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Abstract

With increasing costs of energy consumption and coolingiggnpananagement in server clusters has become
an increasingly important design issue. Current clustersréal-time applications are designed to handle peak
loads, where all servers are fully utilized. In practiceaidoad conditions rarely happen and clusters are most
of the time underutilized. This creates the opportunitydsing slower frequencies, and thus smaller energy
consumption, with little or no impact on the Quality of See/{Qo0S), for example, performance and timeliness.

In this work we present a cluster-wide QoS-aware technibaedynamically reconfigures the cluster to reduce
energy consumption during periods of reduced load. Moreowealso investigate the effects of local QoS-aware
power management using Dynamic Voltage Scaling (DVS)eSiust real-world clusters consist of machines of
different kind (in terms of both performance and energy oamsion) we focus on heterogeneous clusters.

For validation, we describe and evaluate an implementatibthe proposed scheme using thpacheWeb-
server in a small realistic cluster. Our experimental reésihow that using our scheme it is possible to save up to
45% of the total energy consumed by the servers, maintaiiagage response time within the specified deadlines
and number of dropped requests within the required amount.

1 Introduction

Until recently, performance had been the main concern ireséarms, but energy consumption has also become
a main concern in such systems. Due to the importance offmigstware service in commercial installationsand the
importance of timely responses for embedded server ckjsigrrent clusters are typically designed to handle peak
loads. However, peak load conditions rarely happen in mecind clusters are most of the time underutilized. In
fact, their loads often vary significantly depending on tineetof the day or other external factors, therefore the
average processor use of such systems may be even less thamithrespect to their peak capacity [BERZ2].

Clusters with high peak power need complex and expensiviingaafrastructures to ensure the proper opera-
tion of the servers. With power densities increasing duatogiasing performance demands and tighter packing,
proper cooling becomes even more challenging: fans drithegooling system may consume up to 50% of the
total system power in some commercial servers [ERB, MSS™04], and manufacturers are facing the problem
of building powerful systems without introducing additedtechniques such as liquid cooling. Electricity cost is
a significant fraction of the operation cost of data centBiRJ4]. For example, a Google 10kW rack consumes
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about 10MWh a month (including cooling), which is at leas¥il6f the operation cost [BDHO03], with this fraction
likely to increase in the future.

These issues are even more critical in embedded clustel®{R3Z], typically untethered devices, in which
peak power has an important impact on the size of the systéiile @nergy consumption determines the device
lifetime. Examples include satellite systems or other rf@otdevices with multiple computing platforms, such as
the Mars Rover and robotics platforms.

Power management (PM) mechanisms can be divided into tvegaaes: cluster-wideand local [BR0O4].
Cluster-wide mechanisms involve global decisions, suctuasing on and off cluster machines, according to
the load. Local techniques put unused (or underutilizes)weces in low-power states, for example self-refresh,
standby and off modes for DRAM chips, Dynamic Voltage Saal{BVS) and low-power states for the CPU,
disk shutdown, etc. A PM mechanism (local or cluster-wid€)oS-awaref it reduces the power consumption
while guaranteeing a certain amount of Quality of ServiceSJ) such as average response times or percentage of
deadlines met.

To the best of our knowledge, this is the first Power Managérsememe that isimulataneouslya) cluster-
wide (i.e., turning on and off machines), (@&signedfor heterogeneity, (c) QoS-awaamd power-aware at the
local servers (i.e., deadline-aware), (d) measuremesdeb@nstead of theoretical modeling), () implementation
oriented, and (f) reconfiguration decisions are made online

Our scheme is realistic because most clusters have one @r fnomt-ends, are composed of different kind
of machines, and need both local and cluster-wide QoS-ARMescheme. While the methodology and the
algorithms proposed apply to any kind of cluster, we shovr tige in a web server context. Our measurements
show a reduction of energy consumption equal to 17% using thiel local PM, 39% using the On/Off scheme,
and 45% using both schemes. With respect to delays, theRddadded).5ms, while On/Off added aboutm:s;
in all cases, the average delay was quite small with respeatgddlines.

The remainder of the paper is organized as follows. We firssgmt related work in Section 2. The cluster
model is given in Section 3. The cluster-wide PM scheme idaéed in Section 4, while the local real-time
DVS scheme is presented in Section 5. Both schemes are thkratd in Section 6. In Section 7 we state our
conclusions.

2 Related Work

With energy consumption emerging as a key aspect of clustapating, much recent research has focused on
PM in server farms. A first characterization of power constiompand workload in real-world webservers was
made in [BEK"02]. DVS was proposed as the main technique to reduce energgumption in such systems.
Software peak power control techniques were investigat@aRKRO05]. However, these studies considered only
power consumption of processor and main memory in singbegasor systems.

