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Abstract

Data center power infrastructure incurs massive capitabtsp
which typically exceed energy costs over the life of thdifacio
squeeze maximum value from the infrastructure, reseasdhave
proposed over-subscribing power circuits, relying on thserva-
tion that peak loads are rare. To ensure availability, thpsgposals
employpower cappingwhich throttles server performance during
utilization spikes to enforce safe power budgets. Howdesause
budgets must be enforced locally—at each power distributiut
(PDU)—Ilocal utilization spikes may force throttling evernemn
power delivery capacity is available elsewhere. Moreotres,need
to maintain reserve capacity for fault tolerance on powelivaey
paths magnifies the impact of utilization spikes.

In this paper, we develop mechanisms to better utilize lilesta
power infrastructure, reducing reserve capacity margind avoid-
ing performance throttling. Unlike conventional high-#adility
data centers, where collocated servers share identicahary and
secondary power feeds, we reorganize power feeds to csbatfe
fled power distribution topologies. Shuffled topologies sprsec
ondary power feeds over numerous PDUs, reducing reseraceap
ity requirements to tolerate a single PDU failure. Second, pxo-
posePower Routingwhich schedules IT load dynamically across
redundant power feeds to: (1) shift slack to servers withwing
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Figure 1: The cost of over-provisioning. Amortized monthly
cost of power infrastructure for 1000 servers under varynayi-
sioning schemes.

ment [18, 26]. Power infrastructure costs can run into thésstb
$100's of millions, and frequently exceed energy costs dkier

power demands, and (2) balance power draw across AC phases t0jite of the data center [15]. Despite the enormous price tagy-

reduce heating and improve electrical stability. We ddsereffi-
cient heuristics for scheduling servers to PDUs (an NP-detep
problem). Using data collected from nearly 1000 servershiee
production facilities, we demonstrate that these meclmsisan
reduce the required power infrastructure capacity relatte con-
ventional high-availability data centers by 32% withoutrfoe-
mance degradation.

Categories and Subject Descriptors  C.5.5 [Computer System Im-
plementatioft Servers

General Terms Design, Measurement
Keywords power infrastructure, data centers

1. Introduction

Data center power provisioning infrastructure incurs rivessapi-
tal costs—on the order of $10-$25 per Watt of supported ITigequ
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provisioning remains common at every layer of the poweeéeji
system [8, 13, 15, 17, 18, 23]. Some of this spare capacigesri
due to deliberate design. For example, many data centdrglec
redundant power distribution paths for fault tolerancewieer,
the vast majority arises from the significant challengesizhg
power systems to match unpredictable, time-varying sqroerer
demands. Extreme conservatism in nameplate power ratings (
the point where they are typically ignored), variations ystem
utilization, heterogeneous configurations, and desigrgmsufor
upgrades all confound data center designers’ attemptsueeze
more power from their infrastructure. Furthermore, as thghss-
tication of power management improves, servers’ power delsa
will become even more variable [19], increasing the dataereate-
signers’ challenge.

Although the power demands of individual servers can vaeptly,
statistical effects make it unlikely for all servers’ derdario peak
at the same time [13, 23]. Even in highly-tuned clusters ingn
a single workload, peak utilization is rare, and still falsort
of provisioned power capacity [8]. This observation hagllea
searchers and operators to propoger-subscribingower circuits.
To avoid overloads that might impact availability, such estles
rely onpower cappingnechanisms that enforce power budgets at
individual servers [17, 28] or over ensembles [23, 29]. Thesm
common power-capping approaches rely on throttling sepeer



formance to reduce power draw when budgets would othervése b
exceeded [17,23, 28, 29].

Figure 1 illustrates the cost of conservative provisionamgl the
potential savings that can be gained by over-subscribiagtwer
infrastructure. The graph shows the amortized monthlytabpost
for power infrastructure under varying provisioning sclesmwe
calculate costs following the methodology of Hamilton [&Skum-
ing high-availability power infrastructure costs $15 petical-load
Watt [26], the power infrastructure has a 15-year lifetimued the
cost of financing is 5% per annum. We derive the distributifoece
tual server power draws from 24 hours of data collected fro601
servers in three production facilities (details in Secttoh). Pro-
visioning power infrastructure based on nameplate ratiegslts
in infrastructure costs over triple the facility’s actuaed. Hence,
operators typically ignore nameplate ratings, insteadipianing
infrastructure based on a measured peak power for eachaflass
server hardware. However, even this provisioning methaates+
timates actual needs—provisioning based on the observge-ag
gate peak at any power distribution unit (PDU) reduces 23%6.
Provisioning for less-than-peak loads can yield furthefirggs at
the cost of some performance degradation (e.g., averager @y
mands are only 87% of peak).

Power capping makes over-subscribing safe. However, pougr
gets must enforce local (PDU) as well as global (uninterblgpt
power supply, generator and utility feed) power constgilence,
local spikes can lead to sustained performance throttéagn if
the data center is lightly utilized and ample power delivapacity
is available elsewhere. Moreover, in high-availabilitpligments,
the need to maintain reserve capacity on redundant powieedel
paths to ensure uninterrupted operation in the event of Pailu f
ure magnifies the impact of utilization spikes—not only dtes
data center’s direct demand rise, but also the potentia foam
failover.

An ideal power delivery system would balance loads acro3d$*D
to ensure asymmetric demand does not arise. Unfortunatabe
server power demands vary, it is difficult or impossible td- ba
ance PDU loads statically, through clever assignment ofsgito
PDUs. Such balancing may be achievable dynamically thrawagh
mission control [4] or virtual machine migration [6], but jaiies
significant complexity, may hurt performance, and may noajpe
plicable to non-virtualized systems. Instead, in this pape ex-
plore mechanisms to balance load through pbever delivery in-
frastructure by dynamically connecting servers to PDUs.

Our approachPower Routing builds on widely-used techniques
for fault-tolerant power delivery, whereby each server daaw
power from either of two redundant feeds. Rather than dasign
ing primary and secondary feeds and switching only on fai(or
splitting loads evenly across both paths), we instead akyton-
trol the switching of servers to feeds. The soft-switchiagabil-
ity (already present for ease of maintenance in many dualecb
power supplies and rack-level transfer switches) acts esatin-
dation of a power switching network.

In existing facilities, it is common practice for all sersén a rack

or row to share the same pair of redundant power feeds, which
makes it impossible to use soft-switching to influence ldoat-
ing. Our key insight, inspired by the notion of skewed-agsoe
caches [25] and declustering in disk arrays [2]), is to @ehuf-
fled distribution topologigsvhere power feed connections are per-
muted among servers within and across racks. In particutaseek
topologies where servers running the same workload (whieh a
most likely to spike together) connect to distinct pairs eéds.
Such topologies have two implications. First, they spréwadre-
sponsibility to bear a failing PDU’s load over a large numbér

neighbors, reducing the required reserve capacity at e@threl-
ative to conventional designs. Second, they create thehildgs
through a series of switching actions, to route slack in theqy
delivery system to a particular server.

