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Abstract—Building Information Modeling (BIM) has advanced
the construction industry from simple 2D/3D CAD to semantically
rich, object-oriented, and visually intuitive modeling. However,
unlike, e.g., the UML or SysML, BIM’s modeling formalisms
lack universal applicability and full life cycle coverage, confining
its use largely to architectural design. Key trades like building
control remain insufficiently integrated, leading to inefficiencies
and misaligned design and operational requirements. This paper
presents an ecosystem of domain-specific modeling languages
(DSML) integrated with BIM, to expand its capabilities to addi-
tional trades such as building control. By embedding operational
requirements (cf. the building control system installation) during
the design phase by integrating them into the BIM model,
the subsequent application of model-driven deployment ensures
alignment with operational objectives. Validation in a Living Lab
at the University of Innsbruck highlights the approach’s benefits,
including faster commissioning and improved energy efficiency,
representing a step toward comprehensive, BIM-based building
design and operation.

Index Terms—Model-driven Engineering, Domain-specific
Modeling Languages, Building Information Modeling, Building
Programming, Building Commissioning

I. Introduction
Building Information Modeling (BIM) has redefined the ar-

chitecture, engineering, and construction (AEC) industries by
introducing a model-based, data-driven approach to managing
buildings throughout their life cycle [1]. Unlike traditional
Computer-Aided Design (CAD) systems, BIM aims at cre-
ating a shared, multidimensional digital representation of a
structure that integrates geometric, semantic, and operational
data. BIM’s goal is to improve efficiency, reduce waste, and
enhance collaboration across project phases—from design
and construction to operation and eventual decommission-
ing [2]. Recent studies emphasize its evolving role in inte-
grating technologies like digital twins (DT) [3], enabling real-
time simulations and smart decision-making for sustainable
building management [4]. DTs are virtual representations of
physical systems utilized for a range of applications, such as
monitoring, optimization, and predictive analytics [5]. They
provide real-time insights into system behavior, thereby facili-
tating informed decision-making and anomaly detection across
various domains, including cyber-physical systems (CPS) like
modern buildings [5], [6], [7].
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By similarly embedding performance and life cycle con-
siderations into the design phase, BIM can facilitate tasks
such as energy analysis, material optimization, and life cycle
assessments [8], [9]. Despite challenges in interoperability
and standardization, BIM’s widespread adoption demonstrates
its potential to streamline project execution, improve sustain-
ability, bridge gaps between stakeholders, and eventually the
gestation of BIM-based DTs [10], [11], cementing its position
as a cornerstone of modern construction methodologies [12].

To fully realize the potential of BIM across a building’s
entire life cycle, from design to operation, a BIM model must
evolve to integrate the modeling, programming, and config-
uration of building control systems (BCS). This integration
would allow the operational requirements of a building to be
embedded directly into the design phase, ensuring that the
BIM model reflects the building’s operational model, ready
for deployment. However, a fully integrated, model-driven
workflow for both design and deployment of BCS is not yet in
place [13], leaving a gap in the seamless application of BIM
across all stages of building development and operation [10].

We suggest the application of model-driven engineering
(MDE) for expanding BIM towards BCS. MDE is beneficial
for managing complexity [14], improving automation, and
excels at tailoring engineering processes to different domains
(or trades such as BCS) by capitalizing on domain- and
platform-specific modeling [15], [16]. Specifically, the applica-
tion of domain specific modeling languages (DSML) [16] for
extending existing modeling formalisms, e.g., BIM, towards
novel domain concepts such as BCS, is worth investigating.
Following this reasoning, in this paper, we introduce a novel
ecosystem of DSMLs for modeling, programming, and config-
uring of BCS devices, culminating in an approach to model-
driven development and deployment of BCS. This DSML-
based ecosystem is designed to enhance BIM’s capabilities
and offer a streamlined workflow that bridges the design
and operational phases. Our work also delivers the necessary
tooling environment and is evaluated in the context of a Living
Lab, i.e., a designated office used as a user-centered research
environment at the University of Innsbruck (cf. Section VI)
where we demonstrate faster commissioning cycles and im-
proved energy efficiency by facilitating quicker adaptation to
evolving operational requirements.



II. Background

The application of MDE for developing advanced CPS has
gained much traction over the last years [17]. Modern buildings
alike describe such CPS [17], yet the application of MDE as
an integrated part of the development process so far has rather
focused on dedicated sub-CPS (e.g., elevators [17]). With the
advent of BIM however, a new cornerstone technology for
creating unified models of built assets has emerged, promising
enhanced collaboration and life cycle management across de-
sign, construction, and operation phases. However, its adoption
in building commissioning — particularly for integrating BCS
and DTs — remains challenging. Current workflows often
rely on manual configurations and proprietary tools, leading
to inefficiencies, information silos, and suboptimal building
performance [10]. These issues are further compounded by the
lack of interoperability between trades, such as heating, venti-
lation and air conditioning (HVAC), lighting, and construction,
as well as inadequate feedback loops between operational
data (e.g., the current building state or its occupancy and
corresponding usage) and the BIM environment [18].

