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ABSTRACT

Light modelling, simulation, and photometric cal-
culations are by now common tasks in the lighting
design process. These practices contribute to the
definition and comparison of suitable layout arrange-
ments and help predict the impact of lighting devices.
Those tasks demand the use of tools to support the
simulation of different scenarios, the analyses of their
pros and cons according to different criteria (e.g.,
health and safety, perception, aesthetics, energy con-
sumption, and costs), and decision-making. Digital
twins have emerged as relevant technologies to simu-
late and visualize different “what-if” scenarios associ-
ated with physical entities and processes. In this pa-
per, we investigate the state-of-the-art research con-
cerning the use of digital twins for supporting light-
ing analysis in the urban/outdoor context. We also
present and discuss challenges and research oppor-
tunities related to the design, implementation, and
validation of digital twins in this domain.

INTRODUCTION

Light is vital for enabling vision and fostering
well-being. In both indoor and outdoor environ-
ments, good lighting has been associated with health
(physically and emotionally), productivity, and com-
fort [Mattsson et al., 2020], [Lowden and Kecklund,
2021]. Appropriate lighting design has also been as-
sociated with energy efficiency of the built environ-
ment [Han et al., 2019]. Another essential aspect is
the role lighting plays in visual perception, includ-
ing facilitating orientation and the aesthetic experi-
ence of objects and spaces [Besenecker et al., 2018].
Studies related to light pollution and its associated
negative environmental impacts on wildlife have also
gained a lot of attention recently [Straka et al., 2021],
[Ditmer et al., 2021]. Determining the proper light-
ing qualities and configurations for a specific site is a

challenging task, as it often requires dealing with con-
flicting scenarios and perspectives: human and non-
human needs, architectural considerations, energy ef-
ficiency, and intervention and maintenance costs. In
addition, the needs for a lighting condition typically
change over time (time of day, seasons, weather con-
dition, user needs). In this sense, the use of suitable
technologies to support modelling, designing, plan-
ning, and simulating different lighting scenarios is of
paramount importance.

Digital Twins (DTs) are promising technologies for
supporting the design, development, and simulation
of lighting interventions, as well as of analyzing pos-
sible light effects considering different settings. Ac-
cording to [Stanford-Clark et al., 2019], a DT “is a
dynamic virtual representation of a physical object
or system, usually across multiple stages of its life-
cycle. It uses real-world data, simulation or machine
learning models, combined with data analysis, to en-
able understanding, learning, and reasoning. Dig-
ital twins can be used to answer what-if questions
and should be able to present the insights in an in-
tuitive way.” In fact, DT has emerged as an inte-
grative technology for modelling and simulating data
and processes, opening a plethora of opportunities
for supporting the decision-making process based on
the evaluation of realistic scenarios [Mylonas et al.,
2021], [Pylianidis et al., 2021], [Verdouw et al., 2021],
[Shahat et al., 2021], [Neethirajan and Kemp, 2021].
Successful usage of DT to support decision-making
has been reported in several applications, including,
for example, manufacturing [Leng et al., 2021], [Li
et al., 2022], ship design and simulation [Fonseca
and Gaspar, 2019], [Coraddu et al., 2019], agriculture
and livestock farming [Pylianidis et al., 2021], [Ver-
douw et al., 2021], [Neethirajan and Kemp, 2021],
and smart cities [Major et al., 2021], [Shahat et al.,
2021], [Mylonas et al., 2021]. In those applications,
DTs have been used for monitoring, diagnostics, and
prognostics to optimize process performance and uti-
lization. Often, sensory data are combined with his-
torical data, human expertise, simulation, and data-
driven learning to improve the outcome of prognos-
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tics for addressing existing needs. The goal is to sup-
port the design, development, and implementation of
effective, efficient, and sustainable operations.
How to construct suitable digital twins to support

effective lighting analysis? That is the question that
guides our work. In this paper, we review and sum-
marize the recent literature aiming to characterize to
what extent digital twins have been utilized to sup-
port lighting analysis. We also discuss challenges and
research opportunities in the area. A special atten-
tion is given to the characterization of light modelling
and lighting design in the context of urban applica-
tions.

In short, the contributions of this paper are two-
fold:
1. It provides an overview of the state-of-the-art re-
search involving digital twin light modelling for de-
sign. Those studies are characterized according to
their service categories, technology readiness level
(TRL), and a digital twin conceptual model; and
2. It discusses challenges and open research opportu-
nities in this research field, especially in the context
of urban applications.

BACKGROUND CONCEPTS

This section presents relevant concepts related
to lighting analysis. This section also provides an
overview of background concepts related to digital
twins in the context of smart city applications.

Light Modelling, Lighting Design, Photomet-
ric Calculations

Lighting practice increasingly uses digital simula-
tions in the design process using various tools and
software packages. There are several different objec-
tives to use software tools, such as, for example, aes-
thetic presentation/visualization, photometric light
level calculation and predictions of brightness distri-
bution, or daylight and indoor climate simulations.
To illustrate the workflow, the most common options
are summarised in Figure 1. The starting point is
usually a computer-aided design (CAD) drawing of
the environment or building that will be imported
into a modelling/simulation software. The digital
model is then used through the software choosing
one of the following options:
1. Visualization for Presentation: Refinement of
materials, colours, textures, and lighting to be ren-
dered, in most cases, using a separately obtained plu-
gin. This option results in images or animations often
used to illustrate and present a design proposal.
2. Calculation for Light Distribution and Pre-
dictions: Performing photometric light calculations
by either using the available plugin extensions for
a specific software or by importing the model to a
standalone lighting software. The result is not a pho-
torealistic image but a three-dimensional representa-
tion of the space with calculated values regarding the
light-dark distribution. Depending on the modelling

Fig. 1: Summary of options for lighting simulation.

software and the plugin used, the results are more
optimized for daylight or electric light calculations.
In the case of daylighting, tools have emerged to in-
clude feedback loops for algorithmic design [Xie and
Sawyer, 2021].
3. Interactive Simulation: Importing the model
into a game engine that allows the user to make
changes to the lighting and, through real-time ren-
dering, visualize the results. This path allows ex-
ploration of multiple lighting alternatives in a time-
efficient way, and it allows for virtual reality (VR)
immersion or photorealistic images using a rendering
software.