The problem otluster configuratiori.e., turning on and off cluster machines) for homogeneausters was
first addressed in [PBCHO1]. An offline algorithm determities number of servers needed for a given load.
Cluster reconfiguration is then performed online by a precesning on a server, using thresholds to prevent too
frequent reconfigurations, even though there is no exgllo§ consideration. The authors have extended their
work to heterogeneous clusters in [HDQ3]. Models have been added for throughput and power consomp
estimation. Reconfiguration decisions are made onlinethaseghe precomputed information and the predicted
load. The authors also proposed to add request types towmmfad estimation in [HDCO05].

Our work differs from the above previous studies in the fwilog ways: we consider QoS directly; individual
servers are both power-aware and QoS-aware; we rely oneoffisasurements instead of using models; reconfig-
uration decisions (i.e., number of active servers and ldstdlbution) are not expensive and are performed online;
and reconfiguration thresholds are based on the time needeobt/shutdown a server.

One of the first attempts to combine cluster-wide and localtBshniques [EKR02] proposed five different



policies combining DVS and cluster configuration. Howeve theory behind this work relies on (a) homoge-
neous clusters, and cannot be easily extended to hetermgenechines; and (b) the often-incorrect assumption
that power is a cubic function of the CPU frequency. Anotherkaproposed to use the cluster load (instead of
the average CPU frequency) as the criteria for turning dmdathines [XZR 05]. However, this study assumed
homogeneous clusters as well. To the best of our knowleligayork is the first attempt to combine cluster-wide
and local techniques in the context of heterogeneous cHiste

In real-time computing, dynamic voltage (and frequencygliag has been explored to reduce energy con-
sumption. DVS schemes typically focus on minimizing CPUrggeonsumption while meeting a performance
requirement [YDS95, HQPS98]. DVS work for aperiodic tagksingle processors includes: offline and online
algorithms assuming worst-case execution times [YDS9B4$Llautomatic DVS for Linux with distinction be-
tween background and interactive jobs [FM02], and use ofstedge about the distribution of job lengths for
voltage scaling decisions [LS01, RXMMO04]. However, thesghniques typically aim at reducing the energy con-
sumed only by the CPU [LS01, SR03, SL04, SB05] and do not tatieesiccount other devices (such as memory,
power supplies, or disk) that contribute with an importaatfion to the total energy consumed by the system.
In our model, instead, servers can put their resources irplower states, and no assumption is made about their
local PM schemes.

Most related to oufocal schemeés Sharma et al.’'s work on adaptive algorithms for DVS for eSc@amabled
web server [STA03]. Their scheme uses a theoretical utilization boundvédrin [ALO1] to guarantee the QoS
of web requests. However, they take into account only los&l &suming that a good load balancing algorithm
is used at the front-end. In that sense, our works are congpltary, since we describe how to achieve such load
balancing. Moreover, they only focus on a single serverjmatcluster as we do.

3 Cluster Model

This section introduces the cluster model that we consser Figure 1). A front-end machine receives requests
from clients andedirectsthem to a set of processing nodes, henceforth referred $erasrs The front-end is
not a processing node and has three main functions: (a) taugeperiodic requests from clients, (b) distributing
the load to servers, and (c) cluster configuration (i.enituy servers on/off) to reduce global energy consumption
while keeping the overall performance within a prespecife® requirement. After receiving a request, the front-
end communicates to the client to which server the request bausent usingl TTP redirectiofCCSY99]. Then,
the client sends its request directly to the server.

In our cluster scheme, each request is an aperiodic taskn@@ssumptions are made about task arrival times)
and is assigned a deadline. The specification of the QoS isrmaywide and is, in our case, the percentage of
deadlines met. The way to achieve the soft-real-time ptsawill be presented in detail in the next sections.

Each server in the heterogeneous cluster performs the sawiees(i.e., all servers can process all requests).
No restriction is imposed regarding any aspect of their agtiatjion: process scheduling, CPU performance, mem-
ory speed/bandwidth, disk speed/bandwidth, power consammetwork bandwidth, etc. In addition, servers
periodically inform the front-end about their current lo&alaid the front-end in load distribution and cluster con-
figuration decisions. After that a request has been prodéssa server, the resultis returned directly to the client,
without the front-end as intermediary.

