WD 03/ 060678 PCT/ US02/ 41439 DETERM NI STI C PONER- ESTI MATI ON FOR THERMAL
CONTROL BACKGROUND Field of the Invention [0001] This invention rel ates
to t her meWomons6e$ f or m croprocessors. Description of tReTRS0aIEA Art
[0002] Wth the increasing conplexity of new m croprocessors, thernal
control becones nore chall enging. Current mcroprocessors include extensive
execution resources to SMRM(INIISWIC@@M{BIDESSHMWTIIDNM tiple
instructions. A drawback topgROYHERMAT CONPROICESSOr W th extensive
execution resources is that significant amounts of power are required to
run the mcroprocessors. Different execution units may consume nore or

| ess power, depending on their spxexk@grOUMNDSuUNctions they inplenment, but
the net effect of packing so nmuch— Togic onto a relatively small process
chipis to create the potential for significant power dissipation

probl ens. Fjcdd@08thd Inveaheant i onal thernmal control systens, junction
tenperature (Tj) on a die is observed to ensure that it does not exceed an
al  oned maxi mum value to avoid reliabili en the junction

t enper at ufA80Hppr oac A& Wyentign relakeg tﬂé&?rm%%ffag%rtw%?l?’i‘%cﬁ Ty be
activated to cool the mcroprocessor, resulting in a significant
performance | oss. [0004] Detection of a maxi num junction tenperature

vi ol ati on pg@Ryri gonggméllagﬂpp[rtby nmeasuring the tenperature of an area of a
di e cl ose nown sSpots. Some m croprocessors use a thernmal diode
on the m croprocessor di e for tenperature tracking. Tenperature tracking
can be us¢mo2]t o act Withéhe omzeasong carh plexitytaf Iﬂeﬁgﬁuﬁf@@rﬂtfﬂéﬁ@énﬁ‘éf@?hre | evel

exceeds the
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 power 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.

[0003] In conventional thermal control systems, junction temperature (Tj)
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 be
accomplished by measuring the temperature of an area of a die close to the
known hot spots. Some microprocessors 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
\



| WO 03/060678 PCT/ USO02/ 41439 maxi mum al | oned val ue, or can be used to

I ncrease the m croprocessor performance |evel (e.g., increase

vol t age/ fwegamesmyy when the tenperature level is |ow |t peassSozen3d ound
that the current passing through the thermal diode is a function of
tenperature. Accordingly, a circuitry is provided, in at |east sonme of the
convent i opakirheY Adwed b, ofyait bemsed itlardase dhaptiedprocedsdrect t he anount
of current passing through the thermal diode and to trigger throttling
whenever petiernamederel(eq. dncrense woltage! frequenenev hen thtlempsatreniersl ue.

over heat 1 o (A BFRE BT thay UG esrine (i L HeaRpR A 688 o
general . aRichBhVRieRRIRE APRAHIAAL U GRSy iCEMbI0AlolDR! ey ShRER (Pr ef er

not to support ther hrottl n normal operating
condi t i onghedinhentibnalrthegmbleiraed] sepphise athicnis. adbipeedrtd detieotthe amairtt! i ng
I ntroduces non- determnistic behavior to nobile systens, sonething an CEM

prefers tof auvent pasobgsthopegathe ihermabdigdenmg: todriggrnthrettiingyghetevehe sane

type and having the sane chip version behaye siml|arly and provide the
sanme bencHiedeRPeERtuge Ongﬁé%gxc&fegﬂb‘eoa&g’éﬁe‘ilwq‘lui“h&a eates a

non-determ ni sti c behavior since each chip has a different thermal
response, |eakage current, etc. BRI EF DESCRI PTI ON OF THE DRAW NGS [ 0006]

The feat ufggs) aspecCurreitly @ddanbagaisdioties peotectuaitroprocesddrs freeone nore
t horoughly apparent fromthe follow ng detailed description, appended
cl ai ns, anderheatinpaityatigns beasimaysnotrbesietil infhgbile systemswdn gemgrabk di agr am

2 g5 T v MRS DRSSl
support thermal diode based throttling in normal operating conditions while
running typical applications. Thermal diode throttling introduces non-
deterministic behavior to mobile systems, something an OEM prefers to avoid.
OEMs operate on the assumption that systems 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 DESCRIPTION OF THE DRAWINGS

{oo0s6] 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.

2



according to one enbodi rent of the invention; and Figure 3 shows a flow
di agram of estimating power usage by a m croprocessor according to one
enbodi nenvoaB/osdees i nvention. 2 WO 03/ 060678 PCT/ US02/ 4143 ®CTIESAM 145D
DESCRI PTION [0007] In the follow ng description, specific details are set
forth in order to provide a thorough understanding of the present

I nvention. However, it wll be apparent to one skilled in the art that the
present invention nay be practiced wthout these specific details. In

ot her instances, well-known BEIAILED DESCRIPTIRN and t echni ques have not
been shown in detail in order to avoid obscuring the present invention.

0008] A th I ] is.d i bed. | di h I
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ther mal gﬁ@@fd&' a thidr&@ Hh@@rs'iyﬁdiﬁg?f g%réém ig\%'enﬁgﬂ.' W OErOft WAAWR! 1S

confi gur to estimat® an anount r used by m croprocessor. Based
on the egipan@ited opovkilledsiagbe atththat tiey preberttdnientiors yisdyebe peitticed s t he
activation and deactivation of throttling nechanismto avoid unsafe
j unct i on widhgetrthese specificdetaily. buother ypdanees deghl kagwnosiratits, Riauctuxeseeds
system specj fication 0009] It .has be found,than th nmount Qf power
consumed A %CWH?%B?%%BQE%‘?W%I%&%?%H Prdentoavaid o é‘f‘ﬁ’f%aleo junction
t emper at yy 8.l Hidvditiont e di e of the microprocessor. In other words, when
the mcrdprocessor wthin a conputer system consunes relatively a |arge
anount of power for a period of tinme, this may indicate that the
m croprocessor is operating at relatively high tenperature. Accordingly,
when t he [@098]i mat ed Jptvermalsantrol systemas dessiripedi dh onetemebadiarengla cont r ol
system matx actijvate one or, rmre-dof I ts theréral. {hrottl i r}g )
ermal control system is provided that uses a digital power monitoring for

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 control system controls the activation

and deactivation of throttling mechanism to avoid unsafe junction temperature

that may cause system degradation or that exceeds system specification.

