City Research Online
City St George’s, University of London

ST GEORGE'S

UNIVERSITY OF LONDON

Citation: Lanzolla, G., Pesce, D. & Tucci, C. (2023). The digitalization of physical
reality: theoretical lenses to incorporate digitalization into management research.
In: Cennamo, C., Dagnino, G. & Zhu, F. (Eds.), Research Handbook on Digital
Strategy. (pp. 83-101). Cheltenham, UK: Edward Elgar. ISBN 9781800378896 doi:
10.4337/9781800378902.00010

This is the accepted version of the paper.

This version of the publication may differ from the final published version. To cite
this item please consult the publisher's version.

Permanent repository link: https://openaccess.city.ac.uk/id/eprint/31370/

Link to published version: https://doi.org/10.4337/9781800378902.00010

Copyright and Reuse: Copyright and Moral Rights remain with the author(s) and/or
copyright holders. Copies of full items can be used for personal research or study,
educational, or not-for-profit purposes without prior permission or charge, unless otherwise
indicated, provided that the authors, title and full bibliographic details are credited, a
hyperlink and/or URL is given for the original metadata page and the content is not changed
in any way. For full details of reuse please refer to City Research Online policy.

City Research Online: http://openaccess.city.ac.uk/ publications@citystgeorges.ac.uk



https://openaccess.city.ac.uk/policies.html
mailto:publications@citystgeorges.ac.uk
http://openaccess.city.ac.uk/

Chapter in the Elgar Handbook of Research on Digital Strategy
Forthcoming in Spring 2023

The digitalization of physical reality:
Theoretical lenses to incorporate digitalization
into management research

Gianvito Lanzolla (Bayes Business School, formerly Cass Business School)
Danilo Pesce (Politecnico di Torino)

Christopher Tucci (Imperial College Business School)

Abstract

The management literature has recently witnessed a considerable escalation of research
around the implications of digitalization for firms and their environment. Yet, the
conceptualization of the construct of digitalization remains elusive at best. In this Chapter, we
develop a taxonomy of the outcomes of the digitalization of physical reality, and of the
interaction amongst digitalized units of physical reality. We maintain that these taxonomies
may enhance the scope for combining extant research in integrative frameworks as well inform
management research that links digitalization and its agency in a more systematic way.

1 Digitalization in business and management research

In the early 2000s, digitalization was a fairly obscure construct. As shown in Figure 1 below,
in just a few years, digitalization has become a popular topic that fascinates both academics and
practitioners in business and indeed all types of organizations. This growing popularity is not
surprising. Digitalization is associated with several transformational outcomes for firms and
their environments (World Economic Forum, 2020). A substantial body of research in several
streams of the management literature has investigated the impact of digitalization on areas

including management practice (Jarzabkowski and Kaplan, 2015; Sharker et al. 2019;



Majchrzak and Griffithet al. 2020; Mousavi et al. 2021), organization and organizing (Yoo et
al. 2012; Bailey et al. 2019; Kretschmer and Khashabi, 2020), firm boundaries (Nambisan et
al. 2017; Lyytinen et al. 2020), business models (Teece, 2010, Massa et al. 2017; Lanzolla and
Markides, 2021), partnerships (Adner, 2017; Jacobides et al. 2018; Dattée et al. 2018; Wang,
2021), innovation (Afuah and Tucci, 2012; Villarroel et al. 2013; Nambisan et al. 2020;
Lanzolla et al. 2021), strategy (Bharadwaj et al. 2013; Berente, 2020; Hanelt et al. 2021), and
the macro environment (World Economic Forum, 2020). In these studies, the digital
technologies leading to digitalization have been conceptualized as general-purpose
technologies (e.g., Gambardella and McGahan, 2010); based on their capabilities such as
monitoring, control, connectivity, optimization, autonomy (Porter and Heppelmann 2014,
2015); for the degree of their technical properties, e.g., interoperability, speed (Bresnahan and
Trajtenberg, 1995); or treated as mere contextual background. Granted, the vast majority of
these studies focus on the use of digital technologies and on the implications of digitalization

(e.g., Tilson et al. 2010) rather than on the technology per se.

