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Abst rac t .  We define a true concurrency semantics for LO, a reactive 
programming language characterized by dynamically reeonfigurable agents 
(processes), with interagent communication implemented as broadcast- 
ing and logical operators corresponding to Linear Logic colmectives. Our 
semantic model is given by the well-known Chemical Abstract Machine 
formalism, where concurrent events happen in the form of chemical- 
like reactions. Our approach consists of inapping LO computations into 
CHAM computations and is easily generalizable to CHAM-related mod- 
els like CHARMs, rewriting logics etc. We propose two mappings from 
LO to CHAMs, both making use of the "meinbrane" mechanism of the 
CHAM, but differing in the choice of active elements: in one case, the 
inessages are passive and the agents are the active entities which perform 
read and write operations; hy contrast, in the second case, the agents 
are passive with respect to colnmunication and the nlessages themselves 
move around the solution to deliver their content to each agent. The 
results in the paper show the ettectiveness of the CHAM and related 
formalisms as abstract fl'ameworks for modeling the implementation of 
practical languages on parallel architectures. Furthermore, they provide 
insight on the two following issues: (i) the amount of synchronization 
needed to add broadcasting to one-to-one comluunication primitives; (ii) 
the problem of parallel searching for Linear Logic proofs. 
Keywords:  True ConcmTency, Concurrent Rewriting, Chemical Ab- 
stract Machines, Broadcasting, Linear Logic. 

1 I n t r o d u c t i o n  

In this paper, we provide a true concurrency semant;ic characterization for LO [AP91b, 
AP91a, ACP92], a language designed for progranmfing reactive systems. LO is 
finding applications in such fields as parallel algorithms [AP91a, APB91], dis- 
tributed sinmlations [ACP92] and as a cooTdmation language for extending the 
capabilities of object-oriented languages [BAP92]. 

LO views the coml)utation as performed by concurrent agents that are them- 
selves characterized by nmltiple concurrent internal threads of computation; 
agents can self-replicate, and their primary form of communication is broad- 
casting. LO's operators correspond to Linear Logic connectives [Gir87]; hence, 
LO can be viewed as a "linear logic programming language". 
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One lnain rnotivation for giving a true concurrency semantics to LO is that  it 
provides us with an exact picture of the different options available for its parallel 
implementation. More generally, we want also to gain insight on synchronization 
problems related to broadcasting and on the subject of parallel search of Linear 
Logic proofs. As far as broadcasting in LO is concerned, a major issue is sound- 
hess (that is, the requirement that every message is delivered exactly once to 
each receiver), under the assumption that the number of receiving agents may 
change at run time; this situation is common to other reactive systems, be they 
concurrent progralnming languages or operating systems. As far as proofs in 
Linear Logic are concerned, we shall show that CHAMs provide proof encodings 
characterized by a similar degree of parallelism as Proof  Nets [Gir87], but better 
suited for practical implementation in the context of linear logic programming. 

Our model of trne concurrency is given by the well-known Chemical Abstract 
Machine (CftAM) framework [BB90], which extends the Gammamodel  [BCLM88], 
and where concurrent, events take the form of chemical-like reactions. Our ap- 
proach consists of mapping LO computations into CHAM rewrite sequences and 
is easily generalizable to formalisms related to the CHAM like CHARMs [CMR92], 
rewriting logics [Mes92a] etc. 

The rest of this paper is structured as follows. Section 2 recalls the main 
points about the CHAM. Section 3 formally describes LO and its model of con- 
current computation. In section 4 we show how LO computations can be encoded 
into CHAM computations. We start from the basic case of LO computations 
where no broadcasting is involved, and then we consider how things change once 
broadcasting has to be taken into account; in terms of the corresponding CHAM 
encodings, this will typically imply, with respect to the situation characterized 
by absence of broadcasting, the introduction of a notion of "time", to indicate 
that a given agent has already seen, or has not yet, seen, a certain message. Dif- 
ferent choices will be possible here, by making time either linear or branching; 
for all cases, theorems will be provided to show the correctness and the com- 
pleteness of the encodings. Finally, we shall devote section 5 to the discussion of 
the results. 

Remark: due to space restrictions, the proofs of the theorems are omitted. 
They are available in the technical report version of this paper. 

2 C H A M  P r e l i m i n a r i e s  

The basic idea of the CHAM [BB90] is that the state of a system is like a chemical 
solution where molecules float around. These molecules can interact with each 
other according to some reaction nlles. Possible contact between molecules is 
provided for by some means of a stirring mechanism. The solution transformation 
process is truly parallel since any number of transformations can be performed at 
the same time, when several rules can be applied to the solution simultaneously 
and no molecule is involved in more than one rule. Subsolutians can also be 
transformed in parallel. Solutions are shown using membrane delimiters {I 
and can be treated as molecules or appear as subsolutions in a molecule. In the 
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following m ranges over molecules and S ranges over solutions, with U being 
multiset  union. 

