{schlansk, rau}@hpl.hp.comformats, history of EPICtwo decades, has grown to, has for granted, of ofaof using or ofis of discussion of report. For hasas for of Inreport, we (EPIC) of ago, of as philosophy. EPIC of of EPIC

- 1 -grown to, of of of using or users of of of would of computers.trend, of of of of of come, use of of Instruction-level parallelism aof processor up by operations, such as stores, ILP systems afor processors useThus of is processing, programmers. In run, is of for industry. For present, has as for of is worth two of of for of processor of is of of ILP

- 2 -orILP processors, date, ¥ processors [1] ILP processor for for is and, fact, ILP program, ILPis by hardware, ¥Very Long Instruction ) processors [2, 3] offor 1by of another. hardware, knows no Explicitly Parallel Instruction Computing of has of ofprocessors, EPIC philosophy. EPIC is of how ILP processors of support philosophy. In sense EPIC is RISC; of of philosophy. Just as RISC (Hewlett-Packard’s RISC, Silicon Graphic’s MIPS and Sun’s SPARC) EPIC fold. on EPIC’s of features, EPIC for as asor EPIC work has by of In subscribes EPICsubset of EPIC ISA’s offeatures. Furthermore, EPIC

1 Corporaal’s book [4], though primarily on transport-triggered architectures, provides an excellent, depth treatment of many issues relevant to VLIW processors.

- 3 -of EPIC Intel’s However, is of our discussion. Rather, we focus ourdiscussion upon of EPIC as by HPL-PD [6, 7] of EPIC ISA’s. HPL-PD, was research,of of EPIC philosophy, as as face. In 2 4, we discuss support of EPIC philosophy. off somewhat of a purist’s viewpoint, above. Then, 5 7 we us, 8, how of of EPIC of and, ofEPIC features. 9 discusses of EPIC 1.1 The motivation behind EPIC19892 whenILP. However, as awe was would frame. Firstly, Moore’s 3 by 1998 or would of on die. Secondly, weof processors would a

2 However, the name EPIC was coined later, in 1997, by the HP-Intel alliance.3 Moore’s Law states that the number of transistors, on a semiconductor die, doubles every eighteen to twenty fourmonths. This prediction has held true since 1965, when Gordon Moore first articulated it.

- 4 -upon rate, off of of4.is is by of 1989. was for of wouldof ILP In we wished use of for ILP was 91 [8] is by today. of as byofILP However, for by was us new of would of of ILP on In across of processors as would for purpose processor.for processor consists of of which, order, result. is for uses has no of of upon or, for processor for how isi.e., when as operands. refer to this as the plan of execution (). The VLIW compiler designs the POE, processor, so as record of ), i.e., of is

4 Although we shall find occasion to compare EPIC to superscalar in order to illustrate certain points, the of this report is not to try to establish that EPIC is superior to superscalar. Nor is it to defend EPIC. Rather, it is explain the chain of reasoning that has led to EPIC.

- 5 -plan. of POE. processor 1.2 The EPIC philosophyfor EPIC was VLIW’s of features, processor, wouldhas Providing the ability to design the desired POE at EPICof upon task. EPIC processors assist is of EPIC processors compiler’s viewpoint. scheduling, by has second-guess task. processor, does of use of resources, correctness. is when of aof upon is support Providing features that permit the compiler to "play the EPICis is

- 6 -known for sureof across flow graph, know for sure is taken. is flow whenupon or when it. is so assuch paths. Likewise, of use when such flowgraph. of istwo If are, If not, order. of of operations, case, is is known. often, however, is of odds such However, support�such aswe discuss does off, is incurred, should when for less case. cycles, Providing the ability to communicate the POE to the hardware. In compiler’s as when is issued used. In should

- 7 -issue would is processor by of such hardware, is do so is which, is taken, of issued. [9] when do so address is, EPIC is by do is uphardware. EPIC philosophy, of ROE, end, EPIC1.3 Challenges faced by the EPIC philosophyEPIC has from, subsumes, has upon of ofis on is, for purpose or processing. issues discussedconcerns. was for EPIC for EPIC for use We use of swapped out, has the program, such as interrupts, as well as , a term we use by of program, such as by or faults. is by is

- 8 -by is apart, as were, compiler’s Object code compatibility. Object code compatibility is the ability to take code that of processor on of two for of EPIC processors. is by for processor question. is of processor, of use of setting. of processor mind, now by processor Code size. A defining feature of EPIC is is how has devised. express of processor is when of no-ops EPIC processors for when for loops of when

- 9 -EPIC’s hardware. two of 2.1 Multiple operations per instruction (MultiOp) is of issuedis of of as Inhas of instruction is issued per cycle of the virtual time which serves as the is 5. when stalls, by two of by EPICprocessor and, sure has plan, is over-subscribed. hasso, EPIC is way of is by using format, i.e., of upon 2.2 Architecturally visible latenciesas ofbegins, does of operation’s