While there is an abundance of tools offered for
each of the three workflows, they typically cater to
a specific part of a designer’s process, and are not
always compatible. Therefore, it is difficult for a
user to understand whether different, complemen-
tary software solutions can be used (conveniently)
together throughout a design process [Kort et al.,
2003]. The investigations and developments of ef-
ficient scenarios are necessary. At this point there
appear to be two overall strands of workflow. One
is related either to the production of models to gen-
erate visualizations for presentations of design op-
tions, or to the calculations of lighting-related quan-
tities to assess the feasibility and code compliance
of a lighting installation. The other, more recent
development, is the use of game engines to create
an immersive, real-time interactive virtual environ-
ment. There are advantages and disadvantages to
using each, and in various projects, these alternatives
are combined [Mackey and Roudsari, 2018]. Figure 2
illustrates some of these common tools and processes
for lighting simulation.

The starting point for any process is the three-
dimensional digital model. The model has to be de-
signed with enough detail, at the scale desired, to
provide conditions close to reality while being opti-
mized for ease of use. Object materials, finishes, tex-
tures, and colours are important factors for the real-
istic reflections and distribution of light in a space.
Most modelling software has integrated rendering en-
gines, but the results are usually not of high aesthetic
quality, and separately obtained plugins are used for



Fig. 2: Common tools and processes in lighting sim-
ulation.

the process of rendering a scene that looks photo-
realistic. Lighting criteria can be chosen, for exam-
ple directionality/distribution, colour of light and the
level of brightness, but these options are not neces-
sarily based on real luminaires. To enable that, .ies
data files [Committee, 2019] are available from light
fixture manufacturers that can be imported into the
software tools. These files are based on lab measure-
ments and include data on the light output/amount
and optical distribution of a specific actual luminaire.
This information is the basis for any software used
for photometric light calculation. It has to be noted
that the .ies file data is based on white light perceived
by humans; what is not available are information on
spectrum and the related properties (that are appar-
ent in an actual light installation). There have been
efforts to address that shortcoming with the develop-
ment of data file formats that include spectral infor-
mation [Committee, 2020b], and some software pack-
ages have emerged that include aspects of spectral in-
formation. In addition to simulating man-made light
sources, software packages also include daylight sim-
ulators, typically a combination of an artificial sun
and sky.

To perform daylight and electric light analyses
and calculations based on different lighting standards
(e.g., EN standards or IES/ANSI standards) [Man-
dal et al., 2019], [Committee, 2020a], specific lighting
engineering software packages have been developed.
They are more accurate in terms of lighting calcula-
tions but do not offer the possibility of aesthetically
and realistically illustrating a scene.

The use of game engines to develop VR and aug-
mented reality (AR) simulations enable the evalu-
ation of lighting interactively. The user can either
import the model or build the scene within the game
engine. Files can be created that are compatible with
VR headsets to provide immersive experiences, and
interactively test different settings for, e.g., bright-
ness, distribution, or colour appearance of the light-
ing.

Questions about the opportunities and limitations

of simulating lighting in VR has entered research
practice [Bellazzi et al., 2021]. Light interventions
and proposals can often be developed quicker and
cheaper in VR than in real-world mock-ups. Re-
search projects have emerged to assess to what ex-
tent findings based on VR and AR are applicable
in natural environments, comparing outcomes from
both [Rockcastle et al., 2021], [Kort et al., 2003],
[Chamilothori, 2019], and even to test how spec-
tral data beyond vision could be visualized [Lalande
et al., 2021]. In addition to using computer gener-
ated simulations in the lighting design process, there
is emerging interest and technological capability to
establish feedback connections for lighting between
the virtual and the physical environment.

Digital Twins: from Manufacturing to Smart
Cities

This section provides an overview of relevant re-
search initiatives related to the design, use, and val-
idation of digital twins in different applications.

Digital twins were originally developed to im-
prove product life cycle in the manufacturing pro-
cesses [Stark et al., 2019], [Schleich et al., 2017],
[Haag and Anderl, 2018], [Leng et al., 2021], [Li
et al., 2022]. One of the first definitions was coined
by Michael Grieves who introduced a DT as “virtual
representation of what has been produced” [Grieves,
2014]. In his vision, a DT would be essential to re-
duce costs and improve productivity, as well as sup-
port innovation and ensure the quality of products.
This vision of digital twins were later redefined as
replications of living as well as non-living entities
to transmit data between physical and virtual ob-
jects [El Saddik, 2018]. More recent definitions, such
as the one of [Stanford-Clark et al., 2019], emphasizes
the dynamic aspect of DTs. According to this view,
sensing technologies are used to monitor the state of
physical entities, leading to regular updates of the
states of their digital counterparts. [Stanford-Clark
et al., 2019] also highlight the use of simulation and
data-driven methods (e.g., machine learning) to sup-
port understanding, learning, and reasoning based
on digital twins. In this sense, the use of visualiza-
tion (e.g., of raw sensed data, and of simulation and
machine learning results) and visual analytics tools
is also relevant to support the assessment of different
what-if scenarios.

