Datapath Design for a VLIW Video Signal ProcessorAndrew Wolfe, Jason Fritts, Santanu Dutta, and Edil S. T. FernandesDepartment of Electrical EngineeringPrinceton UniversityAbstractThis paper represents adesign study of the datapath for avery long instruction word (VLIW) video signal processor(VSP). VLIW architectures provide high parallelism andexcellent high-level language programmability, but requirecareful attention to VLSI and compiler design. Flexible, high-bandwidth interconnect, high-connectivity register files, andfast cycle times are required to achieve real-time video signalprocessing. Parameterizable versions of key modules havebeen designed in a.25m process, allowing us to exploretradeoffs in the VLIW VSP design space. The designs target 33operations per cycle at clock rates exceeding 600Mhz. VariousVLIW code scheduling techniques have been applied to 6 VSPkernels and evaluated on 7 different candidate datapath designs. The results of these simulations are used to indicate whicharchitectural tradeoffs enhance overall performance in thisapplication domain.1. IntroductionDigital video is one of today�s fastest growing informationsources. Dedicated video signal processing chips are availablenow as CODECs and other specialized video functions. Awiderrange of applications and shorter product cycles have drivenaudio-rate processing increasingly to programmable DSPs andsimilarly new applications for video, along with increaseddevelopment cost and time-to-market pressures, will pushsystem designers to programmable video signal processors(VSPs). Since their architectures are tuned for multimediaapplications, VSPs will offer video-rate performance atsignificantly lower cost than workstation microprocessorarchitectures.Many interesting alternatives exist for programmable VSParchitectures, but it is impractical to try to definitivelydetermine the best architectural paradigm until the uniqueresearch and development issues for each class of architectureshave been resolved. Our contribution to this process is anexploration of design issues for very-long-instruction-word(VLIW) VSPs. VLIW combines a high degree of parallelismwith the efficiency of statically-scheduled instructions.Sophisticated VLIW compiler technology will allow users todevelop real-time signal processing applications in high-levellanguages. Aregular architecture will permit 32 or moreoperations per cycle while maintaining clock speeds in excessof 600 MHz.The most accurate method for quantitative evaluation ofarchitectural tradeoffs involves circuit-level timing simulationof full processor layout and cycle-level simulation of fullapplications based on optimized, compiled code.Unfortunately, the development of this detailed a simulationmodel is extremely expensive and can only be accomplishedfor a tiny subset of the design space. In an emergingapplication domain such as video signal processing, there isnot even a body of existing processor designs, tools, andbenchmarks to use as a starting point for design modifications.Early exploration methods are required both for technology-driven design parameters such as circuit performance and forinstruction-level behavior. Our methodology for this initialinvestigation involves several steps: 1. After selecting the basic architectural paradigm, weperformed detailed, parameterizable, transistor-leveldesign of key modules including high-bandwidthinterconnect, high-connectivity register files, and high-speed local memories. This detailed design is required inorder to make rational design decisions using anaggressive implementation technology and an aggressivearchitecture.2. Area and performance data from these simulations define aunique design space for this processor. Within this designspace, candidate architectures are constructed based on themodule cost and performance. 3. Key VSP kernels are hand scheduled onto each architecture.This provides early performance estimates and allowsprogrammers to evaluate compilation strategies anddesigners to identify architectural bottlenecks. The results of these experiments refine the design space andguide the implementation of the compiler. Eventually, alimited number of candidate designs must still be evaluated withreal applications, a prototype compiler, and real applicationdata.Only recently has it been possible to implement a wideVLIW architecture on a single chip, thus many architecturalstructures are feasible for the first time [5]. In order to explorethe new tradeoffs, we have designed and simulated several keycomponents for a VLIW VSP in .25m CMOS technology. Thesestructures include large register files, crossbar interconnectnetworks, and high-speed local memories. These designs forma parameterizable megacell library for the construction ofexperimental VLIW VSP chips. The components weresimulated using AT&T�s ADVICE circuit simulator. The delaycharacteristics and area requirements of these components werejointly analyzed to determine the architectural balance pointsof a single-chip VLIW machine.This paper shows that .25m technology is sufficient to builda powerful, programmable VLIW VSP. In particular, ourThis research was supported in part by NSF under MIPS-9408642 experiments show that interconnect bandwidth is not aproblem in a first-generation VLIW VSP�the interconnectionnetwork occupies only a few percent of the chip area. However,register-file capacity is a significant problem. We construct aworking architectural model based on the data from thesecomponent designs and analyze the computational capabilitieson some key video compression kernels. We conclude byshowing that a .25m VSP can provide the communication,computation, and on-chip memory required to executesignificant real-time video applications.2. Why VLIW?Agreat deal of research, as well as a growing amount ofindustrial implementation effort, has studied parallelarchitectures for video signal processing; however, few havestudied VLIW architectures for VSP. Other approaches to VLSIvideo signal processing include array processors [11],pipelined architectures [13], and ASICs [14]. Unfortunately,none of these approaches are particularly amenable to high-level language (HLL) programming thus limiting them to a fewmass-market applications. VLIWs are primarily designed forHLL programming and thus can serve a wider range ofapplications.AVLIW machine exposes functional-unit parallelismdirectly in the instruction. Traditionally, a VLIW machineconsists of a set of functional units connected to a centralglobal register file [4]. AVLIW instruction is horizontallymicrocoded�the instruction independently specifies theoperation performed on each functional unit during that cycle.VLIW architectures use compiler-based dependency analysisand static scheduling to enable high-performance parallelcomputations on a simple datapath implementation. Run-timearbitration for resources is never allowed, which permits both avery fast cycle time and a great deal of parallelism. In general-purpose VLIW designs, limited application parallelismprevents full utilization of a very large number of functionalunits, but in signal processing there is abundant parallelism inmost applications. The challenge in adapting VLIW to video isto provide a very large number of functional units with enoughinterconnect resources to permit efficient compiler-basedinstruction scheduling while maintaining a very fast clock rate.Previous VLIW architectures have been multi-chip designsbecause they could not implement sufficient resources insingle-chip designs. Modern fabrication technologies make itfeasible to implement single-chip VLIWs with significantamounts of parallelism; however, this requires a differentapproach to storage and interconnect design. Traditional VLIWarchitectures use a central register file to provide both operandstorage and low-latency interconnect. This is idealarchitecturally, but extremely difficult to implement. Twoattempts to build 16-ported register files [7], [3], producedlarge, slow circuits. The 96-ported register file required tosupport a 32-issue VLIW is impractical even in .25mtechnology. Due to the difficulties of building register files withextremely large port counts, we chose an alternativearchitecture, similar to the one used in [6]. Clusters offunctional units, each with a local register file, are connectedby a global crossbar switch. Instructions are supplied to themachine through a distributed instruction cache. Local datamemory is provided within each cluster. 16-bit integers are theonly supported native data type. To maintain a consistentprogramming model, all clusters are identical. The number ofclusters provided in the machine, the number of arithmetic andmemory units per cluster, the number of registers per cluster,the number of ports per register file, the amount of local datamemory per cluster, and the number of global crossbar portsper cluster are all architectural parameters to be determined bythe results of the VLSI simulations and representativeapplication analysis. Fig. 1 shows a floorplan of our VLIWVSP. Clusters of functional units surround the crossbar to formthe datapath. An example cluster containing 7 functional unitssharing 4 issue slots is illustrated.ClusterClusterClusterClusterClusterClusterClusterClusterCrossbarInstruction CacheInstruction Cache

