pro _dr_lr_ WII Van der AaISt Keynote 18th International

Colloquium on Theoretical
www.vdaalst.com @wvdaalst Aspects of Computing

(ICTAC 2021)
www.pads.rwthaachen.de

Concurrency and Objediatt aJ/r

er!
Disentangling the Fabric of Real Operational’ Processes

sl
——

RN AR LSS s

S
CRLLE Ao
=

..:;D

[
Z=
—

v
o
.,

'~
o,
e TN

—eaoas’®.
.ogSe

?&% RWTHAACHEN
UNIVERSITY




Recording and analyzing data about

operational processes Is not new
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Towards a Digital Twin of an

Organization (DTO

Examples: business
process modeling,
discrete event
simulation, etc.

digital
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Towards a Digital Twin of an

Organization (DTO

Process mining is a key
technology to create a
digital shadow. 15 years
ago we were already able
to automatically create
simulation models based
on event data only!

digital
shadow

digital
model
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Towards a Digital Twin of an
Organization (DTO

digital digital
shadow




Towards a Digital Twin of an

Organization (DTO

digital
twin

© Wil van der Aalst (use only with permission & acknowledgements)

Traditional process mining techniques
and tools can create a digital shadow
from event data.

To create a digital twin, process

mining techniques need to be more

forward looking. This includes:

A Operational support, including
predictions and recommendations.

A Action-oriented process mining,
triggering corrective workflows

(Also see the Celonis Execution
Management System.) 'EW%
A iy
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ut, we need to have a digital shadow first!

digital
shadow

© Wil van der Aalst (use only with permission & acknowledgements)

Concurrency and Objects Matter!
Disentangling the Fabric of Real Operational Processes
to Create Digital Twins

Wil M.P. van der Aalst

* Process and Data Science (Informatik %), RWTH Aschen University, Aschen. Germmany
* Fi Institut fidr Ang Informat ik (FIT), Sankt Augustin, Germany
wvdaalsti@pads.rwth-aachen. de

Abstract. Process mining dramatically changed the way we look at proce ss mod-
els and operational processes. Even seemingly simple processes like Purchase-to-
Pay (P2P) and Order-to-Cash {02C) are often amazingly complex, and traditional
hand-made process models fail o capture the true fabric of such processes. Many
processes are inbeently concurrent and involve interaction between diffrent ob-
jacts (customars_ suppliers, orders, ioms._ shipmants, payments, machines, work-
ers, etc.). Process mining uses event data to construct process models that can
be used to diagnose performance and compliance problems. If such models re-
flect reality well, they can be used for forw ard-looking forms of process mining,
including predictive analytics, evidence-based automation, and what-if simula-
tion. The ultimate goal is to create a “digital twin of an organization™ that can
be used to explore different improvement actions. This paper provides a high-
level overview of the different process mining tasks followed by a more detailed
iscussion on ¢ and obje: icity in process mining.

Keywords: Process Mining - Event Data - Concurrency - Digital Twins

I Towards a Digital Twin of an Organization

The desire to adequately describe operational processes has been around since the 1800-
ties when the field of scientific emerged. is also
known as Taylorism, named after its pioneer Frederick Winslow Taylor (1856-1915)
who tried to sysiematically improve economic efficiency, especially labor productivity.
Taylor systematically observed how people work and can be seen as the “first process
miner” using pen and paper (see Figure 1). In 1950 computers staned to influence busi-
ness processes, However, the sysiematic use of data about operational proce sses is much
more rcent [1].

The desire to build compuier models that mimic organizations and processes is also
not that new. Since the 1960-ties so-called discrete event simulation tools have bean
available with SIMULA [11] as one of the first influential examples. In discrete event

itis common parameters and di based on observed data
{e.g., service times and arrival rates). However, one still needs to model the process by
hand. The first comprehensive approaches to i learn ph imulati

Mainstream process

mining techniques

have two difficulties:

A Dealing with
concurrency
Dealing with
objects

A Ry
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Basic Process
Mining Concepts
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Starting point: Event data

© Wil van der Aalst (use only with permission & acknowledgements)

Case ID Activity Resource Timestamp product prod-price guantity address
6350 place order Aiden 2018/02/13 14:29:45.000 APPLE iPhone 6 16 GB 639, 00 €5 NL-7751DG21 « event
6283 pay Lily 2018/02/13 14:39:25.000] SAMSUNGalaxys6 32 GB 543.99 3 NL-7828AM1la
6253 | prepare delivery Sophia 2018/02/13 15:01:33.000 APPLE iPhone 6 16 GB 639,00 €3 NL-7887AC13
6257 | prepare delivery Aiden 2018/02/13 15:03:43.000, SAMSUNGalaxysS6 32 GB 543.99 1 NL-9521KB4
6185 | confirm paymen Emily 2018/02/13 15:05:36.000 SAMSUNG Galaxy S4 329,00 €1 NL-9521GE32
6218 | confirm paymen Emily 2018/02/13 15:08:11.000| APPLE iPhone 6s Plus64G3B 96 9, 00 €2 NL-7948BX10
6245 make delivery Michael 2018/02/13 15:14:04.000 APPLE iPhone 6 16 GB 639,00 €3 NL-7905AX38
6272 pay Emily 2018/02/13 15:20:36.000 APPLE iPhone 6 16 GB 639,00 €1 NL-7821AC3
6269 pay Charlotte 2018/02/13 15:25:21.000 SAMSUNG Galaxy S4 329,00 €1 NL-7907EH2
6212 | prepare delivery Sophia 2018/02/13 15:43:39.000 HUAWEI P8 Lite 234, 0 (I) €1 NL-7905AX38
6323 send invoice Alexander 2018/02/13 15:46:08.000 APPLE iPhone 6 16 GB 639, 0 (I) €1 NL-7833HT15
6246 | confirm paymen Jack 2018/02/13 15:56:03.000 SAMSUNG Galaxy S4 329,00 €3 NL-7833HF15
6347 send invoice Jack 2018/02/13 15:57:42.000 SAMSUNG Galaxy S4 329,00 €3 NL-7905AX38
6351 place order Zoe 2018/02/13 16:17:37.000 APPLE iPhone 5s 16 GB 449,00 €3 NL-9521GE32
6204 | prepare delivery Sophia 2018/02/13 16:31:28.000] SAMSUNG Core Prime G361 135, 00 €1 NL-7828AM1la
6204 | make delivery Kaylee | 2018/02/13 16:51:54.000] SAMSUNG Core Prime G3§1L_135, 00 €1 NL7828AM1la 71,043 events
6265 | confirm paymen Lily 2018/02/13 16:55:55.000 SAMSUNG Galaxy S4 329,00 €4 NL-9521GE32 12.666 cases
6250 | confirm paymen Jack 2018/02/13 17:03:26.000 MOTOROLA Moto G 199, 0 (I) €4 NL-7942GT2 ! L.
6328 send invoice Lily 2018/02/13 17:30:16.000 APPLE iPhone 6s 64 GB 858, 00 €4 NL-9514BV16 7 activities
6352 place order Aiden 2018/02/13 17:53:22.000 APPLE iPhone 6 16 GB 639,00 €2 NL-9514BV16
6317 send invoice Jack 2018/02/13 18:45:30.000 APPLE iPhone 6s 64 GB 858, 00 €5 NL-7907EH2
6353 place order Sophia 2018/02/13 20:16:20.000 APPLE iPhone 5s 16 GB 449,00 €4 NL-7751AR19 E' >

