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There are many different 
concurrency models
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futures promises
Fork/Join

Nested Data Parallelism

dataflow
threads
locks

Software Transactional Memory
Concurrent Revisions

actors
Communicating Sequential Processes

active objects

speculative parallelism
transactional eventsworlds OpenMP

MPI



Programmers combine these  
in a single application
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transactions
actors

futures

atomic 
integer

CSP



Observation 1: programmers combine 
concurrency models
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Tasharofi, Dinges, and Johnson (2013). Why Do Scala Developers Mix the Actor Model with Other Concurrency Models? (ECOOP’13)

15 Scala programs with actors: 

• 12/15 (80%) combine with 
another model 

• 6/15 (40%) say they circumvent 
it where it is “not a good fit”



Observation 2: programming languages  
support many concurrency models
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ƭ�ƫ .PUJWBUJPOT GPS $PNCJOJOH $PODVSSFODZ .PEFMT

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

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

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

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

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

5SBOTBDUJPOBM NFNPSZ ✓ t t ✓ t

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

$IBOOFMT ✓ ✓ t ✓ t
"HFOUT ✓

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

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

DVSSFODZ NPEFMT� *U IBT DPOTUSVDUT GPS OP MFTT UIBO TJY DPODVSSFODZ NPEFMT� GVUVSFT

QSPNJTFT
 BUPNJD WBSJBCMFT
 USBOTBDUJPOBM NFNPSZ
 DIBOOFMT
 BOE BHFOUT� .PSFPWFS

BT JU JT CVJMU PO UPQ PG UIF +7.
 JU QSPWJEFT BDDFTT UP GPVS NPSF NPEFMT� 'PSL�+PJO

QBSBMMFM DPMMFDUJPOT
 UISFBET
 BOE MPDLT� 4DBMB TJNJMBSMZ TVQQPSUT FJHIU EJČFSFOU DPO�
DVSSFODZ NPEFMT� GPVS UISPVHI JUT PXO DPOTUSVDUT BOE GPVS CVJMU PO UPQ PG +BWB� ćF
EFTJHOFST PG UIFTF MBOHVBHFT FWJEFOUMZ DPOTJEFS JU OFDFTTBSZ UP TVQQPSU B TNPSHBTCPSE
PG DPODVSSFODZ NPEFMT� 0UIFS QSPHSBNNJOH MBOHVBHFT BMTP TVQQPSU NVMUJQMF NPE�
FMT� +BWB TVQQPSUT GVUVSFT
 QSPNJTFT
 'PSL�+PJO
 QBSBMMFM DPMMFDUJPOT
 UISFBET
 MPDLT
 BOE
BUPNJD WBSJBCMFT� )BTLFMM TVQQPSUT UISFBET
 MPDLT
 BUPNJD WBSJBCMFT
 USBOTBDUJPOT
 BOE
DIBOOFMT� BOE $�� HBJOFE TVQQPSU GPS EJČFSFOU DPODVSSFODZ NPEFMT JO $��ƉƉ�

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

ƌƍ

Clojure has 10 concurrency models built in
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ƌƍ
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built in 
library

10 8 7 5 5# supported models



Programmers combine 
multiple concurrency models 

Which problems can this cause? 

Are the usual guarantees of  
concurrency models broken?
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Goal

 7

1

2

Separate models: backward compatibility

Combinations: maintain guarantees of all models  
If impossible: define a less restrictive guarantee

futures promises
Fork/Join

Nested Data Parallelism

dataflow
threads
locks

Software Transactional Memory
Concurrent Revisions

actors
Communicating Sequential Processes

active objects

speculative parallelism
transactional eventsworlds OpenMP

MPI

Framework that combines:



Futures
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(defn parallel-filter [f xs]
  (let [[part1 part2] (partition 2 xs)
        future1 (fork (filter f part1))
        future2 (fork (filter f part2))]
    (concat (join future1) (join future2))))

Guarantee: 
          determinacyDet

filter
filter



Actors
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Guarantees: 
          isolated turn principle 
          deadlock freedom

(def flights
  {"BA212" {:from "BOS" :to "LHR" :price 499 :seats 243}
   "BA213" {:from "LHR" :to "BOS" :price 499 :seats 243}})

(def airline-behavior
  (behavior [flights]
    [orig dest n]
    (let [flight   (search-flight flights orig dest)
          flights’ (reserve-seats flights flight n)]
      (become airline-behavior flights’))))

(def british-airways (spawn airline-behavior flights))
(send british-airways "LHR" "BOS" 3)

DLF

ITP

{BA212 ! 243
 BA213 ! 243}

reserve

(reserve-seats …)

