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Preface

With the advent of wide-area networks such as the Internet, distributed com-
puting has to expand from its origins in shared-memory computing and local-
area networks to a wider context. A large part of the additional complexity
is due to the need to manage asynchrony, which is an unavoidable aspect of
high-latency networks. Harnessing asynchronous communications is still an
open area of research.

This monograph studies a natural programming model for distributed
object-oriented programming. In this model, objects make asynchronous
method invocations to other objects, and then concurrently carry on until
the results of the requests are needed. Only at that point may they have to
wait for the results to be completely computed; this delayed wait is called
wait-by-necessity. Aspects of such a model have been proposed and formal-
ized in the past: futures have been built into early concurrent languages, and
various distributed object calculi have been investigated. However, this is the
first time the two features, futures and distributed objects, have been studied
formally together.

The result is a natural and disciplined programming model for asyn-
chronous computing, one worthy of study. For example, it is important to un-
derstand under which conditions asynchronous execution produces predictable
outcomes, without the usual combinatorial explosion of concurrent execution.
Even the simplest sequential program becomes highly concurrent under wait-
by-necessity execution, and yet such concurrency does not always imply that
multiple outcomes are possible. One of the main technical contributions of
the monograph, beyond the formalization of the programming model, is a
sufficient condition for deterministic evaluation (confluence) of programs.

This monograph addresses problems that have been long identified as fun-
damental stumbling blocks in writing correct distributed programs. It consti-
tutes a significant step forward, particularly in the area of formalizing and
generalizing some of the best ideas proposed so far, coming up with new tech-
niques, and providing a solid foundation for further study. The techniques
studied here also have a very practical potential.

Cambridge, 2004-11-15
Luca Cardelli
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Caromel - Henrio

A Theory of Distributed Objects

Distributed and communicating abjects are becaming ubiguitous. In global,
Grid and peer-to-peer com puting enviranments, extensive use is made ofob-
jects interacting through method calls, 5o far, no general formalism has been
proposed for the foundation of such systems.

Caromel and Henrio are the first to define a alolus for distributed objects
interacting using asynchromous method calls with generalized futures; i e,
wait-by-necessity —a mustin large-scale systems, providing both high stric-
turing and low coupling, and thus scalability. The authars provide very generic
results on expressiveness and determinism, and the potential of their approach
is further demanstrated by its capacity to cope with advanced issues sud as
mobility, groups, and components.

Researchers and graduate students will find here-an extensive reviewof con-
aumrent languages and @lali, with comprehensive figures and summaries.

Developers of distributed systems can adopt the many implementation
strategies that are presented and analyzed in detail.

ISBH 3-540-20865-6

N

springeronline.com

9







Contents

Preface by Luca Cardelli . . .. ... ... ... ... ..... VII

Table of Contents . . . . . ... ... ... .. .. ... ..., IX

Lists of Figures, Tables, Definitions and Properties XV

Prologue . . . .. . ... XXV

Reading Path and Teaching . ... ... ... ... ... .. XXIX
Part I Review

1 Analysis . ... .. .. . . . 3

1.1 A Few Definitions . . . . .. ... ... ... ... ... 3

1.2 Distribution, Parallelism, Concurrency . . . . . . .. ... .. 3

1.2.1 Parallel Activities . . .. ... ... ... ....... 3

1.2.2 Sharing . . . ... .. .. 3

1.2.3 Communication . . . . . . .. ... ... ... ... 4

1.2.4 Synchronization . . .. ... ... ... ... ... 4

1.2.5 Reactive vs. Proactive vs. Synchronous. . . . . . . .. 4

1.3 Objects . . . . . . . 5

1.3.1 Object vs. Remote Reference and Communication . . 5

1.3.2  Object vs. Parallel Activity . . . . .. ... ... ... 5

1.3.3 Object vs. Synchronization . . . ... ... ... ... 5

1.4 Summary and Orientation . . . . . .. ... ... ... .... 5

2 Formalisms and Distributed Calculi . . ... ... ... ... 9

2.1 Basic Formalisms . . . . .. .. ... .. 0oL 9

2.1.1 Functional Programming and Parallel Evaluation . . . 10

2.1.2 Actors . . . ...



X Contents

2.1.3 m-calculus . . . . .. ... ... 11
2.1.4 Process Networks . . . . .. ... .. ... .. ..... 12
2.1.5 g-calculus . . . ... ... ... 12
2.2 Concurrent Calculi and Languages . . . . . ... ... .... 13
2.2.1 Multilisp . . . . . ..o o 13
2.2.2 PICT .. . . e 13
2.2.3  Ambient Calculus . . . ... ... ... ... ..... 13
2.2.4 Join-calculus . . ... ... ... ... . 15
2.2.5  Other Expressions of Concurrency . . . ... ... .. 15
2.3 Concurrent Object Calculi and Languages . . . . . . ... .. 15
231 ABCL . . . .. .. . e 15
2.3.2 Obliq and @jeblik . . . ... ... ... ... .. ... 22
2.3.3 The moBA Language . . . . ... ... ... ...... 22
2.3.4 Gordon and Hankin Concurrent Calculus: concg-calculus 22
2.4 Synthesis and Classification . . . . . . ... ... ... .... 22

Part IT ASP Calculus

3 An Imperative Sequential Calculus . . ... ... ...... 31
3.1 Syntax . . ... 31
3.2 Semantic Structures . . . . . ... ... 32

3.2.1 Substitution . . . . . ... ... ... 32
322 Store. . . ... 32
3.2.3 Configuration . . . . . ... ... 32
3.3 Reduction . . .. ... .. .. ... 32
3.4 Properties . . . . ... 32

4 Asynchronous Sequential Processes . ... ... ... .. .. 35
4.1 Principles . . . . ..o 35
4.2 New Syntax . . . . . . . . o o 35
4.3 Informal Semantics . . . . . . .. ... . ... ... ... ... 36

4.3.1 Activities . . . . ... 36
432 Requests. . . . .. ... L oo 36
433 Futures . . .. .. .. ... 36
4.3.4 Serving Requests . . . . . ... ... ... 36

5 A Few Examples . ... ... ... ... ... .......... 39
5.1 Binary Tree . . . . . . .. . .o 39
5.2 Distributed Sieve of Eratosthenes . . . . . . . ... ... ... 39
5.3 From Process Networks to ASP . . . . ... ... ... .... 39
5.4 Example: Fibonacci Numbers . . . . ... ... ... ..... 39

5.5 A Bank Account Server . . . . . . ... ... ... ... 39



Contents XI

Part IIT Semantics and Properties
6 Parallel Semantics . . ... ... ... ... ... ....... 47
6.1 Structure of Parallel Activities . . . ... ... ... ..... 47
6.2 Parallel Reduction . . . .. .. ... ... ... ... ..., 48
6.2.1 More Operations on Store . . . . .. ... .. ..... 48
6.2.2 Reduction Rules . . . .. ... .. ... ... .... 49
6.3 Well-formedness . . ... .. ... ... .. .. .. ... 51
7 Basic ASP Properties . .. .. ... ... ... L. 55
7.1 Notation and Hypothesis. . . . . . ... ... ... ... ... 56
7.2 Object Sharing . . . . ... .. .. ... . 56
7.3 Isolation of Futures and Parameters . . ... ... ... ... 56
8 Confluence Property . . . ... .. ... ... .. ........ 59
8.1 Configuration Compatibility . . . . .. .. ... .. ... ... 59
8.2 Equivalence Modulo Future Updates . . . .. ... ... ... 61
8.2.1 Principles . . . . . ... oo 61
8.2.2 Alias Condition . . . . . . . ... .. ... ....... 61
8.2.3 Sufficient Conditions . . . . . . . ... ... ... ... 62
8.3 Properties of Equivalence Modulo Future Updates . . . . . . 63
8.4 Confluence . .. ... ... . ... .. ... 64
9 Determinacy .. ... ... ... .. ... .. ... 67
9.1 Deterministic Object Networks . . . . .. ... ... .. ... 67
9.2 Toward a Static Approximation of DON Terms . . . . . . .. 67
9.3 Tree Topology Determinism . . . .. ... .. ... .. .... 69
9.4 Deterministic Examples . . . . .. ... .. ... ....... 69
9.4.1 The Binary Tree . . . . ... .. ... .. ....... 69
9.4.2 The Fibonacci Number Example . . . . .. ... ... 69
9.5 Discussion: Comparing Request Service Strategies . . . . .. 69

Part IV A Few More Features

10 More Confluent Features . ... ... .. ... ......... 73
10.1 Delegation . . . . . . . . .. Lo 73
10.2 Explicit Wait . . . . . . ... Lo 75
10.3 Method Update . . . . . . . .. . ... ... ... ....... 75
11 Non-Confluent Features . . . . .. .. ... .. ... ...... s
11.1 Testing Future Reception . . . . .. ... .. ... .. .... 77
11.2 Non-blocking Services . . . . . . ... ... ... ... ... 7
11.3 Testing Request Reception . . . . . . . .. ... ... ... .. 78
11.4 Join Patterns . . . . . . . .. ..o Lo 78
11.4.1 Translating Join Calculus Programs . . . ... .. .. 78



XII Contents

11.4.2 Extended Join Services in ASP . . . . . ... ... .. 79

12 Migration . . . . . . . ... . . 81

12.1 Migrating Active Objects . . . . . . . .. .. ... ... ... 81

12.2 Optimizing Future Updates . . . . . .. ... ... ... ... 81

12.3 Migration and Confluence . . . . . ... ... ... ... ... 81

13 Groups . . . . .. 83

13.1 Groups in an Object Calculus . . . . . . . .. ... ... ... 83

13.2 Groups of Active Objects . . . . . . . . ... ... ... ... 84

13.3 Groups, Determinism, and Atomicity . . . . . .. .. .. ... 84

14 Components . . . . . . . .. .. 89

14.1 From Objects to Components . . . . . . . .. ... ... ... 89

14.2 Hierarchical Components . . . . . .. ... ... ... .... 89

14.3 Semantics . . . . . ... 90

14.4 Deterministic Components . . . . . . . . . .. ... ... ... 91

14.5 Components and Groups: Parallel Components . . . . . . . . 93

14.6 Components and Futures . . . . . ... ... ... ... ... 94

15 Channels and Reconfigurations . . ... ... ... ... ... 95

15.1 Genuine ASP Channels . . . .. ... ... ... ....... 95

15.2 Process Network Channels in ASP . . . ... ... ... ... 95

15.3 Internal Reconfiguration . . . . . . ... ... ... ... ... 96

15.4 Event-Based Reconfiguration . . . ... ... ... ... ... 96
Part V Implementation Strategies

16 A Java API for ASP: ProActive . .. ... .. ... ... ... 99

16.1 Designand API. . . . ... ... ... ... ... ... ... 99

16.1.1 Basic API and ASP Equivalence . ... ... ... .. 99

16.1.2 Mapping Active Objects to JVMs: Nodes . . . . . .. 99

16.1.3 Basic Patterns for Using Active Objects . . . . . . .. 99

16.1.4 Migration . . . . . . .. ... oL 100

16.1.5 Group Communications . . . .. ... ... ...... 100

16.2 Examples . . . . . ... 100

16.2.1 Parallel Binary Tree . . . . . . . ... ... ... ... 100

16.2.2 Eratosthenes . . . . .. ... ... .. .. ....... 100

16.2.3 Fibonacci . . . . . . .. .. ... ... ... ..., 110

17 Future Update . . . . . . ... .. ... .. ... .. 117

17.1 Future Forwarding . . . . . . .. .. ... ... ... ..... 117

17.2 Update Strategies. . . . . . . . . . ... ... L. 117

17.2.1 ASP and Generalization: Encompassing All Strategies 117

17.2.2 No Partial Replies and Requests . . . . . ... .. .. 117



Contents XIII

17.2.3 Forward-Based . . . ... ... ... ... .... ... 118

17.2.4 Message-Based . . . . .. ... ... ... ... 119

17.2.5 Lazy Future Update . . ... .. ... ... ... ... 120

17.3 Synthesis and Comparison of the Strategies . . . . . ... .. 121

18 Loosing Rendezvous . . . ... ... ... ... ......... 123
18.1 Objectives and Principles . . . . . .. . ... ... ... ... 123
18.2 Asynchronous Without Guarantee . . . ... .. ... .... 123
18.3 Asynchronous Point-to-Point FIFO Ordering . . . .. .. .. 124
18.4 Asynchronous One-to-All FIFO Ordering . . . . ... .. .. 126
18.5 Conclusion . . . . . . ... .. 127
19 Controlling Pipelining . . . . ... .. ... ... ... . ... 129
19.1 Unrestricted Parallelism . . . . . .. ... ... ... ... .. 129
19.2 Pure Demand Driven . . . . . . . .. ... ... ... ... 129
19.3 Controlled Pipelining . . . . . . . .. .. ... ... ... 129
20 Garbage Collection . . . . . ... .. ... ... ... ... 131
20.1 Local Garbage Collection . . . .. ... ... .. ... .... 131
20.2 Futures . . . . . . .. 131
20.3 Active Objects . . . . . . .. .o 131

Part VI Final Words

21 ASP Versus Other Concurrent Calculi . ... ... .. ... 135
21.1 Basic Formalisms . . . . . ... .. ... ... ... ..., . 135
21.1.1 Actors . . . . . . . .. 135

21.1.2 m-calculus and Related Calculi . . ... .. ... ... 135

21.1.3 Process Networks . . . . . . ... .. ... ... ..., 135

21.14 ¢-calculus . . . .. ... 135

21.2 Concurrent Calculi and Languages . . . . .. ... ... ... 135
21.2.1 Multiliisp . . . . . . .. o 135

21.2.2 Ambient Calculus . . ... ... ... ......... 135

21.2.3 join-calculus. . . . . .. ... oL 135

21.3 Concurrent Object Calculi and Languages . . . . . . .. . .. 135
21.3.1 Obliq and @jeblik . . . . . ... ... ... .. .... 135

21.3.2 The moBA Language . . . . . .. .. ... ... .... 135

22 Conclusion . . . ... .. Lo 137
22.1 Summary . . ... e e 137
22.2 A Dynamic Property for Determinism . . . .. ... ... .. 137
22.3 ASPin Practice. . . . . . . . . . .. ... ... .. 137
22.4 Stateful Active Objects vs. Immutable Futures . . . . .. .. 137
22.5 Perspectives . . . . . . ..o o 137

23 Epilogue . . . . .. ... 139



XV Contents

Appendices
A Equivalence Modulo Future Updates . ... ... .. .. .. 145
A1l Renaming . . . . . . . ... L 145
A.2 Reordering Requests (R1 =g Ra) - . . .« o« v oo v oo 145
A3 Future Updates . . . . . . . . . . .. ... .. .. ... .... 145
A.3.1 Following References and Sub-terms . . . .. ... .. 145
A.3.2 Equivalence Definition . . . . . . ... ... ... ... 147
A4 Propertiesof=p . . . . . ... 149
A.5 Sufficient Conditions for Equivalence . . . . . ... ... ... 150
A.6 Equivalence Modulo Future Updates and Reduction . . . . . 150
A.7 Another Formulation . . . . . ... .. ... ... ....... 151
A.8 Decidability of =p . . . . . ... ... ... 151
A9 Examples . . . .. .. 152
B Confluence Proofs . . .. ... ... ... .. ... ....... 155
B.1 Context . . .. ... . . . . 155
B.2 Lemmas . . . . . . . ... 155
B.3 Local Confluence . . . . ... ... ... ... .. ....... 156
B.4 Calculus with service based on activity name: Serve(a) . .. 156
B.5 Extension . .. ... ... ... 156
References . . . . . .. . . . .. ... 161
Notation . . . .. . ... . .. 173
Syntax of ASP Calculus . . . ... ... ... .. ... ....... 179
Operational Semantics . . . . .. .. ... ... .......... 181
Overview of Properties . . . ... .. ... ... ... ....... 183

Overview of ASP Extensions . . . ... ... ... . ....... 185



List of Figures

2.1
2.2
2.3
2.4
2.5
2.6
2.7
2.8
2.9
2.10
2.11
2.12
2.13
2.14
2.15
2.16
2.17

4.1
4.2

5.1
5.2
5.3
5.4
9.5
5.6
9.7
5.8

Suggested reading paths . . . . ... ... oo

Classification of calculi (informal) . . . . ... ... ...
A binary treein CAML . . . . . ... ... ... ...
A factorial actor [9] . . . . . ..o

Execution of the sieve of Eratosthenes in Process Networks

Sieve of Eratosthenes in Process Networks [100] . . . . .
Sieve of Eratosthenes in ¢-calculus [3] . . . . . . ... ..
Binary tree in ¢-calculus [3] . . .. ... ... ... ...
A simple Fibonacci example in ProT [130] . . . . .. ..
A factorial example in the core P1CT language [130] . . .
Locks in ambients [47] . . .. ... ... ... ... ...
Channels in ambients [47] . . ... ... ... ... ....
A cell in the join-calculus [68] . . . . .. ... ... ...
Bounded buffer in ABCL [161] . . . . ... .. ... ...
The three communication types in ABCL. . . . . .. ..
Prime number sieve in Obliq . . . . . ... ... ... ..
Binary tree in (a language inspired by) mogA [110] . . . .
mof\ parallel binary tree, equivalent to Fig. 2.16 [110]

Objects and activities topology . . . . . ... ... ...
Example of a parallel configuration . . .. .. ... ...

Example: a binary tree . . . . . .. ... ... ...
Topology and communications in the parallel binary tree
Example: sieve of Eratosthenes (pull) . . . ... ... ..
Topology of sieve of Eratosthenes (pull) . . . . . ... ..
Example: sieve of Eratosthenes (push) . . ... ... ..
Topology of sieve of Eratosthenes (push) . . .. ... ..
Process Network vs. object network . . . . . .. ... ..
Fibonacci number processes . . . . . . ... ... .. ..

13
14
16
16
18
18
18
19
20
21
22
23
24
25

35
37

40
40
41
41
41
42
42
42



XVI  List of Figures

5.9
5.10
5.11

6.1
6.2
6.3
6.4
6.5
6.6
6.7
6.8

7.1
7.2
7.3

8.1
8.2
8.3
8.4
8.5
8.6
8.7

9.1
9.2
9.3

10.1
10.2

11.1

12.1

13.1
13.2
13.3
13.4
13.5
13.6

14.1
14.2

Example: Fibonacci numbers . . . . . ... ... ... ..
Topology of a bank application . . .. ... .. ... ..
Example: bank account server . . . . ... ... ... ..

Example of a deep copy: copy(t,00) - - « - - o . ...
NEWACT rule . . . . .. ..
A simple forwarder . . . ... ... ... ...,
REQUEST rule . . . . . . . . . . . ...
SERVETUle . . . ...
ENDSERVICE rule . . . . . . . ... ... ... .......
REPLY rule . . . . . .. ... ...
Another example of configuration . . . . ... ... ...

An informal property diagram . . . . .. ... ... ...
Absence of sharing . . . . ... ... 00000

Store partitioning: future value, active store, request parame-

1

Example of RSL . . . . .. ... .o oo
Example of RSL compatibility . . . . ... .. ... ...
Two equivalent configurations modulo future updates . .
An example illustrating the alias condition . . . . . . ..
Updates in a cycle of futures . . . . . ... ... ... ..
Confluence . . . . . ... .. ...
Confluence without cycle of futures . . . . . . .. .. ..

Anon-DONterm . . .. .. . .. ... ... .. .....
Concurrent replies in the binary tree case . . . . . . . . .
Fibonacci number RSLs . . . . . . . . ... ... ....

Explicit delegation in ASP . . . . .. .. ... ... ...
Implicit delegation in ASP . . . . . ... ... ... ...

A join-calculus cell in ASP . . . . . ... ... .. ..
Chain of method calls and chain of corresponding futures

A group of passive objects . . . .. ... L.
Request sending to a group of active objects . . . . . . .
An activated group of objects . . . ... ... ... ...
A confluent program if communications are atomic
Execution with atomic group communications . . . . . .
An execution without atomic group communications

A primitive component . . . . ... ...
Fibonacci as a composite component . . . . . . ... ..

43
43
43

49
49
50
o1
52
52
53
93

55
56

o7

60
61
62
63
64
65
65

68
70
70

74
75

78

82

83
85
85
86
87
88

90
91



14.3
14.4
14.5
14.6

15.1
15.2
15.3

16.1
16.2
16.3
16.4
16.5
16.6
16.7
16.8
16.9
16.10
16.11
16.12
16.13
16.14
16.15
16.16
16.17
16.18

17.1
17.2
17.3
17.4
17.5
17.6
17.7

18.1
18.2
18.3
18.4
18.5

19.1

23.1
23.2

List of Figures

A definition of Fibonacci components . . . . . . . . . ..
Deployment of a composite component . . . . . ... ..
A parallel component using groups . . . . .. ... ...
Components and futures . . . .. .. ... ... ... ..

