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What 1s it about?

Decision Guidance (DG) systems are a class of decision support
systems geared to

* elicit knowledge from domain experts and
* provide actionable recommendations to human decision-makers,

* with the goal of arriving at the best possible course of action.



Examples of Decision Guidance Systems:
Supply Chain Management
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Examples of Decision Guidance Systems:
Renewable Power and Storage

GMU pilot project for Dominion Virginia Power

Hypothetical deployment of storage assets across an electric power system

Generation i
Key storage technology examples in

use on every part of the electric grid
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Examples of Decision Guidance Systems:

Tesla prep and body shop

GMU project for the National Institute of Standards & Technology

Aluminium Colls

T

Underbody

Prep Area

Transportation from the Prep Area to Body Shop

Reinforcement
and Welding

Underbody l

Seats

Coating and

Painting

Cabin Components

Internal Components

Super Assembly

Body Shop
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Outline

DG systems: need, challenges, vision

©

DG language & tool example:

DG Analytics Language (DGAL) & Management System (Unity DGMS)
DG application example:

* Manufacturing and supply service networks based on model repository
DG algorithm example:

* Optimizing multistage service networks based on preprocessing and decomposition
Broader view on DG research: languages/tools, algorithms, applications

Three grand challenges:

* [oT + DG = (Smart) Cyber Physical Service Networks
* Design (e.g., product, process, architectural, ...) + DG = (Smart) Parametric Design
* Public policy (e.g., renewable energy) + DG + Group decision methods = (Smart) public policy

Conclusions



Decision Guidance Systems (DGS)

DGS need to

use and mine large amounts of data

elicit knowledge about model structure from domain experts
learn deterministic or stochastic models

elicit metrics, KPI and decision objectives

perform analysis tasks, incl. monitoring, diagnosis, prediction,
optimization

explain actionable recommendations to decision-makers

solicit decision-makers feedback for iterative improvement

/
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o : : Prescriptive/
Descriptive  Predictive Diagnostic P

Analytics Analytics Analytics Optimization
Analytics
Tasks Tasks Tasks
Tasks
s ¢ 3
Domain Specific Modeling & Analytics GUI Interfaces / Mappers
TODAY every task is
implemented:
* one off
e from scratch
* non-reusable
® * non-modular

 requires math, OR, IT &
domain-specific expertise

* high cost

* long development cycle

* difficult to modify/extend

DBMS: SQL, Learnine/Minine: Simulation: Optimization:
TOOIS XQuery, PMMLgPF A & Modelica-based, MP/CP using
JSONiq » LA, - Simulink, ...  OPL,AMPL, .. - .,
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Analytics Analytics Analytics iptlmlgat1on
nalytics
Tasks Tasks Tasks
Tasks
S ¢ B
Domain Specific Modeling & Analytics GUI Interfaces / Mappers
Decision Reusable, extensible, modular KB of analytic models (AM)
Guidance
Management
System . .
_ domain- domain- domain-
DG Analytics specific specific ifi
Language: pecitl pect speciiic
_ @it analytics atomic composite
- Prediction dashboard models & models &
I iews instances '
I ViEw instances
- Pareto analysis ... eee
DBMS: SQL . . . Simulation: Optimization:
’ L M : : .
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Analytics Analytics Analytics N ihies
Tasks Tasks Tasks Taskz
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Domain Specific Modeling & Analytics GUI Interfaces / Mappers
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Guidance
Management
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Outline

DG systems: need, challenges, vision

DG language & tool example:
DG Analytics Language (DGAL) & Management System (Unity DGMS)

©

DG application example:
* Manufacturing and supply service networks based on model repository
DG algorithm example:

* Optimizing multistage service networks based on preprocessing and decomposition
Broader view on DG research: languages/tools, algorithms, applications

Three grand challenges:

* [oT + DG = (Smart) Cyber Physical Service Networks
* Design (e.g., product, process, architectural, ...) + DG = (Smart) Parametric Design
* Public policy (e.g., renewable energy) + DG + Group decision methods = (Smart) public policy

Conclusions



Background: JSON (Java Script Object Notation) and

JSONiq query language
Data format/ | Query/data | Type of data Used for Comments
model manipulation
language
Relational SQL e structured Relational databases, such | © dominant in Buz Info
» flat tables as Oracle, SQL server Sys
(tabular) *  human readable *  Not as data interchange
format
XML XQUGI’Y *  semi-structured * data interchange *  Popular
*  User-defined tags, HTML- *  web-services *  Verbose
like for data
*  hierarchical
*  human and machine
readable
JSON JSOqu *  semi-structured *  lightweight data *  Highly popular
* objects = interchange * Identical w/JS data
— key-values pairs *  web-services model
L for * hierarchical * REST SOA *  similar Python & Java
SQ O *  human and machine * JoT stack data models
NOSQL stores readable e Datain NoSQL e Dominant in REST, IoT,
*  compact as compared to stores, incl. asynchronous
XML MongoDB, client/server
communication,
replacing XML