i “ Pé Chair of Process
> b and Data Science




Starting point: Event data

Case ID Activity Timestamp
X X X
6350 place order 2018/02/13 14:29:45.000
6283 pay 2018/02/13 14:39:25.000 INN(CELE™ 1= 1329
6253 | prepare delivery| 2018/02/13 15:01:33.000 S
6257 | prepare delivery| 2018/02/13 15:03:43.000 -
6185 |confirm payment 2018/02/13 15:05:36.000
6218 |confirm payment 2018/02/13 15:08:11.000 - iPhone 64
6245 | make delivery 2018/02/13 15:14:04.000 C aS'e = =
6272 pay 2018/02/13 15:20:36.000
6269 pay 2018/02/13 15:25:21.000
6212 | prepare delivery| 2018/02/13 15:43:39.000 [ m
6323 send invoice 2018/02/13 15:46:08.000
6246 | confirm payment 2018/02/13 15:56:03.000
6347 send invoice 2018/02/13 15:57:42.000
6351 place order 2018/02/13 16:17:37.000 o
6204 | prepare delivery| 2018/02/13 16:31:28.000 =y ™~
6204 | make delivery 2018/02/13 16:51:54.000
6265 |confirm payment 2018/02/13 16:55:55.000
6250 |confirm payment 2018/02/13 17:03:26.000
6328 send invoice 2018/02/13 17:30:16.000 L4
6352 place order 2018/02/13 17:53:22.000 e
6317 send invoice 2018/02/13 18:45:30.000
6353 place order 2018/02/13 20:16:20.000
X X X

© Wil van der Aalst (use only with permission & acknowledgements)
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Let 0SS

00Kk

Case ID Activity Timestamp
6350 place order | 2018/02/13 14:29:45.00(
6351 place order |2018/02/13 16:17:37.00(
6352 place order |2018/02/13 17:53:22.00(
6352 send invoice | 2018/02/19 09:20:28.00(
6351 send invoice | 2018/02/19 16:08:07.00(
6350 send invoice | 2018/02/21 09:38:16.00(
6350 pay 2018/03/02 12:39:37.00(
6352 pay 2018/03/05 15:46:47.00(
6351 cancel order | 2018/03/06 10:17:01.00(
6350 |prepare delivery 2018/03/07 13:50:35.00(
6350 [ make delivery| 2018/03/07 16:41:01.00(
6350 |confirm paymen| 2018/03/07 16:53:00.00(
6352 [prepare delivery 2018/03/07 17:05:59.00(
6352 [confirm paymen| 2018/03/07 17:59:55.00(
6352 | make delivery| 2018/03/08 09:54:36.00(

© Wil van der Aalst (use only with permission & acknowledgements)
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Let 0SS 0

Case I[ Activity Timestamp
6350 place order |2018/02/13 14:29:45.00(
6351 place order |2018/02/13 16:17:37.00
6352 place order |2018/02/13 17:53:22.00(
6352 send invoice | 2018/02/19 09:20:28.00(
6351 send invoice | 2018/02/19 16:08:07.00
6350 | sendinvoice [2018/02/21 09:38:16.00(
6350 pay 2018/03/02 12:39:37.00(
6352 pay 2018/03/05 15:46:47.00
6351 cancel order | 2018/03/06 10:17:01.00
6350 | prepare delivery] 2018/03/07 13:50:35.00(
6350 | make delivery [ 2018/03/07 16:41:01.00(
6350 |confirm paymeni 2018/03/07 16:53:00.00(
6352 | prepare delivery] 2018/03/07 17:05:59.00
6352 | confirm paymen] 2018/03/07 17:59:55.00
6352 | make delivery | 2018/03/08 09:54:36.00

© Wil van der Aalst (use only with permission & acknowledgements)

ok at order s

Order 6350

i

place send prepare make confirm
order invoice delivery delivery payment

Chair of Process
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Let 0SS 0

Case ID Activity Timestamp
6350 place order |2018/02/13 14:29:45.00(
6351 place order |2018/02/13 16:17:37.00(
6352 place order |2018/02/13 17:53:22.00
6352 send invoice | 2018/02/19 09:20:28.00(
6351 send invoice |2018/02/19 16:08:07.00(
6350 send invoice | 2018/02/21 09:38:16.00
6350 pay 2018/03/02 12:39:37.00(
6352 pay 2018/03/05 15:46:47.00
6351 cancel order |2018/03/06 10:17:01.00(
6350 |prepare delivery 2018/03/07 13:50:35.00(
6350 | make delivery| 2018/03/07 16:41:01.00
6350 |confirm paymen| 2018/03/07 16:53:00.00
6352 |prepare delivery 2018/03/07 17:05:59.00
6352 |confirm paymen| 2018/03/07 17:59:55.00
6352 | make delivery| 2018/03/08 09:54:36.00

© Wil van der Aalst (use only with permission & acknowledgements)
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Let 0SS 0

Case I[ Activity Timestamp
6350 place order |2018/02/13 14:29:45.00(
6351 place order |2018/02/13 16:17:37.00
6352 place order |2018/02/13 17:53:22.00(
6352 | send invoice [2018/02/19 09:20:28.00(
6351 send invoice | 2018/02/19 16:08:07.00
6350 send invoice | 2018/02/21 09:38:16.00(
6350 pay 2018/03/02 12:39:37.00(
6352 pay 2018/03/05 15:46:47.00(
6351 cancel order | 2018/03/06 10:17:01.00
6350 | prepare delivery] 2018/03/07 13:50:35.00(
6350 | make delivery | 2018/03/07 16:41:01.00
6350 | confirm paymen] 2018/03/07 16:53:00.00
6352 | prepare delivery] 2018/03/07 17:05:59.00(
6352 |confirm payment 2018/03/07 17:59:55.00(
6352 | make delivery | 2018/03/08 09:54:36.00(

© Wil van der Aalst (use only with permission & acknowledgements)

ok at order s

Order 6350

Order 6351

place send cancel
order invoice order

Order 6352

place send prepare make confirm
order invoice delivery delivery payment

place send prepare confirm make
order invoice delivery payment delivery

i

Chair of Process
and Data Science



Let 0SS ook at order s

Case IL Activity Timestamp Order 6350
6350 place order |2018/02/13 14:29:45.00( place send prepare make confirm
6351 | place order |[2018/02/13 16:17:37.00( order invoice delivery delivery payment
6352 place order |2018/02/13 17:53:22.00(
5352 | send invoice | 2018/02/19 09-20:28.00{ Order 6351
6351 | send invoice |2018/02/19 16:08:07.00( place send cancel
6350 send invoice |2018/02/21 09:38:16.00( order invoice order
6350 pay 2018/03/02 12:39:37.00(
6352 pay 2018/03/05 15:46:47.00( Order 6352

6351 cancel order [2018/03/06 10:17:01.00( .

- place send prepare confirm make
6350 | prepare delivery] 2018/03/07 13:50:35.00(
6350 | make delivery [ 2018/03/07 16:41:01.00(
6350 |confirm paymeni 2018/03/07 16:53:00.00(
6352 | prepare delivery] 2018/03/07 17:05:59.00(
6352 |confirm payment 2018/03/07 17:59:55.00(

6352 | make delivery [ 2018/03/08 09:54:36.00(

E mg Chair of Process
© Wil van der Aalst (use only with permission & acknowledgements) and Data Science




L et 0 s atkhe whole event log again

71,043 events
12,666 cases
7 activities

place send prepare make confirm
place send cancel

place send prepare confirm make
2962 X
30 N place _ N send N prepare_ N make N\ confirm
X order invoice delivery delivery payment

7 place send prepare confirm make
X order invoice delivery payment delivery
PIGDY

i “ Pd Chair of Process
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Using the whole event log

801 6 place send prepare make confirm
X order invoice delivery delivery payment
1651 place send cancel
X order invoice order
place send prepare confirm make
2962 x delivery payment delivery
30 \ place send prepare N make confirm
X order invoice delivery delivery payment
7 place send prepare confirm make
X order invoice delivery payment delivery

No
modeling
needed!

make delivery
1

prepare delivery

send invoice
12666

pay
11015

11015 - 11015
11015 11015 11015 11015 4,
12666 11015 - ° & - & nois
12666 s 12006, 12666 L 12666 o
] <

>
1651

12666 12666 12666 >
O &
. ’ O 12666 1651 1651
s B

11015 11015

cancel order
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Performance and Compliance

make delivery

prepare delivery

o ® 11015
nlace order
D))
12606

What happens? oo

11015 - 11015

12666 12666 12666 12666
12666 12666 12666 o s s . 9®
& 12666
¢ . ’ O bases 1651 1631 ’ 1651

o o

11015 11015

Where are the bottlenecks?

