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Abstract. As autonomous agents increasingly operate on the Web, re-
searchers need reusable testbeds for controlled experimentation. Linked
Data (LD) environments support uniform hypermedia interaction and
have been used for the development of LD-based maze scenarios, suitable
for studying diverse agent architectures. We present MASE, a lightweight
LD-based maze environment customizable through SPARQL queries to
support diverse evaluation requirements across heterogeneous agent ar-
chitectures and experimental setups. MASE remedies limitations of exist-
ing implementations by enforcing embodiment- and interaction-related
constraints, attributing each state change to the request and rules that
caused it, and providing an event-driven visualization to support devel-
opment and reduce entry barriers.
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1 Introduction

Autonomous agents are increasingly joining, navigating, and acting on the Web,
exploiting its resource-rich, long-lived, world-scale environment enabled by ma-
ture Web standards. While designing agents that access Web tools and infor-
mation sources offers benefits, Hypermedia Multi-Agent Systems (hMAS) [10]
take a step further: hMAS are designed to inherit the openness, longevity, and
scalability of the Web by aligning with its architectural principles and lever-
aging W3C standards such as the Linked Data Platform [23] and the Web of
Things (WoT) Architecture [16]. For example, hMAS subsume MAS whose en-
vironments are represented as named RDF graphs and manipulated through
well-defined operations, allowing for navigation based on the Linked Data (LD)
principles (e.g., [4,9,11]).

To test and evaluate such Web-based MAS without the complexity and lim-
ited accessibility of real-world deployments, LD environments are frequently used
as testbeds [5]. These prominently include maze-like grid worlds [1,22] that pro-
vide lightweight, controllable settings for prototyping and comparing diverse
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agent architectures. For example, they have been used to study agents integrat-
ing elements from rule-based [22,21], BDI [3,19,20], predictive AI [3], stigmergy-
based [22,19] and Large Language Model (LLM)-based architectures [21]. This
diversity arises both at the level of MAS situated by heterogeneous agents, and
at the level of individual agents, which combine elements from multiple archi-
tectural paradigms, therefore, highlighting the relevance of LD-based testbeds
for both hybrid MAS and hybrid agent architectures, while the maze analogy
offers a simple yet appropriate setting for Web navigation. Such testbeds also
enable the investigation of hybrid agent architectures that combine the flexibil-
ity of LLM agents with well-formalized cognitive design patterns (e.g., [14,15]),
and can mitigate the cost, controllability, and uncertainty issues of LLM-centric
environments [6,7,18].

However, current implementations for LD testbeds have limitations that pre-
vent their broader applicability in this context. This includes insufficient con-
sideration of agent embodiment, therefore, preventing studies on access control
constraints, physical constraints, agent observability, and exploitation of environ-
mental interaction guidance through HATEOAS (cf. [13]).1 Additionally, they do
not track action causality, complicating debugging; and they offer only limited
environment customizability, restricting experiment design.

To remedy these limitations, we present MASE, a LD Multi-Agent Systems
Maze Environment2, which builds on existing LD testbed approaches and ex-
tends them with (i) an extensible environment model that supports the design of
custom types of interaction, (ii) constraints that enforce embodiment of agents
in the maze, and (iii) an event-driven visualization of changes in the maze state.

2 Related Work

Maze scenarios have proven to be accessible across heterogeneous agent types,
including reactive agents, language agents [21], BDI agents [20], humans [1].
In the context of LD environments, the Web can be viewed as a graph of re-
sources (named RDF graphs) connected through links and manipulated through
HTTP operations [9]. Maze environments instantiate this abstraction by model-
ing traversable connections between cells as RDF links, analogous to hyperlinks,
and by exposing navigation and interaction opportunities as hypermedia affor-
dances [2,4].

Building on this analogy, [21] implements a LD testbed by integrating the
Graph Store and API infrastructure from the Building on Linked Data (BOLD)
framework [17] with the scenario of the maze ontology introduced in [1]. The re-
sulting environment simulates 2D mazes as collections of cells, where each cell is
a resource described as a named RDF graph. Agents navigate by issuing HTTP
GET requests to exploit hypermedia affordances that represent connections be-
tween adjacent cells following cardinal directions [1]. The shortest path from
start to exit is signified by RDF triples that annotate the relevant connections
1 For further relevant aspects to consider with respect to agent embodiment, cf. [8].
2 Available at https://github.com/stefanmhsg/mase

https://github.com/stefanmhsg/mase
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as“green”. In addition, connections are controlled through key-lock mechanisms
representing state-changing affordances: RDF triples that model keys may be
discovered in a cell’s graph and can be added to a locked cell’s graph through
HTTP POST requests; this unlocks the lock and reveals a connection to a neigh-
boring cell (cf. [21]). Condition-action rules are executed in a continuous loop to
materialize changes after a matching key was added to a locked cell.

