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Abstract

We provide a method to synthesize an LTL Assume/Guarantee (A/G) spec-
ification, or contract, as an interconnection of elements from a library, each
of which is also represented by an LTL A/G contract. Our approach, based
on counterexample-guided inductive synthesis, leverages an off-the-shelf model
checker to reason about infinite-length counterexamples and guarantee correct-
ness. To increase scalability, we also introduce a novel concept of specification
decomposition, based on contract projections; we show how it can be used to
break down our synthesis problem into several simpler tasks, without reducing
the size of the solution space. We test our technique on three industry-relevant
case studies.

Keywords: counter-example-guided inductive synthesis, assume-guarantee
contracts, linear temporal logic, specification decomposition

1. Introduction

System design is a process that starts with a high-level concept of what the
system should be and yields a blueprint for its construction. During design,
the initial idea is refined iteratively until no ambiguity is left, proceeding in
a top-down fashion. Requirements about the system as a whole are used to
define specifications for its subsystems, which, in turn, are broken down into
specifications for lower-level components, giving design a fractal nature [1, 2]. At
each step, increasing detail about the final design is added, until there is enough
information to build the system.

To reduce cost and shorten time-to-market, modern design methodologies
emphasize design reuse by leveraging platforms, which are libraries of parametric
components that include functional and non-functional details and define rules
for their composition. A design iteration then becomes a mapping process in
which a specification is realized in terms of platform components. Consider, for
instance, the automotive design process. Original Equipment Manufacturers
(OEMs), e.g., BMW or Ford, design several vehicles adapting the same floorplan,
axles, etc., and by incorporating subsystems, such as suspension control, provided
by tier 1 suppliers. In turn, tier 1 suppliers can build subsystems to order by
adapting their own platform, and using components provided by tier 2 suppliers.
This approach to design is formalized in a methodology called Platform-Based
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Design (PBD), which has been successfully applied in areas including electronic,
automotive, and network design [1, 3, 4].

When system complexity increases, especially for safety-critical systems,
maintaining consistency between design iterations and level of abstraction is an
onerous task. When done manually, in fact, the refinement of a specification
in terms of a composition of platform elements can introduce errors, and the
inevitable design review sessions are costly and ineffective [5]. Formal languages,
such as temporal logic [6, 7], can help to formalize specifications and maximize
the benefits of methodologies, such as PBD, by enabling automated reasoning.
Specifications can be effectively described, at different levels of abstraction, by
mathematical constraints which define what behaviors are to be expected by
a correct implementation provided some assumptions on the environment in
which the implementation will need to operate. At the same time, components in
the platform expose formal descriptions of their capabilities, which are formally
consistent with the specification, meaning that the verification of compliance
reduces to solving a mathematical problem. The difference between specification
and components is, then, quantitative. The specification will likely describe a
smaller set of desirable, higher-level properties of the system. It will not include,
however, all the details of the necessary subsystems, which will be added to the
design only when a suitable platform component is selected and instantiated.
For instance, a specification might define what is the desired voltage from a
battery module to power a device. A component in the library could satisfy
the voltage requirement, and it might add additional constraints such as safety
measures to manage overheating, or details about its interconnections. Once
verified, then, the mapping process of PBD produces an instance of the platform,
where each component represents a new specification for the successive iteration.
We believe this approach is necessary for the widespread adoption of formal
methods in system design as it frees the designer from having to think in terms
of mathematical formulas, focusing on higher-level components.

Having a formal description of design elements brings at least two substantial
benefits to the design process. First, it allows for the automatic verification
that a composition of platform elements implements, or refines, the specification.
Second, it enables synthesis, i.e., the automatic generation of a composition of
components which refines the specification. However, especially when described
by temporal constraints, scalability remains an issue even for simple designs. In
this paper, we describe methods to handle complexity when design elements are
described by temporal constraints, and improve scalability.

1.1. Paper Overview
In this paper, we focus on specifications and platform components character-

ized by formal interfaces. Each design element specifies its static interface as a
set of inputs and output ports and defines its set of behaviors by means of Linear
Temporal Logic (LTL) formulas [6, 8]. LTL is especially useful in expressing spec-
ifications for discrete systems, where the ordering of events matters more than
their precise timing. A number of domains are functionally characterized well
by LTL. Examples include software, communication protocols, motion planning,
reactive systems, and digital components in general [7, 9–14].

To successfully apply techniques and methodologies that support automated
reasoning, these design elements need to interact with each other in a well-
defined manner. Components first need a mechanism to be interconnected to
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represent a single, coherent subsystem which then needs to be compared to the
specification, to verify correctness. Thus, design elements need to support com-
position (horizontal relation), and refinement verification (vertical relation). We
leverage Assume/Guarantee (A/G) contracts [15–20] to rigorously characterize
components interfaces. Component ports, then, represent contract variables, and
LTL formulas describe explicitly assumptions, i.e., what the component expects
from its environment, and guarantees, i.e., its promise. The resulting LTL A/G
contracts, analyzed in Section 3, formalize notions such as compatibility (are
there valid environments for a component?) and consistency (are there valid
implementations?), and support composition and refinement. Contracts, in this
case, can be seen as the language unifying PBD, where all the considerations
made about the libraries of components (platforms) apply to libraries of con-
tracts, too. Hence, both the system specification and the platform components
are described by LTL A/G contracts, and contract libraries represent domain
knowledge that will be added to the design upon the instantiation of their
elements. Our goal is to automate, for such contracts, the mapping process of
PBD. The result will be a formally correct instantiation of the platform, which
in this case will be a composition of LTL A/G contracts. Therefore, in this
paper, we talk about synthesis of LTL specifications.

We focus our attention on the synthesis of correct compositions of contracts.
In [21], we addressed this problem of synthesis assuming that the only output of
the refinement verification procedure is a simple yes/no answer. In that paper,
we devised a synthesis procedure based on the Oracle-Guided Inductive Synthesis
(OGIS) paradigm [22, 23], where erroneous candidate solutions are used to infer
new constraints to guide the synthesis process. In that case, the only information
available to the solver is the erroneous candidates themselves, which are used
to identify equivalent compositions in the library so that they won’t appear as
candidate solutions in the future. The main advantage of this approach is that
the verification tasks are independent of one another, allowing for the parallel
execution of the resulting algorithm. Additionally, as we already point out in
[21], this technique is loosely related to the use of LTL A/G contracts, and we
argue that it could be applicable to other formalisms, too.

In this paper, we change our perspective and focus exclusively on LTL A/G
contracts. We tighten the assumptions on the refinement verification process,
that now is required to return, when refinement does not hold, counterexample
traces over the contract variables in addition to the usual yes/no answer. Hence,
here we talk about rich counterexamples as each iteration provides information
on both a candidate topology and its behavior. The result is a procedure based
on a specialization of OGIS called Counterexample-Guided Inductive Synthesis
(CEGIS) [22, 24, 25] where we deal with infinite-length counterexamples by
encoding them as state machines. Each state machine, then, is integrated into
the refinement verification process of the subsequent CEGIS iteration. For this
problem, we show that our approach indeed terminates in spite of infinite input
space, and discuss several performance improvement techniques.

We also study the problem of scalability of the synthesis techniques we
developed. We do so by leveraging contract properties to decompose, under
certain conditions, a specification in several independent synthesis problems.
Each synthesis task is simpler than the original one, as the resulting decomposed
specification will have fewer ports to be mapped into a candidate composition
of components. Thus, this allows us to handle synthesis problems that are
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unfeasible with the other techniques. We apply all the synthesis strategies that
we introduce to several case studies. The software and experiments discussed in
this paper have been implemented as an extension of the tool pyco1.

1.2. Main Contributions and outline
This paper extends our previous work in [21, 26]. The main contributions

are the following: we provide a synthesis approach of LTL A/G contracts based
the CEGIS paradigm (Section 4), substantially different than the approach in
[21]. A novel concept of contract decomposition, revised from [26], is introduced
in Section 5, based on projections; we show how it can be used to break down
our synthesis problem into several simpler tasks, without reducing the size of
the solution space.

The paper is organized as follows: in Section 2, we survey the related literature
and compare it with our work. We formalize the core concepts that will support
the rest of the work in Section 3. There, we introduce A/G contracts and describe
a variant of the theoretical framework in which contracts can be defined over
disjoint sets of variables and connections are explicitly referenced. Additionally,
we show how to express assumptions and guarantees of contracts as LTL formulas.
In Section 4, we define the synthesis problem for LTL A/G contracts and its
solution, where the verification engine also returns counterexamples over the
contract variables. The solution is a CEGIS algorithm that encodes those
counterexamples as state machines. In Section 5, we discuss how to improve
the scalability of the synthesis algorithms described in the previous section by
decomposing specifications, introducing the notion of projection for LTL A/G
contracts. We evaluate the proposed techniques on three case studies, discussed
in Section 6. In Section 7, we draw conclusions and discuss future research
directions. Finally, Appendix A includes additional details on techniques and
tools to perform basic operations on LTL A/G contracts, such as refinement
verification.

2. Related Works

Contract Refinement Verification. The problem of building and verifying compo-
sitions of formally defined components has been studied extensively. Pinto et al.
[27] propose the contract-based Specification Language for Platforms (CSL4P),
which provides mechanisms to define component platforms and to build designs
by instantiating, interconnecting, and composing components. Designs can then
be formally verified for compliance with platform composition rules. Grumberg
and Long [28] describe the idea of decomposing a verification task into smaller
sub-tasks, where an aggregation of components is replaced by a more abstract
representation, according to an Assume/Guarantee framework. However, in most
cases, finding the appropriate abstraction is an issue since no general guidelines
are available to the verification engineer. A few approaches have been proposed,
which use learning algorithms to automatically build such abstractions, e.g.,
see [29, 30]. In [31], the abstraction process is instead guided by the contract
library, which systematically encodes the available information on both the struc-
tural decomposition of the system architecture and the relevant system domain

1https://github.com/ianno/pyco
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knowledge. Based on the library, we provide a mechanism to automatically
build abstractions on the fly, as we solve the problem by successive refinements.
In this respect, our solution was inspired by the PBD paradigm [1] where a
design, at each abstraction layer, is also regarded as a platform instance, i.e.,
a valid interconnection of component out of a pre-characterized library, which
also includes composition rules. As we describe in Section 3.3, the concept of
library is further extended to also include relations between contracts and their
ports. In the context of [31], such relations include refinement rules between
contracts in the library. Cimatti and Tonetta [32] exploit the relation between
decomposition of component contracts and system architecture and provide a
concrete framework to verify a system architecture relying on temporal logic
formulas.

Synthesis. In [33], the problem of synthesizing a fixed network topology of
finite-state machines that cooperate to satisfy a given LTL specification is shown
to be undecidable. In [34], the problem of synthesizing a network topology
of given components that cooperate to satisfy a given LTL specification is
also shown to be undecidable. In our previous work [21] and in this paper,
we evade these undecidability results by imposing a bound on the number of
components in the network topology. In [23, 35], the authors consider the
problem of synthesis from component libraries, but their components are finite
loop-free programs, as opposed to LTL formulas, which we consider. Similarly,
[36] considers the synthesis of embedded designs from component libraries. In
this work, components satisfy static specifications, while we consider components
satisfying temporal constraints. In [37], the authors consider component-based
synthesis of a system in which each component takes full control of the entire
system when it is active. In contrast, we consider networks of components that
must collaborate in order to satisfy a top-level specification.

We previously addressed the problem of synthesis from component libraries
in [21]. In that paper, we focused on the problem of synthesis from libraries of
components when minimal assumptions were made on both the formalism used
to describe components and the verifier, i.e., an oracle able to determine the
correctness of a certain candidate solution. The only requirements imposed on
the chosen formalism were being able to compose components and, given two
different components, being able to determine if one is the refinement of the
other. Furthermore, we only required the verifier to provide a yes/no answer.
That synthesis approach relies on generating many candidate solutions, each of
which can be independently verified. Specifically, the size of each verification
problem depends only on the specification itself and the candidate solution,
not on the number of tested candidates. The methods presented in this paper,
instead, focus solely on LTL A/G contracts and use a model checker as a verifier,
leveraging its ability to return counterexample traces. This choice allows us
to harness properties unique to LTL and A/G contracts, enabling us to go
beyond just observing the Boolean outcome of the refinement checking process.
Indeed, we can access more detailed information provided by the underlying
model checker, i.e., counterexamples representing complete system runs, and use
them to improve the efficiency of the synthesis process. We propose an approach
based on CEGIS that utilizes the infinite-length counterexamples generated by
the model checker, which we compactly represent as state machines, to guide
the synthesis process. This synthesis strategy, in comparison to the one used in
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[21], is more efficient as it requires fewer calls to the verifier, although generating
candidate solutions is more work-intensive. We observe, therefore, that our
synthesis strategy does not rely on existing LTL synthesis software, but on LTL
model-checking, leveraging mature, well-known tools [38] that we use as a black
box.

Oracle-Guided and Counterexample-Guided Inductive Synthesis, and the com-
bination of Induction, Deduction, and Structure. OGIS [22, 23] is a general
paradigm to address formal inductive synthesis. It is characterized by the in-
teraction between an inductive learning engine, also called the “learner”, and
a verification engine, i.e., the “teacher”. The learner submits queries to the
teacher, which replies with some information (for instance, a yes/no answer or
an execution trace) that is used by the learner to improve its guesses.

CEGIS [22, 24, 25], a specialization of OGIS, is a well-known synthesis
paradigm that originates from techniques of debugging using counterexamples
[39] and counterexample-guided abstraction refinement (CEGAR) [40]. CEGIS
is an inductive synthesis approach where synthesis is the result of inferring
details of the solution from I/O examples, which usually are counterexamples
for previous incorrect guesses, provided by a constraint solver. In CEGIS an
iterative algorithm, according to a certain concept class, generates candidate
solutions that are processed by an oracle and either declared valid, in which
case the algorithm terminates, or is used to derive counterexamples to restrict
the search space. CEGIS has been successfully used in a number of research
areas, including program synthesis and sketching [24, 35], and synthesis and
completion of distributed protocols [41–43]. Seshia [44] proposed a methodology
that formalizes the combination of Structure, Inductive and Deductive reasoning
(SID), representing a generalization of both CEGAR and OGIS.

Specification Decomposition. Filippidis [20] studies the problem of specification
decomposition into A/G contracts, when they are described in a fragment of
Temporal Logic of Actions (TLA+) [45], by proving that unnecessary variables can
be efficiently hidden and eliminated from the resulting specifications. Henzinger
et al. [46] propose a method to decompose the refinement verification process
for reactive systems in a series of sub-tasks that are simpler than the original
problem, leveraging the structure of the design and using the Assume/Guarantee
paradigm to manage circular dependencies. Our goal is similar: breaking down
the synthesis process into simpler sub-tasks. Dallal and Tabuada [47], given a
set of components and a safety specification, propose a decomposition technique
where the goal is to generate a set of minimally restrictive assumptions (one
per component). Such assumptions, found through a fixed point computation,
are then used to synthesize controllers for the components. Incer et al. [48]
introduce means to compute the operation of quotient for A/G contracts. Given
a specification 𝐶 to be implemented, and the specification 𝐶 ′ of a component
to be used in the design, the quotient describes the properties that need to be
satisfied, in addition to those required by 𝐶 ′, in order to meet 𝐶.

3. Preliminaries

In this section, we provide some basic notions that will be the foundation
of the work developed in the next sections. Our goal is two-fold. On the one
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hand, we describe the formalisms that we use later in the paper and how they
relate to each other. For instance, we introduce Linear Temporal Logic (LTL),
and discuss how it can be used to specify A/G contracts. On the other hand,
we want to provide the reader with an understanding of the more general A/G
contract framework, thus expanding some concepts and referring, as much as
possible, to definitions and notions from the current literature. We invite readers
familiar with these topics to skip this material and proceed to the contributions
of this paper, starting in Section 4.

3.1. Linear Temporal Logic
Temporal Logic is an extension of propositional logic introduced by Amir

Pnueli [6] that allows for the specification of properties that can be verified over
an infinite sequence of symbols. Here we focus on Linear Temporal Logic (LTL),
which is particularly useful in expressing properties of systems having a state
that evolves in a discrete manner, where time is seen as a linear sequence in
which system variables are evaluated. Programs, electric and electronic devices,
and motion planning are just a few examples of areas that can benefit from
having specifications expressed using LTL. LTL is expressive enough to describe
complex specifications, including properties such as safety (something bad will
never happen), liveness (something will keep happening), stability (a certain
state will be eventually reached), etc. [7]

3.1.1. Reactions, Behaviors, and Synchronous Assertions
Given a set of variables Σ with domain 𝐷, we call reaction, or state, 𝑟 ∈ 𝐷Σ

an evaluation of the variables in Σ within their domain. A synchronous run 𝜎,
or behavior, is an infinite sequence of reactions:

𝜎 ∈ (𝐷Σ)𝜔 = 𝑟0, 𝑟1, 𝑟2, · · · (1)

A set of behaviors is called a synchronous assertion. A synchronous assertion
𝑃 is defined as:

𝑃 ⊆ 𝒯 (2)

where 𝒯 = (𝐷Σ)𝜔 is the set of all the behaviors.
We call atomic proposition any statement over evaluations of variables in Σ

which has a unique truth value. This means that for an atomic proposition 𝑝 is
always possible to determine if it is true or false. Given a reaction 𝑟 ∈ 𝐷Σ, we
say that 𝑟 ⊢ 𝑝 if 𝑝 is true over the evaluation in 𝑟. If 𝑝 is false, then 𝑟 ̸⊢ 𝑝.

3.1.2. Syntax of LTL formulas
Given a set of atomic propositions 𝐴𝑃 over evaluations of an alphabet Σ,

the syntax of an LTL formula 𝜙 can be defined inductively as follows:

𝜙 := True | 𝑝 | ¬𝜙 | 𝜙 ∧ 𝜓 | #𝜙 | 𝜙 𝒰 𝜓

where 𝑝 ∈ 𝐴𝑃 and 𝜓 is another LTL formula, # is the next operator—also
indicated as 𝑋—and 𝒰 is the until operator.

Additional logic and linear temporal operators, such as disjunction (∨),
material implication (→), eventually (3, or 𝐹 ), and globally (□, or 𝐺) can be
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derived as follows:

𝜙 ∨ 𝜓 := ¬(¬𝜙 ∧ ¬𝜓)
𝜙→ 𝜓 := ¬𝜙 ∨ 𝜓

3𝜙 := True 𝒰 𝜙
□𝜙 := ¬3¬𝜙

3.1.3. Semantics of LTL formulas
LTL formulas are evaluated over infinite sequences of states, i.e., behaviors.

Let 𝜎 = 𝑟0, 𝑟1, · · · be a behavior. Then, the satisfaction of a formula 𝜙 by 𝜎 at
time 𝑖 is recursively defined as follows:

• 𝜎𝑖 |= 𝑝 if and only if 𝑟𝑖 ⊢ 𝑝, where 𝑝 ∈ 𝐴𝑃 ;

• 𝜎𝑖 |= ¬𝜙 if and only if 𝜎𝑖 ̸|= 𝜙;

• 𝜎𝑖 |= 𝜙 ∧ 𝜓 if and only if 𝜎𝑖 |= 𝜙 and 𝜎𝑖 |= 𝜓;

• 𝜎𝑖 |= #𝜙 if and only if 𝜎𝑖+1 |= 𝜙;

• 𝜎𝑖 |= 𝜙 𝒰 𝜓 if and only if there exist 𝑗 ≥ 𝑖 such that 𝜎𝑗 |= 𝜓 and 𝜎𝑘 |= 𝜙
for all 𝑘 ∈ [𝑖, 𝑗);

where 𝜓 is another LTL formula. If a formula is true at time 0, i.e., 𝜎0 |= 𝜙, we
will drop the subscript and just say that the behavior 𝜎 satisfies the formula 𝜙,
written 𝜎 |= 𝜙.

For an LTL formula 𝜙, we indicate with ℒ(𝜙) its language, i.e., its associated
synchronous assertion, which is the set of infinite behaviors satisfying it.

3.1.4. LTL Applications, satisfiability, and realizability
LTL is widely used in model checking and synthesis [12, 28, 38, 49, 50]. In

the first case, it is possible to automatically verify if a model exhibits certain
properties. Several model-checking algorithms and tools have been developed
over the years. These algorithms can be grouped into two categories: symbolic
and explicit-state; symbolic algorithms use Binary Decision Diagrams (BDD)
[51] to encode the whole state space and perform model checking. Explicit state
algorithms [52], instead, declare all the state variables for each time step and
then rely on a SAT solver to find an answer to the model-checking problem.

In the case of synthesis, given a set of desirable LTL properties, the goal is
to automatically generate a state machine implementing them. This is achieved
by solving a two-player game, where a system implementation is required to
be able to react to any possible move from an adversarial environment [49, 50,
53]. If a winning strategy does not exist, then synthesis fails. Otherwise, an
implementation of such a strategy is returned.

In this work, however, we verify and synthesize compositions of components
described using LTL, and all the algorithms and techniques we study are based
on the capability of asserting the validity of an LTL formula. In the previous
sections, we discussed how LTL formulas can express sets of infinite-length
behaviors. Indeed, Wolper et al. [54] show that the models satisfying an LTL
formula can be described as an 𝜔-regular language over a certain alphabet. Thus,
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checking the validity of an LTL formula can be reduced to checking emptiness of
the associated language, which is a PSPACE-complete problem [8].

There are several options to solve the LTL validity problem for a formula 𝜙.
One of them is to use a tool that is able to compute an automaton that accepts
infinite-length words, called Büchi automaton, corresponding to the 𝜔-regular
language accepted by 𝜙. If the automaton is empty, then the formula is not
satisfiable, i.e., its negation is valid. For instance, a tool able to compute such
automaton is ltl2ba [55].

