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W Model (recent 5-10 years) 
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Model Based Continuous Engineering (MBCE) 

Monitoring/ 

Market Analysis 

Customer 

Requirements 

System Design  

Development 

Testing 

Verification 

Validation 

Subsystem Design 

Integration 

Use models to create models 

Virtual / real environment 

System 

Requirements 

Deployment / 

Manufacturing 

Operations/ 

Maintenance 



© 2015 IBM Corporation 7 

Agenda 

 From SE to MBCE 

 AOW background  

 PORTALS 

 FAME 

 EMI 

 DANSE 

 Summary 



© 2015 IBM Corporation 8 

 System Complexity is increasing – manual decisions no longer possible 

 Solution approaches: 

– Levels of Abstraction 

• Mapping from Layer i (Requirements) to Layer i+1 (Architecture) 

– Separation of concerns 

• Multiple viewpoints: functional, technical, geometrical, safety, timing, … 

• Modeling Viewpoints vs. Analysis Viewpoints 

• Independent asynchronous development 

– Tools 

• Modeling 

– Component Based Design 

• Analysis 

– Domain specific tools  

– Extension of modeling tools 

– Black box integration  

– Custom optimization modeling 

 

Architectural Design 
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IBM’s Architecture Optimization Workbench Concept 
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Concise modeling =  SysML views  +  Data 

1 1 2 

3 2 

Table1 

Table2 

SysML view 

Pattern 

Table3 - connectors 

Catalog Data 

Optimization & Back annotation 

Resulting SysML view 
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 Large systems architectures are difficult to model 

– Lots of elements and details 

– Time consuming 

– Error prone 

 Concise Modeling – SysML models combined with tabular data 

– SysML depicts the system composition rules 

– Tables contain instantiations (catalogs of types and inventories of parts) 

 Component libraries 

 Optimization fills missing attribute values or inventory tables  

AOW uses Concise Modeling 
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 Paradigm shift: from Classification-by-Containment to Classification-by-Property 

– suggested by Parsons and Wand (2000) for information management 

– define things that possess properties 

• hierarchy of properties  

– no a-priory classification, open world assumption  

– classes are defined by set of properties 

• things could belong to many classes 

– instance, class and property bases 

 Main API: AttributeSet(A), where A is a set of attributes  

– returns instances that have all attributes in set A 

– e.g., AttributeSet({Cost}) returns all instances that have attribute “Cost” 

 Domain specific ontologies 

 Design Space Exploration (DSE) ontology 

– Attributes could be either variables or parameters 

– isSelected 

Semantic Middleware (SEMI) 
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Pluggable Analysis Viewpoints 

totalCost 𝑖 =  isSelected 𝑗 ∙ Cost 𝑗    ∀ 𝑖 ∈ AttributeSet totalCost

𝑗∈AttributeSet({Cost})

 

𝑡𝑜𝑡𝑎𝑙𝐶𝑜𝑠𝑡 = 

  𝑆𝑒𝑛𝑠𝑜𝑟𝑇𝑦𝑝𝑒 𝑗 . 𝐶𝑜𝑠𝑡 ∙ 𝑠𝑒𝑛𝑠𝑜𝑟 𝑖 𝑗

𝑖∈𝑆𝑒𝑛𝑠𝑜𝑟𝑠𝑗∈𝑆𝑒𝑛𝑠𝑜𝑟𝑇𝑦𝑝𝑒𝑠

+ ⋯

+   𝑆𝑤𝑖𝑡𝑐ℎ𝑇𝑦𝑝𝑒 𝑗 . 𝐶𝑜𝑠𝑡 ∙ 𝑠𝑤𝑖𝑡𝑐ℎ 𝑖 𝑗

𝑖∈𝑆𝑤𝑖𝑡𝑐ℎ𝑒𝑠𝑗∈𝑆𝑤𝑖𝑡𝑐ℎ𝑇𝑦𝑝𝑒𝑠
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Architectures on efficient frontier 

AOW allows for Multi Objective Optimization 

Optimization Problem 

Formulation (CPLEX) 
Calculation of Efficient Frontier Multi Objective visualization 
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Link_100097

DMS_Expanded.RDC @ Door 5_216:RDC

1 «block,VaryingPart» power:intdevice

network

Link_100098

Link_100095
Link_100093 Link_100044

Link_100097
Link_100098

Link_100095
Link_100093 Link_100044

Link_81075

DMS_Expanded.DoorClosedSensor @ Door 3_159:DoorClosedSensor

1 «block,VaryingPart» power:intoutput

Link_81075

Link_110103

DMS_Expanded.DoorClosedSensor @ Door 6_220:DoorClosedSensor

1 «block,VaryingPart» power:intoutput

Link_110103

DMS_Expanded.DoorLockActuator @ Door 2_154:DoorLockActuator

1 «block,VaryingPart» power:intcontrol
Link_72071Link_72071

DMS_Expanded.DoorLatchActuator @ Door 3_165:DoorLatchActuator

1 «block,VaryingPart» power:intcontrolLink_81079Link_81079

DMS_Expanded.RDC @ Door 1_145:RDC

1 «block,VaryingPart» power:intdevice

network

Link_65062

Link_65059

Link_65061

Link_65044

Link_65062

Link_65059

Link_65061

Link_65044

Link_110104

DMS_Expanded.DoorLockedSensor @ Door 6_222:DoorLockedSensor

1 «block» power:intoutput Link_110104

Link_40044

DMS_Expanded.Controller @ Avionics Bay_102:Controller

1 «block,VaryingPart» power:intnetwork Link_40044

DMS_Expanded.DoorLockActuator @ Door 6_226:DoorLockActuator

1 «block,VaryingPart» power:intcontrol

Link_110107Link_110107

DMS_Expanded.DoorClosedSensor @ Door 1_136:DoorClosedSensor

1 «block,VaryingPart» power:intoutput

Link_65058Link_65058

Selection of desired frontier 

Next iteration 

Cost         Weight       Reliability    Complexity 
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AOW Vision: Accelerate Smarter Architectural Decisions 

