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Abstract
In this paper we study various policies for scheduling
tasks in distributed processor queues. Their perfor-
mance is studied and compared for a variety of
workloads. It is our intention to find a policy that
increases throughput and also is fair to jobs. Simulation
results indicate that the policy that schedules the
shortest task in a queue, when there is not any other
task that has been waiting more than some configurable
period of time, yields good system performance and
also provides a guarantee for fairness in individual job
execution.

1. Introduction

,Q GLVWULEXWHG V\VWHPV� WDVN VFKHGXOLQJ KDV EHHQ VKRZQ

WR EH D FULWLFDO IDFWRU LQ DFKLHYLQJ HIILFLHQW SDUDOOHO
H[HFXWLRQ� 7KH GHVLJQ RI SROLFLHV WKDW VFKHGXOH SDUDOOHO MRE

WDVNV LQ D PDQQHU WKDW WHQGV WR PLQLPL]H UHVSRQVH WLPH

DQG PD[LPL]H WKURXJKSXW LV DQ LPSRUWDQW LVVXH� $QG

LQGHHG� WKHUH KDYH EHHQ VWXGLHG DQG LPSOHPHQWHG PDQ\

VFKHGXOLQJ SROLFLHV �>�@� >�@� >�@� >�@� >�@��

'LVWULEXWHG V\VWHPV RIIHU FRQVLGHUDEOH FRPSXWDWLRQDO
SRZHU� ZKLFK FDQ EH XVHG WR VROYH SUREOHPV ZLWK ODUJH

FRPSXWDWLRQDO UHTXLUHPHQWV� +RZHYHU� LW LV QRW DOZD\V

SRVVLEOH WR HIILFLHQWO\ H[HFXWH WKH SDUDOOHO MREV� ,W LV

FULWLFDO KRZ WR SDUWLWLRQ WKH SURJUDP LQWR WDVNV� DVVLJQLQJ

WKH WDVNV WR SURFHVVRUV DQG VFKHGXOLQJ WDVN H[HFXWLRQ RQ

HDFK GLVWULEXWHG SURFHVVRU� *RRG VFKHGXOLQJ SROLFLHV DUH
QHHGHG WR LPSURYH V\VWHP SHUIRUPDQFH ZKLOH SUHVHUYLQJ

LQGLYLGXDO DSSOLFDWLRQ SHUIRUPDQFH VR WKDW WKHUH ZLOO QRW

EH VRPH MREV VXIIHULQJ XQERXQGHG GHOD\V�

7KH SULPDU\ SXUSRVH LQ PRVW RI WKH H[LVWLQJ ZRUNV LV

WR ILQG ZD\V WR GLVWULEXWH WKH WDVNV DPRQJ WKH SURFHVVRUV

LQ RUGHU WR DFKLHYH VRPH SHUIRUPDQFH JRDOV VXFK DV
PLQLPL]LQJ MRE H[HFXWLRQ WLPH� PLQLPL]LQJ FRPPX�

QLFDWLRQ DQG RWKHU RYHUKHDG DQG�RU PD[LPL]LQJ UHVRXUFH

XWLOL]DWLRQ� 7KHUH DUH FDVHV WKRXJK� ZKHUH WDVN VHTXHQFLQJ

VKRXOG EH SUHVHUYHG DV PXFK DV SRVVLEOH VR DV WR DFKLHYH

IDLUQHVV LQ MRE H[HFXWLRQ� $ WDVN WKDW LV JLYHQ D ORZ

SULRULW\ DFFRUGLQJO\ WR WKH VFKHGXOLQJ PHWKRG¶V FULWHULD

VKRXOG QRW EH RYHUWDNHQ E\ DQ DUELWUDU\ QXPEHU RI KLJKHU

SULRULW\ WDVNV�

'DQGDPXGL �>�@� >�@� KDV FRQGXFWHG DQ H[WHQVLYH DQG
WKRURXJK VWXG\ RQ WDVN VFKHGXOLQJ IRU PXOWLSURFHVVRU

V\VWHPV� 7KHVH ZRUNV H[DPLQH PDQ\ FDVHV LQ GHWDLO� 7KHLU

UHVXOWV LQGLFDWH WKDW VFKHGXOLQJ SROLFLHV KDYH VXEVWDQWLDO

LPSDFW RQ SHUIRUPDQFH ZKHQ QRQ�DGDSWLYH URXWLQJ VWUD�

WHJLHV DUH XVHG� 7KH\ FRQVLGHU DQ RSHQ TXHXLQJ QHWZRUN