Control

Register FileALUDataRAMShiftMult1234�313233Single Long InstructionFig. 1: Cluster-based VLIW architecture.The code scheduling paradigm for VSP applications on thisarchitecture tends to be quite different than on most researchVLIW machines. The applications tend to have abundantparallelism but each cluster has extremely limited localresources. The number of registers is relatively small ascompared to the operand bandwidth; the local data RAM islimited; and the local instruction cache is small. At the highclock rates involved, exceeding the capacity of any of theseunits can greatly reduce performance. Therefore, the compiler�sprimary job is effectively allocating limited resources ratherthan extracting maximum parallelism.3. Design MethodologyWe evaluated the VLSI feasibility of our architecture usingthe design methodologies previously developed for memorysystems [2] and datapaths [12]. We first designed the uniquecomponents of the microarchitecture�global interconnect,register files and local memory�and measured their area as wellas their speed. Next, we evaluated the application performancerequirements by manually analyzing 6 different VSPalgorithms. Using the performance of the components, alongwith the application characteristics, we then determined how toallocate chip area among the various subsystems of themicroarchitecture. We also analyzed the power consumptionand clock distribution for this chip to ensure that both werefeasible. Though we do not have room for details, it wasconcluded that the chip�s power consumption, although in the50 W range, was low enough to be feasible and that the clockcould be distributed at the required frequency.

3.1. Microarchitecture Component AnalysisAs a first step to selecting design parameters for fullarchitectural simulation, we chose to design, layout, andsimulate the critical components for a VLIW VSP. We haveused an experimental .25m process for all designs. Circuitsimulations were performed at 3.0V and nominal temperaturesusing AT&T�s ADVICE simulator. We use only 2 levels ofmetal for module designs, reserving the upper layers for inter-module signals and power. The analysis provides area andcycle-time information that defines the reasonable architecturaldesign space. This section describes the designs andcharacteristics of the major subsystems: global interconnect,register file, local memory, and ALUs. We present only a few ofthe major results of our layouts and simulations here, due tospace limitations. A complete description of these designs andsimulations is available in [1] and [15].3.1.1. Global InterconnectSince a single global register file is not a feasible solutionfor both operand storage and global interconnect, a simplerstructure must be implemented. An earlier analysis [2], [10]has shown that within the range of parameters that areinteresting for a single-chip VLIW architecture the area andspeed required for a full crossbar is acceptable. Aspecializedrouting scheme has been developed [10] that allows crossbarinputs and outputs to be routed into the crossbar switch fromboth sides.Fig. 2 shows the delay and area of our preferred design withvarious driver sizes. Cycle times under 1ns can be supportedwith up to 16 ports, but drop off quickly to 1.5ns at 32 portsand 3ns at 64 ports. The area requirements for the crossbar arerelatively insensitive to transistor size within the range ofinterest. The crossbars up to 32 ports require very little area fora key central architectural structure. In fact, they may be sosmall that additional routing is required to connect to thefunctional unit clusters. If so, the additional delay would needto be added into the crossbar delay, a functional unit outputstage, or an additional pipeline stage. Considerable detail onthe various tradeoffs in crossbar design appear in [10].3.1.2. Local Register FileLocal multi-ported register files are required in each cluster tosupply the arithmetic units with operands. Register files withmany ports and many registers are always preferable from aprogramming and compilation perspective, yet they must notbe allowed to reduce performance by limiting clock speed orconsuming too much space. VLIW architectures are typicallydesigned to supply two operands and write one result back tothe register file for each operation each cycle. This requires 3ports per operation. We have therefore designed register filesto support 1, 2, 3, or 4 operations per cycle. As is shown inFig. 3, the register-file delay is only slightly dependent on thenumber of ports; however, the area requirements increasesubstantially both as a function of the number of ports and thenumber of registers. The optimal design point is a complexissue. As more ports are added to each register file, the numberof issue slots that can be supported in that cluster increases,reducing the number of clusters required. Furthermore, theutilization of each issue slot is typically increased which maycompensate for the lower register density of the highly multi-ported register files. Unfortunately, the number of registersrequired in each register file also increases with more issueslots, which increases the register file�s cycle time. The dataindicate that many register file sizes are reasonable dependingon the overall system area and delay tradeoffs.3.1.3. Local MemoryLike the register file, local memory must be available in eachcluster to store video data since global memory cannot provideadequate bandwidth. An earlier analysis [2] of a differentdatapath showed that multi-ported memories could ofteneliminate enough access conflicts to reduce execution timedespite increases in cycle time. Based on that result, we havedesigned a scaleable multi-ported memory. The performance ofthe minimum-size version of this design is shown in Fig. 4 .

01234548163264Number of 16-bit ports

Delay (ns)

1.8m

2.7m

3.9m

4.5m

5.1m

0.111010048163264Number of 16-bit ports

Area (mm 2)

5.1mFig. 2: Delay and Area for 16-bit Crossbar Switches.

