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Model-based testing withy and TORX *

A case study of the ASML laser subsystem

Niels Braspenning, Asia van de Mortel-Fronczak, Koos Rooda

Within the TANGRAM project, a case study on model-based testing of the ASML
laser subsystem has been performed. The approach used in the case study
is based on the proposed model-based testing framework, instantiated with
state-of-the-art tooling from the TANGRAM project partners: y as specification
language and ToRX as test tool. A y specification model of the laser state
behavior and communication interface has been developed. After verification
and validation, the model has been used for automatic model-based testing
with TORX. Using this approach, discrepancies between the implementation
and specification of the laser subsystem have been found.

One research topic of ANGRAM is model-based e An informal specificatiorof the correct behav-
testing (MBT in short), that has already been a topic ior of the system under test expressed in a nat-
of the XooTIiC MAGAZINE [1]. In model-based ural language (documentation) and present in
testing, the behavior specification of a system un- the minds of the designers (mental model).
der test is given by a formal model, which is a pre-s A (formal) specification modelif the correct be-
cise, complete, consistent, and unambiguous basishavior of the system under test expressed in an
for testing. Using formal specifications for test- unambiguous specification language.
ing enables automatic processing by means of toolg. A formal test modebf the correct behavior of
Using a test derivation algorithm implemented in a the system under test expressed in a test formal-
test tool, test cases are automatically derived from jsm that is suitable input for the test tool. Note
the specification model and executed on the system. that the specification model and the test model
One of the ANGRAM case studies concerns model- can be (but are not necessarily) the same.
based testing of the ASML laser subsystem using A test toolthat is able to automatically derive
the specification languageand the test tool BrRX. tests from the test model, to execute these tests
The objectives of this case study are to show the ap- on the system under test, and to compare the test
plicability of automated model-based testing using results with the test model behavior.
TorX within ASML, to show thaty models canbe o A test environmenthat provides access to the
used for model-based testing, and to investigate the jnterfaces of the system under test and enables
limitations and shortcomings of the approach used. stimulation and observation of these interfaces.
e A system under test (SUTyhich is the actual
implementation that is tested together with the

MBT framework required context that is needed for testing.

The proposed MBT framework is shown in Figure 1
and consists of the following elements:

1This work has been carried out as part of thRes&RAM project under the responsibility of the Embedded Systems Institute.
This project is partially supported by the Netherlands Ministry of Econonffairs under grant TSIT2026.
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Figure 1: Model-based testing (MBT) framework
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Tooling malisms that are currently supported bgpAX are
LoTtosand TROJKA, the latter one being a slightly

When testing is to be performed automaticalldapted version of ROMELA [4]. The test domain

some form of too"ng is required. Looking at th@f TORX is Currently limited to the discrete-event
MBT framework from Figure 1, the following tool-domain, however extensions towards the data, time,

ing is needed: and hybrid test domain are investigated within the
TANGRAM project and other projects.

* A specification language and test formalism iRs it is a specific goal of the laser case study to in-
which the correct system behavior and the r@estigate whethex can be used for model-based
quired test aspects can be expressed. The {gsting,y is chosen as specification language. How-
formalism must be suitable input for the tesdyer,  cannot be used as a test formalism, as it is
tool. not a suitable input format for GRX. Because of

e A test tool that is able to automatically derivehis, and the fact that a direct connection between
tests from the test model using a test derivatighand TorX is considered as a future development,
algorithm and that is also able to automaticallyne of the supported test formalisms adAX has
execute the derived tests on the SUT and coma-be selected to which the specification will be
pare the test results with the test model behaviganslated. Because of the resembling structures

¢ A test environment that connects the test tool &t y and FROMELA and the existing experience in
the SUT and enables stimulation and obsenisanslatingy to PROMELA, TROJKA is chosen as
tion of interfaces of the SUT. test formalism for the laser case study. The usage of

PROMELA also allows verification of certain prop-

Looking at the ANGRAM project partners, gooderties of the model with the model checkeriS.
candidate tools for model-based testing wouldbe

[2] and TorX [3]. Within the Systems Engineer- __ Table 1: Properties of, PROMELA, TROJKA

ing Group at the Eindhoven University of Technol- LL2nguageproperty | x [ PROMELA | TROJKA |
there is a lot of experience on the modeling—waton v v v (closed)
ogy, ] p' - 9{ Verification X VA v/ (closed)
analysis, control, and optimization of manufactur-| Testing X X \/ (open)
ing systems with the specification languagefor Modeling expressivity| () © ©
. . . . . Dat: X X
both discrete-event and hybrid (i.e. including con o y - "
tinuous behavior) systems. Using the high expres-Time v X X
sivity of y for model-based testing will be beneficial f'tobcr?f“cs \\? § §
in the future when the testing domain is extendeq EZsyto modify @) ®) ®)

towards time, data, and hybrid testing, because the
current test formalisms are not expressive enoughe three specification languages mentioned above,
(discrete-event only) for specifying these other ag; PROMELA, and TROJKA, are compared to each
pects. other according to certain properties in Table 1.