There are certain laws associated with a CHAM. The reaction laws comprise 
the rewrite ruJFes of the CHAM, and these rules are specific to each CHAM. 
The rewrite rules only apply to molecules in solutions, not within molecules. 
Using the (;HAM rewrite rules a multiset of molecules is related to a multiset of 
molecules. A sohltion consisting of an instance of a left hand side of a reaction 
rule can be substi tuted by a solution consisting of the corresponding instance of 
the rules right hand side. In addition to the reaction laws there are three me ta  
rules [BB90]: 

1. The chemical law 
8 > S '  

8 ~ 8 "  > S ' ~ S "  
describes how parts  of a multiset can be rewritten. 

2. The membrane  law 
8 > 8 '  

{I C[S] l} > {I C[8'] 
states that  a. solution can be rewritten inside any context. 

3. The reversible airlock law, presented in some CHAM's, 

{l { , , , }  S l} < > { I - , . < s l }  
converts any arb i t rary  solut ion into a singleton solut ion, isolat ing the molecule 
m. This rule adds a n]eans for introducing some sequentiality into the oth- 
erwise extremely parallel CHAM model. 

Apar t  from these meta  rules a CHAM will consist of axioms for transforming 
molecules on the fbrm m l , . . - , m p  > m~,...,m'q. 

3 LO 

3.1 P r o g r a m s ,  R e s o u r c e s ,  P r o o f s  

LO programs are built, from the following operators: "par" (written %'), "with" 
(written &), "becomes" (written c - )  and "top" (written T). We assume an initial 
(possibly infinite) set of atomic formulae A from which we can recursively define 
two classes of expressions: "resource formulae" R and "program formulae" P.  

R=AIR, veRIR&RIT 
P = A o - R I A ~ P  

A "progranl" is a set of program formulae and a "context" is a finite multiset  
of resource formulae. An LO sequent, is a pair written as 5 ~ l- C where I p is a 
program and C is a context. 

A "proof" is a tree structure whose nodes are labeled with LO sequents. By 
convention, a. proof tree is graphically represented with its root at the bo t t om 
and growing upward. Its branches are obtained as instances of the following 
inference figures. 



185 

- Decomposition inference figures 

P I- C, R1,R2 
[~'-]7) F- ( . , R I ~ R 2  [T]7) ~- C,T [&] p F- C,R~ P ~- C, R2 

" 7 ) ~- C, R I & R 2  

- Progression inference figure 

P F - C , R  
[o--] if (A1 ~ . . . ' 3  A~ c -  R) E 7 ) 

P F- C, A1 , . . . ,A~  

In these figures, 7) and C denote, respectively, a program and a context. R, R1, R2 
denote resource fommlae and the expression C, R denotes the context obtained 
as the multiset union of C and the singleton R. Notice that,  by definition, the 
elements of a multiset are not ordered. Therefore, the order of the atoms in the 
left-hand side of a program formula is not relevant. 

3.2 O p e r a t i o n a l  I n t e r p r e t a t i o n  o f  t h e  I n f e r e n c e  F i g u r e s  

Read bottom-up, a proof with root sequent 7) ~- C gives us a static represen- 
tation (a "snapshot") of the overall evolution of a system of agents working on 
the initial set of resources C under program 7). Each branch of proof represents 
the evolution of one agent: the nodes are the agent states while the edges are 
the state transitions. The open leaves are the agents still living at the time of 
the snapshot. 

Program formulae define the allowed state transitions. They can be thought 
of as composed of two parts, an input part (left-hand side of the symbol c - )  and 
an output part (right-hand side of the symbol o---), implementing, respectively, the 
consnmption and the production of resources f rom/ to  the agent's state. However, 
the operation of producing new resources is here more complex than in standard 
multiset rewriting, and may in fact involve the creation of new agents, or the ter- 
mination of existing ones. Indeed, when the output  part of a program formula is 
produced into a context by application of the progression inference figure [o--], it 
is recursively decomposed by application of the decomposition inference figures, 
which will either terminate the agent (inference figure [T]) or create a new agent 
by cloning (inference figure [&]) or simply add new components in the context 
of the agent (inference figure ['5']). 

However, we have not yet explained how broadcast communication among 
agents is realized: as a mat ter  of fact,, this is not done in terms of an explicit 
inference figure but is instead achieved as a side effect of how proof trees are 
constrncted. We detail the mechanism of proof construction in the next section. 

3.3 P r o o f  C o n s t r u c t i o n  

A "program call" is a pair (P; R,) consisting of an LO program 7) and a resource 
formula R. 

