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Process Mining Applied to the Test Process of
Wafer Steppers in ASML

A. Rozinat, I.S.M. de Jong, C.W. Glinther, and W.M.P. van Alaist

Abstract— Process mining techniques attempt to extract non- knowledge from event logs. Today many of the activities occu
trivial and useful information from event logs. For example, there  ring in processes are either supported or monitored byrimdtion
are many process mining techniques to automatically discer systems. Consider for example ERP, WFM, CRM, SCM, and
a process model describing the causal dependencies betvveerlw_,DlvI systems to support a wide variety of business processes

activities. Several successful case studies have been nepd in . . .
literature, all demonstrating the applicability of process mining. while recording well-structured and detailed event logswiver,

However, these case studies refer to rather structured admis- also other operational processes or systems can be mahitore
trative processes. In this paper, we investigate the applability of ~ For example, we have applied process mining to complex X-ray
process mining to less structured processes. We report on @ge machines, high-end copiers, web services, careflows initatsp
study where the ProM framework has been applied to the test etc. All of these applications have in common thaere is
processes of ASML (the leading manufacturer of wafer scane 5 notion of a processand thatthe occurrences of activities

in the world). This case study provides many interesting inights. . ) .
On the one hand, process mining is also applicable to the less2® recorded in so-called event logéssuming that we are

structured processes of ASML. On the other hand, the case sty able to log events, a wide range pfocess mining techniques
also shows the need for alternative mining approaches. comes into reach. The basic idea of process mining is to learn

from observed executions of a process and can be used to (1)
discovernew models (e.g., constructing a Petri net that is able to
I. INTRODUCTION reproduce the observed behavior), (2) checkdbeformanceof

ASML is the world's leading manufacturer of chip-making® model by checking whether the modeled behavior matches the

equipment and a key supplier to the chip industry. ASML desig observed behavior, and (8xtendan existing model by projecting

develops, integrates and services advanced systems tucprod'nformation extracted from the logs onto some initial moged.,

semiconductors. In short, it makes the wafer scanners tiratt p SNOW bottlenecks in a process model by analyzing the evet lo
the chips. These wafer scanners are used to manufacture séiijthree types of analysis have in common that they assurae th
conductors (e.g., processors in devices ranging from mobfiXistence of somevent log
phones ad MP3 players to desktop computers). Wafer scannerft@ny pointin time, ASML's wafer scanners record events tha
are complex machines consisting of many building blocks af@n €asily be distributed over the internet. Hence, anytetven
use a photographic process to image nanometric circuierpatt [@kes place during the test process can be recorded easdy. T
onto a silicon wafer, much like a camera prints an image diyailability of these eventlogs and the desire of ASML toiiove
film. Because of competition and fast innovation, the time-t (€ testing process triggered the case study reportedsipéper.
market is very important. There is an ongoing effort to retie Using process discovery, we trled. to answer the questioow‘Ho
line widths on silicon wafer to enhance the performance ef tre the tests actually executed?”, i.e., based on the evesiie
manufactured semi-conductors. Every new generation obmwaftutomatically constructed process models showing theriagle
scanners is balancing on the border of what is technoldgicafnd frequency of test activities. Then, we compared thenféo t
possible. As a result, the testing of manufactured wafenrsers 1d€2lized reference model. Finally, we used process miting
is an important but also time-consuming process. Every maf@SWer the question “Where is the most time spent in the test
scanner is tested in the factory of ASML. When it passes siste Process?”. In this paper, we show that recently developedess
the wafer scanner is disassembled and shipped to the custofi#ing techniques can be used to answer the questions stated
where the system is re-assembled. At the customer’s sige, #POve. This is interesting since, so far, process miningdmig
wafer scanner is tested again. Clearly, testing is a tinmswming °€en applied to rather structured processes (e.g., adrathis
process and takes several weeks at both sites. Since timeR{pC€SSes supported through some information system Hz2j).
market is very important, ASML is involved in an ongoing effo € case study we used oéroM frgmeworl%. ProM is open
to reduce the test period. To assist ASML in these efforts, vi@urceé and uses a plug-able architecture, e.g., develagers
applied process mining techniques to their test procestather add new process mining techniques by adding plug-ins withou
than focusing on fault detection as, e.g., in [15], the st spending any _effqrts on the Ioad!ng and filtering of gvenslog
study is here the test process itself. and the V|s_uaI|zat|on of the resulting models [1]. Versiofi &f

