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Abstract

We present a novel approach to synthesizing synchronized process
designs from lightweight formal specifications. This method takes
as input a collection of process specifications expressed in terms of
pre/post-conditions, together with a global constraint, expressed
in linear-time temporal logic, to be fulfilled by the interaction of
these processes. The technique uses the Alloy Analyzer to enumer-
ate potential implementations of the specified components up to a
given bound, the NuSMV model checker to verify whether their
concurrent composition satisfies the global property, and produces
executable implementations of the processes in the style of the
Promela language. Due to the exponential number of candidate
implementations, the synthesis algorithm employs a two-step pro-
cess to efficiently prune the solution space. During the exploration
phase, our approach first collects a batch of counterexamples that
are later used during the exploitation phase to speed up the search.
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1 Introduction

Program synthesis [12, 20, 25] enables the automated construction
of programs from specifications. Ideally, a developer only provides
a formal description of the desired program behavior, from which a
correct implementation is automatically generated. This approach
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allows developers to focus on high-level specifications rather than
low-level implementation details. Recent advances in synthesis
techniques and computing power have enabled the application of
program synthesis to increasingly complex case studies (see, e.g.,
(7D

In this paper, we focus on the synthesis of high-level descrip-
tions of distributed systems, such as communication protocols and
multi-agent systems. These systems have become crucial in modern
software applications, including collaborative tools, communication
networks, and cryptocurrencies. Moreover, their correct implemen-
tation is generally rather complex and time-consuming, which often
results in subtle programming errors. This is particularly the case
when synchronization primitives (e.g., semaphores, locks, monitors)
are used to manage the access to shared resources. The incorrect
use of these mechanisms often leads to challenging issues that are
typically difficult to identify and fix, such as race conditions and
deadlocks. Consequently, distributed algorithms that use synchro-
nization mechanisms constitute a compelling target for synthesis
approaches.

Existing techniques for program synthesis include game-
theoretic methods for temporal-logic specifications [24], synthesis
from input-output examples [18], inductive programming [1], and
theorem-proving approaches [28]. These approaches have been
successfully applied in various domains. In contrast, synthesis tech-
niques for distributed algorithms are less common. As mentioned
above, this setting introduces additional challenges, including han-
dling multiple interacting processes, complying with specific com-
munication architectures, and correctly instrumenting coordination
via synchronization mechanisms. In fact, the problem of synthe-
sizing distributed code from specifications may be undecidable in
many settings [26].

The (bounded) synthesis technique presented in this paper tar-
gets asynchronous distributed systems that communicate through
shared memory and synchronize via locks. In this setting, a system
specification consists of a finite collection of process (or compo-
nent) specifications, each of which is given in terms of actions
defined via pre/post-conditions, along with local constraints ex-
pressing required properties of action executions. Additionally, the
specification includes a global temporal property that the overall
system behavior must satisfy. Local constraints are expressed in Al-
loy’s relational logic [17], a first-order logic with transitive closure
(necessary for expressing certain constraints, notably reachability),
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whereas global constraints are specified in linear-time logic (LTL).
If successful, the technique produces implementations of the com-
ponents that use their corresponding local actions and lock-based
synchronizations, ensuring that both local and global requirements
are met.

More specifically, the approach encodes component specifica-
tions as Alloy models [17], so that the models’ satisfying instances
correspond to locally correct implementations of the respective pro-
cesses. Thus, we indirectly use Boolean satisfiability to enumerate
(bounded) locally valid implementations of processes. Once locally
valid implementations of processes are obtained, their composition
is verified against the global property to determine whether the
current local candidates yield a correct distributed solution. Due
to efficiency reasons, the latter step is performed using a symbolic
model checker. The overall search proceeds lexicographically, em-
ploying backtracking when all possible instances of a component
specification have been exhausted.

To address the exponential growth in the number of possible
component implementations and their potential interactions, our
approach leverages batches of counterexamples to accelerate the
synthesis process. This is implemented in two phases: an explo-
ration phase that collects instances from the solver and generates
counterexamples via model checking, and an exploitation phase that
refines the component specifications based on these counterexam-
ples. If no solutions are found, the process is repeated with the
refined specifications. The efficiency and completeness of the algo-
rithm depend on the chosen batch configuration, which we explore
in Section 7 and discuss the corresponding trade-offs.

The paper is structured as follows. In Section 2, we introduce
preliminary concepts. Section 3 illustrates our approach through a
motivating example. Sections 4 and 5 present the formal framework
we use to write system specifications. Sections 6 and 7 describe the
main algorithm and discuss some experimental results. Finally, Sec-
tions 8 and 9 discuss related work and present some final remarks.

2 Preliminaries

Notation. Throughout this paper, we use the following notation,
(x0, - - -, xp)Ti denotes the i-th projection of tuple (xo, . .., xn). [0, k]
denotes the set {0, ..., k}, [1;c1 Si refers to the Cartesian product
of sets S;, and [ [;<; Si denotes the coproduct of sets S;.

Labeled Transition Systems. A well-established approach to pro-
viding semantics for reactive and distributed systems is the use
of Labeled Transition Systems (LTSs). An LTS is a tuple (S, Act, —
,I, AP,L) where: S is a (finite) non-empty set of states, Act is a
(finite) set of actions, >C S X Act X S is a labeled transition rela-
tion, I C S is a set of initial states, AP is a (finite) set of atomic
propositions, and L : S — 247 is a labeling function. Intuitively, S
serves as an abstraction of the system’s states, L indicates which
atomic properties hold in each state, Act identifies the system’s
actions, and — captures the behavior of actions. For convenience,
we write s - s’ or a(s,s”) instead of (s,a,s’) €—. Similarly, we
write s — s’ or Post(s,s’) if there is an a € Act such that s 4 .
The reflexive-transitive closure of the relation — helps to capture
system executions, and is written —*. A path over an LTS is a
sequence of alternating states and actions 7 = s, g, 1,41 . .. such
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that Vi : s; 4, si+1. We say that a path is an execution (or trace) if
it is maximal. Without loss of generality, we assume that each state
has at least one successor. When only states are relevant, we refer
to executions and paths as sequences of states. We extend L to paths
as follows: L(x) = L(so, ao,s1,a1,52,--.) = L(s0), L(s1), L(s2), .. ..
When convenient, we write x(s) instead of x € L(s). From now on,
Path(T) denotes the set of paths of T, Traces(T) denotes its set of
executions.