D e f i n i t i o n l .  A target proof for a program call Cp; R) is a proof such that  its 
root is a sequent of the form 7 ) ~- C, R, where C is a context containing only 
atoms. 
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In other words, target proofs are searched in such a way that  the context at their 
root node may prvperly contain the initial resource of the program call. 

We consider two proof construction mechanisms. Let H be any LO proof. 

- Expansion: 
Let u be an open leaf of H whose sequent matches the lower sequent of an 
inference figure. Let H ~ be the proof obtained by expanding H at node ~, 
with branches to new open' leaves labeled with the upper sequent(s) of the 
selected inference figure. We write 11 ~ 11' 

- Instantiation: 
Let H '  be the proof obtained by adding an occurrence of a given a tom to 
the context a:t each node of 11. We write H :=:~i H ~. 

Clearly, these proof construction mechanisms are sound in the following sense: 

T h e o r e m 2 .  I f  11 is a taryet prvof  for  a given program call, and 11 ~ e  H ~ 
or H ~ i  H ~ theft 11~ is also (1 target prvof  for  that program call. 

D e f i n i t i o n  3. A proof construction sequence is a sequence of proofs H 1 , . . . ,  H,~ 
such that  { Hk ~ 11k+1 

V k =  1 , . . . , n - 1  or  

Hk ~ i  11k+1 

The trivial proof 17o reduced to the single node "P F R is obviously a target  
proof for the program call (P; R.}. Hence, by application of theorem 2, so is any 
proof H such tha.t there exists a proof construction sequence leading from Ho to 
11. Furthermore, it can be shown that  the proofs obtained by this method are 
all the possible target proofs tot the program call, so that  the two construction 
mechanisms introduced above are also complete. 

In the agent-oriented computat ional  interpretation of proof construction, an 
expansion step corresponds to an agent state transition whereas an instantia- 
tion step corresponds to a form of communicat ion by broadcasting; indeed, the 
a tom which is added to all the nodes in an instantiation step acts as a message 
broadcast  to all the living agents in the system. 

3.4 C o n t r o l  o f  B r o a d c a s t  C o n m m n i c a t i o n  

Unfortunately, the two nlechanisms of expansion (i.e. state transition) and in- 
stantiat ion (i.e. broadcast eonmmnication) are here completely disconnected: in- 
deed, it can be shown that  any expansion step permutes with any instantiation 
step. In order to allow a tbrm of synchronization between the two mechanisms, 
required in most applications, we introduce a pragmat ic  tool which gives the 
p rogrammer  some control over the order of execution of expansion steps and 
instantiation steps in proof constructions (we loose completeness here). 

Let, ^ be a special symbol,  called the "broadcast" marker,  which can be used 
to prefix any a tom in the input pa.rt of a program formula. Consider then the 
following program fonmfla: 

p~-  ^a o-- r 
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This means that,  to apply this program forlmlla in an expansion step using the 
progression inference figure, the a tom p (unmarked) must  be found in the context 
of the selected node, while the a tom a is added to this context by performing 
belbrehand an instantiation step adding a to all the nodes of the proof 1. Except 
in this sitnation, no other instantiation steps are allowed. A proof construction 
sequence satisfying this reqnirement is called "regular". In the rest of this paper, 
we consider only regular proof construction sequences, and we take the phrase 
"proof construction" to mean "regular proof construction". 

D e f i n i t i o n 4 .  Let H , / 7 '  be proofs. We write /7 ~ H '  if there exists a 
(regular) proof construction sequence f r o m / 7  to H ' .  

Clearly, tile relation ~ is reflexive transitive. Consider for example the following 
LO program 

{ p'8- a o - T  ; q ~ a o - q l  ; r ' N a o - T  ; s ' 8 ^ a o - T  } 

Then, as the reader may easily verify, 

H1 =:~ H2 ~ Ha = : ~ H 4  

where /71, H2, H3 and [/4 are the proofs in Fig. 1. (In the figure, the program 
is omit ted from the left-hand side of the sequents.) The step between //2 and 
/73 consists of an instantiation step (broadcasting a), prior to an expansion 
step using the progression inference figure with the fourth program formula on 
the rightmost open leaf of H2. This instantiation step is indeed allowed by the 
presence of the broadcast marker in the program formula used. 

4 Encoding LO Computations into CHAM Computations 

In this section we show how LO computat ions can be mapped  into corresponding 
C H A M  computat ions.  The basic idea is that  each open leaf of an LO proof, 
which represents a living agent of the system, is mapped  into a sub-solution in 
the CHAM.  

The following definition, which will be exploited later on in the translation 
schemes, maps  a resource formula into the set of multisets of a toms which it yields 
when decomposed (by application of the Decomposition inference fgures) .  