P: fixed params
V: control params

AM

M: metrics
C: constraints




P: fixed params AM M: metrics
V: control params C: constraints

"demand": {"chair": 16, "table": 4},  "costM: 2120,
"purchaseInfo": { "constraints": true
"ppu": { "supplierl": {"chair": 50.00, "table": 110.00},
"supplier2": {"chair": 60.00, "table": 100.00}

},
"available": { "supplierl": {"chair": 15, "table": 3},
"supplier2": {"chair": 20, "table": 2}
}I
"qty": { "supplierl": {"chair": 10, "table": 2},
"supplier2": {"chair": 20, "table": 2}




P: fixed params M: metrics
V: control params

AM

C: constraints

declare function procurementPM($procurementInput) {
let $demand := $procurementInput.demand,
$suppliers := keys($procurementInput.purchaseInfo.ppu),
$ppu := $procurementInput.purchaselInfo.ppu,
$available := $procurementInput.purchaseInfo.available,
$qty := $procurementInput.purchaselInfo.qty
$cost := sum ( for $s in $suppliers, $i in keys($qty($s) )
return $ppu($s)($i) * $qty($s)($1i)
)
$availabilityConstraint := (
every $s in $suppliers, $i in keys($qty($s))
satisfies ( $qty($s)($i) <= $available($s) ($i) )
)
$supply := {|
for $i in keys($demand)
return {$i: sum ( for $s in $suppliers return $qty($s)($i) )}
|
$demandSatisfiedConstraint :=
every $i in keys($demand)
satisfies $demand($i) <= $supply($i)
let $feasibilityConstraint :=
$availabilityConstraint and $demandSatisfiedConstraint ~
return { cost: $cost, constraints: $feasibilityConstraint } I GEORGE

A
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P: fixed params AM M: metrics
V: control params — C: constraints

"demand": {"chair": 16, "table": 4},
"purchaseInfo": {
"ppu": { "supplierl": {"chair": 50.00, "table": 110.00},
"supplier2": {"chair": 60.00, "table": 100.00}

"cost": 2120,

"constraints': true

}
"available": { "supplierl": {"chair": 15, "table": 3},

"supplier2": {"chair": 20, "table": 2}

},
"gty": { "supplierl": {"chair": 10, "table": 2},
"supplier2": {"chair": 20, "table": 2}




P: fixed params AM M: metrics
V: control params C: constraints

{

"demand": {"chair": 16, "table": 4},
"cost": BB,

"purchaseInfo": {
"ppu": { "supplierl": {"chair": 50.00, "table": 110.00},
"supplier2": {"chair": 60.00, "table": 100.00}

}l
"available": { "supplierl": {"chair": 15, "table": 3},
"supplier2": {"chair": 20, "table": 2}
}I
"gty": { "supplierl": {"chair": @, "table": &fd },
"supplier2": {"chair": @&, "table": &&&}

"constraints": true




P: fixed params

M: metrics

V: control params AM C: constraints
B
AM
: Co. . P: params
P: fixed params Minimize/ V: optimal control
v Maximize

O: objective




Soundness and Completeness of Reduction

semantics

q!d cb(q’d) ) CD’(CI,d)
I {
reduction reconstruction
symbolic
=) oOutput
structure

min (V)
s.t. C (V) 2 I(V)

optimization solver

© Dﬁesom
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Soundness and Completeness of Reduction

semantics
q,d o@,d) o9  ®(q,d) Theorem:
B The reduction procedure is
1. sound:
reduction reconstruction (D’(Cl,d) g cb(q:d)
2. complete:
symbolic cb,(q’d) 2 q)(q!d)

=) oOutput
—

structure

min (V)
s.t. C(V) 2 I(V)

optimization solver

© Dﬁesom
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P: fixed params

M: metrics

V: control params AM C: constraints
S
AM
Minimize/ :

P: fixed params . Z Pop Ares
Ve 999 Maximize V: optimal control
O: objective

AM
P- 299 e P: best fit params

AR Parameters V- 999

V: 277

LS: training
set of input-
output pairs

©



Stochastic

P: fixed params M: metrics

V: control params AM C: constraints

declare function local:stochProcurementPM($procurementInput){
let $demand := $procurementInput.demand,,
$suppliers := keys($procurementInput.purchaseInfo.ppu),
$ppu := $procurementInput.purchaselnfo.ppu,
$available := $procurementInput.purchaseInfo.available,
$qty := $procurementInput.purchaseInfo.qty
$cost := sum ( for $s in $suppliers, $i in keys($qty($s)
let $stochPpu := $ppu($s) ($i) + G(0.0,0.01x$ppu($s) ($i))
return $stochPpu * $qty($s)($i)
)
$availabilityConstraint := (
every $s in $suppliers, $i in keys($qty($s))
satisfies ( $qty($s)($i) <= $available($s) ($i) )
)
$supply := {|
for $i in keys($demand)
return {$i: sum ( for $s in $suppliers return $qty($s)($i) )}
|}
$demandSatisfiedConstraint :=
every $i in keys($demand)
satisfies $supply($i) >= $demand($i) + G(0.0, 0.02 * $demand($i))
let $feasibilityConstraint :=
$availabilityConstraint and $demandSatisfiedConstraint
return { cost: $cost, constraints: $feasibilityConstraint }