Another method is to use a model checker to check whether an unconstrained
model is able to satisfy the property 𝜙. Model checkers perform similar automata-
based reasoning over the formula and the language generated by the system, but
they are often faster due to the efficient symbolic encoding that many of them
use. Some other model checkers use BMC to verify the validity (up to a certain
temporal horizon) of a formula 𝜙. In our experience, if having a finite temporal
horizon is acceptable, this is the solution that yields the best performance for
large formulas. Using a model checker to check for LTL validity has also the
advantage of generating counterexamples when a certain formula 𝜙 is not valid.
Those counterexamples can then be used to infer a satisfiable assignment for the
negated ¬𝜙.

The realizability of an LTL formula is also seen as a game played by two
players. It was studied initially by Pnueli and Rosner in the context of LTL
synthesis [49]. For an LTL formula 𝜙, each player controls a subset of the formula
propositions by controlling a subset of its variables. Thus, the environment
controls a set 𝐼 of input signals, while the system to be synthesized controls
the set 𝑂 of output signals. The goal of the system is to satisfy 𝜙, while the
environment wants to falsify it, without falsifying its subset of propositions.
The game is played in turns, where for each variable value assignment from the
environment there is a corresponding assignment from the system. The result
is an infinite sequence of reactions, i.e., a behavior. If the behavior satisfies 𝜙,
then the system wins, otherwise the environment wins. The formula is realizable
if the environment never wins.

LTL realizability is a 2ExpTime-complete problem [50], but there are several
tools that are able to compute it by implementing different strategies. For
instance, we mention the design tools Ratsy [56] and Tulip [57], or the LTL
synthesis tools Acacia+ [53, 58]. Later, we will show how realizability can be
used to prove some properties on LTL A/G contracts, such as consistency and
compatibility.

3.2. Design Contracts
The concept of design contracts, which has been extensively studied in the

past few years [15–17, 19, 20, 59, 60], has its roots in the field of software
engineering, where assume/guarantee reasoning has traditionally been used to
reason about pre- and post-conditions of software modules [61]. This approach
to software engineering has been derived from, in turn, the early work of Floyd
and Hoare [62, 63]. The shift of the use of contracts towards system design,
however, has been influenced by the early work on interface theories [18, 64–66].

The concept of contract nicely embraces the discipline of system design, as it
emphasizes modularity and reuse of components, which are critical elements of
the practices followed in industry. Indeed, when developing a system, several

9



suppliers collaborate with an Original Equipment Manufacturer (OEM) on the
basis of some partial specifications. Such specifications require a supplier to
develop a component that is able to guarantee a certain functionality, assuming
a certain set of constraints on its operative environment. If designed according
to the specification, each component will be able to properly interact with other
components, even when they have been realized by different suppliers.

The modern theory of design contracts is broad and encapsulates many
concrete theories developed over the years for concrete applications. In this
paper, we focus on assume/guarantee contracts, where the set of acceptable
system and environment behaviors are explicitly formalized. For a full analysis
and description of the theory of contract for system design, we refer to [16, 60].

In our work, the description of a design unit, or just a component in the
remainder of this section, follows Benveniste’s definition in [16] that is, in
turn, inspired by the Tagged Signal Model developed by Lee and Sangiovanni-
Vincentelli [67]. A component implementation𝑀 = (Σ, 𝑃 ) is a specific realization
of a component. It refers to a certain set Σ of ports, or variables, with domain
𝐷. It is characterized by an assertion 𝑃 , i.e., a set of behaviors that represent a
valid execution, or run, of the component

Given a certain design goal, several components can achieve it by properly
working together. Such collaboration is realized by composing components
according to some well-defined rules. Two implementations 𝑀1,𝑀2 over the
same set of variables Σ can interact with each other by composing them. In this
case, composition means that there exists a non-empty set

𝑃‖ = {𝜎 | 𝜎 ∈ 𝑃1 and 𝜎 ∈ 𝑃2} = 𝑃1 ∩ 𝑃2 (3)

That is, 𝑀1 and 𝑀2 agree on some possible executions, and the composed
implementation is indicated as

𝑀‖ =𝑀1 ‖𝑀2 = (Σ𝑃 , 𝑃1 ∩ 𝑃2) = (Σ𝑃 , 𝑃‖) (4)

In the following sections, we will also use the term component to indicate a
generic element in a set or library. To avoid ambiguity, outside the context of
this section, we will use the term design unit to indicate a component as those
defined in this section.

3.2.1. Assume/Guarantee Contracts
An Assume/Guarantee (A/G) contract is a description of a component which

decouples the responsibilities of the component itself, i.e., its guarantee, from the
responsibilities it assumes on its environment. A/G contracts are also defined
using synchronous assertions. In this paper, we specialize the description of A/G
contracts from [15, 17] to explicitly handle input and output variables.

Definition 3.1. An A/G contract is a tuple 𝐶 = (𝐼,𝑂,𝐴,𝐺)2 where 𝐼 ⊆ Σ is a
set of input variables, 𝑂 ⊆ Σ is a set of output variables, and Σ is the contract

2This is the definition of contracts found in [17]. Damm et al. [68] define a contract as
an object (𝐴,𝐵,𝐺), where 𝐴 and 𝐵 are strong and weak assumptions, respectively, and 𝐺
contains the guarantees. Strong assumptions are used to describe conditions that are needed
for a component to operate. Weak assumptions describe environments in which the component
provides reduced functionality.
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alphabet, which is assumed to be the same for all contracts. 𝐴 and 𝐺, instead, are
synchronous assertions representing assumptions and guarantees, respectively.

The pair 𝜋 = (𝐼,𝑂) is called a profile, and represents the partition of variables
that can and cannot be controlled by the contract3. Having such a clear partition
is extremely useful, as it allows us to clearly identify which variables can be used
by a contract to carry out its promise. An assertion 𝑃 is called Σ′-receptive,
where Σ′ ⊆ Σ is a set of variables, if and only if for all behaviors 𝜎′ defined over
variables in Σ′, there exists a behavior 𝜎 ∈ 𝑃 such that

∏︀
Σ′(𝜎) = 𝜎′, where

∏︀
indicates the projection operation, i.e., when 𝜎 is considered only over variables
in Σ′. Thus, 𝑃 accepts any possible sequence over variables in Σ′. Sometimes,
when the context is clear, we refer to a contract omitting its profile. For instance,
we could refer to the contract 𝐶 = (𝐼,𝑂,𝐴,𝐺) simply as 𝐶 = (𝐴,𝐺).

Consider a contract 𝐶 = (𝐼,𝑂,𝐴,𝐺). Any assertion 𝐸 ⊆ 𝐴 is a valid
environment for 𝐶, indicated as 𝐸 |=E 𝐶, while any assertion 𝑀 such that
𝑀∩𝐴 ⊆ 𝐺, indicated as𝑀 |=M 𝐶, is a valid implementation, i.e., the component
is behaving correctly under the assumptions of the contract.

Different implementations can, in general, satisfy the same contract. Consider,
for instance, two implementations 𝑀1,𝑀2 such that 𝑀1 ̸=𝑀2, and a contract
𝐶 = (𝐼,𝑂,𝐴,𝐺) We can still have both 𝑀1 ∩ 𝐴 ⊆ 𝐺 and 𝑀2 ∩ 𝐴 ⊆ 𝐺. We
refer to the maximal implementation for 𝐶 as 𝑀𝐶 = 𝐺 ∪𝐴, where 𝐴 = 𝒯 ∖𝐴
indicates the complement of 𝐴. For any implementation 𝑀 such that 𝑀 |=M 𝐶,
we have that 𝑀 ⊆𝑀𝐶 .

Saturated Contracts. Consider, two contracts 𝐶1 = (𝐴,𝐺1), 𝐶2 = (𝐴,𝐺2). Let
𝐶1, 𝐶2 have different guarantees, i.e., 𝐺1 ̸= 𝐺2, but identical maximal implemen-
tations 𝑀𝐶1

=𝑀𝐶2
. Thus, we have

𝑀𝐶1 ∩𝐴 = (𝐺1 ∪𝐴) ∩𝐴 = (𝐺2 ∪𝐴) ∩𝐴 (5)

This implies that the difference between the guarantees is not included in the
assumption 𝐴,

𝐺1∆𝐺2 ⊆ 𝐴 (6)

where ∆ is the symmetric difference between two sets. If it were, then Equation 5
would not hold, contradicting our assumption that 𝐶1 and 𝐶2 share the same
maximal implementation. Consider now the contract 𝐶 = (𝐴,𝐺), whose maximal
implementation is 𝑀𝐶 = 𝑀𝐶1

= 𝑀𝐶2
. Let also 𝐺 ⊇ 𝐴. Thus, it follows from

Equation 6 that 𝐺 is maximal, meaning that, for any contract 𝐶 ′ = (𝐴,𝐺′) with
maximal implementation 𝑀𝐶 , we have 𝐺′ ⊆ 𝐺. In this case, we say that the
contract 𝐶 is saturated, meaning that it explicitly contains the largest possible
guarantees for a certain maximal implementation. For a saturated contract
𝐶, we also have that 𝐺 ∪ 𝐴 = 𝒯 , meaning that the union of assumption and
guarantee includes all the possible behaviors. Saturated contracts are useful
because they remove ambiguities between contracts that have the same sets of
satisfying implementations. Unless differently indicated, we will always refer to
saturated contracts.

3In [15, 17], the terms input and output are replaced by the terms uncontrolled and
controlled, respectively, to stress the extent of assumptions and guarantees over a contract’s
variables.
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Compatibility and Consistency. Sometimes, an A/G contract is ill-defined, mean-
ing that it specifies a contradictory assumption or guarantee. If there are no
suitable implementations that can conform to the contract, we say that the
contract is inconsistent. Formally, we say that a contract 𝐶 = (𝐼,𝑂,𝐴,𝐺) is
inconsistent if 𝐺 is not 𝐼-receptive. This means that there are some behaviors
consistent with the contract assumption, that will falsify the guarantee 𝐺, and
that cannot be avoided by any implementation of 𝐶. The only way for the
contract to be satisfied, is for an implementation to impose constraints over input
variables, which is a contradiction. Conversely, a contract that is 𝐼-receptive is
called consistent.

On the other hand, if there is no suitable environment for a contract, we say
that the contract is incompatible. A contract 𝐶 = (𝐼,𝑂,𝐴,𝐺) is incompatible
if and only if 𝐴 is not 𝑂-receptive. In opposition to the consistency case, an
incompatible contract could generate a sequence of evaluations over its controlled
variables which is rejected by every possible environment. Thus, it would be
impossible for an environment to fully comply with the contract assumption
without controlling some contract variables, which is against the principle of
separation of concerns between a system and its environment. An 𝑂-receptive
contract is, instead, compatible.

Definition 3.2. 𝐶 is well-defined if and only if it is consistent and compatible,
𝐼 ∩𝑂 = ∅, and 𝐴 and 𝐺 are defined over variables in 𝐼 ∪𝑂.

If not differently mentioned, we will always consider well-defined contracts.

Parallel Composition. Often complex components are realized by having simpler
components working together. In the same way, complex contracts can be built
by composing simpler ones. Formally, we can compose contracts with each other
through parallel composition. The operation of parallel composition is a function
that takes two contracts as input and returns a third one, i.e., their composition:

‖: C× C→ C

where C is the set of all A/G contracts.
Specifically, given contracts 𝐶1 = (𝐼1, 𝑂1, 𝐴1, 𝐺1), 𝐶2 = (𝐼2, 𝑂2, 𝐴2, 𝐺2),

their composition 𝐶 = (𝐼,𝑂,𝐴,𝐺) =‖ (𝐶1, 𝐶2)—also expressed using the infix
notation 𝐶 = 𝐶1 ‖ 𝐶2—is defined as follows:

𝐼 = (𝐼1 ∪ 𝐼2) ∖ (𝑂1 ∪𝑂2) (7a)
𝑂 = 𝑂1 ∪𝑂2 (7b)

𝐴 = (𝐴1 ∩𝐴2) ∪ (𝐺1 ∩𝐺2) (7c)
𝐺 = 𝐺1 ∩𝐺2 (7d)

In principle, a contract representing the composition of two simpler ones
should guarantee behaviors that are consistent with both its constituent contracts.
Thus, it seems natural that the guarantee of the composed contract is formulated
as the intersection of the guarantees of those contracts. For the assumption,
however, intersecting the assumptions might be too restrictive, as sometimes
a contract provides some inputs of another contract that it is being composed
with. The composition, indeed, should consider that some requirements on the
environment assumed by a constituent contract could be already fulfilled in the
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composition itself. The definition above reflects this intuition. The environment
of the newly composed contract is relieved of the responsibility of exposing those
behaviors which are already guaranteed by the constituent contracts. Thus, if
any of the constituent contracts does not keep its promise, the assumption on
the environment is trivially satisfied.

Similarly, we can intuitively justify the definition of the profile of the compo-
sition in Equations 7a and 7b. The set of output ports of the contract is simply
the union of the output ports of the contracts being composed. The set of input
ports, however, needs to consider that some input ports of a constituent contract
might be controlled by another contract, thus are no longer the responsibility of
the environment.

Parallel composition preserves saturation, meaning that 𝐶1 and 𝐶2 are satu-
rated, so is their composition, but it does not necessarily preserve consistency
or compatibility. For instance, it is always possible to compose two contracts
guaranteeing contradicting assertions. While they might be individually con-
sistent, the intersection of their guarantees will be empty, meaning that no
implementation can satisfy the composition.

Parallel composition is commutative and associative, as shown in Chapters 4
and 5 of [16]. This means we can generalize composition to an arbitrary number
of contracts while disregarding the order of operations. For instance, for the
composition 𝐶 of contracts 𝐶1 to 𝐶3, we will simply write 𝐶 = 𝐶1 ‖ 𝐶2 ‖ 𝐶3.

Refinement. The refinement relation between contracts is the formalization of
a notion of substitutability between them. Informally, a contract can be used
in lieu of another one if it accepts a larger set of environments and guarantees
a subset of the original contract’s behaviors. Thus, we say that a contract
𝐶 ′ = (𝐼 ′, 𝑂,𝐴′, 𝐺′) refines a contract 𝐶 = (𝐼,𝑂,𝐴,𝐺), written as 𝐶 ′ ⪯ 𝐶, if
and only if

𝐼 ′ ⊆ 𝐼 (8a)
𝑂′ ⊇ 𝑂 (8b)
𝐴′ ⊇ 𝐴 (8c)
𝐺′ ⊆ 𝐺 (8d)

The refinement relation is a partial order over the set of all contracts, as it is
reflexive, transitive, and antisymmetric.

This notion of refinement supports independent implementability, i.e., if
𝐶1 ⪯ 𝐶 ′

1 and 𝐶2 ⪯ 𝐶 ′
2, then 𝐶1 ‖ 𝐶2 ⪯ 𝐶 ′

1 ‖ 𝐶 ′
2.

Contract Obligations. For a contract 𝐶 = (𝐴,𝐺), we say that its contract
obligation 𝐵𝐶 is the assertion

𝐵𝐶 = 𝐴 ∩𝐺 (9)

Intuitively, a contract obligation describes those behaviors that the contract
allows in an ideal scenario, thus ignoring bad environments, where the contract
would be trivially satisfied. For contracts 𝐶1, 𝐶2, we say that 𝐶1 conforms to
𝐶2 if and only if its contract obligation is included in 𝐶2’s, i.e., 𝐵𝐶1

⊆ 𝐵𝐶2
.

Conformance is compositional with respect to parallel composition. Consider,
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for instance, contracts 𝐶1, 𝐶
′
1, 𝐶2 where 𝐶 ′

1 conforms to 𝐶1. Let 𝐶‖ = 𝐶1 ‖ 𝐶2

and 𝐶 ′
‖ = 𝐶 ′

1 ‖ 𝐶2. Then, 𝐶 ′
‖ conforms to 𝐶‖, as we have:

(𝐴′
1 ∩𝐴2 ∪𝐺′

1 ∩𝐺2) ∩ (𝐺′
1 ∩𝐺2) ⊆ (𝐴1 ∩𝐴2 ∪𝐺1 ∩𝐺2) ∩ (𝐺1 ∩𝐺2)

(𝐴′
1 ∩𝐴2) ∩ (𝐺′

1 ∩𝐺2) ⊆ (𝐴1 ∩𝐴2) ∩ (𝐺1 ∩𝐺2)

(𝐴′
1 ∩𝐺′

1) ∩ (𝐴2 ∩𝐺2) ⊆ (𝐴1 ∩𝐺1) ∩ (𝐴2 ∩𝐺2)

𝐵𝐶′
1
∩𝐵𝐶2

⊆ 𝐵𝐶1
∩𝐵𝐶2

𝐵𝐶′
‖
⊆ 𝐵𝐶‖

Conformance, however, does not imply refinement, and vice versa.

Contract Connection. We say that two contracts are connected if at least one
input of a contract is provided by the other, i.e., for contracts 𝐶1, 𝐶2, we have
(𝑂1∩𝐼2)∪(𝑂2∩𝐼1) ̸= ∅. Derived from the definition by de Alfaro and Henzinger in
[18], we say that an interconnect, or renaming, 𝜃 is a set of pairs (𝑥, 𝑦) of variables,
called target and source, respectively, such that for all pairs (𝑥1, 𝑦1), (𝑥2, 𝑦2) ∈ 𝜃
we have that 𝑥1 ≠ 𝑥2. Hence, 𝜃 is a partial function. For each 𝜃, we consider an
associated total function 𝜃 defined, for a variable 𝑥, as follows.

𝜃(𝑥) =

{︂
𝑦 if (𝑥, 𝑦) ∈ 𝜃
𝑥 otherwise (10)

A connection 𝜗 : C × Θ → C, where Θ is the set of all interconnects, is a
function that maps a contract and an interconnect to a new contract. Given a
contract 𝐶 = (𝐼,𝑂,𝐴,𝐺) and an interconnect 𝜃, we indicate their connection
as a new contract 𝜗(𝐶, 𝜃), also expressed as 𝐶𝜃 for simplicity. We have that
𝐶𝜃 = (𝐼𝜃, 𝑂𝜃, 𝐴𝜃, 𝐺𝜃) is a contract where

𝐼𝜃 = (𝐼 ∪
{︀
𝑦 | ∃𝑥 ∈ 𝐼 : (𝑥, 𝑦) ∈ 𝜃

}︀
) ∖𝑂𝜃 (11a)

𝑂𝜃 = 𝑂 ∪
{︀
𝑥 | (∃𝑦 : (𝑥, 𝑦) ∈ 𝜃) ∧ 𝑥 ∈ 𝐼

}︀
∪ (11b){︀

𝑦 | ∃𝑥 ∈ 𝑂 : (𝑥, 𝑦) ∈ 𝜃
}︀

𝐴𝜃 = 𝐴 ∪ 𝜌𝜃 (11c)
𝐺𝜃 = 𝐺 ∩ 𝜌𝜃 (11d)

and
𝜌𝜃 =

⋂︁
𝑥,𝑦∈𝐼𝜃∪𝑂𝜃,(𝑥,𝑦)∈𝜃

{𝜎 | 𝑥 ≡ 𝑦} (12)

represents the set of all the behaviors where all the pairs in 𝜃 which are also
referring to variables in 𝐼𝜃 ∪𝑂𝜃 are equivalent.

By mapping an interconnect 𝜃 to a contract 𝐶, the resulting contract 𝐶𝜃
could have new input ports, although it will never have more inputs than the
original contract. It is possible, however, for it to have more outputs than the
original. This makes sense because the new outputs will represent input variables
that are now controlled by some other variable, or new outputs that are mapped
to current outputs. Assumption 𝐴𝜃 and guarantee 𝐺𝜃 also change to reflect the
new relations between variables. On one side, we have that the assumption now
is weaker, meaning that the contract now assumes that the variables in 𝜃 will
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be equivalent, and it will consider its assumptions violated if that is not the
case. The guarantee, on the contrary, is stronger, meaning that the contract is
also responsible to provide some of those equivalences. Equivalently, applying
a connection 𝜃 to a contract 𝐶 = (𝐼,𝑂,𝐴,𝐺) can be seen as the composition
𝐶𝜃 = 𝐶 ‖ 𝐶𝜃, where 𝐶𝜃 = (𝐼𝜃, 𝑂𝜃, 𝒯 , 𝜌𝜃), with 𝒯 representing all the behaviors.

Note that even if contract 𝐶 is well-defined, a connection operation it might
render it ill-defined, i.e., inconsistent or incompatible. For instance, consider the
following example.

Example 3.1 (Connection yields an inconsistent contract). Let 𝐶 = ({𝑎},
, {𝑏},True, 𝑏 = ¬𝑎) be a contract that guarantees that its output is the negation
of its input, where 𝑎 and 𝑏 are Boolean variables. Clearly, this contract is well-
defined. Let 𝜃 = {(𝑎, 𝑏)} be an interconnect that specifies a feedback loop between 𝑎
and 𝑏. Thus, the connected contract is 𝐶𝜃 = (∅, {𝑎, 𝑏},True, (𝑏 = ¬𝑎) ∧ (𝑎 = 𝑏)),
which is inconsistent as its guarantee cannot be satisfied.

The following definitions use the concept of connection to introduce new
relations between contracts, which will be useful in later sections.

Definition 3.3 (Contract Equivalence). Two contracts 𝐶 = (𝐼,𝑂,𝐴,𝐺) and
𝐶 ′ = (𝐼 ′, 𝑂′, 𝐴′, 𝐺′) are said equivalent, indicated as 𝐶 ≡ 𝐶 ′, if and only if there
exists an interconnect 𝜃 such that the two contracts refine each other, meaning
that 𝐶 ′𝜃 ⪯ 𝐶, and 𝐶𝜃 ⪯ 𝐶 ′.

