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Abstract: In transmittingimage¥ideo dataover Video Sensor Netwos(VSNs), energy
consumptionmust be minimizedvhile maintaininghigh imagexXideo quality. Although
imageXideo compressiomms well known for its efficiency and usefulness Wi&Ns, the
excessive costs associated wehcoding computation and complexity still hinder its
adoption for practical use However it is anticipated thahigh-performancehandheld
multi-coredeviceswill be used a¥SN processinghodes in the near futureln this paper,
we propose a way to improike energy efficiency admage andsideo compression with
multi-core processos while maintaining the image¥ideo quality We improve the
compression efficiency dhe algorithmic level or derive theptimal parameterdor the
combination ofa machine and compressidrased on the tradeoff betweéme energy
consumption and the imageleo quality.Based orexperimental resultsve confirm that
the proposedpproachcan improve the energy efficiency of teaightforwardapproach
by a factor of 25 without compromisingmagevideo quality.

Keywords: videosensor networkenergy efficiencymulti-coreprocessors

1. Introduction

In transmittingimage¥ideo dataover Video Sensor Netwos(VSNSs), energy consumption must
be minimized while maintaining higimageXideo quality[1]. Although imageVXideo compressiors
well known for its efficiency and usefulnessMsNs, the excessive costs associated witherncoding
computation and complexit still hinder its adoption inpractical applications Additionally,
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image/video compressiotechniquessuch as JPEG, JPEG200hd H.264 [21 4] may degrade the
imagédvideo quality compared tothe original imagédvideo However it is anticipated that
high-performancehandheldmulti-core deviceswill be used as processingdes of VSNs in the near
future andthe use ofmnulti-core processorf®r handheld devicebBasbeen increasingsince handheld
devices operate with a batterye needto consider energy consumption fefficienty compressing
imagev¥ideo contentwhile still satisfying theusefs imagévideo quality requirementsThe wse of
multi-core processaris a possible way to not only reduce the executime, butalso improve the
energy efficiency ,6], thusparallel processing techniquasing multi-core processorsave become
attractivefor satisfying both realtime and energy efficienagquirements

Parallelprocessing has been widely used to reduce the executios dinagplicatiors [5]. With
advancesn multi-core technology, multiprocessing techniques at a system software level have been
used in order to reduce energy consumpi@nHowever, parallel processing on nidtreprocessors
may increase the total power consumption dutéaise ofnore plysical cores. Therefore, we need to
evaluate the powerme tradeoff quantitatively.

Generally, there is a tradeoff between power consumption and executioitidg That is, if we
increase the frequendgye., processospeed,) the power consumption is increased while the execution
time is decreased. Because energy consumption is computed by a product of the power consumptiol
and the execution time, we need to analyze the tradeoff with the given frequency.

Previous studies [41] conducted by the computer architecture community were targeted at
designing generglurpose processors which could be applied to several applications. Processor vendors
provide several levels of frequency settings and several numbers of cores,sandtithe user 6s
determine the optimal configuration for his/her application. Therefore, we need to optimize the system
configuration at the software levelg(, the frequency setting and the number of cores) by analyzing the
machineos characteristics and belsagise bophpthei powaet i o r
consumption and the execution time depdaasnd on t

To increase energy efficiencygompressiontechniquesat the algorithmic level have been
proposed 12 16]. Traditionally, manystudieshave been conducted to derive the optimal compression
parametersising RateDistortion (RD) analysis[12i 14]. However, this traditional analysis has not
considered the resource consumption of a platformyradhusnot be suitable for resoureeonstrained
embedded devices or sensor network environments. Recently, some research resitsvesiRgte
Distortion (P-R-D) analysis in order to control the power consumption mé@vorkand maximize the
video qualityhave been reportdd5,16]. However these analy®s neitherconsidered the compression
time on the platform nor the mach@eharacteristics. Therefor,is difficult to applythis analysis to
anapplicatioris parallelism and energy efficienamhenusing a multicore processor Because of these
difficulties, we need to analyze tlubaracteristics of thenachine andhe compression collectively,
and thus improve the energy efficiency of compression using a commerciatorajprocessar

