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.Field of the Invention 30/06/ 2006 PCT/US02/41439 (0001] This iRy
SN UG7 2006

relates to Wq{]w gont rol for mcroprocessors. Description of
Art [0002] e increasing conplexity of new microproceRSBPER2AEF8r nal

control becones nore challenging. Current mcroprocessors include extensive
execution resources to support concurrent ocessing of multiple
instructions. A drawback tGESERNEN S’VBBr&EB\gérTIﬂNh ext ensi ve

- execution resources is that SHQRIHH Bh@AhﬂﬁDhﬂﬁuat power are required to
run the mcroprocessors. D fferent execution units nmay consume nore or

| ess power, depending on their size and the functions they inplenent, but
the net effect of packing so nuch BAGIKKGROUENE rel atively small process
chip is to create the potential for significant power dissipation

probl ens. [191 d‘n convent i onal thermal control systens, junction
t enper at ur IS observed to ensure that it does not exceed an
al l oned maxi num value to avoid reliability issues. Wen the junction

t enper at ur qo@Rpr oacheg;t F&?ven@ohq%@esri%%@ilﬂﬁm‘&'n%r (S Rlrbhidegssapy be

activated to coot the mcroprocessor, resulting in a significant
performance | oss. [0004) Detection of a maximum junction tenperature

viol ation may be acconplished by neasuring the tenperature of an area of a
di e close tlRescrptiopmfdhe Relatechdrts. Sone ni croprocessors use a thermal di ode

on the mcroprocessor die for tenperature tracki ng. Tenperature tracking

gan be useiﬂUPE]\?\[)agg} X@tgg-}é mcreasErEg ggm'f)gxﬂy Of ne m&gpgoc%sstoermﬁéran%ﬂr e level

£ jc eeds th
control becomes more challenging. Current microprocessors include extensive
execution resources to support concurrent processing of multiple instructions. A
~drawback to providing a microprocessor with extensive execution resources is
that significant amounts of‘pc.wer are required to run the microprocessors.
Different execution units may consume more or less power, depending on their
size and the functions they implement, but the net effect of packing so much
~logic onto a relatively small process chip is to create the potential for significant

power dissipation problems.

. [6003] In conventional thermal control systems, junction temperature (T))
) on a die is observed to ensure that it does not exceed an allowed maximum
value to avoid reliability issues. When the junction temperature approaches the -
. allowed maximum value, throttling may be activated to cool the microprocessor,

resulting in a significant performance loss.

[0004] Detection of a maximum junction temperature violation may bc
accomplished by measuring the temperature of an area of a die close to the
_ known hot spots. Some fnicrcproceSsors use a thermal diode on the
microprocessor die for temperature tracking. Temperature tracking can be used
to activate some sort of throttling when the temperature level exceeds the
1




30/ 06/ 2006 PCT/ US02/ 41439 maxi num al | owed val ue, or can be used to
.increase the m croprocessor performance |evel (e.g., increase 0 06
vol tage/fri'}’ﬁﬁljlenc(){‘)5 when the tenperature level is low It has b en"?%é%(?
that the cuf?&#p%ssing through the thermal diode is a f RGIYSHRHEBY
tenperature. Accordingly, a circuitry is provided, in at |east some of the
conventional thermal control systens, which is adapted to detect the anount
of current BB allRREGgrR e OTICAB bRused th therease the mirtapgesessdir ot t | i ng

honever " g rSIber AL n e 018 aschede LT lloved e T 1
over heat i ngs Rivf. URHaQ Been Poiind BYat s cmeﬂ%fs%lgﬁ:\%{% ﬂ’.%b@fé%ﬁr%dé A,

general, original equl prment manufacturers e systens prefer
not to sufpetiont dfetengleratiuede Abesdthdlivotitdditg ik provadea) incpdeadt sarge of
conditions while running typical applications. Thermal diode throttling

i nt r oduces thorpnveationpd W@§miagcmwwétﬁﬂﬁowm Isadapsect rsdetechthe Amegindn OEM

f id. CEMs h ' th . f th
P e and haCt et passuis Qhareh Bycthel Bl GoRaredsoriasT riRlng FARNGET ho
and h ’ ; : |
sanme benc Bﬁrtﬁnﬁﬁ?@gﬁe oRNAE R &&9@?@%@@%&&;@%&;&1glngyeﬁhs.at es a

non-determni stirc avi or since eac erent thermal ‘
response, |eakage current, etc. BRI EF DESCRI PTI ON OF THE DRAW NGS [ 0006]
The features, aspects, and advantages of the invention will becone nore

t hor oughl y(0égspar ent €uoventlyeised|thensiai gliokdasaprodett deisooprptéssars fegppended
clainms, and acconpanying drawi ngs in V\hiégg_Fi gure 1 shows_a bl ock diagram
of, a t her n@Yer %?ﬂ‘?%?‘ﬁ ub Ry At B usefud i MRl Rystams. oin gereralnvent i on;

Fibure 2 Sha el APl A Mo RV SRS oo 00
fﬁé' rﬁb'eg?siw{z tHEFAAE ARV Pbadel Th AR RGSATRIrn At Opefi iy ddhdiRsnSWRALT Ment of
running typical applications. Thermal diode throttling introduces non-
deterministic behavior to mobile systems, something an OEM prefers to avoid.
- OEMs operate on the assumpﬁon 'thﬁt' Systenis of the same type and having the
same chip version behave similarly and provide the same benchmark score.

Thermal diode based throttling creates a non-deterministic behavior since each

chip has a different thermal response, leakage current, etc.

BRIEF DESCRIFTION OF THE DRAWINGS

"~ [0006) The features, aspects, and advantages of the invention will become
more thoroughly apparent from the following detailed description, appended
" claims, and -accompanying drawings in which:
Figure 1 shows a block diagram of a thermal control system
according to one embodiment of the invention; .
Figure 2 shows a block diagram of a power usage monitoring unit
“according to one embodiment of the invention; and
Figure 3 shows a flow diagram of estimating power usage by a

microprocessor according to one embodiment of the invention.
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WD 03/ 060678 DETAI LED DESCRI PTI ON 30/ 06/ 2006 PCT/ US02/ 41439 [0007] In the
.follow ng description, specific details are set forth in order i
%/ B 250%%s

a t horough ding of the present invention. However, it

appar ent tdwgﬁékékﬁ?led in the art that the present inventiSAl/HERMHEY
practiced wthout these specific details. In other instances, well-known
circuits, structures and techniques have not been shown in detail in order
to avoi d obscuring the present invention. [0008] A thermal control system
.is described. In one enbodine 18 | systemis provided that
‘uses a digital power nDnitoriQEE?ggLE?ﬁ%..uEﬁﬁﬁééfol I n conput er systens.
The digital nonitoring of power is configured to estimte an anount of
power useddogzja m cr DPHRCERISAin B@ﬁﬁﬂ) i | 3 he

