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A Fundamental Obstacle to IPPD

Tool support for the design and operation of industrial engineering systems (manufacturing
systems, supply chains, sustainment systems, warehouses, distribution centers, ...) is far less

sophisticated than for products themselves.

An analogy: When designing a part in a CAD
environment, finite-element analysis is push-
button accessible — a mesh and the mathematical
analysis model can be automatically generated.

For operations research analysis of industrial
engineering systems (discrete-event simulation,
statistics in support, optimization on top), we
effectively create the mesh and write the analysis
code by hand, each and every time, even to
answer routine and well-understood questions
which we have seen before and know how to
answetr.
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* Discrete-event simulation is one of several

analysis methodologies that can be used to
evaluate “produceability”.
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— * Many industrial companies already use these
analysis methodologies in the status quo.

nl ¢ MATLAB & Simulink have robust capabilities

-t for these analysis methodologies. The time,
= cost, and expertise requirements for their
= usage, however, can be prohibitive.
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What Would Better Tool Support Enable?

* Predicting the behavior and performance of manufacturing process and facility designs,
quickly and at very low cost.

* Receiving fast and frequent feedback about the production consequences of design
decisions.

e Extending Value Stream Maps into variability exploration tools, such that standard hours,
inventory buffers, and supplier delivery schedules can be chosen for robustness.

* Considering more improvement ideas and alternatives, evaluating more production
scenarios and their impacts, and exploring more of a production system’s design space.



Results: Manufacturing Demo

i - X

File Tools

System Definition: = System Instance: :| Save System Instance

‘Manufacturing v12

AirportEnvironment_v4

ValueStreamMapping

Question: I:l How To Answer: :l Solver: :l Formulate and Solve

| Pose A New Question |Answers |




Results: Manufacturing Demo

# manufacturing

» H Job

> H Operation -> Job
= WorkOrderType

> B WorkOrderReleaseProcess
5 RawMaterialType

» H RawMaterialSupplyProcess
= MobileResourceType

> H MobileResourceSharingProcess

> H Facility

» B Cell

> H Workstation

> H Product



Results: Manufacturing Demo

File Tools

System Definition:  Manufacturing_v12 ~

4 # manufacturing
4 H Job
= workOrder : EReference [0..1]
= componentJob : EReference [0..*]
= componentOperation : EReference [
= successorJobs : EReference [0..%]
< H Operation
= time-mean : EAttribute [0..1]
= time-stdev : EAttribute [0..1]
= time-units : EAttribute [0..1]
= processParallelCapacity : EAttribute
= processBatchSize : EAttribute [0..1]
= requiredRawMaterialTypes : EAttribt
requiredMobileResourceTypes : EAt
= resourceTypesAssembledintoOutpu
= resourceTypesDisassembledFrominy
B WorkOrderType
4 [ WorkOrderReleaseProcess
= workOrderType : EReference [0..1]

]

= interReleaseTime-mean : EAttribute _

»

Question: v

Pose A New Question | Answers

How To Answer:

System Instance:

(Create New)
man12_OneJob_Elementary
man12_OneJob_LessFidelity
man12_Onelob_MoreFidelity
man12_OneFacilityOneProduct_Simple

‘man12_OneFadilityOneProduct GenericLessFidelity -

man12_OneFacilityOneProduct_GenericMoreFidelity
man12_OneFacilityOneProduct
man12_OneFacilityTwoProducts_Simple
man12_OneFacilityTwoProducts_Generic
man12_OneFacilityTwoProducts
man12_TwoFacilitiesOneProduct_Generic

Solver: v

Save System Instance

Formulate and Solve



Results: Manufacturing Demo

LH]

File Tools

System Definition: ‘Manufacturing_v12 "‘

4 # manufacturing

< H Job
= workOrder : EReference [0..1]
= componentJob : EReference [0..”]
= componentOperation : EReference [
= successor)obs : EReference [0..%]

# £ Operation
= time-mean : EAttribute [0..1]
= time-stdev : EAttribute [0..1]
= time-units : EAttribute [0..1]
= processParallelCapacity : EAttribute
= processBatchSize : EAttribute [0..1]
= requiredRawMaterialTypes : EAttribt
= requiredMobileResourceTypes : EAt
= resourceTypesAssembledintoOutpu
= resourceTypesDisassembledFroming

8 WorkOrderType

4 [ WorkOrderReleaseProcess

= workOrderType : EReference [0..1]

< >

System Instance: |man1Z_OneFaciIityOneProduct_GenelicLessFideIity *'|

MobileResourceType I Operation I Product | RawMaterialSupplyProcess

RawMaterialType | WorkOrderReleaseProcess | WorkOrderType | Workstation

Cell l Facility | Job | MobileResourceSharingProcess

InstancelD workOrder (WorkOrderType)
Job_MakePart1|WorkOrderMakePart1

Job1

Job2

Job3

Job4

Job5

Jobb

Job7

Job8

Job9

Job10

Job11

= interReleaseTime-mean : EAttribute _

DESCRIBE: What are (Network size metrics) for a certain (Job)?
DESCRIBE: What are (Network size metrics) for a certain (Cell)?
PREDICT: What is the (expected) (Raw Cycle Time) of a certain (Job)?

PREDICT: What is the (ex| (Throughput) of a certain (Job)?

PREDICT: What is the (expected) (Throughput) of making certain (Product)s in a certain (Facility)?

Question: v

| Pose A New Question |Answers |

How To Answer: =

Formulate and Solve




Results: Manufacturing Demo

File Tools

System Definition:  Manufacturing_v12 ~

System Instance: | man12_OneFacilityOneProduct_GenericlessFidelity ~

Save System Instance

4 # manufacturing

4 H Job
= workOrder : EReference [0..1]
= componentJob : EReference [0..*]
= componentOperation : EReference [
= successorJobs : EReference [0..*]

< H Operation
= time-mean : EAttribute [0..1]
= time-stdev : EAttribute [0..1]
= time-units : EAttribute [0..1]
= processParallelCapacity : EAttribute
= processBatchSize : EAttribute [0..1]
= requiredRawMaterialTypes : EAttribt
= requiredMobileResourceTypes : EAt:
= resourceTypesAssembledintoOutpu
= resourceTypesDisassembledFromIny

B WorkOrderType

4 H WorkOrderReleaseProcess

= workOrderType : EReference [0..1]

< >

RawMaterialType | WorkOrderReleaseProcess | WorkOrderType | Workstation

Cell | Facility Job | MobileResourceSharingProcess

MobileResourceType Operation ‘ Product | RawMaterialSupplyProcess

InstancelD time-mean (float) time-stdev (float) time-units (nvarchar(255)) pro

= interReleaseTime-mean : EAttribute .

Job1 1 0.1 minutes 1
Job2 1 0.1 minutes 1
Job3 22 0.1 minutes 1
Job4 4 0.1 minutes 5
Job5 1 0.1 minutes 1
Job6 2 0.1 minutes 1
Job7 2 0.1 minutes 1
Job8 2 0.1 minutes 1
Job9 1 0.1 minutes 1
Job10 1 0.1 minutes 1
Job11 1 0.1 minutes 1
£ 2
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Question: | PREDICT: What is the (expected) (Throughput) of a certain Hﬂ)}ITD| Answer: v

| Pose A New Question |Answers |

‘Discrete Event Simulationél

Formulate and Solve




Results: Manufacturing Demo

File Tools

System Definition:  Manufacturing_v12 ~

System Instance: | man12_OneFacilityOneProduct_GenericlessFidelity ~

Save System Instance

4 # manufacturing

4 H Job
= workOrder : EReference [0..1]
= componentJob : EReference [0..*]
= componentOperation : EReference [
= successorJobs : EReference [0..*]

< H Operation
= time-mean : EAttribute [0..1]
= time-stdev : EAttribute [0..1]
= time-units : EAttribute [0..1]
= processParallelCapacity : EAttribute
= processBatchSize : EAttribute [0..1]
= requiredRawMaterialTypes : EAttribt
= requiredMobileResourceTypes : EAt:
= resourceTypesAssembledintoOutpu
= resourceTypesDisassembledFromIny

B WorkOrderType

4 H WorkOrderReleaseProcess

= workOrderType : EReference [0..1]

< >

RawMaterialType | WorkOrderReleaseProcess | WorkOrderType | Workstation

Cell | Facility Job | MobileResourceSharingProcess

MobileResourceType Operation ‘ Product | RawMaterialSupplyProcess

InstancelD time-mean (float) time-stdev (float) time-units (nvarchar(255)) pro

= interReleaseTime-mean : EAttribute .

