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Abstract

Data centers, hosting centers, and Internet companies typically rely on large clusters of computersto
interface with users and store data. The computational, networking, and cooling infrastructures of these
organi zations consume significant amounts of power and energy. Research on power and energy conser-
vationfor these systems can have severa benefits. In thispaper, we motivate thisresearch direction, point
out afew of therelated issuesand challenges, overview the small body of previouswork, and suggest sev-
eral specific research avenues that are being addressed in the Rutgers DARK Laboratory.

1 Introduction

Power and energy consumption have alwaysbeen critical concernsfor laptop and hand-held devices, asthese
devices generally run on batteries. The amount of power consumed by these devices determines the temper-
ature of the device components, whereas the energy consumed ultimately determines the battery life. Asa
result, atremendousamount of research hasbeen directed towardspower and energy conservationfor battery-
operated devices (e.g. [7, 12, 8, 5, 6]).

In contrast, we advocate research on power and energy conservationfor clustersof servers, i.e. ensembles
of networked computers connected to the power grid. Our motivation is that large clusters, such as those
that support most data centers, Internet companies, and alarge number of teaching and research institutions,
consume significant amountsof power and energy. Power and energy conservation can reducetheinstallation
and operational costs of these clusters, aswell as protect the environment. Section 2 discussesour motivation
in more detail.

Theresearch we advocateis based on the observation that clusters and their workloads have certain char-
acteristics that can be leveraged to achieve significant power and energy savings. In particular, we see at
least four characteristicsthat can be exploited in clusters: their widespread replication of resources; the time-
varying intensity of certain cluster workloads; the disparate resource requirements of certain workloads; and
the amenability of clustersto heterogeneous configurations.

We can take advantage of these characteristicsby intelligently scheduling the demand for resources across
thecluster. Thegoal of demand schedulingwould betoidleresourcesfor relatively long periodsof time. Dur-
ing these periods, resources could be transitioned from active mode to amode with lower power requirements
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(alow-power mode). Themain challengeisto create these periods of idlenesswithout degrading overal per-
formance, or at least without degrading it beyond a pre-established, “acceptable”’ level. To overcome this
challenge, we need to determine the power, energy, and performance implicationsof various cluster-wide de-
mand assignment strategies, to determine the implications of different resource power modes and the cost of
transitionsbetween modes, and to determinetherol e of different softwareand hardware cluster configurations
in conserving power and energy. Section 3 discussesthese issues.

We are addressing these challenges in the Rutgers DARK Laboratory. To make our investigation con-
crete, we are designing, implementing, and eval uating cluster-wide scheduling techniques and systems that
can conserve power and energy without compromising performance excessively. We overview our first re-
sultsin section 4. By studying these systems in detail, we will be able to understand the implications of the
techniques and determine a priori what are the most appropriate techniquesfor other systems. Section 5 de-
scribes the main ideas behind our techniques and uses a power-aware WWW server to illustrate them.

2 Motivation

Theimportance of conser ving power. Power consumptionisanimportant concern in the context of clusters
as it directly influences the cooling requirements of the cluster. In fact, a medium to large number of high-
performance nodes racked closely together in the same room, as is usually the case with clusters, requires a
significant investment in cooling, both in terms of sophisticated racks and heavy-duty air conditioning sys-
tems. At each Googlesiteasof Spring/2001, for instance, there were 40 racks, each of whichwith 80 PCs, for
atotal power consumption of nothing lessthan 180 kWatts. Cooling such alargeinstallationisan expensive
challenge. Besides cooling under normal operation, power consumption al so influences the required invest-
ments in backup cooling and backup power-generation equipment for clustersthat can never be unavailable,
such as those of companies that provide services on the Internet.

Taking abroader perspective, at the height of the economic boom in the United Statesin 2000, the power
requirements of clustershad become amajor issuefor several states, such asCalifornia, New York, and Mas-
sachusetts. The New York Times reported that the planned 46 data centers for the New York city metropoli-
tan area a one had asked for aminimum draw of 500 megawatts of power, which is enoughto power 500,000
households[11]. Theinability of these statesto meet such enormous power requirements had already resulted
in data center projects being cancelled or delayed [11].

