Chapter 2 — Twin, Shadow, Model, Simulation: What
a Digital Twin Actually Is — and Isn’t

2.0 Before you start

Where we are. Chapter 1 argued that a digital twin is bought to improve a decision,
and it ran the whole argument on one deliberately loose working sentence:

Software that keeps a model of one specific physical system in step with that
system’s actual state, and uses it to answer questions about that system that
measurement alone cannot answer.

That sentence was enough to talk about money. It is not enough to write a statement
of work, review a vendor’s claim, or tell a customer what they are getting. This chapter
replaces it.

What you are assumed to know. Everything Chapter 1 assumed — HTTP APIs,
JSON; time-series storage, reading someone else’s Python — plus three things from Chapter

1 itself. Each is recapped in one sentence where it is used, so you will not be stranded if
the details have faded:

o The five value patterns: monitor, diagnose, predict, decide, certify-and-train.

e The value metric: one measurable quantity, with a baseline, that the twin is
supposed to move.

o The plant demonstrator and its REST API on port 8099.

Still no control theory, no numerical simulation, no soil physics.

What this chapter covers. Why the definition is worth a chapter; the three ingredients
of any twin; the data-flow test that separates a digital model from a digital shadow from
a digital twin; the difference between a model, a simulation and a simulator; the other
definitions you will meet in the wild and how to reconcile them; five things a digital twin is
not; two properties the taxonomy misses that your project will care about; what changes
in your obligations when you cross the shadow /twin boundary; and a full classification of
the plant demonstrator at four stages of its life.

What this chapter deliberately does not cover. Architecture — Chapter 3. How
models are built or solved — Part II. Whether a twin deserves to be believed — Chapter 7.
How to implement any of this — Part III. Standards in any depth — Chapter 13, though
two of them supply definitions in Sec. 2.5.

Learning objectives
By the end of this chapter, you will be able to:

1. Classify any proposed or existing system as a digital model, a digital shadow or a
digital twin by tracing its data flows, and justify the classification from the direction
and the automation of each flow.

2. Distinguish a model from a simulation from a simulator, and identify which of
the three a colleague means when they say “the model”.

3. Apply the classification to hard cases — the dashboard, the offline simulator, the
human in the loop — and defend the answer against the obvious objection.



4. Predict what changes in a project’s engineering obligations when it crosses from
shadow to twin: what you may promise, what you must now verify, and which
failure modes appear that did not exist before.

5. Derive the classification of the plant demonstrator at each stage of this book, and
specify the exact change that moves it from shadow to twin.

2.1 Why the definition is worth a chapter

An argument about vocabulary is usually a waste of a meeting. This one is not, for four
reasons that cost real money.

First, the term genuinely has no agreed meaning. This is not a rhetorical concession.
A review of unit-level twin applications in manufacturing found the term used inconsistently
across the literature it surveyed, with most references not sharing a definition, and named
that lack of precision as the direct cause of confusion and misunderstanding [1]. A paper
cataloguing twin workflows and architectures opens by stating flatly that there is no
consensus on terminology [2]. A framework paper aimed at manufacturers lists the lack of
consensus on the concept as a complicating factor for the small and medium enterprises
trying to adopt it [3]. When a field’s own reviews say this, treat “we all know what a
digital twin is” as a warning sign.

Second, the disagreement has a shape, and the shape is useful. A survey of
the asset-administration-shell literature observes that the definitions in circulation are
almost as broad as the characteristics and use cases people claim, and then points at one
definition that has found broad consensus — the one built on level of integration [4]. That
is the one this chapter adopts, in Sec. 2.3, and the reason it has consensus is that it asks
a question with a checkable answer.

Third, the confusion is expensive in exactly the way Chapter 1 warned about.
Recall Chapter 1’s market figures: forecasts for the same year differed by more than
a factor of two. A category that can mean a dashboard or a coupled multi-physics
simulation cannot be totalled. A standardisation study captured the same problem from
the practitioner side, quoting a survey respondent’s complaint that because there is no
single definition, “many colleagues mean simulation when referring to DTs”, and arguing
that the standard ought to supply unified definitions of digital model, shadow and twin

5).

Fourth — and this is the one that will land on your desk — the boundary is
contractual. “We will deliver a digital twin” is a sentence someone will sign. If your
customer reads it as the software will adjust the machine and you built software that
displays the machine, you have a dispute, and you will lose it. Being able to say, in the
kickoff meeting, “what we are scoping is a digital shadow, and here is exactly what would
make it a twin” converts a future argument into a present decision.

That sentence is the deliverable of this chapter. Everything below exists to let you say it
and defend it.




2.2 Three ingredients
Strip away every disagreement and the same three ingredients survive.

1. A Physical Twin (PT). A specific real thing. Not a class of things — not “the
AD20P pump” but this pump, on this bench, with the scale build-up it has. Chapter
1 pinned this term and it is unchanged.

2. A digital object. The software side: models, stored state, data and services that
represent that one physical twin. This book uses the neutral phrase digital object on
purpose, so that classifying a system stays a question about how data moves rather
than about how clever the software is.

3. A connection. The data flowing between them, in one direction or both.

The three-part shape is the oldest thing in the field. Chapter 1 traced the concept to
Grieves’ 2002 presentation, whose model had exactly these parts: a real space, a virtual
space, and the link between them [6]. Histories of the field report the same trio under
slightly different labels, counting the physical entity and its digital counterpart as two of
the parts and the link between them as the third [7].

Notice what is not on the list: three-dimensional geometry, machine learning, a cloud
platform, a user interface. Every one of those appears in real twins. None of them is
constitutive. Keep the list at three, because the third ingredient is where the whole
chapter happens.

2.3 The data-flow test

Here is the definition this book uses from now on. It comes from a categorical literature
review of digital twins in manufacturing, which observed that published definitions differ
not in what they describe but in the level of data integration they assume, and separated
the three cases by name [8].

2.3.1 The three cases

Trace the data. Ask about each direction separately, and ask whether the flow is automated
or requires a person to carry it.

Digital model (DM). A physical twin and a digital object both exist, and
there is no automated data flow in either direction. A change in the physical
object does not change the digital object, and a change in the digital object
does not change the physical object. Any data that moves is moved by a
person [8].