time 

Definition of design 

alternatives 

Analysis 

Review 

Architectural template 

definition 

Automated Design 

Space Exploration 

Review 
 Manual process 

– Mostly based on individual undocumented experience 

– Lots of reuse of previous designs 

– No assurance for solution optimality 

– Each additional design – linear effort 

 No formal capture of designs 

– Modeling for specific analysis types 

 Faster design 

 Smarter designs 

 Transparency, traceability 

 Knowledge capture and reuse 

 Optimization Capabilities in the 

hands of Architects 

N
O

W
 

W
it

h
 A

O
W
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Agenda 

 From SE to MBCE 

 AOW background  

 PORTALS 

 FAME 

 EMI 

 DANSE 

 Summary 
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PORTALS 

 PORTALS is a research project whose goal is  

– to create tools to assist requirements engineers in incrementally 

raising the formalization level of system requirements, and 

– to use formalized requirements to 

• provide feedback on the quality of the requirements (e.g., identifying 

omissions and contradictions), and 

• create downstream artifacts (e.g., models, monitors, tests, code) 
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PORTALS Architecture 

Formalized 

Requirements 

Engineering 

Knowledge 

Base 

Restricted 

Input 

Free Input, 

Watson Parser 

Requirement 

Analytics 

IoT 

Automation 

Asset-

Management 

Automation 

H
e
a
v
ie

r L
ig

h
te

r 
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Personas and interactions 

Node-RED 

Doors NG Portals Rhapsody 

Optimization 

Requirements 

Engineer 

Systems 

Engineer 

Hybrid 

Simulation 

Compose 

requirements 

Feedback 

on 

consistency 
Make design 

decisions 

Traceability 

Reason about 

requirements 

and models 

Generate 

Artifacts 
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Scenario 1: WorkRight Fall Shield 

if "an employee" falls then "the system" shall send 

[an abstract entity] "an SMS" (direction) "manager" 

of "the employee's"  

1. Requirement in DOORS 

2. Paraphrase by PORTALS 

3. Process Model 

4. Implementation 

in Node-RED 
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Scenario 2: IoT Pump 

if "vibration" of "the pump's" is greater than 100 Hz 

(duration) 2 min then "?" shall send [a role entity] 

"a technician" (duration) 24 hr; (direction) "the 

pump"  

1. Requirement in DOORS 

2. Paraphrase by PORTALS 

3. Process Model 

4. Implementation 

in Node-RED 
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Engineering Knowledge Base: WorkRight Catalog 

Services Actions Events Devices / Systems 

 WorkRight 

 

Fall 

Detection 

R
a

d
a

r 

A
c

c
e

le
ro

m
e

te
r 

Overexertion 

H
e

a
rt

 R
a

te
 

B
o

d
y
 T

e
m

p
e
ra

tu
re

 

S
w

e
a
t 

&
 T

e
a
rs

 
iPhone 

Accelerometer 

Orientation 

Vibration 

Send SMS 

Device ID 

Owner ID 

TI SensorTag 

Device ID 

Accelerometer 

Temperature 

Fever Smart 

Device ID 

Temperature 

Send SMS 
Send 

SMS 

Send 

Mail 

Vibrate 

Device ID  

To 

Person 

Employee 

To 

Manager 
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Engineering Knowledge Base: IoT Catalog 

Services Actions Events Devices / Systems 

 Pump 

 
Check Bound 

E
le

c
tr

ic
 T

h
re

s
h

o
ld

 

D
u

ra
ti

o
n

 

F
re

q
u

e
n

c
y
  

Pump 

Device ID 

Accelerometer 

Location 

Send SMS 
Send 

SMS 

Send 

Role 

Send 

Mail 

Device ID  

To 

Location 

Acceleration 

To 

Vibration 

Check Range 

E
le

c
tr

ic
 T

h
re

s
h

o
ld

 

D
u

ra
ti

o
n

 

F
re

q
u

e
n

c
y
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 From SE to MBCE 
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 Summary 
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 Joint project with Lockheed Martin 

 Currently: Tools exist for product optimization and operations optimization with no 

links in between 

 Goal: Reduce operating costs by optimizing the product (and not the operations) 

Maintenance Operation 

Building &Operating Airplanes 

Engineering Manufacturing 

Designing Airplanes 

Solution: 

• Use design models to find optimal operation strategies (e.g. maintenance) 

• Use design models for asset management tools customization 

Information 

Gap 

FAME: Framework for Affordability Modeling & Evaluation 
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 Metrics 

– Production costs (up-front materials & 

fabrication) 

– Mission costs (vessel & crew for vehicle 

deployment & recovery) 

– Maintenance costs (planned upkeep & 

corrective repairs) 

– Availability (is the vehicle operational when 

it is needed) 

 UUV designs are valuated using LM 

Palm Beach CAUSE analysis tool 

(Conceptual Automated UUV Sizing 

Environment) 

FAME Use Case: Unmanned Underwater Vehicle 

Selection of Vehicle Architecture 

Directly Influences Cost and 

Availability Metrics 
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FAME New Capabilities 

 Definition of libraries to capture reusable common metrics and 

processes 

– Key metrics: life cycle cost & system availability 

 Expansion of user viewpoints feeding optimization 

– External legacy analysis models 

• Ability to protect IP of source models through “Black Box” integration 

– Existing operational data from procurement, fabrication, and operations & 

maintenance systems 

FAME Enhances Reuse and Usability Features of AOW 



External Data 

Sources 

Management 

Platform 

 GUI 

SysML Model 

Concise Model 

Catalogs 

FAME  
Framework for Affordability Modeling & Evaluation 

Legacy Systems, 

Simulations 

Libraries 
Metrics 

Models 

Optimization 

Engine 

Data Integration 

Metrics Definition 

CAUSE

Operational 

Data 



External Data 

Sources 

Management 

Platform 

 GUI 

SysML Model 

Concise Model 

Catalogs 

FAME  
Framework for Affordability Modeling & Evaluation 

Operational 

Data 

Legacy Systems, 

Simulations 

Libraries 
Metrics 

Models 

Optimization 

Engine 

Data Integration 

Metrics Definition 

CAUSE



Metrics for Affordability 

External / User-Defined Metrics 

Library 

Metrics 

Total Lifecycle Cost 
What is the total cost profile over the 

useful life of the system? 

