$EVWATBIFWQRORJ\ KDV TXLFNO\ SURJUHVVHG ZLWK WKH DLG RI WKH
FRQWLQXDWLRQ RI ORRUHYV ODZ ZKLFK VWDWHV D GRXEOLQJ RI WUDQVLVWRU
GHQVLW\ HYHU\ WZR \HDUV +RZHYHU WKH FRPSOHPHQWLQJ SULQFLSOH RI
ORRUHYTV /DZ WKH 'HQQDUG 6FDOLQJ ZKLFK VWDWHV WKDW SRZHU
GHQVLW\ ZRXOG VWD\ FRQVWDQW DV WUDQVLVWRU VL]HV VKUXQN VWRSSHG
EHLQJ WUXH LQ :LWK WKH EUHDNLQJ GRZQ RI 'HQQDUG 6FDOLQJ

QHZ FKDOOHQJHV ZHUH LQWURGXFHG LQFOXGLQJ LQ SRZHU PDQDJHPHQW
DQG KHDW GLVVLSDWLRQ SDUWLFXODUO\ IRU VPDOOHU GHYLFHV OLNH
HPEHGGHG V\VWHPV 7KLV XVKHUHG LQ D VHDUFK IRU LQQRYDWLYH
VROXWLRQV HYHQWXDOO\ OHDGLQJ WR KHWHURJHQHRXV GHVLJQ ZKHUH
YDULRXV SURFHVVLQJ XQLWV OLNH &38V *38V DQG )3*$V DUH
LQWHJUDWHG LQWR D VLQJOH GHYLFH :LWK WKH LQWURGXFWLRQ DQG
DGYDQFHPHQW RI KHWHURJHQHRXV V\VWHPV QHZ FDSDELOLWLHV DUH
EHFRPLQJ SRVVLEOH ZLWKLQ VPDOO EXW IDVW DQG HQHUJ\ HIILFLHQW
GHYLFHV +RZHYHU ZLWK WKH KLJK FRPSOH[LW\ Rl WKH V\VWHPV DQG ZLWK
WKH SRZHU DQG KHDW GLVVLSDWLQJ FRQVWUDLQWY PXOWLSOH FKDOOHQJHV DUH
LQYROYHG ,W LV YLWDO WR KHOS DGYDQFH KHWHURJHQHRXV HPEHGGHG
VIVWHPV VLQFH LW LV VXFK YHUVDWLOH WHFKQRORJ\ DGYDQFLQJ
KHWHURJHQHRXV VIVWHPV FDQ KHOS SURSHO YDULRXV VHFWRUYV

.H\ZRUGV FRPSRQHQW KHWHURJHQHLW\ HPEHGGHG V\VWHPVY LQHUQHW
RI WKLQJV ,R7 SRZHU FRQVWUDLQWY KHDW GLVVLSDWLRQ
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7TKH LOWURGXFWLRQ RI KHWHURJHQHLW\ DGGUHVVHV VHYHUDO FULWLFDO
FKDOOHQJHVY WKDW ZHUH QRW SURSHUO\ DGGUHVVHG E\ KRPRJHQHRXYV
PXOWLFRUH VROXWLRQV RU 3GDUN VLOLFRQ® SUDFWLFHV > @
+RPRJHQHRXV VROXWLRQV EHFDPH ZDVWHIXO E\ DOO FRUHV EHLQJ
DYDLODEOH IRU XVDJH EXW QRW EHLQJ IXOO\ XWLOL]HG +RPRJHQHRXYV
V\VWHPV DUH OLPLWHG GXH WR WKHUPDO FRQVWUDLQWY ZKLFK UHTXLUH
WKHUPDO WKURWWOLQJ > @ 7KHUPDO WKURWWOLQJ LV WKH SURFHVV RI
ORZHULQJ WKH FRPSRQHQWYV FORFN VSHHG IUHTXHQF\ WR VORZ GRZQ
SURFHVVLQJ +RZHYHU WKLV ZRXOG FDXVH VLIJQLILFDQWO\ ZRUVHQHG
SHUIRUPDQFH > @ $V WHFKQRORJ\ KDV DGYDQFHG WR LQYROYH
PXOWLSOH KLJK FRPSXWLQJ VSHFLDOWLHYV VXFK DV DUWLILFLDO
LOWHOOLJHQFH JUDSKLFV UHQGHULQJ DQG UHDO WLPH GDWD SURFHVVLQJ
LW KDV EHFRPH LPSRUWDQW WR EH DV HIILFLHQW DV SRVVLEOH > @

