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Motivation

* One of the core processes in the architecture development lifecycle is to perform
architecture evaluation

« The main goal of this process is to select architecture for design and
Implementation

* |In order to automate this complex process, it is necessary to develop a digital,
unambiguous, and precise model-based environment
— MBSE is a backbone for automated trade study process

« The worldwide systems engineering community has acknowledged and is currently
using various trade study analysis processes

« Most of the restrictions and constraints for a system solution space are specified
with system requirement specifications.

* As the requirements define system constraints, they can be used as an adequate
instrument for selecting evaluation criteria in trade study analysis.

www.incose.org/symp2021 14



Purpose LT

 The goal of this paper is to take the best practices from existing
requirements verification approaches and propose an approach for an
automated trade study analysis based on dynamic requirements verification
In the model-based systems engineering environment, with a goal to

support trade of analysis both in the system of systems and systems
engineering domains.

« |tis part of the larger research of the automated UAF-based trade study
analysis process.
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MBSE approach

UAF is the collection of best practices used in systems, systems of systems,
and enterprise engineering for more than 30 years. Moreover, UAF is
applicable to any domain. Additionally, it is still the best choice to build
DoDAF, NAF, and MODAF architectures.

— Common Vocabulary and graphical SysML-based notation
— Analysis and Simulation

UAF has been designed to support trade studies at different levels:

— trade-off operational scenarios against capability requirements,
— or trade-off solution architectures against operational needs

As UAF is based on SysML the requirements verification approach is
applicable to both UAF and SysML

www.incose.org/symp2021 9



Work Iin the Area

Industry demand for standardized approach for automated requirements
verification without manipulating the real system

Work done in this area:

— has very little prove of
its successful application
on real-industry cases

— is very specific to a
small area of applications

|s dependent on specific tools

— Model-based methods
requires a specific non
standardized extensions

The work done is based on:

req [Model] Data[ Stopping Distance Requirmeentsy

xextendedRequirement»
Stopping Distance

Text ="The Vehicle stopping distance shall not exceed the values
in Figure 1 as a function of initial speed and pavement
verifyMethod = Analysis

arefines

«constraint»
Stopping Distance Verification

{stopping_distance <= required_ dlstﬂn ce}
{required_distance = (1/(2*32.174*alpha)*pow((5280*initial_speed/3600),2)

parameters

alpha : Real avalueType»
required_distance : ftiunit = i} Pavement Condition
initial_speed : mph{unit = mph} wet

pavement : Pavement Condition dry
stopping_distance : ft{unit = fi}

bdd [Model] Data[ System Context y

«blocks
Vehicle

zextendedRequirements
Stopping Distance

grossWeight : Ibs [1] unit = Ibs
speed : mph [1Kunit = mph}
numberOfiWheels : Integer [1[ 4
stopTime : sec [1Hu second)

Text ="The Vehicle

stopping distance shall not
exceed the values inFig 2 as
a function of initial speed and

T I;' | pavement. "
1 Dist ft[1 fi} C ; :
e (hont = verifyMethod = Analysis
| T
«satisfy» |

An Approach: SysML-based Automated Requirements Verification published by IEEE ISSE 2015

www.incose.org/symp2021
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Application to SE and SoSE iy
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Trade study analysis process based
on requirement verification
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Trade study analysis process

act [Activity] TradeStudyOBasedOnReq Process [ TradeStudyOBasedOnReq Process ] )

®

v
: Define trade study
requirements

*

S A
: Define plausible
alternatives

PR
: Formalize text-based
requirements

th

I -
: Define context of
trade study analysis

|

| ConstraintBlocks that
formalize requirements?

Are there

I[Yes]

(
|
N
[No] I Bind system properties
| | to constraint parameters
| T
|

Co- sl

e Y
: Build test cases
| scenario

2 \"2
: Perform requirements \'

verification
th

\"2
: Capture verification
results

A\ .
: Select the preferred
alternative

O

act [Activity] Formalze text-based requirements| ) Formaize text-based requirements | |

®

A2 =
: Link Value Property with
Requirement by Satisfy relationship
T

. v =
: Link State with Requirement by
Refine relationship
T

| Requirement is

% fully formalized?

