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Reduce Consunption 5 FIELD OF THE | NVENTI ON The j tion,relates
gener al Ik\%%jgwge(sduci ng the power consunption of Int egratﬁgﬁxggfféhﬁgfs (ICs),
and particularly of Very Large Scale Integration (VLSI) |Cs. In particular,
it relates to nethods and apparatus for throttling the perfor of
particular functional units 10 within an I C as needed tolcont i@ﬂ'ﬂmﬁﬂmﬂmjﬂﬁe
power consunption. BACKGROUND COF THE | NVENTI ON Reduci ng tlhe p

by an 1 C has significant advantages: (1) Less power nust ibe suppl ieessto t he
IC, and (2) Less 15 heat nust be dissipated by the I C and the devices
surrounding it. Reducing power consunption is especiallyji morIMMW“MMIM“
ICis gong to be used in a portable conmputing device, su¢h as

or notebook-size digital device. Portable devices often operate f @ggoooze

ext ended periods of tine Egééygzﬁé) ggh%éb{éﬁ\@é)v»pﬁr&lm%i ed by an internal

battery. Because the size, Wweig age capacil of a portable
battery is very |imted, TGORREIYINICPPWRIer TSHdlmpdlod N portabl e devices.
The | ess power its ICs consune, the longer tine the portable device can
operate w thout changing or recharging its batteries. 25 Further, portable
devi ces generally nust dissipate the heat that their conponents generate
wi thout the assistance of thefmechad cak heaN=iomks or radiators and
cooling fans that can easily be used in a desk-top or rack-nount
conput er syst enihaNteentibe rélGsesvpehéralla to reduciadliiee gewiece consune | ess
power, it operates at a |lower tenperature. Elevated tenperatures within a
conput i ng caasrEdtiearrinalesrates Copytnéhss angeraitieulany of Vay \-atge have shorter
lifetimes. 5 The power suned by an I C can be reduced by | owering the
speed at \ﬁﬁ%@l'@t?gfﬁd@rﬂa‘g@&') g@’ H%p?@c\”@frr'? Eelpies 1R OERIBE St echnol ogy,

whi ch dom _nates, the n ac%ure qf connerpial Ips t he Pme the I C
consunes Perdrsuse by TRPHIET i Raforioit: f pebourd e dRrBPRlE [ s operati ng
vol tage. - Lfyfh Lhefo 6Logkdbals Anrphbagdedss fadlcatis ihgn, the 10 power

uc educrng the volta e

;
l
consuned i's reduced. [ t ge al'so requir

BACKGROUND OF THE INVENTION

Reducing the power consumed by an IC has significant.
advantages: (1) Less power must be supplied to the IC; and (2) Less
15 heat must be dissipated by the IC and the devices surrounding it.
Reducing power consumption i1s especially important when an IC is
going to be used in a portable computing device, such as a hand-held
or notebook-size digital device. -
Portable devices often operate for extended periods of time using
20 only the power supplied by an internal battery. Because the size, weight
and storage capacity of a portable battery is very limited, conserving
power is critical in portable devices. The less power its ICs consume,
the longer time the portable device can operate without changing or
rechargmg its batteries.
25 Further, portable devices generally must disgpate the heat that

their components generate without the assistance of the mechanical

heat sinks or radiators and cooling fans that can easily be used in a
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| owering the clock rate, unless an offsetting inprovenent is nmade in ¢gghearch 2002
manuf act uri ng technol ogy. Because typically a fixed nunb clogk cycles
is requ?'vrcb%?”tgb%perfor m a particul ar, operati on, approacheg’rcfrg‘fsrgé'(lj@gi ng 1 C
power 1 5 consunption that reduce the clock rate of the IC unfortunately

al so reduce performance. Thus, there is a need to reduce the power consuned
by an 1C without reducing its performance. For many conplex |1Cs, the power
consuned varies widely with the task that they are performng. If nore of
the circuit nodes within the 20 IC transition fromone to zero or visa
versa, then nore power is consunmed. Thus in order to specify the typical
power consunption of a particular IC, it is necessary to define a benchmark

sequence of , operations that constitutes \Ajts ML&aI Hsa e. Such a
benchmar k d@6kiteP P K&ty Myt GaERRsTYZ T al'V 3RD SV 8 time, because

ti ' 25 devi desi d f [ W]
per Gont AQBBAOIS SV Ga O RO e0SRr bGP AL 6! SUE R DURERIGI siTte of
typi cal ti [ ' t : IC i
pert or m ng e el RmeR ARk Finr AR RN EON G W alod. such a

typi cal pgweoggrr\%aﬁé}aqa Mabiowenhdvberuset letrf@s, exanple, in estimating

the batter a portable conputing device under nornmal use. It is

desirable to r%‘écﬁowgﬁc@@é!hﬁﬁe@wsmcbﬁ banreldGeby By Ibeduiaigrgeor
elimnating node transitions in functional units within the IC that are not

bei ng usedpdugidgviacipardpertiear Beure!C amicacpenaingd®®O$f an | C shuts down
functional units when they are not being used, then typical power
consunpt i escteaiode highiddnsiantdsytheedaceidctire tof idommercsa! 16, thepact on
performance. 10 However, shutting down functional units is like]y to.have
little i mpasterdne Woresnstiaes iSoWesctiy icReReNanto RMhdls BPeefPi8rdes when t he

ICis perform ng sequences of operations th@t utili ée rr(?r% Oft t he
funct i onalitsLenaraing vAAge hd gEeRGIAGK RS R KRae SJRSHARTIBR S 1ikely to

b bstantial ly higher thap typical [ Ot ticul
Funct 1 analPAr TSI I BLGERs NETHRTS 17 [0 An o8 TPaeles i ed that tend
t di [ t he . P : le, th
ci roui i1y PRCH AR B BRI ERERS Bre NG QuleRt s mateln IS Pe. e

power cons HORIRessor is significantly less if it is not
call ed on rﬁ%ﬁ%@?{uﬁw r%cf;ly # ating-point 20 operations. The worst-case

power CO”S“”P“B)&%S& B’ic%mg%rm@e%ﬁﬁ@hba? Qhélobiﬂ\égtl\ég iarsqarnee of floating
poi nt operations that g erates on data val ues chosen to naxi m ze node

transi ti ons, fd 8 Yené Pa? BperaRe, wpprachesao raducingal mweeut es repeatedly
usi ng cache menory within the 25 m croprocessor so as to avoid readi ng or

Wi ting medghsteimion. thadesdicentakl glock fate loéthe 67 opfatesdely 3529 f or ns
specul ati ve eval uati ons of
reduce performance. Thus, there is a need to reduce the power
consumed by an IC without reducing its performanc‘:.e.
For many complex ICs, the power consumed \)aries widely with
the task that they are performing. !f more of the circuit nodes within the
20 IC transition from one to zero or visa versa, then more power is
consumed. Thus in order to specify the typical power consumption of a
particular IC, 1t 1s necessary to define a benchmark sequence :of
operations that constitutes its typical usage. Such a benchmark would
likely include substantial amounts of idle time, because computing
25  devices designed for interactive use spend a large percentage of time

waiting for user input. Once such a benchmark suite of typical

operations Is defined, then the power consumed by an IC in performing
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upcom ng operations based on predicting which way a branch 4 oper g¢ MaRh 2002
wi |l go, power consunption would be increased by increasing the percentage
of bran¥f %pasati ons for which the.nicroprocessor's pred?G%PSH”W(Laccurate.
This is because an inaccurate predi’ction flushes the instruction-execution
pi peline, thus |eaving sone functional units 5 idle as the pipeline

refills. The designer of the systemin which the ICis to be used nust know
what the maxi num power consuned by the IC will be for any possible sequence
of operations. In order to nmake a systemthat incorporates an |IC robust,
the I C s maxi mum wor st -case power nust be 10 known and specified. Reducing
t he worst-case power consunption of an ICis very inportant for reliability
pur poses, for heat dissipation purposes and for_power-supply capacity
purposes.tﬁhmsppeh@peﬂQﬁnthgﬁﬁsﬂﬁﬂf@H@%@“?H%LM%E%?36¥B@ag8 £ consuned by
an ICwith little or no reduction %n Perfornince¥§$5 A WOp St -case sequence
of oper at iCORSUMANOHNENS BedIhBBWse ! soF FXBMPRA N R N9EE ng wor 5T= case

Such o sedqeRbe e BeotanE Gupad s PrYreiaer RORMEL P, “hor be oot P
encount ered. i nt]{:;lrsa eteglr%%%o%br%ldiu%g%gg%w%fr an%ﬁggqgeggﬁzggfg 0For exanple, it

is artificial WOr'st “case power sequen n | ots of

fl oating Rkl TR ALLARS nbie ASBAS IMIERARIRF GRRYRwiltin lige wsed T a
portabte c rrpuP ng devi ce ere floating point operations are infrequently

used. |t nmRy; ék%tn&%élﬂ@%éé%rihg 4 yaiiealar sppLESES bbopenitioper tiabhe conputing
devi ces.that | ong sequences of floating-point arithmetic be perforned at

maxi num speeghut2 ol fuRetigedifumiteancen tieyt angi rcalbeopgvaed otheni s mai nt ai ned,
then it may be acceptable to throttle back the performance of |ess typical
or artifiaigkaseauencesswhpigecan bensghifeantherasakedof it 8U@cPTEC power . Thus,
there is a need to reduce the worst-case power consunmed by an IC

wi t hout redweichgnpErfasm@@see for nornal applications. SUWARY OF THE

| NVENTI ON 5 A novel nethod and apparatus for contro|lin wer consunption
Wi t hi h0an | C r ¢doweseinshyHinga hHRGICBB he U tSi '8&?%’% h%%? P@&bst antially

| oneri ng performance for typical applicatio rst- consunption
i s reducedRECt RPYRTSH-RFSHERYE( KE" %TP@??ywﬁﬁoe%no%rlgeaﬁs@rqgﬁ%%ati on
sequences of hi gh- power ti { {1 0 nber of

parti cul ar! ‘ﬁrPc?tgroéﬁ‘érl‘g aﬁﬁ{?{&%ﬁn&c ﬁgéﬁ%ﬂﬁkg}'%g{aﬁ%ﬁr}pg of power. For

exanpl e, f{ R%Mgﬁ%ﬂ@hﬁ kg&r@t WPoMNLhSe RBHcFRBABUMBIBH i£ikaly @0t WO types

of functional” units W m croprocessor | C that can consunme substanti al

a][munts of L PANBLanTHR, hHERLA SN 1RO WoweE dbeslgneibs. to identify any nunber
’ 15 Often particular functional units or logic blocks within an IC can

be identified that tend to consume a disproportionate share of the IC's

power -- for example, the circuitry in a m|croproces§o_r that performs

floating-point arithmetic. The power consumed by e; MICroprogessor is

significantly less if it is not calied on to perform many floating-point
20 operations.

The worst-case power consumption of a microprocessar might
involve a sequence of floating point operations that operates on data
values chosen to maximize node transitions from one to zero ‘and visa
versa, and that executes repeatedly using cache memory within the

25  microprocessor so as to avoid reading or writing main memory.

