
LVars:
Lattice-based Data Structures
for Deterministic Parallelism

Lindsey Kuper
Indiana University

RICON West, San Francisco, CA, USA
October 29, 2013





grad student

grad student

grad student



grad student

person with

real job grad student

grad student

person with

real job

person with

real job person with

real job

person with

real job



LVars:
Lattice-based Data Structures
for Deterministic Parallelism

Lindsey Kuper
Indiana University

RICON West, San Francisco, CA, USA
October 29, 2013





CAP



CAP

x = 3

x = 3

x = 3

x = 3

x = 3

x = 3

x = 3



CAP

x = 3

x = 3

x = 3

x = 3

x = 3

x = 3

x = 3

put(x, 4)

put(x, 0)

put(x, 5)

put(x, 5)

put(x, 4)

put(x, 6)
put(x, 7)



CAP

x = 3

x = 3

x = 3

x = 3

x = 3

x = 3

x = 3

put(x, 4)

put(x, 0)

put(x, 5)

put(x, 5)

put(x, 4)

put(x, 6)
put(x, 7)



CAP
Eventual consistency.

x = 3

x = 3

x = 3

x = 3

x = 3

x = 3

x = 3

put(x, 4)

put(x, 0)

put(x, 5)

put(x, 5)

put(x, 4)

put(x, 6)
put(x, 7)



!"#$%&'()%$*&#+,(-./01"()2$.1$314(54"62$174(89&:4(
!"#$%&&%'(%)*+,"*-'(%+".'/*$012#+-'3*,*+'4*5&*+"-'!#+*6*2,7*+'8*9#:*&*0"-''
;6"+*$7'<*9$75*+-';:%='>":?7"+-'@A*5"+*07*+'@"6*$#B2*5*+"*+-'>%0%2'C1$$7*::''

*+,'D%2+%2'C1E%:$'
;5*.1+F?15'

'

!"#$%!&$'
!"#$%&$#$'() %')*%++$,") +-%#") $+) ./") .0) '1") &$22"+') -1%##"/2"+)3")
0%-")%')4*%5./6-.*7)./").0)'1")#%82"+')"9-.**"8-").:"8%'$./+)$/)
'1") 3.8#;<) ","/) '1") +#$21'"+') .='%2") 1%+) +$2/$0$-%/') 0$/%/-$%#)
-./+">="/-"+) %/;) $*:%-'+) -=+'.*"8) '8=+'6) ?1") 4*%5./6-.*)
:#%'0.8*7)31$-1):8.,$;"+)+"8,$-"+)0.8)*%/()3"&)+$'"+)3.8#;3$;"7)
$+)$*:#"*"/'";)./)'.:).0)%/)$/08%+'8=-'=8").0)'"/+).0)'1.=+%/;+).0)
+"8,"8+) %/;) /"'3.8@) -.*:./"/'+) #.-%'";) $/) *%/() ;%'%-"/'"8+)
%8.=/;) '1")3.8#;6)4') '1$+) +-%#"7) +*%##)%/;) #%82")-.*:./"/'+) 0%$#)
-./'$/=.=+#()%/;) '1")3%():"8+$+'"/')+'%'") $+)*%/%2";) $/) '1") 0%-")
.0) '1"+") 0%$#=8"+) ;8$,"+) '1") 8"#$%&$#$'() %/;) +-%#%&$#$'() .0) '1")
+.0'3%8")+(+'"*+6))

?1$+):%:"8):8"+"/'+)'1");"+$2/)%/;)$*:#"*"/'%'$./).0)A(/%*.7)%)
1$21#()%,%$#%&#")@"(9,%#=")+'.8%2")+(+'"*)'1%')+.*").0)4*%5./B+)
-.8") +"8,$-"+) =+") '.) :8.,$;") %/) C%#3%(+9./D) "E:"8$"/-"6) ) ?.)
%-1$",") '1$+) #","#) .0) %,%$#%&$#$'(7)A(/%*.) +%-8$0$-"+) -./+$+'"/-()
=/;"8) -"8'%$/) 0%$#=8") +-"/%8$.+6) F')*%@"+) "E'"/+$,") =+") .0) .&G"-')
,"8+$./$/2)%/;)%::#$-%'$./9%++$+'";)-./0#$-')8"+.#='$./)$/)%)*%//"8)
'1%'):8.,$;"+)%)/.,"#)$/'"80%-")0.8);","#.:"8+)'.)=+"6)

&()*+,-.*/'(01'#234*5)'6*/5-.7),-/)
A6H6I)J87*-().0+'#9/)*:/KL)M'.8%2")N%/%2"*"/'<)A6H6O)
J87*-().0+'#9/)*:/KL)!"#$%&$#$'(<)A6H6I)J87*-().0+'#9/)*:/KL)
P"80.8*%/-"<!

;*0*-(<'$*-:/)
4#2.8$'1*+7)N%/%2"*"/'7)N"%+=8"*"/'7)P"80.8*%/-"7)A"+$2/7)
!"#$%&$#$'(6)

=>( ?@$%86A&$?8@''
4*%5./)8=/+)%)3.8#;93$;")"9-.**"8-"):#%'0.8*)'1%')+"8,"+)'"/+)
.0) *$##$./+) -=+'.*"8+) %') :"%@) '$*"+) =+$/2) '"/+) .0) '1.=+%/;+) .0)
+"8,"8+)#.-%'";)$/)*%/();%'%)-"/'"8+)%8.=/;)'1")3.8#;6)?1"8")%8")
+'8$-').:"8%'$./%#)8">=$8"*"/'+)./)4*%5./B+):#%'0.8*)$/)'"8*+).0)
:"80.8*%/-"7)8"#$%&$#$'()%/;)"00$-$"/-(7)%/;)'.)+=::.8')-./'$/=.=+)
28.3'1)'1"):#%'0.8*)/"";+)'.)&")1$21#()+-%#%&#"6)!"#$%&$#$'()$+)./")
.0) '1") *.+') $*:.8'%/') 8">=$8"*"/'+) &"-%=+") ","/) '1") +#$21'"+')
.='%2") 1%+) +$2/$0$-%/') 0$/%/-$%#) -./+">="/-"+) %/;) $*:%-'+)
-=+'.*"8) '8=+'6) F/) %;;$'$./7) '.) +=::.8') -./'$/=.=+) 28.3'17) '1")
:#%'0.8*)/"";+)'.)&")1$21#()+-%#%&#"6)

Q/") .0) '1") #"++./+) .=8) .82%/$5%'$./) 1%+) #"%8/";) 08.*) .:"8%'$/2)
4*%5./B+) :#%'0.8*) $+) '1%') '1") 8"#$%&$#$'() %/;) +-%#%&$#$'() .0) %)
+(+'"*) $+) ;":"/;"/') ./) 1.3) $'+) %::#$-%'$./) +'%'") $+) *%/%2";6)
4*%5./) =+"+) %) 1$21#() ;"-"/'8%#$5";7) #..+"#() -.=:#";7) +"8,$-")
.8$"/'";) %8-1$'"-'=8") -./+$+'$/2) .0) 1=/;8";+) .0) +"8,$-"+6) F/) '1$+)
"/,$8./*"/') '1"8") $+) %) :%8'$-=#%8) /"";) 0.8) +'.8%2") '"-1/.#.2$"+)
'1%')%8")%#3%(+)%,%$#%&#"6)R.8)"E%*:#"7)-=+'.*"8+)+1.=#;)&")%&#")
'.) ,$"3) %/;) %;;) $'"*+) '.) '1"$8) +1.::$/2) -%8') ","/) $0) ;$+@+) %8")
0%$#$/27) /"'3.8@) 8.='"+) %8") 0#%::$/27) .8) ;%'%) -"/'"8+) %8") &"$/2)
;"+'8.(";) &() '.8/%;.+6) ?1"8"0.8"7) '1") +"8,$-") 8"+:./+$&#") 0.8)
*%/%2$/2)+1.::$/2)-%8'+)8">=$8"+) '1%') $')-%/)%#3%(+)38$'") '.)%/;)
8"%;) 08.*) $'+) ;%'%) +'.8"7) %/;) '1%') $'+) ;%'%) /"";+) '.) &") %,%$#%&#")
%-8.++)*=#'$:#");%'%)-"/'"8+6))

A"%#$/2)3$'1)0%$#=8"+)$/)%/)$/08%+'8=-'=8")-.*:8$+";).0)*$##$./+).0)
-.*:./"/'+)$+).=8)+'%/;%8;)*.;").0).:"8%'$./<)'1"8")%8")%#3%(+)%)
+*%##) &=') +$2/$0$-%/') /=*&"8) .0) +"8,"8) %/;) /"'3.8@) -.*:./"/'+)
'1%') %8") 0%$#$/2) %') %/() 2$,"/) '$*"6) 4+) +=-1) 4*%5./B+) +.0'3%8")
+(+'"*+) /"";) '.) &") -./+'8=-'";) $/) %) *%//"8) '1%') '8"%'+) 0%$#=8")
1%/;#$/2) %+) '1") /.8*%#) -%+") 3$'1.=') $*:%-'$/2) %,%$#%&$#$'() .8)
:"80.8*%/-"6)

?.)*""')'1")8"#$%&$#$'()%/;)+-%#$/2)/"";+7)4*%5./)1%+);","#.:";)
%) /=*&"8) .0) +'.8%2") '"-1/.#.2$"+7) .0)31$-1) '1")4*%5./)M$*:#")
M'.8%2")M"8,$-")S%#+.)%,%$#%&#").='+$;").0)4*%5./)%/;)@/.3/)%+)
4*%5./)MTU7)$+):8.&%&#()'1")&"+')@/.3/6)?1$+):%:"8):8"+"/'+)'1")
;"+$2/) %/;) $*:#"*"/'%'$./).0)A(/%*.7) %/.'1"8)1$21#() %,%$#%&#")
%/;) +-%#%&#") ;$+'8$&='";) ;%'%) +'.8") &=$#') 0.8) 4*%5./B+) :#%'0.8*6)
A(/%*.) $+) =+";) '.)*%/%2") '1") +'%'") .0) +"8,$-"+) '1%') 1%,") ,"8()
1$21) 8"#$%&$#$'() 8">=$8"*"/'+) %/;) /"";) '$21') -./'8.#) .,"8) '1")
'8%;".00+)&"'3""/)%,%$#%&$#$'(7)-./+$+'"/-(7)-.+'9"00"-'$,"/"++)%/;)
:"80.8*%/-"6) 4*%5./B+) :#%'0.8*) 1%+) %) ,"8() ;$,"8+") +"') .0)
%::#$-%'$./+) 3$'1) ;$00"8"/') +'.8%2") 8">=$8"*"/'+6) 4) +"#"-') +"') .0)
%::#$-%'$./+)8">=$8"+)%)+'.8%2")'"-1/.#.2()'1%')$+)0#"E$&#")"/.=21)
'.)#"')%::#$-%'$./);"+$2/"8+)-./0$2=8")'1"$8);%'%)+'.8")%::8.:8$%'"#()
&%+";) ./) '1"+") '8%;".00+) '.) %-1$",") 1$21) %,%$#%&$#$'() %/;)
2=%8%/'"";):"80.8*%/-")$/)'1")*.+')-.+')"00"-'$,")*%//"86)

?1"8") %8") *%/() +"8,$-"+) ./) 4*%5./B+) :#%'0.8*) '1%') ./#() /"";)
:8$*%8(9@"() %--"++) '.) %) ;%'%) +'.8"6) R.8) *%/() +"8,$-"+7) +=-1) %+)
'1.+") '1%') :8.,$;") &"+') +"##"8) #$+'+7) +1.::$/2) -%8'+7) -=+'.*"8)
:8"0"8"/-"+7)+"++$./)*%/%2"*"/'7)+%#"+)8%/@7)%/;):8.;=-')-%'%#.27)
'1")-.**./):%''"8/).0)=+$/2)%) 8"#%'$./%#);%'%&%+")3.=#;) #"%;) '.)
$/"00$-$"/-$"+)%/;)#$*$')+-%#")%/;)%,%$#%&$#$'(6)A(/%*.):8.,$;"+)%)
+$*:#") :8$*%8(9@"() ./#() $/'"80%-") '.) *""') '1") 8">=$8"*"/'+) .0)
'1"+")%::#$-%'$./+6))

A(/%*.) =+"+) %) +(/'1"+$+) .0) 3"##) @/.3/) '"-1/$>="+) '.) %-1$",")
+-%#%&$#$'() %/;) %,%$#%&$#$'(L) A%'%) $+) :%8'$'$./";) %/;) 8":#$-%'";)
=+$/2) -./+$+'"/') 1%+1$/2) JVWK7) %/;) -./+$+'"/-() $+) 0%-$#$'%'";) &()
.&G"-') ,"8+$./$/2) JVIK6) ?1") -./+$+'"/-() %*./2) 8":#$-%+) ;=8$/2)
=:;%'"+) $+) *%$/'%$/";) &() %) >=.8=*9#$@") '"-1/$>=") %/;) %)
;"-"/'8%#$5";) 8":#$-%) +(/-18./$5%'$./):8.'.-.#6)A(/%*.)"*:#.(+)

)

)
P"8*$++$./)'.)*%@");$2$'%#).8)1%8;)-.:$"+).0)%##).8):%8').0)'1$+)3.8@)0.8)
:"8+./%#).8)-#%++8..*)=+")$+)28%/'";)3$'1.=')0""):8.,$;";)'1%')-.:$"+)%8")
/.') *%;") .8) ;$+'8$&='";) 0.8) :8.0$') .8) -.**"8-$%#) %;,%/'%2") %/;) '1%')
-.:$"+) &"%8) '1$+) /.'$-") %/;) '1") 0=##) -$'%'$./) ./) '1") 0$8+') :%2"6)?.) -.:()
.'1"83$+"7) .8) 8":=&#$+17) '.) :.+') ./) +"8,"8+) .8) '.) 8";$+'8$&='") '.) #$+'+7)
8">=$8"+):8$.8)+:"-$0$-):"8*$++$./)%/;X.8)%)0""6)
"#"$%&'()Q-'.&"8)VHYVZ7)IWWZ7)M'","/+./7)[%+1$/2'./7)\M46)
].:(8$21')IWWZ)4]N)^Z_9V9O^O^T9O^V9OXWZXWWVW666`O6WW6)

195205

Eventual consistency.



!"#$%&'()%$*&#+,(-./01"()2$.1$314(54"62$174(89&:4(
!"#$%&&%'(%)*+,"*-'(%+".'/*$012#+-'3*,*+'4*5&*+"-'!#+*6*2,7*+'8*9#:*&*0"-''
;6"+*$7'<*9$75*+-';:%='>":?7"+-'@A*5"+*07*+'@"6*$#B2*5*+"*+-'>%0%2'C1$$7*::''

*+,'D%2+%2'C1E%:$'
;5*.1+F?15'

'

!"#$%!&$'
!"#$%&$#$'() %')*%++$,") +-%#") $+) ./") .0) '1") &$22"+') -1%##"/2"+)3")
0%-")%')4*%5./6-.*7)./").0)'1")#%82"+')"9-.**"8-").:"8%'$./+)$/)
'1") 3.8#;<) ","/) '1") +#$21'"+') .='%2") 1%+) +$2/$0$-%/') 0$/%/-$%#)
-./+">="/-"+) %/;) $*:%-'+) -=+'.*"8) '8=+'6) ?1") 4*%5./6-.*)
:#%'0.8*7)31$-1):8.,$;"+)+"8,$-"+)0.8)*%/()3"&)+$'"+)3.8#;3$;"7)
$+)$*:#"*"/'";)./)'.:).0)%/)$/08%+'8=-'=8").0)'"/+).0)'1.=+%/;+).0)
+"8,"8+) %/;) /"'3.8@) -.*:./"/'+) #.-%'";) $/) *%/() ;%'%-"/'"8+)
%8.=/;) '1")3.8#;6)4') '1$+) +-%#"7) +*%##)%/;) #%82")-.*:./"/'+) 0%$#)
-./'$/=.=+#()%/;) '1")3%():"8+$+'"/')+'%'") $+)*%/%2";) $/) '1") 0%-")
.0) '1"+") 0%$#=8"+) ;8$,"+) '1") 8"#$%&$#$'() %/;) +-%#%&$#$'() .0) '1")
+.0'3%8")+(+'"*+6))

?1$+):%:"8):8"+"/'+)'1");"+$2/)%/;)$*:#"*"/'%'$./).0)A(/%*.7)%)
1$21#()%,%$#%&#")@"(9,%#=")+'.8%2")+(+'"*)'1%')+.*").0)4*%5./B+)
-.8") +"8,$-"+) =+") '.) :8.,$;") %/) C%#3%(+9./D) "E:"8$"/-"6) ) ?.)
%-1$",") '1$+) #","#) .0) %,%$#%&$#$'(7)A(/%*.) +%-8$0$-"+) -./+$+'"/-()
=/;"8) -"8'%$/) 0%$#=8") +-"/%8$.+6) F')*%@"+) "E'"/+$,") =+") .0) .&G"-')
,"8+$./$/2)%/;)%::#$-%'$./9%++$+'";)-./0#$-')8"+.#='$./)$/)%)*%//"8)
'1%'):8.,$;"+)%)/.,"#)$/'"80%-")0.8);","#.:"8+)'.)=+"6)

&()*+,-.*/'(01'#234*5)'6*/5-.7),-/)
A6H6I)J87*-().0+'#9/)*:/KL)M'.8%2")N%/%2"*"/'<)A6H6O)
J87*-().0+'#9/)*:/KL)!"#$%&$#$'(<)A6H6I)J87*-().0+'#9/)*:/KL)
P"80.8*%/-"<!