[Figure 1 about here]

We argue that the unsystematic conceptualization of the relationships between digital
technology and digitalization has hampered the scope for comparing and contrasting extant
research and developing integrative theoretical frameworks. In this Chapter, we aim to address
this gap and provide a conceptualization of the different ways in which the digitalization of

physical reality can take place. First, based on a systematic analysis® of the business literature,

1 We reviewed the literature published in Organization, Management, and Information Systems journals using
digitalization as a keyword. For comprehensiveness purposes, we also developed a list of synonyms and related
processes and concepts including digitization, connectivity, datafication, digital materiality, artificial intelligence,
and digital artefacts. An initial Scopus search of 30 leading business and management journals covering several
domains, such as general management, management science, information management, human resource
management, innovation, marketing, organization studies, and strategy, with the identified keywords, returned 680
journal articles. We then read all the abstracts to identify the non-spurious articles, i.e., articles where our keywords
were used with reference to the mechanisms studied in the paper and not just quoted as examples. This reduced



we propose a taxonomy that reveals that the digitalization of physical reality leverages several
digital technologies and outcomes ranging from full digitization, i.e., substitution of physical
reality, to partial digitalization, i.e., complementarity between the legacy unit of physical reality
and the digital artefact. We then show that partial digitalization of physical reality can rest on
very different logics, i.e., simulation, emulation, and / or “feeling of presence.” For all these
potential outcomes of digitalization, we highlight affordances as well as technical constraints

to deliver on such affordances.

Second, the digitalization of the physical world does not happen one physical
component at a time, nor one component independently from another. We maintain that the
interactions among digitalized units of physical reality could be analyzed through the
conceptual lens of complexity theory. Borrowing from complexity theory, we identify three
types of interactions, which we label digital convergence, “phygital” convergence, and no

convergence.

Overall, by providing a taxonomy of the outcomes of digitalization of single units of
physical reality and of their interaction, this Chapter suggests that business and management
researchers open the black box of digitalization and be systematic and explicit in describing the
boundary conditions under which their research has been developed. We also propose a research
agenda for deepening the study of digitalization in order to inform business and management

research.

2 The digitalization of physical reality

The process of digitalization of physical reality is realized through different technical processes
and technologies, hereafter called digitalization “technologies.” The most common

digitalization technologies include digitization, smartification, digital twins, augmented reality,

the number of articles to 200.



virtual reality, and metaverse. In what follows, we briefly describe these digitalization

technologies and their affordances, and we then provide an integrative taxonomic framework.

2.1 Digitization beyond gravity: The de-materialization of physical reality.

Digitization is the process of changing from analog to digital form (Yoo, 2010). Converting
text, videos, and music into digital form are all examples of digitization. Fully digitized artefacts
acquire new properties vis-a-vis their physical earlier versions. Here we summarize some of the
most salient properties that fully digitized artefacts acquire (please see Appendix 1 for

supporting evidence).

Editability. Full digitization allows the elements by which a digital artefact is made to
be rearranged, while leaving its logical structure unchanged by deleting existing elements or
adding new ones, modifying some of the functions of individual elements, and updating the
content, items, or data fields. This is the case for digital repositories, whose utility is closely
associated with constant updating. In this vein, editability intentionally makes digital artefacts
incomplete throughout their lifetime and perpetually “under construction” in some sense,

rendering their boundaries unknowable.

Replicability. Full digitization allows the reproduction and distribution of each form of
a digital artefact for (typically) an unlimited time and at virtually no cost. The classic example
here might be the replicability of a song, perhaps via Spotify, at zero marginal cost. From the
industrial perspective, another example is that of ERP systems, which allow business processes
to be replicated by replacing independent applications—unique for each function—with

interrelated and standardized programs in functional modules.