s




P: params
V: control vars

AM

P: params
V: control vars

Stochastic

M: metrics
AM C: constraints
(stocl.las.tic) E(M): mean & std. dev. of metrics
prediction P(C): prob. of constraint satisfaction

{ "cost": {"mean": 2120, "sigma": 8.76},

"constraints": { "prob": 0.92},

}

c
4
o\
m P
=
w o O
X
(n)
m



DGAL summary:

©

Is based on KB of analytic (performance) models (AMs) that:

Express constraints and metrics of interest as a function of fixed &
control parameters (of a process)

Are independent of analytical tasks & tools/algorithms

Allows reuse of AMs as operands to diverse analytics operators (forming
analytics algebra on AMs) :

Simulation
Prediction
Deterministic or stochastic optimization

Learning parameters of AM for regression or classification

Performs these operators/tasks by automatic reduction to specialized low-level
models and algorithms, w/out the need to manually craft low-level models.

Uses query / data manipulation language (JSONiq) over JSON data format to

Express AMs
Express analytics algebra operators / tasks I /BG EOR
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Unity DGMS architecture

Decision Makers

Contributors
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e
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e
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Unity DGMS: tool management layer

Decision Makers Contributors Analysts Modelers Developers Administrators
o re re re re re re
—
@]
2] . . Integrated
[ o -
> Web-based ) ] Inf.orm.atlon IVI_odeI .Dnven Development EAI / SCADA / loT
w Management Client Visualization Tools Engineering Tools A
== Environments
(@)

3 $ $ $ 3

CLIENT INTERFACE

Decision Service View & Dashboard Form & Report Workflow & Rule Custom Application
Management Management Management Management Management

APPLICATION
MGMT

APPLICATION PROGRAMMING INTERFACE

UIDANCE MANAGEMENT SYSTEM

w

O

<z: ?D Decision Guidance Analytics Engine (Unity)

o

=

= E Decision Guidance Repository Decision Guidance Algorithms

Q e T o (Ao (e (< - v Simulation \.:) (‘: Optimization 77») ( ’ Regression \']
3= Data Analytic | | Business | | Decision Data > - — - - -
g < Models Models Rules \ Models 7 Sources Classification ) | Clustering ) ( )

Statistical & Cluster /
Machine Distributed
Learning Computing

Extract,
Transform &
Load (ETL)

Business Rules MP/CP
and Reasoning Optimization

Data Storage Data Analytics
& Retrieval & Manipulation

DECISION

_— < e A
. mODgO L ’).r bO Sporkkg R %‘z‘nﬂw out YJenO ‘ ANIPL .@hEEIEJEJﬁJ




Unity DGMS: analytics management layer
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Compiling Optimization Queries

Fully Instantiated  Analytical Model Objective Partially Instantiated Solver-Spedfic
Analytical Model Mame and Expression Analytical Model Configuration
Input (1508} Mamespace URI {150Mig) Inpast (JSON] {IS0N)

Six steps: ﬁ ﬁ ﬁ D Eﬁ

1. Reusable Analytic Model
Resolution

Symbolically Executable |
Anzhytical Model (I5OMNig) |

|
i I
| 1 |
1 [
@ : Analytical Model | : |
1 Implementatlm: | !
. | (DGAL) Tl |
Anahytical Source-to- :
Model Source 1
|
|
1
1
|
|
|

——————

2. Source-to-Source
Transformation

3. Symbolic Execution ol e M L

4. Target Model Generation —— s |

5. Target Solver Execution JL;““ A—

6. Input Instantiation ﬁ*’ v N

(ISON)

Steps 1-3 & 6 (tasks) can be used to

Solver-Specific
—————— Model and Data
[OPL f AMPL)

implement other DGAL operators: |
e.g. learn & predict L oo |
IHET,I;:'IF::I:T.IDH
Solution [150M) T argmin

______________________

completion

lllllllll



Preliminary performance evaluation

*  Hypothesis: Execution time
overhead of compiled reusable

analytic models (into task- and tool- . - x
specific models) is within a constant . " ¥
factor of that of manually crafted § 2 x L
ones 5 x o

*  Method: Compare execution times § ’ ;
of compiled DGAL model versus : ".: " ow
manually crafted OPL model on 3 . i B
randomized input pairs % ". “/ = .