In the context of manufacturing activities, [De-
bRoy et al., 2017], presented a building block of a dig-
ital twin for 3D printing machines by proposing (1)
heat and material flow simulations, (2) grain struc-
ture and texture evaluation measures, and (3) resid-
ual stress and distortion calculations. The digital
twins for the manufacturing industry are not there
to replace real-time experiments but to reduce the
number of such experiments needed to evaluate the
product performance after it is built. Similarly, dig-
ital twins for lighting analysis could be explored to



assess different intervention options according to dif-
ferent criteria (e.g., comfort and energy use) possibly
reducing costs associated with planning processes.
Future smart cities will depend on digital develop-

ing systems that can address the expanding compu-
tational demands of their population. [Shahat et al.,
2021] provided an overview of the potentials of city
digital twins. According to their review, the most
common themes addressed in the literature include
Data Management (Data processing, Interoperabil-
ity, Software fusion, Open-source software); Visual-
ization (Navigation, 3D real-time experience, Multi-
spatial and temporal scales, Unified platform, Behav-
ior modeling, Network dynamics, and Personalized
information systems); Situational Awareness (Moni-
toring, Tracking, Localization, Face recognition, and
Analysis); Planning and Prediction (Policy evalua-
tion, Simulation, and What-if scenarios); and In-
tegration and Collaboration (Multiple domains in-
tegration, Stakeholders’ participation, Citizens’ en-
gagement, and Open platforms).

In this context, [Austin et al., 2020], for example,
combined machine learning and semantic models to
architect smart city digital twins. They designed an
approach to provide city stakeholders with an en-
hanced level of situational awareness and decision-
making support for urban infrastructure manage-
ment. [Austin et al., 2020] envisaged the knowledge
representation and reasoning (KRR) strategy to en-
tail domain and meta domain data ontologies. To
better facilitate the decision-making and manage-
ment of cities, a knowledge discovery technique ap-
plied for the smart city digital twins was introduced
by [Mohammadi and Taylor, 2020].

Digital twins for lighting analysis are expected to
play an important role in smart city applications to
foster sustainability (e.g., energy consumption, citi-
zen well-being).

DIGITAL TWIN MODEL FOR LIGHTING
ANALYSIS

This section describes the conceptual model
adopted for describing digital twins employed for
lighting analysis. Figure 3 depicts the main ele-
ments of this model. Lighting is a powerful tool
for shaping the experience in built environments; it
enables orientation, and can encourage behavioural
patterns. Recent developments in sensing, control
and solid state lighting technology provide the foun-
dation to connect lighting analysis and control with
digital twin applications. We adopt the conceptual
model introduced by [Verdouw et al., 2021] for de-
scribing a digital twin application (elements on the
left in the figure).

In the adopted conceptual model, the digital twins
often are automatically updated (close to real time)
according to sensed data. In the figure, the module
Sensor collects information about the status of phys-
ical entities (e.g., lighting devices). Sensed data and
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with a GIS express models for solving a given prob-
lem. Fig. 1, adapted from [11] illustrates the interac-
tion modes of WOODSS. In the first mode, users in-
teract with the GIS, to implement some model, whose
execution is materialized into a map. WOODSS pro-
cesses this interaction and generates the correspond-
ing scientific workflow specification, stored in the Work-
flow Repository. In the second interaction mode,
users access WOODSS’ visual workflow editing and
annotation interface to query, update and/or com-
bine repository elements, annotating and construct-
ing workflows that can be stored in the repository
and subsequently executed invoking the GIS. This
allows workflow evolution and lets scientists find out
about previous solutions to a similar problem. The
geographic database contains domain-specific data.

The present version of WOODSS is implemented
in JavaTM, with the repository in POSTGRESQL. It
contains scientific workflows (and parts thereof) and
associated annotations (keywords, free text, meta-
data and domain ontologies [7]). The graphical in-
terface allows user-friendly workflow editing and ma-
nipulation. More details appear in [11, 19].

Our extensions to this framework, described in
the next sections, can be sketched in terms of Fig. 1.
First, the geographic database is replaced by sets of
databases for scientific application domains – e.g.,
genomics, agriculture. Second, instead of the func-
tions of a proprietary GIS, we consider invoking third
party applications/services (the “execute workflow”
arrow). The “capture interaction” arrow can be re-
placed, for specific applications, by monitoring mod-
ules that generate the appropriate workflow speci-
fications. Third, the Workflow Repository contains
annotated (sub)workflows and their building blocks,
designed according to a specific model (see Sect. 3)
and encapsulated into our reuse unit Digital Content
Components – DCC, see Sect. 4.

3 WOODSS’ data model
This section gives an overview of the base data model
used for representing scientific workflows in WOODSS;
more details are available in [14, 15]. The workflow
terms used here have the usual meaning, e.g., (i) a
workflow is a model of a process; (ii) a process is a set
of inter-dependent steps needed to complete a certain
action; (iii) an activity can be a basic unit of work
or another workflow; (iv) a transition establishes a
dependency relation between two activities; (v) an
agent is responsible for the execution of a basic unit
of work; (vi) a role specifies the expected behavior of
an agent executing an activity; and so on.

The model supports the storage of several ab-
straction levels of a workflow in a relational database.

This induces a methodology for correctly construct-
ing workflows, whereby users must first specify types
of workflow building blocks, next combine them into
abstract specifications (abstract workflows), and fi-
nally instantiate these specifications into executable
(sub)workflows (concrete workflows).

Figure 1: WOODSS interactions - adapted from [11]

The building blocks can be split in three major
levels, which can be refined into many intermediate
levels. The three levels reflect the methodology – see
Fig. 2. The first level corresponds to definitions of
data and activity types, and roles to be fulfilled by
agents. Fig. 2(a) shows two activity types (Combine
Maps and Classify), typical of environmental tasks.
Activity types are specified in terms of their inter-
faces, which are based on the previously defined data
types. In the figure, Combine Maps’s interface has
two inputs, I1 and I2, and one output O1.

