
Width-Sensitive Scheduling forResource-Constrained VLIW ProcessorsTarun Nakra, Bruce R. Childers and Mary Lou So�aDepartment of Computer ScienceUniversity of Pittsburghfnakra, childers, so�ag@cs.pitt.eduAbstractAs the width of processor instruction words increases,so do the opportunities for optimizations that exploitthe widths of operands in instructions. This paperpresents a feedback-directed technique, called width-sensitive scheduling, that packs operations on a func-tional unit, thereby enabling sharing of a functionalunit among multiple operations. We target this tech-nique as a static optimization to VLIW processorsthat are are resource-constrained, and use pro�le datato guide the optimization. We �rst discuss the signif-icant factors in optimization using operand widths.We then describe and evaluate various approachesto optimizing operand widths on a realistic VLIWmodel. We �nd that there is su�cient potential, upto13% speedup, for performance improvement using ourtechnique. Packing of homogeneous operations on afunctional unit is unable to exploit most of this avail-able potential. An approach to pack heterogeneousoperations on the same functional unit with minimalhardware changes is discussed. This approach ex-ploits most of the available potential in performancesavings. We also identify important factors that af-fect the e�cacy of our technique.1 IntroductionAs processors have evolved to support wider in-struction words, there has been an increase inthe opportunity to optimize data widths. Al-though newer processors support up to 64 bits ofdata, the applications running on these proces-

sors rarely require the entire data width. Therehas been some work with compiler optimizationand computer architecture to exploit data widthby packing several operations together to ex-ecute on a single functional unit (FU) [2, 4].Most of this work has focused on superscalarprocessors utilizing sub-word parallelism to packsimilar (homogeneous) operations with narrowoperands. This paper evaluates packing multiplenarrow operands on resource-constrained VLIWprocessors. In particular, we present a statictechnique, Width-Sensitive Scheduling (WSS),that packs operations of di�erent types (hetero-geneous operations) to execute on a FU.Several processors have added support forsmall operand widths by enhancing their instruc-tion set with operations for sub-word parallelism(SIMD instructions). Examples of these instruc-tions sets include Intel MMX and SSE, AMD3DNow!, Motorola Altivec, and HP MAX-2. Al-though these enhanced instruction sets encodesub-word parallelism in the form of SIMD in-structions, most of the burden of detecting theparallelism is left to the programmer. Vector-ization techniques have been proposed in thecontext of vector processors to exploit loop-levelparallelism within scienti�c code [5]. In the caseof applications running on �ne-grained architec-tures, there has been recent work in hardwareand compiler support for synthesizing SIMD-likeinstructions without user intervention. Brooks etal. [2] proposed an architecture that dynamically



packs narrow integer operations on an FU, sim-ilar to a parallel sub-word operation. Compilersupport has been proposed by Larsen et al. [4]to synthesize SIMD instructions from basic blockstatements. Both of these recent studies are ori-ented toward superscalar processors. In this pa-per, we exploit smaller operand widths for VLIWprocessors.One of the observations in previous studiesis that multimedia benchmarks bene�t greatlyfrom SIMD synthesis because they typically op-erate on 16-bit data. Since multimedia applica-tions are common for embedded systems, pack-ing operations to synthesize SIMD-like instruc-tions is very promising in this domain. However,as embedded systems move toward an EPIC-style Very Large Instruction Word (VLIW) com-puting model, previous work with SIMD syn-thesis for superscalars is not directly applicableand there is a strong need to address schedulingfor narrow data types on VLIWs. The impor-tance of optimization for embedded VLIWs isunderscored by the popularity of recent archi-tectures such as Starcore's SC140, Texas Instru-ment's TMS320C6201, and Transmeta's Crusoe.These processors are resource-constrained due tothe stringent cost limitations of embedded sys-tems, and by packing narrow width operations toexecute on a single FU, we can take better advan-tage of hardware resources. Our width-sensitivescheduling technique directly targets embeddedVLIWs that have limited hardware resources.In the context of VLIW processors, exploit-ing narrow data widths has several unique chal-lenges. Among these challenges is how to de-tect the width of operands that can be exploitedby the compiler during scheduling. The detec-tion can be performed either by static analysisor using run-time tools, such as pro�ling, whichprovide dynamic information. When pro�le in-formation is used for predicting operand widths,the hardware needs to have the capability to re-cover from mispredictions. If the mispredictionpenalty is low, then the number of predictionscan be increased to allow more operations to be

