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Summary
This report covers what a digital twin platform is, the commercial, open-source, and aca-
demic platform landscape, reference architectures and standards and their measured gap
with practice, what builders must add on top of a chosen platform, platform lifecycle man-
agement, and platform economics, adoption, and trust – all as documented in this project’s
synced corpus. It does not cover per-platform runtime benchmarking, a domain-specific
digital twin literature review beyond what bears on platform choice, twin retirement/de-
commissioning, quantified integration cost in person-hours, or realized DTaaS pricing; none
of these is answered in the corpus this report searched.

A digital twin platform is not a digital twin: a platform is the reusable substrate of services,
applications, and subsystems used to implement and operate twin instances, while a twin
is one synchronized virtual counterpart of one physical asset [1], [2]. The ground under
both terms is unsettled – one review collected 46 definitions of the twin alone [3] – and the
field’s own shared measuring stick, Kritzinger et al.’s model/digital-shadow/digital-twin
integration ladder [4], is strict enough that a paper self-titled as a digital twin case study rates
its own worked examples as shadow-level or below under its own rubric [5]. “Digital twin
platform” itself spans at least three different things in this literature: vendor cloud services
(Azure Digital Twins/DTDL, AWS IoT TwinMaker), open-source infrastructure components
that require assembly (Eclipse Ditto, Eclipse BaSyx/AAS), and academic composites that
wire the first two together (OpenTwins, KTWIN, DTaaS) [6]–[8].

No platform examined here ships a complete twin: OpenTwins names Eclipse Ditto as its
central piece and still requires hand-assembled storage, a custom extendedAPI, andKafka as
message-broker glue [9], [10], and documentation maturity gates candidate selection before
any technical comparison happens [8], [11]. Reference architectures have multiplied – ISO
23247, the Digital Twin Consortium’s Platform Stack, makeTwin, and RAMI 4.0/AAS all
remain live, non-converged candidates [12]–[15] – and two independent empirical studies,
using different corpora and methods, both find implemented practice diverging sharply
from them: a triangulated 140-paper/33-respondent/four-interview study of ISO 23247
conformance [16], and a 22-study survey where only one paper (4.5%) referenced any
reference architecture at all [17]. Even inside a single, comparatively mature standard, no
open-source AAS implementation is spec-complete [18], and the standard itself has not
converged on one structural form [19].

Across the platform lifecycle, the pattern repeats: Build/Dev tooling for digital twins is
concretely worked out, while Operate/Monitor – drift management, schema evolution
without teardown, safe runtime reconfiguration – is consistently deferred, described as still
requiring “a lot of manual effort,” or left as an explicitly named future work item by the very
papers proposing it [20]–[23]. An interview study across 10 organizations independently
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confirms that standard CI/CD practice does not transfer cleanly to cyber-physical settings
[24], and an industry maturity assessment corroborates that current practice sits at only
“medium maturity” [25]. Economics remain similarly unsettled: three market-size forecasts
in the corpus cannot describe the same market by construction [26]–[28], SME adoption
lags large firms on cost and ROI-horizon grounds [29], [30], and the field’s own institutions
– independently, in near-identical language – confess that publicity currently outweighs the
evidence base of success [31], [32].

Synthesis Briefing
Executive summary: Digital twin platforms are best understood as metamodels plus
plumbing: each platform fixes a description language and a functional slice, and the working
twin emerges only from builder-supplied glue between slices. The literature’s reference
architectures and its implemented platforms have drifted apart – measurably so, in two
independent studies – and several perspectives interviewed for this report converge on a
related missing artifact: standardized, audited, cross-platform evidence of performance,
integration cost, and business value that would let the field’s central claims be tested rather
than asserted.

Key findings (ranked by reliability):

1. Implemented practice diverges sharply from the reference architectures the
field keeps publishing. Reliability 9/10 – the only triangulated result in the corpus
(140-paper SLR + 33-respondent survey + interviews), independently corroborated by
a second, differently-scoped 22-study survey. Supported by the Scholar and Lifecycle
perspectives [16], [17].

2. No platform examined in this corpus ships a complete twin; builders supply
the glue. Two evidence types of different strength support this, scored separately
rather than bundled: the glue-code claim itself rests on one academic platform, Open-
Twins, which requires hand-assembled storage, a custom API, and Kafka as broker
glue on top of its “central piece” – reliability 6/10, since it is a single platform’s case
rather than a corpus-wide count, and no commercial or academic platform besides
OpenTwins is checked against this criterion here. The documentation-maturity-as-
selection-gate finding is better-evidenced – reliability 8/10 – resting on a systematic
14-candidate open-source survey and corroborated independently by a 19-platform
commercial comparison. Supported by the Platform Builder and Basic-fact perspec-
tives [8]–[11].

3. The operational phase is the least mature stage of the platform lifecycle.
Reliability 8/10. Every DevOps-for-DT proposal in the corpus works out Build/Dev
concretely while deferring or explicitly declining to detail Operate/Monitor; an inde-
pendent 10-organization interview study confirms CI/CD does not transfer cleanly
to CPS; an industry maturity assessment corroborates “medium maturity” at best.
Supported by the Lifecycle/DevOps perspective [20], [21], [24], [25].

4. Terminological inflation is documented in at least one first-party instance,
not just asserted from outside. Reliability 5/10. A paper self-titled as a digital
twin case study rates its own worked examples as shadow-level or below under its
own rubric. Supported by the Skeptic perspective; this is one documented case rather
than a corpus-wide count, and the field’s continued, active re-mapping of its own
vocabulary [33] is equally consistent with definitional rigor as with inflation, so the
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field-wide version of this claim is deliberately not asserted [4], [5].
5. Platformeconomics remainunprovenandmarket-size forecasts are internally

inconsistent. Reliability 6/10. Three market forecasts in the corpus cannot describe
the same market by construction; standards conformance is credited with ROI in
named single cases (Sandvik, 15% tool-life increase) rather than a replicated body of
evidence; SME adoption lags on cost and ROI-horizon grounds. Supported by the
Adoption Analyst perspective [12], [26]–[29].

Hidden connection: The Builder’s unmeasured glue-code cost and the Scholar’s finding
that reference-architecture conformance is barely measured in practice are not the same
gap – one is an integration-effort question, the other a standards-adoption question – but
both share a missing prerequisite: no agreed metrics exist to compare what one platform
costs a builder against what another does. The DTaaS survey names candidate metrics
(twinning rate, twin fidelity, age-of-twin) as still absent from common use, citing a separate
DT-tools survey that proposed synchronization latency as one candidate metric among
several [34]. The Lifecycle Engineer’s unspecified Operate phase is a related but distinct
problem – a capability gap (safe runtime reconfiguration, drift correction) that would remain
unsolved even if cross-platform comparison metrics existed. Two honesty notes: the Skeptic
perspective guarantees an evidence-deficit theme by design, so this partial convergence is
partly a property of the lenses chosen; and the connection drawn here is narrower than “all
roads lead to one missing benchmark” – it covers the Builder and Scholar findings, not a
unification of every perspective’s gap.

Actionable insight (for a digital twin platform builder): The highest-leverage open
contribution is a reproducible cross-platform benchmark – one exemplar twin, implemented
on several platforms, with standardized performance metrics [34] and accounted integra-
tion/glue-code effort, extending [35]’s one quantified effort-reduction figure (55%/25% for
a model-driven metamodel layer) from a single platform to a cross-platform comparison.
A companion study testing whether ISO 23247’s never-implemented functional entities
(plug-and-play, peer interface, data assurance) reduce integration seams when actually built
would connect the benchmark directly to the standards-vs-practice debate [16].

