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Abstract -

This paper introduces an orchestration framework for the
Information Backbone for Robotic Construction (IBRC), a
unified platform that connects fragmented planning and on-
site robotic construction workflows. Construction sites re-
quire continuous coordination among heterogeneous robots,
humans, machines, and digital models, yet existing solutions
typically address isolated integrations (e.g., BIM-to-robot
pipelines or ROS-based execution) without an end-to-end
backbone. IBRC structures product-process information
through staged refinement from Building Information Mod-
eling (BIM) to a Fabrication Information Model (FIM) and a
Robot Execution Model (REM). The conceptualized frame-
work is implemented as a microservice architecture, provid-
ing maximum modularity and flexibility. We demonstrate
feasibility with an end-to-end prototype that derives robot-
executable tasks from BIM and dispatches them to a robot
simulation with runtime feedback.

Keywords -
Robotics, BIM, Microservices, REM, Kafka, Robotic Con-
struction, Multiple Robot Systems

1 Introduction

The digital evolution over the past years, with devel-
opments such as Building Information Modeling (BIM)
and Digital Twins (DT), has primarily focused on design
and planning activities for building construction [1] [2]].
However, the on-site construction processes remain largely
manual and fragmented, thereby limiting the potential for
automation. In contrast, other industrial sectors such as
automotive manufacturing and logistics have successfully
leveraged automation and robotics for efficiency, preci-
sion, and cost savings [3]. Here, robots execute one or
a limited number of well-defined tasks repeatedly within
highly controlled environments, such as a manufacturing
facility.

Transferring robotic approaches commonly established
in other industry branches into the construction domain
poses significant challenges, as a construction environ-
ment is unstructured, unpredictable, and dynamic. Every
construction site is different and requires individual build-
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ing processes. Furthermore, any built asset is considered a
unique item, which further hinders the application, as nec-
essary processes must be tuned individually to meet the
specific conditions present on a construction site. The de-
ployment of autonomous robotic agents under such condi-
tions requires not only mechanical and sensory adaptation,
but above all, a robust digital coordination infrastructure
that controls the entire process from planning to execution
(4].

A unified coordination and collaboration platform can
solve this need for real-time, modular integration between
planning tools and heterogeneous robots [4]]. Current sim-
ilar approaches can be found in the field of Digital Twins
(DT) 5] [6]. However, those are mostly designed to sup-
port the current construction process and do not include
robotic fabrication. For robotic construction, there is a
dedicated need for a holistic orchestration of task plan-
ning, allocation, and execution, as well as multi-robot
coordination, human-robot communication, status mon-
itoring, and robot-robot interaction. While several partial
solutions already exist, such as ROS-based task execution
[7] or BIM-to-robot [8] [4] pipelines, these are often lim-
ited to certain construction processes, environments, or
robot types. Overall, the construction industry requires a
paradigm shift in robotic construction. However, robotic
fabrication remains expensive, which makes it essential to
test construction processes in simulation before deploying
them on-site. Nonetheless, since construction sites often
face unforeseen changes, the system must be capable of
adapting to those.

This paper introduces the Information Backbone for
Robotic Construction (IBRC) (Figure|l)) as a central plat-
form that combines planning, simulation, and on-site ex-
ecution. IBRC serves as a shared source of truth for de-
cisions made by humans and robots, supporting a grad-
ual refinement of product-process information from the
Building Information Model (BIM) to the Fabrication In-
formation Model (FIM) to the Robotic Execution Model
(REM).

In detail, this paper aims to approach the following
research questions:

* RQI1: Which conceptual framework is required to
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Figure 1. Architectural Framework of the Informa-
tion Backbone for Robotic Construction

capture the requirements of on-site robotic construc-
tion, in particular for representing and coordinating
robots, construction methods, sensors, human actors,
and digital models at appropriate levels of granular-
ity?

* RQ2: How should a system architecture instantiat-
ing this framework be designed to enable scalable
integration and autonomous coordination of hetero-
geneous robotic and digital systems across on-site
and off-site construction workflows?