Designing such topologies is challenging because simdaress
tend to be collocated (e.g., because an organization mamage
ership of data center space at the granularity of racks)fflgdu
topologies that route power from particular PDUs over nyria
paths require wiring that differs markedly from current qiiee.
Moreover, assignments of servers to power feeds must ngt onl
meet PDU capacity constraints, they must also: (1) ensatenth
overloads occur if any PDU fails (such a failure instantlyiszs
all servers to switch to their alternate power feed); andb@}
ance power draws across the three phases of each alternating
rent (AC) power source to avoid voltage and current fluctunsti
that increase heating, reduce equipment lifetime, and cacip
itate failures [14]. Even given a shuffled topology, poweutiag
remains challenging: we will show that solving the dynansisign-
ment of servers to PDUs reduces to the partitioning problEa, [
and, hence, is NP-complete and infeasible to solve optymil
this paper, we address each of these challenges, to cdetribu

e Lower reserve capacity margins.Because more PDUs coop-
erate to tolerate failures, shuffled topologies reduceRizt
capacity reserves from 50% of instantaneous load tg'/s
fraction, where\V is the number of cooperating PDUSs.

e Power routing. We develop a linear programming-based heuris-
tic algorithm that assigns each server a power feed and budge
to minimize power capping, maintain redundancy against-a si
gle PDU fault, and balance power draw across phases.

e Reduced capital expensedJsing traces from production sys-
tems, we demonstrate that our mechanisms reduce power in-
frastructure capital costs by 32% without performance aegr
dation. With energy-proportional servers, savings rea.4

The rest of this paper is organized as follows. In Section @, w
provide background on data center power infrastructurepamcer
capping mechanisms. We describe our mechanisms in Section 3
and detail Power Routing’s scheduling algorithm in SectiohVe
evaluate our techniques on our production data centerstrace
Section 5. Finally, in Section 6, we conclude.

2. Background

We begin with a brief overview of data center power provigign
infrastructure and power capping mechanisms. A more exens
introduction to these topics is available in [18].

Conventional power provisioning.Today, most data centers oper-
ate according to power provisioning policies that assuffcgnt
capacity for every server. These policies are enforced bydtia
center operators at system installation time, by protmgitieploy-
ment of any machine that creates the potential for overl@yh.
erators do their best to estimate systems’ peak power deithigy
through stress-testing, from vendor-supplied calcusatmrthrough
de-rating of nameplate specifications.

In high-availability data centers, power distribution sofes must
also provision redundancy for fault tolerance; systemalgpkents
are further restricted by these redundancy requiremets.Up-
time Institute classifies data centers into tiers based em#ture
and objectives of their infrastructure redundancy [27]m8adata
centers provide no fault tolerance (Tier-1), or provisiedundancy
only within major power infrastructure components, sucttres
UPS system (Tier-2). Such redundancy allows some maintenan
of infrastructure components during operation, and ptstagainst



208V

PDU
Utility A 13.2kV 480V _L
Server Cluster 1
Generator ATS §|E UPS
— PDU
Utility B ATS — a‘g — UPS [— J_ Server Cluster 2
L__| PDU
‘I_ Server Cluster 3

Figure 2: Example power delivery system for a high-availabi

certain kinds of faults, but numerous single points-ofdia re-
main. Higher-tier data centers provide redundant powevelsi
paths to each server. Power Routing is targeted at theseelata
ters, as it exploits the redundant delivery paths to shiftgradeliv-
ery capacity.

Example: A high-availability power system.Figure 2 illustrates
an example of a high-availability power system design agdua
for a data center with redundant distribution paths. Thégdede-
picted here is based on the power architecture of the Michiga-
demic Computer Center (MACC), the largest (10,000 squaet fe
288 racks; 4MW peak load including physical infrastrucjuné
the three facilities providing utilization traces for tlsisdy. Utility
power from two substations and a backup generator enteadtfile f
ity at high voltage (13.2 kVAC) and meet at redundant autechat
transfer switches (ATS) that select among these power f@égse
components are sized for the peak facility load (4MW), idahg
all power infrastructure and cooling system losses. The AUIS
puts in turn are transformed to a medium voltage (480 VAC) and
feed redundant uninterruptible power supply (UPS) systerhikh
are also each sized to support the entire facility. Theserimgro-
vide redundant feeds to an array of power distribution WFBBUS)
which further transform power to 208V 3-phase AC.

PDUs are arranged throughout the data center such that each c
nects to two neighboring system clusters and each clusteives
redundant power feeds from its two neighboring PDUs. Thegoow
assignments wrap from the last cluster to the first. We reder t
this PDU arrangement assapped topologyThe wrapped topol-
ogy provides redundant delivery paths with minimal wirimglae-
quires each PDU to be sized to support at most 150% of the ffoad o
its connected clusters, with only a single excess PDU beyioad
minimum required to support the load (called an “N+1" configu
ration). In the event of any PDU fault, 50% of its supporteddo
fails over to each of its two neighbors. PDUs each suppont anl
fraction of the data center’s load, and can range in cap&cty
under ten to several hundred kilowatts.

Power is provided to individual servers through connectoatied
“whips”), that split the three phases of the 208VAC PDU otitpto

the 120VAC single-phase circuits familiar from residehaing.
(Some equipment may operate at higher voltages or accotding
other international power standards.) Many modern seimehsde
redundant power supplies, and provide two power cords tat ¢
be plugged into whips from each PDU. In such systems, theserv
internally switches or splits its load among its two powede. For
servers that provide only a single power cord, a rack-leegisfer
switch can connect the single cord to redundant feeds.

lity data center.

The capital costs of the power delivery infrastructure amecen-
trated at the large, high-voltage components: PDUs, URSHify-
level switches, generators, transformers and the utiégdf The
rack-level components cost a few thousand dollars per i@tkhe
order of $1 per provisioned Watt), while the facility-lev@mpo-
nents can cost $10-$25 per provisioned Watt [18, 26], eafpgan
facilities with such high levels of redundancy. With Poweruing,
we focus on reducing the required provisioning of the facilicale
components while assuring a balanced load over the PDUsighho
circuit breakers typically limit current both at the PDU’sebker
panels and on the individual circuits in each whip, it is camap
tively inexpensive to provision these statically to avoigtdoads.
Though Power Routing is applicable to manage current limits
individual circuits, we focus on enforcing limits at the PDé&vel
in this work.