‘I}No] |

: Link ConstraintBlock with !
Requirement by Refine relationship | 1[Yes]
|

act [Activity] Perform requi i <) Perform ificati ])

o
——

\ \' .
: Verify static : Verify dynamic
requirements requirements

I I

e——
O
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Define trade study requirements

 Requirements describe the
necessary functions and features
of the system.

 Requirements can be used as a
set of trade study selection

criteria.

* In this step, a set of requirements
should be established that will be
used in a trade study analysis.

«block»
System Analysis

values
aspectRatio : Real = 55.0
/circumference : Real
/engineSpeed: Real
rimDiameter : Integer = 16 d
speed : Real
tireWidth: Integer = 195
verdict : VerdictKind = inconclusives
/wheelDiameter: Real

7
/

&

www.incose.org/symp2021

~

«satisfy»/

v «satisfy»

~  «satisfy»
Ry y

«requirement»
Sport Edition Rims

Id="11.1"

Text = "17 inches diameter
rims is an option of sport
variant"

=
Ve

«requirement»
Vehicle Rims

Id="11"

>/ Text = "Vehicle standard
rims shall be 16 inches in
diameter"”

5 .
«requirement»

Gear UP change Speed

Id="12"

Text = "Gear change UP
shall not decrease vehicle
speed"

14



Define plausible alternatives

* Plausible alternatives can potentially achieve the
goals and objectives of the systems.

« Alternatives can be defined by selecting potential
solutions that are already known or desirable.

p Name ATU.ratioDifferential_1 | ATU.ratioDifferential_2 | ATU.ratioDifferential_3 | ATU.ratioDifferential_4 : | ATU.ratioDifferential_5S :
: Real : Real : Real Real Real
| A =] system variant 1 3.789 2.951 1.435 1 0.865
| 2 | = system variant 2 3.751 2.86 1.9 1.31 1
|3 | = systemveriant3  3.287 2.499 1397 1 0.853
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Formalize text-based requirements

SysML introduces the ability to model
text-based requirements.

Refine relationship is used between
requirements and constraint blocks.

A requirement refined by a state means
that the requirement constraint is valid
only if a system is in a specific state.

www.incose.org/symp2021

(act [Activity] Formalize text-based requirements J

®

\4
( : Link Value Property with
Requirement by Satisfy relationship
|

\ 4
[ : Link State with Requirement by ]

Refine relationship
|

| Requirement is
% fully formalized?
|

\JNo]

: Link ConstraintBlock with
Requirement by Refine relationship

[Yes]
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Define context of trade study analysis

«block»
System Analysis

constraint:
D : rimDiameterConsraint
enSp

* Analysis context prevents any direct o

whSpeed

impact or changes to the original | ..

aspectRatio : Real = 55.0

/circumference : Real

system architecture. janineSpeed: Rea

rimDiameter : Integer = 16

speed : Real

tireWidth: Integer = 195

verdict : VerdictKind = inconclusive

* In this step, the context of the trade SRR
study analysis is defined and the
constraints that will be used to
analyze the system should be set. .

RPM: Integer
ratioTransmission : Real= 3.42
ratioDifferential_1: Real = 2.97
ratioDifferential_2: Real = 2.07
ratioDifferential_3: Real = 1.43
ratioDifferential_4: Real=1.0
ratioDifferential_5: Real = 0.6

ratioDifferential: Real
changeSpeedUp : Real
wheelSpeed: Real

verdict : VerdictKind = inconclusive

1
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Bind system properties to constraint
parameters

par [Block] System Analysis [ Wheel Speed Calculation])

 Constraint blocks should be
defined to formalized complex

circumference : length[metre]

