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$EVWUDFW

)DVW HYDOXDWLRQ RI IXQFWLRQDO DQG WLPLQJ SURSHUWLHV LV EHFRPLQJ D

NH\ IDFWRU WR HQDEOH FRVW�HIIHFWLYH H[SORUDWLRQ RI PL[HG KZ�VZ GHVLJQ

DOWHUQDWLYHV IRU HPEHGGHG DSSOLFDWLRQV� 7KH JRDO RI WKLV SDSHU LV WR

SUHVHQW D PRGHOLQJ VWUDWHJ\ WR VSHFLI\ IXQFWLRQDOLW\ DQG WLPLQJ

SURSHUWLHV RI XQFRPPLWWHG PL[HG KZ�VZ V\VWHPV� ,Q DGGLWLRQ� WKH

SDSHU SURSRVHV D VLPXODWLRQ DOJRULWKP DEOH WR SHUIRUP IDVW KLJK�OHYHO

VLPXODWLRQ RI WKH V\VWHP E\ WDNLQJ LQWR DFFRXQW WKH LQLWLDO KZ YV VZ

DOORFDWLRQ RI V\VWHP PRGXOHV� 7KH UHODWHG &$' VLPXODWLRQ

HQYLURQPHQW DOORZV WKH GHVLJQHU WR DFFHVV SURILOLQJ LQIRUPDWLRQ ZKLFK

FDQ EH XVHIXO WR UHPRGHO WKH V\VWHP WR PHHW WKH IXQFWLRQDO�WLPLQJ JRDOV

DV ZHOO DV WR GULYH WKH IROORZLQJ KZ YV VZ SDUWLWLRQLQJ DFWLYLW\�

([SHULPHQWDO GDWD REWDLQHG E\ UHHQJLQHHULQJ DQ LQGXVWULDO GHVLJQ DUH

DOVR LQFOXGHG LQ WKH SDSHU�

���,QWURGXFWLRQ

7KH ULVH LQ JOREDO FRPSHWLWLRQ KDV GUDPDWLFDOO\
VKRUWHQHG WKH DYDLODEOH SURGXFW GHYHORSPHQW WLPH >�@�
0L[HG KZ�VZ DUFKLWHFWXUHV DUH EHFRPLQJ FRPPRQ LQ RUGHU
WR WUDGHRII SHUIRUPDQFH DQG FRVW DQG WKH ERUGHUV DPRQJ

