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Abstract: Poor logistics efficiency, due to low load factors caused by high demand fragmentation,
will have relevant negative consequences for cities in terms of pollution, congestion and overall city
liveability. Policy-makers should equip themselves with appropriate tools to perform reliable,
comprehensive and timely analyses of urban logistics scenarios, also considering upcoming (i)
technological changes, (ii) business model evolutions and (iii) spatial-temporal changes these
innovations will produce. This paper discusses the Digital Twin (DT) concept, illustrating the role
it might play and clarifying how to properly conceive it with respect to urban freight transport
policy-making and planning. The main message is that without a sound theory and knowledge with
respect to the relationships linking contextual reality and choice/behaviour, it is not possible to make
sense of what happens in the real world. Therefore, the joint use of behavioural and simulation
models should characterise a DT within a Living Lab approach so to stimulate effective, well-
informed and participated planning processes, but also to forecast both behaviour and reactions to
structural changes and policy measures implementations.
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1. Introduction

All models are wrong, but some are useful. (George E. P. Box [1])

Urban freight transport is vital for cities while being responsible of many externalities. In the last
few years, we have been experiencing huge changes, which are also having impacts on the way
freight is distributed. In particular, the role that both large and small e-commerce platforms are
playing and the social changes taking place in society (e.g., urbanisation, aging population, income
polarisation, epidemic risks) are substantial in creating a relevant demand for instant deliveries. This
is also due to specific market supply strategies. Nevertheless, the phenomenon poses serious
problems from an environmental sustainability perspective as well as from economic and social ones
(e.g., labour, social inclusion, income distribution effects, resilience).

Poor logistic efficiency, due to lower load factors caused by higher fragmentation, will have
relevant negative consequences for cities in terms of pollution and congestion. Thus, one has to describe
and predict possible outcomes in a timely and reliable fashion to define and deploy appropriate
intervention policies aimed at mitigating and, possibly, solving the problems these changes will cause.
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Independent sources confirm the supporting motivations justifying the focus on the upcoming
problems last mile deliveries will face. In fact, a while ago, McKinsey investigated last mile delivery
from an industry perspective [2]. The main results pointed to the following interconnected issues: (1)
high and rising customer expectations with respect to the improved service quality coupled with
lower costs; (2) promising potential for automation; (3) rapid change in competition dynamics. In
2018, McKinsey published a second document suggesting that the pace of change in practice had by
far exceeded expectations. Notwithstanding these considerations, the overall market potential of this
segment is substantial due to the progressive digitalisation tacking place and the wide margins for
improvement [3]. Models are widely used to analyse and predict the impact of possible future
scenarios. However, policy-making and planning still need the support that tools, relying on sound
data regarding the present situation and capable of accurately simulating the future, can produce.

This paper aims at filling this gap by discussing the Digital Twin (DT) concept as an innovative
and suitable modelling tool that local planners and policy-makers might use for reducing the
undesirable effects produced by last mile deliveries. It contributes to the urban freight distribution
literature by adopting an exploratory and critical approach in illustrating the role DTs might play
and, more importantly, clarifying how to properly conceive and use them with respect to urban
freight transport policy-making and planning. This paper discusses the use of DTs in urban freight
planning and brings forward a new perspective on how realism and accuracy can be shaped within
a planning context that includes multiple stakeholders. As far as we know, such a perspective, in
which we link central premises of the DT model with conditions for urban freight planning, has not
been published before.

To this end, the paper unfolds in different sections: Section 2 describes the role played by policy-
makers and the most appropriate tools they have to deal with the challenges they are facing, pointing
out the relevance of DTs and how they innovate with respect to the current methods; Section 3
illustrates (i) the various definition of a DT, (ii) its structure and use in different fields and (iii) its
modelling characteristics; Section 4 provides a detailed discussion on the opportunities and
constraints of DT applicability to urban freight policy-making and planning; Section 5 concludes
pointing to fruitful future research paths. This exploratory research is both new and needed to
understand how DTs might influence and progressively change the way decisions are made in the
field of urban freight transport.

2. How Can Planners and Policy-Makers Cope with Changes?

In this rapidly changing environment, city planners and policy-makers need to equip themselves
with appropriate tools to perform reliable, comprehensive and timely analyses of upcoming: (a)
technological change, (b) business models evolutions/innovations and (c) the spatial-temporal
changes these innovations will produce.

