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Analysis of the Formal Specification Application
for Train Control Systems

Hyun-Jeong Jo, Yong-Ki Yoon and Jong-Gyu Hwang*

Abstract — Many critical control systems are developed using formal methods. When software
applied to such systems is developed, the employment of formal methods in the software requirements
specification and verification will provide increased assurance for such applications. Earlier errors of
overlooked requirement specification can be detected using the formal specification method. Also, the
testing and full verification to examine all reachable states using model checking to undertake formal
verification are able to be completed. In this paper, we proposed an eclectic approach to incorporate Z
(Zed) formal language and ‘Statemate MAGNUM’, formal method tools using Statechart. Also we
applied the proposed method to train control systems for the formal requirement specitication and

analyzed the specification results.
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1. Introduction

Recently, in accordance with the development in
computer and telecommunication technologies, the
existing mechanical and electric train control systems used
in railroad systems are being changed to electronic control
systems. During this transformation to computerization, it
became very difficult to secure the safety of the system.
Train control systems are required to maintain a high level
of safety as they are a very vital component and
responsible for the safe operation of a train. As for the
plan to solve these problems, the relative international
standards recommend the application of formal methods
in specifying development specifications and design for
train control systems [1, 2] and the research and efforts to
apply such formal methods are being progressed by
centering on countries advanced in the railroad industry,
especially Europe [3-6].

Among them, the case of applying formal specification
of train control systems to subway line #14 in Paris,
France is introduced as the first case of applying a formal
method to the actual commercial system [3]. The studies
to apply various formal methods such as Z (Zed), VDM
(Vienna Development Method), Statechart, etc. as well as
the B method in [3] to train control systems has
progressed, but because they are unpracticed, they are not
prepared to be utilized for the development of actual
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railroad sites. The application plan of the formal method
presented as a result of studies is now based on
excessively complex mathematical formulas or theories,
and therefore, it has problems that the specialists in that
field are needed and a very long development time is
required, etc.

Moreover, in Korea, the research stage involving
application of formal methods for the development of
train control systems is very far behind in comparison
with that of advanced countries, and though there are
some cases applying formal methods to the design of
railroad signaling protocol [7], there is no actual situation
of application for the train control system yet. Currently in
Korea, although it is already recognized at the research
level that the formal method is essential for securing the
stability of software, it is required to conduct researches
on realistic and material procedures and methods enabling
it to be applied to the railroad field since the application
plan for it has not actually been raised as an issue in the
industry. Accordingly, this thesis presents the specific plan
and procedure to apply formal methods in practice to the
train control systems in the railroad field for the first time
in Korea.

For this purpose, this thesis proposes the approach
applying Z, which is based on the mathematical form, for
the essential part while using the Statechart, which is one
of the languages for the graphical formal specification,
rather than depending on the excessive mathematical
formula as that is one of the drawbacks of the formal
method application. The order of this paper is as follows:
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The application plan for domestic train control systems
using the compromised plan of Z and Statechart for which
we would like to propose in Chapter 2 will be presented.
After showing the results of formal specifications using
the method of our proposal, we would like to conclude in
Chapter 3.

2. Application plan of formal method for
domestic train control system

Every formal method has its unique applicable area, and
the maximum effects can be achieved only if used to suit
that particular area. In addition, as mentioned in the
foregoing section, convenience of use shall be considered
for the actual applicability, and various considerations
such as selection of reliable tool supporting the formal
method, etc. In this study, based on the formal
specification languages shown in Fig. 1 and the tool
selection basis to support it, we compared and analyzed
various formal methods to adopt a formal method suitable
for the vital software of domestic train control systems
and announced some of its results [9].
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Fig. 1. Guideline for the selection of formal methods

As a result of comparison and analysis on the basis of
these selection criteria for the formal method, this thesis
selected Z and Statechart as the method for the formal
specification, and selected ‘Statemate’, which is based on
the Statechart, for the formal verification. The
compromised plan of Z and Statechart proposed in this
thesis can accomplish very high integrity when preparing
the requirement specifications such as system definition at
the formal specification stage compared with other
existing methods, and at the same time, it has great
advantages to shorten the development time through
convenience of use due to the formal specification
language based on graphics.