Requests on separate channels do not interfere . . . . . .
A non-deterministic merge . . . . . ... ... ... ...
A channel specified with an active object . . . . . . . ..

A simple mobile agent in ProActive . .. .. .. .. ..
Method callon group . . . . . . ... ... ... .....
Dynamic typed group of active objects . . . . ... ...
Sequential binary tree in Java . . . . ... ... ... ..
Subclassing binary tree for a parallel version . . . . . . .
Main binary tree program in ProActive . . . . . . . . ..
Execution of the parallel binary tree program of Fig. 16.6
Screenshot of the binary tree at execution . . . ... ..
Sequential Eratosthenes in Java . . . . ... ... .. ..
Sequential Prime Java class . . ... ... ... .....
Parallel Eratosthenes in Java ProActive . . .. ... ..
Parallel ActivePrime class . . . . . ... ... ... ...
Graph of active objects in the Fibonacci program . . . .
Main Fibonacci program in ProActive . . . ... .. ..
The class Add of the Fibonacci program . . . . . . . . ..
The class Cons1 of the Fibonacci program . . . ... ..
The class Cons2 of the Fibonacci program . . . . . . ..
Graphical visualization of the Fibonacci program using IC2D

A future flow example. . . . .. ...
General strategy: any future update can occur . . . . . .
No partial replies and requests . . . . . . . ... ... ..
Future updates for the forward-based strategy . . . . . .
Message-based strategy: future received and update messages
Lazy future update: only needed futures are updated
Future update strategies . . . . . ... .. ... ... ..

Example: activities synchronized by rendezvous . . . . .
ASP with rendezvous — message ordering . . . . . . . ..
Asynchronous communications without guarantee . . . .
Asynchronous point-to-point FIFO communications . . .
Asynchronous one-to-all FIFO communications . . . . .

Strategies for controlling parallelism . . . . . . .. .. ..

Potential queues, buffering, pipelining, and strategies in ASP
Classification of strategies for sending requests . . . . . .

XVII

92
92
93
94

95
96
96

101
102
103
104
105
105
106
107
108
108
109
110
111
111
112
113
114
115

118
119
119
120
120
121
121

123
124
125
126
127

129

139
140



XVIII List of Figures

23.3

Al
A2
A3
A4
A5
A6

B.1
B.2
B.3

Classification of strategies for future update . . . .. ..

Simple example of future equivalence . . . . .. ... ..
The principle of the alias conditions . . . . . .. ... ..
Simple example of future equivalence . . . . .. .. ...
Example of a “cyclic” proof . ... .. ... .. .....
Equivalence in the case of a cycle of futures . . .. . ..
Example of alias condition . . . . ... ... .......

SERVE/REQUEST . . . .
ENDSERVICE/REQUEST

The diamond property (Property B.12) proof . . .. ..

Diagram of properties

141

146
148
153
153
153
154

157
158
159

183



List of Tables

1.1
1.2

2.1
2.2
2.3
24
2.5
2.6
2.7
2.8
2.9
2.10
2.11
2.12
2.13
2.14
2.15
2.16
2.17
2.18
2.19
2.20
2.21
2.22
2.23
2.24
2.25
2.26

3.1

Aspects of distribution, parallelism, and concurrency . . .
Aspects of ASP . . . . . ..o o

The syntax of an Actors language [9] . . . . . . . . .. ..
Aspects of Actors . . . . . ... ...
The syntax of m-calculus . . . . . ... ... ... .....
m-calculus structural congruence . . . . .. ... ... ..
m-calculus reaction rules . . . . .. ...
Aspects of m-calculus . . . . . . ... ... ... ...,
Aspects of Process Networks . . . ... ... .......
The syntax of impg-calculus [3] . . . . . .. ... ... ..
Well-formed store . . . . . ... ..o oL
Well-formed stack . . . . . ... ... ... ... ...

Semantics of impg-calculus (big-step, closure based)

Aspects of Multiliisp . . . . . . . ..o
A syntax for PreT [132] . . . . ... L.
Aspectsof P1cT . . . ...
The syntax of Ambient calculus . . . . . . ... ... ...
Aspects of Ambients . . . . .. ... ...,
The syntax of the join-calculus . . . ... ... ... ...

Main rules defining evaluation in the Join calculus

Aspects of the Join-Calculus . . . . . ... ... ... ...
Aspects of ABCL . . . . . ... . ... ... ... ..
The syntax of Qjeblik . . . ... ... ... ... .....
Aspects of Obliq and Qjeblik . . . . .. ... ... ... ..
Aspects of moB\ . . . ...
The syntax of concg-calculus [78] . . . . . ... ... ...
Aspects of concg-calculus . . . .. ...
Summary of a few calculi and languages . . . . . ... ..

Syntax of ASP sequential calculus . . . . ... ... ...

10
11
11
12
12
13
13
13
14
15
15
17
17
19
19
19
20
20
20
23
23
24
24
25
26
27

31



XX

List of Tables

3.2

4.1
4.2

6.1
6.2

10.1

13.1
13.2

16.1
16.2

17.1
17.2
17.3
17.4

221

Al
A2
A3

[\

Sequential reduction . . . .. ... ... . L.

Syntax of ASP parallel primitives . . . . . . .. ... ...
Syntax of ASP calculus . . . .. ... ... ........

Deepcopy . . . . . . o o e
Parallel reduction (used or modified values are non-gray) .

Rules for delegation (DELEGATE) . . . . . . . ... ....

Reduction rules for groups . . . . . .. .. ... ... ...
Atomic reduction rules for groups . . . . .. ... ...

Relations between ASP constructors and ProActive API .
Migration primitives in ProActive. . . . . . . . . ... ..

Generalized future update . . . . . . ... ... ... ...
No partial replies and requests protocol . . . .. ... ..
Forward-based protocol . . . ... ... ... .......
Message-based protocol for future update . . .. ... ..

Duality active objects (stateful) and futures (immutable)

Reordering requests . . . . . .. ... L.
Path definition . . . . . . ... ... ... ...
Equivalence rules . . . . . .. ... 0oL

Sequential reduction . . . .. ... ...
Deepcopy . . . . . . o oo
Parallel reduction (used or modified values are non-gray) .

33

36
36

48
50

73

84
85

99
100

118
118
119
120

137

145
147
152

181
182
182



List of Definitions and Properties

Definition
Definition
Definition
Definition
Definition
Definition
Definition
Definition
Definition
Definition
Property

Property

Definition
Property

Definition
Definition
Property

Definition
Property

Definition
Definition
Definition
Definition
Definition
Definition
Property

Property

Definition
Theorem

Definition

1.1
1.2
1.3
14
1.5
1.6
1.7
1.8
3.1
3.2
3.3
3.4
6.1
6.2
6.3
6.4
6.5
7.1
7.2
8.1
8.2
8.3
8.4
8.5
8.6
8.7
8.8
8.9
8.10
9.1

Parallelism ... 3
107033161 115 1<) 1) AP 3
Distribution .......... ..o 3
Asynchronous systems..............coooiia.... 3
Future....... .o 4
Reactive system ......... ... i 4
Synchrony hypothesis.....................o .. 4
Wait-by-necessity ... 5
Well-formed sequential configuration............. 32
Equivalence on sequential configurations......... 32
Well-formed sequential reduction ................ 32
Determinism. ... 32
Copy and Merge ........covvieinuinininnennan.. 48
Copy and merge . ......c.oveiiiniiniennann.. 48
Future list. ... 54
Well-formedness ..., 54
Well-formed parallel reduction................... 54
Potential services..............ciiiiiL. 56
Store partitioning........... ... .. .. oL 56
Request Sender List ...t 59
RSL comparison < ... 59
RSL compatibility: RSL(a) X RSL(B)........... 59
Configuration compatibility: P X Q.............. 59
Cycle of futures. ... 63
Parallel reduction modulo future updates........ 63
Equivalence modulo future updates and reduction 63
Equivalence and generalized parallel reduction... 64
Confluent configurations: P Y Po .....ooovvn.... 64
Confluence ... 64



XXII List of Definitions and Properties

Property 9.2
Theorem 9.3
Definition 9.4

Property 9.5
Theorem 9.6
Theorem 9.7

Definition 10.1
Definition 14.1
Definition 14.2
Definition 14.3
Definition 14.4
Property 14.5
Definition 17.1
Property 17.2
Property 17.3
Property 17.4
Property 17.5
Property 17.6
Definition 18.1
Definition A.1
Definition A.2
Lemma A3
Lemma A4
Definition A.5
Property A.6

Definition A.7
Lemma A8
Property A.9
Lemma A.10
Lemma A.11
Lemma A.12
Lemma A.13
Lemma A.14

Property A.15
Property A.16
Property A.17
Definition A.18
Property A.19
Corollary A.20
Definition A.21
Property A.22
Property A.23
Property B.1
Lemma B.2

DON and compatibility..................oonat. 67
DON determinism ..., 67
Static DON ... 68
Static approximation .......... ..., 69
SDON determiniSm . .........oovvvieeenineennn ... 69
Tree determinacy, TDON........................ 69
Well-formedness ... 74
Primitive component ........... ...l 89
Composite component ..............coeeeeean... 89
Deterministic Primitive Component (DPC)...... 91
Deterministic Composite Component (DCC)..... 93
DCC determinism ... 93
Forwarded futures.............. .. ... ..., 117
Origin of futures........... ...l 117
Forwarded futures flow ............ ... .. . ..., 117
No forwarded futures............................ 117
Forward-based future update is eager............ 118
Message-based strategy is eager.................. 119
Triangle pattern........ .. ..., 125
AFS L D 145
e P 146
57 and s 7 146
Uniqueness of path destination .................. 147
Equivalence modulo future updates: P =r Q..... 147
Equivalence relation ......................o L. 148
Equivalence of sub-terms ........................ 148
Sub-term equivalence................... ...l 149
Equivalence and compatibility ................... 149
=p and store update .............. ..l 149
=r and substitution............. ... ... .. L. 149
A characterization of deep copy.................. 149
Copy and Merge ........ocovviuineinnnnenean.. 149
=p and store merge ..., 150
REPLY and =p . ... 150
Sufficient condition for equivalence............... 150
=p and reduction(1)....... ... i 150
Parallel reduction modulo future updates........ 150
=p and reduction(2).................oo 150
=rpandreduction ..................... ... 150
Equivalence modulo future updates (2) .......... 151
Equivalence of the two equivalence definitions.... 151
Decidability ... 151
Confluence ...........o i 155

Q and compatiblity.......... ... ..ol 155



List of Definitions and Properties XXIII

Lemma B.3 Independent stores ............. ..., 155
Lemma B.4 Extensibility of local reduction................... 155
Lemma B.5 copy and locations................ooiiiL 156
Lemma B.6 Multiple copies........ ... 156
Lemma B.7 Copy and store update .................coooi... 156
Corollary B.8 Copy and store update .......................... 156
Property B.9 Diamond property..............ccoiiiiiii 156
Lemma B.10 =g and Q(Q, Q') ... vvvvvriii i 156
Lemma B.11 REPLY vs. other reduction........................ 156

Property B.12 Diamond property with =p............ ... ... .. 159






Prologue

Distributed objects are becoming ubiquitous. Communicating objects interact
at various levels (application objects, Web and middleware services), and in
a wide range of environments (mobile devices, local area networks, Grid, and
P2P). These objects send messages, call methods on each other’s interfaces,
and receive requests and replies.

Why would we employ objects to act as interacting entities? An answer
with a religious twist would be that object orientation has, so far, won the
language crusade. However, a technical answer has more substance: objects
are stateful abstractions. Any globally-distributed computation must rely on
various levels of state, somehow acting as a cache for improved locality, leading
to greater scalability and performance. In a multi-tier application server, for
instance, objects representing persistent data (e.g., Entity Beans) act as a
cache for data within the n-tier database.

Thus, stateful objects interact with each other. Why should they communi-
cate with method calls rather than with messages traveling over channels? One
answer is that this is exactly what objects are all about: distributed systems
should not abandon such a critical feature for software structuring. Remote
method invocation in industrial platforms, following 15 years of research in
academia, has taken off, and appears to be a practical and effective solu-
tion. Moreover, method calls are also about safety and verification, a highly
desirable feature for distributed, multi-principal, multi-domain applications.
Because method calls and the interface imply the emergence of types, remote
method invocations fall within the scope of type theories and practical ver-
ifications — including static analyses, which rely heavily on inter-procedural
analysis.

With distribution spanning the world ever more widely, an intrinsic char-
acteristic of communication is high latency, with an unbreakable barrier of
70 milliseconds for a signal to go half-way around the world at the speed of
light. Large systems, with potentially thousands of interacting entities, can-
not accommodate the high coupling induced by synchronous calls, because
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such coupling can lead to a blocked chain of remote method calls spanning
a large number of entities. An extreme case that requires non-synchronous
invocation is the handling of the disconnected mode in wireless settings. In
sum, high latency and low coupling call for asynchronous interactions, as in
the case of distributed objects: asynchronous method calls. But if we want
method calls to retain their full capacity, one-way calls on their own are in-
sufficient. Asynchronous method calls with returns are needed, leading to an
emerging abstraction: namely, futures, the expected result of a given asyn-
chronous method call. Futures turn out to be a very effective abstraction for
large distributed systems, preserving both low coupling and high structuring.

To summarize the argument, scalable distributed object systems cannot
be effective without interactions based on asynchronous method calls, with
respect to mastering both complexity and efficiency. While acknowledged the-
ories have been proposed for both asynchronous message passing (e.g., 7-
calculus) and objects (e.g., ¢-calculus), no formal framework has been pro-
posed for objects communicating solely with non-blocking method calls. This
is exactly the ambition of the current book: to define a theory for distributed
objects interacting with asynchronous method calls.

Starting from widely adopted object theory, the ¢-calculus [3], a syntacti-
cally lightweight extension is proposed to take distribution into account. Two
simple primitives are proposed: Active and Serve. The former turns an object
into an independent and potentially remote activity; the latter allows such
an active object to execute (serve) a pending remote call. On activation, an
object becomes a remotely accessible entity with its own thread of control:
an active object. In accordance with the above reasoning, we have chosen to
make method calls to active objects systematically asynchronous. Synchro-
nization is ensured with a natural dataflow principle: wait-by-necessity. An
active object is blocked on the invocation of a not yet available result, i.e.,
a strict operation on an unknown future. A further level of asynchrony and
low coupling is reached with the first-class nature of futures within wait-by-
necessity; they can be passed between active objects as method parameters
and returned as results.

The proposed calculus is named Asynchronous Sequential Processes (ASP),
reflecting an important property: the sequentiality of active objects. Processes
denote the potentially coarse-grain nature of active objects. Such processes are
usually formed with a set of standard objects under the exclusive control of
a root object. The proposed theory allows us to express a fundamental con-
dition for confluence, alleviating for the programmer of the unscalable need
to consider the interleaving of all instructions and communications. Further-
more, a property ensures determinism, stating that, whatever the order of
communications, whatever the order of future updates, even in the presence
of cycles, some systems converge towards a determinate global state. Apart
from Process Networks [99, 100, 159], now close to 40 years old, few calculi
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and languages ensure determinism, and even fewer in the context of stateful
distributed objects interacting with asynchronous method calls. The potential
of the proposed theory is further demonstrated by the capacity to cope with
more advanced issues such as mobility, groups, and components.

One objective of the proposed theory is to be a practical one. Implemen-
tation strategies are covered. Several chapters explore a number of solutions,
adapted to various settings (high-speed local area networks with buffer sav-
ing in mind, wide area networks with latency hiding as a primary goal, etc.),
but each one still preserving semantics and properties. An illustration of such
practicability is available under an open source Java API and environment,
ProActive [134], which implements the proposed theory using a strategy de-
signed to hide latency in the setting of wide area networks.

The first part of this book analyzes the issues at hand, reviewing existing
languages and calculi.

Parts IT and III formally introduce the proposed framework, defining the
main properties of confluence and determinism.

Part IV reaches a new frontier and discusses issues at the cutting edge
of software engineering, namely migration, reconfiguration, and component-
based systems. From the proposed framework, we suggest a path that can
lead to reconfigurable components. It demonstrates how we can go from asyn-
chronous distributed objects to asynchronous distributed components, includ-
ing collective remote method invocations (group communications), while re-
taining determinism.

With practicality in mind, Part V analyzes implementation issues, and
suggests a number of strategies. We are aware that large-scale distributed
systems encounter large variations in conditions, due to both localization in
space and dynamic changes over time. Thus, potentially adaptive strategies
for buffering and pipelining are proposed.

Finally, after a comparative evaluation of related formalisms, Part VI con-
cludes and suggests directions for the future.
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Reading Paths and Teaching

Extra Material and Dependencies

You will find at the end of this book a list of notations and a summary of
ASP syntax and semantics that should provide a convenient quick reference
(Index of Notations, Syntax, Operational Semantics). This is followed by a
graphical view of ASP properties (page 183), and the syntax of ASP extensions
(Synchronizations, Migration, Groups, Components).

The Appendices detail formal definitions and proofs of the main theorems
and properties introduced in Part III.

Figure 1 exhibits the dependencies between chapters and sections. Each
chapter is best read after the preceding chapters. For example, in order to
fully understand the group communication in ASP (Chap. 13), one should
read Chaps 3, 4, Part III (Chaps. 6, 7, 8, 9), and Chap.10. Going down the
lines (Fig. 1), one can follow the outcomes of chapters. For instance, still for
group communication in Chap. 13, immediate benefits are parallel components
(Sect. 14.5), and a practical implementation of typed group communication
within ProActive (Chap. 16).

Text Book

Besides researchers and middleware designers, the material here can also be
used as a text book for courses related to models, calculi, languages for concur-
rency, parallelism, and distribution. The focus is clearly on recent advances,
especially object-orientation and asynchronous communications. Such courses
can provide theoretical foundations, together with a perspective on practical
programming and software engineering issues, such as distributed components.

The courses cover classical calculi such as CSP [88] and m-calculus [119,
120, 144], object-orientation using ¢-calculus [3, 1, 2], and ASP [52], and
advanced issues such as mobility, groups, and components. Overall, the ob-
jectives are threefold:
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1
1
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3.1
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Fig. 1. Suggested reading paths

(1) study and analyze existing models of concurrency and distribution,
(2) survey their formal definitions within a few calculi,
(3) understand the implications on programming issues.
Depending on the objectives, the courses can be aimed at more theoretical
aspects, up to proofs of convergence and determinacy within m-calculus and
ASP, or targeted at more pragmatic grounds, up to practical programming
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sessions using software such as PICT [132, 131] or ProActive [134].

Below is a suggested outline for a semester course, with references to online
material, and chapters or sections of this book:

Models, Calculi, Languages for
Concurrency, Parallelism, and Distribution

1. |Introduction to Distribution, Parallelism, Concurrency 1
General Overview of Basic formalisms [39]
2. |CCS, and/or Pi-Calculus 2.1.3
73]
3. |Other Concurrent Calculi and Languages 2.1.4, 2.2
(Process Network, Multilist, Ambient, Join, ...) [125]
4. |Object-Oriented calculus: ¢-calculus 2.1.5
(4]
5. |Overview of Concurrent Object Calculi (Actors, 2.1.2,2.3
ABCL, Obliq and @jeblik, mo8A, concs-calculus, ...) [39]
6. |Asynchronous Method Calls and Wait-by-necessity 3,4,5
ASP: Asynchronous Sequential Processes
7. |Semantics, Confluence, Determinacy 6,7,8,9
8. |Advanced issues I: 10, 11, 12
Confluent and non-confluent features, mobility [125]
9. |Advanced issues II: 13, 14
Groups, Components
10.|Open issue: reconfiguration 15, 21, 22, 23
Conclusion, Perspective, Wrap-up

The Web page [39] gathers a broad range of information aimed at concurrent
systems, also featuring parallel and distributed aspects. Valuable material for
teaching models of concurrent computation, including CCS and w-calculus
can be found at [73]. The Web page [4] is dedicated to the book A Theory
of Objects [3]; it references pointers to courses using ¢-calculus, some with
teaching material available online. Finally, a comprehensive set of resources
related to calculi for mobile processes is available at [125].

Assignments can include proofs of the confluence or non-confluence na-
tures of a few features (e.g., delegation, explicit wait, method update, testing
future or request reception, non-blocking services, join constructs, etc.). More
practical assignments can involve designing and evaluating new future-update
strategies, new request delivery protocols, or new schemes for pipelining con-
trol. Practicality can reach as far as implementing examples or prototypes,
using PICT [132, 131], ProActive [134], or other programming frameworks.
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A Theory of Distributed Objects online

We intend to maintain a Web page for general information, typos, etc. Extra

material is also expected to be added (slides, exercises and assignments, con-

tributions, reference to new related papers, etc.). This page is located at:
http://www.inria.fr/oasis/caromel/TDO

Do not hesitate to contact us to comment or to exchange information!