The fundamental decision revolves around the ambition cities have with respect to managing
(or at least trying to influence) this process or to simply be satisfied in accommodating it. To attempt
influencing the process and pursue specific societal aims it is preferable to manage the process rather
than passively second it. This can take place in different ways. One solution is to promote incremental
changes linked to the adoption of new business models capable of ensuring and fostering public—
private cooperation [4]. Some cities around the world (e.g., Gothenburg, London, Rome) are taking
this path. They are developing logistics Living Labs, to co-produce efficient and shared solutions in
disconnection with previously adopted decision-making approaches and paradigms that simply rely
on the “predict and provide” approach [5]. The core of most of the logistic solutions innovative cities
are looking into rests upon shared, connected and low-emission logistics concepts [6]. All this, given
the complex and interactive environment within which solutions are deployed, needs to be supported
by appropriate simulation instruments and planning tools.

The DT concept can be effectively used within a Living Lab approach to planning. In fact,
allowing a closed data/information loop between the model and reality, DTs would be useful to
achieve jointly acceptable solutions given they can provide reliable descriptions of likely scenarios
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illustrating now the implications that current choices might have in the future for each of the various
stakeholders.

It is important to underline that planning is a function that recursively interlinks with piloting,
deployment and evaluation. This remark is fundamental and suggests/clarifies how a Living Lab
approach can integrate with a cutting-edge method such as DT when planning for urban freight
transport. A Living Lab approach to urban freight (please see CITYLAB—City Logistics in Living
Laboratories project, http://www.citylab-project.eu/) is the most up-to-date planning strategy
inherently relying on data-driven models [7]. A reliable model for planning should not only be
capable of mimicking real-life experiments, so to reproduce past events, but also be able to predict
the future, assuming different scenarios have different probabilities of actually materialising. Besides,
models typically used for freight transport simulations relate to different levels of decisions, i.e.,
strategic, tactical and operational [8] and it is difficult to combine all the levels in a comprehensive
model. Some recent attempts go in this direction, by using multi-scale multi-agent models [9,10].
Under this respect, disaggregated modelling techniques, like agent-based models, have been
progressively used in the last years. This allows for not only illustrating to the stakeholders involved
in the planning process the implications that present policy choices might have in the future, but also
for making them aware of their active role within the overall urban freight system [11]. This, in turn,
provides stakeholders with reliable information concerning the future implications of present
decisions that are valuable in either confirming or modifying their current choices. This approach,
however, is not fully dynamic since it does not foresee continuous updating based on a closed model-
reality loop. One can bridge this gap by adopting a DT approach. While this innovation is very
promising and worth investigations in the field of last mile logistics, the paper also clarifies how to
properly conceive DTs for policy-making and planning and discusses some caveats one should have
clearly in mind when using them. This, we believe, constitutes a relevant value added to the current
status of knowledge while also representing a valuable contribution to policy-making and planning.
Under this respect, while DTs have been explored with respect to freight transport problems [12,13],
their potential for policy-making and planning has not been explored so far.

3. Digital Twins: Definition, Description, and Use

This section discusses the definition of the DT concept, given that so far there is not a commonly
accepted one. It also provides a succinct history and evolution of DTs followed by a discussion of
their structure and functions. Finally, it quickly touches upon the current use of DTs in different
sectors and the link with model building. The section aims at contextualising and clarifying the use
of DTs at the current stage.

3.1. Definition

One should clarify from the outset that there is not a unanimous consensus with respect to the
definition of what exactly a DT is. An early notion of this concept dates back to the early 1960s when
NASA used basic twinning ideas for space programming. In fact, NASA created physically
duplicated systems at ground level to match the systems in space and used them to assess and
simulate conditions on board Apollo 13. The original definition was then put forward by Grieves [14]
in a presentation hosted by the Challenge Advisory (https://www.challenge.org/), focusing on
technology innovation centred around the development of an innovative product lifecycle
management approach. DT is described as a digital informational construct where a physical system
is represented as a separate digital entity but linked to the physical system in question. The
presentation already comprised all the basic elements characterising a DT and these include: (1) real
space, (2) virtual space and (3) the spreading of data/information flow between real and virtual space.

Since its early use, different authors have defined DT differently. Glaessgen and Stargel [15] offer
a comprehensive definition. In particular, they state that a “digital twin is an integrated multi-
physics, multi-scale, probabilistic simulation of a complex product and uses the best available
physical models, sensor updates, etc., to mirror the life of its corresponding twin”. Boschert and
Rosen [16] define a DT as a description of a component/product/system that evolves with the real
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system. Alam and El Saddik [17] (p. 2051) state that a DT is “an exact cyber copy of a physical system
that truly represents all of its functionalities”. Grieves and Vickers [18] state that the digital
representation of reality should include all information concerning the system asset that could be
potentially retrieved by inspecting the real world. The integration of the information flow between
the physical and digital element is so relevant in the definition that different integration levels
produce different subcategories. According to Kritzinger et al. [19], there is a:

(1) digital model when the physical object does not use any automated data exchange between the
physical object/system and the digital one;

(2) digital shadow when there is a one-way data flow between the state of an existing physical
object/system and the digital one whereas a change in the state of the physically object/system
leads to a change in the digital one;

(3) digital twin when the data flow is bi-directional between the two items and the objects are fully
integrated.