11015 LY

pay

11015 _ [EEers
11015 -

11015 11015,
1101 o o

3
e

126392

12666 mmmst

"TEEZ‘) 12666

place order
12666

1651 S 1651
B - 1651

send invoice

12629

Where do we deviate from the happy path?

! Pé Chair of Process
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Reality is not so simple

Create Purchase Order Item

Create Purche

254

Send Purchase Order (eMail) Print and Send Purchase Order (Paper) Send Purchase Order (eOrder)

Print and Send Purchase Order (Paper)

onfirmation

Receive Order Confirmation

Vendor cr

PIGDF

i “ Pd Chair of Process
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Reality is not so simple

S Parchane Onder U | 4

It IS common to fiAnd thousands of
different variants for simple core
processes like P2P and O2C!

Sent P Onter Ok

Caused by hand-offs, rework, duplication,
Ineffective communication, etc.




Over 35 process mining vendors today

cefis [Tpath @Disco paf  mini

S ek e O software wy @) nvenio EHupflux
¢-apromore  [@ aevv Timeline () EVERFLOW logpiclice

)SIGNAVIO A+ Skan. Prrocess [53ic

,(busmessoptux =explora PR #PuzzLepaTA MAvIM

change it
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Bewertung ubersteigt zehn Milliarden
Dollar: Miinchener Start-up Celonis ist
erstes deutsches Decacorn

Deutschlands wertvollstes Start-up Celonis
verpflichtet Spitzenforscher

Auf seiner Forschung bauen Dutzende junge Tech-Firmen ihr

Geschaftsmodell auf. Jetzt will der Wissenschaftier seine
Der Anbieter fur Unternehmenssoftware sammelt eine Process-Mining-ldeen selbst in die Anwendung bringen
Milliarde Dollar ein. Ein neuer, beriihmter Investor nahrt
Spekulationen auf einen baldigen Borsengang

By
: - i “ Pé Chair of Process
A Decacorn is a startup company valued at over $10 billion >had &

and Data Science
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© Wil van der Aalst

Many of the larger organizations in Europe are

using process Mining already e e justa e beginingy
Deloitte. SIEMENS () BOSCH  AkzoNobel j.”
KPMG © PHILIPS  fledasttair L'OREAL

BY oooronie m ~© Lufthansa Medtronic

& pzalando E ARR % Uber

e FAIPEP ,ppus
VANDERLANDE . N I " BN O A
LSEVIER

!yonc!e”!:)ase” ' Deutsche Bank vodafone E"’g—'
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Why DFGs are not enough



Directly-Follows Graph (

Process Start
12,666
=
12,666

v

. place order - complete
12,666

// 12,
y.

1
801 6 place send prepare make confirm izg
X order invoice delivery delivery payment /
a7 . send invoice - complete
‘.‘ P I 12 666 - \
place send cancel \ ./
1651 x order invoice order J 'R \\ '{"
2962 place send prepare confirm make
X order invoice delivery payment delivery
30 place send prepare make confirm |
X order invoice delivery delivery payment !
8,046 . confirm payment - complete 1 r;51
4 :

10978

. %r%?;are delivery - complete

A /
2,969
7 place send prepare confirm make
X order invoice delivery payment delivery
\ 11,015

. 5)13811% complete 37 ::%gucel order - complete
1
1 2666 X im /3045 '....._

‘ make delivery - complete 8,046
11,015

T=., 2969

T @ Process End
12,665

m Chair of Process
© Wil van der Aalst (use only with permission & acknowledgements) and Data Science



‘ place order - complete
12,666

12629

/

a7 . send invoice - complete
k 12,666
7

37 10478 \1:651
invoice delivery delivery payment \\ * \
send cancel . paa/ complete 3? cancel order - complete
invoice order LU
N\ send N\ prepare N confirm make 10-9?3 / .
invoice delivery EV delivery * Y
T . . repare delwe - complete
send prepare make confirm . ?1:0?5 v P
invoice delivery delivery payment \
2,969
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Process Start
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A 4
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Process Start
12,666
=
12,666

A 4

‘ place order - complete
12,666

12629

. send invoice - complate
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_ o
8016 place send prepare make confirm a7 10978 1,651
X order invoice delivery delivery payme~’ \ * \
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X invei- _ delivery delivery payment \
. 2,060
send prepare confirm make

\

1

1

'

1

:
8,046 conﬁrm payment - complete 1,651

i

1

1

1

]

1

)

. paa/ complete 3? ‘135612‘39| order - complete

10,9?3 / .

4 \

11:015
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2,969 8,046 tea,
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‘ make delivery - complete 8,046
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S @ Process End
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Process Start
12,666
=
12,666

A 4

‘ place order - complete
12,666

12,629
a7 . send invoice - complete
k 12,666
\ T
il o
a7 10978

place send prepare make confirm
801 6 X invoice delivery payment
send cancel pay - complete
place send prepare confirm make 10878
2962 X invoice delivery delivery * 4_/./"
ST T . . repare delivery - complete
30 place send prepare make confirm . ?1:0?5 v P
X order invoice delivery delivery payment \
2,969
place send prepare confirm make

cancel order - complete
1651

8,046 . confirm payment - complete

12666 x \ 4 ﬁ:ms"""-...

2,969 8,046 Ya,

\ /

‘ make delivery - complete 5,046
11,015 %
Y L]
"'-u‘ -
‘-""h -
"~ 2,960 H
-‘."' -v

A

#
-

S @ Process End
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Process Start
12,666
12,666

A 4

‘ place order - complete
12,666

12629

/

37 send invoice - complete
L . 12,666 P
] d k f ./ e \
place sen prepare make contirm 37 10978 1,651
8016 P delvery A / \ W
place send cancel
1651 x invoice order
place N\ send prepare confirm “~=lea
2962 X pay delivery EV delivery
place send prepare make confirm
order invoice delivery delivery payment \
2,969
place send prepare confirm make \
order invoice delivery SV delivery

. paa/ complete 3? ‘135612‘39| order - complete

10,9?3 / .
\ /

re%are delwery - complete
[

8,046 conﬁrm payment - complete
- \ / 11:015
~rey

12666 x 5

2,969 8,046 e, :

.. 1

V¢ / “ :

*s, ]

‘ make delivery - complete 8,046 ;

11,015 % i
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"'-v‘ - [

"..“ - ,l
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S @ Process End
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@ Process Start

Process Start
= 12,666 @ 12,666
12,666

v

‘ place order - complete
12,666

. ?Iace order - complete

12,629
* 103 hours
a7 send invoice - complete
12,666 280 hours ‘ send invoice - complete
12,666

i7T 109878 \1,551 \ \
\ * \ 49 hours 283 hours 426 hours

ay - complete cancel order - complete \ *
. ?1,3/15 P 3|? 1651 . . gi';aa,' complete

03 - 93 hours cancel order - complete
l IRl 1,015 1,651
- 1

10,978 S

* . 101 hours

. E)reg)are delivery - complete
1015 ‘ prepare delivery - complete

'
1
1
H
2969 .