Modularity. Full digitization allows the elements by which digital artefacts are made to
be decomposed—expanding the notion of modularity adopted from the physical world—and

enabling the re-shuffling and the reorganization of these elements not only into new



configurations, but also into unrelated use contexts. For example, software can be developed

by different teams that work in parallel once the architecture has been defined.

Granularity. Distinct from modularity, granularity refers to the “ingredients” from
which blocks are made and describes the minute size and resilience of the elementary units or
items by which a digital object is constituted. The granular constitution of digital artefacts is
conveyed by the difference between their physical counterparts, which are non-granular blocks
or elements bundled together in such a way that they are not readily decomposable or traceable
as elementary units. In this vein, although modularity concerns relationships between blocks,
granularity entails tracing composite units back to the most minute elements and operations of

which they are made.

Re-programmability. Full digitization allows a digital artefact to be released from its
immediate use context by modifying its structure and repurposing it through a later binding of
form and function. The re-programmability attribute builds on the von Neumann computing
architecture in terms of enabling the separation of the semiotic functional logic of the digital
artefact from the physical embodiment that executes it, thus allowing a digital artefact to
perform a wide array of functions (such as calculation, communications, word processing,
encryption, browsing, and so on). In contrast to manufacturing capability, the primary cost of
digital development is limited to the hours of development thanks to the re-programmability

characteristics of digital artefacts.

Homogeneity. Full digitization allows any analog signal to be mapped to a set of binary
numbers (discrete representation of data in bits of 0 and 1), thereby allowing any digital artefact
to be stored, transmitted, processed, and displayed using the same digital devices and networks,
e.g., location streaming services can be mixed with other services and content. Thus, the
homogenization of data and the emergence of new media essentially separate the content from

the medium. The homogenization of digital data at the service layer allows the emergence of



new products and services through mashups across different product architectural boundaries.
Therefore, devices, networks, services, and contents created for specific purposes are now being

re-mixed to repurpose their usage.

Traceability. Full digitization allows events and entities to be chronologically
interrelated over time and space, thus leaving an unprecedented volume of digital traces as by-
products which, in turn, can lead to new innovations that had not been anticipated by the original
innovators or consumers, e.g., integrating and analyzing data from jogging exercises and using
them to create personalized training plans. Such derivative innovations add new layers of
affordances to the digital products and services. Indeed, the bulk of innovations in social and
mobile media results from the generative use of their digital traces, now reflected in the popular

idea of "Big Data."

Interoperability. Full digitization enables data to be shared amongst different digital
artefact formats by enabling their manipulation and expanding their accessibility over devices
and platforms, e.g., the Nest self-learning thermostat that was designed with an application-
programming interface that allows it to exchange information with other products, such as a
smart lock. Whenever a homeowner enters his/her house, the smart lock communicates this
information to the Nest thermostat, which then adjusts the temperature according to the

homeowner's preferences.

Speed. Full digitization enables the instant transmission of real-time data across a wide
range of networks that generate, transform, and connect products and sensors by increasing
speed and responsiveness and reducing latency. 5G is currently (2022) in the process of rollout
with 6G under development, and they will enable a great improvement in bandwidth and latency
that is predicted to lead to the emergence of new "Internet of Things" business models that will
involve massive quantities of data and/or mission-critical processing. Self-driving cars and

healthcare services will be amongst the beneficiaries, but wireless protocols will also pose a



competitive challenge to fixed wireline services, which have historically been a cash cow for

telecommunications companies.

Synchronization. Full digitization also enables synchronization, that is, synchronous
communications between different data sources stored in different electronic memories at
different “clock speeds.” For instance, the “clock speed” of software development is generally
much faster than that of traditional manufacturing; a software development team might create
as many as ten iterations of an application in the time it takes to generate a single new version
of the hardware on which it runs. Therefore, companies will need to synchronize these very
different clock speeds of hardware and software development and will have to rethink many

aspects of organizational structure, policies, and design principles.

