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Energy Saving Scheduling Strategy Based on Model Prediction Control for Data Centers
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Abstract: Today the ever-growing energy cost, especially cooling cost of data centers, draws much attention for carbon emission
reduction. This paper presents an energy efficient scheduling strategy based on model prediction control (MPC) to reduce cooling cost in
data centers. It uses dynamic voltage frequency scaling technology to adjust the frequencies of computing nodes of a cluster in a way to
minimize heat recirculation effect among the nodes. The maximum inlet temperature of nodes can be kept under temperature limits with
little stable error. The method can also deal with inner disturbance (system model variation) by dynamic frequencies regulation among the
nodes. Analysis shows good scalability and small overhead, making the method applicable in huge data centers. A temperature-aware
controller is designed to reduce inlet temperatures to improve energy efficiency of data centers. Using a simulated online bookstore run in
a heterogeneous data center the proposed method is proved to have larger throughput in both normal and emergency cases compared with

existing solutions such as safe least recirculation heat temperature controller and traditional feedback temperature controller. The
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MPC-based scheduling method also has less inlet temperature and cooling cost comparing with those two methods under same workload.

Key words: model prediction control; feedback control; heat recirculation; temperature threshold; inner disturbance; energy efficiency
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Fig.2 Heat recirculation among nodes in one rack
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Fig.4 Physical layout of a data center
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Fig.5 Temperature sensors configuration and XML temperature data which generated by MiniGoose 11
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Fig.6 Throughput comparison between Safe-LRHex and MPC-based temperature controllers

under different reference temperatures
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Fig.7 Temperature fluctuation containment under traditional feedback and MPC-based temperature
controllers for different workload types: 1 browsing=1.5 ordering, 1 shopping=0.8 ordering
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Fig.8 Throughput comparison between traditional feedback and MPC-based temperature controllers
when workload types change
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Fig. 9 Cooling power comparison among three methods
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Fig.10 Execution time and computing energy comparison between load balance

and no load balance after MPC-based temperature controller

B 10 MPC i 45 5 SR FH 7 8 45 1 FIUAS SR T A7 240 86 KR AT I 1) 45 3 S RE BT B
5 HRIE

R TCAR Y R N A2 A — R 5 T RE R PN B3R G T W LA £ S K X R e
Hh, 8 PR3 35l T 1) Internet PR PR 1 95 28 Y (9 55 1487 5t AEZ 0000 H T H 28 94T A0 « P RN
M B I LR G v BN LUK PR REE LS8 Y 37 s AT 52 (KR PRV, A J B T A mT A i 0 ) S, A B
GRS R 3 50T Bk B AL RE AR PELECR.

K TT 1 T 190 208 15 26 A fih 50 86 (1 2k FSE 8 10 A — S RO T2 0 9 0% 5 8 A ik 8048 R U, B0 AT R

AT LA, DR 0k, 3 AT A s ) 2 B A e DAy o R Y 3T o A A 8 A A 4% 1 6 1) REAB A R gl T DL 53X
LU A A L M DG AR KR, BELAE b th W] LSRG I 50025 A 1 % A7 40 e o0 296 1 i PR R 6
DA T 24 5 8 PR J3E A 42 ) AL I (10 X e T 7 1 e R, TR 5 R D 3 K 4 A AR vl T . 47 28 1 o 2
RS DL O A7 BE 45 1) £ %65 FCBE A& 1 10 SO SR SR AN [ 5L AT O, 3K 48 el AT 3o A 55 1 R S B S
0 24 5 s A, A P 4 ) 814 92 % 80 500 0 P By SRS P32 336 TR el LA R P52 AELRIE S0 8000 v e A BT A 4 1)

B IR A G HEAT IR R O B 2 i e 4 B R 5 S R BRATT R — 2P AR A s

References:

[1] Mukherjee T, Banerjee A, Varsamopoulos G, Gupta SKS. Spatio-Temporal thermal-aware job scheduling to minimize energy
consumption in virtualized heterogeneous data centers. Computer Networks, 2009,53(17):2888-2904. [doi: 10.1016/j.comnet.2009.
06.008]

[2] Reducing energy consumption and cost in the data center. 2014. http://www.datacenterknowledge.com/archives/2014/12/11/
reducing-energy-consumption-cost-data-center/

[3] In the data center, power and cooling costs more than the IT equipment it supports. 2007. http://www.electronics-cooling.com/
2007/02/in-the-data-center-power-and-cooling-costs-more-than-the-it-equipment-it-supports/

[4] LiS, LeH, Pham N, Heo J, Abdelzaher T. Joint optimization of computing and cooling energy: Analytic model and machine room
case study. In: Proc. of the Int’l Conf. on Distributed Computing Systems (ICDCS 2012). IEEE, 2012. 396—405. [doi: 10.1109/
ICDCS.2012.64]

[5] Parolini L, Sinopoli B, Krogh BH, Wang ZK. A cyber-physical-system approach to data center modeling and control for energy
efficiency. In: Proc. of the IEEE, 2011,100(1):254-268. [doi: 10.1109/JPROC.2011.2161244]

[6] Breen TJ, Walsh EJ, Punch J, Shan AJ, Bash CE. From chip to cooling tower data center modeling: Part I—Influence of server inlet
temperature and temperature rise across cabinet. In: Proc. of the 12th IEEE Intersociety Conf. on Thermal and Thermo Mechanical
Phenomena in Electronic Systems (ITherm). IEEE, 2010. 1-10. [doi: 10.1109/ITHERM.2010.5501421]

[7] Chen, Y, Gmach, D, Hyser C, Wang ZK, Bash CE, Hoover C, Singhal S. Integrated Management of application performance,
power and cooling in data centers. In: Proc. of the Network Operations and Management Symp. (NOMS). IEEE, 2010.
615-622. [doi: 10.1109/NOMS.2010.5488433]

© TEBREEEEIEDT  htp/ www. jos. org. cn



442 Journal of Software M3 3R Vol.28, No.2, February 2017

[8] Intel Corporation. Dual-Core Intel® Xeon® processor LV and ULV. Datasheet, 2006.

[9] Ranganathan P, Leech P, Irwin D, Chase J. Ensemble-Level power management for dense blade servers. In: Proc. of the 33rd
Annual Int’l Symp. on Computer Architecture (ISCA 2006). Washington: IEEE Computer Society, 2006. 66—77. [doi: 10.1109/
ISCA.2006.20]

[10] Brunschwiler T, Smith B, Ruetsche E, Michel B. Toward zero emission data centers through direct reuse of thermal energy. IBM
Journal of Research and Development, 2009,53(3):1-13. [doi: 10.1147/JRD.2009.5429024]

[11] Goiril, Katsak W, Le K, Nguyen TD, Bianchini R. Parasol and green switch: managing datacenters powered by renewable energy.
In: Proc. of the ASPLOS 2013. New York: ACM, 2013. 51-64. [doi: 10.1145/2451116.2451123]

[12] Wang D, Ren CG, Sivasubramaniam A. Virtualizing power distribution in datacenters. In: Proc. of the ISCA 2013. New York:
ACM, 2013. 595-606. [doi: 10.1145/2485922.2485973]

[13] Tsafrir D, Etsion Y, Feitelson DG. Backfilling using system generated predictions rather than user runtime estimates. IEEE Trans.
on Parallel and Distributed Systems, 2007,18(6):789-803. [doi: 10.1109/TPDS.2007.70606]

[14] Manzanares A, Qin X, Ruan XJ, Yin S. PRE-BUD: Prefetching for energy-efficient parallel I/O systems with buffer disks. ACM
Trans. on Storage, 2011,7(1):Article 3. [doi: 10.1145/1970343.1970346]