In this paper we proposénergyDistortion (E-D) analysis in order to analyze the tradeoff between
energy consumption of a platform cammage¥ideo quality in transmitting image/video datan
particular we improve the energefficiency of a commercial mulcore processorby using
parallelism because this analysis includes both the maéened applicatioés characteristics during
the compression operatiorkinally, we propose a generapproachthat can satisfya usefs
requirement®f imageXideo quality using ED analysis.
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In the experiments, we usethree commercial muktore processors(Intel quadcore i7and
dualcore i5, AMD quaecore) [17,18] and analyzel the machins @haracteristics The energy
efficiencywasanalyzedoy measuring the actual power consumption &i¥hT210 power metef19].
We also use three compression algorithnfQ3PEG, JPEG200@ndH.264),variousimage/video data,
and diverse network conditionBased on the experimental results wittDEanalysis, the proposed
approachcan improve the energy efficiency of tlsraightforwardapproachby a factor of 25
compared to the transmissiohum-compressing/compressing datdah equalimageXideo quality.We
useda multi-core based notebook and did iwonsiderthe data capturing step since muglire based
sensor devices were not available to us during the experimentsiafatuswasonly the compression
and transmission step. Also, the battery consumption is propakito the energy consumption, and
athough we could not measure the battery consumptioactly, we believe that the proposed
approacHor energy efficiencyxan alsaextendthe battery life of multcore based sensor devices.

The rest of the paper is structured as follo®@sction2 describes theropertiesof commercial
multi-core processorsthe parallelism of applicationshe multimediacompressiog andthe control
parametersSection3 explains the proposeapproachor E-D analysisof machinecharacteristicand
multimedia application characteristicsand the optimization of system configuration. Finally,
Sectionst and5 describe the experimental results aodclusiors, respectively.

2. Background
2.1 CommerciaMulti-Core Processos

To improve the performance of computer systems, many studies rédatieel developments in
semiconductorproceses distributed processing, and parallel procesdchnologieshave been
reported With the advance of integrated circuit technology, the number ofsis@rs and the
frequency ofprocessa have been improved significantly. However, improving the frequency is
longer possible due to high power consumption and loésgipation which should be reduced for
resourceconstrained, mobile/ubiquitous environments. To handle this issamy hardwarésoftware
level studies have been reportéil 11].

Commercial multicore process® have different characteristicsaccording tothe hardware
architecturedesign. In Intels multicore architecturg¢l?], the L2 cache is shared by two corés.

AMD®& multicore architecturg18], the L2 cache is allocated per coréccording to service
requiremers, various hardware coropents (i.e, memory, hard disk, 10 devicegtc) can be
configured. Since the characteristics of the power consumption and execution time of the commercial
multi-core processodepend on the design of the hardware architecture, it is difficult to geeeitad

power consumption and execution tinwharacteristicsTher ef or e, t o anal yz
characteristicghe power consumption and execution time need to be measured at least once

A

22.App !l i cRanalielem 0 s

The execution time of an application @nmulti-core processord e pends on t he a
parall el i sm. Asgulsanplé ndodelo pradwt the speedup dfegparallel processing given
thesequentiaportion ofa program and the numbermbcessorsised
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Despiteprovidingi nsi g ht and wusef ul negdather thepracassol €psed | a v
(i.e., frequency)nor the power consumption. Althe processor speeds are implicitly assumed to have
the same(maximum) value.As the energy andthe power aresome of the most critical shared
resources in amulticorebased parallel processor, it is not only interesting, but also necessary to
collectively consider the implications of parallelization tive program performance arttie energy
consumpbn. Current technologs and design trends strongly indicate that future processors will be
capable oDynamtc Voltage and Frequency Scalif@VFSor DVSin short) B]. Therefore we need
to collectively analyzethe machinés characteristicgi.e., thepower and the execution time by setting
the frequency and the number of corasyl theapplicatioris characteristicgi.e, theapp | i cat i ¢
parallelism) and thus improve the energy efficiency agdplicatiors using a commercial multore
processar Note that, we apply only the frequency scalingwithout the voltage scaliny with the
application level comiand, due to the limitatiosof our experimental environments.

2.3. Multimedia @mpression

Generally, digital image/video data can be compressed using both lossy and lossless compressiol
techniqus. Lossycompression is techniqueto remove spatial and temporal redundaf@i4]. In
image compressionalgorithms such as JPEG and JPEG2000, transformation c@dngdiscrete
cosine transform and discrete wavelet transform) guhtizationtechniques have been studied in
order to remove the spatisddundancyAlso, motion estimation and motion compation have been
studied in order to remove temporal redundancy between franessless compression such as
Huffmancodingand arithmetic coding iatechniqueo reduce theamount of statistical entropy.

JPEG and JPEG2000 are standards for still imegmpression.Notably, JPEG2000 has a
ratedistortion advantage ovedPEG. MPEG and H.264 arénternational Organization for
Standardization(ISO) and International Telecommunication UniofiTU) standard for video
compressionkigurel illustratestheH.264 video encoder.