[0009] 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 large amount of power for a period of
time, this may indicate that the microprocessor is operating at relatively high
temperature. Accordingly, when the estimated 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 itself. Additionally, when the
estimated power usage is quite low, the thermal control system may be
configured to increase the microprocessor performance, for example, by
increasing operating voltage level, increasing clock frequency, or enabling

additional activities.



mechanismto enable the m croprocessor to cool itself. Additionally, when
the estimted power usage is quite low, the thermal control system nay be
conf i gur ewotos/0608¢8 ease t he m croprocessor performance, forPCeEasopha39 by

i ncreasi ng operating voltage |evel, increasing clock frequency, or enabling
additional activities. 3 WD 03/060678 PCT/ US02/ 41439 [00010] According to
one enbodi nent, the thermal control system dynamcally estimtes an
average power consunmed by a mcroprocessor during a given tinme interval by
peri odi cajpobsrolexecut Aagrdiig teore embedinjentgthe tiiecmel codegl sysiest em nanagenent
node (SMM software, or the like) in the mcroprocessor. In ong .

enbodi nendynathisapwetimadessampysrage PEwEr CoRsuRed By i apERfesiPricHing
frequency of various actiVvities,.o ri it hi oA ge]o < . Unlike
the "t hor el ne TsRet VerpiruTRE et nbbBirt AR G PRRASIRAE,

carr! od OfsteinSUIHRIR Mad SIS ToRieirk ComBRAULDIn (RERicHopFocesscey st em and
a given set of applications), resulting in a determnistic system

behavi or . In sneanbbaghents tig poivkey conssmptidretevel isdistideded baswst optleyi de

determ nistic power estimation for thermal control. [00011] Figure 1

depi cts afreqeensyl ofomiious| actiyHiesactering wathin Hye micropeocesstiodi MR ther ¢ he

I nvention, The the | control system 104 i.s incorpaor.at i :

i croprocgbeél%‘tal'%%{qqgﬁeagt,e%ﬁ %F%ﬁﬁ“a Higs PO & g‘oaﬁlg)ﬁlc 5?g%f)gt

i ncl udi ng Qstit bBRaIBE (R ayTv RSy stb dilitBa igivensdet 8F ed
enbodi rrenFY@%’ﬁlr@géf‘?%gtS}%?ﬁ%ﬁ# gtgtl [ ngtb%gg?g‘r]\i s&s are sh%\l%/n, whi ch incl ude
st op- ¢l ockppli¢atioink), Resultifgiif aldeternainistictsggtenc behavibr.| bgéantfabe, cuaretlyn

I nterrupt ?ogic 116. When the thermal control system 104 detects that the
power conssedethebmal Hiodesido nplr providadetepninisticperyer petimationden thermakd

power, one or nore of the
control.

[00011] Figure 1 depicts a thermal control system 104 éccording 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
at least 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
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. The die
temperature can also be reduced by lowering the operating voltage level, which
is controlled by the thermal control system 104 via the voltage control 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



throttling nmechani sns 106 may be invoked to ensure that die tenperature
wll not exceed thermal design limts during operation. For exanple, the
st op-cl ocwo slswtg | i ng | ogi ¢ 114, which when activated, n»aartsaz/iiago r educes
or stops the <clock of the mi croprocessor for exanple, for few

m croseconds. The die tenperature can also be reduced by |owering the

oper ati ng;aaki a?t&l;r SRARE theVBin®int b$ hestiienetdted bpyhe heicidprba@socani r ol syst em
104 via ?h%ﬁvf)lt g}e control logic 112.7 Toggli Zg of an(i}ﬁgne of the

t hrot t| i nglativelyastiostperiodhof tidieng vol t age control 1ogic 112, stop-clock
throttling logic 114 and interrupt logic 116, may 4 WO 03/ 060678

PCT/ US02/ 41439 significantly reduce the anobunt of heat generated by the

m cropro rin r I [ E ITR: The

throttli ﬁ@’%ﬁichani ?&E tﬁt@brégéﬁf‘ glgfysl{nr?pll@i%éﬁ?seeq%e%?r{e@*godrrgq%%%rt rative

pur poses jafkifati @ PuligiReLorfy, ahdithese/ofdtdidary Bkilhi thetartiill undemtaidnd

that, in practice, the thermal control system 104 nay enpl oy ot her types of
t hrot t | i nhatrie peattisesthe Abhennali cogitso] sy stemhiddi map empidy otherdypeheft t he
thermal control system described herein i ener al | licable to all
types of thretHigpmeebarisms, AqCnglaggf/ ilﬁﬁi‘%liﬁpgé“@ﬁé‘if?gﬁi 219%#‘8?]9@%

mechani sns | oyed. Q T ' | system 104

i ncl udes cgngr%%f@a%eéknﬁg%?%B?IFESQQ%%#? ﬁgghﬁg%ygﬁﬁirl gﬁgegfgont rol unit
110. In @lgm ' i ivRQMRhe S9R UG FRBIIAL in& HdRismsl@dpldyedbodi ed i n
the for mqgﬁrs ft%ﬁgggggﬁgggﬁ ase m cr o- code le%ecut ed peri ogic?al ly within

