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ABSTRACT
This paper explores the development of a Digital Twin (DT) of a
smart home, which allows end users to monitor the state of ap-
pliances and their energy consumption. The DT will also make it
possible to simulate different ‘what-if’ scenarios related to the au-
tomations defined by the end users through End-User Development.
Simulations will allow users to evaluate in advance the effects of
appliance activation in terms of energy consumption and, after
their analysis, to approve the deployment of automations in the
domestic environment or modify them as suggested by the DT.

CCS CONCEPTS
• Human-centered computing→ Empirical studies in inter-
action design.
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1 INTRODUCTION
A smart home is an Internet of Things (IoT) ecosystem [7] encom-
passing smart appliances, sensors, and software applications, which
operate synergistically, to ensure the smart home behavior desired
by its inhabitants. An IoT ecosystem can be usually controlled re-
motely, and suitable applications can be used to create automations
- i.e. sequences of actions triggered by an event - for tailoring the
behavior of the IoT ecosystem. An IoT ecosystem is also a source of
data that can be fed to Artificial Intelligence (AI) algorithms and big
data analytics to optimize system behavior, help creating effective
and efficient automations, and enhance inhabitants’ awareness of
the energy they consume. This bidirectional interaction between a
physical world (the IoT ecosystem) and a virtual world (data and
algorithms) paves the way for the design and development of a
Digital Twin (DT)[3, 16, 17]. DTs of smart homes are meant to play a
dual role: providing real-time information about the functioning of
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the connected devices [1] and simulating possible usage scenarios
to understand their potential and weaknesses [8].

Giving home inhabitants the possibility of creating automations
through End-User Development (EUD) [4, 19, 21] techniques, such
as Trigger-Action Programming (TAP) [23] carried out through
graphical user interfaces [9, 11, 13, 15], voice interaction [10, 12,
14, 18], augmented reality [20, 22] or multi-modal interaction with
smart speakers [2, 6], may contribute to engage them in a more
adequate control and use of the IoT ecosystem.

Combining EUD with the DT of a smart home thus opens new
ways for personalizing a smart home behavior to achieve building
sustainability, by lowering energy consumption and optimizing
appliances usage. In literature, there is a lack of approaches to
EUD for smart homes that foresee an evaluation, in terms of en-
ergy consumption, of automations created by the end users before
their actual deployment. We would like to fill this gap through
the design and development of a DT that allows users to reflect
on automation consumptions and on possible conflicts with other
automations (created by the same user or by other users), and to
receive warnings and recommendations about more effective, effi-
cient, and sustainable automations. This paper delineates the main
features of this DT and explains how it will contribute to enhance
home inhabitants’ awareness of their energy footprint.

2 A DIGITAL TWIN OF A SMART HOME
The DT proposed in this work presents a dashboard for monitoring
and controlling the different appliances available in the smart home
and their consumption during a day, week, or month. The DT is
able to forecast and show energy consumption in a future period
on the basis of collected consumption data. In particular, in the
DT’s first screen (see Figure 1), each inhabitant can see the house
plan where each appliance is represented by an icon positioned
in the room where it is installed. Icon’s colors reflect the status
of the devices: green when they are on, grey if they are off, and
orange for disconnected devices. On the same screen, the users can
see the current indoor temperature and the instantaneous energy
consumption. When a user would like to create a new automation
to manage their appliances, the DT allows the user to simulate what
would happen in case of its activation, by returning different types
of feedback associated with different scenarios:

• Conflict that determines overcoming the energy meter load
capacity: in this case the automation can not be executed
as-is because it includes an appliance activation that will
bring energy consumption of all active automations over
the admitted load capacity for the energy meter (in Italy it
is commonly set to 3kWH for domestic use). The DT may
suggest how the automation could be modified, for example,
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Figure 1: The interface of the DT visualized on a smartphone.

its activation could be postponed after an appliance involved
in another automation has completed its operation;

• Conflict due to operation mode inconsistency: this case occurs
whenever the automation under creation includes the acti-
vation of an appliance in a given operation mode (e.g., for a
washing machine, a short sports cycle), but there is another
automation scheduled on the same appliance with a different
operation mode in an overlapping time slot. The DT may
present the user with different options: the deletion of one
of the two conflicting automations or the modification of
one of them;

• No conflict, but a suggestion to be more sustainable: in this
case, even if the automation can be executed without gener-
ating conflicts with other automations, the DT may suggest
reducing energy consumption costs, avoiding cases of non-
sustainable appliance activation.

3 EVALUATION OF AUTOMATIONS
To provide the user with a simulation of what would happen if a
particular automation is executed, the DT must have some knowl-
edge about the possible operation modes of each appliance, their
duration, and their energy requirements. Hence, Machine Learning
techniques were applied to power consumption datasets1,2. The
procedure involved extracting sequences of power consumption
values corresponding to the same operation mode and subsequently
grouping and classifying them using clustering techniques. The
result is a table that specifies for each operation mode, identified
with an ID, its estimated consumption, and overall duration. Then, a
data structure is needed to model the state of each appliance at any
time. This is a matrix (herewith called state matrix) where each row
corresponds to a minute of the day, and each column corresponds
to an appliance of the smart home. The value of each cell is the ID
of the operation mode in which the appliance is set at that minute.
Consequently, the dimensionality of the matrix is 1440 × 𝑛, where
𝑛 is the number of appliances. In Figure 2, an example of a state
matrix for a smart home with 15 appliances is shown.

The state matrix makes it straightforward to simulate the addi-
tion of a new automation and check if any previously mentioned
scenarios occur. The process starts by creating a copy of the current
state matrix and by updating it with the new appliance states of

1GREEND - https://www.andreatonello.com/greend-energy-metering-data-set/
2UK-DALE - https://jack-kelly.com/data/

Figure 2: Example of a state matrix.

the automation under creation. Then comes the evaluation of con-
flicts: excessive energy loads are checked by calculating the total
consumption for every row of the new state matrix and compar-
ing it with the maximum limit; an operation mode inconsistency
is detected when a cell containing an operation mode different
from “off” or “suspended” in the original matrix is overridden by
a different value in the new one. After conflict evaluation, the DT
looks for the best activation time slot for the automation using a
brute force approach that estimates the energy cost of starting the
automation at every minute of the day. If a better activation time is
found, the system suggests it to the user along with the monetary
saving associated with executing the automation at that specific
time instead of the one set during the creation.

4 CONCLUSION
This work is only the first step of a long journey. We are planning
to integrate the DT with features for automation creation by dif-
ferent users and manage conflicts arising in shared environments
as discussed in [5]. Conflicts between automations and direct ap-
pliance activations will be considered as well. The DT deployment
and experimentation in real domestic environments will be finally
carried out.
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