Part 1

Review






1

Analysis

1.1 A Few Definitions

Definition 1.1 (Parallelism)
Ezecution of several activities or processes at the same time

Definition 1.2 (Concurrency)
Simultaneous access to a resource, physical or logical

Definition 1.3 (Distribution)
Several address spaces

Definition 1.4 (Asynchronous systems)
No global clock, and unbounded communication time

1.2 Distribution, Parallelism, Concurrency

1.2.1 Parallel Activities

Aspect Activity taking value in

Process

Expression evaluation
Actor

Active object

1.2.2 Sharing

Aspect Sharing taking value in

e Yes
e Some
¢ No
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1.2.3 Communication

Aspect Communication Base taking value in

e Channel
RPC

Aspect Communication Passing taking value in

Generalized reference

Copy, and deep copy
copy-restore

Lazy copy

Copy of activities (mobility)

Aspect Communication Timing taking value in

Synchronous

Asynchronous with rendezvous
Asynchronous FIFO preserving
Asynchronous without guarantee

1.2.4 Synchronization

Definition 1.5 (Future)
A reference to a value unknown at creation, to be automatically filled
up by some activity.
An automatic wait upon a strict operation on a future.

Aspect Synchronization taking value in

o Control

¢ Filtering patterns (select, join, blocking service)
¢ Dataflow

¢ Future

1.2.5 Reactive vs. Proactive vs. Synchronous

Definition 1.6 (Reactive system)
A system is reactive if it always reacts quickly enough with respect to
the occurrences of the stimuli and the dynamics of the environment.

Definition 1.7 (Synchrony hypothesis)
1. Functional execution and communication time are both
considered as null.
2. The entire system is placed under a unique global clock,
usually a logical clock, defining global instants.
Reactivity occurs at each instant.



1.4 Summary and Orientation

1.3 Objects

1.3.1 Object vs. Remote Reference and Communication

Aspect Object RMI taking value in

e Yes
¢ No

1.3.2 Object vs. Parallel Activity

Aspect Object Activity taking value in

e Yes, all objects (uniform)
e Yes, some objects (non-uniform)
e No

1.3.3 Object vs. Synchronization

Definition 1.8 (Wait-by-necessity)
Automatic and transparent creation of future objects upon
remote method invocations.
Futures as generalized references passed between distributed activities.
Automatic wait upon strict operations on future objects.

Aspect Wait-by-necessity taking value in

e Yes
¢ No

1.4 Summary and Orientation



Aspects

Possible Values:

Activity

Sharing

Process

Expression evaluation
Actor

Active object

Yes

Some

No

Communication Base

Communication Passing

Communication Timing

Synchronization

Channel

RPC

Generalized reference

Copy and deep copy
copy-restore

Lazy copy

Copy of activities (mobility)
Synchronous

Asynchronous with rendezvous
Asynchronous FIFO preserving
Asynchronous without guarantee
Control

Filtering patterns (select, join, blocking service)
Dataflow

Future

Object RMI

Object Activity

Wait-by-necessity

Yes

No

Yes, all objects (uniform)

Yes, some objects (non-uniform)

Table 1.1. Aspects of distribution, parallelism, and concurrency




Aspects Values:
Activity Active object
Sharing No
Communication Base RPC

Communication Passing

Communication Timing

Generalized reference to activities and futures
Deep copy of objects

Copy of activities (mobility)

Asynchronous with rendezvous

Synchronization Blocking service
Future
Object RMI Yes
Object Activity Yes, some objects (non-uniform)
Wait-by-necessity Yes

Table 1.2. Aspects of ASP







2

Formalisms and Distributed Calculi

2.1 Basic Formalisms

Functional IChannel based Objects

A-calculus /

Process ABCL
Networks
CTS I
/
Actors

MultiLisp \ r-calculus — T 7oBA

\ ¢-calculus
\ \ / \L
\ \ Pict
\ /
\

\
\

Join-calculus

I Obliq/@jeblik

\ \ Ambients |
\ \
\ \ Gordon Hankin
\ \ / concurrent calculus

\ \ i

\ \ |

N

N AsP

Fig. 2.1. Classification of calculi (informal)
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2.1.1 Functional Programming and Parallel Evaluation

M,N:=x variable
| \x.M abstraction
| (M N) application

type ’a btree = Empty | Node of ’a * ’a btree * ’a btree;;

let rec member x btree =
match btree with
Empty -> false
| Node(y, left, right) -> if x = y then true else
if x < y then member x left else member x right;;

let rec insert x btree =
match btree with
Empty -> Node(x, Empty, Empty)
Node(y, left, right) ->
if x <=y then
Node(y, insert x left, right)

else
Node(y, left, insert x right);;

Fig. 2.2. A binary tree in CAML

2.1.2 Actors
(act program) ::= (behavior definition)* ((command))
(behavior definition) ::= (define (id {(with identifier (pattern))}™)
(communication handler)™)
(communication handler) ::= (Is-communication(pattern) do (command))
(command) ::= let (let binding)” (command)
| (if (expression) then (command) else (command))
| (send (expression) (expression))
| (become (expression))

Table 2.1. The syntax of an Actors language [9]
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(define (Factorial ())
(Is-Communication (a eval (with customer = c)

(become Factorial)
(if (NOT (= n 0))
(then (send x 1))
(else (let (x (new FactCust (with customer c)

(send Factorial (a eval (with customer x)
(define (FactCust (with customer = m)

(with number = n))
(Is-Communication (a number k) do

(with number = n)) do

(with number n)))

(with number n-1))))))))

(send m n*k)))

Fig. 2.3. A factorial actor [9]

Communication Passing
Communication Timing
Synchronization

Aspects Possible Values:
Activity Actor

Sharing No
Communication Base Channel

Generalized reference
Asynchronous, with a fairness guarantee
Filtering patterns (futures can exist at a higher level)

Object RMI
Object Activity
Wait-by-necessity

No
Yes, all objects (uniform)
No

2.1.3 m-calculus

Table 2.2. Aspects of Actors

P,Q:=0 nil
| P|Q parallel composition
| (va.P) restriction of name x
| 7.P unobservable action
| z(y).P input
| z(y).Q output
| [z =y].Q name matching
| P+ Q choice
| P replication

Table 2.3. The syntax of m-calculus
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Plo= P, PIQ=QIP, P|(RIR) = (PIQ)IR

P = P|IP

P = Q if P is obtained from @ by change of bound names (alpha conversion)

P+0=P, P+Q=Q+P, P+(R+R) =(P+Q)+R

(vz.(P|Q)) = P|(vz.Q) if z ¢ fn(P), (v2.0) =0, (vy.(vz.P)) =

Table 2.4. m-calculus structural congruence

TAU:
TP+ M — P
REACT:
(@(y)-P + M)|(z(2).Q + N) — P{y — z}|Q
PAR:
P—P
PlQ — P'|Q
RES:
P—P
(vz.P) — (vo.P")
STRUCT:
PSP AP=QAP =Q
Q—-qQ

Table 2.5. w-calculus reaction rules

Variants of w-calculus

Linear and Linearized Channels
What is Mobility?

2.1.4 Process Networks

2.1.5 ¢-calculus

L store location (e.g., an integer)

V= [ml = Li]iel”n

o = {1 — (s(wi)bi, ;) } €™ store (1; distinct)

result (m; distinct)

S = {m; s v I stack (z; distinct)
Sko well-formed store judgment
geS o well-formed stack judgment

ceSFa~veo term reduction judgment
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Aspects Values:

Activity Expression evaluation
Sharing No

Communication Base Channel

Communication Passing |Generalized reference
Copy of activities (mobility of activities) in HOm
Communication Timing |Synchronous

Synchronization Control
Object RMI No
Object Activity No
Wait-by-necessity No

Table 2.6. Aspects of m-calculus

get
INTEGER )= FILEERHFII%ERH SIFT };@UTPUT)

Fig. 2.4. Execution of the sieve of Eratosthenes in Process Networks

Aspects Values:

Activity Process

Sharing No

Communication Base Channel

Communication Passing |Copy

Communication Timing |Asynchronous FIFO preserving
Synchronization Dataflow

Object RMI No

Object Activity No

Wait-by-necessity No

Table 2.7. Aspects of Process Networks

a,be Lu=x

| [m; = s(zi)a:]"S"™ object definition

|a.m; method invocation
| a.li=s(z)b method update

| clone(a) superficial copy
|let x=ainb let

variable

Table 2.8. The syntax of impg-calculus [3]

2.2 Concurrent Calculi and Languages

2.2.1 MultiLisp
2.2.2 PICT
2.2.3 Ambient Calculus
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Process INTEGERS out QO

Vars N; 1 — N;

repeat INCREMENT N; PUT(N,QO) forever
Endprocess;

Process FILTER PRIME in QI out QO
Vars N;
repeat GET(QI) — N;
if (N MOD PRIME)#0 then PUT(N,Q0) close
forever
Endprocess;

Process SIFT in QI out QO
Vars PRIME; GET(QI) — PRIME;
PUT(PRIME,QQ); emit a discovered prime
doco channels Q;
FILTER(PRIME,QI,Q); SIFT(Q,Q0);
closeco
Endprocess;

Process OUTPUT in QI;
repeat PRINT(GET(QI)) forever
Endprocess

Start doco channels Q1 Q2;
INTEGERS(Q1) ;SIFT(Q1,Q2); OUTPUT(Q2);
closeco;

Fig. 2.5. Sieve of Eratosthenes in Process Networks [100]

store (:

Do

store ¢:
ceSFo ¢ dom(o)

{t — (s(x)b,S)} mo ko

Table 2.9. Well-formed store

nlin m.P|Q]|m[R] — m[n[P|Q]|r]
m[nfout m.P|Q]|r] — n[P|Q]|m[R)
open n.Pn|Q] — P|Q
(z).P|(M) — P{x — M}
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stack 0:
ok
O'c@ o
stack z:
ceSEo 1 ¢ dom(o)
oo ({z = [mi =u]" "} S) ko
Table 2.10. Well-formed stack
T
o-(Su{z—v}uS)kFo
ge(S:u{x—v} S )z~ ver
object:
ceSko Vie€i.m, 1 ¢ dom(o)
oeS I [my = ¢(z:)a;)' "™ ~ [my = 1] e {1 = (s(xi)as, SY €} o
select:
geS I a~ [m; = 1] a0’
o'(1j) = (s(x5)a;,8")  x; & dom(S') j€l.n
O'/o(.’L’j = [m]- = Li}zel..n o S/) = a; ~> 'UoO'"
oeS a.mj ~ ’UOO'N
update:
geSFa~ [m; = 4] e’ jEl.n 1 € dom(o’)
geS F amj=c(x)b~ [mi = 1;]'" e ({t; — (s(x)b,S)} +&’)
clone:
oeSa~ [m; = 1;]" " "ed’ Vi € 1.n, 1; € dom(a’) A s & dom(o”)
geS I clone(a) ~ [m; = ]St "e ({1} = o' (1i)} + o)
let:
weSFa~v'ed’ de({xz—v'}) i SEb~ v 00"
geStlet z=ain b~ v"ed”

Table 2.11. Semantics of impg-calculus (big-step, closure based)

2.2.4 Join-calculus

2.2.5 Other Expressions of Concurrency
CML

Kell-calculus

Steele Shared Memory Non-interference
Montanari Tile-Based Semantics

Functional Nets
2.3 Concurrent Object Calculi and Languages
2.3.1 ABCL
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Sieve £ [m = ¢(s) A(n)
let sieve’ = clone(s)
in o S.prime = n;
s.next 1= sieve’;
s.me=s(s") A(n')
if(n’ modn) =0
then [ ]
else sieve’ .m(n');
(],
prime = ¢(x) xz.prime,
next = ¢(x) x.next];

~ denotes the method update: modifies the body of a method.

The sieve can be used in the following way:
for i in 2..99 do sieve.m(3) initializes primes < 100

sieve.next.next.prime returns the third prime

Fig. 2.6. Sieve of Eratosthenes in ¢-calculus [3]

binClass = [new =
s(z) [isleaf = ¢(s) z.(isleaf s),
Ift =<(s) z.(Lft s),
rht = ¢(s) z.(rht s),
consLft = ¢(s) z.(consLft s),
consRht = ¢(s) z.(consRht s)],
isLeaf = A(self) true,
Uft = X(self) self.lft
rht = A(self) sel f.rht
consLft = X(self) A(newl ft)
((self.isleaf := false).lft :== newlft).rht := self,
consRht = A(sel ) A(newrht)
((self.isleaf := false).lft := self).rht := newrht]

Fig. 2.7. Binary tree in ¢-calculus [3]




2.3 Concurrent Object Calculi and Languages

Aspects Values:
Activity Expression evaluation
Sharing Yes

Communication Base
Communication Passing
Communication Timing

No communication
No communication
No communication

Synchronization Future
Object RMI No
Object Activity No
Wait-by-necessity No

Table 2.12. Aspects of MultiLisp

Val:

Label

Pat

Abs

Proc

:=1d

Variable

[ Label Val ... Label Val ] Record

{ Type } Val
(rec : TVal)
String

Char

Bool

= (empty)

Id =

:=1d : Type

_: Type
Id : Type @ Pat

Polymorphic package
Rectype value

String constant
Character constant
Boolean constant

Anonymous label
Explicit label

Variable pattern
Wildcard pattern
Layered pattern

[ Label Pat ... Label Pat ] Record pattern

{1d < Type } Pat
(rec : T Pat)

:=Pat = Proc
=Val! Val

Val 7 Abs

Val 7+ Abs

( Proc | Proc)
(Dec Proc )

Package pattern
Rectype pattern

Process abstraction

Output atom

Input prefix
Replicated input prefix
Parallel composition
Local declaration

if Val then Proc else Proc Conditional

Table 2.13. A syntax for P1cT [132]

17
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def fib[n:Int r:!Int] =
if (|| (== n 0) (== n 1)) then
r'l
else
r!(+ (fib (- n 1)) (fib (- n 2)))

run printi!(fib 7)

Fig. 2.8. A simple Fibonacci example in P1cT [130]

run
(def fact [n:Int r:!Int]l=
(new br: Bool
( {- calculate n=0 -}
==1[n0 (rchan br)]
| {- is n=07 -}
br?b =
if b then
{- yes: return 1 as result -}

(new nr:~Int
( {- subtract one from n -}
-![n 1 (rchan nr)]
| nr?nMinusi =
{- make a recursive call to compute fact(n-1) -}
(new fr7f =
( fact!nMinus1l fr]
| fref =
{- multiply n by fact(n-1) and send the result
on the original result channel r -}
*![f n (rchan r)]
2
new r: " Int
( fact![5 r]
| r?f = printil!f )

Fig. 2.9. A factorial example in the core PICT language [130]

acquire n.P = open n.P
release n.P = n[ ]| P

Fig. 2.10. Locks in ambients [47]



2.3 Concurrent Object Calculi and Languages

Aspects Values:

Activity Expression evaluation
Sharing No

Communication Base Channel

Communication Passing |Generalized reference
Communication Timing |Asynchronous without guarantee

Synchronization Filtering patterns (pattern matching)
Object RMI No
Object Activity No
Wait-by-necessity No

Table 2.14. Aspects of PicT

P,Q::=(vn)P restriction

0 inactivity
P|Q  composition
\P replication
n[P] ambient
M.P  action

M :=inn can enter n
out n can exit n
open n can open n

Table 2.15. The syntax of Ambient calculus

buf n 2 n[lopen io] a channel buffer
(chn) = (vn)(buf n|P) a new channel
n(z).P £ (vp) (i0lin n.(x).plout n.P]]| open p) channel input

n(M) £ iolin n.(M)] async channel output

Fig. 2.11. Channels in ambients [47]

Aspects Values:

Activity Expression evaluation

Sharing No

Communication Base Channel

Communication Passing |Generalized reference, with local effect
Copy of ambient (mobility)
Communication Timing |Synchronous

Synchronization Control
Object RMI No
Object Activity No
Wait-by-necessity No

Table 2.16. Aspects of Ambients

19
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P:=|z(y) message emission
|def D in P definition of ports
| P|P parallel composition
|0 null process
D:=J>P rule matching join pattern J (trigger)
| DAD connection of rules
| T empty definition
Ja=z(y) message pattern
| J|J joined patterns

Table 2.17. The syntax of the join-calculus

F P|P'—k P, P’
F O«
T Fetk
Fdef D in P~ Do+ Po o creates fresh channels

J>PkFJo— J>PF Po

Table 2.18. Main rules defining evaluation in the Join calculus

def get(k)|s(v) > k(v)|s(v)
def mkcell{vo, ko) = A set(u, k)|s(v) > k()|s(u)
in  s(vo)|ko(get, set)

Fig. 2.12. A cell in the join-calculus [68]

Aspects Values:

Activity Expression evaluation
Sharing No

Communication Base Channel

Communication Passing |Generalized reference
Communication Timing |Asynchronous without guarantee

Synchronization Filtering patterns (join)
Object RMI No
Object Activity No
Wait-by-necessity No

Table 2.19. Aspects of the Join-Calculus



2.3 Concurrent Object Calculi and Languages

[object Buffet
(state declare-the-buffer-state )

(script
(=> L[:put elt] ; Put an element in the buffer
(if full
then (select ; Waits for a [:get] message
(=>[:get] remove-from-storage-and-return )
)
)
store-elt
)
(=> [:get] ; Get an element from the buffer
(if empty
then (select ; Waits for a [:put ...] message
(=>[:put elt] send-elt-to-get-caller )
)
else remove-from-buffer-send-it-to-get-caller
)
)
)

Fig. 2.13. Bounded buffer in ABCL [161]

21
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; Synchronous communication:
; send and wait for message execution
; Originally called: Now Type Message Passing
x 1= [T <==M]
; Current activity send a message M to T
; wait for message execution and return value,
; which is stored in x

; Asynchronous one-way communication:
; send and does not wait for
; message execution, no reply
; Originally called:  Past Type Message Passing
[T <= M]
; Current activity send a message M to T
; no wait

; Asynchronous communication with explicit future:
; send and does not wait for message execution,
; reply to be sent later in =z
; Originally called: Future Type Message Passing
[T <=M $ x]
; Current activity send a meessage M to T
; non-blocking, the result will be put
; asynchronously in x

(ready? x)
; Test if x is still awaited

Fig. 2.14. The three communication types in ABCL

2.3.2 Obliq and @jeblik
Migration
2.3.3 The mwoBA\ Language

2.3.4 Gordon and Hankin Concurrent Calculus: concg-calculus

2.4 Synthesis and Classification



Aspects Values:

Activity Active object
Sharing No
Communication Base RPC

Communication Passing |Generalized reference
Communication Timing |Synchronous, and
Asynchronous FIFO preserving

Synchronization Control
Filtering patterns (select)
Future
Object RMI Yes
Object Activity Yes, all objects (uniform)
Wait-by-necessity No

Table 2.20. Aspects of ABCL

let sieve =
{m=>
meth(s, n)
print(n);

let sO = clone(s);
s.m := meth(si,n1)
if (n1 % n) is 0 then ok
else s0.m(n1)
end
end;
end};

print the primes <100
for i=2 to 100 do sieve.m(i) end;

Fig. 2.15. Prime number sieve in Obliq

a,be L:=s,x,y variable
[ [my = s(si,%5)a:]"S""™ object definition
| a.m,; (b) method invocation
|a.li=s(s, Z)b method update
|a.clone superficial copy
| a.alias(b) object aliasing
| a.surrogate object surrogation
| a.ping object identity
|letx=ainbd let
| fork(a) thread creation
| join{a) thread destruction

Table 2.21. The syntax of @jeblik




Aspects Values:

Activity Process
Sharing Yes
Communication Base RPC

Communication Passing |Generalized reference

Communication Timing |Synchronous

Synchronization Control
Object RMI Yes
Object Activity No
Wait-by-necessity No

Table 2.22. Aspects of Obliq and @jeblik

Copy of activity (mobility) as cloning+aliasing

class TO
var K:NAT, V:ref(A), L:ref(T), R:ref(T)

method Insert(X:NAT, W:ref(A))
if K=nil then (K:=X ; V:=W ; L:=new(T) ; R:=new(T))
else if X=K then V:=W
else if X<K then L!Insert(X,W)
else R!Insert(X,W);
return

method Search(X:NAT) :ref (A)
if K=nil then return nil
else if X=K then return V
else if X<K then return L!Search(X)
else return R!Search(X)

