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Outline ey

« 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?

Mnal Institute of Georg ia
Standards and Technology 1/29/2017 2 TeCh

U.S. Department of Commerce



Digital Thread Wi

« Digital 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.

mnal 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—
\ virtually, across disciplines

System Process Development

Global supply chain concept
Technical capabilities and capacities

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

Mnal Institute of Georg ia
Standards and Technology 1/ 29/ 2017 5 TeCh

U.S. Department of Commerce



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

Mnol Institute of Georg ia
Standards and Technology 1/29/2017 6 TeCh

U.S. Department of Commerce



What are DELS?

A g
_ #
\

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/ 20 17

U.S. Department of Commerce
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Interest to MBSE Community

* 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.

e Build a community around a shared vision of DELS MBSE

wno Institute of 1/2 9/20 17 8 Georg ia
S Deparment of Commercy, Tech 4_



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?

Tuesday @ 8:10am in MBX/Ecosystems

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

Mnal Institute of Georg Ia
Standards and Technology 1/29/2017 9 TeCh

U.S. Department of Commerce
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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?

1/31/2017 11

Georgia
Tech||
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Outline Dt
 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?

mno nstitute of 1/31/20 17 12 Georg ia
e poientof Commars Tech



What are DELS? (TR

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 * Humanitarian logistics

« Manufacturing systems « Healthcare logistics

« Transportation « Sustainment Logistics

« Material handling systems * Reverse and Remanufacturing Logistics
e Storage systems  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.
Mnal Institute of Georg ia
Standards and Technology 1/31/2017 13 TeCh

U.S. Department of Commerce



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—Ilots of tacit rather than
explicit knowledge

Mnal Institute of Georg ia
Standards and Technology 1/31/2017 14 TeCh

U.S. Department of Commerce
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Outline Dt
 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?

mno nstitute of 1/31/20 17 15 Georg ia
e poientof Commars Tech



Need for Model-Based Methods Wl

« Current methods and tools are limited for production systems engineering
« Formal specification & analysis automation
* Design and teaching
 Documentation & Organization of Knowledge
« Existing Systems Models (industry)
 Existing Analysis Models (academia)
 Bridge between system and analysis models
* Interoperability between different analysis models of the same system
« Greater reusability of analysis: collaboration and automation
* Modeling & Simulation Interoperability (MSI); Systems Analysis Integration
(SAI)

wno Institute of 1/3 1/20 17 16 Georg ia
e poientof Commars Tech



System Model to Analysis Model Transformation:

Status Quo — Manual Ad-Hoc Analysis Generation

4 Implicit domain
models; based on
IT data models —
leaves some details
out—and lots of

Domain Models

Manufacturing
Facility #1

. tacitknowledge

NIST

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

Manufacturing
Facility #2

Warehouse

Material
Handling System

Transportation
Logistics

1/31/2017

Ad-hoc analysis
models/transformations

[ e M =
I
I
I
\- LB R}
Custom-Built
Manufacturing
Simulation .
X
I Packages of
'\_ - analyses based on
- specific system and
specific desired
: analyses
|
I
— i
N\~
O Cl cl - OO0 ale O 3
dl € c C C O (O ed O A
odel for ea A

Analysis
Tools/Models
Discrete Event Ma)|/ requlfel
Simulation analysis too
experts

Queueing Analysis

Mean-Value Analysis

. Simulation
. Methods

Monte Carlo
Methods

Resource
Investment

Scheduling

Optimization
Models

Production &
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
S

Manufacturing
Facility #1

Queueing Analysis
Mean-Value Analysis

Manufacturing

Facility #2 Support Multiple _ - Simulation
Programs Requires more . Methods
formal, explicit

Warehouse @ Bl S _ _____ domain models Monte Carlo

May needto = ___ Methods

“stretch” the
Material domain model Resource inves?rlrllzvxf i::olraetter
Handling System Investment

analysis models

Scheduling V
. Optimization
. Models

Production &
Inventory Planning

Transportation
Logistics

Greater reusability
of analysis:
collaboration and

lsr automation
mnal Institute of Georg Ia
Standards and Technology 1/ 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’

Manufacturing expertise
Facility #2 0 shared across
\ DELS all domains

Simulation
Methods

Monte Carlo
Methods

Resource
Investment

Material
Handling System

4

Scheduling

Optimization
Models

Production &
Inventory Planning

Maintain
a smaller
toolbox

Transportation
Logistics

This approach exploits all of the i

commonalities across the systems and Georgia

1/31/2017 analysis domains... 19

Tech

|

[——Tc}



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

Simulation

Facility #2 Manufacturing ‘»\
DELS \ Methods
Warehouse Monte Carlo
Methods
Material 4 Resource
Handling System Layered Investment
abstraction is

