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My background
Space systems engineering at ESA

European Space Agency — Concurrent Design Facility — ESTEC
See https://www.esa.int/cdf



https://www.esa.int/cdf
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OMG SysML version 2 Development

V“' Standard
<>. ‘U Deavr:alggrr?ent WZ)
]

Organization.
Wﬂ_ 2023
(SST)

2015 2016

SysML v2 RFP WG SysML v2 Submission Tea Finalization Task Force
Request for Proposal e |nitially two submission teams — since end 2018 e Major stakeholders' review held - Finalization of the
 Including SE Concept Model merged into one in ng 2021 o . specifications
e Started Jan 2018 on language (KerML & SysML) e Revised submissions delivered o Monthly releases of
0 Sfiplizee] AU S d 201 & i to Aug & Nov 2021 for review i !
L]
« Language RFP released Dec 2017 ta.rte June 20 E'§0n API Serw'ces g ' pllotlsoftware{ .
° Ag||e workflow with month|y sprints L Monthly releases of pllOt spec's and tralnlng
¢ API RFP released May 2018 > o . SR ifications and e
e Initial submission of language & API Spec’s delivered BRI, SPSENIEEITIENS & areyia
to OMG on 17 Aug 2020 g Sl « Expected
(3 parts: KerML, SysML language, API & Services) * Final submission to OMG production tool
e Includes working open-source pilot implementations scheduled for May 2022 developments
and training material with examples (both COTS and
o Monthly releases on GitHub open-source)
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Motivation

= Any engineering model — naturally — uses a lot of (physical) quantities
— For properties, variables, parameters, etc.

= MBSE — being systems engineering — always involves coordination across multiple
disciplines, life cycle stages, and organizations

= MBSE models therefore need a solid basis to represent quantities and their measurement
references (units, scales, coordinate frames)

= Even stronger: MBSE needs a rigorous semantic model of quantities and measurement
references to avoid costly mistakes and enable integration

» |mportant MBSE use case: (repeated) integration of contributed subsystem models into a
higher level system model

— Often models from different disciplines / organizations use different units, scales, coordinate frames

— Need for reliable, automated method to rebase the integrated model on single set of units, scales,
coordinate frames

— E.g., for interface definition and verification, for conversion to analysis / simulation tools
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All quantities in an MBSE model
must have explicit semantics!

measurement unit ... and more!
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(In)Famous case: Mars Climate Orbiter crash (1999)

Policies v SMA Disciplines & Programs ¥ Videos ¥ About

Schematic MCO Encounter Diagram
Not to scale

& Print Version

Estimated trajectory
and AMDAV's

Lost in Translation

e Mars Climate Orbiter Mishap
AUGUST 01,2009 mﬁ}i“l‘\z
L i = T
R
TCM-4 Sl
I I ii T Actual trajectory
Larger .

h AMD AV's S AME
- Driving trsjectory dowm relative Tl
youare 1o ecliptic plane H

Climate Orbiter this month, consider the progress we

Root cause was interface problem:
[JCaseStudy | [®)Presentation
== Change of impuls (m-Av) unit mismatch
o \“‘—-—-—F/
- spacecraft software used N-s (as required) /
- ground control software used Ibf:s (violating ICD)

factor 4.45 difference g
igure 4

working on today.
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Desirable Characteristics

Most appeared as
= Grounded in formal logic requirements in SysML v2 RFP

— SysML v2 metamodel is expressed in Semantic MOF (SMOF)
— Uses same first order logic foundation as RDF/OWL2

= Grounded in established international standards
— Should provide digitalized libraries of ISQ, SI and US Customary Units

= Support scalar & vector & tensor quantities

Support coordinate frames and transformations

Provide intuitive, compact syntax for quantity expressions

Enable automated quantity value conversion to different unit / scale

Enable automated quantity expression checking
— Compatible quantity dimensions i.e. dimensional analysis ... and more

«DigitalEngineering»