;*0*-(<'$*-:/)
4#2.8$'1*+7)N%/%2"*"/'7)N"%+=8"*"/'7)P"80.8*%/-"7)A"+$2/7)
!"#$%&$#$'(6)

=>( ?@$%86A&$?8@''
4*%5./)8=/+)%)3.8#;93$;")"9-.**"8-"):#%'0.8*)'1%')+"8,"+)'"/+)
.0) *$##$./+) -=+'.*"8+) %') :"%@) '$*"+) =+$/2) '"/+) .0) '1.=+%/;+) .0)
+"8,"8+)#.-%'";)$/)*%/();%'%)-"/'"8+)%8.=/;)'1")3.8#;6)?1"8")%8")
+'8$-').:"8%'$./%#)8">=$8"*"/'+)./)4*%5./B+):#%'0.8*)$/)'"8*+).0)
:"80.8*%/-"7)8"#$%&$#$'()%/;)"00$-$"/-(7)%/;)'.)+=::.8')-./'$/=.=+)
28.3'1)'1"):#%'0.8*)/"";+)'.)&")1$21#()+-%#%&#"6)!"#$%&$#$'()$+)./")
.0) '1") *.+') $*:.8'%/') 8">=$8"*"/'+) &"-%=+") ","/) '1") +#$21'"+')
.='%2") 1%+) +$2/$0$-%/') 0$/%/-$%#) -./+">="/-"+) %/;) $*:%-'+)
-=+'.*"8) '8=+'6) F/) %;;$'$./7) '.) +=::.8') -./'$/=.=+) 28.3'17) '1")
:#%'0.8*)/"";+)'.)&")1$21#()+-%#%&#"6)

Q/") .0) '1") #"++./+) .=8) .82%/$5%'$./) 1%+) #"%8/";) 08.*) .:"8%'$/2)
4*%5./B+) :#%'0.8*) $+) '1%') '1") 8"#$%&$#$'() %/;) +-%#%&$#$'() .0) %)
+(+'"*) $+) ;":"/;"/') ./) 1.3) $'+) %::#$-%'$./) +'%'") $+) *%/%2";6)
4*%5./) =+"+) %) 1$21#() ;"-"/'8%#$5";7) #..+"#() -.=:#";7) +"8,$-")
.8$"/'";) %8-1$'"-'=8") -./+$+'$/2) .0) 1=/;8";+) .0) +"8,$-"+6) F/) '1$+)
"/,$8./*"/') '1"8") $+) %) :%8'$-=#%8) /"";) 0.8) +'.8%2") '"-1/.#.2$"+)
'1%')%8")%#3%(+)%,%$#%&#"6)R.8)"E%*:#"7)-=+'.*"8+)+1.=#;)&")%&#")
'.) ,$"3) %/;) %;;) $'"*+) '.) '1"$8) +1.::$/2) -%8') ","/) $0) ;$+@+) %8")
0%$#$/27) /"'3.8@) 8.='"+) %8") 0#%::$/27) .8) ;%'%) -"/'"8+) %8") &"$/2)
;"+'8.(";) &() '.8/%;.+6) ?1"8"0.8"7) '1") +"8,$-") 8"+:./+$&#") 0.8)
*%/%2$/2)+1.::$/2)-%8'+)8">=$8"+) '1%') $')-%/)%#3%(+)38$'") '.)%/;)
8"%;) 08.*) $'+) ;%'%) +'.8"7) %/;) '1%') $'+) ;%'%) /"";+) '.) &") %,%$#%&#")
%-8.++)*=#'$:#");%'%)-"/'"8+6))

A"%#$/2)3$'1)0%$#=8"+)$/)%/)$/08%+'8=-'=8")-.*:8$+";).0)*$##$./+).0)
-.*:./"/'+)$+).=8)+'%/;%8;)*.;").0).:"8%'$./<)'1"8")%8")%#3%(+)%)
+*%##) &=') +$2/$0$-%/') /=*&"8) .0) +"8,"8) %/;) /"'3.8@) -.*:./"/'+)
'1%') %8") 0%$#$/2) %') %/() 2$,"/) '$*"6) 4+) +=-1) 4*%5./B+) +.0'3%8")
+(+'"*+) /"";) '.) &") -./+'8=-'";) $/) %) *%//"8) '1%') '8"%'+) 0%$#=8")
1%/;#$/2) %+) '1") /.8*%#) -%+") 3$'1.=') $*:%-'$/2) %,%$#%&$#$'() .8)
:"80.8*%/-"6)

?.)*""')'1")8"#$%&$#$'()%/;)+-%#$/2)/"";+7)4*%5./)1%+);","#.:";)
%) /=*&"8) .0) +'.8%2") '"-1/.#.2$"+7) .0)31$-1) '1")4*%5./)M$*:#")
M'.8%2")M"8,$-")S%#+.)%,%$#%&#").='+$;").0)4*%5./)%/;)@/.3/)%+)
4*%5./)MTU7)$+):8.&%&#()'1")&"+')@/.3/6)?1$+):%:"8):8"+"/'+)'1")
;"+$2/) %/;) $*:#"*"/'%'$./).0)A(/%*.7) %/.'1"8)1$21#() %,%$#%&#")
%/;) +-%#%&#") ;$+'8$&='";) ;%'%) +'.8") &=$#') 0.8) 4*%5./B+) :#%'0.8*6)
A(/%*.) $+) =+";) '.)*%/%2") '1") +'%'") .0) +"8,$-"+) '1%') 1%,") ,"8()
1$21) 8"#$%&$#$'() 8">=$8"*"/'+) %/;) /"";) '$21') -./'8.#) .,"8) '1")
'8%;".00+)&"'3""/)%,%$#%&$#$'(7)-./+$+'"/-(7)-.+'9"00"-'$,"/"++)%/;)
:"80.8*%/-"6) 4*%5./B+) :#%'0.8*) 1%+) %) ,"8() ;$,"8+") +"') .0)
%::#$-%'$./+) 3$'1) ;$00"8"/') +'.8%2") 8">=$8"*"/'+6) 4) +"#"-') +"') .0)
%::#$-%'$./+)8">=$8"+)%)+'.8%2")'"-1/.#.2()'1%')$+)0#"E$&#")"/.=21)
'.)#"')%::#$-%'$./);"+$2/"8+)-./0$2=8")'1"$8);%'%)+'.8")%::8.:8$%'"#()
&%+";) ./) '1"+") '8%;".00+) '.) %-1$",") 1$21) %,%$#%&$#$'() %/;)
2=%8%/'"";):"80.8*%/-")$/)'1")*.+')-.+')"00"-'$,")*%//"86)

?1"8") %8") *%/() +"8,$-"+) ./) 4*%5./B+) :#%'0.8*) '1%') ./#() /"";)
:8$*%8(9@"() %--"++) '.) %) ;%'%) +'.8"6) R.8) *%/() +"8,$-"+7) +=-1) %+)
'1.+") '1%') :8.,$;") &"+') +"##"8) #$+'+7) +1.::$/2) -%8'+7) -=+'.*"8)
:8"0"8"/-"+7)+"++$./)*%/%2"*"/'7)+%#"+)8%/@7)%/;):8.;=-')-%'%#.27)
'1")-.**./):%''"8/).0)=+$/2)%) 8"#%'$./%#);%'%&%+")3.=#;) #"%;) '.)
$/"00$-$"/-$"+)%/;)#$*$')+-%#")%/;)%,%$#%&$#$'(6)A(/%*.):8.,$;"+)%)
+$*:#") :8$*%8(9@"() ./#() $/'"80%-") '.) *""') '1") 8">=$8"*"/'+) .0)
'1"+")%::#$-%'$./+6))

A(/%*.) =+"+) %) +(/'1"+$+) .0) 3"##) @/.3/) '"-1/$>="+) '.) %-1$",")
+-%#%&$#$'() %/;) %,%$#%&$#$'(L) A%'%) $+) :%8'$'$./";) %/;) 8":#$-%'";)
=+$/2) -./+$+'"/') 1%+1$/2) JVWK7) %/;) -./+$+'"/-() $+) 0%-$#$'%'";) &()
.&G"-') ,"8+$./$/2) JVIK6) ?1") -./+$+'"/-() %*./2) 8":#$-%+) ;=8$/2)
=:;%'"+) $+) *%$/'%$/";) &() %) >=.8=*9#$@") '"-1/$>=") %/;) %)
;"-"/'8%#$5";) 8":#$-%) +(/-18./$5%'$./):8.'.-.#6)A(/%*.)"*:#.(+)

)

)
P"8*$++$./)'.)*%@");$2$'%#).8)1%8;)-.:$"+).0)%##).8):%8').0)'1$+)3.8@)0.8)
:"8+./%#).8)-#%++8..*)=+")$+)28%/'";)3$'1.=')0""):8.,$;";)'1%')-.:$"+)%8")
/.') *%;") .8) ;$+'8$&='";) 0.8) :8.0$') .8) -.**"8-$%#) %;,%/'%2") %/;) '1%')
-.:$"+) &"%8) '1$+) /.'$-") %/;) '1") 0=##) -$'%'$./) ./) '1") 0$8+') :%2"6)?.) -.:()
.'1"83$+"7) .8) 8":=&#$+17) '.) :.+') ./) +"8,"8+) .8) '.) 8";$+'8$&='") '.) #$+'+7)
8">=$8"+):8$.8)+:"-$0$-):"8*$++$./)%/;X.8)%)0""6)
"#"$%&'()Q-'.&"8)VHYVZ7)IWWZ7)M'","/+./7)[%+1$/2'./7)\M46)
].:(8$21')IWWZ)4]N)^Z_9V9O^O^T9O^V9OXWZXWWVW666`O6WW6)

195205

!"#$ %#&'$ (#)*+%$ ,"-*,#$ *)$!"#$ .#/0-/1)$ '"#$ ./-,#))$ -0$ ,-%02*,'$
/#)-23'*-%4$!"*)$,5%$6#$(-%#$67$'"#$(5'5$)'-/#$-/$'"#$5..2*,5'*-%4$80$
,-%02*,'$/#)-23'*-%$*)$(-%#$67$'"#$(5'5$)'-/#9$*')$,"-*,#)$5/#$/5'"#/$
2*1*'#(4$8%$)3,"$,5)#)9$'"#$(5'5$)'-/#$,5%$-%27$3)#$)*1.2#$.-2*,*#)9$
)3,"$5)$:25)'$;/*'#$;*%)<$=>>?9$'-$/#)-2@#$,-%02*,'*%+$3.(5'#)4$A%$
'"#$-'"#/$"5%(9$)*%,#$'"#$5..2*,5'*-%$*)$5;5/#$-0$'"#$(5'5$),"#15$*'$
,5%$(#,*(#$-%$'"#$,-%02*,'$/#)-23'*-%$1#'"-($'"5'$*)$6#)'$)3*'#($0-/$
*')$,2*#%'B)$#&.#/*#%,#4$C-/$*%)'5%,#9$'"#$5..2*,5'*-%$'"5'$15*%'5*%)$
,3)'-1#/$ )"-..*%+$ ,5/')$ ,5%$ ,"--)#$ '-$ :1#/+#<$ '"#$ ,-%02*,'*%+$
@#/)*-%)$ 5%($ /#'3/%$ 5$ )*%+2#$ 3%*0*#($ )"-..*%+$ ,5/'4$ D#).*'#$ '"*)$
02#&*6*2*'79$ )-1#$ 5..2*,5'*-%$ (#@#2-.#/)$ 157$ %-'$ ;5%'$ '-$ ;/*'#$
'"#*/$ -;%$ ,-%02*,'$ /#)-23'*-%$1#,"5%*)1)$ 5%($ ,"--)#$ '-$ .3)"$ *'$
(-;%$'-$'"#$(5'5$)'-/#9$;"*,"$*%$'3/%$,"--)#)$5$)*1.2#$.-2*,7$)3,"$
5)$:25)'$;/*'#$;*%)<4$$

A'"#/$E#7$./*%,*.2#)$#16/5,#($*%$'"#$(#)*+%$5/#F$

$%&'()(%*+,-.&+,+/0,0*1F$D7%51-$)"-32($6#$562#$ '-$),52#$-3'$-%#$
)'-/5+#$ "-)'$ G"#%,#0-/'"9$ /#0#//#($ '-$ 5)$ :%#2(3H$ 5'$ 5$ '*1#9$ ;*'"$
1*%*152$ *1.5,'$ -%$ 6-'"$ -.#/5'-/)$ -0$ '"#$ )7)'#1$ 5%($ '"#$ )7)'#1$
*')#204$

41))(*'1F$ I@#/7$ %-(#$ *%$D7%51-$ )"-32($ "5@#$ '"#$ )51#$ )#'$ -0$
/#).-%)*6*2*'*#)$5)$*')$.##/)J$'"#/#$)"-32($6#$%-$(*)'*%+3*)"#($%-(#$
-/$%-(#)$'"5'$'5E#$).#,*52$/-2#)$-/$#&'/5$)#'$-0$/#).-%)*6*2*'*#)4$8%$
-3/$ #&.#/*#%,#9$ )711#'/7$ )*1.2*0*#)$ '"#$ ./-,#))$ -0$ )7)'#1$
./-@*)*-%*%+$5%($15*%'#%5%,#4$$

5(&(%*'+,06+*0#%F$ K%$ #&'#%)*-%$ -0$ )711#'/79$ '"#$ (#)*+%$ )"-32($
05@-/$ (#,#%'/52*L#($ .##/M'-M.##/$ '#,"%*N3#)$ -@#/$ ,#%'/52*L#($
,-%'/-24$8%$'"#$.5)'9$,#%'/52*L#($,-%'/-2$"5)$/#)32'#($*%$-3'5+#)$5%($
'"#$+-52$*)$'-$5@-*($*'$5)$13,"$5)$.-))*62#4$!"*)$2#5()$'-$5$)*1.2#/9$
1-/#$),52562#9$5%($1-/#$5@5*2562#$)7)'#14$

7(*('#8(%(0*1F$ !"#$ )7)'#1$ %##()$ '-$ 6#$ 562#$ '-$ #&.2-*'$
"#'#/-+#%#*'7$ *%$ '"#$ *%0/5)'/3,'3/#$ *'$ /3%)$ -%4$ #4+4$ '"#$ ;-/E$
(*)'/*63'*-%$ 13)'$ 6#$ ./-.-/'*-%52$ '-$ '"#$ ,5.56*2*'*#)$ -0$ '"#$
*%(*@*(352$ )#/@#/)4$ !"*)$ *)$ #))#%'*52$ *%$ 5((*%+$ %#;$ %-(#)$ ;*'"$
"*+"#/$,5.5,*'7$;*'"-3'$"5@*%+$'-$3.+/5(#$522$"-)')$5'$-%,#4$

!"! #$%&'$()*+#,)
!"-! .//0)12).//0)3451/65)
!"#/#$5/#$)#@#/52$.##/M'-M.##/$GO>OH$)7)'#1)$'"5'$"5@#$ 2--E#($5'$
'"#$./-62#1$-0$(5'5$)'-/5+#$5%($(*)'/*63'*-%4$!"#$0*/)'$+#%#/5'*-%$
-0$ O>O$ )7)'#1)9$ )3,"$ 5)$ C/##%#'$ 5%($ P%3'#225Q9$ ;#/#$
./#(-1*%5%'27$3)#($5)$0*2#$)"5/*%+$)7)'#1)4$!"#)#$;#/#$#&51.2#)$
-0$ 3%)'/3,'3/#($ O>O$ %#';-/E)$ ;"#/#$ '"#$ -@#/257$ 2*%E)$ 6#';##%$
.##/)$ ;#/#$ #)'562*)"#($ 5/6*'/5/*274$ 8%$ '"#)#$ %#';-/E)9$ 5$ )#5/,"$
N3#/7$ *)$ 3)35227$ 02--(#($ '"/-3+"$ '"#$ %#';-/E$ '-$ 0*%($ 5)$ 15%7$
.##/)$5)$.-))*62#$'"5'$)"5/#$'"#$(5'54$O>O$)7)'#1)$#@-2@#($'-$'"#$
%#&'$ +#%#/5'*-%$ *%'-$ ;"5'$ *)$ ;*(#27$ E%-;%$ 5)$ )'/3,'3/#($ O>O$
%#';-/E)4$!"#)#$%#';-/E)$ #1.2-7$ 5$+2-65227$ ,-%)*)'#%'$ ./-'-,-2$
'-$ #%)3/#$ '"5'$ 5%7$ %-(#$ ,5%$ #00*,*#%'27$ /-3'#$ 5$ )#5/,"$ N3#/7$ '-$
)-1#$.##/$'"5'$"5)$'"#$(#)*/#($(5'54$R7)'#1)$2*E#$O5)'/7$=QS?$5%($
T"-/($=>U?$3)#$/-3'*%+$1#,"5%*)1)$'-$#%)3/#$'"5'$N3#/*#)$,5%$6#$
5%);#/#($ ;*'"*%$ 5$ 6-3%(#($ %316#/$ -0$ "-.)4$ !-$ /#(3,#$ '"#$
5((*'*-%52$ 25'#%,7$ *%'/-(3,#($ 67$ 132'*M"-.$ /-3'*%+9$ )-1#$ O>O$
)7)'#1)$ G#4+49$ =QV?H$ #1.2-7$ AGQH$ /-3'*%+$ ;"#/#$ #5,"$ .##/$
15*%'5*%)$#%-3+"$/-3'*%+$*%0-/15'*-%$2-,5227$)-$'"5'$ *'$,5%$/-3'#$
/#N3#)')$ G'-$ 5,,#))$ 5$ (5'5$ *'#1H$ '-$ '"#$ 5../-./*5'#$ .##/$;*'"*%$ 5$
,-%)'5%'$%316#/$-0$"-.)4$$$

