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—— Abstract

Computational models of human navigation have largely followed sequential decision paradigms,

treating planning, perception, and movement as discrete models. In contrast, evidence from spatial
cognition and neuroscience indicates that navigation arises from multiple interacting processes
operating concurrently. Building on a previously proposed architecture, this paper advances
a modelling framework that explicitly represents such concurrency and process interaction, and
examines its implications for agent-based simulations of spatial decision-making in human navigation.
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1 Human Navigation encompasses concurrent processes

Navigation in spatial environments cannot be reduced to a single decision-making process.
Instead, navigation behaviour emerges from the interaction of multiple cognitive and sen-
sorimotor processes, including perception, route planning, orientation, path following, and
movement [17, 5, 24]. These processes operate at different spatial and temporal scales and
continuously influence one another during navigation [1]. In addition, they are based on
different representations of the spatial context at multiple levels of abstraction [27, 26].

For agent-based simulation, this implies that realistic models must account for the simul-
taneous and ongoing interplay between higher-level wayfinding and lower-level locomotion,
rather than treating these processes as independent or sequential stages of the overall nav-
igation process. However, most existing agent-based approaches to simulating navigation
rely on architectures derived from the sense-plan—act paradigm [23]. These architectures
typically impose a sequential control structure or introduce hierarchical dependencies between
behavioural levels. As a result, they struggle to represent navigation as a dynamic, situated
activity in which processes such as movement, re-orientation, and route-(re)planning occur
in parallel and interact continuously. While hybrid models combine planning and reactive
movement, they often do so within tightly coupled or centrally controlled frameworks. What
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remains largely unsupported is an explicit representation of navigation as a set of concurrent
processes across scales that can operate independently while still interacting through the
spatial context.

In this paper, we report on our progress in representing and simulating human navigation
as interacting concurrent processes (routing, path following, orienting, moving) using shared
states (places, paths, route) as interleaving principle. By shifting the focus from isolated
decisions to interacting processes, we argue for a new generation of agent-based models for
spatial behaviour that better reflect the complexity of human navigation. We expect to
contribute to Spatial Information theory by introducing a conceptual and methodological
framework for modelling human navigation as a set of explicitly represented, interacting
concurrent processes, and demonstrating its implications for agent-based simulations of
spatial decision-making.

The paper is structured as follows: After a short review of computational models of
human navigation in section 2, we discuss the approaches for modelling concurrent processes
and their interactions (section 3), and present our approach for modelling and simulating
human navigation as loosely coupled processes coordinated through informational states
(section 4). We then discuss the current state of the research (section 5) and present our
(preliminary) conclusions as well as some future work in section 6.

2 Modelling Human Navigation

Research on human navigation spans cognitive science, geography, robotics, and simulation,
yet remains fragmented with respect to computational process modelling. Reviews of spatial
memory (e.g., [16]) emphasize internal representations, while pedestrian and crowd models
(e.g., [12, 18]) focus on movement dynamics and local interactions. Behavioural accounts [8]
describe navigation as a multi-stage activity, but are rarely formalized computationally. In
contrast, robotics approaches (e.g., [25]) provide explicit computational frameworks, yet
typically rely on sequential sense-plan—act architectures. Agent-based models integrate
cognitive and environmental factors (e.g., [3, 6]), but generally adopt modular or staged
designs. Across these strands, navigation is decomposed into components, but not modelled
as a system of interacting, concurrent processes.

While many computational models acknowledge that behaviour emerges from multiple
interacting processes, they rarely treat these processes as explicitly concurrent at the archi-
tectural level. Early cognitive models such as NAVIGATOR [9] and PLAN [2] decompose
navigation into functional components, but implement them largely as sequential reasoning
steps without continuous interaction with locomotion. More recent pedestrian simulations
— such as those by Kneidl et al. [14], Gath-Morad et al. [7], and Kielar et al. [13] — intro-
duce multi-layered structures that separate high-level routing from low-level movement.
These approaches implicitly recognize concurrency, for example by combining path planning
with reactive collision avoidance, yet interactions remain tightly coupled or hierarchically
controlled.

The work of Torrens [28] is particularly notable in this context. His agent-based framework
integrates path planning, environmental perception, and locomotion within a unified system,
enabling dynamic adaptation to context and other agents. However, even here, concurrency
is realized through tightly integrated modules within a single decision framework rather than
as independent, asynchronously operating processes.
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In contrast, the approach proposed in this paper treats concurrency as a first-class mod-
elling principle: navigation is represented as a set of loosely coupled processes operating in
parallel and interacting through shared state, rather than through centralized control or se-
quential coordination. This distinction enables a more transparent and flexible representation
of the interdependencies that characterize human navigation.

