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Foreword

[SO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out through
ISO technical committees. Each member body interested in a subject for which a technical committee
has been established has the right to be represented on that committee. International organizations,
governmental and non-governmental, in liaison with ISO, also take part in the work. ISO collaborates closely
with the International Electrotechnical Commission (IEC) on all matters of electrotechnical standardization.

The procedures used to develop this document and those intended for its further maintenance are described
in the ISO/IEC Directives, Part 1. In particular, the different approval criteria needed for the different types
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Introduction

This document analyses the visualization fidelity among the visualization elements of a digital twin system.
Since digital twin (DTw) is a new technology, various definitions are being proposed in the sector as a whole,
so they collide with each other, and cross-reference is underway at the same time. This document analyses
the element technologies and the properties that make up the DTw system, it also attempts to reveal the
nature of the DTw, and focuses on visualization elements. This is expected to further solidify the identity of
DTw, reduce confusion and consequently help further spread the use of DTw technology.
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Visualization elements of digital twin — Visualization fidelity

1 Scope

The cont

ent of this document is divided into two parts.
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thre

indu
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For the g
ISO and
— ISO

TQOCUTIENT aalySes the Overdit cContiguration of am imdustriat digitat twitr SyStern, and p
p-elements architecture, focusing on the twinning interface between the physical twin"(}
strial digital twin (iDTw).

characteristics, and the visualization elements and visualization fidelity of iDTw;are analy
Lment:
yses the twinning interface between the PTw and iDTw;

oses a three-elements architecture;

p-elements architecture;
yses the elements that constitute an iDTw system to understand the unique properties of i

pbres the differentiation from cyber physical systems (CPS) or augmented reality (AR), W
ar to existing concepts of iDTw.

liment excludes:
cations of iDTw;

ementation of iDTw.

mative references

e no normative references in this document.

ms and definitions
urposes ofithis document, the following terms and definitions apply.

EC maintain a terminology database for use in standardization at:

oposes a
Tw) and

sed.

yses the visualization element and its fidelity, which is a key,camponent of the interface among the

DTw;

hich are

Dnline browsing platform: available at https://www.iso.org/obp

— IEC Electropedia: available at https://www.electropedia.org/

31

accuracy
closeness of agreement between a test result or measurement result and the true value

[SOURCE: ISO 3534-2:2006, 3.3.1, modified — Notes 1 to 3 to entry have been removed.]
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3.2
asset
any item

ISO/TR 24464:2025(en)

, thing or entity that has potential or actual value to an organization

[SOURCE: ISO/TS 15926-11:2023, 3.1.1]

3.3
asset ad

ministration shell

standardized digital representation of an asset (3.2)

[SOURCE: IEC 63278-1:2023, 3.1.2]

3.4

digital n
dataset ]

[SOURCH
the exan

3.5
federati
commu

[SOURCH

3.6
fidelity
degree t
percepti

[SOURCH

3.7
industri
digital rg

Note 1 to

3.8

nodel
o represent the shape (3.12) and any other desired characteristics for target syntheticimod

:1S0O 22926:2023, 3.1, modified — Term "digital anatomical bone model"”, Notes-1to 2 to e
ple have been removed.]

n
ity of domains

:1S0 12967-1:2020, 3.4.2]

b which a model or simulation reproduces the state-and behaviour of a real-world obje
bn of a real-world object, feature, condition, or chosen§tandard in a measurable or perceivablg

:1S0 16781:2021, 3.1.4]

al digital twin
presentation of a physical entity

entry: It represents the bit world ratherthan the atom world.

industrial digital twin system

compou
(3.15)w

39

d model composed of a(physical twin (3.10), an industrial digital twin (3.7), and a twinning
hich is used for statesynchronization (3.13) between two twins

level of dletail

alternatg
[SOURCH
3.10

representations of an object at varying fidelities based on specific criteria

: ISO/IE€8023-1:2006, 3.1.8]

physical

el

ntry and

ct or the
b manner

interface

| twin

object which exists in the real world

3.11

real time
guarantee response within specified time constraints

Note 1 to

3.12
shape

entry: Often referred to as “deadlines”.

form of an object or its external boundary, outline, or external surface, as opposed to other properties such
as colour, texture, or material type

© IS0 2025 - All rights reserved
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3.13

synchronization

joining up or handshaking of multiple processes at a certain point, to reach an agreement or commit to a
certain sequence of action

3.14
twinning
pairing or union of two similar or identical objects

3.15
twinning interface
mediator which allows mutual augmentation between iDTw (3.7) and PTw (3.10)

3.16

visualizption

renderinig of an object, situation or set of information as a chart or image
[SOURCH: ISO/IEC TS 5147:2023, 3.1.15, modified — Note 1 to entry was removed.]
4 Abhreviated terms

AAS asset administration shell

Al artificial intelligence

AR augmented reality

AWI approved work item

CAD computer aided design

CAE computer aided engineering

CG computer graphics

CPS cyber physical system

DTw digital twin

fps frames per second

FPSO floating prodiiction storage offloading
HiFi high fidelity

HW hardware

iDTw industrial digital twin

[oT Ttermetof tmngs

JWG joint working group

LoD level of detail

LRC local RTI component

MAR mixed and augmented reality

MEMS micro electromechanical systems

© IS0 2025 - All rights reserved
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MR
NP
0&M
P&ID
PLM
PPI
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mixed reality

new proposal

operation and maintenance

piping and instrumentation diagram
product life cycle management

pixels per inch

PTw
RAMI4.0)
RPM
RTI
SMRM
SMRL
STEP
SwW
TTR
VR
WiFi
XR

5 Nee

5.1 At

The cong
bit world
realm, g
by the tJ
three fad

Contrast

phystcattwin

reference architecture model industry 4.0
revolution per minute

run-time infrastructure

smart manufacturing reference model
STEP module and resource library
standard for the exchange of product model data
software

technology trend report

virtual reality

wireless fidelity

extended reality

ds of DTw visualization

pm world and a bit werld

ept of the digital twin/(DTw) can be elucidated through the paradigms of the atom world
. The atom, beingthe fundamental unit of matter, serves as the foundation for the real wq
verned by traditional economic principles, is often referred to as the physical world, charz
ngible presene€ of materials. Within the atom world, the economy is predominantly influ
tors: land;.gapital and labour.

ingly;the bit world represents the online domain, where the economic paradigm shifts sigy

from thz;lf of the atom world. In this digital space, data are stored as bits which do not require physic

and the

and the
rld. This
iIcterized
enced by

ificantly
al space,

rocessing QpPPdQ SUIpass those encountered in the atom world

5.2 Visualization of big and small things

As man-made products, including ocean platforms, satellites, factories, power plants, and urban
infrastructures, grow in size and complexity, the challenge of managing these entities escalates.
Consequently, there is an expanding demand for the utilization of DTws to manage these large and complex
products. Similarly, in the realm of micro-materials, such as DNA and micro-electro-mechanical systems
(MEMS), digital models replicating real-world objects are increasingly employed for planning, designing,
producing, operating, monitoring, and maintaining these materials. Nonetheless, digital models, whether for
macro or micro-scale applications, are often simplified or idealized versions of their physical counterparts,

leading t

o inherent limitations.

© IS0 2025 - All rights reserved
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The absence of visualization technologies raises questions about the practical value of a constructed DTw.
This paradox underscores the critical importance of visualization capabilities. Visualization technologies,
including video, are becoming increasingly vital in accurately simulating real-world scenarios with DTws.

