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Abstract

The creation of test specifications that can be used for automated testing re-
quires considerable skill in the field of formal methods. This article proposes
a method that enables the development of test specifications by interaction
with a virtual reality representation of the system under test. From these
interactions, a formal test specification is generated. Its goal is to reduce the
need for formal methods expertise and therefore concentrates on the knowl-
edge of the application to be tested. It addresses domain experts who are not
familiar with formal methods.

In this article, the character of the virtual reality model as well as its cre-
ation are discussed. Further, the generation of test specifications is explained.
Statecharts are used as formal specification language for the result of the
generation step.

1 Introduction

Testing embedded real-time systems is a complex and time-consuming task and thus
a high level of automation is advisory. Ideally, the test team receives a complete
and consistent system specification in a formal specification language. By use of a
test tool, the automatic generation of test cases, the automatic execution of the test
and the automatic evaluation can be supported based on this specification. This
idea relies on two main preconditions: On the one hand, the existence of a formal
system specification developed by the domain experts and, on the other hand, on
the availability of an appropriate test tool.

However, most system specifications are informal, natural language descriptions of
the system’s behaviour and the test experts have to develop the necessary test spec-
ifications manually based on these system specifications. Since the formal specifica-
tions require considerable skills in the field of formal methods, the domain experts
can usually not generate the test specifications themselves. Nevertheless, approriate



test tools can be found. For example, RT Tester' supports automatic test gener-
ation, execution and evaluation based on formal test specifications in Timed CSP.
These Timed CSP specifications are then translated into labelled transition systems
(LTS). RT Tester has been applied in many application areas — from avionics to
railway controllers.

Thus, the process of automatic test execution and evaluation is sufficiently sup-
ported by existing test tools. To fill the gap, we want to introduce a new approach
of generating formal test specifications by interacting with a virtual reality repre-
sentation of the system under test (SUT) called the Virtual Periphery. The Virtual
Periphery represents the functional interface of the SUT embedded into its envi-
ronment. For example, consider as a SUT the fasten-seatbelt signs in an airplane
that can be switched on or off automatically depending on the status of specific
sensors or manually by a dedicated switch in the cockpit. The functional interface
consists of interface objects like signs, switches or sensors which are represented
as interactive objects in the Virtual Periphery. The additional non-interactive ob-
jects constitute the geometry that is not of functional relevance to the SUT but
serve to model the SUT’s environment. To specify that the fasten-seatbelt signs
are switched on by toggling the switch, one has to interact with the corresponding
interface objects. Thus, the approach assists the domain experts intuitively during
the specification process because the interaction’s semantics can easily be learned.
Interactions with VR components are mapped to specification fragments of a formal
specification language that can be composed into the complete test specification.

Nevertheless, this basic Virtual Periphery is not sufficient to specify specific con-
cepts, e. g., parallelism, or alternative interactions. For example, it is not possible
to express by these interactions that all fasten-seatbelt signs have to be switched
on in parallel because it is not possible to perform several simultaneous actions in
the Virtual Periphery. To reduce this drawback, it is necessary to enhance the Vir-
tual Periphery with visual representations of commands, graphical menues, gesture
interactions, or voice commands. Furthermore, the Virtual Periphery only reflects
the ”"present point in time” while it is not possible to investigate the history of past
interactions or the potential future events. In order to overcome this, we have cho-
sen statecharts as a formal but as well graphical specification technique. Statecharts
provide an alternative view on the test specification fragments and facilitate their
understanding. This choice has essential impact on our specification approach be-
cause, on the one hand, it affects the semantics of the VR interactions and, on the
other hand, it defines the maximum expressive power of the resulting specifications.

In the next section, we give a detailed overview about the Virtual Periphery and
some possible enhancements. The representation of the test specification fragments
as statecharts is described in section 3. Section 4 refers to the integration of the
generated statechart specifications with RT Tester. In section 5, we discuss ways to
automatically generate the Virtual Periphery.