Airline

* De Koster, Van Cutsem, De Meuter (2016). 43 Years of Actors: A Taxonomy of Actor Models and Their Key Properties (AGERE’16)

*



Transactions
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(def flights
  {"BA212" (ref {:from "BOS" :to "LHR" … :seats 243})
   "BA213" (ref {:from "LHR" :to "BOS" … :seats 243})})

(defn reserve-seats [flight n]
  (let [flight’ (update (deref flight) :seats - n)]
    (ref-set flight flight’)))

(atomic
  (reserve-seats (get flights "BA213") 3)
  (reserve-seats (get flights "BA212") 3))

Guarantees: 
          isolation (e.g. serializability) 
          progress (e.g. deadlock freedom)
Iso

Pro
(atomic
  (reserve-seats …))

BA213 243

BA212 243



Summary
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Futures 
Deterministic 

(fork e)  
(join f)

           DeterminacyDet

Transactions 
Shared memory 

(atomic e)  
(ref v)
(deref r)
(ref-set r v)

            Isolation 
            Progress

Actors 
Message passing 

(behavior [x] [x] e)
(spawn b v)
(send a v)
(become b v)

           Isolated turn principle 
           Deadlock freedom

Iso

Pro DLF

ITP



We studied the combinations of  
futures, transactions, and actors
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“Naive” combinations cause problems
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“Naive” combinations cause problems
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Swalens, De Koster, De Meuter (2017). Transactional Actors: Communication in Transactions? (SEPS’17)
Swalens, De Koster, De Meuter (2016). Transactional Tasks: Parallelism in Software Transactions (ECOOP’16)



(atomic
  (send …)
  (send …))

BA213 243

BA212 243

Travel Agent

(atomic
  (reserve-seats)
  …)

Airline

Actors & Transactions
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(def airline-behavior
  (behavior []
    [orig dest n]
    (atomic
      (let [flight (search-flight flights orig dest)]
        (reserve-seats flight n)))))

(def airline (spawn airline-behavior))

(def travel-agent-behavior
  (behavior []
    [orig dest n]
    (atomic
      (send airline
        orig dest n)
      (send airline
        dest orig n))))

transaction in actor

actor in transaction



Actors & Transactions

Actor in transaction 

(atomic
  (send airline o d)
  (send airline d o)
  (ref-set …))

⇒  

Solution: 

Tentative messages, 
“unsent” if transaction aborts
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Transaction in actor 

(behavior […]
  […]
  (atomic
    …))

⇒  

Solution: 

Inevitable, so we introduce 
Low-Level Race Freedom

Iso ITP

Iso ITP LLRF

Swalens, De Koster, De Meuter (2017). Transactional Actors: Communication in Transactions? (SEPS’17)



Transactions & Futures
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(def airline-behavior
  (behavior []
    [orig dest n]
    (atomic
      (let [flight (search-flight flights orig dest)]
        (reserve-seats flight n)))))

(defn search-flight [flights orig dest]
  (first
    (parallel-filter
      (fn [flight] (and (= (get @flight :from) orig)
                        (= (get @flight :to) dest)))
      (vals flights))))

(defn parallel-filter [f xs]
  (let [[part1 part2] (partition 2 xs)
        future1 (fork (filter f part1))
        future2 (fork (filter f part2))]
    (concat (join future1) (join future2))))

future in transaction

(atomic

                  )

BA213 243

BA212 243

filter
filter



Transactions & Futures

Transaction in future 

(fork
  (atomic
    …))

⇒  

Solution: 

Inevitable and expected in 
languages with transactions, 
so we introduce 
Intratransaction Determinacy
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Future in transaction 

(atomic
  (fork (filter f part1))
  (fork (filter f part2)))

⇒  

Solution: 

Futures work on conceptual 
copy of transactional 
memory 

Their changes are joined into 
parent

DetIso

Det ITD

Iso

Swalens, De Koster, De Meuter (2016). Transactional Tasks: Parallelism in Software Transactions (ECOOP’16)



Futures & Actors
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(def travel-agent-behavior
  (behavior []
    [orig dest n]
    (fork (book-flight orig dest n))
    (fork (book-flight dest orig n))))

future in actor

Travel Agent

book
book



Futures & Actors

Future in actor 

(behavior […]
  […]
  (fork (book-flight o d))
  (fork (book-flight d o)))

⇒  

Solution: 

Require all futures to be 
joined before end of turn
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Actor in future 

(fork
  (send (filter f part1))
  (send (filter f part2)))

⇒  

Solution: 

Inevitable, but expected

ITP Det

ITP



Chocola: 
chomposable concurrency language
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Implementation
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Extension of Clojure 

• Futures & Transactions: built into Clojure 

• Actors: simple implementation 

• Combinations: by modifying the above 

 
http://chocola.soft.brussels 

https://github.com/jswalens/chocolalib

http://chocola.soft.brussels
https://github.com/jswalens/chocolalib


Formalization of operational semantics
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Uniform formalization of three separate models

Ƭ�ƭ 'VUVSFT

4ZOUBY

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

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

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

4UBUF

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

&WBMVBUJPO DPOUFYUT

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

3FEVDUJPO SVMFT

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

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

ƊƉ

$IBQUFS Ƭ� $PODVSSFODZ .PEFMT

4ZOUBY

S∈ 57BS
W∈ 7BMVF ::= . . .