Figure 1. H.264encoder 19].
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Although image/videaompressiortechniques can reduce the sizeaof originalimage/video, it
may require more energy consumption due to the high computatiomglexity of the compression.
Therefore, to reduce thenergyconsumption of image/video compression technigues, many studies using
R-D analysid12i 14] or extended fR-D analysid15,16] have been reported

2.4. CompressiorControl Parameters

In multimedia compression, the type of DCT, DWT, entropy coding and the size of the quantization
table, etc., can be used as compression parameters. Ipaibes we represent the compression
parameter aq (i.e., Quality Levelof JPEGIJPEG2000, and Quality ParamedéiH.264). The purpose
of g is to control the compression rate and infeigieo quality with a scalable quantization tableg.
affect not only the imagrideo quality, butalso lossless compression p@., entropycoding) after
lossy compressiofi.e.,, DCT or DWT).

In the compression procedure, the image/video is processed by 8>8 pixel Hmgke Za) shows
an example of FDCTnd Quantization Table by 8X8 pixel blocks. In Figure 2(bg £DCT and
QuantizationTableresults arecalculated by RKDCT;/QuantizationTablex g/100, whereg = 1 , 2, é
99, 100. Since the number of zeros is increased with decrepsé® computationof lossless
compressiorand the compressed image/video sizedmereased, and the imagedeo quality is also
decreased\ote that, he computation of lossless compression is maximized wier&0Q and also
the image/video quality is maximized. In cast, the computation of lossless compression is
minimized whereg=1, and alsothe image/videoquality is minimized. Therefore,we cancontrol the
amountof computationcompressiomate,andimage/videaquality with q [27 4].

Figure 2. lllustration ofq (i.e., Quality Level or Quality Parameter)
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(b) The result of quantization wittp
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3. ProposedApproach

We proposean experimenbasedmodel in order tevaluate th@erformance of a given application
on a machine collectivelyWe measuréhe power consumption @f test applicatiorfionly once with
every combination of the number of cores and frequeaty machinein order to understand the
machinés characteristicsThen, we measurde execution timef a given applicatioronly with the
single core and at maximum frequencyof a machinein order to understand thapplicatiorts
characteristicsWith these two measurements, we can estimate the energy performaheegofen
application withfianyd combination ofthe number of cores and frequermythe machine Also, we
proposea greedy approach to find the optimal parametersthe energy efficiencyin transmitting
image/video datavithout compromising image/videguality.

3.1. Machinds and Applicationds Characteristics

First, to understand thenachin€s and applicatioris characteristics, waneasured the power
consumption, execution time, and the energy consumptiopacdllelizel AES-CBC (i.e, 0%
parallelism), AES-CCM (i.e., 50% parallelisn) and AES-CTR (i.e., 100% parallelism) [21] with the
Pthreadlibrary [20] as examples deestapplicationson the Intel i7 and AMD mulicore processors.

The AES-CTR problem has no data dependency and is easily parallelizedntrast AES CCM has

50% data dependencyand AESCBC has 100% data dependency Accor ding to Amd
maximum speedupwith a 4-core processor) AAES-CTR and AESCCM are4 and 2, respectively.

Note that AESCCM combines encryption anduthentication and it is widely used in wireless
applications.

Figure 3. The power consumption with variotestanapplications on mukcore platfoms
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Figure 3 shows the power consumption and execution winthe testapplications with 0%, 50%,
100% parallelisnon multicoreprocessorswith various frequencies and nbers of coresThe power
consumption, the execution time, and the energy consumpaos normalizedbased on thease with
a single core and maximum frequen@s shown in Figure3, the power consumptioimcreasedand
execution time dareasedvith increased frequency and number of coreghénresultsit can be seen
that these characteristibave similar patternfor eachprocessarSince increasing or decreasingesat
of power consumption and execution tien@different acrosprocessorsthe power consumption and
execution time of grocessorshould be measured at least once in order to analyze the c e s s or
characteristicsAs shown in Figure3, we found that applicatioys with less parallelism can udewer
cores, and thus less povigconsumed

Although anapplicationwith less parallelism requires less power consumption, it may consume more
energy due tgreaterexecution time. Figure 4 shows the execution time of -8B&, AESCCM, and
AES-CTR onl, 2, 3,and4 cores. AESCBC (0% paallelism) can be performed with increased number of
the coresput both the power consumption and the execution time are always corss@mtigure 3
and4). In contrast as weincreasethe number of cores in AESTR (100% parallelism), the execution
time decreasewhile the power consumption increas&o improve the energy efficiency, we need a
collective analysis of the mackiand applicatia characteristics.

