
Peach: Program Each Agent and Communicate Howsoever
Amit K. Chopra
Lancaster University

Lancaster, United Kingdom
amit.chopra@lancaster.ac.uk

Samuel H. Christie V
North Carolina State University

Raleigh, USA
schrist@ncsu.edu

Munindar P. Singh
North Carolina State University

Raleigh, USA
singh@ncsu.edu

ABSTRACT
We contribute Peach, an approach to program an agent that de-
couples reasoning about the meanings of communications from
the underlying communication infrastructure. Peach’s conceptual
component is a programming model based on Langshaw, a protocol
language based on communicative actions, whose abstractions pro-
mote meaning and hide coordination details. Peach’s computational
component is an adapter that can be configured for different infras-
tructures. We provide an operational semantics for this adapter that
maps our programming model to two main kinds of infrastructure:
decentralized (via messages) or shared-memory.
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1 INTRODUCTION
A multiagent system comprises intelligent agents (representing
autonomous real-world principals) who interact with each other
via some communication infrastructure. An agent’s reasoning de-
termines its actions in any situation. In this paper, the actions of
interest are communicative acts [1].

To interact, agents perform operations on a communication in-
frastructure that decouples an agent’s reasoning from how its ac-
tions are realized. An important concern in multiagent systems is
the engineering of general-purpose communication infrastructures.

The choice of a communication infrastructure for a multiagent
system depends on factors such as (1) the installed IT systems; (2)
need to facilitate auditing by regulators; and (3) scalability and fault
tolerance requirements. The diverse communication infrastructures
for multiagent systems fall into two main categories. In the synchro-
nous or shared memory approaches, the social state is maintained in
a single entity that synchronizes the actions of the various agents
and thus determines which actions happen when (by delaying or
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denying them as needed). Examples include blackboards [17], tuple
spaces [6, 19], artifacts [5, 21], and Web services.

In asynchronous or decentralized approaches, the social state
is not stored in one place. Instead, each agent’s local state is a
projection of the social state and comprises the actions observed
by the agent [23]. The asynchronous approach is best illustrated
by the work on declarative interaction protocols, as exemplified by
BSPL [22, 24, 25]. Several infrastructure-supported programming
models for engineering BSPL agents are now available [3, 10–12].
These infrastructures help agents maintain their local states; take
actions that accord with the relevant interaction protocols; and
handle communication failures.

This variety of infrastructures poses a challenge for engineering
multiagent systems. Introducing an abstraction layer is the clas-
sic computing response to diversity. Accordingly, we develop a
protocol-based abstraction layer called Peach.

Peach decouples the choice of infrastructure from reasoning by
an agent tomeet its stakeholders’ needs. Peach adopts the Langshaw
[26] language for declaratively specifying interaction protocols in
terms of communicative acts. Thus, Peach enables engineering
multiagent systems that can be deployed over distinct infrastruc-
tures without having to rework the business logic.

Peach also lowers the barrier for developers unfamiliar with
multiagent systems by providing a programming model at the level
of communicative actions. A programmer specifies the reasoning
for each action modularly and without regard to infrastructure—
indeed, they may simply imagine a shared memory model. The
Peach layer realizes concurrent actions according to the capacities
of the specific infrastructure, handling details such as mapping
multiple actions onto a single physical message.
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Figure 1: Peach introduces a protocol-based abstraction layer
that enables switching communication infrastructures (𝐶𝑖 ).

In principle, we could switch the communication infrastructure
by changing only configuration information, without modifying
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agent reasoning. The same agent may even participate in multi-
ple multiagent systems built on different infrastructures. Figure 1
illustrates how Peach differs from conventional approaches.

Our contributions are the Peach programming model for en-
gineering agents that participate in Langshaw protocols and an
associated adapter that realizes Figure 1b’s abstraction layer. We
formalize three concrete adapters via inference rules. Two of them
enable realizing a synchronous (shared memory) communication
infrastructure, and one enables realizing an asynchronous (decen-
tralized) communication infrastructure. The asynchronous adapter
relies on BSPL protocols compiled from Langshaw protocols. All
three adapters support the same programming model, meaning that
they can be switched without affecting agent reasoning.

The rest of the paper is organized as follows. Section 2 describes
the relevant literature. Section 3 gives the necessary Langshaw
background. Section 4 describes the Peach programming model
based on the notion of an adapter that interprets Langshaw pro-
tocols. Sections 5 and 6 give the designs for the synchronous and
asynchronous adapters. Section 6 introduces BSPL and includes a
compiler from Langshaw to BSPL. Section 7 summarizes the paper
and gives some future directions.

2 RELATEDWORK
Interaction is the essence of a multiagent system. The diverse ap-
proaches for modeling interaction in multiagent systems may be
divided into two broad categories. In the category of interaction
protocols are approaches such as AUML [18], trace expressions [14],
HAPN [29], BSPL, and Langshaw. These approaches seek to capture
the operational constraints on interaction, typically by prescribing
when an agent may send or receive a message, relative to other
messages. Of the approaches mentioned above, AUML is informal;
the others are formal. Formal approaches are valuable because they
can support automated verification, as BSPL and Langshaw do. In
the category of meaning are approaches that model how messages
change the normative state of the system modeled, for instance, in
terms of commitments [2, 28, 30].

BSPL and Langshaw, both applied in this paper and described in
more detail later, are declarative approaches. As they are motivated
from meaning, they capture stakeholder intuitions more naturally
and support flexible interactions. However, for purposes of modular-
ity, they leave the normative aspects to a higher layer, as illustrated
concretely in recent work [8]. Langshaw protocols may be enacted
synchronously or via loosely-coupled, asynchronous messaging, as
dictated by the nonfunctional requirements. In contrast to BSPL and
Langshaw, which are formal, general-purpose approaches for mod-
eling interactions, the FIPA protocols [15] capture only a handful
of rigid interaction patterns informally (in AUML).

Several agent programming approaches, e.g., Jason [27], Gwen-
dolen [13], and GOAL [16] provide cognitive abstractions based
on the BDI (Belief-Desire-Intention) model of agent reasoning. Al-
though these approaches nominally support asynchronous com-
munication between agents, they do not support protocol-based
programming. Moreover, their claim to decentralization is weak-
ened by their reliance on KQML-based communication primitives
[7, 12]. JADE [4] enables developing Java agents that communicate

asynchronously; however, agent behaviors are modeled in terms of
low-level and inflexible finite state machines.