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

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

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

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

4UBUF

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

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

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

5SBOTBDUJPO TUBUF ◦ ::= ◃ | ✓ | ✗

ćFTUBUF PG B QSPHSBN JO FYFDVUJPOXBT QSFWJPVTMZNPEFMFE BT B TFU PG UBTLT 5� ćJT
JT OPX FYUFOEFE UP DPOUBJO UIF USBOTBDUJPOT BOE UIF USBOTBDUJPOBM NFNPSZ� ćF USBOT�
BDUJPOT BSF TUPSFE JO τ 
 XIJDI NBQT JEFOUJĕFST UP B SFQSFTFOUBUJPO PG UIF USBOTBDUJPO�
ćF IFBQ σ SFQSFTFOUT UIF USBOTBDUJPOBM NFNPSZ
 NBQQJOH USBOTBDUJPOBM WBSJBCMFT UP
UIFJS WBMVF� ćF IFBQ DBO CF BDDFTTFE CZ BMM UBTLT� #PUI τ BOE σ BSF JOJUJBMMZ FNQUZ�

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

" USBOTBDUJPO DPOUBJOT UIF GPMMPXJOH FMFNFOUT�
ƉƈćF OPUBUJPO W ::= . . . | JOEJDBUFT XF FYUFOE UIF EFĕOJUJPO PG W GSPN -G�
ƉƉćF RVFTUJPO NBSL JOEJDBUFT BO PQUJPOBM FMFNFOU
 J�F� O ::= O | •� 	%FĕOFE JO "QQFOEJY "�


ƋƊ

Ƭ�Ư "DUPST

4ZOUBY

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

| B "EESFTT
| C #FIBWJPS

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

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

BOE send BT EJTDVTTFE FBSMJFS
 BT XFMM BT UIF LFZXPSE self
 XIJDI XJMM BMXBZT CF UIF
BEESFTT PG UIF DVSSFOU BDUPS�

4UBUF

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

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

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

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

"O BDUPS DPOTJTUT PG UISFF FMFNFOUT�

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

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

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

ƋƑ

$IBQUFS Ʊ� 1VSF$IPDPMB� BO 0QFSBUJPOBM 4FNBOUJDT

1SPHSBN TUBUF Q ::= ⟨", 5, µ, τ , σ⟩
"DUPST "⊂ "DUPS
5BTLT 5⊂ 5BTL

*OCPYFT µ : "EESFTT ⇀ .FTTBHF
5SBOTBDUJPOT τ : 5SBOTBDUJPO/VNCFS ⇀ 5SBOTBDUJPO

5SBOTBDUJPOBM IFBQ σ : 57BS ⇀ 7BMVF
"DUPS BDU∈ "DUPS ::= ⟨B, G  

SPPU, CFI, O
 
EFQ⟩

5BTL UBTL∈ 5BTL ::= ⟨G, B, F, 'T, 'K, FGG, DUY ⟩
5SBOTBDUJPO UY∈ 5SBOTBDUJPO ::= ⟨◦, F⟩

4QBXOFE BOE KPJOFE GVUVSFT 'T, 'K ⊂ 'VUVSF
&ČFDUT PO BDUPST FGG ::= ⟨", CFI ⟩

5SBOTBDUJPOBM DPOUFYU DUY ::= ⟨O, σ, δ, FGGUY⟩
.FTTBHF NTH∈ .FTTBHF ::= ⟨BGSPN, BUP, W, O 

EFQ⟩
"T CFGPSF�
#FIBWJPS CFI∈ #FIBWJPS ::= ⟨C, W⟩

4OBQTIPU
 MPDBM TUPSF σ, δ : 57BS ⇀ 7BMVF
5SBOTBDUJPO JE O∈ 5SBOTBDUJPO/VNCFS

5SBOTBDUJPO TUBUF ◦ ::= ◃ | ✓ | ✗

'JHVSF Ə�Ƌ� ćF SFQSFTFOUBUJPO PG UIF QSPHSBN TUBUF BOE JUT FMFNFOUT JO UIF TFNBOUJDT PG 1VSF�
$IPDPMB�

t B� UIF BDUPS JO XIJDI UIF UBTL JT SVOOJOH� " UBTL BMXBZT SVOT XJUIJO POF BDUPS�Ɖ

t F� MJLF CFGPSF
 UIF FYQSFTTJPO UIBU JT DVSSFOUMZ CFJOH FWBMVBUFE CZ UIF UBTL� 8IFO
UIJT IBT CFFO SFEVDFE UP B TJOHMF WBMVF W
 UIF UBTL IBT ĕOJTIFE�

t 'T� UIF GVUVSFT GPSLFE CZ UIJT UBTL� ćJT DPOUBJOT UIF EJSFDU DIJMESFO PG UIF UBTL

XIJDI XF SFRVJSF UP CF KPJOFE CFGPSF UIF UBTL ĕOJTIFT�

t 'K� UIF GVUVSFT KPJOFE JO UIJT UBTL� ćJT DPOUBJOT CPUI UIF GVUVSFT UIBU XFSF EJSFDUMZ
KPJOFE JO UIJT UBTL
 BT XFMM BT UIPTF KPJOFE CZ BOPUIFS UBTL UIBU XBT KPJOFE JOUP UIJT
POF� )FODF
 XF DBO TBZ UIBU UIF FČFDUT PG UIFTF UBTLT IBWF CFFO JODPSQPSBUFE JOUP
UIF DVSSFOU UBTL�

t FGG� UIJT DPOUBJOT UIJT UBTL�T EFMBZFE FČFDUT PO BDUPST� ćFTF FČFDUT BSF HBUIFSFE BOE
XJMM POMZ CF FYFDVUFE BU UIF FOE PG UIF UVSO
 XIFO JU JT TVSF UIFZ EP OPU OFFE UP CF
SPMMFE CBDL� ćFSF BSF UXP LJOE PG FČFDUT� TQBXOFE BDUPST
 XIJDI BSF HBUIFSFE JO
"
 BOE UIF SFTVMU PG become
 XIPTF FČFDU JT TUPSFE JO CFI 	PQUJPOBM
 POMZ QSFTFOU
JG B become PDDVSSFE
�

t DUY � XIFO B USBOTBDUJPO JT BDUJWF
 UIJT TUSVDUVSF DPOUBJOT UIF FČFDUT PG UIJT UBTL UIBU
PDDVSSFE XJUIJO UIF USBOTBDUJPO� ćVT
 UIJT TUSVDUVSF SFQSFTFOUT UIF USBOTBDUJPOBM

Ɖ"MUIPVHI JUT GVUVSF DBO CF QBTTFE UP PUIFS BDUPST�

ƉƋƊ
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$IBQUFS Ʊ� 1VSF$IPDPMB� BO 0QFSBUJPOBM 4FNBOUJDT

BUPNJD]D
⟨", 5 ·∪ ⟨G, B, E [atomic F], 'T, 'K, FGG, •⟩, µ, τ , σ⟩
→ ⟨", 5 ·∪ ⟨G, B, E [atomic⋆ F], 'T, 'K, FGG, DUY⟩, µ, τ [O %→ ⟨◃, F⟩], σ⟩

XJUI O GSFTI
DUY = ⟨O, σ, ∅, ⟨∅, • ⟩⟩

BUPNJDUY]D
⟨", 5 ·∪ ⟨G, B, E [atomic F], 'T, 'K, FGG, DUY⟩, µ, τ , σ⟩
→ ⟨", 5 ·∪ ⟨G, B, E [F], 'T, 'K, FGG, DUY⟩, µ, τ , σ⟩

SFG]D
⟨", 5 ·∪ ⟨G, B, E [ref W], 'T, 'K, FGG, ⟨O, σ, δ, FGGUY⟩⟩, µ, τ , σ⟩
→ ⟨", 5 ·∪ ⟨G, B, E [S], 'T, 'K, FGG, ⟨O, σ, δ[S %→ W], FGGUY⟩⟩, µ, τ , σ⟩

XJUI S GSFTI

EFSFG]D
⟨", 5 ·∪ ⟨G, B, E [deref S], 'T, 'K, FGG, ⟨O, σ, δ, FGGUY⟩⟩, µ, τ , σ⟩
→ ⟨", 5 ·∪ ⟨G, B, E [(σ :: δ)(S)], 'T, 'K, FGG, ⟨O, σ, δ, FGGUY⟩⟩, µ, τ , σ⟩