W5/*-3)$ )'-/5+#$)7)'#1)9$ )3,"$5)$A,#5%)'-/#$ =X?$ 5%($OKR!$ =QY?$
;#/#$63*2'$-%$'-.$-0$'"#)#$/-3'*%+$-@#/257)4$A,#5%)'-/#$./-@*(#)$5$
+2-6529$ '/5%)5,'*-%529$ .#/)*)'#%'$ )'-/5+#$ )#/@*,#$ '"5'$ )3..-/')$
)#/*52*L#($ 3.(5'#)$ -%$ ;*(#27$ /#.2*,5'#($ (5'54$ !-$ 522-;$ 0-/$
,-%,3//#%'$3.(5'#)$;"*2#$5@-*(*%+$15%7$-0$'"#$./-62#1)$*%"#/#%'$
;*'"$;*(#M5/#5$2-,E*%+9$*'$3)#)$5%$3.(5'#$1-(#2$65)#($-%$,-%02*,'$
/#)-23'*-%4$ T-%02*,'$ /#)-23'*-%$ ;5)$ *%'/-(3,#($ *%$ =>Q?$ '-$ /#(3,#$
'"#$%316#/$-0$'/5%)5,'*-%$56-/')4$A,#5%)'-/#$/#)-2@#)$,-%02*,')$67$
./-,#))*%+$5$)#/*#)$-0$3.(5'#)9$,"--)*%+$5$'-'52$-/(#/$51-%+$'"#19$
5%($'"#%$5..27*%+$'"#1$5'-1*,5227$*%$'"5'$-/(#/4$8'$*)$63*2'$0-/$5%$
#%@*/-%1#%'$ ;"#/#$ '"#$ (5'5$ *)$ /#.2*,5'#($ -%$ 5%$ 3%'/3)'#($
*%0/5)'/3,'3/#4$ Z7$ ,-1.5/*)-%9$ OKR!$ ./-@*(#)$ 5$ )*1.2#$
56)'/5,'*-%$ 257#/$ -%$ '-.$ -0$ O5)'/7$ 0-/$ .#/)*)'#%'$ 5%($ *113'562#$
-6[#,')4$ 8'$ 5))31#)$ '"5'$ '"#$ 5..2*,5'*-%$ ,5%$ 63*2($ '"#$ %#,#))5/7$
)'-/5+#$)#15%'*,)$G)3,"$5)$13'562#$0*2#)H$-%$'-.$-0$*'4$$

!"7! (851089:1/;)<8=/)3451/65)>?;)(>1>9>5/5)
D*)'/*63'*%+$(5'5$ 0-/$.#/0-/15%,#9$5@5*256*2*'7$5%($(3/56*2*'7$"5)$
6##%$ ;*(#27$ )'3(*#($ *%$ '"#$ 0*2#$ )7)'#1$ 5%($ (5'565)#$ )7)'#1)$
,-113%*'74$T-1.5/#($ '-$O>O$ )'-/5+#$ )7)'#1)$ '"5'$-%27$ )3..-/'$
025'$ %51#).5,#)9$ (*)'/*63'#($ 0*2#$ )7)'#1)$ '7.*,5227$ )3..-/'$
"*#/5/,"*,52$ %51#).5,#)4$R7)'#1)$ 2*E#$C*,3)$ =Q\?$ 5%($T-(5$ =QX?$
/#.2*,5'#$0*2#)$ 0-/$"*+"$5@5*256*2*'7$5'$ '"#$#&.#%)#$-0$,-%)*)'#%,74$
].(5'#$,-%02*,')$5/#$'7.*,5227$15%5+#($3)*%+$).#,*52*L#($,-%02*,'$
/#)-23'*-%$./-,#(3/#)4$!"#$C5/)*'#$)7)'#1$=Q?$ *)$5$(*)'/*63'#($0*2#$
)7)'#1$'"5'$(-#)$%-'$3)#$5%7$,#%'/52*L#($)#/@#/$2*E#$^CR4$C5/)*'#$
5,"*#@#)$ "*+"$ 5@5*256*2*'7$ 5%($ ),5256*2*'7$ 3)*%+$ /#.2*,5'*-%4$ !"#$
P--+2#$C*2#$R7)'#1$=S?$*)$5%-'"#/$(*)'/*63'#($0*2#$)7)'#1$63*2'$0-/$
"-)'*%+$ '"#$ )'5'#$ -0$ P--+2#B)$ *%'#/%52$ 5..2*,5'*-%)4$ PCR$ 3)#)$ 5$
)*1.2#$ (#)*+%$;*'"$ 5$ )*%+2#$15)'#/$ )#/@#/$ 0-/$ "-)'*%+$ '"#$ #%'*/#$
1#'5(5'5$ 5%($ ;"#/#$ '"#$ (5'5$ *)$ ).2*'$ *%'-$ ,"3%E)$ 5%($ )'-/#($ *%$
,"3%E)#/@#/)4$ Z57-3$ *)$ 5$ (*)'/*63'#($ /#25'*-%52$ (5'565)#$ )7)'#1$
'"5'$ 522-;)$ (*),-%%#,'#($ -.#/5'*-%)$ 5%($ ./-@*(#)$ #@#%'352$ (5'5$
,-%)*)'#%,7$=>Q?4$$

K1-%+$'"#)#$)7)'#1)9$Z57-39$T-(5$5%($C*,3)$522-;$(*),-%%#,'#($
-.#/5'*-%)$ 5%($ 5/#$ /#)*2*#%'$ '-$ *))3#)$ )3,"$ 5)$ %#';-/E$ .5/'*'*-%)$
5%($ -3'5+#)4$ !"#)#$ )7)'#1)$ (*00#/$ -%$ '"#*/$ ,-%02*,'$ /#)-23'*-%$
./-,#(3/#)4$ C-/$ *%)'5%,#9$ T-(5$ 5%($ C*,3)$ .#/0-/1$ )7)'#1$ 2#@#2$
,-%02*,'$/#)-23'*-%$5%($Z57-3$522-;)$5..2*,5'*-%$2#@#2$/#)-23'*-%4$
K22$-0$'"#19$"-;#@#/9$+35/5%'##$#@#%'352$,-%)*)'#%,74$R*1*25/$'-$
'"#)#$ )7)'#1)9$ D7%51-$ 522-;)$ /#5($ 5%($ ;/*'#$ -.#/5'*-%)$ '-$
,-%'*%3#$ #@#%$ (3/*%+$ %#';-/E$ .5/'*'*-%)$ 5%($ /#)-2@#)$ 3.(5'#($
,-%02*,')$ 3)*%+$ (*00#/#%'$ ,-%02*,'$ /#)-23'*-%$ 1#,"5%*)1)4$
D*)'/*63'#($ 62-,E$ )'-/5+#$ )7)'#1)$ 2*E#$ CKZ$ =Q_?$ ).2*'$ 25/+#$ )*L#$
-6[#,')$ *%'-$ )1522#/$ 62-,E)$ 5%($ )'-/#)$ #5,"$ 62-,E$ *%$ 5$ "*+"27$
5@5*2562#$ 15%%#/4$ 8%$ ,-1.5/*)-%$ '-$ '"#)#$ )7)'#1)9$ 5$ E#7M@523#$
)'-/#$ *)$ 1-/#$ )3*'562#$ *%$ '"*)$ ,5)#$ 6#,53)#F$ G5H$ *'$ *)$ *%'#%(#($ '-$
)'-/#$/#25'*@#27$)1522$-6[#,')$G)*L#$`$QaH$5%($G6H$E#7M@523#$)'-/#)$
5/#$ #5)*#/$ '-$ ,-%0*+3/#$ -%$ 5$ .#/M5..2*,5'*-%$ 65)*)4$K%'*N3*'7$ *)$ 5$
;*(#M5/#5$(*)'/*63'#($)'-/5+#$)7)'#1$(#)*+%#($ '-$"5%(2#$132'*.2#$
)#/@#/$05*23/#)$=>b?4$8'$3)#)$5$)#,3/#$2-+$'-$./#)#/@#$(5'5$*%'#+/*'79$
/#.2*,5'#)$ #5,"$ 2-+$ -%$ 132'*.2#$ )#/@#/)$ 0-/$ (3/56*2*'79$ 5%($ 3)#)$
Z7L5%'*%#$0532'$'-2#/5%,#$./-'-,-2)$'-$#%)3/#$(5'5$,-%)*)'#%,74$8%$
,-%'/5)'$ '-$K%'*N3*'79$D7%51-$(-#)$%-'$ 0-,3)$-%$ '"#$./-62#1$-0$
(5'5$*%'#+/*'7$5%($)#,3/*'7$5%($*)$63*2'$0-/$5$ '/3)'#($#%@*/-%1#%'4$
Z*+'562#$ *)$ 5$ (*)'/*63'#($ )'-/5+#$ )7)'#1$ 0-/$15%5+*%+$ )'/3,'3/#($
(5'54$ 8'$ 15*%'5*%)$ 5$ ).5/)#9$ 132'*M(*1#%)*-%52$ )-/'#($ 15.$ 5%($
522-;)$ 5..2*,5'*-%)$ '-$ 5,,#))$ '"#*/$ (5'5$ 3)*%+$132'*.2#$ 5''/*63'#)$
=>?4$ T-1.5/#($ '-$ Z*+'562#9$ D7%51-$ '5/+#')$ 5..2*,5'*-%)$ '"5'$
/#N3*/#$ -%27$ E#7c@523#$ 5,,#))$ ;*'"$ ./*15/7$ 0-,3)$ -%$ "*+"$
5@5*256*2*'7$ ;"#/#$ 3.(5'#)$ 5/#$ %-'$ /#[#,'#($ #@#%$ *%$ '"#$ ;5E#$ -0$
%#';-/E$.5/'*'*-%)$-/$)#/@#/$05*23/#)4$

Q$"''.Fcc0/##%#'./-[#,'4-/+c9$"''.Fcc;;;4+%3'#2254-/+$

198208
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What does this program do?

p = do
  num <- newEmptyMVar
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p = do
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  forkIO (putMVar num 3)
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What does this program do?

p = do
  num <- newEmptyMVar
  forkIO (putMVar num 3)
  forkIO (putMVar num 4)
  v <- takeMVar num
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What does this program do?

p = do
  num <- newEmptyMVar
  forkIO (putMVar num 3)
  forkIO (putMVar num 4)
  v <- takeMVar num
  return v
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p :: Par Int
p = do
  num <- new
  fork   (put     num 3)
  fork   (put     num 4)
  v <- get      num
  return v
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p :: Par Int
p = do
  num <- new
  fork   (put     num 3)
  fork   (put     num 4)
  v <- get      num
  return v

Disallow multiple writes?

Tesler and Enea, 1968

Arvind et al., 1989 IVars

./ivar-example +RTS -N2
ivar-example: multiple put



Deterministic programs that single-assignment forbids

p :: Par Int
p = do
  num <- new
  fork   (put     num  )
  fork   (put     num 4)
  v <- get      num
  return v

3
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p :: Par Int
p = do
  num <- new
  fork   (put     num  )
  fork   (put     num 4)
  v <- get      num
  return v

4



Deterministic programs that single-assignment forbids

p :: Par Int
p = do
  num <- new
  fork   (put     num  )
  fork   (put     num 4)
  v <- get      num
  return v

./repeated-4-ivar +RTS -N2
repeated-4-ivar: multiple put
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Deterministic programs that single-assignment forbids

p :: Par Int
p = do
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  fork   (put     num  )
  fork   (put     num 4)
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  return v
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p :: Par Int
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  return v

./repeated-4-ivar +RTS -N2
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do
  fork (insert t "0")
  fork (insert t "1100")
  fork (insert t "1111")
  v <- get t
  return v
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Deterministic programs that single-assignment forbids

p :: Par Int
p = do
  num <- new
  fork   (put     num  )
  fork   (put     num 4)
  v <- get      num
  return v

./repeated-4-ivar +RTS -N2
repeated-4-ivar: multiple put

4

do
  fork (insert t "0")
  fork (insert t "1100")
  fork (insert t "1111")
  v <- get t
  return v

1

1

1

1

0

0
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LVars: Multiple monotonic writes

■ Provably deterministic [Kuper and Newton, FHPC ’13]

■ Contents grow monotonically with each write
■ Pluggable application-specific types

■ cabal install lvish today!

import Control.LVish
import Data.LVar.IVar



LVars: Multiple monotonic writes

do
  fork (put num 3) 
  fork (put num 4)

⊥

⊤

0 1 2 ...43

do
  fork (put num 4) 
  fork (put num 4)

Raises an error, since 3 ⊔ 4 = ⊤ 

Works fine, since 4 ⊔ 4 = 4 

num



LVars: Multiple monotonic writes

⊥

⊤

0 1 2 ...43

num



Overlapping writes are no problem

do
  fork (insert t "0")
  fork (insert t "1100")
  fork (insert t "1111")
  v <- get t
  return v

1

1

1

1

0

0

0



⊥

⊤

(⊥, 0) (⊥, 1) ... (0, ⊥) (1, ⊥) ...

(0, 0) (0, 1) ... (1, 0) ...(1, 1)

getSnd "tripwire"

LVars: Threshold reads
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  return v -- returns 1

nn
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⊥

⊤

(⊥, 0) (⊥, 1) ... (0, ⊥) (1, ⊥) ...

(0, 0) (0, 1) ... (1, 0) ...(1, 1)

getSnd "tripwire"

LVars: Threshold reads

do
  nn <- newPair
  fork (putFst nn 0)
  fork (putSnd nn 1)
  v <- getSnd nn
  return v -- returns 1

The threshold set must be pairwise incompatible

nn
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f is monotonic iff, for a given !,
x ! y ⟹ f(x) ! f(y)



Challenge problem

In a directed graph:
■ find the connected component of all 

nodes within k hops of a vertex v
■ and compute a  function analyze over 

each vertex in that component
■ making the set of results available 

asynchronously to other 
computations

v



Challenge problem

■ We compared two implementations:
■ Control.Parallel.Strategies
■ Our prototype LVar library 

(tracking visited nodes in an LVar)
■ Level-sync breadth-first traversal, k = 10 
■ Random graph; 320K edges; 40K nodes
■ Varying: 

■ number of cores
■ amount of work done by analyze

v



Challenge problem: Strategies vs. LVars

Version Work (microseconds)Cores (-N) Med time (5 runs)

BFS_Strategies 1 1 0s 428msBFS_Strategies 1
2 0s 432ms

BFS_Strategies 1

3 0s 417ms

BFS_Strategies 1

4 0s 729ms

BFS_Strategies

2 1 0s 749ms

BFS_Strategies

2
2 0s 735ms

BFS_Strategies

2

3 0s 717ms

BFS_Strategies

2

4 1s 159ms

BFS_Strategies

4 1 1s 385ms

BFS_Strategies

4
2 1s 444ms

BFS_Strategies

4

3 1s 312ms

BFS_Strategies

4

4 1s 599ms

BFS_Strategies

8 1 2s 686ms

BFS_Strategies

8
2 2s 912ms

BFS_Strategies

8

3 2s 203ms

BFS_Strategies

8

4 2s 504ms

BFS_Strategies

16 1 5s 279ms

BFS_Strategies

16
2 4s 513ms

BFS_Strategies

16

3 2s 674ms

BFS_Strategies

16

4 3s 960ms

BFS_Strategies

32 1 10s 379ms

BFS_Strategies

32
2 7s 159ms

BFS_Strategies

32

3 4s 133ms

BFS_Strategies

32

4 4s 91ms
BFS_LVar 1 1 0s 554msBFS_LVar 1

2 0s 368ms
BFS_LVar 1

3 0s 308ms

BFS_LVar 1

4 0s 280ms

BFS_LVar

2 1 0s 877ms

BFS_LVar

2
2 0s 531ms

BFS_LVar

2

3 0s 404ms

BFS_LVar

2

4 0s 348ms

BFS_LVar

4 1 1s 523ms

BFS_LVar

4
2 0s 945ms

BFS_LVar

4

3 0s 918ms

BFS_LVar

4

4 0s 500ms

BFS_LVar

8 1 2s 811ms

BFS_LVar

8
2 1s 464ms

BFS_LVar

8

3 0s 996ms

BFS_LVar

8

4 0s 796ms

BFS_LVar

16 1 5s 357ms

BFS_LVar

16
2 3s 255ms

BFS_LVar

16

3 2s 456ms

BFS_LVar

16

4 1s 371ms

BFS_LVar

32 1 10s 508ms

BFS_LVar

32
2 5s 199ms

BFS_LVar

32

3 3s 378ms

BFS_LVar

32

4 2s 478ms

1 2 4 8 16 32
Strategies
LVarPure

729 1159 1599 2504 3960 4091
280 348 500 796 1371 2478

1 core 2 core 3 core 4 core
par/pseq (1µs)
LVar (1µs)

par/pseq (2µs)
LVar (2µs)

par/pseq (4µs)
LVar (4µs)

par/pseq (8µs)
LVar (8µs)

par/pseq (16µs)
LVar (16µs)

par/pseq (32µs)
LVar (32µs)

