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Abstract

The global market for production organizations is becoming increasingly dynamic and
complex. To address this development, production organizations develop strategies to
become smarter in their operations, aiming at more flexibility and just-in-time mechanisms.
These strategies imply advanced levels of digitization of the tactical decision making for
and operational control of the primary production processes, both within individual or-
ganizations and at the level of supply networks. To embody this digitization, a spectrum
of advanced digital technologies is available, such as artificial intelligence, blockchain,
end-to-end process control, internet-of-things, and augmented reality. The realization of
the strategies through digitization with these technologies is, however, severely hindered
by two typical problems. Firstly, a large gap often exists between the high-level, abstract
intentions formulated in strategies and the detailed, concrete embodiment in digital tech-
nology. Secondly, classes of digital technologies often are considered in isolation in projects
resulting from a digital strategy, making synergies between technologies almost impossible
and thus heavily reducing the added value of digitization efforts. This short commentary
paper argues that the effective use of digital architecture in smart production system design
is the path to effectively addressing these two problems. The observations and suggested
architecture approach are illustrated by experiences with large international research and
development projects in the smart production domain.

Keywords: smart production system; digital strategy; digital architecture; digital technology;
digital transformation

1. Introduction
The production industry is currently in a tumultuous era. On the business side, we see

on the one hand a swiftly growing complexity of products and services (and combinations
thereof, the so-called product–service systems [1]) that have ever-shorter life cycles, and
on the other hand a continuously changing market landscape with new opportunities but
also new threats. Many look at the technology side for a solution to deal with all this
tumult—and these days, high hopes are placed on digital technology. But digitization
in the production industry is often not so straightforward, both because the production
industry is by nature rather ‘physical’ and hence not so much used to thinking in digital
terms and concepts, and because the abundance and fluidity of new digital technologies
make well-structured adoption hard.
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In this short commentary paper, we first take a more detailed look at the changing
market landscape in the production industry in Section 2, both from the business and
technology perspectives. Then, in Section 3, we reason that proper digitization strategies
are an absolute necessity for production firms. In Section 4, based on our experience in
innovation projects covering more than two decades, we conclude that these digitization
strategies are not so easy to establish because of several tension fields in the combined
business and technology domains, which reinforce each other. In Section 5, we explain
why we think that digital architecture is the answer and where the emphasis in digital
architecture should be in this context. We illustrate our view with concrete experiences from
practice in the production industry in Section 6. We end our commentary in Section 7 with
a few short conclusions. The intended contribution of this paper to the production industry
domain is a raised awareness of the importance of using proper system architecture in
digital transformation projects.

2. A Changing Market Landscape
As remarked in the introduction of this paper, the market landscape for production

firms is changing in a tumultuous way, both from a business and a technological perspective.
This is often characterized as the development of first Industry 4.0 [2] and then Industry
5.0 [3]. In the business perspective, there are several main developments that contribute to
this tumultuous change.

Firstly, customer expectations of products are growing. This leads in general to
more complex products, and in many cases to products with a growing part of digital
functionality (that sometimes replaces physical functionality)—the automotive industry
is a typical example domain for this trend. Also, we see that products are increasingly
accompanied by value-adding services, leading to product–service systems [1].

Secondly, the life cycles of products in many markets are getting increasingly
shorter [4]: new product versions are required more and more frequently (sometimes
as a consequence of the above-mentioned digital functionality that changes rapidly). This
requires high levels of effectiveness and efficiency in product life cycle management and
agility in adopting new production processes. It also leads to the necessity to work more
with just-in-time supply chains, leading in turn to effects on required supply chain intelli-
gence [5].

Thirdly, the competitive landscape is changing swiftly in many production industry
domains. This is partly due to the rise in global competition that puts heavy pressure on
product pricing. Consequently, markets are becoming more volatile and production effi-
ciency (also known as being ‘lean’ [6]) is of utmost importance to keep prices competitive.

From the technology perspective, many organizations see the adoption of new tech-
nologies, like the use of artificial intelligence in dynamic scheduling [7] or in product
quality monitoring [8], as a way to deal with the main business developments outlined
above. But the developments of technology are not so easy to follow, and adoption
is therefore not always (or hardly ever) straightforward. There are two main reasons
for this.

Firstly, the spectrum of developed technologies can be quite confusing. New technolo-
gies appear swiftly, often evolve in many variations, and sometimes die away quite quickly
as well. The interrelationships between diverse technologies are often quite unclear to the
non-expert—particularly as the technologies may be made available (or even pushed) by
different technology providers.