packed on a FU. Another challenge is how to e�-ciently schedule operations using operand widthinformation, particularly with the limited fetchbandwidth of embedded VLIW processors. A�nal challenge is whether there are enough op-portunities to make statically scheduling narrowwidth operations worthwhile. In previous workrelated to operation packing [4, 2], only opera-tions of the same type may be combined togetherfor parallel execution on a FU. For VLIW archi-tectures, we believe there is an unique opportu-nity to combine narrow width operations of dif-ferent types without making signi�cant hardwaremodi�cations. By adding support for heteroge-neous operations, width-sensitive scheduling canuncover more opportunities for improving per-formance.This paper discusses and addresses the chal-lenges related to width-sensitive scheduling forembedded VLIWs. We present a schedulingtechnique that uses pro�le data to pack opera-tions on a functional unit with minimal hardwarechanges. In the next section, we describe ourscheduling technique, including a discussion ofthe challenges related to combining narrow datatypes. In Section 3, we evaluate the impact ofwidth-sensitive scheduling on performance. Sec-tion 4 summarizes and concludes the paper.2 Width-Sensitive Scheduling2.1 Determining Operand Widthswith FeedbackOne of the important issues in packing opera-tions with narrow operands is to determine thewidth of an instruction's operands. One ap-proach to determine width uses data
ow anal-ysis to compute bounds on the operand widths.Static bitwidth analysis has recently been pro-posed in the context of synthesizing recon�g-urable architectures to identify the width ofoperands [7]. Although this information is accu-rate, it is conservative and cannot consider run-time information such as program input within



the analysis. In WSS, a feedback-directed ap-proach is used to predict the width of operandvalues and speculatively pack narrow operationson a FU.In VLIW processors, pro�le techniques havebeen widely used to increase parallelism by spec-ulating operations. Using pro�ling for WSS isparticularly well suited for embedded VLIWswhere the applications are known and can be an-alyzed beforehand. Although static schedulingin a VLIW compiler allows aggressive schedul-ing over a larger window than the schedulingwindow of a dynamic schedulable processor, ac-curate run-time information is not available atcompile-time. The compiler schedules operationsconservatively preserving all control and data de-pendencies. Some of the conservative dependen-cies are overcome by speculating operations us-ing pro�le information. Control speculation isused to move an operation above a branch bypredicting the path to be taken after the branch.Data speculation is used to move loads abovepotentially non-con
icting stores (memory dis-ambiguation), and to predict operand values tobreak true data dependencies (value prediction)enabling parallelism. We use speculation to packnarrow width operations in the same instruction.In each case, pro�le information is used to guidespeculation by estimating the program behaviorin terms of either branches taken or computedvalues.
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Annotate IRFigure 1: High-level view of pro�lingThe pro�ling procedure for WSS is shown inFigure 1. In this �gure, the program is initially