WKH W\SLFDO GHVLJQ IORZ DFWLYLWLHV DUH YDQLVKLQJ� IUHTXHQWO\

SDUWLWLRQHG LQ DUFKLWHFWXUH GHILQLWLRQ� IXQFWLRQDO GHVLJQ�

LQGHSHQGHQW KZ DQG VZ GHYHORSPHQW� V\VWHP LQWHJUDWLRQ

DQG JOREDO GHEXJ >�@� 8QIRUWXQDWHO\� WKLV FODVVLFDO DSSURDFK

VXIIHUV RI D QXPEHU RI GUDZEDFNV� WKH PRVW UHOHYDQW RQH

EHLQJ WKH VKLIWLQJ RI D VLJQLILFDQW SDUW RI WKH V\VWHP WXQLQJ

DQG GHEXJ DW SURWRW\SLQJ WLPH�

8QGHU WKH ('$ SRLQW RI YLHZ� WKH SUREOHPV LQ

GHVLJQLQJ HPEHGGHG V\VWHPV FRYHU WKH FDSWXULQJ RI

FRQVWUDLQWV ERWK RQ EHKDYLRU DQG WLPLQJ�UHODWHG LVVXHV�

VFKHGXOLQJ� KZ YV VZ SDUWLWLRQLQJ� V\QWKHVLV RI &38 FRGH�

LQWHUIDFHV DQG KDUGZDUH SDUWV� $OO WKHVH DVSHFWV� VKRXOG EH

VXSSRUWHG E\ DQDO\VLV� VLPXODWLRQ DQG GHEXJJLQJ DFWLYLWLHV�

SRVVLEO\ WKURXJK PHWKRGRORJLHV HDV\ WR EH LQWHJUDWHG LQ

LQGXVWULDO &$' HQYLURQPHQWV DQG LQ SDUWLFXODU H[SORLWDEOH

GXULQJ WKH HDUO\ VWDJHV RI WKH GHVLJQ�

$W WKLV WLPH� IRU D YDULHW\ RI UHDVRQV �ERWK WHFKQRORJLFDO DQG

HFRQRPLFDO�� LW LV KDUG WR ILQG IXOO IXQFWLRQDO KDUGZDUH HPXODWRUV

RSHUDWLQJ HIILFLHQWO\ WR VLPXODWH FRRSHUDWLRQ EHWZHHQ WKH KZ DQG

VZ GRPDLQV >�@ >�@� &XUUHQW 9+'/ VLPXODWLRQ HQYLURQPHQWV DUH

JRRG FDQGLGDWH WR UHSODFH GHGLFDWHG KDUGZDUH HPXODWRUV DQG WKH

OHDGLQJ HGJH RI WKH UHVHDUFK LV SURSRVLQJ DWWUDFWLYH VROXWLRQV IRU

HIILFLHQW ORZ�OHYHO VLPXODWLRQ RI HPEHGGHG VRIWZDUH >�@ >��@�

+RZHYHU� DV HPHUJLQJ E\ D PDUNHW VXUYH\ ZH FDUULHG RXW ZLWKLQ

WKH (635,7� (6' SURMHFW 6((' �6RIWZDUH�KDUGZDUH

([SORUDWLRQ� D (XURSHDQ 'HPRQVWUDWLRQ 3URMHFW� >��@� WKH PRVW

LPSRUWDQW YDOXH DGGHG IURP WKH GHVLJQHU·V SHUVSHFWLYH LV WKH

SRVVLELOLW\ WR URXJKO\ HVWLPDWH DW V\VWHP�OHYHO� EHIRUH FRPPLWWLQJ

WR D VSHFLILF KZ�VZ LPSOHPHQWDWLRQ� WKH VDWLVIDFWLRQ RI IXQFWLRQDO

DQG WLPLQJ UHTXLUHPHQWV DQG WR HYDOXDWH WKH LPSDFW RI PRYLQJ

SLHFHV RI VSHFV IURP KZ WR VZ DQG YLFHYHUVD�

7KH JRDO RI WKLV SDSHU LV WZRIROG� ILUVW WR GHILQH D

VSHFLILFDWLRQ WHFKQLTXH DOORZLQJ WKH VSHFLILFDWLRQ RI ERWK

IXQFWLRQDO DQG WLPLQJ UHTXLUHPHQWV RI HPEHGGHG DUFKLWHFWXUHV�

7KH VHFRQG JRDO LV WR GHILQH D YHULILFDWLRQ VWUDWHJ\ EDVHG RQ D

KLJK�OHYHO VLPXODWLRQ RI VXFK VSHFLILFDWLRQ� ZKLOH DOORZLQJ

H[HFXWLRQ SURILOLQJ�

7KH LPSDFW RI WKH PHWKRGRORJ\ RQWR D UHDO WHVW FDVH KDV

EHHQ FDUULHG RXW GXULQJ WKH 6((' SURMHFW� ZKHUH DQ LQGXVWULDO

GHVLJQ SURYLGHG E\ ,WDOWHO �WKH PDLQ ,WDOLDQ 7HOHFRP LQGXVWU\� KDV

EHHQ UHGHVLJQHG�

7KH HPEHGGHG DUFKLWHFWXUH FRQVLGHUHG LV FRQVWLWXWHG E\ RQH

&38 FRUH FHOO VXUURXQGHG E\ VRPH KZ PRGXOHV DFWLQJ DV

SHULSKHUDO FR�SURFHVVRUV� 7KH VWDUWLQJ SRLQW RI WKH V\VWHP

DQDO\VLV LV D GHVFULSWLRQ FDSWXUHG E\ XVLQJ WKH 726&$ HGLWRU >�@

SURGXFLQJ D 2FFDP,,�EDVHG GHVFULSWLRQ RI WKH EHKDYLRU� ZKHUH

WKH RULJLQDO VSHFLILFDWLRQ IRUPDOLVP KDV EHHQ H[WHQGHG WR FRYHU

DOVR WKH UHSUHVHQWDWLRQ RI WLPLQJ SURSHUWLHV� 7KH VLPXODWLRQ RI

WKH V\VWHP SURFHHGV E\ WDNLQJ LQWR DFFRXQW WKH KZ YV VZ

DOORFDWLRQ RI GHVLJQ VXESDUWV E\ HVWLPDWLQJ WKHLU H[HFXWLRQ WLPHV

DFFRUGLQJ WR WKH VWUDWHJLHV GHVFULEHG LQ >�@ >��@ DQG E\

FRQVLGHULQJ DOVR WKH RYHUKHDG GXH WR WKH EXVVHG KZ�VZ

FRPPXQLFDWLRQ DQG WKH SUHVHQFH RI RQO\ RQH H[HFXWRU �WKH &38�

IRU WKH VZ�ERXQG PRGXOHV� 6\VWHP HYROXWLRQ FDQ EH PRQLWRUHG

E\ TXHU\LQJ WKH VLPXODWLRQ GDWDEDVH WKURXJK 6LP9LHZ�� D

JUDSKLFDO ZDYHIRUPV JHQHUDWRU SURYLGHG E\ 0HQWRU *UDSKLFV� $V

D UHVXOW� V\VWHP SURILOLQJ LQIRUPDWLRQ LV REWDLQHG WKURXJK $6&,,

UHSRUWV RQ WKH DFWLYLWLHV DQG FRQVWUDLQW YLRODWLRQV RI WKH V\VWHP



SURFHVVHV� $ EDFNDQQRWDWLRQ RI VXFK PHDVXUHV LQ WKH

JUDSKLFDO VSHFLILFDWLRQ LV DOVR SURYLGHG� 6XFK LQIRUPDWLRQ

ZLOO FRQVWLWXWH WKH VWDUWLQJ SRLQW WR GULYH WKH GHVLJQ VSDFH

H[SORUDWLRQ ZKHUH WKH V\VWHP LV UHVKDSHG� E\ H[SORLWLQJ

IRUPDO SURSHUWLHV RI WKH SURFHVV DOJHEUD >��@ >��@ DORQJ WKH

JXLGHOLQHV UHFDOOHG LQ >�@�

7KH SDSHU LV RUJDQL]HG DV IROORZV� 7KH QH[W VHFWLRQ

SUHVHQWV WKH PRGHOLQJ VWUDWHJ\ DGRSWHG WR UHSUHVHQW WKH

V\VWHP EHKDYLRU� ZLWK SDUWLFXODU HPSKDVLV RQ WKH WLPLQJ

H[WHQVLRQV� ZKLOH JLYLQJ DSSURSULDWH UHIHUHQFHV IRU UHDGHUV

PRUH LQWHUHVWHG LQ V\QWD[ GHWDLOV� 6HFWLRQ WKUHH GLVFXVVHV

KRZ WKH KLJK�OHYHO WLPLQJ FKDUDFWHUL]DWLRQV RI WKH YDULRXV

DFWRUV RI V\VWHP �KDUGZDUH VRIWZDUH DQG FRPPXQLFDWLRQ�

KDYH EHHQ FRQVLGHUHG� 7KH VLPXODWLRQ DOJRULWKP RQ ZKLFK

WKH V\VWHP�OHYHO DQDO\VLV LV EDVHG� LV SUHVHQWHG LQ VHFWLRQ

ILYH� ZKLFK VKRZV KRZ WKH KZ�VZ FRPPXQLFDWLRQ� DQG

&38 SURFHVV VFKHGXOLQJ KDYH EHHQ WDNHQ LQWR DFFRXQW�

6HFWLRQ VL[ FRQWDLQV D EULHI SUHVHQWDWLRQ RI WKH UHODWHG &$'

VLPXODWLRQ HQYLURQPHQW� ZKHUH VRPH UHVXOWV H[WUDFWHG IURP

DQ DFWXDO LQGXVWULDO GHVLJQ RI ,WDOWHO XVHG DV EHQFKPDUN IRU

WKH 6((' (635,7 SURMHFW� DUH VKRZQ� 6RPH FRQFOXVLRQV

ZLOO EH GUDZQ LQ VHFWLRQ VHYHQ� WRJHWKHU ZLWK DQ RXWOLQH RI

WKH RQJRLQJ UHVHDUFK DFWLYLW\�

���7KH�WLPHG�V\VWHP�VSHFLILFDWLRQ

$ YDOXDEOH GHVLJQ HQYLURQPHQW IRU UHDO�WLPH V\VWHPV�

VKRXOG SURYLGH WKH XVHU D PRGHOLQJ VWUDWHJ\ DEOH WR FDSWXUH

WKH IXQFWLRQDOLW\ DQG WKH WLPLQJ FRQVWUDLQWV ERWK RQ

• SHUIRUPDQFH� WR VSHFLI\ ERXQGV RQ UHVSRQVH WLPH�

• EHKDYLRU� WR VSHFLI\ WKH UDWH DW ZKLFK WKH H[WHUQDO VWLPXOL

KDYH WR EH DSSOLHG�

,Q FXUUHQW SUDFWLFH� JOREDO WLPLQJ FRQVWUDLQWV DUH

NQRZQ D SULRUL� VLQFH XVXDOO\ WKH\ UHSUHVHQW D VLJQLILFDQW SDUW
RI WKH GHVLJQ UHTXLUHPHQWV DQG KDYH WR EH FDUHIXOO\

FRQVLGHUHG GXULQJ WKH KZ YV VZ SDUWLWLRQLQJ WDVN� %\

FRQVLGHULQJ DQ HYHQW DV D H[WHUQDO VWLPXOXV� DV ZHOO DV DQ

REVHUYDEOH UHVSRQVH RI WKH V\VWHP� DFFRUGLQJ WR >�@ WKUHH

GLIIHUHQW WLPLQJ UHVWULFWLRQV FDQ EH HQYLVLRQHG EHWZHHQ

HYHQWV� PD[LPXP� PLQLPXP DQG GXUDWLRQ �RI D JLYHQ HYHQW��
+HQFH� WKH SRVVLEOH FRPELQDWLRQV RI PD[�PLQ WLPLQJ

FRQVWUDLQWV DUH�

• VWLPXOXV�VWLPXOXV� PD[�PLQ DGPLVVLEOH GHOD\

EHWZHHQ WZR VWLPXOL�

• VWLPXOXV�UHDFWLRQ� PD[�PLQ GHOD\ EHWZHHQ WKH

VWLPXOXV DQG WKH FRUUHVSRQGLQJ V\VWHP UHDFWLRQ�

• UHDFWLRQ�VWLPXOXV� PD[�PLQ LQVHQVLWLYLW\ WLPH

DPRQJ D V\VWHP UHDFWLRQ DQG WKH IROORZLQJ VWLPXOXV�

• UHDFWLRQ�UHDFWLRQ� PD[�PLQ WLPH EHWZHHQ WZR

V\VWHP UHDFWLRQV�

2WKHU DSSURDFKHV� VXFK DV >�@ >�@� DGGUHVV WKH

GHILQLWLRQ RI WLPLQJ SURSHUWLHV E\ FRQVLGHULQJ UDWHV DQG

PLQ�PD[ FRQVWUDLQWV WLHG WR WKH RSHUDWLRQV FKDUDFWHUL]LQJ WKH

HYHQWV� LQVWHDG RI WKHP� :H IROORZHG D VLPLODU DSSURDFK� E\

H[WHQGLQJ WKH H[SUHVVLYHQHVV GHVLJQ UHSUHVHQWDWLRQ RI

726&$ �EDVHG RQ D 2FFDP ,, JUDSKLFDO HGLWRU� WKURXJK WKH

SRVVLELOLW\ WR DQFKRU WDJV �ODEHOV� WR SURFHVVHV DQG WR VSHFLI\ WKH

IROORZLQJ FRQVWUDLQWV�
MAXDELAY OF <tag> IS <value>
MINDELAY OF <tag> IS <value>
MAXDELAY FROM <tag1> TO <tag2> IS <value>
MINDELAY FROM <tag1> TO <tag2> IS <value>
MAXRATE OF <tag> IS <value>
MINRATE OF <tag> IS <value>

$V VKRZQ LQ WKH H[DPSOH RI ILJXUH �� DOO WKH FRQVWUDLQWV DUH

JDWKHUHG ZLWKLQ D FRQVWUDLQWV GHILQLWLRQ VHFWLRQ JURXSLQJ DOO WKH

SURSHUWLHV GHILQHG RYHU WKH ODEHOV�

INT a,b
CHAN OF INT in,out:
SEQ

a:=0
WHILE TRUE

TAG A:
SEQ

a:=a+1
out ! a
TAG B:
in ? b

MAXDELAY FROM A TO B IS 10:
MAXRATE OF A IS 100:

Tag definition

Timing constraints defined on
the communication channel

Declaration of a communication channel

Figure 1. Definition of timing constraints within a TOSCA
system description.

