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Outline -
« Digital Thread
 What are the fundamental challenges?
« Why & What are DELS
« Commonalities First, Specifics Later
 Why is this interesting to the MBSE Initiative
 What do we want?
NI Georgia
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Digital Thread L

« Diqgital Thread: platform for information to integrate product design,
production and logistics systems design, and later stages of product
lifecycle (sustainment)

« Design for Manufacturing: product/production design integration

* Production System Design Methodology: Processes, decision-making
support, and analysis tools

« Without a reference model you can'’t do it right today in a non ad-hoc way.
Even with a reference model, you can’t do it throughout the product’s lifecycle
since all of the analysis models have to be built by hand.

mncl Institute of Georg ia
Standards and Technology 1/29/2017 3 TeCh

U.S. Department of Commerce



The SE “Vee” for both product & process

System System Process Development
Development

Con Ops

Requirements/
Architecture

Detailed Design

Implement
Integrate, Test,

System V&V

Operations &
Maintenance

NIST

National Institute of
Standards and Technology
U.S. Department of Commerce

1/29/2017

Global supply chain concept
Technical capabilities and capacities, SC architecture

Sourcing plan, facility design, planning/control
concepts

Virtualize, test concepts, program roll-out

Global SC simulation, contingency analyses,
standards, ...

Deployment
Operations

Georgia
Tech



Computational support

/ CAD, FEA, CFD, PDM/PLM, \
REQUIREMENTS, SysML, and
many more; increasing levels of
integration and interoperability

Use models to specify, analyze,
integrate, simulate, verify, validate—
K virtually, across disciplines

System Process Development

Global supply chain concept

Technical capabilities and capacities

Detared Design SC architecture, sourcing plan, facility design,

planning/control concepts
Implement Virtualize, program roll-out
Integrate, Test, Verify  Global SC simulation, contingency analyses
System V&V Deployment

Operations & Operations
Maintenance

mmﬂ Institute of 1/2 9/2017 5 Georg ia
Standards and Technology Te ch i

U.S. Department of Commerce
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Fundamental Challenges /
 (Lack of) Common semantics & syntax for specifying production systems
(reference model)
— Difficulty of integration in PDM/PLM systems
 Time and expense of hand-coding analysis models (imagine if every
FEA/CFD required a simulation engineer to hand-code the model)
— Very limited decision support to production system engineers
« (Lack of) An engineering design methodology for production systems
— Very difficult to capture/re-use learnings from experience—Iots of tacit rather than
explicit knowledge
NI Georgia
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What are DELS?

Discrete event logistics systems (DELS) are a class of dynamic systems that are
defined by the transformation of discrete flows through a network of interconnected
subsystems.

» These systems share a common abstraction, i.e. products flowing through processes
being executed by resources configured in a facility (PPRF).

Examples include:

Supply chains
Manufacturing systems
Transportation

Material handling systems
Storage systems

Humanitarian logistics

Healthcare logistics

Semiconductor manufacturing

Reverse and Remanufacturing Logistics
And many more ...

» Fundamentally, these systems are very similar, and often DELS are actually composed of other DELS.

» This similarity (and integration) produces a common set of analysis approaches that are applicable across the many
systems in the DELS domain.

NIST

National Institute of

Standards and Technology 1/ 2 9/ 2017

U.S. Department of Commerce
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Interest to MBSE Community Wi

« Bring a different domain into the INCOSE community

* In the design of logistics systems, we don’t have good SE tools and
practices

 Why can INCOSE have a big impact on this domain?
« In addition to the SE best practices, MBSE has been transformative!

« Explicit modeling and design methods
« Consensus on how we talk about our artifacts and design them

 Want to learn from MBSE community

 What are the things we need to do to have an impact:

« Reference models, common design process, conforming and supporting
analysis models and tools.

« Build a community around a shared vision of DELS MBSE

mncl Institute of Georg ia
Standards and Technology 1/29/2017 8 TeCh

U.S. Department of Commerce
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It's (long past) time to bring the power of (model based) systems v/
engineering to production systems and global supply chains!
What does it take to do that?
Where are we in the journey?
Tuesday @ 8:10am in MBX/Ecosystems
leon.mcginnis@isye.gatech.edu
timothy.sprock@nist.gov
conrad.bock@nist.gov
NST Georgia
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It's (long past) time to bring the power of
(model based) systems engineering to
production systems and global supply

chains!

What does it take to do that?

Where are we in the journey?

NI . Georgia
Standards and Technology 1/3 1/2017 11 TeCh

U.S. Department of Commerce
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Outline N
 What are DELS?

« What are the fundamental challenges for DELS?

 Why do we need system models and MBSE?

« What are the types of analysis models and problems we’re interested in
for DELS (SAI)?

* Where are we now?
 What is contained in the DELS reference model?

« System-Analysis Integration Use Case
* Where do we want to go?

NI . Georgia
Standards and Technology 1/3 1/2017 12 TeCh

U.S. Department of Commerce



What are DELS?

Discrete event logistics systems (DELS) are a class of dynamic systems that are
defined by the transformation of discrete flows through a network of interconnected
subsystems.

» These systems share a common abstraction, i.e. products flowing through processes
being executed by resources configured in a facility (PPRF).

Examples include:

Supply chains
Manufacturing systems
Transportation

Material handling systems
Storage systems

Humanitarian logistics

Healthcare logistics

Semiconductor manufacturing

Reverse and Remanufacturing Logistics
And many more ...

» Fundamentally, these systems are very similar, and often DELS are actually composed of other DELS.

» This similarity (and integration) produces a common set of analysis approaches that are applicable across the many
systems in the DELS domain.