Even if these states were to make a tremendous investment in new power plants, power conservation
should still be an important goal in that most power-generati on technol ogies (such as nuclear and coal -based
generation) have a negative impact on the environment. The Energy Star program was the first to promote
power-efficient computers due to environmental considerations. Unfortunately, power efficiency had not be-
come an issuefor the server market until recently.

Theimportance of conserving ener gy. Besidespower consumption, energy consumptionisal so impor-
tant for large clusters. Both the computational and the air conditioning infrastructures consume energy. This
energy consumptionisreflected in the electricity bill, which can be significant for alarge and/or dense cluster
in a heavily air-conditioned room. Research and teaching organizations, in particular, may find it difficult to
cover high energy costs.

Again, the news services provide anecdotal confirmation of how critical energy consumptionisfor large
computer systems. An article from ComputerWorld [4] discusseslast year’s surge in energy consumption
and includesa quotefrom a spokesman for Silicon Valley Power saying that a single data center can consume
more energy than the largest manufacturing plant the company serves. A Googlesite, for instance, consumes
no lessthan 130 MWh per month just with the cluster infrastructure.

Theimportance of thisresearch in thelong run. At oneend of the spectrum, theincreasing complexity
(and power consumption) of high-end server hardware and softwarewill only increase theimportance of this



research in the future. For these systems, this research will enable power and energy conservation without
degrading performance.

At the other end of the spectrum, we believe that advancesin power and energy conservation for battery-
operated devices will start to make their way into low-end servers. This research will benefit directly from
these orthogonal devel opments, as we suggest a focus on clusters, rather than on stand-al one machines. One
example of such developmentsis the cluster of blade servers. The role that clustered blades will play in the
marketplace is still unclear, since they will very likely have a worse cost/performance ratio than clusters of
traditional servers. For instance, the hard disk drives used in the commercially available blades cost more
and perform worse than traditional server drives. Nevertheless, thisresearch can benefit from blades, asthey
permit afiner control of power modes than traditional servers. Thisfiner control will increase our ability to
conserve power and energy without degrading performance beyond adesired level.

Furthermore, one of the main uses of clustered blades will be to increase system capacity in the same
amount of physical space as traditional clusters. In these scenarios, the need for power and energy conser-
vation will become even more significant. For instance, acommercially available cluster of blades packs 24
nodesinto the same volumeasjust one of our single-processor servers. Unfortunately, the overall power con-
sumed by the clustered bladeswill be about four times higher thanthat of our server. Cooling such ultra-dense
clusterswill also be a tremendous challenge.

The bottom line isthat to conserve the power and energy consumed by clusters eases deployment and
installation, protects the environment, and can potentially save a lot of money. In fact, even when it is not
possible to reduce the maximum power requirements of acluster (i.e. it isnot possibleto cut down the one-
time cost of cooling and backup power-generation systems), reducing the common-case power and energy
consumption reduces the operational cost of the cooling system. Given a fixed budget, one dollar spent on
primary or backup air conditioning, backup power generation, or electricity is one dollar not spent in things
that can actually produce real benefits (e.g. higher revenue), such as more cluster nodes, faster disks, more
qualified personnel, etc.

3 TheProblem and Potential Solutions

The ultimate goal of the research we proposeisto conserve power and energy without excessively degrading
performance. To achievethisgoal, wewould likethe maximum power consumed by the power-optimized sys-
tem, Max Power,,, to be at most the same as that of the original, non-optimized system, M ax Power g,
i.e. MaxPoweryig > MaxPower,,. Reducing the maximum power reduces the required capacity of
cooling systems. Unfortunately, lowering the maximum power may not always be possible. Nevertheless,
guaranteeing that the average power consumed by the power-opti mized system during the execution of each
workload is lower than that of the original system, i.e. AvgPowery.;q > AvgPowery, is also useful to
lower the operational cost of cooling systems. Similarly, wewould liketo guaranteethat the energy consumed
by the system for each workload is conserved, i.e. Energyorig > Energyop:, to lower electricity bills. Fi-
nally, the runtime (throughput) performance of the original system should not be greater (smaller) than the
runtime (throughput) of the optimized system by more than a pre-defined threshold, i.e. RT,,; — RTrig <
runtime_threshold and T'Py,;g — T P,y < throughput_threshold. Thesethresholdscan besetto0, if we
decide not to accept any performance degradation.
Formally, we define the power and energy consumed by a cluster as:
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where Power, istheinstantaneouspower consumed at timet, P, isthefixed power consumed by each node's
power supply, T}, isthe amount of time during which the power supply ison, P, isthe power consumed by
resource r (CPU, memory, disk, etc) in power mode m, T;.,,, is the amount of time during which resource r
isin mode m, M, is the energy consumed in transitions between modes, P; isthe power consumed by the
communication switch, and T’ is the time during which the switch is powered on.

