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IBM Analytics

Harmony aMBSE Overview

Method Composer

B, s 2~ 0 Search this Site: E
~ Team (IBM)
Welcome to the Rational Harmony Agile Model-Based Systems Engineering
g ‘*i,':ﬁ:d::_g‘:sz:‘g’":é:am°" Welcome to the Rational Harmony Agile Model-Based Systems Engineering o EE| &
® 8 Ge;ting Sta.rted o The Rational Harmony Agile Model-Based Systems Engineering (aMBSE) process is a delivery process for the development of systems engineering data and work product
% % Delivery Processes using both model-based systems techniques with UML and SysML but is at the same time agile and incorporates agile practices for improved quality and engineering

Py efficiency.
[+] P Practices Y

[+ {5 Roles Sets

[+ Tasks

[+] |2 Work Products
= @ Guidance Harmony aMBSE

[# "% Tools Agile Model-Based Systems Engineering Daily
[+ “Release Info — Meeting

= Main Description

Nanocycle
(Hour)

Iteration
(Month)

Stakeholder
Requests

Md

Iteration Iteration
Backlog Retrospective

With the initial release of the UML in 1995, systems engineers had a standard language in which they could express requirements, architectures, designs, and other kinds of engineering
data. However, there was widespread belief that the Unified Modeling Language (UML) itself was too “software oriented” for general use in systems engineering which led to the
development and release of the Systems Modeling Language (SysML). UML and SysML provide a number of key advantages for the development of system engineering data:

* Precision of engineering data

« Data consistency across work products and engineering activities
* A common source for engineering truth

* Improved visualization and comprehension of engineering data

» Ease of integration of disparate engineering data

* Improved management and maintenance of engineering data

1 Internet Things © 2017 IBM Corporation
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Harmony aMBSE Process Overview

Harmony aMBSE Delivery Process

Initiate Project

ETS [more regs] [done]
E S ke
Define Stakeholder
Requirements
A
E5
Ll
Handoff to Downstream
Engineering
E5
= [ready for hand off]
System Requirements [else]
Definition and Analysis
L3

Perform kteration Retrospective

Architectural Analysis

Architectural Design

Control Project E{g\\

.

IPerform QA Audit

> InternetoiThings

>

Manage Change
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Systems Architectural Analysis

Lo e

identify Key System Functions Define Assessment Criteria

L Lo
) 3 Assign Weights to Criteria
Define Candidate Solutions l
BE] / Lo
L/ )

Define Utility Curve for each Criterion
Architectural Trade Study

Assign MoEs to Candidate Solutions
Merge Solutions into System Architecture

)

e o
N
L 6\' Determine Sclution

Perform Review

3 Internet Things © 2017 IBM Corporation
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IBM Analytics

Identify Key System Functions

» Key system functions are system functions that are important, architectural, and subject
to optimization.

— A system function that is important but either not architectural or subject to optimization
need not be analyzed for trade offs.

— To be optimizable, in this case, means the selection of a fundamentally different
architectural structure or different technology.

— For example, if you want to provide motive force for a robot arm, should you use
* pneumatics,
 hydraulics, or an
» electrical motor?

 All have pros and cons, and a trade study can select which is best for the given
system given its requirements and usage context.

4 Internet Thing‘s © 2017 IBM Corporation
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IBM Analytics

Approach 1: Architectural Trade Study (Lightweight)

= Architecture is

— The sum of the large scale organizational and technological decisions that optimize the
system design criteria

— A trade study examines architectural alternatives to select which is “best”
— Basic flow:
« |dentify the key system functions

» Define the design criteria (aka “Measures of Effectiveness” (MoE) )
« Identify the design optimization criteria
» Rank the criteria in order of importance or criticality

« |dentify the set of candidate solutions

» Assess each solution a score* against each criteria
« Compute a score as

CandidateScore = ZC w,

* Where
C, is the criticality (MoE) of design criteria |
W; is the degree to which the criteria is optimized by the candidate solution

* This score is essentially an estimation of where the solution fits on the utilization curve. More on this later.

5 Internet Thing‘s © 2017 IBM Corporation
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Architectural Trade Study Example

Candidate Solution Criteria Weighted
Solutions Total

Power Consumption Recurring Cost Robustness Development Cost Security

(W,=0.3) (W,=0.2) (W5 =0.15) (w,=0.1 W; = 0.25)
MoE Score MoE Score MoE Score MoE Score MoE Score

Gigabit 2 0.6 2.7 0.54 4 0.6 8 0.8 4 1.0 3.54
Ethernet
Bus
1553 Bus 3 0.9 4 0.8 10 15 15 0.15 6 15 5
CAN Bus 6 1.8 8 A 1.6 47 1.05 3 3 1 0.25 5.0

s InternetoiThings

Estimate the utility function to determine
MoE scores (degree of optimization of a

particular solution)

© 2017 IBM Corporation
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Let’s get rigorous! Parametric Diagrams FTW

= Relates T
— Constraints (a limitation) p—
— Constraint Blocks (constraints Dot ety | Heonstraint D} CircleArea=PiDiamter 22/}
with input & output parameters) |
— Constraint property (usage or Cirde.b.rea:ﬁ.recammmpamm
instance of Constraint block) B iameter eter
— Variables or attributes e
= Used for AreaOfCircle
— Computation
— Evaluation of trade offs 1 «ConstraintPraperty»

Diameter:Meter constraintproperty_1

Attributas
B pirint=3. 149159265

7 InternetoiThings

Cirdefrea:frea

CirdeArea:Area

© 2017 IBM Corporation
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Parametric Diagrams

par [Project] parametrics [parametric diagram_2]

