WO 03/079171 PCT/ GB03/00414 1 METHOD FOR MANAG NG PONER CONSUMPTI ON OF
MULTI PLE COMPUTER SERVERS Technical Field of the Invention The present
i nventi orwpaBarEsit o power nanagenent in general, and in PpardBosobar to
power managenent for conputer systenms., Still nore particularly, the
present invention relates to a nethod for managi ng power consunption for
mul tiple conputer servers. Background of the Invention Concerns over excess
power consunptlon are no Ionger conflned to soeC|aI|zed cor -uter syst ens,
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envi ronnment, but also expand to general purpose conputer systens as well.
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the large number of computer servers enclosed in a relatively small space,

and the power consumption problem is attributed to the high number of
high-performance processors within those computer servers. For example, a
modern-day computer server complex designed for electronic commerce and
web-hosting applicat;ons typically constitutes thousands of computer
servers operated in parallel, occupying thousands of square footage of

computer room space, with each computer server consuming many watts of

power.

In certain applications, low-power processors may be a simple
solution to the above- mentioned problems. However, it is safe to say
that a new market-acceptable price-power- performance equilibrium has yet
to be demonstrated in the computer server market, and, in fact, the
performance limitations of low-power processors may limit their ultimate
penetration into such market. In addition, processor power consumption,
while significant, does mot account for all the power consumed by a
computer server. Memory controllers, adapters, disk drives, and other
peripheral devices account for a large fraction of the power consumption

of a computer server, and cannot be neglected.

Consequently, it would be desirable to provide an improved method

for managing power consumption for computer servers.



WD 03/079171 2 SUMMARY OF THE | NVENTI ON PCT/ GB03/ 00414 Accordi ngly,
according a first aspect the present invention provides a nethod for
managi ng wowan7aonsunpti on for a pool of conputer serverspCTa@d/ o hod
conprising: determning the nunber of ,conputer servers required to neet a
current workl oad denmand; determning a thermally optimzed configuration
of powered-on conputer servers to neet said current workload demand; and
powering on or powering off at |east one conputer server from said pool of
conput esumsery ©F STHEASWYEXIORai d thermal |y optim zed configuration, to neet
said current workload demand. According to a second aspect the present

invention provides a conputer Programprodyqt Laskol NgveR idnCOMREES
usabl e medi JiPoT ﬁaﬁagl ng pgvver consunption faor g ool of conputer
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required to neet a current workl oad demand is determ ned. Next, a
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said pool of computer servers based on gaid thermally optimized

configuration.

Tn accordance with a preferred embodiment of the present invention,
the number of computer servers required to meet a current workload demand
is determined. Next, a thermally optimized configuration of powered-on
computer servers to meet the current workload demand is determined. At
least one computer server is powered on or powered off, based on the

thermally optimized configuratiomn.

BRIEF DESCRIPTION OF THE DRAWINGS

The invention will now be described, by way of example only, with
reference to a preferred embodiment thereof, as illustrated in the

accompanying drawings, in which:

Figure 1 is a block diagram of a computer server pool in which a

preferred embodiment of the present invention is implemented;

Figure 2 is a pictorial depiction of a gain-based algorithm for
managing power consumption of a computer sexrver, in accordance with a

preferred embodiment of the present invention;



3 PCT/ GB03/00414 Figure 3 is an exanple workl oad neasured between Tuesday
norning and Monday night; Figure 4 is a high-level logic flow diagramof a
nmet hod f owoO odet®arm ni ng whi ch conputer server to power onPem@IBYB/0Gflf, in
accordance wth a preferred enbodi ment of the present invention; and
Figure 5 is a high-level logic flow diagramof a nethod for determning a
thermally optim zed configuration of powered-on conputer servers, in
accordance with a preferred enbodi nent of the present invention. DETAILED
DESCRI PTI ON 13gufe RREFERREREIVEBGRIHVESH Refeumednigetvoon tToetfry apaWitdga™and in
particylan,§q Ehgure 1, there is depicted a block diagramof a conputer
server poof inwhich a preferred enbodi nent of the present invention i's

i mpl emented. As shown, a conputer server pool 10 includes a group of
conput er serignse ¥ as 1 fighrieaet d¢Ii® AoV HREFYL fe? WEFI9D TOBach of
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‘out si devvg/(r)lgl d," and di spatches requests fromthe "outside world" (i.e

ext er nal™ 't o corrputer server pool 10) to any one of computer servers
| la-11n in order to balance the | oad anongst conputer servers lla-lln. it
i S obserrradLER DESEHIPTIOND OF CA FREFERREE BMRPPREBUsur fi ng wor kl oads on a
conputer server pool, such as corrputer server pool 10 from Figure 1, have