Note that the minimum-size cell transistor must increase as thenumber of ports increases, thus performance degrades slightlyless than would be expected as the number of ports grows andarea increases somewhat more than would be expected.The basic design has been optimized for high performancewith many ports and thus has rather low density. Although theperformance of the multi-ported designs is excellent, the areapenalty may be too severe for a VLIW design. Even theminimum-size design only allows about 400 bytes of 4-portedmemory per mm2.Given that there are already two multi-ported interconnectstructures on chip, the register file and the crossbar network,the additional performance of multi-ported memory will notcompensate for the extra off-chip traffic caused by insufficienton-chip memory. The common practice of double-bufferingdata memory in signal processing further reduces availablestorage. In order to provide a high-density alternative, wespecially designed 1- and 2-ported memories. Our improveddesign has a density of over 2600 bytes/mm2 of single-portedmemory or over 2200 bytes/mm2 of two-ported memory.3.1.4. Arithmetic UnitsThe arithmetic units for the VLIW VSP are essentially thesame as those for other types of signal processing chips, withthe provision that only small integer operations are required.This technology is well developed and we do not believe it willbe a critical path; thus we have chosen to base design decisionson published results rather than custom designs. A32-bit ALUin .25m CMOS at 1.5ns has been described elsewhere [9]. Thatdesign required only 0.6mm2. Afull 54-bit multiplierrequiring 12.8 mm2 in .25m CMOS [8] was measured to run at4.4ns. An 8-bit multiplier should run much faster and requireunder 1 mm2. A 16-bit multiplier should require under 3 mm2.3.2. Architectural ModelsBased on the data from these module designs, we selectedparameters for several working architectures. These have beenused to test application kernels by measuring programmabilityand performance. Given the goals of this design, we initiallychose to emphasize programmability and high functional unitutilization whenever possible. This indicates a design withrelatively high connectivity. The key is to select parameters

0.00.51.01.51664256Number of 16-bit registers

Delay (ns)

36912Ports

0.11.010.01664256Number of 16-bit registers

Area (mm 2)

36912PortsFig. 3: Delay and Area for 16-bit multiported local register files.

0.01.02.03.04.05.0

28321285122048

32768Bytes of SRAM

Delay (ns)

12345Ports

0.00.11.010.0100.0

Area (mm

12345PortsFig. 4: Delay and Area for multiported high-speed SRAM.

that meet a target cycle time while allocating area wisely. Forthis initial model, we constructed a datapath with 8 clusters offunctional units, each capable of issuing 4 operations per cyclefor a total of 32 operations per cycle. In order to maximizeconnectivity, we provide a single 12-ported register file foreach cluster and connect each issue slot to the global networkusing a full 32x32 central crossbar switch. Given thesedecisions and our simulation data, a target clock rate of650MHz was selected for this configuration. Up to 256registers can be included per cluster and still achieve this targetclock rate, but our preliminary application studies indicate that128 registers/cluster are adequate. Although a cluster is limitedto 4 operations per cycle, it should have more than 4 functionalunits to keep utilization high. We propose 4 ALUs, onemultiplier, one shifter, and one load/store unit configured sothat each set of 3 register-file ports supports one ALU and up toone alternate function. All operations use 16-bit operands andexecute in one cycle except for the multiplier which can onlyperform 8x8 multiplication. A four stage pipeline (instructionfetch, operand fetch, execute, write-back) is used in this initialconfiguration. At the target clock rate, this limits thecomplexity of load and store operations. Only direct orregister-indirect addressing can be supported. The cluster isfully bypassed between the 7 functional units, requiring 10-input multiplexers in the operand bypass paths. Memory speedis a critical path for this and all of our configurations. Eachcluster contains a single local data memory that is accessed viathe load/store unit. The memory is word addressed and doublebuffered to enable concurrent processing and off-chip I/O.1 Inthis configuration we can provide 32KB of single-ported localdata RAM based on 16Kx1 modules. With careful design ofbuffers and pipeline registers, we can meet the target cycletime. Fig. 5 shows an estimate of the area for this datapathwhich we have labeled I4C8S4. Ten percent additional area hasbeen allowed for local routing between subcomponents. Thisshould be adequate given that there are 2-3 additional metallayers for routing over the subcomponents as well.Restricted addressing modes can significantly increase theinstruction count on some types of common array calculations.More powerful addressing modes such as indexed (register +register) and base-displacement can reduce cycle counts at theexpense of datapath complexity. It is initially unclear as towhether or not this is a good tradeoff. We have introduced avariation of the datapath which includes these additionaladdressing modes. This model, I4C8S4C, must permit anaddress addition and a memory access within the same pipelinestage. This has a very significant impact on cycle time in thisarchitecture and is unlikely to be beneficial, however, it cangive us some understanding of the utility of these addressingmodes. Another model, I4C8S5, is a more realistic way to addcomplex addressing modes. The pipeline has been extendedinto separate execute and memory stages as is done in mostsimple RISC processors. The negative impact of thisadjustment is that a load-use delay of one cycle is now required.

1 Double buffering is a common memory strategy for signal processingsystems. More advanced versions with several banks can improvememory utilization and may prove useful.Furthermore in a VLIW cluster, 4 additional bypass paths arerequired. We have assumed that the more complex bypassinghas a slight impact on cycle time. Table 1 summarizes the arearequirement and relative clock speed estimates for thesedatapaths.12-ported register file - 128 registers3.0 mm24 ALUs0.4 mm2 each8-bit multiplier1.0 mm2shifter0.5 mm232K Local RAM12.9 mm2Bypass logic, pipeline registers, etc.0.4 mm2Local Routing Overhead1.9 mm2Cluster Area21.3 mm2