Additionally, if the microprocessor performs speculative evaluations of

upcoming operations based on predicting which way a branch
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15 such hi gh-power functional units within the | Cthey afe designi ng, g@grch 2002
pl ace e r the control of its own power controller. Further. the
inventigﬁngﬁﬁgas | C designers to place the |C they are dSE?@H%Hb“%% a whol e
under the control of an overall power controller. In the case of a )

m croprocessor 1 C, the power consunption as a whole can effectively be 20
throttled by lowering either the instruction retirenent rate or the
instruction issue rate. In one enbodi nent, the power controller conprises

an activity nonitor and a node controller. The activity nonitor tracks the
recent utilization level of a particular functional unit within the IC --

for exanple, 25 by conputing its average duty cycle over its recent

oper ating hi s[aﬁory.. If this activity.|level | g reater than a threshold, then.
Uhe mode BBHENGITH SR RRRRCRRITRIRT MGHI Daie st Betar g

duced- T 6 | j h t I
educed. RS FofRocT ey RREL AR S T RibBE A Enouh Lo oLl o

Enbodi nen@rseo‘?&iotnhi% éé&‘b?&'éi. Ofh %4 %%c&@?é aﬁqﬁa&fUriéte”E)r@dgeg’oncﬂlfsthe@nd

conplexity to the 1Cs design -- for exanple, one up-down counter 5 and

some cont i inGirLENb A leXeBBliore attIhENtHUsORalinNgnddmb elim@idraniuhak! ed. On the
other hand, the invention is flexible in that it enconpasses a wide variety

of tedghnigueasfioe pipslidcordimng. utilization of different functional units, for
reduci ng the power they consune and for setting their throttling

par anet ers. 10Tha dasapredahtiee wissteraimovheh taspEos tobetdsedimusint i on, the
dynam c power/speed tradeoff of the invention can be optim zed across

mul tipl e knowmraidhe undxum pover gans@ned tynthveg! Cowilbipefey anyl tiple | Cs
within a system The invention includes optim zation schenes wherein_the
maxi num peAEYLIeFAEAHREGER) CRepRAYAIT UNRTIELHE KA SUHEM ®@h be 15 Increased

d dd di t bei d el sewh ithin th
e 1 C, - BROGH BIGNE TE2ORT nf I [ TSy SEERT A% RoCSt BAREESwi 1 h anot her

aspesty Of kg LOVOI g | Be upaTe poueLLepgad Sradeohiygh fhe | nvention

can be trolle ware, m sof twa Xecuti ng at

ool | cat i andCuUE el BB oP P ERIRE S A TR BRI e Y venti on i s
i |lustrat sgrdo@eg%df@Irlp@wé?g@w%mu%?ur%g@@ FAOYMheid U4 ts are shown in

bl ock-diagram form for clarity. These drawi ngs and the foll ow ng textual

descri pt i geed@r® rddiceetpl wbaticase Padvdrdondudictigpy Be ICeaidelitie amster st andi ng,
but the invention should not be

reduction in performance.

15 A worst-case sequence of operations, as descrnbed above, is
important for estimating worst-case power consumption, which is
essential for the above-mentioned purposes. But such a sequence can
be considered artificial, i.e. it may not be encounteregin practical
applications of a microprocessor. For example, it i1s artificial to use a

20 worst case power sequence based on lots of floating point computations
in rating a microprocessor to be used in a portable computing device
where floating point operations are infrequently used. it may not be
important in typical applications of portable computing devices that long
sequences of floating-point arithmetic be performed at maximum speed.

25 If the performance of typical operations is maintained, then it may

be acceptable to throttle back the performance of less typical or artificial

sequences of operations for the sake of reducing power. Thus, there is
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7 taken as being limted to the preferred enbodi nents and design
alternatives illustrated therein. Figure 1 (a) shows the bl ocks of Ioéﬁ
circui t X0 H¥1{¥e invention. Figure 1 (b) is a state di agP&HEHOWHRY t he
transitions of a 5 functional unit fromits normal node or state to its
reduced- power node and back again, according to the invention. Figure 2
shows the blocks of logic circuitry in an enbodi nent of the invention that
enforces a 50% maxi num sust ai nabl e duty cycle on a floating point

functional unit. 10 Figure 3 shows the blocks of logic circuitry in an
enbodi nent of the invention that enforces a programmbl e maxi num

sustai nabl e duty cycle on a cache nenory. Figure 4 shows the bl ocks of
logic circuitry in an enbodi ment of the invention that disables instruction
cache pr eﬁé’tﬁ‘&ﬂy‘@gr%%h@ﬂvqrﬁéc%? PRUBHECTEYMES &Yi ¥h!T &b10Ubf t he data
cache. Flgu e.5 shqms t he cks qf %ggi circuitry in an enbodi nent of the
i nventi on "9 REHGWEANED PHFH%?%raR 58EO%%e activity |evel s of vartous
functional units within an I1C and alters, based on those activity |evels,
the throttling paraneters of other functional units to dynam cally 20
optim ze the power/speed trg@mﬁ;RYQ§JAh%ER, FTI ON OF THE | NVENTI ON
Overvi ew The invention all oWws an ynam ca make the tradeoff 25

bet ween hi gh- Sﬂer%émﬁéﬁbu%cﬁﬁgpér%%@%ﬁ@or@mrr@t;'J&Wer BYnddhgfidrt i ng back
performance of a functional unit when its recent” utilization exceeds a

sust ai nablwhlrexeliC reduses West-caenpdbwer abhswsplidiewitGolip dynami cal |y
throttle back the execution rate of maxi num worst-case power consunption
sequencessofstapealat iconsirgppasottaret foexgeeal ddicansss. YeGet-paver
consunption allowable, thus avoiding reliability, heat dissipation or _power
suppl y prpbivensonsurAptiohés seomeedi pthrotieng dewntthemchving févaesofany i

per f or mance
long-duration sequences of high-power operations.

évlarch 2002

10 Within any IC, a number of particular functional units can
consume inordinate amounts of power. For example, floating-point
arithmetic units and cache memories are two types of functional units
within a micréprocessor [C that can consume substantial amounts of
power. The invention allows IC designers to identify any number of

15  such high-power functional units within the IC they are designing, and
place each under the contro!l of its own power controller. Further, the
invention allows |C designers to place the IC they are designing as a
whole under the control of an overall power controlle‘rfl In the case of a
microprocessor |C, the power consumption as a whole can effectively be

20 throttled by lowering either the instruction retirement rate or tha
instruction issue rate.

in one embodiment, the power controller comprises an activity
monitor and a mode controller. The activity monitor tracks the recent
utihization level of a particular functional unit within the 1C -- for example,

25 by computing its average duty cycle over its recent operating history. If
this activity level is greater than a threshold, then the mode coptroller

switches the functional unit to operate in a reduced-power mode. The



impact that such throitting has on realistic sequences of operations. gdfMagh 2002
power r?ﬂ“ ti is done in a way that does not have a substantLa% affect on

t he per é?%%h@% of the IC for typicgl tasks. The |ocaliz¢VEah{¥al and

the threshold value that the invention provides mnimze 10 performance

i npacts. Further, the performance inpact is predictable and repeatable for

t hose sequences of operations that the invention does throttle. The purpose

of an ICis not to run sone artificial, non-realistic maxi mum worst-case

power consunption sequence of operations at 15 high performance Rather, it

is torun realistic or typical sequences of operations at high perfornmance.

In sone cases, there can be a substantial difference in power consunption

bet h the typical ti th tificial .
vor ot - casd SRR KRR SHOS FRBUBP B PUHEL BB SAANAD t he | nventi on to
a parti Cu'u;ilirhz%t?or!Féfggébrg\fqitg&?teiﬂ'\dsac%ﬂgEp@?fo?’r%%ﬁgg. of difference between that

design's artificial Worst-case power“consunption and its typical worst-case

povier CONSUND! oS AERITAL RN bR iRl dy By ahingpEsgase pover

consunption is ook at realistic sequences 0O erations typically used

to perfor @”%SC%E%Z‘WWM%@@Q deiGH LI hr BRAMOATONG &@-@%@@WBFGS t he

particul ar seque hat maxi m zes power consunption. Suc sequence could
be det®r mapedsdie Ricdhiol cRUtD®PRMRR IGARSIHILNAbeMg e8aEMEESOHf ~ 9
operations in a mx of popular software prograns, and choosing from anong
t hose sequiemo@sertiiendanoemamtiontiB fleRibldirgihes it groeipaeasEmideon. Accordi ng
to the present invention, artificial sequences of 5 operations that keep
hi gh- powervafiehcti Ecahiquest fsr asinivveinpartilikamgepf tiffare fthctewtedl d ar e
performed in | ow power node. Thus, the invention prevents the IC from
consum ng Ysdaetoriradesiegdse plowarsheypeensyred angkionseitinggheitesdtliog t he
sequence of operations it is performng. - This is critical in the case of
mal i ci ous PEORERER'S; such as a virus, that 10 might deliberately attenpt to
damage_.a mcr ogr ocesg& | C or the system t‘h%t includes the m ¢roprocessor
by cal®ing excelSohaiaNEonduRpPINGS asPRE! PhVEADYYH!A™s T d¥PaMient of the
techni que of reducin ver a power..consunptiqn by reducing,voltage and/ or
clock rat eoarpRreted¥al Allng PER T Rl PRt ke et fRiblen %or T
cn Of L PR QAR IFRY oRYETR! Smohb Abrhénd Rl ORSL Al AL 100 M

t Ion at at sp

except for excessive worst case power~consu eed, then (i)
the cl ock s8fefn CauedinRent GWRRdOopiRfizaRoMREREmEaSehdI@Wetheconsunpt i on; .

(ii) the invention
maximum power consumed by a particular functional unit can be
15 ncreased or decreased depending on the power being consumed
elsewhere within the same IC, or on other ICs within the same system.
In accordance with another aspect of the invention, the dynamic
power/speed tradeoff of the invention can be controfléd by software,
such as platform software executing at system boot time, or operating

20 system software, or possibly even applications software.

BRIEF DESCRIPTION OF THE DRAWINGS

The invention s lllustrated 1n the following drawings, in-which
known circuits are shown in block-diagram form for clarity. These
25 drawings and the following textual description are for explanation and

for aiding the reader's understanding, but the invention should not be



coul d be enployed to reduce worst-case power consunption; or (iii) a %g arch 2002
conbi naw ogg/qf&foth techni ques coul d be enpl oyed. For some_power |imt &\4
desi gns,” W&'HEE% he i nvention coul d make the difference i FAEPHEF%r not a
particular target clock rate can be net. Figure 7 (a) is a block diagram of
one enbodi nent of the invention. Functional unit 105 provides current
activity information 108 25 to activity nonitor 106. Current activity
information 108 descri bes what tasks or operations functional unit 105 is
currently performng, or indicates that it is currently idle. Based on this
current activity 10 information 108, activity nonitor 106 generates
activity level 109, and provides it to node controller 107. Activity |evel
109 could be a nunber, a set of si’%nal s each indicating.that the activity
level is WHe AS LedpelimrieddoraR gaetesedrBRodmENs R8dHeSIIBased on activity
| evel 109, |trmdg conflrotl Iter q'S1 107 generates node control signal 110, which
is coupl e tH TN IRET eﬁn £%05. Mode controller 107 switches furcti onal

i 105 bet vogaog 0910 01 GREALLER L) Pl engns v LT g1

performance an wer consu power node 102

(typically 10 enguROwWeH) isna%@ét@%lﬁ@ﬂéﬁ?sﬁBQtr{%OW%rvéﬁ‘SIF?gr}{‘@PL gonsunption).