t her mal co%tggl systen1contro|sgthe aé??bg igﬁ§a%%§§gg%%¥$€g¥ﬁ€§g§¥t6

t hrot t | i ngPredRaAitbaraughavderstandaigof theqtrewent treramivatl Hewetdalt willlbeCause
system degr adati on or thﬂt exceeds system specification. [0009] It has been
found t han®PReahinrme silled e theast thitdhe pyesant iniventipn eraskepratticedg a ti ne

interval i§,: P t] emperature (Tj n the die of the '
i croproce%é%?p?%g% ﬁ%érlﬁg Féaglg %gﬁ‘e{ﬁ‘éﬂﬁ?@&oy%g%@w CHFYIRY ATHCMUESSpuUt er
syst em congafRehhRjudk ih4Ob Yol bb S5 R Akt f QYoi o0 L tine,
this may i ndi catgﬁdt hat the m cro%%ocessgéta?sm%geéfggtoiaﬁ{ﬁmgtOBgé‘{rﬁg @‘SI y high
t enper at urpreséxddoventigl.y, when the estimted power usage is relatively
high, the thermal control system may activate one or nore of its thermnal
throttling nmechanismto enable the m croprocessor to cool itself.

Addi t i onal when t estinmat ed, power .usage_ is quite |ow, the thernal
rj:t r ol sJé‘%b@m may b‘gﬁ“%ﬂﬂf’r‘ icaﬁ?ah‘;)}t%em isdesdeibedh Ane eBhogément
perf or man r | NGC.T | operat i vol t age. | evel,, increasing
El ock 1roqiamesteoRtoTty fem prafER Lt BT Fhiht et BP5upGoaeys
thermal control in computer systems. The digital monitoring of power is

configured to estimate an amount of power used by a microprocessor. Based on
the estimated power usage; the thermal cqnh'olrsy'stem controls the activation
and deactivation of throttling mechanism to avoid unsafe junction temperature

that may cause system degradation or that exceeds system specification.

- {6009} It has been found than the amount of power consumed by a
microprocessor during a time interval is related to junction temperature (Tj) on
' ) the die of the microprocessor. In other words, when the microprocessor within a
computer system consumes relatively a lafge amount of power for a period of
time, this may indicate that the microprocessor is operating at relatively high
témperature. Accordingly, when the esﬁm_ated'power usage is relatively high,
' the thermal control system may activate one or more of its thermal throttling
mechanism to enable the microprocessor to cool itseif. Additionally, when the
estimated power usage is quite low, the thefmal control system may be
' configured to increase the microprdcesSof"pét"fbi'mﬁ'nce, for example, by
increasing opéraﬁn_g vo!fage level, increasing clock frequency, or énabling

additional activities.




30/ 06/ 2006 PCT/ US02/ 41439 [000101 According to one enbodi nent, the thermal
control system dynamcally estimtes an average power consurredBQ}E/{(%/zoos
m croprocesg)g)rwgg[w' pog a given tinme interval by periodically exécutihg
software codes”(8%d® " nicro-code, system management node (BWMUS&SK#3far e,
or the like) in the mcroprocessor. |In one enbodinent, the power
consunption |level is estimted based on the frequency of various
activities occurring within the m croprocessor. Unlike the thermnal-diode-
based tenperature est|{nmati,on, the power estimation carried out by software

“has det er mi 11199 ¢ benaSKOSHINEr One groecimand: tbatheranal cgnirehsrdemof

licati |t 0g.1 LNl St t behavi or. | t t,
ot entt y Ot ERY Ui o AERELIDOE (s Bl essell ATAhE
esti mation 4 piveh ieh & ter@ By T Hriodi QR BXEHEHEs FWER Gdes i’eT.%D%ﬁEﬁ‘%J-ccﬁféDt rol

system 104 according to one”enbodi nent of the iInvention. e thermal
control systysteni Ovhnageinend mpate(SM) sofiware; bo flioklegdathd @dcroprotegsoranong
other things, a sem conductor die including at |east one throttling
nmechani sm %@@_ﬂeﬁml{'q@mqqmmermw @apvaipeRtlevel iy esdimatpddmsed onhot t | i ng
mechani sns e i ch include st.op-clock throttlin |l ogi g, 114, a
vol t age conff‘{q&‘?%&%a%% agth\a%gmtwgpﬁggkhrp ?E“i'mm#éﬂrfﬁgﬁkff ehsr nal
control syshamiQs : tha.  mcropraocessor
102 excooda s tholE bR (e Blratile sRHEtoR e Hihier Mtinlior Rkl oBe S
nechani sns bjGoftwerethas idewakedisto rhauioe (jdiatgider sy aamedrad bligverd det of not
exceed thermal design limts during operation. For exanple,” the stop-clock
;ﬁot t |'i ng 2appYrationsa, resilitiely inredetaoministicsy steno ek dor.| In corduasésuorendlyops

t. clock of ,the m croprocessor for exanple, for few mcroseconds. The die
t enper at ur #s¢hHherma digdesain, RRbPTY e ARt iePoer atimationfathermalel
which 1is Egﬂrélm | ed by the thernmal control system 104 via the voltage
control logrc 112. Toggling of any one of the throttling mechanisns,

i ncl uding voltage control logic 112, stop-clock throttling logic 114 and

interrupt logic 116, may 4 ) .
S [ooo11} . Figure 1 depicts a thermal control system 104 according to one
embodiment of the invention. The thermal control system 104 is incorporated in-
a microprocessor 102 having, among other things, a semiconductor die including
atleast one throttling mechanism 106. In the illustrated embodiment, three
types of throttling mechanisms are shown, which include stop-clock throttling
logic 114, a voltage control logic 112, and an interrupt logic 116. When the
. thermal control system 104 detects that the power consumed by the
. 5*“) - microprocessor 102 exceeds the maximum allowed power, one or more of the
throttling mechanisms 106 may be invoked to ensure that die temperature will
not exceed thermal design limits during operation. For example, the stop-clock
throttling logic 114, which when activated, momentarily reduces or stops the
- clock of the microprocessor for example; for few microseconds. Thedie
temperature can also be reduced by lowering the operating voltage level, which
_is controlled by the thermal control system 104 via the voltage controt logic 112.
Toggling of any one of the throttling mechanisms, including voltage control

“logic 112, stop-clock throttling logic 114 and interrupt logic 116, may
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WD 03/ 060678 30/ 06/ 2006 PCT/ US02/ 41439 significantly reduce the amount of
_heat generated by the mcroprocessor in a relatively short peri3cbd @é/ﬁidﬂaﬁ
[ 00012] Thewb%fﬁ%r}ﬁk& ng mechani sns 106 presented in Figure 1 are’for

illustrative purposes only, and those of ordinary skill in PREUHRHIRP |
understand that, in practice, the thermal control system 104 may enpl oy
other types of throttling nmechanisns. Accordingly, it should be understood

that the t§ighiigantyoeduse thgamennbieskeat genenedehy thesmiappragesspr &ppl i cabl e

