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Systems Analysis Integration

e Started later 2014.

e Concerned with integrating systems and other
engineering models.

— Will focus on integration of systems models and engineering
analysis information.

 Two & ¥ full time federal employees.
 Four multi-year cooperative agreements with universities
and industry.
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Engineering Language Integration
SysML

NIST
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req [Package] Wehicle Specifications [ Braking Reguirements U

Vehicle System Speciﬁca‘tionl

Braking Subsystem Speciﬁca‘tionl

==recuirements==
Stopping Distance

==recuirement=:=
Anti-Lock Performance

bdd [Package] Structure [ ABS Structure Hi| stm TireTraction [State Diagramy

==hlock== ==hlock==
Library: Anti-Lock
Electronic Controller

ld="10.2"

Text="The vehicle shall
stop from B0 miles per hour
within 1501 on a clean dry

surface "

ld="337"

T
ibd [Block] Anti-Lock Cortroller [ Basic ]) 1/

Text="The braking sys
preventwheel lockup u
braking conditions. "

c:

==deriveRedt==

d1: Traction
Detector k== B
lon
ftor Modulator

| par [Block] Straight Line Yehicle Dynamics [ Parameters ]J

act PreventLockup [Activity Diagram] )

Gripping

m1: Brake
Modulator

T hi: M m: Ky
[T.0 (v O
g Force’ e2? : Acceleration
ion E_j Equation
TR 40} a:misecty =AY
‘Modulate a: mizec"2
L BrakingForce + Equation
23 {w=choicht } e3 : Velocity Equation
v mizec ¥ mizec {a=chvict }
t:=ec 7:‘ t:sec

Require
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Material
languages

ydraulic
Anguages

lanaiian
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General Technical Approach

1. Select analysis areas to address.
. Examine the literature and widely-used tools in those areas.
. Develop information abstractions.

. Identify overlap with SysML concepts.
— Additional concepts for analyzing SE models.

. Develop or choose integration technique.
6. Apply techniqgue to SE/analysis gap.

/. Develop proof-of-concept.
INGT
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Outputs

o All public domain.

e Standards (see next).

e Journal and other papers.

* Proofs of concept (open source).
* Presentations and demonstrations.
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Areas for Integration

1. Physical interaction / signal flow simulation.
2. Finite element analysis.

3. Mathematical unification of systems and analysis
models.

4. Discrete event analysis and optimization (production,
logistics).
5. Sustainabllity analysis.

NIST
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Areas for Integration

1. Physical interaction / signal flow simulation.
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Physical Interaction & Signal Flow

< Between air & car
(linear momentum)
Desired
s Gpa”

speed, Gl «———_=———

rate |

_ Fuely To rolling resistance
intake | . o |

__ W angular momentum
comamwes3 ANQular (
control =3 =m converted to heat)

#alGksi=)g momentum

Between gravitational A
field & car
(linrear-momentum) \1,

3\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\

Between wheel and car

g\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ (angular momentum

Signal flow: —_—— cpnverted from/ to linear
cal interaction: via road)
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SysML Extension for Pl & SF

pkg SysML Simulation )
«metaclass» . .
. «stereotype»
UML::Propert
Perty Block
«stereotype» «stereotype» «stereotype» «stereotype»
SimConstant SimVariable SimProperty SimBlock
I isContinuous : Boolean = true referTo : FlowProperty /
| _ -7 isConserved : Boolean = false 7 /
{extends a umeric or changeCycle : Real =0 1 { all properties of
boolean value property } { extends a numeric or boolean SimBlocks have
value property, or a property typed SimVariable applied }
by a SimBlock }

 |n finalization at the Object Management Group

NIST
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Open Source Translator to Simulators

<xmi :XMI xmi zuml=http://www.omg. org/spec/UML/20110701>
<packagedElement xm yp ass” name- Cir
<ownedAttribute xmi ‘uml = Pro erty”

17_0_2_1_8340219 1 86362584651 224589
ned.Attr~bute xml:type="uml: Propert nam
type="_17_0_2_1_8340219_1386362591582 80360 2535“/>
<ownedConnector xi
<ownedConnector xi
<ownedConnector X
<ownedConnector X
</packagedElement>
<packagedElement xm
<packagedElement xm

ml -Connector />
uml :Connector*/>
type—"uml Connector“/>

ype-"uml :Class™ name="Source*“/>
ml:Class" name="Ground*/>
lement xm ml :Class" name="Capacitor*/>
<packagedElement Xmi 2 type ml:Association“/>
<packagedElement xmi :type="uml:Assoclation*“/>