NIST

National Institute of

Standards and Technology 1/ 2 9/ 2017

U.S. Department of Commerce
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Fundamental Challenges g

(Lack of) Common semantics & syntax for specifying production systems
(reference model)
— Difficulty of integration in PDM/PLM systems

« Time and expense of hand-coding analysis models (imagine if every
FEA/CFD required a simulation engineer to hand-code the model)
— Very limited decision support to production system engineers

« (Lack of) An engineering design methodology for production systems

— Very difficult to capture/re-use learnings from experience—Ilots of tacit rather than
explicit knowledge

NI . Georgia
Standards and Technology 1/3 1/2017 14 TeCh

U.S. Department of Commerce
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 What are DELS?

« What are the fundamental challenges for DELS?

 Why do we need system models and MBSE?

« What are the types of analysis models and problems we’re interested in
for DELS (SAI)?

* Where are we now?
 What is contained in the DELS reference model?

« System-Analysis Integration Use Case
* Where do we want to go?

NI . Georgia
Standards and Technology 1/3 1/2017 15 TeCh

U.S. Department of Commerce
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Need for Model-Based Methods i

» Model-based methods: design, formal specification, and analysis
» Teaching, designing, automation
« Documentation & Organization of Knowledge

» Existing Systems Models (industry)

« We've had industrial partners tell us that the system model we built was the first time a
particular system had been document, or most complete documentation of a particular system.

» Existing Analysis Models (academia)
 Why do we make particular assumptions or abstractions?
 Why can’t one method be applied to a different but similar problem?
« Taxonomy of extensions and mapping to applicable use cases
« SAIl — Bridge between system and analysis models
* Interoperability between different analysis models of the same system

mnol Institute of Georg ia
Standards and Technology 1/3 1/2017 16 TeCh

U.S. Department of Commerce



System Model to Analysis Model Transformation:

Status Quo — Manual Ad-Hoc Analysis Generation

Domain Models

4 Implicit domain
models; based on IT
data models — leaves |Manufacturing

some details out—  |Facility #1
and lots of tacit

\___ fnowledge "\ janufacturing
Facility #2

Warehouse

Material
Handling System

Transportation
Logistics
NIST
National Institute of l /3 1 /2 O 17

Standards and Technology
U.S. Department of Commerce

Ad-hoc analysis

models/transformations

Custom-Built
Manufacturing
Simulation i

Analysis
Tools/Models

May require
analysis tool
experts

Discrete Event
Simulation

Queueing Analysis

Mean-Value Analysis

- Simulation
. Methods

Monte Carlo
Methods

Packages of
analyses based on 4
specific system and
specific desired
analyses

Resource
Investment

Scheduling

Optimization
| . Models

Production &
3 Inventory Planning

Georgia
17 Tech ||



System Model to Analysis Model Transformation:
M2M Methods Based on Domain Models

Domain-Based Analysis
Transformations Tools/Models

Construction of
reusable analyses or
investment in auto-
generation

Domain Mo

Discrete Event
Simulation

Less dependency
on tool experts

Manufacturing
Facility #1

Queueing Analysis
Mean-Value Analysis

Manufacturing Simulati
Facility #2 _ . Imuiation
Y Requires more . Methods
formal, explicit
Warehouse R S ——— domain models Monte Carlo
May needto = oo Methods
“stretch” the
Material : Resource ~ Allows for
, domain model investment in better
Handling System Investment

analysis models

Scheduling V
. Optimization
. Models

Production &
Inventory Planning

Transportation _
Logistics Greater reusability
of analysis:

collaboration and

lsr automation
mmﬂ Institute of Georg Ia
Standards and Technology l/ 3 1/ 2017 18 TeCh

U.S. Department of Commerce




System Model to Analysis Model Transformation:
M2M Methods Based on DELS Abstraction

NIST

National Institute of
Standards and Technology
U.S. Department of Commerce

Object-oriented, DELS- Analysis

Domain Models
Based Transformations Tools/Models

Discrete Event
Simulation

Manufacturing
Facility #1

Queueing Analysis
Mean-Value Analysis

Tool experts’
expertise

Manufacturing

Facility #2 shared across : Simulation
all domains . Methods
Warehouse R Monte Carlo
Methods
Material Resource

4

Handling System Investment

Scheduling

Optimization
Models

Maintain
a smaller &

Transportation toolbox
Logistics
: : Production &
This approach exploits all of the Inventory Planning
commonalities across the systems and =
. : rgi
1/31/2017 analysis domains... 19 Geo ga

Tech

|
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System Model to Analysis Model Transformation:
Extending M2M Methods Based on DELS Abstraction

Object-oriented, DELS- Analysis
Based Transformations Tools/Models

1
M -
Manufacturing #1
2 D

Domain Models

Discrete Event

Simulation
Manufacturing

Facility #1 Queueing Analysis

Mean-Value Analysis

Manufacturing : :
Facility #2 Manufacturing { . Simulation
DELS \ . Methods
Warehouse Monte Carlo
Methods
Material Resource
Handling System Layered Investment
abstraction is
IMPORTANT! Scheduling

. Optimization
. Models

Production &
Inventory Planning

Transportation
I n
Logistics

But what about all of the important

NIST domain-specific attributes and G .
National Insttts of analysis models and methods??? eorgia
e et 1/31/2017 20 Tech

[——Tc}



- ey
Outline N
 What are DELS?

« What are the fundamental challenges for DELS?

 Why do we need system models and MBSE?

« What are the types of analysis models and problems we’re interested in
for DELS (SAI)?

* Where are we now?
 What is contained in the DELS reference model?

« System-Analysis Integration Use Case
* Where do we want to go?