: 14 hours
1

8,046 conﬁrm payment - complete 1,651
11,015“ ! 20 hours . confirm payment - complete
oy, ! 11,015
-
2969 8,046 Yae, :
L) 1
,u / o, ! 12 hours 29 hours
*
*. :
. make delivery - complete 2,046 :
e . , ‘ make delivery - complete
.. . ; 11,015
TTeel. 2969 H s
- L] ”

frequency IS S time

T @ Process End
12,666

@ Process End
12,666
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} place
order

© Wil van der Aalst (use only with permission & acknowledgements)

. place order - complete

12,666
Average time over
103 hours 12,629 observations
280 hours ‘ send invoice - complete
12,666

49 hours 283 hours \
\ ay - complete
. i191, 15 P

101 hours

93 hours

E mg Chair of Process
and Data Science



place send . place order - complete
3016 xSRI R I P e
place send
1651 x order invoice
place send
2962 X order invoice

30 x

103 hours

‘ send invoice - complete

280 hours
12,666
Average time \
over 37 49 hours 283 hours

observations
\ complete

101 hours

E mg Chair of Process
© Wil van der Aalst (use only with permission & acknowledgements) and Data Science
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DFGs cannot capture concurrency

857 traces
42 BE% of the log J PI3CE erder

530 traces
26.95% of the log

538 traces
26.00% of the log  P1AGE order

35 traces
1.75% of the log

27 traces
1.35% of the log

4 traces
0.20% of the log (TN rec e ive invoice Jf close

© Wil van der Aalst (use only with permission & acknowledgements)

SE—

pay order

) —
receive invoice

place order

| —

receive goods

N——

A 2000 procurement orders
A 5 activities

A 6 unique traces

A unbalanced

BV,
i “ Pé Chair of Process
> b and Data Science



DFGs cannot capture concurrency

857 traces

42 B5% of the log place order fjreceive invaice

530 traces

26.95% of the log

538 traces

28.80% of the log place order }jreceive invoice

35 traces

1.75% of the log place order receive invoice
27 traces

1.35% of the log

o,

0.20% of the log

© Wil van der Aalst (use only with permission & acknowledgements)

@ Process Start
_~ 2,000
-

2,000

\ 4
. Elace order
000

39/
/

Egafnorder

566 .
542 884 \ 1,395
‘ receive goods 1,077 62
2,000 /

1,396 \ 543 892 \
573 \\-) . receive invoice
2,000

/ /“/

1 Why loops?

2,000 .

: AV,

@ Process End i “ Pd Chair of Process
2,000 > b and Data Science



Filtering does not help

42.85% of the log

filtering: filtering: = o
g 3 g Y

1,934 26.95% of the log

. Elace order 4 N
@ oo o Y O . .
I 1,934
1395 \ 35 traces >
place order

+ 539 175% of the log

‘ receive invoice \ 27 traces
2'000 H 1.35% of the lo,
1,395 . receive goods .
\ 1,934

892
A s

\ 539 857

1077 ‘ receive goods V/ /
2,000 -
‘ receive invoice 857 538
/ 1,934
7 \
1077

Arc-based ()= Variant-based () erocess sar

B} rece

~—a
—
=
2
E

\ 4 / 538
. Ega/oorder \

I . E)g%/‘lo rder

1f6 I
1,396
close *
& 2000 s
= , (1:.934
2,000 =
i 1.9-34
. H L
(>750) () Proess End (top 3 variants) v E‘E—'

@ Process End i “ Pd Chair of Process
1,934 > b and Data Science
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Inductive mining finds the right model

)

857 traces

42.86% of the log

538 traces

268.95% of the log pay ord

538 traces

268.90% of the log

35 traces

1.75% of the log place order 1eceive invoice
27 traces

1.35% of the 1og (Pl3c2 ord
4tiaces

0.20% of the log [ P13GE order

pay order

)

receive invoice

i

=1

place order

—

receive goods

| —

BPMN notation (Petri nets and process trees under the hood)

P JE-I

i “ Pd Chair of Process
© Wil van der Aalst (use only with permission & acknowledgements) » b and Data Science



Directly-Follows Graphs (DFGs)

A Easy to create and scalable. |
A Show paths, frequencies, and times.
A Can be simplified easily using filters.

A Filtering needs to be done with the SO
Utm OSt Care. .Efwe:jl 24473 /

)
33333

A DFGs cannot capture concurrency.

t mg Chair of Process
© Wil van der Aalst (use only with permission & acknowledgements) and Data Science



Fortunately, there are many techniques
that can discover concurrency

E.g. the inductive mining approaches 'EW%
it P ) EYWHE



Back to the two problems:
Concurrency and Objects

it



Organizations are
highly concurrent!

it



More about concurrency

administer medicine

t2

p2 t3
pl re-examination p8
initial p3 lab tests final

examination examination

CT scan

X-ray PIGDF

! “ Pé Chair of Process
© Wil van der Aalst (use only with permission & acknowledgements) ha b and Data Science



More about concurrency: Example runs

administer medicine

final
examination

© Wil van der Aalst (use only with permission & acknowledgements)

ri administer medicine r2 administer medicine

initial lab tests

examination

final
examination

p31 p61 initial

examination

p31 labtests  p61

p4l p71
Xray

r3 re-examination re-examination

administer 59 p22 administer 5o p23 administer p53
medicine medicine medicine

t41

tes

psl

initial
examination

final
examination

ts

L2

p4l Xray p71

. . o 1 Pé Chair of Process
A run defines a partial order of activities. he < and Data Science



One partial order may correspond

to many traces!

re-examination re-examination

t21 A’Q_' t31 4>Q—V t22 A’Q_' t32 4>Q—P t23

p21 aomipi_ster p51 p22 admipi_ster p52 p23 administer p53
p11 medicine medicine medicine p81
OSES® OO

initial p31 lab tests p61 final
examination examination
> 61 >
p41 Xray p71

One run with 7*6 = 42 firing sequences!

Why 7*6? There are 7 positions where t41 and t61 EIJE—.
can occur, but they cannot be at the same position. : A} ,»é Chair of Process
> b and Data Science
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We need to cope with this!

administer medicine

t2

p2 t3 p5
pl re-examination

p8

O L OO0

initial p3 lab tests p6 final
examination s examination
t
CT scan
p4 t6 p7
Xray

© Wil van der Aalst (use only with permission & acknowledgements)

If we assume that t3 (re-examination) is

executed at most 5 times, then there are :

A 2(1+1+1+1+1+1) = 12 runs, and

A 2(13*12+11*10+9*8+7*6+5*4+3*2) = 812
firing sequences.

Why 2(13*12+11*10+9*8+7*6+5*4+3*2)? The 2 refers to the choice

between t5 or t6. Assume this fixed and t3 is executed k times. EIJE—.
There are n=k+1+k+1+1 firings in the middle part. t4 and t5 (or t6) 3 e )
'\’“L Chair of Process

can be at any position but not at the same position.

and Data Science



Why a single case
notion IS not enough

it



T

Example illustrating object-centric PM

ALISHANIND
NIHIYHLNM

P"ro-cess
Mining

amazon «

many-to-1
1
package
1
many-to-many
Aalst, W: Modeling Business Processes (Cooperative Information Systems) 4555¢ 1

o b route




T

Example illustrating object-centric PM

ALISHANIND
NIHIYHLNM

(No activities, just describing the relationships among objects)

Process

Mining

6
‘ item1 W item2 W item3 W item4 W item5 W item6 J item?7

package packagé@ packagd

packagd

PIliDY

i “ Ia Chair of Process
> b and Data Science
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T