The basic idea oprocess minings to discover, monitor and ProM provides 230 plug-ins. For example, there are more than

improvereal processes (i.e., not assumed processes) by extractimyP!ug-ins to discover process models from event logs.
he remainder of this paper is organized as follows. Sedtion
A. Rozinat, C.W. Ginther, and W.M.P. van der Aalst are whe in- reviews related work both in process mining and the testge®c
formation Systems group, Eindhoven University of TechggloP.O. Box optimization domains. Next, the context of the case study is

513, NL-5600 MB, Eindhoven, The Netherlands (email: amag@tue.nl; . . g . .
¢ w.gunther@tue.ni; w.m.p.v.d.aalst@tue.nl). described in more detail in Section Ill. Section IV presents

I.S.M. de Jong is with ASML, P.O. Box 324, NL-5500 AH, Veldleoy
The Netherlands (email: ivo.de.jong@asml.com). 1ProM can be freely downloaded frohttp://prom.sf.net/



2 IEEE TRANSACTIONS ON SYSTEMS, MAN, AND CYBERNETICS—PART GsPPLICATIONS AND REVIEWS

the results of this study, and concrete improvement actfons study reported in this paper investigates the differenate/den
the ASML test process are proposed in Section V. Section YHe actual, executed test sequences and the planned teshses.
concludes the paper.

Ill. CASE STUDY

Il. RELATED WORK This section introduces the case study where process mining
was applied to the test process of ASML's wafer scanners.
In this section, we first review related work on process nininatter providing some background information (Section Al);
and then review related work on test processes. we describe the test process of a wafer scanner in more detail
Since the mid-nineties several groups have been working pSection 111-B), and then look at the log data recorded dyrin
techniques for process mining [4], [5], [10], [12], [14].9Ri.e., these tests (Section IlI-C). The event logs serve as inpuotio

discovering process models based on observed events. Bn[3]process mining techniques and the results of their anabrs
overview is given of the early work in this domain. The idea t@escribed in Section IV.

apply process mining in the context of workflow processes was
introduced in [5]. In parallel Datta [12] looked at the digeoy of

business process models. Cook et al. investigated sinsisures A. ASML's Wafer Scanners

in the context of software engineering processes [10]. stgdt9] ~ Nowadays, semi-conductors can be found in many appliances
was one of the first to tackle more complicated processes, egjound us. Mobile phones, MP3-players, television sets and
processes Containing dup"cate tasks. desktop Computel‘s contain processors and Computer memOI’y.

Most of the classical approaches have problems dealing with€S€ Semi-conductors are manufactured in twenty-plussste
concurrency. Thea-algorithm [4] is an example of a Simp|ecalle(_j the semi-conductor manufacju_Jrlng process. Imag_[]w 0
technique that takes concurrency as a starting point. Hesehis transistor pattern are placed on a silicon wafer with tylpiice
simple algorithm has problems dealing with complicatedingy Widths of 90 nm and less. This imaging process is repeated up
constructs and noise (like most of the other approachegibedc 0 30 or more times to form a completely functional integdate
in literature). In [14] a more robust but less precise apginos circuit. The imaging of the pattern on a silicon wafer is done
presented. Heuristics [25] or genetic algorithms [13] heeen by @ so-called wafer scanner. The semi-conductor manufagtu
proposed to deal with issues such as noise. process is explained in detail in [11]. -

