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Processes and Petri Nets
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Processes and Petri Nets

Inductive visual Miner
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Locality of transitions
+ places:

e Perfect fit for
process modeling,
execution, analysis

e Heavily influenced
design of industrial
process modeling
languages, process
execution engines

e Foundational to
process mining



Processes and Petri Nets

Inductive visual Miner

Create Fine
150370

150370
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150370

Send Fine
79860

Insert Fine Notification
TO860

Locality of transitions
+ places:

e Perfect fit for
process modeling,
execution, analysis

e Heavily influenced
design of industrial
process modeling
languages, process
execution engines

e Foundational to
process mining

Assumption: one run =
one process instance in
isolation



Process instances are NEVER isolated
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Dimensions in Processes
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Multi-Dimensional Processes
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Multi-Dimensional Dynamics
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complex network of
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Interacting Cases - M:N

D o[ ] :D >
1stpackage/ —uo 2nd package
i - delivery6
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delivery5 ' '
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4 cases\ + m:n interactions (no longer separated!)
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Modeling 1:1 Interactions

———————————————————————————————————————————————————————————————————————————

order delivery amazonde®
i 5 i load i
| order
create 5
i Il
é deliver ~X vi1
package 4 delivery
é undeliv.
notify
é return
bill "1 T

_____________________________



Modeling M:N Interactions?

———————————————————————————————————————————————————————————————————————————

order ? delivery amazonde®
| : E I;a\d order
create 5
é deliver || next —— AL
package . 4 delivery
undeliv. retry
é N
notify
é return
bill | e
é . each order can be handled by 1..m deliveries
 each delivery handles 1..n orders

_____________________________



What is missing to have an executable model?

———————————————————————————————————————————————————————————————————————————

order ? | delivery oad 5 1. distinguish
p—— )\ different packages
é EH deliver || next 2. how many
package i | I' Y packages and to
undelv. retry which delivery does a
package go?
return

3. which results does an order consume/
wait for?

_____________________________
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Can be modeled with Coloured Petri Nets
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Multi-Dimensional Processes

single entity
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" Processes with multiple entities
e How do they look like in practice?

e Where does current modeling fail?
— Implementation
— Process mining

e A proposal
e New research questions
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amazonde=

order

=

f'b .
delivery
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packages. |

Database:
create N
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——————————————— > package <
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Implementation: BPMN + Relational Data + Operations
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BPMN + Relational Data + Operations

create packages

amazonde=

order

%
| e ]
l 7
(e }
l creal
[ bill ]
S

table package

pID | orderID | customer | ...
21 |1 Mr. Red |...
722 |2 Mrs. Blue| ...
25 |1 Mr. Red
© . | State
.. | ready
.| ready
.. | waiting

17



BPMN + Relational Data + Operations

... attributes referring to process instances

amazonde=

order

? table package

[ corredag? ] pID | orderlID | customer | ...

Mr. Red |...

Mrs. Blue| ...

Mr. Red
.. | state
.| ready
.| ready
.. | waiting

order 1 knows packages {21,25}
|
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amazonde=

order

table package

BPMN + Relational Data + Operations
associate ready packages to "delivery 5"

pID | orderID | customer | ... _
Mr. Red |...
Mrs. Blue] ...

25 |1 Mr. Red
.| deliviD | state

.| null

waiting

19



amazonde=

order

%

| e ]
:

(e |
.

[ bill ]
A

table package

BPMN + Relational Data + Operations
associate ready packages to "delivery 5"

ol | orderID | customer | ... _
-
Mr. Red "'kupda
2 p Mrs. Blue| ...
25 |1 Mr. Red
/ID | state
: loaded
N loaded
...| null waiting

delivery 5 knows packages {21,22}

20



BPMN + Relational Data + Operations

complex sync: bill only when all delivered

amazonde=

order

table package

orderlID | customer | ...

Mr. Red |...
Mrs. Blue| ...

Mr. Red

. | deliviD | state
.| null deliv.
.| null deliv.
. ( null ready

21



Multi-Dimensional Processes

single entity
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" Processes with multiple entities
e How do they look like in practice?
e Where does current modeling fail?