IMPORTANT! Scheduling

Logistics

. Optimization
Transportation . Models

But what about all of the important

Production &
Inventory Planning

NIST domain-specific attributes and G i}
Nafional Instiute of analysis models and methods??? eorgia
Sardords ond odmolog 1/31/2017 ¢ 20 Tech
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Outline Dt
 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?

mno nstitute of 1/3 1/20 17 2 1 Georg ia
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DELS Reference Model W

Network Abstraction (Structural)
e 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 1/31/2017 22 TeCh

U.S. Department of Commerce



Network Abstraction

package TokenFlow Netw ork_MetaModel [ @ TokenFlow Netw orku

+nestedNetw ork FT—
0:.1

N etWO rkS y F I OW N etWO rkS y an d +parentNetw ork +parentNetw ork

* *

Process & Queueing Networks i
. . +parentNode |0..1 +node |1..* _— N +edge [*
int ——
* Form the basis of many analysis Node __rencom 0 e edge
. . . . . +label : String [0..1]{id} +w eight : Real [0..1] ————]
methods in the industrial engineering
. +parentNode (0..1 +relationshipEdge | 0..1
and operations research (IEOR)
. +flow CarryingEdge |1..*
dOmaln . +flow Interface [ 1..* Flow Edge
FlowNode +targetFlow Node +incomingFlow Edge low T - -
ypeAllow ed : TokenType [*]{ordered}
« Abstract and reusable across many ~consumption - BlOTokens [0.1]| * | fow Amount - Real '] = 0.0{orderec)
. +production : BillOf Tokens [0..1] | +sourceFlow Node +outgoingFlow Edge +low C(a:gacityt : Rgal [I*E({)Oﬁerecj}
+grossCapacity : Real [0..
r6|ated domalns 1 * +?|owﬁxezc:os%:Rea| [] = 0.0{ordered}
{redefines nestedNetwork} +flow UnitCost : Real [*]{ordered}
+nestedProcessNetw ork
0.1 |ProcessNetwork | +parentProcessNetw ork
+/time : Real 0..1
{redefines parentNetwork} ;
+parentProcessNetw ork Heost - Reel {redefines parentNetwork}
0.1
{redefines node} {redefines edge}
+parentProcess |0..1 +process [1..* +sequencingEdge |*
Frocess : : SequencyDependency
+inputiters : BilOf Tokens [0..1] | *targetProcess +incomingSeqDep :
+outputtems : BillOfTokens [0..1] [1 » | *type : DependencyType [1]
+durationMeasure [1..*] +sourceProcess +outgoingSeqDep
1 *

mm)l Institute of Georg ia
Standards and Technology 1/ 31/ 2017 23 TeCh

U.S. Department of Commerce
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DELS Behavior — Product, Process, Resource, ¥

FaC| | |ty package DELS MetaModel[ | 2 DELS_Ontology ﬂ

Fundamental Concepts Task +authorizedBy  +targetProduct| Product Facility
necessary to describe the o - +requiredBy
behaviors of which the fauthorizedBy 10. 0.1 - sisLocatedin |1

{subsets outputltems}

DELS is capable.

+canBeCreatedBy | 1..* +billOf Material | 1..*+contains | 1..*
+authorizegExecution Froeess +canExecute +requiredinputResources hesource
1 1.* L
{subsets inputltems}

NG Georgla
Standards and Technology 1/ 3 1/ 20 17 24 TeCh

U.S. Department of Commerce



Taxonomies of DELS Behavior

«Process»
Process

: —
ﬁ) —
— :

Taxonomically by function:
Make - change fit, form,

function
Store - change age

Move - change location

«Process» «Process» «Process» «Process»
Control _ Make _ Store _ Move

Can be elaborated to support more
expressive and fine-grained system

«Resource»
Resource

I

«Resource»

Capacitated_Resource
{isCapacitated}

+capacityMeasure [1..%]

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

«Resource»
Reusable_Resource
{isCapacitated,
isReusable}

«Resource»
Consumable_Resource
{isCapacitated,
isConsumable}

«Resource»

Discrete State_Resource

{changeState = setup ,

currentState = CurrentService |,

isDiscreteState,
queryState = queryService }

models, capturing more particular aspects

of classes of systems.