Accessibility / Transferability. Full digitization enables homogeneous and
heterogeneous digital artefacts to be found and accessed through standardized protocols (such
as an IP address and metadata), thereby enabling them to be enrolled in the global information
infrastructure, the Internet. In this vein, connectivity also allows transferability by conveying
changes in one part of the system to other parts of the system, or by distributing them to other

system processes or objects.

Ubiquity. Finally, with its relatively inexpensive and ubiquitous connectivity, full
digitization allows the types of information and knowledge that were not readily available in
the past to be stored, mobilized, and interpreted anywhere, e.g., from a robot to a mechanical
press, the performance of an industrial machine can be remotely monitored and adjusted by the
end-users during operation. This offers users the unprecedented ability to customize the
function, performance, and interface of products, and to operate them in hard-to-reach

environments.

In isolation, and when combined with each other, these properties of digital artefacts



make digital artefacts less subject to the constraints of the physical world, i.e., less subject to

the constraints of “gravity.”

2.2 Smartification and Digital Twins: The emulation at scale of physical reality

According to Porter and Heppelmann (2014), smartification requires three core elements: (1)
physical components comprising the product’s mechanical and electrical parts; (2) sensors,
microprocessors, data storage, controls, software, and, typically, an embedded operating system
and enhanced user interface that amplify the capabilities and value of the physical components;
and (3) connectivity components that amplify the capabilities and value of the smart

components and enable some of them to exist outside the physical product itself.

Digital twins take smartification to the next level. They are adaptive models that emulate
the behavior of a physical system in a virtual system exploiting real-time data to update itself
along its lifecycle (Semeraro et al. 2021; Tao et al. 2018). In the commercial world, different
variations of the term have emerged to highlight some specific aspects of this emulation (see
below), and these include: “digital model,” “product avatar,” and “digital shadow.” These
different digital twins differ mostly in the level of data integration between the physical and

digital counterpart (Krtzinger et al. 2018).

Smartification and Digital Twins are two examples of digitalization technologies that
build on emulation of physical reality to create digital copies of it. Emulation seeks to duplicate
an object exactly as it exists in physical reality. For instance, Alemdar and Ersoy (2010) and
Porter and Heppelmann (2014, 2015) define emulation as the (complete) imitation of a physical
object through sensors, computing, and networking technologies that allow the physical object

to provide information about its environment, context, and behavior, thus enabling it to operate

2 Obviously, this is a metaphor and we are not referring to gravity in the sense of physics (exertion of force based
on the mass of an object).



not only in the real world but also in a digital environment.

The performance of digital emulation depends not only on the accuracy of the emulation
logics but also on the level of data synchronization. Tao et al. (2018) identified three key

technical properties that might have an impact on data synchronization:

1) Real-time reflection: Two spaces exist in digital twins, physical space and virtual space.
The virtual space is the real reflection of the physical space, and it can keep ultra-high
synchronization and fidelity with the physical space.

2) Interaction and convergence in physical space, between historical data and real-time
data, and between physical space and virtual space.

3) Self-evolution: Digital twins can update data in real time, so that virtual models can
undergo continuous improvement through comparing virtual space with physical space
in parallel.

The most recent advances in emulation have been based on the use of artificial intelligence.
Smartification, Digital Twins and, more broadly, digital emulation overcome some of the
constraints of the physical world by complementing the physical object with digital copies that
acquire the properties of digitized artefacts. As such, emulation has the potential to decrease
optimization costs in numerous ways, many of which were not previously possible (Porter and
Heppelmann, 2014). For example, through emulation, algorithms and analysis can be applied
to in-use or historical data to improve production, utilization, and efficiency. In wind turbines,
for example, a sensor can adjust each blade at each revolution to capture maximum wind energy.
And each turbine can be adjusted not only to improve its performance, but also to minimize its

impact on the efficiency of neighboring ones.