Frontier question: Can any platform demonstrate, with measured evidence rather than
architecture diagrams, that it reduces the lifetime cost of building, evolving, and safely
reconfiguring a digital twin at runtime – closing the gap between the concretely worked-out
Build/Dev tooling this corpus documents and the Operate/Monitor phase every source that
touches it describes as unsolved?

What a Digital Twin Platform Is
A digital twin instance and a digital twin platform are not the same object, and the cor-
pus treats collapsing the two as the first mistake a builder can make. A platform is the
reusable substrate of infrastructure, services, and subsystems that lets a twin’s model, data,
and services be assembled rather than built from scratch for each project [2]. The DTC’s
Platform Stack Architectural Framework makes this distinction explicit by layering a se-
curity/trustworthiness foundation, an IT/OT infrastructure layer, a virtual-representation
layer, a service layer, and an application layer, and it positions itself as an integrative overlay
across RAMI 4.0, the IIC Connectivity Framework, FIWARE, the Asset Administration
Shell, and the commercial IBM/Microsoft/AWS stacks rather than a rival standard to any of
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them [13]. Read together, these two sources agree that “platform” names an infrastructural
layer distinct from any single twin running on it, even though they approach the distinction
from opposite ends – one as a minimal functional definition, the other as a layered reference
framework meant to subsume competing ones.

What a “digital twin” itself denotes, however, is not settled underneath that infrastructural
distinction. A decade-spanning review collected 46 published definitions of the term and
argued that their proliferation “threatens to dilute the concept” [3]. The term traces to
Michael Grieves in 2002, originally proposed under the name “Conceptual Ideal for Product
Life Cycle Management,” and divergent application fields have since generated their own
interpretations rather than converging on his [36]. The field’s own community-building
efforts corroborate that this is an open problem rather than a settled one awaiting populariza-
tion: establishing even a shared vocabulary was a stated objective of the EDT.Community’s
seminars, evidence that practitioners themselves treat definitional consensus as unfinished
work [37].

Faced with that proliferation, the corpus repeatedly falls back on one shared measuring
stick: Kritzinger et al.’s integration ladder, which classifies systems by the direction and
automation of data flow between physical and virtual objects. A digital model exchanges
data only manually in both directions; a digital shadow adds automated one-way flow from
physical to virtual; only automated bidirectional flow qualifies as a digital twin [4]. The
same review found frequent misuse of these terms in the literature it surveyed, with many
self-described twins in fact being models or shadows under its own criterion [4]. That the
ladder functions as the field’s common substrate despite competing reference vocabularies
is corroborated independently: one cross-mapping exercise explicitly aligns Kritzinger et
al.’s terms against Tao et al.’s five-dimension model, ISO 23247’s vocabulary (observable
manufacturing element, digital representation, data collection entity), and IDTA/AAS
terms (asset, submodel, data element), treating the integration ladder as the shared layer
underneath four otherwise divergent standards [33].

The ladder is not merely a taxonomy academics apply to others’ work from the outside – it
is strict enough that papers applying it to their own systems can fail their own rubric. A
case study titled “A Case Study for Enhancing Maintenance of Cyber-Physical SystemsWith
Digital Twin” rated its own worked examples’ integration dimension as L1 (digital shadow,
one-way automated flow) in three of its four failure-example rows, and as L0 (offline twin,
no automated flow at all) in the fourth [5]. None of the paper’s own named case studies
reached bidirectional “digital twin” status by its own stated criterion – a first-party admission
rather than an outside critique, and a concrete instance of the terminological inflation the
definitional-proliferation literature describes in the abstract [3], [5].

Beneath the definitional and taxonomic questions sits a more concrete one for anyone
choosing a platform: each platform’s description language imposes its own conceptual
schema, or metamodel, on how a twin may be represented. A comparison of modeling
capabilities across platforms – including Azure’s DTDL – finds that they mostly rely on
well-known object-oriented modeling concepts, sharing a common core, but each also
extends that core with its own domain-specific constructs, posing the question – its own
title – of whether these amount to “old wine in new bottles” [38]. Even the shared core
does not eliminate switching cost: the same study’s portability experiment demonstrates a
working transformation from one platform’smodeling language to another’s via a UML pivot
model, but identifies concrete, quantifiable information loss in the process (version numbers
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and quantities among the details that do not survive the transformation) [38]. Choosing a
digital twin platform therefore means choosing a metamodel that shares structure with its
competitors but does not port losslessly to them.

The Platform Landscape
The corpus uses “digital twin platform” for at least three genuinely different things:
vendor-branded commercial cloud services sold as a subscription product, open-source
infrastructure-level components that require assembly before they do anything twin-specific,
and academic composites that wire the first two together with cloud-native tooling into a
fuller stack [6]–[8]. A head-to-head comparison that puts Azure Digital Twins, Eclipse Ditto,
and OpenTwins in the same table risks scoring a finished product against a toolkit and a
research prototype as if they occupied one market; the sections below keep the three apart.

Commercial cloud platforms

Azure Digital Twins and AWS IoT TwinMaker recur across the corpus as the two platforms
treated as primary references for commercial offerings [6], [39]. Azure Digital Twins is
consistently described as a Platform-as-a-Service that ships its own modeling language,
DTDL [6], [40] – two independent sources converge on this framing, which matters because
it is the DTDL metamodel, not Azure’s compute layer, that KTWIN later identifies as the
constraint it builds beyond. Bosch IoT Suite differs from both by offering an explicit on-
premise deployment option with no third-party access, alongside its cloud-connected mode,
for manufacturing use [41]; where Azure and AWS are described as hosted services, Bosch’s
suite is documented as giving manufacturers a choice the other two do not.

Cost and lock-in surface as the two recurring weaknesses of the commercial tier, and here
the sources corroborate each other on the mechanism even though they frame it differently.
Zech et al. detail the Azure case concretely: using Azure Digital Twins in practice means
drawing on “a battery of Azure services, e.g., Azure IoT, Azure Functions, Azure Twin
Explorer, Logic App,” each incurring its own additional cost, and note that AECO-sector
commercial platforms generally combine proprietary modeling languages, closed tools,
and immediate vendor lock-in [42]. Parle et al. independently corroborate the cost side
at a coarser grain, stating that high upfront implementation costs are a significant barrier
specifically for small and medium-sized enterprises [30]. The same source runs a SWOT-
style comparison of Azure Digital Twins against Siemens Xcelerator: Azure’s weaknesses are
a lack of local-server hosting and a training/learning-curve burden, while Xcelerator’s chief
weakness is not technical but a lower market awareness among platform buyers specifically
in the digital-twin space [30]. Khoshkenar et al.’s independent 19-platform comparison was
itself built “from provider websites, white papers, press releases and user documentation”
rather than hands-on testing [11] – a methodological admission that public documentation,
not trial deployment, is the primary signal available to a buyer evaluating any of these
platforms before committing.