DEKonsult| MODELSWARD22 | 6-8 Feb 2022 | Virtual Event




Slide 9

Starting Point - QUDV in SysML v1

Informative Annex E.5 in SysML v1.2 ~ v1.6

E.5 Model Library for Quantities, Units, Dimensions, and Values
(QUDV)

BNg OUDV | £5 DUV Cencep

Bk

E.5.1 Overview T
it sy,

For any system model, a solid foundation of well-defined quantities, units, and dimensions system 1s very mmportant.
Properties that describe many aspects of a system depend on 1t. At the same time. such a foundation should be a shareable
resource that can be reused in many models within and across organizations and projects. oo syttt

A_gensmiunit_spaciicunit

The most widely accepted, scrutimized, and globally used system of quantities and system of units are the International

System of Quantities (ISQ) and the International System of Units (SI). They are formally standardized through [IS031] sspocife] 0. e frastean s et i . o
and [IEC60027]. The harmonization of these two sets of standards into one new set [[SO/TECE0000] has been published oy a [ —— i Quanting
by ISO in 2009 and 2010. The present QUDV model in SysML 1s based on ISO/IEC 80000-1:2009, which refers R e i ke ;;.n:gm?,m:m;;m gy
normatively to the ISO/TEC Gude 99:2007. The ISO/TEC 80000-1:2009 document 1s also the baseline for the 2010 e
revision of the [EEE/ASTM American National Standards for Metric Practice SI-10. All the relevant concepts underlying ertere oo Qs s
ISQ and SI are publicly available in [VIM]. See E 5.3, References for references to these documents. — e
bdd [Model] Model[ Car 1 J e ant s e o s s
«block» (eubasts syetem O}
Car ) i ) = +yatean Oflris | 0.1 i . (xhx!m!ﬂkmmﬂu:mzlel} :
. Major issue in SysML v1: o S spsnocne —
mass : mass[kilogram] = 1280.0 kg {unit = kilogram} q " e e T o
height : lengthimilmetre] = 1340.0 mm {unit = milimetre} | | qUANEItY value property type — ot S

combines quantity type and unit ... e R

A used Sy temDICuanilias_s ysmmOiDuaniites

so, change of unit forces change of type! e

«DigitalEngineering» Figure E.6 QUDV Units Diagram
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Implementations in other languages

= Many languages (and tools) support measurement units and ‘dimensions’
— Mathematica, Maple, Modelica, Matlab, MathCAD, ...
— Packages for Python, Java, Scala, C, C++, C#, Javascript, Julia, ..., mostly open source

= Some ontologies and schemas exist
— QUDT (http://qudt.org/) — originally a spin off from SysML vl QUDV (around 2009)

— FIBO Quantities and Units (https://spec.edmcouncil.org/fibo/ontology/FND/Quantities/QuantitiesAndUnits/) adapted
from SysML vl QUDV

— QUOMOS (https://www.0oasis-open.org/committees/quomos/) — started but never completed
— UnitsML (https://www.unitsml.org/) by NIST

= So, what is the big deal?

= Almost all only support simplest case: value - unit product
— Do not supportinterval | ordinal | logarithmic | cyclic measurement scales
— Limited support for quantity dimensions
— Lacking or very limited support for vector | tensor quantities and coordinate frames

= SysML vl QUDV already went a bit further, but was cumbersome to use in practice

«DigitalEngineering»
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Foundation - VIM and ISO/IEC 80000 (ISQ & SI)

consists of the following parts, under the general title Quantities and units:

and symbols to be used in the natural sciences and technology

Guide for the
Use of the International

JCGM 200:2012

— part 7. Light - System of Units (SI)

— Part 8 Acousfics

International vocabulary of
matrology — Basic and general
concepts and associated terms
(Vim)

1 a parts, under the general tille Quantities and units:
3rd edition
2008 version with minor cerrections d technology
jated to human physiology

* BIPM VIM, JCGM 200:2012, “International vocabulary of metrology” L
— https://www.bipm.org/en/publications/guides or https://icgm.bipm.org/vim/en/