PRGHO DQG WKH\ DVVXPH WKDW WKH QXPEHU RI WDVNV SHU MRE LV
H[SRQHQWLDOO\ GLVWULEXWHG�

.XPDU DQG 6KRUH\ �>�@� VWXG\ D SDUDOOHO SURFHVVLQJ

V\VWHP FRPSULVLQJ VHYHUDO KRPRJHQRXV FRPSXWHUV LQWHU�

FRQQHFWHG E\ D FRPPXQLFDWLRQ QHWZRUN� -REV FRQVLVW RI D

VHULHV RI IRUNV DQG MRLQV� (DFK IRUN RI D MRE JLYHV ULVH WR D

UDQGRP QXPEHU RI WDVNV WKDW FDQ EH SURFHVVHG LQGH�
SHQGHQWO\ RQ DQ\ RI WKH FRPSXWHUV�

6HYFLN >�@ XVHV /HDVW :RUN )LUVW �/:)� DQG /HDVW

5HPDLQLQJ :RUN )LUVW �/5:)�� 7KH UHVXOWV RI KLV VWXG\

FRQILUP WKH YDOXH RI XVLQJ DSSOLFDWLRQ FKDUDFWHULVWLFV LQ

VFKHGXOLQJ ZKHQ WKH\ FDQ EH REWDLQHG�
*HQHUDOO\� VFKHGXOLQJ SROLFLHV IRU GLVWULEXWHG V\VWHPV

DQG PXOWLSURJUDPPHG SDUDOOHO V\VWHPV VWXG\ WKH

LQIOXHQFH RI WKH VFKHGXOLQJ SROLF\ RQ SURFHVVRU SHUIRU�

PDQFH RQO\� 7KH\ GR QRW H[SOLFLWO\ PRGHO WKH ,�2 SUR�

FHVVLQJ� DOWKRXJK LW FDQ VLJQLILFDQWO\ LQIOXHQFH WKH RYHUDOO

V\VWHP SHUIRUPDQFH� +RZHYHU� VFKHGXOLQJ LV QRW DQ
LVRODWHG LVVXH� ,W LV EXW RQH VHUYLFH SURYLGHG E\ WKH RSH�

UDWLQJ V\VWHP� 7KH VROXWLRQ WR WKH VFKHGXOLQJ SUREOHP

PXVW EH LQWHJUDWHG ZLWK VROXWLRQV WR RWKHU SUREOHPV� H�J�

,�2 PDQDJHPHQW� 7KH GLIIHUHQW SDUWV RI WKH V\VWHP PXVW

ZRUN WRJHWKHU WR FUHDWH D FRKHVLYH ZKROH LQ D ZD\ WKDW

PDNHV VHQVH� 5RVWL HW DO� >�@ VWXG\ ODUJH�VFDOH SDUDOOHO
FRPSXWHU V\VWHPV DQG WKH\ VXJJHVW WKDW WKH RYHUODSSLQJ

RI WKH ,�2 GHPDQGV RI VRPH MREV ZLWK WKH FRPSXWDWLRQ

GHPDQGV RI RWKHU MREV RIIHU D SRWHQWLDO LPSURYHPHQW LQ

SHUIRUPDQFH�

1XPHURXV VFKHGXOLQJ GLVFLSOLQHV KDYH EHHQ SURSRVHG
IRU PXOWLSURFHVVRU V\VWHPV� WKH HYDOXDWLRQ RI ZKLFK� IRU

WKH PRVW SDUW� ZDV FRQGXFWHG RQ ZRUNORDGV ZLWK D
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UHODWLYHO\ VPDOO YDULDELOLW\ LQ WDVN SURFHVVLQJ UHTXL�

UHPHQWV� +RZHYHU� KLJK SHUIRUPDQFH FRPSXWHU FHQWHUV
KDYH UHSRUW WKDW WKHLU VHUYLFH WLPH FRHIILFLHQW RI YDULDWLRQ

FDQ LQ IDFW EH JUHDWHU WKDQ RQH�

,Q WKLV ZRUN ZH FRQVLGHU WKDW D SDUDOOHO SURJUDP KDV D

VLPSOH IRUN�MRLQ VWUXFWXUH� $OWKRXJK WKH MRE VWUXFWXUH LV

VLPSOH� WKH VSOLWWLQJ RI MREV LQWR WDVNV DQG WKH UHVXOWDQW

SDUDOOHOLVP PDNHV WKH PRGHOOLQJ DQG DQDO\VLV RI PXOWLSUR�
FHVVLQJ V\VWHPV YHU\ FRPSOLFDWHG� :H VWXG\ WDVN VFKHGX�

OLQJ LQ D FORVHG TXHXLQJ QHWZRUN PRGHO RI D GLVWULEXWHG

V\VWHP ZLWK P �� SURFHVVRUV ZKHUH ZH LQFRUSRUDWHG ,�2

HTXLSPHQW� -REV DUH SDUWLWLRQHG LQWR WDVNV WKDW FDQ EH UXQ

LQ SDUDOOHO� (DFK WDVN LV DVVLJQHG UDQGRPO\ WR RQH RI WKH P
TXHXHV ZLWK HTXDO SUREDELOLW\� :H ERXQG WKH QXPEHU RI
WDVNV SHU MRE E\ WKH QXPEHU RI SURFHVVRUV LQ WKH V\VWHP�

:H FRQVLGHU ZRUNORDGV ZLWK QR FRUUHODWLRQ EHWZHHQ WRWDO

VHUYLFH GHPDQG DQG QXPEHU RI WDVNV LQ D MRE�

.DUDW]D �>�@� VWXGLHG D VLPLODU PRGHO� $ GLVWULEXWHG

V\VWHP ZLWK WKH P � SURFHVVRUV DQG DQ ,�2 XQLW ZDV

FRQVLGHUHG� 7KUHH VFKHGXOLQJ SROLFLHV ZHUH VWXGLHG� 7KH
ILUVW�FRPH�ILUVW VHUYHG� VKRUWHVW�WDVN�ILUVW�VHUYHG� DQG D

SROLF\ WKDW JLYHV SULRULW\ WR WKH WDVNV RI WKH MRE WKDW KDV

WKH VPDOOHVW QXPEHU RI WDVNV� 7KH EHVW PHWKRG ZDV WKH

VKRUWHVW�WDVN�ILUVW�VHUYHG PHWKRG� +RZHYHU� LQ WKDW ZRUN�

ZH VWXGLHG WKH RYHUDOO SHUIRUPDQFH RQO\� DQG ZH GLG QRW
WDNH LQWR DFFRXQW IDLUQHVV DFURVV FRPSHWLQJ MREV�

,Q WKLV ZRUN ZH VWXG\ WKH IROORZLQJ ILYH VFKHGXOLQJ

WHFKQLTXHV� VKRUWHVW�WDVN�ILUVW�VHUYHG� WZR YDULDWLRQV RI

WKH VKRUWHVW�WDVN�ILUVW�VHUYHG PHWKRG DQG D SROLF\ WKDW

JLYHV SULRULW\ WR WKH WDVNV RI WKH MRE WKDW KDV WKH VPDOOHVW

QXPEHU RI XQFRPSOHWHG WDVNV� :H DOVR H[DPLQH WKH VWULFW
ILUVW� FRPH�ILUVW�VHUYHG SROLF\� 2XU JRDO LV WR DFKLHYH KLJK

V\VWHP SHUIRUPDQFH LQ FRQMXQFWLRQ ZLWK IDLUQHVV LQ MRE

H[HFXWLRQ�

:H FRPSDUH WKH SHUIRUPDQFH RI WKH GLIIHUHQW VFKH�

GXOLQJ SROLFLHV IRU YDULRXV FRHIILFLHQWV RI YDULDWLRQ RI WKH

SURFHVVRU VHUYLFH WLPHV DQG IRU GLIIHUHQW GHJUHHV RI
PXOWLSURJUDPPLQJ� 7R RXU NQRZOHGJH� VXFK DQ DQDO\VLV

RI WDVN VFKHGXOLQJ KDV QRW DSSHDUHG LQ WKH UHVHDUFK

OLWHUDWXUH�

7KLV SDSHU LV WKHRUHWLFDO LQ WKH VHQVH WKDW WKH UHVXOWV

DUH REWDLQHG IURP VLPXODWLRQ VWXGLHV LQVWHDG RI IURP
PHDVXUHPHQWV RI UHDO V\VWHPV� 1HYHUWKHOHVV� ZH EHOLHYH

WKDW WKH UHVXOWV ZH SUHVHQW DUH RI SUDFWLFDO YDOXH� $OO

DOJRULWKPV ZH VWXG\ DUH SUDFWLFDO LQ WKDW WKH\ FDQ EH

LPSOHPHQWHG� $OWKRXJK ZH GR QRW GHULYH DEVROXWH SHUIRU�

PDQFH SUHGLFWLRQV IRU VSHFLILF V\VWHPV DQG ZRUNORDGV� ZH

VWXG\ WKH UHODWLYH SHUIRUPDQFH RI WKH GLIIHUHQW WDVN VFKH�
GXOLQJ DOJRULWKPV DFURVV D EURDG UDQJH RI ZRUNORDGV DQG

DQDO\]H KRZ FKDQJHV LQ WKH ZRUNORDG DIIHFW SHUIRUPDQFH�

)RU VLPSOH LGHDOLVHG V\VWHPV� SHUIRUPDQFH PRGHOV FDQ

EH PDWKHPDWLFDOO\ DQDO\VHG XVLQJ TXHXLQJ WKHRU\ WR

REWDLQ SHUIRUPDQFH PHDVXUHV� 2XU V\VWHP� LQ DGGLWLRQ WR

H[SRQHQWLDO GLVWULEXWLRQ IRU WDVN H[HFXWLRQ WLPH� LQYROYHV
%UDQFKLQJ (UODQJ GLVWULEXWLRQ DV ZHOO� $OVR� LW LQYROYHV

IRUN�MRLQ SURJUDPV DQG VFKHGXOLQJ SROLFLHV ZLWK GLIIHUHQW

FRPSOH[LWLHV�
)RU FRPSOH[ V\VWHPV DQDO\WLFDO PRGHOOLQJ W\SLFDOO\

UHTXLUHV DGGLWLRQDO VLPSOLI\LQJ DVVXPSWLRQV� DQG VXFK

DVVXPSWLRQV PLJKW KDYH XQIRUHVHHDEOH LQIOXHQFHV RQ WKH

UHVXOWV� 7KHUHIRUH� UHVHDUFK HIIRUWV KDYH EHHQ GHYRWHG WR

ILQGLQJ DSSUR[LPDWH DQDO\VLV� WR GHYHORSLQJ WUDFWDEOH

PRGHOV LQ VSHFLDO FDVHV� DQG WR FRQGXFWLQJ VLPXODWLRQV�
([DFW DQDO\VLV RI IRUN�MRLQ TXHXLQJ PRGHOV LV ZHOO

NQRZQ WR EH LQWUDFWDEOH� )RU H[DPSOH� .XPDU DQG 6KRUH\

�>�@� GHULYHG XSSHU DQG ORZHU ERXQGV IRU WKH PHDQ

UHVSRQVH WLPH ZKHQ MREV KDYH D OLQHDU IRUN�MRLQ VWUXFWXUH�

,Q RXU ZRUN ZH FKRVH VLPXODWLRQV EHFDXVH LW LV SRVVLEOH WR

VLPXODWH WKH V\VWHP XQGHU VWXG\ LQ D GLUHFW PDQQHU� WKXV
OHQGLQJ FUHGLELOLW\ WR WKH UHVXOWV� 'HWDLOHG VLPXODWLRQ PR�

GHOV KHOS GHWHUPLQH SHUIRUPDQFH ERWWOHQHFNV LQ DUFKLWH�

FWXUH DQG DVVLVW LQ UHILQLQJ WKH V\VWHP FRQILJXUDWLRQ�

7KH VWUXFWXUH RI WKH SDSHU LV DV IROORZV� 6HFWLRQ ���

VSHFLILHV V\VWHP DQG ZRUNORDG PRGHOV� VHFWLRQ ��� GHV�

FULEHV WKH WDVN VFKHGXOLQJ SROLFLHV DQG VHFWLRQ ��� SUH�
VHQWV WKH PHWULFV HPSOR\HG LQ DVVHVVLQJ WKH SHUIRUPDQFH

RI WKH VFKHGXOLQJ SROLFLHV ZH VWXG\� 0RGHO LPSOHPHQ�

WDWLRQ DQG LQSXW SDUDPHWHUV DUH GHVFULEHG LQ VHFWLRQ ���

ZKLOH WKH UHVXOWV RI WKH VLPXODWLRQ H[SHULPHQWV DUH

SUHVHQWHG DQG DQDO\]HG LQ VHFWLRQ ���� )LQDOO\ WKH ODVW
VHFWLRQ FRQFOXGHV ZLWK VHYHUDO FRPPHQWV DQG JLYHV

GLUHFWLRQV IRU IXUWKHU UHVHDUFK�

2. Model and methodology

2.1 System and workload models

$ FORVHG TXHXLQJ QHWZRUN PRGHO RI D GLVWULEXWHG

V\VWHP LV FRQVLGHUHG� 7KHUH DUH P KRPRJHQHRXV DQG

LQGHSHQGHQW SURFHVVRUV HDFK VHUYLQJ LWV RZQ TXHXH� :H
KDYH H[DPLQHG WKH V\VWHP IRU P  ��� 7KLV LV D UHDVRQDEOH
FKRLFH IRU WKH FXUUHQW H[LVWLQJ PHGLXP�VFDOH GHSDUWPHQWDO