</uml :Model>

</xmi>

> C

e T

T

SysML Tool

SysML Model File

loaded into developed in

UML Repository

model circuit
Resistor R1(R=10);
Capacitor C(C=0.01);
Resistor R2(R=100);
Inductor L(L=0.1);
VsourceAC AC;
Ground G;

equation

connect (AC.p, R1.p);
connect (R1.n, C.p);
connect (C.n, AC.n);
connect (Rl1.p, R2.p);
connect (R2.n, L.p);
connect (L.n, C.n);

(AC.n, G.p);

Modelica
and
Mathworks

connect
end circuit;

Simulator
Input File

(

public void generate(Class urootblock, Resource r) {
sysmlutil = new SysMLUtil(r.getResourceSet());
slibrary = SimulinkFactory.elINSTANCE.createSLib();
slibrary.setName(urootblock.getName() + “Library™);
while(toProcess.size()!=0)

«metaclass» «metaclass»
UML::ConnectorEnd UM operty

{ ReferenceKey rk = toProcess.pop();
_ SElement selement = refs.get(rk);
SysML::NestedC «stereotype» if (selement instanceof SSystem)
SimConstant SimVariable SimProperty

{ SSystem ssystem2 = processSys (rk.getkey(Q[0]);
referTo : FlowProperty slibrary.getSystem() .add(ssystem2.getSubsys());}
- else if (selement instanceof SFunction)

Coxonded ;mpe"y RN { processSFunc(rk.getkey(Q[0], rk.getkeyQ[1);:}
typed by a SimBlock} }}

propertyPath [1..4] {seq]

«metaclass»
UML::Property

isContinuous : Boolean = true
isConserved: Boolean = false
changeCycle: Real =

Translator
Program

SysML and Simulator
Extensions

NIST

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

« Generated simulation files execute the same way on
Modelica and Mathworks Tools

Soondocds 'd;" o clogy 4/12/2017 16
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Areas for Integration

4. Discrete event analysis and optimization (production,
logistics)

NIST
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Discrete Event Logistics Outline

 What are Discrete Event Logistics Systems (DELS)?
 What are the fundamental challenges for DELS?

* Why do we need system models and MBSE?
 Where are we now?

* Where do we want to go?

National Institute of
Standards and Technology 4/12/2017 19
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 * Humanitarian logistics

« Manufacturing systems » Healthcare logistics

« Transportation « Sustainment Logistics

« Material handling systems * Reverse and Remanufacturing Logistics
« 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.
NIST
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Fundamental Challenges

e (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 Iif
every FEA/CFD required a simulation engineer to hand-code the
model)
— Very limited decision support to production system engineers

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

— Very difficult to capture/re-use learnings from experience—Ilots of tacit
NIST rather than explicit knowledge
Sranda ,!,' “ ol ology 4/12/2017 21
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Discrete Event Logistics Outline

* Why do we need system models and MBSE?

National Institute of
Standards and Technology 4/12/2017 22
U.S. Department of Commerce



Interest to MBSE Community

e Bring a different domain into the MBSE community
* In the design of logistics systems, we don’t have good SE tools and practices

« Why can MBSE have a big impact on this domain?
* [n addition to the SE best practices, MBSE has been transformative!
* Explicit modeling and design methods
e Consensus on how we talk about our artifacts and design them
 Wantto 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
NIST 4

ational Institute of
rds and Technology
f Commerce

Standa 4/12/2017 23
U.S. Department o



Need for Model-Based Methods

» 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)

NIST
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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
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Ad-hoc analysis
models/transformations

[ e M =
[
[
I
\- L8 & )
Custom-Built
Manufacturing
Simulation .
X
S KA/
I Packages of
'\_ - analyses based on
"= specific system and
specific desired
: analyses
)
[
— i
S
O alnad ethods are so 3
Al € C O Ci O 0 ed C C
odel for ea A

Analysis
Tools/Models
Discrete Event May re_qUIre
Simulation analysis tool
experts