Process mining can be seen in the broader context of Busines§ Wafer scanner consists of around one thousand building
Process Intelligence (BPI) and Business Activity Monitgri blocks. These_bundlng blo_cks can be_con5|dered a systetseilf;i
(BAM). In [16], [24] a BPI toolset on top of HP’s ProcesstheY can consist of an entire electronics rack, thousantsesf of
Manager is described. The BPI toolset includes a so-cal#l * Code, or a complete lens system. Most of these building black
Process Mining Engine”. In [22] Zur Muehlen describes the4p| Manufactured at suppliers. Together, these building siéekm a
tool which can be used to extract performance metrics frofifanner. After assembly of the building blocks, the wafensers
workflow logs. Similar diagnostics are provided by the ARIG'e calibrated and tested. The calibration and test sequehc
Process Performance Manager (PPM) [20]. It should be not@dvafer scanner ends with a system qualification phase. n thi
that BPI tools typically do not allow for process discoveryda SyStem qualification phase, the system performance in terms
conformance checking, and offer relatively simple perfance of throughput, overlay and imaging performance is measured
analysis tools that depend on a correct a-priori processemod The throughput of a wafer scanner is a measure of the wafer

After providing an overview of process mining ”teratureproductlon speed. The overlay of a wafer scanner is a meas$ure

we discuss related work on the improvement of test process,@gw accurate the different patterns are placed on top of et
Most test process optimization techniques are currenttyded ' €ach next layer. The imaging performance of a wafer saanne
on optimizing the test organization instead of the processgeterm'”es_ _the line width of the structures in thg integtatecuit.
themselves. If the test process is optimized by technobmped The cgpabl_hues of the TWI_NSCAT\'}" XT:1900Gi wafer scanner
optimization techniques, then these techniques are ethbr _used_ in this case study in terms of throughput, overlay and
applicable in a single discipline or still very general. Arample 'Mading p?rformgnce are resp.131 wph, < 6 nm and< 40 nm

of detailed mono-disciplinary optimization techniquestie use L71- Moore’s law? is forcing companies like ASML to constantly

of test coverage measures [21] for software testing. Thetsled innovate and build machines that can handle silicon wafétls w
smaller line widths. This requires a continuous balancevéen

measures are used to determine the coverage of a set of$est ¢ . ) L .
on the system under test. These methods are applied for Sr,qgﬁformance (smaller line widths) and reliability (seroiductors

software systems where high quality levels are importadtdm &t can be produced without failures).
not scale very well for large software systems.
More general test process optimization techniques appky ri B. The Test Process

based test sequencing [6], [18] in combination with a cers#dp  The whole test process consists of three phases: (1) theaali
criterion such that the test cases which cover the highekt riion phase, (2) the test phase (the actual testing), and¢3jrtal
(high level test cases) are executed first. The disadvamtaties  qualification phase. The whole process takes several widhan
approach is that these high level test cases are often ilusiv& finished, the wafer scanner is partly taken apart and shipped
about the root cause of a failure. A lengthy diagnosis action

is required when these test cases fail. A sequencing aigorit Moore (founder of Intel), commenting on the growth of the roéec-

; o ; ; ; ; ) :« tronics industry in 1964, noted a doubling of the number efirants on a
which optimizes a test phase including diagnosis and fixoastis produced chip once every 12 months. For a decade that me dactor

described in [9], [8], whe_reas the system test mOd_el_WhimEj of approximately 1000. Today, when Moore’s Law is quotee, ttme constant
models a test problem independent of the discipline. The cagpically quoted is 18 months.
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1596, 31-01- 2006 17: 33: 13, 31- 01- 2006 17: 33:39, POLA  (a) Fragment of the original log <Processinstance i d="1596" description="Test instance 1596">

1596, 31-01- 2006 17: 33: 50, 31-01- 2006 17:34:46, 0SW.  data. Each line corresponds to <Audi tTrai | Entry>

1596, 31-01- 2006 17:34:48, 31-01- 2006 17: 35:10, OSSP . i <Wr kf | owhbdel El ement >CSWL</ Vior kf | owvbdel El ement >
1596, 31- 01- 2006 17: 36: 18, 31- 01- 2006 17: 36: 49, AHZI a test execution with start and LRI EOBUTEL

1506, 31-01- 2006 17: 42: 18, 31-01- 2006 17 43: 25, psna  €nd time e
1596, 31-01-2006 17:43: 39, 31-01-2006 17: 44:56, A2l / < Audi t Trai | Entry>