Figure 2: Levels of workflow specification

Activity and data types are used to create blocks
at the second abstraction level, where a workflow
structure – the abstract workflow – is specified, through
transitions and dependencies among activities – e.g.
the activity labeled ActivityCM is of type Combine
Maps – see Fig. 2(b). At this level, it is also pos-
sible to refine activity types by associating roles to
them – e.g., ActivityCM is associated with role Map-
Combiner. The transition T1 connects interface el-
ements O1 and I3. The specification of types and
of abstract workflows capture the notion of workflow
design independent of execution aspects (agents and
data connections), allowing design reuse, as will be
seen in Sect. 4.
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Fig. 3: Digital twin conceptual model for lighting
analysis. Adapted from [Verdouw et al., 2021].

data obtained from external sources (e.g., weather
condition) are transformed to suitable representa-
tions. Those representations are used to synchronize
changes observed in physical objects into their digital
counterparts. Data-driven and simulation results are
compared to norms (e.g., lighting standards) by the
discriminator module. The decision-making module
utilizes this information (e.g., deviations from the
norms) to “recommend” suitable intervention actions
on digital and physical objects. Interventions on the
physical world are performed by the Effector module.

The part highlighted on the right connects the the
main areas of lighting analysis with data-driven and
simulation-based services. In this model, we assume
that all data needed by those services are available in
data management systems implemented in the digital
twin layer.

LITERATURE OVERVIEW

This section presents a literature review concern-
ing the use of digital twins in the context of light
analysis.

Methodology

The selection of literature studies followed typical
methods employed in academic work: definition of
terms and the search string, digital library sources,
inclusion and exclusion criteria, as well as data anal-
ysis procedures.

Search string

Preliminary searches demonstrated that the term
“digital twin” has not been extensively used in
the context of studies in the area of light analy-
sis. For this reason, we also considered the terms
“simulation” and “visualization.” In the context of
light analysis, we focused on studies dedicated to
“light modelling,” “lighting design,” and “photomet-
ric analysis.” The final search string was defined as:
(“digital twin” OR “simulation” OR (“visualization”
OR “visualisation”)) AND (“indoor” OR “outdoor”
OR “urban”) AND (“light modelling” OR “lighting
design” OR “light design” OR “‘lighting analysis”
OR “light analysis” OR “photometric analysis”).



Fig. 4: Paper selection process.

Source

We searched for papers found in the Scopus
database1. Scopus is a well-known and widely-used
digital library, which indexes relevant published lit-
erature in several domains. The search for relevant
literature was performed on Jan. 27th, 2022.

Inclusion and exclusion criteria

As the main inclusion criterion, the paper should
discuss research questions related to light analysis
(light modelling, lighting design, and photometric
analysis). Papers were excluded from our analysis
if they did not have an abstract, were published as
an abstract or extended abstract, were written in an
language other than English, and were not accessible
on the Web. Our analysis focused on recently pub-
lished studies. Therefore, papers published before
2017 were also excluded.

Figure 4 summarizes the paper selection process.
We ended up with 25 articles after applying the in-
clusion and exclusion criteria.

Data analysis procedures

The goal of our analysis is to assess to what ex-
tent digital twins have been utilized to support light-
ing analysis. We followed a similar methodology to
the one employed by [Pylianidis et al., 2021]. Ser-
vices associated with the different usage of digital
twins were classified according to the service cate-
gorization provided by [Tao et al., 2019], [Cimino
et al., 2019]. The following categories were con-
sidered: real-time monitoring, energy consumption
analysis, system failure analysis and prediction, opti-
mization/update, behaviour analysis/user operation
guide, technology integration, and virtual mainte-
nance. The goal is to identify potential gaps concern-
ing the use of digital twins. Next, we categorized the
studied cases according to their technology readiness

1https://www.scopus.com (As of Jan. 2022).

(a) By year (b) By area

Fig. 5: Distribution of articles.

level (TRL) [Commission, 2014]. Three categories
were considered: concept (levels 1–2), prototype (lev-
els 3–6), and deployed (levels 7–9). The goal is to
characterize the maturity of existing initiatives in
the area. Finally, we assessed retrieved documents
according to the digital twin conceptual model intro-
duced in Figure 3.

Results & Discussion

The distribution of documents by year and sub-
ject area are available in Figures 5a and 5b, respec-
tively. Except for 2018, around seven papers have
been published each year, including topics related to
digital twin and lighting analysis. We can observe
that a high diversity in terms of subject areas, with
a predominance of papers being published in Engi-
neering (36.4%). Also, Energy (12.1%), Mathematics
(10.8%), Computer Science (7.6%), Material Sciences
(7.6%), and Physics (7.6%) are areas well covered in
the studies.

Table I presents the papers retrieved in our search.
As we can observe, most of the studies do not include
explicitly terms related to “digital twin.” The diver-
sity of areas illustrated in Figure 5b, is also evident
by the wide scope of objectives and benefits handled
by the different studies. Studies covered a wide va-
riety of applications including light pollution [Tereci
and Ozata, 2020], light comfort assessment [Michael
et al., 2018], and energy efficiency [Selim et al., 2020],
[Makaremi et al., 2019]. In another direction, some
studies explored the use of immersive technologies
in different lighting analysis [Natephra et al., 2017],
[Krupinski, 2020]. As expected, we found studies
covering both indoor and outdoor lighting analysis.
Examples of typical physical twins range from office
to urban environments.

Finally, regarding the TRL, most of the studies
have been associated with low-level outcomes (con-
cept and prototype levels). Those results suggest
that further applied research towards the valida-
tion of the proposed methods in operational environ-
ments, including competitive commercial usage sce-
narios, seem to be needed.

