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Abstract Cha03, Cdg03, CDMAJA speectcodercompresses

The digital signal processor (DSP) industry has been  thespeech signalisito digital code and vice versa.
growing steadily over the past few years due to strong Theinternational standards body, 3GPAB&pp2]

demands for digital signal processors in a variety of recently completed the development of the SMV
applications.Among these applications, wireless algorithm and released it for implementation.
communication accounts for more than #thads of the Theadvanced technology utilized in SMV wallow
DSP market today. CDMA subscribers to enjoy superior quality while

The Selectable Mode Vocoder (SMV) is a third allowing service providers to increase capacity as needed.
generation (3G3peech coding techragy that provides

significant capacity and quality improvements over the  gMv's advances come from improvements in speech

second generation. SMV is very complicated and its  encoding technology. SMV also implements an algorithm

implementatiomequires muclCPU time and memory thatcontinually choosgoptimal encodig rates based on

space. It has therefore been a challenge to implement  the characteristics of thimput speecho ensurehat the

SMV efficiently on a DSP chip sound quality remains high. This feature provides the
We presenin this papes thorough analysis of  sMmVv speech coder with a significant @htage on speech

loop behavior in SMV because DSP processors spend quality. SMV coder was evaluated recently using

most of their time in loops. We also evaluate the impact listening tests conetted at an independent lab. The

of the behavior of the loops on instruction level results show clearly that SMV delivers very good quality,

parallelism. Our motivations are: o identify typical even when using lowemcodingrates. This is significant

and frequently executed functions as pOtential new DSP"'] that lower Coding ratagsultin greater Capacity othe
benchmarksand2. to obtain information that might lead network.

to the improvement on the designs of DSP optimizing
compilers and architecture of DSP processors.

We first developed our own profilg tool, which
is capable of operatirgtboth function and loop
levels. We also used static analysis in combination wit
dynamic measurement techniques to characterize the
behavior of the loops.

Based on the data cotfed from more than
250loops seleted from the frequently executed functions
of SMV, we present 1. basic data on the SMV program
such as the number of weighted DSP operations, 2. the
behavior of various loops such as the maximum and
minimum numbers of loop iterations; loop types; number
of exits from and number of conditional branches in loops; i
characteristics of the nested loops; and the distribution offoWeVver, all the above advantages are achieved at the
various kinds of DSP operations in loops. All data are ~ €0St of itstime and spaceomplexity of the SMV
analyzed and discussed in the context of architecture of
DSP processors and insttion level optimization

Furthermore, SMV offers CDMA carrigtthe flexibility

to tradeoff small quality lossdsr large system capacity
h gains.By loweting theencoding rat®n SMV, wireless

operatorgnaygain up to 75% increase in system capacity
with voice quality comparable to that of current CDMA
coders Wireless operatormayalso provide
improvements in voice quality by using data rates similar
to thoseused forcurrent CDMAspeech coder§.he
operation mode oc8MV canbe controlled on a static or
dynamic basis, allowing carriers furthiéexibility in
serviceat peakloadtimes

approaches to DSP compilers. ! Dept. of Computer Science, The William Paterson
University of New Jersey300 Pompton Road, Wayne, NJ
I. Introduction 07470,USA

The Selectable Mode Vocoder (SMV) is@w speech 2 Wireless Speech and Data Processing, Nortelbi,
coding technology that provides significant capacity and 2351 Blvd. AlfredNobel, St. Laurent, QC
quality improvement®n CDMA2000 system§AhmO03, Canada, H4S 2A9



algorithm, and its implementation takes much CPU timeTable 1, the Encoder accounts for 86% of the WMOPs
and memory space. It has been a challenge to efficientlywhile the Decoder accounts fonly 14%.

implement SMV onto a DSP ghiAs a result, how to
design a DSP chipr select a costffective commercially
available DSRo run the SMV algorithm is an interésg
and challenging problem.

This paper presents an analysis of loop behavior in SMV

and its impact on instruction levehrallelism. Our

Table 1 WMOPs of Decoder and Eneod

WMOPs | percentage
Encoder 7656 86%
Decoder 1216 14%

motivations are as follows: 1. based on this analysis seldftthe SMV Encodesource codgthere are a total of
most frequently executed and typical functions as kernel@P0ut 300 functiongdowever, not all these functionsear

to make a new DSP benchmark progr@nthis analysis
will lead to improvenents orDSP compiledesignand
suggest anefficient DSP architecturéor SMV.

