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1 Université de Lorraine, LORIA, BP 239, Nancy, France
Dominique.Mery@loria.fr

2 McMaster Centre for Software Certification, McMaster University, Hamilton, ON, Canada
singhn10@mcmaster.ca

Abstract. Refinement techniques play a major role to build a complex system
incrementally. Refinement is supported by several modelling techniques in the
area of system designing. These modelling techniques are either in textual nota-
tion or in graphical notation. This paper focuses on refinement chart (RC) that
is based on graphical notations. The refinement chart is a graphical representa-
tion of a complex system using layering approach, where functional blocks are
divided into multiple simpler blocks in a new refinement level, without changing
the original behaviour of the system. The main contribution is to provide a for-
mal semantical description of the refinement chart. The refinement chart offers
a clear view of assistance in “system” integration that models complex critical
medical systems. Moreover, it also sketches a clear view of different operating
modes and their associated components. To realize the effectiveness of this ap-
proach, we apply this refinement based graphical modelling technique to model
the grand challenge: cardiac pacemaker.
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1 Introduction

Highly complex systems related to the medical domain are susceptible to error due to
complex nature of the system operability and complexity of the system [1,2]. Software
or hardware failure of a medical device can lead to injuries and loss of life. Design
errors are considered as a main source of defects that can be introduced during the
development process. There are several techniques available in the area of testing and
formal verification to verify the correctness of system. However, existing techniques are
not sufficient to prevent from the failure cases. Some additional techniques are required
to handle the complexity of critical medical systems, and to make sure that the devel-
oped system is safe. The common notation of an existing technique is either textual or
graphical. We know that a picture speaks louder than text, therefore graphical notations
are much popular than textual notations. Nowadays graphical modelling techniques
like Simulink, LabView and UML are main applications for developing the complex
systems.

Despite all the efforts of the community, critical medical system designers still need a
new way for modelling the systems, and to analyse the correctness of system behaviour.
A set of requirements is given below that is mandatory for an efficient modelling
solution:
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– Integration of various modules of the medical critical systems and formal analysis
of the inter-operations among the modules.

– Introspection features for identifying anomalies.
– Incremental model-based development.
– System integration of the critical infrastructure.
– Formalization of operating modes and associated components.
– Decomposition of a complex medical system into multiple subsystems.

This paper draws the attention towards a refinement-based graphical technique known
as refinement chat for modelling the complex critical medical systems. This graphical
technique provides an easily manageable representation for different refinement subsys-
tems and offers a clear view of assistance in system integration. This graphical modelling
technique may help for simplifying specification, synthesis, and validating the system
requirements. Moreover, this technique enables an efficient creation/customization of
the critical systems at low-cost and development time.

The main contribution of this paper is the semantical description of refinement chart
[3,4], which provides automata of refinement chart including mode transitions, and
operational semantics for a system refinement to carry out the sound and rigorous rea-
soning for developing the critical systems. Automata and operational semantics assist a
designer to understand the mode transition and correct system behaviour of the different
subsystems. The proposed approach of refinement chart captures all the above enumer-
ated requirements. Moreover, this technique is not limited to medical systems only, but
can be used to model highly critical systems like avionics, and automotive systems to
identify the incorrect transitions or abnormal system behaviour.

This paper is organized as follows. Section 2 presents related work. Section 3 de-
scribes the refinement chart, and Section 4 presents the semantics of refinement chart.
Section 5 presents assessment of the proposed technique using cardiac pacemaker case
study. Finally, Section 6 concludes this paper along with future works.

2 Related Work

A modal system is a system characterized by operation modes, which coordinates
system operations. Many systems are modal systems, for instance, space and avionic
systems [5,1], steam boiler control [2], transportation and so on. Operation modes ex-
plore the actual system behaviour through observation of a system functioning under the
multiple conditions according to the system environment. In this approach, a system is
considered as a set of operating modes, where each operating mode is categorised ac-
cording to the system functionality over different operating conditions. Each operating
mode expresses the different functionality of the system.