The test tool DRX, developed at the Formal Meth+or the test environment, the current developments
ods and Tools research group at the University within TANGRAM on test infrastructure, also ad-
Twente, is able to derive and execute tests on-tltressed in this XOTIC MAGAZINE issue, are used,
fly, based on théoco theory. Several case studiewhich provides easy access to the interfaces of
show successful application of the tool. Test foASML software components.

XOOTIC MAGAZINE



Case: ASML laser subsystem workarounds have to be found for the translation pf
certainy model constructs. By means of simula

For each exposure of an area (e.g. one chip) oian with SPIN, the lROMELA model is verified and

silicon wafer in a wafer scanner a beam of lasg@lidated against the informal specification and the

light is needed, that is provided by the laser suBimulation results of thg model. Besides that, sev
system. The laser subsystem is manufactured &l model properties are verified usingiS.

another company than ASML, and has to operatghen there is enough confidence in the model, the

together with the ASML wafer scanner to get gooBRoMELA model is converted into theRDJKA test

exposure results. To this end, a lot of communicarodel, which involves only a few small modificar
tion is used between the scanner and laser, like caions. It is important to mention that now only the

mands, queries and responses, warnings and errgser part is converted, because testing is done
control data, timing and synchronization triggers. ing a system specificatiomithoutenvironment (i.e.

One condition of the case study is that only fun@nopensystem). Finally, when @rX is connected

tional, untimed behavior is considered, so onfp the TROJKA test model on one side and to the

the communication concerning commands, querié@st environment that accesses the RS232 serial

in-

and responses is taken into account. Although théggface of the laser on the other side, the testing ex-

are multiple (serial and parallel) communication ifPeriments are performed.

terfaces between the wafer scanner and the lageis important to mention that for the first experi-

only the RS232 serial interface is used in the ements, a hardware laser simulator (containing pr
periments, because this interface is easily accessipigmmable electronics and cable connectors for |
through the test environment. actual serial and parallel communication interface

0_
he
s)

Taking these limitations (functional behavior usinig used instead of a real laser due to costs and safety
the serial interface) into account and looking at thesues. This hardware laser simulator is connected

operational sequences in the laser subsystem deycables to an ASML test rack, which is controlled

umentation, the number of serial commands th2it software. The approach of the laser case study,

can be tested is very limited. Many operationahich is an instantiation of the MBT framework
sequences use parallel commands (i.e. commafi@g Figure 1, is visualized in Figure 2.
sent over the parallel communication interface) or
can only be executed in the 'expose’ state that re-
quires parallel commands to reach. Therefore, only
the laser state behavior (serial commands startin
with 'LS’) is considered, which limits the testable
functionality to changing the laser state to standby &
and off, and to query the current state only. Never, S (7

@,

L ) L
theless, this is still enough to show proof of concept.” ===

Informal

I Specification model Specification model
fecwflcanon

(x) (Promela)

model > translate > i
@r\ly/vahdme <enly/vahdale !
(
O = model

Test environment
D = tooling

Ap p roaCh I:l = ASML Test model

(Trojka, laser only)

Test tool

From the informal specification in the form of doc-
umentation and mental models (revealed by talkilllzg';g
with the ASML people involved), & model of the
laser and an environment of the laser (necessar;Mgde”ng in v
get aclosedsystem) is developed. To gain confi-

ure 2: Case study approach

dence in the model, the model is verified and valFhe \ specification model of the laser subsystem

dated against the informal specification by means@jntains both the environment side and the laser

simulation. side of the (serial and parallel) communication in

Subsequently, they model is translated intoterface. They model, depicted in Figure 3, contain
PROMELA. Because ROMELA has several limi- the following processes, which are interconnect
tations concerning the modeling expressivityyof by channels:

December 2005
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e TheenvironmeniEnv closes the system and cafhnumbered '00’ and '03’, respectively). The 'trans’,
be configured (using an external configuratiderror’, and 'query’ states are intermediate states be-
file) to generate specific command sequendegeen different LS (laser state) commands. Note
for behavior validation, for example the operahat a state transition command to the current state
tional sequences of the wafer scanner (as fourgbults in a 'bad context’ error (??=02").
in documentation).

e Thel/O interfacel O interfaces with the envi- L5=00' LS?!
ronment and passes through commands and re-
sponses to and froinC andLS.

e The laser communicatior.C process handles
the commands from the environment (passed
through byl O), performs the necessary actions
(e.g. a state change), and creates the responses
corresponding to the configuration that is loaded
from an external file.

e The laser statelL S process keeps track of the
current laser state, in case the environment
queries the current state.

