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Abstract

The Unified Modelling Language (UML) is becoming the de facto industry standard notation for
object-oriented analysis and design. In this paper we outline a semantic framework for UML which
would support formal analysis and verification as part of a rigorous development process for critical
systems.

1 Introduction

The UML [8] combines and extends elements of previous OO notations such as OMT, Booch and Objectory.
In contrast to these methods, its notations are precisely defined using the Object Constraint Language
(OCL) and a meta-model to express the allowed forms of diagrams and their properties. In previous
papers we have shown how the semantic meaning of some UML diagrams can also be precisely defined
[4, 3]. This semantics supports the use of {ransformational development: the refinement of abstract models
towards concrete models, using design steps which are known to be correct with respect to the semantics
(all properties of the abstract model are preserved in the refined model).

For highly critical applications (systems where the consequence of incorrect functioning may include
loss of life or severe financial loss), it is important that the development process used can help detect
and eliminate errors. The process should in particular support the verification of refined models against
abstract models by comparing their semantics.

Our proposed process can be summarised as follows:

1. Requirements — modelled using Yourdon context diagrams and UML use case diagrams (without
dependencies between use cases [9]).

2. Essential Specification — described using UML class diagrams, operation schemas (from Fusion and
Octopus) and statecharts.

3. Design — modelled using UML class diagrams, statecharts, sequence diagrams and collaboration
diagrams.

The verifiable relationships between these models are:

1. Each input event/message on the system context diagram should have a system response described
by an operation schema.

2. The effect described by the operation schema for an event e must be established by the completed
response sequence to e described in design level statecharts, that is, by the transitions specified for
e and (recursively) their generated events and transitions.

A refinement relationship should be defined between the abstract state used in the operation schemas,
and the state used in the statecharts.
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3. Design level class diagrams should enforce all the properties asserted in the specification level class
diagrams.

4. Sequence diagrams should be consistent with collaboration diagrams: the structure of object inter-
calling should be the same.

5. Collaboration diagrams should be consistent with statecharts: messages sent by an object in response
to a message m should correspond to events generated from transitions for m in the statechart of
the object.

2 Semantic Model

The semantic model of UML used here is based on the set-theoretic Z-based model of Syntropy [2]. A
mathematical semantic representation of UML models can be given in terms of theories in a suitable logic,
as in the semantics presented for Syntropy in [1] and VDM** in [7]. In order to reason about real-time
specifications the more general version, Real-time Action Logic (RAL) [7] can be used.

A RAL theory has the form:
theory Name

types local type symbols
attributes time-varying data, representing instance or class variables
actions actions which may affect the data, such as operations, statechart transitions and methods

axioms logical properties and constraints between the theory elements.

Theories can be used to represent classes, instances, associations and general submodels of a UML model.
These models are therefore taken as specifications: they describe the features and properties which should
be supported by any implementation that satisfies the model. In terms of the semantics, theory S satisfies
theory T if there is an interpretation o of the symbols of T into those of S under which every property of
T holds:

St o(e)

for every theorem ¢ of T.
In addition to standard mathematical notation such as IF for “set of finite sets of”, etc, RAL theories
can use the following notations:

1. For each classifier or state X there is an attribute X : F(X) denoting the set of existing instances of
X!

2. If « is an action symbol, and P a predicate, then [a]P is a predicate which means “every execution
of « establishes P on termination”, that is, P is a postcondition of «.

3. For every action « there are functions {(«,1), |(a,1), —(a,1) and —(a, 1) of i : N; which denote the
activation, termination, request send and request arrival times, respectively, of the i-th invocation
of a. These times are ordered as:

—(o,i) < —(i) < (i) < (o)
Also
i<j = —(ai) < —(a,j)
Either Z or OCL notation could be used for axioms in theories, representing the semantics or constraints
of UML models. In [6] we define a translation from OCL into Z.
Temporal logic makes representation and reasoning about dynamic models (state machines, interaction

diagrams, etc) more concise than using a formalism such as pure Z. However it would be possible to work
just in Z, by using sequences of states to represent the allowed behaviours of objects over time.

! Alternative notation for X is ext(X), the extension of X [10].

2



3 Example

We will illustrate the use of the semantics by showing some of the development and verification steps for
a simple traffic light system.

The system to be constructed is a controller for two pairs of traffic lights at a crossroads. Traffic lights
1 and 3 must always show the same indication, as must lights 2 and 4. Traffic lights cycle from Green to
Amber to Red on the ‘go red’ cycle, and Red, Red and Amber, Green, on the ‘go green’ cycle. There is a
delay of 3 seconds in the Red and Amber state, and 5 seconds in the Amber state. The safety requirement
is that at least one pair of traffic lights must be red at any given time.