(Extended) First-Order Logic over LTSs. Properties over LTSs will
be expressed using first-order formulas. The logic is essentially
the relational logic underlying Alloy [17]. For clarity, we will use
standard first-order logic extended with transitive closure. Given
actions Act and a set AP of atomic propositions, the basic vocab-
ulary consists of binary predicates {a | a € Act} U {Post}, unary
predicates {p | p € AP} U {I}; the logical operators are the usual
Boolean connectives and first-order quantifiers with variables rang-
ing over states, when useful we also consider constants denoting
fixed states. We consider the reflexive-transitive closure operator,
written a* (for any binary predicate a). Reflexive-transitive closure
is necessary to express reachability constraints. Given an LTS T, a
formula ¢, and a interpretation of variables to states 7 : AP — S,
we can define the relation T, I F ¢ as follows:

T,71 k pi(x) iff p; € L(I (x)), for p; € AP,

T,7 er(x,y)iff r(Z(x),Z(y)), for r € Act U {Post},

T,7 er*(x,y) iff r*(Z (x), I (y)), for a € Act U {Post},

T,I oAy T, T FpandT, I E,

T,7 -y iffnotT, I E ¢,

T,7 eVx:¢iffforalls € S, T, [x :=s] E ¢.

Where we define 7 [x :=s](y) = (x = y)?s : 1 (y). We also assume
that constants have a fixed interpretation. If we have T, I £ ¢ for
all 7, we just write T £ ¢. As a sample formula, 3s,s” : I(s) A
Post*(s,s”) A p(s’) states that p holds in some state reachable from
an initial state. Other relational operators can be straightforwardly
included in the logic as done in [17].

Linear-Time Temporal Logic. Linear-time temporal logic (LTL) is
a well-known logical formalism that has been successfully used to
specify the temporal properties of concurrent and reactive systems
[5]. Given a set AP of atomic propositions, the syntax of LTL is
inductively defined, using the standard logical and temporal opera-
tors, by the following grammar: ¢ ==p | =¢ | ¢ V¢ | O¢ | pUY,
where p € AP. Additional operators, such as true, false, O¢ (eventu-
ally ¢), O¢ (always ¢) and pW (¢ (weak) until ¢/), can be defined
as combinations of the above operators [5]. LTL formulas are inter-
preted over infinite sequences of Boolean assignments for variables
in AP, i.e., each sequence is of the form 7 = gpo10--- € (24P)o.
The interpretation of LTL formulas can be given as a satisfaction
relation k, whose definition is standard. LTL\X [5] is the fragment of
LTL obtained by omitting the operator O from formulas, typically
used for expressing LTL stutter invariant properties of concurrent
systems [23]. We employ LTL\X to specify global properties of dis-
tributed systems. Given an LTS T and a LTL formula ¢, we say that
T e ¢ iff L(7) E ¢ for every n € Traces(T).

Process Descriptions. While transition systems provide a low-
level description of reactive system behavior, such systems are
typically better described as collections of interacting processes,
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as in languages like Promela. For convenience, we use a simple
guarded-command language, as those defined in [3, 11]. A system
consists of a collection of shared variables and a collection of pro-
cesses that execute concurrently asynchronously. Each process has
its own collection of local variables, an initialization condition in-
dicating in which (local) state each process starts execution, and
a set of guarded actions that establish how a process can proceed
execution. Each atomic action has the form [a]B — C where: a is
the name of the action, B (called the guard) is a Boolean statement
over the (shared and local) variables of the program, and C is a
collection of assignments, written xp:=Ejy, . .., xn:=Ej,, where the
x;’s are local or shared variables, and E;’s are expressions of the
correct type. We assume that the test of B and the assignments in
C are all executed atomically. The operational semantics of this
process notation is simple. A state is an assignment of values to the
variables in the program. An action B — C is enabled in a state if B
is true in that state. An execution of a given process is a sequence
of states satisfying the following conditions: (i) the initial state
satisfies the initial conditions, (ii) if the state s; follows from s;_1 in
the sequence, then we have some action B — C such that B holds
at s;—1 and the execution of C results in s;, (iii) the sequence is infi-
nite (we assume that when no action is enabled, then the last state
is repeated infinitely times). By this semantics, mapping process
executions to LTS traces is straightforward, and so is the definition
of satisfaction of LTL properties by system/process executions.

3 Motivating Example

We illustrate our technique with a well-known example of a dis-
tributed system, Dijkstra’s dining philosophers [10]. Consider n
philosophers sitting around a table and sharing n forks. Each
philosopher has exactly two forks available, one on each side, shared
with the adjacent philosophers. On the table, there is a bowl of
pasta, and the philosophers alternate between thinking and eating.
Each philosopher needs two forks to eat, and forks are (of course)
mutually exclusive between their two users. We aimed to design
a distributed protocol for this setting that guarantees deadlock
freedom. As is well known, this problem admits several solutions.
For instance, a way to avoid deadlock is to follow the policy that
philosophers only pick up forks when both of their adjacent forks
are free. Another possible solution can be obtained if the first n — 1
philosophers follow a specific order to pick up the forks (for ex-
ample, each philosopher first takes her left fork and then her right
one), while the remaining philosopher takes the forks in the oppo-
site order. These are examples of distributed protocols, that is, the
philosophers operate in a decentralized manner without the help
of a central entity (like a waitress). These are the kinds of solutions
we expect our technique to synthesize. Let us describe how this
problem is specified in our setting. The behavior of philosopher i
(for 0 < i < n) is modeled by the following set PS? of formulas:

(1) Vs : I(s) = thk'(s) A ﬂownForki:(s) A ﬂownForkEH(s),

(2) Vs,s" : ~eat! (s) = —getThk' (s, s"),

(3) Vs,s" : getThki(s,s") = thki(s') A ﬂownForki:(s’) A
—mwnForki:_'_1 (s"),

(4) Vs,s" : ~thk!(s) = —getHgr'(s,s"),

(5) Vs,s" : getHgri (s, s") = hgri(s),
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Figure 2: A Path in T° || T! || T? leading to deadlock.