Definition 3.4 (Contract Copy). Given a contract 𝐶 = (𝐼,𝑂,𝐴,𝐺), we say
that a contract 𝐶 ′ = (𝐼 ′, 𝑂′, 𝐴′, 𝐺′) = 𝑐(𝐶) is a copy of 𝐶 if and only if they
are equivalent, for a certain 𝜃, and if (𝐼 ∪𝑂) ∩ (𝐼 ′ ∪𝑂′) = ∅. For each variable
𝑥 ∈ 𝐼 ∪𝑂, we write 𝐶 ′.𝑥 to indicate the fresh variable 𝑥′ that replaced 𝑥 in 𝐼 ∪𝑂.

3.3. Contract Libraries
A contract library is a collection of contracts, which embeds some domain-

specific knowledge. Formally, a library

𝐿 = (𝒵,ℛ)

is a pair where 𝒵 = {𝐶1, 𝐶2, · · · , 𝐶𝑛} is a set containing contracts defined over
a common alphabet Σ and ℛ defines the set of valid connections for contracts
in 𝒵. Each contract in 𝒵 has unique variable names, meaning that for each
pair of contracts 𝐶1, 𝐶2 ∈ 𝒵, we have (𝐼1 ∪ 𝑂1) ∩ (𝐼2 ∪ 𝑂2) = ∅. ℛ embeds
library-specific rules on what connections and compositions are valid. At this
point, we do not impose any specific format for the constraints in ℛ. We will
provide a better description for them once we discuss specific libraries in the
following sections. Ideally, for any interconnect 𝜃 that is applied to contracts in 𝐿,
we would like 𝜃 ⇒ ℛ, meaning that the interconnect is not in contradiction with
ℛ. In general, one can assume ℛ implying a set of pairs (𝑥, 𝑦) ∈ Σ2 of variables
such that the connection of contracts in 𝒵 according to a certain interconnect 𝜃
is considered invalid for the library if 𝜃 ̸⊆ ℛ.

3.4. LTL A/G Contracts
In Section 3.1.4, we discussed the connection between LTL formulas and sets

of infinite-length behaviors, i.e., 𝜔-regular languages. LTL formulas can be used
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to represent synchronous assertions, according to our definition in Section 3.1.1.
Indeed, for a formula 𝜙, its language ℒ(𝜙) indicates the related assertion.

Therefore, we can use LTL formulas to express a whole class of A/G contracts,
where assumptions and guarantees are concretely expressed using a pair of LTL
formulas. We call this class of contracts LTL A/G Contracts.

An LTL A/G contract is, then, a tuple 𝐶 = (𝐼,𝑂, 𝜙, 𝜓) where 𝜙 and 𝜓 are LTL
formulas over symbols in 𝐼 ∪𝑂. As they are a subclass of A/G contracts, all the
considerations discussed in Section 3.2.1 apply also for LTL A/G contracts, where
the set operations we used—conjunction (∩), disjunction (∪), complement ( )—
can be directly translated to formulas using logic conjunction (∧), disjunction
(∨), and negation (¬), respectively.

Thus, a contract 𝐶 = (𝐼,𝑂, 𝜙, 𝜓) is saturated if and only if 𝜓 ↔ (𝜓 ∨¬𝜙)⇒
𝜓 → 𝜙, where→ is the symbol for material implication and↔ is double material
implication.

The composition of two contracts 𝐶‖ = 𝐶1 ‖ 𝐶2 is computed as:

𝐼 = (𝐼1 ∪ 𝐼2) ∖ (𝑂1 ∪𝑂2) (13a)
𝑂 = 𝑂1 ∪𝑂2 (13b)
𝜙‖ = (𝜓1 ∧ 𝜓2)→ (𝜙1 ∧ 𝜙2) (13c)
𝜓‖ = 𝜓1 ∧ 𝜓2 (13d)

The verification of refinement between two contracts is also quite similar to
the general case. Indeed, we say that 𝐶 ′ ⪯ 𝐶 if and only if:

𝐼 ′ ⊆ 𝐼 (14a)
𝑂′ ⊇ 𝑂 (14b)
𝜙→ 𝜙′ is valid (14c)
𝜓′ → 𝜓 is valid (14d)

Refinement can be efficiently verified, for LTL A/G contracts, using any tool
able to check the satisfiability of LTL formulas, such as a model checker, as
discussed in Section 3.1.4 and Appendix A.

Finally, for an interconnect 𝜃 and an LTL A/G contract 𝐶, we indicate the
connected contract as 𝐶𝜃 = (𝐼𝜃, 𝑂𝜃, 𝜙𝜃, 𝜓𝜃), where 𝐼𝜃 and 𝑂𝜃 are the same as
Equations 11a and 11b, and:

𝜙𝜃 = 𝜌𝜃 → 𝜙 (15a)
𝜓𝜃 = 𝜓 ∧ 𝜌𝜃 (15b)

where we can cast the set of all the traces in which all the pairs in 𝜃 are equivalent,
introduced in Equation 12, as:

𝜌𝜃 =
⋀︁

𝑥,𝑦∈𝐼𝜃∪𝑂𝜃,(𝑥,𝑦)∈𝜃

□(𝑥 = 𝑦) (16)

3.4.1. Compatibility and Consistency for LTL A/G Contracts
In Section 3.1.4, we described how it is possible to compute satisfiability for

an LTL formula using off-the-shelf tools such as a model checker. To compute
consistency and compatibility of an LTL A/G contract, however, satisfiability
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is not sufficient. In fact, we need to guarantee that the contract is 𝐼− and
𝑂−receptive, respectively.

We can verify receptiveness of an LTL A/G contract by checking whether
its formulas are realizable or not, as described in Section 3.1.4. For instance,
to check consistency of a contract 𝐶 = (𝐼,𝑂, 𝜙, 𝜓), we need to verify that the
guarantee 𝜓 is realizable when 𝐼 is controlled by the environment and 𝑂 is
controlled by the system. Indeed, to be 𝐼−receptive, the contract needs to accept
any sequence generated over variables in 𝐼. This corresponds to the realizability
game, where the environment is free to choose any assignment to variables in 𝐼,
to which the system needs to respond accordingly assigning values to variables in
𝑂. If 𝜓 is realizable, it means that there exists a model which can properly react
to any input from the environment, i.e., there exists a correct implementation
of the contract. To check compatibility, conversely, we need to verify that 𝜙 is
𝑂−receptive. This implies that we need to reverse our perspective on who is
controlling the variables in 𝐼 and 𝑂. In this case, the realizability game needs to
be set such that the set 𝐼 is controlled by the player, while 𝑂 is controlled by
the adversary. If the formula is realizable, it means that there exists a contract
environment that can handle all the outputs of the system implementing the
contract. In the experiments performed in the context of this paper, all the
contracts in the libraries have been verified for consistency and compatibility
using Ratsy [56].

4. Synthesis from Libraries of LTL A/G Contracts

In this section, we describe the synthesis of a composition of elements from a
library that satisfies a certain specification. We previously addressed this problem
in [21]. In that paper, we focused on the problem of synthesis from libraries of
components when minimal assumptions were made on both the formalism used
to describe components and the verifier, i.e., an oracle able to determine the
correctness of a certain candidate solution. The only requirements imposed on
the chosen formalism were being able to compose components and, given two
different components, being able to determine if one is the refinement of the
other. Furthermore, we only required the verifier to provide a yes/no answer.
That synthesis approach relies on generating many candidate solutions, each of
which can be independently verified. Specifically, the size of each verification
problem depends only on the specification itself and the candidate solution, not
on the number of tested candidates.

The method presented in this paper, instead, focuses solely on LTL A/G
contracts and uses a model checker as a verifier, leveraging its ability to return
counterexample traces. This choice allows us to harness properties unique to
LTL and A/G contracts, enabling us to go beyond just observing the Boolean
outcome of the refinement checking process. Indeed, we can access more detailed
information provided by the underlying model checker, i.e., counterexamples
representing complete system runs, and use them to improve the efficiency of
the synthesis process. We propose an approach based on CEGIS that utilizes
the infinite-length counterexamples generated by the model checker, which we
compactly represent as state machines, to guide the synthesis process. This
synthesis strategy, in comparison to the one used in [21], is more efficient as it
requires fewer calls to the verifier, although generating candidate solutions is
more work-intensive. Compared to traditional CEGIS approaches [22, 24, 35],
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we had to overcome new technical challenges. For instance, using LTL, inputs
and outputs are infinite temporal sequences. What is the best way to represent
them? How do we ensure the termination of the algorithms, given that the input
space is infinite? We address these questions in this section.

The remainder of this section is organized as follows. Section 4.1 presents
the synthesis problem that we address. We propose a solution for a simplified
version of the problem in Section 4.2. In Section 4.3 we focus on performance
issues, describing, then, our approach to the full problem in Section 4.4. We
discuss the detail of our CEGIS algorithm in Section 4.5. In Section 6 we apply
the synthesis technique to several case studies.

4.1. Constrained Synthesis from LTL A/G Contracts Libraries (LTL-CSCL)
We first state the problem we aim to solve:

Definition 4.1 (LTL-CSCL problem). Let 𝑆 = (𝐼𝑆 , 𝑂𝑆 , 𝜙𝑆 , 𝜓𝑆) be a well-
defined LTL A/G contract expressing a system specification, and 𝐿 = (𝒵,ℛ) a
library of well-defined LTL A/G contracts, where we assume that ℛ also imposes
constraints over variables in 𝑆. The LTL-CSCL problem, then, consists of finding
a finite set of contracts 𝐻 = {𝐶1, . . . , 𝐶𝑁 | 𝐶𝑖 = (𝐼𝑖, 𝑂𝑖, 𝜙𝑖, 𝜓𝑖) ∈ 𝒵}, and an
interconnect 𝜃 ⊆ ℛ such that

(𝐶1 ‖ · · · ‖ 𝐶𝑁 )𝜃 ⪯ 𝑆.

The notion of well-defined in this definition corresponds to Definition 3.2.
Here we leverage definitions and notations that are proper for our contract
framework, but the ultimate goal is substantially the same as in [21], i.e.,
synthesis of a composition of elements from a library such that the specification is
satisfied. Here, also, we assume that ℛ implies all the library-specific constraints,
representing the set of all valid connections for 𝐿.

4.2. Solving a Simplified Version of the LTL-CSCL Problem
We will develop the solution to the problem in two phases. Here, in the first

phase, we build a strategy based on the assumption that 𝐻 = 𝒵. In other words,
for a given synthesis problem, we assume that all the contracts in the library set
𝒵 will be used in the resulting solution set 𝐻, if a solution exists. Our focus,
initially, is only on how to build 𝜃. Later, in the second phase, we will relax the
assumption and show how to solve the problem with 𝐻 ⊆ 𝒵.

Our solution follows the CEGIS paradigm, under the assumption that we will
be able to obtain counterexamples from the verifier over the system variables.
We will indicate all the ports in the library as

𝒫𝐼𝑙𝑖𝑏 =
|𝑍|⋃︁
𝑖=1

𝐼𝐶1 (17a)

𝒫𝑂𝑙𝑖𝑏 =
|𝑍|⋃︁
𝑖=1

𝑂𝐶1 (17b)

𝒫𝑙𝑖𝑏 = 𝒫𝐼𝑙𝑖𝑏 ∪ 𝒫𝑂𝑙𝑖𝑏 (17c)

and all the ports in the library and the specification as 𝒫𝑙𝑖𝑏∪𝑆 , defined as

𝒫𝑙𝑖𝑏∪𝑆 = 𝒫𝑙𝑖𝑏 ∪ 𝐼𝑆 ∪𝑂𝑆 . (18)
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Example 4.1 (Running Example: A Delay Component). To help the reader
follow the description of our CEGIS formulation, we introduce a running example
that we will characterize as we go. The goal of this example is to synthesize a
composition to satisfy the following specification

𝐼𝑒𝑔 = {𝑖} (19a)
𝑂𝑒𝑔 = {𝑜} (19b)
𝜙𝑒𝑔 = True (19c)
𝜓𝑒𝑔 = ¬𝑜 ∧#¬𝑜 ∧□(## 𝑜↔ 𝑖) (19d)

That is, the specification needs the implementation of a double delay on its input.
The library, 𝐿𝑒𝑔 = (𝒵𝑒𝑔,ℛ𝑒𝑔), consists of two elements, shown in Table 1, and
does not impose any additional constraint through ℛ𝑒𝑔.

Contract Input Ports Output Ports Assumptions Guarantees
A 𝑥 𝑦 𝜙𝐴 = True 𝜓𝐴 = ¬𝑦 ∧□(#𝑜↔ 𝑖)
B 𝑣 𝑤, 𝑧 𝜙𝐵 = True 𝜓𝐵 = ¬𝑤 ∧□(#𝑤 ↔ 𝑣) ∧□(𝑤 ↔ ¬𝑧)

Table 1: Library contracts for the running example. Component A implements a single-step
delay. Component B is the same as A with the addition of another output, 𝑧, that always
flips the value of the first output 𝑤. Note that these contracts are trivially saturated, as their
assumption is always true.

Trivially, a serial composition represented by 𝜃𝑒𝑔 = {(𝑥, 𝑖), (𝑣, 𝑦), (𝑜, 𝑤)}
satisfies the specification.

4.2.1. LTL-CSCL as a CEGIS instance
To efficiently synthesize an interconnect 𝜃, we use an approach similar to the

one introduced in [21], although here all the definitions are applied to contracts
rather than generic components. Each port in 𝒫𝑙𝑖𝑏∪𝑆 has an associated index,
defined according to a function ℐ, and each input port of library contracts, and
output port of the specification, has a matching connection variable

ℳ =
{︀
𝑚𝑝 | 𝑝 ∈ 𝒫𝐼𝑙𝑖𝑏 ∪𝑂𝑆

}︀
(20)

That is, for a certain 𝜃, if (𝑥, 𝑦) ∈ 𝜃 and 𝑥 is an input port of a library
contract, or output of the specification, then 𝑚𝑥 = ℐ(𝑦). That is, the connection
variable of 𝑥 is equal to the index of 𝑦. If ∀𝑦 : (𝑥, 𝑦) /∈ 𝜃, then 𝑚𝑥 = −1. From
the assignments defined through ℳ, one can immediately derive the equivalent
interconnect 𝜃ℳ. Note, however, that the opposite does not hold: given a 𝜃,
it is not always possible to represent an equivalent set of connections through
ℳ (for instance, with ℳ we cannot represent the connection of two outputs of
library contracts). Given a library 𝐿 = (𝒵,ℛ), going forward, we assume that
ℛ only allows connections that are representable through the variables in ℳ.
Then, we can express all the valid connections among contracts, according to ℛ,
using the following LTL formulas.

𝜑ℳ𝐿 =
⋀︁

𝐶=(𝐼,𝑂,𝜙,𝜓)∈𝑍

⋀︁
𝑝∈𝐼

⎛⎝ ⋁︁
(𝑝,𝑞)∈ℛ

[𝑚𝑝 = ℐ(𝑞)] ∧□(𝑝 = 𝑞)

⎞⎠ (21)

𝜑ℳ𝑆 =
⋀︁
𝑠∈𝑂𝑆

⋁︁
(𝑠,𝑞)∈ℛ

([𝑚𝑠 = ℐ(𝑞)] ∧□(𝑠 = 𝑞)) (22)
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Equation 21 encodes the fact that an input variable can be connected to any
other port as allowed by ℛ, meaning that the evaluation of the two variables will
always match. For each connection variable assignment, we explicitly indicate
the behavior we want to observe over the library ports. For instance, if we
map the connection variable of a port 𝑥 to the index of 𝑦, that is, 𝑚𝑥 = ℐ(𝑦),
then we also expect the formula □(𝑥 = 𝑦) to hold, meaning that 𝑥 and 𝑦 are
connected and have to express the same behavior. Forcing all the input ports to
be connected is not, in general, a restrictive assumption. In fact, if a candidate
solution works when one of its ports is unconnected, it means that that solution
refines the specification no matter the value assigned to that particular port.
Fixing the input to the port to be the same as some other port in the design
will consist of having a smaller set of possible inputs to that port, thus it will
not compromise the outcome in evaluating the solution.

Example 4.2 (Running Example). Referring to the library from Example 4.1,
we encode the valid connections as

𝜑ℳ𝐿𝑒𝑔 =(([𝑚𝑣 = ℐ(𝑖)] ∧□(𝑣 = 𝑖)) ∨ ([𝑚𝑣 = ℐ(𝑦)] ∧□(𝑣 = 𝑦)))∧(︃
([𝑚𝑥 = ℐ(𝑖)] ∧□(𝑥 = 𝑖)) ∨ ([𝑚𝑥 = ℐ(𝑧)] ∧□(𝑥 = 𝑧))∨
([𝑚𝑥 = ℐ(𝑤)] ∧□(𝑥 = 𝑤))

)︃

and

𝜑ℳ𝑆𝑒𝑔 =

(︃
[𝑚𝑜 = ℐ(𝑧)] ∧□(𝑜 = 𝑧)) ∨ ([𝑚𝑜 = ℐ(𝑤)] ∧□(𝑜 = 𝑤))∨
([𝑚𝑜 = ℐ(𝑦)] ∧□(𝑜 = 𝑦)

)︃
.

Equation 22 encodes the connections of the output ports of the specification,
and it is very similar to Equation 21. We refer to the conjunction of the two
formulas simply as

𝜑ℳ = 𝜑ℳ𝐿 ∧ 𝜑ℳ𝑆 (23)

Equation 23 requires that each input variable in the library, and output of
the specification, has a valid connection, i.e., its connection variable has an index
assigned through ℳ.

As, in this phase, a solution includes all the contracts in the library, we also
find it useful to define a contract representing the composition of all contracts in
the library:

𝐶𝐿 = (𝐼𝐿, 𝑂𝐿, 𝜙𝐿, 𝜓𝐿) =
n
{𝐶𝑖 | 𝐶𝑖 ∈ 𝒵} (24)

The contract 𝐶𝐿, while convenient to represent the whole library as a single
composition, does not tell us anything about the connections among its con-
stituent contracts. Our goal is to find a definition for ℳ (hence, a 𝜃ℳ) such
that the following holds

∃𝜃ℳ : 𝜑ℳ ∧ (𝐶𝐿 ⪯ 𝑆) (25)

meaning that the connections are defined according to ℛ and 𝐶𝐿 refines 𝑆.
Considering the constraint implied by Equation 21—no input port of contracts

in the library can be unconnected—together with Equation 22, which requires
all the specification outputs to be mapped to contracts in the library, we have
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that Equations 14a and 14b (part of the refinement conditions) will always be
satisfied. Equation 25, then, can be written as ℳ:

∃𝜃ℳ : 𝜑ℳ ∧ (𝜙𝑆 → 𝜙𝐶𝐿) ∧ (𝜓𝐶𝐿 → 𝜓𝑆) is valid (26)

To be valid, the formula must hold for all the possible executions; we can indicate
this condition explicitly as

∃𝜃ℳ : ∀𝜎 : 𝜎 |= [𝜑ℳ ∧ (𝜙𝑆 → 𝜙𝐶𝐿) ∧ (𝜓𝐶𝐿 → 𝜓𝑆)] (27)

where 𝜎 indicates a behavior, i.e., a trace, over variables in 𝒫𝑙𝑖𝑏∪𝑆 .
Equation 27, which represents in a concise form the problem described in

Definition 4.1, is typical of CEGIS problems, i.e. in the ∃∀ form. As in [23],
a solution is articulated in two steps. The first one tries to find a solution
that works for all the known counterexamples (solving the ∃ part). The second
step verifies whether the candidate solution works for all the possible inputs,
generating a new counterexample in case it doesn’t (solving the ∀ part).

4.2.2. Implementation of the CEGIS paradigm for the LTL-CSCL problem

1 function General LTL-CSCL:
Input: library contract 𝐶𝐿 = (𝐼𝐿, 𝑂𝐿, 𝜙𝐿, 𝜓𝐿), constraint formula 𝜑ℳ,

specification contract 𝑆 = (𝐼𝑆 , 𝑂𝑆 , 𝜙𝑆 , 𝜓𝑆)
Output: set of connections representing 𝜃, or False

2 ℰ ← {True}; // Counterexample set

3 𝒲 ← {}; // Old candidates

4 while True do
5 model ← checkSAT(𝜑syn(𝐶𝐿, 𝑆, 𝜑ℳ, ℰ ,𝒲));
6 if model is unsat then
7 return False;
8 end
9 𝜃ℳ ← extractCandidate(model);

10 model ← checkValid(𝜑ver(𝐶𝐿, 𝑆, 𝜃ℳ));
11 if model is valid then
12 return 𝜃ℳ;
13 end
14 add counterexample from model to ℰ ;
15 𝒲 ←𝒲 ∪ {𝜃ℳ};
16 end
17 end
Algorithm 1: General description of the implementation of the CEGIS
paradigm for the LTL-CSCL problem. Although it captures the essence
of our solution, this algorithm will be revisited in the next sections.

Algorithm 1 illustrates the high-level implementation of the CEGIS paradigm
for the LTL-CSCL problem. The approach we follow is composed of two main
steps, i.e., synthesis and verification. First, in line 5, we check for the satisfiability
of a synthesis constraint, i.e., 𝜑syn, which we will derive from Equation 27 and
the list of counterexamples seen until that point. This operation returns a
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model, from which we can extract a candidate set of connections 𝜃ℳ (line 9), or
unsat if no candidate is found. Then, in line 10, the candidate set 𝜃ℳ is used
to derive a different constraint, 𝜑ver. If 𝜑ver is valid, then 𝜃ℳ represents the
correct interconnect. Otherwise, the checkValid routine returns a trace that
describes a counterexample for the validity check, which is added to the list of
counterexamples ℰ . Note that, in line 2, we initialize ℰ to {True}, meaning a
sequence that is satisfied by any variable assignment. The process terminates
when a good candidate is found, or if there is no candidate solution. checkSAT
and checkValid are implemented according to the procedure described in
Appendix A.