5.3 Visualization of big data

With advancements in the internet of things (I1oT) and sensor network technologies, an increasing volume of
operational data are being digitized and stored through the internet and sensor devices, thus contributing
to the formation of substantial big data assets. Figure 1 illustrates the process in which operational data,
gathered via edge computing devices like smartphones, is archived and leveraged as big data within cloud
computing infrastructures.

The sheg

IoT devices Gateways Fogs and cloudlets Clouds (ﬁj
P
b; .
gan--u iy o
: {5}51? ) — | Qﬂ/
“\;._‘-.‘.: fif 4 S
$ A {0) (@)
. —::::L/ N
‘\ e S S O
/ -‘\ {{:Tuj} 9
(6" = e
e/ S
\A@
Process&@capablhty
%\htlty of device
Figurt}\— IoT produces big datal29]
r volume of this big data s ses human analytical capabilities, heralding new horizons as

artificial

intellige Jece (Al) is deployed for its-analysis. With big data integrated into digital assets and constifucted as

DTws, t

The utili
time, no

fidelity in mlrrorméj -world scenarios surpasses that of traditional digital models.

modelli

The simfilatio

vation of compu aphics (CG) for the visualization of big data has been established for qu
fably in applieations such as climate modelling with supercomputers, biological cell or
g, and the r@f retation of simulation outcomes via digital product models, including autq

comes, represented as numbers and compiled into big data, gain interpretatiy

These s ientif;ﬁ alization techniques pivot on CG rather than mere numerical calculations (H

through he,< ication of Al and/or visualization techniques.

o)

ite some
chemical
mobiles.
igure 2).
e clarity
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elementy
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Figure 2 — Scientific visualization [32]

sualization fidelity of the twinning interface

fed in Figure C.5 and Figure 3, the industrial digital twin (iDTw}, system is composed of t}
: the physical twin (PTw), the iDTw, and the twinning interface’(see also Clause 6). This d
 addresses the twinning interface that facilitates interactianpetween the PTw and iDTw, foq
lardization of visualization fidelity that is either shared ordntegrated between the PTw and {

neral

terest in DTw grows, the introduction«of varied definitions and architectures for DTws h
h. To address this issue, formal coneept analysis, as introduced in D.1, serves as a useful

rous references, the term "digital twin" is often equated with a digital replica. Hows
1t adopts the three-elementstarchitecture based on the definition provided by Michael Grig
bd with the concept of the)DTw. The selection of terminologies are further explained in Any

v system is charaCterized by a three-elements model, as illustrated in Figure 3, encor
and the iDTw, both of which are integrated via the twinning interface. This model is co

model.

Industrial digital
/ twin (iDTw)
( iDTw )

Iree core
ocument
using on
he iDTw.

as led to
tool. It is

ver, this
ves, who
ex B.

npassing
lectively

to as the "iDTw system". Annex E outlines a series of use cases that are applicable to the three-

Industrial digital l Twinning interface J
twin system )\
Physical twin
(PTw)

Figure 3 — Three-elements architecture of the iDTw system

© IS0 2025 - All rights reserved
6


https://standardsiso.com/api/?name=563d91033da2f6ce5cda2d97563048b6

ISO/TR 24464:2025(en)

6.2 Component technologies of DTw visualization

Drawing from the model proposed by Dr. Michael Grieves and the associated three-element architecture,
the technologies integral to DTw visualization are delineated in Figure 4. Given the complex nature of DTws,
capturing all component technologies within this document proves challenging. Thus, the focus is narrowed
to the visualization aspects, which are systematically categorized. The various definitions of DTw are
grouped and presented in Table A.1.

Visual property Texture

Color
Scene graph, product structure, BOM

Static Mesh
model / Po‘lvﬂon

3 Lo T dol
.. . I1Idpc JOTTCIMToOTeT
Digital replica, 14 Surface model
Avatar, Points cloud
Mirror world Scientific visualization
Simulatio Post-processor of CAE
D~Animation

User  “-Behavior attributes
Pigital twin interaction _..0ser input

nformation to user
(DTw) system
. Sensor data, Qperational data
Surrounding DTws loT (Analytics results
\_Disturbance from environment

Control from physical asset
CControl from avatar

Artificial model,
Concept model,
Digital mockup

Digital twin,

Digital asset
(=]

Bit

Twinning
Interface,
Data stream

Between PTw and DTws

Control
parameters

lification

[¢]

Time resolutionSampling raf
User interaction Latency

\
(flight simulator, Usefinput Fidelity measure
Arcade game) { . mformation to user

Physical twin,
Physical asset,
Atom

Figure 4 — Component technologies of DTw visualization

A substdntial portion of the over 600 SMRL (STEP module and resource library) data models or| product
models (fchemas) can be identified as compenents integral to DTws. The SMRL serves as the foundation for
the STEH standard (ISO 10303 series), which encompasses not just design models but also those peiftinent to
product;En or manufacturing, including models dedicated to visualization purposes. For instance, the visual
presentation aspect is specifically addressed in ISO 10303-46:2022, C.7.

6.3 Cdmparison with existing architecture

To explajn the characteristics of the three-elements architecture, a comparative analysis with prefexisting
architecfures is conducted. Figure 5 illustrates the architecture outlined in the ISO 23247 series juftaposed
with the|three-elements architecture detailed in this document. Within the scope of the ISO 23247 series,
DTw applications;DTw, and certain aspects of the communication layer with physical devices are degsignated
as "DTw [for manufacturing”. Whereas the present document classifies observable elements under PTw, and
the commuriication layer is aligned with the twinning interface. It is noteworthy that "applicationg of DTw"
are exclydeéd from the iDTw system architecture as defined in this document.

© IS0 2025 - All rights reserved
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Digital twin for manufacturing

Applications of digital twin for manufacturing In-loop

—\ Benefits

o —-—
o -
o -
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Digital twin | Eﬁ scheduling
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- h ﬂn’ F"I J‘[! Cani) \
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Figure 6
within t
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|

&. manageme

‘e

‘Q?%@ ;53%)%‘( =

Material Process Facility =~ Environment  Product Supporting
document

Observable manufacturing elements

P AN
N SR
DTw Twinning \\9@ PTw DTw
system interface $
.\Q,
Figure 5 — Compa{"@on with the ISO 23247 series
o

presents the reference architec@%f the DTw as cited in Reference [16]. The components
he red box are indicative of-the "iDTw system" as conceptualized within the three-
ure of this document. The.real-world entity (RWE), which encompasses both a physic
eptual models or softw W), aligns with the PTw as defined in this document. The re
(RDQ) is equivalent ‘% hé twinning interface outlined herein.

2
N\
&
?\
S
S
?\
&

enclosed
blements
hl model
h1-digital
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Figure 7
within t
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S

.

I Twinnin |yttt
| § 8 i
interface 1] st

e . " i o -

Figure 6 — Comparison with dlgl%@ln reference architecture [16]

illustrates the DTw ecosystem, which i P@f&rther elaborated in Figure C.1[13]. An overlaid {
his ecosystem delineates the scope e iDTw system as defined in this document. Be
jes of the black box, the broader DT stem encompasses both a library and API compon

model erjcapsulated by the black box sh s'similarities with the iDTw system of this document, al

minor di
with the

fferences in terminology. The integration of modelling and data within this context is syn
twinning interface of thi@lment.

lack box
yond the
ents. The
beit with
bnymous
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Figure 7 — Comparison with digital twin ecosystem architecturel13]

7 Characteristics of the iDTw system

tual augmentation through twinning cycles

riticized

for lacking originality, potentially reducing DTw to just another industry buzzword. Identifying thle unique

featureslof DTw is cruciak

Previoudly, physical.assets (PTw) and digital assets (iDTw) were developed and used separately,
significapt integration or interaction between them. However, with the advent of high-speed

without
internet

technologies like-5G, the 10T, and digital sensor networks, there is now a closer interface between the twins.

