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Abstract

Current in-vehicle conversational agents lack
awareness of the driving situation, treating all
dialogue alike regardless of cognitive demands.
This paper presents a modular experimental
platform that integrates the CARLA driving
simulator with a real-time spatial-reasoning en-
gine to support research on situation-aware dia-
logue. The system enables Wizard-of-Oz stud-
ies in which human operators control conversa-
tional agents informed by live spatial-semantic
analysis of the traffic environment. As initial
validation, a controlled study (n = 10) tested
the platform’s sensitivity to conversational load
effects, examining whether increasing conver-
sational complexity produces a vanishing point
of attention, a threshold where combined con-
versational and driving demands lead to a non-
linear collapse in performance. Results re-
vealed a sharp rise in collisions and missed
hazard detections under high cognitive load,
confirming the platform’s sensitivity to conver-
sational strain. The platform provides a repro-
ducible testbed for investigating how dialogue
timing, content, and environmental demands
interact, offering a foundation for designing
adaptive, cognitively safe in-vehicle conversa-
tional systems.

1 Introduction

Conversational agents (CAs) in vehicles promise
enhanced safety and reduced workload, yet current
implementations treat all dialogue equally regard-
less of the situation and the driving demands. This
inability to adapt conversation based on situation
and context is a fundamental limitation that cre-
ates a critical safety risk we term the vanishing
point of attention: the threshold where conversa-
tional demands overwhelm driving resources, lead-
ing to catastrophic performance failure. This paper
presents an experimental platform that integrates
the CARLA driving simulator (Dosovitskiy et al.,
2017) with a real-time spatial reasoning engine to
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support systematic investigation of situation-aware
dialogue strategies. The platform addresses the gap
between current static CAs and the dynamic na-
ture of driving by providing real-time situational
awareness capable of modulating conversational
behaviour in response to evolving traffic and driver
conditions. The system is grounded in a struc-
tured discourse model that represents dialogue as
a sequence of issues under discussion, each linked
to situational events such as approaching intersec-
tions, route changes, or external interruptions. This
model provides the conceptual foundation for man-
aging key mechanisms for cognitively sensitive
driver interaction, such as dialogue timing, pausing,
and resumption. The platform supports Wizard-of-
0Oz (WoZ) studies in which human operators con-
trol conversational agents informed by continuous
spatial-semantic analysis of the simulated driving
environment. This approach makes it possible to
explore adaptive dialogue policies before full au-
tomation becomes technically feasible.
The key contributions are:

1. A reproducible technical framework integrat-
ing the CARLA high-fidelity driving simula-
tion with real-time spatial reasoning, provid-
ing a testbed for the development and evalua-
tion of discourse-level dialogue management
and attention-aware dialogue strategies.

. Experimental validation (n=10) demonstrat-
ing the platform’s sensitivity to conversational
load, revealing a pronounced, non-linear rise
in collision frequency and severe degradation
in hazard detection under high conversational
complexity.

The platform provides researchers with a con-
trolled yet realistic environment to address a critical
question: how can in-vehicle conversational agents
regulate their behaviour to prevent drivers from
crossing the vanishing point of attention?
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2 Background and related work

Understanding how CAs interact with the demands
of real-world driving requires grounding in two
complementary areas: the cognitive psychology
of multitasking, and the technical evolution of in-
vehicle dialogue systems. This section reviews the
mechanisms by which conversation imposes cog-
nitive load on drivers, the limitations of current
system architectures, and the developments in spa-
tial reasoning and experimental methodology that
inform the present work.