certain char acft erl St I &3 tohghe "By ‘gln Qeéﬂd{“ g%&ftm%‘%bll:@ Fﬁ@uf@\ﬂerthe@anage”ent
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M ni wn?%FR?osfﬁve’Seléondgac%e?a:ga eéutfer fie sta 18 {c(ile %%15%@?%5 %f?]&l%eis of

el ect r omkecut bemeroeongnt, ke ioduopd ﬁ‘g‘maa?j‘fﬂnitc%ﬂ“ipﬁlﬁ%nt 't FRE 2 BTt FEHProm a
mi ni nuMAPokboad t6- axamiemnidsnpotdl eatdver andl iviteleser sarktend breasttirene! y

abr upt. cc;l;nrgorngﬁt tllg? a6|ngc.;1£fo%.@i &ea%gmgecomponent 17, and a power control
component 18. Control server 12 includes a load-balancing internet
protocol (IP) sprayer 14 and a power management component 15. IP sprayer
14 provides a single IP address to the 1outside world," and dispatches
requests from the "outside world" (i.e., external to computer server pool

10) to any one of computer servers lla-11ln in order to balance the load

amongst computer servers lla-1lln.

Tt is observed that electronic commerce and web-surfing workloads on
a computer server pool, such as computer server pool 10 from Figure 1,
have certain characteristics that make them highly amenable to power
management techniques. First, electronic commerce and web- surfing
workloads exhibit periodic behavior, with the peak workload being
substantially higher than the minimum workload, or even the average
workload. For example, the dynamic range of the electronic commerce and
web-surfing workloads are often in a Ffactor of ten; that is, the peak
workload can be ten times the minimum workload. Second, because of the
stampede mentality of users of electronic commerce and web-surfing
applications, the transition from a minimum workload to a maximum workload
(and vice versa) can be extremely abrupt. Third, the electronic commerce
and web-surfing workloads are highly parallel, and relatively easy to load

balance. Fourth, server requests are short-lived enough that if a given



and web-surfing workl oads are highly parallel, and relatively easy to | oad
bal ance. Fourth, server requests are short-lived enough that if a given WO
03/ 079171w0 0BETM1@B03/ 00414 conputer server is "condemed" PCIT/GRO3/00EW

workload is withheld fromit), its utjlization will quickly fall, and if a
new conputer server is brought online, new workload can be readily
di spatched to it and its utilization wll quickly rise. The

above-nenti oned workl oad attributes inply that each conputer server can be
pover eccppuand spover ed 'ebhddined! udi-ng, peweyorkagithds npidabsit hromst) .
hi ber nafd 0p. fMdge A §iﬁeﬁuf@41§) £t had RiEN@BInedi SonipptéORBetvert he Wvegat |

operation.of the co server ol tlg JRresent invensdQn
pr ovi deqanén?‘r‘etnﬁ 8d"¥S mané:aré BOWer ¢ i n%lu-r%?%r? of ‘conputer servers based on

measur et Whotyd A, riggeh that both unrret demand and power consunption can
be mnimzed. In accordance with a preferred enbodi nent of the present
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The above-nentioned utilization nmetrics can be readily nmeasured from an

operating syst.em t]rllzeOI;ﬂor)angB 2 Al PF %nESteM 8& oft Mhadong . PRRIALING isystem
utilization netrics can der fved 't om bUI | n performance counters. For

t he Li nux operatiRep8ystiem utilization rretrl cs can be derived fromdata
residing in the /proectiiectraryestgarvenmithin the defined group that needs

to be powered on or powered off in the near future is
determined;

(3) existing system and workload management functions are
manipulated in order to remove load from a computer server to
be turned off; and

(4) the specific computer serxrver is turned on or turned off by

using existing system management interfaces.

The workload of a computer server can be measured based on the following

utilization metrics:

i. processor utilizatiom;
ii. physical memory utilization;
iii. 1local-area network adapter bandwidth utilization; and

iv. hard disk bandwidth utilization.

The above-mentioned utilization metrics can be readily measured £rom
an operating system. For example, for the Microsoft’ Windows® operating
system, utilization metrics can be derived from built-in performance
counters. TFor the Linux operating system, utilization metrics can be

derived from data residing in the /proc directory structure.

