([SHULPHQWDO (YDOXDWLRQ

FXUUHQW VHOHFWLRQ 7KHILQDO EHVW VHOHEFEWLRQ
DOOQRPLQDORSHUDWLQJ®RLDQWW KHOERPHO R [ MWK\H.9/0 V R Q
GRHVY QRW GHSHQG RQ WKH WRWDO QXPEHURIWKHO90V LQ WK
FDSDFLW\IRUDFFRPPRGDWLQJ90VDQG WKLV QXPEHU LV UH

$VVLIQPHQW RI XQDOORFDWHG 90V WR QRGHV DQG VZLV
$W WKLV SRLQW WKHUH DUH WZR W\SHV RI XQDOORFDWHG 9¢
90V VHOHFWHG IRUHYLFWLRQLQ WKHSUHYLRXV VWHSDQG C
ZH XVH WKH DSSUR D FEHIVQVEIH PMAHRFUHDVLQJ DOORFDWLRQ W
WR QRGEWMDEMKRPSOH[LW\Z U W WKH QXPEHU RIWKH 90V W
WKH QRGHVY ,QDVHFRQG VWHS ZH\DE RS WQWKLH WWHHFYKHQLHTO\HX
QRGHV DQG VZLWFK WKHP RIl E\UHORFDWLQJ WKH 90V DFFF
WKH FRP SO(RIpghy \nLMY WKH QXPEHU RI WKH QRGHV LQ WKH GDV

&RVW GULYHQ UH FRQILIJXUDWLRQ RI QRGHV DW D QRPL
RSHUDWLQULMIOPNVEDVHG RQ WKH QHZ 90 DOORFDWLRQ Wi
ILJXUHG WR WKH PRVW FRVW HIIHFWLYH RSHUDWIFRRSRLQW
ILJXUDWLRQV WKDW GR QRW YLRODWH WKH WDUJHW XWLOL]
UHVSHFWLYHFRVW WR ORDG UDWLRIRUHDFK QRGMIKQGEHSF
VWHS UHGXFHG YROWDJH FRQILJXUDWLRQV DUH FRQVLGHL
QRGHFUDVKDQG WKHUHVSHFWLYH6/$ YZROD WIWRS ER WWMVFD
LQGHSHQGHQWO\RQ HDFK QREH DQG WKH FRPSOH[LW\ LV

([SHULPHQWDO (YDOXDWLRQ

,Q WKLV VHFWLRQ ZH GLVF®V88KE HXNXURXUR Y RP XMXOHY
WKHVHH[SHULPHQWY ZH XVHUHDO ZRUOG WUDFHV DQG KD
IRUPV :HDOVRFRPIDUGUMN@ ZKLFKFRPELQHV 90FRQVROL
9)6 DQG9)6 &KDSWHHKHLFK H[SORLWYV &38 FRQILIJXUDWLRQ DW
JLOQOVRQWRSRIWKHVHWZR WHFKQLTXHV %RWKWKHVH SROL
YDOXH ZKLFKLVGHULYHG E\RIIOLQH FKDUDFWHUL]DWLRQ |
WXUHDW KDQG



&KDSWHU $GDSWLYH XWLOL]DWLRQ WKUH

JLIXUH &XPXODWLYH &38 ORDG QRUPDOL]HG Z U W WKH
YDULDWLRQLQWLPH DFURVV GLITHUHQW SHULRGYV

([SHULPHQWDO 6HWXS

JRURXUVLPXODWLRQV ZH XVWHKIE RORXGH LB MPRHRZGRNINN R
LQJFORXG SROLFLHVY ZKLFK DOUHDG\VXSSRUWY PHFKDQL\
ILJIXUDEOH QRGH KDUGZDUH SDUDPHWHUYV ‘HH[WHQG &ORX
6HFWLR@QGIWREEROLF\ 6HFWKRYH HIWHQVLRQV LQFOXGH W
DGDSWLYLW\DW WKHJUDQXODULW\RILQGLYLGXDO QRGHYV

'HXVH UHDO YDOXHV IRUGKHIHIHUK\ BQIGFWKH UDQJH SUL
90V >@00062 $0896SHU KRXU 2XUVLPXODWHGRRILNOIBRBE FRQ\
*RRIOHWWOHARY B SHULRG RI RQBIOIWUDXNWHHY WKH FXPXODW
WKLV ZRUNORDG IRUHDFK SHULRG 7KHYDOXHV DUH QRUPD
ORDG GXULQJWKH VLPXODWHG SHULRG 7KLV GDWDVHW FRF
"XULQJ WKH ILUVW KDOI RI WKH GD\ LW LY FKDUDFWHUL]HG |
FRPELQHG ZLWK VLIJQLILFDQW KLIJKIUHTXHQF\ IOXFWXDWLF
ORDG GRHVQRWYDU\ +RZHYHU WKH &38 UHTXHVWV RILQGL
LQJ SDWWHUQV?2QRWYLVLEOHLQ WKHILIJXUH 7KHPHDQ FXI
ZLWK D VWDQGDUG GHYLDWLRQ R

‘HDVVXPH WKH SROLFSQOWIHFRRINGH/G HHYRHSUW IRU WKH VDPH V
ULRG DVWLQ@KLFK LY DOVR WKH GHIDXOW IRU &0RXG6LP 7KH
QHJOLJLEOH SDUWLFXODUO\FRQVLGHULQJ WKDW MRE VFK
IRUPHG DW RUGHUV RIPDJQLWXGHORZHUIUHTXHQF\FRPSD!



+DUGZDUH SDUDPHWHUYV

7DEOH ,QWHO :HRQ ( Y DQG $50 EDVHG $PSHUH &RPS.
SRLQWYV

,QWHO SODWIRUP $50 SODWIRUP
JUHTXHORPLQBDIOGCGXFHMHTXHORPLQBBWGXFHG
*+] 9R O W|DQRHO WD J H ] 9ROWDIRHOWDJIH
P9 P9 P9 P9

RQLQGLYLGXDO QRGHYV

+DUGZDUH SDUDPHWHUYV

‘HFRQILJXUH WKHVLPXODWRU ZLWK WKHKDUGZDUH SDUD
HQW SURFHVVRU DUFKLWHFWXUHV QDPHO\DQ ,QWHO ;HRQ
&RPSXWLQJ; *HQH ,Q RUGHU WR HQDEOH D GZBEFRNGDQG ||
;0 9)6 ZH XVH WKH SDUDPHWHUV LGHQWLILHG E\ WKH FKDUD
BHFWLR@ WHUPV RI D WKHUHGXFHG YROWDJH PDUJLQV RI
ELOLW\ZKHQRSHUDWLQJDWUHGXFHG PDUJLQV FRQILJXUDYV
SRZHUDW WKH SOXJIRUGLIIHUHQW XWLOL]DWLRQ OHYHOV D
VHQVLWLYLW\RIDSSOLFDWLRQV GXHWRIUHTXHQF\VFDOLQC

ORUH VSHFLILFDWORPTOEQHY WKH S DD BIDWBIW VORRIPA IQH O T
UHGXFHG PDUJLQV XVHG IRU WKH ,QWHO DQG WKH $50 SOD
VFKHGXOLQ30SWHERGQ®Y ZKHQ WKH SURFHVVRUV RSHUDWH
FRQILJXUPH&LR@A00E 7KLV YDOXH ZDV H[SHULPHQWDOO\ GH
DIWHU UXQQLQJ WKH DSSOLFDWLRQV IRU FRQVHFXWLYH G
‘H DJDLQ DVVXPH FUDVK IDLOXUHV QR VLOHQW GDWD FRUU
FRQGLWLRQV LW RSHUDWHY ZLWK D QHJOLJLEOH IDLOXUH ¢
XVLQJ OLQAPB PRGHQI ZKHWUBIGBGDUH SODWIRUP VSHFLILF F
WKHPRGNQVKH ¥ ROWIKIHH | UH TUXIHVQWKBIQXGVLOL]DWLRQ RI WKH



&KDSWHU $GDSWLYH XWLOL]DWLRQ WKUH

yLIXUHE%et SHU SHULRG IRU GLITHUMOWSLQOWLDO YDOXH)

WKH ,QWHA-S:DIWI@GR8:98 ZKHUHDV IRU WK H$52:8MmIMEIRUP
B=3438 6HFWLRQ

TKUHVKROGDQG FRVW  FRQYHUJHQFH

$788DGMXVWVY WKH WDUJHW XWLOL]DWLRQ RI HDFK QRGH
WR QRGHV DQG KDUGZDUH FRQILIXUDWLRQ DFFRUGLQJ WR
RUGHU WR PLQLPL]H WKH FRVW IRU WKS-RRE H b DMAR U O,WH QWL
RSWLPDO LQLWLDO YDO X HR | WOR/HKW DW RHW BONL G D YWDIVR RID |
QRW DYDLODEOH GXULQJ WKH ILUVW VEKHGXOLQJ SHULRGYV
ZHVHOHFW VHYHUDO LQLWLDO YDOXHV IRUWKH WDUJHW XW
GHOD\ WKLV LQLWLDO WDUJHW XWLOL]DWLRQ FRQYHUJHV W
‘HVHORPWWKHEDVHOLQH IRUWKHFRQYHUJHQFH VWXG\ D\
RIWKH UDQJHRIHYDOXDWHG LQLWLDO WDUJHW XWLOL]DWL

JLIXUFSUHMVHEGWWKH PHDQ WDUJHW XWLOL]DWLRQ RI WKH
GLIIHUHQ¥¥L gDWXB® GLIIHUHQW VROLG OLQHV 7KH GDVK
ueoet ZL WK WKH VDPH FRORU WKH W LP% RV LFFRIONHHILHAQIRHU ZDLQV
WDUJHW XVEZOL]DWLRQ RI

‘H REVHU Y87 8«KDWHVLOLHQW WR WKH 3VXE RSWLPDO  FKI
ueet DV LW HYHQWXDOO\ RO YBOXHVWR DORLPMWHY +RZHYH
JHQFH ODWHQF\GHSHQGV RQ WKDW 105 D\@IBD BR/@YOHKH] H FOZHAU
D$78&8 YV FRQVHUYDWLYH ZKHQ LQFUHDVLQJ WKH WDUJHW XW
ORDGV )RUH[DPSOH UHFR YiiH% [RD:5 UHRTPYE DERE S QU MR B R U
WKH ,QWHO DQG $50 SODWIRUP UHVSHFEWLYHO\ 2Q WKH RW|