2.1 Cognitive load in vehicle conversations

The integration of conversational interfaces in ve-
hicles presents a central paradox. Speech inter-
action promises hands-free, eyes-free operation,
apparently well suited to driving; yet empirical
evidence shows that cognitive distraction from con-
versation can be as hazardous as visual-manual
distraction. According to Multiple Resource The-
ory, conversational activity competes for the same
central processing resources required for safe vehi-
cle control, particularly when it demands reasoning,
memory retrieval, or complex linguistic process-
ing. Extensive experimental work has confirmed
that such secondary tasks impair driving perfor-
mance even when the driver’s hands remain on the
wheel. Strayer and colleagues (Strayer and John-
ston, 2001)(Strayer et al., 2003) demonstrated that
telephone conversations induce inattention blind-
ness and delay hazard detection. Meta-analyses
further show systematic degradation: as the cogni-
tive complexity of speech tasks increases, subjec-
tive workload rises while lane-keeping and hazard-
response performance deteriorate. (Engstrom et al.,
2017) Several studies suggest that this degradation
is not gradual but abrupt. (Patten et al., 2004) iden-
tified a cliff-edge pattern in which performance
remains stable until cognitive demand crosses a
threshold, after which collisions and reaction de-
lays escalate sharply. This non-linear collapse
aligns with what we describe as the vanishing point
of attention: the moment at which the driver’s avail-
able cognitive resources are exhausted. Theoretical
models provide converging explanations for this
phenomenon. Multiple Resource Theory (Wick-
ens, 2008) and earlier work on resource economy
(Navon and Gopher, 1979) describe how tasks com-
pete across modalities and processing codes; when
conversation and driving both engage central cog-
nitive channels, interference becomes catastrophic.

Threaded Cognition (Salvucci and Taatgen, 2008)
offers a mechanistic view: concurrent tasks op-
erate as threads sharing limited buffers, and driv-
ing performance collapses once the control thread
loses priority to conversational processing. The
challenge, therefore, is to design in-vehicle dialog
systems that can recognise and respond to these
cognitive dynamics in real time, adapting not only
what they say but also when and how they say it.

2.2 Current in-vehicle conversational agents

Commercial in-vehicle conversational agents oper-
ate, presumably implicitly, under the assumption
that drivers maintain consistent cognitive capac-
ity regardless of traffic conditions or manoeuvring
demands. They lack the adaptive behaviours that
human passengers display naturally: pausing dur-
ing complex driving, deferring non-urgent topics,
or modulating conversational tempo when atten-
tion must be reclaimed. Current systems process
user input and generate output in isolation from
the surrounding situation, with little capacity to
adjust timing or phrasing in response to risk(Du
et al., 2024). This limitation stems from the ab-
sence of real-time world modelling and from the
weak integration between dialogue management
and situational-awareness subsystems. As a re-
sult, even modern assistants based on large lan-
guage models remain reactive and largely blind
to the physical and cognitive states of the driver.
Research continues to address this gap, explor-
ing mechanisms for linking dialogue flow to en-
vironmental understanding (Ferndndez-Rojas et al.,
2019) and physiological indicators of driver dis-
traction (Bargshady et al., 2025) Earlier genera-
tions of in-vehicle systems, including European
research prototypes, demonstrated that multimodal
speech interfaces could provide safe, hands-free
interaction, but their architectures were tightly cou-
pled to proprietary vehicle data and rigid simu-
lation environments. This prevented systematic
testing of critical phenomena such as interruption
handling, timing control, and dialogue resumption.
The resulting interactions were formally correct
but behaviourally static, incapable of adapting to
dynamic driving demands. To address these con-
straints, our work grounds dialogue management in
an explicit discourse model that represents interac-
tion as a structured sequence of issues under discus-
sion, each linked to the evolving driving situation.
This approach provides a foundation for dialogue
behaviour that can be suspended, resumed, or redi-
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rected according to real-time situational demands,
rather than following fixed turn-taking logic.