_to all type f L Croprocessors, irrespective of the specific throttling

" ‘nechani smrélﬁﬁy%vghprt(&f%fﬁq’ﬁ‘@ illustrated thermal. control system 104

i ncludes a power usage nonitoring unit 108 and a throttle control unit

110. In one enbodi nent, the power usage nonitoring unit 104 is enbodied in
t he form ofoosiaf t war eThedkraitiitly mashanianoi@opesenteduh Eigweri adifoal |y within
the mcroprocessor to estimate power consunption based on the nunber of
occur r encedlustraiyeipsgpogastaniy 1 anss those of erdiperyi skill frethe ant spHovesedznd Based

the estj,mat.ed i ded by t i t it
T0a, 'thet Ky raRcti 107 e R4 enaieat 08 Ao FuelRaStedtiaredl o™t he one
or more of ﬂ{rl?l&likg%&'ah%ﬁﬁ@ﬁiggggyﬁ?&&ﬂd‘BQan&e*P&oo thEOREWETRRT |

cooling is necessary to avoi Il e tenperature that may cause system
degradat i ofonttd@93in descgitedrtadreintibgererall@ applicatileto afl typeacdfi onal units
within a mcroprocessor, each of which consunes different anmount of power.
Accor di ngl nicrppragessers rigreshectivendfehe spedifintigoiting anechgnisens employedi t s are
activated during a defined tine period, the anount of power consuned by the
m-croprocessor during that time period may be estimated. To count the

nufber  of urren ert ai L Vit he, o age i.toring
unit 104 @@l‘rir%luni ca?@ie RV\EC sﬁaéea?%{ér@?ﬁ } %oor{lﬁq lé?%teﬁllg)‘lll%gﬁ{dﬁg csz)‘r po‘?éap;)lgagfgn t he
m cr opr Oceﬁﬁaﬁftoring%ipﬂ}%rﬁ{§tﬂf%$ﬂég&ﬁ’@mrﬁﬁﬂm%ﬁ%r§negocﬁ§1€n‘ﬁ%§t eérs In
har dwar e conponents 5
- power usage monitoring unit 104 is embodied in the form of software code such
~ . as micro-code executed periodicaily within the microprocessor to estimate
power consumption based on the number of occurrences of various activities
-performed in the microprocessor. Based on the estimated power usage provided
by the power usage monitoring unit 104, the throttle control unit 110 generates
and sends signals to the one or more of the throttling mechanisms 106 to cool the

microprocessor if cooling is necessary to avoid unsafe die temperature that may

cause system degradation.

[00014] In general, there are a number of functional units within a
microprocessor, each of which consumes different amount of power.
Accordingly, by counting the number of times certain functional units are
‘activated during a defined time period, the amount of power consumed by the
microprocessor during that time period may be estimated. To count the number
of occurrences of certain activities, the power usage monitoring unit 104
communicates with a set of counters 118-122 incorporated in the microprocessor.

The counters 118-122 may be implemented as registers in hardware components




“instructions

WD 03/ 060673 30/ 06/ 2006 PCT/ US02/ 41439 and vari abl es in software codes and
.are used to count the nunber of occurrences of a particular act |0\#¢§ 2006
[ 000151 Foryw@xaRplegs ©One counter nonitored by the power usage r%o [ (i r%)g0
unit 108 may be conti gured to count the nunber of floating Pel/Hb02/+41439
operations perfornmed by the m croprocessor during a sanpling tinme period.

Anot her couag{&fr ' be cgtrl{ﬁ;i? %ured to,count the nunber of cache nenory
accesses octl VAP eI EATRCOPRDERE 857 Useddo£oung hammimhenkodsuiesets t o

_estimte tkﬁa?mﬁgﬁlgpfac@\?i r consuned by the m croprocessor. The nunber of
ecode

by the decoder may al so be another activity nonitored
by the power usage nonitoring unit 104 via sone sort of counter nmechani sm
It should be understood that the present invention nay be inplenmented by
noni t or i ng (88151 ot her Fonexamipée, aokicountessnadtared ibygthaipolien ush

m croprocessor. and is linted to exanples specified herein. %%00161 In
accor dance RPTHHRUBHIGE vsh be comiaguigertaspurbiierrsim ber ofiflaading padohbi nat i on

of softwar - har r osed to currently used.hardware, circuitry
in conbi nat% Pg%%v?nm ? ﬁgﬁpotrﬁleerd% 8%?‘86%9" W&S%PBFH&%Y a W“Bgﬂ:‘%ﬁ“lfo??ﬂocﬁar dwar e
and sof { walkndtfera@uini apBeRontiB AR tAMAInk RN Rt PF Bldhblofed§ry P OVI ded.
enabling the thermal control systemto tactor I n vari.ous parane'fyers such
as the openaiessey ocolitraypin theahioprorbsok, date forn eyhit bty Reufpaver

estimation. By using software code to estimate power usage, rather than
usi ng pur &stmgledhe Ampuded ipewarconsemypd bytbe mpigropmcéssoct Tonnambpeoét ur e

i ol ation det ith, suffici for activati
Uiy ot 1§ ngREEAC R RO i HEETeT S sR06 g eihbr eCh i BuBOBIOptH beyst em

Coni o i no CFRLyy SH4BE oA Saf 105K b2 AT AL AR HE R o,

nmoni t ori ng I'ng to one

The PUM unitiould 88 uniiek3tded tROVBE preage itenidRlAAy %@%n?p@erﬁéﬁﬂeﬂﬁé/e power
usage based on counter data and a filter 204 to provide an average power
usage val umooftoring any other suitable activities occurring within the microprocessor and

- is limited to examples specified herein.

[00016] In accordance with one embodiment, the thermal control utilizes a
~combination of software and hardware, as opposed to currently used hardware
circuitry in combination with a thermal diode. Accordingly, by using both
hardware and software to estimate power usage, additional flexibility is
; provided, enabling the thermal control system to factor in various parameters
) - such as the operating voltage level and clock frequency into the power
| estimation. By using software code to estimate power usage, rather than using
pure logic or hardware circuitry, the maximum junction temperature violation
- can be detected with sufficient accuracy for activating throttling with minimal

system-level tuning by Basic Input/Qutput System (BIOS).