Notethat these formulas are intended simply asanillustration of theimportant factors determining power
and energy consumption in clusters. In particular, the formulas disregard the variations in resource power
consumption associ ated with differences in offered loads. For instance, the power consumed by adisk varies
withthelocality of theload requested of it. Determining completeand preci se model sof the power and energy
consumption of clustersisan open research topic that we discuss later.

Nevertheless, it is clear from the formulas that we can conserve power and energy in a cluster by: (a)
reducing the time during which power supplies, resources, or the switch are on or in high power modes, while
increasing the off or low power times; or (b) reducing the power consumed by power supplies, by resource
modes, or by the switch.

These abjectivescan be achieved by resorting to standard, stand-al one system optimizations, such astran-
sitioning to low power modes during periods of idleness (e.g. [5]) or light load (e.g. [12, 1]) and designing
hardware components that are more power-efficient (e.g. [7]). However, we are more interested in research
that concerns ensemblesof computers and the opportunitiesfor power and energy conservationfor clusters, in
particular. Cluster-oriented and stand-alone conservation are orthogonal, in that the former can benefit from
the latter as well asincreaseits achievable gains.

In the context of clusters, objective (a) can be achieved by scheduling the offered load across the cluster
so that resources or entire nodes can be idled and then transitioned to alow-power mode or powered off alto-
gether. For someresources, e.g. the CPU, degrading the performance of theresourcerather thanincreasingits
idletimeisan option. Objective (b) can be achieved by intelligent scheduling that can exploit heterogeneous
cluster nodes.

Note, however, that such optimizations may have negative side-effects, if they are not applied carefully.
Idling certain resources often has the side-effect of increasing the utilization of others, which may in turn
increase power consumption and degrade performance. Exploiting heterogeneous configurations with low
power but slower nodes, such as | aptop-styleor blade servers, can degrade performance excessively.

In summary, wefeel that power-aware cluster-wide scheduling for both homogeneous and heterogeneous
clusters should be a key focus of research in power and energy conservation. For this research to succeed,
another important research goal should be adeep understanding of theimplicationsof varying theamount and
type of load offered to resources and nodes on the power and time consumed by different parts of the cluster.

4 PreviousResearch: Load Concentration

We recently proposed asimpletechnique, called load concentration, and algorithm that dynamically schedule
the workload offered to a cluster of servers so that resources can be idled and moved to low-power modes
[9]. Our work proposed the load concentration technique and a gorithm as applicableto any clustered server.
To demonstrate their benefits more concretely, we applied them in the implementation of a clustered WWW
server and an operating system for clustered cycle servers. Researchers from Duke University [3] have aso
considered load concentration in the context of clustered WWW servers. Here we present an overview of our
approach to load concentration and some interesting results.
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Figure 1: Before (a) and after (b) load concentration. Figure 2: Pseudo-code for load concentration algorithm.
The bars represent the utilization of various resources,
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3 become idle after load concentration and thus can be

powered off.

41 Overview

The basic idea behind load concentration is to dynamically distribute the load offered to the cluster so that,
under light load, some cluster resources can beidled and put in low-power modes. In effect, this technique
concentrates the need for certain resources in a subset of the nodes, performing the inverse operation of load
balancing. For example, consider a clustered WWW server. Under light load, the server could forward in-
coming requests within the cluster so that disk accesses would only be performed at certain nodes; the server
could then power down the disks of the other nodes.