Modecharts [6] is a graphical technique, which is used to handle mode and mode
switching behavior of a system. This paper addresses the state space partition, and var-
ious working conditions of a system in order to define the controlling behaviour of the
large state machines. However, the modecharts has lack of adequate support for speci-
fying and reasoning about the functional properties.

Few papers [7,8] have also addressed the problem of mode changing in the real-time
systems. Jorge et al. [7] present a survey on mode changing protocol for the real-time
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systems and propose several new protocols for schedulability analysis and configuration
methods. The changing mode is based on delay and initiation of a new mode with
consistently sharing the resources during mode change. Fohler et al. [8] discuss the
issues of handling mode changes and requirements for their application for a real-time
system, where they explore the specification of mode changes, sechedubility for modes
and transitions, and run time execution of the mode changes including decomposition
of the system into disjoint modes.

Dotti et al. [9] have proposed both formalization and a refinement notion for a modal
system, using existing support for the construction of modal system. The paper presents
the requirements for an Event-B model to realise a modal system specification using an
industrial case study.

According to our literature survey, none of the existing approaches discuss a
refinement-based technique for handling the complexity of a system. We propose a
technique of refinement chart for presenting various operating modes for different sub-
systems. Each subsystem represents an independent function according to the operat-
ing modes. This refinement chart helps to design a complex system, system integration
through code structuring, and to establish a relationship between two subsystems using
operating modes.

3 Refinement Chart

3.1 Motivation

The development of embedded software for a critical medical system requires signif-
icant lower level manual interaction for organizing and assembling the different parts
of system. This is inherently error-prone, time-consuming and platform-dependent. To
detect the failure cases in a software is not an easy task. Manually reviewing the source
code is the only way to trace the cause of a failure. Due to the technological advance-
ment and modern complexity of the critical medical system software, this is an impos-
sible task for any third party investigator without any prior knowledge of the software.
Consequently, we propose a simple methodology of system decomposition and integra-
tion using the refinement chart, that seeks to minimize the effort and overhead.

Refinement chart can be used during the decomposition and integration phases of a
complex medical system that can help to analyse the complex behaviors. The purpose of
refinement chart is to provide an easily manageable representation of a complex medical
system in multiple refinements. The refinement chart offers a clear view of assistance
in system integration. This is an important issue not only for being able to derive the
system-level performance and correctness guarantees, but also for being able to assem-
ble components in a cost-effective manner. Moreover, It can also help to a code designer
to improve the code structures, code optimization, and code generation techniques. Ev-
ery incremental refinement presents additional functionalities. This refinement-based
structure may improve the safety, hardware integration and guidelines to develop the
critical medical systems. This approach also helps in code integration and to test the
different subsystems of a system independently.

A refinement-based system development has a different cost structure than the tra-
ditional development life-cycle. The cost of building models and related other required
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(A) M1 � (M2 ‖ M3)
(B) M1 � (M2 � M3)
(C) (M1 � M2, M2 � M3)

Fig. 1. Refinement charts

design knowledge may be higher for producing the first system. However, these costs
are amortized when reuse these models and designs for developing the other systems
in future. Thus, the cost of producing first program may be higher, but the cost of de-
velopment for reproducing advanced version of the products and reuse same codes in
other products should be less than the conventional programming [10,11]. The cost of
handling of proof obligations of specifications and refinements should be less than the
cost of analyzing the final product.

3.2 Overview

Main objective of the refinement chart [3] is to specify the modal system requirements
in a form that is easily and effectively implementable. During the modelling of modal
system, several styles of specification are usually adopted for handling the complex
operating modes. Functional blocks are divided into multiple simpler blocks in a new
refinement level, without changing the original system behaviour. The final goal is to
obtain a specification that is detailed enough to be effectively implemented, but also to
describe correctly the requirements of a given system.

As the nature of critical medical systems is often characterizable as modal systems,
we follow a state-based approach to propose suitable abstractions. We consider that
the state of a model is detailed enough to allow one to distinguish its different operat-
ing conditions and also to characterize required mode functionality and possible mode
switching in terms of state transitions.

Each subsystem that forms the specification is represented into a block diagram as a
refinement chart. Fig. 1 presents the diagrams of the most abstract modal system. The
diagrams use a visual notation loosely based on Statechart [12]. A mode is represented
by a box with a mode name; a mode transition is an arrow connecting two modes.