the m croprocessor to estinate power consunption based on the nunber of
occurrences of various activities Eerformad in_the H} groprocessor. Based

on the espIordt ed pdiheerillystrgtedoihsrmaberntis sysiemplbinc ! RYNEE BFA8Gg uni t
O e ot BRC P Dok 25 BRRBLT i Y REABoRLSOR, o 0 e one
power usage monitoring unit 104 is embodied in the form of software code such
as micro-code executed periodically 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



m croprocessor if cooling is necessary to avoid unsafe die tenperature that
may cause system degradation. [000141 In general, there are a nunber of
functi onavougios@78v t hin a m croprocessor, each of which eomgsowsi4dd fferent
anount of power. Accordingly, by counting the nunber of tinmes certain
functional units are activated during a defined tine period, the amount of

power CONgiHTe&kied HEsofFvEFORIIRS QRE Qe déd figcduiatithé intin e rdf @dcurayndes
estimated. To count the nunmber of occurrences of certain activities, the

power usadfea particutariactivitgi t 104 communicates with a set of counters
118- 122 incorporated in the mcroprocessor. The counters 118-122 may be
I npl emented as registers in hardware conponents 5 WO 03/ 060678

PCT/ US02/ [%%@%9 andFa/ra& l@,soﬁ témr"?‘“spé@ﬁyﬁf%%{ HI§30 to count the

a {‘c
nunber of urrences of a particular actirvity: exanpl e, one

count er NRRLhHBFHAY it 1BEMRYPVRS conFid@ifed FREIUMIthe Buttiber oI@B)aﬁiBE gegntconf i gur ed
to count the nunber of floating point operations perforned by the

ni cr opr oceseratioduperfgrmed drypthe mgictoprocgssoi during arremppling G pariathy be
configured to count the nunber of cache rreQ})r%u gcceﬁ‘}gg occurring in the
m cr opr ocAgether cauntermanPasPrfignssy 9oyt the pumpey pheacheemMaphunt  of

power consuned by the m cropro ' i ons decoded
by the defSHES r?ég}lr&%mb%l%anﬁlocg ﬁ@?’géscs? g\?ﬁ@%%ﬁ%@ @ffﬁé yﬁég t[[g)(r)lwer usage
moni t or i g fe tAO4mduht P PRWER conSimea bytthe niedifrotessor.! The ahaibed obe
understood that the present invention may be inplenmented by nonitoring any
ot her sui trahiuetians dedddeeby duridedodgr wiayhalso béenather ephivite ssanitared byi s
limted to exanpl es specified herein. [00016] |n accordance w th_one

enbodi menthe pojser wageanopigpripgunit 144 via soge sort of counter mechanism. It

should be understood that the present invention may be implemented by
monitoring 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/Output 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



conbi nati on of software and hardware, as opposed to currently used hardware
circuitry in conbination with a thermal diode. Accordingly, by using both
har dwar e wod3safsrsvare t o esti mate power usage, additi onal PCTasobi#l4Bey i s
provi ded, enabling the thermal control systemto factor in various
paranmeters such as the operating voltage | evel and clock frequency into
the powerestigfitedBbwer -usﬁfge EPUPvaabs M8-22Tehstaired ®stihgehecpavstandage,

rat her than using pure Togic or hardware circuitry, the nmaxi mum junction

t enper at yast vamphngperiodan be detected with sufficient accuracy for
activating throttling wwth mniml systeml|evel tuning by Basic Input/

Qut put System (BIOS). [00017] Figure 2 depicts a block diagramof a power
usage nonj ing ( i 0 i i of the

i nventi om)&%e PUM%#%teawgvi%h% %ﬁ‘%@*g%?sﬁggg@"ﬁ?%mézoz to estimate
pover usagfrbpaREsseR, the @fuﬁgb@saﬂldt@r F02l pegio 2841yt sbtafmodatarday er age
power usage val ue of 6 03/ 060678 PCT/ US02/ 41439 "estimated power usage
(EPU) val 288s2421fged 2@ r mhtsaiomaderd imdargordted outheamicraptbcegrost Isanpl i ng
periods. [00018] As noted above, to. estinate }he ower copnsuned by the

m cr opr oc¥BRefIMen{etheRawver usage s estimatedeveny eﬁ‘éPﬁSEHSE‘é‘?rP BBt%i ns counter
data 2385242 fro I I r i kCcroprocessor. In
one enbot(y'leﬁgﬁ{ r,esglﬂésaep%\%gfoe&gg%@% ?iSIISE‘f@féfﬁ éﬁhgs%gé;o#ée%\ﬁvsﬁq#croseconds si nce
thermal rRsREASBnEBY IRGhisHehid, Ak YhébaMnhingdof ealh shlinggserdd, tlds of

m croseconds). In this regard, at the beginning of each sanpling period,
the powepowengsagesstinmator 2E0RiMfirdt access thecowster data fromneash cdanterf r om each

counter and then will reset the counters once the count data Bﬁs been
read. Oncand then williraset theoxnters opee thestunt sadp hagbegnkead. (2a8dhest i mat or
202 applies

Sourtter 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
level 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 represented the weighted sum of the counter data, V

represents current voltage level and F represents current clock frequency.