Queueing Analysis
Mean-Value Analysis

- Simulation
. Methods

Monte Carlo
Methods

Resource
Investment

Scheduling

Optimization
Models

Production &
Inventory Planning
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System Model to Analysis Model Transformation:
M2M Methods Based on Domain Models

Domain-Based Analysis
Transformations Tools/Models

Domain Mo

Discrete Event

Simulation
Manufacturing
Facility #1 Queueing Analysis

Mean-Value Analysis
Manufacturing

Facility #2

Simulation

Methods

Warehouse — N ——— Monte Carlo
~ Mayneedto | _______ Methods
Material Resource

Handling System Investment

Scheduling

. Optimization
. Models

Production &
Inventory Planning

Transportation
Logistics

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

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 shared across Simulation
all domains Methods
Warehouse . Monte Carlo
Methods
Material A Resource
Handling System Investment
Scheduling

Maintain
a smaller .
toolbox

Optimization
Models

Transportation

Logistics
- _ Production &
This approach exploits all of the U8 Inventory Planning
NIST commonalities across the systems and
e o ology 4/12/2017 analysis domains... 27
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System Model to Analysis Model Transformation:
Extending M2M Methods Based on DELS Abstraction

Object-oriented, DELS- Analysis

Domain Models Based Transformations Tools/Models

Discrete Event

Simulation
Manufacturing

Facility #1 -
M .
Manufacturing Manufacturing #1 .

Facility #2 Manufacturing

Queueing Analysis
Mean-Value Analysis

- Simulation
- Methods

DELS

{
Warehouse Monte Carlo
Methods
Material Resource
Handling System Investment

Layered
abstraction is

IMPORTANT! Scheduling

Logistics

. Optimization
Transportation . Models

But what about all of the important

Production &
Inventory Planning

NIST domain-specific attributes and
National Institute of 4/12/2017 analysis models and methods??? 28
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Discrete Event Logistics Outline

e \Where are we now?

National Institute of
Standards and Technology 4/12/2017
U.S. Department of Commerce
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DELS Reference Model

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

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

e Control
« Admission, Sequencing, Resource Assignment, Routing, & Resource
State
 Domain-specific Reference Models
* Production (Make), Warehousing (Store), Transportation (Move)

« Supply Chains, Healthcare Logistics, etc.

NISI'
Standa ,!,' T Tachn ology 4/12/2017 30
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Network Abstraction

package TokenFlow Netw ork_MetaModel[ @ TokenFlow Netw orku

Networks, Flow Networks,
and Process & Queueing

Networks

e Form the basis of many
analysis methods in the
Industrial engineering and
operations research (IEOR)
domain.

* Abstract and reusable across
many related domains

NIST

National Institute of
Standards and Technology
U.S. Department of Commerce
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+parentNode |0..1 +node

+parentNode |0..1

+flow Interface [1..*

+parentProcess

+nestedNetw ork ——
0.1
+parentNetw ork +parentNetw ork
AN
il ) o +edge |*
Node +endPoint A +incidentEdge Edge
+label : String [0..1]{id} 2 +w eight : Real [0..1] S —
+relationshipEdge | 0..1
+flow CarryingEdge [ 1..*
t tFlow Nod i ingFlow Ed Sl
+ +
Flow Node ol el Vil B - 9 [ +flow TypeAllow ed : TokenType [*}{ordered}
+consumption : BillOf Tokens [0..1] | ! +low Amount : Real [*] = 0.0{ordered}
+production : BillOfTokens [0..1] [ +sourceFlow Node +oytgoingFlow Edge | *flow Capacity : Real []{ordered]
1 — +grossCapacity : Real [0..1]
1 +flow FixedCost : Real [*] = 0.0{ordered}
{redefines nestedNetwork} +flow UnitCost : Real [*]{ordered}
+nestedProcessNetw ork
0..1 |ProcessNetwork +parentHocessNetw ork
{redefines parentNetwork} :ﬂg’; :: Fé%il 0.1 )
+parentProcessNetw ork {redefines parentNetwork}
0..1

{redefines node}

0..1 +process [1..*

Process

+inputltems : BillOf Tokens [0..1]
+outputitems : BillOf Tokens [0..1]
+durationMeasure [1.