Although describing the essence of our approach to solve the LTL-CSCL
problem, Algorithm 1 is still not complete. For instance, we have no guarantee
that the synthesis loop will ever terminate, and the representation of the sequences
𝜎 of Equation 27 derived from the counterexamples is still vague. Additionally, we
still have to fully describe the constraints 𝜑syn and 𝜑ver. In the next paragraphs,
we will discuss these issues and provide the missing details of our solution.

4.2.3. Handling Infinite Input Sequences
The first problem we need to address is to guarantee that Algorithm 1

terminates. In [24], when the CEGIS approach was first described, the proposed
algorithm was guaranteed to terminate because the input space was finite. Thus,
in the worst case, for 𝑚 input variables, eventually the list of counterexamples
would contain all the 2𝑚 possible combinations, rendering the synthesis process
finite. In our case, however, inputs are infinite sequences over a certain set of
input variables, meaning that we need a different way to ensure termination.

We solve the problem by keeping track of all the candidate solutions which
did not work, together with the counterexamples generated in the verification
step. Let 𝒲 = {𝜃0, · · · , 𝜃𝑘}, where 𝜃𝑖 represents an interconnect that does not
implement a correct solution, i.e., 𝐶𝐿𝜃𝑖 ̸⪯ 𝑆. We can express a constraint that
enumerates all the wrong candidates and prevents them from appearing again
as

𝜑𝒲 = ¬
⋁︁
𝜃𝑖∈𝒲

⋀︁
(𝑥,𝑦)∈𝜃𝑖

(□(𝑥 = 𝑦)) (28)

To prevent the generation of old candidates, then, we will need to consider
Equation 28 when defining the synthesis constraint 𝜑syn. The addition of 𝜑𝒲
to 𝜑syn ensures the termination of the algorithm as the number of possible
candidates is finite, albeit potentially very large.

The other problem that arises from having infinite sequences as counterex-
amples is finding a suitable way to represent them. In Equation 27, in fact, 𝜎
refers to sequences, but there is no additional information on how the sequences
are represented.

We decided to represent each behavior 𝜎 as the output of an ad-hoc state
machine. This state machine, then, can be added to the model-checking problem
that verifies the validity of 𝜑syn. In general, we can represent the validity check
for an LTL formula as a language containment problem. Thus, on the one hand,
we have an unconstrained state machine, 𝐹 , that is able to generate any trace
ℒ(𝐹 ) = 𝒯 ; on the other hand, we have the LTL formula we want to check. For
instance, to check the validity or satisfiability of a formula ∀𝜎 : 𝜎 |= 𝜑, or simply
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𝜑, we need to model-check:

𝒯 ⊆ ℒ(𝜑) for validity (29a)
𝒯 ⊆ ℒ(¬𝜑) for satisfiability (29b)

Equations 29 helps us understand how to relate traces and LTL formulas,
and can be checked by a model checker. In Section Appendix A.1.2, we discussed
how all counterexamples generated by a model checker (nuXmv in our case) are
either finite or lasso-shaped. For such counterexamples, we can always find a
corresponding finite-state machine that can produce the specific sequence they
describe.

1 function TraceGenerator:
Input: counterexample trace 𝑐, set of variables 𝒱
Output: state machine 𝑀 generating trace 𝑐

2 𝑆 : list; // list of states

3 𝑇 : list; // list of transitions

4 𝐷 : hashtable; // map of variable evaluations for each

state

5 𝑛 ← numberOfStates(𝑐);
6 𝑙 ← loopIndex(𝑐); // 𝑙 ∈ {−1} ∪ {1, · · · , 𝑛}. −1 means no

loop

7 𝑖 ← 1;

8 𝑆 ← add initial state 𝑖;
9 𝐷[𝑖] ← evaluateTraceAt(𝒱,𝑐,𝑖);

10 for 𝑖 ∈ {1, · · · , 𝑛} do
11 𝑆 ← add state 𝑖;
12 𝐷[𝑖] ← evaluateTraceAt(𝒱,𝑐,𝑖);
13 𝑇 ← add transition from state 𝑖 −1 to 𝑖;
14 if 𝑖 = 𝑛 then
15 if 𝑙 = −1 then // we add a generic state with no

evaluation

16 𝑆 ← add state 𝑖+ 1;
17 𝑇 ← add transition from state 𝑖 to 𝑖+ 1;
18 𝑇 ← add transition from state 𝑖+ 1 to 𝑖+ 1;
19 else // there is a loop, we go back to that state

20 𝑇 ← add transition from state 𝑖 to 𝑖+ 1;
21 end
22 end
23 end
24 return 𝑀 = (𝑆,𝐷, 𝑇 )

25 end
Algorithm 2: Constructs a finite-state machine able to generate the
same sequence of symbols described by a counterexample trace, as de-
scribed in Section Appendix A.1.2. The resulting state machine can then
immediately be encoded as an SMV module.

Algorithm 2 illustrates how to build a state machine generating a certain
counterexample 𝜎. We assume we have available some basic primitives, i.e.,
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(i) numberOfStates, which returns the total number of states of a certain
counterexample, (ii)loopIndex, which indicates the location of the loop in
the sequence, or returns −1 if no loop is present, and (iii) evaluateTraceAt,
which returns the evaluation of a certain set of variables at a given step of the
counterexample. Once a state machine is obtained, its description as a module
for the model checker is straightforward. In the case of nuXmv, models are
expressed in the SMV language [69].

At this point, we have all the elements to derive an initial version of the
two formulas 𝜑syn and 𝜑ver introduced in Algorithm 1. As we will revisit these
formulas later, we refer to them here as 𝜑′syn and 𝜑′ver. In 𝜑′syn, we want to
find one assignment forℳ which satisfies all the counterexamples seen until a
certain iteration. While in Equation 27 we are interested in the validity of the
formula, here we are only looking for one satisfiable assignment. We expect that
the pre-conditions are met, i.e., 𝜑ℳ, that we do not include discarded candidates
(𝜑𝒲), and that the contract obligations are satisfied, meaning, as explained in
Section 3.2.1, that we expect the correct behavior of the contract under correct
assumptions. Thus, 𝜑′syn becomes:

𝜑′syn = ∃𝜃ℳ : ∀𝜎𝑖 ∈ ℰ : {𝜎𝑖 |= [𝜑ℳ ∧ 𝜑𝒲 ∧ (𝜙𝑆 ∧ 𝜓𝑆)
∧ (𝜙𝐶𝐿 ∧ 𝜓𝐶𝐿)]}[𝑥/𝑥𝑖]𝑥∈𝒫𝑙𝑖𝑏∪𝑆

(30)

where ℰ is the set containing the observed counterexamples, over the specification
inputs, introduced in Algorithm 1. Here, we only care about specification inputs
because that is how an adversarial environment interacts with candidate solutions.
Finally, [𝑥/𝑥𝑖]𝑥∈𝒫𝑙𝑖𝑏∪𝑆 indicates the syntactical renaming of the variables in 𝒫𝑙𝑖𝑏∪𝑆
with fresh variables in the enclosed formulas and trace. The equation above can
be solved for satisfiability by model checking that:⋀︁
𝜎𝑖∈ℰ
{ℒ(𝐹𝜎𝑖) ⊆ ℒ(¬[𝜑ℳ ∧ 𝜑𝒲 ∧ (𝜙𝑆 ∧ 𝜓𝑆)∧ (𝜙𝐶𝐿 ∧ 𝜓𝐶𝐿)])}[𝑥/𝑥𝑖]𝑥∈𝒫𝑙𝑖𝑏∪𝑆 (31)

where 𝐹𝜎𝑖 is a state machine generated from 𝜎𝑖 according to Algorithm 2. Note
that, in this case, only the variables in 𝒫𝑙𝑖𝑏∪𝑆 are renamed. The connection
variables and indices represented by ℳ and ℐ within 𝜑ℳ (cf. Equation 21) are
not renamed across the different terms.

It is critical to understand the importance of using contracts obligations
here instead of the usual refinement implications. If we had used those, i.e.,
(𝜙𝑆 → 𝜙𝐶𝐿) ∧ (𝜓𝐶𝐿 → 𝜓𝑆), then the formula could be satisfied, for instance,
simply by falsifying 𝜓𝐶𝐿 , meaning that the library contracts did not behave
according to their guarantees, or by falsifying 𝜙𝑆 , independently of the actual
choice of connectionsℳ.

For 𝜑′ver, instead, we are interested in proving that the candidate 𝜃ℳ, derived
by the assignments of ℳ in 𝜑′syn, is the correct one in all the scenarios. Hence,
now we are interested in proving the formula valid. In this case, the formula
only needs to verify that refinement always holds:

𝜑′ver = 𝐶𝐿𝜃ℳ ⪯ 𝑆 = (𝜙𝑆 → 𝜙𝐶𝐿𝜃ℳ) ∧ (𝜓𝐶𝐿𝜃ℳ → 𝜓𝑆) (32)

Although, at this point, we can see that using 𝜑′syn and 𝜑′ver as synthesis and
verification constraints in Algorithm 1 will make it terminate and yield a correct
refinement, if one is found, there are still some issues that can affect the overall
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performance of the synthesis process. In the next sections, we will discuss them
and show how to improve the algorithm.

Example 4.3 (Running Example). Consider the specification and library in-
troduced in Example 4.1. During the first iteration of Algorithm 1, we can
verify 𝜑′syn𝑒𝑔1 (the numeric subscript indicates that we are in the first iteration
of the algorithm) by model checking that the following formula, derived from
Equation 31, is not empty

𝒯 ⊆ ℒ(¬𝜑𝑒𝑔) = ℒ(¬[𝜑ℳ𝑒𝑔 ∧ 𝜑𝒲𝑒𝑔 ∧ (𝜙𝑆𝑒𝑔 ∧ 𝜓𝑆𝑒𝑔) ∧ (𝜙𝐶𝐿𝑒𝑔 ∧ 𝜓𝐶𝐿𝑒𝑔 )])

where 𝜑ℳ𝑒𝑔 = 𝜑ℳ𝐿𝑒𝑔 ∧ 𝜑ℳ𝑆𝑒𝑔 as defined in Example 4.2, 𝜑𝒲𝑒𝑔 = True because
we don’t have any incorrect candidates yet, 𝜓𝐶𝐿𝑒𝑔 = 𝜓𝐴 ∧ 𝜓𝐵 and 𝜙𝐶𝐿𝑒𝑔 =
𝜓𝐶𝐿𝑒𝑔 → (𝜙𝐴 ∧ 𝜙𝐵), representing guarantees and assumptions of the library
contract. As this is the first iteration of the synthesis process, we use 𝒯 in the
equation above to represent a state machine that can generate any trace. For
the same reason, there is no need to explicitly rename variables as indicated by
[𝑥/𝑥𝑖]𝑥∈𝒫𝑙𝑖𝑏∪𝑆 in Equation 31.

The model checker returns a counterexample where 𝜑𝑒𝑔 holds. From there,
we can infer the evaluation ofℳ𝑒𝑔 and, therefore, the connections that make the
contracts satisfy 𝜑′syn𝑒𝑔. Let us assume that we inferred the following connections
ℳ1

𝑚𝑣1 = ℐ(𝑖),𝑚𝑥1 = ℐ(𝑖),𝑚𝑜1 = ℐ(𝑤)
That is, contract B controls the specification output 𝑜 and takes its input from
the specification input 𝑖. Contract A, instead, takes its input from contract B
but its output is left floating.

Solving 𝜑′syn𝑒𝑔1 tells us that there is at least one case where the solution
works—looking at the contract library, indeed, the reader can easily verify that
this candidate solution only works in a specific case, when 𝑖 is always false. The
algorithm then proceeds to verify whether the candidate solution always holds. It
does so by checking the validity of 𝜑′ver𝑒𝑔1, derived from Equation 32:

𝜑′ver𝑒𝑔1 = (𝜙𝑒𝑔 → 𝜙𝐶𝐿𝑒𝑔𝜃ℳ1
) ∧ (𝜓𝐶𝐿𝑒𝑔𝜃ℳ1

→ 𝜓𝑒𝑔)

In the formula above, we refer to the composition of contracts A and B with the
application of the interconnect 𝜃ℳ1, 𝐶𝐿𝑒𝑔𝜃ℳ1, as described in Section 3.4

𝐼𝜃ℳ1 = {𝑖}
𝑂𝜃ℳ1 = {𝑦, 𝑤, 𝑧, 𝑣, 𝑥, 𝑜}
𝜙𝐶𝐿𝑒𝑔𝜃ℳ1

= 𝜌𝜃ℳ1 → 𝜙𝐶𝐿𝑒𝑔
𝜓𝐶𝐿𝑒𝑔𝜃ℳ1

= 𝜓𝐶𝐿𝑒𝑔 ∧ 𝜌𝜃ℳ1

where 𝜌𝜃ℳ1 = □(𝑣 = 𝑖) ∧□(𝑥 = 𝑤) ∧□(𝑜 = 𝑤), according to Equation 16.
Model-checking 𝜑′ver𝑒𝑔1 shows that we did not find a general solution: the

candidate fails if, for instance, 𝑖 is always true. We call this first counterexample
𝜎1. Before proceeding with a new iteration, as Algorithm 1 shows, we keep
track of 𝜎1 and 𝜃ℳ1. 𝜎1 is used to create a state machine able to generate that
sequence, according to Algorithm 2. 𝜃ℳ1, instead, is used to update 𝜑𝒲𝑒𝑔 by
adding the connections of the incorrect candidate, according to Equation 28

𝜑𝒲𝑒𝑔 = ¬ (□(𝑣 = 𝑖) ∧□(𝑥 = 𝑤) ∧□(𝑜 = 𝑤))
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We are now ready to perform a new iteration of Algorithm 1, by verifying 𝜑′syn𝑒𝑔2
as(︁

𝒯 ⊆ ℒ(¬[𝜑ℳ𝑒𝑔 ∧ 𝜑𝒲𝑒𝑔 ∧ (𝜙𝑆𝑒𝑔 ∧ 𝜓𝑆𝑒𝑔) ∧ (𝜙𝐶𝐿𝑒𝑔 ∧ 𝜓𝐶𝐿𝑒𝑔 )])[𝑥/𝑥0]𝑥∈𝒫𝑙𝑖𝑏∪𝑆

)︁
∧(︁

ℒ(𝐹𝜎1) ⊆ ℒ(¬[𝜑ℳ𝑒𝑔 ∧ 𝜑𝒲𝑒𝑔 ∧ (𝜙𝑆𝑒𝑔 ∧ 𝜓𝑆𝑒𝑔) ∧ (𝜙𝐶𝐿𝑒𝑔 ∧ 𝜓𝐶𝐿𝑒𝑔 )])[𝑥/𝑥1]𝑥∈𝒫𝑙𝑖𝑏∪𝑆

)︁ (33)

In practice, once we have at least one concrete counterexample, it is not necessary
to also verify the containment of the language in 𝒯 , but here it is useful to have it
to describe how the formulas look after variable renaming. For simplicity, let us
only look at a subset of 𝜑ℳ𝑒𝑔 from the formula above, ([𝑚𝑣 = ℐ(𝑖)] ∧□(𝑣 = 𝑖)),
that includes variables from 𝒫𝑙𝑖𝑏∪𝑆 but also ℳ. We have that

(([𝑚𝑣 = ℐ(𝑖)] ∧□(𝑣 = 𝑖))[𝑥/𝑥0]𝑥∈𝒫𝑙𝑖𝑏∪𝑆 )∧
(([𝑚𝑣 = ℐ(𝑖)] ∧□(𝑣 = 𝑖))[𝑥/𝑥1]𝑥∈𝒫𝑙𝑖𝑏∪𝑆 )

is equivalent to

([𝑚𝑣 = ℐ(𝑖)] ∧□(𝑣0 = 𝑖0)) ∧ ([𝑚𝑣 = ℐ(𝑖)] ∧□(𝑣1 = 𝑖1)).

Note that while the variables 𝑣 and 𝑖 are renamed, variable 𝑚𝑣 and index ℐ(𝑖)
stay the same across the formulas. In this way, we can effectively have several
instances of the same model at once. While the connection variables do not
change between instances, the model checker can evaluate different candidate
behaviors, one per counterexample.

When verifying 𝜑′syn𝑒𝑔2 through (33) above, the model checker proposes the
following connections ℳ2:

𝑚𝑣2 = ℐ(𝑖),𝑚𝑥2 = ℐ(𝑤),𝑚𝑜2 = ℐ(𝑦).

That is, now contract B gets the specification input and feeds contract A through
𝑤. contract A, in turn, controls the specification output. We can observe that
now 𝜎1 will not be able to break this candidate. Indeed, not only does this
candidate work with the previous counterexample, but it is also a general solution.
We can verify it by checking the validity of

𝜑′ver𝑒𝑔2 = (𝜙𝑒𝑔 → 𝜙𝐶𝐿𝑒𝑔𝜃ℳ2
) ∧ (𝜓𝐶𝐿𝑒𝑔𝜃ℳ2

→ 𝜓𝑒𝑔)

where 𝐶𝐿𝑒𝑔𝜃ℳ2 is built same as 𝐶𝐿𝑒𝑔𝜃ℳ1 above but considering ℳ2 instead.

4.3. Performance Considerations
Consider a library with 𝑛 contracts with 𝑝 input and output ports, which

can accept and generate any behavior over those ports, i.e., their assumption
and guarantee are always true: 𝜙𝑖 = 𝜓𝑖 = True.

Let 𝑆 be a generic specification such that 𝜙𝑆 , 𝜓𝑆 ̸= True, also with 𝑝 input
and output ports, and try to observe how the CEGIS Algorithm 1 would work in
such case, with 𝜑′syn and 𝜑′ver as defined in the previous section. First, in line 5,
the algorithm tries to satisfy Equation 30, finding a candidate connection 𝜃ℳ.
Any of the 𝑛 contracts is able to generate a sequence satisfying 𝜑′syn, as they can
generate any trace. When verifying Equation 32, in line 10, the model checker
shows that indeed that candidate is not correct, as the candidate solution can also
generate traces such that 𝜓𝐶𝐿𝜃𝑐 ̸→ 𝜓𝑆 . checkValid returns a counterexample
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on the inputs of 𝑆 showing that the refinement does not hold. This could be any
trace. Then, the cycle repeats, keeping track of the bad candidate 𝜃ℳ through
𝜙𝒲 . Once again, any connection 𝜃′ℳ ≠ 𝜃ℳ could satisfy 𝑆 for that specific
counterexample, and so on.

It is easy to see that, for this library, counterexamples are not really helping
in solving the problem. The algorithm will eventually terminate, after having
tried all the possible 2

𝑛𝑝(𝑛𝑝−1)
2 candidates. It will do so slowly, as for each

counterexample the formula in Equation 31 grows, making the satisfiability
problem more and more complex.

This is, of course, an extreme scenario, but it highlights why having nonde-
terministic contracts in the library is, in general, not desirable.

1 function IsDeterministic:
Input: contract 𝐶 = (𝐼,𝑂, 𝜙, 𝜓)
Output: True if 𝐶 is deterministic, False otherwise

2 𝐶 ′ → copy of 𝐶; // as defined in Section 3.2.1

3 𝜌𝐼 →
⋀︀
𝑖∈𝐼 □(𝑖 = 𝐶 ′.𝑖);

4 𝜌𝑂 →
⋀︀
𝑜∈𝑂 □(𝑜 = 𝐶 ′.𝑜);

5 m = checkValid((𝜙 ∧ 𝜓) ∧ (𝜙′ ∧ 𝜓′) ∧ 𝜌𝐼 → 𝜌𝑂);
6 if m is valid then
7 return True
8 else
9 return False

10 end
11 end
Algorithm 3: Algorithm to check if a contract 𝐶 is deterministic. It
does so by verifying that, when given the same input sequence, under the
expected assumption and guarantee, 𝐶 and its copy 𝐶 ′ will always return
the same output.

Algorithm 3 shows a procedure that can detect whether a contract 𝐶 is
nondeterministic, meaning that, for a certain sequence over its input ports that
satisfies its assumption, at least two distinct sequences over its output ports
satisfy its guarantee. It does so by creating a copy 𝐶 ′ of 𝐶, and verifying
whether they can generate different output sequences given the same inputs.
The algorithm is sound and complete. Indeed, if model-checking the formula in
Line 5 of the algorithm shows that it is not valid, then a counterexample will be
generated, too. In the resulting trace, then, the left-hand side of the formula
will be true (hence identical inputs), but the right-hand side won’t hold, showing
two different output sequences. If no counterexample can be found, then 𝐶 is
deterministic by definition. Reversing our reasoning, if 𝐶 is deterministic, then
model checking the formula in Line 5 of the algorithm will necessarily show that
the formula is valid (no counterexample can be found). If 𝐶 is non-deterministic,
then there exists at least a trace in which the inputs are the same, but the
outputs are not. This trace is, by definition, a counterexample, hence it will also
be returned by the model checker. This algorithm does not affect the formulation
of our synthesis methodology but can be used while defining the contract library
to make sure all the contracts have deterministic behaviors.
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4.3.1. Nondeterminism, Cycles, and Depth
Avoiding nondeterministic contracts, however, it’s not enough to guarantee

the absence of nondeterministic behaviors when connecting contracts. Consider,
for instance, the following example.