TKUHVKROGDQG FRVW FRQYHUJHQFH

LQLWLDOu¥TO08HN RIQG LV TXLBRS&VHFUHDVHY WKH WDUJHW
UDSLGO\ZKHQ DW ULVN IRU QR GU®R YH\VWOLRTDGA/L B @ ¥ Q HIDE R 8 C
WL =1:0 D@3 EDVHOLQH FRQYHWIEPGAHVKHIRGMXRWWKH , QW
$50 QRGHV UHVSHFWLY¥8GWM XYMUYDWIOH WDUJHW XWLOL]DWL
0:64 0:89 D @B4 0:88 IRUWKH ,QWHO DQG WKH $50 UHVSHFWLYHO

JLIXUH 1RUPDOL]HG FRVW SHU SHULRG IROG5L.@LDWQA® O YDC
1.0

$SDUW IURP WK Ha9% ¥ RQLYHHQEH @FH WR WKH LQLWLDO HVWL
FRVW EUHDNGRZQ SHU SH WFR GY IIRQXGIM | MURHHOWD DX DWVLIHD\® K H
JHQFH :H SHUIRUP H[S B L KH @8V D QRAUVORE D LK@ MWQHD O Y D O X
| RUg9e )LIXUHOOXVWUDWHY WKHUHVXOWY ZKHUH WKHJUHH
VHQW WKH FRVW RIHQHUJ\ DQG WKH FRVW RI6/$ YLRODWLRC
DQG QRGH FUDVKHY UHVSHFWLYHO\ $O0 FRVWVY KDYH EHHQ
WXUHV ,QWHODQG $50 Z U W WKHWRWDO FRVW GXULQJ W
u9et =05 6LPLODUO\WR WKH SUHYLRXV ILIXU#F9RWB KH H[SF
DQABGZH XVH YHUWLFDO GDVKHG OLQHV WRLOOXVWUDWH WKF
WLPHVHULHV 200 W WR WKDW IRU

$V H[SHFWHG WKH B¢ HRR5 DQWQRWXBBY D KLIKHU FRVW
WKH HQHUJ\ FRVW IRUERWK SODWIRUPVOFERBLHD LRLGWK M K W
SHULRGVEHIRUHFRQYHUJHQFHRIWKHWDUJHW XWLOL]DWLI
WR WKHDFWLYDWLRQRIPRUH QRGHV u#e" WK HDREW KH Y H\D W & H



&KDSWHU $GDSWLYH XWLOL]DWLRQ WKUH

ORZHVW HQHUJ\ FRVW GXULQJ WKH ILUVW SHULRGV WKH WR
+RZHYHU RQFH FRQYHUJHQFH LV UHDFKHG ZH REVHUYH Wk
LUUHVSHFWL YUWR | WHKOHHEQMUWMRIQDORUH VSHFLILFDOO\ DIWHU
HQHUJ\FRVW GLIITIHUHQFH EHWZHHQ DO JR U0SWDKEGL Q@ QRSF D W L |
WKHLQYRFOW VRQ INKREKRUWEIAGRIUHYSHFWLYHO\IRU WKH,Q\
7TKHUHVSHFWLYHUHODWLYHHQHUJ\ FRV28% DB QFHYV IRU
FRQFOXVAROQQDIHVWRUHFRYHUIURPVXE RSWLPDOLQLWLEL
DV\PSWRWLFDOO\LQWURGXFLQJVLPLODUHQHUJ\FRVW SHL
XWLOLIDWLRQ XVHGIRUWKHLQLWLDOL]DWLRQRIWKHDGDS
ZHIRFXVRQ WKHWRWDO FRVW DOVRLQFOXGLQJG6/$YLROD)

$78&WRWDO FRVW RIRSHUDWLRQ

J)LIXUH 1RUPDOL]HG WRWDO FRVWY¥¥IRU GLIIHUHQW

$V ZH GLVFXVVHG LGPHPWOMIHY WR UHFRYHU IURP VXE |
YDOXWRDFKLHYLQJ DIWHUFRQYHUJHQFH DORZUHODWLY
EDVHOLQ#Y GDWHD® WKLV VHFWLRQ ZH H YD 68 B WEKLHH | |
WKH WRWDO FRVW DOVR LQFOXGLQJ WKH SHULRGV RI VXE
XUH LOOXVWUDWHY WKH UHVXOW\H 6WMLPQ DH &/\KW FE BN PMOL\R G
DQG 6/$ YLRODWLRQ SHQDOW\FRVW QRGHFUDVK 90 UHORF
WHFEWXUH FRVW LV QRUPDOL]JHGZ U W WKH FRYAWDFKLHYHC

‘HREVHUYH WKDW DOBRZHQXWDNQ @ WIHHKLIKHVW FRVW IR
LVH[SHFWHG B3V &&Q.WWKHV¥IDWHY WKH ORQJHVW WLPHWR UHF
LQLWLDO WDUJHW XWLOL]DWLRQ YDOXH DQG LL GXULQJWH
QRGHV UHPDLQV ORZHU WKDQ QHHGHG WR DFKLHYH RYHUOR



&RPSDULVRQRI $78& ZLWK VWDWH RI WKH DUW SROLFL

ZRUNORDGDWKDQG KHQFHWKH SROLF\DFWLYDWHY D KLJK]
HQHUJ\ +RZHYHU HYHQ LQ WKL \2:9B2\DH2@E% K IW R WD © RFARS/DAWU IHV
ZLWKWKHEDVHOLQHLQLWLDO YDOXHIRUWKH QWHODQG $
YDOXHVY ZH REVHUYH WKDW WKH FRVW LV VLPLODU IRU ER!
$78& DQDIJHVWR UHFRYHU QRWRQO\TXLFNO\ EXWDOVR FRYV
WKHLQLWLDWEVWLPDWH RI

&RPSDULWRBQZRWK VWDWH RI WKH DUW SROLI

,Q WKLV VHFW L R§Q 8ZHLFRPIS PUGI® 0 PMQ WHUPV RI HQHUJ\ DQ
HIILFLHQF\ 7KH VWDWLFDOO\RSWLPDO WDUJHW &38 XWLOL
ORDGDQG WKHSHUIRUPDQFH HODVW L RV\W\RRS MMKIHWDLUFKS RVLHD
2XUDSSURDFK KQ ¥ KDPSMHWPHQWDOO\FRQILUPHG WKLV DIW
GLIIHUHQW WDUJHW XWLOL]DWLRQ WOUHGREGRWQW IRV G+
GXFH WKH PLQLPXP FRVW DW WKH HVVHQWLDOO\ WKH VDPH
LV HTXOB®R @Y RQWHO QREREBSDOQGRGHY ,Q WKLV ZRUN ZH IRFX\
ZKHWKIBBFDQ PDWFK WKH HIILFLHQF\RIWKHVH SROLFLHV ZK
]JDWLRQRIWKHZRUNORDG WR GHULYHWKHRSWLPDO VWDWL
XQUHDOLVWLFIRUVHYHUDO UHDO ZRUOG VHWWLQJV 7KH S|
GHQW RQ WKH TXDQWLILFDWLRQRIDQDSSURSULDWH VWDW
DW KDQG ,Il WKH ZRUNORDG LV QRW FKDUDFWHUL]JHG LQ DG"
UHSUHVHQWDWLYH VDPSOH SHUIRUPDQFH LV VLIJQLILFDQYV
QRGH XWLOL]DWLRQIURP WKHVWDWLFDOO\RSWLPDO YDOX|
DWLB®)6PD\LQW MRBXEIHIKHU FRVW RQ ,QWHO QRGHV IRUD V'
RI LQVWHDG RI WKHRSWLPDO

7KDQNV WR WKH HITHEWLY H $7G B M B WiBRQYHIFSXHRG IR G E \Q R !
VLIQLILFDQWO\ DIITHEW WR W H 6RI & MI:Z RRYUHDVOLOMDKMH VH H[SHU
JLIXUMBUHVHQWY WKH UHVXOWYV BF%&I§ 6 RPKSH W Z\RRQVEDHWHZ R
SROLFLHV IRUWKH ,QWHO DQG $50 SODWIRUPV 2QFH DJDLQ
HQHUJ\FRQVXPSWLRQ DQG WKH GLIIHUHQW VRXUFHV RI 6/$"
PDOL]HGZ U W WKHWRWDO FRVW RI WKH SROLF\ZH FRPSDU

‘HREVHU $HAH8MKDQRW LQIHULRU WR SROLFLHV UHTXLULQJ L
ORDG FKDUDFWHULVWLFV ,QVWHDG LWPDQDJHV WRRXWSt



&KDSWHU $GDSWLYH XWLOL]DWLRQ WKUH

J)LIXUH &RVW FRPS&E UWKRFEIR)IG 9)6

;0 9)6ZKLFK DOVR H[SORLWV UHGXFHG &38 YROWDJH PDUJLQ

6SHFLILFDOGONZHMWEHUFHQWDJH RI SHQDOW\ FRVW GXH W
W R W D 22F®R MW L, @ VO:H1Q% DRAG$ 50 QRGHV RQDYHUDJH 7KHUHVSH
RIRYHUORDG SHQDOW\ WR WKH WRWDO FRVW;Q\WKALM(HU IR\
DFFR X G% | FQUN HO67® Q8B 0 RIWKH WRW DO FRVOPNEBIBHA HD V Z L\
, Q W H @8526Q$5 0

$788HGXFHV WKH 6/$ YLRODWLRQ SHQDOWLHY GXH WR RY
KLIKHU HQHUJ\ FRV W;B RP 8IRWHGKHI MIVOWHSODWIRUP KRZHY
0:85% FRVW JDLQV DJDLQVW D SROLF\WKDW XVHV DQ RSWLPDC
ZRUNORDG ,Q WKHFDVHRIWKH$50SODWIRUP EH\RQG UHG X
$788 OVR DFKLHYHV HQWMH D)8 UB VX GRAEQB WQFRVW JDLQV ORU
$788 DQDJHV WR UHGXFH WKH FR V654 B @B52H\R PLBHDG) B G H D
ZLWK 9)6lRU WKH ,QWHO DQG $50 SODWIRUP UHVSHFWLYHO\