It is antficipated that the twins, which were used independently, will develop into a relations

hip that

comple

nd iDTw,

which is near-real time and high-resolution, will be crucial. The ability to analyse big data exchanged

between the twins, becomes important.

As illustrated in Figure 8 and Figure C.3, iDTw and PTw can support each other and improve the level of
fidelity. The iDTw system increases the fidelity level of digital models by utilizing big data from the operation
of physical products. The technology of monitoring and controlling physical products with computer

simulation models has been in use for several decades. With digital models enhanced by operat
data, more accurate simulations and predictions are possible, enabling optimal control.

© IS0 2025 - All rights reserved
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-

~

7.1.2 I‘ugmentation from PTw to iDTw

Operati

facilitating improvements in the operationalprocesses of physical products.

Virtual world IEEE 2888.1 Real world
A
— ~
Sensory Sensory Sensor
data capacity API
Virtual s
world #1 e e
IEEE 2888.3
|
] Digital things, definition,
:_ synchronization & mission control
|
Virtual e et
world #2 — T T T e e e == === == -
Actuator Actuator Actuator
command capacity API
N— 4
\ / IEEE 2888.2 \
Figure 8 — Mutual twinning (IEEE 2888)

al big data, gathered through digital-sensors, is utilized to enhance the correspondipng iDTw,

The initial design model, conceptualized prior to the realization of the physical model, often rejpresents
an ideallzed form, challenging to account for real-world environmental disturbances. While statistical

techniques, employing historical_data, can partially accommodate external disturbances,
statistically significant environmental disturbance data in real time proves to be a complex task.

dcquiring

Enhancing the design model(iDTw) with operational big data, derived from real-world operations | PTw), is
feasible.|The practice of\refining the (computer aided design) CAD model with point-cloud data friom laser
Table 1, is becoming an increasingly common practice among owner-opefators of

scans, a$ indicated in
engineeiling plants.

maps or|depth maps. It specifically denotes data derived from motion capture processes. Moti

Motion tpxture,a term utilized within the context of graphics rendering, aligns with the concepts Itexture
oy texture

serves tq address the limitations inherent in traditional motion dynamics-based animation, contriputing to

an enhanced realism in the movements of digital characters of animation films.

Similarly, deficiencies in CAD models can be addressed through the integration of laser scanning models or
point clouds. The amalgamation of data from the iDTw, such as the motion of polygons or kinematics, with
big data from the PTw, including point clouds or motion textures, facilitates an elevation in the fidelity level

of the iDTw.

7.1.3 Augmentation from iDTw to PTw

The integration of digital models (iDTw) with physical assets (PTw) encompasses both short-term and long-
term augmentation strategies.
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Short-term augmentation focuses on optimizing the operational parameters of the PTw by fine-tuning the
control parameters for the asset's operation. This approach aligns with techniques already employed in
automatic control systems.

Long-term augmentation, on the other hand, aims to enhance or upgrade the finished product by revising the
design itself, thereby altering the design version. Such improvements can be achieved through simulations
using digital models or by analysing operational big data. Occasionally, this process is undertaken internally
by manufacturers over a medium-term period, involving quality inspections, while more extended periods
of enhancement are driven by market feedback on the product.

The method of improving physical products through such augmentations is a well-established practice.
With the 1ncrea51ng f1de11ty of 1DTws augmented by operatlonal blg data enhancements to physical
products g B

quicker fesponse times, allow1ng for 1mmed1ate adaptatlon to market feedback or changes in the product's
operatiohal conditions.

7.2 Life cycle of iDTw system

7.2.1 General

Throughlout the product life cycle, the visualization elements and the necéssary data exchange [between
the two fomponents of an iDTw system, the iDTw and the PTw, evolve. Thée-product life cycle encqgmpasses
stages sfich as planning, design, manufacturing, operation and maintenance (0&M), and dispopal, with
visualizdtion elements adapting accordingly.

At the infeption of the product life cycle, a PTw does not exist; onlytan iDTw or a conceptual model ig present.
Initially,|the conceptual product envisioned by the designer. is'represented through hand sketches or as
digital agsets (iDTw) within a computer system. These digital assets can undergo validation or simulation
within a|virtual manufacturing environment. Subsequenfly, products materialize as physical assets (PTw)
via physjcal manufacturing processes. From this juncture, both twins coexist, enabling the contiol of the
PTw thrugh actuators by leveraging real-time operational data from sensors and control parametgrs.

Figure 9|delineates the life cycle of the DTw, ilkistrating the transition of virtual products to real products
via the production processes, a concept encapsulated within traditional product life cycle management
(PLM) syfstems.

Throughlout the operation phase of areal product, operational data are collected, verified and then utilized
as the foundation for continuous performance enhancements. This life cycle model incorporates the three-
elementg architecture of an iDTw system, wherein the conceptual model or digital asset (iDTw) maferializes
into a plysical asset (PTw). Moreover, performance indicator data are reciprocated through the fwinning
interfacd, facilitated by the oI sensor network.
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Figure 9 — Life cycle model of DTw

feparation between artificial model and digital replica

ne life cycle of an iDTw system, a distinction is made between artificial (or conceptual) md
nodels. Artificial models, which exist solely in the virtual*domain, are differentiated froj
pf real objects that have physical world counterpartsyThe concept of mirror models[4%] h

virtual reality (VR) and AR; VR is composed entirély of artificial models, whereas AR integ

t's Virtual Earth, and automotive navigation-systems.

y ago, conceptual designs were initially egnceived in the designer's mind and subsequently
drawings. These drawings facilitated*the transition of product concepts into physical
production processes. With the advent of computers in the 1950s, the creation of digita

transcer[l traditional paper drawings.and achieve significant advancements.

The evol
data fro
accumul
collected
process

physical
operatio

ced. Today, various digital models and digital assets (iDTw) are employed, utilizing CAD sof

tion of the Internet has revolutionized the utilization of operational data by transformin
m analogue to digital fermat. Although analogue sensor data can indicate operationd
hting performancecdata in analogue form presents challenges. Currently, operational big
via loT and archived, interfacing with Al for diverse applications. Figure 10 encapsu
bf concept reatization. Technologies such as the iDTw system, AR and CPS facilitate feedb
assets (PTwj-to digital assets (iDTw), enabling various enhancements through the an

dels and
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Figure 10 — Concept realization with iDTw system

© IS0 2025 - All rights reserved
13


https://standardsiso.com/api/?name=563d91033da2f6ce5cda2d97563048b6

ISO/TR 24464:2025(en)

7.2.3 Spatial fidelity enhancement along the life cycle

Figure 11 illustrates the development timeline of a product, referred to as the "valve", initiating from an
artificial or conceptual model, progressing towards increased tangibility, and culminating in the realization
as a physical product. Subsequently, a mirror model is derived from the physical product. This timeline
allows for observation of the evolution in spatial resolution and spatial fidelity throughout the process,
facilitating a distinction between the iDTw and the PTw (see also Table 1). Upon completion of the actual
product (PTw) and the commencement of its operation, IoT sensors start generating operational big data.