Digital shadow (DS). There is an automated one-way data flow from the
physical object to the digital object. A change in the state of the physical
object leads to a change in the state of the digital object — but not the other
way round [8].

Digital twin (DT). The data flows are automated in both directions. The
physical object changes the digital object, and the digital object changes the
physical object [8].



The distinction has been picked up widely enough that you will meet it under several
phrasings. One review describes the twin case as the digital object having an automated
data flow back to the physical asset, so that changes on the digital object also entail
changes on the asset [9]. Another states it as manual exchange in both directions being
a model, automatic physical-to-digital without a reaction being a shadow, and bilateral
communication being a twin [10]. An architecture-pattern catalogue frames the same
three as design alternatives: no dataflow or manual only; sensors providing an automatic
flow inward; and, in the third alternative, the digital and physical objects connected in
both directions [11]. A reporting framework for twins uses the same axis and calls models
and shadows the “downgraded versions” of a twin [12]. A reproducibility study restates
the three as the standard subcategories by level of integration with the physical twin [13].

That much agreement across independent groups is why this is the definition worth
memorising. Figure 2.1 is the whole distinction on one page: three pictures that differ
only in how many arrows are automated.

DIGITAL MODEL DIGITAL SHADOW DIGITAL TWIN
PT [ -| DO pr [ DO pr [ DO
<
no automated flow automated flow automated flow
either way; a per- inward only; the twin both ways; the twin
son carries any- knows, but cannot act knows AND acts

thing that moves

—> automated data flow --- a person carries it
PT = physical twin DO = digital object

Figure 2.1 The data-flow test. The three classes differ in
nothing except which arrows are automated — not in
fidelity, not in cost, not in how impressive the
visualisation is.

Note what the figure does not show, because that is the point of drawing it. There is
no axis for model quality, no axis for how much data is collected, and no axis for how
good the dashboard looks. A crude two-parameter model with both arrows automated is
a twin; a photorealistic three-dimensional replica fed by a thousand sensors, with no way
back to the physical twin, is a shadow.

2.3.2 The two-question test
Reduced to something you can run in a meeting:

Q1. Does the physical twin's state reach the digital object
without a person carrying it?
no -—> DIGITAL MODEL. Stop.
yes -> go to Q2.

Q2. Does the digital object's output reach the physical twin
and change what it does, without a person carrying it?
no -> DIGITAL SHADOW.
yes —> DIGITAL TWIN.

Three properties of this test are worth naming, because each is a place people get it wrong.



It is about flows, not about sophistication. A digital object running a coupled
multi-physics simulation, fed by hand from a spreadsheet once a month, is a digital model.
A crude linear model fed automatically from a sensor and wired to a relay is a digital twin.
The taxonomy is indifferent to how impressive the software is, which is exactly why it is
useful — sophistication is the thing vendors compete on, and it tells you nothing about
what the system will do.

“Without a person carrying it” is the load-bearing clause. Sec. 2.6.3 works
through the case where a person is in the loop, because it is the question that comes up
most and the one where the honest answer is the least comfortable.

It classifies a system, not a product. The same codebase can be a shadow in one
deployment and a twin in another, if the second deployment enables an output path the
first does not. Classify the deployment.

2.3.3 Why the test is drawn here and not somewhere else

A student is entitled to ask why automated bidirectionality is the line, rather than fidelity,
or real-time-ness, or having a physics model. Three reasons, in increasing order of practical
weight.

It is checkable. You can answer both questions by reading a network diagram and a
deployment config. You cannot answer “is the model faithful enough?” that way — that
takes Chapter 7 and a measurement campaign.

It is where the risk changes. A shadow that is wrong displays something false. A twin
that is wrong does something false. That is a different class of failure, and Sec. 2.8 is
about what it obliges you to do.

It is where the cost changes. Everything in the digital-to-physical direction — authorisation,
command validation, rate limiting, interlocks, rollback, an audit trail, a safety case — is
work a shadow never has to do. Crossing the line is not one more feature. It is a different
project.

2.3.4 Replacing Chapter 1’s working definition
As promised in Chapter 1, the loose sentence is now retired. The replacement:

Digital twin. A digital object paired with a specific physical twin, where
data flows automatically in both directions — physical to digital, and digital
back to physical.

Chapter 1’s sentence is not deleted, it is demoted. It described what a twin is for. The
new one states what makes it a twin rather than a shadow. Both survive, at different
jobs, and the book will use them that way: the Chapter 1 sentence when arguing value,
the Chapter 2 sentence when classifying a system.

2.4 Model, simulation, simulator

Chapter 1 used the word “model” freely. Part II will use it constantly, and so will the
modelling expert sitting across the table from you. Three distinct things share that word



in ordinary speech, and you will occasionally be the only person in the room who notices
which one is meant.

Model. A description of how something behaves — in equations, code, rules,
a lookup table, or a fitted set of parameters. Static. It does not run.

Simulation. One execution of a model over time, from a starting state,
producing a trajectory of states. An event, not an object. You do not “have a
simulation”; you ran one.

Simulator. The software that performs simulations of a model.

Figure 2.2 shows how the three sit together: one is a thing, one is a process, one is a piece
of software, and only the middle one has a beginning and an end.

MODEL SIMULATOR SIMULATION

" %)ne execution,
SUHth a start

(a description) (software that
runs models)

dm/dt = —k steps the model
step = +g per 100 ml forward

static,
does not run

one trajectory,

you give it a from one start state

start state
You HAVE a model. You HAVE a simulator. You RAN a simulation.

Figure 2.2 The three words that share the word “model” in
ordinary speech. The verb in the last line is the
whole distinction.

The tenses in that last line are the test. If someone says “we have a simulation”, ask
which of the other two they mean — they have a simulator, or they have a model, or they
ran something once and kept the output.

A concrete instance, from the demonstrator, so the three are not abstract.

o The model: “the soil’s moisture reading drops by about k units per hour of daylight,
and rises by about g units per 100 ml of water delivered.” Two parameters, one
sentence, no execution.

o A simulation: “starting from a reading of 620 at 06:00, with a 100 ml dose at 09:16,
what is the reading at 18:007” — run it and you get a curve. Change the start time
and you have a different simulation of the same model.

o The simulator: the twenty lines of Python that step the model forward and hand
back the curve. Chapter 6 is a survey of the kinds of simulator that exist, because
“step it forward” hides an enormous amount of machinery once the model is not two
parameters.