In existing agent programming approaches, agents are coded to
a particular communication infrastructure, which cannot readily be
replaced by another. For example, in JaCaMo, the agent code refers
to operations on the coordinating artifact [5, pp. 755]. Moreover,
although agents may simultaneously use different communication
channels (e.g., JaCaMo agents may simultaneously use artifacts and
direct messaging), such a mixture is ad hoc, with no programming
model support for interactions.

3 BACKGROUND: LANGSHAW
We now describe Langshaw following Singh et al. [26]. Langshaw
is a language for modeling multiagent interaction protocols. The
base Langshaw semantics assumes a shared store of social state
that agents update synchronously—step-by-step—by performing
communicative acts (actions). The social state is a set of actions,
i.e., those already performed. In each update step, each agent may
attempt a set of actions; the successful actions are added to the
social state. Langshaw thus supports concurrent actions by agents.

A Langshaw protocol specifies the sets of actions that an agent
may attempt in a social state and the constraints that must be
satisfied for attempted actions to be successful. We explain how
one may specify constraints in Langshaw with the help of Purchase,
the Langshaw protocol specified in Listing 1. The protocol specifies
roles seller, buyer, and shipper.

Listing 1: Purchase in Langshaw [26].
1 Purchase / / Name o f t h e p r o t o c o l
2 who Buyer , S e l l e r , Sh ippe r / / R o l e s
3 what ID key , R e j e c t or D e l i v e r / / Comp l e t i on (

f o r l i v e n e s s )
4 do / / A c t i o n s : ways t o change t h e s o c i a l s t a t e
5 Buyer : RFQ ( ID , i tem )
6 S e l l e r : Quote ( ID , i tem , p r i c e )
7 Buyer : Accept ( ID , i tem , p r i c e , a dd r e s s )
8 Buyer : R e j e c t ( ID , Quote )
9 S e l l e r : I n s t r u c t ( ID , Accept , i tem , addre s s ,

f e e )
10 Sh ippe r : Shipment ( ID , I n s t r u c t , i tem , a dd r e s s )

11 sayso / / Who has s o c i a l a u t h o r i t y o v e r t h e
i n f o rma t i o n ( t o g e n e r a t e b i n d i n g s )

12 Buyer > S e l l e r : i t em / / Buyer has h i g h e r
a u t h o r i t y than t h e S e l l e r on i t em

13 S e l l e r > Buyer : p r i c e
14 Buyer : add r e s s / / Only Buyer has a u t h o r i t y
15 S e l l e r : f e e
16 nono / / What a c t i o n p a i r s a r e i n c omp a t i b l e
17 Accept R e j e c t
18 R e j e c t Shipment
19 nogo / / What a c t i o n p r e v e n t s a n o t h e r
20 R e j e c t −̸→ I n s t r u c t

Lines 4–10 specify social actions, each to be performed by a role;
each action specifies one or more attributes (to capture its meaning),
including one or more key attributes to uniquify instances. For
example, buyer may attempt the action RFQ by providing bindings



(values) for ID and item and seller may attemptQuote by providing
bindings for ID, item, and price. Each Action is reified in an implicit
action attribute, which is bound if and only if that action has been
instantiated for the specified key bindings. When an action includes
such an attribute, it indicates a reliance on the first action. For
example, Reject applies to an instance ofQuote.Accept could include
Quote but item and price make its meaning clearer.

Attributes are defined only in reference to their keys: it makes
no sense to talk of an item without its ID. Therefore, we assume
that if an attribute occurs in two actions, their keys overlap and
their intersection uniquely determines that attribute. For a key
attribute, a role may either generate a fresh binding or reuse a
previous binding from the social state. For any other attribute, if it
is bound in the social state relative to a key binding, a role must use
the same binding relative to that key. For example, in a social state
with RFQ with some ID and item, a Quote or an Accept with the
same ID must contain the same item. If no such binding exists, the
role may generate a fresh binding for that attribute only if it has
sayso over that attribute, as Line 11 and those following illustrate.
For example, buyer and seller can both generate item.

Attempts may be concurrent. When an agent attempts multiple
actions, their bindings must be consistent with each other and the
social state. For example, buyer may concurrently attempt several
RFQs with distinct bindings for ID. When multiple agents attempt
actions concurrently, the agents need not be consistent with each
other. For example, assume that RFQ has occurred; thus, ID and item
are bound. buyer and seller may then concurrently attempt an
Accept and Quote for that ID, meaning that both generate bindings
for price (they both have sayso over price). In Langshaw, the saysos
over the same attribute must be prioritized over agents (indicated by
>): here, by Line 13, seller’s sayso (being ranked higher) dominates.
Consequently, its Quote attempt succeeds and updates the social
state, whereas buyer’s Accept attempt fails (is a noop). Later, buyer
may attempt Accept again with the price in the Quote.

If only one agent attempts any actions, then all its attempts suc-
ceed and become part of the social state. If two or more agents
attempt actions, exactly those of their collected attempts succeed
where for each attribute not already bound in the social state, the
attempting agent has the highest sayso of all the agents concur-
rently attempting to produce a binding for that attribute. When
attempts dominate each other (on different attributes), each is a
noop and neither affects the social state.

Lines 16–18 specify pairwise conflicts between actions. Accept
and Reject conflict, meaning that they are mutually exclusive for
the same bindings of ID. But since they are both actions of buyer,
it can choose either one.

Lines 19–20 specify an asymmetric conflict (not really needed
in Purchase, but we insert it to explain the construct). Once Reject
is in the social state, Instruct may not be performed. Importantly,
Instruct may precede or occur simultaneously with Reject.

Concurrent conflicting attempts by two agents can succeed, re-
sulting in an inconsistent social state. A safe protocol prevents such
attempts. Every protocol specifies a criterion in terms of the infor-
mation necessary for an enactment to be deemed complete (e.g.,
Line 3). A protocol is live if every enactment completes. Purchase
is safe and live. Before a protocol is made available as a basis for

implementing a multiagent system, it would be prudent to verify
safety and liveness (Singh et al. [26] describes how).

4 PROGRAMMING MODEL AND ADAPTER
Each Peach agent has two main parts. The reasoner represents
the agent’s decision logic, including internal state. It sits atop the
adapter that is configured with a Langshaw protocol and informa-
tion about the infrastructure. For example, if the infrastructure is
decentralized, it may include the network addresses of the agents
that constitute the multiagent system so they may communicate
directly with each other. If it is a shared database, the configuration
would include the network address of the database.

Decision Logic

Internal State

Feasible Actions

Peach Adapter

Social State

Pending Actions

Infrastructure Config

Protocol in Langshaw

SpecificationReasoner

Each Peach Agent Multiagent System

feasible attempt outcome

feasible
add
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Figure 2: Peach architecture and programming model.