Activity nmonitor™ 106 nonitors the Tecent utilization nctional unit

105, vi a agddionby uh@Yelm iehorAal nbdeyord QY@ tolitdreeided-ffver pBEEI al” “si gnal
generated by functional unit 105, or it could sinply be the commands t hat

f uncti onalndriddcklfgaineaetoremcanrdtheaapeaitas. t o. 15 Monitoring the recent
utilization could consist of, for exanple, conputing the average duty cycle
of the functi ofagutmni2tshowes thehblopke oé gy crtwitrgancncgmbedimaérfit ¢fhi s activity
| evel exceeds a threshold, then node controller 107 places functional unit
105 i n rethr Evepdaerthabveeiorsay & 386 maximumi sudeisebleddyly aysld oo t he overal |
power consunPti on of an 1C, 20 then its substrate tenperature could be
nmeasur ed HAaIRGIPSINIHDEIRAEI s the activity |evel of the invention. Figure
y (b) (il's a state-transition di agrgm ?I t he operation of the invention It

1 RGERS

shows' fiow mode FeBHES 81 TWSLEE B QEfC P GHHY ”&ﬁi”te”ﬂgﬁd{“berﬂ‘r%{nsi tion
bet ween n rmalv m[)lge téOEL apcrl regucedr- pover, m)dei 102. 2'{3 .\/\h[gn %‘Pe functi onal
unit is i nhEMERICRIEE" §0'P Hr (I PENEAR e UT R R ATiSo5 4 92 F s than t he
t hr eshol dcy&l@ecfh 5%%'3%%8:‘?\0%93 occurs in which the
Figure 4 shows the blocks of logic circuitry in an embodiment of
the invention that disables instruction cache pretfetching based on the
15  recent utilization level of the data cache.
Figure 5 shows the blocks of logic circuitry in an embodiment of
the invention where a power coordinator reads the activity levals of
various functional units within an IC and alters, based'on those activity

levels, the throtthing parameters of other functional units to dynamically

20 optimize the power/speed tradeoff.

DETAILED DESCRIPTION OF THE INVENTION

Overview
The invention allows an IC to dynamically make the tradeoff
25 between high-speed operation and low-power operation, by throttling
back performance of a functional unit when its recent utilizatian exceeds

a sustainable level. Thus, the invention allows the IC to dynamically



nmode controller places the functional unit in reduced-power node 102. 3¢ pMarch 2002
Simlar i n reduced- power node 102 and the recent ilizatjion is

| ess thg%)%%gﬁghreshold, then the nmpde controller takesiﬁﬁ#ﬁ#ﬁﬁ%ﬁ9lo4 to
restore the functional unit it controls to normal node 101. Preferably, the
threshol d value used is set based on profiling the 5 realistic worst-case
power consunption benchmark being used in the design of this particular IC

The threshold is preferably set |arge enough that all or nost bursts of

hi gh activity occurring in this benchmark are shorter than this threshold,

and thus can be speedily executed with little or no throttling. 10 In the

case where heat dissipation is the primary determ nant of how nuch power

can be Coﬂ?r%gt%j’bggl? tt?'%r geg%(zéuqiorr’[\m(apee &n ntlgﬁrrﬂ{rqe(/voorf]st-%ﬁggndred t housand

(100, 000) operations. € I'n power consunption 0o mPP < econd (1

ms} may Webh%lgrﬁmg{neﬁgje%cfe%om GodRebARlsPas NG ol %igféodclk(ﬁ% %}ﬁgﬂ-c s

cl ocked at 1 n a ns spi ke 15 is 100, 00 . A=

subst ant i ahsanpenkr AdoftGhpEoResl GoaPEt ahiuanacaniiig REMNYEhddl a
hi gh- power burst of 100,000 cl ock cycles. Thus, the invention allows bursts

of high aglss\aiph empessr theply doubieiion exceeds the threshold. 20 Design
Alternatives for Monitoring Uilization The invention is flexible in that
it encobnpassesAa tvedsamengenaf thetimostsiandndénizeas ahgr patidbrianteg activity
| evel s These design alternatives range fromvery sinple to quite conpl ex.
In fact, eapact Unadtswiathnotirdgdors ool tesdistraysdtamcasdof fogreeattomoni t or i ng
technique to 25 which it is best suited. A particularly sinple nonitoring
t echni queThs POWAKECGHTIOP/ doignNecBuatery HRt&Pesciotvihave pesidistartifiist er whose
contents indicate the current ilization of the functional unit

t
bei ng nonPt'8Fed@n ¢ REEPHPPBECE rﬁfl‘@ﬁ’eﬁ? dP7 SPiCE RSt dIWE (QAMERE i ncrenent s
it tents b dur.i h_cl ock l.e that the f ti. | it
active anfoaer aRarne e Rl ks Byt dhE PueniaRipioviise mjcrdzene
f td | it is i i . i [, | desi | t ti
o"to T nepeliBibebie’ BREP e R Vs PELETEN Se ABREr & R0 aher once. per
each conplgx r%@%%?a’i&@nf.o?Hﬂ%ﬁ%ﬁ@%’ﬁ%&k%?Bpé‘@tl%ngf{r{a?rtﬁﬁ Andnfesr ement for

each corresponding perio uncti ohal uni S I nactrve. Another
design al ygeoatibue is for the activity nonitor to increnment by a val ue
other then one, to 1 0 decrenent by a value other than one, or both. If the

val ue by whi chThBeweenient anof & het actirvidiiel eVmdial @@hsielistis i ncreased
during each active cycle equals the value by which the activity-Ievel
regi st er mrmaxtecmeased-ahisei prgyeacdn sungatanvee qustice, oft dysratibes at
15  high performance Rather, it1s to run realistic or typical sequences of
operations at high performance. In some cases, there can be a
substantial difference in power consumption between such the typical
worse case power consumption and the artificial wor.s‘t-case power
consumption. The effectiveness of adding the invention to a particular
20 IC design depends on the amount of difference between that design's
artificial worst-case power consumption and its typical worst-case power
consumption.
A preferred way to look at typicat worst-case power consumption
Is to look at realistic sequences of operations typically used to perform
25 actual work and identify from among those sequences the particular

sequence that maximizes power consumption. Such a sequence could

be determined by profiling the power consumption of sequences of



activity nonitor functions to enforce a maxi num sustainable duly cyclg Nigch 2002
of fifty percent (50ro) In an up-down counter inplenentagion  care nust be
t aken t‘%{é’t”flﬁ@‘scontents of the actiyity-level register néég 56761’5% ow zero,
or alternatively that a negative nunber as the value mthe activitylevel
register is distinguished froma roll-over condition in which the val ue
becones too large mthe positive direction. 20 The current val ue of the
activity-level register is conpared against a threshold value The threshol d
val ue i s independent of the maxi num sustainable duty cycle, It is set so as
to be large enough so that short bursts of high activity can execute at
full speed. Preferably, the threshold value is set by profiling the
sequence of operations sel.ect ega§25fas the reali stidc vvorst-g:ase power
consunpt i G SBRHIEY & MR RORHE RS W AVRPIRSBEE BEYHEDSHY BP™hs a deficit
limt whi CLJ i C A ving its speed
throttledcag?)éﬁ&%br %/léﬁggf*Celémhgt%l%geggélwgegﬁym?ﬁ]r'%%%}%%%@current vatue of
the actividysl,B¥glorr €gi ster can be thought of as its current power deficit.
I f a maxi mum sust ai nable duty cycle value other than fifty percent (50% is

desired, then iAcdosdiRgaesparpteisnthaventione aaficialecqoeneseat be 5 unequal m
magni tude to the inactive decrenent. For exanple) an increnent of two and a

decr engnt (feraiiengiredueepanigiipotver finitionaBdtls petiveftr loageminansaist ai nabl e
duty cycle. The sustainable duty cycle is given by Equation 1 ID 10

Equat i on 1hreSBGId arg pErtdineSDClavepoesentaslet hEhisyghaiimabitenduty cycl e, Al
represents the active increment amount and I D represents the inactive
decr ement paevents.the ACHmtdoosumingpowadin excese adalstepssyiad ve and represent
t he absolute 15 value of the increnment and decrenent val ues actually_ used.
Pr ef er abl yngwe e e 4oy ehiBftSapyenes o5 OpsatoNSd!l BrRE TN NBact i ve

o be. one,Thénct i TRIThOMBEI Br: coRgaerob oyt el The” <O
f ti I it 2 ti [ : h .
(oncr 58" mEh T s R B e et By bl T C P I YRl ot o 2.
MBL - A 1A MEludoSARES AN SoroRE s UHTRe Rind BRELIOBGNe t cycles Tn the

maxi mum bur's ength a represe res val ue used to conpare
with the CdHnrs%mptEﬂ.i vity value. Mre sophisticated activity nonitoring
schenmes are possible within the scope of the invention. For exanple, the

type of operatipf tf@ntion is independent of the technique of reducing overall
power consumption by reducing voltage and/or clock rate. It can be
15 used in conjunction with that approach, or in lieu of that approach. For
example, if an IC would operate at 100 MHz except for excessive worst-
case power consumption at that speed, then (i) the clock rate could be
lowered to reduce worst-case power consumptio—r;‘;' (i) the invention
could be employed to reduce worst-case power consumption; or (iii) a
20 combination of both techniques could be employed. For some power-
hmited designs, using the invention could make the difference in
whether or not a particular target clock rate can be met.
Figure 1(a) 1s a block diagram of one embodiment of the
invention. Functional unit 105 provides current activity information 108
25  to activity monitor 106. Current activity information 108 describes what

tasks or operations functional unit 105 is currently performing, or

indicates that it 1s currently idle. Based on this current activity



08 March 2002 functional unit is asked to performcould be ”Dnitoreqqumchzmn
an activity mpnitor that associated a particular activity increnent wth

each po§gpgﬂgﬂf§type of operation. kg such a schene, the BORUSH Y5t t he
activity-level register could sinply decrement at a constant rate 5 Design
Alternatives for Reducing Power The invention is flexible in that it
enconpasses a w de range of design alternatives for reducing the power of

the functional unit that it controls. These design alternatives can range
fromvery sinple to quite 10 conplex. In tact, each functional unit

controlled may have a different power reduction technique for which it is

nost suited. A sinple way to reduce the power consuned by the functional

unit is to _reduce i clock rate, This could be perforned by djviding the
Clock whi cRITHAGPETT A et et sy g eS e s Sebilh Bk P Akt y ot har 15
cl ock puls t. ﬁ@&fg max LA t@ign u eis fifty
percent, t rgr\]/‘ |Sv'|pg3| ng “h%m@f&;t?kq?;'oﬁ%}e‘%wg@rﬁgf%@é?ib%n%%uun%‘ by™two
when the thr i gRed sRf [ ' ol

Al ternati v%lsgfbf%@ngﬁoéc%&fat e é@ Itgégg%r %QL@@%%%@& érstd(?t%h%rd t han two.