Example 4.4 (Simple Cycle). Let 𝐶 = ({𝑎}, {𝑏},True,□(𝑏 = 𝑎)) be a contract
that simply relays whatever input is given to it, and 𝜃 = {(𝑎, 𝑏)} be an interconnect
which implies a connection between input and output of 𝐶. 𝐶𝜃, then, is a
nondeterministic contract as its guarantee will be satisfied no matter the value
of the output port 𝑏.

Example 4.4 shows that cycles can be problematic, as they could be a source
of nondeterministic behaviors during the synthesis process. This is not going
to affect the final result, but it can have a substantial impact on the overall
performance.

Additionally, Example 3.1 shows that creating a cycle can yield an inconsistent
contract. Formally, an inconsistent composition could be a refinement of a
specification because its guarantee is empty. Allowing cycles means that each
solution should be checked for consistency, which could be a prohibitive task as it
requires verifying the realizability of the contract’s formulas (cf. Section 3.1.4).

Therefore, we explicitly avoid cycles in the contract compositions. To enforce
this constraint, we consider an additional set of variables, one for each contract
in the library called location variables. We indicated them as

𝒱𝐿 = {𝑙𝐶 | 𝐶 ∈ 𝒵} (34)

We do not directly assign any value to variables in 𝒱𝐿, but require the value of
a contract’s location variable to be greater than the location variables of the
contracts that feed it its inputs:

𝜑𝐿𝐿 =
⋀︁

𝐶1=(𝐼1,𝑂1,
𝜙1,𝜓1)∈𝑍

⋀︁
𝑝∈𝐼1

⋀︁
𝐶2=(𝐼2,𝑂2,
𝜙2,𝜓2)∈𝑍

⋀︁
𝑞∈𝑂2

[(𝑚𝑝 = ℐ(𝑞))→ (𝑙𝐶1 > 𝑙𝐶2)] (35)

and greater than zero if mapped to the specification inputs:

𝜑𝐿𝑆 =
⋀︁

𝐶1=(𝐼1,𝑂1,𝜙1,𝜓1)∈𝑍

⋀︁
𝑝∈𝐼1

⋀︁
𝑞∈𝑂𝑆

[(𝑚𝑝 = ℐ(𝑞))→ (𝑙𝐶1 > 0)] (36)

Then, we indicate as 𝜑𝐿 the conjunction of Equations 35 and 36:

𝜑𝐿 = 𝜑𝐿𝐿 ∧ 𝜑𝐿𝑆 (37)

The addition of location variables for contracts in the library does not affect
too much the overall size of the synthesis formulas, as the number of such variables
is much smaller than the variables encoded throughℳ, which represents all the
ports in the library. Additionally, we can use the location variables to limit the
maximum depth of a solution by imposing an upper bound to the variables in
𝒱𝐿:

𝜑𝐷(𝑑) =
⋀︁
𝑙∈𝒱𝐿

𝑙 ≤ 𝑑 (38)

where 𝑑 is the desired maximum depth. Moreover, given a depth 𝑑, we can
explore the solution space in incremental steps from depth 1 to 𝑑. This guarantees
that, when a solution is found, it will also have minimal depth.

28



Later, we will discuss how to integrate the additional constraints described
in this section with the synthesis technique introduced with Algorithm 1.

4.4. Addressing the Full LTL-CSCL Problem
In this section, we will relax the assumption 𝐻 = 𝒵 that we made in

Section 4.2, thus allowing solutions where only a subset of the library is used,
𝐻 ⊆ 𝒵. In general, having too many contracts in a candidate solution could be
problematic as, even if they are not connected to any other contract, they might
introduce additional assumptions which will prevent the refinement between the
specification and the composition to hold. Consider, for instance, the following
example, where we try to find a composition satisfying a specification under the
assumption 𝐻 = 𝒵.

Example 4.5 (Assumptions Too Restrictive). Let 𝑆 = ({𝑥}, {𝑦},True,3𝑦) be
a contract representing a specification. Let also 𝐿 = (𝒵,ℛ) be a library where 𝒵
contains only two contracts, 𝐶1 = (∅, {𝑏},True,3𝑏) and 𝐶2 = ({𝑎}, ∅,□¬𝑎,True),
where ℛ allows any connections. Note that 𝐶2 does nothing, as it has no output
ports.

One can easily see that, indeed, 𝑆 can be refined by 𝐶1 by mapping 𝑦 to 𝑏.
According to the assumption 𝐻 = 𝒵, however, we need to include also 𝐶2 in the
resulting composition. Thus, if 𝑎 is mapped to 𝑥, then the composition becomes

(𝐶1 ‖ 𝐶2)𝜃 = ({𝑥}, {𝑎, 𝑦, 𝑏},
□(𝑎 = 𝑥 ∧ 𝑏 = 𝑦)→ (3𝑏→ □¬𝑎),□(𝑎 = 𝑥 ∧ 𝑏 = 𝑦) ∧3𝑏)

and the refinement with 𝑆 holds if and only if the following are both valid:

True → [□(𝑎 = 𝑥 ∧ 𝑏 = 𝑦)→ (3𝑏→ □¬𝑎)]
[□(𝑎 = 𝑥 ∧ 𝑏 = 𝑦) ∧3𝑏]→ 3𝑦

The first formula, however, is not valid, thus the refinement does not hold.
If 𝑎 is connected to 𝑏, instead, then the composition (where the ports have

been renamed according to the new connection) is

(𝐶1 ‖ 𝐶2)𝜃 = (∅, {𝑎, 𝑦, 𝑏},
□(𝑎 = 𝑏 ∧ 𝑏 = 𝑦)→ (3𝑏→ □¬𝑎),□(𝑎 = 𝑏 ∧ 𝑏 = 𝑦) ∧3𝑏)

and the refinement with 𝑆 is verified if and only if the following are both valid:

True → [□(𝑎 = 𝑏 ∧ 𝑏 = 𝑦)→ (3𝑏→ □¬𝑎)]
[□(𝑎 = 𝑏 ∧ 𝑏 = 𝑦) ∧3𝑏]→ 3𝑦

The refinement, again, does not hold as the first formula is not valid.
Although unconnected inputs are not allowed in our approach, even leaving

the variable 𝑎 unconnected would result in a non-valid refinement formula, as
one can immediately check.

Hence, under the assumption 𝐻 = 𝒵, no composition refining 𝑆 can be found.

Example 4.5 shows why, sometimes, requiring a solution to a synthesis
problem to include all the contracts in the library is not a good idea. To solve
this problem, we give the ability to the model checker to select which contracts
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to include in a candidate solution. We do so by using the contract location
variables introduced in Equation 34; if any of such variables is set to 0, then it
means that its associated contract does not participate in the final composition.
Thus, we can selectively ignore its assumption and guarantee by parameterizing
it according to its location variable:

𝐶𝑙𝐶 = (𝐼,𝑂, (𝑙𝐶 > 0)→ 𝜙, (𝑙𝐶 > 0)→ 𝜓) (39)

The parameterized contract will then be identical to 𝐶 if 𝑙𝐶 > 0, or it will be
trivial (𝜙 = 𝜓 = True). In this way, the solver will not be forced to satisfy
assumptions and guarantees of unused contracts. We indicate the composition
of all the parameterized library contracts (cf. Equation 24) as

𝐶𝒱𝐿
𝐿 = (𝐼𝐿, 𝑂𝐿, 𝜙

𝒱𝐿
𝐿 , 𝜓𝒱𝐿

𝐿 ) =
n
{𝐶𝑙𝐶𝑖𝑖 | 𝐶𝑖 ∈ 𝒵} (40)

Additionally, we require that, if a contract is not used, it cannot feed any other
contract:

𝜑𝐶 =
⋀︁

[𝐶1=(𝐼1,𝑂1,𝜙1,𝜓1)∈𝑍]

⋀︁
[𝑝∈𝐼1]

⋀︁
[𝐶2=(𝐼2,𝑂2,𝜙2,𝜓2)∈𝑍]

⋀︁
[𝑞∈𝑂2]

[(𝑙𝐶2 = 0) → (𝑚𝑝 ̸= ℐ(𝑞))] (41)

We enforce this additional constraint because otherwise we would allow nonde-
terministic inputs, which are not desirable, as discussed in Section 4.3.1.

4.5. Putting It All Together: Revisited LTL-CSCL
In this section, we revisit the initial synthesis and verification constraints, 𝜑′syn

and 𝜑′ver, introduced in Equations 30 and 32, to include all the improvements
discussed in Sections 4.3 and 4.4. We start from the synthesis constraint, which
now becomes:

𝜑syn(𝐶𝐿, 𝑆, 𝜑ℳ, ℰ ,𝒲, 𝑑) = ∃𝜃ℳ,𝒱𝐿 : ∀𝜎𝑖 ∈ ℰ :
{𝜎𝑖 |= 𝜑ℳ ∧ 𝜑𝒲 ∧ 𝜑𝐿 ∧ 𝜑𝐷(𝑑) ∧ 𝜑𝐶∧
(𝜙𝑆 ∧ 𝜓𝑆) ∧ (𝜙𝐶𝐿(𝒱𝐿) ∧ 𝜓𝐶𝐿(𝒱𝐿))}[𝑥/𝑥𝑖]𝑥∈𝒫𝑙𝑖𝑏∪𝑆

(42)

where 𝜎𝑖 represents the sequence generated by the ad-hoc state machine built
according to Algorithm 2 representing the i-th counterexample. The formula
above can be checked for satisfiability by solving a problem similar to the one
in Equation 31. It is worth noticing how this time we are also looking for an
assignment of the variables in 𝒱𝐿, which parameterizes the library contract 𝐶𝐿.
The addition of all the extra terms, here, is not a problem. A candidate 𝜃ℳ
satisfying Equation 42 will also satisfy Equation 27, which represents our original
synthesis goal.

The verification constraint, instead, does not change; it requires us to consider
only the contracts used in the candidate solution rather than the whole library,
according to the candidate set 𝐻 inferred by the assignments to the variables 𝒱𝐿
in 𝜑syn. We indicate the candidate composition as 𝐶𝐻 = (𝐼𝐻 , 𝑂𝐻 , 𝜙𝐻 , 𝜓𝐻) =f
{𝐶𝑖 | 𝐶𝑖 ∈ 𝐻}, and the verification constraint includes it as:

𝜑ver(𝐶𝐻 , 𝑆, 𝜃ℳ) = 𝜑′ver(𝐶𝐻 , 𝑆, 𝜃ℳ)

= (𝜙𝑆 → 𝜙𝐶𝐻𝜃ℳ) ∧ (𝜓𝐶𝐻𝜃ℳ → 𝜓𝑆)
(43)

where 𝜃ℳ is the interconnect obtained by solving 𝜑syn.
We can now provide a detailed representation of the LTL-CSCL algorithm,

described in Algorithm 4, which takes into account the newly added constraints
and the incremental depth strategy.
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1 function Full_LTL-CSCL:
Input: library contract 𝐶𝐿 = (𝐼𝐿, 𝑂𝐿, 𝜙𝐿, 𝜓𝐿), constraint formula 𝜑ℳ,

specification contract 𝑆 = (𝐼𝑆 , 𝑂𝑆 , 𝜙𝑆 , 𝜓𝑆), maximum solution
depth 𝐷

Output: set of contracts 𝐻 ⊆ 𝒵 and set of connections representing 𝜃,
or False

2 𝑑 = 1;
3 ℰ ← {𝒯 }; // Counterexample set

4 𝒲 ← {}; // Old candidates

5 while 𝑑 ≤ 𝐷 do
6 while True do
7 model ← checkSAT(𝜑syn(𝐶𝐿, 𝑆, 𝜑ℳ, ℰ ,𝒲, 𝑑));
8 if model is unsat then
9 𝑑 = 𝑑+ 1;

10 end
11 (𝐻, 𝜃ℳ)← extractCandidate(model);
12 model ← checkValid(𝜑ver(𝐶𝐻 , 𝑆, 𝜃ℳ));
13 if model is valid then
14 return (𝐻, 𝜃ℳ);
15 end
16 𝜎 ← extractCounterexample(model);
17 𝐹𝜎 ← TraceGenerator(𝜎);
18 ℰ ← ℰ ∪{𝐹𝜎};
19 𝒲 ←𝒲 ∪ {𝜃ℳ};
20 end
21 end
22 return False;
23 end
Algorithm 4: Description of the algorithm solving the LTL-CSCL prob-
lem including all the performance considerations discussed in Section 4.3.
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4.6. Evaluation
We tested the synthesis algorithm on three different scenarios. The first is

inspired by the field of embedded design, and it is about the synthesis of the
architecture of a Serial Peripheral Interface (SPI) controller for an Analog-to-
Digital converter (ADC); the second is the design of a brushless DC electric
motor (BLDC); and the third problem is the design of the electrical power
distribution system (EPS) of an aircraft. The details of our analysis are reported
in Section 6.

5. Specification Decomposition for Synthesis from Libraries of LTL
A/G Contracts

In this section, we present a way to increase the scalability of synthesis from
libraries of LTL A/G contracts. Given a specification, also described by an
LTL A/G contract, we show how to efficiently partition the synthesis problem
into several simpler sub-problems, which can be solved independently. We do
so by analyzing counterexamples generated by a model checker when asked to
verify the validity of a properly crafted formula. Note that, while we use similar
techniques, in principle, to the ones used for synthesis, here the objective is
different. The result is an algorithm able to generate a set of sub-specifications
that are as “small” as possible, only requiring a number of operations quadratic
in the number of variables of the original contract. These smaller specifications,
then, can be independently synthesized. This section leverages the property of
independent implementability of contracts, which derives from the notions of
refinement and composition. For instance, let 𝐶,𝐶1, 𝐶2 be contracts such that
𝐶1 ‖ 𝐶2 ⪯ 𝐶. Let also 𝐶 ′

1, 𝐶
′
2 be contracts such that 𝐶 ′

1 ⪯ 𝐶1, and 𝐶 ′
2 ⪯ 𝐶2.

Then 𝐶 ′
1 ‖ 𝐶 ′

2 ⪯ 𝐶 holds, too.
We will refer to LTL A/G contracts and libraries as introduced in Section 3

and discussed further in Section 4, e.g., an LTL A/G contract is indicated as
𝐶 = (𝐼,𝑂, 𝜙, 𝜓), and a library is a pair 𝐿 = (𝒵,ℛ). The system specification
𝑆 = (𝐼𝑆 , 𝑂𝑆 , 𝜙𝑆 , 𝜓𝑆) that needs to be synthesized is also an LTL A/G contract.

This section builds on top of the concepts, problems, and solutions discussed
in Section 4. The algorithm and results presented in this paper differ slightly
from those in [26]. Theorem 5.1 is stronger, and Algorithm 5 does not limit the
number of variables used in a counterexample. We have also removed the claim
of completeness, which was found to be incorrect.

5.1. Decomposing Contracts
Given a system specification expressed as an LTL A/G contract, our objective

is to decompose it into several sub-specifications (or projections), to simplify the
synthesis problem in Definition 4.1. In this section, we show how to formally
describe these projections and how it is possible to treat them independently while
guaranteeing the satisfaction of the original specification. Thus, given a contract
𝐶 = (𝐼,𝑂, 𝜙, 𝜓), we want to find a composition of contracts 𝐶 ′ = 𝐶 ′

1 ‖ · · · ‖ 𝐶 ′
𝑛

such that
𝐶 ′

1 ‖ · · · ‖ 𝐶 ′
𝑛 ⪯ 𝐶. (44)

Note that, compared to the problem addressed in section 4, here each contract
𝐶 ′
𝑖 does not need to come from a library, but it will become a specification for a

different synthesis task. The independent implementability property of contracts,
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introduced in Section 3.2.1, guarantees that refining the single contracts on the
left-hand side of Equation 44 will yield a valid refinement for 𝐶.

Ideally, 𝐶 ′
𝑖 will need to be simpler to synthesize than the original contract

𝐶. The complexity of synthesis, as discussed in [21], ultimately depends on
the number of connections that the synthesizer needs to establish. Hence, it
is desirable that the synthesis problem for each 𝐶 ′

𝑖 results in fewer unknown
connections, when compared to the original specification 𝐶.

Another desirable property of such decomposition is that it will need to
maintain intact the solution space. That is, any solution that could be found
by synthesizing 𝐶 should also be found by independently synthesizing each 𝐶 ′

𝑖.
Thus, we would like contracts 𝐶 ′

𝑖s to be as permissive as possible, meaning that
their guarantees should be the weakest, and their assumptions the strongest,
while still holding the refinement in Equation 44. Finally, the decomposition
process should always be successful, meaning that, in the worst case, we should
trivially obtain the same contract 𝐶.

In the next sections, we will introduce the notion of projection for LTL A/G
contracts and will show how it can be used to define and solve the problem of
contract decomposition.

5.1.1. Projection for LTL A/G Contracts
According to the discussion in the previous section, each contract resulting

from the decomposition of a specification 𝐶 should be simpler to synthesize
than 𝐶. We discussed how this boils down to reducing the number of unknown
connections that a synthesizer needs to solve. Here, we introduce the concept of
projection to characterize each 𝐶 ′

𝑖 of Equation 44. Projections will be useful to
express our intent to have each 𝐶 ′

𝑖 define only some properties of the specification
𝐶, which is then realized as the composition of all projections.

Defining a projection for an A/G contract 𝐶, intuitively, means describing a
new contract over a subset of its variables. The new assumptions and guarantees,
then, will need to be defined only over those variables exposing all the behaviors
that could be observed in 𝐶 by looking at the subset of variables. Unfortunately,
Wolper [70] proves that LTL formulas are not, in general, closed under projection.
Therefore, for LTL A/G contracts, we cannot define the projection operation
by simply taking the projection of their assumption and guarantee formulas.
Instead, we provide a definition of projection for LTL A/G contracts that works
by partitioning the contract output variables, without the need of projecting
LTL formulas. The reasons behind the choice of defining the projection only
over output variables will be clarified later.

Definition 5.1 (Projection of LTL A/G Contracts). Given an LTL A/G contract
𝐶 = (𝐼,𝑂, 𝜙, 𝜓) and a subset of its output variables 𝑉 ⊆ 𝑂, its projection with
respect to 𝑉 is a contract

Π𝑉 (𝐶) = 𝐶𝑐𝜃𝑉 (45)

where 𝐶𝑐 is a copy of 𝐶 with fresh variables as in Definition 3.4, and 𝜃𝑉 specifies
the following connections:

∀𝑥 ∈ 𝐼 :(𝐶𝑐.𝑥, 𝑥) ∈ 𝜃𝑉 (46)
∀𝑥 ∈ 𝑂 :𝑥 ∈ 𝑉 ⇔ (𝐶𝑐.𝑥, 𝑥) ∈ 𝜃𝑉 (47)
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Thus, Π𝑉 (𝐶) shares with 𝐶 all input variables and the variables in 𝑉 , while
all the other output variables are left unconnected.

Given a projection Π𝑉 (𝐶), we call it valid if and only if

Π𝑉 (𝐶) ‖ Π𝑉 (𝐶) ⪯ 𝐶 (48)

where 𝑉 = {𝑝 | 𝑝 ∈ 𝑂 ∖ 𝑉 } contains all the output variables of 𝐶 which are not
in 𝑉 . That is, Π𝑉 (𝐶) complements Π𝑉 (𝐶) with respect to the output ports of
𝐶.

Example 5.1 (Not all projections are valid). Consider the contract

𝐶 = (∅, {𝑎, 𝑏}, 𝜙 = True, 𝜓 = □(𝑎 ∨ 𝑏))

and the set 𝑋 = {𝑎}. The projection associated with 𝑋 is

Π𝑋(𝐶) = (∅, {𝑎, 𝑎0, 𝑏0},True,□(𝑎 = 𝑎0) ∧□(𝑎0 ∨ 𝑏0))4

while its complement is

Π𝑋̄(𝐶) = (∅, {𝑏, 𝑎1, 𝑏1},True,□(𝑏 = 𝑏1) ∧□(𝑎1 ∨ 𝑏1))

To verify the validity of the projection, we need to verify that Π𝑋(𝐶) ‖ Π𝑋̄(𝐶) ⪯ 𝐶
holds.

Let us start by verifying that the guarantees of the composition are more
constrained than 𝜙𝐺:

□(𝑎 = 𝑎0) ∧□(𝑎0 ∨ 𝑏0) ∧□(𝑏 = 𝑏1) ∧□(𝑎1 ∨ 𝑏1)⇒ □(𝑎 ∨ 𝑏)

The equation above is not always true. Consider, for instance, the case in which,
at time 0, 𝑎 = 𝑎0 = False, 𝑏0 = True, 𝑎1 = True, and 𝑏 = 𝑏1 = False. Thus, the
projection Π𝑋(𝐶) is not valid. If, instead, the guarantees were 𝜓 = □(𝑎∧ 𝑏), the
set 𝑋 = {𝑎} would yield a valid projection.

The definition of valid projection justifies limiting the variable partition to
the output variables. Let us assume that the set 𝑉 in Definition 5.1 could include
also input ports, i.e., a contract 𝐶 and its projection Π𝑉 (𝐶) shared both inputs
and output variables in 𝑉 . For all the input variables not included in 𝑉 , similarly
to what happens in Example 5.1, there would be some variables of Π𝑉 (𝐶) not
mapped to 𝐶. Conversely, Π𝑉 (𝐶) would have all the input variables in 𝑉 not
mapped to 𝐶. Thus, their composition 𝐶 ′ = Π𝑉 (𝐶) ‖ Π𝑉 (𝐶) would have up to
2 · |𝐼| input variables. The refinement 𝐶 ′ ⪯ 𝐶 would then be problematic for
two reasons, one merely formal and one substantial.

