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Abstract
Conceptual models are widely used to design and control robotic tasks. Existing modeling environments in
robotics are usually two-dimensional and separated from robot avatar simulations. This makes it difficult to
represent spatial aspects of robotic behavior such as the robot’s position and movement. We introduce a browser-
based virtual reality environment that combines immersive Petri net modeling, execution, and synchronized
robot behavior visualization. Users can create, modify, and execute Petri net models directly in virtual reality.
The execution of the Petri net is connected to a robot avatar, which performs corresponding actions such as
movement, pick, and place operations in real time. This way users can directly observe how the execution of a
conceptual model translates into robot behavior.
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1. Introduction

Programming robots to execute tasks can become challenging for non-experts due to the complexity
of the robotic domain. To manage this complexity, model-driven approaches are increasingly used in
robotics for task planning and execution, e.g [1, 2, 3]. Robot actions and their dependencies are then
represented using formal or semi-formal models, which make the tasks easier to design, analyze and
execute [4]. Similarly, virtual reality (VR) has also become a tool for robot programming [5]. Furthermore,
modern web technologies such as Three.js and WebXR make it possible to create interactive 3D and VR
applications directly in the browser without the need for a standalone application. Approaches such as
spatial conceptual modeling [6] and the MM-AR metamodeling platform [7, 8] demonstrate how these
technologies can be used to build accessible, immersive, three-dimensional modeling environments.

However, these developments have taken place rather independently of one another. Current
approaches for designing robotic tasks interactively have several limitations: a. existing visual modeling
approaches in robotics rarely use 3D representations, so users cannot create and interact with models in
a three-dimensional or immersive environment [3]; b. VR-based robot programming systems typically
have the user control the robot avatar directly, for example by manipulating a digital twin of the
robot, rather than executing a conceptual model that drives the avatar’s behavior; c. technologies
such as WebXR and Three.js enable the creation of browser-based immersive environments based on
open standards without commercial engines, but have rarely been applied to conceptual modeling and
execution scenarios in robotics.

We present a modeling approach based on Petri nets. Although alternatives, such as BPMN, have
been explored in previous works, we chose Petri nets because they are an established option for such use
cases and have well-defined execution semantics and a simple notation. To the best of our knowledge,
this paper presents the first web-based virtual reality environment that integrates immersive Petri net
modeling, model execution, and synchronized robot behavior visualization.

The remainder of this paper is structured as follows. Section 2 reviews related work on Petri nets for
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robotic tasks, immersive conceptual modeling, and VR-based robot programming, and introduces the
foundations our approach builds on. Section 3 presents the spatial extension of Petri nets and the design
and implementation of the browser-based VR environment. Section 4 describes the pick-and-place
scenario used for the demonstration. Section 5 discusses the results and outlines future work.

2. Related Work & Foundations

Petri nets are an established formalism for specifying and executing robotic tasks. For example, Costelha
and Lima use Petri nets to model, analyze, and execute task plans based on the current state of the Petri
net and sensor data [4]. Ebert et al. propose distributed runtime Petri nets for model-driven robotic
applications in ROS [9]. Other approaches use Petri nets to generate robot control code [10] or to
optimize robot motion plans [11]. However, these approaches rely on traditional 2D modeling tools or
execute models without immersive visualization. More advanced techniques, such as 3D visualizations
of models or explicit representations of orientation and direction, are rarely used in robotics [3].

Although not specifically applied to robotics, several approaches investigated three-dimensional
or immersive conceptual modeling. Oberhauser et al. propose a concept for the visualization of and
interaction with BPMN models in VR [12]. Abdul et al. combine 3D visualization of BPMN models
with token-based execution [13]. Other systems allow users to create or manipulate UML models
within virtual environments [14] or enterprise models in immersive settings [15]. VR has also been
explored for robot programming. For example, Gorzelak and Grzejszczak present a VR environment for
programming robot motions through direct manipulation of a robot arm [5]. Douthwaite et al. propose
a interactive virtual representation of a robot through VR for safety analysis and control [16].

Our approach builds on spatial conceptual modeling, which integrates spatial computing concepts into
conceptual modeling at the metamodeling level, so that coordinates, transforms, and 3D representations
become part of the modeling language rather than of a particular tool [6]. Borcard and Fill apply this to
robotics through a metamodel for the Unified Robot Description Format on the MM-AR platform, linking
a BPMN pick-and-place process to the structure of a 6-DoF arm [17]. They note that the languages
commonly used for robot behavior, including Petri nets, lack inherent concepts for three-dimensional
space, which is the gap our prototype addresses.

