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" EJTTFSUBUJPO TVCNJUUFE JO GVMĕMMNFOU PG UIF SFRVJSFNFOUT
GPS UIF BXBSE PG UIF EFHSFF PG %PDUPS PG 4DJFODF
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7SJKF 6OJWFSTJUFJU #SVTTFM
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%FQBSUNFOU PG $PNQVUFS 4DJFODF
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1SJOUFE CZ $SB[Z $PQZ $FOUFS 1SPEVDUJPOT
1MFJOMBBO Ɗ Ɖƈƍƈ #SVTTFM
5FM� �ƋƊ Ɗ ƎƊƑ ƋƋ ƌƌ
DSB[ZDPQZ!WVC�BD�CF
XXX�DSB[ZDPQZ�CF
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/63� ƑƐƑ

"MMF SFDIUFO WPPSCFIPVEFO� /JFUT WBO EF[F VJUHBWF NBH XPSEFO WFSNFOJHWVMEJHE
FO�PG PQFOCBBS HFNBBLU XPSEFO EPPS NJEEFM WBO ESVL GPUPLPQJF NJDSPĕMN FMFDUSP�
OJTDI PG PQ XFMLF BOEFSF XJK[F PPL [POEFS WPPSBGHBBOEF TDISJęFMJKLF UPFTUFNNJOH
WBO EF BVUFVS�

"MM SJHIUT SFTFSWFE� /P QBSU PG UIJT QVCMJDBUJPO NBZ CF QSPEVDFE JO BOZ GPSN CZ QSJOU
QIPUPQSJOU NJDSPĕMN FMFDUSPOJD PS BOZ PUIFS NFBOT XJUIPVU QFSNJTTJPO GSPN UIF
BVUIPS�



"CTUSBDU

4JODF UIF JOUSPEVDUJPO PG NVMUJDPSF QSPDFTTPST QSPHSBNNFST DBO OP MPOHFS SFMZ PO JO�
DSFBTJOH DMPDL GSFRVFODJFT UP NBLF UIFJS QSPHSBNT SVO GBTUFS iGPS GSFFw� *OTUFBE UIFZ
IBWF UP FYQMJDJUMZ VTF DPODVSSFODZ� )PXFWFS DPODVSSFOU QSPHSBNNJOH JT OPUPSJPVTMZ
EJďDVMU� 5P UIJT FOE EFWFMPQFST DBO VTF DPODVSSFODZ NPEFMT� UFDIOJRVFT UIBU JOUSP�
EVDF QBSBMMFMJTN JO B DPOUSPMMFE NBOOFS BOE QSPWJEF HVBSBOUFFT UP QSFWFOU DPNNPO
FSSPST TVDI BT SBDF DPOEJUJPOT BOE EFBEMPDLT� *O UIJT EJTTFSUBUJPO XF MPPL BU UISFF
DPODVSSFODZ NPEFMT GSPN UISFF DBUFHPSJFT� GVUVSFT 	XIJDI HVBSBOUFF EFUFSNJOBDZ

USBOTBDUJPOT 	XIJDI HVBSBOUFF JTPMBUJPO BOE QSPHSFTT
 BOE BDUPST 	XIJDI HVBSBOUFF
UIF JTPMBUFE UVSO QSJODJQMF BOE EFBEMPDL GSFFEPN
�

"O FNQJSJDBM TUVEZ IBT TIPXO UIBU FYJTUJOH QSPHSBNT BOE QSPHSBNNJOH MBOHVBHFT
PęFO DPNCJOF NVMUJQMF DPODVSSFODZ NPEFMT� 8F TUVEZ UIFTF DPNCJOBUJPOT BOE TIPX
UIBU UIFZ DBO BOOJIJMBUF UIF HVBSBOUFFT PG UIFJS DPOTUJUVFOUNPEFMT� )FODF UIF BTTVNQ�
UJPOT PG EFWFMPQFST BSF JOWBMJEBUFE BOE UIF FSSPST UIBU XFSF QSFWFOUFE CZ UIF TFQBSBUF
DPODVSSFODZ NPEFMT DBO SFTVSGBDF� 'PS FBDI DPNCJOBUJPO XF FYBNJOF XIJDI HVBS�
BOUFFT BSF CSPLFO XIFO VTFE JO B OBJWF BE�IPD DPNCJOBUJPO� /FYU XF TUVEZ IPX
UIF HVBSBOUFFT PG CPUI NPEFMT DBO CF NBJOUBJOFE XJUIPVU MJNJUJOH QFSGPSNBODF� 8F
GPDVT PO UXP JOUFSFTUJOH DBTFT JO QBSUJDVMBS�

'JSTU UIF DPNCJOBUJPO PG USBOTBDUJPOT BOE GVUVSFT MFBET UP USBOTBDUJPOBM GVUVSFT�
GVUVSFT DSFBUFE JO B USBOTBDUJPO XJUI BDDFTT UP UIF FODPNQBTTJOH USBOTBDUJPOBM DPOUFYU�
6TJOH USBOTBDUJPOBM GVUVSFT QBSBMMFMJTN JOTJEF USBOTBDUJPOT DBO CF FYQMPJUFE CFOFĕU�
UJOH GSPN EFUFSNJOBDZ XJUIJO UIF USBOTBDUJPO BOE JTPMBUJPO CFUXFFO USBOTBDUJPOT�

4FDPOE UIF DPNCJOBUJPO PG USBOTBDUJPOT BOE BDUPST MFBET UP USBOTBDUJPOBM BDUPST�
ćFTF NBLF JU QPTTJCMF CPUI UP DSFBUF USBOTBDUJPOT JO BDUPST BOE WJDF WFSTB UP TFOE
NFTTBHFT UP BDUPST JO USBOTBDUJPOT� 0VS TFNBOUJDTNBJOUBJOT UIF JTPMBUJPO BOE QSPHSFTT
HVBSBOUFFT PG USBOTBDUJPOT XIJMF HVBSBOUFFJOH MPX�MFWFM SBDF GSFFEPN BOE EFBEMPDL
GSFFEPN GPS UIF BDUPST�
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'JOBMMZ XF DPNCJOF BMM UISFF NPEFMT JOUP POF VOJĕFE GSBNFXPSL DBMMFE $IPDPMB
	$0NQPTBCMF $0ODVSSFODZ -"OHVBHF
 XIJDI XF JNQMFNFOUFE BT BO FYUFOTJPO PG
$MPKVSF� 8F TQFDJGZ UIF PQFSBUJPOBM TFNBOUJDT PG $IPDPMB BOE EFNPOTUSBUF JUT QSPQ�
FSUJFT� 4UBSUJOH GSPN UISFF CFODINBSLT GSPN UIF DPNNPOMZ VTFE 45".1 CFODINBSL
TVJUF XF EFNPOTUSBUF UIBU CZ DPNCJOJOHNVMUJQMF DPODVSSFODZNPEFMT VTJOH $IPDPMB
BEEJUJPOBM QBSBMMFMJTN DBO CF JOUSPEVDFE JO UIFTF QSPHSBNT XIJMF SFRVJSJOH POMZ B
TNBMM FČPSU GSPN UIF EFWFMPQFS�

5P UIF CFTU PG PVS LOPXMFEHF UIJT EJTTFSUBUJPO JT UIF ĕSTU UP DPNQSFIFOTJWFMZ TUVEZ
UIF DPNCJOBUJPO PG UISFF SBEJDBMMZ EJČFSFOU DPODVSSFODZ NPEFMT o GVUVSFT USBOTBD�
UJPOT BOE BDUPST o BOE TQFDJGZ B TFNBOUJDT GPS UIFJS DPNCJOBUJPOT UIBU BJNT UP JOUSP�
EVDF BEEJUJPOBM QBSBMMFMJTN XIJMF NBJOUBJOJOH UIFJS HVBSBOUFFT XIFSFWFS QPTTJCMF� 6T�
JOH $IPDPMB EFWFMPQFST DBO GSFFMZ QJDL BOE NJY UIF BQQSPQSJBUF DPODVSSFODZ NPEFMT
GPS UIFJS VTF DBTFT�
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4BNFOWBUUJOH

4JOET EF PQLPNTU WBONVMUJDPSF QSPDFTTPST SPOE IFU KBBS ƊƈƈƍNPFUFO QSPHSBNNFVST
FYQMJDJFU DPODVSSFODZ FO QBSBMMFMMJTNF HFCSVJLFO PN IVO QSPHSBNNB�T TOFMMFS UF NB�
LFO� 1SPHSBNNFSFO NFU DPODVSSFODZ JT FDIUFS FSH NPFJMJKL� 1SPHSBNNFVST HFCSVJ�
LFO IJFSWPPS iDPODVSSFODZNPEFMMFOw� UFDIOJFLFO EJF QBSBMMFMMJTNF UPFWPFHFO BBO FFO
QSPHSBNNB NBBS PQ FFO HFDPOUSPMFFSEF NBOJFS [PEBU [F HBSBOUJFT CJFEFO EJF WBBL
HFNBBLUF GPVUFO WPPSLPNFO 	[PBMT SBDF DPOEJUJPOT PG EFBEMPDLT
� %JU QSPFGTDISJę
TUBSU WBO ESJF DPODVSSFODZNPEFMMFO VJU ESJF DBUFHPSJFÑO� GVUVSFT 	EJF EFUFSNJOJTNF
HBSBOEFSFO
 USBOTBDUJFT 	EJF JTPMBUJF FO QSPHSFTT HBSBOEFSFO
 FO BDUPST 	EJF IFU JTPMB�
UFE UVSO�QSJODJQF FO EF BGXF[JHIFJE WBO EFBEMPDLT HBSBOEFSFO
�

&FO FNQJSJTDIF TUVEJF UPPOEF BBO EBU CFTUBBOEF QSPHSBNNB�T FO QSPHSBNNFFSUB�
MFO WBBL WFSTDIJMMFOEF DPODVSSFODZNPEFMMFO DPNCJOFSFO� 8JK UPOFO BBO EBU IFU DPN�
CJOFSFO WBONPEFMMFO IVO HBSBOUJFT LBO UFOJFU EPFO� %JU CSFFLU EF WFSPOEFSTUFMMJOHFO
WBO QSPHSBNNFVST XBBSEPPS PQOJFVX EF GPVUFO PQEVJLFO EJF EPPS EF BQBSUF DPO�
DVSSFODZNPEFMMFO XFSEFO WPPSLPNFO� 7PPS FMLF DPNCJOBUJF CFTUVEFSFO XF XFMLF
HBSBOUJFT HFCSPLFO XPSEFO JO FFO OBÕFWF BE�IPD DPNCJOBUJF� 7FSWPMHFOT POEFS[PF�
LFO XF IPF EF HBSBOUJFT WBO CFJEF NPEFMMFO UPDI LVOOFO CFIPVEFO XPSEFO [POEFS
EF QFSGPSNBOUJF UF CFQFSLFO� 8F GPDVTTFO PQ UXFF JOUFSFTTBOUF HFWBMMFO�

5FO FFSTUF MFJEU EF DPNCJOBUJF WBO USBOTBDUJFT FO GVUVSFT UPU USBOTBDUJPOBM GVUVSFT�
%JU [JKO GVUVSFT EJF BBOHFNBBLU XPSEFO JO FFO USBOTBDUJF ÏO UPFHBOH IFCCFO UPU EJF
USBOTBDUJF� .FU USBOTBDUJPOBM GVUVSFT LBO IFU QBSBMMFMMJTNF CJOOFOJO USBOTBDUJFT CFOVU
XPSEFO NFU EF HBSBOUJF PQ EFUFSNJOJTNF CJOOFO EF USBOTBDUJF FO JTPMBUJF UVTTFO EF
USBOTBDUJFT�

5FO UXFFEF DPNCJOFSFO XF USBOTBDUJFT FO BDUPST JO USBOTBDUJPOBM BDUPST� )JFSNFF
LVOOFO [PXFM USBOTBDUJFT JO BDUPST HFNBBLU XPSEFO BMT WJDF WFSTB CFSJDIUFO HFTUVVSE
XPSEFO OBBS BDUPST JO USBOTBDUJFT� 0O[F TFNBOUJFL CFIPVEU EF HBSBOUJFT PQ JTPMBUJF FO
QSPHSFTT WBO USBOTBDUJFT FO HBSBOEFFSU EF BGXF[JHIFJE WBO MPX�MFWFM SBDFT FO EFBEMPDLT
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WBO BDUPST�
5FO TMPUUF WPFHFO XF EF ESJF NPEFMMFO TBNFO JO ÏÏO GSBNFXPSL� $IPDPMB 	WPPS

$0NQPTBCMF $0ODVSSFODZ -"OHVBHF
� 8F JNQMFNFOUFFSEFO $IPDPMB BMT FFO VJU�
CSFJEJOH WBO $MPKVSF� 8F EFĕOJÑSFO EF PQFSBUJPOFMF TFNBOUJFL WBO $IPDPMB FO UP�
OFO BBO XFMLF HBSBOUJFT IFU CJFEU� "MT FWBMVBUJF CSFJEFO XF ESJF QSPHSBNNB�T VJU EF
WBBL HFCSVJLUF 45".1CFODINBSL TVJUF VJU EPPS WFSTDIJMMFOEF DPODVSSFODZNPEFMMFO
UF DPNCJOFSFO� )JFSNFF EFNPOTUSFSFO XF EBU NFU $IPDPMB QBSBMMFMMJTNF LBO UPFHF�
WPFHE XPSEFO BBO EF[F QSPHSBNNB�T XBU EF QFSGPSNBOUJF WFSIPPHU FO EBU EJU TMFDIUT
XFJOJH NPFJUF WFSFJTU WBO EF QSPHSBNNFVS�

7PPS [PWFS XJK XFUFO JT EJU QSPFGTDISJę IFU FFSTUF EBU TZTUFNBUJTDI EF DPNCJOBUJFT
WBO ESJF SBEJDBBM WFSTDIJMMFOEF DPODVSSFODZNPEFMMFO CFTUVEFFSU o GVUVSFT USBOTBD�
UJFT FO BDUPST o FO FFO TFNBOUJFL EFĕOJFFSU WPPS IVO DPNCJOBUJFT EJF QBSBMMFMMJTNF
UPFWPFHU UFSXJKM IVO HBSBOUJFT XBBS NPHFMJKL CFIPVEFO CMJKWFO� ;P LVOOFO QSPHSBN�
NFVST NFU $IPDPMB FFO SJKL QBMFU BBO DPODVSSFODZNPEFMMFO HFCSVJLFO FO NFOHFO JO
IVO QSPHSBNNB�T�
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"DLOPXMFEHFNFOUT

'JSTU PG BMM * XPVME MJLF UP UIBOL NZ QSPNPUPST 8PMG BOE +PFSJ� ćFJS HVJEBODF BOE
TVQQPSU IBT CFFO FTTFOUJBM UISPVHIPVU NZ 1I% BOE UIFJS TVHHFTUJPOT HSFBUMZ DPO�
USJCVUFE UP JNQSPWJOH UIJT UFYU� 'VSUIFSNPSF * XPVME MJLF UP UIBOL 5PN BOE 4UFGBO GPS
UIFJS IFMQ JO ĕOEJOH BOE EFĕOJOH BO JOUFSFTUJOH UIFTJT UPQJD BOE GPS UIFJS DPOUSJCVUJPOT
UP OVNFSPVT HSBOU BQQMJDBUJPOT�

* BMTP UIBOL UIF NFNCFST PG UIF KVSZ o .JSB .F[JOJ )SJEFTI 3BKBO +BO -FNFJSF
#FBU 4JHOFS BOE 7JWJBOF +PODLFST o GPS UIFJS JOTJHIUGVM SFNBSLT EVSJOH UIF EFGFOTF�

.PSFPWFS * XPVME MJLF UP UIBOL BMM DVSSFOU BOE FY�40'5JFT CPUI GPS UIFJS TDJFO�
UJĕD DPOUSJCVUJPOT EVSJOH 111 NFFUJOHT BOE SFTFBSDI QSFTFOUBUJPOT BT XFMM BT GPS UIF
BUNPTQIFSF UIFZ DSFBUFE EVSJOH EJTDVTTJPOT BU MVODI PO 4MBDL BOE BU 0QJOJP� &WFSZ
40'5JF DPOUSJCVUFT JO UIFJS PXO VOJRVF XBZ UP NBLF 40'5 XIBU JU JT�

&OLFMF DPMMFHB�T XJM JL JO IFU CJK[POEFS CFEBOLFO� .BUUJBT KVTU WPPS EF NV[JFLKFT
WBO EF EBH� /BUIBMJF WPPS IFU QMBOOFO WBO EF $BOBEB�SFJT� 4JNPO WPPS EF #FOWPMJPT�
CSPPEKFT� -BVSF WPPS IFU LMBWFSUKFWJFS EBU OPH TUFFET CMPFJU� ćJFSSZ WPPS EF ESPHF
PQNFSLJOHFO� +FTTF WPPS EF EJSFDUF PQNFSLJOHFO� +FOT NJKO CFTUF LMBOU� 2VFOUJO
GPS QSPPGSFBEJOH UIJT UFYU� %BBSOBBTU CFEBOL JL PPL EF ;FWFSHSPFQ 	+FBO 4KOJDP %JEJ
$BSSFJO 1JFU #BOOZ .FJSF FO -FJEFSLBNQ
 WPPS EF HFTQSFLLFO FO USJQT FO UFO TMPUUF
PPL NBNB QBQB FO .BVE PN FS BMUJKE WPPS NJK UF [JKO�

7FFM MFFTQMF[JFS�
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$POUFOUT

Ɖ *OUSPEVDUJPO Ɖ
Ɖ�Ɖ 1SPCMFN 4UBUFNFOU � � � � � � � � � � � � � � � � � � � � � � � � � � � � ƌ
Ɖ�Ɗ 3FTFBSDI (PBM BOE "QQSPBDI � � � � � � � � � � � � � � � � � � � � � � ƍ
Ɖ�Ƌ $POUSJCVUJPOT � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � Ǝ
Ɖ�ƌ 0VUMJOF � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � Ə
Ɖ�ƍ 1VCMJDBUJPOT � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � Ɛ

Ɗ $PODVSSFODZ .PEFMT� 'VUVSFT 5SBOTBDUJPOT BOE "DUPST ƉƉ
Ɗ�Ɖ $BUFHPSJFT PG $PODVSSFODZ .PEFMT � � � � � � � � � � � � � � � � � � � ƉƉ
Ɗ�Ɗ 'SPN ćSFF $BUFHPSJFT UP ćSFF $PODVSSFODZ .PEFMT � � � � � � � � � ƉƎ
Ɗ�Ƌ 'VUVSFT � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ƉƏ
Ɗ�ƌ 5SBOTBDUJPOT � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ƊƊ
Ɗ�ƍ "DUPST � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ƋƎ
Ɗ�Ǝ 4VNNBSZ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ƌƊ

Ƌ $PNCJOJOH $PODVSSFODZ .PEFMT ƌƍ
Ƌ�Ɖ .PUJWBUJPOT GPS $PNCJOJOH $PODVSSFODZ .PEFMT � � � � � � � � � � � ƌƍ
Ƌ�Ɗ .PUJWBUJOH $BTF 4UVEZ� $MPKVSF � � � � � � � � � � � � � � � � � � � � � ƌƐ
Ƌ�Ƌ $PNCJOJOH 'VUVSFT 5SBOTBDUJPOT BOE "DUPST � � � � � � � � � � � � � ƍƑ
Ƌ�ƌ $PODMVTJPO BOE 3PBENBQ � � � � � � � � � � � � � � � � � � � � � � � � Ǝƍ

ƌ 5SBOTBDUJPOBM 'VUVSFT� 1BSBMMFMJTN JO 5SBOTBDUJPOT ƎƏ
ƌ�Ɖ 5SBOTBDUJPOT JO 'VUVSFT � � � � � � � � � � � � � � � � � � � � � � � � � ƎƏ
ƌ�Ɗ .PUJWBUJPO GPS 'VUVSFT *OTJEF 5SBOTBDUJPOT � � � � � � � � � � � � � � � ƎƑ
ƌ�Ƌ 5SBOTBDUJPOBM 'VUVSFT � � � � � � � � � � � � � � � � � � � � � � � � � � Əƍ
ƌ�ƌ 1SPQFSUJFT PG 5SBOTBDUJPOBM 'VUVSFT � � � � � � � � � � � � � � � � � � � ƏƐ
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ƌ�ƍ 3FMBUFE 8PSL � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ƐƉ
ƌ�Ǝ 4VNNBSZ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � Ƒƈ

ƍ 5SBOTBDUJPOBM "DUPST� $PNNVOJDBUJPO #FUXFFO 5SBOTBDUJPOT ƑƋ
ƍ�Ɖ .PUJWBUJPO BOE 1SPCMFN 4UBUFNFOU � � � � � � � � � � � � � � � � � � � ƑƋ
ƍ�Ɗ 5SBOTBDUJPOBM "DUPST � � � � � � � � � � � � � � � � � � � � � � � � � � � ƑƑ
ƍ�Ƌ 1SPQFSUJFT PG 5SBOTBDUJPOBM "DUPST � � � � � � � � � � � � � � � � � � � � Ɖƈƌ
ƍ�ƌ "QQMJDBCJMJUZ UP 0UIFS "DUPS .PEFMT � � � � � � � � � � � � � � � � � � ƉƈƏ
ƍ�ƍ 3FMBUFE 8PSL � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ƉƉƈ
ƍ�Ǝ 4VNNBSZ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ƉƉƌ

Ǝ $IPDPMB� B -BOHVBHF ćBU 6OJĕFT 'VUVSFT 5SBOTBDUJPOT BOE "DUPST ƉƉƍ
Ǝ�Ɖ $PNCJOJOH 'VUVSFT BOE "DUPST � � � � � � � � � � � � � � � � � � � � � ƉƉƍ
Ǝ�Ɗ $IPDPMB� $PNQPTBCMF $PODVSSFODZ -BOHVBHF � � � � � � � � � � � � � ƉƊƉ
Ǝ�Ƌ (VBSBOUFFT PG $IPDPMB � � � � � � � � � � � � � � � � � � � � � � � � � � ƉƊƏ
Ǝ�ƌ $PODMVTJPO � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ƉƊƑ

Ə 1VSF$IPDPMB� BO 0QFSBUJPOBM 4FNBOUJDT ƉƋƉ
Ə�Ɖ 4ZOUBY BOE 1SPHSBN 4UBUF � � � � � � � � � � � � � � � � � � � � � � � � ƉƋƉ
Ə�Ɗ 3FEVDUJPO 3VMFT � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ƉƋƏ
Ə�Ƌ (VBSBOUFFT � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � Ɖƌƌ
Ə�ƌ .FDIBOJDBM 7FSJĕDBUJPO PG *TPMBUJPO BOE *OUSBUSBOTBDUJPO %FUFSNJOBDZ Ɖƍƈ
Ə�ƍ %JČFSFODFT #FUXFFO 1VSF$IPDPMB BOE $IPDPMB � � � � � � � � � � � � ƉƍƉ
Ə�Ǝ $PODMVTJPO � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ƉƍƋ

Ɛ "O *NQMFNFOUBUJPO PG $IPDPMB Ɖƍƍ
Ɛ�Ɖ 'VUVSFT � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � Ɖƍƍ
Ɛ�Ɗ 5SBOTBDUJPOT � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ƉƍƎ
Ɛ�Ƌ "DUPST � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ƉƎƈ
Ɛ�ƌ 5SBOTBDUJPOBM "DUPST � � � � � � � � � � � � � � � � � � � � � � � � � � � ƉƎƊ
Ɛ�ƍ 5SBOTBDUJPOBM 'VUVSFT � � � � � � � � � � � � � � � � � � � � � � � � � � ƉƎƌ
Ɛ�Ǝ $PNQBUJCJMJUZ XJUI $MPKVSF � � � � � � � � � � � � � � � � � � � � � � � ƉƏƉ
Ɛ�Ə $PODMVTJPO � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ƉƏƉ

Ƒ &WBMVBUJPO ƉƏƋ
Ƒ�Ɖ .FUIPEPMPHZ BOE &YQFSJNFOUBM 4FU�6Q � � � � � � � � � � � � � � � � � ƉƏƋ
Ƒ�Ɗ -BCZSJOUI 	5SBOTBDUJPOBM 'VUVSFT
 � � � � � � � � � � � � � � � � � � � � ƉƏƐ
Ƒ�Ƌ #BZFT 	5SBOTBDUJPOBM 'VUVSFT
 � � � � � � � � � � � � � � � � � � � � � � ƉƐƉ
Ƒ�ƌ 7BDBUJPOƊ 	5SBOTBDUJPOBM "DUPST
 � � � � � � � � � � � � � � � � � � � � ƉƐƌ
Ƒ�ƍ %FWFMPQFS &ČPSU � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ƉƐƏ
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Ƒ�Ǝ $PODMVTJPOT � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ƉƑƉ

Ɖƈ $PODMVTJPO ƉƑƋ
Ɖƈ�Ɖ 4VNNBSZ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ƉƑƋ
Ɖƈ�Ɗ $POUSJCVUJPOT � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ƉƑƍ
Ɖƈ�Ƌ 'VUVSF 8PSL � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ƉƑƍ

" /PUBUJPO ƊƈƉ

# " $MPKVSF 1SJNFS ƊƈƋ

$ -BOHVBHF BOE -JCSBSZ 4VQQPSU GPS $PODVSSFODZ .PEFMT ƊƈƏ

% 4FNBOUJDT PG 'VUVSFT BOE 5SBOTBDUJPOT JO $MPKVSF BOE )BTLFMM ƊƈƑ
%�Ɖ $MPKVSF � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ƊƈƑ
%�Ɗ )BTLFMM � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ƊƉƈ
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*OUSPEVDUJPO

%VSJOH UIF QSFWJPVT EFDBEF B UVSOJOH QPJOU XBT SFBDIFE JO UIF EFWFMPQNFOU PG QSP�
DFTTPST� XIJMF GSPN ƉƑƏƈ VOUJM Ɗƈƈƈ QSPDFTTPST HPU GBTUFS CZ JODSFBTJOH UIFJS DMPDL GSF�
RVFODZ JO BDDPSEBODF UP .PPSF�T MBX <.PPSF ƉƑƑƐ> UIJT CFDBNF JNQPTTJCMF BSPVOE
Ɗƈƈƍ EVF UP FYQPOFOUJBM JODSFBTFT JO QPXFS VTBHF BOE IFBU HFOFSBUJPO <(FFS Ɗƈƈƍ>�
"T B SFTVMU DIJQ NBLFST JOUSPEVDFE NVMUJDPSF QSPDFTTPST� QSPDFTTPST UIBU DPOUBJO
NVMUJQMF DPSFT UIBU FYFDVUF JOTUSVDUJPOT JO QBSBMMFM� ćF OVNCFS PG DPSFT PO NVMUJ�
DPSF QSPDFTTPST IBT JODSFBTFE TJODF UIFJS JOUSPEVDUJPO BOE UIJT USFOE JT QSFEJDUFE UP
DPOUJOVF <#SJHIU ƊƈƉƏBC>�

ćJT iNVMUJDPSF SFWPMVUJPOw BMTP BČFDUT TPęXBSF EFWFMPQFST� XIJMF QSFWJPVTMZ UIFZ
DPVME SFMZ PO JODSFBTJOH DMPDL GSFRVFODJFT UP NBLF UIFJS QSPHSBNT SVO GBTUFS iGPS GSFFw
UIFZ OPX IBWF UP FYQMPJU UIF QBSBMMFM IBSEXBSF FYQMJDJUMZ <4VUUFS Ɗƈƈƍ>� 5P UIJT FOE
QSPHSBNT VTF QBSBMMFMJTN BOE DPODVSSFODZ� NVMUJQMF DPNQVUBUJPOBM BDUJWJUJFT BSF BD�
UJWF BU UIF TBNF UJNF� #FTJEFT QFSGPSNBODF B TFDPOE SFBTPO UP VTF DPODVSSFODZ JT UP
TFQBSBUF MPHJDBMMZ JOEFQFOEFOU DPNQVUBUJPOT <4VUUFS Ɗƈƈƍ>� FWFO PO TJOHMF�DPSF QSP�
DFTTPST QSPHSBNNFST NBZ EFDJEF UP VTF DPODVSSFODZ UP TUSVDUVSF QSPHSBNT GPS GBVMU
UPMFSBODF PS GPS TFDVSJUZ�

.PSFPWFS QPXFSGVM DPNQVUFST IBWF CFDPNF NPSF BDDFTTJCMF UIBO FWFS TJODF UIF
JOUSPEVDUJPO PG *OGSBTUSVDUVSF�BT�B�4FSWJDF JO UIF DMPVE JO Ɗƈƈƍ� ćF EFDSFBTJOH QSJDF
PG DMPVE DPNQVUJOH JOGSBTUSVDUVSF IBT NBEF CJH DMVTUFST PG NBOZ�DPSF NBDIJOFT BWBJM�
BCMF FWFO UP NFEJVN�TJ[FE CVTJOFTTFT� ćJT IBSEXBSF JT VTFE UP SVO JOUFOTJWF DPNQV�
UBUJPOT F�H� JO UIF ĕFME PG NBDIJOF MFBSOJOH PS A#JH %BUB� BOE TFSWJDFT BWBJMBCMF UP MBSHF
OVNCFST PG VTFST TVDI BT UZQJDBM DMPVE BQQMJDBUJPOT� *O UIPTF DBTFT QBSBMMFMJTN BOE
DPODVSSFODZ BSF JOEJTQFOTBCMF� DPNQVUBUJPOT NVTU CF EJTUSJCVUFE PWFS UIF BWBJMBCMF
IBSEXBSF UP IBOEMF MBSHF BNPVOUT PG EBUB BOE VTFS�GBDJOH TFSWJDFT NVTU TDBMF BT UIF
OVNCFS PG VTFST JODSFBTFT�

Ɖ



$IBQUFS ƫ� *OUSPEVDUJPO

6OGPSUVOBUFMZ DPODVSSFOU QSPHSBNNJOH JT OPUPSJPVTMZ EJďDVMU <'BSDIJ FU BM� ƊƈƈƋ
)PWFNFZFS BOE 1VHI ƊƈƈƌCB -V FU BM� ƊƈƈƐ>� *O MPX�MFWFM QSPHSBNNJOH MBOHVBHFT
EFWFMPQFST FYQMPJU DPODVSSFODZ CZ NBOVBMMZ DSFBUJOH UISFBET BOE NBOBHJOH TIBSFE
SFTPVSDFT VTJOH MPDLT� )PXFWFS UISFBET DBO JOUFSBDU JO VOFYQFDUFE BOE VOEFTJSBCMF
XBZT� ćFSF BSF UISFF DPNNPO QSPCMFNT� SBDF DPOEJUJPOT XIJDI DBVTF BO JODPSSFDU
SFTVMU PS B DSBTI EVF UP UIF PSEFS JO XIJDI SFBE BOE XSJUF JOTUSVDUJPOT GSPN NVMUJQMF
UISFBET BSF JOUFSMFBWFE� EFBEMPDLT XIJDI DBVTF UIF QSPHSBN UP IBOH XIFO NVMUJQMF
UISFBET BSF XBJUJOH PO FBDI PUIFS CFDBVTF UIFZ BDRVJSF UIF TBNF MPDLT� BOE MJWFMPDLT
XIJDI DBVTF UIF QSPHSBN UP SFFYFDVUF B QBSU PG UIF DPEF PWFS BOE PWFS F�H� XIFO B
MPDL DBOOPU CF BDRVJSFE�Ɖ

5P QSFWFOU UIFTF QSPCMFNT SFTFBSDIFST IBWF EFWFMPQFE DPODVSSFODZ NPEFMT� "
DPODVSSFODZ NPEFM QSPWJEFT DPOTUSVDUT UP JOUSPEVDF QBSBMMFMJTN BOE UP NBOBHF DPO�
DVSSFOU BDDFTT UP TIBSFE SFTPVSDFT� )PXFWFS BU UIF TBNF UJNF JU JNQPTFT SFTUSJD�
UJPOT JO PSEFS UP QSPWJEF HVBSBOUFFT UP UIF QSPHSBNNFS UIBU QSFWFOU DPNNPO FSSPST�
'PS FYBNQMF $PNNVOJDBUJOH 4FRVFOUJBM 1SPDFTTFT 	$41
 JT B DPODVSSFODZ NPEFM JO
XIJDI QBSBMMFMJTN DBO CF JOUSPEVDFE CZ DSFBUJOH QSPDFTTFT <)PBSF ƉƑƏƐ>� *U SFTUSJDUT
UIF BCJMJUZ UP TIBSF EBUB CZ SFRVJSJOH UIF VTF PG NFTTBHFT BOE UIFSFGPSF UIF QSPHSBN�
NFS DBO SFBTPO BCPVU UIF QSPHSBN BU UIF MFWFM PG NFTTBHFT BT UIFZ BSF UIF POMZ GPSN
PG DPNNVOJDBUJPO CFUXFFO QSPDFTTFT� "OPUIFS FYBNQMF JT /FTUFE %BUB 1BSBMMFMJTN
	/%1
 B DPODVSSFODZ NPEFM UP QSPDFTT MJTUT BOE NBUSJDFT JO QBSBMMFM <$IBLSBWBSUZ
BOE ,FMMFS ƊƈƈƉ>� *U SFTUSJDUT PQFSBUJPOT UIBU BSF FYFDVUFE JO QBSBMMFM UP IBWF OP TJEF
FČFDUT BOE DBO UIVT HVBSBOUFF EFUFSNJOJTN�

$PODVSSFODZ NPEFMT DBO CF JNQMFNFOUFE BT B MJCSBSZ PS FNCFEEFE JOUP UIF QSP�
HSBNNJOH MBOHVBHF� $PODVSSFODZ NPEFMT UIBU BSF FNCFEEFE JOUP UIF QSPHSBNNJOH
MBOHVBHF DBO FOGPSDF TUSPOHFS SFTUSJDUJPOT FOBCMJOH UIFN UP QSPWJEF DFSUBJO HVBSBO�
UFFT UIBU B MJCSBSZ DBOOPU QSPWJEF� 'PS JOTUBODF XIFO $41 JT FNCFEEFE JOUP UIF QSP�
HSBNNJOH MBOHVBHF UIF MBOHVBHF DBO TUBUJDBMMZ FOTVSF UIBU EBUB DBO POMZ CF FYDIBOHFE
CFUXFFO QSPDFTTFT VTJOH NFTTBHFT� ćJT IFMQT UP BWPJE SBDF DPOEJUJPOT BT OP UXP QSP�
DFTTFT XJMM FWFS XSJUF UP UIF TBNF NFNPSZ MPDBUJPO�

*O UIJT EJTTFSUBUJPO XF XJMM TUVEZ NVMUJQMF DPODVSSFODZ NPEFMT BOE UIFJS HVBSBO�
UFFT XIFO UIFZ BSF FNCFEEFE JO B QSPHSBNNJOH MBOHVBHF�

$BUFHPSJFT PG DPODVSSFODZ NPEFMT

0WFS TFWFSBM EFDBEFT SFTFBSDIFST BOE QSPHSBNNJOH MBOHVBHF EFTJHOFST IBWF CFFO EF�
WFMPQJOH B QMFUIPSB PG DPODVSSFODZ NPEFMT� &BDI DPODVSSFODZ NPEFM QSPWJEFT EJČFS�
FOU QSPHSBNNJOH MBOHVBHF DPOTUSVDUT JNQPTFT EJČFSFOU SFTUSJDUJPOT BOE HVBSBOUFFT

Ɖ.PSF GPSNBM EFĕOJUJPOT PG UIFTF UISFF CVHT IBWF CFFO HJWFO CZ 5BOFOCBVN BOE #PT <ƊƈƉƌ>� %FBE�
MPDLT PDDVS XIFO GPVS DPOEJUJPOT IPME ĕSTU EFĕOFE CZ $PČNBO FU BM� <ƉƑƏƉ> BOE TVNNBSJ[FE CZ 5BOFO�
CBVN BOE #PT <ƊƈƉƌ QBHF ƌƌƈ>�
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/PO�EFUFSNJOJTUJD

$BUFHPSZ %FUFSNJOJTUJD 4IBSFE .FNPSZ .FTTBHF 1BTTJOH

&YBNQMF
NPEFMT

t 'VUVSFT
t 'PSL�+PJO
t /%1

t -PDLT
t 5SBOTBDUJPOT

t $41
t "DUPST
t "DUJWF PCKFDUT

(FOFSBM
VTF DBTF

1BSBMMFMJTN GPS
QFSGPSNBODF

.VMUJQMF UISFBET UIBU
NPEJGZ B DFOUSBM EBUB
TUSVDUVSF

4FQBSBCMF DPNQPOFOUT
UIBU PDDBTJPOBMMZ
FYDIBOHF EBUB

&YBNQMF
VTF DBTF

.BUSJY NVMUJQMJDBUJPO 4IBSFE RVFVF PG XPSL 8FC TFSWJDF

5BCMF Ɖ�Ɖ� "O PWFSWJFX PG UIF UISFF DBUFHPSJFT PG DPODVSSFODZ NPEFMT BOE UIFJS VTF DBTFT�

EJČFSFOU QSPQFSUJFT� "T B SFTVMU FBDI DPODVSSFODZNPEFM JT TVJUFE UP TQFDJĕD VTF DBTFT�
7BO 3PZ BOE )BSJEJ <Ɗƈƈƌ> TZTUFNBUJ[F UIJT WBSJFUZ PG DPODVSSFODZ NPEFMT CZ QBS�

UJUJPOJOH UIFN JOUP UISFF DBUFHPSJFT� $PODVSSFODZ NPEFMT BSF ĕSTU HSPVQFE JOUP EF�
UFSNJOJTUJD BOE OPO�EFUFSNJOJTUJD NPEFMT� UIF OPO�EFUFSNJOJTUJD NPEFMT BSF GVSUIFS
TVCEJWJEFE JOUP UIPTF UIBU IBWF TIBSFENFNPSZ BOE UIPTF UIBU SFMZ PONFTTBHF QBTTJOH�
	8F XJMM EFTDSJCF UIFTF DBUFHPSJFT JO NPSF EFUBJM JO 4FDUJPO Ɗ�Ɖ PG $IBQUFS Ɗ�


ćF NPEFMT JO FBDI DBUFHPSZ TIBSF HFOFSBM VTF DBTFT�

t %FUFSNJOJTUJD NPEFMT HVBSBOUFF UIBU B QBSBMMFM QSPHSBN SFUVSOT UIF TBNF SFTVMU
OPNBUUFS JO XIJDI PSEFS UISFBET BSF JOUFSMFBWFE� ćFZ BSF UZQJDBMMZ VTFE UP FYQMPJU
QFSGPSNBODF� UIFJS HVBSBOUFF PG EFUFSNJOJTN GSFFT UIF EFWFMPQFS GSPN XPSSZJOH
BCPVU DPSSFDUOFTT UP GPDVT PO QFSGPSNBODF JOTUFBE� 4PNF FYBNQMF VTF DBTFT GPS
UIFTF NPEFMT BSF QBSBMMFM PQFSBUJPOT PO MJTUT PS NBUSJDFT TVDI BT TFBSDIJOH JO B MJTU
PS NVMUJQMZJOH NBUSJDFT�

t 4IBSFE�NFNPSZNPEFMT BSF VTFE JO QSPHSBNT UIBU DPOUBJO TIBSFE EBUB TUSVDUVSFT
UP FOTVSF TBGF BDDFTT UP UIF TIBSFE EBUB� 0OF TQFDJĕD FYBNQMF JT B TIBSFE RVFVF PG
XPSL GSPN XIJDI TFWFSBM UISFBET QSPDFTT FMFNFOUT�

t .FTTBHF�QBTTJOH NPEFMT BSF UZQJDBMMZ VTFE UP JNQMFNFOU TFQBSBCMF DPNQPOFOUT
UIBU PDDBTJPOBMMZ FYDIBOHF EBUB� 'PS JOTUBODF B XFC TFSWJDF DBO QSPDFTT JODPNJOH
SFRVFTUT JO QBSBMMFM VTJOH BNFTTBHF�QBTTJOHNPEFM BT FBDI SFRVFTU JT JOEFQFOEFOU
CVU NBZ DPNNVOJDBUF XJUI DPNNPO SFTPVSDFT TVDI BT B EBUBCBTF�

5BCMF Ɖ�Ɖ MJTUT UIF UISFF DBUFHPSJFT TPNF NPEFMT JO FBDI DBUFHPSZ BOE UIFJS VTF DBTFT�
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$IBQUFS ƫ� *OUSPEVDUJPO

.PEFM 'VUVSFT 5SBOTBDUJPOT "DUPST

$BUFHPSZ %FUFSNJOJTUJD 4IBSFE NFNPSZ .FTTBHF QBTTJOH

(VBSBOUFFT t %FUFSNJOBDZ t *TPMBUJPO
t 1SPHSFTT

t *TPMBUFE UVSO
QSJODJQMF

t %FBEMPDL GSFFEPN

5BCMF Ɖ�Ɗ� ćF UISFF DPODVSSFODZ NPEFMT XF TUVEZ JO UIJT EJTTFSUBUJPO BOE UIFJS HVBSBOUFFT�

'VUVSFT USBOTBDUJPOT BOE BDUPST

*O UIJT EJTTFSUBUJPO XF XJMM GPDVT PO UISFF SBEJDBMMZ EJČFSFOU DPODVSSFODZNPEFMT POF
GSPN FBDI DBUFHPSZ� GVUVSFT USBOTBDUJPOT BOE BDUPST� &BDI QSPWJEFT DFSUBJO HVBSBO�
UFFT UP UIF EFWFMPQFS 	TVNNBSJ[FE JO 5BCMF Ɖ�Ɗ� FYQBOEFE VQPO JO $IBQUFS Ɗ
�

t 'VUVSFT BSF QMBDFIPMEFS WBMVFT UIBU SFQSFTFOU UIF SFTVMU PG B DPODVSSFOU DPNQVUB�
UJPO <'MBOBHBO BOE 'FMMFJTFO ƉƑƑƍ>� ćFZ BSF B EFUFSNJOJTUJD NPEFM UIVT HVBSBO�
UFFJOH EFUFSNJOBDZ�

t 5SBOTBDUJPOT BSF TFDUJPOT PG UIF DPEF JO XIJDI NFNPSZ SFQSFTFOUFE BT USBOTBD�
UJPOBM WBSJBCMFT DBO CF TBGFMZ BDDFTTFE BOENPEJĕFE UP CF TIBSFE XJUI PUIFS USBOT�
BDUJPOT <4IBWJU BOE 5PVJUPV ƉƑƑƏ>� &BDI USBOTBDUJPO JT FYFDVUFE BUPNJDBMMZ� JU BQ�
QFBST UP FYFDVUF JO B TJOHMF TUFQ UIFSFCZ HVBSBOUFFJOH UIBU USBOTBDUJPOT SVO JO
JTPMBUJPO� 'VSUIFSNPSF XIFO NVMUJQMF USBOTBDUJPOT BSF SVOOJOH TJNVMUBOFPVTMZ
UIFZ BSF HVBSBOUFFE UP NBLF QSPHSFTT TP UIBU POF USBOTBDUJPO DBOOPU AIPME CBDL�
BOPUIFS GPSFWFS�

t "DUPST BSF FOUJUJFT XJUI QSJWBUF NFNPSZ BOE BO JOCPY� ćFZ SVO DPODVSSFOUMZ BOE
DPNNVOJDBUF CZ FYDIBOHJOH NFTTBHFT <)FXJUU FU BM� ƉƑƏƋ "HIB ƉƑƐƍ>� "DUPST
QSPDFTT FBDI NFTTBHF JO B AUVSO�� 0ODF B UVSO TUBSUT JU JT JTPMBUFE GSPN DIBOHFT
PVUTJEF UIF DVSSFOU BDUPS� UIJT JT UIF JTPMBUFE UVSO QSJODJQMF� 'VSUIFSNPSF BDUPST
HVBSBOUFF UIF BCTFODF PG EFBEMPDLT BT UIFZ EP OPU QSPWJEF BOZ CMPDLJOH PQFSBUJPO�

Ɖ�Ɖ 1SPCMFN 4UBUFNFOU
*O QSBDUJDF JU JT VTFGVM UP DPNCJOF EJČFSFOU DPODVSSFODZ NPEFMT� 8F CBTF UIJT BTTFS�
UJPO PO UISFF PCTFSWBUJPOT 	GVSUIFS FMBCPSBUFE JO $IBQUFS Ƌ 4FDUJPO Ƌ�Ɖ
�

Ɖ� &YJTUJOH BQQMJDBUJPOT BMSFBEZ DPNCJOF DPODVSSFODZ NPEFMT� "O FNQJSJDBM TUVEZ
PG Ɖƍ 4DBMB QSPKFDUT UIBU VTF UIF BDUPS NPEFM IBT TIPXO UIBU ƐƈŰ PG UIFN DPNCJOF
JU XJUI BOPUIFS DPODVSSFODZ NPEFM <5BTIBSPĕ FU BM� ƊƈƉƋ>�
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ƫ�Ƭ 3FTFBSDI (PBM BOE "QQSPBDI

Ɗ� .BOZ QSPHSBNNJOH MBOHVBHFT 	BOE MJCSBSJFT EFWFMPQFE GPS UIFN
 TVQQPSU EJČFS�
FOU DPODVSSFODZ NPEFMT� 'PS JOTUBODF $MPKVSF IBT CVJMU�JO TVQQPSU GPS TJY NPE�
FMT� BUPNJD WBSJBCMFT 4PęXBSF 5SBOTBDUJPOBM .FNPSZ GVUVSFT QSPNJTFT BTZO�
DISPOPVT BHFOUT BOE $PNNVOJDBUJOH 4FRVFOUJBM 1SPDFTTFT� -JLFXJTF +BWB QSP�
WJEFT UISFBET MPDLT BUPNJD WBSJBCMFT GVUVSFT BOE 'PSL�+PJO� ćFTF MBOHVBHFT
BMMPX UIFJS DPODVSSFODZ NPEFMT UP CF NJYFE GSFFMZ CZ UIF EFWFMPQFS CVU VOGPSUV�
OBUFMZ EPJOH TP DPSSFDUMZ JT GBS GSPN USJWJBM�

Ƌ� "T FBDI DPODVSSFODZ NPEFM UBSHFUT TQFDJĕD VTF DBTFT DPNQMFY BQQMJDBUJPOT DBO
DPOTJTU PG EJČFSFOU QBSUT UIBU FBDI TVJU EJČFSFOU DPODVSSFODZ NPEFMT�

ćJT EJTTFSUBUJPO TUVEJFT UIF DPNCJOBUJPOT PG DPODVSSFODZ NPEFMT� *O $IBQUFS Ƌ 4FD�
UJPO Ƌ�Ɗ XF TUBSU XJUI B DBTF TUVEZ PG $MPKVSF� 8F TIPX UIBU XIFO NVMUJQMF DPODVS�
SFODZ NPEFMT BSF DPNCJOFE UIFJS HVBSBOUFFT BSF PęFO JOWBMJEBUFE� 'PS JOTUBODF
TFOEJOH BNFTTBHF JOTJEF B USBOTBDUJPO DBO DBVTF UIFNFTTBHF UP CF TFOUNVMUJQMF UJNFT�
)FODF UIF BTTVNQUJPOT PG EFWFMPQFST BSF CSPLFO BOE UIF FSSPST UIBU XFSF QSFWFOUFE
CZ UIF TFQBSBUF DPODVSSFODZ NPEFMT DBO SFTVSGBDF� ćJT JT OPU EFTJSBCMF�

*O TVNNBSZ UIJT EJTTFSUBUJPO BJNT UP UBDLMF UIF GPMMPXJOH QSPCMFN�

1SPHSBNT PęFO DPNCJOF NVMUJQMF DPODVSSFODZ NPEFMT CVU UIJT DBO JOWBMJEBUF
UIF HVBSBOUFFT PG UIF JOEJWJEVBM NPEFMT CSFBLJOH UIF BTTVNQUJPOT PG UIF EF�
WFMPQFS� )PX DBO UIFTF HVBSBOUFFT CF NBJOUBJOFE FWFO XIFO NPEFMT BSF DPN�
CJOFE 

Ɖ�Ɗ 3FTFBSDI (PBM BOE "QQSPBDI
ćF HPBM PG UIJT EJTTFSUBUJPO JT UP QSPWJEF B MJOHVJTUJD GSBNFXPSL UIBU VOJĕFT GVUVSFT
USBOTBDUJPOT BOE BDUPST� 8F IBWF UXP SFRVJSFNFOUT�
Ɖ� 8IFO VTFE TFQBSBUFMZ UIF TFNBOUJDT PG FBDI NPEFM TIPVME SFNBJO VODIBOHFE TP

UIBU FYJTUJOH QSPHSBNT XPSL BT CFGPSF�
Ɗ� 8IFONPEFMT BSF DPNCJOFE XF TFFL B TFNBOUJDT GPS UIFJS DPNCJOBUJPOT UIBUNBJO�

UBJOT FBDI NPEFM�T HVBSBOUFFT o FYDFQU XIFO JU JT JNQPTTJCMF UP EP TP� *O UIPTF
DBTFT XF SFQMBDF UIF PSJHJOBM HVBSBOUFF XJUI B MFTT SFTUSJDUJWF POF�

ćJT EJTTFSUBUJPO UBLFT B QSPHSBNNJOH MBOHVBHF�CBTFE BQQSPBDI BMMPXJOH VT UP GPDVT
PO UIF FTTFOUJBM FMFNFOUT PG FBDI NPEFM� 'JSTU XF EFĕOF UIF TFNBOUJDT BOE HVBSBO�
UFFT PG FBDI DPODVSSFODZ NPEFM TFQBSBUFMZ XPSLJOH PO UPQ PG B TUBOEBSE GVODUJPOBM
MBOHVBHF� ćFO XF CVJME PVS VOJĕFE GSBNFXPSL JO TFWFSBM TUFQT�
t 8F TUVEZ AOBJWF� BE�IPD DPNCJOBUJPOT PG UIF UISFF DPODVSSFODZ NPEFMT� ćJT DPO�

TJTUT PG FYBNJOJOH FBDI QBJSXJTF DPNCJOBUJPO BOE TUVEZJOH XIJDI HVBSBOUFFT BSF
CSPLFO JO UIF OBJWF DPNCJOBUJPO�
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$IBQUFS ƫ� *OUSPEVDUJPO

t /FYU XF FYBNJOF XIFUIFS JU JT QPTTJCMF UP TQFDJGZ B TFNBOUJDT PG FBDI QBJSXJTF
DPNCJOBUJPO UIBU NBJOUBJOT UIF HVBSBOUFFT� *G UIJT JT OPU QPTTJCMF XF EFĕOF B MFTT
SFTUSJDUJWF HVBSBOUFF�

t 'JOBMMZ XF VOJGZ UIFTF TFNBOUJDT JOUP POF GSBNFXPSL UIBU DPNCJOFT UIF UISFF DPO�
DVSSFODZ NPEFMT� 8F GPSNBMJ[F JUT PQFSBUJPOBM TFNBOUJDT UP QSFDJTFMZ EFĕOF JUT
PQFSBUJPOT JO BOZ DPOUFYU BOE UP FTUBCMJTI JUT HVBSBOUFFT� 'VSUIFSNPSF XF JNQMF�
NFOU JU BOE FWBMVBUF JUT QFSGPSNBODF VTJOH CFODINBSL BQQMJDBUJPOT�

Ɖ�Ƌ $POUSJCVUJPOT
ćJT EJTTFSUBUJPO NBLFT UIF GPMMPXJOH DPOUSJCVUJPOT�

t 5P UIF CFTU PG PVS LOPXMFEHF UIJT EJTTFSUBUJPO JT UIF ĕSTU UP DPNQSFIFOTJWFMZ
BOE TZTUFNBUJDBMMZ TUVEZ UIF DPNCJOBUJPO PG UISFF DPODVSSFODZ NPEFMT� GVUVSFT
USBOTBDUJPOT BOE BDUPST� 8F TUVEZ UIFTF DPNCJOBUJPOT BOE GPS FBDI DPNCJOBUJPO
XF FYBNJOF XIJDI HVBSBOUFFT BSF CSPLFO JO B OBJWF BE�IPD DPNCJOBUJPO�

t ćJT EJTTFSUBUJPO JOUSPEVDFT USBOTBDUJPOBM GVUVSFT� GVUVSFT DSFBUFE JO B USBOTBD�
UJPO XJUI BDDFTT UP UIF FODPNQBTTJOH USBOTBDUJPOBM DPOUFYU� 6TJOH USBOTBDUJPOBM
GVUVSFT QBSBMMFMJTN JO USBOTBDUJPOT DBO CF FYQMPJUFE CFOFĕUUJOH GSPNEFUFSNJOBDZ
XJUIJO UIF USBOTBDUJPO BOE JTPMBUJPO CFUXFFO USBOTBDUJPOT�

t ćF EJTTFSUBUJPO BMTP JOUSPEVDFT USBOTBDUJPOBM BDUPST� ćFTF NBLF JU QPTTJCMF CPUI
UP DSFBUF USBOTBDUJPOT JO BDUPST BOE WJDF WFSTB UP TFOE NFTTBHFT UP BDUPST JO USBOT�
BDUJPOT� 0VS TFNBOUJDT NBJOUBJOT UIF JTPMBUJPO BOE QSPHSFTT HVBSBOUFFT PG USBOT�
BDUJPOT XIJMF HVBSBOUFFJOH MPX�MFWFM SBDF GSFFEPN BOE EFBEMPDL GSFFEPN GPS UIF
BDUPST�

t 'JOBMMZ XF DPNCJOF GVUVSFT USBOTBDUJPOT BOE BDUPST JOUP POF VOJĕFE GSBNFXPSL�
$IPDPMB 	$0NQPTBCMF $0ODVSSFODZ -"OHVBHF
� $IPDPMB NBJOUBJOT UIF TFNBO�
UJDT PG FBDINPEFM XIFO VTFE TFQBSBUFMZ� 8IFO UIFNPEFMT BSF DPNCJOFE $IPDPMB
EFĕOFT B TFNBOUJDT UIBU NBJOUBJOT UIF HVBSBOUFFT PG FBDI NPEFM XIFSFWFS QPTTJ�
CMF� )FODF EFWFMPQFST DBO NJY NVMUJQMF NPEFMT JO POF QSPHSBN JO FBDI QBSU PG
UIF QSPHSBN VTJOH XIJDIFWFS NPEFM ĕUT CFTU GPS UIF QSPCMFN BU IBOE� 8F NBLF
UISFF DPOUSJCVUJPOT�

o " TQFDJĕDBUJPO PG UIF PQFSBUJPOBM TFNBOUJDT PG$IPDPMB1VSF$IPDPMB XIJDI
XF VTF UP EFNPOTUSBUF JUT HVBSBOUFFT�

o "O JNQMFNFOUBUJPO PG $IPDPMB PO UPQ PG $MPKVSF B QSPHSBNNJOH MBOHVBHF
UIBU BMSFBEZ TVQQPSUT NVMUJQMF DPODVSSFODZ NPEFMT�
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ƫ�Ʈ 0VUMJOF

o "O FWBMVBUJPO VTJOH UISFF CFODINBSL BQQMJDBUJPOT GSPN UIF DPNNPOMZ VTFE
45".1 CFODINBSL TVJUF� #Z FYUFOEJOH B QSPHSBN UIBU VTFT POF DPODVSSFODZ
NPEFM XJUI BOPUIFS XF EFNPOTUSBUF UIBU BEEJUJPOBM QBSBMMFMJTN DBO CF FY�
QMPJUFE MFBEJOH UP CFUUFS QFSGPSNBODF XIJMF SFRVJSJOH POMZ B TNBMM FČPSU GSPN
UIF EFWFMPQFS�

ćF JNQMFNFOUBUJPO PG $IPDPMB BO FYFDVUBCMF JNQMFNFOUBUJPO PG UIF TFNBOUJDT PG
1VSF$IPDPMB BOE UIF CFODINBSL BQQMJDBUJPOT VTFE UP FWBMVBUF $IPDPMB BSF BWBJMBCMF
BU IUUQ���TPGU�WVC�BD�CF�_KTXBMFOT�DIPDPMB��

Ɖ�ƌ 0VUMJOF
ćJT EJTTFSUBUJPO JT PSHBOJ[FE BT GPMMPXT�
$IBQUFS Ɗ� $PODVSSFODZ .PEFMT� 'VUVSFT 5SBOTBDUJPOT BOE "DUPST EFTDSJCFT IPX

DPODVSSFODZNPEFMT DBO CF DMBTTJĕFE JOUP UISFF DBUFHPSJFT o EFUFSNJOJTUJD TIBSFE�
NFNPSZ BOENFTTBHF�QBTTJOHNPEFMT o BOE UIFO QJDLT POFNPEFM GSPN FBDI DBUF�
HPSZ UP TUVEZ JO EFUBJM� GVUVSFT USBOTBDUJPOT BOE BDUPST� 8F EFTDSJCF FBDINPEFM�T
MBOHVBHF DPOTUSVDUT VTF DBTFT HVBSBOUFFT BOE PQFSBUJPOBM TFNBOUJDT�

$IBQUFS Ƌ� $PNCJOJOH $PODVSSFODZ .PEFMT MPPLT JOUP UIF OBJWF DPNCJOBUJPOT PG
DPODVSSFODZ NPEFMT BOE UIF QSPCMFNT UIJT DBVTFT� 'JSTU XF FYQMBJO XIZ EFWFMPQ�
FST DPNCJOF DPODVSSFODZ NPEFMT JO QSBDUJDF� /FYU XF VTF $MPKVSF BT B DBTF TUVEZ
PG B QSPHSBNNJOH MBOHVBHF JO XIJDI TVDI DPNCJOBUJPOT MFBE UP VOFYQFDUFE SF�
TVMUT� 'JOBMMZ XF FYQBOE PO UIF HPBM PG UIJT EJTTFSUBUJPO BOE PVUMJOF PVS BQQSPBDI
UP UBDLMJOH UIFTF QSPCMFNT�

$IBQUFS ƌ� 5SBOTBDUJPOBM 'VUVSFT� 1BSBMMFMJTN JO 5SBOTBDUJPOT FYBNJOFT UIF DPNCJ�
OBUJPO PG GVUVSFT BOE USBOTBDUJPOT� 8F NPUJWBUF UIF VTF PG GVUVSFT JO B USBOTBDUJPO
VTJOH BO FYBNQMF BOE TIPX UIF QSPCMFNT UIBU PDDVS XIFO UIJT JT EPOF VTJOH B
OBJWF DPNCJOBUJPO PG CPUI� )FODF XF JOUSPEVDF USBOTBDUJPOBM GVUVSFT� GVUVSFT
DSFBUFE JO B USBOTBDUJPO XJUI B XFMM�EFĕOFE TFNBOUJDT BOE VTFGVM HVBSBOUFFT�

$IBQUFS ƍ� 5SBOTBDUJPOBM"DUPST� $PNNVOJDBUJPO#FUXFFO5SBOTBDUJPOT FYBNJOFT
UIF DPNCJOBUJPO PG BDUPST BOE USBOTBDUJPOT� 8F FYQMBJO UIF SFBTPOT GPS DPNCJOJOH
CPUI NPEFMT BOE TIPX XIJDI QSPCMFNT PDDVS JO B OBJWF DPNCJOBUJPO� ćFO XF
JOUSPEVDF USBOTBDUJPOBM BDUPST BT B XBZ UP JOUSPEVDF DPNNVOJDBUJPO VTJOH BDUPST
JO USBOTBDUJPOT XJUI B XFMM�EFĕOFE TFNBOUJDT UIBU NBJOUBJOT UIF FYQFDUBUJPOT PG
EFWFMPQFST�

$IBQUFS Ǝ� $IPDPMB� B -BOHVBHF ćBU 6OJĕFT 'VUVSFT 5SBOTBDUJPOT BOE "DUPST
VOJĕFT UIF UISFF DPODVSSFODZ NPEFMT XF FYBNJOFE JOUP POF GSBNFXPSL DBMMFE
$IPDPMB� 8F ĕSTU DPOTJEFS UIF UIJSE DPNCJOBUJPO OPU EJTDVTTFE CFGPSF� GVUVSFT
BOE BDUPST� ćFO XF EFTDSJCF BMM DPODFQUT JO $IPDPMB BOE TVNNBSJ[F JUT HVBSBO�
UFFT�

Ə
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$IBQUFS ƫ� *OUSPEVDUJPO

$IBQUFS Ə� 1VSF$IPDPMB� BO 0QFSBUJPOBM 4FNBOUJDT QSFTFOUT 1VSF$IPDPMB B GPS�
NBMJ[BUJPO PG UIF PQFSBUJPOBM TFNBOUJDT PG $IPDPMB BOE TIPXT IPX JUT QSPQFSUJFT
DBO CF JOGFSSFE GSPN UIF TFNBOUJDT�

$IBQUFS Ɛ� "O *NQMFNFOUBUJPO PG $IPDPMB EFTDSJCFT IPX $IPDPMB NPEJĕFT FYJTU�
JOH JNQMFNFOUBUJPOT PG UIF UISFF TFQBSBUF DPODVSSFODZ NPEFMT UP TVQQPSU USBOT�
BDUJPOBM GVUVSFT BOE USBOTBDUJPOBM BDUPST�

$IBQUFS Ƒ� &WBMVBUJPO FWBMVBUFT UIF CFOFĕUT PG $IPDPMB� *O B RVBOUJUBUJWF FWBMVBUJPO
XF FYUFOE UISFF CFODINBSL BQQMJDBUJPOT UIBU VTF USBOTBDUJPOT XJUI GVUVSFT BOE
BDUPST BOE EFNPOTUSBUF UIBU UIF BEEJUJPOBM QBSBMMFMJTN DBO JNQSPWF QFSGPSNBODF�
6TJOH B RVBMJUBUJWF FWBMVBUJPO XF EFUFSNJOF UIBU UIJT SFRVJSFT POMZ B TNBMM FČPSU
GSPN UIF EFWFMPQFS�

$IBQUFS Ɖƈ� $PODMVTJPO QSFTFOUT PVS DPODMVTJPOT BOE TPNF JEFBT GPS GVUVSF SFTFBSDI�

Ɖ�ƍ 1VCMJDBUJPOT
4VQQPSUJOH QVCMJDBUJPOT

1BSUT PG UIJT EJTTFSUBUJPO BQQFBS JO UIF GPMMPXJOH QVCMJDBUJPOT�

5SBOTBDUJPOBM 5BTLT� 1BSBMMFMJTN JO 4PęXBSF 5SBOTBDUJPOT
+BOXJMMFN 4XBMFOT +PFSJ %F ,PTUFS 8PMGHBOH %F .FVUFS
1VCMJTIFE JO UIF 1SPDFFEJOHT PG UIF ƭƪUI &VSPQFBO $POGFSFODF PO 0CKFDU�0SJFOUFE
1SPHSBNNJOH 	&$001 Ƭƪƫư

3FDFJWFE B %JTUJOHVJTIFE 1BQFS "XBSE BU &$001 ƊƈƉƎ�
ćJT QBQFS DPNCJOFT USBOTBDUJPOT BOE GVUVSFT UP DSFBUF USBOTBDUJPOBM GVUVSFT� *U
EFTDSJCFT POF DPOUSJCVUJPO PG UIJT EJTTFSUBUJPO BOE GPSNT NPTU PG $IBQUFS ƌ�

5SBOTBDUJPOBM "DUPST� $PNNVOJDBUJPO JO 5SBOTBDUJPOT
+BOXJMMFN 4XBMFOT +PFSJ %F ,PTUFS 8PMGHBOH %F .FVUFS
1SPDFFEJOHT PG UIF ƮUI "$. 4*(1-"/ *OUFSOBUJPOBM 8PSLTIPQ PO 4PęXBSF &OHJ�
OFFSJOH GPS 1BSBMMFM 4ZTUFNT 	4&14 ƬƪƫƱ

ćJT QBQFS DPNCJOFT USBOTBDUJPOT BOE BDUPST JOUSPEVDJOH USBOTBDUJPOBM BDUPST� *U
EFTDSJCFT BOPUIFS DPOUSJCVUJPO PG UIJT EJTTFSUBUJPO BOE GPSNT NPTU PG $IBQUFS ƍ�

$IPDPMB� *OUFHSBUJOH 'VUVSFT "DUPST BOE 5SBOTBDUJPOT
+BOXJMMFN 4XBMFOT +PFSJ %F ,PTUFS 8PMGHBOH %F .FVUFS
1SPDFFEJOHT PG UIF ƲUI *OUFSOBUJPOBM 8PSLTIPQ PO 1SPHSBNNJOH CBTFE PO "DUPST
"HFOUT BOE %FDFOUSBMJ[FE $POUSPM 	"(&3& ƬƪƫƲ

ćJT QBQFS EFTDSJCFT $IPDPMB BT BO JOUFHSBUJPO PG GVUVSFT BDUPST BOE USBOTBDUJPOT�
*U DPNQJMFT UIF DPOUSJCVUJPOT PG UIJT EJTTFSUBUJPO EFTDSJCJOH $IPDPMB�T TFNBOUJDT
BOE FWBMVBUJPO BT JO $IBQUFST Ǝ Ə BOE Ƒ�
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ƫ�Ư 1VCMJDBUJPOT

5PXBSET $PNQPTBCMF $PODVSSFODZ "CTUSBDUJPOT
+BOXJMMFN 4XBMFOT 4UFGBO .BSS +PFSJ %F ,PTUFS 5PN 7BO $VUTFN
1SPDFFEJOHT PG UIF8PSLTIPQ PO 1SPHSBNNJOH -BOHVBHF"QQSPBDIFT UP $PODVSSFODZ
BOE DPNNVOJDBUJPO�D&OUSJD 4PęXBSF 	1-"$&4 ƬƪƫƮ

ćJT QBQFS TZTUFNBUJDBMMZ TUVEJFT BMM QBJSXJTF DPNCJOBUJPOT PG UIF TJY DPODVSSFODZ
NPEFMT TVQQPSUFE CZ$MPKVSF BOE SFQPSUT JO XIJDI DBTFT UIFJS HVBSBOUFFT BSFNBJO�
UBJOFE PS CSPLFO� *U JT EJTDVTTFE JO 4FDUJPO Ƌ�Ɗ BOE EFTDSJCFT UIF QSPCMFN UIBU XF
BJN UP TPMWF JO UIJT EJTTFSUBUJPO�

0UIFS QVCMJDBUJPOT

* DPOUSJCVUFE UP UIF GPMMPXJOH PUIFS QVCMJDBUJPOT EVSJOH UIF DPVSTF PG NZ SFTFBSDI�
$MPVE 1"35&� &MBTUJD $PNQMFY &WFOU 1SPDFTTJOH CBTFE PO .PCJMF "DUPST

+BOXJMMFN4XBMFOTćJFSSZ3FOBVY -PEF)PTUF 4UFGBO.BSS8PMGHBOH%F.FVUFS
1SPDFFEJOHT PG UIF ƭSE *OUFSOBUJPOBM 8PSLTIPQ PO 1SPHSBNNJOH CBTFE PO "DUPST
"HFOUT BOE %FDFOUSBMJ[FE $POUSPM 	"(&3& Ƭƪƫƭ

ćJT QBQFS JOUSPEVDFT $MPVE 1"35&� B EJTUSJCVUFE WFSTJPO PG UIF 3FUF BMHPSJUIN
UIBU DBO CF VTFE UP JNQMFNFOU DPNQMFY FWFOU EFUFDUJPO TZTUFNT� *U JT JNQMFNFOUFE
VTJOH NPCJMF BDUPST� UIFTF BSF BDUPST UIBU DBO NPWF CFUXFFO NBDIJOFT�

+VTU�JO�UJNF JOIFSJUBODF� B EZOBNJD BOE JNQMJDJU NVMUJQMF JOIFSJUBODF NFDIBOJTN
.BUUJBT %F 8BFM +BOXJMMFN 4XBMFOT 8PMGHBOH %F .FVUFS
1SPDFFEJOHT PG UIF ƫƬUI 4ZNQPTJVN PO %ZOBNJD -BOHVBHFT 	%-4 Ƭƪƫư

ćJT QBQFS JOUSPEVDFT +VTU�JO�5JNF *OIFSJUBODF B GPSN PG NVMUJQMF JOIFSJUBODF JO
XIJDI POF QBSFOU JT iGBWPSFEw PWFS UIF PUIFST� *U JT UIF ĕSTU JNQMJDJU BOE EZOBNJD
NVMUJQMF JOIFSJUBODF NFDIBOJTN�

Ƒ
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$PODVSSFODZ.PEFMT�
'VUVSFT 5SBOTBDUJPOT BOE
"DUPST

ćJT DIBQUFS EFTDSJCFT UIF UISFF DPODVSSFODZNPEFMT BU UIF CBTJT PG UIJT EJTTFSUBUJPO� *O
4FDUJPO Ɗ�Ɖ XF EFTDSJCF B UBYPOPNZ UIBU QBSUJUJPOT DPODVSSFODZNPEFMT JOUP UISFF DBU�
FHPSJFT� EFUFSNJOJTUJD TIBSFE�NFNPSZ BOE NFTTBHF�QBTTJOH NPEFMT� *O 4FDUJPO Ɗ�Ɗ
XF TFMFDU POF NPEFM GSPN FBDI DBUFHPSZ UP TUVEZ JO UIF SFTU PG UIJT EJTTFSUBUJPO� GV�
UVSFT USBOTBDUJPOT BOE BDUPST� *O TFDUJPOT Ɗ�Ƌ Ɗ�ƌ BOE Ɗ�ƍ XF EFTDSJCF FBDI JO EFUBJM�
XF EFĕOF UIF SFMFWBOU UFSNJOPMPHZ MJTU UIFJS MBOHVBHF DPOTUSVDUT EFNPOTUSBUF UIFJS
VTF DBTFT BOE MJTU UIFJS QSPQFSUJFT� 8F BMTP QSPWJEF B GPSNBMJ[BUJPO PG BO PQFSBUJPOBM
TFNBOUJDT PG FBDI NPEFM XIJDI XF XJMM VTF BT CVJMEJOH CMPDLT JO TVCTFRVFOU DIBQUFST�

"QQFOEJY " EFĕOFT TPNF DPNNPO OPUBUJPO VTFE JO UIF PQFSBUJPOBM TFNBOUJDT
UISPVHIPVU UIJT EJTTFSUBUJPO�

Ɗ�Ɖ $BUFHPSJFT PG $PODVSSFODZ .PEFMT
" DPODVSSFODZ NPEFM QSPWJEFT QSPHSBNNJOH MBOHVBHF DPOTUSVDUT UP JOUSPEVDF QBS�
BMMFMJTN BOE UP NBOBHF DPODVSSFOU BDDFTT UP TIBSFE SFTPVSDFT� )PXFWFS BU UIF TBNF
UJNF JU JNQPTFT SFTUSJDUJPOT JO PSEFS UP QSPWJEF HVBSBOUFFT UP UIF QSPHSBNNFS UIBU
QSFWFOU DPNNPO FSSPST BOENBLF UIF DPEF FBTJFS UP VOEFSTUBOE NBJOUBJO BOE EFCVH�
0WFS TFWFSBM EFDBEFT SFTFBSDIFST BOE QSBDUJUJPOFST IBWF EFWFMPQFE B XJEF WBSJFUZ PG
DPODVSSFODZ NPEFMT� ćFZ FBDI QSPWJEF EJČFSFOU DPOTUSVDUT BOE EJČFSFOU HVBSBOUFFT

ƉƉ



$IBQUFS Ƭ� $PODVSSFODZ .PEFMT

BOE BSF UIVT FBDI BJNFE BU DFSUBJO VTF DBTFT�
*O UIJT EJTTFSUBUJPO XF VTF UIF UBYPOPNZ PG 7BO 3PZ BOE )BSJEJ <Ɗƈƈƌ> XIP TZT�

UFNBUJ[F UIF CSFBEUI PG FYJTUJOH DPODVSSFODZNPEFMT JOUP UISFF DBUFHPSJFT� EFUFSNJOJT�
UJD TIBSFE�NFNPSZ BOENFTTBHF�QBTTJOHNPEFMT� ćF MBTU UXP BSF OPO�EFUFSNJOJTUJD
BT JMMVTUSBUFE JO 'JHVSF Ɗ�Ɖ� *O UIJT TFDUJPO XF EFTDSJCF UIF UISFF DBUFHPSJFT MJTU TPNF
SFQSFTFOUBUJWF DPODVSSFODZ NPEFMT GPS FBDI BOE EFTDSJCF TPNF PG UIF VTF DBTFT BOE
QSPQFSUJFT DPNNPO UP UIF NPEFMT PG FBDI DBUFHPSZ�

$PODVSSFODZ NPEFMT
%FUFSNJOJTUJD

/PO�EFUFSNJOJTUJD
4IBSFE�NFNPSZ

.FTTBHF�QBTTJOH

'JHVSF Ɗ�Ɖ� $BUFHPSJFT PG DPODVSSFODZ NPEFMT <7BO 3PZ BOE )BSJEJ Ɗƈƈƌ>

%FUFSNJOJTUJD NPEFMT

%FUFSNJOJTUJD NPEFMT HVBSBOUFF UIBU HJWFO UIF TBNF JOQVU B QSPHSBNXJMM BMXBZT QSP�
EVDF UIF TBNF PVUQVU� 8IFO VTJOH TVDI BNPEFM B QSPHSBNNFS DBO WFSJGZ B QSPHSBN�T
PVUQVU GPS HJWFO JOQVUT BOE CF TVSF UIBU JU XJMM BMXBZT XPSL GPS UIPTF JOQVUT� ćF PS�
EFS JO XIJDI UIF UISFBET XJMM CF JOUFSMFBWFE EVSJOH FYFDVUJPO EPFT OPU BČFDU UIF FOE
SFTVMU TP UIFSF DBOOPU CF BOZ SBDF DPOEJUJPOT PS EFBEMPDLT UIBU POMZ BQQFBS JO TPNF
FYFDVUJPOT� )FODF UIFTF NPEFMT BSF TVJUBCMF XIFO QBSBMMFMJ[JOH GPS QFSGPSNBODF� JG
B QSPHSBN QSPEVDFT UIF DPSSFDU SFTVMU GPS B HJWFO JOQVU JU XJMM BMXBZT EP TP BOE UIF
QSPHSBNNFS DBO GPDVT PO UXFBLJOH UIF QSPHSBN UP HFU UIF CFTU QFSGPSNBODF�

&YBNQMFT PG EFUFSNJOJTUJD NPEFMT BSF GVUVSFT <#BLFS BOE )FXJUU ƉƑƏƏ )BMTUFBE
ƉƑƐƍ> QSPNJTFT <-JTLPW BOE 4ISJSB ƉƑƐƐ> 'PSL�+PJO <#MVNPGF FU BM� ƉƑƑƍ -FB Ɗƈƈƈ
$BWÏ FU BM� ƊƈƉƉ> /FTUFE%BUB 1BSBMMFMJTN <$IBLSBWBSUZ BOE,FMMFS ƊƈƈƉ> BOE EBUBĘPX
<7BO 3PZ BOE )BSJEJ Ɗƈƈƌ>� 4PNF UZQJDBM VTF DBTFT BSF UIF QBSBMMFMJ[BUJPO PG TFBSDI
NBUSJY BEEJUJPO PS NVMUJQMJDBUJPO PS PQFSBUJPOT PO MBSHF MJTUT� *O UIFTF FYBNQMFT EF�
UFSNJOJTN JT SFRVJSFE� UIF PVUQVU PG UIFTF BMHPSJUINT TIPVME POMZ EFQFOE PO UIF JOQVU
OP NBUUFS UIF OVNCFS PG UISFBET PS IPX UIFZ BSF JOUFSMFBWFE�

5ZQJDBMMZ UIFTF NPEFMT EP OPU BMMPX PQFSBUJPOT XJUI TJEF FČFDUT UP PDDVS JO QBSBM�
MFM� #Z SFRVJSJOH UIBU BMM PQFSBUJPOT BSF QVSFMZ GVODUJPOBM UIF PSEFS JO XIJDI UIFZ BSF
JOUFSMFBWFE EPFT OPUNBUUFS BOE UIVT EFUFSNJOJTN JT BDIJFWFE� 8F HJWF B GFX FYBNQMFT
PG EFUFSNJOJTUJD NPEFMT BOE IPX UIFZ BDIJFWF EFUFSNJOJTN�
t 'VUVSFT BSF TFNBOUJDBMMZ USBOTQBSFOU� B GVODUJPOBM QSPHSBN XJUI GVUVSFT FWBMVBUFT

UP UIF TBNF SFTVMU BT UIBU QSPHSBN XJUI UIF GVUVSFT FMJEFE <'MBOBHBO BOE 'FMMFJTFO
ƉƑƑƍ>� ćJT JT USVF OP NBUUFS UIF PSEFS JO XIJDI UISFBET BSF TDIFEVMFE BOE UIFSF�
GPSF UIF SFTVMU JT EFUFSNJOJTUJD� 'VUVSFT DBO UIVT TBGFMZ CF BEEFE XIFSFWFS UIF
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QSPHSBNNFS TVTQFDUT UIFJS CFOFĕUT XJMM PVUXFJHI UIFJS DPTUT XJUIPVU BČFDUJOH
UIF DPSSFDUOFTT PG UIF QSPHSBN�

t $JML JT BO JNQMFNFOUBUJPO PG 'PSL�+PJO� *U EFĕOFT UIF TFSJBM FMJTJPO PG B QSPHSBN BT
UIBU QSPHSBN XJUI BMM $JML�TQFDJĕD LFZXPSET SFNPWFE� ćF TFSJBM FMJTJPO PG B $JML
QSPHSBNIBT UIF TBNF TFNBOUJDT BT UIF QBSBMMFM WFSTJPO <3BOEBMM ƉƑƑƐ>� "HBJO UIJT
JT USVF OP NBUUFS UIF PSEFS PG JOUFSMFBWJOH BOE UIFSFGPSF HVBSBOUFFT EFUFSNJOJTN�

t %BUB 1BSBMMFM )BTLFMM JT BO JNQMFNFOUBUJPO PG /FTUFE %BUB 1BSBMMFMJTN GPS )BTLFMM
UIBU QSPWJEFT TFWFSBM PQFSBUJPOT PO MJTUT TVDI BT NBQQJOH ĕMUFSJOH DPODBUFOBUJPO
BOE USBOTQPTJUJPO <+POFT FU BM� ƊƈƈƐ>� *U HVBSBOUFFT EFUFSNJOJTN CZ VTJOH UIF UZQF
TZTUFN UP SFRVJSF UIBU UIF BQQMJFE GVODUJPOT BSF QVSFMZ GVODUJPOBM J�F� UIBU UIFZ
IBWF OP TJEF FČFDUT�

4IBSFE�NFNPSZ NPEFMT

4IBSFE�NFNPSZ NPEFMT DPPSEJOBUF BDDFTT UP TIBSFE NFNPSZ GSPN NVMUJQMF UISFBET�
ćFTF NPEFMT BSF TVJUFE UP QSPHSBNT XIFSF NVMUJQMF UBTLT SFBE BOE NPEJGZ POF PS
NPSF DFOUSBMJ[FE EBUB TUSVDUVSFT� "O FTTFOUJBM GPDVT PG UIFTF NPEFMT JT QSFTFSWJOH UIF
DPOTJTUFODZ PG UIF TIBSFE EBUB TUSVDUVSF� POF UISFBE TIPVME OPU CF BCMF UP PCTFSWF UIF
JOUFSNFEJBUF BDUJPOT PG BOPUIFS� 'PS JOTUBODF XIFO ƒƉƈƈ JT USBOTGFSSFE CFUXFFO UXP
CBOL BDDPVOUT JU TIPVME CF JNQPTTJCMF UP PCTFSWF UIF JOUFSNFEJBUF TUBUF XIFSF UIF
NPOFZ XBT UBLFO PVU PG POF BDDPVOU CVU OPU ZFU QVU JOUP UIF PUIFS�

" DPNNPO UFDIOJRVF JT UP QSPUFDU BDDFTT UP TIBSFE NFNPSZ VTJOH MPDLT PS TFN�
BQIPSFT <%JKLTUSB ƉƑƎƍ>� #Z IPMEJOH POF PS TFWFSBM MPDLT EVSJOH UIF FYFDVUJPO PG B
TFDUJPO PG UIF DPEF UIBU BDDFTTFT TIBSFE NFNPSZ DBMMFE B DSJUJDBM TFDUJPO UIF EFWFM�
PQFS DBO FOTVSF UIBU POF UISFBE IBT FYDMVTJWF BDDFTT UP UIBU EBUB� ćVT UIF DSJUJDBM
TFDUJPOT BSF TFSJBMJ[FE� NVMUJQMF TFDUJPOT UIBU BDDFTT UIF TBNF EBUB DBOOPU FYFDVUF JO
QBSBMMFM CVU XJMM CF FYFDVUFE TFSJBMMZ�

5SBOTBDUJPOT BSF BOPUIFS UFDIOJRVF UP QSPUFDU BDDFTT UP TIBSFE NFNPSZ <)FSMJIZ
BOE .PTT ƉƑƑƋ 4IBWJU BOE 5PVJUPV ƉƑƑƏ>� *O UIJT NPEFM UIF QSPHSBNNFS FODBQTV�
MBUFT DPEF UIBU BDDFTTFT TIBSFE NFNPSZ JO B USBOTBDUJPO� 8IJMF UIF USBOTBDUJPO JT SVO�
OJOH NPEJĕDBUJPOT NBEF UP TIBSFE NFNPSZ BSF TUPSFE MPDBMMZ� 0OMZ BU UIF FOE PG UIF
USBOTBDUJPO XJMM JU BUUFNQU UP DPNNJU UIFTF DIBOHFT QFSTJTUJOH UIFN TP UIFZ DBO CF
PCTFSWFE CZ PUIFS UISFBET� 8IFO UXP USBOTBDUJPOT NPEJGZ UIF TBNF EBUB B DPOĘJDU
JT EFUFDUFE EVSJOH 	PS FWFO CFGPSF
 UIF DPNNJU BOE UIF USBOTBDUJPO XJMM SPMM CBDL BOE
SFUSZ� ćJT FOTVSFT BMM DIBOHFT JO B USBOTBDUJPO BSFNBEF WJTJCMF JO B TJOHMF BUPNJD TUFQ
BOE UIBU B USBOTBDUJPO BMXBZT IBT B DPOTJTUFOU WJFX PG UIF TIBSFE NFNPSZ�

5SBOTBDUJPOBM TZTUFNT BWPJE TPNF PG UIF DPNNPO QJUGBMMT PG MPDLT� *O MPDL�CBTFE
TZTUFNT UIF QSPHSBNNFSNVTUNBOVBMMZ TBGFHVBSE DSJUJDBM TFDUJPOT CZ BDRVJSJOH MPDLT�
'BJMJOH UP EP TP DBO MFBE UP SBDF DPOEJUJPOT� BDRVJSJOH MPDLT NVMUJQMF UJNFT PS JO UIF
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XSPOH PSEFS DBO DBVTF EFBEMPDLT� 5SBOTBDUJPOBM TZTUFNT UZQJDBMMZ BWPJE UIFTF QSPC�
MFNT CZ BVUPNBUJOH DPOĘJDU EFUFDUJPO�

#PUI DSJUJDBM TFDUJPOT QSPUFDUFEXJUI MPDLT BT XFMM BT USBOTBDUJPOT HVBSBOUFF BUPNJD�
JUZ� UIF DIBOHFT UP TIBSFE NFNPSZ UIFZ DPOUBJO CFDPNF WJTJCMF JO B TJOHMF JOEJWJTJCMF
TUFQ� ćFZ FOTVSF UIBU OP PUIFS UISFBE DBO PCTFSWF UIF JOUFSNFEJBUF TUBUFT UIFSFGPSF
UIFZ TIPVME DPOUBJO DPEF UIBU NPWFT UIF TIBSFE NFNPSZ GSPN POF DPOTJTUFOU TUBUF UP
BOPUIFS XIJMF UIF JODPOTJTUFOU JOUFSNFEJBUF TUBUFT XJUIJO B DSJUJDBM TFDUJPO PS USBOTBD�
UJPO BSF IJEEFO GSPN PUIFS UISFBET�

/PUF UIBU BUPNJDJUZ JT B MFTT TUSJDU HVBSBOUFF UIBO EFUFSNJOBDZ� "UPNJDJUZ IJEFT UIF
JOUFSNFEJBUF TUBUFT PG POF DSJUJDBM TFDUJPO PS USBOTBDUJPO GSPN BOPUIFS CVU UIF PSEFS
JO XIJDI UIFTF TFDUJPOT BSF JOUFSMFBWFE JT TUJMM VOEFUFSNJOFE� " QSPHSBN DBO UIFSFGPSF
TUJMM IBWF TFWFSBM EJTUJODU PVUQVUT GPS UIF TBNF JOQVU�

.FTTBHF�QBTTJOH NPEFMT

.FTTBHF�QBTTJOH NPEFMT DPOTJEFS UIF EJČFSFOU DPNQVUBUJPOBM BDUJWJUJFT PG B QSPHSBN
BT BDUJWF FOUJUJFT FBDI PG XIJDI IBT JUT PXO JTPMBUFE NFNPSZ� ćFTF DPNQPOFOUT
FYDIBOHF EBUB CZ TFOEJOH FBDI PUIFS NFTTBHFT� .FTTBHF�QBTTJOHNPEFMT BSF UIVT XFMM�
TVJUFE GPS QSPHSBNT UIBU DPOTJTU PG FBTJMZ TFQBSBCMF DPNQPOFOUT UIBU POMZ FYDIBOHF
EBUB TQBSJOHMZ�

.FTTBHF�QBTTJOH NPEFMT BSF QPQVMBS JO EJTUSJCVUFE TFUUJOHT JO XIJDI UIFZ OBUV�
SBMMZ NBQ POUP UIF IBSEXBSF� )PXFWFS UIFZ BSF BMTP VTFE PO TIBSFE�NFNPSZ TZTUFNT
TVDI BT NVMUJDPSF PS NVMUJQSPDFTTPS NBDIJOFT 	XIJDI XF GPDVT PO IFSF
 XIFO UIFZ
OBUVSBMMZ NBQ POUP UIF QSPCMFN� *O UIF GPSNFS DBTF UIF EFWFMPQFS EFDJEFT UP VTF B
DPODVSSFODZ NPEFM UIBU ĕUT UIF IBSEXBSF BOE NBQT UIF QSPCMFN POUP JU PęFO MFBE�
JOH UP CFUUFS QFSGPSNBODF CVU TPNFUJNFT SFRVJSJOH BO AVOOBUVSBM� EFTJHO� *O UIF MBUUFS
DBTF UIF EFWFMPQFS EFDJEFT UP VTF B DPODVSSFODZ NPEFM UIBU ĕUT UIF VTF DBTF BOE SFMJFT
PO UIF TZTUFN UP NBQ UIJT POUP UIF IBSEXBSF MFBEJOH UP B OBUVSBM EFTJHO CVU QPTTJCMZ
TVCPQUJNBM QFSGPSNBODF�

" EJTUJODUJPO JT NBEF CFUXFFO NPEFMT UIBU VTF TZODISPOPVT WFSTVT BTZODISPOPVT
NFTTBHF QBTTJOH� 8IFO NFTTBHFT BSF QBTTFE TZODISPOPVTMZ UIF TFOEFS BOE SFDFJWFS
SVO BU UIF TBNF UJNF BOE UIFZ XBJU VOUJM CPUI BSF SFBEZ UP QBTT UIF NFTTBHF BU XIJDI
QPJOU UIFZ BSF TBJE UP SFOEF[�WPVT� *G B TFOEFS USJFT UP TFOE XIFO OP SFDFJWFS JT QSFTFOU
JU XJMM CMPDL VOUJM UIFSF JT B DPSSFTQPOEJOH SFDFJWFS� 0O UIF PUIFS IBOE XIFONFTTBHFT
BSF TFOU BTZODISPOPVTMZ UIF SFDFJWFS IBT B CVČFS PG NFTTBHFT BOE NFTTBHFT DBO CF
TFOU FWFO XIFO UIF SFDFJWFS JT CVTZ PS JOBDUJWF CZ TUPSJOH UIFN JO UIF CVČFS� *O UIJT
NPEFM TFOEJOH B NFTTBHF JT JNNFEJBUF� UIF TFOEFS QVUT UIF NFTTBHF JO UIF CVČFS BOE
DBO JNNFEJBUFMZ DPOUJOVF�

8F HJWF TPNF FYBNQMFT PG NFTTBHF�QBTTJOH NPEFMT�
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t $PNNVOJDBUJOH 4FRVFOUJBM 1SPDFTTFT 	$41
 <)PBSF ƉƑƏƐ> JT B TZODISPOPVT NFT�
TBHF�QBTTJOH NPEFM� $PODVSSFOU QSPDFTTFT DBO CF TQBXOFE BOE DPNNVOJDBUF CZ
TFOEJOH NFTTBHFT UP FBDI PUIFS�

t $PODVSSFOU.- <3FQQZ ƉƑƑƉ 3FQQZ FU BM� ƊƈƈƑ> JT B TZODISPOPVTNFTTBHF�QBTTJOH
NPEFM JO XIJDI NFTTBHFT BSF TFOU PWFS DIBOOFMT� )FSF UIF TFOEJOH BOE SFDFJWJOH
PG NFTTBHFT PWFS B DIBOOFM BSF ĕSTU�DMBTT WBMVFT DBMMFE FWFOUT XIJDI DBO CF DPN�
QPTFE VTJOH B TFU PG PQFSBUPST�

t ćF BDUPSNPEFM <)FXJUU FU BM� ƉƑƏƋ "HIB ƉƑƐƍ> JT BO BTZODISPOPVTNFTTBHF�QBTT�
JOH NPEFM� "DUPST BSF FOUJUJFT XJUI B QSJWBUF NFNPSZ BOE BO JOCPY� ćFZ DPNNV�
OJDBUF CZ QMBDJOH NFTTBHFT JO FBDI PUIFS�T JOCPY� &BDI BDUPS DBO TFOE UP BOZ PUIFS
BDUPS 	PG XIJDI JU IBT UIF BEESFTT
 CVU DBO POMZ SFBE JUT PXO JOCPY�

t *O $PODVSSFOU 0CKFDU�0SJFOUFE 1SPHSBNNJOH BO PCKFDU DBO FYFDVUF JO B TFQB�
SBUF QSPDFTT� JU JT UIFO DBMMFE BO BDUJWF PCKFDU <,BSBPSNBO BOE #SVOP ƉƑƑƋ>� "D�
UJWF PCKFDUT IBWF QSJWBUFNFNPSZ BOE DPNNVOJDBUF BTZODISPOPVTMZ VTJOH SFNPUF
NFUIPE JOWPDBUJPO�

t .1* 	.FTTBHF 1BTTJOH *OUFSGBDF
 <.FTTBHF 1BTTJOH *OUFSGBDF 'PSVN ƉƑƑƌ ƊƈƉƍ>
JT B NFTTBHF�QBTTJOH NPEFM XJEFMZ VTFE JO JOEVTUSZ BNPOHTU PUIFST UP JNQMFNFOU
TDJFOUJĕD TPęXBSF� *U IBT CFFO JNQMFNFOUFE JO MJCSBSJFT GPS MBOHVBHFT TVDI BT +BWB
$ $�� 'PSUSBO ."5-"# 1ZUIPO BOE PUIFST� .1* XBT PSJHJOBMMZ EFTJHOFE GPS
EJTUSJCVUFENFNPSZ BSDIJUFDUVSFT CVU DBO BMTP CF VTFE JO TIBSFE�NFNPSZ TZTUFNT
BOE IZCSJET 	F�H� B EJTUSJCVUFE TZTUFN PG NVMUJDPSF NBDIJOFT
� *U QSPWJEFT DPO�
TUSVDUT UP IBOEMF EJČFSFOU QBUUFSOT DPNNPO JO NFTTBHF�QBTTJOH QSPHSBNT TVDI
BT CSPBEDBTUJOH TDBUUFSJOH HBUIFSJOH BOE SFEVDJOH EBUB� .1* BMMPXT CPUI CMPDL�
JOH 	TZODISPOPVT
 BOE OPOCMPDLJOH 	BTZODISPOPVT
 DPNNVOJDBUJPO�

8IZ OPU BMXBZT DIPPTF B EFUFSNJOJTUJD NPEFM 

"ęFS TUVEZJOH UIFTF UISFF DBUFHPSJFT POFNJHIU XPOEFS XIZ EFUFSNJOJTUJD NPEFMT BSF
OPU BMXBZT QSFGFSBCMF BT UIFZ HVBSBOUFF UIBU UIF QBSBMMFM QSPHSBN JT DPSSFDU SFHBSEMFTT
PG UIF PSEFS JO XIJDI UISFBET BSF JOUFSMFBWFE� 6OGPSUVOBUFMZ TPNFUJNFT OPO�EFUFS�
NJOJTN JT VOBWPJEBCMF� 'PS JOTUBODF JNBHJOF B QSPHSBN UIBU TFOET TFWFSBM NFTTBHFT
UP EJČFSFOU TFSWFST BOE XPVME MJLF UP DPOUJOVF BT TPPO BT POF JT BOTXFSFE� )FSF OPO�
EFUFSNJOJTN JT OFDFTTBSZ� XIJDI NFTTBHF XJMM CF BOTXFSFE ĕSTU EFQFOET PO FYUFSOBM
GBDUPST� 7BO 3PZ BOE )BSJEJ <Ɗƈƈƌ> BT XFMM BT -FF <ƊƈƈƎ> BOE #PDDIJOP FU BM� <ƊƈƈƑB>
SFDPNNFOE VTJOH B EFUFSNJOJTUJD NPEFM XIFSFWFS QPTTJCMF BOE UP POMZ JOUSPEVDF
OPO�EFUFSNJOJTN JO FYBDUMZ UIPTF QMBDFT XIFSF JU JT BCTPMVUFMZ OFDFTTBSZ� ćFZ SFD�
PNNFOE VTJOH UIF MFBTU FYQSFTTJWF NPEFM o UIBU JT UIF NPTU SFTUSJDUJWF o XIFOFWFS
QPTTJCMF BT UIJT JT UIF NPEFM UIBU QSPWJEFT UIF NPTU HVBSBOUFFT UP UIF QSPHSBNNFS�
ćFZ SFBTPO UIBU UIF NPTU SFTUSJDUJWF NPEFM NBLFT UIF DPEF FBTJFS UP VOEFSTUBOE BOE
UP DIFDL GPS DPSSFDUOFTT�
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Ɗ�Ɗ 'SPNćSFF $BUFHPSJFT UPćSFF $PODVSSFODZ
.PEFMT

#VJMEJOH PO UIJT UBYPOPNZ XF TUVEZ POF DPODVSSFODZ NPEFM GSPN FBDI DBUFHPSZ JO
UIJT EJTTFSUBUJPO�
t "T B EFUFSNJOJTUJD NPEFM XF TUVEZ GVUVSFT� ćFZ BSF JOUSPEVDFE JO 4FDUJPO Ɗ�Ƌ�

'VUVSFT BSF POF PG UIF TJNQMFTU EFUFSNJOJTUJD DPODVSSFODZ NPEFMT BT UIFZ POMZ
JOUSPEVDF UXP OFX DPOTUSVDUT� GPSLJOH B UBTL BOE KPJOJOH JU MBUFS�

t "T B TIBSFE�NFNPSZ NPEFM XF MPPL BU 4PęXBSF 5SBOTBDUJPOBM .FNPSZ 	45.

XIJDI JT EFTDSJCFE JO 4FDUJPO Ɗ�ƌ� 8IJMF MPDLT BSF USBEJUJPOBMMZ VTFE UP QSPUFDU
TIBSFE NFNPSZ USBOTBDUJPOT BWPJE NBOZ PG UIF DPNNPO QJUGBMMT PG MPDLT� UIFZ
QSFWFOU UIF EFWFMPQFS GSPN GPSHFUUJOH UP BDRVJSF B MPDL UIFZ BWPJE EFBEMPDLTXIFO
MPDLT BSF UBLFO JO UIF XSPOH PSEFS BOE USBOTBDUJPOT DBO CF OFTUFE XJUIPVU DBVTJOH
EFBEMPDLT <)BSSJT FU BM� Ɗƈƈƍ>�

t "T B NFTTBHF�QBTTJOH NPEFM XF TUVEZ UIF BDUPS NPEFM� "DUPST BSF JOUSPEVDFE JO
4FDUJPO Ɗ�ƍ� ćFZ BSF B QPQVMBS DPODVSSFODZNPEFM TVQQPSUFE JO MBOHVBHFT TVDI BT
&SMBOH 4DBMB +BWB BOE $���Ɖ ćF BDUPS NPEFM BMTP IBT B MPOH IJTUPSZ JO SFTFBSDI
<%F ,PTUFS FU BM� ƊƈƉƎC>�

*O UIF GPMMPXJOH UISFF TFDUJPOT XF EFTDSJCF BOE GPSNBMJ[F UIFTF UISFF NPEFMT JO EFUBJM�
ćFSF FYJTU NBOZ EJČFSFOU WBSJBOUT BOE GPSNBMJ[BUJPOT PG FBDI NPEFM JO MJUFSBUVSF� 8F
QJDL BOE TUVEZ B TJNQMF WBSJBOU PG FBDI UP SFEVDF UIF NPEFM UP JUT FTTFOUJBMT� 8F BMTP
EFĕOF B TJNQMF GPSNBM TFNBOUJDT PG FBDI NPEFM XIJDI JT MPPTFMZ CBTFE PO FYJTUJOH
GPSNBMJ[BUJPOT CVU EFĕOFE JO B VOJGPSN NBOOFS GPS UIF UISFF NPEFMT� ćJT XJMM BMMPX
VT UP GPDVT PO UIF DPNCJOBUJPOT PG UIFTF NPEFMT JO UIF GPMMPXJOH DIBQUFST�

"MM PVS JNQMFNFOUBUJPOT BSF NPEJĕDBUJPOT PG $MPKVSF B -JTQ�MJLF MBOHVBHF CVJMU
PO UPQ PG UIF +BWB 7JSUVBM .BDIJOF� $MPKVSF BMSFBEZ TVQQPSUT GVUVSFT BOE USBOTBDUJPOT
BOE JT UIFSFGPSF UIF QFSGFDU UFTUCFE GPS UIF QSPCMFNT UBDLMFE JO UIJT EJTTFSUBUJPO� 8F
CSJFĘZ EFTDSJCF $MPKVSF JO "QQFOEJY #�

0VS GPSNBMJ[BUJPOT BSF CVJMU BSPVOE B CBTF MBOHVBHF� B TUBOEBSE GVODUJPOBM DBM�
DVMVT� ćF TZOUBY PG UIJT MBOHVBHF JT JOTQJSFE CZ $MPKVSF� JU VTFT 4�FYQSFTTJPOT BOE
TVQQPSUT DPOEJUJPOBMT 	if
 MPDBM WBSJBCMFT 	let
 BOE CMPDLT 	do
� "MTP MJLF $MPKVSF
JU JT B GVODUJPOBM MBOHVBHF UIBU EPFT OPU DPOUBJO BTTJHONFOUT� PODF PVS UISFF NPEFMT
BSF DPNCJOFE BOZ NVUBCMF NFNPSZ NVTU UIFSFGPSF CF SFQSFTFOUFE BT USBOTBDUJPOBM
NFNPSZ� 8F EP OPU GVSUIFS GPSNBMJ[F UIF CBTF MBOHVBHF JO UIJT UFYU�

ćF GPSNBMJTNT JOUSPEVDFE JO UIF OFYU TFDUJPOT CVJME VQPO FBDI PUIFS� ćJT JT
WJTVBMJ[FE JO 'JHVSF Ɗ�Ɗ� -C JT UIF CBTF MBOHVBHF� *O 4FDUJPO Ɗ�Ƌ XF FYUFOE JU UP TVQQPSU
GVUVSFT DSFBUJOH -G� *O 4FDUJPO Ɗ�ƌ XF EFĕOF UIF MBOHVBHF XJUI USBOTBDUJPOT -U� 45.

Ɖ&SMBOH IBT CVJMU�JO TVQQPSU PUIFS MBOHVBHFT VTF MJCSBSJFT 	MJTUFE JO "QQFOEJY $
�
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Ƭ�ƭ 'VUVSFT

-C� CBTF MBOHVBHF

-G� GVUVSFT

-U� USBOTBDUJPOT

-B� BDUPST

'JHVSF Ɗ�Ɗ� ćF SFMBUJPOT CFUXFFO UIF MBOHVBHFT QSFTFOUFE JO UIF GPMMPXJOH TFDUJPOT�

NFSFMZ EFĕOFT IPX USBOTBDUJPOT BSF DSFBUFE CVU OPU IPX UIF UBTLT BSF DSFBUFE JO XIJDI
USBOTBDUJPOT SVO� -U NVTU UIFSFGPSF SFMZ PO -G� *O 4FDUJPO Ɗ�ƍ XF BHBJO CVJME VQPO UIF
CBTF MBOHVBHF UP DSFBUF B MBOHVBHF XJUI BDUPST -B�

*O BMM NPEFMT XF TUVEZ DPODVSSFODZ JT FYQMJDJU� UIF QSPHSBNNFS NVTU FYQMJDJUMZ
VTF DFSUBJO MBOHVBHF DPOTUSVDUT UP JOUSPEVDF QBSBMMFMJTN PS NBOBHF BDDFTT UP TIBSFE
SFTPVSDFT� 8F EP OPU DPOTJEFS DPODVSSFODZ NPEFMT XIJDI JOUSPEVDF DPODVSSFODZ
JNQMJDJUMZ CZ GPS FYBNQMF BVUPNBUJDBMMZ QBSBMMFMJ[JOH FYQFOTJWF DPNQVUBUJPOT� ćJT
NBUDIFT PVS MBOHVBHF�CBTFE BQQSPBDI� XF BJN UP TUVEZ XIJDI 	FYQMJDJU
 DPOTUSVDUT PG
POF NPEFM DBO CF FNCFEEFE JOTJEF UIF DPOTUSVDUT PG BOPUIFS NPEFM�

Ɗ�Ƌ 'VUVSFT
8F TUBSU CZ EFTDSJCJOH GVUVSFT� QMBDFIPMEFS WBMVFT UIBU SFQSFTFOU UIF SFTVMU PG B QBSBMMFM
DPNQVUBUJPO 	4FDUJPO Ɗ�Ƌ�Ɖ
� 'VUVSFT BSF TFNBOUJDBMMZ USBOTQBSFOU BOE HVBSBOUFF EF�
UFSNJOBDZ 	4FDUJPO Ɗ�Ƌ�Ɗ
� 8F TIPX TPNF FYBNQMFT 	4FDUJPO Ɗ�Ƌ�Ƌ
 BOE QSPWJEF TPNF
EFUBJMT BCPVU UIF JNQMFNFOUBUJPO 	4FDUJPO Ɗ�Ƌ�ƌ
� 'JOBMMZ XF TQFDJGZ B GPSNBMJ[BUJPO
	4FDUJPO Ɗ�Ƌ�ƍ
�

Ɗ�Ƌ�Ɖ $PODFQUT
" QBSBMMFM UBTL JT B GSBHNFOU PG UIF QSPHSBN UIBU DBO CF FYFDVUFE JO QBSBMMFM XJUI UIF
SFTU PG UIF QSPHSBN� " SVO�UJNF TZTUFN TDIFEVMFT UIFTF UBTLT PWFS UIF BWBJMBCMF QSP�
DFTTJOH VOJUT 	EFUBJMFE JO 4FDUJPO Ɗ�Ƌ�ƌ
�

" QBSBMMFM UBTL DBO CF DSFBUFE VTJOH UIF FYQSFTTJPO fork F� ćJT CFHJOT UIF FWBMV�
BUJPO PG UIF FYQSFTTJPO F JO B OFX UBTL BOE JNNFEJBUFMZ SFUVSOT B GVUVSF� " GVUVSF JT
B QMBDFIPMEFS WBSJBCMF UIBU SFQSFTFOUT UIF SFTVMU PG B DPODVSSFOU DPNQVUBUJPO <#BLFS
BOE )FXJUU ƉƑƏƏ )BMTUFBE ƉƑƐƍ>� *OJUJBMMZ UIF GVUVSF JT VOSFTPMWFE� 0ODF UIF QBSBMMFM
FWBMVBUJPO PG F ZJFMET B WBMVF W UIF GVUVSF JT TBJE UP CF SFTPMWFE UP W� ćJT SFTVMU DBO CF
SFUSJFWFE CZ PUIFS UBTLT CZ DBMMJOH join G� *G UIF GVUVSF JT SFTPMWFE join SFUVSOT JUT WBMVF
JNNFEJBUFMZ� JG UIF GVUVSF JT TUJMM VOSFTPMWFE UIJT DBMM XJMM CMPDL VOUJM JU JT SFTPMWFE BOE
UIFO SFUVSO JUT WBMVF�
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Ɖ (defn fib [n]
Ɗ (if (< n 2)
Ƌ n
ƌ (let [a (fib (- n 1))
ƍ b (fib (- n 2))]
Ǝ (+ a b))))

	B
 4FRVFOUJBM SFDVSTJWF JNQMFNFOUBUJPO PG 'JCPOBDDJ�

Ɖ (defn fib [n]
Ɗ (if (< n 2)
Ƌ n
ƌ (let [a (fork (fib (- n 1)))
ƍ b (fork (fib (- n 2)))]
Ǝ (+ (join a) (join b)))))

	C
 3FDVSTJWF JNQMFNFOUBUJPO PG 'JCP�
OBDDJ QBSBMMFMJ[FE VTJOH GVUVSFT�

Ɖ (defn fib [n]
Ɗ (if (< n 2)
Ƌ n
ƌ (let [a (fork (fib (- n 1)))
ƍ b (fib (- n 2))]
Ǝ (+ (join a) b))))

	D
 *O UIJT JNQMFNFOUBUJPO POMZ POF SFDVS�
TJWF DBMM JT FYFDVUFE JO B OFX UBTL�

-JTUJOH Ɗ�Ƌ� " TFRVFOUJBM BOE UXP QBSBMMFM JNQMFNFOUBUJPOT PG 'JCPOBDDJ� ćF TFRVFOUJBM JNQMF�
NFOUBUJPO JT FRVJWBMFOU UP UIF QBSBMMFM POFT XJUI fork BOE join FMJEFE IFODF JU JT UIFJS TFSJBM
FMJTJPO�

$MPKVSF JNQMFNFOUT GVUVSFT BT EFTDSJCFE IFSF FYDFQU GPS TPNF TZOUBDUJDBM EJČFS�
FODFT� 4DBMB BOE )BTLFMM BMTP PČFS TJNJMBS DPOTUSVDUT�Ɗ 8F BJN UP BQQSPYJNBUF UIFTF
MBOHVBHFT DMPTFMZ UP EFNPOTUSBUF IPX UIF QSPCMFNT XF XJMM EFTDSJCF MBUFS BMTP BQQMZ
UP UIFN� " MJTU PG 	NJOPS
 TZOUBDUJDBM BOE TFNBOUJDBM EJČFSFODFT CFUXFFO PVS GPSNBM
NPEFM BOE UIF JNQMFNFOUBUJPOT PG $MPKVSF BOE )BTLFMM JT HJWFO JO "QQFOEJY %�

Ɗ�Ƌ�Ɗ (VBSBOUFF� %FUFSNJOBDZ

ćF TFSJBM FMJTJPO PG B QSPHSBN XJUI GVUVSFT JT UIF QSPHSBN XJUI fork F SFQMBDFE CZ F
BOE join G SFQMBDFE CZ G� *O B GVODUJPOBM QSPHSBNNJOH MBOHVBHF XIFSF UIFSF BSF OP
TJEF FČFDUT B QSPHSBN XJUI GVUVSFT JT FRVJWBMFOU UP JUT TFSJBM FMJTJPO� ćJT QSPQFSUZ JT
DBMMFE UIF TFNBOUJD USBOTQBSFODZ PG GVUVSFT <'MBOBHBO BOE 'FMMFJTFO ƉƑƑƍ>� GVUVSFT BSF
AUSBOTQBSFOU� UP UIF TFNBOUJDT PG UIF QSPHSBN� XIFO UIFZ BSF FMJEFE UIF TFNBOUJDT PG
UIF QSPHSBN SFNBJOT VODIBOHFE� "T B SFTVMU GVUVSFT BSF B EFUFSNJOJTUJD DPODVSSFODZ
NPEFM� OP NBUUFS JO XIJDI PSEFS UIF UBTLT BSF TDIFEVMFE UIF QSPHSBN IBT UIF TBNF
SFTVMU XIJDI JT FRVJWBMFOU UP UIF SFTVMU PG JUT TFSJBM FMJTJPO� ćJT JT DBMMFE EFUFSNJOBDZ
	PS BMTP PCTFSWBCMF EFUFSNJOJTNƋ
� BOZ FYFDVUJPO PG UIF QSPHSBN XJUI UIF TBNF JOQVU
NVTU MFBE UP UIF TBNF PVUQVU�

Ɗfork F JT (future e) JO $MPKVSF Future { e } JO 4DBMB BOE forkIO e JO )BTLFMM�
Ƌ4PNF MJUFSBUVSF TVDI BT %FOOJOH BOE %FOOJT <ƊƈƉƈ> EJTUJOHVJTIFT CFUXFFO EFUFSNJOJTN XIJDI

SFRVJSFT UIBU UIF UBTLT BSF JOUFSMFBWFE JO UIF TBNF XBZ GPS FBDI FYFDVUJPO BOE EFUFSNJOBDZ XIJDI POMZ
SFRVJSFT UIF TBNF PVUQVU GPS B HJWFO JOQVU� 8F BSF DPODFSOFE XJUI EFUFSNJOBDZ OPU EFUFSNJOJTN�

ƉƐ



Ƭ�ƭ 'VUVSFT

Ɗ�Ƌ�Ƌ &YBNQMFT BOE 6TF $BTFT
"O FYBNQMF QSPHSBN VTJOH GVUVSFT JT TIPXO JO -JTUJOH Ɗ�ƋC� BO JNQMFNFOUBUJPO PG UIF
'JCPOBDDJ GVODUJPO JOXIJDI UIF SFDVSTJWF DBMMT PDDVS JO GVUVSFT� -JTUJOH Ɗ�ƋB TIPXT UIF
QSPHSBN�T TFSJBM FMJTJPO�ƌ 'PS UIJT QSPHSBN EFUFSNJOBDZ JT EFTJSFE BT UIF SFTVMU PG UIJT
GVODUJPO TIPVME OPU EFQFOE PO UIF PSEFS JO XIJDI UBTLT BSF TDIFEVMFE BOE UIFSFGPSF
GVUVSFT BSF B HPPE ĕU�

*O HFOFSBM GVUVSFT BSF DPNNPOMZ VTFE UP UIF QBSBMMFMJ[F IPNPHFOPVT PQFSBUJPOT
PWFS MJTUT TVDI BT TFBSDIJOH BOE TPSUJOH <)BMTUFBE ƉƑƐƍ>� ćF PQFSBUJPO JT EFUFSNJOJT�
UJD BOE DBO CF BQQMJFE UP FBDI FMFNFOU JO QBSBMMFM� 'PS UIJT QVSQPTF $MPKVSF QSPWJEFT
B QBSBMMFM NBQ GVODUJPO� (pmap f xs) XJMM BQQMZ f UP FBDI FMFNFOU PG xs JO QBSBMMFM�
*G f IBT OP TJEF FČFDUT (pmap f xs) JT FRVJWBMFOU UP (map f xs)� 'VUVSFT BSF BMTP
VTFE UP JODSFBTF UIF SFTQPOTJWFOFTT PG BO BQQMJDBUJPO CZ FYFDVUJOH MPOH�SVOOJOH PQFS�
BUJPOT DPODVSSFOUMZ� 'PS FYBNQMF JO HSBQIJDBM BQQMJDBUJPOT FYQFOTJWF DPNQVUBUJPOT
PS )551 SFRVFTUT PęFO SFUVSO B GVUVSF TP BT OPU UP CMPDL UIF VTFS JOUFSGBDF�

ćBOLT UP UIF TFNBOUJD USBOTQBSFODZ PG GVUVSFT EFWFMPQFST DBO BEE GVUVSFT UP B
QSPHSBN TJNQMZ CZ XSBQQJOH BO FYQSFTTJPO JO fork JO BOZ QMBDF XIFSF UIFZ CFMJFWF
UIF QBSBMMFM FYFDVUJPO PG UIF FYQSFTTJPO PVUXFJHIT UIF DPTU PG UIF DSFBUJPO PG B UBTL�
-JTUJOH Ɗ�ƋD TIPXT BOPUIFS JNQMFNFOUBUJPO PG UIF 'JCPOBDDJ GVODUJPO JO XIJDI POMZ
POF PG UIF SFDVSTJWF DBMMT JT QBSBMMFMJ[FE� "T POMZ POF UBTL OFFET UP CF DSFBUFE JO NBOZ
JNQMFNFOUBUJPOT UIJT XJMM SFTVMU JO CFUUFS QFSGPSNBODF� 4PNF ATNBSU� DPNQJMFST FWFO
BVUPNBUJDBMMZ JOTFSU PS SFNPWF GVUVSFT BęFS BOBMZ[JOH UIF QSPHSBN VTJOH IFVSJTUJDT UP
EFUFSNJOF XIFSF UIFZ QSPCBCMZ QSPWJEF B CFOFĕU <'MBOBHBO BOE 'FMMFJTFO ƉƑƑƍ )BSSJT
BOE 4JOHI ƊƈƈƏ ;IBOH FU BM� ƊƈƈƏ 4VSFOESBO BOE 4BSLBS ƊƈƉƎ>�

Ɗ�Ƌ�ƌ *NQMFNFOUBUJPO /PUFT
6TVBMMZ B EJTUJODUJPO JT NBEF CFUXFFO VTFS UISFBET BOE LFSOFM UISFBET <)FSMJIZ BOE
4IBWJU ƊƈƉƉ 4FDUJPO ƉƎ�Ƌ>� 8IFO B QSPHSBN TQBXOT B QBSBMMFM UBTL VTJOH fork UIJT UBTL
XJMM SVO JO B VTFS UISFBE 	TPNFUJNFT BMTP SFGFSSFE UP BT B HSFFO UISFBE
� ćF QSPHSBN�
NJOH MBOHVBHF QSPWJEFT B WJSUVBM NBDIJOF XIJDI DSFBUFT B OVNCFS PG LFSOFM UISFBET
BOE NBQT UIF VTFS UISFBET POUP UIFTF LFSOFM UISFBET� 'JOBMMZ UIF PQFSBUJOH TZTUFN�T
LFSOFM TDIFEVMFT UIF LFSOFM UISFBET POUP UIF IBSEXBSF QSPDFTTPST� ćJT JT JMMVTUSBUFE
JO 'JHVSF Ɗ�ƌ�

ćJT TFQBSBUJPO JTNBEF UP IJEF UIF DPTU PG LFSOFM UISFBET� $SFBUJOH B LFSOFM UISFBE
JOWPMWFT B LFSOFM DBMM BOE UIF SFTFSWBUJPO PG B TFDUJPO PG NFNPSZ GPS UIF OFX UISFBE
XIJMF DSFBUJOH B VTFS UISFBE JT 	PęFO
 OP NPSF DPTUMZ UIBO B GVODUJPO DBMM BOE 	PęFO

POMZ BMMPDBUFT B TNBMM BNPVOU PG NFNPSZ� 'PS JOTUBODF JO &SMBOH B OFXMZ TQBXOFE

ƌ"MM PVS DPEF FYBNQMFT VTF $MPKVSF�T TZOUBY� *G UIJT FYBNQMF MPPLT VOGBNJMJBS B CSJFG EFTDSJQUJPO PG
$MPKVSF JT HJWFO JO "QQFOEJY #�

ƉƑ
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Parallel tasks
(‘user threads’)

Kernel threads

Hardware cores

Virtual machine

Operating system’s
scheduler

'JHVSF Ɗ�ƌ� ,FSOFM WT� VTFS UISFBET� ćF QSPHSBNNFS DSFBUFT QBSBMMFM UBTLT TPNFUJNFT BMTP
SFGFSSFE UP BT VTFS UISFBET� ćF WJSUVBM NBDIJOF TDIFEVMFT UIFTF POUP LFSOFM UISFBET� ćF
PQFSBUJOH TZTUFN�T LFSOFM JO UVSO TDIFEVMFT UIFTF POUP UIF IBSEXBSF�

QSPDFTT POMZ VTFT ƋƈƑ XPSET PG NFNPSZ 	BCPVU Ɗ�ƍ L# PO B Ǝƌ�CJU BSDIJUFDUVSF
 XIJMF
UIF +BWB )PU4QPU 7. IBT B NJOJNVN TUBDL TJ[F PG Ǝƌ L# GPS B OFXMZ TQBXOFE LFSOFM
UISFBE�ƍ )FODF DSFBUJOH NJMMJPOT PG LFSOFM UISFBET FYDFFET DVSSFOU NBDIJOFT� NFN�
PSZ MJNJUT XIJMF NBQQJOH NJMMJPOT PG VTFS UISFBET VQPO B GFX LFSOFM UISFBET QSFWFOUT
UIJT� 'VSUIFSNPSF DPOUFYU TXJUDIFT CFUXFFO VTFS UISFBET BSF NPSF FďDJFOU BT UIFZ
EP OPU SFRVJSF BOZ JOUFSBDUJPO XJUI UIF LFSOFM <5BOFOCBVN BOE #PT ƊƈƉƌ>�

*O UIJT EJTTFSUBUJPO QBSBMMFM UBTLT BSF JNQMFNFOUFE BT VTFS UISFBET� 8F XJMM OPU
GVSUIFS GPDVT PO IPX UIFTF BSF NBQQFE POUP LFSOFM UISFBET BOE IBSEXBSF QSPDFTTPST�
UIFTF BSF AEFUBJMT� PG UIF JNQMFNFOUBUJPO PG UIF WJSUVBM NBDIJOF BOE PQFSBUJOH TZTUFN�

Ɗ�Ƌ�ƍ -G� 'PSNBMJ[BUJPO PG 'VUVSFT
'JHVSF Ɗ�ƍ EFĕOFT -G� UIF CBTF MBOHVBHF FYUFOEFE UP TVQQPSU QBSBMMFM UBTLT BOE

GVUVSFT� ćJT GPSNBMJTN JT CBTFE PO UIF XPSL PG 'MBOBHBO BOE 'FMMFJTFO <ƉƑƑƍ> BOE
8FMD FU BM� <Ɗƈƈƍ>� 8F XJMM EFTDSJCF UIF PQFSBUJPOBM TFNBOUJDT QJFDF CZ QJFDF�

ćF TZOUBY DPOTJTUT PG PVS CBTF MBOHVBHF o TVQQPSUJOH DPOEJUJPOBMT 	if
 MPDBM WBSJ�
BCMFT 	let
 BOE CMPDLT 	do
 o BVHNFOUFE XJUI SFGFSFODFT UP GVUVSFT 	 G 
 BOE UIF FYQSFT�
TJPOT fork F BOE join F�

" QSPHSBN�T TUBUF Q JT B UVQMF DPOUBJOJOH POMZ POF FMFNFOU�Ǝ B DPMMFDUJPO PG UBTLT�
" UBTL JT B UVQMF DPOUBJOJOH UXP FMFNFOUT� UIF GVUVSF UIBU SFQSFTFOUT JUT WBMVF BOE UIF
FYQSFTTJPO JU JT DVSSFOUMZ FWBMVBUJOH� ćF GVUVSF G BTTPDJBUFE XJUI FBDI UBTL JT VOJRVF

ƍćJT WBSJFT EFQFOEJOH PO UIF TQFDJĕD WJSUVBM NBDIJOF BOE WFSTJPO PQFSBUJOH TZTUFN BOE QSPDFTTPS
BSDIJUFDUVSF� 4PVSDFT� IUUQ���FSMBOH�PSH�EPD�FGGJDJFODZ@HVJEF�QSPDFTTFT�IUNM BOE IUUQ���XXX�PSBDMF�DPN�
UFDIOFUXPSL�KBWB�IPUTQPUGBR��������IUNM�UISFBET@PPN

Ǝ*O UIF OFYU TFDUJPOT XF XJMM FYUFOE UIJT UVQMF XJUI NPSF FMFNFOUT�

Ɗƈ

http://erlang.org/doc/efficiency_guide/processes.html
http://www.oracle.com/technetwork/java/hotspotfaq-138619.html#threads_oom
http://www.oracle.com/technetwork/java/hotspotfaq-138619.html#threads_oom
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4ZOUBY

D∈ $POTUBOU ::= nil | true | false | 0 | 1 | · · · | ”” | ”a” | . . .
Y∈ 7BSJBCMF
G∈ 'VUVSF
W∈ 7BMVF ::= D

| Y
| fn [Y] F "OPOZNPVT GVODUJPO
| G 'VUVSF

F∈ &YQSFTTJPO ::= W
| (F F) 'VODUJPO BQQMJDBUJPO
| if F F F
| let [Y F] F
| do F; F
| fork F 'PSL B GVUVSF
| join F +PJO B GVUVSF

4UBUF

1SPHSBN TUBUF Q ::= ⟨5⟩
5BTLT 5⊂ 5BTL
5BTL UBTL∈ 5BTL ::= ⟨G, F⟩

&WBMVBUJPO DPOUFYUT

P ::= ⟨5 ·∪ ⟨G, E⟩⟩
E ::= ! | (W E F) | if E F F | let [Y E ] F | do W; E ; F | join E

3FEVDUJPO SVMFT

DPOHSVFODF]G ⟨5 ·∪ ⟨G, E [F]⟩⟩ →G ⟨5 ·∪ ⟨G, E [F′]⟩⟩ JG F →C F′
GPSL]G ⟨5 ·∪ ⟨G, E [fork F]⟩⟩ →G ⟨5 ·∪ ⟨G, E [G�]⟩ ·∪ ⟨G�, F⟩⟩XJUI G� GSFTI
KPJO]G ⟨5 ·∪ ⟨G, E [join G�]⟩ ·∪ ⟨G�, W⟩⟩→G ⟨5 ·∪ ⟨G, E [W]⟩ ·∪ ⟨G�, W⟩⟩

'JHVSF Ɗ�ƍ� 0QFSBUJPOBM TFNBOUJDT PG -G B MBOHVBHF XJUI GVUVSFT�

ƊƉ
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BOE UIVT DBO CF DPOTJEFSFE BO JEFOUJĕFS GPS UIF UBTL� 5P LJDLTUBSU FWBMVBUJPO B QSP�
HSBN F JT DPOWFSUFE JOUP UIF JOJUJBM TUBUF ⟨{⟨Gƈ, F⟩}⟩ J�F� JU DPOUBJOT POF iSPPUw UBTL UIBU
FYFDVUFT F�

8F VTF FWBMVBUJPO DPOUFYUT UP EFĕOF UIF FWBMVBUJPO PSEFS XJUIJO FYQSFTTJPOT� ćF
QSPHSBN FWBMVBUJPO DPOUFYU P DBO DIPPTF BO BSCJUSBSZ UBTL BOE VTF UIF UFSN FWBMVB�
UJPO DPOUFYU E UP ĕOE UIF BDUJWF TJUF JO UIF UFSN� ćF GBDU UIBU BOZ UBTL DBO CF DIPTFO
JO XIJDI B SFEVDUJPO JT QPTTJCMF NPEFMT UIBU B QBSBMMFM FYFDVUJPO PG UIF QSPHSBN DBO
JOUFSMFBWF UIF FYFDVUJPO PG EJČFSFOU UBTLT JO BOZ PSEFS� E JT BO FYQSFTTJPO XJUI B iIPMF
!w� 8FXSJUF E [F] GPS UIF FYQSFTTJPO PCUBJOFE CZ SFQMBDJOH UIF IPMF!XJUI F JO E � /PUF
UIBU UIFSF JT OP GPSN GPS ifork Ew� UIF FYQSFTTJPO JO B fork JT OPU FWBMVBUFE JO QMBDF
JU XJMM CF FYFDVUFE JO B OFX UBTL�

8F EFĕOF UIF PQFSBUJPOBM TFNBOUJDT VTJOH USBOTJUJPOT Q →G Q′� ćF TVCTDSJQU G
EFOPUFT BMM SFEVDUJPO SVMFT UIBU BQQMZ UP GVUVSFT�

ćF SVMF DPOHSVFODF]G EFĕOFT UIBU UIF CBTF MBOHVBHF DBO CF VTFE JO FBDI UBTL� 5SBO�
TJUJPOT JO UIF CBTF MBOHVBHF BSF XSJUUFO F →C F′� ćFZ EFĕOF B TUBOEBSE λ DBMDVMVT
TVQQPSUJOH UIF DPOTUSVDUT EFĕOFE JO UIF TZOUBY CVU UIFZ BSF OPU EFUBJMFE IFSF�

ćF SVMF GPSL]G TQFDJĕFT UIBU UIF FYQSFTTJPO fork F DSFBUFT B OFX UBTL JO XIJDI F
XJMM CF FWBMVBUFE BOE SFEVDFT UP B GSFTIMZ DSFBUFE GVUVSF G�� "ęFS UIF FYQSFTTJPO F IBT
CFFO GVMMZ SFEVDFE UP B WBMVF W join G� XJMM BMTP SFEVDF UP W� " UBTL DBO CF KPJOFE
NVMUJQMF UJNFT� FBDI KPJO SFEVDFT UP UIF TBNF WBMVF� " KPJO DBO POMZ CF SFTPMWFE CZ
UIF SVMF KPJO]G JG UIF DPSSFTQPOEJOH UBTL IBT CFFO GVMMZ SFEVDFE UP B WBMVF� UIJT EFUBJM
FODPEFT UIF CMPDLJOH OBUVSF PG PVS GVUVSFT�

ćF TFNBOUJD USBOTQBSFODZ PG GVUVSFT DBO CF QSPWFO GSPN UIFTF SFEVDUJPO SVMFT
<'MBOBHBO BOE 'FMMFJTFO ƉƑƑƍ>� 8IFO B UBTL JT DSFBUFE JUT FYQSFTTJPO JT QVU JO B OFX
UBTL BOE B QMBDFIPMEFS G� JT SFUVSOFE� *O UIF OFX UBTL UIF FYQSFTTJPO JT SFEVDFE VTJOH
UIF SVMFT PG UIF CBTF MBOHVBHF� "T UIF CBTF MBOHVBHF JT QVSFMZ GVODUJPOBM UIFSF JT OP
OPO�EFUFSNJOJTN� UIFSF JT BMXBZT POMZ POF SVMF UIBU BQQMJFT� )FODF BO FYQSFTTJPO
BMXBZT FWBMVBUFT UP UIF TBNF WBMVF SFHBSEMFTT PG UIF UBTL JU JT FYFDVUFE JO� 8IFO UIF
UBTL JT KPJOFE UIF GVUVSF G� JT VTFE UP MPPL VQ UIF WBMVF PG UIF FYQSFTTJPO BęFS SFEVDUJPO�
ćJT JT FRVJWBMFOU UP FWBMVBUJOH UIF GVUVSF�T FYQSFTTJPO JO QMBDF�

Ɗ�ƌ 5SBOTBDUJPOT
*O UIJT TFDUJPO XF EFTDSJCF 4PęXBSF 5SBOTBDUJPOBM .FNPSZ B DPODVSSFODZ NPEFM
UIBU DPPSEJOBUFT BDDFTT UP TIBSFE NFNPSZ VTJOH USBOTBDUJPOT� 8F TUBSU CZ EFTDSJCJOH
JUT DPOTUSVDUT BOE EFĕOJOH SFMBUFE UFSNJOPMPHZ 	4FDUJPO Ɗ�ƌ�Ɖ
 JMMVTUSBUFE VTJOH BO
FYBNQMF 	4FDUJPO Ɗ�ƌ�Ɗ
� 8F EFTDSJCF JUT UXP DPSF HVBSBOUFFT� JTPMBUJPO BOE QSPHSFTT
	4FDUJPO Ɗ�ƌ�Ƌ
� 0OF JNQMFNFOUBUJPO UFDIOJRVF NVMUJWFSTJPO DPODVSSFODZ DPOUSPM JT
EJTDVTTFE JO EFUBJM 	4FDUJPO Ɗ�ƌ�ƌ
� 'JOBMMZ XF TQFDJGZ B GPSNBM PQFSBUJPOBM TFNBOUJDT

ƊƊ
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PG 45. 	4FDUJPO Ɗ�ƌ�ƍ
�

Ɗ�ƌ�Ɖ $POTUSVDUT BOE 5FSNJOPMPHZ
4PęXBSF 5SBOTBDUJPOBM .FNPSZ 	45.
 JT B DPODVSSFODZ NPEFM UIBU BMMPXT NVMUJQMF
QBSBMMFM UBTLT UP BDDFTT TIBSFE NFNPSZ MPDBUJPOT <)FSMJIZ BOE .PTT ƉƑƑƋ 4IBWJU BOE
5PVJUPV ƉƑƑƏ>� *U JOUSPEVDFT USBOTBDUJPOT JO UIF QSPHSBNNJOH MBOHVBHF CBTFE PO
UIF DPODFQU PG EBUBCBTF USBOTBDUJPOT� " EJČFSFODF JT NBEF CFUXFFO )BSEXBSF 5SBOT�
BDUJPOBM .FNPSZ XIJDI SFRVJSFT TQFDJBM TVQQPSU GSPN UIF IBSEXBSF BOE 4PęXBSF
5SBOTBDUJPOBM .FNPSZ XIJDI JT JNQMFNFOUFE GVMMZ JO TPęXBSF�

5P VTF 45. FBDI NFNPSZ MPDBUJPO UIBU JT TIBSFE CZ NVMUJQMF QBSBMMFM UBTLT JT FO�
DBQTVMBUFE JO B USBOTBDUJPOBM WBSJBCMF� "DDFTTFT UP TIBSFENFNPSZ DBO POMZ PDDVS JO B
USBOTBDUJPO� B CMPDL PG DPEF JOXIJDI USBOTBDUJPOBM WBSJBCMFT DBO CF SFBE BOENPEJĕFE�
*O B USBOTBDUJPO UIF EFWFMPQFS IBT B DPOTJTUFOU WJFX PG UIF TIBSFE NFNPSZ� SFBEJOH
B USBOTBDUJPOBM WBSJBCMF NVMUJQMF UJNFT JO UIF TBNF USBOTBDUJPO BMXBZT ZJFMET UIF TBNF
SFTVMU FWFO JG BOPUIFS UBTL NPEJĕFE JU JO UIF NFBOUJNF� 'VSUIFSNPSF BMM DIBOHFT
NBEF UP TIBSFE NFNPSZ JO B USBOTBDUJPO BSF NBEF WJTJCMF UP PUIFS UBTLT BUPNJDBMMZ� JU
JT OPU QPTTJCMF GPS PUIFS UBTLT UP PCTFSWF JOUFSNFEJBUF TUBUFT�

*O DPOUSBTU UP NFDIBOJTNT CBTFE PO MPDLJOH XIJDI BSF TBJE UP CF AQFTTJNJTUJD�
45. JT PQUJNJTUJD <)FSMJIZ BOE 4IBWJU ƊƈƉƉ>� *O QFTTJNJTUJD NFDIBOJTNT B UBTL IBT UP
XBJU CFGPSF FOUFSJOH B DSJUJDBM TFDUJPO UP FOTVSF JU JT UIF POMZ UBTL BDDFTTJOH UIF TIBSFE
WBSJBCMFT� *O PQUJNJTUJD NFDIBOJTNT UIF DPEF PG UIF DSJUJDBM TFDUJPO JT JNNFEJBUFMZ
FYFDVUFE XJUIPVU UBLJOH MPDLT� 8IFO MFBWJOH UIF DSJUJDBM TFDUJPO UIF UBTL OFFET UP
WFSJGZ XIFUIFS JU XBT UIF POMZ POF BDDFTTJOH UIF WBSJBCMF	T
 BOE JG UIJT JT OPU UIF DBTF
JUT DIBOHFT BSF SPMMFE CBDL BOE UIF DSJUJDBM TFDUJPO JT SFUSJFE�

" USBOTBDUJPO UIVT FYFDVUFT POF PS TFWFSBM BUUFNQUT XIJDI FOE JO FJUIFS B TVDDFTT�
GVM DPNNJU PS BO BCPSU� "CPSUT BSF DBVTFE CZ DPOĘJDUT CFUXFFO EJČFSFOU USBOTBDUJPOT
BUUFNQUJOH UP SFBE BOE�PS XSJUF UP UIF TBNF USBOTBDUJPOBM WBSJBCMF	T
� 	8IJDI UZQFT
PG DPOĘJDUT DBO MFBE UP BCPSUT EFQFOET PO UIF BMHPSJUIN VTFE UP JNQMFNFOU 45.�
 "O
BCPSUFE USBOTBDUJPO JT SFUSJFE XIJDI NFBOT UIBU JUT DIBOHFT BSF EJTDBSEFE PS SPMMFE
CBDL BOE JUT DPOUFOUT BSF SFFYFDVUFE JO B OFX BUUFNQU�

ćF BEWBOUBHF PG BO PQUJNJTUJD BQQSPBDI JT UIBU JU FMJNJOBUFT UIF DPTU PG MPDLJOH
BOE UIFSFGPSF PęFO QFSGPSNT CFUUFS XIFO UIF DIBODF PG DPOĘJDUT JT MPX 	IFODF UIF
OBNF APQUJNJTUJD�
� " EJTBEWBOUBHF PG PQUJNJTUJD NFDIBOJTNT JT UIBU USBOTBDUJPOT NBZ
CF FYFDVUFE NVMUJQMF UJNFT BOE UIFSFGPSF TIPVME OPU DPOUBJO BOZ JSSFWPDBCMF PQFSB�
UJPOT TVDI BT JOQVU�PVUQVU PS PUIFS PQFSBUJPOT XJUI TJEF FČFDUT�

" USBOTBDUJPOBM WBSJBCMF JT DSFBUFE VTJOH ref W DPOUBJOJOH UIF JOJUJBM WBMVF W� "
USBOTBDUJPO JT B CMPDL atomic F UIBU FODBQTVMBUFT BO FYQSFTTJPO XIJDI DBO DPOUBJO
SFBET 	deref S BCCSFWJBUFE UP @r
 BOE XSJUFT 	ref-set S W
 PO UIF TIBSFE NFNPSZ
MPDBUJPOT�

ƊƋ



$IBQUFS Ƭ� $PODVSSFODZ .PEFMT

4PęXBSF 5SBOTBDUJPOBM .FNPSZ JT JNQMFNFOUFE JO $MPKVSF BOE JO )BTLFMM�T ()$
DPNQJMFS <)BSSJT FU BM� Ɗƈƈƍ>� &YDFQU GPS B GFX TZOUBDUJD EJČFSFODFT UIF NPEFM EF�
TDSJCFE IFSF JT WFSZ TJNJMBS UP XIBU JT PČFSFE CZ $MPKVSF BOE )BTLFMM�Ə " MJTU PG EJČFS�
FODFT CFUXFFO PVS NPEFM BOE UIPTF PG $MPKVSF BOE )BTLFMM JT HJWFO JO "QQFOEJY %�

Ɗ�ƌ�Ɗ &YBNQMFT BOE 6TF $BTFT
5SBOTBDUJPOT BSF VTFE UP BMMPX TBGF BDDFTT UP TIBSFENFNPSZ JO QSPHSBNTXJUINVMUJQMF
QBSBMMFM UBTLT� ćFTF BQQMJDBUJPOT UZQJDBMMZ DPOUBJO DPNQMFY EBUB TUSVDUVSFT PG XIJDI
QJFDFT BSF FODBQTVMBUFE JO USBOTBDUJPOBM WBSJBCMFT� 'PS FYBNQMF "UPNJD2VBLF <;ZVML�
ZBSPW FU BM� ƊƈƈƑ> JNQMFNFOUT UIF TFSWFS PG B NVMUJQMBZFS HBNF VTJOH USBOTBDUJPOT UP
DPODVSSFOUMZ QSPDFTT JODPNJOH SFRVFTUT GSPN EJČFSFOU QMBZFST XIJDI FBDI VQEBUF B
TVCTFU PG UIF TIBSFE PCKFDUT JO UIF HBNF� "OPUIFS FYBNQMF JT B QBSBMMFM 4VEPLV TPMWFS
<1FSGVNP FU BM� ƊƈƈƐ> XIFSF FBDI DFMM PG UIF CPBSE JT FODBQTVMBUFE JO B USBOTBDUJPOBM
WBSJBCMF BOENVMUJQMF DPODVSSFOU USBOTBDUJPOT TPMWF UIF CPBSE� .PSF FYBNQMFT JODMVEF
TUPSJOH QBSUT PG SJDI UFYU EPDVNFOUT )5.- QBHFT BOE $"% NPEFMT JO USBOTBDUJPOBM
WBSJBCMFT UP PQFSBUF PO UIFN JO QBSBMMFM <(VFSSBPVJ FU BM� ƊƈƈƏ>� BOE OFUXPSLT NB[FT
HSBQIT BOE MJTUT XIJDI BSF NBOJQVMBUFE CZ NVMUJQMF UBTLT <.JOI FU BM� ƊƈƈƐ>� 45. JT
QBSUJDVMBSMZ TVJUFE JG JU JT EJďDVMU UP QSFEJDU TUBUJDBMMZ XIJDI PCKFDUT XJMM CF BDDFTTFE
JO B DSJUJDBM TFDUJPO GPS JOTUBODF EVSJOH HSBQI USBWFSTBMT� 	QFTTJNJTUJD
 MPDLT NBZ SF�
RVJSF UIF EFWFMPQFS UP CF PWFSMZ DPOTFSWBUJWF MPDLJOH BOZ TIBSFE PCKFDU UIBU NJHIU CF
BDDFTTFE JO UIF DSJUJDBM TFDUJPO XIJMF 	PQUJNJTUJD
 45. BMMPXT UIF EFWFMPQFS UP BDDFTT
PCKFDUT GSFFMZ BOE POMZ TZODISPOJ[FT PO UIPTF BDUVBMMZ BDDFTTFE <)BSSJT FU BM� ƊƈƉƈ>�

-JTUJOH Ɗ�Ǝ EFNPOTUSBUFT UIF VTF PG 45. JO B DPEF TOJQQFU UIBU NBOBHFT CBOL BD�
DPVOUT� ćFSF BSF UXP CBOL BDDPVOUT� B DIFDLJOH BOE B TBWJOHT BDDPVOU� ćFZ BSF
DSFBUFE PO MJOFT Ɖ BOE Ɗ� #Z XSBQQJOH UIFJS WBMVF JO B USBOTBDUJPOBM WBSJBCMF 	ref

UIFZ DBO CF BDDFTTFE TBGFMZ GSPN NVMUJQMF UBTLT VTJOH 45.� /FYU UXP UBTLT BSF GPSLFE
UIBU XJMM FYFDVUF JO QBSBMMFM 	MJOFT Ƌ BOE Ə
� ćF ĕSTU TUBSUT B USBOTBDUJPO UIBU USBOTGFST
ƔƉƈ GSPN UIF DIFDLJOH UP UIF TBWJOHT BDDPVOU� )FODF CPUI WBSJBCMFT BSF SFBE 	VTJOH
deref
 BOE XSJUUFO UP 	VTJOH ref-set
� *O UIF TFDPOE UBTL B USBOTBDUJPO JT TUBSUFE UP
DBMDVMBUF UIF TVN PG UIF CBMBODFT PG CPUI BDDPVOUT�

45. HVBSBOUFFT TFSJBMJ[BCJMJUZ NFBOJOH UIBU UIF SFTVMU PG UIJT QSPHSBN JT FRVJW�
BMFOU UP FJUIFS TFSJBMMZ SVOOJOH UIF ĕSTU USBOTBDUJPO GPMMPXFE CZ UIF TFDPOE PS UIF
TFDPOE GPMMPXFE CZ UIF ĕSTU� *O CPUI DBTFT UIF QSPHSBN QSJOUT ”You own €600”� ćF
TFDPOE USBOTBDUJPO DBOOPU PCTFSWF UIF JOUFSNFEJBUF TUBUF PG UIF ĕSTU USBOTBDUJPO 	JUT
TUBUF CFUXFFO MJOFT ƍ BOE Ǝ
 TP UIF QSPHSBN DBOOPU QSJOU ”You own €590”� #FDBVTF JU

Ə*O )BTLFMM USBOTBDUJPOBM WBSJBCMFT BSF DBMMFE i57BSTw BOE BSF DSFBUFE SFBE BOE NPEJĕFE XJUI
newTVar readTVar BOE writeTVar SFTQFDUJWFMZ� " USBOTBDUJPO JT FODBQTVMBUFE JO UIF DPOTUSVDU
atomically� *O $MPKVSF USBOTBDUJPOBM WBSJBCMFT BSF SFGFSSFE UP BT iSFGTw BOE NBOJQVMBUFE VTJOH UIF TBNF
DPOTUSVDUT UIBU XF VTF� $MPKVSF FODBQTVMBUFT USBOTBDUJPOT JO B dosync CMPDL�
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Ɖ (def checking (ref 100))
Ɗ (def savings (ref 500))
Ƌ (fork
ƌ (atomic ;5SBOTBDUJPO �� USBOTGFS û��
ƍ (ref-set checking (- (deref checking) 10))
Ǝ (ref-set savings (+ (deref savings) 10))))
Ə (fork
Ɛ (atomic ;5SBOTBDUJPO �� TVN BDDPVOUT
Ƒ (println ”You own €”
Ɖƈ (+ (deref checking) (deref savings)))))

	B
 $PEF

U� U�

TUBSU UY
@checking 100

!checking 90

@savings 500

!savings 510

DPNNJU

TUBSU UY

@checking 100

@savings 500

DPNNJU

	C
 5JNFMJOF PG B QBSBMMFM FYFDVUJPO
XJUI SFBE 	@
 BOE XSJUF 	!
 PQFSBUJPOT
PO USBOTBDUJPOBM NFNPSZ�

-JTUJOH Ɗ�Ǝ� " QSPHSBN UIBU USBOTGFSTNPOFZ CFUXFFO CBOL BDDPVOUT JNQMFNFOUFE VTJOH 45.�

EJTBMMPXT UIFTF JOUFSMFBWJOHT 45. QSFWFOUT SBDF DPOEJUJPOT�

Ɗ�ƌ�Ƌ (VBSBOUFFT� *TPMBUJPO BOE 1SPHSFTT
8F OPX EJTDVTT UIF UXP DSVDJBM HVBSBOUFFT PG 45. o JTPMBUJPO BOE QSPHSFTT o JO NPSF
EFUBJM�

*TPMBUJPO

5SBOTBDUJPOBM TZTUFNT QSPWJEF B GPSN PG JTPMBUJPO CFUXFFO UIF USBOTBDUJPOT� POF USBOT�
BDUJPO DBO OFWFS TFF UIF DIBOHFT PG BOPUIFS VOUJM UIF MBUUFS IBT DPNNJUUFE� %JČFSFOU
JTPMBUJPO AMFWFMT� IBWF CFFO EFĕOFE SFĘFDUJOH B SBOHF PG USBEF�PČT CFUXFFO TBUJTGZJOH
UIF FYQFDUBUJPOT PG EFWFMPQFST JOUFHSBUJOH XJUI FYJTUJOH QSPHSBNNJOH MBOHVBHFT BOE
JNQSPWJOH UIF QFSGPSNBODF GPS USBOTBDUJPOBM QSPHSBNT XJUI TQFDJĕD DIBSBDUFSJTUJDT�
8F EJTDVTT UISFF JTPMBUJPO MFWFMT� TFSJBMJ[BCJMJUZ PQBDJUZ BOE TOBQTIPU JTPMBUJPO�

ćF USBEJUJPOBM HVBSBOUFF PG USBOTBDUJPOBM TZTUFNT 	JODMVEJOH EBUBCBTFT
 JT TFSJBM�
J[BCJMJUZ� USBOTBDUJPOT BQQFBS UP FYFDVUF TFSJBMMZ J�F� UIF TUFQT PG POF USBOTBDUJPO OFWFS
BQQFBS UP CF JOUFSMFBWFE XJUI UIF TUFQT PG BOPUIFS <)FSMJIZ BOE .PTT ƉƑƑƋ>� ćJT POMZ
BQQFBST TP UP UIF EFWFMPQFS XIP DBOOPU PCTFSWF JOUFSNFEJBUF TUBUFT PG POF USBOTBDUJPO
JO BOPUIFS� JO QSBDUJDF UIF USBOTBDUJPOT BDUVBMMZ BSF FYFDVUFE JO QBSBMMFM� 'PSNBMMZ TF�
SJBMJ[BCJMJUZ SFRVJSFT UIBU UIF SFTVMU PG B USBOTBDUJPOBM QSPHSBN XIJDI NBZ FYFDVUF
USBOTBDUJPOT DPODVSSFOUMZ NVTU BMXBZT CF FRVBM UP UIF SFTVMU PG B TFSJBM FYFDVUJPO PG
UIF QSPHSBN J�F� POF JO XIJDI OP USBOTBDUJPOT FYFDVUF DPODVSSFOUMZ�

ćF EFĕOJUJPO PG TFSJBMJ[BCJMJUZ PSJHJOBUJOH JO UIF XPSME PG EBUBCBTF USBOTBDUJPOT
IBT CFFO SFĕOFE TQFDJĕDBMMZ GPS 45.� 4FSJBMJ[BCJMJUZ POMZ DPOTJEFST TVDDFTTGVM FYFDV�
UJPOT PG B USBOTBDUJPO� 0QBDJUZ JT B QSPQFSUZ UIBU FYUFOET TFSJBMJ[BCJMJUZ UP SFRVJSF UIBU

Ɗƍ



$IBQUFS Ƭ� $PODVSSFODZ .PEFMT

FYFDVUJPOT PG B USBOTBDUJPO UIBU FWFOUVBMMZ BCPSU BMTP IBWF B DPOTJTUFOU WJFX PG UIF
TIBSFE NFNPSZ <(VFSSBPVJ BOE ,BQB�LB ƊƈƈƐ>� ćJT FOTVSFT UIBU OP FYDFQUJPOT PS
PUIFS JSSFWPDBCMF TJEF FČFDUT PDDVS EVF UP BO JODPOTJTUFOU WJFX JO B USBOTBDUJPO UIBU
MBUFS BCPSUT� 	ćJT SFRVJSFNFOU XBT OPU OFDFTTBSZ GPS EBUBCBTF TZTUFNT XIFSF TVDI
BDUJPOT DBOOPU PDDVS�
 0QBDJUZ JT TUSJDUFS UIBO TFSJBMJ[BCJMJUZ�

4PNF USBOTBDUJPOBM TZTUFNT QSPWJEF B NPSF SFMBYFE GPSN PG JTPMBUJPO� 4OBQTIPU
JTPMBUJPO SFRVJSFT UIBU 	Ɖ
 B USBOTBDUJPO TFFT B DPOTJTUFOU WJFX PG UIF NFNPSZ 	UIJT JT
JUT TOBQTIPU
 BOE 	Ɗ
 B USBOTBDUJPO DBO POMZ DPNNJU JG OPOF PG JUT VQEBUFT DPOĘJDU XJUI
BOZ DPODVSSFOU VQEBUFT NBEF TJODF UIF TOBQTIPU <#FSFOTPO FU BM� ƉƑƑƍ>� *O DPOUSBTU
UP PQBDJUZ TOBQTIPU JTPMBUJPO BMMPXT B USBOTBDUJPO UP DPNNJU FWFO JG JU IBT TFFO BO
PVUEBUFE WFSTJPO PG TPNF USBOTBDUJPOBM WBSJBCMFT BT MPOH BT UIFTF XFSF POMZ SFBE� "T
TOBQTIPU JTPMBUJPO JHOPSFT UIFTF DPOĘJDUT JU BWPJET SFUSJFT JO DFSUBJO TJUVBUJPOT JODSFBT�
JOH QFSGPSNBODF� )PXFWFS JU DBO MFBE UP VOTFSJBMJ[BCMF SFTVMUT BT XF XJMM EFNPOTUSBUF
MBUFS JO UIJT DIBQUFS 	4FDUJPO Ɗ�ƌ�ƌ
�

&YJTUJOH MBOHVBHFT BOE MJCSBSJFT JNQMFNFOU EJČFSFOU JTPMBUJPO MFWFMT�
t $MPKVSF�T 45. QSPWJEFT TOBQTIPU JTPMBUJPO� *O $MPKVSF WBSJBCMFT BSF JNNVUBCMF

CZ EFGBVMU BOE UIF CVJMU�JO DPMMFDUJPO UZQFT BSF JNQMFNFOUFE VTJOH QFSTJTUFOU EBUB
TUSVDUVSFT <%SJTDPMM FU BM� ƉƑƐƑ> XIJDI DBOOPU CF EFTUSVDUJWFMZ VQEBUFE� )FODF
DSFBUJOH B TOBQTIPU JT DIFBQ� JU DBO TJNQMZ LFFQ SFGFSFODFT UP UIF JNNVUBCMF WBMVFT
UIBU UIF USBOTBDUJPOBM WBSJBCMFT IBE CFGPSF UIF USBOTBDUJPO TUBSUFE� 8IFO TUSJDUFS
JTPMBUJPO JT EFTJSFE JU JT VQ UP UIF EFWFMPQFS UP JOEJDBUF XIJDI USBOTBDUJPOBM WBSJ�
BCMFT NVTU CF DIFDLFE GPS JODPOTJTUFODJFT BU DPNNJU UJNF 	VTJOH UIF FYQMJDJU DPO�
TUSVDU (ensure r)
�

t 4DBMB45.�T SFGFSFODF JNQMFNFOUBUJPO HVBSBOUFFT PQBDJUZ <#SPOTPO FU BM� ƊƈƉƈ>� *U
BTTVNFT UIF EFWFMPQFS EPFT OPU BDDFTT OPO�USBOTBDUJPOBM NFNPSZ JO UIF USBOTBD�
UJPO CVU EPFT OPU WFSJGZ PS FOGPSDF UIJT� "O JNQPSUBOU DPODFSO JO UIF EFWFMPQNFOU
PG 4DBMB45. XBT UP JNQMFNFOU JU GVMMZ BT B MJCSBSZ�

t )BTLFMM�T 45. JNQMFNFOUT BO JTPMBUJPO MFWFM UIBU JT TUSJDUFS UIBO TOBQTIPU JTPMB�
UJPO CVU XFBLFS UIBO PQBDJUZ <#JFOJVTB BOE ćJFNBOO ƊƈƉƉB>� ćJT JT EVF UP
JUT orElse DPOTUSVDU� XIJDI CSBODI JT FYFDVUFE EFQFOET PO UIF TDIFEVMJOH PG UIF
UBTLT� )BTLFMM�T 45. XJUIPVU UIF VTF PG orElse JT PQBRVF� 'VSUIFSNPSF )BTLFMM
IBSOFTTFT JUT UZQF TZTUFN UP TUBUJDBMMZ FOTVSF UIBU USBOTBDUJPOBM NFNPSZ JT POMZ
BDDFTTFE JO USBOTBDUJPOT BOE UIBU OP PUIFS TJEF FČFDUT DBO PDDVS JO USBOTBDUJPOT�

1SPHSFTT

*O BEEJUJPO UP JTPMBUJPO USBOTBDUJPOBM TZTUFNT BMTP HVBSBOUFF QSPHSFTT� 8IJMF USBEJ�
UJPOBM MPDLJOH TZTUFNT BSF QSPOF UP JTTVFT TVDI BT EFBEMPDLT MJWFMPDLT BOE TUBSWBUJPO
USBOTBDUJPOBM TZTUFNT BJN UP GSFF UIF QSPHSBNNFS GSPN XPSSZJOH BCPVU UIFTF JTTVFT�
4JNJMBS UP JTPMBUJPO MFWFMT EJČFSFOU 45.T QSPWJEF POF PG B SBOHF PG EJČFSFOU AQSPHSFTT
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HVBSBOUFFT� FBDI XJUI JUT TQFDJĕD BEWBOUBHFT BOE EJTBEWBOUBHFT� 45.T DBO CF EJWJEFE
JOUP UXP DBUFHPSJFT JO SFHBSE UP QSPHSFTT� OPOCMPDLJOH BOE CMPDLJOH 	MPDL�CBTFE
 BM�
HPSJUINT <)BSSJT FU BM� ƊƈƉƈ )FSMJIZ BOE 4IBWJU ƊƈƉƉ>�

ćF FBSMJFTU 45. JNQMFNFOUBUJPOT VTFE OPOCMPDLJOH BMHPSJUINT� /POCMPDLJOH
BMHPSJUINT SFRVJSF UIBU XIFO POF USBOTBDUJPO JT QSF�FNQUFE JU TIPVME OPU QSFWFOU
PUIFS USBOTBDUJPOT GSPN CFJOH BCMF UP NBLF QSPHSFTT� ćJT SFRVJSFNFOU SVMFT PVU UIF
VTF PG MPDLT CFDBVTF JG UIF USBOTBDUJPO IPMEJOH UIF MPDL JT QSF�FNQUFE OP PUIFS USBOT�
BDUJPO DBO BDRVJSF JU� ćFSF BSF UISFF DPNNPO QSPHSFTT HVBSBOUFFT JO UIJT DBUFHPSZ�
XBJU GSFFEPN MPDL GSFFEPN BOE PCTUSVDUJPO GSFFEPN� 8BJU GSFFEPN JT UIF TUSJDUFTU
SFRVJSJOH UIBU B USBOTBDUJPO TIPVME NBLF QSPHSFTT PO JUT PXO XPSL BT MPOH BT JU JT FY�
FDVUJOH� -PDL GSFFEPN JT XFBLFS POMZ SFRVJSJOH UIBU XIFO B USBOTBDUJPO JT FYFDVUJOH
TPNF USBOTBDUJPO TIPVME NBLF QSPHSFTT� 0CTUSVDUJPO GSFFEPN SFRVJSFT UIBU B USBOTBD�
UJPO DBO NBLF QSPHSFTT XJUI JUT PXO XPSL JG PUIFS USBOTBDUJPOT EP OPU SVO BU UIF TBNF
UJNF�

" EJTBEWBOUBHF PG OPOCMPDLJOH BMHPSJUINT JT UIBU UIFZ BSF PęFO TMPX 	FTQFDJBMMZ
XBJU�GSFF BOE MPDL�GSFF BMHPSJUINT
� &OOBMT <ƊƈƈƎ> BSHVFT UIBU OPOCMPDLJOH QSPHSFTT
HVBSBOUFFT BSF OPU OFDFTTBSZ GPS 45. BT 45. EPFT OPU SVO PO EJTUSJCVUFE TZTUFNT JO
DPOUSBTU UP UIF EBUBCBTF TZTUFNT GPS XIJDI UIFTF BMHPSJUINT XFSF PSJHJOBMMZ EFTJHOFE�
"CBOEPOJOH OPOCMPDLJOH HVBSBOUFFT DBO SFTVMU JO NVDI GBTUFS JNQMFNFOUBUJPOT�

)FODF NBOZ CMPDLJOH 	J�F� MPDL�CBTFE
 45. BMHPSJUINT XFSF EFWFMPQFE� ćJT DBU�
FHPSZ PG 45. BMHPSJUINT HVBSBOUFFT EFBEMPDL GSFFEPN� XIFO UXP USBOTBDUJPOT DPO�
ĘJDU QSPHSFTT JT HVBSBOUFFE CZ B DPOUFOUJPONBOBHFS BNFDIBOJTN UIBU EFDJEFT XIJDI
USBOTBDUJPO	T
 UP EFMBZ TP UIBU BOPUIFS DBO BMXBZTNBLF QSPHSFTT� $MPKVSF )BTLFMM BOE
4DBMB45. BMM VTF CMPDLJOH 45. BMHPSJUINT� ćJT JT BMTP UIF TUSBUFHZ GPMMPXFE CZ PVS
JNQMFNFOUBUJPO QSFTFOUFE JO UIF OFYU TFDUJPO�

Ɗ�ƌ�ƌ *NQMFNFOUBUJPO� .VMUJWFSTJPO $PODVSSFODZ $POUSPM

ćFSF FYJTU NBOZ EJČFSFOU BMHPSJUINT UP JNQMFNFOU 45.� $MPKVSF VTFT .VMUJWFSTJPO
$PODVSSFODZ $POUSPM 	.7$$
 <)FSMJIZ BOE 4IBWJU ƊƈƉƉ> B UFDIOJRVF PSJHJOBUJOH
GSPN EBUBCBTFT <#FSOTUFJO BOE (PPENBO ƉƑƐƉ>� *O UIJT TFDUJPO XF EFTDSJCF UIF JN�
QMFNFOUBUJPO PG 45. VTJOH .7$$ BT JU BQQFBST JO $MPKVSF� ćJT JNQMFNFOUBUJPO JT
TJNJMBS UP UIF POF EFTDSJCFE CZ)FSMJIZ BOE 4IBWJU <ƊƈƉƉ> CVU BEET B GFX PQUJNJ[BUJPOT�
8F DIPPTF UP EFTDSJCF .7$$ BT XF XJMM CVJME PO UIJT JNQMFNFOUBUJPO JO UIF SFTU PG
UIJT EJTTFSUBUJPO�

#BTJD BMHPSJUIN

ćF FTTFODF PG .VMUJWFSTJPO $PODVSSFODZ $POUSPM JT UIBU JU LFFQT NVMUJQMF WFSTJPOT PG
UIF USBOTBDUJPOBM WBSJBCMFT� &BDI USBOTBDUJPOBM WBSJBCMF DPOUBJOT B IJTUPSZ DPOTJTUJOH
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Transaction

- read point : Time
- read set : TVar → Val
- write set : TVar → Time

TVar

- lock : Lock
- history : [(Value, Time)]

Value

“c”
“a”
“b”
“a”

Time

7
4
2
1

most recent write point

clock : Time (global atomic variable)

'JHVSF Ɗ�Ə� ćF NPTU JNQPSUBOU DPNQPOFOUT PG BO 45. JNQMFNFOUBUJPO�

PG JUT QSFWJPVT WBMVFT BOE UIF UJNF BU XIJDI UIBU WBMVF XBT TFU� &BDI USBOTBDUJPOBM WBSJ�
BCMF BMTP DPOUBJOT B MPDL� "EEJUJPOBMMZ .7$$ VTFT B HMPCBM DMPDL� BO BUPNJD DPVOUFS
TIBSFE CZ BMM USBOTBDUJPOT� ćFTF DPNQPOFOUT BSF JMMVTUSBUFE JO 'JHVSF Ɗ�Ə�

8IFO B USBOTBDUJPO TUBSUT JU SFDPSET UIF DVSSFOU DMPDL WBMVF� UIJT JT JUT SFBE QPJOU�
5P SFBE B USBOTBDUJPOBM WBSJBCMF UIF TZTUFN MPPLT VQ UIF WBSJBCMF�T NPTU SFDFOU WBMVF
CFGPSF PS BU UIF SFBE QPJOU� ćVT UIF USBOTBDUJPO IBT B DPOTJTUFOU WJFX PG UIF TIBSFE
NFNPSZ XIJDI JT UIF TUBUF UIBU FYJTUFE BU UIF NPNFOU UIF USBOTBDUJPO TUBSUFE� ćF TFU
PG BMM WBSJBCMFT SFBE JO B USBOTBDUJPO JT DBMMFE JUT SFBE TFU BOE NBZ CF DBDIFE UP BWPJE
UIF DPTU PG MPPLJOH VQ UISPVHI UIF IJTUPSZ� 8IFO B USBOTBDUJPOBM WBSJBCMF JT XSJUUFO UP
JUT OFX WBMVF JT OPU XSJUUFO UP UIF WBSJBCMF ZFU� *OTUFBE JU JT TUPSFE JO UIF USBOTBDUJPO�T
XSJUF TFU B NBQ DPOUBJOJOH BMM WBSJBCMFT NPEJĕFE CZ UIF USBOTBDUJPO BMPOH XJUI UIFJS
OFX WBMVF�Ɛ )FODF DIBOHFT SFNBJO JOWJTJCMF UP PUIFS UISFBET XIJMF UIF USBOTBDUJPO JT
TUJMM SVOOJOH�

8IFO UIF USBOTBDUJPO FOET JU BUUFNQUT UP DPNNJU CZ UBLJOH UIF GPMMPXJOH TUFQT�

Ɖ� "MM WBSJBCMFT JO UIF XSJUF TFU BSF MPDLFE�
Ɗ� 5P EFUFDU DPOĘJDUT GPS FBDI WBSJBCMF JO UIF XSJUF TFU JU JT DIFDLFE XIFUIFS JUT NPTU

SFDFOU XSJUF QPJOU JT OPU MBSHFS 	J�F� NPSF SFDFOU
 UIBO UIF USBOTBDUJPO�T SFBE QPJOU�
*G BOZ DIFDL GBJMT B DPOĘJDU XBT EFUFDUFE BOE UIF USBOTBDUJPO JT BCPSUFE�

Ƌ� ćF HMPCBM DMPDL JT BUPNJDBMMZ JODSFNFOUFE 	F�H� VTJOH B DPNQBSF�BOE�TFU JOTUSVD�
UJPO
� *UT PME WBMVF JT UIF USBOTBDUJPO�T XSJUF QPJOU�

Ɛ&WFO UIPVHI JU JT UZQJDBMMZ SFGFSSFE UP BT B XSJUF TFU JU JT BDUVBMMZ B NBQ�
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ƌ� ćF OFX WBMVFT BOE UIF XSJUF QPJOU BSF XSJUUFO UP BMM WBSJBCMFT JO UIF XSJUF TFU�
ƍ� 'JOBMMZ BMM MPDLT BSF SFMFBTFE�

*G B USBOTBDUJPO BCPSUT JU TJNQMZ EJTDBSET JUT SFBE BOE XSJUF TFU BOE JUT SFBE QPJOU BOE
JU SFTUBSUT�

1SPQFSUJFT� TOBQTIPU JTPMBUJPO BOE EFBEMPDL�GSFFEPN

.7$$ HVBSBOUFFT TOBQTIPU JTPMBUJPO� &BDI USBOTBDUJPO�T TOBQTIPU JT DBQUVSFE CZ UIF
SFBE QPJOU PG UIF USBOTBDUJPO� BMM SFBE PQFSBUJPOT SFUVSO UIF WBMVF UIBU FYJTUFE BU UIBU
QPJOU� $PODVSSFOU VQEBUFT BSF EFUFDUFE BU DPNNJU UJNF BOE MFBE UP BO BCPSU�

.7$$ JT B CMPDLJOH BMHPSJUIN BT JU UBLFT MPDLT� %FBEMPDLT BSF QSFWFOUFE JO TUFQ Ɖ
PG UIF DPNNJU QSPUPDPM BCPWF JO POF PG UXP XBZT� 0OF XBZ JT UP EFĕOF BO PSEFS PO BMM
USBOTBDUJPOBM WBSJBCMFT BOE BDRVJSF MPDLT JO UIJT PSEFS� "OPUIFS XBZ JT UP UBLF MPDLT JO
OP QBSUJDVMBS PSEFS CVU UP BCPSU UIF USBOTBDUJPO JG B MPDL DBOOPU CF BDRVJSFE JO UJNF�

0QUJNJ[BUJPOT

$MPKVSF NPEJĕFT UIF BMHPSJUIN JO UISFF XBZT�
'JSTU UIF IJTUPSZ PG USBOTBDUJPOBM WBSJBCMFT JT CPVOEFE� POMZ B ĕYFE OVNCFS PG

PME WFSTJPOT BSF LFQU GPS FBDI USBOTBDUJPOBM WBSJBCMF� 	Ɖƈ CZ EFGBVMU CVU UIJT DBO CF
DIBOHFE QFS WBSJBCMF�
 "T B SFTVMU XIFO SFBEJOH B WBSJBCMF JU JT QPTTJCMF OP WFSTJPO
DBO CF GPVOE CFGPSF UIF SFBE QPJOU PG UIF USBOTBDUJPO� *O UIBU DBTF UIF USBOTBDUJPO
BCPSUT BOE SFUSJFT� ćVT UIJT PQUJNJ[BUJPO MJNJUT NFNPSZ VTBHF CVU NJHIU JODSFBTF
UIF OVNCFS PG BUUFNQUT QFS USBOTBDUJPO�

4FDPOE CBSHJOH JT BO PQUJNJ[BUJPO UIBU EFUFDUT DPOĘJDUT CFUXFFO USBOTBDUJPOT
FBSMZ� ćJT NFBOT UIBU B USBOTBDUJPO UIBU JT EPPNFE UP BCPSU XJMM EP TP BT TPPO BT
QPTTJCMF SFEVDJOH UJNF TQFOU PO USBOTBDUJPOT UIBU XJMM BCPSU BOZXBZ� *U XPSLT BT GPM�
MPXT� 8IFO B USBOTBDUJPO XSJUFT UP B USBOTBDUJPOBM WBSJBCMF JU BMSFBEZ BDRVJSFT UIF
DPSSFTQPOEJOH MPDL� *G BOPUIFS USBOTBDUJPO MBUFS BUUFNQUT UP XSJUF UP UIF TBNF WBSJBCMF
JU DBOOPU BDRVJSF UIF MPDL BOE UIVT B DPOĘJDU CFUXFFO UIF UXP USBOTBDUJPOT JT EFUFDUFE�
ćF PMEFTU USBOTBDUJPO JT BMMPXFE UP DPOUJOVF XIJMF UIF OFXFS POF JT BCPSUFE�Ƒ "T B
SFTVMU TUFQT Ɖ BOE Ɗ JO UIF DPNNJU QSPUPDPM BSF OP MPOHFS OFDFTTBSZ� 	Ɖ
 UIF MPDLT
GPS BMM WBSJBCMFT JO UIF XSJUF TFU XFSF BMSFBEZ BDRVJSFE EVSJOH UIF USBOTBDUJPO BOE 	Ɗ

DIFDLJOH GPS DPODVSSFOU VQEBUFT JT OP MPOHFS OFDFTTBSZ BT UIF MPDLT FOTVSF FYDMVTJWF
XSJUF BDDFTT UP UIF WBSJBCMFT� ćJT PQUJNJ[BUJPO NBJOUBJOT EFBEMPDL GSFFEPN BT UIF
PMEFTU USBOTBDUJPO JT BMMPXFE UP DPOUJOVF�

ƑćF BHF PG B USBOTBDUJPO JT CBTFE PO UIF SFBE QPJOU PG JUT ĕSTU BUUFNQU� 8IFOFWFS B USBOTBDUJPO
BDRVJSFT B SFBE QPJOU UIF HMPCBM DMPDL JT JODSFNFOUFE BUPNJDBMMZ FOTVSJOH OP UXP USBOTBDUJPOT IBWF UIF
TBNF BHF�
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Ɖ (def checking (ref 100))
Ɗ (def savings (ref 100))
Ƌ (def energy-co (ref 0))
ƌ (def water-co (ref 0))
ƍ

Ǝ (defn transfer-without-debt [from to amount]
Ə (atomic
Ɛ (if (> (+ @checking @savings) amount)
Ƒ (do (ref-set from (- @from amount))
Ɖƈ (ref-set to (+ @to amount)))
ƉƉ (println ”Insufficient funds”))))
ƉƊ

ƉƋ (fork (transfer-without-debt
Ɖƌ checking energy-co 150)))
Ɖƍ (fork (transfer-without-debt
ƉƎ savings water-co 150)))

	B
 $PEF

U� U�
TUBSU UY

@checking

@savings

!checking

@energy-co
!energy-co

DPNNJU

TUBSU UY
@checking

@savings

!savings

@water-co
!water-co

DPNNJU

	C
 5JNFMJOF PG B QBSBMMFM FYFDVUJPO

-JTUJOH Ɗ�Ɛ� &YBNQMF QSPHSBN UIBU MFBET UP B XSJUF TLFX BOPNBMZ BOE SFBE 	@
 BOE XSJUF 	!

PQFSBUJPOT PO USBOTBDUJPOBM NFNPSZ�

ćJSE $MPKVSF DPVOUT IPX PęFO B USBOTBDUJPO SFTUBSUT BOE UISPXT BO FYDFQUJPO JG
EPFT TP NPSF UIBO Ɖƈ ƈƈƈ UJNFT� ćJT QSFWFOUT MJWFMPDLT�

"EWBOUBHFT BOE EJTBEWBOUBHFT

.7$$ JT XFMM TVJUFE GPS SFBE�IFBWZ TDFOBSJPT� 'JSTU JU EPFT OPU SFRVJSF MPDLT GPS SFBE�
JOH NBLJOH SFBE PQFSBUJPOT NVDI DIFBQFS UIBO XSJUF PQFSBUJPOT� ćJT BMTP NFBOT
UIBU XIFO NVMUJQMF USBOTBDUJPOT SFBE UIF TBNF WBSJBCMF UIFZ DBO TUJMM FYFDVUF JO QBSBM�
MFM QPTTJCMZ SFBEJOH EJČFSFOU WFSTJPOT� 4FDPOE CZ LFFQJOH PMEFS WFSTJPOT .7$$ DBO
BWPJE SFBEoXSJUF DPOĘJDUT� 8IFO B USBOTBDUJPO SFBET B WBSJBCMF UIBU IBT CFFO NPEJ�
ĕFE TJODF UIF USBOTBDUJPO TUBSUFE JU EPFT OPU OFFE UP BCPSU JOTUFBE JU XJMM ĕOE BO PMEFS
WFSTJPO PG UIF WBSJBCMF� *O GBDU JG USBOTBDUJPOBM WBSJBCMFT IBWF BO VOMJNJUFE IJTUPSZ B
SFBE PQFSBUJPO XJMM OFWFS MFBE UP BO BCPSU FMJNJOBUJOH SFBEoXSJUF DPOĘJDUT�

" EJTBEWBOUBHF PG .7$$ JT UIBU JU SFRVJSFT BEEJUJPOBM NFNPSZ UP NBJOUBJO NVM�
UJQMF WFSTJPOT PG FBDI USBOTBDUJPOBM WBSJBCMF� -JNJUJOH UIF IJTUPSJFT BUUFNQUT UP ĕOE B
CBMBODF CFUXFFO NFNPSZ VTBHF BOE UIF OVNCFS PG BUUFNQUT QFS USBOTBDUJPO�

8SJUF TLFX BOPNBMJFT

"T .7$$ JNQMFNFOUT TOBQTIPU JTPMBUJPO JU JT WVMOFSBCMF UP XSJUF TLFX BOPNBMJFT�
ćJT NBZ TPNFUJNFT MFBE UP VOFYQFDUFE SFTVMUT� 8F JMMVTUSBUF UIJT QSPCMFN VTJOH BO
FYBNQMF�
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-JTUJOH Ɗ�Ɛ TIPXT B QSPHSBN UIBU JNQMFNFOUT USBOTGFST CFUXFFO CBOL BDDPVOUT�
ćFSF BSF GPVS CBOL BDDPVOUT 	MJOFT Ɖoƌ
� UIF VTFS�T DIFDLJOH BOE TBWJOHT BDDPVOU
BOE UXP BDDPVOUT CFMPOHJOH UP UIF VTFS�T FOFSHZ BOE XBUFS TVQQMZ DPNQBOJFT� 0O
MJOFT ƉƋoƉƎ UIF VTFS QBZT UXP CJMMT JO QBSBMMFM� POF QBZJOH ƔƉƍƈ GSPN UIF DIFDLJOH
BDDPVOU UP UIF FOFSHZ DPNQBOZ UIF PUIFS QBZJOH ƔƉƍƈ GSPN UIF TBWJOHT BDDPVOU UP
UIF XBUFS DPNQBOZ� ćF GVODUJPO transfer-without-debt USBOTGFST NPOFZ GSPN POF
PG UIF VTFS�T BDDPVOU UP B EFTUJOBUJPO BDDPVOU� 0O MJOF Ɛ JU DIFDLT XIFUIFS UIF VTFS
IBT TVďDJFOU GVOET� UIF CBOL BMMPXT BDDPVOUT UP IBWF B OFHBUJWF CBMBODF BT MPOH BT B
VTFS�T UPUBM GVOET SFNBJO QPTJUJWF�

-JTUJOH Ɗ�Ɛ BMTP TIPXT UIF UJNFMJOF PG B QBSBMMFM FYFDVUJPO PG UIJT QSPHSBN VTJOH
.7$$� 5BTL Ɗ TUBSUT JUT USBOTBDUJPO JNNFEJBUFMZ BęFS UBTL Ɖ� #PUI USBOTBDUJPOT QFS�
GPSN UIF DIFDL PO MJOF Ɛ BU UIF TBNF UJNF BOE DPOĕSN UIBU UIF TVN PG CPUI BDDPVOUT
	ƔƉƈƈ � ƔƉƈƈ
 JT MBSHFS UIBO UIF BNPVOU UP USBOTGFS 	ƔƉƍƈ
� /FYU UIFZ QFSGPSN UIF
USBOTGFS� 5SBOTBDUJPO Ɖ XSJUFT UP UIF DIFDLJOH BDDPVOU BOE UIF FOFSHZ DPNQBOZ� 5SBOT�
BDUJPO Ɗ XSJUFT UP UIF TBWJOHT BDDPVOU BOE UIF XBUFS DPNQBOZ� 5SBOTBDUJPO Ɖ SFBDIFT
JUT DPNNJU QIBTF ĕSTU� JU MPDLT checking BOE energy-co BOE WFSJĕFT XIFUIFS UIFSF BSF
OP DPOĘJDUT PO UIFTF WBSJBCMFT� "T UIFSF BSF OPOF UIFJS WBMVFT DBO CF VQEBUFE� /FYU
USBOTBDUJPO Ɗ DPNNJUT� *U MPDLT savings BOE water-co DPOĕSNT UIFSF BSF OP DPOĘJDUT
PO UIFTF WBSJBCMFT BOE VQEBUFT UIFJS WBMVFT� )FODF CPUI USBOTBDUJPOT IBWF TVDDFTT�
GVMMZ DPNNJUUFE BOE UIF VTFS�T DIFDLJOH BOE TBWJOHT BDDPVOU OPX CPUI DPOUBJO �Ɣƍƈ
XIJDI XBT OPU BMMPXFE�

ćJT JODPOTJTUFODZ JT B XSJUF TLFX BOPNBMZ� " XSJUF TLFX BOPNBMZ PDDVST XIFO
UXP DPODVSSFOU USBOTBDUJPOT SFBE GSPN PWFSMBQQJOH EBUB TFUT CVU XSJUF UP EJTKPJOU EBUB
TFUT XIJMF UIFSF JT B DPOTUSBJOU PWFS UIF EBUB UIFZ SFBE <#FSFOTPO FU BM� ƉƑƑƍ>� 4OBQTIPU
JTPMBUJPO BMMPXT UIF USBOTBDUJPOT UP DPNNJU BT OFJUIFS TFFT UIF VQEBUFT PG UIF PUIFS� *O
B TFSJBMJ[BCMF TZTUFN XSJUF TLFX BOPNBMJFT BSF OPU QPTTJCMF� FJUIFS UŴ PS Uŵ XPVME IBWF
UP PDDVS ĕSTU BOE JUT SFTVMU XPVME CF WJTJCMF UP UIF PUIFS USBOTBDUJPO�

ćF QPTTJCJMJUZ PG XSJUF TLFX BOPNBMJFT JT B EJTBEWBOUBHF PG TZTUFNT XJUI TOBQTIPU
JTPMBUJPO� $MPKVSF SFRVJSFT UIF EFWFMPQFS UP VTF UIF DPOTUSVDU (ensure r) UP JOEJDBUF
UIBU B USBOTBDUJPOBM WBSJBCMF r JT POMZ SFBE JO UIF USBOTBDUJPO CVU IBT B DPOTUSBJOU� 5P
ĕY UIF FYBNQMF UIF WBSJBCMFT checking BOE savings NVTU CF FOTVSFE� #Z QSPWJEJOH
TOBQTIPU JTPMBUJPO JOTUFBE PG TFSJBMJ[BCJMJUZ $MPKVSF NBLFT B USBEF�PČ CFUXFFO CFUUFS
QFSGPSNBODF CVU BO BSHVBCMZ NPSF JOUSJDBUF TFNBOUJDT GPS UIF EFWFMPQFS�

Ɗ�ƌ�ƍ -U� 'PSNBMJ[BUJPO PG 5SBOTBDUJPOT
ćJT TFDUJPO GPSNBMMZ EFĕOFT -U B MBOHVBHF XJUI USBOTBDUJPOT� "T 45. EPFT OPU QSP�
WJEF BOZ DPOTUSVDUT UIBU DSFBUF QBSBMMFM UBTLT -U XJMM FYUFOE -G UIF MBOHVBHF XJUI GV�
UVSFT GSPN 4FDUJPO Ɗ�Ƌ�ƍ� ćF TZOUBDUJDBM FMFNFOUT GSPN -G BSF SFVTFE BOE FYUFOEFE
BOE XF EFĕOF B OFX SFEVDUJPO SFMBUJPO →U� "ęFSXBSET XF DPOTJEFS IPX UIF HVBSBO�
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UFFT PG 45. DBO CF JOGFSSFE GSPN UIF PQFSBUJPOBM TFNBOUJDT�
ćF GPSNBM TFNBOUJDT EFTDSJCFT BO BMHPSJUIN UIBU JT TJNQMFS UIBO .7$$ CVU QSP�

WJEFT UIF TBNF HVBSBOUFFT� *U HVBSBOUFFT TOBQTIPU JTPMBUJPO JO B USJWJBM XBZ CZ UBLJOH
B DPNQMFUF TOBQTIPU PG UIF USBOTBDUJPOBM NFNPSZ XIFOFWFS B USBOTBDUJPO JT TUBSUFE�
*U UIFSFGPSF BDDVSBUFMZ SFQSFTFOUT BO 45. UIBU QSPWJEFT TOBQTIPU JTPMBUJPO XIJMF JH�
OPSJOH JNQMFNFOUBUJPO EFUBJMT TVDI BT UIF WFSTJPOJOH PG USBOTBDUJPOBM WBSJBCMFT BOE
UBLJOH MPDLT�

4ZOUBY

S∈ 57BS
W∈ 7BMVF ::= . . .

| S 5SBOTBDUJPOBM WBSJBCMF
F∈ &YQSFTTJPO ::= . . .

| atomic F 5SBOTBDUJPO
| atomic⋆ F 3VOOJOH JO USBOTBDUJPO 	JOUFSNFEJBUF TUBUF

| ref F $SFBUF B 57BS
| deref F 3FBE B 57BS
| ref-set F F 8SJUF UP B 57BS

8F JOIFSJU BMM UIF TZOUBDUJDBM FMFNFOUT GSPN-G BOE BEE SFGFSFODFT S UP USBOTBDUJPOBM
WBSJBCMFT� ćF TFU PG WBMVFT JT FYUFOEFE UP JODMVEF UIFTF�Ɖƈ ćF TFU PG FYQSFTTJPOT JT
FYUFOEFE� ref deref BOE ref-set PQFSBUF PO USBOTBDUJPOBM WBSJBCMFT BOE atomic FO�
DBQTVMBUFT B USBOTBDUJPO� 'JOBMMZ XF BMTP BEE B DPOTUSVDU atomic⋆ F� UIJT TZOUBY DBOOPU
CF VTFE CZ UIF QSPHSBNNFS JO UIF TPVSDF QSPHSBN CVU XJMM CF VTFE JO UIF SFEVDUJPO
SVMFT UP SFQSFTFOU B USBOTBDUJPO UIBU JT CFJOH FYFDVUFE�

4UBUF

1SPHSBN TUBUF Q ::= ⟨5, τ , σ⟩
5BTL UBTL∈ 5BTL ::= ⟨G, F, O ⟩

5SBOTBDUJPOT τ : 5SBOTBDUJPO/VNCFS ⇀ 5SBOTBDUJPO
)FBQ TOBQTIPU MPDBM TUPSF σ,σ, δ : 57BS ⇀ 7BMVF

5SBOTBDUJPO UY∈ 5SBOTBDUJPO ::= ⟨◦, σ, F, δ⟩
5SBOTBDUJPO JE O∈ 5SBOTBDUJPO/VNCFS = N+

5SBOTBDUJPO TUBUF ◦ ::= ◃ | ✓ | ✗

ćFTUBUF PG B QSPHSBN JO FYFDVUJPOXBT QSFWJPVTMZNPEFMFE BT B TFU PG UBTLT 5� ćJT
JT OPX FYUFOEFE UP DPOUBJO UIF USBOTBDUJPOT BOE UIF USBOTBDUJPOBM NFNPSZ� ćF USBOT�
BDUJPOT BSF TUPSFE JO τ  XIJDI NBQT JEFOUJĕFST UP B SFQSFTFOUBUJPO PG UIF USBOTBDUJPO�

ƉƈćF OPUBUJPO W ::= . . . | JOEJDBUFT XF FYUFOE UIF EFĕOJUJPO PG W GSPN -G�
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ćF IFBQ σ SFQSFTFOUT UIF USBOTBDUJPOBM NFNPSZ NBQQJOH USBOTBDUJPOBM WBSJBCMFT UP
UIFJS WBMVF� ćF IFBQ DBO CF BDDFTTFE CZ BMM UBTLT� #PUI τ BOE σ BSF JOJUJBMMZ FNQUZ�

5BTLT BSF FYUFOEFE UP DPOUBJO BO BEEJUJPOBM PQUJPOBM FMFNFOU� O UIF JEFOUJĕFS
PG UIF USBOTBDUJPO UIBU JT BDUJWF JO UIBU UBTL� *O UIF QSBDUJDF UIJT JT JNQMFNFOUFE BT B
UISFBE�MPDBM WBSJBCMF� *G OP USBOTBDUJPO JT SVOOJOH UIJT XJMM CF •�ƉƉ ćFSF JT BUNPTU POF
USBOTBDUJPO BDUJWF QFS UBTL� 	8F XJMM DPOTJEFS OFTUFE USBOTBDUJPOT MBUFS�
 5SBOTBDUJPOT
BSF CPVOE UP FYBDUMZ POF UBTL� UIFZ DBOOPU TQBO PWFS NVMUJQMF UBTLT�

" USBOTBDUJPO DPOUBJOT UIF GPMMPXJOH FMFNFOUT�

t ◦� UIF DVSSFOU TUBUF PG UIF USBOTBDUJPO POF PG ◃ 	SVOOJOH
 ✓ 	DPNNJUUFE
 PS ✗
	BCPSUFE
�

t σ� B TOBQTIPU PG UIF IFBQ DSFBUFE XIFO UIF USBOTBDUJPO TUBSUFE� ćJT JT B DPQZ PG
UIF IFBQ BT JU FYJTUFE XIFO UIF USBOTBDUJPO TUBSUFE VTFE UP HFU B DPOTJTUFOU WJFX PG
UIF USBOTBDUJPOBM NFNPSZ JO UIF USBOTBDUJPO�

t F� UIF PSJHJOBM FYQSFTTJPO JO UIF USBOTBDUJPO� ćJT JT VTFE XIFO UIF USBOTBDUJPO JT
BCPSUFE UP SFTUPSF BOE SFUSZ UIF PSJHJOBM FYQSFTTJPO�

t δ� UIF MPDBM TUPSF PG UIF USBOTBDUJPO NBQQJOH BMM USBOTBDUJPOBM WBSJBCMFT UIBU UIF
USBOTBDUJPO NPEJĕFE UP UIFJS OFX WBMVFT� ćJT JT UIF USBOTBDUJPO�T XSJUF TFU�

&WBMVBUJPO DPOUFYUT

P ::= ⟨5 ·∪ ⟨G, E , O ⟩, τ , σ⟩
E ::= · · · | atomic⋆ E | ref E | deref E | ref-set E F | ref-set S E

ref deref BOE ref-set SFEVDF UIFJS BSHVNFOUT CFGPSF QSPDFFEJOH� atomic EPFT
OPU BQQFBS JO UIF MJTU PG FWBMVBUJPO DPOUFYUT BT JUT BSHVNFOU JT OPU JNNFEJBUFMZ SF�
EVDFE� B USBOTBDUJPO JT TUBSUFE ĕSTU 	SVMF BUPNJD]U CFMPX
� ćF FYQSFTTJPO FODBQTV�
MBUFE CZ atomic⋆ XJMM CF FWBMVBUFE VOUJM JU JT SFEVDFE UP B TJOHMF WBMVF BęFS XIJDI UIF
USBOTBDUJPO DBO DPNNJU 	TFF CFMPX
�

3FEVDUJPO SVMFT

'JOBMMZ XF DBO EFĕOF UIF SFEVDUJPO SFMBUJPO →U GPS -U�

DPOHSVFODF]U ⟨5 ·∪ ⟨G, E [F], O ⟩, τ , σ⟩→U ⟨5′ ·∪ ⟨G, E [F′], O ⟩, τ , σ⟩
JG ⟨5 ·∪ ⟨G, E [F]⟩⟩ →G ⟨5′ ·∪ ⟨G, E [F′]⟩⟩

ćJT ĕSTU SVMF TQFDJĕFT UIBU BMM SVMFT GSPN UIF MBOHVBHF XJUI GVUVSFT DBO CF VTFE
JO UIF MBOHVBHF XJUI USBOTBDUJPOT� ćJT BQQMJFT XIFUIFS B USBOTBDUJPO JT BDUJWF PS OPU�
ćJT JODMVEFT BMM SVMFT GSPN UIF CBTF MBOHVBHF BT XFMM BT UIF SVMFT UP GPSL BOE KPJO OFX

ƉƉćF RVFTUJPO NBSL JOEJDBUFT BO PQUJPOBM FMFNFOU J�F� O ::= O | •� 	%FĕOFE JO "QQFOEJY "�
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UBTLT 	XIJDI NBZ SFBE PS NPEJGZ 5
� 8F XJMM FYUFOTJWFMZ EJTDVTT XIBU IBQQFOT XIFO
B UBTL JT GPSLFE XIJMF B USBOTBDUJPO JT BDUJWF JO $IBQUFS ƌ�

BUPNJD]U ⟨5 ·∪ ⟨G, E [atomic F], •⟩, τ , σ⟩
→U ⟨5 ·∪ ⟨G, E [atomic⋆ F], O⟩, τ [O (→ ⟨◃, σ, F, ∅⟩], σ⟩ XJUI O GSFTI

BUPNJDUY]U ⟨5 ·∪ ⟨G, E [atomic F], O⟩, τ , σ⟩
→U ⟨5 ·∪ ⟨G, E [F], O⟩, τ , σ⟩

8IFO atomic F JT FODPVOUFSFE B OFX USBOTBDUJPO JT TUBSUFE� " OFX JEFOUJĕFS JT
DSFBUFE BOE TUPSFE JO UIF DVSSFOU UBTL XIJDI XJMM QPJOU UP B OFX USBOTBDUJPO JO UIF
NBQ τ � ćJT USBOTBDUJPO JT SVOOJOH JUT TOBQTIPU JT B DPQZ PG UIF DVSSFOU IFBQ JU DPQJFT
UIF PSJHJOBM FYQSFTTJPO BOE JUT MPDBM TUPSF TUBSUT FNQUZ�

atomic F JT SFQMBDFE CZ atomic⋆ F� *O UIF GPMMPXJOH USBOTJUJPOT F XJMM CF SFEVDFE
BT JU JT UIF BDUJWF TJUF PG atomic⋆�T FWBMVBUJPO DPOUFYU� &WFOUVBMMZ JU XJMM CF SFEVDFE
UP B TJOHMF WBMVF BęFS XIJDI POF PG UIF SVMFT DPNNJU✓]U PS DPNNJU✗]U CFMPX DBO CF
BQQMJFE�

ćF SVMF BUPNJDUY]U TQFDJĕFT UIBU JG BO atomic CMPDL JT FODPVOUFSFE XIFO B USBOT�
BDUJPO JT BMSFBEZ SVOOJOH 	O ̸= •
 UIF JOOFS USBOTBDUJPO XJMM TJNQMZ CFDPNF QBSU PG UIF
PVUFS USBOTBDUJPO� ćJT EFTJHO EFDJTJPO DPSSFTQPOET UP UIF iDMPTFE OFTUJOHw PG USBOT�
BDUJPOT XIJDI XF EJTDVTT JO 4FDUJPO Ƌ�Ƌ�Ƌ PO QBHF Ǝƌ� /PUF UIBU UIF DIJME BOE QBSFOU
USBOTBDUJPO BSF SVOOJOH JO UIF TBNF UBTL� UIF DIJME USBOTBDUJPO JT NFSFMZ B QPSUJPO PG
UIF QBSFOU FODBQTVMBUFE JO BOPUIFS atomic CMPDL� ćF XSJUFT PG UIF DIJME USBOTBDUJPO
BSF XSJUUFO UP UIF MPDBM TUPSF PG UIF QBSFOU BOE JG UIF DIJME BCPSUT UIF QBSFOU BCPSUT UPP�

SFG]U ⟨5 ·∪ ⟨G, E [ref W], O⟩, τ [O (→ ⟨◃, σ, F, δ⟩], σ⟩
→U ⟨5 ·∪ ⟨G, E [S], O⟩, τ [O (→ ⟨◃, σ, F, δ[S (→ W]⟩], σ⟩ XJUI S GSFTI

EFSFG]U ⟨5 ·∪ ⟨G, E [deref S], O⟩, τ [O (→ ⟨◃, σ, F, δ⟩], σ⟩
→U ⟨5 ·∪ ⟨G, E [(σ :: δ)(S)], O⟩, τ [O (→ ⟨◃, σ, F, δ⟩], σ⟩

SFG�TFU]U ⟨5 ·∪ ⟨G, E [ref-set S W], O⟩, τ [O (→ ⟨◃, σ, F, δ⟩], σ⟩
→U ⟨5 ·∪ ⟨G, E [W], O⟩, τ [O (→ ⟨◃, σ, F, δ[S (→ W]⟩], σ⟩

ref deref BOE ref-set PQFSBUF PO USBOTBDUJPOBM WBSJBCMFT� ćFTF PQFSBUJPOT DBO
POMZ CF VTFE JO B USBOTBDUJPO 	O ̸= •
� UIFSF BSF OP SVMFT UIBU BQQMZ XIFO UIFZ BSF VTFE
PVUTJEF B USBOTBDUJPO JO QSBDUJDF UIJT XJMM SBJTF BO FSSPS�

ref DSFBUFT B OFX USBOTBDUJPOBM WBSJBCMF BOE VQEBUFT UIF MPDBM TUPSF UP DPOUBJO JUT
JOJUJBM WBMVF�

deref MPPLT VQ UIF WBMVF PG B USBOTBDUJPOBM WBSJBCMF� ćJT IBQQFOT ĕSTU JO UIF MPDBM
TUPSF XIJDI DPOUBJOT UIF WBMVF JG UIF WBSJBCMF XBT XSJUUFO UP JO UIJT USBOTBDUJPO BOE
OFYU JO UIF TOBQTIPU�ƉƊ 4JODF UIF TOBQTIPU JT B DPQZ PG UIF IFBQ NBEF XIFO UIF USBOT�
BDUJPO TUBSUFE UIJT FOTVSFT B DPOTJTUFOU WJFX PG UIF USBOTBDUJPOBM NFNPSZ BT JU FYJTUFE
BU UIF SFBE QPJOU PG UIF USBOTBDUJPO�

ƉƊćF PQFSBUPS :: DPODBUFOBUFT UXP NBQT BOE JT SJHIU�QSFGFSFOUJBM� (σ :: δ)(S) ĕSTU MPPLT VQ S JO δ UIFO
JO σ JG JU JT OPU QSFTFOU JO δ� 	*UT GPSNBM EFĕOJUJPO DBO CF GPVOE JO "QQFOEJY "�


Ƌƌ



Ƭ�Ʈ 5SBOTBDUJPOT

ref-set VQEBUFT B WBSJBCMF�T WBMVF JO UIF MPDBM TUPSF�

DPNNJU✓]U ⟨5 ·∪ ⟨G, E [atomic⋆ W], O⟩, τ [O (→ ⟨◃, σ, F, δ⟩], σ⟩
→U ⟨5 ·∪ ⟨G, E [W], •⟩, τ [O (→ ⟨✓, σ, F, δ⟩], σ :: δ⟩
JG ∀S ∈ EPN(δ) : σ(S) = σ(S)

DPNNJU✗]U ⟨5 ·∪ ⟨G, E [atomic⋆ W], O⟩, τ [O (→ ⟨◃, σ, F, δ⟩], σ⟩
→U ⟨5 ·∪ ⟨G, E [atomic F], •⟩, τ [O (→ ⟨✗, σ, F, δ⟩], σ⟩
JG ∃S ∈ EPN(δ) : σ(S) ̸= σ(S)

" USBOTBDUJPO DBO DPNNJU TVDDFTTGVMMZ JG OPOF PG UIF USBOTBDUJPOBM WBSJBCMFT JO JUT
XSJUF TFU IBWF CFFO NPEJĕFE CZ BOPUIFS USBOTBDUJPO TJODF UIF TUBSU PG UIJT USBOTBDUJPO�
*O PUIFS XPSET XF OFFE UP WBMJEBUF XIFUIFS GPS BMM WBSJBCMFT JO UIF MPDBM TUPSF UIF
MBUFTU WBMVF JO UIF DVSSFOU IFBQ JT TUJMM FRVBM UP UIF WBMVF JO UIF TOBQTIPU UIBU XBT UBLFO
PG UIF IFBQ XIFO UIF USBOTBDUJPO TUBSUFE�

*G UIJT WBMJEBUJPO TVDDFFET UIF USBOTBDUJPO DBO DPNNJU� JUT DIBOHFT BSF XSJUUFO
UP UIF USBOTBDUJPOBM NFNPSZ CZ BQQFOEJOH JUT MPDBM TUPSF UP UIF IFBQ� ćJT PDDVST JO
B TJOHMF TUFQ IFODF UIFTF DIBOHFT DBOOPU CF JOUFSMFBWFE XJUI USBOTJUJPOT GSPN PUIFS
UBTLT FOTVSJOH UIBU UIFZ BUPNJDBMMZ CFDPNF WJTJCMF UP UIF PUIFS UBTLT� 'JOBMMZ UIF
USBOTBDUJPO JT NBSLFE BT DPNNJUUFE BOE UIF USBOTBDUJPO�T JEFOUJĕFS JT SFNPWFE GSPN
UIF UBTL JOEJDBUJOH OP USBOTBDUJPO JT BDUJWF BOZNPSF�

*G UIF WBMJEBUJPO GBJMT UIF USBOTBDUJPO BCPSUT SPMMT CBDL BOE SFUSJFT� ćF USBOTBD�
UJPO JTNBSLFE BT GBJMFE BOE UIF UBTL JT SFTUPSFE UP UIF TUBUF JU IBE CFGPSF UIF USBOTBDUJPO
TUBSUFE� UIF PSJHJOBM FYQSFTTJPO JT SFTUPSFE BOE UIF USBOTBDUJPO JEFOUJĕFS JT SFNPWFE�
*O UIF OFYU USBOTJUJPO UIF SVMF BUPNJD]U XJMM CF USJHHFSFE BOE SFTUBSU UIF USBOTBDUJPO�
/PUF UIBU EJČFSFOU BUUFNQUT PG UIF TBNF atomic CMPDL IBWF EJČFSFOU JEFOUJĕFST TP JO
GBDU O JEFOUJĕFT UIF USBOTBDUJPO BUUFNQU BOE OPU UIF USBOTBDUJPO�

1SPQFSUZ� TOBQTIPU JTPMBUJPO

ćJT TFNBOUJDT HVBSBOUFFT TOBQTIPU JTPMBUJPO BT JU TBUJTĕFT JUT UXP SFRVJSFNFOUT 	EF�
ĕOFE JO 4FDUJPO Ɗ�ƌ�Ƌ
�

Ɖ� " USBOTBDUJPO TFFT B DPOTJTUFOU WJFX PG UIF NFNPSZ� FWFSZ SFBE PQFSBUJPO JO B
USBOTBDUJPO SFUVSOT WBMVFT GSPN UIF TOBQTIPU XIJDI JT UBLFO BUPNJDBMMZ XIFO UIF
USBOTBDUJPO TUBSUT�

Ɗ� " USBOTBDUJPO DBO POMZ DPNNJU JG OPOF PG JUT VQEBUFT DPOĘJDU XJUI BOZ DPODVS�
SFOU VQEBUFT NBEF TJODF UIF DSFBUJPO PG UIF TOBQTIPU� UIJT JT UIF DPOEJUJPO PO UIF
SFEVDUJPO SVMF GPS DPNNJUT�

*O UIJT TFNBOUJDT BOE UISPVHIPVU UIF SFTU PG UIJT EJTTFSUBUJPO XF DIPPTF UP QSPWJEF
TOBQTIPU JTPMBUJPO JOTUFBE PG PQBDJUZ� ćJT JT CFDBVTF PVS JNQMFNFOUBUJPOT BSF CVJMU
VQPO $MPKVSF XIJDI QSPWJEFT TOBQTIPU JTPMBUJPO BOE UIVT UIF TFNBOUJDT SFĘFDUT UIF
JNQMFNFOUBUJPO�

Ƌƍ
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behavior
code
state

inbox

address

'JHVSF Ɗ�Ƒ� "O BDUPS BOE JUT QBSUT�

5P QSPWJEF PQBDJUZ JOTUFBE PG TOBQTIPU JTPMBUJPO JU TVďDFT UP BEBQU UIF SFEVDUJPO
SVMFT JO UXP XBZT <#JFOJVTB BOEćJFNBOO ƊƈƉƉC>� 'JSTU USBOTBDUJPOT NVTU LFFQ USBDL
PG UIFJS SFBE TFU� UIF USBOTBDUJPO JT FYUFOEFE XJUI B SFBE TFU 3 BOE FBDI deref S PQFSB�
UJPO BEET S UP 3� 4FDPOE UIF WBMJEBUJPO BU DPNNJU UJNF DIFDLT XIFUIFS SFGFSFODFT JO
CPUI UIF SFBE BOEXSJUF TFU IBWF OPU CFFONPEJĕFE J�F�∀S ∈ 3∪EPN(δ) : σ(S) = σ(S)�

Ɗ�ƍ "DUPST
*O UIJT TFDUJPO XF EJTDVTT UIF BDUPSNPEFM B NFTTBHF�QBTTJOH DPODVSSFODZNPEFM� "G�
UFS EFTDSJCJOH UIFNPEFM 	4FDUJPO Ɗ�ƍ�Ɖ
 XF VTF BO FYBNQMF UP JOUSPEVDF JUT DPOTUSVDUT
	4FDUJPO Ɗ�ƍ�Ɗ
� ćF BDUPS NPEFM QSPWJEFT UXP HVBSBOUFFT� UIF JTPMBUFE UVSO QSJODJQMF
BOE EFBEMPDL GSFFEPN 	4FDUJPO Ɗ�ƍ�Ƌ
� 8F BHBJO GPSNBMJ[F JUT PQFSBUJPOBM TFNBOUJDT
	4FDUJPO Ɗ�ƍ�ƌ
�

Ɗ�ƍ�Ɖ $PODFQUT

ćF BDUPS NPEFM JT B NFTTBHF�QBTTJOH NPEFM UIBU XBT PSJHJOBMMZ JOUSPEVDFE CZ )FXJUU
FU BM� <ƉƑƏƋ> BOE MBUFS SFWJTFE CZ "HIB <ƉƑƐƍ>� "DUPST BSF FOUJUJFT UIBU SVO DPODVSSFOUMZ
BOE DBO SFDFJWF NFTTBHFT� *O SFTQPOTF UP B NFTTBHF BO BDUPS DBO TFOE NFTTBHFT UP
PUIFS BDUPST DSFBUF OFX BDUPST BOE DIBOHF JUT PXO TUBUF� *O UIF BDUPS NPEFM NFTTBHFT
BSF TFOU BTZODISPOPVTMZ�

ćF BDUPS NPEFM IBT B MPOH IJTUPSZ <%F ,PTUFS FU BM� ƊƈƉƎC> BOE JT XJEFMZ VTFE
JO NBOZ QSPHSBNNJOH MBOHVBHFT 	B�P� &SMBOH 4DBMB 4"-4" & "NCJFOU5BML
 BOE
GSBNFXPSLT 	B�P� "LLB ,JMJN 1VMTBS 2VBTBS 0SMFBOT
�ƉƋ %F ,PTUFS FU BM� <ƊƈƉƎC>

ƉƋ"O FYUFOTJWF MJTU PG BDUPS MBOHVBHFT MJCSBSJFT BOE GSBNFXPSLT DBO CF GPVOE BU IUUQT���FO�XJLJQFEJB�
PSH�X�JOEFY�QIQ UJUMF�"DUPS@NPEFM�PMEJE�����������1SPHSBNNJOH@XJUI@"DUPST�

ƋƎ
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Ɖ (def chat-room
Ɗ (behavior [history]
Ƌ [user msg]
ƌ (let [line (format ”[%s] %s: %s” (now) user msg)]
ƍ (become chat-room (cons line history)))))
Ǝ

Ə (def general (spawn chat-room [”Welcome to this chat room!”]))
Ɛ (send general ”Janwillem” ”Hello!”)

-JTUJOH Ɗ�Ɖƈ� " DIBU BQQMJDBUJPO JNQMFNFOUFE VTJOH BDUPST�

EJWJEF BDUPS NPEFMT JOUP GPVS DBUFHPSJFT� DMBTTJD BDUPST BDUJWF PCKFDUT QSPDFTTFT BOE
DPNNVOJDBUJOH FWFOU MPPQT� *O UIJT EJTTFSUBUJPO XF VTF B DMBTTJD BDUPS NPEFM CBTFE
PO UIF NPEFM PG "HIB FU BM� <ƉƑƑƏ>� 8F XJMM NFOUJPO IPX PVS SFTVMUT BQQMZ UP PUIFS
BDUPS NPEFMT XIFSF BQQMJDBCMF�

"O BDUPS DPOTJTUT PG UISFF FMFNFOUT� BO BEESFTT BO JOCPY BOE B CFIBWJPS 	WJTVBM�
J[FE JO 'JHVSF Ɗ�Ƒ
� &BDI BDUPS IBT B VOJRVF BOE JNNVUBCMF BEESFTT VTFE UP TFOE JU
NFTTBHFT� *UT JOCPY JT B RVFVF PG NFTTBHFT� *O PVS NPEFM B NFTTBHF JT TJNQMZ B UVQMF
PG WBMVFT� 'JOBMMZ B CFIBWJPS TQFDJĕFT IPX BO BDUPS SFTQPOET UP B NFTTBHF� *U JT QB�
SBNFUFSJ[FE CZ UXP UZQFT PG QBSBNFUFST� UIF JOUFSOBM TUBUF PG UIF BDUPS BOE UIF WBMVFT
PG UIF SFDFJWFE NFTTBHF�

Ɗ�ƍ�Ɗ &YBNQMF BOE 6TF $BTFT
ćF FYBNQMF JO -JTUJOH Ɗ�Ɖƈ JNQMFNFOUT B DIBU BQQMJDBUJPO JO XIJDI FBDI DIBU SPPN
JT SFQSFTFOUFE CZ BO BDUPS� 6TFST SFQSFTFOUFE CZ BDUPST BT XFMM DBO TFOE NFTTBHFT UP
UIF DIBU SPPN BDUPST UP DPNNVOJDBUF� chat-room JT B CFIBWJPS� *O JUT CPEZ 	MJOFT ƌoƍ

UXP UZQFT PG QBSBNFUFST DBO CF VTFE� ćF ĕSTU UZQF SFQSFTFOU UIF JOUFSOBM TUBUF PG UIF
BDUPS o IFSF history B MJTU PG BMM NFTTBHFT FWFS TFOU UP UIF DIBU SPPN� ćF TFDPOE TFU
PG QBSBNFUFST DPSSFTQPOE UP UIF WBMVFT DPOUBJOFE JO UIF SFDFJWFE NFTTBHF o IFSF user
BOE msg�

0O MJOF Ə B OFX BDUPS JT DSFBUFE VTJOH spawn XJUI chat-room BT JOJUJBM CFIBWJPS
BOE B MJTU DPOUBJOJOH B XFMDPNF NFTTBHF BT UIF JOJUJBM JOUFSOBM TUBUF� spawn SFUVSOT
UIF BEESFTT PG UIF OFX BDUPS BOE UIF OFX BDUPS SVOT DPODVSSFOUMZ XJUI UIF TQBXOJOH
BDUPS�

0O MJOF Ɛ UIF DPOTUSVDU send TFOET B NFTTBHF UP UIJT BDUPS� JU QVUT B NFTTBHF
DPOUBJOJOH UIF WBMVFT ”Janwillem” BOE ”Hello!” JO UIF JOCPY PG UIF BDUPS XJUI BEESFTT
general� 8IFO UIF SFDFJWJOH BDUPS QSPDFTTFT UIF NFTTBHF JU XJMM FYFDVUF UIF DPEF JO
UIF CFIBWJPS 	MJOFT ƌoƍ
 XJUI history CPVOE UP UIF MJTU PG NFTTBHFT HJWFO XIFO UIF
BDUPS XBT TQBXOFE BOE user BOE msg CPVOE UP UIF NFTTBHF�T WBMVFT�

"O BDUPS DBO DIBOHF JUT CFIBWJPS BOE JOUFSOBM TUBUF VTJOH become� 0O MJOF ƍ JO UIF
FYBNQMF becomeVQEBUFT UIF generalBDUPS LFFQJOH JUT CFIBWJPS UIF TBNF CVU VQEBUJOH

ƋƏ
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JUT JOUFSOBM TUBUF UP BEE UIF SFDFJWFE NFTTBHF UP JUT IJTUPSZ�Ɖƌ
*O HFOFSBM UIF BDUPS NPEFM JT TVJUBCMF JO BQQMJDBUJPOT UIBU DPOTJTU PG JOEFQFOEFOU

DPNQPOFOUT UIBU FBDI XPSL PO UIFJS PXO EBUB BOE DPNNVOJDBUF PDDBTJPOBMMZ� ćJT JO�
DMVEFT DIBU BOE DPNNVOJDBUJPO BQQMJDBUJPOT XFC TFSWJDFT )551 TFSWFST EBUBCBTFT
FWFOU�ESJWFO TZTUFNT 	F�H� QSPDFTTJOH ĕOBODJBM USBOTBDUJPOT
 BOE TJNVMBUJPOT 	F�H� PG
USBďD PS QIZTJDBM TZTUFNT
 <5BTIBSPĕ FU BM� ƊƈƉƋ>�

"DUPST IBWF TFWFSBM RVBMJUJFT UIBU NBLF UIFN TVJUBCMF GPS UIFTF BQQMJDBUJPOT <"SN�
TUSPOH ƊƈƈƏ>� ćFZ BSF TDBMBCMF� BT BDUPST BSF DIFBQ UP DSFBUF NBOZ TNBMM BDUPST DBO
CF DSFBUFE BOE EJTUSJCVUFE PWFS UIF BWBJMBCMF DPSFT OP NBUUFS UIF OVNCFS PG DPSFT� "D�
UPST BSF BMTP VTFE GPS UIFJS GBVMU UPMFSBODF� XIFO POF BDUPS GBJMT UIF PUIFS BDUPST EP OPU
DSBTI� ćF GBJMFE BDUPS DBO TJNQMZ CF SFTUBSUFE�

"DUPST BSF QPQVMBS JO EJTUSJCVUFE TFUUJOHT XIFSF UIFZ OBUVSBMMZNBQ POUP UIF IBSE�
XBSF� )PXFWFS UIFZ BSF BMTP VTFE PO TIBSFE�NFNPSZ TZTUFNT TVDI BT NVMUJDPSF QSP�
DFTTPST XIFO UIFZ OBUVSBMMZ NBQ POUP UIF QSPCMFN 	F�H� DPOTJEFS UIF VTF PG BDUPST CZ
1IPFOJY B GSBNFXPSL GPS XFC BQQMJDBUJPOT PO UPQ PG UIF &SMBOH 7.Ɖƍ
� *O UIF DPOUFYU
PG UIJT EJTTFSUBUJPO XF POMZ DPOTJEFS QSPHSBNT UIBU SVO PO B TJOHMF NBDIJOF�

Ɗ�ƍ�Ƌ (VBSBOUFFT� *TPMBUFE 5VSO 1SJODJQMF BOE %FBEMPDL 'SFFEPN
"O BDUPS BMUFSOBUFT CFUXFFO UXP TUBUFT� JU JT FJUIFS JEMF BOE SFBEZ UP QSPDFTT B NFTTBHF
PS JU JT CVTZ QSPDFTTJOH B NFTTBHF� " UVSO JT UIF QSPDFTTJOH PG B TJOHMF NFTTBHF CZ BO
BDUPS UIBU JT UIF QSPDFTT PG BO BDUPS UBLJOH B NFTTBHF GSPN JUT JOCPY BOE QSPDFTTJOH
UIBU NFTTBHF UP DPNQMFUJPO <%F ,PTUFS FU BM� ƊƈƉƎC>�

ćF BDUPS NPEFM FOGPSDFT UISFF DPOTUSBJOUT�

*TPMBUJPO "O BDUPS�T TUBUF DBOOPU CF PCTFSWFE CZ PUIFS BDUPST FYDFQU UISPVHI NFT�
TBHFT� UIFSF JT OP TIBSFE TUBUF�

$POTFDVUJWF NFTTBHF QSPDFTTJOH "O BDUPS QSPDFTTFT UIFNFTTBHFT JO JUT JOCPY POF CZ
POF� ćF QSPDFTTJOH PG POF NFTTBHF DBOOPU CF JOUFSMFBWFE XJUI UIF QSPDFTTJOH PG
BOPUIFS CZ UIF TBNF BDUPS� ćFSF JT OP QBSBMMFMJTN JOTJEF BO BDUPS�

$POUJOVPVT NFTTBHF QSPDFTTJOH ćF BDUPS NPEFM EPFT OPU DPOUBJO OPS BMMPX BOZ
CMPDLJOH PQFSBUJPOT� ćJT HVBSBOUFFT UIBU PODF B UVSO TUBSUT JU BMXBZT SVOT UP DPN�
QMFUJPO�

" DPOTFRVFODF PG UIFTF SFTUSJDUJPOT JT UIBU UIF BDUPSNPEFM QSPWJEFT UXP VTFGVM HVBSBO�
UFFT� 'JSTU JU HVBSBOUFFT UIBU QSPHSBNT BSF GSFF GSPN SBDFT XJUIJO UVSOT� UIJT JT DBMMFE

Ɖƌ*O DPOUSBTU UP UIF BDUPS NPEFM EFĕOFE CZ "HIB FU BM� <ƉƑƑƏ> JO PVS TZTUFN become EPFT OPU JNNFEJ�
BUFMZ BOE DPODVSSFOUMZ QSPDFTT UIF OFYUNFTTBHF XJUI UIF OFX CFIBWJPS CVU JOTUFBE TXJUDIFT UIF CFIBWJPS
PG UIF DVSSFOU BDUPS BU UIF FOE PG JUT DVSSFOU UVSO TFRVFOUJBMMZ� 	"T FYQMBJOFE JO UIF GPSNBM TFNBOUJDT
MBUFS JO UIJT TFDUJPO�


ƉƍIUUQT���QIPFOJYGSBNFXPSL�PSH�
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UIF JTPMBUFE UVSO QSJODJQMF� ćBOLT UP BDUPST� JTPMBUJPO BOE DPOTFDVUJWF NFTTBHF QSP�
DFTTJOH BO BDUPS IBT B DPOTJTUFOU WJFX PG UIF QSPHSBN EVSJOH B UVSO� )FODF EFWFMPQ�
FST EP OPU OFFE UP DBSF IPX JOEJWJEVBM JOTUSVDUJPOT XJUIJO B UVSO BSF JOUFSMFBWFE XJUI
UIPTF GSPN PUIFS BDUPST� *OTUFBE UIFZ DBO SFBTPO BCPVU UIFJS QSPHSBN BU UIF MFWFM PG
UVSOT� )JHI�MFWFM SBDFT DBO TUJMM PDDVS EVF UP BO VOFYQFDUFE JOUFSMFBWJOH PG NFTTBHFT
JO XIJDI DBTF UVSOT BSF JOUFSMFBWFE JO BO VOFYQFDUFE XBZ� 4UJMM UIF JTPMBUFE UVSO QSJO�
DJQMF NBLFT UIF QSPHSBN FBTJFS UP VOEFSTUBOE SFBTPO BCPVU BOE EFCVH BT JU IVHFMZ
SFEVDFT UIF OVNCFS PG JOUFSMFBWJOHT EFWFMPQFST IBWF UP DPOTJEFS�

4FDPOE UIF BDUPS NPEFM HVBSBOUFFT EFBEMPDL GSFFEPN� BT UIFSF BSF OP CMPDLJOH
PQFSBUJPOT BO BDUPS DBO OFWFS EFBEMPDL� )PXFWFS JU JT TUJMM QPTTJCMF GPS BO BDUPS UP
OPU NBLF QSPHSFTT F�H� XIFO BO BDUPS JT XBJUJOH GPS B NFTTBHF UIBU OFWFS BSSJWFT�

Ɗ�ƍ�ƌ -B� 'PSNBMJ[BUJPO PG "DUPST

ćJT TFDUJPO EFĕOFT UIF BDUPS MBOHVBHF -B XJUI B DPSSFTQPOEJOH SFEVDUJPO SFMBUJPO
→B� ćJT MBOHVBHF BHBJO FYUFOET UIF CBTF MBOHVBHF� "ęFSXBSET XF DPOTJEFS IPX UIF
JTPMBUFE UVSO QSJODJQMF DBO CF JOGFSSFE GSPN UIF PQFSBUJPOBM TFNBOUJDT�

4ZOUBY

B∈ "EESFTT
C∈ #FIBWJPS%FG ::= behavior [YCFI] [YNTH] F #FIBWJPS EFĕOJUJPO
W∈ 7BMVF ::= . . .

| B "EESFTT
| C #FIBWJPS

F∈ &YQSFTTJPO ::= . . .
| spawn F F 4QBXO BO BDUPS
| become F F #FDPNF B CFIBWJPS
| send F F 4FOE B NFTTBHF
| self "EESFTT PG DVSSFOU BDUPS

8F JOUSPEVDF UXP OFX TZOUBDUJDBM FMFNFOUT� BEESFTTFT BOE EFĕOJUJPOT PG CFIBW�
JPST� "O BEESFTT JT B VOJRVF SFGFSFODF UP BO BDUPS� " CFIBWJPS EFĕOJUJPO JT TJNJMBS UP
B GVODUJPO EFĕOJUJPO CVU UBLFT UXP MJTUT PG QBSBNFUFST� "EESFTTFT BOE CFIBWJPS EFĕ�
OJUJPOT DBO CPUI CF VTFE BT WBMVFT� 'VSUIFS XF BEE GPVS FYQSFTTJPOT� spawn become
BOE send BT EJTDVTTFE FBSMJFS BT XFMM BT UIF LFZXPSE self XIJDI XJMM BMXBZT CF UIF
BEESFTT PG UIF DVSSFOU BDUPS�

ƋƑ
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4UBUF

1SPHSBN TUBUF Q ::= ⟨", µ⟩
"DUPST "⊂ "DUPS

*OCPYFT µ : "EESFTT ⇀ .FTTBHF
"DUPS BDU∈ "DUPS ::= ⟨B, F , CFI⟩

#FIBWJPS CFI∈ #FIBWJPS ::= ⟨C, W⟩
.FTTBHF NTH∈ .FTTBHF ::= ⟨BGSPN, BUP, W⟩

ćF TUBUF PG B QSPHSBN DPOTJTUT PG B DPMMFDUJPO " PG BDUPST BOE B NBQ µ PG JOCPYFT�
µ NBQT FBDI BDUPS 	VTJOH JUT BEESFTT
 UP JUT JOCPY� B RVFVF UIBU JT QSPDFTTFE JO UIF
PSEFS JO XIJDI NFTTBHFT BSF BEEFE UP JU�

"O BDUPS DPOTJTUT PG UISFF FMFNFOUT�

t *UT VOJRVF BEESFTT�
t ćF FYQSFTTJPO JU JT DVSSFOUMZ SFEVDJOH� PS • CFUXFFO UVSOT XIFO UIF BDUPS JT JEMF�
t *UT DVSSFOU CFIBWJPS� " CFIBWJPS BDUVBMMZ DPOTJTUT PG UXP QBSUT� UIF CFIBWJPS EFĕOJ�

UJPO UIBU TQFDJĕFT UIF DPEF UP FYFDVUF BOE UIF WBMVFT GPS JUT ĕSTU MJTU PG QBSBNFUFST
YCFI� 8F DBMM UIFTF WBMVFT UIF JOUFSOBM TUBUF PG UIF BDUPS�

" NFTTBHF DPOUBJOT SFGFSFODFT UP JUT TFOEFS BOE SFDFJWFS BOE UIF MJTU PG WBMVFT QBTTFE
JO UIF NFTTBHF�

&WBMVBUJPO DPOUFYUT

P ::= ⟨" ·∪ ⟨B, E , CFI⟩, µ⟩
E ::= · · · | spawn E F | spawn C W E F | become E F | become C W E F

| send E F | send B W E F

ćFQSPHSBN FWBMVBUJPO DPOUFYUP BMMPXT BO BSCJUSBSZ BDUPS UP CF DIPTFOXIPTF FY�
QSFTTJPO XJMM CF SFEVDFE OFYU� ćF UISFF FYQSFTTJPOT spawn become BOE send FWBMVBUF
UIFJS BSHVNFOUT CFGPSF UIFJS SFEVDUJPO�

3FEVDUJPO SVMFT

DPOHSVFODF]B ⟨" ·∪ ⟨B, E [F], CFI⟩, µ⟩ →B ⟨" ·∪ ⟨B, E [F′], CFI⟩, µ⟩ JG F →C F′
TFMG]B ⟨" ·∪ ⟨B, E [self], CFI⟩, µ⟩→B ⟨" ·∪ ⟨B, E [B], CFI⟩, µ⟩

DPOHSVFODF]B TQFDJĕFT UIBU UIF CBTF MBOHVBHF DBO CF VTFE JO BOZ BDUPS� "EEJUJPO�
BMMZ XF JOUSPEVDF UIF LFZXPSE self XIJDI BMXBZT SFTPMWFT UP UIF BEESFTT PG UIF BDUPS
JU JT FWBMVBUFE JO�

TQBXO]B ⟨" ·∪ ⟨B, E [spawn C� W], CFI⟩, µ⟩
→B ⟨" ·∪ ⟨B, E [B�], CFI⟩ ·∪ ⟨B�, • , ⟨C�, W⟩⟩, µ[B� (→ []]⟩ XJUI B� GSFTI

ƌƈ



Ƭ�Ư "DUPST

8IFO B OFX BDUPS JT TQBXOFE JU JT BEEFE UP UIF DPMMFDUJPO PG BDUJWF BDUPST� *UT
JOJUJBM FYQSFTTJPO JT TFU UP • JOEJDBUJOH UIBU UIF BDUPS JT JEMF� *UT CFIBWJPS BOE JOUFSOBM
TUBUF BSF JOJUJBMJ[FE BT TQFDJĕFE JO UIF DBMM� *U PCUBJOT B OFX BEESFTT XIJDI JT SFUVSOFE
BT SFTVMU PG UIF DBMM UP spawn� "EEJUJPOBMMZ BO FNQUZ JOCPY JT DSFBUFE GPS UIF BDUPS�

SFDFJWF]B ⟨" ·∪ ⟨B, •, CFI⟩, µ[B (→ ⟨BGSPN, B, WNTH⟩ · NTH]⟩
→B ⟨" ·∪ ⟨B, F�, CFI⟩, µ[B (→ NTH]⟩
XJUI F� = BQQMZ-CFIBWJPS(CFI, WNTH) 	BT EFĕOFE JO GPPUOPUF ƉƎ


UVSO�FOE]B ⟨" ·∪ ⟨B, W, CFI⟩, µ⟩
→B ⟨" ·∪ ⟨B, •, CFI⟩, µ⟩

8IFO BO BDUPS JT JEMF BOE UIFSF JT B NFTTBHF JO JUT JOCPY JU DBO TUBSU B UVSO� ćF
FYQSFTTJPO FODBQTVMBUFE JO JUT DVSSFOU CFIBWJPS 	F
 XJMM CF FWBMVBUFE XJUI UIF ĕSTU
MJTU PG QBSBNFUFST YCFI CPVOE UP UIF WBMVFT TUPSFE JO UIF BDUPS BOE UIF TFDPOE MJTU PG
QBSBNFUFST YNTH CPVOE UP UIF WBMVFT QBTTFE JO UIF NFTTBHF 	UIJT SFTVMUT JO F�
�

ƉƎ ćF
NFTTBHF JT SFNPWFE GSPN UIF JOCPY�

"ęFS UIF SVMF SFDFJWF]B XBT USJHHFSFE UIF FYQSFTTJPO JO UIF BDUPS XJMM CF SFEVDFE�
&WFOUVBMMZ UIJT XJMM SFTVMU JO B TJOHMF WBMVF� "U UIBU QPJOU UIF SVMF UVSO�FOE]B JT USJH�
HFSFE� ćJT SVMF SFTFUT UIF BDUPS UP JUT JEMF TUBUF�ƉƏ *G UIFSF BSF NPSF NFTTBHFT JO UIF
BDUPS�T JOCPY BOPUIFS UVSO DBO TUBSU�

CFDPNF]B ⟨" ·∪ ⟨B, E [become C� W], CFI⟩, µ⟩
→B ⟨" ·∪ ⟨B, E [nil], ⟨C�, W⟩⟩, µ⟩

TFOE]B ⟨" ·∪ ⟨B, E [send BUP W], CFI⟩, µ[BUP (→ NTH]⟩
→B ⟨" ·∪ ⟨B, E [nil], CFI⟩, µ[BUP (→ NTH · ⟨B, BUP, W⟩]⟩

$BMMT UP become VQEBUF UIF CFIBWJPS BOE JOUFSOBM TUBUF PG UIF DVSSFOU BDUPS� send
BEET B OFX NFTTBHF UP UIF FOE PG UIF JOCPY PG UIF SFDFJWFS�

1SPQFSUJFT� JTPMBUFE UVSO QSJODJQMF BOE EFBEMPDL GSFFEPN

"T TBJE UIF JTPMBUFE UVSO QSJODJQMF BOE EFBEMPDL GSFFEPN BSF B DPOTFRVFODF PG UISFF
SFTUSJDUJPOT JNQPTFE CZ UIF BDUPS NPEFM XIJDI DBO CF JOGFSSFE GSPN UIF TFNBOUJDT�
*TPMBUJPO 8IFO BO BDUPS JT FWBMVBUJOH B UVSO UIF POMZ QBSBNFUFST JU SFDFJWFT BSF JUT JO�

UFSOBM TUBUF 	YCFI
 BOE UIF WBMVFT QBTTFE JO UIFNFTTBHF 	YNTH
 JO UIF SVMF SFDFJWF]B�
ćFTF BSF TVCTUJUVUFE JO UIF UVSO�T CPEZ VTJOH UIF GVODUJPO BQQMZ-CFIBWJPS BOE
UIVT OFWFS DIBOHF UISPVHIPVU UIF SFEVDUJPO PG UIF UVSO� ćF JOUFSOBM TUBUF JT TFU
XIFO UIF BDUPS JT TQBXOFE BOE DBO POMZ CF NPEJĕFE BęFSXBSET CZ UIF BDUPS JUTFMG
VTJOH become� )FODF NFTTBHFT BSF UIF POMZ XBZ UP USBOTGFS EBUB CFUXFFO BDUPST�

ƉƎBQQMZ-CFIBWJPS(⟨behavior [YCFI] [YNTH] F, WCFI⟩, WNTH) = let [YCFI WCFI] (let [YNTH WNTH] F)
ƉƏćF SVMF UVSO�FOE]B JT OPU TUSJDUMZ OFDFTTBSZ� XF DPVME TBZ BOZ BDUPS UIBU IBT SFEVDFE JUT FYQSFTTJPO

UP B TJOHMF WBMVF JT JO BO JEMF TUBUF JOTUFBE PG CPUIFSJOH UP SFQMBDF UIJT WBMVF XJUI •� )PXFWFS FYUSBDUJOH
UIJT TUFQ JOUP B TFQBSBUF SVMF XJMM QSPWF IBOEZ JO TVCTFRVFOU DIBQUFST�
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$IBQUFS Ƭ� $PODVSSFODZ .PEFMT

$POTFDVUJWF NFTTBHF QSPDFTTJOH "O BDUPS QSPDFTTFT UIFNFTTBHFT JO JUT JOCPY POF CZ
POF� 5VSOT PG BO BDUPS BSF OFWFS JOUFSMFBWFE� POF UVSO OFFET UP SVO UP DPNQMFUJPO
CFGPSF UIF OFYU DBO TUBSU 	TFF SVMFT SFDFJWF]B BOE UVSO�FOE]B
�

$POUJOVPVT NFTTBHF QSPDFTTJOH ćF TFNBOUJDT EPFT OPU TQFDJGZ BOZ CMPDLJOH PQFSB�
UJPOT IFODF PODF B UVSO TUBSUT JU BMXBZT SVOT UP DPNQMFUJPO XJUIPVU CMPDLJOH�

Ɗ�Ǝ 4VNNBSZ
6TJOH B DPODVSSFODZ NPEFM EFWFMPQFST DBO FYQMPJU QBSBMMFMJTN XIJMF FOKPZJOH DFSUBJO
HVBSBOUFFT PS QSPQFSUJFT XJUI SFTQFDU UP UIF QSPHSBN�T TFNBOUJDT XIJDI NBLF JU FBTJFS
UP VOEFSTUBOE NBJOUBJO BOE EFCVH� ćFSF BSF NBOZ DPODVSSFODZ NPEFMT BOE UIFZ
DBO CF QBSUJUJPOFE JOUP UISFF DBUFHPSJFT� EFUFSNJOJTUJD TIBSFE�NFNPSZ BOE NFTTBHF�
QBTTJOH NPEFMT� *O UIJT DIBQUFS XF EFTDSJCFE BOE GPSNBMJ[FE UISFF DPODVSSFODZ NPE�
FMT POF PG FBDI DBUFHPSZ� GVUVSFT USBOTBDUJPOT BOE BDUPST�

5BCMF Ɗ�ƉƉ TVNNBSJ[FT UIF MBOHVBHF DPOTUSVDUT UIBU BSF BU UIF IFBSU PG UIFTF UISFF
DPODVSSFODZ NPEFMT BMPOH XJUI UIFJS HVBSBOUFFT� *O UIF OFYU DIBQUFS XF XJMM MPPL BU
DPNCJOBUJPOT PG UIFTF NPEFMT� 8F NBLF UISFF PCTFSWBUJPOT UIBU XJMM QSPWF SFMFWBOU
UIFO�
t &BDI NPEFM QSPWJEFT POF DPOTUSVDU UIBU DPOUBJOT BO FYQSFTTJPO� fork GPS GVUVSFT
atomic GPS USBOTBDUJPOT BOE behavior GPS BDUPST� 8F DBMM UIFTF DPODVSSFOU DPO�
TUSVDUT� UIFZ DPOUBJO BO FYQSFTTJPO UIBU XJMM SVO DPODVSSFOUMZ XJUI UIF SFTU PG UIF
QSPHSBN JO B OFX UBTL BDUPS PS USBOTBDUJPO� *O UIF OFYU DIBQUFS XIFO DPODVS�
SFODZ NPEFMT BSF DPNCJOFE JU XJMM CF JNQPSUBOU UP MPPL BU XIBU DBO CF FNCFEEFE
JO UIFTF DPODVSSFOU DPOTUSVDUT�

t ćF PQFSBUJPOT PO USBOTBDUJPOBM WBSJBCMFT 	ref deref ref-set
 BSF POMZ BMMPXFE
JO B USBOTBDUJPO� 8IFO VTFE PVU PG B USBOTBDUJPO UIFZ XJMM SBJTF BO FSSPS�

t ćF DPOTUSVDU behavior EFĕOJOH BO BDUPS�T CFIBWJPS JT B WBMVF� JU DBOOPU CF GVSUIFS
SFEVDFE� *O DPOUSBTU UP BMM PUIFS DPOTUSVDUT JU IBT OP TJEF FČFDU�
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Ƭ�ư 4VNNBSZ

'VUVSFT 5SBOTBDUJPOT "DUPST
%FUFSNJOJTUJD 4IBSFE NFNPSZ .FTTBHF QBTTJOH

fork F atomic F behavior [Y] [Y] F
join G ref W spawn C W

deref S send B W
ref-set S W become C W

%FUFSNJOBDZ *TPMBUJPO *TPMBUFE UVSO QSJODJQMF
1SPHSFTT %FBEMPDL GSFFEPN

5BCMF Ɗ�ƉƉ� 4VNNBSZ PG UIF DPOTUSVDUT BOE HVBSBOUFFT PG FBDI NPEFM�
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Ƌ
$PNCJOJOH $PODVSSFODZ
.PEFMT

*O UIJT DIBQUFS XF MPPL BU DPNCJOBUJPOT PG DPODVSSFODZ NPEFMT BOE UIF QSPCMFNT
UIFTF DBVTF� *O 4FDUJPO Ƌ�Ɖ XF FYQMBJO UIF OFFE UP DPNCJOF DPODVSSFODZ NPEFMT BOE
XF DPOĕSN UIBU UIJT BDUVBMMZ PDDVST JO QSBDUJDF� /FYU JO 4FDUJPO Ƌ�Ɗ XF VTF $MPKVSF BT
B DBTF TUVEZ PG B MBOHVBHF JO XIJDI DPNCJOJOH DPODVSSFODZ NPEFMT DBO MFBE UP VOFY�
QFDUFE SFTVMUT� 'JOBMMZ 4FDUJPO Ƌ�Ƌ EFĕOFT UIF HPBM PG UIJT EJTTFSUBUJPO BOE EFTDSJCFT
IPX XF XJMM UBDLMF UIFTF QSPCMFNT JO UIF GPMMPXJOH DIBQUFST�

Ƌ�Ɖ .PUJWBUJPOT GPS $PNCJOJOH $PODVSSFODZ .PEFMT
8F NPUJWBUF XIZ JU JT EFTJSBCMF UP DPNCJOF DPODVSSFODZ NPEFMT CBTFE PO UISFF PC�
TFSWBUJPOT�

0CTFSWBUJPO Ɖ� &YJTUJOH BQQMJDBUJPOT DPNCJOF DPODVSSFODZ NPEFMT�

"O FNQJSJDBM TUVEZ <5BTIBSPĕ FU BM� ƊƈƉƋ> IBT TIPXO UIBU JO B DPMMFDUJPO PG Ɖƍ MBSHF
NBUVSF BOE BDUJWFMZ NBJOUBJOFE 4DBMB QSPKFDUT UIBU VTF UIF BDUPS NPEFM ƐƈŰ DPNCJOF
JU XJUI BOPUIFS DPODVSSFODZ NPEFM 	JMMVTUSBUFE JO 'JHVSF Ƌ�Ɖ
�

Ɛ PG UIF Ɖƍ BQQMJDBUJPOT 	ƍƋŰ
 DPNCJOF BDUPST BOE GVUVSFT� )FSF B GVUVSF JT VTFE UP
SFQSFTFOU UIF ASFUVSO WBMVF� PG BO BTZODISPOPVTNFTTBHF TFOU UP BO BDUPS� ćJT QBUUFSO JT
B DPNNPO DPNCJOBUJPO PG BDUPST BOE GVUVSFT TVQQPSUFE CZ 4DBMB </BTI BOE 8BMESPO
ƊƈƉƎ $IBQUFS ƌ> CVU EBUJOH BT GBS CBDL BT "#$- <:POF[BXB FU BM� ƉƑƐƎ>�
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$IBQUFS ƭ� $PNCJOJOH $PODVSSFODZ .PEFMT

Actors

ThreadsFutures
BigBlueButton

BlueEyes

CIMTool
Diffa

ENSIME

Evactor Gatling

GeoTrellis
Kevoree
ScalatronSignalCollect

Socko
Spark
Spray

ThingML

'JHVSF Ƌ�Ɖ� 0VU PG Ɖƍ 4DBMB QSPKFDUT UIBU VTF UIF BDUPS NPEFM ƐƈŰ DPNCJOF JU XJUI GVUVSFT
BOE�PS UISFBET�

Ɖƈ PG UIF Ɖƍ BQQMJDBUJPOT 	ƎƏŰ
 DPNCJOF BDUPST XJUI 4DBMB�T Runnable� " Runnable
JT BO PCKFDU DPOUBJOJOH B TJOHMF run NFUIPE XIJDI JT FYFDVUFE PO B TFQBSBUF UISFBE�
ćF BVUIPST PG UIF TUVEZ DPOUBDUFE UIF EFWFMPQFST PG UIFTF QSPHSBNT XIP HBWF TFWFSBM
SFBTPOT GPS DPNCJOJOH BDUPST BOE Runnable� *O ĕWF DBTFT EFWFMPQFST GPVOE BDUPST UP
IBWF UPP NVDI PWFSIFBE o FJUIFS XIFO EFBMJOH XJUI *�0 	GPVS DBTFT
 PS XIFO VTJOH
MPX�FOE EFWJDFT 	POF DBTF
 o BOE UIFSFGPSF UIFZ DPNCJOFE BDUPST XJUI B MPXFS�MFWFM
NPEFM� UISFBET� *O POF DBTF EFWFMPQFST GPVOE BTZODISPOPVT NFTTBHF QBTTJOH VOTVJU�
BCMF UP IBOEMF UIFJS VTF DBTF JO XIJDI DMPTF DPPSEJOBUJPO CFUXFFO DPODVSSFOU UBTLT
XBT SFRVJSFE BOE UIFSFGPSF UIFZ DPNCJOFE JU XJUI B TIBSFE�NFNPSZ NPEFM� MPDLT�
'JOBMMZ JO GPVS DBTFT UIF EFWFMPQFST XFSF JOFYQFSJFODFE XJUI BDUPST IBE MFHBDZ DPEF
UIBU VTFE Runnable PS QSFGFSSFE UIF AUSBEJUJPOBM� NFUIPE BOE UIFSFGPSF FOEFE VQ XJUI
B DPNCJOBUJPO PG DPODVSSFODZ NPEFMT�

'VSUIFS XF OPUF UIBU Ǝ PVU PG UIF Ɖƍ BQQMJDBUJPOT 	ƌƈŰ
 VTF BDUPST GVUVSFT BOE
UISFBET UIVT DPNCJOJOH UISFF DPODVSSFODZ NPEFMT� ćJT BHBJO DPOĕSNT UIBU EFWFMPQ�
FST DIPPTF UP VTF EJČFSFOU DPODVSSFODZ NPEFMT UISPVHIPVU UIFJS BQQMJDBUJPO�

ćFTF SFTVMUT BSF DPSSPCPSBUFE CZ B TVSWFZ PO UIF VTF PG DPODVSSFODZ BNPOH .J�
DSPTPę FNQMPZFFT <(PEFGSPJE BOE /BHBQQBO ƊƈƈƐ>� *O UIJT TVSWFZ BSPVOE ƌƍŰ PG
SFTQPOEFFT JOEJDBUFE UIBU UIFZ DPNCJOF TIBSFE�NFNPSZ BOE NFTTBHF�QBTTJOH DPO�
DVSSFODZ JO UIFJS QSPEVDU�

0CTFSWBUJPO Ɗ� 1SPHSBNNJOH MBOHVBHFT TVQQPSU NVMUJQMF DPODVSSFODZ NPEFMT
BOE BMMPX UIFN UP CF DPNCJOFE�

.BOZ QSPHSBNNJOH MBOHVBHFT BOE GSBNFXPSLT BMSFBEZ TVQQPSUNPSF UIBO POFNPEFM�
" TFMFDUJPO JT TIPXO JO 5BCMF Ƌ�Ɗ� "O BOOPUBUFE WFSTJPO PG UIJT UBCMF DBO CF GPVOE JO
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ƭ�ƫ .PUJWBUJPOT GPS $PNCJOJOH $PODVSSFODZ .PEFMT

$MPKVSF 4DBMB +BWB )BTLFMM $��
%FUFSNJOJTUJD NPEFMT

'VUVSFT ✓ ✓ ✓ t ✓
1SPNJTFT ✓ ✓ ✓ t ✓
'PSL�+PJO ✓� ✓� ✓ t

1BSBMMFM DPMMFDUJPOT ✓� ✓ ✓ t t
%BUBĘPX t t t t

4IBSFE�NFNPSZ NPEFMT
ćSFBET ✓� ✓� ✓ ✓ ✓

-PDLT ✓� ✓� ✓ ✓ ✓
"UPNJD WBSJBCMFT ✓ ✓� ✓ ✓ ✓

5SBOTBDUJPOBM NFNPSZ ✓ t t ✓ t

.FTTBHF�QBTTJOH NPEFMT
"DUPST t t t t t

$IBOOFMT ✓ ✓ t ✓ t
"HFOUT ✓

5BCMF Ƌ�Ɗ� $PODVSSFODZ NPEFMT TVQQPSUFE CZ TFMFDUFE QSPHSBNNJOH MBOHVBHFT BOE UIFJS MJ�
CSBSJFT� ✓ JOEJDBUFT UIBU TVQQPSU GPS UIF DPODVSSFODZ NPEFM JT CVJMU JOUP UIF MBOHVBHF PS JUT
TUBOEBSE MJCSBSZ� t JOEJDBUFT UIBU BO FYUFSOBM MJCSBSZ FYJTUT� #FDBVTF $MPKVSF BOE 4DBMB BSF CVJMU
PO UPQ PG UIF +BWB 7JSUVBM .BDIJOF UIFZ QSPWJEF BDDFTT UP +BWB�T DPODVSSFODZ NPEFMT UIJT JT
JOEJDBUFE XJUI ✓�� "O BOOPUBUFE WFSTJPO PG UIJT UBCMF DBO CF GPVOE JO "QQFOEJY $�

"QQFOEJY $�
$MPKVSF JT UIF CFTU FYBNQMF PG B QSPHSBNNJOH MBOHVBHFXJUI TVQQPSU GPSNBOZ DPO�

DVSSFODZ NPEFMT� *U IBT DPOTUSVDUT GPS OP MFTT UIBO TJY DPODVSSFODZ NPEFMT� GVUVSFT
QSPNJTFT BUPNJD WBSJBCMFT USBOTBDUJPOBM NFNPSZ DIBOOFMT BOE BHFOUT� .PSFPWFS
BT JU JT CVJMU PO UPQ PG UIF +7. JU QSPWJEFT BDDFTT UP GPVS NPSF NPEFMT� 'PSL�+PJO
QBSBMMFM DPMMFDUJPOT UISFBET BOE MPDLT� 4DBMB TJNJMBSMZ TVQQPSUT FJHIU EJČFSFOU DPO�
DVSSFODZ NPEFMT� GPVS UISPVHI JUT PXO DPOTUSVDUT BOE GPVS CVJMU PO UPQ PG +BWB� ćF
EFTJHOFST PG UIFTF MBOHVBHFT FWJEFOUMZ DPOTJEFS JU OFDFTTBSZ UP TVQQPSU B TNPSHBTCPSE
PG DPODVSSFODZ NPEFMT� 0UIFS QSPHSBNNJOH MBOHVBHFT BMTP TVQQPSU NVMUJQMF NPE�
FMT� +BWB TVQQPSUT GVUVSFT QSPNJTFT 'PSL�+PJO QBSBMMFM DPMMFDUJPOT UISFBET MPDLT BOE
BUPNJD WBSJBCMFT� )BTLFMM TVQQPSUT UISFBET MPDLT BUPNJD WBSJBCMFT USBOTBDUJPOT BOE
DIBOOFMT� BOE $�� HBJOFE TVQQPSU GPS EJČFSFOU DPODVSSFODZ NPEFMT JO $��ƉƉ�

.PSFPWFS XF TFF UIBU XIFO MBOHVBHFT TVQQPSU GFXFS NPEFMT GPS JOTUBODF )BTLFMM
PS $�� MJCSBSJFT IBWF CFFO EFWFMPQFE UP TVQQPSU NBOZ PUIFST� *O UIBU DBTF QSPHSBN�
NFST EFDJEF UIFZ OFFE UP EFWFMPQ MJCSBSJFT UP FYUFOE UIF MBOHVBHF UIFZ VTF XJUI TVQ�
QPSU GPS BEEJUJPOBM NPEFMT�
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$IBQUFS ƭ� $PNCJOJOH $PODVSSFODZ .PEFMT

*O BMM PG UIFTF FYBNQMFT UIF MBOHVBHFT JNQPTF OP SFTUSJDUJPOT PO DPNCJOBUJPOT PG
DPODVSSFODZ NPEFMT BOE EFWFMPQFST DBO GSFFMZ NJY NVMUJQMF NPEFMT JO B TJOHMF QSP�
HSBN� )PXFWFS BT XF XJMM TFF JO UIF OFYU TFDUJPO UIFTF OBJWF DPNCJOBUJPOT DBO CSFBL
UIF HVBSBOUFFT PG UIF TFQBSBUF NPEFMT MFBEJOH UP CVHT�

0CTFSWBUJPO Ƌ� $PNQMFY BQQMJDBUJPOT DPOTJTU PG EJČFSFOU QBSUT UIBU TVJU EJČFSFOU
DPODVSSFODZ NPEFMT�

&WFO JG NBOZ EFWFMPQFST DPNCJOF NVMUJQMF NPEFMT BOE QSPHSBNNJOH MBOHVBHFT TVQ�
QPSU UIJT POF NJHIU TUJMM XPOEFS XIFUIFS UIJT JT B HPPE JEFB� 8F BSHVF JU JT�

0SJHJOBMMZ DPODVSSFODZ NPEFMT XFSF EFWJTFE UP FBDI BEESFTT B TQFDJĕD DPODVS�
SFODZ JTTVF UIBU PDDVST JO B TQFDJĕD TDFOBSJP� )PXFWFS B UZQJDBM BQQMJDBUJPO DPOTJTUT
PG NBOZ EJČFSFOU QBSUT XIJDI NBZ FBDI CFOFĕU GSPN DPODVSSFODZ� "T FBDI DPODVS�
SFODZ NPEFM JT BJNFE BU TQFDJĕD UZQFT PG QSPCMFNT EJČFSFOU QBSUT NBZ OFFE EJČFSFOU
DPODVSSFODZ NPEFMT BOE UIVT JU JT EFTJSBCMF UP DPNCJOF DPODVSSFODZ NPEFMT�

'PS JOTUBODF UIF EFWFMPQFST PG BO *OUFHSBUFE %FWFMPQNFOU &OWJSPONFOU 	*%&

DPVME DIPPTF UP VTF 'PSL�+PJO UP JNQMFNFOU JUT TFBSDI GVODUJPOBMJUZ UIBU JT B EFUFS�
NJOJTUJD NPEFM UP JODSFBTF QFSGPSNBODF XIJMF PCUBJOJOH UIF TBNF SFTVMU� ćFZ NBZ
JNQMFNFOU JUT QMVH�JO TZTUFN VTJOH BDUPST BT FBDI QMVH�JO SVOT TJNVMUBOFPVTMZ BOE JO�
EFQFOEFOUMZ POMZ OFFEJOH PDDBTJPOBM DPPSEJOBUJPO� 'JOBMMZ UIF DPEF NPEFM B TIBSFE
BOE DFOUSBM EBUB TUSVDUVSF UIBU NVTU SFNBJO DPOTJTUFOU NBZ CF FYQPTFE VTJOH 45.�
4JNJMBSMZ JO B XFC CSPXTFS FBDI UBC 	BO JOEFQFOEFOU UBTL
 NJHIU CF FYQPTFE BT BO
BDUPS UIF %PDVNFOU 0CKFDU .PEFM 	B TIBSFE EBUB TUSVDUVSF
 TUPSFE JO USBOTBDUJPOBM
NFNPSZ BOE JUT QBSTFS 	B EFUFSNJOJTUJD KPC UIBU CFOFĕUT GSPN QBSBMMFMJTN GPS QFSGPS�
NBODF
 QBSBMMFMJ[FE VTJOH GVUVSFT�

4VNNBSZ

#BTFE PO UIFTF UISFF PCTFSWBUJPOT XF DPODMVEF UIBU DPNCJOJOH DPODVSSFODZNPEFMT JT
EFTJSBCMF� 'JSTU EFWFMPQFST UPEBZ BDUVBMMZ DPNCJOFNVMUJQMF DPODVSSFODZNPEFMT� 4FD�
POE NBOZ NPEFSO QSPHSBNNJOH MBOHVBHFT BOE MJCSBSJFT TVQQPSU NBOZ DPODVSSFODZ
NPEFMT BOE BMMPX UIFTF UP CF DPNCJOFE 	OBJWFMZ
 EFNPOTUSBUJOH UIBU UIF EFTJHOFST
BOE VTFST PG UIFTF MBOHVBHFT BOE MJCSBSJFT DPOTJEFS UIJT VTFGVM� ćJSE DPNCJOJOH DPO�
DVSSFODZ NPEFMT JT SFBTPOBCMF BT MBSHF BOE DPNQMFY BQQMJDBUJPOT PęFO DPOTJTU PG EJG�
GFSFOU QBSUT UIBU BSF CFTU FYQSFTTFE VTJOH EJČFSFOU DPODVSSFODZ NPEFMT�

Ƌ�Ɗ .PUJWBUJOH $BTF 4UVEZ� $MPKVSF
*O $IBQUFST Ɖ BOE Ɗ 	4FDUJPO Ɗ�Ɖ
 XF FYQMBJOFE UIBU FBDI DPODVSSFODZ NPEFM PČFST B
OVNCFS PG HVBSBOUFFT UIBU NBLF JU FBTJFS GPS EFWFMPQFST UP SFBTPO BCPVU UIFJS QSPHSBN

ƌƐ



ƭ�Ƭ .PUJWBUJOH $BTF 4UVEZ� $MPKVSF

BOE QSFWFOU CVHT� *O UIF QSFWJPVT TFDUJPO XF TIPXFE UIBU TFWFSBM QSPHSBNNJOH MBO�
HVBHFT BMSFBEZ TVQQPSU NBOZ EJČFSFOU DPODVSSFODZ NPEFMT BOE UIBU UIFTF BSF PęFO
DPNCJOFE CZ EFWFMPQFST� /PX XF EFNPOTUSBUF UIBU XIFO DPODVSSFODZ NPEFMT BSF
OBJWFMZ DPNCJOFE UIFJS JOEJWJEVBM HVBSBOUFFT TPNFUJNFT OP MPOHFS IPME EFGZJOH UIF
FYQFDUBUJPOT PG UIF EFWFMPQFS�

8F EFNPOTUSBUF UIJT VTJOH $MPKVSF BT B DBTF TUVEZ� "T TIPXO JO 5BCMF Ƌ�Ɗ $MP�
KVSF JT B MBOHVBHF UIBU TVQQPSUT NBOZ EJČFSFOU DPODVSSFODZ NPEFMT BOE EFWFMPQFST
BSF UIFSFGPSF FTQFDJBMMZ MJLFMZ UP DPNCJOF NPEFMT JO JU� 8F MJNJU PVS DBTF TUVEZ UP
UIF TJY DPODVSSFODZ NPEFMT AOBUJWFMZ� TVQQPSUFE CZ $MPKVSF� 8IJMF $MPKVSF BMTP QSP�
WJEFT BDDFTT UP GPVS NPSF NPEFMT JU JOIFSJUT GSPN +BWB XF EP OPU DPOTJEFS UIFTF JO
PVS TUVEZ CFDBVTF $MPKVSF FJUIFS EPFT OPU QSPWJEF CVJMU�JO DPOTUSVDUT UP BDDFTT UIFN
	GPS 'PSL�+PJO BOE QBSBMMFM DPMMFDUJPOT
 PS JUT DPOTUSVDUT BSF NFSFMZ UIJO XSBQQFST 	GPS
UISFBET BOE MPDLT
�

8F TUBSU UIJT TFDUJPO CZ CSJFĘZ EFTDSJCJOH UIFTF TJY DPODVSSFODZ NPEFMT BOE UIFJS
DPOTUSVDUT 	4FDUJPO Ƌ�Ɗ�Ɖ
� /FYU XF EFĕOF UISFF TQFDJĕD CVHT UIBU DBO BSJTF XIFO
UIFZ BSF DPNCJOFE� SBDF DPOEJUJPOT EFBEMPDLT BOE MJWFMPDLT 	4FDUJPO Ƌ�Ɗ�Ɗ
� 'JOBMMZ
XF FYBNJOFXIJDI DPNCJOBUJPOT PG $MPKVSF�T DPODVSSFODZNPEFMT DBO HJWF SJTF UP UIFTF
CVHT BOE GPS XIJDI DPNCJOBUJPOT UIFZ BSF QSFWFOUFE 	4FDUJPO Ƌ�Ɗ�Ƌ
�

ćFTF SFTVMUT XFSF ĕSTU EFTDSJCFE CZ 4XBMFOT FU BM� <ƊƈƉƌ>�

Ƌ�Ɗ�Ɖ $MPKVSF�T $PODVSSFODZ .PEFMT BOE ćFJS $POTUSVDUT

8F CSJFĘZ EFTDSJCF UIF TJY DPODVSSFODZ NPEFMT CVJMU JOUP $MPKVSF� 5BCMF Ƌ�Ƌ MJTUT UIFJS
DPOTUSVDUT� /PUF UIBU UIF JNQMFNFOUBUJPO PG UIFTF DPODVSSFODZ NPEFMT JO $MPKVSF
TPNFUJNFT EJČFST GSPN UIFJS PSJHJOBM TQFDJĕDBUJPO PS IPX UIFZ XFSF EFTDSJCFE JO
$IBQUFS Ɗ� )FSF XF TQFDJĕDBMMZ EFTDSJCF $MPKVSF�T JNQMFNFOUBUJPO�

"UPNJD WBSJBCMFT

"UPNJD WBSJBCMFT PS BUPNT BSF WBSJBCMFT UIBU TVQQPSU DPODVSSFOU BDDFTT UP TIBSFE
NFNPSZ VTJOH B OVNCFS PG MPX�MFWFM BUPNJD PQFSBUJPOT TVDI BT DPNQBSF�BOE�TXBQ�
$PNQBSF�BOE�TXBQ DPNQBSFT UIF WBMVF PG BO BUPNJD WBSJBCMF XJUI B HJWFO WBMVF BOE
POMZ JG UIFZ BSF UIF TBNF SFQMBDFT JU XJUI B OFX WBMVF� $PNQBSF�BOE�TXBQ JT BO
BUPNJD PQFSBUJPO JNQMFNFOUFE CZ UIF IBSEXBSF TP JU DBO CF VTFE UP TBGFMZ NPEJGZ
B TIBSFE WBSJBCMF� 0QFSBUJPOT BČFDUJOH NVMUJQMF BUPNJD WBSJBCMFT BSF OPU DPPSEJOBUFE
DPOTFRVFOUMZ XIFONPEJGZJOH UXP BUPNJD WBSJBCMFT SBDF DPOEJUJPOT DBO PDDVS� )FODF
BUPNT BSF UZQJDBMMZ VTFE UP TIBSF JOEFQFOEFOU QJFDFT PG EBUB UIBU EP OPU SFRVJSF DPPS�
EJOBUFE VQEBUFT�

*O$MPKVSF BUPNJD WBSJBCMFT BSF DSFBUFE VTJOH (atom v) XIFSF v JT UIF BUPN�T JOJUJBM
WBMVF� ćF WBMVF PG UIF BUPN a DBO CF SFBE VTJOH (deref a)� (reset! a v)XSJUFT UIF
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$IBQUFS ƭ� $PNCJOJOH $PODVSSFODZ .PEFMT

WBMVF v UP UIF BUPN� "O BUPN JT VTVBMMZ NPEJĕFE VTJOH swap! F�H� (swap! counter
inc)� swap! JT B IJHIFS�PSEFS GVODUJPO UIBU FWBMVBUFT UIF HJWFO GVODUJPO 	IFSF inc UP
JODSFNFOU UIF DPVOUFSƉ
 XJUI UIF DVSSFOU WBMVF PG UIF BUPN BOE BUUFNQUT UP XSJUF UIF
SFUVSO WBMVF UP UIF BUPN� ćJT XSJUF JT QSPUFDUFE VTJOH BO BUPNJD DPNQBSF�BOE�TXBQ
JOTUSVDUJPO� JO DBTF BOPUIFS UISFBE XSPUF UP UIF BUPN JO UIF NFBO UJNF UIF DVSSFOU
UISFBEXJMM SFUSZ UIF swap! PQFSBUJPO CZ SFFWBMVBUJOH UIF GVODUJPO incXJUI UIF OFXFTU
WBMVF� "T TVDI UIF DPEF JO UIF GVODUJPO QBTTFE UP swap! DBO CF FYFDVUFE NVMUJQMF
UJNFT BOE BOZ TJEF FČFDUT JU DPOUBJOT NBZ PDDVS NVMUJQMF UJNFT�

"HFOUT

$MPKVSF�T BHFOUT JNQMFNFOU B NFTTBHF�QBTTJOH DPODVSSFODZ NPEFM� "O BHFOU DPOTJTUT
PG B VTFS UISFBE B NFNPSZ MPDBUJPO PXOFE CZ UIF BHFOU 	JUT JOUFSOBM TUBUF
 BOE BO
JOCPY� (agent v) DSFBUFT BO BHFOU XJUI JOJUJBM WBMVF v� (send counter inc) BTZO�
DISPOPVTMZ QVUT B NFTTBHF inc JO UIF JOCPY PG BHFOU counter� 8IFO UIF BHFOU QSP�
DFTTFT UIF NFTTBHF PO JUT PXO UISFBE JU DBMMT UIF GVODUJPO JO UIF NFTTBHF 	IFSF inc

XJUI UIF DVSSFOU TUBUF PG JUT NFNPSZ MPDBUJPO BOE UIF SFUVSO WBMVF PG UIJT DBMM JT TUPSFE
BT UIF OFX TUBUF�

ćF TUBUF PG BO BHFOU DBO CF SFBE VTJOH (deref a) XIJDI JNNFEJBUFMZ SFUVSOT
UIF DVSSFOU TUBUF� *G UIF BHFOU JT QSPDFTTJOH B NFTTBHF BU UIF UJNF UIF TUBUF JT TUJMM
VONPEJĕFE� XIFO UIF NFTTBHF JT QSPDFTTFE UIF TUBUF JT SFQMBDFE JO B TJOHMF BUPNJD
TUFQ� 'VSUIFS $MPKVSF QSPWJEFT (await a) UP CMPDL VOUJM BMM NFTTBHFT TFOU UP UIF BHFOU
TP GBS IBWF CFFO QSPDFTTFE�

"HFOUT BSF TJNJMBS UP BDUPST BT CPUI VTF BTZODISPOPVT NFTTBHF QBTTJOH� ćF EJG�
GFSFODF JT UIBU BO BHFOU EPFT OPU DPOUBJO BOZ CFIBWJPS POMZ TUBUF� *OTUFBE UIF NFTTBHF
JT UIF CFIBWJPS UBLJOH UIF DVSSFOU TUBUF BT BO BSHVNFOU BOE VQEBUJOH JU�

5SBOTBDUJPOT 	4PęXBSF 5SBOTBDUJPOBM .FNPSZ o 45.