L oad concentration can be applied to idlemultipleresources, such as network interfaces, disks, and CPUSs,
at thesametime. Infact, an extreme approach we experimented withisto idle entirenodes, so that they can be
shutdown and put in the lowest possible power mode, i.e. off. Figure 1 depictsthis scenario. However, load
concentration has to be performed carefully in the interest of performance. For example, load concentration
operations may involve significant overhead (and additional power and energy consumption) and thus can
degrade performance if executed too frequently. As another example, concentrating disk-intensiveloadsin
too small a subset of the cluster can cause the saturation of one or more disks, which would degrade overal
performance. When some resource becomes saturated, the system should activate additional resources and
redistributetheload to aleviate or eliminate any performance degradation. Thus, load concentration and load
bal ancing have to coexist and cooperate.

Figure 2 showsthe general form of asimple algorithm that represents our first attempt to capture this co-
operation. Based on the current resource configuration and offered load, the algorithm periodically decides
whether to deactivate (first branch of the main if statement in the figure) or activate (second branch of the if
statement) resources according to the expected performance and power and energy implications of the deci-
sion. Deactivation may be acceptable when performance would not be excessively degraded and less power
and/or energy would be consumed. Activation may be necessary when performance is being degraded exces-
sively or less power and/or energy would be consumed.

4.2 Preliminary Results

We developed a simple load concentration-based WWW server for a homogeneous cluster. The server dy-
namically turns entire nodes on —to be able to handle heavy load efficiently — and off — to save power under
lighter load. In this extreme case, the load concentration algorithm determines the cluster configuration.



Cluster configuration algorithm. For each current configuration and currently offered load, the algo-
rithm decides whether to add (turn on) or remove (shut down and turn off) nodes, according to the expected
throughput and power implicationsof the decision. Filesare replicated at al nodes, asis commonly the case
in clustered WWW servers.

Thisalgorithmis asimpler version of the oneinfigure 2 in that it only removes or adds a single node to
the cluster at atime, due to the high overhead of reconfigurations. Furthermore, for the WWW server, itis
not necessary to migrate load away from (to) a node that is about to be excluded from (added to) the cluster.
The load can be naturally redistributed among the available nodes, by aload balancing front-end and/or the
server’s own request distribution algorithm.

Measuring our cluster we found that: (a) thereis arelatively small difference (about 24 Watts) in power
consumption between an idle node and afully utilized node; and (b) the penalty for keeping a node powered
onishigh (70 Watts), even if itisidle. Thus, for these specific cluster nodes, turning a node off always saves
power, even if itsload has to be moved to one or more other nodes. Asaresult, our system always decreases
the number of nodes, provided that the expected utilization of the remaining nodesis acceptable.

Inmoredetail, anodeadditionisdeemed necessary if any resource of any nodeismorehighly utilizedthan
afixed threshold (90% in our experiments) and the time since the last reconfiguration is larger than another
fixed threshold, el apse (200 secondsin our experiments). Setting the utilization threshold at 90% rather
than at 100% provides some slack to compensate for the time it takes for a node to be rebooted.

Noderemoval isdeemed acceptableif, after the reconfiguration, no resource would have a utilizationthat
is higher than 90% and the time since the last reconfiguration islarger than el apse. To see how we predict
utilizations, suppose a scenario with 3 cluster nodes, each of which with disk utilizations of 80%, 30%, and
20% of their nominal bandwidth. By adding up all of thesedisk utilizations(and disregarding other resources
to simplify the example), we find that the server could run with no throughput degradation on 2 nodes (130
< 90 x 2), but not on one node (130 > 90).

To simplify our implementation of the algorithm, all nodes periodicaly inform a master node (node 0)
about their approximate CPU, disk, and network interface utilizations. To smooth out short bursts of activity,
each of these utilizationsis exponentially amortized over time. Theinterval between utilization computations
is 10 seconds.

M ethodology. We performed experiments with a cluster of 8 PCs connected by a Fast Ethernet switch
and a Giganet switch. Each of thenodes containsan 800-MHz Pentium 11 processor, 512 MBytes of memory,
two 7200 rpm disks (only one disk is actually used), and network interfaces for the switches. All machines
are connected to a power strip that allowsfor remote control of the outlets. Shutting a node down and turning
it off takes approximately 45 seconds and bringing it back up takes approximately 100 seconds.