5 Herein lies an important distinction between conventional sequential code. constitutes temporal plan for executing the application, whereas sequential is merely

- 10 -of operations. no of results. Thus, of operations, ILPof of operations, as EPIC does of of as events. of ofoperations. By of is closed, processor, (of for that, use has produced, no no If, or by Assumed as hardware, on sides. EPIC of processor of EPIC program, is of is no such has is is non-unit assumed latency

- 11 -has of for of is unit assumed latency possess differential , of[10, 11]. For of c of b 6.as upon by EPICEPIC processor. Or, by or of ways, [6]. ofof operations, is If is using assumptions. of operation’s of functions. ause of of processor mind. of use (e.g. two of should processor or less hardware’s 6.1.1). compiler is used by

6 Differential input latencies complicate the discussion pertaining to compatibility the handling interruptions. In order to simplify the exposition, we assume hereafter that all inputs are sampled during the of issue.

- 12 -iscompiler’s by onor is lessor as hardware, For of use short path, off use Scheduling of operations, issued 7. schedules. is for twoupon other, as of aof EPIC schedules. For results, outputs, of issue of is case, by of is issued, it. By for

7 This takes advantage of our assumption that all operations read their inputs during their first cycle of even if their execution latency is greater than one cycle. For a discussion of the general case, the is to the technical report by Rau, et al. [10].

- 13 -

Flow dependenceAnti-dependenceOutput dependenceEQ successorLEQ successorUAL successor

Figure 1: Scheduling implications of EQ, LEQ and UAL operations in the context of flow, anti- and output

- 14 -two versions of EPIC of " (. issueof is "less than or equals" (LEQ) . is whose Codes using honor correctness, as as of viewpoint.Figure˚1 for flow, anti-, forEPIC processors EQ, as as is our of of of is as by flow successor exposes which, is because, worst for when ofcycles. flow successor upon depends. However, wouldprocessor�s would would when isby successor.

- 15 -successor is on as issue forupon depends. If occurs, of In upon depends. For purposes, issue of issue of for is -6 cycles.successor successor as as Hence, issue isupon depends. In case, successorsuccessor issue iswhen is by successor successor is predecessor. In case, successor operand. of -3 successoras predecessor. For successor as upon and, for is three. In case, successor upon depends, ensuresof runs two operations, Architectural . In Corporaal’s [4], EPICprocessor’s of two hidden state. The visible state is that which is accessible to the operations of the

- 16 -executing program, e.g., the of files. hidden is of processor state, of of operations, is no of of of buffers, disposed of begun. such aof ensures isoperations, is Inofstate, on of as state. of is 2.3 Architecturally visible register structureHigh of ILP of registers, of of ILPprocessor. is by or ofConsequently, ofis of units. processors, do scheduling, use of of of is known as [12]. However, as we below, such when is

- 17 -Large number of architectural scheduling, of ILP, of registers. for processor hasuse of 32 of processor schedule. so, r2,

OP1OP3

r2OP2OP4

r2OP1OP3

r2OP2OP4r47

- 18 -processor of2b 32 registers, 64 processor of 2a, processor of order, is of 2b. In contrast, scheduling, registers, of r47 of 2b. processors of for of ILP. is visible. of course, is Rotating [13] for so of issued aresult, of ofof aHowever, for is on shows for two n n+1, of loop. In isof n r13. of scheduled. II on n+1 r13 has by ofaddress[14]. However, of loops, body, use of

- 19 -

OP1OP2

r13OP1OP2

r13Iteration nIteration n+1OP1OP2

r20OP1OP2

r19Iteration nIteration n+1Figure 3: Compiler-controlled register renaming with rotating registers.[3] of such r13 registers, Ahas register, rotating register (RRB) register,of RRB, of file, is used as address. [15], used forscheduling, RRB new starts, results. In ofour 3, n r20 r13 RRB is 7 3b). In RRB has of is of files. In loop, of (r13 uses of

- 20 -Thus, is of EPIC hardware. issize. few forbranch. when of¥¥¥or path, on ¥is issuedis as times, of branch. processor cycles, grows as speedsofresults. is for processors issue slotsproblem. do so byof For

- 21 -of has of successor instructions. is known. acrossor branches. on or branch, is known [16, 17]. is on was supposed on [18]. ison branches, [9, 19] is used, branch, path. is hidden. occurs, dismissed, processorpath. In case, is processors of processors across acrossis weEPIC, ofbranch.