instrumented to collect pro�le information aboutthe width of instruction operands. The programis executed with training inputs to gather thepro�le information, and its intermediate repre-sentation (IR) is annotated with the collected in-formation about data width. Next, the compileruses the annotated IR to generate an instruc-tion schedule that packs operations with narrowwidths. Instructions are packed on the same FUif the pro�le data indicates their operands to benarrow enough to share the FU.2.2 Exploiting Fetch BandwidthAs mentioned before, resource constrainedVLIWs are limited by the amount of parallelismthey can exploit. An example demonstrates sucha case. Consider a �ve-wide VLIW processorwith two integer FUs, and assume that the fetchunit is tightly coupled with the FUs. Hence,there is a one-to-one correspondence between theFUs and the fetched operations. Some VLIWprocessors with limited resources use this tightcoupling to simplify issue logic. In Figure 2(a),we show part of a schedule for a region from thecompress function in the compress benchmark.Each operation is assigned the FU that would ex-ecute the operation. Note that although the in-structions are independent, they need two cyclesto be scheduled since only two integer operationscan be accommodated per cycle. However, pro-�le information indicates that each of the integeroperations have operand widths that are at most16 bits. This information can be used to packtwo add operations on a single ALU and fetchthem as a single SIMD operation. Performingthis SIMD synthesis yields the schedule shownin Figure 2(b). In order to pack the two adds asa SIMD operation, the instruction set architec-ture (ISA) needs to have the capability to specifypairs of registers in an add operation. The rea-son is that most of embedded VLIW ISAs do nothave vector registers.One observation from Figure 2(a) is the pro-cessor has the capability to fetch �ve operations
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Original ScheduleFigure 3: Example of homogeneous packing exploiting fetch bandwidthper cycle, yet two of these slots, for branch and
oating-point operations, remain unused in bothcycles shown. Instead of coalescing similar oper-ations together as a SIMD operation, the opera-tions can be fetched separately using the emptyslots. In this way, the ISA does not need to bemodi�ed to support SIMD operations. At run-time, the processor steers operations to an ap-propriate FU for execution as determined by thecompiler. Using available fetch slots prevents anincrease in register ports used per cycle. Thesteering involves redirecting the source operandvalues to the FU and the output value to theport that will write the value to the register �le.This steering logic is not complex and similarlogic is already provided in several VLIW proces-sors that have more FUs than fetch bandwidth.Examples are Starcore's SC140 and Trimedia'sTM-1000 processor. Although operand steeringhas some latency cost, we expect the additionallatency would not a�ect the machine cycle time.
The reason is that typically register �le accessesdetermine machine cycle time and other pipelinestages scale proportionate to the register �le cy-cle time. Previous studies make this observa-tion in context of superscalar processors and ex-pect similar performance limits for VLIW pro-cessors [3]. The unused fraction of the cycle timein the issue and execution stages can be used toperform the steering of the operation values.To assign FUs to operations, the compiler an-notates the operations with a FU identi�er andthe issue logic directs a fetched operation toits corresponding FU. This technique permitspacking operations without generating SIMD in-structions. Figure 3(b) shows the schedule ofthe previous example after packing operationsusing the FP slot. We expect that adequateunused fetch bandwidth can be made availablefor fetching additional ALU operations. Fromthe analysis of several benchmark programs, wefound that 
oating point and branch operations
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Figure 4: Example of heterogeneous packingcomprise less than 1% of dynamic instructions.This observation indicates that fetch bandwidthis severely under-utilized, and by scheduling nar-row operations in unused slots, we can take bet-ter advantage of the available bandwidth.2.3 Narrow Width OperationsIn the example above, packing operations did notreduce the schedule length since one add opera-tion had to be delayed by a cycle. One of the re-strictions of packing operations in previous workis that only similar operations are allowed to ex-ecute together on a functional unit. A study byScott et al. [6] observes that most of the bene�tsof packing homogeneous operations into SIMD-like instructions can be achieved by instruction-level parallelism on a machine with two or moreALUs. If heterogeneous operations are packedon a FU, the performance savings would poten-tially be higher. Packing heterogeneous oper-ations permits scheduling all of the operationsin the example above in one cycle, as shown inFigure 4(b). In this example, the add and com-pare operations can be scheduled together be-cause they use at most 16 bits. The compilerassigns the position within the ALU for each op-eration allowing the issue logic to steer these op-erations to an appropriate ALU sub-component.In order to pack heterogeneous operations to-gether, a FU needs to execute operations of dif-ferent types in parallel. It is possible to con-sider a 32-bit ALU as a group of 8-bit sub-ALUs executing the same operation and con-