Brerera b 1 LumpOfsteebCubeOftuff
a:Meter VolumeOfCube Attribuites
| Constraings E HowMuchMass:Kilogram
b:Meter ﬂg}{{mmnns»ﬂ-aint} v =a*h*ch ) I HowMuchValume: Cubiceter
[ wiCubicMeter = side 1:Meter=0.3
cMeter H side2:Meter=0.7
1
«Blocks
CubeOftuff
A
Attt _
sidel:Meter=0.3 HowMuchVolume:CubicHe
1 wConstraint Propertyre
a:Meter VolumeOfStuff:VolumeOfCube
I |
- ~ .
htritfen 10} {{volConstraint} v = a*b™c}

side2:Meter=0.7 b:Meter w:CubicMetar

] [

i
HowMuchMass:Kilogram
A e c:Meter
side3:Meter=0.5 :‘
vol:CubicMeter mass:Kilogram
1 L wCanstraintProparty» [ ]
VolumeticMassCalc
= Altries _ ] :
Stuff : loara — density:KilegramPerCubicMeter Constrainis
:lD}{{massContraint} mass=density =}

8 Internet Things © 2017 IBM Corporation
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Trade study example

User defined

par [block] DieselEngine [Diesel Engine MDES])

o Constraint properties for utility curves
[ieselEngine
1 o RnIFoAerks:
e ErngCostCale: StraightLine |
mae_cost:Real e [ —— esiCaze
moe = (104 bestC aze-warstC asejriwalue-bestC azedt10
i libue:: value
DiezselEngine.cost:Real=2700 1 ortl-ase
1 ek FRARIPTopErks:
EngP2WCalc: StraightLine
ot s
moe moe = (104 bestC ase-worstC aseifivalue-bestC asat10
2ATIOE
‘ moe_pZucReal

attribute
constraints

T —
costLowerLimitint=100 ‘

Al
costUpperlimit:int=5000

«AlbUE:
o rLimitP 2 KiwP erlkilo=0.5

wA b
upperlimitP2i kP erkilo=1.5

Model element value
(candidate solution)
Value Properties o2
— — ” M [ Fzors miniPropers
o Engine P2 Ratio: Poser Towiei ght Ratio
weight:Kilagram=245 1
Conshaits
p p2u = p £
1 wCone InIProaerky. p £ 400
A b it=HPEa kv H Pt b
DieselEngine HP oreer:HP=225 HF ks p @
:l Corahainds :I
KineHP0 73530875

| Constraint property of
PowerToWeightRatio

9 Inter

White are inputs, pink are ranges, blue are outputs

© 2017 IBM Corporation
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Approach 2: Using parametric diagrams with mathematical analysis

= \When used with a mathematical modeling engine, parametrics become very powerful.
— Used for:
» Architecture Optimization
+ Trade Studies
« Engineering calculations (including unit conversion)
» Typical mathematical modeling tools are:-
* Modelica (supported by PCE profile)
» Maxima (supported by PCE profile)
« Simulink (supporte by the Simulink Profile)
» Excel (limited, but supported by Harmony SE-Toolkit)

» These tools can be linked to the parametric model and evaluate the constraints.

10 Internet Thing‘s © 2017 IBM Corporation
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The role of Instance Specifications in Evaluation of Parametrics

= |n parametric diagrams, blocks can be shown that have attributes (value properties)

= To do evaluation, instance specifications can assign values to these attributes for the
purpose of evaluation of different cases

This Pacemaker block
has attributes

 cost
 deviceLifetime
 volume

This block is special-

purpose, created for this

analysis

11 Interneto:Things

par [Package) Chapter6Pig [Trade Study PD)

“Varsbier
COST_UPPER_LIMIT:Real=250.00

“Varabies

“Varabler
VOLUME_UPPER_LIMIT:Real=15.0

MONTHS_UPPER_LIMIT:Real=120

e

ln_mm:m

MONTHS_UPPER_LIMIT:Real

«Blocks 1 nstrantProperty»
Pacomaker PacemakerMOES
Constrants
<Amrduter {0} {{costConstrant } costMOE = 10%(1-cost/COST_UPPER_LIMIT)})
cost:usDollar COSLUSDORY | 41y rryteConstrant) MetmeMOE = 10*(etime/MONTHS_UPPER_LIMIT) )
{0} {{vdumeConstraint} volumeMOE = 10*(1-volume/VOLUME_UPPER_LIMIT)}
*ARrbutes
deviceLifetime:Month |¥etime:Month
«Anrbutes
volume:int voumeCC
/ COStMOE:Real ¥etimeMOE :Real volumeMOE:Real
COStMOE:Real ¥etimeMOE:Real | volumeMOE: Real |
1 sConstrantPropertys
Pac Jbjec ction
OveralScore:Read

Constraints
100} {{ObjectiveFunction} OveralScore = COSMOE * 0.4 + IfetimeMOE

* 0.4 + voumeMOE * 0.2}

VOLUME_UPPER_LIMIT:Real

Q
Nomalized utility
cunes

Q)

Objective function
with critena
weights

© 2017 IBM Corporation
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IBM Analytics

The role of Instance Specifications in Evaluation of Parametrics
= We can create instance specifications to give these attributes (instance slots) actual values

bdd [ Package] Chapter6Pkg [ Pacemaker Alternatives] |

InstanceSots InstanceSots InstanceSits
B cost:uSDollar = 150 i cost:USDollar = 110 B cost:UsDollar = 250
B devicelifetime:Month = 100 i devicelifetime:Month = 80 B devicelifetime:Month = 120
= volume:CC = 9.8 = volume:CC = 6 = volume:CC = 15

= And then evalute the parametric functions on this basis:
- it Con - MO

PacemakerObjectiveFunc PacemakerObjectiv...
fx] costMOE Real 0
fx] lifetimeMOE Real 10
X volumeMOE Real 0 ©) volumeConstraint  Constraint volumeMOE ... volumeMOE ...
fx] Overaliscore Real 4 PacemakerObjectiveFunc PacemakerObjectiv...
unct T3 - fx] costMOE Real 4
i | lifetimeMOE Real £3333333333...
x| volumeMOE Real 3.4666666666...
) volumeConstraint _ Constraint volumeMOE ... volumeMOE ... fx] OveraliScore Real 5.6266666666...
{/} PacemakerObjectiveFunc PacemakerObjectiv... ObjectiveFunction  Constraint OverallScore .. OveraliScore ...
fx] costMOE Real 5.6000000000...
fx] lifetimeMOE Real 6 6666666666 ..
x| volumeMOE Real 6
£x| OveraliScore Real 6.1066666666...
©) ObjectiveFunction  Constraint OveraliScore .. OveraliScore ...