Phase balanceln addition to enforcing current limits and redun-
dancy, it is also desirable for a power provisioning scheoneat-
ance power draw across the three phases of AC power supplied b
each PDU. Large phase imbalances can lead to current spikes o
the neutral wire of a 3-phase power bus, voltage and curisture
tions on the individual phases, and generally increasedissipa-

tion and reduce equipment lifetime [14]. Data center opesatyp-
ically manually balance power draw across phases by usirgica
connecting equipment to particular receptacles wired¢b phase.
Power Routing can automatically enforce phase balancediydn

ing it as explicit constraints in its scheduling algorithm.

Power capping.Conservative, worst-case design invariably leads
to power infrastructure over-provisioning [8,13,23, 22dwer cap-
ping mechanisms allow data center operators to sacrifice p@m
formance in rare utilization spikes in exchange for suligthoost
savings in the delivery infrastructure, without the riskoafscad-
ing failures due to an overload. In these schemes, someatentr
ized control mechanism establishes a power budget for eaghrs
(e.g., based on historical predictions or observed loadhénptre-
vious time epoch). An actuation mechanism then enforcesethe
budgets.

The most common method of enforcing power budgets is through
control loops that sense actual power draw and modulatepsoc
frequency and voltage to remain within budget. Commergiat s
tems from IBM [21] and HP [16] can enforce budgets to sub-watt
granularities at milli-second timescales. Researchers égended
these control mechanisms to enforce caps over multi-sehassis,
larger ensembles, and entire clusters [9,17,23,28], ex@optimal
power allocation among heterogeneous servers [10] andifiglen
the control stability challenges when capping at multigleels of

the power distribution hierarchy [22,29]. Others have exeah ex-
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Figure 3: Reduced reserve capacity under shuffled topologie

tending power management to virtualized environments. [36ft
fuses [13] apply the notion of power budgets beyond the iddad
server and enforce sustained power budgets, which allowdor
sient overloads that the power infrastructure can suppanally,
prior work considers alternative mechanisms for enforaiags,
such as modulating between active and sleep states [11].

Like prior work, Power Routing relies on a power capping mech
anism as a safety net to ensure extended overloads can not occ
However, Power Routing is agnostic to how budgets are eadbrc
For simplicity, we assume capping based on dynamic frequenc
and voltage scaling, the dominant approach.

Though rare, peak utilization spikes do occur in some faedli In
particular, if a facility runs a single distributed worktbaéalanced
over all servers (e.g., as in a web search cluster), thenttliwau
tion of all servers will rise and fall together [8]. No schethat
over-subscribes the physical infrastructure can avoitbpmance
throttling for such systems. The business decision of wdretirot-
tling is acceptable in these rare circumstances is beyanddbpe
of this study; however, for any given physical infrastruetbudget,
Power Routing reduces performance throttling relativexistag
capping schemes, by shifting loads among PDUs to locatexand e
ploit spare capacity.

3. Power Routing.

Power Routing relies on two central concepts. First, it exgshuf-
fled topologiedor power distribution to increase the connectivity
between servers and diverse PDUs. Shuffled topologiesdpeea
sponsibility to sustain the load on a failing PDU, reducihg te-
quired reserve capacity per PDU. Second, Power Routingsreli
on aschedulingalgorithm to assign servers’ load across redun-
dant distribution paths while balancing loads over PDUs A@d
phases. When loads are balanced, the provisioned capéaitg-o
jor power infrastructure components (PDUs, UPSs, genes,adad
utility feeds) can be reduced, saving capital costs. We diesail
the design and advantages of shuffled topologies, and tsensd
Power Routing.
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s (4 PDUs, fully-connected topology).

3.1 Shuffled Topologies.

In high-availability data centers, servers are conneaéadd PDUs

to ensure uninterrupted operation in the event of a PDU .fault
A naive (but not unusual) connection topology provisiongqzh
PDUs for each cluster of machines. Under this data centégrdes
each PDU must be sized to support the full worst-case loadeof t
entire cluster; hence, the power infrastructure is 50%zetl in
the best case. As described in Section 2, the more sophéstica
“wrapped” topology shown in Figure 2 splits a failed PDU’sitb
over two neighbors, allowing each PDU to be sized to suppdyt o
150% of its nominal primary load.

By spreading the responsibility for failover further, todéttbnal
PDUs, the spare capacity required of each PDU can be reduced—
the more PDUs that cooperate to cover the load of a failed PDU,
the less reserve capacity is required in the data center dekew

In effect, the reserve capacity in each PDU protects meltiphds
(which is acceptable provided there is only a single fajlure

Figure 3 illustrates the differing reserve capacity reguients of
the wrapped topology and a shuffled topology where respiitgib
for reserve capacity is spread over three PDUs. The reqléved
of reserve capacity at each PDU is approximat&lyN, where
X represents the cluster power demand, ahdhe number of
PDUs cooperating to provide reserve capacity. (Actualruesee-
quirements may vary depending on the instantaneous loadain e
phase).

The savings from shuffled topologies do not require any ligesit
switching capability; rather, they require only increasteersity
in the distinct combinations of primary and secondary pdieeds
for each server (ideally covering all combinations equally

The layout of PDUs and power busses must be carefully corezide

to yield feasible shuffled wiring topologies. Our distritout strate-
gies rely on overhead power busses [24] rather than cooreiti
under-floor conduits to each rack. The power busses maksidrea
(and less costly) to connect many, distant racks to a PDUePow
from each nearby bus is routed to a panel at the top of each rack
and these in turn connect to vertical whips (i.e., outlépsjrthat
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Figure 4: Shuffled power distribution topologies.

supply power to individual servers. The whips provide dsti@

pairs (or a single outlet with an internal transfer switahjrtake it
easy to connect servers while assuring an appropriate mitisef
tinct primary and secondary power feed combinations.

Though overhead power busses are expensive, they stiluatco
for a small fraction of the cost of large-scale data centerguan-
frastructure. Precise quantification of wiring costs idiclifit with-
out detailed facility-specific architecture and enginegriWe ne-
glect differences in wiring costs when estimating dataeeinfras-
tructure costs, and instead examine the (far more signtjicam
pact that topologies have on the capacity requirementsedfith-
voltage infrastructure. The primary difficulty of complexring
topologies lies in engineering the facility-specific gebrpef the
large (and dangerous) high-current overhead power rait$iad
lenge that we believe is surmountable.

We propose three shuffled power distribution topologie$ itima
prove on the wrapped topology of current high-availabitigta
centers. Thdully connectedopology collocates all PDUs in one
corner of the room, and routes power from all PDUs througkioait
entire facility. This topology is not scalable. However, stedy it as
it represents an upper bound on the benefits of shuffled tgjgslo
We further propose two practical topologies. TX« topology di-
vides the data center into a checkerboard pattern of poweszo
routing power both north-south and east-west across theszdime
serpentinetopology extends the concept of the wrapped topology
(see Figure 2) to create overlap among neighboring PDUsatepa
by more than one row.

