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Abstract

This paperrepresentsa designstudy of the datapathfor a
very long instruction word (VLIW) video signal processor
(VSP). VLIW architectures provide high parallelism and
excellent high-level language programmability, but require
careful attention to VLSI and compilélesign. Flexible, high-
bandwidthinterconnect,high-connectivity register files, and
fast cycle times are requiredto achievereal-time video signal
processing. Parameterizableversions of key modules have
been designedin a .25m process, allowing us to explore
tradeoffs in the VLIW VSP design space. dhsignstarget33
operations per cycle at clock rates exceeding 600MWarious
VLIW codeschedulingtechniqueshave beenappliedto 6 VSP
kernels and evaluated on 7 different candidéétapathdesigns.
The results of these simulations are used to indicate which
architectural tradeoffs enhanceoverall performancein this
application domain.

1. Introduction

Digital video is one of todayOsastestgrowing information
sources. Dedicated video signal processihgps areavailable
now as CODECs and other specialized video functiohsvider
rangeof applications and shorter product cycles have driven
audio-rate processinmcreasingly to programmableDSPsand
similarly new applications for video, along with increased
developmentcost and time-to-market pressures,will push
system designersto programmablevideo signal processors
(VSPs). Since their architecturesare tuned for multimedia
applications, VSPs will offer video-rate performance at
significantly lower cost than workstation microprocessor
architectures.

Many interesting alternativesexist for programmableVSP
architectures, but it is impractical to try to definitively
determine the best architectural paradigm until the unique
research and development issdies eachclass of architectures
have been resolved. Our contribution to this processis an
exploration of design issues for very-long-instruction-word
(VLIW) VSPs.VLIW combinesa high degreeof parallelism
with the efficiency of statically-scheduled instructions.
SophisticatedVLIW compiler technology will allow usersto
develop real-time signal processing applicatiamshigh-level
languages. A regular architecturewill permit 32 or more
operations per cycle while maintainirgjock speedsn excess
of 600 MHz.

The most accuratemethod for quantitative evaluation of
architectural tradeoffs involvesircuit-level timing simulation
of full processorlayout and cycle-level simulation of full
applications based on optimized, compiled code.

Unfortunately, the developmentof this detaileda simulation
modelis extremely expensiveand can only be accomplished
for a tiny subset of the design space. In an emerging
application domainsuchasvideo signal processing,thereis
not even a body of existing processordesigns, tools, and
benchmarks to use as a starting point for desigrifications.

Early exploration methodsare required both for technology-

driven design parameterssuch as circuit performanceand for

instruction-level behavior. Our methodology for this initial
investigation involves several steps:

1. After selecting the basic architectural paradigm, we
performed detailed, parameterizable, transistor-level
design of key modules including high-bandwidth
interconnect,high-connectivity register files, and high-
speedlocal memories. This detaileddesignis requiredin
order to make rational design decisions using an
aggressive implementation technologydan aggressive
architecture.

2. Area and performance data frafmese simulations define a
unique design space for this processor. Within tigsign
space, candidate architectures aoastructedbasedon the
module cost and performance.

3. Key VSP kernels are hand scheduled onto each architecture.
This provides early performanceestimates and allows
programmers to evaluate compilation strategies and
designers to identify architectural bottlenecks.

The results of thesexperimentsrefine the designspaceand
guide the implementation of the compiler. Eventually, a
limited number of candidate designs must still be evaluated with
real applications, a prototype compiler, and real application
data.

Only recently has it been possible to implement a wide
VLIW architectureon a single chip, thus many architectural
structures are feasible for the first time [9h orderto explore
the newtradeoffs,we have designedand simulatedseveralkey
components for a VLIW VSP in .25CMOS technology. These
structuresinclude large register files, crossbarinterconnect
networks, and high-speed local memorieghesedesignsform
a parameterizablemegacell library for the construction of
experimental VLIW VSP chips. The components were
simulatedusing AT&TOSADVICE circuit simulator. The delay
characteristics and area requirementsheflse componentswere
jointly analyzedto determinethe architecturalbalancepoints
of a single-chip VLIW machine.

This paper shows that .2&echnologyis sufficient to build
a powerful, programmableVLIW VSP. In particular, our
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experiments show that interconnect bandwidth is not a
problem in afirst-generationVLIW VSPRNthe interconnection

by aglobal crossbarswitch. Instructionsaresuppliedto the
machine through a distributed instruction cache. Local data

network occupies only a few percent of the chip area. Howevememory is provided within each cluster. 16-bitegersarethe

register-file capacity is aignificant problem. We constructa
working architectural model basedon the data from these
component designs and analyze tteamputationalcapabilities
on some key video compressionkernels. We conclude by
showing that a .25m VSP can provide the communication,
computation, and on-chip memory required to execute
significant real-time video applications.

2. Why VLIW?

A great deal of research,as well as a growing amount of
industrial implementation effort, has studied parallel
architecturedfor video signal processing; however, few have
studied VLIW architectures for VSPOther approachego VLSI
video signal processing include array processors [11],
pipelined architectureq13], and ASICs [14]. Unfortunately,
none of these approachesare particularly amenableto high-
level language (HLL) programming thus limiting theim a few
mass-marketpplications. VLIWs are primarily designedfor
HLL programming and thus can serve a wider range of
applications.

A VLIW machine exposes functional-unit parallelism
directly in the instruction. Traditionally, a VLIW machine
consists of a set of functional units connectedto a central
global registerfile [4]. A VLIW instruction is horizontally
microcodedNthe instruction independently specifies the
operation performed oeachfunctional unit during that cycle.
VLIW architecturesuse compiler-baseddependencyanalysis
and static scheduling to enable high-performance parallel
computations on a simple datapathplementation. Run-time

arbitration for resources is never allowed, which permits laoth

very fast cycle time and a great dealpafrallelism. In general-
purpose VLIW designs, limited application parallelism
preventsfull utilization of avery large numberof functional
units, but in signal processing thereabundantparallelismin
most applications. The challenge in adapting VLIWvideo is
to provide a very large number @fnctional units with enough

interconnect resourcesto permit efficient compiler-based
instruction scheduling while maintaining a very fast clock rate3.