NIST

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

1/31/2017

T

+CurrentService : Process

+setup()
+query Service()

«Resource»

" | Stationary_Resource

«Resourcen
Perishable_Resource
{isCapacitated,
isConsumable,
isPerishable}

+perishableLifetime [1]

25

«Resource»
Mobile_Resource
{changeState = reposition

currentState = CurrentLocation

queryState = queryLocation }

+CurrentLocation : Location

+queryLocation()
+reposition()

—— o -

Tech|




Operational Control

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

time, or near real-time. -
DELS — P ~N
Decision Maker .
g et '7;:;4 _ _.‘.'.'i!;f_.‘;‘.'... >_C0ntr0”er
. | o
axv-er <| Implementation
; AN 7 % <
’ v 7 ! ! N
//,, Og?:” ‘? 1: 6:0’1 \\\\
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)
 What is the state of a resource? (task/services can it service/provide)
National Institute of 1/3 1/20 17 26

Standards and Technology
U.S. Department of Commerce

Georgia
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Operational

Control

package Control[ 5 ControlH’ocessTaxononwﬂ

Extends the PPRF definition to special classes of
control processes and resources

«Process»
Control
AN
. . . . .
| | | 1 Maps the decision variables in the controller's
«Process» «Process» «Process» «Process» «Process» . . . .
Admit Sequence Assign Route Change State decision problem to a particular actuator function
and execution mechanism in the plant
«Resource» «Resource» «Resource» «Resource» «Resource»
Gate Queue ResourceSeize Switch ChangeState
—
ibd [DELS] DELS | DELS_ControIFIowPattemlBD]J oResource : ioDELSResource [1..']
«Proxy»
V3 admitT ask : Boolean sequencelndex : Integer  resourceAssignment
' 7 !
«Resource» Re Reu | Re
«Resource» «aResource» «Nesource» —’—
Resouyes | admissionGateway : Gate | Task | taskSet :Queue Task assignResources : Seize Task,
Resource
. {Resource
L S :Re;)urce»_ o - «_Prc;:ess_» - _I
| resourceSet : Resource | | functionalCapability : Process |
outTask : Task b ey my s g RN | e ey s e i
; Resource
«Resource» «Resource» 4 «Resource»
- . 44—
L routing : Switch [ completedTaskSet: Queue | Task | releaseResources : Release
il Task 1 Task,
[ L Resource
nextNode : DELS sequencelndex : Integer

NIST

National Institute of

Standards and Technology

U.S. Department of Commerce

1/31/2017
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21 Tech &



* Networks,
* Flow Networks, &
* Process
 PPRF + Task Networks
+ Control « + Tokens

Storage

Supply Chain

Production Transportation

Systems S stem§ SAstems
T — 1

« Warehouse  * Flow shops, « Material * Healthcare
« Fulfillment Open shops, Handling systems

systems Job shops Systems * Sustainment
« ASRS « Production « AMHS, System
e Crossdocks lines AGVs, * Reverse /
« HVS « Work Cells conveyors Reman
... - Aerospace * Trucking Systems

» Automotive . ...

NIST

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

* Semiconductor

Systems
Models

-------------- [ NN NN NN NN NN SN BN EEN SN BN NN BN BN NN BN BN BN N BN B S

Actual real syst'ems (or simulations of them)

Lanquage Layer
— * 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 Dt
 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?

mno nstitute of 1/31/20 17 29 Georg ia
05 Deparmontof Commer Tech



System-Analysis Integration — Use Case

«Flow Netw ork»
Supply_Chain

CustomerSet «Flow Node» Origin

Produces, «TokenAggregation»

-Perfect_Order_Fulfilment
-Total_Operating_Cost

1.t Customer
Location : Real [2]

Shipment

1>

attributes
Destination Consumes |-Route : Transportation_Channel [1..*]