8 clusters + 32x32 crossbar181.4 mm2 datapath.Fig. 5 - Area for Datapath I4C8S4These 3 datapath models are quite similar, favoringprogrammability while maintaining a high clock rate and alarge number of execution resources. As an alternative, wemodified the datapath as necessary to further increase the clockrate into the 1GHz range. This requires a faster crossbarnetwork, faster register files, faster RAM, and simplerbypassing as well as some modifications to the pipeliningscheme. To accomplish these goals, we constructed a datapathwith 16 small clusters rather than 8 moderately-sized clusters.Each cluster in the new datapath model, called I2C16S4, hasonly two issue slots. This allows a smaller 6-ported, 64-entryregister file to suffice. Since there are twice as many clusters,each need only supply 16KB of local data RAM, however eventhis smaller RAM is too slow. Instead, two separate 8KB datamemories are provided in each cluster. Also, the multipliermust now be pipelined to two stages. Each issue slot can nowsupport either an ALU operation or a load/store operation to aspecific one of the local memories. One of the issue slots canalternatively perform a multiply and the other can perform ashift. In order to increase the speed of the crossbar network,only 1 port to a 16x16 switch is provided to each cluster ratherthan one for each issue slot. Only simple addressing modes aresupported and the smaller cluster size naturally reduces thebypass logic complexity. Despite all of these compromises,we estimate that only a 30% increase in clock rate is likely.Finally, a variation of this 16-cluster datapath was designed tosupport more flexible memory addressing. This model,I2C16S5, uses a 5-stage pipeline with a 1-cycle load-use delay.Also, rather than splitting the data RAM into two separatememory spaces, we have increased the cell size and moved thepipeline stage boundary to after the decode logic to allow asingle 16KB memory to function at this speed. This produces asignificant area penalty as seen in Table 1.These datapath architectures serve as a reasonable initialexploration into the programming issues involved in thismachine. The 30% clock speed improvement provided by thereduced-functionality clusters is substantial; however itinvolves numerous compromises in interconnect including anincreased decentralization of storage resources. Theconventional wisdom is that this greatly increases the complexity of programming and generally results in lesseffective compilers. In our experiments, we attempt to quantifythe impact of the additional complexity for hand-codedexamples, providing some insight into the potential impact onfinal system performance although not fully addressing theissue of compilation.Although the models under evaluation are intended tocompare some datapath tradeoffs, the programming models didtake into account the reality of a finite instruction cache. The8-cluster models (I4C8S4, I4C8S4C, I4C8S5) assume a 1Kinstruction on-chip cache while the 16-cluster models assumeonly 512 instructions in the cache due to the increased clockspeed. Since traditional demand-driven instruction cache refillsare likely to be in excess of 100 cycles for this type ofprocessor, this places overwhelming restrictions on practicalscheduling approaches. Essentially, all critical loops must fitinto the cache.3.3. Hand-scheduled AlgorithmsThese architectural models are compared via simulation ofhand-scheduled application kernels. Although hand scheduledcode is not the best quantitative mechanism for evaluatingarchitectural tradeoffs, it provides a number of advantages inthe early stages of system development. The most compellingjustification for simulating hand-scheduled code is that it ispractical. It takes far longer to develop or retarget a compilerfor each of these datapath models than to hand-code areasonable number of illustrative examples. Furthermore, afirst-generation compiler is likely to have numerousinefficiencies in optimization and be biased towards particulararchitectural features thus providing no more accurateinformation than hand scheduling. Perhaps more importantlyat this stage in architecture development, the process of havingskilled system designers perform the detailed scheduling allowsthem to identify specific features of the architecture that canimpede the code scheduling process or act as bottlenecks togood performance. Opportunities for these specificobservations are often concealed when using a compiler.Finally, the hand-scheduling process is an opportunity to tryout specific compilation strategies in such a way that minorobstacles are avoided and the compilation techniques are fullyexploited. This provides a strong indication of whichcompilation mechanisms should be included into a researchcompiler.It is only practical to schedule small algorithmic kernelsrather than real complete applications, however iterativekernels tend to dominate signal processing code even more sothan general-purpose or scientific code so they are likely toindicate final performance. The kernels we selected are eitherextracted from real video applications or constructed fromalgorithms in textbooks. They range from about 25-200 linesof procedural C code. In scheduling and optimizing each of thekernels, we tried to use techniques that could practically be usedby a compiler. Most importantly, we performed aggressiveoptimization based on information that can be derived from thecode specification but did not depend on knowledge of thealgorithm other than what could be extracted from the C source.Whenever possible we based our scheduling strategy on wellknown algorithms such as loop unrolling, list scheduling andsoftware pipelining. We also aggressively applied scalaroptimizations such as common subexpression elimination andstrength reduction. The goal was to generate object codecomparable to what could be expected from the best productioncompilers.Six different specific kernels from MPEG encoderapplications were evaluated. The first two algorithms, FullMotion Search and Three-step Search, are two differentalgorithms for comparing 16x16 pixel macroblocks fromconsecutive frames in order to estimate the most likelydirection and distance of motion for objects represented bythose samples. This is generally believed to be the most time-consuming step in video compression. The inner-loops ofboth algorithms are identical but some outer loops thatdetermine the search strategy differ substantially. As such, thesame sequence of optimization techniques was applied to bothalgorithms but the effectiveness varies. The baselineimplementation provides a point of reference for interpretingthe scheduled VLIW code. This is sequential code using the fullcapabilities of the machine including predicated execution butlimited to one operation per instruction. Scalar optimizationsare aggressively applied including pipeline scheduling to fillload-delay and branch-delay slots, but code is not movedbetween basic blocks other than loop invariant code. A secondbaseline sequential version of each search algorithm is thenimplemented where the innermost loop is fully unrolled,eliminating many branch operations and some loop-index andaddress arithmetic. This represents a fairer starting point forcomparing