The open-source ecosystem

Gil et al.’s systematic survey, which identified 14 open-source digital twin frameworks
and tools – including Eclipse Ditto, Eclipse BaSyx, PYI40AAS, SAP I4.0 AAS, iTwin.js,
CPS-Twinning, Twined, and INTO-CPS – via Google Search, GitHub, and Google Scholar

5



through July 2022, is the corpus’s load-bearing account of this tier [8]. Its selection method
is itself a finding worth stating plainly: candidates were dropped before any technical
comparison if “the maturity of the documentation available is not enough to be used”
[8]. Documentation maturity functions as a hard gate on the open-source side of the
landscape, in a way that has no analog for the commercial platforms, whose documentation
is instead the primary evaluation signal itself, per Khoshkenar et al. above [11]. Eclipse
BaSyx, one of the Gil et al. survey’s 14 candidates, is examined in more depth by a dedicated
implementation survey: a reusable test framework built against the Asset Administration
Shell (AAS) specification’s model elements and API calls was run across four open-source
AAS implementations, including BaSyx [18]. All four supported at least a minimal required
feature set, but none implemented the full specification – described as “the first attempt
at a comprehensive comparison of AAS implementations” [18]. This is the open-source
ecosystem’s characteristic shape in the corpus: individually useful infrastructure-level
components, none of which is a complete platform on its own, that a builder must assemble
and, per this finding, cannot assume are spec-complete even when they claim conformance.

Academic and research platforms

Academic platforms in the corpus are described as compositions of the commercial and
open-source layers rather than as ground-up alternatives to either. OpenTwins is framed
as an open-source framework for “next-gen compositional digital twins,” combining asset
monitoring, AI/ML integration for streaming prediction, and 3D visualization into a single
container-based platform [7]. KTWIN takes the same compositional approach from a dif-
ferent starting problem: it treats Ditto, Azure Digital Twins, and AWS IoT TwinMaker as
“the primary references” and argues that DTDL-style languages “lack … ways to describe
technical application aspects that compose the deployment … such as the number of allo-
cated CPU and memory … and the application auto-scaling settings” [6]. KTWIN’s response
is deployment portability – flexibility to run on any Kubernetes cluster, on-premise, edge,
or cloud – aimed explicitly at reducing the vendor lock-in that Zech et al. document as an
Azure weakness [6], [42]. DTaaS (the Talasila/INTO-CPS platform, a proper noun distinct
from the generic Digital-Twin-as-a-Service category discussed below) is documented as “an
open-source development intended to provide all organisations an affordable entry point
into engineering their own DTs” [43], and Gil et al.’s separate 2024 source independently
confirms that a public flex-cell digital twin example built on this platform is hosted on
the INTO-CPS Association’s GitHub [44]. Read together, OpenTwins, KTWIN, and DTaaS
corroborate the section’s opening finding rather than complicating it: each names spe-
cific commercial and open-source components it is built from, which is the defining trait
separating this tier from either of the other two [6], [7], [43].

Standardization across all three tiers remains recent rather than settled. Gil et al. note that
“the recent ISO-23247 standard and IEC-63278-1 are pioneer standards in DT technology”
[44], language that implies no agreed conformance baseline existed against which platform
claims – commercial, open-source, or academic – could be checked until very recently.
That absence is consistent with the AAS implementation survey’s finding that even a
comparatively mature specification has no fully conformant open-source implementation
[18], and it qualifies every comparison in this section: SWOT tables, feature matrices, and
taxonomy surveys alike are being drawn against a standards baseline that only recently
began to exist.
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Reference Architectures and the Standards They Lean On
ISO 23247’s four-domain structure

ISO 23247 decomposes a manufacturing digital twin into four interconnected domains –
Observable Manufacturing, Device Communication, Digital Twin, and User – linked by a
Cross-system Entity that supplies shared functions such as data translation, data assurance,
and security support [12]. NIST’s own elaboration of the standard works this structure
through three concrete use-case scenarios, implementable on its Smart Manufacturing
Systems Test Bed, that walk a real shop floor through the framework end to end [45].
Both NIST-authored sources present the standard as a deliberate adoption aid rather than
a purely descriptive taxonomy: [45] frames ISO/DIS 23247’s common terminology and
guidelines as addressing implementation challenges “especially among small and medium-
sized enterprises,” and [12] ties conformance to measurable outcomes, citing a Sandvik
cutting-tool-life digital twin that “helped increase tool life for milling operations by 15%”
alongside an airframe-weight and fastener-length optimization example.

The Digital Twin Consortium’s Platform Stack

The Digital Twin Consortium’s (DTC) Platform Stack Architectural Framework layers
a security-and-trustworthiness foundation, an IT/OT infrastructure layer, a virtual-
representation layer, a service layer, and an application layer, and it explicitly cross-maps
itself onto RAMI 4.0, the Industrial Internet Consortium’s Connectivity Framework,
FIWARE, the Asset Administration Shell, and commercial stacks from IBM, Microsoft, and
AWS – positioning itself as an integrative overlay rather than a competing standard [13],
[46]. That self-positioning is put to work rather than left theoretical: the DISCS project
uses the Platform Stack together with the DTC’s capability “Periodic Table” to architect a
system-of-systems composition of digital twins for smart cities, applying the framework’s
layered decomposition to a domain well outside its manufacturing origins [47]. [13] also
supplies the definitional distinction this report relies on throughout – a digital twin platform
as the reusable substrate an instance runs on, not the instance itself.

makeTwin and the wider field of competing candidates

A fourth architecture, makeTwin, derives its structure fromTao’s five-dimension digital twin
model and is explicitly motivated by the claim that existing digital twin platforms on the
market carry significant functional limitations [14]. Secondary treatments corroborate this
lineage without adding a competing account: [48] situates makeTwin as a software-platform
extension of the five-dimension model, and [49] places it within the broader reference-
architecture landscape while separately noting that existing digital twin platform evaluation
methods “are mostly based on subjective opinions, simple decision-making methods, and
general-purpose criteria” – an observation that applies as much to choosing among ISO
23247, the DTC stack, makeTwin, and AAS as to evaluating any single platform. A broader
survey by [50] covers ISO 23247, the DTC reference architecture, and IDTA/AAS together as
the field’s competing standardization efforts, treating them as parallel entries in a landscape
rather than stages of a single lineage.

The clearest evidence that these architectures function as parallel, non-converging candi-
dates is a methodological artifact rather than a stated conclusion: [15] cross-walks its own
model-driven-engineering architecture against all four major reference frameworks – the
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DTC reference architecture, RAMI 4.0, AAS, and ISO 23247 – in a single comparison table.
That a contributor felt it necessary to check a new architecture against four existing ones,
rather than extend or subsume one of them, is itself evidence the community has not settled
on a converged stack. One paper works the opposite direction, mapping vocabulary rather
than architecture: [33] cross-maps Kritzinger et al.’s integration-ladder terms against Tao’s
five-dimension model, ISO 23247’s terms (observable manufacturing element, digital repre-
sentation, data collection entity), and IDTA/AAS terms (asset, submodel, data element),
suggesting the integration ladder functions as a shared substrate underneath four otherwise
divergent reference vocabularies even where the architectures themselves do not converge.