Reliability 

System Availability 
Will the system work as 

required, when required? 

Production Cost 

Cost of Design, 

Materials, & Fab 

Mission Costs 

Cost of  Mission Ops 

& Single-Use Assets 

Maintenance Frequency 

Maintenance Cost 

Mean Down 

Time 

Component 

Failure Rates 

FAME Data Sources 

Planned & Unplanned 

Maintenance  Costs 

Repair 

Time 

Qualitative 
Aesthetics… Usability…  

Product Line Continuity… 

Quantitative 
Endurance… Weight… 

Volume… Stability… 

Balancing top level metrics = maximizing value to achieve affordability 

Component Catalogs 
Goal Metric 
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Metrics Library Concept 

 SysML Parametric Diagram notation captures the attributes and formulas 

that define Goal Metrics for the optimization 

 Blocks define sets of attributes required of architecture elements to support 

computing the given metrics 

– Block elements are classification-by-property attribute sets 

– Architecture elements can inherit attribute sets 

Common Library Metrics Are Independent of a 

Particular Design or Domain Model 
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FAME Metrics Library 

par [Package] T otalAvailabil i tyMetric [TotalAvailabil i ty]

TotalAvailabil i tyCalc

1 «SetResolver»

Constraints

«sow_optimization» {{taCalc} forall(i) ta[i] = mttf[i ] / (mdt[i] + mttf[i ])}

i

mdt

mttf

ta
TotalMDTCalc

1 «SetResolver»

Constraints

«sow_optimization» {{mdtCalc} forall(i) mdt[i] = logTime[i] + mttr[i ]}

i

mttr

logTime

mdt

TotalLogT imeCalc

1 «SetResolver»

Constraints

{{LTCalc1} forall(i) totalLT [i] = sum(n) logTime[n] * (1 - exp(-logTime[n] / mttf[n])) / mttf[n] / sum(n) 1/mttf[n]}

i

n mttflogTime

totalLT

BBSync

1 «SetFilter»

Constraints

{{sync} sysId[n] = id[i]}

sysId

idi

n

BBSync_copy

1 «SetFilter»

Constraints

{{sync} sysId[k] = id[i]}

sysId

id i

k

TotalMT TRT imeCalc

1 «SetResolver»

Constraints

{{LTCalc1} forall(i) totalMT TR[i] = sum(k) repairTime[k] / mttf[k] / sum(k) 1 / mttf[k]}

i

k

mttf

repairTime

totalMTT R

itsLogisticsElements:Logist icsElements
1 «AttributeSet»

LogisticsT ime:float

«Attribute»

MTT F:float

«Attribute»

subSysId:int

«Attribute»

itsTotalAvailabilityElements:TotalAvailabilityElements

1 «AttributeSet»

TotalMDT:float

«Attribute»

TotalLogT ime:float

«Attribute»

TotalMT TR:float

«Attribute»

sysId:int

«Attribute»

TotalMT TF:float

«Attribute»

TotalAvailabil i ty:float

«Attribute»

itsMTTRElements:MTTRElements
1 «AttributeSet»

subSysId:int

«Attribute»

RepairT ime:float

«Attribute»

MTT F:float

«Attribute»

System Availability 
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FAME Metrics Library 

par [Package] T otalAvailabil i tyMetric [TotalAvailabil i ty]

TotalAvailabil i tyCalc

1 «SetResolver»

Constraints

«sow_optimization» {{taCalc} forall(i) ta[i] = mttf[i ] / (mdt[i] + mttf[i ])}

i

mdt

mttf

ta
TotalMDTCalc

1 «SetResolver»

Constraints

«sow_optimization» {{mdtCalc} forall(i) mdt[i] = logTime[i] + mttr[i ]}

i

mttr

logTime

mdt

TotalLogT imeCalc

1 «SetResolver»

Constraints

{{LTCalc1} forall(i) totalLT [i] = sum(n) logTime[n] * (1 - exp(-logTime[n] / mttf[n])) / mttf[n] / sum(n) 1/mttf[n]}

i

n mttflogTime

totalLT

BBSync

1 «SetFilter»

Constraints

{{sync} sysId[n] = id[i]}

sysId

idi

n

BBSync_copy

1 «SetFilter»

Constraints

{{sync} sysId[k] = id[i]}

sysId

id i

k

TotalMT TRT imeCalc

1 «SetResolver»

Constraints

{{LTCalc1} forall(i) totalMT TR[i] = sum(k) repairTime[k] / mttf[k] / sum(k) 1 / mttf[k]}

i

k

mttf

repairTime

totalMTT R

itsLogisticsElements:Logist icsElements
1 «AttributeSet»

LogisticsT ime:float

«Attribute»

MTT F:float

«Attribute»

subSysId:int

«Attribute»

itsTotalAvailabilityElements:TotalAvailabilityElements

1 «AttributeSet»

TotalMDT:float

«Attribute»

TotalLogT ime:float

«Attribute»

TotalMT TR:float

«Attribute»

sysId:int

«Attribute»

TotalMT TF:float

«Attribute»

TotalAvailabil i ty:float

«Attribute»

itsMTTRElements:MTTRElements
1 «AttributeSet»

subSysId:int

«Attribute»

RepairT ime:float

«Attribute»

MTT F:float

«Attribute»

par [Package] T otalAvailabil i tyMetric [TotalAvailabil i ty]

TotalAvailabil i tyCalc

1 «SetResolver»

Constraints

«sow_optimization» {{taCalc} forall(i) ta[i] = mttf[i ] / (mdt[i] + mttf[i ])}

i

mdt

mttf

ta
TotalMDTCalc

1 «SetResolver»

Constraints

«sow_optimization» {{mdtCalc} forall(i) mdt[i] = logTime[i] + mttr[i ]}

i

mttr

logTime

mdt

TotalLogT imeCalc

1 «SetResolver»

Constraints

{{LTCalc1} forall(i) totalLT [i] = sum(n) logTime[n] * (1 - exp(-logTime[n] / mttf[n])) / mttf[n] / sum(n) 1/mttf[n]}

i

n mttflogTime

totalLT

BBSync

1 «SetFilter»