"T FYQMBJOFE JO 4FDUJPO Ɗ�ƌ 	QBHF ƊƊ
 USBOTBDUJPOT BMMPX DPODVSSFOU UBTLT UP TBGFMZ
BDDFTT TIBSFE NFNPSZ� $MPKVSF�T 4PęXBSF 5SBOTBDUJPOBM .FNPSZ JT JEFOUJDBM UP UIF
GPSNBM EFTDSJQUJPO XF HBWF JO 4FDUJPO Ɗ�ƌ FYDFQU UIBU USBOTBDUJPOT BSF FODBQTVMBUFE JO
dosync JOTUFBE PG atomic� "T FYQMBJOFE CFGPSF USBOTBDUJPOT NBZ SFUSZ NVMUJQMF UJNFT�

'VUVSFT

'VUVSFT JO $MPKVSF IBWF UIF TBNF TFNBOUJDT BT UIF NPEFM EFTDSJCFE JO 4FDUJPO Ɗ�Ƌ
	QBHF ƉƏ
� 0OMZ UIFJS TZOUBY EJČFST� JO $MPKVSF B GVUVSF JT DSFBUFE VTJOH (future e)
BOE SFBE VTJOH (deref f) XIJDI CMPDLT VOUJM JUT SFTVMU JT BWBJMBCMF�

Ɖinc JT B CVJMU�JO GVODUJPO UIBU JODSFNFOUT JUT BSHVNFOU J�F� (defn inc [i] (+ i 1))�
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ƭ�Ƭ .PUJWBUJOH $BTF 4UVEZ� $MPKVSF

"UPNT "HFOUT 45. 'VUVSFT 1SPNJTFT $IBOOFMT
$SFBUF atom agent ref future promise chan
3FBE deref deref deref deref deref <!

4FU reset! ref-set deliver >!
6QEBUF swap! send alter
#MPDL dosync go
0UIFS await take!

put!

5BCMF Ƌ�Ƌ� $POTUSVDUT TVQQPSUFE CZ $MPKVSF�T DPODVSSFODZ NPEFMT� JOEJDBUFT B 	QPUFOUJBMMZ

CMPDLJOH PQFSBUJPO BO PQFSBUJPO UIBU NJHIU CF SFUSJFE BVUPNBUJDBMMZ�

1SPNJTFT

" QSPNJTF JT B QMBDFIPMEFS GPS B WBMVF UIBU XJMM CF ĕMMFE JO MBUFS� " QSPNJTF JT TJNJMBS
UP B GVUVSF CVU JU JT DSFBUFE JOEFQFOEFOUMZ GSPN JUT UBTL� JUT WBMVF JT AEFMJWFSFE� MBUFS
VTJOH BO FYQMJDJU DPOTUSVDU� *O $MPKVSF B QSPNJTF JT DSFBUFE VTJOH (promise) BOE
EFMJWFSFE VTJOH (deliver p v)� (deref p) SFBET UIF QSPNJTF CMPDLJOH VOUJM JU IBT
CFFO EFMJWFSFE�

$IBOOFMT 	WBSJBOU PG $PNNVOJDBUJOH 4FRVFOUJBM 1SPDFTTFT o $41


$MPKVSF�T DPSF�BTZOD MJCSBSZ JNQMFNFOUT B WBSJBOU PG UIF $41NPEFM� BNFTTBHF�QBTTJOH
DPODVSSFODZ NPEFM JO XIJDI DPODVSSFOU UBTLT FYDIBOHF NFTTBHFT PWFS DIBOOFMT� "
DIBOOFM DBO IBWF NVMUJQMF SFBEFST BOE XSJUFST� $PNNVOJDBUJPO JT TZODISPOPVT� UIF
TFOEFS BOE SFDFJWFS XBJU VOUJM CPUI BSF SFBEZ UP QBTT UIF NFTTBHF 	SFOEF[�WPVT
�

" OFX AQSPDFTT� JT TUBSUFE VTJOH B go CMPDL BOE DIBOOFMT BSF DSFBUFE VTJOH (chan)�
*OTJEF B go CMPDL UIF NFTTBHF v DBO CF TFOU PWFS DIBOOFM c VTJOH (>! c v) BOE B NFT�
TBHF DBO CF SFDFJWFE VTJOH (<! c)� ćFTF PQFSBUJPOT CMPDL VOUJM UIFJS DPNQMFNFOUBSZ
PQFSBUJPO JT FYFDVUFE PO BOPUIFS UISFBE� ćFSF BSF BMTP OPOCMPDLJOH BTZODISPOPVT
WFSTJPOT PG UIFTF PQFSBUJPOT� take! BOE put!�

4VNNBSZ

5BCMF Ƌ�Ƌ MJTUT UIF DPOTUSVDUT EFTDSJCFE BCPWF� ćFSF BSF TPNF TUSJLJOH TJNJMBSJUJFT
CFUXFFO BMM NPEFMT�
t &BDINPEFM FODBQTVMBUFT WBMVFT JO B ADPOUBJOFS�� BO BUPN BHFOU SFG GVUVSF QSPNJTF

PS DIBOOFM�
t ćF WBMVF JO UIFTF DPOUBJOFST DBO CF SFBE VTJOH deref GPS FBDINPEFM FYDFQU DIBO�

OFMT XIJDI SFRVJSFT <!� .PSFPWFS $MPKVSF QSPWJEFT UIF TQFDJBM TZOUBY @x UIBU
FYQBOET UP (deref x) BOE XPSLT PO BMM NPEFMT FYDFQU DIBOOFMT�
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$IBQUFS ƭ� $PNCJOJOH $PODVSSFODZ .PEFMT

t "MM NPEFMT QSPWJEF DPOTUSVDUT UP XSJUF UP UIF DPOUBJOFS FYDFQU GVUVSFT XIJDI
BSF EFMJWFSFE JNQMJDJUMZ� 8F EJTUJOHVJTI DPOTUSVDUT UIBU EJSFDUMZ TFU B WBMVF F�H�
(reset! a 5) BOE UIPTF UIBU VQEBUF UIF DVSSFOU WBMVF VTJOH B GVODUJPO F�H� (swap!
a inc)� 6OMJLF deref UIFTF DPOTUSVDUT IBWF B EJČFSFOU OBNF GPS FBDI NPEFM�

t 'JOBMMZ USBOTBDUJPOT DIBOOFMT BOE GVUVSFT QSPWJEF B DPOTUSVDU UIBU DPOUBJOT B
CMPDL PG DPEF XSBQQJOH B USBOTBDUJPO 	dosync
 DPODVSSFOU QSPDFTT 	go
 PS GVUVSF
	future
� 	future IBT B EPVCMF GVODUJPO JO CPUI DSFBUJOH B GVUVSF BOE XSBQQJOH
UIF DPEF JU FYFDVUFT�


*O UIF UBCMF XF BMTP IJHIMJHIU DPOTUSVDUT XJUI QPUFOUJBMMZ EBOHFSPVT QSPQFSUJFT�

t #MPDLJOH PQFSBUJPOT 	JOEJDBUFE XJUI 
 XBJU VOUJM B SFTVMU JT NBEF BWBJMBCMF CZ
BOPUIFS UISFBE� 8F XJMM QBZ QBSUJDVMBS BUUFOUJPO UP UIFTF PQFSBUJPOT BT UIFZ QP�
UFOUJBMMZ DBVTF EFBEMPDLT XIFO DPNCJOFE XJUI BOPUIFS DPODVSSFODZ NPEFM�

t 3FUSZJOH PQFSBUJPOT 	JOEJDBUFE XJUI 
 DBO SFFYFDVUF DPEF BVUPNBUJDBMMZ� ćFSF
BSF UXP TVDI PQFSBUJPOT� swap! PO BUPNT BOE dosync GPS USBOTBDUJPOT� 8F XJMM
BMTP QBZ BUUFOUJPO UP UIFTF PQFSBUJPOT BT UIFZ NBZ DBVTF VOFYQFDUFE CFIBWJPS PS
JODPSSFDU SFTVMUT XIFO DPNCJOFE XJUI DFSUBJO PQFSBUJPOT PG BOPUIFS DPODVSSFODZ
NPEFM�

Ƌ�Ɗ�Ɗ 5ZQJDBM #VHT JO $PODVSSFOU 1SPHSBNT
8F MPPL BU UIF UISFF CVHT UIBU UZQJDBMMZ BSJTF JO DPODVSSFOU QSPHSBNNJOH� SBDF DPO�
EJUJPOT XIJDI NBZ DBVTF JODPSSFDU SFTVMUT BOE EFBEMPDLT BOE MJWFMPDLT XIJDI NBZ
QSFWFOU B QSPHSBN GSPN UFSNJOBUJOH�

3BDF DPOEJUJPOT

*O DPODVSSFOU QSPHSBNT BO JNQPSUBOU TPVSDF PG CVHT BSF SBDF DPOEJUJPOT <-V FU BM�
ƊƈƈƐ>� " SBDF DPOEJUJPO PDDVST XIFO BO JODPSSFDU SFTVMU JT SFBDIFE EVF UP BO VOFY�
QFDUFE PSEFSJOH PG UIF JOTUSVDUJPOT PGNVMUJQMF UISFBET� .BOZ DPODVSSFODZNPEFMT BSF
EFTJHOFE UP QSFWFOU 	DFSUBJO
 SBDF DPOEJUJPOT� ćFZ DBO EP UIJT CZ NBOBHJOH TIBSFE
SFTPVSDFT� GPS JOTUBODF 45. POMZ BMMPXT TIBSFENFNPSZ UP CF BDDFTTFE JOTJEF USBOTBD�
UJPOT XIJMF UIF BDUPSNPEFM POMZ BMMPXT UISFBET UP TIBSF EBUB UISPVHI FYQMJDJU NFTTBHF
QBTTJOH�

8IFO UXP NPEFMT BSF DPNCJOFE JO B OBJWF XBZ OFX SBDFT DPVME CF JOUSPEVDFE
VOFYQFDUFEMZ� 'PS FYBNQMF TPNF JNQMFNFOUBUJPOT PG 45. IBWF CFFO QSPWFO MJOFBSJ[�
BCMF <4IBWJU BOE 5PVJUPV ƉƑƑƏ> PS PQBRVF <(VFSSBPVJ BOE ,BQB�LB ƊƈƈƐ>� )PXFWFS
UIJT BTTVNFT UIBU BMM TIBSFE NFNPSZ JT NBOBHFE CZ UIF 45. TZTUFN� ćJT JT OPU USVF
JG B UISFBE DPNNVOJDBUFT XJUI PUIFS UISFBET F�H� XIFO B USBOTBDUJPO DPNNVOJDBUFT
PWFS B DIBOOFM PQBDJUZ DBO CF CSPLFO� ćJT DBO DBVTF VOFYQFDUFE JOUFSMFBWJOHT UIBU
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ƭ�Ƭ .PUJWBUJOH $BTF 4UVEZ� $MPKVSF

FWFOUVBMMZ MFBE UP SBDF DPOEJUJPOT� *O UIF OFYU TFDUJPO XF TUVEZ XIJDI QBJSXJTF DPN�
CJOBUJPOT PG DPODVSSFODZ NPEFMT DBO JOUSPEVDF SBDF DPOEJUJPOT�

%FBEMPDLT

"OPUIFS JNQPSUBOU TPVSDF PG CVHT JO DPODVSSFOU QSPHSBNT BSF EFBEMPDLT <-V FU BM�
ƊƈƈƐ>� " EFBEMPDL PDDVST XIFO UXP PSNPSF UISFBET BSF XBJUJOH GPS FBDI PUIFS UP UBLF
BDUJPO BOE UIVT OFJUIFS FWFS EPFT� %FBEMPDLT BSF JOUSPEVDFE CZ PQFSBUJPOT UIBU CMPDL�
4PNF DPODVSSFODZ NPEFMT HVBSBOUFF BO BCTFODF PG EFBEMPDLT F�H� 45. BOE BDUPST
	TFF $IBQUFS Ɗ
� 0UIFST USZ UP DPOĕOF UIF QSPCMFN CZ MJNJUJOH CMPDLJOH UP B TNBMM TFU
PG PQFSBUJPOT� 'PS FYBNQMF GVUVSFT POMZ QSPWJEF POF CMPDLJOH PQFSBUJPO� SFBEJOH B
GVUVSF XBJUT VOUJM JU JT SFTPMWFE� "T MPOH BT BMM GVUVSFT FWFOUVBMMZ SFTPMWF OP EFBEMPDLT
XJMM PDDVS�

8IFO DPODVSSFODZ NPEFMT BSF DPNCJOFE XJUIPVU UIF OFDFTTBSZ QSFDBVUJPOT VO�
FYQFDUFE EFBEMPDLT NJHIU BSJTF� 'PS JOTUBODF B USBOTBDUJPO UIBU VTFT UIF CMPDLJOH
PQFSBUJPOT PG BOPUIFS NPEFM TVDI BT SFBEJOH B DIBOOFM NBZ TVEEFOMZ CFDPNF QSPOF
UP EFBEMPDLT� 0S B GVUVSF UIBU DPOUBJOT CMPDLJOH PQFSBUJPOT GSPN BOPUIFS NPEFM NBZ
OFWFS CF SFTPMWFE QPUFOUJBMMZ MFBEJOH UP B EFBEMPDL� *O UIF OFYU TFDUJPO XF TUVEZ
XIJDI QBJSXJTF DPNCJOBUJPOT PG DPODVSSFODZNPEFMT DBO JOUSPEVDF EFBEMPDLT CZ MPPL�
JOH BU UIFJS CMPDLJOH PQFSBUJPOT�

-JWFMPDLT

-JWFMPDLT BQQFBS XIFO DPEF JT SFFYFDVUFE VOEFS B DFSUBJO DPOEJUJPO BOE BOPUIFS
UISFBE DBVTFT UIJT DPOEJUJPO UP CF BMXBZT USVF� 4PNF DPODVSSFODZ NPEFMT TVDI BT
TPNF 45.T HVBSBOUFF UIF BCTFODF PG MJWFMPDLT <)BSSJT FU BM� ƊƈƉƈ )FSMJIZ BOE 4IBWJU
ƊƈƉƉ>�

"HBJO XIFO DPODVSSFODZNPEFMT BSF OBJWFMZ DPNCJOFE VOFYQFDUFE MJWFMPDLTNBZ
BSJTF� ćF swap! DPOTUSVDU PO BO BUPN SFTUBSUT VOUJM JUT XSJUF PQFSBUJPO OP MPOHFS DPO�
ĘJDUT CVU JO DPNCJOBUJPO XJUI BOPUIFS DPODVSSFODZ NPEFM B DPOĘJDU NBZ BMXBZT PD�
DVS� 8FXJMM TUVEZ XIJDI QBJSXJTF DPNCJOBUJPOT PG DPODVSSFODZNPEFMT DBO JOUSPEVDF
MJWFMPDLT CZ MPPLJOH BU UIFJS SFUSZJOH PQFSBUJPOT�

Ƌ�Ɗ�Ƌ *OUFHSBUJPO #VHT JO $MPKVSF
*O UIJT TFDUJPO GPS FBDI QBJSXJTF DPNCJOBUJPO PGNPEFMT XF TUVEZ XIFUIFS SBDF DPOEJ�
UJPOT EFBEMPDLT PS MJWFMPDLT DBO BSJTF GSPN UIF JOUFSBDUJPOT CFUXFFO UIF UXP NPEFMT�

/PUF UIBU B DPODVSSFODZ NPEFM DBO BMSFBEZ CF QSPOF UP UIFTF CVHT XIFO VTFE
TFQBSBUFMZ� 'PS JOTUBODF JU JT QPTTJCMF UP DPOTUSVDU B QSPHSBN VTJOH QSPNJTFT UIBU MFBET
UP B EFBEMPDL PS B QSPHSBN JO XIJDI UXP BUPNJD WBSJBCMFT BSF BDDFTTFE JO B XBZ UIBU
DBVTFT B SBDF DPOEJUJPO� 8F DPOTJEFS UIJT CFIBWJPS FYQFDUFE CZ UIF QSPHSBNNFS� UIF
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$IBQUFS ƭ� $PNCJOJOH $PODVSSFODZ .PEFMT

	B
 3BDF DPOEJUJPOT
VTFE JO "UPNT "HFOUT 45. 'VUVSFT 1SPNJTFT $IBOOFMT

"UPN�T swap! ✗ ✗ ✗ ✗ ✗ ✗ �

"HFOU�T BDUJPO ✓ ✓ ✓ ✓ ✓ ✓

45.�T dosync ✗ ✓ ✓ ✗ ✗ ✗ �

'VUVSF ✓ ✓ ✓ ✓ ✓ ✓

$41�T go ✓ ✓ ✓ ✓ ✓ ✓

	C
 %FBEMPDLT
VTFE JO "UPNT "HFOUT 45. 'VUVSFT 1SPNJTFT $IBOOFMT

"UPN�T swap! ✓ ✓ ✓ ✓ ✓ ✗

"HFOU�T BDUJPO ✓ ✓ ✓ ✓ ✗ � ✗

45.�T dosync ✓ ✓ ✓ ✓ ✓ ✗

'VUVSF ✓ ✗ ✓ ✗ � ✓ ✗

$41�T go ✓ ✗ ✓ ✓ ✓ ✗

� �

	D
 -JWFMPDLT
VTFE JO "UPNT "HFOUT 45. 'VUVSFT 1SPNJTFT $IBOOFMT

"UPN�T swap! ✗ � ✓ ✓ ✓ ✓ ✓

"HFOU�T BDUJPO ✓ ✓ ✓ ✓ ✓ ✓

45.�T dosync ✓ ✓ ✓ � ✓ ✓ ✓

'VUVSF ✓ ✓ ✓ ✓ ✓ ✓

$41�T go ✓ ✓ ✓ ✓ ✓ ✓

5BCMF Ƌ�ƌ� ćFTF UBCMFT TIPXXIFO SBDF DPOEJUJPOT EFBEMPDLT PS MJWFMPDLT DBO BSJTF CZ DPNCJO�
JOH UXPNPEFMT JO $MPKVSF� ćFNPEFM JO UIF DPMVNO JT VTFE JO UIFNPEFM JO UIF SPX� $PNCJOB�
UJPOT UIBU QPUFOUJBMMZ HJWF SJTF UP CVHT BSF JOEJDBUFE VTJOH ✗� 'PS UIF DPNCJOBUJPOT IJHIMJHIUFE
JO HSFFO  $MPKVSF UBLFT JOUP BDDPVOU UIF DPNCJOBUJPO BOE QSFWFOUT B QPUFOUJBM CVH GPS UIPTF
IJHIMJHIUFE JO PSBOHF $MPKVSF UISPXT BO FYDFQUJPO UP NBLF UIF EFWFMPQFS BXBSF PG UIF QSPC�
MFN�

ƍƌ



ƭ�Ƭ .PUJWBUJOH $BTF 4UVEZ� $MPKVSF

DPODVSSFODZNPEFM XPSLT BT TQFDJĕFE� 8F MPPL TQFDJĕDBMMZ GPS OFX CVHT UIBU BSJTF EVF
UP B DPNCJOBUJPO PG UXP DPODVSSFODZNPEFMT BT XF DPOTJEFS UIJT VOFYQFDUFE CFIBWJPS�
B HVBSBOUFF PČFSFE CZ UIF TFQBSBUF NPEFMT OP MPOHFS IPMET�

8F FYBNJOFE UIF QBJSXJTF DPNCJOBUJPOT PG $MPKVSF�T DPODVSSFODZ NPEFMT CZ MFY�
JDBMMZ FNCFEEJOH FBDI PG UIF DPODVSSFODZ NPEFMT JO FBDI PG UIF NPEFMT o JODMVEJOH
JUTFMG o BOE FYBNJOJOH XIFUIFS UIF CVHT BSJTF� ćF DPNQMFUF TFU PG SFTVMUT JT TIPXO
JO 5BCMFT Ƌ�ƌB Ƌ�ƌC BOE Ƌ�ƌD DPSSFTQPOEJOH UP UIF UISFF UZQFT PG CVHT o SBDF DPOEJ�
UJPOT EFBEMPDLT BOE MJWFMPDLT� 'PS JOTUBODF UIF TFDPOE DPMVNO PG 5BCMF Ƌ�ƌB JOEJ�
DBUFT XIFUIFS B SBDF DPOEJUJPO DBO PDDVS 	✓
 PS OPU 	✗
 XIFO B send UP BO BHFOU JT
FNCFEEFE JO�
t BO BUPN�T swap! CMPDL 	BT JO UIF DPEF FYBNQMF TIPXO JO -JTUJOH Ƌ�ƍB PO QBHF ƍƏ

t BOPUIFS BHFOU BDUJPO
t BO 45. USBOTBDUJPO 	BT JO -JTUJOH Ƌ�ƍC PO QBHF ƍƏ

t B GVUVSF BOE
t B go CMPDL�

#FMPX XF EJTDVTT UIF DBTFT XIFSF B CVH DBO PDDVS� ćFTF SFTVMUT BSF JOEJDBUFE XJUI
DJSDMFE OVNCFST 	 � UP � 
 JO UIF UBCMFT� " EFUBJMFE FOVNFSBUJPO PG BMM DBTFT JODMVEJOH
UIPTF XIFSF OP CVHT PDDVS JT HJWFO JO UIF BQQFOEJY PG 4XBMFOT FU BM� <ƊƈƉƌ>�

8IFO B DPNCJOBUJPO PG UXP NPEFMT DBO MFBE UP POF PG UIFTF CVHT XF TBZ UIBU
UIFZ BSF OPU DPNQPTBCMF� )PXFWFS UIF BCTFODF PG BMM UISFF CVHT EPFT OPU HVBSBOUFF
UIBU UIFZ BSF DPNQPTBCMF� $PODVSSFODZ NPEFMT NBZ QSPWJEF PUIFS HVBSBOUFFT CFTJEFT
UIF BCTFODF PG SBDF DPOEJUJPOT EFBEMPDLT BOE MJWFMPDLT� 'PS FYBNQMF JU JT QPTTJCMF
UP DPOTUSVDU B QSPHSBN UIBU DPNCJOFT USBOTBDUJPOT XJUI BUPNT UIBU EPFT OPU MFBE UP
B SBDF DPOEJUJPO EFBEMPDL PS MJWFMPDL CVU TUJMM CSFBLT UIF TFSJBMJ[BCJMJUZ FYQFDUFE PG
45.�

3BDF DPOEJUJPOT 	5BCMF Ƌ�ƌB


8F ĕSTU GPDVT PO UIF QPTTJCJMJUZ PG SBDF DPOEJUJPOT XIJDI BSF DBVTFE CZ BO JODPSSFDU
JOUFSMFBWJOH CFUXFFO UXP NPEFMT�

8IFO VTJOH BOZ DPODVSSFODZ NPEFM JO UIF GVODUJPO HJWFO UP BO BUPN�T swap! PQ�
FSBUJPO SBDF DPOEJUJPOT BSF QPTTJCMF CFDBVTF UIF GVODUJPO NBZ CF SFFYFDVUFE � � 'PS
FYBNQMF XIFO UIJT GVODUJPO TFOET B NFTTBHF UP BO BHFOU JU DPVME CF TFOU UXJDF 	-JTU�
JOH Ƌ�ƍB
� .PSFPWFS CFDBVTF PQFSBUJPOT PO NVMUJQMF BUPNT BSF OPU DPPSEJOBUFE FWFO
DPNCJOJOH UXP BUPNT JT VOTBGF�

'PS USBOTBDUJPOT �  BDUJPOT JOTJEF B dosyncCMPDL BSF SFFYFDVUFE JG UIF USBOTBDUJPO
JT SFUSJFE BOE UIFSFGPSF UIF HFOFSBM SVMF JT UIBU i*�0 BOE PUIFS BDUJWJUJFT XJUI TJEF FG�
GFDUT TIPVME CF BWPJEFE JO USBOTBDUJPOTwƊ� )PXFWFS UIFSF BSF UXP TBGF DPNCJOBUJPOT�

Ɗ"T TVHHFTUFE JO $MPKVSF�T EPDVNFOUBUJPO BU IUUQT���DMPKVSF�PSH�SFGFSFODF�SFGT�

ƍƍ
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$IBQUFS ƭ� $PNCJOJOH $PODVSSFODZ .PEFMT

'JSTU XIFO B NFTTBHF JT TFOU UP BO BHFOU JOTJEF B dosync CMPDL 	-JTUJOH Ƌ�ƍC
 $MPKVSF
EPFT OPU TFOE UIJT NFTTBHF JNNFEJBUFMZ� *OTUFBE JU EFMBZT UIF TFOE VOUJM UIF USBOT�
BDUJPO JT TVDDFTTGVMMZ DPNNJUUFE� 4FDPOE XIFO POF dosync CMPDL JT VTFE JO BOPUIFS
UIF JOOFS USBOTBDUJPO JT NFSHFE JOUP UIF PVUFS POF 	UIJT JT DBMMFE DMPTFE OFTUJOH <.PTT
ƉƑƐƉ .PTT BOE )PTLJOH ƊƈƈƎ>
 BOE BT B SFTVMU USBOTBDUJPOT BSF DPNCJOFE TBGFMZ� *O
CPUI PG UIFTF DBTFT $MPKVSF BOUJDJQBUFT UIF DPNCJOBUJPO PG UIFTF DPODVSSFODZ NPEFMT
BOE FOTVSFT UIFJS TFNBOUJDT SFNBJO UIF TBNF�

#BTFE PO UIFTF SFTVMUT XF DPODMVEF UIBU JG UIF PVUFS NPEFM QSPWJEFT B SFUSZJOH PQFSB�
UJPO BOE UIF JOOFS NPEFM DBO QFSGPSN JSSFWPDBCMF BDUJPOT VOFYQFDUFE JOUFSMFBWJOHT DBO
IBQQFO BOE UIFSFGPSF TBGFUZ JT OPU HVBSBOUFFE� 8F DBMM UIFTF TQVSJPVT SFUSJFT� $MPKVSF
QSFWFOUT UIJT CVH JO UXP TQFDJĕD DBTFT�

%FBEMPDLT 	5BCMF Ƌ�ƌC


/FYU XF MPPL BU EFBEMPDLT XIJDI BSF JOUSPEVDFE CZ CMPDLJOH PQFSBUJPOT�
$PNNVOJDBUJPO PWFS DIBOOFMT JT CMPDLJOH CZ EFGBVMU BOE UIFSFGPSF EFBEMPDLT BSF

QPTTJCMF XIFO UIJT JT EPOF JO BOPUIFSNPEFM � � ćJT JT QBSUJDVMBSMZ QSPCMFNBUJD XIFO
FNCFEEFE JO swap! 	BUPNT
 PS dosync 	USBOTBDUJPOT
� TZODISPOPVT DPNNVOJDBUJPO
JT JSSFWPDBCMF BOE TIPVME OPU CF SFFYFDVUFE�

3FBEJOH B GVUVSF PS B QSPNJTF JT BO PQFSBUJPO UIBU CMPDLT VOUJM JUT WBMVF CFDPNFT
BWBJMBCMF� ćJT DBO DBVTF B EFBEMPDL XIFO B QSPNJTF JT FNCFEEFE JO BO BHFOU � � "
DPEF FYBNQMF JT TIPXO JO -JTUJOH Ƌ�ƎB� XIFO POF UISFBE TFOET BO BDUJPO UP BO BHFOU
UIBU SFBET B QSPNJTF BOE BOPUIFS TFOET BO BDUJPO UIBU EFMJWFST UIJT QSPNJTF UIF NFT�
TBHFT DBO CF TDIFEVMFE JO BO PSEFS UIBU MFBET UP B EFBEMPDL� 3FBEJOH GVUVSFT JOTJEF BO�
PUIFS GVUVSF DBO BMTP DBVTF B EFBEMPDL XIFO NVUVBMMZ EFQFOEFOU GVUVSFT BSF BMMPXFE
BT JT UIF DBTF JO $MPKVSF � 	-JTUJOH Ƌ�ƎC
�

'JOBMMZ BHFOUT TVQQPSU POF CMPDLJOH PQFSBUJPO await XIJDI XBJUT VOUJM UIF BHFOU
IBT ĕOJTIFE QSPDFTTJOH BMM JUT NFTTBHFT� *O BO BUPN�T swap! CMPDL UIJT EPFT OPU QPTF B
QSPCMFN� UIF await PQFSBUJPO XJMM BMXBZT QSPDFFE FWFOUVBMMZ� )PXFWFS JO B go CMPDL
PS B GVUVSF �  UIJT DBO DBVTF B EFBEMPDL XIFO UIPTF NPEFMT� CMPDLJOH PQFSBUJPOT 	<!
>! PS deref
 BSF DPNCJOFEXJUI await� *O BHFOU BDUJPOT BOE USBOTBDUJPOT UIJT TJUVBUJPO
JT QSFWFOUFE� $MPKVSF SBJTFT BO FYDFQUJPO UP JOEJDBUF UIJT CFIBWJPS JT VOTBGF�

8F DPODMVEF UIBU JG UIF JOOFS NPEFM QSPWJEFT CMPDLJOH PQFSBUJPOT B EFBEMPDL JT QPT�
TJCMF� 8F SFGFS UP UIJT BT VOFYQFDUFE CMPDLJOH� *O UXP DBTFT $MPKVSF NBLFT UIF EF�
WFMPQFS BXBSF PG UIF QPUFOUJBM CVH CZ UISPXJOH BO FYDFQUJPO CVU EPFT OPU BUUFNQU UP
TPMWF JU�
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-JTUJOH Ƌ�ƍ� 4FOEJOH B NFTTBHF UP BO BHFOU 	JO UIF DPOUFYU PG B NBJM DMJFOU
 JO B SFUSZJOH PQFS�
BUJPO 	swap! BOE dosync
�

Ɖ (def unread-mails (atom 0))
Ɗ (def notifications (agent ’()))
Ƌ (swap! unread-mails
ƌ (fn [n]
ƍ (send notifications (fn [msgs] (cons ”New mail!” msgs)))
Ǝ (inc n)))

	B
 send UP BO BHFOU JO BO BUPN�T swap!� TFOE NBZ IBQQFO NPSF UIBO PODF�

Ɖ (def mail (ref {:subject ”Hi” :archived false}))
Ɗ (def notifications (agent ’()))
Ƌ (dosync
ƌ (ref-set mail (assoc @mail :archived true))
ƍ (send notifications
Ǝ (fn [msgs] (cons (str ”Archived mail ” (:subject @mail)) msgs))))

	C
 send UP BO BHFOU JO B USBOTBDUJPO 	dosync
� TFOE JT EFMBZFE VOUJM UIF USBOTBDUJPO DPNNJUT�

-JTUJOH Ƌ�Ǝ� %FBEMPDLT XIFO SFBEJOH B QSPNJTF PS B GVUVSF�
Ɖ (def result (promise))
Ɗ (def an-agent (agent 0))
Ƌ ;5ISFBE ��
ƌ (send an-agent (fn [_] (deref result)))
ƍ ;5ISFBE ��
Ǝ (send an-agent (fn [_] (deliver result 1)))
	B
 6TJOH B QSPNJTF JO BO BHFOU DBO MFBE UP B EFBE�
MPDL EFQFOEJOH PO UIF PSEFS JO XIJDI NFTTBHFT BSF
TFOU�

Ɖ (declare f2)
Ɗ (def f1 (future … (deref f2) …))
Ƌ (def f2 (future … (deref f1) …))
	C
 .VUVBMMZ EFQFOEFOU GVUVSFT MFBE
UP EFBEMPDLT�

-JTUJOH Ƌ�Ə� -JWFMPDLT XIFO NPEJGZJOH POF BUPN JO BOPUIFS�
Ɖ (def counter (atom 0))
Ɗ (swap! counter
Ƌ (fn [n]
ƌ (swap! counter inc)
ƍ (inc n)))
	B
 .PEJGZJOH BO BUPN JOTJEF UIF TBNF
BUPN BMXBZT MFBET UP B MJWFMPDL� UIF PVUFS
swap! SFUSJFT GPSFWFS CFDBVTF JU DPOĘJDUT
XJUI UIF JOOFS swap!�

Ɖ (def counter1 (atom 0))
Ɗ (def counter2 (atom 0))
Ƌ ;5ISFBE �
ƌ (swap! counter1
ƍ (fn [n] (swap! counter2 inc)
Ǝ (inc n))))
Ə ;5ISFBE �
Ɛ (swap! counter2
Ƒ (fn [n] (swap! counter1 inc)
Ɖƈ (inc n))))

	C
 8IFO UXP UISFBET NPEJGZ UXP EJČFSFOU
BUPNT UIF swap! CMPDLT NBZ CF SFUSJFE VOUJM
FWFOUVBMMZ UIFZ IBQQFO UP OPU PWFSMBQ BOE UIFZ
TVDDFFE� /P MJWFMPDL PDDVST�
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-JWFMPDLT 	5BCMF Ƌ�ƌD


'JOBMMZ XF MPPL BU MJWFMPDLT XIJDI BQQFBS XIFO DPEF JT SFFYFDVUFE� " USBOTBDUJPO JT
SFUSJFE XIFO JU DPOĘJDUT XJUI BOPUIFS POF DBVTJOH B MJWFMPDL JG UIF DPOĘJDU XPVME DPO�
TJTUFOUMZ PDDVS� )PXFWFS $MPKVSF�T 45. QSFWFOUT TVDI B MJWFMPDL � � JG B USBOTBDUJPO
SFUSJFT UPP PęFO 	ĕYFE BU Ɖƈƈƈƈ BUUFNQUT
 BO FYDFQUJPO XJMM CF UISPXO <&NFSJDL FU BM�
ƊƈƉƊ>� 8IFO swap! JT DBMMFE PO BO BUPN JOTJEF B swap! PO UIF TBNF BUPN B MJWFMPDL
XJMM PDDVS � 	-JTUJOH Ƌ�Ə
� ćJT JT OPU QSFWFOUFE CZ $MPKVSF�

*O HFOFSBM B MJWFMPDL DBO BQQFBS XIFO B NPEFM UIBU QSPWJEFT SFUSZJOH PQFSBUJPOT JT
DPNCJOFE XJUI BNPEFM UIBU DBVTFT UIJT SFFYFDVUJPO UP DPOUJOVBMMZ IBQQFO� 8F DBMM UIFTF
QFSQFUVBM SFUSJFT� *O POF DBTF UIJT DBO DBVTF B CVH� JO BOPUIFS $MPKVSF XJMM EFUFDU UIJT
BOE UISPX BO FYDFQUJPO�

$PODMVTJPO

'SPN UIJT DBTF TUVEZ PG $MPKVSF XF EJTUJOHVJTI UISFF UZQJDBM QSPCMFNT UIBU BSJTF XIFO
DPODVSSFODZNPEFMT BSF DPNCJOFE OBJWFMZ� TQVSJPVT SFUSJFT VOFYQFDUFE CMPDLJOH BOE
QFSQFUVBM SFUSJFT� ćFTF QSPCMFNT NBOJGFTU UIFNTFMWFT BT SBDF DPOEJUJPOT EFBEMPDLT
BOE MJWFMPDLT BOE o JO UIF TUVEJFE DBTFT o PDDVSXIFO UIF DPODVSSFODZNPEFMT QSPWJEF
DPOTUSVDUT UIBU SFUSZ PS CMPDL�

4PNF PG UIFTF QPUFOUJBM CVHT BSF BOUJDJQBUFE CZ $MPKVSF� ćFZ BSF IBOEMFE JO UXP
XBZT� *O TPNF DBTFT $MPKVSF QSFWFOUT UIF CVH CZ NBJOUBJOJOH UIF TFNBOUJDT PG UIF
DPODVSSFODZ NPEFMT BT JG UIFZ XFSF VTFE TFQBSBUFMZ� *O PUIFS DBTFT $MPKVSF EPFT OPU
QSFWFOU UIF CVH CVU JOTUFBE OPUJĕFT UIF EFWFMPQFS PG UIF QSPCMFN UISPVHI BO FYDFQ�
UJPO 	IFODF JU POMZ TVSGBDFT BU SVO UJNF BOE NBZ OPU EP TP FWFSZ UJNF
�

"MM BOUJDJQBUFE CVHT PDDVS XIFO BHFOUT BOE 45. BSF DPNCJOFE XJUI FBDI PUIFS
PS XJUI UIFNTFMWFT� #PUI BHFOUT BOE 45. XFSF QSFTFOU JO $MPKVSF TJODF WFSTJPO Ɖ�ƈ
BOE UIFJS JOUFHSBUJPO XBT XFMM DPOTJEFSFE�Ƌ 'VUVSFT QSPNJTFT BOE DIBOOFMT XFSF JO�
USPEVDFE MBUFS� ćFJS JOUFHSBUJPO XJUI FYJTUJOH NPEFMT BOE FBDI PUIFS TFFNT NPSF
IBQIB[BSE MFBEJOH UP VOIBOEMFE QSPCMFNT�

*O HFOFSBM XF TFF UIBU XIFO TFWFSBM DPODVSSFODZ NPEFMT BSF BEPQUFE CZ B MBO�
HVBHF JO B OBJWF XBZ 	FJUIFS BT MBOHVBHF GFBUVSFT PS BT B MJCSBSZ
 UIFJS DPNCJOBUJPOT
DBO JOUSPEVDF TFWFSBM OFX CVHT UIBU CSFBL UIF HVBSBOUFFT PG UIF JOEJWJEVBM NPEFMT�
*U UIFSFGPSF CFDPNFT OFDFTTBSZ UP TUVEZ IPX UIFZ JOUFSBDU XIFO UIFJS PQFSBUJPOT BSF
OFTUFE UP FOTVSF UIF HVBSBOUFFT PG UIF JOEJWJEVBM NPEFMT BSF QSFTFSWFE� 8IFO NPSF
UIBO UXP NPEFMT BSF JOUSPEVDFE UIJT NVTU CF EPOF GPS FBDI DPNCJOBUJPO� ćJT JT OPU
EJTTJNJMBS UP UIF QSPCMFN PG AGFBUVSF JOUFSBDUJPO� <$BMEFS FU BM� ƊƈƈƋ> XIFSF TFWFSBM

Ƌ"T FWJEFODFE CZ UBMLT CZ )JDLFZ <ƊƈƉƊ> BOE UIF EPDVNFOUBUJPO BU IUUQT���DMPKVSF�PSH�BCPVU�
DPODVSSFOU@QSPHSBNNJOH�
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GFBUVSFT PG B TZTUFN UIBU FBDI GVODUJPO DPSSFDUMZ TFQBSBUFMZ NJHIU CFIBWF JODPSSFDUMZ
XIFO UIFZ BSF DPNCJOFE�

Ƌ�Ƌ $PNCJOJOH 'VUVSFT 5SBOTBDUJPOT BOE "DUPST
*O UIJT TFDUJPO XF EFĕOF UIF HPBMT PG UIJT EJTTFSUBUJPO 	4FDUJPO Ƌ�Ƌ�Ɖ
 BOE EFTDSJCF UIF
QSPCMFNT XF NVTU UBDLMF UP BDIJFWF UIFTF 	4FDUJPO Ƌ�Ƌ�Ɗ
� 8F BMTP MPPL BU OFTUJOH FBDI
NPEFM JO JUTFMG XIJDI XF SFGFS UP BT UIF AUSJWJBM� DPNCJOBUJPOT 	4FDUJPO Ƌ�Ƌ�Ƌ
�

Ƌ�Ƌ�Ɖ (PBM BOE 3FRVJSFNFOUT
*O UIJT EJTTFSUBUJPO XF XJMM EFWFMPQ B VOJĕFE NPEFM PG GVUVSFT USBOTBDUJPOT BOE BD�
UPST o UISFF DPODVSSFODZ NPEFMT FBDI GSPN B EJČFSFOU DBUFHPSZ� ćF HPBM PG UIJT EJT�
TFSUBUJPO JT UP ĕOE B TVJUBCMF TFNBOUJDT GPS UIF VOJĕFE NPEFM FWFO XIFO DPODVSSFODZ
NPEFMT BSF DPNCJOFE� 8F EFĕOF UXP SFRVJSFNFOUT�

Ɖ� 'JSTU UIF TFNBOUJDT PG UIF TFQBSBUF NPEFMT TIPVME SFNBJO VODIBOHFE� &YJTUJOH
QSPHSBNT TIPVME XPSL VODIBOHFE JO PVS VOJĕFE GSBNFXPSL TP UIBU EFWFMPQFST
DBO IBSOFTT UIFJS FYJTUJOH FYQFSUJTF PG UIF TFQBSBUF DPODVSSFODZNPEFMT� ćFSFGPSF
XIFO B QSPHSBN VTFT POMZ UIF DPOTUSVDUT PG B TJOHMF NPEFM JUT TFNBOUJDT TIPVME
CF VODIBOHFE�

Ɗ� 4FDPOE UP NFFU UIF BTTVNQUJPOT PG EFWFMPQFST UIF HVBSBOUFFT PG UIF JOEJWJEVBM
NPEFMT TIPVME CF NBJOUBJOFE FWFO XIFO UIFZ BSF DPNCJOFE� 8F XJMM EP UIJT
XIFSFWFS QPTTJCMF IPXFWFS JO TPNF DBTFT JU JT JNQPTTJCMF UP DPNCJOF UIF HVBS�
BOUFFT PG BMM NPEFMT CFDBVTF UIFZ JOIFSFOUMZ DPOĘJDU� 'PS JOTUBODF XIFO B OPO�
EFUFSNJOJTUJD NPEFM JT VTFE JO B EFUFSNJOJTUJD POF JU JT JNQPTTJCMF UP NBJOUBJO
EFUFSNJOJTN� *O UIJT DBTF XF XJMM OFFE UP SFMJORVJTI POF PG UIF PSJHJOBM HVBSBO�
UFFT BOE XF XJMM EFĕOF B NPEJĕFE MFTT SFTUSJDUJWF HVBSBOUFF UIBU JT QSPWJEFE CZ
PVS DPNCJOBUJPO�

Ƌ�Ƌ�Ɗ "QQSPBDI
*O UIJT TFDUJPO XF UBLF B ĕSTU CSJFG MPPL BU IPX DPNCJOJOH PVS UISFF NPEFMT BČFDUT
UIFJS HVBSBOUFFT� *O UIF GPMMPXJOH DIBQUFST XF DPOTJEFS FBDI DPNCJOBUJPO JO NPSF
EFUBJM�

6TJOH UIF PQFSBUJPOBM TFNBOUJDT PG UIF NPEFMT BT EFĕOFE JO UIF QSFWJPVT DIBQUFS
XF FYBNJOF UIF Ƒ 	Ƌ× Ƌ
 XBZT JO XIJDI UIF UISFF NPEFMT DBO CF OFTUFE� ćF SFTVMUJOH
DPNCJOBUJPOT BSF UBCVMBUFE JO 5BCMF Ƌ�Ɛ� &BDI NPEFM IBT POF DPODVSSFOU DPOTUSVDU
UIBU DBO DPOUBJO OFTUFE FYQSFTTJPOT� fork GPS GVUVSFT atomic GPS USBOTBDUJPOT BOE
behavior GPS BDUPST� ćF UISFF SPXT DPSSFTQPOE UP UIFTF UISFF DPODVSSFOU DPOTUSVDUT�
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Future Transaction Actor

Fu
tu

re
Tr

an
sa

ct
io

n
Ac

to
r

Nested futures Parallel transactions

Nested transactions
Parallelism

in transaction

Parallelism in actor Actors
Shared memory

in actor

Communication
in transaction

Communication
in future

(fork
  (fork …)
  (join …))

(fork
  (atomic …))

(atomic
  (fork …)
  (join …))

(atomic
  (atomic …)
  (ref …)
  (deref …)
  (ref-set …))

(behavior [] []
  (fork …)
  (join …))

(behavior [] []
  (atomic …))

(behavior [] []
  (spawn …)
  (send …)
  (become …))

(atomic
  (spawn …)
  (send …)
  (become …))

(fork
  (spawn …)
  (send …)
  (become …))

5BCMF Ƌ�Ɛ� 1BJSXJTF DPNCJOBUJPOT PG GVUVSFT USBOTBDUJPOT BOE BDUPST�
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&BDI DFMM JO UIF UBCMF JOKFDUT UIF DPOTUSVDUT PG UIF NPEFM PG UIF DPMVNO JO UIF DPODVS�
SFOU DPOTUSVDU PG UIF SPX�

8F DPOTJEFS UIF EZOBNJD FYUFOU PG FBDI DPOTUSVDU� JG POF NPEFM JT VTFE JO BOPUIFS
BU FYFDVUJPO UJNF XF TBZ UIFZ BSF 	EZOBNJDBMMZ
 OFTUFE� /PUF UIBU UIJT EPFT OPU SFRVJSF
UIFJS DPOTUSVDUT UP CF OFTUFE MFYJDBMMZ� 'PS JOTUBODF JG B MJCSBSZ GVODUJPO UIBU VTFT
GVUVSFT JT DBMMFE JO B USBOTBDUJPO UIF DPOTUSVDU fork XJMM OPU BQQFBS JO UIF atomic
CMPDL JO UIF DPEF 	MFYJDBMMZ
 CVU BU FYFDVUJPO UJNF B GVUVSF XJMM CF DSFBUFE XIJMF B
USBOTBDUJPO JT SVOOJOH 	EZOBNJDBMMZ
 TP XF TBZ UIBU UIFZ BSF OFTUFE BOE XF XJMM TUVEZ
UIJT DPNCJOBUJPO� *O UIF SFTU PG UIJT UFYU XIFOFWFS XF TBZ UIBU UXP DPOTUSVDUT BSF
OFTUFE XF SFGFS UP UIJT UZQF PG EZOBNJD OFTUJOH�

" GFX DPOTUSVDUT IBWF CFFO PNJUUFE GSPN 5BCMF Ƌ�Ɛ�

t 45. FYQMJDJUMZ POMZ BMMPXT PQFSBUJPOT PO USBOTBDUJPOBM WBSJBCMFT 	ref deref BOE
ref-set
 JO atomic CMPDLT� ćFSFGPSF XF EP OPU OFTU UIFTF PQFSBUJPOT JO GVUVSFT
PS BDUPST EJSFDUMZ� UIFZ XJMM BMXBZT BQQFBS ĕSTU JO BO atomic CMPDL XIJDI JO UVSO
DBO CF OFTUFE JO BOPUIFS NPEFM 	TFDPOE DPMVNO
�

t ćF DPOTUSVDU behavior EFĕOJOH BO BDUPS�T CFIBWJPS JT B WBMVF� JU DBOOPU CF GVSUIFS
SFEVDFE� *O DPOUSBTU UP BMM PUIFS DPOTUSVDUT JU IBT OP TJEF FČFDU BOE UIFSFGPSF XF
EP OPU OFFE UP FYBNJOF IPX JU DBO CF OFTUFE JO PUIFS NPEFMT�

/PUF UIBU UIFSF JT B TPSU PG ABOUJ�TZNNFUSZ� JO UIF UBCMF 	JOEJDBUFE UISPVHI UIF DPMPST
�
ćF EJBHPOBM DPOUBJOT NPEFMT OFTUFE JO UIFNTFMWFT� "MM PUIFS DFMMT IBWF BO PQQPTJUF
BDSPTT UIF EJBHPOBM F�H� UIF UPQ�SJHIU DFMM TIPXT BDUPST JO GVUVSFT XIJMF UIF CPUUPN�MFę
DFMM TIPXT GVUVSFT JO BDUPST�

'PS FBDI QBJSXJTF DPNCJOBUJPO XF DIFDL XIFUIFS UIF HVBSBOUFFT PG UIF UXP NPE�
FMT BSF NBJOUBJOFE JO B OBJWF DPNCJOBUJPO� ćFTF SFTVMUT BSF TIPXO JO 5BCMF Ƌ�Ƒ BOE
XJMM CF EJTDVTTFE UISPVHIPVU UIJT EJTTFSUBUJPO� &BDI DFMM MJTUT UIF HVBSBOUFFT PG CPUI
NPEFMT BOE JOEJDBUFT XIFUIFS UIFTF BSF NBJOUBJOFE JO B OBJWF DPNCJOBUJPO� 'PS JO�
TUBODF XIFO B GVUVSF JT GPSLFE JO B USBOTBDUJPO 	TFDPOE SPX ĕSTU DPMVNO
 UIF EF�
UFSNJOBDZ PG UIF GVUVSFT JT CSPLFO BOE UIF JTPMBUJPO PG UIF USBOTBDUJPOT JT OP MPOHFS
HVBSBOUFFE�

8F EJTDVTT UIF DFMMT PO UIF EJBHPOBM JO XIJDI FBDI NPEFM JT OFTUFE JO JUTFMG JO UIF
GPMMPXJOH TFDUJPO� ćFTF AUSJWJBM� DPNCJOBUJPOT BMM NBJOUBJO UIF HVBSBOUFFT�

*O UIF PUIFS DFMMT JO XIJDI EJČFSFOU NPEFMT BSF DPNCJOFE UIF HVBSBOUFFT BSF CSP�
LFO� ćFTF DBTFT BSF EJTDVTTFE JO UIF TVCTFRVFOU DIBQUFST� $IBQUFS ƌ EJTDVTTFT UIF
DPNCJOBUJPO PG GVUVSFT BOE USBOTBDUJPOT $IBQUFS ƍ UIF DPNCJOBUJPO PG USBOTBDUJPOT
BOE BDUPST BOE 4FDUJPO Ǝ�Ɖ PG $IBQUFS Ǝ UIF DPNCJOBUJPO PG GVUVSFT BOE BDUPST� &BDI
PG UIFTF EJTDVTTJPOT XJMM ĕSTU EFTDSJCF UIF QSPCMFNT UIBU BSJTF XIFO UIF NPEFMT BSF
DPNCJOFE BOE UIFO PČFS B NPEJĕFE TFNBOUJDT UIBU EPFT NBJOUBJO UIF HVBSBOUFFT PG
CPUI NPEFMT JG QPTTJCMF�
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Nested futures

(Section 3.3.3)
Parallel transactions

(Section 4.1)

Nested transactions
(Section 3.3.3)

Parallelism in trans-
action (Sections 4.2–4.4)

Parallelism in actor
(Section 6.1)

Actors
(Section 3.3.3)

Shared memory
in actor (Chapter 5)

Communication in 
transaction (Chapter 5)

Communication
in future (Section 6.1)

Iso
Det

Pro ITP DLF
Det Det

Det

Det

Iso Pro

Iso Pro

Iso Pro
Iso Pro ITP DLF

ITP DLF
ITP DLFITP DLF

(VBSBOUFFT
'VUVSFT� %FU %FUFSNJOBDZ

5SBOTBDUJPOT� *TP *TPMBUJPO 1SP 1SPHSFTT
"DUPST� *51 *TPMBUFE 5VSO 1SJODJQMF %-' %FBEMPDL 'SFFEPN

5BCMF Ƌ�Ƒ� .BJOUBJOFE 	JO HSFFO 
 BOE CSPLFO 	JO SFE 
 HVBSBOUFFT PG DPNCJOFE NPEFMT�
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ƭ�ƭ $PNCJOJOH 'VUVSFT 5SBOTBDUJPOT BOE "DUPST

Ƌ�Ƌ�Ƌ 5SJWJBM $PNCJOBUJPOT
*O UIF OFYU UISFF TFDUJPOT XF CSJFĘZ EJTDVTT UIF DPNCJOBUJPOT PO UIF EJBHPOBM PG 5B�
CMF Ƌ�Ƒ JO XIJDI FBDI NPEFM JT OFTUFE JO JUTFMG� ćFTF DPNCJOBUJPOT IBWF CFFO TUVEJFE
JO FYJTUJOH MJUFSBUVSF BOE NBJOUBJO UIF NPEFM�T HVBSBOUFFT�

/FTUFE GVUVSFT

'PSLJOH POF QBSBMMFM UBTL JO BOPUIFS JT DPNNPO BOE FYQFDUFE JO QSPHSBNT UIBU VTF GV�
UVSFT� ćF FYBNQMF PG B 'JCPOBDDJ GVODUJPO XF VTFE UP JOUSPEVDF GVUVSFT JO -JTUJOH Ɗ�Ƌ
SFQFBUFE JO 'JHVSF Ƌ�Ɖƈ CFMPX BDUVBMMZ EFNPOTUSBUFT UIJT� UIF 'JCPOBDDJ GVODUJPO VTFT
GVUVSFT UP FYFDVUF JUT SFDVSTJWF DBMMT DSFBUJOH 	VQ UP
 UXP OFX GVUVSFT JO FBDI GVUVSF�
/FTUJOH GVUVSFT EPFT OPU CSFBL UIF EFUFSNJOBDZ PG UIF QSPHSBN� OP NBUUFS XIFSF GV�
UVSFT BSF JOUSPEVDFE UIF QSPHSBN SFNBJOT FRVJWBMFOU UP JUT TFSJBM FMJTJPO�

&YFDVUJPOT PG QSPHSBNT XJUI GVUVSFT DBO CF SFQSFTFOUFE VTJOH B TQBXO USFF <#MV�
NPGF FU BM� ƉƑƑƍ -FF BOE1BMTCFSH ƊƈƉƈ>� 'PS JOTUBODF 'JHVSF Ƌ�Ɖƈ TIPXT UIF 'JCPOBDDJ
QSPHSBN BOE JUT TQBXO USFF XIFO VTFE UP DBMDVMBUF ĕC	ƌ
� &BDI OPEF DPSSFTQPOET UP
B UBTL� ćF FEHFT DPOOFDU QBSFOU UBTLT UP UIF UBTLT UIFZ GPSLFE� ćJT HSBQI XJMM BMXBZT
GPSN B USFF� UIFSF JT POF SPPU UBTL UIBU FODBQTVMBUFT UIF XIPMF QSPHSBN BOE DBO TQBXO
OFX UBTLT BOE FBDI UBTL DBO JO UVSO TQBXO NPSF UBTLT�

Ɖ (defn fib [n]
Ɗ (if (< n 2)
Ƌ n
ƌ (let [a (fork (fib (- n 1)))
ƍ b (fork (fib (- n 2)))]
Ǝ (+ (join a) (join b)))))

SPPU

ĕC	�
 ĕC	�


ĕC	�
 ĕC	�
 ĕC	�
 ĕC	�


ĕC	�
 ĕC	�


'JHVSF Ƌ�Ɖƈ� 4QBXO USFF PG UIF SFDVSTJWF 'JCPOBDDJ JNQMFNFOUBUJPO PG B QBSBMMFM 'JCPOBDDJ
QSPHSBN 	-JTUJOH Ɗ�Ƌ SFQFBUFE PO UIF MFę
 GPS O = ŷ BU UIF FOE PG UIF QSPHSBN�

'VSUIFSNPSF OFTUFE GVUVSFT DBO OFWFS MFBE UP B EFBEMPDL� ćJT JT UIF SFTVMU PG UIF
USFF TUSVDUVSF PG OFTUFE GVUVSFT� *U JT JMMVTUSBUFE JO -JTUJOH Ƌ�ƉƉ� &BDI UBTL JT JEFOUJĕFE
CZ B GVUVSF XIJDI JT B SFGFSFODF UIBU DBO CF QBTTFE BSPVOE BOE TVQQPSUT POF PQFSBUJPO�
join� &BDI UBTL DBO PCUBJO UIF GVUVSF PG�
Ɖ� JUT EJSFDU DIJMESFO BT JU DSFBUFE UIPTF�
Ɗ� BOZ GVSUIFS EFTDFOEBOUT JG B DIJME SFUVSOT UIF GVUVSF PG B EFTDFOEBOU 	F�H� UIF SPPU

UBTL DBO BDDFTT d JG a SFUVSOT d
�
Ƌ� JUT FBSMJFS TJCMJOHT 	F�H� b DBO BDDFTT a
� BOE
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ƌ� BOZ EFTDFOEBOUT PG JUT FBSMJFS TJCMJOHT JG B TJCMJOH SFUVSOT UIF GVUVSF PG POF PG JUT
EFTDFOEBOUT 	F�H� f DBO BDDFTT d JG a SFUVSOT d
�

5BTLT DBOOPU PCUBJO UIFJS PXO GVUVSF� 8SJUJOH UIF TQBXO USFF JO QPTU�PSEFS OPUBUJPO
EFĕOFT B TUSJDU UPUBM PSEFS PO UIF UBTLT JO XIJDI FBDI UBTL DBO BDDFTT UIF GVUVSFT PG UIF
UBTLT UIBU DPNF CFGPSF JU� ćJT JT B DPOTFRVFODF PG UIF MFYJDBM TDPQJOH PG UIF MBOHVBHF�
ćJT NFBOT UIBU UIFSF DBOOPU CF DZDMJDBM EFQFOEFODJFT CFUXFFO GVUVSFT BOE UIFSFGPSF
EFBEMPDLT BSF JNQPTTJCMF�

Ɖ (let [a (fork (let [d (fork …)
Ɗ e (fork …)] …))
Ƌ b (fork (let [f (fork …)] …))
ƌ c (fork (let [g (fork …)
ƍ h (fork …)] …))]
Ǝ …)

SPPU

B C D

E F G H I

-JTUJOH Ƌ�ƉƉ� " QSPHSBN XJUI OFTUFE GVUVSFT BOE JUT TQBXO USFF� 8SJUJOH UIF TQBXO USFF JO
QPTU�PSEFS OPUBUJPO ZJFMET UIF TFRVFODF d�e�a�f�b�g�h�c�SPPU� ćJT TIPXT UIBU UBTL b DBO KPJO
UBTLT d e a BOE f� *U NBZ CF MFTT PCWJPVT UIBU UBTL f DBO BMTP KPJO UBTL d� UBTL aNBZ SFUVSO d
BOE f DBO BDDFTT a�

/FTUFE USBOTBDUJPOT

8IFO B USBOTBDUJPO JT TUBSUFE XIJMF BOPUIFS USBOTBDUJPO JT BMSFBEZ SVOOJOH XF TBZ UIJT
JT B OFTUFE USBOTBDUJPO� *U PDDVST JO NBOZ DBTFT� XIFO B QSPHSBN XJUI USBOTBDUJPOT
DBMMT JOUP B MJCSBSZ UIBU BMTP VTFT USBOTBDUJPOT XIFO B QSPHSBN DPOTJTUT PG EJČFSFOU
DPNQPOFOUT UIBU FBDI VTF USBOTBDUJPOT BOE DBMM FBDI PUIFS PS FWFO TJNQMZ XIFO DPEF
JT SFVTFE 	F�H� XIFO B TFU�T SFQMBDF PQFSBUJPO JT JNQMFNFOUFE BT B USBOTBDUJPO UIBU DPO�
UBJOT B SFNPWF BOE BEE PQFSBUJPO FBDI PG XIJDI JT BMTP B USBOTBDUJPO
� ćF OFTUJOH PG
USBOTBDUJPOT JT B XFMM�TUVEJFE QSPCMFN�

.PTT BOE )PTLJOH <ƊƈƈƎ> EJTUJOHVJTI UXP UZQFT PG OFTUJOH� PQFO BOE DMPTFE OFTU�
JOH� *O CPUI DBTFT B DIJME USBOTBDUJPO IBT BDDFTT UP UIF TUBUF PG JUT QBSFOU� *O DMPTFE
OFTUJOH XIFO UIF DIJME DPNNJUT JUT DIBOHFT BSF OPU NBEF HMPCBMMZ WJTJCMF ZFU JOTUFBE
UIFZ CFDPNF QBSU PG UIF QBSFOU� *U JT POMZ XIFO UIF QBSFOU DPNNJUT UIBU UIF DIBOHFT
CFDPNF QFSNBOFOU� 8IFO UIF DIJME BCPSUT UIF QBSFOU BCPSUT UPP� *O FTTFODF JO TZT�
UFNT XJUI DMPTFE OFTUJOH USBOTBDUJPOT BSF AĘBUUFOFE� UP B TJOHMF MFWFM BOE BU SVO UJNF
UIFSF XJMM POMZ CF B TJOHMF USBOTBDUJPO JO FYFDVUJPO�

0O UIF PUIFS IBOE JO PQFO OFTUJOH XIFO B DIJME USBOTBDUJPO DPNNJUT JUT DIBOHFT
JNNFEJBUFMZ CFDPNF WJTJCMF UP PUIFS USBOTBDUJPOT FWFO JG JUT QBSFOU JT TUJMM SVOOJOH� "T
B SFTVMU FWFO XIFO UIF QBSFOU BCPSUT UIF FČFDUT PG UIF DIJME USBOTBDUJPO SFNBJO WJT�
JCMF� 0QFO OFTUJOH UIVT CSFBLT JTPMBUJPO� 5P DPVOUFS UIJT EFWFMPQFST OFFE UP TQFDJGZ
B DPNQFOTBUJOH BDUJPO GPS FBDI DIJME USBOTBDUJPO XIJDI JT FYFDVUFE XIFO JU BCPSUT�
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ƭ�Ʈ $PODMVTJPO BOE 3PBENBQ

.PSFPWFS JO TPNF DBTFT EFWFMPQFST OFFE UP NBOVBMMZ MPDL EBUB TUSVDUVSFT UP BWPJE
CSFBLJOH JTPMBUJPO� 0QFO OFTUJOH JT UIFSFGPSF BJNFE BU FYQFSU EFWFMPQFST </J FU BM�
ƊƈƈƏ> F�H� B QPTTJCMF TDFOBSJP JT UIBU FYQFSU EFWFMPQFST JNQMFNFOU MJCSBSJFT PG DPODVS�
SFOU EBUB TUSVDUVSFT UIBU VTF OFTUFE USBOTBDUJPOT JOUFSOBMMZ BOE UIBU UIFTF MJCSBSJFT DBO
UIFO CF DPNQPTFE CZ UIF VTFST PG UIF MJCSBSZ VTJOH 	UIF UPQ�MFWFM
 USBOTBDUJPOT�

ćF BEWBOUBHF PG PQFO OFTUJOH JT UIBU JU JODSFBTFT UIF DPODVSSFODZ BT USBOTBDUJPOT
DBO CF TQMJU JOUP TNBMMFS QBSUT BOE UIFSFGPSF SFTPVSDFT DBO CF SFMFBTFE FBSMJFS BOE UIF
DIBODF PG DPOĘJDUT EFDSFBTFT� $POWFSTFMZ DMPTFE OFTUJOH MFBET UP MPOH USBOTBDUJPOT
NBLJOH DPOĘJDUT NPSF MJLFMZ BOE NPSF DPTUMZ�

*O QSBDUJDF DMPTFE OFTUJOH JT UIF OPSN� $MPKVSF )BTLFMM BOE 4DBMB45. BMM JNQMF�
NFOU DMPTFE OFTUJOH� ćF DPNQMFYJUZ PG PQFO OFTUJOH EPFT OPU TFFN UP PVUXFJHI JUT
QFSGPSNBODF CFOFĕUT� ćF TFNBOUJDT XF TQFDJĕFE JO 4FDUJPO Ɗ�ƌ�ƍ BMTP JNQMFNFOUT
DMPTFE OFTUJOH JO UIF SVMF BUPNJDUY]U XIJDI TQFDJĕFT UIBU B OFTUFE USBOTBDUJPO TJNQMZ
CFDPNFT QBSU PG JUT QBSFOU�

*O UIJT EJTDVTTJPO XF BTTVNF UIBU OP QBSBMMFM UBTLT BSF DSFBUFE JO B USBOTBDUJPO
BT OP fork DBO BQQFBS JO UIF USBOTBDUJPO BOE UIFSFGPSF DIJME USBOTBDUJPOT PG UIF TBNF
QBSFOU DBOOPU SVO JO QBSBMMFM� -JLF )BJOFT FU BM� <ƉƑƑƌ> XF EJTUJOHVJTI CFUXFFO OFTUFE
USBOTBDUJPOT EJTDVTTFE IFSF BOE NVMUJUISFBEFE USBOTBDUJPOT EJTDVTTFE JO $IBQUFS ƌ
XIFO GVUVSFT BOE USBOTBDUJPOT BSF DPNCJOFE�

/FTUFE BDUPST

A/FTUJOH� BDUPST o DSFBUJOH POF BDUPS JO BOPUIFS o JT B TUBOEBSE QBSU PG UIF BDUPS NPEFM�
*O GBDU BO BDUPS QSPHSBNDPOTJTUT PG POMZ BDUPST SVOOJOH DPODVSSFOUMZ BOE UIFSFGPSF BMM
BDUPST FYDFQU UIF JOJUJBM POF BSF OFTUFE BDUPST� ćF HVBSBOUFFT PG BDUPST BSF NBJOUBJOFE�

Ƌ�ƌ $PODMVTJPO BOE 3PBENBQ
*O UIJT DIBQUFS XF ĕSTU NPUJWBUFE XIZ DPNCJOJOH DPODVSSFODZ NPEFMT JT EFTJSBCMF� JU
IBQQFOT JO QSBDUJDF JU JT BMMPXFE CZ QSPHSBNNJOH MBOHVBHFT BOE JU NBLFT TFOTF GPS
MBSHF BQQMJDBUJPOT� /FYU CZ TUVEZJOH $MPKVSF XF TIPXFE UIBU JO FYJTUJOH MBOHVBHFT
OBJWF DPNCJOBUJPOT PG DPODVSSFODZNPEFMT DBO MFBE UP VOFYQFDUFE TFNBOUJDT BOE UIVT
CSFBL UIF FYQFDUBUJPOT PG EFWFMPQFST BT UIFZ OP MPOHFS NBJOUBJO UIF HVBSBOUFFT QSP�
WJEFE CZ UIFJS DPOTUJUVFOU QBSUT�

*O UIJT EJTTFSUBUJPO XF XJMM EFWFMPQ B VOJĕFE NPEFM PG GVUVSFT USBOTBDUJPOT BOE
BDUPST o UISFF DPODVSSFODZ NPEFMT UIBU CFMPOH UP B EJČFSFOU DBUFHPSZ� 8F FYQMPSFE
UIF DPNCJOBUJPOT PG UIFTF UISFF NPEFMT BOE GPVOE UIBU XIJMF OFTUJOH FBDI NPEFM JO
JUTFMG XPSLT BT FYQFDUFE DPNCJOJOH EJČFSFOU NPEFMT CSFBLT UIFJS HVBSBOUFFT� *O UIF
SFTU PG UIJT UFYU XF BJN UP ĕOE B TFNBOUJDT GPS UIFTF DPNCJOBUJPOT UIBU NBJOUBJOT UIF
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HVBSBOUFFT PG UIF JOEJWJEVBM NPEFMT XIFSFWFS QPTTJCMF� 8IFO UIJT JT OPU QPTTJCMF XF
JOTUFBE EFĕOF B MFTT SFTUSJDUJWF HVBSBOUFF� 8IFO B QSPHSBN POMZ VTFT DPOTUSVDUT PG
POF NPEFM JUT TFNBOUJDT TIPVME SFNBJO VODIBOHFE�

ćF GPMMPXJOH DIBQUFST FYBNJOF FBDI DPNCJOBUJPO PG EJČFSFOU NPEFMT JO EFUBJM�
t 8F ĕSTU MPPL BU FBDI QBJSXJTF DPNCJOBUJPO TFQBSBUFMZ� $IBQUFS ƌ FYBNJOFT UIF

DPNCJOBUJPO PG USBOTBDUJPOT BOE GVUVSFT� $IBQUFS ƍ GPDVTFT PO USBOTBDUJPOT BOE
BDUPST� BOE JO $IBQUFS Ǝ XF DPOTJEFS GVUVSFT BOE BDUPST� ćFTF DIBQUFST EFTDSJCF
UIF TFNBOUJDT JOGPSNBMMZ BOE VTJOH FYBNQMFT�

t *O $IBQUFS Ǝ XF UIFO KPJO UIF UISFF QBJSXJTF DPNCJOBUJPOT JOUP POF GSBNFXPSL
DBMMFE $IPDPMB 	GPS iDPNQPTBCMF DPODVSSFODZ MBOHVBHFw
�

t *O$IBQUFS Ə XF GPSNBMJ[F B QSFDJTF TFNBOUJDT GPS UIF VOJĕFE GSBNFXPSL BOE TIPX
XIJDI HVBSBOUFFT JU QSPWJEFT�

t *O $IBQUFS Ɛ XF EFTDSJCF IPX XF JNQMFNFOU UIFTF DPNCJOBUJPOT TUBSUJOH GSPN
UISFF TFQBSBUF JNQMFNFOUBUJPOT PG GVUVSFT USBOTBDUJPOT BOE BDUPST�

t *O $IBQUFS Ƒ XF FWBMVBUF UIF QFSGPSNBODF PG PVS VOJĕFE GSBNFXPSL CZ FYBNJO�
JOH XIFUIFS B DPNCJOBUJPO PG DPODVSSFODZ NPEFMT BMMPXT QBSBMMFMJTN UP CF NPSF
FďDJFOUMZ FYQMPJUFE� 8F EP UIJT CZ FYUFOEJOH FYJTUJOH QSPHSBNT UIBU DVSSFOUMZ VTF
POF NPEFM DPNCJOJOH JU XJUI BOPUIFS NPEFM�
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ƌ
5SBOTBDUJPOBM 'VUVSFT�
1BSBMMFMJTN JO 5SBOTBDUJPOT

ćJT DIBQUFS FYBNJOFT UIF DPNCJOBUJPO PG GVUVSFT BOE USBOTBDUJPOT� ćFTF DPNCJOB�
UJPOT BSF TIPXO JO 5BCMF ƌ�Ɖ� 'JSTU JO 4FDUJPO ƌ�Ɖ XF FYBNJOF UIF DSFBUJPO PG USBOT�
BDUJPOT JO B QBSBMMFM UBTL XIJDI JT TUBOEBSE JO MBOHVBHFT XJUI USBOTBDUJPOT� ćF SFTU
PG UIF DIBQUFS MPPLT BU UIF PQQPTJUF DPNCJOBUJPO� DSFBUJOH GVUVSFT JO B USBOTBDUJPO�
*O 4FDUJPO ƌ�Ɗ XF NPUJWBUF UIF VTF PG GVUVSFT JO B USBOTBDUJPO VTJOH BO FYBNQMF BOE
TIPX UIF QSPCMFNT UIBU PDDVS XIFO UIJT JT EPOF VTJOH B OBJWF DPNCJOBUJPO PG CPUI
NPEFMT� 4FDUJPO ƌ�Ƌ JOUSPEVDFT USBOTBDUJPOBM GVUVSFT� GVUVSFT DSFBUFE JO B USBOTBDUJPO
XJUI B XFMM�EFĕOFE TFNBOUJDT� "ęFSXBSET XF EJTDVTT UIF HVBSBOUFFT BOE PUIFS QSPQ�
FSUJFT PG USBOTBDUJPOBM GVUVSFT JO 4FDUJPO ƌ�ƌ BOE DPNQBSF UIFN XJUI SFMBUFE XPSL JO
4FDUJPO ƌ�ƍ�

8F ĕSTU JOUSPEVDFE USBOTBDUJPOBM GVUVSFT JO 4XBMFOT FU BM� <ƊƈƉƎ>�

ƌ�Ɖ 5SBOTBDUJPOT JO 'VUVSFT
8F ĕSTU GPDVT PO UIF VTF PG USBOTBDUJPOT JO QBSBMMFM UBTLT� "T TIPXO JO 5BCMF ƌ�Ɖ UIJT
DPSSFTQPOET UP UIF VTF PG UIF DPOTUSVDU atomic JOTJEF UIF EZOBNJD FYUFOU PG B fork�

"T UIF USBOTBDUJPOBM NPEFM EPFT OPU QSPWJEF BOZ DPOTUSVDU UP DSFBUF QBSBMMFMJTN
UIJT DPNCJOBUJPO JT B TUBOEBSE QBSU PG MBOHVBHFT XJUI USBOTBDUJPOT� BOZ VTF PG USBOT�
BDUJPOT SFRVJSFT UIF VTF PG BOPUIFS NPEFM UP DSFBUF UIF UBTLT JO XIJDI UIFZ SVO� ćJT
JT UIF DBTF JO $MPKVSF XIFSF USBOTBDUJPOT SVO JO GVUVSFT JO )BTLFMM XIFSF UIFZ SVO
JO UISFBET DSFBUFE VTJOH forkIO BOE JO 4DBMB XIFSF UIFZ SVO JO ThreadT� ćF TFNBO�
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Iso
Det

Pro ITP DLF
Det Det

Det

Det

Iso Pro

Iso Pro

Iso Pro
Iso Pro ITP DLF

ITP DLF
ITP DLFITP DLF

(VBSBOUFFT
'VUVSFT� %FU %FUFSNJOBDZ

5SBOTBDUJPOT� *TP *TPMBUJPO 1SP 1SPHSFTT

5BCMF ƌ�Ɖ� $PNCJOBUJPOT PG GVUVSFT BOE USBOTBDUJPOT�

UJDT PG UIJT DPNCJOBUJPO XBT BMSFBEZ TQFDJĕFE BDDPSEJOHMZ JO 4FDUJPO Ɗ�ƌ�ƍ 	QBHF ƋƉ

XIFSF XF EFĕOF UIF MBOHVBHF -U XJUI USBOTBDUJPOT BT BO FYUFOTJPO PG UIF MBOHVBHF -G
XJUI GVUVSFT�

ćF RVFTUJPO JT XIFUIFS UIJT DPNCJOBUJPO DBO QSFTFSWF UIF HVBSBOUFFT PG CPUI PG
JUT DPOTUJUVFOUT� UIF EFUFSNJOBDZ HVBSBOUFF PG GVUVSFT BOE UIF JTPMBUJPO BOE QSPHSFTT
HVBSBOUFFT PG USBOTBDUJPOT� "T TIPXO JO 4FDUJPO Ɗ�ƌ�ƍ UIJT DPNCJOBUJPO HVBSBOUFFT
JTPMBUJPO BOE QSPHSFTT� )PXFWFS UIF EFUFSNJOBDZ PG GVUVSFT JT CSPLFO� B QSPHSBN
XJUI USBOTBDUJPOT JT FRVJWBMFOU UP B TFSJBMJ[BUJPO PG UIF USBOTBDUJPOT CVU PęFO UIFSF
BSF NBOZ QPTTJCMF TFSJBMJ[BUJPOT� %FUFSNJOBDZ BMMPXT POMZ POF QPTTJCMF PVUQVU GPS B
HJWFO JOQVU�

#SFBLJOH EFUFSNJOBDZ JT VOBWPJEBCMF� BT TPPO BT B OPO�EFUFSNJOJTUJD NPEFM TVDI
BT USBOTBDUJPOBM NFNPSZ JT JOUSPEVDFE UIFSF JT OP XBZ UP NBJOUBJO EFUFSNJOBDZ PG
UIF XIPMF QSPHSBN� "T FYQMBJOFE JO 4FDUJPO Ɗ�Ɖ 	TQFDJĕDBMMZ PO QBHF Ɖƍ
 JU JT HFOFS�
BMMZ SFDPNNFOEFE UIBU EFWFMPQFST VTF EFUFSNJOJTN XIFSFWFS QPTTJCMF BOE DBSFGVMMZ
JOUSPEVDF OPO�EFUFSNJOJTN POMZ XIFSF JU JT JOFTDBQBCMF <7BO 3PZ BOE )BSJEJ Ɗƈƈƌ
-FF ƊƈƈƎ #PDDIJOP FU BM� ƊƈƈƑB>� 8F BSHVF UIBU UIF MPTT PG EFUFSNJOBDZ UIVT EPFT
OPU QPTF B QSPCMFN� XIFO EFWFMPQFST EFDJEF UP VTF B OPO�EFUFSNJOJTUJD NPEFM UIFZ
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	G
 'JOBM HMPCBM
HSJE XJUI GPVS OPO�
PWFSMBQQJOH QBUIT

'JHVSF ƌ�Ɗ� %JČFSFOU TUFQT PG UIF -BCZSJOUI BMHPSJUIN JMMVTUSBUFE VTJOH ƌ QBUIT PO B UXP�
EJNFOTJPOBM Ź × Ź HSJE� ćF CMBDL TRVBSFT BSF JNQFOFUSBCMF AXBMMT��

EP TP CFDBVTF UIFZ OFFE JUT OPO�EFUFSNJOJTN BOE UIFSFGPSF UIFZ BSF BXBSF UIBU EF�
UFSNJOBDZ JT OP MPOHFS HVBSBOUFFE� .PSFPWFS USBOTBDUJPOT TUJMM MJNJU UIF OVNCFS PG
QPTTJCMF PVUQVUT EFWFMPQFST OFFE UP DPOTJEFS UP UIF OVNCFS PG QPTTJCMF TFSJBMJ[BUJPOT
PG UIF USBOTBDUJPOT JO UIF QSPHSBN� 'VSUIFS UIF OPO�EFUFSNJOJTN JT DPOĕOFE UP UIF
QBSUT PG UIF QSPHSBN UIBU VTF USBOTBDUJPOT� DPEF JO XIJDI OP USBOTBDUJPOT BQQFBS SF�
NBJOT EFUFSNJOBUF�

ƌ�Ɗ .PUJWBUJPO GPS 'VUVSFT *OTJEF 5SBOTBDUJPOT
ćJT TFDUJPO EJTDVTTFT UIF VTF PG QBSBMMFMJTN JO UIF EZOBNJD FYUFOU PG USBOTBDUJPOT J�F�
VTJOH fork JOTJEF atomic� 6TJOH BO FYBNQMF UIF -BCZSJOUI BQQMJDBUJPO XF JMMVTUSBUF
UIBU JU JT EFTJSBCMF GPS DFSUBJO BQQMJDBUJPOT UP VTF QBSBMMFMJTN JOTJEF UIFJS USBOTBDUJPOT�
8F EJTDVTT IPX UIJT JT SFBMJ[FE JO DPOUFNQPSBSZ QSPHSBNNJOH MBOHVBHFT BOE EFNPO�
TUSBUF UIBU UIPTF EP OPU QSPWJEF TBUJTGZJOH TFNBOUJDT�
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-BCZSJOUI BQQMJDBUJPO

"T BO FYBNQMF XF MPPL BU UIF -BCZSJOUI BQQMJDBUJPO PG UIF 45".1 CFODINBSL TVJUF
<.JOI FU BM� ƊƈƈƐ> B TVJUF PG BQQMJDBUJPOT UIBU VTF USBOTBDUJPOBMNFNPSZ� ćF-BCZSJOUI
BQQMJDBUJPO JNQMFNFOUT B USBOTBDUJPOBM WFSTJPO PG -FF�T BMHPSJUIN <-FF ƉƑƎƉ 8BUTPO
FU BM� ƊƈƈƏ> BO BMHPSJUIN UIBU JT VTFE JO DIJQ EFTJHO UP QMBDF FMFDUSJD DPNQPOFOUT PO
B HSJE DPOOFDUJOH UIFN XJUIPVU JOUSPEVDJOH PWFSMBQQJOH XJSFT�

-JTUJOH ƌ�Ƌ TIPXT UIF NBJO QBSU PG UIF -BCZSJOUI BQQMJDBUJPO USBOTMBUFE UP $MPKVSF�
*UTNBJO EBUB TUSVDUVSF JT grid B UXP�EJNFOTJPOBM BSSBZ PG USBOTBDUJPOBM WBSJBCMFT� ćF
BJN PG UIF BQQMJDBUJPO JT UP ĕOE OPO�PWFSMBQQJOH QBUIT CFUXFFO HJWFO QBJST PG TPVSDF
BOE EFTUJOBUJPO DFMMT� 'PS FYBNQMF 'JHVSF ƌ�ƊB EFQJDUT GPVS TPVSDFoEFTUJOBUJPO QBJST
PO BO Ź × Ź HSJE BOE 'JHVSF ƌ�ƊG TIPXT B QPTTJCMF TPMVUJPO PG DPOOFDUJPOT�

Ɖ (def grid (initialize-grid w h)) ;w ¨ h BSSBZ PG DFMMT FBDI DFMM JT B SFG
Ɗ (def work-queue (ref (parse-input))) ;MJTU PG <TPVSDF EFTUJOBUJPO> QBJST
Ƌ

ƌ (loop [] ;�

ƍ (let [work (pop work-queue)] ;BUPNJDBMMZ UBLF FMFNFOU GSPN XPSL RVFVF
Ǝ (if (nil? work)
Ə true ;EPOF
Ɛ (do
Ƒ (atomic
Ɖƈ (let [local-grid (copy grid)
ƉƉ [src dst] work ;EFTUSVDUVSF QBJS VTJOH QBUUFSO NBUDIJOH
ƉƊ reachable? (expand src dst local-grid)] ;ref-setT PO MPDBM�HSJE
ƉƋ (if reachable?
Ɖƌ (let [path (traceback local-grid dst)]
Ɖƍ (add-path grid path))))) ;ref-setT PO HSJE
ƉƎ (recur)))))

-JTUJOH ƌ�Ƌ� 5SBOTBDUJPOBM WFSTJPO PG -FF�T BMHPSJUIN JO $MPKVSF�

ćF USBOTBDUJPOBM WBSJBCMF work-queue JT JOJUJBMJ[FE UP UIF JOQVU MJTU PG TPVSDFo
EFTUJOBUJPO QBJST� "T MPOH BT UIF XPSL RVFVF JT OPU FNQUZ B TPVSDF BOE EFTUJOBUJPO
QBJS JO UIF JOQVU XJMM CF QSPDFTTFE JO B OFX USBOTBDUJPO 	MJOFT ƑoƉƍ
� ćJT IBQQFOT JO
GPVS TUFQT�

Ɖ� 'JSTU copy DSFBUF B MPDBM DPQZ local-grid PG UIF TIBSFE grid 	MJOF Ɖƈ
�
Ɗ� /FYU B CSFBEUI�ĕSTU TFBSDI expandT GSPN UIF TPVSDF DFMM 	MJOF ƉƊ
 SFDPSEJOH UIF

EJTUBODF CBDL UP UIF TPVSDF JO FBDI WJTJUFE DFMM PG UIF local-grid VTJOH ref-set
	'JHVSF ƌ�ƊC
 VOUJM UIF EFTUJOBUJPO DFMM JT SFBDIFE�

Ƌ� "ęFSXBSET UIF traceback GVODUJPO ĕOET B QBUI GSPN UIF EFTUJOBUJPO CBDL UP UIF
TPVSDF 	MJOF Ɖƌ� 'JHVSF ƌ�ƊD
�

ƌ� 'JOBMMZ UIF GVODUJPO add-path VQEBUFT UIF TIBSFE grid UP JOEJDBUF UIBU UIF DFMMT PO
UIF GPVOE QBUI BSF OPX PDDVQJFE 	MJOF Ɖƍ� 'JHVSF ƌ�ƊE
�
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"ęFS UIF USBOTBDUJPO IBT ĕOJTIFE UIJT QSPDFTT JT SFQFBUFE VOUJM BMM XPSL IBT CFFO QSP�
DFTTFE�Ɖ

5P QBSBMMFMJ[F UIJT BMHPSJUIN XF IBWF UP NBLF TFWFSBM iXPSLFS UISFBETw UIBU FYF�
DVUF UIF MPPQ TJNVMUBOFPVTMZ� &BDI UISFBE SFQFBUFEMZ UBLFT B TPVSDFoEFTUJOBUJPO QBJS
GSPN UIF XPSL RVFVF BOE BUUFNQUT UP ĕOE B DPOOFDUJOH QBUI JO B USBOTBDUJPO� *G UXP
UISFBET SFTVMU JO PWFSMBQQJOH QBUIT B DPOĘJDU PDDVST XIFO VQEBUJOH UIF HMPCBM grid
	PO MJOF Ɖƍ
 BT UIF UXP UISFBET BUUFNQU UP XSJUF UP UIF TBNF USBOTBDUJPOBM WBSJBCMF
	UIBU SFQSFTFOUT UIF DFMM XIFSF UIF QBUIT DPMMJEF� 'JHVSF ƌ�ƊF
� "T B SFTVMU POF PG UIF
UXP USBOTBDUJPOT JT SPMMFE CBDL BOE XJMM MPPL GPS BO BMUFSOBUJWF QBUI�

1FSGPSNBODF PG -BCZSJOUI

.JOI FU BM� <ƊƈƈƐ> NFBTVSF WBSJPVT NFUSJDT PG UIF BQQMJDBUJPOT JO UIF 45".1 CFODI�
NBSL TVJUF TIPXO JO 5BCMF ƌ�ƌ� 8F DPNQBSF -BCZSJOUI XJUI UIF PUIFS BQQMJDBUJPOT�
'JSTU XF PCTFSWF UIBU UIJT BQQMJDBUJPO TQFOET ƉƈƈŰ PG JUT FYFDVUJPO UJNF JO USBOTBD�
UJPOT� )FODF UIF BNPVOU PG QBSBMMFMJTN JO UIJT QSPHSBN JT NBYJNBMMZ UIF OVNCFS PG
USBOTBDUJPOT UIBU BSF DSFBUFE XIJDI JT UIF OVNCFS PG JOQVU TPVSDFoEFTUJOBUJPO QBJST�
0O B NBDIJOF XJUI NPSF DPSFT UIF IBSEXBSF XJMM OPU CF GVMMZ VUJMJ[FE� 5P FYQMPJU
NPSF ĕOF�HSBJOFE QBSBMMFMJTN JO UIJT QSPHSBN JU JT OFDFTTBSZ UP BMMPX QBSBMMFMJTN JO�
TJEF UIF USBOTBDUJPOT� 4FDPOE XF JOGFS UIBU UIF USBOTBDUJPOT JO UIJT BQQMJDBUJPO UBLF B
MPOH UJNF UP FYFDVUF� BO BWFSBHF USBOTBDUJPO PG UIF -BCZSJOUI BQQMJDBUJPO DPOUBJOT TFW�
FSBM PSEFST PG NBHOJUVEF NPSF JOTUSVDUJPOT UIBO UIF PUIFS BQQMJDBUJPOT JO UIF 45".1
CFODINBSL TVJUF� ćJTNFBOT UIBU DPOĘJDUT XJMM CF DPTUMZ� SFUSZJOH B USBOTBDUJPO JODVST
B MBSHF QFOBMUZ� 1BSBMMFMJ[JOH UIF DPNQVUBUJPO JOTJEF UIF USBOTBDUJPOT XJMM SFEVDF UIJT
DPTU�

1SPĕMJOH SFWFBMT UIBU GPS UZQJDBM JOQVUT NPSF UIBO ƑƈŰ PG UIF FYFDVUJPO UJNF PG
UIF QSPHSBN JT TQFOU JO UIF FYQBOTJPO TUFQ 	MJOF ƉƊ JO -JTUJOH ƌ�Ƌ
� ćJT QFSGPSNT B
CSFBEUI�ĕSTU TFBSDI� -JTUJOHT ƌ�ƍB BOE ƌ�ƍC TIPX B TJNQMJĕFE WFSTJPO PG UIF SFMFWBOU
DPEF� ćF expand GVODUJPO TUBSUT XJUI B RVFVF DPOUBJOJOH UIF src DFMM 	-JTUJOH ƌ�ƍB
MJOF Ɗ
� *O expand-cell 	-JTUJOH ƌ�ƍB MJOF Ɛ
 UIF ĕSTU DFMM JO UIF RVFVF JT FYQBOEFE
XIJDI VQEBUFT UIF OFJHICPSJOH DFMMT JO local-grid GPS XIJDI B DIFBQFS QBUI IBT CFFO
GPVOE VTJOH ref-set 	-JTUJOH ƌ�ƍC MJOF ƉƉ
 BOE SFUVSOT UIFTF OFJHICPST� ćFTF BSF
UIFO BQQFOEFE UP UIF RVFVF 	-JTUJOH ƌ�ƍB MJOFT ƏoƐ
 BOE UIF MPPQ JT SFTUBSUFE� ćJT
DPOUJOVFT VOUJM FJUIFS UIF RVFVF JT FNQUZ PS UIF EFTUJOBUJPO IBT CFFO SFBDIFE�

Ɖ$MPKVSF�T MPPQ DPOTUSVDU (loop [x 0] (recur 1)) EFĕOFT BOE DBMMT BO BOPOZNPVT GVODUJPO JO
XIJDI recur FYFDVUFT B SFDVSTJWF DBMM� *U JT FRVJWBMFOU UP 4DIFNF�T OBNFE MFU� (let l ([x 0]) (l 1))�
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$IBQUFS Ʈ� 5SBOTBDUJPOBM 'VUVSFT

"QQMJDBUJPO 5SBOTBDUJPO
MFOHUI 	NFBO � PG
JOTUSVDUJPOT QFS UY


"WFSBHF UJNF JO
USBOTBDUJPO

-BCZSJOUI ������ ����
#BZFT ����� ���
:BEB ���� ����
7BDBUJPO�IJHI ���� ���
(FOPNF ���� ���
*OUSVEFS ��� ���
,NFBOT�IJHI ��� ��
44$"� �� ���

5BCMF ƌ�ƌ� $IBSBDUFSJ[BUJPO PG UIF 45".1 BQQMJDBUJPOT BCSJEHFE GSPN .JOI FU BM� <ƊƈƈƐ>�
ćFTF OVNCFST XFSF HBUIFSFE PO B TJNVMBUFE ƉƎ�DPSF TZTUFN� ćF USBOTBDUJPO MFOHUI BOE
USBOTBDUJPOBM FYFDVUJPO UJNF BSF DPMPS�DPEFE IJHI NFEJVN MPX�

-BCZSJOUI XJUI QBSBMMFM TFBSDI

*O -JTUJOH ƌ�ƍD BEEJUJPOBM QBSBMMFMJTN JT JOUSPEVDFE CZ SFQMBDJOH UIF CSFBEUI�ĕSTU TFBSDI
BMHPSJUIN CZ B QBSBMMFM WFSTJPO PG UIJT BMHPSJUIN� *U VTFT MBZFS TZODISPOJ[BUJPO B UFDI�
OJRVF JO XIJDI BMM OPEFT PG POF MBZFS PG UIF CSFBEUI�ĕSTU TFBSDI HSBQI BSF FYQBOEFE
o JO QBSBMMFM o CFGPSF UIF OFYU MBZFS JT TUBSUFE <;IBOH BOE )BOTFO ƊƈƈƎ>� ćF RVFVF
OPX TUBSUT BT B TFU DPOUBJOJOH POMZ UIF src DFMM 	MJOF Ɗ
� *O FBDI JUFSBUJPO PG UIF MPPQ
expand-layer XJMM FYQBOE BMM DFMMT JO UIF RVFVF JO QBSBMMFM 	MJOFT ƉƉoƉƋ
 VTJOH $MP�
KVSF�T QBSBMMFM NBQ PQFSBUJPO pmap� pmap EJWJEFT UIF MJTU PG DFMMT JOUP QBSUJUJPOT 	OPU
TIPXO JO UIF DPEF
 BOE QSPDFTTFT FBDI QBSUJUJPO JO B TFQBSBUF UBTL� *U HBUIFST UIF SF�
TVMUT PG BMM UBTLT JO GVUVSFT IFSF BMM OFJHICPST PG UIF DVSSFOU MBZFS KPJOT UIFJS SFTVMUT
BOE SFUVSOT UIFTF� ćF VOJPO PG BMM SFUVSOFE OFJHICPST JT UIFO VTFE BT UIF RVFVF GPS
UIF OFYU JUFSBUJPO PG UIF MPPQ 	MJOF Ɖƈ
� "T CFGPSF UIJT DPOUJOVFT VOUJM FJUIFS UIF RVFVF
JT FNQUZ PS UIF EFTUJOBUJPO IBT CFFO SFBDIFE�

)PXFWFS UIJT DPEF EPFT OPU XPSL BT FYQFDUFE JO $MPKVSF� &BDI QBSUJUJPO DSFBUFE
CZ pmap JT QSPDFTTFE JO B OFX UBTL DBMMJOH expand-cell JO XIJDI BO atomic CMPDL
BQQFBST� "T USBOTBDUJPOT BSF UISFBE�MPDBM JO $MPKVSF JU EFUFDUT OP USBOTBDUJPO JT SVO�
OJOH JO UIF DVSSFOU UBTL BOE TUBSUT B OFX USBOTBDUJPO� 8IFO UIF atomic CMPDL FOET
UIJT JOOFS USBOTBDUJPO JT DPNNJUUFE� )PXFWFS UIF TVSSPVOEJOH USBOTBDUJPO NBZ TUJMM
SPMM CBDL XIJMF UIF JOOFS USBOTBDUJPO DBOOPU CF SPMMFE CBDL BOZNPSF� 4QVSJPVT OFTUFE
USBOTBDUJPOT BSF DSFBUFE XIJDI DPNNJU JOEFQFOEFOUMZ GSPN UIFJS QBSFOU� UIJT JT UIF
ATQVSJPVT SFUSJFT� QSPCMFN UIBU XBT EJTDVTTFE JO 4FDUJPO Ƌ�Ɗ�Ƌ 	QBHF ƍƋ
 BOE DBO FWFO�
UVBMMZ MFBE UP JODPSSFDU SFTVMUT�
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Ɖ (defn expand [src dst local-grid] ;$BMMFE JO B USBOTBDUJPO JO -JTUJOH ���
Ɗ (loop [queue (list src)]
Ƌ (if (empty? queue)
ƌ false ;OP QBUI GPVOE
ƍ (if (= (first queue) dst)
Ǝ true ;EFTUJOBUJPO SFBDIFE
Ə (recur (concat (rest queue)
Ɛ (expand-cell (first queue) local-grid)))))))

	B
 4FRVFOUJBM CSFBEUI�ĕSTU TFBSDI PG MPDBM HSJE�

Ɖ (defn expand-cell [current local-grid]
Ɗ (atomic
Ƌ (let [neighbors (get-neighbors local-grid current) ;OFJHICPST PG DVSSFOU
ƌ cheaper-neighbors ;OFJHICPST PG DVSSFOU GPS XIJDI XF GPVOE B DIFBQFS QBUI
ƍ (filter
Ǝ (fn [neighbor]
Ə (< (cost neighbor current) ;DPTU PG QBUI UP OFJHICPS UISPVHI DVSSFOU
Ɛ (deref neighbor))) ;DPTU PG QSFWJPVT QBUI UP OFJHICPS
Ƒ neighbors)]
Ɖƈ (doseq [neighbor cheaper-neighbors] ;GPS FBDI DIFBQFS OFJHICPS�
ƉƉ (ref-set neighbor (cost neighbor current))) ;TFU OFX DPTU
ƉƊ cheaper-neighbors)))

	C
 &YQBOE B DFMM� 	$PEF NPEJĕFE GPS DMBSJUZ�


Ɖ (defn expand [src dst local-grid] ;$BMMFE JO B USBOTBDUJPO JO -JTUJOH ���
Ɗ (loop [queue (set [src])]
Ƌ (if (empty? queue)
ƌ false ;OP QBUI GPVOE
ƍ (if (contains? queue dst)
Ǝ true ;EFTUJOBUJPO SFBDIFE
Ə (recur (expand-layer queue local-grid))))))
Ɛ

Ƒ (defn expand-layer [queue local-grid]
Ɖƈ (reduce union (set []) ;DPOWFSU MJTU PG MJTU PG OFJHICPST JOUP B TFU 	XJUIPVU EVQMJDBUFT

ƉƉ (pmap ;QBSBMMFM NBQ SFUVSOJOH MJTU PG MJTU PG OFJHICPST
ƉƊ (fn [p] (expand-cell p local-grid))
ƉƋ queue)))
Ɖƌ

Ɖƍ (defn pmap [f xs] ;4JNQMJöFE WFSTJPO PG $MPKVSF�T QNBQ
ƉƎ (let [futures (map (fn [x] (fork (f x))) xs)]
ƉƏ (map join futures)))

	D
 1BSBMMFM CSFBEUI�ĕSTU TFBSDI PG MPDBM HSJE� ćF FYQBOTJPO PDDVST JO MBZFST UIF DFMMT JO FBDI
MBZFS BSF FYQBOEFE JO QBSBMMFM JO expand-layer� pmap JT B QBSBMMFM NBQ CVJMU JOUP $MPKVSF�

-JTUJOH ƌ�ƍ� &YQBOTJPO TUFQ UISPVHI -BCZSJOUI HSJE� 	B
 TIPXT UIF PSJHJOBM TFRVFOUJBM TFBSDI
BMHPSJUIN� 	D
 SFQMBDFT UIJT XJUI B QBSBMMFM WFSTJPO� ćF GVODUJPO expand-cell JO 	C
 JT VTFE CZ
CPUI UP FYQBOE B TJOHMF DFMM�
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1SPCMFN "OBMZTJT

*O HFOFSBM $MPKVSF BMMPXT GVUVSFT UP CF DSFBUFE JO B USBOTBDUJPO CVU UIFZ BSF OPU QBSU
PG UIBU USBOTBDUJPO�T DPOUFYU� 8IFO BO atomic CMPDL BQQFBST JO B OFX UBTL B TFQB�
SBUF USBOTBDUJPO JT DSFBUFE XJUI JUT PXO QPTTJCMZ JODPOTJTUFOU TOBQTIPU PG UIF TIBSFE
NFNPSZ� ćJT USBOTBDUJPO XJMM DPNNJU JOEFQFOEFOUMZ� $MPKVSF EPFT OPU DPOTJEFS UIF
DSFBUJPO PG GVUVSFT BT QBSU PG UIF USBOTBDUJPO IFODF JU JT OPU VOEPOF XIFO UIF FODBQTV�
MBUJOH USBOTBDUJPO JT SPMMFE CBDL� "T TVDI UIF JTPMBUJPO PG UIF USBOTBDUJPOT JT CSPLFO�
ćJT JT OPU UIF EFTJSFE CFIBWJPS PG UIF QSFTFOUFE FYBNQMF� ćF TBNF QSPCMFNT PDDVS JO
NPTU MJCSBSZ�CBTFE 45. JNQMFNFOUBUJPOT JODMVEJOH 4DBMB45. %FVDF 45. GPS +BWB
BOE ($$�T TVQQPSU GPS USBOTBDUJPOBM NFNPSZ GPS $ BOE $���Ɗ

)BTLFMM PO UIF PUIFS IBOE EPFT OPU BMMPX UIF DPEF BCPWF UP CF XSJUUFO� ćF UZQF
TZTUFN QSPIJCJUT UIF DSFBUJPO PG OFX GVUVSFT JO B USBOTBDUJPO BT USBOTBDUJPOT BSF FODBQ�
TVMBUFE JO UIF 45.NPOBEXIJMF forkIO DBO POMZ BQQFBS JO UIF *0NPOBE� "T TVDI UIF
JTPMBUJPO PG USBOTBDUJPOT JT HVBSBOUFFE CVU JO FČFDU UIF QPUFOUJBM QBSBMMFMJTN JT MJN�
JUFE� FWFSZ UJNF USBOTBDUJPOT BSF JOUSPEVDFE UP JTPMBUF TPNF DPNQVUBUJPO GSPN PUIFS
UBTLT UIF QPUFOUJBM QFSGPSNBODF CFOFĕUT PG QBSBMMFMJTN JOTJEF UIJT DPNQVUBUJPO BSF
GPSGFJUFE� ćJT JT UISPXJOH PVU UIF CBCZ XJUI UIF CBUIXBUFS� ćJT QSPCMFN CFDPNFT BQ�
QBSFOU GPS QSPHSBNT DPOUBJOJOH MPOH�SVOOJOH USBOTBDUJPOT� *O UIF -BCZSJOUI FYBNQMF
UIFNBYJNBM BNPVOU PG QBSBMMFMJTN JT FRVBM UP UIF OVNCFS PG JOQVU TPVSDFoEFTUJOBUJPO
QBJST FWFO UIPVHI BEEJUJPOBM QBSBMMFMJTN DPVME CF FYQMPJUFE CZ UIF CSFBEUI�ĕSTU TFBSDI
BMHPSJUIN�

'VSUIFSNPSF UIFTF EFTJHO DIPJDFT IJOEFS SFVTBCJMJUZ <)BJOFT FU BM� ƉƑƑƌ>� *OTJEF
B USBOTBDUJPO DBMMJOH B MJCSBSZ GVODUJPO PS PUIFS QBSU PG UIF QSPHSBN UIBU DPOUBJOT
fork JT VOTBGF� JU JT FJUIFS OPU BMMPXFE PS DBO MFBE UP JODPSSFDU SFTVMUT� 'PS JOTUBODF
JU JT JNQPTTJCMF UP VTF B MJCSBSZ UIBU JNQMFNFOUT B QBSBMMFM CSFBEUI�ĕSTU TFBSDI GPS UIF
-BCZSJOUI BQQMJDBUJPO�

'JOBMMZ XF OPUF UIBU USBOTBDUJPOT BSF VTFE UP FOTVSF JTPMBUJPO F�H� UP QSFWFOU PWFS�
MBQQJOH QBUIT JO UIF -BCZSJOUI FYBNQMF CVU UIFZ BMTP GPSN UIF VOJU PG QBSBMMFMJTN
FWJEFODFE CZ UIF GBDU UIBU UIF NBYJNBM BNPVOU PG QBSBMMFMJTN JT FRVBM UP UIF OVNCFS
PG USBOTBDUJPOT� .PPSF BOE (SPTTNBO <ƊƈƈƐ> BOE )BJOFT FU BM� <ƉƑƑƌ> BSHVF UIBU JTPMB�
UJPO BOE QBSBMMFMJTN BSF PSUIPHPOBM JTTVFT CVU UIF OPUJPOT PG JTPMBUJPO BOE QBSBMMFMJTN
BSF DPOĘBUFE� 1BSBMMFMJ[JOH UIF TFBSDI BMHPSJUIN TIPVME CF PSUIPHPOBM UP UIF JTPMBUJPO
CFUXFFO USBOTBDUJPOT CVU JU JT OPU�

ćF JEFBM TPMVUJPO JT POF XIFSF TFWFSBM UBTLT DBO CF DSFBUFE JO B USBOTBDUJPO BOE
DBO FYFDVUF JO QBSBMMFM J�F� BMMPXJOH fork JOTJEF atomic 	VOMJLF )BTLFMM�T forkIO
� 'VS�
UIFSNPSF UIFTF UBTLT TIPVME CF BCMF UP BDDFTT BOE NPEJGZ UIF USBOTBDUJPOBM WBSJBCMFT
VTJOH UIF USBOTBDUJPOBM DPOUFYU PG UIF FODBQTVMBUJOH USBOTBDUJPO 	VOMJLF $MPKVSF�T PS

ƊIUUQT���OCSPOTPO�HJUIVC�JP�TDBMB�TUN� IUUQT���TJUFT�HPPHMF�DPN�TJUF�EFVDFTUN� BOE IUUQT���HDD�HOV�
PSH�XJLJ�5SBOTBDUJPOBM.FNPSZ�
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1 expand point 2 fork 3a expand point 4 join    
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'JHVSF ƌ�Ǝ� ćF UJNFMJOF PG UIF USBOTBDUJPOBM UBTLT UIBU BSF GPSLFE BOE KPJOFE XIFO FYQBOEJOH
UIF MBCZSJOUI HSJE� "U FBDI QPJOU JO UJNF XF TIPX UIF HSJE BT JU FYJTUT JO UIBU UBTL� ćF DFMMT
UIBU BSF TUPSFE JO UIF TOBQTIPU PG UIF UBTL BSF XIJUF BOE CMBDL UIF NPEJĕDBUJPOT TUPSFE JO UIF
MPDBM TUPSF BSF CMVF� ćF PSBOHF BSSPXT JOEJDBUF IPX UIF MPDBM TUPSFT PG UXP UBTLT BSF NFSHFE�

4DBMB�T GVUVSFT JO USBOTBDUJPOT
� 8JUI PVS BQQSPBDI XF XBOU UP QSFTFSWF JTPMBUJPO CF�
UXFFO BMM USBOTBDUJPOT JO UIF QSPHSBN�

ƌ�Ƌ 5SBOTBDUJPOBM 'VUVSFT
*O UIJT TFDUJPO XF EFĕOF USBOTBDUJPOBM GVUVSFT� " USBOTBDUJPOBM GVUVSF JT UIF GVUVSF
BTTPDJBUFE XJUI B TP�DBMMFE USBOTBDUJPOBM UBTL� B UBTL UIBU JT GPSLFE XIJMF B USBOTBDUJPO
JT SVOOJOH� 8F EFTDSJCF USBOTBDUJPOBM GVUVSFT BOE USBOTBDUJPOBM UBTLT 	4FDUJPO ƌ�Ƌ�Ɖ

BOE UIF TFNBOUJDT PG UIF join PQFSBUJPO 	4FDUJPO ƌ�Ƌ�Ɗ
 JOGPSNBMMZ� 	" GPSNBMJ[BUJPO
XJMM CF HJWFO JO $IBQUFS Ə�


ƌ�Ƌ�Ɖ 5SBOTBDUJPOBM 5BTLT
8IFO B GVUVSF JT GPSLFE JO B USBOTBDUJPO B OFX QBSBMMFM UBTL JT TQBXOFE� 8F DBMM UIJT
UBTL B USBOTBDUJPOBM UBTL UP JOEJDBUF UIBU JU JT BTTPDJBUFE XJUI UIF USBOTBDUJPO UIBU XBT
BDUJWF XIFO JU XBT TQBXOFE� "T NPUJWBUFE JO UIF QSFWJPVT TFDUJPO B USBOTBDUJPOBM UBTL
PQFSBUFT XJUIJO UIF DPOUFYU PG JUT FODBQTVMBUJOH USBOTBDUJPO TP UIBU JU DBO BDDFTT BOE
NPEJGZ UIF TUBUF PG UIF USBOTBDUJPO�

$PODFQUVBMMZ FBDI USBOTBDUJPOBM UBTL DSFBUFT B DPQZ PG UIF USBOTBDUJPOBM IFBQ BOE
XJMM BDDFTT BOE NPEJGZ UIBU QSJWBUF DPQZ� ćJT FOTVSFT UIBU UXP UBTLT DBO SVO DPODVS�
SFOUMZ XJUIPVU JOUFSGFSJOH XJUI FBDI PUIFS� 5P UIJT FOE B USBOTBDUJPOBM UBTL DPOUBJOT
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UXP EBUB TUSVDUVSFT� B 	SFBE�POMZ
 TOBQTIPU DPOUBJOJOH UIF WBMVFT PG UIF USBOTBDUJPOBM
WBSJBCMFT XIFO UIF UBTL XBT TQBXOFE BOE B MPDBM TUPSF DPOUBJOJOH UIF WBMVFT UIBU UIF
UBTL IBT XSJUUFO UP USBOTBDUJPOBM WBSJBCMFT�

&BDI USBOTBDUJPO TUBSUT XJUI POF SPPU UBTL UIBU FWBMVBUFT UIF USBOTBDUJPO�T CPEZ� *UT
TOBQTIPU JT B DPQZ PG UIF USBOTBDUJPOBM IFBQ� JUT MPDBM TUPSF TUBSUT FNQUZ� *O 'JHVSF ƌ�Ǝ
B UJNFMJOF PG UIF expand PQFSBUJPO PG UIF -BCZSJOUI BQQMJDBUJPO JT TIPXO� "U UIF TUBSU
PG UIF USBOTBDUJPO UIF TOBQTIPU PG UIF SPPU UBTL DPOUBJOT UIF TPVSDF DFMM BU EJTUBODF ƈ
	JO XIJUF
� "ęFS TUFQ Ɖ UIF MPDBM TUPSF JT NPEJĕFE XJUI UIF FYQBOEFE DFMMT BU EJTUBODF Ɖ
	JO CMVF
�

"T CFGPSF UBTLT BSF TQBXOFE VTJOH UIF fork F DPOTUSVDU JO UIF SPPU UBTL PS BOZ TVC�
TFRVFOUMZ DSFBUFE UBTL� ćVT fork DBO CF VTFE JO UIF EZOBNJD FYUFOU PG B USBOTBDUJPO�
8IFO B UBTL JT TQBXOFE JUT TOBQTIPU TIPVME SFĘFDU UIF DVSSFOU TUBUF PG UIF USBOTBD�
UJPOBM WBSJBCMFT TP JU JT UIF TOBQTIPU PG JUT QBSFOU UBTL NPEJĕFE XJUI UIF DVSSFOU MPDBM
TUPSF PG UIF QBSFOU� ćF MPDBM TUPSF PG B OFXMZ TQBXOFE UBTL JT FNQUZ� *O 'JHVSF ƌ�Ǝ
TUFQ Ɗ TQBXOT B UBTL UIF OFX UBTL�T TOBQTIPU 	JO XIJUF
 DPOTJTUT PG JUT QBSFOU�T TOBQTIPU
DPNCJOFE XJUI UIF QBSFOU�T MPDBM TUPSF�

8IJMF B UBTL FYFDVUFT JU MPPLT VQ USBOTBDUJPOBM WBMVFT JO JUT TOBQTIPU BOE NPEJGZ
UIFN CZ TUPSJOH UIFJS VQEBUFE WBMVFT JO UIF MPDBM TUPSF� *U POMZ VTFT JUT PXO TOBQTIPU
BOE MPDBM TUPSF FOTVSJOH UIBU FBDI UBTL SVOT JO JTPMBUJPO� *O TUFQT ƋB BOE ƋC UIF SPPU
UBTL BOE JUT DIJME CPUI FYQBOE B DFMM BOE VQEBUF UIFJS MPDBM TUPSFT 	JO CMVF
�

8IFO B UBTL ĕOJTIFT JUT FYFDVUJPO JUT GVUVSF JT SFTPMWFE UP JUT ĕOBM WBMVF� 8IFO B
UBTL JT KPJOFE GPS UIF ĕSTU UJNF JUT MPDBM TUPSF JT NFSHFE JOUP UIF UBTL QFSGPSNJOH UIF
KPJO BOE UIF WBMVF PG JUT GVUVSF JT SFUVSOFE� ćJT XBZ DIBOHFT QSPQBHBUF GSPN DIJME
UBTLT UP UIFJS QBSFOU� *O UIF ĕHVSF TUFQ ƌ DPQJFT UIF NPEJĕFE DFMMT PG UIF DIJME UBTL
	CMVF DFMMT
 JOUP UIF SPPU UBTL� 4VCTFRVFOU KPJOT PG UIF TBNF UBTL XJMM OPU SFQFBU UIJT BT
UIFJS DIBOHFT BSF BMSFBEZ NFSHFE� UIFZ XJMM POMZ SFUVSO UIF ĕOBM WBMVF PG UIF GVUVSF�

"U UIF FOE PG UIF USBOTBDUJPO UIF NPEJĕDBUJPOT PG BMM USBOTBDUJPOBM UBTLT JO UIF
USBOTBDUJPO TIPVME IBWF CFFONFSHFE JOUP UIF SPPU UBTL BOE UIFTF BSF DPNNJUUFE BUPN�
JDBMMZ� "MM DIBOHFT GSPN BMM UBTLT BSF DPNNJUUFE JO B TJOHMF TUFQ TP UIF USBOTBDUJPO SF�
NBJOT BO JOEJWJTJCMF TUFQ UP UIF PVUTJEF NBJOUBJOJOH JUT JTPMBUJPO� *G B DPOĘJDU PDDVST BU
DPNNJU UJNF UIF XIPMF USBOTBDUJPO JT BCPSUFE BOE SFUSJFE� *G B DPOĘJDU PDDVST JO POF
PG UIF UBTLT XIJMF UIF USBOTBDUJPO JT TUJMM SVOOJOH BMM UBTLT BSF BCPSUFE BOE UIF XIPMF
USBOTBDUJPO JT SFUSJFE� *O PUIFS XPSET UIF UBTLT XJUIJO B USBOTBDUJPO BSF DPPSEJOBUFE
TP UIBU UIFZ FJUIFS BMM TVDDFFE PS BMM GBJM� UIFZ GPSN POF BUPNJD HSPVQ�

ƌ�Ƌ�Ɗ $POĘJDUT BOE $POĘJDU 3FTPMVUJPO 'VODUJPOT
8IFO B UBTL JT KPJOFE JOUP JUT QBSFOU DPOĘJDUT BSF QPTTJCMF� JU NBZ CF UIF DBTF UIBU UIF
DIJME UBTL IBT NPEJĕFE B USBOTBDUJPOBM WBSJBCMF UIBU UIF QBSFOU BMTP NPEJĕFE TJODF UIF
DSFBUJPO PG UIF DIJME� *O UIBU DBTF B XSJUFoXSJUF DPOĘJDU PDDVST� "O FYBNQMF PG TVDI
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B DPOĘJDU JT NBSLFE PO 'JHVSF ƌ�Ǝ XJUI BO BTUFSJTL 	�
� /PUF UIBU JO UIJT FYBNQMF CPUI
WBMVFT IBQQFOFE UP CF UIF TBNF CVU UIJT JT OPU OFDFTTBSJMZ UIF DBTF JO HFOFSBM�

'PS UIFTF TJUVBUJPOT B DPOĘJDU SFTPMVUJPO GVODUJPO DBO CF TQFDJĕFE QFS USBOTBD�
UJPOBM WBSJBCMF�Ƌ ćF QSPHSBNNFS DBO TQFDJGZ B resolve GVODUJPO XIFO UIF USBOTBD�
UJPOBM WBSJBCMF JT DSFBUFE VTJOH (ref initial-value resolve)� *G B DPOĘJDU PDDVST
UIF OFX WBMVF PG UIF WBSJBCMF JO RVFTUJPO JT UIF SFTVMU PG resolve(WPSJHJOBM, WQBSFOU, WDIJME)
XIFSF WQBSFOU BOE WDIJME SFGFS UP JUT WBMVF JO UIF QBSFOU BOE DIJME SFTQFDUJWFMZ BOE WPSJHJOBM
SFGFST UP JUT WBMVF XIFO UIF DIJME XBT DSFBUFE 	TUPSFE JO UIF DIJME�T TOBQTIPU
�

*O UIF -BCZSJOUI FYBNQMF UIF OFX WBMVF PG B DPOĘJDUJOH DFMM TIPVME CF UIF NJO�
JNVN PG UIF KPJOJOH UBTLT TP resolve(P, Q, D) = NJO(Q, D) BT XF XBOU UP ĕOE UIF
DIFBQFTU QBUI� (FOFSBMMZ DPOĘJDU SFTPMVUJPO GVODUJPOT BSF VTFGVM XIFO FBDI UBTL QFS�
GPSNT B QBSU PG B DBMDVMBUJPO� 'PS JOTUBODF XIFO FBDI UBTL DBMDVMBUFT B QBSUJBM SFTVMU PG
B TVN UIF SFTPMWF GVODUJPO JT resolve(P, Q, D) = Q+D−P BT UIF UPUBM JT UIF WBMVF JO UIF
QBSFOU QMVTXIBUXBT BEEFE JO UIF DIJME TJODF JUT DSFBUJPO� 4JNJMBSMZ JG TFWFSBM UBTLT HFO�
FSBUF TFUT UIFZ BSF DPNCJOFE VTJOH resolve(P, Q, D) = Q∪ D PS JG TFWFSBM UBTLT HFOFSBUF
MJTUT PG SFTVMUT UIFZ DBO CF DPNCJOFE XJUI resolve(P, Q, D) = DPODBU(P, Q−P, D−P)� *G
OP DPOĘJDU SFTPMVUJPO GVODUJPO JT TQFDJĕFE XF EFGBVMU UP QJDLJOH UIF WBMVF JO UIF DIJME
PWFS UIF POF JO UIF QBSFOU resolve(P, Q, D) = D BT XF SFBTPO UIBU XIFO B QSPHSBNNFS
FYQMJDJUMZ KPJOT B UBTL IF JOUFOET UP NFSHF BMM JUT DIBOHFT� $POWFSTFMZ UIF QBSFOU NBZ
CF QSFGFSSFE CZ TQFDJGZJOH resolve(P, Q, D) = Q�

3FBEoXSJUF iDPOĘJDUTw BSF OPU DPOTJEFSFE UP CF BDUVBM DPOĘJDUT JO PVS NPEFM� *G
UIF QBSFOU SFBET B USBOTBDUJPOBM WBSJBCMF XIJMF JUT DIJME XSPUF UP JU UIF QBSFOU TUJMM SFBET
UIF APME� WBMVF GSPN JUT TOBQTIPU� ćF WBMVF XJMM POMZ CF VQEBUFE BęFS BO FYQMJDJU join
PG UIF DIJME� ćJT BWPJET OPO�EFUFSNJOJTN BT UIF NPNFOU BU XIJDI DIBOHFT GSPN POF
UBTL CFDPNF WJTJCMF JO BOPUIFS EPFT OPU EFQFOE PO IPX UBTLT BSF TDIFEVMFE CVU PO
FYQMJDJU join TUBUFNFOUT�

ƌ�Ƌ�Ƌ 4VNNBSZ
6TJOH UIF DPODFQUT JOUSPEVDFE JO UIJT TFDUJPO UIF DPEF JO -JTUJOHT ƌ�ƍD BOE ƌ�ƍC OPX
CFIBWFT BT FYQFDUFE� &BDI OFXMZ TQBXOFE UBTL JT QBSU PG UIF FODBQTVMBUJOH USBOTBD�
UJPO�T DPOUFYU BOE IBT BDDFTT UP JUT TUBUF� 5SBOTBDUJPOBM UBTLT DBO PCTFSWF UIF DIBOHFT
UIBU PDDVSSFE CFGPSF UIFZ XFSF DSFBUFE BOE UIFZ NBLF UIFJS NPEJĕDBUJPOT JO B QSJWBUF
MPDBM TUPSF� 8IFO UIFZ BSF KPJOFE UIFJS DIBOHFT CFDPNF WJTJCMF JO UIFJS QBSFOU UBTL�
ćF POMZ SFRVJSFE NPEJĕDBUJPO UP UIF -BCZSJOUI QSPHSBN JT UIF EFĕOJUJPO PG UIF DPO�
ĘJDU SFTPMVUJPO GVODUJPO PO UIF HSJE DFMMT�

*O $IBQUFS Ƒ 4FDUJPO Ƒ�Ɗ XF FWBMVBUF UIF QFSGPSNBODF PG UIF -BCZSJOUI BQQMJDB�
UJPO� 8F PCTFSWF UIBU USBOTBDUJPOBM GVUVSFT JNQSPWF QFSGPSNBODF JO UXP XBZT� 'JSTU

ƋćJT JT JOTQJSFE CZ B TJNJMBS JEFB GSPN$PODVSSFOU 3FWJTJPOT <#VSDLIBSEU FU BM� ƊƈƉƈ> XIFSF DPOĘJDUT
PO AWFSTJPOFE WBSJBCMFT� BSF SFTPMWFE VTJOH TVDI GVODUJPOT�
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JOUSPEVDJOH ĕOFS�HSBJOFE QBSBMMFMJTN JOTJEF UIF USBOTBDUJPO MPXFST UIF FYFDVUJPO UJNF
PG FBDI USBOTBDUJPO BOE UIVT PG UIF XIPMF QSPHSBN� 4FDPOE UIF MPXFS FYFDVUJPO UJNF
PG USBOTBDUJPOT BMTP NFBOT UIBU UIF DPTU PG DPOĘJDUT JT EFDSFBTFE BT FBDI BUUFNQU UBLFT
MFTT UJNF�

ƌ�ƌ 1SPQFSUJFT PG 5SBOTBDUJPOBM 'VUVSFT
5SBOTBDUJPOBM GVUVSFT FYIJCJU TFWFSBM VTFGVM QSPQFSUJFT� *O UIJT TFDUJPO XF ĕSTU EF�
TDSJCF IPX USBOTBDUJPOBM GVUVSFT BČFDU UIF HVBSBOUFFT PG UIFJS DPOTUJUVFOU NPEFMT 	4FD�
UJPO ƌ�ƌ�Ɖ
� ćJT JT EJTDVTTFE NPSF GPSNBMMZ JO 4FDUJPO Ə�Ƌ PG $IBQUFS Ə� /FYU XF EJT�
DVTT TPNF BEEJUJPOBM VTFGVM QSPQFSUJFT BSJTJOH GSPN UIF DPNCJOBUJPO PG GVUVSFT BOE
USBOTBDUJPOT 	4FDUJPO ƌ�ƌ�Ɗ
�

ƌ�ƌ�Ɖ (VBSBOUFFT

"T FYQMBJOFE JO $IBQUFS Ɗ GVUVSFT HVBSBOUFF EFUFSNJOBDZ BOE USBOTBDUJPOT HVBSBOUFF
JTPMBUJPO BOE QSPHSFTT 	EFBEMPDL GSFFEPN JO PVS JNQMFNFOUBUJPO
� 8F EJTDVTT UIF
FČFDU PG USBOTBDUJPOBM GVUVSFT PO UIFTF HVBSBOUFFT�

*TPMBUJPO PG USBOTBDUJPOT

5SBOTBDUJPOBM GVUVSFT NBJOUBJO JTPMBUJPO 	XIFUIFS UIJT JT TFSJBMJ[BCJMJUZ PQBDJUZ PS
TOBQTIPU JTPMBUJPO
� ćJT DBO CF TFFO BT GPMMPXT� 8F SFRVJSF UIBU BMM UBTLT DSFBUFE JO B
USBOTBDUJPO BSF KPJOFE CFGPSF JUT FOE PUIFSXJTF BO FSSPS JT SBJTFE� "MM DIBOHFT NBEF UP
UIF USBOTBDUJPOBM WBSJBCMFT CZ BMM UBTLT JO UIF USBOTBDUJPO IBWF UIFSFGPSF CFFO BQQMJFE
UP UIF MPDBM TUPSF PG UIF SPPU UBTL CFGPSF UIF USBOTBDUJPO DPNNJUT� 6QPO DPNNJU UIFZ
BSF BQQMJFE UP UIF USBOTBDUJPOBM IFBQ JO B TJOHMF BUPNJD TUFQ KVTU BT JG OP GVUVSFT XFSF
DSFBUFE JO UIF USBOTBDUJPO� $POTFRVFOUMZ USBOTBDUJPOT SFNBJO BUPNJD BOE JTPMBUFE�
UIF UJNF PG UIF DPNNJU EFUFSNJOFT UIF PSEFS PG UIF USBOTBDUJPO JO UIF TFSJBMJ[BUJPO�

5SBOTBDUJPOBM GVUVSFT SFBMJ[F UIJT HVBSBOUFF CZ NBLJOH fork BOE join B QBSU PG UIF
USBOTBDUJPO JO XIJDI UIFZ SVO JOTUFBE PG BO JOEFQFOEFOU TJEF FČFDU� ćJT TPMWFT UIF
ATQVSJPVT SFUSJFT� QSPCMFN UIBU BQQFBSFE JO $MPKVSF JO 4FDUJPO Ƌ�Ɗ�Ƌ 	QBHF ƍƋ
 GPS UIJT
DPNCJOBUJPO�

*U NBZ BQQFBS TUSBOHF UP UBML BCPVU TFSJBMJ[BCJMJUZ GPS B USBOTBDUJPO UIBU DPOUBJOT JO�
UFSOBM QBSBMMFMJTN� )PXFWFS TFSJBMJ[BCJMJUZ POMZ SFRVJSFT UIBU QBSBMMFM FYFDVUJPOT PG UIF
QSPHSBN BSF FRVJWBMFOU UP BO FYFDVUJPO JO XIJDI UIF USBOTBDUJPOT SVO TFSJBMMZ� *U EPFT
OPU JNQPTF BOZ SFTUSJDUJPOT PO JOUFSMFBWJOHT PVUTJEF USBOTBDUJPOT OPS PO JOUFSMFBWJOHT
XJUIJO B USBOTBDUJPO� *U JT POMZ UIF USBOTBDUJPOT BT B XIPMF UIBU NVTU CF TFSJBMJ[BCMF�
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%FBEMPDL GSFFEPN

ćF HVBSBOUFF PG EFBEMPDL GSFFEPN PG USBOTBDUJPOT JT NBJOUBJOFE BT XFMM� 5SBOTBD�
UJPOBM GVUVSFT BMMPX join B CMPDLJOH DPOTUSVDU UP CF VTFE JO USBOTBDUJPOT� ćJT DPVME
QPUFOUJBMMZ DBVTF EFBEMPDLT XIFO UXP UBTLT BSF XBJUJOH GPS FBDI PUIFS UP ĕOJTI BT XF
TBX XIFO XF EJTDVTTFE UIF AVOFYQFDUFE CMPDLJOH� QSPCMFN JO $MPKVSF� )PXFWFS UIJT
DBO OFWFS IBQQFO IFSF� UIF UBTLT JO B USBOTBDUJPO GPSN B TQBXO USFF KVTU MJLF UIFZ EJE
XIFO VTFE PVUTJEF USBOTBDUJPOT 	BT EFTDSJCFE 4FDUJPO Ƌ�Ƌ�Ƌ PO QBHF ƎƋ
 BOE UIFSFGPSF
DBO OFWFS DPOUBJO B DZDMF�

*OUSBUSBOTBDUJPO EFUFSNJOBDZ

5SBOTBDUJPOT BSF B OPO�EFUFSNJOJTUJD NPEFM CFDBVTF UIF PSEFS JO XIJDI USBOTBDUJPOT
BSF DPNNJUUFE JT OPU EFUFSNJOJTUJD� )FODF CSFBLJOH EFUFSNJOBDZ JT VOBWPJEBCMFXIFO
GVUVSFT BOE USBOTBDUJPOT BSF DPNCJOFE� )PXFWFS XF BSF TUJMM BCMF UP HVBSBOUFF EFUFS�
NJOJTN JOTJEF USBOTBDUJPOT XIJDI XF SFGFS UP BT JOUSBUSBOTBDUJPO EFUFSNJOBDZ�

ćF GBDU UIBU USBOTBDUJPOBM GVUVSFT EP OPU JOUSPEVDF OPO�EFUFSNJOJTN JOTJEF USBOT�
BDUJPOT GPMMPXT GSPN UXP PCTFSWBUJPOT� 'JSTU JU EPFT OPU NBUUFS JO XIJDI PSEFS UIF
JOTUSVDUJPOT PG UXP UBTLT BSF JOUFSMFBWFE BT UIFZ CPUI XPSL PO UIFJS PXO DPQJFT PG
UIF EBUB� 4FDPOE UIF KPJO PQFSBUJPO JT EFUFSNJOJTUJD BT MPOH BT UIF DPOĘJDU SFTPMVUJPO
GVODUJPO JT� ćF DIBOHFT NBEF JO POF UBTL POMZ CFDPNF WJTJCMF JO BOPUIFS POF BęFS
BO FYQMJDJU BOE EFUFSNJOJTUJD join TUBUFNFOU IBT CFFO FYFDVUFE� "T B SFTVMU HJWFO UIF
TUBUF PG UIF USBOTBDUJPOBM NFNPSZ XIFO B USBOTBDUJPO TUBSUFE JU DBO POMZ IBWF POF
SFTVMU� ćJT QSPQFSUZ JT iJOUSBUSBOTBDUJPO EFUFSNJOBDZw�

.PSF GPSNBMMZ JOUSBUSBOTBDUJPO EFUFSNJOBDZ TUBUFT UIBU HJWFO UIF JOJUJBM TUBUF PG
UIF USBOTBDUJPOBM NFNPSZ B USBOTBDUJPO NVTU BMXBZT IBWF UIF TBNF SFTVMU BTTVNJOH
UIBU BMM DPOĘJDU SFTPMVUJPO GVODUJPOT BSF EFUFSNJOBUF�ƌ " USBOTBDUJPO IBT UXP LJOET PG
SFTVMUT� JUT ĕOBM WBMVF BOE JUT FČFDUT PO USBOTBDUJPOBM NFNPSZ� 8F XJMM EJTDVTT UIJT
HVBSBOUFF NPSF GPSNBMMZ JO 4FDUJPO Ə�Ƌ�Ɖ 	QBHF Ɖƌƌ
�

*OUSBUSBOTBDUJPO EFUFSNJOBDZ NBLFT UIF CFIBWJPS JO B USBOTBDUJPO FBTJFS UP QSF�
EJDU� %FWFMPQFST DBO USBDF CBDL UIF WBMVF PG B WBSJBCMF CZ MPPLJOH XIFSF UBTLT XFSF
KPJOFE� 4VDI B USBDF XBT TIPXO JO 'JHVSF ƌ�Ǝ XIFSF UXP UBTLT NPEJĕFE UIF TBNF EBUB
DPODVSSFOUMZ ZFU UIFSF XBT POMZ POF FOE SFTVMU�

ƌ�ƌ�Ɗ "EEJUJPOBM QSPQFSUJFT

ćF JOUFSBDUJPO PG USBOTBDUJPOT BOE GVUVSFT HJWFT SJTF UP TPNF BEEJUJPOBM QSPQFSUJFT
XIJDI XF EJTDVTT IFSF�

ƌ$PNQBSF UIJT XJUI UIF EFĕOJUJPO PG EFUFSNJOBDZ XIJDI TUBUFT UIBU HJWFO BO JOQVU B QSPHSBN NVTU
BMXBZT IBWF UIF TBNF PVUQVU�
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$PPSEJOBUJPO PG USBOTBDUJPOBM UBTLT

8IJMF B USBOTBDUJPO DBO DPOUBJO NBOZ UBTLT FBDI UBTL JT GVMMZ DPOUBJOFE JO B TJOHMF
USBOTBDUJPO� ćF DIBOHFT PG BMM UBTLT DSFBUFE JO POF USBOTBDUJPO BSF DPNNJUUFE BU UIF
TBNF NPNFOU XIFO UIFJS FODBQTVMBUJOH USBOTBDUJPO FOET� )FODF JG UIF DPNNJU TVD�
DFFET UIF DIBOHFT PG BMM UBTLT BSF DPNNJUUFE BOE JG UIF DPNNJU GBJMT UIF DIBOHFT PG
OP UBTL BSF DPNNJUUFE� *G B DPOĘJDU PDDVST JO POF UBTL EVSJOH JUT FYFDVUJPO BMM PUIFS
UBTLT JO UIF USBOTBDUJPO BSF BCPSUFE BT XFMM BOE UIF USBOTBDUJPO BT B XIPMF SFTUBSUT�
"T TVDI EFWFMPQFST DBO VTF USBOTBDUJPOBM GVUVSFT BT B NFDIBOJTN UP DPPSEJOBUF UBTLT
CZ FODBQTVMBUJOH TFWFSBM UBTLT JO B USBOTBDUJPO� &ODBQTVMBUJOH UBTLT JO B USBOTBDUJPO
NBLFT UIFN BO BUPNJD 	JOEJWJTJCMF
 VOJU�

8F BMTP PCTFSWF UIBU UIF OPUJPOT PG JTPMBUJPO BOE QBSBMMFMJTN BSF OPX EFDPVQMFE�
ćFSF JT OP MPOHFS B POF�UP�POFNBQQJOH CFUXFFO UBTLT BOE USBOTBDUJPOT JOTUFBENPSF
ĕOF�HSBJOFE QBSBMMFMJTN CFDPNFT QPTTJCMF� 8IFO JOUSPEVDJOH USBOTBDUJPOBM UBTLT UIF
QBSBMMFMJTN JT JODSFBTFE XIJMF UIF HSBOVMBSJUZ PG USBOTBDUJPOT SFNBJOT UIF TBNF�

/P TFNBOUJD USBOTQBSFODZ

5SBOTBDUJPOBM GVUVSFT BSF OPU TFNBOUJDBMMZ USBOTQBSFOU 	DG� 4FDUJPO Ɗ�Ƌ�Ɗ PO QBHF ƉƐ
�
XSBQQJOH fork BSPVOE BO FYQSFTTJPO JO B USBOTBDUJPO DIBOHFT UIF TFNBOUJDT PG UIF
QSPHSBN� "T FYQMBJOFE JO 4FDUJPO ƌ�Ɖ UIJT XBT BMSFBEZ UIF DBTF GPS OPO�USBOTBDUJPOBM
GVUVSFT UIBU TUBSU UIFJS PXO USBOTBDUJPO� UIFZ BMTP EP OPU OFDFTTBSJMZ FWBMVBUF UP UIF
TBNF SFTVMU FWFSZ UJNF�

7JPMBUJOH TFNBOUJD USBOTQBSFODZ JT B OFDFTTBSZ DPNQSPNJTF UP BDIJFWF PVS HPBM
PG FYFDVUJOH UBTLT JO QBSBMMFM� *G B USBOTBDUJPOBM UBTL XFSF TFNBOUJDBMMZ USBOTQBSFOU
JUT FČFDUT PO UIF USBOTBDUJPOBM TUBUF XPVME OFFE UP CF LOPXO BU UIF QPJOU XIFSF JU JT
DSFBUFE CFGPSF UIF QBSFOU UBTL DBO DPOUJOVF� ćFSFGPSF UIF DIJME UBTL BOE JUT QBSFOU
XPVME OFFE UP CF FYFDVUFE TFRVFOUJBMMZ� *OTUFBE XF PQU UP HJWF VQ PO GVMM EFUFSNJOBDZ
BT B OFDFTTBSZ DPNQSPNJTF UP BDIJFWF FďDJFOU QBSBMMFM FYFDVUJPO PG UBTLT BOE JOTUFBE
HVBSBOUFF APOMZ� JOUSBUSBOTBDUJPO EFUFSNJOBDZ�

/POFUIFMFTT XF BSHVF UIBU XF NBJOUBJO UIF iFBTZ QBSBMMFMJTNw PG GVUVSFT� 'JSTU
JOUSBUSBOTBDUJPO EFUFSNJOBDZ FOTVSFT UIBU UIF PSEFS JO XIJDI UIF JOTUSVDUJPOT PG UIF
USBOTBDUJPOBM UBTLT BSF JOUFSMFBWFE EPFT OPU BČFDU UIF SFTVMU� 4FDPOE USBOTBDUJPOBM GV�
UVSFT IBWF B TUSBJHIUGPSXBSE BOE DPOTJTUFOU TFNBOUJDT PG IPX UIF USBOTBDUJPOBM FČFDUT
PG UBTLT BSF DPNQPTFE� &BDI UBTL DBO NPEJGZ UIF USBOTBDUJPOBM TUBUF CVU JUT FČFDUT
CFDPNF WJTJCMF JO B TJOHMF TUFQ POMZ XIFO JU JT KPJOFE BOE DPOĘJDUT BSF SFTPMWFE EFUFS�
NJOJTUJDBMMZ�
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5SBOTBDUJPOBM UBTLT BSF MJLF OFTUFE USBOTBDUJPOT

" USBOTBDUJPOBM UBTL NBLFT B SFBE�POMZ TOBQTIPU PG UIF USBOTBDUJPOBM TUBUF VQPO JUT
DSFBUJPO BOE TUPSFT JUT NPEJĕDBUJPOT JO B MPDBM TUPSF� ćJT NJSSPST DMPTFMZ IPX B SFH�
VMBS USBOTBDUJPO 	DPODFQUVBMMZ
 DSFBUFT B SFBE�POMZ DPQZ PG UIF USBOTBDUJPOBM IFBQ BU
JUT DSFBUJPO BOE TUPSFT JUT NPEJĕDBUJPOT JO B MPDBM TUPSF� 8F DPVME TBZ UIBU XIJMF JU
JT OPU TZOUBDUJDBMMZ TIPXO B USBOTBDUJPOBM UBTL TUBSUT B AOFTUFE USBOTBDUJPO�� ćJT TJNJ�
MBSJUZ TIPVME QSPWJEF B GBNJMJBS TFNBOUJDT UP EFWFMPQFST� ćF EJČFSFODFT XJUI OFTUFE
USBOTBDUJPOT JO UIF FYJTUJOH MJUFSBUVSF QBSUJDVMBSMZ PVS EJČFSFOU KPJO TFNBOUJDT BSF EJT�
DVTTFE JO 4FDUJPO ƌ�ƍ�

/PO�USBOTBDUJPOBM GVUVSFT NBJOUBJO UIFJS TFNBOUJDT

'VUVSFT UIBU BSF DSFBUFE PVUTJEF B USBOTBDUJPO IBWF UIF TBNF TFNBOUJDT JO PVSNPEFM BT
CFGPSF 	JO -G
� UIFTF OPO�USBOTBDUJPOBM UBTLT DBOOPU BDDFTT PS NPEJGZ UIF USBOTBDUJPOBM
TUBUF EJSFDUMZ� ćFZ DBO PG DPVSTF TUJMM DSFBUF B USBOTBDUJPO UIFNTFMWFT BOE NPEJGZ UIF
USBOTBDUJPOBM TUBUF JOEJSFDUMZ BT EJTDVTTFE FBSMJFS JO 4FDUJPO ƌ�Ɖ�

ƌ�ƍ 3FMBUFE8PSL
8F EFTDSJCF GPVS DBUFHPSJFT PG SFMBUFE XPSL� OFTUFE BOE QBSBMMFM USBOTBDUJPOT +BWB
5SBOTBDUJPOBM 'VUVSFT EFUFSNJOJTUJD DPODVSSFODZ NPEFMT XJUI TIBSFE NFNPSZ BOE
NPEFMT UIBU BMMPX QBSBMMFM UBTLT UP TBGFMZ BDDFTT TIBSFE NFNPSZ�

ƌ�ƍ�Ɖ /FTUFE 1BSBMMFM BOE /FTUFE 1BSBMMFM 5SBOTBDUJPOT
ćFSF JT B XJEF SBOHF PG XPSL PO OFTUFE QBSBMMFM 	PS iNVMUJUISFBEFEw
 BOE OFTUFE
QBSBMMFM USBOTBDUJPOT� 8F QSPWJEF BO PWFSWJFX BOE EFMWF EFFQFS JOUP OFTUFE QBSBMMFM
USBOTBDUJPOT�

/FTUFE USBOTBDUJPOT

/FTUFE USBOTBDUJPOT BSF USBOTBDUJPOT DSFBUFE JO UIF DPOUFYU PG BOPUIFS USBOTBDUJPO
<.PTT ƉƑƐƉ #FFSJ FU BM� ƉƑƐƑ .PTT BOE )PTLJOH ƊƈƈƎ .PSBWBO FU BM� ƊƈƈƎ /J FU BM�
ƊƈƈƏ>� ćFZ XFSF BMSFBEZ EJTDVTTFE JO 4FDUJPO Ƌ�Ƌ�Ƌ 	QBHF Ǝƌ
 XIFSF XF FYQMBJOFE UIF
EJČFSFODF CFUXFFO PQFO BOE DMPTFE OFTUJOH� /FTUFE USBOTBDUJPOT DPNNJU JOEFQFO�
EFOUMZ GSPN UIFJS QBSFOU BOE UIFSFGPSF DBO GBJM TFQBSBUFMZ� ćVT XIFO B OFTUFE USBOT�
BDUJPO FODPVOUFST B DPOĘJDU POMZ B QPSUJPO PG UIF XPSL OFFET UP CF SFUSJFE QPUFOUJBMMZ
JNQSPWJOH UIF QFSGPSNBODF PG MBSHF USBOTBDUJPOT� *O DPOUSBTU UP USBOTBDUJPOBM GVUVSFT
OFTUFE USBOTBDUJPOT EPOPU FYFDVUF JO QBSBMMFM� UIFZ DPSSFTQPOE UP OFTUFE atomicCMPDLT
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BOE OPU UIF OFTUJOH PG fork JO atomic� ćFZ NFSFMZ JNQSPWF QFSGPSNBODF CZ MJNJUJOH
UIF DPTU PG B SFUSZ 	XIJDI PVS BQQSPBDI EPFT BT XFMM
 OPU CZ JOUSPEVDJOH QBSBMMFMJTN�

*OUFSOBMMZ QBSBMMFM USBOTBDUJPOT 	PS NVMUJUISFBEFE USBOTBDUJPOT


5SBOTBDUJPOT JO XIJDI NVMUJQMF UISFBET BSF TQBXOFE BSF NVMUJUISFBEFE USBOTBDUJPOT
<)BJOFT FU BM� ƉƑƑƌ>� ćFZ PDDVS XIFO MJCSBSJFT UIBU VTF UISFBET BSF DBMMFE JO B USBOT�
BDUJPO� ćFZ XPSL MJLF UIF AOBJWF� DPNCJOBUJPO XF EFTDSJCFE JO 4FDUJPO ƌ�Ɗ� VOMJLF
USBOTBDUJPOBM GVUVSFT UISFBET JO B USBOTBDUJPO EP OPU SVO XJUIJO UIFJS QBSFOU�T USBOT�
BDUJPOBM DPOUFYU� 5P BDDFTT USBOTBDUJPOBM NFNPSZ B OFX USBOTBDUJPO NVTU CF DSFBUFE
CVU UIJT OFX USBOTBDUJPO JT JOEFQFOEFOU GSPN JUT QBSFOU BOE UIVT EPFT OPU SPMM CBDL
XIFO UIF QBSFOU EPFT CSFBLJOH TFSJBMJ[BCJMJUZ�

.PPSF BOE (SPTTNBO <ƊƈƈƐ> QSPWJEF UXP WBSJBUJPOT PG UIF spawn DPOTUSVDU UIBU
DSFBUF UXP TPSUT PG UISFBET XIFO VTFE JO B USBOTBDUJPO� JOUFSOBMMZ QBSBMMFM BOE PO�
DPNNJU UISFBET� *OUFSOBMMZ QBSBMMFM UISFBET SVO XJUIJO UIF USBOTBDUJPO�T DPOUFYU TP
UIFZ DBO BDDFTT JUT TUBUF CVU UIFSF JT OP JTPMBUJPO CFUXFFO UIF UISFBET� ćFSFGPSF SBDF
DPOEJUJPOT BSF QPTTJCMF CFUXFFO JOUFSOBMMZ QBSBMMFM UISFBET PG UIF TBNF USBOTBDUJPO�
0O�DPNNJU UISFBET BSF FYFDVUFE BęFS UIF USBOTBDUJPO DPNNJUT� ćFZ EP OPU CSFBL UIF
JTPMBUJPO PG UIF USBOTBDUJPO CVU UIFZ BSF MJNJUFE� BT UIFZ SVO PVUTJEF UIF USBOTBDUJPO�T
DPOUFYU UIFZ DBOOPU BDDFTT UIF USBOTBDUJPOBM TUBUF� 	" TJNJMBS UFDIOJRVF DBMMFE BUPNJD
EFGFSSBM IBT CFFO JOUSPEVDFE CZ ;IPV FU BM� <ƊƈƉƏ>�


%BCSPXTLJ FU BM� <ƊƈƉƋ> EFĕOF UIF"UPNJD 'PSL +PJO MBOHVBHF XIJDINJYFT BUPNJD
TFDUJPOT BOE GPSL�KPJO QBSBMMFMJTN� %BCSPXTLJ FU BM� <ƊƈƉƍ> GPSNBMJ[F UIJT OPUJPO PG
TFSJBMJ[BCJMJUZ GPS USBOTBDUJPOT XJUI JOUFSOBM QBSBMMFMJTN� XIFO UISFBET BSF TQBXOFE
XJUIJO B USBOTBDUJPO UIFZ BSF OPU TFFO BT AJOUFSGFSJOH UISFBET� BOE BSF BMMPXFE UP DPO�
ĘJDU� "O BUPNJD TFDUJPO JT JTPMBUFE UPXBSET UIF SFTU PG UIF QSPHSBN CVU JOTJEF BO
BUPNJD TFDUJPO TFWFSBM UISFBET NBZ SVO BU UIF TBNF UJNF�

/FTUFE QBSBMMFM USBOTBDUJPOT

5SBOTBDUJPOBM 'FBUIFSXFJHIU +BWB DPNCJOFT OFTUFE BOE NVMUJUISFBEFE USBOTBDUJPOT
<7JUFL FU BM� Ɗƈƈƌ>� 8IFO B USBOTBDUJPO TQBXOT B UISFBE UIF OFX UISFBE JOIFSJUT UIF
USBOTBDUJPOBM FOWJSPONFOU PG JUT QBSFOU MJLF UIF JOUFSOBMMZ QBSBMMFM UISFBET PG .PPSF
BOE (SPTTNBO <ƊƈƈƐ>� ćJT DBO MFBE UP SBDF DPOEJUJPOT XIJDI BSF BWPJEFE CZ TUBSUJOH
B OFX OFTUFE USBOTBDUJPO JO UIF DIJME UISFBE� 8IFO B OFTUFE USBOTBDUJPO DPNNJUT JUT
DIBOHFT BSF XSJUUFO UP JUT QBSFOU�T XSJUF TFU TJNJMBS UP USBOTBDUJPOBM GVUVSFT� )PXFWFS
DPOĘJDUT CFUXFFO DIJME BOE QBSFOU BSF FYQMJDJUMZ GPSCJEEFO� UIF WBMVF PG B WBSJBCMF JO
B DIJME NVTU CF UIF TBNF BT JUT WBMVF JO UIF QBSFOU�

/FTUFEQBSBMMFM USBOTBDUJPOT 	/15T
 BSF OFTUFE USBOTBDUJPOT UIBU SVO JO QBSBMMFM <"HSBXBM
FU BM� ƊƈƈƐ #BSSFUP FU BM� ƊƈƉƈ #BFL FU BM� ƊƈƉƈ 7PMPT FU BM� ƊƈƈƑ>� ćFZ BSF WFSZ TJNJMBS

ƐƊ



Ʈ�Ư 3FMBUFE 8PSL

UP USBOTBDUJPOBM GVUVSFT EJČFSJOH NPTUMZ JO IPX DPOĘJDUTXJUIJO B USBOTBDUJPO BSF IBO�
EMFE� 8F DBMM UIFTF JOUSBUSBOTBDUJPOBM DPOĘJDUT BOE TUVEZ UIFN JO NPSF EFUBJM IFSF�
5P DMBSJGZ UIF EJČFSFODFT CFUXFFO CPUI NPEFMT XF VTF UIF FYBNQMFT GSPN "HSBXBM
FU BM� <ƊƈƈƐ>�

-JTUJOH ƌ�ƏB TIPXT B QSPHSBN JO XIJDI GPVS UISFBET VQEBUF B TIBSFE WBSJBCMF x
JODSFBTJOH JU XJUI Ɖ Ɖƈ Ɖƈƈ BOE Ɖƈƈƈ� ćFSF JT OP TZODISPOJ[BUJPO JO UIJT FYBNQMF
TP SBDF DPOEJUJPOT BSF QPTTJCMF� FWFSZ UISFBE FYFDVUFT B SFBE GPMMPXFE CZ B XSJUF PO
x CVU x NBZ IBWF CFFO VQEBUFE CZ BOPUIFS UISFBE JO UIF NFBO UJNF� ćJT QSPHSBN
UIFSFGPSF IBT ƉƉ EJČFSFOU QPTTJCMF PVUQVUT MJTUFE JO UIF UBCMF TIPXO JO -JTUJOH ƌ�Ə�

/15T SFTPMWF JOUSBUSBOTBDUJPOBM DPOĘJDUT VTJOH UIF USBEJUJPOBM TFSJBMJ[BCJMJUZ PG USBOT�
BDUJPOT� XIFO UXP OFTUFE USBOTBDUJPOT DPOĘJDU POF PG CPUI XJMM SPMM CBDL BOE SFUSZ�
-JTUJOH ƌ�ƏC BEET USBOTBDUJPOT UP UIF QSFWJPVT QSPHSBN TP UIBU UISFF UISFBET VTF B
USBOTBDUJPO XIJMF POF EPFT OPU� 6TJOH /15T UIJT QSPHSBN IBT UXP QPTTJCMF PVUQVUT�
ƉƉƉƉ XIFO BMM XSJUF PQFSBUJPOT TVDDFFE PS ƈƉƉƉ XIFO UIF UISFBE XJUIPVU B USBOTBDUJPO
PWFSXSJUFT JUT TJCMJOH�

ćF TBNF DPEF DBO SVO VTJOH USBOTBDUJPOBM GVUVSFT� *U XJMM BMXBZT QSPEVDF UIF
TBNF PVUQVU� ƉƈƉƈ XIFO VTJOH UIF EFGBVMU DPOĘJDU SFTPMVUJPO GVODUJPO 	XIJDI UBLFT
UIF WBMVF GSPN UIF DIJME
 PS ƉƉƉƉ 	BSHVBCMZ UIF POMZ FYQFDUFE SFTVMU
 XIFO VTJOH B
DPOĘJDU SFTPMVUJPO GVODUJPO EFTJHOFE GPS TVNT� /PUF UIBU XIFO VTJOH USBOTBDUJPOBM
GVUVSFT JU EPFT OPU NBUUFS XIFUIFS UISFBET TUBSU B OFX USBOTBDUJPO 	OFTUFE atomic
 PS
OPU� UIFZ BSF QBSU PG UIF FODBQTVMBUJOH USBOTBDUJPO JO BOZ DBTF� " QSPHSBNNFS DBO
UIVT OFWFS GPSHFU BO atomic� FWFSZUIJOH JT TBGF CZ EFGBVMU�

ćF BEWBOUBHF PG /15T JT UIBU UIFZ VTF UIF TBNF GBNJMJBS TFNBOUJDT UP SFTPMWF DPO�
ĘJDUT CPUI JOTJEF BOE CFUXFFO USBOTBDUJPOT� )PXFWFS UIFZ EP OPU HVBSBOUFF EFUFSNJ�
OBDZ BT JU JT VOQSFEJDUBCMF XIJDI USBOTBDUJPOT XJMM SPMM CBDL� *O DPOUSBTU USBOTBDUJPOBM
GVUVSFT SFTPMWF DPOĘJDUT EJČFSFOUMZ EFQFOEJOH PO XIFUIFS UIFZ PDDVS JOTJEF B USBOT�
BDUJPO PS CFUXFFO USBOTBDUJPOT� *OUSBUSBOTBDUJPOBM DPOĘJDUT 	J�F� JOTJEF B USBOTBDUJPO

BSF SFTPMWFE EFUFSNJOJTUJDBMMZ VTJOH DPOĘJDU SFTPMVUJPO GVODUJPOT UIVT HVBSBOUFFJOH
JOUSBUSBOTBDUJPO EFUFSNJOBDZ BOE XJUIPVU DBVTJOH B SPMMCBDL� *OUFSUSBOTBDUJPOBM DPO�
ĘJDUT 	J�F� CFUXFFO USBOTBDUJPOT
 BSF SFTPMWFE VTJOH UIF USBEJUJPOBM SPMMCBDLNFDIBOJTN
HVBSBOUFFJOH TFSJBMJ[BCJMJUZ CVU OPU EFUFSNJOBDZ�

5SBOTBDUJPOBM GVUVSFT UIVT FYQPTF UXP DPOĘJDU SFTPMVUJPO NPEFMT� ćJT JT B SFTVMU
PG UIF GBDU UIBU UIFZ BSF B DPNCJOBUJPO PG UXP DPODVSSFODZ NPEFMT XJUI EJČFSFOU QSPQ�
FSUJFT� GVUVSFT HVBSBOUFFJOH EFUFSNJOBDZ BOE USBOTBDUJPOT HVBSBOUFFJOH TFSJBMJ[BCJMJUZ�
6TJOH UIF USBOTBDUJPOBM GVUVSFT QSFTFOUFE JO UIJT EJTTFSUBUJPO EFWFMPQFST DBO DIPPTF
XIJDINPEFM JT BQQMJDBCMF GPS FBDI QBSU PG UIFJS BQQMJDBUJPO BOE UIFZ DBO DPNCJOF BOE
OFTU CPUI JO FBDI PUIFS�

/15T BOE USBOTBDUJPOBM GVUVSFT IBWF EJČFSFOU QFSGPSNBODF DIBSBDUFSJTUJDT� #PUI
NPEFMT BMMPX UIF TBNF BNPVOU PG QBSBMMFMJTN� *O BO BQQMJDBUJPO XJUIPVU JOUSBUSBOTBD�
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Ɖ (def x (ref 0))
Ɗ (let [a (fork (ref-set x (+ @x 1)))
Ƌ b (fork (ref-set x (+ @x 10))
ƌ (let [c (fork (ref-set x (+ @x 100)))
ƍ d (fork (ref-set x (+ @x 1000)))]
Ǝ (join c)
Ə (join d)))]
Ɛ (join a)
Ƒ (join b))

	B
 " QSPHSBN JO XIJDI GPVS UISFBET NPEJGZ B TIBSFE WBSJBCMF� ćFSF JT OP TZODISPOJ[BUJPO JO
UIJT FYBNQMF� 	ćJT JT B USBOTMBUJPO PG 'JHVSF Ɖ GSPN "HSBXBM FU BM� <ƊƈƈƐ> XJUI UIFJS DPOTUSVDU
parallel { a } { b } DIBOHFE UP UIF DPSSFTQPOEJOH fork BOE join DPOTUSVDUT�


Ɖ (def x (ref 0))
Ɗ (atomic ;U�
Ƌ (let [a (fork (atomic (ref-set x (+ @x 1)))) ;U�
ƌ b (fork (atomic ;U�
ƍ (ref-set x (+ @x 10))
Ǝ (let [c (fork (ref-set x (+ @x 100))) ;OP USBOTBDUJPO
Ə d (fork (atomic (ref-set x (+ @x 1000))))] ;U�
Ɛ (join c)
Ƒ (join d))))]
Ɖƈ (join a)
ƉƉ (join b))

	C
 'PVS UISFBET NPEJGZ B TIBSFE WBSJBCMF UISFF VTF USBOTBDUJPOT BOE POF EPFT OPU� 	ćJT JT
'JHVSF Ƌ GSPN "HSBXBM FU BM� <ƊƈƈƐ>�


���� ���� ���� ���� ���� ���� ���� ���� ���� ���� ���� ���� ���� ���� ���� ���� �
	B
 OP TZOD t t t t t t t t t t t ��

	C
 /15 t t �
	C
 5' EFGBVMU t �
	C
 5' DVTUPN t �

	D
 1PTTJCMF PVUQVUT PG UIF QSPHSBN JO 	B
 XJUIPVU TZODISPOJ[BUJPO BOE UIF QSPHSBN JO 	C

XIFO VTJOH /FTUFE 1BSBMMFM 5SBOTBDUJPOT 	/15
 5SBOTBDUJPOBM 'VUVSFT 	5'
 XJUI UIF EFGBVMU
DPOĘJDU SFTPMVUJPO GVODUJPO BOE 5SBOTBDUJPOBM 'VUVSFT VTJOH UIF DVTUPN DPOĘJDU SFTPMVUJPO
GVODUJPO (fn [p c o] (+ p (- c o)))� ćF MBTU DPMVNO TVNT UIF OVNCFS PG QPTTJCMF PVU�
QVUT�

-JTUJOH ƌ�Ə� )PX DPOĘJDUT BSF SFTPMWFE XJUIPVU USBOTBDUJPOT VTJOH OFTUFE QBSBMMFM USBOTBDUJPOT
BOE VTJOH USBOTBDUJPOBM GVUVSFT�
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UJPOBM DPOĘJDUT CPUI NPEFMT PQFSBUF FRVJWBMFOUMZ� )PXFWFS JO PVS NPUJWBUJOH FYBN�
QMF 	UIF -BCZSJOUI BQQMJDBUJPO
 TVDI DPOĘJDUT GSFRVFOUMZ PDDVS� UIF QBSBMMFM FYQBOTJPO
PG UIF CSFBEUI�ĕSTU TFBSDI DBVTFT DPOĘJDUT PO PWFSMBQQJOH DFMMT� *O UIJT BQQMJDBUJPO
/15T XPVME DBVTF GSFRVFOU SPMMCBDLT PG UIF JOOFS USBOTBDUJPOT FTTFOUJBMMZ TFRVFOUJBM�
J[JOH UIFN EFUSJNFOUBM UP QFSGPSNBODF� 5SBOTBDUJPOBM GVUVSFT SFTPMWF UIFTF DPOĘJDUT
XJUIPVU B SPMMCBDL� *O GBDU /F1B-5. JT BO JNQMFNFOUBUJPO PG /15T UIBU BMXBZT VTFT
NVUVBM FYDMVTJPO MPDLT PO OFTUFE USBOTBDUJPOT TFRVFOUJBMJ[JOH UIFN FYBDUMZ UP JN�
QSPWF QFSGPSNBODF BT UIFTF DPOĘJDUT PDDVS PęFO <7PMPT FU BM� ƊƈƈƑ>�ƍ )FODF JO BQ�
QMJDBUJPOT XJUI NBOZ JOUSBUSBOTBDUJPOBM DPOĘJDUT XF FYQFDU USBOTBDUJPOBM GVUVSFT UP
QFSGPSN CFUUFS� 8F MPPL BU UIF QFSGPSNBODF PG USBOTBDUJPOBM GVUVSFT GPS UIF -BCZSJOUI
BQQMJDBUJPO JO 4FDUJPO Ƒ�Ɗ�

" ĕOBM EJČFSFODF JT UIBU USBOTBDUJPOBM GVUVSFT BMMPX B NPSF ĕOF�UVOFE DPOĘJDU SFT�
PMVUJPO GPS FYBNQMF JO -BCZSJOUI XIFSF UIF TIPSUFTU QBUI 	NJOJNVN
 JT QSFGFSSFE�
)PXFWFS UIFZ SFMZ PO UIF EFWFMPQFS GPS BO BQQSPQSJBUF DPOĘJDU SFTPMVUJPO GVODUJPO�
ćF FYBNQMF TIPXO JO -JTUJOH ƌ�Ə BMTP EFNPOTUSBUFE IPX UIF DPOĘJDU SFTPMVUJPO GVOD�
UJPO BČFDUT UIF FOE SFTVMU�

$PPSEJOBUFE OFTUFE USBOTBDUJPOT 	PS DPPSEJOBUFE TJCMJOH USBOTBDUJPOT


-BTU DPPSEJOBUFE TJCMJOH USBOTBDUJPOT FYUFOE OFTUFE QBSBMMFM USBOTBDUJPOT XJUI DPN�
CJOBUJPO PQFSBUPST� 3BNBEBO BOE 8JUDIFM <ƊƈƈƑ> DSJUJDJ[F /15T GPS UIFJS DPOĘJDU SFT�
PMVUJPO NPEFM� /15T XJMM POMZ SVO JO QBSBMMFM JG UIFZ EP OPU DPOĘJDU J�F� JG UIFZ BSF
JOEFQFOEFOU CVU iUIF GBDU UIBU UIF XPSL XBT QVU JOUP UIF TBNF USBOTBDUJPO UP TUBSU
XJUI NBLFT DPNQMFUF JOEFQFOEFODF VOMJLFMZw� *OTUFBE UIFZ BMMPX TJCMJOH USBOTBDUJPOT
UP CF DPNQPTFEXJUI UISFF PQFSBUPST� 03 "/% BOE903� 4JCMJOH USBOTBDUJPOT BMXBZT
SFUVSO FJUIFS TVDDFTT PS GBJMVSF�

t ćF 03 PQFSBUPS IBT UIF TBNF TFNBOUJDT BT OPSNBM OFTUFE USBOTBDUJPOT� TJCMJOHT
BSF FYFDVUFE JO QBSBMMFM BOE DBO TVDDFFE PS GBJM JOEFQFOEFOUMZ� "OZ TJCMJOH UIBU
GBJMT JT SFUSJFE�

t ćF "/% PQFSBUPS JT VTFE XIFO UIF TJCMJOHT TIPVME FJUIFS BMM TVDDFFE PS BMM GBJM�
8IFO POF TJCMJOH GBJMT UIF PUIFST BSF BCPSUFE UPP�

t ćF 903 PQFSBUPS JT VTFE GPS TQFDVMBUJWF QBSBMMFMJTN� UIF FČFDUT PG UIF ĕSTU TJCMJOH
UIBU TVDDFFET BSF DPNNJUUFE� 8IFO POF TJCMJOH TVDDFFET UIF PUIFST BSF BCPSUFE�
ćJT JT VTFGVM UP QBSBMMFMJ[F TFBSDI BMHPSJUINT GPS JOTUBODF XIFSF BT TPPO BT B SFTVMU
JT GPVOE CZ POF UISFBE UIF PUIFST DBO CF BCPSUFE�

ƍ7PMPT FU BM� <ƊƈƈƑ> TBZ i1SFWJPVT XPSL CZ "HSBXBM FU BM� <ƊƈƈƐ> IBT TIPXO UIBU TVDI B EFTJHO JT
DPNQMFY BOE JUT FďDJFOU JNQMFNFOUBUJPO BQQFBST UP CF RVFTUJPOBCMF�w BOE i8F JOJUJBMMZ DPOTJEFSFE BO
BMUFSOBUJWF EFTJHO XIFSF USBOTBDUJPOBM DPODVSSFODZ DPOUSPM JT VTFE BU BMM OFTUJOH MFWFMT� )PXFWFS XF
FWFOUVBMMZ BCBOEPOFE JU JO GBWPS PG UIF POF <JO XIJDI BMM OFTUFE USBOTBDUJPOT BSF TFRVFOUJBMJ[FE�>w
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$PPSEJOBUFE TJCMJOH USBOTBDUJPOT NBLF JU QPTTJCMF UP FYQSFTT EJČFSFOU LJOET PG QBSBM�
MFMJTN JOTJEF B USBOTBDUJPO CVU BSHVBCMZ JOUSPEVDF RVJUF DPNQMFY DPOTUSVDUT JO EPJOH
TP�

ƌ�ƍ�Ɗ +BWB 5SBOTBDUJPOBM 'VUVSFT
*OEFQFOEFOUMZ GSPN PVS XPSL ;FOH FU BM� <ƊƈƉƍ ƊƈƉƎ> EFWFMPQFE +BWB 5SBOTBDUJPOBM
'VUVSFT 	+5'T
� +5'T TUBSU GSPN UIF TBNF PCTFSWBUJPO BT XF EJE� CZ DPNCJOJOH GVUVSFT
BOE USBOTBDUJPOT JOUSBUSBOTBDUJPO QBSBMMFMJTN DBO CF FYQMPJUFE� ćFZ BMTP FODPVOUFS
UIF TBNF QSPCMFNT� IPX DBO B DPOTJTUFOU WJFX CF FOTVSFE BOE IPX TIPVME DPOĘJDUT CF
SFTPMWFE XIFONVMUJQMF GVUVSFT UIBU SVO JO UIF TBNF USBOTBDUJPO BDDFTT UIF TBNF USBOT�
BDUJPOBM WBSJBCMFT )PXFWFS UIFJS TPMVUJPO JT EJČFSFOU UP PVST� +5'T PQU UP NBJOUBJO
UIF TFNBOUJD USBOTQBSFODZ PG GVUVSFT�

8F EFTDSJCF UIF GPSL BOE KPJO TFNBOUJDT PG +5'T EJTDVTT JUT QSPQFSUJFT BOE QFS�
GPSNBODF BOE UIFO IJHIMJHIU UIF EJČFSFODFT XJUI PVS USBOTBDUJPOBM GVUVSFT VTJOH BO
FYBNQMF�

'PSL ćF GPSL TFNBOUJDT PG +5'T JT FTTFOUJBMMZ UIF TBNF BT UIBU PG PVS USBOTBDUJPOBM
GVUVSFT� 8IFO B GVUVSF JT GPSLFE JU JT BVUPNBUJDBMMZ XSBQQFE JO BO BUPNJD CMPDL BOE
FWBMVBUFE BT B DIJME USBOTBDUJPO� #PUI UIF DIJME BOE QBSFOU SVO JO OFX USBOTBDUJPOBM
DPOUFYUT XIJDI BSF GPSLFE PČ UIF PSJHJOBM DPOUFYU� ćF DIJME SVOT JO UIF GVUVSF� UIF
QBSFOU JT TBJE UP CF SVOOJOH JO JUT DPOUJOVBUJPO� BOE UIF PSJHJOBM DPOUFYU JT SFGFSSFE UP
BT UIF TOBQTIPU�

+PJO 0O UIF PUIFS IBOE UIF KPJO TFNBOUJDT PG +5'T JT WFSZ EJČFSFOU GSPN PVST�
+5'T NBJOUBJO UIF TFNBOUJD USBOTQBSFODZ PG GVUVSFT� ćFSFGPSF BęFS UIF GVUVSF BOE
DPOUJOVBUJPO IBWF ĕOJTIFE UIFJS FYFDVUJPO UIF DIBOHFT GSPN UIF GVUVSF BSF BQQMJFE UP
UIF TOBQTIPU ĕSTU BOE UIFO GPMMPXFE CZ UIF DIBOHFT PG UIF DPOUJOVBUJPO� *G UIF GVUVSF
BOE DPOUJOVBUJPO DPOĘJDU UIF DPOUJOVBUJPO NVTU SPMM CBDL BOE SFUSZ�

1SPQFSUJFT +5'T QSPWJEF JOUSBUSBOTBDUJPO EFUFSNJOBDZ KVTU MJLF PVS USBOTBDUJPOBM
GVUVSFT� HJWFO UIF TUBUF PG UIF USBOTBDUJPOBM NFNPSZ BU UIF TUBSU PG UIF USBOTBDUJPO JU
DBO POMZ IBWF POF SFTVMU� *O DPOUSBTU UP PVS USBOTBDUJPOBM GVUVSFT +5'T NBJOUBJO UIF
TFNBOUJD USBOTQBSFODZ PG GVUVSFT UPP UIPVHI� ćF SFTVMU PG B USBOTBDUJPO JT UIFSFGPSF
UIF TBNF BT JG JU SBO XJUIPVU GVUVSFT�

1FSGPSNBODF ćF DIPJDF UP NBJOUBJO TFNBOUJD USBOTQBSFODZ IBT BO FČFDU PO QFS�
GPSNBODF� 8IFO B GVUVSF BOE JUT DPOUJOVBUJPO DPOĘJDU UIF DPOUJOVBUJPO OFFET UP SPMM
CBDL BOE SFUSZ� *O PVS NPUJWBUJOH FYBNQMF UIF -BCZSJOUI BQQMJDBUJPO UIFTF LJOET
PG DPOĘJDUT BSF GSFRVFOU� JO FWFSZ MBZFS PG UIF CSFBEUI�ĕSTU TFBSDI BMHPSJUIN NBOZ
DFMMT BSF FYQBOEFE JO QBSBMMFM BOE CVU BT UIFTF DFMMT PęFO BSF OFJHICPST NBOZ PG UIF
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OFXMZ FYQBOEFE OFJHICPST BSF MJLFMZ UP PWFSMBQ� #FDBVTF PVS USBOTBDUJPOBM GVUVSFT SF�
TPMWF UIFTF DPOĘJDUT JOTUFBE PG SPMMJOH CBDL XF FYQFDU QFSGPSNBODF GPS UIF -BCZSJOUI
BQQMJDBUJPO UP CF CFUUFS VTJOH PVS USBOTBDUJPOBM GVUVSFT� 	8F FWBMVBUF UIF -BCZSJOUI
BQQMJDBUJPO JO 4FDUJPO Ƒ�Ɗ BOE PCTFSWF UIBU DPOĘJDUT IBWF B MBSHF JNQBDU PO QFSGPS�
NBODF�
 0VS USBOTBDUJPOBM GVUVSFT GPSTBLF TFNBOUJD USBOTQBSFODZ UP BWPJE SPMMCBDLT
JO UIF USBOTBDUJPO�

&YBNQMF BOE DPNQBSJTPO 8F DPNQBSF PVS USBOTBDUJPOBM GVUVSFT +5'T BOE /15T
VTJOH UIF FYBNQMF JO -JTUJOH ƌ�Ɛ� *U DPOUBJOT UXP USBOTBDUJPOBM WBSJBCMFT a BOE b JOJ�
UJBMJ[FE UP ƈ BOE Ɖ SFTQFDUJWFMZ� " GVUVSF JT DSFBUFE JO XIJDI a JT TFU UP Ɗ 	MJOF ƌ
� "U UIF
TBNF UJNF JO UIF PSJHJOBM UISFBE b JT TFU UP UIF DVSSFOU WBMVF PG a 	MJOF ƍ
� "ęFSXBSET
UIF GVUVSF JT KPJOFE CBDL JOUP UIF PSJHJOBM UISFBE� 'JHVSF ƌ�Ƒ EFQJDUT UIF FYFDVUJPO USBDF
GPS UIJT QSPHSBN VTJOH UIF UISFF NPEFMT� ćF UISFF NPEFMT EJČFS JO XIJDI WBMVF PG a
JT TFFO CZ UIF PSJHJOBM UISFBE PO MJOF ƍ BOE IPX DPOĘJDUT BSF SFTPMWFE PO MJOF Ǝ�
t 0VS USBOTBDUJPOBM GVUVSFT 	'JHVSF ƌ�ƑB
 FYFDVUF CPUI UISFBET JO JTPMBUJPO TP UIF

PSJHJOBM UISFBEXJMM OFWFS TFF UIF VQEBUFE WBMVF PG aBOE b JT BMXBZT TFU UP ƈ PO MJOF ƍ�
0O MJOF Ǝ UIF OFX WBMVF PG a JT NFSHFE JOUP UIF PSJHJOBM UISFBE BOE OP DPOĘJDUT
PDDVS BT XF EP OPU DPOTJEFS SFBEoXSJUF iDPOĘJDUTw� ćF FOE SFTVMU JT BMXBZT a �
Ɗ BOE b � ƈ HVBSBOUFFJOH EFUFSNJOBDZ BOE BWPJEJOH SPMMCBDLT JO UIF USBOTBDUJPO
CVU CSFBLJOH TFNBOUJD USBOTQBSFODZ�

t +5'T 	'JHVSF ƌ�ƑC
 BMTP FWBMVBUF CPUI UISFBET JO JTPMBUJPO TP UIF PSJHJOBM UISFBE
TFUT b UP ƈ PO MJOF ƍ JO JUT ĕSTU BUUFNQU� ćF SFTVMUT GSPN UIF GVUVSF BSFNFSHFE CFGPSF
UIPTF PG UIF DPOUJOVBUJPO� 8IFO UIF DPOUJOVBUJPO BUUFNQUT UP NFSHF JUT DIBOHFT
CBDL JOUP UIF NBJO UISFBE B DPOĘJDU PDDVST BOE UIF DPOUJOVBUJPO SPMMT CBDL BOE
SFUSJFT� *O UIF TFDPOE BUUFNQU b JT TFU UP UIF OFX WBMVF PG a� Ɗ� ćF FOE SFTVMU JT
BMXBZT a � Ɗ BOE b � Ɗ HVBSBOUFFJOH EFUFSNJOBDZ BOE TFNBOUJD USBOTQBSFODZ CVU
JOUSPEVDJOH SPMMCBDLT JO B USBOTBDUJPO UIVT JODSFBTJOH FYFDVUJPO UJNF�

t /15T 	'JHVSFT ƌ�ƑC BOE ƌ�ƑD
 TFSJBMJ[F UIF UXP OFTUFE USBOTBDUJPOT MFBEJOH UP UXP
QPTTJCMF SFTVMUT� &JUIFS UIF GVUVSF DPNNJUT ĕSTU GPMMPXFE CZ UIF PSJHJOBM UISFBE� JO
UIJT DBTF UIF PSJHJOBM UISFBE FODPVOUFST B DPOĘJDU BOE SFUSJFT FWFOUVBMMZ SFTVMUJOH
JO a � Ɗ BOE b � Ɗ� ćJT FYFDVUJPO JT FRVJWBMFOU UP +5'T� 0UIFSXJTF UIF PSJHJOBM
UISFBE DPNNJUT ĕSTU GPMMPXFE CZ UIF GVUVSF� UIJT EPFT OPU DBVTF B DPOĘJDU BOE
SFTVMUT JO a � Ɗ BOE b � ƈ� /15T EP OPU HVBSBOUFF EFUFSNJOBDZ PS TFNBOUJD USBOT�
QBSFODZ CVU EP VQIPME TFSJBMJ[BCJMJUZ CFUXFFO UIF OFTUFE USBOTBDUJPOT�

" TVNNBSZ PG UIF QSPQFSUJFT PG UIF UISFF NPEFMT JT TIPXO JO 5BCMF ƌ�Ɖƈ�

ƌ�ƍ�Ƌ $PODVSSFOU 3FWJTJPOT BOE 8PSMET� %FUFSNJOJTUJD 4IBSFE .FNPSZ
*O UIJT TFDUJPO XF EFTDSJCF UXP NPEFMT UIBU QSPWJEF EFUFSNJOJTUJD BDDFTT UP TIBSFE
NFNPSZ� ćF TFNBOUJDT PG fork BOE join JO USBOTBDUJPOBM GVUVSFT JT JOTQJSFE CZ CPUI�
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Ɖ (def a (ref 0))
Ɗ (def b (ref 1))
Ƌ (atomic
ƌ (let [f (fork (atomic (ref-set a 2)))]
ƍ (ref-set b @a)
Ǝ (join f)))
Ə (print @a @b)

-JTUJOH ƌ�Ɛ� &YBNQMF UIBU EFNPOTUSBUFT UIF EJČFSFOU KPJO TFNBOUJDT PG PVS 5'T +5'T BOE/15T�
	ćF VOEFSMJOFE atomic NBZ CF FMJEFE XIFO VTJOH +5'T BOE PVS 5'T�


a = 0
b = 1

(ref-set b @a)
a = 0r

b = 0w

(ref-set a 2)
a = 2w

b = 1

a = 2w

b = 0w

	B
 ćF POMZ SFTVMU VTJOH PVS
5'T�

a = 0
b = 1

(ref-set b @a)
a = 0r

b = 0w

(ref-set a 2)
a = 2w

b = 1

a = 2w

b = 1

DPOĘJDU

(ref-set b @a)
a = 2r

b = 2w

a = 2w

b = 2w

	C
 ćF POMZ SFTVMU VTJOH +5'T�
BMTP POF PG UXP SFTVMUT VTJOH
/15T�

a = 0
b = 1

(ref-set b @a)
a = 0r

b = 0w

(ref-set a 2)
a = 0w

b = 1

a = 0r

b = 0w

a = 2w

b = 0w

	D
 4FDPOE PG UXP SFTVMUT VTJOH
/15T�

'JHVSF ƌ�Ƒ� &YFDVUJPO USBDFT PG -JTUJOH ƌ�Ɛ� 3FBE FČFDUT BSF JOEJDBUF XJUI UIF TVCTDSJQU S XSJUF
FČFDUT XJUI X� 6TJOH PVS 5'T UIF SFTVMU JT BMXBZT B = ŵ C = ų 	B
 VTJOH +5'T UIF SFTVMU JT
BMXBZT B = ŵ C = ŵ 	C
 BOE VTJOH /15T UIF SFTVMU JT FJUIFS B = ŵ C = ų 	D
 PS B = ŵ C = ŵ
	C
�

5' +5' /15
4FSJBMJ[BCJMJUZ PG UPQ�MFWFM USBOTBDUJPOT ✓ ✓ ✓

*OUSBUSBOTBDUJPO EFUFSNJOBDZ ✓ ✓ ✗
4FNBOUJD USBOTQBSFODZ ✗ ✓ ✗

/P SPMMCBDL JO USBOTBDUJPO ✓ ✗ ✗

5BCMF ƌ�Ɖƈ� 1SPQFSUJFT PG PVS 5SBOTBDUJPOBM 'VUVSFT 	5'
 +BWB 5SBOTBDUJPOBM 'VUVSFT 	+5'
 BOE
/FTUFE 1BSBMMFM 5SBOTBDUJPOT 	/15
�
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$PODVSSFOU 3FWJTJPOT BSF B NPEFM GPS UBTL QBSBMMFMJTN XJUI TIBSFE NFNPSZ CZ #VSDL�
IBSEU FU BM� <ƊƈƉƈ>� ćF TFNBOUJDT PG USBOTBDUJPOBM GVUVSFT XBT JOTQJSFE CZ $PODVSSFOU
3FWJTJPOT� ćFZ JOUSPEVDF DPODVSSFOU UBTLT 	DBMMFE SFWJTJPOT
 UIBU DBO TIBSF NFNPSZ
VTJOH WFSTJPOFE WBSJBCMFT� 8IFO B UBTL JT GPSLFE B DPODFQUVBM DPQZ JT NBEF PG UIF
WFSTJPOFE WBSJBCMFT� XIFO B UBTL JT KPJOFE UIF NPEJĕFE WBSJBCMFT BSF NFSHFE JOUP UIF
KPJOJOH UBTL� ćJT JT JEFOUJDBM UP IPX USBOTBDUJPOBM WBSJBCMFT CFIBWF JOTJEF B USBOTBD�
UJPO JO PVSNPEFM� 'VSUIFSNPSF PVS DPOĘJDU SFTPMVUJPONFDIBOJTN JT CBTFE PO UIBU PG
$PODVSSFOU 3FWJTJPOT XIJDI BMTP SFMJFT PO EFUFSNJOJTUJD DPOĘJDU SFTPMVUJPO GVODUJPOT
GPS FBDI WBSJBCMF�

ćF EJČFSFODF XJUI PVS XPSL UIBU XF FOTVSF TFSJBMJ[BCJMJUZ CFUXFFO UIF USBOTBD�
UJPOT BOE EFUFSNJOBDZ JO UIF USBOTBDUJPOT XIJMF $PODVSSFOU 3FWJTJPOT QSPWJEF EFUFS�
NJOBDZ GPS UIF DPNQMFUF QSPHSBN� 5SBOTBDUJPOBM GVUVSFT UIVT BMMPX UXP DPODVSSFODZ
NPEFMT UP CF DPNCJOFE� EFUFSNJOJTUJD GVUVSFT BOE OPO�EFUFSNJOJTUJD CVU TFSJBMJ[BCMF
USBOTBDUJPOT�

#VSDLIBSEU FU BM� <ƊƈƉƈ> OPUF UIBU BT $PODVSSFOU 3FWJTJPOT OFWFS SFRVJSF B SPMM�
CBDL UIFZ BSF TVJUFE GPS QSPHSBNT JO XIJDI DPOĘJDUT BSF MJLFMZ� ćJT JT BMTP XIZ XF
PQU GPS UIJT LJOE PG DPOĘJDU SFTPMVUJPO JO B USBOTBDUJPO� XF SFBTPO UIBU DPOĘJDUT CF�
UXFFO UBTLT UIBU BSF QVU UPHFUIFS JO POF USBOTBDUJPO BSF MJLFMZ� 5PQ�MFWFM USBOTBDUJPOT
BSF VTVBMMZ VOMJLFMZ UP DPOĘJDU�

" TJNJMBS NPEFM JT QSPWJEFE CZ 8PSMET <8BSUI FU BM� ƊƈƉƉ> JO XIJDI UIF QSPHSBN
TUBUF JT SFJĕFE BT B XPSME� ćF XPSME DBO CF GPSLFE JOUP B DIJME XPSME B DPODFQUVBM
DPQZ PG BMM QSPHSBN TUBUF� ćF TUBUF JO B DIJME XPSME DBO CF VQEBUFE BOE FWFOUVBMMZ
DPNNJUUFE CBDL 	NFSHFE
 JOUP JUT QBSFOU XPSME� "T TVDI XPSMET BMTP CFIBWF TJNJMBSMZ
UP UIF USBOTBDUJPOBM WBSJBCMFT JO B USBOTBDUJPO BOE UP $PODVSSFOU 3FWJTJPOT� )PXFWFS
UIF 8PSMET NPEFM EPFT OPU QSPWJEF QBSBMMFMJTN� B DIJME XPSME EPFT OPU SVO JO QBSBMMFM
XJUI JUT QBSFOU� *OTUFBE 8PSMET BSF VTFE BT B NFDIBOJTN UP AVOEP� DIBOHFT NBEF UP
UIF QSPHSBN TUBUF� $POTFRVFOUMZ XIFO B DIJME XPSME JT NFSHFE JOUP JUT QBSFOU UIFSF
XJMM CF OP DPOĘJDUT BT UIF QBSFOU IBT OPU DIBOHFE JO UIF NFBO UJNF� *O UIF DBTF PG
USBOTBDUJPOBM GVUVSFT BOE $PODVSSFOU 3FWJTJPOT JU JT QPTTJCMF GPS UIF QBSFOU UP IBWF
DIBOHFE BT XFMM BOE B GPSN PG DPOĘJDU SFTPMVUJPO CFUXFFO QBSFOU BOE DIJME JT OFFEFE�

ƌ�ƍ�ƌ 1BSBMMFM 5BTLT 8JUI 4BGF "DDFTT UP 4IBSFE .FNPSZ
8F MJTU SFMBUFE XPSL UIBU QSPWJEFT TBGFUZ HVBSBOUFFT PO BDDFTT UP TIBSFE NFNPSZ GSPN
QBSBMMFM UBTLT�

,PHBO BOE )FSMJIZ <ƊƈƉƌ> DPOTJEFS B TZTUFN JO XIJDI NFUIPE DBMMT PO TIBSFE PCKFDUT
SVO BTZODISPOPVTMZ SFUVSOJOH B GVUVSF� %JČFSFOU UISFBET DBO DBMM NFUIPET PO UIF
TBNF PCKFDU DPODVSSFOUMZ BOE BT UIFTF NFUIPET NBZ IBWF TJEF FČFDUT UIJT DBO SFTVMU
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JO VOFYQFDUFE JOUFSMFBWJOHT PG UIFJS TJEF FČFDUT� ćF BVUIPST EFĕOF UISFF DPSSFDUOFTT
DSJUFSJB PO UIF PSEFS PG UIF JOUFSMFBWJOHT� TUSPOH NFEJVN BOE XFBL GVUVSFT TFSJBMJ[�
BCJMJUZ� 4USPOH GVUVSFT MJOFBSJ[BCJMJUZ DPSSFTQPOET UP TFNBOUJD USBOTQBSFODZ� DPODVS�
SFOU DBMMT FYFDVUF BT JG UIFZ XFSF TFRVFOUJBM� ćF BVUIPST OPUF UIBU XIJMF UIJT QSPQFSUZ
JT FBTZ UP SFBTPO BCPVU JU SVMFT PVU NBOZ JOUFSFTUJOH PQUJNJ[BUJPOT� .FEJVN BOEXFBL
GVUVSFT MJOFBSJ[BCJMJUZ BMMPX UIF FČFDU PG B GVUVSF UP PDDVS BU BOZ NPNFOU CFUXFFO JUT
DSFBUJPO BOE JUT KPJO� ćF JOUSBUSBOTBDUJPO EFUFSNJOBDZ PG USBOTBDUJPOBM GVUVSFT DPVME
BSHVBCMZ CF TFFO BT B GPSN PG NFEJVN GVUVSFT TFSJBMJ[BCJMJUZ�

%FUFSNJOJTUJD 1BSBMMFM +BWB FOGPSDFT TBGF BDDFTT UP TIBSFE NFNPSZ CZ VTJOH BO FČFDU
TZTUFN <#PDDIJOP FU BM� ƊƈƈƑC> BOE DBO UIVT HVBSBOUFF EFUFSNJOJTN� ćF IFBQ JT
QBSUJUJPOFE JOUP SFHJPOT BOE B MJTU PG FČFDUT JT BUUBDIFE UP FBDI NFUIPE UP JOEJDBUF
XIJDI SFHJPOT JU SFBET GSPN BOE XSJUFT UP� "U DPNQJMF UJNF UIFTF FČFDUT BSF DIFDLFE
UP QSFWFOU VOTBGF BDDFTTFT� )FVNBOO FU BM� <ƊƈƉƋ> FYUFOE %FUFSNJOJTUJD 1BSBMMFM +BWB
UP BMMPX B NPSF ĘFYJCMF UBTLT XJUI FČFDUT NPEFM� ćF DPNQJMFS DIFDLT XIFUIFS UIF
FČFDUT DPSSFDUMZ EFTDSJCF UIF NFNPSZ BDDFTTFT JO FBDI UBTL BOE BU SVO UJNF BO AFČFDU�
BXBSF� TDIFEVMFS FOTVSFT UIBU OP UBTLT XJUI JOUFSGFSJOH FČFDUT SVO BU UIF TBNF UJNF�

�NJOJVN JT B MBOHVBHF JO XIJDI FWFSZ NFUIPE JT BOOPUBUFE XJUI UIF QFSNJTTJPOT
JU OFFET PO TIBSFE NFNPSZ JU BDDFTTFT� VOJRVF 	FYDMVTJWF
 JNNVUBCMF PS TIBSFE BD�
DFTT <4UPSL FU BM� ƊƈƈƑ ƊƈƉƌ>� #Z EFGBVMU DPEF JT FYFDVUFE DPODVSSFOUMZ� UIF VTF PG FG�
GFDUT MJNJUT DPODVSSFODZ XIFSF OFDFTTBSZ UP HVBSBOUFF UIF BCTFODF PG SBDF DPOEJUJPOT�
�NJOJVN UIVT BMMPXT QBSBMMFM UBTLT UP BDDFTT TIBSFE NFNPSZ TBGFMZ�

0UFMMP BMMPXT QBSBMMFM UBTLT UP BDDFTT TIBSFE NFNPSZ XIJMF TUJMM SVOOJOH UIF UBTLT JO
JTPMBUJPO <;IBP FU BM� ƊƈƉƋ>� 5P UIJT FOE JU JOUSPEVDFT BTTFNCMJFT XIJDI DPOTJTU PG
B UBTL BOE UIF TFU PG TIBSFE PCKFDUT JU PXOT� 8IFO UXP BTTFNCMJFT DPOĘJDU POF JT
SFFYFDVUFE BęFS UIF PUIFS IBT ĕOJTIFE� )PXFWFS XIJMF 0UFMMP SFFYFDVUFT DPEF JU EPFT
OPU QSPWJEF USBOTBDUJPOT BOE BT TVDI EPFT OPU HVBSBOUFF TFSJBMJ[BCJMJUZ�

ƌ�Ǝ 4VNNBSZ
*O UIJT DIBQUFS XF FYBNJOFE PO UIF POF IBOE UIF DSFBUJPO PG USBOTBDUJPOT JO GVUVSFT
ZJFMEJOH QBSBMMFM USBOTBDUJPOT BOE PO UIF PUIFS IBOE UIF DSFBUJPO PG GVUVSFT JO USBOT�
BDUJPOT XIJDI XF DBMM USBOTBDUJPOBM GVUVSFT�

$SFBUJOH B USBOTBDUJPO JO B UBTL JT TUBOEBSE CFIBWJPS JO MBOHVBHFT UIBU TVQQPSU
USBOTBDUJPOT� JU JT B QSFSFRVJTJUF UP SVO USBOTBDUJPOT JO QBSBMMFM� *U JOFWJUBCMZ CSFBLT
UIF EFUFSNJOBDZ PG GVUVSFT CVU NBJOUBJOT UIF JTPMBUJPO BOE QSPHSFTT HVBSBOUFFT PG
USBOTBDUJPOT�
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Ʈ�ư 4VNNBSZ

$SFBUJOH B GVUVSF JO B USBOTBDUJPO JT NPSF DPNQMJDBUFE� *O FYJTUJOH MBOHVBHFT BOE
GSBNFXPSLT UIJT JT FJUIFS OPU BMMPXFE PS JU CSFBLT UIF JTPMBUJPO PG UIF USBOTBDUJPOT�
)FODF XF JOUSPEVDFE USBOTBDUJPOBM GVUVSFT B TBGF DPNCJOBUJPO PG CPUI NPEFMT� 6T�
JOH USBOTBDUJPOBM GVUVSFT FBDI OFXMZ DSFBUFE UBTL JT QBSU PG UIF FODBQTVMBUJOH USBOT�
BDUJPO�T DPOUFYU XJUI BDDFTT UP JUT TUBUF� 5SBOTBDUJPOBM UBTLT DBO PCTFSWF UIF DIBOHFT
UIBU PDDVSSFE CFGPSF UIFZ XFSF DSFBUFE XIJMF UIFZ NBLF UIFJS NPEJĕDBUJPOT JO B QSJ�
WBUF MPDBM TUPSF� 8IFO UIFZ BSF KPJOFE UIFJS DIBOHFT CFDPNF WJTJCMF JO UIFJS QBSFOU
UBTL�

*O DPOUSBTU UP B OBJWF DPNCJOBUJPO USBOTBDUJPOBM GVUVSFT NBJOUBJO UIF JTPMBUJPO
BOE QSPHSFTT HVBSBOUFFT PG USBOTBDUJPOT� ćF EFUFSNJOBDZ UIBU GVUVSFT OPSNBMMZ QSP�
WJEF GPS UIF XIPMF QSPHSBN JT CSPLFO IPXFWFS JU JT SFQMBDFE CZ B 	XFBLFS
 HVBSBO�
UFF PO JOUSBUSBOTBDUJPO EFUFSNJOBDZ� %FWFMPQFS DBO UIVT SFMZ PO EFUFSNJOBDZ JO B
USBOTBDUJPO BOE JTPMBUJPO CFUXFFO USBOTBDUJPOT XIFO UIFZ DPNCJOF GVUVSFT BOE USBOT�
BDUJPOT�

5SBOTBDUJPOBM GVUVSFT QSPWJEF TPNF BEEJUJPOBM VTFGVM QSPQFSUJFT� 'JSTU BMM UBTLT
PG B USBOTBDUJPO BSF DPPSEJOBUFE TP UIBU UIF UBTLT JO B USBOTBDUJPO CFIBWF BT B TJOHMF
BUPNJD CMPDL� 4FDPOE USBOTBDUJPOBM GVUVSFT QSPWJEF B GBNJMJBS TFNBOUJDT BT UIFZ CF�
IBWF MJLF B GPSN PG OFTUFE USBOTBDUJPOT� ćJSE OPO�USBOTBDUJPOBM GVUVSFT NBJOUBJO
UIFJS TFNBOUJDT�

*O $IBQUFS Ə XF XJMM GPSNBMJ[F UIF TFNBOUJDT PG USBOTBDUJPOBM GVUVSFT� *O $IBQ�
UFS Ƒ XFXJMM EFNPOTUSBUF UIF QFSGPSNBODF CFOFĕUT PG USBOTBDUJPOBM GVUVSFT� 8FEFNPO�
TUSBUF UIBU USBOTBDUJPOBM GVUVSFT DBO FYQMPJUNPSF ĕOF�HSBJOFE QBSBMMFMJTNXJUIJO B USBOT�
BDUJPO MFBEJOH UP CFUUFS QFSGPSNBODF� 'VSUIFSNPSF XF TFF UIBU CZ UXFBLJOH UIF OVN�
CFS PG USBOTBDUJPOT UIBU SVO JO QBSBMMFM BOE UIF OVNCFS PG UBTLT DSFBUFE JO FBDI USBOT�
BDUJPO XF DBO MPXFS UIF DIBODF PG DPOĘJDUT QSPWJEJOH B GVSUIFS CPPTU UP QFSGPSNBODF�
8F DPODMVEF UIBU UIF DPOĘJDU SFTPMVUJPO PG USBOTBDUJPOBM GVUVSFTNBLFT UIFN FTQFDJBMMZ
TVJUBCMF GPS BQQMJDBUJPOT JO XIJDI AJOUSBUSBOTBDUJPOBM DPOĘJDUT� BSF GSFRVFOU�
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ƍ
5SBOTBDUJPOBM "DUPST�
$PNNVOJDBUJPO #FUXFFO
5SBOTBDUJPOT

ćJT DIBQUFS FYBNJOFT UIF DPNCJOBUJPO PG USBOTBDUJPOT BOE BDUPST� *O 4FDUJPO ƍ�Ɖ XF
FYQMBJO UIF SFBTPOT GPS DPNCJOJOH CPUI NPEFMT� USBOTBDUJPOT DBO CF VTFE JO BDUPST
UP QSPUFDU TZODISPOPVT BDDFTT UP TIBSFE NVUBCMF TUBUF BOE BDUPST DBO CF VTFE JO B
USBOTBDUJPO UP EJTUSJCVUF BOE DPPSEJOBUF XPSL UIBU DBO CF FYFDVUFE JO QBSBMMFM� 8F
BMTP FTUBCMJTI UIF QSPCMFNT UIBU PDDVS� UIF JTPMBUFE UVSO QSJODJQMF PG BDUPST BOE UIF
JTPMBUJPO HVBSBOUFF PG USBOTBDUJPOT DBO CF CSPLFO JO B OBJWF DPNCJOBUJPO 	TIPXO JO
5BCMF ƍ�Ɖ
� *O 4FDUJPO ƍ�Ɗ XF JOUSPEVDF USBOTBDUJPOBM BDUPST� B DPNCJOBUJPO PG USBOTBD�
UJPOT BOE BDUPST UIBU QSPWJEFT UIF TBNF DPOTUSVDUT BT JUT DPOTUJUVFOU NPEFMT CVU BMTP
EFĕOFT UIFJS TFNBOUJDT XIFO UIFZ BSF DPNCJOFE� 8F TZTUFNBUJDBMMZ DPOTJEFS FBDI DPO�
TUSVDU PG CPUI NPEFMT BOE IPX UIFZ DBO CF DPNCJOFE� 8F MJTU UIF HVBSBOUFFT QSPWJEFE
CZ USBOTBDUJPOBM BDUPST JO 4FDUJPO ƍ�Ƌ BOE EJTDVTT UP XIJDI BDUPS NPEFMT USBOTBDUJPOBM
BDUPST BQQMZ JO 4FDUJPO ƍ�ƌ� 'JOBMMZ XF DPNQBSF USBOTBDUJPOBM BDUPST XJUI SFMBUFE BQ�
QSPBDIFT JO 4FDUJPO ƍ�ƍ�

8F ĕSTU JOUSPEVDFE USBOTBDUJPOBM BDUPST JO 4XBMFOT FU BM� <ƊƈƉƏ>�

ƍ�Ɖ .PUJWBUJPO BOE 1SPCMFN 4UBUFNFOU
*O UIJT TFDUJPO XF NPUJWBUF UIF DPNCJOBUJPO PG BDUPST BOE USBOTBDUJPOBM NFNPSZ� 0O
UIF POF IBOE JU DBO CF VTFGVM UP BEE USBOTBDUJPOBM NFNPSZ UP BO BDUPS TZTUFN UP
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$IBQUFS Ư� 5SBOTBDUJPOBM "DUPST

in
Fu

tu
re

Tr
an

sa
ct

io
n

Ac
to

r
Future Transaction Actor

Nested futures
(Section 3.3.3)

Parallel transactions
(Section 4.1)

Nested transactions
(Section 3.3.3)

Parallelism in trans-
action (Sections 4.2–4.4)

Parallelism in actor
(Section 6.1)

Actors
(Section 3.3.3)

Shared memory
in actor (Chapter 5)

Communication in 
transaction (Chapter 5)

Communication
in future (Section 6.1)

Iso
Det

Pro ITP DLF
Det Det

Det

Det

Iso Pro

Iso Pro

Iso Pro
Iso Pro ITP DLF

ITP DLF
ITP DLFITP DLF

(VBSBOUFFT
5SBOTBDUJPOT� *TP *TPMBUJPO 1SP 1SPHSFTT

"DUPST� *51 *TPMBUFE 5VSO 1SJODJQMF %-' %FBEMPDL 'SFFEPN

5BCMF ƍ�Ɖ� $PNCJOBUJPOT PG USBOTBDUJPOT BOE BDUPST�

TIBSF TUBUF CFUXFFO BDUPST UIBU JT QSPUFDUFE VTJOH USBOTBDUJPOT 	4FDUJPO ƍ�Ɖ�Ɖ
� 0O UIF
PUIFS IBOE JU DBO CF VTFGVM UP TFOE NFTTBHFT UP BDUPST GSPN XJUIJO B USBOTBDUJPO UP
EJTUSJCVUF XPSL UP BDUPST UIBU JT DPPSEJOBUFE VTJOH USBOTBDUJPOT 	4FDUJPO ƍ�Ɖ�Ɗ
�

'VSUIFS XF TFF UIBU B OBJWF DPNCJOBUJPO PG BDUPST BOE USBOTBDUJPOBM NFNPSZ DBO
DBVTF QSPCMFNT� "T EFTDSJCFE JO $IBQUFS Ɗ BDUPST HVBSBOUFF UIF JTPMBUFE UVSO QSJO�
DJQMF BOE EFBEMPDL GSFFEPN XIJMF USBOTBDUJPOT QSPWJEF HVBSBOUFFT PO JTPMBUJPO BOE
QSPHSFTT� 8F XJMM TFF UIBU DPNCJOJOH UIF UXP NPEFMT OBJWFMZ CSFBLT UIFTF HVBSBOUFFT
	4FDUJPO ƍ�Ɖ�Ƌ
�

ƍ�Ɖ�Ɖ 6TJOH 5SBOTBDUJPOT JO BO "DUPS UP 4BGFMZ 4IBSF .FNPSZ

*O 4FDUJPO Ƌ�Ɖ XF FTUBCMJTIFE UIBU JOUSPEVDJOH TIBSFE NFNPSZ JO BO BDUPS TZTUFN DBO
CF VTFGVM BOE PDDVST JO QSBDUJDF CBTFE PO UIF SFTVMUT PG B TUVEZ CZ 5BTIBSPĕ FU BM�
<ƊƈƉƋ>� )FSF XF TIPX UIBU EPJOH TP OBJWFMZ IBT TFWFSBM EJTBEWBOUBHFT� %F ,PTUFS
FU BM� <ƊƈƉƎB> EJTUJOHVJTI UXP UZQFT PG BDUPS TZTUFNT� QVSF BOE JNQVSF TZTUFNT� XF
EJTDVTT CPUI TFQBSBUFMZ� 'JHVSF ƍ�Ɗ TVNNBSJ[FT UIF UFDIOJRVFT BOE UIFJS EJTBEWBOUBHFT
EJTDVTTFE JO UIJT TFDUJPO�

Ƒƌ



Ư�ƫ .PUJWBUJPO BOE 1SPCMFN 4UBUFNFOU

"DUPS TZTUFNT

1VSF

*NQVSF

3FQMJDBUJPO

%FMFHBUJPO

.JY XJUI TIBSFE�
NFNPSZ NPEFM

⇒

⇒

⇒

� NBOVBM DPOTJTUFODZ QSPUPDPM
� JODSFBTFE NFNPSZ VTBHF
� IJHI DPTU PG DPQZJOH

� GSBHNFOUFE DPEF
� OP QBSBMMFM SFBET
� SBDFT BOE EFBEMPDLT QPTTJCMF

SBDFT BOE EFBEMPDLT QPTTJCMF

5ZQF PG
BDUPS TZTUFN

5FDIOJRVF UP
TIBSF NFNPSZ %JTBEWBOUBHFT

'JHVSF ƍ�Ɗ� &YJTUJOH UFDIOJRVFT UP TIBSF NFNPSZ JO BDUPS TZTUFNT BOE UIFJS EJTBEWBOUBHFT�

1VSF BDUPS TZTUFNT BSF BDUPS TZTUFNT UIBU FOGPSDF TUSJDU JTPMBUJPO CFUXFFO UIF BDUPST�
UIF TUBUF PG BO BDUPS JT GVMMZ FODBQTVMBUFE BOE DBO POMZ CF BDDFTTFE VTJOH BTZODISPOPVT
DPNNVOJDBUJPO XJUI UIBU BDUPS� &SMBOH JT BO FYBNQMF PG TVDI B TZTUFN� PUIFS FYBN�
QMFT BSF MJTUFE JO 'JHVSF ƍ�Ƌ� ćFTF BSF PęFO MBOHVBHFT XIJDI FOGPSDF UIFTF DPOTUSBJOUT
CZ DPOTUSVDUJPO� 	" OPUBCMF FYDFQUJPO JT ,JMJN B MJCSBSZ UIBU FOGPSDFT JTPMBUJPO VTJOH
TUBUJD BOBMZTJT <4SJOJWBTBO BOE .ZDSPę ƊƈƈƐ>�
 ćBOLT UP UIF TUSJDU JTPMBUJPO UIF EF�
WFMPQFS CFOFĕUT GSPN TUSPOH TBGFUZ HVBSBOUFFT� MPX�MFWFM EBUB SBDFT BSF QSFWFOUFE CZ
EFTJHO�

#FDBVTF QVSF BDUPS TZTUFNT FOGPSDF JTPMBUJPO EFWFMPQFST DBOOPU EJSFDUMZ VTF TIBSFE
NFNPSZ JO UIFJS QSPHSBN� %F ,PTUFS FU BM� <ƊƈƉƎB> EFTDSJCF UXP QBUUFSOT UIBU BSF VTFE
UP SFQSFTFOU TIBSFE TUBUF JO UIFTF TZTUFNT JOTUFBE�
t ćF ĕSTU QBUUFSO DPOTJTUT PG SFQMJDBUJOH UIF TIBSFE TUBUF BDSPTT UIF EJČFSFOU BDUPST

UIBU OFFE JU� &BDI BDUPS DBO SFBE UIF TUBUF EJSFDUMZ� XSJUFT IBWF UP CF QSPQBHBUFE
UP FBDI SFQMJDB� ćFSF BSF TFWFSBM EJTBEWBOUBHFT UP UIJT BQQSPBDI� B DPOTJTUFODZ
QSPUPDPM JT SFRVJSFE SFQMJDBUJPO JODSFBTFT NFNPSZ VTBHF BOE UIF DPTU PG DPQZJOH
NBZ CF UPP IJHI� %F ,PTUFS FU BM� <ƊƈƉƎB> GPVOE UIBU UIJT JT B SBSFMZ DIPTFO PQUJPO�

t ćF TFDPOE QBUUFSO JT UP FODBQTVMBUF UIF TIBSFE TUBUF JO B TFQBSBUF EFMFHBUF BDUPS�
&BDI BDUPS DBO SFBE BOE XSJUF UP UIF TUBUF VTJOH BTZODISPOPVT NFTTBHFT� ćJT
BQQSPBDI BMTP TVČFST GSPN TFWFSBM EJTBEWBOUBHFT� DPEF JT GSBHNFOUFE BOE OFFET
UP CF XSJUUFO JO DPOUJOVBUJPO�QBTTJOH TUZMF OP QBSBMMFM SFBET BSF QPTTJCMF BOE SBDF
DPOEJUJPOT BOE EFBEMPDLT DBO TUJMM PDDVS EVF UP UIF VOFYQFDUFE JOUFSMFBWJOH PG SFBE
BOE XSJUF 	AHFUUFS� BOE ATFUUFSA
 NFTTBHFT�

8F DPODMVEF UIBU CFDBVTF QVSF BDUPS TZTUFNT FOGPSDF TUSJDU JTPMBUJPO UIFZ NBJOUBJO
UIF HVBSBOUFFT PG UIF BDUPS NPEFM CVU SFQSFTFOUJOH TIBSFE TUBUF JO UIFN JT DPNQMFY
BOE FSSPS QSPOF� ćF EJďDVMUZ PG QSFWFOUJOH SBDF DPOEJUJPOT BOE EFBEMPDLT JT QVTIFE
FOUJSFMZ UP UIF EFWFMPQFS�
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$IBQUFS Ư� 5SBOTBDUJPOBM "DUPST

1VSF BDUPS MBOHVBHFT
t &SMBOH

IUUQ���XXX�FSMBOH�PSH
<"SNTUSPOH ƊƈƈƏ>

t 4"-4"
IUUQ���XDM�DT�SQJ�FEV�TBMTB�
<7BSFMB BOE "HIB ƊƈƈƉ>

t &
IUUQ���FSJHIUT�PSH
<.JMMFS FU BM� Ɗƈƈƍ>

t "NCJFOU5BML
IUUQ���TPGU�WVC�BD�CF�BNPQ�
<%FEFDLFS FU BM� ƊƈƈƎ>

t 1POZ
IUUQT���XXX�QPOZMBOH�PSH
<$MFCTDI FU BM� ƊƈƉƍ>

1VSF BDUPS MJCSBSJFT
t ,JMJN 	GPS +BWB


IUUQ���XXX�NBMIBS�OFU�TSJSBN�LJMJN�
<4SJOJWBTBO BOE .ZDSPę ƊƈƈƐ>

t IBTLFMM�BDUPS 	GPS )BTLFMM

IUUQT���IBDLBHF�IBTLFMM�PSH�QBDLBHF�BDUPS
<4VM[NBOO FU BM� ƊƈƈƐ>

*NQVSF BDUPS MBOHVBHFT
t %

IUUQT���EMBOH�PSH

*NQVSF BDUPS MJCSBSJFT
t 4DBMB "DUPST

<)BMMFS BOE 0EFSTLZ ƊƈƈƏ>
t "LLB 	GPS +BWB BOE 4DBMB


IUUQT���BLLB�JP
t 0SMFBOT 	GPS $ƽ��/&5


IUUQT���EPUOFU�HJUIVC�JP�PSMFBOT�
t 2VBTBS 	GPS +BWB


IUUQT���HJUIVC�DPN�QVOJWFSTF�RVBTBS
t +FUMBOH 	GPS +BWB


IUUQT���HJUIVC�DPN�KFUMBOH
t "DUPS'PVOESZ 	GPS +BWB


IUUQ���PTM�DT�JMMJOPJT�FEV�TPGUXBSF�BDUPS�GPVOESZ�
t 1VMTBS 	GPS 1ZUIPO


IUUQT���HJUIVC�DPN�RVBOUNJOE�QVMTBS

.BOZ NPSF BDUPS TZTUFNT DBO CF GPVOE BU IUUQT���FO�XJLJQFEJB�PSH�X�JOEFY�QIQ UJUMF�"DUPS@
NPEFM�PMEJE�����������"DUPS@MJCSBSJFT@BOE@GSBNFXPSLT

'JHVSF ƍ�Ƌ� "O PWFSWJFX PG TPNF QVSF BOE JNQVSF BDUPS MBOHVBHFT BOE MJCSBSJFT�

*NQVSF BDUPS TZTUFNT EP OPU FOGPSDF TUSJDU JTPMBUJPO� .PTU BDUPS MJCSBSJFT GPS NBJO�
TUSFBN MBOHVBHFT BSF JNQVSF BT UIFZ FYUFOE B MBOHVBHF UIBU BMMPXT TIBSFE NFNPSZ�
4DBMB�T BDUPST GPS JOTUBODF EPOPU QSFWFOU EFWFMPQFST GSPNVTJOH UIF VOEFSMZJOH TIBSFE�
NFNPSZ NPEFM PG 4DBMB� 	.PSF FYBNQMFT BSF MJTUFE JO 'JHVSF ƍ�Ƌ�
 *O UIFTF TZTUFNT
EFWFMPQFST DBO DPNCJOF BDUPST XJUI TIBSFE NFNPSZ XIFO UIBU JT UIF NPTU OBUVSBM PS
FďDJFOU TPMVUJPO�

"T XF BMSFBEZ NFOUJPOFE JO 4FDUJPO Ƌ�Ɖ 	QBHF ƌƍ
 5BTIBSPĕ FU BM� <ƊƈƉƋ> QFS�
GPSNFE B TUVEZ PG Ɖƍ BDUPS QSPHSBNT XSJUUFO JO 4DBMB BOE GPVOE UIBU ƐƈŰ NJY UIF
BDUPS NPEFM XJUI BOPUIFS DPODVSSFODZ NPEFM� *O Ǝ PVU PG Ɖƍ DBTFT 	ƌƈŰ
 EFWFMPQFST
DJSDVNWFOU UIF BDUPS NPEFM JO UIF QMBDFT XIFSF JU JT OPU B HPPE ĕU UP UIFJS QSPCMFN�
*O TPNF DBTFT EFWFMPQFST JOUSPEVDF TIBSFE NFNPSZ XIJDI UIFZ TVCTFRVFOUMZ QSPUFDU
VTJOH MPDLT�
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Ư�ƫ .PUJWBUJPO BOE 1SPCMFN 4UBUFNFOU

ćFEJTBEWBOUBHF PG UIJT BQQSPBDI JT UIBU UIF HVBSBOUFFT PG UIF BDUPSNPEFM BSF MPTU�
UIF BTTVNQUJPOT CFIJOE UIF JTPMBUFE UVSO QSJODJQMF BSF CSPLFO IFODF MPX�MFWFM EBUB SBDFT
CFDPNF QPTTJCMF�

"T XF XJMM TFF JO UIF SFTU PG UIJT DIBQUFS UIJT CSPLFO HVBSBOUFF DBO CF SFJOUSPEVDFE
CZ DBSFGVMMZ DPNCJOJOH BDUPST XJUI USBOTBDUJPOT BT USBOTBDUJPOT HVBSBOUFF JTPMBUJPO�
ćVT VTJOH USBOTBDUJPOBM NFNPSZ NFNPSZ DBO TBGFMZ CF TIBSFE CFUXFFO BDUPST�

ƍ�Ɖ�Ɗ 6TJOH "DUPST JO B 5SBOTBDUJPO UP %JTUSJCVUF BOE $PPSEJOBUF 8PSL

/PU POMZ BSF USBOTBDUJPOT VTFGVM UP QSPUFDU BDDFTT UP TIBSFE TUBUF CFUXFFO BDUPST DPO�
WFSTFMZ BDUPST BSF BMTP VTFGVM UP DPPSEJOBUF XPSL CFUXFFO USBOTBDUJPOT� 8F EFNPO�
TUSBUF IPX BDUPST DBO CF VTFE UP EJTUSJCVUF BOE DPPSEJOBUF XPSL GSPN XJUIJO B USBOT�
BDUJPO VTJOH B USBWFM SFTFSWBUJPO TZTUFN� ćJT FYBNQMF JT JOTQJSFE CZ UIF 7BDBUJPO
CFODINBSL GSPN UIF 45".1 TVJUF <.JOI FU BM� ƊƈƈƐ>�

ćF DPEF PG UIF FYBNQMF JT TIPXO JO -JTUJOH ƍ�ƌ� *UT JOQVU DPOTJTUT PG B OVNCFS
PG DVTUPNFST XIP XBOU UP SFTFSWF UXP ĘJHIUT B IPUFM SPPN BOE B DBS 	MJOFT ƉƌoƉƎ
�
ćFTF JUFNT BSF TUPSFE JO USBOTBDUJPOBMNFNPSZ TP UIBUNVMUJQMF DVTUPNFST DBO SFTFSWF
UIFN JO QBSBMMFM 	MJOFT ƉoƉƊ
� &BDI SFTFSWBUJPO DPOTJTUT PG UISFF TUFQT� UIF DVTUPNFS
MPPLT GPS BWBJMBCMF ĘJHIUT DBST BOE IPUFM SPPNT� SFTFSWFT UIFN� BOE VQEBUFT IJT SFDPSE
	MJOFT ƋƑoƌƌ
�

*O UIF PSJHJOBM 7BDBUJPO CFODINBSL UIFSF BSF B DPOĕHVSBCMF OVNCFS PG XPSLFS
BDUPST PWFS XIJDI UIF DVTUPNFST BSF FWFOMZ EJTUSJCVUFE� )PXFWFS XF CFMJFWF CFUUFS
QFSGPSNBODF NBZ CF BDIJFWFE CZ QSPDFTTJOH UIF JUFNT UIBU GPSN B SFTFSWBUJPO JO TFQ�
BSBUF BDUPST� 	8F DPOĕSN UIJT QFSGPSNBODF DMBJN JO $IBQUFS Ƒ�
 )FODF XF DSFBUF
B WBSJBUJPO PG 7BDBUJPO JO XIJDI UIF XPSLFST TFOE UIF SFTFSWBUJPOT PG UIF JOEJWJEVBM
JUFNT UP POF PG B DPOĕHVSBCMF OVNCFS PG ATFDPOEBSZ� XPSLFS BDUPST�

ćF DPEF UIFO MPPLT BT TIPXO JO -JTUJOH ƍ�ƍ� )PXFWFS VTJOH USBEJUJPOBM BDUPST
BOE 45. UIJT DPEF EPFT OPU XPSL BT FYQFDUFE� *O UIF USBOTBDUJPO GPVS NFTTBHFT
BSF TFOU BOE BęFSXBSET UIF USBOTBDUJPOBM WBSJBCMF c JT VQEBUFE 	MJOFT ƍoƉƈ
� *G BOPUIFS
USBOTBDUJPO VQEBUFT UIF TBNF WBSJBCMF UIJT DBVTFT B DPOĘJDU BOE UIF USBOTBDUJPOXJMM CF
BCPSUFE� 8IFO UIF USBOTBDUJPO SFUSJFT UIFNFTTBHFT BSF TFOU BHBJO� ćJT JT UIF TQVSJPVT
SFUSJFT QSPCMFN PG 4FDUJPO Ƌ�Ɗ�Ƌ 	QBHF ƍƋ
� ćF QSPCMFN JT UIBU XIFO B USBOTBDUJPO
BCPSUT UIF NFTTBHFT JU TFOU BSF OPU SPMMFE CBDL� "T B SFTVMU JO PVS FYBNQMF NVMUJQMF
JUFNT DBO CF SFTFSWFE GPS UIF TBNF DVTUPNFS�

8F PCTFSWF UIBU DPNNVOJDBUJOH XJUI BDUPST JO B USBOTBDUJPO CSFBLT JUT JTPMBUJPO
HVBSBOUFF� UIF SFTVMU PG B QBSBMMFM FYFDVUJPO JT OP MPOHFS FRVBM UP UIF SFTVMU PG B TFSJBM
FYFDVUJPO�
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Ɖ (def flights [(ref {:id ”AC855” :price 499
Ɗ :orig ”London” :dest ”Vancouver”
Ƌ :available [”1A” ”1B” …] :occupied []})
ƌ …])
ƍ (def rooms [(ref {:id 101 :price 100
Ǝ :location ”Vancouver” :beds 5
Ə :available [”2017-10-01” …] :occupied []})
Ɛ …])
Ƒ (def cars [(ref {:id ”ABC123” :price 42
Ɖƈ :location ”Vancouver” :seats 5
ƉƉ :available [”2017-10-01” …] :occupied []})
ƉƊ …])
ƉƋ

Ɖƌ (def customers [(ref {:id 0 :orig ”London” :dest ”Vancouver” :n 3
Ɖƍ :start ”2017-10-22” :end ”2017-10-27” :password nil})
ƉƎ …])
ƉƏ

ƉƐ (defn get-cheapest [items]
ƉƑ ;3FUVSOT UIF DIFBQFTU JUFN GSPN items�
Ɗƈ (first (sort-by (fn [item] (:price @item)) items)))
ƊƉ

ƊƊ (defn reserve-flight [orig dest date n-seats]
ƊƋ ;'JOET UIF DIFBQFTU øJHIU GSPN orig UP dest PO date BOE SFTFSWF n-seats�
Ɗƌ (let [;'JMUFS øJHIUT NBUDIJOH UIF HJWFO DSJUFSJB XJUI TVóDJFOU BWBJMBCMF TFBUT
Ɗƍ filtered (filter (fn [f] (and (= (:orig @f) orig)
ƊƎ (= (:dest @f) dest)
ƊƏ (= (:date @f) date)
ƊƐ (>= (count (:available @f)) n-seats)))
ƊƑ flights)
Ƌƈ cheapest (get-cheapest filtered)]
ƋƉ ;.PWF TFBUT GSPN �BWBJMBCMF UP �PDDVQJFE
ƋƊ (ref-set cheapest (occupy cheapest n-seats))))
ƋƋ

Ƌƌ ;'VODUJPOT reserve-room BOE reserve-car BSF TJNJMBS UP reserve-flight�
Ƌƍ

ƋƎ (defn process-customer [c]
ƋƏ ;1SPDFTT B DVTUPNFS� öOE BOE SFTFSWF UXP øJHIUT 	PVUCPVOE BOE SFUVSO
 B DBS BOE B SPPN
ƋƐ ;BOE HFOFSBUF B QBTTXPSE�
ƋƑ (atomic
ƌƈ (reserve-flight (:orig @c) (:dest @c) (:start @c) (:n @c))
ƌƉ (reserve-flight (:dest @c) (:orig @c) (:end @c) (:n @c))
ƌƊ (reserve-room (:dest @c) (:n @c) (:start @c) (:end @c))
ƌƋ (reserve-car (:dest @c) (:n @c) (:start @c) (:end @c))
ƌƌ (ref-set c (assoc @c :password (generate-password)))))

-JTUJOH ƍ�ƌ� ćF 7BDBUJPO CFODINBSL� 	$PEF IBT CFFO NPEJĕFE GPS DMBSJUZ�


ƑƐ
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Ɖ (def customer-behavior
Ɗ (behavior [id] [c]
Ƌ ;1SPDFTT B DVTUPNFS� öOE BOE SFTFSWF UXP øJHIUT 	PVUCPVOE BOE SFUVSO
 B DBS BOE B SPPN
ƌ ;	BMM JO XPSLFS BDUPST
 BOE HFOFSBUF B QBTTXPSE�
ƍ (atomic
Ǝ (send (rand-nth secondary-workers) :flight (:orig @c) …)
Ə (send (rand-nth secondary-workers) :flight (:dest @c) …)
Ɛ (send (rand-nth secondary-workers) :room (:dest @c) …)
Ƒ (send (rand-nth secondary-workers) :car (:dest @c) …)
Ɖƈ (ref-set c (assoc @c :password (generate-password))))))
ƉƉ

ƉƊ (def reserve-behavior
ƉƋ (behavior [id] [type & args]
Ɖƌ (case type
Ɖƍ :flight (atomic (apply reserve-flight args))
ƉƎ :room (atomic (apply reserve-room args))
ƉƏ :car (atomic (apply reserve-car args)))))

-JTUJOH ƍ�ƍ� "O BEBQUFE WFSTJPO PG UIF 7BDBUJPO CFODINBSL XJUI TFDPOEBSZ XPSLFS BDUPST�

ƍ�Ɖ�Ƌ 1SPCMFN 4UBUFNFOU
8F FTUBCMJTI UIBU DPNCJOJOH BDUPST BOE USBOTBDUJPOT DBO CF VTFGVM CVU MFBET UP CSPLFO
HVBSBOUFFT 	TIPXO JO 5BCMF ƍ�Ɖ
�
t 8IFO UXP PS NPSF BDUPST DBO TZODISPOPVTMZ BDDFTT TIBSFE NVUBCMF TUBUF UIF JTP�

MBUFE UVSO QSJODJQMF JT CSPLFO� $POTFRVFOUMZ SBDF DPOEJUJPOT UIBU XFSF QSFWFOUFE
CZ UIF BDUPS NPEFM DBO SFBQQFBS�

t 8IFO TFOEJOH NFTTBHFT JO B USBOTBDUJPO UIF USBOTBDUJPO�T JTPMBUJPO HVBSBOUFF JT
CSPLFO� 4FOEJOH NFTTBHFT JT B TJEF FČFDU UIBU JT OPU SPMMFE CBDL XIFO UIF USBOTBD�
UJPO JT�

ćFTF JTTVFT DPNQMJDBUF DPNCJOJOH CPUI DPODVSSFODZ NPEFMT JO B TJOHMF BQQMJDBUJPO
BT UIF HVBSBOUFFT UIBU EFWFMPQFST FYQFDU BSF OP MPOHFS USVF� ćFTF QSPCMFNT IJOEFS
DPNQPTBCJMJUZ� XIFO POF NPEFM JT NPTU TVJUBCMF GPS POF DPNQPOFOU PG UIF BQQMJDBUJPO
BOE BOPUIFSNPEFM ĕUT BOPUIFS DPNQPOFOU UIF EFWFMPQFS DBOOPU TBGFMZ VTF CPUI� ćFZ
BMTP IJOEFS SFVTBCJMJUZ� JODMVEJOH B MJCSBSZ UIBU VTFT POF NPEFM JO BO BQQMJDBUJPO UIBU
VTFT BOPUIFS NBZ MFBE UP JODPSSFDU SFTVMUT�

ƍ�Ɗ 5SBOTBDUJPOBM "DUPST
ćF QSPCMFNT EFTDSJCFE JO UIF QSFWJPVT TFDUJPO CSFBLJOH UIF JTPMBUFE UVSO QSJODJQMF
PG BDUPST BOE UIF JTPMBUJPO PG USBOTBDUJPOT PDDVS CFDBVTF UIF TFNBOUJDT PG UIF DPNCJ�
OBUJPO PG UXP DPODVSSFODZ NPEFMT JT OPU XFMM EFĕOFE� *O UIJT TFDUJPO XF TPMWF UIJT
CZ EFĕOJOH USBOTBDUJPOBM BDUPST� 5SBOTBDUJPOBM BDUPST QSPWJEF UIF TBNF DPOTUSVDUT BT

ƑƑ
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UIF PSJHJOBM BDUPS NPEFM BOE UIF 45. NPEFM EFTDSJCFE JO $IBQUFS Ɗ CVU BMTP EFĕOF
B NFBOJOHGVM TFNBOUJDT XIFO UIFJS DPOTUSVDUT BSF DPNCJOFE�

8F TZTUFNBUJDBMMZ DPOTJEFS IPX UIF DPOTUSVDUT PG FBDI NPEFM DBO CF OFTUFE JO
UIF PUIFS� ćF UXP NPEFMT FBDI QSPWJEF B DPODVSSFOU DPOTUSVDU UIBU DPOUBJOT OFTUFE
DPEF� behavior GPS BDUPST BOE atomic GPS USBOTBDUJPOT� )FODF XF TUVEZ UIF GPMMPXJOH
DPNCJOBUJPOT� 	ćFTF DPSSFTQPOE UP UIF UXP DFMMT DPNCJOJOH USBOTBDUJPOT BOE BDUPST
GSPN 5BCMF ƍ�Ɖ�


5SBOTBDUJPO JO "DUPS
behavior DPOUBJOJOH�
t atomic �
t ref �
t deref �
t ref-set �

"DUPS JO 5SBOTBDUJPO
atomic DPOUBJOJOH�
t behavior �
t spawn �
t send �
t become �

8F EJTUJOHVJTI GPVS DBUFHPSJFT�
� &NCFEEJOH atomic JO behavior NBZ FYFDVUF B USBOTBDUJPO JO UIF BDUPST UIBU BSF

TQBXOFE XJUI UIBU CFIBWJPS� ćJT USBOTBDUJPO JT CPVOE UP UIF DVSSFOU BDUPS�
� .BOJQVMBUJOH USBOTBDUJPOBM TUBUF VTJOH ref deref PS ref-set GPMMPXT UIF DBOPO�

JDBM TFNBOUJDT PG USBOTBDUJPOT� UIFTF BDUJPOT BSF POMZ BMMPXFE XIFO B USBOTBDUJPO
JT SVOOJOH BOE PQFSBUF XJUIJO JUT DPOUFYU� /P TQFDJBM TFNBOUJDT JT OFFEFE XIFO
UIJT PDDVST JO BO BDUPS�

� " CFIBWJPS DBO CF EFĕOFE JO B USBOTBDUJPO� ćF CFIBWJPS JT TFQBSBUF GSPN UIF
USBOTBDUJPO JO XIJDI JU JT EFĕOFE� XIFO BO BDUPS JT TQBXOFE XJUI UIF CFIBWJPS BU
B MBUFS UJNF JU OP MPOHFS IBT BDDFTT UP UIF USBOTBDUJPO JO XIJDI UIF CFIBWJPS XBT
EFĕOFE� )FODF B CFIBWJPS DBO CF EFĕOFE JO B USBOTBDUJPO BT JU DBO BOZXIFSF FMTF
BOE OP TQFDJBM TFNBOUJDT JT OFFEFE�

� spawn send BOE become FODMPTF B TJEF FČFDU� ćFSFGPSF XIFO UIFZ PDDVS JO B
USBOTBDUJPO UIFJS FČFDU TIPVME CFDPNF QBSU PG UIF USBOTBDUJPO�

8F OPX EJTDVTT UIFTF GPVS DBTFT JO NPSF EFUBJM�

ƍ�Ɗ�Ɖ 6TJOH 5SBOTBDUJPOBM .FNPSZ JO BO "DUPS
" USBOTBDUJPO DBO SVO JO BO BDUPS JOTJEF atomic � � 4JNJMBS UP B UISFBE�CBTFE USBOT�
BDUJPOBM TZTUFN XIFSF FBDI UISFBE DBO IBWF POF BDUJWF USBOTBDUJPO IFSF UPP FBDI
BDUPS DBO IBWF POF USBOTBDUJPO BDUJWF BU B UJNF� .BOJQVMBUJOH USBOTBDUJPOBM TUBUF �
XPSLT XJUIJO UIF DPOUFYU PG UIF USBOTBDUJPO UIBU JT BDUJWF JO UIF DVSSFOU BDUPS� ćFSF�
GPSF USBOTBDUJPOT SVO JO BDUPST BT UIFZ EP JO UISFBE�CBTFE TZTUFNT� ćJT PDDVST JO
-JTUJOH ƍ�ƌ XIFO UIF GVODUJPO process-customer JT DBMMFE JO BO BDUPS BOE FYFDVUFT B
USBOTBDUJPO�

Ɖƈƈ
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ƍ�Ɗ�Ɗ .BOJQVMBUJOH "DUPST JO B 5SBOTBDUJPO
8IJMF EFĕOJOH B CFIBWJPS JO B USBOTBDUJPO � NJHIU TFFN TUSBOHF JU EPFT OPU QPTF BOZ
QBSUJDVMBS EJďDVMUJFT BT JU JT BO JEFNQPUFOU PQFSBUJPO� %FĕOJOH B CFIBWJPS JT TJNJMBS
UP EFĕOJOH B GVODUJPO� UIF DPEF JU DPOUBJOT JT OPU FYFDVUFE XIFO JU JT EFĕOFE CVU BU
B MBUFS UJNF JO B OFX BDUPS� " CFIBWJPS DBO SFGFS UP WBSJBCMFT JO JUT MFYJDBM TDPQF� JU JT
FTTFOUJBMMZ B DMPTVSF� *U EPFT OPU IBWF BDDFTT UP JUT FODBQTVMBUJOH USBOTBDUJPO� XIJMF JU
DBO SFGFS UP USBOTBDUJPOBM WBSJBCMFT JO JUT MFYJDBM TDPQF BOZ PQFSBUJPOT PO UIFN NVTU
CF QSPUFDUFE XJUI B OFX USBOTBDUJPO�

4QBXOJOH BO BDUPS TFOEJOH BNFTTBHF PS CFDPNJOH B OFX CFIBWJPS � BSF BDUJPOT
XJUI B TJEF FČFDU� 6TJOH UIFTF JO B USBOTBDUJPO SFRVJSFT TQFDJBM TFNBOUJDT TP UIBU UIFZ
DBO SPMM CBDL� 5SBOTBDUJPOBM BDUPST NBLF UIFTF PQFSBUJPOT QBSU PG UIF USBOTBDUJPO JO
XIJDI UIFZ PDDVS�

3FHVMBS USBOTBDUJPOBM TZTUFNT VTF UXP UFDIOJRVFT UP JODPSQPSBUF TJEF FČFDUT JOUP
B USBOTBDUJPO� ćF ĕSTU UFDIOJRVF JT UP QFTTJNJTUJDBMMZ EFMBZ UIF TJEF FČFDU VOUJM JU JT
DFSUBJO UIF USBOTBDUJPO XJMM DPNNJU TVDDFTTGVMMZ� 'PS FYBNQMF BO VQEBUF UP B USBOT�
BDUJPOBM WBSJBCMF JT POMZ WJTJCMF MPDBMMZ BU ĕSTU UIF HMPCBM VQEBUF JT EFMBZFE VOUJM UIF
USBOTBDUJPO DPNNJUT� *O DBTF UIF USBOTBDUJPO BCPSUT UIF FČFDU JT EJTDBSEFE� ćF TFD�
POE UFDIOJRVF JT UP PQUJNJTUJDBMMZ QFSGPSN UIF TJEF FČFDU JNNFEJBUFMZ CVU SPMM CBDL UIF
FČFDU JG UIF USBOTBDUJPO BCPSUT VTJOH B DPNQFOTBUJOH BDUJPO� 'PS FYBNQMF JO USBOTBD�
UJPOBM TZTUFNT XJUI PQFO OFTUJOH </J FU BM� ƊƈƈƏ> POF USBOTBDUJPO DBO CF OFTUFE JO
BOPUIFS BOE DPNNJU TFQBSBUFMZ� *G UIF PVUFS USBOTBDUJPO BCPSUT UIF JOOFS USBOTBDUJPO
OFFET UP SPMM CBDL XIJDI SFMJFT PO UIF EFWFMPQFS TQFDJGZJOH B DPNQFOTBUJOH BDUJPO�

8F IBOEMF UIF TJEF FČFDU PG FBDI BDUPS DPOTUSVDU XJUI UIF BQQSPQSJBUF UFDIOJRVF�

TQBXO 4QBXOJOH B OFX BDUPS JO B USBOTBDUJPO JT EFMBZFE VOUJM UIF USBOTBDUJPO DPN�
NJUT� 4QBXOJOH BO BDUPS JT B DPTUMZ PQFSBUJPO� NFNPSZ JT BMMPDBUFE GPS UIF OFX BDUPS
BOE JUT JOCPY B UISFBE JT DSFBUFE BOE UIF BDUPS�T FYFDVUJPO UIFO TUBSUT PO UIBU UISFBE�
)FODF UBLJOH UIFTF UISFF TUFQT BOE SPMMJOH UIFN CBDL JG UIF USBOTBDUJPO BCPSUT JT OPU B
HPPE JEFB� FBDI BUUFNQU PG UIF USBOTBDUJPO XPVME JODVS UIJT DPTU PWFS BOE PWFS BHBJO�
%FMBZJOH UIF PQFSBUJPO VOUJM UIF USBOTBDUJPO DPNNJUT FOTVSFT UIBU UIJT DPTU JT POMZ
QBJE PODF�

CFDPNF #FDPNF JT EFMBZFE CZ DPOTUSVDUJPO FWFO JO UIF PSJHJOBM BDUPS NPEFM� JUT
FČFDU POMZ UBLFT QMBDF VQPO UIF TUBSU PG B OFX UVSO� "T B USBOTBDUJPO DBOOPU TQBO
NVMUJQMF UVSOT JU XJMM BMXBZT CF DPNNJUUFE CFGPSF UIF FČFDU PG become CFDPNFT WJTJCMF�
)FODF JU EPFT OPU NBUUFS XIFUIFS XF EFMBZ PS SPMM CBDL become� CPUI IBWF UIF FYBDU
TBNF DPTU BOE SFTVMU�

TFOE 8IFO B NFTTBHF JT TFOU JO B USBOTBDUJPO XF PQUJNJTUJDBMMZ TFOE UIF NFTTBHF
JNNFEJBUFMZ UP UIF SFDFJWJOH BDUPS QPTTJCMZ OFFEJOH UP SPMM CBDL JUT FČFDUT JG UIF USBOT�
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(behavior [] [msg]
  (atomic
    (send b :msg)
    …))

(behavior [] [msg]
  …)

wait here until t1 commits

1

	B
 " NFTTBHF TFOU GSPN B USBOTBDUJPO EFQFOET PO UIBU USBOTBDUJPO� ćF UVSO UIBU QSPDFTTFT
UIF NFTTBHF JT UFOUBUJWF� BU UIF FOE PG UIF UVSO XF XBJU GPS UIF USBOTBDUJPO UP DPNNJU PS BCPSU
VQPO XIJDI UIF UVSO�T FČFDUT BSF QFSTJTUFE PS EJTDBSEFE�

(behavior [] [msg]
  (atomic
    (send b :msg)
    …))

(behavior [] [msg]
  (send c :msg)
  …)

(behavior [] [m]
  …)

wait here until t1 commits wait here until t1 commits

1

1

	C
 8IFO B NFTTBHF JT TFOU JO B UFOUBUJWF UVSO UIF EFQFOEFODZ JT GPSXBSEFE� UIF TFDPOE NFT�
TBHF BMTP EFQFOET PO USBOTBDUJPO Ɖ� #PUI NFTTBHFT BSF QSPDFTTFE UFOUBUJWFMZ�

(behavior [] [msg]
  (atomic
    (send b :msg)
    …))

(behavior [] [msg]
  (atomic
    …)
  …)

no need to wait
wait here until t1 commits

1

	D
 *G B TFDPOE USBOTBDUJPO JT TUBSUFE JO B UFOUBUJWF UVSO UIBU EFQFOET PO B ĕSTU USBOTBDUJPO UIF
TFDPOE USBOTBDUJPO DBO POMZ DPNNJU BęFS UIF ĕSTU� *G UIF ĕSTU USBOTBDUJPO GBJMT UIF TFDPOE GBJMT
VQPO JUT DPNNJU BOE UIF UVSO JT BCPSUFE UIFSF� /PUF UIBU JU JT OP MPOHFS OFDFTTBSZ UP XBJU BU
UIF FOE PG UIF UVSO� JG XF SFBDI UIJT QPJOU XF LOPX UIF ĕSTU USBOTBDUJPO TVDDFFEFE�

(behavior [] [msg]
  (atomic
    (send b :msg)
    …))

(behavior [] [msg]
  (atomic
    (send c :msg))
  …)

1

(behavior [] [m]
  …)

no need to wait
wait here until

t1 commits wait here until t2 commits

2

	E
 8IFO B NFTTBHF JT TFOU JO B USBOTBDUJPO JO B UFOUBUJWF UVSO UIF NFTTBHF EFQFOET PO UIJT
USBOTBDUJPO BOE OPU UIF FODPNQBTTJOH UVSO� ćF UIJSE BDUPS XJMM POMZ QSPDFFE XIFO USBOTBD�
UJPO Ɗ DPNNJUT XIJDI DBO POMZ IBQQFO XIFO USBOTBDUJPO Ɖ DPNNJUUFE BT XFMM�

'JHVSF ƍ�Ǝ� %JČFSFOU DBTFT PG NFTTBHFT TFOU JO USBOTBDUJPOT BOE UIFJS EFQFOEFODJFT� &BDI
CFIBWJPS SVOT JO B EJČFSFOU BDUPS� ćF PSBOHF BOE HSFFO MJOFT JOEJDBUF AUFOUBUJWF� TFDUJPOT PG
DPEF� FJUIFS B USBOTBDUJPO 	JO BO BUPNJD CMPDL
 PS B UVSO UIBU EFQFOET PO B USBOTBDUJPO� "
NFTTBHF�T EFQFOEFODZ JT JOEJDBUFE UISPVHI JUT DPMPS BOE OVNCFS 	Ɖ PS Ɗ
�

ƉƈƊ
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BDUJPO BCPSUT� 4FOEJOH BNFTTBHF JT OPU FYQFOTJWF� JU POMZ DPOTJTUT PG QVUUJOH BNFTTBHF
JO UIF SFDFJWFS�T JOCPY 	BMUIPVHI UIJT SFRVJSFT UBLJOH B MPDL
� *NNFEJBUFMZ TFOEJOH UIF
NFTTBHF JODSFBTFT QBSBMMFMJTN UIPVHI� UIF SFDFJWFS DBO BMSFBEZ QSPDFTT UIF NFTTBHF
CFGPSF UIF TFOEFS�T USBOTBDUJPO IBT DPNQMFUFE�

)PXFWFS UIJT JNQMJFT UIBU B NFTTBHF NBZ OPX OFFE UP CF SFUSBDUFE� XIFO UIF
USBOTBDUJPO JU XBT TFOU JO BCPSUT UIF NFTTBHF BOE JUT FČFDUT OFFE UP CF AVOTFOU�� 8F
TBZ UIBU NFTTBHFT TFOU GSPNXJUIJO B USBOTBDUJPO IBWF B EFQFOEFODZ PO UIF USBOTBDUJPO�
ćFSF BSF OPX UXP UZQFT PG NFTTBHFT� UIPTF TFOU PVUTJEF B USBOTBDUJPO IBWF OP EFQFO�
EFODZ BOE BSF EFĕOJUJWF UIPTF TFOU XJUIJO B USBOTBDUJPO IBWF B EFQFOEFODZ BOE BSF
UFOUBUJWF�

ćJT IBT BO JNQBDU PO UIF SFDFJWFS PG B UFOUBUJWF NFTTBHF BT JMMVTUSBUFE JO 'JH�
VSF ƍ�ƎB� 8IFO BO BDUPS UBLFT B UFOUBUJWF NFTTBHF GSPN JUT JOCPY UIF UVSO UIBU QSP�
DFTTFT JU BMTP CFDPNFT UFOUBUJWF� UIF NFTTBHF JT QSPDFTTFE CVU UIF FČFDUT JU DBVTFT
TIPVME OPU CF QFSTJTUFE ZFU� &WFO UIPVHI UIJT UVSO JT OPU B USBOTBDUJPO JU FYFDVUFT JO
UIF TBNF AUFOUBUJWF� NBOOFS BT JUT FČFDUT DBO SPMM CBDL� 8IFO B UFOUBUJWF UVSO FOET
UIF BDUPS XBJUT VOUJM UIF USBOTBDUJPO PO XIJDI JU EFQFOET IBT DPNNJUUFE� "ęFS B TVD�
DFTTGVM DPNNJU PG JUT EFQFOEFODZ UIF BDUPS DBO DPOUJOVF UP JUT OFYU UVSO BOE XF TBZ
UIF UVSO XBT TVDDFTTGVM� *G JUT EFQFOEFODZ BCPSUT UIF UFOUBUJWF UVSO GBJMT BOE JUT FČFDUT
BSF EJTDBSEFE� ćF BDUPS UIFO QSPDFTTFT UIF OFYU NFTTBHF JO JUT JOCPY BT JG OPUIJOH
IBQQFOFE�

/PX UIBU UVSOT DBO CF UFOUBUJWF BOENBZ SPMM CBDL KVTU MJLF USBOTBDUJPOT XF OFFE UP
MPPL BU XIJDI BDUJPOT XJUI B TJEF FČFDU DBO PDDVS JO UIJT DPOUFYU BT UIFZ DBO SPMM CBDL
UPP� 'JSTU MFU VT MPPL BU UIF DPOTUSVDUT PG BDUPST� 8IFO become BOE spawn BSF VTFE JO B
UFOUBUJWF UVSO UIFJS FČFDUT BSF IBOEMFE BT BCPWF XIFO UIFZ BQQFBSFE JO B USBOTBDUJPO�
UIFJS FČFDU JT EFMBZFE VOUJM UIF UVSO JT TVDDFTTGVM PS EJTDBSEFE JG JU GBJMT� 0O UIF PUIFS
IBOE send JO B UFOUBUJWF UVSO JNNFEJBUFMZ TFOET B NFTTBHF CVU GPSXBSET UIF DVSSFOU
EFQFOEFODZ XJUI JU TP UIBU JUT SFDFJWFS XJMM BMTP EFQFOE PO UIF PSJHJOBM USBOTBDUJPO
	'JHVSF ƍ�ƎC
�

4FDPOE B UFOUBUJWF UVSO NBZ DPOUBJO BOPUIFS USBOTBDUJPO 	BT JO 'JHVSFT ƍ�ƎD BOE
ƍ�ƎE
� *O PUIFS XPSET B ĕSTU BDUPS JT FYFDVUJOH B ĕSTU USBOTBDUJPO JO XIJDI JU TFOET B
NFTTBHF UP B TFDPOE BDUPS BOE XIFO UIF TFDPOE BDUPS QSPDFTTFT UIJT NFTTBHF JU TUBSUT
B TFDPOE USBOTBDUJPO� 8F TBZ UIBU UIF TFDPOE USBOTBDUJPO EFQFOET PO UIF ĕSTU� ćFSF
BSF UXP TFSJBMJ[BUJPOT PG UIFTF UXP USBOTBDUJPOT� FJUIFS UIF ĕSTU USBOTBDUJPO DPNNJUT
CFGPSF UIF TFDPOE PS WJDF WFSTB� )PXFWFS CFDBVTF UIF TFDPOE USBOTBDUJPO JT FYFDVUFE
BT B SFTVMU PG UIF ĕSTU UIF POMZ WBMJE TFSJBMJ[BUJPO JT UIF POF JO XIJDI UIF TFDPOE USBOT�
BDUJPO JT QSFDFEFE CZ UIF ĕSTU� ćFSFGPSF UIF TFDPOE USBOTBDUJPO OFFET UP XBJU CFGPSF
JU DPNNJUT VOUJM UIF USBOTBDUJPO JU EFQFOET PO IBT DPNNJUUFE�

ćF EJČFSFOU DBTFT EFTDSJCFE JO UIJT TFDUJPO BSF TVNNBSJ[FE JO 5BCMF ƍ�Ə� ćFSF BSF
UISFF FYFDVUJPO DPOUFYUT� 	Ɖ
 JO B USBOTBDUJPO 	Ɗ
 PVU B USBOTBDUJPO CVU JO B UFOUBUJWF
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/PU JO B USBOTBDUJPO *O B USBOTBDUJPO
%FĕOJUJWF UVSO 5FOUBUJWF UVSO

behavior "T CFGPSF
become %FMBZFE VOUJM FOE PG UVSO
spawn *NNFEJBUF %FMBZFE 	QFTTJNJTUJD
 %FMBZFE 	QFTTJNJTUJD

send *NNFEJBUF *NNFEJBUF 	PQUJNJTUJD
 *NNFEJBUF 	PQUJNJTUJD


EFQFOEFODZ GPSXBSEFE EFQFOEFODZ PO UY
atomic *NNFEJBUF *NNFEJBUF 	PQUJNJTUJD
 *NNFEJBUF 	PQUJNJTUJD


CVU XBJU CFGPSF DPNNJU XJUI DMPTFE OFTUJOH
ref deref /PU BMMPXFE /PU BMMPXFE "T CFGPSF

ref-set

5BCMF ƍ�Ə� )PX UIF DPOTUSVDUT PO BDUPST BOE USBOTBDUJPOT BSF FYFDVUFE JO UIF UISFF EJČFSFOU
DPOUFYUT� $POTUSVDUT JO HSBZ XPSL BT CFGPSF CMVF JOEJDBUFT UIF TJEF FČFDU JT QFTTJNJTUJDBMMZ
EFMBZFE VOUJM UIF FOE PG UIF UFOUBUJWF TFDUJPO 	UVSO PS USBOTBDUJPO
 HSFFO JOEJDBUFT UIF TJEF
FČFDU JT PQUJNJTUJDBMMZ QFSGPSNFE JNNFEJBUFMZ CVU SPMMFE CBDL PO DPOĘJDU�

UVSO BOE 	Ƌ
 PVU PG B USBOTBDUJPO JO B EFĕOJUJWF UVSO� 8F XJMM VTF UIF UFSN UFOUBUJWF
TFDUJPO UP SFGFS UP CPUI USBOTBDUJPOT BOE UFOUBUJWF UVSOT� QPSUJPOT PG UIF DPEF JO XIJDI
spawn BOE send BSF FYFDVUFE AUFOUBUJWFMZ��

ƍ�Ƌ 1SPQFSUJFT PG 5SBOTBDUJPOBM "DUPST
5SBOTBDUJPOBM BDUPST HVBSBOUFF JTPMBUJPO PG UIF USBOTBDUJPOT MPX�MFWFM SBDF GSFFEPN
BOE EFBEMPDL GSFFEPN� 8F EFTDSJCF UIFTF IFSF BOE EJTDVTT UIFN NPSF GPSNBMMZ JO
4FDUJPO Ə�Ƌ PG $IBQUFS Ə�

ƍ�Ƌ�Ɖ *TPMBUJPO PG UIF 5SBOTBDUJPOT

5SBOTBDUJPOBM BDUPST NBJOUBJO UIF JTPMBUJPO HVBSBOUFF PG UIFJS USBOTBDUJPOT� *O B OBJWF
DPNCJOBUJPO PG USBOTBDUJPOT BOE BDUPST UIF PQFSBUJPOT PO BDUPST JOTJEF B USBOTBD�
UJPO DBVTF TJEF FČFDUT UIFSFCZ CSFBLJOH JTPMBUJPO 	BT JO UIF 7BDBUJPO FYBNQMF JO 4FD�
UJPO ƍ�Ɖ�Ɗ
� 5SBOTBDUJPOBM BDUPST JODPSQPSBUF UIFTF PQFSBUJPOT JOUP UIF USBOTBDUJPO TP
UIBU UIFZ TVDDFFE PS GBJM EFQFOEJOH PO XIFUIFS UIF USBOTBDUJPO DPNNJUT PS BCPSUT BT
FYQMBJOFE JO 4FDUJPO ƍ�Ɗ�Ɗ� 'PS PUIFS BDUPST BOE USBOTBDUJPOT BMM FČFDUT JOTJEF B USBOT�
BDUJPO UIVT BQQFBS UP UBLF QMBDF BU UIF NPNFOU UIF USBOTBDUJPO DPNNJUT NBJOUBJOJOH
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UIF JTPMBUJPO HVBSBOUFF PG UIF USBOTBDUJPOBM TZTUFN 	TFSJBMJ[BCJMJUZ PQBDJUZ PS TOBQTIPU
JTPMBUJPO
�

"T XBT JMMVTUSBUFE JO 'JHVSF ƍ�ƎD XIFO B 	ĕSTU
 USBOTBDUJPO DBVTFT B TFDPOE USBOT�
BDUJPO UP TUBSU JO BOPUIFS BDUPS UIF FČFDUT PG UIF TFDPOE USBOTBDUJPO XJMM POMZ PDDVS
JG BOE XIFO UIF ĕSTU USBOTBDUJPO TVDDFFEFE BOE UIF TFDPOE USBOTBDUJPO IBT OP DPO�
ĘJDUT� ćFTF FČFDUT BMTP PDDVS JO B TJOHMF BUPNJD TUFQ BOE UIJT BMXBZT IBQQFOT BęFS
UIF EFQFOEFODZ DPNNJUUFE� )FODF TFSJBMJ[BCJMJUZ JT NBJOUBJOFE CVU UIFSF JT POMZ POF
WBMJE TFSJBMJ[BUJPO� UIF USBOTBDUJPO XJUI B EFQFOEFODZNVTU CF QSPDFFEFE CZ JUT EFQFO�
EFODZ�

&ČFDUT PG B UFOUBUJWF UVSO UIBU EPFT OPU DPOUBJO B USBOTBDUJPO 	UIFTF BSF UIF BDUPST
JU TQBXOFE BOE JUT CFDPNF DPOTUSVDU
 BMTP POMZ PDDVS BęFS UIF EFQFOEFODZ TVDDFFEFE�
"HBJO TFSJBMJ[BCJMJUZ JT NBJOUBJOFE BT UIF PSEFS JO XIJDI FČFDUT BQQFBS UP PUIFS BDUPST
BOE USBOTBDUJPOT JT FRVJWBMFOU UP B TFSJBM FYFDVUJPO�

ƍ�Ƌ�Ɗ -PX�-FWFM 3BDF 'SFFEPN 	3FQMBDJOH UIF *TPMBUFE 5VSO 1SJODJQMF

5SBOTBDUJPOBM BDUPST CSFBL UIF JTPMBUFE UVSO QSJODJQMF� UIF AJTPMBUJPO� BTTVNQUJPO CF�
IJOE UIF JTPMBUFE UVSO QSJODJQMF EFĕOFE JO 4FDUJPO Ɗ�ƍ�Ƌ PO QBHF ƋƐ XBT UIBU UIFSF
JT OP TIBSFE TUBUF XIJDI JT PCWJPVTMZ OP MPOHFS USVF BęFS USBOTBDUJPOBM NFNPSZ JT JO�
USPEVDFE� 'PS JOTUBODF XIFO B UVSO DPOUBJOT B USBOTBDUJPO GPMMPXFE CZ PUIFS DPEF
UIF FČFDUT PG UIF USBOTBDUJPO BMSFBEZ CFDPNF WJTJCMF CFGPSF UIF UVSO IBT ĕOJTIFE BOE
UIFSFGPSF UIF UVSO JT OP MPOHFS AJTPMBUFE�� 	ćF UXP PUIFS BTTVNQUJPOT o DPOTFDVUJWF
BOE DPOUJOVPVT NFTTBHF QSPDFTTJOH o BSF VQIFME CZ USBOTBDUJPOBM BDUPST�


)PXFWFS USBOTBDUJPOBM BDUPST TUJMM QSFWFOU SBDFT BT BMM BDDFTTFT UP TIBSFE NFNPSZ
BSF QSPUFDUFE CZ USBOTBDUJPOT� 8IJMF UIF BDUPS NPEFM HVBSBOUFFE GSFFEPN GSPN MPX�
MFWFM SBDFT CZ QSPIJCJUJOH TIBSFE NFNPSZ USBOTBDUJPOBM BDUPST BMMPX TIBSFE NFNPSZ
CVU SFRVJSF JU UP CF FODBQTVMBUFE JO B USBOTBDUJPO� ćJT FYUFOET UIF BDUPS NPEFM XJUI
TBGF TIBSFE NFNPSZ�

5SBEJUJPOBMMZ BDUPST HVBSBOUFF B DPOTJTUFOU WJFX PG UIF NFNPSZ EVSJOH B UVSO BT
UIF POMZ NFNPSZ UIBU DBO CF BDDFTTFE TZODISPOPVTMZ JT UIF QSJWBUF NFNPSZ PG UIF
DVSSFOU BDUPS XIJDI DBOOPU CF NPEJĕFE CZ BOPUIFS BDUPS� 5SBOTBDUJPOT HVBSBOUFF B
DPOTJTUFOU WJFX PG UIF NFNPSZ EVSJOH B USBOTBDUJPO� FWFO XIFO PUIFS USBOTBDUJPOT
NPEJGZ UIF NFNPSZ UIF USBOTBDUJPO TUJMM TFFT UIF WBMVFT UIBU FYJTUFE XIFO JU TUBSUFE�
5SBOTBDUJPOBM BDUPST DPNCJOF CPUI� EVSJOH B UVSO UIF BDUPS IBT B DPOTJTUFOU WJFX PG
JUT QSJWBUF NFNPSZ BOE EVSJOH B USBOTBDUJPO JU IBT B DPOTJTUFOU WJFX PG UIF TIBSFE
NFNPSZ�

*U JT UIJT QSPQFSUZ XF DBMM GSFFEPN GSPN MPX�MFWFM SBDFT� JU JT OPU QPTTJCMF UP JOUSP�
EVDF B SBDF PO UIF QSJWBUF NFNPSZ PG BO BDUPS XJUIJO B UVSO PS PO TIBSFE NFNPSZ
XJUIJO B USBOTBDUJPO� 3BDF DPOEJUJPOT PO UIF QSJWBUFNFNPSZ PG BDUPST DBO POMZ PDDVS
CFDBVTF PG B CBE JOUFSMFBWJOH PG UVSOT BT UIFZ DBO JO UIF PSJHJOBM BDUPS NPEFM� SBDF
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DPOEJUJPOT PO TIBSFE NFNPSZ DBO POMZ PDDVS CFDBVTF PG B CBE JOUFSMFBWJOH PG USBOT�
BDUJPOT BT UIFZ DBO JO UIF PSJHJOBM USBOTBDUJPOBM NPEFM� "U UIF AMFWFM� PG UVSOT BOE
USBOTBDUJPOT SBDFT BSF JNQPTTJCMF�

*O TVNNBSZ VTJOH USBOTBDUJPOBM NFNPSZ EFWFMPQFST DBO SFBTPO BCPVU UIFJS DPEF
BU UIF MFWFM PG USBOTBDUJPOT� VTJOH UIF BDUPS NPEFM UIFZ DBO SFBTPO BU UIF MFWFM PG UVSOT
BOE USBOTBDUJPOBM BDUPST FOBCMF EFWFMPQFST UP SFBTPO BU UIF MFWFM PG USBOTBDUJPOT BOE
UVSOT� ćFZ EP OPU OFFE UP DBSF BCPVU IPX UIF JOEJWJEVBM JOTUSVDUJPOT XJUIJO UVSOT
BOE USBOTBDUJPOT BSF JOUFSMFBWFE POMZ BCPVU IPX UVSOT BOE USBOTBDUJPOT BT CMPDLT BSF
JOUFSMFBWFE�

ƍ�Ƌ�Ƌ %FBEMPDL 'SFFEPN
5SBOTBDUJPOBM BDUPSTNBJOUBJO UIF EFBEMPDL GSFFEPNPČFSFE CZ USBOTBDUJPOT BOE BDUPST�
ćJT JT OPU JNNFEJBUFMZ PCWJPVT� 5P TVCTUBOUJBUF UIJT XF OFFE UP MPPL BU UIF DPOTUSVDUT
UIBU DBO CMPDL BOE TIPX UIBU UIFZ DBOOPU MFBE UP B EFBEMPDL� 8F JOUSPEVDFE CMPDLJOH
JO UXP JOTUBODFT� BU UIF FOE PG B UFOUBUJWF UVSO BOE BU UIF FOE PG B USBOTBDUJPO JO B
UFOUBUJWF UVSO� *O CPUI DBTFT UIF DVSSFOU BDUPS JT CMPDLFE VOUJM UIF USBOTBDUJPO PO
XIJDI JU EFQFOET DPNNJUT PS BCPSUT� $PVME UIJT MFBE UP B EFBEMPDL *O PUIFS XPSET
DPVME JU IBQQFO UIBU B USBOTBDUJPO UYB JT XBJUJOH GPS BOPUIFS USBOTBDUJPO UYC UP ĕOJTI
BOE WJDF WFSTB o B DZDMJDBM EFQFOEFODZ CFUXFFO USBOTBDUJPOT 

'JSTU UXP PCTFSWBUJPOT�

Ɖ� 8IFO B NFTTBHF XJUI B EFQFOEFODZ PO UYB JT SFDFJWFE UIF UVSO UIBU QSPDFTTFT
UIBU NFTTBHF CFDPNFT UFOUBUJWF EFQFOEJOH PO UYB� " EFQFOEFODZ JT UIVT BMXBZT
JOUSPEVDFE XIFO BU UIF TUBSU PG B UVSO�

Ɗ� &BDI USBOTBDUJPO JT GVMMZ FODBQTVMBUFE CZ B UVSO� 8IFO B UVSO TUBSUT OP DPEF JT
SVOOJOH TP OP USBOTBDUJPO JT BDUJWF� *G B USBOTBDUJPO JT TUBSUFE MBUFS JO UIF UVSO JU
XJMM BMXBZT CF DPNNJUUFE CFGPSF UIF FOE PG UIF UVSO CFDBVTF JUT atomic CMPDL JT
GVMMZ FODBQTVMBUFE CZ UIF UVSO� )FODF OP USBOTBDUJPO JT BDUJWF XIFO B UVSO TUBSUT
PS FOET TP USBOTBDUJPOT DBOOPU TQBO UVSOT� "T EFQFOEFODJFT BSF POMZ JOUSPEVDFE
XIFO B OFX UVSO TUBSUT OP EFQFOEFODZ XJMM FWFS CF JOUSPEVDFE XIJMF B USBOTBDUJPO
JT BDUJWF�

8F DBO OPX TFF XIZ EFQFOEFODJFT DBO OFWFS CF DZDMJDBM� B USBOTBDUJPO PS UFOUBUJWF
UVSO DBO POMZ EFQFOE PO B USBOTBDUJPO UIBU TUBSUFE CFGPSF JU TUBSUFE� 8IFO B NFT�
TBHF JT SFDFJWFE XJUI B EFQFOEFODZ PO UYB B EFQFOEFODZ VQPO UYB JT JOUSPEVDFE BU UIF
TUBSU PG UIF UVSO UIBU QSPDFTTFT UIF NFTTBHF 	PCTFSWBUJPO Ɖ
� ćJT NFTTBHF XBT TFOU
GSPN XJUIJO USBOTBDUJPO UYB XIJDI XBT UIFSFGPSF OFDFTTBSJMZ BMSFBEZ SVOOJOH CFGPSF
UIFNFTTBHFXBT SFDFJWFE� "O JOWFSTF EFQFOEFODZ JT JNQPTTJCMF� UYB JT BMSFBEZ SVOOJOH
PS ĕOJTIFE BOE DBOOPU BDRVJSF B OFX EFQFOEFODZ XIJMF JU JT SVOOJOH 	PCTFSWBUJPO Ɗ
�
ćJT FOUBJMT UIBU EFQFOEFODJFT BMXBZT QPJOU UP PMEFS USBOTBDUJPOT BOE UIBU UJNF EFĕOFT
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BO PSEFS PO EFQFOEFODJFT� /P DZDMJDBM EFQFOEFODJFT DBO FYJTU TP OP EFBEMPDLT DBO
PDDVS�

ƍ�Ƌ�ƌ $PODMVTJPO

*O DPODMVTJPO USBOTBDUJPOBM BDUPST NBJOUBJO UIF JTPMBUJPO PG USBOTBDUJPOT BOE QSPWJEF
GSFFEPN GSPN MPX�MFWFM SBDFT JO USBOTBDUJPOT BOE UVSOT BT B SFQMBDFNFOU GPS UIF JTP�
MBUFE UVSO QSJODJQMF� 'VSUIFS UIFZ NBJOUBJO UIF EFBEMPDL GSFFEPN PČFSFE CZ USBOTBD�
UJPOT BOE BDUPST� 6TJOH USBOTBDUJPOBM NFNPSZ EFWFMPQFST DBO SFBTPO BCPVU UIFJS DPEF
BU UIF MFWFM PG USBOTBDUJPOT� VTJOH UIF BDUPS NPEFM UIFZ DBO SFBTPO BU UIF MFWFM PG UVSOT�
5SBOTBDUJPOBM BDUPST FOBCMF EFWFMPQFST UP SFBTPO BU UIF MFWFM PG USBOTBDUJPOT BOE UVSOT�

ƍ�ƌ "QQMJDBCJMJUZ UP 0UIFS "DUPS .PEFMT
*O UIJT XPSL XF CVJME VQPO BO BDUPS NPEFM CBTFE PO UIF XPSL PG "HIB <ƉƑƐƍ>� 0OF
NJHIU XPOEFS XIFUIFS PVS TPMVUJPO BMTP BQQMJFT UP PUIFS BDUPS NPEFMT� %F ,PTUFS
FU BM� <ƊƈƉƎC> EFĕOF GPVS AGBNJMJFT� PG BDUPS NPEFMT� $MBTTJD "DUPST "DUJWF 0CKFDUT
1SPDFTTFT BOE $PNNVOJDBUJOH &WFOU -PPQT� 8F VTF B $MBTTJD "DUPST NPEFM JO UIJT
EJTTFSUBUJPO� *O UIJT TFDUJPO XF FYQMBJO UIBU USBOTBDUJPOBM BDUPST DBO BMTP CF BQQMJFE
UP BDUPS NPEFMT XJUIJO UIF "DUJWF 0CKFDUT BOE $PNNVOJDBUJOH &WFOU -PPQ GBNJMJFT
CVU OPU UP UIPTF XJUIJO UIF 1SPDFTTFT GBNJMZ�

1SPDFTTFT "DUPS NPEFMT JO UIF 1SPDFTTFT GBNJMZ SFQSFTFOU BO BDUPS BT B QSPDFTT UIBU
SVOT GSPN TUBSU UP DPNQMFUJPO� ćFZ QSPWJEF BO FYQMJDJU receive TUBUFNFOU XIJDI UIF
QSPHSBNNFS NVTU NBOVBMMZ DBMM JO B MPPQ UP QSPDFTT FBDI NFTTBHF� ćJT JT JO DPOUSBTU
UP UIF $MBTTJD "DUPST XF VTF JO XIJDI FBDI BDUPS IBT B CFIBWJPS UIBU JT BVUPNBUJDBMMZ
FYFDVUFE GPS FBDI NFTTBHF BOE OP FYQMJDJU TUBUFNFOU FYJTUT UP GFUDI B NFTTBHF GSPN
UIF JOCPY� &SMBOH JT BO FYBNQMF PG B MBOHVBHF JO UIF 1SPDFTTFT GBNJMZ�

"T FYQMBJOFE JO UIF QSFWJPVT TFDUJPO UIF EFBEMPDL GSFFEPN HVBSBOUFFE CZ USBOT�
BDUJPOBM BDUPST IJOHFT PO UIF GBDU UIBU USBOTBDUJPOT DBOOPU TQBO UVSOT� *O PVS NPEFM
XIFO BO BDUPS SFDFJWFT B NFTTBHF OP USBOTBDUJPO DBO CF BDUJWF JO UIBU BDUPS� ćJT FO�
TVSFT UIBU USBOTBDUJPOT DBOOPU BDRVJSF OFX EFQFOEFODJFT XIJMF UIFZ BSF SVOOJOH BOE
UIFSFGPSF BWPJET DZDMJDBM EFQFOEFODJFT� ćJT JT B SFTVMU PG UIF TZOUBY� FBDI UVSO JT EF�
ĕOFE BT B CFIBWJPS BOE BO atomic CMPDL DBO UIFSFGPSF OPU TQBO BDSPTT NVMUJQMF UVSOT�

ćJT JT OPU USVF GPS BDUPS NPEFMT XJUIJO UIF 1SPDFTTFT GBNJMZ� UIF FYQMJDJU receive
TUBUFNFOU DBO BQQFBS BOZXIFSF JO UIF DPEF FWFO JO UIF EZOBNJD FYUFOU PG BO B USBOT�
BDUJPO� 8IFO B NFTTBHF JT SFDFJWFE XIJMF B USBOTBDUJPO JT SVOOJOH JU JT OP MPOHFS
QPTTJCMF UP HVBSBOUFF CPUI JTPMBUJPO BOE EFBEMPDL GSFFEPN�
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Ɖ Customer = ref {1, to_process, none}. % \DVTUPNFS JE SFTFSWBUJPO TUBUVT SFTFSWFE DBS ] OPOF^
Ɗ Car = ref {123, free}. % \DBS JE JE PG DVTUPNFS UIBU SFTFSWFE JU ] GSFF^
Ƌ Log = ref []. % MJTU PG MPH NFTTBHFT
ƌ

ƍ start_customer_actor() ->
Ǝ register(customer_actor, self()), % SFHJTUFS TFMG VOEFS OBNF customer_actor
Ə atomic
Ɛ {CustomerId, Status, _} = deref Customer,
Ƒ car_actor ! {self(), reserve_car, CustomerId} ,
Ɖƈ receive
ƉƉ {car_reserved, CarId} ->
ƉƊ refset Customer {CustomerId, processed, CarId},
ƉƋ refset Log [”Customer processed” | deref Log]
Ɖƌ end
Ɖƍ end.
ƉƎ

ƉƏ start_car_actor() ->
ƉƐ register(car_actor, self()), % SFHJTUFS TFMG VOEFS OBNF car_actor
ƉƑ atomic
Ɗƈ {CarId, _} = deref Car,
ƊƉ receive
ƊƊ {Sender, reserve_car, CustomerId} ->
ƊƋ refset Car {CarId, CustomerId},
Ɗƌ Sender ! {car_reserved, CarId} ,
Ɗƍ refset Log [”Car reserved” | deref Log]
ƊƎ end
ƊƏ end.
ƊƐ

ƊƑ spawn(start_customer_actor, []).
Ƌƈ spawn(start_car_actor, []).