The spatial scale addressed in this paper is the local scale of individual navigation.
The framework is concerned with agents moving through environments such as buildings,
campuses, parks, street networks, or neighbourhood-scale settings, where navigation involves
route following, orientation, perception of local cues, and possible adjustment of movement or
route-related decisions. It is not primarily aimed at regional transport modelling, large-scale
activity scheduling, or aggregate travel-demand forecasting, although such models could
provide higher-level constraints or destinations.

3 Modelling concurrent processes and their interactions

Concurrent processes in core computer science are commonly modelled using formalisms
from distributed systems [29]. There, a basic distinction is made between message-based
and shared-memory-based paradigms. In message-based modelling languages, such as
Communicating Sequential Processes or the m-calculus, processes exchange information
through explicit communication, whereas shared-memory approaches coordinate processes
through common variables. Communicating automata similarly model interaction by showing
how messages or events trigger transitions and produce further events. For modelling
concurrent processes within one agent’s decision-making, however, the key issue is not the
communication mechanism itself, but the dependencies between processes: information needs,
enabling conditions, and required updates. In a message-based approach, process A sends
information to process B; in a shared-memory approach, process A writes information to
a variable that process B monitors. In both cases, the relevant contribution is to make
inter-process information dependencies explicit.

Thus, for the level of abstraction that is relevant here, the shared memory-based approach
appears to be more appropriate. Clearly, we ignore issues related to performance, robustness
or the complexity of synchronizing shared access avoiding race conditions. At this level
of abstraction, the major languages to capture process behaviour and interaction mostly
associated with state changes with explicit conditions (events) are Petri-Nets and more basic
statechart-like languages that allow to formulate more condition-driven coordination between
concurrent processes.

Petri nets [22], in particular in their condition—event interpretation, model system beha-
viour in terms of conditions represented by places and events represented by transitions, with
tokens placed in condition nodes indicating the current state of the system. A transition is
enabled when all required input conditions are satisfied (have a token), making dependen-
cies between process steps explicit. While this provides a precise representation of causal
relationships, it is not always easy to distinguish clearly how different concurrent processes
develop due to the tight coupling between overall system state representation and conditions
for process progression.

Another language that occurs in the context of modelling concurrent processes — more for
verification — is TLA+[15]. Tt is a state-based specification language based on temporal logic
that characterizes overall system behaviour in terms of transitions between states given logical
constraints. Transitions happen based on actions from different concurrent processes. While
it can be used to model concurrent processes, it does not provide an explicit notion of process
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structure, instead it captures concurrency implicitly through nondeterministic interleaving of
enabled actions. Yet, we need explicit representation of interdependent processes and their
progression, not just constraints on global behaviour.

Statecharts extend classical automata-based models by introducing hierarchical struc-
turing, explicit support for formulating multiple loosely coupled processes that advance
concurrently combined with condition-based transitions between different (sub-)process
states. Those transitions can be guarded by conditions using the overall agent’s informational
state, enabling the explicit specification of dependencies between processes. Variants of
statechart-based modeling are widely used in software engineering practice including the
original formulation by D. Harel [10] to UML state machines [19].

A related question refers to how the agent’s informational state — representing the shared
memory for the concurrent processes — can be represented. In a simple object-oriented
agent implementation, this may be represented as agent-level variables that are read and
updated by the different concurrent internal processes. More elaborate agent architectures
may use a belief base, in which information about the agent, its environment, and relevant
contextual knowledge can be represented explicitly, often using some logic-based language as
in BDI-type of architectures [21]. A further alternative is a blackboard architecture, where
the shared state is more like a common problem-solving workspace [11]. Tuple-space models,
such as Linda, provide a related coordination mechanism in which processes interact through
a shared repository of structured data items [20]. Finally, publish-subscribe infrastructures
(as in ROS) can be used when processes should remain more decoupled: rather than directly
accessing shared variables, processes publish updates and subscribe to information types or
events relevant to their own progression. These alternatives differ mainly in how explicit,
structured, and decoupled the shared informational state is. Agent-level variables are simple
and efficient but provide little semantic structure. Belief bases and blackboard systems make
the informational content more explicit and extensible. Tuple spaces and publish—subscribe
mechanisms further decouple information producers and consumers, but may introduce
additional architectural complexity.

4 Proposed Approach for Simulating Concurrent Processes for Human
Navigation

Our approach is conceptually related to blackboard architectures [11], in which multiple
independent processes interact through a shared state without a fixed control sequence. While
such architectures are no longer widely used as a software engineering paradigm, their core
principle of state-mediated, opportunistic interaction remains influential in contemporary
models of cognition and distributed systems.

We conceptualize the core navigation of pedestrians as consisting of at least four processes,
i.e., routing, path following, orienting (also called self-localization), and walking, as originally
suggested by Downs and Stea [4]. Figure 1 shows the conceptual model underlying each of
the core navigation processes. It demonstrates how routing, path following, orienting, and
walking each carry out their own reasoning, from surface-level motion, called walking, to
abstract graph routing. This also implies different spatial representations for each reasoning
process, shown on the right side of figure 1.