respecti ve wei ghted factor 212-216 to each of the counter data 238-242 and
conbi nes the wei ghted counter data to provide a wei ghted sum of the counter
data. [ 00@DIB/obac7has been found that the amobunt of power eoTssIdidy t he
m croprocessor is also influenced by the clock frequency and operating
voltage |level of the mcroprocessor. For exanple, if the m croprocessor
Wi thin a [osernput er Bhstementsopgreting clogk fteqlaiengtye206 ard weltage aveh2@her
voltage level, it will consunme nore power. In one enbodi nent, the weighted
sum of tlh@aylcb@rdeéermmdém exagyning rgiersin she RIS thathasdeendesigaatef 206 and
vol tage | ev 8 to re accurately estinate th r.u e... ) n one
]? mbodi men, S%Wﬁ’gtg% §Pfrﬁg¥ Ergaysier an(ﬁj g 8%%39( ltgpsgfvaigg@ Slfgac{ﬁgasé 3 §§%t°£ éi‘%s
ol | ows: —M\%Q* iyl 0070} r Wed the
wei ght ed Islégér#tgf t eog%%/ﬁrtllgd:l)c{gl%,SB% reporué%gr}t@gé@??rarﬂgﬁﬁfﬁﬁg%e | evel and F
r epr esent fequricgnhayg thakgd degugrantimé Mded Iabio0s o6per(Eind SrliddAS For]f 00021]
The current operating clock freclgency 206 and voltage | evel 208 may be

r

dtet er ni Ee@amyplextém}w ﬁgerl@gal@mg eF‘quunecym@édtbmdm%tgdwewec@sthgnat ed to
store the_ current e n . I I I . I f
the recoliPUiBEPIBRRE Ty oA Bpmabaelonsmapie colthulfesysevep trdofne® ™™ °
operatin r . i : : . :
glevgl#glgy%ﬂﬁﬂ%e;%’eﬁmﬁ%%ﬂ %h\@@ﬁtéert/’égjltifﬁ S Rbs FRM QH exfePRAIat | Ng

condi tions. exa e voltag t he frequency coul d be

adj ust ed pyw@flg)lgtehhﬁjembwéﬂlng)wmcmadé,sns. Alternatively, in nobile
conputer systens, the voltage evel may change when a nobile conputer
system switches froman external power source node to a battery power

mode. [00022] Once th ti nat ed
[ [00022] ® Once the elzsrtrlamaeted%%mw//eerr u%ggg&ﬁﬁ%lu\é%ag%egg%og%%?ecﬁoWUt ed,

it is averaged with past EPU values 218-222 to filter out momentary peak power
usage. Then, the average power usage value is compared 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
time, the junction temperature of microprocessor 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.

[60023] It has been found that the relationship between the power
* consumption (power) and the junction temperature (Tj) may be expressed as

follows:



it is averaged wth past EPU val ues 218-222 to filter out nonentary peak
power usage. Then, the average power usage value is conpared with a

maxi nrum wbloowem7power | evel (referred hereinafter as " TDPCTAND}/4143he val ue
associated wth TDP 210 nay be programmed in one of the registers in BICS
and is useful in determ ning when the junction tenperature of the

m cr opr ocessor nay i=0fa”:q.q~s¥§1e quxipgw@ral | owed tenper gure based on the
esti mated power usage. The TDP val ue 210 nmay be determ ned by executing

benchmar k program and determ ni ng how much power can be consuned by the

m croprocessor before it exceeds the maxi num al |l owed tepperature under
nor mal  of00pR%] st-caé‘élerggéﬁﬁpr%ﬁ.enﬁaf{‘h@“&ﬁ?ﬁ?%‘?\‘?“ﬂ'@\ﬁéwﬂgégg exceeds the TDP

value 210 for a periaqd of ti ' [ t . 1.CI opr ocessor
will st afiCrPrasestl Sﬁére%@ﬁgﬁﬁrﬁ%ﬁ%%gafgﬁ%{era S{@_ﬁl{?ﬁ,eér}{ec% 1glrce, to reduce
the junctlon.LouRREM A Bsistipder such condition, the throttling control unit
110 will activate one or nore of the throttling mechani sm when the average
power usage exceeds the TDP value. [00023] It has been found that the

rel ati onshi p between the power consunption (power) and the#gunc i on

t enper at UP0825)Tj ) nmeinebalessrssasiatedawithila, (Tsyg ang Rignissystars fgpendent
PCT/ US02/ 41439 . T) = Ta,+ Ts + Rc * wer., (2 0 -
repres entaé‘]daqfﬁit%ﬂilcag% Hﬂgf‘ﬁfvﬁﬁy ZFoafre?ﬂﬁ'd)l?’&ge Vﬁ%u%r%’#%gée%é As%'}d; I é;?/%&?leaér esent s
mot her bo RPHOS §liffic@t90 Bbfain SARE e6&SBEndsTH SN I0oft ance.
[ 00025] %geis{\?g%glpgéfsig@f%?% \?\il t ﬁ Ta(,) Ts;rs‘ and Rj(ff(iszIS are system dependent
and are tp{goefddch dsrtkaewblingeapacianglis, fahhedvisdatieinds andithe &ilewi t h t he
thermal resistance (Rjc) of a systemis difficult to obtain since it
depends ohceardingberinone embodiment, the 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.ch.

[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
individual 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 power represents a constant value

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



factors such as the cooling capacity of its fan and heat sink, and the

| i ke. Accordingly, in one enbodinent, the thermal control system does not

cal cul at ewotohsejeaicti on tenperature directly. Instead, thecedtSorated power
is conpared to a fixed reference point (e.g., TDP). By doing so, thernal

control can be provided wthout having to conpute paranmeters such as Ta,
Tsys and

TS, 20 ok RONEAL G OREARY e SlrER b neaguer Usaoe

one e tion. In one i enentatron, the
sof twar e ). running in the mcroprocessor estimates the current power
usage | evel based on an assunption that the current power usage is
proportional to a set of counter data adjusted by a correspondi ng

oporti on: . ! adj ust
o5t at odoBHler us Aot gt Seiort ot Sautet Wit SR Hob bl 1 ng
Factor (i )y10 e RN 0Pl Rbbdimdnt, HescR BPESuritd) dhRAREALs W BiNBiENt | Ng

i bbbl s M
factor (i) represents a coefficient value assoclate wth its correspondi ng

counter datd #E0fidsAvRithUfiky beeoantedttsr calaitersdatdiporadd idtheng a sanpling
period and idle power represents a constant value corresponding to an

gg-# Bts Og;tzﬁggroc_emu Fod ekymple: the cowpendatagoay haeallpeted fxam dls? 060678