Recall that most of the research initiatives are not
associated with realistic digital twins (from the per-
ception perspective). The literature also lacks stud-
ies focusing on supporting the creation of such digital
twins (digital authoring tools).

https://www.scopus.com


TABLE I: Selected documents.

Title Objective Benefits Physical twin TRL
Development and Testing of a Modular Sunlight Transport
System Employing Free-Form Mirrors [Whang et al., 2022]

To propose an inexpensive method of designing the modular
natural-light lighting system in office areas based on the
development of an auxiliary lighting system.

A low-cost and easy-to-design natural light illumination
system for assisted lighting of office spaces.

Office Area prototype

Modeling Natural Light Availability in Skyscraper
Farms [Eaton et al., 2021]

To investigate the availability of natural light in skyscraper
farms in dense urban formations compared with plant fac-
tories.

Skyscraper farming in dense urban environments. Skyscraper
Farm

concept

Daylighting simulation of a heritage building by comparing
matrix methods and solar models [Saraiva et al., 2021]

To observe the optimal approaches to predict indoor light-
ing by simulating the low-cost monitoring devices.

Modelling and simulation of indoor lighting of heritage sites
to support engineers and designers in their architect ideas.

Joanina Library,
University of
Coimbra, Por-
tugal

prototype

Non-visual effects of office light environment: Field evalua-
tion, model comparison, and spectral analysis [Zeng et al.,
2021]

To study the non-visual effects of light in office environ-
ments.

Insights into developing simulation guidelines for office
spaces.

Office Areas prototype

The Effectiveness of Virtual Reality Simulation on the
Qualitative Analysis of Lighting Design [Lee and Lee, 2021]

To analyze the effectiveness of virtual reality simulation in
the landscape light design.

Use of VR-based simulation in urban lighting designs. Urban Plaza prototype

Optimization of luminaire layout to achieve a visually com-
fortable and energy efficient indoor general lighting scheme
by Particle Swarm Optimization [Mandal et al., 2021]

To provide an optimized solution for lighting designs by
determining the layouts of indoor areas.

The proposed method can be used in any indoor environ-
ment with any luminaire type.

Office Area concept

Design Aids for Supplementary Lighting Design in In-
dia [Lala et al., 2020]

To design an aid tool that verifies the availability of suffi-
cient daylight in office environments during the early stages
of a building design.

Optimization of daylight design in indoor environments. Office Area prototype

Virtual Reality System and Scientific Visualisation for
Smart Designing and Evaluating of Lighting [Krupinski,
2020]

To analyze the opportunities of using VR applications in
light modelling for indoor and outdoor environments.

Use VR simulations to design and analyze lighting condi-
tions in indoor and outdoor environments.

Indoor and Out-
door Areas

concept

Making the switch from task illumination to ambient illu-
mination standards: Principles and practicalities, including
energy implications [Cuttle, 2020]

To study the ambient illumination effect over task illumi-
nation in indoor environments.

Cost-efficient use of lighting energy in indoor areas. Indoor Environ-
ment

concept

A New Trend for Indoor Lighting Design Based on A Hy-
brid Methodology [Selim et al., 2020]

To propose a method for installing energy-efficient lighting
solutions in indoor environments.

High accuracy, faster, and economic model for light mod-
elling in indoor environments.

Indoor Environ-
ment

concept

Analysis and Strategies for Zonal Lighting Design of Konya
Mevlana Museum and Mevlana Culture Centre Axis [Tereci
and Ozata, 2020]

To simulate the zone lighting and check its effect compared
to single building lighting.

A model that prevents light pollution at night Outdoor Envi-
ronment

concept

Concerning the Concept of Light-Colour Arrangement of
the Urban Environment in the Central Part of Tyu-
men [Shchepetkov et al., 2020]

To analyze the outdoor lighting by visualizing the general
illumination plans of the city under design.

Visualizing the under development city designs for lighting
analysis.

Outdoor Envi-
ronment

concept

A Study on the Improvement of the Evaluation Scale of
Discomfort Glare in Educational Facilities [Lee and Lee,
2019]

To provide an adequate natural lighting design to educa-
tional facilities that enhances students’ health learning per-
formance.

Improve the evaluation scale of discomfort glare in class-
rooms.

Educational Fa-
cility

prototype

Space Syntax Analysis Applied to Urban Street Lighting:
Relations between Spatial Properties and Lighting Lev-
els [Leccese et al., 2019]

To analyze the correlation between spatial properties of the
urban roads and lighting levels which further helps design
the lighting systems for urban areas.

To help city planners in designing light conditions on the
roads.

Pontedera
roads, Italy

prototype

A Novel Approach for the Definition of an Integrated Visual
Quality Index for Residential Buildings [Zanon et al., 2019]

To propose an integrated index to evaluate the visual qual-
ity of a residential building.

Visual comfort of residents in a building. Indoor Environ-
ment

prototype

Effects of surface reflectance and lighting design strategies
on energy consumption and visual comfort [Makaremi et al.,
2019]

To investigate the effects of different lighting design con-
ditions in indoor environments that help in reducing the
lighting energy use and improve the visual comfort level.

Indoor surface reflection helps in improving energy effi-
ciency and visual comfort in indoor environments.

Indoor Environ-
ment

prototype

Daylighting performances and visual comfort in Le Corbus-
ier’s architecture. The daylighting analysis of seven unre-
alized residential buildings [Iommi, 2019]

To discover and evaluate the daylighting performance in
unrealized housing projects designed by Le Corbusier.

A simulation of daylighting to assess and compare perfor-
mance of different projects.