2.1 Analysis on the compromised plan of Zed and
Statechart

While Z has great merits of high accuracy throughout
formal specification work, it also has demerits of
difficulty in representing data flows by including time
concepts in the works such as modeling and simulation.
Therefore, we considered that the method of using
Statechart, based on the state transition possible to
complement it compositely, was effective. Accordingly,
we presented the method shown in Fig. 2 which applies
both Z and Statemate together, the most widely known
tool supporting the formal specification and verification.

SRS:: Software Reqguirement Specification
508 sofrware: Design Specification

Z, Statechart
Application

Statemate
Tool

Fig. 2. Proposed procedure of formal method application for
vital S/W in train control systems

‘First of all, it shall pass through the formal specification
stage showing the system requirements and development
specifications. In the formal specification stage, the
accuracy can be enhanced since the specification of
written specifications composed of natural languages is
prepared by formal specification languages which use
graphic expression such as mathematical logic symbol
formula or formal diagram with definite meaning, etc. Z
proposed for application in this thesis allows for very high
integrity in the case of preparing the specification for
requirements such as system definition since it uses
mathematical logic and sets 8, 10]. Z, which has merits of
enabling expression in definite meaning, usually checks
the data type of system to be defined, and enables systems
to be controlled by expressing such data flows effectively.

The schema in Fig. 3 represents the characteristics of Z
language specification very well. The schema makes Z
specification distinguished from various other expressions,
and it has the architecture introducing variables into the
system to be specified while describing the relationship
among variables. As it can be identified from the first
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schema box in Fig. 3, the architecture is composed of};
firstly the schema name, the schema signature composing
of the system status at the top part of center line, and the
schema predicate representing restrictions on the values of
those variables at the bottom part of line. The bottom part
of Fig. 3 shows a simple example for preparing schema
modeling as the ‘letter inserting function of text editor’.

Schema Name

Scherma Signature

Schema Fredicate

Example
— Insert

Edjtor
ch? P CHAR

ch?  FPrinting
feft' = left  ch?
right’ = right

Fig. 3. Schema expression of Z language specification &
modeling example

Generally, this motion is being executed at ‘Editor’ if
only pressing one of the characters or numbers located on
the keyboard, but it can be applied only for the printable
character, not for the control character. In Fig. 3, the
schema name was declared as ‘Insert’, and the schema
signature within the ‘Insert’ shows that the ‘Insert’ is the
motion changing the status of schema ‘Editor’, and
declared the input variable to be inserted as ‘CHAR’
(ch?:CHAR). In Z, the input variable is always attached
with a question mark (?) at the end of a variable, and it is
only for the purpose of expression to distinguish variables.
The predicate informs us of how the status of editor is
changed. The first line of the predicate (ch? printing)
shows the precondition, and it describes the condition that
must be true before the next motion is occurred. The
precondition informs us of the fact that the ‘character
insertion” motion can be occurred only for the input of a
printable character. The remaining part of the predicate is
the postcondition and it expresses the status after
completion of motion. That is, ‘left’ = left ch?” means that
the input of a new character is being added to the left side
of the cursor, and ‘right' = right’ means that there is no
change in the right part of the cursor before and after
motion.

Like this, Z language can express definitions and
request the data type of a system to be specified to allow

data to flow effectively and definitely, but it has demerits
requiring accurate knowledge and experience about the set
theory and logic. Besides, since data flows include the
concept of time, the existence of limitation in the
expression is the problem in works such as concrete
system modeling and simulation in the development
specification using Z.

i ActiityzChart .

Statemate
Modeling

Fig. 4. Specification instance of a flashlight operation using
Activity-chart & Statechart in Satemate

Since Statechart is expressed schematically through
state-based visual specification language, and therefore,
since it is easy to understand and has merits to express
behavioral aspects of a system, it is being frequently
applied to the design and implementation of the embedded
system [11]. By utilizing Statemate, which supports both
formal specification and formal verification based on
Statechart as one of the formal specification languages,
this thesis displays the architecture of the targeted system
visually by using the Activity-chart supported by the tool,
and it makes concrete behavior of the system easy to
understand through simulation of the graphic model. Since
Activity-chart has the function to express system status, it
can check the operation between interfaces among data
flow and module connected with various layers.