To avoid ambiguity, we use the following terminology
throughout the paper. Terminology: IBRC refers to the
overall concept; the Backbone is a concrete platform in-
stance providing shared data, APIs, and event streams; the
framework describes the BIM—FIM—REM refinement
logic; and the system architecture denotes the microser-
vice decomposition and communication stack.

In summary, this paper contributes (1) the IBRC con-
ceptual framework that structures robotic construction in-
formation into BIM, FIM, and REM, (2) a microservice
reference architecture that instantiates it, and (3) a proto-
type connecting a BIM viewer to a robot execution simu-
lator via an event-driven pipeline.

2 Background

2.1 Reference System Architecture from Digital Twin
platforms

Autonomous robotic construction systems require ro-
bust, scalable, modular, and maintainable software archi-
tectures that support heterogeneous communication and
coordination effectively [4]]. Similar architectural ap-
proaches are evident in the field of Digital Twins. A refer-
ence architecture for Digital Twin Construction (DTC) [6]

presented a process-oriented schema designed to capture
the core concepts of current construction projects, demon-
strating how to integrate data and information management
from multiple sources within a single platform.

In robotic construction, multiple data sources, compo-
nents, and processes are involved, which are constantly
changing and differ for each project [4]]. Therefore, the
architecture needs to be adaptable, and the task of each
component needs to be clearly defined. This highly re-
lates to the primary principle guiding the design of mi-
croservices, which is the single-responsibility principle.
Consequently, each service only fulfills one task, but it
does so very well [9]. This enables the development of
scalable, interchangeable architectures.

For example, the OpenTwins project, presented by [3l],
is based on such a microservice architecture. The plat-
form is designed to maximize modularity, scalability, and
reusability. It offers options for Data Storage, real-time
streaming, and 3D visualization. With their approach,
the authors showcased an open-source DT platform that is
able to visualize and modify data. However, both of those
approaches, DTC and OpenTwins, are limited to construc-
tion sites that do not involve robotic construction. As
robotics extends those frameworks, it presents additional
challenges, such as interaction between robots and dis-
tributed decision-making, task planning, and allocation,
that need to be tackled.

2.2 Robotic Construction using BIM

Approaches for Robotic fabrication on construction sites
have already been explored in several papers. These con-
cepts address parts of the overall idea of integrating robots,
but do not yet encompass the entire construction process,
from planning to execution. Approaches such as RCAN
[8] and CONCERT address the topic of integrating
Robotic Construction using BIM.

The Robot Construction Action Node (RCAN) [8] con-
nects BIM-based smart components with the Robotic Op-
erating System (ROS) for flexible construction planning
and execution. It focuses on the exchange of informa-
tion between BIM and a robot, composing a construction
process from these nodes and applying it to a specific
construction project. Their approach demonstrated three
basic examples involving construction activities, such as
picking, transporting, moving, and installing. However,
they have only tested it in a simulation environment with
a single robot so far.

A fully reconfigurable, modular collaborative robot,
called CONCERT [7], has been introduced. This robot
is capable of performing a wide range of tasks with high-
power density motors and modularity, enabling it to per-
form various tasks. The validation was conducted across
diverse use cases, such as drilling, sanding, plastering, and
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collaborative transportation. Their project demonstrates a
capable robot that can be employed for various on-site
tasks; however, they do not offer an overarching coordina-
tion framework necessary to manage this robot alongside
multiple other robots on-site.

Through these and other projects, BIM was identified
as a solid base for construction as it provides the neces-
sary spatial, semantic, and process-related information in
a structured format [10]. But to fully enable robotic con-
struction, the BIM information needs further enrichment
and refinement. Furthermore, an ongoing challenge is
to connect those approaches within a central platform to
enable overall process control.

