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Abstract—The approach we present in this paper exploits
assume-guarantee reasoning through contracts to model a pro-
duction line, and to generate its virtual prototype for efficient
and correct plant simulation. Contracts are used to model
the different parts composing the line; the modeling is guided
by a well-known taxonomy associating industrial machines to
manufacturing processes and their elementary actions, each rep-
resented by a contract. The composition of contracts representing
the actions of a machine specifies each possible manufacturing
process implemented by the machine. Then, automatic synthesis
from contracts is used to generate an executable model of the
machines composing the plant. The generated models are finally
integrated into a state-of-the-practice industrial plant simulation
software to validate the execution of the production line.

The entire methodology is presented by showing its step-by-
step application to a concrete scenario.

Index Terms—Advanced manufacturing, digital twin, cyber-
physical systems, design automation, contract-based design.

I. INTRODUCTION

A recent trend in manufacturing, dubbed Industry 4.0, is
pushing the adoption of Cyber-Physical Systemss (CPSs),
Cloud Computing and Internet-of-Things (IoT) into sys-
tems [1]. Production plants are becoming everyday more com-
plex, involving different processes, and requiring a high degree
of reconfigurability. Diversified scenario of production require-
ments and production chains, responding to an even more
assorted range of product variations, is becoming fundamental
to develop novel methodologies for designing, verifying and
maintaining the manufacturing line to be built. Carrying on
such activities relying on digital copies of a plant may help
reducing its design costs. The use of digital twins has been
introduced to replace expensive physical prototyping [2]. A
digital twin is a model of the production plant used to simulate
the manufacturing process before it is actually physically built,
to early predict possible errors or production bottlenecks.

Digital twin models must be built by relying on method-
ologies based on formal specifications to assure correctness.
However, this increases the computational complexity involved
into the design process: problem decomposition may help
decreasing such a complexity. The Assume-Guarantee (A/G)
Contracts theory provides formal support to representation,
decomposition and compositional reasoning about system de-
sign [3]. Contracts allow decomposing the system design
problem into smaller sub-problems representing different com-
ponents or aspects of the system.

This paper presents an approach, summarized in Figure 1,
exploiting a contract-based representation to build a digital
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Figure 1. Overview of the proposed approach.

twin of production lines. The behavior of each production
machine available in the line is represented by a set of A/G
contracts, which assumptions and guarantees are expressed
by using the Linear Temporal Logic (LTL). Each contract
models either a manipulation performed by a machine, or
a machine controller. The formalization is guided by the
Deutsches Institut für Normung (DIN) standard 8580 on in-
dustrial machinery [4]. Once the contracts have been defined,
each contract is synthesized [5], [6] into a Finite State Machine
(FSM), expressed in C++, implementing an executable model
of the behavior specified by the contract. The executable
models of each machine actions are then grouped and wrapped
into a block to be imported into a well-known commercial
industrial plant simulator. The plant simulator is used to sim-
ulate the entire system by assembling already built-in models
with the generated custom models. Furthermore, the proposed
methodology allows also to enrich the generated models with
additional information, such as timing and power consumption.
As such, by simulating the generated models it is possible to
validate the system–level behavior of the production line under
design and to estimate a variety of its properties. The approach
is applied to a production line example. In particular, we show
how the design process can be applied to a milling machine.

II. BACKGROUND

In recent years, several simulators have been developed in
order to simplify the validation and the optimization of a
manufacturing plant [7]. Such simulators usually provide a
set of predefined components that are aggregated to model a
production line. Furthermore, simulators usually provide an
interface to a common programming language (i.e., C/C++)
guiding the definition and the import of custom models. Of all



simulators, Tecnomatix Plant Simulation is generally consid-
ered an industrial grade tool [8], and it is well-known for being
one of the most versatile tools available for the simulation
of industrial processes [9]. In this work, we generate C++
custom components of production machines, and the generated
models will be compliant with the Tecnmatix Plant Simulation
C++ interface, but the work can be extended to many other
simulators, as they usually provide similar interfaces [10].