PreviousVLIW architectureshave been multi-chip designs
becausethey could not implement sufficient resourcesin
single-chip designs. Modern fabricatidechnologiesmakeit
feasible to implement single-chip VLIWs with significant
amounts of parallelism; however, this requires a different

only supportednative datatype. To maintain a consistent
programming modelall clustersareidentical. The numberof
clusters provided in the machinte numberof arithmetic and
memory units per cluster, the numberof registers per cluster,
the numberof ports per registerfile, the amountof local data
memory per cluster, and the number of global crossbarports
per clusterareall architecturalparameterdo be determinedby
the results of the VLSI simulations and representative
application analysis. Fig. 1 shows a floorplan of our VLIW
VSP. Clusters of functional units surround the crossbdorm
the datapath. An example cluster containinfuictional units
sharing 4 issue slots is illustrated.
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Fig. 1. Cluster-based VLIW architecture.

The code schedulingparadigmfor VSP applicationson this
architecturetendsto be quite different than on most research
VLIW machines. The applications tend to have abundant
parallelism but each cluster has extremely limited local
resources. The number of registersis relatively small as
comparedto the operandbandwidth; the local data RAM is
limited; andthe local instruction cacheis small. At the high
clock ratesinvolved, exceedingthe capacity of any of these

units can greatly reduce performance. Therefore, the compilerOs

primary job is effectively allocating limited resourcesrather
than extracting maximum parallelism.

Design Methodology

We evaluatecthe VLSI feasibility of our architectureusing
the design methodologiespreviously developedfor memory
systems|[2] anddatapathg12]. We first designedthe unique
components of the microarchitectureNglobal interconnect,

register files and local memoryNand measured their area as well

approach to storage and interconnect design. Traditional VLIWs their speed. Nexwe evaluatecthe application performance

architectures use a central regisfigg to provide both operand
storage and low-latency interconnect.  This is ideal
architecturally, but extremely difficult to implement. Two
attemptsto build 16-ported register files [7], [3], produced
large, slow circuits. The 96-ported register file requiredto
support a 32-issue VLIW is impractical even in .25m
technology.

Due to the difficulties of building register files with
extremely large port counts, we chose an alternative
architecture, similar to the one used in [6]. Clusters of
functional units, eachwith alocal registerfile, are connected

requirements by manually analyzing 6 different VSP
algorithms. Using the performanceof the components,along
with the application characteristics, we then determined tmw
allocate chip area among the various subsystemsof the
microarchitecture.We also analyzedthe power consumption
and clock distribution for this chip to ensurethat both were
feasible. Though we do not have room for details, it was
concluded that thehipOspower consumption,althoughin the
50 W rangewaslow enoughto be feasible andthat the clock
could be distributed at the required frequency.
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3.1. Microarchitecture Component Analysis

As a first step to selecting design parametersfor full
architectural simulation, we chose to design, layout, and
simulatethe critical componentsfor a VLIW VSP. We have
usedan experimental .25m processfor all designs. Circuit
simulations were performedat 3.0V and nominal temperatures
using AT&TOSADVICE simulator. We use only 2 levels of
metal for moduledesigns,reservingthe upperlayers for inter-
module signals and power. The analysis provides area and

cycle-time information that defines the reasonable architectur%

design space. This section describes the designs and
characteristicsof the major subsystems:global interconnect,
register file, local memory, and ALUs. We present only a few o
the major resultsof our layouts and simulations here, due to
space limitations. A complete description of these desags
simulations is available in [1] and [15].

3.1.1. Global Interconnect

Since asingle global registerfile is not a feasible solution
for both operandstorage and global interconnect,a simpler
structuremust be implemented. An earlier analysis [2], [10]
has shown that within the range of parametersthat are
interesting for a single-chip VLIW architecturethe area and
speedrequiredfor a full crossbaris acceptable. A specialized
routing schemehas beendeveloped[10] that allows crossbar
inputs and outputsto be routedinto the crossbarswitch from
both sides.

Fig. 2 showsthe delay and areaof our preferreddesignwith
various driver sizes. Cycle times underlns can be supported
with up to 16 ports, but drop off quickly to 1.5ns at 32 ports
and 3ns at 64 ports. Therearequirementdor the crossbarare
relatively insensitive to transistor size within the range of

interest. The crossbars up to 32 ports require very little area f

a key central architecturalstructure. In fact, they may be so
small that additional routing is requiredto connectto the
functional unit clusters.If so, the additional delay would need
to be addedinto the crossbardelay, a functional unit output
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stage, oran additional pipeline stage. Considerabledetail on
the various tradeoffs in crossbar design appear in [10].

3.1.2. Local Register File

Local multi-ported register files are required in each cluster
supply the arithmetic units with operands.Registerfiles with
many ports and many registers are always preferablefrom a
programmingand compilation perspective,yet they mustnot
be allowedto reduceperformanceby limiting clock speedor
onsumingtoo muchspace. VLIW architecturesare typically
esignedto supply two operandsandwrite one result back to
the register file foreachoperationeachcycle. This requires3
ports per operation.We have thereforedesignedregisterfiles
to support 1,2, 3, or 4 operationsper cycle. Asis shownin
Fig. 3, the register-file delay is only slightdependenbn the
number of ports; however, the area requirementsincrease
substantially both as a function of tihemberof ports andthe
numberof registers. The optimal design point is a complex
issue. As more ports are added to easdisterfile, the number
of issueslots that can be supportedin that cluster increases,
reducingthe number of clusters required. Furthermore,the
utilization of eachissueslot is typically increasedwhich may
compensate for thiower register density of the highly multi-
portedregisterfiles. Unfortunately, the numberof registers
requiredin eachregister file also increaseswith more issue
slots, which increasesthe registerfileOscycle time. The data
indicate that manyegisterfile sizesarereasonabledepending
on the overall system area and delay tradeoffs.