1 0.9904524997 1.0260572108 0.5875112896
0.7732617693 1.1623200291 1.3916610039 1.5295271651

1 1.0192914543 1.0456621387 0.6467573625
0.8543368443 1.4112625448 1.8559781061 2.1535983401

1 0.9593289607 1.0557836266 0.8663168249
0.9099180398 1.4663185948 1.5099754007 2.7697790235

1 0.9223383523 1.2193859252 1.0728205599
0.9555384627 1.8348238593 2.6972235584 3.3747906319

1 1.1697687437 1.9740588494 1.332946058
0.9853761461 1.6216441806 2.1494608493 3.8494069826

1 1.4497603732 2.5111204612 2.5366424268
0.9876422484 1.9962082329 3.0721244171 4.1874942505

0

0.4

0.8

1.2

1.6

1 core 2 core 3 core 4 core

Speedup over seq with 1µs analyze function

par/pseq (1µs) LVar (1µs)

0

1

2

3

4

1 core 2 core 3 core 4 core

Speedup over seq with 8µs analyze function

par/pseq (8µs) LVar (8µs)

0

0.75

1.5

2.25

3

1 core 2 core 3 core 4 core

Speedup over seq with 4µs analyze function

par/pseq (4µs) LVar (4µs)

0

1

2

3

4

1 core 2 core 3 core 4 core

Speedup over seq with 16µs analyze function

par/pseq (16µs) LVar (16µs)

0

1.25

2.5

3.75

5

1 core 2 core 3 core 4 core

Speedup over seq with 32µs analyze function

par/pseq (32µs) LVar (32µs)



Challenge problem: Strategies vs. LVars

■ Average time from start of program 
to first invocation of analyze:

■ Strategies version: 64.64 ms

■ LVar version: 0.18 ms



(observably)

Deterministic Parallelism
via monotonic writes
and threshold reads.
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ABSTRACT

In recent years there has been interest in achieving application-
level consistency criteria without the latency and availability
costs of strongly consistent storage infrastructure. A stan-
dard technique is to adopt a vocabulary of commutative op-
erations; this avoids the risk of inconsistency due to message
reordering. A more powerful approach was recently captured
by the CALM theorem, which proves that logically mono-
tonic programs are guaranteed to be eventually consistent.
In logic languages such as Bloom, CALM analysis can au-
tomatically verify that program modules achieve consistency
without coordination.

In this paper we present BloomL, an extension to Bloom
that takes inspiration from both these traditions. BloomL gen-
eralizes Bloom to support lattices and extends the power of
CALM analysis to whole programs containing arbitrary lat-
tices. We show how the Bloom interpreter can be general-
ized to support efficient evaluation of lattice-based code us-
ing well-known strategies from logic programming. Finally,
we use BloomL to develop several practical distributed pro-
grams, including a key-value store similar to Amazon Dy-
namo, and show how BloomL encourages the safe composi-
tion of small, easy-to-analyze lattices into larger programs.

1. INTRODUCTION

As cloud computing becomes increasingly common, the
inherent difficulties of distributed systems—asynchrony, con-
currency, and partial failure—affect a growing segment of the
developer community. Traditionally, transactions and other
forms of strong consistency encapsulated these problems at
the data management layer. But in recent years there has
been interest in achieving application-level consistency cri-
teria without incurring the latency and availability costs of
strongly consistent storage [8, 17]. Two different frameworks
for these techniques have received significant attention in
recent research: Convergent Modules and Monotonic Logic.

Convergent Modules: In this approach, a programmer writes
encapsulated modules whose public methods provide certain
guarantees regarding message reordering and retry. For exam-
ple, Statebox is an open-source library that merges conflicting
updates to data items in a key-value store; the user of the li-

brary need only register commutative, associative, idempotent
merge functions [19]. This approach has roots in research in
databases and systems [12, 14, 17, 27, 39] as well as group-
ware [11, 37]. Shapiro, et al. recently proposed a formalism
for these approaches called Conflict-Free Replicated Data
Types (CRDTs), which casts these ideas into the algebraic
framework of semilattices [34, 35].

CRDTs present two main problems: (a) the programmer
bears responsibility for ensuring lattice properties for their
methods (commutativity, associativity, idempotence), and (b)
CRDTs only provide guarantees for individual data objects,
not for application logic in general. As an example of this
second point, consider the following:

Example 1. A replicated, fault-tolerant courseware ap-
plication assigns students into study teams. It uses two set
CRDTs: one for Students and another for Teams. The appli-
cation reads a version of Students and inserts the derived
element <Alice,Bob> into Teams. Concurrently, Bob is re-
moved from Students by another application replica. The
use of CRDTs ensures that all replicas will eventually agree
that Bob is absent from Students, but this is not enough:
application-level state is inconsistent unless the derived val-
ues in Teams are updated consistently to reflect Bob’s re-
moval. This is outside the scope of CRDT guarantees.

Taken together, the problems with Convergent Modules
present a scope dilemma: a small module (e.g., a set) makes
lattice properties easy to inspect and test, but provides only
simple semantic guarantees. Large CRDTs (e.g., an eventu-
ally consistent shopping cart) provide higher-level application
guarantees but require the programmer to ensure lattice prop-
erties hold for a large module, resulting in software that is
difficult to test, maintain, and trust.

Monotonic Logic: In recent work, we observed that the
database theory literature on monotonic logic provides a
powerful lens for reasoning about distributed consistency.
Intuitively, a monotonic program makes forward progress
over time: it never “retracts” an earlier conclusion in the face
of new information. We proposed the CALM theorem, which
established that all monotonic programs are confluent (invari-
ant to message reordering and retry) and hence eventually
consistent [5, 18, 25]. Monotonicity of a Datalog program is

1
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forms of strong consistency encapsulated these problems at
the data management layer. But in recent years there has
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for these techniques have received significant attention in
recent research: Convergent Modules and Monotonic Logic.

Convergent Modules: In this approach, a programmer writes
encapsulated modules whose public methods provide certain
guarantees regarding message reordering and retry. For exam-
ple, Statebox is an open-source library that merges conflicting
updates to data items in a key-value store; the user of the li-
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merge functions [19]. This approach has roots in research in
databases and systems [12, 14, 17, 27, 39] as well as group-
ware [11, 37]. Shapiro, et al. recently proposed a formalism
for these approaches called Conflict-Free Replicated Data
Types (CRDTs), which casts these ideas into the algebraic
framework of semilattices [34, 35].

CRDTs present two main problems: (a) the programmer
bears responsibility for ensuring lattice properties for their
methods (commutativity, associativity, idempotence), and (b)
CRDTs only provide guarantees for individual data objects,
not for application logic in general. As an example of this
second point, consider the following:

Example 1. A replicated, fault-tolerant courseware ap-
plication assigns students into study teams. It uses two set
CRDTs: one for Students and another for Teams. The appli-
cation reads a version of Students and inserts the derived
element <Alice,Bob> into Teams. Concurrently, Bob is re-
moved from Students by another application replica. The
use of CRDTs ensures that all replicas will eventually agree
that Bob is absent from Students, but this is not enough:
application-level state is inconsistent unless the derived val-
ues in Teams are updated consistently to reflect Bob’s re-
moval. This is outside the scope of CRDT guarantees.

Taken together, the problems with Convergent Modules
present a scope dilemma: a small module (e.g., a set) makes
lattice properties easy to inspect and test, but provides only
simple semantic guarantees. Large CRDTs (e.g., an eventu-
ally consistent shopping cart) provide higher-level application
guarantees but require the programmer to ensure lattice prop-
erties hold for a large module, resulting in software that is
difficult to test, maintain, and trust.

Monotonic Logic: In recent work, we observed that the
database theory literature on monotonic logic provides a
powerful lens for reasoning about distributed consistency.
Intuitively, a monotonic program makes forward progress
over time: it never “retracts” an earlier conclusion in the face
of new information. We proposed the CALM theorem, which
established that all monotonic programs are confluent (invari-
ant to message reordering and retry) and hence eventually
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by the CALM theorem, which proves that logically mono-
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tomatically verify that program modules achieve consistency
without coordination.

In this paper we present BloomL, an extension to Bloom
that takes inspiration from both these traditions. BloomL gen-
eralizes Bloom to support lattices and extends the power of
CALM analysis to whole programs containing arbitrary lat-
tices. We show how the Bloom interpreter can be general-
ized to support efficient evaluation of lattice-based code us-
ing well-known strategies from logic programming. Finally,
we use BloomL to develop several practical distributed pro-
grams, including a key-value store similar to Amazon Dy-
namo, and show how BloomL encourages the safe composi-
tion of small, easy-to-analyze lattices into larger programs.

1. INTRODUCTION

As cloud computing becomes increasingly common, the
inherent difficulties of distributed systems—asynchrony, con-
currency, and partial failure—affect a growing segment of the
developer community. Traditionally, transactions and other
forms of strong consistency encapsulated these problems at
the data management layer. But in recent years there has
been interest in achieving application-level consistency cri-
teria without incurring the latency and availability costs of
strongly consistent storage [8, 17]. Two different frameworks
for these techniques have received significant attention in
recent research: Convergent Modules and Monotonic Logic.

Convergent Modules: In this approach, a programmer writes
encapsulated modules whose public methods provide certain
guarantees regarding message reordering and retry. For exam-
ple, Statebox is an open-source library that merges conflicting
updates to data items in a key-value store; the user of the li-

brary need only register commutative, associative, idempotent
merge functions [19]. This approach has roots in research in
databases and systems [12, 14, 17, 27, 39] as well as group-
ware [11, 37]. Shapiro, et al. recently proposed a formalism
for these approaches called Conflict-Free Replicated Data
Types (CRDTs), which casts these ideas into the algebraic
framework of semilattices [34, 35].

CRDTs present two main problems: (a) the programmer
bears responsibility for ensuring lattice properties for their
methods (commutativity, associativity, idempotence), and (b)
CRDTs only provide guarantees for individual data objects,
not for application logic in general. As an example of this
second point, consider the following:

Example 1. A replicated, fault-tolerant courseware ap-
plication assigns students into study teams. It uses two set
CRDTs: one for Students and another for Teams. The appli-
cation reads a version of Students and inserts the derived
element <Alice,Bob> into Teams. Concurrently, Bob is re-
moved from Students by another application replica. The
use of CRDTs ensures that all replicas will eventually agree
that Bob is absent from Students, but this is not enough:
application-level state is inconsistent unless the derived val-
ues in Teams are updated consistently to reflect Bob’s re-
moval. This is outside the scope of CRDT guarantees.

Taken together, the problems with Convergent Modules
present a scope dilemma: a small module (e.g., a set) makes
lattice properties easy to inspect and test, but provides only
simple semantic guarantees. Large CRDTs (e.g., an eventu-
ally consistent shopping cart) provide higher-level application
guarantees but require the programmer to ensure lattice prop-
erties hold for a large module, resulting in software that is
difficult to test, maintain, and trust.

Monotonic Logic: In recent work, we observed that the
database theory literature on monotonic logic provides a
powerful lens for reasoning about distributed consistency.
Intuitively, a monotonic program makes forward progress
over time: it never “retracts” an earlier conclusion in the face
of new information. We proposed the CALM theorem, which
established that all monotonic programs are confluent (invari-
ant to message reordering and retry) and hence eventually
consistent [5, 18, 25]. Monotonicity of a Datalog program is
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ABSTRACT

In recent years there has been interest in achieving application-
level consistency criteria without the latency and availability
costs of strongly consistent storage infrastructure. A stan-
dard technique is to adopt a vocabulary of commutative op-
erations; this avoids the risk of inconsistency due to message
reordering. A more powerful approach was recently captured
by the CALM theorem, which proves that logically mono-
tonic programs are guaranteed to be eventually consistent.
In logic languages such as Bloom, CALM analysis can au-
tomatically verify that program modules achieve consistency
without coordination.

In this paper we present BloomL, an extension to Bloom
that takes inspiration from both these traditions. BloomL gen-
eralizes Bloom to support lattices and extends the power of
CALM analysis to whole programs containing arbitrary lat-
tices. We show how the Bloom interpreter can be general-
ized to support efficient evaluation of lattice-based code us-
ing well-known strategies from logic programming. Finally,
we use BloomL to develop several practical distributed pro-
grams, including a key-value store similar to Amazon Dy-
namo, and show how BloomL encourages the safe composi-
tion of small, easy-to-analyze lattices into larger programs.

1. INTRODUCTION

As cloud computing becomes increasingly common, the
inherent difficulties of distributed systems—asynchrony, con-
currency, and partial failure—affect a growing segment of the
developer community. Traditionally, transactions and other
forms of strong consistency encapsulated these problems at
the data management layer. But in recent years there has
been interest in achieving application-level consistency cri-
teria without incurring the latency and availability costs of
strongly consistent storage [8, 17]. Two different frameworks
for these techniques have received significant attention in
recent research: Convergent Modules and Monotonic Logic.

Convergent Modules: In this approach, a programmer writes
encapsulated modules whose public methods provide certain
guarantees regarding message reordering and retry. For exam-
ple, Statebox is an open-source library that merges conflicting
updates to data items in a key-value store; the user of the li-

brary need only register commutative, associative, idempotent
merge functions [19]. This approach has roots in research in
databases and systems [12, 14, 17, 27, 39] as well as group-
ware [11, 37]. Shapiro, et al. recently proposed a formalism
for these approaches called Conflict-Free Replicated Data
Types (CRDTs), which casts these ideas into the algebraic
framework of semilattices [34, 35].

CRDTs present two main problems: (a) the programmer
bears responsibility for ensuring lattice properties for their
methods (commutativity, associativity, idempotence), and (b)
CRDTs only provide guarantees for individual data objects,
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moved from Students by another application replica. The
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that Bob is absent from Students, but this is not enough:
application-level state is inconsistent unless the derived val-
ues in Teams are updated consistently to reflect Bob’s re-
moval. This is outside the scope of CRDT guarantees.

Taken together, the problems with Convergent Modules
present a scope dilemma: a small module (e.g., a set) makes
lattice properties easy to inspect and test, but provides only
simple semantic guarantees. Large CRDTs (e.g., an eventu-
ally consistent shopping cart) provide higher-level application
guarantees but require the programmer to ensure lattice prop-
erties hold for a large module, resulting in software that is
difficult to test, maintain, and trust.

Monotonic Logic: In recent work, we observed that the
database theory literature on monotonic logic provides a
powerful lens for reasoning about distributed consistency.
Intuitively, a monotonic program makes forward progress
over time: it never “retracts” an earlier conclusion in the face
of new information. We proposed the CALM theorem, which
established that all monotonic programs are confluent (invari-
ant to message reordering and retry) and hence eventually
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eralizes Bloom to support lattices and extends the power of
CALM analysis to whole programs containing arbitrary lat-
tices. We show how the Bloom interpreter can be general-
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ing well-known strategies from logic programming. Finally,
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use of CRDTs ensures that all replicas will eventually agree
that Bob is absent from Students, but this is not enough:
application-level state is inconsistent unless the derived val-
ues in Teams are updated consistently to reflect Bob’s re-
moval. This is outside the scope of CRDT guarantees.

Taken together, the problems with Convergent Modules
present a scope dilemma: a small module (e.g., a set) makes
lattice properties easy to inspect and test, but provides only
simple semantic guarantees. Large CRDTs (e.g., an eventu-
ally consistent shopping cart) provide higher-level application
guarantees but require the programmer to ensure lattice prop-
erties hold for a large module, resulting in software that is
difficult to test, maintain, and trust.

Monotonic Logic: In recent work, we observed that the
database theory literature on monotonic logic provides a
powerful lens for reasoning about distributed consistency.
Intuitively, a monotonic program makes forward progress
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CALM analysis to whole programs containing arbitrary lat-
tices. We show how the Bloom interpreter can be general-
ized to support efficient evaluation of lattice-based code us-
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we use BloomL to develop several practical distributed pro-
grams, including a key-value store similar to Amazon Dy-
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1. INTRODUCTION

As cloud computing becomes increasingly common, the
inherent difficulties of distributed systems—asynchrony, con-
currency, and partial failure—affect a growing segment of the
developer community. Traditionally, transactions and other
forms of strong consistency encapsulated these problems at
the data management layer. But in recent years there has
been interest in achieving application-level consistency cri-
teria without incurring the latency and availability costs of
strongly consistent storage [8, 17]. Two different frameworks
for these techniques have received significant attention in
recent research: Convergent Modules and Monotonic Logic.