The idea of pending actions is a Peach innovation. Langshaw’s
semantics is organized around abstract steps: agents attempt ac-
tions, which are evaluated together to determine which succeed. In
a concrete infrastructure, a step would have some duration. Any
action attempted in a step becomes pending until the end of the
step when finalization occurs and the action’s success can be de-
termined based on the other actions that have occurred in the step.
Exactly how and when success is determined depends on the type
of adapter, as we shall see later in Sections 5 and 6.

The reasoner uses the adapter to attempt sets of actions. To make
an attempt, the reasoner queries the adapter for feasible actions,
i.e., those that may be performed in the adapter’s current state.
The state of the adapter consists of the social state and the agent’s
pending actions. Actions that depend on information from pending
actions and actions that are nono with them are deemed infeasible
since a pending action may resolve as either successful or failed.
Deeming them infeasible avoids complexity in the programming
model. For each feasible action, the adapter populates the known
attribute bindings—this helps avert integrity violations. To attempt
a feasible action, the reasoner supplies bindings for the remaining
attributes. If the agent’s state has changed between querying for
feasible actions and attempting a set of them, so that performing
some action in the set would violate the protocol, the adapter deems
the attempt illegal. The adapter also deems illegal any attempt that
is not internally consistent; that is, the attempt contains actions



with different reasoner-supplied bindings for the same attribute. If
an attempt is not rejected as illegal, all its actions become pending.

At the end of every step, the adapter finalizes the pending actions.
This involves determining which of them are undominated in terms
of sayso by the pending actions of other agents in that step. The
undominated actions are deemed successful and added to the social
state. The dominated ones are deemed to have failed. Listing 2
illustrates a Peach agent’s reasoning pattern in pseudocode.

Listing 2: Use of Peach adapter in agent reasoning.
1 Adapter a d ap t e r = l o adCon f i g ( )
2 / / Get f e a s i b l e a c t i o n s
3 F e a s i b l eA c t i o n s F ← f e a s i b l e ( a d ap t e r )
4 / / R e a s on i ng t o f l e s h ou t some s u b s e t A o f F
5 Act i ons A ← r e a s on ing ( F , · · · )
6 t r y {
7 / / A t t empt r e t u r n s a v e c t o r o f ou t c omes
8 f u t u r e Outcomes ®𝑜 ← at tempt ( adap te r , A)
9 } c a t ch ( I l l e g a l A t t emp t A) { . . . }
10 . . .
11 ∀ o ∈ ®𝑜 : i f ( o . r e s u l t = t r u e )
12 p r i n t ( o + " succeeded " )
13 e l s e
14 p r i n t ( o + " f a i l e d " )

5 SYNCHRONOUS PEACH ADAPTER
In a synchronous adapter, the actions attempted by agents are
processed simultaneously by a conceptually central entity.

Formally, let 𝑅 be the set of agents in the multiagent system.
Then, the tuple ⟨𝑆 , 𝑃⟩ denotes the state of the system, where 𝑆 , a
set of actions, is the social state of the system and 𝑃 = ⟨𝑃1 . . . 𝑃 |𝑅 |⟩,
each 𝑃𝑖 being the set of pending actions of agent 𝑖 .

An execution of a system is a sequence of states ⟨𝑆1, 𝑃1⟩ . . . ⟨𝑆𝑛 , 𝑃𝑛⟩,
where the initial state is 𝑆1 = ∅ and 𝑃1 = ⟨𝑃1 = ∅ . . . 𝑃 |𝑅 | = ∅⟩. The
transition between any two consecutive states is either an attempt
by an agent or a finalization (of attempts) by the adapter. An at-
tempt by an agent adds actions to that agent’s pending component
of the state; it does not affect the social state.

A finalization considers all actions in the pending state and,
depending on how the exercise of saysos in the actions works out,
adds the successful ones to the social state. Moreover, finalization
deletes the unsuccessful pending actions—there are no pending
actions in the state immediately following finalization. Thus, every
finalization is a point of synchronization for the agents.

Figure 3 defines the transitions via inference rules in the usual
manner [20]. A transition from state ⟨𝑆 , 𝑃⟩ to ⟨𝑄 ,𝑅⟩ due to opera-
tion 𝑜 is denoted by ⟨𝑆 , 𝑃⟩ 𝑜−−→ ⟨𝑄 ,𝑅⟩. For brevity, where appropri-
ate, we highlight only the changed components of the pending tuple
and omit the others. The rules Attempt and Finalize capture the
state transitions resulting from the attempt and finalize operations,
respectively. The other rules capture computations within a state.

Below,𝑚 is an action instance 𝑥 : 𝑚[®𝑎] where ®𝑎 is its entire set of
attributes. We write 𝑥 : 𝑚[®𝑘 , ®𝑝] or𝑚[®𝑘 , ®𝑝] to mean role 𝑥 performs
𝑚with attributes ®𝑝 and key attributes ®𝑘 ⊆ ®𝑝 . We omit the role where
it is clear. Y𝑥 ,𝑦 𝑎 means 𝑥 has higher sayso over 𝑎 than 𝑦 (both 𝑥

and 𝑦 have sayso). Y𝑥 𝑎 means 𝑥 has sayso over 𝑎 of whatever
priority. Braces { } indicate sets. Subscripts on sets and operators

Z-Social
𝑚𝑖 [ ®𝑎𝑖 ] ∈ 𝑆 𝑚𝑖 [ ®𝑎𝑖 ] fits𝑚[®𝑎]

Z(𝑚[®𝑎], ®𝑎𝑖 ∩ ®𝑎, 𝑆)

Z-subset
Z(𝑚[®𝑎], ®𝑞𝑖 , 𝑆) ®𝑞 ⊆ ®𝑞𝑖

Z(𝑚[®𝑎], ®𝑞,𝑆)

Z-union
{Z(𝑚[®𝑎], ®𝑞𝑖 , 𝑆)}𝑛𝑖=1
Z(𝑚[®𝑎],∪𝑛𝑖=1 ®𝑞𝑖 , 𝑆)

Attemptable
Z(𝑚[®𝑘 , ®𝑝], ®𝑞, 𝑆) 𝑌𝑥 ®𝑦 ¬Z(𝑚[®𝑘 , ®𝑝], ®𝑦,𝑆 ∪ 𝑃𝑥 )

attemptable(𝑥 : 𝑚[®𝑘 , ®𝑞 ∪ ®𝑦], 𝑆 , 𝑃𝑥 )

Abide

𝑚𝑖 [ ®𝑎𝑖 ] fits𝑚[®𝑎] →
𝑚𝑖 [ ®𝑝𝑖∩®𝑝]=𝑚[ ®𝑝𝑖∩®𝑝]∧¬ nono(𝑚𝑖 ,𝑚)

abides(𝑚𝑖 [ ®𝑎𝑖 ],𝑚[®𝑎])