A

+argetProcess

{redefines edge}

*

+sequencingEdge

SequencyDependency

+incomingSeqDep

=

+sourceProcess

+type : DependencyType [1]

*

+outgoingSeqDep

1
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DELS Behavior — Product, Process, Resource,

Faclility

Fundamental concepts
necessary to describe

the behaviors of which
the DELS is capable.

National Institute of 4/12/2017

Standards and Technology
U.S. Department of Commerce

package DELS_ MetaModel [ DELS_OntoIogyU

+isLocatedIn | 1

Facility

*+contains |1..*

Task +authorizedBy +targetProduct| Product
0..* 0..1 :
+
+canCreate requiredBy
+authorizedBy |0..* 1.%
0..1
{subsets outputltems}
+canBeCreatedBy [1..* +billOf Material | 1
+authorizegExecution Pracess +canExecute +requiredinputResources

1

i W

L

Resource

{subsets inputltems}

32




Taxonomies of DELS Behavior

Process

«Process»

T =

—

Taxonomically by function:
Make - change fit, form,
function

Store - change age

Move - change location

«Process»
Control

Can be elaborated to support more
expressive and fine-grained system
models, capturing more particular
aspects of classes of systems.

NIST

National Institute of

Standards and Technology

U.S. Department of Commerce

«Process»
Make

«Process»
Store

«Process»
Move

4/12/2017

«Resource»
Resource

T

«Resource»

{isCapacitated)
+capacityMeasure [1.."]

Capacitated_Resource

+increaseCapacity()

| +decreaseCapacity ()
+allocateCapacity()
+deallocateCapacity()

|

ol

«Resource»

«Resource»

Reusable_Resource Consumable_Resource
{isCapacitated, {isCapacitated,
isReusable} isConsumable}

«Resourcen

{isCapacitated,
isConsumable,
isPerishable}

Perishable_Resource

+perishableLifetime [1]

«Resourcen

Discrete State_Resource
{changeState = setup ,
currentState = CurrentService |,
isDiscreteState,
queryState = queryService }

+CurrentService . Process

+setup()
+query Service()

«Resource»
Stationary_Resource

33

«Resourcen
Mobile_Resource
{changeState = reposition ,

currentState = CurrentLocation

queryState = querylLocation }

+CurrentLocation : Location

+queryLocation()
+reposition()




Operational Control

Manipulating flows of tasks and resources through a system.

NIST

\

D E LS Erpacted
troller 7 Trajectory
)
Decision Maker

>—Contro|ler

<

N, Interface
e

\ 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)

'Sqr:rriz::tliln::::iu"lchnology 4/ 1 2/ 2 O 17 34
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Operati()ﬂal Control Extends the PPRF definition to special

classes of control processes and

package Control[ |2 ControIProcessTaxonorryu

resources

«Process»

Control
FAY

| | | | Maps the decision expressions in the
«Process» «Process» «Process» «Process» «Process» 1 = . .
Admit Sequence Assign Route cnngesiate| | CONtroller's decision problem to a particular
actuator function and execution
Teete || Tauews | |reswesserze | | swren | |crengesme| | Mechanism in the plant

o |
ihd [DELS] DELS | DELS_CDntro\FiowPatternlBD}] ‘oResource : ioDELSResource [1..]
«Proxy»
7 admitT ask : Boolean sequencelndex : Integer  resourceAssignment
' !
«Resource» | L L]
Posource ] . ?RESDUTCGJG T «Resourcer ——p—— . «Resource» i P
admissionGateway : Gate | Task | taskSet:Queue Task assignResources : Seize Task,
Resource
{Resource
inTask : Task = g — = T
= «Resources 1 r «Process» |
| resourceSet : Resource | | functionalCapability : Process I
outTask : Task i P T E s
; Rescurce
uResources «Resourcen 4 «Resources |
— rautinsi;?witch < completedTaskSet : Queue | Task | releaseResources : Release
Task 1 Task,
LI L Resource
nextMode : DELS saquencelndex : Integer

NIST
National Institute of 4/12/2017 35

Standards and Technology
U.S. Department of Commerce




M2
__________________ e —
* Networks,
M1 * Flow Networks, &
* Process
 PPRF + Task Networks
e Control « + Tokens

Transportation

Supply Chain

Systems
SIS

» Warehouse * Flow shops, » Material
* Fulfillment Open shops, Handling
systems Job shops Systems
* ASRS * Production « AMHS,
» Crossdocks lines AGVs,
* HVS » Work Cells conveyors
. ... » Aerospace * Trucking
» Automotive ...