Once the workload has been measured, a power management method is
used to determine which computer server needs to be turned on or turned

off, and when. As a preferred embodiment of the present invention, three



Once the workl oad has been neasured, a power managenent nethod is wused to
determ ne which conputer server needs to be turned on or turned off, and
when. As wopsefarr ed enbodi ment of the present invention, PCRrGES3NA14
03/079171 5 PCT/ GB03/ 00414 al gorithnms are devised to achieve the
above-nmenti oned power managenent nethod, nanely, a gain-based al gorithm
an al gorithm based on tenporal characterization of previously observed
wor kl oad, and a self-tuning gain-based algorithm 1. Gain-Based Al gorithm
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powere amount of capacity deemed necessary for a given current workload) is

projected by adding the current workload to an excess that is based on the
maximum sample-to-sample deviation observed over sample window 25. Uplift
is equal to the uplift gain times the maximum sample-to-sample deviation
value, and excess is equal to the excess gain times the maximum
sample-to-sample deviation value. If the current capacity is between
lower limit 21 and upper limit 23, then no action needs to be taken. If
the current capacity is less than lower limit 21, then at least one of the
computer servers in the computer server pool is scheduled to be powered
on. If the current capacity is greater than upper limit 23, then at least
one of the computer servers in the computer server pool is scheduled to be

powered off.

For example, if current capacity is 1100 workload units, current
workload is 1000 workload units, sample window is 20 samples, uplift gain
is 20%, and excess gain is 100%, then the gain-based algorithm is executed

as follows:

(1) Select a sample window and calculate the maximum
sample-to-sample deviation value (DV) of the samples within

the selected sample window. For example, if the lowest



For exanple, if current capacity is 1100 workl oad units, current workl oad
is 1000 workl oad units, sanple windowis 20 sanples, uplift gain is 200,
and exceswogaiomoirs 100% then the gai n-based al gorithm i sPeTaRIBOMI4aS
follows: (1) Select a sanple wi ndow ang cal cul ate the maxi num

sanpl e-to-sanpl e devi ation value (DV) of the sanples within the selected
sanpl e wi ndow. For exanple, if the |owest WO 03/079171 PCT/ GB03/00414 6
wor kl oad sanple is 10, and the hi ghest workl oad sanple is 210, then DV is
210 - 10 = 200. (2prreuvasubandet he 18 ojekthel higperh roridneel Bgele 1i6wetoimt
= current workl oacthenupt iikt2:gak md =Dbo.= 1000 + 20% * 200 = 1040. upper
limt = current workload + excess gain * DV = 1000 + 1000 * 200 = 1200. (3)
Adj ust current capacity accordingly. Since, the current capacity is 1100,
which is greatér HRARTHE [ u@roTaares BHE eS8V TNER t he upper limt; thus,
no action needs todoWertdien.= criratieverflrahtt eBpHE €3 WEreY | ess than 1040,
then one or nore conputer servers 1ooul«d2peed200 heopowered on to maintain
the current capagif¥,Within the ol &Ghieda Gapacddsysenvel gpe. If  the
current capacity were greater thqn11290, 1{)%}90‘ gpge or, Jlore conputer servers
woul d need to be powered off to mai RP%i'nthe = &Ur rent Capacity within the
proj ected capacity envelope. Note that if the workload is constant and
upper limt 23)equalisst |cawesnt capdciPit,adchedidohe. ceiped ehe sarvents Wit hin t he
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servers are powerEdthm,cuanertt RRPasihEtvedentife FRAmiPye £B8°% Gral o APEYr at ed
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per f ormance of thgﬁgal n- E)ased I orlthrr% as. J?_Hé:nh’lz&re\éﬁgx?%% t9. be chosen
judiciously by us@fsS™1"" APgaFt thit Badéd™ on Ténparal’ Characteri zati on

Gai n- based’ al gor i tdvPYesTeFarYers cERREt needc buRe POYETSHdRIEn tQ prkeEaim the

wor kl oad because iduricenth@bppriegagetibycheapi@tecoad depadity samdbes W ndow.

Note that if the workload is constant and upper limit 23 equals
lower limit 21, then the computer servers within the computer server pool

will be powered on and powered off alternatively at each sample point.

The figures of merit of the gain-based algorithm are the energy
consumption normalized to the energy consumption when all computer servers
are powered on, and the unmet demand relative to total integrated demand,
suitably adjusted to get a number between 0 and 1. The sample window
size, uplift gain, and excess gain are fundamental to the performance of
the gain- based algorithm, as such, they need to be chosen judiciously by

users.