Besides the main cluster, we use another 12 Pentium-based machines to generate load for the WWW
servers. For simplicity, we did not experiment with a front-end device that would hide the powering down
of cluster nodes from clients. Instead, clients poll al servers every 10 seconds and can thus detect cluster
reconfigurations and adapt their behavior accordingly. The clients send requeststo the available nodes of the
server in randomized fashion and reproduce the accesses made to the main server for the Computer Science
Department of Rutgers University in the first 25 days of March 2000. Requests are directed to the cluster
with a bell-shaped distribution. To shorten the length of the experiments, we generate significant changesin
offered load in very littletime.

Experimental Results. Figure 3 presents the evolution of the cluster configuration and utilizations for
each resource as a function of time in seconds. The utilization of each resource is plotted as a percentage
of the nominal throughput of the same resource in one node. The figure shows that for this workload the
network interface isthe bottleneck throughout the whol eexecution of the experiment (1 hour and 20 minutes),
followed closely by the disk.

Figure 4 presentsthe power consumption of thewhole cluster for two versions of the same experiment as
afunction of time. The lower curve (labeled “Dynamic Configuration”) represents the version in which we
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run the power-aware server, i.e. the cluster configuration is dynamically adapted to respond to variationsin
resource utilization. The higher curve (labeled “ Static Configuration”) represents a situation where we run
theoriginal server, i.e. the cluster configurationisfixed at 8 nodes. Ascan be seen in thefigure, our modified
WWW server can reduce power consumption significantly for most of the execution of our experiment. Power
savings actually reach 86% when the resource utilizationsrequire only asingle node. Our energy savingsare
also significant. Calculating the area below the two curves, we find that the modified WWW server saves
43% in energy.

Finally, it is important to make sure that throughput is not sacrificed excessively in favor of power and
energy savings. Figure 5 shows the throughput of the server in requests serviced per second for the two ver-
sions mentioned above as a function of time. The figure shows that throughput only suffers significantly in
comparison to the static system during the timesin which nodes are being added to or removed from the sys-
tem. During thesetimes, each node of the server hasto updateitsinternal data structuresand communication
channels. A new node has to load its cache. All of these operations, especialy the latter, induce overheads
that are responsiblefor thelower throughput. Overall, the dynamic configuration services 19% fewer requests
than its static counterpart in this experiment. Thisdegradationisrelatively small compared to the significant
reductionsin power and energy consumption achieved by the dynamic system.

5 ResearchintheRutgersDARK Lab

Our research in the Rutgers DARK Lab is currently focused on the analytical modeling and implementation
of techniquesand systemsthat can conserve power and energy in clusters. We have been working with three
different techniques: load concentration, functionality specialization, and heterogeneous configuration.

Asjust described, load concentration schedules the cluster load dynamically to create idletime. In con-
trast, functionality specialization biases the load distribution statically. Heterogeneous configuration relies
on functionality specialization and applies a mixture of power-hungry, high-performance nodes and lower
power, lower performance nodes.

All these power and energy conserving techniquesinvolveacomplex performance vs. power and energy
tradeoff, as they idle resources and/or use low-performance nodes. We intend to model this tradeoff. The
techniques will then use the models we develop to conserve power and energy while limiting performance
degradation. In the process of studying thesetechniqueswe will develop several power-aware systems. Here,
we again use a power-aware WWW server to illustrate our ideas.



5.1 Modding Power, Energy, and Performance

Understanding the implications of cluster-wide scheduling on power, energy, and performance is the key to
designing techniques and systemsthat can effectively conserve these resources without unacceptabl e perfor-
mance degradation. In our preliminary work with load concentration, we did not need adeep understanding of
theseimplications, asaresult of the high power consumption of our cluster nodes' power supplies. However,
blade servers do not have the same characteristics and, thus, require more detailed analysis.

We are starting to devel op analytical modelsthat consider theseimplicationsexplicitly. In particular, we
plan to extend the formulas we present in section 3 to take variationsin load into account. Unfortunately, this
isa complex proposition, especially when we consider heterogeneous machines. Exact power consumption
predictions are not straightforward, although it might seem that way superficially. The problemisthatitis
difficult to predict the power to be consumed by a node after it receives some arbitrary load. Conversely, itis
difficult to predict the power to be consumed by a node after some of itsload is moved elsewhere. Similarly,
exact performance (and thus energy consumption) predictions of the effect of 1oad changes can be difficult.