Ultimate Goal: One model showing multiple

ALISHANIND
NIHIYHLNM

object types

store > load
package package package

A /
item package
‘ send ‘ check failed
invoice availability delivery
package

receive order ) pack _ unload
m _‘ item\‘Ttems \'tem package

package

deliver

package § package

package

package

Vo
PtiD}
» v
i “ Ia Chair of Process
> b and Data Science
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activity Btime orders p 5 products price weight
pick item 2019-12-26 12:04:46 §991224} {+ {Wil van der Aalst} {iPhone 8} 529.0 0.21
reorder item 2019-12-26 12:37:26 §991271} {t {Mohammadreza Fani Sani} {Kindle Paperwhit, 129.0 0.495
place order 2019-12-26 12:44:23 §9931283} {+ {Luis Santos} {MacBook Air, |Pp 2700.0 1.733
pick item 2019-12.2814:01:16 §991266} {+ {Marco Pegoraro} {MacBook Air} d 2200.0 1.25
create package 2019-1: @ 01:16 §991265} {6507‘38 {Seran Uysal} {Fire Stick 4K,iPad Pro,iPad Pro,iPad i 3506.97 12
send package 2019-12-J0 14:16: 991265} {660793} {Seran Uysa {Fire Stick 4K,iPad Pro,iPad Pro,iPad Pro,Fire Stick, Ki 3506.97 (ﬁ)u
2019-1: 991279} m h I n @ﬁl} 799.0 0§66
2019-1. :26:01 §991283} { Air,iPad} 2700.0 mﬂ
2019-1: :32:43 §991251} {+ {Toblas Brockhoff} {Fire Stick} 39.99 I O.i
2019-1: 991282} {+ {Lisa Mannel} {Echo,Echo Dot} 134.98 1.16
pick tem 2019-1m: 991278} { {Junxlong Gaa} {MacBook Pro} 2500.0 3;
place o 2019- ! 9931284} 3,885044} { IPhone X, Fire Stick, MacBook &Y, 4222.98 -
faile ivery 2019-12_26 15:04:53 §991240,99116! ‘313,8848?6,884‘338, 4 { {iPad Air,Echo Studio,Echo Studio,Kindle, il i,iPad Pro,iPad Pl 5982.95 2
pick e 2019-1. 991278} { { ne X} §99.0 sz
conﬁl—ler 2019-12 991258} {884938,834939,884940,884941,884942,834943} { 'o,Fire Stick,iPad mini,iPad Pro,iPad Pro,iPad Air} 3267.95 pmali®0
send gackge 2019-1 991247,99125: {884902,884922,884923,885004,885005,384901} {66079 {Mohammadreza Fani Sani} {MacBook Air,iPad mini,iPad Pro,iPhone 11 Pro,iPad Pro,MacBook Pro} 8496.0 4.054
faile ey 2019-12- 991265} {884975,884974,884978,884971,884970,884973} {660798} {Seran Uysal} {Fire Stick 4K,iPad Pro,iPad Pro,iPad Pro,Fire Stick,Kindle} 3506.97 12
confi ar 2019-1 991274} {885008,885009,885010,885011} {+ {Junxiong Gao} {Kindle,iPhone X,Fire Sticl ne 8} 1352.9
failemW' 2019-1. : '991128,99125! {384424,, mﬁ3kages&03} {660797} {Junxiong Gao} {Echo Show 8,Kindle PW&H’lWlE iPhone X,iPhone §,Echo Sho 2145.97“
payment reminder §2019-1 54:44 W991169 {t {Gyuggm Park} {iPhone 8,Echo Plus,iPa@ail 1608.99 1
pick item 2019w Iepeens:55:38 §991201 aﬁ ke!s {Echo Show 8} /e 129.99
pick item 2019~ :00:38 §991251 {384912} @ r 1 {Fire Stick} 0 39.99 0.2
reorder item 2019-12-26 16:04:42 §991265 {884977} {Seran Uysal} {Fire Stick 4K} 89.99 0.28
payment reminder §2019-12-26 16:11:39 §991164} {884542, 884543, 884544, 884545,884546,884547} {Junxiong Gao} {Kindle Paperwhite,iPad Air,iPhone 11,MacBook Air,iPad mini, c 4087.99 3.011
pick item 2019-12-26 16:22:04 931241} {BB4882} {+ {Lisa Mannel} {iPhone 8} 529.0 0.21
create package 2019-12-26 16:22:04 §991263,99126. {384967,884964,884966} {660799} {Luis Santos} {iPad Air,iPhone 8,iPad} 1500.0 1.133

event = activity + timestamp + objects + attributes

© Wil van der Aalst (use only with permission & acknowledgments)
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afnpl ace
event may refer to
multiple items

anfail ed
event refers to one

activity Ftime packages customers price weight
pick item 2019-12-26 12:04:46 } {wil van der Aalst} 529.0 0.21
reorder item 2019-12-26 12:37:26 1 {Mohammadreza Fani Sani p aC kag e 0 n e 0 r 129.0 0.495
place order 2019-12-26 12:44:23 885038,885039} } {Luis Santos} 2 2700.0 1.733
pick item g {884933} } {Marco Pegoraro} m t m 2200.0 1.25
create package g £ 875,834974,884978,884971,884970,884973} 660798} {Seran Uysal} 0 re I e S 1 0 n e 0 r 3506.97 12
send package 660798} {Seran Uysal} d t 3506.97 2412
T {Claudia Graf} I I l O re O r ers y e C . 799.0 0&L66
} {Luis Santos} 2700.0 3
019- } {Tobias Brockhoff} 39.99 I D.i
} {Lisa Mannel} 134.98 1.16
T {Junxiong Gao} 2500.0 :57
5041885042,885043,885044} } . Fire Stick, MacBook Air,Echo Show 8,iPhone 11 Pro} 42232.98 579

{Christine Dobbert]
{

a ﬁ p | C k | t e 36 (57,2502 2\,

Tobias Brockhof Pad Air,Echo Studio,Echo Studio,Kindle,Kindle,Echo,iPad mini,iPad Pro,iPad Pjl 5982.95 2
. {Junxiong {iPhone X} 699.0 Q:Z
refers to o n e | te m 4939, 334540, 834941, 834942, 834943} {Tobias {Echa, Fire Stick,iPad mini,iPad Pro,iPad Pro,iPad Air} 3267.95 pumiali®0
4922 884923,885004,885005,884301} 660796} {MacBook Air,iPad mini,iPad Pro,iPhone 11 Pro,iPad Pro,MacBook Pra} 8496.0 4.054
974,884978,884971,884970,884973} {Fire Stick 4K,iPad Pro,iPad Pro,iPad Pro,Fire Stick,Kindle} 3506.97 412
¥ 3 0 009,885010,885011} {Kindle,iPhone X,Fire Stick,iPhone 8} 1352.9H65
991128,99125! {884424,834932,884999, 885008, 885009,885011,884903} {Echo Show gKindle Paperwhite, iPad mini,Kindle,iPhone X,iPhone 8,Echo Shofl 2145.97fedd)
payment reminder {884565,884566,884567,884568} T {Gyunam Park} {iPhone 8 Echo Plus,iPad Air,iPad mini} 1608.99 1
pick item {88417} } {Seran Uysal} {Echo Show 8} 129.39
pick item 2019—“:00:38 {884912} {+ {To.bias Brockhoff} {Fire Stick} 39.99 0.2
reorder item 2019-12-26 16:04:42 {884977} {Sgran U3 {Fire Stick 4K} 89.99 0.28
payment reminder §2019-12-26 16:11:39 {884542, 884543, 884544, 884545,884546, 884547} d bJ KEIC t S {Kindle Paperwhite,iPad Air,iPhone 11,MacBook Air,iPad mini,Echo Dot} 4087.99 3.011
pick item 2019-12-26 16:22:04 {884882} TLi } {iPhone 8} 529.0 0.21
create package 2019-12-26 16:22:04 §991263,99126. {884967,884964,384966} {660799} {s Santos} {iPad Air,iPhone 8,iPad} 1500.0 1.133

Objects are typed and events may have any number of objects. PIGDY

1 “ | Chair of Process
© Wil van der Aalst (use only with permission & acknowledgments) ha b and Data Science



T

How to load this in your favorite process

mining tool ?2?7?