7KH 2FFDP ,, GHVFULSWLRQ LV FRPSRVHG RI VLPSOH SURFHVVHV

�H�J�� D VLPSOH DGGLWLRQ� DV ZHOO DV SURFHVVHV DFWLQJ DV D ´KRVWµ IRU

RWKHUV �VHH SEQ VWDWHPHQWV LQ ILJXUH ��� PRUH GHWDLOV RQ WKH

2FFDP ,, V\VWHP UHSUHVHQWDWLRQ FDQ EH IRXQG LQ >�@� $SDUW WKH

DERYH WLPLQJ H[WHQVLRQV� WKH V\VWHP GHVFULSWLRQ FRQWDLQV

LQIRUPDWLRQ RQ WKH KZ RU VZ DOORFDWLRQ RI SURFHVVHV� ZKLFK FDQ

EH GHILQHG DW GLIIHUHQW JUDQXODULW\ OHYHOV� VLPSOH SURFHVV� KRVW
SURFHVV� SURFHGXUH� 7R UHGXFH WKH FRPSOH[LW\ RI H[SORULQJ

DOWHUQDWLYH DOORFDWLRQ VFKHPHV� DQG DFFRUGLQJ WR WKH IHHGEDFN

IURP WKH LQWHUYLHZV SHUIRUPHG WR LQGXVWULDO GHVLJQHUV ZLWKLQ WKH

IUDPHZRUN RI WKH 6((' (635,7 SURMHFW� LW KDV EHHQ GHFLGHG WR

FRQVLGHU WKH SURFHGXUH DV D ´PRQROLWKLF EORFNµ QRW WR EH IXUWKHU

GHFRPSRVHG� 0RUHRYHU� LW KDV EHHQ LQWURGXFHG WKH SRVVLELOLW\ GR

GHILQH YHFWRU RI SURFHGXUHV �ZKRVH QXPEHU LV VWDWLFDOO\ GHILQHG�

DQG WKH UHVWULFWLRQ WR DYRLG JOREDO YDULDEOHV� 7KH ODWWHU

DVVXPSWLRQ� LPSRVHV WKH SURFHGXUHV WR DFFHVV H[WHUQDO YDULDEOHV

WKURXJK WKH SDUDPHWHUV LQWHUIDFH� LQ VXFK D ZD\� LW LV HDVLHU WR

LGHQWLI\ WKH HIIHFWV RI PRYLQJ SURFHGXUHV IURP KZ WR VZ �DQG

YLFHYHUVD��

���7KH�KDUGZDUH�VRIWZDUH�PRGHO

7KH FUXFLDO LVVXH LQ GHVLJQLQJ D PL[HG KZ�VZ V\VWHP LV WKH

DOORFDWLRQ RI IXQFWLRQDOLWLHV WR WKH KZ RU VZ GRPDLQ DFFRUGLQJ WR

D VHW RI XVHU FULWHULD� 3RVVLEOH VWUDWHJLHV PD\ FRQVLGHU WKH TXDOLW\

RI D VROXWLRQ E\ PRYLQJ GRZQ WR WKH V\QWKHVLV >��@ >��@ DQG WKHQ

EDFNDQQRWDWLQJ WKH UHVXOW DW WKH KLJKHU OHYHOV RI WKH GHVLJQ IORZ�

2WKHU DSSURDFKHV� DLPLQJ DW GHHSO\ DQG TXLFNO\ VSDQQLQJ WKH

VSDFH RI SRVVLEOH VROXWLRQV ZKLOH DFFHSWLQJ OHVV SUHFLVH UHVXOWV�

IRXQG WKH GHFLVLRQ RQ VRPH HVWLPDWLRQV WR EH FRPSXWHG HLWKHU

E\ LQVSHFWLQJ SURSHUWLHV RI WKH V\VWHP GHVFULSWLRQ RU E\ DQDO\]LQJ

WKH V\VWHP EHKDYLRU WKURXJK VLPXODWRUV ZRUNLQJ DW WKH KLJKHU

OHYHOV RI DEVWUDFWLRQ �H�J� TXHXH PRGHOV��



2XU VWUDWHJ\ LV D PHHWLQJ LQ WKH PLGGOH DSSURDFK� ,Q IDFW�

ZH GHYHORSHG D VLPXODWLRQ VWUDWHJ\ DOORZLQJ WKH GHVLJQHU WR�

�� GHEXJ WKH V\VWHP EHKDYLRU DW WKH V\VWHP OHYHO ZLWKRXW

WKH QHFHVVLW\ WR SDVV WKURXJK WKH LPSOHPHQWDWLRQ VWHSV�

�� WDNH LQWR DFFRXQW FKDUDFWHULVWLFV RI WKH ILQDO

LPSOHPHQWDWLRQ FRQFHUQLQJ WKH KZ RU VRIWZDUH

LPSOHPHQWDWLRQ GRPDLQ RI WKH VXEPRGXOHV FRPSRVLQJ

WKH V\VWHP� DQG WKH PHGLD ZKLFK ZLOO EH DFWXDOO\ XVHG IRU

FRPPXQLFDWLRQ �V\VWHP EXV� PHPRU\ YDULDEOHV�

GHGLFDWHG KZ OLQHV��

�� YHULI\ WKH PHHWLQJ RI WLPLQJ UHTXLUHPHQWV ZKHQ WKH

VSHFLILFDWLRQ LV PDSSHG RQWR WKH WDUJHW DUFKLWHFWXUH�

ZLWK D VXIILFLHQW FRQILGHQFH WR PDNH SRVVLEOH WXQLQJ

DQG FRPSDULVRQV DPRQJ SRVVLEOH DOWHUQDWLYH

LPSOHPHQWDWLRQV�

7KH VWUDWHJLHV DGRSWHG WR HVWLPDWH WKH H[HFXWLRQ WLPH

DQG WKH FRVW RI HDFK PRGXOH FRPSRVLQJ WKH V\VWHP DUH RXW

RI WKH VFRSH RI WKLV SDSHU� PRUH GHWDLOV FDQ EH IRXQG LQ >�@

>�@� 7KH UHVW RI WKLV SDSHU LV GHYRWHG WR WKH GHVFULSWLRQ RI

WKH VLPXODWLRQ DOJRULWKP EXLOW RQ WRS RI VXFK HVWLPDWLRQV�

DQG KRZ WKRVH EDVLF UHVXOWV KDYH EHHQ PDSSHG RQWR WKH

2FFDP,, RSHUDWRUV �DQG WKH H[WHQVLRQV ZH LQWURGXFHG��

DYDLODEOH LQ 726&$ WR GHVFULEH WKH V\VWHP�

'HOD\V DQG ODWHQFLHV RI WKH VSHFLILFDWLRQ WDNH LQWR

DFFRXQW WKH VDPH EDVLF WLPLQJ FRPSRVLWLRQ RSHUDWLRQV

GHILQHG LQ >�@� H�J�� VHTXHQWLDO� SDUDOOHO DQG PXWXDO H[FOXVLYH�

,Q DGGLWLRQ� RXU SURSRVDO VROYHV WKH SUREOHP �DW VLPXODWLRQ

WLPH� RI FRQVLGHULQJ WKH VLGH�HIIHFWV RQ WKH H[HFXWLRQ WLPHV

RI WKH VRIWZDUH�ERXQG RSHUDWLRQV GXH WR WKH VSOLW RI WKH

PLFURSURFHVVRU FRPSXWDWLRQDO SRZHU DPRQJ WKH UXQQLQJ

VZ SURFHVVHV� ,Q IDFW� D EDVLF DVVXPSWLRQ LQ HYDOXDWLQJ WKH

DFWXDO HIIHFWV RI WKH WDUJHW DUFKLWHFWXUH LV UHODWHG WR FRQVLGHU

WKH DYDLODELOLW\ RI D VLQJOH &38 VKDUHG E\ DOO WKH VZ�ERXQG

SURFHVVHV� DQG WKH SUHVHQFH RI PXOWLSOH KZ FR�SURFHVVRUV�

HDFK LPSOHPHQWLQJ D KZ�ERXQG PRGXOH �WKH H[WHQVLRQ WR

FRYHU GLIIHUHQW DUFKLWHFWXUHV LV DQ\KRZ SRVVLEOH�� 8QGHU

WKHVH DVVXPSWLRQV� WKH SUHVHQFH RI D VFKHGXOHU IRU WKH

VZ�SURFHVVHV LV VLPXODWHG� DVVXULQJ IDLUQHVV LQ GLVWULEXWLRQ RI

WKH &38 WLPH� 7KH H[WHQVLRQ WR FRQVLGHU GLIIHUHQW

VFKHGXOLQJ SROLFLHV LV VWUDLJKWIRUZDUG� UHTXLULQJ RQO\ WR

PRGLI\ WKH IRUPXODV FDOFXODWLQJ WKH QXPEHU RI DFWLYH

SURFHVVHV UXQQLQJ RQ WKH &38 �VHH EHORZ��

7KH LQWULQVLF WLPH QHFHVVDU\ WR FDUU\ RXW HDFK EDVLF

RSHUDWLRQ DFFRUGLQJ WR WKH KZ RU VZ SDUWLWLRQ LW EHORQJV�

FDQ EH JDWKHUHG IURP D SURMHFW WHFKQRORJ\ ILOH ZKLFK KDV EHHQ

DXWRPDWLFDOO\ FRPSLOHG E\ WKH 726&$ HQYLURQPHQW� IRU

WKH VZ RSHUDWLRQV WKH DQDO\VLV FRQVLGHUV WKH DPRXQW RI

LQVWUXFWLRQV RI D PDFKLQH�LQGHSHQGHQW DVVHPEOHU�OLNH

IRUPDW� FDOOHG 9,6 �9LUWXDO ,QVWUXFWLRQ 6HW� >�@ >��@�

QHFHVVDU\ WR LPSOHPHQW HDFK 2FFDP ,, FRQVWUXFW >�@� 7KH