In contrast, BOLD provides virtual time increments that trigger environ-
ment updates since it supports benchmark runs over a reproducible sequence of
discrete dataset states [17]. Both approaches (i.e., [21] as well as [17]) decouple
environment state changes from individual agent requests, although request-
triggered state changes are characteristic of real Web environments (and specif-
ically of WoT environments) and important for studying agent interaction and
navigation under genuine asynchronous conditions. In addition, navigation via
HTTP GET does not allow changes in the state of the environment [12]. There-
fore, such approaches cannot enforce embodiment-related constraints, which are
central in the MAS field [8]. Finally, the potential of maze scenarios to visualize
interaction and navigation effects—thereby supporting inspection and debugging
for iterative Web agent development—has not been realized yet.

3 MASE: Linked Data Maze for Hypermedia MAS

The Linked Data Multi-Agent Systems Maze Environment (MASE) retains the
core idea and principles of the LD maze abstraction and existing implementations
(see Section 2). It loads a set of named RDF graphs into a mutable repository
and exposes HTTP operations for creating, accessing, modifying, and deleting
these graphs. Each graph corresponds to a cell in a 2D maze with traversable
connections between adjacent cells represented in RDF. From [21], MASE retains
the key-lock mechanism as described in Section 2 as well as the underlying maze
datasets with signifiers annotating the ideal route. MASE provides an additional
feature for introducing persistent stigmergic markers into the environment that
denote the number of times a connection has been used (cf. [24]). After initializa-
tion of the environment and during processing of agent requests, MASE executes
SPARQL Update queries to evolve the environment based on predefined rules.
Additional SPARQL queries can be defined to extend the environment dynam-
ics, for instance, allowing the environment to evolve in response to the effects
of agents’ operations. For example, Listing 1.1 in Appendix A shows the rule
for adding stigmergic markers. Following this model, the maze can be further
extended to accommodate scenarios from different research communities.

To interact with MASE, agents issue an HTTP GET request to perceive the
entry-point cell and discover navigation options. MASE enforces embodiment-
related constraints on the server side by validating HTTP requests from agents:
This is done by embodying agents as RDF triples in the graph of the cell that
corresponds to their current location. Agents can then perform HTTP GET and
POST operations on resources corresponding to their current location, with the
only requirement that agents identify themselves by providing their name via
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Fig. 1. MASE Viewer with current maze state (left) and event log (right).

the authorization header. To navigate, agents POST an RDF triple to their tar-
get cell—such access requests are validated by the MASE access control mech-
anism by checking whether the claimed source cell matches the agent’s current
location and whether a traversable connection exists in the maze. If the request
is accepted, MASE updates the agent’s location during rule execution and the
agent becomes embodied in the target cell; the HTTP call returns either suc-
cess or failure to the agent. In contrast to time-driven or loop-based simulations,
MASE executes environment updates as part of request processing, after a re-
quest has been validated and before a response is returned; the execution model
hence corresponds to typical Web service behavior, while state changes are im-
mediately perceivable also to agents operating with very short reasoning cycles.
State changes in the environment can be causally attributed to agent interac-
tions, which enables precise analysis of agent behavior and interaction effects in
multi-agent settings.

MASE provides a front end for visualizing the maze with event-driven up-
dates received via WebSocket. It displays the positions of agents and other items
in the maze. MASE introduces a custom user interface vocabulary to define the
visual appearance of items in RDF. Style information is provided as RDF triples
within the dataset and can be changed during rule execution as well, enabling
new items to be displayed without the need to adjust the front end or event
handling. An event log lists all transactions performed on the dataset with an
expandable view to see which RDF triples have been added or removed based on
which HTTP request or SPARQL query. The visualization of MASE is shown in
Figure 1. We think this form of visualization enables proximal use of the envi-
ronment, for example in teaching settings, where agent behavior and interaction
effects can be observed directly. Finally, we note that MASE provides an envi-
ronment without predefined performance metrics; hence, it is not a benchmark
by itself. Nevertheless, its request-based execution model and event log enable
the measurement of a variety of evaluation metrics, including success/failure of
reaching the goal cell, number of requests, successful/failed moves, number of
unlocked cells, path length, and elapsed time.
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A Appendix

1 PREFIX dyn: <https://paul.ti.rw.fau.de/~am52etar/dynmaze/dynmaze#>
2 PREFIX maze: <https://kaefer3000.github.io/2021-02-dagstuhl/vocab#>
3 PREFIX sm: <https://example.org/stigmark#>
4

5 INSERT {
6 # Origin Graph: Stigmergy marker creation
7 GRAPH ?oldGraph {
8 ?oldGraph sm:hasMarker ?newMarker .
9 ?newMarker a sm:Marker .

10 ?newMarker sm:contains _:node .
11 _:node sm:refersTo ?targetGraph .
12 _:node sm:quantitative 1 .
13 }
14 }
15 WHERE {
16 # the move event
17 GRAPH ?targetGraph {
18 ?agent dyn:entersFrom ?oldGraph .
19 }
20

21 # find the cell the agent is currently in
22 GRAPH ?oldGraph {
23 ?oldGraph maze:contains ?agent .
24

25 # ensure marker does NOT already exist
26 FILTER NOT EXISTS { ?oldGraph sm:hasMarker ?anyMarker }
27 }
28

29 # create new marker IRI
30 BIND(IRI(CONCAT(STR(?oldGraph), "#marker")) AS ?newMarker)
31 }

Listing 1.1. Example of a SPARQL Query that inserts an initial stigmergic marker
when the first agent leaves a cell.
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