+HWHURJHQHLW\ ZDV LQWURGXFHG DIWHU WKH UHDOL]DWLRQ WKDW D RQH
VL]H ILWV DOO DSSURDFK WR SURFHVVLQJ HOHPHQWY LV QR ORQJHU
VXIILFLHQW WR PHHW PRUH VSHFLILF IXQFWLRQDOLWLHYV 7TKXV
KHWHURJHQHRXV V\VWHPV DQG WKHLU XQGHUO\LQJ FRQFHSWYV KDYH
HPHUJHG DW WKH IRUHIURQW RI DGYDQFHG FRPSXWLQJ $W WKHLU FRUH



x 'LIJLWDO VLIQDO SURFHVVRUV '63V

X 6SHFLDOL]HG DFFHOHUDWRUYV

$00 XQLWV ZRUN LQ FROODERUDWLRQ ZLWK RQH DQRWKHU DV SDUW RI
WKH VDPH VA\VWHP EXW KRZ HI[DFWO\ WKH\ DUH LPSOHPHQWHG GHSHQGV
RQ WKH VSHFLILF XVH FDVH

SHUIRUPDQFH KHWHURJHQHLW\ RFFXUV ZKHQ FRUHV KDYH WKH
VDPH LOQVWUXFWLRQ VHW DUFKLWHFWXUH EXW KDYH GLITHUHQW XQGHUO\LQJ
PLFUR DUFKLWHFWXUHV > @ 6KDULQJ WKH VDPH LQVWUXFWLRQ VHW
DUFKLWHFWXUH EXW KDYLQJ GLIIHULQJ PLFUR DUFKLWHFWXUHV JLYHV
DGGHG IOH[LELOLW\ LQ WKH DUHDV RI H[HFXWLRQ HIILFLHQF\ SRZHU
FRQVXPSWLRQ DQG RYHUDOO SURFHVVLQJ FDSDELOLWLHV +DYLQJ
GLIITIHUHQW PLFUR DUFKLWHFWXUHYVY DOORZV V\VWHPV WR XWLOL]H WKH
VSHFLILF DUHDV LQ WKH V\VWHP WKDW EHVW ILW ZKDW LW LV EHLQJ XVHG
IRU )RU H[DPSOH RQH PLFUR DUFKLWHFWXUH PD\ RIIHU KLJK
WKURXJKSXW ZKLFK ZRXOG EH EHQHILFLDO IRU FDVHVY WKDW UHTXLUH



HITLFLHQW V\WWHPV $FKLHYLQJ WKLV VRXQGV JUHDW DQG LV D
SRVVLELOLW\ ZLWK WKH FRQWLQXRXV VKULQNLQJ RI WUDQVLVWRUV DQG
LPSURYHG VLOLFRQ PDQXIDFWXULQJ SURFHVVHV 7KLV DOORZV IRU
LPSURYHG V\VWHPV ZKLOH PDLQWDLQLQJ FKHDS FRVWY +RZHYHU
SURGXFLQJ WKHVH SURSRVHG KHWHURJHQHRXV V\VWHPV LV HDVLHU VDLG
WKDQ GRQH ,PSOHPHQWLQJ KHWHURJHQHLW\ LQ WKHVH VA\VWHPV EULQJV
DERXW VHYHUDO XQLTXH FKDOOHQJHV ([SORULQJ WKHVH LVVXHV DV ZHOO
DV VRPH SURSRVHG VROXWLRQV JLYHV D EHWWHU LGHD RI WKH FXUUHQW
VWDWH RI DSSO\LQJ KHWHURJHQHRXV LQ HPEHGGHG DQG ,R7 VI\VWHPV