FRPSXWDWLRQ RI WKH H[HFXWLRQ WLPHV IRU WKH KZ�ERXQG

RSHUDWLRQV LV EDVHG RQ WKH VWUDWHJLHV SUHVHQWHG LQ >�@� ,W KDV

WR EH SRLQWHG RXW WKDW WKH LQIRUPDWLRQ RQ WKH KZ RU VZ

SDUWLWLRQ LV FUXFLDO� HYHQ IRU FRPSXWLQJ WKH WLPLQJ

SURSHUWLHV RI D VLPSOH DVVLJQPHQW� LQ IDFW WKH ULJKW�YDOXH RI D

FRPSRXQG VWDWHPHQW� VXFK DV a:=(b*c)+d/f � FDQ EH

WUHDWHG E\ VLPSO\ DGGLQJ WKH WLPLQJ FRVW RI HDFK VLQJOH RSHUDWLRQ LQ

FDVH RI VZ�ERXQG� ZKLOH IRU KZ�ERXQG SDUWLWLRQV WKH WRWDO

H[HFXWLRQ WLPH KDV WR EH FRPSXWHG E\ UHFXUVLYHO\ HYDOXDWLQJ WKH

FRVW RI HDFK VLQJOH RSHUDWLRQ RI WKH H[SUHVVLRQ� ,Q JHQHUDO� IRU

WKH KZ�ERXQG VWDWHPHQWV� ZH FRQVLGHU WKH SRVVLELOLW\ RI

HYDOXDWLQJ WZR ERXQGDU\ FDVHV� VWULFWO\ VHTXHQWLDO RSHUDWLRQV DQG

PD[LPXP SDUDOOHOLVP� ,Q WKH IRUPHU FDVH WKH H[HFXWLRQ WLPH LV

GHWHUPLQHG E\ VLPSO\ DGGLQJ WKH FRQWULEXWLRQ RI HDFK VLQJOH

RSHUDWLRQ�

t execution = t op + t ex.right + t ex.left

ZKHUH WH[�ULJW DQG W H[�OHIW DUH WKH FRPSXWDWLRQ WLPH IRU WKH ULJKW

DQG OHIW RSHUDQGV RI WKH RS RSHUDWLRQ� ,Q WKH FDVH RI IXOO\

SDUDOOHOLVP� LW EHFRPHV�

t execution = t op + max (t ex.right , t ex.left )

)RU WKH UHPDLQLQJ RSHUDWRUV� WKH PRVW LPSRUWDQW EHLQJ�

DVVLJQPHQW� SDUDPHWHU SDVVLQJ� LQSXW� DULWKPHWLF�ORJLF

RSHUDWLRQV� FRQGLWLRQHG EUDQFK� ALT FRQVWUXFW� SKIP FRQVWUXFW

�VHH DOVR >�@ [��@ >��@ IRU PRUH GHWDLOV�� WKH FRPSXWDWLRQ LV

SHUIRUPHG LQ D VLPLODU PDQQHU�

t execution IF  = t op.if + max (t ex.condition );

t execution WHILE  = t op.while + max (t ex.condition )

t execution ALT = t op.alt + ∑
i=0

n cond -1
   max (t ex.condition + t val.input)

ZKHUH W YDO�LQSXW LV WKH WLPH QHFHVVDU\ WR YHULI\ WKH SUHVHQFH RI

D GDWXP UHDG\ RQ RQH RI WKH LQSXW FKDQQHOV� &RQFHUQLQJ WKH

SURFHGXUH FDOO� E\ FDOOLQJ W RS�FDOO WKH WLPH QHFHVVDU\ WR WUDQVIHU D

VLQJOH ELW� GLPL WKH VL]H RI WKH DUUD\ RI SDUDPHWHUV� Q ELW WKH VL]H RI

HDFK VLQJOH ORFDWLRQ� LW LV�

t execution CALL = t op.call + ∑
i=0

n parameters -1
   max (dimi  n bit  K)

ZKHUH . LV D IDFWRU WUDQVIRUPLQJ LQ VHFRQGV WKH HOHPHQWV RI

WKH VXP�

7KH FKDQQHOHG FRPPXQLFDWLRQ� GXH WR WKH EORFNLQJ QDWXUH

RI WKH UHQGH]�YRXV PHFKDQLVP� KDV EHHQ PRGHOHG E\ XVLQJ WKUHH

GLIIHUHQW SURFHVVLQJ FRUUHVSRQGLQJ WR WKH GLIIHUHQW SKDVHV RI WKH

FRPPXQLFDWLRQ� LQSXW SURFHVV� FRPPXQLFDWLRQ GXPP\ SURFHVV DQG

RXWSXW SURFHVV� VLQFH WKH GDWXP SURGXFHU KDV WR ZDLW XQWLO WKH

FRQVXPHU ZLOO XQORFN LW E\ SHUIRUPLQJ D UHDG RSHUDWLRQ RQ WKH

FKDQQHO� 7KH LQSXW DQG RXWSXW SURFHVVHV KDYH DQ H[HFXWLRQ WLPH

�W LQVWULQVLF� PRGHOLQJ WKH WUDQVIHU RI WKH GDWXP IURP WKH PHPRU\ WR

WKH FKDQQHO SOXV WKH DFWXDO WUDQVIHUULQJ GHOD\ WKURXJK WKH

FKDQQHO� 7KH WLPH QHFHVVDU\ WR PRYH D VLQJOH ELW LV DVVXPHG WR EH

WKH VDPH IRU WKH LQSXW DQG RXWSXW SURFHVVHV� W LQVWULQVLF LV HYDOXDWHG

RQ WKH EDVLV RI WKH W\SH RI GDWXP FDUULHG E\ WKH FKDQQHO� E\

PXOWLSO\LQJ LWV VL]H IRU WKH QXPEHU RI ELWV FRQVWLWXWLQJ D JLYHQ

W\SH �W\SH� HYDOXDWLQJ � IRU ELWV� � IRU E\WHV DQG �� IRU LQWHJHUV�

DQG IRU WKH WLPH QHFHVVDU\ WR WUDQVIHU D VLQJOH ELW�

t instrinsic = n vector.size  type  tbit

2I FRXUVH� ERWK LQSXW DQG RXWSXW SURFHVVHV FDQ EHORQJ WR

GLIIHUHQW KZ RU VZ SDUWLWLRQV� LQ WKH ODWWHU FDVH WKH SURFHVV



EHFRPHV SDUW RI WKH &38 ORDG� VR WKDW LWV H[HFXWLRQ WLPH LV

GHSHQGHQW RQ WKH DFWLYLW\ RI WKH RWKHU DFWLYH VZ�ERXQG

SURFHVVHV�

$V VWDWHG DERYH� WKH DFWXDO FRPPXQLFDWLRQ LV PRGHOHG

WKURXJK D GXPP\ SURFHVV� 7KUHH GLIIHUHQW FDVHV FDQ EH

FRQFHLYHG DFFRUGLQJ WR WKH GRPDLQV WR EH FRQQHFWHG�

• 6Z�6Z� WKLV NLQG RI FRPPXQLFDWLRQ LV SHUIRUPHG

WKURXJK D GLUHFW FDOO WR WKH RSHUDWLQJ V\VWHP� XVXDOO\

VXFK D WLPH LQ QRW UHOHYDQW DQG LW FDQ EH QHJOHFWHG�

• +Z�+Z� LI WKH SURFHVVHV DUH ORFDWHG RQ WKH VDPH $6,&�

WKH WUDQVIHUULQJ WLPH FDQ EH QHJOHFWHG XQGHU WKH

DVVXPSWLRQ WR XVH GHGLFDWHG OLQHV� L�H� QRW HQJDJLQJ WKH

V\VWHP GDWD EXV�

• +Z�6Z� LQ WKLV FDVH WKH GDWD H[FKDQJH WDNHV SODFH

EHWZHHQ GLIIHUHQW SDUWLWLRQV YLD WKH V\VWHP EXV� ERWK

RSHUDWLQJ V\VWHP URXWLQHV DQG GHGLFDWHG KZ RI WKH

FR�SURFHVVRUV DUH LQYROYHG WR FDUU\ RXW VXFK D WDVN� 7KLV

FLUFXPVWDQFH LV PRGHOHG E\ D GXPP\ SURFHVV ZKLFK LV

DJJUHJDWHG WR WKH &38 ZRUNORDG�

,Q DGGLWLRQ WR WKH SURFHVV�WR�SURFHVV FRPPXQLFDWLRQ�

DQRWKHU W\SH RI LQWHUDFWLRQ H[LVWV� DW D ORZHU OHYHO RI

DEVWUDFWLRQ� EHWZHHQ WKH SURFHVV DQG WKH SURFHGXUHV LW FDOOV�

6XFK NLQG RI LQWHUDFWLRQ LV YHU\ VHQVLWLYH WR QXPEHU DQG

VL]H RI WKH SDVVHG SDUDPHWHUV� DQG LW LV PRGHOHG VLPLODUO\ WR

WKH LQWHUSURFHVV FRPPXQLFDWLRQ�

• +Z�+Z� D GXPP\ SURFHVV LV LQWURGXFHG WR UHSUHVHQW WKH

FRPPXQLFDWLRQ DPRQJ KZ SDUWLWLRQV ZKRVH H[HFXWLRQ

WLPH LV�

t HW.comm = t bit.hw + ∑
i=0

n parameters -1
   (vector i.dimension  typei)