II. Methodology.

1. Profiling tool

Profiling has been used to improve compiler and
computer architecture for many years [Wall91, Su96,
Jin98 Smi00, Fer02, Cod03Althoughgprof [Gra82]of
UNIX is a popular profilingaol, it is not suitable for our
studybecauseall DSP operations are simulated by many
built-in functionswhen SMV runs on generplurpose
computerslt takesmoremachine cycleo execute these
DSP operationsn generapurpose computetfan it
would onreal DSP machines or their simulatdrsfact,
most DSP operations execleone cycleon real DSP
machinebut would require multiple cycles to complete
generalpurpose computersTherefore the result of gprof
doesnot reflect theprofile of prograns running orreal
DSP processor&dditionally, gprof works at function
level only; itcan not be usedttheloop level.

To solve this profiling problem, wereated some new
functions andextended the capabilities of some existing
functions in the SMVibrary. Wecollectivelycall these
functions theWVMOP tool, where WMOPRaterm defined
in the originalSMV documentstands foWeighted
Millions of OPerationsThe WMOP tooloperates at the
block level and cathusbe used to gather statistios
nested dinction calls and on nested loops within these
functions It canalso be used tmeasure the worst case,
the maximum and minimurterations and the net
WMOP valueof a function.Using the WMOP toolwe
investigatedhe behavior of more than 250 loops gany
100functions

2. Data collection

We use SMV v3.5fx as our targethich consists otwo
mainparts: theDecoder andhe Encode. Using a sample
audiodatafile, we first testhe correctness of both parts.
We focus our study otihe Encoder parbnly, because
both parts have similar functioasd in terms of WMOPs,
most SMV activities occur in thEncoder. Alistedin

significant in terms of WMOPSsowe ran the WMOP
tool to determine thaumberof WMOPs of these
functions. Figurel shows the total WMOPSs in a

decreasing order of these functions. Using a threshold 50

WMOPs we selected 46 functions with the highest
number of WMOPs s the focus of our studiNote that
the 46 functions thus selected acasuior about87% of
thetotal number of WMOPs of the entiEncoderpart of
the SMV program

There are 250 loops in thosé #inctions.We categorize
these loop intmoncomplex and complex group&.non
complexloop contais no function call exceptthose that
simulate DSP operations on®ur study focusson non
complex loops becausethe total numbeof WMOPSsof
complex loopss small and2. the complex loopare
complicateddue to function calandaretherefore
difficult to be optimized

Il . Basic data of SMVEncoder

Table 2 presents some basic datahe EncoderAs
mentioned before, we hageleced46 functionsrom the
source code of theEncoder As shown in Figure ,Zhe
total number oMWMOPs of thee 46 functionsepresents
87% oftheentireEncoder Among these 46 functions,
there are 250 loops which219arenoncomplextype
defined in the previous sectiohhesenoncomplex loops
account for80% of thetotal WMOPSs of the selectetb
functions andhearly70% of theentireEncoderas shown
in Figure 3 From these statistici,is notedthata DSP
processor spesdearly 70% of its time executing the
loop instructions.

Table 2 Functions and loops studied in Encoder

Number | WMOPs
Functions in Encoder 303 7656
Function studied 46 6680
Loop studied 250 /
Non-complex loops 219 5323
Innermost loops 181 4253

The total number of innermost loops in roTMplex
loops is 181andtheir total number of WMOPSs is 80 % of
that of the norcomplex loops as shown rable 2and



Figure 4 Since innermost loops take large portion of the There are two types of innermost loops, thelémp and
execution time, they impact the optimization process of the whileloop. Table 3 shows that 96% of the loops are
compiler design as well as the design of DSP architecturfar-loop type; whileloops accounts faabout 4%. It

It is notedin Figure 5that some innermost loops have
large numbers of WMOPSs, which is an ionant factor in

meanghatthe number of iterations is mostly static, which
is convenienfor sdtware pipelining optimization andhé

choosing kernel programs for establishing benchmark fosize of softwaregipelined code will beompact

DSP processors.
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Figure 4 WMOPs of Innermost Loops

Table 3 Typesof innermost loops

Loop type | number of loops| total WMOPs
for 174 4187
while 7 66

IV. Loop Behaviors

1. Typesof innermost loops

2. Extra exits

Table 4 shows that mostdps have one exit onlygery
few loops have one extra esitt can also simplify
software pipelining.

