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Recording and analyzing data about 

operational processes is not new  

Frederick 

Winslow 

Taylor

F.W. Taylor. The Principles of Scientific Management. 

Harper and Bothers Publishers, New York, 1919.



The dream
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Towards a Digital Twin of an 

Organization (DTO)

reality

digital
model

Examples: business 

process modeling, 

discrete event 

simulation, etc.
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Towards a Digital Twin of an 

Organization (DTO)

reality

digital
model

reality

digital
shadow

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!  
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Towards a Digital Twin of an 

Organization (DTO)

reality

digital
twin

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:

• Operational support, including 

predictions and recommendations.

• Action-oriented process mining, 

triggering corrective workflows

(Also see the Celonis Execution 

Management System.)
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But, we need to have a digital shadow first!

Mainstream process 

mining techniques 

have two difficulties:

• Dealing with 

concurrency

• Dealing with 

objects

reality

digital
shadow
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Basic Process 

Mining Concepts



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

Starting point: Event data

event

71,043 events

12,666 cases

7 activities

Case ID Activity Resource Timestamp product prod-price quantity address

… … …. … …. … … …

6350 place order Aiden 2018/02/13 14:29:45.000 APPLE iPhone 6 16 GB 639,00 € 5 NL-7751DG-21

6283 pay Lily 2018/02/13 14:39:25.000 SAMSUNG Galaxy S6 32 GB 543.99 3 NL-7828AM-11a

6253 prepare delivery Sophia 2018/02/13 15:01:33.000 APPLE iPhone 6 16 GB 639,00 € 3 NL-7887AC-13

6257 prepare delivery Aiden 2018/02/13 15:03:43.000 SAMSUNG Galaxy S6 32 GB 543.99 1 NL-9521KJ-34

6185 confirm payment Emily 2018/02/13 15:05:36.000 SAMSUNG Galaxy S4 329,00 € 1 NL-9521GC-32

6218 confirm payment Emily 2018/02/13 15:08:11.000 APPLE iPhone 6s Plus 64 GB 969,00 € 2 NL-7948BX-10

6245 make delivery Michael 2018/02/13 15:14:04.000 APPLE iPhone 6 16 GB 639,00 € 3 NL-7905AX-38

6272 pay Emily 2018/02/13 15:20:36.000 APPLE iPhone 6 16 GB 639,00 € 1 NL-7821AC-3

6269 pay Charlotte 2018/02/13 15:25:21.000 SAMSUNG Galaxy S4 329,00 € 1 NL-7907EJ-42

6212 prepare delivery Sophia 2018/02/13 15:43:39.000 HUAWEI P8 Lite 234,00 € 1 NL-7905AX-38

6323 send invoice Alexander 2018/02/13 15:46:08.000 APPLE iPhone 6 16 GB 639,00 € 1 NL-7833HT-15

6246 confirm payment Jack 2018/02/13 15:56:03.000 SAMSUNG Galaxy S4 329,00 € 3 NL-7833HT-15

6347 send invoice Jack 2018/02/13 15:57:42.000 SAMSUNG Galaxy S4 329,00 € 3 NL-7905AX-38

6351 place order Zoe 2018/02/13 16:17:37.000 APPLE iPhone 5s 16 GB 449,00 € 3 NL-9521GC-32

6204 prepare delivery Sophia 2018/02/13 16:31:28.000 SAMSUNG Core Prime G361 135,00 € 1 NL-7828AM-11a

6204 make delivery Kaylee 2018/02/13 16:51:54.000 SAMSUNG Core Prime G361 135,00 € 1 NL-7828AM-11a

6265 confirm payment Lily 2018/02/13 16:55:55.000 SAMSUNG Galaxy S4 329,00 € 4 NL-9521GC-32

6250 confirm payment Jack 2018/02/13 17:03:26.000 MOTOROLA Moto G 199,00 € 4 NL-7942GT-2

6328 send invoice Lily 2018/02/13 17:30:16.000 APPLE iPhone 6s 64 GB 858,00 € 4 NL-9514BV-16

6352 place order Aiden 2018/02/13 17:53:22.000 APPLE iPhone 6 16 GB 639,00 € 2 NL-9514BV-16

6317 send invoice Jack 2018/02/13 18:45:30.000 APPLE iPhone 6s 64 GB 858,00 € 5 NL-7907EJ-42

6353 place order Sophia 2018/02/13 20:16:20.000 APPLE iPhone 5s 16 GB 449,00 € 4 NL-7751AR-19

