore, ar SMV benchmark consists of eight kernels chosen from the Selectable Mode Vocoder
(SMV) application program [ChaO3pr 3G wireless communication$rovided below are brief review ofthe
rationale forselectingthe SMV as our new DSP benchmatke criteria use identifying and building out benchmark
programs, and the methodology we have adopted in conducting our experiment and analyzing the experimental results.

Rationale for the selection tfe SMV as the basis of our new DSP benchmark

1. Wireless communication is a major DSP application whiohdollar amountaccounts for more than two
thirds of theentire DSP processormarket [Str03]. To measure the performancetiadr DSP processors, some
manufacturers still use the 2G wireless aggilons as their benchmarki® our knowledge, there has beenraport on
using thenewer 3G wireless applicatida measure the performance of DSPs

2. Certain studies call into question the efficierafyDSPsin their handling ofcomplexand largeapplications.
For example[Tal00] useda few DSP kernels and multimedia applications including speech coding and compression
programs as the benchmark to compare the performance between the-gemese Pentium Il processor atite
TIC62 DSP processor. Thdound that although TIC62 performs well on DSP kernels, its performance on more
complicated applications is relatively poor largely due to the inability of its compiler to exploit the instiegibn
parallelism for the frequent contrdependent datalependencies in the application programs. Therefore, how to
improve the performance of DSP processorsomplex applications such apeech coding and the more recent 3G
wireless application progranmeeds to be further investigated. Moregver Mo o r és@pecledhtavholttue at least
till the end of the decade€onsequently, chips will continue to become larger and more comples, movingthe
embedded systems in the directiohembedded computing [FisO3]This trend suggests thaoftwarewill become
larger and moreomplexin the years to come, necessitating the use of larger and newer applications as benchmarks for
moremeaningful evaluation of the performance of DSP platforms.

Benchnark selection criteria

To facilitate the selection of kerels from hundreds of functions in the SMV application as benchniarks
systematic waycertainselection criteria were defined, as described below.
1. Only the most frequently executed leaf functioase considered candidates for selectidarnels must hze
long execution time, so we first identify functions that are most frequently called upon, which tend to be leaf functions
that do not call other functioriexceptsomesmall builtin library functions) Furthermore, since these functions do not
call other functions, the instruction level parallelism in the code can be more effectively exg@loiletherefore is
expected to be exploited by the optimizing compilers, too

2. There are certain groups of functions exhibiting similar code strudfusegroup @ functions exhibit similar
code structure, onlthe most frequently executed one is selected to represent the entire group. Furthexchoof, e
these groupmust also accoutibr a significant portion of the total execution time of the entire SMV program

3. Since almost all DSPs can efficiently hansiieple functions, the selected functions must be at certain level of
complexityin order toeffectivelymeasure thperformance of DSPs. In this papespwplexityis measured by using the
number of DSP opetians in the innermost loops of kernelad in terms ofa new metric, referred to amodified
cyclomatic complexityn this paperwhich isto be defined shortly in this section

4, Since the major task of our SMV benchmarknigndedto evaluatevarioustypes ofDSP platforms we select
a diverse set diunctionswith different code structureso that the performance of various types of DSP platf@ans
be effectively assessed.



In the following, we summarizihe methodologyve usedto build the new SMVbenchmark.
1. Our work is based on SMV v3.5fx program downloaded from [3Gpi@IV v3.5fx is written in C and can
run on PC platform where all DSP operations are simulated by small C functions stored in altitcangucting the
profiling experiment, weealized thathe popular UNIX profiling tool gprof [Gra84§ inapplicablebecause the result
of gprof does notruly reflect theprofiles ofreal DSP processofslu0g. To solve the profiling problem, we extesdi
the functionality of the WMOPs todBGpp2], where WMOPs stand for Weighted Million of Operations that can be
used to represent the execution time wtierSMV program runs oneal DSP processer In the original SMV program,
there are some small functions eble of calculating the weighted DSiperations at function level. We modified these
small functions and extended their capabilit& apply these modified tools to nearly 100 functions and more than
250 loopgSu05].