B /ConsumptionProfile : Commodity [1.."] +Start Time : Real
-Fixed_Operating_Cost ] s v = L_Time : Rea
-Variasice)p Operagtig Cost /ProductionProfile : Commodity [1..*] 1 : +Due_Time : Real
i il +End_Time : Real
: L]
12 DepotSet | 1..* CommoditySet | 1..*
«Flow Netw ork» «Flow Node» «Token» B
Transportation_! T Storage_Subsystem Comm odity 250
Transportation_Cost N Location : Real [2] ., [retersnces commoditySe c 0o fs] O
Total_Operating_Cost Fixed_Cost : Real Origin : Customer [1] X o] o
Fixed_Operating_Cost Destination : Customer [1] |1-- o
Variable_Operating_Cost Faldes | ~ -
Quantity : Integer 200 < Is} - O
_ «Flow Node» IS I's Q o
TransportationSet | 1.. ResourceSet |1..* Depot - - . - .
«Flow Edge» «Token» 1) J @ e
Transportation_Channel Transportation_Resource
origin : Point attributes
destination : Point -Total_Operating_Cost
Capacity -Fixed_Operating_Cost
ShippingCost -Variable_Operating_Cost
ShippingDistance -Capital_Cost ~
O
s
o’ o
a corresponding object 2
o]
0, °c_,
200 250
Reasource | vs. Total Di T led Service Level vs. Total Distance Traveled Service Level vs. Resource Investment
14 w1 - v w— v o " L P .
= - 5 o
o - 3 g
12t I £ ;
3 Sos: Jos :
o 10+ v v
k= . o o
@ - E £
E . . Eo0s- Eo0s
2 .3 o o
s S S s
£ 5 L &) . 3 .
8 I no4n s po4r
3 at hg ° - ° ’
o 4 > >
2 o~ I ] .
= / g% @ 02
2 L2 2
- 5 5
0 w o » g
0 1 2 3 4 5 [ 0 1 2 3 4 5 6 0 2 4 6 8 10 12 14
Total Distance Traveled «10° Total Distance Traveled <10° Resource Investment Cost <10*

NIST

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

1/31/2017

Strategy:

Start with a system model or
a reference model
Generate an analysis model
from the system model

Use analysis model to
support design decision
making

OR connect to an
optimization model and
search for candidate
designs

Georgia

30 Tech|
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Reference Models

Domain-specific reference model provides a pattern for constructing conforming system instance
models and analysis models.
» The system of interest is a distribution supply chain.

NIST

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

Ehiow e or!(» CﬁstomerSet «Flow Node» Ofig in Proﬂuces «Token/'\ggregatlon %
Supply_Chain = = Shipment
1.* Customer 1.* :
-Perfect_Order_Fulfilment = attributes
—Total_Operating_Cost Location : Real [2] ) Destination Consumes |-Route : Transportation_Channel [1.."]
T o /ConsumptionProfile : Commodity [1..*] +Start Time : Real
-Fixed_Operating_Cost /ProductionProfile - Co ity 1. * 1 1 art_Time : Rea
-Variable_Operating_Cost uctionProfile : Commodity [1..”] . -1 | +Due_Time : Real
+End_Time : Real
i DepotSet | 1..* CommoditySet | 1..*
«Flow Netw ork» «Flow Node» «Token»
Transportation_Subsystem " Storage_Subsystem Commodity
Transportation_Cost ) Location : Real [2] .. [references commodity Set
Total_Operating_Cost Fixed_Cost : Real Origin : Customer [1] "
Fixed_Operating_Cost Destination : Customer [1] |1--
Variable_Operating_Cost oS
Quantity : Integer
«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 -Vari_able_Operating_Cost
ShippingDistance -Capital_Cost

Georgia
Tech||

@



Transportation Channel Behavior

A formal specification of the behavior of the transportation channel provides a template for

constructing the corresponding (simulation) analysis component.
» Component-based generative methods for simulation models

» V&V of model library components, compose models from components

("act [Activity] TransportationChannel ACT[ TransportationChanneI_ACTJJ W
7 g o Shipment[1.."]

«TokenA ggregation» /«StorageProcess» b hf «SupportProcess» \t ~—|  «MoveProcess» \‘% . «SupportProcess» - «TokenAggregation»
IN_InboundShipment : Shipment ——’—‘3\ inboundQueue J‘ loadinboundResource 5“% inboundTransport - j unloadinboundResource " OUT_InboundShipment : Shipment
{stream} ; — l i \ — {stream}

[ //k AN " Transportation_Resource[1] [

«Token» «Token»

IN_InboundRes ource : Trans portation_Resource : : : —> OUT_OutboundResource : Transportation_Resource
{stream} {stream}

- L —

«Token» «Token»
OUT_InboundResource : Transportation_Resource IN_OutboundResource : Transportation_Resource
{stream} E : : i f {stream}

[ «TokenA ggregation» | \ ] Transportaﬂon_ResourcgU] . — (" «SupportProcess» I 8 / m R\ «TokenAggregation»
OUT_OutboundShipment : Shipment Shipment[1..*] ,.7/ «SupportProcess» A4 'T" «MoveProcess» } | loadOutboundResource L Ei outboundQueue }(' IN_OutboundShipment : Shipment
\ {stream} L'\ unloadOutboundRes ource L;] ﬁ\outboundTrans port L }* ) {stream}