The interdisciplinary research project TwinLight [19] ad-
dresses these gaps by introducing a BIM-based approach to
automate building commissioning. By extending BIM with
BCS and introducing corresponding DSMLs, TwinLight fa-
cilitates collaborative workflows and seamless data exchange
across stakeholders. Its emphasis on pre-configuring BCS
directly within BIM models reduces commissioning errors,
improves energy efficiency, and supports dynamic, short-cycle
(i.e., accelerated or streamlined), re-commissioning through
DT integration. By ensuring that the BIM model – next
to architectural and structural details – also integrates a
comprehensive model of the BCS, it readily facilitates the
establishment of a DT’s connection to physical devices in a
building for bidirectional data exchange. Consequently, the DT
functions as both a real-time monitoring center and a decision-
making tool, continuously synchronizing with the physical
twin through live data streams from the BCS. The DT enables
seamless automation, allowing changes made in the virtual
model such as optimizing HVAC settings or adjusting lighting
schedules to be immediately reflected in the physical twin [20].
The project’s innovations, such as leveraging MDE for BIM,
promise significant advances in automating commissioning
processes and ensuring the scalability of these solutions to
different building types (e.g., residential, commercial, industry
or infrastructure).

A. Challenges and Contributions
Despite recent advancements, we have identified several

challenges in realizing model-driven building commission-
ing [13]:

• Inadequate integration between BIM, BCS, and opera-
tional feedback loops impairs collaboration among de-
sign, construction, and operation stakeholders,

• lack of adequate support for the BIM-based pre-
configuration of BCS and subsequent building commis-
sioning,

• reliance on closed systems and protocols limits interop-
erability and reuse of control logic across buildings, and

• limited support for incorporating operational data back
into BIM models for iterative optimization.

Commensurate with these, in this paper, we deliver the fol-
lowing contributions:

1) An ecosystem of DSMLs and tooling, integrated with
BIM tools to support modeling, programming, and con-
figuration of BCS,

2) model-driven automation for automated commissioning
by generating runtime artifacts directly from enriched
BIM models,

3) feedback loops for operational data to refine control sys-
tems and short-cycle building performance optimization,
and

4) improved collaboration through a shared modeling envi-
ronment, enhanced transparency and reduced inefficien-
cies in commissioning processes.

In solving these challenges, we address the following research
questions:

RQ1 How can DSMLs extend BIM capabilities to effectively
model, program, and commission BCS?

RQ2 To what extent can model-driven automation improve the
efficiency and accuracy of building the commissioning
process, particularly through runtime artifact generation
from enriched BIM models?

RQ3 How can operational feedback loops enhance building
performance optimization during the life cycle, partic-
ularly in the context of energy efficiency and occupant
comfort?

Our work follows the Design Science Research (DSR) [21]
paradigm and produces a prototype as an artifact [22]. The de-
velopment of our artifact follows a systematic process, starting
with requirements engineering and ends with implementing a
prototype and its evaluation using a case study. Our artifact
is implemented as a solution to the following design science
problem, outlined using the DSR template [21]:

Expand BIM (context)
by designing an ecosystem of DSMLs with tool support (artifact)
that satisfies building control system modeling, programming,

and configuration (requirement)
to deliver model-driven building commissioning. (goal)

DSR usually refers to an artifact as a prototype at Technol-
ogy Readiness Level 3 (TRL3) [23], representing a conceptual
solution at an early stage of technology development. Using
a prototype implemented in a Living Lab which compares
to an operational environment, our proposal achieves TRL6
(cf. Section VI).

III. Requirements for Model-driven Building
Commissioning

TwinLight highlights the transformative potential of inte-
grating BIM with advanced modeling of BCS. Central to this
is the development of modeling languages that enable seamless
transitions between design and operational phases. Modern
buildings operate as complex CPS, necessitating modeling
tools that address the growing complexity of interconnected
components while promoting collaboration among diverse



TABLE I
Requirements for our graphical (GRX), textual (TRX), and the configuration DSML (CRX).

Graphical DSML Requirements

GR1: Platform independence: Enable high-level, domain-specific modeling abstracted from hardware or software dependencies.
GR2: Expressiveness: Represent the topology and connectivity of BCS, including sensors, actuators, and controllers in an intuitive

visual format.
GR3: Scalability: Handle complex system hierarchies and extensive building projects.
GR4: Interoperability: Integrate seamlessly with BIM tools and enable bi-directional data exchange for cross-disciplinary

collaboration.
GR5: Validation Support: Include mechanisms to check model validity and ensure compliance with domain-specific constraints.

Textual DSML Requirements

TR1: Platform Independence: Enable high-level, domain-specific programming abstracted from hardware or software dependencies.
TR2: Automation: Facilitate the generation of runtime artifacts, including control algorithms and configurations through model-to-

text transformations.
TR3: Readability: Provide a clear and concise syntax to promote adoption among non-programming domain experts.
TR4: Extensibility: Support customization for evolving use cases and integration of novel control paradigms.

Configuration DSML Requirements

CR1: Platform Independence: Enable high-level, domain-specific configuration abstracted from hardware or software software
dependencies.

CR2: Dynamic Adaptability: Allow on-the-fly updates to system configurations to accommodate changes in building usage or
occupancy.

CR3: Integration with Runtime Systems: Ensure smooth deployment of configurations into live operational environments.
CR4: Simplicity: Minimize complexity to facilitate configuration by facility management teams without requiring deep technical

expertise.

stakeholders. Table I outlines the language requirements for
our proposed DSMLs for facilitating model-driven building
commissioning.

Graphical DSMLs [24] can provide intuitive representations
of system topologies, ensuring that components such as sen-
sors, actuators, and controllers are well-integrated within BIM
models. These languages also enable stakeholders to collab-
oratively explore and validate configurations during early de-
sign stages, mitigating errors and reducing performance gaps.
Textual DSMLs [24] complement this by supporting platform-
independent definition of control logic, enabling automated
generation of runtime artifacts and promoting consistency
across diverse system implementations. Finally, configuration
languages [25] must support continuous commissioning by
enabling real-time adaptation to changing operational condi-
tions, ensuring buildings meet evolving energy and comfort
targets throughout their life cycle. The requirements for these
modeling languages, as motivated from TwinLight, are essen-
tial to advancing sustainable and efficient building operations,
bridging the current gap between static design and dynamic
operational performance. By addressing interoperability, scal-
ability, and adaptability, our proposed DSMLs contribute sub-
stantially to buildings meeting their operational requirements
by meriting these already during early design phases.