*  Preliminary Results: Compiled § - t . -
DGAL models are currently 2.3 - -
times slower than manually crafted 3 '-'3.? . -
OPL models 5 |

*  We are investigating techniques to
improve performance of compiled
models

CPLEX Solve Time for Manually Crafted OPL Model

UNIVERSITY



Outline

DG systems: need, challenges, vision

DG language & tool example:
* DG Analytics Language (DGAL) & Management System (Unity DGMS)

DG application example:
* Manufacturing and supply service networks based on model repository

©

DG algorithm example:

* Optimizing multistage service networks based on preprocessing and decomposition
Broader view on DG research: languages/tools, algorithms, applications

Three grand challenges:

* [oT + DG = (Smart) Cyber Physical Service Networks
* Design (e.g., product, process, architectural, ...) + DG = (Smart) Parametric Design
* Public policy (e.g., renewable energy) + DG + Group decision methods = (Smart) public policy

Conclusions



Heat sink (HS) assembly manufacturing & supply service network

Heat Sink Supply Chain (LO)

Alumina (L2)

Accessories (L2)

NN

Supply (L1)

Accessory
Package

Aluminum Plate Contract

Manufacture (L2)

Manufacturing (L1)

' HS Base Shearing

Aluminum
Plate

S Base Dirilling (L3)
S Base PL (L2)

I I

—p
HS Base Contrac&/

Manufacture (L2)

Inspection
(L3)

m
Demand (L1) [« H

< eat <



Machining Sequence

Milling Milling Milling Milling Milling Milling

millType: face millType: peripheral millType: peripheral millType: peripheral millType: peripheral millType: peripheral
depth: 8 ” depth: 1.5 ” depth: 1.5 ” depth: 1.5 ” depth: 1.5 ” depth: 1.5
distOffset: 1.261 distOffset: 1.261 distOffset: 1.261 distOffset: 1.261 distOffset: 1.261 distOffset: 1.261

|

I :IIIIIIIIIIIIIIIIIIII:

Milling Drilling Drilling Drilling Milling
millType: peripheral D:6.4 D:4.76 D:3.8 E millType: peripheral :
depth: 1.5 " p_coolant: 1 " p_coolant: 1 " p_coolant: 1 :  depth:1.5 E
distOffset: 1.261 t_loading: 9.3 t_loading: 9.3 t_loading: 9.3 =  distOffset: 1.261 -




Defining the nodes 1n the service network

Vendor — organization that provides a finished product

Contract Manufacturer — organization that provide a
manufacturing service

Internal Manufacturer — internal activity controlled by OEM

Production Line — a chain of internal manufacturer activities
controlled by OEM



Architecture around NIST model repository
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User Roles

Applications

DGMS Middleware

Low Level Tools

Modelers Process Design Facility Vendors Supply Chain  Standards Development
Engineers Engineers Managers Managers Organizations (SDOs)
Information . . -
Integrated Model Description S Manufacturing Computer Afded Life Cycle Inventory
Development and Discovery Tools Visual Analytics Process Technologies and Assessment
Environments (IDEs) Based Tools Composition Tools (CAx Tools) (LCI/LCA) Tools
Unity Decision Guidance Management Model & Analysis Repository
System (DGMS) ——
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Project - MyRepository C

v m EnterpriseKnowledgeBase

- m IndustryKnowledgeBase A

~ m ServiceNetworkPerformanceModels ~ i Catalog
~ m CompositeServices ~ i ContractServiceProviders

~ m ServiceNetwork v m MfgServiceProviders

{i > m SteadyStateServiceNetwork | PXIII """" 5 amount_holly_aluminum_smelters json |
~“m ContractServices i [ century_aluminum_smelters_ky.json

v i MfgService I Xiv [2 johnson_bros_metal_forming_base.json;
"ii > m ContractMfgService | TTTTTTSTm TransportServiceProviders
~ m VendingServiceProviders

T P P Ty~ Jip e e
tiii > m VendingService i PXV E american_elements_alumina.jso

T PTOAUCoNSEicEs S BOICdep0t SETaWSRoR

£ damerical_bolt_and_screw.json
[ fastenal_screws.json

o ——————— e = o e

AssemblyService

InspectionService

XVi

—————-———

Xvii

o e e e o

~ i ProductionServiceResources
iniahi ____._>mPhysicalResources
v I SurfaceFinishing ) cnc_machining_CNC3020T.json
v_im_Anodizing S
I T S S T R | B haas_VF-3_cnc_machine.json
VI i AnodizingProductionProcess ! . : )
: i 9 : B jet_pneumatic_shear_PS-1652E.json
~ m SolidificationProcess . o
> s Casting E smelting_facility.json !
~ m Smelting v m ManufacturingProject
B;i-ii-"";"i"é-rﬁ-él-t-iﬁal-)-dﬁ;a?&"""‘ ~ mm MaterializedViews D
"V 'm SubtractionProcess” > i AnalyticsResults
> m ChemicalSubtraction > mm Transformations
> m AbrasiveMachining ~ m ProductServiceSystem
~ m CompositeMachining > m Design
HIX > @ MachiningUPLCI
T M MOTEPSITCUtRg T ~ i ServiceNetworks
.. v WDiling ____ ... WProductionlines
1
=i 1
v . Mllllp.g : {_- XiX SUCToN.
P X ""g- MlllflngUPLCI ; !'_' h t_‘_f_a_‘it_![*'_flg_-‘l
B ™%X & heat_sink_supply_chainjson
v m Shearing = __-_@_-___ :_____—_-_P_E_X-___ __-_l__-________-_u EOR