Many | Cs inglgeder eashe strarr it Bakegpradctivity esval100antbddgsni2diequi ckly
assessabl e, copy of data that is available at a slower speed in sone type

of ext &r nal 0TrgapesateCande: oenwolysigsausely Wioch pecbopleanoguneasas. Mich | ess
delay is involved in accessing the information froman on-chip cache than
in accessiwmgt 105from a device external to the 1C. Cache nenories can be
maj or consunmers or power wWithin an IC. 25 Thus, it may be desirable to
pl ace on-chip cHdehe arewipileed Odrmyeichelsdfuootinnalungf 1@hbeeiwaamei on A sinpl e
schenme for reducing the power consunption of the cache nenory is to force
access to @A Pei opepdiaail eh (norally afenwity @vearpimanedppdof theé data
is present_ip the on-chip cache), whepn necessary to reduce power
consunpt i OWQB&?&F’S%CQW”E%{H{@' ﬁé%’ﬂﬁ CREA MR egﬁak%ﬁva'ca&xy cycl e has
been ceeded, It wll _ be cl|lear ne. skilled in the art that an I C may
have giéher(gi ‘oor\{‘fécrh'lnpoefraor{&a}nocﬁa?n%?ﬁv?%r '%%%erf%%ui%’songan be perforned at
| ower speed by f- chi 211 CAH r ngdj me power
reduction techn'?étﬁve‘&gg%&stgacwoér %CO§£%Z§§%%6§§/8@- 9{"%‘%?*5;%%”5‘2%{‘ %g of fchip
cir gm t }oglg{iipﬁ@st ea QREURY 1180 MES. NESHRY Vel §8HCE B4 spOYRT

signal generated by functional unit 105, or it could simply be the

commands that functional unit 105 receives and responds to.

15  Monitoring the recent utilization could consist of, for example, computing

the average duty cycle of the functional unit over the preceding

thousand cycles. If this activity level exceeds a threshold, then mode

controller 107 places functional unit 105 in reddced-power mode.

Further, if it is desired to monitor the overall power consumption of an IC,
20 then its substrate temperature could be measured and this value used

as the activity level of the invention.

Figure 1(b) is a state-transition diagram of the operation of the

mvention It shows how mode controller 107 causes functional unit 105

to transition between normal mode 101 and reduced-power mode 102.
25  When the functional unit is in normal mode 101 and the recent utilization

is greater than the threshold, then transition 103 occurs n which the

mode controller places the functional unit in reduced-power mode 102.



10 In rare cases it may be cost effective to include on an I C two congg ff.fch 2002
i npl eneRy @b pg of a particular functional unit -- one b ?*ngspeed and

hi gh power and the other being | owgpeed and | ow power. s caSe, the

node controller of the invention selects which is to be used based on -t he
current utilization of the functional unit and the 15 current value of its
threshol d paraneter. In the case of a m croprocessor that perforns

specul ative instruction execution, instructions are started through the
instructioneval uation pipeline anticipating that a conditional branch
instruction will (or will not) be taken. If the prediction as to whether or

not the branch is 20 taken is correct, then a significant performance

d- d d
ORI i BkatObbTER [ 236D BESULER) Miloligng, and 2o,
di scar ded :@ggdmtapqhnge%%ud RRLS Wod HRRS @SBraikat Jﬁg @mm 1bR%o

i nstruction-evaluation pipeline. Apreferred re power gefor-a

M cropr oces@fe tHEtundBoREN Gl M oRRBGBULAI MR Msdd Wgti on execution nmay be to

reduce or elimnate specul ative instruction elimnation Anot her

exanpl e of specubgiranig, oremaésiaddivaleaced pr edtedfaidngh pMiiigltes Wit h

on-chip cache nenories anticipate that instruction or data nmenory accesses

will be seepleshtivabrst-Tase pomeasensenpiiomererehntdrebgmelietdlintioe t he -

instruction or data cache sonme nunber of words 5 adjacent to the currently

requesteddEa@mrQidhiSomarﬁiﬁUka!aﬂ@ alddy besshold pg pfaderaddy setdlacgziepougn node for a

cache nenory may nprise ~ disabling some or all of its speculative

pr ef et chedhat|adl ‘@fe’ﬁéﬁh‘PUfSéS pt igBracdiyity eqeEiagppwRis bengarTask asey f unct i onal

unit may be to reduce elimnate its specul ative activities

Control I i ﬁgoaerpl*@é‘ﬁ ?]f%?'ﬁ?l ARTE Wikt FR0 Bﬁlﬁpeﬁy"éﬁx%‘/@ngt@wﬁt er Figure 2

shows an enbo%m?pt of the invention that enforces a maxi num sust ai nabl e

duty cycl 8" bf '{l'gpercent (50% on floating-point 15 unit 206. Inits

nor maj yoperati | I I a 0 on to the
r}?lt%g;?%e Wﬁeﬁ'é ReG¥ ss%%goR §?r?$g§ éﬁ@e? 9&#&% ]T

cl ock |nput of I Ng- pol nt un|

mul Ll Pl eXRbwZdcRaRnes: éa'?qebg%ny&megogi S EHia Il 68 L@ﬁhg %88 on’ 10 the

clock input o g-point unit us cutti’ng S speed and
power congyEHUrRie Mth@kdand2G ool @@ dHir BRI, ANidike2PBppRevi des active signal
207 to the up/down control |nput of up/ down counter 205. For each cycle of
system cl aeksAOptidwbf wheahilagicbré ($irganad el Se téloesbleliplogown count er 205
increnents its contents by one. For each cycle of systemclock 201 for

whi ch act theemsil goait 020w .sifftiad $@,is tijptdedat cotintiez, tB6B adeansesmhes its
contents by 25 one. If a decrenent would take its contents bel ow zero, then
up/ doWwn cuM@POR@ak eypdesit Azsiastantial amount of high-speed

computation can be performed in a high-power burst of 100,000 clock

cycles. Thus, the invention allows bursts of high activity, unless their

~

duration exceeds the threshold.

20 Design Alternatives for Monitoring Utilization

The invention is flexible in that it encompasses a wide range of
methods and devices for monitoring activity levels These design
alternatives range from very simple to quite complex. In fact, each
functional unit controlled may have a different monitoring technique to

25 which it is best suited.
A particularly simple monitoring technique 1s to_ use an up/down

counter as an activity-level register whose contents indicate the current



17 The select input of multiplexor 203 is driven by nost-significant Bjetarch2002
out put / up/ down counter 205. This bit provides th to
controlaaégéﬂggaor not the inventiomplaces floating poiﬁﬁjﬂﬁggﬂgﬁg into
reduced power node. Thus in this enbodinent) the threshold is S

predeterm ned and nust be a power of two. Wich power of two is used is

sel ected by the nunber of bits in up/down counter 205. Wen the contents of

up/ down counter 205 is large enough that its nost Significant bit is a one,

t hen the reduced-power node is entered and nul tipl exor 203 sel ects the

out put of divide by two circuit 202 to clock floating-point 1 O unit 206.

Cl ocking floating-point unit 206 at half the frequency has the effect of

enf or i ng QufLTLY RIS SMecRAPLnBKIMAANE. £YE] £ Ll 0ating poi nt unit

206 during period t s in duced-power node i.e., the period

that nost -&{gahbheARiy, Phd ué@fhu@@c@ur@t@?ind?e‘ﬁwieﬂgs hdkSniepd lBg’onfel oating 15

point unit active signal 2 is true for every other cycle of systenrclock

201. The id@irenesath BRERI dyatehanthds agicearat umgnadiveearits egcriemdis s
enbodi nent of the invention are equal; that is the contents of up/down

count er 205 esrgepistineonericr easediook cgelerteasenctimnaobnet sSTinecedar @, the 20

maxi mum sust ai nabl e duty cycle allowed for floating-point unit 206 is fifty
per cenb (50Qtly Theicetonelex fedipre ajemqmamineds ¢d rupemant end desremyeper f or med by
the 1C attenpts to sustain a floating-point duty cycle of nore than fifty
percent (50%%fof BRCH GRFErccRaPU liethisn osEe fier &6 ayNR!E% opeeider mi ned
threshold, then the floating point unit's performance is 25 throttled down
to stay witbAl Weafbkﬂl‘}ﬁ'9”é‘)/‘ém'ép6ﬁ°'fm$tay‘dﬁ@r%@ﬁ?.m for eachANFRIPCNAE % Cache by a

Pr ogrammabl e, ivity Monitor Figure 3 shqows an enbodi nent of the invention
s ch ol e HHSBOR o Bochihe NGGHITy AL RREPGIVRE 1 A
programmabl e nanner. T I Vi itor in this gnbodi ment of the

i nventi onbfgrllhuﬁ%?[ilvdwsrnggﬁl%{) 9 IB%SF@CWGEI&/% Uiev@hﬂg A°%16% s provi ded from

t he OWOChi@e&@ﬁ%%étogé@&ué%tﬁ&hhiaﬁ%%%‘éb@tﬂ“ pl exor 307. Based on the

current state o ache active sig either the value in active

i ncrement regi st ale 39hedy WARNMAEWRNtdhis RAGId ¥EAQ0EeaBBYisiagsster 305 is
presented - as a first operand input to adder 308. A secdnd operand i nput

to adder lLAcRR8etsdurryesss atnaimcydle euarleme valseyothiartthyity-1evel
regi ster 309. Adder 308 suns the values of these two operand inputs and
provi des activity-leve! register 1s decreased during each inactive cycle, then the
activity monitor functions to enforce a maximum sustainable duty cycle
15  of fifty percent (50%) In an up-down counter implementation, care must

be taken that the contents of the activity-level register never go below

zero, or alternatively that a negative number as the value in the activity-

-
s

level register is distinguished from a roll-over-condition in which the
value becomes too large in the positive direction.

20 The current value of the activity-level register 1s compated against
a threshold value The threshold value i1s independent of the maximum
sustainable duty cycle. It is set so as to be large enough so that short
bursts of high activity can execute at full speed. Preferably, the
threshbld value 1s set by profiling the sequence of operations selected

25 as the realistic worst-case power consumption benc_hmark. The
threshold value can be thought of as a deficit limit wr;ich the functional

unit can not exceed without having its speed throttled down. Carrying



the result as the new current value to be stored in activity-level regsgfagh 2002
3009. Th ontroIIer in this enbodi nent of the inven ctions 1 5

as folloms &he control signal cachg unavailable 312 is ¥ﬁ§H#%?345

conparator 310 determ ning that the contents of activity-I|evel reglster 309
are larger than the contents of threshold register 306. Wien it asserts

control signal cache unavail able 312-, the cache nenory is put into its
reduced- power node, i.e. accesses to it are denied. This 20 preferably

forces the processor into an idle or wait state if it attenpts to reference

t he cache when cache unavail able 312 is asserted. The values in threshold

regi ster 306, inactive decrenent register 305, and active increnent

regi ster 304 pafp e pAOTANERLS, DY, YARLELY, O IEF hanl aps not. shown i n

Figure 3. ese | ues "are I'ng pa amet ciated with the
functi onaly 4Rk JPekie &gpgrﬁgjolwgq dHigval ues in active increnent register

304 and inactlve decr enent reglster 305 nust be of opposite Signs --
one must be negai higxiAlEh OaR@Sid HYE cychSvaXR ot dradaalay ér@er@tonneCt' on
with Equation 1, the values of active increment register 304 and inactive
decr ement (3@’9)3;@@93&5 toam itSs becsstagttethave teahonce iraravindat bange of maxi mum
duty cycles on the on chip cache. Further, the value of threshold register
306 cdn benpaogriarmeadnitudes tr et hachex datnemintaticorexefnierat s of hi'gh cache
activity. This enables high perfornmance on sequence of operations that -
require blicsedept otlehangdccesyesent oétonaem@ﬂuwa thinysteremu(Ii%) of duration
10 within tol erabl e power-consunption limts. Design Alternatives for

Pr ogr ammaBEIGaNY MeMUAY éHEiR8IRbIR dPlYe‘kY%‘P e g St%éﬁ'”iit?'eé’r\ébﬁti‘a%és a w de
range of desi gn ter natlves for progranmm ng or setting the contents _of the
1 5 throt BIVEAPCH TN s associated with a particul ar functional unit,

i.e. of threshold reglster 306, inactive degkenent register 305, and active
|ncre1r’@nt regi teurat3é)4 They CO%&&EG read-only val ues programed to the
desi red val ue FiREUCT ehig- only varying one or two of the
mask | ayers used to fabricate the IC The %B%'I d be 20 programmabl e

read-only gy @eggﬂgrtﬂmtéhgaemwga w%ﬁegsaq tﬂg'a&.p&my (PROM by

a one-tine-on Witing process suc usi nk for each

bi t. Thesgdeskanadldudt BakiBeeofdis thd fratsn dg@rre%é}n%rﬁéuﬁthqn' Cwth
di fferent power consunption and per formance specifications.