Why the distinction earns its place. Two failures follow directly from collapsing
these words.

The first is the one the standardisation survey caught in the wild: colleagues who “mean
simulation when referring to DTs” [5]. A simulation is a run. A twin is a standing pairing
with a specific physical object. You can simulate an aircraft design that does not exist;
you cannot twin it, because there is no particular aircraft for the data to flow from. A



twin needs a referent; a simulation does not. That single sentence resolves most
arguments about whether a simulation project is “really” a twin project.

The second failure is subtler and it is a scheduling failure. “We already have a model” is
often true and usually means the model exists as a document, a set of equations, or a
report — not as something that can be executed on demand against live data. The distance
between a model and a simulator you can call from a service every ten minutes is where a
surprising number of twin projects lose their first quarter. A review of the move from
modelling and simulation to digital twins lays out the workflow this hides — conceptual
model, executable model, verification that the code implements the conceptual model,
then calibration of its parameters — as distinct steps, each of which can fail on its own
[14].

One more relationship, since it will come up. Models and data are complementary,
not alternatives. Data from the physical twin tells the twin what state the physical twin
is in; models tell it how the physical twin is expected to behave from that state [15]. A
twin with data and no model can only report the present. A twin with a model and no
data can only describe a generic object. It takes both.

2.5 The other definitions you will meet

You will be handed definitions that are not this chapter’s. Here are the four you are most
likely to meet, what each is optimised for, and how to reconcile it with the data-flow test.
Reconciling rather than arguing is the professional move: these definitions mostly are not
competing, they are answering different questions.

2.5.1 The aerospace one

The aerospace definition originates with the National Aeronautics and Space Administra-
tion (NASA), and is quoted across the literature in its own words: a twin is “an integrated
multi-physics, multi-scale, probabilistic simulation of an as-built vehicle or system, using
the best available physical models, sensor updates and fleet history to mirror the life of
its flying twin” — an ultra-realistic, high-fidelity conception, as reproduced in [14].

What it is optimised for: a domain where being wrong kills people, and where the twin’s
job is life prediction on a specific airframe. Note “as built” and “its corresponding flying
twin”: the referent is specific, which is consistent with Sec. 2.4.

How to reconcile it: it is a definition of a very high-fidelity twin, not of the category. Read
it as a description of one end of a spectrum. If you apply it as the entry requirement,
almost nothing in industry qualifies, including systems that are unambiguously twins by
the data-flow test and are paying for themselves.

2.5.2 ISO 23247’s

The manufacturing standard itself defines a digital twin as a “fit-for-purpose digital
representation of an observable manufacturing element, with a means to enable convergence
between the element and its representation at an appropriate rate of synchronisation”
[16]; the same wording is reproduced throughout the review literature [1].



What it is optimised for: being auditable and purpose-relative. Three phrases are doing
work. “Fit for purpose” is Chapter 1’s fidelity principle in standards language —
adequacy is judged against the intended use, not in the abstract. “Observable” quietly
rules out twinning what you cannot measure, which is Chapter 1’s fourth stop condition.
“An appropriate rate of synchronisation” introduces the property Sec. 2.7 takes up.

How to reconcile it: compatible with the data-flow test and more demanding in one respect
— it asks not only whether the flows exist but whether they are fast enough for the purpose.
Take it as a refinement, not a rival.

2.5.3 The consolidated academic one

A generalisation exercise across the published definitions proposes a twin as “a virtual
representation of a physical system, and its associated environment and processes, that is
updated through the exchange of information between the physical and virtual systems”
[17]. That paper’s own analysis of the field is worth knowing: it observes that definitions
vary along representation fidelity, data collection and exchange, synchronisation frequency,
and model or simulation capability, and it deliberately retains only what is essential,
leaving out anything tied to a single use case.

How to reconcile it: “exchange of information” is the same axis as the data-flow test,
stated without committing to a direction. It is the most compatible of the four and the
least operational — it will not settle an argument about a dashboard, because it does not
say which way the exchange has to go.

2.5.4 Grieves’ three types

The oldest working taxonomy splits twins by lifecycle position rather than by integration.
Its three categories sort by when in a product’s life the twin exists. A Digital Twin
Prototype (DTP) belongs to the design stage: nothing has been manufactured yet, and
what the twin holds is whatever a factory would need in order to make one. A Digital
Twin Instance (DTI) belongs to a single manufactured unit — it is tied to that one serial
number and stays tied to it for as long as the unit exists. A Digital Twin Aggregate
(DTA) is what you get by looking at many instances at once, and it is the only one of
the three that can answer a question about a population rather than about a thing [6],
[18]. Accounts of the concept’s history place the three-subtype idea in the mid-2000s [7],
and it is still in active use, including in teaching contexts [19].

How to reconcile it: this axis is orthogonal to the data-flow test, not in competition with
it. A DTI can be a model, a shadow or a twin. The useful combination is to state both:
“a digital twin instance, currently operating as a shadow.” That sentence is precise, and it
is the kind of sentence that ends a circular meeting.

2.5.5 The reconciliation table

Answers “is my dashboard a

Definition Asks twin?”
Data-flow test (this book)  Which directions are Yes — and the answer is no
automated?



Answers “is my dashboard a

Definition Asks twin?”

NASA How faithful, on a specific =~ Not directly; sets a high bar
as-built article?

ISO 23247 Fit for purpose, and Partly — adds a rate
synchronised fast enough? question

Consolidated academic Is information exchanged?  No — direction unspecified

Grieves DTP/DTI/DTA Where in the lifecycle? No — different axis

The row that answers the question is the row this book uses. That is the only reason it
was chosen over the others.

2.6 Five things a digital twin is not

Negative definitions teach faster than positive ones, because the reader arrives with the
wrong ones already installed.

2.6.1 Not a 3D model

Geometry is a representation of shape. A twin is about state and behaviour. The two get
conflated because twin marketing is visual and because a rendered plant floor photographs
better than a residual plot.