2.3 Virtual reality: Creating virtual worlds

Virtual reality occurs when digital representations stand for, and in some cases completely

substitute for, the physical objects, processes, or people they represent. For instance, Lyytinen



(2021) defines “virtual embedding” as the agreed virtual representations of real-world
phenomena such as an organization’s assets, actors, entities in physical environments, and
immaterial “objects” (e.g., money, equity). Virtualization enables spatial separation and
independence between people and objects (or other people) through three core elements (Bailey
et al. 2012): operating with or on representations; operating through representations; and
operating within representations. According to Baskerville et al. (2020), virtualization results
from pre-formatted, automated, and contingent, “live actions” performed by software. Virtual
reality is often associated with simulation. Simulation is the use of a mathematical or computer-
based representation of a physical system for the purpose of studying constrained effects or how
physical systems work. Crucially, it seeks to simulate some aspects of the physical systems but
does not necessarily represent all the aspects or follow all the rules of the real environment.
According to Bailey et al. (2012), simulation is important because it is through simulation that

virtuality comes closest to replacing reality.

Referring to virtual reality, Baskerville et al. (2020) introduce the concept of
“ontological reversal,” in which the digital version is created first, and the physical version
second (if needed)—e.g., 3-D printing. With ontological reversal, non-physical digital objects
are not only as real as physical objects; they are more “real.” It used to be that the sale of a
ticket (plane, train, concert, event) produced a physical ticket and a digital record of the
transaction was stored in the company's information system as proof of the transaction. Today,
physical tickets are no longer produced. Real tickets exist in the cloud. When a user needs
physical proof of the real (non-physical) ticket, they can reproduce a physical copy of the non-
physical item. The ontology of physical and digital has been reversed. With the ontological
inversion, there is a temporal inversion in the way products are produced. The digital version

is produced first, the physical version is produced when and where it makes sense (cf. Nambisan



et al. 2020; Baskerville, 2020;).

2.4 Augmented reality and metaverse: Toward digitalizing the biological and sensory

spheres

Porter and Heppelmann (2017) define Augmented Reality (AR) as the process of
transforming volumes of data and analytics into images or animations that are superimposed on
the real world. The real-time use of information in the form of text, graphics, audio, and other
virtual enhancements integrated with real-world objects is the element that differentiates AR
from virtual reality. AR integrates and adds value to the user’s interaction with the real world
and does not simulate an interaction with the physical world as in virtual reality. The author
Neal Stephenson succinctly summarizes such differences: “the purpose of VR is to take
[people] to a completely made-up place, and the purpose of AR is to change your experience
of the place that you’re in” (Robinson, 2017). By overlaying digital information directly on
real objects or environments, AR allows people to process the physical and digital
simultaneously, eliminating the need to mentally bridge the two. That improves people’s ability
to rapidly and accurately absorb information, make decisions, and execute required tasks
quickly and efficiently. AR also improves how users visualize and therefore access new
monitoring data, how they receive and follow instructions and guidance on product operations,
and even how they interact with and control the products themselves. According to Rasool et
al. (2021), two key properties of AR are vividness and interactivity. Factors of vividness are
sensory breadth and sensory depth. Sensory breadth is the number of sensory dimensions, and
sensory depth is the resolution of each channel. How these sensory inputs come together, i.e.,
how they are mediated, creates the sense of vividness. Interactivity has to do with how the user

can map and make their actions into the mediated environment persistent.