IRT Tester has been developed by Verified Systems International GmbH
(http://www.verified.de) in cooperation with University of Bremen.
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2 Virtual Periphery

The Virtual Periphery is an incomplete simulation model of the SUT, i. e., it is a
model of the real world that only contains those objects that are relevant for the
SUT’s interface. Additional non-functional geometry enriches the Virtual Periphery
and serves to model the SUT’s environment such that it resembles the real world.
The interface objects consume inputs (e. g., switches, buttons, sensors), yield output
(e. g., signs, loudspeakers) or process input as well as generate output (e. g., touch
screens, buttons with back light). Each interface object can be in a number of
different states, and only specific state changes are possible. For example, a specific
two-state toggle’s states are ON and OFF, and a specific indicator can yield the
states RED, YELLOW and GREEN. Each interface object is associated with specific
attributes which include the interface object’s type. Returning to our previous
example, the fasten-seatbelt signs in an airplane denote a specific type of sign which
has the attributes SEAT ROW and AISLE. Thus, specific objects of the same type can
be identified. Furthermore, similar interface objects can be grouped, e. g., applying
the condition type = "Fasten-Seatbelt Sign" and seat row > 20 and aisle
= left identifies all interface objects of type Fasten-Seatbelt Sign in the left aisle of
an aircraft at seat row 21 or higher.

As interface objects of the same type share geometry, possible states and attributes,
interface object templates can be provided by interface object libraries. General
purpose libraries contain general switches, indicators, etc. while domain specific
interface objects (e. g., the fasten-seatbelt signs) are defined in domain specific li-
braries. The interface object templates and thus the libraries are modelled manually
and are utilised within the Virtual Periphery creation process (see section 5).

The use of our Virtual Periphery exceeds simple simulation. By interacting with
interface objects the user generates test specification fragments. This means that
specific state changes in one input interface object are reflected in state changes of
other output (or input/output) objects. More precisely, the state changes in the
input interfaces are initiated by interactions and are used as stimuli for the SUT.
The expected reaction is represented by the correct output.

Interaction with interface objects takes place by navigating a 3D cursor that looks
like a human hand. By touching an interface object (i. e., more exactly by colliding
the 3D cursor with it), it gets selected for further interactions. Moving or rotating
the 3D cursor generates a basic test specification element.? 'What movement or
rotation is appropriate depends on the type of the selected interface object, but
it should conform to the direct manipulation metaphor. This direct manipulation
changes the interface object’s state and its visual representation. For example, a
toggle switch changes its state according to the rotation direction: the movement of
the 3D cursor’s fingertips chooses which part of the toggle switch is pressed down.
Figure 1 shows a 3D cursor and three-state toggle switches in the cockpit of an
airplane. For an introduction to 3D interaction see [BKLPO1] and for a general
discussion on direct manipulation see [Shn83] and [HHNS6.

2If a conventional mouse is used for interactions, there are two dimensional mouse interactions
that correspond to these three dimensional ones.
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Figure 1: 3D cursor interaction with toggle switch

However, the direct manipulation metaphor is not appropriate for all interface ob-
jects. Consider interface objects that are not targets of tactile interaction in the real
world (e. g., a sign or a sensor). Their state changes are selected using a graphical
3D menu within the Virtual Periphery that is triggered by a 3D metaphor of a mouse
click, i. e., by a short movement of the 3D cursor’s fingertips towards the interface
object. An example of a 3D menu to select the state change of a sensor is given in
Figure 2.

(in] low@CPC1 [PANEL=SensorPanel, TYPE=PRESSURE_SENSOR! -

[in] ok@CPC1 [PANEL=Sensorane =PRESSURE_SENSORj -
m £
[in] normal@CPC1 [PANEL=5ensorfanel, IYPE=PRESSURE_SENSOR! @

[in] high@CPC1 [PANEL=Sensor ane,T?PE:PRESSURE_SENSOR_ ®

[in] max@CPC1 [PANEL=5ensorPanel, TYPE=PRESSURE_SENSOR]

Figure 2: Selection of a sensor’s state change using graphical 3D menu

Besides the central direct manipulation metaphor, we make use of a technique that
integrates naturally within virtual reality: voice commands. While direct manipu-
lation is used for interaction within the Virtual Periphery, speech input is used for
system control and therefore for interaction with the Virtual Periphery itself.