Our initia approach to thisresearch essentially involves observing the power and performance behavior
of each resource as a function of the amount and type of load imposed on it. When the load characteristics
can make a significant difference in behavior, we plan to observe the extreme, i.e. best case and worst case,
behaviors. We will then fit the profile of each resource obtained by these observationsinto a model that can
be used to predict resource behavior. When &l resources are understood and modeled, we will program a
combined model into our systemsto guide their decisions dynamically.

Researchers from IBM Austin developed a model of CPU and disk behavior for the specific case of a
single-node WWW server in [1]. In contrast with their approach, we seek to develop models that are appli-
cable to any type of workload and that take cluster-wide demand scheduling into account explicitly.

5.2 Further Research on Load Concentration

We plan to improve and extend our load concentration work in several ways. First, we will extend our al-
gorithm and implementations to transition multiple devices between multiple sleep states, rather than just
turning entire nodes on and off. Thiswill give us finer control of power and performance. For instance, we
will exploit load concentration to enable frequency and voltage scaling of CPUs.

Second, we will extend our algorithm and implementationsto consider |oad migration and statetransition
costs (in terms of both power and performance) explicitly. By considering these costs, we expect to be able
to predict the effect of agorithm decisions more accurately, aswell asincrease our ability to conserve power
without degrading performance.

Third, we will extend our algorithm and implementationsto explicitly consider energy as well as power
tradeoffs. Thiswill be possible with the more accurate performance predictions provided by our anaytica
models. We also envision using on-line monitoring of power consumption (using feedback from our power
measurement equipment), performance, and resource utilization, so that load concentration decisions can be
reverted, in case initial measurements suggest that they will not produce the estimated results. This strategy
will be particularly useful if wefind that exact predictionsare impractical.

Fourth, we plan to experiment with real, non-accelerated workloads. If these workloadsrequire, i.e. of-
fered loads increase too quickly in comparison to resource activation and load migration times, we will aso
experiment with resource pre-activation strategies to avoid performance degradation. An example of sucha
strategy is to keep more activated resources than strictly necessary and trigger new activationslong before
reaching full utilization.

Finally, we will compare the benefits of conserving power and energy by exploiting load concentration
against strictly local or stand-al one conservation approaches.
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5.3 Functionality Specialization

The idea behind functionality specialization is to statically assign different functionality to different clus-
ter nodes, so that functionalities that are frequently and rarely required can be segregated explicitly. This
makes the offered load distribution become skewed towards the nodes with frequently required functionality,
while the resources of the remaining nodes become idlelonger and more often. By relying on homogeneous
nodes, the stati c assignment of functionalitiescan bechanged at runtime, asaresult of exceptional/unexpected
and potentially long-lasting changes in behavior. We expect these changes to occur rarely if at all for well-
designed systems.

In effect, functionality specialization statically imposes a hierarchy on the cluster, such that the resources
of nodesthat lietowardsthe top of the hierarchy are more likely to be active than resources of bottom nodes.
During idle times, resources can be put in low-power modes. Figure 6 depicts this organization. The key
issues in functionality specialization are determining the different functionalities, dimensioning (or provi-
sioning) each leve of ahierarchy, and determining theideal power modes for each level. All of theseissues
directly affect conservation and performance.

An interesting example of functionality specialization isthat of atwo-level WWW server or WWW ac-
celerator [10]. Such a server dividesthe cluster nodesinto two groups, front and back-end nodes. Front-end
nodes handle theincoming traffic and service requestsfor cached files and dynamic content. Back-end nodes
areresponsiblefor disk accesseswhen requestsfor static content missin afront-end cache. To conserve power
and energy, the back-end nodescan keep their resourcesin low-power mode most of thetime. Infact, for high
enough hit rates, entire back-end nodes can remain in low-power mode most of the time; other nodes would
be responsiblefor re-activating them when necessary. The challenges are then to provision front and back-
end levels, to select power modes for back-end resources, and to to devise schemesfor dynamically changing
the hierarchy and modes as a result of variationsin amount and/or characteristics of the offered load.