Unsocial-M
𝑚𝑖 [ ®𝑎𝑖 ] ∈ 𝑄 ¬𝑚𝑖 abides𝑚

unsocial(𝑚[®𝑎],𝑄)

Unsocial-N
𝑚𝑖 [ ®𝑎𝑖 ] ∈ 𝑄 𝑚𝑖 [ ®𝑎𝑖 ] fits𝑚[®𝑎] nogo(𝑚𝑖 ,𝑚)

unsocial(𝑚[®𝑎],𝑄)

Feasible

attemptable(𝑥 :𝑚[®𝑎], 𝑆)
¬ unsocial(𝑚[®𝑎],𝑆) ¬ unsocial(𝑚[®𝑎], 𝑃𝑥 )

feasible(𝑥 :𝑚[®𝑎], 𝑆 , 𝑃𝑥 )

Attempt

𝜏 = attempt {𝑥 : 𝑚𝑖 [ ®𝑎𝑖 ]}𝑛𝑖=1
{feasible(𝑚𝑖 [ ®𝑎𝑖 ], 𝑆 , 𝑃𝑥 )}𝑛𝑖=1
∧𝑛𝑖 ,𝑗=1 abides(𝑚𝑖 [ ®𝑎𝑖 ],𝑚 𝑗 [ ®𝑎 𝑗 ])

⟨𝑆 , ⟨𝑃𝑥 ⟩⟩ 𝜏−−→ ⟨𝑆 , ⟨𝑃𝑥 ∪ {𝑚𝑖 [ ®𝑎𝑖 ]}𝑛𝑖=1⟩⟩

Dominates

𝑚𝑖 [ ®𝑎𝑖 ] fits𝑚[®𝑎] 𝑝 ∈ ®𝑎𝑖 ∩ ®𝑎
¬Z(𝑚[®𝑎],𝑝 ,𝑆) 𝑌𝑥𝑖 ,𝑥𝑝

dominates(𝑥𝑖 :𝑚𝑖 [ ®𝑎𝑖 ],𝑥 :𝑚[®𝑎], 𝑆)

Finalize

𝜏 = finalize 𝑄 = 𝑃1 ∪ . . . ∪ 𝑃 |𝑅 |
𝑇 = {𝑚𝑖 : ∀𝑚𝑖 ,𝑚 𝑗 ∈ 𝑄 : 𝑗 ≠ 𝑖 →
¬ dominates(𝑚 𝑗 ,𝑚𝑖 , 𝑆)}

⟨𝑆 , ⟨𝑃1 . . . 𝑃 |𝑅 |⟩⟩ 𝜏−−→ ⟨𝑆 ∪𝑇 , ⟨𝑈 1 = ∅ . . .𝑈 |𝑅 | = ∅⟩⟩

Figure 3: How the shared memory Peach adapter handles
attempts and finalizes the pending actions. That it works for
the shared memory case is seen by the 𝑆 representing the
unitary social state store.

indicate indices and ranges. An instance 𝑚𝑖 [ ®𝑘𝑖 , ®𝑝𝑖 ] fits𝑚[®𝑘 , ®𝑝] if
and only if their common key attributes have the same bindings,
i.e.,𝑚𝑖 [ ®𝑘𝑖 ∩ ®𝑘] =𝑚[ ®𝑘𝑖 ∩ ®𝑘].

In Z-social, Z indicates what bindings can be inferred from the
supplied state relative to a (potential or actual) action instance. For



an action instance𝑚[®𝑘 , ®𝑝], the bindings of its attributes occurring
in a fitting instance in the state can be inferred. Z-subset and
Z-union say that Z bindings are closed under subset and union.

In Attemptable, an instance is attemptable by 𝑥 if (1) it includes
any bindings already established (for the key) in the social state 𝑆 ,
(2) 𝑥 has sayso over the remaining attributes, and (3) the bindings for
those attributes are not already established in 𝑥 ’s pending actions
𝑃 . We avoid relying on bindings from pending actions because they
are not part of the social state (and may never be if they fail).

In Abide, an instance abides by another provided: If the bindings
of their common key attributes agree, then they must not be nono
and the bindings of all their common attributes must agree.

Unsocial-M states that an instance is unsocial (i.e., socially
inconsistent) if there is an instance in the supplied state with which
it does not abide. Unsocial-N states that an instance is unsocial if
there is an instance in the supplied state that nogoes the instance.

Feasible states that an agent 𝑥 ’s instance is feasible in social
state 𝑆 with pending actions 𝑃𝑥 if (1) it is attemptable, and (2) it is
not unsocial with respect to 𝑆 or 𝑃𝑥 .

Attempt captures 𝑥 ’s attempt to perform a set of instances in
social state 𝑆 and with pending actions 𝑃𝑥 . The attempt is successful
only if (1) all of its instances are feasible, and (2) they abide with
each other. Upon success, the system transitions into the new state
where the instances in the attempt have been added to 𝑃𝑥 .

Dominates captures that𝑚𝑖 dominates𝑚 in social state 𝑆 if they
have the same bindings for their common key attributes, a common
unbound attribute 𝑝 , and 𝑥𝑖 has sayso priority on 𝑝 over 𝑥 (𝑌𝑥𝑖 ,𝑥𝑝).

Finalize captures the finalization of the pending instances. From
the set of all pending instances of all agents, it computes the set
of undominated instances and adds them to the social state. The
remaining pending instances, having failed, are deleted.

Synchronous adapters are naturally realized around a central
store of social state. An agent’s pending actions may be stored
locally or centrally, depending on application requirements. Stores
may be of diverse implementations, e.g., databases, tuple stores,
Web services, artifacts, and blockchains.

We categorize synchronous deployments into two broad kinds
depending on when finalization occurs relative to attempts.

5.1 Batched
The batched processing of actions is common in computing systems,
e.g., both blockchain and traditional banking.

A batched adapter finalizes multiple attempts together when trig-
gered by a periodic event or a threshold of accumulated work. The
batching duration, ranging from milliseconds to days (e.g., Bitcoin
blocks or traditional banking settlement), is a configuration param-
eter. Batching introduces delays but yields improved flexibility in
handling concurrent saysos.

Batching provides well-defined deadlines before which higher-
sayso agents may act to exercise their saysos. An implementation
may make the pending actions publicly visible, which could allow
the higher-sayso agents to observe other attempted actions before
moving themselves. This corresponds to the common business
pattern of right of first refusal, e.g., when the current tenant of
a house has the first right to buy it before the owner can offer
it to someone else. Whether such disclosure is appropriate for a

multiagent system depends on its stakeholders’ needs. For example,
in financial markets, higher-sayso agents may use that information
to front-run stock transactions and thus exploit lower-sayso agents.