12 lnternet ].'n],ngs © 2017 IBM Corporation
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Doing mathematical analysis

» Invoke one of the mathematical modeling tools and do the analysis
» Push result back into the model or export

)
{f} CalcCubeMassSpecific ol

- | - e L e — b el s
l Gl I MName Type Original Value Value Min. Max. Command
ﬂ CalculateMassOfBlock Parametric Diagram
[ ol I M Density KilogramPerCubic... 7800 7800 Fig
B Height Meter 0.2 0.2 Fi |y
| Refresh from Model | = Mass Kilogram
B Length Meter 0.5 0.5 Fizx
l [ Update Model l = Width Meter 01 01 Fisx
Il itsCalcMassOfBlock CalcMassOfBlock
L [ Generate Report l E Mass Kilogram
I {f) CalcCubeMassSpecif ESRER
' —}I - g =L — g W Ty 4 L e — e S— N e
" Import Data, — -
| m [ = I Eme Type Original Value Value Min. Max. Command
P - | a ﬂ CalculateMassOfBlock Parametric Diagrarm
Export Constrai | | i l M Density KilogramPerCubic... 7800 7800 Fix
Ready [1 free vari M Height Meter 0.2 0.2 Fix |y
e [F‘.efrah from Modell = Mas: Kilogram 78 ReSUIt
= Length Meter 0o [ Fiz
| | Update Model | B Width Meter 01 01 Fix
| 4 itsCalcMassOfBlock CalcMassOfBlock
[ [ Generate Report I Fx] Mass Kilogram 78
| E Length Meter 05
\ Fx| Width Meter 01
! [ Import Data... l Fx| Height Meter 0.2
| . . .
[ — l El Density KllogramperCublc... 7800
&} Mass Constraint Mass=Length... Mass=Length...
[ Export Constraints... l
Ready [1 free variable(s), 1 equation(s]]

13 Internét Things © 2017 IBM Corporation
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Utility Curves: Calculating the Measure of Effectiveness (MoE)

The utility curve computes the “goodness”

score of a solution.

Commonly,

« Computed output scores normalized

to the range of
* 0O (for worst case)

*  Most commonly, linear utility functions
are used in which lines are drawn
using these as the end points

*  For solutions with intermediate value,
their MoE Score can be determined

10 (for best case)

from the function

For example, a utility function for
Energy Production might be

5hp (worst case) > 0

150 hp (best case) - 10

A solution that produces 100hp
might have a computed score

Note: You must define how the input
values will be determined:
Measured in the lab?

of 8.25

Estimated?

Use manufacturer’s data?
14 Interneto:Things

MoE Score
O P NN W b O1 O N 00O ©

=
o

N

Worst Best
Solution Solution

Intermediate
Solution

© 2017 IBM Corporation
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IBM Analytics

T-Wrecks: Determine Candidate Solutions

Integrated T-LAM™ Brushless Motor
- s -Segmented lamination stator
Double Acting Cylinder -Epoxy encapsulation

— Movement -Neodymium Iron Boron magnets
—=
A Feedback device for
servo amplifier
Gear
o] r Pump
Thermal | @D+ | Motor
Erat S :
—
—=>F | S
e QW
\\\*}\\\ Inverted roller screw cylinder
| T

Inverted roller screw
- = High pressure circuit

D = Low pressure circuit

©

Direct current motor

Electrohydraulic actuator

Piston Rod Rod Seals Piston & Seals

Linear Pneumatic actuator

T-Wrecks assessment criteria weights
AGILESYSTEMS Function/Feature Criterion Means of Determination Weight
ENGINEERING Proximity Cost Use manufacturer’s data 0.10
} Scanning
‘ Weight Use manufacturer’s data 0.20
Near range Measured in lab from samples 0.30
accuracy
Angular accuracy  Taken from manufacturer’s spec 0.30
Response time Calculation based on 0.10
manufacturer’s data

Joint movement Cost Use manufacturer’s data 0.1
Weight Use manufacturer’s data 0.05

Response time Use manufacturer’s data 0.2
Durability Use manufacturer’s data 0.65

15 Internet Things © 2017 IBM Corporation



IBM Analytics

-
~

[
l;
}jiil
<

Computing Measures of Effectiveness (MOEs)

Function/Feature

Proximity Scanning

Joint Movement

Criterion
Cost

Weight

Near range accuracy

Angular accuracy

Response time

Cost
Weight

Response Time

Durability

T-Wrecks assessment criteria weights

Utility curve
psCostMOE = -1.67x10* * psTotalCost + 10.01

psWeightMOE = -1.10 psTotalWeight + 14.40
NRAccuracyMOE = -10 * accuracy + 20

angAccuracyMOE=-1.121 * AngAccuracy + 10.09
psResponseTimeMOE = 10-exp(20*responseTime)/110

CostMOE =-0.0462 * jmTotalCost + 18.43
WeightMOE = -jmTotalWeight * 0.3759 + 22.389
rtResponseTimeMOE = 10-exp(20*responseTime)/110
DurabilityMOE = MTBF/5200 - 1.538

What was done in this case was the best solution was given an MOE value of 10
and the worst was given a value of 0. Then a line was computed passing through
the two points. The MOE equation is the equation for that line.