Fig. 2.16. Binary tree in (a language inspired by) mo8A [110]

Aspects Values:
Activity Active object
Sharing No
Communication Base RPC

Communication Passing |Generalized reference
Communication Timing |Synchronous with early return

Synchronization Control

Object RMI Yes

Object Activity Yes, all objects (uniform)
Wait-by-necessity No

Table 2.23. Aspects of moGA



class TO
var K:NAT, V:ref(A), L:ref(T), R:ref(T)

method Insert(X:NAT, W:ref(A))
return ;
if K=nil then (K:=X ; V:=W ; L:=new(T) ; R:=new(T))
else if X=K then V:=W
else if X<K then L!Insert(X,W)
else R!Insert(X,W)

method Search(X:NAT) :ref (A)
if K=nil then return nil
else if X=K then return V
else if X<K then commit L!Search(X)
else commit R!Search(X)

Fig. 2.17. wofB\ parallel binary tree, equivalent to Fig. 2.16 [110]

Results:
u,v € L::=x wvariable
| p name
Denotations:
d::=[m; = ¢(x:)a;]'s""" object
Terms:
a,be L:=u result
|p—d denomination
| u.m; method invocation
|u.li=s(xz)b  method update
| clone(u) superficial copy
|let  =a in blet
lar b parallel composition
| (vp)a restriction

Table 2.24. The syntax of concg-calculus [78]



Aspects Values:

Activity Process

Sharing Yes

Communication Base RPC
Communication Passing |Generalized reference
Communication Timing |Synchronous
Synchronization Control

Object RMI Yes

Object Activity No
Wait-by-necessity No

Table 2.25. Aspects of concg-calculus




Functional Channel Based Object

Languages ASP Actors MultiLisp |7-calculus | Process TolBA Obliq
Aspects Networks ADjeblik
Activity Active object Actor Exp. Exp. Process Active object |Process
Sharing No No Yes No No No Yes
Communication |RPC Channel No com. Channel Channel RPC RPC
Base
Communication |GR:activities+futures|GR No com. GR GR only in GR GR
Passing Deep copy of objects reconfiguration Copy of Activity

Copy of activities Copy (mobility as

(mobility) cloning+aliasing)
Communication |Asynchronous Asynchronous|No com. Synchronous|Asynchronous |Synchronous |[Synchronous
Timing with rendezvous (fairness) FIFO preserving|with early

return

Synchronization |Blocking service Filtering Future Control Dataflow Control Control

Future Patterns Blocking service
Object RMI Yes No No No No Yes Yes
Object Activity |Yes, non-uniform Yes, uniform |No No No Yes, uniform [No
Wait-by-necessity | Yes No No No No No No

Exp.= Expression evaluation

No com.= No communication

GR = Generalized Reference

Table 2.26. Summary of a few calculi and languages
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An Imperative Sequential Calculus

3.1 Syntax
a,be L:=x variable

|[li = bismy = s(x,y;)a;]5ei v object definition

|a.l; field access

|al; :=b field update

| a.m;(b) method call

| clone(a) superficial copy

| ¢ location (not in source terms)

Table 3.1. Syntax of ASP sequential calculus

Point £ [x =0,y =0, color=[R=0,G=0,B=0;print =...J;

getX =q(s,p)s.z, setX = ¢(s,p)s.x := p, getColor = (s, p)s.color, . ..

let x=ainb=2[;m=q(z,2)b.m(a)

[I>

a;b = [;m =c(z,2")b].m(a)

\r.b = [arg = [|,val = ¢(z,y)b{z «— z.arg}]
(b a) £ (clone(b).arg := a).val([])

letz=aandy=binc2 leto=[x=[,y=1]]in
let © = afx — o.x,y — 0.y} in
let y =b{z — o.x,y — oy} in
0.7 1= T;0.y = y;C
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letx = [f=y] andy=[g=2x] in ...

3.2 Semantic Structures

3.2.1 Substitution
0 = {b—c}.

3.2.2 Store
0= [li = tiymy = s(xj,y5)a5]5E T,
o= {1 0;}
(0 +0")(1) = o) if v € dom(o)
o'(¢) otherwise

3.2.3 Configuration

Definition 3.1 (Well-formed sequential configuration)

locs(a) C dom(o) A fv(a) =0

- (a,0) ok & {VL € dom(0), locs(o(v)) € dom(o) A fu(o(r)) =0

Definition 3.2 (Equivalence on sequential configurations)

(a,0) = (d’,0") & 30, (ad,00) = (', 0")

3.3 Reduction

R::: ° | [ll = Li7ll€ = R’ lk/ = bk/) m] = g(z]’yj)aj]zeelllfn—Lk’Ek"rln
| R.m; | R.m;(b) | t.mj(R)|R.L :=0b|el:=R|clone(R)

Rla] = Rfe —a}

3.4 Properties

Property 3.3 (Well-formed sequential reduction)

F (a,0) 0K A (a,0) —s (b,o') = F(bo')OK
Sequential Determinism
Property 3.4 (Determinism)

c—ogdANc—gd=>d=d



STOREALLOC:
L & dom(o)

(Rlo],0) =5 (R}, {e = o} = o)

FIELD:
o) = [li = viymy = (@5, y)a;]561 7 k€ Ln
(Rlelk],0) =5 (Rlek], o)
INVOKE:
o(e) = [li = vismy = s(zj,y5)as]5er T, kel.m
(Rle.my (), 0) —s (Rlar{zr — t,yr — '}, 0)
UPDATE:

o(t) =1[li =t;m; = §($jayj)aj]§eell'ﬂ% . ke 1..n,
0/ = [lz = L4, lk = [,/, lkl = L/} mj = g(l'j, yj)a]];%lllfnil’k €k+tl.n

(Rledy :==1],0) —s (R[], {t = o'} +0)

CLONE:
/' & dom(o)

(Rlclone()], o) —s (R[], {¢' — a(t)} :: o)

Table 3.2. Sequential reduction
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Asynchronous Sequential Processes

4.1 Principles

Active object

Fig. 4.1. Objects and activities topology

let p = Active(Point, ) in let col = p.getColor() in p.setX (2); col.print(),

4.2 New Syntax

P,Q = afaa; 00 ta; Fuo; Ras fo] || BL-l - -
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a,be L:=..

|Active(a, mj) Activates object: deep copy + activity creation,

m; is the activity method or @ for FIFO service

|Serve(M) Serves a request among a set of method labels,

lat f,0 a with continuation b (not in source terms)
where M is a set of method labels used to specify the request that has to be
served:

M =mp,,...,my,

Table 4.1. Syntax of ASP parallel primitives

a,be L:=x variable,

[[li = bi;m; = C(Ij,yj)aj];-eellf,% object definition
|a.l; field access

|al; :=b field update

| a.m; (D) method call

| clone(a) superficial copy
|Active(a, mj) activity creation
|Serve(mki)j€1”h service primitive

Table 4.2. Syntax of ASP calculus

4.3 Informal Semantics
4.3.1 Activities

4.3.2 Requests

4.3.3 Futures

4.3.4 Serving Requests




/5~ Future values

C] Activity C) Current term

< Active object ——> Active object reference

Current Pending
Q Passive object ™a  Local reference request requests
Request parameter
O - ¥  Future reference [2 foo | Request on method foo
The stor
/
Reference to an
active object /
| ;
\
/
Future to a s - '\ =
U_% pending request _ - —
"7 T Future —c-o;rgsgondlng K L‘ L1l u
Future\ ~ - to the current term —

Fig. 4.2. Example of a parallel configuration
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A Few Examples

L

let x = Active(a, $1) let srv = Active(lx =[],y = [|;
and y = Active(b, s3) in ¢ getX = ¢(s)s.x,
getY =¢(s)s.y,
setX = (s, z,y)(s.x := Active(a, s1); s.x),
setY =¢(s,z,y)(s.y := Active(b, $2); 8.y),
service = ¢(s)Serve(setX); Serve(setY);
Repeat(Serve(getX); Serve(getY))
|, service)
m
[ = o(s,2,5)c)m
srv.setX (srv.getX (), srv.getY (),
srv.setY (srv.getX (), srv.getY ()))

5.1 Binary Tree

let tree = (BT.new).add(3,4).add(2, 3).add(5, 6).add(7, 8)in
[a = tree.search(5),b = tree.search(3)].b := tree.search(7)

5.2 Distributed Sieve of Eratosthenes
Another Formulation

5.3 From Process Networks to ASP
5.4 Example: Fibonacci Numbers

5.5 A Bank Account Server



BT 2 [new = ¢(c)[empty = true,left = [|, right = [|, key = [], value = [|,
search = ¢(s, k)(c.search sk),add = <(s, k,v)(c.add skv)],
search = ¢(c)Ask.if (s.empty) then (|
else if (s.key == k) then s.value
else if (s.key > k) then s.left.search(k)
else s.right.search(k),
add = ¢(c)skv.if (s.empty) then(s.right := Factory(s);
s.left := Factory(s); s.value := v;
s.key := k; s.empty := false; s)
else if (s.key > k) then s.left.add(k,v)
else if (s.key < k) then s.right.add(k,v)
else s.walue ;= v; s ]

where: Factory(s) £ s.new in the sequential case and
Factory(s) £ Active(s.new, ) for the concurrent binary tree.

Fig. 5.1. Example: a binary tree

- 1> Flow of requests
= P Flow of (indirect) replies

Fig. 5.2. Topology and communications in the parallel binary tree




let Integer = Active([n = 1; get = ¢(s)(s.n := s.n + 1;5.n)],0) in
let Sieve = [parent = [|, prime = 0;init = ¢(s, par)s.parent := par,
get = ¢(s)let n = parent.get() in
if(n mop s.prime # 0) then n else s.get()] in
let Sift = [source = Integer;
act= ¢(s)Repeat(let n = s.source.get() in
print(n); Sieve.prime := n;
s.source :=Active(clone(Sieve.init(s.source)), 0))] in
Active(Sift,act)

Fig. 5.3. Example: sieve of Eratosthenes (pull)

Integer

Fig. 5.4. Topology of sieve of Eratosthenes (pull)

let Sieve = [N = 0, prime = 0;next = [|; put = ¢(s,n)s.N :=mn,
act = ¢(s)Serve(put); Display.put(s.N);
s.prime := s.N; s.next := Active(s, act);
Repeat(Serve(put));
if (s.N mop s.prime # 0) then s.next.put(s.N))] in
let Integer = [n = 1; first = Active(Sieve, act);
act = ¢(s)Repeat(s.n := s.n+ 1;s. first.put(s.n))] in
Active(Integer, act)
where Display is an object collecting and printing the prime numbers.

Fig. 5.5. Example: sieve of Eratosthenes (push)




f

Fig. 5.6. Topology of sieve of Eratosthenes (push)

Object Network
Producer P Consumer C

channel Q push

Process Network

C.putQ(v)  Serve(putQ)
Put(6,Q)  ger(Q) — = putQ = <(s,2).5v = @
pull
Serve(getQ) v = P.getQ()
getQ = s(s, ).

Fig. 5.7. Process Network vs. object network

fib(n)

@ fib(n+1)

Fig. 5.8. Fibonacci number processes




let Add = Active([nl = 0,n2 = 0;

service = ¢(s)
Repeat(Serve(setl); Serve(set2); Consl.snd(s.nl + s.n2)),

setl = ¢(s,n)s.nl :=n,set2 = ¢(s,n)s.n2 := n|, service)

and Consl = Active(
[; service = ¢(s) (Add.set1(1); Cons2.snd(1); Repeat(Serve(snd)))
snd = ¢(s,n)(Add.setl(n); Cons2.snd(n))], service)

and Cons2 = Active(
[; service = ¢(s) (Add.set2(0); Display.snd(0); Repeat(Serve(snd)))
snd = ¢(s,n)(Add.set2(n); Display.snd(n))], service)

Fig. 5.9. Example: Fibonacci numbers

[ Ce

Service

Regional
Databases

Presentation
Servers

Fig. 5.10. Topology of a bank application

let CentralService = |...;
regional Database = s(s,ID) ...,
presentationServer = ¢(s, device) ...,
act = (s, -) Repeat(Serve(getStatement)),
getStatement = ¢(sel f, ID, device)
let state = (sel f.regional Database(ID))
.getStatement(ID)
in  (self.presentationServer(device))
.get Presentation(state) |

Fig. 5.11. Example: bank account server
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Parallel Semantics

6.1 Structure of Parallel Activities

Each activity afa;o;¢; F'; R; f] is characterized by:

a current term (a = b} f; %, b') to be reduced: a contains the terms
corresponding to the different requests being treated separated by f}. The
left part b is the term currently evaluated, the right one (f; %) is
the continuation: the future and term corresponding to a request that
has been stopped before the end of its execution (because of a Serve
primitive evaluated inside another service). Of course, b’ can also contain
continuations.

a store (o) that contains all the objects of the activity «. It can be con-
sidered as the memory associated to the activity .

an active object location: ¢ is the location of the active object of activity
«; thus o(¢) is the active object of activity a.

future values: F = {f; 7% + 1} is a list associating, for each served request,
the corresponding future f;“ and the location ¢ where the result of the
request (also called future value) is stored.

pending requests: R = {[mj;¢; f; %]}, alist of pending requests. A request
can be seen as the “reification” of a method call [150].

Each request r ::= [my; 1; f*] consists of:

— the name of the target method m; (invoked method),

— the location of the argument passed to the request ¢,

— the future identifier which will be associated to the result f;* -8,

a current future: f = f] 7%, the future associated with the request cur-
rently served. To simplify notations, f will denote any future (f == f;—“).

P,Q == ala;o;4; F; R; f] | Bla’; "5 s F R 1))

F :: {fi— (} adds a new future association to the future values.
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on=[l; =1;m; = g(xj,yj)aj];eell""’;‘n reduced object
|AO(e) active object reference
| fut(F077) future reference

6.2 Parallel Reduction

Repeat(a)
FifoService

[repeat = ¢(z)a; x.repeat()].repeat()
Repeat(Serve(M))

where M is the set of all method labels. Note that M only needs to contain
all the method labels of the concerned (active) object.

R u=...| Active(R,m;)| R f,a

> >

Repeat a Until b = [repeat = s(z)a;if (not(b)) then z.repeat()].repeat()

6.2.1 More Operations on Store

e deep copy: copy(t, o),
e merge: Merge(t, 0, '),
e copy and merge: Copy&Merge(o,t; o',1).

L € dom(copy(t,0))
/€ dom(copy(t,0)) = locs(a (")) C dom(copy(e, o))

" € dom(copy(t,0)) = copy(t,o)() = o ()

Table 6.1. Deep copy

F (¢, 0) OK = F (¢, copy(t, o)) OK

Merge(i,0,0')=c'0+0c
where 0 = {/ — | // € dom(c’) Ndom(o)\{c},¢” fresh}

Copy and merge
Definition 6.1 (Copy and merge)

Copy&Merge(o,i ; o',1") & Merge(t', o', copy(t,o){e — '})
Property 6.2 (Copy and merge)

v € dom(o’) Nv# 1 = o' (1) = Copy&Merge(a, i ; o',1)(¢)



6.2 Parallel Reduction

Fig. 6.1. Example of a deep copy: copy(t,oa)

6.2.2 Reduction Rules

Fig. 6.2. NEWACT rule

49
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LOCAL:

(a,0) —s (a’,0')  —s5 does not clone a future

ala;o;65 15 Ry f1 | P — ala’; 0’565 F5 R fT | P
NEWACT:

7 fresh activity ¢ & dom(o) o' ={/— AO(y)}:: 0
oy = copy(’, o)  Service = (if m; = 0 then FifoService else " .m;())

a[R[Active(,m;)]; 0505 F; 15 [1 || P—
a[R[V];o's 05 15 1 f] || y[Service; o505 0;0;0] || P
REQUEST:
oa(t) = AO(B) " & dom(os) f*° new future ¢y & dom(oa)
oy = Copy&Merge(oa,t 5 03,/") ob ={tf — fut(fia_'ﬁ)} O
a[R[e.m; (V)]s 0as ta; Fos Ras fo] || Blagsoss tss Fa; Res fo] | P —
a[R[esl; 06 tas Fos Ras fol || Blas; op;e; Fas Rg [mj;L";ff‘HB];_/";] | P

SERVE:

R=R :[mj;tr; f12R" mjeM VYmeM m¢R
a[R[Serve(M)]; o5 F's By f] || P — afe.my(er) f# £, R[[l 056 13 R = RY f] || P

ENDSERVICE:
V gdom(oc) F' =F:{f—/} o =Copy&Merge(o,i; o,i')

ale  (f,a);0;05 F; R f] || P— afa;o’s i F' Ry f] || P

REPLY:
oa(t) = fut(f7=7)  Fa(fi77) =1 o4 = CopysMerge(op, is ; 0ast)

alaa;oa;ta; Fos Ros fo] || Blas; os; 055 Fps Res fo] || P —
afan; 04 tas Fos Ras fo] || Blassops s Fas Ras 5] || P

Table 6.2. Parallel reduction (used or modified values are non-gray)

Active(Active(r,m;),0) — Active(d',0) —
oa(t) = AO(B)  0y(/) = 0a() = AO(P)
oa(t") = AO(v)

Fig. 6.3. A simple forwarder
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Fig. 6.4. REQUEST rule

REQUEST a = [3:

0a(t) = A0(a) V" € dom(os) f{7% new future oy &€ dom(oa)
' # oy o = Copy&Merge(oa,t' ;5 {ty— fut(fi~)} i oa,t”)

a[Rltm;i()];0a;t0; I B fIIIQ — a[R[ef); 0a; ta; 5 R [my; s f27% F1IQ

REPLY a = (3
oa(t) = fut(f77%) Fu(f77%) =1ty ol = Copy&Merge(oa,tf ; Ta,t)

afaa;oaita; Fa; Ra; fo] || P— alaa; 04;ta; Fos Ras fo] || P

6.3 Well-formedness

ActiveRefs(a) = {f|3 € dom(os), ca(t) = AO(B)}
FutureRefs(a) = {77730 € dom(oa), 0u(t) = fut(f7~7)}

ActiveRefs(a) = {3,6}
FutureRefs(a) = {fo7F, ff=7}
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6 Parallel Semantics

Request to serve

SERVE

Continuation™= = - - - = -

Fig. 6.6. ENDSERVICE rule
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Fig. 6.7. REPLY rule

Fig. 6.8. Another example of configuration
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Definition 6.3 (Future list) Let FL(y) be:

e the list of futures that have been calculated,

e the current futures (the one in the activity and all those in the continuation
of the current expression), and

e futures corresponding to pending requests of activity -y.
Then:
FL(y) = {(fF71 7" = ) e 7
s {fy ) Flay)
( ):: {fiﬁ_wg[gﬁ‘j’L’fiﬂ_W}ERv}
Flaf f,0)=f = F(@®
where {f(a) g ifa+ad 1t fb

FL(’Y) = {fl?fﬁ*)’yaf27f3}
Definition 6.4 (Well-formedness)
F (aq,04) OK
F (ta,0a) OK
B € ActiveRefs(a) = € P
fP77 € FutureRefs(a) = f777 € FL()
Property 6.5 (Well-formed parallel reduction)

FPOK<sVYaeP

FPOKAP—P = FPoK
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Basic ASP Properties

impg-calculus —
—

ASP

Well- or \\
sequential re uctlon N

Well-for
para el re uctlon

Local determinism

Configuration
compatibility

Confluence

—

~N

\ RSL compatibility _

~N

~ > Abﬁenpe of

sharing

Store partitioning

N\

Equivalence

modulo future updates

Equivalence modulo
future updates
and reduction

Deterministic Object Networks (DON)

\

* * * Static DON (SDONJIree determinism (TDON) « « &

Fig. 7.1. An informal property diagram
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7.1 Notation and Hypothesis

Potential Services

Py =5 P A an, = R[Serve(M)] = M € M

Definition 7.1 (Potential services)
Let Py be an initial configuration. M, is any set verifying:

PP A a,,, =R[Serve(M)] = 3IM' € My,, M C M

7.2 Object Sharing

Fig. 7.2. Absence of sharing

7.3 Isolation of Futures and Parameters

Property 7.2 (Store partitioning)
Let:
ActiveStore(a) = copy(ta,0a) U U copy(t,00)
t€locs(aa)

At any stage of computation, each activity has the following invariant:

0 2 | ActiveStore(a) @ copy(Lf,oq) @ copy(tr,0a)
{fois}EF [mjstr;fl€ERA

where € is the disjoint union.