- 22 -EPIC’s is by for or control, byon problem, EPIC ¥of of ¥of across ¥EPIC’s scheduling, is software, thus simpler, 3.1 Reducing branch stall cyclesIf is stalls. and, path. path. of does orof type, does issue However, branches, as aofbranch. For slots of instructions, by upwhen address features, we discuss 3.2 3.3,

- 23 -branches. features, supports does asEPIC[9] address isis used is of less of branches, of work is is (e.g. or address), isof of so byis If ais of branch, processor as was of motion. across merges. of memory, acrossblocks. Furthermore, is height. is performed, EPIC�s used whendoes assists processors do

- 24 -EPIC with, is of branches, of is by branch. Ifcode, few branch, is on processor, when In is For branches, using [20] isbranch, of branches, has up of is, of of is compiler’s task. for, of of for branches. we 3.3.4, EPIC processors use for 3.2 Architectural support for predicated executionEPIC supports assist ofbranches. of on operand, ap1is is (i.e., has no on p1 is false. Indoes or does and, does branch. for is using true. is for

- 25 -EPIC support for is of 8 operations, used for operations. p1,p2 = CMPP.<cond>.<D1-action>.<D2-action>(r1,r2) if p3is "p1" - "CMPP" - <cond> - is - "p3" - input. is by on aresult. of is result. is used on as (UN or UC), (CN or CC), or OC), or or AC). (U, C, or on (N or C) is used (N), or (C). mode, is PredicateCompareOn resultOn complementof resultinputresultUNCNONANUCCCOCAC000------0------010------0------1000--0111--11111--00--0

8 This name derives from the fact that the destination of this type of compare operation is a predicate register.

- 26 -1 for of specifiers.result. byby column. of on of behavior. In 1, we (UN or UC), In case, as ofis UC). (CN or CC) amanner. In case, CC isThe wired-OR action is named for the of of devices, of of using gate. In 1 is 1 (i.e. is is (1 0 for OC). or 1, or order. same, 1. Furthermore, noBy p 0, of of or order, using 1 or of asserted.

- 27 - compare is used manner, of 3.3 Overcoming the branch barrierof istwo features, for of across3.3.1 Control speculation with biased branchesprocessors, for ILP processors. ILP use scope. on of of on program. of use resources. program. has shown runs for biased, branches, ILP use 9. is In so, of by across branch. biased, is across is few dismissed. trace [20] exits,

9 Note that this is essentially what dynamic speculation does as well that it is in the context of branches that dynamic speculation is most successful.

- 28 -schedules. For used

branch 0

ld 0st 0cmp 0a0b0branch 1ld 1st 1branch 2ld 2st 2cmp 1a1b1cmp 2a2b2branch 0 ld 0st 0branch 1ld 1st 1branch 2ld 2st 2cmp 0a0b0cmp 1a1b1cmp 2a2b2branch 0 ld 0st 0branch 1ld 1st 1branch 2ld 2st 2cmp 0a0b0cmp 1a1b1cmp 2a2b2unucunucunucT(b)is using (st) is is branch. In Figure 4b of is allowed. now upward acrossILP. now when

- 29 -ILP, orof spurious For 4b is taken. should program. If is is register, (Not bit, of [23, 24, 7]. of would for follows. For oftwo versions ofone. or by bit. as uses is as erroneous. operations, is erroneous, has is now would have, fact, program. is by by of handler. is is as is resumed. EPIC use isis by is invoked. is

- 30 -using for forms or no errors of is two versions of instructions. for non-as hands [24]. Here, ofof erroneous, 3.3.2 Control speculation with unbiased branchesbranches, offlows suffers. using [25, 26] using or branches, EPIC as upward block. However, blocks, is branch, of of by of length, [27]. Thus,

- 31 -3.3.3 Non-speculative code motionis stores undone. EPIC uses by across branches. isaccomplished using fully-resolved predicates. A fully-resolved predicate () for is is flow would operation�s home block in the original program. An operation�s home block is program. FRPs for branches. AFRP is when flow FRPs are used as operations, branches, FRP ensures is program. code. two using two values. UN UC for a(C) If is false, UN UC false. If is true, of UN is UC is of (UN do stores branches). FRP-guarded upward across branches. Inor of1c. of is good schedule, by compares. six FRPs is of up (possibly or of six

- 32 -FRPs using 3.3.4 Operation mobility across branchesof for schedules. down slots of branch, is block, branch).

CMP BROP1OP2pbCMP

BRpfpbOP1OP2CMP

BROP1pfOP2pbCMP

BROP1*OP2consisting of three sequential basic blocks. (b) The safe motion of OP1 below a merge in control flowmotion of OP1 above the branch using control speculation. The operation is now labeled �OP1*� to

- 33 -of of blocks. 5bof flow for block, i.e., of byOP1, of 5a. is for operations, such as undone. shown 5d for OP1, branches, as as FRPs, using FRPs for branch’s FRP is takes. by FRPs slots of across branches. by FRPs 3.4 Eliminating branchesby use of of across branches. However, does ofis when code, fewbranch, is on is on as as 3.4.1 Eliminating biased branchesof using

- 34 -is for superblock, on branches. supposed low of taken, schedule. of abypass as shown of 6a. FRP" guards bypass is bypass of would taken. of 6a, bypass is would when of branch.