In the case of Response Time, an exponential curve was used instead.
16 InternetoiThings
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Performing the trade study with a Parametric Diagram

Instance Specs of Solutions Parametric Expression of Trade Analysis

par [Package] JointMovementFundionPkg [Joint Movement MOEs]

lecti - - - " «Block>»
s B DLNDIL TN GefTEL T DRI JointMovementFunctionBlock 1 «ConstraintPropertys»
InstanceSiots JointMovementMOEs
= totalieight:Kilogram = 24 Constraints
\ = weight:Kilogram
Em'ﬁ'c“t- UsDollar = 1825 tutalwé?ttlr':btu-tle(?l o JUEALEL jD} {{wConstraint} weightMOE = -weight*0.3750 + 19.17}
= responseTime:Second =0.30 L [ {{cConstraint} costMOE = -0.00462*cost + 18.43}
durability:Hour = 40000 {1} {{tConstraint} responseTimeMOE = 10 - exp(20*responseTime)/ 110}
{1} {{dConstraint} durabilityMOE = durability/5200 - 1.538}
«Attribute» )
totalCost:USDollar cost:USDollgr
> |
electrol raulicSolution:JointMovementFunctionBlock
InsianceSiots
E totalWeight:Kilogram = 50.6 T responseTime:Second
H totalCost:UsDollar = 3990 responseTime:Second |
E I'ESDDIjSETII‘I‘IE:SEEDI‘Id =0.33 durability:Hou
= durability:Hour = 60000 costMOE:Real responseTimeMOE:Real
[] [] [l
weightMOE:Real durabilityMOE:Real
«Attribute»
durability:Hour
pneumaticSolution:JointMovementFunctionBlock
InsianceSiots . ;
weightMOE:Real | CoStMOE:Real responseTimeMOE:Real durabilityMOE: Real
= totalweight:Kilogram = 45.15 M T I
= totalCost:UsDollar = 1860 ! i ol
' - ObjectiveFunctionCP
E responseTime:Second = 0.1 -
= durability:Hour = 8000 Constrants
{4} {{objectiveConstraint} totalWeightedScore = costMOE*0.1 + weightMOE*0.05 + responseTimeMOE*0.2 + durabilityMOE*0....
totalWeightedScore:Real :I

17 Internet Things © 2017 IBM Corporation
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Performing the trade study with a Parametric Diagram

Instance Specs of Solutions

lidarRangeFinderspecProximityScanFunctionBlock
InstzncaSiots
E emiiter_scanner_part_cost:USDollar = 5000
E number_scanner_parts:int = 4
E emiiter_scanner_weight:Kilogram = 1.1
E nearRangeAccuracy:Cm = 1,75
E responseTime:Second = 0,35
E angAccuracy:Real = 0.25

lidarScanUnitSpec:ProximityScanFunctionBlock
InstancaSiots
E emiiter_scanner_part_cost:USDollar = 60000
E number_scanner_parts:int = 1
E emiiter_scanner_weight:Kilogram = 13.1
E angAccuracy:Real = 0.08
E nearRangeAccuracy:Cm = 2
E responseTime:Second = 0.25

ultrasonicsolutionSpecProximityScanFunctionBlock
InsancaSiols

E emiiter_scanner_part_cost:USDollar = 2,00

E number_scanner_parts:int = 40

E emiiter_scanner_weight:Kilogram = 0.1

E angAccuracy:Real =8

E nearRangeAccuracy:Cm = 1

E responseTime:Second = 0.1

18 Interneto:Things

Parametric Expression of Trade Analysis

par [Package] PrximityScanFundiionPkg [Proximity Scanning MOEs]

«Block»
ProximityScanFunctionBlock

1 «ConstraintPraperty»
<«Attributes . TotalCostConstraint
emiiter_scanner_part_cost:USDollar costPerUnit:USDolar .
Constraints

nUnits:int 10H{{costConstraint} totalCost = costPerUnit * nUnits}

<«Attributes _I_

number_scanner_parts:int

totalCost:USDolar

1 «ConstraintProperty»
nUnits:int TotalWeightConstraint

«Attribute>»

emiiter_scanner_weight:Kilogram Constraints

weightPerUnit:Kiogram 101} {{weightConstraint} totalWeight = weightPerUnit * nUnits}

totalWeight:Kilogram

totalCost:USDollar

totaWeight:Kilogram

1 «C__straintProperty»
«Attributes ProximityScanMOEs
nearRangeAccuracy:Cm nrAccuracy:Cm
Constraints

{[14{{costConstraint} costMOE = -totalCost/(1.67%10"4) + 10.01}
{1} {{weightConstraint} weightMOE = -1.10%totalWeight + 14.40}
<Attributes {O3{{NRaccuracyConstraint} nrAcauracyMOE = -10%*nrAccuracy + 20}
responseTime:Second Eesponselimne:Seon] {}{{angularConstaint} angAccuracyMOE = -1.121 * angAccuracy + 10.09}
\[13{{resonseConstraint} responseTimeMOE = 10 - exp(20*responseTime)/110}

At angAccuracy:Real

angAccuracy:Real

nrAccuracyMOE:Real response TimeMOE:Real

costMOE:Real weightMOE:Real

angAccurhcyMOE:Real

totalWeightedScore:Real costMOE:Real nrAccuracyMOE:Real angAccuracy:Real | responseTimeMOE:Real weightMOE:Real
1 «ConstraintPraperty»
ObjectiveFunctionCP
Constraints