1596, 31- 01- 2006 17: 44: 57, 31- 01- 2006 17: 59: 10, SVEI <Audi tTrai | Entry>

1596, 01- 02- 2006 07: 15: 37, 01- 02- 2006 07: 33: 25, SVEI ) <Wor kf | owbdel El ement >0SWL</ Wor kf | owvbdel El ement >
1596, 01- 02- 2006 07: 35: 00, 01- 02- 2006 07: 53: 24, SCEl (b) Log fragment in MXML D TR

s :35: 00, :153: 24, " . <Ti mest anp>2006- 01- 31 4 +01: 00</ Ti mest anp>
1596, 01- 02- 2006 07: 53: 25, 01- 02- 2006 07: 54: 58, YHLH format. A separate audit trail N, | <" gi nat or >unknown</ Ori gi nat or >

1596, 01- 02- 2006 07: 54: 59, 01- 02- 2006 07: 57: 41, AHH) entry is created for the start </ Audi t Trai | Entry>
1596, 01- 02- 2006 07: 57: 42, 01- 02- 2006 08: 04: 40, AHCA and the end of each test

</ Process| nst ance>

Fig. 1. Converting the log into the MXML format

customer. A part of the calibration and test phase is refeate This test queue can also contain part of the recovery ang retr
the customer site, after re-assembling the wafer scanner. sequence for certain failing test cases. The recovery oy tests
Why is this test process so important for ASMABML are executed depending on the outcome of a test in the queue.
operates in a market where the time-to-market of systemreeha An example fragment of the test log of one of the wafer
ments and the time-to-market of new system types is criticalcanners is depicted in Figure 1(a). Each line correspoads t
Wafer scanners are continuously enhanced. As a resultutme nthe execution of one test. The number at the beginning of the
ber of manufactured wafer scanners of a single type is tilpicaline identifies the machine (i.e., the wafer scanner) thatssed.
less than 50. And with each new type, parts of the calibradimh Afterwards the start time, the completion time, and thedetter
test phase are adjusted. On average five different systesa tyie code for the executed test are recorded.
manufactured in parallel. The short time-to-market, thestant To analyze the log data with ProM we had to convert them into
innovation, and the high value of wafer scanners make tgstithe MXML* format. This was realized by a custom-built converter
very important. Spending too much time on testing will resal  plug-in for the ProMimport frameworR. ProMimport facilitates
high inventory costs and lost sales. However, inadequats véll log transformation tasks and provides converter plug-ms &
result in systems which are malfunctioning. wide variety of systems to the XML format used by ProM [17].
Sets of calibration and test actions are grouped into deetalln the MXML format, a log is composed of process instances
job steps These job steps are executed according to a certdire., cases) and within each instance there are auditendiles
sequence. Only large changes in the system design result(iia., events) with various attributes. These attributeferr to,
changes in the job step sequence, so the job step sequenbe cdor example, data fields, timestamps, or transactionarinéion
considered a fixed sequence across different systems. Thal adi.e., whether the activity was scheduled, started, or detag).
execution of tests results in failing test cases, which esult Depending on the kind of information that is in the log, we rbay
in a lengthy re-test of parts of the sequence depending on #ide to answer different questions about the process. € i)
failure at hand. For ASML, the goal is to minimize the waitingdepicts the MXML log fragment for the highlighted test from
time for a hardware fix (idle time) and to reduce the re-exeout Figure 1(a). One can see that the start and the completion of
of parts of the job-step sequence. This goal could be easly nthe test are captured by separate audit trail entries ¢intu
by testing all components and building blocks thoroughljol® the corresponding timestamps), and that the enclosingepsoc
and during system assembly. However, the increase in tiest efinstance (i.e., the case) corresponds to the tested machine
would result in an increase of the total test duration andefioee Note that the logging takes place on the test-code level, and
an increase in time-to-market. This is the main reason #wing that there is no reference to the job step in which’s context
everything thoroughly beforehand is not considered a moluso the test is performed. However, in addition to the log datd an
the main goal is a reduction of the duration of the test proeesl the job step reference sequence, ASML also provided us with
not cutting costs. The work presented in this paper attergptsan additional document specifying which test codes shoeld b
shorten the test process by applying process mining tegbsitp executed in which job step. In this mapping, there are a numbe
the existing test processes, i.e., we analyze the testggdmsed of tests that appear in more than one job step (i.e., are &akcu
on historical data to find bottlenecks and ideas for impromem in different phases of the test process).