branch 0

ld 0st 0branch 1ld 1st 1branch 2ld 2st 2cmp 0a0b0cmp 1a1 0b0 cmp 1aa1b1

cmp 2aa2b2ac onac onac on

bypassbranch

LAFRPoriginalcodeexitFRPld 0

st 0ld 1st 1ld 2st 2cmp 0aa0b0cmp 1aa1b1

ac onac onac on

exitFRPLAFRP

bypassbranchon-tracecode

st 0branch 1st 1branch 2st 2cmp 0a0b0

a2b2off--tracecode(b)branch, the FRP that guards it, and the "look-ahead" FRP. (b) The motion of the branches off-trace.6b), upon

- 35 -downward across bypass branch. downward across abranch, on paths. motion,unused of code. FRP guards of branches, downward across bypass on path, take. branch, bypass branch. Also, off-bypass was two through, taken. by of across bypass (less on FRP, bypass through, i.e., of would through. point, has 6b). is stores, by branch, as as two for would of two FRPs. FRPs 6a), of (for FRP) (for FRP). use is result. use is result. symbols for of

- 36 -for FRP is by shown). for assigns when is true, unchanged. through. or order. In use of of FRP is using compares.3.4.2 Eliminating unbiased branchesof such of way of go, clauses. In by ofas of manner. In isIf n manner, asas versions of code, ofIf of of is taken. addresses provided. In of this, using hardware, EPIC’s is using if-conversion. consists of upon FRP, i.e., is flow of would passedoperation’s block. is done, is

- 37 -

CMP BRBROP1OP2CMP

OP1OP2shows flow7b shows EPIC no code, is whenfor clauses. EPIC two FRPs, using UN UC actions,abranch. FRPs for clauses, is of surrounding by FRP of surrounding clause. UN or UC

- 38 -FRP FRPs for EPIC supports of flow regions. flow FRPs for flow graphs. flow of merge. Consequently, FRP for is of FRPs for merge. has of by of of regions, body of is is of is region. if-conversion, flow is looks of issuing on FRPs true, of ofand, case, branch, cost. of is less of In clause, or both. However, when is is true, is For flow region, of operation’s FRP is good of flowis by of flow

- 39 -region. lowers of paths, of merge. Lowis used region. using of is is, fact, of branches. of is unnecessary. ofhardware, present, is of [30]. processor of use of is hasof has as processor cycles. of with, is of uponof of when runs operations. problem, is of one, isof operations. two must, alias, or do. posed by is is of of However, for

- 40 -processors, so for EPIC processors. of is accessed, of of is trashing. For data, when subsequently, miss. good good problem. would no as is we no of thrashing, we up for is nor useless. Far of has by of why use ofcaches. course, for purpose run of of for is processors of is now on is found. poses for 10.If or is cycles. hand, is

10 Whether it is the compiler latency or the latency that matters depends upon the type of mechanism that is used. This is discussed in Section 6. For latency stalling, it is the assumed latency that For NUAL interlocking and issue interlocking, it is the compiler latency that is relevant.

- 41 -problems. For of our discussion, we for processor, is a(or is visible. of or memory, or no bypassing suchis does is is FIFO policy.issued cycles, FIFO by system, of found. Consequently, load’s long, is onissued 4.1 Overcoming low probability memory dependencesof is of type, or occur, EPIC ILP program. In suchsituations, EPIC is odds of EPIC of on corresponds POE. In by is honor

- 42 -is subset of ignored, low such as or profiling, EPIC two 4.1.1 Prioritized loads and storesstores, For when of stores memory, is of ofports. upon stores, or upon stores stores. EPIC schedule, The use of prioritized memory operations such sequences. EPIC issues operations, that, Using of of two for and, when occur, issue operations, (If has use of should rarely.)use issue operations, towards of of processors. here, is across operations, few number.

- 43 -for of ports 4.1.2 Data speculationof cycles. so, upon is rarely, In such cases, is upon is exists. However, alias, Instead, EPIC exposes for of by addresscomparison hardware. EPIC incorporates data speculation [31, 23, 7] of across store. knows across store, use two load), load). address ensures register. for stores address. Just is nostores upon has occurred,

- 44 -hand, has occurred, up of of motion. auses of Consequently, such stores. aresult, stores, is no as above. stores watch. If no address hasoccurred, is Else, by operations, upon 4.2 Coping with variability in load latencyof of poses is schedules. our suggests of [32, 33]. of for of misses program, miss Furthermore, of miss of forby miss ratio.

- 45 -or programs, for use miss loads. or fewof 6), this, EPIC source .Using of is found. isby is found For our V1, C1, C2 C3 for 4.3 Coping with long load latenciesusing nor If is long, is of of of does runthat,firstly, of and, secondly, of does run store, or of upon address In case, when used as discussedHowever, upon has

- 46 -does, however, of 11loads, up state. by used. is path, non-address. does can, when is address, address hasperformed, of is on path. 4.4 Programmatic cache hierarchy managementof of for caches, of for of for upon EPIC usual, apply. used when has of program’s whentarget cache , is used by of should

11 A non-binding load can be specified, for instance, by using a normal, binding load which has as its register some read-only register. Often, this is register 0 and is hardwired to a value of 0.

