DATA CENTER THERVAL MONI TORI NG TECHNI CAL FI ELD [0001] This docunment
relates to thermal nonitoring of conputers. BACKGROUND [ 0002] The
power conswoadogsess M croprocessor i s transformed into praais2008vopRse
of m croprocessors nounted on a single notherboard can draw 200- 400
watts or nore of power. If that power drawis nmultiplied by several

t housand (or tens ATﬁDGSEhHEElgd'HERMAli(MONEI ORING s in a
data center, the potential for heat generation can be appreciated.
Not only nust a data center operator pay for electricity to operate
the conputers, it nust al so payTEeHRROALHNELGONpuUters. The cost of
renovi ng heat may be a nmmjor cost of operating |arge data centers.
[0003] T K] Tt dosumeshiatss & themsahpaviarindsa campsiters.

m croprocessor, nmenory or disk drive, are subject to breakdown when
subj ected to high tenperatures. A fan can provide a steady flow of
air across the conponents of theBW@mﬁ:b carry away heat, and
heat si nks : : |

i or opr ocol21 P BoNEE bl b AR niRRRERSaris BRNMAHAATIY nEae A
Despi t e t hpsie opmegaptocessors owyntacon acingba motherboardstin draona004t  and
fail, partjcularly when erating at high i.1i.zation. RY [ 0004]
I one" as pletts B ot AE RofRE el Bl ol e Miiobig by SR Rt Ve
of a tenpe(@ttonsobhoasaraisptd eccoantfoe dhe corapiteds ia d datmehtenedbt h val ue

for the conputer, based on the nmeasurenent.
potential for heat generation can be appreciated. Not only must a data center

operator pay for electricity to operate the computers, it must also pay to cool
the computers. The cost of removing heat may be a major cost of operating
farge data centers.

[0003] In addition, components of a computer, such as a microprocessor,
memory or disk drive, are subject to breakdown when subjected to high
temperatures. A fan can provide a steady flow of air across the components
of the computer to carry away heat, and heat sinks can be attached to some
components, particularly the microprocessor, to improve thermal transfer to
the surrounding air. Despite these precautions, computer components can

still overheat and fail, particularly when operating at high utilization.

SUMMARY
[0004] In one aspect, a method includes receiving a measurement indicative
of a temperature of a computer and calculating a thermal health value for the
computer based on the measurement.
[0005] Implementations of the invention can include one or more of the
following features. Calculating the thermal health value may include
comparing the measurement to stored thresholds. The measurement may be

one or more of a temperature, a power draw of the computer, a utilization of



[ 0005] Inplenentations of the invention can include one or nore of
the follow ng features. Calculating the thermal health val ue may

i ncl ude cowpaniongseshe nmeasurenent to stored threshol ds.PCIES2009/048966
measur enent rmay be one or nore of a tenperature, a power draw of the
conputer, a utilization of A the conputer, or a rotatlon rate of a fan
of the conﬁm@mpmrﬁ@r@wﬁeﬁﬁre@#@ﬁﬁ@ opthesonprettentMuiples nay be

received, ?rl'éésﬁl%n‘?éﬂtébf& eFeWﬁ?t SRy bé‘?@deﬁx’édvéhdl’%al%hénﬁ%ﬂ% fhefmAiine

mul ti pl e neasurenents. urenent may be a tenperat
measur enenhealth valee mamombmfesah@muﬂrm mMeasueesnts; (he massutdneent

oo Eheftsiea Mrdiaflse astRIRA Elrond o HTRE b NS Bheddng |
conput er. 'ﬂ‘;ﬁ;ﬁ herdmhpd‘nelabtdisk\/(ﬂiuegofg?ggbmpatedim?mWhemﬂlweﬂtgfe, o
707 A GecoPoBPLIET DioisTaAta o S FohbyiRE Ak inRroNRLY BT e o

finite set 1ab thianfl h@élﬂf @alu&mﬂ@ékjﬂﬁeﬁmlémdr@é &galammtﬁirt@gmy

i nclude normalizing for a plat mtyF the co An al arm may
be gener at Buthefrangreof Giéa trar imidglIrengs af @& &90&@@§Cr@tﬂhmé¥mlﬁﬂ=lem or

more of po fthe ﬁ%‘i’.‘n'af‘ﬂ ?rfh%%é%rbﬁaém{b @%fass&gw%%aﬁa g the

thermal heal't ur enent 1 ndi e tenpe ature of
t he conput é'rermyhdemtrr\ahm m(st ificloue earmﬁalafngefopa pi=dformytypes otctbaput er s,

dath | b d, f h _of | lit
of comput e PP e Al alétitRaVBE e pa iRt Fpmpl i eile Bl Y
di fferent pHrasliod nOneandnsrelof pbair,v@oling bed Dlzalieahidy bahdjestedr each

of a plurality of conputers ncl ude normal i zi ng such that each
Chernal helrese GBfeMea pdeRhalve: %”@éﬁ\éreﬂh%‘éé‘ddr}%@ g€  The range

of val ues Epdrafurd of ﬂ'fé”ﬂ?ir'ﬁ;ﬁftelbr%g‘bb%cél{?@d frb éé&hfd?%l"ﬂlé‘t‘élhﬂﬁtﬂ’
different pl atforms The t her nal val ues may be aggregat ed,

e.g., the to@pHErs angla thepaplheslibivalyeempy bedsalauated fa@ashoéas may be
averaged t eOf
corrputg ers. B%&h@%@ﬁtﬁealﬁé%%sgﬁs%nﬁé@é Eﬁ‘r%gﬁr egﬁ?g‘é@g"i‘b‘?@ one or
nore of a piffeesnt géatiorms, andcaltilatingla tiegrmal bedltgvalae fateaehof and a

physi cal i,on, domai n 0006 n_anot.her aspect, a conputer

P or am pr BHEARY St SREPUPG wRBat el haARERRE IR a5 BETRE Rigp
medi a, conpalugifall wiktsdih lthﬁ:éémmarﬁgy ofollsdsndrie Rhes e salucs mageméptcm
t hese net hods. 0007% ant a es can mé{ de o e or mﬁl t he
fol | ow ng. CMPH{%P&F Yo RAL S2EPYM AFEIS "P'Nep ﬁé‘?ﬂﬁrﬂ?' of
conput ers h@al?n gahes ﬁ\%@tb%rag'ﬁre@étéﬁ &, gn&h@wﬁgméé&ﬂ Jaﬁ.}é%lo? thd he
thermal health value can be nonitored over tine, and past behavi or

can be useglurdity pbenroputetr mek betryverrgecHesenrrates thermal healiz valua feran

be taken i I t uters
are ot ri e RFHIRAERS, THEAhLARIRoVRLE X edotBadRENCT D)
down-ti ne atrodaioaccemae of[aqm&}' diihmlrdeamdhsgdbnmne ajlognarcéomam
enbodi nent s @re set éort n the acconpanyi ng drawi ngs and the

descripti oft" @IFHWS'C Iﬁg?t'%qﬁrﬁ?[ obj ects, and advantages w || be
appar ent f [00D6) ieaktaRér adplec R @ntibtdéra;wbgm pegtilict, tagibih @ nodiietin a

machine readable storage media, comprising instructions for causing a
processor to perform these methods.

[0007] Advantages can include one or more of the following. An operator can
easily evaluate the thermal health of computers in a data center at different
aggregation levels. The thermal health value can be monitored over time, and
past behavior can be used to predict future thermal health. Corrective action

can be taken if the thermal health variable indicates that the computers are at



DESCRI PTI ON OF DRAW NGS [ 0009] FIGS. 1A and 1B are sectional side and
pl an views, respectively, of a facility operating as a data center.

[ 0010] FI Gvok6hoiisss@s schemati c vi ew of the conponents ofrcanmeapioisss i n
the data center. [0011] FIG 2 is a schematic illustration of
conputers of a data center configured to provide tenperature

i nf or mat i ofisk ef @ilueatheseninrrevipateiabilipandreducng dpwrstimp aherte t

il lustratipg.@a,method of collecting data on failure tenperatures for
conmput er conponents. [0013] FIG 4 is flowhart illustrating a nethod
of ther mal [G008DHNe delaflyg chodabampoevembodiments aRETAIFMEDIABEECRI PTI ON

[0014] Large-scale.lnternet services and the massiyv arallel
Comput i ng. PRIECIDIG HELRGeE% berElaMion fodnhHerulet Rt qui e
the desi gnapfl adeasthges #illshez gshatonirtir fite 8§sIriptidn afd drawidgs,aanciefrdrar
facilities de up of thousands or tens of thousands of conputing
nodes, themen‘g%'gbsci ated storage hierarchy and interconnection

I nfrastructure. The data center can include many different types of

conput er equi pnent, e.g., di uters, and each
pi ece of equipnent is typi ﬁ%{?%@%ﬁ%@w@ mul tiple smaller
el ectroni C[RIPPIERA ab@9BHre ABctiabsiBBAVE plAPHBWS SfespERIRRNEBE 8
generate heat. Thernmal events, e.g., situations in which the

t enper at ur &cdity pperativgrpsecdate 6aRGhent s rises sufficiently high to
cause shor gﬁd@mkﬁelrd ] AtTRA; BEfHe &ffmécﬁféﬂfseoﬂ é)@&hﬁlﬁt@' in the

reliabilit e cause y a variety o actors, such as cooling
pl ant fai | datesgentigpl oynent of too many conputers in close proximty

(so that t [5‘01 1] FIG. 2 is a schematic illustration of computers of a data center
configured to provide temperature information to a monitoring computer.
[0012] FIG. 3 is flowchart illustrating a method of collecting data on failure
temperatures for computer components.
[0013] FIG. 4 is flowchart illustrating a method of thermally monitoring a data

power center.

