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BUSINESS PROCESSES

“A BUSINESS PROCESS IS A COLLECTION OF RELATED, STRUCTURED 

ACTIVITIES OR TASKS BY PEOPLE OR EQUIPMENT IN WHICH A 

SPECIFIC SEQUENCE PRODUCES A SERVICE OR PRODUCT FOR A 

PARTICULAR CUSTOMER” (WIKIPEDIA)
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MODELLING PROCESSES WITH BPMN

BPMN 2.0 (BUSINESS PROCESS MODELLING NOTATION) WAS PUBLISHED AS AN ISO STANDARD IN 2013
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EXTENDED BPMN

BPMN EXTENDED WITH QUANTITATIVE INFORMATION: DURATIONS, RESOURCES, COSTS, POWER 
CONSUMPTION, CO2 EMISSION, ETC. (NOT MANDATORILY ALL AT THE SAME TIME)
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MOTIVATING EXAMPLE

§ HOW LONG DOES IT TAKE TO ONE INSTANCE TO COMPLETE IN AVERAGE ?

§ HOW MUCH ARE EACH (TYPE OF) RESOURCE BUSY ?

§ WHAT IS THE COST OF THIS EXECUTION ?

§ WHAT IS THE OPTIMAL NUMBER OF RESOURCES FOR OPTIMIZING EXECUTION TIME AND/OR COST ?
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BPMN WITH TIME
AND RESOURCES



CONTRIBUTIONS

§ AN EXTENSION OF BPMN FOR MAKING EXPLICIT DESCRIPTION OF TIME & RESOURCES

§ AUTOMATED ANALYSIS TECHNIQUES FOR COMPUTING METRICS ON RESOURCE USAGE, 
EXECUTION TIME AND COST

§ PRESENTATION OF TWO POSSIBLE APPROACHES: DESIGN TIME VS. RUNTIME ANALYSIS

§ ALTERNATIVE APPROACH FOR OPTIMIZING PROCESSES: REFACTORING OF BPMN PROCESSES
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OUTLINE

1. BPMN WITH TIME AND RESOURCES

2. DESIGN TIME ANALYSIS

3. RUNTIME ANALYSIS

4. AUTOMATED REFACTORING

5. TOOL SUPPORT

6. CONCLUDING REMARKS
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BPMN

SEVERAL MODELLING AND DEVELOPMENT FRAMEWORKS: ACTIVITI, BONITA, CAMUNDA, SIGNAVIO, …
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CONTROL FLOWS AND GATEWAYS
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start state

end state

exclusive gatewayor

or event-based gateway

inclusive gateway

parallel gateway

sequence flow

Task 1

Task 2

Task 3
split pattern 

Task 1

Task 3

Task 2
merge pattern



SEMANTICS

10



EXTENDED BPMN

11IN THIS WORK, WE SUPPORT
- ACTIVITY DIAGRAMS
- COLLABORATION DIAGRAMS



EXAMPLE: PRODUCT ORDER AND DELIVERY
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EXAMPLE: VISA APPLICATION PROCESS
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OUTLINE

1. BPMN WITH TIME AND RESOURCES

2. DESIGN TIME ANALYSIS

3. RUNTIME ANALYSIS

4. AUTOMATED REFACTORING

5. TOOL SUPPORT

6. CONCLUDING REMARKS
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FORMAL MODEL
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FORMAL SEMANTICS IS GIVEN TO THIS EXTENDED SUBSET OF BPMN BY ENCODING INTO REWRITING LOGIC

THE MAUDE SPECIFICATION CONSISTS OF THREE PARTS:
1. PROCESS SYNTAX IS REPRESENTED AS AN OBJECT WITH A SET OF FLOWS AND A SET OF NODES AS ATTRIBUTE
2. THE SIMULATION OBJECT KEEPS INFORMATION ON THE EXECUTION OF THE PROCESS
3. REWRITING RULES REPRESENT HOW TOKENS EVOLVE THROUGH THE PROCESS AND EVENTS ARE FIRED

1.

2.

3.