- 47 -for use by operations. on is usedby misses by of By by when used, usingmiss as does register, does of non-as C1 V1. In processor up hand, used aof is on no nor If such of passes upthis, use C1 as up of up in, here, bypassing on way processor. is do use by has for should used. for use C1 a

- 48 -for use C2 loops, considered, do is used support such of of no use. Such using loads. isbypassing low by load, of V1, was by of of has handled, of discussing issue section, we focus on 6 address Precise . is by using For aISA, is found no

- 49 -of has issued12 [34]. fault, isis for handle, instructions, issued handler. pose of problem. In by isflagged, of issued, of it, issued of program. buffers, or [34]. ILP is as soon as state, of forthis purpose.In of operations, we found such of issued of issued. program, two sets of instructions, is point interruptionas for is program, of However, no is of Consequently, we do ofof IA such of of

12 We note, in passing, the desirability, but impracticality, of precise exceptions with respect to the source Even in the case of sequential processors, extensive optimizations, code motion and code transformations the correspondence between the source code and the object code. This is further exacerbated by the performed by the scheduler for an ILP processor. We shall not view precise exceptions, at the source level, an objective.

- 50 - such issued. instructions, IA , of In for of instructions,should asof is of ofuse of buffers .

Point ofinterruption

ABCDABCD

ABCDFigure 8: Interruption semantics for NUAL operations. (a) The POE for four operations. Virtual timecontinues to completion while virtual time is frozen, operation B is delayed so that it completes at theOperation C appears to have completed at the point of interruption.is how issued of by EPIC upon of freeze is when is

- 51 -of of ANUAL-drain is when hasasunissued operations. of issued operations, is no times. is ofNUAL, of For UAL, of is by Figures 8c, we B, of C, when as unissued operations, suchoccurred.of issued operations, such as A, orIn of EPIC on by is or UAL. go way or for of opcodes, upon two of operations, EPIC ¥of was supposed by ofevents. supposed ofoccurred. as of

- 52 -¥of of has of¥From of of issued of times. of noof appear, of ofPOE, by such [10]. such points, nois of aprogram, then, no is such way as occurred. support of snapshot buffers [35], buffers [4] or buffers [36]. buffers saves processorstate.of 13. is is of of of

13 Strictly speaking, branches can be yet have unambiguous semantics as long as it illegal to schedule any other operation in the delay slots of the branch. This is an unattractive option that, in practice, one would never select it.

- 53 -branch’s slots) supposed issued or of hand, of is flow of issuing new of instructions. If is flow of control, of would of is when isIn of is is of issue on are, e.g., of byhardware. is for is of of support by [10]. However, use of expensive, for purpose, of unit, savesof By issue, was issued. However, or of address of address of is PC History [35]. of operations, occurs,

- 54 -of by isRelative From viewpoint, for scheduling, do issue uponflow, or However, of buffers buffer, does not. do go do use buffers. Instead, by of of expensive, file.is is viewpoint.of upon of of ISA. processing, is of less processing. as In discussing is two Correctness is of as code had been compiled for that specific processor. Performance has of on of on

- 55 -6.1 Correctness compatibilityof of of operations. If processor ones, runs risk of 14. of two6.1.1 Correctness compatibility with respect to latencywe discuss address two problems. is processor on is assumed. is operations, such as loads, on processor. of of of cases, we two versions of2.2. In of issue is 15. Codesof 16.

14 A third assumption built into the has to with the number of architectural registers of each type. the case with all processor families, assume that the number of registers is fixed across all corresponding to particular ISA. Consequently, there is no compatibility problem by assumption. It is also worth noting that in certain domains of application, compatibility is not an issue respect to either latency, number of resources or number of registers.15 Actually, the lower bound on the latency not be one cycle. For instance, if it can be anticipated that processor across the compatible family will have a multiply latency of less than two cycles, the lower bound couldbe set at two cycles.16 In the subsequent discussion, can be easily confused with respectively. discussion of these two topics has great of similarity. However, they concepts, even though the differences are quite subtle. They are in response to two different problems that

- 56 -In of EPIC on by go way orfor of opcodes, upon for isof type. branch, however, possess unless (i.e., 17.In EPIC processor operations, two hastiness. is is is operations. on has or Codes using Consequently, poses no however, new issued is by[37] of unit. 5, for such of [35]. by Rudd, operations, two issue is stopped, no or of be the scheduling register allocation constraints as well as the requisite support areslightly different in the two cases.17 Again, in principle, NUAL branches could have LEQ semantics and yet have unambiguous semantics as long it is illegal to schedule any other operation in the shadow of the branch. noted earlier, this is unattractive enough option that, in practice, one would never select it.