[00017) Figure 2 depicts a block diagram of a power usage monitoring
(PUM) unit 108 according to one embodiment of the invention. The PUM unit
108 includes power usage estimator 202 to estimate power usage based on

counter data and a filter 204 to provide an average power usage value of
6




6 WD.03/ 060678 30/ 06/ 2006 PCT/ US02/ 41439 estimated power usage (EPU)

val ues 218-222 obtained during the current and past sanpling p%rdp@§/2006
(00018] As §t ed above, to estimte the power consuned by the

mi cr opr oces¥O¥HE power usage estimator 202 periodical |y MEESBREIB8uNt er
data 238-242 fromvarious counters incorporated in the mcroprocessor. In
one enbodi nent, the power usage is estimated every few m croseconds since
thermal r e@ébﬁ@@ﬁﬁ?wﬁéuﬁﬁ%@l’&@)l yaleesadi 822 2@btained tineingate cofrenbasd of

_m croseconds In this r.e&ar d, at the beginning of each sanpling period,
‘the power HISEIANRBYRS RRKOTS 202 will first access the counter data from each
counter and then will reset the counters once the count data has been

read. Once the counter data has been obtained, the power usage estinator

202 appl i egooais] r espedisintedvabgiié, ad ckamher thé bdwkk@ohsuRag byahet he counter
data 238-242 and conbines the weighted counter data to provide a weighted
sum of t he mistARresesen she povet 9pagea edtiasatbe@iR penivricilhadbtaires cmmtertdadh power
consuned b?ﬁ 9& m cro'processor is also influenced by the clock frequency
and oper at | ﬁ@' froy Xaripus equuers; IREOTROSAGH B das BdFropreseswralBiose if t he
m croproce ANl . i s operati.ng at hjgher frequency
or hi gher \%&Q{og‘é\%gﬁg\%ﬁoﬁ? F\?\ﬁ%”%%@%‘ %6?2? %\%F%SFﬁorbclfgSig%odi ment ;
the. vei ght gtbrialn@ponbe nGYUBY @lati iy 9lohs ()] h'tst}\@(i'a%é'oftll@ﬁs pprrent clock
frequency 206 and voltage |l evel 208 to nore accurately estinmate the power
usage. |n ovieroeedvndis)reln this fegasdtatrihe bepinnisgrof cashgempERY)peRibd; BA2 i S
conputed as follows: EPU=WSCD*V2*E (1) [00020] where WSCD represented the
yveéjaght ed sBRAVWEF usage esHomter 20pawall fivst acegss dbermuntendatadfromeiachgeunievel and F
represent Sand’ E!{eenn&vi lre%g thferc% lrJ\?enr(s:%'ncg the count data has been read. Once the

counter data has been obtained, the power usage estimator 202 applies a

respective weighted factor 212-216 to each of the counter data 238-242 and

combines the weighted counter data to provide a weighted sum of the counter

data.

[00019] It has been found that the amount of power consumed by the
microprocessor is also influenced by the clock frequency and operating voltage
I_evél of the microprocessor, For example, if the microprocessor within a
| computer system is operating at higher frequency or higher voltage level, it will
) ‘consume more power. In one embodiment, the weighted sum of the counter
data is adjusted by the current clock frequency 206 and voltage level 208 to more
- accurately estimate the power usage. In one embodiment, the estimated power

usage (EPU) 218-222 is computed as follows:
EPU=WSCD*V2*F (1)

[00020) where WSCD represehted the weighted sum of the counter data, V

represents current voltage level and F represents current clock frequency.




WO' 03/ 060678 30/ 06/ 2006 PCT/ US02/ 41439 [00021] The current operating cl ock
_frequency 206 and voltage |l evel 208 nmay be determ ned by exam ?i 6/2006
registers in the BIOS that has been designated to store the cu rOn
frequency an® %8f%aYe 1 evel values. I'n at Ieast some of thePCHBEBHIIK

devel oped m croprocessors, the voltage |evel and the operating frequency
may change during runtime under various ogerati ng?@conditions. For exanpl e,

‘the vol t agd?®@Uel and herfairrerd greratinedoriiiraeuendy 296 aadpipliage lesel 2%
throttli i SNB.. tively, i bi, | t tems, th

_‘volr ? ageI nIged\:/{ge’f nglff%ﬁ‘éﬂ%B%g%mg%fe?‘gﬁfegﬂégégoﬂbﬂg?@bggggteﬁssﬁe?‘ mgg“fa&% an

external  pgWRfre $1%1£|ﬁ‘%%ﬁm ﬁéa?\cg al?lﬂt&cﬁ%lée@@)@ﬂramge[n thQsI’tS%bm@&ﬁhé he

esti mat ed power usage (EPU) v e has en conputed, | averaged with

past EPU vakcerdlyXeSeitied midropteesut, thovehigys evpleakd pevdjeratis@gge. Then,
the average power usage value is conpared with a maxi num all owed power
| evel (ref drequeneiemayrirnge dasingnombnps opderfragions|aperatsngedadigdns.wrath  TDP

210 b d. i .. of th | St in B].OS gnd i ful i

et o1 m ni n§ UREIE. TR 9 ke el bt ittt Foricbe adipd doanal ey

- violate th i I Besisd | At .
The TDP val bo ST oot e g  ARSTELACH T IR SlhlE: e e PRI 0

det er m ni ngpvebuiayehlnpe weencamdbEeCoORFUTBGYRIen B&ilhes ABAOERERREndIEf Or e it
exceeds the maxi num all owed tenperature under nornmal or worst-case

scenari o. pP¢weheowge more tvombatterygquevenmedes t he TDP val ue 210 for a period
of time, the junction tenperature of mcroprocessor will start to exceed
the maxinmum allowed tenperature. Therefore, to reduce the junction

Commer ot v o 0cT S350 Bt My oA O TR het b AR
USR0%, Chcomdsy SRR S TUOUREE 16 e RRETLICHBRSH Y A s
t enper at uresa@éj JThenythee verqpegseeer asagefvalueod®ompared with a maximum
allowed power level (referred hereinafter as “TDP” 210). The value associated
- with TDP 210 may be programmed in one of the registers in BIOS and is useful
in determining when the junction temperature of the microprocessor may
violate the maximum allowed temperature based on the estimated power usage.
The TDP value 210 may be determined by executing benchmark program and
determining how much power can be consumed by the microprocessor before it
- exceeds the maximum allowed temperature under normal or worst-case
:} . scenario. If the current power usage exceeds the TDP value 210 for a period of
| ﬁ'me, the junction temperature of microprbcessor will start to exceed the
. ‘maximum allowed temperature. Therefore, to reduce the junction temperature

under such condition, the throttling control unit 110 will activate one or more of

‘the throttling mechanism when the average power usage exceeds the TDP value.