— Implementation
— Process mining

e A proposal
e New research questions
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Process Mining on Multi-Dimensional Data

ingle-dimensional D
amazonde= SIng’e dimensiona
~—— discovery 7
I’ ) N . ),
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Q b4
! X // 2 months SAP data
”
—
v
events in
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E. Nooijen, B. v. Dongen, and D. Fahland, “Automatic Discovery of Data-Centric and Artifact-Centric Processes,” in BPM Workshops. Springer, 2013, pp. 316-327.
Viara Popova, Dirk Fahland, Marlon Dumas: “Artifact Lifecycle Discovery.” Int. J. Cooperative Inf. Syst. 24(1) (2015)

Xixi Lu, Marijn Nagelkerke, Dirk Fahland: “Discovering Interacting Artifacts from ERP systems” IEEE Trans. On Services Computing DOI: 10.1109/TSC.2015.2474358
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Why classical Process Mining (single case ID) fails
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Why classical Process Mining (single case ID) fails
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Why classical Process Mining (single case ID) fails

amazondes
= |

events in
relational
DB

02

A4

D5

D6

7

extract log for case id: O2
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time
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Why classical Process Mining (single case ID) fails

amazongde* —
o — ‘ _
single-dimensional
, ”\: discovery /,/7
/,¢* . edges: 29 correct, 48 wrong
NS P 2 months SAP data
0 NS '
3 - = events In
X relational
‘ DB
single case id = de-normalizes underlying data-structure
rT T
ot | D> 25k 6] 6]
-} 6 6
‘___l ~\~¢7 \\~¢7 \\~¢7
02 D6 duplicates false
*~~X_—7 events dependencies
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“Network” Process Mining

classical -
amazonde® discovery
] ) -7
,/
’/’ S e e e
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e < % //' 2 months SAP data
ke > “network” of
2 - % events in discover 3| Pprocesses and
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E. Nooijen, B. v. Dongen, and D. Fahland, “Automatic Discovery of Data-Centric and Artifact-Centric Processes,” in BPM Workshops. Springer, 2013, pp. 316-327.
Viara Popova, Dirk Fahland, Marlon Dumas: “Artifact Lifecycle Discovery.” Int. J. Cooperative Inf. Syst. 24(1) (2015)
Xixi Lu, Marijn Nagelkerke, Dirk Fahland: “Discovering Interacting Artifacts from ERP systems” IEEE Trans. On Services Computing DOI: 10.1109/TSC.2015.2474358
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Discover Objects & Life-Cycles

[Nooijen et al. 2013, Lu et al. 2015]

— T
~ A

iiTHi'—l-

I I

__
-

)
\
cluster tables

extract event logs

|

-]
-3

4 g]\
\ )

discover life-cycle model
(classical discovery)
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... and Relations
[Lu et al. 2015]

30



Network of Event logs (linked via shared events)

01->D5:
0O1->D6:

object relation
event logs event logs 31



Process Mining in Networks of Event Logs

object relation
event logs event logs 32



SAP Order-To-Cash “Artifact-Centric Model”

CreditMemo Hlog

100% of edges correct
= temporal and structural relation
- _between documents

infrequent edge
—> outlier

But these are just pictures!

' 29/77 correct
edges




Understandable Multi-Dimensional Processes

high-level m implemented
process model processes
.
Order Delivery J
Handling Order
v Handling
precise but non- hand-written

understandable,
non-analyzable

| simple to understand
ST but too imprecise

Delivery

table ‘package
table ‘order’
table "delivery

complexity
abstract graphical concepts written code 34



Multi-Dimensional Processes

single entity

multiple entities

single dynamic multiple dynamics
Workflows @
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(1:n/n:m relations)

Supply Chains/Value Chains

information in

formation
+ material

+ resource

+ system

" Processes with multiple entities
e How do they look like in practice?
e Where does current modeling fail?