> = HumanResources
~ i Coating B drilling_rf-18R.json
“Z"i ShapingProcess o L
i B model_847_milling_machine.json
- @ MetalPowderSolidfication >_m VirtualResources
~ m MechanicalSubtraction > m Visualization
lix  » T > @ DownstreamProcess
v i HoleMaking v i Production
1 HIH Yl se s . » . .
| X NS Xviil ___E heat sink_base production_line json |

o
m

T i B heat_sink suppiyjsen ;
Il > m ShearingUPLCI 1 ‘“')9'('"'@'““'"“5:"29'!'1"'""""'""""'
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Composition of service network

LO supply_11 | manufacturing_11 | demand_11
L1 Alumina —{ aluminum_plate_contract_manuf 12 hs_base pl 12 Heat
Accessories package — smelting_ 12 | hs_pl_12 | hs_base_contract_manuf 12 Sink

L2 [ Aluminum Plate

: = hs_shearing_ 13 | cnc_machining_13 Heat
Accessories package — — , — > .
_ quality_inspection_13 || anodizing_13 | assembly_13 Sink
Heat Sink Base —
L3 Cut Aluminum Plate —{ atomicPM |~ Anodized Plate

© mesom



"input": {
"root": "heat_sink_part_service_network_root",
"kb": {
"heat_sink_part_service_network_root": {
"analyticalModel": {
"name": "computeMetrics",
"ns": "http://repository.vsnet.gmu.edu/process/mfgServiceNetwork/composite/serviceNetwork/lib/service_network.jq"
h
"inputThru": {},
"outputThru": {3},
"internalltems": ["Alumina","Accessories package",'"Heat Sink"],
"subProcesses": ["supply_11","manufacturing_11","demand_11"]
L,
"manufacturing_11": {
"analyticalModel": {
"name": "computeMetrics",
"ns": "http://repository.vsnet.gmu.edu/process/mfgServiceNetwork/composite/serviceNetwork/lib/service_network.jq"},
"inputThru": {
"Alumina": {"v": {"decimal?": null}, "1b": 0},
"Accessories package": {"v": {"decimal?": null}, "1b": 0}},
"outputThru": {"Heat Sink": {"v": {"decimal?": null}, "1b": 0}},
"internalltems": ["Alumina","Accessories package","Aluminum Plate","Heat Sink Base","Heat Sink"],
"subProcesses": ["aluminum_plate_contract_manuf_12", "smelting_12",
"hs_base_pl_12", "hs_base_contract_manuf_12", "hs_pl_12"]

b
"supply_11": {
"analyticalModel": {
"name": "computeMetrics",
"ns": "http://repository.vsnet.gmu.edu/process/mfgServiceNetwork/composite/serviceNetwork/lib/service_network.jqg"},
"inputThru": {},
"outputThru": {"Alumina": {"v": {"decimal?": null}, "1b": 0},
"Accessories package": {"v": {"decimal?": null},"1b": 0}},
"internalIltems": ["Alumina", "Accessories package"],
"subProcesses": ["alumina_vendor_12", "accessories_vendor_12" ]
}'
"demand_11": {

"analyticalModel": {
"name": "computeMetrics",
"ns": "http://repository.vsnet.gmu.edu/process/mfgServiceNetwork/components/demand/lib/demand.jq"
b
"inputThru": {"Heat Sink": {"v": 2,"1b": 2 }},
"outputThru": {3},
"co2perUnit": {},
“ppu”: {}




Service network analytic model

supply_chainjg =

20
21
23
24

75

26

46

47

49
58

57

declare function ns:computeMetrics{&input]d
let 3$rootProcess := $input.input.root l\
let sSoutput:= ns:computeSCmetrics($input.input.kb, $input.config,
$rootProcess)
return %output.$rootProcess
I
declare function ns:computeSCmetrics($stepsInputs, $config,
$rootProcess){
let
¢stepInput := $stepsInputs.$roctProcess,
$analyticalModel := $stepInput.analyticalModel,
$processMetrics := {},
$processMetrics := {|
if (not fn:matches($analyticalModel.ns,"supply_chain.jqg")) then
ns:evaluateAtomicProcesses({input: %$stepInput, config: Sconfig}
else
let $subProcessMetrics :=
for $p in $stepInput.subProcesses|]
return ns:computeSCmetrics
($stepsInputs, $config, $pl,
smetrics := ns:metricAggr(
for $p in SstepInput.subProcesses|]
return $subFrocessMetrics.$p.metricValues),
$inputThru := $stepInput.inputThru,
$outputThru := $stepInput.outputThru,
SsubProcessConstraints :=
every $p in $stepInput.subProcesses[] satisfies
$subProcessMetrics.$p.constraints,