2. We cefinea new metric referred to as thedified cyclomatic complexitor CC* to measureode complexity
Cyclomaticcomplexity or simplyCC was introduced in 197pVicC76, Sof0% and hassince been applied ihe field of
software engineering to calibrate and measure the complexity of progkgmagram can be gphicallydepicted by a
controtflow graph. Ina controHlow graph CC = en+p+1, where e, n and p denote the number of edges, nodes, and
connected components, respectivelf, a numeric quantityis actuallyequal tathe number of independent paths in the
contrd-flow graph. It can be proved that CC is equal to the number of conditions (loops and branches in a program)
plus one.Extending the definition of CC bgaking into consideration dhstruction level parallelisnof the complex

nested level®f loops andconditionalbranches we definethe modified cyclomatic complexity CC*, which equals the
number of loops and branches in the progrplus the number of nested levels of loops and branches.

3. SMV v3.5fx consists of two parts: tliecoder and the encoder. \8tediedthe encoder padnly because both
parts have very similar functions and ttede structure are also similar-urthermorethe encoder part accounts for
86% of theWMOPs of the whole SMV program [Su05]. Considering the fact that the encodemsontaie tharn300
functions, we could not instrumeat measure thperformance o#ll thesefunctions.We thereforgocus on lowlevel
leaf fundions.We adopted thdivide-andconquerechnique andise the combined/MOPs (total WMOPs of function
and its gmilar functions),the number of DSP operations in innermost loops and CC* acritegiato select kernels.

4. We design testing programs for kernddg usinga sample audio filas the input to thevhole SMV program
We then gatheinputs to and outputsdm the eightselectedkernel functions in the SMV program. These input and
output data are used in the the driver programs to test the kernels

Table 1 showthe eight kernel function in SMV benchmark, the total combined WMOPs of the eight kertalsit,
for 58% of theentire SMV encoder. We define the most time consuming innermost loop ragjttreinnermost loop
Table 2 presents the characteristics of major innermost [98d€Ps ratio is the percentage of the major innermost
| oop6s WM®oHle kernal furictior, the WMOPs of those major innermost loops take a&bfaudf WMOPSs

of whole kernels. The detailed descriptions of these kernels are presented in [Hu06].

Table 1 Eight Kernels of SMV Benchmark

‘ c levels | wmoPs
Function Name wwmops | combined | oo | g | NO-OF | of of major | WMOPs
WMOPs lines loops | nested| innermost ratio
loops loop

LSF_Q_New_ML_search_fx 939 939 32 68 13 3 859 91%
FLT_filterAP_fx 776 1173 3 11 2 2 538 69%
FCS_Excit_Enhance_fx 174 219 12 30 8 2 172 7%
c_fft_fx 288 381 15 52 6 2 254 88%
LPC_Chebps_fx 196 196 1 16 1 1 139 71%
LPC_autocorrelation_fx 166 826 4 10 3 2 164 9%
fcb_add_sub_contrib_phi 129 183 6 21 1 1 101 78%
PIT_LT_Corr_Rmax_fx 562 562 10 44 4 2 360 64%




Table2 Major innermost loops in kernel functions

Loop count DSP operations in source code
. Cond. | Ccode
Function Name Max Min branch lines Arithmetic Mult / Memory Total
MAC fetch
LSF Q New ML search fx| 10 10 0 8 6 2 4 12
FLT_filterAP_fx 9 9 0 2 0 1 4 5
FCS_Excit_Enhance fx 80 34 0 5 3 1 5 9
c_fit fx 32 1 0 13 17 4 10 31
LPC_Chebps_fx 3 3 0 11 7 4 1 12
LPC_autocorrelation_fx 16 1 0 1 0 1 4 5
fcb_add_sub_contrib_phi 8 1 2 9 5 0 4 9
PIT_LT_Corr_Rmax_fx 80 80 0 1 0 1 2 3

1. EXPERIMENTS

We conduct our experiment dive popular DSP processoiscluding Texas InstrumenésTIC64, TIC62 and TIC55,

and StarCorebds SC 110 and S Gdspgebivecordildrsof kheDSR processoes arel rus o mp i
on their simulatorsTalde 3 presentghe featuresaand other relevant information abahiese DSP processois our
experiment, we focus ohow architectural features of DSPs suchtles number of registerand memory portshe

number of function units, hardware loop conttwinch delayand load latencynight impacton the performance of a
processor.