The orienting process stores orientation information in a memory structure, which is also
used to compare locations, and checks if the goal place is reached. In the walking process,
the agent moves from a starting location to a goal location on a surface. The path following
process is based on concepts of places, path segments as connections between places, and the
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Figure 1 Conceptual model of behavioural processes and corresponding spatial representations.

notion of path as a connected series of path segments; finally, the routing process uses vertices,
links, and the notion of a route. The path following process accesses metric information in
its places and segments while the routing happens on a graph (seen as a purely topological
structure). Locations are abstracted to places, some of which are abstracted to vertices. The
surface in the walking process is simplified to a segment and a list of segments is abstracted
to a link.

The conceptual model mostly follows the ideas of Downs and Stea [4] with the exception
of the process of route monitoring. In this instance of our model, route monitoring consists
of determining if the current position is consistent with being on the planned path. We
suggest to integrate this process into the orienting process, with the monitoring being the
comparison between the current and the planned orientation.

A key conceptual step is the stratification of behavioural processes. This separation is
maintained by restricting interactions to shared agent or process states. Navigation is thus
decomposed into four concurrent, theory-grounded sub-processes, forming the basis of our
simulation.

Conceptualizing navigation as a set of concurrent, interdependent processes requires
appropriate computational support. We implement the model in SeSAm*, which natively
supports concurrency through multiple statecharts, termed reasoning engines. Each reasoning
engine encodes a single behavioural process at the agent level. Multiple engines can be
active concurrently, enabling loosely coupled processes without enforced synchronization.
The architecture is explicitly designed for agents engaging in concurrent activities (e.g.,
negotiating while executing a task).

The execution of concurrent processes is technically interleaved across atomic update
cycles in randomized order, leaving process scheduling uncontrolled. This necessitates explicit
coordination via shared informational states, aligning well with our design principle of process
separation. The model code is available online on GitHub?.

Figure 2 shows the four reasoning engines and the six shared state variables mediating
their interactions. Processes influence one another indirectly via these variables (e.g., path-
related information), avoiding centralized control. This preserves behavioural modularity.

! http://simsesam.org/
2 https://github.com/GeosavvyAgents/concurrentNavigationProcesses
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Figure 2 Four processes and their interaction with six state variables shown in green (state is
true) and in orange (state is false).

Processes are conditionally activated and, once active, proceed concurrently. Each reasoning
process can be replaced by alternative models or algorithms, provided they adhere to the
same interface via shared state variables.

5 Discussion

The proposed framework reconceptualizes navigation as a set of concurrent processes co-
ordinated through shared informational states, rather than sequential decision stages. This
enables a more faithful representation of navigation as a continuous, situated activity in which
perception, orientation, and movement interact dynamically. By decoupling processes and
making dependencies explicit via shared state variables, the approach increases transparency
compared to tightly integrated architectures.

The use of loosely coupled reasoning engines introduces a form of modularity that supports
substitutability. Individual processes — such as routing or orientation — can be replaced
by alternative models without requiring changes to the overall architecture, provided they
conform to the shared state interface. This suggests a pathway toward reusable modelling
patterns for navigation behaviour.

At the same time, this design introduces new challenges. The coordination of processes
is no longer enforced by a central control structure but emerges from the correct design
of shared state variables and enabling conditions. As a result, model validity depends
critically on identifying appropriate informational states and their semantics, which remains
a domain-specific and non-trivial task.

Finally, while the framework captures concurrency at the architectural level, the current
implementation remains a proof of concept. The behavioural richness of individual processes
is still limited, and their empirical grounding requires further investigation. Thus, the main
contribution lies in the structuring of interaction rather than in the sophistication of the
underlying behavioural models.
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6 Conclusions and future work

This work-in-progress paper introduced a conceptual and computational framework for
modelling human navigation as a set of interacting concurrent processes. By treating
concurrency as a first-class modelling principle and coordinating processes through shared
informational states, the approach provides an alternative to sequential and hierarchically
structured agent architectures. The implementation in SeSAm demonstrates the feasibility
of this design and highlights its potential for representing navigation as a dynamic and
distributed activity.

Future work will proceed along three main directions. First, the individual reasoning
processes will be extended with empirically grounded models from spatial cognition, enabling
more realistic behaviour. Second, we aim to systematically identify and formalize the
shared informational states required for coordinating concurrent processes, with the goal
of developing reusable modelling patterns. Third, the framework will be evaluated through
simulation experiments, including comparisons with sequential architectures to assess its
impact on behavioural realism and explanatory power.

In the longer term, the proposed approach may contribute to a broader rethinking of
agent-based models of spatial behaviour, in which decision-making is no longer conceptualized
as a sequence of choices but as the emergent outcome of interacting processes operating
across multiple temporal and representational scales.
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