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Conformance checking:
Alignments

Process discovery:
Inductive Mining and
ILP Mining
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Process Mining: Overview
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Actual processes are very different from

what stakeholders think !
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Use Cases Everywhere!
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Use Cases Everywhere!
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A new category of tools and

scientific discig
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Process Discovery
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The main idea (informal)
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(c) Accepting Petri Net (APN): M, : ,.é
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Inductive Mining (IM)

- Decompose the event log into smaller events logs
until the problem get trivial.

* Four types of cuts corresponding to the operators:
— (sequential composition), x (exclusive choice), A
(parallel composition), and O (redo loop).

* In each step the activities are partitioned into
subsets until they are singletons.

Developed by Sander Leemans in the context of his PhD thesis (NWO project “Don't Search for the Undesirable! Avoiding “Blind Alleys” in

Process Mining” 2012-2017). o
PG}
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Event log

bi cb ac at as bo ep ck
p b » cb > ac > as > at ) bo > ep > ck 4
p bi > cb > at > ac ) as p bo > ep > ck 4

p_bi > cb > at > ac > am > bo > ck

p bi > b > at > am > ac p bo  ep > ck 4
p_bi > b > am > ac > at > bo > ep > ck
p_bi > b > am > at > ac > bo > ep > ck g

A IS D IS DI AN s ..

© Wil van der Aalst (us n & acknowledgements

Activities: buy ingredients
(bi), create base (cb), add
cheese (ac), add tomato
(at), add salami (as), add
mushrooms (am), bake in
oven (bo), eat pizza (ep),
and clean kitchen (ck).

ir of Process
and Data Science



Create a DFG for the whole event log

bi cb ac at as bo ep ck
p b » cb > ac > as > at ) bo > ep > ck 4
p bi > cb > at > ac ) as p bo > ep > ck 4

p bi > b > at > am > ac p bo  ep > ck 4
p_bi > b > am > ac > at > bo > ep > ck

Frequencies omitted for readability



Apply a sequence cut

There is a sequence cut when the DFG can be split into sequential E' »g—l
111 H ”» H J
parts where only “forward connections” are possible. Note that we ;
| o need to use the non-reflexive transitive closure of F. 1A iy é Chair of Process
© Wil van der Aalst (use only with permission & acknowledgements) hg and Data Science



Sequence cut partitions activities in
siX subsets




Color the events based on the partitioning

WD EDEDED = oxe >0

memﬁ i PE Chair of Process
© Wil van der Aalst (use only with perm ission & acknowledgements ) hg O and Data Science

7 'Y

4

7 V¥

4

7 'Y

7 VY7

7 Y7

7 'Y

4




|
»

J

1
h o

itioning

kkk
(O NS

ck
ck
ck

kkkk
OQgogo

A

AR A ARNlANANA >>>»,
pppkppp
—9449—3 ——

>>>>>> \7\/

>>>>>>>>>>>>

Split the event Iog based on the part

Chair of Process
and Data Science

o}

&

& acknowledgements)

nly with permission

© Wil van der Aalst (use o



Recursion: Apply algorithm to all sublogs
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Handling the base cases ...
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Only the blue event log remains




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

Continue with the blue event log

mm There is a parallel cut when the

mn DFG can be split into
p at > ac > as concurrent parts where any

activity in one part can be

mn followed by any activity in
mm another part.

Activities as and am
are not connected,
I.e., not concurrent
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Apply a parallel cut resulting in three

| |
activit

mm There is a parallel cut when the DFG can be

IS srlitinto concurrent parts where any activity
in one part can be followed by any activity in

p at > ac D as NN

p at > as > ac 4

p as > ac H ot R I 7 ot Bk T

p as > at ) ac 4
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Three new event logs are created

Not a base case, still two
activities as and am.