Two independent studies find practice diverges from the standards

The best-evidenced finding in this section is that implemented practice diverges sharply
from the reference architectures on paper, and two independent empirical studies reach
that conclusion by different routes. [16] combines a 140-paper systematic literature review
yielding 29 documented digital twin architectures, a 33-respondent survey, and four expert
interviews, and reports detailed misalignment between current digital twin architectures
and the ISO 23247 reference architecture: 81% of survey respondents rated Continuous
Deployment as architecturally unimportant, a judgment the authors concur with in arguing
it does not belong in the reference architecture, while other practiced capabilities such as
data storage and versioning go uncaptured by the standard’s functional entities, and some
standardized entities – plug-and-play, peer interface, data assurance – show 0% implemen-
tation among the studied systems. [17] reaches a comparable conclusion from an entirely
different corpus and method: a systematic survey of 22 primary studies on digital-twin-
enabled AI simulation found “the complete lack of digital twin standards, architectural
blueprints, and reporting guidelines” in the sampled literature, with only one study (4.5%)
referencing RAMI 4.0 at all, and even that one sole case failed to connect RAMI 4.0 to the
Asset Administration Shell, RAMI’s own standardized component for digital twinning. The
two studies disagree in scope – one measures architectural feature adoption against ISO
23247 specifically, the other measures bare mention of any reference architecture across
AI-simulation papers – but they agree on the underlying pattern: reference architectures
exist in the literature largely as design targets that implementations do not track.

Even AAS, the more mature standard, has not converged on one form

The divergence is not confined to comparisons between standards; it recurs inside a sin-
gle, comparatively mature one. [18] built a reusable test framework against the Asset
Administration Shell (AAS) specification’s model elements and API calls and ran it on four
open-source AAS implementations, including Eclipse BaSyx; all four support at least a
minimal required feature set, but none implements the full specification, and the authors
describe their work as “the first attempt at a comprehensive comparison of AAS implemen-
tations.” [19] documents a related but distinct gap: it identifies three structurally different
“types” of AAS in circulation and evaluates each separately against digital-twin engineering
requirements, rather than treating “the AAS” as a single, converged standard with one
realized form. Read together, these two sources show the same pattern found at the level of
ISO 23247 versus practice recurring one level down, inside AAS itself – no implementation
is standard-complete, and the standard has not settled on a single structural realization for
implementations to converge toward. The AAS specification’s own scope, defined in [51], is
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used here only to ground what “standard-complete” would mean, not as an independent
finding about adoption.

Translation between metamodels as a symptom of non-convergence

That reference architectures and their metamodels have not converged is corroborated by
the existence of dedicated cross-translation research: [52] implements and tests a DTDL-
to-AAS transformation, and [53] proposes a mapping from DTDL into OPC UA. Neither
transformation is trivial engineering; both exist as standalone research contributions pre-
cisely because no shared metamodel lets a twin described in one platform’s language be
read directly by another. Their existence is evidence, not merely a workaround – if the
reference architectures surveyed above had converged on a common conceptual schema,
translation layers between platform description languages would be unnecessary rather
than publishable.

Building on a Platform in Practice
What a platform ships versus what a builder must add

OpenTwins illustrates the gap between a platform’s stated core and the infrastructure
required to run it. Its architecture names Eclipse Ditto as its “central piece,” but Ditto itself
does not ship storage for its own state, historical data retention, or simulation support [9].
Builders adopting OpenTwins must supply MongoDB for Ditto’s internal storage, InfluxDB
for historical data Ditto does not keep, and a custom “Ditto Extended API” written to
cover functionality Ditto lacks outright [9]. A lightweight variant of the same architecture
adds Apache Kafka as message broker not because Ditto calls for one, but because the
assembled system needs one to move data between components [9]. That same Kafka layer,
via Kafka-ML, becomes the seam connecting Ditto’s digital twin state to machine-learning
and simulation services – glue code the builder assembles rather than a capability the
platform provides [10]. Read together, the two OpenTwins sources describe a single pattern:
a platform can present one named “central” component while the working system is a stack
of separately sourced storage, API, and messaging layers built around it [9], [10].

Documentation maturity as a selection filter

Before any platform’s technical merits are weighed, its documentation must clear a bar. A
systematic survey of open-source digital twin frameworks excluded GitHub repositories
outright where “the maturity of the documentation available is not enough to be used,”
filtering candidates before evaluating what they could do [8]. The same survey, searching
Google Search, GitHub, andGoogle Scholar through July 2022, still identified 14 open-source
frameworks that cleared that bar, including Eclipse Ditto, Eclipse BaSyx, PYI40AAS, SAP
I4.0 AAS, iTwin.js, CPS-Twinning, Twined, and INTO-CPS [8]. A separate, larger industry
comparison of 19 platforms shows the same constraint operating at commercial scale: it
was built “from provider websites, white papers, press releases and user documentation”
rather than hands-on testing [11]. Neither source treats this as incidental – one excludes
candidates for it, the other concedes it as the only information actually available before
committing to a platform – and together they indicate that public documentation, not trial
deployment, is the primary evidence base a builder or reviewer has to work from [8], [11].
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Metamodel and modeling-language effort

Choosing a platform means choosing its metamodel, and that choice carries a cost this
corpus quantifies only once. Adopting a model-driven metamodel layer, AML4DT, over
AutomationML reduced system setup effort by 55% and system evolution effort by 25%
compared with a traditional, hand-coded digital twin setup [35]. This single figure gives nu-
meric weight to a pattern otherwise described only qualitatively: a comparison of modeling
capabilities across platforms, including Azure’s DTDL, finds that each platform reinvents
overlapping but incompatible modeling constructs rather than converging on shared ones –
“old wine in new bottles” – so that a builder’s language choice is also a lock-in decision [38].
The 55%/25% figure and the “old wine in new bottles” finding describe the same underlying
cost from opposite directions: one measures what a better metamodel layer saves, the other
explains why platforms keep needing one in the first place [35], [38].

That incompatibility across modeling languages is non-trivial to resolve is evidenced by the
existence of dedicated translation research rather than off-the-shelf tooling. A DTDL-to-
AAS transformation has been implemented and tested as a standalone research contribution
[52], and a separate mapping fromDTDL into OPC UA has been proposed, also as a research
contribution rather than a shipped feature of any platform [53]. Both papers exist because
translating between platform-specific modeling languages was not otherwise solved; their
presence in the corpus, alongside the incompatibility finding in [38], corroborates that
metamodel choice is a switching cost a builder pays once and then carries [38], [52], [53].

Vendor lock-in

Lock-in is named explicitly, not inferred, for specific commercial platforms. For Azure, “one
cannot avoid using a battery of Azure services, e.g., Azure IoT, Azure Functions, Azure
Twin Explorer, Logic App … all incurring additional costs” [42]. The same source describes
AECO (architecture, engineering, construction, and operations) commercial platforms
generally as coming with proprietary modeling languages and formats, closed tools and
infrastructures, and immediate vendor lock-in [42]. KTWIN’s stated motivation for building
onKubernetes rather than a vendor platformmakes the same cost concrete from the builder’s
side: deployment to any Kubernetes cluster – on-premises, edge, or cloud – is presented as
reducing the chance of vendor lock-in relative to Azure Digital Twins, described in the same
source as a Platform-as-a-Service offering built around its own DTDL modeling language
[6]. The naming of Azure specifically in both a DTaaS-comparison source and a Kubernetes-
alternative source, for different underlying reasons – accumulating service costs in one case,
deployment topology in the other – indicates lock-in is treated as a property with more than
one cause [6], [42].