D e f i n i t i o n 5 .  Let R be a resource formula, we take [I/~ll to be the set of "par- 
components" of R defined inductively as follows. Each par-component  is a mul- 
tiset of atoms. 

Notice the difference here between our broadcast marker and the "tell" mechanism 
of Concurrent Constraint Logic Programining Languages [Sat89]: in our case, a copy 
of each broadcast message is delivered to each receiver which can locally consume 
it; on the other hand, told constraints are added to the global constraint store from 
where they cannot be removed. 
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~ = [~ ]  

k p ,  q ~- r ~- s 

F ( p ~ q ) & r & s  

l,, q , .  [~] 
[~'] ~- r, ~ q, a 

IT] I- T 
k r ,  a [o-] I-~,~ 

k r & s , a  
I- ( p ' ~ q ) & , ' & s , a  

~ = [~ ]  
[~] 

[T] I- T, q [o--] J 

[o-] u- v, q, .  led 
I-p~q,a 

[T] F T  [o-] [T] F T  
k r , a  I- s,a 

H r & s , a  
k ( p ' 3 q ) & r & s , a  

Fig. 1. A subsequence of a regular proof construction sequence 

If Then 

R. = R,1 a, R.., I IRII = IIR,~II u IIR~II 
R = T IIRII = "  
R is a .  a tom A IIRII = { { A } }  

Thus, for example, if R is the resource formula (p & q) "3 r, then recursive appli- 
cation of the definition above yields two par-components, respectively {p, r} and 
{q, r}. These a.re indeed the multisets of resources which replace the resource R 
in the two branches of proof obtained in its decomposition. 

We first give the translation fl'Oln LO to C H A M  computations in the simple 
case of programs without occurrences of the broadcast marker, and then, we 
extend the basic mapping scheme with the broadcast, mechanism. 

4.1 T h e  Bas ic  Case:  No  B r o a d c a s t i n g  

The C H A M  used here is simply composed of a set of subsolutions Each subso- 
lution represents an open node in the proof (i.e. a living agent), and contains a 
multiset of resource fornmlae (i.e. the state of the corresponding agent). 

D e f i n i t i o n 6 .  Let, I1 be a proof. We take CHAM(H) to be the C H A M  solution 
consisting of the subsolutions of the form {[ C ~ where C is the context at an 
open lea.f of H. 

The following definitions provide translation schemes for mapping progression 
and decomposition inference figures into C H A M  rules in the case of LO programs 
where no program formula is decorated with the broadcast marker ^ 
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D e f i n i t i o n  7 P r o g r e s s i o n  ru les .  Let P = A1 ~3. �9 �9 ~ A,. o--- R be a program 
formula; we take P to be the following CHAM rule: 

A1 , . . .  , Ar ) R 

Thus, according to this definition, the progression inference figure [o-] disappears 
altogether in the CHAM formulation, as the application of each program formula 
according to this inference figure gets directly compiled into a corresponding 
C H A M  rule. 

m 

D e f i n i t i o n 8  D e c o l n p o s i t i o n  ru les .  Let R be a resource formula; we take R 
to be the following CHAM rule: 

w 

If Then R is the rule 

IIR, II = 0 {I r i m s  D > 

Ilnll = with n _> 2 {I n < s I} > 

Just  as above, the decomposition iifference figures are compiled away into C H A M  
rules for each resource fornmla to which they apply. By definition 5, the par- 
components  of a resource formula R are the multisets of a toms obtained by 
recursively applying the decomposition inference figures to /~ till only atomic 
formulae remain. When there is only one par-component  (second line of the table 
in the definition above), the decomposition is purely local to the subsolution in 
which it occurs. On the other hand, when there are zero or more than one par- 
components (first and third line, respectively, in the table), the content of the 
global solution is modified, as the whole subsolution where the decomposition 
applies may  disappear or may be cloned a number  of times; this global behavior 
is achieved via the use of the airlock mechanism of the CHAM, which involves 
a tbrm of sequentialization. 

We can now formally state the equivalence between LO computat ions  and 
C, H A M  computat ions as follows: 

T h e o r e m 9 .  Let 7) be an LO program (with no occurrence of the broadcast 
marker ^ )  and let 17 and 17' be two proofs based on 7 ) . We consider on one 
hand (regular) pTvof construction sequences based on 7) and on th, e other hand 
the C H A M  coT,sisting of the set of rules 

_ m 

v {R}R 

[/Ve ha~)e 

]7 :==> ]7'  if and only if CHAM(//) )* CHAM(]7') 

4.2 I m p l e n m n t a t i o n  o f  t h e  B r o a d c a s t  M e c h a n i s m  

The definition of the CHAM rules implementing the progression inference figure 
is first modified to account for the broadcast markers. 
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D e f i n i t i o n l 0 .  Let P = A I ' ~  ..~-Ap~- A A p + I ~ -  �9 A A , . o - R b e  a p r o g r a m  
fornmla, we take P to be the following C H A M  rule: 

A 1 , . . . ,  Ap ) R ^ { A p + I , . .  ,A.}  

Notice tlmt the output  part  and the broadcast a toms of the input part  of the 
fornmla are coupled together within molecules of a new kind, of the form R ^ a  
(where R is a resource formula and c~ a mnltiset of atoms), so as to express 
the synchronization condition captured by the regularity requirement of proof 
construction. 