-JTUJOH ƍ�Ɛ� &YBNQMF QSPHSBN DPOUBJOJOH receive JO atomic MFBEJOH UP B EFBEMPDL� ćJT
QSPHSBN JT XSJUUFO JO B ĕDUJUJPVT FYUFOTJPO PG &SMBOH XJUI USBOTBDUJPOBM BDUPST� 	*O &SMBOH
WBSJBCMFT TUBSU XJUI B DBQJUBM 	F�H� Customer
 XIJMF TZNCPMT TUBSU XJUI B TNBMM MFUUFS 	F�H�
reserve_car
�
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customer_actor car_actor

BUPNJD
@Customer

!Customer
@Log
!Log

DPNNJU

BUPNJD
@Car

!Car

@Log
!Log

DPNNJU

{<0.60.0>, reserve_car, 1}

{car_reserved, 123}

'JHVSF ƍ�Ƒ� ćF FČFDUT PG UIF QSPHSBN JO -JTUJOH ƍ�Ɛ� ćFSF BSF UXP BDUPST FBDI DPOUBJOJOH
B USBOTBDUJPO� ćF OPUBUJPOT @X BOE !X SFGFS UP SFBE BOE XSJUF PQFSBUJPOT PO B USBOTBDUJPOBM
WBSJBCMF X� ćF BSSPXT JOEJDBUF UIF NFTTBHFT UIBU BSF FYDIBOHFE CFUXFFO CPUI BDUPST�

8F JMMVTUSBUF UIJT VTJOH UIF FYBNQMF JO -JTUJOH ƍ�Ɛ XIJDI JT XSJUUFO JO B ĕDUJUJPVT
FYUFOTJPO PG &SMBOH XJUI USBOTBDUJPOBM NFNPSZ� ćJT FYBNQMF JNQMFNFOUT B DBS SFTFS�
WBUJPO TZTUFN JO XIJDI B ADVTUPNFS BDUPS� TFOET B NFTTBHF UP B ADBS BDUPS� UP SFTFSWF
B DBS� *U XPSLT BT GPMMPXT� ćF UXP BDUPST BSF TQBXOFE BOE FBDI TUBSU B USBOTBDUJPO�
ćF BDUPST FYDIBOHF UXP NFTTBHFT BT JMMVTUSBUFE JO 'JHVSF ƍ�Ƒ� 'JSTU UIF DVTUPNFS BD�
UPS TFOET B NFTTBHF UP SFTFSWF B DBS 	reserve_car
 UP UIF DBS BDUPS� ćJT JOUSPEVDFT
B EFQFOEFODZ GSPN UIF DBS BDUPS�T USBOTBDUJPO PO UIF DVTUPNFS BDUPS�T USBOTBDUJPO� "
SFQMZ UP DPOĕSN UIF SFTFSWBUJPO 	car_reserved
 JT TFOU CBDL GSPN UIF DBS BDUPS UP UIF
DVTUPNFS BDUPS� ćJT JOUSPEVDFT B EFQFOEFODZ GSPN UIF DVTUPNFS BDUPS�T USBOTBDUJPO
PO UIF DBS BDUPS�T USBOTBDUJPO� ćVT UIJT MFBET UP DZDMJDBM EFQFOEFODJFT�

*U JT OPU QPTTJCMF UP ĕOE B TFNBOUJDT UIBU HVBSBOUFFT CPUI TFSJBMJ[BCJMJUZ BOE EFBE�
MPDL GSFFEPN JO UIJT QSPHSBN�
t *G XF SFRVJSF JTPMBUJPO UP CF HVBSBOUFFE B EFBEMPDL XJMM PDDVS BT GPMMPXT� 3F�

RVJSJOH TFSJBMJ[BCJMJUZ NFBOT UIJT QSPHSBN NVTU CF FRVJWBMFOU UP FJUIFS 	Ɖ
 TFSJBMMZ
FYFDVUJOH UIF ĕSTU USBOTBDUJPO GPMMPXFE CZ UIF TFDPOE PS 	Ɗ
 WJDF WFSTB� *O UIF ĕSTU
DBTF UIF ĕSTU USBOTBDUJPO XJMM XBJU GPSFWFS GPS UIF SFQMZ PG UIF TFDPOE� *O UIF TFD�
POE DBTF JU JT UIF TFDPOE USBOTBDUJPO UIBU XJMM XBJU GPSFWFS GPS UIF NFTTBHF GSPN
UIF ĕSTU�

t *G XF SFRVJSF EFBEMPDL GSFFEPN CPUI USBOTBDUJPOT NVTU SVO TJNVMUBOFPVTMZ BOE
UIFZ NVTU CPUI DPNNJU� )PXFWFS CPUI USBOTBDUJPOT NPEJGZ UIF TBNF WBSJBCMF
Log MFBEJOH UP B DPOĘJDU� ćFZ DBOOPU CPUI DPNNJU XJUIPVU CSFBLJOH UIF JTPMBUJPO
HVBSBOUFF�

)FODF JU JT JNQPTTJCMF UP DPNF VQXJUI B TFNBOUJDT UIBU HVBSBOUFFT CPUI TFSJBMJ[BCJMJUZ
BOE EFBEMPDL GSFFEPN� ćJT JT B SFTVMU PG BMMPXJOH NFTTBHFT UP CF SFDFJWFE XIJMF B
USBOTBDUJPO JT BDUJWF�
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"DUJWF 0CKFDUT BOE $PNNVOJDBUJOH &WFOU -PPQT ćF UXP PUIFS BDUPS GBNJMJFT
"DUJWF 0CKFDUT BOE $PNNVOJDBUJOH &WFOU -PPQT MBDL BO FYQMJDJU SFDFJWF TUBUFNFOU�
"DUPS NPEFMT JO UIFTF GBNJMJFT FYFDVUF B NFUIPE PG BO PCKFDU JO SFTQPOTF UP B NFTTBHF�
*G XF FYUFOE UIFTF MBOHVBHFT XJUI USBOTBDUJPOBM BDUPST UIF TZOUBY XJMM BMTP OPU BMMPX
UIFTF NFUIPET UP CF FODBQTVMBUFE JO BO atomic CMPDL BOE UIFSFCZ EFBEMPDL GSFFEPN
DBO CF NBJOUBJOFE�

/PUF UIBU "DUJWF 0CKFDUT BOE $PNNVOJDBUJOH &WFOU -PPQT UZQJDBMMZ BMMPX NVUB�
CMF TUBUF VOMJLF $MBTTJD "DUPST� *O B $MBTTJD "DUPST NPEFM UIF JOUFSOBM TUBUF PG BO BDUPS
DBO POMZ CF DIBOHFE VTJOH become PG XIJDI UIF FČFDU JT POMZ WJTJCMF PO UIF OFYU UVSO�
&WFO JG become PDDVST EVSJOH B USBOTBDUJPO UIF USBOTBDUJPO XJMM IBWF ĕOJTIFE CFGPSF
UIF OFYU UVSO TUBSUT TP JU JT QPTTJCMF UP SPMM CBDL JUT FČFDU� *O BO "DUJWF 0CKFDUT PS
$PNNVOJDBUJOH &WFOU -PPQT NPEFM UIF JOUFSOBM TUBUF PG BO BDUPS JT NPEJĕFE XJUI
BTTJHONFOUT PO JUT PCKFDU	T
� 5P HVBSBOUFF UIF JTPMBUJPO PG UIF USBOTBDUJPO TVDI BT�
TJHONFOUT NBZ OPU BQQFBS JO B USBOTBDUJPO� ćJT DPVME CF FOGPSDFE CZ UIF UZQF TZTUFN
BT JO )BTLFMM�

*O DPODMVTJPO XF PCTFSWF UIBU XIFUIFS USBOTBDUJPOBM BDUPST DBO CF BQQMJFE UP BO BDUPS
TZTUFN EFQFOET PO IPX UIF JOUFSGBDF PG BO BDUPS JT EFĕOFE� $MBTTJD "DUPST EFĕOF BO
BDUPS�T JOUFSGBDF CZ NFBOT PG B CFIBWJPS� "DUJWF 0CKFDUT BOE $PNNVOJDBUJOH &WFOU
-PPQT EFĕOF UIFN BT NFUIPET PO BO PCKFDU� *O CPUI DBTFT XF DBO HVBSBOUFF UIBU
OP USBOTBDUJPO JT SVOOJOH XIFO B UVSO JT TUBSUFE BOE UIF QSPQFSUJFT PG USBOTBDUJPOBM
BDUPST DBO CF HVBSBOUFFE 	QPTTJCMZ XJUI IFMQ GSPN B UZQF TZTUFN
� 0O UIF PUIFS IBOE
1SPDFTTFT JOUSPEVDF BO FYQMJDJU receive TUBUFNFOU UIBU NBZ CF VTFE BOZXIFSF JO UIF
DPEF FWFO OFTUFE JO B USBOTBDUJPO� *O UIBU DBTF JU JT OPU QPTTJCMF UP HVBSBOUFF CPUI
JTPMBUJPO BOE EFBEMPDL GSFFEPN�

ƍ�ƍ 3FMBUFE8PSL
ćFSF JT FYUFOTJWF SFMBUFEXPSL PO DPNNVOJDBUJPO CFUXFFO USBOTBDUJPOT BOEPO TIBSFE
NFNPSZ JO BDUPST� 8F QSPWJEF BO PWFSWJFX IFSF�

$PNNVOJDBUJPO CFUXFFO USBOTBDUJPOT

0VS XPSL PO USBOTBDUJPOBM BDUPST JT OPU UIF ĕSTU UP BEWPDBUF DPNNVOJDBUJPO CFUXFFO
USBOTBDUJPOT� 8F EJTDVTT UISFF FYJTUJOH UFDIOJRVFT�

6TJOH 5SBOTBDUJPOT XJUI *TPMBUJPO BOE $PPQFSBUJPO <4NBSBHEBLJT FU BM� ƊƈƈƏ> B
USBOTBDUJPO DBO UFNQPSBSJMZ ATVTQFOE� JUT BUPNJDJUZ BOE JTPMBUJPO TP UIBU EBUB DBO CF
FYDIBOHFE XJUI BOPUIFS USBOTBDUJPO� 5P UIJT FOE UIF DPOTUSVDU Wait JT JOUSPEVDFE�
F�H� XIFO Wait(x > 0) JT DBMMFE JO B USBOTBDUJPO UIF USBOTBDUJPO JT TVTQFOEFE VOUJM
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x JT QPTJUJWF� ćF WBSJBCMF x JT SFBE PVUTJEF UIF DPOUFYU PG UIF DVSSFOU USBOTBDUJPO TP
XJUIPVU JTPMBUJPO� " UZQF TZTUFN LFFQT USBDL PG TVDI PQFSBUJPOT BOE SFRVJSFT UIFN UP
CF OFTUFE JO BO FYQMJDJU DPOTUSVDU QSFWFOUJOH VOJOUFOUJPOBM NJTUBLFT� ćJT DPOTUSVDU
DBO CF VTFE UP JOUSPEVDF DPNNVOJDBUJPO CFUXFFO USBOTBDUJPOT CVU JU CSFBLT UIFJS
JTPMBUJPO HVBSBOUFF�

4JNJMBSMZ -VDIBOHDP BOE.BSBUIF <ƊƈƉƉ> FYUFOE USBOTBDUJPOBMNFNPSZXJUI5SBOT�
BDUJPO $PNNVOJDBUPST B TQFDJBM UZQF PG PCKFDU UISPVHI XIJDI USBOTBDUJPOT DBO DPN�
NVOJDBUF� "DDFTT UP B DPNNVOJDBUPS NVTU CF FODBQTVMBUFE JO B txcommatomic CMPDL
XIJDINVTU CF OFTUFE JO B SFHVMBS USBOTBDUJPO� "HBJO UIF JTPMBUJPO PG UIF USBOTBDUJPO JT
CSPLFO CVU EPJOH UIJT VOJOUFOUJPOBMMZ JT QSFWFOUFE CZ SFRVJSJOH BO FYQMJDJU DPOTUSVDU�
ćJT TZTUFN BMTP JOUSPEVDFT EFQFOEFODJFT CFUXFFO USBOTBDUJPOT� XIFO B DPNNVOJ�
DBUPS JT SFBE CZ USBOTBDUJPO B BęFS JU XBT XSJUUFO UP CZ USBOTBDUJPO C USBOTBDUJPO B
EFQFOET PO C UP DPNNJU TVDDFTTGVMMZ� $ZDMJDBM EFQFOEFODJFT BSF QPTTJCMF BOE MFBE UP
B EFBEMPDL JG CPUI USBOTBDUJPOT BSF HVBSBOUFFE UP BMXBZT BCPSU F�H� XIFO UIFZ CPUI
XSJUF UP UIF TBNF USBOTBDUJPOBM WBSJBCMF�

'JOBMMZ -FTBOJ BOE 1BMTCFSH <ƊƈƉƉ> JOUSPEVDF $PNNVOJDBUJOH .FNPSZ 5SBOTBD�
UJPOT� B DPNCJOBUJPO PG USBOTBDUJPOBM NFNPSZ XJUI DIBOOFM�CBTFE NFTTBHF QBTTJOH�
*O BO atomic CMPDL UIF DPOTUSVDUT send BOE receive DBO CF VTFE UP DPNNVOJDBUF
PWFS B DIBOOFM� ćJT JOUSPEVDFT B EFQFOEFODZ GSPN UIF SFDFJWJOH USBOTBDUJPO PO UIF
TFOEJOH USBOTBDUJPO WFSZ TJNJMBS UP PVS USBOTBDUJPOBM BDUPST� *O DBTF PG DZDMJDBM EFQFO�
EFODJFT BMM USBOTBDUJPOT JO UIF DMVTUFS XJMM BUUFNQU UP DPNNJU BU UIF TBNF UJNF XIJMF
NBJOUBJOJOH TFSJBMJ[BCJMJUZ� *G OP WBMJE TFSJBMJ[BUJPO FYJTUT UIF QSPHSBN JT JOWBMJE�

$PNNVOJDBUJOH .FNPSZ 5SBOTBDUJPOT NBJOUBJO TFSJBMJ[BCJMJUZ CVU DBOOPU IBO�
EMF QSPHSBNT XJUI DZDMJDBM EFQFOEFODJFT� *O -JTUJOH ƍ�Ɖƈ XF JNQMFNFOU UIF FYBNQMF
GSPN -JTUJOH ƍ�Ɛ VTJOH $PNNVOJDBUJOH .FNPSZ 5SBOTBDUJPOT� ćF TBNF QSPCMFN XF
EFTDSJCFE JO UIF QSFWJPVT TFDUJPO PDDVST� XIJMF JTPMBUJPO JT NBJOUBJOFE B EFBEMPDL PD�
DVST EVF UP B DZDMJDBM EFQFOEFODZ� $PNNVOJDBUJOH .FNPSZ 5SBOTBDUJPOT BMMPX TVDI
B QSPHSBN UP CF XSJUUFO FWFO UIPVHI JU JT JOWBMJE�

'SPN UIFTF FYJTUJOH UFDIOJRVFT USBOTBDUJPOBM BDUPST BEPQU UIF JEFB PG EFQFOEFO�
DJFT CFUXFFO USBOTBDUJPOT BMMPXJOH TFSJBMJ[BCJMJUZ UP CF HVBSBOUFFE� )PXFWFS EFBE�
MPDLT EVF UP DZDMJDBM EFQFOEFODJFT BSF BWPJEFE� UIFSF DBO OFWFS CF B DZDMF JO B EFQFO�
EFODZ DIBJO BT NFTTBHFT DBO POMZ CF TFOU JO B USBOTBDUJPO BOE OPU SFDFJWFE 	TFF 4FD�
UJPO ƍ�ƌ
� 5SBOTBDUJPOBM BDUPST UIVT CVJME VQPO UIFTF UFDIOJRVFT UP QSPWJEF B TZTUFN
XJUI BMM EFTJSBCMF QSPQFSUJFT� ćJT JT TVNNBSJ[FE JO 5BCMF ƍ�ƉƉ�

4IBSFE NFNPSZ JO BDUPST

0VS XPSL JT BMTP OPU UIF ĕSTU UP DPOTJEFS IPX UP TBGFMZ TIBSF NVUBCMF TUBUF CFUXFFO
BDUPST�

ƉƉƉ



$IBQUFS Ư� 5SBOTBDUJPOBM "DUPST

Ɖ customer := {1, to_process, none};
Ɗ car := {123, free};
Ƌ log := [];
ƌ ch := newChan; �� DSFBUF B DIBOOFM
ƍ

Ǝ let start_customer_process()
Ə atomic
Ɛ {customerId, status, _} = customer;
Ƒ ch send {self(), :reserve_car, customerId};
Ɖƈ {:car_reserved, carId} := ch receive;
ƉƉ customer := {customerId, :processed, carId};
ƉƊ log := [”Customer processed” | log]
ƉƋ

Ɖƌ let start_car_process()
Ɖƍ atomic
ƉƎ {CarId, _} = car;
ƉƏ {sender, :reserve_car, customerId} := ch receive;
ƉƐ car := {carId, customerId};
ƉƑ ch send {:car_reserved, carId};
Ɗƈ log := [”Car reserved” | log]
ƊƉ

ƊƊ { start_customer_process() } || { start_car_process() } �� SVO CPUI JO QBSBMMFM QSPDFTTFT

-JTUJOH ƍ�Ɖƈ� ćF FYBNQMF GSPN -JTUJOH ƍ�Ɛ JNQMFNFOUFE VTJOH $PNNVOJDBUJOH .FNPSZ
5SBOTBDUJPOT� ćF TZOUBY ch send x TFOET UIF NFTTBHF x PWFS UIF DIBOOFM ch� JO UIF PUIFS
QSPDFTT y := ch receive SFDFJWFT JU BOE BTTJHOT JU UP y� .FTTBHFT BSF TFOU TZODISPOPVTMZ�
CPUI QSPDFTTFT NVTU SFOEF[�WPVT UP QBTT UIF NFTTBHF�

ƉƉƊ



Ư�Ư 3FMBUFE 8PSL

*TPMBUJPO %FBEMPDL GSFFEPN
5SBOTBDUJPOT XJUI *TPMBUJPO BOE $PPQFSBUJPO ✗ ✗

5SBOTBDUJPO $PNNVOJDBUPST ✗ ✗
$PNNVOJDBUJOH .FNPSZ 5SBOTBDUJPOT ✓ ✗

5SBOTBDUJPOBM "DUPST ✓ ✓

5BCMF ƍ�ƉƉ� $PNQBSJTPO CFUXFFO UFDIOJRVFT GPS DPNNVOJDBUJOH USBOTBDUJPOT�

%F ,PTUFS FU BM� <ƊƈƉƎB> FYUFOE UIF BDUPS NPEFM XJUI EPNBJOT DPOUBJOFST UIBU DBO
CF BDDFTTFE GSPN NVMUJQMF BDUPST� "DDFTT NVTU CF FODBQTVMBUFE JO B when_shared PS
when_exclusive CMPDL UIF GPSNFS HJWFT TIBSFE SFBE�POMZ BDDFTT XIJMF UIF MBUUFS HJWFT
FYDMVTJWF XSJUF BDDFTT� ćF DPEF JO UIFTF CMPDLT JT FYFDVUFE BTZODISPOPVTMZ UP QSFWFOU
EFBEMPDLT�

4IBSJOH BDUPST <-FTBOJ BOE -BJO ƊƈƉƋ> BMTP TIBSF TUBUF CFUXFFO B TJOHMF XSJUFS
BDUPS BOE NVMUJQMF SFBEFS BDUPST CZ SFQMJDBUJOH UIF EBUB� 4IBSJOH BDUPST FODPEF UIF
SFQMJDBUJPO QBUUFSO EJTDVTTFE JO 4FDUJPO ƍ�Ɖ�Ɖ� 8IFO UIF 	TJOHMF
 XSJUFS VQEBUFT UIF
TIBSFE EBUB B NFTTBHF JT TFOU UP UIF SFBEFST UP VQEBUF UIFJS DPQJFT�

.PSBOEJ FU BM� <ƊƈƉƌ> TFQBSBUF BDUJWF QSPDFTTPST 	TJNJMBS UP BDUPST
 JOUP UIFJS FYF�
DVUJOH UISFBE BOE UIFJS EBUB� ćFZ JOUSPEVDF QBTTJWF QSPDFTTPST XIJDI DPOTJTU PG POMZ
UIF EBUB XJUIPVU UIF UISFBE� "DUJWF QSPDFTTPST DBO BDDFTT UIJT EBUB CZ BTTVNJOH UIF
JEFOUJUZ PG B QBTTJWF QSPDFTTPS HJWJOH UIFN FYDMVTJWF BDDFTT UP UIBU QSPDFTTPS�T EBUB�

-BTU 1POZ <$MFCTDI FU BM� ƊƈƉƍ> BMMPXTNFNPSZ UP CF TIBSFE CFUXFFO BDUPST VTJOH
EFOZ DBQBCJMJUJFT UP TUBUJDBMMZ HVBSBOUFF UIFSF JT POMZ POF XSJUFS UP B TIBSFE NFNPSZ
MPDBUJPO BOE UIFSFCZ QSFWFOUJOH SBDFT� 4JNJMBSMZ &ODPSF <#SBOEBVFS FU BM� ƊƈƉƍ> VTFT
DBQBCJMJUJFT UP BMMPX NFNPSZ UP CF TIBSFE CFUXFFO BDUJWF PCKFDUT� &ODPSF QMBOT UP
TVQQPSU DBQBCJMJUJFT GPS CPUI QFTTJNJTUJD BOE PQUJNJTUJD DPODVSSFODZ BMUIPVHI BU UIF
UJNF PG XSJUJOH UIF FYBDU TFNBOUJDT IBWF OPU CFFO EFĕOFE�

"MM PG UIFTF BQQSPBDIFT JOUSPEVDF TIBSFE TUBUF JO BDUPS TZTUFNT CVU UIFZ POMZ BMMPX
POF XSJUFS QFS DPOUBJOFS BU B UJNF� 5P BMMPX DPODVSSFOU CVU TBGF BDDFTT JU JT JNQPSUBOU
UP TQMJU EBUB DPSSFDUMZ PWFS UIFTF DPOUBJOFST� 'PS UIF 7BDBUJPO FYBNQMF EFTDSJCFE JO
4FDUJPO ƍ�Ɖ�Ɗ UIJT JT OPU FWJEFOU� IPX TIPVME UIF ĘJHIUT CF TQMJU TP UIBU NVMUJQMF DVT�
UPNFST DBO BDDFTT BMM PG UIFN DPOTJTUFOUMZ BU UIF TBNF UJNF #Z VTJOH USBOTBDUJPOBM
NFNPSZ PVS BQQSPBDI BMMPXT NVMUJQMF BDUPST UP XSJUF UP TIBSFE NFNPSZ XJUIPVU SF�
RVJSJOH EBUB UP CF TQMJU JOUP DPOUBJOFST� UIF USBOTBDUJPOBM TZTUFN FOTVSFT DPOTJTUFODZ�

5SBOTBDUJPOBM DPNNVOJDBUJPO

5SBOTBDUPST <'JFME BOE7BSFMB Ɗƈƈƍ> FODBQTVMBUF DIBOHFT UP BDUPST� MPDBM TUBUF BOE UIFJS
DPNNVOJDBUJPO JO USBOTBDUJPOT� $PNNVOJDBUJOH USBOTBDUJPOT <EF 7SJFT FU BM� ƊƈƉƈ>
BMTP DPPSEJOBUF EJTUSJCVUFE QSPDFTTFT VTJOH USBOTBDUJPOT� #PUI VTF USBOTBDUJPOT UP FO�
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TVSF UIBU TUBUF UIBU JT EJTUSJCVUFE PWFS NVMUJQMF BDUPST PS QSPDFTTFT DBO CF VQEBUFE
DPOTJTUFOUMZ CVU EP OPU TIBSF NFNPSZ� 'JOBMMZ VTJOH USBOTBDUJPOBM FWFOUT <%POOFMMZ
BOE 'MVFU ƊƈƈƎ> B TFU PG TFOE BOE SFDFJWF PQFSBUJPOT DBO CF FODBQTVMBUFE JO B USBOTBD�
UJPO UIBU FOTVSFT UIFZ BSF FJUIFS BMM FYFDVUFE PS OPOF BSF� ćJT JT VTFE UP JNQMFNFOU
DPNNVOJDBUJPO QBUUFSOT TVDI BT UISFF�XBZ SFOEF[�WPVT� "HBJO UIFSF JT OP OPUJPO PG
TIBSFENFNPSZ� *O UIFTF UISFF MBOHVBHFT UIF USBOTBDUJPOBM PQFSBUJPOT BSF UIF TFOEJOH
BOE SFDFJWJOH PG NFTTBHFT OPU SFBEJOH BOE XSJUJOH TIBSFE NFNPSZ MPDBUJPOT�

ƍ�Ǝ 4VNNBSZ
*O UIJT DIBQUFS XF FYQMPSFE UIF DPNCJOBUJPO PG BDUPST BOE USBOTBDUJPOT� 8FNPUJWBUFE
XIZ DPNCJOJOH UIFN JT VTFGVM� 0O UIF POF IBOE BDUPST DBO VTF USBOTBDUJPOBM NFN�
PSZ UP TBGFMZ TIBSF NFNPSZ� 0O UIF PUIFS IBOE USBOTBDUJPOT DBO TFOE BOE SFDFJWF
NFTTBHFT UP EJTUSJCVUF BOE DPPSEJOBUF XPSL UIBU DBO CF FYFDVUFE JO QBSBMMFM� )PX�
FWFS UISPVHI BO FYBNQMF XF TBX UIBU B OBJWF DPNCJOBUJPO PG BDUPST BOE USBOTBDUJPOT
CSFBLT UIF HVBSBOUFFT UIBU UIPTF NPEFMT QSPWJEF XIFO VTFE TFQBSBUFMZ CSFBLJOH UIF
BTTVNQUJPOT PG UIF EFWFMPQFS�

8F JOUSPEVDF USBOTBDUJPOBM BDUPST� B DPNCJOBUJPO PG USBOTBDUJPOT BOE BDUPST UIBU
QSPWJEFT UIF TBNF DPOTUSVDUT BT JUT DPOTUJUVFOUNPEFMT CVU BMTP EFĕOFT UIFJS TFNBOUJDT
XIFO UIFZ BSF DPNCJOFE� 8F TZTUFNBUJDBMMZ DPOTJEFSFE FBDI DPOTUSVDU UP FOTVSF JU IBT
UIF FYQFDUFE TFNBOUJDT�

5SBOTBDUJPOBM BDUPST SFBMJ[F UIJT CZ TFOEJOH NFTTBHFT UFOUBUJWFMZ� 8IFO B NFTTBHF
JT TFOU JO B USBOTBDUJPO B EFQFOEFODZ PO UIBU USBOTBDUJPO JT BUUBDIFE UP UIF NFTTBHF�
ćF SFDFJWFS PG UIFNFTTBHF QSPDFTTFT JU UFOUBUJWFMZ� JU PQUJNJTUJDBMMZ QSPDFTTFT UIFNFT�
TBHF CVU FOTVSFT UIBU BMM FČFDUT PG UIF NFTTBHF BSF VOEPOF JG JUT EFQFOEFODZ BCPSUT�

"T B SFTVMU USBOTBDUJPOBM BDUPST NBJOUBJO UIF JTPMBUJPO PG USBOTBDUJPOT BOE UIFZ
HVBSBOUFF EFBEMPDL GSFFEPN� .PSFPWFS UIFZ FOTVSF GSFFEPN GSPN MPX�MFWFM SBDFT�
EFWFMPQFST DBO SFBTPO BCPVU UIFJS QSPHSBN BU UIF MFWFM PG USBOTBDUJPOT BOE UVSOT BOE
EP OPU OFFE UP DBSF IPX UIF JOEJWJEVBM JOTUSVDUJPOT XJUIJO UVSOT BOE USBOTBDUJPOT BSF
JOUFSMFBWFE�

*O $IBQUFS Ə XF XJMM GPSNBMJ[F UIF TFNBOUJDT PG USBOTBDUJPOBM BDUPST� *O $IBQ�
UFS Ƒ XF XJMM EFNPOTUSBUF UIF QFSGPSNBODF CFOFĕUT PG USBOTBDUJPOBM BDUPST VTJOH UIF
7BDBUJPO QSPHSBN� 8F XJMM TFF UIBU USBOTBDUJPOBM BDUPST DBO JODSFBTF QFSGPSNBODF CZ
EJTUSJCVUJOH USBOTBDUJPOT PWFS NVMUJQMF BDUPST JOUSPEVDJOH NPSF ĕOF�HSBJOFE QBSBM�
MFMJTN BOE MPXFSJOH UIF DIBODF BOE DPTU PG DPOĘJDUT�
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Ǝ
$IPDPMB� B -BOHVBHF 5IBU
6OJêFT 'VUVSFT 5SBOTBDUJPOT
BOE "DUPST

ćJT DIBQUFS VOJĕFT UIF UISFF DPODVSSFODZ NPEFMT XF FYBNJOFE JO UIJT EJTTFSUBUJPO
JOUP POF GSBNFXPSL DBMMFE $IPDPMB� *O 4FDUJPO Ǝ�Ɖ XF ĕSTU DPOTJEFS UIF UIJSE DPNCJ�
OBUJPO XF IBWF OPU EJTDVTTFE ZFU� GVUVSFT BOE BDUPST� 6TJOH BO FYBNQMF 4FDUJPO Ǝ�Ɗ
TIPXT IPX BMM UISFF DPODVSSFODZ NPEFMT DBO CF VOJĕFE JOUP POF GSBNFXPSL� $IPDPMB�
/FYU JO 4FDUJPO Ǝ�Ƌ XF TVNNBSJ[F UIF HVBSBOUFFT PG $IPDPMB BOE DPNQBSF UIFN UP
UIF HVBSBOUFFT PG OBJWF DPNCJOBUJPOT PG UIF NPEFMT�

Ǝ�Ɖ $PNCJOJOH 'VUVSFT BOE "DUPST
*O UIF QSFWJPVT UXP DIBQUFST XF FYUFOTJWFMZ EJTDVTTFE UIF DPNCJOBUJPO PG USBOTBD�
UJPOT XJUI GVUVSFT BOE BDUPST SFTQFDUJWFMZ� ćF UIJSE DPNCJOBUJPO o GVUVSFT BOE BDUPST
o QPTFT GFXFS QSPCMFNT BT XF XJMM EJTDVTT JO UIJT TFDUJPO� 5BCMF Ǝ�Ɖ JMMVTUSBUFT UIF
DPNCJOBUJPOT PG UIFTF UXP NPEFMT�

$PNCJOJOH BDUPST BOE GVUVSFT DBO CF VTFGVM� "T XF TBX JO 4FDUJPO Ƌ�Ɖ 	QBHF ƌƍ

JO B TUVEZ PG Ɖƍ 4DBMB QSPHSBNT UIBU VTF BDUPST ƉƊ 	ƐƈŰ
 DPNCJOF UIFTF XJUI GVUVSFT
BOE�PS UISFBET <5BTIBSPĕ FU BM� ƊƈƉƋ>� 0O UIF POF IBOE GVUVSFT DBO CF JOUSPEVDFE
JO BO BDUPS UP QSPDFTT B UVSO JO QBSBMMFM� UIJT JT JOUSB�BDUPS QBSBMMFMJTN 	UIF MPXFS�MFę
DFMM PG 5BCMF Ǝ�Ɖ
� 0O UIF PUIFS IBOE BDUPST DBO CF VTFE JO B QSPHSBN XJUI GVUVSFT
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in
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sa
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to

r
Future Transaction Actor

Nested futures
(Section 3.3.3)

Parallel transactions
(Section 4.1)

Nested transactions
(Section 3.3.3)

Parallelism in trans-
action (Sections 4.2–4.4)

Parallelism in actor
(Section 6.1)

Actors
(Section 3.3.3)

Shared memory
in actor (Chapter 5)

Communication in 
transaction (Chapter 5)

Communication
in future (Section 6.1)

Iso
Det

Pro ITP DLF
Det Det

Det

Det

Iso Pro

Iso Pro

Iso Pro
Iso Pro ITP DLF

ITP DLF
ITP DLFITP DLF

(VBSBOUFFT
'VUVSFT� %FU %FUFSNJOBDZ
"DUPST� *51 *TPMBUFE 5VSO 1SJODJQMF %-' %FBEMPDL 'SFFEPN

5BCMF Ǝ�Ɖ� $PNCJOBUJPOT PG GVUVSFT BOE BDUPST�

UP JOUSPEVDF DPNNVOJDBUJPO CFUXFFO QBSBMMFM UBTLT 	UIF VQQFS�SJHIU DFMM PG 5BCMF Ǝ�Ɖ
�
'VSUIFSNPSF XIFO B QSPHSBN VTJOH POF NPEFM JODMVEFT B MJCSBSZ UIBU VTFT UIF PUIFS
UIF NPEFMT BSF DPNCJOFE JNQMJDJUMZ�

8F FYBNJOF UIF FČFDU PG UIF DPNCJOBUJPOT PO UIF QSPQFSUJFT PG FBDI NPEFM� EF�
UFSNJOBDZ PG GVUVSFT 	4FDUJPO Ǝ�Ɖ�Ɖ
 EFBEMPDL GSFFEPN PG BDUPST 	4FDUJPO Ǝ�Ɖ�Ɗ
 BOE
UIF JTPMBUFE UVSO QSJODJQMF PG BDUPST 	4FDUJPO Ǝ�Ɖ�Ƌ
�

Ǝ�Ɖ�Ɖ %FUFSNJOBDZ PG 'VUVSFT

8IFO GVUVSFT BSF DSFBUFE JO BO BDUPS CVU UIFZ EP OPU DPOUBJO BOZ PQFSBUJPOT PO BDUPST
UIF GVUVSF SFNBJOT FRVJWBMFOU UP JUT TFSJBM FMJTJPO BOE UIFSFGPSF EFUFSNJOBDZ JT HVBSBO�
UFFE 	UIF MPXFS�MFę DFMM PG 5BCMF Ǝ�Ɖ
� )PXFWFS XIFO DFSUBJO BDUPS DPOTUSVDUT 	send
BOE become
 BSF VTFE JO B GVUVSF EFUFSNJOBDZ DBO CF CSPLFO 	UIF VQQFS�SJHIU DFMM PG
5BCMF Ǝ�Ɖ
� 8F EJTDVTT UIF GPVS DPOTUSVDUT QSPWJEFE CZ BDUPST�

send -JTUJOH Ǝ�ƊB EFNPOTUSBUFT UIBU VTJOH send JO B QBSBMMFM UBTL DBO CSFBL EFUFS�
NJOBDZ� *O UIF FYBNQMF UXP GVUVSFT BSF GPSLFE UIBU CPUI TFOE B NFTTBHF UP B TFDPOE
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Ɖ (def sender
Ɗ (behavior [] []
Ƌ (fork (send receiver ”hello”))
ƌ (fork (send receiver ”world”))))

Ɖ (def forwarder
Ɗ (behavior [] [a msg]
Ƌ (send a msg))) ;GPSXBSE NFTTBHF
ƌ

ƍ (def forwarder1 (spawn forwarder))
Ǝ (def forwarder2 (spawn forwarder))
Ə

Ɛ (def sender
Ƒ (behavior [] []
Ɖƈ (send forwarder1 receiver ”hello”)
ƉƉ (send forwarder2 receiver ”world”)))

TFOEFS
GVUVSF Ɖ

GVUVSF Ɗ
SFDFJWFS

	B
 /FTUJOH send JO fork MFBET UP OPO�EF�
UFSNJOJTUJD SFTVMUT� XIJDI PG UIF UXP NFT�
TBHFT ”hello” PS ”world” JT TFOU ĕSTU DBO
WBSZ CFUXFFO FYFDVUJPOT�

TFOEFS
GPSXBSEFS Ɖ

GPSXBSEFS Ɗ
SFDFJWFS

	C
 ćF TBNF JTTVF DBO PDDVS XIFO POMZ VT�
JOH BDUPST� XIFO UXP NFTTBHFT GPMMPX EJČFS�
FOU SPVUFT GSPN sender UP receiver UIFSF BSF
OP HVBSBOUFFT PO UIFJS BSSJWBM PSEFS�

-JTUJOH Ǝ�Ɗ� /FTUJOH send JO fork MFBET UP OPO�EFUFSNJOJTN 	B
 CVU OPO�EFUFSNJOJTN DBO BMTP
PDDVS XIFO VTJOH UIF BDUPS NPEFM JOEJWJEVBMMZ 	C
�

BDUPS� ćF NFTTBHFT DBO BSSJWF JO UXP PSEFST 	”hello” ”world” PS ”world” ”hello”

OPO�EFUFSNJOJTUJDBMMZ�

#SFBLJOH EFUFSNJOBDZ GPS UIJT DPNCJOBUJPO JT JOFWJUBCMF� 8IFO GVUVSFT o B EFUFS�
NJOJTUJD NPEFM o BSF DPNCJOFE XJUI BOZ OPO�EFUFSNJOJTUJD NPEFM UIFJS EFUFSNJOBDZ
XJMM BMXBZT CF CSPLFO� 8F BSHVF UIBU UIJT JT OP QSPCMFN BT MPOH BT UIJT POMZ PDDVST JO
UIPTF QMBDFT XIFSF UIF QSPHSBNNFS FYQMJDJUMZ XSJUFT UIF DPOTUSVDUT PG UIF OPO�EFUFS�
NJOJTUJDNPEFM� JU JT DMFBS UP UIF QSPHSBNNFS UIBU EFUFSNJOJTN JT OP MPOHFS HVBSBOUFFE
XIFO B DPOTUSVDU PG B OPO�EFUFSNJOJTUJD NPEFM IFSF send JT VTFE� ćF CFIBWJPS GPS
UIF FYBNQMF VTJOH GVUVSFT JT TJNJMBS UP UIF CFIBWJPS UIBU PDDVST XIFO UXP BDUPST BSF
TQBXOFE UIBU FBDI TFOE B NFTTBHF BT TIPXO JO -JTUJOH Ǝ�ƊC� ćJT QSPHSBN VTFT POMZ
BDUPST BOE BMTP IBT B OPO�EFUFSNJOJTUJD SFTVMU� "T JMMVTUSBUFE CPUI QSPHSBNT MFBE UP B
TJNJMBS TUSVDUVSF BU SVO UJNF BOE IBWF B OPO�EFUFSNJOJTUJD SFTVMU XIFUIFS GVUVSFT BSF
VTFE PS OPU�

become -JTUJOH Ǝ�ƋB EFNPOTUSBUFT BOPUIFS QSPCMFN UIJT UJNF XIFO VTJOH become JO
B QBSBMMFM UBTL� 0VS TFNBOUJDT PG BDUPST EFĕOFE UIBU XIFO NVMUJQMF become TUBUFNFOUT
PDDVS JO B UVSO JU JT UIF POF UIBU JT FYFDVUFE MBTU UIBU EFUFSNJOFT UIF OFYU CFIBWJPS
PG UIF BDUPS� *O UIJT FYBNQMF UIJT JO OPU EFUFSNJOJTUJD� XIJDI become TUBUFNFOU JT
FYFDVUFE MBTU EFQFOET PO IPX UIF UXP UBTLT BSF TDIFEVMFE BU SVO UJNF�

*O UIJT DBTF XF DBO SFUBJO EFUFSNJOJTN UIPVHI� XF XJMM TBZ UIBU UIF become TUBUF�
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Ɖ (def counter
Ɗ (behavior [i] []
Ƌ (let [a (fork (become counter 1))
ƌ b (fork (become counter 2))]
ƍ (join a)
Ǝ (join b))))

	B
 /FTUJOH become JO fork MFBET UP OPO�EFUFS�
NJOJTUJD SFTVMUT� XIBU XJMM UIF OFYU CFIBWJPS PG
UIJT BDUPS CF 

Ɖ (def behavior-0
Ɗ (behavior [] []
Ƌ (let [a (fork (spawn behavior-a))
ƌ b (fork (spawn behavior-b))]
ƍ (send (join a) :msg)
Ǝ (send (join b) :msg))))

	C
 /FTUJOH spawn JO fork EPFT OPU CSFBL
	PCTFSWBCMF
 EFUFSNJOBDZ�

-JTUJOH Ǝ�Ƌ� /FTUJOH become BOE spawn JO fork�

NFOU PG UIF GVUVSF UIBU JT KPJOFE MBTU JT UIF POF UIBU UBLFT FČFDU 	TP JO UIF FYBNQMF UIF
OFYU WBMVF PG iXJMM CF Ɗ
� )FODF UIF SFTVMU PG -JTUJOH Ǝ�ƋB JT UIF TBNF BT JG UIF GVUVSFT
XFSF FMJEFE� &TTFOUJBMMZ XF DPOTJEFS become BT BO FČFDU PG B GVUVSF BOE XIFO UIF
GVUVSF JT KPJOFE UIF FČFDU JT NFSHFE JOUP JUT QBSFOU� ćJT JT TJNJMBS UP PVS TPMVUJPO GPS
DPNCJOJOH USBOTBDUJPOT BOE GVUVSFT GSPN $IBQUFS ƌ� ćFSF FBDI USBOTBDUJPOBM GVUVSF
TUPSFT JUT FČFDUT PO UIF USBOTBDUJPOBM NFNPSZ MPDBMMZ BOE B GVUVSF�T USBOTBDUJPOBM FG�
GFDUT BSF NFSHFE JOUP JUT QBSFOU XIFO UIF GVUVSF JT KPJOFE� )FSF FBDI GVUVSF TUPSFT UIF
FČFDU PG JUT become MPDBMMZ BMTP NFSHJOH UIF FČFDU XIFO JU JT KPJOFE�

spawn /FTUJOH spawn JO B GVUVSF EPFT OPU CSFBL EFUFSNJOBDZ� JU TQBXOT B OFX BDUPS
CVU JU JT JNQPTTJCMF UP PCTFSWF UIF PSEFS JO XIJDI BDUPST XFSF TQBXOFE� ćJT JT B SFTVMU
PG UIF GBDU UIBU UIF POMZ XBZ UP JOUFSBDU XJUI BOPUIFS BDUPS JT UISPVHI BTZODISPOPVT
NFTTBHFT VTJOH send� *O -JTUJOH Ǝ�ƋC UIF PSEFS JO XIJDI CPUI BDUPST BSF TQBXOFE
BU SVO UJNF NBZ WBSZ BOE UIF PSEFS JO XIJDI UIFZ QSPDFTT UIFJS NFTTBHF NBZ WBSZ
CVU UIJT JT B SFTVMU PG UIF BTZODISPOPVT OBUVSF PG NFTTBHFT JO UIF BDUPS NPEFM� *U JT
JNQPTTJCMF UP PCTFSWF XIJDI PG UIF UXP BDUPST XBT TQBXOFE ĕSTU�

behavior "T behavior EPFT OPU DBVTF B TJEF FČFDU VTJOH JU JO B GVUVSF NBJOUBJOT
EFUFSNJOBDZ�

Ǝ�Ɖ�Ɗ %FBEMPDL 'SFFEPN PG "DUPST

$PNCJOJOH BDUPST BOE GVUVSFT QSFTFSWFT EFBEMPDL GSFFEPN� ćFSF JT POMZ POF CMPDL�
JOH DPOTUSVDU join XIJDI XBJUT GPS B GVUVSF UP SFTPMWF� " EFBEMPDL DBOOPU PDDVS BT
UIJT XPVME SFRVJSF DZDMJDBM EFQFOEFODJFT CFUXFFO GVUVSFT� &WFO XIFO DPNCJOFE XJUI
BDUPST GVUVSFT TUJMM GPSN B TQBXO USFF XIJDI EPFT OPU DPOUBJO BOZ DZDMFT 	BT JO 4FD�
UJPO Ƌ�Ƌ�Ƌ QBHF ƎƋ
� FWFSZ UVSO TUBSUT XJUI POF ASPPU� UBTL XIJDI DBO TQBXO UBTLT BOE
GPSNT B TQBXO USFF QFS UVSO�
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Ɖ (def escape-example
Ɗ (behavior [i] []
Ƌ (fork ;5IJT UBTL AFTDBQFT� JUT UVSO
ƌ (slow-computation)
ƍ (send actor-2 ”msg”)
Ǝ (become escape-example 1))
Ə (fast-computation)))

"DUPS Ɖ

SPPU UBTL

UVSO
Ɖ

GBTU GPSLFE UBTL
TMPX DPNQVUBUJPO

become

SPPU

UVSO
Ɗ

GPSLFE

"DUPS Ɗ

”msg” GSPN UVSO Ɖ

”msg” GSPN UVSO Ɗ

NFTTBHF

NFTTBHF

-JTUJOH Ǝ�ƌ� ćJT BDUPS DSFBUFT B UBTL JO XIJDI B NFTTBHF JT TFOU BOE UIF BDUPS�T CFIBWJPS JT
DIBOHFE� .FBOXIJMF UIF SPPU UBTL NBZ ĕOJTI JUT XPSL BOE DPOUJOVF UP UIF OFYU UVSO� ćF UBTL
UIFSFGPSF AFTDBQFT� UIF UVSO� UIJT JT UIF FTDBQJOH UBTL QSPCMFN� *O XIJDI PSEFS BSF UIF NFTTBHFT
TFOU BOE XIBU IBQQFOT XIFO UIF become JT SFBDIFE ćF JTPMBUFE UVSO QSJODJQMF JT WJPMBUFE�

Ǝ�Ɖ�Ƌ *TPMBUFE 5VSO 1SJODJQMF PG "DUPST
" OBJWF DPNCJOBUJPO PG BDUPST BOE GVUVSFT CSFBLT UIF JTPMBUFE UVSO QSJODJQMF� "T FY�
QMBJOFE JO 4FDUJPO Ɗ�ƍ�Ƌ 	QBHF ƋƐ
 UIF JTPMBUFE UVSO QSJODJQMF JT B DPOTFRVFODF PG UISFF
SFTUSJDUJPOT PG UIF BDUPS NPEFM� JTPMBUJPO DPOTFDVUJWF NFTTBHF QSPDFTTJOH BOE DPOUJO�
VPVT NFTTBHF QSPDFTTJOH� 8F EJTDVTT UIF FČFDU PG VTJOH GVUVSFT JO BO BDUPS PO FBDI�

*TPMBUJPO QSPIJCJUT TIBSFENFNPSZ� UIJT SFNBJOT UIF DBTF XIFO GVUVSFT BSF JOUSPEVDFE�

$POUJOVPVTNFTTBHF QSPDFTTJOH QSPIJCJUT UIF VTF PG CMPDLJOH PQFSBUJPOT UP HVBSBOUFF
UIBU B UVSO BMXBZT SVOT UP DPNQMFUJPO VOJOUFSSVQUFE� 8IJMF GVUVSFT JOUSPEVDF UIF
CMPDLJOH DPOTUSVDU join UIJT PQFSBUJPO JT BMXBZT HVBSBOUFFE UP DPNQMFUF CFDBVTF UIF
GVUVSFT JO B UVSO GPSN B TQBXO USFF BT FYQMBJOFE JO UIF QSFWJPVT TFDUJPO�

$POTFDVUJWF NFTTBHF QSPDFTTJOH SFRVJSFT UIBU BO BDUPS NVTU QSPDFTT JUT NFTTBHFT POF
CZ POF XJUIPVU JOUFSMFBWJOH UVSOT� ćJT SFRVJSFNFOU DBO CF CSPLFO CZ JOUSPEVDJOH
GVUVSFT� 8F DBMM UIJT UIF FTDBQJOH UBTL QSPCMFN�

-JTUJOH Ǝ�ƌ JMMVTUSBUFT UIF FTDBQJOH UBTL QSPCMFN� "O BDUPS DSFBUFT B UBTL XIJDI JT
OFWFS KPJOFE CZ UIF SPPU UBTL� "T B SFTVMU UIF SPPU UBTL ĕOJTIFT JUT XPSL BOE QSPDFFET UP
UIF OFYU UVSO XIJMF UIF DIJME UBTL JT TUJMM SVOOJOH� ćF UXP UVSOT PWFSMBQ JOUFSMFBWJOH
UIF QSPDFTTJOH PG UXP NFTTBHFT UIVT WJPMBUJOH UIF JTPMBUFE UVSO QSJODJQMF� )FSF UIJT
MFBET UP UXP VOFYQFDUFE SFTVMUT� 	Ɖ
 UIF DIJME UBTL TFOET BNFTTBHF UIBU DBO BSSJWF BęFS
NFTTBHFT TFOU JO UIF OFYU UVSO BOE 	Ɗ
 UIF become JO UIF FTDBQFE UBTL DBO TUJMM DIBOHF
UIF CFIBWJPS PG UIF BDUPS BęFS UIF OFYU UVSO IBT BMSFBEZ TUBSUFE XJUI UIF PME CFIBWJPS�
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'PSUVOBUFMZ UIF JTPMBUFE UVSO QSJODJQMF DBO CF SFJOUSPEVDFE VTJOH B TJNQMF SFRVJSF�
NFOU� BOZ GVUVSF DSFBUFE JO BO BDUPS NVTU CF KPJOFE CFGPSF UIF UVSO FOET� ćJT FOTVSFT
UIBU POMZ POF UBTL 	UIF SPPU UBTL
 JT SVOOJOH XIFO UIF UVSO FOET BOE UIBU UIF TJEF
FČFDUT PG BMM GVUVSFT DSFBUFE JO UIF UVSO IBWF PDDVSSFE BOE BMM UIFJS FČFDUT IBWF CFFO
NFSHFE JOUP UIF SPPU UBTL� "MM UBTLT FOE XIFO UIF UVSO FOET TP OP NPSF FČFDUT DBO
UBLF QMBDF EVSJOH UIF OFYU UVSO� ćVT BO BDUPS DBO FYQMPJU JOUFSOBM QBSBMMFMJTN VTJOH
GVUVSFT XIJMF NBJOUBJOJOH UIF JTPMBUFE UVSO QSJODJQMF�

8F CFMJFWF UIJT SFRVJSFNFOU JT OPU PWFSMZ SFTUSJDUJWF� JU POMZ BQQMJFT XIFO B GVUVSF
JT GPSLFE JO B UVSO CVU JUT SFTVMU JT OFWFS VTFE JO UIBU UVSO� 'VSUIFSNPSF B TJNJMBS
SFRVJSFNFOU FYJTUFE GPS USBOTBDUJPOBM GVUVSFT� XF SFRVJSFE UIBU BMM GVUVSFT DSFBUFE JO B
USBOTBDUJPO XFSF KPJOFE CFGPSF UIF USBOTBDUJPO FOET� )FSF XF SFRVJSF UIBU BMM GVUVSFT
DSFBUFE JO B UVSO BSF KPJOFE CFGPSF UIF UVSO FOET� ćVT CPUI UFDIOJRVFT QSPWJEF B
DPOTJTUFOU NPEFM UP UIF EFWFMPQFS�

Ǝ�Ɖ�ƌ $PODMVTJPO
ćF DPNCJOBUJPO PG BDUPST BOE GVUVSFT CSFBLT EFUFSNJOBDZ XIFO NFTTBHFT BSF TFOU
JO GVUVSFT CVU BT B OPO�EFUFSNJOJTUJD DPOTUSVDU JT VTFE FYQMJDJUMZ UIJT JT DMFBS UP UIF
EFWFMPQFS� 0UIFS QSPCMFNT DBO CF BWPJEFE BęFS UXP BEKVTUNFOUT UP UIF TFNBOUJDT�

t $IPDPMB BMMPXT GVUVSFT UP CF GPSLFE JO BO BDUPS FOBCMJOH JOUSB�BDUPS QBSBMMFMJTN
CVU SFRVJSFT UIBU BMM GVUVSFT BSF KPJOFE JO UIF UVSO JO XIJDI UIFZ XFSF DSFBUFE� ćF
UBTLT UIVT GPSN B TQBXO USFF XJUIJO FBDI UVSO BOE FBDI UBTL XJMM CF ĕOJTIFE BOE
KPJOFE CFGPSF UIF UVSO FOET� ćJT FOTVSFT UIBU UIF JTPMBUFE UVSO QSJODJQMF JT NBJO�
UBJOFE�

t " become JO B QBSBMMFM UBTL JT B TJEF FČFDU UIBU JT QBSU PG JUT GVUVSF� 8IFO JU JT
KPJOFE UIF FČFDU JT QSPQBHBUFE VQ UP UIF UBTL QFSGPSNJOH UIF KPJO� &WFOUVBMMZ
UIF FČFDU SFBDIFT UIF ASPPU UBTL� PG UIF UVSO� -BUFS becomeT TUJMM PWFSXSJUF FBSMJFS
POFT� ćJT FOTVSFT EFUFSNJOBDZ JTNBJOUBJOFE JO UIJT DBTF 	CVU OPU JO HFOFSBM XIFO
DPNCJOJOH CPUI NPEFMT
�

ćF DPNCJOBUJPO PG BDUPST BOE GVUVSFT UIVT QSPWJEFT B GBNJMJBS TFNBOUJDT UIBU NBJO�
UBJOT UIF HVBSBOUFFT PG UIF TFQBSBUF NPEFMT XIFSFWFS QPTTJCMF BęFS POMZ NJOJNBM
DIBOHFT�

Ǝ�Ɖ�ƍ 3FMBUFE 8PSL
*NBN BOE 4BSLBS <ƊƈƉƊ> DPNCJOF BDUPST XJUI UIF BTZODoĕOJTI NPEFM 	"'.
 XIJDI
JT TJNJMBS UP GVUVSFT� 8F DPNQBSF UIFJS DPNCJOBUJPO UP PVST� ćF "'. QSPWJEFT UXP
DPOTUSVDUT� 	Ɖ
 async TUBSUT B OFX BTZODISPOPVT UBTL QPTTJCMZ EFMJWFSJOH JUT FOE SFTVMU
UP B GVUVSF 	JU JT TJNJMBS UP PVS future DPOTUSVDU
 BOE 	Ɗ
 finish FODBQTVMBUFT TFWFSBM

ƉƊƈ
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async DPOTUSVDUT BOE XBJUT VOUJM UIFZ IBWF BMM ĕOJTIFE CFGPSF QSPDFFEJOH� ćFJS NPUJ�
WBUJPOT GPS DPNCJOJOH UIFTF UXP NPEFMT BSF TJNJMBS UP PVST� CZ VTJOH UIF "'. JO BO
BDUPS NFTTBHFT DBO CF QSPDFTTFE JO QBSBMMFM XIJMF CZ VTJOH PQFSBUJPOT PO BDUPST JO
UIF "'. UIFTF PQFSBUJPOT DBO CF DPPSEJOBUFE�

8IFO UBTLT UIBU BSF TQBXOFE JO BO BDUPS BSF FODBQTVMBUFE CZ B finish CMPDL UIJT
NPEFM JT TJNJMBS UP PVST� BMM UBTLT SVO GVMMZ XJUIJO UIFJS FODBQTVMBUJOH UVSO� )PXFWFS
*NBN BOE 4BSLBS <ƊƈƉƊ> BMTP BMMPX B UBTL UP FTDBQF UIF BDUPS JO XIJDI JU JT TQBXOFE�
*O UIBU DBTF SBDF DPOEJUJPOT BSF BWPJEFE CZ QSPIJCJUJOH UIFTF UBTLT GSPN NPEJGZJOH
UIF JOUFSOBM TUBUF PG UIF BDUPS�

8IFO BDUPST BSF TQBXOFE JO UBTLT UIBU BSF FODBQTVMBUFE CZ B finish CMPDL UIFTF
BDUPST NVTU TUBSU FYFDVUF BOE UFSNJOBUF CFGPSF UIF FODBQTVMBUJOH finish CMPDL QSP�
DFFET� ćVT UIJT NFDIBOJTN DBO CF VTFE UP DPPSEJOBUF BDUPST� TQBXOJOH NVMUJQMF
BDUPST JO B finish CMPDL FOTVSFT UIFZ NVTU BMM UFSNJOBUF CFGPSF UIF QSPHSBN QSPDFFET�
ćJT JT OPU QPTTJCMF JO PVS TZTUFN BT XF EP OPU IBWF B TJNJMBS finish DPOTUSVDU BOE
PVS BDUPST EP OPU UFSNJOBUF 	XIFO UIFZ OP MPOHFS SFDFJWF NFTTBHFT UIFZ SFNBJO JEMF
GPSFWFS
� *O PVS TZTUFN B TJNJMBS DPPSEJOBUJPO NFDIBOJTN DBO CF JNQMFNFOUFE CZ
QBTTJOH NFTTBHFT CFUXFFO UIF BDUPST�

Ǝ�Ɗ $IPDPMB� $PNQPTBCMF $PODVSSFODZ -BOHVBHF
*O UIJT TFDUJPO XF QSFTFOU $IPDPMB UIF DPNQPTBCMF DPODVSSFODZ MBOHVBHF� B VOJ�
ĕFE GSBNFXPSL PG GVUVSFT USBOTBDUJPOT BOE BDUPST UIBU NBJOUBJOT UIF TFNBOUJDT BOE
HVBSBOUFFT PG JUT DPOTUJUVFOU NPEFMT XIFOFWFS QPTTJCMF� 8F EJTDVTT IPX UIF WBSJPVT
DPODFQUT GSPN UIF QSFWJPVT DIBQUFST BSF VOJĕFE JO $IPDPMB 	4FDUJPO Ǝ�Ɗ�Ɖ
� /FYU XF
EFNPOTUSBUF IPX UIF UISFF NPEFMT BSF DPNCJOFE JO BO FYBNQMF 	4FDUJPO Ǝ�Ɗ�Ɗ
�

Ǝ�Ɗ�Ɖ $IPDPMB�T -JOHVJTUJD $PODFQUT
*O $IPDPMB B QSPHSBN TUBSUT BT B TJOHMF 	NBJO
 BDUPS DPOUBJOJOH B TJOHMF 	SPPU
 UBTL
UIBU FWBMVBUFT UIF DPEF� ćF QSPHSBN DBO UIFO TQBXO BDUPST GPSL GVUVSFT BOE DSFBUF
USBOTBDUJPOT� 8F TVNNBSJ[F UIF NBJO DPODFQUT BOE DPOTUSVDUT�

"DUPST
t "O BDUPS JT BO FOUJUZ UIBU SVOT DPODVSSFOUMZ XJUI PUIFS BDUPST� *U IBT BO BEESFTT

BO JOCPY BOE B DVSSFOU CFIBWJPS� ćF JOCPY JT B RVFVF PG NFTTBHFT� "DUPST BSF
DSFBUFE VTJOH spawn XIJDI JT HJWFO BO JOJUJBM CFIBWJPS�

t " CFIBWJPS EFĕOFT IPX BO BDUPS BDUT XIFO SFDFJWJOH B NFTTBHF� *U DPOUBJOT DPEF
DSFBUFE VTJOH UIF DPOTUSVDU behavior BOE B MJTU PG QBSBNFUFST� ćF DVSSFOU BDUPS�T
CFIBWJPS DBO CF DIBOHFE VTJOH become�
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t "NFTTBHF JT B MJTU PG WBMVFT UIBU DBO CF TFOU UP BO BDUPS VTJOH send XIJDI BQQFOET
JU UP UIF BDUPS�T JOCPY� 8IFO B NFTTBHF JT TFOU GSPN XJUIJO B USBOTBDUJPO PS B
UFOUBUJWF UVSO JU JT UFOUBUJWF BOE IBT B EFQFOEFODZ PO B USBOTBDUJPO� PUIFSXJTF JU
JT EFĕOJUJWF�

t "O BDUPS DPOTFDVUJWFMZ QSPDFTTFT FBDI NFTTBHF TJUUJOH JO JUT JOCPY CZ FWBMVBUJOH
JUT DVSSFOU CFIBWJPS XJUI UIBU NFTTBHF� ćJT QSPDFTT JT DBMMFE B UVSO� " UVSO UIBU
JT UIF SFTVMU PG B UFOUBUJWF NFTTBHF JT B UFOUBUJWF UVSO�

t *O B USBOTBDUJPO BOE JO B UFOUBUJWF UVSO spawn BOE become BSF EFMBZFE� XF DBMM UIFTF
FČFDUT PO BDUPST UIBU BSF HBUIFSFE UP CF FYFDVUFE MBUFS�

5SBOTBDUJPOT
t " USBOTBDUJPO JT B TFDUJPO PG UIF DPEF UIBU DBO BDDFTT TIBSFE NFNPSZ� *U JT FODBQ�

TVMBUFE JO BO atomic CMPDL�
t ćF TIBSFE NFNPSZ JT SFQSFTFOUFE VTJOH USBOTBDUJPOBM WBSJBCMFT� ćFTF DBO POMZ

CF NBOJQVMBUFE JO USBOTBDUJPOT VTJOH ref deref BOE ref-set UP DSFBUF SFBE BOE
XSJUF UIFN� 	0VUTJEF B USBOTBDUJPO UIFTF DPOTUSVDUT SBJTF BO FSSPS�


t " USBOTBDUJPOBM DPOUFYU JT B TUSVDUVSF UIBU DPOUBJOT EBUB SFMBUFE UP UIF DVSSFOU
USBOTBDUJPO� 	Ɖ
 JUT TOBQTIPU� B 	DPODFQUVBM
 DPQZ PG UIF USBOTBDUJPOBM NFNPSZ CF�
GPSF UIF USBOTBDUJPO TUBSUFE 	Ɗ
 JUT MPDBM TUPSF� UIF NPEJĕDBUJPOT UIF USBOTBDUJPO
NBEF UP UIF USBOTBDUJPOBM NFNPSZ BOE 	Ƌ
 UIF FČFDUT PO BDUPST UIBU PDDVSSFE
EVSJOH UIF USBOTBDUJPO BOE XJMM CF FYFDVUFE JG BOE XIFO UIF USBOTBDUJPO DPNNJUT�
/PUF UIBU JU JT OPU UIF USBOTBDUJPO JUTFMG CVU JUT UBTLT UIBU FBDI DPOUBJO B USBOTBD�
UJPOBM DPOUFYU�

'VUVSFT
t " UBTL JT B TFDUJPO PG UIF QSPHSBN UIBU SVOT DPODVSSFOUMZ XJUI UIF SFTU PG UIF QSP�

HSBN� *U DBO CF DSFBUFE VTJOH fork XIJDI SFUVSOT B GVUVSF� " GVUVSF JT UIF QMBDF�
IPMEFS GPS UIF SFTVMU PG JUT DPSSFTQPOEJOH UBTL� ćJT WBMVF DBO CF SFUSJFWFE VTJOH
join XIJDI CMPDLT VOUJM UIF UBTL IBT ĕOJTIFE BOE UIFO SFUVSOT JUT SFTVMU�

t 8IFO B UBTL JT GPSLFE JO B USBOTBDUJPO XF TBZ JU JT B USBOTBDUJPOBM UBTL XIJDI IBT
BO BTTPDJBUFE USBOTBDUJPOBM GVUVSF� &BDI USBOTBDUJPOBM UBTL IBT B USBOTBDUJPOBM
DPOUFYU XIJDI JU BEPQUFE GSPN JUT QBSFOU XIFO JU XBT GPSLFE BOE XIJDI JT NFSHFE
JOUP JUT QBSFOU XIFO JU JT KPJOFE� 5BTLT PVUTJEF USBOTBDUJPOT BSF OPO�USBOTBDUJPOBM�

$IPDPMB EPFT OPU JOUSPEVDF OFX TZOUBDUJDBM DPOTUSVDUT OPS EPFT JU DIBOHF UIF TF�
NBOUJDT PG JUT DPOTUJUVFOU NPEFMT XIFO VTFE TFQBSBUFMZ� ćF OPWFMUZ PG $IPDPMB
JT UIBU JU EFĕOFT UIF TFNBOUJDT PG UIF DPOTUSVDUT PG UIFTF DPODVSSFODZ NPEFMT
XIFO UIFZ BSF DPNCJOFE XJUI POF BOPUIFS�

ƉƊƊ
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8IFO UP VTF GVUVSFT PS BDUPST GPS QBSBMMFMJTN JOTJEF B USBOTBDUJPO

#PUI GVUVSFT BOE BDUPST JOUSPEVDF QBSBMMFMJTN� 8IFO QBSBMMFMJ[JOH B QSPHSBN XJUI
USBOTBDUJPOT POF NJHIU XPOEFS XIFUIFS UP VTF USBOTBDUJPOBM GVUVSFT PS USBOTBDUJPOBM
BDUPST� "U ĕSTU HMBODF CPUI NJHIU TFFN MJLF TJNJMBS NFDIBOJTNT� UIFZ DBO CPUI CF
VTFE UP QBSBMMFMJ[F UIF JOUFSOBMT PG B USBOTBDUJPO� )PXFWFS CPUI NFDIBOJTNT GVODUJPO
RVJUF EJČFSFOUMZ BOE IBWF EJČFSFOU VTF DBTFT�
t " USBOTBDUJPOBM GVUVSF SVOT DPNQMFUFMZXJUIJO UIF DPOUFYU PG UIF USBOTBDUJPO JU XBT

DSFBUFE JO� *U IBT JUT PXO DPQZ PG UIF IFBQ PO XIJDI JU BDUT JO JTPMBUJPO CVU JUT
DIBOHFT XJMM BMXBZT CF KPJOFE CBDL JOUP JUT QBSFOU MBUFS� )FODF UIF NPEJĕDBUJPOT
UP USBOTBDUJPOBM NFNPSZ UIBU PDDVS JO EJČFSFOU USBOTBDUJPOBM UBTLT PG UIF TBNF
USBOTBDUJPO XJMM CF DPNNJUUFE BU UIF TBNF UJNF�

t *O DPOUSBTU USBOTBDUJPOBM BDUPST NBLF JU QPTTJCMF UP AFTDBQF� B USBOTBDUJPO� 8IFO B
NFTTBHF JT TFOU JO B USBOTBDUJPO JU DBSSJFT B EFQFOEFODZ PO UIBU USBOTBDUJPO� )PX�
FWFS UIF UVSO UIBU JT FYFDVUFE BT B SFTVMU PG UIF NFTTBHF XIJMF EFQFOEFOU PO UIF
USBOTBDUJPO EPFT OPU SVOXJUIJO UIF PSJHJOBM USBOTBDUJPO�T DPOUFYU� " TFDPOE USBOT�
BDUJPO DBO CF TUBSUFE JO UIJT UVSO BOE UIJT TFDPOE USBOTBDUJPO XJMM EFQFOE PO UIF
ĕSTU CVU CPUI SVO JO JTPMBUJPO BOE IBWF UIFJS PXO DPQZ PG UIF IFBQ BOE CPUI DPN�
NJU TFQBSBUFMZ�

ćFTF EJČFSJOH TFNBOUJDT BSF B SFTVMU PG UIF EJČFSFOU VTF DBTFT PG UIF UXP NPEFMT� 'V�
UVSFT BSF VTFE UP TQFFE VQ B EFUFSNJOJTUJD DBMDVMBUJPO� ćVT XIFO UIFZ BQQFBS JO
B USBOTBDUJPO UIFZ SFNBJO QBSU PG UIF USBOTBDUJPO XIJMF MPDBMMZ FOBCMJOH QBSBMMFMJTN�
0O UIF PUIFS IBOE BDUPST SFQSFTFOU TFQBSBUF DPNQPOFOUT JO UIF BQQMJDBUJPO UIBU PD�
DBTJPOBMMZ DPNNVOJDBUF VTJOH NFTTBHFT� 8IFO B NFTTBHF JT TFOU JO B USBOTBDUJPO UIF
TFOEFS TJHOBMT UP BOPUIFS BDUPS UIBU JU NVTU BDU CVU UIF SFDFJWFS SVOT TFQBSBUFE GSPN
UIF TFOEFS� 8IJDI UFDIOJRVF UP VTF UIFSFGPSF EFQFOET PO UIF JOUFOUJPO� UP MPDBMMZ
QBSBMMFMJ[F B DBMDVMBUJPO VTF GVUVSFT� UP DPNNVOJDBUF XJUI B TFQBSBUF DPNQPOFOU VTF
BDUPST�

Ǝ�Ɗ�Ɗ &YBNQMF
*O$IBQUFS ƍ XF JOUSPEVDFE B ĘJHIU SFTFSWBUJPO TZTUFN UIBU DPNCJOFE BDUPST BOE USBOT�
BDUJPOT CBTFE PO UIF 7BDBUJPO CFODINBSL GSPN UIF 45".1 CFODINBSL TVJUF� *O -JTU�
JOH Ǝ�ƍ UIJT FYBNQMF JT FYUFOEFE XJUI GVUVSFT UP JODSFBTF JUT QBSBMMFMJTN�

ćJT QSPHSBN DPOUBJOT UXP UZQFT PG BDUPST� 'JSTU B TFU PG DVTUPNFS BDUPST SFDFJWF
NFTTBHFT GSPN FBDI DVTUPNFS BOE QSPDFTT UIFJS SFTFSWBUJPOT VTJOH customer-behav-
ior� " SFTFSWBUJPO DPOTJTUT PG B USBOTBDUJPO JO XIJDI UXP ĘJHIUT B IPUFM SPPN BOE B
DBS BSF SFTFSWFE BOE UIF DVTUPNFS�T QBTTXPSE JT HFOFSBUFE 	MJOFT ƋƉoƋƎ
� 'PS FBDI PG
UIF GPVS JUFNT B NFTTBHF JT TFOU UP B TFU PG SFTFSWBUJPO BDUPST XJUI UIF CFIBWJPS re-
serve-behavior 	MJOFT ƊƈoƊƍ
� ćF SFTFSWBUJPO BDUPST SFTFSWF BO JUFN GPS JOTUBODF B
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Ɖ (def flights …)
Ɗ (def rooms …)
Ƌ (def cars …)
ƌ (def customers …)
ƍ

Ǝ (defn parallel-filter [f xs]
Ə ;TQMJU xs JOUP QBSUJUJPOT
Ɛ ;fork B UBTL GPS FBDI QBSUJUJPO
Ƒ ;JO FBDI UBTL öMUFS UIF QBSUJUJPO
Ɖƈ ;join UIF UBTLT BOE NFSHF UIFJS SFTVMUT
ƉƉ )
ƉƊ

ƉƋ (defn reserve-flight [orig dest date n-seats]
Ɖƌ ;'JOET UIF DIFBQFTU øJHIU GSPN orig UP dest PO date BOE SFTFSWF n-seats�
Ɖƍ (atomic
ƉƎ (let [filtered (parallel-filter (fn [f] …) flights)
ƉƏ cheapest (get-cheapest filtered)]
ƉƐ (ref-set cheapest (occupy cheapest n-seats)))))
ƉƑ

Ɗƈ (def reserve-behavior
ƊƉ (behavior [id] [type & args]
ƊƊ (case type
ƊƋ :flight (apply reserve-flight args)
Ɗƌ :room (apply reserve-room args)
Ɗƍ :car (apply reserve-car args))))
ƊƎ

ƊƏ (def customer-behavior
ƊƐ (behavior [id] [c]
ƊƑ ;1SPDFTT B DVTUPNFS� öOE BOE SFTFSWF UXP øJHIUT 	PVUCPVOE BOE SFUVSO
 B DBS BOE B SPPN
Ƌƈ ;	BMM JO XPSLFS BDUPST
 BOE HFOFSBUF B QBTTXPSE�
ƋƉ (atomic
ƋƊ (send (rand-nth secondary-workers) :flight (:orig @c) …)
ƋƋ (send (rand-nth secondary-workers) :flight (:dest @c) …)
Ƌƌ (send (rand-nth secondary-workers) :room (:dest @c) …)
Ƌƍ (send (rand-nth secondary-workers) :car (:dest @c) …)
ƋƎ (ref-set c (assoc @c :password (generate-password))))))

-JTUJOH Ǝ�ƍ� $PEF TOJQQFU PG B ĘJHIU SFTFSWBUJPO QSPHSBN UIBU DPNCJOFT GVUVSFT USBOTBDUJPOT
BOE BDUPST�
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ư�Ƭ $IPDPMB� $PNQPTBCMF $PODVSSFODZ -BOHVBHF

ĘJHIU 	MJOFT ƉƋoƉƐ
 CZ ĕMUFSJOH UIF JUFNT VTJOH UIF DVTUPNFS�T DSJUFSJB 	F�H� B ĘJHIU�T
PSJHJO BOE EFTUJOBUJPO
 ĕOEJOH UIF DIFBQFTU JUFN BOE SFTFSWJOH UIBU JUFN� ćJT JT
QSPUFDUFE VTJOH B USBOTBDUJPO UP FOTVSF UIBU BO JUFN DBOOPU CF SFTFSWFENVMUJQMF UJNFT�
ćF EJČFSFODF CFUXFFO UIJT FYBNQMF BOE UIF POF JO UIF QSFWJPVT DIBQUFS JT UIBU JUFNT
BSF ĕMUFSFE JO QBSBMMFM� UIF MJTU PG JUFNT JT QBSUJUJPOFE BOE FBDI QBSUJUJPO JT ĕMUFSFE
DPODVSSFOUMZ FBDI QBSUJUJPO SFUVSOJOH B GVUVSF 	MJOFT ƎoƉƉ
�

ćVT UIJT BQQMJDBUJPO DPNCJOFT UIF UISFF NPEFMT�

t *U VTFT BDUPST UP DPODVSSFOUMZ QSPDFTT SFRVFTUT GSPNEJČFSFOU DVTUPNFST BOE GPS EJG�
GFSFOU JUFNT� "NFTTBHF�QBTTJOHNPEFM OBUVSBMMZ NBUDIFT UIJT VTF DBTF� DVTUPNFST
UIBU XBOU UP JOJUJBUF B SFTFSWBUJPO TFOE B NFTTBHF UP BO BDUPS JO BO FWFOU�ESJWFO
XBZ�

t 5XP TFDUJPOT PG UIF DPEF BDDFTT TIBSFE NFNPSZ BOE NVTU UIFSFGPSF CF QSPUFDUFE
VTJOH USBOTBDUJPOT� 'JSTU XIFO QSPDFTTJOH B DVTUPNFS XF NVTU FOTVSF FJUIFS BMM
JUFNT BSF SFTFSWFE PS OPOF� 4FDPOE XF NVTU QSFWFOU JUFNT GSPN CFJOH SFTFSWFE
NVMUJQMF UJNFT� 5SBOTBDUJPOT FOTVSF TBGF BDDFTT UP TIBSFE NFNPSZ�

t 'VUVSFT BSF VTFE UP FYQMPJU QBSBMMFMJTN JO EFUFSNJOJTUJD PQFSBUJPOT IFSF ĕMUFSJOH B
MJTU� 'VUVSFT HVBSBOUFF UIBU UIF QBSBMMFM WFSTJPO JT FRVJWBMFOU UP JUT TFSJBM FMJTJPO�

'JHVSF Ǝ�Ǝ WJTVBMJ[FT UIJT QSPHSBN� 8F TIPX UXP BDUPST� POF DVTUPNFS BDUPS BOE POF
SFTFSWBUJPO BDUPS� 	ćFSF NJHIU CF NPSF PG FBDI UZQF UP QSPDFTT SFRVFTUT DPODVS�
SFOUMZ�
 *O UIF DVTUPNFS BDUPS B USBOTBDUJPO JT TUBSUFE JO XIJDI GPVS NFTTBHFT BSF TFOU
BOE B USBOTBDUJPOBM WBSJBCMF JT NPEJĕFE 	DPSSFTQPOEJOH UP MJOFT ƋƊoƋƎ JO -JTUJOH Ǝ�ƍ
�
ćF SFTFSWBUJPO BDUPS TUBSUT B USBOTBDUJPOT UP SFTFSWF UIF SFRVFTUFE JUFN BOE JO UIJT
USBOTBDUJPO UIF GVODUJPO parallel-filter DSFBUFT B OVNCFS PG TVCUBTLT UIBU SFUVSO
GVUVSFT�

ćF FYBNQMF EFNPOTUSBUFT IPX UIF DPODFQUT JOUSPEVDFE UISPVHIPVU UIJT EJTTFSUB�
UJPO XPSL UPHFUIFS� ćFNFTTBHFT TFOU JO UIF ĕSTU USBOTBDUJPO BSF UFOUBUJWF TP UIBU UIFZ
POMZ TVDDFFE JG UIF FODBQTVMBUJOH USBOTBDUJPO DPNNJUT TVDDFTTGVMMZ VTJOH UIF USBOTBD�
UJPOBM BDUPST GSPN $IBQUFS ƍ� *O UIF TFDPOE USBOTBDUJPO TFWFSBM GVUVSFT BSF GPSLFE�
UIFTF BSF USBOTBDUJPOBM GVUVSFT XJUI BDDFTT UP UIF FODPNQBTTJOH USBOTBDUJPOBM DPOUFYU
BT JO $IBQUFS ƌ� 'JOBMMZ FBDI UVSO PG FBDI BDUPS DPOTJTUT PG B SPPU UBTL UIBU NBZ GPSL
BOE KPJO TVCUBTLT BT JO 4FDUJPO Ǝ�Ɖ�

ćJT BQQMJDBUJPO BMTP JMMVTUSBUFT IPX $IPDPMB DBO CF VTFE UP JNQMFNFOU DMPVE BQ�
QMJDBUJPOT UIBU QSPDFTT MBSHF BNPVOUT PG EBUB GSPN NBOZ VTFST� 8IFO XFC DMJFOUT DPO�
OFDU UP UIF BQQMJDBUJPO XF DSFBUF B DVTUPNFS BDUPS GPS FBDI BOE UIF DMJFOU�T SFRVFTUT BSF
DPOWFSUFE UP NFTTBHFT UIBU BSF TFOU UP UIF DVTUPNFS�T BDUPS� &BDI BDUPS UIVT QSPDFTTFT
JODPNJOH SFRVFTUT JOEFQFOEFOUMZ� 8IFO BDDFTT UP TIBSFE EBUB JT SFRVJSFE UIJT DBO CF
JNQMFNFOUFE TBGFMZ VTJOH USBOTBDUJPOT� 'JOBMMZ A#JH %BUB� JT QSPDFTTFE JO QBSBMMFM VT�
JOH GVUVSFT� ćJT NBQT POUP UIF XFC�T UZQJDBM UISFF�UJFS EFTJHO JO XIJDI UIF GSPOU�FOE

ƉƊƍ
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$VTUPNFS "DUPS Ɖ

SPPU UBTL

UVSO

UY

ref-set

3FTFSWBUJPO "DUPS Ɖ

SPPU UBTL

UVSO

UY

TVCUBTLT

parallel-filter� fork

join

:flight ”BRU” ”ATL” 2018-06-01 2

:flight …

:room …

:car …

{:id 7 …}

'JHVSF Ǝ�Ǝ� %JBHSBN JMMVTUSBUJOH UIF BDUPST GVUVSFT BOE USBOTBDUJPOT DSFBUFE GPS UIF QSPHSBN
JO -JTUJOH Ǝ�ƍ�
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UIBU DPNNVOJDBUFT XJUI VTFST VTFT BDUPST UIF BQQMJDBUJPO MPHJD JT QBSBMMFMJ[FE VTJOH
GVUVSFT BOE UIF EBUB CBDL�FOE JT TUPSFE JO USBOTBDUJPOBM NFNPSZ�

Ǝ�Ƌ (VBSBOUFFT PG $IPDPMB
5BCMF Ǝ�Ə TVNNBSJ[FT UIF HVBSBOUFFT PG $IPDPMB BOE DPNQBSFT UIFN UP UIF HVBSBOUFFT
PG OBJWF DPNCJOBUJPOT PG JUT DPOTUJUVFOU NPEFMT 	BT EJTDVTTFE JO 4FDUJPO Ƌ�Ƌ BOE ĕSTU
TIPXO JO 5BCMF Ƌ�Ƒ PO QBHF ƎƊ
� 8F SFWJTJU FBDI HVBSBOUFF�

%FUFSNJOBDZ BOE *OUSBUSBOTBDUJPO %FUFSNJOBDZ 8IFO VTFE TFQBSBUFMZ GVUVSFT
HVBSBOUFF EFUFSNJOBDZ� $IPDPMB TPNFUJNFT CSFBLT UIJT HVBSBOUFF� 8FEJTUJOHVJTI UXP
DBTFT� XIFO GVUVSFT BSF UIF PVUFS NPEFM 	J�F� USBOTBDUJPOT PS BDUPST BSF VTFE JO B GVUVSF
UIF ĕSTU SPX JO UIF UBCMF
 PS UIF JOOFS NPEFM 	J�F� GVUVSFT BSF VTFE JO B USBOTBDUJPO PS
BDUPS UIF ĕSTU DPMVNO
�
t 8IFO GVUVSFT BSF UIF PVUFS NPEFM EFUFSNJOBDZ JT OP MPOHFS HVBSBOUFFE 	ĕSTU SPX

JO UIF UBCMF
� ćJT JT JOFWJUBCMF� OPO�EFUFSNJOJTUJD NPEFMT JOUSPEVDF OPO�EFUFS�
NJOJTN FWFO XIFO VTFE JO B EFUFSNJOJTUJD NPEFM� )PXFWFS BT XF BSHVFE JO
4FDUJPOT ƌ�Ɖ BOE Ǝ�Ɖ UIJT JT OPU VOFYQFDUFE CFDBVTF UIF EFWFMPQFS NVTU FYQMJDJUMZ
VTF B DPOTUSVDU GSPN B OPO�EFUFSNJOJTUJD NPEFM UP CSFBL EFUFSNJOBDZ BOE JU JT
POMZ JO UIPTF QMBDFT UIBU EFUFSNJOBDZ JT CSPLFO�

t *O DPOUSBTU XIFO VTJOH GVUVSFT BT UIF JOOFS NPEFM EFUFSNJOBDZ JT FYQFDUFE 	ĕSTU
DPMVNO JO UIF UBCMF
� 'PS JOTUBODF XIFO B MJCSBSZ UIBU VTFT GVUVSFT JT FNCFEEFE
JO B QSPHSBN UIBU VTFT BOPUIFS NPEFM UIF EFWFMPQFS PG UIF MJCSBSZ TUJMM BTTVNFE
EFUFSNJOBDZ� 6TJOH GVUVSFT JO BOPUIFS GVUVSF 	4FDUJPO Ƌ�Ƌ�Ƌ
 PS JO BO BDUPS 	4FD�
UJPO Ǝ�Ɖ
 NBJOUBJOT EFUFSNJOBDZ� *O B OBJWF DPNCJOBUJPO PG GVUVSFT BOE USBOTBD�
UJPOT EFUFSNJOBDZ JT CSPLFO XIJDI JT XIZ XF JOUSPEVDFE JOUSBUSBOTBDUJPO EFUFSNJ�
OBDZ� BO BMUFSOBUJWF QSPQFSUZ UIBU HVBSBOUFFT EFUFSNJOBDZ XJUIJO FBDI USBOTBDUJPO
	4FDUJPO ƌ�ƌ
�

*TPMBUJPO 5SBOTBDUJPOT HVBSBOUFF B GPSN PG JTPMBUJPO TVDI BT TFSJBMJ[BCJMJUZ PQBDJUZ
PS TOBQTIPU JTPMBUJPO� 8IFO UIFZ BSF VTFE JO B GVUVSF PS BDUPS UIJT HVBSBOUFF JT NBJO�
UBJOFE 	TFDPOE DPMVNO JO UIF UBCMF
� 0O UIF PUIFS IBOE XIFO B GVUVSF JT GPSLFE PS B
NFTTBHF JT TFOU XJUIJO B USBOTBDUJPO B OBJWF DPNCJOBUJPO NBZ CSFBL JTPMBUJPO 	TFDPOE
SPX JO UIF UBCMF
� $IPDPMB FOTVSFT JTPMBUJPO SFNBJOT HVBSBOUFFE FWFO GPS UIFTF QSPC�
MFNBUJD DPNCJOBUJPOT CZ JODPSQPSBUJOH BOZ TJEF FČFDUT JOUP UIF USBOTBDUJPO 	EJTDVTTFE
JO $IBQUFS ƌ BOE ƍ
� $IPDPMB JNQMFNFOUT TOBQTIPU JTPMBUJPO XIJDI SFRVJSFT UIBU�
t ćSPVHIPVU B USBOTBDUJPO SFBE PQFSBUJPOT HFU B DPOTJTUFOU WJFX PG UIF NFNPSZ

SFGFSSFE UP BT JUT TOBQTIPU� *O $IPDPMB BMM UBTLT TQBXOFE JO B USBOTBDUJPO TIBSF
UIJT TOBQTIPU�
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in

Fu
tu

re
Tr

an
sa

ct
io

n
Ac

to
r

Future Transaction Actor
Nested futures

(Section 3.3.3)
Parallel transactions

(Section 4.1)

Nested transactions
(Section 3.3.3)

Parallelism in trans-
action (Sections 4.2–4.4)

Parallelism in actor
(Section 6.1)

Actors
(Section 3.3.3)

Shared memory
in actor (Chapter 5)

Communication in 
transaction (Chapter 5)

Communication
in future (Section 6.1)

Iso
Det

Pro ITP DLF
Det Det

Det

Det

Iso Pro

Iso Pro

Iso Pro
Iso Pro ITP DLF

ITP DLF
ITP DLFITP DLF

ITD
LLRF

LLRF

(VBSBOUFFT
'VUVSFT� %FU %FUFSNJOBDZ

5SBOTBDUJPOT� *TP *TPMBUJPO 1SP 1SPHSFTT
"DUPST� *51 *TPMBUFE 5VSO 1SJODJQMF %-' %FBEMPDL 'SFFEPN

5Y GVUVSFT� *5% *OUSBUSBOTBDUJPO %FUFSNJOBDZ
5Y BDUPST� --3' -PX�MFWFM 3BDF 'SFFEPN

-FHFOE
%FU .BJOUBJOFE HVBSBOUFF FWFO JO B OBJWF DPNCJOBUJPO
%FU #SPLFO HVBSBOUFF JOFWJUBCMF FWFO JO $IPDPMB
*TP #SPLFO JO B OBJWF DPNCJOBUJPO CVU NBJOUBJOFE JO $IPDPMB

%FU *5% #SPLFO HVBSBOUFF %FU IBT CFFO SFQMBDFE XJUI HVBSBOUFF *5% JO $IPDPMB

5BCMF Ǝ�Ə� (VBSBOUFFT PG UIF DPNCJOFE NPEFMT�
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t " USBOTBDUJPO POMZ TVDDFFET JG OPOF PG JUT XSJUFT DPOĘJDU XJUI BOZ XSJUFT CZ PUIFS
USBOTBDUJPOT UIBU DPNNJUUFE TJODF UIF TOBQTIPU� *O $IPDPMB BMM XSJUFT CZ BMM UBTLT
UIBU XFSF TQBXOFE JO UIF USBOTBDUJPO BSF DPNNJUUFE BU UIF TBNF UJNF NBLJOH JU
QPTTJCMF UP TBUJTGZ UIJT SFRVJSFNFOU� 'VSUIFSNPSF JG UIF USBOTBDUJPO BCPSUT BOZ
NFTTBHFT TFOU EVSJOH UIF USBOTBDUJPO BOE UIFJS FČFDUT BSF SPMMFE CBDL�

ćVT $IPDPMB HVBSBOUFFT TBGF BDDFTT UP TIBSFE NFNPSZ JO BMM DJSDVNTUBODFT�

*TPMBUFE 5VSO 1SJODJQMF BOE -PX -FWFM 3BDF 'SFFEPN ćF JTPMBUFE UVSO QSJODJ�
QMF HVBSBOUFFT UIBU PODF B UVSO TUBSUFE JU XJMM BMXBZT SVO UP DPNQMFUJPO JO JTPMBUJPO�
ćJT BMMPXT EFWFMPQFST UP SFBTPO BU UIF MFWFM PG UVSOT� JU EPFT OPU NBUUFS JO XIJDI PS�
EFS UIF JOEJWJEVBM JOTUSVDUJPOT PG EJČFSFOU UVSOT BSF JOUFSMFBWFE POMZ IPX UIF UVSOT BT
CMPDLT BSF JOUFSMFBWFE� ćF JTPMBUFE UVSO QSJODJQMF BTTVNFE OP TIBSFE NFNPSZ BOE OP
JOUFSOBM QBSBMMFMJTN XIJDI JT PCWJPVTMZ OP MPOHFS USVF JO $IPDPMB� JU JT UIFSFGPSF JN�
QPTTJCMF UPNBJOUBJO� *OTUFBE $IPDPMB QSPWJEFT -PX -FWFM 3BDF 'SFFEPN� B HVBSBOUFF
UIBU UIFSF DBO CF OP SBDFT XJUIJO B UVSO PS B USBOTBDUJPO 	JOUSPEVDFE JO 4FDUJPO ƍ�Ƌ
�
ćJT QSPQFSUZ QSPWJEFT B TJNJMBS HVBSBOUFF UP EFWFMPQFST BMMPXJOH UIFN UP SFBTPO BU
UIF AMFWFM� PG UVSOT BOE USBOTBDUJPOT� "HBJO JU EPFT OPU NBUUFS JO XIJDI PSEFS UIF JOEJ�
WJEVBM JOTUSVDUJPOT XJUIJO B UVSO PS B USBOTBDUJPO BSF JOUFSMFBWFE POMZ IPX UVSOT BOE
USBOTBDUJPOT BSF JOUFSMFBWFE BT MBSHFS CMPDLT�

1SPHSFTT BOE %FBEMPDL 'SFFEPN 5SBOTBDUJPOT HVBSBOUFF QSPHSFTT BOE BDUPST HVBS�
BOUFF EFBEMPDL GSFFEPN� &WFO XIFO UIFTF NPEFMT BSF DPNCJOFE XJUI PUIFST UIFTF
HVBSBOUFFT BSF NBJOUBJOFE� ćJT JT B SFTVMU PG UIF GBDU UIBU $IPDPMB POMZ DPOUBJOT POF
CMPDLJOH PQFSBUJPO join XIJDI BMXBZT DPNQMFUFT CFDBVTF GVUVSFT GPSN B TQBXO USFF
XJUIPVU DZDMFT 	EJTDVTTFE JO 4FDUJPOT ƌ�ƌ�Ɖ ƍ�Ƌ�Ƌ BOE Ǝ�Ɖ�Ɗ
�

Ǝ�ƌ $PODMVTJPO
$IPDPMB JT B MBOHVBHF UIBU DPNCJOFT GVUVSFT USBOTBDUJPOT BOE BDUPST XIJMF NBJOUBJO�
JOH UIFJS TFNBOUJDT BOE HVBSBOUFFT XIFOFWFS QPTTJCMF� *O UIF QSFWJPVT DIBQUFST XF
QSFTFOUFE UIF WBSJPVT DPODFQUT BU JUT CBTF� JO UIJT DIBQUFS XF DPNCJOFE UIFN JOUP POF
GSBNFXPSL� ćF GPMMPXJOH DIBQUFST GPDVT PO $IPDPMB�T GPSNBM TFNBOUJDT 	$IBQUFS Ə

JUT JNQMFNFOUBUJPO 	$IBQUFS Ɛ
 BOE JUT QFSGPSNBODF CFOFĕUT 	$IBQUFS Ƒ
�
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Ə
1VSF$IPDPMB� BO 0QFSBUJPOBM
4FNBOUJDT

ćJT DIBQUFS QSFTFOUT 1VSF$IPDPMB� B GPSNBM PQFSBUJPOBM TFNBOUJDT PG $IPDPMB� 8F
TUBSU JO 4FDUJPO Ə�Ɖ CZ EFTDSJCJOH JUT TZOUBY BOE IPX UP NPEFM JUT QSPHSBN TUBUF� *O
4FDUJPO Ə�ƊXF MJTU BMM SFEVDUJPO SVMFT TQFDJGZJOH UIF DPOTUSVDUT PG GVUVSFT USBOTBDUJPOT
BOE BDUPST� *O 4FDUJPO Ə�Ƌ XF TIPX IPX $IPDPMB�T HVBSBOUFFT DBO CF JOGFSSFE GSPN
UIF GPSNBM TFNBOUJDT� 8F DSFBUFE BO FYFDVUBCMF JNQMFNFOUBUJPO PG 1VSF$IPDPMB VT�
JOH 1-5 3FEFY BOE JO 4FDUJPO Ə�ƌ XF FYQMBJO IPX XF VTFE JU UP WFSJGZ JTPMBUJPO BOE
JOUSBUSBOTBDUJPO EFUFSNJOBDZ� 'JOBMMZ JO 4FDUJPO Ə�ƍ XF MJTU UIF EJČFSFODFT CFUXFFO
UIF GPSNBM TFNBOUJDT PG 1VSF$IPDPMB BOE UIF BDUVBM JNQMFNFOUBUJPO PG $IPDPMB�

Ə�Ɖ 4ZOUBY BOE 1SPHSBN 4UBUF
ćJT TFDUJPO EFĕOFT UIF TZOUBY PG 1VSF$IPDPMB 	4FDUJPO Ə�Ɖ�Ɖ
 IPX JUT QSPHSBN TUBUF JT
NPEFMMFE 	4FDUJPO Ə�Ɖ�Ɗ
 BOE UIF FWBMVBUJPO DPOUFYUT 	4FDUJPO Ə�Ɖ�Ƌ
� /FYU JU EFĕOFT
TPNF IFMQFS GVODUJPOT UP FYUSBDU FMFNFOUT GSPN UIF QSPHSBN TUBUF 	4FDUJPO Ə�Ɖ�ƌ
 BOE
UXP TQFDJBM PQFSBUPST | BOE+= UIBU NFSHF FČFDUT PO USBOTBDUJPOBM NFNPSZ BOE BDUPST
	4FDUJPO Ə�Ɖ�ƍ
�

Ə�Ɖ�Ɖ 4ZOUBY
ćSPVHIPVU UIJT EJTTFSUBUJPO XF EJE OPU JOUSPEVDF BOZ OFX TZOUBDUJDBM DPOTUSVDUT� XF
NFSFMZ EFĕOFE UIFJS TFNBOUJDT JO DFSUBJO 	OFX
 DPOUFYUT� ćVT UIF TZOUBY PG UIF DPN�
CJOBUJPO PG UIF UISFF NPEFMT TJNQMZ DPOTJTUT PG UIFJS TFQBSBUF TZOUBYFT 	BT EFTDSJCFE

ƉƋƉ



$IBQUFS Ʊ� 1VSF$IPDPMB� BO 0QFSBUJPOBM 4FNBOUJDT

D∈ $POTUBOU ::= nil | true | false | 0 | 1 | · · · | ”” | ”a” | . . .
Y∈ 7BSJBCMF
G∈ 'VUVSF
S∈ 57BS
B∈ "EESFTT
C∈ #FIBWJPS%FG ::= behavior [YCFI] [YNTH] F #FIBWJPS EFĕOJUJPO
W∈ 7BMVF ::= D

| Y
| fn [Y] F "OPOZNPVT GVODUJPO
| G 'VUVSF
| S 5SBOTBDUJPOBM WBSJBCMF
| B "EESFTT PG BDUPS
| C #FIBWJPS

F∈ &YQSFTTJPO ::= W
| (F F) 'VODUJPO BQQMJDBUJPO
| if F F F
| let [Y F] F
| do F; F
| fork F 'PSL B GVUVSF
| join F +PJO B GVUVSF
| atomic F 5SBOTBDUJPO
| atomic⋆ F *O USBOTBDUJPO 	JOUFSNFEJBUF TUBUF

| ref F $SFBUF B 57BS
| deref F 3FBE B 57BS
| ref-set F F 8SJUF UP B 57BS
| spawn F F 4QBXO BO BDUPS
| become F F #FDPNF B CFIBWJPS
| send F F 4FOE B NFTTBHF
| self "EESFTT PG DVSSFOU BDUPS

'JHVSF Ə�Ɖ� ćF TZOUBY PG 1VSF$IPDPMB�
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Ʊ�ƫ 4ZOUBY BOE 1SPHSBN 4UBUF

UISPVHIPVU $IBQUFS Ɗ
 DPNCJOFE� ćF DPNQMFUF TZOUBY PG 1VSF$IPDPMB JT MJTUFE JO
'JHVSF Ə�Ɖ�

Ə�Ɖ�Ɗ 4UBUF
ćF QSPHSBN TUBUF PG 1VSF$IPDPMB GVTFT UIF QSPHSBN TUBUFT PG UIF TFQBSBUF NPEFMT�
5BCMF Ə�Ɗ SFDBQT IPX UIF QSPHSBN TUBUFXBT SFQSFTFOUFE JO UIF TFNBOUJDT PG UIF TFQBSBUF
NPEFMT JO $IBQUFS Ɗ� 'JHVSF Ə�Ƌ EFĕOFT UIF QSPHSBN TUBUF BOE JUT FMFNFOUT GPS 1VSF�
$IPDPMB� ćF QSPHSBN TUBUF DPOTJTUT PG BMM BDUPST BOE UBTLT UIBU IBWF CFFO TQBXOFE VQ
UP UIJT QPJOU BOE UISFF TIBSFE EBUB TUSVDUVSFT� 8F EJTDVTT FBDI�

1SPHSBN TUBUF .BJO FMFNFOUT
'VUVSFT ⟨5⟩ UBTL ::= ⟨G, F⟩

	UBTLT

5SBOTBDUJPOT ⟨5, τ , σ⟩ UBTL ::= ⟨G, F, O ⟩

	UBTLT USBOTBDUJPOT IFBQ
 UY ::= ⟨◦, σ, F, δ⟩
"DUPST ⟨", µ⟩ BDU ::= ⟨B, F, CFI⟩

	BDUPST JOCPYFT


5BCMF Ə�Ɗ� 3FNJOEFS PG UIF NPTU JNQPSUBOU QBSUT PG UIF TFNBOUJDT PG UIF UISFF TFQBSBUF NPEFMT
EFTDSJCFE JO $IBQUFS Ɗ�

"DUPST "O BDUPS DPOTJTUT PG�
t B� UIF VOJRVF BEESFTT PG UIF BDUPS�
t G  

SPPU� 1SFWJPVTMZ BO BDUPS DPOUBJOFE UIF FYQSFTTJPO JU XBT FWBMVBUJOH� /PX IPX�
FWFS BO BDUPS DBO DPOUBJO NVMUJQMF DPODVSSFOU UBTLT FBDI PG XIJDI TUPSFT UIF FY�
QSFTTJPO JU JT FWBMVBUJOH� ćFSFGPSF OPX XIFO BO BDUPS QSPDFTTFT B NFTTBHF JU
DSFBUFT POF SPPU UBTL BOE TUPSFT UIF BTTPDJBUFE GVUVSF JOTUFBE� ćJT UBTL NBZ GPSL
NPSF UBTLT XIJDI BSF BTTPDJBUFE XJUI UIJT BDUPS CVU OPU FYQMJDJUMZ TUPSFE JO JU� #F�
UXFFO UVSOT XIFO UIF BDUPS JT JEMF UIJT JT •�

t CFI� UIF OFYU CFIBWJPS PG UIF BDUPS� -JLF CFGPSF UIJT DPOTJTUT PG UIF DPEF UIBU
EFĕOFT UIF CFIBWJPS 	C
 BOE UIF WBMVFT GPS JUT JOUFSOBM TUBUF 	W
�

t O 
EFQ� XIFO BO BDUPS JT QSPDFTTJOH B NFTTBHF XJUI B EFQFOEFODZ UIJT XJMM DPOUBJO

UIF JEFOUJĕFS PG UIF USBOTBDUJPO PO XIJDI UIF NFTTBHF EFQFOET� *O UIBU DBTF UIF
BDUPS JT JO B UFOUBUJWF UVSO� JO B EFĕOJUJWF UVSO 	BOE CFUXFFO UVSOT
 UIJT WBMVF JT •�

5BTLT 5BTLT BSF FYUFOEFE UP DPOUBJO JOGPSNBUJPO BCPVU UIF FČFDUT UIFZ IBWF PO PUIFS
GVUVSFT BDUPST BOE USBOTBDUJPOT� ćJT JOGPSNBUJPO JT OFFEFE UP WFSJGZ DPSSFDUOFTT BOE
UP FYFDVUF EFMBZFE FČFDUT� " UBTL DPOUBJOT�
t G� UIF GVUVSF BTTPDJBUFE XJUI UIF UBTL�
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$IBQUFS Ʊ� 1VSF$IPDPMB� BO 0QFSBUJPOBM 4FNBOUJDT

1SPHSBN TUBUF Q ::= ⟨", 5, µ, τ , σ⟩
"DUPST "⊂ "DUPS
5BTLT 5⊂ 5BTL

*OCPYFT µ : "EESFTT ⇀ .FTTBHF
5SBOTBDUJPOT τ : 5SBOTBDUJPO/VNCFS ⇀ 5SBOTBDUJPO

5SBOTBDUJPOBM IFBQ σ : 57BS ⇀ 7BMVF
"DUPS BDU∈ "DUPS ::= ⟨B, G  

SPPU, CFI, O
 
EFQ⟩

5BTL UBTL∈ 5BTL ::= ⟨G, B, F, 'T, 'K, FGG, DUY ⟩
5SBOTBDUJPO UY∈ 5SBOTBDUJPO ::= ⟨◦, F⟩

4QBXOFE BOE KPJOFE GVUVSFT 'T, 'K ⊂ 'VUVSF
&ČFDUT PO BDUPST FGG ::= ⟨", CFI ⟩

5SBOTBDUJPOBM DPOUFYU DUY ::= ⟨O, σ, δ, FGGUY⟩
.FTTBHF NTH∈ .FTTBHF ::= ⟨BGSPN, BUP, W, O 

EFQ⟩
"T CFGPSF�
#FIBWJPS CFI∈ #FIBWJPS ::= ⟨C, W⟩

4OBQTIPU MPDBM TUPSF σ, δ : 57BS ⇀ 7BMVF
5SBOTBDUJPO JE O∈ 5SBOTBDUJPO/VNCFS

5SBOTBDUJPO TUBUF ◦ ::= ◃ | ✓ | ✗

'JHVSF Ə�Ƌ� ćF SFQSFTFOUBUJPO PG UIF QSPHSBN TUBUF BOE JUT FMFNFOUT JO UIF TFNBOUJDT PG 1VSF�
$IPDPMB�

t B� UIF BDUPS JO XIJDI UIF UBTL JT SVOOJOH� " UBTL BMXBZT SVOT XJUIJO POF BDUPS�Ɖ

t F� MJLF CFGPSF UIF FYQSFTTJPO UIBU JT DVSSFOUMZ CFJOH FWBMVBUFE CZ UIF UBTL� 8IFO
UIJT IBT CFFO SFEVDFE UP B TJOHMF WBMVF W UIF UBTL IBT ĕOJTIFE�

t 'T� UIF GVUVSFT GPSLFE CZ UIJT UBTL� ćJT DPOUBJOT UIF EJSFDU DIJMESFO PG UIF UBTL
XIJDI XF SFRVJSF UP CF KPJOFE CFGPSF UIF UBTL ĕOJTIFT�

t 'K� UIF GVUVSFT KPJOFE JO UIJT UBTL� ćJT DPOUBJOT CPUI UIF GVUVSFT UIBU XFSF EJSFDUMZ
KPJOFE JO UIJT UBTL BT XFMM BT UIPTF KPJOFE CZ BOPUIFS UBTL UIBU XBT KPJOFE JOUP UIJT
POF� )FODF XF DBO TBZ UIBU UIF FČFDUT PG UIFTF UBTLT IBWF CFFO JODPSQPSBUFE JOUP
UIF DVSSFOU UBTL�

t FGG� UIJT DPOUBJOT UIJT UBTL�T EFMBZFE FČFDUT PO BDUPST� ćFTF FČFDUT BSF HBUIFSFE BOE
XJMM POMZ CF FYFDVUFE BU UIF FOE PG UIF UVSO XIFO JU JT TVSF UIFZ EP OPU OFFE UP CF
SPMMFE CBDL� ćFSF BSF UXP LJOE PG FČFDUT� TQBXOFE BDUPST XIJDI BSF HBUIFSFE JO
" BOE UIF SFTVMU PG become XIPTF FČFDU JT TUPSFE JO CFI 	PQUJPOBM POMZ QSFTFOU
JG B become PDDVSSFE
�

t DUY � XIFO B USBOTBDUJPO JT BDUJWF UIJT TUSVDUVSF DPOUBJOT UIF FČFDUT PG UIJT UBTL UIBU
PDDVSSFE XJUIJO UIF USBOTBDUJPO� ćVT UIJT TUSVDUVSF SFQSFTFOUT UIF USBOTBDUJPOBM

Ɖ"MUIPVHI JUT GVUVSF DBO CF QBTTFE UP PUIFS BDUPST�
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Ʊ�ƫ 4ZOUBY BOE 1SPHSBN 4UBUF

DPOUFYU JO XIJDI UIF UBTL SVOT� 8IFO UIJT JT QSFTFOU UIF UBTL JT USBOTBDUJPOBM� GPS
OPO�USBOTBDUJPOBM UBTLT JU JT •� *U DPOTJTUT PG�
o O� UIF JEFOUJĕFS PG UIF USBOTBDUJPO JO XIJDI UIJT UBTL JT SVOOJOH�
o σ� UIF TOBQTIPU BU UIF TUBSU PG UIJT UBTL� 'PS UIF SPPU UBTL PG B USBOTBDUJPO UIJT

JT B DPQZ PG UIF IFBQ� 'PS UBTLT GPSLFE EVSJOH UIF USBOTBDUJPO UIJT JT UIF TOBQ�
TIPU UIBU SFQSFTFOUT UIF USBOTBDUJPOBM TUBUF BU UIBU QPJOU 	BT JO 4FDUJPO ƌ�Ƌ�Ɖ
QBHF Əƍ
�

o δ� UIF MPDBM TUPSF PG DIBOHFT NBEF UP UIF USBOTBDUJPOBM WBSJBCMFT JO UIJT USBOT�
BDUJPOBM UBTL POMZ�

o FGGUY� UIF FČFDUT PO BDUPST UIBU PDDVSSFE JO UIJT UBTL EVSJOH UIF USBOTBDUJPO
DPOUBJOJOH TQBXOFE BDUPST BOE UIF FČFDU PG become� ćFTF FČFDUT XJMM POMZ CF
USJHHFSFE XIFO UIF USBOTBDUJPO DPNNJUT�

&ČFDUT PO BDUPST DBO CF TUPSFE JO UXP MPDBUJPOT� JO UIF UBTL 	FGG
 BOE JO JUT USBOTBDUJPOBM
DPOUFYU 	FGGUY
� 8IFO TVDI FČFDUT PDDVS JOTJEF B USBOTBDUJPO UIFZ OFFE UP CF TUPSFE
JO UIF USBOTBDUJPOBM DPOUFYU TP UIBU UIFZ DBO CF SPMMFE CBDL JG UIF USBOTBDUJPO BCPSUT�
8IFO UIFTF FČFDUT PDDVS PVUTJEF B USBOTBDUJPO CVU JO B UFOUBUJWF UVSO UIFZ OFFE UP CF
TUPSFE JO UIF UBTL BOE NBZ OFFE UP CF SPMMFE CBDL XIFO UIF UVSO FOET� ,FFQJOH UIFTF
FČFDUT JO UXP QMBDFT JT B SFTVMU PG UIF GBDU UIBU UIFSF BSF UXP LJOET PG AUFOUBUJWF� TFDUJPOT
UIBU NBZ OFFE UP SPMM CBDL� USBOTBDUJPOT BOE UFOUBUJWF UVSOT�

4IBSFE EBUB TUSVDUVSFT ćSFF EBUB TUSVDUVSFT DBO CF BDDFTTFE GSPN NVMUJQMF UBTLT�
t ćF JOCPYFT PG UIF BDUPST µ DPOUBJOJOH B MJTU PG NFTTBHFT GPS FBDI BDUPS� .FTTBHFT

BSF EFRVFVFE GSPN UIF GSPOU CZ UIF SFDFJWJOH BDUPS BOE FORVFVFE BU UIF CBDL CZ
BOZ BDUPS UIBU TFOET B NFTTBHF�
.FTTBHFT DBO OPX DPOUBJO B EFQFOEFODZ 	O 

EFQ
 UIBU SFGFST UP UIF USBOTBDUJPO JO
XIJDI UIFZ XFSF TFOU� 5FOUBUJWF NFTTBHFT IBWF TVDI B EFQFOEFODZ� EFĕOJUJWF NFT�
TBHFT DPOUBJO •�

t " NBQQJOH τ PG USBOTBDUJPO JEFOUJĕFST UP USBOTBDUJPOT� 8IFO B USBOTBDUJPO TUBSUT
BO FOUSZ JT BEEFE� 8IFO JU DPNNJUT UIF FOUSZ JT NPEJĕFE UP LFFQ USBDL PG UIF
TVDDFTT PS GBJMVSF PG UIF USBOTBDUJPO CZ UIF SPPU UBTL PG UIF USBOTBDUJPO� 0UIFS
BDUPST BDDFTT UIJT TUSVDUVSF XIFO UIFZ QSPDFTT B UFOUBUJWF NFTTBHF UP WFSJGZ UIF
TUBUF PG JUT EFQFOEFODZ�
" USBOTBDUJPO OPX POMZ DPOUBJOT UXP FMFNFOUT� JUT TUBUF ◦ BOE UIF FYQSFTTJPO F
DPOUBJOFE XJUIJO JUT atomicCMPDL UIBU JT SFTUPSFE XIFO UIF USBOTBDUJPONVTU SFUSZ�
1SFWJPVTMZ JU BMTP DPOUBJOFE B TOBQTIPU BOE MPDBM TUPSF CVU UIFTF EBUB TUSVDUVSFT
NPWFE UP UIF UBTL	T
 UIBU SVO JO UIF USBOTBDUJPO�

t ćF USBOTBDUJPOBM IFBQ σ XIJDI DPOUBJOT UIF MBTU DPNNJUUFE WBMVF PG UIF USBOTBD�
UJPOBM WBSJBCMFT� ćJT DBO CF SFBE BOE NPEJĕFE CZ BOZ UBTL CVU POMZ JO B USBOTBD�
UJPO BT CFGPSF�
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$IBQUFS Ʊ� 1VSF$IPDPMB� BO 0QFSBUJPOBM 4FNBOUJDT

Ə�Ɖ�Ƌ &WBMVBUJPO $POUFYUT
ćF QSPHSBN FWBMVBUJPO DPOUFYU P JT EFĕOFE CFMPX� *U DBO DIPPTF BO BSCJUSBSZ UBTL
BOE VTF UIF UFSN FWBMVBUJPO DPOUFYU E UP ĕOE UIF BDUJWF TJUF JO UIF UFSN� ćF EFĕOJUJPO
PG E JT TJNQMZ UIF DPNCJOBUJPO PG UIF UISFF EFĕOJUJPOT GPS UIF TFQBSBUF NPEFMT GSPN
$IBQUFS Ɗ XIJDI XF XJMM OPU SFQFBU IFSF�
P ::= ⟨", 5 ·∪ ⟨G, B, E , 'T, 'K, FGG, DUY ⟩, µ, τ , σ⟩

Ə�Ɖ�ƌ )FMQFS 'VODUJPOT PO UIF 1SPHSBN 4UBUF
'JHVSF Ə�ƌ EFĕOFT UISFF IFMQFS GVODUJPOT UIBU FYUSBDU FMFNFOUT PVU PG UIF QSPHSBN TUBUF�
t BDUPS-UBTLT(5, B) SFUVSOT BMM UBTLT JO UIF BDUPS XJUI BEESFTT B�
t BDUPS-UYT(5, B) SFUVSOT UIF JEFOUJĕFST PG BMM USBOTBDUJPOT UIBU BSF BDUJWF 	JO B UBTL


XJUIJO BDUPS B� 	5BTLT JO XIJDI OP USBOTBDUJPO JT BDUJWF EP OPU NBUDI UIF QBUUFSO
BOE BSF UIVT JHOPSFE�


t UY-GVUT(5, O) SFUVSOT UIF GVUVSFT PG BMM UBTLT TQBXOFE XJUIJO UIF USBOTBDUJPO XJUI
JEFOUJĕFS O�

BDUPS-UBTLT(5, B) = {UBTL | UBTL = ⟨G, B, F, 'T, 'K, FGG, DUY ⟩ ∈ 5} 	UBTLT JO BDUPS B

BDUPS-UYT(5, B) = {O | ⟨G, B, F, 'T, 'K, FGG, ⟨O, σ, δ, FGGUY⟩⟩ ∈ 5} 	JE�T PG UY�T JO BDUPS B

UY-GVUT(5, O) = {G | ⟨G, B, F, 'T, 'K, FGG, ⟨O, σ, δ, FGGUY⟩⟩ ∈ 5} 	GVUVSFT PG UBTLT JO UY O


'JHVSF Ə�ƌ� )FMQFS GVODUJPOT UP FYUSBDU FMFNFOUT PVU PG UIF QSPHSBN TUBUF�T TFU PG UBTLT 5�

Ə�Ɖ�ƍ 0QFSBUJPOT UP .FSHF &ČFDUT
'JHVSF Ə�ƍ EFĕOFT UISFF PQFSBUJPOT UIBU XJMM QSPWF VTFGVM XIFO UBTLT BSF KPJOFE BOE
UIFJS FČFDUT OFFE UP CF NFSHFE�
t CFI 

Ɖ | CFI 
Ɗ 	SFBE iCFIBWJPS Ɖ PUIFSXJTF CFIBWJPS Ɗw
 DPNCJOFT UXP PQUJPOBM CF�

IBWJPST� JU SFUVSOT UIF ĕSTU JG JU FYJTUT PUIFSXJTF UIF TFDPOE�
t FGGƉ += FGGƊ NFSHFT FČFDUT PO BDUPST GSPN UXP UBTLT� UIF TFUT PG TQBXOFE BDUPST

BSF KPJOFE BOE UIF CFIBWJPST BSF DPNCJOFE 	QSFGFSSJOH UIF TFDPOE PWFS UIF ĕSTU JG
CPUI FYJTU
� ćJT PQFSBUJPO XJMM PDDVS XIFO B UBTL JT KPJOFE JOUP BOPUIFS�

t DUYƉ += DUYƊ NFSHFT UIF USBOTBDUJPOBM DPOUFYU PG B TFDPOE 	ADIJME�
 UBTL JOUP B ĕSTU
	AQBSFOU�
 UBTL XIJDI PDDVST XIFO B USBOTBDUJPOBM UBTL JT KPJOFE JOUP BOPUIFS� 8F
EFĕOF UIBU�
o ćF USBOTBDUJPO JEFOUJĕFST OFFE UP CF UIF TBNF� B USBOTBDUJPOBM UBTL DBO POMZ

CF NFSHFE CZ BOPUIFS UBTL JO UIF TBNF USBOTBDUJPO�
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Ʊ�Ƭ 3FEVDUJPO 3VMFT

o ćF ĕSTU UBTL JT QFSGPSNJOH UIF KPJO TP JU LFFQT JUT TOBQTIPU�
o ćF MPDBM TUPSF PG UIF TFDPOE JT BEEFE UP UIF ĕSTU TPMWJOH DPOĘJDUT CZ QSFGFSSJOH

UIF WFSTJPO JO UIF TFDPOE UBTL� *O 1VSF$IPDPMB XF XJMM OPU DPOTJEFS DVTUPN
DPOĘJDU SFTPMVUJPO GVODUJPOT 	BT JO 4FDUJPO ƌ�Ƌ�Ɗ
� *OTUFBE XF BMXBZT VTF UIF
EFGBVMU DPOĘJDU SFTPMVUJPO GVODUJPO XIJDI QSFGFST UIF WBMVF GSPN UIF DIJME UBTL
PWFS UIBU PG UIF QBSFOU�

o ćF FČFDUT PO BDUPST PG UIF TFDPOE BSF BEEFE UP UIF ĕSTU� *O DBTF PG DPOĘJDUJOH
becomeT UIF POF GSPN UIF TFDPOE UBTL JT QSFGFSSFE�

CFI 
Ɖ | CFI 

Ɗ =

{
CFI 

Ɖ JG CFI 
Ɖ ̸= •

CFI 
Ɗ PUIFSXJTF

⟨"Ɖ, CFI 
Ɖ⟩+= ⟨"Ɗ, CFI 

Ɗ⟩ = ⟨"Ɖ ∪ "Ɗ, CFI 
Ɗ | CFI 

Ɖ⟩
⟨O, σƉ, δƉ, FGGƉ⟩+= ⟨O, σƊ, δƊ, FGGƊ⟩ = ⟨O, σƉ, δƉ :: δƊ, FGGƉ += FGGƊ⟩

'JHVSF Ə�ƍ� ćF PQFSBUPS | 	iPUIFSXJTFw
 DPNCJOFT PQUJPOBM CFIBWJPST� += NFSHFT FČFDUT PO
BDUPST PS USBOTBDUJPOBM DPOUFYUT�

Ə�Ɗ 3FEVDUJPO 3VMFT
8F DBO OPX EFTDSJCF UIF SFEVDUJPO SFMBUJPO→ PG 1VSF$IPDPMB� 8F TUBSU XJUI UIF CBTF
MBOHVBHF 	4FDUJPO Ə�Ɗ�Ɖ
 BOE UIFO EFĕOF UIF PQFSBUJPOT PO GVUVSFT 	4FDUJPO Ə�Ɗ�Ɗ

USBOTBDUJPOT 	4FDUJPO Ə�Ɗ�Ƌ
 BOE BDUPST 	4FDUJPO Ə�Ɗ�ƌ
� ćFTF SVMFT BSF NPEJĕDBUJPOT
o TPNFUJNFT TNBMM TPNFUJNFT MBSHF o PG UIPTF GSPN $IBQUFS Ɗ�

Ə�Ɗ�Ɖ #BTF -BOHVBHF

DPOHSVFODF]D
⟨", 5 ·∪ ⟨G, B, E [F], 'T, 'K, FGG, DUY ⟩, µ, τ , σ⟩
→ ⟨", 5 ·∪ ⟨G, B, E [F′], 'T, 'K, FGG, DUY ⟩, µ, τ , σ⟩

JG F →C F′

"T CFGPSF B DPOHSVFODF SVMF BMMPXT UIF CBTF MBOHVBHF 	UIF GVODUJPOBM DBMDVMVT
GSPN$IBQUFS Ɗ
 UP CF VTFE JO BOZ DPOUFYU XIFUIFS JO PS PVU B USBOTBDUJPO BOEXIFUIFS
JO B EFĕOJUJWF PS B UFOUBUJWF UVSO�

Ə�Ɗ�Ɗ 'VUVSFT
8F EFĕOF IPX UP GPSL BOE KPJO B GVUVSF�
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$IBQUFS Ʊ� 1VSF$IPDPMB� BO 0QFSBUJPOBM 4FNBOUJDT

GPSL]D
⟨", 5 ·∪ ⟨G, B, E [fork F], 'T, 'K, FGG, DUY ⟩, µ, τ , σ⟩
→ ⟨", 5 ·∪ ⟨G, B, E [G�], 'T ∪ G�, 'K, FGG, DUY

 ⟩ ·∪ UBTL�, µ, τ , σ⟩
XJUI G� GSFTI

DUY 
� =

{
• JG DUY = •
⟨O, σ :: δ, ∅, ⟨∅, • ⟩⟩ JG DUY = ⟨O, σ, δ, ⟨", CFI ⟩⟩

	PVUTJEF USBOTBDUJPO

	JO USBOTBDUJPO


UBTL� = ⟨G�, B, F, ∅, 'K, ⟨∅, • ⟩, DUY 
�⟩

GPSL "T CFGPSF GPSLJOH B GVUVSF DSFBUFT B OFX UBTL UP FWBMVBUF UIF HJWFO FYQSFTTJPO�
*O DPOUSBTU UP SFHVMBS GVUVSFT UIF UBTL DBO OPX CF USBOTBDUJPOBM JG JU XBT GPSLFE JO B
USBOTBDUJPO� *O UIBU DBTF JU XJMM IBWF B USBOTBDUJPOBM DPOUFYU DPOUBJOJOH�
t B SFGFSFODF UP UIF USBOTBDUJPO VTJOH JUT JE O�
t B TOBQTIPU DPSSFTQPOEJOH UP UIF USBOTBDUJPOBM TUBUF BU UIF DVSSFOU QPJOU XIJDI JT
σ :: δ�

t BO FNQUZ MPDBM TUPSF� BOE
t OP FČFDUT PO BDUPST�

" OFX UBTL�T TFU PG TQBXOFE UBTLT 	'T
 JT FNQUZ BT JU IBT OPU TQBXOFE BOZ UBTLT� 0O
UIF PUIFS IBOE JUT KPJOFE UBTLT 'K BSF DPQJFE GSPN JUT QBSFOU� XIFO UIFTF BSF KPJOFE
BHBJO UIFJS FČFDUT TIPVME OPU CF BQQMJFE BHBJO�

KPJO ćFSF BSF UXP SVMFT UP KPJO GVUVSFT� XIFO KPJOJOH B GVUVSF GPS UIF ĕSTU UJNFXJUIJO
UIF TBNF BDUPS BOE XIFO KPJOJOH B GVUVSF TVCTFRVFOUMZ PS XJUIJO BOPUIFS BDUPS�
KPJOƉ]D
⟨", 5 ·∪ ⟨G, B, E [join G�], 'T, 'K, FGG, DUY

 ⟩ ·∪ UBTL�, µ, τ , σ⟩
→ ⟨", 5 ·∪ ⟨G, B, E [W], 'T, 'K ∪ '�K ∪ G�, FGG+, DUY

 
+⟩ ·∪ UBTL�, µ, τ , σ⟩

XIFSF UBTL� = ⟨G�, B, W, '�T , '�K , FGG�, DUY
 
�⟩ 	TBNF BDUPS


JG G� /∈ 'K 	ĕSTU KPJO

'�T ⊆ '�K 	NVTU IBWF KPJOFE JUT DIJMESFO


XJUI FGG+ = FGG += FGG�

DUY 
+ =

⎧
⎨

⎩

• JG DUY = • BOE DUY 
� = •

DUY JG DUY ̸= • BOE DUY 
� = •

DUY += DUY 
� JG DUY ̸= • BOE DUY 

� ̸= •

	CPUI OPO�USBOTBDUJPOBM

	OPO�UY�BM JOUP USBOTBDUJPOBM


	CPUI USBOTBDUJPOBM


KPJOƊ]D
⟨", 5 ·∪ ⟨G, B, E [join G�], 'T, 'K, FGG, DUY

 ⟩ ·∪ UBTL�, µ, τ , σ⟩
→ ⟨", 5 ·∪ ⟨G, B, E [W], 'T, 'K, FGG, DUY ⟩ ·∪ UBTL�, µ, τ , σ⟩
XIFSF UBTL� = ⟨G�, B�, W, '�T , '�K , FGG�, DUY

 
�⟩

JG G� ∈ 'K 	TVCTFRVFOU KPJO

PS B ̸= B� 	EJČFSFOU BDUPS


8IFO B GVUVSF GSPN UIF TBNF BDUPS 	BMM PDDVSSFODFT PG B BSF FRVBM
 JT KPJOFE GPS
UIF ĕSTU UJNF 	G� /∈ 'K
 JUT FČFDUT TIPVME CF NFSHFE JOUP UIF UBTL QFSGPSNJOH UIF KPJO�

ƉƋƐ



Ʊ�Ƭ 3FEVDUJPO 3VMFT

$PODSFUFMZ UIJT NFBOT JUT FČFDUT PO BDUPST 	FGG
 BOE UIF USBOTBDUJPOBM TUBUF 	DUY
 BSF
NFSHFE� 8F EP UIJT VTJOH UIF PQFSBUPS += EFĕOFE JO UIF QSFWJPVT TFDUJPO�

.FSHJOH B USBOTBDUJPOBM UBTL JOUP B OPO�USBOTBDUJPOBM UBTL JT OPU BMMPXFE� UIF USBOT�
BDUJPOBM UBTL IBT FČFDUT PO USBOTBDUJPOBM TUBUF UIBU UIF OPO�USBOTBDUJPOBM UBTL DBOOPU
IBOEMF� ćF PQQPTJUF NFSHJOH B OPO�USBOTBDUJPOBM UBTL JOUP B USBOTBDUJPOBM UBTL JT OP
QSPCMFN� UIF OPO�USBOTBDUJPOBM UBTL EPFT OPU IBWF BOZ TJEF FČFDUT TP JU DBO TJNQMZ CF
SFTPMWFE UP JUT WBMVF�

'VSUIFS XF SFRVJSF UIBU UIF UBTL G� IBT KPJOFE BMM PG JUT DIJMESFO 	'�T ⊆ '�K 
� "T B
SFTVMU UIF FČFDUT PG JUT DIJMESFO IBWF CFFO NFSHFE JOUP G� BOE BSF OPX QSFTFOU JO JUT
FGG BOE DUY BMMPXJOH VT UP TJNQMZ NFSHF UIFTF FČFDUT� *G UIF UBTL G� IBT OPU KPJOFE BMM
JUT DIJMESFO OP SVMF JT BQQMJDBCMF� JO UIF BDUVBM JNQMFNFOUBUJPO PG $IPDPMB BO FSSPS JT
SBJTFE�

ćF SVMF KPJOƊ]D TJNQMZ SFTPMWFT UP UIF GVUVSF�T WBMVF XJUIPVU NFSHJOH FČFDUT� ćJT
PDDVST JO UXP DBTFT�
t *O UIF DBTF PG TVCTFRVFOU KPJOT� UIF FČFDUT BSF BMSFBEZ QSFTFOU BOE EP OPU OFFE UP

CF NFSHFE BHBJO�
t *O UIF DBTF PG KPJOJOH B GVUVSF GSPN B EJČFSFOU BDUPS� ćJT DBO PDDVS XIFO BO BDUPS

TFOET B GVUVSF UP BOPUIFS BDUPS JO B NFTTBHF� .FSHJOH UIF FČFDUT PG UIF UBTL G�
GSPN BDUPS B� JOUP UIF UBTL G PG BDUPS B JT OPU EFTJSBCMF� FČFDUT PO BDUPST TIPVME OPU
CF AUSBOTGFSSFE� CFUXFFO BDUPST BT UIJT DPVME DBVTF UIFN UP CF EVQMJDBUFE� *OTUFBE
UIFTF FČFDUT XJMM CF NFSHFE JOUP UIF QBSFOU PG G� XIJDI FYJTUT JO UIF TBNF BDUPS
B� BT B SFTVMU PG UIF SVMF UIBU SFRVJSFT QBSFOU UBTLT UP KPJO BMM PG UIFJS DIJMESFO 	B
DPOEJUJPO PO UIF SVMFT KPJOƉ]D BOE UVSO�FOE]D
�

Ə�Ɗ�Ƌ 5SBOTBDUJPOT
ćF SVMFT IBOEMJOH USBOTBDUJPOT BSF TIPXO JO 'JHVSF Ə�Ǝ� 8F EFTDSJCF UIFJS DIBOHFT
DPNQBSFE UP 4FDUJPO Ɗ�ƌ�ƍ GSPN $IBQUFS Ɗ 	QBHF ƋƉ
� ćF NPTU TJHOJĕDBOU DIBOHFT BSF
UP UIF DPNNJU SVMFT UP UBLF JOUP BDDPVOU UIBU JO B UFOUBUJWF UVSO UIF DVSSFOU USBOTBDUJPO
EFQFOET PO BOPUIFS USBOTBDUJPO�

BUPNJD SFG EFSFG SFG�TFU 3VMF BUPNJD]D IBT CFFO NPEJĕFE UP TUPSF UIF USBOTBD�
UJPOBM TUBUF JO DUY JOTUFBE PG EJSFDUMZ JO UIF UBTL� ćF SVMFT BUPNJDUY]D SFG]D EFSFG]D BOE
SFG�TFU]D XPSL JO BMNPTU FYBDUMZ UIF TBNF XBZ BT CFGPSF�

DPNNJU ćF SVMFT IBOEMJOH B DPNNJU IBWF CFFO NPEJĕFE UP UBLF JOUP BDDPVOU
XIFUIFS UIF DVSSFOU UVSO JT EFĕOJUJWF PS UFOUBUJWF� 'JHVSF Ə�Ə TVNNBSJ[FT XIJDI DPN�
NJU SVMF BQQMJFT JO XIJDI TJUVBUJPO� #FGPSF B USBOTBDUJPO DBO TVDDFTTGVMMZ DPNNJU JO
SVMF DPNNJU✓]D UIF DVSSFOU UVSO NVTU FJUIFS IBWF OP EFQFOEFODZ PS JUT EFQFOEFODZ
NVTU IBWF TVDDFFEFE 	O 

EFQ = • PS τ(O 
EFQ) = ⟨✓, F⟩
� ćJT FOTVSFT UIBU DIBOHFT UIBU

ƉƋƑ



$IBQUFS Ʊ� 1VSF$IPDPMB� BO 0QFSBUJPOBM 4FNBOUJDT

BUPNJD]D
⟨", 5 ·∪ ⟨G, B, E [atomic F], 'T, 'K, FGG, •⟩, µ, τ , σ⟩
→ ⟨", 5 ·∪ ⟨G, B, E [atomic⋆ F], 'T, 'K, FGG, DUY⟩, µ, τ [O (→ ⟨◃, F⟩], σ⟩

XJUI O GSFTI
DUY = ⟨O, σ, ∅, ⟨∅, • ⟩⟩

BUPNJDUY]D
⟨", 5 ·∪ ⟨G, B, E [atomic F], 'T, 'K, FGG, DUY⟩, µ, τ , σ⟩
→ ⟨", 5 ·∪ ⟨G, B, E [F], 'T, 'K, FGG, DUY⟩, µ, τ , σ⟩

SFG]D
⟨", 5 ·∪ ⟨G, B, E [ref W], 'T, 'K, FGG, ⟨O, σ, δ, FGGUY⟩⟩, µ, τ , σ⟩
→ ⟨", 5 ·∪ ⟨G, B, E [S], 'T, 'K, FGG, ⟨O, σ, δ[S (→ W], FGGUY⟩⟩, µ, τ , σ⟩

XJUI S GSFTI

EFSFG]D
⟨", 5 ·∪ ⟨G, B, E [deref S], 'T, 'K, FGG, ⟨O, σ, δ, FGGUY⟩⟩, µ, τ , σ⟩
→ ⟨", 5 ·∪ ⟨G, B, E [(σ :: δ)(S)], 'T, 'K, FGG, ⟨O, σ, δ, FGGUY⟩⟩, µ, τ , σ⟩

SFG�TFU]D
⟨", 5 ·∪ ⟨G, B, E [ref-set S W], 'T, 'K, FGG, ⟨O, σ, δ, FGGUY⟩⟩, µ, τ , σ⟩
→ ⟨", 5 ·∪ ⟨G, B, E [W], 'T, 'K, FGG, ⟨O, σ, δ[S (→ W], FGGUY⟩⟩, µ, τ , σ⟩

DPNNJU✓]D
⟨" ·∪ BDU, 5 ·∪ ⟨G, B, E [atomic⋆ W], 'T, 'K, FGG, ⟨O, σ, δ, FGGUY⟩⟩, µ, τ [O (→ ⟨◃, F⟩], σ⟩
→ ⟨" ·∪ BDU, 5 ·∪ ⟨G, B, E [W], 'T, 'K, FGG+, •⟩, µ, τ [O (→ ⟨✓, F⟩], σ :: δ⟩
XIFSF BDU = ⟨B, GSPPU, CFI, O 

EFQ⟩
JG ∀S ∈ EPN(δ) : σ(S) = σ(S) 	OP DPOĘJDUT

∀G� ∈ UY-GVUT(5, O) : G� ∈ 'K 	BMM GVUVSFT TQBXOFE JO UIF UY NVTU IBWF CFFO KPJOFE

O 
EFQ = • PS τ(O 

EFQ) = ⟨✓, F⟩ 	JO B EFĕOJUJWF PS B TVDDFTTGVM UFOUBUJWF UVSO

XJUI FGG+ = FGG += FGGUY

DPNNJU✗]D
⟨", 5 ·∪ ⟨G, B, E [atomic⋆ W], 'T, 'K, FGG, ⟨O, σ, δ, FGGUY⟩⟩, µ, τ [O (→ ⟨◃, F⟩], σ⟩
→ ⟨", 5 ·∪ ⟨G, B, E [atomic F], 'T, 'K, FGG, •⟩, µ, τ [O (→ ⟨✗, F⟩], σ⟩

JG ∃S ∈ EPN(δ) : σ(S) ̸= σ(S) 	B DPOĘJDU PDDVSSFE

∀G� ∈ UY-GVUT(5, O) : G� ∈ 'K 	BMM GVUVSFT TQBXOFE JO UIF UY NVTU IBWF CFFO KPJOFE


DPNNJUt]D
⟨" ·∪ BDU, 5 ·∪ ⟨G, B, E [atomic⋆ W], 'T, 'K, FGG, DUY⟩, µ, τ , σ⟩
→ ⟨" ·∪ BDU′, 5′, µ, τ ′, σ⟩
XIFSF BDU = ⟨B, GSPPU, CFI, OEFQ⟩

JG τ(OEFQ) = ⟨✗, F⟩ 	JO B GBJMFE UFOUBUJWF UVSO

XJUI BDU′ = ⟨B, • , CFI, • ⟩ 	SFTFU BDUPS UP JEMF TUBUF


5′ = 5 \ BDUPS-UBTLT(5, B) 	BCPSU BOE SFNPWF BMM UBTLT JO UIJT UVSO


τ ′(O) =
{
⟨✗, nil⟩ JG O ∈ BDUPS-UYT(B)
τ(O) PUIFSXJTF

	BCPSU BMM USBOTBDUJPOT JO UIJT
UVSO JODMVEJOH DVSSFOU


'JHVSF Ə�Ǝ� 3VMFT DPODFSOJOH USBOTBDUJPOT�
Ɖƌƈ



Ʊ�Ƭ 3FEVDUJPO 3VMFT

"OZ DPOĘJDU 

%FQFOEFODZ 

4UBUF PG EFQFOEFODZ 

DPNNJU✗]D

DPNNJU✓]D

XBJU

DPNNJU✓]D

DPNNJUt]D

:FT

/P
/P

:FT ◃ SVOOJOH

✓ TVDDFFEFE
✗ BCPSUFE

'JHVSF Ə�Ə� ćJT EJBHSBN JMMVTUSBUFT XIJDI DPNNJU SVMFT BQQMJFT JO XIJDI TDFOBSJP�

BSF UIF SFTVMU PG B UFOUBUJWF NFTTBHF BSF POMZ XSJUUFO UP UIF USBOTBDUJPOBM IFBQ VOUJM JU
JT TVSF UIF EFQFOEFODZ IBT TVDDFFEFE� *O DPNNJU✗]D OP TVDI DPOEJUJPO JT OFDFTTBSZ�
XIFO B DPOĘJDU JT EFUFDUFE UIF USBOTBDUJPO XJMM OPU XSJUF BOZ DIBOHFT UP UIF USBOT�
BDUJPOBM IFBQ BOZXBZ� 8F BMTP BEEFE UIF SVMF DPNNJUt]D XIJDI NBUDIFT XIFO UIF
DVSSFOU USBOTBDUJPO SVOT JO B UFOUBUJWF UVSO XIPTF EFQFOEFODZ GBJMFE 	OEFQ ̸= • BOE
τ(OEFQ) = ⟨✗, F⟩
� ćFO UIF GPMMPXJOH IBQQFOT�

t ćF DVSSFOU UVSO JT BCBOEPOFE BOE UIF BDUPS SFUVSOT UP BO JEMF TUBUF� "OZ DIBOHFT
UIBU PDDVSSFE JO UIF DVSSFOU UVSO BSF UIVT EJTDBSEFE BT UIFZ BSF UIF SFTVMU PG BO
JOWBMJE NFTTBHF�

t "MM UBTLT UIBU XFSF BDUJWF JO UIJT UVSO BSF BCPSUFE BOE SFNPWFE�
t ćJT USBOTBDUJPO BOE BOZ PUIFS USBOTBDUJPOT UIBU BSF BDUJWF JO UIJT UVSO BSF NBSLFE

BT BCPSUFE JO UIF NBQ τ � ćJT JT OFDFTTBSZ CFDBVTF UIFTF USBOTBDUJPOT NBZ IBWF
TFOU UFOUBUJWF NFTTBHFT XIJDI BSF OPX JOWBMJE� /PUF UIBU UIFTF USBOTBDUJPOT XJMM
OPU IBWF DPNNJUUFE ZFU BT UIFZ NVTU BMTP XBJU GPS UIF EFQFOEFODZ� UIFZ BSF FJUIFS
TUJMM BDUJWF 	◃
 PS UIFZ IBWF BCPSUFE 	✗
� 	8F DBO TBGFMZ TFU UIFJS FYQSFTTJPO UP nil
BT UIFZ XJMM OFWFS SFUSZ BOZNPSF�


/P SVMF BQQMJFT XIFO UIF EFQFOEFODZ JT TUJMM SVOOJOH J�F� OEFQ ̸= • BOE τ(OEFQ) =
⟨◃, F⟩� "T B SFTVMU UIF SFEVDUJPO PG UIF DVSSFOU UBTL XJMM CF TUVDL VOUJM JUT EFQFOEFODZ
FJUIFS DPNNJUT PS BCPSUT BU XIJDI QPJOU FJUIFS DPNNJU✓]D PS DPNNJUt]D BQQMJFT BOE
UIF DVSSFOU UBTL DBO QSPDFFE�

"EEJUJPOBMMZ UIF SVMFT DPNNJU✓]D BOE DPNNJU✗]D IBWF UXP PUIFS NPEJĕDBUJPOT�

t "MM UBTLT UIBU XFSF GPSLFE JO B USBOTBDUJPO NVTU IBWF CFFO KPJOFE CFGPSF UIF DPN�
NJU� ćJT FOTVSFT UIBU BMM FČFDUT IBWF CFFO NFSHFE JOUP UIF SPPU UBTL PG UIJT USBOT�
BDUJPO BOE DBO UIFSFGPSF CF BQQMJFE BUPNJDBMMZ� 1SPHSBNT UIBU EP OPU BEIFSF UP
UIJT BSF JOWBMJE� JO UIF BDUVBM JNQMFNFOUBUJPO BO FSSPS JT SBJTFE UIFO�

ƉƌƉ



$IBQUFS Ʊ� 1VSF$IPDPMB� BO 0QFSBUJPOBM 4FNBOUJDT

t 6QPO B TVDDFTTGVM DPNNJU UIF FČFDUT PO BDUPST 	FGG
 UIBU PDDVSSFE JO UIF USBOTBD�
UJPO BSF NFSHFE JOUP UIF UBTL 	SVMF DPNNJU✓]D
� *G UIF USBOTBDUJPO BCPSUT UIFZ BSF
EJTDBSEFE 	SVMF DPNNJU✗]D
�

Ə�Ɗ�ƌ "DUPST
ćFPQFSBUJPOT JOWPMWJOH BDUPST TIPXO JO 'JHVSF Ə�Ɛ OFFE UP UBLF JOUP BDDPVOUXIFUIFS
B USBOTBDUJPO PS UFOUBUJWF UVSO JT BDUJWF PS OFJUIFS� 5BCMF ƍ�Ə GSPN$IBQUFS ƍ 	QBHF Ɖƈƌ

EFTDSJCFE IPX FBDI PQFSBUJPO XPSLT JO FBDI PG UISFF DPOUFYUT� JO B USBOTBDUJPO PVU�
TJEF B USBOTBDUJPO JO B UFOUBUJWF UVSO BOE PVUTJEF B USBOTBDUJPO JO B EFĕOJUJWF UVSO� ćF
SFEVDUJPO SVMFT MJLFXJTF EJČFSFOUJBUF CFUXFFO UIFTF DBTFT�

TFMG ćF SVMF TFMG]D JT VONPEJĕFE TJNQMZ SFUVSOJOH UIF BEESFTT PG UIF DVSSFOU BDUPS�

TQBXO spawn DSFBUFT B OFX BDUPS CVU UIJT BDUPS JT OPU JNNFEJBUFMZ BDUJWF 	JU JT OPU
BEEFE UP UIF TFU " JO UIF QSPHSBN TUBUF
� *OTUFBE�
t *G OP USBOTBDUJPO JT BDUJWF UIF OFX BDUPS JT TUPSFE JO UIF FČFDUT FGG PG UIF DVSSFOU

UBTL� ćJT PDDVST CPUI JO EFĕOJUJWF BOE UFOUBUJWF UVSOT� ćF BDUPS XJMM CFDPNF
BDUJWF JG BOE XIFO UIF DVSSFOU UVSO FOET TVDDFTTGVMMZ 	SVMF UVSO�FOE]D
� /PUF UIBU
UIJT JT EJČFSFOU GSPN UIF JNQMFNFOUBUJPO JO $IBQUFS Ɛ XIFSF UIF BDUPS CFDPNFT
BDUJWF JNNFEJBUFMZ JO EFĕOJUJWF UVSOT�

t *G B USBOTBDUJPO JT BDUJWF UIF OFX BDUPS XJMM CF TUPSFE JO UIF FČFDUT FGGUY PG UIF
USBOTBDUJPO� *G UIF USBOTBDUJPO DPNNJUT TVDDFTTGVMMZ UIFTF FČFDUT XJMM CF NFSHFE
JOUP UIF FČFDUT PG UIF UBTL VQPO DPNNJU� ćFTF XJMM FWFOUVBMMZ CF FYFDVUFE BU UIF
FOE PG UIF UVSO� *G UIF USBOTBDUJPO BCPSUT UIF FČFDUT BSF EJTDBSEFE�

ćF JOCPY JT DSFBUFE JNNFEJBUFMZ UIPVHI BT JU TIPVME CF BCMF UP SFDFJWF 	QPTTJCMZ UFO�
UBUJWF
 NFTTBHFT JNNFEJBUFMZ� 	*G FWFOUVBMMZ UIF BDUPS JT EJTDBSEFE XF EP OPU SFNPWF
UIF JOCPY BMUIPVHI JU JT OP MPOHFS VTFE BOE DPVME CF DMFBOFE VQ�


CFDPNF become TJNJMBSMZ EJTUJOHVJTIFT UIFTF UXP DBTFT� *G OP USBOTBDUJPO JT BDUJWF
UIF FČFDU JT TUPSFE JO UIF UBTL� PUIFSXJTF JU JT TUPSFE JO UIF USBOTBDUJPO� "HBJO UIF
FČFDUT JO B USBOTBDUJPO BSF NFSHFE JOUP UIF UBTL XIFO UIF USBOTBDUJPO DPNNJUT� BOE
UIF FČFDUT CFDPNF BDUJWF JG BOE XIFO UIF DVSSFOU UVSO FOET TVDDFTTGVMMZ�

TFOE "T FYQMBJOFE JO $IBQUFS ƍ send BMXBZT JNNFEJBUFMZ TFOET UIF NFTTBHF CVU
QPTTJCMZ JU JT UFOUBUJWF� ćJT JT JOEJDBUFE UISPVHI BO BEEJUJPOBM QBSBNFUFS O 

NTH XIJDI
SFGFST UP UIF DVSSFOU USBOTBDUJPO JO B USBOTBDUJPO UP UIF DVSSFOU EFQFOEFODZ JO B UFOUB�
UJWF UVSO PS JT • JO B EFĕOJUJWF UVSO� ćJT DPSSFTQPOET UP UIF UISFF DBTFT EFTDSJCFE JO
5BCMF ƍ�Ə 	QBHF Ɖƈƌ
� )FODF NFTTBHFT XJUIPVU B EFQFOEFODZ 	•
 BSF EFĕOJUJWF UIPTF
XJUI B EFQFOEFODZ BSF UFOUBUJWF�

ƉƌƊ



Ʊ�Ƭ 3FEVDUJPO 3VMFT

TFMG]D
⟨", 5 ·∪ ⟨G, B, E [self], 'T, 'K, FGG, DUY ⟩, µ, τ , σ⟩
→ ⟨", 5 ·∪ ⟨G, B, E [B], 'T, 'K, FGG, DUY ⟩, µ, τ , σ⟩
TQBXO]D
⟨", 5 ·∪ ⟨G, B, E [spawn C� W], 'T, 'K, FGG, DUY

 ⟩, µ, τ , σ⟩
→ ⟨", 5 ·∪ ⟨G, B, E [B�], 'T, 'K, FGG

′, DUY′⟩, µ[B� (→ []], τ , σ⟩
XJUI B� GSFTI

BDU� = ⟨B�, • , ⟨C�, W⟩, • ⟩⎧
⎪⎪⎨

⎪⎪⎩

JG DUY = • : DUY′ = •
FGG′ = FGG += ⟨BDU�, • ⟩

JG DUY = ⟨O, σ, δ, FGGUY⟩ : DUY′ = ⟨O, σ, δ, FGGUY += ⟨BDU�, • ⟩⟩
FGG′ = FGG

	PVUTJEF USBOTBDUJPO


	JO USBOTBDUJPO


CFDPNF]D
⟨", 5 ·∪ ⟨G, B, E [become C� W], 'T, 'K, FGG, DUY

 ⟩, µ, τ , σ⟩
→ ⟨", 5 ·∪ ⟨G, B, E [nil], 'T, 'K, FGG′, DUY′⟩, µ, τ , σ⟩

XJUI

⎧
⎪⎪⎨

⎪⎪⎩

JG DUY = • : DUY′ = •
FGG′ = FGG += ⟨∅, ⟨C�, W⟩⟩

JG DUY = ⟨O, σ, δ, FGGUY⟩ : DUY′ = ⟨O, σ, δ, FGGUY += ⟨∅, ⟨C�, W⟩⟩⟩
FGG′ = FGG

	PVUTJEF USBOTBDUJPO


	JO USBOTBDUJPO


TFOE]D
⟨" ·∪ BDU, 5 ·∪ ⟨G, B, E [send BUP W], 'T, 'K, FGG, DUY ⟩, µ[BUP (→ NTH], τ , σ⟩
→ ⟨" ·∪ BDU, 5 ·∪ ⟨G, B, E [nil], 'T, 'K, FGG′, DUY′⟩, µ[BUP (→ NTH · NTH], τ , σ⟩
XIFSF BDU = ⟨B, GSPPU, CFI, O 

EFQ⟩
XJUI NTH = ⟨B, BUP, W, O 

NTH⟩

O 
NTH =

⎧
⎨

⎩

OUY JG DUY = ⟨OUY, σ, δ, FGGUY⟩
O 
EFQ JG DUY = • BOE O 

EFQ ̸= •
• PUIFSXJTF

	JO USBOTBDUJPO

	JO UFOUBUJWF UVSO


	EFĕOJUJWF

SFDFJWF]D
⟨" ·∪ ⟨B, • , CFI, • ⟩, 5, µ[B (→ ⟨BGSPN, B, WNTH, O 

EFQ⟩ · NTH], τ , σ⟩
→ ⟨" ·∪ ⟨B, G�, CFI, O

 
EFQ⟩, 5 ·∪ UBTL, µ[B (→ NTH], τ , σ⟩

XJUI G� GSFTI F� = BQQMZ-CFIBWJPS(CFI, WNTH)
UBTL = ⟨G�, B, F�, ∅, ∅, FGG, • ⟩ FGG = ⟨∅, • ⟩

UVSO�FOE]D
⟨" ·∪ ⟨B, GSPPU, CFI, O 

EFQ⟩, 5 ·∪ UBTLSPPU, µ, τ , σ⟩
→ ⟨" ·∪ ⟨B, • , CFI′, • ⟩ ·∪ "′, 5 ·∪ UBTLSPPU, µ, τ , σ⟩
XIFSF UBTLSPPU = ⟨GSPPU, B, W, 'T, 'K, ⟨", CFI ⟩, • ⟩

JG 'T ⊆ 'K 	BMM GVUVSFT TQBXOFE JO UIF UVSO NVTU IBWF CFFO KPJOFE


XJUI

⎧
⎪⎪⎨

⎪⎪⎩

JG O 
EFQ = • PS τ(O 

EFQ) = ⟨✓, F⟩ : CFI′ = CFI | CFI
"′ = "

JG τ(O 
EFQ) = ⟨✗, F⟩ : CFI′ = CFI

"′ = ∅

	EFĕOJUJWF PS TVDDFTT�
GVM UFOUBUJWF UVSO


	GBJMFE UFOUBUJWF UVSO


'JHVSF Ə�Ɛ� 3VMFT DPODFSOJOH BDUPST�
ƉƌƋ



$IBQUFS Ʊ� 1VSF$IPDPMB� BO 0QFSBUJPOBM 4FNBOUJDT

3FDFJWF 	TUBSU PG UVSO
 ćF SVMF SFDFJWF]D JT USJHHFSFE XIFO BO BDUPS UBLFT B NFTTBHF
GSPN JUT JOCPY� "T CFGPSF JU CJOET UIF QBSBNFUFST PG UIF FYQSFTTJPO JO UIF CFIBWJPS UP
UIF SFTQFDUJWF WBMVFT JO UIF JOUFSOBM TUBUF BOE UIF NFTTBHF� " SPPU UBTL JT DSFBUFE UP
FWBMVBUF UIJT FYQSFTTJPO BOE JUT GVUVSF JT TUPSFE JO UIF BDUPS� *G UIF NFTTBHF JT UFOUBUJWF
JUT EFQFOEFODZ JT DPQJFE UP UIF BDUPS DBVTJOH UIF UVSO UP CF UFOUBUJWF BT XFMM� 	O 

EFQ DBO
CF • UPP JO XIJDI DBTF UIF UVSO JT EFĕOJUJWF�


&OE PG UVSO 'JOBMMZ UIF SVMF UVSO�FOE]D JT FWBMVBUFE XIFO UIF UVSO FOET J�F� XIFO
JUT SPPU UBTL IBT CFFO SFEVDFE UP B TJOHMF WBMVF� ćF BDUPS NPWFT UP BO JEMF TUBUF 	JUT
SPPU GVUVSF JT SFQMBDFE XJUI •
 BOE MPTFT JUT EFQFOEFODZ� 8F SFRVJSF UIBU UIF SPPU UBTL
IBT KPJOFE BMM JUT DIJMESFO� *O UVSO UIFTF DIJMESFO NVTU IBWF KPJOFE UIFJS DIJMESFO
	SFRVJSFE CZ SVMF KPJOƉ]D
� 	*O DPOUSBTU UP UIF GPSNBM TFNBOUJDT UIF JNQMFNFOUBUJPO
SBJTFT BO FSSPS JG UIJT JT OPU UIF DBTF�
 "T B SFTVMU UIF FČFDUT PG BMM UBTLT UIBU XFSF DSFBUFE
JO UIJT UVSO IBWF CFFO NFSHFE BOE BSF QSFTFOU JO UIF SPPU UBTL�T FGG� ćF UVSO DBO OPX
TVDDFFE PS GBJM�
t " UVSO TVDDFFET XIFO JU JT EFĕOJUJWF 	JUT EFQFOEFODZ JT •
 PS XIFO JU JT UFOUBUJWF

BOE JUT EFQFOEFODZ DPNNJUUFE� *O UIBU DBTF JUT EFMBZFE FČFDUT DBO CF FYFDVUFE�
JUT CFIBWJPS JT VQEBUFE 	JG OFDFTTBSZ
 BOE OFXMZ TQBXOFE BDUPST CFDPNF BDUJWF�

t " UVSO GBJMT XIFO JU JT UFOUBUJWF BOE JUT EFQFOEFODZ IBT BCPSUFE� ćFO JUT EF�
MBZFE FČFDUT EP OPU CFDPNF WJTJCMF� JUT CFIBWJPS SFNBJOT UIF TBNF BOE UIF BDUPST
JU TQBXOFE BSF EJTDBSEFE�

*G UIF EFQFOEFODZ JT TUJMM FYFDVUJOH 	◃
 UIJT SVMF XJMM OPU CF BQQMJDBCMF� )FODF UIF
SFEVDUJPO PG UIJT BDUPS CFDPNFT TUVDL VOUJM UIF EFQFOEFODZ ĕOJTIFT BU XIJDI QPJOU JU
XJMM FJUIFS TVDDFFE PS GBJM� *O UIF JNQMFNFOUBUJPO BO BDUPS FYFDVUJOH B UFOUBUJWF UVSO
XJMM XBJU BU UIF FOE PG UIF UVSO VOUJM JUT EFQFOEFODZ FJUIFS DPNNJUT PS BCPSUT�

Ə�Ƌ (VBSBOUFFT
*O UIJT TFDUJPO XF TIPXIPX UIF HVBSBOUFFT PG$IPDPMB DBO CF JOGFSSFE GSPN UIF GPSNBM
TFNBOUJDT� 8F XJMM OPU HJWF GPSNBM QSPPGT JO UIJT EJTTFSUBUJPO 	UIFTF BSF DPOTJEFSFE
GVUVSF XPSL
 CVU JOTUFBE XF BSHVF TMJHIUMZ NPSF JOGPSNBMMZ IPX UIF HVBSBOUFFT BSF
FNCFEEFE JO UIF GPSNBM TFNBOUJDT�

Ə�Ƌ�Ɖ *OUSBUSBOTBDUJPO %FUFSNJOBDZ
*OUSBUSBOTBDUJPO EFUFSNJOBDZ TUBUFT UIBU HJWFO UIF JOJUJBM TUBUF PG UIF USBOTBDUJPOBM
IFBQ B USBOTBDUJPO XJMM BMXBZT IBWF UIF TBNF SFTVMU BTTVNJOH UIBU BMM DPOĘJDU SFTP�
MVUJPO GVODUJPOT BSF EFUFSNJOBUF� *O UIJT TFDUJPO XF TIPX UIBU UIF TFNBOUJDT PG 1VSF�
$IPDPMB DPNQMJFT XJUI UIJT QSPQFSUZ�

Ɖƌƌ
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3FEVDUJPO PG B USBOTBDUJPO " USBOTBDUJPO TUBSUT XIFO UIF FYQSFTTJPO atomic F
JT FODPVOUFSFE 	BOE OP USBOTBDUJPO JT SVOOJOH ZFU
 BU XIJDI QPJOU UIF SVMF BUPNJD]D
USJHHFST� ćJT SVMF SFQMBDFT UIF FYQSFTTJPO XJUI atomic⋆ F� /FYU F XJMM CF SFEVDFE
QPTTJCMZ GPSLJOH OFX UBTLT� ćF USBOTBDUJPO DPNNJUT PS BCPSUT XIFO UIJT FYQSFTTJPO
IBT CFFO GVMMZ SFEVDFE UP B WBMVF XIFO FJUIFS PG UIF SVMFT DPNNJU✓]D PS DPNNJU✗]D
BQQMJFT� 	8F DBO TBGFMZ JHOPSF USBOTBDUJPOT UIBU BSF BCPSUFE XIFO UIFJS UVSO GBJMFE EVF
UP DPNNJUt]D BT UIFTF USBOTBDUJPOT EP OPU IBWF BOZ SFTVMU�


ćF SFEVDUJPO PG UIF USBOTBDUJPO�T FYQSFTTJPO F UP JUT ĕOBM WBMVF W DBO PDDVS BMPOH
EJČFSFOU QBUIT� XIFO UIF USBOTBDUJPO DPOUBJOT NVMUJQMF UBTLT UIFJS JOTUSVDUJPOT DBO
CF JOUFSMFBWFE JO EJČFSFOU PSEFST OPO�EFUFSNJOJTUJDBMMZ� *O 1VSF$IPDPMB UIJT OPO�
EFUFSNJOJTN JT JOUSPEVDFE JO UIF EFĕOJUJPO PG UIF QSPHSBN FWBMVBUJPO DPOUFYU P  JO
4FDUJPO Ə�Ɖ�Ƌ� XIFO SFEVDJOH B QSPHSBN TUBUF BOZ UBTL UIBU DBO CF SFEVDFE NBZ CF
DIPTFO UP CF SFEVDFE OFYU�

5P QSPWF JOUSBUSBOTBDUJPO EFUFSNJOBDZ XF OFFE UP TIPX UIBU BOZ WBMJE PSEFSJOH PG
UIF JOTUSVDUJPOT PG UIF USBOTBDUJPO�T UBTLT BMXBZT MFBET UP UIF TBNF FČFDUT� " USBOTBD�
UJPO IBT UISFF LJOET PG FČFDUT� 	Ɖ
 JUT ĕOBM WBMVF BęFS JU JT GVMMZ FWBMVBUFE 	Ɗ
 JUT FČFDUT
PO USBOTBDUJPOBM NFNPSZ BOE 	Ƌ
 JUT FČFDUT PO BDUPST� 8F DPOTJEFS FBDI TFQBSBUFMZ�

*UT ĕOBM WBMVF ćF ĕOBM WBMVF PG B USBOTBDUJPO JT OPU JOĘVFODFE CZ UIF PSEFS JO
XIJDI UIF JOTUSVDUJPOT PG JUT UBTLT BSF TDIFEVMFE� ćJT JT B SFTVMU PG UIF GBDU UIBU FBDI
UBTL SVOT JO JTPMBUJPO BOE POMZ SFBET BOE XSJUFT UP JUT PXO TOBQTIPU BOE MPDBM TUPSF�
"O JOTUSVDUJPO GSPN POF UBTL DBO UIVT OFWFS JOĘVFODF UIF SFTVMU PG BO JOTUSVDUJPO PG B
EJČFSFOU UBTL BOE IFODF FBDI UBTL BMXBZT IBT UIF TBNF SFTVMU� %JČFSFOU JOUFSMFBWJOHT
PG UIF TBNF JOTUSVDUJPOT UIFSFGPSF TUJMM MFBE UP UIF TBNF SFTVMU�

*UT FČFDUT PO USBOTBDUJPOBM NFNPSZ ćF FČFDUT PG B USBOTBDUJPO PO USBOTBDUJPOBM
NFNPSZ BSF BMTP BMXBZT EFUFSNJOJTUJD� &BDI UBTL SVOT JO JTPMBUJPO BOE HBUIFST JUT FG�
GFDUT JO JUT MPDBM TUPSF� 8IFO JU JT KPJOFE JUT FČFDUT BSF KPJOFE JOUP JUT QBSFOU VTJOH
DPOĘJDU SFTPMVUJPO GVODUJPOT UIBU XF BTTVNF UP CF EFUFSNJOBUF�

'VSUIFSNPSF UIF PSEFS PG UIF KPJOT JT ĕYFE� 8F SFRVJSF UIF QSPHSBNNFS UP FYQMJD�
JUMZ KPJO FBDI UBTL JOUP JUT QBSFOU IFODF UIJT PSEFS JT FYQMJDJUMZ QSFTDSJCFE JO UIF DPEF�
	*G UIF QSPHSBNNFS GPSHFUT UP KPJO B UBTL BO FSSPS JT SBJTFE� ćJT BMTP EPFT OPU EFQFOE
PO UIF PSEFS JO XIJDI UBTLT BSF TDIFEVMFE BOE JT UIFSFGPSF EFUFSNJOJTUJD UPP�


*O UIF FOE UIF SPPU UBTL XJMM DPOUBJO BMM FČFDUT PG BMM UBTLT NFSHFE EFUFSNJOJT�
UJDBMMZ� ćFTF BSF UIFO BQQMJFE JO B TJOHMF TUFQ EVSJOH UIF DPNNJU� ćVT UIF FČFDUT
PG B USBOTBDUJPO PO USBOTBDUJPOBM NFNPSZ EP OPU EFQFOE PO UIF PSEFS JO XIJDI JUT
JOTUSVDUJPOT BSF JOUFSMFBWFE BOE BSF UIFSFGPSF EFUFSNJOBUF�

#VSDLIBSEU BOE -FJKFO <ƊƈƉƉ> QSPWF EFUFSNJOBDZ GPS $PODVSSFOU 3FWJTJPOT B SF�
MBUFE UFDIOJRVF UIBU JOUSPEVDFT DPODVSSFOU UBTLT UIBU DBO BDDFTT WFSTJPOFE WBSJBCMFT
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QSPWJEJOH B NPEFM TJNJMBS UP PVS USBOTBDUJPOBM GVUVSFT 	EFTDSJCFE JO 4FDUJPO ƌ�ƍ�Ƌ PO
QBHF ƐƏ
� " TJNJMBS UFDIOJRVF DBO CF BQQMJFE IFSF�

*UT FČFDUT PO BDUPST " USBOTBDUJPO DBO IBWF FČFDUT PO BDUPST VTJOH spawn become
BOE send� ćFTF FČFDUT BSF EFUFSNJOBUF�
t ćF PSEFS JO XIJDI BDUPST BSF TQBXOFE JT OPU PCTFSWBCMF BOE UIFSFGPSF DBOOPU

DBVTF PCTFSWBCMF OPO�EFUFSNJOJTN�
t 8IFO become JT FODPVOUFSFE JO B USBOTBDUJPO JUT FČFDUT BSF TUPSFE JO UIF DVSSFOU

UBTL 	SVMF CFDPNF]D
� 8IFO UIF UBTL JT KPJOFE UIFTF FČFDUT BSF NFSHFE JOUP JUT
QBSFOU BOE DPOĘJDUT BSF SFTPMWFE EFUFSNJOJTUJDBMMZ CZ QSFGFSSJOH UIF WBMVF PG UIF
DIJME 	SVMF KPJOƉ]D BOE UIF EFĕOJUJPO PG FGGƉ += FGGƊ
� &WFOUVBMMZ UIFTF FČFDUT XJMM
XJOE VQ JO UIF SPPU UBTL BOE CF DPNNJUUFE TJNJMBS UP UIF DIBOHFT UP USBOTBDUJPOBM
NFNPSZ JO UIF MPDBM TUPSF�

t (JWFO JUT JOJUJBM TUBUF B USBOTBDUJPO XJMM BMXBZT TFOE UIF TBNF NFTTBHFT BT UIF
send TUBUFNFOUT EP OPU EFQFOE PO UIF PSEFS JO XIJDI UIF USBOTBDUJPO�T UBTLT BSF
TDIFEVMFE� /PUF UIBU UIF PSEFS JO XIJDI UIFTF NFTTBHFT BSF TFOU JT BDUVBMMZ OPO�
EFUFSNJOJTUJD� GPS JOTUBODF XIFO UXP USBOTBDUJPOBM UBTLT FBDI TFOE B NFTTBHF UP
UIF TBNF BDUPS UIF UXP NFTTBHFT DBO BSSJWF JO BOZ PSEFS� 0OMZ UIF NFTTBHFT BOE
UIFJS WBMVFT BSF EFUFSNJOBUF OPU UIF PSEFS JO XIJDI UIFZ BSF TFOU�

$PODMVTJPO 1VSF$IPDPMB HVBSBOUFFT JOUSBUSBOTBDUJPO EFUFSNJOBDZ� UIF FČFDUT PG
B USBOTBDUJPO o JUT ĕOBM WBMVF BOE JUT FČFDUT PO USBOTBDUJPOBM NFNPSZ BOE BDUPST o
POMZ EFQFOE PO UIF TUBUF PG UIF USBOTBDUJPOBM IFBQ BU UIF TUBSU PG UIF USBOTBDUJPO� ćJT
NBLFT JU FBTZ UP SFBTPO BCPVU USBOTBDUJPOT� EFWFMPQFST EP OPU OFFE UP UBLF JOUP BDDPVOU
IPX UIF JOTUSVDUJPOT PG UBTLT JOTJEF B USBOTBDUJPO BSF JOUFSMFBWFE BT FBDI UBTL SVOT JO
JTPMBUJPO�

Ə�Ƌ�Ɗ -PX�-FWFM 3BDF 'SFFEPN
-PX�MFWFM SBDF GSFFEPN TUBUFT UIBU SBDF DPOEJUJPOT DBO POMZ PDDVS EVF UP CBE JOUFSMFBW�
JOHT PG UVSOT PS USBOTBDUJPOT OPU EVF UP CBE JOUFSMFBWJOHT PG UIF JOEJWJEVBM JOTUSVDUJPOT
XJUIJO UVSOT PS USBOTBDUJPOT� 8F TIPXIPX UIFTF MPX�MFWFM SBDFT BSF QSFWFOUFE JO 1VSF�
$IPDPMB�

3BDFT PDDVS XIFO EJČFSFOU UISFBET BDDFTT TIBSFE NFNPSZ JO BO JODPSSFDU XBZ� *O
1VSF$IPDPMB UIFSF BSF UXP QMBDFT JO XIJDI EBUB JT TUPSFE� BO BDUPS�T QSJWBUF NFNPSZ
BOE UIF TIBSFE USBOTBDUJPOBM NFNPSZ� #PUI BSF QSPUFDUFE GSPN SBDFT�
"DUPST� QSJWBUF NFNPSZ JT TUPSFE JO UIFJS CFIBWJPS� "DDFTT UP UIJT NFNPSZ JT TBGF

CFDBVTF JU JT POMZ SFBE BOE NPEJĕFE CZ UIF BDUPS JUTFMG� *U JT SFBE PODF XIFO B UVSO
TUBSUT 	UIF BQQMZ-CFIBWJPS GVODUJPO JO UIF SVMF SFDFJWF]D
 FOTVSJOH UIBU BMM UBTLT JO
UIF UVSO IBWF B DPOTJTUFOU WJFX UISPVHIPVU UIF XIPMF UVSO� ćF QSJWBUF NFNPSZ

ƉƌƎ
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DBO CF NPEJĕFE VTJOH become CVU UIPTF DIBOHFT XJMM POMZ CF WJTJCMF JO UIF OFYU
UVSO� &WFO XIFO NVMUJQMF UBTLT VQEBUF UIF NFNPSZ UIF WBMVFT PG UIF UBTL UIBU
JT KPJOFE MBTU BSF TUPSFE JOEFQFOEFOU PG IPX UIFJS JOTUSVDUJPOT BSF JOUFSMFBWFE 	BT
DBO CFFO TFFO XIFO UIF FČFDUT BSF NFSHFE JO SVMF KPJOƉ]D
�

ćFUSBOTBDUJPOBMNFNPSZ JT TIBSFE CVU BDDFTTFT UP UIJTNFNPSZ BSF QSPUFDUFE VTJOH
USBOTBDUJPOT� *O UIF SFEVDUJPO SVMFT B DPOTJTUFOU WJFX JT FOTVSFE CZNBLJOH B DPQZ
PG UIF USBOTBDUJPOBM NFNPSZ BU UIF TUBSU PG UIF USBOTBDUJPO 	σ
� "UPNJD VQEBUFT
BSF FOTVSFE CZ TUPSJOH VQEBUFT EVSJOH UIF USBOTBDUJPO JO B MPDBM TUPSF δ BOE POMZ
BQQMZJOH UIFN VQPO B TVDDFTTGVM DPNNJU 	SVMF DPNNJU✓]D
� 	3FNFNCFS UIBU UIF
BDUVBM JNQMFNFOUBUJPO EPFT OPU DSFBUF DPQJFT CVU JOTUFBE FOTVSFT UIJT QSPQFSUZ
VTJOH UIF .7$$ BMHPSJUIN�


Ə�Ƌ�Ƌ %FBEMPDL 'SFFEPN PG "DUPST
#MPDLJOH PQFSBUJPOT BSF FODPEFE JO UIF TFNBOUJDT BT SVMFT XJUI DPOEJUJPOT UIBU NBZ
OPU CF TBUJTĕFE JNNFEJBUFMZ� ćVT POF UBTL�T SFEVDUJPO QBUI JT CMPDLFE VOUJM BOPUIFS
UBTL IBT SFBDIFE B DFSUBJO TUBUF� ćFSF BSF UISFF TVDI DBTFT� XIFO KPJOJOH B GVUVSF
	SVMF KPJOƉ]D
 BU UIF FOE PG B UVSO 	SVMF UVSO�FOE]D
 XIFO DPNNJUUJOH B USBOTBDUJPO
	SVMF DPNNJU✓]D BOE DPNNJUt]D
 BOEXIFO SFDFJWJOH BNFTTBHF 	JO SVMF SFDFJWF]D
� ćF
BDUPS NPEFM HVBSBOUFFT EFBEMPDL GSFFEPN NFBOJOH UIBU PODF B UVSO TUBSUT JU BMXBZT
SVOT UP DPNQMFUJPO� IFODF XF TIPVME DIFDL XIFUIFS UIF ĕSTU UISFF DBTFT EP OPU CSFBL
UIJT QSPQFSUZ� ćF GPVSUI DBTF NBZ CF CMPDLFE GPSFWFS� UIJT JT FWFO FYQFDUFE XIFO BO
BDUPS IBT QSPDFTTFE BMM JUT NFTTBHFT�

8IFO KPJOJOH B GVUVSF ćF SVMF KPJOƉ]D SFRVJSFT UIF UBTL UIBU JT KPJOFE UP IBWF CFFO
SFEVDFE UP B TJOHMF WBMVF� *U DBO UIFSFGPSF POMZ USJHHFS BęFS UIJT UBTL IBT DPNQMFUFE�
ćJT DPVME QPUFOUJBMMZ DBVTF EFBEMPDLT XIFO UXP UBTLT BSF XBJUJOH GPS FBDI PUIFS UP
ĕOJTI� )PXFWFS UIJT DBO OFWFS IBQQFO� UIF UBTLT JO BO BDUPS GPSN B TQBXO USFF KVTU
MJLF UIFZ EJE XIFO VTFE PVUTJEF BDUPST 	BT EFTDSJCFE 4FDUJPO Ƌ�Ƌ�Ƌ PO QBHF ƎƋ
 BOE
UIFSFGPSF UIFZ OFWFS DPOUBJO B DZDMF� ćJT DPOEJUJPO XJMM UIVT BMXBZT CF TBUJTĕFE FWFO�
UVBMMZ� ćF TQBXO USFF XJUIJO B UVSO DBO CF EFSJWFE GSPN UIF TFNBOUJDT BT UIF BDUPS
TUPSFT B SFGFSFODF UP JUT SPPU UBTL BOE FBDI UBTL TUPSFT B SFGFSFODF UP JUT DIJMESFO 	JO JUT
TFU PG TQBXOFE GVUVSFT 'T
�

"U UIF FOE PG B UVSO "O BDUPS DBO CMPDL BU UIF FOE PG B UFOUBUJWF UVSO XBJUJOH
GPS JUT EFQFOEFODZ UP CF SFTPMWFE� ćJT JT FODPEFE JO UIF SVMF UVSO�FOE]D CZ DIFDLJOH
XIFUIFS UIF EFQFOEFODZ IBT TVDDFFEFE PS GBJMFE 	τ(O 

EFQ) = ⟨✓, F⟩ PS ⟨✗, F⟩
� 8IJMF
UIF USBOTBDUJPO JT TUJMM SVOOJOH 	τ(O 

EFQ) = ⟨◃, F⟩
 OPOF PG CPUI DPOEJUJPOT JT TBUJTĕFE
TP UIJT SVMF JT OPU BQQMJDBCMF OPS JT BOZ PUIFS SVMF� *U JT POMZ XIFO UIF EFQFOEFODZ
DPNNJUT UIBU UIJT SVMF BQQMJFT BOE UIF BDUPS QSPDFFET�

ƉƌƏ
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*O 4FDUJPO ƍ�Ƌ�Ƌ PO QBHF ƉƈƎ XF EJTDVTTFE XIZ USBOTBDUJPOBM BDUPST DBOOPU DBVTF
B EFBEMPDL EVF UP DZDMJDBM EFQFOEFODJFT� 8F SFQFBU UIF PCTFSWBUJPOT NBEF UIFSF BOE
SFMBUF UIFN UP UIF GPSNBM TFNBOUJDT�

Ɖ� %FQFOEFODJFT BSF BMXBZT JOUSPEVDFE BU UIF TUBSU PG B UVSO� UIF POMZ SVMF JO XIJDI
BO BDUPS�T EFQFOEFODZ HPFT GSPN • UP OEFQ JT JO SFDFJWF]D XIFO B NFTTBHF XJUI B
EFQFOEFODZ JT SFDFJWFE�

Ɗ� /P USBOTBDUJPO JT SVOOJOH XIFO B UVSO TUBSUT� OP UBTL JT BDUJWF JO UIF CFHJO TUBUF
PG UIF SVMF SFDFJWF]D� )FODF EFQFOEFODJFT BSF OFWFS JOUSPEVDFE XIJMF B USBOTBDUJPO
JT BDUJWF�

)FSF XF TFF BHBJO XIZ DZDMJDBM EFQFOEFODJFT BSF JNQPTTJCMF� 8IFO BO BDUPS CMPDLT
BU UIF FOE PG B UFOUBUJWF UVSO 	SVMF UVSO�FOE]D
 JUT EFQFOEFODZ OEFQ XBT JOUSPEVDFE
BU UIF TUBSU PG UIBU UVSO 	SVMF SFDFJWF]D PCTFSWBUJPO Ɖ
� ćJT EFQFOEFODZ DBNF GSPN
B NFTTBHF XIJDI XBT TFOU JO UIF USBOTBDUJPO XJUI JEFOUJĕFS OEFQ 	SVMF TFOE]D
� ćBU
USBOTBDUJPO XBT UIFSFGPSF BMSFBEZ SVOOJOH CFGPSF UIF UVSO UIBU EFQFOET PO JU� "O JO�
WFSTF EFQFOEFODZ JT JNQPTTJCMF� UIF USBOTBDUJPO OEFQ JT BMSFBEZ SVOOJOH PS ĕOJTIFE
BOE DBOOPU BDRVJSF B EFQFOEFODZ PO MBUFS USBOTBDUJPOT 	PCTFSWBUJPO Ɗ
� )FODF DZDMJ�
DBM EFQFOEFODJFT BSF JNQPTTJCMF TP EFBEMPDLT DBOOPU PDDVS�

8IFO DPNNJUUJOH B USBOTBDUJPO *O B UFOUBUJWF UVSO B USBOTBDUJPO XJMM XBJU UP
DPNNJU VOUJM JUT EFQFOEFODZ JT SFTPMWFE� ćJT JT FODPEFE JO UIF SVMFT DPNNJU✓]D BOE
DPNNJUt]D� JG UIFSF BSF OP DPOĘJDUT BOE UIF EFQFOEFODZ JT TUJMM SVOOJOH 	τ(O 

EFQ) =

⟨◃, F⟩
 OP SVMF JT BQQMJDBCMF TP UIF SFEVDUJPO JT TUVDL VOUJM UIF EFQFOEFODZ DPNNJUT�
/P EFBEMPDLT PDDVS CFDBVTF UIF EFQFOEFODZ XJMM BMXBZT DPNNJU FWFOUVBMMZ� ćF

TBNF SFBTPOJOH HJWFO BCPWF BQQMJFT IFSF� DZDMJDBM EFQFOEFODJFT BSF JNQPTTJCMF CF�
DBVTF UIF XBJUJOH USBOTBDUJPO JT BMXBZT NPSF SFDFOU UIBO UIF USBOTBDUJPO PO XIJDI JU
JT XBJUJOH BOE EFQFOEFODJFT BSF OFWFS JOUSPEVDFE JO B SVOOJOH USBOTBDUJPO� ćF EF�
QFOEFODZ XJMM UIFSFGPSF DPNNJU FWFOUVBMMZ BU XIJDI QPJOU UIF DVSSFOU USBOTBDUJPO DBO
DPNNJU�

Ə�Ƌ�ƌ *TPMBUJPO PG 5SBOTBDUJPOT� 4OBQTIPU *TPMBUJPO
5SBOTBDUJPOBM TZTUFNT HVBSBOUFF B GPSN PG JTPMBUJPO� JO 4FDUJPO Ɗ�ƌ�Ƌ XF DIPTF UP QSP�
WJEF TOBQTIPU JTPMBUJPO GPS $IPDPMB� ćJT QSPQFSUZ JT TUJMM QSFTFOU JO UIF TFNBOUJDT PG
1VSF$IPDPMB JO B RVJUF EJSFDU XBZ�Ɗ 8IFO B USBOTBDUJPO JT TUBSUFE B DPQZ PG UIF IFBQ
JT TUPSFE JO JUT SPPU UBTL BT B ATOBQTIPU� σ� "MM DIBOHFT UP UIF USBOTBDUJPOBM NFNPSZ
JO B USBOTBDUJPO BSF TUPSFE JO B TFQBSBUF AMPDBM TUPSF� δ� 8IFO UIF USBOTBDUJPO BUUFNQUT

Ɗ3FNFNCFS UIBU IFSF 1VSF$IPDPMB EPFT OPU NBUDI UIF BDUVBM JNQMFNFOUBUJPO PG $IPDPMB� ćF BMHP�
SJUIN XF BDUVBMMZ VTF UP JNQMFNFOU UIFTF TFNBOUJDT .VMUJWFSTJPO $PODVSSFODZ $POUSPM XBT EFTDSJCFE
JO 4FDUJPO Ɗ�ƌ�ƌ 	QBHF ƊƏ
 BOE QSPWJEFT UIF TBNF HVBSBOUFFT�

ƉƌƐ



Ʊ�ƭ (VBSBOUFFT

UP DPNNJU JU WFSJĕFT DPSSFDUOFTT CZ DPNQBSJOH UIF TOBQTIPU XJUI UIF DVSSFOU IFBQ
BOE UIFO BQQMJFT BMM DIBOHFT BU PODF UP UIF USBOTBDUJPOBM IFBQ� ćJT GPMMPXT FYBDUMZ UIF
EFĕOJUJPO PG TOBQTIPU JTPMBUJPO 	TFF 4FDUJPO Ɗ�ƌ�Ƌ QBHF Ɗƍ
 XIJDI SFRVJSFE UIBU 	Ɖ

B USBOTBDUJPO TFFT B DPOTJTUFOU WJFX PG UIF NFNPSZ 	UIF TOBQTIPU
 BOE 	Ɗ
 B USBOTBD�
UJPO DBO POMZ DPNNJU JG OPOF PG JUT VQEBUFT DPOĘJDU XJUI BOZ DPODVSSFOU VQEBUFT NBEF
TJODF UIF TOBQTIPU�

&WFOXIFONVMUJQMF UBTLT BSF GPSLFE JO B USBOTBDUJPO JTPMBUJPO JTNBJOUBJOFE� &BDI
UBTL IBT JUT PXO MPDBM TUPSF BOEXIFO JU JT KPJOFE JOUP JUT QBSFOU JUT MPDBM TUPSF JTNFSHFE
XJUI UIBU PG UIF QBSFOU 	SVMF KPJOƉ]D
� #Z SFRVJSJOH UIBU BMM UBTLT UIBU BSF DSFBUFE JO B
USBOTBDUJPO IBWF CFFO KPJOFE JOUP JUT SPPU UBTL CFGPSF UIF USBOTBDUJPO FOET XF FOTVSF
UIBU BMM DIBOHFT PG BMM UBTLT IBWF CFFO NFSHFE JOUP UIF SPPU UBTL�T MPDBM TUPSF 	DPOEJUJPO
G� ∈ 'K JO SVMF DPNNJU✓]D
� ćFTF BSF UIFO BQQMJFE UP UIF IFBQ JO BO BUPNJD TUFQ
	VQEBUF UP σ JO DPNNJU✓]D
�

ćF TBNF JT USVF GPS UIF FČFDUT PO BDUPST� spawn BOE become BSF EFMBZFE BOE TUPSFE
BT B UBTL�T FČFDUT 	FGGUY TUSVDUVSF JO B UBTL�T USBOTBDUJPOBM DPOUFYU DUY NPEJĕFE JO UIF
SVMFT TQBXO]D BOE CFDPNF]D
� 8IFO B UBTL JT KPJOFE JUT FČFDUT BSF NFSHFE JOUP JUT QBS�
FOU 	SVMF KPJOƉ]D
� "HBJO UIJT XJMM DBVTF BMM FČFDUT PG BMM UBTLT UP IBWF CFFO NFSHFE JOUP
UIF SPPU UBTL�T FČFDUT� ćFTF FČFDUT BSF UIFO BQQMJFE BUPNJDBMMZ XIFO UIF USBOTBDUJPO
DPNNJUT PS EJTDBSEFE XIFO JU BCPSUT�

.FTTBHFT JO B USBOTBDUJPO BSF OPU EFMBZFE CVU TFOU JNNFEJBUFMZ� " EFQFOEFODZ
JT BUUBDIFE UP UIF NFTTBHF 	SVMF TFOE]D
 DBVTJOH UIF UVSO UIBU QSPDFTTFT UIJT NFTTBHF
UP CFDPNF UFOUBUJWF 	SVMF SFDFJWF]D
� 8IFO B UFOUBUJWF UVSO FOET JUT FČFDUT BSF POMZ
BQQMJFE JG JUT EFQFOEFODZ DPNNJUUFE TVDDFTTGVMMZ� XIJMF PO GBJMVSF UIF FČFDUT BSF EJT�
DBSEFE 	SVMF UVSO�FOE]D
� ćJT FOTVSFT UIBU UIF FČFDUT PGNFTTBHFT TFOU JO B USBOTBDUJPO
POMZ CFDPNF WJTJCMF JG UIF USBOTBDUJPO TVDDFFET UIVT NBJOUBJOJOH JTPMBUJPO�

Ə�Ƌ�ƍ 1SPHSFTT PG 5SBOTBDUJPOT� %FBEMPDL 'SFFEPN
"MHPSJUINT UIBU JNQMFNFOU USBOTBDUJPOBM TZTUFNT DBO HVBSBOUFF B GPSN PG QSPHSFTT�
8F DIPTF UP JNQMFNFOU UIF.VMUJWFSTJPO$PODVSSFODZ $POUSPM 	.7$$
 BMHPSJUIN BT
FYQMBJOFE JO 4FDUJPO Ɗ�ƌ�ƌ 	QBHF ƊƏ
 XIJDI HVBSBOUFFT EFBEMPDL GSFFEPN� %FBEMPDL
GSFFEPN PG USBOTBDUJPOT FOTVSFT UIBU XIFO UXP USBOTBDUJPOT DPOĘJDU POF JT EFMBZFE
TP UIBU BOPUIFS DBO NBLF QSPHSFTT� ćJT HVBSBOUFF JT B QSPQFSUZ PG UIF JNQMFNFOUB�
UJPO BMHPSJUIN� JU JT OPU WJTJCMF JO UIF TFNBOUJDT� $IPDPMB TUJMM VTFT .7$$ BOE UIVT
NBJOUBJOT UIF QSPQFSUZ�

8IJMF UIJT QSPQFSUZ HVBSBOUFFT QSPHSFTTXIFO UXP USBOTBDUJPOT DPOĘJDU EFBEMPDLT
NJHIU BMTP PDDVS XJUIJO B TJOHMF USBOTBDUJPO� VTJOH join JO B USBOTBDUJPO DPVME QPUFO�
UJBMMZ DBVTF EFBEMPDLTXIFO UXP UBTLT BSFXBJUJOH GPS FBDI PUIFS UP ĕOJTI� )PXFWFS UIF
UBTLT JO B USBOTBDUJPO GPSN B TQBXO USFF KVTU MJLF UIFZ EJE XIFO VTFE PVUTJEF USBOT�
BDUJPOT BOE OP DZDMFT PDDVS� ćF TQBXO USFF DBO CF EFSJWFE GSPN FBDI UBTL�T TFU PG

ƉƌƑ



$IBQUFS Ʊ� 1VSF$IPDPMB� BO 0QFSBUJPOBM 4FNBOUJDT

TQBXOFE GVUVSFT 'T�

Ə�ƌ .FDIBOJDBM 7FSJĕDBUJPO PG *TPMBUJPO BOE
*OUSBUSBOTBDUJPO %FUFSNJOBDZ

8F IBWF DSFBUFE BO FYFDVUBCMF JNQMFNFOUBUJPO PG QBSUT PG 1VSF$IPDPMB VTJOH 1-5
3FEFY�Ƌ 1-5 3FEFY JT B MBOHVBHF BOE GSBNFXPSL JO XIJDI GPSNBM TFNBOUJDT DBO CF
XSJUUFO EPXO BOE FYFDVUFE <'FMMFJTFO FU BM� ƊƈƈƑ>� "T BSHVFE CZ ,MFJO FU BM� <ƊƈƉƊ>
DSFBUJOH BO FYFDVUBCMF WFSTJPO PG B TFNBOUJDT PęFO IFMQT UP ĕOE NJTUBLFT BOE UP WFSJGZ
JUT QSPQFSUJFT� 8F IBWF VTFE 1-5 3FEFY UP FYQMPSF BOE WJTVBMJ[F SFEVDUJPOT PG UFTU
QSPHSBNT BOE XF IBWF TQFDJĕFE TFWFSBM UFTU QSPHSBNT BOE UIFJS FYQFDUFE SFEVDUJPOT
XIJDI BSF WFSJĕFE BVUPNBUJDBMMZ�

8F IBWF OPU JNQMFNFOUFE UIF GVMM GPSNBM TFNBOUJDT PG 1VSF$IPDPMB JO 1-5 3FEFY�
*OTUFBE XF GPDVTFE PO TPNF DSVDJBM QBSUT� XF JNQMFNFOUFE FBDI PG UIF UISFF TFQBSBUF
NPEFMT BOE USBOTBDUJPOBM GVUVSFT�

'PS USBOTBDUJPOT XF DSFBUFE UXP JNQMFNFOUBUJPOT� POF JO XIJDI FBDI USBOTBDUJPO
JT FYFDVUFE JO B TJOHMF BUPNJD TUFQ 	DPSSFTQPOEJOH UP UIF TFSJBMJ[FE WFSTJPO PG UIF QSP�
HSBN
 BOE POF JOXIJDI TUFQT GSPNEJČFSFOU USBOTBDUJPOT BSF JOUFSMFBWFE 	BOE DPNNJUT
DBO UIFSFGPSF TVDDFFE PS BCPSU BOE USBOTBDUJPOT DBO SPMM CBDL
� 8F DBO WFSJGZ JTPMBUJPO
CZ SFEVDJOH QSPHSBNT XJUI CPUI JNQMFNFOUBUJPOT BOE DIFDLJOH UIBU UIFZ MFBE UP UIF
TBNF FOE SFTVMUT� 8F UFTUFE UIJT CZ TZTUFNBUJDBMMZ HFOFSBUJOH QSPHSBNT DPOGPSNJOH
UP EJČFSFOU QBUUFSOT 	F�H� UXP USBOTBDUJPOT FYFDVUFE JO TFRVFODF UXP QBSBMMFM USBOTBD�
UJPOT UIBU EP OPU DPOĘJDU UXP QBSBMMFM USBOTBDUJPOT UIBU DPOĘJDU
�

8F JNQMFNFOUFE USBOTBDUJPOBM GVUVSFT JO 1-5 3FEFY UP WFSJGZ UIF HVBSBOUFFT PG JO�
USBUSBOTBDUJPO EFUFSNJOBDZ BOE JTPMBUJPOXIFO USBOTBDUJPOT BOE GVUVSFT BSF DPNCJOFE�
"HBJO XF TZTUFNBUJDBMMZ UFTU DFSUBJO QBUUFSOT 	F�H� OP DPOĘJDUT DPOĘJDUT CFUXFFO UIF
UBTLT XJUIJO B USBOTBDUJPO DPOĘJDUT CFUXFFO USBOTBDUJPOT BOE CPUI
�

8F EFNPOTUSBUF B SFEVDUJPO VTJOH UIF FYBNQMF JO -JTUJOH Ə�Ƒ� ćJT FYBNQMF JT
TMJHIUMZ DPOWPMVUFE UP EFNPOTUSBUF UIBU UIF HVBSBOUFFT IPME FWFO JO B DPNQMFY TDF�
OBSJP� ćF QSPHSBN DSFBUFT UXP USBOTBDUJPOT UIBU NPEJGZ B TIBSFE USBOTBDUJPOBM WBSJ�
BCMF r� ćF UXP USBOTBDUJPOT FBDI DSFBUF UXP UBTLT JOUFSOBMMZ XIJDI DPODVSSFOUMZ NPE�
JGZ UIF WBSJBCMF� *O UIF ĕSTU USBOTBDUJPO UIF ĕSTU UBTL BEET Ɖ UP r BOE UIF TFDPOE UBTL
BEET Ɗ� *OUSBUSBOTBDUJPO EFUFSNJOBDZ SFRVJSFT UIBU CFDBVTF UIF TFDPOE UBTL JT KPJOFE
MBTU UIF SFTVMU PG UIJT USBOTBDUJPONVTU BMXBZT BEE Ɗ UP r OFWFS Ɖ� -JLFXJTF UIF TFDPOE
USBOTBDUJPO NVTU BMXBZT BEE ƌ UP r�

ćFSF BSF UXP TFSJBMJ[BUJPOT PG UIJT QSPHSBN�

Ƌ"WBJMBCMF POMJOF BU IUUQT���TPGU�WVC�BD�CF�_KTXBMFOT�DIPDPMB�
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Ʊ�Ư %JČFSFODFT #FUXFFO 1VSF$IPDPMB BOE $IPDPMB

t *G USBOTBDUJPO Ɖ QSFDFEFT USBOTBDUJPO Ɗ USBOTBDUJPO Ɖ SFUVSOT Ɗ 	� ƈ � Ɗ
 BOE USBOT�
BDUJPO Ɗ SFUVSOT Ǝ 	� Ɗ � ƌ
� ćF FOE SFTVMU PG UIF QSPHSBN JT Ɛ 	� Ɗ � Ǝ
�

t *G USBOTBDUJPO Ɗ QSFDFEFT USBOTBDUJPO Ɖ USBOTBDUJPO Ɗ SFUVSOT ƌ 	� ƈ � ƌ
 BOE USBOT�
BDUJPO Ɖ SFUVSOT Ǝ 	� ƌ � Ɗ
� ćF FOE SFTVMU PG UIF QSPHSBN JT Ɖƈ 	� Ǝ � ƌ
�

'JHVSF Ə�Ɖƈ DPOUBJOT B USBDF PG UIJT QSPHSBN HFOFSBUFE VTJOH 1-5 3FEFY� *U TIPXT
IPX EJČFSFOU JOUFSMFBWJOHT MFBE UP EJČFSFOU JOUFSNFEJBUF TUBUFT CVU JO UIF FOE UIFZ
DPMMBQTF JOUP UXP UFSNJOBM TUBUFT DPSSFTQPOEJOH UP UIF UXP QPTTJCMF TFSJBMJ[BUJPOT PG
UIJT QSPHSBN� ćJT JT POMZ QPTTJCMF CFDBVTF 	Ɖ
 UIBOLT UP JTPMBUJPO UIFSF BSF POMZ UXP
TFSJBMJ[BUJPOT BOE 	Ɗ
 UIBOLT UP JOUSBUSBOTBDUJPO EFUFSNJOBDZ FBDI USBOTBDUJPO POMZ
IBT POF SFTVMU HJWFO BO JOJUJBM TUBUF� 6TJOH 1-5 3FEFY XF DBO WFSJGZ JTPMBUJPO BOE JO�
USBUSBOTBDUJPO EFUFSNJOBDZ GPS BOZ QSPHSBN CZ DIFDLJOH UIBU UIF OVNCFS PG UFSNJOBM
TUBUFT GPS B QSPHSBN DPSSFTQPOET UP UIF OVNCFS PG QPTTJCMF TFSJBMJ[BUJPOT�

Ə�ƍ %JČFSFODFT #FUXFFO 1VSF$IPDPMB BOE $IPDPMB
8F MJTU UIF EJČFSFODFT CFUXFFO PVS GPSNBM TFNBOUJDT 1VSF$IPDPMB BOE UIF BDUVBM JN�
QMFNFOUBUJPO $IPDPMB�

t 1VSF$IPDPMB JT CVJMU BSPVOE B CBTF MBOHVBHF XIJDI JT OPU TQFDJĕFE IFSF� $IPDPMB
JT CVJMU PO UPQ PG $MPKVSF� ćF CBTF MBOHVBHF PG 1VSF$IPDPMB JT MJNJUFE UP UIF
GVODUJPOBM TVCTFU PG $MPKVSF� GVODUJPOT XJUI TJEF FČFDUT BSF OPU DPOTJEFSFE�

t *O 1VSF$IPDPMB UIF DPOĘJDU SFTPMVUJPO GVODUJPO PG USBOTBDUJPOBM WBSJBCMFT JT BM�
XBZT BTTVNFE UP CF UIF EFGBVMU POF XIJDI QSFGFST UIF WBMVF JO UIF KPJOFE UBTL PWFS
UIF WBMVF JO UIF UBTL QFSGPSNJOH UIF KPJO� 8IJMF JU JT QPTTJCMF UP BEE TVQQPSU GPS
DVTUPN DPOĘJDU SFTPMVUJPO GVODUJPOT UP 1VSF$IPDPMB XF PNJUUFE UIJT GVODUJPOBM�
JUZ UP TJNQMJGZ UIF GPSNBMJ[BUJPO�

t 1VSF$IPDPMB JNQMFNFOUT TOBQTIPU JTPMBUJPO JO B EJSFDU XBZ� B TOBQTIPU JT UBLFO BU
UIF TUBSU PG FBDI USBOTBDUJPO�T BUUFNQU BOE WFSJĕFE EVSJOH DPNNJU� $IPDPMB JOTUFBE
SFMJFT PO .7$$ UP HVBSBOUFF TOBQTIPU JTPMBUJPO� 0OF OPUBCMF DPOTFRVFODF JT UIBU
JO $IPDPMB B USBOTBDUJPO DBO BCPSU FBSMZ XIFO B DPOĘJDU JT EFUFDUFE XIJMF UIF
USBOTBDUJPO JT TUJMM SVOOJOH XIJMF JO 1VSF$IPDPMB DPOĘJDUT BSF POMZ FWFS EFUFDUFE
BU UIF FOE PG UIF USBOTBDUJPO�

t ćF SVMF DPNNJUt]D TQFDJĕFT IPX B UVSO JT BCPSUFE XIFO BU UIF FOE PG B USBOT�
BDUJPO JO B UFOUBUJWF UVSO JU BQQFBST UIF EFQFOEFODZ BCPSUFE� *O 1VSF$IPDPMB
BMM UBTLT JO UIF DVSSFOU UVSO BSF JNNFEJBUFMZ TUPQQFE BOE SFNPWFE BOE BOZ USBOT�
BDUJPO JO UIF DVSSFOU UVSO JNNFEJBUFMZ BCPSUT� *O $IPDPMB UIJT JT JNQMFNFOUFE
VTJOH BO FYDFQUJPO� UIF DVSSFOU USBOTBDUJPO UISPXT BO FYDFQUJPO XIJDI CVCCMFT
VQ UISPVHI UIF TQBXO USFF PG UIF DVSSFOU UVSO VOUJM JU FWFOUVBMMZ SFBDIFT UIF SPPU
UBTL� 	ćJT FYDFQUJPO DBOOPU CF DBVHIU CZ UIF QSPHSBNNFS�
 ćF SPPU UBTL UIFO
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$IBQUFS Ʊ� 1VSF$IPDPMB� BO 0QFSBUJPOBM 4FNBOUJDT

Ɖ (let [(r (ref 0))
Ɗ (f (fork
Ƌ (atomic
ƌ (let [(x (fork (ref-set r (+ @r 1))))
ƍ (y (fork (ref-set r (+ @r 2))))]
Ǝ (join x) ;⇒ S � PSJHJOBM � �
Ə (join y) ;⇒ S � PSJHJOBM � �
Ɛ @r)))) ;⇒ SFUVSOT PSJHJOBM � �
Ƒ (g (fork
Ɖƈ (atomic
ƉƉ (let [(x (fork (ref-set r (+ @r 3))))
ƉƊ (y (fork (ref-set r (+ @r 4))))]
ƉƋ (join x) ;⇒ S � PSJHJOBM � �
Ɖƌ (join y) ;⇒ S � PSJHJOBM � �
Ɖƍ @r))))] ;⇒ SFUVSOT PSJHJOBM � �
ƉƎ (+ (join f) (join g)))

-JTUJOH Ə�Ƒ� &YBNQMF QSPHSBN JO XIJDI UXP USBOTBDUJPOT CPUI DSFBUF UXP USBOTBDUJPOBM UBTLT�
&BDI PG UIF GPVS UBTLT NPEJĕFT UIF TIBSFE USBOTBDUJPOBM WBSJBCMF r� %FTQJUF B NVMUJUVEF PG
QPTTJCMF JOUFSMFBWJOHT PG UIF JOTUSVDUJPOT PG UIF GPVS UBTLT UIJT QSPHSBN POMZ IBT UXP QPTTJCMF
PVUQVUT 	Ɛ PS Ɖƈ
 DPSSFTQPOEJOH UP UIF UXP TFSJBMJ[BUJPOT PG UIF USBOTBDUJPOT�

'JHVSF Ə�Ɖƈ� 5SBDF PG UIF FWBMVBUJPO PG UIF QSPHSBN JO -JTUJOH Ə�Ƒ HFOFSBUFE VTJOH 1-5 3FEFY
XJUI BO FYFDVUBCMF WFSTJPO PG UIF TFNBOUJDT� 	5SBOTBDUJPOT BSF FWBMVBUFE JO B TJOHMF TUFQ DPS�
SFTQPOEJOH UP UIFJS BUPNJDJUZ�
 ćF EFUBJMT PG FBDI JOUFSNFEJBUF TUBUF BSF OPU JNQPSUBOU UIF
JNQPSUBOU UIJOH UP OPUF JT UIBU EVSJOH UIF FYFDVUJPO PG UIF QSPHSBN NBOZ EJČFSFOU JOUFSMFBW�
JOHT BSF QPTTJCMF CVU UIBU JO UIF FOE UIFSF BSF POMZ UXP QPTTJCMF UFSNJOBM TUBUFT DPSSFTQPOEJOH
UP UIF UXP TFSJBMJ[BUJPOT PG UIF UXP USBOTBDUJPOT�

ƉƍƊ



Ʊ�ư $PODMVTJPO

BCPSUT� )FODF JO 1VSF$IPDPMB BMM UBTLT TFFN UP BCPSU BU FYBDUMZ UIF TBNFNPNFOU
XIJMF JO $IPDPMB UIFZ BCPSU BU EJČFSFOU NPNFOUT�

t *O 1VSF$IPDPMB FWFO JO B EFĕOJUJWF UVSO spawn JT EFMBZFE VOUJM UIF FOE PG UIF UVSO�
*O $IPDPMB JU IBQQFOT JNNFEJBUFMZ JO B EFĕOJUJWF UVSO�

t 1VSF$IPDPMB FYQFDUT QSPHSBNT UP TBUJTGZ TPNF DPOEJUJPOT� B GVUVSF B USBOTBDUJPO�T
SPPU UBTL BOE B UVSO�T SPPU UBTL NVTU BMM KPJO BMM UIFJS DIJMESFO� 8IFO UIFTF DPOEJ�
UJPOT BSF OPU TBUJTĕFE JO $IPDPMB BO FYDFQUJPO JT SBJTFE� *O 1VSF$IPDPMB XF EJE
OPU NBLF UIFTF FSSPST FYQMJDJU�

Ə�Ǝ $PODMVTJPO
*O UIJT DIBQUFS XF QSFTFOUFE1VSF$IPDPMB B GPSNBMJ[BUJPO PG UIF TFNBOUJDT PG$IPDPMB�
8F EFTDSJCFE IPX $IPDPMB�T HVBSBOUFFT DBO CF JOGFSSFE GSPN UIJT GPSNBMJ[BUJPO� "E�
EJUJPOBMMZ XF DSFBUFE BO FYFDVUBCMF JNQMFNFOUBUJPO PG QBSUT PG UIJT GPSNBMJ[BUJPO UP
NFDIBOJDBMMZ WFSJGZ UIF JTPMBUJPO BOE JOUSBUSBOTBDUJPO EFUFSNJOBDZ HVBSBOUFFT�

ƉƍƋ





Ɛ
"O *NQMFNFOUBUJPO PG
$IPDPMB

8F IBWF JNQMFNFOUFE $IPDPMB BT B GPSL PG $MPKVSF�Ɖ *O UIJT DIBQUFS XF ĕSTU EFTDSJCF
ATUBOEBSE� JNQMFNFOUBUJPOT PG UIF TFQBSBUF NPEFMT� GVUVSFT BOE USBOTBDUJPOT BT GPVOE
JO$MPKVSF JO 4FDUJPOT Ɛ�Ɖ BOE Ɛ�Ɗ SFTQFDUJWFMZ BOEPVS TJNQMF JNQMFNFOUBUJPO PG BDUPST
JO 4FDUJPO Ɛ�Ƌ� /FYU XF EFTDSJCF IPX$IPDPMBNPEJĕFT UIFTF UP TVQQPSU USBOTBDUJPOBM
BDUPST JO 4FDUJPO Ɛ�ƌ BOE USBOTBDUJPOBM GVUVSFT JO 4FDUJPO Ɛ�ƍ� 'VSUIFS 4FDUJPO Ɛ�Ǝ MJTUT
UIF QBSUT PG $MPKVSF UIBU $IPDPMB JT DPNQBUJCMF XJUI�

$MPKVSF JT QBSUJBMMZ JNQMFNFOUFE JO $MPKVSF JUTFMG BOE QBSUJBMMZ JO +BWB� " CSJFG EF�
TDSJQUJPO PG $MPKVSF JT HJWFO JO "QQFOEJY #� $MPKVSF VTFT +BWB�T DPODVSSFODZ QSJNJUJWFT
FYUFOTJWFMZ JODMVEJOH GVUVSFT UISFBE QPPMT BOE BUPNJD JOUFHFST� XF EP OPU EJTDVTT
UIFJS JOUFSOBM JNQMFNFOUBUJPO IFSF�

ćSPVHIPVU UIJT DIBQUFS XF VTF UIF TZOUBY BOE TFNBOUJDT PG $IPDPMB� *O TPNF
DBTFT PVS TZOUBY BOE TFNBOUJDT EJČFS TMJHIUMZ GSPN UIPTF PG TUBOEBSE $MPKVSF� "Q�
QFOEJY % FOVNFSBUFT UIFTF EJČFSFODFT� /PUF BMTP UIBU UIF DPEF JO BMM MJTUJOHT JO UIJT
DIBQUFS IBT CFFO BCSJEHFE NPEJĕFE BOE EPDVNFOUFE GPS DMBSJUZ�

Ɛ�Ɖ 'VUVSFT
$MPKVSF�T GVUVSFT VTF +BWB�T UISFBE QPPMT BOE GVUVSFT JOUFSOBMMZ� fork BOE join BSF JN�
QMFNFOUFE BT GPMMPXT�

Ɖ*U JT BWBJMBCMF POMJOF BU IUUQ���TPGU�WVC�BD�CF�_KTXBMFOT�DIPDPMB�� $IPDPMB JT PQFO TPVSDF VOEFS UIF
&DMJQTF 1VCMJD -JDFOTF�

Ɖƍƍ
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$IBQUFS Ʋ� "O *NQMFNFOUBUJPO PG $IPDPMB

fork fork JT B $MPKVSFNBDSP UIBU USBOTMBUFT (fork body) JOUP (future-call (fn []
body))�Ɗ future-call TVCNJUT UIJT GVODUJPO UP B UISFBE QPPM SFUVSOJOH B +BWB FutureƋ�

&WFSZ UBTL DPSSFTQPOET UP B UISFBE PO B DBDIFE UISFBE QPPMƌ� *O B DBDIFE UISFBE
QPPM UISFBET BSF SFVTFE� XIFO B UBTL JT ĕOJTIFE JUT UISFBE SFNBJOT BDUJWF BOE XJMM CF
SFVTFE GPS OFX UBTLT� ćJT EFDSFBTFT UIF UJNF OFFEFE UP DSFBUF OFX UISFBET BU UIF DPTU
PG IJHIFS NFNPSZ VTBHF�

join 8IFO B UBTL ĕOJTIFT JUT GVUVSF JT SFTPMWFE UP UIF ĕOBM WBMVF� (join f) DBMMT
UIF Future�T getNFUIPE XIJDI XBJUT GPS UIF GVUVSF UP CF SFTPMWFE BOE UIFO SFUVSOT JUT
SFTVMU�

Ɛ�Ɗ 5SBOTBDUJPOT
$MPKVSF JNQMFNFOUT USBOTBDUJPOT VTJOH UIF .7$$ BMHPSJUIN XIJDI XF BMSFBEZ EJT�
DVTTFE JO 4FDUJPO Ɗ�ƌ�ƌ PO QBHF ƊƏ� *O UIJT TFDUJPO XF TLFUDI IPX $MPKVSF JNQMFNFOUT
UIJT BMHPSJUIN� 8F BJN POMZ UP EFTDSJCF UIF HJTU PG UIF BMHPSJUINT BOE UIFJS JNQMFNFO�
UBUJPO UIFSFGPSF NBOZ EFUBJMT IBWF CFFO FMJEFE�

$MPKVSF JNQMFNFOUT USBOTBDUJPOBM WBSJBCMFT BT RefT� "O PWFSWJFX PG UIF DMBTT Ref
JT HJWFO JO -JTUJOH Ɛ�Ɖ� 5SBOTBDUJPOT BSF SFQSFTFOUFE CZ UIF DMBTT Transaction TIPXO
JO -JTUJOHT Ɛ�Ɗ BOE Ɛ�Ƌ�

ćFSF JT B HMPCBM TIBSFE DMPDL JNQMFNFOUFE VTJOH UIF BUPNJD JOUFHFS lastPoint
B TUBUJD ĕFME PG Transaction� ćF DVSSFOU USBOTBDUJPO JT TUPSFE JO UIF UISFBE�MPDBM
WBSJBCMF Transaction.CURRENT�

" USBOTBDUJPO�T EBUB TUSVDUVSFT " USBOTBDUJPO DPOUBJOT TFWFSBM EBUB TUSVDUVSFT UP
TUPSF JUT NPEJĕDBUJPOT� sets commutes BOE ensured DPOUBJO UIF SFGT NPEJĕFE VTJOH
ref-set commute BOE ensure 	UIF MBTU UXP BSF $MPKVSF�TQFDJĕD BOE OPU EJTDVTTFE JO
UIJT EJTTFSUBUJPO
 XIJMF vals DPOUBJOT UIF BDDPNQBOZJOH WBMVFT� 5PHFUIFS UIFTF DPS�
SFTQPOE UP UIF MPDBM TUPSF δ PG PVS PQFSBUJPOBM TFNBOUJDT�

5SBOTBDUJPOBM WBSJBCMFT BOE PQFSBUJPOT &BDI SFG DPOUBJOT B MJNJUFE IJTUPSZ PG QSF�
WJPVT WBMVFT BOE UIF UJNF BU XIJDI UIFZ XFSF TFU� ćFTF WBMVFT BSF DBMMFE TValT� ćVT
USBOTBDUJPOT DBO SFBE BO PMEFS WFSTJPO PG B SFG FWFO BęFS JU IBT CFFO PWFSXSJUUFO QSF�
WFOUJOH DPOĘJDUT� 'VSUIFS SFGT DPOUBJO B SFBEoXSJUF MPDL UIBU BMMPXT NVMUJQMF USBOTBD�
UJPOT UP SFBE UIF SFG CVU POMZ POF UP XSJUF UP JU�

Ɗ&WFSZXIFSF XF XSJUF fork $MPKVSF VTFT future�
ƋIUUQT���EPDT�PSBDMF�DPN�KBWBTF���EPDT�BQJ�KBWB�VUJM�DPODVSSFOU�'VUVSF�IUNM
ƌIUUQT���EPDT�PSBDMF�DPN�KBWBTF���EPDT�BQJ�KBWB�VUJM�DPODVSSFOU�&YFDVUPST�IUNM�

OFX$BDIFE5ISFBE1PPM	


ƉƍƎ

https://docs.oracle.com/javase/6/docs/api/java/util/concurrent/Future.html
https://docs.oracle.com/javase/6/docs/api/java/util/concurrent/Executors.html#newCachedThreadPool()
https://docs.oracle.com/javase/6/docs/api/java/util/concurrent/Executors.html#newCachedThreadPool()


Ʋ�Ƭ 5SBOTBDUJPOT

Ɖ public class Ref extends ARef implements IFn, Comparable<Ref>, IRef {
Ɗ �� " 57BM JT POF FOUSZ JO UIF IJTUPSZ PG UIJT SFG
Ƌ static class TVal {
ƌ Object val; �� 7BMVF
ƍ long point; �� 8SJUF QPJOU� UJNF BU XIJDI UIJT WBMVF XBT WBMJE
Ǝ TVal prior; �� 57BMT GPSN B DJSDVMBS EPVCMZ MJOLFE MJTU� QPJOUFST UP UIF QSJPS���
Ə TVal next; �� ���BOE OFYU WBMVFT
Ɛ �� .FUIPET FMJEFE
Ƒ }
Ɖƈ
ƉƉ �� 5IF IJTUPSZ PG UIF SFG� UIJT QPJOUT UP UIF MBTU POF 57BM UIFZ GPSN B MJOLFE MJTU�
ƉƊ TVal tvals;
ƉƋ �� " SFBE�XSJUF MPDL� USBOTBDUJPOT UIBU SFBE UIJT SFG UBLF B SFBE�MPDL UIPTF UIBU XSJUF UBLF B XSJUF�MPDL�
Ɖƌ �� )FODF POMZ POF USBOTBDUJPO DBO XSJUF BU B UJNF�
Ɖƍ ReentrantReadWriteLock lock;
ƉƎ �� 5SBOTBDUJPO UIBU PXOT UIF XSJUF�MPDL�
ƉƏ Transaction tx;
ƉƐ
ƉƑ �� 4PNF NFUIPET FMJEFE
Ɗƈ
ƊƉ �� 8SJUF UP B SFG�
ƊƊ Object set(Object val) {
ƊƋ Transaction t = Transaction.CURRENT.get(); �� (FU UIF BDUJWF UY 	FMJEFE� PUIFSXJTF UISPX BO FYDFQUJPO

Ɗƌ return t.doSet(this, val);
Ɗƍ }
ƊƎ �� 'VODUJPOT deref alter commute BOE ensure BSF TJNJMBS�
ƊƏ }

-JTUJOH Ɛ�Ɖ� ćF DMBTT Ref XIJDI JNQMFNFOUT USBOTBDUJPOBM WBSJBCMFT�

"MM PQFSBUJPOT PO SFGT JNQMFNFOU B TJNJMBS QBUUFSO� ćF PQFSBUJPO F�H� (ref-set r
v) JT ĕSTU USBOTMBUFE UP B NFUIPE DBMM PO UIF SFG F�H� r.set(v) 	MJOF ƊƊ
� ćJT NFUIPE
DIFDLT XIFUIFS B USBOTBDUJPO JT SVOOJOH BOE GPSXBSET UIF PQFSBUJPO UP UIF DVSSFOU
USBOTBDUJPO F�H� tx.doSet(r, v)� *G OP USBOTBDUJPO JT SVOOJOH BO FYDFQUJPO JT SBJTFE�

8IFO SFBEJOH B SFG doGet(r) TFBSDIFT JUT WBMVF ĕSTU JO UIF USBOTBDUJPO�T vals
XIJDI DPOUBJOT JUT JO�USBOTBDUJPO WBMVF JO DBTF JU XBT XSJUUFO UP EVSJOH UIF USBOTBDUJPO�
0UIFSXJTF JU TFBSDIFT UIF SFG �T IJTUPSZ GPS UIFNPTU SFDFOU WBMVF CFGPSF UIF USBOTBDUJPO�T
SFBE QPJOU� *G OP SFDFOU FOPVHI WBMVF FYJTUT UIF USBOTBDUJPO NVTU SFUSZ�

.PEJGZJOH B SFG JO doSet(r, v) BEET UIF SFG UP sets BOE JUT WBMVF UP vals JG B
XSJUF MPDL DBO CF BDRVJSFE PO UIF SFG� *G UIJT MPDL JT IFME CZ BOPUIFS USBOTBDUJPO UIF
NPTU SFDFOU PG CPUI BCPSUT 	CBTFE PO UIFJS TUBSU QPJOU
 BOE XJMM SFUSZ XIFO UIF PMEFS
USBOTBDUJPO IBT ĕOJTIFE� ćJT JT BO FBSMZ BCPSU� BO VOBWPJEBCMF DPOĘJDU JT EFUFDUFE
CFGPSF UIF USBOTBDUJPO IBT ĕOJTIFE JODSFBTJOH QFSGPSNBODF CZ BWPJEJOH DPNQVUBUJPOT
UIBU BSF EPPNFE UP GBJM� ćJT SBJTFT B RetryException�

5SBOTBDUJPO " USBOTBDUJPO (atomic e) JT USBOTMBUFE JOUP Transaction.runInTx(fn)
XIFSF fn DPSSFTQPOET UP B GVODUJPO FYFDVUJOH e� *G B USBOTBDUJPO JT SVOOJOH BMSFBEZ UIF
DPOUFOUT PG UIF OFTUFE USBOTBDUJPO BSF TJNQMZ FYFDVUFE XJUIJO UIF DPOUFYU PG UIF PVUFS
USBOTBDUJPO JNQMFNFOUJOH DMPTFE OFTUJOH 	TFF 4FDUJPO Ƌ�Ƌ�Ƌ QBHF Ǝƌ
� 0UIFSXJTF B
OFX USBOTBDUJPO JT DSFBUFE BOE JUT runNFUIPE JT DBMMFE�

ƉƍƏ



$IBQUFS Ʋ� "O *NQMFNFOUBUJPO PG $IPDPMB

Ɖ public class Transaction {
Ɗ �� (MPCBM TIBSFE BUPNJD JOUFHFS DPOUBJOJOH UJNF� *ODSFNFOUFE FBDI UJNF B USBOTBDUJPO TUBSUT SFUSJFT PS DPNNJUT�
Ƌ static AtomicLong lastPoint;
ƌ
ƍ �� 5IF DVSSFOU USBOTBDUJPO JT TUPSFE JO B UISFBE�MPDBM WBSJBCMF� 	*G OP USBOTBDUJPO JT BDUJWF UIJT JT OVMM�

Ǝ static ThreadLocal<Transaction> CURRENT;
Ə
Ɛ AtomicInteger status; �� RUNNING COMMITTING RETRY KILLED PS COMMITTED�
Ƒ long readPoint; �� 5IF SFBE QPJOU� POMZ SFBE SFGT PMEFS UIBO UIJT UJNF�
Ɖƈ long startPoint; �� 3FBE QPJOU PG öSTU BUUFNQU� 6TFE XIFO UXP UY�T DPOøJDU UP TUPQ UIF OFXFS POF�
ƉƉ
ƉƊ HashMap<Ref, Object> vals; �� *O�USBOTBDUJPO WBMVFT PG TFU BOE DPNNVUFE SFGT
ƉƋ HashSet<Ref> sets; �� .PEJöFE SFGT
Ɖƌ TreeMap<Ref, List<CFn>> commutes; �� $PNNVUFE BOE FOTVSFE SFGT 	OPU GVSUIFS DPOTJEFSFE IFSF

Ɖƍ HashSet<Ref> ensures;
ƉƎ
ƉƏ static class RetryEx extends Error {} �� &YDFQUJPO UISPXO XIFO B USBOTBDUJPO TIPVME SFUSZ
ƉƐ
ƉƑ �� "DRVJSF XSJUF MPDL PO SFG� *G UIF MPDL DBOOPU CF BDRVJSFE XJUIJO ��� NT UIJT DBVTFT UIF USBOTBDUJPO UP SFUSZ�
Ɗƈ void tryWriteLock(Ref ref) { … }
ƊƉ �� "DRVJSF XSJUF MPDL PO SFG� *G B DPOøJDU XJUI BOPUIFS USBOTBDUJPO PDDVST UIJT BCPSUT UIF NPTU SFDFOU PG CPUI�
ƊƊ Object lock(Ref ref) { … }
ƊƋ
Ɗƌ Object doGet(Ref ref) {
Ɗƍ if (vals.containsKey(ref)) �� 5IJT SFG XBT NPEJöFE JO UIJT UY� SFUVSO UIBU WBMVF�
ƊƎ return vals.get(ref);
ƊƏ try {
ƊƐ ref.lock.readLock().lock();
ƊƑ Ref.TVal ver = ref.tvals;
Ƌƈ do { �� 'JOE UIF MBUFTU WFSTJPO PG UIF SFG CFGPSF UIJT UY�T SFBE QPJOU�
ƋƉ if (ver.point <= readPoint) return ver.val;
ƋƊ } while ((ver = ver.prior) != ref.tvals);
ƋƋ } finally {
Ƌƌ ref.lock.readLock().unlock();
Ƌƍ }
ƋƎ throw new RetryEx(); �� *G XF SFBDI UIJT QPJOU OP PME FOPVHI WFSTJPO PG UIF SFG FYJTUT� UIF UY NVTU SFUSZ�
ƋƏ }
ƋƐ
ƋƑ Object doSet(Ref ref, Object val) {
ƌƈ if (!sets.contains(ref)) { �� *G XF IBWFO�U TFU UIF SFG CFGPSF BEE JU UP sets BOE MPDL JU�
ƌƉ sets.add(ref);
ƌƊ lock(ref);
ƌƋ }
ƌƌ vals.put(ref, val); �� 4UPSF UIF OFX WBMVF�
ƌƍ return val;
ƌƎ }
ƌƏ �� doCommute BOE doEnsure FMJEFE
ƌƐ
ƌƑ �� 3VO UIF HJWFO GVODUJPO JO B USBOTBDUJPO�
ƍƈ static Object runInTransaction(Callable fn) throws Exception {
ƍƉ if (CURRENT.get() != null) �� *G B UY JT SVOOJOH BMSFBEZ UIJT JT B OFTUFE UY�
ƍƊ �� %PO�U DSFBUF B OFX UY CVU TJNQMZ DBMM UIF GVODUJPO 	DMPTFE OFTUJOH
�
ƍƋ return fn.call();
ƍƌ Transaction t = new Transaction();
ƍƍ CURRENT.set(t);
ƍƎ try { �� 3VO UIF GVODUJPO JO UIF OFX USBOTBDUJPO�
ƍƏ return t.run(fn);
ƍƐ } finally {
ƍƑ CURRENT.remove();
Ǝƈ }
ƎƉ }

-JTUJOH Ɛ�Ɗ� ćF PSJHJOBM DMBTT Transaction 	QBSU Ɖ PG Ɗ
�

ƉƍƐ



Ʋ�Ƭ 5SBOTBDUJPOT

Ɖ Object run(Callable fn) throws Exception {
Ɗ boolean committed = false;
Ƌ Object result = null; �� 3FUVSO WBMVF
ƌ �� 3FUSZ UIF USBOTBDUJPO VOUJM JU TVDDFFET PS UIF NBYJNVN OVNCFS PG BUUFNQUT JT SFBDIFE�
ƍ for (int i = 0; !committed && i < RETRY_LIMIT; i++) {
Ǝ �� (FU SFBE QPJOU BOE TFU TUBUVT
Ə readPoint = lastPoint.incrementAndGet();
Ɛ if (i == 0) startPoint = readPoint;
Ƒ status.set(RUNNING);
Ɖƈ try {
ƉƉ result = fn.call(); �� &YFDVUF UIF USBOTBDUJPO�T CPEZ TUPSF UIF SFUVSO WBMVF�
ƉƊ if (status.compareAndSet(RUNNING, COMMITTING)) {
ƉƋ commit();
Ɖƌ committed = true; �� &OE UIJT MPPQ
Ɖƍ }
ƉƎ } catch (RetryEx retry) { �� 4XBMMPX UIF SFUSZ FYDFQUJPO� B OFX BUUFNQU XJMM TUBSU JO UIF OFYU JUFSBUJPO�
ƉƏ } finally {
ƉƐ �� $MFBS EBUB
ƉƑ }
Ɗƈ }
ƊƉ if (!committed) throw Util.runtimeException(”Transaction failed after reaching retry limit”);
ƊƊ return result;
ƊƋ }
Ɗƌ
Ɗƍ void commit() {
ƊƎ List<Ref> locked = new ArrayList<Ref>(); �� -PDLFE SFGT
ƊƏ try {
ƊƐ for (Ref ref : sets) { �� -PDL BMM TFU SFGT
ƊƑ tryWriteLock(ref);
Ƌƈ locked.add(ref);
ƋƉ } �� *G UIJT EJE OPU UISPX BO FYDFQUJPO XF DBO DPNNJU�
ƋƊ
ƋƋ long commitPoint = lastPoint.incrementAndGet(); �� -PH DVSSFOU UJNF
Ƌƌ for (Map.Entry<Ref, Object> e : vals.entrySet()) { �� $PNNJU WBMVFT PG TFU SFGT
Ƌƍ Ref ref = e.getKey();
ƋƎ Object val = e.getValue();
ƋƏ if (ref.tvals == null) {
ƋƐ �� 3FG EPFTO�U IBWF B IJTUPSZ ZFU� BEE B 57BM XJUI UIF OFX WBMVF�
ƋƑ ref.tvals = new Ref.TVal(val, commitPoint);
ƌƈ } else if (ref.histCount() < ref.maxHistory) {
ƌƉ �� 3FG IBT B IJTUPSZ CVU JU�T OPU GVMM ZFU� BEE B 57BM UP UIF MJOLFE MJTU�
ƌƊ ref.tvals = new Ref.TVal(val, commitPoint, ref.tvals);
ƌƋ } else {
ƌƌ �� )JTUPSZ JT GVMM� SFDZDMF PMEFTU 57BM GPS OFX WBMVF BOE QVU JU BU UIF GSPOU PG UIF DJSDVMBS MJOLFE MJTU�
ƌƍ ref.tvals = ref.tvals.next;
ƌƎ ref.tvals.val = val;
ƌƏ ref.tvals.point = commitPoint;
ƌƐ }
ƌƑ }
ƍƈ status.set(COMMITTED); �� 6QEBUF TUBUVT
ƍƉ } finally {
ƍƊ �� 6OMPDL MPDLFE SFGT
ƍƋ }
ƍƌ }
ƍƍ
ƍƎ �� 0UIFS NFUIPET FMJEFE
ƍƏ }

-JTUJOH Ɛ�Ƌ� ćF PSJHJOBM DMBTT Transaction 	QBSU Ɗ PG Ɗ
�

ƉƍƑ



$IBQUFS Ʋ� "O *NQMFNFOUBUJPO PG $IPDPMB

3VOOJOH B USBOTBDUJPO DPOTJTUT PG SFQFBUJOH B MPPQ PG BUUFNQUT VOUJM JU FJUIFS TVD�
DFFET PS UIF NBYJNBM OVNCFS PG BUUFNQUT JT SFBDIFE 	Ɖƈ ƈƈƈ JO $MPKVSF
� "O BUUFNQU
DPOTJTUT PG UISFF TUFQT� 'JSTU B OFX UJNF QPJOU JT HFOFSBUFE� UIJT JT UIF SFBE QPJOU PG
UIF BUUFNQU� /FYU UIF CPEZ PG UIF USBOTBDUJPO JT FYFDVUFE XIJDI SFBET BOE XSJUFT
UP UIF USBOTBDUJPO�T EBUB TUSVDUVSFT� 'JOBMMZ UIF USBOTBDUJPO BUUFNQUT UP DPNNJU� ćF
DPNNJU QSPUPDPM DPOTJTUT PG UIF GPMMPXJOH TUFQT�

Ɖ� &BDI NPEJĕFE Ref JT MPDLFE JG JU XBT OPU BMSFBEZ� 	3FGT NPEJĕFE VTJOH commute
IBWF OPU CFFO MPDLFE UIPTF XJUI ref-set IBWF�


Ɗ� ćF HMPCBM DMPDL JT JODSFBTFE� UIF DVSSFOU UJNF JT SFDPSEFE BT UIF DPNNJU QPJOU�
Ƌ� ćF OFX WBMVFT BSF DPNNJUUFE� *G B SFG �T IJTUPSZ JT GVMM JUT PMEFTU FOUSZ JT EFMFUFE�
ƌ� "MM MPDLT BSF SFMFBTFE�

*G B RetryException JT SBJTFE BU BOZ QPJOU EVSJOH UIF USBOTBDUJPO PS JUT DPNNJU BMM
PG UIF USBOTBDUJPO�T EBUB TUSVDUVSFT BSF DMFBSFE BOE JUT MPDLT BSF SFMFBTFE BOE B OFYU BU�
UFNQU TUBSUT� 8IFO UIJT IBQQFOT EVF UP BXSJUFoXSJUF DPOĘJDU PO B SFG XIPTF XSJUF MPDL
JT IFME CZ BOPUIFS USBOTBDUJPO UIF OFYU BUUFNQU XJMM POMZ TUBSU BęFS UIBU USBOTBDUJPO
IBT SFMFBTFE UIF MPDL�

Ɛ�Ƌ "DUPST
$MPKVSF EPFT OPU TVQQPSU BDUPST� *O UIJT TFDUJPO XF CSJFĘZ TLFUDI IPX $IPDPMB FY�
UFOET $MPKVSF XJUI TVQQPSU GPS 	OPO�USBOTBDUJPOBM
 BDUPST� *U JT B SBUIFS TJNQMF JN�
QMFNFOUBUJPO NFBOU UP EFNPOTUSBUF UIF TFNBOUJDT PG UIF NPEFM CVU XJUIPVU GVSUIFS
PQUJNJ[BUJPOT�

"DUPST "DUPST BSF JOTUBODFT PG UIF Actor DMBTT TIPXO JO -JTUJOH Ɛ�ƌ� "O BDUPS
DPOUBJOT UXP DPNQPOFOUT� JUT DVSSFOU CFIBWJPS BOE JUT JOCPY�

#FIBWJPST "O BDUPS�T CFIBWJPS JT QBSBNFUFSJ[FE PWFS UXP UZQFT PG QBSBNFUFST�
UIF JOUFSOBM TUBUF PG UIF BDUPS BOE UIF WBMVFT DPOTUJUVUJOH B NFTTBHF 	BT EFTDSJCFE
JO 4FDUJPO Ɗ�ƍ�Ɖ
� #PUI MJTUT PG QBSBNFUFST BSF QBTTFE UP UIF DPOTUSVDU behavior F�H�
(behavior [flights] [orig dest n] e)� behavior JT B NBDSP UIBU USBOTMBUFT UIJT
JOUP OFTUFE GVODUJPOT JO UIF FYBNQMF� (fn [flights] (fn [orig dest n] e))� 5P
TUPSF JUT CFIBWJPS BO BDUPS LFFQT BO JOTUBODF PG UIF DMBTT Behavior UIBU DPNCJOFT UIJT
OFTUFE GVODUJPO BOE UIF BDUPS�T JOUFSOBM TUBUF JO JUT body BOE args ĕFMET�

*OCPY BOE NFTTBHFT ćF JOCPY JT B RVFVF PG NFTTBHFT QSPUFDUFE VTJOH B MPDL
	JNQMFNFOUFE VTJOH +BWB�T LinkedBlockingDeque
� &BDI NFTTBHF IBT B SFDFJWFS 	UIF
BDUPS UP XIJDI JU XBT TFOU
 BOE B MJTU PG BSHVNFOUT�

ƉƎƈ



Ʋ�ƭ "DUPST

Ɖ public class Actor implements Runnable {
Ɗ static class Behavior {
Ƌ IFn body; �� 'VODUJPO PG GVODUJPO DPOUBJOJOH UVSO�T CPEZ
ƌ ISeq args; �� *OUFSOBM TUBUF
ƍ �� .FUIPET FMJEFE
Ǝ }
Ə static class Inbox {
Ɛ LinkedBlockingDeque<Message> q;
Ƒ void enqueue(Message message) { q.put(message); }
Ɖƈ Message take() { return q.take(); }
ƉƉ }
ƉƊ static class Message {
ƉƋ Actor receiver;
Ɖƌ ISeq args;
Ɖƍ �� .FUIPET FMJEFE
ƉƎ }
ƉƏ
ƉƐ static ThreadLocal<Actor> CURRENT;
ƉƑ
Ɗƈ Behavior behavior;
ƊƉ Inbox inbox = new Inbox();
ƊƊ
ƊƋ Actor(IFn behBody, ISeq behArgs) { behavior = new Behavior(behBody, behArgs); }
Ɗƌ
Ɗƍ static void doBecome(IFn behaviorBody, ISeq behaviorArgs) {
ƊƎ Actor.CURRENT.get().become(new Behavior(behaviorBody, behaviorArgs));
ƊƏ }
ƊƐ void become(Behavior newBehavior) { behavior = newBehavior; }
ƊƑ
Ƌƈ static void doSend(Actor receiver, ISeq args) {
ƋƉ receiver.enqueue(new Message(receiver, args));
ƋƊ }
ƋƋ void enqueue(Message message) { inbox.enqueue(message); }
Ƌƌ
Ƌƍ static Actor doSpawn(IFn behaviorBody, ISeq behaviorArgs) {
ƋƎ Actor actor = new Actor(behaviorBody, behaviorArgs);
ƋƏ actor.start();
ƋƐ return actor;
ƋƑ }
ƌƈ void start() { Agent.soloExecutor.submit(this); }
ƌƉ
ƌƊ �� 0ODF B OFX UISFBE IBT CFFO DSFBUFE GPS UIF BDUPS JU SVOT UIJT NFUIPE�
ƌƋ void run() {
ƌƌ CURRENT.set(this);
ƌƍ while (true) { �� $POUJOVBMMZ UBLF NFTTBHF GSPN JOCPY BOE BQQMZ CFIBWJPS�
ƌƎ Message message = inbox.take();
ƌƏ IFn behaviorInstance = (IFn) behavior.apply();
ƌƐ behaviorInstance.applyTo(message.args);
ƌƑ }
ƍƈ }
ƍƉ }

-JTUJOH Ɛ�ƌ� ćF PSJHJOBM DMBTT Actor�

ƉƎƉ



$IBQUFS Ʋ� "O *NQMFNFOUBUJPO PG $IPDPMB

0QFSBUJPOT &BDI BDUPS PQFSBUJPO JT USBOTMBUFE JOUP B TUBUJD NFUIPE DBMM PO Actor
F�H� (become b v…) JT USBOTMBUFE UP Actor.doBecome(b, [v…])� "MM PQFSBUJPOT BSF TQMJU
JOUP UXP QBSUT� B TUBUJD NFUIPE 	QSFĕYFE XJUI do
 UIBU JT DBMMFE XIFSF UIF PQFSBUJPO
BQQFBST BOE B NFUIPE PO UIF BČFDUFE BDUPS UIBU FYFDVUFT UIF FČFDU 	become enqueue
BOE start
� &YUSBDUJOH UIF FČFDU JOUP B TFQBSBUF NFUIPE XJMM NBLF JU FBTJFS MBUFS PO UP
EFMBZ UIF FČFDU JO B USBOTBDUJPO PS UFOUBUJWF UVSO�

ćF UISFF PQFSBUJPOT PO BDUPST BSF TUSBJHIUGPSXBSE�

t become VQEBUFT UIF CFIBWJPS PG UIF DVSSFOU BDUPS�
t send FORVFVFT B NFTTBHF JO UIF JOCPY PG UIF SFDFJWFS�
t spawn DSFBUFT B OFX BDUPS XJUI UIF HJWFO JOJUJBM CFIBWJPS BOE TQBXOT B OFX UISFBE

