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Abstract. Verification and generation of interlocking geographical data
using a domain theory for railway signalling is described. Examples are
taken from the methodology used industrially by Industrilogik L4i AB.

Railway interlockings form a family of systems where the individual systems
have identical functions on an abstract level, as they implement general signalling
principles. On the concrete level, differences in function between different inter-
lockings is determined by the particular physical layout and other properties
— both abstract and concrete (such as the maximum speed permitted through
particular points) — of the track system controlled by the interlocking. A formal
description of these properties is called the geographical data of the particular
interlocking. (This sense of geographical data is similar, but not indentical, to
the one used in work on formal verification of geographical data of the british
SSI interlockings [4] [5].)

Using geographical data, generic requirements specifications that describe
general signalling principles can be specialised to give a requirements specifi-
cation for a particular interlocking installation. Similarly, interlockings can be
implemented using generic modules (either in software or hardware) which are
configured using geographical data to give a specialised implementation for a
particular site. An example of interlockings working using this principle are
Bombardier Transportation EBILOCK family of interlockings.

Given that the precise requirements of a generic specification, as well as the
precise behaviour of a generic interlocking, are critically dependent on the geo-
graphical data, the correctness of the geographical data is of primary importance.
Some kinds of geographical data — let us call them “primary” geographical data
— are direct descriptions of the physical track structure and its concrete proper-
ties. Clearly, this data can not be formally verified, but its internal consistency
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— e.g. that it describes a physically possible track system — can be checked using
a domain theory for rail systems.

Other kinds of geographical data — let us call them “secondary” geographical
data — are data that are wholly or in part determined by the primary geograph-
ical data. One example is the description of all possible routes through the track
system — a route typically being defined as a path through the track system on
which a train could run, beginning and ending at a signal. Another example is
the various kinds of protection areas required around a route to prevent possible
collision with trains or vehicles close to the route. The construction and verifica-
tion of secondary geographical data is of critical importance to the safety of the
interlocking, while being one of the most time-consuming and error prone tasks
in the interlocking design process.

Given a sufficiently complete domain theory and generic requirements spec-
ification, secondary geographical data can be formally verified or automatically
generated given a set of primary geographical data. In this presentation, I will il-
lustrate how this is done in the formal specification and verification methodology
used for industrial projects by Industrilogik L4i AB (e.g. [1][2][3]). The sample
domain theory axioms are adapted from generic formal specifications developed
by Industrilogik for Swedish and Norwegian railway signalling.

The track system is represented as a set of “units”, a unit being a set of
points, a linear piece of track, a buffer stop, crossing, etc. A relation connectsT o
describes which units are adjacent to each other. The predicate points is true
of units that are points. For every set of points, the relations leftBranch and
right Branch describe what units are reached from the facing points, taking the
left or right direction, respectively. There is also a set of signals. Every signal is
assumed to be located at the boundary between two units. Relations ahead and
inRear describes the location and direction of a signal by giving the unit ahead
of the signal (the unit the signal is facing) and the unit in rear of the signal.
Fragments of a domain theory for the track system is given by the following
predicate logic formulae:

1 Yul,u2 € UNITS (connectsTo(ul,u2) — connectsTo(u2,ul))

2 Yu e UNITS —connectsTo(u,u)

3 Yw,u € UNITS (points(w) A right Branch(u,w) — connectsTo(u, w))

4 Yw € UNITS (points(w) — Jul,u2,ud3 € UNITS (connectsTo(w,ul) A
connectsTo(w, u2) AconnectsTo(w,u3)Aul # u2Aul # u3Au2 # u3AVud €
UNITS (connectsTo(w,ud) = ul = ud Vu2 = ud VvV ud = ud)))

5 Vs e SIGNALS Ju € UNITS (ahead(s,u)AVul € UNITS(ahead(s,ul) —
u=ul))

Formulae (1) and (2) state that the connectsTo relation is symmetric and
irreflexive. Formula (3) states that the unit reached by going right through facing
points must be adjacent to the points. Formula (4) states that a set of points
is adjacent to exactly three different units. Formula (5) states that a signal is
ahead of exactly one unit.

A particular set of primary geographical data determines a logical interpre-
tation of the predicates and sets. Since the sets will be finite, it is possible to



directly compute the truth value of each of these axioms. If the data is consistent,
the interpretation will be a model, i.e. every axiom will compute to true.

Now, consider routes as pieces of secondary geographical data. Routes are
principally sets of units. To avoid having to quantify over sets, every route is
represented by an identifier in the set ROUTES, while the relation partO f
relates each unit to identifiers of any routes it is part of. The direction of a route
is determined using the relation be fore which relates a route identifier to the unit
immediately preceding the route. The defined predicate first characterises the
first unit of a route. Fragments of the theory for routes is given by the formulae:

6 Vr € ROUTES Ju € UNITS (before(r,u)AVul € UNITS (before(r,ul) —
u=ul))

7 ¥r € ROUTES Yu € UNITS (before(r,u) — —partOf(r,u) A Jul €
UNITS (partOf(r,ul) A connectsTo(u,ul)))

8 first(r,u) = partOf(r,u)AVul € UNITS (before(r,ul) — connectsTo(u,ul))

9 Vr € ROUTES 3s € SIGNALS (Yu € UNITS (ahead(s,u) — before(r,u))A
Yu € UNITS (inRear(s,u) — first(r,u)))

10 Vrl,r2 € ROUTES (conflict(rl,r2) <> r1 #r2A3u € UNITS (partOf(u,r1)A
partO f(u, r2))

Formula (6) states that there is exactly one unit located before each route,
while (7) states that this unit is in fact adjacent to the first unit of the route
while not being part of the route itself. Formula (8) defines the auxiliary predicate
first. Formula (9) states that there must be a signal at the beginning of the
route, facing the unit before the route. Formula (10) states that two routes are
in conflict if they have some unit in common.

The secondary data can be verified in the same manner as the primary data.
However it is also possible to automatically generate the secondary data. Primary
data gives a “partial interpretation” of the domain axioms where secondary data
predicates are undetermined. Since the sets are finite, this essentially creates a
propositional satisfiability problem which can be solved using a SAT solver. The
SAT solver would generate truth assignments to the secondary data predicates,
effectively creating correct secondary geographical data.

A problem is that the number of routes is not known in advance, while the
number of elements of the set ROUTES must be known in order to create a
SAT problem. One possibility is making a conservative estimate of the maximum
number of possible routes. Another one is to include only one route, but generate
the complete set of routes by finding successive solutions to the SAT problem.
The latter approach is implemented in the SST/SVT formal methods toolset
used by Bombardier Transportation for interlocking software development.

These techniques presuppose the existence of a complete domain theory for

railway track systems and signalling, which shows that such a theory has a
concrete practical use.
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