QHWZRUNV RI ZRUNVWDWLRQV� ,W LV EHOLHYHG WKDW TXDOLWDWLYH

UHVXOW IRU RWKHU QXPEHUV RI SURFHVVRUV HYHQ IRU ODUJH�VFDOH

GLVWULEXWHG� DUH VLPLODU IRU WKH GDWD GHPRQVWUDWHG KHUH�

$ KLJK�VSHHG QHWZRUN ZLWK QHJOLJLEOH FRPPXQLFDWLRQ
GHOD\V LQWHUFRQQHFWV WKH GLVWULEXWHG QRGHV�

7KH HIIHFWV RI WKH PHPRU\ UHTXLUHPHQWV DQG WKH

FRPPXQLFDWLRQ ODWHQFLHV DUH QRW UHSUHVHQWHG H[SOLFLWO\ LQ

WKH V\VWHP PRGHO� ,QVWHDG� WKH\ DSSHDU LPSOLFLWO\ LQ WKH

VKDSH RI WKH MRE H[HFXWLRQ WLPH IXQFWLRQV� %\ FRYHULQJ

VHYHUDO GLIIHUHQW W\SHV RI MRE H[HFXWLRQ EHKDYLRXUV� ZH
H[SHFW WKDW YDULRXV DUFKLWHFWXUDO FKDUDFWHULVWLFV EH FDS�

WXUHG� DV ZHOO�

7KH GHJUHH RI PXOWLSURJUDPPLQJ N LV FRQVWDQW GXULQJ

WKH VLPXODWLRQ H[SHULPHQW� $ IL[HG QXPEHU RI MREV N LV

FLUFXODWLQJ DOWHUQDWLYHO\ EHWZHHQ WKH SURFHVVRUV DQG WKH
,�2 XQLW�

7KH FRQILJXUDWLRQ RI WKH PRGHO LV VKRZQ LQ )LJXUH ��
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Figure 1. The queuing network model