Constraints

{{sync} sysId[n] = id[i]}

sysId

idi

n

BBSync_copy

1 «SetFilter»

Constraints

{{sync} sysId[k] = id[i]}

sysId

id i

k

TotalMT TRT imeCalc

1 «SetResolver»

Constraints

{{LTCalc1} forall(i) totalMT TR[i] = sum(k) repairTime[k] / mttf[k] / sum(k) 1 / mttf[k]}

i

k

mttf

repairTime

totalMTT R

itsLogisticsElements:Logist icsElements
1 «AttributeSet»

LogisticsT ime:float

«Attribute»

MTT F:float

«Attribute»

subSysId:int

«Attribute»

itsTotalAvailabilityElements:TotalAvailabilityElements

1 «AttributeSet»

TotalMDT:float

«Attribute»

TotalLogT ime:float

«Attribute»

TotalMT TR:float

«Attribute»

sysId:int

«Attribute»

TotalMT TF:float

«Attribute»

TotalAvailabil i ty:float

«Attribute»

itsMTTRElements:MTTRElements
1 «AttributeSet»

subSysId:int

«Attribute»

RepairT ime:float

«Attribute»

MTT F:float

«Attribute»

par [Package] T otalAvailabil i tyMetric [TotalAvailabil i ty]

TotalAvailabil i tyCalc

1 «SetResolver»

Constraints

«sow_optimization» {{taCalc} forall(i) ta[i] = mttf[i ] / (mdt[i] + mttf[i ])}

i

mdt

mttf

ta
TotalMDTCalc

1 «SetResolver»

Constraints

«sow_optimization» {{mdtCalc} forall(i) mdt[i] = logTime[i] + mttr[i ]}

i

mttr

logTime

mdt

TotalLogT imeCalc

1 «SetResolver»

Constraints

{{LTCalc1} forall(i) totalLT [i] = sum(n) logTime[n] * (1 - exp(-logTime[n] / mttf[n])) / mttf[n] / sum(n) 1/mttf[n]}

i

n mttflogTime

totalLT

BBSync

1 «SetFilter»

Constraints

{{sync} sysId[n] = id[i]}

sysId

idi

n

BBSync_copy

1 «SetFilter»

Constraints

{{sync} sysId[k] = id[i]}

sysId

id i

k

TotalMT TRT imeCalc

1 «SetResolver»

Constraints

{{LTCalc1} forall(i) totalMT TR[i] = sum(k) repairTime[k] / mttf[k] / sum(k) 1 / mttf[k]}

i

k

mttf

repairTime

totalMTT R

itsLogisticsElements:Logist icsElements
1 «AttributeSet»

LogisticsT ime:float

«Attribute»

MTT F:float

«Attribute»

subSysId:int

«Attribute»

itsTotalAvailabilityElements:TotalAvailabilityElements

1 «AttributeSet»

TotalMDT:float

«Attribute»

TotalLogT ime:float

«Attribute»

TotalMT TR:float

«Attribute»

sysId:int

«Attribute»

TotalMT TF:float

«Attribute»

TotalAvailabil i ty:float

«Attribute»

itsMTTRElements:MTTRElements
1 «AttributeSet»

subSysId:int

«Attribute»

RepairT ime:float

«Attribute»

MTT F:float

«Attribute»

Attribute values for each 
subsystem are provided from 
CAUSE (MTTF) and concise 
catalog (Repair Time). 

• Metric formula is entered as a constraint property 
in simplified OPL notation 

• Does not require attribute filtering expression 
in the formula- provided by attribute blocks 

• Able to use local attribute names, shorter 
than model attribute names 

System Availability 
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FAME Metrics Library 

par [Package] T otalAvailabil i tyMetric [TotalAvailabil i ty]

TotalAvailabil i tyCalc

1 «SetResolver»

Constraints

«sow_optimization» {{taCalc} forall(i) ta[i] = mttf[i ] / (mdt[i] + mttf[i ])}

i

mdt

mttf

ta
TotalMDTCalc

1 «SetResolver»

Constraints

«sow_optimization» {{mdtCalc} forall(i) mdt[i] = logTime[i] + mttr[i ]}

i

mttr

logTime

mdt

TotalLogT imeCalc

1 «SetResolver»

Constraints

{{LTCalc1} forall(i) totalLT [i] = sum(n) logTime[n] * (1 - exp(-logTime[n] / mttf[n])) / mttf[n] / sum(n) 1/mttf[n]}

i

n mttflogTime

totalLT

BBSync

1 «SetFilter»

Constraints

{{sync} sysId[n] = id[i]}

sysId

idi

n

BBSync_copy

1 «SetFilter»

Constraints

{{sync} sysId[k] = id[i]}

sysId

id i

k

TotalMT TRT imeCalc

1 «SetResolver»

Constraints

{{LTCalc1} forall(i) totalMT TR[i] = sum(k) repairTime[k] / mttf[k] / sum(k) 1 / mttf[k]}

i

k

mttf

repairTime

totalMTT R

itsLogisticsElements:Logist icsElements
1 «AttributeSet»

LogisticsT ime:float

«Attribute»

MTT F:float

«Attribute»

subSysId:int

«Attribute»

itsTotalAvailabilityElements:TotalAvailabilityElements

1 «AttributeSet»

TotalMDT:float

«Attribute»

TotalLogT ime:float

«Attribute»

TotalMT TR:float

«Attribute»

sysId:int

«Attribute»

TotalMT TF:float

«Attribute»

TotalAvailabil i ty:float

«Attribute»

itsMTTRElements:MTTRElements
1 «AttributeSet»

subSysId:int

«Attribute»

RepairT ime:float

«Attribute»

MTT F:float

«Attribute»

par [Package] T otalAvailabil i tyMetric [TotalAvailabil i ty]

TotalAvailabil i tyCalc

1 «SetResolver»

Constraints

«sow_optimization» {{taCalc} forall(i) ta[i] = mttf[i ] / (mdt[i] + mttf[i ])}

i

mdt

mttf

ta
TotalMDTCalc

1 «SetResolver»