- 57 -is is known as latency or which, question, would In event. for is stopped, of twoways. The is progress of as 18. when or, possibly, hasty, of is issue is was nofor operations, costly, possible. For addressproblem. However, scheme, is used aISA, used since, has no of operations. of of using aswhen would issue was supposed written), is valid. issue

18 Note that this is an option that is not available to the interruption strategy since the interruption handler needs to use the functional units while executing.

- 58 -is issued is register, i.e., issue is19. 20. has for processor is is of issue, issued is or register. shall refer to this as issue interlocking.Relative merits. As we saw in Section 2.2, an EQ operation offers offor usage. In fact, or upon short issue upon is Incontrast, is upon issue no of) is, however, ignored, of 21.

19 In the case of interlock, instruction issue can actually be sooner. In principle, sophisticated interlock implementation can resume instruction issue once the tardy operation is enough that the hardware, with full knowledge of the residual actual latencies of both operations, is certain that the write events will happen in the correct order. In practice, this level of sophistication might be too expensive.20 NUAL interlocking as described here is just one of number of schemes that can be with [37]. principle, even out-of-order execution is possible with MultiOp and semantics. However, this fly the face of the EPIC philosophy, which is precisely to avoid the use of such schemes.21 For instance, if the predecessor and the output dependent successor operations both on the functional unit, and if this functional unit has the property that subsequently issued operation cannot complete earlier than previously issued operation, then the output dependent successor operation can issued to schedule in the very next cycle after its predecessor. second example, even in the of latencies across the family of processors, if it can be guaranteed that the in the latencies of two operations will be constant across the entire family, then an output dependence between the two operations can treated by the scheduler as if it were between two EQ operations. Regardless of the processor on which this executed, the time between the write events of the two operations is unaffected.

- 59 -buffer, does not. Instead, results, would buffer, registers. buffers, of is drawback. is pressure, operation’s of is large, poorschedule. is schedule, i.e., is upon is for was scheduled. flow slack. flow graph, is by using of unlessis of is done, is of for for Ause for of buffer. of buffer, Iffor of or is as In is say or

- 60 -6.1.2 Correctness compatibility with respect to inadequate resourcesfor is as issued For two operations, assurance, wouldHowever, pose when was for awidth, i.e., of units, has by anarrow processor issue Unless is taken, of has issued. In no or was supposed aof for occurred. is aof new now hasty. processoror unless, of course, by across issued issued events, for In is of .chunks, issued or

- 61 -issued viewed, for purpose as ofof when is resumed. (e.g. operations, chunks, right. of of aorprocessor is isfor However, upon of of consists of of resources. corresponds unit. now ofit. case, would use6.2 Performance compatibilityas discussed above, ensures by when units, of

- 62 -of such upon of operations. of can, ais as [37]. However, of ILP for processor, for aEPIC processor. again, our is by ishas used assist ofHowever, slow. [39] is way of process. of of of instructions, for abuffer. has In of work [43] HP [44] of address issue of ISAs on processor Furthermore, of buffer. is as using for for [48-50]. by EPIC such as CPR, processors of ILP. is worth that, proves way of upon of processor is

- 63 -has wrong is correctness, used. is processor use as canonical instruction slots of use as as needs. However, of use, by units, of or is ILP program, format. Inevent, of slots no-op operations, aof space. yet, such is no issue on cycles. If processor does supporton no-ops. forno-op for such processor aof of instructions. no-opby of how no-op [35, 20]. of is of by no-opis empty. no-op scheme,we , use of or, each of which provides operation slots for just a subset of no-op, of two ways. with, of processorsuch way is issue on of such as buses or ports

- 64 -files. sense sets of upon is issueHowever, subsets of sets of of subsets, of no-ops. By using format, we use of for of code. A subset of slots no-ops. In essence, is no-op slots on basis. corresponds. slots absent, as was 22is no-ops. of on possible. use of for is no-op of has ofwidth. If of width, instructions. as as is

22 A point to note is that the Multiflow processors expanded each instruction into its canonical format the time of fetching it into the instruction cache on cache miss. Consequently, the instruction cache contained instructions with a canonical format. Whereas this led to less complicated instruction the effective cache size was reduced by the no-ops in the canonical format instructions.