In the last case, the digital object might also have a controlling function with respect to the
physical one and, furthermore, a change in the state of the physical object leads to a change in the
state of the digital one and vice versa. This is a fundamental feature when one assumes using a DT in
policy-making and planning for urban freight transport. This circularity aspect connecting reality
and virtuality poses daunting causality questions discussed in Section 4.

3.2. Structure and Use

The DT architecture typically includes sensors, measurement technologies and machine
learning. Taking a computational perspective, DTs need both data and information fusion techniques
capable of transforming raw sensory data into high-level understanding and insights [20]. The
primary function a DT addresses is descriptive in nature. In fact, it allows accurate operational
descriptions of the assets considered through physics-based models and data-driven analytics [21].
The DT can mirror the activities of its corresponding physical twin, thus providing early warning,
anomaly detection and, under specific circumstances, prediction and optimisation. The Internet of
Things smart gateway and edge computing devices system provide real-time data acquisition while
pre-processed online sensory data are fused to feed the DT model.

Different sectors use/apply DTs [22]. Among the prominent ones, one can recall:

(1) Machine Building: use a DT where a virtual copy of a physical machine is created and
simultaneously developed to simulate and test different solutions/configurations;

(2) Manufacturing and Maintenance: analyse system performance via time series data and real-time
data comparisons so to detect possible maintenance needs and avoid breakdowns;

(3) Performance Optimisation: determine the optimum set of parameters and actions that maximise
some key performance indicators, while providing long-term planning on the assumption that
the underlying relations are stable;

(4) Healthcare: describe and visualise a hospital system to test safe environment implications when
altering system performance;

(5) Customer Experience: test alternative environments to study customer buying attitude,
preferences, satisfaction and loyalty;

(6) Smart Cities: describe, capture and simulate policy (both real and potential) implications of
alternative solutions for optimising them with respect to a given objective or set of them.

The multiple sectors where DTs have been applied, from 1 to 6, differ in terms of progressive
system complexity (from low to high) and stability (from high to low) of the relationships linking
causes and effects that the DT is trying to iteratively model.

In fact, one issue, which is particularly pertinent to the use of DT for simulating urban freight
distribution in a planning context, relates to data types and stakeholder preferences. Richter et al. [23]
critically discuss and illustrate data-related challenges and a possible solution to the problem with
respect to the issues urban areas are currently facing due to the challenges urbanisation, passenger
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transport, logistics, maintenance of complex traffic and supply infrastructure are posing when
considering the limited space and resources available. In fact, different stakeholders including,
among others, governmental actors, road operators, fleet managers, car manufacturers and private
companies in general are interested in using detailed, precise and up-to-date data. Many stakeholders
are concerned in testing new intelligent transportation systems, connected/automated vehicles and
innovative intervention policies in realistic and complex urban simulation environments. Assuming
just one of the motivations for using the data, one can easily realise that there are several issues to
deal with when aiming for a shared vision on data acquisition, standardisation and use. In particular,
different stakeholders have different views on several data-related uses. In particular, when
assuming a limited number of data sets are available for DT input, one has to consider some critical
aspects. Among these, the most relevant are:

number of possible data sources to use;

link/ease of access to different data sources;

data quality and the frequency of data updates;

data sovereignty;

data base extension/integration;

data import/export capabilities;

data business cases formulation/characterisation;
third-party data access issues;

third parties’ data use;

third parties’ data quality and simultaneous availability.

0 0NN
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These considerations, while extensive, are probably not exhaustive. When actually
implementing a city DT, other relevant and detailed concerns might arise simply when considering
data related issues.

Data creation is fundamental for DTs. The Smart Cities approach, promoting and supporting
urban mobility, has helped increasing connectivity and generating an unprecedented amount of data
[24]. Big Data are not only big in terms of volume, velocity and variety, as Chen et al. [25] and Kitchin
and McArdle [26] suggest, but they request dealing with noise accumulation, spurious correlation,
measurement errors, and incidental endogeneity that, in turn, might affect data reliability and timely
availability [27].