14 IS not executing instructjons . g... clockij ower, static
curr tent g@ﬂhﬁ?ng PEARER_NCeJHRBHOT g‘f‘b‘%@?ﬁir ?%?94’%5&%“%7@5?&%&%%& of
counter data is r (.8 s : di ment, the
set of coﬂhctr8P§°(§§§Sg’q_rféf Q{Beé&tﬁg)tsgg?fﬂ adl}‘rl\togll %ﬁl ‘Igééqsg?dgaéé?? §>I<1t§ Iﬁg whi ch may be
count ed byo oML ReSnbARSF BALIRERChre iisbdSthe Pegfoppiadee ssdtitorfigg logieom! e, t he
counter data may be collected fromthe existing performance nonitor
count er s syftwiregrogeamtmay be msed potratle the level aftastivities associated with the

corresponding counters.

{00029] Then, in block 320, a respective weighting factor is applied to each
of the counter data. For example, in one 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 change during runtime. In order to take
such factors into consideration, the accumulated counter value is adjusted based

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



m croprocessor for the purpose of nonitoring power usage. |If existing
performance nonitor counters are used, the performance nonitoring | ogic or
sof t war e woagnersrsray be used to track the | evel of activi ticagsazsnae? at ed
with the corresponding counters. [00029] Then, in block 320, a respective
wei ghting factor is applied to each of the counter data. For exanple, in
one i npl | | i ' tiplying
each indﬁggaﬁgﬁhg%ﬁﬁ%Qﬁnﬁ§¥ggﬁfﬁﬂgfEgkggFFggggﬁéﬁﬁgﬁagygﬁggﬁgfngtor. When
the ther rmlrre&\ysaﬁgfatir% foeq uihcgtesidgvelthgedevelespect i ve wei ght factor is
assigned to each counter data to represent the |evel of power usage
associated with the functional unit corresponding to the counter data.

Each wei ghti f act.or, e derived, b I C C desi [
some sor 08P pover TBLTRATIE HE Mo ER B pOHELCRRRESEBY b Vel “Power
Si mul at orp, (AL Bk bssofCEHRA BRI BHIhE AR EAMIBEGRMaC YA, fflavcid

accunul ated counter value 1s obtained by conbining the weighted counter
data togesp@iding tbhonkedtoy chOOHSHY estineatpd powearcossumgtion (elge peak

m croprocessor wl| depend on a nunber of factors, inc|luding operating
cl ock fr eRpreprcysagebipashlistaryaf payyariusage & fati'%‘i’ée‘?oﬁ‘étpcﬁ?l“é%é%?‘}- lg)h val ues

may change duyi runt .. In order t 3 [;

consi der %teg%'ﬁ{,' tﬁ%%‘c’%e{?ﬁ%‘?’%ﬁus A?\éeﬁs @ﬁﬂg@@@gﬁ%ﬁ@gﬁ@@ ml())er{ Qtfhe
current fl N Perfis EAMRBNEN 5’%@1 ¥ObIbAs6d. avRE way & dsikgIAR is kor exanpl e, 10
WO 03/ 068%%?%&?%802/ 41439r he1 accumul at ed codt}’nt er v%l ue may be adjusted
by a mul tmpinteith £ diting voihdohewithua defibedbpemdier 0f phstgeuieercestamatiors! t age

| evel . [00031] In block 350, the ampunt of power consumed by the

ni cr opr ocskuse weighted pamely astiseate the AFRSagRIPOWEEYS_&unt er data. Then, to
avoi d

[00032] Once the average 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 TDP, 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
11



respondi ng to nonentary change in estimted power consunption (e.g., peak
power usage), past history of power usage is factored into consideration.
In this weganede7s he esti mated power usage | evel s obt ai negcaursozgi4past

certain nunber of sanpling periods are averaged in bl ock 360. One way of
doing this is to maintain a sliding window with a defined nunber of past

pover esty B HEoelingNsl attieateg iigfifRdestuid hOrRShidep focebwray anager pheer
usage. [00032] Once 't he average power usage has been estimated, it may be

conpar ed hehiakica of ehecm edctdpresdssptiwilhbaaontdetermeingstiso deswbling in ere est i mat ed
aver age power usage is conpared agai nst maxi mum al | ow power .usage val ue
(TDP) . BABKEOBROCETOT PRTIOBTHEE RERT 119 ARePrerdP IO BtErsOtis A0& QIINER,  t he
f requency. 8 ' d r : ' rQcessor
may o JAPORL GRS hAG (P Ea o e B MG B Al SR e,
light thgoidsldned sosthhbitirotliag cah@RAiRely Qedvatedihdmssaeasitivat ed with the

conventional mcroprocessors using thermal diodes is that they do not
provi de dmiaopiatessore whichiresulty iora ose of pefeamance. ahoether psglle®m For

exanpl e, because the tenperature . of the die is asured .using thernal

di odes, vaéﬁ‘i"éﬁl@df‘%%ﬁ&oé" frIate {’?lP‘?é’l?re‘ﬁglé‘? afded co S%Fye‘r?ent and the
per f or mancs. of. | 44 ' GESSPITI S fabricated
with sli %ﬁ}&%hg}\%?\gf%}%&g&égm@S@gﬁﬂ}ggﬁg?gﬁ%'ng%er | evel , tenperature
r esponsesmafhgers dfthrgbicohiganiel piiehasing hdhgei amosnicdt portatile ad mpiutie
capability, quality, etc. As a result, the performance of different