&RPSDWI&ZLWKOPWH REVHWYEBMEKDRQG UHGXFLQJ 6/$ YLR
FRVWVY GXH WR QRGH RYHUORDGLQJ DOVR UHGXFHV WKH St
WR DGDSW WR WKH G\QDPLF ZRUNORDG UHTXLUHBGRMW YV 7Kt
KRZHYHU JLYHQ WASEWE®& Q5 NHOP@RHY QRW H[SORLW FRQI
DWUHGXFHG PDUJLQV WKHVHHQHUJ\JDLQV FRPHPDLQO\W
7KH FRVW $D8 &V RI/QURBMITO6% IRU WKH , (58IPOROQWKH $50
QRGHYV

,QVXPRRDOB®¥DQDJIJHYV ZLWK]JHUR NQRZOHGJHRIWKH ZRUNC
WLIN\IDYRUDEOH SRLQWV LQ WKHHQHUJ\UHGXFWLRQ YV 6/%
SHUIROPY6DQ®OPWKLFK XVHD VWDWLVWLFDOO\RSWLPDO V



SHODWHG :RUN

YLD RIIOLQH SUH FKDUDFWHUL]DWLRQ RI WKH ZRUNORDG 7
WDUJHW &38 XWLOL]DWLRQ LV D NH\FRQWBLEXWRUXWRZDU C
NH\IHDWXUH RI WKHHVWLPDWLRQ SURFHVV LV T TXDQWLI\LQ.
FROORFDWHG ZRUNORDGV ,I WKLVFRUUHODWLREY8¥% RYHUO
L24:52% KLIJKHU GXHWR WKH ODUJHU QXPEHU RIQRGH RYHUOR

SHODWHG :RUN

ODNLQIJHGXFDWHG GHFLVLRQV RQ WKHWUDGH RIl EHWZH
ODWLRQ SHQDOWLHV LV D FKDOOHQJLQJ \HWQHFHVVDU\ XC
LQIUDVWUXFWXUH SURYHGH W ¥ X \QVEKDE WHW 90 FR@ YROLGD\
FRPPRQO\ XVHG WHFKQLTXH WKDW WULHVY WR FRQVROLGDW
6/$ YLRODWLRQV WRFUHDWHRSSRUWXQLWLHV WR VZLWEFK

+DQGOLQIWKHDIRUHPHQWLRQHGWUDGH RIILVIXUWKHU
WA\SLFDO FORXG ZRUNORDGV ZKLFK LI QRWJXDUGHG DJDL
+ PD\DIIHFW WKH TXDOLW\ Rl VHUYLFH 4R6 UHFHLYHG E\V
YLRODWLRQ FRVW@7TKWHHARIHNLQDORUFHPHQW /HDUQLQJ 5/ WHF
HQYLURQPHQW ZKLOHUHGXFLQJWKHHQHUJ\FRQVXPSWLR
VIVWHP $XWRRGWIFXY¥Y DQDSSURDFKWR VDWLVI\WKH PDJ[L
PHQWVLQPXOWL WLHUDSSOLFDWLRQVIRU&ORXG GHWHFW
WKH RSWLPDO FRQILJXUBWORLY NKIH\\ORIGE WR>HVWLPDWH D
XWLOLIDWLRQ WKUHVKROG RI WKH QRGHV ZKLFK LV XVHG \
RYHUORDGHG DQG WR RSWLPL]H WKH 90 SODFHPHQW LQ RU
6/$ YLRODWLRQ SHQDOW®UHMVURBZXREHN DFFKHGXOHU WKDW |
SUHYLRXVO\VHHQ DSSOLFDWLRQV WR GLVFRYHU VLPLODUL
WKHPWRVHUYHUV ZLWKPLQLPXPLQWHUIHUH @FGHDL W K RMKK
WKH G\QDPLF ZRUNORDG SUREOHP SURSRVLQJWZR UHJUH\
XSSHU XWLOL]DWLRQ WKUHVKROG RI WKH QRGHV DQG GHWF
WKDW VHOHFWYVY 90V IURP RYHUORDGHG QRGHV PLQLPL]JLQ.
ZLWK@@DQ®>RXU SROLF\+ DSDUW IURP GHWHFWLQJ QRGH R
XWLOL]DWLRQ RI WKH QRGHV IRU WKH PDSSLQJ RI 90V WR Q
ORFDWHG RQHV ORUHRYH@® RQ @FRICSRPBYFIRW HRSOR\ DUE



&KDSWHU $GDSWLYH XWLOL]DWLRQ WKUH

VDIHW\ SDUDPHWHUV ZKLFK GLUHFWO\DIIHFW WKHHQHUJ\

$OVR LQ &KIZHVGHYFXVVHG WKDW DSDUW IURP 90 FRQVROL
90 PDQDJHPHQW ZLWK MQP6H{SORLW RSSRUWXQLWLHV IRU DG
'9)6 DOORZV SURFHVVRUV WR RSHUDWH DW PR U i®SRAHWRH | |
GXFHVDQDOJRULWKPWKDWHPSOR\WDQDGDSWLYHWKUHVK
WKURXJK WDVN UHSOLFDWLRQ ZKLOH VDYLQUZHERESDVWKUR
RXUDSSURD®K ZKWWKHWKH DXWKRUV FRPELQH 90 FRQVROLGI
VLIQLILFDQW HQHUJ\JDI@ WPRRS2ZH WA ZEWKHZLWK RXU DS S
WHWKDW FRPELQHV 90 FRQVROLGDWLRQDQG '9)6 ZLWK &38 F
PDUJLQV DJJUHVVLYHO\UHGXFLQJHQHUJ\DW WKHH[SHQVt
+RZHYHU VLRPUOBWIKHWEHVW SHUIRURA QW ISRDH. B\RIGLFLHV H
VWDWLF &38 XWLOL]DWLRQ WDUJHW HVWLPDWHG WKURXJK F
FRPELQHV DGDSWLYLW\ 90 FRQVROLGDWLRQ '9)6 DQG &38|
FRVW GULYHQ SURILW PD[LPL]DWLRQ DSSURDFK ,WDOVR HJ
LRU UDWKHU WKDQ RIIOLQH SUH FKDUDFWHUL]DWLRQ WR L
PLWLJDWH QRGHRYHUORDGV



&KDSWHU

'5$0 RSHUDWLRQ DW UHGXFH
SURILWLQFUHDVHRIFORXG !

, QWKLVFKDSWHUZHIRFXVRQWKHTXHVWLRQ "&DQRSHUD
RSHUDWLQJSDUDPRPNHQNVUHRDOYW WKHBURILW RI &ORXG LQIU
‘'HUHGXFHWKHPDUJLQVRIRSHUDWLQJ SIRBIRR MMKHUSSOXF K X
LQRUGHUWRLQYHVWLIJDWH WKHHIITHFW RQ WKH HQHUJ\ FR(
ZHFRPELQH WKLV WHFKQLTXHZLWK 90 FRQVROLGDWLRQ WR
HUJ\FRVWDQG SRWHQWLDO 6/$ YLRODWLRQ SHQDOWLHV GX
'580HUURUV &RPSDAQHANKHWK>XOWV IURPRXUH[SHULPHQW\
JDLQVDW WKHSOXJLQ QRGBY & L2XRNV R %W KESOULHE XFWLRQ
WR WKHUHOD[DWLRQ RI WKH '5$0 UHIUHVK SHULRG DQG WKF
LGDWLRQ 7KLVHQHUJ\UHGXFWLRQ WUDQVODWHYV WR U
ORUHRYHU HQHUJ\DQG FRVW JDLQV DUH KLJKHU LQ QRGHYV
VKRZV WKDW RXUDSSURDFKZLOO VFDOHIDYRUDEO\LQ IXW X
FRQWULEXWLRQV DUH

I HLQWURGXFHDQDQDO\WLFDQG DUFKLWHFWXUH DJQR
RITEHWZHHQWKHUHGXFWLRQRIHQHUJ\FRQVXPSWLRQ G
RI'530VDQG WKHULVNRISRWHQWLDO6/$ YLRODWLRQV

1 %DVHG RQ WKH PRGHO ZH LQWURGXRH'58@G XOF Q& YOHDQJ J L C
FRVW GULYHQVFKHGXOLQJDQGQRGHFRQILIXUDWLRQ S
FRQVLGHUV '5%0 FRQILIJXUDWLRQDW UHGXFHG RSHUDWL



&KDSWHU ‘530 RSHUDWLRQ DW UHGXFHG PDUJLQV IRU S

J)LIXUH 2YHUYLHZ RIWKH SURSRVHG DSSURD

FRQVROLGDWLRQ
T " HHYDOXDWHRXUDSSURDFKLQ &0O0RXGVLP XVLQJ *RRJOI

+fHGHULYHD UHDOLVWLF QRGH SURILOHWR GULYH WKH V
HOOLQJ WKHZRUNORDGDZDUH UHOLDELOLW\DQG SRZHI
GXFHG SRLQWV RQ DQ $50 EDVHG ELW $PSHUH &RP S X\
7TKHPRGHO XVHV IHDWXUHV DYDLODEOHLQ *RRJOH WUDF
IRRWSULQWDQG PHPRU\DFFHVV UDWH

JLIXUHOOXVWUDWHY WKHPDLQHOHPHQWYV RIRXUDSSURLEL
WR FKDUDFWHUL]HWKH ;*HQH PDFKLQHDQGWUDLQ WKHHU
D VI\IVWHP PRGHO WKDW HVWLPDWHYVY WKH FRVW IRU WKH FOF
EHWZHHQ HQHUJ\FRVWDQG SRWHQWLDO 6/% YSlORGBHWLRQ SH
ZKLFK XWLOL]J]HV WKH V\VWHP PRGHO DQG WDNHV DV DQ LQS
WKH HUURUDQG SRZHU PRGHOV DQG SURGXFHV WKH RXWSX
FRQILIXUDWLRQV

SUREOHP ORGHOLQJ

7KLV VHFWLRQLQWURGXFHV DQDQDO\WLFPRGHO IRU WK
FRVW ZLWK '5$0 RSHUDWLRQ DW UHGXFHG PDUJLQV 7KLV PR
IRUWKH FRQILIXUDWLRQ RI '5%0V ,W FDSWXUHV NH\ VHUYH
DVSHFWYV ZKLOH PDNLQJ UHDOLVWLF DVVXPSWLRQV WKDW
ORVVRIJHQHUDOLW\ '"HVSLWHVRPHSDUWV RIWKHPRGHO E|



