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Abstract: Recent studies [MGK 98, Tiw 98] have confirmed that a
significant amount of energy isdissipatedintheprocessof instruction
dispatching and issue in modern superscalar microprocessors. We
propose amodel for the energy dissipated by instruction dispatching
and issuinglogicinmodern superscalar microprocessorsandvalidate
themthroughregisterlevel simulationsand SPI CE—measureddissipa-
tion coefficientsfrom 0.5 micron CMOS layouts of relevant circuits.
Alternative organizations are studied for instruction window buffers
that result in energy savings of about 47% over traditional designs.
Keywords: power minimization, superscalar processor, instruction
dispatching, instruction issue, window buffer

1.INTRODUCTION

M ost modern microprocessorsemploy multipleinstruction dispatch-
ing and multipleinstructionissuing per cycleto achievetheir perfor-
mancegoals. |nak—way superscalar processor, instructionsaretypi-
cally fetched for processing by thefetch stagein groups. A group of k
logically consecutiveinstructionsarethen sent tothedecode/renamel
stage (D/RN), wheretheinstructions are decoded and physical regis-
tersfor thearchitectural registersholding theresultsare assigned and
inter—instruction dependenciesarenoted. Alsointhisstage, themost
recent physical registers corresponding to the architectural registers
needed asinput by each of theseinstructionsarelooked up fromare-
nametable. Inthe next stage, read PRF/dispatch, the input physical
registersthat containvalid dataareread outanduptokinstructionsare
moved or dispatched to abuffer called theinstruction window buffer
(IWB). Intheprocessof dispatching, itisnot necessary for theinstruc-
tionsto haveall their input operandsavailable; nor isit necessary for
theexecution units(executionlogic) for theseinstructionsto beavail -
able. Dispatchedinstructionswaitinthel WB till their input operands
and the required type of function units (FUs) are available, at which
timethey areready for execution. Moving such ready instructionsto
the execution unit constitutes the issue step.

The IWB plays acritical rolein instruction dispatching and issuing.
Figure 1 (a) showsthelogical structureof thelWB andtheformat of a
IWB entry. The IWB isessentially astatic multi—ported register file
with some associative addressing and forwarding capabilities. Each
entry hasabittoindicateif itisallocated or free; afieldtohold theval -
ueof each of twoinput operands(operand 1 and operand 2, respective-
ly) andwhether thesefieldscontainvalid data(valid bits). Atthetime
of dispatch, free IWB entries are located associatively for each dis-
patched instructionand anIWB entry isset up for each thedispatched
instruction as follows:
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(a) The type of the function unit needed is noted in the entry.

(b) Literal operands, if any, are moved into the corresponding field
(“operand Lvalue” or “operand 2 value”) and the corresponding valid
bit (“operand 1 valid” or “operand 2 valid”) in the entry is set.

(c) A register operand isread into the corresponding operand field of
theentry anditsassociated valid bitintheentry wasset if that physical
register containedvaliddata. If aninput physical register did not con-
tainvaliddata(i.e., waswaiting for aresult to bewrittenintoit froma
functionunit), the" operandvalid” bit of thecorresponding | WB entry
iscleared (to mark it asinvalid) and the tag field associated with the
IWB entry i ssettotheaddressof thecorrespondinginput physical reg-
ister.

A tagbasedforwardinglogicisusedtopull in(i.e., forward) thevalue
of aresult into IWB entries that are waiting for it. The tag field
associatedwithanoperandinan | WB entry indicatestheaddressof the
physical register whose contents, when generated, haveto beused as
the value of that operand. Results produced by the function unitscan
be forwarded to waiting IWB entries from multiple buses running
acrossall of thel WB entries. Twosuchresult buses, BusA and BusB,
aredepictedinFigure1(a). Therearetwo setsof linesfor each result
bus. Onecarriestheactual result and the other carriesthetag—thetag
being the address of the physical register for which this result is
eventually destined. For each forwarding bus, an IWB entry for each
input operand (operand 1 or operand 2) has a comparator that
comparesthetagvaluestoredintheentry against thetag val uesfloated
onthetagbuses. If atag match occurs, thevalueonthecorresponding
result busislatchedintotheassociated operandvaluefieldandtheval -
id bit of the operand is set to indicate that the operand valueisvalid.
Thisschemeallowsthevaluefor operand 1 and operand 2to belatched
in from any one of the result buses. When both operands of an IWB
entry are valid, that entry is potentially ready for issue.