NI . Georgia
Standards and Technology 1/3 1/20 1 7 2 1 TeCh
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DELS Reference Model WS

Network Abstraction (Structural)
 Abstraction: Networks, Flow Networks, Process Networks

System Behavior (Plant)
« Abstraction: Product, Process, Resource, Facility + Task

Control
« Admission, Sequencing, Resource Assignment, Routing, & Resource State

Domain-specific Reference Models
* Production (Make), Warehousing (Store), Transportation (Move)
« Supply Chains, Healthcare Logistics, etc.

mnol Institute of Georg ia
Standards and Technology 1/3 1/2017 22 TeCh

U.S. Department of Commerce



DELS Behavior — Product, Process, Resourc
FaC|I|ty package DELS_MetalModel[ | DELS_Ontology y

Task +authorizedBy +targetProduct | Product Facility
0..x 0..1 ;
+canCreate +requiredBy
authorizedBy [0..* 1.% _
0..1 +isLocatedIn |1

{subsets outputltems}

+canBeCreatedBy |1..* +billOf Material | 1..*+contains [1..*
+authorizesExecution Frogess +cankExecute +requiredinputResources Resoarce
1 f.." i

{subsets inputltems}

NST Georgia
e g ik B 1/31/2017 23 Tech

U.S. Department of Commerce
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Taxonomies of DELS Behavior

«Process»
Process

function

Taxonomically by function:
Make - change fit, form,

. _|Store - change age
-_— .
"|3j — | Move - change location

«Process»
Control

NIST

National Institute of
Standards and Technology
U.S. Department of Commerce

«Process»
Make

«Process»
Store

1/31/2017

«Process»
Move

«Resource»
Resource

I

«Resource»

{isCapacitated}

Capacitated_Resource

+capacityMeasure [1..%]

+increaseCapacity()
+decreaseCapacity()
+allocateCapacity()
+deallocateCapacity()

«Resource»
Reusable_Resource
{isCapacitated,
isReusable}

«Resource»
Consumable_Resource
{isCapacitated,
isConsumable}

i

«Resource»

Discrete State_Resource

{changeState =

currentState = CurrentService ,

isDiscreteState,

queryState = queryService }

setup ,

+CurrentService : Process

+setup()
+query Service()

Stationary_Resource

«Resource»
Perishable_Resource
{isCapacitated,
isConsumable,
isPerishable}

+perishableLifetime [1]

«Resource»

«Resource»
Mobile_Resource
{changeState = reposition ,

currentState = CurrentlLocation |

queryState = querylLocation }

+CurrentLocation : Location

+queryLocation()
+reposition()

24

S |
Tech|




Network Abstraction

package TokenFlow Netw ork_MetaModel | TokenFlow Netw orku

NIST

National Institute of
Standards and Technology
U.S. Department of Commerce

+nestedNetw ork Network
0..1
+parentNetw ork +parentNetw ork
N
+parentNode |0..1 +node |1..* ) o +edge |*
Node +endPoint A +incidentEdge Edge
+label - String [0.1)id} | > +w eight - Real [0.1] K———
+parentNode |0..1 +relationshipEdge (0..1
+flow CarryingEdge [ 1..*
+flow Interface [1..* Flow Edge
+targetFlow Node +incomingFlow Edge
FlowNode et el bl = 9 +flow TypeAllow ed : TokenType [*]{ordered}
+consumption : BillOf Tokens [0..1] 1 +flow Amount : Real [] = 0.0{ordered}
+production : BillOf Tokens [0..1] | +sourceFlow Node +outgoingFlow Edge +flow Capacity : Real []{ordered}
d - +grossCapacity : Real [0..1]
1 +flow FixedCost : Real [*] = 0.0{ordered}
{redefines nestedNetwork} +flow UnitCost : Real [*]{ordered}
+nestedProcessNetw ork
0.1 |ProcessNetwork | +parentProcessNetw ork
+/time :
{redefines parentNetwork} +/2g:t :F;eez 0.1
+parentProcessNetw ork {redefines parentNetwork}
0.1
{redefines node} {redefines edge}
+parentProcess |0..1 +process [1..* . N
+sequencingEdge
ProcREs SequencyDependency
+inputitems : BillOf Tokens [0..1] |*targetProcess +incomingSeqDep -
+outputiters : Bil Of Tokens [0..1] |1 | *type: DependencyType [1]
+durationMeasure [1..*] +sourceProcess +outgoingSeqDep
. ] =

1/31/2017
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Operational Control

Functional mechanisms that manipulate flows of tasks and resources through a system in

real-time, or near real-time.

DELS —_ —— N
Decision Mak .
g e m _____ 7 ,:I'.i:;:,:‘:"' >_CO nt ro”er
E ?;‘;:I opnm;::;:r‘
\wer -{ implementation
! A A . <
X v :, : QJ: .
?S'(%?/ 5 é_% . gg \'f%’% Interface
’/, cg”i’ << : Qa \\\
Base
System
» Which tasks get serviced? (Admission/Induction)
 When {sequence, time} does a task get serviced? (Sequencing/Scheduling)
* Which resource services a task? (Assignment/Scheduling)
 Where does a task go after service? (Routing)
 Whatis the state of a resource? (task/services can it service/provide)
NIST Georgia
National Institute of 1 /3 1 /2017 2 6 Tegch

Standards and Technology
U.S. Department of Commerce



Operational Control

package Control[ .5 ControIFH'ocessTaxonoer

Maps the decision variables in the
e controller's decision problem to a
particular actuator function and

JA

I | l |

<Process» «Process» <Process» «Process» <Process» execution mechanism in the plant
Admit Sequence Assign Route Change State
JJ 1
ibd [DELS] DELS [ DELS_ControlFlowPatternI|BD 5 ! b
«Resource» «Resource» «Resource» «Re [ ] [ = ioResource : ioDELSResource [1.."]
Gate Queue ResourceSeize S PPV
admitT ask : Boolean sequencelndex : Integer  resourceAssignment
] ! 1
L L L_<
] «Resource» A «Resource» P «Resource» N
i admissionGateway : Gate | Task | taskSet :Queue Task assignResources : Seize Task,
«Resource» tR Resource
esource
Resoures inTask : Task ARy iSSP SESE—
«Resources «Process» |
| resourceSet : Resource | | functionalCapability : Process |
outTask : Task L ey sy = BN I 12 I A s i (i
;Resouroe
«Resource» «Resource» 4 «Resource» |
—— routing : Switch 44— completedTaskSet : Queue | Task | releaseResources : Release
i Task 1 Task,
L L Resource
nextNode : DELS sequencelndex : Integer