Spatial 4

fidelityz
o

Physical twin

»
[ —

Sensor data

7.3 In

Within tl
system |
smart ci
complicg
Earth-sc

This dodg
inside Pl

Mirror model

Artificial model

»

Lifecycle (time)

Figure 11 — Spatial fidelity along the life cycle of iDTw

clusion between iDTw and PTw

e context of smart cities' iDTw, an.observed phenomenon is the challenge arising from the
ardware (HW) utilized for the iDTw system often being physically located within the Pl
y itself. This scenario leads to a situation where the iDTw appears to be a component of
ting the distinction between.these entities, especially when considered on a global scale, si
hle iDTw.

ument maintains a_delineation between iDTw and PTw, even in instances where iDTw is
'w. The two entities;iDTw and PTw, are collectively defined under the umbrella of the iDTw

which emmcompasses the-twinning interface facilitating interaction between them. This approach

the conc
represer

eptual separation of the human mental world from the physical body. Figure 12 provides
tation of how the human mind operates.

omputer
'w of the
the PTw,
ich as an

situated
y system,
mirrors
a visual
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The sem
between
the PTw,

alternative representation of an object, given that iDTw constitutés a'digital data compilation of the]
object. This arrangement suggests a bifurcation of the object inte two distinct forms: a digital obje
and a physical object (PTw).

Incorporjating a construct termed "symbol"” into Figure 10 evolves the diagram into a semiotic tria

encompd
position
perspect

with symbols in the realm of semiotics.

Figure 12 — Mind-body problem[41]

the human mind and body, is applied to analyse the inclusion{relationship between the i
In Figure 13, the semiotic triangle's vertices represent a seénario where iDTw is positior

sses iDTw. Within this framework, the conceptis perceived as an entity residing in the hum
ng iDTw as an alternate depiction of PTw (the object) and categorizing it alongside the sym
ive underscores iDTw's role as a digital manifestation of the physical object, aligning it con

Concept

otic triangle, a conceptual framework used to elucidate the relationship and operational principles

DTw and
ed as an
physical
't (iDTw)

hgle that
an mind,
bol. This
feptually

m ]
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Figure 13 — Semiotic triangle
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8 Visualization fidelity of iDTw

8.1 General

Visualization of a product’s operational status is an established discipline within CG, commonly referred to
as scientific visualization. To leverage the advancements in the CG domain, incorporating CG technologies as
a visualization component within the iDTw system is advised.

Animation within this context extensively utilizes motion textures derived from data captured through
motion sensors. Beyond traditional polygon mesh animation, there is a need for further technological
advancements to adapt animation techniques to point cloud models. As an illustration, the concept of a 3D

video co,

11d be introduced Annlngmlc to a 2D videao which sequences jmages of two-dimensio

al pixels

alongat

ina temgoral continuum. Similar to holographic technology, a 3D video could present varyingimag

on the o

Visualiz4
account

8.2 Le

Visualiza

vel of detail (LoD) of plant equipment models

from trafitional CAD models, 3D printing utilizes mesh models akin to-those found in design or g
n models. The intricate micro-structures encountered ifi-additive manufacturing demand an

simulati
enhance

With the
has becg

mesh m¢dels, highlighting the importance of examining‘the discrepancies or variations in det
the two methodologies. As illustrated in Tahble 1, various LoD can be discerned, refle¢ting the

between
fidelity 1

server's viewpoint.

tion models are essential in the processes of 3D printing and 3D laser scanning. Or

1 LoD for accurate depiction.

bvel of the DTw [28],

me axis, a 3D video would sequence groups of point clouds, composed of three-dimensional voxels,

es based

tion fidelity serves as a metric to assess the equivalence between the iDTw andthe PTw, taking into
both spatial and temporal dimensions.

ginating
omputer

adoption of 3D laser scanning becoming more widespread, the introduction of point cloufl models
me prevalent. These models offer an alternative pr complementary approach to the conyentional

hil levels
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Table 1 — Classification of plant equipment models based on LoD[28]

SC{

No Type Description Example (Valve)
Symbol-level
model . . . .
. . Simple model (3-dimensionalized symbol from P&ID)
1 (basic design ) . .
stage Model in default libraries (known as catalogue model) pro-
’ vided by a PlantCAD system.
send to manufac-
turer)
Production Model that a plant manufacturer re-models based on ven-
model . . : o
) P dor-package (collection of 2D drawings, simplified symbol
d( .rn uction P TTodet) of equipmeTt:
. %rllasr‘lcgge ' I The product model which is suitable for plant manufacturer.
Handover model
3 (r¢construct- |Model that a plant owner or operating company requests.
edmodel from |Has different LOD depending on the requests.

nned data)

4 | (du

Scanned model

A points cloud model from 3D scanning during or after manu-
facturing or construction of the plant

ring or after . . . . .
5 It shows additional material such as insulation material sut-

5 fro
tur

cohstruction) ) ‘
rounding the equipment.
Detail model of vendor for producing the equipment
Defailed model |Contains all (geometric/non-geometric) infornmfation about w

m manufac- |the product, e.g. internal geometric information as well as
ng (vendor) |detailed surface information.

Due to security issues, only vendors hayéthe model.

Table 1 ;
same va
product

The Lev
symbol.
and crit
lines, an
digital v
PlantCAl
annotati

Level 2

employimg 3D symbals; critical for assembling ocean plants like FPSOs or ships where three-dimn

size and
avoiding]

howcases a valve utilized within an ocean_ehgineering plant, illustrating that, despite h
ve, various computer model versions and levels of detail are employed at different stag
ife cycle, including design and production phases in shipyards.

el 1 model presented in Table 1, -while a 3D model, possesses a LoD akin to a two-din
n the plant industry, piping and ipstrumentation diagram (P&ID) drawings serve as fouy

hlogous to circuit diagram$:in the electronics industry. Occasionally referred to as 3D H
hlve models are typically-setrced from default libraries (catalogue models) provided by cor
D systems. Due to the-simplistic 3D shape at Level 1, supplementary information such as at
bns, or local conventions are appended as digital data.

delineates the~equipment's size and location by modelling the physical apparatus rat

ocation arg/paramount. Nevertheless, the Level 2 model simplifies the physical equipment’
detailed.internal shape modelling to prevent the entire plant CAD model, potentially com

eing the
es of the

ensional
idational

cal representations, depicting equipment and their interconnecting pipes through sympols and

&ID, the
nmercial
tributes,

her than
ensional
5 outline,
prising 1

million qieces ofequipment, from becoming unmanageably large. To circumvent this challenge, an “gnvelope”

techniq

eswhich omits internal parts or features, is frequently utilized.

The Level 3 model represents the detail of the CAD model that is transferred to the owner-operator upon
completion of the engineering plant. Historically, paper drawings were handed over to the owner-operator.
However, with a growing trend towards automation of engineering plant operations, an increasing number
of owner-operators are requesting more digital information, including detailed computer models that can
serve as DTws. It is a customary practice in shipyards to initiate with a production CAD model as depicted in
Level 2, subsequently refining and enhancing the Level 3 model by referencing the point cloud data acquired
in Level 4, which is then provided to the owner-operator.