Secondly, it is often hard to judge the true potential of technologies because many of
them are subject to the hype cycle effect [9], i.e., soon after their introduction, their potential
may be hugely over-estimated and overstated, while truly successful applications have not
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yet materialized on a large scale. The e-commerce bubble (or dot-com bubble) at the turn
of the century [10] is a well-known example of this effect. As a consequence of the hype
cycle effect, production firms may perceive specific technologies as a ‘cure-for-every-pain’
(a panacea)—also in cases where this is not so wise.

3. The Need for Digitization Strategies
In dealing with the changing market landscape discussed in the previous section,

production companies have to find their way in using advanced digital technologies to
reach the required levels of customer-orientation, agility and efficiency. Their way must
be plotted in a tension field of demand-pull and technology-push forces, as illustrated in
Figure 1 [11].

Figure 1. Tension field between the business and technology perspectives (adapted from [11]).

On the left-hand side of the figure, we see the business perspective. The growing
business demands for the functionality of digital solutions create a demand-pull force on
the technology perspective. At the same time, these growing functional demands create
a tension field with quality requirements within the business perspective: for example,
data has to be consistent and adequately up-to-date, and decisions have to be correct
and adequately in time. The more complex functional requirements get, the harder it is
to have a full specification of non-functional requirements that adequately describe all
quality constraints.

On the right-hand side of the figure, we see the (digital) technology perspective. Tech-
nical possibilities are growing rapidly here, often at a speed that dazzles many practitioners
in smart production. A spectrum of technologies has become available for smart produc-
tion, among which are (generative) artificial intelligence [12], big data [13], blockchain [14],
end-to-end production process management [15], the (industrial) internet-of-things [16]
and cyber-physical systems [17], augmented and virtual reality [18], mobile and wearable
technology [19], and edge, fog, and cloud computing [20]. Updated and new technolo-
gies appear at a fast pace. This abundance of technologies creates a technology-push
force on the business perspective: shining promises that technologies will solve all busi-
ness problems are ‘all over the place’. But adopting technologies creates a tension field
within the digital technology perspective (indicated by the vertical arrow in the right-
hand side of Figure 1): it is hard to keep a proper structure in digital solutions when new,
ground-breaking technologies are adopted that have unclear effects on the use of exist-
ing technologies.
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Most production companies recognize that they need a vision to streamline and
structure their digital transformation to deal with problems like the ones outlined above.
Such a vision is typically outlined in a digitization strategy for the firm. But as we will see
in the next section, creating an adequate digitization strategy is not without problems.

4. The Two Problems with Digitization Strategies
Many digitization strategies are developed by firms in the business domain of smart

production to deal with the developments outlined in the previous section. There are,
however, two main general problems with these strategies that we have observed in many
digitization efforts.

The first main problem with many strategies is that a large gap exists between the
intentions formulated in digitization strategies and the realization of these strategies in prac-
tical digitization projects. Strategies are often formulated in abstract, high-level objectives,
such as “implementing a smart factory based on the latest intelligent digital technology” or
“embracing AI to reach new levels of production efficiency”. Digitization projects, however,
require concrete goals that lead to concrete solution structures.

The second main problem is the fact that many strategies focus on explicit technology
classes from the onset, or even on a single technology class. As a consequence, concrete
digitization projects resulting from these strategies are each focused on single digital
technology classes. This is even more the case with new, innovative technologies, as
these may be subject to the discussed hype cycle effect [9]. At the time of writing this
paper, this is certainly the case for artificial intelligence (AI), and sometimes even more
specifically for generative artificial intelligence (GenAI) [21] and large language models
(LLMs) [22]. Some authors make strong claims, like “GenAI holds immense potential
to revolutionize various industries and reshape our daily lives” [23]. The fact that there
are warnings for the hype cycle effect [24,25] does not seem to have much influence—
even though we have seen the hype cycle effect and the consequent over-estimation of
possibilities before with different digital technology classes, like RFID [26], big data [27], and
blockchain [28].

The reality in general, however, is that digital technologies applied in isolation typ-
ically do not constitute complete solutions and hence do not produce business results
by themselves—the production domain is no exception here. Technologies need to be
embedded in a technological context to come to full fruition. This is illustrated for a
set of technology classes in Figure 2 (adapted from [29]). In this figure, we show that
technology classes rely on each other for both reasons of functional dependencies and
reasons of required data. For instance, big data technologies often rely on data storage and
data processing in the cloud (hence requiring cloud computing functionality) for handling
massive, complex data sets, and need to be fed with input data acquired with applications
using various other classes of technology (such as mobile computing and the internet-
of-things).
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Figure 2. Dependencies between digital technology classes (adapted from [29]).