= BIPM GUM, 3rd Edition, “Evaluation of measurement data — Guide to the expression of uncertainty in measurement”
—  https://www.bipm.org/utils/common/documents/jcgm/JCGM 100 2008.pdf

= |SO/IEC 80000 “Quantities and Units” — International System of Quantities (ISQ) and International System of Units (SI)
—  https://www.iso.org/standard/30669.html and https://www.bipm.org/en/publications/si-brochure/
— https://en.wikipedia.org/wiki/ISO/IEC 80000 for quick overview

= The NIST Reference on Constants, Units, and Uncertainty
—  https://www.nist.gov/pml/productsservices/special-publications-tutorials - Look for “Constants, Units, & Uncertainty”

= NIST SP811, 2008 Edition, “Guide for the Use of the International System of Units”
— In particular Appendix B “Conversion Factors” — links US Customary Units to S|

—  https://www.nist.gov/pml/special-publication-811

«DigitalEngineering»

DEKonsult| MODELSWARD22 | 6-8 Feb 2022 | Virtual Event



https://www.bipm.org/en/publications/guides
https://jcgm.bipm.org/vim/en/
https://www.bipm.org/utils/common/documents/jcgm/JCGM_100_2008.pdf
https://www.iso.org/standard/30669.html
https://www.bipm.org/en/publications/si-brochure/
https://en.wikipedia.org/wiki/ISO/IEC_80000
https://www.nist.gov/pml/productsservices/special-publications-tutorials
https://www.nist.gov/pml/special-publication-811

Slide 12

VIM - Selected vocabulary terms (1/3)

https://jcgm.bipm.org/vim/en/1.19.html

T

quantity

kind of quantity

base quantity

derived quantity

quantity dimension

quantity of dimension one
(aka "dimensionless quantity")

«DigitalEngineering»

property of a phenomenon, body, or substance, where the property has a magnitude that can be expressed
as a number and a reference

aspect common to mutually comparable quantities

Note 1: The division of 'quantity' according to 'kind of quantity' is to some extent arbitrary.

Note 2: Quantities of the same kind within a given system of quantities have the same quantity dimension.
However, quantities of the same dimension are not necessarily of the same kind.

guantity in a conventionally chosen subset of a given system of quantities, where no subset quantity can be
expressed in terms of the others

guantity, in a system of quantities, defined in terms of the base quantities of that system
expression of the dependence of a quantity on the base quantities of a system of quantities as a product of
powers of factors corresponding to the base quantities, omitting any numerical factor

guantity for which all the exponents of the factors corresponding to the base quantities in its quantity
dimension are zero

DEKonsult| MODELSWARD22 | 6-8 Feb 2022 | Virtual Event
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VIM - Selected vocabulary terms (2/3)

https://jcgm.bipm.org/vim/en/1.19.html
e

quantity value number and reference together expressing magnitude of a quantity

ordinal quantity quantity, defined by a conventional measurement procedure, for which a total ordering relation can be
established, according to magnitude, with other quantities of the same kind, but for which no algebraic
operations among those quantities exist

quantity-value scale ordered set of quantity values of quantities of a given kind of quantity used in ranking, according to
magnitude, quantities of that kind
Examples: Celsius temperature scale, Time scale

ordinal quantity-value scale guantity-value scale for ordinal quantities
Examples: Rockwell C hardness scale, Scale of octane number for petroleum fuel

«DigitalEngineering»
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VIM - Selected vocabulary terms (3/3)

https://jcgm.bipm.org/vim/en/1.19.html
e

measurement unit real scalar quantity, defined and adopted by convention, with which any other quantity of the same kind
can be compared to express the ratio of the two quantities as a number

base unit measurement unit that is adopted by convention for a base quantity

derived unit measurement unit for a derived quantity

multiple of a unit measurement obtained by multiplying a given measurement unit by an integer greater than one
submultiple of a unit measurement unit obtained by dividing a given measurement unit by an integer greater than one