Thedispatchof uptokinstructionsper cycleresultsinuptok simulta-
neous writes to the IWB, requiring k write portsinto the IWB. Free
IWB entriesarelocatedfor thispurposeby anassociativesearchingon
theallocated/freebit of theentrieswith static prioritiesassignedtothe
writeportsfor accessingfreeentries. Asresultsareproducedfromthe
function units, they areforwarded towaiting IWB entries. For overall
flow balance, pathsmust beprovidedfor atleast k simultaneousissues,
requiring k read portsfromthe IWB. For the samereasons, at least k
setsof forwarding busesmust be provided. A typical timingdiagram
forthelWB isshowninFigurel(b). Theforwardingof resultsintothe
IWB and the dispatch of anew set of instructions are overlapped to
minimizethe cycletime: thisforcesthe use of independent setsof bit
linesfortheforwardingandwrites. Theselectionof ready |WB entries
for issueand moving themto therequired function unitsisgenerally a
slow process [PJS 96] and takes amost afull cycle.

2. ENERGY DISSIPATIONSWITHIN THE IWB

The main sources of dynamic power dissipation in the process of
instruction dispatch and issue are as follows:



|. Dissipationsin dispatching instructions

The main components of power dissipations in dispatching instruc-
tions to the IWB are as follows:

(a) Power spent in prioritizing the associ ative addressing of free|[WB
entriesthrough the write ports of the WB following apredefined or-
der. Thisprioritizationisneeded sincethenumber of instructionsdis-
patched (say Q) inacyclecan befewer thank. Inthat case, thewrites
are directed through the first Q write ports of the IWB, while there-
maining ports are unused.

(b) Power spent in driving the bit lines of the write portsto establish
entriesinthel WB: thenumber of transitionscaused asaresult of writ-
ing QinstructionentriesintothelWB inacycleisroughly proportion-
al toW*k*Q*N, where W isthe number of bitswritten for each entry
and N isthenumber of entriesinthelWB. Thefactor k iscontributed
by the diffusion capacitances of thek passtransistorsthat connect the
bitlinesof each porttoabitcell. ThedependenceonN comesfromthe
fact that the bit line capacitances are directly proportional to N, the
length (i.e., number of rows) of the array.

The energy spent in dispatching Q instructions to the IWB is thus:

Cl1k2+ C2Wk.Q.N (1)
where C1 and C2 are appropriate constants that are products of anu-
meric constant, capacitive coefficients, the supply voltage and the bit
line voltage swing on writes.

Il. Dissipation in selecting and issuing instructions

Themaincomponentsof energy dissi pationintheprocessof selecting
and issuing instructions to the execution units are as follows:

(a) Power spent in selecting up to k ready instructionsfor issueto the
execution units. These k ready entries can come from any of the N
locationswithinthelWB. Asthevalueof Nistypically 20to 64, typi-
cal implementationsuseatreeof simplearbiters to select aparticular
FU of therequiredtypefor issuingaready instruction [PIS96, Vas96].
Thetotal height of thearbiter treeislog, N. Assumingthat M execu-
tionunitsof distinct typesareavailable, M such arbiter treesareneed-
ed. Theready/waiting bit of each IWB entry drivesarequestinputin
only oneof thesearbiter tree; thetreechosenisbased onthecontentsof
the FU type field of the entry.

(b) Power spentindrivingthecontentsof thesel ected rowsof thel WB
onthebitlinesof theports. Theenergy spentinthisprocess, assuming
R ready entries (R < or = k) are issued is roughly given by:
C3.N.b.Wk.R + C4b.W.R 2
where C3and C4 areconstants(likeC1land C2), bisthefraction of bit
linepairsthat arepartially discharged inthereadout process. Thefirst
term accountsfor thepartial dischargeof bit linesaffected by theread.
Thek inthefirst term accountsfor the diffusion capacitances of thek
passtransistorsthat connect thebitcell to thek read ports. The second
term accounts for dissipations in the sense amps and output drivers.