In order to realize different semantics of direct manipulation interaction, the Virtual
Periphery must provide different interaction modes. For example, a causality mode
would enable specification fragments like



if switch SW changes to state ON, then sign SI will be LIGHTED,
and a parallel mode would enable
all signs SI; ... SI, change to state LIGHTED in arbitrary order

Note that speech based system control is superior to graphical system control be-
cause it does not interrupt the interaction within the Virtual Periphery. Simple
navigation is also controlled by speech: predefined viewpoints can be activated such
that the viewer® is immediately transported to the corresponding location within
the virtual world.

Another feature supported by speech input is the selection of interface objects: in
order to use several similar interface objects within a specification fragment, one
selects them before interacting with one of them that then acts as a placeholder for
all these objects.

While speech selection provides selection of currently visible interface objects, alter-
natives are mouse based selection on the one hand and attribute based selection on
the other hand.

Figure 3: Reference gesture (left) and time gesture (right)

In order to switch specific interaction modes, gestures can be used. For example, the
so-called reference gesture is a rotation of the 3D cursor so that it looks like an open
hand, palm up. In combination with a subsequent direct manipulation interaction as
described above, it references the complete interface object and defines the current
specification context. The so-called time gesture will switch the specification mode
so that further interactions are time dependant. Thereby, the 3D cursor which is
equipped with a watch is rotated as if the user is taking a look on it. Both gestures
are shown in figure 3.

3That is the person interacting with the Virtual Periphery.



3 Incremental Development of Statecharts by
Interaction

Behaviour Template With each interface object a pre-defined behaviour tem-
plate is associated: a statechart consisting of its possible states and appropriate
transitions. The behaviour template of an interface object is created manually based
on its interface and stored as an additional attribute of its template in the inter-
face object library (see section 2). Note that the states in the behaviour template
correspond to the informally described states of the interface object. Additionally,
the behaviour template contains transitions between the states based on the inter-
face description of the interface object. Considering a simple two-state switch as an
example, the corresponding statechart contains two states ON and OFF. The state
changes would be switching from ON to OFF and vice versa, therefore the statechart
contains two transitions triggered by the events SWITCH.OFF and SWITCH.ON, re-
spectively. Figure 4a shows the behaviour template of the two-state switch.

Switch.on Lamp.light

Switch.off Lamp.dark

(a) Switch tenplate (b) Lanp tenplate

/.

[in(dark)] ~Jdark_checked <light_not_yet <Jlight_pending
dark_pending | dark_not_yet | light_checked | -
[in(light)]

(c) Lanp checker tenplate

Figure 4: Behaviour template of switch and lamp

Additionally, the behaviour template can contain a checker component that is typ-
ically needed for our test purposes. As an example, consider a simple lamp or sign
that provides outputs to the SUT’s environment: while on the one hand the real
lamp is in one of its states DARK or LIGHT (see figure 4b), we want to check if its
state changes occur appropriately depending on certain events or conditions within
the SUT. While these events and conditions are subject to the specification process,
the checker component generally distinguishes valid and pending situations. Fig-
ure 4 shows the behaviour template of a lamp consisting of a statechart for the real
lamp and the checker statechart. The latter is denoted in figure 4c and contains
different states: The states DARK_CHECKED and LIGHT_CHECKED represent the cor-
rect (and checked) states and thus correspond conceptually to the states DARK and
LIGHT in figure 4b. The states DARK_PENDING and LIGHT_PENDING represent the



situation when the event (or condition) to change the state has already occured but
the correct reaction of the SUT has not been checked yet. Finally, DARK_NOT_YET
and LIGHT_NOT_YET denote that after the occurence of the change event the SUT
is not expected to react yet.

Interaction Scenario Let us now consider the interaction scenario for the follow-
ing requirement:

The lamp must be dark, if the switch is off
and it must be lighted, if the switch is on.

The interface objects are a two-state switch and a lamp whereby the former is
initially in state OFF and the latter is initially DARK. On template base, the ap-
plication specific dependencies between switch, lamp and checker component are
not yet defined. The following steps describe in a step-by-step manner how these
dependencies are introduced to the templates of figure 4 for the concrete application
context. Since only correct behaviour should be specified, the system state has to
be consistent with respect to the current specification context.