The store o,

Fig. 7.3. Store partitioning: future value, active store, request parameter
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Confluence Property

8.1 Configuration Compatibility

Definition 8.1 (Request Sender List) The i'" element of RSL(a) is de-
fined by:
(RSL(a)); = B/ if 7~ € FL(«)

RSL(6) = pbar =z afo0 i q90e .o q9¢e .: gfoo .. gfoo .. ghar .. gee

RSL(6)|fOO,bar — ﬂbar oo .. qfoo .. ﬂfoo . ﬂbar

Definition 8.2 (RSL comparison <)
RSLs are ordered by the prefix order on activities:

f1 fn 1 fi r fm nm
a’t L« <ai’t...« & .
! [ m {Vz e l.n],a; =

Definition 8.3 (RSL compatibility: RSL(a) X RSL(3))
Two RSLs are compatible if they have a least upper bound or equivalently if
one is a prefiz of the other:

RSL(a) X RSL(B) & RSL(a) URSL(B) exists
< (RSL(a) > RSL(B)) vV (RSL(B) < RSL(«))

Definition 8.4 (Configuration compatibility: P X Q)
If Py is a configuration such that Py — P and Py —— Q:

PXQ &VYae PNQ,YM € Ma, ,RSL(ap)|,, ¥ RSL(ag)|,,
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foo
o = o = the object a performs (or has performed) a

method call on the method ”foo” of the
active object b (written 8. foo(c)).

— future inside
continuation

-

a—s B—6 N8 N6
fooj bary geey geey

a—s 85 B35 NS
Qos foog barf geeg /

Fig. 8.1. Example of RSL

M5PU = {{f007 bar}, {fOO, gee}}
RSL3(0) = ...al%° ;o q9¢¢ o2 gloo .. ygee .. gbar
RSL4(0) = ...afe0 . gFeo . ygee . ghar .. ghar

RSLs :...a::ﬁ::,@bﬂ...a::ﬂ::ﬁ::ﬂ:RSLzl(é)‘bM’f(m

(6) | bar, foo

RSL3(6)| =...aufuynyx..anffuy= RSL4(5)|gee7foo

gee, foo



8.2 Equivalence Modulo Future Updates 61

Serve(foo, bar)

Serve(foo, gee)

Q)?ﬂa foog_ﬂs bar?ﬂ‘S geegH‘SJ
RSLy = | foo2™% | barf™° |barf™° | geed™°
N foog_"s foog_”s gee?afs barg_’5 = RSL»>
N | foog™? fooeﬂé geegﬂé geega‘S bargﬂa = RSLj
N | foog™? foog_"s gee;y_’5 barg_’5 barg_”S = RSL4

Fig. 8.2. Example of RSL compatibility

8.2 Equivalence Modulo Future Updates
8.2.1 Principles
8.2.2 Alias Condition

Aliases existing in Py also exist in Py if P; and P, verify the following
relation:
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Fig. 8.3. Two equivalent configurations modulo future updates

Li=L.IL,
. Lo = L'.I,
!
o=y, L] . ! .
3Ly, Lo {4 Y i Py = 30,1 L 0 { I A0 in Py
e A ox
O{I—)L A HL,l Ll

Quk ; B
Qr=pr bl

« « « «
ALy, Ly a> =g, 1) A v e, 1)
! ! / /
Ln=L.I\ A Ly=L'.I\ AL, 40
« ox B
3L, L, LY, Ly, Sam vl e

« o ; B

B B
L/ HL& L1 /\L/ '—>L/2 L1

8.2.3 Sufficient Conditions
P, P P=pP

(Pl REPLY P//\Pg REPLY P,) —~ P =p P
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Fig. 8.4. An example illustrating the alias condition

Definition 8.5 (Cycle of futures)
A configuration contains a cycle of futures if some futures values are mutually
dependent: each future value references another future, finally leading to a
cycle.

A cycle of futures is a set of future identifiers {fut(fgiﬂﬁ")} such that

0o - .. B, verify:

{(Vi, 0 < <n, fut(F17" 77" € copy(F, (Fut(F7 ™)), 05))
Fut(fm=0n) € copy(Fg, (fut(f3°7)),08,)

REPLY REPLY

P1—>P//\P2—>P,

8.3 Properties of Equivalence Modulo Future Updates

T € {LOCAL, NEWACT, REQUEST, SERVE, ENDSERVICE, REPLY }

Definition 8.6 (Parallel reduction modulo future updates)

T REPLY* T .
= = —————— if T # REPLY
REPLY * .
e if T' = REPLY

Property 8.7 (Equivalence modulo future updates and reduction)

T
PLQAP=P = 3Q.P=>Q ANQ=rQ
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P

Fig. 8.5. Updates in a cycle of futures

Property 8.8 (Equivalence and generalized parallel reduction)

T / ! /T ! !
P=> QAN P=prP = 3Q,P=>Q NQ=FQ

8.4 Confluence
Definition 8.9 (Confluent configurations: P; Y Ps )

PRy
P Y P, & 3R, Ry, { P, =5 Ry
R1 =F R2

Theorem 8.10 (Confluence)

P
PQ, = Q1Y Qs
Q1 X Q2




/ P \
Q1 X Q2
\ /
AN /%

N ¥
R1 =F RQ

Fig. 8.6. Confluence

/ P \
Ql\ X /Q2
\ /

*
N ¥
R1ER2

Fig. 8.7. Confluence without cycle of futures
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Determinacy

9.1 Deterministic Object Networks

Definition 9.1 (DON)

A configuration P, derived from an initial configuration Py, is a Deterministic
Object Network, DON (P), if it cannot be reduced to a configuration where two
interfering requests can be sent concurrently to the same destination activity:

* 1
A G i S
where 31 means “there is at most one.”
Property 9.2 (DON and compatibility)
DON(P)AP =5 QAP 5 Qy= Q1 X Qs

ag = Re.foo(...)] ANog(t) = AO(«)

ay =Rl bar(..)] Aoy () = AO(w)
Theorem 9.3 (DON determinism)

DON(P)
P5Q = QiYQ
P Q,

9.2 Toward a Static Approximation of DON Terms

If dynamically a request on the method foo can be sent from «a to 3,
and & and 3 are the static approximations of activities @ and 3 then

(¢, B, foo) € G(Ry):
j 2N Q/\aaQ = ’R[L.foa(b’)} NOag (1) = AO0(B) = (d,ﬂ.’ foo) € G(P)
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J

erve( foo, bar

B—6
| oare ]

Fig. 9.1. A non-DON term

Definition 9.4 (Static DON) A program Py is a Static Deterministic Ob-
ject Network SDON (Py) if it verifies:

(6,5, 1) € G(Po)
SDON(PO) = (d',ﬂ,mg) S g(P()) = VM ¢ MBPO’ {m17m2} Z M
&+ &

where V3, M € Mg, :>M€Mﬁ'p'
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Of course, Static DON terms are DON terms and behave deterministically:
Property 9.5 (Static approximation)

SDON(Py) = DON(Pp)

Theorem 9.6 (SDON determinism)
SDON terms behave deterministically:

SDON(P)

P>Q = Qi1YQ
P Qs

9.3 Tree Topology Determinism
Theorem 9.7 (Tree determinacy, TDON)

If, at every step of the reduction, the request flow graph forms a set of
trees then the reduction is deterministic (TDON).

9.4 Deterministic Examples

9.4.1 The Binary Tree

let tree = (BT.new).add(3,4).add(2, 3).add(5, 6).add(7,8) in
[a = tree.search(5),b = tree.search(3)].b := tree.search(7)

let tree = (BT.new).add(3,4).add(2, 3).add(5,6).add(7,8) in
let Client = [a = tree.search(5),b = tree.search(3)] in
Client.b := tree.search(7); tree.add(1, Client.a)

9.4.2 The Fibonacci Number Example
Compatibility

RSL(’Y) — (Z) | ﬁset? | asetl‘
asetl i 35€t2 o RSL(wy) | B%¢12 i @'t it RSL()

Fibonacci Example Is a DON

SDON Approximation

9.5 Discussion: Comparing Request Service Strategies



- =[> Flow of requests
= =P Flow of (indirect) replies

Fig. 9.2. Concurrent replies in the binary tree case

Add

setl ﬁsetZ /Bset2

fib(n+2)

Fig. 9.3. Fibonacci number RSLs
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More Confluent Features

10.1 Delegation

Principles of Fxplicit Delegation

Parallel DELEGATE:
0alt) = AO(B) 1 & dom(o)
oy = Copy&Merge(oa,t' ; 03,")  fo new future

a[Rldelegate(v.m;i(t')]; 0os tas Fos Ras [ | Blass ops ess Fios Re; 5] | P —
R[] 00 ta; Fus Ras fol || Blas; op; ess Fas Rp o [mys s f77°L 5] | P

Sequential DELEGATE:

oa(t) = [li = tiym; = o(zj,y;)a;]E0 % kel.m

a[Rldelegate(v.m;(t)]; 0asta; Fas Raj fol || P —
a[R[ak{mk LYk Ll}]; Oasla; oy Raj fu] H P

Table 10.1. Rules for delegation (DELEGATE)

Parallel DELEGATE:
0a(t) = AO(B) " ¢ dom(os)

oy = Copy&Merge(oa,t' ; 03,0") R does not contain any continuation
a[R[delegate(L'mj(L/))} (f,a);00; ta; Fas Rajs fg*)a] I
Blag;os;is; Fs Re; fo] || P —
ala;oastas Fos Ras f] || Blas; o ts; Fas Re v [mys s f77°1; fo] | P
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Generalized REPLY:
oalt) = fut(f?ﬁé) Fg(f?ﬂ‘s) =15 o, =Copy&Merge(og,if ; Ta,t)

alaa;oa;te; Fos Ras fo] || Blas;os;ts; Es; Rps f5] || P —
alaa; 04;tas Fos Ras fao] || Blass ogs es; Fas Re; fs] || P

Definition 10.1 (Well-formedness)

F (aa,0q) OK

F (ta,0q) OK

B € ActiveRefs(a) = € P

ffﬂw € FutureRefs(a) = 36, f{aﬂﬂY € FL(0)

FPOK<VaeP

= = —® Future reference
— —I> Flow of future updates

Fig. 10.1. Explicit delegation in ASP

Implicit Delegation in ASP

REQUEST:

o5(t) = AO(y) V' ¢ dom(o,) fP77 new future 1y & dom(op)
0!, = Copy&Merge(og,t' ; oy,0")  of = {ts > fut(ff~7)} 05

BIR[wm; ()]s 05 105 Fis R /71 | Ylaw; 0 103 Fos Ry [] || P —
BRIl ol vas Foy Ry [0 | Alass obysios Frs Ry o [mys 5 f271 5] || P
ENDSERVICE:
Uy g dom(og) Fy=Fpu {f" =15} o =CopysMerge(oy, iy ; o, i)

Bles 0 (f',a);0%; 00 Fas Rs [P || P — Blasogs i By 1 f/ || P

Then future fut( ff ") becomes an alias for future f;s_'ﬁ , and this alias in-
formation must be transmitted to all the potential users of the result by the

REPLY rules, e.g., a:
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REPLY:
oalt) = fut(f777)  FR(£777) =1y
of(ty) = fut(f777) ol ={v— fut(f777")} + 0a

altn; oa;ta; Foiy Ras fo || Blag; o e Fas Ras fa] || P —
alaa; 0o ta; Fos Ras fo] | Blas; og;ts; Fs Res fs] || P

— — = Future reference

1

— "> Flow of future updates (first case)

- 2—|> Flow of future updates (second case)

Fig. 10.2. Implicit delegation in ASP

10.2 Explicit Wait

[l = bi; my = (s, y5)a,)52 7] 2 [wait = [J, 1 = b my = (x5, y;)a,]5E T,

[wait For(a)] £ a.wait

10.3 Method Update

[foo_field = Asel f.\y.body, foo = ¢(x,y) ((z.foo_field x) y)]

x.foo <= b2 x.foo_field :=b
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Non-Confluent Features

11.1 Testing Future Reception

WAITT"
o) = fut(F7 ")
(Rlawaited(r)],0) —s (Rtrue], o)

WAITE":
o() # fut(f7 ")
(Rlawaited(1)], o) —s (R|[false], o)

A Simple Example: Synchronization on Available Futures

let f1 = alpha.fib(n) in
let fo = beta.fib(n) in
Repeat
if not(awaited(f1)) then s.result := foo(f1)
else if not(awaited(fs)) then s.result :== foo(fs)
Until (not(awaited(f1)) V not(awaited(f2)))

11.2 Non-blocking Services
SERVEW BSERVE:
R=R :mjt; f'1=R" mjeM YmeM m¢R

a[R[ServeWithout Blocking(M)]; o3¢, ' R f] || P —
alem;(e) 4 £ RN 056 F5 R = RY f] )| P
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SERVEWBCONTINUE:
YmeM mé¢R

a[R[ServeWithout Blocking(M)];o;0; F; R 1| P —
afR[[lso5 6 5By [T || P

11.3 Testing Request Reception

INQUEUET:
dmeM, meR

a[RlinQueue(M)]; o505 F; R; ] || P — a[R[truel; o506 F; R; f] || P
INQUEUEF":
YmeM,mé¢R
a[R[inQueue(M)]; 0505 F; Ry 1 ]| P — «o[R[false]; o506 F;R; f] || P

ServeWithout Blocking(M) =i f inQueue(M) then Serve(M) else ||

11.4 Join Patterns

11.4.1 Translating Join Calculus Programs

Cell £ Active([s, =[], sety = [];
set = ¢(this,v)this.set, == v
s = s(this,v)this.sy, == v
get = ¢(this)]]
srv = ¢(this) Repeat(if inQueue(s) A inQueue(set) then
this.setcell()
if inQueue(s) A inQueue(get) then
this.getcell()),
s(this)(Serve(set); Serve(s); thisActivity.s(this.sety)),
<(this)(Serve(get); Serve(s); thisActivity.s(this.s,); this.sy))

seteell()
geteell()

Fig. 11.1. A join-calculus cell in ASP

Cell.s([]); Cell.set([x = 2]); Cell.get()
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11.4.2 Extended Join Services in ASP

Join((my,ms), (m1,m3)) = let served = false in
Repeat
if (inQueue(my) N inQueue(ms)) then
(Serve(my); Serve(ms); served := true)
else if (inQueue(my) A inQueue(ms)) then
(Serve(my); Serve(ms); served := true)
Until(served = true)

Join((mu,mlz, e ,77’L1n1), (m21, ey an2), .o (mkl, ey m;mk)) £
let served = false in
Repeat
if (inQueue(mi1) A inQueue(miz) A ... A inQueue(min,)) then
(Serve(mai1); Serve(maz);. .. Serve(min,); served := true)
else if (inQueue(mai) A ... AinQueue(man,)) then
(Serve(mai);. .. Serve(man,); served := true)
else if (inQueue(mrr) A ... AinQueue(Mmpn, )) then

(Serve(mg1);. .. Serve(min,); served := true)
Until(served = true)
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Migration

12.1 Migrating Active Objects

Migrate = ¢(this)let newao = Active(this, sevice) in
(CreateForwarders(newao); F'i foService)

where service is the service method to be executed when the activity has
migrated, and CreateForwarders(newao) replaces the body of each method
of the current active object by a forwarded call:

CreateForwarders(newao) £ Vm;, m; < s(x,y)newao.m;(y)

surrogate = ¢(s)s.alias(s.clone)

12.2 Optimizing Future Updates

CreateForwarders(newao) £ Vm;, m; < ¢(x,y) delegate(newao.m;(y))

12.3 Migration and Confluence



REQUEST*

Fig. 12.1. Chain of method calls and chain of corresponding futures
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Groups

13.1 Groups in an Object Calculus

Group Constructor

a,beLu=..., ASP without groups
| Group(ay,)*€*+! group constructor

O

___ >
]

Fig. 13.1. A group of passive objects

Groups as an Extension of Local Semantics: A Group Proxy

on=... reduced object, or active object or future reference
|G (1)k€L group of references

R = ...| Group(u, R, by )FEtm— L €mt1.l
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Store group:

L & dom(o)

(Group(tx) €', 0) —a (1, {t — Gr(w)*t1} o)

Field access:
o) = Gr(Lk)kel"l

(R[v.li],0) —a (Group(ue.li)*<' !, o)

Field update:
O'(L) — GT(Lk)k€1”l

(RluLi = 1'],0) = (Group(udi == !)*'!, o)

Invoke method:
O'(L) — GT(Lk)k61"l

(R[e.m; ()], 0) —c (Group(u,.m; () ', )

Table 13.1. Reduction rules for groups

A Purely Syntactic Formulation

let Group = Xay...an.[ g1 =a1,...,9n = n,
Vi, my = ¢(x,y)Group(z.gi;.m;(y))]

13.2 Groups of Active Objects

ActiveGroup(ay, . . ., an,m) = Group(Active(a,m), ..., Active(a,, m))

13.3 Groups, Determinism, and Atomicity
Atomicity

Confluence and Atomicity



Fig. 13.2. Request sending to a group of active objects

o \ [ a-
s

D -
(I = . CTI 1

Fig. 13.3. An activated group of objects

Atomic group REQUEST:

o (1) = Group(uy) !

Vk € i.l, if v, = AO(Bk) then

REQUEST , gk

a[Rtk-mj ()]s or—1505 F; B f] || Pe—1
al[Rlax]; on; 15 F; B || P

else ap =tg.m;(t') A o =0k—1 N Pp= Py

a[R[e.m; ()] o0;505 F5 R; f] || Po — a[R[Group(ak)kEI"l]; o R f | P

Table 13.2. Atomic reduction rules for groups




let r=1[... foor =¢(s)(az.bar();...), foos =¢(s) ...]

and By =[... foor =¢(s)..., fooa =¢(s) ...]

and betas = ActiveGroup(f, B2, B3, f4)

and ay = Active([. .. main = ¢(s)betas.foo1()...])

and ag = Active([. .. bar = ¢(s)betas.foos()...]) in
ay.main()

Fig. 13.4. A confluent program if communications are atomic




Fig. 13.5. Execution with atomic group communications




Fig. 13.6. An execution without atomic group communications
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Components

14.1 From Objects to Components

Definition 14.1 (Primitive component)
A primitive component is defined from an activity o (a root active object and
a set of passive objects), a set of Server Interfaces (SIs), and a set of Client
Interfaces (CIs).

FEach server interface SI; is a subset of the served methods.

SI; C U M
MeMap,

Served methods that do not belong to an interface correspond to asynchronous
calls that can only be internal to a component.

A client interface (CI;) is a reference to an(other) activity contained in
any attribute (field) of the active object: CI; = l; where l; is a field of the
active object. More formally, we define a primitive component as follows:

PC == C, < a,srv, {SL}E* {CL; 17 >

where a is an ASP term corresponding to the object to be activated and its
dependencies (passive objects), srv is the service method of the object a, each
S1; is a set of method labels (as defined above), and each CI; is a field name
of the root object defined by a, C,, is the name of the defined component.

14.2 Hierarchical Components

Definition 14.2 (Composite component)

A composite component is a set of components (either primitive (PC) or com-
posite (CC)) exporting some server interfaces (some SI;), some client inter-
faces (some CI;), and connecting some client and server interfaces (defining
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Server Interface Client Interface

S |— : Ch

se—1 & 2 jon

o ©

Fig. 14.1. A primitive component

a partial binding (CI;, SI;)). Such a component is given a name C,,. CC is a
composite component and C' either a primitive or a composite one:

OC a= C” < Ola R CT?L; {(in'c’[jzuOig/o'SIj{D)}pelnk;
{Ciq.CIjq — CIq}qu..l; {Cir'SIjr _ SIT}TEI”II >

C:=PC|CC

where each C; is the name of one included component C; (i € 1..m), supposed
to be pairwise distinct; each exported SI is only bound once to an included
component, and each internal client interface (C;.CI;) appears at most one
time:

p 7é p’ = Cip.Cij 7é in,.Oij,
q 7é q’ = Ciq.CIjq 7& Ciq,.CIjq,
i, .CIL, #Ci, CI;,
r#r" = SI. # ST

vp,p' € 1.k,Vq,q € 1.1,¥r, 7" € 1.1

14.3 Semantics

getSI : C.SIxC — C

getSI(C.S1;, PC) =C
VOC=C<xCy,...C;...,Cps..;.. 3 {.C.81; — ST;..} >
getSI(C.S1;,CC) = getSI(C;.51;,Cy)

getCI : C.CIxC — P(C.CI)

getCI(C.CI;,PC) = C.CI;

VOC =C <« Cy,...,Cy;...; ExportedCI;. .. >
getCI(CCI], CC) = {getCI(CZCIj/,CZ”CZCIj/ — CIJ S ExportedCI}
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FIB
fib(n+2)
H— )
[ Ada |
|
fib(n)
fib(n+1)
, |
GetFib(k [\ Consl !
- (& (Cont = el 3 ' | send(fib(1))
I Cons2 |- send(fib(k))
Fig. 14.2. Fibonacci as a composite component
Bind : C — P(C.CIxC.SI)
Bind(PC) =10
vCOC = C « C4,..,Cp; Bindingss; ..; .. >
Bind(CC) = U { (C.CI, getSI(Ciy ST, C%)) }

(Cy,.Cl;,, Cy .S1jr) € Bindings
C.CI € getCI(Cip.C[jp, Cl'p)

u |J Bind(Cy)
i€l..n

PCzk = Czk <L Ay STVy o veye s >k€1“N

(Cp.CI;,Cy) € Bind(CC) = 3g, (CL; = Clyy Aclp,g) = )

14.4 Deterministic Components

Definition 14.3 (Deterministic Primitive Component (DPC))

A DPC is a primitive component defined from an activity a. It verifies that
server interfaces SIs are disjoint subsets of the served method of the active
object of a such that every M € Myp, is (partially) included in a single ST;.

