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The paper outlines the development of new programming methodologies for concurrency
based on the idea of interaction. By concentrating on simple ideas of the operation, it is
expected that systematic and principled foundations for concurrent programming will be
constructed, just as in the procedural or functional paradigms. The discussed topics include
the basic formalism of concurrency called asynchronous v-calculus, concurrent combina-
tors, new language primitives for interaction, type systems for concurrency, as well as new
implementation methodologies for concurrent programming languages.

16— 4



vilH - ATHE T - T 0S5 IV ERE

AHEPFE, AR K, BHEF. 15,
NAa NZavtvoaR, EHETF

{kohei,kubo,sashi,kaku,vasco,yoshida}@mt.cs.keio.ac.jp

Department of Computer Science,
Keio University
3-14-1 Hiyoshi, Kohoku-ku, Yokohama, 223, Japan

1 U

BEORY 7 —2HKRIIBWT, @EZ2 V7 My 7HIROERICB ., 7 - 9¥7or s 3
YT, FTETEOEEMEML TS, LA L., BIEDOY AT AR, Rtk
DE—FHEBZ AP LIRAONE, 2 VOB RGTEREZOMOR Yy P T —2BEL
VIORHIZEETVTW A, S, TUY T IV TOEBIRICIBVT, Fa—YrreiuRe
AFHED X ) BR - BBRIGHEOREBHR I b S, 6T - WEIC T {STEMBISHELE LR
PofzZl, TOKREWIE, (A—NV-Ca—A Yy DT I ¥ —FEF Vi EOLBHRARIRE)
WATEARBOMEBEZ BRI TATCEHE - 7U7 9 I 07 OMES % BRI SRR E TR AN,
SNTZheh o/l EKELFERTHS I, b LGS ROT Oy S5 I 057 - 5HEME., Bk
Bo7ur s I00 - 5HEREN, FOERLANVIZBWT, #RENX b TR ERIEE
(fRA - Ur 7 - BEGEAS) CHERLZLIZL T, RS - 2OoFRALRY T P2 7HE
B EREHMATRICLTEAL TR0, 47 - Y 7 by = THOEREIRD . i3 B
MRERBEOHS, BZ5 ALEBED L VIIHEER L W IMAE BRI ERICE T
R ashshd Liiwn,

AT, 20X LRTEEIZANTTObLAIOZ 2 BEDOKLD—E %, BEIZEEL
T, RS, KRFOBEB L UESOLTOH» S, 12 v 5HE - BT&E4TF - SELICH
LEBWT, H5F LEBRRDICE LD, FHNIBE T EENTAZETIRICIL B, BT,
BHRICEHONEER T, $£2 - 3EHTIIALBEICED CERMRERTH S v 5HE L kTR
BTFREBNT D, FEAHTILBE LV OHOBESZHEMSORKIIT LTI II VI 7Y 3
TATERENICEZE LZRA L, TOHERIINLSELIIOWT, 20EKISE2 TS, 5
S5HEITIE, ZoMoifEr T H s,

2 vEt"

WH L LRSS . T L TH D TIE % L, Mok« 2854 L B LT % DRI
Y. FIEREHOS IR S, BHELRFIE LT, EhOTEREoBRANESIC L -T, A%
DEEEHRRSNBBNEEY . T ZFORMEDESFIER L L DTH A Z L 2R L FERIC,
FREMHEBAOMREN 52 T b, BERDDELT, Fa—U <l y OFETE



OBE - 7Y —F DIFMBIBEE - F ¥ —F O A ERTeM 2 EOFHETERBRKIC BT 2 —%iH
b, Tz, AFBESK#ETREVD (XD ERGRNL) D, EREEEICS &0 EHE
B OITITEEHIC BT 2 BER BRI E 2 LTV,