Job1 1 0.1 minutes 1
Job2 1 0.1 minutes 1
Job3 22 0.1 minutes 1
Job4 4 0.1 minutes 5
Job5 1 0.1 minutes 1
Job6 2 0.1 minutes 1
Job7 2 0.1 minutes 1
Job8 2 0.1 minutes 1
Job9 1 0.1 minutes 1
Job10 1 0.1 minutes 1
Job11 1 0.1 minutes 1
£ 2
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Question: | PREDICT: What is the (expected) (Throughput) of a ceHﬁm(J'E:b)Anster: ‘ Discrete Event Simulation

| Pose A New Question |Answers |

Solver:

<

IMATLAB

Formulate and Solve
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Results: Manufacturing Demo
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elp - —
A
[T
1 |Number of Resources Throughput E‘ .
5| 10 23 Throughput versus Number of Resources
3 | - 95% Half-Width=23.26.
4 .
5: : 1
b |
7| 15 - O b
8_ Tools Desktop Window Help El
9 10
ol T PRAEEEL
11
7] ; Time (hours). Mean=25.9. 95% Half-Width=1.02.
13 | 0
14 | 0 2 4 g ] 10
15 |
16 | [ Figure 3 - [} >
17— File Edit Yiew Insert Tools Desktop Window Help -
18 = :
ol NEHL | k| ANUDEL |3 08 ad
20
2 o Throughput (units/hour). Mean=23.0. 95% Half-Width=0.00.
]
23 | 140
24|
25
% 120
27|
28| 100
29|
30 | 80
31
32 | 60
32
34 40
35
36|
37 u 2
38 - v
Sheetl | Sheet2 ‘ Sheet3 ‘ Sheetd ‘ @ i [« | » 0 =
ﬁ 22.8 22.85 229 22.95 23 23.05 S
Readly i1 B -—F—+ 100% uto(VariableStepDiscrete)




Results: Manufacturing Demo

File Tools

System Definition:  Manufacturing_v12 ~

System Instance: ‘man12_OneFaciIityOneProduct_GenericLessFidelity v

Save System Instance

4 # manufacturing

4 H Job
= workOrder : EReference [0..1]
= componentJob : EReference [0..*]
= componentOperation : EReferenc
= successorJobs : EReference [0..*]

< H Operation
= time-mean : EAttribute [0..1]
= time-stdev : EAttribute [0..1]
= time-units : EAttribute [0..1]
= processParallelCapacity : EAttribu
= processBatchSize : EAttribute [0..
= requiredRawMaterialTypes : EAttr
= requiredMobileResourceTypes : E
= resourceTypesAssembledintoOut
= resourceTypesDisassembledFrom

B WorkOrderType

4 H WorkOrderReleaseProcess
= workOrderType : EReference [0..1
= interReleaseTime-mean : EAttribL

< H

MaobileResourceType | Operation | Product | RawMaterialSupplyProcess
RawMaterialType | WorkOrderReleaseProcess | WorkOrderType Workstation
Cell | Facility | Job | MobileResourceSharingProcess
InstancelD mobileResourceType (MobileResourceType) initialNumberAvailable (int)

Pool_LayupMoldType1 LayupMoldType1

7

Question: | PREDICT: What is the (expected) (Throughput) of a certain Hwy?Ta|Answer: Discrete Event Simulation ~

| Pose A New Question |Answers |

Solver: | MATLAB v

Formulate and Solve ‘
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Results: Manufacturing Demo

File Tools

System Definition:  Manufacturing_v12 ~

System Instance: ‘man12_OneFaciIityOneProduct_GenericLessFidelity v

Save System Instance

4 # manufacturing

4 H Job
= workOrder : EReference [0..1]
= componentJob : EReference [0..*]
= componentOperation : EReferenc
= successorJobs : EReference [0..*]

< H Operation
= time-mean : EAttribute [0..1]
= time-stdev : EAttribute [0..1]
= time-units : EAttribute [0..1]
= processParallelCapacity : EAttribu
= processBatchSize : EAttribute [0..
= requiredRawMaterialTypes : EAttr
= requiredMobileResourceTypes : E
= resourceTypesAssembledintoOut
= resourceTypesDisassembledFrom

B WorkOrderType

4 H WorkOrderReleaseProcess
= workOrderType : EReference [0..1
= interReleaseTime-mean : EAttribL

< H

MaobileResourceType | Operation | Product | RawMaterialSupplyProcess
RawMaterialType | WorkOrderReleaseProcess | WorkOrderType Workstation
Cell | Facility | Job | MobileResourceSharingProcess
InstancelD mobileResourceType (MobileResourceType) initialNumberAvailable (int)

Pool_LayupMoldType1 LayupMoldType1

7

Question: | PREDICT: What is the (expected) (Throughput) of a certain Hwy?Ta|Answer: Discrete Event Simulation ~

| Pose A New Question |Answers |

Solver: | MATLAB v

Formulate and Solve ‘
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elp - =
4 LS| | | | | | |
imi
1 |Number of Resources Throughput I IE‘ .
5| 10 23 Throughput versus Number of Resources
3 | 95% Half-Width=6.41.
3] 11 25.2 28
4 12 27.5 275
3 7
6 .
7.— 26 - O X
- 55
8_ a5 Tools Desktop Window Help »
9
0 ST PRAEIEEICT:
— | 24
11
13 | 235 e Time (hours). Mean=7.7. 95% Half-Width=0.29.
< | 23
13 | 225
14 | 9.5 10 10.5 11 115 12
15
16 | [# Figure © — O X
::;— File Edit View Insert Tools Desktop Window Help A
19| DEdL kRN CDRL- S 08| e
20 | . !
7| 250 - Throughput (units/hour). Mean=27.5. 95% Half-Width=0.00.
22|
23|
2
25 | 200
2|
27|
28 | 150
29|
30|
21
32 | 100
33|
34|
35 | 50
38
37 | I
38 - o
Sheetl | Sheet2 | Sheet3 | Sheetd | (3§ i [d] | » 0 5
- 27.3 27.35 274 27.45 275 27.55 27.6 27.65 _—
Ready ici B -—*——+ 100%  [go% uto(VariableStepDiscrete)




Results: Manufacturing Demo

File Tools

System Definition: | Manufacturing v12 ~
4 # manufacturing

4 B Job
= workOrder : EReference [0..1]
= componentJob : EReference [0..*]
= componentOperation : EReferenc
= successorJobs : EReference [0..*]

4 [ Operation
= time-mean : EAttribute [0..1]
= time-stdev : EAttribute [0..1]
= time-units : EAttribute [0..1]
= processParallelCapacity : EAttribu
= processBatchSize : EAttribute [0.."
= requiredRawMaterialTypes : EAttr
= requiredMobileResourceTypes : E
= resourceTypesAssembledintoOut
= resourceTypesDisassembledFrom

E WorkOrderType

4 [ WorkOrderReleaseProcess

= workOrderType : EReference [0..1

= interReleaseTime-mean : EAttribu _

System Instance:

man12_OneFacilityOneProduct_GenericLessFidelity

Question: v

|Save System Instance

MobileResourceType } Operation ‘ Product [ RawMaterialSupplyProcess Operation_requiredMobileResourceTypes (GenericTypeTable)
RawMaterialType | WorkOrderReleaseProcess ] WorkOrderType \ Workstation Operation_requiredRawMaterialTypes (GenericTypeTable)
Cell ] Facility ] Job MobileResourceSharingProcess ~ Operation_resourceTypesAssembledintoOutput (GenericTypeTable)
InstancelD mobileResourceType (MobileResourceType) initialNumberAvailable (int) | OPeration_resourceTypesDisassembledFrominput (GenericTypeTable;
Pool_LayupMoldType1 | LayupMoldType1 12 Product_processPlanRouting (GenericTypeTable)
Workstation_workstationProcessBatch (GenericTypeTable)
Cell_ownedWorkstations_Workstation (RefTable)
Facility_mobileResourceSharingProcess_MobileResourceSharingProce
Facility_ownedCells_Cell (RefTable)
Facility_rawMaterialSupplyProcess_RawMaterialSupplyProcess (RefTal
Facility_workOrderReleaseProcess_WorkOrderReleaseProcess (RefTab
Job_componentJob_Job (RefTable)
Job_componentOperation_Operation (RefTable)
Job_successorJobs_Job (RefTable)
(Job) InstancelD successorjobs (Job)
Job1 Job2
Job2 Job3
Job3 Job4
' Job4 Job5
Job5 Job6
Job6 Job7
Job7 Job8
Job8 Job9
Job9 Job10
Job10 Job11
How To Answer: | v Solver: ¥ Formulate and Solve