J

NIST

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

1/31/2017 32
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Analysis Methodology Overview &

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

» Generate a large number of candidate solutions with corresponding simulation models specified at
varying levels of aggregate, approximation, and resolution

NIST

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

| «structured»
Depot_Selection

MCFN_sol ) )
candidateTCSet : Transportation_Channel[1..*] —| SupplyChain : Supply_Chain[n]
= = -

Well-defined system
_______________ model supports
B otion interoperability among
‘ analysis tools

Corresponding
analysis models are [ |

«structured»

auto-generated : Control_Policy__ -Selef:tion i
SupplyChain : Supply _Chain[nxnxc]

DELS Model Library OO DES Generator

p— . Gegraia |



Optimize Network Structure — Where to put the depots?

« Abstract the Supply Chain model to a Flow Network
model that forms the backbone of the analysis model
« Aggregate and approximate the flows and costs

package TokenFlow Netw ork_MetaModel [ E TokenFlow Netw orku
+nestedNetw ork Network
0.1
+parentNetw ork +parentNetw ork
AN
+parentNode |0..1 +node |1..* ) o +edge |*
Node +endPoint +incidentEdge Edge
+label - String [0.11(d} | 2 +w eight : Real [0..1] [————
+parentNode (0..1 +relationshipEdge | 0..1
+flow CarryingEdge [1..*
+low Interface | 1..* Flow Edge
+ tFlow Nod + ingFlow Ed
FlowNode argetriow Node Ingeming IOW* ge +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}
- +grossCapacity : Real [0..1]
1 +flow FixedCost : Real [] = 0.0{ordered)}
{redefines nestedNetwork} +flow UnitCost : Real [*]{ordered}

« Solve MCFN using a COTS solver (CPLEX)

NIST

andards and Teendlogy 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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Resource Selection — How many trucks?

Depot_10 to Depot_9

Transportation_Channel_6

—

Depot 9 to Depot 6

Depot 6 to Depot 10

Transportation_Channel_8

|

Customer.

)

B ransj
=
== |

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

Srandonds ond Technology 1/31/2017

U.S. Department of Commerce

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 e

0.9
2 -
308 .
2o0.
N
v 07
o
Eos
'_
2
205
O
.04
()
=
203
[0}
L2
0.2
Q
1]

0.1

0 ! : ! 1 I
0 2 4 6 8 10 12 14
Transportation Resource Investment Cost %10
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Configure Control Policies — Which Truck? When?

L

—fcn . L
IN » 22

Release Gate

OUT_Resource OU[_Resource_2

:

ou

=+

Resource_3

5

ou

=%

Res

Q
=

rce_4

g

ou

=

Res

=]
=

rce_5

:

OUT_1
4 :
Releasgesource_alloc | i

Control: Resource Allocation

ou

==t

Resource_6

:

ou

=t

Resource_7

:

— _

ou

=+

Res

o
=

rce_8

g

14
w— 12r
w0
G
w 10 -
5 .
E 5 T
7 2
(4] -
>
£ s (%
~
o 4 -
(2] Cd
[0 o
"f
x - o
'.l.
0 ‘ ‘ ‘ . ‘ .
0 1 2 3 4 5 6
N lsr Total Distance Traveled %x10°
National Institute of
Standards and Technology 1/ 3 1/ 20 17

U.S. Department of Commerce

o o
o o -

Cycle Time < 24 Hours

o
~

Service level :

o
[N

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

o
o

Service Level vs. Total Distance Traveled ; Service Level vs. Resource Investment
soums SUIIESS 5 8 o w r Suss ® &
—"' - 5  ® som=e

O i\

L ¢

Josh :

v

o0}

E

=06"F

o

O

= .
L

[ ) O 04r [ ]
@ o= P
[ E [ 4

2 '

E 02[ =

R

c

[0}

1 2 3 4 5 6 0 2 4 6 8 10 12 14
Total Distance Traveled %10° Resource Investment Cost x10*
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Warehouses

+storageDept1.."