IV. An Ecosystem Of DSMLs for Building Commissioning
In the following we outline our contribution from a concep-

tual point of view, followed by introducing our three DSMLs
for (i) graphical modeling BCS components, (ii) textual mod-
eling of related control logic by leveraging the modeled BCS
components, and (iii) BCS components’ configurations by low-
level interface specifications. Figure 1 outlines the interrela-
tions of our ecosystem of DSMLs along their purpose. Specif-
ically, the BCS DSML is used for modeling BCS components.
The Control DSML enables programming of the modeled BCS

and generating executable runtime artifacts using model-2-
text generation (cf. Section IV-A). Finally, the Configuration
DSML - during model-2-model generation on the grounds of
both graphical and textual models - is used for emitting the
BCS configuration for the middleware (e.g., device IDs, device
endpoint descriptions, etc. cf. Section IV-B).

BCS
Configuration

Runtime
Artifacts

Model-2-model
Generation

Physical Twin
Middleware

Digital Twin System

Data Exchange

BIM Model

BCS DSML Control DSML

Configuration
DSML

Model-2-text
Generation

push
(commands) Read API

Write API

Virtual Twin

Kafka Consumer
(MQTT)

receive
(data)

MongoDB

Unreal 5 Engine
(incl Blueprints for
model interaction)

Fig. 1. Our proposal augments the BIM modeling formalism with tailored
DSMLs for modeling, programming, and configuring BCS. The resulting BIM
model is employed for model-2-model and model-2-text generation of BCS
configuration and runtime artifacts for the middleware [26]. The BIM model
further establishes the virtual representation (cf. twin) to complete the DT.
Please refer to Section V-B for a detailed description of the virtual twin.

Our DSML for modeling BCS and an early prototype for
modeling control logic have already been introduced in earlier
works and were well received, as evidenced by a Technology
Acceptance Model (TAM)-based evaluation [18], [26], [27].
In this work, we focus on a redesign of the Control DSML,
the newly developed Configuration DSML, model generation



of the Configuration DSML, and the integration in a DT
framework based on Unreal Engine 5 (UE5) [28] as shown
in Figure 1. Please see our artifact for a metamodel of the
BCS DSML [22].

A. Control DSML
The left side of Figure 2 illustrates the textual DSML

for BCS device programming, which is developed atop the
BCS DSML by leveraging the devices that are modeled
therein. The DSML embodies a systematic framework that
enables the interaction among diverse elements. At the core
of the model are entities including Action, Device, and
Property, each distinguished by attributes that delineate their
characteristics and functions. For example, the Property
encompasses attributes like type and unit, which facilitate
accurate definitions of the processable values available from
the BCS. Furthermore, the DSML utilizes constructs such as
SetStatement, GetStatement, and ConditionalStatement
to articulate the logic that directs device functionality and
interactions, integrating intricate expressions and conditions
to facilitate significant automation.

In addition, the DSML incorporates logical conditions de-
noted by Condition, along with particular variants including
OrCondition and AndCondition. These conditions facilitate
the formulation of advanced decision-making processes within
a BCS. This DSML functions as a robust instrument for
developers, facilitating automation, optimizing device control,
and improving the efficiency of the built environment through
clearly articulated programming constructs.

B. Configuration DSML
The right side of Figure 2 provides the last building block by

the Configuration DSML that builds atop the BCS and Control
DSMLs to generate configurations for a middleware which con-
nect to BCS devices [26]. This configuration metamodel maps
devices from the BCS DSML to middleware-specific settings
and uses elements from the Control DSML to define behavior
and communication. Central to this model is the Provider
entity, which connects devices to specific providers via a
DeviceToProviderMap. Providers encapsulate device details,
including host, port, protocol (HTTP/HTTPS), and authen-
tication properties like tokens. Each device is uniquely identi-
fied (linked to the graphical DSML) and assigned a Provider
for middleware interaction. The metamodel also includes ab-
stractions for modeling device requests (AbstractRequest,
Translation and AbstractNameToTranslation), and neces-
sary property mappings (PropertyMap) to customize commu-
nication and behavior. By combining graphical device defi-
nitions and textual behavior specifications, the configuration
metamodel facilitates the seamless setup of the middleware,
ensuring proper device provisioning and interaction capabil-
ities tailored to the system’s hardware (e.g., BCS devices)
requirements.

Observe that a configuration model based on this latter
DSML usually is not established manually but inferred from
both the graphical and textual models pertaining to the mod-
elled BCS using model-2-model transformations (cf. Sec-
tion V-B).

V. Modeling Infrastructure

Our DSMLs enable an integrated modeling methodology
from (i) initial establishment of the BIM model, to (ii) mod-
eling and programming the BCS, to finally (iii) generating
the BCS configuration and runtime artifacts. Observe that for
establishing the BIM model we employ third-party tools (e.g.,
Autodesk Revit [29]).
Scope: The modeling methodology covers the modeling, con-
figuring and programming of BCS in BIM models which
includes the definition of devices and their connections, and
corresponding control algorithms.
Modeling languages and tools: Eclipse Ecore [30] is used for
formalizing the abstract syntaxes of our DSMLs, whereas their
concrete syntaxes, i.e., the graphical and textual representa-
tions of our DSMLs, are implemented using Revit families and
Eclipse Xtext [31]. Model-2-model and model-2-text transfor-
mations are implemented using Eclipse Xtend [32] atop Xtext.
Please see our artifact for the concrete implementations [22].