. [00023] It has been found that the relationship between the power
 consumption (power) and the junction temperature (Tj) may be expressed as

follows:




8 WD.03/060678 Tj = Ta + Tsys + Rjc * power (2) 30/06/2006 PCT/US02/41439
.[ 000241 where Ta represents anbient tenperature around the m C@W/@@?%%é
- Tsys repres%t‘ﬁmg&werboard contribution to heat; and Rjc represents
thermal resistance. (000251 The val ues associated with Ta, A&YYSBHHSR c are
system dependent and are typically unknown. For exanple, the val ue
associated with the thermal _resistance-(Rc) of a systemis difficult to
obtain since it depend$=drm aThyfirh&ic 0OPOWERCt ors such as &he cool ing
.capacity of its fan and heat sink, and the like. Accordingly, in one

enbodi nent, the thermal control system does not calculate the junction

tenper at ur fuoblf e?te | éwhhf%g%@preg%%ﬁmi@wtt@ﬁ&@%ﬁfe Ardun@rmgred to a fixed

ref erence poin By doil ng so, control can be provided
Wi t hout hawiit®precessrpTiies RPrasatenstisubbar@scohts biisors tahehtRhed Rjc00026)
Figure 3 depicts operations of estimating power usage according to one
enbodi nent represands thevmal resistands. one i npl enentation, the software code
running in the mcroprocessor estimtes the current power usage |evel based
on an assunption that the current power usage is proportional to a set of

counter d dj ust i I | C I d wth
cach 1 ndi CIBTET countsrelyts SRLRIREMTE, Ay I3l e AAC Slenf FoREl Aok
expressed @sd afedtyb@atly urRHow i VIRd Oaii|ilefthe Valel dssdciSRUNWRR tHatidrina] + idle
power (3) [000271 where weighting factor(i) represents a coefficient val ue
associ at edresistarice {Rjs} cba syetemrididnficobuotobtainl ainge itsbapena sa aistmtbeeoC ount er

data collected during a sanpling _period and idle power represents a
copst ant V@FiQEs S'L‘g’farségﬁéﬂﬂ'il%ci‘ﬁa% ofitsfan apd heabwinkcand thibtikey t he

FET opr Oceﬁéc%rrdmm%?r] in tom% em 00 1411%?1?,%? thermal control system does not calculate

the junction temperature directly. Instead, the estimated power is compared to a
fixed reference point (e.g., TDP). By doing so, thermal control can be provided

- without having to compute parameters such as Ta, Tsys and Rijc.

[00026) Figure 3 depicts operations of estimating power usage according to

~one embodiment of the invention. In one implementation, the software code
running in the microprocessor estimates the current power usage level based on
an assumption that the current power usage is proportional to a set of counter

. data adjusted by a corresponding weighting factor associated with each

| ) _ individ ual counter data. The estimated power usage (PU) may be expressed as

 follows:
EPU = (weighting factor(i) * counter data(i)) + idle power  (3)-

[00027) where weighting factor(i) represents a coefficient value associated
with its corresponding counter data used to adjust the counter data collected
during a sampling period and idle powef represents a constant value

corresponding to an amount of power consumed by the microprocessor when it




30/06/ 2006 PCT/US02141-139 is not executing instructions (e.g., clocking
_power, static current power, |eakage power). [00028] Referring F QU

3, a set of counter data is read fromcounters in block 310. I#ng§9%0%6
enbodi ment ,Wﬁﬂéﬂ’fé’éﬁ of counter data relates to certain higHPClgspaH1439
activities which may be counted by counters incorporated in the

m cr oprocessor. For exanple, the counter data may be collected fromthe
exi sting péyfarexancengrnithations (Ng.ecleckinggiohesr, stadaterfent peeendesiiagd i nto
~the mcroprocessor for the purpose of nonitoring power usage. |If existing
“per f or manc®CMi®Al-t or counters are used, the performance monitoring | ogic or
software program may be used to track the level of activities associated
with the corresponding counters. [00029] Then, in block 320, a respective

wei ghti ng ris L ; : . I , in
one i npl errgﬁfzg I on, taﬁgrhv\ggé ?é%ﬁ%g;ﬁ%?étréfr%ﬁg?g&%ﬁ%bsﬁg%ﬁefrd&g;o%%ﬁt yi ng
each i ndi vbtbakI310.0lmbee eddodimehl) thdeet 0Ot @RPOHE @I AM8d BNddrfagn hayt or . Wien
the thermal systemis being designed, a respective weight factor is
assi gned t evehetivibemwiichamey besopamddeeenunters inconplorated ipdheer usage

associated with the functional ,unjt corresponding to, the counter data.
Each wei ghtiAGPFHELH %eﬁéﬂ‘(ﬂ’é‘?i %Howe’rﬁgtﬁdﬁ?bgéﬁg?d?‘t @& hers  using

sonme sort : Laflaon. N | t. l: r

S mul ator (AR FerraEha R maRbaROTEL F ot ElAEHER ot B infoE

Gata togetharPl bl aak 330 T000S0] The S ComaEreH Byt et

ata together in oc : e power consuned by e

m-Cr opr oc eparborovdrice miepidmdcamters arenbed, thé pédotmasce inoaitodingdogigerat i ng
cb%ck frequency, voltage Ievelagﬁgiied to the mcroprocessor, which val ues

may changeSodiyy3raProgram feay bau tragk thelevel of aptiyigies associatec with the
| ated counter value is adjusted based on the

consi deration thg. accu
current op@fﬁqspﬂﬁ If“rgec(ﬁ?gﬁ%v and voltage | evel in block 340. For exanple, 10

[00029) Then, in block 320, a respective weighting factor is applied to each
of the counter data. For example, in ornie implementation, the'weighted counter
data is obtained by multiplying each individual counter data with the
corresponding weighting factor. When the thermal system is being designed, a
respective weight factor is assigned to each counter data to represent the level of
power usage associated with the functional unit corresponding to the counter
data. Each weighting factor may be derived by microprocessor IC designers
using some sort of power estimation tools {e.g., Architectural Level Power
Simulator (ALPS)). Once weighted counter data has been computed, an

- accumulated counter value is obtained by combining the weighted counter data

~ together in block 330.