2.3 Communication Management

An essential feature of such a platform is the ability
to exchange data between components to receive tasks,
update status, plan resources, and allocate robots. Imple-
menting architectures like the previously referenced Open-
Twins project necessitates a robust framework for commu-
nication and data exchange. For their project, Robles et
al. utilized, among other tools, message streaming and
application programming interfaces (APIs) [5]. Another
approach is the Internet of Robots [11], which introduces
an open-source cloud robotic framework that enables the
management, control, and monitoring of robots over the
internet. Addressing issues such as efficient management
of users and robots through the web by utilizing Web-
Sockets to enable real-time, bidirectional communication
between robots and users. This approach showcases how
the connection between users and robots can be handled
through the internet. However, it is limited to robot-human
communication and has not been designed for remote con-
struction sites.

All of these previously mentioned approaches are solu-
tions for specific problems, but they do not consider the
overall construction process from planning to robot con-
struction with all involved actors and processes. The BIM-
to-robot pipeline focuses solely on solving this for singular
robots and does not introduce an overall platform. The ad-
vantage of the IBRC is that it combines this pipeline with
a holistic concept working for simulation and real-world
construction.

3 Information Backbone for Robotic Con-
struction

As already outlined, the unique character of construc-
tion projects and the dynamic, constantly evolving nature
of outdoor construction sites pose challenges throughout
the entire process, from online planning and simulation
to anticipating and adapting to execution on-site. In this
paper, we explicitly distinguish between planning and ex-
ecution. Planning refers to off-site (or pre-runtime) ac-
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tivities that refine and enrich product-process information
from BIM to FIM and REM and synthesize executable
tasks. Execution refers to run-time, on-site (or simulated)
task dispatch, robot-side control, monitoring, and feed-
back. The Information Backbone of Robotic Construction
combines both parts, offering a platform for managing,
controlling, and executing robotic construction as a shared
source of truth.

3.1 Framework

The following paragraph provides a detailed descrip-
tion of the Information Backbone for Robotic Construc-
tion, divided into two phases: Planning and Execution.
The product-process information managed by the Back-
bone comprises three main stages: BIM, FIM, and REM,
as illustrated in the upper part of Figure 2] The planning
stage relies on a Building Information Model (BIM) that
represents the designed building. The second step involves
an enriched BIM with fabrication-level information (Fab-
rication Information Model, FIM, [12]]), which specifies
constructible elements, methods, and sequencing. And
third, a Robot Execution Model (REM), which encodes
robot-specific tasks and parameters for on-site execution
or off-site simulation.

3.1.1 Planning: BIM-FIM-REM refinement

The process is initiated from a design-oriented BIM
model that encodes the building’s geometry and compo-
sition at the level of building elements (e.g., walls, slabs,
doors, and beams), along with their spatial, functional, and
logical relationships. For robotic construction, however,
this representation is typically too coarse, as robots require
task descriptions at a finer, fabrication-level granularity
(e.g., individual components and operations rather than
aggregate building elements). Such execution-oriented
detail is typically not included in the design (BIM) model
and must be derived and enriched during the planning
of robotic execution. This involves deciding on a con-
struction method for realizing the building elements using
robotic systems. Typical examples for producing a wall
are: Brick-laying, In-situ concreting, or Additive Manu-
facturing.

As part of the BIM-FIM process, model elements must
be further decomposed to represent each atomic compo-
nent explicitly. This is performed in the first step of the
assembly2part process. The result is the Fabrication Infor-
mation Model (FIM), which identifies the individual parts
of a building element and enriches them with fabrication-
level information. While the FIM describes what has to be
fabricated, it does not yet specify how robots should exe-
cute these operations. This is addressed in the subsequent
part2RobotAction process, where the FIM is augmented



planning & BIM

design
assembly2part
Design
IFC
Robot
Information

refine——  FIM

=)

refine—— REM

o |

part2robotAction

Construction
Actors

Robot

Humans

Sensors

Figure 2. The planning part of the Information Backbone for Robotic Construction supporting the refinement
process from BIM to FIM to REM. The different representation layers comprise specific services that provide

thorough methods for planning and steering.

with robot-specific actions that define the paths and oper-
ations required to assemble the elements. This includes,
for example, trajectory information that enables robots to
approach the parts and place them at their designated loca-
tions. The resulting representation is the Robot Execution
Model (REM), which is explicitly tailored to robot opera-
tion.