Vi k,i# k= SI;NSI, =0
VM € Mgp,, VM, C M, YMy C M (My C SI; A My C SI) =i =j

SI; = U M,

for some M;eMap,
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Crivo K Caga <[nl =0,n2=0,Cont = [J;
srv = ¢(s)Repeat(Serve(setl); Serve(set2);
s.Cont.snd(s.nl + s.n2)),
setl = ¢(s,n)s.nl :=n,set2 = ¢(s,n)s.n2 := nj,
STV,
{{set1}, {set2}},
{Cont} >,
Ceont <[CI =);
srv = ¢(s)Serve(GetFib),
GetFib = ¢(s, k) Repeaty (Serve(snd)),
snd = (s, k)s.CI.snd(k)],
STV,
{{GetFib}, {snd}},
{cry >,
CC < Ceons1 <[add =[], out = [|;
srv = ¢(s) (s.add.setl(1); s.out.snd(1); Repeat(Serve(snd)))
snd = ¢(s,n)(s.add.setl(n); s.out.snd(n))],
STV,
{{snd}}.
{add, out} >,
Ceons2 < [add =[], out = [J;
srv = ¢(s) (s.add.set2(0); s.out.snd(0); Repeat(Serve(snd)))
snd = ¢(s,n)(s.add.set2(n); s.out.snd(n))],
STV,
{{snd}}.
{add, out} >;
{Cconsl-OUt - Ccon32~{3nd}};
{Ceons2.0ut — Displ, Ceonsi.add — Addl, Ceons2.add — Add2};
{Ceons1.{snd} — In} >;
{CC.Addl — Cqqa.{setl}, CC.Add2 — Cqaa.{set2},
Cada-Cont — Ceont.{snd}, Ceont.CI — CC.In};
{CC.Displ — Display};
{Ceont.GetFib — GetFib} >

Fig. 14.3. A definition of Fibonacci components

let ¢;; = Active(((a1.Cli1 = ce1,1))- -+ )-Clin, = Co(1,ny), STV1)

and ...

and c;, = Active(((ar.Clr1 = cor1))- - - )-Clin,, 7= Ce(leny)s STVE)
and ...

and c;,, = Active(((an.CInt = con,1))- -+ )-Cliny 7= C(Nny)s STUN)

Fig. 14.4. Deployment of a composite component
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Definition 14.4 (Deterministic Composite Component (DCC))
A DCC is

e cither a DPC,

e or a composite component connecting some DCCs such that the binding
between server and client interfaces is one to one. More precisely the fol-
lowing constraints must be added to the ones of Definition 14.2:

Each C; is a DCC

p # p/ = Ci’p‘SIj/p 7é Ci,p/.SIj,p/
r # 7‘/ = Cir'SIjr 7é Cir/'SIjr’
Ci/p'SIj/p # C7TSIJ7

q 7£ q/ = CIq # CLI/

Vp,p' € 1.k,Vq,q' € 1.1,Vr, 7" € 1.l

Property 14.5 (DCC determinism)
DCC components behave deterministically.

14.5 Components and Groups: Parallel Components

Cpo

C1 ST

Sh} J

]
SI | S j Sh
Lo .

Cpg

ST

:

Fig. 14.5. A parallel component using groups
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L., (C1.CL, Cpg.STy ANCpy STy ACps.SIy)y .oy >

< ...

,Cp < ...

14.6 Components and Futures

C1

>N,...;...,(C1.CI,Cp.SIy),...5...5...>

C2

-

~

-,

result = C2.compute(p)

L1 —_—

Diéﬁlay.print(rg_ult_)_ A (C_S_.comp(p),Cll.comp()/)
N J \_ Y,

e N

A)

Fig. 14.6. Components and futures
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Channels and Reconfigurations

15.1 Genuine ASP Channels
Vi, i £ =CONCY =0 A VM e Map, 3i, M CCO

alpha. foo

;z.lpha.bar /b \
N

Repeat
( Serve(foo,bar);
Serve(gee) )

foo | foo | bar

S ace e

alpha.gee

Fig. 15.1. Requests on separate channels do not interfere

15.2 Process Network Channels in ASP

Channel £ [value = [J;activity = ¢(s) Repeat(Serve(put); Serve(get)),
put = ¢(s,val)s.walue := val, get = ¢(s)s.value]
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alpha.foo
algha.bar A
>

Repeat
( Serve(foo,bar);
Serve(gee) )

alpha.gee J
alpha.foo

Fig. 15.2. A non-deterministic merge

put et

Serve(put);
Serve(get) )

wutlget \ put \put\ gey

Fig. 15.3. A channel specified with an active object

15.3 Internal Reconfiguration

15.4 Event-Based Reconfiguration
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Implementation Strategies
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A Java API for ASP: ProActive

16.1 Design and API

16.1.1 Basic API and ASP Equivalence

ASP constructors Java ProActive API
factory = Active(clone(a)) |ProActive.newActive("A", null, Node);
Active(a, m) ProActive.turnActive(obj, Node);
Serve(M) service.blockingServeOldest (String methodName) ;
ServeWithoutBlocking(M) |service.Serve0ldest (String methodName) ;
inQueue(M) service.hasRequestToServe (String methodName) ;
waitFor(a) ProActive.waitFor(Object) ;
awaited (a) ProActive.isAwaited(Object);

Table 16.1. Relations between ASP constructors and ProActive API

16.1.2 Mapping Active Objects to JVMs: Nodes

=
»
1

(A) ProActive.newActive("A",params,"rmi://lo.inria.fr/node");
A a = (A) ProActive.newActive("A", params, VirtualNodeRenderer);

16.1.3 Basic Patterns for Using Active Objects

A a = (A) ProActive.newActive("A", params, Nodel);
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ProActive static primitive Migration toward
migrateTo (Node) the JVM identified by the node
migrateTo (Object) the current location of another active object

Table 16.2. Migration primitives in ProActive

v=abar (..); // Asynchronous call, no wait
o.gee (Vv); // No wait, even if o is a remote
// active object and v still awaited

v.i () // Wait—by—necessity: wait until v
// gets its wvalue

16.1.4 Migration

16.1.5 Group Communications

Object [|[] params = {{...},....{...}}; // An array of constructor params

A ag = (A) ProActiveGroup.newGroup(”A”, params,{nodel,...,node2});
// A group of type "A” is created:
// member AOs are created at once
// on the specified nodes

ag.foo (...) ; // A group communication

V vg = ag.bar(); // A method call on a group with result vg:
// vg is a typed group of "V,
ve.f(); // Also a collective operation, subject to
// wait—by—necessity
16.2 Examples
16.2.1 Parallel Binary Tree

16.2.2 Eratosthenes
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public class SimpleAgent implements Serializable {

public void moveToNode(Node n) { // Move to a given node
ProActive.migrateTo(n);
logger . error ( ” You_should_never_see_this, _report_a_bug,”);
logger . error ( 7or ... strong-migration_has_been_implemented!”);

}

public void joinFriend(Object friend) { // Move to join another AO
ProActive.migrateTo(friend);
}

public String whereAreYou () { // Repplies to queries
return (7I_am_at-” 4+ InetAddress.getLocalHost ());

}
// Send information to other agents
public void sendBestPrice (int myNewBestPrice) {

myPeers|i]. receiveBestPrice (myNewBestPrice);

}
// Receive information from other agents
public void receiveBestPrice (int newBestPrice) {
if (newBestPrice < currentBestPrice)
currentBestPrice = newBestPrice;

Fig. 16.1. A simple mobile agent in ProActive
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I B
Active object

Active object A

-

Remote node

Active object A

I

| Remote node

result group

)

Active object A

future 1 A futre2 A future 3 A /'O
|

\Local node | i l \ Remote node

Fig. 16.2. Method call on group
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// Definition of one standard Java object and two active objects
// Suppose B extends A

A al = new A();

A a2 = (A) ProActive.newActive(”A”, paramsA[], node);

B b = (B) ProActive.newActive(”B”, paramsB][], node);

// Creation of a group of active objects

Object [|[] params = {{...},....{...} };
A agl = (A) ProActiveGroup.newGroup(”A”, params,{nodel,...,node2});

// An asynchronous one—way group communication

agl.foo (...) ;
// An asynchronous group communication with a group as a result
// vg is a typed group of "V

V vg = agl.bar();

vg.f(); // Also a collective operation, subject to wait—by—necessity

// For management purposes, get the group view from the typed view
Group gA = ProActiveGroup.getGroup(agl);

// Now, add objects to the group:

// active and non—active objects can be mixed in the group
gA.add(al);
gA.add(a2);
gA.add(b);

// The addition of members to a group immediately reflects
// on the typed group view (agl)
// A method invoked on agl will also be called on al, a2, b
agl.foo();
V vg2 = agl.bar();

// A new reference to the typed group can also be built
A ag2 = (A) gA.getGroupByType();

Fig. 16.3. Dynamic typed group of active objects
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public class BinaryTree} {
protected int key; // The key contained in this object
protected Object value; // The value contained in this object
protected BinaryTree leftTree; // Left sub—tree
protected BinaryTree rightTree; // Right sub—tree

protected boolean isLeaf; // Convenience instance variable
// Class invariant:
// (this.isLeaf == ((this. leftTree ==null) &€& (this.right Tree==null)))

public BinaryTree() { /* Constructor: creates an empty object */}
this.isLeaf = true; // On creation, an object has no child
}
/% Inserts a (key, value) pair in current sub—tree +/}
public void put (int key, Object value) {
if (this.isLeaf) { // Object This is empty, let’s use it
this.key = key; this.value = value;
this.isLeaf = false; this.createChildren();
} else if (key == this.key) {  // Replaces the current value
this.value = value;
} else if (key < this.key) { // Smaller keys are on the left
this. leftTree . put(key, value);
} else { // Greater keys on the right
this.rightTree. put(key, value);
}
}

/* Returns the value associated to a given key =/}
public ObjectWrapper get (int key) {
if (this.isLeaf) { // Reached a leaf, key not found
return new ObjectWrapper ("null”);
}
if (key == this.key) { // Found the object, return value
return new ObjectWrapper(this.value);

if (key < this.key) { // Continue left, smaller keys
ObjectWrapper res = this.leftTree.get(key);
return res;
} // Continue right, greater keys
ObjectWrapper res = this.rightTree.get(key);
return res;

}

protected void createChildren() { /* Creates two empty children +/}
this. leftTree = new BinaryTree();
this.rightTree = new BinaryTree();

}

Fig. 16.4. Sequential binary tree in Java
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public class ActiveBinaryTree extends BinaryTree {

protected void createChildren() {
String s = this.getClass() .getName();
this. leftTree = (BinaryTree) ProActive.newActive(s, null, null);
this.rightTree = (BinaryTree) ProActive.newActive(s, null, null);

Fig. 16.5. Subclassing binary tree for a parallel version

package org.objectweb.proactive.examples.binarytree;
public class Client {

public static void main (String[] args) {
BinaryTree tree = null;
if (... Sequential Version ...)
tree = new BinaryTree ();
else // Parallel Version
tree =(Tree) ProActive.newActive(”ActiveBinaryTree”, null, null);

myTree.put(3, 74”);

myTree.put(2, 73”);

myTree.put(5, 76”);

myTree.put(7, 78”);

ObjectWrapper resl = myTree.get(5); // (2)
ObjectWrapper res2 = myTree.get(3);
myTree.put(1, resl); // (1)

Fig. 16.6. Main binary tree program in ProActive
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- =[> Flow of requests
= =P Flow of (indirect) replies

Fig. 16.7. Execution of the parallel binary tree program of Fig. 16.6
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Fig. 16.8. Screenshot of the binary tree at execution
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A single VM

Prime object

I nteger
Geneérator

Fig. 16.9. Sequential Eratosthenes in Java

public class Prime {
private long value;
private Prime next;

public Prime (long value) { /* Constructor x/
this.value = value;
}
public void isPrime (long n) {
if (n % value == 0) // n is not prime, just drop it
return;
if (next == null) { // n is prime
System.out.println ( ”New_prime_found:.”+ n);
next = createPrime (n);
} else
next.isPrime(n); // Don’t know yet. Pass it to next prime object (1)
}
public Prime createPrime (long n) {
return new Prime (n);
}

}

Fig. 16.10. Sequential Prime Java class
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JVM on a given machine

Activated Activated Activated
ActivePrime ActivePrime ActivePrime
@ ActivePrime @

ActivePrime ActivePrime

Fig. 16.11. Parallel Eratosthenes in Java ProActive
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public class ActivePrime extends Prime {

public ActivePrime (long value) { /* Constructor %/
super(value);

public Prime createPrime (long n) {
if ( timeToCreateANewActiveObject() )
return (Prime)
ProActive.newActive (”ActivePrime”, {n}, nextAvailableNode());
else
return new ActivePrime (n);

public boolean timeToCreateANewActiveObject() {
... // Decide statically or dynamically if there are enough prime objects
... //in the current activity

public Node nextAvailableNode () {
... //Get a new or underloaded ProActive Node (machine+JVM),
... //where to locate the new activity

Fig. 16.12. Parallel ActivePrime class

16.2.3 Fibonacci

if n <= 2 fib(n) =1
if n > 2 fib(n) = fib(n-1) + fib(n-2)

service . blockingServeOldest( ”setFibN_2”);
service . blockingServeOldest( ”setFibN_17);
consl.setFibN(fibN_1.add(fibN_2));

service . barrier ( "setFibN_17, 7setF'ibN_2");
consl.setFibN(fibN_1.add(fibN_2));



T Fib(n)
_|\__ Ao ,J Fib(n+1)

-

W s

[ Cons1 J—'l Cons2 }»—- printin
\' ! .I'\ s

Fib(n+2)

— = o T

Fig. 16.13. Graph of active objects in the Fibonacci program

public static void main(String|[] args) {

try {
Add add = (Add) ProActive.newActive(Add.class.getName(), null);
Consl consl =(Consl) ProActive.newActive (Consl.class.getName(),null);
Cons2 cons2 =(Cons2) ProActive.newActive (Cons2.class.getName(),null);
add.setCons1(consl);
consl.setAdd(add);
consl.setCons2(cons2);
cons2.setAdd(add);

}
catch (ActiveObjectCreationException e) {
e.printStackTrace();
} catch (NodeException e) {
e.printStackTrace();
}
}

Fig. 16.14. Main Fibonacci program in ProActive




public class Add implements Serializable, InitActive, RunActive {
private Consl consl;
private Biglnteger fibN_1;
private Biglnteger fibN_2;

public Add() { //Empty noArg constructor

public void initActivity (Body body) {
Service service = new Service(body);
service . blockingServeOldest(”setCons1”);

public void runActivity (Body body) {
Service service = new Service(body);
while (body.isActive()) {
service . blockingServeOldest(”setFibN_1");
service . blockingServeOldest(”set FibN_2");
consl.setFibN(fibN_1.add(fibN_2));

}

public void setConsl (Consl consl) {
this.consl = consl;
}

public void setFibN_1 (Biglnteger fibN_1) {
this.fibN_1 = fibN_1;

public void setFibN_2 (Biglnteger fibN_2) {
this.ibN_2 = ibN_2;
}

}

Fig. 16.15. The class Add of the Fibonacci program




public class Consl implements Serializable, InitActive, RunActive {
private Add add;
private Cons2 cons2;
private Biglnteger fibN;

public Consl() { //Empty no arg constructor

}

public void initActivity(Body body) {
Service service = new Service (body);
service . blockingServeOldest (”setAdd”);
service . blockingServeOldest (”setCons2”);

public void runActivity(Body body) {
Service service = new Service(body);
add.setFibN_1 (BigInteger.ONE);
cons2.setFibN_1 (BigInteger.ONE);
while (body.isActive()) {
service . blockingServeOldest (”setFibN”);
add.setFibN_1 (fibN);
cons2.setFibN_1 (fibN);
}
}
public void setAdd (Add add) {
this.add = add;

public void setCons2 (Cons2 cons2) {
this.cons2 = cons2;

public void setFibN (Biglnteger fibN) {
this.fibN = fibN;
}

Fig. 16.16. The class Cons1 of the Fibonacci program




public class Cons2 implements InitActive, RunActive {
private Add add;
private Biglnteger fibN_1;

public Cons2() { //Empty no arg constructor

}

public void initActivity (Body body) {
Service service = new Service(body);
service . blockingServeOldest(”setAdd”);

public void runActivity (Body body) {
int k=0;
Service service = new Service(body);
add.setFibN_2(BigInteger.ZERO); // starting with 0
k++;
while (body.isActive()) {
service . blockingServeOldest(”setFibN_1");
add.setFibN_2(fibN_1);
System.out.println(”Fib(” + k + 7).=.” + fibN_1);
k++;
}
}
public void setFibN_1 (Biglnteger fibN_1) {
this.fibN_1 = fibN_1;

public void setAdd (Add add) {
this.add = add;
}

}

Fig. 16.17. The class Cons2 of the Fibonacci program
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Fig. 16.18. Graphical visualization of the Fibonacci program using IC2D
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Future Update

17.1 Future Forwarding

FF o= {(f{"", v, 0)}

with ( fia_ﬁ .7, 0) € FF if the future reference f;* ~ has been transmitted
from v to 4.

Definition 17.1 (Forwarded futures)
In REQUEST (sent from « to 3), fi’yé(S € copy(/,04) = (f;y_’é,oz,ﬂ) €FF
In rEPLY (sent from (3 to ), f;YH‘S € copy(ry,0o8) = (f]ﬂé,ﬁ,oz) € FF

Property 17.2 (Origin of futures)
fut(f17°) € 00 = a =~V 36, (f]7°,B.0) € FF

where the implication becomes an equivalence as soon as no garbage collection
of future references is performed.

Property 17.3 (Forwarded futures flow)
(f77°.B.a) e FF = f=~V 38, (f]7°.0.0) € FF

7

17.2 Update Strategies

17.2.1 ASP and Generalization: Encompassing All Strategies
17.2.2 No Partial Replies and Requests

Property 17.4 (No forwarded futures)

FF =10
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- D> Flow of future references

a
= = P Future reference

Fig. 17.1. A future flow example.

Generalized REPLY:

oalt) = fut(f]7°)  Fa(f77°) =1
on = Copy&Merge(og,Lf ; Oa,t)

alaa; 0asta; i Ras fo] || Blassogsis; Fas R 6] || P —
alan;onite; oy R fo] || Blag; os;ts; Fgy Ra; [3] || P

INFORM:

70 ¢ Fa Fa(f]70) =14
vy ¢ dom(oa) oo = Copy&Merge(og,itf ; Oa,t})

alaa; oasta; Fa; R [o] || Blag; o; 165 Fps Re; [5] || P—

afaa; 0 ta; Fa i {f770 v U} Ras fol || Blas; oss 3 Fas Ras f4] || P

Table 17.1. Generalized future update

ENDSERVICE, for future f77° on activity § < REPLY’ 7 (f7 %)

Table 17.2. No partial replies and requests protocol
17.2.3 Forward-Based

FF, = {(f]7" a,8)Bfi,7,6,6'(f] " a,8) € FF}
Property 17.5 (Forward-based future update is eager)

If there is no cycle of future then, for each calculated future fﬂ_"s, the protocol

of Table 17.8 terminates with V33, f]_’é ¢ FutureRefs(3).
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-2 -p Possible Future Updates

Fig. 17.2. General strategy: any future update can occur

= = = = -»p Future Updates

- Flow of future reference

B
stuck stuck
1)
/7 - —a_ T -
o T
stuck

Fig. 17.3. No partial replies and requests

ENDSERVICE, for future f7~° on activity § — {

REPLY® P (f77°) — V@ s.t. (f77°,8,8') € FF, {

REPLY’ 7 (f7 %)
INFORM® ™7 (f779)
REPLY? 0 (f770)
iNFORMP 8 (£770)

Table 17.3. Forward-based protocol
17.2.4 Message-Based

FFOz = (f?ﬁaaﬂaﬂ,)‘zlfivVvﬂvﬂ/(fi’yﬁavﬂvﬂ/) S FF}

Property 17.6 (Message-based strategy is eager)

If there is no cycle of futures then for each calculated future

—d
£

rithm of Fig. 17.4 terminates with V3, fi'y_“s ¢ FutureRefs(0).