(00030] The power consumed by the microprocessor will depend on a

number of factors, including operating clock frequency, voltage level applied to
the microprocessor, which values may changé during runtime. Inorder to take
s_ucfh factors into consideration, the accumulated counter value is adjusted based

on the current operating frequency and voltage level in block 340. For example,
' 10 '




WD 03/ 060678 30/ 06/ 2006 PCT/ US02/ 41439 the accunul ated counter val ue may

-be adjusted by a multiplied factor of the current operating fl’%@l,}ed’]é)%l %’bde
vol tage | evgl,y3/h 9%31] In block 350, the anpbunt of power consuned by %e
m croprocessor 1s estinmated based on the adjusted counter F&TASOFMER? to
avoid responding to nonentary change in estinmated power consunption (e.g.,
peak power usage), past history of power usage is factored into

consi der at thsnaccpmulated copptpavalue meydstadiesited bp @vwe nltidiegefatev of theobt ai ned

- during past certain nunber of samppljng periods are averaged in bl ock 360.
One way of E%’é??\*g"%’if“%“g GBS T APlEk Byl ng wi ndow with a defined
nunber -of past power estimtions and use weighted sumto estimte the

average power usage. [00032] Once the average power usage has been

esti mat ed, [0bB1BYy beln ocp3ask dhahinduat gepdwerlcdiviuashpby thdl ue. In one
enbodi ment, the estimated average power usage is conpared against a
maxi mum al TRECPEREFSO dafdimatedebased PR)the Bdpstedorountier dathi T heet tmeenid he
esti mat ed Raower .usa}ge an t he frequenc t he operating voltage | evel

d TDP, :

and per f or FRAXAAINE T MPmeRtary changs ingsfimaled RAYEE FRRSWRPHPT do6n PeBo
exanpl e, v]g@o ' ' g{bq,i: i L. IS, Rjtjat ed.
[ 00033] One p?%%agﬁf'%gg%ﬂ at gﬂ‘%& t%% r?ﬁgg%ignf\%lhﬁ%ﬁgﬁk%g@?glﬁr@gég}slt(t)lblg usi ng
thermal diregesy, ithe tdtiahate @oveer uaie Py &ﬂaﬁ@ﬂ&idﬁﬁ% phitcer@ihimbebs M one
system to another system For exanple, because the tenperature of the die
i s measurségplsigngenatisraralaveiageddn bleak 30s Qrectvey of daingftiiesttot he
t enper at ure .?%agsur nent and the, er%?{ngnce of the system |n addition,
:Z?Ch m crBpitaasiding wvinde voitB @ daiineddiymben of Rast PeweRestBREARS ers such

static Mook , responses, etc. and slightly different
behavi or s?SgﬁyggsWélﬁ}égd ssﬁ@§%%%§¥q%?yygr Iplo?'“{/‘?r PES As a resuit, the
performance of different mcroprocessors neasured using the sanme benchmark

program under simlar condition will provide different perfornance
resul ts. BWeRise t hOrncethegverage power usage has been estimated, it may be

compared with a defined threshold value, In one embodiment, the estimated
average power usage is compared against a maximum allow power usage value
{TDP). Based on the ratio between the estimated power usage and TDPD, the
| frequency, the operating voltage level and performance of a microprocessor may
-be adjusted up or down. For example, when this ratio approaches one, light

throttling is initiated.

) | ~ {00033} One problem associated with the conventional microprocessors
| using thermal diodes is that they do not provide deterministic results from one
system to another system. For example, because the temperature of the die is
measured using thermal diodes, various factors may affect the temperature
‘measurement and the performance of the system. In addition, each
| microprocessor is fabricated with slightly different parameters such as static
power level, temperature responses, etc. and slightly different behavior such as
heat sink capability, quality, etc. As a result, the performance of different
microprocessors measured using the same benchmark program under similar

condition will provide different performance results. Because the timing of
_ y _




Il WD 113/ 060673 30/ 06/ 2006 PCT/ USO2/ 41439 when throttl i ng is activated is
different fromone m croprocessor to another, the behavior of %?)9%6/2006

m cr opr ocesg@osikdehs be non-determ nistic, resulting in one 5[1'_/ é‘ogrojcessor
perforning better than another nicroprocessor. To avoid high ﬁ HEEHn
tenperature for all mcroprocessors, a higher margin value my need to be

assigned s hat, throttlin an. b i activated in |l ess sensitive

m cropr oceg"é%‘?%ghrﬁﬁ{l%% lsr%cg&a?%&srfﬁglef%&g%&? Op2 PHEFIPEACES SOAR AR Sh T em
-.associ at ed pahk i a 518t SF T BEsdeb & A AN Qfn. ; l.exity in

val i dation andhgggggﬁﬁdggﬁggf%,hﬁryp?%él '?‘5“ ggtre ?Jgg«%@@?g&%@ﬂ%ﬁghﬁ

manager s ofmiceogecesenmpeifesn g ledtasithgn andthegaiamuslessdr. MRy dahill digionput er

systens, such as notebooks. [00034] In contrast, a m croprocessor
i mpl enent i PGS temPemnre il binicrepsadenions edrighegmacgionaleartnagi reedtto

provi des a,determ ni St ehgvi or. Thi.s . means that the performance of the
m cropr oceEgSPS'EB%A;S%gfag&gwgﬂﬂlgﬁ”bh%h@@ly Qﬁﬁlt_"af‘eé{]'ﬁ‘e'fess&fﬁlsﬁé’er eplicated one
run after .S : g\/{f}g - pRl. i i ogramis
execut ed oﬁngﬁ’b?g?eg%{%}ls'rrgt her gg{lggn t] eftf\?ngmj%gg%%r‘gb&éﬁ't% hg(‘)é'%lfgr{él count _
val ue and hspoeiatdtbwsthieori-Heeiininigc hehavbors theddaed tompaas; in

Advant ageou;@/, by usi n(% the same maxi rum al | owed power usage val ue and
wei ght i ng Falidaonand estemidebyging ty pigalht perforted py €38Mtand hvent i on

enabl es the throttlfi&arr.i% mechani.sm t o, be act,i vat ed inr(g determni stic
manner . [ OB@388ETH 9f (HEC SRBUHT R UrchARing Adeigg amepmtdipasipbiepemputer

i mpl ement ed, ¢k d), 3PP Lab put er system such as notebook conputers to
provide d tserrf?niust |5c tke?)&??ﬂgng behavior. It has been found that

determnistic behavior is particularly desirable in portable conputer
systens. In one enbodinent, the digital power nonitoring capability of the
t hermal cdftoddl systlsrrongrass ednicoopiarpssor enplemiartignhe thérmalrdomitdod conput er

systems vbysyg?eitr{] gcgorr]gir}ght%ronr{iel embodiment provides a deterministic behavior. This
means that the performance of the microprocessor does not depend on chance
but rather can be replicated one run after another. This means that when the
- same application program is executed on different motherboards, they will
generate the same count value and have the same throttling behavior and
performance. Advantageously, by using the same maximum allowed power
usage value and weighting factor values, the scheme taught by the present

~ invention enables the throttling mechanism to be activated in a deterministic

) manner.