Base case (just
activity at)

Base case (just
activity ac)

; mg Chair of Process
and Data Science
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Handling the base cases ...
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Continue with the red event log

<
Q
E
o
o
e
>
Q
o
a
=
wv
o
o
=
<
£
=
>0
°
)
o
3
)
£,
o
E
20
Q
(o]
oy
5
IS
=
)
o
@
5]
3
o
>
g
L



We find an exclusive-choice cut

There is an exclusive-choice cut when the
DFG can be split into disconnected parts after
leaving out the artificial start and end.

E mg Chair of Process
and Data Science
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We find an exclusive-choice cut

There is an exclusive-choice cut when the
DFG can be split into disconnected parts after
leaving out the artificial start and end.

Note that projection is now different

than for the sequence and parallel cuts. F ,EE:
© Wil van der Aalst (use only with permission & acknowledgements) m g::IB:IaP;z?:r?:e
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The process tree returned by the
Inductive Mining algorithm




Can be visualized using Petri nets or BPMN

as

P40}

am -. _
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Can be visualized using Petri nets or BPMN

add cheese
(ac)

add tomato
(at)

. buy create base
ingredients
(bi) (cb)
start

add salami

(as)

bake in oven clean kitchen
(bo) (ck)
end
add E"ng—l

eat pizza
(ep)
mushrooms Chair of Process
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Formal definition of the algorithm

Definition 23 (Sequence, Exclusive-Choice, Parallel, and Redo-Loop Cuts). Let L €
B(Uget™) be an event log having a DFG disc,,.(L) = (A, F) based on L (note that
A = act(L)) with start activities AS"*"* = {a € A | (»,a) € F} and end activities

A = fa € A | (a,m) € F}. An n-ary -cut of L is a partition of A into n > 2 :{:::;22’::”“9
pairwise disjoint subsets Ay, As, ... Ay (e, A = Uze{l,...,n} Ajand A;NA; =0
fori # j)with & € {—.x, A, O}. Such a &-cut is denoted (&, A1, Aa, ... Ayp). For
each type of operator & € {—., x, A\, O} specific conditions apply:

— An exclusive-choice cut of L is a cut (x, Ay, As, ... Ay) such that
® Vije1,..n}Vaca,Voca; 1 #j = (a,b) € F.
— A sequence cut of Lis a cut (—, Ay, Aa. ... Ay) such that
® Vije(1..n}Vaca,Voea; i <j = ((a,b) € F* A (bya) € FT).
(Note that F is the non-reflexive transitive closure of F, i.e., (a,b) € F*
means that there is a path from a to b in the DFG.)
— A parallel cut of L is a cut (N, Ay, As, ... A,) such that
® Vic(1,.ny AiN Astart L () A AN A L () and
L ‘v’@-,je{lwn}‘v’aeAiVbeAj ] %j = ((I, b) e F.

@ N
-

— A redo-loop cut of L is a cur (O, Ay, As, ... Ay) such that NLTA
o Astart UAend C Al» Q) Xy
® Vijei2,..n}Vaea,Voea, i #j = (a,b) € F, [}'ﬁ/ /,Eé S )F}‘

o {ac Ay |(ab)eF AbgA)=Amd

o {acA|(ba)e F A bg A} = Astart,

° v(a,b)EF ac€c Ay NbZg A = VareAend ((L’, b) € F, and
° v(b,a)EF ae AL AN D ¢ A = vafeAstart (b CL’) e F.

(a) exclusive-choice cut (b) sequence cut (c) parallel cut (d) redo-loop cut

IJ
“ r'é Ghair of Process
S O and Data Science
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Strong theoretical guarantees

- Guaranteed to be able to replay the whole event log,
i.e., perfect recall (if desired).

- “Rediscoverability” of process trees with unique
activities (if the log is directly-follows complete).

- Scalable enough for real-life events logs (more
scalable variants available) and able to filter out
infrequent behavior.

- Implemented in open source tools like ProM and
PM4py, and several commercial tools, including

- Ve s
elonis. . |
i “ > Chair of Process
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Question: Is this machine learning?