Convergent Modules: In this approach, a programmer writes
encapsulated modules whose public methods provide certain
guarantees regarding message reordering and retry. For exam-
ple, Statebox is an open-source library that merges conflicting
updates to data items in a key-value store; the user of the li-

brary need only register commutative, associative, idempotent
merge functions [19]. This approach has roots in research in
databases and systems [12, 14, 17, 27, 39] as well as group-
ware [11, 37]. Shapiro, et al. recently proposed a formalism
for these approaches called Conflict-Free Replicated Data
Types (CRDTs), which casts these ideas into the algebraic
framework of semilattices [34, 35].

CRDTs present two main problems: (a) the programmer
bears responsibility for ensuring lattice properties for their
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moved from Students by another application replica. The
use of CRDTs ensures that all replicas will eventually agree
that Bob is absent from Students, but this is not enough:
application-level state is inconsistent unless the derived val-
ues in Teams are updated consistently to reflect Bob’s re-
moval. This is outside the scope of CRDT guarantees.

Taken together, the problems with Convergent Modules
present a scope dilemma: a small module (e.g., a set) makes
lattice properties easy to inspect and test, but provides only
simple semantic guarantees. Large CRDTs (e.g., an eventu-
ally consistent shopping cart) provide higher-level application
guarantees but require the programmer to ensure lattice prop-
erties hold for a large module, resulting in software that is
difficult to test, maintain, and trust.

Monotonic Logic: In recent work, we observed that the
database theory literature on monotonic logic provides a
powerful lens for reasoning about distributed consistency.
Intuitively, a monotonic program makes forward progress
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of new information. We proposed the CALM theorem, which
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dard technique is to adopt a vocabulary of commutative op-
erations; this avoids the risk of inconsistency due to message
reordering. A more powerful approach was recently captured
by the CALM theorem, which proves that logically mono-
tonic programs are guaranteed to be eventually consistent.
In logic languages such as Bloom, CALM analysis can au-
tomatically verify that program modules achieve consistency
without coordination.

In this paper we present BloomL, an extension to Bloom
that takes inspiration from both these traditions. BloomL gen-
eralizes Bloom to support lattices and extends the power of
CALM analysis to whole programs containing arbitrary lat-
tices. We show how the Bloom interpreter can be general-
ized to support efficient evaluation of lattice-based code us-
ing well-known strategies from logic programming. Finally,
we use BloomL to develop several practical distributed pro-
grams, including a key-value store similar to Amazon Dy-
namo, and show how BloomL encourages the safe composi-
tion of small, easy-to-analyze lattices into larger programs.

1. INTRODUCTION

As cloud computing becomes increasingly common, the
inherent difficulties of distributed systems—asynchrony, con-
currency, and partial failure—affect a growing segment of the
developer community. Traditionally, transactions and other
forms of strong consistency encapsulated these problems at
the data management layer. But in recent years there has
been interest in achieving application-level consistency cri-
teria without incurring the latency and availability costs of
strongly consistent storage [8, 17]. Two different frameworks
for these techniques have received significant attention in
recent research: Convergent Modules and Monotonic Logic.

Convergent Modules: In this approach, a programmer writes
encapsulated modules whose public methods provide certain
guarantees regarding message reordering and retry. For exam-
ple, Statebox is an open-source library that merges conflicting
updates to data items in a key-value store; the user of the li-

brary need only register commutative, associative, idempotent
merge functions [19]. This approach has roots in research in
databases and systems [12, 14, 17, 27, 39] as well as group-
ware [11, 37]. Shapiro, et al. recently proposed a formalism
for these approaches called Conflict-Free Replicated Data
Types (CRDTs), which casts these ideas into the algebraic
framework of semilattices [34, 35].

CRDTs present two main problems: (a) the programmer
bears responsibility for ensuring lattice properties for their
methods (commutativity, associativity, idempotence), and (b)
CRDTs only provide guarantees for individual data objects,
not for application logic in general. As an example of this
second point, consider the following:

Example 1. A replicated, fault-tolerant courseware ap-
plication assigns students into study teams. It uses two set
CRDTs: one for Students and another for Teams. The appli-
cation reads a version of Students and inserts the derived
element <Alice,Bob> into Teams. Concurrently, Bob is re-
moved from Students by another application replica. The
use of CRDTs ensures that all replicas will eventually agree
that Bob is absent from Students, but this is not enough:
application-level state is inconsistent unless the derived val-
ues in Teams are updated consistently to reflect Bob’s re-
moval. This is outside the scope of CRDT guarantees.

Taken together, the problems with Convergent Modules
present a scope dilemma: a small module (e.g., a set) makes
lattice properties easy to inspect and test, but provides only
simple semantic guarantees. Large CRDTs (e.g., an eventu-
ally consistent shopping cart) provide higher-level application
guarantees but require the programmer to ensure lattice prop-
erties hold for a large module, resulting in software that is
difficult to test, maintain, and trust.

Monotonic Logic: In recent work, we observed that the
database theory literature on monotonic logic provides a
powerful lens for reasoning about distributed consistency.
Intuitively, a monotonic program makes forward progress
over time: it never “retracts” an earlier conclusion in the face
of new information. We proposed the CALM theorem, which
established that all monotonic programs are confluent (invari-
ant to message reordering and retry) and hence eventually
consistent [5, 18, 25]. Monotonicity of a Datalog program is
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ABSTRACT

In recent years there has been interest in achieving application-
level consistency criteria without the latency and availability
costs of strongly consistent storage infrastructure. A stan-
dard technique is to adopt a vocabulary of commutative op-
erations; this avoids the risk of inconsistency due to message
reordering. A more powerful approach was recently captured
by the CALM theorem, which proves that logically mono-
tonic programs are guaranteed to be eventually consistent.
In logic languages such as Bloom, CALM analysis can au-
tomatically verify that program modules achieve consistency
without coordination.

In this paper we present BloomL, an extension to Bloom
that takes inspiration from both these traditions. BloomL gen-
eralizes Bloom to support lattices and extends the power of
CALM analysis to whole programs containing arbitrary lat-
tices. We show how the Bloom interpreter can be general-
ized to support efficient evaluation of lattice-based code us-
ing well-known strategies from logic programming. Finally,
we use BloomL to develop several practical distributed pro-
grams, including a key-value store similar to Amazon Dy-
namo, and show how BloomL encourages the safe composi-
tion of small, easy-to-analyze lattices into larger programs.

1. INTRODUCTION

As cloud computing becomes increasingly common, the
inherent difficulties of distributed systems—asynchrony, con-
currency, and partial failure—affect a growing segment of the
developer community. Traditionally, transactions and other
forms of strong consistency encapsulated these problems at
the data management layer. But in recent years there has
been interest in achieving application-level consistency cri-
teria without incurring the latency and availability costs of
strongly consistent storage [8, 17]. Two different frameworks
for these techniques have received significant attention in
recent research: Convergent Modules and Monotonic Logic.

Convergent Modules: In this approach, a programmer writes
encapsulated modules whose public methods provide certain
guarantees regarding message reordering and retry. For exam-
ple, Statebox is an open-source library that merges conflicting
updates to data items in a key-value store; the user of the li-

brary need only register commutative, associative, idempotent
merge functions [19]. This approach has roots in research in
databases and systems [12, 14, 17, 27, 39] as well as group-
ware [11, 37]. Shapiro, et al. recently proposed a formalism
for these approaches called Conflict-Free Replicated Data
Types (CRDTs), which casts these ideas into the algebraic
framework of semilattices [34, 35].

CRDTs present two main problems: (a) the programmer
bears responsibility for ensuring lattice properties for their
methods (commutativity, associativity, idempotence), and (b)
CRDTs only provide guarantees for individual data objects,
not for application logic in general. As an example of this
second point, consider the following:

Example 1. A replicated, fault-tolerant courseware ap-
plication assigns students into study teams. It uses two set
CRDTs: one for Students and another for Teams. The appli-
cation reads a version of Students and inserts the derived
element <Alice,Bob> into Teams. Concurrently, Bob is re-
moved from Students by another application replica. The
use of CRDTs ensures that all replicas will eventually agree
that Bob is absent from Students, but this is not enough:
application-level state is inconsistent unless the derived val-
ues in Teams are updated consistently to reflect Bob’s re-
moval. This is outside the scope of CRDT guarantees.

Taken together, the problems with Convergent Modules
present a scope dilemma: a small module (e.g., a set) makes
lattice properties easy to inspect and test, but provides only
simple semantic guarantees. Large CRDTs (e.g., an eventu-
ally consistent shopping cart) provide higher-level application
guarantees but require the programmer to ensure lattice prop-
erties hold for a large module, resulting in software that is
difficult to test, maintain, and trust.

Monotonic Logic: In recent work, we observed that the
database theory literature on monotonic logic provides a
powerful lens for reasoning about distributed consistency.
Intuitively, a monotonic program makes forward progress
over time: it never “retracts” an earlier conclusion in the face
of new information. We proposed the CALM theorem, which
established that all monotonic programs are confluent (invari-
ant to message reordering and retry) and hence eventually
consistent [5, 18, 25]. Monotonicity of a Datalog program is
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Abstract
Programs written using a deterministic-by-construction model of
parallel computation are guaranteed to always produce the same
observable results, offering programmers freedom from subtle,
hard-to-reproduce nondeterministic bugs that are the scourge of
parallel software. We present LVars, a new model for deterministic-
by-construction parallel programming that generalizes existing
single-assignment models to allow multiple assignments that are
monotonically increasing with respect to a user-specified lattice.
LVars ensure determinism by allowing only monotonic writes and
“threshold” reads that block until a lower bound is reached. We
give a proof of determinism and a prototype implementation for a
language with LVars and describe how to extend the LVars model
to support a limited form of nondeterminism that admits failures
but never wrong answers.

Categories and Subject Descriptors D.3.3 [Language Constructs
and Features]: Concurrent programming structures; D.1.3 [Con-
current Programming]: Parallel programming; D.3.1 [Formal
Definitions and Theory]: Semantics; D.3.2 [Language Classifi-
cations]: Concurrent, distributed, and parallel languages

Keywords Deterministic parallelism; lattices

1. Introduction
Programs written using a deterministic-by-construction model of
parallel computation are guaranteed to always produce the same
observable results, offering programmers freedom from subtle,
hard-to-reproduce nondeterministic bugs that are the scourge of
parallel software. While a number of popular languages and lan-
guage extensions (e.g., Cilk [15]) encourage deterministic parallel
programming, few of them guarantee determinism for all programs
written using the model.

The most developed parallel model that offers a deterministic-
by-construction guarantee for all programs—“developed” here
meaning mature implementations, broadly available, with many
libraries and reasonable performance—is pure functional program-
ming with function-level task parallelism, or futures. For example,
Haskell programs using futures by means of the par and pseq com-
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binators can provide real speedups on practical programs while
guaranteeing determinism [22].1 Yet pure programming with fu-
tures is not ideal for all problems. Consider a producer/consumer
computation in which producers and consumers can be scheduled
onto separate processors, each able to keep their working sets in
cache. Such a scenario enables pipeline parallelism and is com-
mon, for instance, in stream processing. But a clear separation of
producers and consumers is difficult with futures, because when-
ever a consumer forces a future, if it is not yet available, the con-
sumer immediately switches roles to begin computing the value (as
explored in previous work [23]).

Since pure programming with futures is a poor fit for produc-
er/consumer computations, one might then turn to stateful deter-
ministic parallel models. Shared state between computations al-
lows the possibility for data races that introduce nondeterminism,
so any parallel model that hopes to preserve determinism must do
something to tame sharing—that is, to restrict access to mutable
state shared among concurrent computations. Systems such as DPJ
(Deterministic Parallel Java) [6] and Concurrent Revisions [8, 20],
for instance, accomplish this by ensuring that the state accessed by
concurrent threads is disjoint.

In this paper, we are concerned with an alternative approach:
allowing data to be shared, but limiting the operations that can be
performed on it to only those operations that commute with one
another and thus can tolerate nondeterministic thread interleavings.
Although the order in which side-effecting operations occur can
differ on multiple runs, a program will always produce the same
externally observable result.2 Specifically, we are concerned with
models where shared data structures grow monotonically—by pub-
lishing information, but never invalidating it. These models support
pipelining for producer/consumer applications.

Existing monotonic models Consider two classic deterministic
parallel models, dating back to the late 60s and early 70s [17, 28]:

• In Kahn process networks (KPNs) [17], as well as in the
more restricted synchronous data flow systems [19], a network
of processes communicate with each other through blocking
FIFO channels. KPNs are the basis for deterministic stream-
processing languages such as StreamIt [16], which are narrowly
focused but have shown clear benefits in auto-parallelization
and hardware portability.

• In parallel single-assignment languages [28], “full/empty” bits
are associated with heap locations so that they may be writ-
ten to at most once. Single-assignment locations with blocking
read semantics are known as IVars [4] and are a well-established

1 With SafeHaskell enabled and, of course, no IO.
2 There are many ways to define what is observable about a program. In this
paper, we define the observable result of a program to be the value to which
it evaluates.
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Abstract
Deterministic-by-construction parallel programming models of-
fer programmers the promise of freedom from subtle, hard-to-
reproduce nondeterministic bugs in parallel code. A principled ap-
proach to deterministic-by-construction parallel programming with
shared state is offered by LVars: shared memory locations whose
semantics are defined in terms of a user-specified lattice. Writes to
an LVar take the least upper bound of the old and new values with
respect to the lattice, while reads from an LVar can observe only
that its contents have crossed a specified threshold in the lattice.
Although it guarantees determinism, this interface is quite limited.

We extend LVars in two ways. First, we add the ability to
“freeze” and then read the contents of an LVar directly. Second,
we add the ability to attach callback functions to an LVar, allowing
events to be triggered by writes to it. Together, callbacks and freez-
ing enable an expressive and useful style of parallel programming.
We prove that in a language where communication takes place
through freezable LVars, programs are at worst quasi-deterministic:
on every run, they either produce the same answer or raise an er-
ror. We demonstrate the viability of our approach by implementing
a library for Haskell supporting a variety of LVar-based data struc-
tures, together with two case studies that illustrate the programming
model and yield promising parallel speedup.

1. Introduction
Nondeterminism is essential for achieving flexible parallelism: it
allows tasks to be scheduled onto cores dynamically, in response
to the vagaries of an execution. But if schedule nondeterminism is
observable within a program, it becomes much more difficult for
programmers to discover and correct bugs by testing, let alone to
reason about their programs in the first place.

While much work has focused on identifying methods of de-
terministic parallel programming [5, 6, 13, 16, 17, 26], guaranteed
determinism in real parallel programs remains a lofty and rarely
achieved goal. It places stringent constraints on the programming
model: concurrent tasks must communicate in restricted ways that
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prevent them from observing the effects of scheduling, a restriction
that must be enforced at the language or runtime level.

The simplest strategy is to allow no communication, forc-
ing concurrent tasks to produce values independently. Pure data-
parallel languages follow this strategy [22], as do languages that
force references to be either task-unique or immutable [5]. But
some algorithms are more naturally or efficiently written using
shared state or message passing. A variety of deterministic-by-
construction models allow limited communication along these
lines, but they tend to be narrow in scope and centered around a
single data structure: for instance, FIFO queues in Kahn process
networks [13] and StreamIt [11], or shared write-only tables in
Intel Concurrent Collections [6].

Big-tent deterministic parallelism Our goal is to create a broader,
general-purpose deterministic-by-construction programming envi-
ronment to increase the appeal and applicability of the method. We
seek an approach that is not tied to a particular data structure and
that supports familiar idioms from both functional and imperative
languages. Our starting point is the idea of monotonic data struc-
tures, in which (1) information can only be added, never removed,
and (2) the order in which information is added is not observable.
A paradigmatic example is a set that supports insertion but not re-
moval, but there are many others.

The LVars programming model recently proposed by Kuper and
Newton makes an initial foray into programming with monotonic
data structures [15]. In their model (which we review in Section 2),
all shared data structures (called LVars) are monotonic, and the
states that an LVar can take on form a lattice. Writes to an LVar
must correspond to a join (least upper bound) in the lattice, which
means that they monotonically increase the information in the LVar,
and that they commute with one another. But commuting writes
are not enough to guarantee determinism: if a read can observe
whether or not a concurrent write has happened, then it can observe
differences in scheduling. So, in the LVar model, the answer to the
question “has a write occurred?” (i.e., is the LVar above a certain
lattice value?) is always yes; the reading thread will block until the
LVar goes over a desired threshold. In a monotonic data structure,
the absence of information is transient—another thread could add
that information at any time—but the presence of information is
forever.

The LVars model guarantees determinism, supports an unlim-
ited variety of data structures (anything viewable as a lattice), and
provides a familiar API, so it already achieves several of our goals.
Unfortunately, it is not as general-purpose as one might hope.

Many algorithms are presented explicitly as fixpoints of mono-
tonic functions. For example, an unordered graph traversal can
be understood in terms of a monotonically growing set of “seen
nodes”; neighbors of seen nodes are fed back into the set until it
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ABSTRACT

In recent years there has been interest in achieving application-
level consistency criteria without the latency and availability
costs of strongly consistent storage infrastructure. A stan-
dard technique is to adopt a vocabulary of commutative op-
erations; this avoids the risk of inconsistency due to message
reordering. A more powerful approach was recently captured
by the CALM theorem, which proves that logically mono-
tonic programs are guaranteed to be eventually consistent.
In logic languages such as Bloom, CALM analysis can au-
tomatically verify that program modules achieve consistency
without coordination.