A. Modeling Methodology

Our modeling methodology comprises three steps, viz. (i)
establishing the BIM model, (ii) augmenting the BIM model
with BCS devices and control logic, and (iii) generation of the
BCS configuration and executable runtime artifacts (cf. BCS
control algorithms).

(1) Creating the BIM model In a first step, the BIM
model of the built asset is established. During this, we rely on
common third-party tools, e.g., Autodesk Revit, for creating
this initial model.

(2) Augmenting the BIM model With the BIM model
established, next, it is augmented with BCS devices using the
BCS DSML by modeling each BCS device in the BIM model
using the custom families, thereby also spatially locating the
various devices in the building. This step further comprises
modeling of device properties (e.g., IDs, endpoints, . . . ) and
their interconnections. With all devices modeled and the BIM,
as a last activity, BCS control algorithms are implemented in
the model using the Control DSML to fully augment the model
with the BCS. For providing such an integrated development
environment we leverage a custom language server [33] that
implements our Control DSML for our Revit plugin. Figure 3
shows an augmented BIM model (left) with control code
(right). Although the code in Figure 3 is schematic, such
simplistic rule-based control currently is state of the art in
modern BCS [34], [13].

(3) Model-driven Generation Finally, with the BIM model
fully augmented with BCS components and corresponding
control algorithms, the BCS configuration model and the
runtime artifacts are generated using Xtend. The BCS con-
figuration which is emitted using the Configuration DSML
subsequently is loaded into the middleware (cf. Section V-B);
runtime artifacts are generated as executable Lua code for
execution in a dedicated runtime environment as part of the
middleware (cf. Section V-B). Listings 1, 2 and 3 show a
BCS configuration and generated Lua code for the model from
Figure 3. Please see our artifact for the actual implementation
of the code generators [22].
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Fig. 2. Metamodels of our Control DSML for programming BCS devices (left) and the Configuration DSML for configuring the middleware (right). Dotted
arrows indicate language dependencies, i.e., the Device entity from the BCS DSML is leveraged in the Control DSML; in turn, entities from the Control DSML
are leveraged in the Configuration DSML, i.e., the Device for establishing the DeviceToProviderMap.

Fig. 3. BIM model of the Living Lab with modeled BCS devices (lozenges
denote controllers, circles sensors, and squares actuators) alongside two
actions to ensure energy-efficient operation depending on occupant presence
(top) and in accordance with sensor-specific switch-off times of 15 minutes
for artificial lighting (bottom). Best viewed in color on a computer screen.

B. Model-driven Digital Twinning

Following our modeling methodology which capitalizes
on the earlier introduced DSMLs, our approach enables an
"extended" concept of model-based twinning using the con-
figuration model for the middleware and the building’s BCS,
as well as the executable runtime artifacts in the form of Lua
code. A configuration as shown in Listing 1 is uploaded to
the middleware [26] which then automatically connects to the
devices in the building as specified in the configuration. In ad-
dition, the middleware also provides the runtime environment
for the Lua code [26]. Once uploaded, the runtime environment
takes care of either executing the scripts once (i) a scheduled
period has passed (e.g., every 30mins), or (ii) as soon as a
specified value has dropped below or surpassed a threshold
(e.g., a room’s illuminance has dropped below 500 lx). This
allows for the scripts to remain simple, as they do not contain
complex control flow logic like loops, making them easier to
maintain and execute reliably in real-time environments. The

[ 1

{ 2

"vendor": "homeassistant", 3

"abstractRequests": [ 4

{ 5

"abstractRequestType": "COMMAND", 6

"requestType": "POST", 7

"pathTemplate": "/api/services/light/turn_on", 8

"parameterTranslations": [ 9

{ 10

"abstractParameter": "lighting_intensity", 11

"concreteParameter": "brightness_pct", 12

"defaultValue": "0" 13

}, 14

{ 15

"abstractParameter": "UUID", 16

"concreteParameter": "entity_id", 17

"defaultValue": "0" 18

} 19

] 20

}, 21

... 22

} 23

] 24

Listing 1: Excerpt of the BCS configuration for the Living Lab
from Figure 3. As to space limitations, we do not show the
full configuration (as indicated by the . . . ).

necessary services are both provided by the middleware via
gRPC [36] to allow for easy client integration.

The virtual twin of our DT capitalizes on UE5, a powerful,
open-source game engine. As outlined in the right of Figure 1,
the BIM model is uploaded into UE5 (cf. Figure 4 for the
resulting rendering) to create an interactive 3D visualization.
For the purpose of achieving the spike solution within the
context of the Living Lab, the relevant components of the
virtual twin were implemented manually. This comprises a set
of Blueprint (a UE5-specific C++-based scripting language)
scripts for model interaction, an instance of Apache Kafka [37]
for receiving data (via MQTT [38]) from the middleware
which is then forwarded into a MongoDB [39] via the Write



1 mw = require("middleware")
2 stringtoboolean {["true"] = true, ["false"] = false}
3

4 local pir_sensor_1_occupancy =
stringtoboolean[string.lower(mw.request("pir_sensor_1",
{"occupancy"}))]

↪→

↪→

5 local pir_sensor_2_occupancy =
stringtoboolean[string.lower(mw.request("pir_sensor_2",
{"occupancy"}))]

↪→

↪→

6 if not pir_sensor_1_occupancy and not pir_sensor_2_occupancy
then↪→

7 mw.command("light", {"status" = tostring(false),
"dali_level" = tostring(0)})↪→

8 end

Listing 2: Lua code for conformance to 15 minutes switch-
off times [35]. Execution scheduling (e.g., every 900000ms,
cf. line 20 in Figure 3) is taken care of by the middleware.