AUTOMATED ANALYSIS OF PROPERTIES
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§ SIMULATION TECHNIQUES TAKE AS INPUT: A PROCESS DESCRIPTION, A SPECIFICATION OF 
RESOURCES AND A WORKLOAD (NUMBER OF INSTANCES)

§ TIMING PROPERTIES:

- AVERAGE EXECUTION TIMES (AET) OF A PROCESS EXECUTION + SHORTEST / LONGEST EXECUTION

- AVERAGE SYNCHRONIZATION TIME FOR MERGE GATEWAYS

§ RESOURCE-BASED PROPERTIES:

• THE GLOBAL TIME USAGE (GTUR) OF ALL REPLICAS OF EACH RESOURCE R 

• THE GTU PER REPLICA OF RESOURCE R (GTU1
R) 

• THE AVERAGE USAGE PERCENTAGE FOR EACH RESOURCE R OVER THE GLOBAL EXECUTION TIME (UP1
R)

§ TOTAL COST 



EXAMPLE: SIMULATION RESULTS
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EXAMPLE: AVERAGE EXECUTION TIME
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EXAMPLE: AVERAGE USAGE (EMPLOYEE)
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EXAMPLE: AVERAGE USAGE (DRONE)
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OPTIMAL SOLUTIONS
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COMPUTATION OF THE OPTIMAL ALLOCATION USING MULTI-OBJECTIVE OPTIMIZATION TECHNIQUES 

WHERE FC AND FT REPRESENT DRONE/EMPLOYEE COST AND AVERAGE EXECUTION TIME

DRONE COST = 20€
EMPLOYEE COST = 50€
wc = 0.4
wt = 0.6

GOAL: MINIMIZE DELIVERY TIME

OPTIMAL SOLUTION:
6 DRONES AND 2 EMPLOYEES



OUTLINE

1. BPMN WITH TIME AND RESOURCES

2. DESIGN TIME ANALYSIS

3. RUNTIME ANALYSIS

4. AUTOMATED REFACTORING

5. TOOL SUPPORT

6. CONCLUDING REMARKS
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INSTRUMENTATION
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NO RESTRICTION ON 
THE BPMN SYNTAX



COMPUTATION OF PROPERTIES
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…

…

…
…

Time

|------ Time between Checks -------|
Checkpoint Checkpoint 

Task

…

…

…

(i)th window (i+1)th window

COMPUTE THE PROPERTIES FOR EACH WINDOW (E.G., RESOURCE USAGE OR AET)

|----------------------- Look-ahead Time -----------------------|

R

|----------------------- Look-ahead Time -----------------------|



DYNAMIC RESOURCE ALLOCATION
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EACH RESOURCE R IS DEFINED WITH A MINIMUM / MAXIMUM USAGE:
! " ∈ [%&'()*+,,%).()*+,]

FOR EACH NEW WINDOW, WE CHECK: 

- 01 !2+33,'4 " < %&'()*+,, 6ℎ89 : " = : " − '.

- 01 !2+33,'4 " > %).()*+,, 6ℎ89 : " = : " + '.

- OTHERWISE, NO OPERATION IS PERFORMED.

BPMN Process Resources

Instances

Logs
Resource 

Usage

adjustgenerate

Input

require

execute

Compute

Controller

OVERVIEW OF THE APPROACH

@ AB ∈ 70%, 90%
G AB = 2, 9 = 1

@JKLLMNO AB = 93%

G AB = 2 + 1 = 3

execute & compute

checkadjust

EXAMPLE OF THE APPROACH

! " : USAGE OF RESOURCE R.
!2+33,'4 " : CURRENT USAGE OF RESOURCE R. 
: " : NUMBER OF REPLICAS OF RESOURCE R, N(R)>0.