{11 {{objectiveConstraint} totalWeightedScore = costMOE*0.1 + weightMOE*0.2 + nrAccuracyMOE*0.3 + angAccuracy™0.3 + responseTimeMOE*0.1}

© 2017 IBM Corporation
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Performing the trade study

Function/Feature

Proximity Scanning

Joint Movement

T-Wrecks Computed Total Weighted Scores

Solution

Solution 1 (Ultrasonic)

Solution 2 (lidar scan unit)
Solution 3 (lidar range finder)

Solution 1 (electric motors)

Solution 2 (electro-hydraulic)

Solution 3 (pneumatic)

Total Weighted Score

6.994

4.505
6.489
6.77

7.17

3.08

These results were computed from Rhapsody with the PCE profile added, linking
in Maxima® to perform the computations and determine the total weighted scores

19 InternetoiThings
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Approach 3: Using the Harmony SE Toolkit

= This system uses hydraulics for the primary movement |
of the 36 control surfaces

= However, many of these surfaces have trim tabs while ,”""“"‘”“ g cteveeor vt
others may also extend and retract

= How should these secondary surfaces controls
be accomplished?

Primary movement via hydraulics

Piston moves HOW tO mOVe'7

Piston surface

Qil under

pressure Selectorvalve

Qil reserve

How to extend and retract?
20 Internet Things © 2017 IBM Corporation
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Systems Architectural Analysis with Harmony SE Toolkit

LS

ldentify Key System Functions

Architectural Trade Study

Merge Solutions into System Architecture

=S

Perform Review

21 InternetoiThings

Harmony SE Toolkit
work products

Candidate
Solution Block
Diagra

Parametric
diagrams model
constrain

)

— .-
Lo
Assign Weights to Criteria

e
Lo

Define Utility Curve for each Criterion

-

Solution
Architecture
Diagra

Diagra

Solution
Options

Compute trades
with PCE or

SE-Toolkj

Solutions with

25% MOE attribute

Update MOE JJ

attributes with
weights
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IBM Analytics

Answer: Identify Key System Functions

= Measurement of surface movement position
= Measurement of surface movement timing

= Error date storage

= Checking power status

= Checking hydraulic status

= Checking software integrity

= Communicating with the aircraft AMS, Power, and Hydraulic systems (presumably they
have an already defined interface).

= Control of surface movement
— Specifically trim tab movement and extension/retraction

22 Internet Thing‘s © 2017 IBM Corporation
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Answer: Define Candidate Solutions

= Solution 1: Hydraulic: extend existing aircraft hydraulic system

Piston moves
Piston surface

Qilunder
pressure
2 Piston
moves trim tab
Qil reserve

Trim tab movement

Piston moves
Piston surface

Qilunder

ressure .
P 2nd Piston

extendsor l

. retracts surface
Qil reserve

Surface extension/retraction

23 Internet Things © 2017 IBM Corporation
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Answer: Define Candidate Solutions

= Solution 2: Electric Motor; Add electic motors for trim tab and extension movement

Piston moves
Piston

Qilunder
pressure Selectorvalve
moves trim tab

Qil reserve

Trim tab movement

Piston moves
surface

.;l s
il under : &)
Oilun Electric motor extends <
pressure Selectorvalve and retracts control l
surface

Qil reserve

Surface extension/retraction

24 Internet Things © 2017 IBM Corporation
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Answer: Define Candidate Solutions

= Solution 3: Add Self-Contained Electro Hydraulic Actuator

Double Acting Cylinder
= Movement

. = High pressure circuit

D = Low pressure circuit

25 InternetoiThings

Piston moves
Piston su rface

7
& /4
Oil under 7 7 %?‘9“ ~)
Vs 4 &
pressure Selectorvalve . l
. getfohydraulic J

unit moves trim tab

Qil reserve

Trim tab movement

Piston moves
Piston surface

A
/4 &y
/)
/ C‘ooi‘
Lre) )/

Qil under “"0%
H C
pressure Selectorvalve Elgctrohydraullc l o
. unit extends and
retracts

Qil reserve

Surface extension/retraction

© 2017 IBM Corporation
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Define Candidate Solutions

= Create a new package; TrimControlTradeStudy.
* |In the new package, add a new block definition diagram named Trim Control Alternatives.
= On this diagram, add new blocks:

PositionControl

TrimControl

HydraulicTrimControl
ElectricTrimControl
ElectriHydraulicTrimControl
Extensioncontrol
HydraulicExtensionControl
ElectricExtensioncontrol
ElectroHydraulicExtensionControl

= The PositionControl block has two operations that are aspects of this: Add

moveTo(X: int)
zero()

— ValidateCommand(x: int)
= Add the generalization relations (e.g. TrimControl is a type of PositionControl)
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Define Candidate Solutions Block Diagram

]

Mission: To show technical
alternatives for the TrimControl and
ExtensionControl system functions.

wBlocks

B ame

Operafions
E moveTo(xint)void
E zero():void

E validateCommand(x:int):RhpBoclean

1

«Blocks «Block=
TrimControl ExtensionControl
- Values H «moe» Accuracy: float
Operations Oiperakions
& ~moveTo(x:int):void & ~moveTo{xint):void
& ~zero(:void H ~zero(ivoid
 “validateCommand(x:int):RhpBoolean H ~validateCommand (x:int):RhpBoolean
T A‘X
«Block= «Blocks «Black= «Block=
HydraulicTrimControl ElectricTrimControl HydraulicExtensionControl ElectricExtensionControl
o Nimlenmem LI . LY S,
ﬂ ~moveTo{x:int):void E ~moveTo(x:int):void ﬁ ~moveTox:int):void ﬁ “moveTox:int):void
o ~zero:veid 1 ~zero(:void B ~zero(:void H ~zero(:vaid
ﬂ ~yalidateCommand(x:int):RhpBoolean E ~yalidateCommand (x:int):RhpBoolean ﬁ ~yalidateCommand(x:int):RhpBoclean ﬁ ~yalidateCommand{x:int):RhpBoclean