SFG�TFU]D
⟨", 5 ·∪ ⟨G, B, E [ref-set S W], 'T, 'K, FGG, ⟨O, σ, δ, FGGUY⟩⟩, µ, τ , σ⟩
→ ⟨", 5 ·∪ ⟨G, B, E [W], 'T, 'K, FGG, ⟨O, σ, δ[S %→ W], FGGUY⟩⟩, µ, τ , σ⟩

DPNNJU✓]D
⟨" ·∪ BDU, 5 ·∪ ⟨G, B, E [atomic⋆ W], 'T, 'K, FGG, ⟨O, σ, δ, FGGUY⟩⟩, µ, τ [O %→ ⟨◃, F⟩], σ⟩
→ ⟨" ·∪ BDU, 5 ·∪ ⟨G, B, E [W], 'T, 'K, FGG+, •⟩, µ, τ [O %→ ⟨✓, F⟩], σ :: δ⟩
XIFSF BDU = ⟨B, GSPPU, CFI, O 

EFQ⟩
JG ∀S ∈ EPN(δ) : σ(S) = σ(S) 	OP DPOĘJDUT

∀G� ∈ UY-GVUT(5, O) : G� ∈ 'K 	BMM GVUVSFT TQBXOFE JO UIF UY NVTU IBWF CFFO KPJOFE

O 
EFQ = • PS τ(O 

EFQ) = ⟨✓, F⟩ 	JO B EFĕOJUJWF PS B TVDDFTTGVM UFOUBUJWF UVSO

XJUI FGG+ = FGG += FGGUY

DPNNJU✗]D
⟨", 5 ·∪ ⟨G, B, E [atomic⋆ W], 'T, 'K, FGG, ⟨O, σ, δ, FGGUY⟩⟩, µ, τ [O %→ ⟨◃, F⟩], σ⟩
→ ⟨", 5 ·∪ ⟨G, B, E [atomic F], 'T, 'K, FGG, •⟩, µ, τ [O %→ ⟨✗, F⟩], σ⟩

JG ∃S ∈ EPN(δ) : σ(S) ̸= σ(S) 	B DPOĘJDU PDDVSSFE

∀G� ∈ UY-GVUT(5, O) : G� ∈ 'K 	BMM GVUVSFT TQBXOFE JO UIF UY NVTU IBWF CFFO KPJOFE


DPNNJUt]D
⟨" ·∪ BDU, 5 ·∪ ⟨G, B, E [atomic⋆ W], 'T, 'K, FGG, DUY⟩, µ, τ , σ⟩
→ ⟨" ·∪ BDU′, 5′, µ, τ ′, σ⟩
XIFSF BDU = ⟨B, GSPPU, CFI, OEFQ⟩

JG τ(OEFQ) = ⟨✗, F⟩ 	JO B GBJMFE UFOUBUJWF UVSO

XJUI BDU′ = ⟨B, • , CFI, • ⟩ 	SFTFU BDUPS UP JEMF TUBUF


5′ = 5 \ BDUPS-UBTLT(5, B) 	BCPSU BOE SFNPWF BMM UBTLT JO UIJT UVSO


τ ′(O) =
{
⟨✗, nil⟩ JG O ∈ BDUPS-UYT(B)
τ(O) PUIFSXJTF

	BCPSU BMM USBOTBDUJPOT JO UIJT
UVSO
 JODMVEJOH DVSSFOU


'JHVSF Ə�Ǝ� 3VMFT DPODFSOJOH USBOTBDUJPOT�
ƉƋƐ

Ʊ�Ƭ 3FEVDUJPO 3VMFT

TFMG]D
⟨", 5 ·∪ ⟨G, B, E [self], 'T, 'K, FGG, DUY ⟩, µ, τ , σ⟩
→ ⟨", 5 ·∪ ⟨G, B, E [B], 'T, 'K, FGG, DUY ⟩, µ, τ , σ⟩
TQBXO]D
⟨", 5 ·∪ ⟨G, B, E [spawn C� W], 'T, 'K, FGG, DUY