• 6Z�6Z WKLV LV WKH FODVVLFDO FDVH RI D VRIWZDUH SURFHGXUH

FDOO� WKH PRGHOLQJ RI WKH FRQWH[W VDYLQJ LV SHUWDLQLQJ WKH

CALL SURFHVV� ZKLFK� UXQQLQJ RQ WKH &38 DIIHFWV DOO

WKH DFWLYH SURFHVVHV� +HQFH� WKH FDOO�UHWXUQ SURFHGXUH

RYHUKHDG LV UHSUHVHQWHG E\ D GXPP\ VZ�VZ

FRPPXQLFDWLRQ SURFHVV ZKRVH H[HFXWLRQ WLPH LV�

t SW.comm = t bit.sw + ∑
i=0

n parameters -1
   (vector i.dimension  typei)

+Z�+Z� WKLV FDVH LV PRGHOHG LQ WKH VDPH ZD\ RI WKH

KZ�VZ FRPPXQLFDWLRQ DPRQJ SURFHVVHV� D GXPP\ SURFHVV

LQVLVWLQJ RQWR WKH VZ SDUWLWLRQ LV FUHDWHG WR PRGHO WKH

FRQWH[W VDYLQJ�UHVWRULQJ�

���3XWWLQJ�LW�DOO�WRJHWKHU��WKH�WLPH�VWUHWFKLQJ
DOJRULWKP

,Q RUGHU WR VSHHGXS WKH VLPXODWLRQ�YHULILFDWLRQ RI WKH

V\VWHP EHKDYLRU� DQ HYHQW�GULYHQ VLPXODWLRQ VWUDWHJ\ KDV

EHHQ GHYHOSHG� 7KH NHUQHO DOJRULWKP LV EDVHG RQ D HODVWLF

PRGHO RI WKH WLPH EHWZHHQ HYHQWV� 7KH WLPH SURFHHGV E\

FRQVLGHULQJ D GLVFUHWH WLPH PRGHO� ZKHUH DQ HYHQW FDQ EH�

• VWDUW RU HQG RI D SURFHVV H[HFXWLRQ�

• VWDUW RU HQG RI RQH RI WKH IROORZLQJ DFWLYLWLHV� ORDGLQJ RI D

GDWXP RQ D FKDQQHO� SLFN�XS RI D GDWXP E\ D UHFHLYHU

SURFHVV� GDWXP WUDQVIHU RQ D FKDQQHO�

• SURFHGXUH FDOO�

• VWDUW RU HQG RI WKH FRPSXWDWLRQ RI D WHVW FRQGLWLRQ�

7KH VLPXODWLRQ DOJRULWKP LV DEOH WR VWUHWFK WKH LQWULQVLF

H[HFXWLRQ WLPH RI SURFHVVHV DFFRUGLQJ WR WKH &38 ZRUNORDG� 7KH

DOJRULWKP JRHV RQ E\ DSSO\LQJ WZR GLIIHUHQW WUDQVIRUPDWLRQV RQ

WLPH �H[SDQVLRQ DQG FRQWUDFWLRQ� WR LQFUHPHQWDOO\ ILQG RXW WKH

V\VWHP ODWHQF\ DQG DQ\ YLRODWLRQ RI WKH WLPLQJ FRQVWUDLQWV�

• 7KH H[SDQVLRQ LV DSSOLHG WR D SURFHVV GXH WR WKH SUHVHQFH RI

PRUH SURFHVVHV H[HFXWHG LQ SDUDOOHO�

• 7KH FRQWUDFWLRQ SHUIRUPV WKH RSSRVLWH DFWLRQ� JLYLQJ DQ

H[SDQGHG WLPLQJ D[LV �RULJLQDWHG IRU H[DPSOH E\ DQ

K\SRWKHWLFDO SDUDOOHO H[HFXWLRQ RI VZ�ERXQG SURFHVVHV�� WKH

WLPH LV FRQGHQVHG VR WKDW HDFK SURFHVV KDV DQ HODSVHG WLPH

FRUUHVSRQGLQJ WR WKH FDVH ZKHUH HDFK RQH RI WKHP LV WKH RQO\

&38 RZQHU�

/HW XV LQ LQWURGXFH VRPH SUHOLPLQDU\ QRWDWLRQ WKDW ZLOO EH

XVHG WR GHVFULEH KRZ WKH VLPXODWLRQ DOJRULWKP ZRUNV�

• 7DEV� WLPH LQVWDQW FRUUHVSRQGLQJ WR WKH DFWXDO EHKDYLRU RI WKH

V\VWHP XQGHU VLPXODWLRQ�

• W LQWULQVLF� H[HFXWLRQ WLPH RI D SURFHVV E\ FRQVLGHULQJ XQOLPLWHG

UHVRXUFHV LQ FDVH RI KZ�ERXQG DQG D GHGLFDWHG &38 LQ FDVH

RI VZ�ERXQG�

• W UHPDLQLQJ� WLPH WR FRPSOHWH WKH H[HFXWLRQ LQ WKH FDVH LW LV WKH

RQO\ DFWLYH SURFHVV�

• Q D� QXPEHU RI VZ�ERXQG SURFHVVHV VLPXOWDQHRXVO\ DFWLYH�

• τF� FRQWH[W VZLWFKLQJ WLPH�

• 7F� FRPPXWDWLRQ SHULRG�

• Q+VZ� QXPEHU RI VZ�ERXQG LGOH SURFHVVHV�

• 7L+� VSRROLQJ SHULRG�

• τL� GXUDWLRQ RI WKH VSRROLQJ SURFHVV�

• 0� WLPH LQWHUYDO EHWZHHQ WKH HYHQWV L DQG L���

7KH UHIHUHQFH SRLQW RI WKH DOJRULWKP LV WKH DEVROXWH WLPH�

ZKLFK LV WKH YDOXH YLVLEOH WR WKH XVHU� 7KH VLPXODWLRQ SURFHHGV

XQWLO WKH ILUVW HYHQW� DIWHU WKDW LW LV LQFUHPHQWHG E\0 DFFRUGLQJ WR

WKH KZ DQG VZ SURFHVVLQJ EHLQJ H[HFXWHG� 0 LV FRPSXWHG DV WKH

PLQLPXP LQWHUYDO EHIRUH WKH DUULYDO RI D VZ RU KZ SURFHVV ZLWK

DQ H[SDQGHG WLPH� 6Z SURFHVVHV DUH FRQVLGHUHG H[SDQGHG WR

PLPLF WKH HIIHFW RI WKH &38 VFKHGXOLQJ DOJRULWKP� LQ VXFK D ZD\

LW LV SRVVLEOH WR HVWLPDWH LQ D UHDOLVWLF PDQQHU ZKLFK LV UHDOO\ WKH

ILUVW HYHQW DPRQJ DOO WKH RQHV WULJJHUHG E\ WKH DFWLYH V\VWHP

SURFHVVHV� 7KH UHPDLQLQJ WLPH LV WKH WLPH QHFHVVDU\ WR FRPSOHWH DQ

LQVWUXFWLRQ� IRU D VZ SURFHVV LW LV GHWHUPLQHG E\ FRQWUDFWLQJ WKH

WLPH DOUHDG\ H[SDQGHG� L�H� LW LV WKH GLIIHUHQFH EHWZHHQ WKH

SUHYLRXV UHPDLQLQJ WLPH DQG WKH UDWLR EHWZHHQ WKH LQFUHPHQW 0

RI WKH DEVROXWH WLPH DQG D FRHIILFLHQW RI H[SDQVLRQ� ,Q FDVH RI KZ

SURFHVVHV LW LV WKH GLIIHUHQFH EHWZHHQ WKH SUHYLRXV UHPDLQLQJ

WLPH DQG WKH LQWHUYDO 0� ZLWKRXW DQ\ QHFHVVLW\ RI FRQWUDFWLRQ�

7KLV PRGH RI RSHUDWLRQ LV DSSOLHG DJDLQ DIWHU LQWURGXFLQJ QHZ

SURFHVVHV WR EH H[HFXWHG LQ SDUDOOHO� DQG E\ FRPSXWLQJ QHZ

YDOXHV RI 0 �EDVHG XSRQ WKH UHPDLQLQJ WLPHV RI WKH SURFHVVHV



SDUWLDOO\ H[HFXWHG DQG RQ WKH H[HFXWLRQ WLPH RI WKH QHZ

SURFHVVHV��

7KH H[HFXWLRQ WLPH RI D VZ SURFHVV LV GHWHUPLQHG RQ

WKH EDVLV RI WKUHH PDLQ IDFWRUV�

�� 7KH QXPEHU QD RI DFWLYH SURFHVVHV� ZKLFK DOORZV WKH

HVWLPDWLRQ RI WKH YLUWXDO ZRUNORDG RI WKH &38 ZKHUH WKH

VZ SURFHVVHV DUH EHLQJ H[HFXWHG�

�� 7KH FRQWH[W VZLWFKLQJ WLPH τF� PRGHOLQJ WKH VDYLQJ RI

YDULDEOHV DQG PHPRU\ FRQILJXUDWLRQ RI WKH SURFHVV WR

EH LQWHUUXSWHG� 7KH VZDS DPRQJ SURFHVVHV LV DVVXPHG WR

RFFXU DW D JLYHQ UDWH ZKRVH SHULRG LV 7F � XQGHU WKHVH

DVVXPSWLRQV �QD ���
τF
7F

LV WKH RYHUKHDG GXH WR WKH FRQWH[W

VZLWFK RI WKH QD DFWLYH VZ SURFHVVHV �ZKLFK LQ PDQ\

FDVHV FDQ EH LUUHOHYDQW LQ FRPSDULVRQ WR 7F��

�� 7KH QXPEHU RI SURFHVVHV �LQSXW RU RXWSXW� ZDLWLQJ WR

FRPPXQLFDWH EHFDXVH WKH GDWXP WKH\ DUH ZDLWLQJ IRU LV

QRW DYDLODEOH \HW� 7KHVH SURFHVVHV DUH PDQDJHG E\ D

VSRROLQJ RSHUDWLQJ V\VWHP GHPRQ ZKLFK SHULRGLFDOO\ �UDWH

7L+ � YHULILHV �FRQVXPLQJ τL VHFRQGV� WKH LGOH

FRPPXQLFDWLRQ SURFHVVHV� VR WKDW Q+VZ

τL

7L+

LV WKH WLPH

FRPSRQHQW QHFHVVDU\ WR WHVW WKH Q+VZ LGOH SURFHVVHV�

,Q VXPPDU\� WKH H[SDQVLRQ RI HDFK VZ SURFHVV LV

GHWHUPLQHG DV IROORZV� ZKHUH WVZ LV WKH LQWULQVLF WLPH WR

H[HFXWH WKH JLYHQ VWDWHPHQWV �LQ FORFN F\FOHV� RQ WKH &38�

tsw.expanded = d  tsw   being    d = na + (na  -1) 
τc

Tc
 + nHsw 

τi

TiH

)RU LQVWDQFH� WKH DVVLJQPHQW RI D E\WH WDNHV RQH FORFN

F\FOH� ZKLOH WZR FORFN F\FOHV DUH UHTXLUHG LQ FDVH RI

DVVLJQPHQW RI DQ HQWU\ LQ D YHFWRU� $V LW FDQ EH XQGHUVWRRG

E\ DQDO\]LQJ WKH DERYH IRUPXOD� LW KDV EHHQ LPSOLFLWO\

DVVXPHG D VRIWZDUH VFKHGXOLQJ DOJRULWKP JUDQWLQJ WKH VDPH

&38 VKDULQJ WR DOO SURFHVVHV� 7R FRYHU WKH FDVH RI GLIIHUHQW

SROLF\� WKH DOJRULWKP UHTXLUHV VRPH PLQRU FKDQJHV LQ WKH

IRUPXOD FRPSXWLQJ WKH IDFWRU RI H[SDQVLRQ G� $

SVHXGR�FRGH GHVFULSWLRQ RI WKH DOJRULWKP LV UHSRUWHG LQ

ILJXUH ��

t remaining (0) = t intrinsic ;
loop:

if ∃/  prochw then tmin.HW = ∞ ;
M = min (tmin of the expanded sw processes, tmin of the hw processes)

/* modeling of the execution activities ( corresponding to M) */

T absolute = T absolute + M ;

∀ active proc sw , it is  t remaining (i+1) = t remaining (i) - 
M

na + (na -1) 
τc

Tc
+nHsw  

τi

TiH

 ;

∀ active proc hw , it is  t remaining (i+1) = t remaining (i) - M ;

activation of new processes (if any);

endloop;

Figure 2. Pseudo-code of the Time Stretching (TS)
algorithm.

���&$'�HQYLURQPHQW�DQG�H[SHULPHQWDO�UHVXOWV

7KH SUHVHQWHG DOJRULWKP KDV EHHQ LPSOHPHQWHG LQ &�� DQG

LW LV QRZ OLQNHG WR WKH 726&$ 7&/�7.�EDVHG XVHU LQWHUIDFH

>��@� 7KH DQDO\VLV RI WKH V\VWHP EHKDYLRU FDQ EH FDUULHG RXW LQ D

WZRIROG PDQQHU�

• E\ LQVSHFWLQJ WKH WH[WXDO LQIRUPDWLRQ FRQFHUQLQJ WKH HYROXWLRQ

RI DOO WKH SURFHVVHV� WKH YLRODWLRQ RI WKH WLPLQJ FRQVWUDLQWV�

YDULDEOH PRQLWRULQJ� HWF� FRQWDLQHG LQ WKH VLPXODWLRQ UHSRUWV

SURGXFHG E\ WKH WRRO�

• E\ XVLQJ WKH JUDSKLFDO XVHU LQWHUIDFH� ZKLFK SHUIRUPV TXHULHV

RQ WKH VLPXODWLRQ GDWDEDVH WKURXJK 6LP9LHZ� D ZDYHIRUP

WUDFHU E\ 0HQWRU *UDSKLFV

7KH XVHU FDQ HQVXUH WKH VHPDQWLF FRUUHFWQHVV RI WKH

VSHFLILFDWLRQ XQGHU WKH IXQFWLRQDO SRLQW RI YLHZ E\ XVLQJ ERWK

LQWHUIDFHV� WKH ILUVW EHLQJ SDUWLFXODUO\ XVHIXO WR YHULI\ WKH PHHWLQJ

RI WKH UHDO�WLPH GHVLJQ FRQVWUDLQWV� ,Q DQ\ FDVH� DSDUW IURP WKH

SXUHO\ IXQFWLRQDO GHEXJ RI WKH V\VWHP� D YDOXDEOH VRXUFH RI

LQIRUPDWLRQ LV UHSUHVHQWHG E\ WKH VLPXODWLRQ UHSRUW ZKLFK�

DPRQJ WKH RWKHU GDWD� SURYLGHV�

• SURFHVV GXUDWLRQ DQG H[HFXWLRQ IUHTXHQFLHV �RU ODWHQF\�� IRU

HDFK YDOXH WKH PD[� PLQ� PHDQ DQG YDULDQFH RYHU WKH VLPXODWLRQ

SHULRG LV SURYLGHG�

• YLRODWLRQV RI WKH WLPLQJ FRQVWUDLQWV �SRVVLEO\ RUGHUHG E\

VHYHULW\��

• SURILOLQJ RI SURFHVV H[HFXWLRQ�

• GHDG�FRGH DQG YDULDEOHV QHYHU DFFHVVHG�

• OLVW RI SURFHVVHV UHPDLQLQJ LGOH DW WKH HQG RI VLPXODWLRQ�

ZKLFK PD\ EH VXVSHFWHG WR EH LQYROYHG LQ GHDGORFNV�

7KLV DOORZV WKH GHVLJQHU D EHWWHU DZDUHQHVV RI WKH FULWLFDO

VHFWLRQV RI WKH FRGH XQGHU WKH WLPLQJ DQG FRPSXWDWLRQDO SRLQWV

RI YLHZ�

&RQFHUQLQJ WKH SHUIRUPDQFH RI WKH VLPXODWRU� ZH

H[WHQVLYHO\ VWUHVVHG WKH V\VWHP E\ PRGHOLQJ WR\ EHQFKPDUNV DQG

D UHDO FRPSRQHQW �FDOOHG ,/&���� FRPPHUFLDOL]HG E\ ,WDOWHO� XVHG

DV WHVW YHKLFOH IRU WKH 6((' (VSULW SURMHFW� %\ XVLQJ D

63$5&VWDWLRQ �� UXQQLQJ DW ��0+]� ZH REVHUYHG DQ DYHUDJH

VLPXODWLRQ UDWLR DURXQG ������ 7KLV PHDQV WKDW� WR VLPXODWH D

V\VWHP FKDUDFWHUL]HG E\ ��. HYHQWV�V� WKH VLPXODWRU LV DEOH WR

SURFHVV ���. HYHQWV SHU &38 VHFRQG� 7KH ILUVW LPSOHPHQWDWLRQ

GHOLYHUV D WKURXJKSXW DOUHDG\ JRRG HQRXJK WR HQDEOH LWV HIIHFWLYH

XVH IRU GHYHORSLQJ UHDO�VL]H GHVLJQV� ,Q SDUWLFXODU� VXFK D W\SH RI

DQDO\VLV VHHPV WR EH WZR RUGHUV RI PDJQLWXGH IDVWHU WKDQ WKH

ORZ�OHYHO VWUDWHJ\ >��@� SUHVHQWHG LQ >�@� EDVHG RQ WKH XVH RI

9+'/ PRGHOV IRU ERWK WKH KZ DQG WKH VZ�

7KH ,/&�� FRPSRQHQW� LV D GDWD�OLQN FRQWUROOHU IRU VL[WHHQ

DV\QFKURQRXV�V\QFKURQRXV GDWD VWUHDPV EDVHG RQ WKH +'/&

SURWRFRO� 7KH RULJLQDO GHVLJQ DOORFDWHV WKH PDQDJLQJ RI WKH

FKDQQHOV WR D 5,6& &38 FRUH FHOOV� ZKLOH WKH +'/& SURWRFRO

SURFHVVLQJ LV KZ�ERXQG� ERWK VHFWLRQ DUH HPEHGGHG LQ WKH VDPH

LQWHJUDWHG FLUFXLW�

7KH V\VWHP KDV EHHQ UHYHUVH HQJLQHHUHG E\ XVLQJ WKH

726&$ HQYLURQPHQW DQG YDOLGDWHG WKURXJK WKH VLPXODWRU KHUH

SUHVHQWHG� WKH VSHFLILFDWLRQ LV FRPSRVHG RI PRUH WKDQ �.