National Institute of 1 / 3 1 / 2 O 17 2 7 Tec

Standards and Technology
U.S. Department of Commerce

NGT Georgia
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* PPRF + Task
+ Control

* Networks,

* Flow Networks, &

* Process
Networks

* + Tokens

Storage Production Transportation Supply Chain
Systems S stems SAstems AS s;ems‘
T ] 1

- Warehouse  * Flow shops, - Material * Healthcare

« Fulfillment Open shops, Handling systems
systems Job shops Systems * Sustainment

« ASRS « Production « AMHS, System

« Crossdocks lines AGVs, * Reverse /

« HVS « Work Cells conveyors Reman

... - Aerospace « Trucking Systems

» Automotive

* Semiconductor

NIST

National Institute of MO
Standards and Technology
U.S. Department of Commerce

Systems
Models

Actual real syst'ems (or
simulations of them)

Language Layer
— e+ May also include a
TFN & DELS DSL

Top of M1

« DELS Reference model
L+ Network Abstractions

« PPRF Domain Ontology

« PPRF Taxonomies & Model

Libraries
* Control Patterns
Middle of M1

* (sub-) Domain-specific
reference models and

architectures

—* Generalization Set aligns with
STORE, MAKE, & MOVE
processes

Bottom of M1

+ System Models
« “as-built” or “specification”

S—

models G i}
eorgia
28 Tbchﬁ
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Outline N
 What are DELS?

« What are the fundamental challenges for DELS?

 Why do we need system models and MBSE?

« What are the types of analysis models and problems we’re interested in
for DELS (SAI)?

* Where are we now?
 What is contained in the DELS reference model?

« System-Analysis Integration Use Case
* Where do we want to go?

NI . Georgia
Standards and Technology 1/3 1/2017 29 TeCh
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System-Analysis Integration — Use Case

ARBTINITIELD @stomrSet «Flow Node» Ofigin P(c;duces «Tokem:\ggregatlon 2
0 R Shipment t r ate .
. .

Supply_Chain 1 Customer
-Perfect_Order_Fulfilment = attributes
Location : Real [2] Destination Consumes |-Route : Transportation_Channel [1..%]

:;&t:lj—%’:e'raa‘;’i‘r?g—cc".sftt /ConsumptionProfile : Commodity [1.."] ko 2" 25 LS Time - Real
L - . /ProductionProfile : Commodity [1..*] [ - 1.7 | +Due_Time : Real :
e Start with a system model or

-Variable_Operating_Cost

(]
I1..* DepotSetI1..’ CommoditySet.[1..*
«Flow Netw ork» 7 «Flow Node» «Token» ¥ R
Transportation_Subsystem Storage_Subsystem Comm odity 250 a re e re n Ce I I l O e
[s}e] o o]

=]

Transportation_Cost = Location : Real [2] . references commoditySe
Total_Operating_Cost Fixed_Cost : Real Origin : Customer [1] X o] .
Fixed_Operating_Cost Destination : Customer [1] |1.- fs] ° G

° enerate an analysIis moade

Variable_Operating_Cost . A . values ’ -
Quantity : Integer 200 o [s]

e sl S Poewr, from the system model

=]

=]
=]

O

«Flow Edge» «Token»
Transportation_Channel Transportation_Resource | (=] ™
origin : Point attributes . .
destination : Point -Total_Operating_Cost . . N
Capacity -Fixed_Operating_Cost o [ ) n I m
ShippingCost -Variable_Operating_Cost L]
ShippingDistance -Capital_Cost . Ko o
- _ I's ~ [ = -
. Ce N [} - 8]
L]
. o O
Each node is related to :
a corresponding object ’ E Mmaxing
s
P g ob) . .o %o
’ « OR connect to an
Resource | vs. Total Di: T Service Level vs. Total Distance Traveled Service Level vs. Resource Investment
14 o 1 - e s 00 0 © o 1 - costsmmnce = o o .
. 5 ’o' 5 ‘n' - - -
s} o <] )
3 ¢ Soo optimization model and
8 Jos s Jos- 2
oS . v . v :
= 10 . o . o N
[ .~ £ . £ . -
3 5 . i search 1or candidate
|7
¢ - 3 . 3 )
£ 6 o 3 . o) .
3 '.f' N 0.4 2 o4 s .
ERI " 3 e 3 e
5 . : . : designs
) -~ 202t . 202 .
e - 8 g
Pl 5 ¢ A
0 ' : : : . » 0 : ' . ' 7N 0 : - - .
0 1 2 3 4 5 6 0 1 2 3 4 5 6 0 2 4 6 8 10 12 14
Total Distance Traveled x10° Total Distance Traveled x10° Resource Investment Cost x10*

"Nl?r“’ o 1/31/2017 30 Ge‘?rggciﬁ

Standards and Technology
U.S. Department of Commerce
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Reference Models

Domain-specific (supply chain) reference model provides a pattern for constructing conforming
system instance models and analysis models.