The aspects related to cluster configuration, PM and loadhliton performed by the front-end will be pre-
sented in detail in the next section. Local PM is performel@pendently by each server, without front-end control,
and will be presented in Section 5.
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Figure 1. Cluster architecture

4 Front-end Power Management

Our proposed front-end follows a very general framework thapplicable tcany heterogeneous cluster. To
achieve this goal, we cannot impose any restriction on setvaracteristics. However, for ease of presentation,
definitions and examples emphasize web server clusters.

4.1 Load Definition and Estimation

The front-end determines the number of active servers to theelesired level of QoS while minimizing cluster
energy consumption. The number of servers is computedi@ffii online) as a function of the system load. Thus,
defining load correctly is a crucial step. A measure of the fioa clusters is the number of requests received per
second, measured over some recent interval. Clearly, dapgeon the kind of service under consideration, other
definitions of load may be more appropriate (such as the bitidor a file server).

At runtime, the front-end needs to correctly estimate (aeawbke) the load, in order to make PM decisions and
to perform load distribution. The load estimation can béhfer improved by using some feedback from servers.

As observed in previous work [RXMMO04, XZR05, HDC"05], load estimation can be greatly improved by
considering request types. The type of a request may be c@mmiy determined only by the header (e.g., the
name of the requested file). Notice that the number of diffetygpes of request is a design issue. On one hand,
different types may not be necessary (if the variabilitytaf time to service a request is low). On the other hand,
each request could be of a different type, leading to an irgatestimation but also to a higher overhead (to
measure all different types of requests and update stistbles).

In the case of a web server there are two main types of requesiisdifferent computational characteristics:
static and dynamic pages. Static pages reside in servenwmend do not require much computation. Dynamic
pages, instead, are created on-demand through the use efesdernal language (e.g., Perl or PHP). For this
reason, dynamic pages typically require more computakian static ones.

Consider a generic server, and ;. and Agynqmic De the average execution times to serve a static and a
dynamic page, respectively, at the maximum CPU speed. Eongbe, for one server in our cluster we measured an
average execution timé,; ;. = 438 for static pages and j,nq.mic = 24.5ms for dynamic pages. On average,
the time needed by the CPU to seivg ;. static requests anlly,,qmi. dynamic requests is thuS,;sicAstatic +
NaynamicAdynamic S€CONAS. If the number of requests is observed over a periedwitor period seconds, then
the load of the machine serving the requests is

NstaticAstatic + NdynamicAdynamic (l)

Load = - -
monitor_period
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Notice that this definition of load assumes a CPU-bound seiMas is normal for most web servers because
much of the data are already in memory [BEB2, XHLO5]. In fact, on all our machines we have noticed that t
bottleneck of the system was the CPU. However, for systertisdifferent bottlenecks (e.g., disk I1/O or network
bandwidth) another definition of load may be more approeriat fact, the definition of load should account for
the bottleneck resource.

We define thamaximum loadf a server as the maximum number of requests that it can @éanelkting the
95% of deadlines. The front-end never directs more than irémum load to a server. The cluster load is defined
as the sum of the current loads of all active servers. Thergfloe maximum load that the cluster can handle is the
sum of the maximum loads of all servers. At runtime, the eukiad (i.e., both variable¥;.:;. and Naynamic)
is computed everynonitor_period seconds.

4.2 Server information

In order to reduce the global power consumption at run-tinefurnish the front-end with information about
the power consumption of each server for any different vaftits load (i.e., it is a function of voltage, frequency,
and switching activity). Servers can reduce their own povesisumption in a number of different ways, such as
using DVS and low-power states for the CPU, self-refreshesddr memory, stopping disk spinning after some
time of idleness, etc. Moreover, each server may use a eliffédS or a different scheduling policy (such as a
standard round robin, or a real-time policy to give higheéoyily to static pages with respect to dynamic ones).
No assumption is made at the front-end about local PM schemes

Once the local PM scheme, the OS, and the scheduling poliey baen decided for a server, the power
consumption as function of the load and the maximum load eagteltermined through simple measurements.

In our experiments, after choosing the local PM scheme (setidh 5), we measured the average power
consumption for a load in 5% increments. Then, we intergadlahe points to have values in 1% increments.
We measured the total power consumed by the whole machinesnty by their CPUs. In our case recording
the average power consumption for a given load over a pefid® minutes was sufficient, for we measured AC
power directly, with a simple power meter with 2% accuraoyds Hence, the whole process required at most few
hours for each machine. Clearly, identical machines neédonoe measured twice. The curve representing the
power consumption of each server of our cluster is showngnt€ 2. The last point on each curve represents the
maximum load that meets our QoS specification (i.e., 95% afdllilees met), normalized to the fastest machine in
the cluster. The parameters for each machine are reporfiebla 2 (on Page 11).
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Figure 2. Power consumption vs. load for servers