I11. Dissipationsin forwarding resultsto the IWB

The main components of energy dissipation in forwarding resultsto
waiting IWB entries are;

(a) Energy spentindrivingtheresultsandtagsover theresult buses. If
P results are driven in a cycle, the energy spent in this processis:

C5.f.B.(D+T).PN.r 3)
whereD isthewidth of thedatapart of theresult busand T isthewidth
of thetag part of theresult bus. f isthefraction of the bus lines that
make atransition whentheresultsandtag aredriven. C5isaconstant
liketheothersused earlier. Thefactor N reflectsthelengthof thebuses
across the rows of the IWB and B is the total number of result/tag
buses. Thefactor r comesinto play sinceeachtagandresult busdrives
up to r input operand tag/data fields within an entry.

(b) Energy spentinthetag matching process. Assumingthat fast, pre-
charged comparatorsareused, whereaprechargedlineispulled down
onasinglemismatchinoneof thegbitsinthetag address(whichisthe
number of addresshitsinaphysical register address), theenergy spent
indeliveringPresultstoY operand slotsontheaverageper cyclefrom
each of the result dataltag busesis:

C6.Pg.(N.r—Y) (4
wherethefactor g representsthe dependence on thelength of the pre-
charged linefor each of theg—bit comparators. N.risthetotal number
of comparators associated with asingletag bus, that runsacrossr tag
fields, one for each input operand.

3. REDUCING IWB ENERGY REQUIREMENTS

Theforegoing analysissuggests several possibilitiesfor reducing the
power dissipation within the IWB. These are as follows:

Organization 1—partitioned | WBs: Inthiscase, instead of using a
singleunifiedIWB, wepartitionthel WB intomultiplel WBsbasedon
thetypeof instructions. OnelWB couldbedevotedtoL OAD/STORE
instructions, another to integer instructions and another devoted to
floating point operations. Asa consequence of this partitioning, the
number of read and write ports on each IWB can be reduced without
appreciablelossinperformance, directly reducing theenergy spentin
dispatching and issuing, effectively reducing k in equations 1 and 2.
Further, aseach IWB issmaller thearbiter treesfor selecting instruc-
tions for issuing are smaller and lower dissipations results.

Organization 2 — partitioned |WBs with customized entry for-
mats: Asanother sideeffect of partitioning [WBsby type, theformat
of entriesin these IWBs can be different as the number and width of
operands needed by therespectiveinstructions can differ. For exam-
ple, thelWB handlingfloating pointinstructionstypically havelonger
operandfields(64 bitsor higher), aswell as3inputs(tohandle* fused”
instructionslikemultiply—and—add, typical inmost high—end modern
processors). Thisreducesdissipationininstructionissuingand result
forwarding (by reducing the effective W and D in equations 2 and 3)
and tag comparison (equation 4, by effectively reducing r).

Organization 3—reduced transitionson busand bit lines: A sig-
nificant number of bit lines are driven in the process of dispatching
instructionstothelWB, issuing ready instructionsand forwarding re-
sults. If thenumber of significant bitsin operandscan be somehow be
encoded, energy savingscan berealized by driving only thelinesthat
contain these significant bits. Thiscapability can beimplementedin
two ways:

(8) By pre—configuringthedatapath: for exampl e, when 32—bit opera-
tionsareimplemented ona64—hit datapath, anexplicitinstructioncan
be issued to allow only the lower 32 bits of the operand fieldsin the
IWB entriestobeactive. Nosignalsaredrivenonthehigher order bits
of the operands.

(b) By dynamically detecting the number of significant bitsinthe op-
erandsand storing the encoded length—in multiplesof bytes, for sim-
plicity —in an explicit field within the IWB entries. A single bit, for
example, canindicateif both 32—hit fieldsin a64—bit operand contain
significant bits. Theinstruction decoder and the execution units can
generate thishit by adding asimplelogic to check if the higher order
32-hitsarezero. Asmostliteral operandsareshort, and not very many
integer variables use more than 32 bits, this capability can be used to
lower theeffectiveW and D inequations(1), (2) and (3) to save power
during instruction dispatching, issuing and forwarding.