The modeling and synthesis of the components rely on the
A/G Contracts theory [3]. A contract describes a component
in terms of assumptions and guarantees defined over a set
of variables. The assumptions specify the set of behaviors
the component expects from its environment (i.e., the other
components of the system), while the guarantees specify the
behaviors the component implements whenever the assump-
tions are met. Behaviors described by assumptions or guaran-
tees of a contract may be expressed by using many different
formalisms [11]. Relying on LTL is pretty common when
describing the behavior of a reactive system [12]. However,
checking the realizability of a LTL contract suffers double
exponential complexity, making it practically infeasible [13].
Luckly, a polynomial algorithm exists to decide the realiz-
ability [14] whenever a specification uses only the General
Reactivity of Rank 1 (GR(1)) fragment of LTL. Such an
algorithm is implemented by different tools performing re-
active synthesis from a GR(1) specification, to obtain a Mealy
Machine implementing a control strategy for the described
reactive system [15], [16].

We use contracts to formalize the different actions imple-
mented by the machines composing the production line. Such
a formalization is guided by the DIN 8580 standard [4], which
standardizes a wide set of processes, products, activities and
facilities connected to the industrial domain. It defines a man-
ufacturing process as the production or the transformation of a
workpiece. A process can be divided in multiple sub-processes,
each of them changing or forming a different property or
shape of the processed product. The standard includes five
main groups of manufacturing processes according to the type
of material transformation being applied. These main groups
are divided in sub-groups, further characterizing processes by
delineating elementary actions.

A. Case study: subtractive manufacturing and storaging
The methodology explanation is guided by the example of

manufacturing plant depicted in Figure 2: a conveyor belt and a
robotic arm transport and place material on a milling machine
workbench. Once the milling process is finished, the material
is picked up and placed by another manipulator robot on
another conveyor belt, directed to a warehouse for storage. We
assume that each manufacturing machine is modeled by using
our approach, while we concentrate on the milling machine,
being its definition and validation the most interesting.

III. METHODOLOGY

The main target of the methodology is to produce the cus-
tom models, one for each machine, to be imported into Tecno-
matix Plant Simulation to simulate the entire production-line.
This is done in two steps: first, each machine is formalized
using contacts, following the DIN 8580 standard; second, an

Figure 2. Case study being simulated using Tenomatix Plant Simulation.

equivalent executable specification is generated. The following
of this section details these steps by exemplifying them on the
milling machine described in Section II-A.

A. Formalization and modeling
According to the DIN 8580 standard, the Milling machine is

classified as a metal working machine. The taxonomy identifies
six actions that can be performed by the analyzed machine:
drilling, boring, reaming, milling, countersink and broaching.

This information provides a first characterization of the
machine. However, it does not consider neither the product
perspective, nor the conditions or constraints linked to milling
machine’s processes. Thus, each action listed above is enriched
with a Mobile Unit (MU) perspective modeling the effects of
the action to the material, i.e., the drilling applied to a metal
piece will create a hole, thus changing the shape of the MU
and reducing its weight. Then, the toolhead of the machine
is expected to change during the process, a fact that must be
reproduced by the digital model.

The actions can be further divided into two subgroups, i.e.,
the actions composed by actions creating or refining a single
hole in the MU, and the actions performing a cutting or a
material subtraction process, such as the milling action, which
is not expressed by the depth of the cut but by the length of it.
Thus, modeling actions of the first group requires additional
variables to represent the depth of the hole.

A contract-based specification has to be created for each
action associated to the milling machine. Its environment is
composed by an abstract three-dimensional grid representation
of the processed MU. The target position on the MU for the
action to execute, as well as the depth of the processing action,
are not under system’s control being them an input of the
machine. As such, they must be assumed. Furthermore, the
contract assumes that an MU is present on the workbench and
that it initially has the shape expected by the modeled action
(i.e., the boring action requires a hole to be already present
in the MU), and the position in which the action has to be
executed in the MU. An example of assumption is the MU
not to be removed from the workbench during the action:

�(drilling →MU present)

Guarantees are constructed referring to the MU modeled
by the three-dimensional grid. They ensure that the modeled
action, performed on the MU, changes the shape of the



1 #include "milling.h"
2 #include "cwinfunc.h"
3 Milling* milling;
4 extern "C" __declspec(dllexport)
5 void instantiate(UF_Value* ret, UF_Value* arg) {
6 milling = new Milling();
7 ...
8 }
9 extern "C" __declspec(dllexport)