Each distribution topology constrains the set of power feeah-
binations available in each rack in a different manner. €ham-
straints in turn affect the set of choices available to thedtdrout-
ing scheduler, thereby impacting its effectiveness.

Wrapped Topology. Figure 4(a) illustrates the wrapped topology,
which is our term for the conventional high-availabilitytd@enter

topology (also seen in Figure 2). This topology providesittah
connectivity to PDUs, and is insufficient for Power Routing.

Fully-connected Topology Figure 4(b) illustrates the fully-connected
topology. Under this topology, power is routed from everyUPio
every rack. As noted above, the fully-connected topologgsdo
not scale and is impractical in all but the smallest dataerent
However, one scalable alternative is to organize the dattecas
disconnected islands of fully-connected PDUs and racktetas
Such a topology drastically limits Power Routing flexilyilibut

can scale to arbitrary-sized facilities.

Serpentine Topology Figure 4(c) illustrates the serpentine topol-
ogy. Under this topology, PDUs are located at one end of thte da
centers’ rows, as in the wrapped topology shown in FiguredvH
ever, whereas in the wrapped topology a power bus runs betwee
two equipment rows from the PDU to the end of the facility, in
the serpentine topology, the power bus then bends backniegu
along a second row. This snaking bus pattern is repeatechfdr e
PDU, such that two power busses run in each aisle and foueduss
are adjacent to each equipment row. The pattern scaleger f@-
cilities by adding PDUs and replicating the pattern overitatohl
rows. It scales to higher PDU connectivity by extending #mpen-
tine pattern with an additional turn.

X-Y Topology. Figure 4(d) illustrates the X-Y topology. Under
this topology, the data center is divided into square zonea i
checkerboard pattern. PDUs are located along the north ast w
walls of the data center. Power busses from each PDU rolitereit
north-south or east-west along the centerline of a row (oau

of zones. Hence, two power busses cross in each zone. These tw
busses are connected to each rack in the zone. This topatatgss

to larger facilities in a straight-forward manner, by adgizones

to the “checkerboard.” It scales to greater connectivityrdayting
power busses over the zones in pairs (or larger tuples).



3.2 Power Routing.

Power Routing leverages shuffled topologies to achievadudap-
ital cost savings by under-provisioning PDUs relative tostxwase
demand. The degree of under-provisioning is a businessidaci
made at design time (or when deploying additional systerasgd
on the probability of utilization spikes and the cost of penfiance
throttling (i.e., the risk of failing to meet a service-léagreement).
Power Routing shifts spare capacity to cover local poweratem
spikes by controlling the assignment of each server to itaay
or secondary feed. The less correlation there is among spike
more effective Power Routing will be at covering those spikg
shifting loads rather than throttling performance. Poweutihg
relies on a capping mechanism to prevent overloads wherespik
cannot be covered.

Power Routing employs a centralized control mechanismgigas
each server to its primary or secondary power feed and setmpow
budgets for each server to assure PDU overloads do not @&zt
time a server’s power draw increases to its pre-determiapdim-
plying that performance throttling will be engaged), theveesig-
nals the Power Routing controller to request a higher capolf
slack is available on the server’s currently active powedfehe
controller invokes a scheduling algorithm (detailed in tRec4)

to determine new power budgets and power feed assignments fo
all servers to try to locate slack elsewhere in the powerridist
tion system. The controller will reduce budgets for servenese
utilization has decreased and may reassign servers betilvegn
primary and secondary feeds to create the necessary dlackso-
lution can be found (e.g., because aggregate power demaadax
the facilities’ total provisioning), the existing powenctemains in
place and the server’s performance is throttled.

In addition to trying to satisfy each server’s desired polved-
get, the Power Routing scheduler also maintains sufficesgrve
capacity at each PDU to ensure continued operation (under th
currently-established power budgets) even if any single) Pdils.

A PDUr’s required reserve capacity is given by the largestregg
gate load served by another PDU for which it acts as the secpnd
(inactive) feed.

Finally, the Power Routing scheduler seeks to balance loezss

the three AC phases of each PDU. As noted in Section 2, phase
imbalance can lead to numerous electrical problems thaadmnp
safety and availability. The scheduler constrains thesruiron each

of the three phases to remain within a 20% margin.

The key novelty of Power Routing lies in the assignment ofeser

to power feeds; sophisticated budgeting mechanisms (etich
assign asymmetric budgets to achieve higher-level QoS pbate
been extensively studied [9, 10, 17, 20, 22, 23, 28, 29]. Heirc
this paper, we focus our design and evaluation on the povesf fe
scheduling mechanism and do not explore QoS-aware capping i
detail.

3.3

Power Routing comprises four elements: (1) an actuatiorhazec
nism to switch servers between their two redundant powetsfee
(2) the centralized controller that executes the power $ebedul-
ing algorithm; (3) a communications mechanism for the culler
to direct switching activity and assign budgets; and (4) weyo
distribution topology that provisions primary and secandasower
feeds in varying combinations to the receptacles in eadh rac

Implementation.

Switching power feeds The power feed switching mechanism dif-
fers for single- and dual-corded servers. In a single-absdzver,
an external transfer switch attaches the server to its pyimasec-
ondary power feed. In the event of a power interruption oreitie

tive feed, the transfer switch seamlessly switches the toatie
alternative feed (a local, automatic action). The schedagsures
that all PDUs have sufficient reserve capacity to supplycts
that may switch to them in the event of any single PDU failure.
To support phase balancing, the transfer switch must bebtapa
of switching loads across out-of-phase AC sources fastgintu
appear uninterrupted to computer power supplies. Exteraak-
fer switches of this sort are in wide-spread use today, atadl fer
several hundred dollars. In contrast to existing transfatcbes,
which typically switch entire circuits (several servepwer Rout-
ing requires switching at the granularity of individual eptacles,
implying somewhat higher cost. For dual-corded serveriching
does not require any additional hardware, as the switchamgbe
accomplished through the systems’ internal power supplies

Control unit. The Power Routing control unit is a microproces-
sor that orchestrates the power provisioning process. Eawh
scheduling is invoked, the control unit performs four stépkit de-
termines the desired power budget for each server; (2) @hdes
each server to its primary or secondary power feed; (3) igass
power cap to each server (which may be above the requestjradjo
headroom for utilization increase, or below, implying penfiance
throttling); and (4) it communicates the power cap and pdeed
assignments to all devices. The control unit can be phygita
cated within the existing intelligence units in the poweliaey in-
frastructure (most devices already contain sophisticatetivork-
attached intelligence units). Like other power system comepts,
the control unit must include mechanisms for redundancyfauid
tolerance. Details of the control unit's hardware/sofeveault tol-
erance are beyond the scope of this study; the challengesiier
ror those of the existing intelligence units in the powerasfruc-
ture.