(6) Vs, s’ 3 —(hgri(s) A ownFork;:(s) A ownForki:H(s)) =
—getEat' (s, s”),

(7) Vs,s" : getEat'(s,s") = eat'(s"),

(8) Vs,s” : ~(avForkiy1(s) A hgri(s)) = —getRight'(s,s")

(9) Vs,s” : getRight' (s,s") = o_wnFork;:H(s’), _

(10) Vs, s’ : =(avFork;(s) A hgr'(s)) = —getLeft'(s,s”)

(11) Vs, s’ : getLeft'(s,s’) = ownFork;:(s’),

(12) Vs : (eat'(s) A =thk'(s) A ~hgri(s)) V (meat'(s) A thk'(s) A
—hgri(s)) V (—eat'(s) A —thk'(s) A hgri(s)),

(13) Vs € S: I(s) = (3s’ € S : Post*(s,s") A eat'(s")).
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Notice how this specification captures a local view of the system.
Each philosopher uses Boolean variables ownForki: and ownForki: 1
to signal acquisition of the right and left fork, respectively. Variables
avFork; and avFork;y1 are used to indicate whether a fork is busy
or not (here + denotes the addition modulo n); these are shared
variables and so no superindex is needed to distinguish them. The
actions of philosopher i are: getThk® (the philosopher goes to the
thinking state), getHgr® (the philosopher gets hungry), getEat’ (the
philosopher goes to the eating state). Philosophers also have actions
to gain access to their forks: getRight' (obtain the right fork if
available) and getLefti (obtain the left fork if available).

Formulas (1)-(11) model the behavior of actions in a pre/post-
condition style. Formula (2) states an enabling condition for action
getThk: it can only be executed when the current philosopher is
in the eating state. On the other hand, Formula (3) expresses the
postcondition of action getThk. Formulas (3)-(11) express similar
conditions for the other actions. Formula (12) states an invariant of
the system: a philosopher can only be either eating, thinking, or
hungry, and these states are mutually exclusive. Finally, formula
(13) is a (local) reachability constraint, stating that the philosopher
i can reach the eating state from the initial state.

It is worth noting that forks act as locks: two philosophers can-
not hold onto the same fork. Furthermore, forks are shared vari-
ables that can thus be changed by the “environment” (i.e., other
philosophers in this case). The behavior of the environment can be
modeled using additional actions: chFork; and chFork;,1 that model
the acquisition of locks by other philosophers. We may consider
additional axioms to specify the behavior of these actions:

: ownFork;:(s) = -avFork;(s),

: ownFork§+1(s) = -avForki+1(s),

: mownFork;(s) = (3s” : chFork;(s,s")),

: mownFork;,,(s) = (3s’ : chForkis1(s,s")) ,

18) Vs, s’ : chForki(s,s’) = (avFork;(s) = ~avFork;(s")),

(19) Vs, s’ : chForki+1(s,s”) = (avForkiy1(s) = —avForki+1(s")).

Constraints (14)-(15) state that if a philosopher owns a fork, then it
cannot be grabbed by another philosopher. In contrast, formulas
(16)-(17) express that if a philosopher does not own a fork, then
another philosopher can grab it. Finally, formulas (18)-(19) state
that actions chFork;, chFork;,; affect the availability of the forks.

Typically, these kinds of specifications also include frame ax-
ioms [21], which list the variables that remain unchanged after the
execution of a given action. For example, formula:

(20) Vs,s” : chFork;(s,s’) = avForkiy1(s) = avForki+1(s’),

expresses that the value of variable avFork;.; remains unchanged
after the execution of chFork;.

These formulas may originate from a higher-level specification
notation. We do not address the design of such a specification
language here and instead refer directly to the set of formulas
capturing the components’ behaviors.

The inputs to our technique include a global temporal require-
ment that constrains the executions of the resulting system. For
instance, in the case n = 3 we will have the local specifications
PS®, pS!, and PS> together with the LTL formula:

(21) Dﬁ(ownFork(l) A ownFork; A ownForkS) A —|(ownFork8 A
ownFork} A ownForkg),
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which states that the system is deadlock-free. This formula is eval-
uated over traces of states, that is, given a trace of states o9, o1, . . .,
proposition p is true at instant i if p(o;) holds.

Note that for each specification PS!, a model finder can be used
to build an LTS T' that satisfies it. Given the expressiveness of the
logic, this can only be done up to a given bound on the size of the
LTSs (the logic is undecidable). We use the Alloy Analyzer [17], a
bounded model finder for relational logic (which subsumes first-
order logic with transitive closure), for this task. Fig. 1 shows an LTS
satisfying PS’, obtained in this way. The dotted arrows represent
environment transitions (which, once components are composed,
will become actions performed by other philosophers). The global
system behavior is obtained by the (asynchronous) parallel com-
position of the obtained LTSs, denoted T || T! || T2. Now, we can
verify whether the global system satisfies the global properties. In
our example, if the LTSs 79, T1, and T? are as shown in Fig. 1, then
the global system will contain an execution leading to deadlock.
The trace in Fig. 2, in which the three philosophers get hungry
in turns and then take their corresponding right fork, leads to a
deadlock.

Our approach exploits counterexamples of global properties to
guide the search for local implementations. For example, we force
at least one of the local implementations to avoid the consecutive
execution of getHgr' and getRight'. Assuming that, under this new
constraint, we obtain an LTS T’? for philosopher 0 that takes the left
fork before taking the right one. The global system T7° || T! || T2
is deadlock-free and satisfies the global temporal requirement.

4 System Specifications

In this section, we provide a more formal and detailed definition
of specifications, as introduced in the previous section. In the fol-
lowing definitions, we mainly use first-order logic with transitive
closure as described in Section 2. We begin by providing a precise
definition of the concept of component specification.

DEFINITION 4.1. A process (or component) specification PS is a
tuple ((Sh, Loc, Act, Cons), ®) where Sh, Loc, Act, Cons are finite and
mutually disjoint sets, and ® is a finite set of first-order (relational)
formulas over the vocabulary defined by unary predicates Sh U Loc,
binary predicates Act, and constants Cons.

Intuitively, Sh refers to the shared variables used by the pro-
cess, Loc contains the process’s local variables, and Act names
the process’s actions. A process specification defines a collection
of LTSs that satisfy the requirements of the specification. Given
a process specification PS = ((Sh, Loc, Act, Cons), ®) and an LTS
T = (S, Act,—,I,Sh U Loc, L), we write T £ PSiff T & ¢ for every
¢ €.

ExAMPLE 4.1. For the example of Section 3, we
have th_at _Sh = {avlj"orki, avForkiy1}, Loc
{eat', thk', hgr', ownFork}, ownFork;,}, Act =

{getThk!, getHgr!, getEat’, getLeft', getRight’, chFork;, chForkiy1},
and Cons = (0. The formula is the conjunction of formulas (1)-(19)
(plus the frame axioms not shown there).

A specification of a distributed system is a collection of process
specifications over the same shared variables, and an additional
global temporal requirement.
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DEFINITION 4.2. A system specification S is a tuple ({PS'};c 7,
@), where I is a finite index set, each PSi = ((Shi, Loct, Act!, Cons),
®') is alocal process specification, and ¢ is an LTL formula over the
vocabulary ;e 7 Sh* U [1;e 7 Loc! expressing a global requirement.