Similarly toload concentration, functionality specialization may involveload migration and requirelight-
sleep modes or resource pre-activation techniques for ideal performance under fast-varying offered loads.
However, functionality specialization has two main advantages over load concentration: (1) by relying on
a static bias for the load distribution, functionality specialization will entail lower power and energy costs
to distributeload; and (2) nodes at different levels of the hierarchy can apply different policiesfor changing
power modes. For example, back-end nodes can be more aggressivein terms of decreasing the frequency and
voltage used by their CPUs than front-end nodes.



We are currently addressing these issues and challenges in the context of the hierarchical power-aware
WWW server and a hierarchical power-aware file system. Our hierarchical power-aware WWW server is
organized in two levels as in the example mentioned above. However, our front-end nodes communicate
with each other to increasetheir effective cache space[2]. Our hierarchical power-awarefile system allocates
filesto different disksaccording to their popularity. For file systemsthat exhibit a significant disparity infile
popularity (such as those of WWW servers, for instance, which are known to exhibit a Zipf distribution of
file accesses), thisallocation strategy causes certain nodes to be active more frequently than others, alowing
the system to put the latter nodes in low-power modes frequently and for long periods of time.

5.4 Heterogeneous Configuration

Functionality specializationisintended to conserve power and energy for homogeneouscluster systems. How-
ever, it should be possibleto achieve further gains by expl oiting software and hardware that are optimized for
the different levels of ahierarchy. Thisisthe basic idea behind the heterogeneous configuration technique.

In general, a heterogeneous configuration will involve high-performance, power-intensive resources to-
wards the top of the hierarchy. To see why thisis, recall that the top nodes will implement the frequently
required functionality, so they will be key in achieving high performance. The nodes toward the bottom of
the hierarchy will generally require lower performance and power. In fact, we envision hierarchical cluster
systems comprised of high-performance servers at the top and laptop-type computers (or blade servers) at the
bottom of the hierarchy. Figure 7 depictsthis organization.

L et ususethe example of the hierarchical WWW server weintroducedin section 5.3 toillustratethistech-
nique. Under heterogeneous configuration, the software and the hardware of thefront and back-end nodes can
be optimized for the functionality they must perform. For instance, front-end nodes can be implemented by
disklessmultiprocessors and can use (operating system and server) software that deal s solely with communi-
cation and cache hits. Restricting the scope of the software should translate into power and energy gains, as
well as performance improvements.

Giventhat heterogeneousconfiguration asdescribed aboverelies on ahierarchical organizationwith func-
tionality specialization, thesetwo techniques share some of the sameissuesand challenges. However, dimen-
sioningthedifferent level s of ahierarchy can bemore chall enging under a heterogeneous configuration, since
some cluster nodes may not be ableto perform certain functions. Getting back to the example above, if front-
end nodes do not possess disks, they cannot be used to increase disk bandwidth when the working set sizeis
much larger than the sum of the front-end caches.

Even when dl cluster nodes can perform al functions, dimensioning can be difficult under a heteroge-
neous configuration because the resources at different levelshave different performance and power consump-
tion. In other words, some nodes may not be ableto perform all functionsefficiently. Thus, achieving power
and energy savings without degrading performance excessively will involve a tradeoff between the power,
energy, and performance of the different cluster nodes.

We are currently experimenting with a heterogeneous WWW server in which front-end nodes are im-
plemented by high-performance four-processor servers and back-end nodes are implemented by laptop-type
(or blade) machines. In our heterogeneous file system experiments, we will evaluate a scenario in which
nodesthat store popular, fairly popular, and unpopul ar fileswill be based on high-performance four-processor
servers, single-processor servers or desktops, and laptop-type machines, respectively.

6 Conclusions

The impact of the research in power and energy conservation for clusters can be substantial, given the large
number of clusters deployed around the world and the recently renewed focus on energy conservation. We
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have discussed several open problems and potential solutionsto these problems. In particular, wein the Rut-
gers DARK Lab are studying three techniquesthat can achieve significant power and energy savingsfor clus-
ters: load concentration, functionality specialization, and heterogeneous configuration. The challenge we
face isto understand the implications of each of these techniques as they are applied to real cluster systems.

Finally, it isimportant to note that, even though we focus on clusters, the same ideas and approach can
be applied to other multi-node or multi-disk systems, such as a single server with a disk array for storage,
geographically distributed servers, and multiprocessors.
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