The Semantics of Refinement Chart 419

The direction of an arrow indicates the previous and next modes in a transition. Refine-
ment is expressed by nesting boxes. A refined diagram with an outgoing arrow from an
abstract mode is equivalent to the outgoing arrows from each of the concrete modes.
It is also similar to the ingoing arrows. In a refinement, nesting box can be arranged
hierarchically and can be represented by basic rules of our refinement chart (see Fig. 2).
The basic rules of refinements are: parallel refinement [M1 � (M2 ‖ M3 ‖ ...... ‖
Mn−1 ‖ Mn)], sequential refinement [M1 � (M2 � M3 � ...... � Mn−1 � Mn)]
and nested refinement [(M1 � M2, M2 � M3, ...... , Mn−1 � Mn)]. Furthermore,
refinement charts, which appear in the hierarchical form can be expressed by any one
rule, or several rules. A complex system can be represented by using refinement laws
iteratively, means each subsystem can be refined by any rule (sequential, parallel or
nesting) iteratively until to get the final model [3,4].

M1 � (M2 ‖ M3 ‖ ...... ‖ Mn−1 ‖ Mn)
M1 � (M2 � M3 � ...... � Mn−1 � Mn)
(M1 � M2, M2 � M3, ...... , Mn−1 � Mn)

Fig. 2. Basic rules of Refinement Chart

Fig. 1 presents for only three modes (M1, M2 and M3) with different kinds of refine-
ments. The parallel relationship among several refinement boxes states that a system
operates simultaneously in the subsystems. For instance, Fig. 1(A) represents an ab-
stract mode M1 and two parallel refinements are represented by nesting mode boxes
M2 and M3. Transition between these two refinements M2 and M3 are not allowed.
Entry into a parallel refined subsystem requires entry into all of its immediate child
refinement. A transition out of one refinement requires an exit out of all the refined sub-
systems in parallel to it. The sequential relationship among several refinement boxes
states that the system operates in at most one of these subsystems at any time. For ex-
ample, Fig. 1(B) represents an abstract mode M1 and two sequential refinements are
presented by the nesting mode boxes M2 and M3 in two levels of hierarchy, where M2
and M3 are embedded in M1. The transitions between M2 and M3 allows the system
to go from one refinement to another refinement according to the operating modes. The
nesting relationship among several refinement boxes states that the system operates in
any subsystems. For example, Fig. 1(C) represents an abstract mode M1 and the sub-
systems refinement by a nesting box M2 and the subsystem M2 is refined by a nesting
box M3 in three levels of hierarchy, where M2 is embedded in M1 and M3 is embed-
ded in M2. A transition is allowed to next level of refined subsystem. A transition out
of one refinement requires an exit out of all the refined sub level of refined subsystems.

3.3 Semantics of Refinement Chart (RC)

Automata RC. RC automata is similar to the classical automata, except that its modes
can be of any RC type, and its transition function can refer to the concrete modes of
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automaton. Let Automaton � (Σ,M, δ, θ,M0) is a set of RC of type automaton. We
have the following typing constraints on each elements of the automaton.

• Σ is a list of alphabets.
•M is a set of automaton modes.
• δ ⊆ 〈μ, σ〉 is an input transition relation, where:

––μ denotes an input arrow.
––σ an event of the transition.

• θ ⊆ 〈ν, σ〉 is an output transition relation, where:
––ν denotes an output arrow.
––σ an event of the transition.

•M0 is an initial mode.

Operational Semantics. There are eight inference rules, written in the usual form
premiss

conclusion . The first rule describes a transition between local modes using an input
arrow. δ((m1,m2), σ) presents an input transition relation, where σ expresses an event
of transition between two modes m1 and m2.

δ((m1,m2),σ)

m1
σ−→m2

in

The second rule describes a transition between local modes using an output arrow. Simi-
lar to the input transition relation. θ((m1,m2), σ) presents an output transition relation,
where σ expresses an event of transition between two modes m1 and m2.