2.3 Spatial reasoning for situation awareness

Effective dialogue management in driving requires
continuous awareness of the traffic environment,
the vehicle state, and the driver’s current activity.
Spatial reasoning systems provide a means of trans-
forming raw sensor or simulation data into high-
level situational descriptions (e.g. an approaching
intersection, a vehicle preparing to overtake, or
entering high-density traffic). The spatial reason-
ing engine is a custom implementation built on
established methods and public standards such as
OpenDRIVE. It functions as a digital twin of the
driving environment, and processes OpenDRIVE
road-network data (Dupuis et al., 2010) and real-
time telemetry to maintain a dynamic semantic
representation of the surrounding scene. From
these inputs it generates discrete situational events
that can trigger dialogue-state transitions, inform
timing decisions, or suspend speech when cogni-
tive load is expected to peak. By linking the dis-
course model to this continuously updated world
model, the system achieves a form of situation-
aware dialogue management in which conversa-
tional behaviour is shaped by real-time driving con-
ditions. Earlier studies recognised the importance
of such adaptation. Human—human observations
show that passengers naturally pause, defer top-
ics, or change tone in demanding traffic situations
(Fors and Villing, 2011). Early prototype systems
began to emulate these behaviours by negotiating
dialogue timing according to cognitive load (Ed-
lund et al., 2012) or suspending conversation during
critical manoeuvres (NefBelrath and Feld, 2013)(Re-
ichel et al., 2014), typically using Wizard-of-Oz se-
tups in simulators. However, these systems lacked
a real-time spatial-semantic model capable of in-
terpreting the driving situation at a level sufficient
for adaptive dialogue management. Our framework
advances this line of work by coupling high-fidelity
driving simulation with continuous spatial reason-
ing, enabling the investigation of dialogue strate-
gies that adjust dynamically to traffic events, driver
state, and conversational progression.

2.4 Wizard-of-Oz for situated dialogue
research

The Wizard-of-Oz (WoZ) paradigm offers a con-
trolled means of investigating human—machine in-
teraction before full automation becomes techni-

Figure 1: Simulator environment

cally feasible. In driving research, it provides a
safe and repeatable way to study conversational be-
haviour under realistic workload conditions while
maintaining experimental control. Earlier auto-
motive WoZ studies focused largely on command-
and-control dialogues or information-retrieval tasks
(Murao et al., 2003), with limited attention to the
dynamic coupling between conversation and driv-
ing activity. Consequently, these experiments could
characterise language use in vehicles but not the
timing, pausing, or resumption strategies required
for adaptive dialogue. Our approach extends this
methodology by embedding the human operator
within a real-time situation model that informs
each dialogue decision. The Wizard observes live
spatial-semantic data from the simulator (traffic
flow, vehicle proximity, driver state) and uses this
information to modulate dialogue in real time. This
arrangement allows systematic exploration

of situation-aware dialogue policies: when to
interrupt, when to resume, and how to adjust con-
versational pacing as environmental demands fluc-
tuate. By combining WoZ control with spatial rea-
soning and discourse-state modelling, the platform
bridges experimental flexibility and ecological real-
ism. It supports iterative development of adaptive
dialogue strategies that can later be transferred to
autonomous implementations, once perception and
reasoning components are sufficiently mature.
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3 System architecture

The experimental platform implements a dis-
tributed, event-driven architecture that bridges high-
fidelity driving simulation with real-time spatial
reasoning for situation-aware dialogue manage-
ment. The design prioritises modularity, real-time
performance, and experimental reproducibility. It
provides a research infrastructure in which dia-
logue flow, situational state, and operator control
are coordinated through a unified event framework.