«Flow Netw ork»
Supply_Chain =S

@stomrSet

-Perfect_Order_Fulfilment
-Total_Operating_Cost
-Fixed_Operating_Cost
-Variable_Operating_Cost

(i

DepotSet |1..*

«Flow Netw ork»
Transportation_Subsystem

1.*

«Flow Node»
Customer

Location : Real [2]
/ConsumptionProfile : Commodity [1..%]
/ProductionProfile : Commodity [1..*]

CommoditySet | 1..*

«Flow Node»

Transportation_Cost
Total_Operating_Cost
Fixed_Operating_Cost
Variable_Operating_Cost

*

Storage_Subsystem

«Token»
Commodity

Location : Real [2]
Fixed_Cost : Real

references

Destination Consumes
-
[

5

Ofigin Prd S «Tokenéggregatlon»
= = Shipment
1. attributes

-Route : Transportation_Channel [1..%]
+Start_Time : Real

+Due_Time : Real

+End_Time : Real

mmodity Set
Origin : Customer [1] 0 y=°
Destination : Customer [1] |1--*

|

ShippingDistance

) «Flow Node»
TransportationSet |1..* ResourceSet |1..* Depot

«Flow Edge» «Token»
Transportation_Channel Transportation_Resource |
origin : Point attributes
destination : Point -Total_Operating_Cost
Capacity -Fixed_Operating_Cost
ShippingCost -Variable_Operating_Cost

-Capital_Cost

values

Quantity : Integer

» The system of interest for the use case presented is a distribution supply chain.

NIST

National Institute of

Standards and Technology

U.S. Department of Commerce

1/31/2017
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Transportation Channel Behavior

A formal specification of the behavior of the transportation channel provides a template for
constructing the corresponding (simulation) analysis component.

(“act [Activity] TransportationChannel ACT([ TransportationChannel ACT }J 1
- % . ' > ” Shipment[1.."]
«TokenA ggregation» . | «StorageProcess» L ,‘r «SupportProcess» ‘h .ﬁ'\' «MoveProcess» \f . ﬂ «SupportProcess» = . «TokenAggregation» ‘
IN_InboundShipment : Shipment L\anoundoueue ) 2t J loadinboundResource J*' - \\inboundTransportJ 21 unloadinboundResource rf\\é OUT_InboundShipment : Shipment |
{stream} e — 3 T \ —=8 ; {stream} [
- | 3 "R Transportation_Resource[1] . T x Mem=r s |
«Token» Token
IN_InboundResource : Trans portation_Resource —> OUT_OutboundResource : Transportation_Resource
{stream} {stream}

— — 5 - — — — Lo s E—
«Token» «Token»
OUT_InboundResource : Transportation_Resource IN_OutboundResource : Transportation_Resource
{stream} : : : : : : : : : {stream}

«TokenA ggregation» ‘ \ | Transportation_Resource[1] ’ = ( «SupportProcess» Lw ""7<;stiorageProcess» o «TokenAggregation»
OUT_OutboundShipment : Shipment | Shipment[1..] - 1’/ «SupportProcess» X - [ «MoveProcess» },,‘ j loadOutboundResource | _ 'di outboundQueue <——— IN_OutboundShipment : Shipment
{stream} ‘ | unloadOutboundRes ource J"‘ | outboundTransport ) \ /F 1 ’) ‘ {stream}

Component-based generative methods for analysis models
V&V of components, compose models from model library components (bottom up)

ol 1/31/2017 32 Gegrggciﬁ
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Analysis Methodology overview

Hierarchical design methodology that uses tailored simulation optimization methods at each
level to optimize the structure, behavior, and control of the DELS

T —_—— e — o — — — —

P
«structured»

\ Depot_Selection
candidateDepotSet : Depot[1..*] ﬁ'

|
|
j\_ DELS2MCFN | yicrN MCFN_sol ‘

1> [ MCFN_Solve | }>{ | MCFN2DELS | 1] %S“ppyc"a” Supply_Chain[n]

candidateTCSet : Transportation_Channel[1.. ]

Supply Chain : Supply_Chain] 1] ]/-f 1] ‘
CPLEX |
. _ l” - stuctured» )
Supply Chain : Supply_Chain[n] Resource_Selection ‘l
- \L(Generate LoRes_DES Pimulatio | SupplyChain : Supply _Chain[n
E o xmi
* candidateResourceSet : Transportation_Resource[1 ]‘ )[j%f MCGA_Solve |15 REY. RRY. [nxm]
*—’*fi__“,_ e ol
] [—r MCGA
DELS Model Library = OO DES Generator
\[ T K «étruétﬂred» - N l
Suppy Chain : Supply _ Chaln[nxm]r ’\ getrel Pollc\)'(SSelectlon |
(Generate HiRes DES imulatio Evaluate \ QAﬁsupplyohall’] Supply Chaln[nxrn(c]
candidateControlPolicy Set : Policy[c] . =
ﬁ-—>’1 [
—_—T—]

DELS Model Library OO DES Generator

» Generate a large number of candidate solutions with corresponding simulation models specified at
varying levels of aggregate, approximation, and resolution
mnal Institute of Georg Ia
Standards and Technology 1/ 31/ 2017 33 TeCh
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Structure: Depot Selection via MCFEN

package TokenFlow Netw ork_MetaModel [ @ TokenFlow Netw orky
+nestedNetw ork Network
0.1
+parentNetw ork +parentNetw ork
A
+parentNode |0..1 +node |1..* ) o +edge | *
Node +endPoint y +incidentEdge Edge
+abel : String [0..1]{id} & +w eight : Real [0..1] {—————
+parentNode |0..1 +relationshipEdge (0..1
+flow CarryingEdge |1..*
+flow Interface | 1..* Flow Edge
+targetFlow Node +incomingFlow Edge
FlowNode 9 w ! grlow - 9 +flow TypeAllow ed : TokenType [*]{ordered}
+consumption : BillOf Tokens [0..1] 1 +flow Amount : Real [*] = 0.0{ordered}
+production : BillOf Tokens [0..1]  |+sourceFlow Node +oulgoingFlow Edge +flow Capacity : Real [[{ordered}
- +grossCapacity : Real [0..1]
1 +flow FixedCost : Real [*] = 0.0{ordered}
{redefines nestedNetwork} +flow UnitCost : Real [*]{ordered}

« Aggregate and approximate the flows and costs

« Solve MCFN using a COTS solver (CPLEX)

* Apply a “leave one out” strategy to generating
several feasible candidate network structures.