AELHEC EHTIE, vEHELITHATREVI 2O (XbOTHME) LA ES
TRNT B SHIE, WATRIEICBIT 2, LD AGIHEE SKEETFREVIHATOITY &
ABIEBTED, vaElBIE, FEFRWIGINEE L v ) M2 BEMAD % HEEICIE 2 - HRR
THY, ARHELBL LI, HAMEHFEOMRIZBEWT) BHE B2 kBRh L 26t
FHD, VWolZ), BEIEBRLZETFELEZF0HWED (R AEMEL) MEERER VS b
DOHD R ENIIERERTH Y, 4512 [BE] LV IMESE FOREACE T VA, £
BRI LS ERBEN 2R, INSOERROERIT, £ EAEIEREICHBREN b 072
BRI, BELIITHEVIDDERBCBV VT IV TEWILORE L LB, BER
ThW - POREMEMEERE TS, FIRIE SEOFFAY - V7 M 2T OLR - TN
LIEMEORREE - bR E2ERZ DL EIL, SNOLOBRRTELTCALIL, HLWVITLRH
SNIEREACDLZ LT, BENGEHEELIZLNTELNOTH S,

vatBid, 1980 FRA 5 CCS. HHicr-FHE (20, 18] 23 E LT, ¥ ¥y ki EoMY
Hifb SN 70t AGHETH B, FNBEE JiZhsvbiE [Fur s A | (ERiSak
ADRGLELZIZTIVL VP LAiw) OMEHRAIL . 20T 0 AREOBEI LY.
EDLHHND [FUT T 5] (FTOERES) NEBL TV L DERTEGH» SRS NT
Vwoho TV, B, LTOXREIC L o TEHREN D, BEIE, P,Q,. 0L TREATV S,

P = «~uw | ue.P | P,Q | a»P | LP | A

ZZT, a,bye,.. 13 [H— PR (SHEHIC [RHT] EIHING) 2R L. 2,9,2,. FFK
TREE ([BMER]) THa, T2, wv,w,. 13 TREOELLH GEITFLIFING) %
AT ,
REPLDLRDLE I, “—w” id, [BTHLEH v u 125F R A vE—UrRLTVA,
“uz. P” \IZHTF receptor, DEN Av k=T ERZIFT LY, FDOW%, KK PHD ¢ #21F-TCE
AT BEIRT—T 2y NEERT S, ua. POz 13 PAORHMGHETH S 2z 2@ LTV2
(EDBERIINe MAD 2 EFETH D), P,Q I, P EVITTERL Q L) T T AMATF
KEELTWABZ L2 KT, —H, apP 3, P DLEHID o BEFOLDPIETCEFLERT L W
ITEERT LPIMERT-EXITh, 7ORAEAERAERTLF V7 L— FThd, BIEICA
BL—Y Y M PFELEVWI EERTHRETH S,
vEHETOREMAIZ., ERTHBZE D THRHL Itk >THEEshD, ot

(COM) uz.P, —uv — P{v/z}.

(REP) !,P, —uv — I, P, P.

(PAR) P — Q@ = P,R — Q,R

(RES) P — Q = a»P — a»Q.

STR) P=P P —Q Q=Q = P — Q.

EVHEIEHIZZON, —mid—  UsEEHIND, SIT. = IIHENSMEL XITh
B [ITNEERRT:, R RIISS T 5 5MAITH 5. 2 2 TIRFIIBA 2, BB
i, COM & REP O 2O0OHIHIT, COM ILIMEICL » TAMBRAYES 2 LW I HAITH Y |
REP 3R°13 085 (7272 LIEDZE L 2D VRN 12X o THOEEASES 2 &\ S HAIC
Hho BELI LI, THOTODERBIEORCL 5T, #HR - BB - 4T0OMA LSHEEE+
HHCERATELLVITHTHL, S TRUTOERNAEEZ BB ICE LD,

() BAMPILOBRE | AGHEE AEOFPECERTRTHD, TAUL, o FHEA, B
L THBEIAT L b 0FLTHATE L & 27T

— {7 —



(i) R4 AREMER O, BI X ISIEEMISIEHIE - FLBE - FISMEEE - Sbr s
T, FEMIBRIELONED Lo TEIATES (2L Y, FI2IE Milner O 7-5H8
ByREICL o TERTE D), T, FIAITRAEEEAORAD L S 23Ed . HEAE
ROEEE LTERATHI LN TESL, TCLoT, TESRSBSES T IR,
B ZALIEATAREL - HlFHEISFER Unity 2 EDSHEOEKBIEL BRI B LA CE 5,