, the algo-
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= = = = p Future Updates

Fig. 17.4. Future updates for the forward-based strategy

ENDSERVICE, for future f77° on activity § —

REPLY’ ™7 (f77%)
V8’ s.t. 36(f) %, 8,8") € FF, rEPLY’ 7 (£77°)

Table 17.4. Message-based protocol for future update

_a_ - Future Updates

2—[>{>Future Forwarded messages

Fig. 17.5. Message-based strategy: future received and update messages

17.2.5 Lazy Future Update

REPLY:

oa(t) = fut(f777)  Fs(f777) = s
os = Copy&Merge(og,tf ; 0a,t) « is stuck by a wait-by-necessity

alaa; oasta; Fos Ras o] || Blag; s is; Fas Res [5] || P —
alaa; 04;ta; Fos Ros fo] | Blas; os;ts; Fps Res fs] || P
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5

Wait-by-
necessity

‘Wait-by-
necessity

A - Future Updates

2—[>{>Future Needed messages

Fig. 17.6. Lazy future update: only needed futures are updated

17.3 Synthesis and Comparison of the Strategies

e No partial replies and requests: no passing of futures between activities,
more deadlocks. Futures are not first-class entities.

e Fager strategies: as soon as a future is computed
— Forward-based: each activity is responsible for updating the values

of futures it has forwarded.

—  Message-based: each forwarding of a future generates a message sent
to the activity that computes the future. The activity computing the
future is responsible for sending its value to all.

o Mized strategy: future updates can occur at any time between the future
computation and the wait-by-necessity. For example, one could imple-
ment future updates on inactivity (any stuck configuration).

e Lazy strategy: on demand, only when the value of the future is needed
(wait-by-necessity on this future).

Fig. 17.7. Future update strategies
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Loosing Rendezvous

18.1 Objectives and Principles

let 6 = Active([...;mj; =¢(s)...]) in
let 8 = Active([; foo = <(s) d.maz();
Active([; act = ¢(s) d.m3()], act);
5.ma() ],0) in
Active([; act = ¢(s) 0.m1(); 8.foo(); 6.ms5()], act)

Fig. 18.1. Example: activities synchronized by rendezvous

® N1 Mg Mg i My P My, O
® 1M1 MMy My i My i 3.

18.2 Asynchronous Without Guarantee

Active'(a) £ let act = Active(a, D) in
let trRq = [;Vmj, m; = (s, arg) act.mj(arg)] in
[; Vm;, m; = <(s,arg) Active(trRq,0).m;(arg)]

where m; ranges over the method labels of the activated object.

Active'(a, service) £ let act = Active(a, service) in
let trRq = [;VYmj, m; := (s, arg) delegate(act.mj(arg))] in
[; Vmj, m; := <(s,arg)Active(trRq, 0).m;(arg)]
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Active(gamma)

5m4()

Legend

ma mag mo

m1 always occur
/ before mso in the
ma
request queue.
K - j

Fig. 18.2. ASP with rendezvous — message ordering

18.3 Asynchronous Point-to-Point FIFO Ordering

e d € @Q: existence of an entry,
e ({d): find an object associated with an entry,
Q :: {d — b}: add a new entry

queue = (s, dest)(if (dst ¢ s.Queues) then s.Queues =
s.Queues :: {dst — Active([;Ym;, m; = (s, z) D(dst.m;(2))], 0)});
s.Queues(dest)

where D(a) = a if we consider the core ASP calculus, and D(a) = delegate(a)
in the ASP calculus with delegation; m; ranges over the method labels of the
activated object.

Active! (a, service) = let act = Active(C(a), service) in
[;Vm;, m; = <(s,y)thisActivity.queue(act).m;(y)]
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d.ma2()
Active(gamma)
8.ma()

ms3a

K mi ms j

Fig. 18.3. Asynchronous communications without guarantee

Definition 18.1 (Triangle pattern)
A triangle pattern is a configuration such that:

Ja, B1 ... Bn, v 8.t. « = v and then « —r 1 =R ... =R Bn =R Y

where o — g B means o sends requests to B or « creates activity (3.

Only request reception on the same channel is guaranteed to happen
after a previously sent request has been received. But, compared to
ASP with rendezvous, this loss of synchronization mainly has conse-
quences for request reception order in the case of the triangle pattern.

e Execution is insensitive to the moment when futures are updated.
e Execution is characterized by the ordered list of request senders (RSL

confluence).
e Request reception order is not fully guaranteed, e.g., in the case of the

triangle pattern.



126 18 Loosing Rendezvous

§.m2 ()
Active(gamma)
6.my()

as

~y.queue(d)

Fig. 18.4. Asynchronous point-to-point FIFO communications

18.4 Asynchronous One-to-All FIFO Ordering

Active' (a, service) 2 let b = clone(a) in
(let Queue = [;Vm; € M1, mj =<(s,d, z) D(d.m;(z))] in
b.queue := Active(Queue, (])));

let act = Active(b, service) in
[;Vm; € Ma, m; = (s, y)(thisActivity.queue).m;(act, y)]

2 let b= clone(a) in

(let Queue = [;VYm;, m; = (s, d, 2)] D(d.m;(z)),

QActive = ¢(s, x, srv) Active(x, srv)]  in

Active' (a, service)

b.queue := Active(Queue, @)) ;

let act = thisActivity.queue.QActive(b, service) in
[;Vm;, m; = (s, y)(this Activity.queue).m;(act,y)]
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8.m1()

' d.m2()
B.foo() Active(gamma)
d.ms() 6.ma()

ma mao ma

—

Fig. 18.5. Asynchronous one-to-all FIFO communications

18.5 Conclusion
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Controlling Pipelining

e Pure demand driven: an activity is only activated when another one is waiting

for data coming from it.
e Limited pipelining: the number of pending requests per sender activity is lim-

ited.
o  Unrestricted parallelism: all activities are executed in parallel without any

restriction.

Fig. 19.1. Strategies for controlling parallelism

19.1 Unrestricted Parallelism
19.2 Pure Demand Driven

19.3 Controlled Pipelining
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Garbage Collection

20.1 Local Garbage Collection
20.2 Futures

20.3 Active Objects






Part VI

Final Words
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ASP Versus Other Concurrent Calculi

21.1 Basic Formalisms

21.1.1 Actors

21.1.2 w-calculus and Related Calculi
foo(bool b, bool ¢)

r = oa.m(); gets a future

if b then r.bar; subject to wait-by-necessity
if cthenr=[a=1,b=2]; creates a local object
oa2.bar(r); sends to oa2 a possible future

possibly awaited

21.1.3 Process Networks

Comparing ASP and Process Networks Channels
21.1.4 ¢-calculus

21.2 Concurrent Calculi and Languages

21.2.1 MultiLisp

21.2.2 Ambient Calculus

21.2.3 join-calculus

21.3 Concurrent Object Calculi and Languages
21.3.1 Obliq and @jeblik

21.3.2 The moBA\ Language






22

Conclusion

22.1 Summary

22.2 A Dynamic Property for Determinism

22.3 ASP in Practice

22.4 Stateful Active Objects vs. Immutable Futures

Nature Reference| Communica-|Localization|Localization
tion passing |[need due to| strategy
Active Object: Reference Forwarding
object stateful, Global semantics Mobility Server
mutable TTL-TTU
Method result: Reference First-class Eager:
Future single Global + futures forward /
assignment Copy message
immutable semantics Delegation Mixed
Lazy
Object Stateful, Local Copy None None
mutable

Table 22.1. Duality active objects (stateful) and futures (immutable)

22.5 Perspectives
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Epilogue

Departing Queue (DQ)

81 fool | P

[]
vl

Pull (PQ) Pul

T Pending Queue (PQ)

Future Values (FV) Push

Fig. 23.1. Potential queues, buffering, pipelining, and strategies in ASP



Legend
|PQ)|: size of Pending Queue
|DQ)|: size of Departing Queue

|PQ| =0 |PQ| = oo
|DQ| = oo |DQ| = o
; 9
Novetlcting, K my Unlimited
Parallel Parallel
Mixed
Strategies
On-demand
Sequential ASP
Rendezvous ¢ >
|PQI=0 |PQ| = o0
|IDQ| =0 |1DQ| =0
Pull Strategies Push Strategies

Fig. 23.2. Classification of strategies for sending requests




Legend

for a given future

|U P|: maximal length of the update path

|F'V|: size of the calculated future value list

|[FV] =00 |[FV|=0
[UP|=0 [UP|=0
Messaging *On-demand Eager
Lazy Message-based
ASP
Mixed Strategies
On-demand On Availability
Forwarding Forward-based Forward-based
|[FV| =00 |[FV|=0
|UP| = o0 |UP| = 0o

Lazy strategies

FEager strategies

Fig. 23.3. Classification of strategies for future update
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Equivalence Modulo Future Updates

A.1 Renaming

6= {ff_)a — f}/ﬁ_)a,...};

3

A.2 Reordering Requests (R; =g R>)

{M € May, [mi € M}N{M € Map |m2 € M} =0
Ry [masen; fa] 2 [majee; fo] o2 Re =g Ra i [ma; o fo] 2 [mas e fi] i Re

RERR

RER R1 R1 =R R/

RER R/

Table A.1l. Reordering requests

A.3 Future Updates

A.3.1 Following References and Sub-terms

Definition A.1 (a *>p, b)
a5 b means that b is reached from a by following, inside the activity «, the
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REPLY

Fig. A.1. Simple example of future equivalence

path defined by L. Such paths are defined inductively from the definition of
Table A.2 as follows:
[0
at—pa
aSpabifarsrd Ad Vb
Extending the preceding definition, ~ L,.L, denotes the concatenation S L iy Lo
More generally the following notations are equivalent:
a 'g)Ll.Lg b&a 'ng'ng b
& 3e, arSp, e, b
s 3e,avsp, chesp, b
Definition A.2 (a %1 b)
(nZO/\a&LO b) \

a iy fut(fP 7)) A e, (fP ) = un

) . -
o (1) oy fut(f32772) A Fay (£22772) = 1o
A A

5, (tn) P31, b

a*
a—ry.L, b& i<n
" 3eis fi, Bis i "=

Lemma A.3 (+51 and <3p)

« Qo
a—rLb=>a—rpb
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L rep Oa(l) [li = bismy = (x5, y5)a;]58 T ¥, b

[l = bismy = o(x,y5)a5) 567 Sm; 2y aj{z; — 5’ y; — 2’}
a.li ¥ picraq,) @ a.li == b S ypaater(r;) @ a.li == b Supaateaq;) b
a.l;(b) 'i]nvokel(l,i) a a.l;(b) 'g’lnvokeQ(l,i) b clone(a) > cione @
Active(a,m;) © active(m,;) @ Serve(M) ¥ serve(nr) 0

aﬂ.ﬁb’iﬂCUT’ra aﬂ.ﬁb’g}ﬂfa aﬂfvb'iﬂ‘CD’ﬂtb

« « « «@
Qp et Ao Qp a0 Lo Op —ef la ap =y Fo
— /
Ra =R R

a /
ap —rq R

(56 f] 5 RS reqometh M [m;e; f] =2 RS reqsarg t
[m7 ' f] R 'g"reqs_fut f [’)’)’L7 Ly f] R iﬁ%reqs_cdr R
{77 =1} F S pusia £ e L

{f;/_ia and L} o F ’g’futs_cdr F

Table A.2. Path definition

Lemma A.4 (Uniqueness of path destination)
aSpbAaSp =b=1V

(75, (tn) = Fut(FT°)V Fs(f17°) = tn)
vaf"i’ LTL?ﬂ’Vl?/y?d {/\(b — Ln \/ b/ — Ln)

* X os, (tn) = fut(f1=0) NFs(f17°) =4,
P N N R VE {Ebﬁ;(b )Ab,J;LSJ;V(b):L;S(Afb, :)L) )

A.3.2 Equivalence Definition

Definition A.5 (Equivalence modulo future updates: P =f Q)
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P=rQ & Va s.t.aEP\/aER,VL(Ea, ap 2 o< 3d, aRSLa’) (1)

AVL, L, a(ap “SraNap s a= 3¢, Lo, Ly,a', Ly, LY,y

Quk ¥ /
aR l—>LO C’—>L1 a

L=LoL AL =Ly.L, NLi #0
) o
/\O[R PO:‘;L(/JCIl)Lll a/

A VL, L’a(aR S aANag rep a= 3¢, Lo, Ly, a', Ly, LY,y
L=LoL AL =Ly.L, NL #0
auk ok
ap i, CAapi=prC ) (3)
gl ’ 2l l
c—=r, A ANepna

where R = QO and O is a renaming of future identifiers like those defined in
Sect. A.1.

Fig. A.2. The principle of the alias conditions

Property A.6 (Equivalence relation)
=r is an equivalence relation.

Definition A.7 (Equivalence of sub-terms)
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a=rd < 3dL,ac€aphd EagANP=p QA (ap B a, e ag 3 a’)
Lemma A.8 (Sub-term equivalence)

a=pd = VL (Eb, a® be 3, d S b’)

AYL, L', b, a5y bAavsp b= 3c, Lo, Ly, b, Ly, L},
L=LoI AL =Ly, Li NLy # 0
a’ I(ﬁ;LO C*1>L1 b/
a’ I(ﬁL() C*1>L/1 v

AVL, L', b, a' &y bAa &1 b= 3, LoV, Ly, L,y
L=LoI AL =Ly, Li NL; # 0
agLo C’l)Ll b/

ok vy 12
arprcrpnb

A.4 Properties of =p

Property A.9 (Equivalence and compatibility)
P =F Q = PNX Q
Lemma A.10 (=F and store update)

P=xQ AN a=pd

L€ dom(oa,) N € dom(oa,) AN L=pt

P' =P except 0, = {t — a} +0q, =P =rQ
Q' = Q except Tag = { = ad'} + 04,

FP ok AN FQ OK

Lemma A.11 (= and substitution)
t=pt = afr— 1} =rafr .}
Lemma A.12 (A characterization of deep copy)
a € copy(t,o8) < 3L, ¢ £>L a

' € dom(copy(i,0)) = copy(e,0)(¢') = a(\))

Lemma A.13 (Copy and merge)
If P' = P except 0, = Copy&eMerge(0a,p, L0 ; Tap,t) then

Bp aps
Lo~ as=1 »—P>La'

and
A pr*

Bpx*
wrerLaser B opd
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Lemma A.14 (=f and store merge)
P=pQ AN itcap NV E€aghweBp N € fo
a=pd N =l AN 1 =F L P =p ()

P" = P except 04, = Copy&cMerge(op,,10 5 Oap,t)
Q' = Q except Oag = Copy&Merge(op,, Ly 5 Tagst')

A.5 Sufficient Conditions for Equivalence

Property A.15 (REPLY and =p)
P REPLY P/ = P =p P/
Property A.16 (Sufficient condition for equivalence)

{Pl REPLY |

P REPLY p' = P=rh
2 7

REPLY
{P P = Pi=rhb

REPLY
P— P

A.6 Equivalence Modulo Future Updates and Reduction

Property A.17 (=f and reduction(1))

P papT 0= if T = REPLY then Q =p P’
= — N

F else 3Q’, P 21, z, QNQ =rQ
Definition A.18 (Parallel reduction modulo future updates)

T REPLYx T .
= = ——— ifT # REPLY

REPLY * .
if T = REPLY

Property A.19 (= and reduction(2))
/ T ;o L ’ ’
P=pPANP—Q=3Q, P = Q NQ =rQ
Corollary A.20 (=F and reduction)

—_— / T ! /T ! A
P=p PAP=Q=3Q P =>Q NQ =rQ
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A.7 Another Formulation

O = (Opur, 02€F ... 02S 05 )

a—pB

—a 18—
Gfut:::{{ffp aP<—fi Q aQ,...}};

fora e PANa € Q,
O ::={e1 — ¢} ...} where 1 € dom(0a,), 1] € dom(oa,,)

for ap € P, Bg € Q, v € dom(0,,), V' € dom(oga,),
Onp—Bg. i=ft1 — ¢},...} where vy € dom(oq,), V',t) € dom(og,)

Onp—po, =1 — 11,...} where 1,1, € dom(oa,), ) € dom(og,)

o for each § € @ the sets codom(03), (codom(0n—p./))acPicdom(cs) are
disjuncts;

e for each a € P the sets dom(0y), (dom(0a—p,.))secq,icdom(o,) are dis-
juncts.

Definition A.21 (Equivalence modulo future updates (2))
To prove P = Q, one must provide

O = (Our, 0°€T ... 92E20EQ )

»Ya—F,

such that the rules of Table A.3 are coinductively verified (for all activities o
of P and Q).

In Table A.3, x replaces a or o — 3,1 or a < 3, 1. All the trivial induction
rules corresponding to operators in the syntax are not given explicitly in this
table.

=, denotes the equivalence between (sub-)terms that appears in « in both
configurations. =,_.g,,- denotes the equivalence between terms contained in a
future calculated in the activity o of P and its updated value in the location
¢/ of the activity 5 of Q. =, denotes any equivalence relation (either inside an
activity when z = a or between activities when z is of the form a «— 3',. or
a— G'0).

Property A.22 (Equivalence of the two equivalence definitions) The
two definitions of the equivalence modulo future updates presented in this ap-
pendix are equivalent.

A.8 Decidability of =r

Property A.23 (Decidability)
=r is decidable.
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Fut(f) =a fut(£07.:) A0(a) =, A0(a)

Oap(l) =a Tag (¢0a)

L =q 0y

Oap (t1) =a—B,t0 T8¢ (t100—p.)

t=acBuo Waep,

b is in the location ¢ of the activity v of P
Fpq (FF7) = i=epa

b=, fut(fi7)

Oap (L) Ea—»B,Lg 08¢ (I’oa*’ﬁ,L([))

2 ED&—)B,L() Loaﬂﬂ,%

a is in the location " of the activity v of Q
Fop(ff7) =0 v=pu

fUt(fiaHB) =z

— ! —
t=at Rap =a RaQ

[myj, i, f] = Rap =a [mj, ¢, fOfut] :: Rag
— i

t=at! F=qF
{77 sy s F=a {f] "0t} 2 F

Gap =a Gag lap =a lag Fop =a FuQ

VM € Map, RQP’M =r RQQ‘M fag = fapOfut

ag»

360 = (Ofut,00,,...) aEPSaEQ

Aaap;Oapitap; Fap; Rapi fap] Za altag;0agitagi Fagi Rag; fogl

Vo € P, altap; 0apitap; Fap; Rap; fap] Za 0ltag; 0agitag; Fagi Rags fog]

PEFQ

Table A.3. Equivalence rules
A.9 Examples

0p—a, = {1 — ty00 — 15}

>

= {{L1 L, — L3}]’
for — 13,00 — 1a}

ea—va,u - {Ll Uy, l2 — LS}

a—ao,t2

004—>O(,L3




L1 Ee{iﬂa,t, 2

L1 =bg_q,, b

Fig. A.4. Example of a “cyclic” proof

REPLY REPLY

Fig. A.5. Equivalence in the case of a cycle of futures




Fig. A.6. Example of alias condition
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Confluence Proofs

B.1 Context
Property B.1 (Confluence)
Py Q

P =QYQ
QXQ

9(Q,Q") = {R|Py — RAVYM € M, ,Va € R,
RSL(ar)|,, 9 RSL(agq)|,, V RSL(ar)
= {R|Py —— RAVa € R, RSL(ag)|,, < (RSL(aq

M —

< RSL(ag)|,,}
)}

M

Mo

B.2 Lemmas

Lemma B.2 (Q and compatiblity)

VR,R € 9(Q,Q"), R R’
Lemma B.3 (Independent stores)
01109 =02+ 01
01109 =09 1 0]

o1+ 09 =09+ 01
o1+ (o2 ::0) =09 :: (01 +0)

dom(c1) Ndom(os) =0 =

Lemma B.4 (Extensibility of local reduction)

(a,0) —g (d',0") = (a,00 :: 0) =g (a",00 :: 0") where (a’,0") =F (d,0")
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Lemma B.5 (copy and locations)
dom(copy(t,0)) C dom(o)
Lemma B.6 (Multiple copies)
v € dom(copy(t',0")) = (copy(t,o) + copy(d',c") = copy(V', copy(r,0) + o"))
Lemma B.7 (Copy and store update)
o' 4+ Copy&Merge(o1,t ; o9,t') =p Copy&Merge(o1,t ; o’ + o9,1)
i {d;om(o’) N flom(Copy&Merge(al, L 02,0')) C dom(og)
/' ¢ dom(c”)

Corollary B.8 (Copy and store update) If ./ ¢ dom(c’) then there is a
way of choosing locations allocated by Copy&Merge(o1,t ; go,t') such that:

o+ Copy&Merge(o1,L ; 02, L') =F Copy&Merge(o,t ; o + o9, L/)

B.3 Local Confluence

Property B.9 (Diamond property)
Let P be a configuration obtained from Py: Py — P:

T> /
PLPI Pl ?Pll
p L p = P, =p P, V3P|, P, PQ,—)P?
P =r P.