Iogi C ( T Ij ct speed : speed[kilometre per hour]
vhSpeed : WheelSpeed
. . R eveTS.5)(grt'grd)} E - : Automatic Transmission System
* In this step, the variables of a
constraint block should be bound 1= R e
with the value properties that are i Ca T
examined in the requirement L

verification.

engineSpeed : frequency[hertz]

www.incose.org/symp2021 18



Build test case scenario

[act [Activity] Test Case[ Test Case ] J

« Some variables change depends on J
the operation of the system. B oo |

\V4
« To verify such variables against the | :GotoNeutral |

determined requirements, test case v
scenarios is created using activity or \ =G°‘:’ -
sequence diagrams. v

: Up shift

www.incose.org/symp2021 19



Perform requirements verification

 The possible solutions of a trade study
are judged by their overall satisfaction
of the determined requirements.

« Requirements are verified on the basis
of established requirements traceability

relationships and formalized
requirements.

(act [Activity] [ Perform requirements verification ] J

O
——

\'4 4

: Verify static : Verify dynamic
requirements requirements

v
®
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Capture verification results 3oL

* Once the requirement verification is completed,
the results should be recorded to perform an
analysis of the results.

« Each outcome of the alternative should be kept
separate in order to examine requirements that
were not satisfied.

2 Name ATU.ratioDifferential_1 | ATU.ratioDifferential_2 | ATU.ratioDifferential_3 | ATU.ratioDifferential_4 : | ATU.ratioDifferential_5 : verChSpeedl : WI_1eeI nm[}iar_neter T o rDVer : ! .
: : Real : Real : Real Real Real Speed Verification length[inches] | rimDiameterVerification
1 =1 system variant 1 3.789 2.951 1.435 1 0.865 fail 16 pass
2 | = systemvariant2 3.751 2.86 1.9 131 1 fail 17" |pass
3 =] system variant 3 3.287 2.499 1.397 1 0.853 fail 16 " pass
4 =l system variant 4 3.566 2.056 1.384 1 0.85 pass 16" pass
5 | = system variant 5 .3,5? .2.022 .1,384 1 .0.861 .pass .16 :pass

www.incose.org/symp2021 21



Select the preferred alternative sy

Analysis is carried out based on
the results of the requirement
verification.

soce V4

The goal of this step is to indicate
the most suitable alternative that

corresponds to all or most of the
specified requirements.




Case Study:
Systems Engineering Domain
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SysML-based Case Study: Vehicle Automatic

Transmission

« System Requirements for Vehicle Automatic Transmission

w N

EN

2 Name

E [l 1 Engine Fuel Consumption

[’ 1.1 Engine Speed Upshift
[Rl 1.2 Engine Speed Downshift

B [® 1.3 Optimal Engine Speed

B [®l 1.3.1 Gear Ratio Differential

[’ 1.3.1.1 RPM Drop
Bl [®l 1.4 Engine Brake
[rl 1.4.1 Wheel Speed Upshift
B [l 3 Gear Change Sequence
[’ 3.1 Gear Change UP
[’l 3.2 Gear Change DOWN
Bl [& 4 Vehicle Rims
[rl 4.1 Sport Edition Rims
[’ 5 Transmission Gears

Text

Gear shift up and down shall be performed in the lowest possible fuel consumption range
and highest possible engine torque range:

Torque Lower gear Higher gea
M

change change

" 4
V4 Torque
APM
500 1000 1500 2000 2500 3000 3500 4.000 4500
Engine Speed ©xmple TOI engine

Consumption

4
|
Optimum rev limit polnt

Optimal gear upshift should be performed when engine RPM reaches 2500 value
Optimal gear downshift should be performed when engine RPM reaches 1300 value

The best fuel consumption and torque is achieved in the RPM range from 1900 to 2100. This RPM range
shall be used as criteria for optimizing vehicle performance.