First, according to the definition of refinement in Section 3.2.1, for the
refinement to hold, 𝐶 ′ cannot have more input variables than 𝐶. 𝐶 ′, however,
would have twice the input variables of 𝐶. Although problematic, this issue
could be resolved by adding up to |𝐼| new dummy variables to 𝐶, mapping them
to the unconnected variables of 𝐶 ′. The other problem, however, is substantial.
For each new input port, in fact, 𝐶 ′ defines some constraints according to

4The new guarantees are computed according to the contract connection discussed in
Section 3.2.1.
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its assumptions, derived from Π𝑉 (𝐶) and Π𝑉 (𝐶). Even if 𝐶 had the missing
variables, it would not have any assumption asserted over them, i.e., any behavior
would be allowed. Thus, in verifying refinement, Equation 14c would not be
satisfied as 𝜙 would allow more behaviors than 𝜙′, at least for any non-trivial
assumption, i.e., different from 𝜙 = True.

With the notion of projection for an LTL A/G contract that we just intro-
duced, we have all we need to state the problem we want to solve.

Definition 5.2 (Contract Decomposition Problem (CD)). Let 𝐶 = (𝐼,𝑂, 𝜙, 𝜓)
be an LTL A/G contract, and let Π𝑉 (𝐶) indicate the projection of 𝐶 over a set
of output variables 𝑉 ⊆ 𝑂. The CD problem consists in partitioning 𝑂 into 𝑛
sets of variables 𝑉1, . . . , 𝑉𝑛, with 𝑛 ≥ 1, such that

Π𝑉1(𝐶) ‖ Π𝑉2(𝐶) ‖ · · · ‖ Π𝑉𝑛(𝐶) ⪯ 𝐶 (49)

5.2. Addressing the Contract Decomposition Problem
The first thing to do to solve the CD problem is to understand how to

partition the set of output ports of a certain contract 𝐶 to guarantee that
Equation 49 is satisfied.

To get there, however, we first need to introduce a few new concepts. We
will start defining the notion of independent variables for an LTL formula.

Definition 5.3 (Independent Variables). Let 𝜙 be an LTL formula over a set
of variables Σ, and Σ = 𝑄 ∪ 𝑃 , with 𝑄 ∩ 𝑃 = ∅. Let also 𝜎 indicate a sequence
of evaluations of the variables in Σ, where 𝜎𝑃 refers to the same sequence only
over evaluations of variables in the set 𝑃 . We say that variables in 𝑉 ⊆ 𝑃 are
independent in 𝑃 for 𝜙 if and only if, for each sequence 𝜎 that falsifies 𝜙, then
𝜙 can also be falsified only by the sequence 𝜎𝑄∪𝑉 of evaluations of variables
in 𝑄 ∪ 𝑉 or the sequence 𝜎𝑄∪𝑉 of evaluations of variables in 𝑄 ∪ 𝑉 , where
𝑉 = 𝑃 ∖ 𝑉 :

∀𝜎 : 𝜎 ̸|= 𝜙⇒ 𝜎𝑄∪𝑉 ̸|= 𝜙 ∨ 𝜎𝑄∪𝑉 ̸|= 𝜙

Independent variables are useful because they allow identifying partitions of
variables that can indicate the failure of a larger formula. They will be used as
the foundational concept to identify valid contract projections.

Example 5.2. Let 𝜙 = □(𝑎 ∨ 𝑏), where Σ = 𝑃 = {𝑎, 𝑏}, and 𝑄 = ∅. Then
𝑉 = {𝑎} does not contain independent variables5. Consider, for instance, the
finite sequence 𝜎 = [(𝑎 = False, 𝑏 = False)]. 𝜎 falsifies 𝜙, but 𝜎𝑉 = [(𝑎 = False)]
does not, because the evaluation of 𝑏 is unknown. On the other hand, for
𝜙′ = □(𝑎 ∧ 𝑏) and 𝑉 = {𝑎}, 𝑎 is independent. Note that, trivially, variables in
𝑉 ′ = {𝑎, 𝑏} are also independent.

The following theorem is very useful as it defines the link between valid
projections and independent variables for a certain formula, which is at the core
of the algorithms that we will describe in Section 5.3.

5If the context is clear, as in this case, we will just say that variables in 𝑉 are independent.
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Theorem 5.1. Let 𝐶 = (𝐼,𝑂, 𝜙, 𝜓) be a compatible and consistent LTL A/G
contract, and consider a subset of its output variables 𝑉 ⊆ 𝑂. Let also 𝜙 be
defined only over variables in 𝐼. Variables in 𝑉 are independent in 𝑂 for 𝜓 if
and only if the projection Π𝑉 (𝐶) is valid.

Proof. We start by proving that if variables in V are independent, then Π𝑉 (𝐶)
is valid. Consider a contract 𝐶 = (𝐼,𝑂, 𝜙, 𝜓) and a subset of variables 𝑉 ⊆ 𝑂,
where 𝑉 contains independent variables. To verify the validity of the projection
Π𝑉 (𝐶), then Π𝑉 (𝐶) ‖ Π𝑉 (𝐶) ⪯ 𝐶 must hold. This means verifying that:

1. 𝜙→ 𝜙𝑉 ∧ 𝜙𝑉 ∨ ¬(𝜓𝑉 ∧ 𝜓𝑉 )

2. 𝜓𝑉 ∧ 𝜓𝑉 → 𝜓

Let us begin with point 2). 𝐶 is consistent, hence 𝐼-receptive, i.e., its
guarantees cannot be falsified only by a sequence of evaluations of its input
variables. Let 𝜎𝐺 be a sequence of evaluations of the variables of 𝐶 that falsifies
𝜓. Then, because 𝑉 contains independent variables, the same sequence projected
over 𝐼 ∪ 𝑉 and 𝐼 ∪ 𝑉 will also falsify 𝜓. Thus, 𝜓𝑉 or 𝜓𝑉 will also be false as
they share the variables in 𝐼 ∪ 𝑉 and 𝐼 ∪ 𝑉 with 𝜓, respectively. Hence, the
implication in point 2) will always be true, as every time the right-hand side is
false, so is the left-hand side.

For point 1), let 𝜎𝐴 be a sequence of evaluations of variables in 𝐶 that falsifies
the formula on the right-hand side of the implication, 𝜙𝑉 ∧ 𝜙𝑉 ∨ ¬(𝜓𝑉 ∧ 𝜓𝑉 ),
which represent the assumptions of the composition Π𝑉 (𝐶) ‖ Π𝑉 (𝐶). This
means that 𝜎𝐴 falsifies also the stronger formula 𝜙𝑉 ∧ 𝜙𝑉 . As 𝐶, Π𝑉 (𝐶), and
Π𝑉 (𝐶) all share the same set of input variables 𝐼, and 𝜙 is defined only over
those variables, any 𝜎𝐴 that falsifies 𝜙𝑉 ∧ 𝜙𝑉 will also falsify 𝜙. Hence, 1) is
always true, too.

Now we need to prove that if the projection Π𝑉 (𝐶) is valid, then the variables
in 𝑉 are independent in 𝑂 for 𝜓. If Π𝑉 (𝐶) is valid, then points 1) and 2) hold.
Let us assume that the variables in V are not independent. Then, considering
point 2), there should be a sequence 𝜎𝐺 that falsifies 𝜓 but not 𝜓𝑉 or 𝜓𝑉 . But
that would mean that point 2) does not hold, as we can falsify the right-hand
side of the implication but not the left-hand side, which contradicts Π𝑉 (𝐶) being
valid. That means that 𝑉 must contain independent variables.

This proves the theorem.

5.2.1. Using Projections for Synthesis
At this point, we know how to identify valid projections for a contract. In this

section, we describe how such projections can be used to simplify the problem of
synthesis from contract libraries.

We still have to make sure that given some projections of a contract 𝐶, we
can indeed compose them together such that their composition is a refinement
of 𝐶, as indicated in Equation 49. The following theorem clarifies this point.

Theorem 5.2. Let Π𝑉1(𝐶), . . . ,Π𝑉𝑛(𝐶) be valid projections of a contract 𝐶 =
(𝐼,𝑂, 𝜙, 𝜓), which is compatible, consistent, and 𝜙 is defined only over variables in
𝐼. If 𝑉1, . . . , 𝑉𝑛 all contain variables independent in 𝑂 for 𝜓, and 𝑉1∪· · ·∪𝑉𝑛 = 𝑂,
then

Π𝑉1(𝐶) ‖ · · · ‖ Π𝑉𝑛(𝐶) ⪯ 𝐶 (50)
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Proof. By the definition of valid projection in Equation 48, we know that for each
projection Π𝑉𝑖(𝐶) of a contract (𝐼,𝑂, 𝜙, 𝜓), the refinement Π𝑉𝑖(𝐶) ‖ Π𝑉𝑖(𝐶) ⪯ 𝐶
holds, where 𝑉𝑖 ∪ 𝑉𝑖 = 𝑂 by construction. To prove Equation 50 we need to
verify that:

1. 𝜙→ 𝜙𝑉1 ∧ · · · ∧ 𝜙𝑉𝑛 ∨ ¬(𝜓𝑉1 ∧ · · · ∧ 𝜓𝑉 𝑛)

2. 𝜓𝑉1
∧ · · · ∧ 𝜓𝑉𝑛 → 𝜓

The proof, at this point, is similar to the proof of Theorem 5.1. We start from
point 2). For 𝜎𝐺 being a sequence of evaluations of variables of 𝐶 which falsifies
𝜓, we know that there must exist a 𝑉𝑥 ⊆ 𝑂 with independent variables such
that the guarantee 𝜓𝑉 𝑥 of the projection Π𝑉 𝑥(𝐶) is false, too. Without loss of
generality, let us assume that 𝑉𝑥 is also minimal, i.e., there not exists a proper
subset of 𝑉𝑥 which also contains independent variables. Since {𝑉1, . . . , 𝑉𝑛}
all contain independent variables and 𝑉1 ∪ · · · ∪ 𝑉𝑛 = 𝑂, then there exists a
𝑉𝑖 ∈ {𝑉1, . . . , 𝑉𝑛} such that 𝑉𝑥 ⊆ 𝑉𝑖. Thus, 𝜓𝑉𝑖 will be falsified by 𝜎𝐺, and so
will be also the whole left-hand side of the implication at point 2). This proves
that point 2) always holds. The proof of point 1) is exactly the same as the one
of point 1) in Theorem 5.1. Hence, the theorem is proved.

Theorem 5.2 explains how we can partition a contract 𝐶 using 𝑛 valid pro-
jections, Π𝑉1(𝐶), . . . ,Π𝑉𝑛(𝐶). This is good news because now we can synthesize
a composition of contracts that refines 𝐶 from a library 𝐿, if such a compo-
sition exists, by independently synthesizing compositions for the projections
Π𝑉1

(𝐶), . . . ,Π𝑉𝑛(𝐶). That is, if there exist compositions such that

𝐶𝑉𝑖1 ‖ · · · ‖ 𝐶𝑉𝑖𝑚𝑖 ⪯ Π𝑉𝑖(𝐶), 1 ≤ 𝑖 ≤ 𝑛

for some 𝑚1, . . . ,𝑚𝑛, then by the independent development property in [17], the
following holds:

𝐶𝑉 1
1 ‖· · · ‖ 𝐶𝑉 1

𝑚1

‖
𝐶𝑉 2

1 ‖· · · ‖ 𝐶𝑉 2
𝑚2

‖
...
‖

𝐶𝑉 𝑛1 ‖· · · ‖ 𝐶𝑉 𝑛𝑚𝑛

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭
⪯

Π𝑉 1(𝐶)
‖

Π𝑉 2(𝐶)
‖
...
‖

Π𝑉 𝑛(𝐶)

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭
⪯ 𝐶 (51)

However, we are not done yet. Each projection Π𝑉𝑖(𝐶), in fact, has even
more variables than 𝐶 (the copies of variables of 𝐶 plus those added through the
interconnect 𝜃), although now we are only interested in the subset 𝑉𝑖. For the
other variables, in fact, we know that there will be another composition taking
care of them. Thus, we need a way to limit synthesis only to 𝑉𝑖. We address this
issue by defining, and solving, a variant of the CSCL problem in Definition 4.1.

Definition 5.4 (Problem of Partial Synthesis from LTL A/G Contract Libraries
(PCSCL)). Let the LTL A/G contract 𝑆 = (𝐼𝑆 , 𝑂𝑆 , 𝜙𝑆 , 𝜓𝑆) be a system specifi-
cation, 𝑉 be a subset of independent variables 𝑉 ⊆ 𝑂𝑆, and define 𝑉 = 𝑂𝑆 ∖ 𝑉 .
Let also Π𝑉 (𝑆) be the projection of 𝑆 over 𝑉 , and 𝐿 = (𝒵,ℛ) be a library where
ℛ specifies that no further connection is required for variables of 𝑆 in 𝑉 and
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variables of Π𝑉 (𝑆). Then, find a set of contracts 𝐻 = {𝐶1, . . . , 𝐶𝑚} ⊆ 𝒵, and
an interconnect 𝜃 ⊆ ℛ such that the following holds:

(𝐶1 ‖ · · · ‖ 𝐶𝑚)𝜃 ‖ Π𝑉 (𝑆) ⪯ 𝑆

To solve this synthesis problem, the synthesizer is forced to use Π𝑉 (𝑆) as a
placeholder connected to ports in 𝑉 , therefore it avoids wasting time in satisfying
constraints for ports that are not in 𝑉 . Overall, when instantiated for 𝑛 subsets
of independent variables 𝑉1, . . . , 𝑉𝑛, this results in 𝑛 smaller synthesis problems
which can be run independently, i.e., concurrently, using techniques such as the
one proposed in Section 4.

Once we have found a solution for all the projections, Equation 51 guarantees
that putting all the pieces back together will result in a proper refinement of our
original system specification.

By only considering the variables in 𝑉 we are also guaranteed that, with
this decomposition approach, we are not reducing the solution space of the full
synthesis problem. That is, the projection Π𝑉 (𝐶) ‖ Π𝑉 (𝐶) refines 𝐶, but it
only restricts its guarantee over variables that are not mapped to 𝐶. Indeed,
by definition of independent variables, each falsifying trace 𝜎 will falsify Π𝑉 (𝐶)
either over 𝑉 or over 𝑉 . If 𝜎 falsifies Π𝑉 (𝐶) over variables in 𝑉 , then, by
construction, it will also falsify 𝐶. Hence, the solution space over 𝑉 is the same
for both 𝐶 and Π𝑉 (𝐶).

5.3. An Efficient Decomposition Algorithm
In this section, we discuss an efficient algorithm to decompose a contract

𝐶 = (𝐼,𝑂, 𝜙, 𝜓) leveraging the concepts discussed in the previous sections. One
obvious potential approach is to exhaustively verify whether Π𝑉𝑖(𝐶) ‖ Π𝑉𝑖(𝐶) ⪯
𝐶 holds for all the possible 𝑉𝑖 ∈ ℘(𝑂), where ℘(𝑂) is the powerset of 𝑂. This is
not very efficient, as it requires checking Equation 48 at least 2|𝑂| times. We
propose a better solution that only needs a quadratic number of checks.

The intuition is to start from sets 𝑉𝑖 that contain single output variables of
𝐶 and to use a model checker to suggest how to increase the size of each 𝑉𝑖 until
it contains independent variables. We do so by analyzing the counterexamples
obtained by verifying some ad hoc formulas.

Algorithm 5 describes the main decomposition algorithm. For each output
variable 𝑝 (Line 3), we initialize the set 𝑉 by including only that variable (Line 4).
After creating the candidate projections Π𝑉 (𝐶) and Π𝑉 (𝐶), the algorithm verifies
that Π𝑉 (𝐶) ‖ Π𝑉 (𝐶) ⪯ 𝐶 in Line 8 (by model checking the refinement formulas).
If Π𝑉 (𝐶) ‖ Π𝑉 (𝐶) ⪯ 𝐶 holds, then passed will be true, meaning that Π𝑉 (𝐶) is
a valid projection (hence, 𝑉 contains independent variables) and we can move
on to the next iteration (Line 14). If, however, Π𝑉 (𝐶) ‖ Π𝑉 (𝐶) ⪯ 𝐶 can be
falsified, the model checker will generate a counterexample that proves why the
refinement does not hold. We can then analyze the counterexample to identify
which variables were responsible for the failure, i.e., behaved differently in the
two projections, and add them to 𝑉 (Lines 10 and 11), repeating the process until
Π𝑉 (𝐶) ‖ Π𝑉 (𝐶) ⪯ 𝐶 is valid. Finally, the last step of DecomposeContract,
Line 16, guarantees that the set {𝑉1, . . . , 𝑉𝑛} is a partition of 𝑂, as required by
Definition 5.2. That is, MergeClusters will merge any two sets in {𝑉1, . . . , 𝑉𝑛}
that have variables in common, resulting in a new set clusters = {𝑉1, . . . , 𝑉𝑚}
such that ∀𝑉𝑖, 𝑉𝑗 ∈ {𝑉1, . . . , 𝑉𝑚} : 𝑉𝑖 ∩𝑉𝑗 = ∅. The algorithm always terminates,
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1 function DecomposeContract:
Input: Contract 𝐶 = (𝐼,𝑂, 𝜙, 𝜓)
Output: Set of valid contract projections

2 clusters← {};
3 for 𝑝 ∈ 𝑂 do
4 𝑉 ← {𝑝};
5 passed ← False;
6 repeat
7 𝑉 ← 𝑂 ∖ 𝑉 ;
8 passed, trace ← checkValid(Π𝑉 (𝐶) ‖ Π𝑉 (𝐶) ⪯ 𝐶);
9 if not passed then

10 𝐷 ← ParseTrace(trace);
11 𝑉 ← 𝑉 ∪𝐷;
12 end
13 until passed;
14 clusters ← clusters ∪𝑉 ;
15 end
16 clusters ← MergeClusters(clusters);
17 return {Π𝑉 (𝐶) | 𝑉 ∈ clusters }
18 end
Algorithm 5: Contract Decomposition algorithm. It takes a contract
𝐶 as input, and returns a set of 𝑛 projections such that Π𝑉1

(𝐶) ‖ · · · ‖
Π𝑉𝑛(𝐶) ⪯ 𝐶.

as in the worst case we have that 𝑉 = 𝑂, thus Π𝑉 (𝐶) = 𝐶 and 𝑉 = ∅, which
always verifies Π𝑉 (𝐶) ‖ Π𝑉 (𝐶) ⪯ 𝐶. It does so by invoking the model checker
(through the function checkValid, which solves a PSPACE-complete problem,
although very small if compared to the CSCL synthesis framework) at most 𝑛2
times, where 𝑛 is the number of output ports of 𝐶.

5.3.1. Algorithm DecomposeContract is sound
In this section, we show that Algorithm DecomposeContract is sound,

meaning that the contract projections that it returns are always valid. To do
so, we need to show that at the end each 𝑉 contains independent variables. We
always start from a set 𝑉 containing a single variable. In the main iteration,
for each candidate 𝑉 , the function checkValid in DecomposeContract,
Line 8, returns true if Π𝑉 (𝐶) ‖ Π𝑉 (𝐶) ⪯ 𝐶 is true, which means that the
projection over 𝑉 is valid. We say so because, otherwise, the model checker
would have found a trace that violates 𝐶’s guarantees but is not accepted by
Π𝑉 (𝐶) ‖ Π𝑉 (𝐶), according to Definition 5.3. By Theorem 5.1, then 𝑉 contains
independent variables. If the refinement does not hold, then it means that the
variables in 𝑉 are not independent, that is, 𝑉 is too small. Therefore, the
variables in 𝑉 depend on (at least) a variable in 𝑉 . The model checker provides
a counterexample that shows which variables caused the refinement to fail, i.e.,
they behave differently between the two projections. Among these variables,
some must be dependent on variables on 𝑉 , because, otherwise, the refinement
would hold. By parsing the counterexample trace we can recognize such variables
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and add them to 𝑉 , repeating the verification step in Line 8. This process stops
when Π𝑉 (𝐶) ‖ Π𝑉 (𝐶) ⪯ 𝐶 is true, which means, as we have seen above, that
𝑉 contains independent variables. To make sure we capture all the possible
sets of independent variables, we repeat the process starting with every variable
in 𝑂. In the worst case, the process stops when 𝑉 = 𝑂, which will always
result in a valid projection. Finally, MergeClusters will take care of resolving
any ambiguity by conservatively merging any two sets 𝑉𝑖, 𝑉𝑗 in case they have
any variables in common. This can happen because the variable sets inferred
by counterexample traces are not always minimal, but it does not affect the
correctness of the algorithm. The algorithm is therefore sound.

We cannot claim that the algorithm is complete, meaning that if there exists
a partition 𝑉1, . . . , 𝑉𝑛 such that Π𝑉1

(𝐶) ‖ · · · ‖ Π𝑉𝑛(𝐶) ⪯ 𝐶, with 𝑛 > 1, we
cannot guarantee that the algorithm will find it. The reason is that by analyzing
the counterexample we cannot be sure that some variables that are different
between the two contracts are indeed part of the cause of the failed refinement
check. In practice, however, we observed that the model checker we used, nuXmv,
tends to show counterexamples in which only the variables effectively responsible
for the refinement to fail are different between the two projections.