ALISHANND
NIHIVYHLN

activity Ftime rders items packages customers products price weight
pick item 2019-12-26 12:04:46 §991224} {884803} {+ {wil va.n der Aalst} {iPhone 8} 529.0 0.21
reorder item 2019-12-26 12:37:26 991271} {885002} ohgmmagdeeza Fagi Sa indle Paperwhite} 129.0 0495
place order 2019-12-26 12:44:23 §991283} {885038,885039} nt acBook Air,iPad} 2700.0 1.733
pick item 2019-12_2814:01:16 §991266} {384983} rc@P h cBook Air} 2200.0 1.25
create package 2019-1: @ :01:16 §991265} {884975,884974,884978,884971,884970,884973} {660798} {Ser. ysal} Fire Stick 4K,iPad Pro,iPad Pro,iPad Pro,Fire Stick,Kindle} 3506.97 12
send package B 991265} {884975,884974,884978,884971,884970,884973} {660798} {Seran Uysal} Fire Stick 4K,iPad Pro,iPad Pro,iPad Pro,Fire Stick,Kindle} 3506.97 (ﬁju
2019-1: 991279} {885027} 1] {Claudia Graf} iPhone 11} 799.0 08166
2019-1. 991283} {885038,885039} {t {Luis Santos} 2700.0 ®33
2019-1. : 991251} {884912} i+ {Tobias Brockhoff} 39.99 I D.i
2019-1. 991282} {885036,885037} {t {Lisa Mannel} 134.98 1.16
pickitem 2019-1m: 2500.0 37
place o 4222.98 79
failed®elivery . . - - 5982.95 2
== Need to pick a case identifier! Qe
coniHer 2019-12 L] 3267.98 00
send packige 2019-1: 8496.0 4.054
failes gery 2019-12- 3506.97 412
confil er 2019-13F 1352.9 65
failemw 2019-1: 2145.5 )
payment reminder §2019-1 1608.99 1
pick item 20150 InEens:55: 38 129.99
pick item 2019-ifudiald:00:38 39.99 0.2
reorder item 2019-12-26 16:04:42 89.99 0.28
payment reminder §2019-12-26 16:11:39 §991164} {884542, 884543, 884544, 884545,884546, 884547} {t {Junxiong Gao} {Kindle Paperwhite,iPad Air,iPhone 11,MacBook Air,iPad mini,Echo Dot} 4087.99 3.011
pick item 2019-12-26 16:22:04 991241} {884882} i {Lisa Mannel} 529.0 0.21
create package 2019-12-26 16:22:04 §991263,99126. {884967,884964,384966} {660799} {Luis Santos} {iPad Air,iPhone 8,iPad} 1500.0 1.133

© Wil van der Aalst (use only with permission & acknowledgments)
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Need to flatten the event data when using

a conventional process mining technique

T

ALISHANIND
NIHIYHLNM

A Pick an object type as the case notion.

A Replicate each event for each object of the
corresponding type.

é

activity time orders items packages
e é e é e
place order | 2019-12-26 | {991283} | {885038,885039}

one event if order is used
as a case notion

© Wil van der Aalst (use only with permission & acknowledgments)

two events if item is used
as a case notion

no event if package is
used as a case notion 14 g‘.
v

Vg

' Chair of Process
> b and Data Science



et

Order as a case notion =
=
activity time orders items packages
é é é é é
place order 2020-6-20 | {99001} |{88001, |{}
88002} activity time orders items packages
pick item 2020-6-22 | {99001} |{88001} |{} é é é é é
pick item 2020-6-23 | {99001} |{88002} |{} place order 2020-6-20 | 99001 {88001, |{}
) X . ] ] 88002}
é é é é é
send package |2020-6-25 |{99001, [{88002, |{66001} BICIIE) 2020-6-22 [EC e (3001 |{}
99002} 88003, pick item 2020-6-23 | 99001 {88002} |{}
88004} . ] ) ) .
é é e é é
€ € € € € send package |2020-6-25 99001  [{88002, |{66001}
88003,
88004}
_ send package |2020-6-25 |99002 {88002, |{66001}
Events may be duplicated 88003,
88004}
© Wil van der Aalst (use only with permission & acknowledgments) é é é é é




ltem as a case notion

activity time orders items packages

é é é é é

place order 2020-6-20 | {99001} |{88001, |{}
88002}

pick item 2020-6-22 | {99001} |{88001} |{}

pick item 2020-6-23 | {99001} |{88002} |{}

é é é é é

send package |[2020-6-25 |{99001, {88002, |{66001}

99002} 88003,

88004}

é é é é é

Events may be duplicated

© Wil van der Aalst (use only with permission & acknowledgments)

=

T

ALISHANIND
NIHIYHLNM

99002}

activity time orders items packages

é é é é é

place order 2020-6-20 | {99001} |88001 {}

place order 2020-6-20 | {99001} |88002 {}

pick item 2020-6-22 | {99001} |88001 {}

pick item 2020-6-23 | {99001} |88002 {}

é é é é é

send package |2020-6-25 |{99001, 88002 {66001}
99002}

send package |2020-6-25 [{99001, 88003 {66001}
99002}

send package |2020-6-25 [{99001, 88004 {66001}

)N

7z
~

N




et

Package as a case notion 2
=
activity time orders items packages
é é é é é
place order 2020-6-20 | {99001} |{88001, |{}
88002}
pick item 2020-6-22 | {99001} |{88001} |{}
pick item 2020-6-23 | {99001} |{88002} |{}
é é é é é . : .
activity time orders items packages
send package |[2020-6-25 |{99001, {88002, |{66001} . . . . .
99002} | 88003, € € € € €
88004} send package |2020-6-25 [ 99002 {88002, |66001
‘ 4 “ - ‘ 88003,
88004}
é é é é é

Events may disappear o
AVED
-\’“L‘P Chair of Process

© Wil van der Aalst (use only with permission & acknowledgments) and Data Science



5t

Possible problems

A Deficiency: Events in the original event log that have
no corresponding events in the flattened event log
may unintentionally disappear from the data set.

A Convergence: Events referring to multiple objects of
the selected type are replicated, possibly leading to

unintentional duplication.

A Divergence: Events referring to different objects of a
type not selected as the case notion are considered

to be causally related.
P LD}

i PE Chair of Process
> b and Data Science
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Convergence

Events referring to multiple objects of the selected type are replicated, possibly leading to
unintentional duplication

activity time orders items packages

é é é é é

place order 2020-6-20 | {99001} |{88001, |{}
88002}

pick item 2020-6-22 | {99001} |{88001} |{}

pick item 2020-6-23 | {99001} |{88002} |{}

é é é é é

send package |[2020-6-25 |{99001, {88002, |{66001}

99002} 88003,

88004}

é é é é é

How to compute costs, times,

frequencies, etc. when
events are replicated?