(iii) POOL, CST, ABCL % &, 4747 V=2 MENT U7 5 I V7 575 ([35]. HHCT 7 ¥ —
ET V(6] LT BHFIE (RERRIEIART 2 ¥ —EF VO 5HEIC L 2%
T IBhTEINZLDOTHS),

v EMEI, BEIC D L O CHWATRIE & L CBHE LB EEROREN 2 BN EE L 2T, T
ELLETHMTEEBELIMRTERLI I ET2RATH S, WhIT, COM & REP :\ )
ZODBRMEIC, MEMERICHETS CEATAIEOMAS 2B L L ) & LTWa, dbAATNEKSS
Uy 7 IVTERELTIBVEELDITI TRV, LA, S0, EHEE R4 LEHEE
BHE2BLT, BELTERL LAY 7 M Y2 7HROMb L MEAR B LA A5 TMs
CENTE, TNERLTRLICEN LT OS5 I 0 7 OMBIALIT TOFRBEEBLDTH 5,

v RMEICRET BHIEDRAN. [8, 9, 3,10, 7] 2 X% B, S5, [33] Tit, vEEH—>

DERVELFEPEE L7-BBAEIETH 5 A (EHEICOVTIRRT WS, $72, v EHEOREL ot
rEHEICOWTIE, [18, 19, 20) 28RO L,

3 YITHEF

WATHEEF (10 1. PEROBETFL 20D (BES2EbLbrv) BHLHEERBRORT
AHETTOTCOFEERTH S, HHERT, PHNEROEFLICZbDEELZI LD
T&5%, COXIRFFLLT,
M+ D= FW@= = g pa)- g@)-
2ERATH, SIT. COIIBWT, n BLUIREFNRTNRCOT V)T 4 — LB EIINE, =
DETFDI 212,
P = C@™) | PLQ | arP | A

EVIETFEFSEZ NG, ChODESETHETOY T 65 50WET 0L A% FHLTW
LSZEBVEHELAILTH 2, ZETFOERI LW LIZEELTIELY, XkiIZ, 12—z
v FOMEERRAES 2 5,

o BT (duplicator) : D(uww'), M(uwv) — M(wv), M(w'v). S TiE, Ay t—3/
ALy FHERING,

o T (forwarder) ! FW(uw), M(uv) — M(wv). THEFIIRZZBHOY v 2L LT
REET 5.

o HET (killer): K(u), M(uv) — A. TZT, Avk—Y /ALy FiNYEEEIND,

PDED LS, D,FW,KZENETNRL o7 8H DY) v 7 & LTSRS,
CDIEPIZ, 320D 5,

o 7EHGHET (left binder) : Bi(uw), M(uv) — FW(vw).
o GHAMT (right binder) : B, (uw), M(uww) — FW(wv).

o AT (synchroniser) : S(uww'), M(ww) — FW(ww'). FFIE, ST & o7 HIZE S
TV RERT B,

— 28—



® B,B,,SI3V Yy (i) HART S L CTHMIGEE MR Y -2 2L &€ 5. Zhic
Lo THAER M ER S DR AT RIC 2 5.

CnEHIZ, HHA, ZoDEMDORL o E TS Ao/ X2, YO I IZEHE R S
Dy EVHITEERLTVE, 2D 2T,

(PAR) P — Q@ = P,R — Q@,R.
(RES) P — Q = a»P — apQ.
(STR) P=P P —Q Q=Q = P — Q.

EVIHANC X o T, BHAIZERT S, EBIIZOL S LML HEBIOL Ty SHE0&THEE
LRSI EDNFRBTELONEH, ThIZoWTIHBEIEICES, 221, Y0k 3izLT
FETB X UFOMESERMRAND, TATREETFEHO IR 2 A E A & REICER S ek
%);Ré i’L'C\AZ)o

8T, WATRHETFREE, LT LV EROETFR2EH OV AT LAIBESI LD Tid 2w, T
LA, RIS U THRA RRTF L ZOMEARR #5252 L 05TE 5, Shbid, HHEERT,
WATTUT 5 IV EECBITE [EH] OMEEZ G5 L5018, Z#REFTHL., FlzidEE
FEBE LT, B4 2EFLHEERBRIE FALAMATYoT, EHEEDZEY 2 {EHTW
IEFEROND, BEREVDIE, FRICBALLZT ZOETFE DOV AT AOETOHIEI
$oT, BEBFERELTEZONS, WL BKIITHEEFROIL I2L—FTERZLNVIHS
ETHD, TD, HLEKRT [e] 2IATHETRIE, () TRULZ v EHE L MBI ERRN S
B EFD,