… … …. … … … … …
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Starting point: Event data

Case ID Activity Resource Timestamp product prod-price quantity address
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case + 

activity + 

timestamp +

…
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Let’s look at orders 6350, 6351, and 6352

Case ID Activity Timestamp

6350 place order 2018/02/13 14:29:45.000

6351 place order 2018/02/13 16:17:37.000

6352 place order 2018/02/13 17:53:22.000

6352 send invoice 2018/02/19 09:20:28.000

6351 send invoice 2018/02/19 16:08:07.000

6350 send invoice 2018/02/21 09:38:16.000

6350 pay 2018/03/02 12:39:37.000

6352 pay 2018/03/05 15:46:47.000

6351 cancel order 2018/03/06 10:17:01.000

6350 prepare delivery 2018/03/07 13:50:35.000

6350 make delivery 2018/03/07 16:41:01.000

6350 confirm payment 2018/03/07 16:53:00.000

6352 prepare delivery 2018/03/07 17:05:59.000

6352 confirm payment 2018/03/07 17:59:55.000

6352 make delivery 2018/03/08 09:54:36.000
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Let’s look at orders 6350, 6351, and 6352
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Let’s look at the whole event log again

place 
order

send 
invoice

pay
prepare 
delivery

make 
delivery

confirm 
payment8016 x

place 
order

send 
invoice

cancel 
order1651 x

place 
order

send 
invoice

pay
prepare 
delivery

confirm 
payment

make 
delivery2962 x

71,043 events

12,666 cases

7 activities

place 
order

pay
send 

invoice
prepare 
delivery

make 
delivery

confirm 
payment

place 
order

pay
send 

invoice
prepare 
delivery

confirm 
payment

make 
delivery

30 x

7 x
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Using the whole event log

No 

modeling

needed!
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Performance and Compliance

What happens?

Where are the bottlenecks?

Where do we deviate from the happy path?
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Reality is not so simple
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Reality is not so simple

It is common to find thousands of 

different variants for simple core 

processes like P2P and O2C! 

Caused by hand-offs, rework, duplication, 

ineffective communication, etc.
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Over 35 process mining vendors today 
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Example: Celonis, Germany’s first Decacorn

A Decacorn is a startup company valued at over $10 billion
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Many of the larger organizations in Europe are 

using process mining already (and we are just at the beginning!)
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Why DFGs are not enough
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Directly-Follows Graph (DFG)
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frequency time



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

place 
order

send 
invoice

…8016 x

place 
order

send 
invoice

…1651 x

place 
order

send 
invoice

…2962 x

place 
order

pay …

place 
order

pay …

30 x

7 x

Average time over 

12,629 observations 
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place 
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send 
invoice

…8016 x

place 
order

send 
invoice

…1651 x

place 
order

send 
invoice

…2962 x

place 
order

pay …

place 
order

pay …

30 x

7 x

Average time 

over 37 

observations 
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DFGs cannot capture concurrency

• 2000 procurement orders

• 5 activities

• 6 unique traces

• unbalanced



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

DFGs cannot capture concurrency

Why loops?
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Filtering does not help

Variant-based 

filtering:

Arc-based 

filtering:

(top 3 variants)(>750)
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Inductive mining finds the right model

BPMN notation (Petri nets and process trees under the hood)
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Directly-Follows Graphs (DFGs)

• Easy to create and scalable.

• Show paths, frequencies, and times.

• Can be simplified easily using filters.

• Filtering needs to be done with the 

utmost care.

• DFGs cannot capture concurrency.
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Fortunately, there are many techniques 

that can discover concurrency

E.g. the inductive mining approaches
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Back to the two problems: 

Concurrency and Objects



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

Organizations are 

highly concurrent!
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More about concurrency

t1

t3

t2

t7t4

initial 
examination

final 
examination

t6

t5

CT scan

X-ray

lab tests

administer medicine

re-examination

p2

p3

p4

p5

p6

p7

p8p1
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More about concurrency: Example runs

t1

t3

t2

t7t4

initial 
examination

final 
examination

t6

t5

CT scan

X-ray

lab tests

administer medicine

re-examination

p2

p3

p4

p5

p6

p7

p8p1
t11

t21

t71t41

initial 
examination

final 
examination

t51

CT scan

lab tests

administer medicine

p21

p31

p41

p51

p61

p71

p81p11

t11

t21

t71t41

initial 
examination

final 
examination

t61

X-ray

lab tests

administer medicine

p21

p31

p41

p51

p61

p71

p81p11

t11

t31t21

t71t41

initial 
examination

final 
examination

t61

X-ray

lab tests

administer 
medicine

re-examination

p21

p31

p41

p53

p61

p71

p81p11

r1 r2

p51

t32t22

administer 
medicine

p52

re-examination

p23

t23

administer 
medicine

p22

r3

A run defines a partial order of activities.
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One partial order may correspond 

to many traces!