Quantity dimension in ISO/IEC 80000 (ISQ) is defined using 7 base quantities:
Length (L), Mass (M), Time (T), Electric Current (I), Thermodynamic Temperature (@), Amount of Substance (N), Luminous Intensity (J)
qdim(qg) = L9-MB-Tv-13-@5:N&Jn (where a, B, VY, 9, €, {, n are the dimensional exponents)

Examples:

length: gdim(L) =L

velocity: gqdim(v) = L -T?

energy: qdim(E) = L2:M-T-2

torque: qdim(M,) = L2-M-T-2

«DigitalEngineering»
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Quantity modelling basics in SysML v2 (simplified)

Cd

ScalarQuantityValue mRef [1] ScalarMeasurementReference | Abstract generic supertype

for any scalar measurement
num : Number[1] | T

{ 5 4 * MeasurementUnit

Abstract generic supertype for any ¢ MeasurementScale
scalar quantity value

MeasurementUnit

QuantityValue is a tuple of number

and measurement reference ?

mRef [1] -
LengthValue S LengthUnit

{redefines mRef}

‘ Example concrete textual
attribute length : Lengthvalue = 1340 [mm]; syntax in user model (M1)

Note: attribute replaces
value property of SysML vl

«DigitalEngineering»
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Extend taxonomy to model multi-dimensional

quantities

Can represent

component-free and

componentized
tensors, vectors

TensorQuantityValue

mRef [1]

\ 2

/\

VectorQuantityValue

mRef [1]

TensorMeasurementReference —|

/\

Is generalization of coordinatized
vector space product

/\

ScalarQuantityValue

{redefines mRef}

mRef [1]

v

\ 2

VectorMeasurementReference

A Is generalization of coordinatized
vector space, i.e., coordinate frame

«DigitalEngineering»

{redefines mRef}
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ScalarMeasurementReference (J mRefs[*]

Is generalization of Specifies e.g., units for all
measurement unit and scale dimensions / components
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SysML v2 Quantity model in UML

«Features «DataTypes
dataValues Array
{multiplicity = "0..""}
T«Subclassi‘fication»
«Subsetting»
«AttributeDefinition»
TensorQuantityValue
{contravariantOrder + covariantOrder == arder}
«AttributeUsage» +dimensicns : Positive [1..*] = mRef.dimensicns{redefings dimensions ordered, nonunique} «AttributeDefinition»
tensorQuantitics MD +order : Natural [1] = mRef-:order{redefines rank} rmiRef

TensorM casurementReference

+isBound : Boolean [1] = mRef::isBound 1
+contravariantOrder : Fositive [1]

+covariantOrder ; Positive [1]

+num : Nunber [0..*]{redefines elements ordered nonunigue}

{multiplicity = "0..*"}

«Subsetting» «Subclassification»
New in KerML and SysML v2 are self- «Subslass fications
standing features (here AttributeUsage)
«AttnbuteUsa'g-e» «FeatureTyping» «AttributeDefinition» +mRef, «AftributeDefinition»
v:e:i:;r?:ta 7";“?5} B VectorQuantityValue 1 VectorM easurementReference
proy = 8- {redefines mRef}
«Subssilings «Subclassification» «Subclassification»
E.g. can declare reusable
R . . «AttributeUsage» «FeatureTyping» «AttributeDefinition» +Ref, «AttributeDefinition»
attribute mass : Massvalue[l]' sta’lat;?_"t:"m‘e‘j M ScalarQuantityVatue 1 ScalarM easurementReference
. multiplicity = "
directly at package level, not owned fredefines mReD
o _ene . «Subclassification»
by an Item or Part Definition (which

replaces SysML v1 Block)
NumericalValue

«DigitalEngineering»
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SysML v2 Measurement reference model in UML

oCalaTypsn
Array

«Subchssifisations

aAllr bulsDal iz
TensorM easirementReference

MazsureenlFalEence s an aliss
“nr TensarkiensuremantReterance,

tribute Definion»

orga e Slring 11
el 0| humber 1.7
+arder : Natural [1] = sizefdimensions irerefines rank} {ordareqy | 'defiriton : String

wSubclassifiestions

AT buteDefinition .