Level 4 encompasses a point cloud model derived from laser scanning the completed engineering plant. In
large-scale constructions, such as engineering plants or high-rise buildings, minor discrepancies between
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the design drawings and the final product are occasionally discovered. The adoption of scanned point cloud
data for quality inspections to identify these differences is gaining popularity.

The precision level required varies significantly across different product domains. For instance, dental
bolts or construction bolts are manufactured from distinct materials and necessitate varying degrees of
precision. Accordingly, iDTws with differing precision levels can be developed and utilized based on specific
use cases.

The characteristics of the point cloud model vary depending on the timing of the scan, particularly during
the construction stages of a building, where the appearance changes significantly with the progress of
interior works. In many cases within engineering plants, steel pipes are covered with insulation material,
raising the question of whether to include the insulation material's appearance in the scan. The insulation
could obpcure the mechanicat devices, Nindering the observation of their actuat function.

Level 5 represents a CAD model provided by the manufacturer of individual pieces of equipment, which
includes|detailed modelling of both the external and internal configurations. As the equipment (e.g. a
valve) cdnstitutes the final product for the equipment manufacturer, detailed modellingef the equipment's
compongnts is essential for the manufacturing process.

Conversgly, engineering plant manufacturers purchasing and installing the equipment (such a$ valves)
focus primarily on the equipment's exterior for installation purposes and the ¢onnection points to|adjacent
pipelineg, as reflected in the production CAD model (Level 2) of the engineering plant. However, for owner-
operatorjs tasked with the long-term O&M of engineering plants, a different level (Level 3) of the DTw is
necessitated.

The depjction of the valve across the five distinct levels outlided 'in Table 1 demonstrates the varied
modelling approaches throughout the design and construction lifeccycle of the equipment. The detail levels at
each life|cycle stage are not consistent, highlighting the diverse‘requirements and perspectives of different
stakeholfders involved.

8.3 Fidelity measure

8.3.1 General

Within the twinning interface that connects’the digital asset (iDTw) with the physical asset (PT), an in-
depth analysis is conducted on the visualization elements that are either shared or integrated betyeen the
two. Dis¢ussions encompass visualization fidelity and metrics of fidelity to assess the congruence between
the digitpl and physical manifestations of the asset.

Figure 14 illustrates the disparities between the design model (iDTw) and the actual manufactured product
(PTW)[40 The figure's left side’displays a photograph of the completed product, the centre presents a CAD
model of the designed pfeduct, and the right side showcases a point cloud derived from laser dcanning,
utilized to verify the product's accuracy.

In theory, the production of the product aligns with the design model and the specifications detailed in the
design dirawingssHowever, due to the intricate nature of complex engineering plants, the CAD nmpodelling

design
completed product for quahty inspection and comparlng the outcomes with the generated point cloud model.

Beyond the discrepancies between the design and manufactured models, deviations may also emerge
during the operation phases. On-site engineers at large facilities might implement modifications or add
supplemental components without updating the master data, necessitating another rationale for scanning
the physical product. This process allows for a comparison with the digital asset and, if required, an update
to the digital asset to ensure accuracy and consistency.
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Physical model

Point cloud

CAD model
with point cloud

Figure 15 — Fidelity comparison of physical asset, point cloud, CAD model

The congept of "fidelity" is adapted from terms such as HiFir(high fidelity) and WiFi (wireless [fidelity),
emphasifing the accuracy or exactness of reproduction, Fidelity encompasses various compongnts that
collectivgly define its characteristics. A fidelity measure*serves as a tool to assess how closely digital assets
(iDTw) mpirror their physical counterparts (PTw). Within this document, two primary measures df fidelity
are intrdduced: spatial resolution and temporal resplution. These measures are indicative of spatidl fidelity
and temporal fidelity, respectively, aligning withrspace resolution and time resolution.

8.3.2 $pace measure: Spatial resolution

PPI (pixgls per inch) or DPI (dots pervinech) are metrics utilized to quantify the resolution in raster graphic
devices puch as displays or printers: While vector graphics held prominence in the early stages of CG
developrhent, contemporary graphics equipment predominantly employs raster graphics. Thq display
resolutidn plays a critical rolenjin determining the spatial resolution compatibility of digital assets (iDTw)
with thejr physical counterparts (PTw). Figure 16 illustrates the range of display resolutions prefalent in
the televjision and beam projector market.
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Figure 17 — What is latency?

ptions regarding policy and safety require time resolution. Presently, technical challenges 1
significant barrier to the implementation of autonomous vehicles.

latency emerges as a critical technical issue for preventing collisions:&lthough it is pj
mine if a rapid 5G wireless network will provide a comprehensive solution, 5G technolo
g capabilities, including a significant increase in simultaneouscconnections (billions),
1 ms for 5G versus 50 ms for existing 4G), and enhanced throughput (10 Gbps).

aft, ships or ocean engineering facilities operating at considerable distances from populat
Ssity to transmit substantial volumes of data in real time/is paramount. Consequently,
d throughput of the data network serve as crucial mettics.

Data sanppling rate serves as a critical parameter influencing visualization fidelity, analogous to ha

quality d

n a music CD fluctuates with changes in sampling rate, as depicted in Figure 18. The prj

of a 3D vlideo, which integrates a point cloud sequencetover time, is impacted by the sampling rate

affecting
24 fps (f
achievin

video quality. Given that the human eyé-typically perceives no discrepancy at a fram
rames per second), a similar fidelity measure—namely, the scale of sampling rate—is ess
b comparable time resolution in 3D videes.
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Figure 18 — Sampling rate
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Annex A
(informative)

Collection of DTw definitions

Definitions of DTw have been aggregated from various sources. Table A.1 features a compilation where the
definition provided by the Digital Twin Consortium[37] is integrated with the collection from Reference [25]

represe

ting a consolidation of definitions sourced from previously issued standard documents.

Table A.1 — Existing DTw definitions [25], [37]

source Output result
digital representation of a particular entity or process with data connéctions that|(1)
) enable convergence between the physical and digital states at an @ppropriate rate|of

ISO/IEC 30173:2023 e L Lo : L .

tc1/sd41/wee synchronization, (2) has the capabilities of connection, integratien, analysis, simulation,

UTc1/ / ) visualization, optimization and (3) provides an integrated view throughout the lifg cycle of
the entity or the process

IEV 831-p1-21[18] formal, explicit, computer-readable and computer-executable representation of an| object

(IEC SyCisC) or system

ISO/TR 24464:2020 compound model composed of a physical assetyathavatar and an interface

ISO/TS 1B8101-1: 2019 digital asset on which services can be perfornied that provide value to an organizgtion
<manufacturing> fit for purpose digitalrepresentation of an observable manufacturing el-

ISO 2324f7-1, ement with a means to enable convergence between the element and its digital repgresenta-
tion at an appropriate rate of synchi@nization

Referenc [24], B.8, digital replica of physical assets {physical twin), processes and systems that can be used

definition 5 for various purposes
fit for purpose digital representation of some realized thing(s) or process(es) with|a means

Referenck [24], B.8, . ) T .

o to enable convergence between the realized instance and digital instance at an appropri-

definitioh 6 A
ate rate of synchronization
Digital twin is a concept that will enhance the development and realization of smaft manu-
facturing sinceybeing based on measurements that create an evolving profile of the object

Referencp [24], B.8, nihe digital 1d. i ides i insigh ;

"relevante” or process jnthe digital world, it provides important insights on system performance,
leading tg-aetions in the physical world such as a change in product design or manpifactur-
ing preeess

Digital tyin consorti-  |A digital twin is a virtual representation of real-world entities and processes, synghro-

um[37] nized at a specified frequency and fidelity.