One run with 7*6 = 42 firing sequences! 

Why 7*6? There are 7 positions where t41 and t61 

can occur, but they cannot be at the same position.

t11

t31t21

t71t41

initial 
examination

final 
examination

t61

X-ray

lab tests

administer 
medicine

re-examination

p21

p31

p41

p53

p61

p71

p81p11

p51

t32t22

administer 
medicine

p52

re-examination

p23

t23

administer 
medicine

p22
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We need to cope with this!

If we assume that t3 (re-examination) is 

executed at most 5 times, then there are :

• 2(1+1+1+1+1+1) = 12 runs,  and 

• 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. 

There are n=k+1+k+1+1 firings in the middle part. t4 and t5 (or t6) 

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

t1

t3

t2

t7t4

initial 
examination

final 
examination

t6

t5

CT scan

X-ray

lab tests

administer medicine

re-examination

p2

p3

p4

p5

p6

p7

p8p1
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Why a single case 

notion is not enough
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Example illustrating object-centric PM

1..*

1..*

1..*

1

1

1..*

order

item

package

route

1-to-many

many-to-1

many-to-many

order

package

route

item
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Example illustrating object-centric PM
(No activities, just describing the relationships among objects)

order1

item3

package2

route1

order2 order3

item4 item5 item7item1 item6item2

package1 package3 package4

route2 route3
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Ultimate Goal: One model showing multiple 

object types

See Wil van der Aalst: Object-Centric Process Mining: Dealing with Divergence and 

Convergence in Event Data. SEFM 2019, 3-25 https://doi.org/10.1007/978-3-030-30446-1_1
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package
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delivery

deliver 
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load
package
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package
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receive
payment
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items

order
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order

order

item

item

item

item item

package

package

package

package

package

package

package

package

deliver 
package

load
package

send
invoice

receive
payment

place
order
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availability
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item

pack
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package
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delivery
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package
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Let’s make the following assumption

event = activity + timestamp + objects + attributes 

a
c
ti

v
it

y

ti
m

e
s
ta

m
p

a
tt

ri
b

u
te

s

objects

machines

See Wil van der Aalst: Object-Centric Process Mining: Dealing with Divergence and 

Convergence in Event Data. SEFM 2019, 3-25 https://doi.org/10.1007/978-3-030-30446-1_1
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Let’s make the following assumption
a

c
ti

v
it

y

ti
m

e
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b

u
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s

objects

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

a “place order” 

event may refer to 

multiple items 

a “pick item” event 

refers to one item 

a “failed delivery” 

event refers to one 

package, one or 

more items, one or 

more orders, etc. 
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How to load this in your favorite process 

mining tool ???
a

c
ti

v
it

y

ti
m

e
s
ta

m
p

a
tt

ri
b

u
te

s

objects

Need to pick a case identifier! 

How?
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Need to flatten the event data when using 

a conventional process mining technique

• Pick an object type as the case notion.

• Replicate each event for each object of the 

corresponding type.

activity time orders items packages

… … … … …

place order 2019-12-26 {991283} {885038,885039} { }

… … … … …

one event if order is used 

as a case notion

two events if item is used 

as a case notion

no event if package is 

used as a case notion
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Order as a case notion

activity time orders items packages

… … … … …

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

88002}

{ }

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

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

… … … … …

send package 2020-6-25 {99001,

99002}

{88002,

88003,

88004}

{66001}

… … … … …

activity time orders items packages

… … … … …

place order 2020-6-20 99001 {88001,

88002}

{ }

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

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

… … … … …

send package 2020-6-25 99001 {88002,

88003,

88004}

{66001}

send package 2020-6-25 99002 {88002,

88003,

88004}

{66001}

… … … … …

Events may be duplicated
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Item as a case notion