Constraints

«sow_optimization» {{mdtCalc} forall(i) mdt[i] = logTime[i] + mttr[i ]}

i

mttr

logTime

mdt

TotalLogT imeCalc

1 «SetResolver»

Constraints

{{LTCalc1} forall(i) totalLT [i] = sum(n) logTime[n] * (1 - exp(-logTime[n] / mttf[n])) / mttf[n] / sum(n) 1/mttf[n]}

i

n mttflogTime

totalLT

BBSync

1 «SetFilter»

Constraints

{{sync} sysId[n] = id[i]}

sysId

idi

n

BBSync_copy

1 «SetFilter»

Constraints

{{sync} sysId[k] = id[i]}

sysId

id i

k

TotalMT TRT imeCalc

1 «SetResolver»

Constraints

{{LTCalc1} forall(i) totalMT TR[i] = sum(k) repairTime[k] / mttf[k] / sum(k) 1 / mttf[k]}

i

k

mttf

repairTime

totalMTT R

itsLogisticsElements:Logist icsElements
1 «AttributeSet»

LogisticsT ime:float

«Attribute»

MTT F:float

«Attribute»

subSysId:int

«Attribute»

itsTotalAvailabilityElements:TotalAvailabilityElements

1 «AttributeSet»

TotalMDT:float

«Attribute»

TotalLogT ime:float

«Attribute»

TotalMT TR:float

«Attribute»

sysId:int

«Attribute»

TotalMT TF:float

«Attribute»

TotalAvailabil i ty:float

«Attribute»

itsMTTRElements:MTTRElements
1 «AttributeSet»

subSysId:int

«Attribute»

RepairT ime:float

«Attribute»

MTT F:float

«Attribute»

par [Package] T otalAvailabil i tyMetric [TotalAvailabil i ty]

TotalAvailabil i tyCalc

1 «SetResolver»

Constraints

«sow_optimization» {{taCalc} forall(i) ta[i] = mttf[i ] / (mdt[i] + mttf[i ])}

i

mdt

mttf

ta
TotalMDTCalc

1 «SetResolver»

Constraints

«sow_optimization» {{mdtCalc} forall(i) mdt[i] = logTime[i] + mttr[i ]}

i

mttr

logTime

mdt

TotalLogT imeCalc

1 «SetResolver»

Constraints

{{LTCalc1} forall(i) totalLT [i] = sum(n) logTime[n] * (1 - exp(-logTime[n] / mttf[n])) / mttf[n] / sum(n) 1/mttf[n]}

i

n mttflogTime

totalLT

BBSync

1 «SetFilter»

Constraints

{{sync} sysId[n] = id[i]}

sysId

idi

n

BBSync_copy

1 «SetFilter»

Constraints

{{sync} sysId[k] = id[i]}

sysId

id i

k

TotalMT TRT imeCalc

1 «SetResolver»

Constraints

{{LTCalc1} forall(i) totalMT TR[i] = sum(k) repairTime[k] / mttf[k] / sum(k) 1 / mttf[k]}

i

k

mttf

repairTime

totalMTT R

itsLogisticsElements:Logist icsElements
1 «AttributeSet»

LogisticsT ime:float

«Attribute»

MTT F:float

«Attribute»

subSysId:int

«Attribute»

itsTotalAvailabilityElements:TotalAvailabilityElements

1 «AttributeSet»

TotalMDT:float

«Attribute»

TotalLogT ime:float

«Attribute»

TotalMT TR:float

«Attribute»

sysId:int

«Attribute»

TotalMT TF:float

«Attribute»

TotalAvailabil i ty:float

«Attribute»

itsMTTRElements:MTTRElements
1 «AttributeSet»

subSysId:int

«Attribute»

RepairT ime:float

«Attribute»

MTT F:float

«Attribute»

Total MTTR & 
Logistics Time 
Computed from 
Subsystems 

Total MTTF 
from CAUSE 

System Availability 
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FAME Metrics Library 

par [Package] T otalAvailabil i tyMetric [TotalAvailabil i ty]

TotalAvailabil i tyCalc

1 «SetResolver»

Constraints

«sow_optimization» {{taCalc} forall(i) ta[i] = mttf[i ] / (mdt[i] + mttf[i ])}

i

mdt

mttf

ta
TotalMDTCalc

1 «SetResolver»

Constraints

«sow_optimization» {{mdtCalc} forall(i) mdt[i] = logTime[i] + mttr[i ]}

i

mttr

logTime

mdt

TotalLogT imeCalc

1 «SetResolver»

Constraints

{{LTCalc1} forall(i) totalLT [i] = sum(n) logTime[n] * (1 - exp(-logTime[n] / mttf[n])) / mttf[n] / sum(n) 1/mttf[n]}

i

n mttflogTime

totalLT

BBSync

1 «SetFilter»

Constraints

{{sync} sysId[n] = id[i]}

sysId

idi

n

BBSync_copy

1 «SetFilter»

Constraints

{{sync} sysId[k] = id[i]}

sysId

id i

k

TotalMT TRT imeCalc

1 «SetResolver»

Constraints

{{LTCalc1} forall(i) totalMT TR[i] = sum(k) repairTime[k] / mttf[k] / sum(k) 1 / mttf[k]}

i

k

mttf

repairTime

totalMTT R

itsLogisticsElements:Logist icsElements
1 «AttributeSet»

LogisticsT ime:float
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System Availability is a Goal 
Metric for Optimization, 
computed at the vehicle-level 

𝑨𝑶 =
𝑴𝑻𝑻𝑭𝑻𝒐𝒕𝒂𝒍

𝑴𝑫𝑻𝑻𝒐𝒕𝒂𝒍 + 𝑴𝑻𝑻𝑭𝑻𝒐𝒕𝒂𝒍
 

𝑴𝑫𝑻𝑻𝒐𝒕𝒂𝒍

= 𝑳𝒐𝒈𝑻𝒊𝒎𝒆𝑻𝒐𝒕𝒂𝒍

+ 𝑴𝑻𝑻𝑹𝑻𝒐𝒕𝒂𝒍 

“For all i”  for each 
candidate instance of the 
vehicle architecture, AO 
metric is computed 