One should clearly keep in mind that all these efforts are performed to improve urban
governance, in general, and, in our case, urban freight distribution, in particular. The widespread
urban digitalisation in most developed cities ignited a process of change that has modified how they
operate and how they are governed [28,29]. In particular, newer socio-technical governance methods
and practices—that new technologies and data availability made possible—can, at least in principle,
produce more sustainable, efficient and citizen-centred decisions. In other words, data allow for
mobilising knowledge and supporting planning processes, procedures and participated decisions
[24]. These considerations seem particularly pertinent when planning at a strategic level for the
transportation sector in a city, in general, and for its freight component, in particular. This is due to
the: (1) complexity of the system; (2) heterogeneity among the stakeholders; (3) degree of
interconnection and correlation among the choices made.

3.3. Model Building

Batty [30] underlines that since its origin, the DT concept has widened and loosened somewhat.
In fact, researchers now use it for different digital simulation models/purposes running alongside
real-time processes, social and economic systems, as well as physical systems, blurring the distinction
between any real system and any computer model of that system. A DT seems to refer to any system
mimicking the operation of another as a model that, de facto, constitutes a simplification and
abstraction of the structure/processes defining the system to which it is paralleled/compared. Models
are, by their nature, simplifications of reality [31]. They should never aim at fully replicating the
original system in the same detail as they, in that case, would be useless and cease to be a model. A
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model never perfectly mirrors a given system. This automatically makes it intrinsically different from
the original system. Should, in fact, the model be a complete mirror image, which is exactly what a
DT definition assumes when taken verbatim, then one might argue that a perfect “virtual” DT could
not be distinguished from the “real” system itself. Thus, should this be the case, a full-blown DT
would not differ from the system. In this case, one could question the use one could actually make of
it to learn about the system by exploring, simulating and testing new configurations.

Before discussing the role DT can play in urban freight policy planning and implementation, it
is useful to critically discuss some basic yet important methodological issues linked to model building
in economics. A quotation reported in Meersman and Van de Vorde [32] clarifies the limits and
caveats that a self-conscious modeller should always bear in mind when attempting to model a
complex system that is undergoing rapid structural changes that, in turn, might have relevant
implications for both the modelling process itself as well as for the reliability of the results produced.
Boland [33] (p.144) underlines that, in this type of situations, “the key issue is unknown unknowns,
specifically unanticipated shifts in the underlying process that were not pre-modelled”. While we
believe these considerations are always pertinent when dealing with models, we consider them
essential when dealing with urban freight transport distribution policies.

Building models, assuming an underlying economic theory, always brings along some
methodological decisions on the part of the model builder. Given the relevance these choices have on
the result, it is much better to state them openly and clearly from the outset. Furthermore, the
decisions taken will also depend on the intended purpose the model builder wants the model to
serve. While there are few generally accepted principles in model building, economic model
testability has always been a concern for most model builders [34]. Models are, by their nature,
artificial. A main criterion to evaluate a given model is adequacy, which is how well it serves the
purpose the model builder is pursuing. Two are the main purposes one can trail when building a
model: (1) to produce an abstract representation of the underlying logic of the theory one intends to
model (pure model); (2) a simplified representation of a general theory considered appropriate to
solve or apply to a given or specific real world situation. One can develop the latter both to
explain/describe a given phenomenon/problem and to develop a policy recommendation to
tackle/solve the problem. While the distinction is, in principle, useful, one, following Samuelson,
should also remember that “most sciences make a legitimate distinction between their applied and
pure aspects, even though the borders are fuzzy” (Samuelson in [34]).

The rationale of model construction rests on testing various theories and comparing them on the
base of the possible error with respect to known data. The objective the researcher pursues is to use
the policy implications of the model, which minimise the error, given the data at hand. He or she
assumes the model is true when applying it. The truth status is typically determined by the
econometric estimation of the parameters. The parameters values one has logically deducted from
the posited model, in turn, are obtained on the assumption of the model being true that is by
considering that all the statements put together in the model generate a jointly true compound
statement. This is a critical issue when using DTs for policy-making. A detailed discussion is
provided in the next section.

4. Digital Twins for Urban Freight Policy-Making and Planning

Meersman and Van de Vorde [32] underline that transport policy after WWII primarily revolved
around stimulating mobility to foster economic growth. This influenced the type of modelling
approach researchers developed. The models in this period focused on estimating and forecasting
transport demand with a great attention paid to passenger and much less to freight. The same authors
suggest that the in the period 1970-2000, when the increase in transport demand kept rising due to
the progressive extension of supply chains linked to a steadfast globalisation process, the modelling
focus veered towards a short-term planning. In this case the aim was promoting both productivity
and efficiency growth within the transportation system. The overall economic situation was such that
a steady and growing interest developed in freight transport modelling, planning and management
of logistics chains. The intensive use of transportation services to achieve economies of scale in
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production, the interest in sourcing intermediate goods from remote areas where comparatively
lower salaries warranted lower labour costs, the importance of reaching far away markets at
relatively low transport prices have spurred policy-makers” attention towards the negative external
costs transport is producing. The geographical focus of this latter issue revolves around cities given
these are the loci where end consumers are located and where most of the products flow into. In fact,
freight transport produces approximately 30% of greenhouse gases (GHG) emissions due to the
increase in road freight transport representing around 90% of all city incoming freight movements.
Independently of the substantial improvements in technology (e.g., improved Euro-standards for
cars), curbing freight transport-related GHG emissions in cities is simply not taking place (see Figure
1).