DETAILED DESCRIPTION
[0014] Large-scale Internet services and the massively parallel computing
infrastructure that is reguired to support them can require the design of
warehouse-sized computing systems, e.g., data center facilities, made up of
thousands or tens of thousands of computing nodes, their associated storage
hierarchy and interconnection infrastructure. The data center can include
many different types of computer equipment, e.g., different types of
computers, and each piece of equipment is typically constructed from multiple
smaller electronic components.
[0015] As note above, computer components generate heat. Thermal events,
e.g., situations in which the temperature of the computer components rises
sufficiently high to cause short-term performance impairment or reduce long-
term reliability, can be caused by a variety of factors, such as cooling plant

failures, deployment of too many computers in close proximity (so that the



| ocal heat generated is greater than the |ocal cooling capabilities
of the cooling system, excessive utilization, and season vari ations.

[0016] Di fwerentiss@sputers can have different sensiti vidgras:2600/0b060
tenperatures, e.g., the tenperature at which conmponents fail, suffer

| npai red performance or long-termreliability |oss, and the nature of
t he fail ur Wcalbest deperagiedis geaier dlardineflesal sgolinangapgbilities ehthenor eover ,
only speci ali i : gﬁ_@g to a conputer
repr esent egbgﬁbf%@v{%ghsggé%{ﬁe&twg%ﬁrﬁrgﬁg(r%?é.%hl’o ma@és't enperature data
nor e usef u[0r1@] Biffecentcpaiuidrs £bn daee differentesegsitivities ta leigh ti me human

Gata for akiopRatEes & dors B ey B RebeSs SC BuraPareD o
t her mal hepbfbrnvaddecor bR efin Blidtiny dbssaahd eidmatuReal thb faiRirélesze@forbe

generated Tor a si ng_l e machine, thermal health is particularly useful
for eval uaPla¥gmas Phfiffering refigusations preexer, QU@.SPeﬁﬁ“@ﬁtaW Bkely st er .

[ 0018] The I oTall ' how

ol oser t hundgER NEEshdor ® i Gyhialel Rk e Rty Rl hundgtine

per f or manceeasheenosrds.alld makertengperaiaiet data moie dael wemnen-spacialkist

governed b | SLri QN 1 _Sh gl C or

maxi mum vaﬁﬁgfag‘{ro%-ﬁg?gﬁﬁgg%%&Lﬁr%&‘ %%t%;mgénn k&% ‘ffé'@ﬁ?tlf’y“ (\%sqg? be
descri bed pmgramimtd redporisesntengpdrbiard tatarfat a pomputeriongrougsefes. [ 0020]
FIGS. 1A and 13 are side an | an .vi e tqg.illustrate an exenplary
faciiity 160mAaerseed be TabSrBsf g aifarna neald Seldi 1y 10" hel udes an
encl osed spmRAe] hithatsh 6aRerffel HBYILE¢AREChA ble)geRBra8d fdrea SHgledi ng, or
be one or nmore roons within a buildin The "encl osed space 12 is

suf fi ci ent Machiegéemyal healthds |paﬂi0@larldgiSﬁﬁm&y§|L@éiBg arlarasrnumkfId ds

or thousan r agk r equi pnent, and thus could house
hundr eds, t gﬁfsn)aeﬁdg@d?dn?%nr@@g@g%eﬁousands of conputers. [0021]

Modul es, e[@18] dagdberdtal hetlth sskiermannindicate erpatgin.ss.ar bowr clasgietBiei n
e SBaCe. BB of R A SRR S SR 0 i
i ncl udes mHhdringl kealthngful ¢dta c2Btereag.be dovaprted by a distribution, rather than
a single worst case or maximum value.
[0019] An exemplary data center facility will be described as an introduction
to the thermal monitoring issues.
[0020] FIGS. 1A and 1B are side and plan views to illustrate an exemplary
facility 10 that serves as a data center. The facility 10 includes an enclosed
space 12 and can occupy essentially an entire building, or be one or more
rooms within a building. The enclosed space 12 is sufficiently large for
installation of numerous (dozens or hundreds or thousands of) racks of
computer equipment, and thus could house hundreds, thousands or tens of
thousands of computers.
[0021] Modules, e.g., cages 20, of rack-mounted computers are arranged in
the space in rows 22 separated by access aisles 24. Each cage 20 can
include multiple racks 26, e.g., four to eight racks, and each rack includes
multiple computers 28, e.g., trays.
[0022] FIG. 1C is a schematic view of a computer from a rack. In general,

each computer 28 can include a circuit board 50, such as a motherboard, on



[0022] FIG 1Cis a schematic view of a conputer froma rack. In
general, each conputer 28 can include a circuit board 50, such as a

not her boarwo 2000158833 ch a variety of conputer-rel ated camanRiioiBRES
nount ed, such as a central processing unit (CPU 52, nenory 54, one

or nore disk drives 56, and an input/output port 58 to connect the
conput er t whidhea M@fﬂ%Df(C@ﬂpuwlatﬁ@rﬁﬂmmﬂt%F?H@OldﬁG@ sihtasra [ 0023]

Ret ur ni ng Egn@@'? ek romtl@aelﬁ % fn?é%h&‘lytéﬁ 8h& Br hidrs ‘d%%sdﬁﬁreg%%' L9

systemto renov eat a center’via one ekChange
processes, ae ug:;ut/oatp@portc&&Tdidohuactrtbe sysipater totHal ratword of ather t hr ough
the room or co ng, cojls trgat carry a liquid cool ant past the
racks, and® gmaaeésgﬁhg P PCUENFIG 10) for connection to the

r ack- mount gyb2GpRBHIrEIhg téFIG@r’IA{aﬁIQHB h@mm? difieineRidRY ledoolingd an
external network, e.g., the Internet. [0024] As nenti oned above,

conponent s syjteq t@dﬁ'ﬂ)"@b’@lhea%fr@ﬁ the datarﬁeat%fp@%ee% s8ye hﬁﬁh@fﬁ'ﬂaﬁgedl sk
drive, can Fcﬁegs%% Sé'n%ﬁ“cbn&ﬁ %*&g&f‘éﬁpﬁf t%wrc%ﬁi auFﬂirb?l:]Er?th%froém,
y tipl rst

conmponent Pyplca hcl udes nu nodes, such as a
t enper at ur er eeslmgwivis ghatlvarrper liopidreoaantgfast the racksgandi@t datg galltdér ed

(general ly [ e [ L i t he
rror rat o BE R AR RLBEIon G HRE Fadk TR BL B P RS 1 Pl i,
drive, drabetwesnlthy compuaasesd aansktarnal métivoli, glier thehhteehdtenper at ure
zone in wh he co | et el ils. The tenperatures at
b oh complSHA S SHTTBRES Bhevel CoBBRS D deTBIPasc) 8 Ban be

char act er i aRslopreéeBssdmiiory bhﬂ%!é@iﬁv@@rffaﬂ@)heﬁ%@ﬁféct fgwer, there
can be other considerations which can inpact performance, including

conponent tRMReralEee, Faibire gfa comnﬁahﬁyp@aﬂmmpwge%awlmle ipdesoasa]
The order Lo which %FH%QFSéei(y f&ﬁéﬂe tﬁéPg{f{M&‘rHe%?tﬁé c&rﬁgaﬁérﬂtlé"e can

be simlar or vary cros erent p orns
pl at f or s, aieretidapreratyrasuicad), edﬁ@&;ertaeeomatﬁmgeramm famg irfwhish the

possi bl e.  FaprEE R he Loplftnght e, 0 AR el oo Y bifance oy be
m)zt t ﬁ uscegtdntizallpiricesgsespbind @ st blghet thirgl, tefnpetatwvedzdny ifliwdictdihieves
an en nmenor