The C H A M  rules implelnenting decomposition and broadcasting are pre- 
sented below, using two alt.ernative "time s tamp" mechanisms. In both cases, 
the subsolutions representing the living agents are indexed with a t ime s tamp,  
but, in the first, case, t ime s tamps form a totally ordered linear sequence, whereas 
the second case makes use of a partial  order with a. branching structure. 

L i n e a r  T i m e  Here, the globa.1 sohltion contains, besides the subsolutions cor- 
responding to the living agents, a (unique) global clock written t! (where t is 
the current global t ime encoded a.s a non negative integer) together with blocks 
of messages of' the form t!a, where t is a t ime s tamp and a, a multiset of atoms. 
These blocks represent broadcast messages and need to be prefixed with a t ime 
s tamp in order to ensure that  agents read them only 
t lower than the current global time, there is one and 
prefixed with t, a.nd there are no blocks of messages 
larger than or equal to the current global time. The 

once. For each t ime s t amp  
only one block of messages 
prefixed with t ime s tamps 
idea is that  each agent in- 

dexed with a given t ime sta.mp t has already read all the messages prefixed with 
t ime s tamps  lower than or equal to t, and still need to read the messages prefixed 
with t ime s tamps greater than t. The synchronization is achieved as follows. 

- When a.n agent is indexed with a t ime s tamp t lower than the current global 
time, and hence attached to a unique block of messages, this block of mes- 
sages is read by the agent, i.e. it. is added to its current state. This is achieved 
by the following C H A M  rule. We take broach:ast-rule to be the set consisting 
of this single rule. 

{I s I}", t !~ ~ {I s u ~ I} I*+~) , t !~ 

Notice t.hat the tiine s t amp of the agent is incremented, so that  it will never 
rea.d the block of messages again. On the other hand, the block of messages 
itself is not discarded, as other agents may still have to read it. 

- If  an agent is indexed with the current global time, then, and only then, it 
is allowed to broadcast messages (prefixed with the global time, which then 
gets incremented) and decompose resource formulae. 

D e f i n i t i o n l l .  Let, R be a resource formula, and a'o be a multiset  of atoms, 
we take RAao  to be the following C H A M  rule: 

{I ~ .^~ ,o  < s  g ~ , ,,. >t!,~:o , {I $ ~{~1  I} (~+s) , . . . ,  {I s w o~,~ I} ( t+l )  , ( t + l ) !  

where IIRII = {~ ,1 , . . . ,  ~.,,}. 
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Notice tha t  each application of  any of these rules grabs the global clock, so 
tha t  broadcas t  operat ions  are here sequentialized. Fur thermore,  the agent(s) 
resulting fi 'om the decomposi t ion of R is (are) indexed with the t ime s t amp  
t + 1, so ttfat they cannot  read the messages in eeo, which are prefixed with 
t. This is indeed required since, in LO, broadcas t  messages are immedia te ly  
discarded from the state of  the agent which initiates the broadcast ,  before 
the t ransi t ion specified by R is performed. 

blocks of 
llles,~ages 

..... reader agents 

(,) / ( 
/ 

!~ll II ""'t 

[ I 
1 2 3 4 5 6 7 

Fig. 2. The linear-time CHAM at work 

) 

8 9 

writer agent (unique) 

non communicating agents 
f, X 

10 11 12 

global clock ( ~ )  

Figure 2 shows tile sys tem of agents at work. At any time, each agent can either 
be a reader, a writer or non-communica t ing .  There might  be several s imul taneous 
read operat ions 2, whereas only one write operat ion is allowed at a time. Of 
course, evolutions inside the agents (subsolutions) are completely  independent  
and may  occur in parallel. 

2 It could be argued that simultaneous reading is not implemented by the CHAM 
described above, because the block of messages in the broadcast-rule is grabbed by 
the reading agent. This is in fact an instance of a general problem of the CHAM 
fi'alnework: as mentioned in [CMR92] the CHAM cannot distinguish between the 
situation where some item is preserved by a rewrite rule (as intended for the block of 
messages in the broadcast-nile) and the situation where the same item is cancelled 
and then generated again (in whidl case one could argue that simultaneous reading is 
excluded). The CHARM framework [CMR92], offers a solution to this problem. We 
have left a study of using the CHARM fi'amework instead of the CHAM framework 
for future research. 
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We now ma 1) LO proofs into ( ;HAM solutions. 