[00035) In one embodiment, the thermal control system is impiemented in
a portable computer system such as notebook computers to provide
deterministic throttling behavior. It has been found that deterministic behavior
is particularly desirable in portable cbmputer systems. In one embodiment, the
digital power monitoring capability of the thermal control system is used to
improve performance of portable computer systems by using the thermal

- control system to detect situations when the microprocessor is operaﬁng at low

temperature and when the microprocessor temperature is approaching




cont ol systemto detect situations when the m croprocessor is operating at

| ow tenperature and when the m croprocessor tenperature is appégg,cdk% 50%)26
WO 03/ 060678“%)6? ,{’02,906 PCT/ US02/ 41439 maxi num val ue. By doi ﬂe

[
performance level nay be increased in |low tenperature si tualprflg’r@&év4
i ncreasi ng operating frequency and voltage level. Further, |ight

throttling nay be enabl ed_when the m_cr'(_)fprocessor tenperature is
appr oachi ng BaERERUAIvEI BE doBe 6ithe Pertgrrareglsyel may be aprepsedi thlgival | owed

_tenperature be, avoi ded w I The
oper ati ons p@%ﬁrﬁ%ﬁe Xguﬁoenspé};g‘g%?ﬂ?‘%géﬁr%ghé %@Lgé‘w ée'ﬁ%gg{tgg‘pgg&lf he form
of software Pﬁﬂﬁér@ﬂ?ﬁi OirsdliRY n?dy bé ¥REbIE] WwiRGhheericFiprdedker mapaianeapabl e
of storing or encoding a sequence of instructions for execution b

a
machi ne. Theapmoathingehhadomendatiie Bpdsinglight duotthiegt éi@maﬁbﬂumrﬂif/wwéi, but
not limted to, solid-state nenories, magnetic and optical nenories and
carrier wavetegIRfraEe "Wr%%‘é?‘?ie@ﬁé‘”bc?‘gé'éﬁp}ﬁm/&%ﬁgﬁgi s not described with
reference to any particular programm ng | anguage. It will be appreciated
that a variety of programm ng | anguages nay be used to inplenent the

t eachi ngs OLLgU‘ﬁQe Invqrnééﬁbraﬁoﬂﬁﬁéffbhﬁeh betkd Presk RORIEALYRI B bhe _
foregoi ng enbodi'nents of the invention have been described and shown, it

i s under st ooginbédied va theaforonsf suftivard)dogcan stoned oswaly trpe of mdirguggest ed
and others within the spirit and scope of the invention, frray occur, to
those ski | | eaglablemedinm ¢apakig efstoriagion¢BeAdIBE aseARanGesOf IPRRUHYILOL! t he

EJ;:;S?T;“ ;gvi%teieg@t?g]rg C(a)r?g%g_g% aj{ﬁf: i&g? g g f'inlg-grgac?asblg SediQhiHal teftGraPRENded
) include, but not limited to, solid-state memories, magnetic and optical memories
and carrier wave signals. Moreover, the present invention is not described with
reference to any particular programming language. It will be appreciated that a
~ variety of programming languages may be used to implement the teachings of

the invention as described herein.

[00037] While the foregoing embodiments of the invention have been
described and shown, it is understood that variations and modifications, such as
those suggested and others within the spirit and scope of the invention, may
occur to those skilled in the art to which the invention pertains. The scope of the
) : present invention accordingly is to be defined as set forth in the appended

claims.

I3




1. An apparatus conprising: a first counter to count a nunber of tinmes a
first functional unit of the apparatug is activated; a processing unit to
apply a mathematical function to yield a determ nistic emtjur@t@msof an
overal | power consunption, the mathematical function to accept inputs

i ncl wehang cRinvalisgde fromthe first counter. 2. The apparatus of claim1,
wherein a first weighting factor is associated with the first counter; a
secondAcanpatagrs chapisng: a second wei ghting factor is provided, the second
counter to count a nunber of tinmes a second functional unit of the

-+ appaPdifshsounter E’ﬁoPﬂiét”e@bETérﬁH“?%f"ﬁ‘ﬁW@é‘?PﬂtWfﬁeﬁffhP amat'eﬁrsaettyets@'s as additional
'|nputsthef|r ht i a he ond trn factor —and a val ue
F o PRoSiogh o b sperihat &y eyon g Vud € m;%’?rt BARLARE cal
functidn Ponacc ema'cgcfamt'%neﬁcc mEHS'n e avae ¢ tsacgenelevel of the

apparatus and a current cl ock frequency of t he apparatus. 4. The apparatus
of charn®apparkiué bitRim ¢OMREdiSi Ng: at | east one throttle to after the overall
power consunption of the apparatus, wherein the at |east one throttle is
acti uatse»de:gﬁtmgfaetodsraesromamm\nthmeeem:mtee of an overall power consunption
exceeds a first threshold power level, and the at |east one throttle is
deac & s¢ceneé govnfer bavingdegeepnd weightina-faelenis Praw@edome &PC0DY eouter iIqyuela oSt i on
fall §me%"e’fwdd‘“%“é'6'&ﬁlﬂmtc}‘iF'@ﬁﬁ@‘l”ﬁ‘“ﬁ@\ﬁéﬁ“’ai@éi\ﬁé‘ld 5. The apparatus of claim4

wher ei n t thre se thre

[ ovele iR ;;-:} it 20 R e o Pl i B ARG WA A
functiona C of °4 f1 oat | ng point unit, a cache unit, and an

i nstruction decodr ng unr t. 7. The apparatus of claim 1 wherein the

- mat he ik bg@trathd @t ehindN (RCESRERatRS raiidkde laéde@t"h%'addﬂmdt in@ts ArbchRkatifg\oltagly €Vi OUS
det eledl bf thé bshbapRweInd @RISeHTBIbtiCTeqaich BRtbeapp8ratud. Met hod conpri si ng: counting
a nunber of tines a first functional unit of an integrated circuit is
activated and 15 30 June 2006 applying a mathematical function to generate
- a det-diheiepiagatiscof glaini hfdrtbendorprisioyer al | power utilization of the integrated
circuit, the mathematical function accepting as an input the nunber of

i med Ietaﬁbonleltmg.tfle o e thepysrall power consumption of the'apparatus, whereln

--the; at least one throttle is activated if the deterministic estimate of an overall power consumptron exceeds a
“first threshold power level, and :

~.the at least one throttle is deactivated if the deterministic estimate of an overall power consumption falls
" helow a second threshold power level.

5. The apparatus of claim 4 wherein the first threshold power level and the second threshold power level
are the same.

6. The apparatus of claim 1 wherein the first functional unit is one of a floating point unit, a cache unit, and .
an instruction decoding unit.