Al t er nat i gglutiopr PIARBRUND &feeeddH gbglhvagmlaareﬁrmsteeﬁ tNéilaB§§lu@é)U| d be under
software control -- either under control of the platformsoftware
15  value of the increment and decrement values actually used. Preferably
the active increment value is positive and the inactive decrement value
IS negative.
If the active increment, Al, value 1s chosen to be one, then the
maximum number of consecutive cycles that the functional unit can be
20 active is equal to the threshold value. In general, the maximum burst
length is given by Equation 2:
TH
Equation 2: MBL = —
Al
25 MBL represents the number of functional-unit cycles in the maximum
burst length and TH represents the threshold value used to compare
with the current activity value. i

More sophisticated activity monitoring schemes are possible

within the scope of the invention. For example, the type of operation the



or basic input/output system (BIOS) at system boot or power-on self t@gWMarch 2002
20 (POS } or dynam cally under control of the operagi ) SiEm or
perhapsI%%g%?ﬁF?nited dynami c contrgl by the applicationg&ggg?aérgﬁ | f
programmed at system boot tine, the choice of values could reflect the

power supply and heat dissipation characteristics of the systemin which 5

the 1Cis used For exanple, substantially different values could be used

for a portable device versus a desk-top device. |If programred by

applications software, the choice of values could reflect the software

setting itself a power-consunption budget rich in floating-point operations

but neager in cache accesses, or visa versa. Preferably the 10 hardware

| d enf tr.aint thrott]i I t b
sof twar e SBTEICTE Ul TRESRRT 3 BPEPT™ sowks D2 SAQUMEER K 3 ERMWDspeci 1 cati ons
- f ' f Qr...0ne- 1 :
aut ot | o HRaruaD8! PR KA P R R DL RRE! Bl Rt 0o "Bt er e

dynani cal Iti/?%m 8ratfonl9n QRER 3l &heRse Rﬁéfcoﬂferﬁ%%'f tHating.jeoyer consunption

across nul e functional units as discussed below. In this context, the

current vabygetdfcaatd sihply-deevethefiegti StefistdROrazan be consi dered one of the
throttling paraneters that can be decreased to give its associated
functi®nal unit a one-tinme performance boost or increased to give it a
tenporary 20 restriction in power consunption. Coordinating Power

Consunpt i dlesignoddtavinativese ieupdedupig hdwerFigure 4 is a bl ock di agram of
an enbodi nent of the invention 25 for a m croprocessor or other |C that

i ncl udes both aNfatyepbeme Bgddbiarnithaltit geesvRaBSRhe, wighaanpgeof or ns

specul ative pr efetches into the i nstruction cache, and that disables

he 21 )
specul at | VESIIRIRIERTBRS 4CREVGPB 1R PRIMEH ChAa fnshioPREURIEEEI ! uti | i zati on
of jthe data cach An acti Vi tl%-rlbﬂ\//el noni tor .and node controller enforce a
nmaxi num s&gf‘&f)ﬁ'agr@e% G510 @ME I VES CEESBEIE TUN YRNASKARIAO GHUE shown) .
Bl ocksn 5 i 0 i hei . di ngl
3 0ckso® SAhALANH et Olud O AR RN O ARCHIAPRLL - SORFERRANI DY

| f i th the th hol d
cycle for p%@xeargﬁgafoergﬁe@ﬁ% fbﬁwﬁ?&ﬁﬁs%un@a.e an the thresho

duration, then wer e is entered and the processor may be

L oiced tﬁ be il giM@SIE PayChCleRiLeE th®pBwiek cohsate8Mif thel Rintgbgirence the 10
ata cacne.

unit is to reduce its clock rate. This could be performed by dividing the

clock which it normally receives by two, or by suppressing every other
15  clock pulse. In the case where the maximum sustainable duty cycle is
fifty percent, then dividing the clock provided to the functional unit by two
when the threshold 1s exceeded enforces this maximum duty cycle.
Alternatively, the clock rate could be reduced by a fa;:.t'or other than two.
Many ICs include cache memory to keep an internal, and thus
20 quickly assessable, copy of data that is available at a slower speed in
some type of external memory. Cache memory 1s used for performance
reasons. Much less delay is involved in accessing the information from
an on-chip cache than in accessing it from a device external to the 1C.
Cache memories can be major consumers of power within an IC.
25 Thus, it may be desirable to place on-chip cache memores under the

control of the invention A simple scheme for reducing the power

consumption of the cache memory is to force access to the external



Addi tionally, conparator 402 conpares the current value in activity-|g@wedrch 2002
register 309 with the value in prefetch threshold regi st , sed on
the resWt%/1816t hi s conparison, thescontrol signal throt ?%gﬂg%”%

i nstruction-cache prefetch 403 is generated if the activity |evel exceeds 1
5 this threshold. This control signal restricts specul ative prefetches into
the instruction cache (not shown), i.e. it disables al( pre fetches, or at

| east reduces their rate. The prenmi se of this enbodinent is that as |ong as
the activity level in the data cache is below a threshold, then specul ative
prefetches 20 into the instruction cache should be performed. They may
speed up execution and they are currently affordable in terns of power
consunption. But if the data cache activity | evel exceeds, this threshold,

t hen specobamnpoe(eyesfice oy of e dpisErRIEEEMNNdAR RE-EHBGRENRbt be per f or ned.
The power they consunme is not current%affor able. 25 Further, the

per f or manEeesRREESTINY IV LSS RRYCHEOMH P PRER SR B ative —
fetch h b fit he | nst ti i ticul
e quence S1oBpBr MR R RS B Eukbir e s RtRd | 2 B {1 S e
di f nbodi i i t i el di nat
Lo Synan cal 'y TRt 4d Gaor feohg skl PUTE Araad 1€ milbhade BEL S vent fon

acr oss. nmui t.i i i | keSSt N jgnat or 503 can
i | ARAL WHYSEStunb oM BER Bl pdiiTe LAOIWEN: _
read t%e é)gt&vl?tﬂ;wg&ta S g éssosm gt ec‘i W th onep or nore functional units 501

within i ms?g%@t EhpEitcUits. TG akt@ndidabs (dhhetddnmagoper aneters, i.e.
their assocCiated active increnent, inactive decrenent, threshold or

acti vi ty- l.eyMebtioraledBRique_ad nted fatadheimemoty ¢lhatip, haee theod- nunber of
additional functional units, such as Functional Unit #4, whose power _.
consunpt i @il ertst petiononhe @pedation poehapededdausdure onsCiBROMRTt |, or
relatively small, or it is the preferred functional unit to throttle. A

hi gh- powercdngnotptemal unit with mnima! perfornmance i npact mght be a good
candi date for being the first functional unit Oio throttle i ntegrated
Gircul® #1 may Inrefeuerses hinayere 6PSLRIEAVEAAINEIS GRA 'Sﬁ%WO units, |ike

Functional Unit #3, whose power, consunption_J.s Lcontr ; -- perhaps
because tW@%@@%W@SH&%@PW%Ofr%Ipﬁlmcgg"f’ryﬁgﬁg?ﬁl%rn 't'%éjregﬂ)%@gno P P
cost-ef fecgt.ive techni gue,f i i won, or there is
a very subipispeEf aag?ﬁj'@p #\%%Oimrr%gi% offfer g@ﬁ%%ﬁ%@%@%&b@onsum“ on
that makes é»%ﬁaraqnqﬂlsi &y ﬁ?ﬁﬂd@é&;tf&l@r%@trﬁ%beﬁ%ﬁ s6lectBaBRM 9N Current

a

activity IRVEr's 'Of any or t unctional units being
1o be used based on the current utilization of the functional unit and the
15  current value of its threshold parameter.

In the case of a microprocessor that performs speculative
instruction execution, instructions are started through‘the instrpction-
evaluation pipeline anticipating that a conditional brlahch instruction will
(or will not) be taken. If the prediction as to whether or not the branch is

20 taken is correct, then a significant performance speed-up is achieved.
But sometimes the branch prediction is wrong and as soon as:this is
known, then the results of the speculative evaluations are discarded and
the correct instructions are started through the instruction-evaluation
pipeline. A preferred reduced-power mode for a microprocessor that

25 performs speculative instruction execution may be to reduce or

eliminate speculative instruction elimination



moni tored, power coordinator 503 can alter the active increments and/ ¢ mMarch 2002
i nactiv. L nts associated with a particular functio 11,201, thus
changi nglo'?gﬁgf&?ﬁncti onal unit's maxkgnmum sustai nabl e duty$§5&%gi'¥'f§'
Simlarly, power coordinator 503 can alter the threshold associated with a
particular functional unit 501. This m ght be done to allow | onger bursts
of high activity in that particular functional unit. Al ternatively,
this m ght be done in conjunction with changing that unit's active
increnent value in order to keep the maxi num hi gh- power burst |ength
constant, as discussed in connection with Equation 2 above. Simlarly,

power coordinator 503 can alter the current activity 5 | evel associated
with a particular functional unit 501, thus giving that functional unit a
one-tine perfofREHE BFERER SHEREIRIVEARETRYIHIE CANSRRIRICIHI- C #1 in
Figure 5, funciional units #1 and #2 have, an_associ.ated activity nonitor &
mde cont MEIYaEs308" S caRaf Tar oot 5 BRI M iR EiARi e atti vrty
nmoni t or S04, - ler F ' j 4 S an

associ at egéﬁoﬁghco te{rgggﬁggg 'E?é’ﬁ%tq”ﬁég%{cﬁﬂcgg%oen %Ir)r.r#%%‘tl’vi ty nonitor &

mode Contlrh%lylaﬁéfé to AGd gt ikt Rk FQ&@E%%BQP&W&%@ 505 are
different types of |

. ocal power controllers, whose operation is coordinated
by power g@arehintipe cﬁQ?erﬁ‘{tr%hUthefghﬁ!;trruétWr%rtBétﬁ%d@é@ﬁeher5- 1 5 For

exanpl e, functional unit #1 cou e an instruction Cache and functi onal
unit n2 cprdiskrée raddeddpeaeheno®atdt atidhedmeassgoal ednisitdevi ty nonitor and
power controller, simlar to that shown in Figure 3. -, Functional unit #3

¢oul d be aistblozn sogepoi alt ohits sheetirbve prefetchBandtigemakaluri t #4 coul d be the
unit that perforns instruction cache prefetching, as 20 discussed in.

conj unct | PIE{RIreH rEdgerEPAWer MAdE §reatanipnel o \welt ®ey i vatesiuc803 coul d
throttle or disable instruction cache prefetching based on whet her or not
the t ot al Oof!'"PHEIR USrRRCURIVRAGY Y SSvel val ues within each activity nonitor
& m)gg) controller 502 and each activity nonitor 504 exceeds a threshol d.
The prem se here is that speculative instruction fetching is the first

activity ta he throts! el dovn.p DRGaUSRnhiSHRe LS "B CEn PERGhLY Pl d by

doi ng t hat
Counter

Figure 2 shows an embodiment of the invention that enforces a

maximum sustainable duty cycle of fifty percent (50%) on floating-point

15 unit 206. In its normal operating mode, multiplexor 203 passes system
clock 201 on to the clock input of floating-point urut 206. In its reduced-
power-mode, multipiexor 204 passes the output of divide-by-two circuit
202 on to the clock input of floating-point unit 206, thLJ‘é cutting both its
speed and power consumption in half.