— Implementation
— Process mining

e A proposal
e New research questions

35



Need a model that can produce such a run:

=

Ry m
amazonde* m\&
+ + *

order < > delivery €<

¥

—————————————————————————————————————————————————————————————————————————————————————————————————

________________________________________________________________________________________________




Proclets: Cardinalities between events

—————————————————————————————————————————————————————————————————————————————————————————————

ordey elivery tour

| create | * ) *| load |< —*
% each occurrence of split 2 1..n occurrence of load
each occurrence of load = 0..n occurrences of split
split > | '
% deliver || next
undeliv. retry > 1
notify i

[ b |¢<§ | finish |

____________________________________________________________

_________________________________

[van der Aalst 2001



Cardinalities constrain possible n:m interactions

orderl

__________________________________________________________________________________________________________

delivery5 delivery6

. order2

undeliv.

retry *_Ii}

_______________________________________



Problem: Cardinalities do NOT preserve objects

S = A i package25
paCkaQGZJ- IS A W i is lost
duplicated deliveryS O 0 delivery6 |

_______________________________________________________________________________________________________________

split

... but cardinality
constraints satisfied

undeliv.

retry +:é:}—

39

_______________________________________



So what’s the problem with M:N relationships?

e

amazonde® %@/
+ e,
order < > delivery €<
*
e follow-up......__________
-orderl i
O 0 0
_________________________________ 2O )
wirl o=
delivery6
 F—{—{—{1—L]  F—l{ —{—{1—L]
_____________________ deliverys 1 N
order2 | wo N\
O g 1

40



Reify Relation = 2"Y Normal Form

amazonde® ,%
1 + = }+

order <€ >  package > delivery
e \ pID | orderlD | customer | ... |delivID | state
orderl 21 |1 Mr.Red |..|5 deliv.
O ] 0 22 |2 Mrs. Blue 5 loaded
- Nl o5 :
25 |1 Mr. Red ... | null ready
wxyl oL
delivery6
[] L] L] [] L] [ [ ] [] L] L]
_____________________ deliveryd 1 N ]
-order2 H#2D
O g [ 1

41



Reify Relation = Reify Behavior

amazonde® a‘% %@

1 + o e
order <€ >  package —’< > delivery
orderl v
O ] L]
[N PN SRR he S QS # ~_2.§__:__________________________________________________________-_-_—::_‘I:::: _________ —_j__/_—___

#21 | T
1. 0\, _delivery6: [
——0——0O i —O——O
_______ Tl deliveryS T s NL
-order2 H#2D
O ] 1 >

_________

42



3 Conversations = Behavior of an Object “Package”

r—

load

pack |

retry_,‘k\ loafl _\\deliver

43



Behavioral Model for Object Package
package ey |

pack| © load

states in life-cycle model abstract

retry . from attribute values in data model
El gol=—
undeliv
_______________ delivered
pID | orderlD | customer | ... |deliviD | state
21 |1 Mr. Red ...|5 deliv.
22 |2 Mrs. Blue | ... |5 loaded
25 |1 Mr. Red ... | null ready

Precursor to this idea in: Ronny Mans. Workflow Support for the Healthcare Domain. PhD Thesis. 2011, Ch. 6.
44




Reify Behavioral Model = Normal Form

order <€ >  package > delivery

amazonde® )rﬂ
1+ o }+

rder i
- - package E
: | zzcd o |

split
notify retry e I

I m . dellver ..................... I

_______________________________________



Behavioral Normal Form: Synchronous Interaction

urs in delivery then the
ed to 4 delivery tour

retry

l ““‘I ............. . deliver next
dellver ..................... I“ |

. i :.': E undellv ........................... l Unde”V

___________________

________________________________________



... With 1:1/1:N synchronization only: Normal Form!

order . | 1 instance of order can
§ . | create 1..n packages
| .| package

Oy & O

1 instance of delivery
can load 1..n packages

- delivery

retry

deliver %

undeliv [*-

- HEC
O i
I 1 instance of order
teeeee------———-- 11 can bill 1..n packages

I ““‘I ............. . deliver neXt

load I ...... I ...................... I
y - £

1 1 |
.................... ll undeliv.

1 instance of delivery can
deliver 1 package at a time

________________________________________

formal model in paper is general, allows N:M synchronization
Dirk Fahland “Describing Behavior of Processes with Many-to-Many Interactions”, Petri Nets 2019 a7



Semantics: As “net-affine” as | could make it

partially-ordered run

In instance “1” of process order
create | (11,1 «—
( ) transition create”occurred
O (P11

W

Token id “1” on place p1
- -Petri net semantics

Wolfgang Reisig
Grzegorz Rozenberq Eds.