m cr opr ocystons snelagsnetehooksg t he sane benchmark program under similar

condition will provide different performance results. Because the timng of
11 WO 03/060678 PCT/ US02/41439 when throttling is activated is different

from one [m)O%E]Opr Oceﬁlséynttta%t,aanﬂtié}sbroge&%r implementing the thermal control
system according to one 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 implemented 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 éomputer 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 operating at low

temperature and when the microprocessor temperature is approaching
12



behavi or of each mcroprocessor will be non-determnistic, resulting in one
m cr oprocessor perform ng better than another m croprocessor. To avoid high
junction wempes@tsire for all mcroprocessors, a hi gher namrgirrusezkiig nay
need to be assigned so that throttling can be tinely activated in |ess
sensitive mcroprocessors, which results in a |oss of performance. Anot her
pr obl em §§i%&ﬁt\§@'uw By oSy S5 tRE %ffbﬁhhﬁcél@bél\/ﬁ@? besnéfeasatigeidnconpl exi ty
in validation and syst'em debugging, typically pertorned by OEMand I T
manager s tefnpeditgee siougtiotisdsy puredsasg operating freguenoyiand ooltage levsle conput er
systens, such as notebooks. [00034] In contrast, a m croprocessor .

ol erentighamBghbbeRRng oy B cnased avheR B TicHPTOSeBE SaRBE A e i

provi des a_deter.m ni Sti. jor i S 14 peweqof the
m cropr ocaé%p§8?&}}853 Iﬁ%’t(l%ﬁlgrglg?%h%n%%gk@elléfgﬁp??%lmrtﬁgg}?qﬁ%h?{epI i cg?ed one

run aft erankhie mdy Be ARASd WithouwaR dflfell themirgppl i cation programis
executed on ‘different notherboards, they will generate, the sanme count

val ue and have the sane throttling behavior and performance. .

Advant ageousl y, by using the sane naxi al | oned.power usage val ue and
wei ght i nglopek or vaT%%Perﬁﬁgné@ﬁgﬁémFg% e qtu‘g“g‘fe\s@é)ﬁ‘tma?’%\genti on
enables the throttlin ' cdib vt j LPRiRRSt i C
manner . [toBagied;h R BT EEANEEATE Prpie ol Aokl (o Bl alhife?

i mpl enent g4 4hBle MedRint 28H£b16 QFBtdrRig GiEicoirfUS feiiene o hastkuctionptiérer s t o
provi de etermnistic throttling behavior. 1t has been found that

det er ni ni stdcatibalbevd machire. Tt teom| “anachinkeriadableemiediynr shall be sdwputoer

systens. In one enbodinent, the  digital power nonjtoring, capability of the
thermal cuwludg, bayseblimited feesplidsstafepe leﬁe?‘lagpﬁhﬁ%d ﬁ%a?ﬁﬁ‘loé‘%orrput er

systens b sing the theral ; q i 1 when t he
i cropr o Cég@ Gar %%Vé'ség?%g' M&r}%(@)%véﬁ khesﬁfﬁetsgﬁ’@ ihQe RO R H nét ddsefibed it
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.

13



tenperature and when the m croprocessor tenperature i s approaching 12 WO
03/ 060678 PCT/ US02/ 41439 nmaxi num val ue. By doing so, the perfornmance | evel
may be i nwoaa®ed78n | ow tenperature situations by increa®CTgSoperdidsi ng
frequency and voltage level. Further, light throttling nmay be enabl ed when
the m croprocessor tenperature is approaching a maxi num val ue. By using
light throttling, the maxinmum all owed tenperature nay be avoi ded w t hout
use of full throttling. [00036] The operations perforned by the present
invention may be enbodied in the formof software program stored on any
type of machi ne- readabl e medi um capdAIMSf storing or encoding a sequence
of instructions for execution by a machine. The term "nachi ne-readabl e
medi unt &&gl ? nto include, but not limted to, solid-state

menori es, éi? E optical menories and carrier wave signals.

Mor eover, the present invention is not described with reference to any
particular programm ng | anguage. It will be appreciated that a variety of

progranm ng | angyagRIopRcebresaprising:npl enent the teachings of the
i nvention as described herein. [00037] While the foregoing enbodi nents of
the invention #tdeastioserthratiing meechanip@; ahdwn, it is understood that

t d di t h t d ot t hi
Uhe apirit anch Bespel GpnkRLsyhyaRm Bestmye Spctiniat e Sedhiain « ne
art to W“{nff oéh%ek%)‘f%gﬁff&rbgﬂ&l%ﬂsat 1&%0%.@%@{ B@chﬂﬁ?ﬁ%e& gxention
| O De I he

accordi ngly as set forth in ppended clainms. 13 WO
03/ 0606785 HREEs1ifRARIHpSwer uSdgd. V5

2. The microprocessor of claim 1, wherein the amount of power used by
the microprocessor is estimated based on the number of occurrences of at least

one activity performed in said microprocessor.

3. The microprocessor of claim 1, wherein thermal control subsystem
includes a power usage monitoring unit which determines the number of
occurrences of at least one activity performed by the microprocessor within a
sampling time period and computes the estimated power usage based on (1) the
count value associated with said at least one activity, (2) current clock frequency

and (3) operating voltage level of the microprocessor

4. The microprocessor of claim 3, wherein the power usage monitoring
unit estimates the amount of the power used by the microprocessor by
averaging the current estimated power usage value with a defined number of
most recently estimated power usage values obtained during previous sampling

time periods.
14



What is clainmed is: 1. A mcroprocessor conprising: at |east one throttling
mechani sm and a thernmal control subsystemto estimate an anount of power
used by swaDdM3/06n6es opr ocessor and to control said at | east pcmaSohu@se | i ng
mechani sm based on said estimted power usage. 2. The m croprocessor of
claim1l1, wherein the anmount of power used by the m croprocessor is