3.1.2 Execution: task dispatch, autonomy, and feed-
back

The execution phase starts once REM-level tasks are
dispatched to robotic agents. While the backbone pro-
vides task intent, parameters, and reconditions, robots
preserve local autonomy: they execute tasks using their
internal controllers and react to on-site conditions (e.g.,
obstacle avoidance). During execution, robots, sensors,
and human operators continuously provide status and ob-
servations back to the backbone, enabling monitoring and
triggering replanning when deviations occur.

3.1.3 Complexity of Framework

Within the framework, substantial information must
be processed, reviewed, enriched, and reconciled across
multiple components. However, the two transformation
processes assembly2part and part2RobotAction should
not be overloaded with planning decisions. Their pri-
mary role is model refinement: assembly2part decom-

poses BIM elements into fabricable parts and enriches
them with fabrication-relevant attributes (FIM), while
part2RobotAction augments these parts with candidate
robot actions, constraints, and execution-relevant param-
eters (REM). Decisions such as robot assignment, task
ordering, and start times are computed by a dedicated plan-
ning layer (e.g., allocation and scheduling services) that
evaluates robot capabilities and availability and, where
necessary, uses simulation to validate feasibility and re-
solve conflicts before dispatching tasks. Consequently,
BIM-to-FIM-to-REM is not a linear pipeline where each
step is executed only once. Instead, it is an iterative pro-
cess: planning and execution continuously produce status
reports and deviations that trigger selective updates and
replanning, which is reflected by the feedback loops (light
grey arrows) in Figure[2]

3.2 System Architecture

Building on the BIM-FIM-REM refinement framework,
we design a microservice-based backbone that enables the
modular integration of planning and execution compo-
nents, supporting heterogeneous robots, tools, and data
sources. The goal is to create a scalable platform that
can be extended per project while keeping responsibilities
separate and communication decoupled. To avoid mixing
responsibilities, we group services by phase: (1) planning
services that derive models and synthesize tasks, and (2)
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execution and monitoring services that connect to robot
fleets, collect feedback, and expose runtime state.

Extensibility is extremely important, as it enables the
addition of more robots, components, and other systems,
allowing the Backbone to be adaptable to the individ-
ual requirements of construction projects. Furthermore,
scalability is an important factor, allowing scaling to the
appropriate size of the project. Recognizing that robotic
fabrication within construction projects necessitates simu-
lating workflows beforehand to facilitate fleet management
and resource allocation in a cost-effective scenario.

The proposed system architecture comprises six core
components: the human operator, the user interface, web
services, the robotic agents, sensors, and data storage sys-
tems. Figure[3|illustrates these parts and their connections.
The user interface features a building model viewer that
allows users to visualize and interact with the digital repre-
sentation of the construction environment. The interface
is connected with the services, which execute and pro-
vide the information and computing. Each web service is
developed independently, resulting in a highly decoupled
structure that enables individual deployment and exten-
sion of the architecture as needed. Through a dedicated
Communication Stack, services and components exchange
messages, send feedback, interact, store data, and receive
information.

Specific system functionalities of the Backbone are del-
egated to dedicated web services. This modularization
enhances system scalability, promotes separation of con-
cerns, and facilitates parallel development by enabling
multiple contributors to work independently on distinct
components. Each microservice in the backbone is de-
signed with a single, clearly defined responsibility [9]].
The following describes an initial suggestion of services
shown in Figure[3] However, this system will be expanded
as needed.