Figure 3 illustrates batched operation for Purchase. The Server is
the locus of social state and performs the batching. The squares in-
dicate finalization by the Server; the time between two consecutive
finalizations corresponds to a batching window. Focusing on the
highlighted window, Accept and Quote both become pending until
finalization occurs and determines Quote as successful and Accept
as failed because of the seller’s higher sayso on price. The buyer
learns about this failure (not shown) and later does an Accept with
the price in Quote.

Buyer Server Seller

batch window

RFQ(item)

RFQ
Accept(price = 100, address)

Quote(price = 90)
Both bind price

Quote
Seller sayso on price
⇒ Accept dominated

Accept(price = 90, address)

Retries using Seller’s price
Accept

Figure 4: Synchronous enactment where Quote dominates
Accept (demonstrating batching with just one window).

5.2 Instantaneous
The instantaneous adapter finalizes each attempt (recall, of a set of
actions) as it occurs. It is the special case of batched in which the
batching duration is zero. A database with support for atomic trans-
actions could be used to realize such an adapter. Essentially, the
adapter would wrap every attempt’s processing and its finalization
in a single transaction. The serialization order of the transactions
would determine the order in which attempts are finalized. Alterna-
tively, the adapter could be implemented using a persistent queue,
such as Kafka. In general, the instantaneous approach relies on the
consensus protocol of the underlying store to serialize the attempts.

Obviously, since the instantaneous adapter finalizes every at-
tempt right away, it yields only executions where the attempt and
finalize transitions alternate. In this sense, it is more restrictive
than the semantics of Figure 3. Notice that since an attempt com-
prises one agent’s actions, all pending actions are undominated
and, therefore, succeed.

6 ASYNCHRONOUS PEACH ADAPTER
We now present an asynchronous adapter, i.e., one in which the
actions attempted by agents are evaluated locally.

To realize an asynchronous infrastructure, we compile the Lang-
shaw protocol into a BSPL protocol that the adapters enact in a
decentralized manner; the agent programmer never sees this proto-
col. Below, we introduce BSPL, describe the compiler, and then show
how the adapter implements the generated protocol in accordance
with Langshaw semantics.



6.1 Background: BSPL
For concreteness, we adopt BSPL for specifying asynchronous mes-
saging protocols. As Listing 3 shows, a BSPL protocol lists roles,
a completion criterion, and one or more messages. Each message
specifies information dependencies via adornments ⌜in⌝ , ⌜out⌝ ,
and ⌜nil⌝ . Each role has a local state and may send a message
only if it is compatible with its local state. Specifically, let𝑚 be a
message schema 𝑥 ↦→ 𝑦 : 𝑚[ ®𝑝𝐼 , ®𝑝𝑂 , ®𝑝𝑁 ], where ®𝑝𝐼 , ®𝑝𝑂 , ®𝑝𝑁 are sets
of its parameters adorned ⌜in⌝ , ⌜out⌝ , and ⌜nil⌝ , respectively.
An instance of𝑚, also denoted𝑚[ ®𝑝𝐼 , ®𝑝𝑂 , ®𝑝𝑁 ] for notational conve-
nience, is a message that has bindings only for the ⌜in⌝ and ⌜out⌝
parameters; 𝑥 may send an instance of𝑚 only if the bindings of
the ⌜in⌝ parameters are known (already present in its local state),
bindings of the ⌜out⌝ parameters are unknown (but added to the
local state upon sending), and bindings of the ⌜nil⌝ parameters are
unknown (and not added to the local state).

For example, to send an Accept, buyer must know ID, item, and
price. Moreover, it must not know done already, but it must generate
its binding. Accept and Reject are mutually exclusive because each
includes done as ⌜out⌝ .

Listing 3: A simple protocol to explain BSPL.
Accept − R e j e c t / / P r o t o c o l name
r o l e s B , S / / r o l e s Buyer and S e l l e r
paramete r s out ID key , out done / / c omp l e t i o n
S ↦→ B : Of f e r [out ID key , out i tem , out p r i c e ]
B ↦→ S : Accept [ in ID key , in i tem , in p r i c e , out

done ]
B ↦→ S : R e j e c t [ in ID key , in i tem , in p r i c e , out

done ]
Figure 5 gives an operational semantics for BSPL. Below, the

notation ⌜in⌝ ®𝑝 , ⌜out⌝ ®𝑝 , ⌜nil⌝ ®𝑝 means that each attribute in ®𝑝 is
⌜in⌝ , ⌜out⌝ , and ⌜nil⌝ , respectively.

Send

𝑠 =𝑚[ ®𝑝𝐼 , ®𝑝𝑂 , ®𝑝𝑁 ] Z(𝑚[®𝑘 , ®𝑝𝐼 ], ®𝑝𝐼 ,𝐿𝑥 )
¬Z(𝑚[®𝑘 , ®𝑝𝑂 ], ®𝑝𝑂 ,𝐿𝑥 ) ¬Z(𝑚[®𝑘 , ®𝑝𝑁 ], ®𝑝𝑁 ,𝐿𝑥 )

𝐿𝑥
send 𝑠−−−−−→ 𝐿𝑥 ∪ 𝑠

Receive
(𝑟 = 𝑥 ↦→ 𝑦 : 𝑚[ ®𝑝𝐼 , ®𝑝𝑂 ]) ∈ 𝐿𝑥

𝐿𝑦
recv 𝑟−−−−→ 𝐿𝑦 ∪ 𝑟

Figure 5: Asynchronous semantics for BSPL.

6.2 Compiling Langshaw into BSPL
Let 𝑥 : 𝐴( ®𝑎) be an action in a Langshaw specification. In 𝑥 : 𝐴(®𝑘 , ®𝑎),
®𝑎 is all the attributes of𝐴 and ®𝑘 ⊆ ®𝑎 are the key attributes. For an at-
tribute 𝑎, its determinant, denoted Δ𝑎, is defined as the intersection
of the key attributes of all actions in which 𝑎 appears. We use 𝑌𝑥 ®𝑝
to mean that 𝑥 has highest sayso over the attributes ®𝑝 and 𝑌𝑥𝑛𝑥1 ®𝑝 as
shorthand for 𝑌𝑥𝑛 ,𝑥𝑛−1 ®𝑝 , . . . ,𝑌𝑥2 ,𝑥1 ®𝑝 .