UIBU SVOT UIF BDUPS�

3VOOJOH BO BDUPS 8IFO BO BDUPS JT TQBXOFE B UISFBE JT DSFBUFE UIBU FYFDVUFT JUT
runNFUIPE� ćJT DPOTJTUT PG BO JOĕOJUF MPPQ UIBU UBLFT B NFTTBHF GSPN UIF JOCPY BOE
DBMMT UIF CFIBWJPS�T CPEZ XJUI UIF BDUPS�T JOUFSOBM TUBUF BOE UIF NFTTBHF�T WBMVFT�

'VUVSF XPSL (BSCBHF DPMMFDUJPO PG BDUPST IBT OPU ZFU CFFO JNQMFNFOUFE JO PVS
DVSSFOU QSPUPUZQF� 8IFO UIFSF BSF OP NPSF SFGFSFODFT UP BO BDUPS JU DBOOPU SFDFJWF
NFTTBHFT BOZNPSF� 0ODF JUT JOCPY JT GVMMZ QSPDFTTFE JU XJMM LFFQ FYJTUJOH JO NFNPSZ
CVU JU XJMM CF JEMF QFSNBOFOUMZ�

Ɛ�ƌ 5SBOTBDUJPOBM "DUPST
ćJT TFDUJPO MJTUT UIF DIBOHFT UIBU OFFE UP CF NBEF UP UIF TUBOEBSE JNQMFNFOUBUJPOT
PG USBOTBDUJPOT BOE BDUPST UP TVQQPSU USBOTBDUJPOBM BDUPST� -JTUJOH Ɛ�ƍ TIPXT UIF NPE�
JĕDBUJPOT NBEF UP UIF DMBTT Actor UP TVQQPSUT USBOTBDUJPOBM BDUPST� 	ćF DIBOHFT UP
Transaction BSF EJTDVTTFE JO UIF OFYU TFDUJPO�


&BDI PQFSBUJPO JT JNQMFNFOUFE BT EFĕOFE JO $IBQUFS ƍ�

become *O B USBOTBDUJPO become TUPSFT JUT FČFDU JO UIF DVSSFOU USBOTBDUJPOBM GVUVSF�T
nextBehavior ĕFME� ćJT XJMM POMZ CFDPNF BDUJWF JG UIF USBOTBDUJPO TVDDFFET�

send .FTTBHFT IBWF B EFQFOEFODZ XIPTF WBMVF EFQFOET PO UIF DPOUFYU� JO B USBOTBD�
UJPO UIBU USBOTBDUJPO JT UIF EFQFOEFODZ� JO B UFOUBUJWF UVSO CVU PVUTJEF B USBOTBD�
UJPO UIF EFQFOEFODZ PG UIF UVSO JT VTFE� BOE JO B EFĕOJUJWF UVSO JU JT OVMM�

spawn *O B USBOTBDUJPO TQBXOFE BDUPST BSF TUPSFE JO UIF USBOTBDUJPOBM GVUVSF�T TFU PG
spawned BDUPST� ćFTF BDUPST BSF POMZ BDUVBMMZ TUBSUFE BU DPNNJU UJNF JG UIF USBOT�
BDUJPO TVDDFFET� *O B UFOUBUJWF UVSO TQBXOFE BDUPST BSF TUPSFE JO UIF BDUPS UP CF
TUBSUFE JG UIF UVSO FOET TVDDFTTGVMMZ� *O EFĕOJUJWF UVSOT BDUPST BSF TUBSUFE JNNFEJ�
BUFMZ�

ƉƎƊ



Ʋ�Ʈ 5SBOTBDUJPOBM "DUPST

Ɖ public class Actor implements Runnable {
Ɗ �� *OOFS DMBTTFT Behavior BOE Inbox BSF VODIBOHFE
Ƌ static class Message {
ƌ Actor receiver;
ƍ ISeq args;
Ǝ Transaction dependency; �� /FX DBO CF OVMM
Ə �� .FUIPET FMJEFE
Ɛ }
Ƒ static class AbortEx extends Error {} �� 5ISPXO JG UIF EFQFOEFODZ BCPSUFE
Ɖƈ
ƉƉ �� 'JFMET CURRENT behavior BOE inbox BSF VODIBOHFE� /FX�
ƉƊ Transaction dependency; �� 5IF DVSSFOU EFQFOEFODZ 	DBO CF OVMM

ƉƋ List<Actor> spawned; �� "DUPST TQBXOFE EVSJOH UIJT UVSO JG JU JT UFOUBUJWF
Ɖƌ
Ɖƍ �� $POTUSVDUPS Actor VODIBOHFE
ƉƎ
ƉƏ static void doBecome(IFn behaviorBody, ISeq behaviorArgs) {
ƉƐ Behavior b = new Behavior(behaviorBody, behaviorArgs);
ƉƑ if (TransactionalFuture.CURRENT.get()) { TransactionalFuture.CURRENT.get().nextBehavior = b; }
Ɗƈ else { Actor.CURRENT.get().become(b); }
ƊƉ }
ƊƊ �� .FUIPE become VODIBOHFE
ƊƋ static void doSend(Actor receiver, ISeq args) {
Ɗƌ Transaction dep;
Ɗƍ if (TransactionalFuture.CURRENT.get()) { dep = TransactionalFuture.CURRENT.get().tx; }
ƊƎ else if (Actor.CURRENT.get().dependency) { dep = Actor.CURRENT.get().dependency; }
ƊƏ else { dep = null; }
ƊƐ receiver.enqueue(new Message(receiver, args, dep));
ƊƑ }
Ƌƈ �� .FUIPE enqueue VODIBOHFE
ƋƉ static Actor doSpawn(IFn behaviorBody, ISeq behaviorArgs) {
ƋƊ Actor a = new Actor(behaviorBody, behaviorArgs);
ƋƋ if (TransactionalFuture.CURRENT.get()) { TransactionalFuture.CURRENT.get().spawned.add(a); }
Ƌƌ else if (Actor.CURRENT.get().dependency) { Actor.CURRENT.get().spawned.add(a); }
Ƌƍ else { a.start(); }
ƋƎ return a;
ƋƏ }
ƋƐ �� .FUIPE start VODIBOHFE
ƋƑ
ƌƈ void run() {
ƌƉ CURRENT.set(this);
ƌƊ while (true) {
ƌƋ Message message = inbox.take();
ƌƌ dependency = message.dependency; �� $BO CF OVMM� *G JU OPU UIJT JT B UFOUBUJWF UVSO�
ƌƍ Behavior oldBehavior = behavior; �� .BLF DPQZ UP VTF JO DBTF PG SPMM CBDL
ƌƎ try {
ƌƏ IFn behaviorInstance = (IFn) behavior.apply();
ƌƐ behaviorInstance.applyTo(message.args);
ƌƑ if (dependency != null) { �� 5IJT XBT B UFOUBUJWF UVSO
ƍƈ dependency.waitUntilFinished();
ƍƉ if (dependency.status.get() != Transaction.COMMITTED)
ƍƊ throw new Actor.AbortEx();
ƍƋ for (Actor actor : spawned) �� 1FSTJTU FòFDUT
ƍƌ actor.start();
ƍƍ }
ƍƎ } catch (AbortEx e) { �� 3PMM CBDL PO BCPSU
ƍƏ behavior = oldBehavior;
ƍƐ } finally {
ƍƑ �� 3FTFU dependency BOE spawned
Ǝƈ }
ƎƉ }
ƎƊ }
ƎƋ }

-JTUJOH Ɛ�ƍ� ćF DMBTT ActorXJUI TVQQPSU GPS USBOTBDUJPOBM BDUPST�

ƉƎƋ



$IBQUFS Ʋ� "O *NQMFNFOUBUJPO PG $IPDPMB

1SPDFTTJOH B UVSO 	JO run()
 IBT BMTP DIBOHFE TMJHIUMZ�

t "U UIF TUBSU PG B UVSO UIF DVSSFOU CFIBWJPS JT DPQJFE�
t "U UIF FOE PG B UFOUBUJWF UVSO UIF BDUPS XBJUT GPS UIF EFQFOEFODZ UP DPNQMFUF�

*G UIF EFQFOEFODZ TVDDFFET UIF EFMBZFE TQBXOFE BDUPST BSF TUBSUFE� *G JU BCPSUT
UIF DVSSFOU UVSO JT BCPSUFE XIJDI NFBOT TQBXOFE BDUPST BSF OPU TUBSUFE BOE BOZ
DIBOHFT UP UIF CFIBWJPS BSF SPMMFE CBDL�

0VS JNQMFNFOUBUJPO JT B QSPUPUZQF EFTJHOFE UP CF TVďDJFOU UP EFNPOTUSBUF UIF CFO�
FĕUT PG PVS BQQSPBDI JO UIF OFYU DIBQUFS CVU XJUIPVU GVSUIFS PQUJNJ[BUJPOT� 8F DBO
UIJOL PG TFWFSBM QPUFOUJBM PQUJNJ[BUJPOT� 'PS FYBNQMF XIFO B NFTTBHF XJUI B EFQFO�
EFODZ JT UBLFO GSPN UIF JOCPY XF DPVME DIFDL XIFUIFS JUT EFQFOEFODZ IBT ĕOJTIFE
BMSFBEZ� *G JU ĕOJTIFE BOE TVDDFFEFE UIF UVSO EPFT OPU OFFE UP CF UFOUBUJWF BOE JG JU
BCPSUFE UIF NFTTBHF DBO CF EJTDBSEFE JNNFEJBUFMZ�

Ɛ�ƍ 5SBOTBDUJPOBM 'VUVSFT
*O UIJT TFDUJPO XF EFTDSJCF XIJDI DIBOHFT OFFE UP CF NBEF UP UIF JNQMFNFOUBUJPOT
PG GVUVSFT BOE USBOTBDUJPOT JO PSEFS UP TVQQPSU USBOTBDUJPOBM GVUVSFT BOE USBOTBDUJPOBM
BDUPST� " OFX DMBTT TransactionalFuture JNQMFNFOUT TVDI GVUVSFT BOE NBOZ PG UIF
EBUB TUSVDUVSFT BOE PQFSBUJPOT PO USBOTBDUJPOT NPWFE GSPN Transaction 	TIPXO JO
-JTUJOH Ɛ�Ǝ
 UP TransactionalFuture 	-JTUJOHT Ɛ�Ə BOE Ɛ�Ɛ
�

Transaction BOE TransactionalFuture

5SBOTBDUJPO ćF DMBTT Transaction OPX POMZ DPOUBJOT POF EBUB TUSVDUVSF� futures
UIF TFU PG GVUVSFT GPSLFE JO UIF USBOTBDUJPO� "EEJUJPOBMMZ JU JNQMFNFOUT UXP JNQPSUBOU
NFUIPET�

t run FWBMVBUFT UIF USBOTBDUJPO� ćJT XPSLT BT CFGPSF FYDFQU GPS UXP DIBOHFT� 'JSTU
JOTUFBE PG FWBMVBUJOH JUT CPEZ EJSFDUMZ B SPPU GVUVSF JT DSFBUFE UP FODBQTVMBUF UIJT�
"MM USBOTBDUJPOBM PQFSBUJPOT UIVT NBOJQVMBUF UIF EBUB TUSVDUVSFT JO UIBU GVUVSF PS
POF PG JUT DIJMESFO� 4FDPOE JO B UFOUBUJWF UVSO B USBOTBDUJPO XJMM XBJU GPS UIF EF�
QFOEFODZ BOE POMZ DPNNJU JG UIF EFQFOEFODZ TVDDFFEFE�

t commit� UIF USBOTBDUJPO BUUFNQUT UP DPNNJU BęFS UIF SPPU GVUVSF IBT ĕOJTIFE� #F�
DBVTF B USBOTBDUJPOBM GVUVSF POMZ ĕOJTIFT BęFS JU IBT NFSHFE BMM PG JUT DIJMESFO
BMM DIBOHFT GSPN BMM GVUVSFT XJMM IBWF CFFO NFSHFE JOUP UIF SPPU GVUVSF CFGPSF JU
DPNNJUT� ćF DPNNJU QSPUPDPM JT BMNPTU VODIBOHFE FYDFQU UIBU JU VTFT UIF EBUB
TUSVDUVSFT PG UIF SPPU GVUVSF BOE UBLFT JOUP BDDPVOU PQFSBUJPOT PO BDUPST�

ƉƎƌ



Ʋ�Ư 5SBOTBDUJPOBM 'VUVSFT

Ɖ public class Transaction {
Ɗ �� 5IFTF öFMET BSF VODIBOHFE�
Ƌ static AtomicLong lastPoint; �� (MPCBM DMPDL
ƌ AtomicInteger status; �� RUNNING COMMITTING RETRY KILLED PS COMMITTED
ƍ long readPoint; �� 5IF SFBE QPJOU
Ǝ long startPoint; �� 3FBE QPJOU PG öSTU BUUFNQU
Ə
Ɛ �� 5SBOTBDUJPO�T EBUB TUSVDUVSFT 	vals setsy
 NPWFE UP TransactionalFuture�
Ƒ �� *OTUFBE XF POMZ TUPSF UIF GVUVSFT DSFBUFE JO UIF USBOTBDUJPO�
Ɖƈ Set<TransactionalFuture> futures = Collections.synchronizedSet(
ƉƉ new HashSet<TransactionalFuture>());
ƉƊ
ƉƋ static class RetryEx extends Error {} �� &YDFQUJPO UISPXO XIFO B USBOTBDUJPO TIPVME SFUSZ
Ɖƌ
Ɖƍ �� 3VO UIF HJWFO GVODUJPO JO B USBOTBDUJPO�
ƉƎ static Object runInTransaction(Callable fn) throws Exception {
ƉƏ if (TransactionalFuture.CURRENT.get() != null) �� "MSFBEZ JO B USBOTBDUJPOBM GVUVSF� OFTUFE USBOTBDUJPO
ƉƐ return fn.call();
ƉƑ Transaction tx = new Transaction();
Ɗƈ return tx.run(fn);
ƊƉ }
ƊƊ
ƊƋ Object run(Callable fn) throws Exception { �� 6ODIBOHFE FYDFQU GPS UIF HSFFO MJOFT
Ɗƌ boolean committed = false;
Ɗƍ Object result = null; �� 3FUVSO WBMVF
ƊƎ �� 3FUSZ UIF USBOTBDUJPO VOUJM JU TVDDFFET PS UIF NBYJNVN OVNCFS PG BUUFNQUT JT SFBDIFE�
ƊƏ for (int i = 0; !committed && i < RETRY_LIMIT; i++) {
ƊƐ �� (FU SFBE QPJOU BOE TFU TUBUVT
ƊƑ readPoint = lastPoint.incrementAndGet();
Ƌƈ if (i == 0) startPoint = readPoint;
ƋƉ status.set(RUNNING);
ƋƊ try {
ƋƋ �� *OTUFBE PG result = fn.call();XF OPX EP UIJT JO B OFX GVUVSF�
Ƌƌ TransactionalFuture f_root = new TransactionalFuture(this, null, fn);
Ƌƍ result = f_root.call(); �� 8BJU GPS UIF GVUVSF UP DPNQMFUF
ƋƎ Actor.abortIfDependencyAborted(); �� *O B UFOUBUJWF UVSO XBJU GPS EFQFOEFODZ BOE QPTTJCMZ BCPSU
ƋƏ if (status.compareAndSet(RUNNING, COMMITTING)) {
ƋƐ commit(f_root);
ƋƑ committed = true; �� &OE UIJT MPPQ
ƌƈ }
ƌƉ } catch (RetryEx retry) { �� 4XBMMPX UIF SFUSZ FYDFQUJPO� B OFX BUUFNQU XJMM TUBSU JO UIF OFYU JUFSBUJPO�
ƌƊ } finally {
ƌƋ �� $MFBS EBUB
ƌƌ }
ƌƍ }
ƌƎ if (!committed) throw Util.runtimeException(”Transaction failed after reaching retry limit”);
ƌƏ return result;
ƌƐ }
ƌƑ
ƍƈ void commit(TransactionalFuture f_root) {
ƍƉ �� y
ƍƊ �� $PNNJU QSPUPDPM VODIBOHFE CVU VTJOH UIF EBUB TUSVDUVSFT PG UIF SPPU GVUVSF BOE FYUFOEFE XJUI�
ƍƋ if (f_root.nextBehavior != null)
ƍƌ Actor.CURRENT.get().become(f_root.nextBehavior);
ƍƍ for (Actor actor : f_root.spawned)
ƍƎ actor.start();
ƍƏ }
ƍƐ
ƍƑ �� 0UIFS NFUIPET FMJEFE
Ǝƈ }

-JTUJOH Ɛ�Ǝ� ćF DMBTT TransactionXJUI TVQQPSU GPS USBOTBDUJPOBM GVUVSFT BOE BDUPST�

ƉƎƍ



$IBQUFS Ʋ� "O *NQMFNFOUBUJPO PG $IPDPMB

Ɖ public class TransactionalFuture implements Callable, Future {
Ɗ �� 5IF DVSSFOU GVUVSF TUPSFE JO B UISFBE�MPDBM WBSJBCMF� 	*G OP USBOTBDUJPO JT BDUJWF UIJT JT OVMM�

Ƌ static ThreadLocal<TransactionalFuture> CURRENT;
ƌ
ƍ Transaction tx; �� 5SBOTBDUJPO GPS UIJT GVUVSF
Ǝ Future future; �� +BWB 'VUVSF UIBU XJMM SFTPMWF UP UIJT GVUVSF�T WBMVF� 	OVMM GPS SPPU GVUVSF

Ə Callable fn; �� 'VODUJPO FYFDVUFE JO UIJT GVUVSF
Ɛ Object result; �� 3FTVMU PG GVUVSF 	SFUVSO WBMVF PG GO

Ƒ
Ɖƈ static class Vals<K, V> { … } �� -JOLFE MJTU PG IBTI NBQT
ƉƉ
ƉƊ Vals<Ref, Object> snapshot; �� valsXIFO UIJT GVUVSF XBT DSFBUFE 	TFU JO BODFTUPST SFBE�POMZ

ƉƋ Vals<Ref, Object> vals; �� *O�USBOTBDUJPO WBMVFT PG SFGT NPEJöFE JO UIJT GVUVSF
Ɖƌ HashSet<Ref> sets; �� .PEJöFE SFGT
Ɖƍ TreeMap<Ref, List<CFn>> commutes; �� $PNNVUFE BOE FOTVSFE SFGT 	OPU GVSUIFS DPOTJEFSFE IFSF

ƉƎ HashSet<Ref> ensures;
ƉƏ List<Actor> spawned; �� 4QBXOFE BDUPST
ƉƐ Actor.Behavior nextBehavior; �� -BTU CFDPNF 	OVMM JG OP become PDDVSSFE

ƉƑ HashSet<TransactionalFuture> merged; �� 'VUVSFT NFSHFE JOUP UIJT POF
Ɗƈ
ƊƉ �� $SFBUF B OFX USBOTBDUJPOBM GVUVSF� 5IJT GVODUJPO SVOT JO UIF QBSFOU� UIF GVUVSF UIBU JT CFJOH DSFBUFE JT OPU ZFU SVOOJOH�
ƊƊ TransactionalFuture(Transaction tx, TransactionalFuture parent, Callable fn) {
ƊƋ this.tx = tx;
Ɗƌ this.fn = fn;
Ɗƍ if (parent == null) { �� 3PPU GVUVSF� TOBQTIPU JT FNQUZ BOE WBMT TUBSU FNQUZ
ƊƎ snapshot = null;
ƊƏ vals = new Vals<Ref, Object>();
ƊƐ } else { �� $IJME GVUVSF� TOBQTIPU � DVSSFOU QBSFOU WBMT PVS BOE UIF QBSFOU�T WBMT AGPSL� UIJT
ƊƑ if (!parent.vals.isEmpty()) {
Ƌƈ snapshot = parent.vals;
ƋƉ vals = new Vals<Ref, Object>(parent.vals);
ƋƊ parent.vals = new Vals<Ref, Object>(parent.vals);
ƋƋ } else { �� 0QUJNJ[BUJPO� JG QBSFOU IBT OPU TFU BOZUIJOH UIJT DBO QPJOU TUSBJHIU UP UIF QBSFOU�T BODFTUPS
Ƌƌ �� BOE QBSFOU DBO ASF�VTF� JUT WBMT� 5IJT BWPJET DSFBUJOH FNQUZ WBMT�
Ƌƍ snapshot = parent.vals.prev;
ƋƎ vals = new Vals<Ref, Object>(parent.vals.prev);
ƋƏ }
ƋƐ }
ƋƑ synchronized (tx.futures) { tx.futures.add(this); }
ƌƈ }
ƌƉ
ƌƊ �� 4QBXO GVUVSF DBMMFE GPS GPSLT� PVUTJEF USBOTBDUJPO SFHVMBS GVUVSF JO USBOTBDUJPO B USBOTBDUJPOBM GVUVSF�
ƌƋ static Future spawnFuture(Callable fn) {
ƌƌ TransactionalFuture current = TransactionalFuture.CURRENT.get();
ƌƍ if (current == null) { �� 0VUTJEF USBOTBDUJPO
ƌƎ return Agent.soloExecutor.submit(fn);
ƌƏ } else { �� *O USBOTBDUJPO
ƌƐ TransactionalFuture f = new TransactionalFuture(current.tx, current, fn);
ƌƑ f.future = Agent.soloExecutor.submit(f);
ƍƈ return f;
ƍƉ }
ƍƊ }

-JTUJOH Ɛ�Ə� ćF DMBTT TransactionalFuture 	QBSU Ɖ PG Ɗ
�

ƉƎƎ



Ʋ�Ư 5SBOTBDUJPOBM 'VUVSFT

Ɖ �� &YFDVUF GVUVSF JO UIJT UISFBE BOE XBJU GPS BMM TVC�GVUVSFT UP öOJTI� $BMMFE EJSFDUMZ GPS UIF SPPU GVUVSF
Ɗ �� PS JO OFX UISFBE GPS UIF PUIFST�
Ƌ Object call() throws Exception {
ƌ try {
ƍ CURRENT.set(this);
Ǝ result = fn.call();
Ə �� &MJEFE� XBJU GPS BMM GVUVSFT JO tx.futures UP öOJTI CZ DBMMJOH UIFJS getNFUIPE�
Ɛ } finally {
Ƒ CURRENT.set(null);
Ɖƈ }
ƉƉ return result;
ƉƊ }
ƉƋ
Ɖƌ �� +PJO UIF GVUVSF� 8BJUT JG OFDFTTBSZ GPS UIF DPNQVUBUJPO UP DPNQMFUF BOE UIFO SFUSJFWFT JUT SFTVMU�
Ɖƍ Object get() throws ExecutionException, InterruptedException {
ƉƎ �� 'PS B DBMM UP child.get()� this� DIJME BOE CURRENT� JUT QBSFOU�
ƉƏ future.get(); �� 4FUT öFME result
ƉƐ TransactionalFuture.CURRENT.get().merge(this); �� .FSHF DIJME 	this
 JOUP QBSFOU 	CURRENT

ƉƑ return result;
Ɗƈ }
ƊƉ
ƊƊ Object doGet(Ref ref) {
ƊƋ Object val = vals.get(ref); �� 'JSTU MPPL JO WBMT 	CPUI DVSSFOU MPDBM TUPSF BOE BODFTUPST

Ɗƌ if (val == null) return requireBeforeTransaction(ref); �� PUIFSXJTF JO SFG�T IJTUPSZ�
Ɗƍ return val;
ƊƎ }
ƊƏ �� .FUIPET doSet doCommute BOE doEnsure BSF VODIBOHFE
ƊƐ
ƊƑ �� .FSHF DIJME JOUP UIJT�
Ƌƈ void merge(TransactionalFuture child) {
ƋƉ if (merged.contains(child)) return; �� "MSFBEZ NFSHFE
ƋƊ
ƋƋ �� vals� BEE JO�USBOTBDUJPO�WBMVF PG SFGT TFU JO DIJME UP QBSFOU
Ƌƌ for (Ref r : child.sets) {
Ƌƍ Object v_child = child.vals.get(r); �� $VSSFOU WBMVF JO DIJME
ƋƎ Object v_parent = vals.get(r); �� $VSSFOU WBMVF JO QBSFOU� JO JUT WBMT FMTF JO UIF SFG�T IJTUPSZ
ƋƏ if (v_parent == null) v_parent = requireBeforeTransaction(r);
ƋƐ Object v_original = child.snapshot.get(r); �� 0SJHJOBM WBMVF� JO TOBQTIPU FMTF JO SFG�T IJTUPSZ
ƋƑ if (v_original == null) v_original = requireBeforeTransaction(r);
ƌƈ
ƌƉ if (v_parent == v_original) { �� /P DPOøJDU KVTU UBLF PWFS WBMVF
ƌƊ vals.put(r, v_child);
ƌƋ } else { �� $POøJDU
ƌƌ if (r.getResolve() != null) �� $BMM DVTUPN DPOøJDU SFTPMVUJPO GVODUJPO JG JU XBT EFöOFE
ƌƍ vals.put(r, r.getResolve().invoke(v_original, v_parent, v_child));
ƌƎ else �� %FGBVMU DPOøJDU SFTPMVUJPO � QSFGFS DIJME
ƌƏ vals.put(r, v_child);
ƌƐ }
ƌƑ }
ƍƈ sets.addAll(child.sets); �� sets� BEE TFUT PG DIJME UP QBSFOU
ƍƉ spawned.addAll(spawned); �� spawned� BEE BDUPST TQBXOFE JO DIJME UP QBSFOU
ƍƊ if (child.nextBehavior != null) nextBehavior = child.nextBehavior; �� $IJME EJE become� UBLF JU PWFS
ƍƋ merged.addAll(child.merged); �� merged� BEE GVUVSFT NFSHFE JOUP DIJME UP GVUVSFT NFSHFE JOUP QBSFOU
ƍƌ merged.add(child); �� $IJME IBT CFFO NFSHFE OPX
ƍƍ �� commutes BOE ensures FMJEFE
ƍƎ }
ƍƏ }

-JTUJOH Ɛ�Ɛ� ćF DMBTT TransactionalFuture 	QBSU Ɗ PG Ɗ
�
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$IBQUFS Ʋ� "O *NQMFNFOUBUJPO PG $IPDPMB

5SBOTBDUJPOBM GVUVSF ćF DMBTT TransactionalFuture DPOUBJOT UIF EBUB TUSVDUVSFT
OFFEFE JO B USBOTBDUJPOBM GVUVSF BOE JNQMFNFOUT CPUI PQFSBUJPOT PO USBOTBDUJPOBM WBSJ�
BCMFT 	doGet doSet doCommute BOE doEnsure
 BOE PO USBOTBDUJPOBM GVUVSFT 	spawn-
Future GPS fork BOE get GPS join
� *U DPOUBJOT UIF GPMMPXJOH EBUB�

t " UISFBE�MPDBM WBSJBCMF CURRENT QFS GVUVSF� " USBEJUJPOBM JNQMFNFOUBUJPO PG USBOT�
BDUJPOT VTFT B UISFBE�MPDBM WBSJBCMF QFS USBOTBDUJPO BT FWFSZ USBOTBDUJPO POMZ DPO�
UBJOT POF UISFBE� )FSF XF OFFE B TFQBSBUF UISFBE�MPDBM WBSJBCMF QFS GVUVSF�

t " SFGFSFODF UP JUT FODBQTVMBUJOH USBOTBDUJPO tx�
t &WFSZ TransactionalFuture IBT BO BTTPDJBUFE +BWB 'VUVSF future XIJDI XJMM DPO�

UBJO JUT ĕOBM WBMVF�
t 8IFO UIF GVUVSF JT GPSLFE JUT CPEZ JT XSBQQFE JO B GVODUJPO fn XIJDI JT UIFO

FWBMVBUFE JO B OFX UISFBE�
t ćF WBSJBCMF resultXJMM BMMPX PUIFS UISFBET UP SFBE UIF WBMVF PG UIJT GVUVSF�
t " USBOTBDUJPOBM GVUVSF DPOUBJOT UIF TBNFEBUB TUSVDUVSFT UIBUXFSF QSFWJPVTMZ TUPSFE

QFS USBOTBDUJPO 	vals sets commutes BOE ensures
 BT XFMM BT JUT snapshot� ćF
JNQMFNFOUBUJPO PG snapshot BOE vals VTJOH UIF DMBTT Vals JT EJTDVTTFE JO EFUBJM
CFMPX�

t %FMBZFE PQFSBUJPOT PO BDUPST BSF TUPSFE� UIF TFU PG spawned BDUPST BOE QPTTJCMZ UIF
nextBehavior QBTTFE UP become�

t 'JOBMMZ B USBOTBDUJPOBM GVUVSF LFFQT USBDL PG UIF GVUVSFT JU merged�

3FBEJOH B USBOTBDUJPOBM WBSJBCMF 	doGet
 OPX DPOTJTUT PG MPPLJOH VQ UIF SFG JO vals
XIJDI MPPLT CPUI JO UIF MPDBM TUPSF BOE TOBQTIPU VQ UIF USFF PG GVUVSFT� *G JU DBOOPU CF
GPVOE UIFSF UIF SFG �T IJTUPSZ JT TFBSDIFE� ćF PUIFS USBOTBDUJPOBM PQFSBUJPOT 	doSet
doCommute BOE doEnsure
 BSF JNQMFNFOUFE BT CFGPSF�

$SFBUJOH BOE KPJOJOH B USBOTBDUJPOBM GVUVSF

$SFBUJOH B USBOTBDUJPOBM GVUVSF TransactionalFuture�T DPOTUSVDUPS JT DBMMFE PODF
GPS UIF SPPU GVUVSF BOE OFYU XIFO B QBSFOU GVUVSF DSFBUFT B DIJME� ćF SPPU GVUVSF�T
snapshot JT null BOE JUT vals TUBSUT FNQUZ� 'PS PUIFS GVUVSFT�

t ćF DIJME�T TOBQTIPU JT UIF QBSFOU�T DVSSFOU MPDBM TUPSF�
t ćF DIJME�T MPDBM TUPSF JT BO FNQUZ XSBQQFS BSPVOE UIF QBSFOU�T MPDBM TUPSF�
t ćF QBSFOU�T MPDBM TUPSF JT NPEJĕFE UP CF B XSBQQFS BSPVOE JUT DVSSFOU MPDBM TUPSF�

ćJT FOTVSFT UIBU GVSUIFS NPEJĕDBUJPOT JO UIF QBSFOU BSF OPU WJTJCMF CZ UIF DIJME�

ćF DPOTUSVDU (fork body) JT B NBDSP 	XSJUUFO JO $MPKVSF
 UIBU XSBQT body JO B GVOD�
UJPO BOE DBMMT spawnFutureXJUI UIJT GVODUJPO� 0VUTJEF B USBOTBDUJPO UIJT FYFDVUFT UIF
CPEZ JO B OFX UISFBE BT CFGPSF� *O B USBOTBDUJPO UIJT DSFBUFT B USBOTBDUJPOBM GVUVSF UP
FYFDVUF PO B OFX UISFBE�
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Ʋ�Ư 5SBOTBDUJPOBM 'VUVSFT

+PJOJOH B GVUVSF 8IFO (join f) BQQFBST JO B USBOTBDUJPO JU JT USBOTMBUFE UP f.get()�
ćJT NFUIPE XBJUT VOUJM UIF DIJME IBT ĕOJTIFE 	UIBU JT VOUJM JUT +BWB 'VUVSF future IBT
SFTPMWFE
 BOE UIFO NFSHFT UIF DIJME JOUP UIF QBSFOU� ćJT DPOTJTUT PG NFSHJOH UIFJS
EBUB TUSVDUVSFT�

t ćF DIJME�T MPDBM TUPSF 	vals
 JT NFSHFE JOUP UIF QBSFOU� 5P EP TP XF MPPL VQ UIF
DVSSFOU WBMVFT JO DIJME BOE QBSFOU BOE UIF WBMVF JO UIF TOBQTIPU� *O DBTF UIF QBSFOU
IBT OPU NPEJĕFE JUT SFG UIF DIJME�T WBMVF DBO TJNQMZ CF UBLFO PWFS� 0UIFSXJTF
UIFSF JT B DPOĘJDU TP UIF SFG �T DPOĘJDU SFTPMVUJPO GVODUJPO JT DBMMFE� *O DBTF UIF
EFWFMPQFS EJE OPU TQFDJGZ B DVTUPN DPOĘJDU SFTPMVUJPO GVODUJPO XF EFGBVMU UP UIF
POF UIBU QJDLT UIF DIJME�T WBMVF�

t ćF DIJME�T TFU PG NPEJĕFE SFGT 	sets
 JT KPJOFE XJUI UIF QBSFOU�T�
t ćF DIJME�T spawned BDUPST JT KPJOFE XJUI UIF QBSFOU�T�
t *G UIF DIJME EJE B become JUT FČFDU JT UBLFO PWFS CZ UIF QBSFOU� 	&WFO JG UIF QBSFOU

BMTP EJE B become UIF DIJME�T WBMVF JT QSFGFSSFE�

t ćF DIJME�T TFU PG merged GVUVSFT JT BMTP KPJOFE JOUP UIF QBSFOU�

'JOBMMZ UIF DIJME GVUVSF JT BEEFE UP UIF TFU PG NFSHFE GVUVSFT PG UIF QBSFOU� ćJT XJMM
QSFWFOU TVCTFRVFOU KPJOT GSPN NFSHJOH UIF DIJME�T EBUB TUSVDUVSFT BHBJO�

*NQMFNFOUBUJPO PG TOBQTIPU BOE MPDBM TUPSF UIBU BWPJET EVQMJDBUJPO

snapshot BOE vals BSF UIF NPTU GSFRVFOUMZ VTFE EBUB TUSVDUVSFT JO B USBOTBDUJPOBM GV�
UVSF BT UIFZ BSF BDDFTTFE GPS FBDI SFBE BOEXSJUF� $PODFQUVBMMZ UIF TOBQTIPU BOE MPDBM
TUPSF PG B UBTL BSF DPQJFE GSPN JUT QBSFOU XIFO JU JT DSFBUFE� )FSF XF EFTDSJCF IPX PVS
BDUVBM JNQMFNFOUBUJPO BWPJET DSFBUJOH EVQMJDBUFT�

'JHVSF Ɛ�ƑB MJTUT B QSPHSBN UIBU DSFBUFT UISFF UBTLT UIBU FBDI NPEJGZ TPNF SFGT�
'JHVSFT Ɛ�ƑC BOE Ɛ�ƑD JMMVTUSBUF IPX UIJT JT TUPSFE JO NFNPSZ BęFS MJOFT ƌ BOE Ƒ SFTQFD�
UJWFMZ� 8F XSJUF TJ BOE WJ GPS UIF TOBQTIPUT BOE WBMVFT PG UBTL J� &BDI EBUB TUSVDUVSF
DPOTJTUT PG B MJOLFE MJTU PG IBTINBQT� 8F FYQMPJU UIF GBDU UIBU TOBQTIPUT BSF JNNVUBCMF
UP TIBSF TPNF PG UIFTF IBTI NBQT CFUXFFO UIF EBUB TUSVDUVSFT�

ćF USBOTBDUJPO TUBSUT XJUI B SPPU UBTL XJUI BO FNQUZ TOBQTIPU TƉ BOE MPDBM TUPSF WƉ�
-JOF Ɗ TFUT UIF SFG HSBZ UP " XIJDI JT SFĘFDUFE JO WƉ� /FYU B TFDPOE UBTL JT GPSLFE XJUI
JUT TOBQTIPU TƊ B EVQMJDBUF PG WƉ BOE BO FNQUZ MPDBM TUPSF WƊ� 0O MJOF ƌ UIF TFDPOE UBTL
TFUT CMVF UP #� $POTFRVFOUMZ BęFS UIJT TUFQ TƉ JT FNQUZ WƉ BOE TƊ CPUI DPOUBJO " BOE
WƊ DPOTJTUT PG " BOE #� 'JHVSF Ɛ�ƑC JMMVTUSBUFT UIF EBUB TUSVDUVSFT PG UIF UXP UBTLT BU UIJT
QPJOU� ćF TOBQTIPUT BSF TIBSFE CFUXFFO UIF UXP UBTLT� UIFTF BSF JNNVUBCMF TUSVDUVSFT
POMZ VTFE GPS MPPL�VQ� ćF WBMVFT PG CPUI UBTLT WƉ BOE WƊ DPOTJTU PG B MJOLFE MJTU UIBU
ĕSTU DPOUBJOT B IBTINBQ UIBU TUPSFT UIFJS QSJWBUF DIBOHFT BOE OFYU DPOUBJOT UIF TIBSFE
TOBQTIPUT� 8IFO SFG # JT VQEBUFE JO UIF TFDPOE UBTL JU JT VQEBUFE JO UIF ĕSTU IBTINBQ

ƉƎƑ



$IBQUFS Ʋ� "O *NQMFNFOUBUJPO PG $IPDPMB
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D C
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	D
 %BUB BęFS MJOF Ƒ�

'JHVSF Ɛ�Ƒ� *O UIF DPEF FYBNQMF UISFF UBTLT BSF DSFBUFE� &BDI UBTL DPOUBJOT B TOBQTIPU XIJDI
JT JNNVUBCMF UISPVHIPVU UIF UBTL�T MJGFUJNF BOE WBMVFT UP XIJDI VQEBUFE WBMVFT GPS SFGT BSF
XSJUUFO� 	C
 BOE 	D
 JMMVTUSBUF IPX UIF EBUB TUSVDUVSFT BSF TUPSFE JO NFNPSZ BU EJČFSFOU QPJOUT
JO UJNF VTJOH MJOLFE MJTUT PG IBTI NBQT 	FBDI SFDUBOHMF JT B IBTI NBQ UIF BSSPXT MJOL UIFN
�

QPJOUFE UP CZ WƊ� 8IFO B SFG JT SFBE JO UIF TFDPOE UBTL XF JUFSBUF PWFS UIF MJOLFE MJTU
QPJOUFE UP CZ WƊ VQ UIF USFF VOUJM UIF SFG JT GPVOE�

$SFBUJOH B OFX UBTL BT PO MJOF ƍ JT OPX B NBUUFS PG NPEJGZJOH TPNF QPJOUFST�
8IFO UBTL Ƌ JT GPSLFE CZ UBTL Ɗ UIF OPEF UIBU SFQSFTFOUFE WƊ CFDPNFT UIF TOBQTIPU
TƋ PG UIF OFX UBTL XJUI UXP FNQUZ DIJMESFO UP DPOUBJO UIF OFX WBMVFT PG UBTLT Ɗ BOE
Ƌ� "ęFS MJOF Ƒ JO 'JHVSF Ɛ�ƑD UBTLT Ɗ BOE Ƌ IBWF VQEBUFE UIFJS WBMVFT XJUI % BOE
$ SFTQFDUJWFMZ� )FODF WƋ OPX DPOTJTUT PG UIF OFX WBMVFT PG UBTL Ƌ UIF TOBQTIPU PG
UBTL Ƌ UIF TOBQTIPU PG UBTL Ɗ BOE UIF TOBQTIPU PG UBTL Ɖ� ćJT JT BT JO PVS PQFSBUJPOBM
TFNBOUJDT� SFBEJOH B SFG MPPLT JU VQ ĕSTU JO UIF DVSSFOU UBTL�T MPDBM TUPSF BOE OFYU JO
UIF TOBQTIPU NBEF XIFO FBDI BODFTUPS XBT GPSLFE�

#Z SFQSFTFOUJOH UIF snapshot BOE vals EBUB TUSVDUVSFT PG B USBOTBDUJPOBM UBTL BT B
MJOLFE MJTU PG IBTI NBQT UIF NFNPSZ PWFSIFBE PG EVQMJDBUFE FOUSJFT JT FMJNJOBUFE� *O
FYDIBOHF UIF MPPL�VQ UJNF TMJHIUMZ JODSFBTFT BT XF OFFE UP JUFSBUF PWFS UIF MJTU PG NBQT�
ćF UJNF UP VQEBUF B WBMVF JT VODIBOHFE� B XSJUF IBQQFOT EJSFDUMZ JO UIF ĕSTU IBTINBQ�
'PSLJOH JT BNBUUFS PG DSFBUJOH UXP OFXNBQT BOE BEKVTUJOH BO FYJTUJOH QPJOUFS� +PJOJOH
TUJMM NFBOT DPQZJOH WBMVFT BOE QPUFOUJBMMZ SFTPMWJOH DPOĘJDUT BT FYQMBJOFE FBSMJFS�

"EEJUJPOBMMZ XF QFSGPSNFE BOPUIFS PQUJNJ[BUJPO GPS B DPNNPOVTF DBTF� *ONBOZ
QSPHSBNT JU JT DPNNPO UP DSFBUF TFWFSBM UBTLT JNNFEJBUFMZ BęFS BOPUIFS GPS FYBNQMF
JO B QBSBMMFM NBQ BT JO UIF -BCZSJOUI QSPHSBN PG 4FDUJPO ƌ�Ɗ� ćJT MFBET UP B TFRVFODF
PG FNQUZ OPEFT JO UIF USFF� *OTUFBE PG QPJOUJOH B OFX DIJME UP BO FNQUZ OPEF XF
EJSFDUMZ QPJOU UP UIF QSFWJPVT OPO�FNQUZ OPEF� ćJT PQUJNJ[BUJPO BWPJET UIF OFFE UP
USBWFSTF FNQUZ OPEFT PO MPPL�VQT� *U JT B TBGF PQUJNJ[BUJPO BT OPO�MFBG OPEFT JO UIF
USFF BSF BMXBZT TOBQTIPUT BOE UIVT JNNVUBCMF�
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Ʋ�ư $PNQBUJCJMJUZ XJUI $MPKVSF

Ɛ�Ǝ $PNQBUJCJMJUZ XJUI $MPKVSF
"T $IPDPMB JT JNQMFNFOUFE PO UPQ PG $MPKVSF EFWFMPQFST DBO VTF FWFSZ GFBUVSF PG
$MPKVSF JO $IPDPMB� )PXFWFS UIJT JT OPU BMXBZT TBGF� UIF HVBSBOUFFT PG $IPDPMB DBO CF
CSPLFO� 8F MJTU XIJDI GFBUVSFT PG $MPKVSF DBO CF VTFE TBGFMZ JOTJEF B GVUVSF USBOTBDUJPO
PS BDUPS�
✓ ćF GVODUJPOBM TVCTFU PG $MPKVSF J�F� BOZ CVJMU�JO GVODUJPOXIJDI IBT OP TJEF FČFDU

DBO TBGFMZ CF VTFE JO $IPDPMB� "T UIFTF GVODUJPOT BSF EFUFSNJOJTUJD OPOCMPDLJOH
BOE EP OPU BDDFTT TIBSFE TUBUF UIFZ DBO CF FNCFEEFE JO DPODVSSFOU GVUVSFT USBOT�
BDUJPOT BOE BDUPST XJUIPVU CSFBLJOH $IPDPMB�T HVBSBOUFFT�

✓ $MPKVSF QSPWJEFT GVUVSFT BOE USBOTBDUJPOT� 8IFO VTFE TFQBSBUFMZ $IPDPMB QSP�
WJEFT UIF TBNF TFNBOUJDT BT $MPKVSF� 8IFO UIFZ BSF DPNCJOFE $IPDPMB BOE $MP�
KVSF IBWF B EJČFSFOU TFNBOUJDT� JO $MPKVSF UIF QSPCMFNT EFTDSJCFE JO $IBQUFS ƌ
PDDVS XIJMF UIFTF BSF TPMWFE JO $IPDPMB�

✗ "OZ PUIFS DPODVSSFODZNPEFM QSPWJEFE CZ $MPKVSF JT JODPNQBUJCMF XJUI $IPDPMB
JODMVEJOH BUPNT BHFOUT QSPNJTFT DIBOOFMT BOE UISFBE�MPDBM WBSJBCMFT� 6TJOH
UIFTF DPODVSSFODZNPEFMT XJUIJO UIF UISFFNPEFMT QSPWJEFE CZ $IPDPMB DBO CSFBL
UIFJS HVBSBOUFFT BT XBT TIPXO FYUFOTJWFMZ JO $IBQUFS Ƌ�

✗ *O HFOFSBM BOZ PUIFS GVODUJPOT XJUI TJEF FČFDUT DBOOPU TBGFMZ CF VTFE JO $IPDPMB�
ćFTF JODMVEF JOQVU�PVUQVU BOE $MPKVSF�T JOUFSPQFSBCJMJUZ XJUI +BWB� 4PNF FYBN�
QMFT BSF� UIF VTF PG OPO�EFUFSNJOJTUJD JOQVU CSFBLT EFUFSNJOBDZ� NVUBUJOH B +BWB
LinkedList CSFBLT EFUFSNJOBDZ JTPMBUJPO BOE MPX�MFWFM SBDF GSFFEPN� BOE XBJU�
JOH GPS UIF SFTQPOTF UP BO )551 SFRVFTU DBO CSFBL EFBEMPDL GSFFEPN�

Ɛ�Ə $PODMVTJPO
*O UIJT DIBQUFS XF QSFTFOUFE B QSPUPUZQJDBM JNQMFNFOUBUJPO PG $IPDPMB CVJMU PO UPQ
PG $MPKVSF� 8F EFTDSJCFE IPX TUBOEBSE JNQMFNFOUBUJPOT PG UIF UISFF TFQBSBUF NPEFMT
OFFE UP CF NPEJĕFE UP JNQMFNFOU USBOTBDUJPOBM GVUVSFT BOE USBOTBDUJPOBM BDUPST� *O
UIF OFYU DIBQUFS XF XJMM VTF UIJT JNQMFNFOUBUJPO UP CFODINBSL TFWFSBM BQQMJDBUJPOT
UIBU VTF USBOTBDUJPOBM GVUVSFT BOE BDUPST�
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Ƒ
&WBMVBUJPO

*O UIJT DIBQUFS XF RVBOUJUBUJWFMZ NFBTVSF UIF QFSGPSNBODF CFOFĕUT PG VTJOH $IPDPMB
BOE RVBMJUBUJWFMZ BTTFTT UIF FČPSU SFRVJSFE UP VTF JU� 8F TIPX UIBU QSPHSBNT DBO FY�
QMPJU QBSBMMFMJTN NPSF FďDJFOUMZ VTJOH $IPDPMB BT NVMUJQMF DPODVSSFODZ NPEFMT DBO
CF DPNCJOFE� *O 4FDUJPO Ƒ�Ɖ XF EFTDSJCF PVS NFUIPEPMPHZ BOE FYQFSJNFOUBM TFU�VQ�
/FYU XF MPPL BU UISFF BQQMJDBUJPOT o -BCZSJOUI 	4FDUJPO Ƒ�Ɗ
 #BZFT 	4FDUJPO Ƒ�Ƌ
 BOE
7BDBUJPOƊ 	4FDUJPO Ƒ�ƌ
 o UIBU VTF USBOTBDUJPOT BOE TIPX UIBU JOUSPEVDJOH USBOTBD�
UJPOBM GVUVSFT PS BDUPST JNQSPWFT UIFJS QFSGPSNBODF CZ FYQMPJUJOH BEEJUJPOBM QBSBM�
MFMJTN� *O 4FDUJPO Ƒ�ƍ XF BTTFTT UIF EFWFMPQFS FČPSU SFRVJSFE UP NBLF UIFTF DIBOHFT�

Ƒ�Ɖ .FUIPEPMPHZ BOE &YQFSJNFOUBM 4FU�6Q
*O UIJT TFDUJPO XF EFTDSJCF UIF HPBM BOE DSJUFSJB PG PVS FWBMVBUJPO 	4FDUJPO Ƒ�Ɖ�Ɖ
 IPX
XF TFMFDUFE TQFDJĕD CFODINBSLT 	4FDUJPO Ƒ�Ɖ�Ɗ
 BOE IPX XF USBOTGPSNFE UIFN UP VTF
$IPDPMB 	4FDUJPO Ƒ�Ɖ�Ƌ
� 'VSUIFSNPSF XF TQFDJGZ UIF IBSEXBSF BOE TPęXBSF VTFE GPS
PVS FYQFSJNFOUT 	4FDUJPO Ƒ�Ɖ�ƌ
�

Ƒ�Ɖ�Ɖ &WBMVBUJPO (PBM BOE $SJUFSJB

ćF BJN PG UIJT FWBMVBUJPO JT UP EFNPOTUSBUF UIBU JO FYJTUJOH QSPHSBNT UIBU VTF USBOT�
BDUJPOT BEEJUJPOBM QBSBMMFMJTN DBO CF FYQMPJUFE XJUIJO USBOTBDUJPOT CZ JOUSPEVDJOH
USBOTBDUJPOBM GVUVSFT BOE BDUPST XJUIPVU GVOEBNFOUBMMZ DIBOHJOH UIF EFTJHO PG UIF
QSPHSBN� )FODF XF QJDL B OVNCFS PG FYJTUJOH BQQMJDBUJPOT UIBU VTF USBOTBDUJPOT BOE
DPNQBSF UIF PSJHJOBM BQQMJDBUJPOXJUI B USBOTGPSNBUJPO PG UIF QSPHSBN UIBU JOUSPEVDFT
USBOTBDUJPOBM GVUVSFT PS BDUPST�
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$IBQUFS Ƴ� &WBMVBUJPO

0VS FWBMVBUJPO GPDVTFT TQFDJĕDBMMZ PO QSPHSBNTXJUI USBOTBDUJPOT� ćJT JT CFDBVTF
UIF DPNCJOBUJPO PG BDUPST BOE GVUVSFT EJTDVTTFE JO $IBQUFS Ƌ EJE OPU QPTF TJHOJĕDBOU
JTTVFT BOE EJE OPU SFRVJSF NBKPS DIBOHFT UP UIF TFNBOUJDT PG UIF TFQBSBUF NPEFMT� ćF
FWBMVBUJPO UIFSFGPSF GPDVTFT PO BQQMZJOH USBOTBDUJPOBM GVUVSFT BOE USBOTBDUJPOBM BDUPST
CZ JOUSPEVDJOH GVUVSFT BOE BDUPST JO QSPHSBNT UIBU BMSFBEZ VTF USBOTBDUJPOT�

8F DPNQBSF UIF PSJHJOBM BOE USBOTGPSNFE QSPHSBNT VTJOH UXP DSJUFSJB�
1FSGPSNBODF ćF FOE HPBM PG JOUSPEVDJOH BEEJUJPOBM QBSBMMFMJTN JO USBOTBDUJPOT JT UP

JODSFBTF QFSGPSNBODF� 5P HBVHF UIF JNQSPWFNFOU JO QFSGPSNBODF XF DPNQBSF
UIF UPUBM FYFDVUJPO UJNF PG UIF USBOTGPSNFE QSPHSBN XJUI UIBU PG UIF PSJHJOBM� 8F
QFSGPSN TFWFSBM NFBTVSFNFOUT JO XIJDI XF WBSZ UIF OVNCFS PG UISFBET UP TJNV�
MBUF FOWJSPONFOUT JO XIJDI B WBSZJOH OVNCFS PG DPSFT BSF BWBJMBCMF� 'SPN UIFTF
SFTVMUT XF DBMDVMBUF UIF TQFFE�VQ� UIJT JT UIF FYFDVUJPO UJNF PG B SFGFSFODF SFTVMU
	VTVBMMZ UIF PSJHJOBM QSPHSBN XJUI B TJOHMF UISFBE
 EJWJEFE CZ UIF FYFDVUJPO UJNF
PG UIF SFTVMU XJUI O UISFBET� ćF TQFFE�VQ JOEJDBUFT IPX NVDI GBTUFS UIF QSPHSBN
CFDPNFT XIFO VTJOH NPSF DPSFT BOE XIFO BQQMZJOH PVS UFDIOJRVFT� ćF BEWBO�
UBHF PG QMPUUJOH TQFFE�VQ JOTUFBE PG FYFDVUJPO UJNF JT UIBU JU NBLFT JU FBTJFS UP
DPNQBSF SFTVMUT PO IJHIFS UISFBE DPVOUT�

%FWFMPQFS FČPSU "ęFSXBSET JO 4FDUJPO Ƒ�ƍ XF RVBMJUBUJWFMZ BTTFTT UIF FČPSU UIBU JT
SFRVJSFE GSPN UIF EFWFMPQFS UP VTF PVS UFDIOJRVFT� 8FEP UIJT CZ EFTDSJCJOHXIJDI
DIBOHFT XFSF NBEF UP JOUSPEVDF GVUVSFT BOE BDUPST JO UIFTF QSPHSBNT� ćF HPBM
PG UIJT RVBMJUBUJWF FWBMVBUJPO JT UP DPNQBSF UIF FČPSU PG JOUSPEVDJOH USBOTBDUJPOBM
GVUVSFT BOE USBOTBDUJPOBM BDUPST JO B QSPHSBN XJUI USBOTBDUJPOT XJUI UIF FČPSU PG
JOUSPEVDJOH 	SFHVMBS
 GVUVSFT BOE BDUPST JO B QSPHSBN XJUIPVU USBOTBDUJPOT�

Ƒ�Ɖ�Ɗ 4FMFDUJPO PG #FODINBSLT
"T TBJE JO UIF QSFWJPVT TFDUJPO PVS FWBMVBUJPO TUBSUT GSPN FYJTUJOH CFODINBSLT UIBU
VTF USBOTBDUJPOT� 8F VTF UIF 45".1 CFODINBSL TVJUF BT B CBTJT� 45".1 	4UBOGPSE
5SBOTBDUJPOBM "QQMJDBUJPOT GPS .VMUJ�1SPDFTTJOH
 JT B CFODINBSL TVJUF DPOTJTUJOH PG
FJHIU BQQMJDBUJPOT UIBU VTF USBOTBDUJPOBM NFNPSZ <.JOI FU BM� ƊƈƈƐ> DPNNPOMZ VTFE
UP DPNQBSF UIF QFSGPSNBODF PG USBOTBDUJPOBM TZTUFNT� ćFTF BQQMJDBUJPOT BSF CBTFE PO
SFBM�XPSME TDFOBSJPT JO XIJDI USBOTBDUJPOT BSF VTFE BOE DPWFS B CSFBEUI PG BQQMJDBUJPO
EPNBJOT� .PSFPWFS UIFZ DPWFS B SBOHF PG DIBSBDUFSJTUJDT PG USBOTBDUJPOBM QSPHSBNT
TVDI BT GSFRVFOU PS SBSF VTF PG USBOTBDUJPOT UISPVHIPVU UIF QSPHSBN MPOH PS TIPSU
USBOTBDUJPOT BOE IJHI PS MPX DPOUFOUJPO�

5BCMF Ƒ�Ɖ MJTUT UISFF DIBSBDUFSJTUJDT PG UIF FJHIU BQQMJDBUJPOT JO UIF CFODINBSL TVJUF�
UIF BWFSBHF MFOHUI PG UIF USBOTBDUJPOT UIF BWFSBHF QSPQPSUJPO PG UIF QSPHSBN�T FYFDV�
UJPO UJNF UIBU JT TQFOU JO USBOTBDUJPOT BOE UIF BWFSBHF OVNCFS PG SFUSJFT QFS USBOTBD�
UJPO 	B NFBTVSF PG DPOUFOUJPO
� ćFTF OVNCFST XFSF HBUIFSFE CZ .JOI FU BM� <ƊƈƈƐ>
PO B TJNVMBUFE ƉƎ�DPSF TZTUFN�
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Ƴ�ƫ .FUIPEPMPHZ BOE &YQFSJNFOUBM 4FU�6Q

"QQMJDBUJPO 5Y MFOHUI
	NFBO � PG JO�
TUSVDUJPOT�UY


"WFSBHF
UJNF JO UY

$POUFOUJPO
	SFUSJFT�UY GPS

MB[Z 45.


%PNBJO

-BCZSJOUI ������ ���� ���� &OHJOFFSJOH
#BZFT ����� ��� ���� .BDIJOF MFBSOJOH
:BEB ���� ���� ���� 4DJFOUJĕD
7BDBUJPO�IJHI ���� ��� ���� 5SBOTBDUJPO QSPDFTTJOH
(FOPNF ���� ��� ���� #JPJOGPSNBUJDT
*OUSVEFS ��� ��� ���� 4FDVSJUZ
,NFBOT�IJHI ��� �� ���� %BUB NJOJOH
44$"� �� ��� ���� 4DJFOUJĕD

5BCMF Ƒ�Ɖ� $IBSBDUFSJ[BUJPO PG UIF 45".1 BQQMJDBUJPOT BCSJEHFE GSPN .JOI FU BM� <ƊƈƈƐ>�
ćFTF OVNCFST XFSF HBUIFSFE PO B TJNVMBUFE ƉƎ�DPSF TZTUFN BOE BSF DPMPS�DPEFE IJHI
NFEJVN MPX� 	ćJT JT BO FYUFOEFE WFSTJPO PG 5BCMF ƌ�ƌ PO QBHF ƏƊ�


5P FWBMVBUF USBOTBDUJPOBM GVUVSFT XF BSF JOUFSFTUFE JO UXP DIBSBDUFSJTUJDT JO QBS�
UJDVMBS� 'JSTU UIF FYFDVUJPO UJNF TQFOU JO USBOTBDUJPOT� XIFO NPTU PG UIF QSPHSBN�T
FYFDVUJPO PDDVST JO USBOTBDUJPOT XF DBO BTTVNF UIBU UIPTF USBOTBDUJPOT FYFDVUF QFS�
GPSNBODF�DSJUJDBM QBSUT PG UIF BQQMJDBUJPO� 5P GVSUIFS QBSBMMFMJ[F UIFTF BQQMJDBUJPOT JU
XJMM CF OFDFTTBSZ UP JOUSPEVDF QBSBMMFMJTN XJUIJO UIF USBOTBDUJPOT� 4FDPOE XF MPPL BU
UIF USBOTBDUJPO MFOHUI� MPOH�SVOOJOH USBOTBDUJPOTNBZ CFOFĕU GSPNNPSF ĕOF�HSBJOFE
QBSBMMFMJTN BT JO UIFTF DBTFT UIF CFOFĕUT PG JOUSPEVDJOH QBSBMMFMJTN NBZ PVUXFJHI JUT
DPTUT�

"T TIPXO JO 5BCMF Ƒ�Ɖ ĕWF PVU PG UIF FJHIU BQQMJDBUJPOT JO UIF 45".1 TVJUF TQFOE
B MBSHF QSPQPSUJPO PG UJNF JO USBOTBDUJPOT UISFF PG XIJDI IBWF MPOH�SVOOJOH USBOTBD�
UJPOT� -BCZSJOUI #BZFT BOE :BEB� *O 4FDUJPOT Ƒ�Ɗ BOE Ƒ�Ƌ XF TUVEZ -BCZSJOUI 	XIJDI
BMSFBEZ GFBUVSFE BT UIF SVOOJOH FYBNQMF PG $IBQUFS ƌ
 BOE #BZFT�

8F BMTP FYBNJOFE UIF :BEB BQQMJDBUJPO� 8IJMF JUT USBOTBDUJPOT IBWF B SFMBUJWFMZ
MPOH FYFDVUJPO UJNF UIFZ DPOUBJO TFRVFOUJBM EFQFOEFODJFT UIBU NBLF JU EJďDVMU UP
QBSBMMFMJ[F� 8F DPVME UIFSFGPSF OPU USBOTGPSN UIF QSPHSBN UP JOUSPEVDF USBOTBDUJPOBM
GVUVSFT XJUIPVU TJHOJĕDBOUMZ DIBOHJOH UIF EFTJHO PG UIF QSPHSBN� 	0VS USBOTGPSNB�
UJPOT BSF EJTDVTTFE CFMPX�


5P FWBMVBUF USBOTBDUJPOBM BDUPST XF MPPL BU B TMJHIUMZ SFEVDFE WFSTJPO PG UIF 7BDB�
UJPO CFODINBSL DBMMFE 7BDBUJPOƊ JO 4FDUJPO Ƒ�ƌ� ćJT BQQMJDBUJPO BMSFBEZ TFSWFE BT B
SVOOJOH FYBNQMF JO $IBQUFS ƍ� *U JT TVJUFE UP UIF VTF PG USBOTBDUJPOBM BDUPST� UIF BDUPS
NPEFM OBUVSBMMZ FODPEFT UIF FWFOU�ESJWFO XBZ JO XIJDI B USBWFM SFTFSWBUJPO TZTUFN
QSPDFTTFT SFRVFTUT GSPN DVTUPNFST� *U JT BMTP BO BQQMJDBUJPO XIJDI TQFOET NVDI PG JUT
UPUBM FYFDVUJPO UJNF JO USBOTBDUJPOT UIVT JU NBZ CFOFĕU GSPN PĒPBEJOH QBSUT PG UIFTF
USBOTBDUJPOT UP EJČFSFOU BDUPST�
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$IBQUFS Ƴ� &WBMVBUJPO

Ƒ�Ɖ�Ƌ 5SBOTGPSNBUJPO PG #FODINBSLT UP 6TF $IPDPMB
'PS UIFTF DBTF TUVEJFT XF ĕSTU QPSU UIF 45".1 BQQMJDBUJPOT GSPN $ UP $MPKVSF� ćJT
USBOTMBUJPO SFUBJOT UIF EFTJHO BOE BMHPSJUINT PG UIF $ QSPHSBN� "ęFSXBSET XF JOUSP�
EVDF USBOTBDUJPOBM GVUVSFT BOE USBOTBDUJPOBM BDUPST XIFSF BQQMJDBCMF CZ QFSGPSNJOH
UIF GPMMPXJOH TUFQT�

Ɖ� 'JSTU XF TFBSDI GPS UIF USBOTBDUJPO JOXIJDI UIF MBSHFTU QSPQPSUJPO PG UIF QSPHSBN�T
FYFDVUJPO UJNF JT TQFOU� *O PVS DBTFT UIJT JT BMXBZT UIF USBOTBDUJPO UIBU QFSGPSNT
UIF ANBJO� UBTL PG UIF QSPHSBN�

Ɗ� 6TJOH QSPĕMJOH UPPMT XF TFBSDI GPS UIF QBSU PG UIF USBOTBDUJPO JO XIJDI NPTU UJNF
JT TQFOU� *O PVS DBTFT UIJT JT BMXBZT B MPPQ�

Ƌ� 8F USZ UP QBSBMMFMJ[F UIJT MPPQ� 5P EFUFSNJOF IPX UP EP UIJT XF FYBNJOF XIFUIFS
UIFSF BSF EFQFOEFODJFT CFUXFFO UIF JUFSBUJPOT PG UIF MPPQ XIJDI PDDVS XIFO BO
JUFSBUJPO VTFT UIF SFTVMU PG B QSFWJPVT JUFSBUJPO� ćFSF BSF UISFF DBTFT 	JMMVTUSBUFE
JO 'JHVSF Ƒ�Ɗ
�

t 8IFO UIF JUFSBUJPOT BSF JOEFQFOEFOU XF QBSBMMFMJ[F UIF MPPQ� ćJT JT FBTZ UP
EP� FBDI JUFSBUJPO DBO CF QSPDFTTFE JO QBSBMMFM� *G UIF MPPQ DPOUBJOTNBOZ TIPSU
JUFSBUJPOT XF ĕSTU EJWJEF UIF JUFSBUJPOT JOUP B TNBMMFS OVNCFS PG QBSUJUJPOT BOE
UIFO QSPDFTT FBDI QBSUJUJPO JO QBSBMMFM� ćJT PDDVST JO UIF #BZFT BOE 7BDBUJPOƊ
CFODINBSLT�

t 8IFO UIFSF BSF EFQFOEFODJFT CFUXFFO UIF JUFSBUJPOT CVU UIF QSPHSBN GPMMPXT
B TUBOEBSE BMHPSJUIN GPS XIJDI B QBSBMMFM WFSTJPO FYJTUT JO MJUFSBUVSF XF SF�
QMBDF UIF TFRVFOUJBM BMHPSJUIN XJUI JUT QBSBMMFM FRVJWBMFOU� ćJT PDDVST JO UIF
-BCZSJOUI CFODINBSL JO XIJDI B TFRVFOUJBM CSFBEUI�ĕSTU TFBSDI JT DIBOHFE
JOUP B QBSBMMFM TFBSDI BMHPSJUIN�

t 8IFO UIFSF BSF EFQFOEFODJFT CFUXFFO UIF JUFSBUJPOT BOE UIF QSPHSBN VTFT B
DVTUPN BMHPSJUIN XF SFBDI B OFHBUJWF SFTVMU BOE EP OPU JOUSPEVDF GVUVSFT PS
BDUPST� ćJT JT UIF DBTF GPS UIF :BEB CFODINBSL� 8F XJMM UIFSFGPSF OPU MPPL BU
UIJT BQQMJDBUJPO JO NPSF EFUBJM JO UIF SFTU PG UIJT DIBQUFS� /PUF UIBU UIJT EPFT

%FQFOEFODJFT CF�
UXFFO JUFSBUJPOT 

4UBOEBSE
BMHPSJUIN 

QBSBMMFM MPPQ

SFQMBDF XJUI TUBOEBSE
QBSBMMFM BMHPSJUIN

OFHBUJWF SFTVMU

/P

:FT

:FT

/P

#BZFT
7BDBUJPOƊ

-BCZSJOUI

:BEB

'JHVSF Ƒ�Ɗ� ćJT EJBHSBN JMMVTUSBUFT UIF TUFQT UBLFO UP USBOTGPSN UIF 45".1 CFODINBSLT JOUP
B WFSTJPO UIBU VTFT USBOTBDUJPOBM GVUVSFT PS USBOTBDUJPOBM BDUPST�
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Ƴ�ƫ .FUIPEPMPHZ BOE &YQFSJNFOUBM 4FU�6Q

OPU OFDFTTBSJMZ NFBO UIBU UIF MPPQ DBOOPU CF QBSBMMFMJ[FE JU NJHIU BMTP NFBO
UIBU TQFDJĕD EPNBJO FYQFSUJTF JT SFRVJSFE UP QBSBMMFMJ[F UIF DVTUPN BMHPSJUIN�

ćF DPEF PG BMM CFODINBSLT JT BWBJMBCMF POMJOF CPUI UIF PSJHJOBM BT XFMM BT UIF USBOT�
GPSNFE WFSTJPO�Ɖ

*O BMM FYQFSJNFOUT UIF USBOTGPSNFE CFODINBSLT BSF DPNQBSFE XJUI UIF PSJHJOBM
CFODINBSL JO $MPKVSF� 8F EP OPU DPNQBSF UP UIF JNQMFNFOUBUJPOT JO $ BT UIF QFS�
GPSNBODF DIBSBDUFSJTUJDT PG $MPKVSF BOE $ BSF TP XJMEMZ EJČFSFOU UIBU UIFZ SFOEFS B
DPNQBSJTPO NFBOJOHMFTT�Ɗ

&BDI CFODINBSL JO UIF 45".1 TVJUF GVSUIFS IBT TFWFSBM QBSBNFUFST UIBU DBO CF
WBSJFE� 8F BMXBZT QJDL ĕYFE SFQSFTFOUBUJWF WBMVFT GPS UIF QBSBNFUFST CBTFE PO UIF
EFGBVMUT TFU CZ .JOI FU BM� <ƊƈƈƐ>� ćFZ BSF OPUFE GPS FBDI FYQFSJNFOU BT XF HP BMPOH�

Ƒ�Ɖ�ƌ )BSEXBSF BOE 4PęXBSF 4FU�6Q
8F EFTDSJCF UIF IBSEXBSF BOE TPęXBSF VTFE UP SVO PVS FYQFSJNFOUT� %VF UP UIF UJN�
JOH PG UIF EFWFMPQNFOU PG UIFTF JEFBT XF JNQMFNFOUFE USBOTBDUJPOBM GVUVSFT BOE USBOT�
BDUJPOBM BDUPST TFQBSBUFMZ GPS UIFTF FYQFSJNFOUT� ćF JNQMFNFOUBUJPO PG USBOTBDUJPOBM
GVUVSFT FYUFOET $MPKVSF Ɖ�Ǝ XIJMF USBOTBDUJPOBM BDUPST FYUFOE $MPKVSF Ɖ�Ɛ�

5SBOTBDUJPOBM 'VUVSFT 	-BCZSJOUI BOE#BZFT
 ćF-BCZSJOUI BOE #BZFT FYQFSJNFOUT
XFSF PSJHJOBMMZ SFQPSUFE JO 4XBMFOT FU BM� <ƊƈƉƎ>� ćFZ SBO PO BNBDIJOF XJUI UXP *OUFM
9FPO &ƍƍƊƈ QSPDFTTPST FBDI DPOUBJOJOH GPVS DPSFT XJUI B DMPDL GSFRVFODZ PG Ɗ�ƊƏ()[
BOE B MBTU�MFWFM DBDIF PG Ɛ.#� )ZQFSćSFBEJOH XBT FOBCMFE MFBEJOH UP B UPUBM PG ƉƎ
MPHJDBM UISFBET� ćF NBDIJOF IBT Ɛ(# PG NFNPSZ� 0VS USBOTBDUJPOBM GVUVSFT BSF CVJMU
BT B GPSL PG $MPKVSF Ɖ�Ǝ�ƈ SVOOJOH PO UIF +BWB )PU4QPU Ǝƌ�#JU 4FSWFS 7. 	CVJME Ɗƍ�ƎƎ�
CƉƏ
 GPS +BWB Ɖ�Ɛ�ƈ� 0O UIJT NBDIJOF XF VTFE UIF +7.�T (Ɖ HBSCBHF DPMMFDUPS XIJDI
JT PQUJNJ[FE GPS NVMUJQSPDFTTPS NBDIJOFT XJUI B MBSHF NFNPSZ�Ƌ

5SBOTBDUJPOBM "DUPST 	7BDBUJPOƊ
 ćF7BDBUJPOƊ CFODINBSL PSJHJOBMMZ SFQPSUFE JO
4XBMFOT FU BM� <ƊƈƉƏ> SBO PO BNBDIJOF XJUI GPVS ".%0QUFSPO ƎƋƏƎ QSPDFTTPST FBDI
DPOUBJOJOH ƉƎ DPSFT XJUI B DMPDL GSFRVFODZ PG Ɗ�Ƌ()[ BOE B MBTU�MFWFM DBDIF PG ƉƎ.#
SFTVMUJOH JO B UPUBM PG Ǝƌ DPSFT� ćF NBDIJOF IBT ƉƊƐ(# PG NFNPSZ� 8F JNQMFNFOUFE
USBOTBDUJPOBM BDUPST BT B GPSL PG $MPKVSF Ɖ�Ɛ�ƈ SVOOJOH PO UIF 0QFO+%, Ǝƌ�#JU 4FSWFS
7. 	CVJME Ɗƍ�ƉƋƉ�CƉƉ
 GPS +BWB Ɖ�Ɛ�ƈ� ćJT FYQFSJNFOU VTFE UIF +7.�T EFGBVMU HBSCBHF
DPMMFDUPS�

Ɖ IUUQT���HJUIVC�DPN�KTXBMFOT�MBCZSJOUI t IUUQT���HJUIVC�DPN�KTXBMFOT�CBZFT
IUUQT���HJUIVC�DPN�KTXBMFOT�ZBEB t IUUQT���HJUIVC�DPN�KTXBMFOT�WBDBUJPO�

Ɗ+VTU UP OBNF B GFX� B TUBUJDBMMZ UZQFE QSPHSBNNJOH MBOHVBHF XJUI NBOVBM NFNPSZ NBOBHFNFOU WT�
B EZOBNJDBMMZ UZQFE MBOHVBHF XJUI HBSCBHF DPMMFDUJPO B QSPHSBN XSJUUFO JO BO JNQFSBUJWF TUZMF WT� POF
XSJUUFO JO B GVODUJPOBM TUZMF BOE 45. JNQMFNFOUBUJPOT CBTFE PO EJČFSFOU BMHPSJUINT�

ƋIUUQ���XXX�PSBDMF�DPN�UFDIOFUXPSL�KBWB�KBWBTF�UFDI�H��JOUSP�KTQ��������IUNM
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$IBQUFS Ƴ� &WBMVBUJPO

1FSGPSNJOH TUBUJTUJDBMMZ SJHPSPVT QFSGPSNBODF FYQFSJNFOUT PO WJSUVBM NBDIJOFT XJUI
KVTU�JO�UJNF DPNQJMBUJPO TVDI BT UIF +BWB 7JSUVBM .BDIJOF JO PVS DBTF JT OPUPSJPVTMZ
EJďDVMU <(FPSHFT FU BM� ƊƈƈƏ #BSSFUU FU BM� ƊƈƉƏ>� "T XF BSF JOUFSFTUFE JO UIF FYFDVUJPO
UJNF PG FQIFNFSBM CFODINBSL QSPHSBNT UIBU QSPDFTT TPNF JOQVU UP QSPEVDF TPNF
PVUQVU BOE OPU UIF TUFBEZ�TUBUF QFSGPSNBODF PG DPOUJOVBMMZ SVOOJOH BQQMJDBUJPOT PVS
FYQFSJNFOUT BMM NFBTVSF UIF FYFDVUJPO UJNF GPS BMM PS QBSU PG UIF QSPHSBN GSPN TUBSU UP
ĕOJTI� &BDI NFBTVSFNFOU DPSSFTQPOET UP B OFX FYFDVUJPO PG UIF QSPHSBN GPS XIJDI
B OFX JOTUBODF PG UIF +7. JT TUBSUFE�

Ƒ�Ɗ -BCZSJOUI 	5SBOTBDUJPOBM 'VUVSFT

ćF -BCZSJOUI CFODINBSL XBT BMSFBEZ JOUSPEVDFE JO 4FDUJPO ƌ�Ɗ PG $IBQUFS ƌ� ćF
HPBM PG UIF BQQMJDBUJPO JT UP DPOOFDU HJWFO QBJST PG QPJOUT JO B HSJE VTJOH OPO�PWFSMBQ�
QJOH QBUIT� 'PS FBDI QBJS B CSFBEUI�ĕSTU TFBSDI JT FYFDVUFE JO B OFX USBOTBDUJPO� *O
4FDUJPO ƌ�Ƌ XF EJTDVTTFE IPX FBDI JUFSBUJPO PG UIF CSFBEUI�ĕSTU TFBSDI DBO QSPDFTT
DFMMT JO UIF HSJE JO QBSBMMFM MFBEJOH UP B USBOTGPSNBUJPO PG UIF QSPHSBN UIBU QFSGPSNT B
QBSBMMFM TFBSDI VTJOH USBOTBDUJPOBM GVUVSFT� 8F GVSUIFS PQUJNJ[FE UIJT TPMVUJPO UP ĕSTU
EJTUSJCVUF UIF DFMMT JOUP QBSUJUJPOT BOE UIFO QSPDFTT UIFTF QBSUJUJPOT JO QBSBMMFM�

8F SBO UIF FYQFSJNFOUT PO B UISFF�EJNFOTJPOBM HSJE PG Źŷ× Źŷ× Ŷ XJUI ƋƊ JOQVU
QBJST� 8F WBSJFE UXP QBSBNFUFST�

t U� UIF OVNCFS PG XPSLFS UISFBET UIBU QSPDFTT JOQVU QBJST JO QBSBMMFM BOE
t Q� UIFNBYJNBM OVNCFS PG QBSUJUJPOT DSFBUFE PO FBDI JUFSBUJPO PG UIF QBSBMMFM TFBSDI

	POMZ GPS UIF WFSTJPO XJUI QBSBMMFM TFBSDI
�ƌ

"MM PUIFS QBSBNFUFST BSF UIF EFGBVMUT PG UIF 45".1 WFSTJPO�

*O UIF PSJHJOBM WFSTJPO POMZ UIF QBSBNFUFS U JOĘVFODFT UIF BNPVOU PG QBSBMMFMJTN� ćF
NBYJNBM JEFBM TQFFE�VQ JT UIFSFGPSF U� JO BO JEFBM DBTF XIFSF OP USBOTBDUJPOT GBJM BOE
UIF PWFSIFBE JT [FSP XF DBO FYQFDU B TQFFE�VQ PG NBYJNBMMZ U� *O UIF WFSTJPO XJUI
QBSBMMFM TFBSDI UIF QBSBNFUFS Q BČFDUT UIF QBSBMMFMJTN BT XFMM� &BDI PG UIF U XPSLFS
UISFBET DBO DSFBUF BU NPTU Q QBSUJUJPOT UIFSFGPSF UIF NBYJNBM OVNCFS PG UISFBET BOE
UIVT UIF NBYJNBM JEFBM TQFFE�VQ JO UIF WFSTJPO XJUI QBSBMMFM TFBSDI JT U× Q�

*O 'JHVSF Ƒ�Ƌ XF NFBTVSF UIF TQFFE�VQ XIFO SVOOJOH UIF QSPHSBN XJUI TFWFSBM
WBMVFT PG U BOE Q� ćF TQFFE�VQ JT DBMDVMBUFE SFMBUJWF UP UIF WFSTJPO XJUI TFRVFOUJBM
TFBSDI BOE POMZ POF XPSLFS UISFBE 	U = Ŵ
 XIJDI UBLFT ƊƏ�Ɖ T� 'PS UIF WFSTJPO UIBU
VTFT TFRVFOUJBM TFBSDI UIF OVNCFS PG XPSLFS UISFBET JT JODSFBTFE 	CMVF MJOF
� 'PS UIF
WFSTJPO XJUI QBSBMMFM TFBSDI CPUI UIF OVNCFS PG QBSUJUJPOT 	EJČFSFOU MJOFT
 BOE UIF

ƌ5P NJOJNJ[F UIF PWFSIFBE PG GPSLJOH GVUVSFT XF FOTVSF UIBU FBDI QBSUJUJPO DPOUBJOT BU MFBTU Ɗƈ FMF�
NFOUT�
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time = 11.7 s
speed-up = 2.32

sequential search

time = 27.1 s

time = 31.8 s
speed-up = 0.85

Measured speed-up on an 8-core machine

Sequential search
Parallel search, 1 partition
Parallel search, 2 partitions
Parallel search, 4 partitions
Parallel search, 8 partitions
Parallel search, 16 partitions

'JHVSF Ƒ�Ƌ� .FBTVSFE TQFFE�VQ PG UIF -BCZSJOUI BQQMJDBUJPO GPS UIF WFSTJPO XJUI TFRVFOUJBM
TFBSDI 	CMVF MJOF
 BOE QBSBMMFM TFBSDI 	PUIFS MJOFT
 BT UIF UPUBM OVNCFS PG UISFBET 	U × Q
 JO�
DSFBTFT 	MPHBSJUINJD TDBMF
� &BDI QPJOU PO UIF HSBQI JT UIF NFEJBO PG Ƌƈ FYFDVUJPOT UIF FSSPS
CBS EFQJDUT UIF JOUFSRVBSUJMF SBOHF�

OVNCFS PG XPSLFS UISFBET 	EJČFSFOU QPJOUT PO UIF TBNF MJOF
 BSF WBSJFE� ćF Y BYJT
EFOPUFT UIF NBYJNBM OVNCFS PG UISFBET XIJDI JT U GPS UIF TFRVFOUJBM TFBSDI BOE U× Q
GPS UIF QBSBMMFM TFBSDI� *O BO JEFBM DBTF UIF NFBTVSFE TQFFE�VQ XPVME CF FRVBM UP UIF
NBYJNBM OVNCFS PG UISFBET�

ćF CMVF MJOF EFQJDUT UIF SFTVMUT PG UIF PSJHJOBM WFSTJPO PG UIF -BCZSJOUI BQQMJDBUJPO�
*ODSFBTJOH UIF OVNCFS PG UISFBET DBVTFT POMZ B NPEFTU TQFFE�VQ CFDBVTF UIFZ ĕOE
PWFSMBQQJOH QBUIT BOE DPOTFRVFOUMZ OFFE UP CF SPMMFE CBDL BOE SFFYFDVUFE� ćJT JT
TIPXO JO 'JHVSF Ƒ�ƌ XIJDI MJTUT UIF BWFSBHF OVNCFS PG BUUFNQUT QFS USBOTBDUJPO� *G
UIFSF JT POMZ POF UISFBE FBDI USBOTBDUJPO FYFDVUFT POMZ PODF CVU BT UIF OVNCFS PG
UISFBET JODSFBTFT FBDI USBOTBDUJPO SFFYFDVUFT TFWFSBM UJNFT PO BWFSBHF� 'PS ƉƎ UISFBET
UIF BWFSBHF USBOTBDUJPO FYFDVUFT Ɗ�Ɖƈ UJNFT XIJDI NFBOT JU SPMMT CBDL NPSF UIBO PODF�
ćJT DVSUBJMT BOZ QPUFOUJBM TQFFE�VQ�

*O UIF WFSTJPO XJUI QBSBMMFM TFBSDI BT UIF QBSBNFUFS Q JODSFBTFT UIF TQFFE�VQ
JNQSPWFT GPS TNBMM WBMVFT PG Q� &BDI USBOTBDUJPO OPX TQBXOT Q UBTLT BOE DPOTF�
RVFOUMZ FBDI USBOTBDUJPO DBO ĕOJTI JUT FYFDVUJPO GBTUFS� 0O UIF UFTUFE IBSEXBSF BO
PQUJNBM TQFFE�VQ PG Ɗ�ƋƊ JT SFBDIFE GPS U = ŵ BOE Q = Ż 	ƉƉ�Ə T BCTPMVUF UJNF
 XIFO
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'JHVSF Ƒ�ƌ� "WFSBHF OVNCFS PG BUUFNQUT QFS USBOTBDUJPO GPS EJČFSFOU WBMVFT PG U 	USBOTBDUJPOT
FYFDVUJOH TJNVMUBOFPVTMZ
 BOE Q 	QBSUJUJPOT QFS USBOTBDUJPO
 GPS UIF -BCZSJOUI BQQMJDBUJPO�

UXP XPSLFS UISFBET QSPDFTT FMFNFOUT BOE DSFBUF VQ UP FJHIU QBSUJUJPOT� 'PS UIJT DBTF
UIF OVNCFS PG DPOĘJDUT JT MPX� FBDI USBOTBDUJPO FYFDVUFT Ɖ�ƉƉ UJNFT PO BWFSBHF 	'JH�
VSF Ƒ�ƌ
�

'VSUIFS JODSFBTFT JO Q MFBE UP XPSTF SFTVMUT� UIF BEEJUJPOBM QBSBMMFMJTN EPFT OPU PČ�
TFU UIF PWFSIFBE PG GPSLJOH BOE KPJOJOH UBTLT� +PJOJOH USBOTBDUJPOBM GVUVSFT JT FYQFOTJWF
GPS UIJT CFODINBSL BT DPOĘJDUT CFUXFFO UIF UBTLT BSF MJLFMZƍ BOE FBDI DPOĘJDU DBMMT B
DPOĘJDU SFTPMVUJPO GVODUJPO 	UIF NJOJNVN BT FYQMBJOFE JO 4FDUJPO ƌ�Ƌ�Ɗ
�

ćF QBSBMMFM TFBSDI XJUI Q = Ŵ 	XIJDI EPFT OPU BDUVBMMZ TFBSDI JO QBSBMMFM BT POMZ
POF QBSUJUJPO JT DSFBUFE
 JT TMPXFS UIBO UIF TFRVFOUJBM TFBSDI� ćF WFSTJPO XJUI QBSBMMFM
TFBSDI XJUI Ɖ QBSUJUJPO BOE Ɖ XPSLFS UISFBE IBT BO FYFDVUJPO UJNF PG ƋƉ�Ɛ TFDPOET
DPNQBSFE UP POMZ ƊƏ�Ɖ T GPS UIF DPSSFTQPOEJOH WFSTJPO XJUI TFRVFOUJBM TFBSDI� ćJT JT
EVF UP UIF EJČFSFODF JO VTFE BMHPSJUINT� UIF QBSBMMFM BMHPSJUIN DSFBUFT TFWFSBM TFUT PO
FBDI JUFSBUJPO UP LFFQ USBDL PG UIF XPSL RVFVF XIJMF UIF TFRVFOUJBM BMHPSJUIN VTFT POF
MJTU UISPVHIPVU� ćF EJČFSFODF CFUXFFO UIF CMVF BOE UIF MJHIU ZFMMPX MJOF DPSSFTQPOET
UP UIJT DPTU�

ćFTF SFTVMUT EFNPOTUSBUF UXP XBZT JO XIJDI USBOTBDUJPOBM GVUVSFT DBO JODSFBTF
QFSGPSNBODF� 'JSTU UIF FYFDVUJPO UJNF PG FBDI USBOTBDUJPO EFDSFBTFT CZ FYQMPJUJOH
QBSBMMFMJTN JO UIF USBOTBDUJPO� 4FDPOE UIF MPXFS FYFDVUJPO UJNF PG B USBOTBDUJPO BMTP
NFBOT UIBU UIF DPTU PG DPOĘJDUJOH USBOTBDUJPOT JT EFDSFBTFE BT FBDI BUUFNQU UBLFT MFTT
UJNF� #Z WBSZJOH UIF UXP QBSBNFUFST U BOE Q XF DBO ĕOE BO PQUJNVN CFUXFFO SVO�
OJOH TFWFSBM USBOTBDUJPOT TJNVMUBOFPVTMZ CVU SJTLJOH DPOĘJDUT 	U
 BOE TQFFEJOH VQ UIF
USBOTBDUJPOT JOUFSOBMMZ CVU XJUI NPSF DPTUMZ ĕOF�HSBJOFE QBSBMMFMJTN 	Q
�

ƍ*O UIF QBSBMMFM CSFBEUI�ĕSTU TFBSDI BMHPSJUIN B DPOĘJDU PDDVST FBDI UJNF UXP DFMMT FYQBOE JOUP B
TIBSFE OFJHICPS�
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Ƴ�ƭ #BZFT 	5SBOTBDUJPOBM 'VUVSFT


sprinkler on

grass wet

raining

'JHVSF Ƒ�ƍ� 4JNQMF FYBNQMF PG B #BZFTJBO OFUXPSL DPOTJTUJOH PG UISFF SBOEPN WBSJBCMFT� ćF
FEHFT SFQSFTFOU DPOEJUJPOBM EFQFOEFODJFT� UIF HSBTT JT NPSF MJLFMZ UP CF XFU JG UIF TQSJOLMFS JT
PO BOE�PS JG JU SBJOT UIF TQSJOLMFS JT NPSF MJLFMZ UP CF PČ JG JU SBJOT�

Ƒ�Ƌ #BZFT 	5SBOTBDUJPOBM 'VUVSFT

ćF #BZFT BQQMJDBUJPO JT BOPUIFS CFODINBSL GSPN UIF 45".1 TVJUF XIJDI JNQMF�
NFOUT BO BMHPSJUIN UIBU MFBSOT UIF TUSVDUVSF PG B #BZFTJBO OFUXPSL HJWFO PCTFSWFE
EBUB <$IJDLFSJOH FU BM� ƉƑƑƏ .JOI FU BM� ƊƈƈƐ>� 8F EFTDSJCF UIJT BQQMJDBUJPO BOE PVS
USBOTGPSNBUJPO CFGPSF EJTDVTTJOH UIF QFSGPSNBODF SFTVMUT�Ǝ

0SJHJOBM QSPHSBN 'JHVSF Ƒ�ƍ JMMVTUSBUFT B #BZFTJBO OFUXPSL� B HSBQI JO XIJDI
UIF OPEFT SFQSFTFOU SBOEPN WBSJBCMFT 	WBSJBCMFT UIBU IBWF TPNF QSPCBCJMJUZ PG CFJOH
USVF F�H� UIF QSPCBCJMJUZ UIBU JU SBJOT
 BOE UIF FEHFT DPSSFTQPOE UP UIFJS DPOEJUJPOBM
EFQFOEFODJFT 	F�H� JG JU SBJOT UIF QSPCBCJMJUZ PG UIF HSBTT CFJOHXFU JT IJHIFS
� ćF#BZFT
BQQMJDBUJPO AMFBSOT� TVDI B OFUXPSL HJWFO TPNF JOQVU EBUB� JU TUBSUT GSPN B OFUXPSL
PG WBSJBCMFT XJUIPVU EFQFOEFODJFT BOE BEET EFQFOEFODJFT UP NBYJNJ[F JUT BCJMJUZ UP
QSFEJDU UIF JOQVU EBUB�

*O UIF QSPHSBN FBDI WBSJBCMF PG UIF OFUXPSL JT SFQSFTFOUFE BT B USBOTBDUJPOBM WBSJ�
BCMF UIBU DPOUBJOT SFGFSFODFT UP JUT QBSFOUT BOE DIJMESFO JO UIF OFUXPSL� *OJUJBMMZ UIFSF
BSF OP EFQFOEFODJFT CFUXFFO UIF WBSJBCMFT� " TIBSFE XPSL RVFVF DPOUBJOT UIF EFQFO�
EFODJFT UP JOTFSU OFYU BOE JT JOJUJBMJ[FE UP POF EFQFOEFODZ QFS WBSJBCMF�

U XPSLFS UISFBET QSPDFTT UIF XPSL RVFVF JO QBSBMMFM� UIFZ JOTFSU UIF EFQFOEFODZ
JOUP UIF OFUXPSL BOE UIFO DBMDVMBUF XIJDI EFQFOEFODJFT 	JG BOZ
 DPVME CF JOTFSUFE
OFYU BQQFOEJOH UIF CFTU DBOEJEBUF UP UIF XPSL RVFVF� ćF CFTU DBOEJEBUF EFQFOEFODZ
JT UIF POF UIBU NBYJNJ[FT B TDPSF GVODUJPO UIBU DBMDVMBUFT UIF DBQBCJMJUZ PG UIF OFUXPSL
UP FTUJNBUF UIF JOQVU EBUB� ćJT JT FODBQTVMBUFE JO B USBOTBDUJPO UP QSFWFOU UXP EFQFO�
EFODJFT GSPN CFJOH BEEFE UP UIF TBNF WBSJBCMF TJNVMUBOFPVTMZ�

Ǝ8F SBO UIF #BZFT BQQMJDBUJPO XJUI UIF EFGBVMU QBSBNFUFST GSPN UIF PSJHJOBM 45".1 WFSTJPO FYDFQU�
	Ɖ
 UIF OVNCFS PG WBSJBCMFT XBT JODSFBTFE GSPN ƋƊ UP ƌƐ UP JODSFBTF UIF OVNCFS PG DPSFT UIBU DBO CF
VTFE 	Ɗ
 UIF OVNCFS PG SFDPSET XBT EFDSFBTFE GSPN ƌƈƑƎ UP ƍƉƊ UP EFDSFBTF UIF SVOOJOH UJNF PG UIF
FYQFSJNFOU BOE 	Ƌ
 UIF NBYJNVN OVNCFS PG QBSFOUT QFS OPEF XBT JODSFBTFE GSPN ƌ UP ƍ UP JODSFBTF UIF
DIBODF PG DPOĘJDUT�
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Execution time (s)
0 2 4 6 8 141210

1.65 s (11.8%)
Generate input

13.60 s (88.1%)
Learn network

0.02 s (0.1%)
Validation

During learning phase:
6.8% time out transaction
93.2% time in transaction

'JHVSF Ƒ�Ǝ� 1SPQPSUJPO PG UJNF TQFOU JO EJČFSFOU QBSUT PG UIF #BZFT BQQMJDBUJPO 	XJUI W = ŷŻ
�

%FQFOEFODJFT BSF JOTFSUFE VOUJM UIF XPSL RVFVF JT FNQUZ� "T NPSF EFQFOEFODJFT
BSF EJTDPWFSFE DPOOFDUFE TVCHSBQIT PG EFQFOEFOU WBSJBCMFT GPSN JO UIF OFUXPSL�

0VS USBOTGPSNBUJPO 'JHVSF Ƒ�Ǝ JMMVTUSBUFT B UZQJDBM FYFDVUJPO PG UIF QSPHSBN� #F�
GPSF UIF BMHPSJUIN TUBSUT UIF BQQMJDBUJPO HFOFSBUFT UIF JOQVU EBUB UBLJOH ƉƉ�ƐŰ PG UIF
UPUBM UJNF� ćFO UIF U XPSLFS UISFBET QSPDFTT UIF XPSL RVFVF JO QBSBMMFM UP MFBSO UIF
EFQFOEFODJFT UBLJOH ƐƐ�ƉŰ PG UIF FYFDVUJPO UJNF� 'JOBMMZ UIF TPMVUJPO JT WBMJEBUFE
UBLJOH KVTU ƈ�ƉŰ PG UIF UJNF� "T MFBSOJOH UIF OFUXPSL UBLFT UIF NPTU UJNF XF GPDVT PO
UIJT QBSU POMZ� *O UIBU QBSU ƑƋ�ƊŰ PG UIF FYFDVUJPO UJNF JT TQFOU JO UIF USBOTBDUJPOT UIBU
EFUFSNJOF UIF CFTU OFYU EFQFOEFODZ� 5P PQUJNJ[F UIF QSPHSBN XF UIFSFGPSF GPDVT PO
UIJT USBOTBDUJPO�

-PPLJOH BU UIF DPEF XF TFF UIBU UIF USBOTBDUJPO JO RVFTUJPO DPOUBJOT B MPPQ UIBU
DBMDVMBUFT UIF TDPSF GPS FBDI DBOEJEBUF BOE UIFO TFMFDUT UIF NBYJNVN� &BDI PG UIF
JUFSBUJPOT PG UIJT MPPQ JT JOEFQFOEFOU BOE DBO UIFSFGPSF SVO JO QBSBMMFM JO B USBOTBD�
UJPOBM GVUVSF� 8F NPEJĕFE UIF BQQMJDBUJPO UP EP UIJT 	JMMVTUSBUFE JO -JTUJOH Ƒ�Ə
 BOE
XJMM DPNQBSF UIJT WFSTJPO XJUI B QBSBMMFM MPPQ UP UIF PSJHJOBM WFSTJPO PG UIF CFODINBSL�

Ɖ (atomic
Ɗ …
Ƌ (for [from-id (range (:n-var adtree))]
ƌ (compute-local-log-likelihood …)))

	B
 'SBHNFOU PG UIF PSJHJOBM #BZFT CFODI�
NBSL�

Ɖ (atomic
Ɗ …
Ƌ (parallel-for [from-id (range (:n-var adtree))]
ƌ (compute-local-log-likelihood …)))

	C
 #BZFT XJUI USBOTBDUJPOBM GVUVSFT�

-JTUJOH Ƒ�Ə� ćF #BZFT BQQMJDBUJPO CFGPSF BOE BęFS UIF JOUSPEVDUJPO PG USBOTBDUJPOBM GVUVSFT�
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up

speed-up = 3.45
time = 3767 ms

speed-up = 2.75
time = 4723 ms

time = 13000 ms
Original version
Parallel loop (48 tasks
per worker thread)

'JHVSF Ƒ�Ɛ� .FBTVSFE TQFFE�VQ PG UIF MFBSOJOH QIBTF GPS UIF #BZFT BQQMJDBUJPO BT UIF OVNCFS
PG UISFBET JODSFBTFT� ćF CMVF MJOF TIPXT UIF PSJHJOBM WFSTJPO� ćF SFE MJOF TIPXT UIF WFSTJPO
XJUI B QBSBMMFM GPS MPPQ XIFSF FBDI PG UIF 	BU NPTU
 ƌƐ JUFSBUJPOT JT FYFDVUFE JO QBSBMMFM�

1FSGPSNBODF *O 'JHVSF Ƒ�Ɛ XF NFBTVSF UIF TQFFE�VQ PG UIF MFBSOJOH QIBTF BT UIF
OVNCFS PG XPSLFS UISFBET 	U
 JODSFBTFT GPS B OFUXPSL PG ƌƐ WBSJBCMFT� ćF CMVF MJOF
JT UIF PSJHJOBM WFSTJPO� U UISFBET QSPDFTT EFQFOEFODJFT JO QBSBMMFM� ćF SFE MJOF TIPXT
UIF WFSTJPO JO XIJDI UIF MPPQ JT FYFDVUFE JO QBSBMMFM� )FSF JO FBDI USBOTBDUJPO VQ
UP W USBOTBDUJPOBM UBTLT SVO JO QBSBMMFM XIFSF W JT UIF OVNCFS PG #BZFTJBO WBSJBCMFT
JO UIF OFUXPSL 	ƌƐ JO PVS FYQFSJNFOU
� ćFSFGPSF UIF NBYJNBM JEFBM TQFFE�VQ JO UIF
PSJHJOBM WFSTJPO JT U XIJMF JO UIF WFSTJPO XJUI UIF QBSBMMFM MPPQ JU JT U× W�

ćF TQFFE�VQ PG UIF PSJHJOBM WFSTJPO 	CMVF MJOF
 JODSFBTFT BT OVNCFS PG UISFBET
JODSFBTFT VQ UP B TQFFE�VQ PG Ɗ�Əƍ GPS ƉƎ UISFBET 	EFDSFBTJOH UIF FYFDVUJPO UJNF GSPN
ƉƋ T GPS POF UISFBE UP ƌ�Ə T GPS ƉƎ UISFBET
� "ęFS UIJT QPJOU UIF TQFFE�VQ QMBUFBVT� #Z
FYBNJOJOH UIF FYFDVUJPO PG UIF QSPHSBN XF ĕOE UIBU FWFO UIPVHI B MBSHFS OVNCFS
PG XPSLFS UISFBET BSF DSFBUFE POMZ B MJNJUFE OVNCFS PG UIFN BDUVBMMZ QFSGPSN BOZ
XPSL� ćF PUIFST BSF JEMF BT OPU FOPVHI XPSL JT BWBJMBCMF BęFS B DFSUBJO QPJOU JO UIF
FYFDVUJPO PG UIF QSPHSBN�

*O UIF WFSTJPO XJUI QBSBMMFM UBTLT XF TFF UIBU FWFO XIFO UIFSF JT POMZ POF XPSLFS
UISFBE QSPDFTTJOH POF USBOTBDUJPO BU B UJNF 	U = Ŵ
 UIF QBSBMMFMJ[BUJPO PG JUT JOUFSOBM
MPPQ QSPEVDFT B TQFFE�VQ PG Ɗ�ƐƐ� #Z JODSFBTJOH UIF OVNCFS PG XPSLFS UISFBET B NBY�
JNBM TQFFE�VQ PG Ƌ�ƌƍ JT BDIJFWFE GPS ƍ XPSLFS UISFBET 	DPSSFTQPOEJOH UP BO FYFDVUJPO
UJNF PG Ƌ�Ɛ T
� "HBJO UIF TQFFE�VQ SFBDIFT B QMBUFBV BT OPU FOPVHIXPSL JT BWBJMBCMF GPS
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BMM XPSLFS UISFBET� )PXFWFS UIF SFBDIFE TQFFE�VQ JT IJHIFS UIBO UIF PSJHJOBM WFSTJPO
BT NPSF ĕOF�HSBJOFE QBSBMMFMJTN JT BWBJMBCMF JO FBDI VOJU PG XPSL�

ćJT SFTVMU EFNPOTUSBUFT BOPUIFS CFOFĕU PG USBOTBDUJPOBM UBTLT� *O UIF PSJHJOBM WFS�
TJPO UIF BNPVOU PG QBSBMMFMJTN DPSSFTQPOEFE UP UIF OVNCFS PG USBOTBDUJPOT XIJDI JT
FRVBM UP OVNCFS PG XPSL JUFNT� )FODF JG BU B DFSUBJO QPJOU UIFSF BSF GFXFS XPSL JUFNT
UIBO DPSFT JO UIF NBDIJOF OPU BMM QPUFOUJBM QBSBMMFMJTN JT FYQMPJUFE� #Z JOUSPEVDJOH
QBSBMMFMJTN JOTJEF UIF USBOTBDUJPOT XFNBLF CFUUFS VTF PG UIF BWBJMBCMF IBSEXBSF� &WFO
JG UIFSF JT MJNJUFE XPSL BOE UIFSFGPSF B MJNJUFE OVNCFS PG USBOTBDUJPOT USBOTBDUJPOBM
UBTLT BMMPX VT UP NBLF VTF PG NPSF ĕOF�HSBJOFE QBSBMMFMJTN XJUIJO UIF USBOTBDUJPOT�

Ƒ�ƌ 7BDBUJPOƊ 	5SBOTBDUJPOBM "DUPST

0VS 7BDBUJPOƊ BQQMJDBUJPO JT JOTQJSFE CZ UIF 7BDBUJPO CFODINBSL GSPN UIF 45".1
CFODINBSL TVJUF� 8F BEE UIF TVďY iƊw UP DMFBSMZ JOEJDBUF UIBU JO DPOUSBTU UP UIF PUIFS
CFODINBSLT XF PNJUUFE TPNF GVODUJPOBMJUZ� JO UIF PSJHJOBM 45".1 CFODINBSL DVT�
UPNFST DBO CF EFMFUFE BOE JUFNT DBO CF DIBOHFE XIJMF 7BDBUJPOƊ EPFT OPU TVQQPSU
UIJT�

ćF CFODINBSL�T JOQVU DPOTJTUT PG D DVTUPNFST UIBU XBOU UP CPPL B IPMJEBZ� "U UIF
TUBSU PG UIF QSPHSBN S ĘJHIUT S IPUFM SPPNT BOE S DBST BSF HFOFSBUFE o XF DBMM UIFTF
JUFNT oXJUI B SBOEPN QSJDF BOE SBOEPNOVNCFS PG TFBUT�CFET 	CFUXFFO Ɖƈƈ BOE ƍƈƈ
�
&BDI DVTUPNFSXJMM SFTFSWF CFUXFFO POF BOE ĕWF TFBUT PO UXP ĘJHIUT B IPUFM SPPN BOE
B DBS� 'PS FBDI PG UIFTF GPVS JUFNT UIF DVTUPNFS XJMM TFMFDU B TVCTFU PG R SBOEPN JUFNT
QJDL UIF DIFBQFTU XJUI TVďDJFOU BWBJMBCMF TFBUT BOE CPPL JU� "EEJUJPOBMMZ GPS FBDI
DVTUPNFS B QBTTXPSE JT HFOFSBUFE VTJOH B DSZQUPHSBQIJDBMMZ TFDVSF IBTI� 8F SBO UIF
FYQFSJNFOUT XJUI D = Ŵųųų S = Ÿų BOE R = Ŵų�Ə

&BDI JUFN BOE FBDI DVTUPNFS JT TUPSFE JO B USBOTBDUJPOBM WBSJBCMF� $VTUPNFST BSF
XSJUUFO UP ĕWF UJNFT� GPVS UJNFT UP VQEBUF UIFJS CJMM 	GPS UIF GPVS JUFNT
 BOE PODF UP
TUPSF UIFJS QBTTXPSE� &BDI SFTFSWBUJPO BMTP XSJUFT UP GPVS JUFNT� UXP ĘJHIUT B SPPN
BOE B DBS�

*O UIF PSJHJOBM CFODINBSL UIFSF BSF Q XPSLFS BDUPST� ćF D DVTUPNFST BSF FWFOMZ
EJTUSJCVUFE TP UIBU FBDIXPSLFS BDUPS QSPDFTTFT D/Q DVTUPNFST� &BDI DVTUPNFS SFTFSWFT
GPVS JUFNT BOE HFOFSBUFT B QBTTXPSE� ćJT JT FODBQTVMBUFE JO B USBOTBDUJPO IFODF
UIFSF BSF D USBOTBDUJPOT FBDI XSJUJOH UP POF EJTUJODU DVTUPNFS BOE GPVS JUFNT� ćJT XBT
JMMVTUSBUFE JO -JTUJOH ƍ�ƌ PO QBHF ƑƐ�Ɛ ćFSF XJMM OFWFS CF B DPOĘJDU PO UIF DVTUPNFS
BT JU JT EJTUJODU GPS FBDI SFTFSWBUJPO CVU UIFSF DBO CF DPOĘJDUT PO UIF JUFNT�

ƏS = D× Ÿ/Ŵųų FOTVSFT UIBU UIFSF BSF BU MFBTU BT NBOZ BWBJMBCMF TFBUT BT SFRVFTUFE� R = Ŵų JT BT JO UIF
PSJHJOBM 45".1 CFODINBSL�

Ɛ/PUF UIBU UIF DPEF JO -JTUJOH ƍ�ƌ IBT CFFO NPEJĕFE GPS UIJT UFYU� ćF GVMM DPEF PG UIF CFODINBSL DBO
CF GPVOE BU IUUQT���HJUIVC�DPN�KTXBMFOT�WBDBUJPO��

ƉƐƌ
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Number of worker actors (p)
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time = 5480 ms

For p = 42:
speed-up = 2.6
time = 2102 ms

'JHVSF Ƒ�Ƒ� 4QFFE�VQ PG PSJHJOBM 7BDBUJPOƊ GPS BO JODSFBTJOH OVNCFS PG XPSLFS BDUPST 	Q
 PO
B Ǝƌ�DPSF NBDIJOF� &BDI SFTVMU JT UIF NFEJBO PG Ɖƍ NFBTVSFNFOUT� UIF FSSPS CBST EFQJDU JO�
UFSRVBSUJMF SBOHFT�

8F USBOTGPSN UIF PSJHJOBM CFODINBSL UP QBSBMMFMJ[F UIJT USBOTBDUJPO VTJOH USBOT�
BDUJPOBM BDUPST� UIF GPVS JUFNT XJMM CF SFTFSWFE JO TFQBSBUF BDUPST� *O UIF USBOTGPSNFE
WFSTJPO OFYU UP Q QSJNBSZ XPSLFS BDUPST UIFSF BSF T TFDPOEBSZ XPSLFS BDUPST� "T
CFGPSF UIF D DVTUPNFST BSF EJTUSJCVUFE FWFOMZ PWFS UIF Q QSJNBSZ XPSLFS BDUPST� )PX�
FWFS OPX FBDI DVTUPNFS�T SFTFSWBUJPO TFOET GPVS NFTTBHFT UP SBOEPNMZ TFMFDUFE TFD�
POEBSZ XPSLFS BDUPST BOE UIFO HFOFSBUFT UIF DVTUPNFS�T QBTTXPSE 	BT JO -JTUJOH ƍ�ƍ
PO QBHF ƑƑ
� ćF TFDPOEBSZ XPSLFS BDUPST XJMM MPPL GPS BOE SFTFSWF BO JUFN PG UIF
SFRVFTUFE UZQF JO B USBOTBDUJPO� )FODF JO UIJT BQQMJDBUJPO UIFSF BSF D USBOTBDUJPOT
UIBU XSJUF UP POF EJTUJODU DVTUPNFS FBDI BOE TFOE GPVS NFTTBHFT BOE ŷD USBOTBDUJPOT
UIBU XSJUF UP POF DVTUPNFS BOE POF JUFN� *O UIJT WFSTJPO UIFSF DBO CF DPOĘJDUT PO UIF
DVTUPNFST BT XFMM BT UIF JUFNT�

1FSGPSNBODF 8F CFODINBSL CPUI WFSTJPOT WBSZJOH Q BOE T BOE NFBTVSF UIF UPUBM
FYFDVUJPO UJNF� &BDI WBSJBUJPO JT SFQFBUFE Ɖƍ UJNFT PG XIJDI XF DBMDVMBUF UIF NFEJBO
BOE JOUFSRVBSUJMF SBOHFT� /FYU XF DBMDVMBUF UIF TQFFE�VQ DPNQBSFE UP UIF SFTVMU GPS
Q = Ŵ BOE T = Ŵ GPS FBDI FYQFSJNFOU TFQBSBUFMZ�

ćF SFTVMUT PG UIF PSJHJOBM WFSTJPO BSF TIPXO JO 'JHVSF Ƒ�Ƒ� 6TJOH B TJOHMF XPSLFS
BDUPS UIF QSPHSBN SVOT JO ƍƌƐƈNT� "T UIF OVNCFS PG XPSLFS BDUPST JODSFBTFT UIF
FYFDVUJPO UJNF EFDSFBTFT SFBDIJOH B NJOJNVN PG ƊƉƈƊNT GPS ƌƊ XPSLFS BDUPST� ćJT
DPSSFTQPOET UP B TQFFE�VQ PG Ɗ�Ǝ� 0O B NBDIJOF XJUI Ǝƌ DPSFT UIJT TQFFE�VQ JT WFSZ
MJNJUFE� ćJT JT B SFTVMU PG 45.�T PQUJNJTUJD DPODVSSFODZ� BT UIF OVNCFS PG USBOTBDUJPOT
UIBU FYFDVUF JO QBSBMMFM JODSFBTFT UIF DIBODF PG DPOĘJDUT BOE UIVT UIF OVNCFS PG SFUSJFT
JODSFBTFT�

'JHVSF Ƒ�Ɖƈ TIPXT B TVCTFU PG UIF SFTVMUT GPS UIF WFSTJPO UIBU VTFT USBOTBDUJPOBM
BDUPST� 	ćF GVMM SFTVMUT BSF TIPXO JO 5BCMF Ƒ�ƉƉ�
 *O UIJT CFODINBSL CPUI UIF OVNCFS
PG QSJNBSZ BOE TFDPOEBSZXPSLFS BDUPST BSF WBSJFE� ćF WFSTJPO VTJOH POF QSJNBSZ BOE

ƉƐƍ
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For p = 1, s = 1: time = 13701 ms

For p = 46, s = 1:
speed-up = 18.4
time = 743 ms

For p = 42, s = 8:
speed-up = 33.2
time = 413 ms

s = 1

s = 2

s = 8

s = 64

'JHVSF Ƒ�Ɖƈ� 4QFFE�VQ PG WFSTJPO PG 7BDBUJPOƊ UIBU VTFT USBOTBDUJPOBM BDUPST GPS JODSFBTJOH
OVNCFST PG QSJNBSZ 	Q
 BOE TFDPOEBSZ 	T
 XPSLFS BDUPST BHBJO PO B Ǝƌ�DPSF NBDIJOF� 'VMM
SFTVMUT BSF JO MJTUFE JO 5BCMF Ƒ�ƉƉ�

POF TFDPOEBSZ XPSLFS BDUPS JT TMPXFS UIBO UIF PSJHJOBM WFSTJPO BU ƉƋ ƏƈƉNT� )PXFWFS
CFUUFS QFSGPSNBODF JT BDIJFWFE XIFO JODSFBTJOH UIF OVNCFS PG BDUPST�

ćF CMBDL MJOF JO 'JHVSF Ƒ�Ɖƈ TIPXT UIF SFTVMUT VTJOH POMZ POF TFDPOEBSZ XPSLFS
BDUPS TP DVTUPNFST BSF QSPDFTTFE JO QBSBMMFM CVU UIF SFTFSWBUJPO PG JOEJWJEVBM JUFNT JT
OPU� )FSF BNJOJNBM FYFDVUJPO UJNF PG ƏƌƋNT JT SFBDIFE GPS ƌƎ QSJNBSZXPSLFS BDUPST
B CFUUFS SFTVMU UIBO UIF PSJHJOBM WFSTJPO� ćJT JT CFDBVTF UIFSF BSF GBS GFXFS DPOĘJDUT�
UIFSF JT POMZ POF TFDPOEBSZ BDUPS SFTFSWJOH JUFNT TP UIFSF DBO OFWFS CF BOZ DPOĘJDUT
PO UIF JUFNT�

#Z JODSFBTJOH UIF OVNCFS PG TFDPOEBSZXPSLFS BDUPST 	UIF PUIFS MJOFT JO 'JHVSF Ƒ�Ɖƈ

B IJHIFS TQFFE�VQ DBO CF BDIJFWFE� 8F TFF UIBU B NBYJNVN TQFFE�VQ PG ƋƋ�Ɗ JT
SFBDIFE GPS ƌƊ QSJNBSZ BOE Ɛ TFDPOEBSZ XPSLFS BDUPST PO UIJT NBDIJOF� "U UIJT QPJOU
UIF CBMBODF CFUXFFO JODSFBTFE QBSBMMFMJTN BOE B MPX DIBODF PG DPOĘJDUT JT PQUJNBM� 6T�
JOH NPSF UIBO Ɛ TFDPOEBSZ XPSLFS BDUPST XJMM BHBJO MPXFS UIF QFSGPSNBODF EVF UP B
IJHIFS DIBODF PG DPOĘJDUT� ćF PQUJNBM SFTVMU GPS UIJT WFSTJPO DPSSFTQPOET UP BO FYFDV�
UJPO UJNF PG ƌƉƋNT DPNQBSFE UP BNJOJNVN PG ƊƉƈƊNT GPS UIF PSJHJOBM WFSTJPO� ćJT
JOEJDBUFT UIBU UIJT BQQMJDBUJPO CFOFĕUT GSPN CFJOH QBSBMMFMJ[FE JO UXP QMBDFT JOTUFBE
PG POMZ QBSBMMFMJ[JOH UIF QSPDFTTJOH PG DVTUPNFST 	BT JO UIF PSJHJOBM WFSTJPO
 PS POMZ
QBSBMMFMJ[JOH UIF SFTFSWBUJPO PG JUFNT 	UIF SFTVMUT PG Q = Ŵ JO 5BCMF Ƒ�ƉƉ
 UIF PQUJNVN
JT GPVOE CZ DPNCJOJOH CPUI�

ćJT FYQFSJNFOU DBQJUBMJ[FT PO BOPUIFS CFOFĕU PG USBOTBDUJPOBM BDUPST BT XFMM� UIFZ
BMMPX B USBOTBDUJPO UP CF TQMJU VQ JOUP NVMUJQMF USBOTBDUJPOT XJUI EFQFOEFODJFT� &W�
FSZ USBOTBDUJPO JO UIF PSJHJOBM WFSTJPO XBT TQMJU JOUP POF QSJNBSZ BOE GPVS EFQFOEFOU
USBOTBDUJPOT� *G UIF QSJNBSZ USBOTBDUJPO GBJMT UIF GPVS EFQFOEFOU USBOTBDUJPOT GBJM UPP�

ƉƐƎ



Ƴ�Ư %FWFMPQFS &ČPSU

1 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52 54 56 58 60 62 64
1 1.0 2.2 4.5 6.9 9.8 12.7 15.3 15.3 15.5 14.1 15.0 13.5 14.7 14.2 14.3 15.2 15.6 15.4 16.9 17.9 16.8 17.6 18.1 18.4 16.9 17.5 17.0 16.8 16.9 17.7 17.7 17.0 17.0
2 0.9 1.9 4.0 5.6 7.3 9.9 12.0 14.9 17.3 18.8 17.9 18.9 18.7 18.1 18.5 18.5 17.9 20.1 20.1 20.0 19.5 19.6 19.3 19.5 19.2 18.9 18.5 18.7 18.6 18.8 18.8 18.3 18.8
4 0.8 1.6 3.4 5.0 6.9 8.4 10.2 12.0 14.0 15.8 18.3 20.1 21.3 22.7 23.7 23.9 28.1 28.9 27.7 26.7 27.4 27.7 27.4 26.7 26.6 26.5 25.9 25.4 26.0 26.0 25.1 25.2 24.6
6 0.8 1.5 3.2 4.8 6.6 7.9 9.3 11.4 13.0 14.4 16.1 18.1 20.1 22.3 24.2 29.1 30.3 31.1 31.7 31.7 31.4 32.0 30.7 30.4 30.4 30.6 29.1 29.6 28.8 28.8 28.2 28.7 28.0
8 0.7 1.5 3.0 4.7 6.1 7.6 9.4 10.8 12.2 14.0 16.2 17.8 19.5 22.0 26.8 28.0 29.0 29.7 31.1 32.0 32.8 33.2 31.5 31.6 32.0 32.0 31.0 30.7 30.2 29.7 29.7 29.9 28.3
10 0.8 1.5 3.0 4.6 6.0 7.6 9.3 10.5 12.1 13.5 15.3 17.3 18.8 23.0 25.1 27.9 29.1 31.3 31.5 32.3 32.0 31.8 32.2 31.5 31.2 31.5 31.3 30.0 30.2 30.6 30.8 29.5 29.4
12 0.8 1.4 2.9 4.5 6.1 7.5 8.8 10.3 11.8 13.7 15.4 16.6 19.2 21.1 25.5 27.4 29.2 30.0 30.8 31.4 31.6 31.8 32.0 29.9 29.8 30.6 30.5 30.1 29.2 30.2 28.6 28.8 29.5
14 0.8 1.4 2.9 4.4 5.9 7.4 8.8 10.4 11.7 13.1 14.7 16.8 18.6 22.0 23.7 26.9 28.9 31.1 31.2 31.0 30.8 30.8 30.5 30.4 30.2 30.9 30.1 28.8 29.1 29.5 28.5 28.7 28.5
16 0.8 1.4 2.9 4.4 5.8 7.2 8.9 10.2 11.8 13.2 15.2 16.9 19.4 21.0 25.2 28.2 29.4 29.9 30.2 30.7 30.1 30.5 30.1 30.2 30.2 29.8 29.7 28.8 28.1 28.3 26.8 28.1 26.8
18 0.9 1.4 2.9 4.3 5.8 7.3 8.7 10.3 11.7 13.5 14.9 17.0 18.7 21.0 24.4 26.9 29.4 29.5 30.2 30.5 30.3 30.0 30.6 30.8 29.4 29.1 28.5 28.8 28.7 28.0 27.7 27.0 27.8
20 0.9 1.4 2.8 4.3 5.7 7.2 8.6 10.3 11.9 13.3 15.2 16.8 18.9 21.0 25.7 27.3 28.6 29.2 29.4 30.0 29.9 29.7 29.1 29.2 29.6 29.3 28.3 27.9 27.5 28.1 26.7 27.0 26.8
22 0.9 1.5 2.9 4.3 5.7 7.1 8.4 10.4 11.8 12.9 15.0 17.1 19.4 21.6 25.2 27.1 28.3 28.9 28.9 28.6 28.9 28.9 29.8 29.4 28.5 28.5 28.2 28.0 28.2 27.0 27.1 26.8 27.3
24 0.9 1.5 2.9 4.3 5.7 7.0 8.9 10.2 11.8 13.5 15.0 17.5 20.4 23.3 25.1 26.7 27.8 28.0 28.6 28.7 28.7 29.3 29.2 27.9 27.6 28.0 28.2 28.7 27.0 27.6 26.6 25.9 26.1
26 0.9 1.5 2.8 4.2 5.7 7.3 8.8 10.3 11.8 13.4 15.2 17.3 19.8 22.8 24.5 26.5 28.1 28.5 28.5 28.4 28.3 29.0 28.5 27.8 28.1 28.3 27.8 27.9 26.9 27.4 26.8 26.3 27.3
28 0.9 1.5 2.8 4.3 5.8 7.3 8.7 10.3 11.8 13.3 15.3 16.9 20.0 21.9 25.1 26.4 27.5 28.4 28.2 28.1 28.1 28.2 27.9 27.5 26.7 28.2 27.9 27.1 27.4 26.1 26.5 26.2 25.6
30 0.9 1.5 2.8 4.3 5.9 7.3 8.7 10.2 11.9 13.3 15.3 17.5 20.0 22.5 25.1 26.7 27.0 27.6 28.1 28.3 27.9 28.1 28.0 28.3 28.1 28.5 27.4 27.1 28.3 27.2 26.2 26.5 25.6
32 0.9 1.5 2.9 4.3 5.8 7.3 8.8 10.3 11.7 13.6 15.4 17.9 20.0 23.0 25.7 26.5 26.7 27.3 28.2 27.5 28.1 27.3 27.4 28.1 27.8 27.4 28.0 27.0 26.6 26.0 26.9 26.0 25.8
34 0.9 1.5 2.9 4.3 5.8 7.2 8.8 10.3 11.7 13.5 15.5 17.8 19.9 23.4 24.9 26.1 27.2 27.1 27.2 28.2 27.6 27.8 27.9 27.1 27.3 28.0 26.5 27.5 26.1 26.6 26.7 26.0 25.3
36 0.9 1.5 2.9 4.3 5.8 7.3 8.7 10.3 11.8 14.0 16.1 17.8 21.5 24.0 25.1 26.0 26.5 26.6 26.9 27.2 27.0 27.2 26.8 26.6 26.8 26.8 26.8 25.9 26.6 26.3 25.5 25.2 25.4
38 0.9 1.5 2.9 4.3 5.8 7.2 8.7 10.3 11.9 13.5 15.7 18.0 21.9 23.6 25.3 25.5 26.2 26.5 26.7 27.0 27.7 27.0 27.3 26.9 26.7 26.4 26.9 26.6 26.2 26.1 26.2 26.2 25.8
40 0.9 1.5 2.9 4.3 5.7 7.2 8.7 10.1 12.0 13.9 15.8 18.6 22.0 23.3 24.4 25.5 25.9 27.1 26.5 27.0 26.8 26.8 26.9 26.6 26.5 27.1 26.1 26.3 25.5 26.9 25.4 25.5 25.7
42 0.9 1.5 2.9 4.3 5.7 7.2 8.7 10.1 11.9 13.7 16.4 18.5 20.4 23.3 24.7 24.7 26.1 26.4 26.8 27.1 27.2 26.8 26.8 26.6 26.3 26.5 26.0 26.1 25.8 25.7 25.8 25.1 25.5
44 0.9 1.5 2.8 4.3 5.7 7.2 8.7 10.2 11.9 13.6 16.3 18.1 20.4 22.0 22.8 23.6 24.3 26.0 26.5 26.8 26.2 26.6 27.1 27.3 27.1 26.6 25.7 26.4 25.9 24.9 25.2 25.6 26.1
46 0.9 1.5 2.9 4.3 5.8 7.2 8.7 10.1 11.8 13.3 15.7 17.7 19.6 21.9 22.9 23.4 23.5 24.6 25.8 25.8 27.0 26.5 26.3 26.6 26.3 26.4 25.9 25.3 26.0 26.0 25.5 25.6 25.5
48 0.8 1.6 2.9 4.3 5.7 7.2 8.6 10.1 11.5 13.6 15.6 18.0 20.8 21.6 23.0 23.3 24.2 24.6 24.7 25.8 25.9 25.9 26.1 26.1 25.8 26.4 26.2 26.5 26.0 26.0 25.3 25.8 25.3
50 0.9 1.6 2.9 4.3 5.8 7.2 8.6 10.2 11.6 13.7 15.7 18.3 19.8 21.8 22.7 23.5 23.9 24.5 24.8 25.4 26.7 26.0 26.1 26.1 26.4 26.1 26.1 26.0 25.7 25.4 25.8 24.9 24.9
52 0.9 1.5 2.9 4.3 5.7 7.1 8.6 10.1 11.7 13.6 15.9 18.1 20.2 21.9 22.6 23.3 24.0 24.1 25.7 25.7 25.7 25.8 25.7 26.1 26.1 25.6 26.0 25.6 25.9 25.8 25.2 24.9 25.3
54 0.9 1.6 2.9 4.3 5.7 7.1 8.6 10.1 11.7 13.9 15.8 18.1 20.4 21.3 22.5 22.9 24.1 25.2 25.9 25.7 25.6 25.6 26.1 26.3 25.9 26.0 25.5 25.9 25.5 25.3 25.8 25.1 24.9
56 0.9 1.5 2.9 4.3 5.7 7.1 8.6 10.2 11.8 13.7 16.3 18.2 20.6 21.7 22.4 23.0 23.3 25.0 25.4 25.7 25.9 25.6 26.1 25.5 25.8 25.8 26.3 25.9 25.4 25.3 25.3 25.0 24.2
58 0.9 1.6 2.8 4.3 5.7 7.3 8.7 10.1 12.0 13.6 15.9 17.9 19.7 21.6 22.5 22.9 23.0 24.1 25.1 25.8 25.5 25.5 26.1 25.7 25.2 25.9 25.4 25.3 25.7 25.2 25.4 25.3 24.9
60 0.9 1.5 2.9 4.3 5.7 7.1 8.7 10.3 12.0 13.6 16.1 18.4 19.9 21.3 22.2 23.2 23.9 24.7 25.1 25.8 25.7 25.8 25.5 25.6 26.4 25.4 25.2 25.5 25.3 25.1 24.8 24.9 25.1
62 0.9 1.6 2.9 4.3 5.7 7.2 8.6 10.1 11.8 13.8 16.4 18.2 19.9 21.2 22.2 23.8 24.0 24.9 25.5 25.3 25.4 25.5 25.8 25.9 25.9 26.1 25.1 25.1 25.8 25.3 24.8 24.8 24.7
64 0.9 1.5 2.9 4.3 5.7 7.1 8.6 10.1 11.9 14.0 16.1 18.7 20.4 21.3 22.4 23.6 24.2 24.6 25.5 25.4 25.6 25.8 25.4 25.7 25.3 25.0 24.9 25.2 24.8 25.0 24.8 25.6 24.5

Number of primary worker actors (p)
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5BCMF Ƒ�ƉƉ� 'VMM SFTVMUT GPS TQFFE�VQ PG UIF WFSTJPO PG 7BDBUJPOƊ UIBU VTFT USBOTBDUJPOBM BDUPST
GPS JODSFBTJOH OVNCFST PG QSJNBSZ 	Q
 BOE TFDPOEBSZ 	T
 XPSLFS BDUPST� )JHIFS 	CFUUFS
 TQFFE�
VQT BSF DPMPSFE NPSF HSFFO�

)PXFWFS JG B EFQFOEFOU USBOTBDUJPO GBJMT UIJT EPFT OPU BCPSU BOZ PUIFS USBOTBDUJPO�
6TJOH USBOTBDUJPOBM BDUPST USBOTBDUJPOT DBO CF TQMJU VQ MPXFSJOH UIF DPTU PG B DPOĘJDU
JO B EFQFOEFOU USBOTBDUJPO BT POMZ UIJT QBSU OFFET UP SFUSZ�

'JOBMMZ XF OPUF UIF IJHI PWFSIFBE PG USBOTBDUJPOBM BDUPST� XIJMF UIF PSJHJOBM WFS�
TJPO UPPL ƍƌƐƈNT XIFO VTJOH B TJOHMF XPSLFS BDUPS UIF WFSTJPO XJUI USBOTBDUJPOBM
BDUPST UBLFT ƉƋ ƏƈƉNT XIFO Q = Ŵ BOE T = Ŵ IFODF JU JT NPSF UIBO UXJDF BT TMPX XIFO
VTJOH POF DPSF� 8F TVTQFDU UIJT JT EVF UP PVS SFMBUJWFMZ TJNQMJTUJD JNQMFNFOUBUJPO PG
BDUPST BOE XF CFMJFWF GVSUIFS PQUJNJ[BUJPOT DPVME JNQSPWF UIF QFSGPSNBODF 	TPNF
XFSF TVHHFTUFE JO 4FDUJPO Ɛ�ƌ PG UIF QSFWJPVT DIBQUFS
�

*O DPODMVTJPO UIJT FYQFSJNFOU TIPXT UIBU USBOTBDUJPOBM BDUPST DBO JODSFBTF UIF QFS�
GPSNBODF PG BO BQQMJDBUJPO UIBU VTFT USBOTBDUJPOT CZ EJTUSJCVUJOH UIF USBOTBDUJPOT PWFS
NVMUJQMF BDUPST JOUSPEVDJOH NPSF ĕOF�HSBJOFE QBSBMMFMJTN BOE MPXFSJOH UIF DIBODF
BOE DPTU PG DPOĘJDUT� 	&WFO XJUI PVS SFMBUJWFMZ TJNQMF JNQMFNFOUBUJPO PG BDUPST� GVS�
UIFS PQUJNJ[BUJPOT DPVME JNQSPWF UIFTF SFTVMUT�


Ƒ�ƍ %FWFMPQFS &ČPSU
*O UIJT TFDUJPO XF BTTFTT UIF FČPSU SFRVJSFE GSPN EFWFMPQFST UP VTF $IPDPMB� 8F GP�
DVT PO UIF RVBMJUBUJWF BTQFDU� XF BSF JOUFSFTUFE JO XIJDI DIBOHFT XFSF OFDFTTBSZ UP

ƉƐƏ



$IBQUFS Ƴ� &WBMVBUJPO

#FODINBSL "EEFE 3FNPWFE -JOFT PG DPEF JO
PSJHJOBM WFSTJPO

-BCZSJOUI �� 	���
 �� 	��
 ���
#BZFT � 	���
 � 	���
 ����

7BDBUJPO� �� 	��
 �� 	��
 ���

5BCMF Ƒ�ƉƊ� ćF OVNCFS PG MJOFT PG DPEF BEEFE BOE SFNPWFE UP JOUSPEVDF USBOTBDUJPOBM GVUVSFT
PS BDUPST JO FBDI CFODINBSL�

JOUSPEVDF USBOTBDUJPOBM GVUVSFT BOE USBOTBDUJPOBM BDUPST JO B QSPHSBN XJUI USBOTBD�
UJPOT BOE IPX UIFZ DPNQBSF UP UIF DIBOHFT OFDFTTBSZ UP JOUSPEVDF SFHVMBS GVUVSFT
BOE BDUPST JO B QSPHSBN XJUIPVU USBOTBDUJPOT� 8F VTF UIF TBNF UISFF BQQMJDBUJPOT PG
UIF QSFWJPVT UISFF TFDUJPOT BOE EFTDSJCF UIF USBOTGPSNBUJPOT XF BQQMJFE� 5BCMF Ƒ�ƉƊ
TVNNBSJ[FT UIF RVBOUJUBUJWF BTQFDU PG UIJT FWBMVBUJPO� UIF OVNCFS PG MJOFT PG DPEF UIBU
XFSF DIBOHFE GPS FBDI BQQMJDBUJPO�

'VSUIFSNPSF XF OPUF UIBU UIF -BCZSJOUI BOE #BZFT QSPHSBNT GSPN UIF 45".1
CFODINBSL TVJUF FOE XJUI B WFSJĕDBUJPO QIBTF UIBU DIFDLT XIFUIFS UIF HFOFSBUFE PVU�
QVU JT DPSSFDU� "MM PVS JNQMFNFOUBUJPOT PG UIFTF CFODINBSLT BMTP JODMVEF UIJT WFSJĕ�
DBUJPO UP FOTVSF OP FSSPST XFSF JOUSPEVDFE FJUIFS XIFO QPSUJOH GSPN $ UP $MPKVSF
PS XIFO JOUSPEVDJOH GVUVSFT PS BDUPST� 	ćF 7BDBUJPOƊ CFODINBSL JT EJČFSFOU GSPN
45".1�T PSJHJOBM 7BDBUJPO CFODINBSL TP JO UIBU DBTF UIFSF JT OP SFGFSFODF JNQMFNFO�
UBUJPO UP DPNQBSF BHBJOTU�


-BCZSJOUI

ćF PSJHJOBM -BCZSJOUI BQQMJDBUJPO VTFT B TFRVFOUJBM TFBSDI BMHPSJUIN JO B USBOTBD�
UJPO BOE DPOTJTUT PG ƎƐƊ MJOFT PG DPEF JO UPUBM� "ęFS JOUSPEVDJOH USBOTBDUJPOBM GVUVSFT
Ƌƈ MJOFT 	ƌŰ
 XFSF SFNPWFE BOE ƏƐ MJOFT 	ƉƉŰ
 XFSF BEEFE� 	ćJT XBT JMMVTUSBUFE JO
-JTUJOH ƌ�ƍ PG $IBQUFS ƌ PO QBHF ƏƋ�
 "MNPTU BMM PG UIFTF DIBOHFT BSF B SFTVMU PG TXBQ�
QJOH UIF TFRVFOUJBM TFBSDI BMHPSJUIN XJUI B QBSBMMFM TFBSDI BMHPSJUIN XIJDI JT NPSF
DPNQMFY BOE SFRVJSFT TUSVDUVSBM DIBOHFT� #FTJEFT UIBU UIF EFWFMPQFS OFFET UP QJDL
BOE EFĕOF B TVJUBCMF DPOĘJDU SFTPMVUJPO GVODUJPO XIFO JOJUJBMJ[JOH UIF USBOTBDUJPOBM
WBSJBCMFT UIBU SFQSFTFOU UIF HSJE�

ćVT XF PCTFSWF UIBU XIJMF TFWFSBM DIBOHFT BSF OFDFTTBSZ UP JOUSPEVDF USBOTBD�
UJPOBM GVUVSFT JO UIJT BQQMJDBUJPO UIJT FČPSU JT TJNJMBS UP UIF FČPSU SFRVJSFE UP QBSBM�
MFMJ[F BOZ TFRVFOUJBM DPEF� ćFTF DIBOHFT XPVME CF OFDFTTBSZ FWFO PVUTJEF B USBOTBD�
UJPO BOE BSF OPU EVF UP TQFDJĕD SFRVJSFNFOUT PG PVS UFDIOJRVFT� ćFSF JT POF OPUBCMF
FYDFQUJPO� UIF EFĕOJUJPO PG UIF DPOĘJDU SFTPMVUJPO GVODUJPO�

ƉƐƐ



Ƴ�Ư %FWFMPQFS &ČPSU

#BZFT

5P USBOTGPSN UIF PSJHJOBM WFSTJPO PG UIF #BZFT BQQMJDBUJPO JOUP UIF POF UIBU VTFT USBOT�
BDUJPOBM GVUVSFT BDUVBMMZ POMZ POF MJOF 	PVU PG ƉƊƌƐ
 IBE UP CF DIBOHFE� UIF LFZXPSE
forXBT SFQMBDFE CZ parallel-for B NBDSP UIBU VTFT USBOTBDUJPOBM UBTLT JOUFSOBMMZ UP
FYFDVUF JUT JUFSBUJPOT JO QBSBMMFM� ćJT XBT TIPXO JO -JTUJOH Ƒ�Ə PO QBHF ƉƐƊ� ćJT JT
QPTTJCMF BT FBDI JUFSBUJPO PG UIF MPPQ JT JOEFQFOEFOU FYIJCJUJOH B UZQF PG QBSBMMFMJTN
TPNFUJNFT EFTDSJCFE BT AFNCBSSBTTJOHMZ QBSBMMFM� <)FSMJIZ BOE 4IBWJU ƊƈƉƉ>�

ćJT CFODINBSL UIVT FQJUPNJ[FT UIF TNBMM EFWFMPQFS FČPSU SFRVJSFE UP JOUSPEVDF
USBOTBDUJPOBM GVUVSFT� 8IJMF JO B OBJWF DPNCJOBUJPO PG USBOTBDUJPOT BOE GVUVSFT SFBE
PQFSBUJPOT PO USBOTBDUJPOBM TUBUF JOTJEF parallel-for XPVME OPU CF QPTTJCMF PS HJWF
JODPOTJTUFOU SFTVMU IFSF USBOTBDUJPOBM GVUVSFT EFMJWFS UIF FYQFDUFE SFTVMU�

7BDBUJPOƊ

" TOJQQFU PG UIF DIBOHFT CFUXFFO UIF UXP WFSTJPOT PG UIJT CFODINBSL JT TIPXO JO
-JTUJOH Ƒ�ƉƋB� 	ćFTF EP OPU DPSSFTQPOE FYBDUMZ UP UIF BDUVBM DPEF BT TPNF DPNNFOUT
BOE MPHHJOHXFSF FMJEFE UP JODMVEF UIFN JO UIJT EPDVNFOU�
 5P JOUSPEVDF USBOTBDUJPOBM
BDUPST JO UIF NBJO USBOTBDUJPO PG UIF PSJHJOBM WFSTJPO UIF DPEF OFFET UP CF DIBOHFE
UISFF QMBDFT�

t %VSJOH UIF JOJUJBMJ[BUJPO PG UIF QSPHSBN UIF PSJHJOBM WFSTJPO TQBXOT POMZ QSJ�
NBSZ XPSLFS BDUPST XIJMF UIF WFSTJPO XJUI USBOTBDUJPOBM BDUPST TQBXOT TFDPOEBSZ
XPSLFS BDUPST BT XFMM 	Ƌ MJOFT BEEFE
�

t ćF CFIBWJPS reserve-behavior PG UIF TFDPOEBSZ XPSLFS BDUPST IBT UP CF EFĕOFE
DPOUBJOJOH UIF QBSU PG UIF PSJHJOBM USBOTBDUJPO UIBU SFTFSWFT B TJOHMF JUFN 	Ɖƌ MJOFT
BEEFE DPSSFTQPOEJOH UP MJOFT ƉƈoƉƍ JO -JTUJOH Ƒ�ƉƋC BOE TPNF BEEJUJPOBM CPPL�
LFFQJOHƑ BOE DPNNFOUT
�

t ćF USBOTBDUJPO JO UIF QSJNBSZ XPSLFS BDUPS JO customer-behavior IBT UP CF
USBOTGPSNFE UP TFOE NFTTBHFT UP UIF TFDPOEBSZ XPSLFS BDUPST JOTUFBE PG SFTFSW�
JOH JUFNT EJSFDUMZ 	ƉƏ MJOFT SFNPWFE BOE Ɛ MJOFT BEEFE JOTUFBE DPSSFTQPOEJOH UP
UIF DIBOHFT JO customer-behavior JO -JTUJOHT Ƒ�ƉƋB BOE -JTUJOH Ƒ�ƉƋC BOE TPNF
FYUSB MPHHJOH
�

*O UPUBM PVU PG ƋƊƈ MJOFT PG DPEF JO UIF PSJHJOBM WFSTJPO Ɗƍ MJOFT 	ƐŰ
 XFSF BEEFE BOE
ƉƏ MJOFT 	ƍŰ
 XFSF SFNPWFE�

5P FYQMPJU USBOTBDUJPOBM BDUPST JO UIJT BQQMJDBUJPO TPNF TUSVDUVSBM DIBOHFT XFSF
SFRVJSFE� B OFX UZQF PG BDUPS XBT JOUSPEVDFE BOE QBSU PG UIF CFIBWJPS PG UIF PSJHJOBM
BDUPST NPWFE UP UIFSF� )PXFWFS XF PCTFSWF UIBU USBOTBDUJPOBM BDUPST EP OPU SFRVJSF

Ƒ8PSLFST DPNNVOJDBUF XJUI B ANBTUFS� BDUPS UIBU USBDLT XIJDI DVTUPNFST IBT CFFO QSPDFTTFE BOE
FOET UIF QSPHSBN XIFO UIFZ BMM IBWF�

ƉƐƑ



$IBQUFS Ƴ� &WBMVBUJPO

Ɖ (def customer-behavior
Ɗ (behavior [id] [c]
Ƌ (atomic
ƌ (reserve-flight (:orig @c) (:dest @c) (:start @c) (:n @c))
ƍ (reserve-flight (:dest @c) (:orig @c) (:end @c) (:n @c))
Ǝ (reserve-room (:dest @c) (:n @c) (:start @c) (:end @c))
Ə (reserve-car (:dest @c) (:n @c) (:start @c) (:end @c))
Ɛ (ref-set c (assoc @c :password (generate-password)))))

	B
 ćF CFIBWJPS GPS QSJNBSZ XPSLFS BDUPST JO UIF PSJHJOBM 7BDBUJPOƊ CFODINBSL�

Ɖ (def customer-behavior
Ɗ (behavior [id] [c]
Ƌ (atomic
ƌ (send (rand-nth secondary-workers) :flight (:orig @c) …)
ƍ (send (rand-nth secondary-workers) :flight (:dest @c) …)
Ǝ (send (rand-nth secondary-workers) :room (:dest @c) …)
Ə (send (rand-nth secondary-workers) :car (:dest @c) …)
Ɛ (ref-set c (assoc @c :password (generate-password))))))
Ƒ

Ɖƈ (def reserve-behavior
ƉƉ (behavior [id] [type & args]
ƉƊ (case type
ƉƋ :flight (atomic (apply reserve-flight args))
Ɖƌ :room (atomic (apply reserve-room args))
Ɖƍ :car (atomic (apply reserve-car args)))))

	C
 ćF CFIBWJPS GPS QSJNBSZ BOE TFDPOEBSZ XPSLFS BDUPST JO UIF BEBQUFE CFODINBSL�

-JTUJOH Ƒ�ƉƋ� $PEF TOJQQFUT GSPN UIF PSJHJOBM BOE BEBQUFE 7BDBUJPOƊ CFODINBSL� ćFTF IBWF
CFFO TIPSUFOFE UP NBLF UIFN FBTJFS UP VOEFSTUBOE BOE TPNF CPPLLFFQJOH DPNNFOUT BOE
MPHHJOH XFSF FMJEFE�

ƉƑƈ



Ƴ�ư $PODMVTJPOT

UIF EFWFMPQFS UP VTF OFX DPOTUSVDUT BOE UIFSFGPSF UIF TBNF UFDIOJRVFT UIBU BSF VTFE
UP JOUSPEVDF BDUPST JO B TFRVFOUJBM QSPHSBN XJUIPVU USBOTBDUJPOT DBO BMTP CF BQQMJFE
UP JOUSPEVDF UIFN JO B QSPHSBN XJUI USBOTBDUJPOT� )FODF VTJOH USBOTBDUJPOBM BDUPST
EFWFMPQFST DBO SFVTF UIFJS FYJTUJOH LOPXMFEHF PG UIF NPEFMT FWFO XIFO UIFZ BSF DPN�
CJOFE CFDBVTF UIF HVBSBOUFFT PG UIF TFQBSBUF NPEFMT BSF NBJOUBJOFE�

Ƒ�Ǝ $PODMVTJPOT
#BTFE PO UIFTF FYQFSJNFOUT XF ESBX UIF GPMMPXJOH DPODMVTJPOT�
t 0VU PG UIF FJHIU BQQMJDBUJPOT JO UIF 45".1 CFODINBSL TVJUF XIJDI SFQSFTFOU B

WBSJFUZ PG VTF DBTFT GPS USBOTBDUJPOT XF FYBNJOFE UIF GPVS BQQMJDBUJPOT XJUI UIF
MPOHFTU BWFSBHF USBOTBDUJPOT� *O UISFF PVU PG GPVS o -BCZSJOUI #BZFT BOE 7BDB�
UJPO o XF GPVOE UIBU XF DPVME VTF USBOTBDUJPOBM GVUVSFT PS USBOTBDUJPOBM BDUPST UP
JODSFBTF QFSGPSNBODF CZ QBSBMMFMJ[JOH B MPPQ JO UIF MPOHFTU�SVOOJOH USBOTBDUJPO�
	'PS UIF GPVSUI BQQMJDBUJPO :BEB FJUIFS OP GVSUIFS QBSBMMFMJ[BUJPO JT QPTTJCMF PS
NPSF EPNBJO FYQFSUJTF JT SFRVJSFE UP EP TP�


t ćF -BCZSJOUI BQQMJDBUJPO TQFOET BMNPTU BMM PG JUT UJNF JO USBOTBDUJPOT UIBU FYFDVUF
B TFBSDI BMHPSJUIN XIJDI DBO CF QBSBMMFMJ[FE VTJOH USBOTBDUJPOBM GVUVSFT� ćJT
MFBET UP B TQFFE�VQ UIBOLT UP GBTUFS 	JOUFSOBMMZ QBSBMMFM
 USBOTBDUJPOT BOE GFXFS
DPOĘJDUT�

t ćF #BZFT BQQMJDBUJPO TQFOETNPTU PG JUT UJNF JO B MPPQ JO B USBOTBDUJPO UIBU DBO CF
USJWJBMMZ QBSBMMFMJ[FE� "T UIFSF JT POMZ MJNJUFE XPSL BWBJMBCMF BU B DFSUBJO QPJOU UIF
OVNCFS PG USBOTBDUJPOT JT MPXFS UIBO UIF OVNCFS PG DPSFT JO UIF NBDIJOF� 5SBOT�
BDUJPOBM GVUVSFT BMMPX VT UP JOUSPEVDF NPSF ĕOF�HSBJOFE QBSBMMFMJTN� ćJT JT B NBU�
UFS PG DIBOHJOH for JOUP parallel-for BOE JODSFBTFT UIF NBYJNBM TQFFE�VQ PO BO
FJHIU�DPSF NBDIJOF GSPN Ɗ�Əƍ GPS UIF PSJHJOBM WFSTJPO UP Ƌ�ƌƍ GPS UIF WFSTJPO XJUI
USBOTBDUJPOBM UBTLT�

t ćF 7BDBUJPOƊ BQQMJDBUJPO JNQMFNFOUT BO FWFOU�CBTFE WBDBUJPO SFTFSWBUJPO TZT�
UFN UP XIJDI BDUPST DBO CF BQQMJFE OBUVSBMMZ� 8F TQMJU UIF USBOTBDUJPO PG UIF PSJH�
JOBM BQQMJDBUJPO JOUP POF TNBMMFS QSJNBSZ USBOTBDUJPO BOE GPVS EFQFOEFOU USBOT�
BDUJPOT UIBU BSF EJTUSJCVUFE PWFS EJČFSFOU BDUPST� ćJT JNQSPWFT QFSGPSNBODF CZ
JOUSPEVDJOH NPSF ĕOF�HSBJOFE QBSBMMFMJTN BOE MPXFSJOH UIF DIBODF BOE DPTU PG
DPOĘJDUT�

t "T XBT TIPXO JO 5BCMF Ƒ�ƉƊ JO UIF -BCZSJOUI BOE 7BDBUJPOƊ BQQMJDBUJPOT BCPVU
ƉƈŰ PG UIF DPEF XBT DIBOHFE BT UIF TUSVDUVSF PG B QBSU PG UIFTF QSPHSBN OFFEFE
UP CF USBOTGPSNFE UP QBSBMMFMJ[F UIF JOUFSOBMT PG UIFJS USBOTBDUJPOT� 'PS UIF #BZFT
BQQMJDBUJPO POMZ B TJOHMF MJOF XBT DIBOHFE BT UIJT BQQMJDBUJPO XBT USJWJBM UP QBSBM�
MFMJ[F� *O FBDI DBTF UIF SFRVJSFE FČPSU JT NPTUMZ EVF UP UIF JOUSPEVDUJPO PG BEEJ�
UJPOBM QBSBMMFMJTN XIJDI XPVME CF OFDFTTBSZ FWFO PVUTJEF B USBOTBDUJPO BOE OPU

ƉƑƉ



$IBQUFS Ƴ� &WBMVBUJPO

EVF UP TQFDJĕD SFRVJSFNFOUT PG PVS UFDIOJRVFT� ćF POMZ FYDFQUJPO UP UIJT JT UIF
EFĕOJUJPO PG UIF DPOĘJDU SFTPMVUJPO GVODUJPO JO UIF -BCZSJOUI BQQMJDBUJPO�

ćFTF SFTVMUT EFNPOTUSBUF UIBU $IPDPMB BMMPXT EFWFMPQFST UP JNQSPWF UIF QFSGPSNBODF
PG UIFJS USBOTBDUJPOBM BQQMJDBUJPOT XJUI POMZ MJNJUFE FČPSU� #FDBVTF $IPDPMB EPFT OPU
JOUSPEVDF BOZ OFX DPOTUSVDUT EFWFMPQFST DBO OPX SFVTF UIFJS FYJTUJOH LOPXMFEHF PG
UIF TFQBSBUF NPEFMT FWFO XIFO UIFZ BSF DPNCJOFE� .PSFPWFS BT PVS JNQMFNFOUBUJPO
JT B SFMBUJWFMZ TJNQMF QSPUPUZQF JO $MPKVSF GVSUIFS PQUJNJ[BUJPOT DPVME EFDSFBTF BOZ
PWFSIFBET BOE JNQSPWF JUT QFSGPSNBODF�

*U TIPVME CF QPTTJCMF UP BQQMZ USBOTBDUJPOBM GVUVSFT BOE BDUPST UP PUIFS 45. TZT�
UFNT TVDI BT )BTLFMM PS 4DBMB45.� *O UIPTF TZTUFNT UIF TUVEJFE BQQMJDBUJPOT DBO CFO�
FĕU GSPN QBSBMMFMJTN JO UIF USBOTBDUJPO BT XFMM BOE UIF EFWFMPQNFOU FČPSU UP JOUSPEVDF
UIFN TIPVME CF TJNJMBS CVU EFQFOEJOH PO UIF JNQMFNFOUBUJPO UIF TQFFE�VQ NBZ CF
EJČFSFOU�

ƉƑƊ



Ɖƈ
$PODMVTJPO

Ɖƈ�Ɖ 4VNNBSZ
4JODF UIF JOUSPEVDUJPO PG NVMUJDPSF QSPDFTTPST DPODVSSFODZ IBT CFFO B DSVDJBM CVU
EJďDVMU BTQFDU PG TPęXBSF EFWFMPQNFOU� 3FTFBSDIFST IBWF DSFBUFE B QMFUIPSB PG DPO�
DVSSFODZ NPEFMT GPS QSPHSBNNJOH MBOHVBHFT BJNFE BU EJČFSFOU QSPHSBN EFTJHOT BOE
QSPWJEJOH EJČFSFOU HVBSBOUFFT� 8F PCTFSWF UIBU FYJTUJOH QSPHSBNT BOE QSPHSBNNJOH
MBOHVBHFT PęFO DPNCJOF UIFTF DPODVSSFODZ NPEFMT� 8F TUVEJFE UISFF DPODVSSFODZ
NPEFMT BOE TIPXFE UIBU OBJWF DPNCJOBUJPOT DBO BOOJIJMBUF UIF HVBSBOUFFT PG UIFJS
DPOTUJUVFOU NPEFMT 	$IBQUFS Ƌ
� ćVT UIF BTTVNQUJPOT PG EFWFMPQFST BSF CSPLFO BOE
UIF FSSPST UIBU XFSF QSFWFOUFE CZ VTJOH FBDI TFQBSBUF DPODVSSFODZ NPEFM DBO SFTVS�
GBDF�

*O UIJT EJTTFSUBUJPO XF TUVEJFE UISFF DPODVSSFODZ NPEFMT GSPN UISFF DBUFHPSJFT JO
QBSUJDVMBS�
t GVUVSFT� B EFUFSNJOJTUJD NPEFM UIFSFGPSF HVBSBOUFFJOH EFUFSNJOBDZ
t USBOTBDUJPOT� B TIBSFE�NFNPSZNPEFM UIBU HVBSBOUFFT JTPMBUJPO BOE QSPHSFTT BOE
t BDUPST� B NFTTBHF�QBTTJOH NPEFM UIBU HVBSBOUFFT UIF JTPMBUFE UVSO QSJODJQMF BOE

EFBEMPDL GSFFEPN�
8F VOJĕFE UIFTF UISFFNPEFMT JOUP $IPDPMB� B QSPHSBNNJOH MBOHVBHF GSBNFXPSL UIBU
TQFDJĕFT B TFNBOUJDT GPS UIFJS DPNCJOBUJPOT XJUI UIF BJN PG JOUSPEVDJOH BEEJUJPOBM
QBSBMMFMJTN XIJMF QSFTFSWJOH FBDI NPEFM�T HVBSBOUFFT XIFOFWFS QPTTJCMF� "U UIF TBNF
UJNF UIF TFNBOUJDT PG FBDI NPEFM SFNBJOT VODIBOHFE XIFO VTFE TFQBSBUFMZ�

8F TUBSUFE GSPN UIF QBJSXJTF DPNCJOBUJPOT PG UIF UISFF DPODVSSFODZ NPEFMT�
t 'JSTU USBOTBDUJPOBM GVUVSFT BSF GVUVSFT DSFBUFE JO B USBOTBDUJPO XJUI BDDFTT UP UIF

FODPNQBTTJOH USBOTBDUJPOBM DPOUFYU 	$IBQUFS ƌ
� 5SBOTBDUJPOBM GVUVSFT NBLF JU

ƉƑƋ



$IBQUFS ƫƪ� $PODMVTJPO

QPTTJCMF UP FYQMPJU QBSBMMFMJTN JOTJEF USBOTBDUJPOT� ćFZ FOTVSF JTPMBUJPO BOEQSPHSFTT
PG USBOTBDUJPOT BOE SFQMBDF UIF EFUFSNJOBDZ PG GVUVSFT XJUI JOUSBUSBOTBDUJPO EF�
UFSNJOBDZ�

t 4FDPOE USBOTBDUJPOBM BDUPST DPNCJOF USBOTBDUJPOT BOE BDUPST NBLJOH JU QPTTJCMF
UP DSFBUF USBOTBDUJPOT JO BDUPST BOE WJDF WFSTB UP TFOE NFTTBHFT UP BDUPST JO USBOT�
BDUJPOT 	$IBQUFS ƍ
� 0VS TFNBOUJDT NBJOUBJOT UIF JTPMBUJPO BOE QSPHSFTT HVBS�
BOUFFT PG USBOTBDUJPOT XIJMF HVBSBOUFFJOH MPX�MFWFM SBDF GSFFEPN BOE EFBEMPDL
GSFFEPN GPS UIF BDUPST�

t ćJSE UIF DPNCJOBUJPO PG GVUVSFT BOE BDUPST POMZ SFRVJSFE B GFX TNBMM DIBOHFT
JO PSEFS UP QSPWJEF B GBNJMJBS TFNBOUJDT 	4FDUJPO Ǝ�Ɖ
� 8F FOTVSF UIBU UIF JTPMBUFE
UVSO QSJODJQMF BOE EFBEMPDL GSFFEPN PG BDUPST BSF NBJOUBJOFE BOE UIBU EFUFSNJ�
OBDZ JT NBJOUBJOFE XJUIJO FBDI UVSO�

/FYU XF VOJĕFE UIF UISFF DPODVSSFODZNPEFMT JOUP POF QSPHSBNNJOH MBOHVBHF GSBNF�
XPSL DBMMFE $IPDPMB 	$IBQUFS Ǝ
�

t 8F GPSNBMJ[FE $IPDPMB�T PQFSBUJPOBM TFNBOUJDT JO 1VSF$IPDPMB XIJDI VOJĕFT
USBOTBDUJPOBM GVUVSFT BOE USBOTBDUJPOBM BDUPST 	$IBQUFS Ə
� 8F EFTDSJCFE JUT HVBS�
BOUFFT XIJDI SFNBJO BT DMPTF BT QPTTJCMF UP UIF HVBSBOUFFT PG JUT DPOTUJUVFOU NPE�
FMT� "EEJUJPOBMMZ XF DSFBUFE BO FYFDVUBCMF JNQMFNFOUBUJPO PG QBSUT PG 1VSF$IPDPMB
VTJOH 1-5 3FEFY�

t 8F IBWF JNQMFNFOUFE $IPDPMB CZ FYUFOEJOH $MPKVSF 	$IBQUFS Ɛ
� 0VS JNQMF�
NFOUBUJPO TUBSUT GSPN TUBOEBSE JNQMFNFOUBUJPOT PG JUT UISFF DPOTUJUVFOU NPEFMT
XIJDI BSF NPEJĕFE XIFSF UIF NPEFMT JOUFSBDU� *U EFNPOTUSBUFT UIBU BO FďDJFOU
JNQMFNFOUBUJPO JT QPTTJCMF XIJDI XF VTFE UP FWBMVBUF UIF QFSGPSNBODF CFOFĕUT
PG $IPDPMB�

t 6TJOH UISFF CFODINBSLT GSPN UIF DPNNPOMZ VTFE 45".1 CFODINBSL TVJUF XF
FWBMVBUFE $IPDPMB 	$IBQUFS Ƒ
� ćFTF BQQMJDBUJPOT BMM VTF USBOTBDUJPOT BOE XFSF
FYUFOEFE VTJOH USBOTBDUJPOBM GVUVSFT BOE BDUPST� #Z JOUSPEVDJOH GVUVSFT PS BDUPST
BEEJUJPOBM QBSBMMFMJTN DBO CF FYQMPJUFE MFBEJOH UP CFUUFS QFSGPSNBODF XJUIPVU TJH�
OJĕDBOUMZ BMUFSJOH UIF TUSVDUVSF PG UIF QSPHSBN� 8F TBX UIBU UIJT SFRVJSFT POMZ B
TNBMM FČPSU GSPN UIF EFWFMPQFS� UIF DIBOHFT SFRVJSFE UP JOUSPEVDF OFX DPODVS�
SFODZ NPEFMT BSF TJNJMBS UP UIF FČPSU SFRVJSFE UP QBSBMMFMJ[F BOZ QSPHSBN BT UIFSF
XFSF POMZ MJNJUFE DIBOHFT SFRVJSFE EVF UP UIF JOUFSBDUJPOT CFUXFFO DPODVSSFODZ
NPEFMT�

)FODF $IPDPMB JT B VOJĕFE GSBNFXPSL PG GVUVSFT USBOTBDUJPOT BOE BDUPST JO XIJDI
FBDI NPEFM DBO OPU POMZ CF VTFE TFQBSBUFMZ CVU BMTP JO DPNCJOBUJPO XJUI UIF PUI�
FST XIJMF NBJOUBJOJOH UIF HVBSBOUFFT PG FBDI NPEFM XIFSFWFS QPTTJCMF� ćVT VTJOH
$IPDPMB EFWFMPQFST DBO PQUJNBMMZ FYQMPJU QBSBMMFMJTN GPS MJUUMF FČPSU J�F� XJUIPVU ESBT�
UJDBMMZ DIBOHJOH UIF BSDIJUFDUVSF PG UIFJS BQQMJDBUJPO�

ƉƑƌ



ƫƪ�Ƭ $POUSJCVUJPOT

ćJTEJTTFSUBUJPO BMTP BJNT UP PQFO UIF EJTDVTTJPO PO DPNCJOJOH DPODVSSFODZNPE�
FMT� *U JT UIF ĕSTU UP TUVEZ DPNCJOBUJPOT PG UISFF NPEFMT EPJOH TP VTJOH UISFF TQFDJĕD
NPEFMT� 8F IPQF JU XJMM CF B TUFQQJOH TUPOF UP GVUVSF SFTFBSDI PO DPNCJOBUJPOT PG
PUIFS DPODVSSFODZ NPEFMT�

Ɖƈ�Ɗ $POUSJCVUJPOT
0VS TDJFOUJĕD DPOUSJCVUJPOT BSF UIF GPMMPXJOH�

t 5P UIF CFTU PG PVS LOPXMFEHF UIJT EJTTFSUBUJPO JT UIF ĕSTU UP DPNQSFIFOTJWFMZ
BOE TZTUFNBUJDBMMZ TUVEZ UIF DPNCJOBUJPO PG UISFF DPODVSSFODZ NPEFMT� GVUVSFT
USBOTBDUJPOT BOE BDUPST� 'PS FBDI DPNCJOBUJPO XF EFUFSNJOFE XIJDI HVBSBOUFFT
BSF CSPLFO JO B OBJWF BE�IPD DPNCJOBUJPO�

t ćJT EJTTFSUBUJPO JOUSPEVDFT USBOTBDUJPOBM GVUVSFT� GVUVSFT DSFBUFE JO B USBOTBDUJPO
XJUI BDDFTT UP UIF FODPNQBTTJOH USBOTBDUJPOBM DPOUFYU� ćFZ HVBSBOUFF JOUSBUSBOT�
BDUJPO EFUFSNJOBDZ BOE UIF JTPMBUJPO BOE QSPHSFTT HVBSBOUFFT PG USBOTBDUJPOT�

t ćJT EJTTFSUBUJPO JOUSPEVDFT USBOTBDUJPOBM BDUPST� ćFTF NBLF JU QPTTJCMF CPUI UP
DSFBUF USBOTBDUJPOT JO BDUPST BOE WJDF WFSTB UP TFOE NFTTBHFT UP BDUPST JO USBOT�
BDUJPOT� 0VS TFNBOUJDT NBJOUBJOT UIF JTPMBUJPO BOE QSPHSFTT HVBSBOUFFT PG USBOT�
BDUJPOT XIJMF HVBSBOUFFJOH MPX�MFWFM SBDF GSFFEPN BOE EFBEMPDL GSFFEPN GPS UIF
BDUPST�

t 8F DPNCJOF BMM UISFF NPEFMT JOUP POF VOJĕFE MJOHVJTUJD GSBNFXPSL� $IPDPMB
DPOTJTUJOH PG�

o B TQFDJĕDBUJPO PG UIF PQFSBUJPOBM TFNBOUJDT PG $IPDPMB 1VSF$IPDPMB XIJDI
XF VTF UP EFNPOTUSBUF JUT HVBSBOUFFT

o BO JNQMFNFOUBUJPO PG $IPDPMB PO UPQ PG $MPKVSF BOE
o BO FWBMVBUJPO VTJOH UISFF CFODINBSL BQQMJDBUJPOT�

ćF JNQMFNFOUBUJPO PG $IPDPMB BO FYFDVUBCMF JNQMFNFOUBUJPO PG UIF TFNBOUJDT PG
1VSF$IPDPMB BOE UIF UISFF CFODINBSL BQQMJDBUJPOT BSF BWBJMBCMF BU IUUQ���TPGU�WVC�BD�
CF�_KTXBMFOT�DIPDPMB��

Ɖƈ�Ƌ 'VUVSF8PSL
*O UIJT TFDUJPO XF MJTU QPTTJCMF BWFOVFT GPS GVUVSF SFTFBSDI�

ƉƑƍ
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$IBQUFS ƫƪ� $PODMVTJPO

'PSNBM QSPPGT PG UIF HVBSBOUFFT PG 1VSF$IPDPMB *O GVUVSF XPSL XF XPVME MJLF UP
GPSNBMMZ QSPWF UIF HVBSBOUFFT QSPWJEFE CZ UIF PQFSBUJPOBM TFNBOUJDT PG 1VSF$IPDPMB
	EFTDSJCFE JOGPSNBMMZ JO 4FDUJPO Ə�Ƌ
� *EFBMMZ UIF PQFSBUJPOBM TFNBOUJDT XPVME CF JN�
QMFNFOUFE VTJOH B GPSNBM QSPPG TZTUFN TVDI BT $PR TP UIBU UIF HVBSBOUFFT DBO CF
WFSJĕFE NFDIBOJDBMMZ� "MUFSOBUJWFMZ XF DPVME FYUFOE PVS DVSSFOU JNQMFNFOUBUJPO PG
UIF PQFSBUJPOBM TFNBOUJDT JO 1-5 3FEFY UP TVQQPSU BMM PG $IPDPMB�T DPOTUSVDUT BOE
WFSJGZ UIF HVBSBOUFFT VTJOH 1-5 3FEFY�T SBOEPNJ[FE UFTUJOH�

&YQMPSBUJPO PG EJČFSFOU DPODVSSFODZ NPEFMT $IPDPMB QJDLT POF DPODVSSFODZ
NPEFM GSPN FBDI DBUFHPSZ JO UIF UBYPOPNZ PG 7BO 3PZ BOE )BSJEJ <Ɗƈƈƌ>� *U XPVME
CF JOUFSFTUJOH UP FYQMPSF UIF QPTTJCJMJUZ PG DIPPTJOH EJČFSFOU NPEFMT XJUIJO FBDI DBUF�
HPSZ� 8F DBO UIJOL PG TFWFSBM FYJTUJOH DPODVSSFODZNPEFMT UIBU XPVME QPTF JOUFSFTUJOH
DIBMMFOHFT� 'PS JOTUBODF�
t 6TJOH $PODVSSFOU 3FWJTJPOT <#VSDLIBSEU FU BM� ƊƈƉƈ> JOTUFBE PG USBOTBDUJPOT BT UIF

TIBSFE�NFNPSZ NPEFM� 5SBOTBDUJPOBM GVUVSFT DVSSFOUMZ IBWF B EJČFSFOU BQQSPBDI
GPS DPOĘJDU SFTPMVUJPO XJUIJO B USBOTBDUJPO 	VTJOH DPOĘJDU SFTPMVUJPO GVODUJPOT
MJLF $PODVSSFOU 3FWJTJPOT
 BOE CFUXFFO USBOTBDUJPOT 	VTJOH BCPSU BOE SFUSZ
� #Z
SFQMBDJOH USBOTBDUJPOT XJUI $PODVSSFOU 3FWJTJPOT UIF TBNF BQQSPBDI UP DPOĘJDU
SFTPMVUJPO XPVME BQQMZ UISPVHIPVU UIF QSPHSBN XIJDI NBZ QSPWJEF B TJNQMFS
NPEFM UP UIF QSPHSBNNFS� $PODVSSFOU 3FWJTJPOT BSF EFUFSNJOJTUJD XIJDI BU UIF
TBNF UJNF QSPWJEFT B TUSPOHFS HVBSBOUFF UP UIF QSPHSBNNFS CVU NBZ MJNJU UIF
QSPHSBNT UIBU DBO CF FYQSFTTFE� *U XPVME UIFSFGPSF CF JOUFSFTUJOH UP TUVEZ UIF
FČFDUT PG UIFJS VTF JOTUFBE PG USBOTBDUJPOT JO $IPDPMB� .PSFPWFS VOMJLF USBOT�
BDUJPOT $PODVSSFOU 3FWJTJPOT BWPJE SFFYFDVUJOH QBSUT PG UIF QSPHSBN XIJDI JT
UIF NBJO DBVTF GPS JODPNQBUJCJMJUJFT CFUXFFO UIF EJČFSFOU DPODVSSFODZ NPEFMT JO
UIJT EJTTFSUBUJPO� *U NBZ UIVT CF FBTJFS UP DPNCJOF PUIFS DPODVSSFODZ NPEFMT XJUI
$PODVSSFOU 3FWJTJPOT UIBO XJUI USBOTBDUJPOBM NFNPSZ�

t $PNNVOJDBUJOH 4FRVFOUJBM 1SPDFTTFT 	$41
 <)PBSF ƉƑƏƐ> QSPWJEF DPODVSSFOU QSP�
DFTTFT UIBU QBTTNFTTBHFT PWFS DIBOOFMT� 8IJMF JO UIF BDUPSNPEFM UIFSF JT B POF�UP�
POF NBQQJOH CFUXFFO JOCPYFT UIBU SFDFJWF NFTTBHFT BOE UIF BDUPST UIBU QSPDFTT
UIFTF NFTTBHFT JO $41 UIFSF JT OP TVDI ASFTUSJDUJPO�� BOZ QSPDFTT DBO SFBE GSPN
BOZ DIBOOFM JU IBT BDDFTT UP� ćJT HJWFT UIF QSPHSBNNFS NPSF ĘFYJCJMJUZ CVU NBZ
NBLF UIF QSPHSBN IBSEFS UP SFBTPO BCPVU BT JU JT OP MPOHFS QPTTJCMF UP SFBTPO JO
AUVSOT� MJLF JO UIF BDUPS NPEFM� .PSFPWFS $41 JT B TZODISPOPVT NPEFM XIJDI NBZ
QPTF BEEJUJPOBM DIBMMFOHFT� *U XPVME CF JOUFSFTUJOH UP TUVEZ UIF FČFDUT PG SFQMBDJOH
BDUPST XJUI $41 JO $IPDPMB�

ćJT EJTTFSUBUJPO IFODF FYBNJOFT POMZ POF QPJOU JO UIF MBOETDBQF PG DPNCJOBUJPOT PG
DPODVSSFODZ NPEFMT� *U JT B TUFQQJOH TUPOF UIBU PQFOT UIF EJTDVTTJPO PO DPNCJOBUJPOT
PG DPODVSSFODZ NPEFMT� GVUVSF XPSL DBO GVSUIFS VODPWFS UIF MBOETDBQF CZ FYBNJOJOH
PUIFS DPNCJOBUJPOT�

ƉƑƎ



ƫƪ�ƭ 'VUVSF 8PSL

%FDPNQPTJUJPO PG DPODVSSFODZ NPEFMT JOUP FMFNFOUBSZ ACVJMEJOH CMPDLT� ćF BQ�
QSPBDI UBLFO JO UIJT EJTTFSUBUJPO JO XIJDI FWFSZ QBJSXJTF DPNCJOBUJPO PG DPODVSSFODZ
NPEFMT JT FYBNJOFE POF CZ POF EPFT OPU TDBMF XFMM UP DPNCJOBUJPOT PG BO JODSFBTJOH
OVNCFS PGNPEFMT� 5PNBLF TUVEZJOH DPNCJOBUJPOT PG B MBSHFS OVNCFS PG DPODVSSFODZ
NPEFMT GFBTJCMF B QPTTJCMF BQQSPBDI JT UP EFDPNQPTF FBDI DPODVSSFODZ NPEFM JOUP B
TFU PG FMFNFOUBSZ ACVJMEJOH CMPDLT�� 4UVEZJOH DPNCJOBUJPOT PG DPODVSSFODZ NPEFMT
UIFO DPSSFTQPOET UP TUVEZJOH UIF DPNCJOBUJPOT PG UIFJS CVJMEJOH CMPDLT�

"EEJUJPOBMMZ XF OPUJDFE TPNF QSPQFSUJFT PG DFSUBJO DPODVSSFODZ NPEFMT NBLF
DPNCJOBUJPOT FTQFDJBMMZ QSPCMFNBUJD GPS JOTUBODF UIF QSFTFODF PG DPOTUSVDUT UIBU SFUSZ
PS CMPDL 	BT DPODMVEFE JO UIF DBTF TUVEZ PG $MPKVSF JO 4FDUJPO Ƌ�Ɗ
 PS OPOEFUFSNJOJTN
	BT XF TBX XIFO VTJOH USBOTBDUJPOT BOE BDUPST JO GVUVSFT
� 0O UIF PUIFS IBOE PUIFS
QSPQFSUJFT GBDJMJUBUF DPNCJOBUJPOT TVDI BT EFUFSNJOJTN PS UIF BCTFODF PG TJEF FČFDUT�
'VSUIFS FYQMPSBUJPO PG EJČFSFOU DPODVSSFODZNPEFMT DBO MFBE UP B MJTU PG TVDI QSPCMFN�
BUJD BOE IFMQGVM QSPQFSUJFT� ćJT DBO UIFO MFBE UP B UBCMF PG QSPQFSUJFT UIBU EP PS EP OPU
DPNCJOF XFMM GPS JOTUBODF VTJOH B NPEFM XJUI TJEF FČFDUT JO B NPEFM XJUI SFUSZJOH
PQFSBUJPOT JT B QSPCMFNBUJD DPNCJOBUJPO�

A.VMUJEJNFOTJPOBM� OFTUJOH PG DPODVSSFODZ NPEFMT ćJT EJTTFSUBUJPO FYBNJOFT
DPNCJOBUJPOT JO XIJDI DPODVSSFODZ NPEFMT BSF OFTUFE QBJS CZ QBJS� 0OF NBZ XPOEFS
IPX UIFTF SFTVMUT HFOFSBMJ[F UP TJUVBUJPOT JO XIJDI NPSF UIBO UXP NPEFMT BSF OFTUFE
F�H� XIFO B GVUVSF JT DSFBUFE JO B USBOTBDUJPO UIBU SVOT JO BO BDUPS� *O PUIFS XPSET
EPFT UIF UBCMF JO 'JHVSF Ǝ�Ə TVďDF PS EP XF OFFE UP FYBNJOF B DVCF JO XIJDI BMM UISFF
NPEFMT BSF OFTUFE JO Ŷ× Ŷ× Ŷ QPTTJCMF DPNCJOBUJPOT .PSFPWFS CZ OFTUJOH UIF TBNF
NPEFM NVMUJQMF UJNFT JO UIFPSZ GVSUIFS DPNQMJDBUJPOT DPVME BSJTF� JT DSFBUJOH B GVUVSF
JO B USBOTBDUJPO JO B GVUVSF JO B USBOTBDUJPO 	GPVS MFWFMT EFFQ
 UIF TBNF BT DSFBUJOH B
GVUVSF JO B USBOTBDUJPO 	UXP MFWFMT EFFQ
 

*O UIF DPNCJOBUJPOT PG UIF UISFFNPEFMT TUVEJFE JO UIJT EJTTFSUBUJPO XF GPVOE UIBU
JU XBT TVďDJFOU UP TUVEZ OFTUFE DPNCJOBUJPOT PG POMZ UXP MFWFMT� 8F UIFO HFOFSBMJ[FE
UIFTF SFTVMUT UP B MBOHVBHF XJUI UISFF NPEFMT GPS XIJDI UIF GPSNBMJ[BUJPO JO $IBQ�
UFS Ə TQFDJĕFT B XFMM�EFĕOFE TFNBOUJDT UIBU XPSLT GPS BOZ MFWFM PG OFTUJOH� *O DPOUSBTU
DPNCJOBUJPOT PG PUIFS DPODVSSFODZNPEFMTNBZ OPU OFDFTTBSJMZ HFOFSBMJ[F JO UIF TBNF
XBZ� *U XPVME CF JOUFSFTUJOH UP FYQMPSF XIJDI QSPQFSUJFT PG DPODVSSFODZ NPEFMT NBLF
AEFFQMZ OFTUFE� DPNCJOBUJPOT QSPCMFNBUJD PS OPU�

"QQMJDBCJMJUZ PG USBOTBDUJPOBM GVUVSFT BOE USBOTBDUJPOBM BDUPST 8F FWBMVBUFE
$IPDPMB CZ FYUFOEJOH UISFF BQQMJDBUJPOT UIBU DVSSFOUMZ VTF USBOTBDUJPOT XJUI GVUVSFT
PS BDUPST� *O GVUVSF XPSL XF XPVME MJLF UP TUVEZ UIFJS BQQMJDBCJMJUZ NPSF DPNQSFIFO�
TJWFMZ� 6TJOH B MBSHFS TFU PG QSPHSBNT XF BJN UP ĕOE PVU XIFSF GVUVSFT USBOTBDUJPOT
BOE BDUPST DBO CF BQQMJFE BOE JO XIJDI QBSUT PG UIF QSPHSBN UIFZ BSF DPNCJOFE BOE
JOUFSBDU�

ƉƑƏ



$IBQUFS ƫƪ� $PODMVTJPO

.PSFPWFS CZ BQQMZJOH $IPDPMB UP B XJEFS SBOHF PG QSPHSBNT XF NJHIU CF BCMF UP
EFUFSNJOF DFSUBJO QBUUFSOT UIBU PęFO BQQFBS JO UIF DPEF� ćFTF DPVME DPOTFRVFOUMZ
CF FODPEFE JOUP MJCSBSZ GVODUJPOT PS FWFO MBOHVBHF DPOTUSVDUT� ćF JNQMFNFOUBUJPO
DPVME BMTP CF PQUJNJ[FE GPS UIFTF UZQJDBM VTF DBTFT�

$PNQBSJTPO PG JNQMFNFOUBUJPO UFDIOJRVFT BOE PQUJNJ[BUJPOT ćF DVSSFOU JN�
QMFNFOUBUJPO PG $IPDPMB TFSWFT POMZ BT B TUBSUJOH QPJOU� 8IJMF XF BJNFE GPS PVS JN�
QMFNFOUBUJPO UP CF TVďDJFOUMZ NBUVSF UP VTF JU JO PVS QFSGPSNBODF FWBMVBUJPO XF
TUJMM PCTFSWF NBOZ PQQPSUVOJUJFT GPS PQUJNJ[BUJPOT� *O PVS JNQMFNFOUBUJPO PG USBOT�
BDUJPOBM GVUVSFT XF QSFTFOUFE B UFDIOJRVF UIBU NBLFT B USBEF�PČ CFUXFFO TQFFE BOE
NFNPSZ VTBHF 	4FDUJPO Ɛ�ƍ QBHF ƉƎƑ
� #BTFE PO SFBM�XPSME VTBHF XF DPVME GVSUIFS
SFĕOF UIJT USBEF�PČ� 0VS JNQMFNFOUBUJPO PG USBOTBDUJPOBM BDUPST VTFT B SVEJNFOUBSZ
JNQMFNFOUBUJPO PG BDUPST� #BTFE PO UIF WBTU BNPVOU PG FYJTUJOH BDUPS QMBUGPSNT NBOZ
FYJTUJOH PQUJNJ[BUJPOT DPVME CF BQQMJFE UP PVS JNQMFNFOUBUJPO� 5P BTTFTT XIJDI PQ�
UJNJ[BUJPOT BSF PQQPSUVOF JO SFBM�XPSME BQQMJDBUJPOT XF XPVME OFFE UP HBVHF UIFN
BHBJOTU B TVJUF PG CFODINBSL BQQMJDBUJPOT UIBU VTF $IPDPMB�

"QQMJDBCJMJUZ UP PUIFS QSPHSBNNJOH QBSBEJHNT $IPDPMB JT CVJMU BSPVOE B ACBTF�
MBOHVBHF UIBU JT QVSFMZ GVODUJPOBM� *O GVUVSFXPSL XF DBO FYBNJOF IPX B EJČFSFOU CBTF
MBOHVBHF BČFDUT UIF HVBSBOUFFT QSPWJEFE CZ $IPDPMB� 'PS JOTUBODF VTJOH B MBOHVBHF
JO XIJDI TJEF FČFDUT 	TVDI BT JOQVU�PVUQVU
 DBO BQQFBS BOZXIFSF JO UIF DPEF DBO CSFBL
UIF JTPMBUJPO PG USBOTBDUJPOT� 0S SFBDUJWF MBOHVBHFT JOIFSFOUMZ IBWF DPODVSSFODZ CVJMU
JO BOE VTJOH UIFN BT B CBTF XJMM QPTF VOJRVF QSPCMFNT�

0OF JOUFSFTUJOH TIPSUDPNJOH PG PVS CBTF MBOHVBHF JT UIF MBDL PG FYDFQUJPOT� ćF
JOUFSBDUJPOT CFUXFFO DPODVSSFODZNPEFMT BOE FYDFQUJPOT IBWF CFFO UIF UPQJD PG QSFWJ�
PVT SFTFBSDI 	F�H� GPS GVUVSFT </BWBCJ BOE +BHBOOBUIBO ƊƈƈƑ> BOE USBOTBDUJPOT <)BSSJT
FU BM� Ɗƈƈƍ ƊƈƉƈ>
 BOE DBO QPTF DIBMMFOHFT EVF UP UIFJS OPO�MPDBM DPOUSPM ĘPX JO TPNF
DBTFT BMMPXJOH BO FYDFQUJPO UP AFTDBQF� B GVUVSF PS USBOTBDUJPO�

%JTUSJCVUJPO BOE GBVMU UPMFSBODF $IPDPMB XBT EFWFMPQFE JO UIF DPOUFYU PG B TJOHMF
NBDIJOF FYFDVUJOH B QBSBMMFM QSPHSBN PO B NVMUJDPSF QSPDFTTPS� "O PQFO RVFTUJPO JT
XIFUIFS UIF UFDIOJRVFT BOE JEFBT QSFTFOUFE JO UIJT EJTTFSUBUJPO DPVME BMTP CF BQQMJFE JO
B EJTUSJCVUFE DPOUFYU XIFONVMUJQMFNBDIJOFT DPPQFSBUF UP FYFDVUF B QSPHSBN� ćF BD�
UPS NPEFM JT GSFRVFOUMZ VTFE JO EJTUSJCVUFE DPOUFYUT BOE TPNF SFMBUFE XPSL EJTDVTTFE
JO 4FDUJPO ƍ�ƍ PG $IBQUFS ƍ GPDVTFT PO UIF VTF PG TIBSFE NFNPSZ PS USBOTBDUJPOT JO
TVDI TZTUFNT� " QPTTJCMF JEFB JT UP FYQMPSF XIFUIFS USBOTBDUJPOBM BDUPST DBO BMTP CF
BQQMJFE JO B EJTUSJCVUFE TFUUJOH�

5XP JTTVFT BSF JNNFEJBUFMZ BQQBSFOU� 'JSTU SFDPODJMJOH UIF VTF PG B TIBSFE�NFNPSZ
NPEFM TVDI BT 4PęXBSF 5SBOTBDUJPOBM .FNPSZ XJUI B EJTUSJCVUFE BSDIJUFDUVSF CSJOHT
DIBMMFOHFT JO LFFQJOH UIF TIBSFE TUBUF DPOTJTUFOU BOE BWBJMBCMF PO BMMNBDIJOFT� 4FDPOE

ƉƑƐ



ƫƪ�ƭ 'VUVSF 8PSL

EJTUSJCVUFE BSDIJUFDUVSFT BSF JOIFSFOUMZ QSPOF UP OFUXPSL GBVMUT NBLJOH GBVMU UPMFSBODF
JOEJTQFOTBCMF� "O PQFO RVFTUJPO JT IPX UP FOTVSF GBVMU UPMFSBODF JO B EJTUSJCVUFE WFS�
TJPO PG $IPDPMB GPS FYBNQMF JO B TDFOBSJP XIFSF B UFOUBUJWF UVSO PS USBOTBDUJPO XJUI B
EFQFOEFODZ SVOT PO POF NBDIJOF CVU EFQFOET PO B USBOTBDUJPO PO BOPUIFS NBDIJOF�

ƉƑƑ





"
/PUBUJPO

8F VTF UIF GPMMPXJOH OPUBUJPOT GPS TFUT TFRVFODFT BOE NBQQJOHT�

4FUT

∅ &NQUZ TFU
" ·∪ # = $⇐⇒ " = $\# %JTKPJOU VOJPO
" ∪ B ⇐⇒ " ∪ {B} 4IPSU�IBOE GPS VOJPO PO TJOHMFUPOT

4FRVFODFT

[] &NQUZ TFRVFODF
B 	1PTTJCMZ FNQUZ
 TFRVFODF PG B
G · S = T 	%F
DPOTUSVDUJPO PG TFRVFODF T GSPN�JOUP JUT ĕSTU FMFNFOU G BOE UIF SFTU S

1BSUJBM 'VODUJPOT 	.BQQJOHT


α : " ⇀ # %FDMBSBUJPO PG QBSUJBM GVODUJPO 	NBQQJOH

∅ &NQUZ NBQQJOH

α[B (→ C](Y)=
{
C JG Y = B
α(Y) PUIFSXJTF

&YUFOTJPO PG NBQQJOH

(α :: β)(Y) =

{
β(Y) JG Y ∈ EPN(β)

α(Y) PUIFSXJTF
$PODBUFOBUJPO PG UXP NBQQJOHT

ƊƈƉ



"QQFOEJY "� /PUBUJPO

.FUB�4ZOUBY

4PNF TZOUBY JT QFSWBTJWF UISPVHIPVU UIJT EJTTFSUBUJPO�
Y ::= Y | • 0QUJPOBM FMFNFOU

8F VTF UIF OPUBUJPO Y UP JOEJDBUF BO PQUJPOBM FMFNFOU J�F� BO FMFNFOU UIBU DBO
IBWF UIF AFNQUZ� WBMVF •�

ƊƈƊ



#
" $MPKVSF 1SJNFS

*O UIJT BQQFOEJY XF CSJFĘZ EFTDSJCF $MPKVSF� $MPKVSF JT B HFOFSBM�QVSQPTF EZOBNJ�
DBMMZ UZQFE QSPHSBNNJOH MBOHVBHF� *U JT GPVOEFE PO GPVS QSJODJQMFT�Ɖ

5P CF B ANPEFSO� -JTQ� *U IBT B TZOUBY CVJMU PO 4�FYQSFTTJPOT CVU XJUI DPOWFOJFOU
TIPSUDVUT GPS DPNNPO EBUB UZQFT 	TFF OFYU TFDUJPO
� *U BMTP TVQQPSUT NBDSPT�

#BTFE PO B GVODUJPOBM DPSF� *UT CVJMU�JO EBUB UZQFT BSF JNNVUBCMF 	TFF OFYU TFDUJPO

BOE GVODUJPOT BSF ĕSTU�DMBTT� )PXFWFS JO DPOUSBTU UP NBOZ FYJTUJOH GVODUJPOBM
QSPHSBNNJOH MBOHVBHFT JU JT EZOBNJDBMMZ UZQFE� *U BMTP EPFT OPU FOGPSDF QVSFMZ
GVODUJPOBM QSPHSBNNJOH FWFSZXIFSF�

$PNQBUJCJMJUZ XJUI BO FYJTUJOH QMBUGPSN� $MPKVSF DPNQJMFT UP +BWB 7JSUVBM .BDIJOF
CZUFDPEF� *U JOUFSPQFSBUFT XJUI DPEF XSJUUFO JO +BWB� DPEF XSJUUFO JO +BWB DBO CF
DBMMFE GSPN $MPKVSF BOE WJDF WFSTB� )FODF UIF FYJTUJOH +BWB FDPTZTUFN PG MJCSBSJFT
DBO CF SFVTFE�

%FTJHOFE GPS DPODVSSFODZ� $MPKVSF TVQQPSUTNBOZEJČFSFOU DPODVSSFODZNPEFMT CVJMU
BSPVOE B QIJMPTPQIZ PG JNNVUBCMF WBMVFT UIBU BSF FODBQTVMBUFE JO ADPOUBJOFST�
XIPTF WBMVF DBO DIBOHF PWFS UJNF�

#FMPX XF EFTDSJCF TPNF DPNNPO DPOTUSVDUT GSPN $MPKVSF�

4ZOUBY BOE EBUB TUSVDUVSFT

5BCMF #�Ɖ MJTUT $MPKVSF�T TZOUBY GPS CVJMU�JO EBUB UZQFT� $MPKVSF�T DPMMFDUJPO UZQFT 	TUSJOHT
MJTUT WFDUPST NBQT BOE TFUT
 BSF JNNVUBCMF� B NPEJĕDBUJPO EPFT OPU NVUBUF UIF PSJH�
JOBM WBMVF CVU JOTUFBE SFUVSOT UIF OFX WBMVF� 'PS FYBNQMF (pop ’(1 2 3)) SFUVSOT

ƉIUUQT���DMPKVSF�PSH�BCPVU�SBUJPOBMF

ƊƈƋ
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"QQFOEJY #� " $MPKVSF 1SJNFS

*OUFHFS 1 7FDUPS [1 2 ”a”]
4USJOH ”a” .BQ {:a 1, :b 2, :c 3}

,FZXPSE :a 4FU #{1 2 ”a”}
	-JOLFE
 MJTU ’(1 2 ”a”) $PNNFOU ; This is a comment

5BCMF #�Ɖ� $MPKVSF�T TZOUBY GPS DPNNPO CVJMU�JO EBUB UZQFT�

UIF OFX MJTU ’(2 3) MFBWJOH UIF PSJHJOBM VONPEJĕFE� $MPKVSF�T DPMMFDUJPOT BSF JNQMF�
NFOUFE VTJOH QFSTJTUFOU EBUB TUSVDUVSFT <%SJTDPMM FU BM� ƉƑƐƑ> XIJDI JNQMFNFOU TVDI
JNNVUBCMF EBUB TUSVDUVSFT FďDJFOUMZ BWPJEJOH EVQMJDBUJPO�

7BSJBCMF CJOEJOHT

/FX WBSJBCMF CJOEJOHT DBO CF JOUSPEVDFE VTJOH let PS def� let EFĕOFT MPDBM WBSJBCMFT
JO UIF MFYJDBM TDPQF� ćFTF BSF BMXBZT JNNVUBCMF� (def x v) EFĕOFT B HMPCBM WBSJ�
BCMF x XJUI WBMVF v� (MPCBM WBMVFT BSF BMTP JNNVUBCMF FYDFQU JO TPNF DBTFT UIBU BSF
OPU SFMFWBOU JO UIF DPOUFYU PG UIJT EJTTFSUBUJPO� ćF DPOTUSVDU (defn f [parameter1
parameter2] body) EFĕOFT B GVODUJPO f UBLJOH B WFDUPS PG QBSBNFUFST� ćJT JT JMMVT�
USBUFE JO -JTUJOH #�Ɗ�

Ɖ (let [a 1
Ɗ b 2]
Ƌ (+ a b))

	B
 &WBMVBUFT UP Ƌ�

Ɖ (def a ”hello”)

	C
 %FĕOFT UIF
HMPCBM WBSJBCMF a�

Ɖ (defn factorial [n]
Ɗ (if (= n 0)
Ƌ 1
ƌ (* n (factorial (- n 1)))))

	D
 %FĕOFT UIF GVODUJPO factorial
UBLJOH POF QBSBNFUFS n�

-JTUJOH #�Ɗ� let def BOE defn JO $MPKVSF�

0UIFS DPNNPO DPOTUSVDUT

t fn EFĕOFT BO BOPOZNPVT GVODUJPO F�H� UIF GPMMPXJOH UXP MJOFT BSF JEFOUJDBM�
Ɖ (defn inc [n] (+ n 1))
Ɗ (def inc (fn [n] (+ n 1)))

t do FODBQTVMBUFT B TFRVFODF PG TUBUFNFOUT� *U JT FRVJWBMFOU UP QVUUJOH ; CFUXFFO
TUBUFNFOUT JO $�MJLF MBOHVBHFT�

Ɖ (do
Ɗ (println ”Print one thing”)
Ƌ (println ”and another”))

t for MPPQT BSF TZOUBDUJD TVHBS GPS map�

Ɗƈƌ



Ɖ (for [x [1 2 3]]
Ɗ (* x 2))
Ƌ (map (fn [x] (* x 2)) [1 2 3])
ƌ ;CPUI SFUVSO UIF WFDUPS [2 4 6]

t loop BOE recur BSF VTFE UP JNQMFNFOU MPPQT�
Ɖ (loop [n 5] ;PO UIF öSTU JUFSBUJPO n JT 5
Ɗ (if (= n 0)
Ƌ (print ” Done!”)
ƌ (do
ƍ (print n)
Ǝ (recur (- n 1))))) ;TUBSU UIF OFYU JUFSBUJPO XJUI n EFDSFNFOUFE CZ �
Ə ;QSJOUT 54321 Done!

0OMZ UBJM SFDVSTJPO VTJOH FYQMJDJU loop BOE recur DPOTUSVDUT JT PQUJNJ[FE� 5BJM
SFDVSTJWF GVODUJPOT BSF OPU PQUJNJ[FE BT UIJT JT OPU TVQQPSUFE CZ UIF +7.�

4PNF TZOUBDUJDBM EJČFSFODFT XJUI 4DIFNF

'PS TFBTPOFE 4DIFNF VTFST XF MJTU UISFF TZOUBDUJDBM EJČFSFODFT CFUXFFO $MPKVSF BOE
4DIFNF�
t 4PNF PG $MPKVSF DPOTUSVDUT IBWF B EJČFSFOU OBNF GSPN 4DIFNF� 4DIFNF�T begin

JT do JO $MPKVSF define JT def GPS WBSJBCMFT BOE defn GPS GVODUJPOT 	TIPXO BCPWF
�
t $MPKVSF�T let UBLFT B TJOHMF WFDUPS PG WBSJBCMFoWBMVF CJOEJOHT JOTUFBE PG B OFTUFE

MJTU PG QBJST 	BT JO -JTUJOH #�ƊB
�
t $MPKVSF�T loop BOE recur BSF FRVJWBMFOU UP B OBNFE 4DIFNF�T let� ćF loop FYBN�

QMF BCPWF USBOTMBUFE UP 4DIFNF JT�
Ɖ (let loop ([n 5])
Ɗ (if (= n 0)
Ƌ (print ” Done!”)
ƌ (begin
ƍ (print n)
Ǝ (loop (- n 1)))))

.PSF JOGPSNBUJPO

ćF GPMMPXJOH XFCTJUFT QSPWJEF NPSF JOGPSNBUJPO PO $MPKVSF�
t $MPKVSF�T XFCTJUF JT BU IUUQT���DMPKVSF�PSH� BOE JUT EPDVNFOUBUJPO BU IUUQT���DMPKVSF�

PSH�SFGFSFODF�EPDVNFOUBUJPO�
t " SFGFSFODF TIFFU PG $MPKVSF�T CVJMU�JO GVODUJPOT DBO CF GPVOE BU IUUQ���DMPKVSFEPDT�

PSH�RVJDLSFG�

Ɗƈƍ
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$
-BOHVBHF BOE -JCSBSZ
4VQQPSU GPS $PODVSSFODZ
.PEFMT
.BOZ QSPHSBNNJOH MBOHVBHFT IBWF CVJMU�JO TVQQPSU GPSNVMUJQMF DPODVSSFODZNPEFMT�
.PSFPWFS XIFO B DPODVSSFODZ NPEFM JT OPU CVJMU JOUP UIF MBOHVBHF EFWFMPQFST PęFO
CVJME MJCSBSJFT JOTUFBE� ćFTF DMBJNT BSF TVQQPSUFE CZ UIF UBCMF CFMPX�

$MPKVSF 4DBMB +BWB )BTLFMM	C
 $��
%FUFSNJOJTUJD NPEFMT

'VUVSFT ✓ ✓ ✓ � ✓
1SPNJTFT ✓ ✓ ✓ � ✓
'PSL�+PJO ✓	B
 ✓	B
 ✓ ��

1BSBMMFM DPMMFDUJPOT ✓	B
 ✓ ✓ � ��
%BUBĘPX � � � �

4IBSFE�NFNPSZ NPEFMT
ćSFBET ✓	B
 ✓	B
 ✓ ✓ ✓

-PDLT ✓	B
 ✓	B
 ✓ ✓	D
 ✓
"UPNJD WBSJBCMFT ✓ ✓	B
 ✓ ✓ ✓

5SBOTBDUJPOBM NFNPSZ ✓ � � ✓ �� 	E


.FTTBHF�QBTTJOH NPEFMT
"DUPST � � � �� ��

$IBOOFMT ✓ ✓ � ✓ ��
"HFOUT ✓

ƊƈƏ



"QQFOEJY $� -BOHVBHF BOE -JCSBSZ 4VQQPSU GPS $PODVSSFODZ .PEFMT

-FHFOE

✓ #VJMU JOUP UIF MBOHVBHF PS JUT TUBOEBSE MJCSBSZ
J "WBJMBCMF BT B MJCSBSZ MJOLFE UP CFMPX

-JCSBSJFT

8F MJTU BU MFBTU POF MJCSBSZ PęFO TFWFSBM NPSF FYJTU�
� 1VMTBS� IUUQ���EPDT�QBSBMMFMVOJWFSTF�DP�QVMTBS TVQQPSUT BDUPST BOE EBUBĘPX
� 0[NB� IUUQT���HJUIVC�DPN�TKSE�P[NB
� 4DBMB45.� IUUQT���OCSPOTPO�HJUIVC�JP�TDBMB�TUN
� "LLB� IUUQT���BLLB�JP TVQQPSUT BDUPST 	"LLB "DUPST
 BOE EBUBĘPX DPODVSSFODZ

	"LLB 4USFBNT

� %FVDF45.� IUUQT���TJUFT�HPPHMF�DPN�TJUF�EFVDFTUN
� +$41� IUUQT���XXX�DT�LFOU�BD�VL�QSPKFDUT�PGB�KDTQ
� GVUVSF QBDLBHF GPS )BTLFMM� IUUQT���IBDLBHF�IBTLFMM�PSH�QBDLBHF�GVUVSF
� %1)� IUUQT���XJLJ�IBTLFMM�PSH�()$�%BUB@1BSBMMFM@)BTLFMM
� &UBHF� IUUQT���IBDLBHF�IBTLFMM�PSH�QBDLBHF�&UBHF
�� UIFTQJBO� IUUQT���IBDLBHF�IBTLFMM�PSH�QBDLBHF�UIFTQJBO

IBDUPST� IUUQT���IBDLBHF�IBTLFMM�PSH�QBDLBHF�IBDUPST
�� ćSFBEJOH #VJMEJOH #MPDLT� IUUQT���XXX�UISFBEJOHCVJMEJOHCMPDLT�PSH
�� 5JOZ45.� IUUQ���XXX�UNXBSF�PSH�UJOZTUN�IUNM
�� $�� "DUPS 'SBNFXPSL� IUUQ���BDUPS�GSBNFXPSL�PSH
�� #PPTU DIBOOFMT 	JO JUT 'JCFS MJCSBSZ
� IUUQT���XXX�CPPTU�PSH

/PUFT

	B
 ćFTFNPEFMT BSF QBSU PG +BWB BOE DBO CF VTFE JO$MPKVSF PS 4DBMB BT UIFTF MBOHVBHFT
BSF CVJMU PO UPQ PG UIF +BWB 7JSUVBM .BDIJOF�

	C
 .BOZ PG UIFTF GFBUVSFT BSF OPU QBSU PG UIF )BTLFMM MBOHVBHF TUBOEBSE QFS TF CVU BSF
QSPWJEFE CZ UIF TUBOEBSE MJCSBSZ PG ()$�

	D
 "WBJMBCMF JO UIF GPSN PG QSem TFNBQIPSFT TFF IUUQT���IBDLBHF�IBTLFMM�PSH�QBDLBHF�
CBTF����������EPDT�$POUSPM�$PODVSSFOU�24FN�IUNM�

	E
 8IJMF USBOTBDUJPOBM NFNPSZ JT DVSSFOUMZ BWBJMBCMF BT B MJCSBSZ GPS $�� JU JT BMTP
CFJOH DPOTJEFSFE GPS JODMVTJPO JO UIF $��Ɗƈ MBOHVBHF TUBOEBSE 	UP CF SFMFBTFE
JO ƊƈƊƈ
� 4FWFSBM QSPQPTBMT IBWF CFFO NBEF UIF MBUFTU WFSTJPO BU UIF UJNF PG
XSJUJOH DBO CF GPVOE BU IUUQ���XXX�PQFO�TUE�PSH�KUD��TD���XH���EPDT�QBQFST������
O�����QEG 	.BZ ƊƈƉƍ
� ćFSF JT BMTP BMSFBEZ FYQFSJNFOUBM TVQQPSU GPS USBOTBD�
UJPOBM NFNPSZ JO ($$ TJODF WFSTJPO ƌ�Ə SFMFBTFE .BSDI ƊƈƉƊ 	NPSF EFUBJMT BU
IUUQT���HDD�HOV�PSH�XJLJ�5SBOTBDUJPOBM.FNPSZ
�

ƊƈƐ
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%
4FNBOUJDT PG 'VUVSFT BOE
5SBOTBDUJPOT JO $MPKVSF BOE
)BTLFMM

ćF TZOUBY BOE PQFSBUJPOBM TFNBOUJDT EFĕOFE JO $IBQUFS Ɗ GPS GVUVSFT 	4FDUJPO Ɗ�Ƌ�ƍ
PO QBHF Ɗƈ
 BOE USBOTBDUJPOT 	4FDUJPO Ɗ�ƌ�ƍ PO QBHF ƋƉ
 BSF EFMJCFSBUFMZ WFSZ TJNJMBS
UP UIPTF PČFSFE CZ $MPKVSF BOE )BTLFMM BT XF BJN UP EFNPOTUSBUF IPX UIF QSPCMFNT
EFTDSJCFE JO UIJT EJTTFSUBUJPO BMTP BQQMZ UP UIFTF QSPHSBNNJOH MBOHVBHFT� ćJT BQ�
QFOEJY EFUBJMT UIF 	NJOPS
 TZOUBDUJD BOE TFNBOUJDBM EJČFSFODFT CFUXFFO PVS GPSNBM
NPEFM BOE UIF JNQMFNFOUBUJPOT PG $MPKVSF BOE )BTLFMM�

%�Ɖ $MPKVSF
$MPKVSF Ɖ�Ƒ�ƈ 	SFMFBTFE %FDFNCFS Ɛ ƊƈƉƏ
 EJČFST GSPN UIF QSFTFOUFE TZOUBY JO UIF
GPMMPXJOH XBZT�

t $MPKVSF FODBQTVMBUFT BMM GPSNT JO QBSFOUIFTFT BT 4�FYQSFTTJPOT� 'VSUIFSNPSF JU
IBT B TMJHIUMZ EJČFSFOU TZOUBY GPS let�

t fork BOE join BSF OBNFE future BOE deref SFTQFDUJWFMZ� ćBU JT deref JT PWFS�
MPBEFE GPS CPUI GVUVSFT BOE USBOTBDUJPOBM WBSJBCMFT�

t $MPKVSF�T (dosync F) JT FRVJWBMFOU UP PVS atomic (do F;)�

ƊƈƑ



"QQFOEJY %� 4FNBOUJDT PG 'VUVSFT BOE 5SBOTBDUJPOT JO $MPKVSF BOE )BTLFMM

ćF TFNBOUJDT EJČFS POMZ PO UIFTF UXP QPJOUT�
t $MPKVSF BMMPXT ref BOE deref UP CF VTFE PVUTJEF B USBOTBDUJPO� $MPKVSF�T (ref F)

BOE (deref F) BSF FRVJWBMFOU UP PVS atomic (ref F) BOE atomic (deref F) CVU XJUI
BO PQUJNJ[FE JNQMFNFOUBUJPO�

t $MPKVSF TVQQPSUT alter commute BOE ensure XIJDI BSF FTTFOUJBMMZ WBSJBUJPOT PG
ref-setXJUI EJČFSFOU QFSGPSNBODF DIBSBDUFSJTUJDT�

'JOBMMZ $MPKVSF BMMPXT GVUVSFT UP CF DSFBUFE JO B USBOTBDUJPO MFBEJOH UP VOFYQFDUFE
SFTVMUT BT EFTDSJCFE JO $IBQUFS ƌ�

%�Ɗ )BTLFMM
4ZOUBDUJDBMMZ )BTLFMM XSJUFT forkIO atomically newTVar readTVar BOE writeTVar
GPS fork atomic ref deref BOE ref-set� ćF TFNBOUJDT EJČFS JO UIF GPMMPXJOH XBZT�
t )BTLFMM IBT B EJČFSFOU TZOUBY GPS BOPOZNPVT GVODUJPOT BOE let�
t )BTLFMM�T forkIO SFUVSOT B UISFBE JEFOUJĕFS BOE OPU B GVUVSF� /FWFSUIFMFTT PVS GPS�

NBMJ[BUJPONPEFMT UIF VTF PG USBOTBDUJPOT JO UBTLT JO )BTLFMM POF VTFT atomically
JO B UBTL DSFBUFE VTJOH forkIO�

t .PSFPWFS )BTLFMM EPFT OPU TVQQPSU UIF join PQFSBUJPO PO UISFBE JEFOUJĕFST� *O�
TUFBE XBJUJOH GPS B UISFBE BOE SFUSJFWJOH JUT SFTVMU JT VTVBMMZ JNQMFNFOUFE NBO�
VBMMZ VTJOH BO MVarƉ XIJMF PVS MBOHVBHF VTFT GVUVSFT GPS UIJT QVSQPTF� )FODF
QPSUJOH PVS TPMVUJPO UP )BTLFMM SFRVJSFT BEEJOH B join PQFSBUJPO UP )BTLFMM�

t 5SBOTBDUJPOT BSF FODBQTVMBUFE JO UIF STMNPOBE BOE UIF NBJO QSPHSBN JT FODBQ�
TVMBUFE JO UIF IONPOBE� ćJT MFBET UP B EJČFSFOU TFNBOUJDT PG UIF do CMPDL XIJDI
JO )BTLFMM JT TZOUBDUJD TVHBS GPS NPOBE TFRVFODJOH� )BTLFMM�T EP OPUBUJPO BMMPXT
NPOBEJD CJOEJOH 	<-
 BOE let CJOEJOH BOE NBZ SFRVJSF return�

t )BTLFMM EPFT OPU BMMPXNVMUJQMF atomicallyCMPDLT UP CF OFTUFE� UIF UZQF TJHOBUVSF
PG atomically JT STM a -> IO a BOE B SFTVMU PG UZQF IO a DBOOPU CF VTFE JO BO
STM CMPDL�

t )BTLFMM TVQQPSUT retry UP BCPSU B USBOTBDUJPO BOE orElse UP DPNQPTF UXP BMUFSOB�
UJWF STM BDUJPOT�

)BTLFMM EPFT OPU BMMPX forkIO JO B USBOTBDUJPO� UIJT JT QSFWFOUFE CZ UIF UZQF TZTUFN BT
forkIO PQFSBUFT JO UIF IONPOBE BOE USBOTBDUJPOT SVO JO UIF STMNPOBE� 0OF DPVME
TFF USBOTBDUJPOBM GVUVSFT BT UIF BEEJUJPO PG forkSTM UP )BTLFMM B GPSL DPOTUSVDU UIBU
XPSLT XJUIJO UIF STMNPOBE�

Ɖ"T JOEJDBUFE JO UIF EPDVNFOUBUJPO PG UIF $POUSPM�$PODVSSFOU QBDLBHF BU IUUQT���IBDLBHF�IBTLFMM�PSH�
QBDLBHF�CBTF���������EPDT�$POUSPM�$PODVSSFOU�IUNM�H����

ƊƉƈ

https://hackage.haskell.org/package/base-4.8.1.0/docs/Control-Concurrent.html#g:12
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#JCMJPHSBQIZ

"HIB (� "� 	ƉƑƐƍ
� "DUPST� B NPEFM PG DPODVSSFOU DPNQVUBUJPO JO EJTUSJCVUFE TZTUFNT�
1I% UIFTJT .BTTBDIVTFUUT *OTUJUVUF PG 5FDIOPMPHZ�

"HIB (� "� .BTPO *� "� 4NJUI 4� '� BOE 5BMDPUU $� -� 	ƉƑƑƏ
� " GPVOEBUJPO GPS BDUPS
DPNQVUBUJPO� +PVSOBM PG 'VODUJPOBM 1SPHSBNNJOH Ə	Ɖ
�ƉoƏƊ�

"HSBXBM ,� 'JOFNBO +� 5� BOE 4VLIB +� 	ƊƈƈƐ
� /FTUFE 1BSBMMFMJTN JO 5SBOTBDUJPOBM
.FNPSZ� *O 1SPDFFEJOHT PG UIF ƫƭUI "$. 4*(1-"/ 4ZNQPTJVN PO 1SJODJQMFT BOE
1SBDUJDF PG 1BSBMMFM 1SPHSBNNJOH 11P11 �ƈƐ QBHFT ƉƎƋoƉƏƌ�

"SNTUSPOH +� 	ƊƈƈƏ
� 1SPHSBNNJOH &SMBOH� 4PęXBSF GPS B $PODVSSFOU 8PSME� 1SBH�
NBUJD #PPLTIFMG�

#BFL 8� #SPOTPO /� ,P[ZSBLJT $� BOE 0MVLPUVO ,� 	ƊƈƉƈ
� *NQMFNFOUJOH BOE
&WBMVBUJOH /FTUFE 1BSBMMFM 5SBOTBDUJPOT JO 4PęXBSF 5SBOTBDUJPOBM .FNPSZ� *O 1SP�
DFFEJOHT PG UIF 5XFOUZ�TFDPOE "OOVBM "$. 4ZNQPTJVN PO 1BSBMMFMJTN JO "MHPSJUINT
BOE "SDIJUFDUVSFT 41"" �Ɖƈ QBHFT ƊƍƋoƊƎƊ�

#BLFS )� $� BOE )FXJUU $� 	ƉƑƏƏ
� ćF JODSFNFOUBM HBSCBHF DPMMFDUJPO PG QSPDFTTFT�
*O 1SPDFFEJOHT PG UIF ƫƳƱƱ TZNQPTJVN PO "SUJĕDJBM JOUFMMJHFODF BOE QSPHSBNNJOH MBO�
HVBHFT QBHFT ƍƍoƍƑ�

#BSSFUP +� B� %SBHPKFWJʉ "� 'FSSFJSB 1� (VFSSBPVJ 3� BOE,BQBMLB.� 	ƊƈƉƈ
� -FWFS�
BHJOH 1BSBMMFM /FTUJOH JO 5SBOTBDUJPOBM .FNPSZ� *O 1SPDFFEJOHT PG UIF ƫƯUI "$.
4*(1-"/ 4ZNQPTJVN PO 1SJODJQMFT BOE 1SBDUJDF PG 1BSBMMFM 1SPHSBNNJOH 11P11
�Ɖƈ�

#BSSFUU &� #PM[�5FSFJDL $� '� ,JMMJDL 3� .PVOU 4� BOE 5SBUU -� 	ƊƈƉƏ
� 7JSUVBM

ƊƉƉ



#JCMJPHSBQIZ

.BDIJOF 8BSNVQ #MPXT )PU BOE $PME� 1SPDFFEJOHT PG UIF "$. PO 1SPHSBNNJOH
-BOHVBHFT Ɖ	0014-"
�ƍƊ�ƉoƍƊ�ƊƏ�

#FFSJ $� #FSOTUFJO 1� "� BOE (PPENBO /� 	ƉƑƐƑ
� " .PEFM GPS $PODVSSFODZ JO
/FTUFE 5SBOTBDUJPOT 4ZTUFNT� +PVSOBM PG UIF "$. ƋƎ	Ɗ
�ƊƋƈoƊƎƑ�

#FSFOTPO )� #FSOTUFJO 1� (SBZ +� .FMUPO +� 0�/FJM &� BOE 0�/FJM 1� 	ƉƑƑƍ
� "
$SJUJRVF PG "/4* 42- *TPMBUJPO -FWFMT� *O 1SPDFFEJOHT PG UIF ƫƳƳƯ "$. 4*(.0%
*OUFSOBUJPOBM $POGFSFODF PO .BOBHFNFOU PG %BUB 4*(.0% �Ƒƍ QBHFT ƉoƉƈ�

#FSOTUFJO 1� "� BOE (PPENBO /� 	ƉƑƐƉ
� $PODVSSFODZ $POUSPM JO %JTUSJCVUFE
%BUBCBTF 4ZTUFNT� "$. $PNQVUJOH 4VSWFZT ƉƋ	Ɗ
�ƉƐƍoƊƊƉ�

#JFOJVTB "� BOE ćJFNBOO 1� 	ƊƈƉƉB
� 1SPWJOH *TPMBUJPO 1SPQFSUJFT GPS 4PęXBSF
5SBOTBDUJPOBM .FNPSZ� *O 1SPDFFEJOHT PG UIF ƬƪUI &VSPQFBO 4ZNQPTJVN PO 1SP�
HSBNNJOH &401�ƉƉ QBHFT ƋƐoƍƎ�

#JFOJVTB "� BOE ćJFNBOO 1� 	ƊƈƉƉC
� ćF 4FNBOUJDT PG 5XJMJHIU 5SBOTBDUJPOT� 5FDI�
OJDBM SFQPSU *OTUJUVU GàS *OGPSNBUJL 6OJWFSTJUÊU 'SFJCVSH�

#MVNPGF 3� %� +PFSH $� '� ,VT[NBVM #� $� -FJTFSTPO $� &� 3BOEBMM ,�)� BOE ;IPV
:� 	ƉƑƑƍ
� $JML� "O &ďDJFOU .VMUJUISFBEFE 3VOUJNF 4ZTUFN� *O 1SPDFFEJOHT PG UIF
ĕęI "$. 4*(1-"/ TZNQPTJVN PO 1SJODJQMFT BOE QSBDUJDF PG QBSBMMFM QSPHSBNNJOH
11011 �Ƒƍ QBHFT ƊƈƏoƊƉƎ�

#PDDIJOP 3� -� "EWF 7� 4� "EWF 4� 7� BOE 4OJS .� 	ƊƈƈƑB
� 1BSBMMFM 1SPHSBNNJOH
.VTU #F %FUFSNJOJTUJD CZ %FGBVMU� *O 1SPDFFEJOHT PG UIF 'JSTU 64&/*9 DPOGFSFODF PO
)PU UPQJDT JO QBSBMMFMJTN )PU1BS�ƈƑ�

#PDDIJOP +S� 3� -� "EWF 7� 4� %JH %� "EWF 4� 7� )FVNBOO 4� ,PNVSBWFMMJ 3�
0WFSCFZ +� 4JNNPOT 1� 4VOH )� BOE 7BLJMJBO .� 	ƊƈƈƑC
� " 5ZQF BOE &ČFDU
4ZTUFN GPS %FUFSNJOJTUJD 1BSBMMFM +BWB� *O 1SPDFFEJOHT PG UIF ƬƮUI "$. 4*(1-"/
$POGFSFODF PO 0CKFDU 0SJFOUFE 1SPHSBNNJOH 4ZTUFNT -BOHVBHFT BOE "QQMJDBUJPOT
0014-" �ƈƑ QBHFT ƑƏoƉƉƎ�

#SBOEBVFS 4� $BTUFHSFO &� $MBSLF %� 'FSOBOEF[�3FZFT ,� +PIOTFO &� #� 1VO
,� *� 5BSJGB 4� -� 5� 8SJHTUBE 5� BOE :BOH "� .� 	ƊƈƉƍ
� 1BSBMMFM 0CKFDUT GPS
.VMUJDPSFT� " (MJNQTF BU UIF 1BSBMMFM -BOHVBHF &ODPSF� *O 'PSNBM .FUIPET GPS
.VMUJDPSF 1SPHSBNNJOH� ƫƯUI *OUFSOBUJPOBM 4DIPPM PO 'PSNBM.FUIPET GPS UIF %FTJHO
PG $PNQVUFS $PNNVOJDBUJPO BOE 4PęXBSF 4ZTUFNT 4'. ƊƈƉƍ QBHFT ƉoƍƎ�

#SJHIU 1� 	ƊƈƉƏB
� ".%�T NPNFOU PG ;FO� 'JOBMMZ BO BSDIJUFD�
UVSF UIBU DBO DPNQFUF� IUUQT���BSTUFDIOJDB�DPN�HBEHFUT���������

ƊƉƊ

https://arstechnica.com/gadgets/2017/03/amds-moment-of-zen-finally-an-architecture-that-can-compete/
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BNET�NPNFOU�PG�[FO�GJOBMMZ�BO�BSDIJUFDUVSF�UIBU�DBO�DPNQFUF� 	0OMJOF� QVC�
MJTIFE .BSDI Ɗ ƊƈƉƏ
�

#SJHIU 1� 	ƊƈƉƏC
� *OUFM MBVODIFT JUT OFX QSFDJPVT NFUBM 9FPO
QMBUGPSN� IUUQT���BSTUFDIOJDB�DPN�JOGPSNBUJPO�UFDIOPMPHZ���������
JOUFMT�OFX�YFPO�TDBMBCMF�QMBUGPSN�JT�JUT�NPTU�DPNQMFY�ZFU� 	0OMJOF� QVCMJTIFE
+VMZ ƉƉ ƊƈƉƏ
�

#SPOTPO /� (� $IBĕ )� BOE 0MVLPUVO ,� 	ƊƈƉƈ
� $$45.� " MJCSBSZ�CBTFE 45.
GPS 4DBMB� *O ćF 'JSTU "OOVBM 4DBMB 8PSLTIPQ BU 4DBMB %BZT�

#VSDLIBSEU 4� #BMEBTTJO "� BOE -FJKFO %� 	ƊƈƉƈ
� $PODVSSFOU 1SPHSBNNJOH XJUI
3FWJTJPOT BOE *TPMBUJPO 5ZQFT� *O 1SPDFFEJOHT PG UIF "$. *OUFSOBUJPOBM $POGFSFODF
PO 0CKFDU 0SJFOUFE 1SPHSBNNJOH 4ZTUFNT -BOHVBHFT BOE "QQMJDBUJPOT 0014-" �Ɖƈ
QBHFT ƎƑƉoƏƈƏ�

#VSDLIBSEU 4� BOE -FJKFO %� 	ƊƈƉƉ
� 4FNBOUJDT PG $PODVSSFOU 3FWJTJPOT� *O 1SPDFFE�
JOHT PG &VSPQFBO 4ZNQPTJVN PO 1SPHSBNNJOH &401 �ƉƉ QBHFT ƉƉƎoƉƋƍ�

$BMEFS .� ,PMCFSH .� .BHJMM &� )� BOE 3FJČ�.BSHBOJFD 4� 	ƊƈƈƋ
� 'FBUVSF JOUFSBD�
UJPO� B DSJUJDBM SFWJFX BOE DPOTJEFSFE GPSFDBTU� $PNQVUFS /FUXPSLT ƌƉ	Ɖ
�ƉƉƍoƉƌƉ�

$BWÏ 7� ;IBP +� 4IJSBLP +� BOE 4BSLBS 7� 	ƊƈƉƉ
� )BCBOFSP�+BWB� ćF /FX "EWFO�
UVSFT PG 0ME 9Ɖƈ� *O 1SPDFFEJOHT PG UIF ƳUI *OUFSOBUJPOBM $POGFSFODF PO 1SJODJQMFT
BOE 1SBDUJDF PG 1SPHSBNNJOH JO +BWB 111+ �ƉƉ QBHFT ƍƉoƎƉ�

$IBLSBWBSUZ .� BOE ,FMMFS (� 	ƊƈƈƉ
� /FQBM � /FTUFE %BUB 1BSBMMFMJTN JO )BTLFMM�
*O &VSP�1BS Ƭƪƪƫ 1BSBMMFM 1SPDFTTJOH QBHFT ƍƊƌoƍƋƌ�

$IJDLFSJOH %� .� )FDLFSNBO %� BOE .FFL $� 	ƉƑƑƏ
� " #BZFTJBO "QQSPBDI UP
-FBSOJOH #BZFTJBO /FUXPSLT XJUI -PDBM 4USVDUVSF� *O 1SPDFFEJOHT PG UIF ćJSUFFOUI
$POGFSFODF PO 6ODFSUBJOUZ JO "SUJĕDJBM *OUFMMJHFODF 6"*�ƑƏ QBHFT ƐƈoƐƑ�

$MFCTDI 4� %SPTTPQPVMPV 4� #MFTTJOH 4� BOE .D/FJM "� 	ƊƈƉƍ
� %FOZ $BQBCJMJUJFT
GPS 4BGF 'BTU "DUPST� *O 1SPDFFEJOHT PG UIF ƯUI *OUFSOBUJPOBM 8PSLTIPQ PO 1SPHSBN�
NJOH #BTFE PO "DUPST "HFOUT BOE %FDFOUSBMJ[FE $POUSPM "(&3&� ƊƈƉƍ QBHFT ƉoƉƊ�

$PČNBO &� (� &MQIJDL .� BOE 4IPTIBOJ "� 	ƉƑƏƉ
� 4ZTUFN %FBEMPDLT� "$. $PN�
QVUJOH 4VSWFZT Ƌ	Ɗ
�ƎƏoƏƐ�

%BCSPXTLJ '� -PVMFSHVF '� BOE 1JOTBSE 5� 	ƊƈƉƋ
� /FTUFE "UPNJD 4FDUJPOT XJUI
ćSFBE &TDBQF� "O 0QFSBUJPOBM 4FNBOUJDT� *O 1SPDFFEJOHT PG UIF Ƭƪƫƭ *OUFSOBUJPOBM
$POGFSFODF PO 1BSBMMFM BOE %JTUSJCVUFE $PNQVUJOH "QQMJDBUJPOT BOE 5FDIOPMPHJFT
1%$"5 �ƉƋ QBHFT ƊƑoƋƍ�

ƊƉƋ
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#JCMJPHSBQIZ

%BCSPXTLJ '� -PVMFSHVF '� BOE 1JOTBSE 5� 	ƊƈƉƍ
� " 'PSNBM 4FNBOUJDT PG /FTUFE
"UPNJD 4FDUJPOT XJUI ćSFBE &TDBQF� $PNQVUFS -BOHVBHFT 4ZTUFNT � 4USVDUVSFT
ƌƊ	$
�ƊoƊƉ�

%F ,PTUFS +� .BSS 4� 7BO $VUTFN 5� BOE %�)POEU 5� 	ƊƈƉƎB
� %PNBJOT� 4IBSJOH
TUBUF JO UIF DPNNVOJDBUJOH FWFOU�MPPQ BDUPS NPEFM� $PNQVUFS -BOHVBHFT 4ZTUFNT
� 4USVDUVSFT ƌƍ�ƉƋƊoƉƎƈ�

%F ,PTUFS +� 7BO $VUTFN 5� BOE %F .FVUFS 8� 	ƊƈƉƎC
� ƌƋ :FBST PG "DUPST� "
5BYPOPNZ PG "DUPS .PEFMT BOE ćFJS ,FZ 1SPQFSUJFT� *O 1SPDFFEJOHT PG UIF ưUI
*OUFSOBUJPOBM8PSLTIPQ PO 1SPHSBNNJOH #BTFE PO "DUPST "HFOUT BOE %FDFOUSBMJ[FE
$POUSPM "(&3& ƊƈƉƎ QBHFT ƋƉoƌƈ�

EF 7SJFT &� ,PVUBWBT 7� BOE )FOOFTTZ .� 	ƊƈƉƈ
� $PNNVOJDBUJOH 5SBOTBDUJPOT� *O
1SPDFFEJOHT PG UIF ƬƫTU JOUFSOBUJPOBM DPOGFSFODF PO$PODVSSFODZ UIFPSZ $0/$63�Ɖƈ
QBHFT ƍƎƑoƍƐƋ�

%FEFDLFS +� 7BO $VUTFN 5� .PTUJODLY 4� %�)POEU 5� BOE %F .FVUFS 8� 	ƊƈƈƎ
�
"NCJFOU�0SJFOUFE 1SPHSBNNJOH JO "NCJFOUUBML� *O 1SPDFFEJOHT PG UIF ƬƪUI &VSP�
QFBO $POGFSFODF PO 0CKFDU�0SJFOUFE 1SPHSBNNJOH &$001�ƈƎ QBHFT ƊƋƈoƊƍƌ�

%FOOJOH 1� +� BOE %FOOJT +� #� 	ƊƈƉƈ
� ćF 3FTVSHFODF PG 1BSBMMFMJTN� $PNNVOJDB�
UJPOT PG UIF "$. ƍƋ	Ǝ
�ƋƈoƋƊ�

%JKLTUSB &� 8� 	ƉƑƎƍ
� 4PMVUJPO PG B 1SPCMFN JO $PODVSSFOU 1SPHSBNNJOH $POUSPM�
$PNNVOJDBUJPOT PG UIF "$. Ɛ	Ƒ
�ƍƎƑ�

%POOFMMZ ,� BOE 'MVFU .� 	ƊƈƈƎ
� 5SBOTBDUJPOBM &WFOUT� *O 1SPDFFEJOHT PG UIF &MFWFOUI
"$. 4*(1-"/ *OUFSOBUJPOBM $POGFSFODF PO 'VODUJPOBM 1SPHSBNNJOH *$'1 �ƈƎ
QBHFT ƉƊƌoƉƋƍ�

%SJTDPMM +� 3� 4BSOBL /� 4MFBUPS %� %� BOE 5BSKBO 3� &� 	ƉƑƐƑ
� .BLJOH EBUB TUSVD�
UVSFT QFSTJTUFOU� +PVSOBM PG $PNQVUFS BOE 4ZTUFN 4DJFODFT ƋƐ	Ɖ
�ƐƎoƉƊƌ�

&NFSJDL $� $BSQFS #� BOE (SBOE $� 	ƊƈƉƊ
� $MPKVSF 1SPHSBNNJOH� 0�3FJMMZ .FEJB
*OD�

&OOBMT 3� 	ƊƈƈƎ
� 4PęXBSF 5SBOTBDUJPOBM .FNPSZ 4IPVME /PU #F 0CTUSVDUJPO�'SFF�
5FDIOJDBM 3FQPSU *3$�53�ƈƎ�ƈƍƊ *OUFM 3FTFBSDI $BNCSJEHF�

'BSDIJ &� /JS :� BOE 6S 4� 	ƊƈƈƋ
� $PODVSSFOU CVH QBUUFSOT BOE IPX UP UFTU UIFN� *O
1SPDFFEJOHT PG *OUFSOBUJPOBM 1BSBMMFM BOE %JTUSJCVUFE 1SPDFTTJOH 4ZNQPTJVN *1%14
�ƈƋ�

ƊƉƌ



'FMMFJTFO .� 'JOEMFS 3� #� BOE 'MBUU .� 	ƊƈƈƑ
� 4FNBOUJDT &OHJOFFSJOH XJUI 1-5
3FEFY� ćF .*5 1SFTT�

'JFME +� BOE7BSFMB $� "� 	Ɗƈƈƍ
� 5SBOTBDUPST� " 1SPHSBNNJOH.PEFM GPS.BJOUBJOJOH
(MPCBMMZ $POTJTUFOU %JTUSJCVUFE 4UBUF JO 6OSFMJBCMF &OWJSPONFOUT� *O 1SPDFFEJOHT
PG UIF ƭƬOE "$. 4*(1-"/�4*("$5 4ZNQPTJVN PO 1SJODJQMFT PG 1SPHSBNNJOH -BO�
HVBHFT 101- �ƈƍ QBHFT ƉƑƍoƊƈƐ�

'MBOBHBO $� BOE 'FMMFJTFO .� 	ƉƑƑƍ
� ćF 4FNBOUJDT PG 'VUVSF BOE *UT 6TF JO 1SPHSBN
0QUJNJ[BUJPO� *O 1SPDFFEJOHT PG UIF ƬƬ/E "$. 4*(1-"/�4*("$5 4ZNQPTJVN PO
1SJODJQMFT PG 1SPHSBNNJOH -BOHVBHFT 101- �Ƒƍ QBHFT ƊƈƑoƊƊƈ� "$.�

(FFS %� 	Ɗƈƈƍ
� $IJQ NBLFST UVSO UP NVMUJDPSF QSPDFTTPST� $PNQVUFS ƋƐ	ƍ
�ƉƉoƉƋ�

(FPSHFT "� #VZUBFSU %� BOE &FDLIPVU -� 	ƊƈƈƏ
� 4UBUJTUJDBMMZ 3JHPSPVT +BWB 1FSGPS�
NBODF &WBMVBUJPO� *O 1SPDFFEJOHT PG UIF ƬƬOE "OOVBM "$.4*(1-"/$POGFSFODF PO
0CKFDU�0SJFOUFE 1SPHSBNNJOH 4ZTUFNT BOE "QQMJDBUJPOT 0014-" �ƈƏ QBHFT ƍƏoƏƎ�

(PEFGSPJE 1� BOE /BHBQQBO /� 	ƊƈƈƐ
� $PODVSSFODZ BU .JDSPTPę o "O &YQMPSBUPSZ
4VSWFZ� 5FDIOJDBM SFQPSU� IUUQT���XXX�NJDSPTPGU�DPN�FO�VT�SFTFBSDI�QVCMJDBUJPO�
DPODVSSFODZ�BU�NJDSPTPGU�BO�FYQMPSBUPSZ�TVSWFZ��

(VFSSBPVJ 3� BOE ,BQB�LB .� 	ƊƈƈƐ
� 0O UIF $PSSFDUOFTT PG 5SBOTBDUJPOBM .FNPSZ�
*O 1SPDFFEJOHT PG UIF ƫƭUI "$. 4*(1-"/ 4ZNQPTJVN PO 1SJODJQMFT BOE 1SBDUJDF PG
1BSBMMFM 1SPHSBNNJOH 11P11 �ƈƐ QBHFT ƉƏƍoƉƐƌ�

(VFSSBPVJ 3� ,BQBMLB .� BOE 7JUFL +� 	ƊƈƈƏ
� 45.#FODIƏ� " #FODINBSL GPS 4Pę�
XBSF 5SBOTBDUJPOBM .FNPSZ� *O 1SPDFFEJOHT PG UIF Ƭ/E "$. 4*(014�&VSP4ZT &V�
SPQFBO $POGFSFODF PO $PNQVUFS 4ZTUFNT ƬƪƪƱ &VSP4ZT �ƈƏ QBHFT ƋƉƍoƋƊƌ�

)BJOFT /� ,JOESFE %� .PSSJTFUU +� (� /FUUMFT 4� .� BOE 8JOH +� .� 	ƉƑƑƌ
� $PN�
QPTJOH 'JSTU�DMBTT 5SBOTBDUJPOT� "$.5SBOTBDUJPOT PO 1SPHSBNNJOH -BOHVBHFT BOE
4ZTUFNT ƉƎ	Ǝ
�ƉƏƉƑoƉƏƋƎ�

)BMMFS 1� BOE 0EFSTLZ .� 	ƊƈƈƏ
� "DUPST ćBU 6OJGZ ćSFBET BOE &WFOUT� *O 1SP�
DFFEJOHT PG UIF ƳUI *OUFSOBUJPOBM $POGFSFODF PO $PPSEJOBUJPO .PEFMT BOE -BOHVBHFT
$003%*/"5*0/�ƈƏ QBHFT ƉƏƉoƉƑƈ�

)BMTUFBE 3� )� 	ƉƑƐƍ
� .6-5*-*41� B MBOHVBHF GPS DPODVSSFOU TZNCPMJD DPNQVUBUJPO�
"$. 5SBOTBDUJPOT PO 1SPHSBNNJOH -BOHVBHFT BOE 4ZTUFNT Ə	ƌ
�ƍƈƉoƍƋƐ�

)BSSJT 5� -BSVT +� 3� BOE 3BKXBS 3� 	ƊƈƉƈ
� 5SBOTBDUJPOBM .FNPSZ� 4ZOUIFTJT -FD�
UVSFT PO $PNQVUFS "SDIJUFDUVSF� .PSHBO � $MBZQPPM ƊOE FEJUJPO�

ƊƉƍ

https://www.microsoft.com/en-us/research/publication/concurrency-at-microsoft-an-exploratory-survey/
https://www.microsoft.com/en-us/research/publication/concurrency-at-microsoft-an-exploratory-survey/


#JCMJPHSBQIZ

)BSSJT 5� .BSMPX 4� 1FZUPO�+POFT 4� BOE )FSMJIZ .� 	Ɗƈƈƍ
� $PNQPTBCMF .FNPSZ
5SBOTBDUJPOT� *O 1SPDFFEJOHT PG UIF 5FOUI "$. 4*(1-"/ 4ZNQPTJVN PO 1SJODJQMFT
BOE 1SBDUJDF PG 1BSBMMFM 1SPHSBNNJOH 11P11 �ƈƍ QBHFT ƌƐoƎƈ�

)BSSJT 5� BOE 4JOHI 4� 	ƊƈƈƏ
� 'FFECBDL %JSFDUFE *NQMJDJU 1BSBMMFMJTN� *O 1SPDFFEJOHT
PG UIF ƫƬUI "$. 4*(1-"/ *OUFSOBUJPOBM $POGFSFODF PO 'VODUJPOBM 1SPHSBNNJOH
*$'1 �ƈƏ QBHFT ƊƍƉoƊƎƌ�

)FSMJIZ .� BOE .PTT +� &� #� 	ƉƑƑƋ
� 5SBOTBDUJPOBM .FNPSZ� "SDIJUFDUVSBM 4VQQPSU
GPS -PDL�GSFF %BUB 4USVDUVSFT� *O 1SPDFFEJOHT PG UIF ƬƪUI "OOVBM *OUFSOBUJPOBM 4ZN�
QPTJVN PO $PNQVUFS "SDIJUFDUVSF *4$" �ƑƋ QBHFT ƊƐƑoƋƈƈ�

)FSMJIZ .� BOE 4IBWJU /� 	ƊƈƉƉ
� ćF BSU PG NVMUJQSPDFTTPS QSPHSBNNJOH� .PSHBO
,BVGNBOO�

)FVNBOO 4� 5� "EWF 7� 4� BOE8BOH 4� 	ƊƈƉƋ
� ćF5BTLTXJUI &ČFDUT.PEFM GPS 4BGF
$PODVSSFODZ� *O 1SPDFFEJOHT PG UIF ƫƲUI "$. 4*(1-"/ 4ZNQPTJVN PO 1SJODJQMFT
BOE 1SBDUJDF PG 1BSBMMFM 1SPHSBNNJOH 11P11 �ƉƋ QBHFT ƊƋƑoƊƍƈ�

)FXJUU $� #JTIPQ 1� BOE 4UFJHFS 3� 	ƉƑƏƋ
� "6OJWFSTBM.PEVMBS "$503'PSNBMJTN
GPS "SUJĕDJBM *OUFMMJHFODF� *O 1SPDFFEJOHT PG UIF ƭSE *OUFSOBUJPOBM +PJOU $POGFSFODF PO
"SUJĕDJBM *OUFMMJHFODF *+$"*�ƏƋ QBHFT ƊƋƍoƊƌƍ�

)JDLFZ 3� 	ƊƈƉƊ
� $MPKVSF $PODVSSFODZ� 5BML HJWFO UP UIF 8FTUFSO .BTT� %FWFMPQFST
(SPVQ� "WBJMBCMF POMJOF BU IUUQT���XXX�ZPVUVCF�DPN�XBUDI W�O%"G;,�N�@��

)PBSF $� "� 3� 	ƉƑƏƐ
� $PNNVOJDBUJOH TFRVFOUJBM QSPDFTTFT� $PNNVOJDBUJPOT PG UIF
"$. ƊƉ	Ɛ
�ƎƎƎoƎƏƏ�

)PWFNFZFS %� BOE 1VHI 8� 	ƊƈƈƌB
� 'JOEJOH #VHT JT &BTZ� *O $PNQBOJPO UP UIF
ƫƳUI "OOVBM "$. 4*(1-"/ $POGFSFODF PO 0CKFDU�PSJFOUFE 1SPHSBNNJOH 4ZTUFNT
-BOHVBHFT BOE "QQMJDBUJPOT 0014-" �ƈƌ QBHFT ƉƋƊoƉƋƎ�

)PWFNFZFS %� BOE 1VHI 8� 	ƊƈƈƌC
� 'JOEJOH $PODVSSFODZ #VHT *O +BWB� *O 1SPDFFE�
JOHT PG UIF 10%$8PSLTIPQ PO $PODVSSFODZ BOE 4ZODISPOJ[BUJPO JO +BWB 1SPHSBNT�

*NBN 4� .� BOE 4BSLBS 7� 	ƊƈƉƊ
� *OUFHSBUJOH 5BTL 1BSBMMFMJTN XJUI "DUPST� *O 1SP�
DFFEJOHT PG UIF "$. *OUFSOBUJPOBM $POGFSFODF PO 0CKFDU 0SJFOUFE 1SPHSBNNJOH 4ZT�
UFNT -BOHVBHFT BOE "QQMJDBUJPOT 0014-" �ƉƊ QBHFT ƏƍƋoƏƏƊ�

+POFT 4� 1� -FTIDIJOTLJZ 3� ,FMMFS (� BOE $IBLSBWBSUZ .� .� 5� 	ƊƈƈƐ
� )BSOFTTJOH
UIF .VMUJDPSFT� /FTUFE %BUB 1BSBMMFMJTN JO )BTLFMM� *O *"3$4 "OOVBM $POGFSFODF
PO 'PVOEBUJPOT PG 4PęXBSF 5FDIOPMPHZ BOEćFPSFUJDBM $PNQVUFS 4DJFODF WPMVNF Ɗ
QBHFT ƋƐƋoƌƉƌ�

ƊƉƎ

https://www.youtube.com/watch?v=nDAfZK8m5_8


,BSBPSNBO .� BOE #SVOP +� 	ƉƑƑƋ
� *OUSPEVDJOH $PODVSSFODZ UP B 4FRVFOUJBM -BO�
HVBHF� $PNNVOJDBUJPOT PG UIF "$. ƋƎ	Ƒ
�ƉƈƋoƉƉƍ�

,MFJO $� $MFNFOUT +� %JNPVMBT $� &BTUMVOE $� 'FMMFJTFO .� 'MBUU .� .D$BSUIZ
+� "� 3BėJOE +� 5PCJO�)PDITUBEU 4� BOE 'JOEMFS 3� #� 	ƊƈƉƊ
� 3VO :PVS 3FTFBSDI�
0O UIF &ČFDUJWFOFTT PG -JHIUXFJHIU .FDIBOJ[BUJPO� *O 1SPDFFEJOHT PG UIF ƭƳUI "O�
OVBM "$. 4*(1-"/�4*("$5 4ZNQPTJVN PO 1SJODJQMFT PG 1SPHSBNNJOH -BOHVBHFT
101- �ƉƊ QBHFT ƊƐƍoƊƑƎ�

,PHBO "� BOE)FSMJIZ.� 	ƊƈƉƌ
� ćF 'VUVSF	T
 PG 4IBSFE%BUB 4USVDUVSFT� *O 1SPDFFE�
JOHT PG UIF ƬƪƫƮ "$. 4ZNQPTJVN PO 1SJODJQMFT PG %JTUSJCVUFE $PNQVUJOH 10%$ �Ɖƌ
QBHFT ƋƈoƋƑ�

-FB %� 	Ɗƈƈƈ
� " +BWB GPSL�KPJO GSBNFXPSL� *O 1SPDFFEJOHT PG UIF "$.Ƭƪƪƪ DPOGFSFODF
PO +BWB (SBOEF +"7" �ƈƈ QBHFT ƋƎoƌƋ�

-FF $� :� 	ƉƑƎƉ
� "O "MHPSJUIN GPS 1BUI $POOFDUJPOT BOE *UT "QQMJDBUJPOT� *3&
5SBOTBDUJPOT PO &MFDUSPOJD $PNQVUFST &$�Ɖƈ	Ƌ
�ƋƌƎoƋƎƍ�

-FF &� "� 	ƊƈƈƎ
� ćF 1SPCMFN XJUI ćSFBET� $PNQVUFS ƋƑ	ƍ
�ƋƋoƌƊ�

-FF +� ,� BOE 1BMTCFSH +� 	ƊƈƉƈ
� 'FBUIFSXFJHIU 9Ɖƈ� "$PSF$BMDVMVT GPS "TZOD�ĕOJTI
1BSBMMFMJTN� *O 1SPDFFEJOHT PG UIF ƫƯUI "$. 4*(1-"/ 4ZNQPTJVN PO 1SJODJQMFT BOE
1SBDUJDF PG 1BSBMMFM 1SPHSBNNJOH 11P11 �Ɖƈ QBHFT ƊƍoƋƎ�

-FTBOJ .� BOE -BJO "� 	ƊƈƉƋ
� 4FNBOUJDT�QSFTFSWJOH 4IBSJOH "DUPST� *O 1SPDFFEJOHT
PG UIF Ƭƪƫƭ 8PSLTIPQ PO 1SPHSBNNJOH #BTFE PO "DUPST "HFOUT BOE %FDFOUSBMJ[FE
$POUSPM "(&3&� ƊƈƉƋ QBHFT ƎƑoƐƈ�

-FTBOJ .� BOE 1BMTCFSH +� 	ƊƈƉƉ
� $PNNVOJDBUJOH.FNPSZ 5SBOTBDUJPOT� *O 1SPDFFE�
JOHT PG UIF ƫưUI "$. 4ZNQPTJVN PO 1SJODJQMFT BOE 1SBDUJDF PG 1BSBMMFM 1SPHSBNNJOH
11P11 �ƉƉ QBHFT ƉƍƏoƉƎƐ�

-JTLPW #� BOE 4ISJSB -� 	ƉƑƐƐ
� 1SPNJTFT� MJOHVJTUJD TVQQPSU GPS FďDJFOU BTZO�
DISPOPVT QSPDFEVSF DBMMT JO EJTUSJCVUFE TZTUFNT� *O 1SPDFFEJOHT PG UIF "$. 4*(�
1-"/ ƫƳƲƲ DPOGFSFODF PO 1SPHSBNNJOH -BOHVBHF EFTJHO BOE *NQMFNFOUBUJPO 1-%*
�ƐƐ QBHFT ƊƎƈoƊƎƏ�

-V 4� 1BSL 4� 4FP &� BOE ;IPV :� 	ƊƈƈƐ
� -FBSOJOH GSPN NJTUBLFT � " DPNQSF�
IFOTJWF TUVEZ PO SFBM XPSME DPODVSSFODZ CVH DIBSBDUFSJTUJDT� *O 1SPDFFEJOHT PG UIF
ƫƭUI JOUFSOBUJPOBM DPOGFSFODF PO "SDIJUFDUVSBM TVQQPSU GPS QSPHSBNNJOH MBOHVBHFT
BOE PQFSBUJOH TZTUFNT "41-04 9*** QBHFT ƋƊƑoƋƋƑ�

ƊƉƏ



#JCMJPHSBQIZ

-VDIBOHDP 7� BOE .BSBUIF 7� +� 	ƊƈƉƉ
� 5SBOTBDUJPO $PNNVOJDBUPST� &OBCMJOH $P�
PQFSBUJPO "NPOH$PODVSSFOU 5SBOTBDUJPOT� *O 1SPDFFEJOHT PG UIF ƫưUI "$.4ZNQP�
TJVN PO 1SJODJQMFT BOE 1SBDUJDF PG 1BSBMMFM 1SPHSBNNJOH 11P11 �ƉƉ QBHFT ƉƎƑoƉƏƐ�

.FTTBHF 1BTTJOH *OUFSGBDF 'PSVN 	ƉƑƑƌ
� .1*� " .FTTBHF�1BTTJOH *OUFSGBDF 4UBOEBSE�
IUUQT���XXX�NQJ�GPSVN�PSH�EPDT�NQJ�����NQJ����QT�

.FTTBHF 1BTTJOH *OUFSGBDF 'PSVN 	ƊƈƉƍ
� .1*� " .FTTBHF�1BTTJOH *OUFSGBDF 4UBOEBSE
o 7FSTJPO ƭ�ƫ� IUUQT���XXX�NQJ�GPSVN�PSH�EPDT�NQJ�����NQJ���SFQPSU�QEG�

.JMMFS .� 4� 5SJCCMF &� %� BOE 4IBQJSP +� 	Ɗƈƈƍ
� $PODVSSFODZ "NPOH 4USBOHFST� *O
%F /JDPMB 3� BOE 4BOHJPSHJ %� FEJUPST *OUFSOBUJPOBM 4ZNQPTJVN PO 5SVTUXPSUIZ
(MPCBM $PNQVUJOH QBHFT ƉƑƍoƊƊƑ�

.JOI $� $� $IVOH +� ,P[ZSBLJT $� BOE 0MVLPUVO ,� 	ƊƈƈƐ
� 45".1� 4UBOGPSE
5SBOTBDUJPOBM "QQMJDBUJPOT GPS .VMUJ�1SPDFTTJOH� *O ƬƪƪƲ *&&& *OUFSOBUJPOBM 4ZN�
QPTJVN PO 8PSLMPBE $IBSBDUFSJ[BUJPO QBHFT ƋƍoƌƎ�

.PPSF (� &� 	ƉƑƑƐ
� $SBNNJOH .PSF $PNQPOFOUT 0OUP *OUFHSBUFE $JSDVJUT� 1SP�
DFFEJOHT PG UIF *&&& ƐƎ	Ɖ
�ƐƊoƐƍ�

.PPSF ,� '� BOE (SPTTNBO %� 	ƊƈƈƐ
� )JHI�MFWFM 4NBMM�TUFQ 0QFSBUJPOBM 4FNBO�
UJDT GPS 5SBOTBDUJPOT� *O 1SPDFFEJOHT PG UIF ƭƯUI "OOVBM "$. 4*(1-"/�4*("$5
4ZNQPTJVN PO 1SJODJQMFT PG 1SPHSBNNJOH -BOHVBHFT 101- �ƈƐ QBHFT ƍƉoƎƊ�

.PSBOEJ #� /BO[ 4� BOE .FZFS #� 	ƊƈƉƌ
� 4BGF BOE &ďDJFOU %BUB 4IBSJOH GPS
.FTTBHF�1BTTJOH $PODVSSFODZ� *O 1SPDFFEJOHT PG UIF ƫưUI *OUFSOBUJPOBM $POGFSFODF
PO $PPSEJOBUJPO .PEFMT BOE -BOHVBHFT $003%*/"5*0/�Ɖƌ QBHFT ƑƑoƉƉƌ�

.PSBWBO .� +� #PCCB +� .PPSF ,� &� :FO -� )JMM .� %� -JCMJU #� 4XJę .� .�
BOE 8PPE %� "� 	ƊƈƈƎ
� 4VQQPSUJOH /FTUFE 5SBOTBDUJPOBM .FNPSZ JO -PH5.� *O
1SPDFFEJOHT PG UIF ƫƬUI *OUFSOBUJPOBM $POGFSFODF PO "SDIJUFDUVSBM 4VQQPSU GPS 1SP�
HSBNNJOH -BOHVBHFT BOE 0QFSBUJOH 4ZTUFNT "41-04 9** QBHFT ƋƍƑoƋƏƈ�

.PTT +� &� #� 	ƉƑƐƉ
� /FTUFE 5SBOTBDUJPOT� "O "QQSPBDI UP 3FMJBCMF %JTUSJCVUFE $PN�
QVUJOH� 1I% UIFTJT .BTTBDIVTFUUT *OTUJUVUF PG 5FDIOPMPHZ�

.PTT +� &� #� BOE )PTLJOH "� -� 	ƊƈƈƎ
� /FTUFE USBOTBDUJPOBM NFNPSZ� .PEFM BOE
BSDIJUFDUVSF TLFUDIFT� 4DJFODF PG $PNQVUFS 1SPHSBNNJOH ƎƋ	Ɗ
�ƉƐƎoƊƈƉ�

/BTI .� BOE 8BMESPO 8� 	ƊƈƉƎ
� "QQMJFE "LLB 1BUUFSOT� " )BOET�0O (VJEF UP
%FTJHOJOH %JTUSJCVUFE "QQMJDBUJPOT� 0�3FJMMZ .FEJB *OD� ƉTU FEJUJPO�

ƊƉƐ

https://www.mpi-forum.org/docs/mpi-1.0/mpi-10.ps
https://www.mpi-forum.org/docs/mpi-3.1/mpi31-report.pdf


/BWBCJ "� BOE +BHBOOBUIBO 4� 	ƊƈƈƑ
� &YDFQUJPOBMMZ 4BGF 'VUVSFT� *O 1SPDFFEJOHT PG
UIF ƫƫUI *OUFSOBUJPOBM $POGFSFODF PO $PPSEJOBUJPO .PEFMT BOE -BOHVBHFT $003�
%*/"5*0/�ƈƑ QBHFT ƌƏoƎƍ�

/J :� .FOPO 7� 4� "EM�5BCBUBCBJ "��3� )PTLJOH "� -� )VETPO 3� -� .PTT +�
&� #� 4BIB #� BOE 4IQFJTNBO 5� 	ƊƈƈƏ
� 0QFO /FTUJOH JO 4PęXBSF 5SBOTBDUJPOBM
.FNPSZ� *O 1SPDFFEJOHT PG UIF ƫƬUI "$. 4*(1-"/ 4ZNQPTJVN PO 1SJODJQMFT BOE
1SBDUJDF PG 1BSBMMFM 1SPHSBNNJOH 11P11 �ƈƏ QBHFT ƎƐoƏƐ�

1FSGVNP $� 4ÚONF[ /� 4UJQJD 4� 6OTBM 0� $SJTUBM "� )BSSJT 5� BOE 7BMFSP .�
	ƊƈƈƐ
� ćF -JNJUT PG 4PęXBSF 5SBOTBDUJPOBM .FNPSZ 	45.
� %JTTFDUJOH )BTLFMM
45. "QQMJDBUJPOT PO B .BOZ�DPSF &OWJSPONFOU� *O 1SPDFFEJOHT PG UIF ƯUI $POGFS�
FODF PO $PNQVUJOH 'SPOUJFST $' �ƈƐ QBHFT ƎƏoƏƐ�

3BNBEBO )� &� BOE 8JUDIFM &� 	ƊƈƈƑ
� ćF 9GPSL JO UIF 3PBE UP $PPSEJOBUFE 4JCMJOH
5SBOTBDUJPOT� *O 1SPDFFEJOHT PG UIF ƮUI "$. 4*(1-"/8PSLTIPQ PO 5SBOTBDUJPOBM
$PNQVUJOH 53"/4"$5 �ƈƑ�

3BOEBMM ,� )� 	ƉƑƑƐ
� $JML� &ďDJFOU NVMUJUISFBEFE DPNQVUJOH� 1I% UIFTJT .BT�
TBDIVTFUUT *OTUJUVUF PG 5FDIOPMPHZ�

3FQQZ +� 3VTTP $� 7� BOE 9JBP :� 	ƊƈƈƑ
� 1BSBMMFM $PODVSSFOU .-� *O 1SPDFFEJOHT
PG UIF ƫƮUI "$. 4*(1-"/ *OUFSOBUJPOBM $POGFSFODF PO 'VODUJPOBM 1SPHSBNNJOH
*$'1 �ƈƑ QBHFT ƊƍƏoƊƎƐ�

3FQQZ +� )� 	ƉƑƑƉ
� $.-� " )JHIFS $PODVSSFOU -BOHVBHF� *O 1SPDFFEJOHT PG UIF "$.
4*(1-"/ ƫƳƳƫ $POGFSFODF PO 1SPHSBNNJOH -BOHVBHF %FTJHO BOE *NQMFNFOUBUJPO
1-%* �ƑƉ QBHFT ƊƑƋoƋƈƍ�

4IBWJU /� BOE 5PVJUPV %� 	ƉƑƑƏ
� 4PęXBSF USBOTBDUJPOBM NFNPSZ� %JTUSJCVUFE $PN�
QVUJOH Ɖƈ	Ɗ
�ƑƑoƉƉƎ�

4NBSBHEBLJT :� ,BZ "� #FISFOET 3� BOE :PVOH .� 	ƊƈƈƏ
� 5SBOTBDUJPOT XJUI *TP�
MBUJPO BOE $PPQFSBUJPO� *O 1SPDFFEJOHT PG UIF ƬƬOE "OOVBM "$. 4*(1-"/ $POGFS�
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A Multi-Paradigm Concurrent Programming Model
Janwillem Swalens

Since the introduction of multi-core processors, programmers must explicitly use concurren-
cy to make their programs faster. This is notoriously difficult. Hence, programming languages 
provide concurrency models: techniques that introduce parallelism in a controlled manner, 
providing guarantees that prevent common errors such as race conditions and deadlocks.

We observe that existing programs often combine multiple concurrency models. We study 
these combinations and show that they can annihilate the guarantees of the separate 
models. Hence, the assumptions of developers are invalidated and errors can resurface.

In this dissertation, we start from three radically different concurrency models: futures, trans-
actions, and actors. We systematically study their combinations and the problems a naive 
combination causes. Next, we define a semantics for the combination that maintains the 
guarantees of all models wherever possible. This leads to the definition of transactional 
futures and transactional actors.

Finally, we combine the three models into one unified language: 
Chocola (for “Composable Concurrency Language”), implemen-
ted as an extension of Clojure, formalized in an operational 
semantics, and evaluated using three applications. Using Choco-
la, programmers can thus freely and safely pick and mix several 
concurrency models in a single application.
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