2FFDP,, OLQHV RI FRGH� (DFK RI WKH VL[WHHQ OLQNV LV FRPSRVHG RI�



• RQH LQ�RXW +'/& PRGXOH� LPSOHPHQWLQJ WKH ,62�26,

OHYHO � IXQFWLRQDOLW\�

• RQH ),)2 EXIIHULQJ WKH LQFRPLQJ�RXWFRPLQJ GDWD

VWUHDPV�

• D '0$ FRQWUROOHU WR WUDQVIHU WKH GDWD RQ WKH ORFDO EXV

LQWHUIDFH�

,Q WKH 2FFDP,, VSHFLILFDWLRQ� WKH ),)2 LV LQ EHWZHHQ

D SURGXFHU DQG FRQVXPHU SURFHVVHV �VHH ILJXUH ���

Figure 3. Graphical OccamII specs of the FIFO
subsystem.

2QH RI WKH ERWWOHQHFNV RI WKH DUFKLWHFWXUH LV

UHSUHVHQWHG E\ WKH WUDQVIHUULQJ UDWH RI WKH GDWD IURP WKH

),)2 WR WKH FRQVXPHU SURFHVV� D ORZ YDOXH ZLWK UHVSHFW WR

WKH UDWH RI WKH SURGXFHU SURFHVV ZLOO UHVXOW LQ D ),)2

RYHUUXQ HUURU� 7R PRGHO VXFK D FRQVWUDLQW� WKH VWDWHPHQW

MINRATE OF Write IS 3 KDV EHHQ DGGHG WR WKH

2FFDP VSHFLILFDWLRQ� ZKHUH Write LV D WDJ ORFDWHG RQ WKH

SURFHVV PRYLQJ GDWD IURP WKH ),)2 WR WKH FRQVXPHU� DQG

� LV D IUHTXHQF\ H[SUHVVHG LQ +HUW]�

2WKHU VHULRXV SUREOHPV PD\ DULVH IURP WKH ODWHQF\ RI

WKH SURFHVV GHYRWHG WR PDQDJH WKH FDVH RI ),)2 RYHUUXQ�

,Q IDFW� WKH VWDOO KDV WR EH UHPRYHG �E\ D GHGLFDWHG SURFHVV�

DV VRRQ DV SRVVLEOH� ,Q WKLV FDVH� WKH FRQVWUDLQW LV

UHSUHVHQWHG E\ MAXRATE OF Full IS 4 (KHz) �

ZKHUH Full LV D WDJ DQFKRUHG WR WKH SURFHVV RI GDWD

UHIXVLQJ� DQG � LV WKH PD[ IUHTXHQF\ H[SUHVVHG LQ .+]�

)LQDOO\� D MINRATEFRQVWUDLQW KDV EHHQ DGGHG WR VXSHUYLVH

D $/7 SURFHVV PRGHOLQJ WKH VSRROLQJ RI WKH SURFHVVHV

FRPPXQLFDWLQJ ZLWK WKH ),)2�

7KH YDULRXV FRPSRQHQWV RI WKH V\VWHP KDYH EHHQ

LQLWLDOO\ DOORFDWHG WR HLWKHU KZ RU VZ GRPDLQV DQG WKHQ

VLPXODWHG WR YHULI\ WKH IXQFWLRQDOLW\ DQG WKH IXOILOOPHQW RI

WKH WLPLQJ FRQVWUDLQWV� 7KH WUHQG RI VRPH RI WKH WLPLQJ

FRQVWUDLQWV YHUVXV WKH UDWH RI WKH SURGXFHU SURFHVV LV

UHSRUWHG LQ ILJXUH ��

'LIIHUHQW VFHQDULRV KDYH EHHQ FRQVLGHUHG EHIRUH

FRPPLWWLQJ WR WKH ILQDO KZ�VZ LPSOHPHQWDWLRQ� UDQJLQJ

IURP WKH IXOO\ KZ DQG IXOO\ VZ VROXWLRQ� $SDUW IURP WKH

DERYH FRQVLGHUDWLRQV RQ WKH IXQFWLRQDO�WLPLQJ SURSHUWLHV�

WKH V\VWHP VSHFLILFDWLRQV KDYH EHHQ PRGLILHG WURXJK D VHW

RI WUDQVIRUPDWLRQV DFFRUGLQJ WR WKH FRPSXWDWLRQ RI VRPH

PHWULFV HYDOXDWLQJ WKH TXDOLW\ RI WKH V\VWHP >�@� EXW WKLV DVSHFW LV

RXW RI WKH VFRSH RI WKLV SDSHU� 'LIIHUHQW DOWHUQDWLYHV LQ WHUPV DOVR

RI PLFURSURFHVVRU FORFN IUHTXHQF\ KDYH EHHQ WDNHQ LQWR DFFRXQW�
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Figure 4. Trend of some timing constraints versus the data
production rate of the consumer process feeding the FIFO.

7KH WRWDO PDQSRZHU �H[FOXGLQJ WKH V\QWKHVLV VWDJH� KDV EHHQ

DOORFDWHG RQ WKH GLIIHUHQW GHVLJQ VWDJHV DV IROORZV�

Occam Language (tool learning) 4 weeks
ExplorationManager (tool learning) 1 week
Design Specification 8 weeks
Functional Debug 16 weeks
Design Space Exploration 2 weeks
Total week/man 31 weeks

7KLV UHVXOWV DUH LPSRUWDQW LQ RUGHU WR JHW D IHHGEDFN RI WKH

HIIHFWLYHQHVV RI WKH SURSRVHG PHWKRGRORJ\ IRU GHVLJQ HQWU\ DQG

GHVLJQ VSDFH H[SORUDWLRQ� :H FDQ LGHQWLI\ WZR GLIIHUHQW W\SH RI

GHVLJQHU DFFRUGLQJ WR WKH OHYHO RI FRQILGHQFH ZLWK WKH WRRO�

ZKRVH WHPSRUDO FKDUDFWHUL]DWLRQ RI WKH DFWLYLWLHV LV GHSLFWHG LQ

ILJXUH � DQG ILJXUH ��
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Figure 5. Manpower partitioning for a starting from scratch
designer.
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Figure 6. Manpower partitioning for a trained designer.