SUREOHP ORGHOLQJ

LQ6HFWIRRQOWKHRSHUDWLRQ RIWKH &38 DWUHGXFHG PDUJL
WKHHQWLUH PRGHO IRU RRPFERCHW HHVHW W H/DEWHD EOHV ZH X\

7DEOH 6XPPDU\RI YDULDEOHV
9DULDEOH| '"HVFULSWLRQ
CEip 7KHWRWDO QXPEHU R & WKDW RFFXU RQ
CEipm 7KHWRWDO QXPEMMBMWNE (V IRU
CPUgle 7KH DOORFDWHG ¥ B1§ DM RHWA HRY O R W
CPUCE 7KH &38 FDSDFLW\UHTXLUHG IRU ORJJLQJDQG |
CPUSE 7KH &38 FDSDFLW\ UHTXLUHG IRU ORJJLQJDQG
ni DW
CPUS 7TKHUHTXHVWHG &B8\M,FINSDFLW\ R
CPUSHA 7TKHUHTXHVWHG &B3\M,FOISDRNNG RO 6/$
Cost,” 7KH FRrV \DpR |
Energyi; 7KH HQHUJNHARVW RI
k 7KK WLPHVORW
K 7KH QXPEHU RIWLPHVORWV RIDVFKHGXOLQJ S|
Loady 7KH ORD GREGH RWW\ILKH VO RW
M 7KH QXPEHU RIWKH 90V
MEM 7KHPHPRU\DRRXQW R
MEM St 7KH UHTXHVWHGVR EBRRUQRG LQ 6/%
N 7KH QXPEHU RI QRGHV
n; 7Kift QRGH
overhead 7KHUHTXLUHG DPRXQW RIWLPH IRU ORJJLQJ DG
Pfail rp,, 7KH SUREDEEODWKRGIXHPVR 8(V DW
p 7KHVFKHGXOLQJSHULRG
Pricen 7KWMp SULFH SHU WLPH XQLW
PYE 7KH SURE DM OWW WRKIITHU DQ 8( ZKR@WXQQLQJ R
O $ PXOWLSOLHU WKDW LQFUHDVHWWKH VHYHULV
RPip 7KHUHIUHVK SHULRGIRDIW KH '5$0V RI
Resn 7KH QXPEHU RI WLPHWMR WRUUHTWKEKHGX @LUQ J D G
slotT 7KH GXUDWLRQ RIHDFK WLPHVORW




&KDSWHU ‘530 RSHUDWLRQ DW UHGXFHG PDUJLQV IRU S

SLAVmi 7KH 6/$ YLRODW L R'Q W RN MVNENRWRIGR

SLAV, ™ 7KH6/$ YLRODWLRQ FRVW IR @ IDWQKHRXWLL HDS DX U
SLAV™ 7KH6/$ YLRODWLRQ FRVW IR URLQDHQWQ X HHS HU L
V Mpn, 7K 90

Uik 7KH XW L O hj] DM LVRIQPRIIV O R W

UnitP rice 7KHHQHUJ\ SULFH SHU WLPH XQLW

Wiy 7KH VHW Rh9DWRII

(A 7KHVHW Rl 90N WK DWHOPPWDWHG DW

wnew 7KHVHWRI 90V WKDWDUULYHG DW

1RGHV DQG '530 RSHUDWLQJ SRLQWYV

‘HDVVXPH D GDWN) MHHQWH W ARWKW $00 QRGHV KDYH WKH
&38 DQG '5%$0 FDSDFLWCPG HDQMhH G EVSHFWLYHO\ 7KH '5%0 R
QRGEGMRSHUDWHY DWRPHIWHHKHIPKOMR GV KLV LV VHW WR D SUHG
ZKLFKLVWKHVDPHIRUDOO QRGHYV

, WLV SRVVLEOHWRLQFUHDVH WKH '5%0 UHIUHVK SHULRG
WKHDYDLODEOH FHOO UHWHQWLRQ PDUJLQV 7KLV FDQ UHC(
WURGXFLQJ HUURUV WR WKH V\VWHP 7KH LPSDFW RILQFUH
SRZHU FRQVXPSWLRQDQG HUURUV LV GLVFXVVHG LQ 6HFWL

'RUNORDG £ 90V

(DFKMRELV SDFNDJHG DV D90 WKHQRWLRQRIDOY90VHUYF
FRQWDLQHG H[HF XMW ICRQI HUHWW WK MH ENH ZKLFKDUH VXEPLW
IRUH[HFXWLRQLQWKHGDWDFHQWUHDW YDULRXV SRLQWYV L
UHTXLUHPHQWY ZHIRFXV RQ &38DQG PHPRU\ GHFODUHG L
WR EHUHVSHFWHG E\WKH SURYLGHU

/HWem>** EH WKH SHDN PHPRUWVWH VA HMHPHQGVLRI WKH 6/$ :t
VXPHWKDW WKHUHTXHVWHG PHPRU\LVDOORFDWHGLQ IXO
DOORFDWHGWRWKH90GXULQJLWVHQWLUHH[HFXWLRQ :Kl
SDJHVKDULQJWRDOLPLWHG HIWHQW LQ RUGHU WR IDFLOLV



90 VFKHGXOLQJ

DVVXPH WKDW PHPRU\LV QRW VKDUHG DPRQJ 90V 7KLV DVV
DIHPHQWDQG HUURUDFFRXQWLQJ ZLWKRXWDIIHFWLQJ WK

6LPLODCRUSYOEMVYWKH XSSHU ERXQG IRUWKH &38FDSDFLW\!
VM, DOVRGHILQHGLQ WKH6/$ 7KLVLVH[SUHVVHG DV WKH S
RIWKHQRGH &38UHTXLUHPHQWV DUH KRZHYCPUSFKDUDFWF
CPU** EH WKH &38 FDSDFLW\ WAMD, VD MY UXHIW HR MV HDG BELQ H[S U
IUDFWLRQ RI WKHIXOO &38 FDSDFLW\

90 VFKHGXOLQJ

7KHVFKHGXOLQJ SODFHPHQW RI90VRQ QRGHV LV SHUIRU
YLRXV FKDSWHpW DB KL H G LCRHEQ KWW L 8 H Y KRRV IWMERH X Q L W V
HDFK )RU VLPSOLFLW\ ZHDVVXPH WKDW QHZ 90V DUH DFFH
WKHERXQGDULHV RIVFKHGXOLQJ $HUR RIQWV R E NN, K HDWEK WD U
OLYH GXU IpQMSHDVRAKEPLWWHG IRpBQHEKYY RREHAHRNWWHUP
, MMy LV OL YIHMAPK=HIQ R W K HL[hZ: ]\ 19

%HWZHHQ SHULRGV WKH VFKHGXOHU GHFLGHV DQG DSSO
UHVFKHGXOLQJRIH[LVWLQJ90V WR RW KRR [(RRIGMKHDZH® VE W
RI HDFKnQIRGHVKH QHW[W SHULRG

7KHDVVLIJQPHQW RI 90V WRQRGEAV RBIHG KB SHUHLRIGQ D U\ K|
H ZKHJitn;p] =1 Lt KRWWY G X Up GHIONik;p] =0 $ QRGRXVW
KDYHHQRXJKPHPRU\WR DFFRP P R G\Devid;H vF\)/Kij[OM;D]VVLJQHG'
MemS"A :H DVVXPH WKDW WKH QXPEHU RIQRGHV LV VXIILFLHQ\
DQ\SRLQW LQ WLPH GDWDFHQWUH KDV DPSOH FDSDFLW\ D¢
QRGH LQ RWKHU=ZARB GV: H[iim;p]=1 *LYHQ WKDW HDFK 90 LV D'
WR D VLQG)leQ;m@}hlsm:L[m;p]ﬂ

$SDUW IURP SODFLQJQHZ 90V RQ QRGHV WKH VFKHGXOHL
90V WR GLIIHUHQW QRGHV :HDVVXPH WKDW WKH DSSOLFDW
7KXV 90V FDQ EH VLPSO\UHVWDUWHG RQD GLIIHUHQW QRG
DQG UHVWRUH VWDWH LQIRUP DWReR,QR | D ) \HWXNPRHUWMRHEGY BV D U \
IXQFWLRQ RI LWV PHRU\DIQRB WEKREQW K L H VWDUWXS WD
OHDVW RQH WLPHVORW EXW LV PXFKVKRUWHU WKDQ WKH VF

:HXVHPRWWRLFDSWXUHWKH90UHDOORFDWJRQDKPE UHV WL
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1LVM, DFWXDO ) UG ®KRIQPHVORW RRIVEKKX[RIGE,K] =0 |
VMn LV VEKHGXOHG IR U; WRD\ORREDVKLRQONRK Res, 1
ZKHWNH, LV VWLOO LQ LWV \XF;MpYKPES R V H <KK L O H

)LQDOO\ ZH GHILQH W KHG2RULNQ FSINE), RRIQ RIGH [i; m; p] =
g 7KLV LV WKH VHW RI DOO 90V WKDW DUH VEFKHGXOHG IRU }
7KH ZRUNORDG PD\ FKDQJH EHWZHHQ SHULRGV DV IROORZV

— left new
Wi;p - Wi:p 1 Vvi;p + Wi;p

ZKHWH LV WKHVHW RI 90V WKDW KDYH WHUPLQDWHG LQ WKH
EHUHDOORFDWHG WRD QR W MKW QRG B ODFEG RQ WKH QRGH L
WR QHZ 90 DUULYDOV RUUHVFKHGXOLQJRIH[LVWLQJ 90V

(VURUVGXHWRUHOD[HG UHIUHVK UDWH RI'5

6HUYHU '580V DUH HTXLSSHG ZLWK HUURU FKHFNLQJ DQG
SHQGLQJ RQ WKH DOJRULWKP XVHG (&&V FDQ GHWHFW DQG
HUURUV GHWHFWHG FRUUHFWDEOH HUURUV &(V DQG GHW
URUV SHU PHPRU\ ZRUG GHWHFWHG XQFRUUHFWDEOH HUUF
KRZZHLQFRUSRUDWH WKHHIIHFWV RI &(VDQG 8(VLQRXUPF

&RUUHFWDEOHHUURUV FRUUHFWLRQ ORJIJLQJRYHUKHDG

&(VDUHQRW IDWDO IRUQRGHRSHUDWLRQDQG 90 H[HFXW|
WDNHDZD\D SRUWLRQ RIWKH &38 FDSDFLW\ ZKLFK HIITHFWL"