3.1 Core components and integration

The architecture comprises three primary subsys-
tems interconnected through a central event server.
The CARLA simulator module provides the simu-
lated driving environment, including road layouts,
vehicle behaviour, and surrounding traffic. The sim-
ulator affords fine-grained control over driving sce-
narios through sensor simulation, vehicle telemetry,
and scripted traffic patterns. A Tesla Model 3 vehi-
cle model was selected for the initial experiments.
The simulation runs in synchronous mode to ensure
consistent timing across trials. The spatial reason-
ing engine functions as a real-time world model,
an enriched digital twin that reconstructs the simu-
lated physical environment and tracks the dynamic
behaviour of all relevant actors and objects. By
interpreting raw data streams from the simulator
and external sensors, the engine maintains a contin-
uously updated representation of the traffic scene,
driver state, and vehicle context. It generates high-
level situational insights such as relative vehicle po-
sitioning, upcoming manoeuvres, or signs of driver
distraction. The event server coordinates real-time
communication between all system components.
It receives event streams from CARLA (vehicle
position, speed), the spatial-reasoning engine (con-
textual state analysis), and user-monitoring sensors
(gaze, driver state). The spatial-reasoning engine
processes these inputs and publishes higher-level
situational events through the server (e.g. approach-
ing intersections, vehicles preparing to overtake, or
prolonged gaze distraction) forming the shared ba-
sis for dialogue control.

3.2 Spatial-semantic event processing

The spatial-reasoning engine parses OpenDRIVE
road-network definitions through the ODRParser
component, ensuring precise alignment between
authored scenarios and the simulated environment.
Events can be created either through a graphical edi-

Figure 2: Screenshot from Spatial Reasoning Engine
GUI running in sync with simulator.

tor for prototype development or programmatically,
with specific road features (for example, turns,
merges, or stop signs) linked to their correspond-
ing segments for reuse across experimental condi-
tions. A CarlaReplayParser enables scenario replay
and controlled manipulation, allowing researchers
to modify parameters between experimental runs
while maintaining consistent underlying traffic pat-
terns. This capability ensures reproducible experi-
mentation when evaluating dialogue-management
strategies under matched driving conditions.

3.3 Dialogue state management

The system maintains a finite-state representation
in which each state corresponds to a specific con-
versational domain (navigational assistance, over-
taking guidance, or idle monitoring). Each state
defines entry conditions based on situational events,
available utterances from pre-scripted libraries, and
transition rules triggered by events or operator in-
put. The WoZ interface enables human operators
to control the conversational agent during experi-
ments, offering graphical selection of predefined ut-
terances, simulator-event triggering, free-text com-
position for real-time TTS rendering, and visual-
isation of dialogue-flow states. A dedicated au-
thoring tool supports iterative scenario develop-
ment through dialogue-state definition and event-
to-transition mapping.

3.4 Sensor integration and data collection

Beyond CARLA’s internal sensors, the setup in-
corporates webcams for facial-expression and pose
detection, eye-trackers for detailed gaze analysis,
and optional audio recording. Hardware includes a
Logitech G923 force-feedback steering wheel and
pedal set with a Samsung Odyssey Neo G9 ultra-
wide display (49 in, 5120x1440 resolution). All
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experimental data (CARLA simulation recordings,
user-monitoring streams, and WoZ interaction logs)
are centrally recorded to enable replay, annotation,
and cross-modal analysis.

4 Method

As an initial validation of the platform, we con-
ducted a controlled study (n = 10) examining the re-
lationship between conversational complexity and
driving performance during simulated long-haul
driving.

4.1 Participants

Ten participants aged 20-25 years, all students
at a technical university and holding valid Euro-
pean driving licences, took part in a within-subjects
repeated-measures experiment.

4.2 Procedure

Four levels of conversational complexity were

tested in counterbalanced order:

Baseline: Silent driving

Low: Simple factual questions (name, address,

preferences)

Medium: Memory recall tasks (recalling speed

limits, describing passed objects)

High: Mental arithmetic and logical reasoning
Participants drove a mixed urban—highway route

for approximately ten minutes per condition, with

five-minute breaks between runs. Performance was

assessed using

¢ the NASA-TLX (Hart and Staveland, 1988)
for subjective workload;

* Detection Response Task (DRT) (Interna-
tional Organization for Standardization, 2016)
for objective attention capacity, and

e driving metrics including lane invasions,
speed violations, and collisions.