Metaverse takes Augmented and Virtual Reality to the next level. Metaverse is a term

created by Neal Stephenson in the 1992 novel Snow Crash. In the book, the protagonist Hiro



enters a virtual reality called the metaverse as an escape from his physical reality living in a
run-down container. Perhaps one of the first iterations of the metaverse was Second Life (2003).
However, the concept of the metaverse began to take hold in 2020, when several platforms
(including Facebook, which changed its name to Meta in 2021) imagined their own versions of
the metaverse. The metaverse represents an evolution of social connection, an “embodied
Internet,” where the user is no longer a spectator but becomes an integral part of the experience
of connection, communication, and transaction (Balis, 2022). According to Meta, the 3D spaces
of the metaverse will allow users to socialize, learn, collaborate, work, play, shop, create, find
communities, and grow their business through avatars that actually inhabit the virtual space
having a real “feeling of presence” (Meta Connect Conference, 2021). Balis (2022) points out
that the immersive environment of the metaverse is an opportunity for consumer companies as
well as industrial ones. For example, Nvidia is investing in forms of metaverse related to
manufacturing and logistics to reduce waste and accelerate better business solutions. Microsoft
is positioning its cloud services to engage forms of the metaverse where avatars and immersive
spaces can infiltrate collaboration environments such as Teams. Nike and Louis Vuitton are
investing in the most assertive part of the metaverse by investing in both building virtual retail
environments for selling their physical products and creating virtual products and collectibles

(e.g., virtual sneakers in NFTs) for the metaverse.

Some technologies underpinning the metaverse, such as ubiquitous and mobile
supercomputing, neurotechnological brain enhancements, and genetic editing, seek to extend
beyond physical reality by integrating the biological sphere and undoing the gravity that
currently distinguishes the physical from the digital world. The digitalization of the “feeling of

presence” promises to bring the digitalization of the physical world to the next stage in terms



of affordances.

2.5 A taxonomy of outcomes of the digitalization of the physical world

Beyond the proliferation of technologies and commercial jargon, the review above allows us to
highlight that the digitalization of the physical world, overall, has multiple potential outcomes.
On one hand, in limited cases, digitalization can lead to full substitution of physical reality. On
the other hand, digitalization can lead to outcomes where there is a degree of complementarity
between the digital artefact and physical reality. Such degree of complementarity is mediated
by the logics underpinning the digital artefacts: emulation; simulation; or “feeling presence”—
and by the level of digital / physical (data) synchronization. In Figure 2, we show a taxonomy

of potential outcomes of the digitalization of the physical world.

[Figure 2 about here]

3 Interactions among units of digitalized physical reality

As shown in Figure 2, the digitalization of physical objects may span full digitization to partial
digitization, in other words, a physical “unit” (or “component” or “object”) can be fully replaced
by a digital one at one extreme, or the physical unit could be partially replaced by a digital
artefact that complements the physical one. We call this substituting for physical reality or
complementing physical reality and can take the form, as mentioned above, of emulation, where
one attempts to mimic the behavior and properties of a physical system; simulation, where one
creates a digital reality independent of physical reality; or feeling of presence, where simulation

is connected to some elements of physical reality.

However, the digitalization of the physical world does not happen one physical
component at a time nor is any one component typically fully independent of other ones. Thus,

what happens when the different elements represented in our taxonomy interact with one



another? What are the outcomes of these interactions? While our taxonomy in Figure 2 provides
guidelines as to what should be considered when exploring the outcomes of digitalization in
isolation, we claim that we also need a framework to explore their complex interactions.
Complexity theory provides a suitable way to help think through interactions or

interdependencies.

There are many ways of thinking about complexity, but most if not all of them refer
directly or indirectly to whatever phenomenon under consideration as a system (cf. Forrester,
1961), where the units or components have greater or lesser degrees of interdependencies
between them. In other words, when something changes in one component of a system, to what
degree does that change the other parts of the system? This varies considerably with the kind
of system under consideration, from mechanical systems to biological systems to social systems
(Massa et al. 2018). Of course, there is variance within these different kinds of systems (one
single cell is much less complex than a human being, but both are more complex than, say, a
table). In general, the more we move from a simpler system to a more complex one, the less
the mere representation of the elements (components) of the system is sufficient to provide a

complete picture to understand the whole system.