140

19490=100

40
e e T - T N -~ S~ T — Y - S e S~ S~ T SN - - B~ T — T N I
S G & O 4 & O e o e O 8 0 o 8 8 0 8 8 8 rr =& - - =
=B - - TN - - - T - T~ —~ T~ —~ T ~ S~ T~ T~ B~ T~ o o o
e T T e I I = = B -~ T -~ S I S —~ I -1
Energy Industriss e | il Y Residentia and services
Agricufiura Trangp ot* s— h e
sexuaes Total

Figure 1. Greenhouse gas (GHG) emissions by sectors. (Note: * Transport includes international
aviation but excludes international maritime; ** Other include fugitive emissions from fuels, waste
management and indirect CO2 emissions). Source: EEA [35].

The outlook seems unfavourable given the likely negative effects growing e-commerce-related
deliveries will have. The technological changes and the strong attention towards global warming and
GHG emissions may call for predictions of effects that may follow from more radical changes in
technology and policy. These are likely to be far stronger than the more conventional incremental
changes that most current freight models are designed for. The main motivations for a more scenario-
oriented type of modelling approach are primarily due to the limited ability to include larger
structural, organisational and behavioural change issues in the current freight models. The
complexity of urban networks combined with prospective needs for policy changes raise important
challenges connected to the handling of uncertainty, heterogeneity, correlation among agents’
preferences, substantial time lags elapsing form the time when a decision is taken/a policy
implemented and the measurement/comparison of the effects/results provoked, et cetera. The
implications that time lags and uncertainty have in measuring behaviour change substantially
depend on the amount of time stakeholders need to understand the implications the policy enacted
might have and the time needed to detect the implicit behaviour changes that they need to
implement. This process might have, in turn, implications on stakeholders’ preferences for the policy
under discussion and, in a participatory planning process, ultimately, modify their choices. The
specific modelling approach in this context is fundamental. In fact, it could provide all the
stakeholders involved in the planning process a timely, reliable and, possibly, correct forecast of the
consequences, a given policy under discussion, might have in the future. The mere availability of
such information might have strong implications with respect to their position and preferences
expressed during the participatory planning process. Structural changes and uncertainty should be



Sustainability 2020, 12, 10623 8 of 15

deeply embedded in the modelling process developed [36]. Urban freight modelling has substantially
evolved from a non-structural, aggregated engineering approach [37]. Changes in empirical methods
and higher data availability at shipment level have allowed for more detailed, disaggregated and
behavioural intuitions [38,39]. The overarching needs for e.g., GHG emission reductions is likely to
affect the transport sector severely. Rapid and/or radical changes in the transport sector may give rise
to such profound changes as to make the existing modelling approach hardly usable and less reliable.
One can no longer realistically assume a stable context thus the traditional mechanistic model
approach is unserviceable. One needs to evaluate possible alternatives capable of adequately deal
with current challenges that include heterogeneity, correlation both in preferences and in the
decision-making process/architecture.

All this said, one important question emerges: what are the practical implications when using
DTs for urban freight policy-making and planning?

Firstly, one would have to abandon the idea that a DT it is a “perfect twin” of reality.
Provocatively one could argue that a DT is a heterozygotes rather than a homozygotes twin of
reality. One could hence argue that a DT is de facto a conventional model that abstracts in a limited
number of variables and processes from reality, but still abstracts. This distinction between a DT
model and reality is what finally allows using a DT for policy-making and planning when employing
it in a human-based context. DT models thus should be incomplete mirrors or twins of reality if they
are going to be of any use in making sense of the world. We should conceive the DT as a metaphor
expressing the desire of modellers to build models that are progressively closer to reality. Tomko and
Winter [40] suggest a more realistic and appropriate characterisation of a DT as a cyber—physical—social
system with sensing, agency and immune system properties. Following Tomko and Winter [40], one
can qualify these characterising properties as follows: (1) sensing —the modelling approach is capable
of sensing the environment and update its counterpart accordingly; (2) agency —the model can change
(both the physical and digital) the environment on the base of instructions deriving from the
counterpart; (3) immune system —the resilient model can moderate the system attempts to preserve its
operational state. One can assimilate a cyber—physical—social system to an organism with a brain where
the digital counterpart interacts with reality via sensors, actuators and communication lines thus
enabling agency. In this functional exemplification, the digital representation can interact with the
real system thus enabling the realistic simulation of alternative physical systems.