Differential gear ratio values shall result into usage of optimal RPM performance range during the gear
change

Differential gear values shall be configured to allow RPM drop up to 600 during upshift of the gear
Gear upshift shall not result into engine brake

’Wheel speed shall be equal or greater than the wheel speed before gear upshift

Gear change UP and DOWN shall be performed in a series manner
Gear upshift shall be increased by one incremental step

Gear downshift shall be decreased by one decremental step
Vehicle standard wheel rims shall be 16 inches in diameter

17 inches wheel rims is an option for sport variant

Vehicle automatic transmission shall be 5 speed transmission

www.incose.org/symp2021
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SysML-based Case Study: Vehicle Automatic
Transmission Model Description

bdd [Package] Structure [ Model ];J

stm [State Machineg] ATU[ ATU IJ

park

. [ i & ¥ Y neutral _| \
tranzmizsion Contral Un parking e CEE gearbox
al — reverss wblocks
: : ' ir | Gearbox

Transmissi
A Tﬂ eutral

driving

when (RPM-=1300) when (RPM-<1300) when (RPM-<1300% when (RPH-=1300)
| First | Second k ' Third " Fourth H Fifth }

when (RPWM==2500) when (RPM==2500) when (RPWM==2500) when (RPM==2500)

www.incose.org/symp2021 25



SysML-based Case Study: Analysis and

Verification of Vehicle Automatic Transmission
A. Static

bdd [Package] System Article [ Verification ]J

wblocks
System Analysis

Yalues
aspectRatio : Integer =55.0
Icircumference : length[metre]
lengineSpeed : frequencylhertz]
rimDiameter : lengthinches] = 16 ° {unit = inch} 3
speed : speedlkilometre per hourl{unit = kilometre per hour}
tireWidth : length[milimetre] = 195
yerdict : VerdictKind = inconclusive
fwheelDiameter : length[metre]

ATU

wblocks
Automatic Transmission System

wreguirements
Vehicle Rims

Id="4"

Text = "Vehicle standard
wheel rims shall be 16
inches in diameter”

]T‘uFEIﬂII'IE.‘»
[

«constraints
rimDiameterVerification

CONsSU=2AN0s

{rD == 16 | rD ==17}

Parameiers
rD ; lengthlinches}unit = inch}
—
|ureﬁnen

Al

wreguirements
Sport Edition Rims

Id="41"

Text = "17 inches wheel
rims is an option for sport
variant”

www.incose.org/symp2021

B. Dynamic

stm [State Maching] ATU[ ATU IJ

park

parking reverse

[EVETEE

| neutral neutral

reverse

- neutral
drive

driving

when (RPM=<1300)  when (RPM<1300)
First ﬁ Second H
- = s
~

~

when (RPM=1300)

Third f—{ Fourth j—{ Fifth |

when (RPI=1300)

M

when (RP==25007 ,hwrlen {RPI==2500)

wheft (5Pr.1>=2500}

when (RPI'.1}=25h 0)
1

~ - b \
arefinen — arefines —rremmerurefn N T
i o ~
e -~ % N I
e e sk Y] '
ablocks it areguirements
System Analysis = Wheel Speed Upshift

values
aspectlatio : Integer = 55.0
Jeircumference : length[metre]
lengineSpeed : frequencylhertz]
rimDiameter : lengthfinches] = 16 ™ {unit = inch}

5
tireWidth : length[milimetre] = 195

verdict | VerdictKind = inconclusive

/wheelDiameter : length[metre]

RPM_Check : frequency[RPM}unit = revolutions per minute}

peed : speedlkiometre per hour] = 0.0 km'h {unit = kilometre per hourlgt " —

ld="141"

Text = "Wheel speed shall
be equal or greater than the
wheel speed before gear
upshift"

«constraints
Wheel Speed Verification

"
I
I
I
I

constraints

{gearChangeSpesd<=wheelSpeed}

arefipes

paramelers
gearChangeSpeed : speed[kilometre per hourf{unit = kilometre per hour}
wheelSpeed : speedlkilometre per hourl{unit = kilometre per hour}