Figure 4. The execution time wittestapplications on muktore platforms
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(b) The execution time on an AMD muitore platform

Figure 5 shows the energy consumptiith various parallel applications oimtel and AMD
processos. On the Intelprocessarthe optimal frequency is always,462 MHz, but each optimal
number of cores is differerior each amount of parallelisnone core (0% parallelism)threecores
(50% parallelism), anébur cores(100% parallelism). On the AMD processor, the optimal frequency
is always 1796 MHz, and the optimal number of cores @so different for different amounts of
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parallelism: one core (0% parallelism),four cores (50% parallelism), andour cores (100%
parallelism).In this paper, we propose a way to improve the eneffigiemcy by using optimal
machine parameter§i.e, the frequency and the number of cores) according to appliGation
parallelism. We generad a performance mric for the power consumption in order to understand the
machinés characteristics, and theredided the energy consumption kan applicatioris parallelism
using AmdahEs law.

Figure 5. The energy consumption witestapplications on muktoreprocessors.
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(b) The energy consumption on AMD mutioreprocessor
3.2. CollectiveAnalysisof Machings and Applicationds Characteristics

First, we analyze the relationship between the application/machine and the energy consumption.
The power consumption and te&ecutiontime depend on theharacteristics of thmmachine andhe
application. Thus, we can represent the energy consumpBomy Equation (1) with power
consumptionV andexecutiortime T:

E=WxT (1)

To analyze the power consumption and the execution time with an appbcptaalelism, we deote
theapplicatiod parallelismaspa, W h e papg01.The applicatiod parallelism {e., papp), frequency
(i.e, ), and number of coresd., n) sensitively affect the energy consumptioragdrocessoas shown in
Figure6. Thus, the energy consumption is represg@s Equation (2), whefes the frequency andis
the number of cores. To reduce the energy consumption, we need to set the foptichalwith a
prediction of theenergyconsumption from the given application and machhmgacteristics.

E(f, n, Papp) = W (f, N, Papp) * T(f, N, Papp) ()
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Figure 6. The relationship between application/machine characteristics and the energy
consumption

Parallel application
Papp

E(f, 1, Papp)
Machine parameters
f.n

The power consumption can be measured with an application having 100% paralieism
AES-CTR). Withanincreased number of cores, the power consumptiats@ancreasedWe canalso
find that the power consumption depends on the number of cores. Thus, whenmthiaationof
application and machine characteristare given, we can analyze the applicat®marallelism We
canpredict the power consumption by using Equati®nu(ith the measured resultd/e focus only on
the dynamic power consumption of the whole mottie based platfornat the compression and
transmission step althouge static power consumptiaat the idle time is not negligihle

Note that, the power varigkiring the execution of the given application. We measured the power
consumption at several points and took the average. For simplicity, we used this average value as th
power consumption value. Note also that, an application consists of a sequenbal(pasting some
data dependencygnd a parallel portiorfnot having any data dependencyYe denotethe power
consumption of the sequential portion of the application Witore asWsequenidf, 1) andthe power
consumption of the parallel portion of the application witoresWyaraier (f, n). As shown in Figure 3
(with the 0% parallelism casehe power consumption of the sequential portion of the application is
independent with the number of cores. Theref@squentidf, 1) = Wsequentidf, N) (i.e., the power
consumption of the sequential portion of the application witbreg.

W (f, N, Papp) & sMientief, 1)% (1-Papp) + Woaratiel(f, 1)X (Papp) (©)

Also, thetotal execution time(i.e., T(f, n, papy), With various numberof cores can be predicted
usingEquation 4). Wsequentidf, 1) andTsequentidf, 1) represent the power consumption and the execution
time of the sequential portion of the application, respectividyshown in Figures 3 and(garallelism
of 0% case), botMVsequentidf, 1) andTsequentidf, 1) are independent with the number of cofesontrast,
Wharaiiel(f, N) and Tparanel(f, N) represent the power consumption and the execution time of the parallel
portion of the application, respectively. As shown in Figures 3 aiparéllelism of 100% case), both
Wharatel(f, N) andTpararel(f, N) depend on the number of cores.

We denotehe execution time of the sequential portion of the applicationMgthre asTsequentidf, 1)
andthe execution time of the parallel portion of the application witloresTaraiel(f, N). As shown in
Figure 4(with the 0% parallelism casdhe execution time of the sequential portion of the application
is independent with the number of cores. Theref®sguenidf, 1) = Tsequenidf, N) (i.€., the execution
time of the sequential portion of the application witkkoreg. Note that, if we denote the execution
time of the parallel portion of the application witltore asTparaiel (f, 1), thenTparanel (f, N) is not equal
to Tparaer (f, D/n in a strict sensedue tothe pthread overhead. HoweveFpaaier (f, N) can be
approximately equal t®pararel (f, 1)/n, with a careful parallelization
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T(f, N Rpp) & Tsequential(f, )% (1-Papn) + Tparater (f, 1)/N X (Papp) (4)

3.3. E-D Analysis

In general, to control the compression rate and irvadgn quality, compression parameters are
widely used by the multimedia compression community. Recently, to improve the energy efficiency,
Rate Distortion (R-D) andPowerRate Distortion (P-R-D) analysishave been reportgdd5,14. In this
paper we propose D analysis in order to analyze the energy efficiency of the machine and the
required imagkvideoquality collectively.