1 mw = require("middleware")
2 stringtoboolean {["true"] = true, ["false"] = false}
3

4 local pir_sensor_1_occupancy =
stringtoboolean[string.lower(mw.request("pir_sensor_1",
{"occupancy"}))]

↪→

↪→

5 local lux_sensor_illuminance =
tonumber(mw.request("lux_sensor", {"illuminance"}))↪→

6 local pir_sensor_2_occupancy =
stringtoboolean[string.lower(mw.request("pir_sensor_2",
{"occupancy"}))]

↪→

↪→

7 if (pir_sensor_1_occupancy or pir_sensor_2_occupancy) and
lux_sensor_illuminance > 0 and lux_sensor_illuminance < 550
then

↪→

↪→

8 mw.command("light", {"status" = tostring(true)})
9 if lux_sensor_illuminance < 500 then

10 mw.command("light", {"dali_level" =
tostring(((500 - lux_sensor_illuminance) /
500) * 254)})

↪→

↪→

11 end
12 else
13 mw.command("light", {"status" = tostring(false),

"dali_level" = tostring(0)})↪→

14 end

Listing 3: Lua code for regulating artificial lighting at 500 lux
to EN 12464-1 for workplace lighting including 10% hysteresis
(line 14).

API. Finally, the Read API takes care of forwarding data to
UE5 for visualization as well as pushing commands, which
result from pushing buttons in the visualization, towards the
middleware. Figure 4 shows a screenshot of our virtual twin
of the Living Lab from Figure 3.

It is noted that the (i) Blueprint scripts, (ii) value and
command parameterizations for the Read and Write API
(cf. Figure 1), and (iii) data schemata for the Kafka instance
and MongoDB can also be generated from the BCS-augmented
BIM model using model-2-text generation. This would ne-
cessitate a significant refactoring of the virtual twin’s Read
and Write APIs. As this contribution does not prioritize the
DT, this is regarded as a subject for future work. As our
implementation of the DT in UE5 was conducted manually
and in an ad hoc manner, it does not constitute part of our
artifact.

Our model-driven approach to establish a bi-directional con-
nection between virtual and physical twins via our middleware

Fig. 4. Screenshot of the Living Lab rendered inside UE5 with embedded
sensor readings; the Toggle Lights button allows turning on/off the light in
the actual office space. Red boxes display sensor readings.

enables an agile and continuous style of working akin to mod-
ern software engineering, yet in a domain where digitalization
efforts only slowly establish themselves [13]. By supporting
model-based abstractions it facilitates an efficient workflow by
bridging current gaps in building commissioning [13], thereby
fostering collaboration and aligning with agile engineering
practices to enhance both design and operation of buildings.

VI. Evaluation and Discussion

An office space of 22 m2 at the University of Innsbruck
was established as a Living Lab. Modern energy-efficient
lighting systems regulate artificial light depending on occu-
pant presence to a minimum illuminance of 500 lx at the
workplace according to EN12464-1 [40] (cf. Listings 2 and 3,
and Figure 3). This approach significantly conserves energy
relative to manual lighting [41]. Each workstation is equipped
with one horizontal illuminance sensor to accomplish this
sort of control. Artificial lighting is also regulated based on
occupancy to decrease energy consumption relative to manual
control [42]. Passive infrared sensors (PIR) are implemented
in the Living Lab at each workstation, with detection limited
to the respective workstation’s range. PIR sensors are prevalent
in this application because of their cost-efficiency and simple
commissioning. Sensor-related incorrect absence detections
can occur during stationary activities, such as PC work.
Switch-off times are used to avoid discomfort impairments due
to incorrect switching-off [43].

A switch-off time of 15 minutes is implemented in the study
object in accordance with industry standards [35] (cf. List-
ing 2). Glare and overheating protection are essential comfort
criteria. The shading system in the office is regulated based on
the time of day, following standard market practices for pro-
tection. Although automatic controls are more energy efficient,
occupants can use manual controls for acceptance, which are
valid for 90 minutes before reverting to automatic mode.

The proposed modeling methodology from Section V-A was
implemented for the Living Lab (cf. Listing 2 and Figure 3) to
facilitate efficient and transparent continuous system improve-
ment. This encompasses continuous commissioning, viz., (i)
evaluating actual conditions, (ii) conducting post-occupancy
evaluations, and (iii) identifying measures to enhance energy
efficiency (cf. De-Graft et al. [44]). In the building design



phase, limited information on occupant behavior necessitates
assumptions, resulting in energy performance gaps [45]. Con-
sequently, cyclical post-occupancy evaluations and system
adaptation, as facilitated by our proposal, are necessary. To
collect the necessary data, all sensor and actuator information
is logged in high resolution and made available for post-
occupancy evaluations. The occupancy status is recorded for
evaluation in accordance with data protection regulations.

The 15 minute switch-off time is a common industry
standard for lighting control based on passive infrared sensor
technology. However, it does not account for individual occu-
pancy patterns, which typically emerge after commissioning.
Adjusting the switch-off time based on actual usage can
improve both comfort and energy efficiency [46].

Flexible working hours, the option to work from home and
a high level of participation in meetings ensure a high level
of occupancy dynamics. Our evaluation revealed considerable
variability in attendance times. This leads to sensor-related
switch-off times, which result in numerous intervals of artifi-
cial lighting operation without occupancy (28.8% of the total
operating times during the measurement period from Oct 22,
2024 to Dec 20, 2024). Following Hammes et al. [46], high
resolution presence data enables the switch-off times to be
adapted to individual presence patterns. For workstation 1 and
2, the switch-off time could be reduced from 15 minutes (in-
dustry standard [35]) to 6 minutes without increasing sensor-
related false-off rates, which can have a negative impact on
comfort (cf. line 20 in Figure 3). These derived switch-off
times can be integrated using the proposed modeling method
and transmitted to the BCS. The facility manager, as the person
responsible for operations, bears sole responsibility for autho-
rization and monitoring, so that no complex reconfiguration
of the BCS is required. For the adjustment on Nov 01, 2024,
there is a 16.1% reduction in energy consumption for artificial
lighting for the subsequent measurement days compared to the
reference with a 15-minute switch-off time (cf. Figure 5).