£V




SysML-based Case Study: Parametrization of@
Vehicle Automatic Transmission Requirements

par [Block] System Analysis [ Wheel Speed Calculation IJ

xconstraints l: Ve lengine Speed : frequency[hertz] ve ik u-c:nst_:is:s
whSpeed : WheelSpeed it ":B=RP"M"I§:}
{wc=(ct*ve*3.6)(gritgrd)}
ATU : Automatic Transmission System |_|
|RPI'|'I
| RPM : frequency[RPM]
E grt I ratioTransmission : Real
rd
] = i ratioDifferential : Real
change SpeedUp : speed[kilometre per hour]
|—| |—| gearChangeSpeed

wheelSpeed

ve
speed : speed[kilometre per hour] | .

verChSpeed : Wheel Speed Verification
’ {gearChangeSpeed-=wheelSpeed}

sconstraints - leircumference : length[metre] t

whCirc : circumference

{ct=PEd} |
l: d IwheelDiameter : length[metre] i |
Reguirements
: d Verification
wconstraints l: Constraints
whbDiam : diameterWheel 5
£d=(dr*0.0254}+(2*tw*ra/1 00/1000} |:4| aspectRatio : Integer I

dr =2 T
l: rimDiameter : length[inches] | rDVer : nmbDiameterVerification
[

(D= 16D =17}
EL' tireWidth : length[millimetre] I
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SysML-based Case Study: Test Case Definitio

(‘act [Activity] Test Case|[ Test Case ] J h
9| Go To Reverse J 9‘ Go To Neutral J— é‘ Go To Drwe %l Upshlrt
-
loop for doing the upshift for ]
automatic transmission |
- 7
/!

act [Activity] Upshift[ %5 Upshift 1)

[::)\4 = _[EE'-‘-I_ sh _iji-r decision
[

I
I
I
_ I
[r=:5:}| I
. o , I
sets RPM valie o |— — <| ALH.setValue(ATU, "RPM", "1900"); |
be in optimal range \ |
: | |
|
" I
ALH.setValue(ATU, "RPM", "2500"};‘ I
sets RPH valuisto | _ e T
initiate gear upshift; :
increases the loop
counter by one
L A
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SysML-based Case Study: System parametersy,
variation definition and verification of them

# fian ATU.ratioDifferential_1: | ATU.ratioDifferential_2: | ATU.raticDifferential_3 : ATU ratioDifferential_4: ATU. ratioDifferential_3: verChSpee-.zi.: W.heet rimDiar_ﬂeter: o rOVer: -
Real Real Real Real Real Speed Verification length[inches] rimDiameteryerification

1 =l system variant 1 3.789 2.951 1.435 1 {0,865 16 "

2 =1 system variant 2 3.751 2.86 1.0 1.31 [1 T

3 = system variant 3 3.287 2.499 1.397 1 0.853 16"

4 = system variant 4 3.566 2.056 1.384 1 0.85 16 "

5 = system variant 5 3.587 2.022 1.384 1 0.861 16"

# et ATU.ratioDifferential_1: | ATU.ratioDifferential_2: | ATU.raticDifferential_3 : ATU. ratioDifferential_4 : ATU. ratioDifferential_5 : verChSpee-ii.: W.heet rimDial:ﬂeter: o rDVer: A
Real Real Real Real Real Speed Verification length[inches] rimDiameterVerification

1 = gystem variant 1 3.789 2.951 1.435 1 10.865 fail 16 " pass

2 = systemn variant 2 379 2.86 1.9 1.31 I1 fail " pass

2 = system variant 3 3.287 2459 1.397 1 0.253 fail 16 " pass

4 = systern variant 4 3.566 2.056 1.384 1 0.25 pass 16" pass

5 = =ystemn variant 3 3.587 2.022 1.384 1 0.261 pass 16" pass

www.incose.org/symp2021
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Case Study:
System of Systems Engineering Domain
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UAF-based Case Study: MSR