. Ho ¢ t t which f
occur var yc?rﬁpgﬂ?@tﬁ/@eﬁfég‘? eigack engﬁ’;‘%g%t:@i"f; ﬁompgpe@g!%%{bgs
di fferent tmogirsrept medes oMdiluird & Pe bRAaLREIzAd irfdichERi&Hy throtur?h

tenperatures. Thus, even if tenperature data is available
t enper at ur 8mMpiical Meges f F@M@é’ehGiefﬁé?@@@a?th?ryc%ﬁﬁiﬁ@i@nﬁé@ﬂm can

col 1 ect i on a0 PEbAtacEs AR LoBBer! dily ol PR g o o

typi cal | y ownufatuningavatiatiancent er .
[0025] The order in which components fail as a function of temperature can be
similar or vary across different platforms, e.g., for some platforms, as
temperature increases the memory can fail first, followed by the disk drive,
followed by the CPU. Other orders are possible. For example, on some
platforms, the CPU performance may be most susceptible to temperature
excursions, followed by disk drives and then memory. However, the exact
temperature as which failures occur vary for platforms of differing
configuration. For example, different models of CPUs will begin failing at
different temperatures. Thus, even if temperature data is available, the
temperature data itself does not necessarily provide useful information

regarding the thermal health of the machine, much less a collection of



[ 0026] Thus, as stated above, it would be useful to the human
operator of a data center to have an indication of the thernmal
condi ti on wh 2e09meseput er, or group of conputers, that deex/usRtoonesgsd re
know edge of the particular platformto eval uate whether the conputer
is failing or is in danger of failure. Failure can include ejther
reduced peFffashingsdeving differeahegriigHeatigneaye) as fynirslln oces iMAdaEd ent
types of f@{eﬁtﬁﬁe can receive different weightings in determning the
thermal health. [0027] The fact that conponents tend to proceed

t hr ough t hif002&8hehus, derstaied ebpveriewoddds weeiuldotier kurnae operatead es

tends tor It in.a.certai.n.seque f.er es: a rature

i ncr eases. gé‘%ucs?nk%stopgﬁ%gpé?%;%gﬂ éﬁﬁgﬁgegfna[ ﬁ@%ﬁﬁt%&%@ﬂ%nd to
proceed t hgaughofsewsiddrszibaegoss ndtrequird kridvdatigddf the.paurticuddr platfsem
tenperatures the corn) ter will o er,a{aﬁ_ normal Iy and fr%ﬂ be ’gonsi dered
"heal t hy", [REVaIgREY Be sPUPHEr i AlNGPrds NFanggr PT TeduiCyrFalHEE t he
conput er cegh thdRRieCaithar AR dd peRBRAGM, or irﬂéﬁﬁrﬁ!&@aﬁ%@e?%h%nd ails
entirely it could be considered "dead". In addition, the "unhealthy"
stage coul differritdiRessdjailuae caejegeivendiffereat weightisghBcdaiemibing the equent
or errors J ring in a larger nunber of conponents. In

addi tion, Fﬁ}g}rngl I‘géz;ériﬂl{be a "danger" stage indicating that if

t enper at ur E27hThe fexb tHal componentattendto pronpert throwgh theesaer otdiee of
"unhealthy; 'ISta%?) and.at even hic%her tenae atur@.a "critical" stage
i ndi cat i ng™@HEE TPHES 3 APIPEATTE INACTIRS RV SPUL Sk FataNSRANENeE
Ther e coul gf ffonpatéy agrynperaies imfeattisgTRubead tendeeatelesinagese,
defined. [0028] This general indication of the therpmal condition of

the conput He Wer villipRd IaProchey HEPUSRapYaiahZANEaRT BiermahineRlttan
have a "t h@!g.TPéllt 15\%\4tbhnp\égétuﬁéé-théﬂaaﬁputé?%ﬂ Bﬁérfla?é nORAIly anddEnal € s a

metric, typically a non-dinensional nmetric, of the thérmal condition
of a si ngl eonsiggred ehealinyadyhigher temperaturespentain ermors willoogat ane thet er ,
but which [S.. t.of. L na | gur.ati 2t he
conput er. F@WEB%?%QH?%&&H&#EE%%M%EW a%rI]&e&géén lée('%trrlﬁ rrr%rﬂ%géed acr oss
conput er s ehtirdlyfif endd bemonsidgredatdead”. [Mtreatdition, thHeH'enhéadthyhktageadoutd

val ue i s cal U at ed for }he {'hndivid al co utef\r to fall Wibhin a
scal e shar Bf"RErBYE A EIHT 80%15%@’?%‘?"“8. e TEAHERLOTRTOR BBt er s of
a dat a cenbedurriMg iha Rirgbraashbdhisf cenghipakntss IRkdditien, thbey &t seal e (and
potentially at |east sope m ddle goi nts in _the scale) re?resenti ng
simlar beifARISF $79¢ Reicating that fdempgraiurgs dnrEpas TURBST et e ue can be
cal cul at edebplitel 0 ERBPIRALNASaIMy" SRRECARPLAE MR EARRIAure -

i ndi cative of "the machi ne tenperature,” and historical enpirical
measur enentaitiggl” slegpdndicatingsthat thetromputerds penibes veigesd campletaéaibiee
data cente ! equyl

nor el 1 zat | R e B T RRBERP Hpn POt LR A nda PO RIRT detied.

par anet er {0028 Ihessgenegaltingicativer ofthe tlesrhvizh carditidreofehé icompalkarsiaarbe

Essenti al | t he ther heal t h,vari able shoul d represent,,the health
ot the. contimER B be AR kel s bR Ater HESHRE Rt Pourls

i ndi vi dual Thaghhée eheipeshéaltsvarB3R]a metrk) ipidly ahonadifstiviul S only
as healthy as_its nost unheal t hy conponent. For exanpl if a CPUis

. L : e,
"dead" t heMeliie oftha thermalrandiion g pi single gemputer or sgaedaticrst t he

h | h j . F
therma e%ﬁqB%e??]gﬂgF?%ﬁgateS?rﬁgﬁggf\fghﬁﬂ@%@Bénqé?ﬁbﬁﬁie mgatligs. For

exanple, thernal | center level 1s an aggregation of
t her mal heabnfigsrdtion ofibe ¢omdpaternachi nes. I n sone inpl ementations, the

he. agor oot zan BF el AEREPTh s e B chalRd 85T ROt ot

heal th of tifersmdonfiguaion TimiisItae terraehegyregas kamlc 4188 1 oG, 2
1S a schenmatl c |.agr a (0] systemfo etermnin . er nma eal t
Lol e e MG e A Blle? o I SN Bscaleshare prBss ling fo@puters

e.g., across all computers of a data center, with at least the endpoints of the



installed in the racks or cages to nmeasure the tenperature of the
environment, e.g., the air near the conputers 28, and this data can
used i n t hgodedopssenati on of thernal health. | n additi @gr/dsbBeo/oisoss
conput ers can gather data regarding their power draw and/ or
utilitization, as tenperature can be assuned to scale with gower and

utili zat i oBharedecalenipod poterdiatnat lragiaome middiernpinttdnahe sealebt her
tray-| evel Yolt r - I
sensors, e.régﬁ?,géés]ﬁaﬂgo%ﬁﬁﬁ%hb}{haen@ﬂ?f @%rgoﬁ% c%rgl %ﬁgh%}?‘r@@@rﬂﬁiﬁr"g IL*‘eor a
rack or cagen be.cglculatédiromethe eombiredioatf eontegporarytresgseranemts ( EAT) ,

| eaving air_tenperature (LAT), enterin ter. tenperature (EW) and

| avi ng nalslcAs R FriToe drsiebbacihd BB et it Boacy
conput er caf eulRirgsrdd & vaivieh tHeebdralvidiertiiR. MReadseatahentgeerd hcs of
its individual conponents and avail abl e data from sensors. |In sone

i npl ement abPisfiegenosFEolRction|of eghipmant s amRliZalios; FCoRABas R AERIANES a
moni t o i NICRAR o A%aBRG Aol Rir! Aisk8ing MPHERTaIRRRIF et s the

thermal hea ased on the receive ta. The nonitoring conputer 60
can recei ventirearlumiér. degsenfiallynihstthermalhepith ¥addble sbowd Ireprensilrtse and

from ot her f r e I r I

i npl enment aF ?%'ﬁ{sf‘;‘e@ﬁ%"[@ﬁ%aﬁ gg%% ?ﬂhég\;na‘:) lﬁé‘% ca l!():(58 5'? é%wc%e&?‘?r]@e