NIST
atatartis aesd el 1/31/2017

U.S. Department of Commerce

Goal: Reduce the computational
requirements of optimizing the
distribution network structure.

Strategy: Formulate and solve a
corresponding multi-commodity flow
network and facility location problem.
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Behawor Resource Selection

Customer_1

rans ion_Channel

Depot_10 to Depot_9

)

Customer 2 Transportation_Channel_2

Customer_3

I

Transportation_Channel_6

—

Transportation_Channe

Customer_4

Transportation_Channel_4

Depot_6

Depot 9 to Depot 6

Lol

Depot 6 to Depot 10

Transportation_Channel_8

L)

>

Transportation_Channel_7

* For each candidate supply chain network
structure, generate a portfolio of solutions to
the fleet sizing problem

» Trade-off cycle time/service level and

resource investment cost

NIST

National Institute of
Standards and Technology
U.S. Department of Commerce

1/31/2017

Goal: Capture and evaluate the behavioral aspects
of the system using discrete event simulation.

Strategy: Generate a DES that simulates a
probabilistic flow of commodities through the
system.

1

Service level := Cycle Time < 24 Hours
o o o o o o o o o
SN w r o o N » ©

o

0 2 4 6 8 10 12 14
Transportation Resource Investment Cost «10% ﬂ

Georgia
35 Te%h



Control: Resource Assignment

k

_Resource_1

»{22
OU[_Resource_2

—fcn . L
+ LOUT »—l p
=Y IN +
IN

Release Gate

OUT_Resource

:

ou

=+

Resource_3

5

ou

=%

Res

Q
=

rce_4

g

ou

=

Res

o]
=

rce_5

:

ou

==t

Resource_6

OUT_1
4
Releasd€source_alloc | ®

Control: Resource Allocation

gsg LI

:

ou

=t

Resource_7

: tatus_2
A\ = ;

:

ou

=+

Reso!

=

rce_8

g

OUT_Resource_9

— - -
o )S) B

Resource Investment Cost
[o+]

Total Distance Traveled %x10°

1/31/2017

NIST

National Institute of
Standards and Technology
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Cycle Time < 24 Hours

Service level :

0.8

0.6

0.4

0.2

Goal: Select and design a detailed specification of the
control policies for assigning trucks to pickup/dropoff tasks
at customers.

Strategy: Generate a high-fidelity simulation that is detailed
enough to fine-tune resource and control behavior.

Trade-off Service Level, Capital Costs, and Travel Distance

Service Level vs. Resource Investment

Service Level vs. Total Distance Traveled
ouS SUIISIS 85 & ©

"
- - 5 w T
O -
L ;
S o8 :
v
o
E
=06
@
3]
L] >‘ :
o Ooar o
- I P
[ E [ 4
] 5 [ ]
. © 027 =
L
c
5]
1 2 3 4 5 6 0 2 4 6 8 10 12 14

Total Distance Traveled %10° Resource Investment Cost x10°

Georgia
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Warehouses

+storageDept | 1.."

«block» |supplierSet warehouse «DELS» warehouse customerSet «block»
Supplier |1, I 1 Warehouse 1 I 1..+ |Customer
«block» «block»
INFlow OUTFlow
Order_IO [1..*@, Y[_—lMateriaI_IO [1..*1
+MHs |1 +receivingDept |1..* +storageDept /1:-* +sortPackShipDept J,"--’
«DELS» «DELS» «DELS» «DELS»
«Resource» «Resource» «Resource» «Resource»
MHS ReceivingDept StorageDept SortPackShipDept

Move() Receive() Putaway() Sort()
Breakbulk() Store() Pack()

Pick() Ship()

+equipmentPool j
1.* +operatorPool |1--* e L2 zr
«Resource» «Resource» i A
«Resource» «DELS» «DELS» «DELS»
MHE Operator MHS ForwardStoreDELs «Resource» || «Resource» || «Resource»
« »
= = SortWs PackWs Shipws
\ZUTST = MHS} Jgwner = MHS) 1 +mHSs | ReserveStore - P
+receivingDeptMH «DELS» m—— Sort() » Pack( Ship(
+storageDeptMHS | «Resource» DELS»
1 MHS «Resource»
+sortPackshipmHs | MHS

NIST

National Institute of

Standards and Technology
U.S. Department of Commerce

1/31/2017

«DELS» «Controller»
«Resource» 1 StorageController
StorageDept 00
properties
- PickerNetw ork [1..] «Strategy »
: StorageNetw ork [1..*] (3 SKU_Selection
values
footprint ‘ «Strate_gy»
cycleTime 1.+ | StorageAssignment
throughput
totalVariableCost «Strategy »
totalCapitalCost PickSequencing
sku_percentage 1% :
meanTimePerStop «Strategy»
g : . BatchingPolicy
CrossAisle 1. .
..> attributes «Resource»
+w idthCrossAisle StorageEquipment |
attributes «Resource»
Shape equipmentiD - Storage Slot
—>  attributes +purchaseCost 15
1 +length +height : Integer «Resource»
W idth PickEquipment
+/shapeFactor «DELS» S Uiy
«Resource» 1. ; annbuttlgs
z +equipmen
i i) +requiredAisleWidth
attributes properties +velocity
+length operaterPool : Operator [1..7] +purchaseCost
+w idth forkliftPool : Forkiift [1..*] +maintenanceCost
+/numberOfAisles +laborCost
values X L
fleetSize : Integer +imePickupDeposit
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AnaIyS|s Model Generation