3.1.3. Local Memory
Like the register file, local memory must be available in each

cluster to store video data since glob@mory cannotprovide
gdequatebandwidth. An earlier analysis [2] of a different
dratapath showed that multi-ported memories could often
eliminate enough accessconflicts to reduce execution time
despite increases iaycle time. Basedon that result, we have
designed a scaleable multi-ported memory. The performance of
the minimum-sizeversion of this designis shown in Fig. 4.



Note that the minimum-size cell transistor mistreaseasthe
number ofports increasesthus performancedegradesslightly
less thanwould be expectedas the numberof ports grows and
area increases somewhat more than would be expected.

The basic designhas beenoptimized for high performance
with many ports and thus has rather low densifythough the
performanceof the multi-ported designsis excellent, the area
penalty may be too severefor a VLIW design. Even the
minimum-size design only allowabout400 bytes of 4-ported
memory per mr

Given that there are already two multi-ported interconnect
structureson chip, the registerfile andthe crossbarnetwork,
the additional performanceof multi-ported memory will not
compensate for the exti@f-chip traffic causedby insufficient
on-chip memory. The common practice of double-buffering
datamemory in signal processing further reducesavailable
storage. In orderto provide a high-density alternative, we
specially designedl- and 2-ported memories. Our improved
design has a densityf over 2600 bytes/mn% of single-ported
memory or over 2200 bytes/rdrof two-ported memory.

3.1.4. Arithmetic Units

The arithmetic units for the VLIW VSP are essentially the
same as those for other typeksignal processingchips, with
the provision that only small integer operationsare required.
This technology is well developed and we do not beligwsill
be a critical path; thus we have chosen to base delggisions
on published results rather than custom desighs32-bit ALU
in .25mCMOS at 1.5ns has been descrileésewhereg9]. That
design required only 0.6mn?. A full 54-bit multiplier
requiring 12.8 mm? in .25m CMOS [8] was measuredo run at
4.4ns. An 8-bit multiplier should run much faster and require
under 1 mrA. A 16-bit multiplier should require under 3 fAim

3.2. Architectural Models

Basedon the datafrom these module designs, we selected
parameters for several working architectur@hesehave been
used to test application kernels yeasuringprogrammability
and performance Given the goals of this design, we initially
chose toemphasizeprogrammability and high functional unit
utilization wheneverpossible. This indicates a design with
relatively high connectivity. Thekey is to selectparameters
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that meet a target cycle time while allocating angsely. For
this initial model, weconstructeda datapathwith 8 clustersof
functional units, each capable of issuing 4 operationscpele
for atotal of 32 operationspercycle. In orderto maximize
connectivity, we provide a single 12-ported register file for
each cluster andonnecteachissueslot to the global network
using a full 32x32 central crosshar switch. Given these
decisions and our simulation data, a target clock rate of
650MHz was selectedfor this configuration. Up to 256
registers can be included per cluster and still achibisetarget
clock rate, but our preliminary application studiedicate that
128 registers/cluster are adequate. Although a clistémited

to 4 operations per cycle, it should have more than 4 functior]

units to keep utilization high. We propose 4 ALUs, one
multiplier, one shifter, and one load/store unit configured so

that each set of 3 register-file ports supports one ALU antbup

one alternate function. All operationse 16-bit operandsand
executein one cycle exceptfor the multiplier which canonly
perform 8x8 multiplication. A foustagepipeline (instruction
fetch, operand fetch, execute, write-backusedin this initial
configuration. At the target clock rate, this limits the
complexity of load and store operations. Only direct or
register-indirectaddressingcan be supported. The cluster is
fully bypassedbetweenthe 7 functional units, requiring 10-

Furthermorein a VLIW cluster, 4 additional bypass paths are
required. We have assumedhat the more complex bypassing
has a slight impact on cycle time. Tablsdmmarizeghe area
requirementand relative clock speed estimates for these
datapaths.

12-ported register file - 128 registers 3.0 mnf

4 ALUs 0.4 mni each
8-bit multiplier 1.0 mnt

shifter 0.5 mni

32K Local RAM 12.9 mnd

Bypass logic, pipeline registers, etc. 0.4 mnf

,kocal Routing Overhead 1.9 mnf

Cluster Area 21.3 mn

8 clusters + 32x32 crossbar 181.4 mni datapath

Fig. 5 - Area for Datapath 14C8S4

These 3 datapath models are quite similar, favoring
programmability while maintaining a high clock rate and a
large number of executionresources. As an alternative, we
modified the datapath as necessary to furthereasethe clock
rate into the 1GHz range. This requires a faster crossbar
network, faster register files, faster RAM, and simpler

input multiplexers in the operand bypass paths. Memory spegfnassing as well as some modifications to the pipelining

is acritical path for this andall of our configurations. Each
cluster contains a single local data memory ikadccessedia
the load/storeunit. The memoryis word addresse@nd double
buffered to enableoncurrentprocessingand off-chip 1/0." In
this configuration we camprovide 32KB of single-portedlocal
dataRAM basedon 16Kx1 modules. With careful design of
buffers and pipeline registers, we can meetthe target cycle
time. Fig. 5 showsan estimateof the areafor this datapath
which we have labeled 14C8S4. Ten percent additianadhas
beenallowed for local routing betweensubcomponents.This
should be adequategiven that there are 2-3 additional metal
layers for routing over the subcomponents as well.
Restrictedaddressingmodes can significantly increasethe
instruction count on some types of common arcajculations.
More powerful addressingmodessuch as indexed (register +
register) and base-displacementan reducecycle countsat the
expenseof datapathcomplexity. It is initially unclearasto
whetheror not this is a good tradeoff. We have introduceda
variation of the datapath which includes these additional
addressingmodes. This model, 14C8S4C, must permit an
address addition and a memory acogibin the samepipeline
stage. This has a very significant impactaytle time in this
architectureandis unlikely to be beneficial, however, it can
give us someunderstandingof the utility of these addressing
modes. Another model, 14C8S5, aamore realistic way to add
complex addressingmodes. The pipeline has been extended
into separateexecuteand memory stagesas is done in most
simple RISC processors. The negative impact of this
adjustment is that a load-use delay of one ciglrow required.