10 void deinstantiate(UF_Value* ret, UF_Value* arg) {
11 delete milling;
12 ...
13 }

Listing 1. Sketch of the instantiate and deinstantiate C-Interface
functions that handle the C++ class construction and destruction.

material as intended. For instance, a safety guarantee must
define that a hole cannot be drilled in two positions of the
MU at the same time:

�((drilling pos = 0 ∧ depth = 1)→
© (mu pos0 = 2 ∧mu pos1 = 3

∧mu pos2 = 3 ∧mu pos2 = 3))

Another example consists of guaranteeing that a hole cannot be
drilled on an already drilled hole of the same size, according
to the representation:

�¬(drilling pos = 0 ∧ depth = 1 ∧mu pos0 < 2)

Liveness properties represent the goal of each action, such as
obtaining a MU which shape is consistent with the required
three-dimensional description.

Whenever the machine provides more than one action,
a coordination contract is specified. It assumes the correct
behavior of each action, while guaranteeing a sequence of
actions implementing the full machine process.

B. Code generation and integration in Plant Simulation

Once the formalization of each action and machine is
completed, each contract is ready to be synthesized individ-
ually into its functional implementation by using a reactive
system synthesis tool such as GR1C [15]. After synthesis, each
contract is implemented by a Mealy Machine in JSON format.
We developed an automatic toolchain [6] that converts it into a
C++ class implementing the machine by exploiting automatic
homogeneous code generation techniques [17]. This allows
creating an executable specification emulating the behavior of
the component specified by the contract.

The integration relies on the C-Interface provided by Tec-
nomatix Plant Simulation, which allows to load custom shared
libraries into the simulator, and SimTalk, the Plant Simulation
internal scripting language. Since the interface provided allows
only C, the instantiate and deinstantiate methods
need to be implemented as reported in Listing 1. Their purpose
is to initialize and destroy the C++ class before and after
the simulation execution. The UF_Value structure is defined
in the cwinfunc.h header file and it is used to perform
data exchange between the component implementation and the
simulator environment. Each UF_Value contains two values:
the data to exchange and its datatype. Each simulator datatype

1 extern "C" __declspec(dllexport)
2 void simulate(UF_Value* ret, UF_Value* arg) {
3 UF_Value &mu=arg[0]; UF_Value &station=arg[1];
4 int operation=arg[2].value;//drilling,boring..
5 double real_weight = MU_READ_WEIGHT(mu);
6 bool weight = real_weight < MILLING_MAX_WEIGHT;
7 // ... other properties
8 bool end;
9 do {

10 milling->simulate(weight, ...);
11 end = milling->end;
12 } while(end);
13 ST_WRITE_TIME(station, calcTime(operation));
14 ST_WRITE_POWER(station, calcPower(operation));
15 MU_WRITE_WEIGHT(mu, toWeight(milling->weight));
16 // ... other changed properies
17 }

Listing 2. Sketch of the simulate C-Interface function.

1 -- load dll
2 var fd := loadLibrary(".\milling.dll")
3 if fd > 0 -- check loading phase
4 -- simulate the controller
5 callLibrary(fd, "simulate", @, ?)
6 -- unload dll
7 freeLibrary(fd)
8 else
9 -- stop the station

10 ?.Failed := true

Listing 3. Sketch of the EntranceControl of the MillingStation object in Plant
Simulation (written using SimTalk language).

is mapped to the least bit-consuming C data-type providing
enough bits: for example, time and acceleration are
mapped to double, string to char* and so on. The C-
Interface requires that each function expects an UF_Value to
use as argument and another one to bring its return value, if
any. To interact with the C++ class a simulate method is
then added. It performs the following operations:

1) a property abstraction phase translates the MU into a
boolean representation (Listing 2, line 6);

2) the C++ controller is simulated with the provided inputs
till the end output is raised indicating the operation
completion (Listing 2, lines 8-12);

3) time and power consumption are calculated according
to the simulation, and exported to the Plant Simulation
Station object (Listing 2, lines 13-14);

4) the simulation results are converted into physical prop-
erties back-propagated to the MU (Listing 2, line 15).

Finally, the C++ strategy enriched with C-Interface headers
and the previously defined functions are compiled into a shared
library using Visual Studio. The generated file can be directly
loaded by Plant Simulation.