Indoor Environ-
ment

prototype

The impact of room surface reflectance on corneal illumi-
nance and rule-of-thumb equations for circadian lighting
design [Cai et al., 2018]

To assess the impact of room surface reflectance on corneal
illuminance.

Proposal of rule-of-thumb equations for circadian lighting
design.

Indoor Environ-
ment

concept

Environmental assessment of an integrated adaptive system
for the improvement of indoor visual comfort of existing
buildings [Michael et al., 2018]

To propose a prosthetic renovation model that can be in-
tegrated into the building to improve building inhabitants’
visual comfort.

A new prosthetic moveable lighting design for optimizing
natural light performance, reducing glare issues, and mini-
mizing the energy consumption in residential buildings.

Indoor Environ-
ment

prototype

Integrating building information modeling and virtual re-
ality development engines for building indoor lighting de-
sign [Natephra et al., 2017]

To propose an authoring tool by integrating the Building
Information Management (BIM) tool and Unreal game en-
gine to design and analyze lighting conditions.

Use VR-based simulations to visualize real-time lighting
conditions to facilitate users to simulate various lighting
scenarios.

Indoor Environ-
ment

prototype

Application of a coelostat daylighting system for energy
savings and enhancement of indoor illumination: A case
study under clear-sky conditions [Oh et al., 2017]

To examine the effectiveness of coelostat daylighting sys-
tems for enhancing the indoor visual environment of offices.

The proposed system may be used to analyze daylighting
performance of buildings.

Indoor Environ-
ment

concept

Energy Optimized Envelope for Cold Climate Indoor Agri-
cultural Growing Center [Hachem-Vermette and MacGre-
gor, 2017]

To examine the lighting conditions based on the envelope
model for indoor farming.

Development of low-energy indoor farming environment for
the cold climate zones.

Indoor Agricul-
ture Facility

prototype

Integrated Lighting Efficiency Analysis in Large Indus-
trial Buildings to Enhance Indoor Environmental Qual-
ity [Katunský et al., 2017]

To investigate and analyze the efficiency and adequacy of
integrated lighting in industrial buildings for enhancing in-
door environmental quality.

Integrated lighting solution for the enhancement of visual
comfort in industrial facilities.

Indoor Indus-
trial Environ-
ment

prototype

Particle Swarm Optimization for Outdoor Lighting De-
sign [Castillo-Martinez et al., 2017]

To propose a new particle swarm optimization algorithm
to facilitate light designers in configuring the best optimal
and energy-efficient lighting parameters.

Use of DIALux software for creating energy-efficient out-
door lighting simulations.

Outdoor Envi-
ronment

prototype

The Impact of Shading Type and Azimuth Orientation
on the Daylighting in a Classroom–Focusing on Effective-
ness of Façade Shading, Comparing the Results of DA and
UDI [Lee et al., 2017]

To evaluate different patterns and characteristics of varying
façade shading types and their impact on daylight metrics.

Insights to design better façade shading for indoor environ-
ments that facilitates human comfort.

Educational Fa-
cility

concept

TABLE II: Distribution of documents according to
different service categories.

Service Category Documents
Real-time monitor-
ing

[Whang et al., 2022], [Eaton et al., 2021], [Saraiva et al., 2021], [Zeng et al.,
2021], [Tereci and Ozata, 2020], [Cai et al., 2018], [Lee and Lee, 2019], [Michael
et al., 2018], [Natephra et al., 2017], [Oh et al., 2017]

System failure anal-
ysis

[Zeng et al., 2021]

Optimization/update [Mandal et al., 2021], [Michael et al., 2018]
Technology integra-
tion

[Zanon et al., 2019], [Lee et al., 2017]

Energy consump-
tion analysis

[Cuttle, 2020], [Selim et al., 2020], [Makaremi et al., 2019], [Tai and Jang,
2018], [Michael et al., 2018], [Natephra et al., 2017], [Oh et al., 2017], [Hachem-
Vermette and MacGregor, 2017], [Katunský et al., 2017], [Castillo-Martinez
et al., 2017]

Table II categorizes the different studies according
to the different services addressed in the paper. As
it can be observed, there are studies related to all
service categories. It is worth mentioning the high
number of studies covering real-time monitoring and
energy consumption analysis.

Table III depicts the categorization of documents
according to the digital twin conceptual model pre-
sented in Figure 3. We evaluated 25 documents based

on seven control functions for light modelling: (i)
sensor, (ii) discriminator, (iii) decision-maker, (iv) ef-
fector, (v) calculation for light distribution and pre-
dictions, (vi) interactive simulation, and (vii) visu-
alization for presentation. We found that most of
the works have measured the actual performance of
the lighting conditions, whereas about half of the se-
lected documents have compared the actual perfor-
mance of lighting conditions with the desired norms.
The works by [Mandal et al., 2021], and [Natephra
et al., 2017] selected the appropriate interventions
for decision-making by providing the error ratios
while [Mandal et al., 2021], [Selim et al., 2020],
and [Natephra et al., 2017] implemented the effec-
tor function for correcting the light modelling in the
environment. Most of the studies were found to be
calculating the light distributions and predicting the
lighting conditions for the environment. Also, inter-
active simulations are provided by most of the works.
The visualization for presentation is also illustrated
in over half of the evaluated studies.



TABLE III: Categorization of documents according
to the digital twin conceptual model.