Deployment topology: cloud-only versus edge-to-cloud

Deployment topology is the dimension where platform choice most visibly trades flexi-
bility for lock-in. A comparison table rates Azure and AWS “NO/Cloud-only” for edge-
to-cloud mobility, while Eclipse Ditto andWLDT score only “MEDIUM/LOW” despite a
microservices-oriented architecture, because “there is not a platform for deployment and
orchestration across the edge-to-cloud continuum” [54]. The same table rates Ditto and
WLDT “NO” for variable-load resilience, since native scaling depends entirely on whatever
orchestration layer sits underneath them rather than on anything the platform itself provides
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[54]. KTWIN was built as a direct response to that gap: DTDL-style modeling languages,
in the source’s own framing, “lack … ways to describe technical application aspects that
compose the deployment … such as the number of allocated CPU and memory … and
the application auto-scaling settings,” and KTWIN’s Kubernetes foundation is offered as
a fix, deployable to on-premises, edge, or cloud clusters and positioned explicitly against
Ditto, Azure Digital Twins, and AWS TwinMaker as “the primary references” [6]. The two
sources describe the same shortfall from either side of it: the comparison table measures
cloud-only and orchestration-dependent platforms falling short on mobility and scaling,
and the KTWIN paper explains why a Kubernetes-native architecture was built specifically
to close that shortfall [6], [54].

Lifecycle: DevOps, Evolution, and Operations
DevOps proposals: Build/Dev worked out, Operate/Monitor deferred

TwinOps is the corpus’s foundational proposal for DevOps applied to cyber-physical systems,
unifying model-based engineering, digital twins, and DevOps into what its authors term
“ModDevOps” [20], [55]. The approach reuses model-based artifacts to drive GitLab-based
CI/CD pipelines that build simulation testbenches, validation platforms, and digital twins
from a common source [20]. The Build and Dev sides of this pipeline are worked out con-
cretely; the Ops side is not. Hugues et al. state directly that linking the pipeline configuration
to a model that in turn configures deployment targets remains manual and is left as future
work [20], a gap the 2022 elaboration corroborates without closing [55].

The same asymmetry recurs in the built-asset digital twin literature, which extends DevOps
beyond TwinOps’s model-based-engineering setting. JuNo-OPS frames continuous CI/CD,
automated testing, and monitoring as necessary “to ensure that DTs remain accurate reflec-
tions of their physical counterparts” over time [56], and a companion paper generalizes the
framework for the systematic engineering and evolution of built-asset twins [57]. A third
paper in this cluster goes furthest in naming the gap explicitly: it presents a full DevOps loop
for built-asset digital twins but states outright that it will not discuss “the technical aspects
related to the Operate and Monitor phases, including their automation and tool support,”
citing space [21]. That omission is itself evidence for the throughline of this section – even
a paper whose stated purpose is to propose DevOps for digital twins treats the Operate side
as the part it cannot yet fully specify.

GitOps offers a partial answer to that gap by mapping a declarative, version-controlled,
CI/CD-driven model of cluster state onto digital twin runtime operations such as connect
and synchronize, combining a static Digital Twin Definition Language with GitOps practice
[58]. Its validation, however, is a proof-of-concept on a Fischertechnik Training Factory 4.0
testbed [58] – a small, controlled demonstrator rather than a production deployment, which
limits how far its Operate-side claims generalize beyond the case it was tested on.

CI/CD does not transfer cleanly to CPS

The strongest empirical evidence in this corpus that CI/CD does not transfer cleanly from
software to cyber-physical systems is an interview study spanning 10 organizations across 8
domains, which identifies concrete structural barriers rather than generic difficulty: com-
bining continuous and periodic builds while balancing hardware-in-the-loop (HiL) and
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simulator use, deploying software to physical targets, behavioral divergence between simula-
tors and HiL rigs, and the organizational need to combine hardware and software expertise
within a single team [24]. These are not restatements of the TwinOps or JuNo-OPS gap
in different words; they are independent, named obstacles that explain why the Operate
side of DevOps-for-DT proposals stays underspecified – the practices that make Build/Dev
tractable in ordinary software CI/CD do not have a settled CPS analogue.

One paper in the corpus works through a concrete CPS-adapted CI/CD pipeline rather than
only naming the barriers. A microservice-based testing framework spans Software-in-the-
Loop, Hardware-in-the-Loop, and Operation test levels, and was applied to a real elevator
case study, where it reduced testing time and cost [59]. Read alongside Zampetti et al.’s
barrier taxonomy, this example shows the barriers are addressable in a specific, narrow case,
but the corpus offers no evidence that the same three-tier pipeline design generalizes across
the domains the interview study surveyed [24], [59].

Drift, evolution, and reconfiguration: consistently named, consistently unsolved

Model decay after deployment is named explicitly as an open problem rather than a solved
engineering concern. Digital twin predictions “can easily become obsolete when the physical
world is highly dynamic and evolves in real-time, and when the DT knowledge drifts, decays
and/or is not updated,” and detecting that drift is nontrivial when sensors fail or update
cadence is coarse [60]. Schema and model evolution without teardown sits in the same state:
proposing a fluent API for schema-, instance-, and data-level evolution at runtime, one
paper describes current practice as involving “a lot of manual effort” and risking data loss
“if not done correctly,” framing its own contribution as filling a gap rather than replacing
an established method [22]. Both papers treat the problem as open at the point of writing;
neither describes a deployed, teardown-free evolution pipeline in production use.

Safe runtime reconfiguration of the physical twin is the least developed capability among
those the corpus discusses. Fitzgerald et al. identify autonomous reconfiguration at runtime
as the capability that distinguishes a digital twin from a digital shadow, and devote a chapter
to challenges that “need to be tackled in order to improve the utilisation of DT technology
for autonomously reconfiguring systems at runtime,” presenting these as unsolved research
questions rather than engineering practice [23]. Frasheri et al. independently list “how to
effect change in the physical twin through reconfiguration” as an open service capability
alongside fault injection and predictive maintenance [61], and Kamburjan et al. motivate a
two-layeredMAPE-K self-adaptive architecture on the grounds that “the transitions between
the lifecycle stages of physical assets may be hard or even impossible to predict accurately by
the digital twin at runtime,” introducing “stage management” as a new architectural concept
to manage that unpredictability [62]. Across these three sources, no paper in the corpus
describes a safety or rollback mechanism that would let a reconfiguration be undone if it
produces an unsafe physical state – the absence is consistent across independent proposals,
not a gap in a single paper’s scope.

Corroborating maturity assessments

Two independent assessments, arrived at through different methods, converge on the same
conclusion: current digital twin practice sits below the level its DevOps and reconfiguration
literature aspires to. An industry-facing maturity assessment places current practice at
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only “medium maturity level, characterised by high-fidelity virtual models, limited two-
way communication capabilities and a moderate degree of automation,” and notes that
standardization efforts such as ISO/IEC 30186’s maturity-assessment guidance are “still in
their early stages” [25]. A systematic survey of 22 primary studies on digital-twin-enabled
AI simulation reaches a parallel conclusion from the research-literature side: it finds “the
complete lack of digital twin standards, architectural blueprints, and reporting guidelines”
among its sampled studies, with only one study (4.5%) referencing RAMI 4.0 at all, and
that reference applied inconsistently [17]. Together with the DevOps and CI/CD evidence
above, these two independent measurements – one industry-practice-facing, one literature-
facing – corroborate the same throughline from a different angle: the Build/Dev side of DT
engineering is comparatively concrete and standardized, while the Operate/Monitor side,
and the standards that would govern it, remain early-stage across the corpus [17], [25].