EXAMPLE: GOODS DELIVERY PROCESS
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EXAMPLE: EXPERIMENTAL RESULTS
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NUMBER OF REPLICAS

RESOURCE USAGE

AVERAGE EXECUTION TIME



OUTLINE

1. BPMN WITH TIME AND RESOURCES

2. DESIGN TIME ANALYSIS

3. RUNTIME ANALYSIS

4. AUTOMATED REFACTORING

5. TOOL SUPPORT

6. CONCLUDING REMARKS
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MOTIVATIONS
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§ ADJUSTING THE NUMBER OF RESOURCES DOES NOT ALWAYS INDUCE PROCESS OPTIMIZATION

§ SOLUTION: WE PROPOSE REFACTORING TECHNIQUES THAT AUTOMATICALLY CHANGE THE 
STRUCTURE OF THE GIVEN INPUT PROCESS WITH THE FINAL GOAL OF REDUCING THE TOTAL 
EXECUTION TIME OF THE PROCESS 

§ MAIN IDEA: ADD PARALLELISM AS OFTEN AS POSSIBLE



BPMN SYNTAX
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TRIP ORGANIZATION PROCESS
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OVERVIEW
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SIMULATION AND ANALYSIS
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§ SIMULATION TECHNIQUES EXECUTE THE PROCESS A CERTAIN NUMBER OF TIMES (PARAMETER) AND 
LOG DATA ABOUT THIS MULTIPLE EXECUTION

§ ANALYSIS LOOKS FOR SPECIFIC MOMENTS DURING THE SIMULATION AT WHICH A TASK IS STILL 
WAITING TO EXECUTE, AND ALL RESOURCES REQUIRED FOR EXECUTING THIS TASK ARE AVAILABLE

§ THIS MEANS THAT THIS SPECIFIC TASK COULD EXECUTE EARLIER IN THE PROCESS, AND THIS 
INFORMATION IS USED TO CHANGE THE STRUCTURE OF THE PROCESS



EXPLORATION OF RESULTS
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§ THE WHOLE APPROACH APPLIES BY SUCCESSIVE 
ITERATIONS, AND STOPS WHEN THE QUEUE OF 
PROCESSES TO BE EXPLORED IS EMPTY 

§ THIS APPROACH MAY TAKE TIME, BECAUSE THERE MAY BE MANY PROCESSES TO BE EXPLORED, 
THEREFORE, SOME STRATEGY IS REQUIRED TO GUIDE THE EXPLORATION OF NEW PROCESSES

- THE FIRST STRATEGY APPLIES REFACTORING FOR THE TASK CLOSER TO THE INITIAL EVENT IN THE 
PROCESS BY TRYING TO MOVE FIRST THE TASK CLOSER TO ITS FINAL POSITION 

- THE SECOND STRATEGY IS AN EXHAUSTIVE EXPLORATION OF ALL PROCESSES TO BE EXPLORED UP TO A 
CERTAIN BOUND 



REFACTORING PATTERNS
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§ GIVEN AS INPUT A PROCESS AND A TASK THAT HAS TO BE MOVED EARLIER IN THE PROCESS, 
REFACTORING RETURNS A NEW PROCESS AS OUTPUT 

§ THE REFACTORING PATTERN TO BE APPLIED DEPENDS ON WHAT TYPE OF NODE PRECEDES THE 
TASK TO BE MOVED BACKWARDS, WHICH CAN BE: 

- ANOTHER TASK

- A MERGE GATEWAY (PARALLEL / EXCLUSIVE)

- A SPLIT GATEWAY (PARALLEL / EXCLUSIVE)

§ THIS REFACTORING STEP FOCUSES ON THE PROCESS STRUCTURE AND ON THE USAGE OF 
RESOURCES BY TASKS, BUT DOES NOT TAKE INTO ACCOUNT STRONG FLOWS



REFACTORING PATTERNS: TASK
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IF THE TASK IS PRECEDED BY ANOTHER TASK, AND IF THEY DO NOT SHARE ANY RESOURCES, WE 
TRANSFORM THE PROCESS TO EXECUTE THESE TWO TASKS WITHIN A COMMON PARALLEL 
GATEWAY 



REF. PATTERNS: MERGE PARALLEL GATEWAY (1/2)
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IF THE TASK ‘T’ IS PRECEDED BY A MERGE PARALLEL GATEWAY, IF THAT MERGE IS PRECEDED BY A SET 
OF TASKS, AND NONE OF THESE TASKS SHARE RESOURCES WITH ’T’, THEN ALL TASKS ARE 
GATHERED IN PARALLEL BEFORE THE MERGE GATEWAY 