A. Software Complexity

+HWHURJHQHRXY KDUGZDUH DUFKLWHFWXUH LV KLJKO\ FRPSOH[ DV

PDQ\ PLFUR DUFKLWHFWXUHY DQG GHYLFHY DUH LQWHUFRQQHFWHG LQ WKH
VDPH V\VWHP :LWK WKLV KDUGZDUH FRPSOH[LW\ DOVR FRPHV
VRIWZDUH FRPSOH[LW\ ZKLFK LV PRUH GLIILFXOW WR DGGUHVV > @
&RPELQLQJ WKH GLYHUVLW\ EHWZHHQ WKH KDUGZDUH DQG VRIWZDUH
DUFKLWHFWXUHY FUHDWHVY SUREOHPV FRUUHVSRQGLQJ WR WLPH WR
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UHDO WLPH ,QVWHDG RI XVLQJ WKH m -
GLIIHUHQW FRUHV DUH XVHG ZKLI L -
IXQFWLRQDOLWLHYV > @ 7KH PRVW D¢ 1o/ / g E
RQ ZKDW LV QHHGHG 7KLV UHVXOW__ /L~ /

KLJK SHUIRUPDQFH H[HFXWLRQ > @ B -
3RZHU DQG KHDW PXVW EH PRQLW ‘

DERYH WKH WKHUPDO GHVLJQ SRZ
LPSRUWDQW WR QRW H[FHHG WKH SR
GHYLFH WR DYRLG KDUGZDUH GDPDJ)mese

HYHQ IXO0 VKXWGRZQ > @

$ VROXWLRQ WR OLPLWLQJ KHDW GLVVLSDTW R TV WEKHIBDY WEOIRW R &V
7KLV LV WKH SURFHVV RI ORZHULQJ D FRPSRQHQWSYV FORFN

VSHHG IUHTXHQF\ WR PHHW WKH UP D G. DRIQetkatidPo\@Cuhsm@on, HEazhisvipation, #ud< L \V
KDV LWV GRZQIDOOV DV LPSOHPH QParfor@ance Wre&henDO WKURWWOLQ J

VLIQLILFDQWO\ LPSDFWV FR H[HFXWLRQSHHRYPRAHHW BN B Y \KWWRURIHQH
GHFLGHV ZKHQ WR WULJJHU WKHUP DG WKW W EQdH 6 WSEIQGLBD B RR W KL w
LPSRUWDQFH RI PDLQWDLQLQJ D EDORWFd whWZHGIRFSH Y kR ERDOFRFRYGRUV T
WHPSHUDWXUH FRQWURO > @ +RZHYHAK EPVBEQRE YWY G UPGFEPEDY WK U K w\
EHWWHU WR OLPLW WKHUPDO WKURWWDIL@UPYPKFK BN HBRYMYRO WP Q& HLRY We
FKRRVH WKH EHVW DSSOLFDWLRQ | pdR¥WkRQw RRWKRSWPPH- QUSHHGXS D