conput ers gilivideal sreathirieosgddatficsoni t ori ng conputer 60, and the

nmoni t ori ng ter can calcul ate therma alth for regati ons of
The compur OSBRI Srod SsesmpaysBhts oty o benlines 13 Dosr AN ot hod
of determ pbmgohéitl o ekEMBRY, F#lACPE i9Fdende et therentitd\edrhlitel wilk the
response of one or nore conputers to tenperature, .including the

failure tefpedatnsemerasesmpin berpahnalbrie 3n aogregaiien Af ARMPERMItri cal | y
(step 102) inorpl RXAHHR! %r%xéu%@fe, ﬂ?ﬂﬂéﬁ Rhail 4{n& AGMReRRIRARERL can be
pl aced in a tenperature controOlled environnent, e.g., an oven. The

t est conputggregstioper ieguahtitaltbs forandividpak machiee®f In Bemenvi ronnment i s

i ncreased. . f st _C j i1 , e.g.,
Lhe et RErBRIBRER ine! PEalRrtar B RO Bhalen BRI B PO

t her rmcouptt@;m@t hedithest tse aggren atiam ofesaputers ﬁmptﬁp&:laa%ingmgﬁtheme
conponents omtnl s data, the. fenperatures at I ch. the conponents
PP one N binebR et ez O fhe e BB Rav SR R BBIRIBH s and f hor 1
failure tepousaFus esis @dthBhatit AiRFambid satah asidshifing @dherm4l0035]

For each type of platform a function can be generated to relate the
sensor neabgrlEhedive Allgeshwnee phihetqempyierstdtop ihe dafaentaia®al heal t h
val ue. The JHAGH | I j %ﬁﬁ% tes
t he pl atfo?ﬁ%ﬁto tﬁg&?%'f]%ﬁ F@"F@?’ %Sé?ﬁgﬂ%grdr@n@’ g‘??e m%‘ﬁgbg{gtg g&
cent er can6Besuabrds ggeeeral parpose compefer.er.gi, asverktatiooon) to i ncl ude

t he functi corresponds, .0 .i | at.f o Lnid i sion
on what coﬁ&sﬁib%%e 3°mP'éerSu$%ea%}h'tn§"‘@3?ﬂttil%gﬁmgpggg%%ﬁﬁ%t%%g&g %ut er
30 as to s?ﬁr??aataﬁéotia?lteﬁd ?ﬁ@‘sh@bflm@_anerhtayﬁovexmpb, ihedgjml It?ﬂﬁy a
esi gner o e er ma ea noni tori ng syste so | on e
e | 2B GABILSE aRTeeTs MetAsul s tamperoteeigas Aol riemeRefard

heal th val ygavé sprRaRIIbOAA0G BEATSH 'TAE eenipltkrs P8 @hRREumLle bRRFesent s
near total failure, the thermal health variable should provide useful

i nf or mat i oAata indigatiNe eidhe thermehRedth, sysk b fan speask sdicheveuld dbomat
consi st ent . SiM S : i i

olact orme. houargemading|cThodnaiBTRONRRIS FEP rllice foflo Lokt
experi enci age ahibe same peplecainem bet thegaadpeed of thEdirsteracthiheis & tker t ai n

error rate (e.g., in r of err.ors/secon for a particular.type
of comonetaiuy sosb syl Bk T BECELonnt Shodhy b BESFR I o
consi st ent kyhorsipaltvaiie, @6t tharal iediEbr thedirstmaeiinewollddbe repottbdeshol d
between the different desired descriptors, "heal thy" and

[ . > ( e.d.,,..
"unheal t hy®eingstighly wpese becayse this gigehinethas legrsakiliy e graintaititfod of
thermal health in adverse conditions. |n addition, there can be sensors



| owest thermal health value, e.g., 0, all of the machines would fall
into the category of having a substantial margin to increase

t enper at urwowndonesiss ri sk, whereas at the hi ghest ther nalctineabdohisoce
value, e.g., 10, all of the nmachines would fall into the category of
per manent damage. As indicated earlier, the machine behaviors are
corr el at edinstaliedin the ©gks 05 F30etadueasiire e grmperathfreeldhar es (step
112). [ 0038}, | cul : I J?ﬁﬂl ' : :

non- di nens?]&wg(?ﬁnn%rﬁh&gj’qgsg'.rwgf{rﬁ%rﬁ)er. t{eljr% %%%Qﬁﬁﬁr{gldgﬁ%ﬁg%gn@, t he
t her mal hedle deteaninatibreohthermaalfiigaith e Irs eddiitiomuhd eomplitgoe san gatheval ues.

For exanpl the therpal heal th vari,abl e,..could be an integer rangin
from0 to SBtagEoarding heirptyer diay ahiiarufiitahes, &8 el G S (or
heal th. | nassureed fpseNe Withipowas antl hElizdtiehMahehwaigutenzs ¢ablcgevan be a

nunber with a vary | arge nunber of possible val ues, e.gi% repr esent ed
by a word Bieraat gatafran athes Fayrlevel thesmad Bensorp asrdia oM §a¢h

t her nal he@é%@lé@l $¥nsoRd) éﬁ 5&/MorHER BlonitBr the: coofifGinf@sirlattdrora 1 or
0 to 10. [0039] The thermal health variable can be di SE|a ed to the
oper at or. racksyraegenpdarieaitraeasine tha erleting aivdgmperaiturg ( é«ﬂ'{m\@r@an be
di spl ayed w } ol ' e K" or
“bad & nél ol aBIEATL S B AR (T and e hanath
oper ati ng tonpkratuwwe{LWTgxceeds nornal operating condition", "reduced
performance’....increased error. rate", and "per ent . failure." 1In
Some i mpl o MREhIT SRIES MTHEMemiRton S UPYIET GRS P SN S on y
the text dassiti Paseon thetipRifidy @flits IdPAdUal Vo@benéme ahbeivamdbleaatd h

vari able has a finite smal'l nunber of possible values, the textual
descri pti ofi8McRNSA D PEHRInRIeMan@Hens. SopteeonAllsUnmiiters sene thair ues,

or the theﬁ{&gu%ﬂgtd@ln’t{?nit%ﬁH%go%rﬁﬁf‘érfGOP n ﬁ%ﬁh@hit&lﬁ@fé&ﬁédt@ﬁeo

(rather than a ). VWere the ermal hea variabl e can be
ef f ect i vel galcdiatdsihe diermahheaiifs basathers thef reveived dagathbenenitoong at ed

with the t i s j I

vari abl e sgéﬁlgg{eﬁgﬁ \?\C%enrgé&g%gq éf'?la{ ﬁ%t%q{:/ggﬁ 8%”5?&%2%@?@%? 5%%5#1’

[ ani cat;a t ed lfi?ghbnfne{)isgumeﬁbﬁhér_dg/am‘ h?ﬂﬂ}iﬁ{qgmtiemh_treme_ ature range,
val ues from Q. . 0.9 can indicate tha e ine is operatin
it ot de. ex BRAPEBRIgAMs OnE Herardl BRGLT weEs T gEY DA GR To 1
can indi capr édito tﬂeemﬁaﬁéﬂﬁgecmp{uteha&earfdeméMifohhﬁhbmpnﬁar%nmxi num
all owabl e tenperature, and a value of 1 indicates that the machine

has reache@alcHatnierpahhealthdanpwregaignsraithe eompyiemnsi£.| n general, to
cal cul ate b SRR VRF i i RA ure data
can be fedtqeﬁ’#lyhggﬁ%ctl onél-?lrrlt I%élt%ﬁ@ﬁerh%@gg?gggégﬂ}gasurg failure

t enper at ur tempdratines 0ea compnisnt &itialbicthe respanseiof eph o dwre Thmputarei ved

t t . \ t j - |
henlth v fRiier Mg e Buld B0 of SR Apdinld! ¥ ™
t hr espol ds deﬁegigtnesieém;?heﬂtﬁieaem}addozya!Fbﬁbkanale, amdxétﬁomlteraﬁitremmd_ i i ng
an (0] a secon set O t hresho SsS m t set t t herm varil a e as
Tbad”. TheCPTREPSTR CER periagel Fia e RTp i s OTg EPYEPHREaP Gulak | on

of a val ueg{epnree fés@h@ﬁ?ﬁ&r@éﬁ@@fbd@ﬁlélﬂ@ﬁ@fﬁéé#&’t@reﬁwr ements and
t he threshol ds and wei gh mg of the differences based on the types of
conponent BRVIfMeIHd Ncrgased2|Thepeaiganenehofthe tet copwstei®s in t he
function ( : N ”@%racsaw r i rom
machi ne to%&@gﬁgﬁgg’@%éléﬁgéoﬁ t he torﬁﬂrt%%ég@n%lfg %er}é@%arfrgggg%ts of

t he parti cuhie teoivicoesies phetheaseaddre sansezhsure thedefmproatiutes of éhey. |
the type of neasur.enent uch, as, t erature or. .utilization 1d t he
ol at] brshPBBPEHE. A A5 28 ng TR A Wh W e s Bl ne
t o machi necas deldetgnivsed. TEhe ahtauhditatthgviak wenipahkatswiridrthair faikiesal e

shared across nultiple conputers. For exanple,  some conputers m ght
use tenper SR IHE E@%H@%P%regﬂ‘ g dekabese &SteRdOfher mal heal th val ue,