Secondly, one has to be particularly careful when using DT modelling approach for policy-
making and planning purposes since one cannot realistically assume a stable long-term relationship
between exogenous and endogenous variables. Zheng et al. [41] define a DT as “an integrated system
that can simulate, monitor, calculate, regulate, and control the system status and process”. While this
might well be easily understood and accepted when involving a physical production process, where
the relation between causes and effects can reasonably be considered stable, the same cannot
realistically be assumed when the policies implemented are specifically targeted at changing
stakeholders’ behaviour. For urban logistics planning purposes, these seemingly intrinsically
unrealistic assumptions about DTs properties in our case will: (1) determine the robustness of the
results the modelling approach can produce; (2) depend on the scope and breadth of the policy
implemented; (3) hinge on the rapidity of its deployment; (4) be subject to the interconnections the
policy has along the supply chain; (5) be contingent on the number/power of stakeholders it aims to
influence. In fact, the relationship between causes and effects in urban freight is not a mere physical
law as those governing gravity or electromagnetism, but is rather based on stakeholders’ preferences
and utilities which, is reasonable to assume, are much less stable and predictable. Thus, having only
raw data available, without knowing the underlying motivations that generated those observable
data, is not of great use if one intends to control the process. This is especially so when dealing with
a given policy deployed with the specific aim of changing the underlying relationship between causes
and effects. In other words, whereas one can safely use DTs for short-term predictions, when one
can assume a stable relationship between causes and effects, the same does not apply when using
DTs for planning and long-term decisions such as those characterising Sustainable Urban Mobility
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Plans. Furthermore, even in a short-term scenario, one should test rather than assume stability in the
explained behavioural relations.

Thirdly, DTs can play a fundamental role when adopting a Living Lab approach in order to
assist policy-making and planning. In fact, a Living Lab is usually organised around four basic and
useful principles: (1) practical “real life” setting with implementation in the field; (2) multiple
stakeholders; (3) co-creation of innovative solutions and end-user involvement; (4) iterative learning
and development. All this is in line with the underlying logic of a DT approach. In fact, the basic idea
behind a Living Lab approach is the recursive involvement of the stakeholders in the co-creation
process which is also at the base of the DT functioning where the “real” and “digital” reality
iteratively interact. Furthermore, the development of a DT would allow an “on-the-fly” check of the
correspondence between the functions that are assumed to govern agents’ behaviour (estimated
utility functions based on stated preference data) and those that actually drive their behaviour (real-
life data collection after the policy is implemented). This would be useful for the recurrent planning
process for two reasons. The first, and most obvious, is the development of a dynamic model of
reality. The second has to do with the joint use of a DT and Living Lab approach to deeply involve
all the interested stakeholders in the planning process. This could benefit also from the use of virtual
reality tools to illustrate the future implications of current choices. DTs might help clarifying to the
stakeholders participating in the planning process the likely implications a given choice taken
now might have with respect to the whole system in the future thus potentially altering their
current preferences and choices. In fact, being capable of realistically predicting the potential
implications of a given policy, in a participatory policy-planning context centred on a Living Lab
approach, is valuable, especially when operating within a complex system characterised by difficult-
to-predict emerging phenomena. However, it is important to underline the high data updating
frequency characterizing a DT model and compare this with a regular model, which typically needs
a much lower data update frequency. This distinction is crucial to allow enough time for the DT to
acquire some inputs from the real system so to provide the former with some diagnostic function
thanks to latency. These considerations clarify the role DTs can play in increasing awareness,
shortening understating lag time and modifying perceptions of not-yet-implemented policies.

The fourth point, linked to the third one, relates to the contribution of DTs to improved impact
visualization and realism to aid urban freight transport planning and decision-making. DTs can be
used to visualise complex and perhaps abstract causes and effect relationships, e.g., to what extent
urban design principles from theory (cityscapes, building design, transport systems etc.) applied on
the urban case in question are met by the proposed plan or project through a visual comparison.
Another example could be the location of a micro-hub in the middle of a residential area, where a DT
through visualization could enhance the understanding of the changes in the number of in-/outbound
cargo movements, with what type of vehicles, and how the hub in various physical shapes could
actually look like. One could also simulate and visualise how other structures like a new shopping
mall will affect its surroundings and the various flows. On a more macro-oriented level, a DT could
also help to visualise flows and impacts of changes in the urban freight network, based on some
underlying model(s). Visualisation tools, such as DTs, provide a way of transferring the complex
ideas underpinning design and planning into more intuitive thus accessible visual forms. One can
use DTs to foster and possibly shape a common understanding of problems and solutions [42].
Visualisations have also been criticised, when presented in a way that aims to persuade the public of
a projects value or steer the public towards a specific direction [43,44]. For this reason, it is important
that plans and visualisation tools are accurate and realistic when presenting scenarios while should
always adopt a multiple stakeholder perspective [42,45]. DTs represent a valid and useful
complement to the currently used paper-based drawings, sketches and maps [46-4748].