D e f i n i t i o n 1 2 .  Let H be a proof and t be a t ime s tamp.  We take CHAM(11, t) 
to be the C H A M  solution consisting of the molecule t! together with the subso- 
lutions of the form {I C ~t where C is the context at an open leaf of H.  

In other words, this mapping a.ssumes that  each open leaf of the proof is mapped  
into a subsolution indexed with the global t ime (this amounts  to a global synchro- 
nization of" all the agents). Furthermore, given a. solution $, we take FILTER(S) 
to be the solution obtained by deleting from S all the blocks of messages (of the 
form u Aa:). We can now formally state the equivalence between LO computa-  
tions and (.:HAM comt)utatio,ls as follows: 

T h e o r e m  13. Let 7) be an LO program, le t /7  and I1' be two proofs based on 7 ) 
and let t be any time stamp. We (:on.sider on one hand (regular) proof construc- 
tion sequences based o~ 7) and on the other hand the C H A M  consisting of the 
.set of rules 

{P}Pc*' tO {R^(~}R,~ U broadcast-rule 

We have 

C H A M ( / / ,  t )  >* ,5' 
/7 ==~ /7'  if and only if 3t' ,  S s.t. CHAM(//', t') : FILTER(8) 

B r a n c h i n g  T i m e  Here, the t ime s tamps are finite ordered sequences of positive 
integers. The ernpty sequence is written e and the expression k.t denotes the 
sequence with first element k (an integer) and tail t (a seqnence itself). The 
global solution contains, besides the subsolutions corresponding to the living 
agents, tbur kinds of floating molecules: 

- Branching points of the form &~z (where n _> 2) encoding a transition, at 
t ime t, with 'n output  states (creation by cloning). 

- Terminat ing points of the form T t encoding a transition, at t ime t, with no 
output  state (termination).  

- Upward and downward blocks of messages of the form, respectively t 1" c~ and 
t $ a~ where t is a t ime s tamp and (t is a multiset of atoms, implementing 
message propagation.  

In fact, the structure of tile t ime s tamps mimics that  of the proof tree: each t ime 
stanrp identifies a unique node in the proof. Notice that  we consider here the 
possibility of branching points with more than two branches, since decomposition 
of resource formulae is executed at once and may yield any number  of par- 
comI) onents. 

D e f i n i t i o n  14. Let R be a resource formula, and c~o be a lnultiset of atoms, we 
take RAa,,, to be the fbllowing ( ;HAM rule: 
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If l'hen R^c~o is the rule 
IIRII=O l{IR^~o~a[} ' ---+ ~&~o,T'  
IIRII={~} {In^~o~sl} ' ---+ tJ,~o, f i s c a l } '  
IIHII = {m .. . . .  ,~,,} (lit ___~ 2) {[ II~ Afro <[ S l} t + { J# 0r ~ ,  {I S [~J 81 [}l.it , . . . ,  {I S [~J Girt D n't 

The propagation of the broadcast messages is achieved by the set broadcast-ru]es 
consisting of the following four C H A M  rules. 

j . t  + c~ , &~, - -+  {i . t  "F a} i=l . . .~^ ie j  , t $ a,. , 

t ]'. n' , T t > T t 

tt ,{IS ' {ISleD 

Tile broa.dcast mechanism works in the following way; The "broadcaster" is 
always a living agent, hence an open leaf of the proof tree mapped into a sub- 
solution of the C H A M ,  indexed with a time stamp t identifying the position of 
the leaf in the proof tree. In order to broadcast a block of messages to the entire 
tree, the block is recursively propagated downwards in the tree, using the in fo f  
marion of the time stamp, to all the ancestors of the agent. Furthermore each 
time a. downward propagation step is performed at a node, upward propagation 
steps are triggered at, that  node. Of course, npward propagation is not initiated 
on the branch where the downward propagation takes place, but only on sibling 
l)ranches. This is captured by the first rule in broadcast-rules .  The last three 
rnles implement in an obvious way upward propagation. 

-& 

Fig. 3. Tile branching-t.inle C H A M  at. work 

Figure 3 illustrates tile propagation mechanism. Dashed arrows represent 
downward propagation steps alorig the branch of the ancestors of the agent 
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requesting the broadcast. Plain arrows represent the upward propagation steps 
- -  nltimately reaching the whole tree - -  triggered by these ancestors. Propa- 
gation and delivery of messages may here take place simultaneously; multiple 
concurrent writer agents are allowed as well as multiple concurrent readers a. 

We now map LO proofs into C H A M  solutions. 