4. RESULTSAND CONCLUSIONS

Weused adetailed register— evel simulator to gleantransition counts,
which accurately simulates at the cycle level asuperscalar pipelined
processor, based ontheM I PSinstructionset, asusedinanearlier work



[GhKa99]. Fortheresultspresented here, weuseda3level cachehier-
archy, withsplitL 1 caches(clockedat 300MHz.), anunified L2 cache
(running at half the CPU clock rate) and an unified L3 cache. TheL1
and L 2 cacheswere assumed to be on—chip and the L3 cachewas as-
sumed to be off—chip. Our simulationswerefor a4—way superscalar
CPU with2LOAD units, 1 STORE unit, 6integer units, 2 I nteger mul -
tiply/divide (pipelined) units and 2 Floating point (pipelined) units.
We simulated the execution of the SPECInt95 and few SPECFp95
(su2cor, mgrid, applu) benchmarksto get agood mix of CPU—-inten-
siveand memory—intensiveload. For gettingaccuratemeasuresof the
dissipationinall major componentsof thel WB organizationsstudied,
welaid out the magjor components of the IWB in a4—metal layer, 0.5
microntechnol ogy andverifiedthrough SPI CE simul ationsthat it per-
formed all major operationscorrectly and metthecycletimegoal fora
300 MHz. clock. Weal so used SPICE to computethe energy dissipa-
tionsinthe | WB componentson major transition events, using asup-
ply voltage of 3.3 volts. These measuresincluded not only dissipa-
tions due to capacitive loading, but also leakage and short circuit
currents (the later being a particularly dominating component in the
sense amps of the IWB).

The transition counts obtained from the simulations were fed into a
power estimation program that |ooked up appropriate energy dissipa-
tionsfor each event asobtained fromthe SPI CE simulations. Thebase
casel WB wasa64—entry IWB withthreeoperandfieldsineach entry.
Each entry had three operand field, with 96-bit operand for handling
extended precision floats. A value of 4 was assumed for k —thiswas
also the number of read and write portsinto the IWB, aswell asthe
number of result buses. Thearbiter moduleshad four inputseach. For
thepartitioned I WBswith customi zed entry formatsand ports, weas-
sumed: (&) aninteger andal oad/storel WB, eachwiththesamenumber
of portsand busesasthebase | WB, but with 64-hit operandfieldsand
24 entrieseach; (b) afl oating point IWB with 2 read, write portsand 2
forwarding buses, with 96-hit operands and 3 operands per entry.

Figure 2 depictsthe power dissipated within the | PB in the base case
and the power—efficient organizations discussed in Section 3. These
dissipations are averaged over the simulated execution of the SPEC
benchmarksasindicated earlier. Inall of theorganizationsshown, the

tag—matching based forwarding consumesthemost power. Thisisex-
pected, asthe effectivelengths of the tag and data busesthat forward
theresultisamultipleof thebitlinelengths. Inaddition, asonly afew
entriesawaitaresult ontheaverage, thepower dissi pated by themajor-
ity of thepull-down comparatorsontag mismatchesisquitehigh. The
partitioned organi zation, with the same number of portsand identical
entry formats, the power saved over the base case comesfrom saving
powers within the arbiters (which are smaller) and within the sense
amps—theindividual senseampsdissipatelower power and not all of
thesesenseampsareactivatedsimultaneously. Theoverall power sav-
ings compared to the base caseisabout 18%. Further power savings
arerealized by moving to organization 2, which has IWB entry for-
mats as well as number of ports tailored to the IWBs by the type of
instructionthey handle. Thisisasexpected andisinconcurrencewith
therational epresented earlierin Section 3. A power savingsof 35%is
realized with respect to the base case. When operand lengths are en-
coded to reduce unnecessary driving of signals on bit lines and for-
warding busdatalinesthat contain no significant bitsinthehigher or-
der position (Organization 3), adramatic power savingsof about 47%
isrealized with respect to the base case. Organization 3 thusseemsto
be the one of choice for IWBs in modern superscalar CPUS.
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Figure 1. Typical structure of an instruction window buffer (IWB) and its timing. Read and write ports not shown.
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Figure 2. Power dissipations within the IWB in the base and the optimized organizations