sequential and parallel code since this type ofunrolling is implicit in the parallel scheduling algorithms wehave used. Once the sequential code was measured, software pipeliningwas used to schedule parallel code on one cluster. Since there isabundant parallelism in both of these algorithms due to theouter loop levels being do-all type loops (representingrepeating the search for each macroblock in a frame), it ispossible to perform several searches in a SIMD style ratherthan scheduling a single search across several clusters. This iseffective for these particular algorithms when the inner loopsare unrolled. Although we used software pipelining to scheduleeach cluster, in this type of code where the inner loops havefixed iteration counts and can be fully unrolled, branch andbound scheduling or even list scheduling of inner loops isequally effective. Asecond version of the software-pipelinedcode was then implemented in which the second-level innerloop was unrolled as well. The shorter program length due tomultiple operations per instruction make this feasible.Finally, in addition to the VLIW-style software pipelining weapplied some data blocking techniques as are typical invectorizing compilers. This involves exchanging levels ofloops and sometimes splitting loops into several separateloops in order to increase the register lifetimes of particularvalues and thus eliminate load and store operations.Essentially one attempts to perform all required operations on asmall block of data before using other data in the arrays. Due tothe perceived importance of motion search in video, we alsoconsidered the effect of an architectural modification on each of our models at this point. Aspecial operator, absolutedifference, can be included in the cluster datapath to assist inmotion estimation. This replaces two operations with one atthe expense of doubling the area cost of one of the ALUs andadding about 2 gate delays to that ALU�s critical path. The lasttwo versions of each search program were rescheduled to takeadvantage of such an operator.The third and fourth algorithms to be evaluated are differentimplementations of the two-dimensional discrete cosinetransform or DCT, a space to frequency transform used as acritical stage in many compression methods. The traditionalimplementation computes each element of the transform on an8x8 block of pixels directly. The row/column algorithm firstperforms a one-dimensional DCT on each row of the block thenperforms a one-dimensional DCT on each column. A similar sequence of code implementations was constructedfor the DCT algorithms. The initial sequential implementationemploys numerous scalar optimizations but in this case doesnot use predication. As before, unrolling the inner loop for asequential implementation greatly reduced the total operationcount by removing branches and some computations andincreasing the opportunities to fill delay slots. As a firstattempt to generate parallel code, list scheduling was used onthe unrolled inner loops to generate parallel code for onecluster and once again SIMD-style replication was used togenerate code for the remaining clusters. In addition toscheduling, some additional CSE was performed to reduce thetotal number of arithmetic operations. Asecond parallelimplementation uses software pipelining instead of listscheduling and incorporated predication as well. Afurtheroptimization uses numerical analysis to eliminate arithmeticoperations that do not contribute significantly to the retainedprecision of the final result. The final version of the code foreach algorithm unrolled the second-level loop in addition tothe first before scheduling. This requires more registers thanare available in one cluster and would exceed the size of theinstruction cache; therefore, the code is scheduled across fourclusters in order to gain extra resources. This is then replicatedSIMD style.The fifth algorithm is a color space (RGB to YCrCb)conversion and color subsampling (4:4:4 to 4:2:0) routine thatis typical of the first stage in compression. The algorithmcontains numerous arithmetic operations as well as severalpaths through the inner loop in order to handle blockboundaries. Sequential versions of the code were generatedboth with and without loop unrolling. Many of the branchesdepend only on loop index values and thus can be eliminatedwith unrolling but fully unrolling the loop would exceed cacheand register availability. Parallel versions of the code weregenerated using list scheduling of the unrolled loop and usingboth software pipelining and predication.The final algorithm differs substantially from the earliercodes. The Variable-Bit-Rate Coder (VBR) is the final losslessencoding stage in MPEG-style compression. This particularcode combines run-length and Huffman coding into a singlealgorithm. Typically it is considered a minor stage in thecompression procedure, but it contains numerous longdependency chains and has very limited parallelism. Sequentialversions of this algorithm were implemented both with andwithout predication and then a parallel version of each was listscheduled. Replication is not possible since dependenciesexist between blocks of pixels; therefore, the entire 33-issuemachine was available to the list scheduler. Additionalattempts were made to use software pipelining on thisalgorithm and to split the computation into multiple phasesand separately apply software pipelining to each.3.4. ResultsThe performance simulations of the hand-coded examplesinclude a substantial quantity of raw data. Six differentalgorithms were coded onto 5 different datapath models using4-7 different schedules for each for a total of 180 simulations.These data provide substantial information about theeffectiveness of the various scheduling strategies and theimpact of specific datapath tradeoffs, however they must beinterpreted with great care. The data represent a number ofdifferent attempts to exploit this architecture rather than asingle controlled experiment and thus only similar trialsshould be compared for specific quantitative differences. Themore valuable results of the experiments are the explanationsof the performance variations since these represent specificbottlenecks in the datapath that limit performance or restrictscheduling or additional resources that may or may not benefitactual code. Table 1 shows the simulated cycle count for eachexperiment for one 720x480 pixel video frame as well as ourbest estimates of the datapath area and the relative clock speedfor each datapath model. 