Demonstration of Efficacy

To demonstrate an improvement in the accessibility and affordability of discrete-event simulation
analysis for production systems, in one hour of work, | evaluated 100 different alternatives for a
production system and answered several questions about each:

e Change resource numbers

* Change order release schedule - Parametric Changes
e Change material resupply variability

* Change process plan fidelity/ level of abstraction
* Change workstation batching rules
* Change a process plan’s routing through a facility - Structural Changes

* Change the facility executing a process plan

e Change other process plans executing concurrently in a facility



Results: Manufacturing Demo

File Tools

System Definition:  Manufacturing_v12 ~

4 # manufacturing
4 H Job
= workOrder : EReference [0..1]
= componentJob : EReference [0..*]
= componentOperation : EReference [
= successorJobs : EReference [0..%]
< H Operation
= time-mean : EAttribute [0..1]
= time-stdev : EAttribute [0..1]
= time-units : EAttribute [0..1]
= processParallelCapacity : EAttribute
= processBatchSize : EAttribute [0..1]
= requiredRawMaterialTypes : EAttribt
requiredMobileResourceTypes : EAt
= resourceTypesAssembledintoOutpu
= resourceTypesDisassembledFrominy
B WorkOrderType
4 [ WorkOrderReleaseProcess
= workOrderType : EReference [0..1]

]

= interReleaseTime-mean : EAttribute _

»

Question: v

Pose A New Question | Answers

How To Answer:

System Instance:

(Create New)

man12_OneJob_Elementary
man12_OneJob_LessFidelity
man12_Onelob_MoreFidelity
man12_OneFacilityOneProduct_Simple
man12_OneFacilityOneProduct_GenericLessFidelity

‘man12_OneFacilityOneProduct GenericMoreFidelity:

man12_OneFacilityOneProduct
man12_OneFacilityTwoProducts_Simple
man12_OneFacilityTwoProducts_Generic
man12_OneFacilityTwoProducts
man12_TwoFacilitiesOneProduct_Generic

Solver: v

Save System Instance

Formulate and Solve



Results: Manufacturing Demo

File Tools

System Definition:  Manufacturing_v12 ~

System Instance: |man12_OneFaciIityOneProduct_GenericLessFideIity v

Save System Instance

4 # manufacturing

4 H Job
= workOrder : EReference [0..1]
= componentJob : EReference [0..*]
= componentOperation : EReferenc
= successorJobs : EReference [0..*]

< H Operation
= time-mean : EAttribute [0..1]
= time-stdev : EAttribute [0..1]
= time-units : EAttribute [0..1]
= processParallelCapacity : EAttribu
= processBatchSize : EAttribute [0..”
= requiredRawMaterialTypes : EAttr
= requiredMobileResourceTypes : E
= resourceTypesAssembledintoOut
= resourceTypesDisassembledFrom

B WorkOrderType

4 H WorkOrderReleaseProcess
= workOrderType : EReference [0..1
= interReleaseTime-mean : EAttribu

< >

RawMaterialType | WorkOrderReleaseProcess | WorkOrderType Workstation
Cell | Facility | Job | MobileResourceSharingProcess
MobileResourceType Operation ‘ Product | RawMaterialSupplyProcess

Quesion: ||

| Pose A New Question |Answers |

InstancelD time-mean (float) time-stdev (float) time-units (nvarchar(255)) processBatchSize (i

Job1 1 0.1 minutes 1
Job2 1 0.1 minutes 1
Job3 22 0.1 minutes 1
Job4 4 0.1 minutes 5
Job5s 1 0.1 minutes 1
Joh6 2 0.1 minutes 1
Job7 2 0.1 minutes 1
Job8 2 0.1 minutes 1
Joh9 1 0.1 minutes 1
Job10 1 0.1 minutes 1
Job11 1 0.1 minutes 1
< 2
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How To Answer: :l

Formulate and Solve




Results: Manufacturing Demo

(1 - X
File Tools
System Definition:  Manufacturing_v12 ~ System Instance: |man12_OneFaciIityOneProduct_GenericMoreFideIity v Save System Instance
4 # manufacturing - RawMaterialType | WorkQOrderReleaseProcess | WorkOrderType Workstation ﬁ
4 HJob Cell | Facility | Job | MobileResourceSharingProcess
= workOrder : EReference [0..1] MobileResourceType | Operation | Product | RawMaterialSupplyProcess
= componentJob : EReference [0..*]
= componentOperation : EReferenc InstancelD time-mean (float) time-stdev (float) time-units (nvarchar(255)) processBatchSize
= successorjobs : EReference [0..%] Op1 1 0.01 minutes 1 Y
< H Operation Op2 1 0.01 minutes 1
= fime-mean : EAttribute [0..1] Op3 1 0.01 minutes 1
= time-stdev : EAttribute [0..1] Op4 1 0.01 minutes 1
= time-units : EAttribute [0..1] Op5 1 0.01 minutes 1
= processPara\Ie\_Capacﬁy.: EAttribu op6 1 0.01 minutes 1
= proc.essj:tchalze :-E‘?trlbuﬁfu op7 1 0.01 minutes 1
- requ!redMavL_l a;er'a ypf : ttE' Ops 1 0.01 minutes 1
requiredMobileResourceTypes : Opo ” 001 minules p
= resourceTypesAssembledintoOut -
= resourceTypesDisassembledFrom Op10 1 0.01 minutes 1 Job_componentOperation_Operation (RefTable)
B WorkOrderType Op1 ! 0.01 m!nutes ! (Job) InstancelD componentOperation (Operation)
4 [ WorkOrderReleaseProcess Op12 1 0.01 minutes 1 1ob1 op1 ~
o }NorkOrderTyF.)e: EReference [0,"1 Op13 1 0.01 m!nutes 1 Job2 Op2
= interReleaseTime-mean : EAttribL Op14 1 0.01 minutes 1
) - e - Job3 Op3
< » Op15 1 0.01 minutes 1
- Job3 Op4
Op16 1 0.01 minutes 1
Op17 1 0.01 inut 1 Job3 Op>
P - finutes Job3 opé
Op18 1 0.01 minutes 1
- Job3 Op7
Op19 1 0.01 minutes 1
Op20 1 0.01 inut 1 Job3 Op8
P : mees Job3 opo
Op21 1 0.01 minutes 1
- Job3 Op10
Op22 1 0.01 minutes 1
- Job3 Op11
Op23 1 0.01 minutes 1
- Job3 QOp12
Op24 1 0.01 minutes 1 o
- > Job3 Op13 .

Question: I:l How To Answer: Solver: Formulate and Solve

| Pose A New Question |Answers |




Results: Manufacturing Demo
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Results: Manufacturing Demo

man12_OneFacilityOneProduct_GenericMoreFidelity
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Results: Manufacturing Demo

- O >
File Home | Insert |
elp £

A | B [c| b E | F 6 | H | I il E:H a D ] Save System Instance
1 Number of Resources Throughput h h b £
2 | 10 23 Throughput versus Number of Resources 95% Half-Width=0.05. Facility_mobileResourceSharingProcess_MobileResourceSharingProce
3 11 25.3 34 Facility_ownedCells_Cell (RefTable)
4 12 27.5 . . -
ol 3 207 30 Facility_rawMaterialSupplyProcess_RawMaterialSupplyProcess (RefTal
5 | 14 29.7 25 /* n || Facility workOrderReleaseProcess WorkOrderReleaseProcess (RefTab
7| 15 29.7 20 - O * lomponentlob_Job (RefTable)
z— 15 Tools Desktop Window Help ~ lentOperation_Operation (RefTable)
0] . MO R - EE‘ | [:” mO uccessorobs Job (RefTable)
17 T N . iMobileResourceTypes (GenericTypeTable)
— ime (hours). Mean=0.6. alf-Width=0.00. . .
12 s | Time ( s) = : edRawMaterialTypes (GenericTypeTable)
13 0 pesAssembledintoQutput (GenericTypeTable)
14 . .
1 | ’ : ‘ ° ‘ v v " I esDisassembledFrominput (GenericTypeTable]
"\6: [& Figure 3 - | X ypeTable)
W_(H her-Fidelity Mod |) File Edit Yiew Insert Tools Desktop Window Help "'erICTypETable)
18 (Higher-Fidelity Model = - = = p RefTable)
19 | Number of Resources Throughput ﬂj =1 ‘é| s ‘ %R @ @ @ ig ” fE| D E| oo
20 1 27,3 Throughput versus Number of Resources on)
— = i = e \Width=
21| 15 08 a0 el Throughput (units/hour). Mean=29.8. 95% Half-Width=0.01.
22 13 29.8
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23 |
24 29,5
c | 200
Sl 29
26
27 28.5
28 | - 150
29
10 275
Bi 27 ’
32 10.5 11 11.5 12 12.5 13 _— 100
33
34|
35 | 50
36 | L —
37 |
38 + | Sim ulate and Solve
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Results: Air Cargo Sort Hub Demo