The mechanisms used in each of the control unit’s four steps a
orthogonal. As this study is focused on the novel schedusmect

of Power Routing (step 2), we explore only relatively sirapd
policies for the other steps. We determine each serversedes
power budget based in its peak demand in the preceding minute
Our power capping mechanism assigns power budgets thétiehro
servers to minimize the total throttled power.

Communication. Communication between the control unit and in-
dividual servers/transfer switches is best accomplishest the
data center’s existing network infrastructure, for exaanpking the
Simple Network Management Protocol (SNMP) or BACnet. The
vast majority of power provisioning infrastructure alrgatipports
these interfaces. Instantaneous server power draws aret jpos-
gets can also typically be accessed through SNMP commiaoricat
with the server’s Integrated Lights Out (ILO) interface.

Handling uncontrollable equipment. Data centers contain myriad
equipment that draw power, but cannot be controlled by Power
Routing (e.g., network switches, monitors). The scheduoiest
account for the worst-case power draw of such equipment when
calculating available capacity on each PDU and phase.

3.4 Operating Principle.

Power Routing relies on the observation that individual B2t
unlikely to reach peak load simultaneously. The power itistion
system as a whole operates in one of three regimes. The first,
most common case is that the load on all PDUs is below their
capacity. In this case, the power infrastructure is overdsioned,
power capping is unnecessary, and the entire data centeatepe

at full performance. At the opposite extreme, when servensaihd
more power than is available, the power infrastructure idean
provisioned, all PDUs will be fully loaded, and power cagpig.g.,

via performance throttling) is necessary. In either of ¢hegimes,



Power Routing has no impact; the power infrastructure igoim
under- (over-) provisioned relative to the server demand.

Power Routing is effective in the intermediate regime wisen@e
PDUs are overloaded while others have spare capacity. herur
data centers, this situation will result in performancetting that
Power Routing can avoid.

To illustrate how Power Routing affects performance thirat we
explore its performance envelope near the operating regr@re
aggregate power infrastructure capacity precisely meetsadd.
Figure 5 shows the relationship between installed PDU dgpac
and performance throttling (in terms of the fraction of offé
load that is met) with and without Power Routing (6 PDUS,\ull
connected topology) and contrast these against an ideécfg-
balanced power distribution infrastructure. The idealdsfructure
can route power from any PDU to any server and can split load
fractionally over multiple PDUs. (We detail the methodalagsed
to evaluate Power Routing and produce these results indbe&tl
below.)

The graph provides two insights into the impact of Power Rout
ing. First, we can use it to determine how much more perfooaan
Power Routing achieves for a given infrastructure investmela-
tive to conventional and ideal designs. This result can laioéd
by comparing vertically across the three lines for a sete&®U
capacity. As can be seen, Power Routing closely tracks tiferpe
mance of the ideal power delivery infrastructure, recawgegeveral
percent of lost performance relative to a fully-connectambtogy
without power routing.

The graph can also be used to determine the capital infrasteu
savings that Power Routing enables while avoiding perfocea
throttling altogether. Performance throttling becomesessary at
the PDU capacity where each of the three power distributityps
below 1.0. The horizontal distance between these intesdsfihe
capacity savings, and is labeled “Power Routing Capaciguie
tion” in the figure. In the case shown here, Power Routingas/oi
throttling at a capacity of 255 kW, while 294 kW of capacitgar
needed without Power Routing. Power Routing avoids thingttl
allowing maximum performance with less investment in poiner
frastructure.

4. Scheduling

Power Routing relies on a centralized scheduling algorithras-
sign power to servers. Each time a server requests addifioner
(as a result of exhausting its power cap) the scheduler shiéck

1.01 Power Routing Capacity Reduction
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Figure 5: Shuffled Topologies: 6 PDUs, fully-connected

the server’s current active power feed has any remainingaigp
granting it if possible. If no slack exists, the scheduldgermapts

to create a new allocation schedule for the entire facikigt will
eliminate or minimize the need for capping. In addition tosid-
ering the actual desired power budget of each server, tredatdr
must also provision sufficient reserve capacity on each $eeth

that the feed can sustain its share of load if any PDU failsalfj,

we constrain the scheduler to allow only phase-balanceigrass
ments where the load on the three phases of any PDU differ by no
more than 20% of the per-phase capacity.

The scheduling process comprises three steps: gatheaniggired
budget for each server, solving for an assignment of serneers
their primary or secondary feeds, and then, if necessadycieg
server’s budgets to meet the capacity constraints on eadh fe

Whereas sophisticated methods for predicting power bedayet
possible [5], we use a simple policy of assigning each seaver
budget based on its average power demand in the precedingemin
More sophisticated mechanisms are orthogonal to the stthgdu
problem itself.

Solving the power feed assignment problem optimally, evéh-w
out redundancy, is an NP-Complete problem. It is easy tolsse t
power scheduling NP; a nondeterministic algorithm can enumer-
ate a set of assignments from servers to PDUs and then check in
polynomial time that each PDU is within its power bounds. fovg
that power scheduling is NP-Complete we transform PARTN1O
to it [12]. For a given instance of PARTITION of finite sdtand a
sizes(a) € Z+ for eacha € A: we would like to determine if there
is a subsetd’ € Asuchthatthe ., s(a) = > c4_4 s(a).
ConsiderA as the set of servers, wittfa) corresponding to server
power draw. Additionally consider two PDUs each of powerazap
ity . s(a)/2. These two problems are equivalent. Thus, a poly-
nomial time solution to power scheduling will yield a polynial
time solution to PARTITION (implying power scheduling is NP
Complete).

In data centers of even modest size, brute force search for an
optimal power feed assignment is infeasible. Hence, wertréso
a heuristic approach to generate an approximate solution.

We first optimally solve a power feed assignment problemwallo
ing servers to be assigned fractionally across feeds usiegrl
programming. This linear program can be solved in polynbmia
time using standard methods [7]. From the exact fracticolati®n,

we then construct an approximate solution to the originabj@m
(where entire servers must be assigned a power feed). Final
check if the resulting assignments are below the capacigeoh
power feed. If any feed’s capacity is violated, we invoke eosel
optimization step to choose power caps for all servers.

Determining optimal caps is non-trivial because of theraxtdon
between a server’s power allocation on its primary feed, thed
reserve capacity that allocation implies on its secondeeg f We
employ a second linear programming step to determine aicgppi
strategy that maximizes the amount of power allocated teeser
(as opposed to reserve capacity).