���&RQFOXGLQJ�UHPDUNV

,Q PDQ\ SUDFWLFDO FDVHV D VLJQLILFDQW YDOXH DGGHG LV WKH

SRVVLELOLW\ WR URXJKO\ HVWLPDWH LI D JLYHQ PL[HG KZ�VZ

LPSOHPHQWDWLRQ IXOILOOV ERWK IXQFWLRQDO DQG WLPLQJ

UHTXLUHPHQWV� GXULQJ WKH HDUO\ VWDJHV RI WKH GHVLJQ IORZ� ,Q

VXFK D ZD\� RQFH WKH SULPDU\ JRDO RI UHDOL]LQJ D V\VWHP QRW

YLRODWLQJ WKH VSHFLILFDWLRQV LV PHW� LI LV SRVVLEOH WR SD\ PRUH

DWWHQWLRQ LQ WKH GHVLJQ VSDFH H[SORUDWLRQ DQG WKH

WLPH�FRQVXPLQJ ILQHU JUDLQ RSWLPL]DWLRQ VWHSV�

7KH DLP RI WKH SUHVHQWHG LQYHVWLJDWLRQ KDV EHHQ WR ILOO

WKH H[LVWLQJ JDS EHWZHHQ WKH V\VWHP�OHYHO XQFRPPLWWHG

IXQFWLRQDO DQDO\VLV �QHFHVVDU\ WR YHULI\�GHEXJ WKH V\VWHP�

DQG ORZ OHYHO VLPXODWLRQ XVHG WR ILQH WXQH WKH DUFKLWHFWXUDO

FKDUDFWHULVWLFV� 7KH SDSHU SUHVHQWHG D VLPXODWLRQ VWUDWHJ\

EDVHG RQ D V\VWHP OHYHO WLPLQJ H[WHQVLRQ RI D KZ�VZ

PRGHOLQJ HQYLURQPHQW EDVHG RQ 2FFDP,, JUDSKLFDO V\VWHP

GHVFULSWLRQV� 6XFK LQIRUPDWLRQ� WRJHWKHU ZLWK DQ LQLWLDO

KZ�VZ SUH�DOORFDWLRQ RI WKH PRGXOHV FRPSRVLQJ WKH

V\VWHP� FRQVWLWXWHV WKH VXEVWUDWH RQ ZKLFK DQ KLJK�OHYHO

VLPXODWLRQ DOJRULWKP LV EDVHG� 7KH UHVXOWLQJ VSHHG�XS LQ

VLPXODWLRQ WLPH� ZKLOH WKH PRQLWRULQJ RI WKH PHHWLQJ RI

XVHUV GHILQHG WLPLQJ FRQVWUDLQWV� DOORZV WKH GHVLJQHU ERWK

WR YDOLGDWH WKH GHVLJQ EHKDYLRU RQ D JLYHQ WDUJHW

DUFKLWHFWXUH DQG WR FRPSDUH DOWHUQDWLYH VROXWLRQ LQ RUGHU WR

PHHW RWKHU ILJXUHV RI PHULW� %HQFKPDUNLQJ RI WKH

VLPXODWLRQ VWUDWHJ\ RQWR D UHDO�VL]H LQGXVWULDO H[DPSOH LV

FDUULHG RXW DV SDUW RI WKH DFWLYLW\ RI WKH 6((' (VSULW

SURMHFW�

7KH VLPXODWLRQ DOJRULWKP KDV EHHQ LQWHJUDWHG ZLWKLQ

WKH 726&$ FRGHVLJQ IUDPHZRUN� DQG LV QRZ DYDLODEOH WR

GULYH WKH GHVLJQ VSDFH H[SORUDWLRQ WDVN LQ DGGLWLRQ WR WKH

HYDOXDWLRQ PHWULFV DQG IRUPDO WUDQVIRUPDWLRQV SUHVHQWHG LQ

>�@ >�@� &XUUHQW HIIRUW LQ GHYRWHG WR EHWWHU LQWHJUDWH WKH

HYDOXDWLRQ PHWULFV� WKH SUHVHQWHG KLJK�OHYHO FR�VLPXODWLRQ

WRRO DQG WKH DSSOLFDWLRQ RI WKH DYDLODEOH IRUPDO

WUDQVIRUPDWLRQV XQGHU WKH XPEUHOOD RI WKH 726&$

([SORUDWLRQ 0DQDJHU�

���5HIHUHQFHV

>�] '� '� *DMVNL� /� 5DPDFKDQGUDQ� 3� )XQJ HW DO�� ����KRXU 'HVLJQ @

&\FOH� $ 7HVW &DVH� 3URFHHGLQJV RI WKH ��VW $&0�,((( 'HVLJQ

$XWRPDWLRQ &RQIHUHQFH� �����

>�@ 3�*�3DXOLQ� &�/LHP� 7�&�0D\� 6�6XWDUZDOD� '63 'HVLJQ 7RRO
5HTXLUHPHQWV IRU WKH 1LQHQWLHV� $Q ,QGXVWULDO 3HUVSHFWLYH� -RXUQDO RI

9/6, 6LJQDO 3URFHVVLQJ� VSHFLDO LVVXH RQ ´6\QWKHVLV IRU '63µ�

YRO��� Q����� -DQXDU\� �����

>�@ 'H 0LFKHOL *�� 6DPL 0� *� HGLWRUV� +DUGZDUH�6RIWZDUH &R�'HVLJQ��
1$72 $6, 6HULHV� 6HULHV (� $SSOLHG 6FLHQFHV � YRO����� .OXZHU

$FDGHPLF 3XEOLVKHUV� 7KH 1HWKHUODQGV� �����

>�@ *LO /DXGHU� %ULGJH 7KH (PXODWRU *DS )RU +LJK�3HUIRUPDQFH 'HEXJJLQJ�
(OHFWURQLF 'HVLJQ� YRO� ��� Q���� 1RYHPEHU ��� ����� SS ��������

>�@ $�%DOERQL� :�)RUQDFLDUL� '�6FLXWR� &R�V\QWKHVLV DQG &R�VLPXODWLRQ RI
&RQWURO�'RPLQDWHG (PEHGGHG 6\VWHPV� ,QW� -RXUQDO 'HVLJQ

$XWRPDWLRQ IRU (PEHGGHG 6\VWHPV� YRO��� Q��� -XO\ ����� .OXZHU

$FDGHPLF 3XEOLVKHU� 1RUZHOO� 0$� 86$�

>�@ %DOERQL $�� )RUQDFLDUL :�� 6FLXWR '�� 726&$� D 3UDJPDWLF $SSURDFK
WR &R�'HVLJQ $XWRPDWLRQ RI &RQWURO 'RPLQDWHG 6\VWHPV�
+DUGZDUH�6RIWZDUH &R�GHVLJQ� 1$72 $6, 6HULHV� 6HULHV (�

$SSOLHG 6FLHQFHV � YRO����� SS��������� .OXZHU $FDGHPLF

3XEOLVKHU� �����

>�@ $�%DOERQL� :�)RUQDFLDUL� '�6FLXWR� 3DUWLWLRQLQJ RI +Z�6Z (PEHGGHG
6\VWHPV� D 0HWULFV�%DVHG $SSURDFK� ,QWHJUDWHG &RPSXWHU�$LGHG

(QJLQHHULQJ� WR DSSHDU� -RKQ :LOH\� �����

>�@ %�'DVDUDK\� 7LPLQJ FRQWUVWDLQWV RI UHDO�WLPH V\VWHPV� &RQVWUXFW IRU
H[SUHVVLQJ WKHP� PHWKRGV RI YDOLGDWLQJ WKHP� LQ ,((( 7UDQVDFWLRQ RQ

6RIWZDUH (QJLQHHULQJ� YRO���� -DQ �����

>�@ 5�.�*XSWD� *�'H 0LFKHOL� 6\VWHP 6\QWKHVLV YLD +DUGZDUH�6RIWZDUH
&RGHVLJQ� 7HFKQLFDO 5HSRUW &6/�75�������� 6WDQIRUG 8QLYHUVLW\�

2FWREHU� �����

>��@ $�%DOERQL� :�)RUQDFLDUL� '�6FLXWR� 0�9LQFHQ]L� 7KH XVH RI D 9LUWXDO
,QVWUXFWLRQ 6HW IRU WKH 6RIWZDUH 6\QWKHVLV RI +Z�6Z (PEHGGHG 6\VWHPV� ,Q
SURF� RI ,((( ,666
��� �WK ,QWHUQDWLRQDO 6\PSRVLXP RQ 6\VWHP

6\QWKHVLV� /D -ROOD� &DOLIRUQLD� 86$� 1RYHPEHU ���� �����

>��@ 6((' (635,7�(6' SURMHFW Q������� 5HIHUHQFH PDQXDO RI WKH

2FFDP *UDSKLFDO (GLWRU�

KWWS���ZZZ�FHIULHO�LW�HGD�SURMHFWV�VHHG�PDLQPHQX�KWP�

>��@ '�*DMVN\� )�9DKLG� 6�1DUD\DQ� -�*RQJ� 6SHFLILFDWLRQ $QG 'HVLJQ RI
(PEHGGHG 6\VWHPV� 3UHQWLFH +DOO� 1HZ -HUVH\� �����

>��@ -LIHQJ +�� 3DJH ,�� %RZHQ -� 7RZDUGV D 3URYDEO\ &RUUHFW +DUGZDUH
,PSOHPHQWDWLRQ RI 2FFDP� 7HFKQLFDO 5HSRUW� 2[IRUG 8QLYHUVLW\

&RPSXWLQJ /DERUDWRU\� �����

>��@ +RDUH &� $� &RPPXQLFDQWLQJ 6HTXHQWLDO 3URFHVVHV� 3UHQWLFH +DOO�

(QJOHZRRG &OLIIV� 1-� �����

>��@ *XSWD 5�.�� 'H 0LFKHOL *�� $ &R�6\QWKHVLV $SSURDFK WR (PEHGGHG
6\VWHP 'HVLJQ $XWRPDWLRQ� 'HVLJQ $XWRPDWLRQ IRU (PEHGGHG 6\VWHPV�
.OXZHU $FDGHPLF 3XEOLVKHU� ����� ������� �������

>��@ %HQQHU 7� (UQVW 5�� +HQNHO -� +DUGZDUH�6RIWZDUH &RV\QWKHVLV IRU
0LFURFRQWUROOHUV� ,((( 'HVLJQ	7HVW� ����� ������ ������

>��@ 3DXOLQ 3�*�� /LHP &�� 0D\ 7�&�� 6XWDUZDOD 6� &RGHV\Q� $ UHWDUJHWDEOH
&RGH 6\QWKHVLV 6\VWHPV� ,((( 3URF� RI ,QW� 6\PSRVLXP RQ +LJK

/HYHO 6\QWKHVLV� �����
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