3.2.1 User Interface

The Backbone will be accessible through the User Inter-
face, which provides the frontend for the other services. A
central component of the user interface is a Model-Viewer
that allows users to interact with the building model at
various levels of granularity. The viewer will support both
static inspection (e.g., design phase) and dynamic visual-
ization linked to task planning and execution. Addition-
ally, a specialized robot planning viewer will display either
the robot simulation results or the robot’s next planned ac-
tions in real time. This visualization is designed to support
human supervisors in monitoring progress, intervening as
necessary, and verifying the robot’s actions against the
construction model.
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3.2.2 Planning services

In this phase, the human operator is responsible for plan-
ning and controlling the construction process. The "Model
Provider”-Service handles everything related to model up-
load, validation, versioning, and conversions, storing raw
files in object storage and metadata in a database. The
”FIM Generator”-Service consumes the uploaded model
data and builds a queryable projection, featuring spatial
queries, relationships, and assignment of methods for
construction elements, explained in more detail in [13].
The ”Task Manager”-Service generates decomposed exe-
cutable activities based on the previously generated graph,
containing construction steps.

3.2.3 Execution services and monitoring

The “Fleet Registry”’-Service enables the registration
of new robots for the construction project, along with as-
sociated vendor fact sheets (including specifications and
capabilities) and URDF (Unified Robot Description For-
mat) models, allowing other services to retrieve consistent,
up-to-date robot information. Furthermore, the fleet reg-
istry keeps track of the availability of the robots on site,
so whether they are online, available, and their battery sta-
tus. The “Allocator’-Service receives information from
the "Task Manager” about incoming tasks, the simulation,
and the robots. It matches tasks with resources, and the
result is provided to the simulation, as well as the “Task
Manager” and the “Data Collector”. The ”Data Collec-
tor” collects various types of data, including sensor or
simulation results, and matches them with environmental
information, such as sensor data, providing it to the user
interface.

3.2.4 Communication Stack

As shown in Figure[3] the services need to communicate
with each other. The communication stack of the Back-
bone is structured into three distinct layers. At the highest
level, the Backbone Communication is implemented us-
ing a REST API, which enables communication between
external users and microservices to the Backbone. The
middle layer, Backbone-Robot Communication, is respon-
sible for exchanging messages between the Backbone and
the Robot-Network, as well as other external components,
such as sensors, to assign tasks to the robots and receive
feedback. This layer is realized using message streaming.
In our prototype, this streaming layer is instantiated using
Apache Kaﬂ<a[ﬂ where the backbone publishes task intents
and receives execution feedback via dedicated topics (4.2).
However, this workflow does not depend on Kafka; it can
also be replaced with a similar message broker such as

Thttps://kafka.apache.org/
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MQTT @ At the lowest layer, the Robot-Network Com-
munication handles communication between the robots
and their immediate network environment. This can be
achieved via a local mesh network.

4 Application Scenario

We demonstrate the framework and architecture in an
end-to-end prototype that transforms an uploaded IFC
model into robot-executable tasks and dispatches them
to a ROS2-based simulation. This example demon-
strates the abstract bridging processes assembly2part and
part2RobotAction, introduced in Section [3.I] imple-
mented in a concrete prototype. It was evaluated against
the following four main criteria. First, the ability to inte-
grate new robot types and add new services to the system,
for example, by introducing an “Analytics”-Service that
evaluates task status. Furthermore, we demonstrate that
we can interchange the uploaded model without requiring
changes to the services, while still sending tasks to the
robots. Additionally, the structure enables monitoring and
receiving feedback from all endpoints (robots, humans,
sensors), as well as visualizing them within a single, com-
bined interface. Lastly, we can send tasks to any type of
robot, as they are sent via a message broker and are not
bound to a specific robot operating system. The architec-

Zhttps://mqtt.org/

ture’s components are illustrated in Figure 3] comprising
three stages of the backbone: the User Interface, the Ser-
vices, and the robotic simulation. The system is deployed
using Docker containers, allowing dynamic execution and
scaling.