Problem formulation. We formulate the linear program based
on the power distribution topology (i.e., the static assignt of
primary and secondary feeds to each server), the desirgdrser
power budgets, and the power feed capacities. For each pair o
power feeds we calculat@ower;_ ;, the sum of power draws for all
servers connected to feetlandj. (Our algorithm operates at the
granularity of individual phases of AC power from each PDH, a
each phase has limited ampacitiower;,; is 0 if no server shares
feeds: andj (e.g., if the two feeds are different phases from the
same PDU or no server shares those PDUs). Next, for eachfpair o



feeds, we define variabldseed;, ;i and Feed; ;j to account for the
server power fromPower; ; routed to feed$ andj, respectively.
Finally, a single global variableSiack, represents the maximum
unallocated power on any phase after all assignments are.mad
With these definitions, the linear program maximisgsck subject

to the following constraints:

Vi, j # 1,1 andj are any phases on different PDUs:
Feed; ji + Feed; jj = Power; ;

ZFeedi,ki—&- Z

k#i linj' sPDU
And constraints for distinct phasésnd; within a single PDU:

@
Feed; il + Slack < Capacity(i) (2)

| Z Feed; ki — Z Feed;j| < .2 x Capacity(i,j)  (3)
ki k#j
With the following bounds:
—o0 < Slack < 0o 4)
Vi,j # i : Feed; i, Feed; jj > 0 (5)

Equation 1 ensures that power from servers connected ts feed
andj is assigned to one of those two feeds. Equation 2 restriets th
sum of all power assigned to a particular fegglus the reserve
capacity required ofishould feeds op's PDU fail, plus the excess
slack to be less than the capacity of feed-inally, equation 3
ensures that phases are balanced across each PDU. A negati

ve

PDU supplies more power than its capacity, even in the evextt t
another PDU fails. The objective function maximizes the safm
the server budgets. We assume that servers can be thratteny t
frequency from idle to peak utilization and that the relasibip and
limits of frequency and power scaling are known a priori. &Jot
however, that this formulation ignores heterogeneity ingoef-
ficiency, performance, or priority across servers; it cdess only
the redundancy and topology constraints of the power Higion
network. An analysis of more sophisticated mechanismsHoos-
ing how to cap servers that factors in these consideratsomstside
the scope of this paper.

5. Evaluation

Our evaluation demonstrates the effectiveness of shuffipdid-
gies and Power Routing at reducing the required capitabinvent

in power infrastructure to meet a high-availability datateg’s reli-
ability and power needs. First, we demonstrate how shuffigolo-
gies reduce the reserve capacity required to provide siPDle-
fault tolerance. Then, we examine the effectiveness of PBwat-

ing at further reducing provisioning requirements as a tioncof
topology, number of PDUs, and workload. Finally, we show how
Power Routing will increase in effectiveness as server ponan-
agement becomes more sophisticated and the gap betweersserv
idle and peak power demands grows.

Slack indicates that more power is requested by servers than isg 1 Methodology

available (implying that there is no solution to the oridjrtfiscrete
scheduling problem without power capping).

We use the fractional power assignments from the linearrprog
to schedule servers to feeds. For a given set of serwerennected
to both feedi and feedj, the fractional solution will indicate that
Feed; ;i watts be assigned toand Feed; ;5 to j. The scheduler
must create a discrete assignment of servers to feeds toxampaite
the desired fractional assignments as closely as possihieh is
itself a bin packing problem. To solve this sub-problem &dfidy,
the scheduler sorts the setlescending by power and repeatedly
assign the largest unassigned server tw j, whichever has had
less power assigned to it thus far (or whichever has had esem
relative to its capacity if the capacities differ).

If a server cannot be assigned to either feed without viadati
the feed’s capacity constraint, then throttling may be ssagy to
achieve a valid schedule. The server is marked as “pendind” a
left temporarily unassigned. By the nature of the fracticwu-
tion, at most one server in the set can remain pending. Thigise
must eventually be assigned to one of the two feeds; therelifte
between this discrete assignment and the optimal fradtamsign-
ment is the source of error in our heuristic. By assigningdngest
servers first we attempt to minimize this error. Pendingessrwill
be assigned to the feed with the most remaining capacity alhce
other servers have been assigned.

The above optimization algorithm assumes that each paiowép
feeds shares several servers in common, and that the poswven dr
by each server is much less than the capacity of the feed. idede
that plausible power distribution topologies fit this ragton.

Following server assignment, if no feed capacity constsaiave
been violated, the solution is complete and all servers ssigaed
caps at their requested budgets. If any slack remains omlgifean
be granted upon a future request without re-invoking thedaling
mechanism, avoiding unnecessary switching.

If any capacity constraints have been violated, a new lipeas
gramming problem is formulated to select power caps thati-max
mize the amount of power allocated to servers (as opposeetto r
serve capacity for fail-over). We scale back each feed suahrto

We evaluate Power Routing through analysis of utilizati@tés
from a large collection of production systems. We simulatie/&r
Routing’s scheduling algorithm and impact on performarnett
tling and capital cost.

Traces. We collect utilization traces from three production facili
ties: (1)EECS serversa small cluster of departmental servers (web,
email, login, etc.) operated by the Michigan EECS IT sta® (
Arbor Lakes Data Centera 1.5MW facility supporting the clin-
ical operations of the University of Michigan Medical Cemtand

(3) Michigan Academic Computer Center (MAGC@)4MW high-
performance computing facility operated jointly by the ubsity

of Michigan, Internet2, and Merit that runs primarily batpto-
cessing jobs. These sources provide a diverse mix of redtwo
utilization behavior. Each of the traces ranges in lengtmfthree

to forty days sampling server utilization once per minute \fge
these traces to construct a hypothetical high-availghilitsting fa-
cility comprising 400 medical center servers, 300 high@ernance
computing nodes, and a 300-node web search cluster. The simu
lated medical center and HPC cluster nodes each replay @ trac
from a specific machine in the corresponding real-worldlitsci
The medical center systems tend to be lightly loaded, wighdaily
utilization spike (which we believe to be daily backup pregiag).

The HPC systems are heavily loaded. As we do not have access to
an actual 300-node web search cluster, we construct a clogte
replicating the utilization trace of a single productionbagerver
over 300 machines. The key property of this synthetic seat

ter is that the utilization on individual machines rises &ilts to-
gether in response to user traffic, mimicking the behavipored
for actual search clusters [8]. We analyze traces for a 24-pe-
riod. Our synthetic cluster sees a time-average power dfa&m5
kW, with a maximum of 208.7 kW and standard deviation of 9 kW.