3.4.1. Full Motion SearchThe innermost loop of the motion search algorithm containstwo loads, two address calculations, and several arithmeticoperations on the pixel data and the loop-bounds test andbranch. There are enough operations in this inner loop to fillthe few delay slots present in any of the five datapath modelsso the sequential code shows no variation in performance.Once the inner loop is unrolled, most of the compare andbranch operations are eliminated, improving performance, andin the three models that allow complex addressing modes, theaddress calculations can be incorporated into the loadoperations further improving performance. There are severaldependencies between successive iterations of the inner loop,but none of the dependency chains have a length greater thanone. This allows the code to be software pipelined with aninitiation interval of one cycle without any complextransformations if adequate resources are available. In theinitial software pipelining implementation, there are notenough resources in a single cluster to support this issue rate.The limiting resource in the data shown for the first 3 models isthe load/store unit which is limited to one load per cluster percycle requiring an initiation interval of 2 cycles. Since theload units are the critical bottleneck, the variations in theaddressing models only have a tiny impact on the performance.The last two datapath models with only two issue slots percluster are limited by the availability of issue slots. Theseclusters take longer to compute a single iteration of a loop,using iteration intervals of 2.5 and 3.5 cycles, but there aretwice as many clusters available so overall throughput increases. Most importantly, since the total number ofload/store units is doubled in the I2C16S5 model and quadrupledin the I2C16S4 model as compared to the others, this is nolonger a bottleneck and the overall performance increasessubstantially. The iteration interval could have been reduced to1 cycle or even below 1 cycle on any of these machines byscheduling each loop body across multiple clusters to providemore resources; however, for this type of algorithm this neverprovides any better overall performance than replicating thecomputation across clusters in a data parallel style. The overallimprovement in cycle count over a sequential implementationof essentially the same code varies from 19.1x to 30.3x onthese 33-issue machines. Decreasing the total number of operations required byunrolling an additional loop level improves performance anadditional 6%-15%, primarily due to reductions in the amountof prologue and epilogue code. As further expected, adding aspecialized absolute difference operation improvedperformance on the I2C16* models but not on the load-limitedI4C8* models. Since a great deal of the issue bandwidth isconsumed by load instructions, the next step is to applyaggressive blocking transformations to the code in order toeliminate loads. This involves exchanging inner and outerloops in order to increase the lifetime of some data values,replicating temporaries to account for the changes in controlflow, and taking advantage of the unrolled loop structure toimplement aggressive register renaming. Using thesetransformations, more than 90% of the load operations can beeliminated as well as corresponding address computations. Inaddition to greatly improving overall performance, thiseliminates the differences among datapath models. Everymodel has adequate load bandwidth and uses only simple addresscalculations. Overall issue rate is now the only limiting factor.Since issue rate limits performance, an absolute differenceoperation substantially improves performance.In addition to the data in Table 1, we evaluated the benefits ofincluding two load/store units in the I4C8* models using dual-ported memories. As expected, they reduced cycle counts toapproximately match the I2C16* models in the situationswhere they had previously been limited by load bandwidth.However, since this is expensive and the benefit disappearswhen the most aggressive scheduling mechanisms are used,this did not seem appropriate. None of the other algorithmstested are load/store limited.3.4.2. Three-step SearchThe inner loops of the three-step search are identical to thefull-motion search but the outer loops are data dependent. Thisgreatly reduces the total number of operations required, but itlimits the opportunities for aggressive optimizations based onblocking. The sequential and software pipelined versions ofthe algorithms use similar scheduling techniques as in the fullmotion search and show similar results. Speedups due tosoftware pipelining range from 19.0x-30.3x. Once again, theI4C8* models are load limited while the others are issue-slotlimited. The biggest difference in this algorithm is the factthat its overall improvement in performance as compared tofull motion search is primarily based on eliminating similarcomparisons and thus it does not have the opportunities fordata reuse via blocking. The number of load operations andaddress computations eliminated via blocking is far less thanin full motion search thus the improvement over simplesoftware pipelining is not as large. The I4C8S4C and I4C8S5models are both load limited and issue-slot limited. Theremaining models are issue-slot limited and thus the I4C8S4and I2C16S4 models require extra cycles for addresscalculations. These issue-slot limited modes benefit somewhatfrom an absolute difference operation but not as much as thefull motion search algorithms did. The initial improvement ofapproximately 10x over full motion search is reduced to aslittle as 5x due to the restricted opportunities for optimization.3.4.3. Discrete Cosine TransformThe initial sequential implementations of both DCTalgorithms devote a majority of their cycles to loop-closingbranches and unfilled branch-delay slots. This is due to thepresence of a tiny dominant inner loop. This is easily solvedin the second sequential implementation by unrolling theinnermost loop. The sequential code shows a noticeablepenalty for address computation in the I4C8S4 and I2C16S4models but no penalty for load delays in the 5-stage pipelinemodels. The list-scheduled versions of the DCT code showhigh degrees of parallelism ranging from 18.0x to 36.9xreflecting the additional general-purpose optimizations thatwere exposed during the scheduling process. Large segmentsof the code are limited by multiply resources, therefore theI2C16S4 and I2C16S5 models that contain 16 multipliersinstead of 8 perform better overall. Software pipelining withpredication performed somewhat better in all cases primarilydue to the elimination of branches rather than a fundamentaldifference in the scheduling approaches. The use of a five-stagepipeline improved the performance of the I2C16S5 model butnot the multiply-bound I4C8S5 model.The DCT requires multiplying numbers greater than 8 bits inlength. Since these models only include 8x8 multipliers, thiscan require as many as 21 issue slots and at least 8 cycles aswell as several extra registers for each 16x16 multiply. Thishas a major effect on performance for this algorithm andprobably for many other traditional signal processingalgorithms like filters. Aggressive numerical analysis canreduce the multiply penalty substantially by using less thancomplete 16x16 multiplies, but these operations still are thedominant performance bottleneck. Table 2 introduces two newarchitectural configurations, I4C8S5M16 and I2C16S5M16.These include 16-bit 2-stage multipliers rather than 8-bitsingle-stage multipliers. Since these require 2 execute stagesin the pipeline, they are only simulated in the 5-stage pipelinemodels and require a multiply-use delay of 1 cycle. They onlyproduce 16-bits of result each cycle due to writeback portlimitations and thus require 2 cycles if all 32-bits are to beretained. The 16-bit multipliers improve DCT performance by3x-5x. Performance of the other tested algorithms is notsignificantly affected.