Carl Adam Petri:

Ideas, Personality,
Impact

Dirk Fahland: Petri's Understanding of Nets.

Carl Adam Petri: Ideas, Personality, Impact 2019: 31_31?8



Different Instances:

package

|

O A
l

“own” local runs

partially-ordered run

(t1,1)

() (pP1.1)

(t1,2)
™) (p1,2)

49



Different Instances: “own” local runs

partially-ordered run

Cpackage (t1,1)

DOm0 b
2
12| _pack l (p1,1)
et 0
g (?pZ g i

(t1,2)
™) (p1,2)

9 (p1,2)

, pack |(t2,1) pack |(12,2)
v
] pEea Oe Qe
oV
ll possible extensions of the run

50



How to synchronize instances?

pack

(t2,1)

(5002,1)

partially-ordered run

(t1,1)
) (p1.1)

9 (p1,1)

(t3,21)

pack

O

(p3,21)

(t3,25)

pack

O

(p3,25)

(t3,22)

pack

(t1,2)
™) (p1,2)

9 (p1,2)

pack

(t2,2)

S Az

(p3,22)

possible extensions of the run

51



order partially-ordered run
(t1,1) (t1,2)
0 (pL1) O (P2)

OCPLY 4321y (325) (13,22) ?(pl’z)
pack pack |(t2,2)

S Az

(p3,21) (p3,25) (p3,22)

binding at channel (pack,pack):
{1,21,25}

relation underlying the binding
{(1,21),(1,25) } -




order partially-ordered run
(t1,1) (t1,2)

O (P1.2)

O (pL.1) (t3,21)  (t3,25) (t3,22)
(t2,2)

(Y (p2.2)

(p3,21) (p3,25) (p3,22)

binding at channel (pack,pack):
11,21,25, 22,2} violates 1:+

relation underlying the binding
{(1,21),(1,25),(1,22),(2,21),(2,25),(2,22) } -




order partially-ordered run
(t1,1) (t1,2)
0 (pL1) O (P2)

OCPLY 4321y (325) (13,22) ?(pl’z)
pack pack |(t2,2)

S Az

(p3,21) (p3,25) (p3,22)

binding at channel (pack,pack):
{1.21,25} satisfies 1.+

relation underlying the binding
{(1,21),(1,25) } -




Unbounded synchronization of local events

partially-ordered run

(t1,1) (t1,2)
) (p1.1) ) (p1.2)

(t2,1)(t3,21)(t3,25)
pack (13,22) ? (pl,2)

m pack pack |(t2,2)
(p3,21) 3,25
(p3,25) 6 6 02.2)

(p3,22)

55



Unbounded synchronization of local events

. order ; partially-ordered run
Ui foreate | 0y N (t1,1) oreate (11.2)

. package
ot MEE

sS4 3

1
Q- o7 O O & O

(p3,21)  (p3,25) (p3,22)

QLY o nwanes) @222 O PL2

— synchronization describes relation
on behavioral level, no data stored!

56



Each instance has 1 local run + synchronization

1 order R :
N packages [l NESS hintht- sl . S S

___________________________________________________

_____________

#package 22

___________________________________________________________________________________________________________________

57



... compose into run with m:n interactions

58



What’s missing?

T .
; .| package g

QO  HHeed—0

pack '

1 ]

] retry T
é. . I ............. 1 deliver next
n0t|fy i I deliver [ f-mm I‘i 1" il

i ..::' undellv ...................... l ----- l Unde”V
(U it :

retry

Leeeee——--22! 1 created at “pack” 2
amazonde® ATal 0000 S oo
v Al e
order <€ >  package —’< >  delivery




Initialize Correlation Binding P at “pack”
Match ( ) Binding P at “bill”