EATREETRICOWTIL, [11,12, 18] & L2 B0,

Il
ol

&L

AERETHETFOREL FN0 1T A A 2 BEAIAE BRI, SBEICES(HTaE v
IR, PERDBBAEHE R BRI O RIET SR\, EE ORI S b T
WBZEERLTWS, ZOZEIL, BIZIETOTSILIEE - F—48 . 2IES vyl
DEEZDLIZTH, BE - BIFHEVIPEOADPSERT LI LT, EROTTFTS IVT
AT 4F ADEED B WVIEHATEHEANOFE E VI DT, Fir-rsHEdREEIEL NS
DTRZOPREVHIHFLE IS, EBIZIOL ) RRAL, HFl-e7 0y 5 3 w7 HRE
BEMBSTESR, CROIIEEL & LTAMHMLEN, BEESOBFGELS 2 T2 DRI
EARTICL ED DA, 9 LTH ENLHATRHEOEBIME T 0E 2 HI3, v EHECOBEMEL
FAF—Y = v PRBOBELSBEONMREMHETHDDTH S,

—ROWATTOT T I TOTT IV r—ay, FIAEF—N— - 2547V Mk 25808
FRuRy DAY S =T 2 — A% Tk, ZHEMICBVTHhOEBENIC R END L X 23D
TERDD 5 b D LR DFHENEV, BIZITEROLT7T O AP SR BT Y r— 3 v Tl
BT A EBOBT7T UL ARBEVICHEER LD ), FRIEHE LTRALHOF—N—F
Ut AEDBETH o720, ARV—F A VT VAT LAEDBETH 72 L. 2k LTTS
Vr—2a AT LAOFEREATO L, 0L ) HRIETIE 4 OMESHECIE E R om
R ZAHEAER O SR (Fih) O EE L 25, I T4 VRIS AFAICBIFL, v YA
RE—F—FPLDANEEFNIIHE LT A XA T L A REDMOEIE~DOH I DM E L Y
Ea, 2—¥—tavV¥a—% tOMEEALRELDITONS,

EORREFER 72 BT, B TEHN AR OIS % BH 12 L ORI T 215
RIS PICLETHLZ LdhPb, ZLTEOEME L, (call-return % send-and-forget %
EH) BEO [H—] OFBEFEBERICINZ ., EEROMEICHGHEBEEELSRILLOENEY

4

<



DELLLTELZDEILLDTHIRETH D, 722D L 5 LBEBELOSROMEIT
LROHBERO LIZHEINEDOTHL EEbR2,

[B] 2bDTEERRFHELTTHELIZY , IS 5 %2 EOBICER A TH B, & I,
FHEBNFICBI) 2HOBRTIIE  OFIEFER IR TV S, BEOIERERL L THIgEERT
SBMTE X FHETIZ, N HOBMHT WM (typability) EHRIES LM (Strogly Normalizing) .
DENIHOELMERET A ENTEL, 72, ML QX 2T 0wy 5 I v 7 ik, B
AF ALY EFTRORBLS —DRBEFEE L TWE, 7752tk oTh., BEHAWasT L
&Y, 7O FAEVa - VORBRIEREVESETAZ LA RRE RS, FL T, BREIC
$Y. T T EERLBRE F5 2 LML b, T, AMICT U FLEV 2~
WDINT A—F RENEDOE L EORSEDRETLOT, ABBELT TV r—3 a ViR
U5 AET2a—VOBARLZEIZBWTHEEERNTH L, T/, a4 5 TIREEFAEL
TeBHEILEAT I S EMREE 2D COX I, HOWEIEIT U I AMEROTIBBIEL LTH,
T/, ETHOMBRAOEKREIZETANEO IR M 2R TCE LY, STXTLFAND S,