Economics, Adoption, and Trust
DTaaS and marketplace business models

Here “DTaaS” is used, as throughout this section, for the generic Digital-Twin-as-a-Service
category, not the Talasila/INTO-CPS platform of the same name discussed in “The Plat-
form Landscape.” Architectural framing for consumption-billed digital twin delivery is
well developed, but the corpus offers little on realized pricing or unit economics. [63]
supplies a Digital-Twin-as-a-Service (DTaaS) Architecture Reference Model for Industry
4.0, establishing how a twin’s data, model, and service layers can be decomposed for cloud
delivery, while [34] extends this into a 2026 component-based taxonomy spanning data,
model, service, and communication core components alongside infrastructure and security
supportive components. Neither source reports subscription mechanics, per-instance cost,
or margin data; both are architectural and performance-metric-focused [34], [63]. This gap
matters for a platform-building reader: the corpus can justify how to structure a DTaaS
offering but not what it should cost or how it should be priced.

Marketplaces are the corpus’s clearest evidence that DTaaS is moving from architecture
toward adoption mechanism, though still at an early stage. The EU Change2Twin project
built an explicit Digital Twin Marketplace with model-based knowledge representation and
discovery features aimed at SME uptake, and frames its target end state as “a connected
ecosystem of marketplaces” rather than a single monolithic platform [64]. Change2Twin’s
companion tools catalogue reinforces the SME orientation directly: its deliverable is framed
around making digital-twin-enabling technology “understandable and relevant” to SMEs
specifically, which implies that mainstream tooling and marketplace design otherwise
assumes larger-firm resourcing [65].

The market-size-forecast contradiction

The corpus contains three market-size forecasts for digital twins that cannot describe the
same market. [26] cites a figure of $35bn by 2025. [27] reports growth from $3.2bn in 2020
to $48.27bn by 2026 at a 58% compound annual growth rate (CAGR). [28] cites Fortune
Business Insights figures of $8.6bn in 2022 growing to $137.7bn by 2030 at 42.6% CAGR
[26]–[28]. These differ in base year, target year, and implied growth rate in ways that are
mutually inconsistent by construction: a market reported at $35bn for 2025 cannot also
be built from a 2020-to-2026 trajectory that puts 2025 well below $48bn, nor reconciled
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with a 2022 base of $8.6bn growing to $137.7bn by 2030 at a materially different rate. No
paper in the corpus that cites one of these figures cross-checks it against another; each
is reproduced as a single unexamined data point supporting the paper’s own motivation
section [26]–[28]. The pattern is more consistent with unaudited, propagating citation of
vendor or analyst market-research figures than with a settled estimate of digital twin market
size, and a reader relying on the corpus for investment sizing should treat every such figure
as provenance-unverified rather than converging evidence.

The SME-versus-large-firm adoption asymmetry

Direct evidence in the corpus locates the central adoption barrier in firm size and risk toler-
ance rather than in technology readiness. [29] (duplicated in the corpus under the citekey
obaidat_hubcap_2022 for the same HUBCAP paper) frames the problem explicitly: some
domains, aerospace among them, tolerate model-based-design return-on-investment (ROI)
horizons “that can take decades,” while SMEs “require considerable flexibility” and cannot
absorb that horizon [29], [66]. This is independently corroborated rather than restated by a
second, unrelated source: [30] states that the high upfront costs of implementing digital
twin platforms can be a significant barrier, “especially for small and medium-sized enter-
prises” [30]. The two sources agree on the asymmetry’s direction – large firms with long
investment horizons can absorb digital twin adoption costs that SMEs cannot – but neither
quantifies the cost gap or proposes a threshold at which the barrier resolves, leaving the
asymmetry established qualitatively rather than measured. The same cost concern surfaces
in platform-selection detail: [30]’s SWOT-style comparison of Azure Digital Twins against
Siemens Xcelerator finds Azure weakened by the absence of a local-server hosting option
and by a training and learning-curve barrier, while Siemens Xcelerator’s chief weakness
is lower market awareness specifically within the digital-twin-platform space – neither
platform is presented as SME-optimized by design [30].

Standards conformance as an adoption and ROI lever

Where the corpus offers a rare case for conformance to a specific standard as an ROI mech-
anism rather than a compliance cost, it centers on ISO 23247. [12] organizes ISO 23247’s
structure into four interconnected domains – Observable Manufacturing, Device Commu-
nication, Digital Twin, and User – linked by a Cross-system Entity that supplies common
functionality such as data translation, data assurance, and security support, and then ties
that structure to two concrete outcomes: a Sandvik cutting-tool-life digital twin that “helped
increase tool life for milling operations by 15%,” and an airframe-weight and fastener-length
optimization case [12]. [45] corroborates ISO 23247’s practical orientation from a different
angle, elaborating three use-case scenarios implementable on NIST’s Smart Manufacturing
Systems Test Bed and framing the standard as addressing implementation challenges “espe-
cially among small and medium-sized enterprises” by supplying common terminology and
guidelines [12], [45]. The two sources agree that ISO 23247 is being positioned deliberately
as an SME-accessibility mechanism as well as a technical interoperability spec, but only
[12] in this corpus attaches a named, quantified outcome (the 15% tool-life figure) to that
conformance, so the standards-to-ROI link rests on a single documented case rather than a
body of replicated results.
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Trust as an engineered rather than automatic property

The corpus treats trust in digital twin systems as something that must be actively designed,
not a byproduct of governance or standards compliance. [67] proposes “trust vectors” as an
architectural mechanism for certifying dynamically composed digital-twin-based systems,
arguing that static “proven-in-use” certification – adequate for a fixed system – breaks
down once twins are composed ad hoc at runtime [67]. This is consistent with a field-level
assessment in [68], which finds that despite existing national digital twin policies, including
a US framework and Australia’s National Digital Twin Roadmap, there remains “a lack
of standards” and calls explicitly for building “collective trust and reliability” [68]. Both
sources locate the trust gap after governance already exists – [68] at the policy level, [67] at
the composition-architecture level – indicating that trust is a property the corpus treats as
still unresolved even where national or standards-body oversight is in place, rather than
one that governance automatically confers [67], [68].

A methodological caveat applies to much of the platform-comparison evidence underlying
this section. [11]’s 19-platform industry comparison was built “from provider websites,
white papers, press releases and user documentation” rather than from hands-on testing,
which implicitly concedes that public-facing documentation is the primary signal available
to a prospective adopter before committing to a platform. The same source’s social-network
analysis identifies manufacturing, automotive, energy, and construction as the leading
adopter industries, notes a gap in adoption among Asian user organizations, and reports
that providers are “moving beyond isolated proofs of concept into scaling adoption across
industries” [11].