ZboundConstraintsIT :=
every $i in keys(&inputThru) satisfies

cu:checkBounds($inputThru($i), $inputThru(si) ("v")
ShoundConstraints0T :=
every $o0 in keys(SoutputThru) satisfies
cu: checkBounds (SoutputThru($o), SoutputThru($e) ("v")),

O NEN W

supply_chain.jg

]

$processitems :=
fn:distinct-values|(( E
keys{sinputThru), keys($outputThru),
(for Sp in SstepInput.subProcesses|]
return
(keys($subProcessMetrics.$p.inputThru),
keys($subProcessMetrics. $p.outputThru))
1)),
$zeroSumConstraints :=
every i in SprocessItems
satisfies | let
Ssupply :=
(if(fn:exists($inputThru($i)("v"))) then
SinputThru($i)("v") else @) +
sum (for $p in $stepInput.subProcesses|[]
return $subProcessMetrics.Sp.outputThru($i)("v"))
sdemand :=
{if(fn:exists($outputThru($i)("v"))) then
SoutputThru($i) ("v") else 8) +
sum (for $p in $stepInput.subProcesses[]
return SsubProcessMetrics.$p.inputThrulsi)("v"))
return $supply ge $demand

L
$constraints := $subProcessConstraints and
$boundConstraintsIT and m
$boundConstraints0T and
$zeroSumConstraints,
srootProcessMetrics := {
analyticalModel:$stepInput.analyticalModel, n

inputThru: $inputThru,
outputThru: SoutputThru,
metricValues: $metrics,
constraints: Sconstraints



Service network analytic model (SV-AM): key steps

1. If Service atomic, invoke its corresponding AM
2. Else (* if service has sub-services *)

a.
b.
C.

Recursively invoke SV-AM for every sub-service
Aggregate metrics

Evaluate constraints, which comprise of:

1. All sub-service constraints

i1.  Bounds on Control (decision) variables

1. Zero-sum flow constraints

3. Return output that comprise of:

a.
b.
C.

Aggregated metrics

Evaluated constraints

For every descendent sub-service, its aggregated metrics &
evaluated constraints

EORGE

ON

UNIVERSITY



Architecture around NIST model repository
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User Roles
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DGMS Middleware
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Modelers Process Design Facility Vendors Supply Chain  Standards Development
Engineers Engineers Managers Managers Organizations (SDOs)
Information . . -
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Development and Discovery Tools Visual Analytics Process Technologies and Assessment
Environments (IDEs) Based Tools Composition Tools (CAx Tools) (LCI/LCA) Tools
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Total cost per part ($)

Example: Pareto front computation

4,560 =

4,550 =

4,540 —

4,530 —

4,520 —

4,510

4,500 —

4,490 -

4,480 —

4,470 -

4,460
484.94

T
484.96

T T
484.98 485.00

T
485.02

1 1 I I 1
485.04 485.06 485.08 485.10 485.12
Carbon emissions per part (kg)

T T
48514 485.16

T T T 1
485.18 485.20 485.22



Initial deployment architecture

_________________________________________________________________________________

GitLab
Browser-
based client

ATOM IDE

_______________________________________________________________________________

add,

commit,

REST call to Analytical
Function, e.g., argmin,
argmax




System workflow

Modeller/
Process
Engineer

Modeller/
Process
Engineer

?

Modeller/
Process
Engineer

T

.

& ATOM

IDE

v

IDE

5 ATOM

MIDDLEWARE | APPLICATIONS | USER ROLES

UMP PMs

%, v_ Unity UMP F’MS Unity
- v GitL DGMS v GitLab DGMS
> Solver

- QO —

2 2
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Outline

DG systems: need, challenges, vision

DG language & tool example:
DG Analytics Language (DGAL) & Management System (Unity DGMS)

DG application example:
* Manufacturing and supply service networks based on model repository

DG algorithm example:

* Optimizing multistage service networks based on preprocessing and decomposition

©

Broader view on DG research: languages/tools, algorithms, applications

Three grand challenges:

* [oT + DG = (Smart) Cyber Physical Service Networks
* Design (e.g., product, process, architectural, ...) + DG = (Smart) Parametric Design
* Public policy (e.g., renewable energy) + DG + Group decision methods = (Smart) public policy