Datapath ModelI4C8S4I4C8S4CI4C8S5I2C16S4I2C16S5

Estimated Relative Clock Speed1.00.60.951.31.3

Estimated Area181.4 mm2181.4 mm2183.5 mm2180 mm2217 mm2

Full Motion Search

Sequential—predicated815.7M815.7M815.7M815.7M815.7M

Unrolled Inner Loop633.2M467.3M467.3M633.2M467.3M

SW pipelined & unrolled25.70M24.41M24.41M20.91M16.42M

SW pipelined & unrolled 2 lev.22.33M22.25M22.25M19.55M13.99M

Add spec. op (> cycle & area)22.29M22.20M22.20M16.78M11.21M

Blocking/Loop Exchange9.44M9.44M9.44M9.44M9.44M

Add spec. op (> cycle & area)6.85M6.85M6.85M6.85M6.85M

Three-step Search

Sequential—predicated86.12M86.12M86.12M86.12M86.12M

Unrolled Inner Loop66.88M49.20M49.20M66.88M49.20M

SW pipelined & unrolled2.72M2.59M2.59M2.21M1.74M

SW pipelined & unrolled 2 lev.2.37M2.36M2.36M2.07M1.48M

Add spec. op (> cycle & area)2.36M2.35M2.35M1.78M1.19M

Blocking/Loop Exchange1.62M1.33M1.33M1.60M1.32M

Add spec. op (> cycle & area)1.33M1.33M1.33M1.32M1.02M

DCT - traditional

Sequential-unoptimized703.1M692.2M692.2M702.1M692.2M

Unrolled inner loop305.5M303.1M303.1M305.5M303.1M

List Scheduled18.55M18.14M18.55M11.03M10.33M

SW pipelined & predicated14.79M14.75M14.79M10.70M10.01M

+arithmetic optimization13.71M13.03M13.71M8.46M7.77M

+unroll 2 levels & widen13.92M13.90M13.92M10.17M9.48M

DCT -row/column

Sequential-unoptimized135.0M129.5M129.5M135.0M129.5M

Unrolled inner loop97.98M92.45M92.45M97.98M92.45M

List Scheduled4.92M4.84M4.92M3.33M3.15M

SW pipelined & predicated4.58M4.43M4.58M3.25M3.07M

+arithmetic optimization2.85M2.84M2.85M2.30M2.13M

+unroll 2 levels & widen2.70M2.70M2.70M2.38M2.20M

RGB:YCrCbconverter/subsampler

Sequential15.15M13.24M13.24M15.15M13.24M

Sequential—unrolled12.15M10.42M10.42M12.15M10.42M

List-scheduled0.59M0.59M0.64M0.40M0.39M

SW Pipelined & predicated0.46M0.41M0.42M0.40M0.38M

Variable-Bit-Rate Coder

Sequential4.44M4.21M4.44M4.44M4.44M

Sequential—predicated4.37M4.02M4.37M4.37M4.37M

List-scheduled2.62M2.62M2.96M2.74M2.74M

List-scheduled—predicated1.78M1.76M1.78M1.99M1.99M

SW pipelined + comp. pred.1.81M1.79M1.81M2.01M2.01M

+phase pipelining1.76M1.75M1.76M1.95M1.93M

Table 1: Performance Simulations for Hand-scheduled Code(Cycles per 720x480 frame).

The performance of these implementations is still somewhatlimited by the length of the unrolled inner loop. Unrolling by8 (the inner loop count) and then scheduling on 4-wide clustersstill results in short code sequences and in the case of softwarepipelining allows the prologue and epilogue code to have asubstantial impact. The obvious approach to investigate is theunrolling of the second-level loop but this requires moreregister and icache resources than one cluster can provide. Inmany of the DCT schedules, there is a clear benefit inscheduling across multiple clusters to increase resourceavailability. A four-cluster implementations with 2-level loopunrolling provides the best performance on several models,particularly those that include 16-bit multipliers. Theadditional multipliers in the 16-cluster datapaths still provide asignificant performance boost.3.4.4. Color-space conversionThe results of the color-space conversion are quite similar tothe DCT. The sequential code is somewhat burdened bybranching. Much of this is eliminated through loop unrolling.The parallel versions of the code are primarily limited by theavailability of the multiplier and shifter. The additionalresources available in the I2C16S4 and I2C16S5 somewhatimprove performance.3.4.5. VBR encoderThe VBR encoder provides completely differentcharacteristics than the previous examples. Unlike thosealgorithms which provide abundant parallelism, the VBRencoder has very little. The code is dominated by many tightbranches and long dependency chains. Also, the cycle count isdata dependent so it was simulated with typical data extractedfrom video. In the case of the sequential code, complexaddressing capabilities only are of benefit when they do notincrease the pipeline length. Predication provides only aminimal improvement despite the large number of branchesbecause the conditions cannot be computed early. Simple listscheduling only improves performance by at best a factor of1.7x. Predication has more impact on the list-scheduled codeby increasing basic block size and exposing moreopportunities for scheduling, but the best improvement is stillonly 2.5x over predicated sequential code. Complex attemptsat software pipelining and aggressive speculative parallelismprovided only a minimal increase in performance since thelong dependency chains could not be broken for the mostcommon paths. Since there is no potential for replicating thecomputation, the additional resources in the I2C16S4 andI4C16S5 models were not of any benefit. The increasedcommunication latency to use these resources increased thecycle count in the high-performance implementations, but notenough so to overcome the cycle time advantage.4. ConclusionsIn many ways the results validate both our designmethodology and our architectural approach; however, there aresome interesting surprises as well. The data show that it ispossible to design a VLIW VSP in a .25m process that willprovide adequate and in some cases exceptional performance incurrent real-time video tasks. These processors will be capableof performing a real-time full-motion search on CCIR-601video using only 33%-46% of compute time. This iscomparable to or better than today�s best dedicated chips. TheVLSI simulations show that it is possible to have a richlyconnected, very-wide word machine with an extremely fast(650MHz-850MHz) clock rate. The code simulations show thatfor several current key VSP algorithm, it is possible toeffectively utilize the resources of this machine, exceeding15GOPS sustained performance for large periods of time. Byquantifying the area and cycle-time tradeoffs of the key VLSImodules in advance of selecting architectural parameters, we areable to explore the highest performance alternatives within thedesign space, those that allow very high clock rates andmaximally exploit available area.Datapath ModelI4C8S4I4C8S5I4C8S5M16I2C16S5I2C16S5M16

Estimated Relative Clock Speed1.00.950.951.31.3

Estimated Area181.4 mm2183.5 mm2199.5 mm2217 mm2249 mm2

DCT - traditional

Sequential-unoptimized703.1M692.2M271.9M692.2M271.9M

Unrolled inner loop305.5M303.1M117.5M303.1M117.5M

List Scheduled18.55M18.55M5.98M20.67M3.90M

SW pipelined & predicated14.79M14.79M4.68M20.03M3.38M

+unroll 2 levels & widen13.92M13.92M3.95M18.96M1.91M

DCT -row/column

Sequential-unoptimized135.0M129.5M63.16M129.5M63.16M

Unrolled inner loop97.98M92.45M25.23M92.45M25.23M

List Scheduled4.92M4.92M1.29M6.31M0.80M

SW pipelined & predicated4.58M4.58M1.03M6.15M0.77M

+unroll 2 levels & widen2.70M2.70M0.86M4.41M0.61M

Table 2: Impact of 16-bit Multipliers.