The information about power consumption of servers can beensed by the front-end at runtime. Since the
front-end controls the load for each server, and the poweswmption of each server for a given load is known,



the front-end has enough information for PM decisions. &&that the cooling costs of the room have not been
taken into account. However, since these costs are expectamiproportional to the AC power drawn, they are
automatically reduced by minimizing cluster power constiomp

We now present all the information (and the correspondirtgtiom) about each server needed at the front-end
level. boot _time; andshutdown _time; represent the time to boot and to shutdown sefyigrcluding the time to
start and finish the (webserver) process of the sefwen: _load; is the maximum load of servérthat can satisfy
the 95% QoS requiremenif f _power; is the power consumed when the server is off (some comparsrus as
the Wake-On-Lan interface used to power up the machine, mlyancompletely off). Finallypower _vs_load; is
an array with[ —mez-lcadi _7 entries recording the measured power consumption of séfeeeach value of the

load_increment

load inload_increment percents (we used 1%). The first entry of the array denotédslnpower (i.e., no load).
4.3 On/Off Policy

This section describes the key idea behind our cluster-Ridescheme. The front-end, besides distributing
the load to servers to minimize global power consumptioterdeines the cluster configuration by turning on/off
some servers. Below is the algorithm used by the front-emnlgtide which servers must be turned on/off.

The algorithm turns machines on and off in a specific ordeickvis based on the power efficiency of servers
(i.e., the integral of power consumption versus load). In@ase, according to the values of Figure 2, the ordering
for our cluster is;TransmetaBlue, Silver, Green In some situations we may need to change the order at runtime
as explained later.

The front-end turns on servers as the cluster load increak®gever, since the boot time is not negligible, we
need to turn machines doeforethat they are actually needed. For this reason, the frodtr@intains a variable,
called maz_load_increase, which specifies the maximum load variation that the clustgrrepared to sustain
duringmonitor_period. This is essentially the maximum slope of the load chariztéon for the cluster.

The on/off policy relies on two tables computed offline. Thetftable, callednandatory_servers, keeps
the load at which to turn servers on and is used to determiméothiest number of servers needed at a certain
load to satisfy the QoS requirement. For example, considdusier with three servers having maximum loads
maz_loady = 0.5, mazx_load; = 1.5 andmazx_loads = 1.0, respectively. Suppose thatonitor_period is 5
secondsmax_load_increase is equal td).05, and the boot time i50 seconds for every machine. Ideally, we need
only one server when the cluster load is less thantwo servers when load is betwee and2, and all servers
when load is higher than 2. However, if we account for the timboot a new machine and we suppose that the
cluster load is checked periodically evenvnitor_period seconds, the table becomesindatory_servers =
{0,0.35,1.85}. Thus, the first server is always on, whereas second and ghirers are turned on when the
cluster load reaches 0.35 and 1.85, respectively. In flwt iconsider the boot time of a new server, we have to
account for a load reduction equalli@t_time mﬁf@;ﬁg&ﬁ—_’%@iﬁlse. Moreover, if we suppose that the load is checked
periodically everymonitor_period seconds, we have to introduce an additional interval of toreccount for the
error when measuring the current load. In general, sénggturned on when the cluster load reaches

i—1
Z mazx load;—
§=0
max_load_increase

(boot _time; + monitor_period) - -
monitor_period

The second table, callegbwer_servers, precomputes the number of servers needed to minimize therpo
consumption for a given load. Unlike the previous tables thble is computed considering the power consumption

of servers, and is used to distribute the current load amotiepsservers. The table is built as follows. For a given
value of N, we compute the power consumption of the cluster for anyiplesgdistribution of the load tévV servers



—i.e., for any possible configuration haviig machines on. We start considering a load equal to zero, and we
increase its value ifvad_increment increments. For any increment of the load, we evaluate whérkier can
handle it in order to minimize the overall energy consummtio

To determine the load at whicN servers become more power efficient thén- 1, we follow this procedure
considering both cases &f — 1 andN machines, respectively. The load at whi¥hservers consume less power
thanN — 1 servers is the value after which th&" server is turned on.

The complexity of computing the two tableg¥ V) (whereN is the number of servers) fatandatory_servers
and O(N M) for power_servers, whereM = SV, [mar-loadi 7 1n oyr cluster, the time to compute these
two tables was less thannsec, which was negligible compared taonitor_period (that is in the range of sec-
onds). Thus, this computation can also be performed onkoe.example, a new ordering of the servers and an
online recalculation of the tables become necessary whervarsrashes.