Candidate solutions

«Blocks
ElectrohydauicTrimControl

Liabes

Operations
ﬁ ~moveTox:int):void
E ~zero():void
E “validateCommand (x:int):RhpBoolean
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ElectrohydraukicExtensionControl

wBlocks=

EEar -

ﬁ “zero():void

E ~moveTofx:int):void

ﬁ “validateCommand{x:int):RhpBoolean

Operstions
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Define Assessment Criteria

» The key to selecting one technical solution over another is the identification of the assessment
criteria. Good assessment criteria allow us to distinguish between good and better solutions
in how they effect important, measureable properties of the system. In our case, there are
five assessment criteria:

— Accuracy
— Weight
— Reliability
— Parts Cost
— Maintenance Cost
= Add these to the PositionControl block as attributes (of type float or double), and
— Then in the browser, select each attribute and Change To an moe (supplied stereotype)

— moe is a new metaclass defined in the HarmonySE profile. It brings along a tag named
weight.
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Define Assessment Criteria

«Blocke
QE DesignSynthesisPlg - PositionControl
=+ Packages
tl ArchitecturalDesignPkg »> Package Architec .
BE:I ArchitecturalAnalysisPkg E “maes ﬂCﬂJrEC&'.ﬂﬂEt
=0 Packages il = «moe> Reliahility: float
Bf:l TrimControlTradeStudy .
=0 Block Definition Diagrams E M0 3% WEIght:ﬂnat
P %3 Trim Control Alternatives .
(B Blocks E =moex PartsCost: float

—J TrimControl
HydraulicTrimControl
: ElectricTrimControl
ExtensionControl

HydraulicExtensionCentrol | Operations
ElectricExtensionControl |

E =moe* MaintenanceCost: float

P ositionControl & moveTo(x:int):void
E= Attributes
E MaintenanceCost E IEFGD:'U'ﬂIid
(5 moes Features... . .
= Accuracy validateCommand(x:int):RhpBoolean
B Reliability Add New ’
= Weight
. e PartsCost Cut Ctrl+X
[S Operations Copy Chrl+C
E]---[’E,C' Comments .
#-F7 InterfacesPkg Paste Ctrl+V
-7 CommonPlg Delete from Model Del
-0 Profiles
. 3
&I Sy=ML (REF) Set Stereotype
=53 HarmeonySE (REF) Change to » Flow Attribute
b"j Comments Refactor » Flow Property
1[0 Controlled Files e
D Packages Mavigate » alue Froperty
-2 Stereotypes moe
[ I Edit Attribute :
Rational Rhapsody Gateway »
SE-Toolkit »
Design Manager »
Apps 4
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Assign Weights to Assessment Criteria

» The weighting value is an assessment of the relative important of that specific criterion to
the overall “goodness” of the solution.

— The higher the weight, the more crucial it is.

— Normalization (so that the sum of all weights equals 1.00) is a common method use do
ensure reasonable relative weighting factors.

» |n this case we’ll make the following assignments
— Accuracy: 0.30
— Weight: 0.20
— Reliability: 0.25
— Parts Cost: 0.10
— Maintenance Cost: 0.15
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Assign Weights to Assessment Criteria

To assign these, double click on each MOE in the browser, go to the Tags pane

and assign the value:

This is the relative

importance of this criteriato __—""

the success of the overall

solution

wBlochoe
PositionControl

E «moes Accuracy: float

E «moe: Reliability: float

E «moes Weight: float

E «moes PartsCost: float

E «moes MaintenanceCost: float

Operafions
E moveTo{cint) void
E zero():void
E validateCommand(x:int):RhpBoolean

T

31 InternetoiThings

moe: Accuracy in

PaositionControl

|Geneml I Description | F{elationsl Tags |Properlies

IUse default order

HEx

[=| HarmonySE
= moe
weight
et

0.30

Quick: Add

Mame:

Value:

Locate

OK Apply J

e

Accuracy:float

Tags
%ﬁweight:F‘.hpF‘.eahD.Sﬂ

= moss
PartsCostfloat

Tags
Qﬁweight:F‘.hpReahD. 1

Reliability-float

Tags
= weight:RhpReal =0, 25

wmos=
MaintenanceCost:float

Tags
= weight:RhpReal=0, 15

“mo==

Weightfloat

Tags
=l weight:RhpReal=0.2

© 2017 IBM Corporation



[Jon]]
[A]
1
ln
1l
[
H
7
.
VS
AY

IBM Analytics

Assign Weights to Assessment Criteria

» Tag values are not automatically transferred down the generalization taxonomy

= To copy these down to the children, right click the PositionControl block and select SE-
Toolkit > TradeStudies > Copy MOEs to Children.

— In this, slightly unusual case, you’ll have to repeat the procedure for the TrimControl
and ExtensionControl blocks, as this only works with the immediate children of a
block.

— If you now inspect those subclasses, such as ElectricTimControl, you will see that it
also has the set of MOEs with the correct values assigned to the weights.
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Define Utility Curves

= The utility curve computes a “goodness” score based on a quantitative value associated
with the solution.

= The utility curve can be any shape but, by far, those most common is the “linear utility
curve.” This curve is a straight line defined by two points.