§ order ; partially-ordered run
Leete ] e
- O
| e - (t2,1)(t3,21)(3,25) (3,22)(t2,25-
épz w 070 O b & bwe
| o . ': 3121)  (p3,25) (p3,22)
.| notify | I de | (P ; \
i Y E T O — \
 QOpAl il ps (P3,21) (05.22)"
g FjS——— Oean) O O
« [ =

(t4,1) (t5,21) (t5,22)
Init (1,21),(1,25) # Match (1,21) 60



Initialize Correlation Binding P at “pack”
Match ( ) Binding P at “bill”

§ order ; partially-ordered run
Leete e Coreste
- O
| e - (t2,1)(t3,21)(3,25) (3,22)(t2,25-
@pz W 070 O b & e
| o . ': 3121)  (p3,25) (p3,22)
.| notify | I de | (P ; \
| Y & T o @)= ':
 QOpAl il ps (P3,21) (05.22)"
i IEEE———— () (p4.1) () ()
“ o} -

(t4,1) (15,21) (t5,22)
Init (1,21),(1,25) # Match (1,21),(1,22) 61



Initialize Correlation Binding P at “pack”
Match ( ) Binding P at “bill”

§ order ; partially-ordered run
Leete ] e
- O
| e - (t2,1)(t3,21)(3,25) (3,22)(t2,25-
<§ w o7 D b & b
| i . ': 3121)  (p325) (p3,22)
.| notify | I de | (P ; ' \
| - L J+Q, = ': \,
BN OLIRIF NI p5  Lur = (P3.21)  (p5.25) (p5,22):
g () P S— O O O
« o =
(t4,1) (t5,21) (5,25) (t5,22)

Init (1,21),(1,25) = Match (1,21),(1,25) 62



“Synchronous Proclets”

K process models operational semantics: PO-runs
« Synchronous channels  Id-tokens + v-Petri net semantics
 cardinality constraints 1:1, 1:n * unbounded synchronization of events

e correlation constraints: Init P, cP, =P ¢ events hold all relational information

 history-based correlation
Dirk Fahland “Describing Behavior of Processes with Many-to-Many Interactions”, Petri Nets 2019 63



Multi-Dimensional Processes

single entity

multiple entities

single dynamic multiple dynamics
Workflows @
(%]
(%]
)
O
@)
S
o
(%]
. —
Data-driven =
processes Y
—

(1:n/n:m relations)

Supply Chains/Value Chains

information in

formation
+ material

+ resource

+ system

" Processes with multiple entities
e How do they look like in practice?
e Where does current modeling fail?

— Implementation
— Process mining

e A proposal
e New research questions
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Active and Passive Components

Active# #Active? #Active

Active Active

= Active Component

e “service”: activities, performed by agents driving the process,
e.g. split an order, write an invoice, ...

e can communicate (asynchronously)

65



Active and Passive Components

Active Active

Active Active

= Active Component ‘channel”

e “process”: activities, performed by agents driving the process,
e.g. split an order, write an invoice, ...

e can communicate (asynchronously)
= Passive Component

e “data object”: attributes, can be updated, e.g. a package
e order of updates is constrained, triggered from outside
e restricts interaction between several active processes
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Is this model sound?

| E package | | |
Q | nitP,.f{pacc ® T i B
L - '+
pack I * | .
i I1 retry

I';D1I deliver| | next
oS e

*

1 .‘.
1 - ;
| < undeliv
! * 1
1 o |
! Ko +|
1 .

..

No, solution given in:
Dirk Fahland “Describing Behavior of Processes with Many-to-Many Interactions”, Petri Nets 2019



New verification & synthesis problems

Active Active

Active

Active

“channel”

= |s reachability decidable?

= |s the model ,, sound”?
— parameterized verification problem (for all number of instances)

= What's the minimal number of instances needed to achieve a particular
(problematic) behavior?