[15] Chen T, Yang Y, Zhang HG, Kim H, Horneman K. Network energy saving technologies for green wireless access networks. IEEE
Wireless Communications, 2011,18(5):30-38. [doi: 10.1109/MWC.2011.6056690]

[16] Uptime Institute: The average PUE is 1.8. 2011. http://www.datacenterknowledge.com/archives/2011/05/10/uptime-institute-the-
average-pue-is-1-8/

[17] Data centers move to cut water waste. 2009. http://www.datacenterknowledge.com/archives/2009/04/09/data-centers-move-to-
cut-water-waste/

[18] Ramos L, Bianchini R. C-Oracle: Predictive thermal management for data centers. In: Proc. of IEEE the 14th Int’l Symp. on High
Performance Computer Architecture (HPCA 2008). IEEE, 2008. 111-122. [doi: 10.1109/HPCA.2008.4658632]

[19] LiL, Liang CJM, Liu J. ThermoCast: A cyber-physical forecasting model for data centers. In: Proc. of the KDD 2011. New York:
ACM, 2011. 1370-1378. [doi: 10.1145/2020408.2020611]

[20] Choi J, Kim Y, Sivasubranmaniam A. Modeling and managing thermal profiles of rack-mounted servers with ThermoStat. In: Proc.
of the HPCA 2007. IEEE, 2007. 205-215. [doi: 10.1109/HPCA.2007.346198]

[21] Wang XR, Chen M. Cluster-Level feedback power control for performance optimization. In: Proc. of IEEE the 14th Int’l Symp. on
High Performance Computer Architecture. IEEE, 2008. 101-110. [doi: 10.1109/HPCA.2008.4658631]

[22] Tang QH, Gupta SKS, Varsamopoulos G. Energy-Efficient thermal aware task scheduling for homogeneous high-performance
computing data centers: A  cyber-physical approach. IEEE Trans. on Parallel and Distributed Systems,
2008,19(11):1458—-1472. [doi: 10.1109/TPDS.2008.111]

[23] Wang XR, Wang YF. Coordinating power control and performance management for virtualized server clusters. IEEE Trans on
Parallel and Distributed Systems, 2011,22(2):245-259. [doi: 10.1109/TPDS.2010.91]

[24] Moore J, Chase J, Ranganathan P, Sharma R. Making scheduling “cool”: Temperature-Aware resource assignment in data centers.
In: Proc. of the 2005 Usenix Annual Technical Conf. Usenix, 2005. 61-75.

[25] Raghavendra R, Ranganathan P, Talwar V, Wang ZH, Zhu XY. No “power” struggles: Coordinated multi-level power management
for the data center. In: Proc. of the 13th Int’l Conf. on Architectural Support for Programming Languages and Operating Systems
(ASPLOS XIII). New York: ACM, 2008. 48—59. [doi: 10.1145/1346281.1346289]

[26] Abbasi Z, Varsamopoulos G, Gupta SKS. Thermal aware server provisioning and workload distribution for Internet data centers. In:
Proc. of the 19th ACM Int’l Symp. on High Performance Distributed Computing (HPDC 2010). New York: ACM, 2010.
130—141. [doi: 10.1145/1851476.1851493]

BNRI(1979—), 5510 T N 1 2 BRI,

CCF &b 2y 5, F LTI SR N 25 vk 51, i
RAFfE R GUE L RS REFESE .

TE(1979—), 595, Pk, 3= TEWF 50 Sk T
LA S A R 2%, AR TR

ERE R (1975 ), 99 W Rl #4% ,CCF &
b4y B3, 3 BEAE FTATE N I 4% e 4

HHBT1963—), 5,1+, B, [ 2 R,
T LR U A TR MBS RS

© PEBEERKCEIFR  htps/www. jos. org. cn




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 350
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [3600 3600]
  /PageSize [612.000 792.000]
>> setpagedevice