20 Floating-point unit 206 provides active signal 207 to the up/down
control input of up/down counter 205. For each cycle of system clock
201 for which active signal 207 is true, up/down counter 205 increments
its contents by one. For each cycle of system clock 201 for which active
signal 207 1s false, up/down counter 205 decrements its contents by

25 one. If a decrement would take its contents below zero, then up/down

counter 205 stays at zero.



is smaller than that of the reduced-power node of the other functionglgmarch 2002
units. Additionally in this exanple, power coordinator 503 coul d raise or
| oner 8 *HAXPHum sust ai nabl e duty,cycle for each of inst¢UEtdi*Cache 5
functional unit ;f 1 and data cache functional unit ;f2 based on whether or
not the current activity |level associated with floating-point functional
unit #3 exceeds a threshold. The prem se here is that floating-point
functional unit #,3 is never throttled because the performance penalty paid
by doing that is larger than that paid by backing off on the 10 nmaxi num
duty cycles of the caches. In practice this premse is true for sone
architectures performng sone types of applications, and for other
architectures or types of applications it would be the other way around.
The noni t ori ngTBAGStEHtiRRI Gdheliplexer 20Res gresriy Masesigndaaare fl exibl e
enough to_accommdate a w de range of sucPP%%éiations. 15 Additionally in

i

this exanplt QUIRBEH* EOBr d/HRVBICOBOE - d kPioMideswie TeREOHKi mom
t ai nab] e_dut f instructi f ti it #1 dth
dat o cachs P ERELAP Pol BB hL8N kb R8s TBRUSe PRBR RO ane "acti vi ty.

| ovel 25SARALRd NI bhe ofhelSASIEEXaRRIR AAFEBM L The prend se here

is that if one’i's relativel i nac sust ai ned duty

cycle SCanp@e?érmﬁgg%nid%'bEﬁo@ﬁﬂw%erwﬁalquc%ypd?;/ertc]t)"fe(% Qrugapy ot her

prem ses about the best techniq or optim zing performance in the

cont ext ofs MESEC @ISO RAMEDe CONSRIMALY/@bwh TobReh eloabl whdatiaem ned by
profiling the realistic worst-case power benchmark descri bed above. Based
on such 2&omeofs df Y doestddrt@s2Gd Ipeyd enowgic hdt iiadeosf sigodinabe nade

bet ween the normal node and the reduced- power node of each functional unit
bei ng conbit o hedebyharménd racredarowdEaohds us Rnmrediase wahipbexoral i dat ed by
simulating it against the realistic worst-case power benchmark. Al so shown
in Fi gureg@&3 sslesisthent ponep! Extieddnh W@ £1r605 28AdO iCHICKJIaIBg-RBlcui t #r 2,

whi ch show hgw t he dynam ¢ power/speed tradeoff 5 of the invention can be
hi er dfchi ¥alf FYSext ended to the I evel of multiple-1C systens. Each

pover | coor i nat 06 108 & BADLRLEORGt Bl BT BiEs power o
_ 605y BC0G0 i o 866 . .
i or aot i e LT A L0 B ob P SRR A o 0l e

coor di nat ;95.859%{%%@&”%&% é&.o%omgftnes LUy det MBdENtEr @et | ons

di scussed above between “power coordi nator 503 and the activity

noni t or s/ ey GRS £65iH697-biPEd4 and HR5. Dieng exameried, foa@igonal
conput er system could conprise a 15 m croprocessor |IC and one or nore

peri piter apoiabohit aklies sighal 207 & tus pbregverpnthiarl dyete Gy saemuoalech
comuni cations IC, a disk controller IC, etc. The system power coordi nator
could raid@f.or | ower the power that the mcroprocessor can currently

consune based on the recent o
The increment magnitude and decrement magnitude used in this

embodiment of the invention are equal; that is the conients of up/down
counter 205 are either increased or decreased by one. Therefare, the
20 maximum sustainable duty cycle allowed for floating-point unit P06 is
fifty percent (50%). Therefore, if the sequence of operations being
performed by the IC attempts to sustain a floating-point duty cycle of
more than fifty percent (50%) for longer than the burst allowed by the

predetermined threshold, then the floating point unit's performance Is

25 throttled down to stay within a duty cycle of fifty percent.



utilization of the peripheral controller 1Cs. 20 The preferred enbodiggewhrch 2002
of the jnyention and various alternative enbodi nents an i are

di scl oé‘éﬁ&ﬁ&t}%’l n. Neverthel ess, varg ous changes in for mdpa(%zéé e?zﬁ' may be
made while practicing the invention w thout departing fromits spent and
scope or fromthe follow ng clains. 2G W claim 1. A mcroprocessor
with controll ed power consunption, conprising: a storage unit configured to
store a dynanmically alterable activity threshold; a floating-point unit
operable to conpute floating point arithmetic in a nornmal node and in a
reducedpower node; an activity nonitor, coupled to said storage unit,
operable to nonitor utilization of said floating-point unit; and a nobde
controller, coupled tqa said stgr uni. aatl;ll% e d W AShigkty monitor,

oper abl e ¥80HICAERIs8i 3L 6 Fdeturhi Tt saT © ed=power node when said
utilization is_greater fh j ot Ly h Hin ZhicHgeM croprocessor
of claiml1, f r't%ﬁﬁrgl %8%%?”?%@%”%5%% B%Bhtgplﬁggnﬁ% 'snai dl% I oaeti ng- point unit

g . a unit . o™,
an reSpﬁje}ﬁ!{éérfce&%tﬁnmﬁRﬁgﬁ&Sg?%léﬁE'@Bn@rﬁ@&orﬁt?&f@_d&ﬂ!éﬂpwﬁnﬁ@éﬁléo er, to

reduce t floating-point unit is clocked when said
floati ”g'rg%ﬁ‘ér URhE dehvih midi@r RS eehRRIvBEnBd®e Bveridn croprocessor with
control | ed power consunption, conprising: an activity threshold nenory
confi gur edntGorsd 88 eoltovily na@aicpaldayivaldigraaldiie 1t hredted domatieache nenory
operable to store information also stored in an external nenory and

oper abl e dHip @abioe maltheredechingplt of anulbplased3pbnBrsedds;thareuaenit vi ty nonitor,
coupled to said cache nenory, operable to produce an activity |evel

i ndi cat i vetawf olutddiezattivensighakai @ @ishdnenyaBieyn aghde angrsmetont rol | er,
coupled to said activity threshold nenory and to sajd activity nonitor,
oper abl e Tte@igeades iitae YakifeMmBABYYE F’ﬁcr@éﬁ’%f‘trrﬁaﬁbeégiogo\ﬁe?reﬁ%ﬂ%dmen sai d
activity level is greater than, sai ctivity .threshold. .4

ni cr opr oc@%sa4Y SloPPERAFHNRUL ?ﬁqq}ér%n%ﬁegpﬁa:°p§r5tﬂ1ci0‘tnfau%ou;a)a§% to said
cache ne and resppnsi ye - UGE | ' m sai d node
cont &l | ggcgélbgp%ﬁpé(bqeeedp%ma%ceeés@r%at%@é érg%gﬁ IR/rrlg{r)r%lﬁi?g\[/%ﬁéernidsga)ii d cache nenory

Is in sal fgdégrdél&ggbpr%vﬁrel \2%9?5 oP thed2ewl SHORMBGRSSQ arRf plovile® 3, further

conprisin uni t,” coup 0 said cache nmenory and responsive to a

power - r edyt i.Q0t SisRal ndw ettreal dalteds teostbrad Inedctivapesadiregistert hrottl e

pref et ches ofe said information into said cache nenory when said cache
menory iszpg said reduced-power node. 6. The m croprocessor of claim3
wherein said stored information conprises instructions, and said

m cr opr ocessor Thambeés coonpliérsieshis emandinmasttraiding ornvesxiesdundmnsnit, coupl ed
to said cache nenory, operable to execute said instructions. 7. The

M cr apFr oces &diovaf:  ThaiceonBohkbignel Aaeke HnNayaiieste Bht oF g e @ npri ses dat a,
and said mcroprocessor further conprises: a data-conpytation unit, coupled
to said ceehparmabBy) dsHRimbINg Wtﬂ'&?%‘?‘tﬁﬂ%ﬁg@?t%wgﬁ? of9SH¥i'd data. 8. A

m croprocessor with controll ed power. cons tiqn isSing: a

dat a- (F:)orrpﬁ@%talT%harﬂﬁfir}arbrﬁ\?r%CEﬂtERESoOfﬁQF?S@PW?ﬂ‘r%ﬁ_E aﬁg'(q&gh%hﬂgata stored in
an external nenory; a data cache i.d. N tion unit and
to said ei?%ef"f?a?o%é%@?alo ?‘Ebll’%a\{;agggteg?g"ggg?agggea}{@rggﬂggﬁ L\%i ty nonitor,

coupl ed t%éczﬁiﬁgeg%éad-ﬁ%%‘?’m@d’éa,ri%bla%cégsé-snt@i it leaddiedr agRt utilization of

sai d data an'instructiori-execution unit, operable to execute

| NStrPt | BRso [ARM RS 1RX pRICRLOARID Y idiarri it £14ed Ifaratasnpie,tocoupl ed to
sai d inst UC?I on-execution unit and to said external nenory, operable to
store sai fhibpsideltls Oatheanteaneicakl endvailablecs TEls aasdeteand in a

reduced- power node; and a node controller, coupled to said instruction
cache and to sghe agtéyirt thresnoitorgisteredhlirattyeplecemeat ¢€JBISI r uct i on
cache in said reduced-power node when said recent utilization is greater
than a thBeshahd.achve Angreoranpregessyol0inkam becHPEEMBabFoNer consunpt i on,
conprising: an instruction-execution unit, ope[r abl e ﬁo S ec%l atively
execut e i nstielycofi meshanisms not shown in Figure 3. These values are the