Figure 4: Laser behavior to be tested

The verification and validation of thg model is
performed by means of simulation. Several in-
teresting scanner command sequences (e.g. op-
erational sequences from documentation and bad
weather (exceptional) behavior) are generated in
proces€nv and the model is simulated. The simu-
lation results show the same behavior as in the doc-
umentation and also the error handling functionality
Figure 3: Processes and channels ofgtmaodel behaves as expected.

]

, , : . Translation to PROMELA
Theyx model isconfigurablen a sense that the envi-

ronment command sequences and the laser be@é’causex is not a suitable input for @RX,

ior can be changed easily in external files withoyie  specification model has been translated to
changing and recompilation of the model itself. promeLA by hand, which is a laborious and error-
This easy changing of behavior already showed Bgone task. For most of the constructs, a trans-
advantage when it became clear that a certain laggfon scheme fromy to PROMELA, developed in
type was not available in the laser simulator and agpe TIPS/ project [5], can be used. However,
other laser type had to be specified. Furthermokgme specifioy constructs cannot be directly trans-
the model containgrror handling of ‘unknown’ |ated, for example lists, sets, (repetitive) selective
commands (commands not understood by the lasghjiting, and functions (e.g. thei ck function to

and 'bad context’ commands (known commandg|ect one element from a set). For these cases,
that are not allowed in a certain state). workarounds have been found and applied. As
Figure 4 shows the behavior of the laser model thée translation is done manually according to some
is to be tested by ®rRX. In this figure, the nodestranslation scheme, it is certainly not guaranteed
depict the states of the model and the edges deat the translation is correct. Nevertheless, the
pict both commands/input (solid) and results/outprgsulting RROMELA model resembles thg model
(dashed). The central states at the top and bottasimuch as possible, which means that each state-
denote the actual laser states 'off’ and 'standbgientiny is translated into oneFOMELA statement

XOOTIC MAGAZINE



or into one block of ROMELA statements that isConversion to TROJKA

preferably considered as one internal action (by us- - o _ )
ing theat omi ¢ andd_st ep operators). The re- With verification and validation, the confidence i

sulting PROMELA code is certainly not optimal ang® Model grows. When there is enough confidence

not the most efficient, which is due to the translatidR the model, itis used for model-based testing. To
from . this end, the ROMELA model needs to be slightl

Modeling the laser subsystem irREMELA right modified, which results in a HoJKA model that is
suitable input for DRX. First of all, the TRoOJKA

away would probably result in a more elegant ) . .

S . . model is aropensystem, i.e. it does not contain th
model, so in this case the benefits of usipngnay Env or from Fiaure 3. Another difference |
not be really clear. However, one of the objective process 1ro gure °. othe erence Is

of this case study was to investigate the possibili&ﬁalt In a TROJKA model the channels that aob-

of usingy for MBT, and in this case the usablefuncs-‘)érvableto the outside world need to be define

. . o . . ._which is done by giving them the special attribute
tionality of x is limited to the functionality that is 4
supported by ROMELA and TORX. So, the expe- OBSERVABLE. Finally, the channel names have t

. . L : .- conform to a certain naming convention to enahle
rience gained in this case study is beneficial Wh?an
t

data, time and hybrid aspects are to be include ? Comﬁcntontdnaf);rf me system under tes
which are supported ig, but not in RROMELA. oug e.es environment. _
Corresponding to Table 1 that shows properties |of

Table 2: Model properties of, PROMELA, and Troska the specification languages PROMELA, and TRo-
Model property [ [ PrRoMELA | TROJKA | JKA, a similar overview of laser model specifi

X

Environment process Env|  ,/ N X properties is given in Table 2.

Laser processes IO/LC/LS ~ / v Vi

Serial interface NV v NV

Parallel interface v v X i i

Enor handing Y Y - Testing with TORX

Configurable behavior © ® ® e .