As the occupancy dynamics at the workplace are a variable
that can vary greatly depending on the season and work
activity, a dynamic adaptation of the switch-off times would
prove to be advantageous [47]. The system architecture created
in combination with the methodology from Section V-A can
provide such a basis.

A. Answering the Research Questions (RQs)
As to RQ1, our DSMLs provide domain-aligned graphical

and textual representations of BCS components, enhancing
stakeholder communication and collaboration. By facilitating
model-driven automation to generate runtime artifacts from
BIM models, we minimize commissioning time and errors.
Our DSMLs enable dynamic adaptability, facilitating real-
time updates to system configurations for enhanced energy
efficiency and occupant comfort. In summary, DSMLs signifi-
cantly extend BIM’s capabilities, leading to more efficient and
effective BCS operations. On the contrary, the use of SysMLv2
(or UML, for analogous reasons) is not recommended: BIM
focuses on detailed architectural and spatial modeling, while
SysMLv2 targets systems engineering. Integrating BIM data
into SysMLv2 leads to unnecessary complexity and ineffi-
ciency, complicating established workflows.

As to RQ2, automating the commissioning workflow by
capitalizing on MDE to reduce the time needed for commis-
sioning tasks results in quicker project completion. This high
degree of automation reduces human errors linked to manual
configurations, improving the accuracy of the commissioning
process. Figure 5 demonstrates that adapting BCS logic led
to a 16.1% decrease in artificial lighting energy consump-
tion following the implementation of the proposed modeling
methodology. This illustrates that generating runtime artifacts
from BIM models allows to meet operational requirements. In
synopsis, model-driven automation streamlines commissioning
and enhances building operations, evidenced by notable energy
savings.

As to RQ3, our DSMLs facilitate real-time adjustments
to BCS through post-occupancy evaluations and continuous
monitoring, thus addressing actual occupancy patterns and
environmental conditions. The resulting iterative process main-
tains alignment between occupant needs and operational goals.
Figure 5 illustrates this by reporting on a 16.1% reduction in
artificial lighting energy consumption following amendments
to the BCS logic. This reduction demonstrates the efficacy of
operational feedback loops in refining control strategies using
real-world data from the post-occupancy phase. Thus, the
integration of operational feedback mechanisms via DSMLs
is crucial for continuous performance optimization in building
operations as evidenced by our results.

B. Performance Evaluation
The performance evaluation looks at the scalability of Lua

script generation and middleware configuration file export.
Figure 6 presents the results. Lua script generation experiments
show that execution time grows with the number of devices,
actions, and nesting levels. For example, writing scripts for
1000 devices with 100 actions and five levels of nesting takes
1758.6 ms, versus 36.4 ms for a simple configuration (two
devices, one action, no nesting). The rise is nonlinear, with
increasing complexity affecting performance. The first test
showed a chilly start effect, which was most likely caused
by parser startup. Middleware configuration file export tests
show that execution time scales with the number of devices and
controllers while remaining more efficient than script creation,
with 708 ms required for 1000 devices and 500 controllers. The
tests were run on a Windows 11 Enterprise system with 16GB
of RAM and an AMD Ryzen 7 PRO 5850U processor. The
experiments were not run independently of other processes,
ensuring realistic performance conditions.

C. Discussion and Positioning Within Related Work
Using MDE to improve BCS interoperability, development

efficiency, and cost-effectiveness is not novel [48]. DSMLs
offer specialized abstractions and frameworks to handle unique
construction commissioning difficulties. Albataineh and Jar-
rah [49] used DSMLs to develop IoT-enabled models for
energy optimization in smart buildings, enabling simulation
and analysis of device interactions. Fazel and Wainer [50]
presented a DSML for IoT-enabled infrastructure management,
which focuses on managing dynamic systems and build-
ing automation components. These approaches highlight the
importance of DSMLs in gathering domain-specific needs



Fig. 5. Changes in energy consumption in the Living Lab after amending the logic of the BCS for meriting occupant patterns using the proposed modeling
methodology and its tooling. The gap on Nov 22 is due to nobody having been at the office (cf. the Living Lab).
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Fig. 6. Durations (in ms) for both generating Lua scripts and exporting middleware configurations. Nesting denotes the levels of nested conditional statements
in control logic.

and facilitating organized model management during pre-
commissioning. Integrating DSMLs with BIM can signifi-
cantly improve building commissioning processes and oper-
ational efficiency. Traditional BIM tools are limited in their
ability to manage the intricacies of BCS and dynamic building
operations. Our DSML ecosystem incorporates operational
requirements into design, creating a unified framework that
addresses these limitations.