Functions Documents
Sensor [Eaton et al., 2021], [Saraiva et al., 2021], [Zeng et al., 2021], [Mandal et al.,

2021], [Lala et al., 2020], [Krupinski, 2020], [Cuttle, 2020], [Selim et al.,
2020], [Lee and Lee, 2019], [Leccese et al., 2019], [Zanon et al., 2019], [Makaremi
et al., 2019], [Iommi, 2019], [Cai et al., 2018], [Michael et al., 2018], [Natephra
et al., 2017], [Oh et al., 2017], [Katunský et al., 2017], [Castillo-Martinez et al.,
2017], [Lee et al., 2017]

Discriminator [Whang et al., 2022], [Eaton et al., 2021], [Saraiva et al., 2021], [Mandal et al.,
2021], [Lala et al., 2020], [Krupinski, 2020], [Cuttle, 2020], [Leccese et al.,
2019], [Natephra et al., 2017], [Lee et al., 2017]

Decision Maker [Mandal et al., 2021], [Natephra et al., 2017]
Effector [Mandal et al., 2021], [Selim et al., 2020], [Natephra et al., 2017]
Calculations for
Light Distribution
and Predictions

[Whang et al., 2022], [Eaton et al., 2021], [Saraiva et al., 2021], [Mandal et al.,
2021], [Cuttle, 2020], [Selim et al., 2020], [Shchepetkov et al., 2020], [Zanon
et al., 2019], [Makaremi et al., 2019], [Cai et al., 2018], [Michael et al.,
2018], [Natephra et al., 2017], [Oh et al., 2017], [Hachem-Vermette and Mac-
Gregor, 2017], [Katunský et al., 2017], [Castillo-Martinez et al., 2017], [Lee
et al., 2017]

Interactive Simula-
tion

[Whang et al., 2022], [Eaton et al., 2021], [Saraiva et al., 2021], [Lee and Lee,
2021], [Mandal et al., 2021], [Lala et al., 2020], [Krupinski, 2020], [Cuttle, 2020],
[Tereci and Ozata, 2020], [Lee and Lee, 2019], [Leccese et al., 2019], [Zanon
et al., 2019], [Iommi, 2019], [Cai et al., 2018], [Michael et al., 2018], [Natephra
et al., 2017], [Oh et al., 2017], [Hachem-Vermette and MacGregor, 2017],
[Katunský et al., 2017], [Castillo-Martinez et al., 2017], [Lee et al., 2017]

Visualization for
Presentation

[Whang et al., 2022], [Saraiva et al., 2021], [Zeng et al., 2021], [Lala et al.,
2020], [Cuttle, 2020], [Shchepetkov et al., 2020], [Lee and Lee, 2019], [Leccese
et al., 2019], [Zanon et al., 2019], [Iommi, 2019], [Cai et al., 2018], [Michael
et al., 2018], [Natephra et al., 2017], [Oh et al., 2017], [Katunský et al., 2017]

APPLICATIONS

As we could observe, most of the recent literature
has not been associated with high-level TRL (e.g.,
“deployed”). This section presents examples of real-
word applications that could benefit from the utiliza-
tion of digital twins for lighting analysis.

Digital Twins for Urban Lighting Planning

Cities have to be livable and planned for circadian
(day and night) and seasonal activities. To increase
the use of green areas, local governments need to in-
vest in infrastructures that improve accessibility and
attractiveness. Artificial light infrastructure is one
of the most common investments. When designed
well, its benefits include the increase of visits (num-
ber of people and hours of use), reduction in crim-
inality and accidents, and a positive impact in the
togetherness of the communities surrounding these
areas [Feng and Murray, 2018].

For holistic urban planning, i.e., cross-silo and
cross-disciplinary analysis of city plans, one has to
consider the cities in dimmed light environments. In
this scenario, to involve and engage all the stake-
holders (e.g., the decision makers, neighbors, project
managers, and nature preservation activists) in the
planning process, the use of physical and/or virtual
participatory co-creation immersive arenas (digital
twins), as the one depicted in Figure 6, would be of
paramount importance. The goal would be to raise
awareness, identify and anticipate conflicts at early
planning stages, tentatively find pathways to reach
solutions and consensus, and in the long run save
time and avoid delays in the implementation of in-
terventions.

Digital Twins for Walkability and Wildlife Im-
pact Assessment

In the last years, digital twins have expanded their
application to other areas of human activities, such

Fig. 6: Stakeholders in a co-creation arena for light-
ing intervention planning in Ålesund, Norway.

as urban planning and governance. Digital appli-
cations and 3D models complement the analytical
tools of geographical information systems (GIS) by
improving the communication of results and the in-
teraction among stakeholders. We claim that the use
of twin technologies associated with GIS can be a
“game changer” in the design of artificial lighting in-
frastructure in green areas. Through these tools it
would be possible to have an integrative approach to
evaluate the impacts of different design scenarios of
artificial lighting infrastructure, including the assess-
ment of simulations that accommodate the (possibly
conflicting) needs and interests of different stakehold-
ers (human and non-human).

Artificial lighting infrastructure in parks and out-
door areas are important, especially for countries
that have prolonged dark seasons (e.g., Nordic coun-
tries) and have a strong tradition of outdoor activ-
ities throughout the year. Proper lighting in parks,
playgrounds, and green areas would allow people of
all ages to use them and interact in the society for
longer periods and with a greater sense of security.
Good lighting infrastructure also plays a relevant role
in the quality of the public spaces in urban areas
and thus impacts the wellness of its citizens. Urban
planners are today oriented to create spaces that pro-
mote the health of its residents and thus different in-
dices such as “walkability” are used in the planning
process. Walkability is an indicator that integrates
different factors in order to evaluate how friendly a
region is to walking activities [Beiler and Phillips,
2016]. Its relevance relies on the fact that residents
of more walkable areas often have better health and
thus quality of life [Pineo and Rydin, 2018]. New
lighting technologies can help to improve walkability
of an area by increasing availability (e.g., hours of
use), improving security and enhancing the appreci-
ation of citizens.