IT. Algorithm Based on Temporal Characterization

Gain-based algorithm generally cannot account for sudden spikes in
workload because it is not presaged by variations in the sample window.
Many workload spikes are repetitious based on weekly or daily activities,
such as daily backups. In most situations, it would be suffice to
stipulate that weekly and daily periods predominate. BAs for epochs that
are not daily or weekly, a calculation such as an auto-correlation can be
performed to determine the periodic workload, and define the epochs

accordingly.



Many wor kl oad spi kes are repetitious based on weekly or daily activities,
such as daily backups. In nost situations, it would be suffice to

sti pul at ewOlwaw7seekl y and daily periods predon nate. As f®CTaBIskes18hat
are not daily or weekly, a calculationssuch as an auto-correlation can be
performed to determ ne the periodic workl oad, and define the epochs
accordingly. WO 03/079171 PCT/ GB03/00414 7 The al gorithm based on tenporal
characterization is based on collecting workload data over a prior epoch
in time, chardest ekdoripgn theed wor kmpagabichpraqreeizfdensisbhzsnd &m the prior
epoch, awdlsatingngoritfoad EANEroved N @ilols chedulie basedcigiratbatizing the
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rrEasw’er&a’.@.&acterization can be overridden by exigencies of the moment when
augmented with by a gain-based algorithm. For example, 1f in the next
time increment, the schedule indicates that certain capacity is required,
but a gain-based algorithm as described above indicates that more capacity
is needed, then the capacity indicated by the gain-based algorithm will be

used instead.

The details of one implementation of the algorithm based on temporal
characterization are described below. The algorithm works in conjunction
with a workload measurement component (such as workload measurement
component 17 from Figure 1) and a power control component (such as power
control component 18 from Figure 1) . The workload measurement component
measures the difference in utilization from one point to the next, with
the intent of detecting and recording for future reference a workload
spike that may not have been accommodated by the short-term algorithm
(i.e., the gain-based algorithm). The measurement is performed by
detecting whether the difference in utilization is greater than a
predetermined value, and setting flags accordingly for future reference.
For example, i1f the most recent sample is greater than the previous sample

by a given amount (called a Threshold Up), then the workload measurement
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time. lldccué%énEéTgHﬂangpfﬁaln‘ﬂﬁ%§?cuhkﬁtégyéulating the flags for a given point
in time, it is useful for the algorithm to not only examine the sample
immediately following the point in time, but also several samples after

that point in time.

III. Self-Tuning Gain-Based Method

Uplift gain, excess gain, and sample history size comprise a
three-dimensional search space that contains an optimum figure of merit
that is dependent on the workload characteristics as well as the relative
weighing of energy consumption and unmet demand. In general, finding the
optimum values of these figures of merit within such search space is
tedious and ad hoc at best, and certainly not practical or optimal for all
workloads and system administration policies encountered in the field.
Therefore, a self-tuning gain-based method is developed to calculate
energy consumption and unmet demand based on a workload sample for a large
set of values of uplift gain, excess gain, and sample history size. Then,
the method searches through this set of input values to find the settings
that optimize the figures of merit, for the given workload. Any search
method can be used; typically, because the state space is small, an

exhaustive enumeration could even be used. The self-tuning approach has
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location of each computer server that is powered on, such as the third
computer server from the left side of the computer server chassis, is
ascertained. Next, any malfunctioned cooling devices within the computer
server chassis are determined, as depicted in block 44. A physical
location of cooling devices within the computer server chassis is
determined, as shown in block 45. A thermally optimized configuration of
powered-on servers to meet the current workload based on the
above-determined information is calculated, as depicted in block 46.
Finally, at least one of the computer servers is powered on or powered off

based on the calculated thermally optimized configuration result, as shown

in block 47.

Referring now to Figure 5, there is illustrated a high-level logic
flow diagram of a method for determining a thermally optimized
configuration of powered-on computer servers, in accordance with a
preferred embodiment of the present invention. Assume the total number of
available computer servers within a computer server pool is M, and the
number of computer servers required to meet the current workload is N.

Starting at block 50, a probability distribution is generated to provide
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managing power consumption for multiple computer servers.