Eﬁ% oty e, ‘ UNIVEF?EII%IY\I
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Example: ILP Mining

Definition (Basic ILP formulation) Let L C 7" be an event log (cardinal-

ities are not considered). A and A’ are the matrices defined for the language of
L. ILPy is the integer programming problem:

Minimize
such that

c+1t - (c-1+A4 - (x—y))
c-1+A4 - x—A4A-y>0
17 x+1T -y >1
0<x<1

0<y<=<1

0<¢<1

Joint work with Boudewijn
van Dongen, Cor Hurkens,
Bas van Zelst, et al.

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

Finding places in a Petri net

minimal and “interesting” regions
(x,y, c)is a region

there is at least one edge

x € {0,1}1

y € {0,1}7

c € {0,1}

@V
{ “ r’é Chair of Process
> O and Data Science



Example Integer Linear Program (ILP) to

discover places In a Petri net

1 10000
L= d). (b | [ (a3
1 10100
— Minimize ¢+ (1,1,1,1,1,1) - (¢ - 11 lot11o00 || & ve )
{<a, c, >, < , c, 6>} \ 1 10110 Td — Yd
1 01101 e = Ye
such that:

1 00000 10000 0

1 00000 Ha 01000 Ya 0

1 10000 b 10100 Yo 0

“lilTlotooo| [ % | Jotioo]| | % |20

1 10100 i 10110 Yd 0

1 01100 T 01101 Ye 0
g Ya
h Ub

(L1,1LLY) |z | +(LLLLY) [ | >1

/ T4 Yd
Le Ye

IN
~
8 8 8 8 &
® Q. o <o 9
IA

o
—_ 0~

(on
®
oo o0 O cooco o
IA
—
SRS
=8 o
IA
—

each place is a solution
(skipping some details, e.g., empty at the end)

© Wil van der Aalst (use only with permission & acknowledgements) 0<e
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Conformance Checking
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Computing alignments

t6

Process Model

cancel

tl

start @—» _add
items

pl

t3

finalize

Trace : <add items, add items, finalize, finalize>

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

t5

deliver

p3

LEGEND

<activities>

<unlogged activities>

end

p4

Normal transition
Invisible transition

Qv

Joint work with Arya Adriansyah and Boudewijn van Dongen L“fé Chair of Process

and Data Science



Two example alignments

Process Model

t1

start @—» add
items

pl

t2

add
items

t6

cancel

t3 t5

finalize deliver end

p3 p4

t4

LEGEND
Normal transition

Invisible transition

Trace : <add items, add items, finalize, finalize>

© Wil van der Aalst (use only with permission & acknowledgements)
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finalize
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add 1tems

add 1tems
i1
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add 1tems
to

finalize

finalize

t3

=

> |deliver

ts

finalize

=>>

add items
i1

add items
to

finalize
i3

edit order|finalize
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e

deliver
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Two Petri nets

Observed behavior

start @-»

Modeled behavior

start @—>

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

pl

pl
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add
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p2'

f1

add
items

t2
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items
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add . L
. —>O—> finalize —DO—D finalize —DOend
items
p3' p4' p5'
t6
cancel
13 15
finalize deliver end
p3 pa
LEGEND
<activities> Normal transition

Invisible transition Elfg—.
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Product net of the process model and

the trace model

‘-.-.----------.-------.-------------..------------.-----.------.‘

o

{ Eventnet  (t1'») (t2,>) (t3, ) (ta',>) '

. pll pzl p3l p4l p5I .

0 add add o L -

0 start (@ . . finalize finalize end

: items items :

'Y ']

t1't !
(t1't2) | (£333) (t4'13)
(t2',t1) t2',t2) ’
sssss @—- w:ﬁ:‘g —»O—» ‘t:r:s —i{;—bﬁna\\ —»O—sl i —»O d
r L X X X J [ X X X J - ® - e [ X X J [ X X J [ X X X X J [ J ( X X X X J ( X X X X X X X X X X X X X ¥ X N N X X

K (>>,6) *

. 0 :
dd . .