C. Log Data and Conversion IV. PROCESSMINING RESULTS

Each wafer scanner in the ASML factory produces a log of In the following, we provide a summary of the results from
the software tests which are executed. The manual assemdly analyzing the test process execution logs. (More detaiitab
calibration actions are not logged and appear as idle timbisn the specific process mining techniques and used ProM phug-in
log. The wafer scanner is calibrated and tested using esiior can be found in our technical report [23].) In Section V, thes
and performance software, indicated in the logging as a- fouesults are then evaluated from an ASML perspective andretenc
letter code. The logging contains the start and stop momgntigprovement actions are proposed.
each test. The idle time, i.e., the time between stop of teeipus I most domains, we usually see a large number of relatively
test and the start of the next test, is not specified in defais  short log traces, i.e., many process instances with justwa fe
idle time has a number of causes, ranging from inexperienc@¥ents. For example, when looking at processes relatedtienpa
operators reading the procedures, the end of the automesed flows, insurance claims, traffic fines, etc., then there goedyly
que.u.e during the night to diagnosing a problem, or waiting fo SNote that both the actual machine numbers and the four-lettt codes
additional parts. Some parts of the test sequence are execyl, e peen anonymized for confidentiality reasons.
in an automated fashion. The operator starts a test queuhwhi 4The XML schema definition is available http://www.processmining.org/
contains a set of test cases which are executed in a sequenc®roMimport can be freely downloaded froimtp://promimport.sf.net/
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thousands of cases each containing less than 50 events. Whefore we can extract this information from the log, we ageiad
we examine the log, it becomes clear that this test process ba apply filtering mechanisms to the initial event log. Fig@
very different characteristics, since there are just a fages (i.e., visualizes how the example log fragment is transformed from
machines) but for each machine there may be thousands of tegresenting test durations to idle times after these.tasta first
events. In the initial data set we faced process instancas thtep, we replace each ‘complete’ event and its succeediag’‘s
contained more than 50000 log events (each indicatingreitiee event by a ‘start’ and ‘complete’ event marking the traositi
start or the completion of a specific test). As mentionedeathe between those testsThen, we abstract from the test that was
test process of a wafer scanner lasts for several weeks padlig executed afterwards. This is the log that was used as input to
repeated after the machine has been re-assembled at theneust calculate the values in Table I. Nevertheless, it can alsoseéul
thus explaining the huge number of events per machine. Frontoaanalyze the log on level 1 (i.e., directly after the apgiicn
larger set of machines we selected 24 machines that fulfiiled of the inversion filter) as the succeeding test code can geovi
criteria: (1) the test process needed to be completed, (B) oinsight into the nature of the idle time.

include the test period on the ASML (and not the customee) sit

(3) belong to the same family (recall that typically not ménan e imes S e Aine e
50 wafer scanners of the same type are produced), and (4enot™
a pilot system (as a pilot system is used for developmenintest > oSN osWL  osse  oswe  min mi oo

o age A o Remap followed followed followed followed followed lo\lowed 00H0vyed
and not for manufacturing qualification). These 24 casegcise deime  idetne  ideume  detne ideine idetne  ide ime
154966 log events in total, and the number of log events pe
process instance (i.e., the length of the executed testeaeqy 0SSP ﬁé?é; oAtz Eiil"z" e [;?S%LA s

. . inversion start complete start complete start complete start
ranges from 2820 until 16250. Finally, we can see that theze a
720 different audit trail entries in the log, which corresds to  ° e ’ — — —