Open Problems and the Evidence Gap
The confessed evidence deficit

Two institutionally independent sources state, in near-identical substance, that the field’s
publicity has outrun its evidence base. The US National Academies’ committee on foun-
dational research gaps for digital twins concludes that “the sentiment expressed across
multiple committee information-gathering sessions is that the publicity around digital twins
and digital twin solutions currently outweighs the evidence base of success,” and separately,
in its Conclusion 2-5, states that “it is important to separate the aspirational from the actual
to strengthen the credibility of the research in digital twins” [31], [69]. A Nature Com-
putational Science editorial, produced independently of the Academies process, reaches
the same conclusion in almost the same words: digital twins “hold immense promise in
accelerating scientific discovery, but the publicity currently outweighs the evidence base of
success” [32]. That two bodies with no evident coordination converge on the identical claim
– publicity outpacing evidence – is itself evidence that the gap is a recognized feature of the
field rather than an outside critic’s opinion. The Academies committee extends the point
beyond publicity to governance, naming open questions on privacy, data ownership, and
who bears responsibility for data accuracy, and warning explicitly of “the dangers of scaling
digital twins without actionable standards for appropriate use” [31]. The corpus does not
resolve these questions; it only records that the field’s own institutions have posed them.
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Terminological inflation and ad hoc practice

The gap between claim and substance also appears inside individual papers, not only in insti-
tutional retrospectives. A case study self-titled “A Case Study for Enhancing Maintenance of
Cyber-Physical SystemsWith Digital Twin” applies Kritzinger et al.’s own integration-ladder
rubric [4] to its worked examples and finds that three of its four named failure cases score
L1 – digital shadow, one-way automated flow – and the fourth scores L0, an offline digital
model; none reaches the bidirectional automation that would justify the paper’s own title
[5]. This is a first-party admission, not an external critique: the authors’ rubric, applied to
the authors’ examples, does not support the authors’ label. That single result sits inside a
much larger body of literature that keeps returning to the model/shadow/twin distinction
rather than treating it as settled – sources spanning conceptual framing, hierarchical classi-
fication, and domain-specific applications all restate or probe the same taxonomy [70]–[75].
The recurrence of the debate across independent sources is consistent with [5]’s case-level
finding, but it is not, on its own, further evidence of inflation: a field returning repeatedly
to refine a shared taxonomy is equally consistent with taking definitional rigor seriously as
with a field whose usage has drifted, and none of these background sources individually
claims inflation is occurring. The stronger, corpus-wide version of the claim is not asserted
here – only that [5] documents one paper’s rubric failing to support its own title, and the
definitional debate remains genuinely unsettled around it.

Practice is named as poorly calibrated as well as loosely labeled. A textbook chapter states
that most past and current digital twin development efforts “have relied on ad-hoc ap-
proaches, where most of the efforts start with building models without properly framing
the problem,” a pattern the chapter links to poor model calibration from lack of appropriate
data and to weak interoperability [76]. The corpus does not carry a second source making
the same practice-level claim, so it is reported here as one textbook’s assessment rather than
a corroborated finding.

Security as an open research problem, not a deployed defense

The corpus treats digital twin security as a forward-looking research agenda rather than
a catalog of solved problems. Two independent surveys converge on the same underlying
weakness in the DT-to-physical-system link: synchronization “lacks a secure and trusted
environment, which reduces the performance and security of the IIoT” [77], [78]. A separate
line of work goes further, arguing that digital twins do notmerely inherit the security posture
of the systems they mirror but actively enlarge the attack surface, “especially in industrial
contexts involving real-time” operation [79]. Two dedicated security surveys corroborate
that this is unresolved rather than catalogued: one enumerates threats across cloud, fog, and
edge infrastructures as a live research area [80], and a further chapter frames digital twin
security generally as an open, forward-looking problem rather than a closed one [81]. None
of these four sources describes a deployed, validated defense that closes the synchronization
gap or reverses the attack-surface expansion; the agreement among them is about what
remains unsolved, not about how it has been solved.

Standardization is “pioneer,” not settled

Where the literature does point to concrete standards, it describes them as nascent. [44]
characterizes “the recent ISO-23247 standard and IEC-63278-1” as “pioneer standards in DT

16



technology” – language that concedes these are early entrants rather than an established
conformance baseline against which a platform’s “digital twin” claim could be checked. This
framing is consistent with, and helps explain, the terminological looseness documented
above: without a settled standard to test against, self-labeling as a digital twin case study [5]
or a digital twin platform is left to the authors’ own judgment.

The absence of a settled baseline extends to evaluation itself. A platform-evaluation study
observes that existing methods for comparing digital twin platforms “are mostly based on
subjective opinions, simple decision-making methods, and general-purpose criteria,” and
proposes a fuzzy, Best-Worst-Method-based framework as a partial remedy while situating
its own target platform, makeTwin, within the broader reference-architecture landscape
[49]. Read alongside the pioneer status of ISO-23247 and IEC-63278-1 [44], the corpus
indicates that the field currently lacks not only agreed criteria for what counts as a digital
twin, but also agreed criteria for judging platform quality once a system clears that bar – a
second, compounding layer of the same evidence gap.

Contradiction Map
• Conflicts:

– Market size: [26] ($35bn by 2025), [27] ($3.2bn in 2020 growing to $48.27bn by
2026 at 58% CAGR), and [28] ($8.6bn in 2022 growing to $137.7bn by 2030 at
42.6% CAGR) cannot describe the same market by construction – differing base
years, target years, and implied CAGRs – and none of the papers that cite one of
these figures cross-checks it against another. Best read as evidence of unaudited,
propagating market-forecast citations rather than a reconciled valuation.

– Standards value, asserted vs. measured: [45] frames ISO/DIS 23247 as addressing
implementation challenges “especially among small and medium-sized enter-
prises,” and [12] reports a concrete 15% tool-life increase from an ISO-23247-
aligned deployment – against [16]’s triangulated finding that several standard-
ized ISO 23247 functional entities (plug-and-play, peer interface, data assurance)
show 0% implementation in practice, and [17]’s independent finding that only 1
of 22 sampled AI-simulation studies referenced any reference architecture at all.
The ROI evidence and the non-adoption evidence are not about the same deploy-
ments, but they sit in tension: the standard is credited with adoption-enabling
andROI outcomes in specific named caseswhile two independent literature-wide
audits find the broader field mostly ignoring reference architectures altogether.

– What counts as a “digital twin” platform/instance: the model/digital-
shadow/digital-twin integration ladder [4] is used across the corpus as
the shared measuring stick, yet [5] – a paper self-titled as a digital twin case
study – rates its own worked examples as digital-shadow-level (L1) in three of
four cases and offline-twin-level (L0) in the fourth, a first-party admission that a
paper’s own self-description as “digital twin” does not survive its own rubric.

– Vendor lock-in vs. the convenience that drives adoption: [42] names explicit, costed
vendor lock-in inAzure’s service battery and general AECO commercial-platform
practice, and [54]’s comparison table rates Azure/AWS “cloud-only” for edge
mobility – yet [6] positions the same Azure Digital Twins and AWS IoT Twin-
Maker as “the primary references” a research platform builds beyond rather than
avoids, and [11] finds providers “moving beyond isolated proofs of concept into
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scaling adoption across industries.” Lock-in is named as a real cost in the same
corpus that shows these platforms as the adoption benchmark.

• Strongest / weakest evidence: Strongest, by independent corroboration – [16]’s
triangulated standard-vs-practice study and [17]’s independent 22-study corroboration;
[18]’s tested four-implementation AAS comparison. Precise but unreplicated – [35]’s
quantified 55%/25% effort-reduction figure is the corpus’s only such number and
should not be read as equally reliable to the triangulated findings above; it is a strong
number from a single experiment, not a corroborated one. Weakest – the three
mutually inconsistentmarket-size forecasts [26]–[28]; [12]’s namedROI figures, which
are vendor-case anecdotes rather than a controlled study.