Zines for model 350 530 320 Now that the specification side of the MBT frame-

Time to build 3weeks| +3weeks | +1week | WOrk (all elements on the left of the test tool i

Figure 1) has been set up, the test tool has to|be

Verification and validation with SPIN connected to the SUT. For the translation of the ab-

stract commands from theRDJKA test model into
Just like thexy model, the translated FOMELA the concrete commands of the SUT and vice versa,
model is also verified and validated by performingn adapter component (implemented NTRON) is
simulation runs, in this case with the model checkesed.

SPIN. Again, several operational sequences and lfagt each observable channel in the test model, a
weather command sequences are generated inpheHoN adapter function has been created that
environment and the results are as expected.  handles the connection to the SUT, which involves
An advantage of having a specification model tianslation from abstract commands into real co
PROMELA, is that $IN can be used to verify cer-mands, wrapping of specific command data (e.g{ a
tain model properties. Several generic propertitedt justified string of 128 characters). The other
like deadlock freenesmdno unreachable statege way around, also the real replies received from the
successfully verified. Besides that, also some s&JT have to be unwrapped and translated back into
cific properties of translated constructs and of thethe abstract replies as specified in the test model
laser behavior are verified and found to be correct,
for example that: System under test: laser simulator
* the FPOM,ELA translation of they function As already mentioned, a hardware laser simulator is
pi ck (which takes an element from a set) a‘l]sed as system under test instead of the real laser
ways retur.ns one set elgrpent; due to safety and costs issues. This laser simula-
e only certain state transition sequences are gl; is connected to a software controlled test rack
lowed; and is developed by ASML to be able to test the
e only certain replies are allowed to a commanduafer scanner software and electronics in the test

December 2005



rack without a real laser connected to it. This save=plies with the current laser state instead ((LS=03’
a lot of expensive cleanroom time and is less dan-this case). The ®RX message sequence chart in
gerous. As the ASML wafer scanners are shipp&tjure 5 shows the commands and replies leading
to customers with different laser types, also the lagerthis discrepancy. Because the signs '=" and '?’
simulator can be configured for several (but unfoare not allowed in ROMELA, they are replaced by
tunately not all, as we experienced) laser types. ’eq’ and 'QM’, respectively.

With a configured laser simulator, connected by cBesides discrepancies in the implementation, also
bles to the ASML test rack where the softwarspme errors and inconsistencies in the specification
electronics, and the test environment are up and rgiecuments are found. Due to the general explana-
ning, the whole test setup as shown in the right baien in words, these specifications are incomplete,
tom part of Figure 2 (consisting of theRDJKA test they can be interpreted in different ways, and some-
model, the DRX test tool, the test environmenttimes they are even conflicting. Especially the spec-
and the laser simulator as SUT) is prepared for @feation of bad weather behavior (if it is specified

perimenting. at all) is not clear. For example, a lot of (opera-
tional) command sequences are specified separately,
[ | =] i) | but nothing is explicitly stated about the remaining

(e.g. bad weather) command sequences. Even if it
is possible, it is very hard to extract this informa-
tion from the informal specification. When making

TDRV__DGXT ! call ! laser ! LS_eq 00

TDRV__DGX[!result!laser cmd!LS_eq 00

TRV POXRL L | temergna fne o a specification model, the specification language ex-
TORV_Daxgresult llaser_ong!is eq 00 plicitly forces a complete specification of all possi-
TORV_DGXT | call | laser cag | 15 aq 03 ble cases, for example in an if-elseif-else construct.

TDRV__DGX[!result!laser cmd!LS eq 03
TDRV__DGXT ! call ! laser ; ! Ls OM .
% Conclusions
TDRV__DGX[/!result!laser cmd!LS eq 03
TDRV__DGXT ! call ! laser ! LS eq 03 ) .
T With the laser case study, a proof of concept is

TDRV__DGX[!result!laser cmd!LS _eq 03

delivered that automatic model-based testing with
ToRX can be applied within ASML. Furthermore,
it is also shown thaty models can be used for
Figure 5: TorRX has found a discrepancy! model-based testing. In this case themodel is
not directly used for model-based testing, however
the structure of thg model is maintained during the
translation into the ROMELA and TROJKA models.