. . oswL OSwWL 0SSP 0OSsP AHZI AHZI DSNA DSNA

360 different four-letter test codes as each test is cagtoyeboth  Testdurations R/_mj' R/_mj' R/_”j‘ sert - complete
a ‘start’ and ‘complete’ event. osw osep i bSkA

test duration test duration test duration test duration

Furthermore, we are interested in analyzing the job steps, i
the test phases that can be associated to the referencensequeig. 2.  An inversion filter allows to analyze the idle timestad of the
To be able to analyze the log on the job-step level, we firgttual test durations. Then we abstract from the succeedstg
have to apply certaifiltering techniques. Recall that there is no
information about job steps recorded in the log, but that ea=h  We have seen that using log inspection and filtering tools we
obtained a document specifying which tests need to be esgcucan already answer questions about general log charaictgris
for each job step. In this mapping, there are 184 out of the 380ch as simple frequency measures, the distribution oftewer
detected test codes associated to a job step. This meank7thattime, throughput times, and basic statistics about tesatins
of the four-letter codes cannot be connected to a specifistigp and idle times. As stated in Section IlI-B, the second goal
(in the remainder of this paper we call them “unmapped” chdegor ASML—next to the minimization of idle times in the test
They mainly correspond to additional (more specific) tebt t process—is to reduce the re-execution of parts of the jep-st
are executed as part of the diagnosis process after a fatire sequence. We, therefore, want to apply now proadissovery
the same time, there are 49 out of the 184 mapped test cotlshniques to gain insight into the actual flow of the testpss
that are associated to more than one job step, i.e., they atcuto find out where re-executions were often necessary.
different phases of the test process (in the remainder Wéheah Process discovery algorithms automatically constructoagss
“multiple” codes). The rest of the four-letter codes (iE35 test model based on the behavior that was observed in the event log
codes) can be unambiguously mapped onto a specific job steplowever, the nature of our test log poses some challengetheOn
As a next step, we want to make use of ti@estampsin  one hand, there are only a few process instances availabiehw
the log. For example, we can easily add up the times betwesinthe same time are very long, and contain logged tests that a
the start and the completion of a specific test to see how muekecuted in different phases of the test process (i.e.,tijpheil
it contributes to the overall test process duration. In coiion codes). On the other hand, we already know that the process is
with filtering, also more complex information can be derivezin  very flexible (as parts of it might need to be redone depending
the log. For example, Table | shows the top 4 idle times théie outcome of the performed tests, resulting in many variat
accumulated after each test for machine 1596, sorted byutine sin the test sequences), while most of the traditional disppv

of all measured values. algorithms described in literature assume that the uniterly
TABLE | process is “structured” (i.e., the number of possible p#ihsugh
IDLE TIMES AFTER TEST EXECUTIONS FOR MACHINEL596. Tor4 sorTeD & PrOCESS is limited or the paths have some regular form).
BY SUM: MOST OF THE IDLE TIME ACCUMULATED AFTER TESTPYWZ’ The Heuristic Miner is one of the algorithms that can deal
with such less structured processes [25]. It tries to atisfram
Test Code| Minimum | Arithm. Mean| Sum | # low-frequent behavior based on certain heuristics to cointie
(in Minutes) | (in Hours) | (in Hours) activities in the process. Figure 3(a) depicts the initiaidel that
';évl\\l/i %7601%3;33 611'131123536 ﬁ?'%g; 1;9 was discovered based on the whole log. The discovered model
IWOW 11166 13.8753 1110027 | '8 is “spaghetti-like”, i.e., it is huge (nodes corresponditogthe
OSHY 0.0166 21286 87.2730 | 41 360 tests) and it is unstructured. Such spaghetti-like fsode

. . . . . . . 6Note that this mechanism only works because we have no eatgng
Detailed information about idle times, such as in Table BSS  tegts in the log. Each test that is started will first be coteplebefore the

sential for ASML to minimize the overall test duration. Hovge, next one is started.
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(a) Discovered Process Model based on log with (b) Discovered Process Model based on log with only ‘complete’
only ‘complete’ events. Contains 360 activities events that occurred in all the 24 cases. Contains 70 activities