D e f i n i t i o n 1 5 .  Let H be a proof. We take CHAM(/7) to be the C H A M  solution 
consisting, for each node at position t in /7 ,  of a molecule of the form &t if the 
node is a branching node o f / 7 ,  or a molecule of the form T t if t, he node is a 
termination node of H, or a subsolutions of the form {I C [}t if the node is an 
open leaf labeled with the context C. 

Thus, the whole structure of the proof tree is inapped into the C H A M  solu- 
tion. We can now %rmally state the equivalence between LO computations and 
C H A M  comi)utations as follows: 

T h e o r e m  16. Let 7 ) be (m. LO program, let H a'n.d /71 be two prooJs based on 
~P. We c(m.sider o~ o~e hand ('r'eguh~r') pr'oof co~structio~, sequences based on 7 ) 

a~d on the other" hated the C H A M  co~sisting of the .set of rules 

{T}Pe'p U {R ^a,}n,~ U broadcast-rules 

We h.ave 

/ / = = ~ / 7 '  if and only if CHAM(//) ----+* CHAM(//') 

5 D i s c u s s i o n  

5.1 Construct ing  Proofs in Linear Logic 

As shown in [AP91a, And92], LO, without the mechanism for broadcast com- 
munication, is sound and complete with respect to Linear Logic [Gir87]; in other 
words, (i) any proof in LO can be trivially mapped into a proof in Linear Logic, 
and (ii) any proof in Linear Logic can be transformed, by permutat ion of the in- 
ference figures, into a proof in normM form (called a "focusing" proof in [And92]) 
which can then be represented by a. proof in LO 4. As a mat ter  of fact, LO, by 
trading explicit exponentials (responsible in Linear Logic for marking "reusable" 
formulae) with a "spatial" separation in sequents (permanent entities, i.e., pro- 
gram formulae, on tile left of the provability symbol F- and non-permanent enti- 
ties, i.e., resource fonmdae, on the right) allows searching for Linear Logic proofs 
under a particularly efficient strategy, described in [And92] (see also Sec. 3); a 
spatial separation of a similar kind has also been adopted in some more recent 
developments of the Linear Logic enterprise [Gi~91a, Gir91b]. 

On the other hand, the LO operational semantics is still given in terms of 
sequent inference figures, and thus maintains those aspects of artificial serializa- 
tion of the computation which are inherent to sequent proofs: namely, the fact 

s Considerations similar to those of footnote 2 apply here too 
4 In fact, in a slight extension of LO described in [And92] under the name LinLog 
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that all inference steps on a branch of proof must appear in sequence, although 
in principle many of them could be performed in parallel. This problem is tackled 
within Linear Logic itself, where the concept, of "Proof Nets" has been proposed 
as an alternative to sequent proofs in [Gir87]: Proof  Nets permit a highly parallel 
encoding of Linear Logic proofs. However, they are based on a well-formedness 
criterion (the "short trip" condition) which is rather cumbersome to handle in 
the process of proof construction; thus, they appear better suited for compu- 
tational frameworks (e.g. Interaction Nets [Laf90]) where proofs are normalized 
(perhaps by multiple normalization steps taking place simultaneously) rather 
then directly searched and constructed. Our C H A M  encoding of LO computa- 
tions retains some aspects of desequentialization offered by Proof  Nets, but is 
better suited to the case of proof construction. 

p 0- -  7" 

qo--s 

I 
p• r 

p•174 r 

?(p •174 r) ?(p •174 r) 

1 • 
q s 

?(q•174 s) ?(q •174 s) 

?(P •174 0 P q ?(q 1@ s) 

r ,  $ 

r , q  

P , q  

r ,  $ 

p , s  

P , q  

Fig. 4. A potentially simultaneous nmltiple transition is represented as a single proof 
net (left,) or as two sequent proofs (right). 

In particular, I~rogram fornmlae which are purely nmltiplicative (i.e. contain 
no occurrence of the additive connective &) can be applied simultaneously in the 
C H A M  solntion - -  provided they do not share a resource in their input part. 
Consider for example the program of Fig. 4. In the C H A M  encoding, the two 
formulae may apply simultaneously to any solution of the form {] p, q, S ~, and 
lead to the solution {1 r, s, S I}. This is captured in the proof net representation of 
the same transition (see Fig. 4), where the application of the two formulae ~ are 
performed in two distinct parts of the net and hence are not sequentialized. In 

The program formulae are represented by ?(p• | 7") and ?(q• | s) in the Proof Net. 
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the sequent proof system, on the other hand, two syntactically distinct proofs are 
possible (see Fig. 4), which (lifter only inessentially in the (arbitrary) sequence 
of application of tile tbrmulae. 