Several specific conclusions about these experiments can bedrawn from the data:• Most of the examples demonstrate a great deal of possibleparallelism. The VBR coder is the exception, however the2.5x parallelism available via the VLIW ILP mechanismsstill makes a significant difference in overall performance.• Resource limitations are the primary bottleneckpreventing higher performance including load bandwidth,multiply bandwidth, and issue rate. No single resourcelimited the performance of a majority of the examplesindicating a relatively balanced design; however, smallmultipliers significantly slow down the DCTcomputations. Including 16x16 bit multipliers isprobably indicated.• The global interconnect was severely underutilized inthese examples although the connectivity provided by thelocal register files was heavily exploited. It is likely thatthis is partially due to the use of homogeneous clusterssuch that there is always a local version of every resourceavailable. There are many instances where it isadvantageous or necessary to move data between clustersbut they seldom arose in these examples. In any case,even total elimination of the global interconnect networkwould only reduce chip area by about 3%.• Load-use delays present in the models with 5-stagepipelines rarely increased execution time.• Complex addressing modes improved performance onseveral examples but only minimally on the most highlyoptimized code.• The working set for these typical VSP algorithms neverexceeded 4K bytes/cluster thus an 8K byte memory wouldsuffice as opposed to the 16K-32K byte memories wesimulated. This could save up to 40% in datapath area andopen opportunities to alleviate some bottlenecks thoughadditional issue slots and functional units or largermultipliers. This may, however, be overly aggressivesince the performance can drop rapidly when the workingset exceeds the available storage and we still have littleknowledge about the memory requirements of compiledcode or next-generation video applications.• Small clusters with limited global interconnect providedbetter performance than the initial design point. In mostcases the additional resources provided to compensate forthe limited communications reduced the overall cyclecount. In addition to this architectural improvement, thesmall-cluster machines are estimated to provide a 30%faster clock rate. The combined performance improvementranges from 17% to 129% faster than the initial I4C8S4model.This final observation is the most surprising and in manyways the most disturbing conclusion from these experiments.The less flexible programming model of the small-clusterdatapaths did not have any appreciable impact on theperformance of the tested algorithms. On the contrary, thesealgorithms benefited from the largest number of resources andthe fastest clock speed possible with little regard forconnectivity. This contradicts the conventional wisdom aboutVLIW architectures. This may be a characteristic of all VSPalgorithms or it may be unique to the set selected here.Despite the measured advantages of the small-clusterdatapaths, we are still quite hesitant to commit to theconclusion that they are better for a real VLIW VSP system.The clock rates in question are already at the state of the art for.25m processors; choosing to increase it from 650MHz to850MHz will further complicate signal distribution and powerissues. Also, the additional complexity of adapting a compilerto handle the reduced connectivity of these models is yetanother obstacle to generating high-performance code for realapplications. The most rational solution is to continue tomaintain both models as reasonable candidate architecturesthrough compiler development. We are continuing to work on several open problems. Basedon these results, we will examine some additional datapathmodels to see if we can improve on the performance of the onesproposed here while maintaining a relatively simplecompilation model. Concurrently, we are beginning to target aversion of the IMPACT compiler from Univ. of Illinois togenerate code for the I4C8S4 datapath model. We would haveliked to explore a wider range of tradeoffs, but the timeinvolved in hand scheduling code is substantial. We are tryingto develop an analytical model that matches these results for alimited class of applications. This would allow exploration ofa wider range of alternatives at the expense of accuracy. Thiscould suggest additional candidates for the type of evaluationwe have performed here. We are also continuing to improve ourVLSI designs and to generate designs for arithmetic units andfor the control-path elements. Eventually we intend to developenough design infrastructure and the compilation andsimulation tools to be able to quantitatively measure theperformance of these architectures on compiled code fromcomplete production applications.5. References[1]S. Dutta, VLSI issues for Video Signal Processors, Ph.D.Thesis, Princeton Univ. 1996.[2]S. Dutta, W. Wolf, and A. Wolfe, �VLSI Issues inMemory-System Design for Video Signal Processors,� inproc. of ICCD �95, pp. 498-505, Oct. 1995.[3]K. Ebcioglu, Some Design Ideas for a VLIW Architecturefor Sequential-Natured Software, IBM Research Report,April 1988.[4]J. A. Fisher and B. R. Rau, �Instruction-Level ParallelProcessing,� Science, vol. 253, no. .5025, pp.1233-1241, Sept. 13, 1991.[5]J. Gray, A. Naylor, A. Abnous, and N. Bagherzadeh,�VIPER: A25-MHz 100MIPS Peak VLIWMicroprocessor�, in proc. of 1993 IEEE CustomIntegrated Circuits Conf., pp. 4.4.1-4.4.5, 1993.[6]J. Labrousse and G. Slavenburg, �A 50MHzmicroprocessor with a VLIW architecture,� in proc.International Solid State Circuits Conf., San Francisco,1990.

[7]W. Maly, M. Patyra, A. Primatic, V. Raghavan, T.Storey, and A. Wolfe, �Memory Chip for 24-Port GlobalRegister File,� in proc. IEEE Custom Integrated CircuitsConference, San Diego, May 1991.[8]N. Ohkubo, et al., �A 4.4ns CMOS 54x54-b MultiplierUsing Pass-transistor Multiplexer,� in proc. of 1994IEEE Custom Integrated Circuits Conf., pp.26.4.1-26.4.4, 1994.[9]M. Suzuki, et al., �A 1.5ns, 32b CMOS ALU in DoublePass-Transistor Logic,� in International Solid StateCircuits Conf.. pp. 90-91, 1993.[10]S. Dutta, K. O�Connor, and A. Wolfe, �High-PerformanceCrossbar Interconnect for a VLIW Video SignalProcessor�, in 1996 IEEE ASIC Conference, pp. 45-50,Sept. 1996.[11]T. Komarek and P. Pirsch, �Array architectures for block-matching algorithms,� IEEE Trans. on Circ. and Sys.,36(10), Oct. 1989, pp. 1301-1308.[12]Santanu Dutta and Wayne Wolf, �Processing elementarchitectures for programmable video signal processors,�in VLSI Signal Processing VIII, IEEE, 1995, pp. 401-410.[13]M. Yamashina, et. al, �A microprogrammable real-timevideo signal processor (VSP) for motion compensation,�IEEE J. Solid-State Circuits, 23(4), Aug., 1988, pp. 907-914.[14]H. Fujiwara, M. Loiu, M. Sun, K. Yang, M. Maruyama, K.Shomura, and K. Ohyama, �An all-ASIC implementationof a low bit-rate video codec,� IEEE Trans. Circ. Sys forVideo Tech., 2(2), June, 1992, pp. 123-133.[15]S. Dutta, A. Wolfe, W. Wolf, and K. O�Conner, �DesignIssues for a Very-Long-Instruction-Word VLSI VideoSignal Processor,� in VLSI Signal Processing IX, pp.95-104, Oct. 1996.