6. Case Studies

To evaluate the techniques we presented, here we introduce three industry-
relevant case studies. These are interesting problems because they are simple
enough to allow a non-domain expert reader to follow them, yet, they highlight
challenges and the capabilities of our approach. We implemented the algorithm
in Python, as an extension of the tool Pyco, introduced in [21], that uses
the nuXmv model checker to compute the validity and satisfiability of formu-
las, and to execute the state machines generating the counterexample traces.
For each case study, we evaluated the performance of the proposed synthesis
techniques (Algorithm 4) with and without the application of the Specification
Decomposition (SD) strategy (Algorithm 5). To ensure accurate reporting, we
ran each synthesis task several times (30 to 80 times) and then bootstrapped
the samples to compute the mean of the synthesis time and the related 95%
confidence intervals. The experiments in Sections 6.1 and 6.2 were executed
on a 2.5 GHz Intel Core i7 machine with 16GB of RAM; the experiments in
Section 6.3, instead, were executed on a 3.3 GHz Intel Xeon machine with 32
GB of RAM.

6.1. The SPI Analog-to-Digital Converter problem
An Analog-to-Digital Converter (ADC) is an electronic device that is able

to read an analog voltage and returns a digital value proportional to the input
voltage. ADCs are key in the design of cyber-physical systems, as they provide
systems with the ability to “read” information that is generated by interacting
with the physical world. For instance, consider a simple system that needs
to detect when the environment in which it operates is dark. An immediate
implementation could include a microcontroller (MCU) and a photoresistor,
which is a sensor able to convert light to electrical potential. The MCU, however,
is a digital component and needs an ADC to interpret the output of the sensor.
The communication between the MCU and the ADC, usually, happens through
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a serial digital signal. A typical protocol used in this type of communication is
called Serial Peripheral Interface (SPI) (see, for instance, [71]).

In this example, we focus on the interaction between components implement-
ing an SPI-like serial protocol, and a specification requiring all the information in
parallel instead. The specification models a subsystem for an embedded device,
and requires reading from an analog source and returning its corresponding digi-
tal value using a bus, i.e., in parallel. Here, the specification does not implement
a serial protocol. It asserts a signal, 𝑟, for a single clock cycle and expects the
digital value to be produced on the bus after some time. Table 2 provides the
details about the contract representing the specification.

Input Ports 𝑎
𝑟

(Analog:Int)
(Req:Bool)

Output Ports 𝑟𝑑𝑦
𝑏0, . . . , 𝑏𝑛

(Ready:Bool)
(ADCbit:Bool)

Assumptions ¬𝑟 ∧□(𝑟 → #¬𝑟 ∧ · · · ∧#𝑛+2¬𝑟) ∧□(0 ≤ 𝑎 < 2𝑛)

Guarantees □(𝑟→#¬𝑟𝑑𝑦 ∧ · · · ∧#𝑛+1¬𝑟𝑑𝑦 ∧#𝑛+2𝑟𝑑𝑦) ∧
□{𝑟→[(#𝑛+2𝑏0 ↔ #2( 𝑎20 − 2 · 𝑎21 = 1)) ∧ · · · ∧ (#𝑛+2𝑏𝑛 ↔ #2( 𝑎

2𝑛−1 − 2 · 𝑎2𝑛 = 1))]}

Table 2: Specification for the SPI-ADC synthesis problem parameterized for 𝑛 (in the experi-
ments, 𝑛 ∈ [2, 8]). The contract reads an analog input, represented as an integer variable, and
a request line. After 𝑛+ 2 clock cycles, it needs to assert a ready signal. Moreover, it needs to
compute the 𝑖-th bit of the analog input for each output bit 𝑏𝑖, representing the state of the
analog signal two cycles after the request line was asserted. The fractions represent integer
division, where the expression 𝑎

2𝑖
− 2 · 𝑎

2𝑖+1 computes the 𝑖-th bit of 𝑎. Port types indicate the
type label, used to describe each port, and their domain (integer or Boolean).

The analog input is represented by an integer variable. To satisfy the
specification, an implementation needs to match the input value to its digital
binary version. The specification requires also a “ready” signal, 𝑟𝑑𝑦, to be
generated upon completion of the task.

Table 3 shows, instead, the elements that populate the contract library.
The set of contracts is straightforward. The main component is the ADC,
which implements an SPI-like protocol: it requires its 𝑐 input to be asserted
for several clock cycles, while it samples from its analog interface and generates
corresponding digital values on its serial output, 𝑚. Being serial means that
the analog value will not be converted at once, but each bit will be computed
sequentially. The rest of the library contains simpler digital elements, such as
inverters, which reverse their Boolean input value, counters, which count up to a
certain integer value, comparators, which return true if their input matches their
parameter, triggers, which return a Boolean signal after a certain number of clock
cycles, and flip-flops, which store their Boolean input value when their “write”
line is asserted. Note that most of the elements in the library are parametric,
with a parameter 0 ≤ 𝑘 ≤ 10, meaning that each of those contracts effectively
implies a larger search space. Figure 1 illustrates the difference between the
ADC in the library and the specification. The goal of this experiment is to
synthesize the control logic around the ADC, meaning that a correct solution
will need to figure out a way to memorize intermediate values and return the
binary representation of the input only when all the bits have been correctly
computed. This case study is particularly interesting because its complexity
grows also in the temporal dimension. For different specifications, in fact, we
have that having more output ports implies that the ADC will need to work
over more clock cycles, meaning that the underlying model checker will need to
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Contract Input Ports Output Ports Assume Guarantee

ADC(𝑛) 𝑐
𝑎

(Select:Bool)
(Analog:Int) 𝑚 (SerialOut:Bool) ¬𝑐

¬𝑚 ∧#¬𝑚 ∧
□(¬𝑐→ ¬𝑚 ∧#¬𝑚) ∧
□{(¬𝑐 ∧#𝑐 ∧#2𝑐)→

[#2𝑚↔ #( 𝑎20 − 2 · 𝑎21 = 1)]} ∧
· · ·
□{(¬𝑐 ∧#𝑐 ∧ · · · ∧#𝑛+1𝑐)→

[#𝑛+1𝑚↔ #( 𝑎
2𝑛−1 − 2 · 𝑎2𝑛 = 1)]} ∧

□[(¬𝑐 ∧#𝑐 ∧ · · · ∧#𝑛+1𝑐)→ (#𝑛+2¬𝑚)]∧
□[(𝑐 ∧#𝑐 ∧ · · · ∧#𝑛+1𝑐)→ (#𝑛+2¬𝑚)]

Inverter 𝑖 (Control:Bool) 𝑜 (Control:Bool) true □(𝑜↔ ¬𝑖)

Counter(𝑘) 𝑟 (Control:Bool) 𝑣
𝑝

(Counter:Int)
(Param:Int) true

(𝑐 = 0) ∧
□(𝑝 = 𝑘) ∧
□[𝑟 → #(𝑣 = 0)] ∧
□[(𝑣 ≤ 𝑝) ∧ ¬𝑟 → (#(𝑣) = 𝑣 + 1)]∧
□[(𝑣 = 𝑝) ∧ ¬𝑟 → (#(𝑣) = 𝑝)]

Comparator(𝑘) 𝑣 (Counter:Bool) 𝑒
𝑝

(Control:Int)
(Param:Int) true □(𝑝 = 𝑘) ∧

□[(𝑣 = 𝑝)↔ 𝑒]

Trigger(𝑘) 𝑟 (Control:Bool)
𝑡
𝑐
𝑝

(Control:Bool)
(Counter:Int)
(Param:Int)

true

(𝑐 = 0) ∧
□(𝑝 = 𝑘) ∧
□[(𝑐 = 𝑝)↔ 𝑡] ∧
□[𝑟 → #(𝑐 = 0)] ∧
□[(𝑐 ≤ 𝑝) ∧ ¬𝑟 → (#(𝑐) = 𝑐+ 1)]∧
□[(𝑐 = 𝑝) ∧ ¬𝑟 → (#(𝑐) = 𝑝)]

FlipFlop 𝑑
𝑒

(Data:Bool)
(Control:Int) 𝑞 (Data:Bool) true

¬𝑞 ∧
□[𝑒→ (𝑑↔ #𝑞)] ∧
□[¬𝑒→ (𝑞 ↔ #𝑞)]

Table 3: Structure of the SPI-ADC library. The ADC component is used, in the experiments,
with 𝑛 ∈ [2, 8]. Some components are parameterized if, in their output ports, there are ports
of type “Param”. All the parameters 𝑘 are bounded such that 0 ≤ 𝑘 ≤ 10. Port types indicate
the type label, used to describe each port, and their domain (integer or Boolean). The library
imposes constraints on possible connections based on the port domains.

ADC 
Component serial binary 

encoding

analog 
reading

read 
request

Spec parallel 
binary 
encoding

...

ready 
signal

analog 
reading

read 
request

Figure 1: Comparison between the ADC and the problem specification. The ADC is able
to sample an analog value and it returns a serial binary reading. The specification, however,
requires a parallel binary reading.

do more work to verify candidates.

Resolution Sample Mean, w/o SD Sample Mean, w/ SD Timeouts, w/ SD
2-bit 30.36 (28.96, 31.38) 28.91 (26.63, 31.75) 0
3-bit 46.04 (44.4, 47.69) 48.45 (44.62, 53.3) 0
4-bit 347.83 (323.66, 369.36) 106.16 (97.42, 115.5) 0
5-bit 6816.03 (-, -) 217.1 (161.59, 355.48) 2
6-bit - (-, -) 299.42 (243.32, 409.69) 1
7-bit - (-, -) 459.87 (361.62, 594.2) 6
8-bit - (-, -) 614.54 (498.39, 737.5) 10

Table 4: Summary of the SPI synthesis experiments without and with SD, for specs requiring
2- to 8-bit resolution. Synthesis tasks were set to timeout at 1000 seconds, except the 5-bit
experiment without SD, which was a one-time test. We report the bootstrap mean synthesis
time and, in parentheses, its 95% confidence interval. Mean values are expressed in seconds.
We also report the number of timeouts we observed for each problem with SD. The sample
means we report include these timeouts. No timeouts were observed in the experiments without
SD for 2- to 4-bit ADC resolution.
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Figure 2: Comparison between the mean time required to synthesize a solution to the SPI-
problem with and without SD. Each bar represents the bootstrap mean for the synthesis time,
while the dark error bars represent its 95% confidence interval. Synthesis was set to timeout at
1000 seconds. For the 5-bit case without SD, we are reporting the result of a single experiment.
The graph is in logarithmic scale.

We ran 80 experiments without SD for each specification requiring 2-, 3-, and
4-bit ADC resolution, and libraries with 11, 11, and 16 contracts, respectively.
We also ran a one-off test with a specification requiring 5-bit resolution and
no SD, with a library of 17 contracts. The experiment was not repeated as it
took over two hours to finish, but we still report it as it shows how synthesis
performance can degrade quickly. When testing with SD, we ran 30 experiments
for each specification requiring 2- to 8-bit ADC resolution. For these experiments,
we use libraries with 14 elements. Each library had an appropriate ADC contract,
according to the specification being tested, while the other contracts, including
the parametric ones, were replicated as needed.

Figure 2 illustrates the results of our experiments. In the figure, each bar
represents the bootstrap mean for each specification, while the error bars indicate
their 95% bootstrap confidence intervals. In the experiments without SD, we
observe how the synthesizer can find solutions in a reasonable time (less than 1000
seconds) for 𝑛 < 5. For 𝑛 ≥ 5, synthesis for this problem becomes unpractical.
When applying SD, we can synthesize more complex problems in less than 1000
seconds. Table 4 summarizes the same experiments showing the values of the
bootstrap mean and 95% confidence interval for all the experiments. It also
shows how many times, for each specification, synthesis was aborted because it
took too long (>1000 seconds). We only observed timeouts for 𝑛 >= 5 in the
experiments with SD. While we have not seen timeouts for lower resolutions,
one-third of the experiments for the 8-bit specification timed out. In our opinion,
this behavior is not surprising and is consistent with the expectation that more
complex specifications have higher synthesis time variability.

The benefit of decomposing the specification, for this case study, can be
observed immediately: thanks to that technique, we can solve problems that
otherwise would be practically unfeasible. Figure 3 shows the typical solution
for a specification requiring an ADC with 8-bit resolution. As one can see, the
synthesizer correctly inferred the parameters for several components (e.g., the
triggers), to make sure that the rest of the signals had the correct timing. Here,
parameters are just a special type of output variable. We believe that this case
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Figure 3: Typical synthesized composition for the SPI-ADC problem, in the case of the
specification and ADC with 8-bit resolution. Triggers, Counter, and Comparator in the picture
refer to a certain value 𝑛. That value is the representation of the parameter 𝑘 listed the library.

study greatly benefited from the application of SD because of the particular
structure of the specifications, where we had several outputs that needed to be
satisfied at once. Indeed, the decomposition algorithm was able to show that each
output variable of the specification was independent of the rest, simplifying the
synthesis problem. We could not evaluate this problem with the tool presented
in [21] because here specifications and library use primitives, such as integers,
that are not supported in that release.

6.2. The BLDC problem
The goal of this design example is to synthesize the architecture of a con-

troller for a brushless DC electric motor, starting from components such as a
microcontroller or DC-DC converters. This example was first introduced and
evaluated in [21]. In [21], the library of contracts for this problem (Table 5)

Input Ports 𝑖 (IOPin3V)
Output Ports 𝑜1, 𝑜2, 𝑜3 (IOPin12V)
Assumptions ¬𝑖 ∧□3𝑖 ∧□3¬𝑖

Guarantees

𝑜1 ∧ ¬𝑜2 ∧ ¬𝑜3 ∧
□[ (𝑜1 ∧ ¬𝑖 ∧#𝑖)→ (#¬𝑜1 ∧#𝑜2 ∧#¬𝑜3)]∧
□[ (𝑜2 ∧ ¬𝑖 ∧#𝑖)→ (#¬𝑜1 ∧#¬𝑜2 ∧#𝑜3)]∧
□[ (𝑜3 ∧ ¬𝑖 ∧#𝑖)→ (#𝑜1 ∧#¬𝑜2 ∧#¬𝑜3)]

RS Distinct(𝑜1, 𝑜2, 𝑜3)

Table 5: Specification for the BLDC synthesis problem. The interface has one input, which is
a 3V pin from the Hall effect sensor (its type is IOPin3 ), and three outputs as 12V pins to
drive the electromagnets of the motor. The specification assumes that the input is initially
negative and, once started, it will keep commuting. The guarantee is that only one output
line will be active at each commutation point in a round-robin fashion. The specification also
requires distinct outputs, meaning that they cannot be controlled by the same port.
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Contract Input Ports Output Ports Assumptions Guarantees

Power-5V - - 𝑔𝑛𝑑
𝑣𝑜𝑢𝑡

(GND)
(Voltage5V) true □(¬𝑔𝑛𝑑 ∧ 𝑣𝑜𝑢𝑡)

DCDC-3V 𝑔𝑛𝑑
𝑣𝑖𝑛

(GND)
(Voltage12V) 𝑣𝑜𝑢𝑡 (Voltage3V) true □(𝑣𝑜𝑢𝑡)

DCDC-5V 𝑔𝑛𝑑
𝑣𝑖𝑛

(GND)
(Voltage12V) 𝑣𝑜𝑢𝑡 (Voltage5V) true □(𝑣𝑜𝑢𝑡)

Power-12V - - 𝑔𝑛𝑑
𝑣𝑜𝑢𝑡

(GND)
(Voltage12V) true □(¬𝑔𝑛𝑑 ∧ 𝑣𝑜𝑢𝑡)

MCU
𝑔𝑛𝑑
𝑣𝑖𝑛
𝑖

(GND)
(Voltage3V)
(IOPin3V)

𝑜1
𝑜2
𝑜3

(IOPin3V)
(IOPin3V)
(IOPin3V)

true

𝑜1 ∧ ¬𝑜2 ∧ ¬𝑜3 ∧
□[ (𝑜1 ∧ ¬𝑖 ∧#𝑖) → (#¬𝑜1 ∧#𝑜2 ∧#¬𝑜3) ]∧
□[(𝑜1 ∧ ¬𝑖 ∧#¬𝑖)→ (#𝑜1 ∧#¬𝑜2 ∧#¬𝑜3) ]∧
□[ (𝑜1 ∧ 𝑖 ∧#¬𝑖) → (#𝑜1 ∧#¬𝑜2 ∧#¬𝑜3) ]∧
□[ (𝑜2 ∧ ¬𝑖 ∧#𝑖) → (#¬𝑜1 ∧#¬𝑜2 ∧#𝑜3) ]∧
□[(𝑜2 ∧ ¬𝑖 ∧#¬𝑖)→ (#¬𝑜1 ∧#𝑜2 ∧#¬𝑜3) ]∧
□[ (𝑜2 ∧ 𝑖 ∧#¬𝑖) → (#¬𝑜1 ∧#𝑜2 ∧#¬𝑜3) ]∧
□[ (𝑜3 ∧ ¬𝑖 ∧#𝑖) → (#𝑜1 ∧#¬𝑜2 ∧#¬𝑜3) ]∧
□[(𝑜3 ∧ ¬𝑖 ∧#¬𝑖)→ (#¬𝑜1 ∧#¬𝑜2 ∧#𝑜3) ]∧
□[ (𝑜3 ∧ 𝑖 ∧#¬𝑖) → (#¬𝑜1 ∧#¬𝑜2 ∧#𝑜3) ]∧
□{ (𝑖↔ #𝑖) → [ (#𝑜1 ↔ 𝑜1)∧

(#𝑜2 ↔ 𝑜2) ∧ (#𝑜3 ↔ 𝑜3)]}

Half-Bridge
𝑔𝑛𝑑
𝑣𝑖𝑛
𝑖

(GND)
(Voltage3V)
(IOPin3V)

𝑜 (IOPin12V) true □(𝑖↔ 𝑜)

Table 6: Structure of the BLDC library, which contains three separate instances of each
component. This library is a revisited version of the one in Table 5 of [21], which now includes
only deterministic contracts.

contains contracts that are nondeterministic, which can lead to performance
issues as discussed in Section 4.3.1. Specifically, the contract representing the
microcontroller, MCU, is a problematic one. For instance, here the contract does
not specify what to do in case the input 𝑖 is true for more than one cycle. Table 6
shows an updated library with only deterministic contracts. The identification
of the nondeterministic contracts and the validation of the updated library was
performed using Algorithm 3. Table 5 shows the requirements of the overall
system that we want to synthesize. This table is taken verbatim from Table 4 of
[21]. We considered three different libraries based on Table 6 with 16, 24, and 32
contracts, and used them to synthesize the same specification, with and without
applying the SD techniques. For each category, we ran 80 experiments.
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Figure 4: Summary of the results for the BLDC experiments. We synthesized a controller
using three libraries including 16, 24, and 32 contracts respectively, for the same specification,
without and with SD. Each bar represents the bootstrap mean synthesis time, while the error
bars represent the 95% confidence intervals.

Figure 4 shows the results for all the experiments. Each bar represents the
bootstrap mean synthesis time while the error bars indicate the 95% bootstrap
confidence interval for each mean. Table 7 summarizes the same results. In these
experiments, the solver was able to find a solution almost immediately—most
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Library Size Sample Mean, w/o SD Sample Mean, w/ SD
16 9.87 (8.22, 11.77) 10.14 (8.57, 12.09)
24 15.74 (13.37, 18.77) 19.18 (16.59, 22.25)
32 20.61 (17.96, 23.81) 19.18 (17.04, 21.97)

Table 7: Summary of the BLDC synthesis experiments, with libraries including 16, 24, and 32
contracts, respectively, with and without SD. We report the bootstrap mean synthesis time
and, in parentheses, its 95% confidence interval. All values are expressed in seconds.

of the time, it took only two iterations to find a good solution. Synthesis using
the nondeterministic library generated comparable results, although with much
higher variance. For instance, for a certain library, it would not be uncommon to
see some experiments taking more than five times the synthesis time of others.

We see that the synthesizer performance when using SD is comparable, if
not slightly worse, than without it. In this case, the overhead of the application
of the SD algorithm is greater than the benefit it provides. Yet, the fact that
the performance cost is negligible is still useful. It suggests, in fact, that there is
no harm in decomposing a specification even for a problem that can already be
efficiently solved. Synthesis, finally, was significantly faster than in [21]. There,
this example was synthesized only using a library with 16 elements. With the
same library size, even if we used a less powerful CPU, here we are 20% faster
when compared to the best case (minimal number of components in the solution),
and 10 times faster when compared to the general constant-cost case. The
resulting compositions were similar to the one in Figure 7 of [21].

6.3. The EPS problem
The goal of this example is to synthesize the architecture of a Bus Power

Control Unit, from a set of subsystem controllers, for an aircraft Electrical Power
System (EPS). The function of the controller is to react to changes in system
conditions or failures and reroute power by actuating the contactors, ensuring
that essential buses are adequately powered. This example was first introduced
and evaluated in [31] and [21].