25  throttling parameters associated with the functional unit being

controlled The values in active increment register 304 and inactive



an activity nmonitor, coupled to said instruction-execution unit, operabhGrch2002
to indiQ@5§wpﬂﬁsrecent utilization of said instruction-execution_ unit; and

a node confr er, coupled to said 1mstruction-executionﬁﬁﬁﬂs%ﬂkﬁ%o sai d
activity nonitor, operable to throttle said speculative instruction

execution, and not to throttle non-specul ative instruction execution, when
said recent utilization is greater than a threshold. 10. An |IC having
control |l ed power consunption, conprising: a functional unit operable in a
normal node and in a reduced-power node; an activity nonitor, coupled to

said functional unit, operable to indicate utilization of said functional

unit; and a node controller, coupled to said functional unit and to said

tivit i ) bl t id ti I it . id
o ueen ool PR Bl AR 08 51 3P (LOBH LBl Ml o Sobthor 0
i ndi cat ed ,ﬁ/qaqwtehé,% %bgrgjsﬁ‘g{earret er associated with said functional unit,

said throt ng par anet . ng dynanical ly adj ustable to alter said-
threshold. 11. Adexblaiféd &haivedQonhBEtNeWithOERLASOATE, the vaAuddi t, coupl ed

to said functional unit and responsive to said node controller, operable to
reduce t heofratieeahcramah registef 3mchhonalctiveidecremehordrstenen @i d
functional unit is in said reduced-power node. 12. The I C of claim 10

wher ei 6 sdasélentd onenfows & vddapangesf macasimd deyeyylesmrSiher end nf'or mat i on
al so stored in an external nenory, and said IC further conprises: a unit,
coupl ed t creacdcianctitdeal thenialuaatthresdpinségister 806aizth pede control | er,
operabl e to access external nmenory when said functional unit is in said

r educed- pdWegrafpaed toavaryige NExynUE] aiitien aMper b wf Segrdcachet i onal unit
conprises a cache menory to store informati on froman external nenory, and
said | C fAINEY- S&S\hﬁﬁﬂ%é‘gs YORPEIOTBBAE 8D SeHUEAFRl of GRefationalthahi t and
responsive to %gjdtnDQe cgntroller, OEErap%e ho tgrottlg Brefetches from
sai d ext erFAFREMTS X G2ERF ACEERIRE TEnGIA WHSRCSRPH FEREAHEHRN unit is in
sai d du e. 14 - im10, wherein said functiona

uni t ﬁg o%@gﬁ§ﬁ§k¥%ag f?%?%?%ggghﬁg?{wghgperations, and said I C further
conprises: a unit, coupled to said functional unit and responsive to said
node controller, operable to throttle said specul ative operati ons when said
functi onalpgigiidn i SitefhStal éls rRGUPeEnpamehabde. 15. The I C of claim 10,
wherein said functional unit 1s operable in cycles; and said activity

moni tor i ndi cat®se pakedtuhid flzabieon thyt itleabgmpgsses actideirayigbeyel by a first
anount for each of said cycles that said functional unit is active and
changi ng sHEsthrastémwiatiye$ éwregbrofgyaramser onsetéingpung cborenemohttef sai d cycl es
that said functional unit is inactive, said throttling paranmeter conprising
sai d &gt yhtojthipg\warameers@arsorated wWitha retsular lvrdional oaprisidlg: a power

di nat ble d ically t | t idt ttljng. ter. 17. A
[t ogr ot caNSePEl T2GiF Eh ol 61T I SHERE SRS AL OpR s ng: &
2 educed BOEr Tronast AEhi TP RelHlsS KtPRE Bl b BPalI Tl eans,
a reduced BOEITSae" 4 | rBdls,” £ ) Sal CHERLLT O
Funct  onal rsaaced ARl M4 X Eiehy Adhid) KB oL Vbt el Toans and

to said MyjihorddHsk ugz@f@susézp@r@!@h@azbcm@h@cerh@@ic%uwﬂéti onal means in said
reduced- power node en said activity level 1S greater than a predeterm ned

t hrespol d,prbRarmadel es6-685 t6es beddtahphad lidy Rapicgpaimynatslg ust abl e. 18. A
met hod of controlling power consunption within an integrated circuit (1C),
conpri si ngeadwmily otdmgryuiRO kA tbiyenoos-tiend-anigtwotrey pratiess wiuthias said | C,
dynam cal ly adjusting an activity threshold associated with the functi onal
unit; conpaewmg 3 hisibletlifki fpateiach bii t hess design iatetnativesedlbol d; pl aci ng sai d
functional unit in a normal node when said utilization is |less than said
activity thiferensrarsieirdobingcichy s slifteredheevenaPnmetiqrhaad r educed- power

node when sajd utilization is greater than said activity threshold. 19. The
met hod of RATMQHATSe SHRSGEAYC8Si d reduced- power node conprises reducing the
rate whi ch sajd functional uni.t i.s ¢locked. 20. The nethod qof claim 18,
wher e ;ﬁ sai d fdﬁtﬁrpaﬁ‘ééyuﬂﬂgr@g%wé@%ﬁyogt\%@amw Vd?‘rtulbess%?‘ﬂgstep of

pl aci ng sai d cache ry.J4.J.,sak: = i di verting
accesses toO N erc%oé{gmméé%{rt&lt oé'gwné’rgﬁégr?ggﬁﬁﬁ%ﬁg%ﬁi&@%ﬁn@{%od of claim
18, whereld) RIALHNELIANAL SR tBIRA)RReAPEOH Sl pufeRBR RIS and sal d
step of placing sard functional "unit 1n'said reduced- power node conprises
throttling execution of said speculative operations. 22. The nethod of
claim 18, wherein said nonitoring conprises changing an activity |level by a
first amount for each cycle in which said functional unit is active and
changing said activity |level by a second anmount for each cycle in which A

~ ~




a second functional unit within said IC, said second functional unit {aieh 2002
operable in a normal node and in a reduced-power nopde an i

activi tvolgg()%llsgrel ated to an activbpy |level of the fi rstgf:ﬂﬁj\é??%ﬁg? unit;

an activity nonitor within said IC, coupled to said first functional unit,
operable to produce an activity level indicative of the activity |evel of

said first functional unit; and a controller within said IC, coupled to

said second functional unit and to said activity nonitor, operable to place
said second functional unit in said reduced-power node when said activity

| evel of said first functional unit is greater than a threshold. 26. An
integrated circuit (1C having controlled power consunption, conprising: a

educed- pves e o Sty cRaRe PN of T OB R SyaTE) PEr's,  cach
associ at ed \édéaf,pg, L%déareﬁ"rﬁheg%gggénfgbﬁréllﬂgygﬁwe?@||c'ambrt1§ s@ﬁ@a?@ch havi ng

throttli n@e neters, oper cont power consunption of —said

associ at eg%@@%%@@% H8idm bBoAGHEr 9%“&3018‘43 bhvhes CouleRtlekaties of said

throttlin rameters; "and a power coordi nator, coupled to at |east two of
sai d | ocal,cpRWelppRNER@IHEEE SisspRebARINrdQehoRst & thBraistdrng weacianmeter in a
first one of said coupled |ocal power controllers and, based ther eon,
operabl e e &b {£usadt FRldkhiiige pALRMR RNy idifferes ecalnds @oaldbe s3kd coupl ed

| ocal power controllers. 27. A nethod of controlling the power consunption
of an i nt egrapedadle devite VeGus & depkitep dgvicepni progragmed by zati on of a
first functional unit within said ICto produce a first activity |evel; and
control | i mgpttatiarsdeoftbamepthraathone off valussceamdd fefiratitomgpftware within said

| C, said second functional unit having a second activity level related to
sai d firstedod bseli al rovedr-efnssmrlion pudoet igdt NJIRAUNGrRANt and bei ng oper abl e
in a normal node and in a reduced-power node b | aci saigy econd

functi onaIOPﬁr‘ﬁ“tOWSnb‘éta'i”éaB%Hiﬁ‘c%a(ﬂ:-hﬁo%@tes%ﬂeorvbﬂ\%%Vghsi [?i%rj%‘[ab et%ity 1evel

[ h h hold. 28. A hod | Li [

e e e e A
ti I Lit f ' [ it hj L4, based t

of 1 hr ot 15030 gy Ao Lo G GO R Bl b bR P Bl Bper a0 i 2

nor mal m%ﬁeg@gailgng-! f?oq;é%?ﬁwﬁ%}'\fr? I Poese APIUE I9F Shadktaldeldie pover

consunpti sard plur unctional units by dynami cally nonitoring
and al terifgng gl detdH Sl NG PRraa®d @f snoth8r. An integrated circuit (1C)

wi th power consunption controllable by a processor, conprising: a
functional unitaepaaable the valnes oalldiedeltered dymaaniceldussdhpiVer node; an
activity nonitor, coupled to said functional unit, having a throttling

par ameser opepateald £phd ajeverdanatiam paser epoyumneien acreiscauitipée of utilization
of said functional unit; a nenory unit configured to store a throttling

par amet er fusctiahat kngs taisi discyseearmsier. briig copif B8Iqurent veluePle by said
processor, and a node controller, coupled to said functional unit and to

) d
sai d acti Aty yaHel 6PgSseI0Fan P8 COpRdeHTS 98F P! iBRAVGHEGi d functi onal
unit responsive to said activity level and to sai @ throttli par anet er .
30. The | @HRMEES ?9,CaQ%@r%ﬁ%gﬁﬁﬁ%toc%‘ﬁﬁéﬁaas@&?‘L??%é#%%Cﬁlgﬂgrgré"?% o platform

iggmvﬁgeogo)éﬁgg%iegrg%ﬁ%nrg?%c% PG %5 5 readdd to-rgﬁfellp?%m?lgﬁé 29, wherein said

€ 10 oOperating sSystém softwa executing on said
proces or.reggi.cnggqnlp%v\pgr &Jr%hmpg%n wherein said conmand occurs responsive
to applications software executlng on said processor.
A9 A~ AL AT AYN. A~  A(. AL AR A(. Apl . AL, Al ~Y. Akl . Aul . A | . AYFe. AY] | . Aal . A
Ayl . AE. A3. Al']. Afl . A A AU . A . AAMSU 4| UGAS
{val gb] X] cadead Gadtead cRbeadrc @ored waptialrc 8 crad ca] daltemllec Huredtedadca) cal ca] ca
] cTa] cTa] ca] cha] ca] ca] ca] ca] ca]ca]Jca! i KD
mop4n8Tc)UKhxisni d_Z] ] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]
cal] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca! 23| Oo, g =Wb67x<I
}xr mhc”Y] ] ca] cafigalread eapd'edic dpesea] @ eapes]ta]cd] €8] B4feTtal ca] ca] cal ¢
R RNV :
ohealed) cabealoal ool cal od) sel el f2lnal hdobt boll ZHEF LR ana an
*| wmhc”Y] ] ca] ca] ca] cal cal cal ¢cal c”al cal calca ca] ca] ca] ca] ca] ca
c!a] cal carjc']&FE!%lT%%[] E%ﬂ%ﬂ@%j B%\T%%T%ﬁ%ec‘%t pl/ei%l;_ﬁ% fbipk cal cal cal cal ca] cal
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activity-level register 309 with the value in prefetch threshold register
401. Based on the results of this comparison, the control signal throttle
instruction-cache prefetch 403 is generated if the activity level exceeds

15  this threshold. This control signal restricts specutative prefetches into
the instruction cache (not shown), i.e. it disables all prefetches, or at
least reduces their rate.