4.3 Ethical Considerations

The study protocol was conducted in accordance
with the ethical research guidelines of the authors’
institution. Participant welfare was the primary
concern; although the simulation eliminated physi-
cal risk, measures were taken to minimize potential
psychological stress from the demanding cognitive
tasks and simulated collision events. All partici-
pants provided written informed consent, which
detailed the nature of the driving simulation and
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Figure 3: Safety-critical performance degradation
across all metrics. Collisions (black bars) Lane Inva-
sions (Dark Gray), and Speed Violations (Light gray)
all increased with conversational complexity.

the dialogue tasks. Participants were explicitly in-
formed that they could stop the experiment at any
time without penalty. All collected data was fully
anonymized to protect participant privacy, and all
participants were debriefed on the study’s objec-
tives following the experiment.

5 Results

The platform successfully captured systematic rela-
tionships between conversational complexity and
driving performance, consistent with established
findings on cognitive load in driving research.

5.1 Driving performance

Performance degradation was systemic, culminat-
ing in a non-linear decline in safety-critical metrics
under high conversational complexity. Collision
frequency increased from 0.0 events per trial in the
baseline condition to 2.3 events per trial. This was
accompanied by a pronounced loss of vehicle con-
trol both for lane invasions and speed violations.

5.2 Cognitive load and attention

These performance failures corresponded directly
with increases in cognitive load. Perceived mental
demand (NASA-TLX) rose by 136 per cent from
baseline to the high-complexity condition. Objec-
tive measures showed a corresponding depletion
of attentional resources: detection-response (DRT)
reaction times slowed by 60 per cent, and detec-
tion hit rate fell from 93.1 per cent to 59.8 per
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Figure 4: Objective attention capacity depletion under
increasing conversational complexity. As complexity
rises, DRT Hit Rate (solid line) falls from 93.1% to
59.8% (while DRT Reaction Time (dashed line) slows
from 318.4 ms to 510.5 ms

cent. Participants thus failed to register over 40 per
cent of peripheral stimuli; clearly consistent with
inattention blindness.

5.3 Workload vs performance

Strong correlations emerged between subjective
workload and objective performance: NASA-TLX
and DRT reaction time (r = 0.92, p < 0.001) and
NASA-TLX and collision frequency (r = 0.85, p <
0.001).

6 Discussion

The results confirm the experimental platform’s
sensitivity to cognitive-load effects across multiple
measurement dimensions. The platform advances
situated dialogue research by treating the conver-
sational agent as a situation-aware co-driver rather
than an isolated interface. Unlike conventional
voice assistants, which operate without regard to
driving conditions, the integrated system enables
real-time perception of and response to the sur-
rounding environment. This marks a shift from
static interaction to dynamic adaptation based on
continuous spatial-semantic understanding. The ar-
chitecture facilitates reproducible experimentation
that is essential for systematic progress. CARLA
provides repeatable scenarios in which identical
traffic sequences can be used to test different dia-
logue strategies, while the spatial-reasoning engine
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Figure 5: The relationship between conversational com-
plexity, perceived mental demand (NASA-TLX), and
collision frequency. As mental demand (line) increased
from baseline () to high (), collision frequency (bars)
rose from 0.0 to 2.3 events per trial.