Let’s associate with each 𝑎 an attribute go𝑎. Associate with
each unordered pair of actions (𝐴,𝐵) related by nono an attribute

nono𝐴𝐵. Let𝑈 (𝐴) be the agents to whom any attribute of𝐴 is rele-
vant. Let𝑀𝐴 be a BSPL message for 𝐴. It must satisfy the following
constraints.

(1) The attributes of ®𝑎 map to either ⌜in⌝ (®𝑎𝐼 ) or ⌜out⌝ (®𝑎𝑂 ) pa-
rameters, with no ⌜nil⌝ parameters. That is, ®𝑎𝑂 ∪ ®𝑎𝐼 = ®𝑎 and
®𝑎𝐼 ∩ ®𝑎𝑂 = ∅. Let ®𝑘𝑂 ⊆ ®𝑎𝑂 be the key attributes that map to
⌜out⌝ parameters.

(2) Let ®ℎ𝑂 ⊆ ®𝑎𝑂 be the attributes in ®𝑎𝑂 such that, for each
ℎ𝑂 ∈ ®ℎ𝑂 , either 𝑥 has the highest sayso over ℎ𝑂 (i.e., 𝑌𝑥ℎ𝑂 )
or ℎ𝑂 ’s determinant contains an ⌜out⌝ key (i.e., Δℎ𝑂 ∩ ®𝑘𝑂 ≠

∅). Attributes go®ℎ𝑂 are ⌜out⌝ as 𝑥 need not request sayso
approval for ®ℎ𝑂 .

(3) Let ®𝑙𝑂 = ®𝑎𝑂 \ ®ℎ𝑂 be the remaining attributes of ®𝑎𝑂 . Agent
𝑥 must have sayso over them (𝑌𝑥®𝑙𝑂 ). Attributes go®𝑙𝑂 are
⌜in⌝ as 𝑥 needs sayso approval for ®𝑙𝑂 .

(4) To capture the well-formedness condition that an attribute
cannot have a binding independently of its key attributes,
the parameters in the determinant of each 𝑎𝐼 must be ⌜in⌝ .

(5) For each 𝑎𝐼 , go𝑎𝐼 must be ⌜in⌝ . Our construction ensures
that when 𝑥 knows an attribute binding, it also has approval
for it, meaning that 𝑥 never has to request approval to use a
binding.

(6) For each nono(𝐴,𝐵), attribute nono𝐴𝐵 must be ⌜out⌝ .
(7) For each nogo(𝐵,𝐴), attribute 𝐵 must be ⌜nil⌝ .
(8) Attribute 𝐴 must be ⌜out⌝ .
(9) 𝑥 is the sender and𝑈 (𝐴) are the receivers.
Figure 6 gives the compiler from Langshaw to BSPL via a set of

rules. Rule Action captures the foregoing constraints.
Before an agent 𝑥 may ⌜out⌝ an attribute 𝑎 over which it has

non-highest sayso (specifically, those in ®𝑙𝑂 above), it needs to know
®go𝑙𝑂 . We introduce a coordination protocol by which the agent may
request such approvals. The protocol takes advantage of the fact
that saysos for an attribute are linearly organized. Before sending
a message with ⌜out⌝ 𝑜 , 𝑥 expresses interest in exercising its sayso
over 𝑜 by sending a request to the next agent up in the sayso chain.
However, the agent may do so only if 𝑜 is not known to it and if
no lower sayso agent has expressed to it an interest in binding 𝑜 .
If a lower sayso agent has expressed interest in 𝑜 , the agent may
forward the request to the next higher sayso agent. If the agent is
itself the highest sayso agent, it may send an approval to the lower
sayso agent, provided 𝑜 is not already bound. Approval generates
the corresponding go attribute. The rules Reqest, Forward, and
Approve capture this coordination. An explicit message for declin-
ing sayso to a lower agent is not needed. An agent knows its sayso
request for some attribute has failed when it receives a message
with a binding for the attribute. Such a message will be sent by
whoever generates the binding because the attribute is relevant to
the requesting agent.

Finally, CompositeAction handles nogo cycles over actions of
the same agent. For concreteness, consider nogo(𝑥 : 𝐴,𝑥 : 𝐵) and
nogo(𝑥 : 𝐵,𝑥 : 𝐴). In Langshaw, 𝐴 and 𝐵 may be performed con-
currently by putting them in the same attempt. BSPL agents are
sequential; they send messages one at a time. Following the compi-
lation given above, if one of𝐴 or 𝐵 has been sent, the other can’t be
sent, which means that there is no BSPL execution corresponding



Action

𝑥 : 𝐴(®𝑘 , ®𝑎) ®𝑎 = ®𝑎𝐼 ∪ ®𝑎𝑂 ®𝑎𝐼 ∩ ®𝑎𝑂 = ∅ ®𝑘𝑂 ⊆ ®𝑘 , ®𝑎𝑂 ∪𝑖 Δ𝑎𝐼𝑖 ⊆ ®𝑎𝐼 ®𝑎𝑂 = ®ℎ𝑂 ∪ ®𝑙𝑂
®ℎ𝑂 = {𝑎𝑂𝑖 : 𝑌𝑥𝑎𝑂𝑖 ∨ Δ𝑎𝑂𝑖 ∩ ®𝑘𝑂 ≠ ∅} ®𝑙𝑂 = ®𝑎𝑂 \ ®ℎ𝑂 𝑌𝑥®𝑙𝑂 nogo( ®𝐵,𝐴) nono(𝐴, ®𝐶)

𝑥 ↦→ U(𝐴) : 𝐴[in ®𝑎𝐼 in ®go𝑎𝐼 out ®𝑎𝑂 in ®go𝑙𝑂 out ®goℎ𝑂 nil ®𝐵 out ®nono𝐴𝐶 out 𝐴] ∈ 𝑀
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−→

Reqest
𝑌𝑥𝑛𝑥1 𝑎 1 ≤ 𝑖 < 𝑛

𝑥𝑖 ↦→ 𝑥𝑖+1 : Request𝑎[inΔ𝑎 nil 𝑎 {nil request𝑥 𝑗𝑎}𝑖−1𝑗=1 out request𝑥𝑖𝑎] ∈ 𝑀
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−→

Forward
𝑌𝑥𝑛𝑥1 𝑎 1 ≤ 𝑖 < 𝑛 1 ≤ 𝑗 ≤ 𝑖 − 1

𝑥𝑖 ↦→ 𝑥𝑖+1 : Forward𝑎[inΔ𝑎 nil 𝑎 in request𝑥 𝑗𝑎 nil request𝑥𝑖𝑎] ∈ 𝑀
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−→