R Connectivity [ 2 Maritme C on] |
«ResourceRole»
. % . o : Mobile health vehicle
: Yacht : Rescue Equipment
R18
. =fs : Frequency Scanner
t1 :Transmrtler{—- |IE17 Distress Signal
t2 : Transmitter r1 : Receiver r1 : Receiver t1 : Transmitter
(1] (1]
—|r1 : Receiver
R16 IE10 Message '
IE10 Message
= = t1 : Transmitter
5
o <
2 IE10 Message
A 43 o o - il
g =3 2 < i
o 3 - 8 IE10 Message mEr |
= Ry ¥ rly : Transmitter
L (=] o «ResourceRolen f'jfi\"
w w Reserve : RN ASR Helo
R6
: Receiver
RS 7]
.ri E10 Message T
o
fs : Frequency Scanner t2 : Transmitter r2 : Receiver
«ResourceRole» L
Primary : RN ASR Helo
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UAF-based Case Study: MSR

(Resources States [ =] RNLI Equipment ] |
«constraint»
__ Distress Signal . Track Info — - MissionTime
; el a) Rescuing | e | constraints
' {MT<28}
«refine» | «refine» ~ {rez=MT<28 ? 1:0}
7’ _ -
| ’ «refine» _ — — parameters
L 4 2 - MT : Real
«requirement» L e rez : Real
Mission Duration
Id="1" =
«constraint»
Text = "Mission Duration shall MissionCost
not exceed 28 hours" :
constraints
P {MC<=30000} A
o o Lreﬁnef- _ {rez=MC<=30000 ? 1:0}
’ Mission Cost - parameters
¥y = rez : Real
Id="2 MC : Real
Text = "Mission Cost shall
not exceed 30000 $" «constraint»
-7 CostPerHour
«requirement» (cP constraints
Cost per Hour «refine»
«satisfy» slia="3" EP — — — — — -{rez=CPH<=20007? 1:0}
Text = "Mission Cost per ez R::;a e
hour shall not exceed 2000 $" CPH : Real

www.incose.org/symp2021



UAF-based Case Study: MSR

Resources Parametric [ %i] Mission Analysis ])

«Measurement»

ReqVerificationScore : Real

%

rEz_
wequal»
ual
totalScore e
] rez. TPH
«constraints |: -
: Score
{totalScore=rez_TPH"0.2+rez_cost"0.3+rez_time*0.5} & rez_time rez.
wequal»
rez_cost
|— —
«equal»
rEz_

«constraints
: CostPerHour CPH «ResourceRole»
{CPH<=2000, maritime Configuration : Maritime Configuration
rez=CPH<=2000? 1:0 } «equal»
«Measurements»
costPerHour : Dollar/hour
«constraints
: MissionTime MT «equalp <Measurement» 7z
{MT<28, time : hour
rez=MT<28 ? 1:0}
«Measurement» fou
wconstraints cost : Dollar
: MissionCost MC «wequal»
{MC<=30000,

rez=MC<=30000 ? 1:0}

www.incose.org/symp2021
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UAF-based Case Study: MSR

MName T ..operationCostPerHour = ~F2 .costPerHour = [€] CostPerHour FA .time [E MissionTime
= SaveByBoat 1147 998.8 pass 25 pass
=1 SaveByHelicopter 4910 ;2164.51_54 fail 13 pass

0 .cost
24970

28140

g MissiunCnsti £ RegVerificationScore

pass 1

pass 0.8

www.incose.org/symp2021
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Conclusions

« Research described in this paper leads us to the following conclusions:

— Automated dynamic requirements verification is a new field of study enabled by
the MBSE environment. We have demonstrated the approach with SysML state
machine models; however, there are also activity and interaction models that could
also be taken into consideration in future research.

— We extend the static requirements verification approach to support dynamic
requirement verification by using SysML state machine models. We propose an
extension that can be used to automatically verify system requirements and be
used as evaluation criteria in automated trade-study analysis.

— We demonstrate the versatility of SysML allowing us to define analysis approaches
applicable to its extensions. In this particular case, UAFP allows us to apply
SysML based approaches to the SoS engineering domain to verify, for example,
capability requirements.

— The whole approach is scalable and can be used for large sets of requirements or
system variants.
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