ExAMPLE 4.2. Taking again the example of the philosophers, we
can consider three instances of the specification fori € {0, 1,2} whose
sets Shi, Loct, Act’, and Cons' are as in Example 4.1, and the global
requirement is formula (21).

By simply treating a system specification S as a collection of
component specifications, we do not provide specific semantics for
shared variables compared to process-local variables. As a result,
locally correct implementations may often lead to invalid system im-
plementations — those that violate the global constraints — because
local assumptions about shared variables may not hold when the
processes are combined. This can be solved by forcing local process
specifications to assume unrestricted behavior of the environment,
as formalised in the following definition.

DEFINITION 4.3. Let L = {fy, ..., tm} be a set of elements (called
locks), and Av p = {avy | € € L} be a set of variables.

An L-synchronized specification is a system specification S =
({PS'};c 1, ¢) with shared variables Avy C ;e 1 SH, such that for
each process specification PSt = ((Sh%, Locl, Act®, Cons'), @'Y, it holds
that:

(1) ifave € SK N Av g, then owny € Loc! and chy € Act!,
(2) ifg € Sh' \ Avy, then chy € Act'.

Furthermore, the following formulas belong to each ®*:

(a) /\awEShiﬂAvL (Vs : owng(s) = —ave(s)),

(0) N gueshin, (Vs : ~owne(s) = (3 : che(s.s))).

©) Naveeshina, (V5 s’ che(s,s’) = (ave(s) = —~ave(s)),

(d) /\av(GShiﬂAvL /\ve(ShiULoci\{owng,av[})(VS’ s' i chy(s,s") =
(v(s) =0(s")),

(€ Nge(shivav,) (Vs
chg(s,s") A =g(s))),

() Nge(shivavy) Ngre(siiutacy gy (755
(g'(s) =g'(s)).

Some words about the above definition are useful. Locks are a
special type of shared variable used for synchronization. Actions
{che,, ..., ch,} U {chy | g € Shi \ Av s} are used to model en-
vironment actions; for instance, chg, represents an environment
action that changes the state of lock . The variables avy and own,
are used to indicate that lock ¢ is free or owned by the current
component, respectively. Formula (a) indicates that if a component
owns a lock, then the lock is not available for any other component.
Formula (b) expresses that if a lock is not owned by the current com-
ponent, then the lock can be changed by the environment. Formula
(c) says that if the environment changes lock ¢, then the variable
avg, changes accordingly. Formula (d) states that changes in locks
do not affect other variables. Formula (e) expresses that shared
variables can be changed by the environment. Finally, formula (f)

states that the changes in one shared variable do not affect the other

chy ,
— ¢,

(3s’ chy(s,s") A g(s)) A (35

chy(s,s") =

. . . chy
variables. From now on, we write s --> s’ if s — s” or s
for some lock ¢ or shared variable g, respectively.
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‘hgr® ownFork}
hgr' avFork,
hgr? avForky

hgr®ownFork
hgr' avFork,
hgr® avForks

hgr® avForkg
hgr* ownFork}
hgr® avForky

getRight!

hgr® avForko
hgr® avForky
getRight” hgr? avFork,

hgr® avForko hgr® avForky
hgr' ounFork?

hgr® avFork,

hgr' avFork, getLeft?

hgr® ownFork

‘hgr® avForko
hgr® avForky
hgr? ownFork?

Figure 3: Fragment of the Asynchronous product T° || T! || T2.

EXAMPLE 4.3. For the system specification of Example 3 with
i € {0, 1,2}, we have that L = {Forky, Forky, Forky}, and the corre-
sponding variables Av y = {avForky, avForky, avForky}. Furthermore,
{avFork;, avForkiy1} C Sh' and actions {chFork;, chForkiy1} C Act!
(for any i). In this example, formulas (14)-(15) correspond to for-
mula (a), formulas (16)-(17) correspond to formula (b), and formulas
(18)-(19) correspond to formula (c). Formula (d) corresponds to frame
axioms (e.g., formula (20)). Formulas (e) and (f) are not instantiated
in this example (the forks are the unique shared variables).

In the same way that component specifications can be put to-
gether, we also consider the asynchronous composition of LTSs.

DEFINITION 4.4. LetS = ({PSi}iE[O,n], ¢) be an L-synchronized
specification, and let TO, ..., T™ be LTSs, such that for each Ti =
(S, Actt, % I' Sh' U Loc?, L) we have T' £ PSt. We define the LTS
TO || -+ || T" = (S, Lie[on] Act’, —,1,Sh U [e[o,0] Loc', L) as
follows:

o S={s|s€licfon S'A(Vije[0n] : g€ SH NS =
L'(sTi)(g) = L/ (sT/) ()},
e 5={s 5§ | Tielon]: (TiolsMAN£i:
(sTj -7 1)) v (sTj =T}
e [={s|Vie[0,n]:sTiel},
{Li(sTi) (x) ifx € Loc for somei € [0,n],
o L(s)(x) =

LO(s710)(x) otherwise.

EXAMPLE 4.4. Forthe dining philosophers example, we can consider
the asynchronous product of the LTSs T°, T, T? (as described in Fig. 1).
The resulting structure has more than 60 states. Fig. 3 shows a small
fragment of the resulting LTS: the state where all the philosophers are
hungry and the outgoing transitions from this state.

Now, we can define the semantics of distributed specifications
using asynchronous products, i.e., the combination of LTSs that
produces all interleavings of their corresponding actions.

DEFINITION 4.5. Given a system specification S = ({PSi}ie[o,n],
$) a model or implementation of S is a collection of LTSs T?, ..., T"
such that T' £ PS, for everyi € [0,n], and T® || --- || T™ E §.

Given an LTS T, we can obtain a specification that characterizes
it (up to isomorphism), using fresh constants to identify the states,
and formulas to describe the transitions. Moreover, we can obtain
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a specification that characterizes all LTSs that can be obtained by
removing some (local) transitions from T. Intuitively, this specifica-
tion captures the possible refinements of T, in the sense that some
non-determinism is removed.