 ⟩, µ, τ , σ⟩
→ ⟨", 5 ·∪ ⟨G, B, E [B�], 'T, 'K, FGG

′, DUY′⟩, µ[B� %→ []], τ , σ⟩
XJUI B� GSFTI

BDU� = ⟨B�, • , ⟨C�, W⟩, • ⟩⎧
⎪⎪⎨

⎪⎪⎩

JG DUY = • : DUY′ = •
FGG′ = FGG += ⟨BDU�, • ⟩

JG DUY = ⟨O, σ, δ, FGGUY⟩ : DUY′ = ⟨O, σ, δ, FGGUY += ⟨BDU�, • ⟩⟩
FGG′ = FGG

	PVUTJEF USBOTBDUJPO


	JO USBOTBDUJPO


CFDPNF]D
⟨", 5 ·∪ ⟨G, B, E [become C� W], 'T, 'K, FGG, DUY

 ⟩, µ, τ , σ⟩
→ ⟨", 5 ·∪ ⟨G, B, E [nil], 'T, 'K, FGG′, DUY′⟩, µ, τ , σ⟩

XJUI

⎧
⎪⎪⎨

⎪⎪⎩

JG DUY = • : DUY′ = •
FGG′ = FGG += ⟨∅, ⟨C�, W⟩⟩

JG DUY = ⟨O, σ, δ, FGGUY⟩ : DUY′ = ⟨O, σ, δ, FGGUY += ⟨∅, ⟨C�, W⟩⟩⟩
FGG′ = FGG

	PVUTJEF USBOTBDUJPO


	JO USBOTBDUJPO


TFOE]D
⟨" ·∪ BDU, 5 ·∪ ⟨G, B, E [send BUP W], 'T, 'K, FGG, DUY ⟩, µ[BUP %→ NTH], τ , σ⟩
→ ⟨" ·∪ BDU, 5 ·∪ ⟨G, B, E [nil], 'T, 'K, FGG′, DUY′⟩, µ[BUP %→ NTH · NTH], τ , σ⟩
XIFSF BDU = ⟨B, GSPPU, CFI, O 

EFQ⟩
XJUI NTH = ⟨B, BUP, W, O 

NTH⟩

O 
NTH =

⎧
⎨

⎩

OUY JG DUY = ⟨OUY, σ, δ, FGGUY⟩
O 
EFQ JG DUY = • BOE O 

EFQ ̸= •
• PUIFSXJTF

	JO USBOTBDUJPO

	JO UFOUBUJWF UVSO


	EFĕOJUJWF

SFDFJWF]D
⟨" ·∪ ⟨B, • , CFI, • ⟩, 5, µ[B %→ ⟨BGSPN, B, WNTH, O 

EFQ⟩ · NTH], τ , σ⟩
→ ⟨" ·∪ ⟨B, G�, CFI, O

 
EFQ⟩, 5 ·∪ UBTL, µ[B %→ NTH], τ , σ⟩

XJUI G� GSFTI F� = BQQMZ-CFIBWJPS(CFI, WNTH)
UBTL = ⟨G�, B, F�, ∅, ∅, FGG, • ⟩ FGG = ⟨∅, • ⟩

UVSO�FOE]D
⟨" ·∪ ⟨B, GSPPU, CFI, O 

EFQ⟩, 5 ·∪ UBTLSPPU, µ, τ , σ⟩
→ ⟨" ·∪ ⟨B, • , CFI′, • ⟩ ·∪ "′, 5 ·∪ UBTLSPPU, µ, τ , σ⟩
XIFSF UBTLSPPU = ⟨GSPPU, B, W, 'T, 'K, ⟨", CFI ⟩, • ⟩

JG 'T ⊆ 'K 	BMM GVUVSFT TQBXOFE JO UIF UVSO NVTU IBWF CFFO KPJOFE


XJUI

⎧
⎪⎪⎨

⎪⎪⎩

JG O 
EFQ = • PS τ(O 

EFQ) = ⟨✓, F⟩ : CFI′ = CFI | CFI
"′ = "

JG τ(O 
EFQ) = ⟨✗, F⟩ : CFI′ = CFI

"′ = ∅

	EFĕOJUJWF
 PS TVDDFTT�
GVM UFOUBUJWF UVSO


	GBJMFE UFOUBUJWF UVSO


'JHVSF Ə�Ɛ� 3VMFT DPODFSOJOH BDUPST�
ƉƌƉ

same constructs, but take context into account
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$IBQUFS Ʈ� 5SBOTBDUJPOBM 'VUVSFT

"QQMJDBUJPO 5SBOTBDUJPO
MFOHUI 	NFBO � PG
JOTUSVDUJPOT QFS UY


"WFSBHF UJNF JO
USBOTBDUJPO

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

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

-BCZSJOUI XJUI QBSBMMFM TFBSDI

*O -JTUJOH ƌ�ƍD
 BEEJUJPOBM QBSBMMFMJTN JT JOUSPEVDFE CZ SFQMBDJOH UIF CSFBEUI�ĕSTU TFBSDI
BMHPSJUIN CZ B QBSBMMFM WFSTJPO PG UIJT BMHPSJUIN� *U VTFT MBZFS TZODISPOJ[BUJPO
 B UFDI�
OJRVF JO XIJDI BMM OPEFT PG POF MBZFS PG UIF CSFBEUI�ĕSTU TFBSDI HSBQI BSF FYQBOEFE
o JO QBSBMMFM o CFGPSF UIF OFYU MBZFS JT TUBSUFE <;IBOH BOE )BOTFO ƊƈƈƎ>� ćF RVFVF
OPX TUBSUT BT B TFU DPOUBJOJOH POMZ UIF src DFMM 	MJOF Ɗ
� *O FBDI JUFSBUJPO PG UIF MPPQ