i - X

File Tools

System Definition: = System Instance: :| Save System Instance

Manufacturing_v12 —

{AirportEnvironment v41

ValueStreamMapping

Question: I:l How To Answer: :l Solver: :l Formulate and Solve

| Pose A New Question |Answers |




Results: Air Cargo Sort Hub Demo

# AirportEnvironment
> H Ramp

> H Gate

> B AssetType

> H Flight

> H WorkCard



Complete Domain Switch, Same Analysis Generators

# manufacturing

> B Job

- H Operation -> Job # AirportEnvironment
5 WorkOrderType > B Ramp

+ B WorkQOrderReleaseProcess - H Gate
5 RawMaterialType > B AssetType

» H RawMaterialSupplyProcess > H Flight
= MobileResourceType > H WorkCard

» H MobileResourceSharingProcess

B Facility

» B Cell

+ H Workstation
B Product



Results: Air Cargo Sort Hub Demo

File Tools

System Definition: | AirportEnvironment_v4 ~

4 8@ AirportEnvironment

4

E Ramp
= gate : EReference [0.."]
= flight : EReference [0..*]
= asset : EReference [0..*]
H Gate
= locX : EAttribute [0..1]
= locY : EAttribute [0..1]
B AssetType
= numberAvailable : EAttribute [0..1]
E Flight
= scheduledArrivalTime-mean : EAttril
= scheduledArrivalTime-stdev : EAttrit
= time-units : EAttribute [0..1]
= scheduledDepartTime : EAttribute [(
= gateAssignment : EReference [0..1]
= requiredRefuelTime-mean : EAttribu
requiredRefuelTime-stdev : EAttribu
requiredRefuelAssets : EAttribute [0.

0

]

= containerUnloadTime-mean : EAttril

»

Question: v

Pose A New Question | Answers

How To Answer:

System Instance:

(Create New)

‘airport4 IND

airportd_MEM

Solver:

Save System Instance

Formulate and Solve



Results: Air Cargo Sort Hub Demo

File Tools

4 # AirportEnvironment

|Save System Instance




Results: Air Cargo Sort Hub Demo

[E|
File Tools
System Definition: ‘AirportEnvironment_M S System Instance: | airport4 IND ~
4 # AirportEnvironment . |AssetType| Flightl Gate  Ramp |WorkCard|
“ B Ramp InstancelD locX (float) locY (float)
= gate : EReference [0..%] N
= flight : EReference [0..%] Gate' 0 0
= asset : EReference [0..%] Gate2 10 0
« B Gate Gate3 20 0
= locX : EAttribute [0..1] Gated 30 0
= JocY : EAttribute [0..1] Gate5 40 0
4 B AssetType Gateb 60 0
= numberAvailable : EAttribute [0..1] Gate7 70 0
“ H Flight Gate8 |80 0
= scheduledArrivalTime-mean : EAttril Gate9 Q0 0
= scheduledArrivalTime-stdev : EAttrit | "~ 71 100 0
= time-units : EAttribute [0..1] Gatel1 110 0
= scheduledDepartTime : EAttribute [( Gate12 130 0
= gateAssignment : EReference [0..1]
= requiredRefuelTime-mean : EAttribu Gatel3 1140 0
= requiredRefuelTime-stdev : EAttribu Gatel4 150 0
= requiredRefuelAssets : EAttribute [0. | Gatel5 160 0
= containerUnloadTime-mean : EAttril _ | Gate16  |170 0
. : e ; ;| Gate17  [190 0
Gate18 200 0
Gate19 210 0
Gate20 0 20
Gate21 9 20
Gate22 18 20
Gate23 27 20
Gate24 36 20
Gate25 45 20
Gate26 54 20
Gate27 |66 20 v

Question: |:| How To Answer: Solver: Formulate and Solve

| Pose A New Question |Answers |




Results: Air Cargo Sort Hub Demo

LE|
File Tools
System Definition: ‘AirportEnvironment_M S System Instance: | airport4 IND ~
4 # AirportEnvironment - |AssetType Flight ‘Gatel Ramp |WorkCard|
4 § Ramp InstancelD scheduledArrivalTime-mean (float) scheduledArrivalTime-stdev (floa
= gate : EReference [0..%] Ii
= flight : EReference [0..%] FI!ght1 60 15
= asset : EReference [0..%] Flight2 70 15
« B Gate Flight3 80 15
= |ocX : EAttribute [0..1] Flight4 90 15
= locY : EAttribute [0..1] Flight5 100 15
4 B AssetType Flight6 110 15
= numberAvailable : EAttribute [0.1] Flight7 120 15
« H Flight Flights  [130 15
= scheduledArrivalTime-mean : BAttril | rlightg 140 15
= scheduledArrivalTime-stdev : EAttril Flight10  |150 15
= time-units : EAttribute [0..1] Flight11 |60 30
= scheduledDepartTime : EAttribute [( Flightiz |70 30
= gateAssignment : EReference [0..1] Flightiz 180 30
= requiredRefuelTime-mean : EAttribu -g
= requiredRefuelTime-stdev : EAttribu Flighti4 190 30
= requiredRefuelAssets : EAttribute [0. Flight15 |100 30
= containerUnloadTime-mean : EAttril _ || Flight1e 110 30
g ' o ' S Flight17 120 30
Flight18 130 30
Flight19 140 30
Flight20 | 150 30
< >

Question: |:| How To Answer: Solver: Formulate and Solve

| Pose A New Question |Answers |




Results: Air Cargo Sort Hub Demo

LE|
File Tools
System Definition: ‘AirportEnvironment_M “; System Instance: | airport4 IND ~
4 # AirportEnvironment . |AssetType| Flight I Gate| Ramp‘ WorkCard |
4 § Ramp InstancelD timeRequired-mean (float) timeRequired-stdev (float) tin
= gate : EReference [0..%] .
o flight : EReference [0.7] [PlannedWorkitem1 |10 1 mi
= as5et : EReference [0*] PlannedWorkltem2 20 2 mi
« B Gate PlannedWorkltem3 |30 3 mi
= locX : EAttribute [0..1] UnplannedWorkltem1 (40 4 mi
= JocY : EAttribute [0..1] UnplannedWorkltem2 |80 8 mi
4 B AssetType

= numberAvailable : EAttribute [0..1)

4 H Flight
= scheduledArrivalTime-mean : EAttril
= scheduledArrivalTime-stdev : EAttrit
= time-units : EAttribute [0..1]
= scheduledDepartTime : EAttribute [(
= gateAssignment : EReference [0..1]
= requiredRefuelTime-mean : EAttribu
= requiredRefuelTime-stdev : EAttribu
= requiredRefuelAssets : EAttribute [0.
= containerUnloadTime-mean : EAttril _

< >

Question: |:| How To Answer: Solver: Formulate and Solve

| Pose A New Question |Answers |




Results: Air Cargo Sort Hub Demo

LH]

File Tools
System Definition: ‘AirportEnvironment_M ~| System Instance: | airport4 IND ~
4 # AirportEnvironment ~ | AssetType ‘Flight I Gate| Ramp I WorkCard| z
4 H Ramp . -
InstancelD numberAvailable (int]
= gate : EReference [0..%] - it
o flight : EReference [0.7] FuelTransferVehicle| 50
= asset : EReference [0..%] HighLoader 80
« B Gate MechanicLevel10 |15
= locX : EAttribute [0..1] MechanicLevel11 [10
= locY : EAttribute [0..1] MechanicLevel12 |6
4 B AssetType