Fa

KHWHURJHQHLW)\ JLUVW WKH UXQWLPH DQG UXQWLPH LP
E\ UXQQLQJ VHYHUDO FRPSXWLQJ WL

GHPRQVWUDWHG LQ )LIJXUH 7KH [ DJ

9 S(6(s5&45(68/76 FRPSXWLQJ WDVNV RU EHQFKPDUNV 7KI

A. Solving Software Complexity UXQWLPH IRU HDFK FRPSXWLQJ WDVN L¢

6RIWZDUH FRPSOH[LW\ LV D GDXQWLRIIDXYEYHWR R¥XQWAPHHLE RYRYHPHQW
KHWHURJHQHRXV V\VWHP GHVLJQ EYW SUWYNOYRM WKgo U XW W LK IRpYQW KH FRI
+VLQ )DQ HW DO SURSRVHG DQG WHWWH&3® BRERR P PFIcRUPRWZEOH UHSU
VIQWKHVLY PLGGOHZDUH WR UHVSRDORP VRV WRJIHWDMN g HRp RIHHFX VER G RQ W
VRIWZDUH FRPSOH[LW\ > @ 7KLV PE88/HrPWHWHQ WV A HR DR WRHG UXQW
LQFOXGHG DXWRPDWLFDOO\ JHQHUDWS PN H \RRWPHFR Qe wzibih 4 U B\RPRU UHS U}
EHQHILWY RI DGRSWLQJ PLGGOHZDUH RF KREHEHHEF LW H BV ZKGKO X§HQJ D |
WKDW LW DGGV FRQYHQLHQFH E\ DGGQ%ERJPQQUFLQG’VB P QIp@EH RO dE- VOgHU
UHFRQILJXUDELOLW\ DGGLQJ VEDOBE LY MY DJIHp URpydi® HQMW TRU WKH
WUDQVSODQWDELOLW\ > @ 7KH DXWKRYVVEYWXQWHIT b¥ & PwlR WHes Z i@ 0/
PLGGOHZDUH VFKHPHV LQWHQGLQJ thé\AFLN%Ei/\ﬁBMWMLW iR VBERERRA WA RW
WKHLU VRIWZDUH VI\QWKHVLV PLGGOH2MWH P7KkQF Yirk\EHE W K €@ WHEHL U Qv WK\ VF |
XVLQJ WZR V\VWHPV )LUVW DQ H ERRE V3§ wHP V)GCHKARR VW UR MW ERWK SU
DOORZV UHDGLQJ IURP D JUDSKLFDO %HQ FBRRHWQDEH "4 MROIED BVGWHR WK Z
SKRWR IUDPH )LIJXUH E WKDW VFURRW KUK 1EHEW E K@ HW K Hy IR LQ V)
DSSOLFDWLRQV ZHUH LPSOHPHQWH&ERUNGBDES \RRQwWPD YHQY BHARIRH VV RU
PLGGOHZDUH HPEHGGHG /LQX[ 26 SHUIRYBBRHH (GHMYIHDW GLVVLSDWLR(
VIVWHP DQG PLQL*8, 6RIWZDUH V\QRVRHBREV VRIRW PREGBRARPBUOGE
ZDV XVHG WR DXWRPDWLFDOO\ JHQHUD WHVYRW £RUW Kt J UPSHK WikRWPRPQ EF
%RWK VWXGLHG V\WVWHPV ZHUH FUHDWH{HGVNDbbG & p Wdkiw 1R3Bw REQ WR B HH ERW &
IXQFWLRQDOLW\ ZKLFK GHPRQVWUDWHR? 30y b& (WY Xk KRR VRHIWAHIY W KD ¢
VIQWKHVLVY PLGGOHZDUH zZDV D VXFFH\RY UHWXOWKIHY F DX HEo RAVZ KW (WKH W
GHPRQVWUDWHG WKDW WKH VRIWZD¥HI KA SWEH VFIRR WM HR/ly %LR%K&W@XW

LVVXHV FRQFHUQLQJ WKH KLJK VRX@WHSQH KRAPEAQHYWO RRW FDO
KHWHURJHQHRXV V\VWHPV FDQ EH SDUDOOL]JHG ZKLFK LV D WDVN V

7KLV LV ZK\ WKH *38 UXQWLPH LV PXFK
FRPSDUHG WR WKH RWKHUV 7KLV IXUWK
D KHWHURJHQHRXV V\VWHP WKH FRUUF
HIHFXWLRQ ZKHQ LW LV PRUH EHQHILFLELC
XWLOL]HG WR WDNH DGYDQWDJH RI LW
6LPLODUO\ ZLWKLQ D KHWHURJHQHRXV '



FDQ EH XVHG GHSHQGLQJ RQ ZKHQ HDFK RI LWV VWUHQJWKY FDQ EH
XWLOL]J]HG GXULQJ UXQWLPH

JLIXUH &RPSDULQJ SURFHVVRU UXQWLPH ZKHQ UXQQLQJ GLIITHUHQW WDVNV > @

1IH[W VSHHGXSV EHWZHHQ GLITHUHQW KHWHURJHQHRXYV
FRQILIXUDWLRQV DQG D VLQJOH &38 FRQILIXUDWLRQ ZHUH FRPSDUHG



RI VPDOO FRPSXWHUV OLNH HPEHGGHG V\VWHPV EXW DOVR