«block» |supplierSet warehouse «DELS» warehouse customerSet «block»
Supplier |1,.» I 1 Warehouse 1 ' 1..» |Customer
«block» «block»
INFlow OUTFlow
Order_IO [1..*@, ?lﬁateria!_lo [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 I
1..* +operatorPool | 1-+* oo ‘r
«Resource» «Resource» R«DELS» B2
«Rresource» «DELS» «DELS» «DELS»
MHE Operator MHS FOfWﬁrdStOl’eDELS «Resource» «Resource» || «Resource»
« »
owner = MH owner = MH SortWs PackWS ShipWs
{ 3 JK = 1 +mHs ReserveStore - P
+receivingDeptMH «DELS» —— Sort() Pack( Ship()
+storageDeptMHS | <Resource» =
1 MHS «Resource»
+sortPackshipmHs | MHS

Same Strateqy:

e Start with a system model,
« Generate simulation models and analysis models

(decision support),
« Generate candidate designs.

NIST

National Institute of

Standards and Technology
U.S. Department of Commerce

1/31/2017

«DELS» «Controller»
«Resource» 1 StorageController
StorageDept
properties
- PickerNetw ork [1..] § gy
: StorageNetw ork [1.."] SKU_Selection
values
footprint «Strategy»
cycleTime StorageAssignment
throughput
totalVariable Cost «Strategy »
totalCapitalCost PickSequencing
sku_percentage 1%
meanTimePerStop «Strategy »
0 ) _5 BatchingPolicy
CrossAisle 1. 1.
q Atiributes «Resource»
+w idthCrossAisle StorageEquipment |
Shirbutes «Resource»
Shape equipmentID Storage Slot
—>  attributes +puychaseCost 1.*
1 +|ength +mHS +helght s lntegel' «Resourcey
+w idth PickEquipment
+/shapeFactor «DELS» — =L
«Resource» 1. ) am'/m{rlgs
: +equipmen
Aisle e +requiredAisleWidth
attributes properties +velocity
+length operaterPool : Operator [1.."] | +purchaseCost
+W Idth forkiiftPool : Forklift [1 ..*] +maintenanceCost
+/numberOfAisles +laborCost
values = 5
fleetSize : Integer +imePickupDeposit

37
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Analysis Model Generation

—  capital cost,
— variable cost

0 10 20 30 40 50 60 70 80 90 100

For each layout, simulation model evaluates the performance
of the storage and retrieval behavior and control

NIST
i o I 1/31/2017

U.S. Department of Commerce

Time required to clear out 100 orders [s]

Metrics to support decision making:
—  time required to clear out 100 orders (proxy for throughput),
— average time per tour (proxy for cycle time),

Screening Forward Behavior (capacity, speed, fleet size)

12000 __oooeeeqem T 10000
. 5 R TRUIURES S 5
10000 _..ooocdmemmme T " RN 5000
I MU SO N S
8000 .. .oomramemmoT : P
: A i L {7000
6000 _.._.o-d--mmmeme T | i 6000
4000 _._o..-j--eme Y S T s
i : R Ak :
2000 . oooemrdmmme T N e
: ' Ll U
Db___._-___.---.-:-'\"" ______n.-\-\-\- """ T x\\l‘ \_\\ ' \\\\ i B '3000
6 e N S P/
. . b 41000
x 10 0 [
g 6 4
8 107
Variable Cost Capital Cost x
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Manufacturing Facilities

Manufacturing Facility

parentFacility

mhs |*

properties

0.1 |throughput

/capacity

parentFacility {1

department |*

parentDepartment

Department

ibd [Block] Facility [ FacilityJJ

WS1 : Workstation

mhs |* 0.1

Material Handling System

parentDepartment {1

N

1
<<Allocate>>
1

parentMHS |* mhs |* cell
parentCell cell 1
0.1 L, <<A||c}cate>> !
1
parentCell[0..1 parentCell 0.1 | [ <
| 1
1 1
stockpoint |* workstation |* (act [Activity] Process_Pan [ Process_Plap JJ
Inventory Location inputStore inputStoreForWks Workstation 1 - .
properties i e properties P1: P2:
waorkstation [0] - -1 |warkstation [0] Manufacturing | Manufacturing
stockpoint [0] outputStore  outputStoreForWks |steckpaint [0] Process Process
contents Jutilization I'h I+I
0.1 0.1
B ProcessModel *
channel |* File Edit View Simulation Format Tools Help
Movement Channel [[ncomingChannel DEES $BR([E 2|22 ) s o -PEBes RRES
capacity i
cost outgoingChannel
length * r
LHS_BU_1 LHS_BU_2 LHS_BU_3 LHS_BU_4
RHS_BU_1 RHS_BU_2 RHS_BU_3 RHS_BU_4

NIST

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

CenterSkin_BU_1 CenterSkin_BU_2

16

14

12

=
o

Production per Month
=]