The system responds to a signal ‘change_direction’. The response should be to set the currently red
signals to green, and the currently green signals to red.

We model the system simply as a collection of two traffic light pairs containing distinct traffic lights
tll and t13, and t12 and tl4. The abstract object model is given in Figure 1. State is the enumerated
type {green,amber,red, red_amber} for the illumination state of an individual traffic light.

The invariant that the light pairs always illuminate the same lamps is expressed as:

tll.tlstate = tl3.tlstate and
t12.tlstate = tl4.tlstate

or more generally, as an invariant of TrafficLightPair:
traffic_light[1].tlstate = traffic_light[2].tlstate

where we use an extended OCL notation composite[i] to refer to the i-th element in a composite list of
objects.
The safety constraint is formalised as:

traffic_light_pair[1].traffic light[1].tlstate = red or
traffic_light_pair[2].traffic_light[1].tlstate = red

We need to show that these invariants are maintained by operation schemas and their implementations.

Controller Traffic Light Traffic Light
change_ Pair tistate: State
dlra:tlon() 2 2 gO_red()
¢ go_green()
go_amber ()
go_red_
amber ()

Figure 1: Abstract Object Model of Traffic Light Controller

The operation schemas express the required effects of the operations listed in the use cases of the
system, without any decomposition into methods of individual objects. As we discuss in [5], this style
of essential model description is often clearer than the artificial localisation of such specifications used in
Syntropy essential models [2].

operation change_direction
reads traffic_light_pair, traffic_light
writes tlstate

precondition {rue

postcondition



if tll.tlstate@pre = green

then
tll.tlstate = red and tl2.tlstate = green and

tl3.tlstate = red and tl4.tlstate = green
else
if tll.tlstate@pre = red

then
tll.tlstate = green and tl2.tlstate = red and

tl3.tlstate = green and tl4d.tlstate = red

where
tll = traffic_light_pair[l].traffic light[1]
t12 = traffic_light_pair[2].traffic light[1]
t13 = traffic light_pair[l].traffic light[2]
2] ]

2].traffic_light[2

tl4 = traffic_light_pair

The notation e@pre denotes the value of e at activation of the operation. If an attribute e does not occur
in the writes list, then e can be used instead of e@pre since these two values are the same.
In the design step, details of how this reaction is computed are given, via state machines (Figures 2

and 3).

Controller: change direction .

traffic_light_pair[1].go_red,
traffic_light_pair[2].go_green
Direction
2-4 green

change_direction *
traffic_light_pair[2].go_red,
traffic_light_pair[1].go_green

Figure 2: Statechart of Controller
go_green ~ traffic_light[1].go_red_amber,

traffic_light[2].go_red_amber, wait(3),
traffic_light[1].go_green, traffic_light[2].go_green

Traffic Light go_red ~ traffic_light[1].go_amber,
Pair traffic_light[2].go_amber, wait(5),
traffic_light[1].go_red, traffic_light[2].go_red
Traffic Light ——
go_red_amber Red and go_green
Amber

Amber go_amber

Figure 3: Statechart of TrafficLightPair and TrafficLight

Verification that the reaction achieves the effect specified in the operation schema is direct. For example,
in the case that direction 1-3 is initially green, the transition for change_direction in the Controller
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state machine terminates once the transition for go_red on the state machine for traffic_light_pair[1]
and then the transition for go_green on the state machine for traffic_light_pair[2] terminate. The first
of these transitions results in a state where

traffic_light_pair[l].traffic light[1].tlstate = red
traffic_light_pair[l].traffic light[2].tlstate = red
traffic_light_pair[2] traffic light[1].tlstate = red
traffic_light_pair[2] traffic light[2].tlstate = red

and the second in the specified state

traffic_light_pair[l].traffic light[1].tlstate = red
traffic_light_pair[l].traffic light[2].tlstate = red
traffic_light_pair[2].traffic light[1].tlstate = green
traffic_light_pair[2].traffic light[2].tlstate = green

as required. It can also be checked that each transition maintains the safety invariant.

Conclusion

Representation of the semantics of static structure diagrams and much of the semantics of state machines
(excluding history entry to states) can be directly expressed in RAL theories and used as the basis for
verification during development. Sequence diagrams and collaboration diagrams can also be semantically
expressed using the {(a,i) terms, etc., but do not have such elegant or usable semantics.
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