1. The process is started by choosing the specification context, i. e., this is the
lamp in the example. Therefore, we navigate to the lamp within the Vir-
tual Periphery by issuing the voice command VIEW LAMP. By applying the
reference gesture and touching the lamp, we reference the lamp’s behaviour
template (i. e., the corresponding statechart).

2. To define the trigger for the state change of the context object, we navigate
to the trigger object, i. e., in this example to the switch, by voice command
VIEW SWITCH. The following manipulation of the switch — a rotation of the 3D
cursor — changes the state of the switch to ON. This state change is represented
by a transition in the switch’s statechart.

3. To define the effect of the trigger on the context object, the current state of
the context object is considered as the source state for a transition. Since
the lamp cannot be manipulated directly, the target state (i. e., the state
LIGHT) has to be selected using a 3D menu. Although the corresponding 3D
menu provides the states LIGHT and DARK (i. e., states defined in the lamp’s
statechart), the checker statechart is affected. The transition with source state
DARK_CHECKED and target state LIGHT_NOT_YET is labelled with the guard
IN(SWITCH.ON).

4. The same steps have to be applied for specifying the second part of our speci-
fication, respectively. Thereby, the transition from state LIGHT to target state
DARK_NOT_YET is labelled with IN(SWITCH.OFF).

In the above specification scenario, the resulting specification fragment is only
causally coherent but does not contain any timing constraints. Moreover, the checker
might stay in state LIGHT _PENDING without detecting any errors. Since the system
specifications usually imply specific requirements to react in a certain time interval,



it is necessary to apply as well the time gesture (see section 2). Thus, before start-
ing the above described specification process, the time gesture is applied to indicate
that the following specification mode is time dependant. The effect of the timed
specification mode is that when the trigger of a state change is defined, additional
transitions and labels are inserted in the checker statechart that check the lower and
upper bounds of the time interval.

In the above example, in order to check the upper bound two transitions are
added — one at state LIGHT_PENDING and the other one at state DARK_PENDING.
The transitions are labelled with a timeout event TM(EN(LIGHT_PENDING),T3) and
TM(EN(DARK_PENDING),Ty), respectively, and a resulting ERROR action.? The
events are triggered T, time units after the last entry to state LIGHT_PENDING or
DARK_PENDING, respectively. The lower bound check of the state change to LIGHT
is realised by the timeout event TM(EN(LIGHT_NOT_YET),T;) in combination with a
new transition between LIGHT_NOT_YET and LIGHT_CHECKED. The latter can only
be taken before T time units elapse and therefore results in an ERROR. action.
The lower bound check of the state change to DARK is specified in a similar way.
The concrete timer values T, cannot be set directly, therefore default values are
used that have to be further adjusted (e. g., by the use of a 3D menu in the Virtual
Periphery). Note that the lower bound check as well as the upper bound check of
the time interval can be omitted.

The resulting statecharts are shown in figure 5. In addition to the above mentioned
statecharts for interface objects, another statechart is generated during the spec-
ification process. While interacting with the Virtual Periphery, the user triggers
certain input interface objects (e. g., a switch) to change state. These user state-
charts cannot be defined as behaviour templates in a library, since their states and
transitions depend entirely on the test specification for the SUT.

Switch.on Lamp.light
Switch.off Lamp.dark
. tm(en(light_pending),t2) / ERROR
(a) Switch ° (b) Lanp ignt p )
in(dark)] ~[dark_checked [in(Switch.on)] ~ [light_not_yet)] tm(en(light not yet) t1) light_pending | _
[in(dark)] / ERROR [in(light)] / ERROR
dark_pending dark_not_yet | light_checked |
tm(en(dark_not_yet),t3) [in(Switch.off)] [in(light)]

tm(en(dark_pending),t4) / ERROR
(c) Lanp checker

Figure 5: Instantiated and extended statecharts

4A more detailed error handling is necessary but is not discussed in this paper.