MDE frameworks can link building commissioning pro-
cesses with DT workflows. Domingo et al. [51] showed
that MDE approaches can increase consistency and minimize
mistakes during commissioning by automating repetitive op-
erations and aligning models with operational data. Zech et
al. [18] developed a DSML to automate BCS commission-
ing within BIM. Their solution incorporates BCS data into
BIM models, allowing for seamless collaboration, automatic
deployment, and DT development. Lu and Olofsson [52] used
MDE concepts and discrete-event simulations (e.g., DEVS
formalism) to improve commissioning efficiency. The chal-
lenges of the commissioning process, such as inefficiencies and
information silos (cf. Section II), highlight the importance of
a model-driven approach. Our methodology leverages DSMLs
to improve data flow and collaboration among stakeholders,

reducing errors and misalignment between design and oper-
ational objectives. According to Chan et al. [12], successful
BIM deployments rely on increased interoperability and stake-
holder participation across the project and building life cycle.
The importance of operational feedback loops is crucial. Using
real-time data to refine BCS is vital for optimizing building
performance, including energy efficiency and comfort. Our
findings support Galasiu et al.’s findings on the effectiveness
of sophisticated control systems, which show significant en-
ergy savings through feedback mechanisms [42]. Continuous
improvement through feedback improves building efficiency
and promotes sustainability by reducing energy usage.

MDE is particularly useful for developing IoT systems due
to their complicated needs and diverse platform technologies.
Using MDE to include non-functional requirements, such as
interoperability and context-awareness, helps lessen disputes
during early design and development [53]. MDE can enhance
software quality evaluation for Low-Code platforms by tailor-
ing current standards to meet IoT-specific requirements [54].
Kirchof et al. presented MontiThings, a model-driven infras-
tructure that improves IoT application dependability and effi-
cacy by generating executable container images [55]. Corradini
et al. [56] introduced Floware, a model-driven toolchain for de-



veloping IoT applications, especially for smart home contexts.
Incorporating DTs into MDE frameworks offers new ways to
analyze system behavior and improve troubleshooting [57],
[58]. MDE has the potential to reduce development complexity
for IoT applications, making it a viable area for future research.

MDE methodologies have also helped to improve the inte-
gration of BIM and DTs. Mittal and Martin’s [59] framework
aligns MDE with net-centric systems, focusing on automating
and ensuring data consistency across complex infrastructures.
Di Biccari et al. [60] investigated how MDE might improve
BIM interoperability by facilitating data interchange and con-
sistency checks during commissioning. These studies highlight
the significance of MDE in bridging the gap between static
BIM models and dynamic operational DTs during the commis-
sioning stage. The inclusion of DTs in our proposal improves
the overall functionality and adaptability of BCS. Our major
goal is to enhance modeling, programming, and commission-
ing procedures. However, incorporating DTs provides valuable
real-time monitoring and simulation of building performance.
Using DTs helps bridge the gap between static design models
and dynamic building operations, resulting in more efficient
and responsive settings. DTs play a crucial role in improv-
ing the commissioning and operational efficiency of modern
buildings, highlighting the importance of interoperability and
collaboration among construction stakeholders [10].

Despite these developments, there are still numerous lim-
itations in the use of DSMLs and MDE for building com-
missioning. Existing DSMLs frequently focus on individual
parts of commissioning, like energy management or device
control, without integrating models and data throughout the
life cycle. MDE frameworks offer automation and consistency,
but their use in collaborative commissioning workflows – at
least for now – is limited, especially for buildings with BCS
integration [10].

D. Sustainability Impact
The sustainability impacts can be measured through life

cycle optimization and enhancements in energy efficiency.
Projections suggest that the adoption of our modeling method-
ology may result in at least a 15% reduction in energy
consumption in commercial buildings, consistent with ISO
50001 energy management standards [61]. The anticipated
increase in the lifespan of equipment, including lighting sys-
tems, is attributed to reduced usage and optimized operational
schedules, thus naturally extending their lifespan. This reduces
replacement frequency and minimizes waste and resource
consumption linked to manufacturing and disposal.

Aligning our approach with the European Green Build-
ing Council standards substantiates our sustainability claims,
ensuring that the ecological benefits realized through our
framework are acknowledged within the wider context of sus-
tainable building practices. Quantifying these impacts allows
for a strong argument in favor of our proposal, illustrating its
capacity to deliver ecological advantages while improving the
overall performance of building systems.

E. Practical Impact
As early as the design phase, assumptions have to be made

about subsequent usage behavior, which can later lead to

discrepancies between planning and operation. These so-called
energy performance gaps often only become apparent after
commissioning, as tests usually only ensure basic functional-
ity but do not include energy performance checks. As user
behavior has a significant influence on system performance,
subsequent adjustments are just as important as initial com-
missioning in order to ensure long-term energy efficiency.
This is illustrated by the adjustments to the switch-off times
in the lighting in the study object. In view of the fact that
inefficient building operation is currently a key challenge in the
construction industry, the sector responsible for one third of
global energy demand [62], supporting methods for subsequent
system improvements are essential.

However, the large number of proprietary systems with
specific protocols currently makes system adaptations difficult
in practice and increases time and costs. The system architec-
ture created with the middleware and the DSMLs offers the
possibility of reducing the effort for executing instances such
as facility management. A system-independent user interface
for programming and configuring the control components
proves to be valuable.

Commissioning is also often a complex, error-prone process
in which not all influencing factors can be taken into account.
The multiple transfer of control responsibility from the spe-
cialist planner to the contractor to facility management poses
further challenges.

By integrating BCS into BIM, transparency and respon-
sibilities can be improved. This facilitates energy-efficient
adaptations and reduces expensive system changes. Supporting
tools for automated adaptation to user behavior are essential
to sustainably optimize comfort and efficiency.

VII. Lessons Learned
When realizing our approach, we learned the following

lessons about modeling and organizational aspects.

A. Modeling Aspects
Integration Challenges. The integration of DSMLs with

BIM tools remains problematic due to mismatched data struc-
tures and varying levels of support for automation across plat-
forms. BIM models primarily serve architectural and structural
purposes, while BCS models require more detailed operational
logic. This mismatch leads to inefficiencies, such as manual re-
modeling, inconsistencies between design and implementation,
and difficulties in synchronizing model updates [13], [10].