‘HFDOFXODWH WKH &38 FDSDFLW\UHTXLUHG IRU WKH ORJ.
L@ G X ULV

overhead

CPUCE = = =%
L K slotT

CE,, CPU°E

Z K Hovéthead D CBUE DUH WKH UHTXLUHG DPRXQW RIWLPHDQG &:

DQGUHVSHFWLYHO\ EEY UM RMWKIHQY PVWD MWQXP E HY 8 K&LWQW KD W
P ,QWXUQ ZHOHW
W .

m=1



&38 ORDG DQG &38 FDSDFLW\DOORFDWLRQ WR 90V

ZKHOHn, LV WKH H[SHFWHG QW\RE 6 X URIVZIKG Q WKH '5$0
UHIUHVK SHWIRPRG LY FHOWOWRBR QRW VKDUH PHPRU\ LW LV UHC
&(VRFEXULQGLIIHUHQW 90V LQGHSHQGHQWO\

8QFRUUHFWDEOH HUURUV QRGHFUDVKIDLOXUHYV

8(VFDQEHGHWHFWHG EXW WKH\FDQQRW EHFRUUHFWHG
RSHUDWLQJV\VWHPV VXFKDV/LQX[ LVDNHUQHO SDQLF +H
FUDVK

‘H OP4f, UHSUHVHQW W KHVS URE DHELIOQIWD ®B( ZKHQ UXQQLQ
N GXULQJPSIBWIRRAH ZLOO FUDVK DV VRRQ DV RQH RI WKH KRV W
WKDW 90V GR QRW VKDUH PHPRU\ DQ\90LV DFDQGLGDWH W|

VLQJOH 8(LVVXIILFLHQW WR FUDWKIWKG LRAGHHIHKBE CGRIREDE|

0 1

[
Pfailgp,, = P @ UEimp A

V Mm 2 Wi,

7DNLQJ D SHVVLPLVWLF DSSURDFK ZH DVVXPH WKDW VXF
EHJLQQLQJRIDSHULRGDQGWKDWDOO 90V WKDW DUH KRV W|
GXULQJWKHHQWLUH SHULRG $W WKH VDPH WLPH ZH DVVXF
UHDOORFDWHG DQG UHVWDUWHG LQ WKH QH[W SHULRG RQ D

&38 ORDG DQG &38 FDSDFLW\DOORFDWLRQ W

‘HHVWLPDWHWKH &38 ORDG VIEXWODQYW®KWR BRBW LRDDO VR
DGGLWLRQDO ORDGRI &(V 7TRWKLVHQG WKH &38 ORDG RI D ¢
WRWDO HIITHFWLYHUHTXHVWHG &38FDSDFLW\RIDOO 90V UX(
LI &(VRFFXUDW WKH QR G Hn; 7LKX W WRKHRNOR-WID\BF\VRDIPRWHG D

pd
Loady =  (X[i;m;p;k] CPURI)+ CPUSS

m=1
, QWXUQ WKH &38 FDSDFLW\DOORFDWHG WR HDFK90LQD

WKHQRGHLVY XQGHU RURYHU ORDGHG
8

CpUlos = X [i;m;pk]  CP U Lloady 1

mk T

TX[;mipik] (1 CPUSE) __SPYm_ | lloady > 1

Loadjx CP ui%E
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,IDQRGHLV XQGHU ORDGHG HYHU\90UXQQLQJRQLW ZLOO
HUZLVH WKHDYDLODEOH &38 FDSDFLW\ DIWHU WDNLQJ LQV
DPRQJ 90V SURSRUWLRQDOO\WR WKHLU UHTXHVWV +HUH Z
VWUDLJKWIRUZDUG WR DGDSW WKHPRGHO WR D SULRULW\ E

6/$ YLRODWLRQ FRVW

$90 PD\ QRW JHW WKH UHTXHVWHG &38 FDSDFLW\ DW HYH
SURYLGHU SD\VDQ6/$ YLRODWLRQ SHQDOW\WR WKH90RZQ

7KH 6/$ YLRODWLRQ FRVW LV BR ®NQHG6 WY ERRIHRIQSO\DW R W
DJDLQ IRUWKHFRPSOHWHQHVYV RI WKHPRGHO &RQFUHWH
RI WKH QRUPDOL]JHG HIWHQW RI WKH YLRODWLRQ H[SUHVV
VLRQHG &38CHUSD PG\ WKH RQH WKDW ZID)VLIQ';'EW(XD‘OL(D\I-DCG)E)\RF
CPU DQG WKHGXUDWLRQRIWKH YLRODWLRQV)RUDQ\JLY

CPUS¥ CPUale
CPUSA

ZKHJ4HV D PXOWLSOLHU WKDWLQFUHDVHV WKHVHYHULW\RI
RYM, D®@Gce, LV WKH SULFH FKDUJHG W R/W K HRRUODL W@ WH XK@ HY\
DVERWKDJUHHG LQ WKBS$® LHXDWMRLUIRAO VRXUFNWRI 6/$% YLR
UHDOORFDWLRQV WRDQRWKHU QRGH QRGHRYHUORDGV DQ

%DVHG RQWKHDERYH WKH®6/$ YLRODWLRQ FRVW RYHU DC(
DQRGWKDW GRHV QRW IDLO LV

SLAVimk = On SlotT Pricey

i xXx _
SLAVi;’;)O"’" = X [i;m;p;k]  SLAV;mk
k=1 m=1
,Inf IDLOV QRQH RI WKH 90V ZLOO JHW DQ\ &38 FDSDFLW\
YLRODWLRQ FRVW IRU SHULRG
fail _ X Lo :
SLAV;;" = K SlotT H[i;m;p] qn Pricen

m=1

(QHUJ\ FRVWYV

 HRbwer(RP;p;u) EH WKH SRZHU FRQIY XRME D\'GRGHUHIUHVK SHL
RPi, DQG &38 XWiO,Iq MWXILRY WKH &3 8 XIWQL @ IL FOHAOCRRQYRIIQ E\



2SHUDWLQJ FRVW

Uik = minfLoadix;1lg 7TKHQ DVVXPUQPMd URHGHQHUJ\ WKH WRWDO H

IRWRYHU SHWLRG

X
Energyi, = UnitPrice Powern(RP;p; uix) SlotT
k=1

1RWH WKIDMQIRW DVVLJIQIKHGLIVQZ 9O UGIPDLQ LG @ HROUQVE KDWY X'
SHULRG@®LQMEH H[SHULPHQWY ZHDVVXPH WKDW LGOH QRC
VSLULW ZHDVVXPHWKDW IDLOHG QRGHVY GR QRW FRQVXPH L
WKH FUDVK IDLOXUH RFEXUV

2SHUDWLQJ FRVW

7KH FRVW IRU R $HGOWLIIBPRIMKE LQJ LW KDV EHHQ DVVLJ
Wi, DQG LWV '530LV FRQILIXUHG WR RRPHUDW M & L WEW HGUEHV K

Costy® =Pfail rp,, SLAV +
(1 Pfailge,) (SLAVY™ + Energyp)

ORUH VSHFLILFDOO\ WKHUH DUH WZR FDVHV PXOWLSOLHG
PD\IDLOGXHWRDQ8( LQZKLFKFDVHWKH S SURYLGHU ZLOO
90VRQWKHQRGHIRUWKHHQWLUH SHULRG I WKHQRGH GRI
QRWIDLO WKHSURYLGHU PD\VWLOO SD\6/$ YLRODWLRQ FI
DQRG RUQRGHRYHUORDG SOXV WKHFRVW RIWKHHQHUJ\ FF
WKHFRQILIJXUHG '530 UHIUHVK SHULRG

6FKHGXOLQJDQG 6\VWHP &RQILIJXUDW

,GHDOO\ D VFKHGXOLQJDOJRULWKP ZRXOG ILQG WKH RS\
IUHVK SHULRGV IRUDOO QRGHV DQG IRUHDFK SHULRG VR D
DGDWDFHQWUH RYHU DOO SHULRGYV 2QH SUREOHP LV WKDW
TXLUHPHQWV DUHQRWNQRZQLQDGYDQFH ORUHRYHU HYHC
SUREOHP LV 13 KDUGHYHQIRUDVLQJOH SHULRG

,Q WKLV VHFWLRQ ZH ILUVW LQWURGXFH VRPH DSSURJ[LP
OHP WUDFWDEOH DQG LL GRVR ZLWK UHDOLVWLF LQSXW
DQG QRGHFRQILIJXUDWLRQ SROLF\ZKLFKIRFXVHV RQ PD[LP|
LQIUDVWUXFWXUH SURYLGHUV E\H[SORLWLQJ'5$0 RSHUDW
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$SSUR[LPDWLRQYV

, QD UHDOLVWLF VHWWLQJ WKHIXWXUH EHKDYLRU RI 90V
WLRQ RI1 90 &38 UHTXLUHPHQWY GXULQJ WKH QH[W SHULRG
RFFXSDQF\E\HDFK 90 GXULQJ SUHYLRXV VFKHGXOLQJ SHUL
ZHLIKWV IRUROGHU REVHUYDWLRQV

ORUHRYHU ZH IRFXV RQ JUHHGLO\ PD[LPL]LQJ RSHUDWRU
VFKHGXOLQJ SHULRG EDVR®ORQRLI®DWLYRHQRQ EHIRUH HDFK
GULYHQ DSSURDFK LV DSSOLHG WR LGHQWLI\WKH SUHIHUUF
UDWKHU WKDQ DW WKH GDWDFHQWUH OHYHO 7KLV DSSURD
SROLF\ZLWK UHVSHFW WR WKH WRWDO QXPEHU RI 90V DQG (C
RYHUYLHZ RIQRGH VWDWXV DW WKH GDWDFHQWUH LV WKH D
90VWR QRGHV KRZHYHU WKLV WASLFDOO\LQYROYHV MXVW

90 6FKHGXOLQJDQG 1RGH &RQILIXUDWLRQ =

‘HLQWURGXFH5HGXFHE0DAKAL QVIB$BKHGXOLQJDQG QRG
XUDWLRQ SROLF\WKDW WULHVY WR UHGXFH WKH FRVW IRU W'}
WKH UHIUHVK PDUJLQV RI'5$0V LQ DQ HEX FIBWH[GPRQ W M W K®
UHGXFHG PDUJLQV RI'530V RQ WRS RI 90 FRQVROLGDWLRQ )
WKH DSSUR®FKRDHYHU ZH SURSRVH FRVW GULYHQ KHXULVW
HGJH ZHDUHWKHILUVW WR SURSRVHD SROLF\WKDW FRQVL
RQ WRS RI90 FRQVROLGDWLRQ