In this paper we present BloomL, an extension to Bloom
that takes inspiration from both these traditions. BloomL gen-
eralizes Bloom to support lattices and extends the power of
CALM analysis to whole programs containing arbitrary lat-
tices. We show how the Bloom interpreter can be general-
ized to support efficient evaluation of lattice-based code us-
ing well-known strategies from logic programming. Finally,
we use BloomL to develop several practical distributed pro-
grams, including a key-value store similar to Amazon Dy-
namo, and show how BloomL encourages the safe composi-
tion of small, easy-to-analyze lattices into larger programs.

1. INTRODUCTION

As cloud computing becomes increasingly common, the
inherent difficulties of distributed systems—asynchrony, con-
currency, and partial failure—affect a growing segment of the
developer community. Traditionally, transactions and other
forms of strong consistency encapsulated these problems at
the data management layer. But in recent years there has
been interest in achieving application-level consistency cri-
teria without incurring the latency and availability costs of
strongly consistent storage [8, 17]. Two different frameworks
for these techniques have received significant attention in
recent research: Convergent Modules and Monotonic Logic.

Convergent Modules: In this approach, a programmer writes
encapsulated modules whose public methods provide certain
guarantees regarding message reordering and retry. For exam-
ple, Statebox is an open-source library that merges conflicting
updates to data items in a key-value store; the user of the li-

brary need only register commutative, associative, idempotent
merge functions [19]. This approach has roots in research in
databases and systems [12, 14, 17, 27, 39] as well as group-
ware [11, 37]. Shapiro, et al. recently proposed a formalism
for these approaches called Conflict-Free Replicated Data
Types (CRDTs), which casts these ideas into the algebraic
framework of semilattices [34, 35].

CRDTs present two main problems: (a) the programmer
bears responsibility for ensuring lattice properties for their
methods (commutativity, associativity, idempotence), and (b)
CRDTs only provide guarantees for individual data objects,
not for application logic in general. As an example of this
second point, consider the following:

Example 1. A replicated, fault-tolerant courseware ap-
plication assigns students into study teams. It uses two set
CRDTs: one for Students and another for Teams. The appli-
cation reads a version of Students and inserts the derived
element <Alice,Bob> into Teams. Concurrently, Bob is re-
moved from Students by another application replica. The
use of CRDTs ensures that all replicas will eventually agree
that Bob is absent from Students, but this is not enough:
application-level state is inconsistent unless the derived val-
ues in Teams are updated consistently to reflect Bob’s re-
moval. This is outside the scope of CRDT guarantees.

Taken together, the problems with Convergent Modules
present a scope dilemma: a small module (e.g., a set) makes
lattice properties easy to inspect and test, but provides only
simple semantic guarantees. Large CRDTs (e.g., an eventu-
ally consistent shopping cart) provide higher-level application
guarantees but require the programmer to ensure lattice prop-
erties hold for a large module, resulting in software that is
difficult to test, maintain, and trust.

Monotonic Logic: In recent work, we observed that the
database theory literature on monotonic logic provides a
powerful lens for reasoning about distributed consistency.
Intuitively, a monotonic program makes forward progress
over time: it never “retracts” an earlier conclusion in the face
of new information. We proposed the CALM theorem, which
established that all monotonic programs are confluent (invari-
ant to message reordering and retry) and hence eventually
consistent [5, 18, 25]. Monotonicity of a Datalog program is
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Abstract
Programs written using a deterministic-by-construction model of
parallel computation are guaranteed to always produce the same
observable results, offering programmers freedom from subtle,
hard-to-reproduce nondeterministic bugs that are the scourge of
parallel software. We present LVars, a new model for deterministic-
by-construction parallel programming that generalizes existing
single-assignment models to allow multiple assignments that are
monotonically increasing with respect to a user-specified lattice.
LVars ensure determinism by allowing only monotonic writes and
“threshold” reads that block until a lower bound is reached. We
give a proof of determinism and a prototype implementation for a
language with LVars and describe how to extend the LVars model
to support a limited form of nondeterminism that admits failures
but never wrong answers.

Categories and Subject Descriptors D.3.3 [Language Constructs
and Features]: Concurrent programming structures; D.1.3 [Con-
current Programming]: Parallel programming; D.3.1 [Formal
Definitions and Theory]: Semantics; D.3.2 [Language Classifi-
cations]: Concurrent, distributed, and parallel languages

Keywords Deterministic parallelism; lattices

1. Introduction
Programs written using a deterministic-by-construction model of
parallel computation are guaranteed to always produce the same
observable results, offering programmers freedom from subtle,
hard-to-reproduce nondeterministic bugs that are the scourge of
parallel software. While a number of popular languages and lan-
guage extensions (e.g., Cilk [15]) encourage deterministic parallel
programming, few of them guarantee determinism for all programs
written using the model.

The most developed parallel model that offers a deterministic-
by-construction guarantee for all programs—“developed” here
meaning mature implementations, broadly available, with many
libraries and reasonable performance—is pure functional program-
ming with function-level task parallelism, or futures. For example,
Haskell programs using futures by means of the par and pseq com-
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binators can provide real speedups on practical programs while
guaranteeing determinism [22].1 Yet pure programming with fu-
tures is not ideal for all problems. Consider a producer/consumer
computation in which producers and consumers can be scheduled
onto separate processors, each able to keep their working sets in
cache. Such a scenario enables pipeline parallelism and is com-
mon, for instance, in stream processing. But a clear separation of
producers and consumers is difficult with futures, because when-
ever a consumer forces a future, if it is not yet available, the con-
sumer immediately switches roles to begin computing the value (as
explored in previous work [23]).

Since pure programming with futures is a poor fit for produc-
er/consumer computations, one might then turn to stateful deter-
ministic parallel models. Shared state between computations al-
lows the possibility for data races that introduce nondeterminism,
so any parallel model that hopes to preserve determinism must do
something to tame sharing—that is, to restrict access to mutable
state shared among concurrent computations. Systems such as DPJ
(Deterministic Parallel Java) [6] and Concurrent Revisions [8, 20],
for instance, accomplish this by ensuring that the state accessed by
concurrent threads is disjoint.

In this paper, we are concerned with an alternative approach:
allowing data to be shared, but limiting the operations that can be
performed on it to only those operations that commute with one
another and thus can tolerate nondeterministic thread interleavings.
Although the order in which side-effecting operations occur can
differ on multiple runs, a program will always produce the same
externally observable result.2 Specifically, we are concerned with
models where shared data structures grow monotonically—by pub-
lishing information, but never invalidating it. These models support
pipelining for producer/consumer applications.

Existing monotonic models Consider two classic deterministic
parallel models, dating back to the late 60s and early 70s [17, 28]:

• In Kahn process networks (KPNs) [17], as well as in the
more restricted synchronous data flow systems [19], a network
of processes communicate with each other through blocking
FIFO channels. KPNs are the basis for deterministic stream-
processing languages such as StreamIt [16], which are narrowly
focused but have shown clear benefits in auto-parallelization
and hardware portability.

• In parallel single-assignment languages [28], “full/empty” bits
are associated with heap locations so that they may be writ-
ten to at most once. Single-assignment locations with blocking
read semantics are known as IVars [4] and are a well-established

1 With SafeHaskell enabled and, of course, no IO.
2 There are many ways to define what is observable about a program. In this
paper, we define the observable result of a program to be the value to which
it evaluates.
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Abstract
Deterministic-by-construction parallel programming models of-
fer programmers the promise of freedom from subtle, hard-to-
reproduce nondeterministic bugs in parallel code. A principled ap-
proach to deterministic-by-construction parallel programming with
shared state is offered by LVars: shared memory locations whose
semantics are defined in terms of a user-specified lattice. Writes to
an LVar take the least upper bound of the old and new values with
respect to the lattice, while reads from an LVar can observe only
that its contents have crossed a specified threshold in the lattice.
Although it guarantees determinism, this interface is quite limited.

We extend LVars in two ways. First, we add the ability to
“freeze” and then read the contents of an LVar directly. Second,
we add the ability to attach callback functions to an LVar, allowing
events to be triggered by writes to it. Together, callbacks and freez-
ing enable an expressive and useful style of parallel programming.
We prove that in a language where communication takes place
through freezable LVars, programs are at worst quasi-deterministic:
on every run, they either produce the same answer or raise an er-
ror. We demonstrate the viability of our approach by implementing
a library for Haskell supporting a variety of LVar-based data struc-
tures, together with two case studies that illustrate the programming
model and yield promising parallel speedup.

1. Introduction
Nondeterminism is essential for achieving flexible parallelism: it
allows tasks to be scheduled onto cores dynamically, in response
to the vagaries of an execution. But if schedule nondeterminism is
observable within a program, it becomes much more difficult for
programmers to discover and correct bugs by testing, let alone to
reason about their programs in the first place.

While much work has focused on identifying methods of de-
terministic parallel programming [5, 6, 13, 16, 17, 26], guaranteed
determinism in real parallel programs remains a lofty and rarely
achieved goal. It places stringent constraints on the programming
model: concurrent tasks must communicate in restricted ways that
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prevent them from observing the effects of scheduling, a restriction
that must be enforced at the language or runtime level.

The simplest strategy is to allow no communication, forc-
ing concurrent tasks to produce values independently. Pure data-
parallel languages follow this strategy [22], as do languages that
force references to be either task-unique or immutable [5]. But
some algorithms are more naturally or efficiently written using
shared state or message passing. A variety of deterministic-by-
construction models allow limited communication along these
lines, but they tend to be narrow in scope and centered around a
single data structure: for instance, FIFO queues in Kahn process
networks [13] and StreamIt [11], or shared write-only tables in
Intel Concurrent Collections [6].

Big-tent deterministic parallelism Our goal is to create a broader,
general-purpose deterministic-by-construction programming envi-
ronment to increase the appeal and applicability of the method. We
seek an approach that is not tied to a particular data structure and
that supports familiar idioms from both functional and imperative
languages. Our starting point is the idea of monotonic data struc-
tures, in which (1) information can only be added, never removed,
and (2) the order in which information is added is not observable.
A paradigmatic example is a set that supports insertion but not re-
moval, but there are many others.

The LVars programming model recently proposed by Kuper and
Newton makes an initial foray into programming with monotonic
data structures [15]. In their model (which we review in Section 2),
all shared data structures (called LVars) are monotonic, and the
states that an LVar can take on form a lattice. Writes to an LVar
must correspond to a join (least upper bound) in the lattice, which
means that they monotonically increase the information in the LVar,
and that they commute with one another. But commuting writes
are not enough to guarantee determinism: if a read can observe
whether or not a concurrent write has happened, then it can observe
differences in scheduling. So, in the LVar model, the answer to the
question “has a write occurred?” (i.e., is the LVar above a certain
lattice value?) is always yes; the reading thread will block until the
LVar goes over a desired threshold. In a monotonic data structure,
the absence of information is transient—another thread could add
that information at any time—but the presence of information is
forever.

The LVars model guarantees determinism, supports an unlim-
ited variety of data structures (anything viewable as a lattice), and
provides a familiar API, so it already achieves several of our goals.
Unfortunately, it is not as general-purpose as one might hope.

Many algorithms are presented explicitly as fixpoints of mono-
tonic functions. For example, an unordered graph traversal can
be understood in terms of a monotonically growing set of “seen
nodes”; neighbors of seen nodes are fed back into the set until it
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ABSTRACT

In recent years there has been interest in achieving application-
level consistency criteria without the latency and availability
costs of strongly consistent storage infrastructure. A stan-
dard technique is to adopt a vocabulary of commutative op-
erations; this avoids the risk of inconsistency due to message
reordering. A more powerful approach was recently captured
by the CALM theorem, which proves that logically mono-
tonic programs are guaranteed to be eventually consistent.
In logic languages such as Bloom, CALM analysis can au-
tomatically verify that program modules achieve consistency
without coordination.

In this paper we present BloomL, an extension to Bloom
that takes inspiration from both these traditions. BloomL gen-
eralizes Bloom to support lattices and extends the power of
CALM analysis to whole programs containing arbitrary lat-
tices. We show how the Bloom interpreter can be general-
ized to support efficient evaluation of lattice-based code us-
ing well-known strategies from logic programming. Finally,
we use BloomL to develop several practical distributed pro-
grams, including a key-value store similar to Amazon Dy-
namo, and show how BloomL encourages the safe composi-
tion of small, easy-to-analyze lattices into larger programs.

1. INTRODUCTION

As cloud computing becomes increasingly common, the
inherent difficulties of distributed systems—asynchrony, con-
currency, and partial failure—affect a growing segment of the
developer community. Traditionally, transactions and other
forms of strong consistency encapsulated these problems at
the data management layer. But in recent years there has
been interest in achieving application-level consistency cri-
teria without incurring the latency and availability costs of
strongly consistent storage [8, 17]. Two different frameworks
for these techniques have received significant attention in
recent research: Convergent Modules and Monotonic Logic.

Convergent Modules: In this approach, a programmer writes
encapsulated modules whose public methods provide certain
guarantees regarding message reordering and retry. For exam-
ple, Statebox is an open-source library that merges conflicting
updates to data items in a key-value store; the user of the li-

brary need only register commutative, associative, idempotent
merge functions [19]. This approach has roots in research in
databases and systems [12, 14, 17, 27, 39] as well as group-
ware [11, 37]. Shapiro, et al. recently proposed a formalism
for these approaches called Conflict-Free Replicated Data
Types (CRDTs), which casts these ideas into the algebraic
framework of semilattices [34, 35].

CRDTs present two main problems: (a) the programmer
bears responsibility for ensuring lattice properties for their
methods (commutativity, associativity, idempotence), and (b)
CRDTs only provide guarantees for individual data objects,
not for application logic in general. As an example of this
second point, consider the following:

Example 1. A replicated, fault-tolerant courseware ap-
plication assigns students into study teams. It uses two set
CRDTs: one for Students and another for Teams. The appli-
cation reads a version of Students and inserts the derived
element <Alice,Bob> into Teams. Concurrently, Bob is re-
moved from Students by another application replica. The
use of CRDTs ensures that all replicas will eventually agree
that Bob is absent from Students, but this is not enough:
application-level state is inconsistent unless the derived val-
ues in Teams are updated consistently to reflect Bob’s re-
moval. This is outside the scope of CRDT guarantees.

Taken together, the problems with Convergent Modules
present a scope dilemma: a small module (e.g., a set) makes
lattice properties easy to inspect and test, but provides only
simple semantic guarantees. Large CRDTs (e.g., an eventu-
ally consistent shopping cart) provide higher-level application
guarantees but require the programmer to ensure lattice prop-
erties hold for a large module, resulting in software that is
difficult to test, maintain, and trust.

Monotonic Logic: In recent work, we observed that the
database theory literature on monotonic logic provides a
powerful lens for reasoning about distributed consistency.
Intuitively, a monotonic program makes forward progress
over time: it never “retracts” an earlier conclusion in the face
of new information. We proposed the CALM theorem, which
established that all monotonic programs are confluent (invari-
ant to message reordering and retry) and hence eventually
consistent [5, 18, 25]. Monotonicity of a Datalog program is
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Abstract
Programs written using a deterministic-by-construction model of
parallel computation are guaranteed to always produce the same
observable results, offering programmers freedom from subtle,
hard-to-reproduce nondeterministic bugs that are the scourge of
parallel software. We present LVars, a new model for deterministic-
by-construction parallel programming that generalizes existing
single-assignment models to allow multiple assignments that are
monotonically increasing with respect to a user-specified lattice.
LVars ensure determinism by allowing only monotonic writes and
“threshold” reads that block until a lower bound is reached. We
give a proof of determinism and a prototype implementation for a
language with LVars and describe how to extend the LVars model
to support a limited form of nondeterminism that admits failures
but never wrong answers.

Categories and Subject Descriptors D.3.3 [Language Constructs
and Features]: Concurrent programming structures; D.1.3 [Con-
current Programming]: Parallel programming; D.3.1 [Formal
Definitions and Theory]: Semantics; D.3.2 [Language Classifi-
cations]: Concurrent, distributed, and parallel languages

Keywords Deterministic parallelism; lattices

1. Introduction
Programs written using a deterministic-by-construction model of
parallel computation are guaranteed to always produce the same
observable results, offering programmers freedom from subtle,
hard-to-reproduce nondeterministic bugs that are the scourge of
parallel software. While a number of popular languages and lan-
guage extensions (e.g., Cilk [15]) encourage deterministic parallel
programming, few of them guarantee determinism for all programs
written using the model.

The most developed parallel model that offers a deterministic-
by-construction guarantee for all programs—“developed” here
meaning mature implementations, broadly available, with many
libraries and reasonable performance—is pure functional program-
ming with function-level task parallelism, or futures. For example,
Haskell programs using futures by means of the par and pseq com-
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binators can provide real speedups on practical programs while
guaranteeing determinism [22].1 Yet pure programming with fu-
tures is not ideal for all problems. Consider a producer/consumer
computation in which producers and consumers can be scheduled
onto separate processors, each able to keep their working sets in
cache. Such a scenario enables pipeline parallelism and is com-
mon, for instance, in stream processing. But a clear separation of
producers and consumers is difficult with futures, because when-
ever a consumer forces a future, if it is not yet available, the con-
sumer immediately switches roles to begin computing the value (as
explored in previous work [23]).