Metrics to support decision making:
—  time required to clear out 100 orders (proxy for throughput),
— average time per tour (proxy for cycle time),
5 ” H H l —  capital cost,
7= . Varlable COS t Screening Forward Beha?'ini:)-r-{:::i[flz’afzitﬁ,f!]ﬁef:ﬂeet size)
6 — 12000 . ..-o---mnememTTT ' 10000
5 — ' ‘ | ‘ ' ? 10000 oo ooendeeenme """ ; ﬁ : <Ll
ki ' el TR 8000
1 H aAEe - A D
< __________ - * - {7000
ol ,umnggu‘ nmm“!_ ,,,,,, M'“u__umm'“u;;;ugu = e S
ol :EH' HE;."—'EEV 1’5: N‘_—.-rfg ‘\lgg"'lgg S 4000 i L {5000
=SS S S5S 528 | == !'E‘Ei’ 5 SR oot
== EEIE=1E= 8§ 2000 ....ocieo 5 i aeoo
0 *f — T £ o| » * BRI T b b {3000
0 10 20 30 40 50 60 70 80 % 100 6 T E . ; - " L5000
For each layout, simulation model evaluates the performance \ \ {1000
of the storage and retrieval behavior and control o 28 & 10"
anable Cos pi 5
mmﬂ Institute of 1/3 1/2017 38 Georg Ia
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Manufacturing Facilities

ibd [Block] Facility [ Facility JJ

- Manufacturing Facility 16
parentFacility propertias
0.1 |throughput
Jcapacity

parentFacility |1 1 14

I

® I

department W81 : Workstation <<Allocate>s
parentDepartment Department I . x "
* * 1
mhs mns 0.1 parentDepartment |1

Material Handling System

=
(=]

cell |
arentMHS |* mhs |*
P parentCell cell

0.1

parentCell [0..1 parentCell [0..1

1
1
1
1
1
<<AII¢1cate>>

1
1
1
| 1
| 1
E

<<

Production per Month
co

1
stockpoint |* workstation | (act [Activity] Process_Plan [ Process_Pal JJ
Inventory Location inputStore inputStoreForWks Workstation 1 - : 6
properties 01 01 properties Pl: 728
warkstation [0] - =1 |workstation [0] Manufacturing | | | Manufacturing
stockpoint [0] outputStore  outputStoreForWks |steckpaint [0] Process Process
contents Jutilization |'|1 I'|1
0.1 0.1 4
E ProcessModel *
channel |* File Edit View Simulation Format Tools Help
Movement Channel |incomingChanne DSES| s BR(ED ¢ (Db s [oma N PERer REEE® 2
capacity i
cost outgoingChannel
length * =
LHS_BU_1 LHS_BU_2 LHS_BU_3 LHS_BU_4 0

NIST

National Institute of
Standards and Technology
U.S. Department of Commerce

RHS_BU_1 RHS_BU_2

RHS_BU_3

CenterSkin_BU_1

l ->—»->ﬁ-)—»-)—

RHS_BU_4

CenterSkin_BU_2

Production Ramp

Drill_Ws1

Drill_Ws2

iy

-l

Structure_SubAssembly!

e

<
Structure_SubAssembly2

ey P

Fixture_UnMount ¢

Electrical_Buildup2

e

ae

Slml:lurejuhA;szml;lw

S

-

-

Electrical_Buildup

Final_Assembly

Structure_SubAssembly2

Final_Assembly

Assembly

12

ELEC_BU_2

18

o o
=

SourceSink

1/31/2017

ELEC_BU_1

Machine Count (Parallel)
o
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Why do it this way? Vi

* The design and analysis of these systems tends to reuse common
components

— Extensible to support DELS domain

« (Generate many simulation models from the system model at varying
degrees of fidelity, aggregation, and approximation

* Interoperability based on a formal domain model allows tailoring of
analysis methods to take advantage of domain-specific strategies.
— Optimization heuristics
— Advances in simulation and computing technology

— Integrate with information systems for real-time data, providing decision-
support, and executing operational control

mncl Institute of Georg ia
Standards and Technology 1/3 1/2017 40 TeCh
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Ongoing Work: What problem are we trying to solve’)"&"""’é’

 Mediate simulation and optimization tools with an explicit system model
— Aformal system model enables a greater degree of (semantic) interoperability

« (Good progress so far on modeling the network structure and behavior of DELS
— Structure: Networks, Flow Networks, & Process Networks
— Behavior: Product, Process, Resource, & Facility models

« Leaves an unmet requirement for a formal specification and conforming analysis
methods for operational control.

« What we need: An agreed upon and explicit definition of operational control for
DELS

NG Georgia
Standards and Technology 1/3 1/2017 41 TeCh

U.S. Department of Commerce



Where do we want to go?

 INCOSE MBSE Initiative WG on DELS Modeling

» Single community for modeling DELS
 Investigate crossover with transportation and healthcare WGs

« Connect to and engage with production system and
logistics organizations
* For every company that would like to see the benefits of

MBSE In their manufacturing and supply chain
organizations

mnol Institute of 1/31/2017 42 Georg Ia
St-o‘ndards and Technology Te ch |



For more information

leon.mcginnis@isye.gatech.edu
timothy.sprock@nist.gov
conrad.bock@nist.gov

mm‘l Institute of Georg ia
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Mechanisms for development collaboration

Product -
canCreate [0..1 e ) ) adbls ¥
; M K g
canBeCreatedBy |* o ¢ : -
. fritos-giram s
«activity» IyYE 1) 1
T -
Process Create and e actt | i || i,
canExecute [* Maintain o B
= s
<ORLS» N »
I b e
canBeExecutedBy e =
operaterFool Operstor [1 4 e et
@ up ekt Forkif1 7 P~
belongsToGroup |*
containsResource |1..* VO =
Resource g 600 s
| Informs Informs Zs00 . 450
housesResource |* Bl B o
g oo fas0
3004 }cbf;%(“ 300
isLocatedin [0..1 ] & [ 20
Facility | 55T iy 200
. " - 150
0 s 4 3° 52
Variable Cost %10

Statistical Tools - Performance

e.g. Factor Analysis, Analysis — Little's

PCA Law, Warehouse
Physics, DES

Provides Framework For

Contribute

Contribute

NIST -
e e s 1/31/2017 45 Georgia

U.S. Department of Commerce

@



NIST

National Institute of
Standards and Technology
U.S. Department of Commerce

System Model

CONCEPTS:

- object-oriented modeling

- object/relational mismatch for
schemas and instance models

- plant/control separation

A

Question about System Model

CONCEPTS:

- Formal definition of a well-formed
question ({describe, predict, control,
design}, about {structure, behavior},
about {plant, control})

- Integrate questions with system
models they are asked about

Model-to-Model Transformation

CONCEPTS:

- How to do it?