R-D or RR-D analysis is not enough &valuatemultimediacompressioralgorithms such as JPEG,
JPEG2000and H.264 in terms of the energy consumption and imhadeo quality. However, the

proposed ED analysis can evaluate them. Figireompares theerformanceof JPEG, JPEG2000,
andH.264.

Figure 7. Comparison operformancevith JPEG, JPEG200@ndH.264
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With E-D analysis, he energy consumption to compress/transmit the multimediaEagtransiS
represented as Equatids):(

Ecomp+trans_' Ecomp+ Etrans (5)

The imagévideo quality (i.e., distortion) is represented as Equatiod),(where PSNR(.e., pe&
signal to noise ratio) is widely used aperformance indicator to evaluate imAgeeo distortion by
the multimedia compression communitg this paper we represent the compression parametear as
(i.e., Quality Levelof JPEG, JPEG2000, and Quality ParametieH.264). The purpose df is to
control the compression rate and imagieo quality with a scalable quantization table

D(g) = PSNR (6)

Figure 8 shows the energy consumption and the imhadeo quality with the q parameterWe
found that q affects both the compraes energy consumption and the transmission energy
consumption. To minimize the total energy consumption, we need collectalgsisthat considers
machine and application characteristics.
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Figure 8. The relationship between the energy consumptiortladnagévideoquality.
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To analyze the energy consumption and image/video qualitgobyrolling g, we can find the
imagevideo quality (.e, PSNR) withq as shown in Figur®. Specifically, we use three types of
multimedia data (HALL_MONITOR, FOREMANand COAST_GUARD) of CIF size, and three
compression algorithm@PEG, JPEG2000, and H.36&heimagevideo quality of each compression

algorithm is similarto g. Thus, controling g is a possible way to satisiyu s e r 0 ¢video quality e
requirements.

Figure 9. PSNR withg.
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Figure 10 shows thetotal energy consumption witlg. In fact, the power consumption may not be
affected byq, but the execution time depends @nTherefore,g should be determined in order to
improve the energy efficiency by using théEnalysis while satisfyinp he user 6 s | mage

Figure 10. Theenergy consumption witty.
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Figure 11 shows the result ahe E-D analysison acommercial multicore platform(i.e., Intel i7
guadcore processors differentnetwork environmeist(i.e., a wired networkhatsupportsl00 Mbps
with 15 W, and a wireless netwottkat supportsll Mbps with 11 W). As shown in Figurdl, the
energy consumption of compression/transmission depends on the mathéngmrallelism of the
applicationsand the network environment.

Figure 11. E-D anafbysis on commercial multicore processorsin various network

environmers.
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(b) Wireless networlenvironmeni{25W and 11Mbps)

This is because the compression computation affects the m@&ckimergy consumption, and both
the compression ratio and the transmission bandvetfttt the transmissiots energy consumption
Also, in these given environmen(ise., the machines, the parallelism of the applications, the network
environment), we should determine whethiee compressions applied or notFor example, in
Figure 11(a) with JPEGand a wired network, then-compression/transmissiarase is always better
than thecompression/transmissi@ase. However, parallebmpression/transmissiarsing 4 cores can
reduce the energy consumption of tirecompression/transmissioAlso, in Figue 11(b) with JPEG
and a wireless network, both tbempression/transmissi@nd the paralletompression/transmission
are always better than than-compression/transmissionTherefore, given these environments
(i.,e, commercial multicore platforms and copression algorithms), we should select the
compression/transmissipthe parallelcompression/transmissipar theun-compressionfransmission
by using the ED analysis.
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3.4. Optimizationof SystemConfiguration

In this paperwe proposea greedy approach to find the optimal paramef@rshe energy efficiency
in transmitting image/video dataithout compromising image/video qualitlgorithm 1 shows the
procedure to find the optimédequencyf and the number of coresby usinga greedyapproach

Algorithm 1. Finding Optimal Machine Parameters.

given the environment parameter
Pap applicationds parallelism
set the default parameters
f  maximum frequency
n 1core
do {
calculateE(f, n, papp)
if (n_nextis not last level) {
n_next nextincreased level
calculateE(f, n_nextpapy)}
if (f_nextis not last level) {
f next nextdecreased level
calculateE(f_next, NnpPapp)}
if (E(f, n_nextpapp)<E(f, N, papp)) N N_next
if (E(f_next, nPpapp)<E(f, N_nextpspy)) f f_next
} while ((E(f, n, papp)<E(f, n_nextpapy) AND E(f, n, papp) <E(f_next, npap))
f opt f//found optimal frequency
n_opt n//found optimal cores