Unfortunately, there is also strong evidence of neg-
ative impacts in the use of artificial lighting in green
areas [Falchi et al., 2011]. The most obvious is the in-
crease in energy resources that leads to the economic
cost for local governments. A consequence is also the
increase in CO2 emissions [Nejat et al., 2015] that is



today one of the main concerns in sustainable poli-
cies around the world. Negative impacts of artificial
lighting have also been observed on the physiology of
animals, including humans [Chepesiuk, 2009]. The
impact of light pollution on wildlife and biodiver-
sity has become an important concern during the last
decades [Longcore and Rich, 2004]. Several studies
have shown their impact on animal behaviour, physi-
ology, and use of space [Gaston et al., 2013]. However
there is still little information on its impact and thus
possible ways to its mitigation [Gaston et al., 2012].

CHALLENGES AND RESEARCH
OPPORTUNITIES

This section presents relevant challenges related to
the design, development, and use of digital twins for
lighting analysis, considering their use in real-world
applications (high-level TRLs).

Realistic Digital Twins: Typical urban plan-
ning, design and architecture projects create appeal-
ing static renderings or non-interactive 3D anima-
tion of a prospective built environment in its spacial
urban context to present design options to clients
and stakeholders. Advanced light modeling is used
in this case typically for aesthetic, artistic purposes
and might or might not be photometrically accurate.
Creating dynamic interactive virtual environments
for real-time experience is a manual intensive work,
simulating lighting that is close to reality in such
dynamic environments adds additional complexity.
The purpose is to truthfully represent reality with
a trade off on model size impacting the visual qual-
ity. This requires the production of 3D models that
are a truthful representation of reality for each real
world object and its virtual avatar or asset in the
scene. The challenge is to be as realistic and com-
plex as necessary while reducing as much as possible
the number of vertices needed for representing each
asset, to save memory and bandwidth, and increase
processing speed during real-time visualisation. The
assets (built, road, and green infrastructure) are of-
ten mapped by cadastral services or GIS authorities
with multispectral spectrometry and light detection
and ranging sensor (LiDAR) to identify tree canopy,
vegetation type, and building category. Moreover,
commercial game engine platforms, such as Unity
and Unreal, offer a wide range of advanced lighting
and shading features, allowing scientists, developers,
and urban planners to represent the scenes for re-
alistic zenithal and azimuthal settings linked to the
latitude and longitude of the city, day of year, and
hour of day.
Authoring tools: The literature lacks studies fo-

cusing on the creation of a 3D authoring tool for
digital twins of urban scenes. Some studies have
been conducted earlier with the focus on using au-
thoring tools in other applications. [Hwang and Park,
2018], for example, developed a virtual reality-based
authoring tool for smart factories to support smart

manufacturing processes. An educational authoring
tool to create virtual labs was proposed by [Ververidis
et al., 2019]. [Pan and Mitchell, 2020], in turn, pro-
posed a collaborative mixed reality authoring tool for
character animations, while [Gordillo et al., 2017]
developed an authoring tool to create useful and
reusable learning objects. Those studies could be
explored as starting points for future research.

A hybrid approach would be to first create a li-
brary of assets based on artificial intelligence (AI);
for instance, based on machine learning algorithms
employed for 3D reconstruction and retrieval. Later,
an AI algorithm would place the assets in a scene. In-
teraction controls could be provided for customizing
the scene according to users’ needs.

CONCLUSIONS

In this paper, we have characterized recent initia-
tives towards the design, implementation, and valida-
tion of digital twins in the context of lighting analy-
sis. Among the main findings, we could observe that
a wide variety of applications have been addressed,
ranging from the use of presentation strategies to
support the analysis of different lighting design pos-
sibilities to the development of interactive simulators
for guiding the definition of the most efficient lighting
configurations for indoor and outdoor environments.
In fact, the predominant service categories covered
by the recent literature refers to real-time monitor-
ing and energy consumption analysis. Most of the
outlined research has been focused on low TRLs as
well. This paper has also presented and discussed
relevant applications and research challenges related
to the use of digital twins for lighting analysis. We
especially advocate for the use of such technologies in
the context of lighting intervention planning aiming
at urban operations. This is especially of paramount
importance nowadays, given the impact of lighting
infrastructure on citizens and wildlife.

Future work will focus on extending our survey to
compare and characterize existing tools and libraries
to support lighting analysis. Finally, we have been
involved with the development of digital twin author-
ing tools to support lighting intervention planning
and analysis.2
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shading, comparing the results of da and udi. Energies,
10(5). cited By 11.

[Lee and Lee, 2019] Lee, S. and Lee, K. (2019). A study on
the improvement of the evaluation scale of discomfort glare
in educational facilities. Energies, 12(17).

[Leng et al., 2021] Leng, J., Wang, D., Shen, W., Li, X., Liu,
Q., and Chen, X. (2021). Digital twins-based smart manu-



facturing system design in industry 4.0: A review. Journal
of Manufacturing Systems, 60:119–137.

[Li et al., 2022] Li, L., Lei, B., and Mao, C. (2022). Digital
twin in smart manufacturing. Journal of Industrial Infor-
mation Integration, 26:100289.

[Longcore and Rich, 2004] Longcore, T. and Rich, C. (2004).
Ecological light pollution. Frontiers in Ecology and the En-
vironment, 2(4):191–198.

[Lowden and Kecklund, 2021] Lowden, A. and Kecklund, G.
(2021). Considerations on how to light the night-shift.
Lighting Research & Technology, 53(5):437–452.

[Mackey and Roudsari, 2018] Mackey, C. and Roudsari, M. S.
(2018). The tool (s) versus the toolkit. In Humanizing
Digital Reality, pages 93–101. Springer.

[Major et al., 2021] Major, P., Li, G., Hildre, H. P., and
Zhang, H. (2021). The use of a data-driven digital twin
of a smart city: A case study of Ålesund, norway. IEEE
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