DEFINITION 4.6. Let PS = ((Sh, Loc, Act, Cons), ®) be a compo-
nent specification, and let T = (S, Act,—,I, (Sh U Loc),L) be an
LTS, such that S = {sp,...,sn} (without loss of generality we as-
sumeS N Cons =0),I ={sp,...,sp} € S,ShU Loc = {po,....pm},
Act =A{ag, ...,ar} and T £ PS. The process specification Ref (PS, T)
is the tuple ((Sh, Loc, Act, Cons U S), ® U {¢T}) where ¢ is the fol-

lowing formula:
C N siEsp)AN\IGs)
0<i<j<n ifo.q]
A\ pils))
jelon]nrie[o,m]Ap;eL(s;)
A N\ pils))
jelon]nie[o,m]Ap;¢L(sj)
A /\ —a;(sj,sj)

.
Jo' €lon]nie[0.k]AA(s;—>s )

A /\ai(Sj,ij)

o
77" €lon]nie[0.k]Asj—>s ;s Aaj{chglgesh}

Roughly speaking, the formula #7 identifies each state with a
constant, describes the properties of each state, enumerates the
transitions labeled with environment actions, and rules out the
introduction of local transitions not present in T. Furthermore,
note that the models of Ref (PS, T) may remove some transitions of
T but still satisfy the specification PS.

The following property will be important for Section 6.

PROPERTY 4.1. Let PS = ((Sh, Loc, Act, Cons), @) be a process spec-
ification, and T an LTS such that T £ PS then:
e Forany LTST’, if T" & Ref (PS,T), then T’ E PS,
o T & Ref(PS,T).

The following notation will be helpful in later sections to refer
to specifications augmented with additional formulas.

DEFINITION 4.7. Let PS = ((Sh, Loc, Act, Cons), ®) be a process
specification, and T = (S, Act, —,1, (ShU Loc), L) an LTS such that
S ={so,...,sn}, and T E PS. Given a formula i over the language of
T, we define:

Ref (PS,T) @ ¢ = ((Sh, Loc, Act),® U {¢”, y})

Counterexamples. Let us introduce some definitions and concepts
related to counterexamples that will be useful in the subsequent
sections.

In finite transition structures, counterexamples can be repre-
sented by finite paths, called lasso traces (finite sequences of states
such that the last state loops back to a previous state) [6]. Noting
that any finite path can be identified with a formula in conjunctive
normal form yields the following definition.

DEFINITION 4.8. Given an LTS T = (S, Act,—,I,AP,L) and a
finite path = = sg,s1,...,5m € Path(T), we define the formula:

CNF(7) = Ao<jem(Vaeact(alsj, sj+1)), where so, ..., sm are con-
stants.
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Note that Ref (PS,T) @ CNF(r) captures the refinements of T
satisfying specification PS and preserving the path 7. Similarly,
we can define a formula that removes a counterexample from the
instances of a specification.

DEFINITION 4.9. Let T (S, Act,—,I, AP,L) be an LTS and
T = $0,51,--.,Sm € Path(T) a path such that s; # siu1
for some i. We define the following formula over T: NOT(x) =
Vo<i<m(Nacact 7a(si,siv1) A (si # sis1)), where so,...,spm are
constants.

Ref (PS, T) @ NOT () identifies the refinements of T that do not
contain path 7. The proof of the following theorem is direct from
the above definitions.

THEOREM 4.1. Let PS and T be a specification and an LTS, respec-
tively, such that T £ PS, and 7w = s, ..., Sm € Path(T), withs; # si+1
for some i. Then, Ref (PS,T) & NOT () # Ref (PS,T) ® CNF(x).

Furthermore, given LTSs {T'};c; and a finite path 7 =
S0s---»Sm € Path(||;er T'), we denote by x7i the path projected
to an execution of the process T, defined as 77i = soTi, ..., SmTi.
Note that projecting a global execution may introduce stuttering
steps in the obtained local executions. The projections of a global
execution form a tuple (77i);¢ 7, which will be used to refine the
instances obtained via the model finder.

5 Obtaining Guarded-Command Programs.

This section describes the methodology we use to obtain guarded
command programs from LTSs. It is worth noting that the programs
that we synthesize use locks to achieve synchronization. We assume
a non-blocking semantics for locks; that is, if a guard checks for the
availability of a lock and the lock is unavailable, the process may
proceed with the execution of alternative branches. However, note
that a process gets blocked when all its guards become false. Other
synchronization mechanisms, such as blocking locks, semaphores,
and condition variables, can be expressed by our guarded command
notation.

Given LTSs T! = (S!, Act!, >, I', Sh' U Loc, L) for i € [0,n],
we can abstract away the environmental transitions and define a
corresponding program in guarded command notation, denoted
Prog(T° || --- || T"), as follows. The shared variables are those
in SK* plus an additional shared variable ¢ for each lock, whose
domain is [0,n] U {1} (L is a value indicating that the lock is free).
Additionally, for each T we define a corresponding process. To do
so, we introduce for each s € S’ the equivalence class: [s] = {s” €
S| (s --»* s") v (s’ --»* s)}. That is, it is the set of states connected
to s via environmental transitions, which is already an equivalence
class. The collection of all equivalence classes is denoted Si/ Iy
The local variables of the process are those in Loc’ plus a fresh
variable st;, with domain S?/__,~ (to indicate the current state of the
process).

Finally, given states s,s’ € S' with s 4 ¢ esiand [s] #
[s"], we consider the guarded command shown in Fig. 4. We can
prove that our translation from transition systems to programs is
correct, i.e., both satisfy the same temporal properties. This can be
proven by verifying that both generate the same traces modulo a
translation of temporal properties, defined as follows: 8(owny) =
(¢ = i), 0(avy) = (£ = 1), 8(p) = p (for any p € Loc U Sh),
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state = [s]

AN{x=x(s) | x € SK* U Loc'}
AN{E=i|te L:own, € Li(s)}
AN{f=1|¢te L:avy € Li(s)}

{x:=x(s") | x € LocU Sh}
U{state:=[s"]}

U{e:=i|te L:own, € Li(s)}
U{t:=L1]|¢te L:av, € Li(s)}

[a]

Figure 4: Guarded command constructed from an LTS transi-
tion

Program Mutex
var m : Lock;
Process P! withi € {0,1}
var tryi, nest, st bit
var st! : {50, S1, 52, 53, 54, S5}
initial : nes’ A —es’ A —ry!
begin
[enterTry] st' = S5 — st! := 3, try =1, ncs =0
[getLock] stt = S3Am=1 — stl =51, try = 1 m:=i
[enterCS] sth=81— stl := S50, ¢st =1, tryt =
[enterNCS] sti = S0 — st! == S5, nes' =1, ¢t =
end

O,m::J_

end

Figure 6: Program for Mutex

0(=p) = =6(p), 6(¢ vV ¥) = 0(¢) vV 0(¥), 6(O¥) = O6(¥)), and

0(¢Uy) = 0(¢)UO(Y).
THEOREM 5.1. Given LTSs T fori € [0,n] and LTL property ¢,
we have that: T || -+ || T" £ ¢ & Prog(T® || --- || T™) £ ¢

enterC.

qethck enterNCS
enterTry ’
chm’ ‘chm chm' nchm

enterTry ‘

Figure 5: LTS for Mutex

ExaMPLE 5.1 (MUTEX). Consider a system composed of two pro-
cesses (which can be straightforwardly generalized to n processes),
both with non-critical, waiting, and critical sections. The global prop-
erty is mutual exclusion: the two processes cannot be in their critical
sections simultaneously. We consider one lock m, actions: enterNCS!
(the process i enters the non-critical section), enterCS® (the process i
enters the critical section), getLock’ (the process acquires the lock),
enterTry' (the process goes to the try state), and the corresponding
propositions ncs', cs', try', ownm, avm.