The premise of this embodiment is that as Io;;g as the activity

level in the data cache i1s below a threshold, then specuiative prefetches

20 into the instruction cache should be performed. They may speed up
execution and they are currently affordable in terms of power
consumption. But if the data cache activity level exceeds this threshold,
then speculative prefetches into instruction cache should not be
performed. The power they consume is not currently affordable.

25  Further, the performance speed-up given up may be marginal because

speculative prefetches have no benefit when the instruction accesses in

a particular sequence of operations happen to be non-sequential.
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& ()- (F21QJ@h(éonstant, as discussed in connection with Equation 2 above.
Similarly, power coordinator 503 can alter the current activity
5 level associated with a particular functional unit 501, thus giving that
functional unit a one-time performance boost or power restriction.

As shown in IC #1 in Figure 5, functional units #1 and #2 have
an associated activity monitor & mode controller 502. Functional unit #3
has an associated activity monitor 504, but no mode controller,

10 Functional unit #4 has an associated mode controller 505, but no activity
monitor. Activity monitor & mode controller 562, activity monitor 504 and
mode controller 505 are different types of local power controllers, whose
operation I1s coordinated by power coordinator 503 altering their
throttling parameters.

15 For example, functional unit #1 could be an instruction ¢ache and
functional unit #2 could be a data cache, each with an associated
activity monitor and power controlier, similar to that shown in Figure 3.
Functional unit #3 could be a floating-point arithmetllc-'umt. Functional
unit #4 could be the unit that performs instruction cache prefet¢hing, as

20 discussed in conjunction with Figure 4.

In this example, power coordinator 503 could throttle or disable
instruction cache prefetching based on whether or not the total of the
current activity-level values within each activity monitor & mode
controller 502 and each activity monitor 504 exceeds a threshold. The

25 premise here i1s that speculative instruction fetching Is the first activity to

be throttled down, because the performance penalty paid by doing that
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5 functional unit #1 and data cache functional unit #2 based on whether or
not the current actvity level associated with floating-point functional unit
#3 exceeds a threshold. The premise here is that floating-point
functional unit #3 is never throttled because the performance penalty
paid by doing that s larger than that paid by backing off on the
10  maximum duty cycles of the caches. In practice this premise 1s true for
some architectures performing some types of applications, and for other
architectures or types of applications it would be the other way around.
The monitoring and control schemes of the present invention are flexible
enough to accommodate a wide range of such variations.
15 Additionally in this example, power coordinator 503 could raise or

lower the maximum sustainable duty cycle for the instruction cache

functional unit #1 and the data cache functional unit #2 based on

b’y

whether or not the current activity level associated with the other cache
exceeds a threshold. The premise here is that if one is relativaly

20 inactive, then a higher sustained duty cycle can be afforded in the other.

The validity of these or any other premises about the best

techniques for optimizing performance in the context of worst-gase
power conservation 1s preferably determined by profiling the realistic
worst-case power benchmark described above. Based on such

25 profiling, estimates and performance tradeoffs can tge made between

the normal mode and the reduced-power mode of each functional unit
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L0YIXE () haton BOFE S power codtahaloy s0b (5N - 10
coordinator 506 provides power consumption commands 507 to each -
integrated circuit 500. The possible nteractions between system power

10  coordinator 506 and each power coordinator 503 within each IC 500 are
analogous to the interactions discussed above between power
coordinator 503 and the activity monitors/mode controllers 502, 504 and
505.

For example, a personal computer system could comprise a

15  mucroprocessor IC and one or more penpheral controller ICs -- a

display controlier IC, a modem communications 1C, a disk controller IC,

etc. The system power coordinator could raise or lower the power that

-~ -

the microprocessor can currently consume based on the recent
utilization of the peripheral controller ICs.

20 The preferred embodiment of the invention and various
alternative embodiments and designs are disclosed herein.
Nevertheless, various changes in form and detail may be made while
practicing the invention without departing from 1ts spint and scope or

from the following claims.
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a mode controller, coupled to said storage unit and to said activity monitor, operable to place said storage

unit in said reduced-power mode when said utilization is greater than said activity threshold.

2. The microprocessor of claim 1, further comprising:

a unit, coupled to said floating-point unit and responsive to a power-reduction signal from said mode
controller, to reduce the rate at which said floating-point unit is clocked when said floating-point unit is in
said reduced-power mode.

3. A microprocessor with controlled power consumption, comprising:

an activity threshold memory configured to store a dynamically alterable threshold;

a cache memory operable to store information also stored in an external memory and operable in a normal
mode and in a reduced-power mode;

an activity monitor, coupled to said cache memory, operable to produce an activity level indicative of
utilization of said cache memory; and

a mode controller, coupled to said activity threshold memory and to said activity monitor, operable to
place said cache memory in said reduced-power mode when said activity level is greater than said activity
threshold.

4. The microprocessor of claim 3, further comprising:

a unit, coupled to said cache memory and responsive to a power-reduction signal from said mode
controller, operable to access said external memory when said cache memory is in said reduced-power
mode.

5. The microprocessor of claim 3, further comprising:

a unit, coupled to said cache memory and responsive to a power-reduction signal from said mode
controller, operable to throttle prefetches of said information into said cache memory when said cache

memory is in said reduced-power mode.

6. The microprocessor of claim 3 wherein said stored information comprises instryctions, and said
microprocessor further comprises:
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a data cache, coupled to said data-computation unit and to said external memory, operable to store said
data;

an activity monitor, coupled to said data cache, operable to indicate the recent utiligation of said data
cache;

an instruction-execution unit, operable to execute instructions from said external memory;

an instruction cache, coupled to said instruction-execution unit and to said external memory, operable to
store said instructions and operable in a normal mode and in a reduced-power mode; and

a mode controller, coupled to said instruction cache and to said activity monitor, operable to place said
instruction cache in said reduced-power mode when said recent utilization is greateér than a threshold.

9. A microprocessor with controlled power consumption, comprising:
an instruction-execution unit, operable to speculatively execute instructions;

an activity monitor, coupled to said instruction-execution unit, operable to indicate the recent utilization
of said instruction-execution unit; and

a mode controller, coupled to said instruction-execution unit and to said activity monitor, operable to
throttle said speculative instruction execution, and not to throttle non-speculative instruction execution,
when said recent utilization is greater than a threshold.

10. An IC having controlled power consumption, comprising:

a functional unit operable in a normal mode and in a reduced-power mode;

an activity monitor, coupled to said functional unit, operable to indicate utilization of said functional unit;
and

a mode controller, coupled to said functional unit and to said activity monitor, operable to place said
functional unit in said reduced-power mode when said utilization is greater than a threshold indicated by a
throttling parameter associated with said functional unit, said throttling parameter being dynamically
adjustable to alter said threshold.

11. The IC of claim 10, further comprising:
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an external memory, and said IC further comprises:
a unit, coupled to said functional unit and responsive to said mode controller, operable to throttle
prefetches from said external memory to said cache memory when said functional unit is in said reduced-

power mode.

14. The IC of claim 10, wherein said functional unit is operable to perform speculative operations, and
said IC further comprises:

a unit, coupled to said functional unit and responsive to said mode controller, operable to throttle said
speculative operations when said functional unit is in said reduced-power mode.

15. The IC of claim 10, wherein

said functional unit is operable in cycles; and

said activity monitor indicates said utilization by changing an activity level by a first amount for each of
said cycles that said functional unit is active and changing said activity level by a second amount for each
of said cycles that said functional unit is inactive, said throttling parameter comprising said activity level.
16. The IC of claim 15, further comprising:

a power coordinator operable dynamically to alter said throttling parameter.

17. An integrated circuit with controlled power consumption, comprising;:

a functional means for performing a function operable in a normal mode and in a reduced-power mode;

a monitor means, coupled to said functional means, for calculating an activity level indicative of
utilization of said functional means; and

a control means, coupled to said functional means and to said monitoring means, operable to place said
functional means in said reduced-power mode when said activity level is greater than a predetermined
threshold, the predetermined threshold being dynamically adjustable.

18. A method of controlling power consumption within an integrated circuit (IC), comprising:

monitoring utilization of a functional unit within said IC;
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placing said functional unit in a reduced-power mode when said utilization is greater than said activity

threshold.

19. The method of claim 18, wherein said reduced-power mode comprises reducing the rate at which said
functional unit is clocked.

20. The method of claim 18, wherein said functional unit comprises a cache memory and said step of
placing said cache memory in said reduced-power mode comprises diverting accesses to the cache
memory to an external memory.

21. The method of claim 18, wherein said functional unit performs speculative operations and said step of
placing said functional unit in said reduced-power mode comprises throttling execution of said
speculative operations.

22. The method of claim 18, wherein said monitoring comprises changing an activity level by a first
amount for each cycle in which said functional unit is active and changing said activity level by a second
amount for each cycle in which said functional unit is inactive.

23. The method of claim 22, further comprising:

dynamically determining said first amount.

24. The method of claim 22, further comprising:

dynamically determining said second amount.

25. An integrated circuit (IC) having controlled power consumption, comprising:

a first functional unit within said IC;

a second functional unit within said IC, said second functional unit being operable in a normal mode and
in a reduced-power mode and having an activity level related to an activity level of the first functional
unit;

an activity monitor within said IC, coupled to said first functional unit, operable to produce an activity

level indicative of the activity level of said first functional unit; and

a controller within said IC, coupled to said second functional unit and to said activity monitor, operable to
place said second functional unit in said reduced-power mode when said activity level of said first
functional unit is greater than a threshold.

26. An integrated circuit (IC) having controlled power consumption, comprising:
a plurality of functional units each operable in a normal mode and in a reduced-power mode;
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operable in a normal mode and in a reduced-power mode by placing said second functional unit in said
reduced-power mode when said first activity level is greater than a threshold.

28. A method of controlling power consumption of an integrated circuit (IC), comprising:
controlling the mode of operation of a plurality of functional units within said IC based on a set of
throttling parameters, each said functional units being operable in a normal mode and in a reduced-power

mode; and

coordinating the power consumption of said plurality of functional units by dynamically monitoring and
altering said throttling parameters.

29. An integrated circuit (IC) with power consumption controllable by a processor, comprising:
a functional unit operable in a normal mode and in a reduced-power mode;

an activity monitor, coupled to said functional unit, having a throttling parameter, operable to generate an
activity level indicative of utilization of said functional unit;

a memory unit configured to store a throttling parameter, said throttling parameter being dynamically
alterable by said processor, and

a mode controller, coupled to said functional unit and to said activity monitor, operable to control said
mode of said functional unit responsive to said activity level and to said throttling parameter.

30. The IC of claim 29, wherein

said command occurs responsive to platform software executing on said processor,

31. The IC of claim 29, wherein

said command occurs responsive to operating system software executing on said processor.
32. The IC of claim 29, wherein

said command occurs responsive to applications software executing on said processor.