6LQFH ZH DUH LQWHUHVWHG LQ D V\VWHP ZLWK EDODQFHG

SURJUDP IORZ� ZH KDYH FRQVLGHUHG DQ ,�2 FKDQQHO� ZKLFK

KDV WKH VDPH VHUYLFH FDSDFLW\ DV WKH SURFHVVRUV�

$Q LPSRUWDQW SDUW RI D GLVWULEXWHG V\VWHP GHVLJQ LV WKH
ZRUNORDG VKDULQJ DPRQJ WKH SURFHVVRUV� 7KLV LQFOXGHV

SDUWLWLRQLQJ WKH DUULYLQJ MREV LQWR WDVNV WKDW FDQ EH

H[HFXWHG LQ SDUDOOHO� DVVLJQLQJ WKH WDVNV WR SURFHVVRUV DQG

VFKHGXOLQJ WKH WDVN H[HFXWLRQ RQ HDFK SURFHVVRU�

,Q WKLV ZRUN MREV DUH SDUWLWLRQHG LQWR WDVNV WKDW FDQ EH

UXQ LQ SDUDOOHO� 2Q FRPSOHWLQJ H[HFXWLRQ� D WDVN ZDLWV DW
WKH MRLQ SRLQW IRU LWV VLEOLQJ WDVNV RI WKH VDPH MRE WR

FRPSOHWH H[HFXWLRQ� 7KHUHIRUH V\QFKURQL]DWLRQ DPRQJ

WDVNV LV UHTXLUHG� 7KH SULFH WKDW RQH SD\V IRU WKH LQFUHDVHG

SDUDOOHOLVP LV WKH V\QFKURQL]DWLRQ GHOD\ WKDW RFFXUV ZKHQ

WDVNV ZDLW IRU WKHLU VLEOLQJV WR ILQLVK H[HFXWLRQ�

(DFK WDVN LV DVVLJQHG UDQGRPO\ WR RQH RI WKH TXHXHV
ZLWK HTXDO SUREDELOLW\� 7DVNV LQ SURFHVVRU TXHXHV DUH H[H�

FXWHG DFFRUGLQJ WR WKH VFKHGXOLQJ PHWKRG WKDW LV FXUUHQWO\

HPSOR\HG� 1R PLJUDWLRQ RU SUHHPSWLRQ LV SHUPLWWHG� 2QFH

D WDVN VWDUWV H[HFXWLRQ� WKHQ LW ZLOO UXQ WR FRPSOHWLRQ

ZLWKRXW LQWHUUXSWLRQ�
7KH WHFKQLTXH XVHG WR HYDOXDWH WKH SHUIRUPDQFH RI WKH

VFKHGXOLQJ GLVFLSOLQHV LV H[SHULPHQWDWLRQ XVLQJ D V\QW�

KHWLF ZRUNORDG VLPXODWLRQ� ,Q VWXGLHV OLNH WKLV� RQH LV

XVXDOO\ UHTXLUHG WR XVH V\QWKHWLF ZRUNORDGV EHFDXVH UHDO

ZRUNORDGV FDQQRW EH VLPXODWHG HIILFLHQF\ HQRXJK DQG UHDO

V\VWHPV ZLWK DFWXDO ZRUNORDGV DUH QRW DYDLODEOH IRU
H[SHULPHQWDWLRQ� $OVR� XVHIXO DQDO\WLF PRGHOV DUH GLIILFXOW

WR GHULYH EHFDXVH WKH VXEWOHWLHV EHWZHHQ YDULRXV GLVFLS�

OLQHV DUH GLIILFXOW WR PRGHO DQG EHFDXVH WKH ZRUNORDG

PRGHO LV TXLWH FRPSOH[�

7KH ZRUNORDG FRQVLGHUHG KHUH LV FKDUDFWHUL]HG E\

WKUHH SDUDPHWHUV�

. 7KH GLVWULEXWLRQ RI WKH QXPEHU RI WDVNV SHU MRE�

. 7KH GLVWULEXWLRQ RI WDVN H[HFXWLRQ WLPH�

. 7KH GHJUHH RI PXOWLSURJUDPPLQJ�

:H DVVXPH WKDW WKHUH LV QRW FRUUHODWLRQ EHWZHHQ WKH

GLIIHUHQW SDUDPHWHUV� )RU H[DPSOH� D MRE ZLWK D VPDOO
QXPEHU RI WDVNV PD\ KDYH D ORQJ H[HFXWLRQ WLPH�

-REV FRQVLVW RI D VHW RI n ≥ � WDVNV� :H DVVXPH WKDW WKH
QXPEHU RI WDVNV RI MREV LV XQLIRUPO\ GLVWULEXWHG LQ WKH

UDQJH RI >���P@� :H KDYH FKRVHQ WKH XQLIRUP GLVWULEXWLRQ

EHFDXVH LW KDV D UHDVRQDEOH ODUJH GHYLDWLRQ DQG WKHUHIRUH

PRUH IDFWV DERXW V\VWHP EHKDYLRU FDQ EH UHYHDOHG� 7KH

QXPEHU RI WDVNV RI D MRE x LV UHSUHVHQWHG DV t�x��
,I p�x� UHSUHVHQWV WKH QXPEHU RI SURFHVVRUV UHTXLUHG

E\ MRE x� WKHQ WKH IROORZLQJ UHODWLRQ KROGV�

p�x� ≤ t�x� ≤ P

(DFK WLPH D MRE UHWXUQV IURP ,�2 VHUYLFH WR GLVWULEXWHG
SURFHVVRUV� LW LV SDUWLWLRQHG LQWR D GLIIHUHQW QXPEHU RI

WDVNV DQG LW QHHGV D GLIIHUHQW QXPEHU RI SURFHVVRUV IRU

H[HFXWLRQ� 7KDW LV LWV GHJUHH RI SDUDOOHOLVP LV QRW FRQVWDQW

GXULQJ LWV OLIHWLPH LQ WKH V\VWHP�

:H DOVR LQYHVWLJDWH WKH LPSDFW RI WKH YDULDELOLW\ LQ

WDVN VHUYLFH GHPDQG RQ V\VWHP SHUIRUPDQFH� $ KLJK
YDULDELOLW\ LQ WDVN VHUYLFH GHPDQG LPSOLHV WKDW WKHUH LV

SURSRUWLRQDWHO\ D KLJK QXPEHU RI VHUYLFH GHPDQGV WKDW DUH

YHU\ VPDOO FRPSDUHG WR WKH PHDQ VHUYLFH WLPH DQG D

FRPSDUDWLYHO\ ORZ QXPEHU RI VHUYLFH GHPDQGV WKDW DUH

YHU\ ODUJH� :KHQ D WDVN ZLWK D ORQJ VHUYLFH GHPDQG VWDUWV
H[HFXWLRQ� LW RFFXSLHV D SURFHVVRU IRU D ORQJ LQWHUYDO RI

WLPH DQG GHSHQGLQJ RQ WKH VFKHGXOLQJ SROLF\ DSSOLHG LW

PD\ LQWURGXFH LQRUGLQDWH TXHXLQJ GHOD\V IRU WKH RWKHU

WDVNV ZDLWLQJ IRU VHUYLFH�

7KH SDUDPHWHU� ZKLFK UHSUHVHQWV WKH YDULDELOLW\ LQ WDVN

H[HFXWLRQ WLPH� LV WKH FRHIILFLHQW RI YDULDWLRQ RI H[HFXWLRQ
WLPH �C�� 7KLV LV WKH UDWLR RI WKH VWDQGDUG GHYLDWLRQ RI WDVN

H[HFXWLRQ WLPH WR LWV PHDQ�

:H H[DPLQH WKH IROORZLQJ FDVHV�

. 7DVN H[HFXWLRQ WLPHV DUH LQGHSHQGHQW DQG LGHQWLFDOO\

GLVWULEXWHG �,,'� H[SRQHQWLDO UDQGRP YDULDEOHV ZLWK

PHDQ m�

. 7DVN H[HFXWLRQ WLPHV KDYH D %UDQFKLQJ (UODQJ

GLVWULEXWLRQ �>�@� >�@� ZLWK WZR VWDJHV DQG DUH ,,'� 7KH

FRHIILFLHQW RI YDULDWLRQ LV C� ZKHUH C >� DQG WKH PHDQ

LV m�

$IWHU D MRE OHDYHV WKH SURFHVVRUV� LW UHTXHVWV VHUYLFH RQ

WKH ,�2 XQLW�

. 7KH ,�2 TXHXLQJ GLVFLSOLQH LV )&)6�

. 7KH ,�2 VHUYLFH WLPHV DUH H[SRQHQWLDOO\ GLVWULEXWHG

ZLWK PHDQ k DQG DUH ,,'�

$OO QRWDWLRQV XVHG LQ WKLV SDSHU DSSHDU LQ 7DEOH ��
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2.2 Job scheduling policies