A high-level view of the front-end on/off policy is presedtm Figure 3. Everymonitor_period seconds the
load is estimated according to Equation 1, then the requestters are reset. The number of mandatory servers
Niandatory 1S determined by a lookup in theandatory_servers table. If Ny,qndatory IS higher than the current
number of active servers.,.nt, all Needed servers are immediately turned on.

Each server can be in one of the following stat@$f, Boot, On, or Shutdown. After receiving the “boot”
command (such as a Wake-On-Lan packet), the semw@ves from theOff to theBoot state. It stays in this state
for boot _time; seconds (i.e., until it starts the server process), themrng the front-end that it is available for pro-
cessing, moving to the®n state. When serveris shutdown, it stays in thBhutdown state forshutdown time;
seconds, after that the front-end changes its stabdfto

The variableCmd in Figure 3 can have 3 different valuedone, Boot or Shutdown. This variable allows
to describe the use of thresholds when turning on/off servidmo server is in transition (i.e., all servers are in
the On or Off states) a server may be turned on or off, as decided afterkaipoim the power_servers table.

To be conservative, only one server at a time is turned onforS#rver: is turned off if the system is in state
Cmd = shutdown for at leasttime_shutdown; + time_boot; consecutive seconds, which is the rent-to-own
threshold (see Step 3, Figure 3). Similarly, serivés turned on ifCmd = boot for time_boot; consecutive
seconds (see Step 2, Figure 3). Notice that these threstioldst apply to the mandatory servers, which are
started immediately. The running time of the online parthad &lgorithm (everymnonitor_period seconds) is
negligible because it is in the microsecond range; the cexitylis O(NN), but can be improved t6®)(1) by
increasing the table size fro to M (that is, storing all entries in an array).

For convex and linear power functions, tablesndatory_servers and power _servers contain the optimal
transition points (in the discrete space; for continuowspsee [SBO05]). In practice, however, power functions
may have concave regions. This means that a server with aptgbower increase at some loadnay not be
allocated more tham load, even though the power may become flat aboyee, making it a good target for load
allocation. A simple fix to the problem is to consider the ager power consumption over a larger interval, rather
than the exact value at each load. This effectively resaolgsmoothing the power functions. In our case, although
the measured power functions have concave regions, we bawe that no smoothing was necessary.

4.4 Request Distribution Policy

The front-end distributes the incoming requests to a subfs#te current servers that are in tll state.
load_allocation is a table containing the estimated load allocated to easlersand is computed with the same
procedure used to determine th@wver_servers table, inO(M N) time. The load allocation is computed every
monitor_period seconds, after the on/off decisions.

Another table, calledbad_accumulated, stores the accumulated load of each server, and is resetafhput-



1 Everymonitor_period seconds
1.1 Compute the load according to Equation 1
1.2 Reset the counters:

Nstatic =0 Ndynamic =0
1.3 Compute the minimum number of servers
that can handle the load:
Niandatory=mandatoryservergLoad)
14 |f (Nmandatory > Ncurrent)
turn on the servers
Sethurrent - Nmandatory
return
1.5 Compute the number of servers needed tqre-
duce the energy consumption:
Npower = power _servers(Load)
1.6 if (Npower > Neurrent) @and C'md # Boot)
SetC'md = Boot
Find the next serverto boot
Sethurrent - Ncurrent +1
return
1.7 if (Npower < Newrrent) @and Cmd # Shut-
down)
SetC'md = Shutdown
Find the next serverto shutdown
SethuM’ent - Ncurrent -1
return
2 If Cmd=Boot for a period of time equal {
time_boot;
2.1 Turn on server
2.2 SetC'md = None
2.3 return
3 If Cmd=Shutdown for a period of time equal {
time_boot; + time_shutdown,;
3.1 Turn off serves
3.2 SetC'md = None
3.3 return

(=}

o

Figure 3. On/Off policy

ing load_allocation. The servet with the minimum weight

load_accumulated;
w; =

load_allocation;

4.5 Implementation Issues
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gets the next request. Notice thgtcan be higher than 1 when the load is underestimated. Therdbat receives
the request updates its accumulated load (and thus ineréaseeight), by adding!;.i./monitor_period or
Adynamic/monitor_period, depending on the request type. The complexity to find theesarith minimum
weight isO (V) with a straightforward implementation, but can be improte®(logN) using a tree.

We implemented our PM scheme in tApachel.3.33 Web server [Apa]. We created an Apache module, called
mod.on_off, which makes on/off decisions. Moreover, we extended astiexi module modbackhandbac], to



support our distribution policy.

modbackhands a module responsible for load distribution in Apache @ts It allows servers to exchange
information about their current usage of resources. Itpisgides a set ofandidacyfunctions to forward requests
from an overloaded server to other less utilized serverangtes of such functions abgLoad which selects as
candidate the least loaded server, Bg@ost which considers a cost for each request.