We recommend adopting a standardized, open data ex-
change format, such as Industry Foundation Classes (IFC),
to ensure compatibility between BIM tools. This will reduce
manual remodeling efforts and improve consistency across
different phases of the building life cycle. In addition, we
propose leveraging tool interoperability standards like the
Open Services for Lifecycle Collaboration (OSLC) [63] to
enable seamless integration across heterogeneous modeling
and life cycle management tools.

Scalability. As building complexity increases, DSML-based
models become harder to manage, leading to slow processing
times and difficulties in maintaining system consistency. Larger
building projects introduce exponentially more devices, con-
nections, and operational dependencies, which can overwhelm



traditional modeling approaches. Without proper scalability
measures, generation times (cf. Figure 6) increase significantly,
making real-time updates and iterative optimization impracti-
cal.

We recommend implementing hierarchical modeling tech-
niques to break large systems into modular, trade-specific
sub-models, allowing different components to be managed
independently while maintaining overall system coherence.
This approach improves performance and makes it easier to
scale DSML-based commissioning workflows.

Automation Efficiency. Model-driven automation promises
efficiency gains, but errors in automatically generated runtime
artifacts (e.g., configuration scripts, control scripts) might
require manual intervention. The causing errors stem from
inconsistencies between high-level models and the actual con-
trol system requirements, leading to misconfigured settings
or incomplete logic. This reduces the expected benefits of
automation and increases commissioning time.

We recommend introducing automated validation pipelines
that check generated artifacts for correctness before deploy-
ment [64]. This reduces the need for manual corrections,
ensuring that models align with operational expectations from
the outset.

Feedback Loop Implementation. BIM and DSMLs often
function as static representations, while real-world building
operations are dynamic. Without an efficient mechanism for
integrating live operational data back into the models, de-
sign assumptions remain unverified, and potential efficiency
improvements (e.g., energy optimizations, occupancy-based
adjustments) are missed.

We recommend developing automated feedback ingestion
mechanisms that continuously update BIM models based on
real-time operational data. This ensures that commissioning
and control strategies remain adaptable to actual building
performance.

B. Organizational Aspects
Stakeholder Collaboration. A major barrier to effective

model-driven commissioning is the disconnect between archi-
tects, engineers, and facility managers [13]. Architects and
engineers primarily focus on design and construction, while
facility managers deal with operational realities. The lack of
a shared framework for integrating operational concerns into
early design decisions leads to misaligned priorities and costly
post-construction modifications.

We recommend establishing collaborative platforms [65]
where stakeholders can co-develop, exchange, and review
BCS-augmented BIM models, ensuring alignment between
design intent and operational requirements.

Training & Adoption Barriers. The adoption of DSMLs
for building commissioning is slowed by a steep learning
curve. Many industry professionals are unfamiliar with MDE
concepts, making it difficult to implement new workflows.
Additionally, the perceived complexity of DSML tools dis-
courages users from transitioning away from manual methods.

We recommend providing targeted training programs and
user-friendly tooling enhancements to lower the entry barrier
and encourage wider adoption of model-driven commissioning
approaches.

Regulatory & Standardization Gaps. Lack of standard-
ization in how DSMLs integrate with BIM and BCS models
makes it difficult to ensure compliance with industry regula-
tions. Without clear regulatory frameworks, organizations risk
creating proprietary solutions that are difficult to scale or share
across projects.

We recommend working towards industry-wide standardiza-
tion efforts that define best practices for model-based com-
missioning, ensuring regulatory compliance and cross-project
compatibility.

Operational Resistance. Facility managers and building
operators are often resistant to transitioning from traditional
manual commissioning methods to automated, model-driven
workflows. This resistance is driven by concerns over loss of
control, lack of transparency in automated workflows, and fear
of system failures due to incorrect model-generated artifacts.

We recommend incorporating user-driven override mecha-
nisms within automated workflows, allowing facility managers
to retain control while gradually building confidence in model-
driven automation.

VIII. Conclusion

The integration of DSMLs with BIM represents a signifi-
cant advancement in building commissioning and operational
efficiency. Our research addresses gaps in current methodolo-
gies by providing a structured framework that improves BCS
modeling, programming, and configuration while embedding
operational requirements in the design phase.

Our results demonstrate potential for enhanced energy effi-
ciency, reduced commissioning errors, and faster adaptation
to changing operational needs. The ecological benefits -—
including energy consumption reductions and extended equip-
ment lifespans -— highlight our framework’s contribution to
sustainable building practices.

While our prototype implementation shows promise, we
acknowledge limitations in BCS technology compatibility and
scalability challenges. Future improvements focus on (i) ad-
dressing scalability concerns for large-scale implementations
with numerous devices and complex control logic; (ii) integrat-
ing our framework with IoT platforms to enhance automated
data collection, enable dynamic operational adjustments, and
support a multitude of communication protocols; (iii) ex-
panding DSML functionality to include additional use cases
such as water management, waste management, and renewable
energy systems; (iv) exploring the link to asset administration
shells [66], [67] to reuse existing descriptions in the building
context; (v) modularization of our DSMLs for application in
further domains, e.g., manufacturing; and (vi) further TAM-
based [18], [27] evaluations of our complete ecosystem of
DSMLs and tooling support to assess their usability, accep-
tance, and efficiency and effectiveness.

This research establishes a foundation for future innovations
in building design and operation, providing a framework
for sustainable and efficient practices adaptable to evolving
occupant and environmental requirements. As digital transfor-
mation continues in the construction industry, insights from
this study will be crucial for advancing building management
and operational performance.
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