• Resolving question: What would the same digital twin, built on two or more plat-
forms with standardized, audited metrics (twinning rate, twin fidelity, age-of-twin
[34]) and accounted integration/glue-code effort, actually reveal about the size of the
standards-vs-practice gap, and whether lock-in-avoiding platforms like KTWIN close
it at a measurable cost or benefit relative to the vendor platforms builders keep citing
as references?

• Universal agreement: every source that evaluates it agrees documentation quality
gates platform selection before features matter [8], [11]; the operational/lifecycle
phase (drift, safe runtime reconfiguration, schema evolution without teardown) is
the least mature part of the stack across every source that touches it [22], [23], [25];
and the field’s own institutions independently confess that publicity outweighs the
evidence base of success [31], [32]. A narrower claim, not a corpus-wide one: within
the specific systems this report examines, no platform ships a complete twin out of
the box – OpenTwins by direct evidence, the open-source frameworks [8] evaluates
by its own completeness criterion – but commercial and academic platforms beyond
those specific cases are not tested against this criterion here [8], [9].

• Blind spot: no source in this corpus quantifies integration/glue-code cost in person-
hours; no longitudinal (multi-year) case study of a digital twin platform’s operational
phase was found; no source describes a safety/rollback mechanism for runtime recon-
figuration of the physical twin; no realized DTaaS pricing/unit-economics data was
found [34], [63]; and [82]’s process-industry enablers/barriers findings could not be
extracted from the retrieval snippets across two interview rounds.

Peer-Review & Reliability Scorecard
Table 1 gives the reconciled result of a four-role independent panel (no reviewer saw an-
other’s critique).

Table 1: Reconciled panel confidence in each headline finding, with the reason for each
score.

Finding
Confidence
(1-10) Why

Reference architectures
diverge from implemented
practice

9 Triangulated (140-paper SLR +
33-respondent survey + interviews),
independently corroborated by a
differently-scoped 22-study survey;
unchallenged by any reviewer
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Finding
Confidence
(1-10) Why

Documentation maturity
gates platform selection

8 Systematic 14-candidate open-source
survey, corroborated independently by a
19-platform commercial comparison

The operational/lifecycle
phase is comparatively
underdeveloped

7 Rescoped after review: strongest where
independently measured (a
10-organization interview study, an
industry maturity assessment), weaker
where it rested only on DevOps-proposal
papers declining to cover
Operate/Monitor within their own stated
scope

No platform examined in this
corpus ships a complete twin
(glue-code finding)

6 Rescoped after review: rests on one
academic platform (OpenTwins) rather
than a corpus-wide count; commercial
and academic platforms beyond that case
are not tested against this criterion here

Terminological inflation is
documented in one first-party
instance

5 Rescoped after review: one case study’s
own rubric failing its own title, not a
corpus-wide measurement; the field’s
active re-mapping of its own vocabulary
is equally consistent with definitional
rigor

Platform economics unproven
/ market forecasts
inconsistent

6 Three forecasts differ by construction
(base year, target year, CAGR);
standards-to-ROI link rests on one
named case, not a replicated body of
evidence

• Panel verdicts: domain-accuracy: needs revision (revised) – methodology-rigor:
needs revision (revised) – clarity-completeness: needs revision (revised) – devils-
advocate: needs revision (revised). Every high-severity concern, and every medium-
or-higher concern raised independently by two or more reviewers, was addressed
before presenting; none was silently dropped.

• Concerns addressed (met the concession threshold): a quotation attributed to the
National Academies committee report was found to splice two separate sentences into
one continuous “verbatim” quote and was corrected to quote each sentence accurately
(domain-accuracy, high); the Synthesis Briefing’s Finding 2 bundled a single-platform
case (OpenTwins) with a systematically-surveyed finding (documentation-as-gate) un-
der one reliability score and was split into two separately scored claims (methodology-
rigor, high); the Contradiction Map’s “Universal agreement” bullet extrapolated
a no-complete-twin finding from OpenTwins and an open-source-framework sur-
vey to the entire platform landscape and was rescoped to name what it actually
covers (methodology-rigor, high); the “Hidden connection” paragraph forced three
structurally different gaps (integration effort, standards-adoption measurement, and
runtime-capability maturity) into one unified absence, motivating the report’s own
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recommended benchmark in a way that read as manufactured rather than discovered,
and was narrowed to the two findings it actually connects (devils-advocate, high).
Raised independently by two or more reviewers and also addressed: the reliability-
scoring apparatus understated the evidentiary gap between triangulated multi-source
findings and single-case or single-experiment ones (methodology-rigor and devils-
advocate both, on Findings 2, 3, and the “Strongest evidence” list) – Finding 3’s score
was lowered and its two evidence tiers named explicitly, the “Strongest evidence” list
now separates [35]’s unreplicated figure from the triangulated studies, and Finding
4’s headline and score were both revised to match its own hedge. Also fixed, below
the mandatory threshold but cheap and correct against the source: [38]’s finding
was overstated across three locations (the source finds substantial shared structure
with a partial, quantified portability gap, not blanket incompatibility) and was cor-
rected to match the source; a metric (“synchronization latency”) was misattributed to
[34]’s own contribution when the source actually cites it as another survey’s metric
in its related-work discussion, and was corrected in all three locations; the [17] “ap-
plied inconsistently” paraphrase was replaced with the source’s actual, more specific
finding (failure to connect RAMI 4.0 to the Asset Administration Shell); a missing
does-not-cover scope statement was added to the Summary; and the DTaaS proper-
noun/generic-category collision was given a cross-reference at its second point of use
in the Economics section.

• Concerns logged, not addressed (below threshold): acronym first-use expansion
(DTDL, AAS, and others) is deferred to the Phase 7(f) prose-standards check, which
is the tool built for it; the “digital twin platform” definition’s wording differs slightly
between the Summary and the “What a Digital Twin Platform Is” section without
contradicting itself (clarity-completeness, low); the ## References heading was left
without an explicit placeholder comment, unlike other pending sections in this draft
(clarity-completeness, low) – both cosmetic and left for a future copy-edit pass rather
than acted on here.

• Weakest link: the market-size-forecast contradiction and the standards-to-ROI claim
(confidence 6): the former is unresolvable from this corpus by design (no source audits
the forecasts against each other); the latter rests on one named vendor case ([12]’s
Sandvik figure). What would verify it: an audited, methodology-disclosed market-
sizing study, and a second, independent ROI case tied to ISO 23247 conformance.

• Bias check: [8] is the most-cited single source (11 citations across four sections),
load-bearing for the platform taxonomy, the open-source landscape, and half of the
no-complete-twin finding; its own dataset is drawn from searches run through July
2022, over four years old relative to this report’s date, and its documentation-as-gate
finding is only partially, not fully, corroborated by [11] (a related but distinct claim –
documentation as the only available signal, not as an exclusion criterion). The Skeptic
perspective’s lens guarantees an evidence-deficit theme by construction, a bias the
“Hidden connection” paragraph already discloses.

• Missing perspective: a security-engineering-specific perspective (distinct from the
Skeptic’s broader evidence-deficit framing) might have pushed further on the corpus’s
security findings, which this report treats as a single open-problems subsection rather
than a dedicated angle.

• Overall grade: B+ – the corpus’s strongest finding (standards-vs- practice divergence)
is well-triangulated and the report’s honesty discipline (single-source flags, hedged
claims) is above average for this genre; what needed fixing was internal calibration
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between how confidently different findings are stated and howmuch evidence actually
backs each one, now corrected above.
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