The transition system is shown in Fig. 5 and the corresponding
program is depicted in Fig. 6. It is interesting to observe that the condi-
tions in Def. 4.3 allow the use of locks as synchronization mechanisms.
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If component i owns the lock m, then the other processes cannot enter
their critical sections because the lock is unavailable to them. Also,
note that we consider one state in the program for each equivalence
class of states in the LTS.

6 Synthesis Algorithm

In this section, we describe our synthesis algorithm. Given a speci-
fication S = ({PS'};c 1. $) for a distributed system, the algorithm
synthesizes process implementations {T'};c y that satisfy their lo-
cal specifications, i.e., Ti = PSi for all i € I. Furthermore, the
asynchronous parallel composition of these processes satisfies the
global temporal requirement ¢, i.e., ||;e; T? £ ¢. The algorithm
uses a bound k to limit the maximum number of states for the syn-
thesized LTSs. If a valid implementation is found, it is returned in
NuSMYV language. Otherwise, the algorithm labels the specification
as unsatisfiable within the bound k.

Alg. 1 presents a basic version of the synthesis procedure. By
executing Synt(0, PS’, . . ., PS", k), the program recursively inspects
all the specifications and synthesizes, if possible, a solution. In line
2, Alg. 1 inspects all instances of the current specification. Line 4
handles the base case (i.e., the last specification), where a model
checker is called to verify the selected instances. If successful, a
solution is returned; otherwise, another instance is chosen. Line
6 addresses the recursive case, in which a different instance is
examined, and the algorithm continues recursively with the next
specification. As shown in Section 7, this algorithm can only handle
problems of small size.

Algorithm 1: A Simple Search Algorithm

Data: i (process number) PS, . . ., PS™ (process specifications), ¢
(global property), k (instance bound)
1 Function Synt(i, PS°, ..., PS™ k)

Result: ry,...,rp withr; E PSand rg || -+ - || rn E por 0
otherwise
2 for all instances M; of PS* do
3 ri «— M;j;
4 ifi=nAry|l | rnE ¢ then return {ro,...,rn};
5 if i < n then
6 found < Synt(i + 1,PS°, ..., PS", k);
7 L if found # 0 then return found;
8 return (;

A key issue with Alg. 1 is that an incorrect choice for the initial
instance of the first specifications (e.g., PS°) may cause the algorithm
to stall on later specifications (e.g., PS"), before returning to the
initial specifications and trying with different instances for them.

We improve Alg. 1 using mainly three techniques. First, we force
the synthesizer to start from “better” initial instances (see below).
Second, we use counterexamples to accelerate the search. Third,
we use batches to prevent the procedure from stalling on the last
components.

For the first point, we augment the specifications with formulas
that ensure the synthesized instances are not overly restrictive
with respect to transitions, which can be pruned in later stages.
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Algorithm 2: Batches Algorithm

Data: PS°, ..., PS™ (process specifications), ¢ (global property), k
(instance size bound), by, . . ., by, (sequence of batch bounds),
cexs (global set of counterexamples)

1 Function StartSearch(PS’, ..., PS™, k, bo,...,bm)

Result: ry,...,r, withr; EPS'andrg || -+ || rnE@or0

otherwise
2 cexs «— 0;
3 foreach i=0...ndo M; « initial instance of PS’ of size k;
4 forb="by,..., b, do
5 foreachi=0...ndo
PS' « Ref(PS', M;) ® A recexs NOT(770), 5

6 found « BatchSynt(0, PS°, ..., PS™, ¢.b);
7 if found # 0 then return found;
8 | return 0;
9 Function BatchSynt(i, P, . .., PS™, ¢, b)

Result: rg,...,r, withr; EPS andrg || -+ || rnEpor 0

otherwise

10 j 0
1 while PS* has unprocessed instances and j < b do
12 r; < next instance of PS*;
13 if i = n then
14 ifro || -+ || rn E ¢ thenreturn {ro,...,rn};
15 L cexs « process counterexamples;
16 if i < n then
17 found < BatchSynt(i +1,PS°,...,PS", $,b);
18 L if found # () then return found,
19 Jje—j+1;
20 return 0;

Specifically, for every action act, described using pre and post-
conditions (as in Section 3), we add the formula:

Vs € S : Preger(s) = 3s” € S : act(s,s”).

1)

This formula states that, for every state in which the precondi-
tion of the action (Pregcs) holds, there exists at least one transition
corresponding to the execution of act.

The first technique is instrumental to our second technique,
i.e., the use of counterexamples to prune action executions lead-
ing to violations of global properties. Furthermore, to avoid the
algorithm from getting stuck while inspecting instances of the lat-
ter specifications without returning to try new instances of the
first specifications, we introduce the use of batches. A sequence
of bounds by . .. b, is used to perform a bounded backtracking. In
addition, the counterexamples collected in each batch are utilized
to speed up the process. Roughly speaking, we first execute the
algorithm, inspecting only by instances of each specification. If no
solution is found, we use the collected counterexamples, now with
b1 batches. This process is repeated following the given sequence
of bounds.

Alg. 2 implements the ideas discussed above. This algorithm
consists of a starting function (StartSearch) that sets the initial
models for each specification (line 3). As explained above, these
initial models are obtained by augmenting the specifications with
formulas instancing schema 1 and feeding them to the model finder.
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Line 5 initializes each specification with a tailored specification
Ref(PS', M;) ® A\ e cexs NOT(27i). Intuitively, these specifications
describe refinements of the initial LTSs that exclude the counterex-
amples listed in cexs. Line 6 calls the auxiliary function BatchSynt,
which has a behavior similar to that of Alg. 1, but taking into ac-
count the bounds for each batch (line 4).