[0043] In sone inplenentations, the thermal health value is a
nuneri cal value calcul ated fromother nunerical neasurenents and

enpi ri cal lyorepasgws t hreshol ds of behavior. I n one examy®0000:8966
algorithmto derive a nornalized non-dinmensional thermal health val ue

between 0 and 1, with O indicating the maxi mum possible margin and 1
i ndi cat i nglQ03&1 Feneactrelyne wé platfor, @fungbo ean he dengraéed Jaksiaie the

behavi or al I | oW .04, = - re
TN 1 5t ne SPRRT plesyBéneits AHde o erpigyan LU MmN e
t enper at ur Fhosd hunetitmgoars dlsobesttored hiaai datatase baigektestheplatfoems to
reported t rature froma sensar, .apd x 1.s the maxi pum al | owabl e
expect od maIYLRCISeA FOMPGPHEEY IS U 45 SevGe kAt B ARRTaLres 00a4)
The moni t o(deigreCitaMet fistallatibn CONMBIGAE BicSfunttidh thBEcdrhsbipvhds & its

conput ers throughout the data center. Optionally., the nonitoring

conput er  cBRAHHr Brpaindial desisian cneuhaticopsiitiiess: Tailre R @ pRBIEI ng,
e 9., the BoRbbAEHRS AT Al R BhlaLsaBeThRYhaHTaNRISTL heal th

vari abl es one or nore aggregations of conputers (step 114). The
t her mal heapmk jucdgroentdsy a tesiguenafdhe thenmebnedid roanituingtsysteas, buhgo
aver age of e [ . Of I ndi v uters
in the agglrotélggp %:ré%{p%gr}g[ %&%é%ﬂa\(ﬁ{eﬂra%t% bg'%hq%q%fgtggééj@% fét%%ﬁﬁﬁﬁ@?ve
di stri buti healthuvaltie espresentigpad eafoanancmsndtheagibén sidd repreférid bkarThe

s cal | AR IReofeRe v ARaE Vet et A aild agpade Lt RBFRAIOROR

val ue coul daéigorlat @J%@Pgséiﬁlé t8 pesvidPa @bneWHRH EGHsistuh SiafdRd §bv en
rack, nodule, row, cluster or data center. [0046! The aggregation can
e

be an i nfr &&tileneompeneas s thaigf diffarand platfprnas hayy at keadtht hat
share a co "Wy E | «h I
heal th val CEReoird e S iteRef g S Sime pRHoTATE RoddfiniidR
parti cul ar epavple, arcedswl érry rdenigic, in[teodsdf arerssggeredjator apacticuldre a

servi ce-ba pon, i e i t nput ers
perf or m i SR AR EORENE o tof mepditirchublion HOBHE AR HE e RRER T

g onput er sds%emsiﬁenﬁﬂamagxa;mﬂeetairt inerrhbltigaith \Aag.ai btg.,v@thnesmﬁd: between
eterm ned for_a up of ,conmputers it data, center /that serve
sear ch resm&@ﬁe@ﬂéaﬁm deseH T_Or%re'grag’e&gﬁ)ér%ﬂ‘f‘é'ﬁ.ﬁeq{ aggr egat i on
can be a | gmizepFicetver foviihariilRgratify 8- methas O deRreMif A &g t hin a
particul ar networki ng domain or subdonmain. [0048] It can be useful to

present t hBeglHeyalue dHERY pReiEtion §f agigieeriteoroese gr alipiiihetgapeputers

511 bt 84 S5SL4 pic BRHIHARE bR ORI iRl 10
computer (step 110). For each compu'ter, the monitoring computer calculates
a thermal health variable based on the received temperature data and the
previously measured failure temperatures for the component in the computer
(step 112). In some implementations, the computer stores the function and
calculates its own thermal health based on the specifics of its individual
components and available sensors, and then sends the calculated thermal
health to a monitoring computer.
[0037] The thermal health variable can be calculated from data from a variety
of sensors on each computer, including temperature sensors, fan speed,
power, and utilization. [n order to allow comparisons across different types of
platforms, the thermal health variable is normalized to indicate similar

machine behaviors at similar thermal health values. For example, at the



[ 0049] Once the thermal health variable has been determ ned, it can
be used, e.g., automatically by control software, to adjust the

per f or mrancwoabosisgsgonput ers to avoid thermal fail ure. Havus@epdoes
if the thermal health variable exceeds a certain threshold or

i ndi cat es a war ni ng, then the conputers in an aggregati on can be

thrott! ed, IQVEst th%?'a} berledlipg: @u@r pleQr ihg reaghEtescuerid il istasheas t o
reduce uti bhgabhOs @v:ﬁd‘@s&%‘é’hﬁa@hﬁrgﬂ th iferaay t%ﬁﬂie'ré’t[]r@%ﬁhc?}ﬁllﬂﬁk

reduce power use and tenperature. As another exanple, the thernal
heal t h var Whisreasczirihé bighssttheonaldiaatiblvatuse e gool G, md Oﬁtwt mackinest her

I , ' h
cortarn « ARt ER e paebol S o RIS SRR AChHER B ARG ey o
| ower the trm:’hereetﬁehaelcmé ateheoroziatedtbeck taprbvicedlyceeddiged fakireof

failure. nver s&{%é thermal health value is below a certain
t hr eshol d, qrﬂp%ra (%8R d1f)e that the conputers have some margin to

operate at [duagwhet:amsn@rt@i thefmapiishithReriaBle&apfbd @ abnldai@y&bngan be
decreased to reduce cooling costs. In extrene situations, one or nore

conput ers fTAfC. 8@ edAUEREF {1 %Qametrnpl@me@tailoaarihgéh%rmaéﬁﬁ@lﬂw@rﬂbl% hut
down to avQhd ;RRfERARINN HER ngHA% dtlexs The

noni tori ng conputer can aut oma | Ca ener at e an ar m tO a ert the
data cent ewamjﬂe aouid heraramttewmawr@ﬁbtrho it abll &0 5r egsadthdower

t hreshol d, For I k-1 evel
t her mal hea ers uﬁﬁégﬁrﬁb%tg"%%gr at Ii‘aso %F'Pée t%ﬁ@%ng tﬁ% harfeéﬁngﬁeal th
val ge of ahbaldomﬁmél czambe ghueiber a/gha \%yMQ@Nmmomos%rbkabamas
condition, an alarmca enerated i reset percenta

C o 0% of Ctthd CPERREIE by RUSES Gbaea Ih SR e PUGCETTGHIARTS hat
exceeds a pHemRimMHdkh v@l@aarpeaia@ﬂuﬁubgr@% Lrawgtigaront naof UGl teon
can include a safety margin so that if sone errperatures are close to

a threshol d0- the thermal health variable will indi cate a warning.

[0051] Theh%dﬁ%j e tFSﬁhélme‘éﬁﬁ yahhise Gan b%' aﬁageg;%gﬁ?tgg n‘%&etl Q6hRI ONS

regar di ng chi ne placenment. For exanp er mal
heal t h val irepleanggtatigas ctie dvernted heald:lkvarmtrlze pambedmiéa’ednmttaan det er m ne

(o g " tnaarRidef SR bREHRAR Rl bleds ko PRe’ | ORBL ot M cof ™
heal t h val irefudersubstantiibharging, “handalepassting conditionh) €exededs dans k!