Approve
𝑌𝑥𝑛𝑥1 𝑎 1 ≤ 𝑖 < 𝑛

𝑥𝑛 ↦→ 𝑥𝑖 : Approve𝑎[inΔ𝑎 nil 𝑎 in request𝑥𝑖𝑎 out go𝑎] ∈ 𝑀
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−→

CompositeAction
{𝑥 : 𝐴𝑖 }𝑛1 ⊆ 𝑀 {nogo(𝐴𝑖 ,𝐴𝑖+1)}𝑛1 nogo(𝐴𝑛 ,𝐴1) adornmentslineup ({𝐴𝑖 }𝑛1 )

𝑥 ↦→
⋃

U(𝐴𝑖 ) : 𝐴1 . . . 𝐴𝑛 [
⋃

attributes ({𝐴𝑖 }𝑛1 )] ∈ 𝑀
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−→

Figure 6: Rules for generating the messages𝑀 in a BSPL protocol corresponding to a Langshaw specification.

to the Langshaw execution. CompositeAction gets around this
problem by creating a composite BSPL message, sending which cor-
responds to performing both𝐴 and 𝐵. It is essentially a union of the
attributes in the messages corresponding to 𝐴 and 𝐵. It considers
only the messages corresponding to𝐴 and 𝐵 where the adornments
of the attributes line up. The completion specification of the BSPL
protocol is the same as the Langshaw protocol.

6.3 Asynchronous Adapter
We now show how an adapter exercises the generated protocol.
Instead of a shared social state, each agent’s adapter maintains
(queries and updates) a local state. The state of the system with 𝑅

agents is given by a tuple of the local states of the agents and their
pending actions, denoted

⟨⟨𝐿1, 𝑃1⟩ . . . ⟨𝐿 |𝑅 | , 𝑃 |𝑅 |⟩⟩

where 𝐿𝑖 and 𝑃𝑖 are agent 𝑖’s local state and pending actions, re-
spectively. Figure 7 formalizes the adapter transitions.

Base says that a message is a-attemptable (async-attemptable)
by 𝑥 if its ⌜in⌝ attributes minus any go attributes are known from
𝐿𝑥 and its ⌜out⌝ and ⌜nil⌝ attributes are unknown. We keep track
of the go attributes because to actually send the message, their
bindings must be known from the local state. Recursive captures
the version of a-attemptable where some of a message’s ⌜in⌝ at-
tributes, again minus any go attributes, are outed in another fitting
a-attemptable. Since a BSPL agent is sequential, we realize a Peach
attempt with multiple actions that generate a binding for the at-
tribute as BSPL messages where the attribute is ⌜out⌝ in one but
⌜in⌝ in the others.

A-Feasible says that an 𝑥 : 𝑚 is a-feasible in 𝐿𝑥 , 𝑃𝑥 if it is
a-attemptable and it is not unsocial with respect to 𝑃𝑥 . Notice that
we don’t have to deal with constraints with respect to the social

state as they are already encoded in the generated BSPL protocol
and handled in the determination of a-attemptable.

A-Attempt says that an attempt by 𝑥 transitions 𝑥 to the state
where all the messages in it (actions from the point of view of
the reasoner) move to 𝑃𝑥 provided that all the messages in it are
a-feasible and they abide with each other. Notice that we are still
carrying the vector of go attributes (®𝑔).

Next, we introduce the rules that deal with the finalization of
pending messages, although there isn’t a single finalize rule in the
asynchronous adapter.

No Delay says that if a pending message does not have attributes
that require approval from others, it may be sent without further
ado. The message is added to (the agent’s) local state and removed
from pending.

Need captures the case where some attributes require approval.
For each such attribute, if the corresponding Request is attemptable,
it is sent. TheRequestmay not be attemptable because it has already
been sent, but that is not a problem.

Got captures the case where the necessary gos to be able to send
a message have all arrived. In this case, the message is sent, which
adds it to the local state and removes it from pending.

Failure captures the case that while waiting for gos for some
attributes in a pendingmessage, the agent receives a binding for one
of those attributes. This means it will never receive the necessary
gos and the attempt to send it has failed. So the message is removed
from pending.

Forward simply says that if a Forward for some attribute is at-
temptable, which means a lower sayso agent has expressed interest
in it, it is sent.

MAS states how the multiagent system as a whole transitions
when one of its agents transitions. The superscript −𝑖 indicates all
agents in the system except 𝑖 .



Base

®𝑔 = go( ®𝑝𝐼 ) ®𝑝𝐾 = ®𝑝𝐼 \ ®𝑔
Z(𝑚[®𝑘 , ®𝑝𝐾 ], ®𝑝𝐾 ,𝐿𝑥 ) ¬Z(𝑚[®𝑘 , ®𝑝𝑂 ], ®𝑝𝑂 ,𝐿𝑥 )

¬Z(𝑚[®𝑘 , ®𝑝𝑁 ], ®𝑝𝑁 ,𝐿𝑥 )
a-attemptable(𝑥 ↦→ 𝑦 :𝑚[ ®𝑝𝐾 , ®𝑝𝑂 , ®𝑝𝑁 ], ®𝑔,𝐿𝑥 )

Recursive

®𝑔 = go(®𝐼 ) ®𝑝𝐾 = ®𝑝𝐼 \ ®go
®𝑝𝐾 = ®𝑝𝑆 ∪ ®𝑝𝑇 Z(𝑚[®𝑘 , ®𝑝𝑆 ], ®𝑝𝑆 ,𝐿𝑥 )

¬Z(𝑚[®𝑘 , ®𝑝𝑂 ], ®𝑝𝑂 ,𝐿𝑥 ) ¬Z(𝑚[®𝑘 , ®𝑝𝑁 ], ®𝑝𝑁 ,𝐿𝑥 )
a-attemptable(𝑚𝑖 [ ®𝑘𝑖 , ®𝑝𝑖𝑂 ],𝐿𝑥 )
𝑚𝑖 [ ®𝑎𝑖 ] fits𝑚[®𝑎] ®𝑝𝑇 ⊆ ®𝑝𝑖𝑂

a-attemptable(𝑥 ↦→ 𝑦 : 𝑚[ ®𝑝𝐼 , ®𝑝𝑂 , ®𝑝𝑁 ], ®𝑔,𝐿𝑥 )

A-Feasible

a-attemptable(𝑚[®𝑎], ®𝑔,𝐿𝑥 )
¬ unsocial(𝑚[®𝑎], 𝑃𝑥 )

a-feasible(𝑥 → 𝑦 : 𝑚[®𝑎], ®𝑔,𝐿𝑥 , 𝑃𝑥 )