nected through carry lines. A pictorial view of a32-bit ALU partitioned into sub-components isshown in Figure 5. Since an ALU is a combina-tional circuit of cascaded logic gates, this kind ofpartitioning can be made. If the sub-componentswere allowed to execute independently, each onewould need a separate mode select to determinethe type of operation to execute. Our work tar-gets simple functional unit design applicable toprocessors limited by power and area constraints.There may be some design restrictions for par-titioned FUs in multi-GHz processors. We arecurrently investigating the issues associated withnext generation processor FU design and howour technique would address these issues.
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c8 c16 c24Figure 5: ALU structureNote that it is not possible to pack het-erogeneous operations on an ALU using staticSIMD synthesis because each combination ofoperations requires a separate SIMD opcode.For VLIW processors, the compiler can as-sign heterogeneous operations to the same ALUalong with their placement positions within the



ALU. For superscalars, performing heteroge-neous packing at run-time incurs additional com-plexity to select the operations to be packed. If8-bit and 16-bit heterogeneous operations wereinterleaved on a 32-bit ALU, a processor witha central issue window would require additionalcontrol logic to �nd and select the operationsto pack on an ALU. Packing heterogeneous op-erations works well for VLIWs because we canstatically schedule the operations to avoid therun-time overhead of detecting narrow width op-erations.2.4 Prediction and RecoveryOne of the observations in the previous exam-ple is that scheduling using pro�le informationabout operand width decreases schedule length.Because this scheduling relies on pro�le informa-tion, we must predict the data width of operands,which requires a mechanism to recover from mis-predictions at run-time. If we de�ne a predictionthreshold(b) for an operand to be the percent-age of times that the operand is less than b bitswide, then we can vary the prediction thresholdto control when to apply narrow width schedul-ing. By lowering the prediction threshold, moreoperations can be packed together. However,one of the drawbacks of lowering the threshold isthat the misprediction rate increases. In case theoperand width is more than its static prediction,the operation may not be computable with its as-signed portion of the FU in the same cycle. Sucha misprediction can be identi�ed at run-time us-ing zero detection logic that checks whether theupper 8 or 16 bits of an ALU result are zero. Thisdetection logic is proposed by Brooks et al. [2] fortheir dynamic packing scheme and already existsin several modern processors.One mechanism for recovery from data widthmispredictions is to replay the mispredicted op-eration on a FU. In this case, when an operand'swidth is mispredicted, the operation is replayedthrough the same FU using the FU's entire widthduring the following cycle. During the replay of

a mispredicted operation, subsequent operationsare stalled in the pipeline. In the case of multi-ple mispredictions on a single FU, each mispre-dicted operation is replayed independently andthe pipeline is stalled during the entire replaysequence. In this paper, we study the impactof varying prediction threshold on mispredictionrate and its impact on performance.3 Evaluation3.1 MethodologyWe studied the performance of WSS using theTrimaran compiler and simulator [1]. The sim-ulator was extended to instrument programsand annotate the program IR with pro�le in-formation. We also implemented our schedulingtechnique in the Trimaran compiler. To evalu-ate WSS, we used several benchmarks from theSPEC95 and MediaBench suites. Our machinemodel is a �ve-wide VLIW with two ALUs, one
oating point unit, one memory unit, and onebranch unit. This machine is similar to theTransmeta Crusoe TM5400 processor which isa four-wide VLIW with one ALU. However, theCrusoe processor can use its memory unit as anadder when no memory operations are sched-uled, e�ectively making the processor �ve-wide.We use a fairer model of a �ve-wide VLIW thatis less constrained by allowing two ALUs. Ourmachine model has 64 general-purpose registersand a 32-bit data width. The Trimaran com-piler does several aggressive code optimizationsincluding dead code removal, redundancy elim-ination and other classical optimizations beforeperforming WSS. Only ALUs were packed withmore than one operation using WSS. The pro-�le data included how often an operand widthof an instruction was (1) less than 8 bits and(2) less than 16 bits. This data was analyzedby the compiler to identify instructions whoseoperands were within 8 or 16 bits. For exam-ple, if pro�le data indicated an instruction to al-ways have operands within 16 bits, the ALU as-