Pl acenent of new mach negs.into the racks wi,th the greater, 6 capacity to
handl e addPP?@ﬁBQ CPH%' iR} e HB%CE E%{?Prm?é‘ﬁebe'”ﬁﬁaé??%fr?éﬁﬁe[@GEZ] The

rel ative wepshidraat féflluﬁé"e|ﬁb&%é%p@mérﬂéﬁdﬁ%e&e(rﬂmgencaf @51us ffnot
per formance versus irreparabl e danmage) coul d be set for or by the

cust oner, displayed ssgonbledardespepiabiasiadgyesne type of failure to
be worse t RgoRRRhER the thermal health variable has a finite small number of

possible values, the textual descriptions could be mapped on a one-to-one
basis with the values, or the thermal health value could itself be textual
description (rather than a number). Where the thermal health variable can be
effectively continuous, various ranges of values can be associated with the
textual descriptors. For example, if the thermal health variable scales
between 0 and 1, then values from 0 to 0.75 can indicate the machine is
operating within expected temperature range, values from 0.75 to 0.8 can
indicate that the machine is operating outside expected controllable

temperature range, values from 0.9 to 1 can indicate that the machine may
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[0053] A thermal rate of change, e.g., the tine derivative of the
thermal variable, can be calculated for a conputer or aggregation of

conput ers. wezmgglggﬁrggte of change can indicate that a maghitRo®oiBEQUP
of machines nmay be in trouble. This thernmal rate of change can be

nornal i zed as di scussed above for the thermal health variable. [0054]
The ther rrahav\%aeadiedélnr@éhmmgr wexioine allewelkle dempenaturacanthd iveiugaf 1

Teasur eTeN) R ORE e R SABIHEYEY (B0 ENSRRLA B AGRLEI! B ARRUT 1O

that the c arac erls ore e type
of CPU, nemﬂ%]aﬂgienmﬂbejcaaﬂaﬁe)ﬁpetlmémwl balth vareble, atm@lrmm ng that

enpi ri cal asurenent s have en conducted on. sim | ar, equi pnent

oo the BRSBTS AR G B RO et fyhish e p& A BERRTER at o
appr oxi Mat eifRd lemigeraRi@eoRthE ket cofrPuid eRdrMing BirddhoRist eTReer at ur es
could be interpolated fromthe neasured failure tenperatures of the

ot her test recgissHemperatures.are cegateshisdhe Mresholgsia Aeferning the
fact d ab
manutactur Fr{,errtw{gpﬁéaﬁ}h \‘»{??fa'b%‘SFaI&% g, éﬁ&@e@ﬁg ?t%ﬁé \Ig:%t%%ﬁs‘éﬁe above,

parti cul ar e ca ation of ther are
perf or med Byestodgstright sSbthe tbermal vasable ass'obhwtherery elmeadiogramytafes i n

courd be paPREReH by TAoiee bR B e hRAURHRE 4S8t ol 10,

t her ma: heabht be\airly abimplicated, hmclvxbmg dgiciitioyied a uarlu@fuémgﬁffereaédsy by
contro twar e, the nonitorin ut er
E Hﬁﬁég'f‘ﬁﬁrra#ﬁﬁ fﬁ"e%ﬁ”f?f“?%tst%&ttﬁ d h@'@%anwew&maroé

advant age

gener at ed tfedigbRinged B8sEPSH ﬁ{é)@ﬁeQbf éorﬁf)&%rﬁm{regﬁﬂdi.gm ng control
software that uses thermal health variab does not have to know

about pl at {42 ingrditiomie thn@pﬁ&tanﬁealﬂﬂmfmﬁorbée gg@ee@apiéiaaléwr 0ss many
di fferent n be
applied tomgeg'?'ﬁer I'n Sg?)% Uﬁﬂﬁggﬁé%rf%%&ﬁ%ezfgﬁbhéﬁ #189%% gﬁé‘?% I n
addi ti on t toleranpes ef the obhmmbetsrrﬁlthemeaﬂlcblavmachmee ‘ahrawaheblapplbedabl e
to other f of ¢ u ment t hat fail .as a result of
b o+ emporte pgtor G elng BhiRRs Hertdifu B ShtptBetatii? & Sover

gni ts. b[ 805m]zaﬁahp@ndahﬂ$ Eel@t:mhsaid onﬁe t/hﬁaﬁlemmtthe m@ﬁct@ﬁgd:at it/mwlys’.rom
escribed in is ication ¢ in, digi

el ect r oni cM&C E\%‘P Crye. SR Eféﬂrﬁ%fa’@rcaei%%ﬂé’ fﬁﬁ$ WitBine S‘Ef’?e

har dwar e, bﬁ@ﬂeﬂcﬁc%strhﬁltuﬁierd&ﬁwtéﬂs W@%ampﬁa%eﬁ@dcdnﬂbtk@ﬂs ht use

specification and structural equivalents t hereof, or in conbinations
of them Etﬁf@@ﬁrﬁﬁﬁemﬁsummentﬁ%ﬁ@wﬁtet@ﬁ thermahbealierelue. ard efher or

fror €& Co”p“%gﬁmgﬂfe‘P%ﬁ&ﬂtFUs%qyﬁéaﬁron to Calouflté 1l th@%gl r%%ﬁﬂ%ﬁfe OB

tangibly e red” 1 n"an
r eadabl e sasrthaagealnesjuae ashetedascate, ieeypean be aggmlgatemlr eim, samplyopagat ed

si gnal , for exectlo t.o control oper at i on .of ta

o sl noaxFEERH A e BefRNN AL ESE LN b SonpiBiS I |
nul tiple pB@l@l@ﬁﬁ]@r@n@ﬁamgérﬂémrﬂ&@é@]mé\mmm@f mote Bedagitnant s of
the i nventi on have been descri bed. Nevertheless, it will be

under st oodom‘?éPOV'QPf%ﬁéh%&frf‘?'dﬁq“Bﬁgﬂ?ﬁa?ggf@gﬁiﬁdg COMPHERTS- departi ng
from the spgjgais] Iﬁ@gnﬁqmrﬁéntéf@wé W@!ﬁbhﬁgl he%ﬁCVaﬂJe”@aYnurﬁéﬁt%'l

enbodi nents are with scope of the | ow ng cl ai ns.
value calculated from other numerical measurements and empirically

measured thresholds of behavior. [n one example, an algorithm to derive a
normalized non-dimensional thermal health value between 0 and 1, with O
indicating the maximum possible margin and 1 indicating that the machine is
at or above the highest/worst behavioral zone is the following:

THV =1 - [Tanowavie~ T)/Mmax
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VWHAT IS CLAIMED IS: 1. A conputer-inplenented nethod, conpri sing:
receiving, with a central electronic nonitoring systemand through a
conmuni catwoneases k, a plurality of neasurenents thatpcang@@0k896

i ndicative of a tenperature of a particular conputer of a plurality
of conputers; and cal cul ati nig a_thernmal health val ue for each
of the pl uwﬂerﬂHMﬂS&aﬂﬁbetr@alsha@abe@ Tanbemmatban@amvm allowable

wh f
A ol at f or mpaalté phitfo hitHeERoBeBohalidial HhergB, HihRBdR] = 12, 1"
1, wherei ntemd)eratum fom & hensdrmntammg‘aaltmémmlmm |aﬂoWablesexpec¢pdr i ng

t he measur enent t storeﬂ{é hreE 5 3 Th met hod of claim1,
wher ei n th@a\rr%'as’t‘ﬁ oMU s [asulls BRwvesn %’F% of a tenperature, a

power drawui44} e eGRomitriRlg, compiftéd will Zbhiuriéate REthapeMii8dualor a

rotation r ggr’%pg’gersa trIrgL?gh%cut Ethheedeﬁg rcr:gn%e$ Optionally, the monitoring computer
can aggregate thermal health data for further processing, e.g., the monitoring
computer optionally can calculate thermal health variables for one or more
aggregations of computers (step 114). The thermal health value of the
aggregation can be calculated as the average of the thermal health variables
of the individual computers in the aggregation, although other techniques
such as cumulative distribution functions or mean-square may be applicable.
[0045] The aggregation can be a location-based aggregation, i.e., based on
physical location of the computers. For example, the thermal health value
could be determined for a group of computers within a given rack, module,
row, cluster or data center.
[0048] The aggregation can be an infrastructure-based aggregation, i.e.,
based on computers that share a common infrastructure component. For
example, the thermal health value could be determined for a group of
computers within a particular power or cooling domain.
[0047] The aggregation can be a service-based aggregation, i.e., based on
function that the computers perform in the data center, or even based on the
customer that the computers serve. For example, the thermal health value
could be determined for a group of computers in the data center that serve
search results, electronic mail or map generation. The aggregation can be a
logical network grouping, e.g., based on computers within a particular
networking domain or subdomain.
[0048] It can be useful to present the thermal health of an aggregation as a
cumulative distribution function, i.e., the percentage of computers operating at
or below a given thermal health value.
[0049] Once the thermal health variable has been determined, it can be used,
e.g., automatically by control software, to adjust the performance of the

computers to avoid thermal failure. For example, if the thermal health variable
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4. The nmethod of claim3, further conprising receiving nultiple
measurenents of different types and wherein cal cul ating the thernal

heal t h valwe 200ness8es the nultiple nmeasurenents. 5. Themekiwdisnts
claim1, wherein the nmeasurement conprises a tenperature neasurenent
of one or nore of a central processing unit of the conputer, a disk
drive of tR¥CeasigueRsiain thraghald o inginates awvarniag Jbeptheeomputets iRéMboar d

of the CO”B&%? atich ofy be'tmo&reaxeg‘ éat%ﬁztrﬁ&ré%}ﬁwgm‘é&gé othe@co;ﬂpﬁte@t hod

of claim1l rein the thernmal I mensi onfess
val ue. 7. sdlae toredchume wilizatican ahtbe cmﬂnpu‘@mlrﬂhe dolhergatibn lredlthds val ue i s
a nunber in e ran e of t hod of ein

I
he.t her male RN SR8 TS APRiANE, APIATEE aRED g g Repesing

The net hodvarfialfié abAbd,uskdtd Bentrél AR EbSINAEYSRING 6F biher SodlRGGEERIress, f or
the thermal health value froma finite set of descriptors. 10. The

met hod of &% ihihe thermaliealth yalyeiexcagdy@ ﬁeftam.th@saﬁldath@? He retq o
thermal hegbifyehRIvVEFcAT B8 fRFedichb &R tHe temperature of the computers and

reduce the risk of failure. Conversely, if the thermal health value is below a
certain threshold, this can indicate that the computers have some margin to
operate at higher temperature, and the rate of heat removal can be decreased
to reduce cooling costs. In extreme situations, one or more computers that
exceed a critical threshold can be automatically shut down to avoid
permanent damage to the computer components.