! Double buffering is a common memory strategy for signal processing

systems. More advanced versions with several banks can improve
memory utilization and may prove useful.

scheme. To accomplish these goale,constructeda datapath
with 16 small clustersratherthan 8 moderately-sizeclusters.
Eachclusterin the new datapathmodel, called 12C16S4, has
only two issue slots. Thiallows a smaller 6-ported, 64-entry
register file to suffice. Sincethere aretwice as many clusters,
each need only supply 16KB tdcal dataRAM, howevereven
this smaller RAM is tocslow. Instead,two separateBKB data
memoriesare provided in eachcluster. Also, the multiplier
must now be pipelined to twstages. Eachissueslot can now
support either an ALWbperationor aload/storeoperationto a
specific one of the local memoriene of the issueslots can
alternatively perform a multiply and the other can perform a
shift. In orderto increasethe speedof the crossbarnetwork,
only 1 port to a 16x16 switch is provided éachclusterrather
than one for each issue slot. Only simple addressindesare
supportedand the smaller cluster size naturally reducesthe
bypasslogic complexity. Despiteall of these compromises,
we estimatethat only a 30% increasein clock rate is likely.
Finally, a variation of this 16-clustetatapathwas designedto
support more flexible memory addressing. This model,
I2C16S5, uses a 5-stage pipeline with a 1-cyokal-usedelay.
Also, rather than splitting the data RAM into two separate
memory spaces, we havecreasedhe cell size and movedthe
pipeline stageboundaryto after the decodelogic to allow a
single 16KB memory to function at this speed. This produaces
significant area penalty as seen in Table 1.
Thesedatapatharchitecturesserve as a reasonableinitial
exploration into the programming issuesinvolved in this
machine. The 30% clock speedimprovementprovided by the
reduced-functionality clusters is substantial; however it
involves numerouscompromisesin interconnectincluding an
increased decentralization of storage resources. The
conventional wisdom is that this greatly increases the



complexity of programming and generally results in less

effective compilers. In our experiments, we attempt to quantifisoftware pipelining.

the impact of the additional complexity for hand-coded

examples, providing some insight into the potential impact ostrength reduction.

final system performancealthough not fully addressingthe
issue of compilation.

Although the models under evaluation are intended to
compare some datapath tradeoffs programmingmodelsdid
take into account the realityf a finite instruction cache. The
8-cluster models (14C8S4, 14C8S4C, 14C8S5) assumea 1K
instruction on-chip cachewhile the 16-clustermodels assume
only 512 instructionsin the cachedueto the increasedclock

known algorithmssuchasloop unrolling, list schedulingand
We also aggressively applied scalar
optimizations such as commaubexpressiorelimination and
The goal was to generateobject code
comparable to what could be expected frthra best production
compilers.

Six different specific kernels from MPEG encoder
applications were evaluated. The first two algorithms, Full
Motion Search and Three-step Search, are two different
algorithms for comparing 16x16 pixel macroblocks from
consecutive frames in order to estimate the most likely
direction and distance of motion for objects representedby

speed. Since traditional demand-driven instruction cache refilihiose samples. This is generally believed tahH®emost time-

are likely to be in excessof 100 cycles for this type of
processor,this placesoverwhelmingrestrictions on practical
scheduling approaches. Essentialiy, critical loops mustfit
into the cache.

3.3. Hand-scheduled Algorithms
Thesearchitecturalmodels are comparedvia simulation of
hand-scheduledpplication kernels. Although handscheduled
codeis not the best quantitative mechanismfor evaluating
architecturaltradeoffs,it providesa numberof advantagesn
the early stages of system developmeifihe most compelling
justification for simulating hand-scheduleatode is that it is
practical. It takedar longer to developor retargeta compiler
for each of these datapath models than to hand-code a
reasonablenumber of illustrative examples. Furthermore,a
first-generation compiler is likely to have numerous
inefficiencies in optimizationand be biasedtowardsparticular
architectural features thus providing no more accurate
information thanhandscheduling. Perhapsmoreimportantly

at this stage in architecture development, the process of having
skilled system designers perform the detailed scheduling a||0Wv%

them to identify specific featuresof the architecturethat can
impedethe code schedulingprocessor act as bottlenecksto

good performance. Opportunities for these specific
observations are often concealed when using a compiler.
Finally, the hand-schedulingorocessis an opportunity to try

out specific compilation strategiesin such a way that minor

obstacles arevoidedandthe compilation techniquesare fully

exploited. This provides a strong indication of which

compilation mechanismsshould be includedinto a research
compiler.

It is only practical to schedulesmall algorithmic kernels
rather than real complete applications, however iterative
kernels tend to dominatsignal processingcodeeven more so
than general-purposer scientific code so they are likely to
indicate final performance. The kernelswe selectedare either
extracted from real video applications or constructed from
algorithms in textbooks. They randgemm about25-200 lines
of proceduralC code. In scheduling armabtimizing eachof the
kernels, we tried to use techniques that could practicallysed
by a compiler. Most importantly, we performedaggressive
optimization based on information that can be derived fthm
code specification but did not dependon knowledge of the
algorithm other than what could be extracted fromGrsource.
Wheneverpossible we basedour scheduling strategy on well

consuming step in video compression. The inner-loops of
both algorithms are identical but some outer loops that
determine the search strategy differ substantial\s. such,the
same sequence ofptimization techniqueswvasappliedto both
algorithms but the effectiveness varies. The baseline
implementationprovides a point of referencefor interpreting
the scheduled VLIW code. This is sequential cadimg the full

capabilities ofthe machineincluding predicatedexecutionbut
limited to one operation penstruction. Scalaroptimizations
areaggressivelyapplied including pipeline schedulingto fill

load-delay and branch-delayslots, but code is not moved
between basic blocks other than loop invariant codesegond
baselinesequentialversion of eachsearchalgorithm is then
implemented where the innermost loop is fully unrolled,
eliminating many brancloperationsand someloop-index and
addressarithmetic. This representsa fairer starting point for
comparing sequentialand parallel code since this type of
unrolling is implicit in the parallel schedulingalgorithms we
have used.