Soundness. The soundness of the approach follows from Prop-
erty 4.1, which guarantees that local properties are preserved; and
from the soundness of the model checker used, which ensures that
the global property is satisfied.

Completeness. The approach is not necessarily complete, as the
bounds may prevent it from inspecting some instances. However, in
Section 7, we show that this procedure can handle complex exam-
ples, offering a better performance than the exhaustive approach.

7 Experimental Evaluation
We evaluate our approach around the following research questions:

RQ1 How well does our synthesis approach deal with examples of
different complexities?

RQ2 How good is the counterexample-guided search for speeding up
the synthesis method?

RQ3 How do the selected bounds affect the synthesis method?

RQ4 How does our approach compare with related approaches?

Experimental Setup. To answer these questions, we implemented
Alg. 1 and Alg. 2 in a Java prototype tool!. The tool utilizes the Alloy
Analyzer [17] (with Minisat) to generate instances of specifications
and NuSMV [9] to verify the candidates. The experiments were
conducted on an Apple M2 processor with 16GB of memory.

Benchmarks. We evaluated our approach on two groups of exam-
ples. The first group consists of eight examples of distributed algo-
rithms: the dining philosophers (phil) [10] (our running example),
Mutex (mut) [16], Readers and Writers (rw) [16], the generalized
version of Peterson’s algorithm (pet) [16], and the combined-tree
Barrier protocol (bar) [16].

The second group consists of three variations of the ARM AMBA
Advanced High Performance Bus Arbiter [2] as presented in [19, 24]:
a simple arbiter (arb), a full arbiter (farb), and the Pnueli arbiter
(parb). The arbiter examples assume a distributed token ring ar-
chitecture, which we modeled using the Alloy language. Arbiter
examples are commonly used as benchmarks for synthesis tools.

The tool’s source code and data used for the experimental evalu-
ation in the current paper are available at [8].

Tables 1 summarize the experimental results. For each example,
we report the bound on the size of the processes (Sc.); the maximum
time needed to generate local process instances (L.Time); the total
time required to synthesize the system (G.Time); number of model
checker invocations (It.) by the synthesizer; and the final result of
our synthesis algorithm: ‘F’ (an implementation was found), ‘N’ (no
implementation was found), “TO’ (timed out), or ‘U’ (the specifica-
tion was found unsatisfiable by the Alloy tool). We also report the
number of reachable states (R.St.), and the total states (T.St.) of the
obtained implementations, expressed as powers of 2. Due to space
constraints, we include only a few configurations that the solver

The source code is available at https://github.com/cl-unrc-lab/PhilStone.
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Table 1: Experimental Results.

Ex. | Sc. LTime GTime It. RSt TSt Rs.

mut(2) |4 022 0.46 9 2258 9933 Seconds
mut(3) |4  0.20 0.87 27 23 21350 F 800
mut(d4) |4  0.20 2.94 81 2332 1767 g

mut(5) |4  0.20 11.05 243 2358 Q2184 600
mut(6) |4  0.20 47.63 729 2380 26.01 g 400
mut(7) |4  0.21 220.86 2187 2% 23018 F

phil(2) |14 0.90 1.22 5 21 21433 F 200
phil(3) | 14 082 1.85 14 2595 2150 F 0
phil(4) | 14 0.80 5.98 41 28 228.67 F

phil(5) | 14 0.81 197.65 335 2939 2384 p

phil(6) | 14 0.80 97332 365 212 24301 F

phil(7) 14 0.86 TO - - - TO Seconds
bar(2) |16 0.76 1.53 11 2258 plasE

bar(3) |16 1.05 1076 97 2390 22316 1,000
bar(4) |16 2.97 62.11 85 21075 93216 |

bar(5) 16  3.87 TO - - - TO

pet) | 12 041 051 2 22 6 F 500
pet(3) 19 TO - - - - TO

pet(3) |20 23877 23933 5 2332 gle22 g

r(Mw(l) [ 6 028 0.44 7 2158 o F 0
(MwR) | 6 032 0.86 25 22 210 F

r(MwB) | 6 036 2.11 79 2232 )13 F

r(Mw(4) | 6 038 6.21 241 2258 16 F

r(MwG) | 6 0.44 19.62 723 2280 Q19 F

r(w(6) | 6 0.45 67.66 2181 23 2%2 F

rQw(1) | 12 0.64 1.53 29 2232 pB3d6 F

rQw(2) | 12 0.89 6.98 167 2238 pled6 E

rQw@3) | 12 117 109.62 1377 2280 1916 Seconds
r2Qw(4) | 11 - 0.8 - - - U 400
rQw4) | 12 1.56 TO - - - TO

r3)w(1) | 24 3775 3819 4 2316 o13 F 300
r3)w(2) | 24 7495  76.57 13 2332 plé F 200
r(3)w(3) | 24  109.62 113.52 40 2345 ol9 F

r(3)w(4) | 24 14742 159.07 121 2358 222 F 100
r3)w(5) | 24 184.08 23531 362 2370 2% F

r3)w(6) | 24 220.12 38262 1091 2380 228 F 0
arb(2) |12 0814 1322 7 2232 pl2 F

arb(3) |12 0728 211 16 24 218 F

arb(4) |12 0854 4303 16 2524 g2 F

arb(5) |12 0976  12.54 16 2635 230 F

arb(6) | 12 1134 52344 16 2740 36 F

farb(2) |12 0552  1.164 8 2238 o2 F

farb(3) | 12 0.75 2.97 20 2345 18 F

farb(4) | 12 0935 15602 56 2439 2 F

farb(5) | 12 1232 85933 164 2°3 230 F

farb(6) | 12 2034 672539 488 2633 236 F

parb(2) |12 0662 1166 8 2280 o2 F

parb(3) | 12 0714 2277 20 2345 18 F

parb(4) | 12 0.886  8.593 56 2439 g2t F

parb(5) | 12 1.092  54.25 164 2°3 230 F

parb(6) | 12 1.324  700.731 488 2033 236 F

identified as unsatisfiable. Similar numbers can be obtained for the
remaining cases if the specifications are processed with smaller
scopes. We indicate the number of processes considered in each
experiment, e.g., phil(6) indicates that we considered 6 concurrent
processes (i.e., philosophers) in the dining philosophers example.
In the case of Readers and Writers, r(n)w(m) means that n readers
and m writers were considered. We set a timeout of 30 minutes.
RQ1: Effectiveness/efficiency of the approach. Table 1 shows that
the technique scales reasonably well for those case studies in which
each process uses a small number of locks and shared variables (e.g.,
dining philosophers, mutex and reader-writers). The scalability
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of the technique diminishes as the number of shared variables
accessed by the processes increases (e.g., Peterson for n processes).
Intuitively, more shared variables imply more actions performed by
the environment, which increases the size of the formula fed to the
SAT solver. We plan to investigate how to equip specifications with
assumptions about the environment’s behavior, thereby restricting
the possible values of shared variables. This may simplify the SAT
problem when searching for local implementations. It is worth
noting that even though the algorithm is incomplete, we have not
observed any “not found” outputs in our benchmarks. This could



FormaliSE *26, April 12-13, 2026, Rio de Janeiro, Brazil

be due to the selected timeouts. We leave an in-depth investigation
of this as further work.