Tables 4 and5 present the number of clock cycles and code sitleeadight kernel functions ahe SMV benchmark
respectivelyWe use both dynamic and static methodsttamlythe relationship between performance and DSP
architecture and compildbgeside using compiler and simulator to get dynamic @atalso study the assembly code of
kernel functions and figure out the major innermost loops by using our software depiptelafingjue proposed in
[Su04], thegathered informatioaboutthe major innermost loofor eachof the eightkernel functios presentsn Table
6. In Table6 OPsstands fothe number of DSP operatioabmajor innermost loojn the C source codé;andG are

the numbes of instructionsand instruction groups diie major innermost loop iIDSP assembly cogdeespectively. It is
noted thatll assembly instructions in each instruction group are executed in parallel within the same clock cycle.

Table3 DSPArchitecture Comparison

Processor TIC64 TIC62 TIC55 SC140 SC110
Issue width 8 8 2 6 3
6 ALU, 6 ALU,
Data path 2 multipliers 2 multipliers 2 MAC, 1 ALY, 4 MAC/ALU, 1MAC/ALU,
(2 16x16 or 4 8x8)| (2 16x16) 1 Shifter 1 Shifter 1 Shifter
Data registers 2x32 2x16 4 ACC 16 16
Memoryports 2 (can be double 2 (can be double | 2 (can be double|
bandwidth) 2 1 bandwidth) bandwidth)
1 ALU, 8 addr. reg., 2 AAUSs, 2 AAUs,
AGU no no 8 general purpose reg. 16 addr. reg. 16 addr. reg.
Pipeline depth 11 11 7 5 5
Branch delay 6 cycles 6cycles 5 cycles 4 cycles 4 cycles
Load latency 5 cycles 5 cycles 1cycles 2 cycles 2 cycles
Hardware loop no no for 3 nested levels for 3 nested levs for 3 nested
support levels




Table4 Number of Clock Cycles

Kernel Functions TIC64 TIC62 TIC55 SC140 | SC110
FLT_filterAP_fx 2994 14632 7825 5446 5619
LPC_Chebps_Fx 51 59 65 35 40
LPC_autocorrleation_fx 8664 12920 16155 24040 24085
FCS_Excit_Ehance 7981 23983 13422 23432 23726
LSF_Q New ML search fx 44522 | 84153 | 83806 | 44367 | 67633
c_fft_fx 10681 16247 8119 9334 11523
FCB_add_sub_contrib 231 315 140 138 139
PIT_LT_Corr_Rmax_fx 32960 | 54486 | 24188 / /

Table5 Code Size (bytes)

Kernel Functios TIC64 TIC62 TIC55 SC140 | SC110
FLT_filterAP_fx 1104 672 197 194 212
LPC_Chebps_Fx 336 480 189 240 268
LPC_autocorrleation_fx 532 736 185 582 496
FCS_Excit_Enhance 1856 1504 360 465 524
LSF_Q New ML search fx 1480 2688 443 1264 1408
c_fft_fx 1496 1344 327 1120 1200
FCB_add_sub_contrib 300 512 106 322 352
PIT_LT_Corr_Rmax_fx 194 2528 381 / /
Arithmetic mean 1077 1308 274 598 637

Table6 Number of instructions and instruction grougsnajorinnermost loopin kernel functios

. TIC64 TIC62 TIC55 SC140 SC110

Kernel Functios OPs e | e | e | e | e |
FLT_filterAP_fx 5 4.5% 13.9* 8 12 4 5 2 5 2 5
LPC_Chebps_Fx 12 13 17 13 23 13 15 10 13 10 11
LPC_autocorrleation_fx 5 3 13 3 11 5 6 4 9 4 8
FCS_Excit_Enhance 5 9 34 18 23 4 5 3 5 3 5
LSF_Q Nev ML search fx| 12 45+ | 11.2* 4 24 6 7 8 14 11 14
c_ fft fx 31 40 53 78 81 31 38 44 82 66 85
FCB_add_sub_contrib 9 25 32 36 36 18 24 14 15 14 14
PIT_LT_Corr_Rmax_fx 3 6 17 3 10 2 3 / / / /
Arithmetic mean 9.1 135 22.0 20.4 27.5 10.4 12.9 12.1 20.4 15.7 20.3

* TIC64 compile unrolls major innermost loop fully

V. DISCUSSION

For comparing performance we normalize the number of clock cycles and code size to TIC62 as showrY iantid&ble
respectively. Usually people speed up execution by scarifying siaé proportionally, we use Tal8ihe normalized
clock cycles * code sizim Table 9to compare the performance of compilEable7 and9 use weighted arithmetic
mean taking the combined WMOPs of kernel functions as the weights. Jatéearithmeticmean.