θ((m1,m2),σ)

m1
σ−→m2

out

Rule three provides the parallel operational semantics of an input transition relation,
where parallel input transitions are presented by input arrows. δ((m1,m2, · · · ,mn),
(σ1, σ2, · · · , σn−1)) presents an input transition relation, where (σ1, σ2, · · · , σn−1) ex-
presses a set of transition events, and (m1,m2, · · · ,mn) presents a set of modes of the
refinement chart.

δ((m1,m2,··· ,mn),(σ1,σ2,··· ,σn−1))

m1

σ1−→m2||···||m1

σn−1−−−→mn

||in

Rule four shows the parallel operational semantics of an output transition relation,
where parallel output transitions are presented by output arrows. θ((m1,m2, · · · ,mn),
(σ1, σ2, · · · , σn−1)) presents an output transition relation, where (σ1, σ2, · · · , σn−1)
expresses a set of transition events, and (m1,m2, · · · ,mn) presents a set of modes of
the refinement chart.

θ((m1,m2,··· ,mn),(σ1,σ2,··· ,σn−1))

m1

σ1−→m2||···||m1

σn−1−−−→mn

||out

Rule five shows the sequential operational semantics of an input transition relation,
where sequential input transitions are presented by input arrows. δ((m1,m2, · · · ,mn),
(σ1, σ2, · · · , σn−1)) presents an input transition relation, where (σ1, σ2, · · · , σn−1) ex-
presses a set of transition events, and (m1,m2, · · · ,mn) presents a set of modes of the
refinement chart.
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δ((m1,m2,··· ,mn),(σ1,σ2,··· ,σn−1))

m1

σ1−→m2�···�mn−1

σn−1−−−→mn

�in

Rule six shows the sequential operational semantics of an output transition relation,
where sequential output transitions are presented by output arrows. δ((m1,m2, · · · ,
mn), (σ1, σ2, · · · , σn−1)) presents an output transition relation, where (σ1, σ2, · · · ,
σn−1) expresses a set of transition events, and (m1,m2, · · · ,mn) presents a set of
modes of the refinement chart.

θ((m1,m2,··· ,mn),(σ1,σ2,··· ,σn−1))

m1

σ1−→m2�···�mn−1

σn−1−−−→mn

�out

Rule seven defines the nested operational semantics of an input transition relation,
where nested input transitions are presented by input arrows. δ((m1,m2, · · · ,mn),
(σ1, σ2, · · · , σn−1)) presents an input transition relation, where (σ1, σ2, · · · , σn−1) ex-
presses a set of transition events, and (m1,m2, · · · ,mn) presents a set of modes of the
refinement chart.

δ((m1,m2,··· ,mn),(σ1,σ2,··· ,σn−1))

m1

σ1−→m2�···�mn−1

σn−1−−−→mn

�in

Rule eight shows the nested operational semantics of an output transition relation,
where nested output transitions are presented by output arrows. θ((m1,m2, · · · ,mn),
(σ1, σ2, · · · , σn−1)) presents an output transition relation, where (σ1, σ2, · · · , σn−1)
expresses a set of transition events, and (m1,m2, · · · ,mn) presents a set of modes in
the refinement chart.

θ((m1,m2,··· ,mn),(σ1,σ2,··· ,σn−1))

m1

σ1−→m2�···�mn−1

σn−1−−−→mn

�out

Kleene Closure RC. This operator is borrowed from regular expressions. It allows
an arbitrary number of iterations (including zero) on RC. An iteration is completed
when the component RC has reached at the concrete level or final mode. Formally, let
Closure � 〈�,m〉 is a set of Kleene closure RC, where m ∈ M is a mode of the
closure. It is essentially used to determine if a closure can immediately exit without any
iteration.

There are two inference rules related to the input and output arrows. �in allows
for zero or infinite iterations using input arrows from an initial mode of the RC until
to reach at the concrete mode or final mode. Similarly, �out allows zero or infinite
iterations using output arrows from an initial mode to the concrete mode or final mode.
However, Kleene closure RC allows any operation from the parallel, sequential and
nested in any order.