- 65 -shorter, unused of as of and, necessary, Also, slots ports of units, register. is format.unit’s is of noop is used, of register. of by such way as If of space. goals, of of space [51, 52].of byof of of ofquantum, of is upstructure, is by approach. However, each is using or of aof lengths. is of

- 66 -lengths, of EPIC addresses For domain, of workload, of ILP, count, for across processors of EPIC how is EPICInstead, we ¥¥EDSP - an example digital signal processor, ¥ way EPIC when using EPIC. In [5]8.1 The EPIC �EACC� custom acceleratorEPIC is processor issingle, No is fordoes interrupts. of on no lowest cost.is used. occur,

- 67 -freedom. is known is using for such as for(UN of loops constructs. is by no 8.2 The EPIC �EDSP� digital signal processor architectureis of as or as asis on supported. interrupts, no is nor of tools, debugger, support holds is is issue is used. operations, however, use of

- 68 -memory. processor stalls, is simple. for branch. However, No is of Its of uses no iswas memory. early. EACC, is such, interrupts, is is for is is for of of EACC, has no no support is for or 8.3 The EPIC �EGP� general purpose architectureEPIC processor, EGP is purpose processor. EGP of is

- 69 -by EGP uses across ofuse of for of EGP on narrower, less is use of use of is code. of EGP useEGP has as EGP is processor, is EGP EGP offers support for In uses support of byas operations, by asEGP offers of ausing corresponds of is reside. use assist of of processor) for EGP uses of stream. throughput. EGP uses

- 70 -of EPIC was places, years. In section, we 9.1 Intellectual antecedentsFloating Point . of of was Systems’ [53], Culler. was borrow of issue of but, rather, aEarly VLIW . of 120B of for it, two 1980’s University. AP-120B, was operations. of bandwidth, of issued on operations, i.e., would on support loops [54, 55]. was file.ILP of of of ILP [57, 58]. In of

- 71 -has of was . was 1984 by of [2, 59]. of support for issue operations, of we as. Cydrome, likewise, was 1984 of work. 5was [3, 35]. 5 of 23, support forof two The design of Cydrome’s second product, 10, was 1987. was shipped, work on was when doors. new was of support for by was known [35]. ideas, we by twogroups: [63] by Superscalar work. Although EPIC grows more out of work processors as horse our of

23 Predicated execution has since been adopted in a number of other products such as [60], Philips TriMedia[61] and Texas Instruments’ VelociTI [62].

- 72 -for processors, our was for 6600 [64] 91 [65] of as way [12]. ofopcode, buffers, by was by [18]. processor was ZS—1 [66].9.2 Hewlett-Packard Laboratories1989, HP Labs’ was of has EPIC. by was HP Labs’ SWS (SuperProgram, of asuccessor HP’s PA-RISC as of two soon working towards of EPIC ofof Word), PA-RISC. focus of EPIC, was for EPIC. ISA, to, to, such as foron PA-WW. SWS way by by discussions of of EPIC, as of of compares.

- 73 -registers, 5well. support for10, was polished. ofagain, we idea, too, was by bypass when low as byC2 [67] [68], was of by IBM’s [9], was for EPIC processors, [7]. For part, SWS had, by of EPIC was proposed HP’s group as successor PA-RISC. 9.3 Productization of EPIC by Hewlett-Packard and Intelof 1993, microprocessors. short discussions on forPA-RISC. of June work on was two process ofas point. IA-64, forpart, addresses issues as successor of ISAs EPIC is In or of we discussed, such issues as

- 74 -of registers. Nevertheless,In analysis, EPIC is issubscribes EPIC philosophy, has is of and, doso successfully. we discussed UAL), branches, specifiers, loads. go lowoperations), of Thirdly,of of registers, EPIC strategy, of of for for operations. is byof (for of for ofwidths. no-two of versus designs as of versus of superscalar. is is is now of of is of ILP, for processor. is aEPIC subscribes of positions.

- 75 -is EPIC exposes so of EPIC supportILP processors across domains. isof how EPIC ais However, is our EPICIn domain, HP on was C, custom, EPICprocessor for C has forfuture. In EPIC new on we for of of of our them.So EPIC PA-WW, so on of of EPIC of who Worley, Gupta, KarpAmerson. Josh Fisher’s support for EPIC was of PA-WW. of who 1988

- 76 -when was as Subsequently, as SWS M. Johnson.

. New Jersey, 1991).R. P. Colwell, R. P. Nix, J. J. O’Donnell, D. B. Papworth P. K. Rodman. A.

on C-37, 8 (August 1988), 967-979.B. R. Rau, D. W. L. Yen, W. R. A. Towle. 5 philosophies, .

22, 1(January 1989), 12-35.H. Corporaal.

. (John &Sons, Chichester, England, 1997).

Developer’s

. (Intel Corporation, 1999)M. Schlansker, B. R. Rau, S. V. R. Johnson, S. S.

High of . HPL HPL-96-120. Laboratories, February 1997.V. M. B. R. Rau.

HPL-PD

. HPL-93-80 (R.1). 2000. as

HPL

., February 1994.)issue on of 11, 1 (January 1967).H. Schorr. for system.

Proc.

on (New York, New York, April 1971), 165-192.B. R. Rau, V. S.

forEPIC for EPIC.

ofSystems

4, 2/3 (1999).

of 11, 1 (January 1967), 25-33.B. R. Rau. scheduling.

ofProcessing

24, 1 (February 1996), 3-64.

- 77 -for

Proc.