System Availability 



External Data 

Sources 

Management 

Platform 

 GUI 

SysML Model 

Concise Model 

Catalogs 

FAME  
Framework for Affordability Modeling & Evaluation 

Operational 

Data 

Legacy Systems, 

Simulations 

Libraries 
Metrics 

Models 

Optimization 

Engine 

Data Integration 

Metrics Definition 

CAUSE
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Catalog Data 
 Subsystem catalogs include key parameters differentiating physical options for 

each subsystem 

– Reliability Parameters 

• Maintenance Frequency 

• Maintenance Duration 

• Redundancy 

– Cost Parameters 

• Per-Mission Operations Cost 

Propulsion Catalog 

Energy Catalog 

FAME Users Define Cost & Performance Characteristics 

of Trade Options in Concise Catalog 

*NOTE: Numerical values are fictional, not actual, and intended only to demonstrate the functionality of FAME. 
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Integration of Legacy Analyses 

 LM CAUSE is represented in FAME as a black box entity to protect IP 

 Inputs & outputs are captured as an approximation model connected to the 

UUV Concise Model 

 FAME can also integrate legacy analyses as white / gray box models 

Input Combinations CSV inputs/outptuts table(s) 

“Black Box” 
 

Payload 
  Size 
  Weight 
  Power 

Mission 
  Range 
  Speed 
  Depth 
  Current 
  Salinity 

Design Constraints 
Subsystem Configuration 

CAUSE 

Payload 
  Size 
  Weight 
  Power 

Mission 
  Range 
  Speed 
  Depth 
  Current 
  Salinity 

Design Constraints 
Subsystem Configuration 

Vehicle Dimensions 
Vehicle Weight 
Subsystem Sizes   
Subsystem Weights 
Vehicle Reliability 
Vehicle Cost 

Black Box Integration Provides a Method to Protect Intellectual Property  
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Operational data 

MaintenanceLog

«DataSet»

Values

downTime:double

duration:double

frequency:double

maintenanceID:int

maintenanceTime:d...

PartID:int

subSystemID:int

vehicleID:int

PartFailureRecord

«DataSet»

Values

faultDate:double

faultID:int

faultLevel:double

missionID:int

partID:int

systemID:int

vehicleID:int

VehiclePerformance

«DataSet»

Values

attribute_0:int

missionDate:double

missionDesc:RhpString

missionDuration:double

missionID:double

missionType:double

vehicleInstID:double

vehicleModel:double

vehicleStability:double

vehRecoverSuccessRate:double

vehRecoveryTime:double

ProductionData

«DataSet»

Values

assemblyDuration:double

labor:double

laborRate:double

prodID:int

subSystemID:int

supportMaterialsCost:double

systemID:int

vehicleID:int

ProcurementData

«DataSet»

Values

partCost:double

partDefectRate:double

partID:int

partLeadTime:double

prodID:int

SupplierID:int

SupplierName:string

suppQualityRating:double

SystemId:int

• Large data set 

• Different structure / sources/ 

formats 

 

Catalog data 

• Catalog data – small data set 

• Input for the Optimization 

Engine 

Energy 

Propulsion 

Labor Cost 

Labor Cost 

Operational data integration 

How to fill the 

Manufacturing 

Labor Time 

attribute with 

measured 

Operational 

Data? 

 Operational data provides the opportunity to enhance trade assessments 
with real measured cost and performance values for trade options 

 Operational data is often in a format that does not readily support direct 
processing in trade metrics 

 Challenge: how to integrate Operational Data with Data for Optimization? 

*NOTE: Numerical values are fictional, not actual, and intended only to demonstrate the functionality of FAME. 



Operational data integration 

Operational data 

MaintenanceLog

«DataSet»

Values

downTime:double

duration:double

frequency:double

maintenanceID:int

maintenanceTime:d...

PartID:int

subSystemID:int

vehicleID:int

PartFailureRecord

«DataSet»

Values

faultDate:double

faultID:int

faultLevel:double

missionID:int

partID:int

systemID:int

vehicleID:int

VehiclePerformance

«DataSet»

Values

attribute_0:int

missionDate:double

missionDesc:RhpString

missionDuration:double

missionID:double

missionType:double

vehicleInstID:double

vehicleModel:double

vehicleStability:double

vehRecoverSuccessRate:double

vehRecoveryTime:double

ProductionData

«DataSet»

Values

assemblyDuration:double

labor:double

laborRate:double

prodID:int

subSystemID:int

supportMaterialsCost:double

systemID:int

vehicleID:int

ProcurementData

«DataSet»

Values

partCost:double

partDefectRate:double

partID:int

partLeadTime:double

prodID:int

SupplierID:int

SupplierName:string

suppQualityRating:double

SystemId:int

• Large data set 

• Different structure / sources/ 

formats 

 

Use data flow 

definition & apply 

data transformation 

Catalog data 

• Catalog data – small data set 

• Input for the Optimization 

Engine 

Energy 

Propulsion 

Labor Cost 

Labor Cost 

*NOTE: Numerical values are fictional, not actual, and intended only to demonstrate the functionality of FAME. 



Operational data integration 

Operational data 

MaintenanceLog

«DataSet»

Values

downTime:double

duration:double

frequency:double

maintenanceID:int

maintenanceTime:d...

PartID:int

subSystemID:int

vehicleID:int

PartFailureRecord

«DataSet»

Values

faultDate:double

faultID:int

faultLevel:double

missionID:int

partID:int

systemID:int

vehicleID:int

VehiclePerformance

«DataSet»

Values

attribute_0:int

missionDate:double

missionDesc:RhpString

missionDuration:double

missionID:double

missionType:double

vehicleInstID:double

vehicleModel:double

vehicleStability:double

vehRecoverSuccessRate:double

vehRecoveryTime:double

ProductionData

«DataSet»

Values

assemblyDuration:double

labor:double

laborRate:double

prodID:int

subSystemID:int

supportMaterialsCost:double

systemID:int

vehicleID:int

ProcurementData

«DataSet»

Values

partCost:double

partDefectRate:double

partID:int

partLeadTime:double

prodID:int

SupplierID:int

SupplierName:string

suppQualityRating:double

SystemId:int

• Large data set 

• Different structure / sources/ 

formats 

 

Catalog data 

• Catalog data – small data set 

• Input for the Optimization 

Engine 

Energy 

Propulsion 

Labor Cost 

Labor Cost 

Use Data flow (stage) definition in 

Rhapsody ,  

Apply this flow on a data flow engine 

Solution: IBM SPSS Modeler 

*NOTE: Numerical values are fictional, not actual, and intended only to demonstrate the functionality of FAME. 