4 Testing with Statecharts
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Figure 6: Test process overview

An overview about the complete test process is given in figure 6. While, on the one
hand, the statecharts (as discussed in Section 3) are the result of a test specification
session, they are, on the other hand, the input to the test system. We focus in
our work on RT Tester. RT Tester generates and executes tests automatically by
sending inputs to the SUT. The tests are evaluated on the fly based on the given
inputs and the outputs coming from the SUT. See [Pel02] and [PT02] for application
examples and [Pel98] for the theoretical background.

Since the RT Tester tool accepts test specifications as labelled transition systems
(LTS) to allow the use of arbitrary formal test specification languages that can be
translated into an LTS, we have to provide such a translation relation.

This translation depends on the statechart semantics used during the specification
process. Different semantics are available for statecharts: Harel introduced state-
charts in 1987 (see [Har87]) and gave a formal semantics in [HPSS87]. A variant
described in [HN96] has been implemented in the STATEMATE tool®. Statecharts
have as well been integrated in UML (see [Obj]) with a slightly different semantics.
Other semantics have been discussed as well, and a comparision of different state-
chart semantics is given in [vdB94]. As well, different approaches for the translation
of statecharts into LTS have been discussed, see e. g. [US94], [Lev96] and [Joh99].
Most variants are tailored to meet specific needs. We need a semantics that can at
least deal with our timing constraints and which has a step semantics with a greedy
approach. Nevertheless, we are currently investigating the specific needs of our ap-
proach with respect to the statechart semantics. Thus, we can yet neither provide

SSTATEMATE is a commercial tool by i-logix (http://www.ilogix.com) and is actually applied
to industrial projects.
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a complete algorithm for the translation nor a precise semantics for the statecharts
used in our approach.

5 Virtual Periphery Generation and Reuse

One crucial point within our approach is the creation of the Virtual Periphery itself.
Since the manual generation of the Virtual Periphery is a very time consuming and
thus expensive task and moreover highly SUT dependant, it is desirable to minimise
any manual effort to create the Virtual Periphery. Hence, we want to discuss in the
following an approach to support the generation of the Virtual Periphery. Figure 7
gives a first overview.

CAD document e - :
VR specification environment

Virtual
periphgry VR model (interactive):
generation e Virtual Periphery

Parameter
specification

Test
specification
session

Test specification
instantiation

v \

Test specification II

Test

1 execution

v

Figure 7: Virtual Periphery generation and test process

In most application areas, there are static geometry models of the SUT’s environ-
ment and/or the SUT itself. This collection of documents — typically CAD docu-
ments — can be converted straight-forward into an appropriate virtual reality model.

Additionally, some SUTs are equipped with some kind of parameterisation mod-
ule in order to configure system features. Consider the Cabin Intercommunication
Data System that is used within Airbus airplanes. It contains the so-called Cabin
Assignment Module that parameterises for example, how many attendant handsets
are available in the cabin and to which controllers they are connected. A similar
example is the number and mapping of passenger service units® to seat rows and
aisles. Although the parameterisation modules are typically domain specific, once an
evaluation is realised it can be used to generate appropriate variants of the Virtual
Periphery depending on the specific parameter values.

6 A passenger service unit is a collection of signs, keys, lamps, ...above the passenger’s seat.



Typically, only an intermediate format — a non-interactive virtual reality model
— can be derived automatically from the given documents. Hence, the interface
objects have to be inserted or replaced manually by interactive objects in order to
specify the tests as discussed in the previous sections. This process can be supported
by libraries of interface objects which contain for each type of interface object its
geometry as well as the corresponding behaviour template (see sections 2, 3).

CAD document ‘

Interface object

libraries
Enhanced i:_:]eneral + domain specific
‘ VR model T T g
| (non-interactive) | "L __
“ressssssssesssssssses é """""""""""""""""""
'l Interaction
CAD-to-VR N toolkit
{ Decoration
converter { toolkit
+ ‘ __
Parameter A
evaluator :
VR model y VR model (interactive):
(non-interactive) Virtual Periphery

Parameter |
specification

Figure 8: Detailed Virtual Periphery generation

Figure 8 gives a detailed view of the Virtual Periphery generation. It also contains
an optional step via an enhanced non-interactive model. This may be desired if the
Virtual Periphery is supposed to contain decorations like textures, which usually are
not provided within the CAD documents. Enhancing the model is a manual activity
similar to the insertion of interface objects.