Visualisation is genuinely valuable — it lets a user spot features, patterns, trends and
relationships that are not apparent in raw data, and can surface issues that a model alone
would obscure [20]. Platform comparisons note that twins present data as 3D models and
interactive dashboards to help stakeholders follow complex processes [21]. Note the verb
in both: it presents. Presentation is a service the twin offers, and Chapter 11 covers it
properly. It is not the twin.

The tell: ask what happens if you delete the geometry. If the twin still answers its
questions, the geometry was a view. If the whole thing stops, you had a Computer-Aided
Design (CAD) model with a data feed.

2.6.2 Not a monitoring dashboard — and this is the promise Chapter 1 made

Chapter 1 said, of the monitor value pattern, that many systems sold as digital twins
stop there, and that whether that counts as a twin at all is the argument this chapter
settles. Settling it:

A monitoring dashboard is a digital shadow, not a digital twin.

Run the test. Q1: does the physical twin’s state reach the digital object automatically?
Yes — that is what the dashboard is. Q2: does the digital object’s output change what the
physical twin does, without a person carrying it? No. A dashboard’s output goes to a
human retina. Digital shadow. The taxonomy’s own illustrative example of a shadow is
exactly this: a car’s dashboard representing properties of interest such as mileage and
speed [9)].



Three things follow, and the third is the one that matters commercially.

This is not an insult. Chapter 1’s whole worked example — the fault detector with a
nine-month payback — is a shadow. Shadows earn money. Reviews of the field consistently
report finding more published work on digital models and digital shadows than on digital
twins proper [8], which is a fair reflection of where value is actually being captured rather
than a criticism of the field.

But you must not sell it as the other thing. The category difference is real, the customer’s
expectation attaches to the word, and the gap is exactly the work in Sec. 2.8.

And the honest sentence is short. “This is a digital shadow. It will tell you within eight
hours that pot 7 stopped receiving water. It will not water pot 7. Making it water pot 7
is a separate increment, and here is what that costs.” Nobody has ever been fired for that
sentence.

2.6.3 Not necessarily a twin because a human acts on it

The hard case. A shadow detects the fault, raises an alert, a technician reads it and edits
the watering schedule. The loop s closed — through a person. Twin or shadow?

By the data-flow test, shadow. The test says “without a person carrying it”, and a
person is carrying it.

That answer feels legalistic, so here is why the line is drawn where it is, which is the part
worth learning. When a human is in the loop:

o A human applies judgement the digital object does not have, and rejects commands
that are plainly wrong. Remove the human and you must build something that does
that job.

o The system’s response time is bounded by human availability — shift patterns,
weekends, holidays. That is a design property, and it is usually the one being
bought.

o Accountability rests with an identified person. Remove the human and accountability
moves to your software and, in a real sense, to you.

Those three differences are not vocabulary. They are the difference between two systems
with different failure modes, different response times, and different liability. The taxonomy
tracks the important distinction; it just tracks it under a word that sounds pedantic.

That said, be precise rather than dogmatic. Practitioners recognise human-in-the-loop
as its own twin style, distinct from a plain twin or shadow [22], and mobility twins
have been demonstrated with a human driver deliberately kept in the loop [23]. The
professional formulation is not “that is only a shadow” but: “a digital shadow with a
human-in-the-loop actuation path” — which says exactly what exists, and makes the
remaining gap to a twin visible.

2.6.4 Not a simulator

Sec. 2.4 covered the vocabulary; here is the operational tell. A simulator answers questions
about a class of systems or a hypothetical one. A twin answers questions about this
system, the one with the serial number, in the state it is in right now. A simulator with
no referent and no live data is a digital model in the Sec. 2.3 sense, however good it is.

10



A crisp diagnostic: ask which physical object would have to be destroyed for the
software to become meaningless. If there is no such object, you do not have a twin.
Note that this is not a criticism of the simulator — it is usually the most valuable asset
the project has, and it is the thing a twin gets buwilt around.

2.6.5 Not a data lake, and not a machine-learning model

Storage is not a twin: a historian holding five years of sensor readings has no model, so
it cannot answer a question about a state that was never measured. A trained network
is not a twin either: it is a model, one candidate for the model slot inside a twin, and
Chapter 8 covers what changes when you put a learned model there instead of a physical
one.

The general form of all five negatives: each names a component or a service of a twin
and mistakes it for the whole. Geometry, the dashboard, the simulator, the store and the
learned model are all things twins contain. None of them is what makes the thing a twin.
The connection is.

2.7 Two properties the taxonomy does not capture

The data-flow test gives you a category. Your project will need two more numbers that
the category does not carry. Both come up in the first design review, and neither has a
right answer independent of the value metric.

2.7.1 How often (twinning rate, age of twin)

ISO 23247’s phrase “an appropriate rate of synchronisation” is pointing at this [1]. Twin
platform surveys make it a measurable metric: the twinning rate relates how often the
physical system issues updates to how often the digital twin takes them up, which is to
say how often synchronisation actually happens; let it fall and the twin’s state goes stale.
The companion metric is the age of twin, the time elapsed since the digital state was
refreshed [24].

The engineering consequence is that “real time” is not a requirement, it is an abdication.
The useful requirement is derived from the decision, exactly as fidelity was in Chapter 1:

How stale can the digital state be before the decision it feeds becomes wrong?

For the demonstrator’s fault detector, the decision is “tell a technician that a dose did
not land.” Doses happen twice a day. A digital state one hour old is fine; one week old is
useless. That reasoning gives a sampling period, and it gives it without anyone saying
“real time”.

2.7.2 How late (time discrepancy)

Related and not the same. Time discrepancy is the gap between the moment the
physical twin was in a state and the moment the digital object reflects it — lag along the
path, rather than time since the last update. It has been studied in its own right for
twins of cyber-physical systems, motivated by cases where the delay is the whole problem:
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control loops destabilised by delay, or a twin warning a physical twin about an obstacle
where any lag can make the warning too late to act on [25].