The definitions of DTw presented in Table A.2 are replicated from the table in Reference [27].
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Table A.2 — DTw definitions[27]

Key points Definitions Ref.
Integrated multi-physics, multiscale, and probabilistic simulation composed of
physical product, virtual product, data, services and connections between them. ([16], [57], [58]
An ultra-realistic integrated multi-physics, multiscale, probabilistic simulation  |[22]
of a system.
Integrated A big collection of digital artefacts that has a structure, all elements are connect- [53]
system ed and there exists meta-information as well as semantics.
Comprehensive physical and_functional d_escription of a component, product or [55]
system together with all available operational data.
A systematic approach consisting of sensing, storage, synchronization, synthesis
and service. (60]
Computerized clones of physical assets. [15
Clone, counter- |The virtual and computerized counterpart of a physical system. [46]
part Functional system formed by the cooperation of physical production lines with(ay{[33]
digital copy.
Connections of data and information that ties the virtual and the real product [19]
together.
Ties, linKs New mechanisms to manage IoT devices and IoT systems-of systems, [11]
Technology that links the real and the digital worlds. [65]
Comprehensive physical and functional description of a component, product or
Descript]on, system. [45]
construcf, A digital information construct about a physical systenh [24]
informatjon The notion where the data of each stage of a product life cycle is transformed [62]
into information.
A safe environment in which you can test the ifipact of potential change on the
performance of a system. [51]
Simulati¢n, Reengineering computational model of stritictural life prediction and manage- [20]
test, ment.
predictign A simulation based on expert knowledge and real data collected from the exist- [54]
ing system. [56]
Virtual models for physical objects to simulate their behaviours.
A virtual representation of'the system. [27]
Digital mirror of the physical world. [61]
Digital model that dynamically reflects the status of an artefact. [63]
Detailed virtual model of ourselves. [64]
Virtual, Virtual representation of a real product. [47]
mirror, A digital cepy-of a physical system. [66]
replica Virtualdnpdel of a physical asset. [67]
A replication of real physical production system. [59]
Gyber copy of a physical system. [48]
A*dynamic digital representation of a physical system. [52]
A virtual model of physical object. [34]
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Annex B
(informative)

Selection of terms

B.1 Abbreviation for digital twin - DTw

The ratig

The abbi
utilized
potentia

In ISO/T
Dong, ay

Furtherr

B.2 iD

In variot
within t
collectiv
addition

Similar t
the pair

While th
to the "ill
system 5

Figure B

mirroring, convergence and relation, indicative of interactions between two entities. Conseque

documey
facilitati

nale for selecting key terminologies is elucidated.

eviation DT frequently denotes digital twins in scholarly references. However, DT is mere c(
to signify digital transformation, a term with broader application than digital\twin, lg
ambiguity.

R 24464:2020, "digital twin" is abbreviated to DTw. This abbreviation was introduced by
rofessional affiliated with Boeing.

hore, this abbreviation is recognized in ISO/IEC 30173.
Tw system and twin siblings

his document, the iDTw, its physical counterpart (PTw), and their interconnecting inte
bly termed as the iDTw system, embodying a three-elements architecture (refer to Cla
h] details).

b how in human twin relationships, the oldersibling is referred to as the elder twin sibling,
vith additional descriptors for clarity.

e term DTw may at times denote solely the digital representation or alternatively be utilize
iDTw + PTw + Twinning interface) elucidates the distinction between iDTw and the iDTw s

.1 reconstructs Table 2 from Reference [25], highlighting terms like twinning, synchro

It defines the iDTw systém as comprising both iDTw and PTw, with a twinning interface d
hg their interaction’{also see Clause 6).

mmonly
ading to

Dr. John

face are
se 6 for

s references, a DTw typically signifies merely the digital representation of an entity. Nor]etheless,

denoting

1 to refer

Tw system", addressing the term'spélysemy through standardization is feasible. The formuila, iDTw

ystem.

nization,
htly, this
istinctly
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Source: ID

Output result: DTw

H Tar_get: PTw

Analysis of Twinning interface:
DTw definitions mirroring, convergence, data stream,
Conditions: Synchronization]

intertwined interaction fuision feedhack

of YWKiTT {17 J

B.3 Tt

Interface

a) Twinning interface:

This intqg
b) Hun

Two vari
where th
whereas
remotely
external

c¢) Fedsd

Interactijons among.diverse DTws’ mirror those among components or entities within a tangible

environt
of DTw
illustratg

Required functions]

Base information: Behavior]

Use case,
application

Features: Lifecycle

Figure B.1 — Keyword grouping of DTw definitions[23l

iree interfaces: twinning interface, human interface and federation inter

s between the iDTw and the PTw are delineated.ixté three categories(2Z],

rface facilitates the data flow between iDTw and PTw.
an user interface:

ations exist for the interface with-human users: one where the user interacts with PTw and
e interaction is with iDTw, Fer‘instance, in a smart home scenario, the physical structur
the smartphone represents'iDTw. A user can activate a device directly within the home
via a smartphone application (iDTw). Thus, the human user acts as an element of the iDTw
environment.

ration interfacef

hent. In the ' context of a DTw federation, it is pertinent to consider the corresponding PTw fd
Constituents, necessitating the definition of a more intricate federation framework. Fi
bs adcase of the DTw Federation[38],

face

another
e is PTw,
(PTw) or
system's

physical
deration
pure B.2

bl D&
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Digital twin federatel Digital twin federate?2 Digital twin federate n

Simulation model

Simulation model

Federate 2
code

Simulation model

] ] ]
1~ 1~ 1~

Run-time infrastructure (RTI)

Figure B.2 — Digital twin federation based on high-level archité¢ture (HLA)
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Annex C
(informative)

Analysis of international standards related to DTw visualization

C.1 DTw

C.1.1 Reference architecturel16]

Figure (1 is featured in ISO/IEC 30173, delineating the DTw ecosystem and its applicatiohs. Thiis figure
is structpred into four distinct layers: the topmost layer catalogues the industrial sectors*mployfing DTw,
followed| by the second layer which outlines general-purpose systems underpinned by D:Fw. The third layer
encapsulates the DTw itself, aligning with this document's iDTw system and its threesyelements arcHitecture.
The final, fourth layer compiles the IT technologies essential for DTw implementation. Notably, "simulation”
is highlighted within both the second and fourth layers.

N\ ( N )
Application domains
\ J
4 )
Services
J/
) ( ) i<
S Digital twin system S
s Q
N - \ 8
5 ( Digital entity J £
S Q
5 £
=~ %)
———— Modellis Analytics and
m 8 feedback API
[ Target entity ]
\. /J \ / \\ J

Figure C.1 — DTw ecosysteml[13]

C.1.2 (oncepts-and terminology - ISO/IEC 30173

Figure C|2 engapsulates the terms and definitions featured in ISO/IEC 30173. On the left side of Figure C.2,
the iDTW (system is concisely outlined, aligning the terminology with the three-elements arcll\itecture
describedia-this-dectnent:
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process system engineering
manufacturing
city

energy
physical domain
digital domain

statistics models
engineering models
metamode

digital representation
digital modellin

Verticals
Model _ digital entity

asset data

operational history operational\data

maintenance histor visualization

context data optimization

meltadata Application J prediction
. Functionin, . -
analytics analvtics simulation
interoperabili y

Digital twin system I JTC1 DTw EcoSystem I monitoring

and feedback
verification

loT
validation -
con @MW [artificial intelligence _knowledge
augmented realitu (AR)
fideli o TA
= VR
traceabi )

synchronizat IT infrastructure

reconfigurabili

physical entity

Figure C.2 — Terminology of DTw ecosystem[13]

C.1.3 Use cases - ISO/IECTR 30172
For the

Use casep of the three-elements architecture of iDTw system are listed in Annex E.