50 '5$0LV H{HEXWHG DW WKH ERXQGDULHV RI VFKHGXOLQ
EDODQFHEHWZHHQ HQHUJ\ FRVW UHGXFWLRQ DQG WKH FRV
DSSO\LQJD VHW RI KHXULVWLFV WR VHOHFW D PDSSLQJ RI 91
'5$0 UHIUHVK SHULRG IRU HDFK QRGH ORUH VSHFLWMKH 00\
SROLF\H[HFXWHV D VHULHV RI VWHSY GHVFULEHG EHORZ

'XULQJ WKH ILUVW VWWH%VHTGXDRVERG RX QBIE\N RPHF®R Q
ILJXUDWLRQ QRPLQDO RUnUHBXHF$HHEQ GRHOMDFK MARFARH GLQJ W
90V RQ WKDW QRGH LQ WKH SUHYLRXV SHULRG

J)RU WKLV FRQILIXUDWLRQ QRGH RYHUORDGYV DUH LGHQW
90V DQG VSHFLILF 90V DUH VHOHFWHG WR EH DCOHO/FEED WHG \
WKLY VWHS LQ GHWDLO :H XVH WKH LQIRUPDWLRQ RI SDVW ¢



90 6FKHGXOLQJDQG 1RGH &RQILIJXUDWLRQ +50 '5$0

WR SUHGLFW &38 UHTXLUHPHQWVYV RIHDFK 90 GXULQJ WKH QH
RYHUORDGHG LI WKH H[SHFWHG &38 XWLOL]DWLRQ RI 90V D¢
XWLOL]DW L BQgW KILHWRK RYBIUORDGHG QRGHV DUH FKHENHG #
90V WKDW QHHG WR EH UHVFKHGXOHG LQDFRVW GULYHQPC
WR DQRWKHU QRGH DQG UHVWDUWHG RQO\ LI WKLV LV H[SHI
OHDYH WKH QRGH LQ DQ RYHUORDGHG VWDWH 7KH SROLF\ \
LQWURGXFH WKH ORZHVW FRVW OLQHV )LQDOO\ 90V VH
VHW R190V WKDW QH H & WsR @SchetiNifgk HIEX® W& H ZRUNORDG LV
DFFRUGLQJO\ 7KLVLVUHSHDWHG XQWLO QR90UHDOORFDW
RUWKHQRGHLQ TXHVWLRQLY QRORQJHU FRQVLGHUHG WR |

,Q WKH WKLUG VWHS WKH SROLF\DOORFDWHV WR QRGHYV
DOORFDWLRQ DQG QHZO\ DUULYLQVMEAOrSdhedlling )\ WWWH. Q0V L
GHFUHDVLQJ &38 XWLOL]DWLRQ RUGHU WR DOORFDWH WKHF
‘HHVWLPDWH WKH HITHFW RI DOORFDWLQJ WHKH SiQBWIKDQG
FRVWDQGG6/$ YLRODWLRQV FRVW DVDXIRWQVUNEKMERBRGH ZLO
FDOFXODWHG GXULQJ WKH VIM$NONS shedHigg, (D/FHKYSH) QW@ XADKCHO \ K R
RQWKHQRGHWKDW LQWURGXFHV W K HOOWaX(k MWy FinmkV)W LQFUH
FRPSOH[LW\Z UnWRVWHRRXBPEMIKDW ZLOOERAGHRWWHG RQ WKH

$W WKLV SRLQW WKHDOJRULWKP LGHQWLILHVRSSRUWXAQ
OHDVW XWLOL]HG QRGH LWFKHFNV ZKHWKHUDOO KRVWHG ¢
RYHUORDGLQJ WKHP 7KH GHVWLQDWLRQ QRGH IRU WKLV U
GLVFXVVHG SUB(FIbRX ¥ PBIOMKL W LXKMKIHHQ XPEHU RI WKH QR
GDWDFHQWUH

7TKHILQDO VWHS GHVFULEMGRLQ@OGIRKHWREWLPDO FRQILJ
GHQWO\IRUHDFKQRGH JLYHQ WKH90 SODFHPHQW IRU WKH
WLRQV IRU IXWXUH &38 UHTXLUHPHQWY RIHDFK 90 7KH RSW
WKHFRVWDW WKH QRGH OHYHO WKHUHIRUHIRUDIL[HG 90
HOQOWLUH GDWDFHQWUHDV ZHOO FRQVLGHULQJERWKHQHU.
FRVWYV $JDLQ ZH XWHR HYDWLPRP&H WKHFRVW IRUHDFK QRGF
DQG DSSO\WKHRQH WKDWLQWURGXFHV WKHORZHVW FRVW
ILUVW VWHS KRZHYHNSRN WRHAOWROD® HRXKIHIXUDWLRQ RI HC
WKHNQRZQ EHKDYLRURI90V GXULQJ WKH SUHYLRXV SHULR(
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$OJRULWKHUORDG GHWHFWLRQDQG 90 VHOHFWLRQ IRUUHD

, Q S XWWip
2 X W SV V MsForScheduling,

HVWLPDWH &36 XWLOL]DWLRQ
L > thr g WKHQ
| RUM,, LW, GR
Costfealloc i 1., SLAVrealloc
HQG IRU
Z K LHthr i GR
Costmin Costlw“p
VM realloc NULL
| RUM,, L@, GR
LCoste"e + Cost"® " VM™% < Costyn WKH Q
Costyi, = Costealoc + Costiwiip f VMmg
v Mrealloc \/ M
HQG LI
HQG IRU
LV Mrealecr = NULL WKHQ
Wi';‘;“ D G@Mredloc g
V MsForScheduling, D GGM"alccg
HOVH
EUHDN
HQG LI
UH HYDOXDWH
HQG ZKLOH
HQG LI

SRLQWIRUWKHQH[W SHULRG JLYHQ WKH SRWHQWLDOO\ GL
RIQHZ90V ZRUNORDG RIWKH QRGHIRUWKDW SHULRG DQG
RI'WKHZRUNORDG XVLQJ SDVWOY FRRIPFESIOW LIRQ\ 7KLV VWHS KL



&KDUDFWHUL]DWLRQDQG ORGHOLQJRI'5803RZHUDQG (L

$OJRULWKEH FRQILIXUDWLRQ IRUFRVWPLQLPL]DWLRQ

. Q S XWRP List
2XWSKRBGHFRQILJIX WRPHITRQ DW

Costyin 1
RpieffiCient Rpinominal
|RRP; LRPList GR
HV W ICR& W HDRP,
L Costynn > Cost"™ WKHQ
C0Stpmin Costlw’*i
Rpiefficient RP,
HQG LI
HQG IRU
FRQILJX u;HD@FER"

&KDUDFWHUL]DWLRQ DQG ORGHOLQJ F
(UURU %YHKDYLRU

7KLV VHFWLRQ SUHVHQWYVY WKH GHWDLOV RI WKH '5%$0 HUUI
RSHG IRU HUW@Pwmeer(RPi;p;ui;k) XQGHU YDULRXV UHIUHVK
(TXDWLRQWQG UHVSHFWLYHO\

‘530 HUURU PRGHOLQJ

‘HEXLOGD'580 HUURUPRGHO WKDW FRQVLGHUV QRW RQO\
IUHVK SHULRG DV S@LRXVERONRZRUNORDG VSHFLILFIHDW X
XVWRGLVWLQJIJXLVKWKH'530 UHOLDELOLW\EHKDYLRUEDVH
ODWHG LQ &0ORXG6LP DQG ZKLFK SURYLGHLQIRUPDWLRQDE
ZKLOH FRQVLGHULQJ UHFHQW ILQGLQJV WKDW VKRZ WKDW '
PD\YDU\E\ [ DFURVYV @R YRIWDRDEI>RXU PRGHO SUHGLFWYV D
PHWU ICE oy RREE IRy, UXQQLQJ RQGKHWLQRY FKH@XDILWWE SHUL
'5$0 RSHUDWLQJ DWRPH INGIE K5$H WLHRFRGT HM® I X U H

Metric = ML (MemR;Mem3$-; RP;,; TEMP)
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"5 %0 ' 00VRSHUDWLQJDW 0+] 7KHVHUYHU FDQ VXSSRU
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PHPRUHPHDVXUHWKHSRZHURIWKHG6R&DQG '5$0 XVLQJRQ
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UHOD[HG RSHUDWLQJSRLQWY ZHDOVR RSHUDWH '5$0 DW W|

9 ORZHU WKDQ WKH QRPLQDO 9 2XUVWXG\LQGLFDW]|
SRZHU ZLWK D QHJOLJLEOH LPSDFW RQ WKH QXPEHU RI'5%$0 }

7JRWUDLQWKH'580 HUURUEHKDYLRUPRGHO IRUGLIITHUHQ\
FRQWUROOHG WHVWEHG ZLWK KHDWLQJ HOHR® QW\X VDV GL
WKUHH WHP SHI0DV6XT B @G HMOK'DW DUH FRPPRQ LQ GHQVH VI
PHQWYV > @

,Q6HFWIZRIH[WUDSRODWH WR *% DV ZHOO LQRUGHUWRHYDOXDWH
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ORGHOLQJ'5%$03RZHUDQG 3RZHU DW WKH 30X
'5$0 SRZHU

'5$0 SRZHU YDULHV DFURVYV GLIIHWHQKR ZR KIRA RADKGHVP P 1 R
OD[DQGDYHUDJH '5$VHREKDQIHYV ZLWK WKHUHIUHVK SHULR
VXSSO\ YROWDJH ODQGWELFWNI WWH PD[LPXP G\QDPLF SRZHU
HISHULPHQWYV ZKLFK 8D 1LHQUEXUINKEG EUBWKAKBBHUHVSRQGV W
WKHG\QDPLF'5$0SRZHUDYHUDJHGRYHUDOOEHQFKPDUN U
DQG DYHUDJH '5$0 SRZHU FDQ EH UHGXFHG E\ DQG UH
RSHUDWH XQGHU UHOD[HG FLUFXLW SDUDPHWHUYV