© Wil van der Aalst (use only with permission & acknowledgments)
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99002}

activity time orders items packages

é é é é é

place order 2020-6-20 | {99001} |88001 {}

place order 2020-6-20 | {99001} |88002 {}

pick item 2020-6-22 | {99001} |88001 {}

pick item 2020-6-23 | {99001} |88002 {}

é é é é é

send package |2020-6-25 [{99001, 88002 {66001}
99002}

send package |2020-6-25 [{99001, 88003 {66001}
99002}

send package |2020-6-25 [{99001, 88004 {66001}

)N

7z
~

N
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Divergence

Events referring to different objects of a type not selected as the case notion are §§
considered to be causally related 4
activity time orders items packages
é é é é é
place order 2020-6-20 | {99001} |{88001, |{}
88002,
A0 activity time orders items packages
pick item 2020-6-22 ({99001} |{88001} |[{} p p P P P
RGN 2020°6-25 [(EEEEE N 195002} |1} place order 2020-6-20 (99001 {88001, |[{}
pack item 2020-6-22 ({99001} |{88002} |[{} 88002,
pack item 2020-6-23 | {99001} |{88001} |{} 1008,
pick item 2020-6-22 |{99001} |{88003} |{} BICIIE) 2020-6-22 [ECC (3001} |{}
pack item 2020-6-23 | {99001} |{88003} |{} BICIIE) 2020-6-23 |l (09002} |{}
- - - - - pack item 2020-6-22 | 99001 {88002} |{}
e e e e e
pack item 2020-6-23 | 99001 {88001} |[{}
pick item 2020-6-22 | 99001 {88003} |[{}
pack item 2020-6-23 | 99001 {88003} |[{}
© Wil van der Aalst (use only with permission & acknowledgments) é é é é é




Divergence

Events referring to different objects of a type not selected as the case notion are

considered to be causally related

l

place order

T

ALISHANIND

‘ )

A 4

\ 4

A

pick item pack item

l

Things happen in a fixed
order but this is not visible!

© Wil van der Aalst (use only with permission & acknowledgments)

activity time orders items packages
é é é é é
place order 2020-6-20 | 99001 {88001, |{}

88002,

88003}
pick item 2020-6-22 | 99001 {88001} 1}
pick item 2020-6-23 | 99001 {88002} ::7
pack item 2020-6-22 | 99001 {88002} ;1} 4
pack item 2020-6-23 | 99001 {88001} |{}
pick item 2020-6-22 | 99001 {88003} = 1

1

pack item 2020-6-23 | 99001 {88003} |;
é é é é é

NIHIYHLNM
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Divergence

Events referring to different objects of a type not selected as the case notion are
considered to be causally related

ALISHANIND
NIHIYHLNM

l

place order
activity time orders items packages
l é é é é é
| place order 2020-6-20 | 99001 {88001, |{}
88002,
pick item 88003}
pick item 2020-6-22 | 99001 {88001} |{}
il pick item 2020-6-23 | 99001 {88002} |{}
pac k item pack item 2020-6-22 | 99001 {88002} |{}
B pack item 2020-6-23 | 99001 {88001} |{}
l pick item 2020-6-22 | 99001 {88003} |{}
pack item 2020-6-23 | 99001 {88003} |{}
Wil van der Aalst (use only with permission & acknowiedgmensy  CONCUTrency and causality! e é é é é




diagnoses

- [rcase number N logging for VIP patients
complications [+sequence number of diagnosis health problems

+patient [-sequence number of movement [heaith problem O +usar name
+case number |-diagnosis coding catalog | patient +patient
i patien -current date
u +id complication registration [-diagnosis code heaith problems catalog

| DRG diagnosis current time

-sequence number of movement DRG0 | heaith problem e
g ~ f -service sequence number -free. L health problem free text | g o e aith ot
(Chen notation, Crowbs foot notat czquence number Fdate when record crested [ovor e reation with patient
_registaring org. unit | time when record created -reason
& g ore i pend date -transaction code
_speciaity L diagnosing person
_cub specialty | referral diagnosis indicator
-group id -treatment diagnosis indicator 0.*
item |-admission diagnosis indicator 1
_cading ldischarge diagnosis indicator patient
one-to-man Yy ameerption [eparement main aiagnosis indicator :
+
_axis 1 pathalogy -hospital main diagnosis indicator p“fe:‘ .
e eene -sex indicator
-axi | surgery diagnosis indicator
axis 2a parts of the body gerydizgness ndh P
-axis 2b organ systems and orzans reomment on diagnosis 2t name.
. -axis 2c general systems and characterization tissug | [diagnosis certainty e
order item order e 24 by surfces
1 M -axis 3 external factors and other characteristics [ pationt s deceased
-reperting physician 1
" " 1 |case of deatn
-tm?tl‘ng physician . 1 retigion 11
-aetiology ol
-seriousness case -day of death
-setting s - -time of death
-status case number .
-organ donor indicatar
-date complication -case type B
owe complce! Ll 1% |WIP indicator 7
-time observation |
t -case status patient ““;:‘ . 1
man y' Oo-man y -emergency admission indicator persan to be contacte:
dnte of delivery telephone number of person to be contacted
-start date of case
-end date of case
order package order Bb—— - case avssmeaton .
N 1 1 +case number
M o [remsteation category —
*classification type patient risk factors
+validity end date _
. -validity end time patisnt
0 -validity start date +risk factor
validity start time. +id risk factor
-comment
assignment of a case to a person 0.* 0.* | -person number
- -drug allergy - route of administration
0 n e-t O -O n e case number assignment of a case to another case e s
+person number -drug aliergy - organ affectad
+sequence number of case-to-person assignment [  [t€358 number 1 -probability of drug allerzy
-sequence number of movemant [+case number 2 -drug allergy - reaction yype
-function of case-to-person assignment -comment -medical allers exists
d t d * -valid-to date of record [+valid-to date of record -date when record created
O r e r p ayl I I en O r er _valid-from date of recerd -valid-from date of record |-time when record created
1 O l -external function case-to-case assignment 1
. -external function case-to-case assignment 2

Very few relations are one-to-one!
Hence, a single case notion is not enough!

© Wil van der Aalst (use only with permission & acknowledgments)



0 C E L Introduction Format Event Logs Tool Support Contact -

STANDARD

The purpose of the OCEL standard is to provide a general standard to interchange object-centric event data with
multiple case notions. We set the following goals for the standard:
* Interoperability: with the provision of the OCEL standard and JSON/XML serializations of OCEL we want to
support a widespread collection of languages and systems.
* Generalization: the standard supports the storage of events, objects, and their attributes. Furthermore, the
standard can be extended.
* Provision of a collection of examples: example logs, extracted from information systems supporting some
widespread business processes, are provided for the OCEL standard.
* Tool/Library Support: to support the implementation of OCEL in custom applications, tool/library support
shall be provided.

< key="id" value="el"/>

< key="activity"” value="place_order"/>

< key="timestamp" value="2020-87-09T08:20:01.527+01:080"/>
£ key="omap">

< key="object-id" value="i1"/>
< key="object-id" value="01"/>
< key="object-id"” value="i2"/>
<f >
< key="vmap"”>
< key="resource" wvalue="Alessandro"/>
< key="prepaid-amount™ value="200.8"/>
<f >
</ >
< >
< key="id" value="e2"/>
< key="activity"” value="check_availability"/>

key="timestamp"” value="2020-87-89T08:21:01.527+01:80"/>

http://ocel _standard. org/

Version 1.0. Copyright © 2021 Process and Data Science Group (PADS) of the RWTH Aachen University. All rights reserved.



0 C E L Introduction Format Event Logs Tool Support Contact -

STANDARD

Event
Chair of Process ) Identifier

and Data Science
. 1.1
<contain

PROCESS AND DATA SCIENCE GROUP ard. 0.

1.1
- Event <>————  Activity
<contains=> <relates>

RWTH AAcHEN UNIVERSITY

Timestamp

OCEL Standard

:
<contains= \ <contains= <relates=>
Object . Attribute 1__1

Aftribute  <>————
Authors: 0.7 i RETE

Anahita Farhang Ghahfarokhi e ‘“elates} ' Attribute
Gyunam Park " <contains> Type
Alessandro Berti - 1“1
Wil van der Aalst <containss, - Altribute

<relates>
Value <relales>

Object Object

January 8th, 2020 Identifier Type

Version 1.0. Copyright © 2021 Process and Data Science Group (PADS) of the RWTH Aachen University. All rights reserved.



How to deal with this?