— The first point for this MOE is the worst candidate solution being considered has a utility
value of 0

— The best candidate being considered has a value to 10. Given these two points, (worst,

0) and (best, 10), a line can be constructed going through both. This is the linear utility
curve.
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Define Utility Cu

3« InternetoiThings

rves

Since

j = y2—yi x+b
3 (32 —x1)

We have special conditions, such (worst, 0) and {best, 10) on the line. This
simplifies the utility curve to

10
moe = CandidateValue + b

best — worst

And
10
h=— worst
best — worst

Where

» bestis the value of the criterion for the best candidate solution
o worstisthe value of the criterion for the worst candidate solution

For example, let's consider a system where our criterion is throughput,
measured in messages per second. The worst candidate under
consideration has a throughput of 17,000 messages/second and the best
candidate has a throughput of 100,000 messages/second. Applying our last
two equations provides a solution of

Throughput 170083
moe =—sz00 %/

A third candidate solution, that has a throughput of 70,000 message per
second would then have a computed MOE of 6.3855.
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Define Utility Curves

= Get the raw measures of the critera
= Where do these come from?

— Manufacturer’s data

— Lab measurements

— Historical data

— Estimation
— WAG
Solution/moe Accuracy | Weight Reliability | Parts Main.
(mm) (kg) (mtbfhrs) | cost(S) | Cost(S$)
Hydraulic 5 72 4000 800 2000
Electric 1 24 3200 550 2700
Electrohydraulic | 2 69 3500 760 2100

35 InternetoiThings
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Define Utility Curves

= Now develop the utility curves

— Assume linear unless you have information suggesting non-linear utility curve
— In this case, linear curves based on (worst, 0) and (best, 10) give the curves:

Solution/moe Accuracy | Weight Reliability | Parts Main.
{mm) (kg) (mtbfhrs) | cost($S) | Cost(S)
Hydraulic 5 72 4000 800 2000
Electric 1 24 3200 550 2700
Electrohydraulic | 2 69 3500 760 2100

Using the method outlined above results in the following set of equations:

maintenanceCostMOE = —

36 InternetoiThings

5
weight M OE = —ﬂweight + 15
reliabilityMOE =

partCostMOE = —

reliability

partsCost

80

25

5 25
accuracyMOE = — 2 accuracy + -

+ 32

maintenanceCost 2

70

70

7
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Assign MOEs

» The equations for MOEs can be captured in SysML parametric diagrams.
» |n TrimControlTradeStudy package and add a new parametric diagram

— Name this diagram, Trim Control Trade Study Parametrics.

» Drag the PositionControl block onto the diagram, then drag each of its MOESs to inside the

PositionControl block on the diagram.

» Add a ConstraintProperty from the toolbar onto the diagram. Name this ConstraintProperty

TrimControlMOEs.

» Add ConstraintParameters to the left edge of the constraint property:

37

— accuracy

— weight

— reliability

— partsCost

— maintenanceCost
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Assign MOEs

» Add BindingConnectors between each constraint parameter and the corresponding attribute
in the PositionControl block.

» Using the technique outlined above, add the equation for each computed MOE, as
Constraints in the TrimControlMOEs constraint property.

— accuracyMOE

— weightMOE

— reliabilityMOE

— partCostMOE

— maintenanceCostMOE

» Add a new ConstraintProperty named TrimControlObjectiveFunction and add constraint
parameters that match the ones in the previous step

= Add the objective function as a constraint, computing the objective function as the weighted
sum of the property times its weighting factor (stored in the weight tag)
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Assign MOEs

par [Package] TrimControl TradeStudy [Trim Control Trade Study Parametrics]

«Blocks
PositionControl

e

Accuracy:float

WMDE

. Reliability:float
Stand-in for

candidate

solution \ p——
Weight:float

e

PartsCost:float

Maintena“rm:fbat
Computation of
the overall
“’goodness” of
the solution

1 «ConstraintProperty»
TrimControlMOEs

Constraints
{{accuracyConstraint} accuracyMOE = -5%accuracyf2 + 25/2}

accuracy | o}
[} 4{weightConstraint} weightMOE=-5"weight/24 + 15}
{ [} {{reliabilizyConstraint} reliabilityMOE= reliability/80 - 403}
{0} {{partsCostCongtraint} partsCostMOE= -partsCosty25 + 32}
1

{B}{maintenanceCostConstraint} maintenanceCostMOE= -maintenanceCost/70 + 270

reliability

weight

partsCost

maintenanceCost

weightMOE reliabilityMOE partsCostMOE
accuracyMOE
accuracyMOE weightMOE relabiltyMOE partCostMOE
«Constrail__lock®
WeightedObjectiveFunction
Constraints

Utility curves
for the various
design criteria

maintenanceCostMOE

maintenanceCostMOE

{[1}{{ ObjectiveFunctionCanstraint} ObjectiveFunction=accuracyMOE*0.30 + weightM 0E*0.20 + reliabiityMOE*0.25 + partsCostMOE*0.10 + maintenanceCostMOE*0.15}
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Assign MOEs: Make a Solution Architecture Diagram

= First, let’s build an Solution Architecture Diagram. This is a block definition diagram that
shows the alternative solutions.

= Add a new Block Definition Diagram named Trim Control Solution Architecture.
= Add blocks representing the alternative solution architectures

— Block HydraulicTrimControlSolution

— Block ElectricTrimControlSolution
» Drag the four solution blocks onto the diagram from the browser

— HydraulicTrimControl

— HydraulicExtensionControl

— ElectricTrimControl

— ElectricExtensionControl
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Assign MOEs: Make a Solution Architecture Diagram

= Make the appropriate composition relations among the blocks

— HydraulicTrimControlSolution is composed of HydraulicTrimControl and
HydraulicExtensionControl

— ElectricTrimControlSolution is composed of ElectricTrimControl and
ElectricExtensionControl

= Assign the values from solutions values to the default values of the appropriate solutions

= Note: Assigning the values for the best and worst scores is easy: it's either 0 or 10, because
that’s how we defined the linear utility function. To determine the scores are between the
best and worst, you'll have to solve the equations above
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Assign MOEs: Make a Solution Architecture Diagram

bdd [Package] TrimControlTradeStudy [Trim Contral Solution Architecture]