Since pure programming with futures is a poor fit for produc-
er/consumer computations, one might then turn to stateful deter-
ministic parallel models. Shared state between computations al-
lows the possibility for data races that introduce nondeterminism,
so any parallel model that hopes to preserve determinism must do
something to tame sharing—that is, to restrict access to mutable
state shared among concurrent computations. Systems such as DPJ
(Deterministic Parallel Java) [6] and Concurrent Revisions [8, 20],
for instance, accomplish this by ensuring that the state accessed by
concurrent threads is disjoint.

In this paper, we are concerned with an alternative approach:
allowing data to be shared, but limiting the operations that can be
performed on it to only those operations that commute with one
another and thus can tolerate nondeterministic thread interleavings.
Although the order in which side-effecting operations occur can
differ on multiple runs, a program will always produce the same
externally observable result.2 Specifically, we are concerned with
models where shared data structures grow monotonically—by pub-
lishing information, but never invalidating it. These models support
pipelining for producer/consumer applications.

Existing monotonic models Consider two classic deterministic
parallel models, dating back to the late 60s and early 70s [17, 28]:

• In Kahn process networks (KPNs) [17], as well as in the
more restricted synchronous data flow systems [19], a network
of processes communicate with each other through blocking
FIFO channels. KPNs are the basis for deterministic stream-
processing languages such as StreamIt [16], which are narrowly
focused but have shown clear benefits in auto-parallelization
and hardware portability.

• In parallel single-assignment languages [28], “full/empty” bits
are associated with heap locations so that they may be writ-
ten to at most once. Single-assignment locations with blocking
read semantics are known as IVars [4] and are a well-established

1 With SafeHaskell enabled and, of course, no IO.
2 There are many ways to define what is observable about a program. In this
paper, we define the observable result of a program to be the value to which
it evaluates.
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Abstract
Deterministic-by-construction parallel programming models of-
fer programmers the promise of freedom from subtle, hard-to-
reproduce nondeterministic bugs in parallel code. A principled ap-
proach to deterministic-by-construction parallel programming with
shared state is offered by LVars: shared memory locations whose
semantics are defined in terms of a user-specified lattice. Writes to
an LVar take the least upper bound of the old and new values with
respect to the lattice, while reads from an LVar can observe only
that its contents have crossed a specified threshold in the lattice.
Although it guarantees determinism, this interface is quite limited.

We extend LVars in two ways. First, we add the ability to
“freeze” and then read the contents of an LVar directly. Second,
we add the ability to attach callback functions to an LVar, allowing
events to be triggered by writes to it. Together, callbacks and freez-
ing enable an expressive and useful style of parallel programming.
We prove that in a language where communication takes place
through freezable LVars, programs are at worst quasi-deterministic:
on every run, they either produce the same answer or raise an er-
ror. We demonstrate the viability of our approach by implementing
a library for Haskell supporting a variety of LVar-based data struc-
tures, together with two case studies that illustrate the programming
model and yield promising parallel speedup.

1. Introduction
Nondeterminism is essential for achieving flexible parallelism: it
allows tasks to be scheduled onto cores dynamically, in response
to the vagaries of an execution. But if schedule nondeterminism is
observable within a program, it becomes much more difficult for
programmers to discover and correct bugs by testing, let alone to
reason about their programs in the first place.

While much work has focused on identifying methods of de-
terministic parallel programming [5, 6, 13, 16, 17, 26], guaranteed
determinism in real parallel programs remains a lofty and rarely
achieved goal. It places stringent constraints on the programming
model: concurrent tasks must communicate in restricted ways that
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prevent them from observing the effects of scheduling, a restriction
that must be enforced at the language or runtime level.

The simplest strategy is to allow no communication, forc-
ing concurrent tasks to produce values independently. Pure data-
parallel languages follow this strategy [22], as do languages that
force references to be either task-unique or immutable [5]. But
some algorithms are more naturally or efficiently written using
shared state or message passing. A variety of deterministic-by-
construction models allow limited communication along these
lines, but they tend to be narrow in scope and centered around a
single data structure: for instance, FIFO queues in Kahn process
networks [13] and StreamIt [11], or shared write-only tables in
Intel Concurrent Collections [6].

Big-tent deterministic parallelism Our goal is to create a broader,
general-purpose deterministic-by-construction programming envi-
ronment to increase the appeal and applicability of the method. We
seek an approach that is not tied to a particular data structure and
that supports familiar idioms from both functional and imperative
languages. Our starting point is the idea of monotonic data struc-
tures, in which (1) information can only be added, never removed,
and (2) the order in which information is added is not observable.
A paradigmatic example is a set that supports insertion but not re-
moval, but there are many others.

The LVars programming model recently proposed by Kuper and
Newton makes an initial foray into programming with monotonic
data structures [15]. In their model (which we review in Section 2),
all shared data structures (called LVars) are monotonic, and the
states that an LVar can take on form a lattice. Writes to an LVar
must correspond to a join (least upper bound) in the lattice, which
means that they monotonically increase the information in the LVar,
and that they commute with one another. But commuting writes
are not enough to guarantee determinism: if a read can observe
whether or not a concurrent write has happened, then it can observe
differences in scheduling. So, in the LVar model, the answer to the
question “has a write occurred?” (i.e., is the LVar above a certain
lattice value?) is always yes; the reading thread will block until the
LVar goes over a desired threshold. In a monotonic data structure,
the absence of information is transient—another thread could add
that information at any time—but the presence of information is
forever.

The LVars model guarantees determinism, supports an unlim-
ited variety of data structures (anything viewable as a lattice), and
provides a familiar API, so it already achieves several of our goals.
Unfortunately, it is not as general-purpose as one might hope.

Many algorithms are presented explicitly as fixpoints of mono-
tonic functions. For example, an unordered graph traversal can
be understood in terms of a monotonically growing set of “seen
nodes”; neighbors of seen nodes are fed back into the set until it
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ABSTRACT

In recent years there has been interest in achieving application-
level consistency criteria without the latency and availability
costs of strongly consistent storage infrastructure. A stan-
dard technique is to adopt a vocabulary of commutative op-
erations; this avoids the risk of inconsistency due to message
reordering. A more powerful approach was recently captured
by the CALM theorem, which proves that logically mono-
tonic programs are guaranteed to be eventually consistent.
In logic languages such as Bloom, CALM analysis can au-
tomatically verify that program modules achieve consistency
without coordination.

In this paper we present BloomL, an extension to Bloom
that takes inspiration from both these traditions. BloomL gen-
eralizes Bloom to support lattices and extends the power of
CALM analysis to whole programs containing arbitrary lat-
tices. We show how the Bloom interpreter can be general-
ized to support efficient evaluation of lattice-based code us-
ing well-known strategies from logic programming. Finally,
we use BloomL to develop several practical distributed pro-
grams, including a key-value store similar to Amazon Dy-
namo, and show how BloomL encourages the safe composi-
tion of small, easy-to-analyze lattices into larger programs.

1. INTRODUCTION

As cloud computing becomes increasingly common, the
inherent difficulties of distributed systems—asynchrony, con-
currency, and partial failure—affect a growing segment of the
developer community. Traditionally, transactions and other
forms of strong consistency encapsulated these problems at
the data management layer. But in recent years there has
been interest in achieving application-level consistency cri-
teria without incurring the latency and availability costs of
strongly consistent storage [8, 17]. Two different frameworks
for these techniques have received significant attention in
recent research: Convergent Modules and Monotonic Logic.

Convergent Modules: In this approach, a programmer writes
encapsulated modules whose public methods provide certain
guarantees regarding message reordering and retry. For exam-
ple, Statebox is an open-source library that merges conflicting
updates to data items in a key-value store; the user of the li-

brary need only register commutative, associative, idempotent
merge functions [19]. This approach has roots in research in
databases and systems [12, 14, 17, 27, 39] as well as group-
ware [11, 37]. Shapiro, et al. recently proposed a formalism
for these approaches called Conflict-Free Replicated Data
Types (CRDTs), which casts these ideas into the algebraic
framework of semilattices [34, 35].

CRDTs present two main problems: (a) the programmer
bears responsibility for ensuring lattice properties for their
methods (commutativity, associativity, idempotence), and (b)
CRDTs only provide guarantees for individual data objects,
not for application logic in general. As an example of this
second point, consider the following:

Example 1. A replicated, fault-tolerant courseware ap-
plication assigns students into study teams. It uses two set
CRDTs: one for Students and another for Teams. The appli-
cation reads a version of Students and inserts the derived
element <Alice,Bob> into Teams. Concurrently, Bob is re-
moved from Students by another application replica. The
use of CRDTs ensures that all replicas will eventually agree
that Bob is absent from Students, but this is not enough:
application-level state is inconsistent unless the derived val-
ues in Teams are updated consistently to reflect Bob’s re-
moval. This is outside the scope of CRDT guarantees.

Taken together, the problems with Convergent Modules
present a scope dilemma: a small module (e.g., a set) makes
lattice properties easy to inspect and test, but provides only
simple semantic guarantees. Large CRDTs (e.g., an eventu-
ally consistent shopping cart) provide higher-level application
guarantees but require the programmer to ensure lattice prop-
erties hold for a large module, resulting in software that is
difficult to test, maintain, and trust.

Monotonic Logic: In recent work, we observed that the
database theory literature on monotonic logic provides a
powerful lens for reasoning about distributed consistency.
Intuitively, a monotonic program makes forward progress
over time: it never “retracts” an earlier conclusion in the face
of new information. We proposed the CALM theorem, which
established that all monotonic programs are confluent (invari-
ant to message reordering and retry) and hence eventually
consistent [5, 18, 25]. Monotonicity of a Datalog program is
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Abstract
Programs written using a deterministic-by-construction model of
parallel computation are guaranteed to always produce the same
observable results, offering programmers freedom from subtle,
hard-to-reproduce nondeterministic bugs that are the scourge of
parallel software. We present LVars, a new model for deterministic-
by-construction parallel programming that generalizes existing
single-assignment models to allow multiple assignments that are
monotonically increasing with respect to a user-specified lattice.
LVars ensure determinism by allowing only monotonic writes and
“threshold” reads that block until a lower bound is reached. We
give a proof of determinism and a prototype implementation for a
language with LVars and describe how to extend the LVars model
to support a limited form of nondeterminism that admits failures
but never wrong answers.

Categories and Subject Descriptors D.3.3 [Language Constructs
and Features]: Concurrent programming structures; D.1.3 [Con-
current Programming]: Parallel programming; D.3.1 [Formal
Definitions and Theory]: Semantics; D.3.2 [Language Classifi-
cations]: Concurrent, distributed, and parallel languages

Keywords Deterministic parallelism; lattices

1. Introduction
Programs written using a deterministic-by-construction model of
parallel computation are guaranteed to always produce the same
observable results, offering programmers freedom from subtle,
hard-to-reproduce nondeterministic bugs that are the scourge of
parallel software. While a number of popular languages and lan-
guage extensions (e.g., Cilk [15]) encourage deterministic parallel
programming, few of them guarantee determinism for all programs
written using the model.

The most developed parallel model that offers a deterministic-
by-construction guarantee for all programs—“developed” here
meaning mature implementations, broadly available, with many
libraries and reasonable performance—is pure functional program-
ming with function-level task parallelism, or futures. For example,
Haskell programs using futures by means of the par and pseq com-
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binators can provide real speedups on practical programs while
guaranteeing determinism [22].1 Yet pure programming with fu-
tures is not ideal for all problems. Consider a producer/consumer
computation in which producers and consumers can be scheduled
onto separate processors, each able to keep their working sets in
cache. Such a scenario enables pipeline parallelism and is com-
mon, for instance, in stream processing. But a clear separation of
producers and consumers is difficult with futures, because when-
ever a consumer forces a future, if it is not yet available, the con-
sumer immediately switches roles to begin computing the value (as
explored in previous work [23]).

Since pure programming with futures is a poor fit for produc-
er/consumer computations, one might then turn to stateful deter-
ministic parallel models. Shared state between computations al-
lows the possibility for data races that introduce nondeterminism,
so any parallel model that hopes to preserve determinism must do
something to tame sharing—that is, to restrict access to mutable
state shared among concurrent computations. Systems such as DPJ
(Deterministic Parallel Java) [6] and Concurrent Revisions [8, 20],
for instance, accomplish this by ensuring that the state accessed by
concurrent threads is disjoint.

In this paper, we are concerned with an alternative approach:
allowing data to be shared, but limiting the operations that can be
performed on it to only those operations that commute with one
another and thus can tolerate nondeterministic thread interleavings.
Although the order in which side-effecting operations occur can
differ on multiple runs, a program will always produce the same
externally observable result.2 Specifically, we are concerned with
models where shared data structures grow monotonically—by pub-
lishing information, but never invalidating it. These models support
pipelining for producer/consumer applications.

Existing monotonic models Consider two classic deterministic
parallel models, dating back to the late 60s and early 70s [17, 28]:

• In Kahn process networks (KPNs) [17], as well as in the
more restricted synchronous data flow systems [19], a network
of processes communicate with each other through blocking
FIFO channels. KPNs are the basis for deterministic stream-
processing languages such as StreamIt [16], which are narrowly
focused but have shown clear benefits in auto-parallelization
and hardware portability.

• In parallel single-assignment languages [28], “full/empty” bits
are associated with heap locations so that they may be writ-
ten to at most once. Single-assignment locations with blocking
read semantics are known as IVars [4] and are a well-established

1 With SafeHaskell enabled and, of course, no IO.
2 There are many ways to define what is observable about a program. In this
paper, we define the observable result of a program to be the value to which
it evaluates.

Freeze After Writing
Quasi-Deterministic Parallel Programming with LVars

Lindsey Kuper
Indiana University

lkuper@cs.indiana.edu

Aaron Turon
MPI-SWS

turon@mpi-sws.org

Neelakantan R.
Krishnaswami

MPI-SWS
neelk@mpi-sws.org

Ryan R. Newton
Indiana University

rrnewton@cs.indiana.edu

Abstract
Deterministic-by-construction parallel programming models of-
fer programmers the promise of freedom from subtle, hard-to-
reproduce nondeterministic bugs in parallel code. A principled ap-
proach to deterministic-by-construction parallel programming with
shared state is offered by LVars: shared memory locations whose
semantics are defined in terms of a user-specified lattice. Writes to
an LVar take the least upper bound of the old and new values with
respect to the lattice, while reads from an LVar can observe only
that its contents have crossed a specified threshold in the lattice.
Although it guarantees determinism, this interface is quite limited.

We extend LVars in two ways. First, we add the ability to
“freeze” and then read the contents of an LVar directly. Second,
we add the ability to attach callback functions to an LVar, allowing
events to be triggered by writes to it. Together, callbacks and freez-
ing enable an expressive and useful style of parallel programming.
We prove that in a language where communication takes place
through freezable LVars, programs are at worst quasi-deterministic:
on every run, they either produce the same answer or raise an er-
ror. We demonstrate the viability of our approach by implementing
a library for Haskell supporting a variety of LVar-based data struc-
tures, together with two case studies that illustrate the programming
model and yield promising parallel speedup.

1. Introduction
Nondeterminism is essential for achieving flexible parallelism: it
allows tasks to be scheduled onto cores dynamically, in response
to the vagaries of an execution. But if schedule nondeterminism is
observable within a program, it becomes much more difficult for
programmers to discover and correct bugs by testing, let alone to
reason about their programs in the first place.

While much work has focused on identifying methods of de-
terministic parallel programming [5, 6, 13, 16, 17, 26], guaranteed
determinism in real parallel programs remains a lofty and rarely
achieved goal. It places stringent constraints on the programming
model: concurrent tasks must communicate in restricted ways that
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prevent them from observing the effects of scheduling, a restriction
that must be enforced at the language or runtime level.

The simplest strategy is to allow no communication, forc-
ing concurrent tasks to produce values independently. Pure data-
parallel languages follow this strategy [22], as do languages that
force references to be either task-unique or immutable [5]. But
some algorithms are more naturally or efficiently written using
shared state or message passing. A variety of deterministic-by-
construction models allow limited communication along these
lines, but they tend to be narrow in scope and centered around a
single data structure: for instance, FIFO queues in Kahn process
networks [13] and StreamIt [11], or shared write-only tables in
Intel Concurrent Collections [6].

Big-tent deterministic parallelism Our goal is to create a broader,
general-purpose deterministic-by-construction programming envi-
ronment to increase the appeal and applicability of the method. We
seek an approach that is not tied to a particular data structure and
that supports familiar idioms from both functional and imperative
languages. Our starting point is the idea of monotonic data struc-
tures, in which (1) information can only be added, never removed,
and (2) the order in which information is added is not observable.
A paradigmatic example is a set that supports insertion but not re-
moval, but there are many others.

The LVars programming model recently proposed by Kuper and
Newton makes an initial foray into programming with monotonic
data structures [15]. In their model (which we review in Section 2),
all shared data structures (called LVars) are monotonic, and the
states that an LVar can take on form a lattice. Writes to an LVar
must correspond to a join (least upper bound) in the lattice, which
means that they monotonically increase the information in the LVar,
and that they commute with one another. But commuting writes
are not enough to guarantee determinism: if a read can observe
whether or not a concurrent write has happened, then it can observe
differences in scheduling. So, in the LVar model, the answer to the
question “has a write occurred?” (i.e., is the LVar above a certain
lattice value?) is always yes; the reading thread will block until the
LVar goes over a desired threshold. In a monotonic data structure,
the absence of information is transient—another thread could add
that information at any time—but the presence of information is
forever.