Power. We convert utilization traces to power budget requests us-
ing published SPECPower results [1]. Most of our traces baes
collected from systems where no SPECPower result has béen pu
lished; for these, we attempt to find the closest match basedmo

dor descriptions and the number and model of CPUs and iedtall
memory. As SPECPower only provides power at intervals of 10%



utilization, we use linear interpolation to approximateveo draw
in between these points.

Prior work [8, 23] has established that minute-grained CRU u
lization traces can predict server-grain power draw to iwité
few percent. Because of the scope of our data collectiontsffo
finer-grained data collection is impractical. Our estirsabé sav-
ings from Power Routing are conservative; finer-grainecdah
ing might allow tighter tracking of instantaneous demand.

To test our simulation approach, we have validated simanati
derived power values against measurements of individuabse
in our lab. Unfortunately, the utilization and power traesailable

from our production facilities are not exhaustive, whiclegudes
a validation experiment where we compare simulation-éerie-

sults to measurements for an entire data center.

Generating data center topologiesFor each power distribution
topology described in Section 3.1, we design a layout of qur h
pothetical facility to mimic the typical practices seen lie tactual
facilities. We design layouts according to the policies kfiehi-
gan Medical Center IT staff use to manage tietoor Lakesfacil-

ity. Each layout determines an assignment of physical atfiores
from PDUs to servers. Servers that execute similar appicsiare
collocated in the same rack, and, hence, in conventionaépder
livery topologies, are connected to the same PDU. Wherd-avai
able, we use information about the actual placement of seiue
racks to guide our placement. Within a rack, servers argasdi
across PDU phases in a round-robin fashion. We attempt ambaell
racks across PDUs and servers within racks across AC phases b
on the corresponding system’s power draw at 100% utilinatin
server is connected to two phases of the same PDU, as thigarra
ment does not protect against PDU failure. We use six PDUR in a
topologies unless otherwise noted.

Metrics. We evaluate Power Routing based on its impact on server
throttling activity and data center capital costs. As thieafof
voltage and frequency scaling on performance varies byiappl
tion, we instead use the fraction of requested server powes b
get that was not satisfied as a measure of the performance-of ca
ping techniques. Under this metric, the “cost” of failingsiapply

a watt of requested power is uniform over all servers, obgat
the need to evaluate complex performance-aware throttiecha-
nisms (which are orthogonal to Power Routing). Our primagaje
ation metric is the minimum total power delivery capacityuied

to assure zero performance throttling, as this best iktsérthe ad-
vantage of Power Routing over conventional worst-caseigimwv

ing.

5.2

We first compare the impact of shuffled topologies on required
power infrastructure capacity. Shuffled topologies redilneere-
serve capacity that each PDU must sustain to provide falilt to
erance against single-PDU failure. We examine the advantag
of several topologies relative to the baseline high-alditst
“wrapped” data center topology, which requires each PDUeo b
over-provisioned by 50% of its nominal load. We report thilto
power capacity required to prevent throttling for our tacé/e
assume that each PDU must maintain sufficient reserve dgeci
all times to precisely support the time-varying load thagmifail
over to it.

Impact of Shuffled Topologies

Differences in the connectivity of the various topologiesuit in
differing reserve capacity requirements. For an ideal palistri-
bution infrastructure (one in which load is perfectly balad across
all PDUs), each PDU must resery% to support its share of a fail-
ing PDU’s load, where: is thefail-over connectivityof the PDU.
Fail-over connectivity counts the number of distinct néigis to
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Figure 6: Minimum capacity for redundant operation under
shuffled topologies (no Power Routing).

which a PDU's servers will switch in the event of failure. dttivo
for the wrapped topology, four for serpentine, and varies fasic-
tion of the number of PDUs for X-Y and fully-connected topolo
gies. As the connectivity increases, reserve requirentasease,
but with diminishing returns.

To quantify the impact of shuffled topologies, we design goeex
iment where we statically assign each server the best pegsib
mary and secondary power feed under the constraints of fpiod-to
ogy. We balance the average power draw on each PDU using each
server's average power requirement over the course of doe.tr
(We assume this average to be known a priori for each server.)

In Figure 6 each bar indicates the required power capacity fo
each topology to meet its load and reserve requirementslin al
time epochs (i.e., no performance throttling or loss of retiuncy)

for a 6 PDU data center. For 6 PDUs, the fail-over connewit
are 2, 3, 4, and 5 for the wrapped, X-Y, serpentine, and fully-
connected topologies, respectively. The dashed line oh bac
indicates the topology’s theoretical lower-bound capa@guire-
ment to maintain redundancy if server power draw could bi spl
dynamically and fractionally across primary and second®ipyJs
(which Power Routing approximates). The gap between theftop
each bar and the dashed line arises because of the timewydogid

on each server, which creates imbalance across PDUs arekforc
over-provisioning. The solid line crossing all bars indésthe data
center’'s peak power draw, ignoring redundancy requires@r.,

the actual peak power supplied to IT equipment).

Topologies with higher connectivity require less reserapac-
ity, though the savings taper off rapidly. The X-Y and setpen
topologies yield impressive savings and are viable andabtzl
from an implementation perspective. Nevertheless, treeedig-
nificant gap between the theoretical (dashed) and pra¢tiag) ef-

fectiveness of shuffled topologies. As we show next, PoweltiRg

closes this gap.

5.3

Power Routing effectivenessTo fully explore Power Routing ef-
fectiveness, we repeated the analysis above for all fowldgies
(wrapped, X-Y, serpentine, and fully-connected) and @sttthe
capacity required to avoid throttling for each. For compami we

Impact of Power Routing
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Figure 7: Power Routing infrastructure savings as a func-
tion of topology.

also reproduce the capacity requirements without PowetiRpu
(from Figure 6). We show results in Figure 7. Again, a daslvesl |
represents the theoretical minimum capacity necessaryaiotain
single-PDU fault redundancy for our workload and the givagyot-
ogy; the solid line marks the actual peak IT power draw. Beeau
the overall load variation in our facilities is relativelynall (HPC
workloads remain pegged at near-peak utilization; the oabda-
cility is over-provisioned to avoid overloading), we expadimited
opportunity for Power Routing. Nonetheless, we reduce irequ
power delivery capacity for all topologies (except wrappleg an
average of 12%.

From the figure, we see that the sparsely-connected wrapped t
ogy is too constrained for Power Routing to be effective; &ow
Routing requires 20% more than the theoretical lower bonfreds-
tructure under this topology. The three shuffled topolqagiesv-
ever, nearly reach their theoretical potential, even wittearistic
scheduling algorithm. Under the fully-connected topoldggwer
Routing comes within 2% of the bound, reducing power infrast
ture requirements by over 39kW (13%) relative to the sameliop
ogy without Power Routing and more than 35% relative to treeba
line wrapped topology without Power Routing. Our resulidades
that more-connected topologies offer an advantage to PRoet-
ing by providing more freedom to route power. However, the th
more-practical topologies yield similar infrastructua/ings; the
serpentine topology achieves 32% savings relative to thelinz.