JLIXUH D 7TKHPD[LPXPDQGDYHUDJH '580SRZHU E 6FDOL
ZLWKWKH UHIUHVK SHULRG F 6FDOLQJRI'530 SRZHU VDYLC

S3RZHU DW WKH SOXJ

)yLIXule FRPSDUHV WKH SRZHU VDYLQJV WKDW FDQ EH DFK
WLUH V\\PanNefRE; kHuix) E\ VFDOLQJ WKH UHIUHVK SHULRG XQGH
SRZHU DW WKH SOXJ KDV EHHQ PHDVXUHG XVLQJD GLJLWDO
VDYLQJV BUHXE WRDVXUH SRZHUDW WKH SOXJZLWK D IXOO\
LPHQWDO IUDPHZRUN ZH XVH RQO\ ',00V RU *% RI PHPRU\
LQ PRGHUQ GDWDFHQWUHY DUH HTXLSSHG ZLWK PDQ\ PRUH
SURYLGHG SRZHUJDLQ WKDW ZH PHDVXUH DW WKH SOXJ VFLC
EHURI'580 GHYLFHV XVHG EWFWAMKRZHWUR ZIMWKHI RZHU VDYLQJ
PHPRU\VL]H DVVXPLQJIXOO &38 XWLOL]DWLRQ 7R HVWLPD
SRZHU E\LQFUHDVLQJ WKH QXPEHU RI',00V XSWR 7% 1RW
OLQHDUO\ ZLWK WKH QXPEHNM RH VBIHGHKYOLWHNY\AWHP SRZHU V
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UHGXFHG PDUJLQV E\ VHWWLQJ WKH '5$0 UHIUHVK SHULRG D
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PHWULFVDFURVV DOO UXQV

7TRHYDOXDWH WKH HITHFW RI '5$0 RSHUDWLRQ DW UHGXFH
UHIUHVK SHULRG R PVDQG IRXU LQGIRPDWHWHNVHRMN @RGH G

DQG PV ZKLFK FDQ EHOF'IORUSIRGELNRYNR UHG XFH WKF
HQHUJ\FRQVXPSWLRQ ORUHRYHU ZH SHUIRUP VLPXODWLR
SDFLW\ +LJKHU '5$0 FDSDFLW\PD\RIIHU PRUH HQHUJ\JDLQ\
URULQFUHDVHV DV QRGHVDFFRPPRGDWHPRUHO90V ZLWK D ¢
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UHGXFHG PDUJLQV RIOWSBHUSROWPY 90 FRQVROLGDWLRQ DQG
VLRQIRULGHQWLI\LQJRYHUORDGHG QRGHV DQG VHOHFWYV |
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JRUIDLUQHVV ZHDVVXPH WK DW0®\KHA ®D OWDWMKLR QRN WU R FF
'5%0

SHVXOWV DQG 'LVEXVVLRQ

%RWK '5$0DQ®O0OPWDNH D WDUJHW QRGH XWLOL]DWLRQ DV
WKLV SDUDPHWHU LV WR JXDUXPEDLQGW \QRGIHHRNYWAR ORU SN
XWLOL]DWLRQ 7KHFRVW DZDU%096BBRBERREBYEDWLIRQY ERODM
WKUHVKROG +tDQG ULVN SD\LQJ6/$YLRODWLRQ SHQDOWLHV
DPRUHFRVW HIILFLHQW RSWLRQ FRPSDUHG WR UHDOORFD'
DFWLYDWLQJ PRUBOQB&EHAD VHQEKS ZLWK KLIJIKHU HIITHFWLY
XWLOLIDWLRQDQG OHVV DFWLYH QRGHYV 7KLV PDNHV HQHU
PDUJLQV KDUG WR GLVWLQJXLVKIURPHQHUJ\JDLQV GXH WR

,QDILUVW VHW RI H[SHULPHQWYV ZH IRFXV RQ WKH JDLQV
DWUHGXFHG PDUJLQV :HFRPSDUHH[HFXWLRQ ZLWK DSSUR
OL]DWLREPEQED '5%0 ZKLFK GR QRW QHFHVVDULO\ FRUUHVSHF
XWLOL]DWLRQ ORUH VSHFLILFDOO\ ZHPDQLSXODWH WKH >
HITHFWLYH XWLOL]DWLRQ RI DSSUR[LPDWHO\ IRUHDFK S|
PDO XWLOL]DWLRQ WDUJHWV RI WKH WZR SROLFLHV 7KLV F
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FDSDFLW\ 7KH FRVW LV EURNHQ GRZQ WR WKH FRVW RI HQH!
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\ D[LV FRUUHVSRQG WR WKH WRWDO HQHUJ\ FRVW RI HDFK
HQHUJ\FRURMRU QRGHV ZLWK *% '5$0 1IRWH WKDW RQHFDQ
RIGLITHUHQW JURXSV PHPRU\ FDSDFLWLHV LQD GLUHFW Z
WKHLU VLIHUHODWLYHO\WR WKHFRUUHVSRQGLQJUHGOLQ
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UHIHUHQ@PRRU  *%

'HREVHUYIO WOMDWXFFHVVIXOO\H[SORLWY WKHUHGXFHG F
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WHPSHUDWXUHY FRVWJDLQV GXHWRUHGXFHG PDUJLQV DU

,QDVHFRQG VHULHV RI H[SHULPHQWYV ZH VWXG\WKH FRP
UHGXFHG PDUJLQV DQG 90 FRQVROLGDWLRQ VHWWLQJ WKH

IRUERWK DSSOLFDWQRARWWLDWHY WKH FRVW EHQHILW E
OLQH\O RI$0Z U/WOPMU WKH IRXU GLIIHUHQW PHPRU\FDSDFI
VHUYH D FOHDU WUDGH RIl EHWZHHQ WKH FRVW RI UHDOORF
QRGHRYHUORD GO0 RRQVEHTRBWNRWR LQFUHDVH WKH ORDG R
RYHUORDG WKHP + WKXV GHFUHDVLQJERWK 90 UHP@ORFDW.L
'5$0 VZLWFKHV RIl BB FRUBIRGHV FRPSOREMBGZD MK HY HV
3484% HQHUJ\ UHG X FW LEFPRRRPYNUDRR UHGXFHG PDUJLQV DQ
FRVW DZDUH 90 FRQVROLGDWLRQ

2XU SROLF\VXFFHHGY WR UHGXFH WKH FRVW IRUDOO '5%$0
JUOPWKH FRVW UHG XFWI0R QUERS3JRY DWRFUDJH GHSHQGLQJR
'5$0 FDSDFLW\DQG WHPSHUDWXUH $ODUJHU'5$0 FDSDFLW\
FUHDVLQJWKHFRVW WKDQNV WR FRQILIXUDWLRQ DW UHG XF
WKH SUREDELOLW\RIHUURUV WKXVLVDVVRFLDWHG ZLWK D
FRVSOV'5$0FRQILIJXUHV QRGHVY PRUH DJJUHVVLYHO\DW UHG X
SUREDELOLW\RIHUURUVI30\DQEBZ DARZG YWKH EBYMIHLR NV SRW H
ORDGV GXH WR HUURU UDWH GHYLDWLRQV UHODWHG WR DS
70 & ZKHUH WKH H[SHFWHG HUURU UDWH LV KLJKHU DQG WKH
50 '5$0LV PRUH FRQVHUYDWLYH $V D UHVXOW LW FRQILJX!
KRZHYHU DW WKH H[SHQVH RI VOLJKWO\ KLJKHU HQHUJ\ DQG
QRGH FUDVKHV LQ WK& MV RIBAYBWLR OVIDWKHY ZHUH REVHUYH
WHPSHUDWXUHYV

JLIXUNWNKRZV WKHSHUFHQWDJHRIQRGHYV FRRPIV HXWWHIGCQN R F
IRUGLITHUHQW '580 FDSDFLWLHVDQGWHPSHUDWXUHV $V HJ
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Figure 6.6: Percentage of nodes configured to each refresh period setting (RP ) for different

DRAM capacities and temperatures.

affecting the selection of RP is temperature. At 50 C and 60 C almost all the nodes are
configured at reduced margins, however at different refresh rates. At 50 C, the three highest
refresh periods are equally preferred. This is expected, as — at 50 C — they result to almost
the same power gains, and very similar average error rates, making the error deviation due
to application- and DIMM-to-DIMM-variance a dominant factor in the selection. At 60 C
error rates increase, and RM-DRAM avoids configuration at the highest RP, as it deems that
energy gains will not outweigh the penalty costs. At 70 C, where the probability of UEs
also increases, RM-DRAM configures some of the nodes at the nominal settings, the other
dominant refresh period being 618ms, which is the most conservative of the ones considered

in the experimental evaluation.

6.5 Related Work

As discussed in the previous chapters, much of the previous research efforts on energy
efficient cloud computing have proposed techniques such as power-aware VM consolida-
tion to pack VMs to as few nodes as possible to enable unused nodes to go to a low-power
mode [19]. More recent works introduce optimized VM consolidation algorithms that target
the reduction of migrations [28,54]. Also, the support of DVFS [41,42] on modern processors
can improve the energy efficiency.

The previous techniques may adversely affect performance and Quality of Service (QoS)
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to the extent that they may break SLAs contracted to the Cloud provider. This is further com-
plicated by the dynamically changing workloads and resource requirements. [|18] combines
DVFS with a VM consolidation policy to reduce power consumption while preventing perfor-
mance degradation considering the DVFS configuration that would be necessary to maintain
Quality of Service. In this work, to isolate the effects due to the exploitation of memory mar-
gins and cost-aware migrations (rather than due to CPU techniques for energy efficiency),
we compare RM-DRAM against [[19] (rather than [[18]).

Going beyond DVFS, in our previous chapters, we have shown that the conservative CPU
voltage margins can be exploited on top of VM consolidation to further improve energy ef-
ficiency, by selectively placing VMs on nodes where the CPU is undervolted in a controlled
way to save energy without compromising performance. In this work, we focus on DRAMs
rather than CPUs. On CPUs, manifested errors usually result to node crashes or SDCs. Mem-
ory behavior is more graceful; the probability of errors can be modeled, and CEs manifest at
rates that are orders of magnitude higher compared to UEs, for realistic operating tempera-
tures and educated configuration at reduced operating points. This, in turn, calls for a signifi-
cantly different system model and the design of suitable workload- and system-management
policies. Moreover, in this work, we combine DRAM operation at reduced margins with
cost-aware, rather than threshold-based VM migration heuristics.