idiensions ; Positive [1){redefines dimensions,orcered.nonunigus}
+0rthegenal : Bavkoan [1]

The negative and Eositive value CoTTatcton prapetics are
asgd Lo lach i inlerprelalicn o wonverlon of Ngalive and
aosilive valus, 2. "sasl” lar negaliva valuss an b
CyalinRatnSaak for "kirqitide’ and " est” for nositive - wSube s sifieatione .
valies. " - e
<Alliioutelef iz D

This is & plasholder [or a propar samanl nodel o i
Eaning o negative anc uositive valuas.

ScalarMeasurementRafarence

wdirons ono - osivo [1] - Trodafins dcnsions ordcted ionuria o}
NaLur

{radelinas elemanls,
ardarad. nanuniquet

wdtiributeDefinition.

i« 1) = Oy avarings ardery
- - +nsqa!w9‘n~1\uaﬂ1r\nna ring [0- 1] A sscaevaluebelintions, | -num: St 1)
+nos.  mlupCoanatation S'an m.1 . &GP Shirg [11
T - o] IrRets.oitered nowniuei | 1 0
1 eyuivals 1
i B
aSuhclass: finariony «Subclassicatiznn
+urn P2 Fack u 1
. P wrFaclar . .
sAriauteDefinionn = — wAnrbuteDefnlic «/dbuteDefiniions ~soaisvaLisppin wAltrbuteDe
UnitPowerFactor " Weasurementtinit 1 0 | weasuromomSeaic [ o ScaleValueMapping
+exponEnt : Number [1{reedonty; orered} iy
k= 7 i
1 Heferencelnit]1 Subclessil caton s belagsiflicadons

«Subclassificationn | nSubclassif catony

sAtirbiteDEfinitin
Simpletinit

“driudaDaintions
Derivediinit

#Subclassification

A LA i o
Ordinalscale

<A lriulaDain ions
Intervalscale

eAlribulaDaliniions
CyclicRatioStale

A ik leDelinilion
LagarithmicScala

sbound : Boctean [1] = Lue{-cdelincs isdounch

0wt Brlser [1 = Woelredefines iBounch | wogculss -Murber [ | | shgariniBase - Logeriwnaasetind [1]

«DigitalEngineering»
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rwnitCarwersion,

wAllrbulaDarinilic
UnitGonversian

+conversiciaetar : Nunber [1)

i

«<Subekssificatione

eBbrlassi patans

whributeDefinitionn WAl bueDETiilioNn

GonvarsionByGonvention

+eomeersionFactor | Number [1] = prefis conversiar Factorfredefines carvers onFactor}

+pralis)1

nadtriguteDefindion .
UnitPrefix
~syrrbal : Stiing
“anvers anFacior : Inleger
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ais an exponent
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Q: Why Interval Scale in addition to units?

A: To support relative and absolute quantities
UTC timestamp = E.g., for time dimension:
2021-12-19T14:25:33.4253217 duration (relative) and time instant (absolute)

UTC time scale, unit is [s]

|||||||||||||||||\,\,

UTC ‘zero reference’
0000-01-01T00:00:00Z (= 1 BC!)

My experiment time scale [mts], unit is [s]

+—>

interval of duration = 6.45 [s]

My experiment t, = 0 [mts] My experiment t = 19.825 [mts]

Note: A simplification of course, assuming a Newtonian global clock
may need to consider different clocks, precision, other time scale without leap seconds, etc.