signed to the instruction was considered as 50%busy. The other half of the ALU was available toother instructions with narrow operands of 8 or16 bits. The compiler used a prediction thresh-old of 100% for both 8-bit and 16-bit operands.In case an instruction's operand spilled over itspredicted width, the processor stalls a cycle tore-execute the instruction.3.2 Fetch Bandwidth and RegisterPressureFor our initial studies, we were interested in an-alyzing the potential performance of packing op-erations without bandwidth limitations. Hencewe assumed there was always enough bandwidthto supply operations to fully pack an ALU. Alsooperations packed on an ALU were allowed tobe of di�erent types. Later in this paper, weremove these assumptions. Figure 6 shows thepercentage speedup for packing operations. The�rst column in the �gure assumes perfect registerallocation with no register spills and the secondcolumn incorporates register spills. The savingsin absence of register spills are in the range 1-13% with an average of 5.7%. Another observa-tion is that register spills become important anda�ect performance considerably. Since width-sensitive scheduling increases parallelism, regis-ter pressure also increases. This reduction is es-pecially noticeable in case of ijpeg. Speedups forour benchmarks after considering register spillsare in the range 1-8% with an average of 2.6%.The impact of spills is particularly signi�cantin our machine model because there is only oneload/store unit.From the above observations, we infer that inorder to gain performance bene�ts from width-sensitive scheduling, the register allocator needsto be sensitive to operand widths. One intuitionis that 16-bit values can be spilled in consecutivelocations and fetched in a single load operation.In our current implementation, width-sensitivescheduling only packs ALU operations, so spillsand reloads of narrow width data are performed
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Figure 6: Performance with no limitation onfetch bandwidthwith separate store and loads. By packing nar-row operands for spills, we expect the impactof spilling to reduce. This packing is similarto SIMD synthesis of load/stores [4]. However,since register allocation is a static technique, wecan also modify the allocation phase to accom-modate spills of 16-bit values to the same reg-ister, which will signi�cantly reduce the num-ber of spills. This width-sensitive register al-location can be incorporated within a compilerindependent of the underlying architecture. Weare currently investigating methods to reduce theimpact of register spills using techniques simi-lar to the ones proposed here. For our analysisin this paper, we were interested in evaluatingthe scope of width-sensitive scheduling for per-formance improvement. To avoid the impact ofspills on this performance study, we assume per-fect register allocation with no spills for the restof our experiments.
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(a) Homogeneous packing (b) Heterogeneous packingFigure 7: Performance for limited fetch bandwidth3.3 Homogeneous vs. HeterogeneousPackingIn the next set of experiments, we wanted to an-alyze how constraining bandwidth a�ects perfor-mance. Hence the fetch bandwidth was �xed tobe the width of the machine. Also, we wanted tostudy how well packing heterogeneous operationsimproves performance over SIMD-like synthesis.Two sets of experiments were carried out. First,only homogeneous operations were packed on anALU. This technique is similar to the synthesisof SIMD instructions. In the second set, we al-lowed heterogeneous operations to be packed onan ALU. Figure 7 shows performance for bothexperiments. Each case is compared with theperformance of the case with no limitation onfetch bandwidth (labeled as ideal case). FromFigure 7(a), we observe that speedups in the caseof packing homogeneous operations are consid-erably reduced from the ideal case. This reduc-
tion relates to the fact that fetch bandwidth islimited and only similar operations are allowedto share an ALU. For the case of heterogeneouspacking, Figure 7(b) shows that performance im-provements are close to the ideal case. Thisobservation implies that heterogeneous packinguncovers signi�cant parallelism that is not ex-ploitable with homogeneous packing. Also, inthe latter case, the unused fetch bandwidth canbe used to exploit most of the possible bene�tsof the ideal case.3.4 Prediction Threshold and Mispre-dictionAs discussed previously, prediction threshold canhave an impact on detecting opportunities topack operations. To determine whether this wasthe case, we varied the threshold and measuredthe impact on performance. We found that asthe prediction threshold was lowered, the sched-