Statechart expresses all the designs of a system
schematically, expressing the input and output of a system
as input and output of the signal and data, and the
behavior of a system as the transition of phase diagram.
Fig. 4 shows an example which specifies the motion of a
flashlight by using the Activity-chart and Statechart. In the
top figure, it shows the interface architecture between the
whole flashlight motion structure and exterior (user:
“USER’) by using the Activity-chart on the flashlight. As
you may check at the Activity-chart, the external ‘USER’
controls ‘@LIGHTER_CON’ module through ‘ON/OFF’
control flow indicated in the dotted line. This
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‘@LIGHTER CON’ module includes the Statechart
diagram at its bottom as shown in the figure.

Z(zed)
~ Data Type Checking

Statechart
- System Bahavior Specification

ki

- System Architecture Specification
Fig. 5. Formal specification application according to
proposed method

Like this, it indicates the architecture of the system and
input/output interface by using the Activity-chart, and
expresses the function and motion status of the system
through Statechart, which is the sub-module of Activity-
chart. Fig. 5 is the figure that explains the formal
specification method proposed in this thesis, and it
verifies its relevancy, etc. by specifying definitions on
data type, etc. by Z, and then it explains the procedures of
specifying the architecture of system and interface by
Activity-chart, and the function of system and system
behavior such as data flow by Statechart. Especially, by
using the Statemate tool which supports both Activity-
chart and Statechart, it enables us to check visibly how the
graphic-based specification modeled as Fig. 5 operates the
system through simulation.

2.2 Results of formal specification in accordance
with proposed methods

To verify the feasibility of proposed methods, we carried out
a study on applicability to make requirements specified in
formal specification form for the vital train control system. The
target system for formal specification application is defined as
a mock-up system, which is the CRD (Control Route Distance)
system. The core function of this target system is divided into
the interlocking function such as route control and the train
protection function such as train distance control in Fig. 6. The
route control part interlocks and processes commands, etc. in
relation to the routes and point machines received from ATS
{Automatic Train Stop). It must carry out the interlocked

processing in relation to the information on route and point
machine received extemally, and there are safe interlocking
functions for the interlocked processing. In the train distance
control part, the movement of the train is being carried out in
accordance with the block information included in the message
of permissive movement authority, and this message of
permissive moverent authority will be created at the distance
control system and transmitted to the ATP (Automatic Train
Protection).

@ W:‘On—hoard sitnulatar 1
Etherng
- iOn-boans simulator 2
atpriew Wireiess BP T subtiplexes
Raileray signaling systems
& wayside Z Media Caswerter

Fig. 6. Target system of formal specification application

In this paper, we especially specified the function of train
distance part. The main functions of the train distance control
system are summarized as follows; Control route distance,
Validation of train location, Supervision on the train
movement/direction, Processing of the temporary speed limit
command, Block opening/closing. The system carries out the
function of processing on-site control commands such as the
processing of route setup control being received from the ATS,
etc., the function of processing on-site signal equipment status
after receiving it, the function of processing information on
train operation afier receiving it from the ATP, and the ATP
function, etc. such as processing of train distance control, etc.
for the train control.

................

Fig. 7. Formal specification for target system architecture by
using Activity-chart in Staternate
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This system continues to communicate with all the ATP
within the control area, and gives the train the authority of
moving or stopping within the logical block in accordance with
the information that the front block is not occupied. The result
of system architecture specification about this train distance
control system is expressed as shown in Fig. 7 by using
Activity-chart in the Statemate tool. Data types of main
functions in the train distance control system were checked by
using Z specification language. Then Z formal specification
results can be obtained as Fig. 8.