Oncethe sequentialcodewas measuredsoftwarepipelining

abundantparallelism in both of these algorithms due to the
outer loop levels being do-all type loops (representing
repeating the searchfor eachmacroblockin a frame), it is
possibleto perform severalsearchesin a SIMD style rather
than scheduling a single search across several clustérs.is
effective for theseparticular algorithms whenthe inner loops

are unrolled. Although we used software pipelining to schedule

eachcluster, in this type of codewherethe inner loops have
fixed iteration counts and can be fully unrolled, branch and
bound schedulingor even list schedulingof inner loops is
equally effective. A secondversion of the software-pipelined
code was then implementedin which the second-levelinner
loop wasunrolled aswell. The shorter programlength dueto
multiple operations per instruction make this feasible.
Finally, in addition to the VLIW-style softwarepipelining we
applied some data blocking techniquesas are typical in
vectorizing compilers. This involves exchanginglevels of
loops and sometimes splitting loops into several separate
loops in orderto increasethe register lifetimes of particular
values and thus eliminate load and store operations.

Essentially one attempts to perform all required operations on a
small block of data before using other data in the arrays. Due to

the perceivedimportanceof motion searchin video, we also
considered the effect of an architectural modification on edch

as used to schedule parallel code on one cluster. Sinceishere



our models at this point. A special operator, absolute
difference,can be includedin the clusterdatapathto assistin

motion estimation. This replacestwo operationswith one at
the expenseof doubling the areacost of one of the ALUs and
adding about 2 gate delays to that ALUOs critical patie last
two versions of eachsearchprogramwererescheduledo take
advantage of such an operator.

The third and fourth algorithms to be evaluatedare different
implementations of the two-dimensional discrete cosine
transform or DCT, a spaceto frequencytransform usedas a
critical stagein many compressionmethods. The traditional
implementation computes each elementtw transformon an
8x8 block of pixels directly. The row/columnalgorithm first
performs a one-dimensional DCT on each row of the btbeln
performs a one-dimensional DCT on each column.

A similar sequence ofodeimplementationswas constructed
for the DCT algorithms. The initisdequentialimplementation
employs numerousscalaroptimizations but in this casedoes
not use predication.As before, unrolling the inner loop for a
sequentialimplementationgreatly reducedthe total operation
count by removing branches and some computations and
increasing the opportunitiesto fill delay slots. As a first
attemptto generateparallel code,list schedulingwasusedon
the unrolled inner loops to generateparallel code for one
cluster and once again SIMD-style replication was used to
generatecode for the remaining clusters. In addition to
scheduling,someadditional CSE was performedto reducethe
total number of arithmetic operations. A second parallel
implementation uses software pipelining instead of list
schedulingand incorporatedpredication as well. A further
optimization usesnumerical analysis to eliminate arithmetic
operations thado not contribute significantly to the retained
precision of the finakesult. The final version of the codefor
eachalgorithm unrolled the second-levelloop in addition to
the first before scheduling. This requiresmore registersthan
areavailablein one cluster and would exceedthe size of the
instruction cache;therefore,the codeis scheduledacross four
clusters in order to gain extra resources. Thihén replicated
SIMD style.

The fifth algorithm is a color space (RGB to YC,C,)
conversion and color subsampling (4:4:4 to 4:2:0) routhneet
is typical of the first stagein compression. The algorithm
contains numerousarithmetic operations as well as several
paths through the inner loop in order to handle block
boundaries. Sequentialversions of the code were generated
both with andwithout loop unrolling. Many of the branches
dependonly on loop index valuesandthus can be eliminated
with unrolling but fully unrollingthe loop would exceedcache
andregister availability. Parallel versions of the code were
generated usingjst schedulingof the unrolled loop andusing
both software pipelining and predication.

The final algorithm differs substantially from the earlier
codes. The Variable-Bit-Rate Coder (VBRI final lossless
encodingstagein MPEG-style compression. This particular
codecombines run-length and Huffman coding into a single
algorithm. Typically it is considereda minor stage in the
compression procedure, but it contains numerous long

versions of this algorithm were implementedboth with and
without predication and then a parallel versiwheachwaslist
scheduled. Replication is not possible since dependencies
exist betweenblocks of pixels; therefore,the entire 33-issue
machine was available to the list scheduler. Additional
attempts were made to use software pipelining on this
algorithm andto split the computationinto multiple phases
and separately apply software pipelining to each.

3.4. Results

The performancesimulations of the hand-codedexamples
include a substantial quantity of raw data. Six different
algorithms were codedonto 5 different datapathmodels using
4-7 different schedules farachfor a total of 180 simulations.
These data provide substantial information about the
effectivenessof the various scheduling strategiesand the
impact of specific datapathtradeoffs, howeverthey must be
interpretedwith great care. The datarepresenta number of
different attemptsto exploit this architecturerather than a
single controlled experiment and thus only similar trials
should be comparedfor specific quantitative differences. The
more valuableresults of the experimentsarethe explanations
of the performancevariations since these representspecific
bottlenecksin the datapaththat limit performanceor restrict
scheduling or additional resources tima&y or may not benefit
actual code.Table 1 showsthe simulatedcycle countfor each
experimentfor one 720x480 pixel video frameaswell as our
best estimates of the datapath aaed the relative clock speed
for each datapath model.

3.4.1. Full Motion Search

The innermost loop of the motion search algoritbantains
two loads, two addresscalculations, and several arithmetic
operationson the pixel data and the loop-bounds test and
branch. There are enougiperationsin this inner loop to fill
the fewdelay slots presentin any of the five datapathmodels
so the sequentialcode shows no variation in performance.
Once the inner loop is unrolled, most of the compare and
branch operations are eliminatediproving performanceand
in the three models thatllow complex addressingnodes, the
address calculations can be incorporated into the load
operationsfurther improving performance. There are several
dependenciedetweensuccessivdterations of the inner loop,
but none of the dependencyhains have a length greaterthan
one. This allows the codeto be software pipelined with an
initiation interval of one cycle without any complex
transformationsif adequateresourcesare available. In the
initial software pipelining implementation, there are not
enough resources in a single clusiersupport this issuerate.
The limiting resource in the data shown for the first 3 modgls
the load/store unitvhich is limited to one load per clusterper
cycle requiring an initiation interval of 2 cycles. Since the
load units are the critical bottleneck, the variations in the
addressing models only have a tiny impact ongheformance.
The last two datapathmodels with only two issue slots per
clusterare limited by the availability of issue slots. These
clusterstake longer to computea single iteration of a loop,
using iteration intervals of 2.5 and 3.5 cycles, but there are