Note thatpappis a given parameter which can be gairby application parallelisnThe energy
consumptioncan berepresented as Equatioi),(which consists of compression enerfym, and
transmission energ¥ans EcompiS represented by a compression paranmgeéesin Equation 7):

Ecomp(Q) = Wcomp(Q) X Tcomp(Q) (7)

Since the compression energy consumption should be considered for the given machine and paralle
application Ecompis represented as Equation 8). D(q) is the imagérideo quality with compression
parameters, any (i.e., PSNR)is the usdis requirement of imagédeo quality:

Ecomdf, N, Peompess ) = Weomdf, N, Peompess @) X Teomdf, N, Peompess ) 8

We also need toanalyge the transmission energy consumption to minimize the total energy
consumption. The transmission energy consumiii@r is represented as Equatid@):(

Etrans = WhransXT trans (9)

The machine, networkenvironment and compression rateffect the transmission energy
consumption. Thus, the transmission energy consumption is represented as EqOatibhig the
compressed data size demened by the compressionparameter(i.e, q), and B is the network
bandwidth(i.e., unit: bit per second)
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Etrans(q1 B) = Whrans* M(q)/B (10)

By using Equatiors (6) and (1) collectively, we can minimize the total energy consumption
Ecomp+ransWhile satisfying the usé imagévideoquality requirements

MINEcomp+trandf, N, Peompess G, B) = MiN[Ecomdf, N, Peompess 0) + Ewandq, B)]  s.t. Q) >D (11

Finally, wecanfind the optimal compression and machine paraméiexsthe frequencyf and the
number of coreg) by using Algorithm 2.

Algorithm 2. Finding Optimal Machine and Compression Parameters.

given environment parameters

Peompress  COMpression applicatidns par al | el i s m
B network bandwidth
Dp userb6s requirement for i mage/video quality

find machineds parameters by wusing algorithm
f f opt
n n_opt
set the default compress parameter
g maximum image/video quality parameter
dof
calculateEcomp+trandf, N, Peompess 0, B)
g_next next decreased image/video quality parameter
calculateEcomp+trandf, N, Peompess d_NeEX} B)
if (Ecomp+tran(fa n, pcompess q_neXI B)< Ecomp+trans(fa n, pcompess a, B))
g g_next
} while (D(a) >Do)
g_opt q// found optimal compress parameter

In addition, we can select tlmwmpression/transmissipthe parallecompression/transmissipor
theun-compression/transmissi@eenaridy using Algorithm 3.

Algorithm 3. Selection of the Minimum Energy Consumption Scenatrio.

given environmenparameters
Peompress  COMpression applicatiéns par al | el i s m
B  network bandwidth

set the optimal parameters by using algorithm 1 and 2

f f opt
n n_opt
g g_opt

if (EvandNO_COMPre9s<Ecompstangf, N, Pompess 0, B)) selecEqandN0_compregs
else seIeCE00mp+tran(f, N, Pcompress 4, B)
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4. Experimental Results

We present the experimental results. The experimental environmdascribedin Section 4.1
Then, the energy efficiendhat results fronusing the ED analysis is explained iBection 42.

4.1. Experimental Bvironments

To evaluate the energy efficiendlat results fromusing the ED analysis, we configured the
experimental environment as shown in Figie

Figure 12. The experimental environment

User Quality Requirement
(Image/Video)

Multimedia Compression
(JPEG, JPEG2000, H.264)

Compression/Encryption/Transmission
Optimal parameters(f n, q)

Parameters
Optimization
using E-D Analysis

Commercial Multi-core Platform
(Intel i7, i5 core, AMD PenumlI)

Network Environment
(Wire or Wireless)

We used three commercialulti-core platforms(i.e., Intel quadcore i7 and duatore i5, AMD
guadcore),which are summarized ifable 1.

Table 1. Platforms spex of Intel i7 and i5, AMDprocessors

i7 i5 AMD
Processor Intel i7 7260QM Intel i5 core AMD Penumll

Frequency range 1.0 GHz~15GHz 0.9 GHz~15GHz 0.7GHz~1.7GHz

Frequency step 133MHz 100MHz 500/300/20MHz

The maximum # of coreg 4 2 4
Wired Intel(R) 82577LM Gigabit | RealtekPCle GBE Family| JMicronPCI Express Gigabit
Network Network Connection Controller Ethernet Adapter
device Wireless Intel(R) Centrino(R) Broadcom 802.11n Athreos AR9285 Wireless

AdvancedN 6200 AGN Network Adapter Network Adapter

We configured the network environment as wif@@0 Mbps) and wirelesfll Mbps). Table 2
shows the power consumption of the network devicebei?, i5, and AMD platforms, respectively.