While the previously described generation approach itself reuses the CAD docu-
ments and the parameterisation module (i. e., documents generated not specifically
for the purpose of testing), it is as well possible to reuse parts of the test specifica-
tion fragments based on concrete parameter values. Considering, for example, the
reading lights in an airplane, all reading lights can be switched on or off by a central
button (using the selection mechanism described in Section 2 to select all reading
lights). Additionally, each reading light can be switched on or off by a toggle switch
above the passenger seat. Nevertheless, it is neither desirable to specifiy this speci-
fication part for each reading light separately nor should it be necessary to specify
the behaviour of all reading lights once again, if the parameter value denoting the
number of reading lights has changed. In contrast, a test specification template
could be used which is instantiated with a concrete set of parameter values before
testing (i. e., more precisley before generating the LTS). This approach is visualised
in the lower left part of Figure 7 focussing on the test specification instantiation
based on the generic test specification template and the concrete parameter values
defined in the parameterisation module.



6 Conclusion

This article proposed an approach to facilitate the creation of formal test specifi-
cations providing interactive virtual reality components. The approach addresses
domain experts who are not familiar with formal specification languages and allows
them to create basic test specifications quickly and intuitively. Nevertheless, the
person interacting with the Virtual Periphery should have a precise understanding
of concepts like parallelism and the sequencing of events.

Thus we expect the benefit of our approach to be:

Simple specifications Simple specifications can be developed without applying
elaborate concepts and thus without a detailed understanding of the underly-
ing concepts of the formal specification language.

Team development Within a test team, domain experts and test experts can
cooperate to extend the simple specifications.

Introduction to formal specification languages Additionally, our approach can
be used to become familiar with formal specification languages in an intuitive
way and thus to gain necessary expertise in it. Eventually, the expert will then
even prefer to define the test specifications using directly the formal specifica-
tion language.

The Virtual Periphery described in this article is partially implemented using Java3D
which is an API for the general purpose, object oriented programming language Java.
It is proved to be superior to VRML which we used during earlier efforts (see [BF99],
[PBFE99]), because Java3D allows more flexible modelling. For further information
concerning Java, Java3D and VRML see [GJS97], [Jav00] and [VRM97].

One main design guideline during the implementation is the use of conventional
personal computers without extraordinary input or output devices. Hence, all in-
teraction must be possible by mouse, keyboard and low cost microphone. Our 3D
cursor is carefully designed to be used with the mouse to allow movements and rota-
tions to be gained from two-dimensional mouse movements combined with so-called
modifier keys (e. g., pressing of mouse buttons). Furthermore, the output has to
be appropriate for conventional monitor screens and stereo pairs of speakers. Note
that this is the reason why no haptical output like force feedback is available with
the Virtual Periphery.

Nevertheless, it is possible to enhance the virtual reality feeling with special equip-
ment. There is no inherent restriction of our 3D cursor to be used with the mouse,
so that alternatively a data glove could be used. For visual output, a head mounted
display as well as stereoscopic viewing solutions can be applied. As virtual reality
audio enhancement, dolby surround or similar techniques are available. To gain an
overview about virtual reality equipment refer for example to [MG96].

Future work will include the definition of a formal statecharts semantics and a cor-
responding translation to LTS that can be used by the RT Tester tool. Since the



formal language is exchangeable as far as there is an appropriate LTS representa-
tion, further evaluation of appropriate formal specification languages is planned. In
particular, we will consider hybrid automata (see [Hen96]) that enable modelling
of continuous behaviour and are in this respect more expressive than statecharts.
However, the chosen language has essential impact on the interaction’s semantics
within the virtual reality.

Another point that is subject to further research concerns the test evaluation that
is so far based on the generated test specification. A way to map an event from the
test log of a test run to the corresponding Virtual Periphery representation would
be valueable in order to interpret errors and warnings or even to find inconsistencies
within the test specification itself. Since the test execution is based on labelled
transition systems, this is not a trivial task. Even the mapping to the corresponding
part of the statechart is non-trivial.

Finally note that although we focus on developing test specifications, our approach
is not restricted to this kind of specifications but can be expanded to more general
specifications.
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