PP Py € 00, Q) P € 0(Q.Q)

B.4 Calculus with service based on activity name:
Serve(a)

B.5 Extension

Lemma B.10 (=r and Q(Q, Q’))
If P is in @ and P is equivalent modulo future updates to P’ then P’ is in Q:

P=pP'NPEQQQ)NP — P'=PeQ@q)
Lemma B.11 (REPLY vs. other reduction)

PR RAP S P =P T RAR =R



Request to serve
REZUEST EA\%

Serve(M)
L 1E mif2 m ]
-

- P

(-

REQUEST

Fig. B.1. SERVE/REQUEST

UOISUNXG G'¢J



SERVICE
REQUEST

E

SERVICE
Fig. B.2. ENDSERVICE/REQUEST

REQUEST

SJOOIJ 9oUaN[uo)) ¢ ]CT
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Property B.12 (Diamond property with =)

T Ts
P = Q1= R
T T
P2:2>Q2 :>Q1 =r QQ\/E'R17R2, Q2:l>R2
Q1,02 € 2(Q,Q") R =r Ry
P =P Ry, Ry € Q(Q,Q")

N

Fig. B.3. The diamond property (Property B.12) proof
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Notation

Concepts

Active object
Activity

Wait-by-necessity
Service method

Request
Future

Future value
Computed future
Not updated future
Partial future value
Closed term

Source term

Reduced object

Potential services

Interfering requests

Root object of an activity

A process made of a single active object and

a set of passive objects

Blocking of execution upon a strict operation on

a future: o[R[e...],00...] A 0a(t) = fut(f77)
Method started upon activation: 36
m; in Active(a, m;)

Asynchronous remote method call

Represents the result of a request before the re-
sponse is sent back

Value associated to a future f;" —h

copy(1, ) where {f@77 — 1} € F,

A future which has a value associated:

1277 where f77F € dom(Fp)

A computed future not yet locally updated

Future value containing references to futures
Term without free variable (fv(a) = 0)

Closed term without location:

fov(a) =0 Alocs(a) =0

Object with all fields reduced to a location: 47
0 u=[li = w;my = <(xj,y;)a,]5 T,

Static approximation of the set of method 176
names appearing in service primitives

M,

Two requests that can be served by the same
serve primitive:

[ma;e; f27°) and [mg;e; £77°) such that there is
M, {my,ma} C M and Serve(M) can appear in 3
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Cycle of futures set of future identifiers {fut(f7* ")} such that 63
Bo ... By verify:
Vi, 0 <i<n, fut(fi7 ") e
copy(Fp, (fUt(f?i_)ﬁi))v 03;)
Fut(f270) € copy(Fa, (fut(f3°~™)), 05,)

Core Syntax: ASP Source Terms

[l; = b; Object definition 31
mj = C(Sﬂj, y])aj]zeell??ln

a.l; Field access 31
al;:=b Field update 31
a.m;(b) Method call 31
clone(a) Superficial copy 31
Active(a, m;) Object activation 36
Serve(M) Request service 36
M list of method labels 36

Encoding of Classical Primitives

letz=ainb [[m = ¢(z,2)b.m(a) 31
asb [[m = q(z,2")bl.m(a) 31
Az.b [arg =[], val = s(z)b{z — z.arg}] 31
(b a) (clone(b).arg := a).val() 31
Repeat(a) [; repeat = ¢(z)a; z.repeat()].repeat() 48
FifoService Repeat(Serve(M)) 48
Repeat a Until b [;rep = ¢(x)a; if (not(b)) then x.rep()].rep() 48

ASP Intermediate Terms and Semantic Structures

(a,0) Sequential configuration

a, 8 Activities: afaq;04;ta; Fo; Ra; faol 35
[current term, store, active object, future values, 47
pending requests, current future]

L Locations 31

locs(a) Set of locations occurring in a

P,Q Parallel configuration 47

a€eP Activity « belongs to the configuration P

af f,b a with continuation b 36
f is the future associated with the continuation

AO(a) Generalized reference to the activity o 47

for Future identifier

Jut(foF) Future reference 47

K2



r=[myie [0

Ro = {[my; 0 /7 771}

R:r
r: R
F:Afi—1}

General Notation

{a:}
{a— b}
0 :={b—c}

Sy

L|1\/[

W C

Stores

o
dom(o)
/

oo

oc+o’

Merge(t, 0, o)

copy(t, o)

Notation 175

Request: asynchronous remote method call 47
Pending requests: a queue of requests 47
Adds a request r at the end of the pending requests

R

Takes the first request r at the beginning of the
pending requests

Adds a new future association to the future values 47

List 32
Association/finite mapping 32
Substitution 32
Transitive closure of any reduction — 176
Disjoint union 56

Restriction of (RSL) list L to labels belonging to 59
M

n'® element of the list L 59
Least upper bound 59
There is at most one 67

Store: finite map from locations to objects (re- 32
duced or generalized reference) o ::= {¢; — 0;}
set of locations defined by o
Append of disjoint stores
Updates the values defined in ¢’ by those defined 32
L noy_ Jo() if e e dom(o)
ino: (o +0')0) = {a'(L) otherwise
Store merge: merges o and o’ independently 48
except for ¢ which is taken from o’:

Merge(i, 0, ¢') = '8 + o where
0={ " e€dom(c") Nndom(c)\{}," fresh}
Deep copy of o(t) 48

Copy&Merge(o,i; o',t') Appends in ¢’(¢/) a deep copy of o(¢) 48

= Merge(/', o', copy(,0){v — '})
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Semantics

FL(a)
RSL(«)

EIA

ap

ActiveRefs(a)
FutureRefs(a)

FF

Equivalences

Reduction context 32,48
Substitution inside a reduction context 32
Sequential reduction 33
Parallel reduction 50

Parallel reduction where rule T is applied
Parallel reduction with future updates, i.e., Parallel 63
reduction preceded by some reply rules 150

Parallel Reduction with future updates where rule 63
T is applied:

e, T T # REPLY and ——— if T = REPLY
Future List of « 54
Request Sender List of a: 59

(RSL(a))n = B if f1- € FL(a)
RSL comparison: prefix order on sender activities 59
Potential services:
Static approximation of the set of M that can ap-
pear in the Serve(M) instructions of ap:
P QAQ=aR[Serve(M)],.. ]| ...

=3IM' e My, M C M

Set of active objects referenced by a: 51
{813t € dom(cy), o4(t) = AO(B)}
Set of futures referenced by «: 51

{ff_WBL € dom(ay), 0a(1) = fut(ff_w)}

Set of Forwarded Futures: {(f*~", ~, )} € FF if 117
£

p has been transmitted from y to §

Equality modulo renaming (alpha conversion) of lo-
cations and futures, and reordering of pending re-
quests

Equivalence modulo future updates 61
also called equivalence modulo replies



Properties

F P oK

RSL(a) X RSL(B)
PXQ

PY PR

G(Po)

Request flow graph
DON(P)

SDON (P)

TDON (P)

Notation

Well-formed configuration

RSL compatibility

Configuration compatibility
Configuration confluence:

3R1,R2,P1 L> R1 A\ P2 L> RQ /\R1 =r R2
Approximated call graph

« can send a request foo to 3 implies
(&, 8, foo) € G(Py)

a — g [ if « has sent a request to 3
Deterministic Object Network

Static Deterministic Object Network
Tree Deterministic Object Network

177

54
59
59
64

67

69
67
68
69






Syntax of ASP Calculus

Source terms

a,beL:=x ‘ variable
|l = bi; my = o(xj,;)a;]5E} 7, object definition
|a.l; field access
la.l; :==b field update
|a.m;(b) method call
| clone(a) superficial copy
|Active(a, m;j) activates object: where

deep copy + activity creation
m,; is the activity method
or () for FIFO service
|Serve(M) Serves a request among
a set of method labels
M is a set of method labels used to specify which request has to be served.

M=mq,...,my
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Intermediate Terms

Terms
a,bel =z ‘ variable
|[li = bi;m; = g(acj,yj)aj]}%ll'.'.ﬁ1 object definition
la.l; field access
la.l; :==b field update
| a.m;(b) method call
| clone(a) superficial copy
|Active(a, m;) object activation
|Serve(M) service primitive
| location
laf f,b a with continuation b
Configurations
P,Q == alao;u Fy R f] | Bl )]
Requests

R = {[my e f777))

Future Values

Fu={f]7"—1}

Store
o= {1 0;}
ou=[l; = t;;my = ¢(zy, yj)aj];eell?n reduced object
|AO(e) active object reference

| fut(F077) future reference



Operational Semantics

STOREALLOC:
L & dom(o)

(Rlo],0) =5 (R}, {e = o} = o)

FIELD:
o) =[li = ismy; = <(z5,y;)a,)5e0 % ke ln

(Rlelk],0) =5 (Rlek], o)

INVOKE:
o) = [l = usmy = s(xj,y5)a5)5er 7, kel.m

(Rle.mi ()], 0) —s (Rlanfzr — t,ye — ' }],0)

UPDATE:
o) = [li = tismy = <(z5,y;)a5]5 keln
Ol = [ll = Lz,lk = Ll; lk’ = Lgrymy = C(mj,yj)a]]zeellljnilyk €ktl..n

(Rledg :=1],0) —s (R[], {t = o'} +0)

CLONE:
/' & dom(o)

(Rlclone()], o) —s (R[], {¢' — a(1)} :: o)

Table 1. Sequential reduction
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L € dom(copy(t,0))
/' € dom(copy(t,0)) = locs(a (")) C dom(copy(t, o))

" € dom(copy(t,0)) = copy(t,o)() = o ()

Table 2. Deep copy

LOCAL:
(a,0) —s (a’,0')  —s5 does not clone a future

ala;o;65 5 R f1 | P — alad’; 0’565 F5 Ry fT | P

NEWACT:
7 fresh activity ' & dom(o) o' ={/— AO(y)}:: 0o
oy =copy(t’,0) Service = (if m; = 0 then FifoService else t'".m;())

a[R[Active(",m;)];050 Fy Ry f] || P —
a[R[V];05 05 F5 Ry f] || v[Service; ;" 0;0; 0] || P

REQUEST:
oa(t) = AO(B) " & dom(os) f2° new future 1y & dom(oa)

7

ol = Copy&Merge(oa,t' ; as,t")  ob = {5 fut(fF77)} : 0a

k3

a[Rle.m; (V)]s 0a; tas Fus Ra; fa] || Blass ops 155 Fo; Ras o] || P —
a[Res]; 0l tes Fus Ras fo] || Blas; o ta; Fas Ra = [mys s f27°) f4] || P

SERVE:
R=R :[mj;e; f12R’" myeM VYmeM, m¢R
a[R[Serve(M)]; 050 F; R; f] || P —
afem;(ee) t f, RN 050 F5 R = R || P
ENDSERVICE:

/' gdom(oc) F' =F:{f—'.} o =Copy&Merge(o,i; o,.)

alet (f,a);055 F; By fl || P— ala;o’s 5 F Ry f'] || P

REPLY:
ga(t) = fut(f777)  Fa(f777) =1 o4 = CopyeMerge(op, is 5 0ast)

alaa; 0asta; Fos Ras [o] || Blag; os 165 Fps Res [5] || P—
alaa; 04 ta; Fos Ros fo] || Blas; os; 05 Fps Res fs] || P

Table 3. Parallel reduction (used or modified values are non-gray)
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Overview of ASP Extensions

We present here most of the features that have been added to ASP in Part IV.
We provide a brief summary, based on the syntax, and most of the reduction
rules associated with these features. When several and somehow equivalent
reduction rules exist for the same feature, we choose one of them.

Three Confluent Features:

1. Delegation

Delegates to another activity the responsibility to reply to the current request
(confluent).

Syntax

delegate(a)
Reduction Rules
Parallel DELEGATE:

oa(t) = AO(B) " & dom(op)
oy = Copy&Merge(oa, ' ; o3,/")  fp new future

a[Rldelegate(v.m; ()]s 0 tas Fos Ras £ %) || Blas; op; 55 Fio; Rgs 5] | P —

o[R[[[]; 00 ta; Fos Ras fol | Blagsobsia; Fas Rp w [my3 s £ fa] || P
Sequential DELEGATE:

Ua([,) = [lz = li; My = g(:cj,yj)aj];'-eell‘ﬁn kel.m

a[Rldelegate(v.m;(1"))]; 0asta; Fa; R fol || P —
a[Rlarf{zr — t,yx — '} 005005 Fos Ras fo] || P
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Generalized REPLY:
oalt) = fut(f?ﬁé) Fg(fgﬂ‘s) =15 o, =Copy&Merge(og,if ; Ta,t)

oaa; 0a;ta; Fos Ras fo] || Blag; o; ue; Fas Re; fs] | P—
Alao; 045 ta; Fos Ras ol || Blas; op;s; Fs; Res f5] || P

2. Explicit Wait
Waits for a future update (confluent).
Syntazx

waitFor(a)
Encoding

[[: = bismy = <(xy, y)azlier Tl 2 [wait = [1,1; = bi;my = <(x;,y;)a,]5E

[waitFor(a)] = a.wait

3. Method Update
Changes the code associated to a method (confluent).
Syntaz

z.foo < b
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Five Non-confluent Features:

1. Testing Future Reception

Returns “true” if a future is awaited, and “false” if it has already been up-
dated.

Syntax
awaited(a)
Reduction Rules

WAITT:
o) = fut(£2)
(Rlawaited(t)],0) —s (R[true], o)

WAITF:
o(e) # fut(f7~")
(Rlawaited(r)], o) —s (R[false], o)

2. Non-blocking Service
Serves a request if it is in the request queue, else continues the execution.
Syntax
ServeWithout Blocking(M)
Reduction Rules

SERVEWBSERVE:
R=R :[mj;e; f12R’" myeM VmeM, m¢R

a[R[ServeWithoutBlocking(M)]; o3¢, I R; f] || P —
afem;(u) f £, R[N 036 1R = RY f1T | P

SERVEW BCONTINUE:
Yme M, m¢R

a[R[ServeWithoutBlocking(M)]; 050 F; R; [] || P — «[R[[]]; 050 F; R; f] || P
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3. Testing Request Reception
Returns “true” if a corresponding request is in the request queue.
Syntax
inQueue(M)
Reduction Rules

INQUEUET:
dJneM, meR

a[R[inQueue(M)]; o505 I R; f] || P — a[R[true]; o506 I R; f] || P

INQUEUEF:
YmeM, m¢R

a[R[inQueue(M)]; 050, F5 R; f] || P — a[R[false];o;0; F5 R; 1] P

4. Join Pattern Example

The term below encodes a join pattern cell: the cell reacts to the simultaneous
presence of two messages, either s and set, or s and get. s is used to store the
internal state of the cell.

Encoding a Join Pattern Cell

Cell & Active([s, =[], set, = [|;

set = ¢(this,v)this.set, := v

s = g(this,v)this.sy == v

get = ¢(this)|]

srv = s(this) Repeat(if inQueue(s) N inQueue(set) then
this.setcell()

if inQueue(s) A inQueue(get) then

this.getcell()),

setcell() = ¢(this)(Serve(set); Serve(s); thisActivity.s(sety)),

getcell() = s(this)(Serve(get); Serve(s); thisActivity.s(sv); Sv)

FEzxzample of usage

Cell.s([]); Cell.set([x = 2]); Cell.get()
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5. Extended Join Services

JOin((m117m127 ce 7m1n1)7 (m217 s 7m2n2); s (mk17 cee 7mknk))

Join((my,msa), (m1,m3)) = let served = false in
Repeat
if (inQueue(mq) A inQueue(ms)) then
(Serve(my); Serve(msz); served := true)
else if (inQueue(my) A inQueue(ms)) then
(Serve(my); Serve(ms); served := true)
Until(served = true)
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Migration

Simulates the migration: makes the current activity forward the requests to a
newly created activity.

Syntax
thisActivity. Migrate()
Encoding

Migrate £ ¢(this)let newao = Active(this, sevice) in
(CreateForwarders(newao); F'i foService)

CreateForwarders(newao) £ Vm;, m; < ¢(x,y)newao.m;(y)

Groups

Entity containing several objects that can be accessed as a single one.

Passive Groups

Syntax
Group(aft-')
Reduction Rules
R = ...| Group(up, R, by )FEL-m— LI €m+1.d
Store group:
L & dom(o)

(Group(1p)k€t-t o) —g (1, {t — Gr(u)*<t1) 2 o)

Field access:
o(1) = Gr(u)kett

(Rleli], o) —c (Group(u.1;)*<", o)

Field update:
o) = GT(Lk)kel“l

(Rlu.li :=1'],0) =g (Group(u.l; == /)*<'1 o)
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Invoke method:
U(L) — Gr(l/k)kel..l

(R[A.mj(bl)], o) —¢ (GTOUp(Lk,mj(L’))keL'l’ o)

Active Groups
Syntax

ActiveGroup(ay, ..., an,m)
Encoding

ActiveGroup(ay, . . ., an,m) = Group(Active(a,m), ..., Active(a,, m))
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Components

Primitive Component

A primitive component is defined from an activity «, a set of server inter-
faces (SI, a subset of the served methods), and a set of client interfaces (CI,
references to other activities contained in fields):

SI; C U M
MeMap,

PC == C, < a,srv, {SL}E* {CL; 17 >

Composite Component

A composite component is a set of components (either primitive (PC) or
composite (CC)) exporting some server interfaces (some SI;), some client in-
terfaces (some C1;), and connecting some client and server interfaces (defining
a partial binding (CI;, SI;)). Such a component is given a name C,,. CC is a
composite component and C' either a primitive or a composite one:

CCu=Cp < Cr,...,Cii {(Cy,.CL;,, Cyy STy ) }PEH
{Ciq.CIjq — CIq}qu..l; {Cir'SIjT — SIr}rel..l/ >

C:=PC|CC

where each C; is the name of one included component C; (i € 1..m), supposed
to be pairwise distinct; each exported ST is only bound once to an included
component, and each internal client interface (C;.CI;) appears at most one
time:

D # p' = Cip-C]jP #* Ciprij/
q 75 q' = Ciq.cqu 75 Ciq/-CIjq/
i, .CIL, #Ci, Cl,,
r 7£ ' = SI, 75 S1,.

Vp,p' €1.k,Vq, ¢ € 1..01,¥r, 7 € 1.l

Deterministic Primitive Component (DPC)

A DPC is a primitive component defined from an activity «, such that server
interfaces ST are disjoint subsets of the served method of the active object of
a such that every M € M,p, is included in a single SI;:

Vi k, i 4 k= SINST, =0
VMEMQPO,VMlQM,VMQQM(M1QSIi/\M2§SIj):>i=j
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Deterministic Composite Component (DCC)

A DCC is

e either a DPC,

e or a composite component connecting some DCCs such that the bind-
ing between server and client interfaces is one to one. More precisely the
following constraints must be added to the ones of Definition 14.2:

Each C; is a DCC

D 7& p/ = Cz"p-SIj’p 7é Ci/p/-SIj/p’
r 7é rl = CZTSIJT # Ciy,/'SIjr’
Cy,.SIj # Ci,.S1;,

q 7& q/ = Clq # CVIq'

Vp,p' € 1.k,Vq,q € 1.1,Vr, 7" € 1..I'



Caromel - Henrio

A Theory of Distributed Objects

Distributed and communicating abjects are becaming ubiguitous. In global,
Grid and peer-to-peer com puting enviranments, extensive use is made ofob-
jects interacting through method calls, 5o far, no general formalism has been
proposed for the foundation of such systems.

Caromel and Henrio are the first to define a alolus for distributed objects
interacting using asynchromous method calls with generalized futures; i e,
wait-by-necessity —a mustin large-scale systems, providing both high stric-
turing and low coupling, and thus scalability. The authars provide very generic
results on expressiveness and determinism, and the potential of their approach
is further demanstrated by its capacity to cope with advanced issues sud as
mobility, groups, and components.

Researchers and graduate students will find here-an extensive reviewof con-
aumrent languages and @lali, with comprehensive figures and summaries.

Developers of distributed systems can adopt the many implementation
strategies that are presented and analyzed in detail.
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