In our evaluation framework rather than using workload unaware DRAM error models as
in existing studies [43,44,45,46], we extend our recent workload aware DRAM error model
with power values and retrain it to consider features that are highly correlated with DRAM

reliability but can also be considered by the relevant input traces in CloudSim.



Chapter 7

Heterogeneity and approximate

computing for energy efficiency

In this Chapter, we answer the questions ”Can we apply approximate computing on HPC
applications and provide a trustful output?” and "What are the gains of the combination of
heterogeneous and approximate computing for HPC applications?”’.

Approximate computing comes to relax some of the computations of the applications to
improve the energy efficiency. It is based on the observation that the quality of the output
is not equally affected by all the parts of the application [95]. There are several application
domains, such as simulations, computer vision, etc. that can benefit from approximate com-
puting, as the relaxation of some of their computations may improve the energy efficiency

without sacrificing the quality of the output.

Hardware heterogeneity is another approach to improve performance per Watt. This is a
popular path, and the exploitation of heterogeneity and accelerator-based systems (usually
GPUs) which combine different architectures, each appropriate for specific computational
patterns, can improve the energy efficiency of HPC applications. Moreover, GPUs offer much
more computational cores than a typical CPU with a slightly higher power consumption. This
makes GPUs superior in terms of performance per Watt, and if an application has a high
amount of parallelism and the computational pattern is GPU-friendly, the energy gains may
be significant.

Therefore, we investigate if approximate computing can improve the energy efficiency
without heavily penalizing the quality of output for HPC applications. On top of that, we

combine approximate computing with heterogeneity to enable further energy gains for HPC

101



102 Chapter 7. Heterogeneity and approximate computing for energy efficiency

Table 7.1: List of benchmark applications and their characteristics.

Input Approximation
Program Domain Iterative Quality Metric
Dependent Type
Smallpt | Scene Renderer X v Drop PSNR
LULESH | Physics simulation X X Drop Relative error
PBPI Bio-informatics X X Drop Similarity of trees
CG Numerical solver v v Lower accuracy Relative error

applications. The main contributions of our work are the following:

* To the best of our knowledge, this is the first work that investigates the effectiveness
of the combination of heterogeneity and approximate computing in HPC applications

considering also the trade-off between energy consumption and quality of the output.

* We evaluate our approach using both large-scale and kernel-scale applications to pro-
vide more realistic results, delivering also versions of the application that combine

heterogeneity with approximate computing.

7.1 Applications

In this section we provide an overview of applications we used to examine the bene-
fits of heterogeneity and approximate computing, and we briefly discuss the essence of the
approximation techniques we applied. Table [/.1] summarizes the applications and the respec-
tive application domains. For each application, the first two columns provide information on
algorithmic characteristics, namely whether the application is iterative — in the sense of per-
forming steps to converge to a solution, not including applications which perform time steps
— and whether its behavior is input — instead of input size — dependent. The last two columns
provide the approximation technique(s) and the quality metric used for the evaluation of re-

sults.

7.1.1 Smallpt

Smallpt [63] is a global illumination renderer that produces high quality scenes. The input

is a plain text description of the scene, containing locations for a variety of objects, light
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sources, camera positioning and reflection types of the light (diffuse, specular) and refraction.
The application renders the corresponding output scene (image) per pixel.

The core computation uses the path tracing algorithm [64] iteratively. Each iteration re-
calculates and smoothens the current scene using additional rays. The algorithm updates each
pixel of the scene computing an average color value by successively combining the effect of
a number of rays in a Monte Carlo fashion.

Approximation: The approximate computation implements the direct lightning method [65],
assuming that a ray from a light source travels directly to the destination point. In other words,
the approximate version ignores the diffuse reflections, thus it is less computationally inten-

sive compared with the accurate execution which takes into account all types of reflection.

7.1.2 LULESH

Lulesh [66] is a hydrodynamics physics simulation that solves the Sedov blast wave prob-
lem for a liquid in the 3D space using Lagrangian hydrocodes. Lulesh exploits the fact that in
hydrodynamics, liquids exhibit boundary conditions [68], and due to symmetry, it partitions
the original domain into sub-domains solving the problem in one sub-domain (one octant of
the initial domain). This is the computational region, and Lulesh solves the problem using
staggered mesh approximation [67], where the mesh is structured by cubes, and the edges
are known as nodes and their centroids as elements. We have two types of variables: a) the
thermodynamic variables such as energy and pressure , and b) kinematic variables such as
position and velocity. Lulesh calculates the thermodynamic variables at elements, while the
kinematic ones are calculated at nodes. All the variables are initialized to zero, except from
the position of the nodes and the volume of the elements. Finally, as the blast takes place in
the center of the initial domain, Lulesh sets an initial value to the energy of the element that
lies closest to the blast.

A common practice in hydrodynamics simulations is to organize the solution of the prob-
lem in a sequence of discrete time steps. Lulesh defines an explicit time stepping algorithm
and advances to the next time step th+1 = t, + 1, to update the variables, where n is the
step number and  t, is the time increment. Then, Lulesh calculates the force at each mesh
node, considering the hourglass filter contribution. Finally, it calculates the new values of
the node variables (acceleration, velocity, position) in order to update the element variables

(artificial viscosity, pressure, energy).
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Approximation: In Lulesh, we introduce two approximations:

» We eliminate the contribution of the hourglass force for the elements that are located
far from the blast. This calculation is one of the most time consuming functions, and
it is required for the elements that are close to the blast. Our rationale is that dropping
this computation for the elements that are far from the blast is not expected to affect

solution quality significantly.

» We forward time faster (increase t,), as Lulesh exhibits energy conservation.

7.1.3 PBPI

PBPI [69] is a high performance implementation of the Bayesian phylogenetic inference
method for DNA sequence data that estimates the likelihood of phylogenetic trees. The appli-
cation computes the tree that best represents the phylogeny according to the tree likelihood.
PBPI starts from random phylogenetic trees where they get accepted or rejected according
to their likelihood, given an iterative evolutionary process. At each iteration, the tree with
the best likelihood is modified and re-evaluated. PBPI also implements a Bayesian inference
algorithm, combined with Monte Carlo Markov Chains (MCMC).

The application uses the Felsenstein’s algorithm [[70] to estimate the likelihood of a phy-
logenetic tree. This algorithm traverses the phylogenetic tree in post order to compute the
conditional probabilities of the molecular sequence alignment of each internal node, from the
corresponding conditional probabilities of its children. These calculations take under consid-
eration the probability of a nucleotide to remain the same (likely) or any mutation (unlikely).
These calculations are propagated to the root where the likelihood of the current tree is esti-
mated.

Approximation: PBPI is very sensitive to errors. However, we introduce an approximate ver-
sion where we drop some calculations of the conditional probabilities of each internal node.
We cannot drop the calculation of the probability of a nucleotide to remain the same because
it is high, hence we drop the calculations of the probabilities of some mutations. Specifically
any of the three mutations may happen to a nucleotide but there is a large difference between
the most probable mutation in contrast with the one that is less probable. Therefore we find

the mutations that have low probability and drop their calculations.
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7.1.4 Conjugate Gradient

Conjugate gradient (CG) is a numerical solver for systems of linear equations. The system
has the form Ax = b, where A is a square, symmetric and positive-definite matrix, X is the
unknown vector and b is a known vector. The algorithm stops when it reaches convergence
within a tolerance value, or executes the maximum number of iterations allowed by the user.

CG calculates a new value of the coefficient in each iteration as shown in equation [7.1].
This computation is one of the most time consuming parts of the algorithm. is used in
Equations [7.2 and 7.3, to calculate the new estimation of the solution vector X and the residual

vector I (used to evaluate convergence) respectively, where p is one more conjugate vector.

e
k= (7.1)
pIApk
Xk+1 = Xk + kP (7.2)
Nk+1 = Ik kApk (73)

Approximation: We implement CG using mixed precision [[71]. Computations that are not
crucial for the quality of the final solution are implemented using single-precision floating-
point, whereas the rest of the algorithm is implemented in double precision. More specifically,
we calculate in single precision floating point, as it is the most time consuming part of the
algorithm and — at the same time — the estimation of X is not overly sensitive to the exact

value of alpha.

7.2 Evaluation

The experimental evaluation was carried out on a dual-socket system equipped with two
Intel Xeon E5 2695 processors, clocked at 2:3 GHz, with 128 GB DRAM and an NVIDIA
Tesla K80 GPU. The operating system is Ubuntu 14.04 server, using the 3.16 Linux kernel.
Applications of our benchmark suite utilize one GPU chip of the K80, therefore the combina-
tion of two CPUs results to more power consumption. To calculate the energy consumption
on GPU, we measure the power drain with the interval of 2 ms using NVML [72] and multi-
ply the average by the execution time. On CPU, we utilize the Running Average Power Limit
(RAPL [[73]]) counters to measure the energy consumption on each socket.

For each application we provide a spider plot with 5 axes. Applications are executed on

CPU and GPU at different degrees of approximation (corresponding to different lines in the
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plot). We report the impact of approximations on energy efficiency for CPU and GPU w.r.t.
the accurate execution on the same device (Energy Improv % (CPU) and Energy Improv %
(GPU) axis respectively) and on quality w.r.t. the accurate execution (Quality % (w.r.t. ac-
cur.) axis). Moreover, for each approximation level, we report the energy gain on the GPU
w.r.t. the CPU version at the same approximation level (Energy Gain % (GPU w.r.t. CPU)),
to identify cases where there are device-specific variations in the energy efficiency between
the accurate vs. the approximate version. The last axis (Energy Gain % (GPU w.r.t. CPU ac-
cur.)) reports the energy gain of the GPU approximate execution (again at different degrees
of approximation) w.r.t. the accurate execution on the CPU. This metric quantifies the com-
bined energy gains of both heterogeneity and approximate computing over a conventional
execution.

As a general observation, we find that in most applications it is possible to improve the
energy efficiency both by exploiting heterogeneity and by using approximate computing at

the expense of a controlled reduction in the quality of results.

o
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Figure 7.1: (b)) Smallpt evaluation, (B}) LULESH evaluation

7.2.1 Smallpt

We evaluate Smallpt using the input files included in the original source code, rendering
scenes of 1280 1024 pixels for 300 iterations. We evaluate the quality of results using the
PSNR of the scene on the last (more refined) iteration of each execution. For illustration

purposes we limit the PSNR value of the accurate execution to 48 dB instead of 1.
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