δ((m1,m2),σ)

(〈||,�,�〉�,m1)
σ−→(〈||,�,�〉�,m2)

�in

θ((m1,m2),σ)

(〈||,�,�〉�,m1)
σ−→(〈||,�,�〉�,m2)

�out
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4 Case Study : Cardiac Pacemaker

4.1 Informal Description of Cardiac Pacemaker

A pacemaker is an electronic device implanted in the body to regulate the abnormal
heart rhythm. The primary functions of pacemaker are pacing and sensing. The pace-
maker actuator is used to pace by delivering a short, intense electrical pulse into the
heart. The pacemaker sensor senses an intrinsic activity of the heart. The pacing and
sensing activities are synchronized with natural rhythm in both chambers right atria
and ventricle. The basic elements of pacemaker are as follows:

1. Leads: One or more flexible metal wires, that transmit electrical signals between
the heart and a pacemaker, and the same wires are also used to detect the intrinsic
heart activities.

2. The Pacemaker Generator: It contains an implanted battery for power source and
a controller as a brain of pacemaker for pacing and sensing activities.

3. Device Controller-Monitor (DCM): An external device that controls the function-
alities of pacemaker remotely through wireless connection.

4. Accelerometer (Rate Modulation Sensor): An electromechanical device inside
a pacemaker that measures an acceleration of a body in order to allow modulated
pacing during various physical activities like running, sleeping, walking etc.

4.2 Bradycardia Operating Modes

Table 1 presents the generic code of a cardiac pacemaker. The codes are in a sequential
order of letters that provides a description of pacemaker pacing and sensing functions.
The first letter of the code indicates which chambers are being paced; the second letter
indicates which chambers are being sensed; the third letter of the code indicates the
response to sensing and the final letter, which is optional indicates the presence of rate
modulation in response to the physical activity measured by the accelerometer.

Table 1. Generic code of cardiac pacemaker

Category Chambers Chambers Response to Rate Modulation
Paced Sensed Sensing

Letters O-None O-None O-None R-Rate Modulation
A-Atrium A-Atrium T-Triggered
V-Ventricle V-Ventricle I-Inhibited
D-Dual(A+V) D-Dual(A+V) D-Dual(T+I)

4.3 Development of Cardiac Pacemaker Using Refinement Chart

This section presents the development of cardiac pacemaker using refinement chart.
Each subsystem of the pacemaker is modelled incrementally to capture all the oper-
ating modes. Fig. 3 and Fig. 4 present the abstract models for one and two-electrode
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pacemaker (A), and the resulting models of three successive refinement steps (B to D).
The diagrams use a visual notation to indicate the bradycardia operating modes of pace-
maker under functional and parametric requirements. One or multiple operating modes
are presented by a box; an operating mode transition is an arrow connecting two oper-
ating modes. The direction of an arrow indicates the previous and next operating modes
in a transition. Refinement is expressed by nesting boxes to show an integration of new
behaviour of the system.

Fig. 3. Refinements of one-electrode pacemaker using the refinement chart

A refined diagram of an abstract mode is equivalent to a concrete mode. At the most
abstract level, we introduce pacing activity into single and both heart chambers. In
Fig. 3(A) and Fig. 4(A), pacing is presented by transitions Pace ON and Pace OFF for
single chamber or both chambers. It is the basic transitions for all bradycardia operating
modes.

In the next refinement (Fig. 3(B), Fig. 4(B)) step pacing is refined by sensing, cor-
responding to the activity of the heart, when sensing period is not under the refractory
period (RF 1). In the first refinement of two-electrode pacemaker, sensors are introduced
in both chambers. In Fig. 3(B) of one-electrode, sensing is represented by transitions
Sensor ON and Sensor OFF, while in Fig. 4(B) of two-electrode, sensing is represented

1 RF : Atria Refractory Period (ARP) or Ventricular Refractory Period (VRP).
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Fig. 4. Refinements of two-electrode pacemaker using the refinement chart

by transitions Sensor ON Atria, Sensor ON Ventricle, Sensor OFF Atria and Sensor
OFF ventricle. The pacemaker’s actuator and sensor are synchronizing to each other
under the real-time constraints. The block diagrams (Fig. 3(B), Fig. 4(B)) represent the
threshold refinement, that is a measuring unit which measures a stimulation threshold
voltage value of the heart and a pulse generator for delivering stimulation pulses to
the heart. The pacemaker’s sensor starts sensing after the refractory period (RF ) but
pacemaker’s actuator delivers a pacing stimulus according to the response of the sensor.
Sensor-related transitions are available in all operating modes except AOO, VOO and
DOO modes.