1) Plant Simulation C-Interface import: in Plant Simulator,
each object is characterized by its own properties and methods.
The import phase generates special Station objects executing
the methods in the previously generated shared library.

The MillingStation object is created by deriving the
Station class and editing its EntranceControl method.
The method is written by using the SimTalk language and it is
automatically called by the simulator whenever an MU enters
the station to call the simulate function of the component
model. The code is sketched in Listing 3 and it relies on
the SimTalk methods loadLibrary, callLibrary and



Table I
COMPARISON BETWEEN THE TIME NEEDED TO OBTAIN THE

IMPLEMENTATION OF THE MILLING MACHINE CONSIDERING AN HOLISTIC
SYSTEM APPROACH, AND DECOMPOSING THE DESIGN PROBLEM INTO THE
LINE ACTIONS: (1) DRILLING, (2) BORING, (3) REAMING, (4) MILLING,

(5) COUNTERSINK, (6) BROACHING AND (7) COORDINATION.

Holistic
System

Decomposed System (Actions)
(1) (2) (3) (4) (5) (6) (7)

Consistency
Checking &
Synthesis (s)

Time Out
(6 hours) 0.09 0.08 0.09 0.21 0.23 0.21 0.29

Code
generation

(s)
– 12.44 11.83 11.57 55.60 53.91 51.78 57.35

Total
Time (s) – 12.52 11.91 11.66 55.82 54.14 51.99 57.64

freeLibrary which are the ones developed to handle
external libraries. The loadLibrary method (Listing 3, line 2)
opens the provided file path and returns its file descriptor,
or a number lower than zero when an error occurs. Such an
eventuality is checked in Listing 3 at line 3 and sets the station
to a Failed state (in this state the object cannot process any
MU), leading to the end of simulation. The callLibrary
method calls a function into the provided library file descriptor
by name. It is used to execute the external code (Listing 3, line
5). Two special arguments are provided: @ represents the cur-
rent MU; ? indicates the MillingStation. The freeLibrary
method unloads a previously loaded file (Listing 3, line 7).
The generated MillingStation object is finally saved and
made available into simulator libraries.

IV. EXPERIMENTAL VALIDATION

We evaluate the applicability of the proposed methodology
to the processing of a small metal cube (i.e., the MU of the
production process), sized 3 centimeters per side. The main
production requires to drill the center of the cube, and then to
mill the opening of the created hole in one direction.

Table I summarizes the main results obtained. The second
column shows that consistency checking, and synthesis require
more than six hours to complete for the non partitioned
specification system. This is due to the large number of safety
invariant properties involved in the system description. The
remaining columns report the time needed for consistency
checking, synthesis and code generation by decomposing the
specification into its actions. Each column reports the time
needed for a single action. Problem decomposition allowed us
to perform a preliminary validation for each action in few cents
of a second, and to automatically generate each executable
model in less than a minute.

The validation of a production line consists in verifying
that the composition of each manufacturing step fulfill the
production requirements, in accordance to production line
components specifications. The process validation is obtained
by simulating the manufacturing plant agents with appropriate
inputs and verifying that each component produce expected
outputs. The simulation is started by informing the first
conveyor belt about the MU being ready to be transported
to the first manipulator arm. The process can be considered
correct whenever the simulation ends with the MU correctly
processed, and placed at the end of the second conveyor belt.

The simulation environment also provides an estimation of
some extra-functional properties, such as power consumption,

and the evaluation of the time that will be required by the
system to complete the process. The simulator is powerful
enough to determine in detail each processing phase and
action power consumption from the machine model, from
machine warm-up to cool-down. Specifically to the considered
production example, the drilling of the hole has required 6.350
simulated seconds with an energy consumption of 0.02 kWh.
In our simulations, the milling process has required 4.592
simulated seconds with a power consumption of 0.017kWh.

V. CONCLUSIONS

This work aims at porting typical EDA methodologies for
modeling and simulation to the Industry 4.0 field. We showed
a novel validation strategy exploiting assume-guarantee rea-
soning in conjunction with synthesis and simulation, and its
applicability to a concrete example. The analyzed example
machines show that complete and robust models can be
generated in reasonable time and easily integrated in a plant
simulator, using the provided extension interfaces.
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