Ca [ T H (> 11 (>13) s
: LEGEND (] 0
“::‘S _ Nurma\t:ansit:nn 0 0

anlogped stivities nwvisible transiti : Start . (>> ts) :
: g " E :
0 > t4 0
' (,t2) end 9
) = p4 i
: o :
. Process net K
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LEGEND
[ Move on model B Synchronous move

B Move on model (invisible transitions) [0 Move on log

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



A shortest path problem

(in a possibly infinite state space)

o °
! (#12)
s Eventnet (t>») (€2 >) (t3, >) (ta',>) s Hllj;) s B (]
(] p1' p2' p3' [ p5' (] A\l
: add add . . d : Pl (a0 aa , [p
start (@ . . finalize finalize en B o e p2]
H items items H B > N
Y 0 (t2',t1 ‘ (=3
..(-1..1). o e - e e oee - e oe [ X X X J L X ) LA X X X X I J L X J L X X X X X XK X X X X J -....-' . b3 (t2',12) [522]
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Marking equation of the product net

/1 1 0 0 0 -1 -1 0 0 0 0 0 0 0 0 0 0\ tfftl 0
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0 o o 1 -1 0 0 0 0 1 -1 0 0 0 0 0 0 tz, S| |0
o+l o o o 1 0o 0o 0 0 0 1 0 0 0 0 0 0 t3,t3 =[ 1
1 o 0 0 0 -1 0 -1 0 0 0 —-10 0 0 0 0 t4,t3 0
0 o o 0 o 1 0 1 0 -1 -1 1 0 -1 1 -1 0 tlt 0
\o/ \0 o o0 0 0 0 0 0 1 1 0 0 1 -1 0 —1/ tz \0/
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\ t5 / i
Any path in the product net from start to end is a solution of this system of inequalities t6 E':’@T
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Efficiently computing optimal alignments

fremnt on o o e  The marking equation helps to limit
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Another Optimization-Based Approach

(Based on work with Christopher Schwanen and Wied Pakusa)

a /.""-.
TN b ey

@
N \C\./b/

(a) Transition system TS(PT).

_(>0) (>,¢)
.\(>>,T)/. Ay Py (> b):; ®
(b,) (b,>) (bt (b,é)(i’ﬁ’ (b,b) (b,)
APISNY () ® (>>,c)>
.\(W)/ T(0) ° (>, )@ °
(a,) | (a3) @Q@% (a,)
Pt >, b){. (».0)
.\ A :(>>,c) >, b):.
(>,7) e
(e:) (c,>) (c,é)@ﬁ) (e>) o
(¢, ¢)
./(>>=“)\ () \(>>,c)__\_;.
LV TNy (>

(d) Synchronous network N'(o, PT).

(¢) Synchronous product of tran-
sition systems 7.5, and TS (PT).

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

Alignments on process trees can
be expressed as solutions of
Mixed Integer Linear Programs
(MILP).

More specifically, we encode the
alignment problem as a
minimum-cost network flow
problem.

For process trees without parallel
executions, our MILP formulation
becomes a Linear Program (LP),
which can be solved efficiently.
The approach can be extended to
sound free-choice nets.
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Refining the Overview of Process Mining

nB gﬁ | software Y

systems

! o 2)
improve improve
intervene intervene =g=

drill down inform apply
show configure

extract
transform
clean

®
“Q

align
repla
discover enhF;nZe generate
: event —_— process -_— conformance & —m» predlcglvg &
data performance prescriptive
e:eﬁ';’te models diagnostics models
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Focus thus far

software
systems

improve improve —
extract intervene intervene = =
transform ¢ \
clean

drill down
configure

generate

conformance &
performance
diagnostics

predictive &
prescriptive
models

process

explore models

select
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Predictive, Prescriptive, and Generative Al

Predictive Al
Prescriptive Al

software
systems

act
improve improve
intervene intervene

* Y r*~'ﬁ'

/
?J drill down larm ? EERl
show

configure

Generative Al

extract
transform /
clean /

‘ Q align
. replay generate
[ — discover enhance
— event —_— process -_— conformance &| —m» predlcglvg &
data performance prescriptive
e:eﬁt::’te models diagnostics models

L mviy
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Process mining provides the lens to look

at enterprise data and processes

=)

complex reality event data and process models machine learning
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Challenges Optimization

Involves ad-hoc modeling tailored
towards a particular problem.