Conclusions



Problem: cost minimization in
multistage production network

.
Assembly k-2 Assembly 4 Assembly 1
Machine 1 Machine 1 Machine 1
[ ] — [ 1 < I
I—l I—l Froduct 3 I—l
> EEEN >
Machine ng., Machine n4 Machine n4
FAroduct 1
)
Assembly k-1 Assembly 5 Assembly 2
Machine 1 Machine 1 Machine 1
[ ] — [ 1 < I
I—l I—l Produ t4 I—l
> EEEm > >
Machine ni_ Machine ns Machine n;
Assembly k Assembly 6 Assembly 3
Machine 1 Machine 1 Machine 1
[ ] — [ 1 < I
I—l I—l Product 5 I—l Product 2
> EEEm > >
Machine ng Machine ng Machine ns

m
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Multi-stage production optimization problem:

 Decision variables:

» For every machine: ON flag & thru (or low level
controls)

» thru of all flows
e (Constraints:
» For every machine:
o cost as a function of thru
o thru bounds
o input material g¢y as a function of output gty
» Zero-sum flow
» Demand satisfaction

* Objective: minimize total cost

© B1/GEORGE
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/

[

1

1

: Active[m] = 0 ==> Cost[m] = 0

1 ELSE Cost[m] = c3[m]*Q0ty[m] "3 + c2[m]*Qty[m] "2 + cl[m]*Qty[m] + cO[m];

: machine production {m IN Machines}:

1 Active[m] = 0 ==> MachQty[m] = 0

\

S ELSE MachQty[m] = Qty[m]; Z

MP Problem Formulation

MINIMIZE total cost:
SUM{m IN Machines} Cost[m];

machine operation {m IN Machines}:
MinQty[m] <= Qty[m] <= MaxQty[m];
machine cost {m IN Machines}:

assembly production {a IN Assemblies}:
AsmQty[a] = SUM{m IN Machines} Production[a,m] * MachQty[m];
product production {p IN Products}:
Produced[p] = SUM{a IN Assemblies} Output[p,al] * AsmQtylal;
demand vs produced {p IN Products}:
Producted[p] >= Demand[p] +
SUM{a IN Assemblies} Resourcesla,p] * AsmQtylal;



Intuition behind approximations and
problem decomposition

.
Assembly k-2 Assembly 4 Assembly 1
Machine 1 Machine 1 Machine 1
[ ] — [ 1 < I
I—l I—l Froduct 3 I—l
> EEEN >
Machine ng., Machine n4 Machine n4
FAroduct 1
)
Assembly k-1 Assembly 5 Assembly 2
Machine 1 Machine 1 Machine 1
[ ] — [ 1 < I
I—l I—l Produ t4 I—l
> EEEm > >
Machine ni_ Machine ns Machine n;
Assembly k Assembly 6 Assembly 3
Machine 1 Machine 1 Machine 1
[ ] — [ 1 < I
I—l I—l Product 5 I—l Product 2
> EEEm > >
Machine ng Machine ng Machine ns
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Principles of Preprocessing & Decomposition

min f(x) s.t. C(x)

of the form:

min fi(x;,0) + ... + fi(x,,)) ()
s.t. i) A ... AC(x.0) A Co(»)

Problem: xi, ..., x,may involve many finite domain or
binary variables

IIIIIIIIII



Decomposition Key Idea

©

Find optimal values for interface variables y and fix to decompose problem.
Define:  F\(y) = min,, fi(y, x1) Ky (y)= 3 x1) Gy, x1)

Fy(y) = min fuo(y, xp) Ky (n) = (3 xn) Co(y, Xn)

Step 1

Solve:  min Fi(y) + ... + F,(y) (I1)
s.t. Ki(w) N ... NK () N Cy(y)

Claim:

* A solution to (II) is a partial solution to the original problem, 1.e.,

if y* is a solution to (II) then there exists a solution (y*, x,", ..., x,") to (I)

* A solution to the original problem (I) gives a solution to (II), i.e.,
if ', x;°, ..., x,) is a solution to (I) then y* is a solution to (II) y

D1 GEOR

UNIVERSITY

Q
m



Decomposition Key Idea Cont.

Step 2
Solve:  min, fi(y",x1) s.t. Ci(y",x) (1)
min, f(y%, x,) st Co(V7, xp) (n)

Claim:  Step 1 and Step 2 give a solution to the original problem, i.e.,
if x;"isasolutionto (1), then (3", x;%, ...,x,")is a solution to (I)

X, is a solution to (n),

Essentially, Step 1 “decomposes”™ a (large) combinatorial problem into n (smaller)
combinatorial problems which areeasier to solve.

Problem:  Fy(y), ..., Fy(y) and K(), ..., K,(y) may not have
an analytical form to solve (II) using existing
solver technology (e.g., LP, MILP, QP, NLP, etc.) y

D1 GEOR
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Approach

Approximate F, ..., F, and K, ..., K, using smooth functions for which we can
use efficient solver techniques (LP, NLP, etc.).