A-Attempt

𝜏 = attempt {𝑥 : 𝑚𝑖 [ ®𝑎𝑖 ]}𝑛𝑖=1
{a-feasible(𝑚𝑖 [ ®𝑎𝑖 ], ®𝑔𝑖 ,𝐿𝑥 , 𝑃𝑥 )}𝑛𝑖=1
∧𝑛𝑖 ,𝑗=1 abides(𝑚𝑖 [ ®𝑎𝑖 ],𝑚 𝑗 [ ®𝑎 𝑗 ])

𝐿𝑥 , 𝑃𝑥
𝜏−−→ 𝐿𝑥 , 𝑃𝑥 ∪ {𝑚𝑖 [ ®𝑎𝑖 ] ®𝑔𝑖 }𝑛𝑖=1

No Delay
(𝑠 = 𝑥 ↦→ 𝑦 : 𝑚[®𝑎] ®𝑔) ∈ 𝑃𝑥 ®𝑔 = ∅

𝐿𝑥 , 𝑃𝑥
send 𝑠−−−−−→ 𝐿𝑥 ∪ 𝑠 , 𝑃𝑥 \ 𝑠

Need

𝑥 ↦→ 𝑦 : 𝑚[®𝑘 , ®𝑎] ®𝑔 ∈ 𝑃𝑥 𝑔 ∈ ®𝑔
attemptable(𝑠 = (𝑥 ↦→ 𝑧 : Request𝑔[Δ𝑔 , ®𝑎𝑔]),𝐿𝑥 )

𝐿𝑥 , 𝑃𝑥
send 𝑠−−−−−→ 𝐿𝑥 ∪ 𝑠 , 𝑃𝑥

Got

𝑡 = (𝑥 ↦→ 𝑦 : 𝑚[®𝑎] ®𝑔) ∈ 𝑃𝑥 {𝑔 𝑗 }𝑛𝑖=1
∧𝑛𝑗=1 Approve𝑔 𝑗 [Δ𝑔𝑗 , ®𝑎 𝑗 ] ∈ 𝐿𝑥

𝑠 = (𝑥 ↦→ 𝑦 : 𝑚[®𝑎 ∪ ®𝑔])

𝐿𝑥 , 𝑃𝑥
send 𝑠−−−−−→ 𝐿𝑥 ∪ 𝑠 , 𝑃𝑥 \ 𝑡

Failure

𝑠 = (𝑥 ↦→ 𝑦 : 𝑚[®𝑘 , ®𝑎] ®𝑔) ∈ 𝑃𝑥

∃𝑔 ∈ ®𝑔 : Z(𝑚[®𝑘 ,𝑔],𝐿𝑥 )

𝐿𝑥 , 𝑃𝑥
fail 𝑠−−−→ 𝐿𝑥 , 𝑃𝑥 \ 𝑠

Forward
attemptable(𝑠 = (𝑥 ↦→ 𝑧 : Forward𝑔[Δ𝑔 , ®𝑎𝑔]),𝐿𝑥 ))

𝐿𝑥 , 𝑃𝑥
send 𝑠−−−−−→ 𝐿𝑥 ∪ 𝑠 , 𝑃𝑥

MAS
⟨𝐿𝑖𝑗 , 𝑃𝑖𝑗 ⟩

𝑜−→ ⟨𝐿𝑖𝑗+1, 𝑃𝑖𝑗+1⟩

⟨⟨𝐿−𝑖𝑗 , 𝑃−𝑖𝑗 ⟩ . . . ⟨𝐿𝑖𝑗 , 𝑃𝑖𝑗 ⟩⟩
𝑜−→ ⟨⟨𝐿−𝑖𝑗 , 𝑃−𝑖𝑗 ⟩ . . . ⟨𝐿𝑖𝑗+1, 𝑃𝑖𝑗+1⟩⟩

Figure 7: The Peach asynchronous (decentralized) adapter.
We know it is decentralized because there is no unitary social
state; instead, there is a Local state 𝐿𝑖 for each agent.

In Figure 8a, buyer’s request to exercise its sayso over price fails
because seller, who has the highest sayso over price, has already

Buyer Seller

RFQ(item)

Request_price

Needs approval for price=10
Accept pending

Quote(price=20)

Exercises
price sayso

Knows price
Knows Request
failed

Accept(price=20, address)

(a) Sayso request failed

Buyer Seller

RFQ(item)

Request_price

Needs approval for price=10
Accept pending

Cannot exercise
price sayso

Approve_price

Exercises
price sayso

Accept(price=10, address)

(b) Sayso request succeeded

Figure 8: Sayso coordination in decentralized settings.

exercised it. In Figure 8b, seller hasn’t exercised it, so when it
receives buyer’s request, it approves it.

7 CONCLUSIONS AND DIRECTIONS
Peach’s value arises from its being a programming model that en-
ables engineering flexible agents that operate close to the meaning
level while making the communication infrastructure pluggable via
mere configuration. The Peach adapter supports this programming
model and may be realized either as a synchronous or asynchro-
nous component. Peach supports our long-held intuition: Protocols
are fundamental engineering abstractions for multiagent systems,
regardless of how communication is operationally realized. In par-
ticular, by supporting sharedmemory–based communication, Peach
provides an opportunity for work on declarative protocols to in-
fluence practice, where the shared memory approach dominates.
Moreover, for many, embracing decentralized operation will be
much easier if it is abstracted away via the programming model.
We have implemented prototypes of all three adapters discussed in
the paper and are making them more robust.

Our current effort enables engineering agents in Python. Tomake
Peach’s abstraction available in another framework, say Jason, one
must implement a Peach adapter using Jason. Such an adapter may
implement one of the operational semantics presented in the paper
or a novel one altogether (e.g., that supports a mix of synchronous
and asynchronous communications). With a Jason Peach adapter
available, one can engineer a multiagent systemwhose Jason agents
communicate via Langshaw protocols. The resulting Jason agents
would be conceptual analogs of Listing 2.

The Agentic AI paradigm seeks to realize LLM-based AI assis-
tants that take real-world actions on behalf of users. We believe
that Langshaw is ideally-suited to this paradigm [9]. Langshaw’s
high-level nature suggests that LLM inferencing will not be clut-
tered with low-level operational details. Langshaw’s ability to sup-
port flexible interaction would cohere with an LLM’s ability to do
flexible, contextual reasoning. Finally, Langshaw supports formal
communication, which would be indispensable in any setting that
demands clear interaction meaning, e.g., in healthcare, e-commerce,
and finance. By using a Peach adapter as a tool, an LLM can engage
in formal communication. Our ongoing efforts are geared toward
approaches that synthesize LLMs and declarative protocols.
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