Table 4 Extra exits imnermostioops

No. of
extra exits No. of loops | Total WMOPs
0 175 4164
1 6 89

3. Maximumandminimumiterations

We measure bottmaximumand minmum numbers of
iterationsof the innermostoops becausi the number of
iterations is too small the software pipelining technigue
notbeneficial Table 5 shows th&5% i nner most
Maximumiterationsare too smalto be good candidage
for efficient softwarepipelining. Fortunatelythetotal
number ofWMOPsof these innermost loopsrelatively
very small, suggesting that tmeajority oftheinnermost
loops carbe efficiently softwargipelined. Fbwever it is
observed thaaround20% of theinnermost loopfiave
smallminimum number ofiterations.Comparingt with
only 6% innermost loops with small ninum number of
iterations in regular DSP kernelSy99, the software
pipelined codén SMV will be more complicated.

Table Smaxmum andminimum iterations in dops

: Number total
max min of loops | WMOPs
<=4 / 45 193
>4 <=4 36 1127
>4 >4 100 2934

4. Conditional branches

Table 6 showshat52% of theinnermost loopgontains
no conditional branch. In the re&8% of theinnermost
loops both the number and tlepth ofnested
conditional branches are not very Bgggesting that
there is no need to use large numbetegisters forthe
conditional code. Onlgne special innermost loop has
deeplynested coditional brancheshowever its WMOPs
is small

5. Nestedoops

Figure 6 showshat there ard0 loops whose WMOPs is
larger than 10. We find that nested loops have more
WMOPs than single loops, atite nested loops account
for three quarteyof total WMOPSs even when the number

00 |



of nested loops is almost sametlzet of single loops.
Table 7 presents further analysis of the nested loops,
which are categorized into four types. For typ¢hkre
areno instructions between the outer and inner $pop
thereforetheloop interchange technique can be used to
select beaer optimization. For type 2, there are certain
instructions in between the nested loops that make

optimization more complicated. For type 3, the inner loop

is short, and we can apply software pipelinindicst the
inner loopand then the outefype 4 efers tonested
loops that do not meet any of the above definitions. In
generalfor type 4nested loopst is verydifficult to
optimize the outer loapandwhatone can das to
scheduleghe outer loop with only the innermost loop
softwarepipelined

Table 6 Conditional branches in loops

Nested No. of
levels 0.0 Numb |
of conditional.| Number total
branch | Pranchesin of loops | WMOPs
loop
0 0 130 2683
1 24 408
1 2 4 304
3 3 557
2 1 5 164
2 3 1005
4 L 1 56

Table 7 Categorie®f nested loops

Staements
between outer
- Length of | % of % of
T .
ype and inner inner loop | Loops | WMOPs
loops
1 0 / 19% 20%
<3 / 24% 12%
much less
3 >3 thanouter 2204 36%
loop
notmuch
4 >3 less than 35% 33%
outer loop

V. DSP operations in innermost loop

How to design a custoifit processor is mimportant
issue.Onepopular method is to conduct exhaustive
experiments on an architecture model with variable
function units [Fis96]butit requires expensive
retargetable compiler and simulator. We adopted a
techniqug Su99]thatcombineghe dynamic profiling
resultwith static data gathered frothe innermost loops
thatconsume the largest amountefecution timeFigure

7 shows thalistributionof DSP operatiosin the 181
innermost loops. Figure ghowsthe requirement of
function units. We find that the 3 and 5 ALU units can fit
80% and 90% loopsespectively. We also find thator 2
Multiplier units can fit 80%or 90% loops In orderto fit
thesame percentagef loops we need 4 to 6 memory
ports.

Table 8 Average DSP@rations
in Innermost Loops

Memory
ALU Mult port
Average Ops 2 1 3
Weighted average Opy 1 1 3

We can use the averagamber ofDSP operations ithe
innermost loops testimatethe resource requiremerdas
a balanced DSP architecture. \b&nal use the
weighted averageumber ofDSP operationsvhich
reflecisthe WMOPs otheinnermost loop as shown in
Table § for the same purposBoth average numbers
suggesthat a more balanced DSP architecture should
have more memory portsit nottoo manymultiplier
units.

VI. Conclusions

Some conclusionsan bereachedrom our study on SMV

asdescribedelow:

1. Loops take 70%f theexecution time of thevhole
SMV encoder and decodédherefore loop
optimization is very important in DSP compiler.

2. Softwae pipelining is suitable for exploiting the
instruction level parallelism for SW| because almost
all loops belong to the fetlype andarewithout extra
exitsfrom theirinnermost looghodies.Although
25% of innermoskbopshave todew maxmumtrip
counsand are not worthcandidate for software
pipelining these loops are relatively insignificant
because they represent less than 5%hetotal
WMOPs.

3. The total WMOPs of nested loops are 3 timmeme
than that of singldevelloops therefore DSP
compilers shouldocus moreon their optimization.

4. A better balanced DBarchitecture should have more
memory ports anthere is naneedfor too many
multiplier units.
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