The two get conflated constantly, and Figure 2.4 separates them. Twinning rate is about
the spacing of the updates; time discrepancy is about how far behind each one arrives.

physical twin’s
actual state

«———— 1/twinning rate: the spacing

digital object

time discrepancy: how far behind each update lands

Two independent knobs:

fast rate, small lag X X X X XX good
000000

fast rate, large lag X X X X xx frequent, and
ooooo00 consistently wrong

slow rate, small lag X X X accurate when it
o o o speaks, but rarely

Figure 2.4 Twinning rate and time discrepancy are different
failures. Raising the update rate does nothing for
a pipeline that adds a fixed delay.

Both properties matter more the moment you cross into twin territory, which is the subject
of the next section. A stale shadow shows an old number. A stale twin acts on an old
number.

2.8 What changes when you close the loop

This is the “why the shadow distinction changes what you can promise” section Chapter 1
pointed at.

Closing the loop — adding the automated digital-to-physical flow — is the single act that
turns a shadow into a twin. It is the difference that gives a twin its ability to support
reconfiguration of the physical twin with some degree of autonomy, letting the physical
twin respond to changes in its environment [26]. The framing in the cyber-physical-systems
literature is careful about the order: first you build enough confidence to trust conclusions
drawn on the twin, and only then can you envision the twin informing decisions that
change the real world — and only where that confidence has actually been earned [27].

Here is the ledger of what changes. Read it as the scope difference between two quotes.

Digital shadow Digital twin
Worst case if the model is ~ Displays something false Does something false
wrong
Who is accountable for an ~ The person who acted Your software
action

12



Digital shadow Digital twin

Command path None Authorisation, validation,
rate limits, interlocks

Reversibility Not applicable Must be designed for; some
actions are irreversible

Staleness Shows an old number Acts on an old number (Sec.
2.7)

Testing Against recorded data Against the physical twin,
or a trusted stand-in

Failure of the connection Stale display; degrade Must fail safe, which you

gracefully have to define
Credibility evidence Useful Mandatory (Chapter 7)
Regulatory exposure Usually low Often the reason the project

needs approval

Four consequences for how you work.

One: the safety question becomes yours. A shadow that reports a wrong moisture
reading wastes a technician’s walk. A twin that acts on it can flood a bench overnight.
Before writing the command path, write down what the worst thing the twin can command
is, and what physically prevents it. Frequently the right answer is a physical interlock
rather than a software check — a smaller reservoir, or a hard limit in the controller firmware
that the twin cannot raise.

Two: you now need a state you can trust, not just data you can read. A shadow
can be sloppy about whether its state estimate is right, because a human reads the number
and applies judgement. A twin cannot. Work on knowledge equivalence between a twin
and its physical system exists exactly because “does the twin know enough to be trusted
with this decision?” is a question you can now be required to answer [28]. Chapter 7 is
where that gets discharged.

Three: the failure modes are new, not merely worse. A shadow has one interesting
failure: it stops updating. A twin adds commanding on stale state, commanding on
a diverged model, commanding while a person is also commanding, partial command
delivery, and the loop oscillating because the twin’s action changes the measurement that
triggered it. None of these exists in a shadow. All of them are ordinary distributed-systems
problems wearing physical consequences, which is good news — it is your home turf.

Four: the incremental path is the normal path, and it is not a failure of
ambition. Model, then shadow, then twin is a sensible order, and each stage pays for the
next. It is Chapter 1’s lean argument restated in this chapter’s vocabulary: deliver a rung
that pays for itself, then climb.

2.9 Worked example: classifying the plant demonstrator

Chapter 1 built the value case for the demonstrator. This section classifies it — at four
stages, with the reasoning at each step, using nothing but the two-question test.
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Two facts from Chapter 1 that we lean on. The physical twin is the pot, plant, soil, pump,
tubing and the Raspberry Pi controller. The controller exposes a REST API on port 8099
with, among others:

GET /sensing/{unit}/{parameter} measurements, with limit + since_timestamp
GET /actuation/{unit}/watering events watering history
GET /actuation/{unit}/show_schedule the schedule now in force

PUT /actuation/{unit}/update_schedule replace the watering schedule

Hold that list in view. The classification boundary of this entire chapter runs between the
third line and the fourth.

The pot-and-plant setting is a recognised exemplar for exactly this kind of reasoning — a
documented greenhouse twin uses plants in pots, drying soil, and per-plant sensor streams
as its running case [29], and a closely related mini-greenhouse setup with soil-moisture
sensors and pumps appears in work on twin lifecycle management [30]. We are not
inventing a toy.

2.9.1 Stage 0 — today, as shipped

What exists. The controller samples sensors, writes readings to a time-series database
on the Pi, and fires the pump on a fixed daily schedule. Nothing else.

Classify it. The trap here is to call the controller’s database a digital object and start
answering Q1. It is not. Recall Sec. 2.2: the physical twin is the pot, plant, soil, pump,
tubing and the controller. The controller’s own logging is the physical twin keeping records
about itself, the way a car’s odometer is not a twin of the car.

Verdict: no digital object at all. Not a model, not a shadow, not a twin. This matters
more than it sounds: a project that starts here and believes it is starting at “shadow”
underestimates itself by an entire increment of data-engineering work.

2.9.2 Stage 1 — a model in a notebook

What exists. You export a few weeks of readings, fit the two parameters of the water-
balance model from Sec. 2.4 in a notebook, and produce a chart showing predicted against
measured moisture. You do this by hand, once.

Run the test. Q1: does the physical twin’s state reach the digital object without a
person carrying it? No — you carried it, by exporting a CSV.

Verdict: digital model. A useful one. It is where you discover whether a two-parameter
model can even represent this pot, which is the cheapest thing to find out early and the
most expensive to discover in Stage 2. Note that this stage is not free and not skippable,
and note that its output is knowledge rather than software.

2.9.3 Stage 2 — the fault detector

What exists. A service that every ten minutes calls GET /sensing/plantl/moisture
and GET /actuation/plantl/watering events, steps the model forward, computes the
residual — Chapter 1’s term for the difference between what the model says should be
happening and what the sensors say is happening — and raises an alert when a scheduled
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dose produces no moisture step. This is precisely Chapter 1’s recommended first increment
— the diagnose value pattern, roughly nine-month payback.