REF. PATTERNS: MERGE PARALLEL GATEWAY (2/2)
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§ MERGE PARALLEL GATEWAY WITH PRECEDING TASKS (SHARED RESOURCES WITH ONE TASK) 

§ MERGE PARALLEL GATEWAY WITH PRECEDING TASKS (SHARED RESOURCES WITH SEVERAL TASKS) 



REF. PATTERNS: MERGE EXCLUSIVE GATEWAY

§ MERGE EXCLUSIVE GATEWAY WITH PRECEDING TASKS (T1 SHARES RESOURCES WITH T, T2 DOES 
NOT SHARE RESOURCES WITH T)

§ MORE PATTERNS: CASCADING MERGES, SPLIT PARALLEL GATEWAY, SPLIT EXCLUSIVE GATEWAY, ...



EXAMPLE: INITIAL PROCESS

TRIP ORGANIZATION 
PROCESS

EXECUTION TIME: 
43 DAYS



EXAMPLE: REFACTORED PROCESS

TRIP ORGANIZATION 
PROCESS

EXECUTION TIME: 
28 DAYS



EXPERIMENTS



OUTLINE

1. BPMN WITH TIME AND RESOURCES

2. DESIGN TIME ANALYSIS

3. RUNTIME ANALYSIS

4. AUTOMATED REFACTORING

5. TOOL SUPPORT

6. CONCLUDING REMARKS
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TOOL SUPPORT

44

§ DESIGN TIME ANALYSIS
- ORIGINAL VERSION BASED ON THE MAUDE FRAMEWORK (~4,000 LOC)
- RECENT VERSION WRITTEN IN JAVA, SPRING BOOT, POSTGRESQL, JAVASCRIPT, REACTJS, 

NODE.JS (~10,000 LOC) 

§ RUNTIME ANALYSIS: EXTENSION OF THE ACTIVITI FRAMEWORK + JAVA CODE (~4,000 LOC)

§ REFACTORING TOOL IMPLEMENTED IN PYTHON (~5,000 LOC) + USE OF VBPMN FOR 
TRANSFORMATION FROM PYTHON TO BPMN



OUTLINE

1. BPMN WITH TIME AND RESOURCES

2. DESIGN TIME ANALYSIS

3. RUNTIME ANALYSIS

4. AUTOMATED REFACTORING

5. TOOL SUPPORT

6. CONCLUDING REMARKS
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CONCLUDING REMARKS
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§ SEVERAL SOLUTIONS HAVE BEEN PRESENTED FOR THE OPTIMIZATION OF BPMN PROCESSES WITH 
TIME AND RESOURCES

§ THE FIRST ONE FOCUSES ON THE PROBLEM OF ALLOCATION OF RESOURCES AND EXPLORED TWO 
COMPLEMENTARY OPTIONS (DESIGN TIME VS RUNTIME)

- DESIGN TIME APPROACH IS USEFUL BEFORE DEPLOYMENT BUT STATIC ALLOCATION OF RESOURCES IS 
NOT OPTIMAL FOR UNSTABLE WORKLOADS

- RUNTIME APPROACH DYNAMICALLY UPDATES THE NUMBER OF RESOURCES BUT THIS IS NOT ALWAYS 
POSSIBLE (EMPLOYEES)

§ REFACTORING TECHNIQUES CHANGE A PROCESS INTO A NEW ONE, WHOSE EXECUTION TIME IS 
LOWER THAN THE ORIGINAL ONE



PERSPECTIVES 
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§ DESIGN TIME / RUNTIME APPROACHES: THE MODEL OF RESOURCES NEEDS TO BE MORE ACCURATE 
(E.G., AN EMPLOYEE NEEDS BREAKS AND HOLIDAYS, A RESOURCE CAN BE EMPTY, ETC.)

§ RUNTIME APPROACH: DEVELOP NEW DYNAMIC RESOURCE ALLOCATION STRATEGIES BASED ON AI 
PREDICTION ANALYTICS

§ REFACTORING TECHNIQUES: INVESTIGATE OTHER STRATEGIES TO COMPUTE FASTER THE OPTIMAL 
PROCESS

§ SYNTHESIS TECHNIQUES TO GENERATE AN OPTIMAL VERSION OF A PROCESS 
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