7KH SHUIRUPDQFH RI SURJUDPV WKDW FRQVLVW RI SDUDOOHO

WDVNV LV VLJQLILFDQWO\ DIIHFWHG E\ WKH FKRLFH RI WKH SROLF\

XVHG WR VFKHGXOH WDVNV�

7KH PDLQ REMHFWLYH RI WKH SURFHVVRU VFKHGXOHUV LV WR
DFKLHYH KLJK RYHUDOO V\VWHP WKURXJKSXW ZKLOH DW WKH VDPH

WLPH SURYLGLQJ VRPH JXDUDQWHH IRU WKH SHUIRUPDQFH RI

LQGLYLGXDO MREV LQ WKH V\VWHP�

,Q WKLV ZRUN ZH H[DPLQH RQO\ QRQ�SUHHPSWLYH WDVN

VFKHGXOLQJ SROLFLHV� :H DVVXPH WKDW WKH VFKHGXOHU KDV
SHUIHFW LQIRUPDWLRQ ZKHQ PDNLQJ GHFLVLRQV� L�H� LW NQRZV�

� 7KH H[HFXWLRQ WLPH RI WDVNV�

� 7KH SHULRG RI WLPH D MRE LV LQ WKH SURFHVVRUV V\VWHP�

� 7KH QXPEHU RI XQFRPSOHWHG WDVNV RI HDFK MRE�

1H[W ZH GHVFULEH WKH VFKHGXOLQJ VWUDWHJLHV HPSOR\HG

LQ WKLV ZRUN� $V LQ PRVW VWXGLHV ZH DVVXPH WKDW WKHLU

RYHUKHDG LV QHJOLJLEOH�

• First-Come-First-Served�FCFS�: :LWK WKLV VWUDWHJ\�
HDFK WDVN LV VFKHGXOHG LQWR WKH DVVLJQHG TXHXH LQ WKH

RUGHU RI LWV DUULYDO� 7KLV SROLF\ LV WKH VLPSOHVW IRUP RI

WDVN VFKHGXOLQJ�

• Shortest Task First�STF�� 7KLV SROLF\ DVVXPHV WKDW D

SULRUL NQRZOHGJH DERXW D WDVN LV DYDLODEOH LQ IRUP RI
VHUYLFH GHPDQG� :KHQ VXFK NQRZOHGJH LV DYDLODEOH�

WDVNV LQ WKH SURFHVVRU TXHXHV DUH RUGHUHG LQ D

GHFUHDVLQJ RUGHU RI VHUYLFH GHPDQG� +RZHYHU� LW

VKRXOG EH QRWHG WKDW D SULRUL LQIRUPDWLRQ LV QRW RIWHQ

DYDLODEOH DQG RQO\ DQ HVWLPDWH RI WDVN H[HFXWLRQ WLPH

FDQ EH REWDLQHG� ,Q WKLV VWXG\� WDVN H[HFXWLRQ WLPH
HVWLPDWHG LV DVVXPHG WR EH XQLIRUPO\ GLVWULEXWHG ZLW�

KLQ ± E% RI WKH H[DFW YDOXH�
,W LV REYLRXV WKDW WKLV PHWKRG LV QRW IDLU LQ WKH FDVH

ZKHUH WKHUH LV D WDVN LQ D TXHXH ZLWK YHU\ ODUJH VHUYLFH

GHPDQG DV LW PD\ EH VFKHGXOHG DIWHU D YHU\ ORQJ ZDLW

LQ WKH TXHXH� 7KLV SUREOHP LV HOLPLQDWHG E\ XVLQJ WKH

IROORZLQJ WZR PHWKRGV WKDW DUH YHUVLRQV RI WKH 67)
PHWKRG�

� STF-L� :LWK WKLV SROLF\ WDVNV DUH SODFHG LQ WKH TXHXH

LQ WKH RUGHU WKH\ DUULYH� DQG WKHQ WKH 67) SROLF\ LV

DSSOLHG WR WKH ILUVW L WDVNV LQ WKH TXHXH�

• STF-Maximum Wait �STF�MW�� :LWK WKLV VFKHGXOLQJ

VFKHPH� SULRULW\ LV JLYHQ WR WDVNV RI MREV WKDW DUH LQ WKH
V\VWHP IRU PRUH WKDQ D FRQILJXUDEOH SHULRG RI WLPH

MW� 2WKHUZLVH WKH 67) SROLF\ LV DSSOLHG�

• Job with the Smallest Number of Uncompleted Tasks
First �JSNUTF�� 7KLV SROLF\ JLYHV KLJKHU SULRULW\ WR

WDVNV WKDW EHORQJ WR WKH MRE ZLWK WKH VPDOOHVW QXPEHU

RI XQFRPSOHWHG WDVNV� 7KLV QXPEHU LV DQ LQGLFDWLRQ RI
KRZ FORVH LV D MRE WR FRPSOHWLRQ� 7KLV PHWKRG GRHV QRW

QHHG LQIRUPDWLRQ DERXW WDVN H[HFXWLRQ WLPH EXW LW LV

REYLRXV WKDW LQFXUV DQ DGGLWLRQDO RYHUKHDG� DV WKH

VFKHGXOHU KDV WR NQRZ DW DQ\ PRPHQW WKH QXPEHU RI

XQFRPSOHWHG WDVNV RI DOO MREV LQ DOO TXHXHV� $OVR LW KDV

WR ILQG WKH VPDOOHVW RI WKHVH QXPEHUV HYHU\ WLPH D WDVN
GHSDUWV D SURFHVVRU DIWHU VHUYLFH FRPSOHWLRQ�

:KHQ XVLQJ SULRULWLHV� LQ WKH FDVH RI WLHV WKH FCFS
PHWKRG LV XVHG�

2.3 Performance metrics

:H FRQVLGHU WKH IROORZLQJ GHILQLWLRQV�

� Response time RI D UDQGRP MRE LV WKH LQWHUYDO RI WLPH

IURP WKH GLVSDWFKLQJ RI WKLV MRE WDVNV WR SURFHVVRU

TXHXHV WR VHUYLFH FRPSOHWLRQ RI WKH ODVW WDVN RI WKLV

MRE� :H XVH WKH Maximum Response TimeREVHUYHG
GXULQJ D VLPXODWLRQ H[SHULPHQW DV WKH LQGLFDWLRQ RI

IDLUQHVV�

� Cycle timeRI D UDQGRP MRE LV WKH WLPH WKDW HODSVHV

EHWZHHQ WZR VXFFHVVLYH SURFHVVRU VHUYLFH UHTXHVWV RI

WKLV MRE� ,Q RXU PRGHO F\FOH WLPH LV WKH VXP RI

UHVSRQVH WLPH SOXV TXHXLQJ DQG VHUYLFH WLPH DW WKH ,�2

XQLW�

3DUDPHWHUV XVHG LQ ODWHU VLPXODWLRQ FRPSXWDWLRQV DUH
SUHVHQWHG LQ 7DEOH ��

Table 1.  Notations
RT 0HDQ UHVSRQVH WLPH

RTPD[ 0D[LPXP UHVSRQVH WLPH

K 0HDQ F\FOH WLPH

R 6\VWHP WKURXJKSXW

U3 0HDQ SURFHVVRU XWLOL]DWLRQ

N 'HJUHH RI PXOWLSURJUDPPLQJ

C &RHIILFLHQW RI YDULDWLRQ

m 0HDQ WDVN H[HFXWLRQ WLPH

k 0HDQ ,�2 VHUYLFH WLPH

E (VWLPDWLRQ HUURU LQ WDVN H[HFXWLRQ WLPH

L 1XPEHU RI WKH ILUVW SRVLWLRQV LQ D TXHXH

WKDW WKH 67)�/ SROLF\ H[DPLQHV

MW 0D[LPXP ZDLW WLPH WKDW LV WKH WKUHVKROG

IRU WKH 67)�0: SROLF\
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3.  Simulation results and discussion