C.2 Two journal papers of literature review

C.2.1 A Survey on DTw: Definitions, characteristics, applications, and design implicat

The conflent of this journal paperl(2Z] aligns closely with the assertions and explanations presentd
document. Specifically, the article discussesthe data flow interface between PTw and iDTw, as w
data flow interface between iDTw and its'surrounding environment, corresponding to B.3. An exce
the journal paper is provided below.

The papér identifies three primary communication processes that can be established:
1) Between the physical andthe virtual twin.
2) Between the digital twin (DT) and other DTs within the surrounding environment.

3) Between the DT«and domain experts who interact with and manage the DT via user-frie
accepsible intexfaces.

model based design (MBD)
model based-enterprige (MBE)

gregation of diverse DTw use cases, a standardized formatis employed to compile these instances.

ions

d in this
b1l as the
rpt from

hdly and

into two

This dodqumefit~distinguishes the user interface between humans and the iDTw by dividing it

sub-catepories: one between PTw and humans, and the other between iDTw and humans. The i1|1terfaces

involvingadjacentibDbwsare depicted jn—ionoc o

C.2.2 Characterizing the DTw: A systematic literature review

This literature survey paperl29 compiles and scrutinizes approximately 100 publications pertinent to DTw.

Terminologies are examined and categorized utilizing the CORPUS tool. Figure C.3 segregates the

physical

and virtual entities into two distinct pairs, enabling the differentiation of their interactions based on
directionality. Notably, the concept of interaction is elucidated through the use of the term "twinning", with

IT technologies employed at various stages presented within light green boxes.
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RFID | Actuatorsg

Sensors

Figure C
review, 3

Figure C
directioy

Figure C.3 — Technology mapped to the twinhing cycle

4 illustrates the outcomes of categorizing and consolidating keywords identified in the 1
0 aligning with the three-elements architecture,outlined in this document. As dej
4, the keywords related to the interface aspect arefurther subdivided into two groups bas
s of twinning.

3.2 Virtual entity
Viftual 3.4 Virtual environment

3.12 Virtual processes

3.5 Parameters
3.6 Fidelity
3.7 State

Characterizing digital twin Interface 3.10 Twinning/twinning rate

Twinning

3.13 Digital twin and twinning proce$

terature
icted in
bd on the

connection 3.8 Physical-to-virtual connection

3.9 Virtual-to-physical connection

3.1 Physical entity

Physical 3.3 Physical environment

3.11 Physical processes

Figure C.4 — Grouping of DTw keywords of Reference [30]

C.3 Data architecture of the DTw [23]

The DTw data architecturel23] outlines two chosen definitions and provides five additional definitions for
the DTw. While the original definition by Michael Grieves is highlighted at the report's outset, it is not among
the two definitions selected. Conversely, this document embraces Michael Grieves' three-elements model.
Furthermore, the report addresses the concepts of resolution, latency, and fidelity as detailed in Clause 8.
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The term "digital twin" was originally introduced by NASA's John Vickers in 2002 and subsequently adopted
by Michael Grieves in 2003. While Grieves' concept is rooted in the realm of PLM, NASA's engagement with
DTw technology is driven by the operational needs of spacecraft, employing DTws for the maintenance and
repair of systems in outer space.

Figure C.5 depicts the conceptual model of the DTw, comprising three primary components: a) physical
entities within the tangible realm, b) digital counterparts within virtual environments, and c) the data and
information bridging the virtual and tangible entities[31l.

Figure C
entities

data are
digital aj

C4 Te

The Tecl
encompa
originatg
a digital

Figure (
docume

between|
of applic

Real space Virtual space

. Information
_\l“l‘\[‘:l W j} | ‘-----_-_

Process

Figure C.5 — Information mirroring modell31]

5 illustrates that the DTw comprises three components. The exchange of data between

a defining feature of DTws. The utilization ofhig data, produced by the PTw's operations, to
sets (digital replicas) leads to improved operational efficiency and precision.

chnology trend report(14]

nical Trend Report (TTR) for. digital twin[14] delineates seven definitions of the digi

from Wikipedia, Deloitte;Japan's JST, GE, SAP, IBM, and Siemens, predominantly describin
replica of physical assets{PTw).

.6, featured in Reférence [14], mirrors the three-element iDTw architecture outlined
it. The foundational two layers in Figure C.6 represent the physical and cyber (digita
which real-timé information is reciprocally exchanged. The top layer is depicted as an agg
htion systems, employing the DTw system within an application stratum.

the twin

s facilitated by a critical data interface. Notably; the near real-time exchange of large valumes of

enhance

tal twin,

ssing the tripartite compaonents model suggested by Michael Grieves. The definitions pfesented

c DTw as

| in this
) layers,
regation
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Figure C.6 — Instance of %ﬁn management system[14]
4\
xO

C.5 ISP 23247 series - Digital tw{{@%mework for manufacturing(11l

Figure (17, referenced from ISO 23247-1,"depicts the process where physical facilities at the bottpm layer
are tranpformed into their digital @mterparts, as illustrated in the middle layer. The uppermpst layer
represents a utilization layer, aki the arrangement seen in Figure C.6, wherein this layer's foundation is
the DTw [positioned in the middle-fayer.
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Figure C.7 — Concept of DT\A\(égf manufacturing[l1l]

%%@7-1, follows the digital transformation proc
DTw and appears to concentrate primaxily on the application of DTw within the manulf
bnversely, this document endeavours to-deconstruct the iDTw itself, aiming to grasp the di
of iDTw by examining its compg){ , with a specific emphasis on the interface connect

r for manufacturing, as outlined in ISO

aracterization of D %—2]

rt[32] encompasses serse range of topics associated with DTw, extending into areas of 1
vours to broaden the DTw concept to include Zhuangzi's butterfly drd

ess from

acturing

stinctive

ng iDTw

terature
am.

maturity
bd; Level
haviours
amongst

Table C.1|
model fdr smart citjes. Level 1 is defined as the stage where digital modelling of DTw is finaliz
2 covers|the m ring and control mechanisms between DTw and PTw; Level 3 details the be
and simylati associated with DTw; Level 4 elucidates on the federation where DTws interact
themsely % Level 5 portrays the autonomous phase of DTw.

delineates&&w maturity model as presented in the report, bearing resemblance to the
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Table C.1 — Maturity model of DTwl[32]

M?;:;:;ty Name Functional requirements of elaboration
5 Live digital A . . - .
twins utonomous operations by live synchronization and orchestration
4 Interactive Federation and interactive operation of DTws
digital twins |Federated and synchronized operations but human intervention for action
Behaviours and dynamics for operation represented as virtual models
3 Active digital |What-if simulation provided
twin Cause analysis by reproductive simulation
Synchronized operations but human intervention for action
Connection and communication mandatory
2 Static digital |Real-time monitoring
twin Partial automatic control but mainly manual control
Status and control displayed
1 Dimensional |Physical entity modelled dimensionally and visualized in 2D_or|3D
digital twin Connection and communication not mandatory
This dodqument's iDTw system primarily emphasizes the first and second:levels of the maturify model

depicted

C.7 Vi

In accor
across d

occlusion, invisibility, markers, fonts, fill styles, shading;¥éndering and colour[12l,