ule length improved but the misprediction ratealso increased. It was observed that the improve-ments in schedule length were minor unless theprediction threshold was below 60%. However,for such low thresholds, the cost of recoveringfrom mispredictions mitigated any improvementin schedule length. With our current recoverymechanism, each mispredicted operation is re-played independently and contributes a cycle tothe misprediction penalty. In case of complexarithmetic operations with latency of several cy-cles this penalty can be more than one cycle.In our experiments we observed that less than1% of packed operations had latency higher thanone cycle (except in case of G721dec with 3.3%).Accounting for multi-cycle misprediction penaltywould have a negligible e�ect on performance.It is possible to achieve higher speedups withlower prediction thresholds by reducing the mis-prediction penalty. One way to reduce thepenalty is by recovering multiple predictions inparallel with execution of the next VLIW in-struction, if resources are available. Also moresophisticated prediction techniques may be ableto predict more accurately reducing the in-stances of misprediction. We are currently inves-tigating both compiler and hardware techniquesto reduce the misprediction penalty.3.5 Machine WidthIn our next experiment, we varied the ma-chine width to determine in what context width-sensitive scheduling is most appropriate. Threedi�erent machine models were considered: (1)a four-wide VLIW with one load/store, oneALU, one 
oating-point and one branch unit,(2) a �ve-wide VLIW with one load/store,two ALU, one 
oating-point and one branchunit and (3) an eight-wide VLIW with twoload/store, four ALUs, one 
oating-point andone branch unit. These machine models wereselected based on a range of embedded proces-sors from a simpler model (four-wide TransmetaTM5400) to a relatively complex one (eight-wide

TI TMS320C6201).Performance analysis for the di�erent machinemodels is shown in Figure 8. From this �gure,the narrow VLIW machine has considerable im-provement, ranging from 11-25% with an av-erage of 15.7%. However, as more ALUs areadded to the machine model, these savings re-duce. Performance improvements for the eight-wide machine model were insigni�cant, rangingfrom 0.1-3%. The reason is that this machinemodel has su�cient integer units to exploit mostof the parallelism available by packing narrowoperands. This observation con�rms the state-ment that width-sensitive scheduling is bene�cialfor resource-constrained VLIWs, similar to mod-els 1 and 2. In our experiments, a 32-bit datawidth is used and a wider data path would allowmore operations to be packed together on a func-tional unit. From Figure 8, our techniques sub-stantially improve the performance for narrowVLIWs, and we expect the performance improve-ments would be even greater for VLIWs with awider data width.
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4 Summary and Future WorkIn this paper, we present a scheduling tech-nique, called width-sensitive scheduling, that al-lows sharing of a functional unit among oper-ations that have narrow width operands. Thetechnique is proposed as a static scheduling tech-nique and applied to resource-constrained VLIWprocessors. The important factors associatedwith our scheduling technique are presented andevaluated on a realistic VLIW machine model.The performance savings due to width-sensitivescheduling are very encouraging, with speedupsof 1-13%. Packing operations of di�erent typeson the same functional unit has better perfor-mance than packing operations in a SIMD-likefashion. We �nd our technique to be mostsuitable for VLIW processors that are resource-constrained, such as those used in embedded sys-tems. Our experiments indicate that register al-location plays an important part in speculationof operand widths, and our techniques could beused along with allocation of live ranges to reg-isters based on width of the live range value. Weare currently analyzing the improvements due tothis combination. We also believe our techniquewould have even better performance with an im-proved misprediction recovery mechanism. In afuture paper, we will describe our work with bit-sensitive live range analysis and improved mis-prediction recovery.5 AcknowledgmentsWe would like to thank the anonymous reviewerswhose comments and suggestions helped improvethe paper.References[1] Trimaran compiler research infrastructure.In Tutorial Notes, http://www.trimaran.org,Nov 1997.
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