Sensitivity to number of PDUs. The number of PDUs affects
Power Routing effectiveness, particularly for the fullypoected
topology. Figure 8 shows this sensitivity for four to eighdBs.

For a fixed total power demand, as the number of PDUs increases

each individual PDU powers fewer servers and requires saa
ity. With fewer servers, the variance in power demands sgeabh
PDU grows (i.e., statistical averaging over the serversssdned),
and it becomes more likely that an individual PDU will ovextb
Without Power Routing, this effect dominates, and we seenan i
crease in required infrastructure capacity as the numb&bDafs

increases beyond 6. At the same time, increasing the nunfber o

PDUs offers greater connectivity for certain topologiesich in
turn lowers the required slack that PDUs must reserve aret<off
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Figure 8: Sensitivity of the fully-connected topology to
number of PDUs.

Power Routing is better able to track the theoretical bourttithe
required power capacity decreases with more PDUs.

5.4 Power Routing For Low Variance Workloads

The mixed data center trace we study is representative afivke-
sity typical in most data centers. Nevertheless, some datters
run only a single workload on a homogeneous cluster. Powet-Ro
ing exploits diversity in utilization patterns to shift pewdelivery
slack; hence, its effectiveness is lower in homogeneoistast

To explore these effects, we construct Power Routing testsca
for 1000-server synthetic clusters where each server hensame
application. We do not study the web search applicationotais
tion; in this application, the utilization on all serverseaiand fall
together, hence, the load on all PDUs is inherently balarcet
there is no opportunity (nor need) for Power Routing. Indteee
evaluate Power Routing using the medical center traces ighd h
performance computing traces, shown in Figures 9(a) and &b
spectively.

The high performance computing cluster consumes a timeagee
power of 114.9 kW, a maximum of 116.4 kW, and a standard
deviation of 0.8 kW while the medical center computing teace
consume a time-average power of 254.6 kW, with maximum 263.6
kW and standard deviation 2.4 kW. In both cases, the vaitialsl
substantially lower than in the heterogeneous data cezgecase.

Although Power Routing comes close to achieving the thaalet
lower bound infrastructure requirement in each case, welsde
there is only limited room to improve upon the non-Power Rayt
case. Even the baseline wrapped topology requires inficsne
that exceeds the theoretical bound by only 7.5% for the high p
formance computing cluster and 5% for the medical data cente
We conclude that Power Routing offers substantial impram
only in heterogeneous clusters and applications that seergm-
balance, a common case in many facilities.

5.5 Power Routing With Energy-Proportional Servers
As the gap between servers’ peak and idle power demands grows

Power Routing more choices as to where to route power. Hence, (€.9., with the advent of energy-proportional computef, [&e

expect the potential for Power Routing to grow. The increase
power variance leads to a greater imbalance in power aciods P



450 + Without PR

400 - Power Routing

350 -+

300 - "

250 A
200 -+
150 -
100 A

Required Power Capaicty (kW)

50 -
0 T T T
e

3 A
\N(’Awe Seme“‘“ aec®

o)
oW <

(a) Arbor Lakes (clinical operations)

Figure 9: Power Routing effectiveness in homogeneous data c

increasing the importance of correcting this imbalancé Wibwer
Routing.

To evaluate this future opportunity, we perform an expenitme
where we assume all servers are energy-proportional—that i
servers whose power draw varies linearly with utilizationith

an idle power of just 10% of peak. This experiment modelsessrv
equipped with PowerNap [19], which allows servers to sleep d
ing the millisecond-scale idle periods between task dsivé/e
repeat the experiment shown in Figure 7 under this reviseeise
power model. The results are shown in Figure 10. Under these a
sumptions, our traces exhibit a time-average power of 998 k
maximum of 153.9 kW, and standard deviation of 18.9 kW.

Power Routing is substantially more effective when applied
energy-proportional servers. However, the limitationthefwrapped
topology are even more pronounced in this case, and Powedr Rou
ing provides little improvement. Under the more-connecttgublo-
gies, Power Routing is highly effective, yielding reduatmf 22%,
29%, and 28% for the X-Y, serpentine, and fully-connectgublo-
gies, respectively, relative to their counterparts with®ower
Routing. As before, the more-connected topologies traek theo-
retical lower bounds more tightly. Relative to the baselimapped
topology, a serpentine topology with Power Routing yieldt7&6
reduction in required physical infrastructure capacityisllikely
that as computers become more energy-proportional, pofrast
tructure utilization will continue to decline due to powenbal-
ances. Power Routing reclaims much of this wasted capacity.

5.6 Limitations

Our evaluation considers workloads in which any server may b
throttled, and our mechanisms make no effort to select sefoe
throttling based on any factors except maximizing the zation

of the power delivery infrastructure. In some data centiérsay

be unacceptable to throttle performance. These data sez@enot
gain a capital cost savings from under-provisioning; tpeiver in-
frastructure must be provisioned for worst case load. Nwiess,
these facilities can benefit from intermixed topologiesr@duce
reserve capacity for fault tolerance) and from the phasaabang
possible with Power Routing.
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Figure 10: Impact with energy-proportional servers.

6. Conclusion

The capital cost of power delivery infrastructure is one foé t
largest components of data center cost, rivaling energts anser
the life of the facility. In many data centers, expansioniis-|
ited because available power capacity is exhausted. Taaitre
most value out of their infrastructure, data center opesatwer-
subscribe the power delivery system. As long as individealers
connected to the same PDU do not reach peak utilization tmeH
ously, over-subscribing is effective in improving powefrastruc-
ture utilization. However, coordinated utilization spskéo occur,
particularly among collocated machines, which can leadutn s
stantial throttling even when the data center as a whole pa®s
capacity.

In this paper, we introduced a pair of complementary mecmasj
shuffled power distribution topologies and Power Routirtt
reduce performance throttling and allow cheaper capitibén
tructure to achieve the same performance levels as curggat d
center designs. Shuffled topologies permute power feedseto c
ate strongly-connected topologies that reduce resenacigpe-



quirements by spreading responsibility for fault toleneower
Routing schedules loads across redundant power delivéing pa
shift power delivery slack to satisfy localized utilizatiepikes. To-
gether, these mechanisms reduce capital costs by 32%vediata
baseline high-availability design when provisioning fera perfor-
mance throttling. Furthermore, with energy-proportiosatvers,
the power capacity reduction increases to 47%.
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