On the other hand, program formulae containing the additive & must be 
seqnentialized. In our CHAM based true concurrency operational semantics, 
this is realized by the use of the airlock mechanism in the expression of the rules 
for the decomposition of resource fornmlae containing tile additive, allowing the 
dnplication of whole subsohltions. Similarly, proof nets introduce the concept of 
"box" to deal with this problem. 

Clearly, one coukt experiment also with otller frameworks related to CHAMs 
to implement our approach: suitable candidates are CHARMs [CMR92] (see 
tbotnote 2), rewriting logics [Mes92a] G, contextual nets [MR91] etc. 

The proof construction nlechanism called "instantiation" in section 3.3, can 
be shown sound and complete with respect to Linear Logic, as shown in [AP91a], 
via. the Pha.se Sema.ntics, introduced in [Gir87] to provide a model-theoretic 
(tarskjian) characterization of Linear Logic. Basically, soundness and complete- 
ness rely on the idea that generating contexts through proof construction amounts 
to enumerating phases in the phase space corresponding to the denotation of the 
given program. In this way, the "copying" operational meaning of the & con- 
nective is exploited not just for duplicating preexisting information, but also for 
propagating new information. However, in order to make this approach practical, 
there is need of the broadcast marker ^ to give the user control on which phases 
are eflhctively generated; as a consequence, this creates a form of incomplete- 
ness. Still, the "focusing" strategy for searching proofs can be maintained, by 
intertwining it with synchronization mechanisms to handle communication; this 
is directly rettected in the fact that  the CHAM encodings for LO with broad- 
casting are simple extensions of the non-broadcasting case, where the extensions 
specifically concern the delivery and the reception of intbrmation. 

5.2 B r o a d c a s t i n g  

We have seen that tile main challenges about implementing broadcasting in LO 
are in keeping track of the dynamic reconfigurability of the system (creation 
and deletion of agents at run-time), and ensuring soundness in the delivery of 
tile messages. This kind of challenges is in general to be met in adding broad- 
casting to systems based Oll one-to-one communication. We have proposed two 
solutions whic.h both make use of a notion of time to overcome such difficulties; 
thus, messages are time-stamped, and agents themselves have an internal t ime 
through which it can be checked whether a given message must or must not be 
delivered to a given agent. The "linear time" sohltion relies on the idea that  
agents regulate their own clocks with respect to a global clock, through which 
messages are also time-stamped; agents can only read messages which are not in 
their present, or in their past; the internal clock of an agent advances each t ime 

~; As a matter of fact, a broadcast lnedtanisln has been recently impleInented on top 
of the rewriting logic progrmuming language MAUDE [Mes92b]. 
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an agent reads a. message or writes one, in which case tile global clock gets itself 
updated through the action of writing. The "branching time" solution relies on 
the idea of time-stamping agents at the time of their creation; sibling agents 
all get different stamps, initiating alternative filtures evolving from a common 
past; rnessages are themselves time-stamped with the stamp of their creator, and 
cannot be read by any agent who belongs to the same present or the same future 
of the broadcast message. In this case, there is no global clock, but only local 
tirnes, starting from t, he time of tlle oldest agent, which is stamped with e. Both 
solutions have their advantages and their trade-offs: linear time is very simple, 
and entails a straightforward way of implementing parallel reading, but is com- 
pletely sequential in tile writing, as each writer agent must first take possession 
of the global clock and relea.se it after the write is performed; branching time 
permits more parallelism in the writing, as there is no notion of a unique global 
clock, but is more complicated fi'om the point of view of reading, as information 
must flow through a. sideway-downward/upward propagation scheme along the 
branches of the proof tree. We can make conjectures about which machine ar- 
chitectures axe more approI)riate for each solution: shared memory architectures 
a.t)pear particularly well-suited for linear time, as the time stamps could be seen 
as different locations in the memory where the messages are stored and agents 
actively go and fetch them; highly distributed, message passing architectures 
fit well instea.d with branching time, as open nodes in the proof (agents) can 
be identified with llodes in a network and their ancestors with communication 
points handling the routing infbrlnatiolL 

Tile type of broadcasting in LO programs is closely related to the model 
studied in [Pra91]. These studies are concerned with the externally observable 
behavior of processes communicatillg via. broadcasting, thus assuming broad- 
casting as a primitive mode of communication. However, it is seldom (if ever) 
the case that parallel or distributed implementation platforms provide broadcast 
communication as a priinitive. Instead one-to-one asynchronous message passing 
seems to be 1)redominant, and we have therefore focused on how to implement 
(in an a.bstrm:t sense) broadcast communication when one-to-one asynchronous 
message passing is assumed. Recently in the (theoretical) object oriented com- 
nnmity the asynchronous one-to-one message passing paradigm has been studied 
in its own right [HT91, Niegl]. 
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