Third refinement step (Fig. 3(C), Fig. 4(C)) introduces different operating strategies
under hysteresis interval: if the hysteresis mode is TRUE, then the pacemaker paces at
a faster rate than the sensing rate to provide consistent pacing in one chamber (atrial
or ventricle) or both chambers (atrial and ventricle), or prevents constant pacing in one
chamber (atrial or ventricle) or both chambers (atrial and ventricle). In case of FALSE
state of hysteresis mode, the pacemaker’s sensor and actuator works in normal state
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and does not try to maintain the consistent pacing. Hysteresis mode is represented by
transitions Hysteresis Mode TRUE and Hysteresis Mode FALSE. The main objective of
hysteresis is to allow the patient to have his or her own underlying rhythm as much as
possible.

According to the last refinement step (Fig. 3(D), Fig. 4(D)), it introduces the rate
adapting pacing technique in the bradycardia operating modes of pacemaker. The
rate modulation mode is represented by transitions Accel. ON and Accel. OFF. The
rate modulation operating modes are available in all pacemaker operating modes which
are given under multiple refinements. The pacemaker uses the accelerometer sensors to
sense the physiologic need of the heart and increase or decrease the pacing rate. The
amount of rate increases is determined by the pacemaker based on maximum exertion
is performed by the patient. This increased pacing rate is sometimes referred to as the
“sensor indicated rate”. When exertion has stopped the pacemaker will progressively
decrease the pacing rate down to the lower rate [3].

Refinement chart helps to model the system integration, which also complies with
refinement based formal development. The block diagrams of the refinement chart help
to build the complete system and used to handle the complexity of the whole system
through decomposing in multiple independent parts. Here, refinement chart models dif-
ferent kinds of operating modes, and decompose the whole system based on operational
modes. Decomposing using the refinement chart helps to analyse individual component
and interaction or switching from one operating mode to other operating modes.

5 Conclusion

Today, in order to respect the certifiable assurance and safety, time to market and strict
cost constraints, critical system designers need some new modelling and simulation
solutions. The solutions must also permit software component modelling, component
integration in a distributed environment, easier debugging of complex specifications,
and mitigated connection with other, existing or new systems.

In this paper, we would like to stress the original contribution of our work through
providing the automata and semantical operations of the refinement chart, where this
technique can be used to model the desired system using layering approach in graphical
block diagrams. The functional blocks are divided into multiple simpler blocks in a new
refinement level, without changing the original behaviour of the system. Moreover, this
technique offers decomposition, integration, and synchronization of the system compo-
nents using incremental refinements. This approach helps in code integration and to test
the different subsystems independently.

However, the refinement chart presents a block diagram for each subsystems and
provides a structure in various refinements to build a complete system. The concrete
refinement charts provide system integration information in the form of compose and
decompose of software codes according to the blocks diagrams. Composition and de-
composition help to improve the code structure and code optimization. To find a mini-
mum set of events for each independent subsystem is known as code optimization. The
refinement chart specially covers component-based design frameworks and decompo-
sition, integration of critical infrastructure and device integration. The complexity of
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design is reduced by structuring systems using modes and by detailing this design us-
ing refinement.

System integration methodology using refinement charts are also used for system
development, which helps a code designer to improve the code structure, code opti-
mization, code generation for synthesizing, and synchronizing the software codes of a
critical medical system like pacemaker. In the pacemaker case study, system has differ-
ent kinds of functional requirements, and all the possible operating modes are decom-
posed in the refinement chart using multiple refinements related to the state flow models.
Therefore use of the refinement chart, and formal specifications state the correctness of
the system design and implementation. As a result, we have used manual development
of the refinement chart in our pacemaker case study. In the future, we will develop an
integrated development environment (IDE) for designing the medical critical systems
using refinement chart and then automatic formalization from the developed models.
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