The location of the train over the whole system is
validated by two-way communications between the train
distance control system and ATP. The movement of the
train is accomplished in the unit of block, and the train
distance control system validates and determines current
train location by finding out the information on train
location among the information transmitted from ATP. The
ATP continues to transmit the information on the location
of the train being operated currently such as movement or
stoppage to the train distance control system. The
existence of the train is sensed through wireless
communication with the ATP. The method of validating
train location is accomplished in the manner as follows: if
the train enters into the block, the ATP reports the block
where it is currently located to the train distance control
system, and then the system recognizes corresponding
blocks as occupied blocks; and if it transmits this
information to the ATS, then this ATS indicates the
occupation status.

— DCM
current @ Block

direction : Direction

pma : Block - PMA

speed 1 Block + Speed
obstacle : P Block

redBlock . P Black

yeltowBlock : B Block
greenBlock : P Block
conmection © ConnectionStatus

(redBlock, yellowBlock, greenBlock; partition Block
behindOf (red Block, direction) 71 greenBlock = )
Wb : redBlock @ pma{b) = Red
Vb yellowBlock « pma{b) = Yellow
Fb: greenBlock e pmal{b) = Green

Fig. 8. Formal specification results using Z language

If any detected train is lost due to communication
interruption, etc., the train distance control system stops
all the surrounding trains immediately by closing all the
related blocks on the basis of train location known to it
lastly. When the communication with the train whose
detection was lost is resumed, the restoration on the loss
of detected train will be accomplished because the

existence of train was detected. In this case, the closed
block must be opened by the operator so that the normal
train operation can be resumed safely. This operation was
specified by using Statechart in Statemate tool as shown
Fig. 9. We can confirm that the Statechart of Statemate is
suitable for expressing the behavior about which reaction
the system will make under the condition determined as
state-based language.

This paper could identity the definite input/output data flow
and functional motion of the train distance control system
through simulation by Statemate on the basis of definitions on
data type by this Z and the graphic-based formal specification
by using the Activity-chart and Statechart. The requirements
made of natural languages and prepared at the early stage of
research through this formal specification process were re-
prepared more concretely and definitely, and it is anticipated
that the requirements passed through formal specification will
bring the shortening of time necessary for the detailed design
and manufacturing of system and enhancement in safety.

TRAIH_LOCAYION

»

{ LON YRATH_TH COMMUNICRTION :
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7D AT DATAL CONTROL,_ILOCK, OTCORRELDN

COMMITI CATION_RECOVERY
[COMMERT CATIGN 0K ]

CFERATOR_RECOVER_TRRIN_OPERATING
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Fig. 9. Formal specification results using Statechart in
Statemate tool

3. Conclusion

When developing the vital software to be used for important
systems, the safety of control systems developed will be
increased effectively, if any formal specification and formal
verification corresponding to the formal method are used.
However, the results of research are still in the unsatisfactory
situation for formal methods to be utilized in actual industrial
fields, and especially in Korea, it is essential to have concrete
procedures on formal methods for train control systems since
there is no actual case applied in the railroad field. Like most of
the overseas research cases for formal methods, if we utilize
only mathematical logic formulas such as B method or VDM
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for the formal specification and formal verification of train
control system, it will be stopped at the laboratory level of
research instead of being applied to the actual railroad system
like today since high-level expertise is required due to the
complexity of these formal specification languages.

However, the application approach of formal methods
applied Z and graphic-based Statechart proposed in this thesis
complicatedly may be the practical alternative possible to
overcome these problems. Especially, in the method proposed
through the applicability of formal specification through this
thesis, it is anticipated to enhance the actual applicability since
the necessity of high-level expertise on the formal methods
will be reduced due to the application of formal specification
languages in the form of graphics to most functions and data
flows. Accordingly, in case of applying the methods proposed
in this thesis, it is anticipated that the securement of higher
safety in the vital train control system will be possible since we
may make much efforts in analyzing train control logic itself
rather than professional knowledge on the formal specification
languages conducted by existing studies. In addition, it is
anticipated to meet the requirements set forth under
international standards in relation to the railroad RAMS
(Reliability, Availability, Maintainability and Safety) together
with it.
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