Run the test. Q1: state reaches the digital object automatically? Yes — the polling loop,
over HT'TP, no human. Q2: does the digital object’s output change what the physical
twin does, automatically? No — the output is an alert to a technician.

Verdict: digital shadow.
Now sit with that for a moment, because it is the most important sentence in this chapter:

Chapter 1’s recommended, payback-positive first increment is not a
digital twin.

That is not an embarrassment and it is not a bait-and-switch. It is the normal, correct
shape of a first increment, and it is why Sec. 2.6.2 insisted that calling something a
shadow is not an insult. It also means that if the project was sold as “we will build you a
digital twin”, Stage 2 does not deliver what was promised — while delivering exactly what
was valued. Catching that mismatch in the kickoff meeting rather than the acceptance
review is the practical payoff of this entire chapter.

If a technician then edits the schedule by hand, the loop is closed through a person:
still a shadow, and Sec. 2.6.3 gives you the precise phrase — a digital shadow with a
human-in-the-loop actuation path.

2.9.4 Stage 3 — closing the loop
What changes. One thing. The service stops sending an alert and starts calling:
PUT /actuation/plantl/update_schedule

Run the test. Q1: yes, unchanged. Q2: yes — the digital object’s output now reaches
the physical twin and changes what it does, with no person in the path.

Verdict: digital twin. The whole chapter, in one HT'TP verb.

That is deliberately anticlimactic, and the anticlimax is the lesson: the categorical
difference is a small change in the data path and a large change in everything around it.
Walk Sec. 2.8’s ledger against this one call and the size of the real change appears:

o Worst case. The model diverges, the twin concludes the pot is dry, and it writes a
schedule with a large dose every hour. What physically stops it? Today, nothing
— the reservoir volume, at best. A hard cap on total daily dose belongs in the
controller, not in the twin, because the twin is the component whose correctness is
in question.

e Authorisation. The endpoint takes a PUT from anything that can reach port 8099.
That is acceptable for a shadow that never calls it. It is not acceptable once a
program calls it unattended.

» Staleness. since_timestamp on the sensing endpoints lets the twin know how
old its state is. A twin must refuse to command on state older than some bound.
Deciding that bound is the Sec. 2.7 exercise, and the answer follows from the
decision, not from the word “real-time”.
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o Concurrency. update_schedule replaces the schedule. If a technician edits it

while the twin also writes, the last writer wins silently. In a shadow this cannot
happen. In a twin it is a data race with a plant at the end of it.

» Reversibility. A schedule can be rewritten. Water already pumped cannot be

unpumped. Design the command path around the irreversible half.

Notice that none of those five is a modelling problem. All five are distributed-systems
problems — authorisation, staleness, concurrency, idempotency, blast radius — which is
why Part III is the deep part of this book for a reader with your background.

2.9.5 The classification table

Stage What exists Q1 auto in? Q2 auto out? Class

0 Controller only, no digital - none
fixed schedule object

1 Hand-fitted no no Digital model
model in a
notebook

2 Polling fault yes no Digital shadow
detector, alerts
a human

2h As 2, technician yes via human Digital shadow,
edits schedule human in the

loop
3 Detector writes yes yes Digital twin

the schedule via
PUT

Figure 2.3 puts the same four stages on one picture, so the shape of the climb is visible:
each stage adds exactly one arrow, and only the last one changes the class to twin.
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Stage 0 Stage 1 Stage 2 Stage 3

as shipped notebook detector closed loop

PT PT PT PT

person poll PUT
DO DO DO
alert
(a human)
none DIGITAL DIGITAL DIGITAL
MODEL SHADOW TWIN

Stage 2h sits between 2 and 3: the alert reaches a technician who edits the schedule by
hand. The arrow outward exists, but a person is carrying it, so the class is still shadow.

Figure 2.3 The demonstrator’s climb. One arrow per stage. The
jump that matters is 2 to 3, and it is a jump in
obligation, not in modelling effort.

Notice how little of that climb is modelling work. The model at Stage 3 is the same
two-parameter water balance as at Stage 1; what changed is who is allowed to act on it,
which is why Sec. 2.8’s ledger of new obligations is the expensive part of the diagram
rather than the box marked DO.

One last observation, and it is the demonstrator’s own doing. Its documentation names
two actors, and describes the second — the Remote Connecter — as “either a person or a
computer running a Digital Twin”. The physical twin was designed with the Stage 3 seam
already cut. Recognising that seam in someone else’s system, before you write any code,
is the skill this chapter has been teaching.

2.10 Faded example: classify three systems

Same method, less scaffolding. For each, name the physical twin, the digital object, answer
Q1 and Q2, and classify. I work the first, start the second, and leave the third to you.

System A — the hotel energy report. A hotel chain’s engineering team receives a
monthly PDF comparing each hotel’s energy use against a building-physics model of that
specific building. An analyst exports meter data, runs the model, and writes the report.

Worked. Physical twin: one specific hotel building. Digital object: the building-physics
model plus the exported data. QI1: does meter data reach the model automatically?
No — an analyst exports it. Digital model. Note that the model is sophisticated and
building-specific, and it changes nothing: Sec. 2.3.2’s first property.

System B — the offshore turbine anomaly service. Vibration and temperature
stream from a turbine to shore continuously. A service compares them against a model of
that turbine and raises a work order in the maintenance system when the residual exceeds
a threshold. A planner schedules a vessel.
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Started. Physical twin: turbine number 12. Digital object: the model plus the streaming
state and the anomaly service. Q1: yes, the stream is automatic.

Q2 is yours. Careful — the work order is automatic, and it does reach a physical outcome
eventually. Does it change what the turbine does without a person carrying it?

e (a) Classify System B and justify it in one sentence.

e (b) The vendor calls it a digital twin. Write the two-sentence reply you would give
the customer that is accurate without being combative.

+ (c) Name the single change that would make System B a twin under the test, and
one thing that change would oblige the vendor to build that they do not need today.

Hint for (b): Sec. 2.6.3 supplies a phrase that describes what exists without conceding
the label.

System C — the datacentre cooling controller. Rack inlet temperatures stream to a
service every second. The service runs a thermal model, computes a set of fan speeds and
chilled-water setpoints, and writes them to the building management system. Operators
can override at any time but rarely do. Once a week the service retrains its thermal model
on the last week of data.