Table 2. Power consumption of the network devices on i7, i5, and AMD platforms

i7 i5 AMD
Wired (100 Mbp3 | 28.5W | 17.0W | 37.5W
Wireless(11 Mbps) | 24.5W | 19.0W | 38.5W
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Figure13 shows the configuration of the measurement environiiéameasured the actual power
consumptiorusing aWT210 power metef19]. We considezd the power consumptioaf the whole
systematthe compression/transmission stefh variousmachine and applicatigmarameters.

Figure 13. Configuration of thgpowermeasurement environment

Testbed Digital Power Meter Monitor PC

Main Power
Supply

WT210
Digital Power

Meter

Power Cable Serial Cable

We used three compression algorithims.,(JPEG, JPEG200@ndH.264), and variougnage/video
data. For parallel compression algorithms, we parallelized JPEG, JPEG2000 with P26feadd
used parallel H.264 dhe PARSEC benchmarkuite [23]. We selected CHsize HALL_MONITOR,
FORMAN, and COAST_GUARD fromthe image/video data sd®2], and Figurel4 shows these
input data.

Figure 14. Image/Video data s¢22].

sssssss

e

() HALL_MONITOR (b) FOREMA (c) COAST_GUARD
4.2. Experimental Analysis
4.2.1 Accuracy Validatiorof Prediction Parameters

First, © evaluate the prediction accuracy, we measured the performaAgeSdECM with 100%
parallelism on each machin€ables3i 5 show the normalized energy consumptareach machine.
With these results, we can predict the energy consumption and find the optimal frequency and number
of cores.We normaliedthe power consumptiomxecutiontime, and energy consumption basedaon
single core and the maximum frequency, #melisets imagevideoquality requiremets.
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Table 3. Normalized energy consumption on i7 platform

Actual 7
1 core 2 cores 3cores 4 cores
1,595MHz 100% 63% 49% 41%
1,462MHz 9% 5% 47% 3%
1,329MHz 108% 61% 47% 41%
1,197MHz 1176 65% 50% 41%
1,064MHz 131% 71% 53% 44%

Table 4. Normalized energy consumption on i5 platform

Actual >
1 core 2 cores
1,397MHz 1006 55%
1,297MHz 106% 57%
1,197MHz 115% 62%
1,097MHz 123% 66%
997MHz 136% 74%

Table 5. Normalized energy consumption on AMD platform

AMD
Actual
1 core 2 cores 3 cores 4 cores
1,796MHz 100% 56% 43% 34%
1,597MHz 1074 61% 45% 37
1,298MHz 176% 92% 67% 54%
798MHz 210% 1076 75% 6%

We alsoanalyzd the parallelism of JPEG, JPEG20@Mhd H.264 applicationswhich were0.97,
0.95, and 0.93, respectively With the parallelismanalyzed we can predict the normalized energy
consumption, and find the machine paramefiezs frequencyf and number of corey. Table 6 shows
the estimated and measured results from the energy consumpiigsisana

Table 6. The estimated and measured results from the energy consumption analysis

JPEG JPEG2000 H.264
Pcompress= 0.97 Pcompress= 0.95 Pcompress= 0.93
Estimated Measured Estimated Measured Estimated Measured
1462,4 1462,4 1462,4 1462,4 1462,4 1462,4
7 (MHz, (MHz, (MHz, (MHz, (MHz, (MHz,
# of cores) | #of cores) | # ofcores) | #of cores) | # of cores) | # of cores)
42% 39% 44% 40% 46% 38%
1397,2 1397,2 1397,2 1397,2 1397,2 1397,2
i (MHz, (MHz, (MHz, (MHz, (MHz, (MHz,
# of cores) | #of cores) | # ofcores) | #of cores) | # of cores) | # of cores)
56% 57% 57% 59% 58% 59%
1796,4 1796,4 1796,4 1796,4 1796,4 1796,4
AMD (MHz, (MHz, (MHz, (MHz, (MHz, (MHz,
# of cores) | #ofcores)| # ofcores) | #ofcores) | #ofcores) | # ofcores)
36% 33% 38% 35% 40% 35%




Sensor012 12 14664

Table7 shows the estimated and measured results frdnaBalysis on i7, i5, and AMD platforms
on wired/wireless networks.€., 100 Mbps and 11 Mbpskith aquality requirements oPSNR > 30 dB.
Based on the results, we confirmed that our prediction of energy consumption is accurate and can
determinethe optimalmachineand compressiorparameters to improve the energy efficiency while
satisfyingquality requirementskinally, we can select the mmum energy consumption scenario with
the comparison of Ib analysisand urcompress scenario.