expand-layer XJMM FYQBOE BMM DFMMT JO UIF RVFVF JO QBSBMMFM 	MJOFT ƉƉoƉƋ

 VTJOH $MP�
KVSF�T QBSBMMFM NBQ PQFSBUJPO pmap� pmap EJWJEFT UIF MJTU PG DFMMT JOUP QBSUJUJPOT 	OPU
TIPXO JO UIF DPEF
 BOE QSPDFTTFT FBDI QBSUJUJPO JO B TFQBSBUF UBTL� *U HBUIFST UIF SF�
TVMUT PG BMM UBTLT JO GVUVSFT
 IFSF BMM OFJHICPST PG UIF DVSSFOU MBZFS
 KPJOT UIFJS SFTVMUT

BOE SFUVSOT UIFTF� ćF VOJPO PG BMM SFUVSOFE OFJHICPST JT UIFO VTFE BT UIF RVFVF GPS
UIF OFYU JUFSBUJPO PG UIF MPPQ 	MJOF Ɖƈ
� "T CFGPSF
 UIJT DPOUJOVFT VOUJM FJUIFS UIF RVFVF
JT FNQUZ PS UIF EFTUJOBUJPO IBT CFFO SFBDIFE�

)PXFWFS
 UIJT DPEF EPFT OPU XPSL BT FYQFDUFE JO $MPKVSF� &BDI QBSUJUJPO DSFBUFE
CZ pmap JT QSPDFTTFE JO B OFX UBTL
 DBMMJOH expand-cell
 JO XIJDI BO atomic CMPDL
BQQFBST� "T USBOTBDUJPOT BSF UISFBE�MPDBM JO $MPKVSF
 JU EFUFDUT OP USBOTBDUJPO JT SVO�
OJOH JO UIF DVSSFOU UBTL
 BOE TUBSUT B OFX USBOTBDUJPO� 8IFO UIF atomic CMPDL FOET

UIJT JOOFS USBOTBDUJPO JT DPNNJUUFE� )PXFWFS
 UIF TVSSPVOEJOH USBOTBDUJPO NBZ TUJMM
SPMM CBDL
 XIJMF UIF JOOFS USBOTBDUJPO DBOOPU CF SPMMFE CBDL BOZNPSF� 4QVSJPVT OFTUFE
USBOTBDUJPOT BSF DSFBUFE XIJDI DPNNJU JOEFQFOEFOUMZ GSPN UIFJS QBSFOU� UIJT JT UIF
ATQVSJPVT SFUSJFT� QSPCMFN UIBU XBT EJTDVTTFE JO 4FDUJPO Ƌ�Ɗ�Ƌ 	QBHF ƍƉ

 BOE DBO FWFO�
UVBMMZ MFBE UP JODPSSFDU SFTVMUT�

Əƈ

$IBQUFS Ƴ� &WBMVBUJPO

Ƒ�Ɖ�Ƌ 5SBOTGPSNBUJPO PG #FODINBSLT UP 6TF $IPDPMB
'PS UIFTF DBTF TUVEJFT
 XF ĕSTU QPSU UIF 45".1 BQQMJDBUJPOT GSPN $ UP $MPKVSF� ćJT
USBOTMBUJPO SFUBJOT UIF EFTJHO BOE BMHPSJUINT PG UIF $ QSPHSBN� "ęFSXBSET
 XF JOUSP�
EVDF USBOTBDUJPOBM GVUVSFT BOE USBOTBDUJPOBM BDUPST XIFSF BQQMJDBCMF
 CZ QFSGPSNJOH
UIF GPMMPXJOH TUFQT�

Ɖ� 'JSTU
 XF TFBSDI GPS UIF USBOTBDUJPO JOXIJDI UIF MBSHFTU QSPQPSUJPO PG UIF QSPHSBN�T
FYFDVUJPO UJNF JT TQFOU� *O PVS DBTFT
 UIJT JT BMXBZT UIF USBOTBDUJPO UIBU QFSGPSNT
UIF ANBJO� UBTL PG UIF QSPHSBN�

Ɗ� 6TJOH QSPĕMJOH UPPMT
 XF TFBSDI GPS UIF QBSU PG UIF USBOTBDUJPO JO XIJDI NPTU UJNF
JT TQFOU� *O PVS DBTFT
 UIJT JT BMXBZT B MPPQ�

Ƌ� 8F USZ UP QBSBMMFMJ[F UIJT MPPQ� 5P EFUFSNJOF IPX UP EP UIJT
 XF FYBNJOF XIFUIFS
UIFSF BSF EFQFOEFODJFT CFUXFFO UIF JUFSBUJPOT PG UIF MPPQ
 XIJDI PDDVS XIFO BO
JUFSBUJPO VTFT UIF SFTVMU PG B QSFWJPVT JUFSBUJPO� ćFSF BSF UISFF DBTFT 	JMMVTUSBUFE
JO 'JHVSF Ƒ�Ɗ
�

t 8IFO UIF JUFSBUJPOT BSF JOEFQFOEFOU
 XF QBSBMMFMJ[F UIF MPPQ� ćJT JT FBTZ UP
EP� FBDI JUFSBUJPO DBO CF QSPDFTTFE JO QBSBMMFM� *G UIF MPPQ DPOUBJOTNBOZ TIPSU
JUFSBUJPOT
 XF ĕSTU EJWJEF UIF JUFSBUJPOT JOUP B TNBMMFS OVNCFS PG QBSUJUJPOT BOE
UIFO QSPDFTT FBDI QBSUJUJPO JO QBSBMMFM� ćJT PDDVST JO UIF #BZFT BOE 7BDBUJPOƊ
CFODINBSLT�

t 8IFO UIFSF BSF EFQFOEFODJFT CFUXFFO UIF JUFSBUJPOT
 CVU UIF QSPHSBN GPMMPXT
B TUBOEBSE BMHPSJUIN GPS XIJDI B QBSBMMFM WFSTJPO FYJTUT JO MJUFSBUVSF
 XF SF�
QMBDF UIF TFRVFOUJBM BMHPSJUIN XJUI JUT QBSBMMFM FRVJWBMFOU� ćJT PDDVST JO UIF
-BCZSJOUI CFODINBSL
 JO XIJDI B TFRVFOUJBM CSFBEUI�ĕSTU TFBSDI JT DIBOHFE
JOUP B QBSBMMFM TFBSDI BMHPSJUIN�

t 8IFO UIFSF BSF EFQFOEFODJFT CFUXFFO UIF JUFSBUJPOT BOE UIF QSPHSBN VTFT B
DVTUPN BMHPSJUIN
 XF SFBDI B OFHBUJWF SFTVMU BOE EP OPU JOUSPEVDF GVUVSFT PS
BDUPST� ćJT JT UIF DBTF GPS UIF :BEB CFODINBSL� 8F XJMM UIFSFGPSF OPU MPPL BU
UIJT BQQMJDBUJPO JO NPSF EFUBJM JO UIF SFTU PG UIJT DIBQUFS� /PUF UIBU UIJT EPFT

%FQFOEFODJFT CF�
UXFFO JUFSBUJPOT 

4UBOEBSE
BMHPSJUIN 

QBSBMMFM MPPQ

SFQMBDF XJUI TUBOEBSE
QBSBMMFM BMHPSJUIN

OFHBUJWF SFTVMU

/P

:FT

:FT

/P

#BZFT
7BDBUJPOƊ

-BCZSJOUI

:BEB

'JHVSF Ƒ�Ɗ� ćJT EJBHSBN JMMVTUSBUFT UIF TUFQT UBLFO UP USBOTGPSN UIF 45".1 CFODINBSLT JOUP
B WFSTJPO UIBU VTFT USBOTBDUJPOBM GVUVSFT PS USBOTBDUJPOBM BDUPST�

ƉƏƌ

③ evaluation criteria 
performance: speed-up 
developer effort: lines changed + qualitative assessment

① selection of benchmarks

② parallelization

Minh, Chung, Kozyrakis, Olukotun (2008). STAMP: Stanford Transactional Applications for Multi-Processing (IISWC’08)



Evaluation results
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Speed-up 
original

Speed-up 
Chocola

Lines of code 
added

Labyrinth 1.3 2.3 +11%

Bayes 2.8 3.5 +1

Vacation2 2.6 33.2 +8%

Yada

}8 cores

64 cores

Better performance for little effort

futures/actors not applicable

https://github.com/jswalens/{labyrinth,bayes,yada,vacation2} 

https://github.com/jswalens/


Limitations & Future work

• Formal proofs of guarantees 

• Applicability & more benchmarks 

• Comparison of implementation techniques
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Conclusion
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Concurrency models are combined 

Naive combinations violate guarantees 

We studied the combinations of 
futures, transactions, and actors 

⇒ Chocola: maintain guarantees 
wherever possible 

              http://chocola.soft.brussels
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