- Best practices for writing ad-hoc
transformation programs, and guidelines
to make them more robust and reusable?

Bridging Abstraction Model

CONCEPTS:

- Which abstraction is useful (queue,

network, queueing network, discrete-
event logistics system)

S Formal definition of the abstraction

Question about Abstraction Model

CONCEPTS:

- Automatically infer an abstracted
question from a transformation between
a system model and bridging abstraction

What are DELS? And Research Goals

Analysis Model

CONCEPTS:

- How to index and catalog analysis
model generators to make them
broadly reusable?

A 4

Answer

Georgia
Tech||
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Domain Specific Challenges

Difficulties arise in applying current M2M methodologies for code generation to
generating discrete event simulation.

Many popular simulation tools fail to store their models in a well-structured and accessible
format, for which there is a published schema.

«
[Search. o
Tables &

E3 advancedT

12:00:00 Entrance Station 1 Station 2 B Advance

:} | EH Adva nveyor
Total Production 0 ﬁ ﬁ

EH advancedTranster|Exit

E3 advancedTranstersegment
B advancedTransfer/segmentiM...
E3 advancedTransfer|Station

WIP 0
Average
Cycle Time 0 minutes

Station 4 Station 3 asicProcess|AttributelInitial ..

! asicl 55| Create
ProcessiogPost | Il oo pese | asicProcess|Decide
- asic

55| Decide| Conditio.

\Station Entrance

‘
ﬂ”mm ﬂwm.| ”mm

|_—[[A5 o WIP 3 W ecor yce Dicpoca2

} VVIW.ARENA SIMULATION.COM VIMIV.PARAGON.COM.BR

IN_Order_1

= - .
Supplier_Base, M L’ Transporation_Channel_c1 |Customer_Base_1
IN_Order_1+ |
= | e —— I
- ion_Channel_a2 2 Cust

Supplier_Base_2 = > Transporation_Channel_b2 Depot_2 ion_Channel_c: r_Base_2

NIST Similar issues with Tecnomatix PlantSim, FlexSim, etc.

National Institute of
Standards and Technology
U.S. Department of Commerce
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Why is Discrete Event Simulation Hard?

OMG'’s SysML-Modelica Transformation (SyM), Version 1.0 Discrete Optimization has a
e s | omaes e | canonical set-based

vol_a: VolTherm |dealCenDispPump: IdealConDispPump & & vol_b: VolTherm port_b:FluidPort abstracti O n (T h i e rS 2 O 14)
port_b:FluidPort port_a:FluidPort flange_b:Flange port_aFluidPort JolTherm 1
port_a:FluidPort port_bFluidPort
port_a:FluidPort it
port_b FluidPort *+ Queues of tasks and | oo
leakage: LaminarResistance [ resources at each AA A.ll?/__.’
location in the network .
rt_brFluidPort . N
poribFlidPa - Resources move to ; .
- - - - - - - service a task or . S
reposition : o
B ) - Tasks must be serviced
within time window to
port_a vol_a vol_b port_b receive full revenue
+ Over time, new tasks Aloo
. ® _O‘O port_b arrive, old tasks expire | A0
/\ Resources O Tasks
o O — Service Task - - -» Reposition
. T Physical Depiction of Dynamic Resource Allocation Problem
min | S
't Flowliode;
set FlowEdge within (FlowNode cross FlowNode);
flange_b . sat TokenType;

#Sign convention for netFlow: Demand is positive, Supply is negative

COTS Discrete Event Simulation languages lack a st Ap— b S e

param typeCapacity {FlowEdge, TokenTypel};

common abstraction and implementation

var flowAmount {FlowEdge, TokenTypel;

«ConcreteProduct» W Library: DELS_Uibrary/Process =8 = T :> D minimize netFlowCost:
e sum {(i,j) in FlowEdge, ¢ in TokenType}
Process Fle Edt View Fomat Hep 1 pe}
D208 Lbe T »EEm flowlnitCost [(1,]),¢] * flowAmount[(i,]),cl;
a0 e
-Warkstation_ID : Workstation . . )
-ServerCount SUbJeCY to flowBalance {n in FlowNode, ¢ in TokenType}:
-StorageCapacity sum {(i,n) in FlowEdge} flowAmount([(i,n),c]
= g = P M = netFlow[n,c] + sun{(n,j) in FlowEdge} flowAmount[(n,j),cl;
-ProcessTime_Mean
-Prqt_:es_sTlme_Stdev G subject to flowBounds {(i,j) in FlowEdge, ¢ in TokenType}:
-/Utilization - 0 <= flowAmount[(i,3),c] <= typeCapacity[(i,}),c];
-/Throughput
-/AverageSystemTime fi00%  [Uniocked subjact to edgeGrossCapacity {(i,j) in FlowEdge}:
-/AverageWaitingTime sum {¢ in TekenType} flowAmount[(i,j),c] <= grossCapacity[(i,})];
-/AverageQueuelength

+setProcessTime( P)
+setServerCount()
+setTimer()
+setStorageCapacity()
+buildUtilization()

+buildThroughput() \r - -
R ., S B = r
+buildAverageWaitingTime() Frocesssemer read_ProcessTimer =] oure eo g Ia

National Institute of +buildAverageQueuel ength() Outaeve

Standards and Technology — o TeCh

U.S. Department of Commerce
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