activity time orders items packages

… … … … …

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

88002}

{ }

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

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

… … … … …

send package 2020-6-25 {99001,

99002}

{88002,

88003,

88004}

{66001}

… … … … …

activity time orders items packages

… … … … …

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 { }

… … … … …

send package 2020-6-25 {99001,

99002}

88002 {66001}

send package 2020-6-25 {99001,

99002}

88003 {66001}

send package 2020-6-25 {99001,

99002}

88004 {66001}

… … … … …

Events may be duplicated
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Package as a case notion

activity time orders items packages

… … … … …

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

88002}

{ }

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

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

… … … … …

send package 2020-6-25 {99001,

99002}

{88002,

88003,

88004}

{66001}

… … … … …

activity time orders items packages

… … … … …

send package 2020-6-25 99002 {88002,

88003,

88004}

66001

… … … … …

Events may disappear
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Possible problems

• Deficiency: Events in the original event log that have 

no corresponding events in the flattened event log 

may unintentionally disappear from the data set.

• Convergence: Events referring to multiple objects of 

the selected type are replicated, possibly leading to 

unintentional duplication.

• Divergence: Events referring to different objects of a 

type not selected as the case notion are considered 

to be causally related. 

See Wil van der Aalst: Object-Centric Process Mining: Dealing with Divergence and 

Convergence in Event Data. SEFM 2019, 3-25 https://doi.org/10.1007/978-3-030-30446-1_1
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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

… … … … …

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

88002}

{ }

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

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

… … … … …

send package 2020-6-25 {99001,

99002}

{88002,

88003,

88004}

{66001}

… … … … …

activity time orders items packages

… … … … …

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 { }

… … … … …

send package 2020-6-25 {99001,

99002}

88002 {66001}

send package 2020-6-25 {99001,

99002}

88003 {66001}

send package 2020-6-25 {99001,

99002}

88004 {66001}

… … … … …

How to compute costs, times, 

frequencies, etc. when 

events are replicated?
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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 

activity time orders items packages

… … … … …

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

88002,

88003}

{ }

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

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

pack item 2020-6-22 {99001} {88002} { }

pack item 2020-6-23 {99001} {88001} { }

pick item 2020-6-22 {99001} {88003} { }

pack item 2020-6-23 {99001} {88003} { }

… … … … …

activity time orders items packages

… … … … …

place order 2020-6-20 99001 {88001,

88002,

88003}

{ }

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

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

pack item 2020-6-22 99001 {88002} { }

pack item 2020-6-23 99001 {88001} { }

pick item 2020-6-22 99001 {88003} { }

pack item 2020-6-23 99001 {88003} { }

… … … … …
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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 

activity time orders items packages

… … … … …

place order 2020-6-20 99001 {88001,

88002,

88003}

{ }

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

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

pack item 2020-6-22 99001 {88002} { }

pack item 2020-6-23 99001 {88001} { }

pick item 2020-6-22 99001 {88003} { }

pack item 2020-6-23 99001 {88003} { }

… … … … …

place order

pick item pack item

Things happen in a fixed 

order but this is not visible!
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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 

activity time orders items packages

… … … … …

place order 2020-6-20 99001 {88001,

88002,

88003}

{ }

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

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

pack item 2020-6-22 99001 {88002} { }

pack item 2020-6-23 99001 {88001} { }

pick item 2020-6-22 99001 {88003} { }

pack item 2020-6-23 99001 {88003} { }

… … … … …

place order

pick item

pack item

Concurrency and causality!
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Relevance? See any data model!
(Chen notation, Crow’s foot notation, UML class diagrams) 

order item order order item

one-to-many

order package order package

many-to-many

order payment order payment order payment

one-to-one

1 M

M N

1 0..1

item

packageorder

0..11

1..*1..*

1..*1

Hence, a single case notion is not enough!

Very few relations are one-to-one!
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http://ocel-standard.org/
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How to deal with this?

Directly extracting one or more conventional event 

logs (e.g. XES) realizing that there are may be 

convergence and divergence problems.

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 

object-centric event logs.
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event log 

(e.g. XES)

event log 

(e.g. XES)

conventional process 
mining techniques

object-centric 

event log

dedicated 
process mining 

techniques

extract 
(on demand)

event log 

(e.g. XES)
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Object-Centric Process Mining
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po

pi

co

place 
order

pick 
item

mark as 
completed

i2

i3

i5

i1

i6

Item

Item

Item

Item

Item

st
start 
route

en
end 

route

Item

i4

st
start 
route

en
end 

route

r3

route

route

route

r1

r2

po

in

sr

pa

co

place 
order

send 
invoice

pay 
order 

send 
reminder

mark as 
completed

o2

o1

o3

o4

o5

Order

Order

Order

Order

Order

100

100

100

100

50

100 500

500

500

500

500 10

10

10

500

Flatten log per 

object type and 

discover process 

models with 

unique activity 

names.