* Semiconductor

Systems

» Healthcare
systems

» Sustainment
System

» Reverse /
Reman
Systems

Models
NiST T e for simutions of e
Notional natiureof | 4/12/2017 stual real systems (or simulations of them)

U.S. Department of Commerce

S—

—

S—

Language Layer
* May also include a
TFN & DELS DSL

Top of M1

e DELS Reference model
* Network Abstractions

* PPRF Domain Ontology

* PPRF Taxonomies & Model

Libraries
e 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”
models
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- System AnaIyS|s Integration — Use Case

«Flow Netw ork»
___ Supply_Chain
Fbrfecl_O!der_Fulﬂlmenl
-Total_Operating_Cost
-Fixed_Operating_Cost
-Variable_Operating_Cost

II..‘ i DepolSelII

CustomerSet | |

Origin

Produces Tokenﬁwegahm

1.0 Cuswm ar

[Locamn Real{Z]
{ConsumptionFrofile : Commodity [1..]

Destination Consumes

it

-Route Trmsponanon _Channel [1..7]

:noducnmm:m Commodity [1..]

Onnﬂndn\,'SetJ’L.‘

14 Resource | vs. Total Di Traveled
- 12
w
o
S0
< .
5 ;
¢ S
E . W
8 ~
5 -
3
i ~
x /
-
0 . . .
0 1 2 3 4 5 3
Total Distance Traveled «10°

NIST
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«Flow Netw orkn [ «Flow Nodes | | «Tokens
s tansportation -Subsystem k- {__Storage_Subsystem = c""""""‘“'?
Transportation_Cost i |Location - Real [2] [ Blammnces commodity Se
Total_Operating_Cost Fixed_Cost : Real |Origin : O-Istormf{ﬂ —
Fixed_Operating_Cost Desmanm Customer [1] |1.-
Variable_Operating_Cost =V

T !LOuanl'ny: hteger
Transporlalk)nSelzl ‘ ﬂesourceSelI
«Flow Edge» | «Token»

Transportallon Channel Transportatlon Resource
origin : Point |
|destination : Point |-Total_ Onaramg,cnsl
| Capacity |-Fixed_Operating_Cost
ShippingCost |-Variable_Operating_Cost
ShippingDistance |-Capital_Cost

1

S +Start_Time ; Real
1. +Due_ Time : Real
+End_Time : Real

Each node is related to

a corresponding object

Service Level vs. Total Distance Traveled
1 #

w1

= - -

3 e

T

S8

v

@

E

F 06"

@

o

&

n 047 :

Y L d

T .

E L

202

2

2

J+]

w o . .
0 1 2 3 4 5 [

Total Distance Traveled 107
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L}
250 1
OO O
S fs] Qo
I's
- I's
~ )
&)
I's
L I's ~ &)
200 8 - o] o
o o
o]
O

I's
&)

o o
o]
I's
&)

I's

I's &)

= '

200 250

- .

&

Service level := Cycle Time < 24 Hours
R T .

0 2 4 & 8 10 12
Resource Investment Cost

Service Level vs. Reso urce Investme nt
- .

14

100

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
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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.

SHow ety or!(» CdstoﬁlérSef «Flow Node» Or.igin. : . Proﬁhcéé «Tokem?\ggregatlon»
Supply_Chain = = Shipment

! 1.* Customer : 1 :
- |-Perfect_Order_Fulfilment g f s A Ea— it : R attributes
| -Total_Operating_Cost _ Location : Real [2] _ i Destination Consumes |-Route : Transportation_Channel [1..%]
- B e aing Cost . /ConsumptionProfile : Commodity [1.. ] = —>| +Start_Time : Real

-Variable Operatﬁg Cost . /ProductionProfile : Commodity [1..7] 1 [ o +Due_Time : Real
: i B 4 4 : +End_Time : Real

1. DepotSet |1..* CommoditySet |1..*
«Flow Netw ork» 1 «Flow Node» «Token»
Transportation_Subsystem o Storage_Subsystem Commodity .

| Transportation_Cost " |Location : Real [2] | references Con”modityse_t
" | Total_Operating_Cost Fixed_Cost : Real Origin : Customer [1] " .