For further studying the relationship among performance and DSP architecture and complier, we adopt an approach in
[Su03] and define some parameters base@®s |, and G. Tabld0 presents Kc = @Ps which describe the execution
speed, i.e. lessumber of instruction groups needs less execution time for a given piece of source codel Sladnles1

Ks = 1/OPs whichcorresponds toode sizebecausenore assembly instructions means larger code size. Table 1

presents Kp = I/G, which reflects thestructionlevel parallelismljargerKp means more instructions can be executed
simultaneously. By definition, Kc = Ks / Kp.



Table 7 Normalized clock cycles

Kernel Functions TIC64 | TIC62 | TIC55 | SC140 | SC110
FLT filterAP_fx 0.20 | 1.00 | 053 | 0.37 0.38
LPC_Chebps_Fx 0.86 | 1.00 | 1.10 | 0.59 0.68
LPC_autocorrleation_fx 0.67 1.00 1.25 1.86 1.86
FCS_Excit_Enhance 0.33 1.00 0.56 0.98 0.99
LSF_Q New ML search 053 1.00 | 1.00 | 0.53 0.80
c_fft_fx 0.66 | 1.00 | 0.50 | 0.57 0.71
FCB_add_sub_contrib 0.73 1.00 0.44 0.44 0.44
PIT LT _Corr Rmax_fx 0.60 1.00 0.44 / /
Weighted arthmetic | 58 | 100 | 071 | 0.62 | 069
Table 8 Normalized code size
Kernel Functions TIC64 | TIC62 | TIC55 | SC140 | SC110
FLT_filterAP_fx 112 | 1.00 | 0.29 | 0.32 0.29
LPC_Chebps_Fx 0.73 | 1.00 | 0.39 | 0.56 0.50
LPC_autocorrleation_fx 0.70 1.00 0.25 0.67 0.79
FCS_Excit_Enhance 1.20 1.00 0.24 0.35 0.31
LSF Q New ML searcq 0.53 | 1.00 | 0.16 | 0.52 0.47
c_ft_fx 1.12 | 1.00 | 0.24 | 0.89 0.83
FCB_add_sub_contrib 042 | 1.00 | 0.21 0.69 0.63
PIT_LT Corr_ Rmax_fx | 0.78 1.00 | 0.15 / /
Arithmetic mean 0.82 1.00 0.21 0.49 0.46
Table 9 Normalized clock cycles * code size
Kernel Functions TIC64 | TIC62 | TIC55 | SC140 | SC110
FLT filterAP_fx 0.23 | 1.00 | 0.16 | 0.12 0.11
LPC_Chebps_Fx 063 | 1.00 | 043 | 0.33 0.34
LPC_autocorrleation_fx 0.47 1.00 0.31 1.25 1.47
FCS_Excit_Enhance 040 | 1.00 | 0.13 | 0.34 0.31
LSF_Q New ML searcH 0.29 | 1.00 | 0.16 | 0.28 0.38
c_ft_fx 0.74 | 1.00 | 0.12 | 051 0.59
FCB_add_sub_contrib 0.31 | 1.00 | 0.09 | 0.30 0.28
PIT_LT Corr Rmax_fx | 0.47 | 1.00 | 0.07 / /
Weighted arithmetic
mean 0.44 | 1.00 | 0.19 0.39 0.43
Table 10 Kc = G/OPs
Kernel Functions TIC64 | TIC62 | TIC55 | SC140 | SC110
FLT filterAP_fx 0.7 1.6 0.8 0.4 0.4
LPC_Chebps_Fx 11 11 11 0.8 0.8
LPC_autocorrleation_fx 0.6 0.6 1.0 0.8 0.8
FCS_Excit_Enhance 1.8 3.6 0.8 0.6 0.6
LSF_Q NewML search| 0.4 0.3 0.5 0.7 0.9
c_fit_fx 1.3 25 1.0 1.4 2.1
FCB_add_sub_contrib 2.8 4.0 2.0 1.6 1.6
PIT_LT_Corr_Rmax_fx 2.0 1.0 0.7 / /
Arithmetic mean 1.2 1.8 1.0 0.9 1.0