dependency chains and has very limited parallelism. Sequentiglice as many clusters available so overall throughput



increases. Most importantly, since the total number of

comparisonsandthusit doesnot have the opportunities for

load/store units is doubled in the 12C16S5 model and quadruplathtareusevia blocking. The numberof load operations and

in the 12C16S4 model as comparedto the others, this is no
longer a bottleneck and the overall performance increases

substantially. The iteration interval could have been redtoed

1 cycle or evenbelow 1 cycle on any of these machinesby
scheduling eachioop body acrossmultiple clustersto provide
more resources; however, for thigoe of algorithm this never
provides any better overall performancethan replicating the

addrescomputationseliminated via blocking is far less than
in full motion search thus the improvement over simple
software pipelining is not as large. The 14C8S#@ 14C8S5
models are both load limited and issue-slot limited. The
remaining modelsareissue-slot limited and thus the 14C8S4
and 12C16S4 models require extra cycles for address
calculations. These issue-slot limited modesefit somewhat

computation across clusters in a data parallel style. The overdibm an absolutedifferenceoperation but not as much as the

improvement incycle count over a sequentialimplementation
of essentiallythe samecode varies from 19.1x to 30.3x on
these 33-issue machines.

Decreasing the total number of operations required by
unrolling an additional loop level improves performancean
additional 6%-15%, primarily dueto reductionsin the amount
of prologue and epilogue code. As further expected,adding a
specialized absolute difference operation improved
performance on the 12C16* models butt on the load-limited
14C8* models. Since a great deal of the issue bandwidthis
consumedby load instructions, the next step is to apply
aggressiveblocking transformationsto the codein orderto
eliminate loads. This involves exchanginginner and outer
loops in order to increasethe lifetime of some datavalues,
replicating temporariesto accountfor the changesin control
flow, and taking advantageof the unrolled loop structureto
implement aggressive register renaming. Using these
transformations, more than 9086 the load operationscanbe
eliminated aswell as correspondingaddresscomputations. In
addition to greatly improving overall performance, this
eliminates the differences among datapath models. Every

model has adequate load bandwidth and uses only simple addr
calculations. Overall issue rate is now the only limiting factor.

Since issue rate limits performance,an absolute difference
operation substantially improves performance.

In addition to the data in Table 1, we evaluated the benefits %

including two load/store units ithe 14C8* modelsusing dual-

ported memories. As expected,they reducedcycle countsto

approximately match the 12C16* models in the situations
where they had previously been limited by load bandwidth.
However,since this is expensive and the benefit disappears
when the most aggressivescheduling mechanismsare used,
this did not seemappropriate. None of the other algorithms
tested are load/store limited.

3.4.2. Three-step Search

The innerloops of the three-stepsearchareidentical to the
full-motion search but the outer loops are dd¢gpendent. This
greatly reduceshe total numberof operationsrequired,but it
limits the opportunities for aggressive optimizatidoessedon
blocking. The sequentialand software pipelined versions of
the algorithms useimilar schedulingtechniquesasin the full
motion search and show similar results. Speedupsdue to
software pipelining range from9.0x-30.3x. Onceagain, the
14C8* modelsareload limited while the others are issue-slot
limited. The biggest differencein this algorithm is the fact
that its overall improvementin performanceas comparedto
full motion searchis primarily basedon eliminating similar

full motion search algorithms didThe initial improvementof
approximately 10x over full motion searchis reducedto as

little as 5x due to the restricted opportunities for optimization.

3.4.3. Discrete Cosine Transform

The initial sequential implementations of both DCT
algorithms devotea majority of their cycles to loop-closing
branchesand unfilled branch-delayslots. This is dueto the
presence of a tiny dominant innkerop. This is easily solved
in the second sequentialimplementation by unrolling the
innermost loop. The sequential code shows a noticeable
penalty for addresscomputationin the 14C8S4 and 12C16S4
modelsbut no penalty for load delaysin the 5-stage pipeline
models. The list-scheduledversions of the DCT code show
high degreesof parallelism ranging from 18.0x to 36.9x
reflecting the additional general-purposeoptimizations that
were exposediuring the schedulingprocess. Largesegments
of the code are limited by multiply resources,therefore the
12C16S4 and 12C16S5 models that contain 16 multipliers
insteadof 8 perform better overall. Softwarepipelining with
predication performedsomewhatbetter in all casesprimarily
%gﬁto the elimination of branchesrather than a fundamental

i

pipeline improved the performanceof the I2C16S5 model but

not the multiply-bound 14C8S5 model.

The DCT requires multiplying numbers greatean 8 bits in

ngth. Since thesmodelsonly include 8x8 multipliers, this

canrequireas many as 21 issueslots andat least 8 cycles as
well as severalextraregistersfor each16x16 multiply. This

has a major effect on performancefor this algorithm and
probably for many other traditional signal processing
algorithms like filters. Aggressive numerical analysis can
reducethe multiply penalty substantially by using less than
complete16x16 multiplies, but theseoperationsstill are the
dominant performance bottleneck. Tablénfroducestwo new
architectural configurations, 14C8S5M16 and I12C16S5M16.
These include 16-bit 2-stage multipliers rather than 8-bit

single-stagemultipliers. Sincetheserequire2 executestages
in the pipeline, they are only simulated time 5-stagepipeline
models and require multiply-use delay of 1 cycle. Theyonly

produce 16-bits of result each cycle due to writeback port

limitations andthus require 2 cycles if all 32-bits areto be
retained. The 16-bimultipliers improve DCT performanceby

3x-5x. Performanceof the other tested algorithms is not

significantly affected.