«DigitalEngineering»
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Also Ordinal, Logarithmic, Cyclic Ratio Scales

OrdinalScale LogarithmicScale CyclicRatioScale
Beaufort Wind Force Sound Pressure Level Rotation Angle
no unit, just ordering symbol = dB(A) or dB, unit = °

unit = dB modulo = 360 [°]
reference level = 20 [pPa]

Beaufort Scale(I10L1112)

Beaufortnumber  Description | Wind speed |Wave height ~ Sea conditions  Land conditions | Sea conditions (photo)

<1 kot
o cam AW o [seameanmr | ST - Sound pressure level e
<2kmh vertically.
cosms For other uses, see Sound level
1-3 knots = =
, omn |01 o aor | Destonstonty Sound pressure level (SPL) or acoustic pressure level is a logarithmic measure of the
Light air smoke drift but not . .
ZSn | s scales are Omed, | vanes effective pressure of a sound relative to a reference value.
T m ‘without foam crests
kot Smai wavelets s 5 Sound pressure level, denoted L, and measured in dB, is defined byl
2n shortbutmore | Wind fet on face
D pronounced; crests | leaves rustie; wind
2 R T haveagassy | vane movedby 5 L -2 Np = 2log Pig_9 log 2\
0306m | appearancebutdo | wind =0 r o 10 Po 10 Do !
0[°]
Ep— Large wavelets; where
2an crestsbeginto | Leaves and small
3 Gentie breeze 8-12mph break; foam of twigs in constant . B
P—— glassy appearance; | motion; light flags p is the root mean square sound pressure,[=
06-12m perhaps scattered | extended. T . e . . i
34-55ms white horses . Dy is the reference sound pressure,
BB [ Smallwaves N 1 Np is the neper,
s [ bocomng onge. |l 1B= (2 In10) Np is the bel
zn j:://h o ;:;ly elsrequenlwmle Pl = = (5 1n ) Np is the bel,
s i ) A
1dB = (55 In 10} Np is the decibel.
F— . (zgIn10) Np
6101 taking a more Small trees in leaf . <lE]
p—— o L LT The commonly used reference sound pressure in air is!
5 Fresh breeze form; many white crested wavelets
20-38 kmin horses are formed, | formon mand | SR Sl pp =20 pPa,
_am s
| From https://en.wikipedia.org/wiki/Beaufort scale I | From https://en.wikipedia.org/wiki/Sound pressure I

«DigitalEngineering»
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Coordinatization - Coordinate Frames

= |n order to quantify vectors and tensor coordinate frames are needed

= Predefined typical coordinate frames and transformations for engineering
— 2D / 3D Cartesian, 3D Spherical, 3D Cylindrical, 2D Polar
— Geographic coordinate system (lat, long, altitude)
— 1SO 10303-242 (STEP) axis placement
— Transformation matrix (translation and rotation about principal axes)

= Domains can add their particular coordinate frames by extension

— E.g., rotation via quaternions, ...

MODELSWARD22 | 6-8 Feb 2022 | Virtual Event
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Coordinate Frames and Placement Model

«AttributeDefinition»

VectorM easurementReference
{size{placement) == 0 | placement.target == self} {forall(bd: basisDirections | bd.mRef == source),

pttarget «AltributeDefinition»
]

0.* . .
+source CoordinateTransformation

+isOrthogonal : Boolean [1]

+dimensions : Positive [1]{redefines dimensions,ordered,nonunique}

1 0.” source.dimensions == targel.dimensions,
+placement | size(basisDirections) == source.dimensions(1],
origin.mRef == source}

+mRef

Coordinate Frame
is a specialization of
VectorMeasurementReference

«DigitalEngineering»

1 0.1
! o o basisDirections
{redefines mRef} - - (expressed in source CF)
+basisDirections |1..* +origin J,0..1 Zl
wAdtributeDefinition» 1
VectorQuantityValue /y
z origin
translation

Origin translation and basis direction
vectors are specializations of
VectorQuantityValue

source CF target CF

Example CoordinateTransformation / placement
X for 3D Cartesian coordinate frames

DEKonsult| MODELSWARD22 | 6-8 Feb 2022 | Virtual Event
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Free and Bound Vectors

= Multi-dimensional equivalent of relative and absolute (scalar) quantities are
free and bound vector quantities

= For many gquantity dimensions there are pairs of free and bound quantities
— In case of a vector the quantity dimension is taken from its magnitude

quantity dimension | relative / free absolute / bound m

Time (T) duration time instant
Energy (L>M-T2) kinematic energy potential energy 0 1
Length (L) displacement vector  position vector 1 1,2o0r3

= Observation:
Interval Scale is same as 1D bound vector space with 1D coordinate frame
Interval Scale zero shift (offset) is same as origin translation

«DigitalEngineering»
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Operations on Free and Bound Vectors

Example 2D but holds for any N-dimensional space
Same algebra as for absolute quantity on interval scale!
E.g., temperature on Celsius or Fahrenheit scale.