Table 11 Ks =1/OPs

Kernel Functions TIC64 | TIC62 | TIC55 | SC140 | SC110
FLT_filterAP_fx 2.1 2.4 1.0 1.0 1.0
LPC_Chebps_Fx 14 1.9 1.3 1.1 0.9
LPC_autocorrleation_fx 2.6 2.2 1.2 1.8 1.6
FCS_Excit_Enhance 2.2 4.6 1.0 1.0 1.0
LSF_ Q New ML _search 0.9 2.0 0.6 1.2 1.2
c_fft_fx 1.7 2.6 1.2 2.6 2.7
FCB_add_sub_contrib 3.6 4.0 2.7 1.7 1.6
PIT_LT Corr_ Rmax_fx 5.7 3.3 1.0 / /
Arithmetic mean 26 2.9 1.2 1.5 1.4

Table 12 Kp =1/G

Kernel Functions TIC64 | TIC62 | TIC55 | SC140 | SC110
FLT_filterAP_fx 3.1 1.5 1.3 2.5 2.5
LPC_Chebps_Fx 13 1.8 1.2 1.3 1.1
LPC_autocorrleation_fx 4.3 3.7 1.2 2.3 2.0
FCS_Excit_Enhance 3.7 1.3 1.3 1.7 1.7
LSF_ Q New ML _search 2.5 6.0 1.2 1.8 1.3
c_fft_fx 1.3 1.0 1.2 1.9 1.3
FCB_add_sub_contrib 1.3 1.0 1.3 1.1 1.0
PIT_LT_Corr_Rmax_fx 28 3.3 1.5 / /
Arithmetic mean 25 2.4 1.3 1.8 1.5
Mean / # of $sues 0.31 0.31 0.63 0.30 0.52

1. From Tables 4 and 7, we can find that the number of clock cycles of TIC64 is much better thanl®@2;ahe
weighted arithmetic mean is almost 50% ofillya b | e s
major reason is TIC64 compiler can perform better optimization such assopisticatedoftware pipelining and
unrolling innermost loop. It is worth to notice that the AddW DSP TIC55 has better performance in clock cycle
than that of TIC62because TIC62 generates too many instructions and doesphoit ILP well as shown in Tables
11, 12 and 13. Tables 5 and 8 shows that TIC55 has smallest code size among all DSP we tested du¥ltéVits non
architecture and some powerful instructiomsraditional DSP.

From Table 7,8 and9 StarCore SC140 even SC110 have pretty good performance both in clock cycles and code size.
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There are two majaieasonsfirst of all, both of them &ve some powerful instructiossich as zeroverhead loop

controlinstructions and double word load instructions, which lead less number of DSP assembly instructions as shown

in Table 1. Second, the number of DSP operations in major innermost loops in SMV benchmark kernels is not very
big, SC140 even SC110 have suféatfunction units to support moderate Kp as shown in Table 1

2. Table B summarizes the optimization of DSP compilers on major innermost loops. Below is the detailed analysis of

each kernel function.
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Table B Compiler optimization in njar innermost loops

Kernel Functions TIC64 TIC62 TIC55 SC140 SC110
. . software no software software software
FLT_filterAP_fx fully unrolling pipelining pipelining pipelining pipelining
software software no softwae no software no software
LPC_Chebps_Fx pipelining pipelining pipelining pipelining pipelining
. software software no software software software
LPC_autocorrleation_fx . S LU e e
pipelining pipelining pipelining pipelining pipelining
FCS Excit Enhance sosp:fl;\t/g:raeted poor software |  no software no software no software
3 | oelini ivelini ivelini ivelini
pipelining pipelining pipelining pipelining pipelining
) software no software software software
LSF_Q_New_ML_search| fully unrolling pipelining pipelining pipelining pipelining
no software no software no software no software no software
c_fft_fx p}gs\:'lnllr;g' p}g‘;\ll'rl‘l'_’;)g’ pipelining pipelining pipelining
i no software no software no software no software no software
FCB_add_sub_contrib pipelining pipelining, pipelining pipelining, pipelining, no
no ILP no ILP ILP
software software no software
PIT_LT_Corr_Rmax_fx pipelining pipelining pipelining / /

1 FLT_filterAP_fx is a very short function having a simplde®el untight nested loop; its innermost
loop contains only two lines and small loop count. TIC62 does sddtpigelining on innermost loop

and produces long prelude and postlude, which leads it has big clock cycle. TIC64 fully unrolls
innermost loop, and has much less clock cycle with slight bigger coddsiz€ 5 5 6 s

maj or

loop has three instructionsly without anyoptimization;however it reaches pretty good number of
clock cycles with a small code size.