ALISHANIND S E
NIHIYHLNM iﬁﬂ%

Directly extracting one or more conventional event
logs (e.g. XES) realizing that there are may be
convergence and divergence problems.

Y MILD
N, LEVEL #

)

MEDIUM
LEVEL

? |

Extracting one object-centric event log and creating
conventional event logs (e.g. XES) on demand.

))} Extracting one object-centric event log and using
. process mining techniques directly working on

el object-centric event logs.
Qe

1 ' Chair of Process
© Wil van der Aalst (use only with permission & acknowledgments) ha b and Data Science



ORACLE
A.Mi ccccc ft Dynarmics

event log
(e.g. XES)

event log
(e.g. XES)

)

MEDIUM
LEVEL

object-centric

event log

2.0CEL

STANDARD

dedicated

process mining
techniques
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Object-Centric Process Mining |4

ALISHANIND
NIHIYHLNM

extract from Each row corresponds to an event which automatically
data sources refers to one activity and any number of discovered object-
00 \ objects of (possibly many) different types. centric Petri net
r — T S —— o ~
oomoipseimsaioos siter ki) e s w
a fren PR
< e o
object-centric event log | o T—
g ¢ ‘o o5
" padoad o
- (anesen s
Tots1124 7o matzen) (Rhee1804957 0435830495 0496804561 804962) P ond o S SfcboShow SAosadono € 116005 51400 |
¢ e o -
w10 o) -
St 1125 koo p¥iZn (assoousasoos) € s
-t a1z fscagsion) e 5 ok
Bessat anaa phiate) Pesnprpa R ) o o ae ) - ¢
\ o % : 3
object-centric Petri net
One of the 21887 events: T
o activity: package delivered ®
o time: 2019-12-24 20:46:47 , — e =
o orders involved: {991119,991030,991209,991254, I i
991213,991206}

e items involved: {884386,884020,884749,884930,
884926,884925,884766,884927,884736}

» packages involved: {660784}

o customers involved: {Kefang Ding}

 products involved: {iPad Air,Echo Dot,MacBook
Pro,iPad Air,Kindle Paperwhite,iPad Air,iPad Pro,
iPad,iPhone 11 Pro} package delivered
o total price: € 6.829,99 1296

» total weight: 4,719 KG

Vo
EvE
i “ Pé Chair of Process
> b and Data Science
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Flatten log per 100

object type and
discover process
b ol ( p

models with
unique activity
names. Order
02 po [ 100
Order place
order
send | oo
invoice
50
send
reminder = 03
Order
pay
order | P& 100
mark as
completed
04 CO |100
Order
o5 (1R

Order

© Wil van der Aalst (use only with permission & acknowledgements)

500

p i1

Item
pick

500 po
plaC Iltem
order
item
500
start
I~ St (oute
mark as tem
completed i5

end
500f co ‘_©<' €N route

Item 500

B s

Item

10

10

st

en

route

start
route

r2

route

end
route

r3 E' g_
1A g

Chair of Process
and Data Science



Merge the
different models
using the original
frequencies.

send
reminder

© Wil van der Aalst (use only with permission & acknowledgements)

ol ( p

> i1 @rl

Order Iltem route
02 po i2
Order p|ace Item
order
send | . pick
. . In
Invoice item
y
start
sr 03 st route
Order ltem
pay ;
order pa 4 "2
mark as Item route
completed 15
E < > % end
o4 co en route
Order
o5 (N i6 r3 I:I| ;gr
Order route ' ir of Pr
‘ 1A 11 S Btbomd




Example for the
object type item.

500 Activity place ordeiconsumed100 ;Il-gv?/irr? Wffcﬁ?lotg?g objects
] times a variable number atem 9 :
> i1 objects fromil. On average5b item
o objects were consumed per round Activity place ordeproduced100
times a variable number otem
500 | po Activity place orde 100 objects fromil. On average5 item
place e occured100times. objects were produced per round
order
pick so0l i | Pick _ :
item Activity pick itemoccurred PL Activity start routeoccurred10times.

Each time a variable number itém
objects was consumed froifi and the
start 4 same number was produced fat. On
route average 50 item objects were
produced consumed per round

500times each tim
500 consuming and produci
st start precisely one item obje
- route
mark as tem mark as
completed i5 completed

end end
500| co ‘—Q‘- €N oute 100 route
e 500 Activityend routeoccurred10times.
Activitymark as completedccurred Each time a variable number itém
B is 100times Each time a variable numb objects was consumed froi and the
— of item objects was consumed froi same number was produced fi&. On
and the same number was produced for average50item objects were
i6. On averageb item objects wer producedconsumed per round
producedconsumed per rou
AVED
“ | Chair of Process
© Wil van der Aalst (use only with permission & acknowledgements) he = and Data Science



We got one step closer to data & reality!

09 "
(OS] extract from | Each row corresponds to an event which automatically
data sources | refers to one activity and any number of discovered object-
00 ‘ | objects of (possibly many) different types. centric Petri net
: > = —
954884995 884596 554997,854916) V/4 natt) i e Show 8ch Posyad i 310
fomn /i ovia bt i gt
X /' ) Fire Stck 4K) oz
: sk 2
s ject-centric event log 18 i S — o
o Ko ot as0
st 1
padsa i
18040580057 40405430495 64560404361 84492) stcvoshon suam
oo pred oy o
proonath an

(P33 AirEcho Dot MacBock Pro.JPad Alr Kindle Paperwhits Fad Al iPac
(885000835001, 885002 £85003] San) (Fire Stick Ak i)
fanag7a
(885004 285005}
(88500 285005}
(B4890, 284891, 88592)

)
)
)
1
+
+
4
(584803) o
b
b
4
4
)

Kincia,Fia Stick 4K £cho Pie)

Kincia Echo Show & 1Pac

One of the 21887 events:

® activity: package delivered

o time: 2019-12-24 20:46:47

o orders involved: {991119,991030,991209,991254, |
991213,991206}

o items involved: {884386,884020,884749,884930,
884926,884925,884766,884927,884736}

* packages involved: {660784}

» customers involved: {Kefang Ding}

® products involved: {iPad Air,Echo Dot,MacBook
Pro,iPad Air,Kindle Paperwhite,iPad Air,iPad Pro,
iPad,iPhone 11 Pro}

e total price: € 6.829,99

o total weight: 4,719 KG

© Wil van der Aalst (use only with permission & acknowledgments)
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Conclusion



Concurrency and Objects Matter to

Realize the Dream of DTO

highly concurrent

_

man Ol’ganization with » event \ prOCeSS / ,
mterac%:n multiple operational data minin - digital y
9 processes g o twins -

objects

—

diagnosepredict, improve

T Whatiif?

AV,

i “ Pé Chair of Process
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Process Mining Offers Many Scientific

Ch al | en U ES (that also matter in the real world)

information
systems

extract

conformance
performance
diagnostics

event
data

discover

W
-]

—

apply
compare +

explore select
filter show

clean model

adapt

# Aé

© Wil van der Aalst (use only with permission & acknowledgements)

show
|nterpret

—

transform

predictions
improvements

f ‘-s( :.—:

Finding extracting and transforming event data is still
taking up to80%of the time.

Most techniques focus on a single case nofjioa, a single
proces$, whereas problems may be caused by interacting
competing processes

Process discovery is not a solved problem despite powerf
techniques like inductive minin@oncurrency is hard to
discover from event data that provide only a sample

There is a need to better integrate mining and modeling
(e.g., userguided discovery

Conformance checking is tirmmnsuming and diagnostics
tend to be nondeterministic

There is a need for techniques recommending process
changedi.e., moving beyond diagnostigs

Machine LearningML) technigques tend to perform poorly
because essential aspects are misged., system loajl

Process mining results need to trigger automated actions
(e.g., start a corrective workfloyv
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