«Blocks
HydraulicTrimControlSolution

Values

Operstions

ElectricTrimControlSolution

«Blocks

Valves

Operstions

E «moex Accuracy:float=0

E «moes Reliability:float=10

E «moes Weight:float=0

E «moes PartsCost:float=0

E =moe:» MaintenanceCost: float=10

E «moes Accuracy:float=0

E «moe: Reliability:float=10

E «moes Weight:float=0

E «moes PartsCost:float=0

E «=moe:» MaintenanceCost:float=10

E «moes Accuracy:float=10

E «moes Reliability: float=0

E «moes Weight:float=10

E «moes PartsCost:float=10

E «=moe: MaintenanceCost: float=0

«Blocke «Block= «Block= «Block=
HydraulicTrimControl HydraulicExtensionControl ElectricTrimControl ElectricExtensionControl
Valves Valves Values Values

E «moex Accuracy:float=10

E smoex Reliability:float=0

E «moex Weight:float=10

E «moes PartsCost: float=10

E «moex MaintenanceCost: float=0

Operations

+Blocks
ElectroHydraulicTrimControlSolution

7 e
'y

Values

Note assigned default values

Olparations

(scores) from solved
equations

22 InternetoiThings

wBlocke

ElectrohydraulicTrimControl

«Blocie

ElectrohydraulicExtensionControl

Values
E «moes Accuracy:fioat=7.5
= «moes Reliability:float=3.75
E «moes Weight:float=0.625
E «moex» PartsCost:float=1.60
E «moex MaintenanceCost:float=8.57

Operstions

Values
E emoes Accuracy:float=7.5
= «moes Reliability:float=3.75
E smoes Weight:float=0.625
E «moe: PartsCost:float=1.60
E «moes MaintenanceCost: float=8.57

Cyperations
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Determine Best Solution: Make an Option Analysis Diagram

= Construct an Option Analysis Diagram (BDD)

» Drag the potential solution architecture blocks on to it: HydraulicTrimControlSolution,
ElectricTrimControlSolution and ElectrohydraulicTrimControlSolution.

» This diagram is very simple and provides a context for the SE-Toolkit to do the analysis:

bdd [Package] TrimContralTradeStudy [Trim Control Option Analysis]
wBloche «Blocks

HydraulicTrimControlSolution ElectricTrimControlSolution

Values Values

Oparations Oparations

«Blocks
ElectroHyd raulicTrimControlSolution

Values

Oparations
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Determine Best Solution: Make an Option Analysis Diagram

= Right click in this diagram and select SE-Toolkit > Trade Studies > Perform Trade Analysis.

— The toolkit will create a new Controlled File named Trim Control Option

Analysis_TradeStudy.xls.

— Double-clicking this file will open it in Excel and show you the trade analysis with the
computation of the objective function performed by Excel:

HydraulicTrimControl Solution | ElectricTrimControl Solution | ElectroHydraulicTrimControl Solution

weight value Wy value Wy value W

PositionControl.Accuracy 0.3 0 0 10 3 7.5 2.25
PositionControl.Reliability 0.25 10 25 0 0 375 0.9375
PositionControl.Weight 0.2 0 0 10 2 0.625 0125
PositionControl.PartsCost 0.1 0 0 10 1 1.6 0.16
PositionControl.MaintenanceCost 0.15 10 15 0 0 a.57 1.2855
PositionControl.Accuracy 0.3 0 0 10 3 7.5 2.25
PositionControl.Reliability 0.25 10 25 0 0 375 0.9375
PositionControl.Weight 0.2 0 0 10 2 0.625 0.125
PositionControl.PartsCost 0.1 0 0 10 1 1.6 0.16
PositionControl.MaintenanceCost 0.15 1) 5 0 ] ] 2855
8 12 9.516

= By this analysis, the electric motor solution is our best choice, since it has an objective
function value of 12, versus 8 for the purely hydraulic solution and 9.516 for the self-

contained electrohydraulic units.
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Summary: Trade Studies

» The basic workflow is straightforward
— ldentify key system functions that can benefit from optimization
— ldentify candidate solutions
— Define the assessment criteria
— Assign weights to criteria (usually normalized)
— Construct (or estimate) utility curves for each criterion
— Compute the candidate score for each solution as

CandidateScore = ZC w,

— The solution with the highest score wins
» Block and parametric diagrams are provided in SysML and Rhapsody for representation

» PCE profile allows the evaluation of parametric constraints with third-part math tools using
instance specification to provide values for analysis

» Harmony SE-Toolkit provides some automation for evaluation using Excel using default
attribute values to provide values for analysis
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Real-Time Agile Systems and Software Development
Welcome to www.bruce-douglass.com

REAL-TIME UML
WORKSHOP FOR
EMBEDDED SYSTEMS

ss InternetoiThings

You've found yourself on www.bruce-
douglass.com, my web site on all things real-time
and embedded.

On this site you will find papers, presentations,
models, forums for questions / discussions, and
links (lots of links) to areas of interest, such as
® Developing Embedded Software
® Model-Driven Development for Real-Time
Systems
Model-Based Systems Engineering
Safety Analysis and Design
Agile Methods for Embedded Software
Agile Methods for Systems Engineering
The Harmony agile Model-Based Systems
Engineering process
The Harmony agile Embedded Software
Development process
Models and profiles I've developed and
authored
e List and links to many of my books.

e o o o o

The menu at the top of each page either takes
you to the relevant page or to a list of relevant

pages.

There is even a members only site for those who
want to access to even more stuff. | teach and
consult on all these topics - see my About page.

Policy on Using These Materials

All materials on this web site are free for reuse
and distribution, provided their source (me or this
web site) is appropriately attributed. | retain sole
copyright.
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