1T LPC_Chebps_fx
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TIC55 does not do inline of a short function neitbeftware pipelining, and therefore it has bigger
clock cycles.

1 LPC_autocorrelation_fis a very simple function; its major innermost loop has one C statement only.
All processors except TIC55 perform software pipelining and reach high instrletieinpaallelism.

1 FCS_Excit_Enhanchas three 2evel nested loops plus three single level lodp€62 performs very

poor software pipelining on major innermost loop, almost no ILP @dtmparing with TIC62,
d o e snnesmo$t lbopsaanceredpce gdoel cyaésajpoyg  f
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innermost looplmost two third with a slight larger code size as shown in Table 4 and Table 5.

1 LSF_Q_New_ ML_search is a complicated function, containingex& nested loop. The loop count
of the majorinnermost loop is 10 only, however the second level loop has big loop count. TIC62 does
software pipelining on its innermost loop, even the software pipelined loop body is pretty compacted,
the whole speed up is offset by the long prelude and postii@é4 unrolls the major innermost loop
fully, even it is less compacted than TIC62, and however both the number of clock cycles and code
size are much better than TIC62.

1 C_fftis a little bit more complicated than the usual fft program with a moderate C@2,vaine of
DSP compiles can perform software pipelining on innermost loop. Comparing with TIC6@4Tthas
less clock cycle because it has double number of registers and better scheduling to avoid load latency
however bottperformancesire far behind theheoretical result in [San05]. On tbéherhand, TIC55
has less clock cycles because its Ks and Kp are smaller as shown inTTabte R respectively due
to its more powerful instructions.
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1 FCB_add_sub_contribas a single level loop with nested cdiugtial branches which restrict
instructiontlevel parallelism, none of DSP compilers perform software pipelining. Therefore TIC55
with its more powerful instructions has better both speed and code size.

1 PIT_LT_Corr_Rmax_fhas a Jevel nested loop. Themermost loop is very simple with one MAC
operation only; however, the second level loop is quite complicRtesh TIC64 uses double
bandwi dth memory fetch instructions its softwar
more than that of TIC55vhose length is 2 only due to its powerful MAC instruction which can
perform two memory fetch and MAC simultaneously.

3. Table 14 [Su05] presents the average DSP operations in innermost loops of SMV and our kernels, which shows that
the total number dDSP operations) innermost loops iBmited. From our experiment, Tables 12 and 15 show that the

ILP, both the average Kp1/G and the maximum number of instructions in instruction group are far below the number

of issues in all VLIW DSP processoiigble 14 also presents that memory fetch operations take large portion and
multiplication operations take small portion. It explains that TIC64, SC 140 and 110, those DSP processors with double
memory fetch bandwidth have better performance than TIC62.

Table 14 Average DSP Operations in Innermost Loops

Major functions in Kernels
SMV encoder
ALU 2.1 2.8
Mult 0.8 1.2
Memory 3.1 3.7
Total 6 7.7

Table 5 Maximum number of instructions in instruction group

Kernel Functions | Tice4 | TIC62 | TIC55 | SC140 | SC110
FLT filterAP_fx 2
LPC_Chebps_Fx
LPC_autocorrleation_fx
FCS_Excit_Enhance
LSF_Q New_ ML search
c_fft_fx
FCB_add_sub_contrib
PIT_LT_Corr_Rmax_fx
Average
Average / # of issuses
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Conclusion

Our experiment with new SMV benchmark shows the adva

consider the power consumption, which has much less code size and the speed performarmmipatable

with VLIW DSP architectureWe suggest that VLIW DSP architecture shawde more balanced ratio of

various kinds of function units arkeéep some powerful instructions under the support of hardware.

2. SMV benchmark has some kernel functionschhare quite different from traditional DSP kernels, however their
major innermost loops are relatively short. It implies either too many function units are unnecessary or more
sophisticated loop optimization approaches are needed. For exampletimalloop unrolling combining with
software pipelining.

3. More sophisticated software pipelining methods for complicated loops such as FFT and with nested conditional

branches are needed.

- <
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