/ free displacement vector 12

V55 — Vya (in vector space A)
Vo5 — V;g (in vector space B)

point (P,) in ‘free vector space’
aka affine space or torsor

bound position vector 1 in A (v;,) point 2 (P5)

bound position vector 2 in A (v,4)

origin of ‘bound’ vector space A

bound position vector 2 in B (v,g)

bound position vector 1 in B (vg)

Algebra:
free vector + free vector — free vector
free vector - free vector — free vector

i of ° , bound vector — bound vector — free vector
SR @I el Ve SpEas bound vector + free vector — bound vector
e Cannot add two bound vectors, only subtract

DEKunsult MODELSWARD22 | 6-8 Feb 2022 | Virtual Event
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SysML v2 Measurement reference model details

«DataType»
Array
+dimensions : Positive [1. *[{ordered,nonunique}

+rank : Natural [1] = size{dimensions}
+lattenedSize : Natural [1] = dimensions->reduce ™

Array provides

. T multi-dimensional structure
isBound
«Subclassification» «Subclassification»
- false declares free vector space
«AttributeDefinition»
- true declares bound vector space TensorQuantityValue
. {contravariamOrder + covariantOrder == order}
+dimensions : Positive [1.."] = mRef.dimensions{redefines dimensions,ordered,nonunique} «AttributeDefinitions
+order : Natural [1] = mRef::order{redefines rank} HmRef, TensorMeasurementReference
+isBound : Boolean [1] = mRef::isBound 1 -
|+comravariant0rder  Positive [1] *\SEOUMN;?OO:T?]“ [11= f(adl_se fons)iredie. "
+covariantOrder : Positive [1] “+order : ural = size(dimensions }{redefines ran ..
+num: Number [0..*{redefines elements,orderednonunigue} m Refs SpeC|f|eS
TcSubclassification» «Subclassification» measurement refe rences
) pY S for all tensor or vector
contravariantOrder Voo rﬂ;g”te:.‘mﬂo:” +mRef cAttributeDefinitions combponents
cova r.a ntOrder eclorQuantityVaive 1 VectorM ea surementReference p
\J I {redefines mRef} |+dimensions : Positive [1]{redefines dimensions,ordered,nonunique}
- declare index conventions +ieOrthogona : Booieen [1]
X «3ubclassification» +rRefs
for some kinds of tensors «Subclassifications ‘ _
{redefines elements, ordered, nonunique}.[0.."
& «l?t(r\guteD(:!\!ni:ilor;» +mRef «AftributeDefinition»
catarQuantityvatue 1 ScalarMeasurementReference
— {redefines mRef} |+dimensions : Positive [1] = 1{redefines dimensions,ordered.nonunigue}
«Subclassifications +order - Natural [1] = 0{redefines order}
+negativeValueConnotation : String [0..1]
+positiveValueConnotation : String [0..1]
+mRefs : ScalarMeasurementReference [0.."] = self{redefines mRefs ordered nonunique}
umericaiVaiie

«Subclassifications «Subclassifications

«AttributeDefinitions» i «AttributeDefinition»
«DigitalEngineering» M easurementUnit .Y | MeasurementScale
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Examples of Implementation in SysML v2

- [m] e

x|+

= o x 7 JupyterLab

= JupyterLab x | +

« G QO D localhost:8888/1ab o T¥ m 8 e = <« @] QO D localhost:8888/1ab 0% ¥ n 82 e =
T File Edit View Run Kemel Tabs Settings Help Z File Edit View Run Kemel Tabs Settings Help
™ 4 Launcher X | % SimpleCarBxampleipynb X - 2 Launcher X | % SimpleCarExampleipynb %