3.1 Model implementation and input parameters
 

7KH TXHXLQJ QHWZRUN PRGHO ZDV VLPXODWHG ZLWK

GLVFUHWH HYHQW VLPXODWLRQ PRGHOV �>�@� XVLQJ WKH LQGH�

SHQGHQW UHSOLFDWLRQ PHWKRG� )RU HYHU\ PHDQ YDOXH D ���

FRQILGHQFH LQWHUYDO ZDV HYDOXDWHG� $OO FRQILGHQFH

LQWHUYDOV ZHUH IRXQG WR EH OHVV WKDQ �� RI WKH PHDQ

YDOXHV� 7KH V\VWHP FRQVLGHUHG LV EDODQFHG�

m ���� k  �����

7KH UHDVRQ ZH KDYH FKRVHQ k  ����� IRU EDODQFHG

SURJUDP IORZ LV WKDW DW WKH SURFHVVRUV WKHUH DUH RQ DYHUDJH

��� WDVNV SHU MRE� 6R� ZKHQ DOO SURFHVVRUV DUH EXV\� DQ
DYHUDJH RI ����� MREV LV VHUYHG HDFK XQLW RI WLPH� 7KLV

LPSOLHV WKDW ,�2 PHDQ VHUYLFH WLPH PXVW EH HTXDO WR

�������  ����� LI WKH ,�2 XQLW LV WR KDYH WKH VDPH VHUYLFH

FDSDFLW\�

7KH V\VWHP ZDV H[DPLQHG LQ FDVHV RI WDVN H[HFXWLRQ
WLPH ZLWK H[SRQHQWLDO GLVWULEXWLRQ �C  ��� DQG %UDQFKLQJ

(UODQJ IRU C  �� ��

7KH GHJUHH RI PXOWLSURJUDPPLQJ N ZDV WDNHQ DV ��

��� ��� ��� DQG ��� 7KH UHDVRQ ZH KDYH H[DPLQHG YDULRXV

QXPEHUV RI SURJUDPV N LV EHFDXVH WKLV LV D FULWLFDO SDUD�

PHWHU� ZKLFK UHIOHFWV V\VWHP ORDG�
,Q WKH 67)� 67)�/ DQG 67)�0: FDVHV ZH KDYH DOVR

H[DPLQHG HVWLPDWLRQ HUURUV ±��� DQG ±����
,Q WKLV ZRUN ZH KDYH FRQVLGHUHG L N��� N��� 7KLV LV D

UHDVRQDEOH DVVXPSWLRQ EHFDXVH WKH PD[LPXP TXHXH

OHQJWKV ZLWK WKH 67) PHWKRG ZHUH DURXQG N� ,Q WKH 67)�
0: FDVH ZH H[DPLQHG MW �
N� N� N��� N���

3.2  Performance analysis

'XH WR VSDFH OLPLWDWLRQV� RQO\ IHZ UHVXOWV DUH

SUHVHQWHG� EXW WKH\ DUH UHSUHVHQWDWLYH RI WKH RYHUDOO PRGHO
SHUIRUPDQFH �7DEOHV ���� )LJXUHV ������

6LPXODWLRQ UHVXOWV VKRZ WKH IROORZLQJ�

,Q DOO FDVHV H[DPLQHG� WKH SHUIRUPDQFH LQ WHUPV RI

PHDQ F\FOH WLPH DQG V\VWHP WKURXJKSXW LV VXSHULRU ZLWK

WKH 67) PHWKRG� +RZHYHU� WKLV SROLF\ SUHVHQWHG ODUJHU
YDOXHV RI RT

PD[
 WKHQ WKRVH SUHVHQWHG E\ WKH RWKHU

PHWKRGV� )&)6 SHUIRUPHG ZRUVW WKDQ DOO PHWKRGV� EXW LW

SURGXFHG VPDOO RT
PD[
�

)URP WKH RWKHU PHWKRGV� WKH VPDOOHVW YDOXHV RI RT
PD[

ZHUH SURGXFHG E\ WKH 67)�0: FDVH IRU DOO H[DPLQHG

YDOXHV RI WKH SDUDPHWHU MW� )RU C �� DQG MW �
N� WKLV
PHWKRG SHUIRUPHG YHU\ FORVH WR 67)� $V MW GHFUHDVHV�

WKH SHUIRUPDQFH RI WKH PHWKRG GHWHULRUDWHV EXW WKH RT
PD[

GHFUHDVHV� 7KLV LV EHFDXVH ZKLOH MW GHFUHDVHV WKLV

PHWKRG WHQGV WR IDYRXU WKH ILUVW WDVNV LQ WKH TXHXHV DQG

WKHUHIRUH LW EHKDYHV VLPLODUO\ WR WKH )&)6 PHWKRG�

,Q WKH MW �
N FDVH 67)�0: LPSURYHV WKH RYHUDOO

SHUIRUPDQFH E\ XS WR ��� RYHU )&)6 ZKLOH PDLQWDLQLQJ
IDLUQHVV� )RU MW N WKH LPSURYHPHQW LV VPDOOHU EXW WKH

YDOXHV RI RT
PD[

SURGXFHG E\ WKHVH WZR PHWKRGV DUH LQ WKH

VDPH UDQJH� )RU DOO N DQG MW� WKH SHUIRUPDQFH RI 67)�

0: GHFUHDVHV ZLWK LQFUHDVLQJ C� )RU MW �
N� IRU DOO C
WKH GHFUHDVH LV QRW VHULRXV� DQG 67)�0: SHUIRUPV ZHOO

UHODWLYHO\ WR )&)6� +RZHYHU� IRU MW N�� WKH SHUIRU�
PDQFH RI 67)�0: GHJUDGHV VHULRXVO\ ZLWK LQFUHDVLQJ C�
)RU C �� � WKH 67)�0: DQG )&)6 SROLFLHV SHUIRUP

DOPRVW WKH VDPH�

7KH 67)�/ SROLF\ IRU L N�� SHUIRUPHG YHU\ FORVH WR

67) IRU DOO C DQG N� )RU L N��� GXH WR WKH VPDOO QXPEHU
RI WDVNV LQ WKH TXHXHV WKDW WKLV PHWKRG H[DPLQHV� LWV
SHUIRUPDQFH GHWHULRUDWHV FRPSDUHG ZLWK WKH SHUIRUPDQFH

RI 67) DQG -6187)� +RZHYHU� WKH GLIIHUHQFH LQ

SHUIRUPDQFH LV VPDOOHU DW KLJKHU C� )RU C �� WKHVH WKUHH
PHWKRGV SHUIRUP DOPRVW WKH VDPH�

-6187) SHUIRUPHG YHU\ FORVH WR 67)� %RWK� -6187)

DQG 67)�/ SURGXFHG RT
PD[

PXFK ODUJHU WKDQ 67)�0:
SURGXFHG IRU DOO MW�

:H FRQGXFWHG DGGLWLRQDO VLPXODWLRQ H[SHULPHQWV WR

DVVHVV WKH LPSDFW RI VHUYLFH WLPH HVWLPDWLRQ HUURU RQ WKH

SHUIRUPDQFH RI WKH 67)� 67)�/ DQG 67)�0: PHWKRGV�

)LJXUH �� VKRZV WKH HIIHFW RI VHUYLFH WLPH HVWLPDWLRQ HUURU

RQ V\VWHP WKURXJKSXW IRU WKH 67)�0:� MW N� C �
FDVH� 7KH HVWLPDWLRQ HUURU LQ WKLV ILJXUH LV VHW DW ±���
±��� DQG ±���� 7KH JUDSK VKRZV WKDW WKH HVWLPDWLRQ
HUURU LQ WDVN VHUYLFH WLPH DIIHFWV PDUJLQDOO\ V\VWHP