= numberAvailable : EAttribute [0..1)
4 H Flight
= scheduledArrivalTime-mean : EAttril
= scheduledArrivalTime-stdev : EAttrit
= time-units : EAttribute [0..1]
= scheduledDepartTime : EAttribute [(
= gateAssignment : EReference [0..1]
= requiredRefuelTime-mean : EAttribu
= requiredRefuelTime-stdev : EAttribu
= requiredRefuelAssets : EAttribute [0.
= containerUnloadTime-mean : EAttril _

Question: |:| How To Answer: Solver: ‘Formulate and Solve

| Pose A New Question |Answers |




Results: Air Cargo Sort Hub Demo

File Tools

System Definition: | AirportEnvironment_v4 ~

System Instance: |airport4_IND  ~

4 8@ AirportEnvironment

E Ramp
= gate : EReference [0..*]
= flight : EReference [0..*]
= asset : EReference [0..*]
H Gate
= |locX : EAttribute [0..1]
= locY : EAttribute [0..1]
B AssetType
= numberAvailable : EAttribute [0..1]
B Flight
= scheduledArrivalTime-mean : EAttril
= scheduledArrivalTime-stdev : EAttrit
= time-units : EAttribute [0..1]
= scheduledDepartTime : EAttribute [(
= gateAssignment : EReference [0..1]
= requiredRefuelTime-mean : EAttribu
= requiredRefuelTime-stdev : EAttribu
= requiredRefuelAssets : EAttribute [0.

>

= containerUnloadTime-mean : EAttril .

>

AssetType | Flight | Gate | Ramp | WorkCard ‘

Save System Instance

Question: v

| Pose A New Question | Answers |

InstancelD
FuelTransferVehicle

numberAvailable (int)
50

HighLoader 80
MechanicLevel10 |15
MechanicLevel11 |10
MechanicLevel12 |2

How To Answer: ©

{PREDICT: What is the (expected) (Cycle Time Missed Deadline Fraction) for a collection of (Flight) at a certg;_i._r]_‘(ﬁamp)?ﬂ

Formulate and Solve




Results: Air Cargo Sort Hub Demo

File Tools

System Definition: | AirportEnvironment_v4 ~

System Instance: |airport4_IND  ~

Save System Instance

4 8@ AirportEnvironment

E Ramp
= gate : EReference [0..*]
= flight : EReference [0..*]
= asset : EReference [0..*]
H Gate
= |locX : EAttribute [0..1]
= locY : EAttribute [0..1]
B AssetType
= numberAvailable : EAttribute [0..1]
B Flight
= scheduledArrivalTime-mean : EAttril
= scheduledArrivalTime-stdev : EAttrit
= time-units : EAttribute [0..1]
= scheduledDepartTime : EAttribute [(
= gateAssignment : EReference [0..1]
= requiredRefuelTime-mean : EAttribu
= requiredRefuelTime-stdev : EAttribu
= requiredRefuelAssets : EAttribute [0.

>

= containerUnloadTime-mean : EAttril .

>

AssetType | Flight | Gate | Ramp | WorkCard ‘

Question: | PREDICT: What is the (expected) (Cycle Time Missed Deadlinomwatbohn&we ol

InstancelD
FuelTransferVehicle

numberAvailable (int)

50

HighLoader 80
MechanicLevel10 |15
MechanicLevel11 |10
MechanicLevel12 |2

”|acertain (Ramp)? ~| Solver: l:l

| Pose A New Question |Answers |

‘Discrete Event Simulation:

Formulate and Solve




Results: Air Cargo Sort Hub Demo

File Tools

System Definition:  AirportEnvironment_v4 “‘

4 8@ AirportEnvironment

4 H Ramp
= gate : EReference [0..*]
= flight : EReference [0..*]
= asset : EReference [0..*]

4 H Gate
= |locX : EAttribute [0..1]
= locY : EAttribute [0..1]

4 H AssetType
= numberAvailable : EAttribute [0..1]

< H Flight
= scheduledArrivalTime-mean : EAttril
= scheduledArrivalTime-stdev : EAttrit
= time-units : EAttribute [0..1]
= scheduledDepartTime : EAttribute [(
= gateAssignment : EReference [0..1]
= requiredRefuelTime-mean : EAttribu
= requiredRefuelTime-stdev : EAttribu
= requiredRefuelAssets : EAttribute [0.

< >

System Instance: |airport4_IND  ~

. ‘ AssetType | Flight | Gate‘ Ramp ‘WorkCard ‘

InstancelD
IND

= containerUnloadTime-mean : EAttril .

Save System Instance

Question: | PREDICT: What is the (expected) (Cycle Time Missed [raiinkoFAundargrfor Discrete Event Simulation ~ I'tain (Ramp)? ~

| Pose A New Question |Answers |

Solver:

IMATLAB

‘Formulate and Solve‘
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Results: Air Cargo Sort Hub Demo
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Demonstration of Efficacy

To demonstrate that the methodology is more general than just the manufacturing domain and also
more general than any particular analysis solver, use the same tool to quickly evaluate 50 different
alternatives for an air cargo sort hub, and answer several questions about each:

Change resource numbers
Change flight schedule
Change parking plan

Change airport

Change maintenance profile (more preventative = less unplanned)

- Parametric Changes

- Structural Changes

Change maintenance rules



Results: Air Cargo Sort Hub Demo

File Tools

System Definition: | AirportEnvironment_v4 ~

System Instance: |airport4_IND  ~

4 8@ AirportEnvironment

E Ramp
= gate : EReference [0..*]
= flight : EReference [0..*]
= asset : EReference [0..*]
H Gate
= |locX : EAttribute [0..1]
= locY : EAttribute [0..1]
B AssetType
= numberAvailable : EAttribute [0..1]
B Flight
= scheduledArrivalTime-mean : EAttril
= scheduledArrivalTime-stdev : EAttrit
= time-units : EAttribute [0..1]
= scheduledDepartTime : EAttribute [(
= gateAssignment : EReference [0..1]
= requiredRefuelTime-mean : EAttribu
= requiredRefuelTime-stdev : EAttribu
= requiredRefuelAssets : EAttribute [0.

>

= containerUnloadTime-mean : EAttril .

>

AssetType | Flight | Gate | Ramp | WorkCard ‘

Save System Instance

InstancelD numberAvailable (int)
FuelTransferVehicle|50
HighLoader 80
MechanicLevel10 |15
MechanicLevel11 |10

Mechaniclevel12 |4

Question: | PREDICT: What is the (expected) (Cycle Time Missed [ralinEoFAstargrfor Discrete Event Simulation ~ I'tain (Ramp)? ~ Solver: MATLAB v Formulate and Solve

| Pose A New Question |Answers |




Results: Air Cargo Sort Hub Demo
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Results: Air Cargo Sort Hub Demo

File Tools

System Definition: | AirportEnvironment_v4 ~

System Instance: |airport4_IND  ~

4 8@ AirportEnvironment

E Ramp
= gate : EReference [0..*]
= flight : EReference [0..*]
= asset : EReference [0..*]
H Gate
= |locX : EAttribute [0..1]
= locY : EAttribute [0..1]
B AssetType
= numberAvailable : EAttribute [0..1]
B Flight
= scheduledArrivalTime-mean : EAttril
= scheduledArrivalTime-stdev : EAttrit
= time-units : EAttribute [0..1]
= scheduledDepartTime : EAttribute [(
= gateAssignment : EReference [0..1]
= requiredRefuelTime-mean : EAttribu
= requiredRefuelTime-stdev : EAttribu
= requiredRefuelAssets : EAttribute [0.

>

= containerUnloadTime-mean : EAttril .