W.M.P. van der Aalst and A. Berti. Discovering Object-Centric Petri Nets. Fundamenta Informaticae, vol. 175, no. 1-4, pp. 1-40, 2020
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po

in pi

sr

pa

co

place 
order

pick 
item

send 
invoice

pay 
order 

send 
reminder

mark as 
completed

o2

o1

i2

o3

i3

o4

i5

o5

i1

Order

Order

Order

Order

Order

i6

Item

Item

Item

Item

Item

st
start 
route

en
end 

route

r3

route

Item route

route

r1

r2i4

Merge the 

different models 

using the original 

frequencies.

W.M.P. van der Aalst and A. Berti. Discovering Object-Centric Petri Nets. 

Fundamenta Informaticae, vol. 175, no. 1-4, pp. 1-40, 2020



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

po

pi

co

place 
order

pick 
item

mark as 
completed

i2

i3

i5

i1

i6

Item

Item

Item

Item

Item

st
start 
route

en
end 

route

Item

i4

500

500

500

500

500

500

po

pi

co

place 
order

pick 
item

mark as 
completed

i2

i3

i5

i1

i6

Item

Item

Item

Item

Item

st
start 
route

en
end 

route

Item

i4

100

100x5

100x5 10x50

10x50

10

10x50

10x50

500

500

500

100

100x5

100x5

10

500

500

500

500

500

500

There were 500 item objects 
flowing from i1 to i6.

Activity place order 
occured 100 times.

Activity place order consumed 100 
times a variable number of  item 

objects from i1. On average, 5 item 
objects were consumed per round. 

Activity place order produced 100 
times a variable number of  item 
objects from i1. On average, 5 item 
objects were produced per round. 

Activity pick item occurred 
500 times each time 

consuming and producing 
precisely one item object.  

Activity start route occurred 10 times. 
Each time a variable number of item 
objects was consumed from i3 and the 
same number was produced for i4. On 
average, 50 item objects were 
produced/consumed per round. 

Activity end route occurred 10 times. 
Each time a variable number of item 
objects was consumed from i4 and the 
same number was produced for i5. On 
average, 50 item objects were 
produced/consumed per round. 

Activity mark as completed occurred 
100 times. Each time a variable number 

of item objects was consumed from i5 
and the same number was produced for 

i6. On average, 5 item objects were 
produced/consumed per round. 

Example for the 

object type item.

W.M.P. van der Aalst and A. Berti. Discovering Object-Centric Petri Nets. 

Fundamenta Informaticae, vol. 175, no. 1-4, pp. 1-40, 2020
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We got one step closer to data & reality!
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Conclusion
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organization with 
multiple operational 

processes

event 
data process 

mining

diagnose, predict, improve

highly concurrent

many 
interacting 

objects

digital
twins

What if?

Concurrency and Objects Matter to 

Realize the Dream of DTO
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Process Mining Offers Many Scientific 

Challenges (that also matter in the real world) 

discover

align
replay
enrich

apply

compare

information 

systems

extract

process 
models

explore select
filter
clean

conformance
performance 
diagnostics

predictions
improvements

transform

actshow
model

adapt

show
interpret

drill down

ML

+ +
event 

data

1
2

3

Finding, extracting, and transforming event data is still 
taking up to 80% of the time.

Most techniques focus on a single case notion (i.e., a single 
process), whereas problems may be caused by interacting or 
competing processes.

Process discovery is not a solved problem despite powerful 
techniques like inductive mining. Concurrency is hard to 
discover from event data that provide only a sample.

There is a need to better integrate mining and modeling 
(e.g., user-guided discovery).

Conformance checking is time-consuming and diagnostics 
tend to be non-deterministic.

There is a need for techniques recommending process 
changes (i.e., moving beyond diagnostics).

Machine Learning (ML) techniques tend to perform poorly 
because essential aspects are missed (e.g., system load). 

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

1

2

3

4

5

6

7

8

4
5

6

7

8
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Learn more?

https://www.coursera.org/learn/process-mining

“PM Bible”
Process Mining: Data Science in Action

Learn

more?

Over 135.000 

participants

We are hiring!