5. Digital Architecture to Overcome These Problems
In overcoming the problems discussed above, it is our belief and our experience

(both in research and industrial practice) that digital architecture is an essential ingredient.
Digital architecture acts as a bridge between an abstract digitization strategy and concrete
deployment of digital technology—across various technology classes as outlined in the
previous section. Architecture for production solution design should be holistic in this
respect and agnostic to specific technology preferences [30].

Whereas it is not so hard to find architectural designs targeting the application of one
class of digital technology in a production context (for example, the application of big data
analytics technology [31]) or architecture designs that have no link to any specific class
of digital technology (like abstract architecture frameworks [32]), approaches covering
multiple classes of digital technology are sparse. Some works mention several classes of
technology, but only partially place them explicitly in an architecture design. An example
is the use of AI in the design of a matrix controller as part of a solution for manufacturing
operations management [33].

Frameworks exist in the domain of smart manufacturing that are positioned as ar-
chitectures but lack the rigor of a system engineering focus required to be the basis of
structured solution design. A well-known example is the Reference Architectural Model
Industrie 4.0 (RAMI 4.0) [34]. RAMI 4.0 is in essence a framework that presents three
dimensions in which to locate topics related to the digitization of smart industry: a layers
dimension that contains six viewpoints on digitization, a hierarchy levels dimension that
contains seven aggregation dimensions (extending the more traditional ISA-95 hierarchy
for manufacturing [35]), and a life cycle and value stream dimension that covers the life cycles
of the development, production and usage of products. The Industrial Internet Reference
Architecture (IIRA) [36] provides a functional viewpoint with five elements (or layers): busi-
ness, application, information, operations, and control. These five elements can be mapped to
the six elements in the layers dimension of the RAMI 4.0 model [37]. The Chinese Intelligent
Manufacturing System Architecture (IMSA) is a three-dimensional model [38] that has clear
similarities to RAMI 4.0 but redefines the layers dimension of RAMI 4.0 as an Intelligent
Functions dimension. ISA-95, RAMI 4.0, IIRA and IMSA are more frameworks for concept
positioning than solid architectures for system engineering, as they provide dimensions
for positioning architecture elements, but do not suggest concrete system blueprints. They

https://doi.org/10.3390/systems14030297

https://doi.org/10.3390/systems14030297


Systems 2026, 14, 297 6 of 10

certainly have their value but should be used in the right way at the right moment: as a
basis for solution positioning but not as a complete basis for structured solution design.

In designing solutions for smart production environments, it is essential to choose the
right level of abstraction to model these solutions in an architectural structure. We advocate
the level of business information system architecture [11]. Business information system
architecture is positioned between the fields of enterprise architecture and software (and
where necessary hardware) architecture. Enterprise architecture typically takes the more
business-oriented point of view, where designing the structure of information systems
is a final step. Software architecture focuses on the technical design of detailed software
structures. Business information system architecture covers the middle ground, connecting
the two, and focuses on structuring business-oriented system application landscapes. In
our experience, this middle ground is where many organizations in the smart production
domain are currently struggling with making the right choices; a challenge that is com-
plicated by the growing complexity of system landscapes and by quickly evolving digital
technologies—as we have discussed earlier in this paper.

Business information system architecture does not focus only on software but is based
on a well-chosen set of architecture aspects. It is less abstract and more technology-oriented
than typical enterprise architecture, but more abstract and less technology-oriented than
typical software architecture (which is often the focus in production system design, includ-
ing the examples mentioned earlier in this section). In quite many design contexts, we have
used the UT5 dimension framework [11], which is shown in Figure 3. This framework is
a modernization of a practical framework that has proven its value in business [39] and
highlights the interplay of the required separation of concerns between five perspectives
(architectural dimensions) on the one hand and the interrelationships between these per-
spectives on the other hand. Put very briefly, the UT5 model states that business processes
manipulate business data in a business organization using specific software solutions that
run on general platforms. Each of the five dimensions has its own characteristics (the
separation of concerns) but changes to an element in one dimension can have effects on
elements in all the other dimensions (the interrelationships). The essence in working with
dimensions, however, is not choosing a very specific dimension framework (as there are
alternatives), but using such a framework consistently.

Figure 3. UT5 framework for system architecture aspect dimensions [11].
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The emphasis in putting business information system architecture in practice should
not be on using complex architecture language syntax (either textual or graphical) to
be as precise and detailed as possible. This practice is sometimes the case in enterprise
architecture—and its products are then only understandable to seasoned enterprise ar-
chitects, not to problem owners. The emphasis should be on proper, structured systems
thinking, while keeping all involved stakeholders ‘on board’ in the design discussions [40].