.« . 7. The apparatus of claim 1 wherein the mathematical function accepts as an addrtronal mput at least one
-previous deterministic power consumption estimate. :

8. A method comprising:

“counting a number of times a first functional unit of an integrated circuit is activated and




unit was activated. 9. The nethod of claim8 further conprising: adjusting
the nunber of tinmes the first functiof unit was activated by a first
scaling factor; counting a nunber of times a second furngtjuaadosuni t of - an
integrated circuit is activated; adjusting the nunber of times the second
f unctdppiiag a Hathemuissi fasdtby BloRRerlY adeRARIANRGE cSGdt Barf A6taPpower 06lizatoW RPINYI NY

t he atg¢distteclrenit) tzamatdmdticarmcidi@cSpiyud dnuipat the Rahbead Bf imesalse fastfunéadnad as an
addi tunibwad adtivgdert to the nat hematical function. 10. The net hod of claim 8,
further conprising: supplying an operating voltage |level and a current

cl ock frequency of the integrated circuit as additional inputs to the

mat héndis 'E%thodquﬁ'em %‘?ﬁ'“h%f"mﬁfﬁé‘gnet hod of claim8, further conprising:
reduci.n evet dcircuit if the

1
Lo Rk e RRBEA R, KR nkABSub Tt w S aclyaRa bR a PSS Ty cohor i and
i ncr %@&hrﬁ'@a Etmﬁoe?gﬁrn@s'a%gcdﬁglﬂr@%aﬂ Lﬁu}{&‘ anQF:teéer%d l:u'FEuﬁ’era%Bx%ﬂedC' rcuit if the

estimate of the overall power utilization bel ow a second threshol d.
12. ‘hhjesting tHaodmeér cﬁ:{uaww sechhd fuR@Bn ommassdcmtedrt@@taeb&g stdlifg e knd r equency
of the integrated circuit if the estimate of the overall power utilization
exceeamlying tifig aditstet nombéref tnesdhelsdcnot ferrdipmg utihesscicheledfas agaddiopaladput toe

i nt edreanatepmatieat finetionf t he estimate of the overall power utilization falls
bel ow a second threshol d. 13. The nethod of claim8, wherein the first

functj nit S Qne of a flopating point unit, a cache unit, and an
i nst fjbjgr?‘ H‘G Y i ﬁﬁﬁrcmﬂws'"ﬂ machi ne-r eadabl e medi um cont ai ni ng

~inst %}%b%ygﬁ%ﬁ oéé?éﬂ %e%él%%‘%%grré?ﬁ/ &k%g&ln@ﬁg tﬁ&H@Sra%eQ%achI%%Q&Jﬁfﬁn&l

per f RE A thfﬂ i count
functional unit of the machine is activated, and applying a mat hemati cal

function to generate a deterministic estimate of an overall power
uti | 1 zahé oiathod oftdem spfacdiir b@mprising: mat hemat i cal functi on accepting as an
i nput the nunber of tinmes the first functional unit was activated. 16 30
Juneregogyg the operating voltage level of the the integrated circuit if the estimate of the overall power
utilization exceeds a first threshold, and

increasing the operating voltage level of the integrated circuit if the estimate of the overall power utilization
falls below a second threshold.

12. The method of claim 8, further comprising:

reducing the clock frequency of the in'tegrated circuit if the estimate of the overall power utilization exceeds
.a first threshold, and :

increasing the clock frequency of the integrated circuit if the estimate of the overall power utilization falls

below a second threshold.

13. The method of claim 8, wherein the first functional unit is one of a floating point unit, a cache unit, and
an instruction decoding unit.

14. A machine-readable medium containing instructions that, when execuied by a machine, cause the
machine to perform operations comprising:

- counting a number of times a first functional unit of the machine is activated, and
applying a mathematical function to generate a deterministic estimate of an overall power utilization of the

machine, the mathematica! function accepting as an input the number of times the first functional unit was
activated.




15. The nmachi ne-readabl e nedi um of claim 14 containing instructions that,
when executed by the machine, cause jgre nmachine to perform additional
operations conprising: adjusting the nunber of tines thedjursbodsuncti on
unit was activated by a first scaling factor; counting a nunber of tines a
second. THangdchind-adadstid fe@im oh@aiftBg BbMANIhG ingtelcliord tRE wheslbxtslited By thBthaomader of
t i mesailseehsseaing td pardinh adutlonal dbératins tbraprRmghi ne was acti vated by a second
wei ghting factor; and incorporating the adjusted nunber of tinmes the second
f unc@pigstiap thermumberens times the fnstfdndtion enitwes activaleddy edirsb$calindfectover al | power
utilization. 16. The machi ne-readabl e nedi um of cl|ai m 14 cont ai ni ng

i nst CORLIGRHBUTIRAOF IMgg&rFeesnd funcirrabinit ohie rreMisi 2ctvladise t he machine to

per f gr.m.addi ti onal erations,conprisi.ng. i nNcorporati an _operating voltage
" ov UL e rlphehor HRES B sarof ipdipal Bt ne i bENES «gr=brley f5thihe i nto t he
estinace of the overal l power utilization. 17. The nmachi ne-readabl e medi um
of  ClRbifbrhthgaRhdN s HAmIbESTr li6d the SscohdMhetiond) @RIt RXLLN R iRy tHehBuhRehbme,

caus ehetdveralnpelr 0gizétdnper f or m addi ti onal operations conprising averagi ng the
estimated power utilization wth at |east one previously-generated
estimated power utilization. 18. The machi ne-readabl e nmedi um of claim 14
cont 4¢-rTihAgachivg-readabieonediunheftclainive pordsimraingtctiops thak whercéxepded bicthelmechitee

mac hF#Ee {15 maching frmeserd 2ddbiazal orssations FRSISiEd ifpRrPYRiing an peeraiovgltags layplf at i ng
vol t R5EacRYeR s CHTRR" dgk HPRengyo! thR&nasains i tReesypatel fheQustal pater ¥lizafionon i s

above a first threshold; and increasing the operating voltage |evel of the

ma‘ChiIﬂQ' éfn?ig%— édbm nPé(f%faﬁM o(ma?rﬁn Htljul:t ﬂé hgpwh 8(%!:[9 thé%gm

thr eéehu@f fhe hinﬁﬁ)e dafﬁarfa?@ﬁ@g?iﬁs nibrisiAY ﬁj_ere&‘; rig'tB iﬂm% i&&%hﬁgmian

I NSt RigCaticaRBonk RedviouMLEEhRXAC4tiRSte & Yorkdh @il I ne, = cause the machine to
perform addi ti onal operations conprising: reducing a clock frequency of the
machine if the estimted overall power utilization is above a first

t hr eshdhelmaching-readabasidug ¢f leiaine | baktdniregudmcipnothat, Wwemaxeditetkbyi the thehine,

est i paysethe 5\aching 1o psdowradditional ongrdtions osppeinww a second t hreshol d.

reducing an operating voltége level of the machine if the estimated overall power utilization is above a first
threshold; and )

‘increasing the operating voltage level of the machine if the estimated overall power utilization is below a
second threshold.
19. The machine-readable medium of clairn 14 containing instructions that, when executed by the machine,

cause the machine to perform additional operations comprising:

reducing a clock frequency of the machine if the estimated overall power utilization is above a first
threshold; and

increasing the clock frequency of the machine if the estimated overall power utilization is below a second
threshold.