Unaided. Classify it, then answer two harder questions: does the weekly retraining change
the classification, and if the operators’ override capability is exercised twice a year, does
the system stop being a twin on those two days?

2.11 Posed problem: write the clause
Your company is about to sign a statement of work. The customer’s draft says:

“The Supplier shall deliver a Digital Twin of the Customer’s bottling line,
providing real-time visibility and enabling optimisation of line performance.”

Rewrite that sentence as three numbered deliverables that are individually testable, using
this chapter’s vocabulary. At least one must be a digital shadow, at least one must
state a synchronisation requirement derived from a decision rather than from the phrase
“real-time”, and at least one must make explicit whether anything is written back to the
line.

Then write the two sentences you would say in the meeting when the customer asks why
you replaced their sentence with three of yours.

2.12 Summary
Against the objectives this chapter opened with.

1. Classification is a question about data flows. No automated flow in either
direction: digital model. Automated physical-to-digital only: digital shadow. Auto-
mated in both directions: digital twin [8]. Two questions, answerable from a network
diagram (Sec. 2.3.2). It is indifferent to how sophisticated the software is, and that
indifference is the feature.
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2. Model, simulation, simulator are three things. A description; one execution
of it; the software that executes it (Sec. 2.4). And the sentence that settles most
arguments: a twin needs a referent, a simulation does not.

3. The hard cases have answers. A monitoring dashboard is a shadow, and that
is not an insult (Sec. 2.6.2). A human closing the loop leaves it a shadow, best
described as a digital shadow with a human-in-the-loop actuation path (Sec. 2.6.3).
A simulator with no referent is a model (Sec. 2.6.4). The other definitions in
circulation — NASA’s, I[SO 23247’s, the consolidated academic one, Grieves’ three
types — mostly answer different questions and can be reconciled rather than fought
(Sec. 2.5).

4. Crossing the boundary changes the project, not the feature list. A wrong
shadow displays something false; a wrong twin does something false. Authorisation,
staleness bounds, concurrency, reversibility, fail-safe behaviour and credibility ev-
idence all arrive at once (Sec. 2.8), and the twinning rate and time-discrepancy
questions get sharper teeth (Sec. 2.7).

5. The demonstrator classifies cleanly, and the result is uncomfortable in
a useful way. Stage 0: no digital object. Stage 1: digital model. Stage 2 —
Chapter 1’s payback-positive fault detector — digital shadow. Stage 3: one PUT
/actuation/{unit}/update_schedule makes it a digital twin, and that single
HTTP call drags five distributed-systems obligations in behind it (Sec. 2.9).

The sentence to carry forward, and to say out loud in your next kickoff meeting: “What
we are scoping is a digital shadow, and here is exactly what would make it a
twin.”

2.13 Exercises
Objectives in brackets. Solutions and hints follow.

2.13.1 (Objective 1, easy). Classify each, in one line, with the flow that decides it: (a)
a car’s dashboard showing speed and mileage; (b) a finite-element model of a bridge, run
once during design; (c) a thermostat that reads a room sensor and drives a boiler; (d) a
weather forecast.

2.13.2 (Objective 2, easy). A colleague says “we already have the model, so the twin
is mostly done.” Name three distinct things that sentence might mean, and the question
you would ask to find out which.

2.13.3 (Objective 1, easy). Chapter 1’s five value patterns were monitor, diagnose,
predict, decide, certify-and-train. For each, state the minimum class from this chapter
that can deliver it, and say which pattern is the first that requires a twin rather than a
shadow.

2.13.4 (Objective 3, medium). Complete System B in Sec. 2.10, parts (a) through (c).

2.13.5 (Objective 3, medium). Do System C in Sec. 2.10, including both harder
questions.

2.13.6 (Objective 4, medium). For the demonstrator at Stage 3, write the staleness
rule: the maximum age of the moisture state at which the twin is still allowed to write a
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schedule, and the arithmetic that justifies it. State what the twin should do when the
state is older than that.

2.13.7 (Objective 4, medium). Sec. 2.9.4 lists a data race: update_schedule replaces
the schedule, so a technician and the twin can overwrite each other. Propose two fixes —
one purely in the twin, one requiring a change to the controller’s API — and say which
you would advocate and why.

2.13.8 (Objectives 1 and 4, hard). Take a system you have personally built or
operated that talks to hardware. Classify it with the two-question test. Then answer: if it
is a shadow, what exactly would closing the loop oblige you to add? If it is a twin, which
of Sec. 2.8’s obligations did the project actually discharge, and which did it skip?

2.13.9 (Objective 3, hard). Sec. 2.5 claims the four rival definitions “mostly are not
competing”. Argue the opposite: construct a concrete system that one of the four would
call a digital twin and the data-flow test would not, and say which definition you would
use in a contract and why.

2.13.10 (Objectives 1 and 4, hard, open-ended). Do Sec. 2.11, the statement-of-work
clause, in full.

Solutions and hints

2.13.1. (a) Digital shadow — automatic in, nothing automatic out; this is the taxonomy’s
own worked example [9]. (b) Digital model — no automated flow, and note it is also the
most technically demanding item on the list, which is Sec. 2.3.2’s first property again.
(c) Digital twin, formally: sensor in, boiler command out, both automatic, one specific
room. If that feels wrong, the discomfort is informative — the data-flow test is about
structure, not scale, and a thermostat has the structure. What it lacks is a model worth
the name, which is a fidelity question, not a classification one. (d) Neither — there is no
specific physical twin. Earth is not a serial number. (A twin of one specific building or
one specific field is a different matter.)

2.13.2. Hint: Sec. 2.4. The three meanings are roughly: a set of equations or a
report (a description); an executable artefact that runs on demand; and a calibrated
executable artefact whose parameters have been fitted to this specific physical twin. The
question to ask: “can I call it with today’s sensor readings and get an answer back in
under a second, for this pot?” The workflow those three collapse is the one laid out in
the modelling-and-simulation-to-twin literature — conceptual model, executable model,
verification, calibration [14].