[0050] The monitoring computer can automatically generate an alarm to alert
the data center operator if a thermal health variable crosses a threshold, e.g.,
exceeds some preset value. For example, a rack-level thermal health value
can be generated as the average thermal health value of all computer in a
given rack. As an example of an alarm condition, an alarm can be generated
if a preset percentage, e.g., 4% to 10%, of the racks in the cluster have a
thermal health value that exceeds a preset value, e.g., 0.75 on a 0-to-1 scale.
The function can include a safety margin so that if some temperatures are
close to a threshold, the thermal heaith variable will indicate a warning.
[0051] The thermal health variable can also be used to make decisions
regarding machine placement. For example, by comparing the thermal health
values aggregated at the rack level, an operator can determine which racks
have greater capacity to handle additional thermal loads (e.g., under the
presumption that racks with the lowest thermal health values are best able to
handle additional thermal loads). Placement of new machines into the racks
with the greater capacity to handle additional thermal loads can then be
prioritized.

[0052] The relative weighting of the classes of failures (e.g., reduced

performance versus irreparable damage) could be set for or by the customer,
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11. The method of claim 1, further conprising adjusting one or nore
of power, cooling or utilization based on the thermal health val ue.
12. The newbedioBseesai m 1, wherein at | east sonme of theqliuadortgssof
conputers are different platfornms, and wherein cal culating a thernal
heal th value for each of a plurality of conputers includes

nor mal i zi n§N§AGRMENGSIRETS MAL cargidércde pe af tadurelolbe wprskithan he sane
range of valugs, 13. The nethod of claim 12, wherein the range of
val ues provides ‘a mapping to conputer behaviors that is uniform
across di f {G5ShHtA thlearhéloatesof chiehge Thg ., e time defrivetive ofi the tHerntaher
conpri sing._aggr,egati th val ues The, net,hod of
At 14 VARSIl 0P coRh  HRSIRENRR AT FREPRETRAY oss
one or nor fighfrate PlosMRIngd @amiifticate 0t d MACKAE®Y Group dfagacaheLipaniba and
a physi cal |O%@él an .domain, 16. The method of claim1, further

conpr i si ng!M & dts thesmebrate pPhekanoerkania nerealized g dircussed arove

parti cul ar t9RP Whfnal BeLIHSTARBId he perfornmance of the particul ar
conputer. 17. The nmethod of claim 16, wherein adjusting the

per f or manc E005#] tTHe tharmaldgiadh vamepuaxebe caleplaterbsvert if negmpiiesd of :

o et oM L Rl LB B B DB b RTMLGT 1 ©
that the characteristics of the platform are stored, e.g., the type of CPU,
memory and number and type of disk drives, and assuming that empirical
measurements have been conducted on similar equipment, e.g., the same or
similar components, it may be possible to calculate approximate failure
temperatures. For example, failure temperatures could be interpolated from
the measured failure temperatures of the other test components, e.g., test
compenents from the same manufacturer.
[0055] Various steps of the processes discussed above, particularly the
calculation of the thermal health value, are performed by computer. Some
steps, such as shutting down computers in response to elevated danger
levels of the thermal health variable, could be performed by human operators
in response fo receiving the thermal health variable, e.g., when displayed, or
automatically by control software, e.g., in the monitoring computer.
[0056] An advantage of machine thermal health is that normalized values are
generated therefore the operator, or a programmer designing control software
that uses thermal health variable, does not have to know about platform type.
The thermal health can be aggregated across many different dimensions, and
many different statistical methods can be applied to gather information about
the health of the computers. In addition to computers, the thermal health
variable may be applicable to other forms of computing equipment that might
fail as a result of high temperatures, such as network switches, smart racks or
power units.
[0057] Embodiments and all of the functional operations described in this

specification can be implemented in digital electronic circuitry, or in computer
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reducing utilization of the particular conputer; or reducing power to
the particular conputer. 18. The nethod of claim 1, further
conpri si ngwohemedsaan t he cal cul ated thernmal heal th val ugofs2bd®48966
particul ar computer, increasing a rate of renoval of heat generated
by the particular conputer. 19. The nethod of claim 18, wherein
i ncr easi ng saftwaiee figRwakerey Bardyfare.daelugivg dhe steuctial neans sisdaseddn
conputer c ' Paloyg ' r%[!ﬁ, ' | 1 he
parti cul ar 9@%& %ﬁ?&tlgﬁﬁa%uguﬁ%lt d ag ntgﬁ%r%%?ﬁhuéolt%&}(@%p&rfi si ng,
based on t hentaEalogireentsof theainvéndidt danvise inepleshented gsaoria auhare

f claim

conputer, autonpticall enerating an alarm 21. The nethod.
1 aier ef nCHBPHGT Fsarg Ty GPOGCR i TaRof R bembier PRI S nput er
conpri ses salbodiRg ih 2@ iefuabtiONcarrier, e.g., in a machine readable storage
media, such as a memory or disk, or in a propagated signal, for execution by,
or to control the operation of, data processing apparatus, €.g., a
programmable processor, a computer, or multiple processors or computers.
[0058] A number of embodiments of the invention have been described.
Nevertheless, it will be understood that various maodifications may be made
without departing from the spirit and scope of the invention. Accordingly, other

embodiments are within the scope of the following claims.
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THv=1- ( Tal | owab(e- T/ Mg, ), where THV is the normalized thermnal
heal t h val ue of the particular conputer, Tanowabie is a maxi num

al l owabl e tenperature of the particul ar conputer before highest/worst
behavi oral changes of the particular conmputer, T is the nmeasurenent

i ndi caty EpRerature of the particular conmputer, and Mrax is
a maxi n\ﬁﬁnﬁgﬁ%cgmlhr)ﬁwe elxpect ed margi n before highest/worst behavi oral
changes of the particular conputer. 22. A conputer program product,
tangi bly e i i N j d . st grage medi a, conpri sing

i nstr uc1t'i o%e‘%’ﬁ&%%ﬂ'gfp rlléﬁéﬂ%@%gg@gogg‘bgﬂ'%g' receive, with a
central el ecteawving, withm tentiahglestystiemoaitmdingaysteghara thamh @i coatrmarication
network, .a plurali. of ..neasur nts. that .are .each |ndicative of
tenper etk Prlor e BRI TRk Frelsth B g Al b et
cal cul abepaterlovéa phiraliteal ddmpuddrsrearidor each of the plurality of
conputers ba n.t neasurenent , wherein i.nstructions . to
ol bul at o ¢ REDIEPa st Sed GR0k foreadhal HHChEITCl BRebE SRR on soe

for a phedsucmmerttype of the particular conputer. 23. The conputer

program prodyct .of clajm 22, . wherein.instructions to.calculate th
Phermal heartTrroiaraB e fRandHE Fodl Rt B8usiiardidfe tra rtine
t 0 st orefthe partsiarlcdmpute?24. The conput er program product of claim 22,
wherein the measurenent conprises one or nore of a tenperature, a
power draw of the conputer, a utilization of the conputer, or a

rotati @én ratTheohethod ahclaim 1, whecainmpaltelating the thermal health value includes
comparing the measurement to a stored threshold.

3. The method of claim 1, wherein the measurement comprises one or more of a
temperature, a power draw of the computer, a utilization of the computer, or a rotation rate of

a fan of the computer.

4, The method of claim 3, further comprising receiving multiple measurements of
different types and wherein calculating the thermal health value combines the multiple

measurements.