RQ2: Speedup using counterexamples. We have run Alg. 1 on the
examples of our benchmarks. The results can be observed in Figs 7
and 8. Alg. 2 shows a much better performance in all examples. For
most of them Alg. 1 ((nocex)) timed out with more of two processes.
Hence, the speedup achieved using counterexamples is remarkable.

RQ3: Selection of bounds. To answer this question, we compare
the results obtained with several bound configurations for the ex-
ploration phase, namely: exp4 (4, 16,64, ...), exp8 (8,64,512,...),
lineal10 (10, 20,30, ...), and for RQ2 we also considered Alg. 1,
which does not take into account counterexamples (nocex). The
obtained results are depicted in Figs.7 and 8. Note that time-outs
are marked using dashed lines going out of the y-axis. In general,
exp2 behaves better than the other options; thus, it seems better to
collect a few counterexamples first and use them to improve the
search. A possible drawback of this setting is that a wrong choice
of the first counterexamples may have as a consequence that no im-
plementation is found, i.e., one may expect that this configuration
is “more incomplete” than the other options. However, we have not
observed this in our benchmarks.

RQ4: Comparison with related approaches. To answer this ques-
tion, we included in our analysis the synthesis tool PSketch [27],
which implements a Counterexample-driven Guided Inductive
Synthesis (CEGIS) algorithm to obtain code from sketched code
(code annotated with “holes”). To run PSketch, we took the Dining
Philosophers specification provided in [27] and elaborated PSketch
specifications for Mutex, Readers-Writers, and the Barrier example.
The Peterson example cannot be analysed with PSketch since it
only supports the analysis of safety properties. For the arbiter case
studies, we compare with the tool Party [19], which is specifically
tailored for distributed systems that use token ring architectures.

Our comparison focuses only on the time required by each tech-
nique for synthesizing distributed solutions. The plots of Figs. 7
and 8 depict the results of this comparison. In all the case studies,
we notice that the efficiency of PSketch is drastically affected as
the number of processes to synthesize increases. For instance, in
the dining philosophers with 6 processes PSketch timed out. In con-
trast, our tool was able to obtain a solution. Similarly, in the case
of 1 reader and 6 writers, PSketch failed to synthesize a solution,
while our approach succeeded. A similar analysis applies to Mutex.

In the case of the tool Party, for the arb and farb examples
Party was able to find solutions faster than exp2. In these cases,
Party uses a cut-off of 4, i.e., it reduces configurations with n > 4
processes to the case n = 4. However, even though Party has several
optimizations for token ring systems, our tool was able to synthesize
an implementation of the parb, while Party timed out for this case.

Threats to validity. Our experimental evaluation is subject to
some threats. The specification language of PSketch is different
from ours; it takes as input incomplete programs, which the tool
tries to complete to satisfy the (safety) specification, while our tool
takes as input specifications in the pre/post-conditions style. To
mitigate this, our PSketch specifications consist of a set of actions
that follow the pre/post-condition style, which must be executed
in a determined way to satisfy the global requirement. Reordering
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code execution is one of the main capabilities of PSketch, and so
this is solvable with PSketch. On the other hand, Party takes as
input a set of LTL formulas using assume/guarantee specifications;
in this case, we used the same inputs for our tool.

Additional remarks. Our tool can find multiple solutions for the
examples. For instance, in the phil example, after identifying an
initial solution, the algorithm continued, and it was able to find a
second solution. We note that synthesizing distributed programs
is a challenging task, even for simple cases. To our knowledge, no
other tool can synthesize distributed solutions for some of these ex-
amples, such as the generalized Peterson’s algorithm with a liveness

property.

8 Related Work

The seminal work of Emerson and Clarke [12] and related ap-
proaches [4, 13] are based on tableau methods for synthesizing
synchronization skeletons from global CTL specifications, which
are impractical in most cases, or require the description of processes
as state machines. The synthesis of distributed reactive systems
[26] aims to synthesize a distributed architecture that reacts to an
environment when possible. This is a very general problem, and it
is undecidable in many cases. Bounded synthesis [15] focuses on
reactive (synchronous) systems, or assumes a causal memory model
[14], i.e., the components memorize their histories and synchronize
according to this. Additionally, we note that all these approaches
consider only global LTL specifications; our approach also considers
local specifications in a pre/post-condition and invariant style.

Counterexample-driven guided inductive synthesis (CEGIS) [1]
reduces the problem of finding a given program to solve a (bounded)
first-order formula. Inductive generalization and verifiers are used
to generate candidate solutions. Alloy* [22] implements a general
version of CEGIS. In contrast to CEGIS, our approach begins with
“loose” versions of the processes, which are refined until a solu-
tion is obtained. Thus, we accumulate counterexamples and use
them throughout the synthesis process. As noted in [27], the use of
executions of asynchronous concurrent programs as counterexam-
ples in CEGIS is not direct. In particular, PSketch can only handle
safety properties. Other works, e.g., [19, 29], consider only safety
properties or are tailored to specific settings.

9 Final Remarks

We presented a correct-by-construction bounded approach for syn-
thesizing distributed algorithms. The approach iteratively generates
candidate process implementations using the Alloy tool and em-
ploys counterexamples to refine the search. In contrast to other
methods, our synthesis algorithm performs local reasoning to avoid
explicitly constructing the global state space and applies to general
temporal properties, including safety and liveness. We developed a
prototype tool that effectively solved diverse examples. As noted in
Section 7, the number of shared variables may affect the scalability
of our algorithm. In view of this, we plan to extend our approach in
several ways, e.g., exploring other heuristics to improve the explo-
ration of the instance space. One benefit of the proposed approach
is the versatility provided by the Alloy notation, which enables
us to model various kinds of distributed architectures, such as the
token ring architecture described in Section 7.
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