NK modelling (cf. Kauffman, 1993) has often been employed to describe different levels
of complexity. Originally developed to understand the “fitness” of biological systems, N refers
to the number of attributes or components, and K the interdependencies between components.
If we start with mechanical systems, these can be broken down, from least complex to most
complex (see Massa et al. 2018 for more detail), into static mechanical systems with no
retroactivity; mechanical systems with predetermined dynamics; and mechanical systems with
control mechanisms. It is at this last level of complexity where interdependencies are more
pronounced and feedback loops develop (for example, different devices on an airplane that

regulate the behavior of the aircraft). At a higher level of complexity, we move to biological



systems with self-maintaining dynamics such as autopoiesis and many more interacting
feedback loops. And finally, when we arrive at social systems, the number of feedback loops
and interdependencies between the components, themselves biological systems, becomes even

more pronounced and difficult to predict (Anderson, 1999; Massa et al. 2018).

Thus, a focus on the number and type of interdependencies is the key tenet of complexity
theory and some related management streams (e.g., Siggelkow and Terwiesch, 2019; Adner,
Puranam and Zhu 2019; Massa et al. 2018; Anderson, 1999). We claim that the concepts
developed in complexity theory offers suitable lens to study the interdependencies between the
different outcomes of digitalization. For instance, complexity theory highlights the need to
consider the role of different types of feedback loops and to what degree the system is
constrained by physical components. In Figure 3, building on these concepts we show how
different interactions may lead to different types of convergence (Yoffie, 1996) between

physical and digital reality.

[Figure 3 about here]

Figure 3 shows how a fully digital artefact interacts with a system in which some or all
of the other units or components are fully-, partially-, or un-digitized. In the first column (1),
when the component is fully digital and the rest of the system is, too, we would characterize the
situation as being subject to a continuous, synchronous, and autonomous feedback loop, since
there would not be human intervention or the necessity of waiting for a mechanical system to
complete a task. We would say that the physical world does not exert “gravity” toward the
digital world in this situation. Examples of this situation could be a “smart contract” that is
executed automatically in the future when certain conditions are met, or autonomous drone
inspection leading to automatic insurance payouts. In terms of outcomes, we might call this

column “autonomous realities” (imagine virtual reality not mediated through humans) in which



new fully digital logics emerge and the feedback loops are self-reinforcing or self-correcting.
Of course, one challenge in this column is the self-reinforced amplification of unintended
consequences.

Column 11 shows the situation in which the focal artefact has been fully digitalized, but
the rest of the system is only partially digitalized. Depending on the degree of human or
mechanical intervention and the degree to which the digital components act as a complement
to the physical ones, we would say that the physical elements of this system exert gravity on
the digital ones. The feedback loops could still be continuous, but would not be fully
synchronous, since automation would be more difficult, especially if people or batch-processing
machines bottleneck decision-making and reactions. Examples of this particular situation
might be digital twins, where outputs of sensors on a real piece of equipment is fed into a
simulation to track the current state and predict future states. In the case of future predicted
problems, an intervention (e.g., replacing a physical component) is then done in real life. In
this case, we are concerned with the “dual clock” speeds of the digital vs the physical, for
example if problems were identified using a digital twin but the intervention was not done for
some time. Thus, we speak of the asynchronous nature of the different processes.

Finally, Column Il demonstrates the case of a fully digitalized component in a system
where the rest of the components are entirely physical. Here we would say that “gravity” would
constrain the digital element to a greater degree and feedback loops would be non-existent or
very slow. An example would be a digital music player, e.g., the Apple iPod, that offers a one-
way flow of information for storage of digitalized data. Fans can listen to their preferred music,
but they cannot interact with it. This applies equally to Web 1.0 applications. In this case, we
would argue that there would be no convergence between the digital and physical world, or at

least it would be extremely slow, thus our characterizing the clock speed as “divergent at scale”



with a “decoupling” of the digital element from the physical one(s).