No out-of-the-box initial
visualization or analysis.

No standard input representation

like in process mining.
Assumes a “controllable world”, S\ | PROCESS MINING
often no feedback loop when the AL |

“planned reality” deviates from the R LAY
“real reality”.

POWERED BY
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Process Mining Optimization

C Data-Driven & Flexible > < combine > (Model—Driven&Specific)

Based on reality, i.e.,, data on Based on assumptions, e.g., a
events and objects. mixed integer program.

close the loop

Mostly backward-looking: based on reality Mostly forward-looking:
Learning from the past. < o Planning the future.
moving from as-is

to to-be

Generic and flexible: Any @ - —>> Approaches are tailored towards
operational process. prowdg ageneric a specific setting & problem.
startlng pomt
< - ®
Improve

performance (2x)

Qv

i “ r’é Chair of Process
© Wil van der Aalst (use only with permission & acknowledgements) hg O and Data Science



Process Mining Optimization

C Data-Driven & Flexible > < combine > CModeI—Driven&SpeCifiC>

Based on reality, i.e.,, data on Based on assumptions, e.g., a
events and objects. mixed integer program.
— >
Vision to Combine Both Worlds
to to-be
Generic and flexible: Any @ - —>> Approaches are tailored towards
operational process. prowd? ageneric a specific setting & problem.
stqrtlng pomt
< - ®
Improve
performance (2x)

e
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v

i “ g Chair of Process
© Wil van der Aalst (use only with permission & acknowledgements) hg O and Data Science



Object-Centric Event Data (e.g. OCEL 2.0)

Have Proven To Be Extremely Powerful

event type |1 event object
(activity) [ nasatrib.] attribute attribute

1
has name
k

event object
attribute attribute
value _ value

has name

for event

has objects

has timestamp has timestamp

OCEL 2.0 Meta Model
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Use A Common Language For An “Optimized

Reality” and the “Real Reality”

observe

N~

real event
event data in
OCEL 2.0 format
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v & s

S

process
mining
software

. software

powerful query engine for OCEL 2.0
(OC-PQL)

Use a common data
format and a common
query language using
only objects and events

planned event
event data in
OCEL 2.0 format

~—
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Conclusion

Predictive Al
Prescriptive Al

Generative Al act
improve improve
extract intervene intervene

7
process 2 o “’;‘;;;' g

generate
—_—

mining

—— |conformance &
performance
diagnostics

pred ictive &
prescriptive
models

align
replay
__discover __enhance
process
exp!ore models
select
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S~ i\”--.A./—“"

(a) Transition system TS(PT').
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l/l’"““\ l ) .'"‘fz \I
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(c) Synchronous product of tran- (d) Synchronous network A(o, PT).

sition systems TS, and TS(PT').
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real event planned event
event data in event data in
OCEL 2.0 format OCEL 2.0 format
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B O O ks (not intended to be complete)

SPRINGER BRIEFS IN
BUSINESS PROCESS MANAGEMENT
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Online courses

« Coursera course
“Process Mining: Data
science in Action”

* Three RWTHx edX
courses

—

coursera m
P40}

J |
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WWWw.processmining.org
WWwWWw.process-mining-summer-school.org
www.tf-pm.org

www.promtools.org
www.celonis.com/academic-signup
xes-standard.org

ocel-standard.org
www.pads.rwth-aachen.de
www.vdaalst.com Pl D¥
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