AET (8] 37977307 THWORET -5 - i (B L UFFOKMERT, La—FR
BEFl, 7ur T AETa— Vel TLTHRTF -4 20X ) b0 LTHWSLRTE
720 B30I, BULBEIELOGE - MBMLICHATERTELTHA I L ELILNE, BEELD/-
OO HIUL, WEZEHALT 07 5 L0BEFLITHTLESEERET L LA
BBLLDTHAI, 2F 0, BEFERDOLDHOHY AT A0S NUE, BHITEEL T 0 T Al
A BEBRICIVELAT VI M AL T — kB ERISHEVEVI T L 2T 2 2 L2t
TEBHTHA)o TOT EIX, POOL R Actors [6] DX I AT AT V2 7 MEEIST & 4 2%
HBVII CML IZBWTITbh b, BIRBER— M OEEZSAHBEERICBWTHICEE
TH5b,

EiEL TRID LI LHEEERAOMBILD7- 00T us T I L FEES) I7 47 REA
DREZIT> TV b, INSIEF—0o—DRYEMLELDTH ) A0, ¥k, + L CERENZH
HIEROER o7 0y 7 Aofiil% . FHREBTURRICT S, £/, L3053
TERRICH, BV AT 22X ) HRLEHI PR END, FHEVDIE ML [4] ORISR 5 4
PREBERO—EMERE TS X )0, HEFHO—ER AT L FiEvivtd 5, Tkt
HEEHOTUY S I v BIUBMSNFICOWTOEELTYIF4TI [y av] o
ETHY, “EBHTORNEF A VERWT, ZOZEBO—EOMHEIEHE L RET LB T
Hbo Tz, VDR ER—-FIEHOTIEARNLBREND BH5, FrRVzohEIIRLY,
v a YORBIZE ) ZEROAPSBREINSIBED S (session-point & dV1IH) Thb, &
OF % 2NV EFEOR— ORI, HMEVEHOFE KL A5 & BHSOTH I LTHREW 2 b
DELRD, Tl Lid, 77Ul AORMNMI RS BRI OBENY — V OR—F 2 &t
FUIALLS—-DOBEFIET A LICL Y RENS, ZORBEIIIEAT - SHEREICBIT 58
BRIERETHLTOUTFIVIICBBTCEETHLLEEDRS,

ERLBIVEFOH I AT A - BF 29 2 7T NT ) X LDOFMIZOWTIL, 30, 31] %5,
T/, LUSDIEEDOT 0 AR OBEFROMMSICBT 558 L LT, [25] [28] [2] [23] [27]
2B,

5 TYCO, fE#EmkEE. Interaction Machine

D EoRFeoMmic, &aiE LOXRCTORMSICET 205EL LT, Y7 A3 - Yy RAarvtn
AIZX B TYCO [32), HEMERA 2 BB W7 U7 I AOBEHRN B2 R FEL LT
FH S & 5 EER (34, 10). BHED 5 VIS A TIREE EREC L8 e LT AR - 48
¥ 512 X % Interaction Machine [14, 29] DfFE%L E053 5,




References

[1] Berry, G. and Boudol, G., The Chemical Abstract Machine. Theoretical Computer Science,
vol 96, pp. 217-248, 1992.

[2] Dave Berry, Robin Milner and David Turner. A semantics for ML concurrency primitives.
In Proceedings of ACM Principle of Programming Languages, pages 119-129, 1992.

[3] Boudol, G., Asynchrony and m-calculus. INRIA Report 1702, INRIA, Sophia Antipolis,
1991.

[4] Luis Damas and Robin Milner. Principal type-schemes for functional programs. In Proceed-
ings of ACM Symposium on Principles of Programming Languages, pages 207-212, 1982.

[5] Gay, S. J., A sort inference algorithm for the poliadic w-calculus. Proc. 20th. Annual Sym-
posium on Principles of Programming Languages, pp.429-438, ACM press, 1993.

[6] Hewitt, C., Bishop, P., and Steiger, R., A Universal Modular ACTOR Formalism for Arti-
ficial Intelligence. Proc. of the 3rd International Joint Conference on Artificial Intelligence,
pp.235-245, 1973.

[7] Kohei Honda, v-calculus and its combinatory representation, in preparation.