esti mated based on the nunber of occurrences of at |east one activity
perfornmed in said mcroprocessor. 3. The m croprocessor of claim1, wherein
t her mal cont roP- Shesyisteprocesser afielaim 1th@FEID§ggéhﬂm‘rﬁltcgﬂtrﬂ!gsuhﬁ}’ﬁemi ch

determ ne e nunmber of , occurrences of at. |east one activity perforned by
he i or ofveheSiPasi trraffith FERRREu Bt ik FfpatRcrotd pesineled pe

esti mat ed ,RRNGE o892 RASEBvIAe Mitrddi6 &ua;g- I [ i\ sai d at
| east oneaacti viot 8 (5;‘)l cu??len(t? cI{) Kk %ersgqu aé‘;?‘a;'ﬁ‘é iB)GSSE%gF%%E‘VOI t age
| evel of theethrottling nowbanisin 4. thélestimatsdopswerssal bp thehidiopdocesdwriei n t he
power usage m)nitori{;"ge unit estimates the anmount of the power used by the

i cr opr oc 8EEAdRT then sa grhejd o sleactivatpy thedhroftlingimeshenisosdgee val ue with a
defined number, of nost recently.estinated.ppwer, usage ,val ues. obt ai ned

dur | ng. pr STBAE AT he BT e urPBERES OB eIt FHs R0z a1as0 5.
The m croprocessor of claim1, wherein the thermal control subsystem
further conprises a throttling control unit which conpares said estimted
anount of power used by the m croprocessor against a threshold and
activates the throttling mechanismif the estjmted power used by the

mi Clr \(;pr ocessor % Eke mic{'opgrocessor olf clainll 1, wherein th%rottli%g mecllljanism isy

activated in a deterministic manner by the thermal control subsystem.

7. The microprocessor of claim 2, wherein said at least one activity
monitored by the thermal control subsystem comprises at least one of the
following activities; (1) floating point operation, (2) cache memory access and (3)

instruction decoding.

8. A method comprising:
estimating an amount of power used by a microprocessor; and
controlling at least one throttling mechanism incorporated in the

microprocessor based on said estimated power usage.

9. The method of claim 8, wherein the amount of power used by the
microprocessor is estimated based on the number of occurrences of at least one

activity performed in the microprocessor.

10. The method of claim 8, wherein the estimating the amount of power

15



greater than said threshold or deactivates the throttling nechanismif the
estimated power used by the mcroprocessor is less than said threshold. 6.
The m cr opomswewess of claiml, wherein the throttling neclraemiGsn/ig39
activated in a determ nistic manner by the thermal control subsystem 7.
The m croprocessor of claim?2, wherein said at | east one activity

nmoni t or eq;sby bs,hgetnlg@f(gp}locgggap F@lth&ddsymiigl conprises at | east one of the
following activities; (1) floating point operation, (2) cache nenory access

and (3) i nst rcouhting the oudibey.of @ccuxrenses ofl atleapl dre agdivityspérfermaryban anount
of power used by a mcroprocessor; and controlling at |east one throttling
mechani srHe FHEFOREPERSERN YVAthina 53%%%&?‘88&’5‘89' paded on said estimated powver

. 9. Th - ' , i - ; - th
m of opr ocessor gt R b FotRER S dARIAIPIR: e RRURY LSERAY | Sost

one act ityiclireREbperatRG firdqiidiRyninelr aittage ¢&sdiof tHdmiddopro®iskerd of cl ai m 8,
wherein the estimating the anmount of power 15 WO 03/060678 PCT/ US02/ 41439
used by the m croprocessor further conprises: counting the nunber of
occurrences of at |east one activity perforned by the m croprocessor
within a sanpling time period; and adjusting the nunber of occurrences of

sard at 1 east \qneaGhElddoAISH 1 Wherbfh (Y &Gl BRPHRINGuA( GHENCY and

vol t age | evel "of the m croprocessor. alm wherein

the esti pdvdtudedenyatieunicroprddassor Famher tarpribds dieagingrthprcag@asor further
conprises averaging the current estinmted power usage value with a defined

nunber ofestivsited powrer lupage valuetwith a defined number of most recently estimated

power usage values obtained during previous sampling time periods.

12. The method of claim 8, further comprising:

comparing said estimated amount of power used by the microprocessor
against a threshold;

activating said at least one throttling mechanism if said estimated power
used by the microprocessor is greater than said threshold; and

deactivating said at least one throttling mechanism if said estimated

power used by the microprocessor is less than said threshold.

13. The method of claim 8, wherein the throttling mechanism is activated

in a deterministic manner.

14. The method of claim 10, wherein said at least one activity monitored
is selected from the following activities; (1) floating point operation, (2) cache

memory access and (3) instruction decoding,.

16



power usage val ues obtained during previous sanpling time periods. 12. The
nmet hod of claim8, further conprising: conparing said estimted anount of
power usewolg/o6dses m cr opr ocessor agai nst a threshol d; actcratsongi43ai d at

| east one throttling nmechanismif said estinmted power used by the

m croprocessor is greater than said threshold; and deactivating said at

| east one throttling nechanismif said estimted power used by the

m croprocessor is less than said threshold. 13. The nethod of claim 8,
wher ei n the t HbotA thergalechtrnl system caotprisérgid in a deterministic manner.