Preprocessing:

. Partition input space y, solve sub-problem exactly to build lookup table

2. Regression analysis to learning smooth approximation of F, ..., F,, K3, ..., K,
On-line:

1. Solve (II) for y* using approximation for F, ..., F,and K ..., K,

2. Solve (1) ... (n) based on y*, find finite domain and binary variables x;, ..., x,
£ Solve original problem (I), where combinatorial part of the problem is fixed

using the solution from Step 2

/

D1 GEOR
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Online Decomposition Algorithm (ODA)

Offline

Decompose
problem into
components

\ 4

Scan output range
and solve MILP
for optimal config

Create problem
instance based on
dynamic params

\ 4

Replace static
components with
approximation

\ 4

Solve approx.
problem to fix
interface variable

Online

A

\ 4

Use look-up table
to fix the internal
variables

\ 4

Solve original
problem without
combinatorics

Use heuristic
search to select
from look-up table

Pause and do heuristic
search whenever any
improved feasible solution to
approx. problem is found
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Objective (cost)

Experimental Results
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Outline

DG systems: need, challenges, vision
DG language & tool example:
DG Analytics Language (DGAL) & Management System (Unity DGMS)

DG application example:
* Manufacturing and supply service networks based on model repository

DG algorithm example:

* Optimizing multistage service networks based on preprocessing and decomposition

Broader view on DG research: languages, algorithms, tools/applications

©

Three grand challenges:

* [oT + DG = (Smart) Cyber Physical Service Networks
* Design (e.g., product, process, architectural, ...) + DG = (Smart) Parametric Design
* Public policy (e.g., renewable energy) + DG + Group decision methods = (Smart) public policy

Conclusions



Broader overview of my DG research

©

DG languages, semantics & reductions

For DB application developers (SQL, Xquery, JSONiq)
For software developers (CoJava)
For domain specific end-users

DG algorithms

DG reduction algorithms

Process optimization by decomposition and pre-processing
Stochastic optimization of temporal processes through deterministic
approximations

Regression of n-dimensional piece-wise linear functions
Classification over multivariate time series

Top-K recommendations using simulation and regression
Probabilistic algorithms to optimize recommendation diversity

DG tools, systems & applications

Unity DGMS

Manufacturing, energy & power grids, supply chain, service networks, ...
Package and group recommender systems, €.g., for investment in

infrastructure, renewable energy, production capacity, ... ~
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Outline

DG systems: need, challenges, vision
DG language & tool example:
DG Analytics Language (DGAL) & Management System (Unity DGMS)

DG application example:
* Manufacturing and supply service networks based on model repository

DG algorithm example:

* Optimizing multistage service networks based on preprocessing and decomposition

Broader view on DG research: languages/tools, algorithms, applications

Three grand challenges:

* [oT + DG = (Smart) Cyber Physical Service Networks
* Design (e.g., product, process, architectural, ...) + DG = (Smart) Parametric Design

* Public policy (e.g., renewable energy) + DG + Group decision methods = (Smart) public policy

©

Conclusions



Question: IoT + 7 = Cyber Physical Systems

features Internet SOA IoT
Purpose & | Easy Easy integration of Easy development
value Sharing of web content | heterogeneous IT systems & operation of cyber
physical systems
(CPS)
Enable Web-content IT web services IoT-enabled cyber
sharing of physical services
(CPS)
Enablers: Internet protocols Web services protocols stack: IoT protocols stack
Stack:  REST or SOAP -service API
HTML, HTTP, TCP/IP |+ Internet stack
How to Web search Service discovery &
make sense composition:
of it? « WSDL — API description )

* UDDI - discovery
 BPEL — composition &
execution




Cyber physical systems =
execution of IoT services + DG analytics

Users or
Domain Specific Systems

Actuate How to actuate?

What is happening?
- Why did this happen?

- What will happen if ...?

-  How should we actuate?

Execution
System

CPS | g CPS. ?

Physical
Services
(CPS)

Physical or

Brick and Wearables Connected | Industrial
Mortar Cars Process
World
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Cyber physical systems =
execution of IoT services + DG analytics

Users or
Domain Specific Systems

Actuate How to actuate?

_ DGMS:
Egz;:‘;:“ Decision Guidance
Management System

toT cyber [JLCPS I PLCPS. _PM_ paMS
Physical Performance
Services Atomic Composite Atomic Composite B [T FIER(H))
(CPS)
E—

Physical or

Brick and Wearables Connected | Industrial
Mortar Cars Process
World
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Conclusions and future work

* Technical research challenges with impact on
real-world problems

* Main goal: a robust DGMS

 DBMS have revolutionized the development
of modern Information Systems

* Can DGMS have similar impact on the
development of Decision Guidance Systems?

* Can DGMS significantly simplify the
development of IoT cyber physical systems?
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