Fig. 3. Process models on test-code level discovery usinlylPr

not caused by limitations of the algorithm but by the inhérerconstruction of a wafer scanner, this is not always feasible
complexity of the testing process. Therefore, we subseatjuenMoreover, many different faults can cause a particularfail
applied further filtering techniques to abstract from dertasts Process improvement in this area should start with the most
in the process. This helps to yield smaller models. As an pl@m important failures and feedback loops. The following dcemin

we show the model in Figure 3(b). This model contains onligedback loops—-{) have been observed between job steps in the
70 different activities and reflects the view on almmontests discovered process model: (1)-z (via d) — a, (2) z— (via d)

in the process (i.e., tests that were performed for each ®f th- I, (3) t — a, and (4) v— f.

machines). To be able to compare the discovered model to thén general, this shows that the job steps ‘z’, ‘t’, and ‘v’ goé
existing reference sequence, we also analyzed the propets®& 0 steps which are capable of finding the errors that were missed
job-step level. Due to a lack of space, this model cannot be/sh the previous job steps. Errors detected in these steps ttaisest

in this paper. process to be “rolled back”. Test cases that fail in thesesjeps
should be placed in the lower level job steps as additiorstl te
V. EVALUATION AND |IMPROVEMENT SUGGESTIONS case to test the overall performance. This allows an eaillyréa

To identify concrete improvement suggestions, we evamat@nd an early fix. Process improvement should focus on_t_he;se fo
the presented process mining results from an ASML pers;mctid_om'nam feedback loops for thes_e_systems. M?re s_pe_cyf,l_(thé
First, the dominant feedback loops in the test process wdfst and s_ecor_1d fgedba_\ck loop ‘{'S,'tJOt? step ‘d "Th's Is fulys
analyzed (Section V-A). Feedback loops in the process anelic © determme.lf e|_ther job step ‘&’ or job SteP l needs ‘to be
that a job step fails and a previous job step needs to be Fé(_ecuted to fix this problem. The test cases in job step ‘d tha
done. After the previous job step is re-done, often partshef ¢perform this diagnosis could be useful as a standard testinas
already executed sequence must also be re-executed. ThidRsStep @ and T
taking valuable time. Second, possible root causes for saofme

the idle times are given (Section V-B). B. Idle Times during Test Procedure

) Using idle time for scheduling automatic test actions is ohe
A. Dominant Feedback Loops the possibilities to reduce the overall test duration. lot®e IV
Feedback loops in the mined process indicate that a certaie described how the idle time accumulating after a certain
job step failed and caused that a job step, which was postiiortype of test can be determined using a combination of filterin
earlier in the sequence, needs to be re-executed. Idedillyrefs, techniques. Table | shows the analysis results for one oRthe
fixes, and re-execution of test cases are performed in the joachines. Most of the idle time on this machine accumulatied a
step that failed. Given technological constraints relatedhe executing the tests (1) ‘PYWZ’, (2) ‘DSNA, and (3) ‘IWOW’,



6 IEEE TRANSACTIONS ON SYSTEMS, MAN, AND CYBERNETICS—PART GsPPLICATIONS AND REVIEWS

which are also among the 4 tests that accumulated most of ti¥ W.M.P. van der Aalst, A.J.M.M. Weijters, and L. MarustéNorkflow

idle time for all the 24 machines together.

(1) The ‘PYWZ' test is used to stabilize the wafer scanner;

which takes hours. Therefore, it is started at the beginoinipe

5]

weekend at the end of the ‘zero’ job step. The wafer scanner

enters idle time if stabilization finishes earlier. This easily be
solved by adding the test cases of the next job step to thiségs

(6]

Mining: Discovering Process Models from Event LogEEE Transac-
tions on Knowledge and Data Engineerjnt5(9):1128-1142, 2004.

R. Agrawal, D. Gunopulos, and F. Leymann. Mining Proctésdels
from Workflow Logs. InSixth International Conference on Extending
Database Technologyages 469-483, 1998.