We added a new candidacy function, call®gEnergy to implement our request distribution policy. Notice
that only front-end machines use this function. In additiservers provide some feedback about their current
real-time utilization (value of the variablé as explained in Section 5) to front-ends. We used this fegdtma
prevent the overloading of the servers. In particular, greex with the minimumu; is selected, providing that it
is not overloaded.

Themodon_off module communicates withodbackhandhrough shared memory. Oninitializationpd.on_off
acquires server information and computes botindatory_servers andpower_servers tables.modon_off ex-
ecutes periodically evemponitor_period seconds. On each invocation it performs the following tagkscom-
putes the current load based on the counfésg;;. and Ngynamic (that are incremented in the “Apacipest
read request” phase), (b) looks up in the table to determine thmbmu of servers needed for the next period,
(c) computes théoad_allocation table for the active servers (not shown in Figure 3), (d) $wn (by sending
Wake-On-Lan packets) and off (by invoking special CGI gsligervers, and finally (e) resets the counféss ..,
Naynamic andload_accumulated. In addition, it displays at runtime the estimated poweramergy consumption
of each server, based on thewer_vs_load andload_accumulated tables.

5 Server Power Management

In addition to front-end directed cluster reconfiguratidins., turning on/off machines), the servers perform
their own local PM to reduce power consumption of unutilizednderutilized resources. We present an example
of a QoS-aware DVS scheme and we discuss an implementationthe Apache Webserver [Apal.

5.1 Local DVS Policy

We rely on a local real-time scheme, where each request ipenindic task and is assigned a deadline. Each
requestypehas a deadline [RXMMO04, XZR05, HDC"05] to allow for more accurate load estimation.

We consider asoftreal-time system, in which the schedule is not generated i@alatime scheduler and;
is the average execution time (i.€l,;4sic OF Agynamic), NOt the worst-case. Ldd; be the time remaining to the
deadline, then the real-time utilization of a server is defiasy = >, %

If the CPU is the bottleneck of the system (as in our case)C®lg frequency to handle this rate of requests is
U fmaz, Wheref,,... is the highest possible frequency of the CPU. Each servargieally computes its utilization
U and sets the CPU frequency to the closest value highertfifan...

We note two peculiarities of this system. First, since wecanesidering soft real-time systems, we could set
the frequency to the closest valiesverthanU f,,.. at the detriment of response time. Second, DVS architesture
may have inefficient operating frequencies [SR03], whianh\ahen there are higher frequencies that consume
less energy. A simple online tool for inefficient frequendynination has been provided in [PAR]. Removal
of inefficient operating frequencies is the first step in arySbscheme. This was not necessary in our servers,
because surprisingly all frequencies were efficient, altjrowve had a different experience with other systems we
tested [XZR05].

5.2 Implementation Issues

We implemented an Apache module, calledd cpufreq responsible for CPU speed settings at the user level.
On Athlon machines, the CPU speed was changed by writingetbglys/ file system, using th€PUfreginter-
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face [cpu]. On the Transmeta machine the speed was changeitiog to a model-specific register (MSR). Since
the register cannot be written from user-level we added tystesn calls for setting and reading its value [Gle].
After detecting the available frequencies, our moduletesean Apache process that periodically sets the CPU
frequency according to the current valuelof We chose as periothm.s to matchany default Linux kernel; the
measured overhead for changing voltage/frequency in theeA684 machines is approximately /20

To computel/, the module needs to know the type (i.e., static or dynanmmd)the arrival time of each request.
At every request arrival (called “Apaclpost-readrequest” phase), the arrival time and the deadline are dedor
with ps accuracy and stored in a hash table in shared memory. Thesetype is determined from the name
of the requested file. Thus, a single queue traversal is sagetd computéd/. In fact, the current value d
depends on all queued requests, therefore the complexityRs whereR is the number of requests queued; the
overhead is negligible. Requests are removed from the cafeerebeing served (called "Apacheggingrequest”
phase).

A problem we encountered during the implementation wasdhascheme worked very well except for fast
machines serving a large amount of small static pages. drcéisie, those machines were not increasing their speed,
resulting in a large number of dropped requests. A furthesstigation revealed that the value @fwas close
to zero. We did not see this phenomenon on slower machineh égiTransmeta) nor using bigger pages. The
problem was that the requests were served too fast (in appatedy 150.:5). Such short requests were queued,
served, and removed from the queue before other requestsadeled to the queue and served. Thus, at any
time only a few requests (usually just one) was in the quewgtydhenmod.cpufregrecomputed the utilization, it
resulted in an underestimation@f In other words, even though the requests were receivedggyand serviced
at the OS-level, Apache was not able to see them becauseliserdevel server and it has not information about
requests stored at the OS level. We called this problemshert request overload problémpphenomenon.