CAUSE data for Propulsion 

Catalog data for Propulsion 
The 

Catalog ID 
IDs to correlate with 

Cause data 

Extract from the 

Manufacturing 

Operational Data 

 

Input 

configuration 
The CAUSE 

data ID 
CAUSE output 

id IN_SUB_propulsor_num IN_SUB_propulsor_redundancy IN_SUB_propulsor_type IN_SUB_propulsor_ducted OUT_propulsor_volume OUT_Propulsor_Diameter ConfigId MC_mttf_effective LaborTime UnitCost

38000000 1 0 1 1 46623.73928 1.854019446 1 1414788.576

38000001 1 0 1 1 25056.1019 1.507277846 2 1414788.576

38000002 1 0 1 1 29362.26699 1.58912605 3 1414788.576

38000003 2 1 1 0 30295.79777 2.538524122 4 1414788.576

38000004 2 1 1 0 15009.18252 2.008299673 5 1414788.576

38000005 2 1 1 0 17916.54636 2.130503092 6 1414788.576

38000006 1 0 1 1 40343.11383 1.766702423 7 1414788.576

38000007 1 0 1 1 21896.15111 1.441028037 8 1414788.576

38000008 1 0 1 1 25601.59441 1.518140726 9 1414788.576

38000009 2 1 1 0 22266.38015 2.290718725 10 1414788.576

38000010 2 1 1 0 11369.15381 1.830556296 11 1414788.576

38000011 2 1 1 0 13478.6919 1.937515851 12 1414788.576

38000012 1 0 1 1 72774.70175 2.150687199 13 1416132.738

38000013 1 0 1 1 32002.71957 1.635370011 14 1416132.738

38000014 1 0 1 1 39260.15966 1.750703655 15 1416132.738

38000015 2 1 1 0 53788.75534 3.074053136 16 1416132.738

id IN_SUB_propulsor_typeIN_SUB_propulsor_ductedIN_SUB_propulsor_redundancyIN_SUB_propulsor_numMaintenanceFreqMaintenancePlanCostMaintenanceUnPlanCostLogisticsTime NumOfSpares RepairTime name

16100000 1 1 0 1 35 4000 6000 6000 1 24 Single_Duct_NoRed

16100001 1 0 1 2 35 6000 6000 4000 2 18 Double_Open_Redun

Operational Data Integration 

*NOTE: Numerical values are fictional, not actual, and intended only to demonstrate the functionality of FAME. 

UUV production data modeled after SAP schema Additional data input supports 

mapping operational data to 

catalog 

Manufacturing data 
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The SPSS Process for Energy 

Prepare the Data Prediction  

Models 
Output 
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SPSS Results for Energy  

Predictions 

CAUSE does not have cost 

prediction for Future Battery SPSS prediction capability 

evaluates Future Battery Unit  

Cost 

*NOTE: Numerical values are fictional, not actual, and intended only to demonstrate the functionality of FAME. 
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Agenda 

 From SE to MBCE 

 AOW background  

 PORTALS 

 FAME 

 EMI 

 DANSE 

 Summary 
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EMI: Engineering Management Integrator 

 SE cycle vs Project Management Gantt 

 Cooperation instead of twisting arms 

 IBM Research – Technion collaboration  (Prof. Avy Shtub, Michal Iluz) 

 Integration of AOW with Project Team Builder (PTB) 
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Time Management for Architecture Optimization 

 Multi-mode Resource Constrained Project Scheduling Problem (MRCPSP) 

– project activities have several operational modes 

– each mode has its own duration and required set of resources 

– precedence constraints between activities 

– resources have a final capacity 

– solution defines the mode in which each activity is executed and schedules the activities 

 

 Adjusting MRCPSP to AO 

– Synchronization of mode selection with architectural decisions 

– Part time job intensity 

– Variable period lengths  

– … 
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Mathematical formulation - model 
AO-MRCPSP                                                Minimize {Cmax, D } (1) 

Subject to  

 𝑥𝑖𝑗

𝑗∈𝑀𝑖

= 1          ∀ 𝑖 ∈ 𝐴 
(2) 

𝑦𝑗𝑡 ≤ 𝑥𝑖𝑗           ∀ 𝑖 ∈ 𝐴, 𝑗 ∈ 𝑀𝑖 , 𝑡 ∈ 𝑃 (3) 

𝑤 ∙ 𝑦 𝑖𝑡 ≤  𝑦𝑗𝑡

𝑗∈𝑀𝑖

          ∀ 𝑖 ∈ 𝐴, 𝑡 ∈ 𝑃 
(4) 

𝑦 𝑖𝑡 ≥  𝑦𝑗𝑡

𝑗 ∈𝑀𝑖

          ∀ 𝑖 ∈ 𝐴, 𝑡 ∈ 𝑃 
(5) 

𝑠𝑖𝑡 ≤ 𝑠𝑖 ,𝑡+1          ∀ 𝑖 ∈ 𝐴, 𝑡 ∈ 𝑃|𝑡 < 𝑇 (6) 

𝑓𝑖𝑡 ≤ 𝑓𝑖 ,𝑡+1           ∀ 𝑖 ∈ 𝐴, 𝑡 ∈ 𝑃|𝑡 < 𝑇 (7) 

𝑠𝑖𝑡 ≥ 𝑦 𝑖𝑡            ∀ 𝑖 ∈ 𝐴, 𝑡 ∈ 𝑃 (8) 

𝑓𝑖𝑡 ≤ 1 − 𝑦 𝑖𝑡            ∀ 𝑖 ∈ 𝐴, 𝑡 ∈ 𝑃 (9) 