Fixed_Operating_Cost " Destination : Customer [1] |1--
- |Variable_Operating_Cost oS D N AP & AR

i Quantity : Integer
X s i . i Q «Flow Node» i
'_I'ransportatlonSet 1.2 ResourceSet |1.. Depot
«Flow Edge» «Token»

| Transportation_Channel | | Transportation_Resource | = ) i T N ) CUHT T T TR % B o 87 SR e B
- |origin : Point aitributes
" | destination : Point - |-Total_Operating_Cost
. | Capacity -Fixed_Operating_Cost
- | ShippingCost -Variable_Operating_Cost
- | ShippingDistance -Capital_Cost

NIST
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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.

» Component-based generative methods for simulation models

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

(act [Activity] Transportationménnel_ACT[ Trénspor‘tétionChannel_ACTJj : : : ' ' : W
\ _ . R T T _Shipment[1..7] i
«TokenA ggregation» ) | «StorageProcess» ) = «SupportProcess» | - ~—{ «MoveProcess» | . - «SupportProcess» e - . «TokenAggregation»
IN_InboundShipment : Shipment _____}1, inboundQueue .‘r* *]l loadinboundResource |- 7! inboundTransport }l* . .“" unloadinboundResource . . OUT_InboundShipment : Shipment
{stream} , EoS— — | T———— . . N — ) . {stream}
| A T~ Tranépcir‘t:atibn_F:{es'oUrc:e[1]' ' . : ]
«Token» «Token»
IN_InboundResource : Trans portation_Resource —> OUT_OutboundResource : Trans portation_Resource
{stream} . {stream}
| - . ragics i |
«Token» ! ) ! ) «Token»
OUT_InboundResource : Trans portation_Resource ] ; : : : IN_OutboundResource : Trans portation_Resource
{stream} T R g e g ) {stream}
«TokenA ggregation» \" 1 Tramportaﬁc’”—Resc’urce["l : Z“ g ( «SupportFrocess» 1 'l l «StorageProcess» ) «TokenAggregation»
OUT_OutboundShipment : Shipment ; Shipment[1..*] f"'“l‘: «SupportProcess» _ «MoveProcess» ' loadOutboundResource | _ ’_J outboundQueue IN_OutboundShipment : Shipment
{stream} i ~ | unloadOutboundResource J - *I outhoundTransport & ] ) {stream}
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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

R = — — —

| «structuredy
Depot_Selection

candidateDepotSet : Depot[1..*]

candidateTCSet : Transportation_Channel[1..*] — SupplyChain : Supply_Chain[n]

Supply Chain : Supply _Chain[1] —

Well-defined system
_________________ model supports
: - | interoperability among
N { Generate_LoRes_pes § IR analysis tools

candidateResourceSet : Transportation_Resource[1.."]

Corresponding
analysis models are ([P
«structured»

auto-generated

Control_Policy_Selection

-VI Generate_HiRes_DES [Simulat
candidateControlPolicySet : Policy[c] E a -

_ SupplyChain : Supply_Chain[nxmxc]

=T

=L = e il

ler DELS Model Library OO DES Generator
;It::‘;:::iln::?;chnology 4/ 1 2/ 20 1 7 4 O
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Optimize Network Structure — Where to put the depots?

Edge

+w eight : Real [0..1] {———

Flow Edge

+flow TypeAllow ed : TokenType [*J{ordered}
+flow Amount : Real [*] = 0.0{crdered}

e 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

+flow FixedCost : Real [*] = 0.0{ordered}

package TokenFlow Netw ork_MetaModel [ [ .2 TokenFlow Netw orky
+nestedNetw ork Network
0..1
+parentNetw ork +parentNetw ork
N
+parentNode |0..1 +node |1..* +edge |*
+endPoint +incidentEdge
Node
+label : String [0..1]{id} &
+parentNode |0..1 +relationshipEdge [ 0..1
+flow CarryingEdge [1..*
+flow Interface [1..*
Flow Node +targetFlow Node +ingomingFlow Edge
+consumption : BilOfTokens [0..1] 1 )
+production : BillOfTokens [0..1]  [+sourceFlow Node +outgoingFlow Edge | *flow Capacity : Real [|{orderec]}
P " +grossCapacity : Real [0..1]
{redefines nestedNetwork} +flow UnitCost : Real [*){ordered}

e Solve MCFN using a COTS solver (CPLEX)

NIST
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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?

| l 1 I Goal: Capture and evaluate the behavioral aspects
. of the system using discrete event simulation.