S. Amland. Risk-based testing: Risk analysis fundamlenand metrics
for software testing including a financial application cately. Journal

of Systems Softwaré3(3):287-295, 2000.

For the machine in Table I, at lea8T minutes, and on average [7] ASML. Website ASML NV, Veldhoven, www.asml.com, 2007.

61 hours accumulated aftér executions of this test.
(2) The 'DSNA test ensures the reliability of the wafer herd

(8]

one of the sub-systems in a wafer scanner. This test is eacut

during the available night hours throughout the entire jodps

sequence. Sometimes, the test queue finishes early. Thibecan[®]

resolved by adding additional ‘DSNA' test cases to the te$t s
For the machine in Table I, at lea&b1 minutes, and on average

1.14 hours accumulated aftar9 executions of this test.

[10]

(3) After the execution of the test IWOW’, at least 1 minute,

and on average 13 hours accumulated after 8 executions on e

same machine. The test was executed twice as the last tes¢ bef

the weekend, and once before the Christmas holidays.

VI. CONCLUSION

[12]

(23]

We have demonstrated that current process mining techsique

can already answer many questions, even yield concreteesug 14

]

tions for process improvement also in as complex enviromsnen
as the wafer stepper qualification phase of ASML. However,

due to the rapid technological advancements, the analysidts

presented in this paper are likely to be outdated alreadyhier [15]
next series of wafer steppers than the ones that we analyped.

enable acontinuous improvemertf the test process in ASML,

process analysis should be best carried out in an iteratarmer.

R. Boumen, |.S.M. de Jong, JW.H. Vermunt, J.M. van de teler
Fronczak, and J.E. Rooda. A risk-based stopping criterimn tést
sequencing. Internal Report SE 420460, Eindhoven Uniyersf
Technology, January 2006. Submitted to IEEE TransactionsSys-
tems,Man,and Cybernetics-Part A: Systems and Humans.

R. Boumen, |.S.M. de Jong, JW.H. Vermunt, J.M. van de teler
Fronczak, and J.E. Rooda. Test sequencing in complex nentfa
ing systems. Accepted for IEEE Transactions on Systems,Man,and
Cybernetics-Part A: Systems and HumaR806.

J.E. Cook and A.L. Wolf. Discovering Models of SoftwaReocesses
from Event-Based DataACM Transactions on Software Engineering
and Methodology7(3):215-249, 1998.

Chipworks corporation. Advanced semiconductor maaotufring hand-
book. Technical report, Chipworks corporation, Januaf®0

A. Datta. Automating the Discovery of As-Is Busines®oéass Mod-
els: Probabilistic and Algorithmic Approacheslnformation Systems
Research9(3):275-301, 1998.

A.K. Alves de Medeiros. Genetic Process Mining PhD thesis, De-
partment of Technology Management, Technical Universityd&oven,
2006.

B.F. van Dongen and W.M.P. van der Aalst. Multi-PhasecBss Mining:
Building Instance Graphs. In P. Atzeni, W. Chu, H. Lu, S. Zhand
T.W. Ling, editors,International Conference on Conceptual Modeling
(ER 2004) volume 3288 ofLecture Notes in Computer Sciengmges
362-376. Springer-Verlag, Berlin, 2004.

S.M. El-Shal and A.S. Morris. A fuzzy expert system fault detection
in statistical processcontrol of industrial processe#sEE Transactions
on Systems, Man, and Cybernetics—Payt30(2):281-289, 2000.

] D. Grigori, F. Casati, M. Castellanos, U. Dayal, M. Sayand M.C.

Additional information sources that could be used to improv
the data set are available, but were not used in this casg $tod [17]

example, SAP data is available with (manually entered) jep s
start and stop data, and the start and stop moment of the ¢edir
sequence. More importantly, however, further researcleéeded

to develop process mining techniques that are particutaritable
for analyzing less structured processes like the highlyadyin

(18]

test process of ASML. We found similar logs in other domainﬁg]

such as health-care processes. In these situations, thkings
models are often overly complex and confusing (i.e., “spéifh

like”), which makes them hard to extract useful informatfoom.
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