For example, in designing a complex solution for a smart production environment, it
is unavoidable to design its architecture at multiple aggregation levels [30]. Moving along
the aggregation dimension, meaningful system–subsystem relations and consistency in
interface definitions across aggregation levels must be respected. This should be respected
at all costs, as neglecting this will inevitably lead to a poor solution design. Likewise,
guarding strict consistency between architecture models in different architecture aspect
dimensions (like the ones in the UT5 model) is not a luxury, but a must-have to avoid faulty
designs that will be costly to repair in the best case and will never work in the worst case.

6. Does Architecture Work in Practice?
Then one might ask whether the broad, architecture-based approach advocated in the

previous section does actually work in smart production practice, or whether it is a castle
in the sky of yet another architect (which, in our opinion, is a valid doubt). Experience in
various large, international research and development projects over the past two decades,
as well as experience in international industrial consulting practice indicates that the
approach does indeed work. Architecture is not the art of creating even more complicated
structures but the engineering of design choices to strive for consistency and flexibility in
digital solutions.

We have applied the described line of architecture thinking in the CrossWork, HORSE,
OEDIPUS and SHOP4CF international research and development projects in smart manu-
facturing (as an important subdomain of smart production). These projects in total involved
over 50 industrial organizations across Europe. We have analyzed and documented the
application of architecture thinking across these projects [41]. In the first of these projects,
we observed a lack of coherence in the solution definition during the project execution
and decided to redesign things from the start using a strict architecture approach at the
business information system level of abstraction. This got a complex project back on track
within several months and led to a good result [42]. In the latter three projects, we took the
architecture approach as an essential ingredient of the project design from the very start,
using the discussed UT5 framework as a conceptual backbone. In all three projects, this
led to a well-structured solution design, where the difficult discussions could focus on the
smaller details, not on the overall structure.

We have made similar observations in commercial industrial consulting practice. Cer-
tainly in the smart production domain, solution design is often of a very ‘pragmatic’ kind,
in which the lack of sound architecture principles leads to confusion and unnecessary
design iterations, or far worse things. The recognition that a proper architecture framework
is an important ingredient to any complex digital transformation effort in the smart pro-
duction domain has even led to the establishment of a new version of the UT5 model [11]
by amalgamating it with another model from practice [43], which has been adopted as a
standard by the involved consultancy firm and published as the AC2E model in the public
domain for general use [44].
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7. Conclusions
In the current turbulent times for the smart production domain, an innovation strategy

based on digital transformation—rightfully if done right—is seen as a way to deal with
new threats and opportunities. How to do things right is, however, not always obvious.

Often, a digital innovation strategy is based on the application of several technologies
in isolation, or even on the application of a single technology that appears very, very
promising at the time (i.e., it is hyped). As already observed, the latter is currently certainly
the case for (Gen)AI: according to many, this is the solution for most problems–data is
the ‘new gold’ and digital algorithms are the ‘new business brains’. Even though (Gen)AI
certainly has its merits, it is not a solution to every problem. And it will not work in
isolation. We have seen the same with previous technology hypes, like RFID, big data,
and blockchain. These technologies do each work in practice in their right application
contexts but have not changed the complete industrial world on their own. Therefore, we
explicitly try and combine digital technologies in the quest for smart production solutions,
for example in the process industry domain [45].

Also often, a solution is hastily put together because of time pressure, combining parts
of old solutions (i.e., legacy systems) with new elements. But without proper structure
in the design process, these processes are bound to either badly overrun in project costs
and delivery time or fail altogether. The legacy problem is a difficult beast to master–and
postponing the mastering will typically allow the beast to grow bigger (and the gap towards
a solution to grow wider).

Based on our experience, we think that the basis for addressing digital transformation
in the production domain in this turbulent time is in architecture. Architecture should be
applied at the right abstraction level with the right mix between pragmatism, a strict regard for
basic system engineering principles, and possibilities for participation of all the stakeholders
involved. Architecture has been practiced in other, often more administrative, domains
as a regular basis for digital transformation for a long time—see for example [39,46,47].
In this regard, there is still ample room for learning and improving in the production
domain. In doing so, architecture is the basis on which to connect business developments
with technology-based solutions—with the right mix of ingredients—thereby realizing
digitization strategies as starting points of innovation, not as fancy documents to be
shelved. The goal of this short paper is to raise awareness for this important role of digital
architecture in the smart production domain.
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