2.13.3. Monitor: shadow. Diagnose: shadow. Predict: shadow — a forecast is still
output to a human. Decide: shadow if it advises, twin if it acts; this is the pattern
where the boundary lives, and the answer depends on the deployment, not the pattern.
Certify-and-train: often neither, since the physical twin may not exist yet — a training
simulator with no referent is a digital model by Sec. 2.6.4. The first pattern that requires
a twin is “decide”, and only in its acting form. Worth noticing: four of Chapter 1’s five
patterns are deliverable by a shadow.

2.13.4. (a) Digital shadow. The work order is automatic, but it reaches a planner,
not the turbine; nothing changes what the turbine does without a person. (b) Hint:
use Sec. 2.6.3’s construction — “a digital shadow with a human-in-the-loop actuation

20



path” — then say what it does deliver, which is genuine and valuable. Do not open by
disputing the label. (c) The change: the service commands the turbine directly, for
example derating or stopping it. New obligations include, at minimum, an authorisation
path, a staleness bound, and a fail-safe behaviour when the link to shore drops — none of
which a work-order-raising service needs, because a planner supplies all three implicitly.

2.13.5. Partial. Digital twin — setpoints are written automatically to the building
management system. On the harder questions: (i) weekly retraining does not change the
classification, because the taxonomy is about data flows between physical and digital, not
about how the model was obtained; it does change Chapter 7’s problem substantially,
since a model that changes weekly must be re-validated weekly. (ii) No. The classification
describes the system’s designed data paths, not each day’s events. An override is the
human-authority mechanism Sec. 2.8 says a twin needs; exercising it is the system working
as designed, not the system changing category.

2.13.6. Hint: the reasoning template is Sec. 2.7.1. Doses occur twice daily, and the
quantity the twin acts on is soil moisture, which changes on a scale of hours. A defensible
answer bounds staleness well inside one watering interval — an hour or two — and justifies
it from the interval, not from a preference. The second half is the more important half: on
exceeding the bound, the twin must not write, must leave the last known good schedule in
force, and must raise an alert. “Fail to the last safe state and tell someone” is the general
form.

2.13.7. Hint: in the twin, read show_schedule immediately before writing and abort if
it is not what the twin last wrote — a compare-and-swap done badly, since it still races.
In the API, add a version or ETag to the schedule and reject a PUT carrying a stale one.
Advocate the API change: the race is in the resource, and a fix that lives only in one
client stops working the moment there are two. That argument — put the invariant where
the state is — is the same one you would make about any shared resource, which is the
point of Sec. 2.9.4’s closing observation.

2.13.8. Open. Assessed on whether the classification is justified from flows rather than
from what the system felt like, and on whether the second half names obligations from
Sec. 2.8 specifically rather than gesturing at “more testing”.

2.13.9. Hint: the easiest construction uses the consolidated academic definition [17],
which requires only that information be exchanged and does not name a direction — so
a rich monitoring platform satisfies it and fails the data-flow test. A good answer then
picks the data-flow test for the contract and says why: it is the one whose answer can be
checked from a deployment diagram, and a contractual term that cannot be checked is not
a term. A very good answer concedes the cost of that choice — the test says nothing about
whether the twin is any good, which is why the contract also needs Chapter 7’s clauses.

2.13.10. Hint: no solution, but a test. Read your three deliverables and ask, for each:
could two engineers disagree about whether it has been met? If yes, it is still a sentence,
not a deliverable. And check that one of the three explicitly says whether anything is
written back to the line — that clause is the whole chapter.
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2.14 Where to go next

In this book. Chapter 3 takes the three ingredients of Sec. 2.2 and turns the digital
object into a reference architecture with named components, so that “the digital object”
stops being one box. Part II gives you the modelling and simulation literacy that Sec. 2.4
only named — Chapter 6 in particular is the survey of simulators. Chapter 7 discharges the
credibility obligation that Sec. 2.8 says arrives the moment you close the loop. Chapter
11 covers the visualisation and monitoring services that Sec. 2.6.1 and Sec. 2.6.2 declined
to call twins. Chapter 13 owns the standards that supplied two of Sec. 2.5’s definitions.
Part III builds the demonstrator’s Stage 2 and Stage 3.

In the literature. Grouped by what each is good for:

o The taxonomy itself, first-hand: [8] is the source of the model/shadow/twin split
and the paper to read if you read only one. For independent restatements that each
add a nuance, see [9], [10], [11], [12] and [13].

« On there being no consensus, and why: [2], [1], [3], [31] and [4], with [5] for the
practitioner-survey view and the argument that standards should fix it.

 Definitions from outside the tazonomy: [14] for NASA’s and for the modelling-and-
simulation workflow of Sec. 2.4, [17] for the consolidation exercise, [6] with [18], [7],
[19] and [32] for the prototype/instance/aggregate axis.

o Synchronisation, staleness and lag: [24] for twinning rate and age of twin as mea-
surable metrics, [25] for time discrepancy as a problem in its own right, [33] for
state synchronisation, and [34] for fidelity, synchronisation and integration treated
together.

 Closing the loop: [26] on autonomous reconfiguration as the thing a twin can do
that a shadow cannot, [27] and [15] for the book-length treatment this chapter’s
framing is closest to, and [28] on what a twin must know before it is trusted to act.

o Classification in practice, on real systems: [35] describes four twins against a
fourteen-characteristic framework and is the best available answer to “what do
real ones actually look like”; [29] and [30] are the closest published relatives of our
demonstrator; [36], [37], [38] and [39] are worked examples in beer fermentation,
shipboard cranes, operating rooms and hospital wards respectively.

o Consulted, not drawn on above: [20] on visualisation as a service (Chapter 11), [21]
on platforms (Chapter 12), [22] on human-in-the-loop as a named twin style, [23] on
mobility twins with a human driver, [40] and [41] on how other authors pin the same
definitions, [42] and [43] on keeping models current, [44] on domain-specific readings
of the term, [45] and [46] on composing twins (Chapter 15), [47] on adoption barriers,
and [48] on the standards landscape (Chapter 13).

In the demonstrator. Open pt/controller_3/src/plant_controller/web_api.py
and find the four endpoints listed in Sec. 2.9. Then find the one PUT among them. That
single route is the boundary this chapter is about, and everything Part 111 builds sits on
one side of it or the other.
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