>

AssetType | Flight | Gate | Ramp | WorkCard ‘

Save System Instance

InstancelD numberAvailable (int)
FuelTransferVehicle|50
HighLoader 80
MechanicLevel10 |15
MechanicLevel11 |10

Mechaniclevel12 |6

Question: | PREDICT: What is the (expected) (Cycle Time Missed [ralinEoFAstargrfor Discrete Event Simulation ~ I'tain (Ramp)? ~ Solver: MATLAB v Formulate and Solve

| Pose A New Question |Answers |




Results: Air Cargo Sort Hub Demo
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Results: Air Cargo Sort Hub Demo

File Tools

System Definition:

AirportEnvironment_v4 ~

System Instance: |airport4_IND  ~

Save System Instance

4 # AirportEnvironment . ‘ AssetType| Flight |Gate | Ramp |WorkCard ‘ ;
‘8 :?;n;e : EReference [0..*] InstancelD scheduledArrivalTime-mean (float) scheduledArrivalTime-stdev (floa
= flight : EReference [0..*] IF\ighﬂ 60 15
= asset : EReference [0..#] Flight2 70 15
4 [ Gate Flight3 80 15
= locX : EAttribute [0..1] Flight4 90 15
= locY : EAttribute [0..1] Flight5 100 15
4 H AssetType Flight6 110 15
= numberAvailable : EAttribute [0..1] Flight7 120 15
< H Flight Flights 130 15
= scheduledArrivalTime-mean : EAttril Flight9 140 15
= scheduledArrivalTime-stdev : EAttrit Flight10 150 1s
= time-units : EAttribute [0..1] Flight11 50 20
= scheduledDepartTime : EAttribute [( Fightiz |70 )
= gateAssignment : EReference [0..1] -
= requiredRefuelTime-mean : EAttribu F\!ght13 80 20
= requiredRefuelTime-stdev : EAttribu Fight14 190 30
= requiredRefuelAssets : EAttribute [0. Flight15 | 100 30
= containerUnloadTime-mean : EAttril | Flight16 |110 30
. : S : ;|| Flight17 [120 30
Flight18 130 30
Flight19 140 30
Flight20 150 30
< > .-"'.-:‘E
Question: | PREDICT: What is the (expected) (Cycle Time Missed DrdalinkOFAsatargifor Discrete Event Simulation ~ |'tain (Ramp)? ~| Solver: Formulate and Solve‘

| Pose A New Question |Answers |




Results: Air Cargo Sort Hub Demo

File Tools

System Definition:

AirportEnvironment_v4 ~

System Instance: |airport4_IND  ~

Save System Instance

4 # AirportEnvironment . ‘ AssetType| Flight |Gate | Ramp |WorkCard ‘ ;
4 B Ef;n;e . EReference [0.] InstancelD scheduledArrivalTime-mean (float) scheduledArrivalTime-stdev (floa
= flight : EReference [0..*] Flight1 100 15
= asset : EReference [0..#] Flight2 100 15
4 [ Gate Flight3 100 15
= locX : EAttribute [0..1] Flight4 100 15
= locY : EAttribute [0..1] Flight5 100 15
4 H AssetType Flight6 110 15
= numberAvailable : EAttribute [0..1] Flight7 120 15
< H Flight Flights  |130 15
= scheduledArrivalTime-mean : EAttril Flight9 140 15
= s_chedult.adArrivaI'!'imefstdev : EAttrit Flight10 150 1s
= time-units : EAttrll:?ute [0..1] . Flight11 50 20
= scheduledDepartTime : EAttribute [( -
. Flight12 70 30
= gateAssignment : EReference [0..1] Flight3 |80 N
= requiredRefuelTime-mean : EAttribu -
= requiredRefuelTime-stdev : EAttribu Fight14 190 30
= requiredRefuelAssets : EAttribute [0. Flight15 | 100 30
= containerUnloadTime-mean : EAttril | Flight16 |110 30
. : A : o | Rlight17_ |120 30
Flight18 130 30
Flight19  |140 30
Flight20  [150 30
< > _,-"'_,:E
Question: | PREDICT: What is the (expected) (Cycle Time Missed DrdalinkOFAsatargifor Discrete Event Simulation ~ |'tain (Ramp)? ~| Solver: EFormuIate and Solveg‘

| Pose A New Question |Answers |




Results: Air Cargo Sort Hub Demo

= Made Cycle Time Deadlines: 86.2% File Home  Insert 3 t o ner el me w U wan . 8 share

; - PZ.S%

= ! L | 22 < ‘ﬁ v

Lo 50 100 150 200 250 300

= A B | ¢ D | E | F | G | H 0 ke
12.9% n -

= T |Number of Resources Made Cycle Time Deadlines i

=) . J 2 2 76.20% Made Deadlines versus Number of Resources

T | .

2 0 50 100 150 200 250 3 | a 80.90% -

o 0,

= |13.5/o 4 | 6 87.10% 86.00%

=] - = ‘ . . 5 |

t 0 50 100 150 200 250 300 6 84.00%

[=]

S Ez.z% s 5200%

g . ) a

i q 80.00%

o0 50 100 150 200 250 —

=] 18| 78.00%

= 7.3% 11

E: | 12 Te.00%

T 2 |

50 50 100 150 200 250 13| -

bt 6.2% 14 0 1 2 3 4 5 6 7

5 ) ) 15

Lo 50 100 150 200 250 13_

[=)]

o o b

2! millm [o2 ;

o L | f - . .

= 12 Flight Schedule Made Cycle Time Deadlines

s | ) )

] 0 50 100 150 200 250 20 Every 10 minutes 57.10% Made Deadlines versus Flight Schedule

s m IEA% 21 |First 5 batched 86.20% B7.20%

E’ e . ] 22:| First 10 batched | B7.10%

) 50 100 150 200 250 23 | ar.ook

8 o 24 86.90%

= L— |12.9 % ~ 86.80%

g s ' i 26_ 86, 70%

Lo 50 100 150 200 250 = B6.60%

= - 12.8% | #h.a0%

= — 86.40%

g s S | 29 o

iE - 86.30%

=0 50 100 150 200 250 30 | B

2 If2.4% 3 86.10%

= N ‘ ) | 32 0 05 1 15 2 25 3 35

Lo 50 100 150 200 250 300 |

= 34

o 0, — L

2 |12.1 % %

5 . . ) 5 | -

% 50 100 150 200 250 300 | Sheet1 | Sheet? ‘ Sheet3 | Sheetd @ ] | »

2 [ i I |12-8% Ready i m -+ 1%




Results: Air Cargo Sort Hub Demo

File Tools

System Definition:

AirportEnvironment_v4 ~

System Instance: |airport4_IND  ~

§Save System Instance§

4 # AirportEnvironment . ‘ AssetType| Flight |Gate | Ramp |WorkCard ‘ ;
4 B Ef;n;e . EReference [0.] InstancelD scheduledArrivalTime-mean (float) scheduledArrivalTime-stdev (floa
= flight : EReference [0..*] Flight1 150 15
= asset : EReference [0..#] Flight2 150 15
4 [ Gate Flight3 150 15
= locX : EAttribute [0..1] Flight4 150 15
= locY : EAttribute [0..1] Flight5 150 15
4 H AssetType Flight6 150 15
= numberAvailable : EAttribute [0..1] Flight7 150 15
< H Flight Flights 150 15
= scheduledArrivalTime-mean : EAttril Flight9 150 15
= s_chedult.adArrivaI'!'imefstdev : EAttrit Flight10 150 1s
= time-units : EAttrll:?ute [0..1] . Flight11 50 20
= scheduledDepartTime : EAttribute [( -
. Flight12 70 30
= gateAssignment : EReference [0..1] Flight3 |80 N
= requiredRefuelTime-mean : EAttribu -
= requiredRefuelTime-stdev : EAttribu Fight14 190 30
= requiredRefuelAssets : EAttribute [0. Flight15 | 100 30
= containerUnloadTime-mean : EAttril | Flight16 |110 30
. : A : o | Rlight17_ |120 30
Flight18 130 30
Flight19  |140 30
Flight20  [150 30
< > _,-"'_,:E
Question: | PREDICT: What is the (expected) (Cycle Time Missed DrdalinkOFAsatargifor Discrete Event Simulation ~ |'tain (Ramp)? ~| Solver: Formulate and Solve‘

| Pose A New Question |Answers |




Results: Air Cargo Sort Hub Demo

1t 013 Flight 012 Flight 011 Flight 010Flight 009 Flight 008 Flight 007 Flight 006 Flight 005 Flight 004 Flight 003 Flight 002 Flight 001
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Results: Air Cargo Sort Hub Demo

File Tools

System Definition: 'AirportEnvironment_vd -

A

4 # AirportEnvironment

B Ramp
= gate : EReference [0..*]
o flight : EReference [0..7]
= asset : EReference [0..%]
B Gate
= locX : EAttribute [0..1]
= locY : EAttribute [0..1]
B AssetType
= numberAvailable : EAttribute [0..1]
E Flight
= scheduledArrivalTime-mean : EAttril
= scheduledArrivalTime-stdev : EAttrit
= time-units : EAttribute [0..1]
= scheduledDepartTime : EAttribute [(
= gateAssignment : EReference [0..1]
= requiredRefuelTime-mean : EAttribu
= requiredRefuelTime-stdev : EAttribu
= requiredRefuelAssets : EAttribute [0.