𝑦 𝑖𝑡 ≤ 𝑓𝑖 ′ 𝑡            ∀ 𝑖 ∈ 𝐴, 𝑖 ′ ∈ 𝐼𝑃𝑖 , 𝑡 ∈ 𝑃 (10) 

  𝑦𝑗𝑡 𝑝𝑡

𝑡∈𝑃𝑗∈𝑀𝑖

≥  𝑥𝑖𝑗 𝑑𝑗

𝑗∈𝑀𝑖

          ∀ 𝑖 ∈ 𝐴 
(11) 

 (𝑠𝑖𝑡 − 𝑓𝑖𝑡)𝑝𝑡

𝑡∈𝑃

≤ 𝑒  𝑥𝑖𝑗 𝑑𝑗

𝑗∈𝑀𝑖

           ∀ 𝑖 ∈ 𝐴 
(12) 
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Mathematical formulation - AOW 
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EMI Process 
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Development  and Analysis of a Simplified Doors Control System 

 

• Monitor and Control Passenger Doors, Emergency Exits, and Cargo Doors 

• Design a system out of existing components for best weight, cost, power etc. 

Airbus Group, Doors Management System 
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Development  and Analysis of a Doors and Slides Control System 

54 

Sensor

Actuator

Data 

Concentrator

Controller

Data 

Concentrator

Cable (Data and Power)

Switch

Switch

Cable (Data)

SwitchEthernet 

Cable

Ethernet 

Cable

E
th

er
ne

t 

C
ab

le

Virtual Link

DC 1 BusBar

DC 2 BusBar

Power Cable

Door

DoorDoor

Door
Emergenc

y

Emergenc

y

Avionics Bay
Landing Gear Bay

Controllers

Sensors
Actuators

RDC

Switches

Power Cables

Weight, Cable length, Power distribution, Mapping, Allocation, Reliability …   

Structure 

Functional Geometrical 

Design metrics 

Sense 

Control 

Actuate 

•Passenger Doors, Emergency Exits, 
and Cargo Doors 
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  DMS: From user story to model 

Geometrical 

Functional 

Technical 

DMS_Physical

Sw itchPlaceholders1 CtlPlaceholders1 RDCPlaceholders1ClosedSensorPlaceholders1 LatchActuactorPlaceholders1LockActuatorPlaceholders1 LockedSensorPlaceholders1 LatchedSensorPlaceholders1

DMS_Technical

RDCs1..*

«allocate»

sw itches1..*

«allocate»

controllers1..*

«allocate»

latchActuators1..*

«allocate»

doorClosedSensors1..*

«allocate»

lockActuators1..*

 Attributes

«allocate»

doorLatchedSensors1..*

 Attributes
«allocate»

doorLockedSensors1..*

 Attributes

«allocate»

«allocate»

«allocate»

«allocate»

«allocate»

«allocate»

«allocate»

«allocate»

«allocate»

DMS_Functional.doors_R:DoorFunctionality
4 «Function»

Locking
1 «Function»

LatchSensing
1 «Function»

Latching
1 «Function»

LockSensing
1 «Function»

CloseSensing

1 «Function»

Functional::DMS_Functional.ctrl_R:Control
1 «Function»

Functional::DMS_Functional.ctrl_L:Control
1 «Function»

Technical::DMS_Technical

«block»

latchActuators:DoorLatchActuator
1 «expand,catalog»

«allocate»

controllers:Controller
1 «expand,catalog»

«allocate»

«allocate»

doorLockedSensors:DoorLockedSensor

1 «expand,catalog»

«allocate»

lockActuators:DoorLockActuator

1 «expand,catalog»

«allocate»

doorLatchedSensors:DoorLatchedSensor

1 «expand,catalog»

«allocate»

doorClosedSensors:DoorClosedSensor

1 «expand,catalog»

«allocate»

«allocate»

«allocate»

«allocate»
«allocate»

«allocate»

«allocate» «allocate»

Mapping 

Allocation 
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AOW – AO 
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1. SysML modeling 

2. Run Optimization and show alternatives 

3.Visualize the alternatives   DMS: Results [1/2] 
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1. SysML modeling 

2. Run Optimization and show alternatives 

3.Visualize the alternatives   DMS: Results [2/2] 
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Project Team Builder (PTB) model 
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AOW – PM 
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AOW: AO-PM 
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Agenda 

 From SE to MBCE  
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 Summary 
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DANSE: Design for Adaptability and evolutioN in System of systems Engineering 

Advanced Laboratory on 

Embedded Systems 

OFFIS 

Co-ordinator 

Honourcode 

(technical support) 

Loughborough 

University 

Airbus France 

THALES 

INRIA 

Rennes 

SODIUS 

Airbus Germany 

Carmeq 

Israel Aerospace 

Industries 

IBM Research - Haifa 
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Scenario Overview 

UPDM SoS IWTS 

Model 

SMC UP

DM 

Sys

ML 

SysML Model of 

IWTS 

Des

yre BSO SoS IWTS 

Model 

SysML model of 

IWTS Water 

Supplies 

Constituent 

Drill 

Down 

  

    

  

Perform Concise Optimization 
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Full model (UPDM) 
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Importing to Rhapsody SysML project 

Import, and populate a 

BDD automatically. 
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Decision variables 



© 2015 IBM Corporation 68 

Excel tables (inventory & catalog) 
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Goals and constraints 
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Setting optimization parameters 
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Running optimization 
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Snake diagram 
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One of optimal solutions 
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 New paradigm – Model Based Continuous Engineering 

 

 Model generation using free and restricted input  

– support from reusable Engineering Knowledge Base is mandatory 

– reusable structural and analysis libraries 

 

 Open World Assumption 

– Power of incompleteness – mediate what is common 

– Property based semantic middleware (SEMI) 

– Integration of external data sources, legacy tools, and operational / lifecycle data 

 

 Ontology based concepts and property-defined sets enable building reusable 

libraries for lifecycle optimization and analysis 

– Current reusable libraries: mapping, reliability, resource allocation, interface compatibility, 

power distribution, voltage drop, data flow, total availability, lifecycle cost, project 

management… (ongoing extension) 

Summary 



IBM Research – Haifa Labs 

© 2015 IBM Corporation 
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Systems & IoT Engineering group  