Table 7. The estimated and measured results frebhd&halysis on i7, i5, and AMD platforms

Machine Parameter; CompressiofParameter§ Normalized energy consumptid
f,n q (wired/wireles}
(MHz, # of cores) | Distortion(g) > 30dB E-D analysis
i7
IPEG Estimated 1462, 4 17 43%/60%
Measured 1462, 4 20 44%/63%
Estimated 1462, 4 31 39%/39%
JPG2000
Measured 1462, 4 33 39%/39%
H.264 Estimated 1462, 4 44 15%/14%
Measured 1462, 4 37 18%/19%
i5
IPEG Estimated 1397, 2 17 63%/91%
Measured 1397, 2 20 63%/91%
Estimated 1397, 2 31 55%/57%
JPG2000
Measured 1397, 2 33 55%/58%
H 264 Estimated 1397, 2 44 11%/9%
Measured 1397, 2 37 12%/10%
AMD
IPEG Estimated 1796, 4 17 37%/98%
Measured 1796, 4 20 38%/98%
Estimated 1796, 4 31 39%/46%
JPG2000
Measured 1796, 4 33 41%/6 7%
H.264 Estimated 1796, 4 44 4%/3%
Measured 1796, 4 37 6%/4%

4.2.2. Results fromb Analysis

To evaluate the energy efficiendyat results fronusing the ED analysis, we compareskveral
scenarios and the proposapproachas shown in Table 8. The baselswenams 1-A and 1B are for
theun-compression/transmission case and the compressiwifiission case, respectively.doenario
1, weexaminethe frequency aasingle core and maximum frequen@jso, we set theg parametens
25 (i.e,, H.264) or50 (i.e, JPEG and JPEG2000)he scenams 2 and 3 are for the computer
architecturalapproach and the multimedia compression approach, respectively. In scenario 2, we set
the optimal machine parametefise., frequency and the number of cores), and ¢hepression
parametefi.e., ) as25 or 50. In scenario 3, we set the optinc@mpression parameters, and used the
maximum frequency and 1 core. Finally, in scenario 4, we set the optimal machine and compression
parameters collectively by using thelEanalysis.
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Table 8. Scenarios of the image/video transmission

Machine Parameters Compression Parameter

Frequency | # of cores q
Scenario JA. BASELINE .
. L Maximum 1core -
Un-compression an@iransmission
Scenario 1B. BASELINE .
) e Maximum lcore | 25(H.264)or 50(JPEG/JPEG2000Q
Compression and@ransmission
Scenario 2 . .
) Optimum | Optimum | 25 (H.264)or 50(JPEG/JPEG2000
Computer Architecturahpproach
Scenario 3 . .
i i i Maximum 1core Optimum
Multimedia Compression Approad
Scenario 4 . ) .
Optimum | Optimum Optimum

Optimization with ED Analysis

Scenario4 is a way toimprove the energy efficiency with both the machine amdtimedia
compression parametersllectively. Table9 shows the results of the optimal machine andimebia
compression parameters.

Table 9. The optimal machines and multimedia comprespamrameters.

i7 i5 AMD
Frequency 1,462 MHz 1,397 MHz 1,796 MHz
# of corem 4 2 4
JPEG
Compress parametgr
P P 4 17 17 17
PSNR=30.22dB
Frequency 1,462 MHz 1,397 MHz 1,796 MHz
# of corem 4 2 4
JPEG200
Compress parametgr
31 31 31
PSNR=30.22dB
Frequencyf 1,462MHz 1,397 MHz 1,796 MHz
# of corem 4 2 4
H.264
Compress parametqr
44 44 44
PSNR=30.22dB

Finally, the scenari®l, 2, 3, and 4n each machine ashown in Figured5 and 161n the given
environments, scenario @d.e., E-D analysis) can provide the minimum energy consumpfidre
wireless network consumed more energy than the wired netWdith JPEG2000 in the wired
network environmenshown in Figure 1), the energy consumption afcenariol-A (i.e., un
compression)was less tharthat in scenams 2, 3, and 4. However, scenarid can provide the
minimum energy consumption with the wireless netwaik shown in Figure 16(b$ince the energy
consumption of H.264 is more affected by the multimedia cesgon parameters than the machine
parameters, scenario 3 consumed less energy than scenario 2. However, scenario 4 can provide tt
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minimum energy consumption, regardless of the netwbnlerefore, in the given environments, we
can improve the energy camaption by using ED analysisfor agiven image/vide@uality.

Figure 15. The energy consumption witlarious scenarios over wired network.
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Figure 16. The energy consumption witlarious scenarios over wireless network.

(a) The energy consumption with JPB@ i7, i5, and AMD