To summarise, today, data exist in such an unprecedented dimensionality and granularity, in
most of the research contexts we are working in, even if for complex systems such as urban freight,
we often do not have the quality nor the quantity of the data we would like to have. We live in a
progressively more complex world in which the behaviour of different stakeholders aggregates to
produce novel and unexpected phenomena. Nevertheless, it is not possible to make sense of what
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happens in the real world without a sound theory and knowledge with respect to the relationships
linking contextual reality and choice/behaviour that one might call deep causality. Data are an
instrument not a goal, and they do not speak for themselves. One should simply acknowledge what
was clearly stated by the Nobel Prize winner political-economist Elinor Ostrom [49] (p. 430) when
she said: “It is not possible yet to point to a single theory of human behaviour that has been
successfully formulated and tested in a variety of settings”. In other words, a model of human
behaviour should in principle be capable of describing and predicting how people cooperate, vote,
start protests, get married, divorce, chose to wear a fashionable pair of trousers, invest in stocks or
even become addicted to alcohol or drugs. To account both for coherence and allow for variety, one
can either consider people acting as rule-based or rational actors. Rules can be, of course, fixed or
adaptive since a rational actor would adapt his/her rule-based decision-making process on the
evidence produced by his/her choice given the rule adopted to take it. This distinction, while clear in
principle, can become totally blurred in practice. One should simply acknowledge that the modelling
approach adopted much depends both on the context as well as on the goals pursued.

Figure 2 summarises the DT concept applied to urban freight transport policy-making and
planning. A good DT model of the urban freight transport ecosystem is fundamentally based on real-
time data, which can also stem from a Living Lab approach with the co-creation and implementation
of policies, but it also strongly relies on stakeholder preferences and their dynamic choices and
behaviours. These are in turns intertwined with the Living Lab approach, which accounts for
stakeholder involvement in the planning process, and on behavioural models capable of predicting
the impact of different scenarios on stakeholder behaviours and choices. Only by looking at the
overall picture it will be possible to use the DT approach as a suitable support-tool for policy-making
and planning in urban freight transport. Practical implications of the approach proposed refer to the:
(1) greater robustness of the predictions; (2) higher reliability in defining the most appropriate
intervention policies and (3) more effectiveness of the solutions identified.

THE DT CONCEPT FOR URBAN FREIGHT
POLICY-MAKING AND PLANNING

DIGITALTWIN

Figure 2. The Digital Twin (DT) concept for urban freight policy-making and planning. Source: own
elaboration.

5. Conclusion and Future Research

This paper discusses theoretically grounded issues that one should explicitly consider when
using a DT-based modelling approach within a planning-intense context given the implications that
might derive from its adoption. In particular, we considered the urban freight transport planning and
policy-making environment, which has some peculiarities that make it different from other
(transport) planning contexts. Under this respect, a general lack of knowledge and data,
heterogeneity of stakeholders and need of policy packaging to address different objectives are main
aspects to consider when dealing with this important, yet sometimes overlooked, component of city
planning [50].

Three main conclusions can be derived from the analysis presented.
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I. A DT system cannot be fully representative of the reality of urban freight transport. This is
due to the often cited and widely recognised deep complexity of an urban freight distribution system,
on one side, the lack of readily available data to continuously feed the model on the other and, most
importantly, the instability of the relationships describing agents” behaviour. In fact, DTs are using
data recursively from reality as inputs for the model, which are, in turn, used to forecast policy’s
impact on reality assuming a stable underlying behavioural relationship between causes and effects.
This approach, though reasonable in developing a product or predicting necessary maintenance,
cannot be simply assumed as realistic and valid when the purpose of the intervention is exactly
modifying how stakeholders react to “reality”. This seems even more problematic when jointly
considering heterogeneity, non-linearity and correlation among stakeholders’ utility functions, which
one needs to consider in an urban freight context when trying to provide realistic explanations of
behaviours. The use of DTs has to undergo a scrupulous scrutiny in terms of internal validity and
appropriateness for policy-making, since one cannot exclude that by choosing appropriate starting
values and taking specific behavioural assumptions/relationships one can, in principle, substantially
steer and manoeuvre the decision-making process. Furthermore, one should use this methodological
approach with caution especially for long-term predictions when the stability assumption of the
behavioural relationships between exogenous and endogenous variables is even less defensible.