containerUnloadTime-mean : EAttril _

System Instance:

" | AssetType | Flight l Gate l Ramp IWorkCard |

airport4_IND

-

|Save System lnstance|

Flight_plannedWorkltem_WorkCard (RefTable)
Flight_requiredLoadAssets (GenericTypeTable)

InstancelD numberAvailable (int)

FuelTransferVehicle| 50 Flight_requiredRefuelAssets (GenericTypeTable)

HighLoader 30 Flight_requiredUnloadAssets (GenericTypeTable)

MechanicLevel10 |15 Flight_unplannedinboundWriteup_WorkCard (RefTable)

MechanicLevel11 |10 Ramp_asset_AssetType (RefTable) | Ramp_flight_Flight (RefTable)

MechanicLevel12 |6 [ Ramp_gate_Gate (RefTable) WorkCard_requiredAssets (GenericTypeTable)
(WorkCard) InstancelD requiredAssets (int) requiredAssets (AssetType)

|Pla nnedWorkitem1 1 MechanicLevel10
PlannedWorkltem2 1 MechanicLevel10
PlannedWorkitem3 1 MechanicLevel12
UnplannedWorkitem1 |1 MechanicLevel11
UnplannedWorkitem2 |1 MechanicLevel12

Question: | PREDICT: What is the (expected) (Cycle Time Missed DiasirkoFAsawnefor | Discrete Event Simulation ~ tain (Ramp)? *| Solver: | MATLAB ) Formulate and Solve




Results: Value Stream Mapping Demo

i - X

File Tools

System Definition: = System Instance: :| Save System Instance

Manufacturing_v12 —

AirportEnvironment_v4

‘ValueStreamMapping |

Question: I:l How To Answer: :l Solver: :l Formulate and Solve

| Pose A New Question |Answers |




Results: Value Stream Mapping Demo

# ValueStreamMapping
~ # Process
H Customer
B Supplier
> H DedicatedProcess
H SharedProcess
H DataBox
H WorkCell
~ # Material
H Item
H Inventory
H Shipment
H PushltemFlow
B Supermarket
H PullltemFlow
E FIFOLane
H SafetyStock
H ExternalShipment
v # General
H Operator
H Timeline
~ # Information
H KanbanCard
H ProductionControl
B ItemRelease
> H ResourceShare



Complete Domain Switch, Same Analysis Generators

# ValueStreamMapping

v # Process
£l Customer
E Supplier
# manufacturing > H DedicatedProcess
> H Job H SharedProcess
» H Operation -> Job # AirportEnvironment 5 DataBox
H WorkOrderType > B Ramp 5 WorkCell
> H WorkQOrderReleaseProcess . H Gate v @ Material
H RawMaterialType . H AssetType S :temt
> H RawMaterialSupplyProcess . B Flight - Snl::f::'noerri
E MobileResourceType . B WorkCard

H PushltemFlow
H Supermarket

Nl

H MobileResourceSharingProcess

> H Facility 5 PullltemFlow
> B Cell 5 FIFOLane
> B Workstation H SafetyStock
> B Product £l ExternalShipment
v @ General
£ Operator
E Timeline

~ # Information
H KanbanCard
5 ProductionControl
B ItemRelease
> H ResourceShare



Results: Value Stream Mapping Demo

File Tools

System Definition: | ValueStreamMapping ~

A

4 # ValueStreamMapping
4 # Process
H Customer
E Supplier
I B DedicatedProcess
£ SharedProcess
E DataBox
E WorkCell
4 @ Material
H Item
£ Inventory
E Shipment
£ PushltemFlow
E Supermarket
£ PullltemFlow
H FIFOLane
E SafetyStock
E ExternalShipment
4 @ General
£ Operator
E Timeline
4 # |Information
H KanbanCard
£ ProductionControl

< »

Question: o How To Answer:

Pose A New Question | Answers

System Instance:

(Create New)

‘VSM_Example1

Solver:

Save System Instance

Formulate and Solve



Results: Value Stream Mapping Demo

Production control

\

kly arder
/‘MEE L "'—-_._,_____-.
Supplier Customer

Information flows

Material flows

|
|
|
|
|
! Process A
|
|
|
|
|

1783
| Process B | Process C | Shipping
o/ j Wy o o)
G/T = 300 sec T = 45 sac é N €T = 300 sec Vi %
/D = 60 min 1202 C/O = 10 min 733 C/0 = 240 min 593
Uptime = 80% Uptime = 90% Uptime = 100%
2 Shifts 2 Shifts 2 Shifts
'\ 27000 sec available 27000 sec available 27000 sec available
I( 6 days 4 days 1 day 3 days Production lead ime = 14 days \l
300 sec 45 sec 240 sec Processing time = 585 sec




Results: Value Stream Mapping Demo

i - X

File Tools

System Definition: | ValueStreamMapping v| System Instance: Save System Instance

E Supplier
H DedicatedProcess

4 @ ValueStreamMapping * General/Operator | General/Timeline | Information/ltemRelease | Im‘orrnation/Kan%
4 # Process Information/ProductionControl | Information/ResourceShare | Material/ExternalShipment | Materi
& Customer Material/inventory |  Material/item | Material/PullitemFlow |  Material/Pushit

Material/SafetyStock | Material/Shipment | Material/Supermarket | Process/Customer | Proce

-

5 SharedProcess Process/DedicatedProcess | Process/SharedProcess | Pracess/Supplier | Pracess,
E DataBox InstancelD producesltem (Item) cycleTime (float) cycleTimeStdev (float) timeUnits (nvarc
EH WorkCell ProductionProcess| Widget 1

4 @ Material ProcessA 5 0.5 minutes
H Item ProcessB 0.75 0075 minutes
E] In\..rentory ProcessC 5 0.5 minutes
g i:lsi::eerr:ﬂow Shipping 120 12 minutes

H Supermarket

E PullltemFlow

E FIFOLane

B SafetyStock

E ExternalShipment
4 @ General

E Operator

E Timeline
4 # |nformation

E KanbanCard

E ProductionControl

< >

Question: v How To Answer: I:l Solver: : Formulate and Solve

are a Process' predicted performance measures?il




Results: Value Stream Mapping Demo

i - X

File Tools

System Definition: | ValueStreamMapping v| System Instance: Save System Instance

E Supplier
H DedicatedProcess

4 @ ValueStreamMapping * General/Operator | General/Timeline | Information/ltemRelease | Im‘orrnation/Kan%
4 # Process Information/ProductionControl | Information/ResourceShare | Material/ExternalShipment | Materi
& Customer Material/inventory |  Material/item | Material/PullitemFlow |  Material/Pushit

Material/SafetyStock | Material/Shipment | Material/Supermarket | Process/Customer | Proce

-

5 SharedProcess Process/DedicatedProcess | Process/SharedProcess | Pracess/Supplier | Pracess,
E DataBox InstancelD producesltem (Item) cycleTime (float) cycleTimeStdev (float) timeUnits (nvarc
EH WorkCell ProductionProcess| Widget 1

4 @ Material ProcessA 5 0.5 minutes
H Item ProcessB 0.75 0075 minutes
E] In\..rentory ProcessC 5 0.5 minutes
g i:lsi::eerr:ﬂow Shipping 120 12 minutes

H Supermarket

E PullltemFlow

E FIFOLane

B SafetyStock

E ExternalShipment
4 @ General

E Operator

E Timeline
4 # |nformation

E KanbanCard

E ProductionControl

< >

<

Question: | PREDICT: What are a Process' predicted performance médeweIo anwer: v Solver: : Formulate and Solve

‘Discrete Event Simulation§|

| Pose A New Question |Answers |




Results: Value Stream Mapping Demo

File Tools

System Definition: | ValueStreamMapping v| System Instance:

Save System Instance

E Supplier

H DedicatedProcess
H SharedProcess

E DataBox InstancelD producesltem (Item) cycleTime (float) cycleTimeStdev (float) timeUnits (nvarc
£ WorkCell ProductionProcess| Widget1
« # Material ProcessA 5 0.5 minutes