Developing a formal specification model starting
With the test setup as described above, the laser sfrom an informal specification is a difficult task, es-
ulator has been tested automatically. Serial copecially when a modeler is new to the system. The
mands are selected from ther®JIKA test model information is scattered over different documents,
by TOrRX and sent to the laser simulator. The resan be interpreted in different ways, is incomplete,
sponses from the laser simulator are observed amd in some cases it is conflicting. Moreover, it is
compared with the behavior specified in the modglossible that parts of the informal specification are
During the experiments two major discrepancies beet documented, but stored in the minds of the de-
tween the test model and SUT concerning state Isggners (mental models). Therefore, talking to the
havior have been found. One of these discrepangiemple involved is very important to clear confu-
is discussed in more detail below. sion, to reveal the mental models, and to validate

The specified laser behavior from Figure 4 show8ur specification model.

that a state transition command to the currefbe often heard argument that modeling a system
state (e.g. giving the command 'LS=03’ in théakes a lot of time is not completely true. It is not
'standby (03)’ state) should give a 'bad context’ ethe modeling (i.e. writing the specification down
ror ('??=02’) as reply. However, the laser simulatan some specification language) itself that takes a

Expected: TDRV__DEXT ! result ! laser cmd ! QM eq 02

Experiments and results

XOOTIC MAGAZINE



lot of time, but the development of amambigu- utilize TORX within ASML in a more easy way,
ous specificationThe act of modeling itself forcesthe connection of BRX to the test environment
the modeler to think harder about the system spegihich now is done through the manually developg
fication, which will result in a better understandingdapter component) will also be made more gene

of the system and also in a more complete and lgsssides that, more research is performed on mog
ambiguous specification. based testing, especially regarding theory and to
Concerning the specification model of the laser subg extensions towards the time, data and hyb
system iny, the modeling is done according to thdomain. First experiments show that a timed ve
current way of working within the Systems Engision of TORX is able to derive tests from a timeq
neering Group at the TU/e. The configurability ciutomata specification to test the functionality ar
the model can be considered as a new way of spesmme timing requirements (e.g. response time) o
fying behavior. system under test.

The translation fromy to PROMELA is a very labo-
rious and error prone process that results in a |
of modeling expressivity, readability, and modifia-
bility. Additionally, there is no certainty about the S
correctness of the translation, as it is done by harld] X OOTIC MAGAZINE'Testing’ issue Volume 8,

One question that can be asked is whether it is ben- Number 2, November 2000.

eficial to start modeling withy instead of model- [2] D.A. van Beek, K.L. Man, M.A. Reniers, J.E
ing directly in FROMELA. Currently the used func- Rooda, and R.R.H. Schiffe|ers,8yntax and
tionality of y is limited to what is possible with Consistent Semantics of Hybrid CRlomputer

S
eferences

PROMELA and ToRX, i.e. functional testing of  Science Reports 04-37, Technische Universitei

discrete-event systems. The expressive modeling Eindhoven, November 2004.

power of y is yet untouched and all functional-
ity that is used in they model is maintained in[3] J. Tretmans and E. BrinksmdprX: Automated

PROMELA and TROJKA (but certainly notin an op- ~ model based testingin 1st European Confer-
timal way). So for this case study, it would be rea- ence on Model-Driven Software Engineering
sonable to start modeling inR®MELA right away. December 2003.

However, when the data, time and hybrid test do-
main come into the picture (which will be the cas 41 Gerard J. HolzmanriThe model checker SPIN

in the near future), ROMELA will not suffice any Software Engineering, 23(5):279-295, 1997.

more. Then the project can benefit from using [3] E. Bortnik, N. Ticka, A.J. Wijs, B. Luttik, J.M.
and, therefore, this initial case study is useful and' \an de Mortel-Fronczak, J.C.M. Baeten, W.
valuable for future research. Fokkink, and J.E. RoodaAnalyzing ay model
The approach described in this report enables auto- of a turntable system using§rIN, CADP and
matic testing of the responses of the laser simula- UppaAAL, Journal of Logic and Algebraic Pro-
tor, for both good and bad weather. The initial ex- gramming, 65(2):51-104, November 2005.
periments concerning the laser state behavior tested

limited functionality (because the interface accessi-

bility was limited), however some discrepancies be- Contact Information

tween implementation and specification of the laser

simulator have been found. Niels Braspenning

Future work Technische Universiteit Eindhoven
Department of Mechanical Engineering

A direct connection betweeg and TorX is defi- P.O. Box 513, 5600 MB Eindhoven

nitely required whery specification models are to ~ The Netherlands -
be used for model-based testing. Therefore, the first N.C.w.m.braspenning@tue.nl
steps towards such a connection are being taken. To

December 2005

2d
[iC.
el-
ol-
id
r-
]
nd
fa

D
=

-

B