3. Design and Implementation of Our Approach

Our approach supports the creation of Petri Net models in 3D, consisting of places, transitions, arcs,
and tokens. Places represent system states or conditions and contain tokens that indicate the current
state of the system. Transitions define actions that change the system state when they are executed.
Arcs connect places and transitions and define the flow of tokens through the system. Places are
represented as spheres, transitions as rectangular boxes, and arcs as directed arrows. Tokens are
displayed inside places, and labels and arc weights are shown next to the corresponding elements.
Places with different semantic roles are colored differently to distinguish them. Following standard
Petri nets semantics, a transition is enabled if all its input places contain at least the number of tokens
required by the corresponding arc weights. Firing an enabled transition consumes tokens from input
places and produces tokens in output places. Our approach extends standard Petri nets with:

• A role assigned to each place (end-effector position, end-effector state, or object state).
• A capability assigned to each transition (move, pick, place).
• A 3D position assigned to places and transitions.

The 3D position serves two purposes. It determines for each element where the element is placed
in the virtual environment. For places with the end-effector position role, it is in addition interpreted
as the target position of the robot: firing a move transition moves the end-effector to the position
of the transition’s output place. Repositioning such a place by drag-and-drop therefore changes the
executed robot trajectory and not only the layout of the model. The robot can thus be seen as interacting
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Figure 1: Architecture of the web-based VR environment.

with the model itself by moving between the positions defined by the Petri net, which improves the
understanding of both the model structure and its execution. The prototype has been implemented
as a web-based client-server application following a distributed MVC architecture. Figure 1 shows an
overview of its main components.

The backend is implemented in Node.js with the Express framework and holds the model. The Petri
net loader parses a JSON-based Petri net into the internal data structure. The Petri net engine determines
the enabled transitions, executes them according to the firing semantics, and applies the operations for
creating, deleting, and editing elements. The REST controller exposes both through an HTTP API.

The frontend is implemented with Angular and holds the view and the controller. The Interaction
controller translates inputs from the VR controllers and the mouse into API calls and updates the scene
with the state returned by the backend. The VR scene renderer builds and manages the 3D scene with
Three.js and uses WebXR for the VR capabilities in the browser. Three components are rendered inside
this scene: the Petri net visualization, the robot avatar visualization, which loads the robot geometry
from a URDF file, and the VR user interface for the control and property panels.

3.1. Model Interaction

A virtual control panel is positioned next to the model. It dynamically displays the transitions that are
enabled in the current state of the system, so users can fire transitions by clicking the transition buttons.
Users can interact through both a mouse and VR controllers. In immersive mode, a ray is projected
from the controller into the scene. Raycasting is used to determine which UI button or model element
is selected. The control panel provides additional buttons for the following modeling operations: (i)
creating places and transitions; (ii) connecting places and transitions through arcs; (iii) repositioning
model elements through drag-and-drop; (iv) deleting places, transitions, and arcs; (v) editing labels,
token counts, roles, capabilities, and arc weights; (vi) resetting the simulation to the originally loaded
model; (vii) saving the current model as a JSON file.

When editing properties of the model elements, a second virtual panel is displayed. Text attributes
are modified through a virtual keyboard, while token counts and arc weights are entered with a numeric
keypad. An overview of the environment in a browser-based VR emulator is shown in Figure 2.

3.2. Robot Avatar and Model Execution

A six-degree-of-freedom robot arm defined using the Unified Robot Description Format (URDF) is
integrated into the virtual environment. Its behavior is triggered by the capabilities of the executed
Petri net transitions. For a move transition, the frontend takes the corresponding output place as the
robot target position. The required joint configuration is computed using the Cyclic Coordinate Descent
inverse kinematics method [18] so that the robot movements are smoothly animated. The pick and
place capabilities currently provide visual feedback by temporarily changing the color of the robot’s
final joint, since the prototype does not yet include a representation of the gripper. Each fired transition
therefore updates both the Petri net state/marking and the corresponding robot behavior.



Figure 2: Virtual environment and corresponding physical robot. Left: Browser-based VR user interface with
a Petri net, a robot avatar, and control panels. The colors of places indicate their role: green for end-effector
position, blue for object state, and yellow for end-effector state. Right: Physical robot with matching pose.

4. Demonstration

The prototype is demonstrated using a robotic pick-and-place scenario. A predefined Petri net controls a
robot avatar that moves towards an object, picks the object, moves to a destination, and places the object.
The demonstration includes: Execution of transitions and token flow; synchronized robot movements;
execution of the pick and place capabilities; drag-and-drop repositioning of a place; execution of the
modified model; creation, and editing of a model element. The prototype is demonstrated using a Meta
Quest 3 headset and can also be executed in desktop mode or through the browser-based VR emulator.
The screencast with English voice-over, source code, and archived prototype are available online1.

5. Conclusion

In this paper, we presented a browser-based virtual reality environment for immersive Petri net modeling,
model execution, and synchronized robot behavior visualization. The prototype demonstrates how
executable conceptual models can be directly linked to observable robot behavior within a single
immersive environment. Future work includes improved VR interaction and connecting the virtual
robot avatar to a physical robot.

Declaration on Generative AI

ChatGPT and DeepL were used to assist with text condensation, spelling, grammar, and language
refinement. These tools did not influence the content, the design, or the results of this work.
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