Dapot_10to Depot 9

| Strategy: Generate a DES that simulates a
—_—_— s probabilistic flow of commaodities through the
1 S —— ;
system. ) -
Depot9to Depot Tsaeporislon Lruscel’y E 08
o7
o
B e
* For each candidate supply chain network structure, 20-4
generate a portfolio of solutions to the fleet sizing %0-3
problem g%
- Trade-off cycle time/service level and resource e -
investment cost et s msimncon” o
NIST
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Configure Control Policies — Which Truck? When?

Goal: Select and design a detailed specification of the

——=fcn L .
3 LOUT L] ST Resource 1C1 I i 1
2 i < gg% Pesoucer control policies for assigning trucks to pickup/dropoff tasks
at customers.
OUT_Resource_3
OU 4
Strategy: Generate a high-fidelity simulation that is detailed
T ﬁé o e enough to fine-tune resource and control behavior.
Releasgesource_alloc | Sk S _—.@ =
Control: Resource Allocation I\\T' ou UFCE_? . . .
%‘“—‘s o e s Trade-off Service Level, Capital Costs, and Travel Distance
. {36
14 Rasource Investment vs. Total Distance Traveled o Service Level vs. Total DisE:(ie_'l'-r.axtile.d o 1 Service Level ‘f'.',,Rff.?_Llrcf -In\:estment
§12- §0.8— %o.e— ‘.:
S ol , : :
% 6 .-"". %0.4 . (,3‘0.4 f -:
% ol o ) % 4 g ':
g , ..'_,.-“ é 0.27 é 0.2r
-
Oo 1 2 3 4 5 6 @ 00 1 2 3 4 5 6 @ 00 2 4|1 é é 1|0 1|2 14
ler Total Distance Traveled x10° Total Distance Traveled x10° Resource Investment Cost x10*
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Warehouses

«blocks |supplierSet warehouse «DELS» warehouse customerSet «block» ’ ; +storage Dept \L1_,*
Supplier|1..» I 1 Warehouse 1 ' 1.+ |Customer «DELS» e Tallers
«block» «block» L
,Nﬁozw OU'I?;ow S«tResour;ee»t 1 . |StorageController
orage
Order_Il0 [1..*}1, [_—L\naterial_lo [1..%] - g_' . i Q Q
x e R i «Strategy »
: PickerNetw ork [1..*] i
+MHS |1 +receivingDept |1.." istorageDept |1-:* +sortPackShipDept l1..* - StorageNetw ork [1..%] . SKU_Selection
«DELS» «DELS» «DELS» «DELS» 1.
«Resource» «Resource» «Resource» «Resourcen 4 y values «Strategy»
MHS ReceivingDept Storage Dept SortPackShipDept footprint PR R sighment
Move() Receive() Putaway() Sort() CyCIeTlme 1.
Breakbulk() Store() Pack( throughput
%' Pick() Ship( totalVariable Cost «Strategy »
+equipmentPool I totalCapitalCost PickSequencin
1.4 +operatorPool |1+ ""‘";ELS ?DELS sku_percentage : 1. q -
«Resource» «Resourcen R e B rciStore = oS e meanTimePerStop «Strategy »
MHE Operator MHS o «Resource» || «Resource» || «Resource» (] BatchingPolicy
fowner = MHS} | {owner = MHS} ¥ il B voStore SortWs PackWS S.hIpWS L CrossAisle 1.% : 1
+receivingne|gMHJ «DELS» ——] el gy 5 B s «Resource»
+storageDeptMHS, | <Resource» «DELS» : - |+widthCrossAisle StorageEquipment |
1 MHS «Resource» «Resourcex»
i MHS _ attributes
Ssoet Back hipiHS Shape equipmentiD - StorageSlot
—>  atfributes +purchaseCost >
Same Strateqv T |+length +mHs | Theight : Integer ; «Resource»
- +w idth PickEquipment
H +/shapeFactor «DELS» = T
« Start with a system model, Resorce» EN
Aisle MHS 3 :
: : : +requiredAisleWidth
« Generate simulation models and analysis models oopertes welocty
Lo _ +ength operaterPool : Operator [1..%] . | +purchaseCost
(deCISIOn Su pport) +W |dth forkliftPool : Forklift [1 ..*] +mintenanceCost
) +/numberQOfAisles S +laborCost
i i fleetSize : Integer +imeFickupDeposit
« Generate candidate designs. 9
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Analysis Model Generation