SIGPLAN

’88onn (June 1988), 318-327.B. R. Rau, M. S. P. P. forloops.

on (Portland, Oregon, December 1992), 158-169.C. C. Foster and E. M. Riseman. Percolation of .

on C-21, 12 1972), 1411-E. M. C. C. Foster. of by on C-21, 12 W. W. Hwu and Y. N. Patt. for .

on C-36, 12 (December 1987), 1496-1514.J. E. Smith. study of on (May 1981), 135-148.P. G. Lowney, S. M. Freudenberger, T. J. Karzes, W. D. R. P. J. S. O’Donnell and J. C. Ruttenberg. .

of 7, 1/2 (May 1993), 51-142.J. A. Fisher S. M. Freudenberger. runs of program.

onSupport forSystems

(Boston, October 1992), 85-95.W. W. Hwu, S. A. W. Y. Chen, P. P. Chang, N. J. R. Bringmann, R. G. Ouellette, R. E. Hank, T. Kiyohara, G. E. Haab, J. G. D. M. Lavery. for of 7, 1/2 (May 1993), 229-248.G. M. K. for

26, 6 (June 1993), 39-56.S. A. Mahlke, W. Y. Chen, R. A. Bringmann, R. E. Hank, W. W. Hwu, B. R. M. S. Schlansker. for .

onSystems

11, 4 1993), 376-408.A. Nicolau.

. S.-M. Moon K. for processors.

on J. A. Fisher.

for . HPL-93-43. June

- 78 -M. S. V. for programs.

on Arbor, November 1995), 57-69.S. A. Mahlke, D. C. Lin, W. Y. Chen, R. E. Hank R. A. Bringmann. support for using hyperblock.

Proc.

on (1992), 45-54.S. A. R. E. Hank, R. A. Bringmann, J. C. D. M. W. W. Hwu. of on on (San California, November 1994), 217-227.W. Y. Chen, S. A. Mahlke, W. W. Hwu, T. P. P. Chang.

1992 on (Washington, D. C., July 1992), 104-113.S. G. R. A. Sugumar, D. B. R. R. of on S. G. B. R. Rau.

Using

.J. E. A. R. Pleszkun.

on C-37, 5 (May 1988), 562-573.G. R. Beck, D. W. L. T. L. Anderson. 5 of 7, K. W. Rudd.

forProcessor

. CSL-TR-97-732. B. R. Rau. processors.

on (Austin, Texas, 1993), 80-D. J. Magenheimer, A. B. Bergh, K. Keilman J. A. HP 3000 on HP .

B. R. Rau. of of of

Workshop on 1978), 67-79.P. Koch. 68040 PowerPC

Forum

P. Stears. x86 RISC

. (August 1995).

- 79 -K. E. R.

for100%

. RC 20538. Research, C. C. Thompson. PA-RISC

33, 3 (2000).V. Bala, E. S.

.V. Bala, E. S.

of . HPL-1999-78. V. Bala, E. S.

Proc.

SIGPLAN

2000 on T. M. Conte S. W. Sathaye. for on (Ann Arbor, Michigan, November 1995), 208-218.T. Conte, S. S. for low on (Paris, France, 1996), 4-B. C. Le. for translators.

onSupport forSystems

(San Jose, 1998), 151-S. B. R. R. C. Johnson.

ofEPIC

. HPL Report. S. S. A. B. R. Rau. for EPIC .

onofSystems

A. E. Charlesworth. .

14, 9 (1981), 18-27.B. R. Rau and C. D. Glaeser. Some scheduling for

Workshop on (October 1981), 183-198.B. R. Rau, C. D. R. L. Picard. for support.

on (April 1982), 131-139.J. R. Ellis.

for . Cambridge, Massachussetts, 1985).

- 80 -J. A. Fisher. Very word ELI-512.

Proc.

on (Stockholm, June 1983), 140-150.J. A. Fisher. for .

17, 7 (July 1984), 45-53.R. P. Colwell, W. E. Hall, C. S. Joshi, D. B. Papworth, P. K. J. Tornes. of

(1990), 910-919.D. Jaggar.

. (Prentice Hall, 1997).

Processor

Book

. Product Group, 1997).

CPU

. K. for for software,

Processing

(Proc.

IFIP WG 10.3 onProcessing,

Pisa,

, M. Cosnard, M. H. M. (Editor). (North Holland, Amsterdam, 1988), 3-21.J. E. Thornton. 6600.

AFIPS

(1964), 33-40.D. W. Anderson, F. J. R. M. Tomasulo. handling.

of 11, 1 (January 1967), 8-24.J. E. Smith, G. E. Dermer, B. D. Vanderwarn, S. D. Klinger, C. M. Roszewski, L. Fowler, K. R. J. P. Laudon. ZS-1 processor.

onSupport forSystems

T. Jones. of

22, 1 L. Kohn N. microprocessor.

9, 4 (August 1989), 15-30.synthesis of EPIC processors.

onSynthesis,

(San Jose, California, November 1999), 107-113.