SysML O B + X DO O » m Cc » Code v SysML @

part LerTKearnneel T WnEEILTOICE;
part rightReariiheel : WheelChoice;

5 T
Simplistic structure model of a car with a body and four wheels s - On'the'ﬂy, aUtO-layOUt
Package SimpleCarExample (caB925eB8-1437-4F8F-acbf-fc3c3647198b)

M Odel a Utho red For the wheels there is a choice between basic and de luxe variants, with 19 or 20 inch rims respectively.

B+ XDO » = c » Code ~

o Simple Car Example )

visualization via built-in

1 %viz SimpleCarExample

%
in textual language ;e s < ; i —_— o
L e Quantlty and units o B ————— PlantUML/SysMLv?2 visualizer
P imported from
: o 7 i H 1 “dryMass=body mass + leftFrontVVheelmass +
attribute diameter redefines I5Q::diameter; SysM L V2 ||bra ries e s e

attribute mass redefines I5Q::mass;

10 b // SGBse s .\\

«parts
simpleCar

12 // Basic wheel specialization with 18 inch rim, using explicit Long-form textusl syntox
N i iali ~~
1: part def .Wheelﬁ‘aslc spz()al)f:s Wheel { ) ) 1.7 \J\ ~
14 attribute diameter redefines Wheel::diameter = 13 ['in']; . ~a
. attribute mass redefines Wheel::mass = 12.5 [kgl; wparts wparts wparts
Example quantity ;
8 // De Luxe wheel specialization with 2@ inch rim, using shortcut textual syntax s omass mass mass
o i s -

1 3« rt def WheelDel, wheel {
attributes A e A it

i>> mass = 13.7 [kel;

3
// ExompLe variability modelling by a variation point for wheel options wpartdefs
- variation part def WheelChoice specializes Wheel { WheelBasic
variant part hiheelBasic; <part defs
z7 , variant part WheelDeLuxe; WheelDaLuxe dlameter=18 in];
29 mass= 125 kg
38 /7 Simple car modelled directly as a part “>>Wheel-mess
31 - part simpleCar { |
74 Simplistic dry mass oggregation (note: can be done smarter) |
attribute dryMass :>> ISQ::imass = body.mass
+ leftFrontWheel.mass + rightFrontiheel.mass \l; "(
+ leftRearhheel.mass + rightRearWheel.mass; i
. «part defs
4/ Car. by aodelied divectly a5 o part Example in Jupyter Lab Notebook s
. part body {s=}
dameter
5 // 4 wheels with separately named usage roles I | d F F b »>/5QSpace Time:diameter
Z 5 e 3 MEEetes ( ocal or remote server an Irerox prowser o
part leftFrontiheel : WheelChoice; 55 e mase
part rightFrontiheel : WheelChoice;
part leftRearWheel : WheelChoice; L
part rightRearkhesl : WheelCheice;
N v 1 %publish SimpleCarExample
v API base path: http://sysml2.intercax.com:988@ v
u[l\gitalEngmeanng» OB 2 @ NoKemel|ldle Saving completed Mode: Command @  Ln3, Col 18 SimpleCarExampleipynb 0 M2 @& NoKemel|Busy Saving completed Mode: Command @ Ln1,Col 1 SimpleCarExampleipynb
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= SysML v2 well underway — has very a solid quantities and units model

— ISO/IEC 80000 parts 3-12 captured as semantic model libraries (700+ quantities, few
hundred units)

— NIST SP811 captured for US Customary Units with official conversion factors (300+)

— Integrated with SysML v2 expression language

= Currently working on complete coordinate frames and transformations
— Including basic geometry modelling capabilities

= Next steps
— Implement automated conversion algorithm and quantity dimensions checking

— Develop expression of uncertainties and probability distributions

«DigitalEngineering»
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