Production Ramp

* Fixture_Mount

Drill_Ws1

Drill_Ws2

3 :ll T’

- J
Structure_SubAssembly1

Structure_SubAssembly2

@

Electrical_Buildup_1

Electrical_Buildup2

-

e

stmlyﬂ
e

e

@« ™

Structure_SubAssembly2

Electrical_Buildup

Final_Assembly

Structure_SubAssembly2

Final_Assembly

Assembly

12

ELEC_BU_2

18

HYI

SourceSink

1/31/2017

ELEC_BU_1

Machine Count (Parallel)

39
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Workstation ID
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Why do it this way? W ae)

* Mediate simulation and optimization tools with an explicit system
model

— A formal system model enables a greater degree of (semantic)
iInteroperability

— 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

mnal Institute of Georg ia
Standards and Technology 1/31/2017 40 TeCh

U.S. Department of Commerce



Where do we want to go?
 INCOSE MBSE Initiative Challenge Team 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
NGST. Georgia

| f
Sl"ovndords and Technology 1/31/20 17 42 TeCh .



For more information

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

mm)l Institute of Georg ia
Standards and Technology 1/ 31/ 2017 43 TeCh

U.S. Department of Commerce
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Domain Specific Challenges

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

NIST

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

WIP

Average

format, for which there is a published schema.

Total Production

Cycle Time

Entrance Station 1 Station 2
I:% ﬁ K
0 minutes

Station 4 Station 3

e e M,H S

ﬂmm‘.| ”s.”ﬁ

A <ignment
'
o Processing Post
fon Post 2 3 Canvey Fost3
Toduct in Post
.

B —

ﬂ

' v 4
= = H=—H=H~— |
=
ULATION.COI COM.BR

Station Fost
| VIV ARENA SINI

IN_Order 1

OUT_Shipment_1

Supplier_Base,
IN_Order 1

OUT_Shipment 1~

Supplier_Base_2 Transporation_Channel_a2

Similar issues with Tecnomatix PlantSim, FlexSim, etc.

All Access Objects
Search..
Tables

B AdvancedTransfer/Access

BBBBBB

B Modellevels
B ModuleTables

E Reports
EH submodels

Many popular simulation tools fail to store their models in a well-structured and accessible

Georgia
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Why Is Discrete Event Simulation Hard?

OMG’s SysML-Modelica Transformation (SyM), Version 1.0

Ibd [block] ConDispPump flange_a:Flange

port_a:FluidPort flange_a:Flange port_b:FluidPort port_b:FluidPort

vol_a: VolTherm idealConDispPump: IdealConDispPump vol_bi VolTherm
3}
port_b:FluidPort port_a:FluidPort flange_bFlange port_aFluidPort
port_a:FluidPort port_bFluidPort
port_a:FluidPort
leakage: Lai 1ce
port_beFluidPort
vol_b
port_a voLa — port_b

COTS Discrete Event Simulation languages lack a common
abstraction and implementation

Process Fie Edt View Format Help

«ConcreteProduct» i =8 &

DSES| s BE ==+ o - REBE
-Workstation_|D : Workstation
-ServerCount
-StorageCapacity
-ProcessTime_Mean
-ProcessTime_Stdev
-/Utilization
-/Throughput
-/AverageSystemTime Rescly 100%  [Unlocked
-/AverageWattingTime
-/AverageQueuelength

oUT_iob

Process

+setProcessTime( P)
+setServerCount()
+setTimer()

ProcessTime

+setStorageCapacity()

+buildUtilization() A [

N ISI- +buildThroughput() .r
. : +buildAverageSy stemTime() start_ProcessTimer  ProcessQueue , o

National Institute of huildAverageWatingTime() Poessener el E Aty

Standards and Technology +buildAverageQueuelLength()

OUTQueue

Ready 0% Unlocked

U.S. Department of Commerce

Discrete Optimization has a
canonical set-based abstraction
(Thiers, 2014)

* Queues of tasks and
resources at each AAAE/’.’
location in the network h

+ Resources move to .
service a task or .
reposition : y 2|

« Tasks must be serviced !

within time window to
receive full revenue

+ Over time, new tasks AlOoO
arrive, old tasks expire | A0
/\ Resources [J Tasks

— Service Task - - -» Reposition

Physical Depiction of Dynamic Resource Allocation Problem

% Flowliode;
et FlowEdge within (FlowNede cross FlowNode);
set TokenType;