5. The method of claim 1, wherein the measurement comprises a temperature
measurement of one or more of a central processing unit of the computer, a disk drive of the
computer, a memory module of the computer, a motherboard of the computer, or air in
proximity to the computer.

6. The method of claim 1, wherein the thermal health value is a dimensionless value.

7. The method of claim 6, wherein the thermal health value is a number in the range of
Oto1.

8. The method of claim 6, wherein the thermal health value is a number in the range of
0 to 10.
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25. The conputer program product of claim 24, further conprising

I nstructions to receive nultiple neasurenents of different types and
wherein instructions to calculate the thernmal health val ue include

i nstructions to conbine the multiple nmeasurenents. 26. The conputer

rograrg prodyct | ai,m 24, erein_the neasurenpent. copprises a
Penper ot ur o MEearafeb bt e SBrng p Tl £ Tt PO PR s e
of t he health valué omcofindiet st of desdristkrsdri ve of the particul ar conputer,
a nmenory nodul e of the particular conputer, a notherboard of the
particul ar conmputer, or air in proximty to the particular conmputer.
27. TheOconpiieanethod gf eainpt, ddiiedr cofnpdsiag ge@ativhar alam if tiee theanmatddealth
health value is a gi Wﬁﬂg' onl ess value. 28. The conputer program
productva CE‘PSasueﬁmazt CSWh8rein the thermal health value is a nunber in
the range of 0 to 1. 29. The conputer program product of claim 27,

wherein . the thermal health, value is a nunmher.in the ran of 0 1tqg 10.
50. " The TeonpibaP e SF SR - SRUEF chfoletl ARSSer bR SR pPver g o
I nst r uattilizatisn basakbette therdres bealihtvalugd or the thermal health value from
a finite set of descriptors. 31. The conputer program product of
claim 22, further conprising instructions to generate an alarmif the
t her mal12healThe mathod of ¢lains g wirerdih cehsl sbme of the plurality of computers are

different platforms, and wherein calculating a thermal health value for each of a plurality of
computers includes normalizing such that each thermal health value falls within the same

range of values.

13. The method of claim 12, wherein the range of values provides a mapping to

computer behaviors that is uniform across different platforms.
14.  The method of claim 1, further comprising aggregating the thermal health values.

15. The method of claim 14, further comprising aggregating the thermal health across
one or more of a power domain, a cooling domain, a logical domain and a physical location

domain.

16.  The method of claim 1, further comprising, based on the calculated thermal health

value of the particular computer, adjusting the performance of the particular computer.

17. The method of claim 16, wherein adjusting the performance of the particular
computer comprises at least one of:

redirecting executable instructions from the particular computer to another computer
in the plurality of computers;

reducing utilization of the particular computer; or

reducing power to the particular computer.

18.  The method of claim 1, further comprising, based on the calculated thermal heaith

value of the particular computer, increasing a rate of removal of heat generated by the
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32. The conputer program product of claim 22, further conprising

I nstructions to adjust one or nore of power, cooling and utilization
based on the thermal health value. 33. The conputer program product
of clain122 wherein at | east some of the plurality of conputers are
differ ’?%Bﬁépﬁr and wherein the instructions to calculate a
therna q ue for each of a plurality of conputers includes
instructlons to normalize such that each thernal health value falls

W thin S ey B Ay 78 Hhrein ﬁr%reamgvc%@és'rtrgﬁroﬁ?él%‘? h840den 8%‘1’% o!

cIa|m3 where range e a na

conmput ethe ber’ruaurlamornmner cormpms% mucraaamgmtedmﬁcbehrgnrrfpbvaivfeotrmmartrcu%.
The co orProgram product of claim 33, further conprising

i nstruc ns to aggregate the thermal health values. 36. The

conmput er pr ogram product of claim 35, further conprising instructions

to aggr th h a re 0 n,
2 cool 100 dama oG8 PERRLE b the RErREg el e rtufie B R GlnblRAR
37. Thaa&xerqﬁﬂi’neparpmdgrmmlt@dmﬁbmeﬁcadiygemraﬁng drnualelrer conpri si ng

i nstructions to, based on the cal culated thernmal health value of the
particul ar computer, adjust the performance of the particul ar

conput 1. e rfh’éteodoﬁq:iaitret vitengin aoTmalizithgdor @ platforan typ8 6f thetpariutart he
instructions to a %)%sscil\g g,Igerf%{mance of the particular conputer

corrpriscém]szetrrcﬁE]lpf MUt | east one of:
THV=1- (Taﬂowabfe' M, max):

where THY is the normalized thermal health value of the particular computer, Taiowable
is a maximum allowable temperature of the particular computer before highest/worst
behavioral changes of the particular computer, T is the measurement indicative of the
temperature of the particular computer, and M, is @ maximum allowable expected margin

before highest/worst behavioral changes of the particular computer.

22. A computer program product, tangibly embodied in a machine readable storage
media, comprising instructions for causing a processor to:

receive, with a central electronic monitoring system and through a communication
network, a plurality of measurements that are each indicative of a temperature of a particular
computer of a plurality of computers; and

calculate a thermal health value for each of the plurality of computers based on the
measurement,

wherein instructions to calculate the thermal healih value include instructions to

normalize for a platform type of the particular computer.

23. The computer program product of claim 22, wherein instructions to calculate the

thermal health value include instructions to compare the measurement to stored thresholds.
24, The computer program product of claim 22, wherein the measurement comprises

one or more of a temperature, a power draw of the computer, a utilization of the computer, or

a rotation rate of a fan of the computer.
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redi rect executable instructions fromthe particular conputer to

anot her conputer in the plurality of conputers; reduce utilization of
the particul ar conputer; or reduce power to the particular conputer.
39. The conputer program product of claim 22, further conprising

i nstru

i onsto, based on the calculate hermal health value of the
bar t1 outr USRS hreatagod &l Wl 24 ST Romprotea el HERa e reage
g ge mrmhl_tiplb ?':]easpmmﬁrm ?f_ diﬁﬂ@er:t‘lftmamﬂpmaein misibrgc’@c;nspo 0dluollhteotpe ﬁﬁaﬂtnm

: re e.instructions to increase a.rate of rempval of hea
gener atEabyeER o e Pniclons 5 el BE MRl mERR P OE Fons ¢ o
increase a rate of cooling airflow over the particular conmputer. 41.

The co ter,program product of claim 2 furt.her conprisi .

st  uctt ons M EoMsMeIP Oy RiSdut S0P AL (SR e s e Tar emBrisesa

parti cubmpeatnp uicasureandng obdnecal rhoregf aekatral prdceakiag it of the particular
computer, a disk drive of the particular computer, a memory module of the particular
computer, a motherboard of the particular computer, or air in proximity to the particular

computer.

27. The computer program product of claim 22, wherein the thermal health value is a

dimensionless value.

28.  The computer program product of claim 27, wherein the thermal health value is a

number in the range of 0 to 1.

29. The computer program product of claim 27, wherein the thermal health value is a
number in the range of 0 to 10.

30. The computer program product of claim 22, further comprising instructions to select a

descriptor for the thermal health value from a finite set of descriptors.

31. The computer program product of claim 22, further comprising instructions to
generate an alarm if the thermal health value crosses a threshold.

32.  The computer program product of claim 22, further comprising instructions to adjust

one or more of power, cooling and utilization based on the thermal health value.

33. The computer program product of claim 22, wherein at least some of the plurality of
computers are different platforms, and wherein the instructions to calculate a thermal health
value for each of a plurality of computers includes instructions to normalize such that each

thermal health value falls within the same range of values.

34. The computer program product of claim 33, wherein the range of values provide a

mapping values of computer behavior that is uniform across different platforms.
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35. The computer program product of claim 33, further comprising instructions fo

aggregate the thermal health values.

36. The computer program product of claim 35, further comprising instructions to
aggregate the thermal health across one or more of a power domain, a cooling domain, a

logical domain and a physical location domain.

37. The computer program product of claim 22, further comprising instructions to, based
on the calculated thermal health value of the particular computer, adjust the performance of

the particular computer.

38. The computer program product of claim 37, wherein the instructions to adjust the
performance of the particular computer comprise instructions to perform at least one of:
redirect executable instructions from the particular computer to another computer in
the plurality of computers;
reduce utilization of the particular computer; or

reduce power to the particular computer.

39. The computer program product of claim 22, further comprising instructions to, based
on the calculated thermal health value of the particular computer, increase a rate of removal

of heat generated by the particular computer.

40. The computer program product of claim 39, wherein the instructions to increase a
rate of removal of heat generated by the particular computer comprise instructions to

increase a rate of cooling airflow over the particular computer.
41. The computer program product of claim 22, further comprising instructions to, based

on the calculated thermal health value of the particular computer, automatically generate an

alarm.
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