II. DTs can play a very important role in supporting experimentation/piloting in urban
logistics planning and policy-making, in general, and for its on-demand component, in particular.
Using DTs to inform stakeholders about the future implications of a given policy in order to structure
and reinforce their information set could allow for a more informed decision process. This is
particularly important in a participatory planning environment. The recognition lag of the
consequences, in fact, largely depends on the capability of the modelling approach to promote
stakeholders’ awareness on the implications the about-to-be-implemented policy might have on
them. This is extremely relevant since, in this complex and articulated system, stakeholders’ primary
reactions might have non-negligible impacts on secondary reactions. This might well support
participatory planning processes as well as affecting the final equilibrium conditions and preferences.

Paradoxically, the intrinsically daunting characteristics of an urban freight distribution system
are exactly those that make it appropriate to use in a joint DT and Living Lab approach assuming the
modeller and the decision-makers are well aware of the operating characteristics and limitations the
specific context poses on the planning procedures adopted. If correctly conceived and deployed this
process should be capable of producing knowledge and reliable simulations of the impacts potential
policy deployment might have on the system itself.

IIL. Behavioural and simulation models are the two elements to use jointly when modelling
urban freight transport. Whereas the former proceed from stakeholders” random utility functions to
calculate the most probable choice behaviour, the latter dynamically replicate reality. In fact, this is
not only useful to stimulate an effective, well-informed and participated planning process but also to
forecast both behaviour and reactions to structural changes and policy measures implementations.
This is reinforced when considering the public-private urban context this phenomenon is taking
place. This approach is also beneficial when adopting a Physical Internet perspective to urban freight
distribution, which represents one of the most innovative and forward-looking vision to ensure an
increase in efficiency coupled with the achievement of an environmental economic and social
sustainability goal. The European Technology Platform ALICE (Alliance for Logistics Innovation
through Collaboration in Europe, http://www.etp-logistics.eu/) acknowledges the need for an all-
encompassing strategy on logistics, supply chain planning and control in which shippers and
logistics service providers cooperate aiming for efficient operations. This perspective allows for both
virtuous competitions and relevant cooperation.

The focus of future urban freight modelling research will revolve around: (1) microeconomic
explanations of stakeholders’ choices; (2) structural policy impact assessment/evaluation; (3) real time
data modelling integration. When considering the three main urban freight modelling pillars one
should always have clear in mind that the pace of technological innovation (i.e., digitalisation and
automation) is deeply and rapidly transforming the logistic industry with logistic chains responding
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to new opportunities by developing digital services and new business models that imply profound
reorganisations and new labour structures. Stakeholders” preferences might undergo swift and deep
changes in the future. One of the main changes revolves around business “servitization” that is now
attracting substantial research interests as the special issue on “Product-service innovation systems:
Opening-up servitization-based innovation to the manufacturing industry” in the Journal
“International Journal of Operations & Production Management” testifies (see also Tukker [51]).

Furthermore, the convergence process in an opinion dynamic modelling framework will be
recursive in nature, especially considering the manifestation of possible peer effects influencing the
planning process [52]. There can be some advantages when using statistical science-based surrogate
modelling with preference-based assessment procedures to recursively build, update and validate
predictive models as it has been demonstrated in the case of manufacturing design preferences [53].
It is, in fact, appropriate to investigate, as research in neurosciences has made clear, how preferences
emerge, why they might change and how they can be influenced.

An illuminating article by Tavasszy [54] discusses the effects of logistic innovations on freight
systems. The paper argues that qualitative understanding of logistic innovations is a prerequisite to
develop quantitative analysis and correct transport policy predictions. The article convincingly
discusses three fundamental tenets that should characterise a modelling approach capable of dealing
under these circumstances. In particular, it argues that there is a need for model improvements with
respect to: (1) structural elements of the system that is modelled; (2) functional relations among those
elements; (3) dynamic properties. Innovation, modelling, policy planning and implementation are
not only intertwined, but one should also treat them jointly so to avoid inconsistent/unreliable
modelling/forecasting outputs.

In this respect, we suggest working more, both theoretically as well as empirically, with DTs in
urban freight planning and policy-making since the two elements are not only conceptually linked
but are also needed to foster improvements. Providing an application of the proposed approach to a
real case will show its practical feasibility and usefulness, as well as the improvements, compared to
alternative approaches. At the same time, one should properly address dynamics and uncertainty in
models and data, while also clearly stating both the limitations and the possible intrinsic
shortcomings of the approach used.
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