14. The nmethod of claim 10, erein,sai.d at | east one acti vi noni t or ed
is selected frRRPAWHUIARESS O’éﬁ’t efimiqte an MUt of Rvuer %Soeldnt%}y%per ation,

2 he . j ' ' / 060678
bOT) Usoz/ BERG 0 KRR S AR bE B Bt et e o usage

esti mat orpetrgbrg&tdi Bt Ricrapeotessafdurivges duﬁﬁelc_lbiynapenﬁ)d;rxrpi ocessor based on
t he nunber of occurrences of at |east one activity performed by the

ni cr opr ocessora thuetthgg sond] nailt te captrpkatileast oagdheotngomerhays®ont r ol uni t

to control at |east. opne throttlin chani sm_ j.ncor por at i 0

ni cr opr oc‘@é%rtﬂor%fﬁééﬂ %n‘tlﬁ’é)pégfefsﬁ‘gli ga‘cafear%'u eéh"}?ggé?m%ﬁlggé’ fo/’% e

m Cr opr ocesyqy %h%q]\{c}_gﬁr&c@goqal control systemof claim15, wherein said
stimato

power usage r'estinmates the anount of power used by the

m croprocessor based on (1) the nunber of occurrences of at |east one
activity, (2) current clock frequency and (3) operating voltage |evel of
the m croprocessor.

16. The thermal control system of claim 15, wherein said power usage
estimator estimates the amount of power used by the microprocessor based on
(1) the number of occurrences of at least one activity, (2) current clock frequency

and (3) operating voltage level of the microprocessor.

17. The thermal control system of claim 15, further comprising a filter to
adjust the estimated amount of power usage by applying recently estimated
power usage values obtained during previous sampling time periods with the

current estimated power usage value.

18. The thermal control system of claim 15, wherein said throttling
control unit compares said estimated amount of power used by the
microprocessor against a threshold and activates the throttling mechanism if the
estimated power used by the microprocessor is greater than said threshold or
deactivates the throttling mechanism if the estimated power used by the

microprocessor is less than said threshold.

19. A machine-readable medium that provides instructions, which when
17



17. The thermal control systemof claim 15, further conprising a filter to
adj ust the estimted anount of power usage by applying recently estinated
power usawe mabeses obt ai ned during previous sanpling tinepPoarisodsidsth the
current estinmated power usage value. 18. The thermal control system of
claim 15, wherein said throttling control unit conpares said estinated

amount  ofexpQYRA bYSL ehiEBOPrHE&ssdh Giuep bAIdanRVOpRFassds tto petfiormsdpmralticmd
activates the throttling nechanismif the estinated power used by the
m cr opr ocesgmising: greater than said threshold or deactivates the

throttling nmechanismif the e%t%rrat ed go(rﬁr used Iﬁ%’the . m groprocessor is
| ess than sai ®SHESERAHamPynt af pRWAT HaCG BY AdBILORREFLN 1 provi des

| nstruct | ons, Rl PSRl oG ARDRIANERTL BRRIAIAR upyecut od by a

M croprocessor cause M Croprocessor to per erations conprising:

esti mat i ngiPGp B babedONBRIdISAIndtrd poWarngagecessor; and control ling at
| east one throttling nmechani smincorporated in the mcroprocessor based on
said estimated power usage. 20. The nachi ne-readabl e medi um of claim 19,
wherein the anount of power used by the mcroprocessor is estinmated based
on the nunmber of occurrences of at |east one activity perfornmed in the

i OF Opr 00e5501 2 e RLAEHILAUNBPo BN o0k Sk Thd fmobiiete! 1 e

operation of ‘esti he anount of power used by the m croprocessor
further cpgpél 688l by Hadinigopdotrbsatas astirpteelsiesed g theenumbéreof of
occurrences of at |east one activity perforned by the m croprocessor
within a sanpiennes of atdegdronedickimity parfiousedrip the aigipEFeEesser-occur rences of
said at |east one activity according to

21. The machine-readable medium of claim 19, wherein the operation of
estimating the amount of power used by the microprocessor further comprises
reading count data representing the number of occurrences of at least one
activity performed by the microprocessor within a sampling time period and
adjusting the number of occurrences of said at least one activity according to

current operating frequency and voltage level of the microprocessor.

22. The machine-readable medium of claim 21, wherein the operation of
estimating the amount of the power used by the microprocessor further
comprises averaging the current estimated power usage value with a defined
number of most recently estimated power usage values obtained during

previous sampling time periods.

23. The machine-readable medium of claim 19, wherein the operations

further comprises:

comparing said estimated amount of power used by the microprocessor
18



current operating frequency and voltage | evel of the m croprocessor. 22.
The machi ne-readabl e nmedi um of claim 21, wherein the operation of

esti mat i ngotBee@n®unt of the power used by the m croproceesarusoentdder
conprises averaging the current estinated power usage value with a defined
nunber of nost recently estimated power usage val ues obtai ned during

previ ous ;ﬁgamﬁgtiartgrésihﬂm;peri ods. 23. The machi ne-readabl e medi um of claim
19, wherein the operations further caonprises: conparing said estinated
anount of powectivaBng isgid atdepstonghutiygomechanisy i spidastmatedPPYEH2/ 41439

agai nst a threshold; activatin ai d eastohe . tHroftling mechanismif
said esti e RICTOPEOSHSSSY 1§g€eah%rctﬁ%rb%§?eti1§%ﬁh%lhi agnrdtaat er than said
threshol %&B%@ﬁﬁ% 'uvaﬁ(tlém od@itAr AlirgeRséhAIemtifs Al tdstifthtere pbael 55d T sai d
esti mat ed power ed1 y the mcroprocessor is |less than said threshol d.
24. The niagtionaidrepetaiebsoriiethissthaf said ahresheld. wherein the throttling
mechanismis activated in a determi nistic manner. 25. The machi ne-readabl e
medi um of claim 21, wherein said at |least one activity nonitored is
selected fromthe followng activities; (1) floating point operation, (2)
cache nenory access and (3) instruction decoding. 19

24. The machine-readable medium of claim 19, wherein the throttling

mechanism is activated in a deterministic manner.

75. The machine-readable medium of claim 21, wherein said at least one
activity monitored is selected from the following activities; (1) floating point

operation, (2) cache memory access and (3) instruction decoding.

19