4.1 Planning phase

The User Interface (UI) provides a unified frontend in-
terface built with ReactPland a web viewer based on the
Xeokit frameworkﬂ From this interface, users can trigger
the complete BIM-FIM-REM pipeline. The IFC viewer
is connected to the "Model Provider”, which facilitates
uploading, storing, and loading IFC models into the back-
bone. Upon availability of a model, the ”"FIM Generator”
derives fabrication elements from the IFC data. Construc-
tion methods can be assigned or updated on IFC elements
within the viewer; these changes are propagated to the
graph via the "FIM Generator”, thereby updating the FIM
representation without requiring manual database interac-
tion [13]. The FIM alongside the IFC-Model is shown
in Figure 4 After the FIM representation has been gen-
erated, the “Task Manager” invokes a task worker that
computes activities from the graph and returns a set of
robot-executable tasks, published through Kafka.

3https://react.dev/
“https://xeokit.io/
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Figure 4. Insight in Frontend-Viewer alongside with
the FIM representation

4.2 Online Control in Execution: Backbone-Robot
Bridge

In the execution phase, a ROS2 node subscribes to the
task topic, translates backbone messages into robot com-
mands, and drives the simulation/execution environment.
Runtime status and feedback are propagated back through
the same bridge, allowing the UI to visualize the live ex-
ecution state and the backbone to trigger replanning if
required.

We use Kafka to decouple runtime execution from
planning and to avoid tight coupling between the backbone
and heterogeneous robot stacks. Task dispatch is handled
via a tasks topic, while runtime feedback is returned via a
status topic. Messages carry a unique task_id and link
execution events to FIM entities. Those tasks generated
by the “Task Manager” are forwarded to a dedicated
Kafka topic. Then the tasks are consumed by robot-side
clients (consumer groups) and translated to ROS2
commands. Status events follow a simple state model
(queued/accepted/executing/completed/failed)
and optionally include progress and error codes. Status
updates ensure that the planning interface reflects the live
execution state of the corresponding model elements.

5 Discussion and Conclusion

This paper aimed to address two questions: (RQ1) What
conceptual framework is required to capture the require-
ments of on-site robotic construction, and (RQ2) How
should a corresponding system architecture be designed
to enable the scalable integration and autonomous coordi-
nation of heterogeneous robotic and digital systems? The
framework (RQI1) is realized through staged refinement
from BIM to FIM to REM (Section @, enabling con-
sistent linking of model elements, fabrication parts, and
executable tasks.

Regarding RQ2, we implemented this framework as a
distributed, microservice-based architecture. The “Model
Provider”, "FIM Generator”, and “Task Manager” ser-
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vices are connected via REST APIs and an event-driven
exchange using Kafka. In this setup, the backbone speci-
fies what is to be done (task and preconditions), whereas
robots retain local autonomy in how they execute these
tasks and react to on-site conditions. The backbone de-
livers the task and core requirements, and the robots can
autonomously decide locally how to fulfill the task and re-
act to the on-site conditions. The prototype demonstrates
that this architecture can establish an end-to-end pipeline
from planning tools to construction robots, including task
generation, distribution, and feedback.

To provide initial feasibility test of this approach, we
implemented a minimal end-to-end prototype that con-
nects a web-based planning interface and a viewer to the
IBRC services and a simulated robot. As such, it pro-
vides evidence that the conceptual framework is expressive
enough to support an end-to-end BIM-FIM-REM pipeline
and that the reference architecture can realize this pipeline
in a modular, event-driven manner. However, it does not
yet constitute a comprehensive validation under real-world
conditions. Future work will therefore extend the back-
bone to support multi-robot collaboration, including task
allocation, reallocation, and joint execution. The geo-
metric processing capability will be enhanced to facilitate
faster processing and adaptability to various data formats.
The architecture will be validated on real projects, both
on-site and off-site, with multiple system partners.

Overall, the results suggest that an information back-
bone combining shared semantics with event-driven ex-
change is a promising basis for integrating diverse robotic
and digital systems at scale and coordinating them without
tight coupling. By providing a bridge from model to ac-
tion (BIM — FIM — REM) that is not tied to a particular
robot or software stack, the IBRC offers a viable starting
point for more modular, scalable, and autonomous robotic
construction workflows and a foundation on which subse-
quent work can build more specialized planning, control,
and analytics capabilities.
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