erence in the scheduling approaches. The use of a five-stage



Datapath Model 14C8S4 14C8S4C 14C8S5 12C16S4 12C16S5
Estimated Relative Clock Speed 1.0 0.6 0.95 1.3 1.3
Estimated Area 181.4 mm 181.4 mnM 183.5 mm 180 mnf 217 mni
Full Motion Search
Sequentialtpredicated 815.7M 815.7M 815.7M 815.7M 815.7M
Unrolled Inner Loop 633.2M 467.3M 467.3M 633.2M 467.3M
SW pipelined & unrolled 25.70M 24.41M 24.41M 20.91M 16.42M
SW pipelined & unrolled 2 lev. 22.33M 22.25M 22.25M 19.55M 13.99M
Add spec. op (> cycle & area) 22.29M 22.20M 22.20M 16.78M 11.21M
Blocking/Loop Exchange 9.44M 9.44M 9.44M 9.44M 9.44M
Add spec. op (> cycle & area) 6.85M 6.85M 6.85M 6.85M 6.85M
Three-step Search
Sequentialtpredicated 86.12M 86.12M 86.12M 86.12M 86.12M
Unrolled Inner Loop 66.88M 49.20M 49.20M 66.88M 49.20M
SW pipelined & unrolled 2.72M 2.59M 2.59M 2.21M 1.74M
SW pipelined & unrolled 2 lev. 2.37M 2.36M 2.36M 2.07M 1.48M
Add spec. op (> cycle & area) 2.36M 2.35M 2.35M 1.78M 1.19M
Blocking/Loop Exchange 1.62M 1.33M 1.33M 1.60M 1.32M
Add spec. op (> cycle & area) 1.33M 1.33M 1.33M 1.32M 1.02M
DCT - traditional
Sequential-unoptimized 703.1M 692.2M 692.2M 702.1M 692.2M
Unrolled inner loop 305.5M 303.1M 303.1M 305.5M 303.1M
List Scheduled 18.55M 18.14M 18.55M 11.03M 10.33M
SW pipelined & predicated 14.79M 14.75M 14.79M 10.70M 10.01M
+arithmetic optimization 13.71M 13.03M 13.71M 8.46M 7.77M
+unroll 2 levels & widen 13.92M 13.90M 13.92M 10.17M 9.48M
DCT -row/column
Sequential-unoptimized 135.0M 129.5M 129.5M 135.0M 129.5M
Unrolled inner loop 97.98M 92.45M 92.45M 97.98M 92.45M
List Scheduled 4.92M 4.84M 4.92M 3.33M 3.15M
SW pipelined & predicated 4.58M 4.43M 4.58M 3.25M 3.07M
+arithmetic optimization 2.85M 2.84M 2.85M 2.30M 2.13M
+unroll 2 levels & widen 2.70M 2.70M 2.70M 2.38M 2.20M
RGB:YC.C,
Sequential 15.15M 13.24M 13.24M 15.15M 13.24M
Sequentialtunrolled 12.15M 10.42M 10.42M 12.15M 10.42M
List-scheduled 0.59M 0.59M 0.64M 0.40M 0.39M
SW Pipelined & predicated 0.46M 0.41M 0.42M 0.40M 0.38M
Variable-Bit-Rate Coder
Sequential 4.44M 4.21M 4.44M 4.44M 4.44M
Sequentialtpredicated 4.37M 4.02M 4.37M 4.37TM 4.37M
List-scheduled 2.62M 2.62M 2.96M 2.74M 2.74M
List-scheduled+predicated 1.78M 1.76M 1.78M 1.99M 1.99M
SW pipelined + comp. pred. 1.81M 1.79M 1.81M 2.01M 2.01M
+phase pipelining 1.76M 1.75M 1.76M 1.95M 1.93M

Table 1:

(Cycles per

Performance Simulations for Hand-scheduled Code
720x480 frame).




Datapath Model 14C8S4 [4C8S5| 14C8S5M16 12C16S5| 12C16S5M16
Estimated Relative Clock Speed 1.0 0.95 0.95 1.3 1.3
Estimated Area 181.4 mmi 183.5 mm 199.5 mm 217 mnj 249 mni
DCT - traditional
Sequential-unoptimized 703.1M 692.2M 271.9M 692.2M 271.9M
Unrolled inner loop 305.5M 303.1M 117.5M 303.1M 117.5M
List Scheduled 18.55M 18.55M 5.98M 20.67M 3.90M
SW pipelined & predicated 14.79M 14.79M 4.68M 20.03M 3.38M
+unroll 2 levels & widen 13.92M 13.92M 3.95M 18.96M 1.91M
DCT -row/column
Sequential-unoptimized 135.0M 129.5M 63.16M 129.5M 63.16M
Unrolled inner loop 97.98M 92.45M 25.23M 92.45M 25.23M
List Scheduled 4.92M 4.92M 1.29M 6.31M 0.80M
SW pipelined & predicated 4.58M 4.58M 1.03M 6.15M 0.77M
+unroll 2 levels & widen 2.70M 2.70M 0.86M 4.41M 0.61M

Table 2:

The performance of these implementationstii somewhat
limited by the length of the unrolled inn&op. Unrolling by
8 (the inner loop count) and then schedulorg4-wide clusters
still results in short code sequencaxdin the caseof software
pipelining allows the prologue and epilogue code to have a
substantial impact. The obvious approach to investigathds
unrolling of the second-levelloop but this requires more
register and icacheresourceghan one clustercan provide. In
many of the DCT schedules,there is a clear benefit in
scheduling across multiple clusters to increase resource
availability. A four-cluster implementations witklevel loop
unrolling provides the best performanceon several models,
particularly those that include 16-bit multipliers.  The
additional multipliers in the 16-cluster datapaths still provéde
significant performance boost.

3.4.4. Color-space conversion

The results of the color-space conversion guie similar to
the DCT. The sequential code is somewhat burdened by
branching. Much of this is eliminated througgop unrolling.
The parallel versions of the codeare primarily limited by the
availability of the multiplier and shifter. The additional
resourcesavailable in the 12C16S4 and 12C16S5 somewhat
improve performance.