It is also important to note that although the present invention has
been described in the context of a fully functional computer system, those
skilled in the art will appreciate that the mechanisms of the present
invention are capable of being distributed as a program product in a
variety of forms, and that the present invention applies equally
regardless of the particular type of signal bearing media utilized to
actually carry out the distribution. Examples of signal bearing media
include, without limitation, recordable type media such as floppy disks or
CD ROMs and transmission type media such as analog or digital communi-

cations links.



the count equals N. As has been described, the present invention provides a
met hod for nanagi ng power consunption for nmultiple conputer servers. It is
al so i npowDan®74101 not e t hat al t hough the present inventi oRCRaEBO3l0eHM
described in the context of a fully functional conputer system those
skilled in the art will appreciate that the mechani sns of the present
i nvention are capable of being distributed as a program product in a
variety of forms, and that the present invention applies equally
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actually carry out the distribution. Etamp$es of signal bearing nedia
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CD ROVs and transm ssion type nmedia such as anal og or digital conmuni-
cations links. WD 03/079171 PCT/ GB03/00414 11 CLAIM5S 1. A nethod for
managi ng -powér "eBeSU AP IMBRATIGY BOSEoforsRBiRBuf @ 2 Betly e scomBaier et hod
conpri sisegverdet exiv nevigpdt hemprurbey: of conputer servers required to neet a
current workl oad demand; determning a thermally optim zed configuration of
power ed- on onput.er._servers.to et said current workload demand; and
powering on cCE)ire gg%%lrlfl%echgf?uméoterlOerrfgtg?mpour?grcsoe%’ﬁfserre?éjrr\?gr "¢ PSRY aid  pool of
conput erru8EFereriggsdFignrdai d thernmal |y optim zed configuration, to neet
said current workload demand. 2. The nethod of Caim1l, wherein said
determ ni ng QActOAKNBhY Yo +RPIaTH ¢ bt QN0 AL HOM ofi BA thepoddich udes
det er mi ning. Lher mml chay acleriolice of. a.ohassl g enclosing said pool  of
conput er servers; and deferm ni ng ith"of Sard P6ot’ 6f “conputer servers
are currently powered on. 3. The nethod of Caim2, wherein said
det er mi ni ng @owheimpmbh yor pEPidring ed £ canflegst ahe cvnputdheervdickugdesaid
determ pibBg & PhYsicedl sdrQ6AS bABea Gh £AQ! ENGHEW CEEiM- LRI Bnsdddachassis
encl osi ng gez%altdsgfdolc Onf‘en(%or?rl‘ft el Servers. 4. The method of Caim3, wherein
said determning a ther mal” y o optimzed configuration further includes
determ ning a physical location of any mal functioned cooling devices.

2. The method of Claim 1, wherein said determining a thermally

optimized configuration further includes

determining thermal characteristics of a chassis enclosing said pool

of computer sexvers; and

determining which of said pool of computer servers are currently

powered on.

3. The method of Claim 2, wherein said determining a thermally
optimized configuration further includes determining a physical location
of cooling devices within said chassis enclosing said pool of computer

servers.

4. The method of Claim 3, wherein said determining a thermally
optimized configuration further includes determining a physical location

of any malfunctiomned cooling devices.

5. A computer program product residing on a computer usable medium for
managing power consumption for a pool of computer servers, said computer

program product comprising:

program code means for determining the number of computer servers

required to meet a current workload demand;



5. A conputer program product residing on a conputer usable nediumfor
managi ng power consunption for a pool of conputer servers, said conputer
program pwodaotoieonpri si ng: program code nmeans for det er mpPoirgposhetimunber
of conputer servers required to nmeet @ current workl oad demand; WO
03/079171 PCT/ GB03/ 00414 12 program code neans for determning a thermally
optim zed configuration of powered-on conputer servers to neet said
current workload demand; and program code neans for powering on or

power i ng of f PAPIFBRSLIDAEE FPputSrrEEYRer 2 frRsRTREdY doRddLze¥ conput er
server s drasegirehigniod mdverawdny congpt éxmiseedeco nd i nguek agdidn curBenT hergbogaut er
progr amgamesiuctn@f Claim5, wherein said programcode mneans for
determining a thermally optim zed configuration further includes program
code neans for determning thermal characteristics of a chassis enclosing
sai d pool of PEORTRIt EPISEFGRT SO aRRYeHIY PAM T BAESHEI I 8F ¥aterd®eni ng whi ch
of sai d qroptteyf seompuiem ssiat wepl odr eonputee ek yeypoesseed ooreaid. thEmgaionput er
progr amdptoehlset @nrChatdvibn. Wherei n said program code neans for
determining a thermally optim zed configuration further includes program
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cool i ng devi Ces. ) ,
chassis enclosing said pool of computer servers; and

program code means for determining which of said pool of computer

servers are currently powered on.

7. The computer program product of Claim 6, wherein said program code
means for determining a thermally optimized configuration further includes
program code means for determining a physical location of cooling devices

within said chassis enclosing said pool of computer servers.

8. The computer program product of Claim 7, wherein said program code
means for determining a thermally optimized configuration further includes
program code means for determining a physical location of any

malfunctioned cooling devices.