4 Incorporating digitalization into management research

In this Chapter, we have argued that management research exploring the implications of
digitalization should incorporate a more nuanced and systematic definition of digitalization.
Digitalization is a multi-dimensional construct. For instance, the digitalization of physical
reality may be based on logics ranging from emulation to simulation and may lead to very
different outcomes, e.g., the digitalization of physical reality might result in full substitution of
physical reality and / or in the complementarity between units of physical reality and related
digital artefacts. Furthermore, interactions among digitalized units of physical reality generate
feedback loops that lead to new—or even new and autonomous—forms of physical / digital
convergence. Building on a systematic literature review, we have developed a taxonomy to
classify the different forms of digitalization of units of physical reality (Figure 2), highlighted
the affordances of such digitalized units, and developed a further taxonomy to classify outcomes

when these units interact with one another (Figure 3).

Extant (strategic) management research has mostly focused on the strategic and
organizational implications of “using” digitalization (e.g., Adner et al. 2019; Berente, 2020;
Nambisan et al. 2020; Hanelt et al. 2021). We have argued here that a more nuanced
characterization of digitalization will help to reveal what goes on below the surface and that, as
such, should lead to more precise boundary conditions as well as to more clearly surfacing the
mechanisms through which digitalization enacts its “affordances” and contributes to the co-
creation of new organizational realities. For instance, our taxonomy might inform research
seeking to reveal the seemingly unlimited generativity of digitalization (Yoo, et al. 2010;
Zittrain, 2008; Y00, 2012; Dattée et al. 2018; Cennamo and Santal6, 2019; Perreira et al. 2022)

and provide indications on evolutionary trajectories; provide more nuance to the understanding



of how social and technical elements jointly evolve in socio-technical systems (Tilson et al.
2010); inform strategy research on the capabilities, organizations, and management needed to
leverage digitalization (e.g., Cennamo and Santal0o, 2019; Lanzolla, et al. 2021); and help the
logics that could lead to business model innovation (cf. Massa and Tucci, 2004; Bohnsack et
al. 2021) be more specific. To put it in more general terms, our taxonomies might help to more
systematically understand how new forms of business realities are emerging and provide a
framework to compare and contrast the rich digitalization research that is emerging. Crucially—
and by implication—our taxonomies might also prove useful to provide input in designing
digitalization technologies and digitalization governance systems that keep “humans in control”
(United Nations, 2020) over digitalized reality, which we strongly believe is a core, and

unnegotiable, ethical imperative.
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Appendix 1 — Properties of digital artefacts

Properties Exemplary References
(Shapiro & Varian 1999; Zittrain 2006; Kane & Alavi 2007; Nambisan & Sawhney 2007;
Editability Garud et al. 2008; Zittrain 2008; Yoo 2010; Yoo et al. 2010; Kallinikos et al. 2013; Kaschig
et al. 2016)
Replicabilit (Elberse 2008; Kallinikos & Mariategui 2011; Kallinikos et al. 2013; Zhang 2016; Ng &
P y Wakenshaw 2017; Mardon & Belk 2018)
(Baldwin & Clark 2000; Schilling 2000; Manovich 2001; Langlois 2002; Andersen 2006; Pil
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(Manovich 2001; Benkler 2006; Kallinikos 2009; Kallinikos et al. 2010; Tiwana et al. 2010;
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programmability
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Computation: (Dhar & Sundararajan 2007; Kallinikos & Mariategui 2011; Bailey et al.
2012)

Homogeneity

(Yoo et al. 2010; Yoo 2012; Yoo et al. 2012)

Related constructs found in the literature:
Dematerialisation: (Normann 2001; Lycett 2013)

Traceability

(Yoo 2010; Yoo et al. 2010; Kallinikos et al. 2013; Fichman et al. 2014; Lyytinen et al. 2016)

Related constructs found in the literature:
Memorizability: (Yoo 2010; Yoo et al. 2010)

Interoperability
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