= Given k ,,active” components
— synthesize the ,passive” components to ensure property X

68



New Modeling (Language) Problems

delivery

= How to add determinism, e.g., link to data model, guard conditions
e Data-Centric Dynamic Systems, DB-Petri Nets (Marco Montali)

= What are adequate design patterns?
= How to design comprehensible models (for task X)?

e These models flatten the 1:n/n:m interactions
e Strong “visual” discrepancy between model syntax and behavior

69



Problem: Flattened n:m relations & variants

most frequent behavior all behaviors across 3 data objects
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Explicitly describing behavior over n:m relations

LSC

34
conF=0.95
supp=7adl

Scenario:
* Describe partial behavior
* Describe object instances + interactions explicitl
* + context (e.g., enabling history)

Case_0 Delivery_o Eillinghoc_o FPaument_o Invoice_o £T15000, #E15000
¢:_:’llir‘ﬁ-atﬁ- Zales Order Pozition
Creating IIIE-li'u'er*y'l
Goods I=s=sue
’ Goods Receipt
Creating Inwoice ._
Clear Invoice
4

Clear Inwoice ’

Scan Inwoice

y
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Scenarios w/ history specify m:n interactions in a visual,
comprehensive way

 prepay \ .
3 ./ Env | Application_1 Workf ow_1 OEfer_1 OEfer_2
:}:_ i W_Complete applicationtstart
LW 3 arrived i W_Complete applicationt+suspend
| Y Custom er £ Pum ! f_Acceptedroomplete
:Operator < “‘1 ' (CigPatodo$) L (pigFree) | T
! i :'"""""""""'""""""""'“""“""""““"“""‘. 0_Create Offer+complete
‘ - P O.i Do . Customer getgas |
| receive pay o |
; T o (Cld pld) ! 0_Created+complete
Operat Toiod) | 2 4 -
| erator todo | 1 : | 3 | I 0_Sent (mail and onlinel)+complete
'~ (todo O i activate o - -
| X i (pig,todo) | ! receivel | | ' . «—
| Y i ﬂ Y ) i ' Tecelve. Lo . po— i W_Complete applicationtate abort
lactivate s, > ?activate L ; T 9activate T T .
‘ P.ump . i : Customer;' "’-“' :,—- P i {r’w_tall after offers+achedule
(pig,Active,0,todo) ! (Ciapa) i o A five Otodo) |

! Lo IC| pd ‘~_-'\ pld C Ne! ' odo ! W_Call after offerst+start

| P <

! F'ump | start i A_Complete+complete

C) (pig,Finished done 0)! ! M

! X Vo | W_Call after offers+suspend
i ! P
! ! ump !
! — Comp|9ted v (p Runmng 0 todo) W_Call after offers+resume
‘ P id> ! S
; report i | Customer !
3 (dgne) ! O (EgrEIPEE) i i (Cid=pid) . P ! t::r’w_tall after offers+suspend
1 ! o ump
OperatorQ Q &:ti.adsé%r}qer o (pig,Running,done, Ieft): O_Create Offer+complete »
i b i 0_Created+complete
i Ichange 4’0 —> ?change P stop . <
i ! 1 0_Sent (mail and onlinel+complete
| change o i «—
1Operat0r C) (S-done*Price) CUSton%ecri *Pri bl Customer ({ b Pump ! L5C 47 conf=1.0
| (Cig g 3-done”Price) 1 (CigPi) (Ra.Finished done,0) suéé=20 =
__________________________________________________________________________________________ 1 |_________________________________________________________________l
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Need to transform between local/global views

__________________

__________________

__________________

i T delieryy 1! E <
gl Ll eventsin
E split load E]—EJ: | A events In

T | — 4mmmm | clational
ﬁﬂ%ﬁﬂ . i DB

: ~_N @@
scenarios process model of

between objects / processes + data objects

__________________
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1
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__________________
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Wrap-Up

= Multi-Dimensional Process Dynamics

" Net-based model
e partially ordered runs
e |d-tokens
e Unbounded synchronization at events
e History-based correlation

= Gives rise to many new research
qguestions
e Decidability, verification
e Scenario-based modeling w/ history
e Synthesis, querying

multiple entities

single entity

single dynamic multiple dynamics

Data-driven
processes
(1:n/n:m relations)

Supply Chains/Value Chains

Logistics Processes

information

information
+ material
+ resource
+ system

package

order1

pack bill
[} -1
package #25
! delivery5
| load
order2 B R
(I}

ccccccccccccccccccccccccccccccccccccc
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0 lete —
mail and o mce:}
*ate‘ aaaaa
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P
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