3 | oy 7 .';’|
It e 11 |[[ ! — — 1] [ ! l fe =1
-.=:ii! —-Eiiiii — -——'.-=-*":iiiif -=.-::'=’='“‘ ""
| | —— . ——— ] —— | S———
[ —.-_ | —-.-:';——: -——_ | — —— !I ] -‘E.,..E'
— A : % 0
D % Eud T~
/ f / / / / / /
0 10 20 30 40 50 60 70 80

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

NIST

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

4/12/2017

Time required to clear out 100 orders [s]

12000 _ .-

10000 ...

8000.)___.--

6000 ..

4000.) ...

20004 ___--

i =
|14

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

—  capital cost,

. Screening Forward Behavior (capacity, speed, fleet size)
— variable cost

---------

-----------

__________

_______

------------

Variable Cost

45

__________

______

________

-

Capital Cost
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46000
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Manufacturing Facilities

ibd [Block] Facilty [ FaciityJJ Production Ramp
Manufacturing Facility 16
parentFacility Fpoiios ] e ;
0.1 |Ahroughput WS2a : Work I N S . !
icapacity Job 1 1) | _ )
parentFacility |1 1 14 'I % l DeLWE1 - | % t Electrical_Bulldup_1 %
) . t : © Firture_Mount | . | I, | Fisture_UnMount l" Final
epartment |* . - e gL
Beethaent | W81 : Workstation I <<Allocate>: Dvill_Ws2 Assamb Electrical_Buildup2
parentDepartment B | = 1 12
. * |
mhs mns 0.1 parentDepartment {1 1 :
Material Handling System 1 Job N
) i [ Ws2b ; Work |
parentMHS |* mhs |* cell I l—f— 'FE 10 I
parentCell cell 1 . g “Electrical_Bulldup Final_Assembly
81 b <<Al|4cate>> : .
parentCell[0..1 parentCell 0.1 I | <4 g8
o
: : g
| . } E
stockpoint workstation (‘act [Activity] Process_Flan[ Process_Pap }J H
Inventory Location inputStore inputStoreForWks Workstation - : ” a 6 =
properties 0.1 01 properties P1: P2: Ao
workstation [0] - =1 |workstation [0] Manufacturing Manufacturing ) 14
stockpoint [0] outputStore  outputStoreForWks stockpoint [0] Process - Process Structure, Suwmﬁlyl
contents Jutilization I'h l'|1 -
0.1 0.1 \ \ \ 4
w &mm;_ 10¢ T T T T T T T T T T
channel [* File Edit View Simulstion Fomat Tock Help
Movement Channel [incomingChannel - e e o SN I N RmbE REE® 2
capacity W
cost outgoingChannel
length N ﬁ
LHS BU_1 LHE BU 2 LHE BU 3 LHS BU_4 ’7 0 E
0 6 12 18 L
I | E
o 2
L
RHE_BU_1 RHS_BU_Z RHS_BU_3 RHS_BU_1 L ELEC BU 2 ‘ i S
} 2
I ] .
Cenferskin_BU_1 Centersan_su_2 ELEG_BU_1 ‘
Workstation 1D
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Why do it this way?

 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
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Discrete Event Logistics Outline

* Where do we want to go?
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Where do we want to go?

 INCOSE MBSE Initiative Challenge Team on DELS
Modeling

e Single community for modeling DELS

« 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

NIST
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SAIl Overview

e Summary

NIST
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SAlI Summary

 Multi-year federal project on integrating systems
modeling and analysis.

 Topic areas so far

Physical interaction and signal flow simulation

Finite element analysis.

Mathematical unification of systems and analysis models.
Discrete event analysis and optimization (production, logistics).
Sustainability analysis.

 Results will be publicly available.
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More Information

o SAIl Project description

— http://lwww.nist.gov/el/msid/syseng/smsi.cfm

 Project lead
— Conrad BOCk, conrad.bock@nist.gov

e Discrete event logistics lead
— Tim SpI’OCk, timothy.sprock@nist.gov
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