A simple fix was to compute the utilization also over a recat#rival of timeinterval _size (we used200ms):

(NstaticAstatic + NdynamicAdynamic)
interval_size

Ur ecent —

Our module sets the CPU speedit@z (U, Urecent ) frnaz €XCEPL fOr Wherl,ecent > U and Uy ecent > 80%; in
that case, the module selects the next speed above the onothd be selected according to the valuépf....;.

In this situation, Sharma et al.'s work with a kernel websefkHTTPd [STA"03]) aware of small requests at the
OS-level has a nice synergy with our approach and could lebindieu of our scheme. Exploring the composition
of our cluster configuration and Sharma’s (or other similgiSpwork is left for future work. The problem with
including such work in our scheme is exactly the reason whttthors discontinued the development of KHTTPd:
it difficulty of maintaining, developing and debugging ahelrlevel server.

6 Evaluation

To evaluate our QoS-aware PM scheme we used a small clustgrosed by one front-end and 4 different
servers. Every machine r&@entoo Linux 2.@&s operating system amgpachel.3.33 servers. The parameters of
the machines are shown in Tables 1 and 2.

The cluster has been tested using 2 clients connected tdustercwith a GbE interface and Gbps switch; the
clients generate up to 3,186 requests per second, whiokspannds to a total maximum cluster load equa&l. 86
(all loads were normalized to that 8flvermachine). A total cluster load of 0.05 (or 5%) correspondaverage
to 54 requests/second. Considering request types, hovggeatly improves the prediction, as 54 requests/second
may correspond to a load ranging from 0.02Xi,,.qamic = 0) to 1.32 (if Ngaic = 0). We assigned deadlines of
50ms and200ms for requests of static and dynamic pages.

We setmaz_load_increase = 0.005, therefore we hadhandatory_servers = {0.000,0.062,1.012,2.012}
andpower _servers = {0.000, 0.100, 1.050, 2.040}.
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Transmeta

Frequency (MHz)| 333 | 400 | 533 | 667 | 733
Idle (W) 8 85| 85 9 9
Busy (W) 9 95| 105| 12 | 125
Blue
Frequency (MHz)| 800 | 1800 | 2000 | 2200
Idle (W) 68 73 76 80.5
Busy (W) 745| 93,5 | 105.5| 120.5
Silver
Frequency (MHz)| 1000 | 1800 | 2000 | 2200 | 2400
Idle (W) 70 | 745 | 785 | 83.5 | 89.5
Busy (W) 80.5| 92,5 | 103.5| 119.5| 140.5
Green
Frequency (MHz)| 1000 | 1800 | 2000
Idle (W) 68 79 87
Busy (W) 77 108 | 131
Table 1. Idle/busy power consumption (in Watts) for each server el é@equency
Machine Processor RAM Cache || Wake-On-Lan| Boot | Shutdown| Off Max
name model memory | size support time time power | load
size (sec) (sec) (W)
Transmeta] Transmeta Crusoe TM5800| 256 MB | 512 KB 100 60 1 0.10
Blue AMD Athlon 64 Mobile 3400+| 1GB 1MB vV 33 11 8 0.95
Silver AMD Athlon 64 3400+ 1GB 512 KB vV 33 12 8 1.00
Green AMD Athlon 64 3000+ 1GB 512 KB vV 33 11 8 0.90
Front-end | AMD Athlon 64 Mobile 3400+| 1GB 1MB Not applicable

Table 2. Parameters of the machines of the cluster

6.1 DVS policy

As first experiment, we evaluated the effectiveness of ocalllDVS scheme. We compared auod.cpufreq
module with the default PM in Linux (i.e., HALT instructionhen idle) and with Sharma’s DVS scheme for QoS-
aware web servers proposed in [ST@3]. This scheme adjusts the speed of the processor to thmuorinspeed
that maintains a quantity calleynthetic utilizatiorbelow the theoretical utilization bountg,,..q = 58.6%) that
ensures that all deadlines are met [ALO1].

The measured power consumption of each scheme oBltleemachine is shown as function of the load in
Figure 4. The graph shows that our scheme outperforms thex etihemes, especially for the mid-range load
values. Higher savings are obtained on machines with a nmreeg power function (the power function of the
Bluemachine is rather linear — see Figure 2). In fact, for a rat@08frequests/sec (approximately 28% load) the
average processor frequency is 1.25GHz using our schenk 3@tz using Sharma’s scheme, but the amount of

energy saved is only 3%. Importantly, we observed that bctiemes maintained the QoS level above 99% even
at the highest load.