#3ign convention for netFlow: Demand is positive, Supply is negative

4 E) paran netFlow {FlowNods, TokenTyps};

paran flowUnitCost {FlowEdge, TokenType};
param typeCapacity {FlowEdge, TokenTypel};
paran grossCapacity {FlowEdge};

var flowAmount {FlowEdge, TokenTypel};

T > D minimize netFlowCost:

sum {(i,j) in FlowEdge, c in TokenType)
flowlnitCost [(1i,]),c] * flowAmount[(i,j),cl;

subject to flowBalance {n im FlowNode, ¢ in TokenTypel}:
sum {(i,n) in FlowEdge} flowAmount[{i,n)},c]
= netFlowln,c] + sun{(n,j) in FlowEdge} flowAmount[(n,j),cl;

subject to flowBounds {(i,j) in FlowEdge, c in TokenType}:
0 <= flowAmeunt[(i,3),c] <= typeCapacity[(i,j),c];

subject to edgeGrossCapacity {(i,j) in FlowEdge}:
sum {c in TokenType} flowAmount[(i,j),c] <= grossCapacity[(i,j)];

Georgia
Tech||
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Transformation Strategy

NIST

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

1) DELS conceptual 2) Intermediate 3) DES Model in
model in SysML model in MATLAB SimEvents

Object Oriented

, Transformation Engine: . .
2' OMG S MOFMZT AB Promotes maintainabili?y, I|nk/S|mEvents

— Acceleo (Java) reusability, & extensibility

=<<conformsTo>> i<<conformsTo>>

SysML4DELS Mapping MATLABA4DELS Mapping SimEvents4DELS

i<<conformsTo>>

Sc<conformsTo>> i <<conformsTo>> : <<conformsTo>>

1. OMG’s QVT — \
DELS Us¢ UML2RDBMS g MALngelleer Mapping DELS Model Library

0 T <<conformsTo>> : <<conformsTo>> : <<conformsTo>>

MATLAB persistent Simulation

Transformation

i<<conformsTo>>

Instance Data

Transformation

In RDB objects Document

Georgia
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Result: Seamless Integration of Components
Represented in Different Formalisms

«ConcreteProduct» £ 2 processatrinutes | ) : e |
Node ID ~ Node Name - Type ~ Parent_ID - Echelon ~|ServerCount - ProcessTime_Mean -~ ProcessTime_| ™ L L =
Process fiHs BU 1 Process 0 1 1 a DlEE& L TtR co D 2 REB
) N 2 LHS_BU_2 Process 0 2 1 1
-Workstation_ID : Workstation 3 LHS_BU_3 Process 0 3 1 2
-ServerCount 4 LHS_BU_4 Process 0 4 1 2 . =
. 5 RHS_BU_1 Process 0 1 1 4 rocesstime
- Storagecapac Ity 6 RHS BU 2 Process 0 2 1 1
= H’DCESSTIH"IB_N'E&I"I 7 RHS_BU 3 Process 0 3 1 2
-ProcessTime Stdev 8 RHS_BU_4 Process 0 4 1 2
'/LJt|I|Z ation i 9 CenterSkin_BU_1  Process 0 3 1 4
10 CenterSkin_BU_2  Process [ g 5 - ProcessTimer  Pr ¥ -_» |
-/Throughput 11 MECH_INT AssyPracess 0 6 ProcessServer Read Tmer Job_ouT
-/AverageSystemTime 12 ELEC INT AssvProcess 0 6 oUTQueue
-/AverageWaitingTime =
-/AverageQueuelength 15 EU e liriodr
16 HY 2 25
t+setProcessTime( P) 17 Hy 3 25
+setServerCount() 18 1y 2 B
19 TE 1 25
+setTimer() 20 SH 1 25
+setStorageCapacity() 2150 1 >
+buildUtilization()
+buildThroughput()
+buildAverageSystemTime()
i i «ConcreteFactory»
+buildAverageWaitingTime() e
+bu||dAVerageQUeueLength() -ProcessSet : Process [1..*){redefines NodeSet) +addEdge( N, e : Edge [1])
o P ey i reseinas cormmeay |

W ProcessModel_Boeing:
File Edit View Simulation Format Tools Help

DSR&| & ER|est |y ofd [Nom CNREbSes REE®

ELEG_INT HYD INT TeST SHIP

| LHS_BU_1 LHS_BU_2 LHS_BU_3 LHS_BU_4
MECH_INT

RHS_BU_1 RHS_BU_2 RHS_BU_3 RHS_BU_4

’—\ CenterSkin_BU_1 CenterSkin_BU_2 ELEC_BU_1

NIST
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