£ ltem ProcessB 0.75 0.075 minutes
E Inventory

E Shipment

E PushltemFlow

H Supermarket

E PullltemFlow

E FIFOLane

B SafetyStock

E ExternalShipment
4 @ General

E Operator

E Timeline
4 # |nformation

E KanbanCard

E ProductionControl

< >

4 @ ValueStreamMapping * General/Operator | General/Timeline | Information/ltemRelease | Im‘orrnation/Kan%
4 # Process Information/ProductionControl | Information/ResourceShare | Material/ExternalShipment | Materi
& Customer Material/inventory |  Material/item | Material/PullitemFlow |  Material/Pushit

Material/SafetyStock | Material/Shipment | Material/Supermarket | Process/Customer | Proce
Process/DedicatedProcess | Process/SharedProcess | Pracess/Supplier | Pracess,

-

ProcessC 5 0.5 minutes
Shipping 120 12 minutes

<

Question: | PREDICT: What are a Process' predicted performarkh]he’imﬁkﬂiswér: ‘ Discrete Fvent Simulation ~ Solver:

| Pose A New Question |Answers |

Formulate and Solve




Results: Value Stream Mapping Demo
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Results: Value Stream Mapping Demo

File Tools

System Definition:  ValueStreamMapping V|

System Instance:

VSM_Example1l ~

Save System Instance

A

4 # ValueStreamMapping
4 # Process
E Customer
E Supplier
I B DedicatedProcess
H SharedProcess
H DataBox
EH WorkCell
4 @ Material
H Item
E Inventory
E Shipment
E PushltemFlow
H Supermarket
E PullltemFlow
E FIFOLane
B SafetyStock
E ExternalShipment
4 @ General
E Operator
E Timeline
4 # |Information
E KanbanCard
E ProductionControl
L4 >

General/Operator |

General/Timeline |

Information/ltemRelease |

Information/ProductionControl | Information/ResourceShare | Material/ExternalShipment | Materi

Material/Inventory |

Material/ltem

Material/PullltemFlow

Material/Pushlt

Material/SafetyStock | Material/Shipment | Material/Supermarket | Process/Customer | Proce

Information/mr;%//

Process/DedicatedProcess

Process/SharedProcess |

Pracess/Supplier |

Process,

InstancelD producesltem (Item) cycleTime (float) cycleTimeStdev (float) timeUnits (nvarc
ProductionProcess| Widget1 [ ]
ProcessA 5 |0.5 Iminutes
ProcessB 0.75 I0.0?S Iminutes
ProcessC 5 |0.5 Iminutes
Shipping 120 I12 Iminutes

[ |

<

Question: | PREDICT: What are a Process' predicted performarkh]he’imﬁkﬂiswér: ‘ Discrete Fvent Simulation ~

| Pose A New Question |Answers |

Solver: | MATLAB v

‘Formulate and Solveé‘




Summary

* Industrial Engineering is a domain that can benefit from improved tool support, we're
creating it, and MATLAB and Simulink are an integral part of the solution.

* Minimum: MATLAB, Simulink, SimEvents.
* Recommended: Statistics Toolbox, Stateflow, Parallel Computing Toolbox.

e Advanced: Global Optimization Toolbox.

 Our contribution is Industrial Engineering domain knowledge, and expertise with
modeling and model transformations. The MathWorks’ contribution is analysis
languages, solvers, and interpretation and visualization of results.

* Should you expect an “Evaluate Produceability” button to appear in your CAD tools in
the next few months? This tool is a big step in that direction, although other puzzle
pieces are needed to make it truly push-button.



Q&A



Backup



Status Quo of Automation: Manual and Ad-Hoc

Domain Models Ad-hoc Transformations Analysis Models and Tools

Manufacturing -
Facility #1
Manufacturing -
Facility #2
Warehouse #1 -
Material Handling
System Implicit domain

models based
on IT-designed
data models

requires analysis

and tool expertise Discrete-Event

Simulation
- Queueing Theory
Analysis

Packages of code for
specific systems and Jackson Network
specific analyses Analysis
- Inventory Analysis
(EOQ, Base Stock,
= Qr,Ss)

- Scheduling
Optimization

In the status quo, analysts commonly hand-build custom analysis to answer specific questions
about specific systems. Automation can be added to make the formulations repeatable, but the
issue remains that there is a unique transformation for every (domain, analysis) pair, severely
limiting ROI of writing and maintaining each one.

[ Creating these

Custom-Built
Manufacturing
Simulation

Sustainment:
Suppliers, Depots,

Customers




We spent years searching for a perfect Industrial Engineering system model:
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— \ Architecture 9 1

Geometric entity for manufacturin FEAF | DoDAF | MODAF Zachman FW
- . | bt 9 ' \ Frameworks U U " | " I
Assembly entity Raw material I\ induces hd hd
p | ._\ I
/ “ isMachmabléByProces;}"owedP pcessFor ‘ Modeling 9 g ]
Finished part A ' I SADT m
ishec.pal I / isMach!naMeWi!hTool \ | Methods ﬂ s | U O0SE l-
A jsMadeOf \ \,
I | l'
| | )
become | * requiregﬁ'oolFar ‘ ) . 1
\ | [ Tool previousOperalion | Madeling & \DEFO SysML UPDM Modelica HLA MathML
\ : enablesRealisationof f Simulati
\-{ Semi-finished part esTool Standards System Modeling Simulation & Analysis
| Machineresource | executes / ]

/ Interchange & al 9 q
Metamodeling I]MQF | ﬂ QvT I U XMI | || STEP/AP233 I
Standards
O

T T
contains™—

-
. includes
\\‘\.

B 0-B e oce ode d No
PR Conversations @ Choreographies A
Pla“ Activities B - &0
— dligle s
s _§§ i F 1
Q0
. Plan : : Plan . 8800
1 1 1 1 Conversation Diagram
i i i i 5 o
i i i : (IR
1 1 1 : . @ :;a:
i : : H o H—@ @
= e - o %o
(o ‘I)| — Collaboration Diagram ® . ®
= , o @@
. i e ; ) - OO0 E®@®
Suppliers’ } Supplier Customer | Customer’s . _ : : T S0 0000@®
Supplier Internal or External Internal or Extemal Customer = L P09
@
SCOR does not attempt to describe every business process or activity, including:
e Sales and marketing (demand generation)
* Research and technology development s
* Product development L J ] e T
¢ Some elements of post-clelivery customer support - - = -

How to make a model robust and reusable? Make it abstract.

How to make a model user-friendly and accessible? Make it concrete.



The Solution

(3) Identify and build L(

System Model }

A

(2) The question’s subject is
a system model, whether
informal or formal, which

may require qnhancement.

~

Question

/

4

(1) Ask a quéstion about
a system (usually related
to a decision to be made).

Analysis Model

an answering analysis. L

(4) Solve the analysis
model for an answer.

A4

Answer

pose new questions.




The Solution

System Model

A

(2) The question’s subject
is a system model, which
includes both a schema and a
conforming instance model.

Question about
System Model

x x

(1) Ask a-question
about a system.

(3a) Given the question,
abstract what’s relevant

_fBridging Abstraction

-

and the question, identify and

in the system model. 'k ' construct an answering analysis.

(3b) Map from a question
about the system to a questio

Question about
Abstraction Model

A
>

Analysis Model

(4) Given the abstract system [

(5) Solve the
analysis model
foran answer.

\/

Answer

(5b) Interpret results and

pose new questions.

(5a) If the answer enhances

in the system model.



MBSE for Industrial Engineering (versus Mechanical & Aerospace)

 The behavioral model is fundamentally different.

* We care a lot more about instance data. An aircraft or satellite has a controlled number of
subsystems (which can each be quite complex; it's the number we care about) - one
avionics system, one guidance and control system, one power system, ... A manufacturing
system may have dozens of facility instances, hundreds of process plan instances,
thousands of workstations, and tens of thousands of resource instances.



Issues with Process Modeling in SysML

The subset of the language for activity modeling is very abstract, similar to the Process
Network definition in our back-end bridging abstraction model. However, we never
intended end-users to author directly in our bridging abstraction model, just map to it.

There’s no facility for user customization, e.g. define a language within the language, as
SysML structural modeling permits.

It stores information at the wrong levels of abstraction. A specific process structure is
stored at schema-level, and also elements' parameterization are stored at the schema-
level, for example actions' token types and quantities input & output.

SysML has limited capabilities for modeling structure-behavior integration. In version 1.3,
a Block's links to behavior are Classifier Behavior, Owned Behavior, and Owned Operation.
How to express capability, assignment (both static and time-varying, the latter sequencing
and scheduling)?