3.4.5. VBR encoder

The VBR encoder provides completely different
characteristicsthan the previous examples. Unlike those
algorithms which provide abundant parallelism, the VBR
encoder hawery little. The codeis dominatedby many tight
branches and long dependency chains. Also, the oymlatis
datadependenso it was simulatedwith typical data extracted
from video. In the case of the sequentialcode, complex
addressingcapabilities only are of benefit when they do not
increasethe pipeline length. Predication provides only a
minimal improvementdespite the large number of branches
because the conditionrsannot be computedearly. Simple list

Impact of 16-bit Multipliers.

schedulingonly improves performanceby at best a factor of

1.7x. Predicationhas more impact on the list-scheduledcode
by increasing basic block size and exposing more
opportunities for scheduling, but the béstprovementis still

only 2.5x over predicatedsequentialcode. Complex attempts
at softwarepipelining and aggressivespeculative parallelism
provided only a minimal increasein performancesince the

long dependencychains could not be broken for the most
common paths. Since therg no potential for replicating the

computation, the additional resourcesin the 12C16S4 and
14C16S5 models were not of any benefit. The increased
communicationlatency to use these resourcesincreasedthe

cycle count in thehigh-performancemplementations,but not

enough so to overcome the cycle time advantage.

4. Conclusions
In many ways the results validate both our design

methodology and our architectural approach; however, there are

someinteresting surprisesaswell. The datashow that it is
possibleto designa VLIW VSP in a .25m processthat will

provide adequate and in some casgseptionalperformancein

current real-time video tasks. These processorsheitapable
of performing a real-time full-motion searchon CCIR-601
video using only 33%-46% of compute time. This is
comparable to or better than today®st dedicatedchips. The
VLSI simulations show that it is possible to have a richly
connected,very-wide word machine with an extremely fast

(650MHz-850MHz) clock rate. The code simulations show that

for several current key VSP algorithm, it is possible to
effectively utilize the resourcesof this machine, exceeding
15GOPSsustainedperformancefor large periodsof time. By
guantifying the areaand cycle-time tradeoffsof the key VLSI

modules in advance of selecting architectural parameters, we are

able to explore the highest performance alternatives wittén
design space, those that allow very high clock rates and
maximally exploit available area.



Several specific conclusions about thesgerimentscanbe
drawn from the data:

Most of the examples demonstrate a gmedl of possible
parallelism. The VBR coder is the exceptitroweverthe
2.5x parallelismavailable via the VLIW ILP mechanisms

still makes a significant difference in overall performance.

Resource limitations are the primary bottleneck
preventing highemperformanceincluding load bandwidth,
multiply bandwidth, and issue rate. No single resource
limited the performanceof a majority of the examples
indicating a relatively balanceddesign; however, small
multipliers  significantly slow down the DCT
computations. Including 16x16 bit multipliers is
probably indicated.

The global interconnect was severely underutilized in

these examples although the connectivity provitdgdhe
local register files was heavily exploitedt is likely that
this is partially dueto the use of homogeneoustlusters
such that there is alwayslocal version of every resource
available. There are many instances where it is

advantageou®r necessaryto move databetweenclusters
but they seldom arosein these examples. In any case,
even total elimination of thglobal interconnectnetwork
would only reduce chip area by about 3%.

Load-use delays present in the models with 5-stage
pipelines rarely increased execution time.

Complex addressingmodes improved performance on
several examples buinly minimally on the most highly
optimized code.

The working set for these typical VSP algorithms never
exceeded 4Koytes/clusterthus an 8K byte memory would

suffice as opposedto the 16K-32K byte memories we

simulated. This could save up 48% in datapathareaand
open opportunitiesto alleviate somebottlenecksthough
additional issue slots and functional units or larger
multipliers. This may, however, be overly aggressive
since the performancean drop rapidly whenthe working

set exceedghe available storageand we still have little

knowledge about the memory requirementsof compiled
code or next-generation video applications.

Small clusterswith limited global interconnectprovided
better performance than theitial designpoint. In most
cases theadditional resourcerovidedto compensateor
the limited communications reduced the overall cycle
count. In addition to this architecturalimprovement,the
small-cluster machinesare estimatedto provide a 30%

faster clock rate. The combined performance improvement

rangesfrom 17% to 129% fasterthan the initial 14C8S4
model.

This final observationis the most surprising and in many
ways the most disturbing conclusionfrom theseexperiments.
The less flexible programming model of the small-cluster
datapaths did not have any appreciable impact on the
performanceof the testedalgorithms. On the contrary, these
algorithms benefitedrom the largestnumberof resourcesand

the fastest clock speed possible with little regard for
connectivity. This contradicts the conventionwgsdom about
VLIW architectures. This may be a characteristicof all VSP
algorithms or it may be unique to the set selected here.

Despite the measured advantages of the small-cluster
datapaths, we are still quite hesitant to commit to the
conclusionthat they are better for a real VLIW VSP system.
The clock rates in question are already atdtste of the art for
.25m processors;choosing to increaseit from 650MHz to
850MHz will further complicate signal distribution and power
issues. Also, the additional complexity of adaptangompiler
to handle the reducedconnectivity of these modelsis yet
another obstacléo generatinghigh-performancecodefor real
applications. The most rational solution is to continue to
maintain both models as reasonablecandidatearchitectures
through compiler development.

We are continuing to work on several open problerBsased
on theseresults, we will examine some additional datapath
models to see if we can improve on the performance obttes
proposed here while maintaining a relatively simple
compilation model. Concurrently, we are beginning to taeget
version of the IMPACT compiler from Univ. of lllinois to
generate codéor the 14C8S4 datapathmodel. We would have
liked to explore a wider range of tradeoffs, but the time
involved in hand scheduling code is substantidle aretrying
to develop an analytical mod#hat matchestheseresultsfor a
limited class of applications. Thisould allow exploration of
a widerrangeof alternativesat the expenseof accuracy. This
could suggestadditional candidatedor the type of evaluation

we have performed here. We are also continuing to improve our

VLSI designsandto generatedesignsfor arithmetic units and
for the control-path elements. Eventually we intendi¢wvelop
enough design infrastructure and the compilation and
simulation tools to be able to quantitatively measurethe
performanceof these architectureson compiled code from
complete production applications.
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