The LVars model guarantees determinism, supports an unlim-
ited variety of data structures (anything viewable as a lattice), and
provides a familiar API, so it already achieves several of our goals.
Unfortunately, it is not as general-purpose as one might hope.

Many algorithms are presented explicitly as fixpoints of mono-
tonic functions. For example, an unordered graph traversal can
be understood in terms of a monotonically growing set of “seen
nodes”; neighbors of seen nodes are fed back into the set until it
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Abstract
Programs written using a deterministic-by-construction model of
parallel computation are guaranteed to always produce the same
observable results, offering programmers freedom from subtle,
hard-to-reproduce nondeterministic bugs that are the scourge of
parallel software. We present LVars, a new model for deterministic-
by-construction parallel programming that generalizes existing
single-assignment models to allow multiple assignments that are
monotonically increasing with respect to a user-specified lattice.
LVars ensure determinism by allowing only monotonic writes and
“threshold” reads that block until a lower bound is reached. We
give a proof of determinism and a prototype implementation for a
language with LVars and describe how to extend the LVars model
to support a limited form of nondeterminism that admits failures
but never wrong answers.

Categories and Subject Descriptors D.3.3 [Language Constructs
and Features]: Concurrent programming structures; D.1.3 [Con-
current Programming]: Parallel programming; D.3.1 [Formal
Definitions and Theory]: Semantics; D.3.2 [Language Classifi-
cations]: Concurrent, distributed, and parallel languages

Keywords Deterministic parallelism; lattices

1. Introduction
Programs written using a deterministic-by-construction model of
parallel computation are guaranteed to always produce the same
observable results, offering programmers freedom from subtle,
hard-to-reproduce nondeterministic bugs that are the scourge of
parallel software. While a number of popular languages and lan-
guage extensions (e.g., Cilk [15]) encourage deterministic parallel
programming, few of them guarantee determinism for all programs
written using the model.

The most developed parallel model that offers a deterministic-
by-construction guarantee for all programs—“developed” here
meaning mature implementations, broadly available, with many
libraries and reasonable performance—is pure functional program-
ming with function-level task parallelism, or futures. For example,
Haskell programs using futures by means of the par and pseq com-
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binators can provide real speedups on practical programs while
guaranteeing determinism [22].1 Yet pure programming with fu-
tures is not ideal for all problems. Consider a producer/consumer
computation in which producers and consumers can be scheduled
onto separate processors, each able to keep their working sets in
cache. Such a scenario enables pipeline parallelism and is com-
mon, for instance, in stream processing. But a clear separation of
producers and consumers is difficult with futures, because when-
ever a consumer forces a future, if it is not yet available, the con-
sumer immediately switches roles to begin computing the value (as
explored in previous work [23]).

Since pure programming with futures is a poor fit for produc-
er/consumer computations, one might then turn to stateful deter-
ministic parallel models. Shared state between computations al-
lows the possibility for data races that introduce nondeterminism,
so any parallel model that hopes to preserve determinism must do
something to tame sharing—that is, to restrict access to mutable
state shared among concurrent computations. Systems such as DPJ
(Deterministic Parallel Java) [6] and Concurrent Revisions [8, 20],
for instance, accomplish this by ensuring that the state accessed by
concurrent threads is disjoint.

In this paper, we are concerned with an alternative approach:
allowing data to be shared, but limiting the operations that can be
performed on it to only those operations that commute with one
another and thus can tolerate nondeterministic thread interleavings.
Although the order in which side-effecting operations occur can
differ on multiple runs, a program will always produce the same
externally observable result.2 Specifically, we are concerned with
models where shared data structures grow monotonically—by pub-
lishing information, but never invalidating it. These models support
pipelining for producer/consumer applications.

Existing monotonic models Consider two classic deterministic
parallel models, dating back to the late 60s and early 70s [17, 28]:

• In Kahn process networks (KPNs) [17], as well as in the
more restricted synchronous data flow systems [19], a network
of processes communicate with each other through blocking
FIFO channels. KPNs are the basis for deterministic stream-
processing languages such as StreamIt [16], which are narrowly
focused but have shown clear benefits in auto-parallelization
and hardware portability.

• In parallel single-assignment languages [28], “full/empty” bits
are associated with heap locations so that they may be writ-
ten to at most once. Single-assignment locations with blocking
read semantics are known as IVars [4] and are a well-established

1 With SafeHaskell enabled and, of course, no IO.
2 There are many ways to define what is observable about a program. In this
paper, we define the observable result of a program to be the value to which
it evaluates.
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Abstract
Deterministic-by-construction parallel programming models of-
fer programmers the promise of freedom from subtle, hard-to-
reproduce nondeterministic bugs in parallel code. A principled ap-
proach to deterministic-by-construction parallel programming with
shared state is offered by LVars: shared memory locations whose
semantics are defined in terms of a user-specified lattice. Writes to
an LVar take the least upper bound of the old and new values with
respect to the lattice, while reads from an LVar can observe only
that its contents have crossed a specified threshold in the lattice.
Although it guarantees determinism, this interface is quite limited.

We extend LVars in two ways. First, we add the ability to
“freeze” and then read the contents of an LVar directly. Second,
we add the ability to attach callback functions to an LVar, allowing
events to be triggered by writes to it. Together, callbacks and freez-
ing enable an expressive and useful style of parallel programming.
We prove that in a language where communication takes place
through freezable LVars, programs are at worst quasi-deterministic:
on every run, they either produce the same answer or raise an er-
ror. We demonstrate the viability of our approach by implementing
a library for Haskell supporting a variety of LVar-based data struc-
tures, together with two case studies that illustrate the programming
model and yield promising parallel speedup.

1. Introduction
Nondeterminism is essential for achieving flexible parallelism: it
allows tasks to be scheduled onto cores dynamically, in response
to the vagaries of an execution. But if schedule nondeterminism is
observable within a program, it becomes much more difficult for
programmers to discover and correct bugs by testing, let alone to
reason about their programs in the first place.

While much work has focused on identifying methods of de-
terministic parallel programming [5, 6, 13, 16, 17, 26], guaranteed
determinism in real parallel programs remains a lofty and rarely
achieved goal. It places stringent constraints on the programming
model: concurrent tasks must communicate in restricted ways that
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prevent them from observing the effects of scheduling, a restriction
that must be enforced at the language or runtime level.

The simplest strategy is to allow no communication, forc-
ing concurrent tasks to produce values independently. Pure data-
parallel languages follow this strategy [22], as do languages that
force references to be either task-unique or immutable [5]. But
some algorithms are more naturally or efficiently written using
shared state or message passing. A variety of deterministic-by-
construction models allow limited communication along these
lines, but they tend to be narrow in scope and centered around a
single data structure: for instance, FIFO queues in Kahn process
networks [13] and StreamIt [11], or shared write-only tables in
Intel Concurrent Collections [6].

Big-tent deterministic parallelism Our goal is to create a broader,
general-purpose deterministic-by-construction programming envi-
ronment to increase the appeal and applicability of the method. We
seek an approach that is not tied to a particular data structure and
that supports familiar idioms from both functional and imperative
languages. Our starting point is the idea of monotonic data struc-
tures, in which (1) information can only be added, never removed,
and (2) the order in which information is added is not observable.
A paradigmatic example is a set that supports insertion but not re-
moval, but there are many others.

The LVars programming model recently proposed by Kuper and
Newton makes an initial foray into programming with monotonic
data structures [15]. In their model (which we review in Section 2),
all shared data structures (called LVars) are monotonic, and the
states that an LVar can take on form a lattice. Writes to an LVar
must correspond to a join (least upper bound) in the lattice, which
means that they monotonically increase the information in the LVar,
and that they commute with one another. But commuting writes
are not enough to guarantee determinism: if a read can observe
whether or not a concurrent write has happened, then it can observe
differences in scheduling. So, in the LVar model, the answer to the
question “has a write occurred?” (i.e., is the LVar above a certain
lattice value?) is always yes; the reading thread will block until the
LVar goes over a desired threshold. In a monotonic data structure,
the absence of information is transient—another thread could add
that information at any time—but the presence of information is
forever.

The LVars model guarantees determinism, supports an unlim-
ited variety of data structures (anything viewable as a lattice), and
provides a familiar API, so it already achieves several of our goals.
Unfortunately, it is not as general-purpose as one might hope.

Many algorithms are presented explicitly as fixpoints of mono-
tonic functions. For example, an unordered graph traversal can
be understood in terms of a monotonically growing set of “seen
nodes”; neighbors of seen nodes are fed back into the set until it
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ABSTRACT

In recent years there has been interest in achieving application-
level consistency criteria without the latency and availability
costs of strongly consistent storage infrastructure. A stan-
dard technique is to adopt a vocabulary of commutative op-
erations; this avoids the risk of inconsistency due to message
reordering. A more powerful approach was recently captured
by the CALM theorem, which proves that logically mono-
tonic programs are guaranteed to be eventually consistent.
In logic languages such as Bloom, CALM analysis can au-
tomatically verify that program modules achieve consistency
without coordination.

In this paper we present BloomL, an extension to Bloom
that takes inspiration from both these traditions. BloomL gen-
eralizes Bloom to support lattices and extends the power of
CALM analysis to whole programs containing arbitrary lat-
tices. We show how the Bloom interpreter can be general-
ized to support efficient evaluation of lattice-based code us-
ing well-known strategies from logic programming. Finally,
we use BloomL to develop several practical distributed pro-
grams, including a key-value store similar to Amazon Dy-
namo, and show how BloomL encourages the safe composi-
tion of small, easy-to-analyze lattices into larger programs.

1. INTRODUCTION

As cloud computing becomes increasingly common, the
inherent difficulties of distributed systems—asynchrony, con-
currency, and partial failure—affect a growing segment of the
developer community. Traditionally, transactions and other
forms of strong consistency encapsulated these problems at
the data management layer. But in recent years there has
been interest in achieving application-level consistency cri-
teria without incurring the latency and availability costs of
strongly consistent storage [8, 17]. Two different frameworks
for these techniques have received significant attention in
recent research: Convergent Modules and Monotonic Logic.

Convergent Modules: In this approach, a programmer writes
encapsulated modules whose public methods provide certain
guarantees regarding message reordering and retry. For exam-
ple, Statebox is an open-source library that merges conflicting
updates to data items in a key-value store; the user of the li-

brary need only register commutative, associative, idempotent
merge functions [19]. This approach has roots in research in
databases and systems [12, 14, 17, 27, 39] as well as group-
ware [11, 37]. Shapiro, et al. recently proposed a formalism
for these approaches called Conflict-Free Replicated Data
Types (CRDTs), which casts these ideas into the algebraic
framework of semilattices [34, 35].

CRDTs present two main problems: (a) the programmer
bears responsibility for ensuring lattice properties for their
methods (commutativity, associativity, idempotence), and (b)
CRDTs only provide guarantees for individual data objects,
not for application logic in general. As an example of this
second point, consider the following:

Example 1. A replicated, fault-tolerant courseware ap-
plication assigns students into study teams. It uses two set
CRDTs: one for Students and another for Teams. The appli-
cation reads a version of Students and inserts the derived
element <Alice,Bob> into Teams. Concurrently, Bob is re-
moved from Students by another application replica. The
use of CRDTs ensures that all replicas will eventually agree
that Bob is absent from Students, but this is not enough:
application-level state is inconsistent unless the derived val-
ues in Teams are updated consistently to reflect Bob’s re-
moval. This is outside the scope of CRDT guarantees.

Taken together, the problems with Convergent Modules
present a scope dilemma: a small module (e.g., a set) makes
lattice properties easy to inspect and test, but provides only
simple semantic guarantees. Large CRDTs (e.g., an eventu-
ally consistent shopping cart) provide higher-level application
guarantees but require the programmer to ensure lattice prop-
erties hold for a large module, resulting in software that is
difficult to test, maintain, and trust.

Monotonic Logic: In recent work, we observed that the
database theory literature on monotonic logic provides a
powerful lens for reasoning about distributed consistency.
Intuitively, a monotonic program makes forward progress
over time: it never “retracts” an earlier conclusion in the face
of new information. We proposed the CALM theorem, which
established that all monotonic programs are confluent (invari-
ant to message reordering and retry) and hence eventually
consistent [5, 18, 25]. Monotonicity of a Datalog program is

1

...

{
Logic and Lattices for Distributed Programming

Neil Conway

UC Berkeley

nrc@cs.berkeley.edu

William R. Marczak

UC Berkeley

wrm@cs.berkeley.edu

Peter Alvaro

UC Berkeley

palvaro@cs.berkeley.edu

Joseph M. Hellerstein

UC Berkeley

hellerstein@cs.berkeley.edu

David Maier

Portland State University

maier@cs.pdx.edu

ABSTRACT

In recent years there has been interest in achieving application-
level consistency criteria without the latency and availability
costs of strongly consistent storage infrastructure. A stan-
dard technique is to adopt a vocabulary of commutative op-
erations; this avoids the risk of inconsistency due to message
reordering. A more powerful approach was recently captured
by the CALM theorem, which proves that logically mono-
tonic programs are guaranteed to be eventually consistent.
In logic languages such as Bloom, CALM analysis can au-
tomatically verify that program modules achieve consistency
without coordination.

In this paper we present BloomL, an extension to Bloom
that takes inspiration from both these traditions. BloomL gen-
eralizes Bloom to support lattices and extends the power of
CALM analysis to whole programs containing arbitrary lat-
tices. We show how the Bloom interpreter can be general-
ized to support efficient evaluation of lattice-based code us-
ing well-known strategies from logic programming. Finally,
we use BloomL to develop several practical distributed pro-
grams, including a key-value store similar to Amazon Dy-
namo, and show how BloomL encourages the safe composi-
tion of small, easy-to-analyze lattices into larger programs.

1. INTRODUCTION

As cloud computing becomes increasingly common, the
inherent difficulties of distributed systems—asynchrony, con-
currency, and partial failure—affect a growing segment of the
developer community. Traditionally, transactions and other
forms of strong consistency encapsulated these problems at
the data management layer. But in recent years there has
been interest in achieving application-level consistency cri-
teria without incurring the latency and availability costs of
strongly consistent storage [8, 17]. Two different frameworks
for these techniques have received significant attention in
recent research: Convergent Modules and Monotonic Logic.

Convergent Modules: In this approach, a programmer writes
encapsulated modules whose public methods provide certain
guarantees regarding message reordering and retry. For exam-
ple, Statebox is an open-source library that merges conflicting
updates to data items in a key-value store; the user of the li-

brary need only register commutative, associative, idempotent
merge functions [19]. This approach has roots in research in
databases and systems [12, 14, 17, 27, 39] as well as group-
ware [11, 37]. Shapiro, et al. recently proposed a formalism
for these approaches called Conflict-Free Replicated Data
Types (CRDTs), which casts these ideas into the algebraic
framework of semilattices [34, 35].

CRDTs present two main problems: (a) the programmer
bears responsibility for ensuring lattice properties for their
methods (commutativity, associativity, idempotence), and (b)
CRDTs only provide guarantees for individual data objects,
not for application logic in general. As an example of this
second point, consider the following:

Example 1. A replicated, fault-tolerant courseware ap-
plication assigns students into study teams. It uses two set
CRDTs: one for Students and another for Teams. The appli-
cation reads a version of Students and inserts the derived
element <Alice,Bob> into Teams. Concurrently, Bob is re-
moved from Students by another application replica. The
use of CRDTs ensures that all replicas will eventually agree
that Bob is absent from Students, but this is not enough:
application-level state is inconsistent unless the derived val-
ues in Teams are updated consistently to reflect Bob’s re-
moval. This is outside the scope of CRDT guarantees.

Taken together, the problems with Convergent Modules
present a scope dilemma: a small module (e.g., a set) makes
lattice properties easy to inspect and test, but provides only
simple semantic guarantees. Large CRDTs (e.g., an eventu-
ally consistent shopping cart) provide higher-level application
guarantees but require the programmer to ensure lattice prop-
erties hold for a large module, resulting in software that is
difficult to test, maintain, and trust.

Monotonic Logic: In recent work, we observed that the
database theory literature on monotonic logic provides a
powerful lens for reasoning about distributed consistency.
Intuitively, a monotonic program makes forward progress
over time: it never “retracts” an earlier conclusion in the face
of new information. We proposed the CALM theorem, which
established that all monotonic programs are confluent (invari-
ant to message reordering and retry) and hence eventually
consistent [5, 18, 25]. Monotonicity of a Datalog program is

1



Photo by kakadu on Flickr.  Thanks!

Thank you!
Email: lkuper@cs.indiana.edu
Research blog: composition.al
Project repo: github.com/iu-parfunc/lvars
Code from this talk: github.com/lkuper/lvar-examples

Special thanks to: Ryan Newton, Aaron Turon, Neel Krishnaswami, Sam Tobin-Hochstadt, 
Amr Sabry, Vincent St-Amour, Neil Conway, Sam Elliott, Mike Bernstein, and the IU PL Wonks.