C.8 O

Interest
Fourth I
being int

The JW(
member
and ISO 1
summer

Advisory
2020, thg
to the up

in Table C.1, with aspects of level three also being marginally incorporated.

sual presentation (ISO 10303-46)

lance with ISO 10303-46, presentation data are amalgamated with product data for int
verse industrial systems. This presentation data encompasses elements such as presentat

ganizations for DTw

n smart manufacturing and smart ¢ity initiatives is on the rise, recognized as a core aspg
hdustrial Revolution. In this context, new terminologies such as DTw, RAMI4.0, AAS, and
roduced[28],

b from IEC Technical Committee 65 (Industrial-Process Measurement, Control, and Aut
[echnical Committee184 (Automation systems and integration). The Task Team TF8, estal
2019 within JWG2%;focuses on DTw and Asset Administration Shell (AAS).

ISO/IEC Joint Technical Committee 1/Subcommittee 41 launched Working Group 6 on DTw
date of thetitle of JTC 1/SC 41 to include DTw in addition to IoT (see also C.1)

erchange
on style,

ct of the
CPS are

21, responsible for developing the Smart Manufacturing Reference Model (SMRM), copsists of

bmation)
lished in

Group 2 (AG2) of ISO TC 184 is addressing the DTw topic (see also C.3). Additionally, in November

, leading

© IS0 2025 - All rights reserved
34


https://standardsiso.com/api/?name=563d91033da2f6ce5cda2d97563048b6

ISO/TR 24464:2025(en)

Annex D
(informative)

Comparison with CPS and AR

D.1 General

Examin
CPS or

iDTw sy
through

D.2 Fog

Formal d
a formal
mathem

A found3
objects 3
is terme
represern
(termed

— A, or
— B, oy

The goa

observalyle and fundamental properties of'the encompassed objects.

D.3 Cy

The cong
systems
research
standard
iDTw, an

The CPS

ion of the principal components of the iDTw system reveals parallels with the elements
R. Through the analysis of CPS or AR components, the similarities and distinctions rélati
stem can be discerned. Formal concept analysis serves as a technique for evaluating sin
element comparison.

rmal concept analysis

ontology based on a set of objects and their attributes. This methodology is underpinne
htical constructs of lattices and ordered sets.

tional data type in this framework is a data table depicting'd heterogeneous relationship
nd attributes, documenting pairs in the format "object g possesses attribute m". Such a g
1 a formal context. Within this framework, a formal epncept is articulated as a pair (A, B
ting a collection of objects (referred to as the exteqit)'and B embodying a collection of a
the intent), where:

the extent, comprises all objects that collectively possess the attributes denoted by B, and co
the intent, includes all attributes commonrto the objects in A.

of FCA (formal concept analysis)™is to enhance the conceptual clarity by elaboratin

ber physical system (CPS)

ept of CPS was inaugurated in 2006 by Helen Gill at the National Science Foundation to
integrating computational, networking, and physical processes. Subsequent to its introduc
has flourished @ithin both the academic and industrial sectors. Figure D.1 delineates t
layout, reflecting a structure akin to the DTw system, encapsulating three elements: a
d a twinninginterface.

commu
the IoT,

is structlired around three pivotal elements: the physical world, the cyber world, 3
icatiorn; marked by the integration of mechanical devices and their digital counterpart
hich predominantly concentrates on the physical domain, CPS features a cyber model def

found in
ve to the
hilarities

oncept analysis (FCA) constitutes a systematic approach for generating'a hierarchy of concepts or

d by the

between
tructure

, with A
ttributes

nversely,

b on the

describe
tion, CPS
he CPS's
PTw, an

nd their
5. Unlike
igned to

emulate

thre furctiomatities of physicalassets:
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Figure D.1 — A typical CPSI[3¢] 6\\

N

|2 presents a use case of CPS within the manufacturing s Qr CPS is defined by a digital th

Figure D read that
forges a |linkage between the cyber world and physical world. This integration is exemplified thI‘OL:Lgh cyber
twins arld physical assets, which collectively represent Varl manufacturing equipment, interc¢nnected
by the Io[l.
A CPS is [conceptualized as a system composed of cy twms and physical assets reflecting the repl world,
alongsidp a digital thread that serves as the interface uniting them. The assembly of physical machinery
constitufing a smart factory and the digital as ets (iDTw) mirroring these physical components empbody an
iDTw sydtem. Consequently, both CPS and th w system share analogous components.
c}“’
Cyber world
| Cyber twins
€ ?'('U - - l"h - @ Digitgl
CPS “ ? - - threafd
A A A
e NN e
\ ¥ v L\ ~
?S /> IoT
SIS - l| ﬁ - |{||ﬁ .

Physical world Physical assets

Figure D.2 — Cyber-physical manufacturing system

The AAS, launched under Germany's Industry 4.0 initiative, serves as an interface or pathway for digital
transformation, facilitating the linkage between physical reality and the digital realm. AAS is also considered
an embodiment of the DTw concept within smart manufacturing. Defined narrowly as a digital replica, AAS

embodie

s the transition of a PTw to an iDTw.
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CPS can be understood through both narrow and broad definitions. According to IWA 39:2022, 3.1, the
extensive interpretation of CPS is a system incorporating digital, analogue, cyber, physical and human
components that interact seamlessly, designed to operate via unified physics and logic. Conversely, the
concise definition from ISO 23704-1:2022, 3.1.8 describes CPS as physical and engineered systems managed,

coordina

ted, controlled, and harmonized by a computational and communicative core.

Figure D.3 depicts the tripartite architecture foundational to a CPS, comprising the cyber world and physical
world linked by a digital thread. This configuration mirrors the three-element architecture of the iDTw

system d

escribed in this document.

Cyber world
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In DTw v
colour, tq

Furtherry
paralleli

Mixed re
the 1980
CPS and

Figure D
standarg
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featurin

communication
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Physical
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Figure D.3 — Three-elements architecture of CPS

CPS
[ Cyber physical 1 7[ Digital thread ]

xed and augmented reality (MAR) (ISO/IEC 23488}

xture and movement animations of the DTw as part ofithe visualization characteristics.

g the visualization techniques of post-processing in numerical simulations.

ality (MR) and AR, technologies popularized®hrough Pokémon games, have evolved within

the iDTw system, especially in the integration of real-world data with virtual imagery.

4 illustrates the mixed augmentédyeality (MAR) framework according to ISO/IEC 23488, 4
ize MAR. Figure D.4 delineates MAR's dual aspects: a real (R) root and a virtual (V) root,
hrough devices like GooglesGlass, to navigate between the real and virtual realms seamles

oreater emphasis on\hiiman user interfaces, its structure resonates with the iDTw systen
by 2 PTw, an iDTw,.and an interfacing layer, constituting a three elements system.

isualization, methodologies from VR and AR are applicable; incorporating elements such as shape,

hore, the visualization can extend to sensor data‘depicting the operational condition of the PTw,

CG since

s. Despite VR being foundational to MR-and AR, these technologies share numerous paralflels with

iming to
enabling
sly.

he AR model framework, the real and virtual roots are interconnected by various nodes. While AR

n or CPS,
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