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ABSTRACT

This work-in-progress paper presents our current effort toward the
development of compositional modeling formalisms and scalable
algorithms for high-assurance design of industrial cyber-physical
systems, with emphasis on smart manufacturing systems. A require-
ment engineering methodology is implemented within CHASE, a
software framework supporting contract-based representations of
systems and components to facilitate analysis and design space
exploration. We provide an overview of CHASE and discuss its
application to the design of a robotic arm.

This paper is accompanied by a poster describing the architecture
of CHASE and a demonstration of its application to the case study.

1 INTRODUCTION

Production lines are evolving into complex networked systems,
possibly equipped with teams of robots that transport and manipu-
late materials and products, sensors that gather large amounts of
data, and computing platforms that execute algorithms for situa-
tional awareness, intelligent control, and optimization of various
aspects of the value production chain [5]. These opportunities come,
however, with a series of intellectual and engineering challenges.
Smart manufacturing systems must integrate a very diverse set of
components while offering strong guarantees in terms of function-
ality, reliability, safety, and cost. The heterogeneity in components
and system requirements inevitably calls for the orchestration of
models, specification languages, and design constraints of different
nature to effectively represent a design space that is challenging to
exhaustively explore in reasonable time. Structured methodologies,
supported by formalisms with rigorous semantics, and automated
by tools, become crucial to tackle the complexity of designing to-
day’s industrial cyber-physical systems (CPSs) [4]. In this context,
the DeFacto (Design Automation for Smart Factories) project aims at
advancing industrial CPS design and its automation by developing
new modeling formalisms, scalable algorithms, and tools.
DeFacto addresses industrial CPS design using compositional
abstractions of system behaviors based on assume-guarantee (A/G)
contracts [1]. Contracts are mathematical models offering rigorous
composition rules and providing mechanisms to validate the de-
sign requirements, analyze complex system behaviors, and develop
system components in a modular and hierarchical way. Central to
the project is the Contract-based Heterogeneous Analysis and System
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Figure 1: Structure of the CHASE framework.

Exploration (CHASE) framework [6], a requirement engineering
framework combining specification and modeling formalisms with
rigorous verification and synthesis procedures relying on A/G con-
tracts. CHASE also provides interfaces for the designers to imple-
ment novel design tools and methodologies.

We present an overview of the architecture of CHASE and its
capabilities together with preliminary results on its application to a
real-world industrial scenario. The results, presented in a practical
demonstration, show the effectiveness of a rigorous, compositional
requirement engineering approach based on A/G contracts. CHASE
is released open-source?. The source files implementing the case
study are available in the demo section of the framework repository.

2 THE CHASE FRAMEWORK

Figure 1 shows the architecture of CHASE. Its main component is
the representation core library, which provides a set of classes to
represent requirements, components, and system models in terms
of A/G contracts. Intuitively, an A/G contract represents the in-
terface of a component as a pair of assumptions and guarantees.
The assumptions are the behaviors that a component expects from
the environment. The guarantees are the behaviors the compo-
nent promises in the context of the assumptions. Contracts are
then mathematical models with rigorous composition rules that
provide mechanisms to analyze system behaviors, validate design
requirements, and develop system components in a modular and
hierarchical way. The CHASE library supports the representation
of A/G contracts expressed in propositional logic or Linear Tem-
poral Logic (LTL) and implements the operations defined by the
contract algebra [1]. We can then exploit the compositionality and
rigor provided by A/G contracts and their algebra to automate
verification and synthesis tasks. The library has been further ex-
tended to support the representation of Signal Temporal Logic and

2CHASE repository: https://github.com/chase-cps/chase
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Figure 2: Structure of the robotic arm.

Metric Temporal Logic, enabling the use of the most appropriate
formalism for the specification of the design requirements. Finally,
CHASE supports the representation of arithmetic constraints on
real numbers, dynamical systems in the state space, and probability
distributions to specify stochastic components and probabilistic
constraints.

A set of methods allow accessing the functionalities of the core
library to manipulate the design representations. These methods are
exported to designers by C++ and Python Application Programming
Interfaces (APIs). Design methodologies can be implemented on
top of CHASE by writing tools that exploit these APIs.

Front-end and back-end tools can also be developed on top of the
CHASE library. Front-end tools are used to aid the formalization of
the requirements, usually expressed in semi-formal languages, by
encoding them in the formal constructs of the core library. CHASE
currently provides two front-end tools. The DSL-Tool parses a
domain specific language capturing requirements on system ar-
chitectures specified by graphs. The Logic-Tool allows explicitly
specifying requirements and components using A/G contracts in
propositional logic or LTL. Back-end tools interface the internal rep-
resentation provided by the core library to external solvers. CHASE
currently provides a back-end tool interfacing to NuSMV [2] to
perform contract-based verification tasks such as checking con-
tract consistency, compatibility, and refinement. A second back-end
tool interfaces to a reactive synthesis tool [3] to synthesize control
strategies from LTL contracts.

3 CASE STUDY

We use CHASE to synthesize control strategies for a robotic arm.
Figure 2 shows the structure of the robotic system, whose motion
relies on a set of revolute joints, each one connecting two rigid
bodies rotating along a common axis. The robotic arm is equipped
with a gripper to grasp objects. Given a target position, a controller
generates the configuration of the joints required to let the grip-
per reach the requested coordinates. We evaluate the scalability
provided by a compositional methodology based on contracts by
creating two different models of the system and specifying their
requirements via the Logic-Tool as follows:

o Single-contract model: the components’ behaviors and the
system requirements are captured by a single contract Cs,
expressed in LTL.

o Compositional model: the behavior of each joint j; is captured
by a contract C;, the gripper by a contract Cy, and the overall

system mission is expressed by a contract Cys. All contracts
are expressed in LTL. The contract C¢ modeling the entire
system can then be obtained by applying the composition
operation to the components’ contracts.

In the single-contract scenario, a control strategy is synthesized
directly from Cg, resulting in a single Mealy machine. On the other
hand, in the compositional scenario, we first verify whether Cg is
a refinement of Cg. If the refinement holds, we synthesize control
strategies from each component contract individually. The result is
a set of synchronized Mealy machines, each one implementing the
control strategy of either a joint or the gripper. Each Mealy machine
receives as input the target status of the controlled component and
generates the commands leading the component to reach its target.
The Mealy machines for the joints and the gripper are composed
in parallel and do not share variables.

Table 1 reports the results of our experiments. We vary the num-
ber of controlled joints to evaluate the scalability of the proposed
design method. For all the experiments, we set up a time-out of
twelve hours. For each configuration, the second and third columns
report the time required to perform the synthesis of Cs and the
number of states in the generated Mealy machine, respectively. The
last two columns report the time required to verify whether Cg is
a refinement of Cs and the total time required to synthesize the
Mealy machines for each component in the system.

These results show the effectiveness of a contract-based method-
ology and the CHASE framework in facilitating provably-correct
modular design of control protocols for industrial systems. While
considering the system as a single entity leads to a quick growth in
computation time, partitioning it into components allows improv-
ing the scalability of the synthesis task. Moreover, by relying on the
contract algebra we can ensure that the proposed decomposition
strategy is sound.
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