Table 8 illustrates the set of specifications that the BPCU needs to satisfy.
The goal is to control the EPS represented in Figure 5. Table 9, instead, shows
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Figure 5: Simplified single line diagram of the EPS [72].

the contracts in the EPS library as defined in [21]. Every component is described
by its I/O ports (annotated with their types), and its specification as an 𝐴/𝐺
pair. All the components make some assumptions over the state of a certain type
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Input Ports
𝐺𝐿, 𝐺𝑅
𝐴𝐿, 𝐴𝑅
𝑅𝐿, 𝑅𝑅

(ActiveGenerator)
(BackupGenerator)

(Rectifier)

Output Ports

𝐶1, 𝐶4

𝐶2, 𝐶3

𝐶5, 𝐶6

𝐶7, 𝐶8

𝐶9, 𝐶10

(ACGenContactor)
(ACGenContactor)

(ACBackContactor)
(DCBackContactor)
(DCLoadContactor)

Assumptions
(common to all)

¬𝐺𝐿 ∧□(𝐺𝐿 → #𝐺𝐿)∧
¬𝐺𝑅 ∧□(𝐺𝑅 → #𝐺𝑅)∧
¬𝐴𝐿 ∧□(𝐴𝐿 → #𝐴𝐿)∧
¬𝐴𝑅 ∧□(𝐴𝑅 → #𝐴𝑅)∧
¬𝑅𝐿 ∧□(𝑅𝐿 → #𝑅𝐿)∧
¬𝑅𝑅 ∧□(𝑅𝑅 → #𝑅𝑅)

𝑆1 𝐶1 ∧□(𝐺𝐿 → #¬𝐶1)

𝑆2 𝐶4 ∧□(𝐺𝑅 → #¬𝐶4)

𝑆3 □(𝐴𝐿 → #¬𝐶2)

𝑆4 □(𝐴𝑅 → #¬𝐶3)

𝑆5 □¬(𝐶2 ∧ 𝐶3)

𝑆6 □[(¬𝐺𝐿 ∧ ¬𝐺𝑅)→ 3¬(𝐶5 ∧ 𝐶6)]

𝑆7

□[(¬𝐺𝐿 ∧ ¬𝐴𝐿 ∧ ¬𝐴𝑅 ∧ ¬𝐺𝑅)→
3(¬𝐶2 ∧ ¬𝐶3 ∧ ¬𝐶5 ∧ ¬𝐶6)]

𝑆8 □[¬(𝑅𝐿 ∧𝑅𝑅)→ 𝐶9]

𝑆9 □[¬(𝑅𝐿 ∧𝑅𝑅)→ 𝐶10]

Table 8: Set of system specifications 𝑆1 . . . 𝑆9 to satisfy. Input ports reflect the status of
EPS elements (such as generators), while output ports represent contactors. Assumptions are
common to all the specifications and capture the expectation that when a component fails, it
will not be operational again. Guarantees include the promise that faulty generators will be
isolated, no short-circuit will happen, and loads will always be powered.

of EPS component and provide a guarantee over the state of various contactors.
Consider, for instance, component 𝐵1. It just assumes that a certain generator
is not initially broken (note that the type of the input variable allows it to be
connected to either an active generator or a backup one), and guarantees that
the contactor will be always open. Clearly, 𝐵1 is not a good candidate to satisfy
either 𝑆1 or 𝑆2, since they require the contactor to be closed at least initially.
Similarly, all the other components in the library encode a particular behavior
that can be used to control parts of the EPS.

As for the BLDC case, also in this case a contract first defined in [21] was
found to be nondeterministic using Algorithm 3. To ensure determinism, in the
following experiments, we replaced contract 𝐴1 of Table 9 with another instance
of contract 𝐵1.
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(a) Library size 20
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Figure 6: Summary of the EPS experiments. We used two different libraries, one with 20 and
the other with 40 contracts, and ran experiments with and without SD. Each bar represents
the bootstrap mean synthesis time, while the error bars represent the 95% bootstrap confidence
intervals.

For each specification set, we ran 30 experiments with SD and 80 without it.
When decomposing the full specification, the decomposition algorithm generated 7
sets of independent variables: 𝑉1 = {𝐶1}, 𝑉2 = {𝐶4}, 𝑉3 = {𝐶2, 𝐶3, 𝐶5, 𝐶6}, 𝑉4 =
{𝐶7}, 𝑉5 = {𝐶8}, 𝑉6 = {𝐶9} and 𝑉7 = {𝐶10}. Figure 6 summarizes the results,
which are reported in detail in Table 10. The synthesizer’s performance when
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Comp. Input Ports Output Ports Assumptions Guarantees

A1 𝑓 (Generator) 𝑐 (ACGenContactor) ¬𝑓∧
□(𝑓 → #𝑓)

□(𝑓 → 3¬𝑐)

B1 𝑓 (Generator) 𝑐 (ACGenContactor) ¬𝑓 □(¬𝑐)

C1 𝑓 (ActiveGenerator) 𝑐 (ACGenContactor) ¬𝑓∧
□(𝑓 → #𝑓)

□(𝑓 → ¬𝑐)∧
□(¬𝑓 → 𝑐)

D1 𝑓 (ActiveGenerator) 𝑐 (ACGenContactor) ¬𝑓∧
□(𝑓 → #𝑓)

𝑐∧
□(#𝑓 → #¬𝑐)∧
□(¬𝑓 → 𝑐)

E1
𝑓1
𝑓2

(Generator)
(Generator) 𝑐 (ACBackContactor)

¬𝑓1 ∧ ¬𝑓2∧
□(𝑓1 → #𝑓1)∧
□(𝑓2 → #𝑓2)

□((𝑓1 ∨ 𝑓2)→ 𝑐)∧
□((¬𝑓1 ∧ ¬𝑓2)→ ¬𝑐)

F1
𝑓1
𝑓2

(BackupGenerator)
(BackupGenerator)

𝑐1
𝑐2

(ACGenContactor)
(ACGenContactor)

¬𝑓1 ∧ ¬𝑓2∧
□(𝑓1 → #𝑓1)∧
□(𝑓2 → #𝑓2)

□[(¬𝑓1 ∧ ¬𝑓2)→
(¬𝑐1 ∧ ¬𝑐2)]∧
□[(𝑓1 ∧ ¬𝑓2)→
(¬𝑐1 ∧ ¬𝑐2)]∧
□[(¬𝑓1 ∧ 𝑓2)→
(𝑐1 ∧ 𝑐2)]∧
□[(𝑓1 ∧ 𝑓2)→
(¬𝑐1 ∧ 𝑐2)]

G1

𝑓1
𝑓4
𝑓2
𝑓3

(ActiveGenerator)
(ActiveGenerator)

(BackupGenerator)
(BackupGenerator)

𝑐1
𝑐4
𝑐2
𝑐3

(ACBackContactor)
(ACBackContactor)
(ACGenContactor)
(ACGenContactor)

¬𝑓1 ∧ ¬𝑓2 ∧ ¬𝑓3 ∧ ¬𝑓4∧
□(𝑓1 → #𝑓1)∧
□(𝑓2 → #𝑓2)∧
□(𝑓3 → #𝑓3)∧
□(𝑓4 → #𝑓4)

□(𝑓2 → ¬𝑐2)∧
□(𝑓3 → ¬𝑐3)∧
□(¬(𝑐2 ∧ 𝑐3))∧
□[(¬𝑓1 ∧ ¬𝑓4)→
(¬𝑐1 ∧ ¬𝑐2 ∧ ¬𝑐3 ∧ ¬𝑐4)]∧
□[(¬𝑓1 ∧ ¬𝑓3 ∧ 𝑓4)→
(¬𝑐1 ∧ ¬𝑐2 ∧ 𝑐3 ∧ 𝑐4)]∧
□[(𝑓1 ∧ ¬𝑓2 ∧ ¬𝑓4)→
(𝑐1 ∧ 𝑐2 ∧ ¬𝑐3 ∧ ¬𝑐4)]∧
□[(¬𝑓1 ∧ ¬𝑓2 ∧ 𝑓3 ∧ 𝑓4)→
(¬𝑐1 ∧ 𝑐2 ∧ ¬𝑐3 ∧ 𝑐4)]∧
□[(𝑓1 ∧ 𝑓2 ∧ ¬𝑓3 ∧ ¬𝑓4)→
(𝑐1 ∧ ¬𝑐2 ∧ 𝑐3 ∧ ¬𝑐4)]∧
□[(𝑓2 ∧ 𝑓3 ∧ (𝑓1 ∨ 𝑓4))→
(𝑐1 ∧ ¬𝑐2 ∧ 𝑐3 ∧ 𝑐4)]

H1 𝑓 (Rectifier) 𝑐 (ACLoadContactor) ¬𝑓 □(¬𝑓 → 𝑐)∧
□(𝑓 → ¬𝑐)

I1
𝑓1
𝑓2

(Rectifier)
(Rectifier)

𝑐1
𝑐2

(DCBackContactor)
(DCBackContactor) ¬𝑓1 ∧ ¬𝑓2

□[(¬𝑓1 ∧ ¬𝑓2)→
(¬𝑐1 ∧ ¬𝑐2)]∧
□[(𝑓1 ∨ 𝑓2)→
(𝑐1 ∧ 𝑐2)]

L1
𝑓1
𝑓2

(Rectifier)
(Rectifier) 𝑐 (DCLoadContactor) ¬𝑓1 ∧ ¬𝑓2 □𝑐

Table 9: Structure of the EPS library. In our experiments, the library contained first 2 and
then 4 instances of these components, for a total of 20 and 40 elements.

Specs Lib 20, w/o SD Lib 20, w SD Lib 40, w/o SD Lib 40, w SD
{𝑆1} 11.82 (11.66, 11.99) 12.62 (12.44, 12.8) 16.57 (16.35, 16.77) 16.75 (16.49, 17.05)
{𝑆1, 𝑆2} 13.76 (13.49, 14.02) 14.42 (14.09, 14.77) 18.14 (17.65, 18.68) 18.02 (17.77, 18.33)
{𝑆1, . . . , 𝑆3} 15.26 (14.93, 15.65) 15.66 (15.33, 16.03) 22.47 (21.55, 23.48) 19.97 (19.69, 20.38)
{𝑆1, . . . , 𝑆4} 17.32 (16.81, 17.92) 16.91 (16.6, 17.21) 26.13 (25.22, 27.15) 21.19 (20.87, 21.52)
{𝑆1, . . . , 𝑆5} 17.41 (16.89, 17.99) 21.32 (20.83, 21.95) 26.45 (25.46, 27.52) 26.03 (25.36, 26.97)
{𝑆1, . . . , 𝑆6} 19.12 (18.54, 19.74) 23.79 (23.16, 24.69) 30.01 (28.69, 31.5) 29.71 (29.02, 30.61)
{𝑆1, . . . , 𝑆7} 20.7 (20.09, 21.39) 24.96 (24.53, 25.5) 30.36 (29.19, 31.64) 30.12 (29.5, 30.97)
{𝑆1, . . . , 𝑆8} 20.7 (20.15, 21.3) 27.07 (26.57, 27.63) 29.87 (28.84, 31.05) 31.35 (30.94, 31.78)
{𝑆1, . . . , 𝑆9} 21.45 (20.8, 22.25) 29.97 (29.13, 31.13) 30.25 (29.21, 31.31) 35.2 (34.29, 36.87)

Table 10: Summary of the EPS experiments, for libraries with 20 and 40 contracts. For each
specification subset (one for each row), we report the bootstrap mean synthesis time and, in
parentheses, its 95% confidence interval. All values are expressed in seconds.

using SD is comparable to its performance without it. As for the BLDC case, we
need to consider that the decomposition algorithm is executed before synthesis at
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the beginning of each experiment, and it’s noteworthy that there is no significant
impact on the overall synthesis performance. Compared to the results reported
in Table 8 of [21], the approach presented in this paper is roughly twice as fast
in the constant-cost case. This is not a surprise, as here each algorithm iteration
uses significantly more information than in the other case, i.e., previous wrong
candidates and execution traces, and therefore faster convergence is expected
in general. Interestingly, while for the EPS experiments in the other work
it was reported that an experiment generated more than 100000 verification
queries, here no experiment took more than 8 iterations to converge to a solution.
Figure 11 of [21] illustrates a typical composition resulting from the synthesis
procedure.

7. Conclusions

The work described in this paper is centered on the problem of synthesizing
a design by composing LTL A/G contracts available in a library.

First, we studied an approach to synthesis based on the CEGIS paradigm.
Differently than the solution discussed in [21], here we use both the discarded
topology and the counterexamples generated by a verifier, i.e., a model checker,
representing traces over the specification and library variables, to propose a
more efficient synthesis strategy. In this case, indeed, the number of queries to
the verifier is reduced by several orders of magnitude, although the complexity
of each query increases, too. Overall, we believe that our approach here is
generally better, for LTL specifications, as each algorithm iteration uses more
information to determine a new candidate and performance is significantly better.
Furthermore, the algorithm we presented includes a number of optimizations
that are aimed at improving performance, including considerations on why to
avoid dependency cycles and nondeterministic contracts.

Then, we presented a technique to increase the scalability of synthesis from
LTL A/G contracts libraries. We defined the notions of contract decomposition
and projection and described an efficient algorithm to perform such decomposi-
tion. We tested this decomposition approach to two of the synthesis problems
analyzed in Section 4. While the performance is comparable for smaller synthesis
tasks, our decomposition strategy allows designers to manage complexity and
synthesize designs also when they are not feasible with other techniques.

We applied our synthesis algorithm to three case studies to show its ef-
fectiveness. Those experiments provided valuable insights into the synthesis
performance and showed the capabilities of our approach.

Limitations. We believe that the techniques proposed in this paper will play
a role in the realization of more general platform-based design methodologies
and tools handling LTL specifications. There are, however, some limitations
that are important to discuss, many shared with the broader field of formal
methods. Here, we assume that the libraries of contracts are available before
starting the synthesis process. In practice, coming up with those libraries for a
certain domain is not trivial. As one can see from our case studies, specifying
LTL contracts for interesting components is a difficult and error-prone task,
and automation is a necessity. We provide an effective tool to test libraries for
non-determinism, i.e., Algorithm 3, but more work is needed to fully support
a library designer. We are also aware that our decision to not allow cycles in

49



the synthesized compositions might be restrictive for some classes of problems.
We showed how, in practice, feedback loops could negatively affect performance,
and preventing cycles addresses the issue. We consider the possibility of allowing
cycles, under specific circumstances, as future research. Finally, while this work
significantly improves performance from what was observed in [21], scalability
remains a concern, and tricks that could make synthesis faster for a certain
specification might be counterproductive for a different one. Moreover, we are
not aware of techniques to precisely estimate how long synthesis will take.

Future Directions. The synthesis technique described in Section 4 is efficient, but
we don’t have yet a way to specify sophisticated heuristics to help the synthesizer
converge faster. In [21] we introduce cost functions, but they are limited to
costs proportional to the number of ports and components in a solution. We
would like, instead, to specify cost functions that can understand better the
quality of a solution, rather than just its size. This could be done in several
ways. One would be applying the human-in-the-loop strategy, where a designer’s
input on a partial design is used to define better search strategies. On the other
hand, we can develop techniques to automatically infer the quality of a partial
solution. The notion of quotient for contracts [48], for instance, can be used to
represent “what is missing” in a certain composition to satisfy the specification.
Additionally, [73] introduces a metric for LTL that characterizes a formula based
on the number of traces that satisfy it. This metric can be leveraged, together
with quotient, to devise algorithms able to build a solution including components
according to their likelihood of satisfying part of the specification.

The notion of specification decomposition described in Section 5 is promising,
as it allows the synthesis of bigger designs, faster, and with smaller contract
libraries. The algorithm to identify sets of independent variables that we intro-
duced, however, is sound but not complete. Additional work could help develop
a new version of the algorithm that is both sound and complete. Furthermore,
the effectiveness of our decomposition technique depends on the number of inde-
pendent variables in each projection. One way to maximize the decomposability
of a contract would be to introduce a pre-processing step in which the contract
is refined into another one with smaller sets of independent variables. This could
result in a tool suggesting to a designer how to “tweak” a certain specification to
maximize synthesis performance.
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Appendix A. LTL satisfiability and validity as a model-checking prob-
lem

The model-checking problem can be formalized as a decision problem. Given
a model 𝑀 and property 𝜑, the model checking problem answers whether 𝑀
satisfies 𝜑. If 𝑀 does not satisfy 𝜑, then the model checking algorithm generates
a counterexample showing a trace from 𝑀 that violates 𝜑. Thus, model checking
reduces to verify that the language generated by the model is a subset of the
language of the property, ℒ(𝑀) ⊆ ℒ(𝜑), or, equivalently, that ℒ(𝑀)∩ℒ(¬𝜑) = ∅
[74]. To verify that 𝜑 is a tautology, we then need to verify that 𝒯 ∩ ℒ(¬𝜑) = ∅,
where 𝒯 is the set of all traces generated by an unconstrained model. To
verify that 𝜑 is satisfiable, it is sufficient to check for the validity of ¬𝜑. The
counterexample generated in this last case will be a satisfiable assignment for 𝜑.

In the rest of the section, we will describe the basic structure of an SMV
program [69], and discuss how we can use a model checker supporting that
language, i.e., nuXmv [38], to check for the satisfiability and validity of a certain
LTL formula.

Appendix A.1. LTL Validity as an SMV Program
An SMV program is a collection of modules and a set of specifications over

variables of those modules. Each program must have a module called main,
which represents the starting point.

1 MODULE main
2 VAR bit0 : counter_cell(TRUE);
3 bit1 : counter_cell(bit0.carry_out);
4 bit2 : counter_cell(bit1.carry_out);
5 LTLSPEC G F bit2.carry_out
6
7 MODULE counter_cell(carry_in)
8 VAR value : boolean;
9 ASSIGN

10 init(value) := FALSE;
11 next(value) := value xor carry_in;
12 DEFINE carry_out := value & carry_in;

Figure A.7: An SMV program implementing a 3-bit counter6.

The listing in Figure A.7, which models a 3-bit counter, shows the typical
structure of an SMV program. Each module defines a set of variables that can
have pure types (Boolean, Integers, etc.), or be an instance of another module in
the program. Modules can accept parameters, which are passed by reference, and
all of their internal variables can be explicitly accessed by their parent module
or a specification through the dotted notation ‹module instance›.‹variable›, as it
happens, for instance, in lines 3 or 5. Referencing variables without the dotted
notation will result in accessing them according to their scope with respect to
the caller.

6Program adapted from http://nusmv.fbk.eu/NuSMV/userman/v11/html/nusmv_2.
html.
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Each module can define what is the valid evolution of its variables and
parameters over time by defining transition relations, which are Boolean relations
involving current and next-state variables, or explicit variable state assignment.
In the example, an explicit state assignment is shown in the section starting
from line 9 of the example. There, the variable value is first initialized and
then updated to implement the module’s behavior. If a variable is not assigned
to any module, or if its behavior is not specified by a transition relation, its
behavior is nondeterministic.

To verify a certain LTL property, introduced by the identifier LTLSPEC (e.g.,
see line 5), the model checker runs all the modules synchronously and verifies
that the constraint defined in the property holds. If it doesn’t, it generates a
trace that shows one system run in which all the variables behave according to
the implementation but the property is not satisfied. We refer the reader to [38]
for a full description of the SMV language.

Appendix A.1.1. Checking LTL validity and satisfiability
Given an LTL formula 𝜑 over variables in a set 𝒱, one can check for its

validity using nuXmv by creating an SMV program with only one module, main,
instantiating all the variables in 𝒱. The module, however, is not required to
specify any behavior over those variables, as any value will be valid. Additionally,
the program will have 𝜑 as its only LTLSPEC constraint.

When model-checking the program, nuXmv will either return True, meaning
that 𝜑 is indeed valid, or it will return a counterexample showing why the
formula is not valid. Instead, to check whether 𝜑 is satisfiable, we simply need
to check for the validity of its negation, ¬𝜑. If the model checker returns True,
it means that the formula is not satisfiable. If the formula is satisfiable, then the
counterexample generated by the model checker will represent an assignment for
the variables in 𝒱 that satisfies 𝜑.

Under the hood, nuXmv computes the language associated with the main
module, ℒ(main) = 𝒯 . Since the module does not specify any behavior, its
language corresponds to the set of all behaviors 𝒯 . On the other side, the model
checker computes the language of the negation of the specification, ℒ(¬𝜑). If
ℒ(main) ∩ ℒ(¬𝜑) = ∅, then 𝜑 is valid. Otherwise, the result is used to derive a
counterexample which is shown to the user.

Example Appendix A.1 (SMV Program for LTL Validity Check). Let 𝜑 =
□(𝑎 ∧ 𝑏)→ 3𝑎 be an LTL formula over variables in 𝒱 = {𝑎, 𝑏}. To check for its
validity with nuXmv, we will need to model-check the program in Figure A.8,
which is obviously true.

1 MODULE main
2 VAR a : boolean;
3 b : boolean;
4
5 LTLSPEC G (a & b) -> F a

Figure A.8: The SMV program for checking the validity of 𝜑 = □(𝑎 ∧ 𝑏) → 3𝑎.
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1 -- specification G bit2.carry_out is false
2 -- as demonstrated by the following execution sequence
3 Trace Description: LTL Counterexample
4 Trace Type: Counterexample
5 -- Loop starts here
6 -> State: 1.1 <-
7 bit0.value = FALSE
8 bit1.value = FALSE
9 bit2.value = FALSE

10 bit0.carry_out = FALSE
11 bit1.carry_out = FALSE
12 bit2.carry_out = FALSE
13 -> State: 1.2 <-
14 bit0.value = TRUE
15 bit0.carry_out = TRUE

16
...

17 -> State: 1.9 <-
18 bit0.value = FALSE
19 bit1.value = FALSE
20 bit2.value = FALSE
21 bit0.carry_out = FALSE
22 bit1.carry_out = FALSE
23 bit2.carry_out = FALSE

Figure A.9: Counterexample generated by model-checking the program in Figure A.7 with the
specification G bit2.carry_out. The dots in Line 16 have been added manually to indicate
the shortening of the trace.
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Appendix A.1.2. Structure of a nuXmv Counterexample
The listing in Figure A.9 shows the structure of a counterexample generated

by nuXmv. In this case, we model-checked the program in Figure A.7 changing
the LTL specification to G bit2.carry_out. The trace shows a sequence of
states (e.g., see line 6), where each state corresponds to a step of the whole
system. Each state displays the evaluation of all the variables in the program in
that particular step, using the dotted notation seen in Figure A.7.

Counterexamples can either be finite or infinite. If they are infinite, they will
have a lasso-shaped structure, meaning that at, a certain point, the trace will
form a loop. Thus, after a (possibly empty) initialization sequence, the system
behavior will be cyclic. The beginning of a loop is clearly indicated in the trace
in Figure A.9 (e.g., see line 5).
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