SHUIRUPDQFH� 7KHUHIRUH� QR SURILW FDQ EH JDLQHG IURP WKH

D SULRUL NQRZOHGJH RI H[DFW WDVN VHUYLFH WLPHV�

$OO ILYH SROLFLHV KDYH WKHLU PHULWV� 67)� 67)�/ DQG
67)�0: PHWKRGV DVVXPH D SULRUL NQRZOHGJH RI DQ

DSSUR[LPDWH WDVN H[HFXWLRQ WLPH� -6187) DVVXPHV D

JOREDO LQIRUPDWLRQ DERXW WKH WDVNV RI DOO MREV LQ WKH

V\VWHP� 2Q WKH RWKHU KHDG )&)6 LV HDVLHU WR LPSOHPHQW

DQG LW UHVXOWV LQ OHVV RYHUKHDG� 7KHUHIRUH ZH FRPH WR WKH
FRQFOXVLRQ WKDW WKH 67)�0: LV D JRRG SROLF\ WR FKRRVH

ZKHQ LW LV IHDVLEOH WR LPSOHPHQW LW LQ SUDFWLFH�

4.  Conclusions and further research

,Q WKLV ZRUN ZH VWXGLHG WDVN VFKHGXOLQJ LQ D GLVWUL�

EXWHG V\VWHP�
2XU REMHFWLYH ZDV WR REWDLQ JRRG RYHUDOO V\VWHP

SHUIRUPDQFH ZKLOH DW WKH VDPH WLPH PDLQWDLQLQJ IDLUQHVV

LQ LQGLYLGXDO MRE H[HFXWLRQ WLPH� :H XVHG VLPXODWLRQ DV

WKH PHDQV RI REWDLQLQJ UHVXOWV�

)LYH VFKHGXOLQJ SROLFLHV ZHUH FRQVLGHUHG� )&)6� 67)�

67)�/� 67)�0:� DQG -6187)� 7KHLU SHUIRUPDQFH ZDV
VWXGLHG DQG FRPSDUHG IRU YDULRXV GHJUHHV RI PXOWLSUR�

JUDPPLQJ N DQG FRHIILFLHQWV RI YDULDWLRQ C RI WDVN H[HFX�

WLRQ WLPHV�

7KH VLPXODWLRQ UHVXOWV UHYHDO WKH IROORZLQJ�
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. ,Q DOO FDVHV H[DPLQHG WKH 67)�0: PHWKRG IRU

MW �
N SURYLGHG ERWK� JRRG V\VWHP SHUIRUPDQFH

DQG IDLUQHVV LQ LQGLYLGXDO MRE H[HFXWLRQ�

. 67)�0: SHUIRUPHG EHWWHU IRU C � DV LW SHUIRUPHG

YHU\ FORVH WR 67)� )RU C !� WKH RYHUDOO V\VWHP SHUIRU�

PDQFH ZKHQ XVLQJ WKH 67)�0: SROLF\ GHFUHDVHV ZLWK
LQFUHDVLQJ C EXW UHPDLQV FRQVWDQWO\ EHWWHU WKDQ ZKHQ

XVLQJ )&)6� )XUWKHU WR WKLV� 67)�0: LV WKH IDLUHVW

IURP WKH UHVW RI WKH RWKHU SROLFLHV H[DPLQHG�

7KLV ZRUN LV D FDVH VWXG\� ,W VKRXOG EH H[WHQGHG WR WKH

IROORZLQJ GLUHFWLRQV�

. 'LIIHUHQW MRE VL]H GLVWULEXWLRQV WR EH FRQVLGHUHG�

. 3UH�HPSWLYH VFKHGXOLQJ PHWKRGV WR EH VWXGLHG�

         Table 2.  &=1, FCFS case

N U3 RT  K R RTPD[

� ���� ���� ���� ���� �����

�� ���� ���� ���� ���� �����

�� ���� ���� ����� ���� �����

�� ���� ����� ����� ���� �����

�� ���� ����� ����� ���� �����

Table 3.  &=1, STF case

N U3 RT  K R RTPD[

� ���� ���� ���� ���� �����

�� ���� ���� ���� ���� ������

�� ���� ���� ���� ���� ������

�� ���� ���� ����� ���� ������

�� ���� ���� ����� ���� ������

              Table 4.  &=1, STF-L case, /=1/2

N U3 RT  K R RTPD[

� ���� ���� ���� ���� �����

�� ���� ���� ���� ���� �����

�� ���� ���� ���� ���� ������

�� ���� ��� ����� ���� ������

�� ���� ���� ����� ���� ������

             Table 5.  &=1, STF-MW, 0:=2*1

N U3 RT  K R RTPD[

� ���� ���� ���� ���� �����

�� ���� ���� ���� ���� �����

�� ���� ���� ���� ���� �����

�� ���� ���� ����� ���� �����

�� ���� ����� ����� ���� ������

               Table 6.  &=1, STF-MW, 0:=1

N U3 RT  K R RTPD[

� ���� ���� ���� ���� �����

�� ���� ���� ���� ���� �����

�� ���� ���� ���� ���� �����

�� ���� ���� ����� ���� �����

�� ���� ���� ����� ���� �����

    Table 7.  &=1, JSNUTF case

N U3 RT  K R RTPD[

� ���� ���� ���� ���� �����

�� ���� ���� ���� ���� �����

�� ���� ���� ���� ���� �����

�� ���� ���� ����� ���� ������

�� ���� ���� ����� ���� ������
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    Figure 2. 5 versus 1, C=1 (/=1/2, 0: = 2*1)
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   Figure 3. 5 versus 1, &=2 (/=1/2, 0: = 2*1)
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   Figure 4. 5 versus 1, &=4 (/=1/2, 0: = 2*1)
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   Figure 5. 5 versus 1, &=1 (/, 0: = 1 � 2)
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   Figure 6. 5 versus 1, &=2 (/, 0: = 1 � 2)
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   Figure 7. 5 versus 1, &=4 (/, 0: = 1 � 2)
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   Figure 8. 5 versus 1, &=1 (/, 0: = 1 � �)
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   Figure 9. 5 versus 1, &=2 (/, 0: = 1 � 4)
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   Figure 10. 5 versus 1, &=4 (/, 0: = 1 ��)
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   Figure 11. 5 versus 1, &=1, STF-MW, 0:=1
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