[8] Honda, K. and Tokoro, M., An Object Calculus for Asynchronous Communication.
ECOOP’91, LNCS 512, pp.133-147, Springer-Verlag 1991.

[9) REHEY BIEERME, 4747 V=2 FEHEOIBORRFR, 3 Eams VT b 2T, 9(2),
pp-75-89, March 1992.

[10] Honda, K. and Yoshida, N., On Reduction-Based Process Semantics, Foundations of Soft-
ware Technology and Theoretical Computer Science, LNCS 761, pp.371-387, Springer-
Verlag, 1993.

[11] Honda, K. and Yoshida, N., Combinatory Representation of Mobile Processes, Proc. 21st.

Annual Symposium on Principles of Programming Languages, pp.348-360, ACM press,
1994. '

[12] Honda, K. and Yoshida, N., Replication in Concurrent Combinators, TACS ’94, LNCS,
Springer-Verlag, 1994.

[13] Honda, K. Kubo, M., and Yoshida, Combinatory Representation of Mobile Processes, in
preparation.

[14] Makoto Kubo. r-architecture, Manuscript, 1991.

[15] Robin Milner, J. Parrow and David Walker. A calculus of Mobile processes, (Parts I and
II). Information and Computation, 100:1-77, 1992.

[16] Robin Milner, Mads Tofte, and Robert Harper. The Definition of Standard ML. The MIT
Press, 1990.

[17] Milner, R., Communication and Concurency, Prentice hall, 1989.

(18] Milner, R., Functions as Processes. Mathematical Structure in Computer Science, 2(2),
pp.119-146, 1992.



[19] Milner, R., Polyadic m-Calculus. Logic and Algebra of Specification, Springer-Verlag, 1992.

[20] Milner, R., Parrow, J.G. and Walker, D.J., A Calculus of Mobile Processes, Information
and Computation 100(1), pp.1-77, 1992.

[21] Milner, R. and Sangiorgi, D., Barbed Bisimulation. Proc. of ICALP’92, LNCS 623, pp.685-
695, Springer-Verlag, 1992.

[22] Mitchell, J., Type Systems for Programming Languages, Handbook of Theoretical Computer
Science, pp.367-458, Elsevier Science Publishers B.V., 1990.

[23] Hanne Riis Nielson and Flemming Nielson. Highr-Order Concurrent Programs with Finite
Communication Topology. In Proceedings of ACM Symposium on Principles of Program-
ming Languages, to appear, 1994.

[24] Atsushi Ohori. A compilation method for ML-style polymorphic record calculi. In Proceed-
ings of ACM Symposium on Principles of Programming Languages, pages 154165, 1992.

[25] Atsushi Ohori and Kazuhiko Kato. Semantics for Communication Primitives in a Poly-
morphic Language. In Proceedings of ACM Symposium on Principles of Programming Lan-
guages, 1993.

[26] Benjamin C. Pierce, Dider Remy and David N. Turner. A Typed Higher-Order Program-
ming Language Based on the Pi-Calculus. Manuscript, 1993.

[27] Benjamin C. Pierce and Davide Sangiorgi. Typing and subtyping for mobile processes. In
1998 IEEE Symposium on Logic in Computer Science, 1993

[28] John H. Reppy. CML: A Higher-Order Concurrent Language. In Proceedings of ACM Con-
ference on Programming Language Design and Implementation, pages 294-305, 1991.

[29] Atsushi Sashino, Makoto Kubo, On Some Interaction Machines, in preparation.

[30] Takeuchi, K., An Interaction-based Language and Its Typing System. Master Thesis, Keio
University, 1993 (in Japanese).

[31] Fakeuchi, K., et al. An Interaction-based Language and Its Typing System. To appear.

[32] Vasco, V. Typed Concurrent Objects, to appear in ECOOP 94, LNCS, Springer-Verlag,
1994.

[33] Yoshida, N., As-calculus, Proc. FPCA 93, ACM Press, 1993.

[34] Yoshida, N., Study of Reduction-Based Semantics for Concurrent Processes. Master Thesis,
Keio University, 1994.

[35] Yonezawa, A., and Tokoro, M., (ed.) : Object-Oriented Concurrent Programming. MIT
Press, 1986.