6.2 Overall scheme

To evaluate the overall scheme, we performed many expetamath and without the cluster-wide PM scheme
(On/Off scheme), and with and without the local PM scheme §B3¥¢heme). For each load value, we measured
the power consumption of the entire machine (not only CPU&xh scheme independently (see Figure 5).
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Figure 4. Comparison of DVS policies

The On/Off policy allows a striking reduction of the energynsumption for low values of the load, because
(obviously!) it allows to turn off unutilized servers. Indtire 5 we can see that when load = 0, the cluster
consumption is around 40W because each Athlon server cas8W when in the Off state, and the Transmeta
also consumes 8W when in the On state. The DVS techniqueaitidhas its biggestimpact whenever a new server
is turned on, since not all active servers are fully utilizeldwever, its importance decreases as the utilization of
the active servers increases. For high values of the loaulficase, at 70% or higher) all servers are on, therefore
the On/Off technique does not allow to reduce energy consompln those situations, however, there is still
room for the DVS technique, that becomes more important tiheu®n/Off technique.

The energy consumption of all servers without any power mament scheme wds32KWh. On average,
we measured a reduction of energy consumption equal to 18 D¥'S, 39% using On/Off, and 45% using both
schemes.

It is worth noting that the front-end estimation of the tadakrgy consumed when using DVS was extremely
accurate: the difference from the actual values was less1b@ For example, when using the on-off scheme,
the measured value wa%2K W h, while the front-end estimated value wa@5K W h (the resolution of our
power/energy meter [Sea] i81 K Wh).

To measure the impact of cluster-wide and local PM scheméhlearioss of QoS, we ran many four-hour
experiments with workloads derived from actual websemaards, and generated with the same shape of statistics
taken from ourcs.pitt.edudomain (see Table 3). The average delay without any PM sche&s®.29ms; a small
response time is due to all machines being on at all timesfuamidng at maximum frequency. Adding DVS (local
PM) had a very small impact on the delay, with the averageydekasured a&.77ms. However, with On/Off
scheme, we measured an average delay equal20ms without DVS andl2.83m.s with DVS. In both cases, the
average delay was not higher than 50% of the no-PM delay asdjuite small with respect to deadlines.

7 Conclusions and Future Work

We have presented a new QoS-aware power management sclarertibines cluster-wide, On/Off scheme
and local power management (DVS) techniques in the confddterogeneous clusters. We have also described
and evaluated an implementation of the proposed schemg tiieApacheéNebserver in a small realistic cluster.

Our experimental results show that: (a) our load estimagorery accurate; (b) the On/Off policy allows a
striking reduction of the power consumption; (c) the DVShidique is very important whenever a new server is
turned on or, as shown before, when all servers are on; (mectd, For high values of the load the On/Off
technigue does not help to reduce energy consumption bt ithetill room for the DVS technique.

Using both techniques we saved up to 45% of the total enemgywoed by the servers with a limited loss in
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| Requesttypd % || Requesttypd % |
4ms (CGl)| 0.10 6-7 KB (html) | 2.84
7ms (CGl)| 0.71 7-8KB (html) | 1.58
23 ms (CGI)| 0.98 8-9 KB (html) | 1.80
40 ms (CGl)| 0.23 9-10KB (html) | 1.87
200ms (CGl)| 0.06| 10-20KB (html) | 10.74
0-1KB (html) | 37.78]| 20-30KB (html)| 3.62
1-2KB (html) | 8.86| 30-40KB (html)| 1.17
2-3KB (html) | 6.56|| 40-50 KB (html)| 0.67
3-4KB (html) | 4.58|| 50-60 KB (html)| 0.80
4-5KB (html) | 4.94|  60-70KB (html)| 1.46
5-6 KB (html) | 3.38|| above 70 KB (html)| 5.27

Table 3. Web server statistics: percentage of accesses, apprexsirg (for static pages), and running time (for

dynamic pages)

compared to the deadlines.
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Figure 5. Evaluation of cluster-wide and local techniques ]
terms of Qo0S. In the worst case, the average delay was imctdgsat most 50%, and was still very small when

As immediate future work we plan to investigate the use ohlsispend-to-disk and suspend-to-RAM tech-
niques to reduce the time to boot and shutdown a server in t®fOtechnique. We also plan an integration of
our cluster PM schemes with other grid-like or cluster (gdgpndor) load balancing schemes.
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