translates sensor data into structured situational
events. These events drive dialogue modulation
across trials, ensuring that conversational behaviour
aligns with driving conditions. The modular, event-
driven design with clearly defined interfaces lowers
barriers for other researchers to reproduce and ex-
tend this work. Our preliminary study illustrates
the vanishing point phenomenon: a threshold be-
yond which conversational demands appear to trig-
ger a non-linear collapse of driving performance.
This finding, while tentative, has important implica-
tions for system design. It suggests that hands-free
operation alone is insufficient for safety. Future
in-vehicle agents must act as active co-pilots, man-
aging cognitive load by modulating not only the
content of dialogue (what is said) but also its timing
(when it is said) and manner (how it’s said) in order
to prevent the driver from exceeding attentional
capacity. This non-linear collapse aligns with mod-
els such as Threaded Cognition. The sharp rise
in collisions, mirrored by the 40 per cent DRT de-
tection failure, indicates that once combined task
demands exceed cognitive capacity, the primary
driving thread becomes starved, producing inatten-
tion blindness and severe degradation of control.
The platform’s scientific value lies in its ability
to capture this causal chain in full. Simpler se-
tups might have recorded only subjective workload
or isolated performance metrics. By integrating
high-fidelity simulation (CARLA), real-time situ-
ational analysis, and objective attention measures
(DRT), the system exposes the link from conversa-
tional load to attentional depletion and ultimately
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to safety-critical failure. The exceptionally strong
correlations observed—such as that between work-
load and DRT reaction time—confirm this cou-
pling. Collectively, these results demonstrate the
platform’s utility as a high-sensitivity testbed for
developing and evaluating adaptive dialogue strate-
gies that may help prevent drivers from reaching
this vanishing point of attention.

6.1 Limitations

The modest sample (n = 10, aged 20-25, technical
university students) limits generalisability. Accord-
ingly, we interpret the results primarily as platform
sensitivity validation and evidence of a threshold-
like effect in this setup, not as population-level es-
timates. Broader validation is needed with diverse
and professional driver populations. Although high-
fidelity simulators are well-established tools for
assessing driving performance (de Winter et al.,
2009; Meule & Fraser, 2015), they cannot fully re-
produce real-world risk perception; collision rates
in CARLA may not directly translate to on-road
conditions. The Wizard-of-Oz approach introduces
operator variability and limits deployment scalabil-
ity. Gaze metrics, although captured, are outside
the scope of this initial report. Similarly, the lin-
guistic content of the dialogues was not analysed;
future work should examine whether performance
effects stem from cognitive load, task-switching
overhead, or specific linguistic factors. The vali-
dation study manipulated fixed complexity levels
and did not evaluate an adaptive timing policy. Pol-
icy evaluation is left for future work. Hardware
factors, including relatively stiff steering feedback,
may have amplified lane-keeping deviations. Nev-
ertheless, the ability to detect the pronounced rise
in collision frequency under load demonstrates the
platform’s research value.

7 Future work

Future work will extend the system from Wizard-of-
Oz operation towards autonomous, policy-driven
control. Preliminary trials suggest that Wizard-
initiated pauses during high-demand driving seg-
ments may mitigate performance degradation,
though systematic evaluation of adaptive policies
is ongoing. Reinforcement-learning approaches
could enable an agent to interpret real-time sit-
uational cues and decide when and how to en-
gage in dialogue. Driver-performance metrics
could serve as reward signals for learning optimal

attention-aware interaction policies. Subsequent
research will include larger-scale studies across
varied scenarios and the transfer of methods to pro-
fessional simulators and, ultimately, controlled on-
road testbeds. To support reproducibility, the plat-
form builds on open-source components including
CARLA and OpenDRIVE; source code and exper-
imental materials may be shared with researchers
on request.

8 Conclusion

This work presented a modular experimental plat-
form that integrates high-fidelity driving simulation
with real-time spatial reasoning to support research
on situation-aware dialogue in vehicles. Rather
than treating conversation as independent of driv-
ing, the system links dialogue flow to a continu-
ously updated model of the traffic environment and
driver state, enabling controlled study of adaptive
timing, pausing, and resumption strategies. The
pilot study demonstrated the platform’s sensitivity
to conversational load and revealed evidence of a
vanishing point of attention—a threshold where
conversational demands may precipitate a rapid
collapse in driving performance. While prelimi-
nary, these results illustrate the value of the ap-
proach and its potential to inform the design of
cognitively safe interaction policies. More broadly,
the platform provides a reproducible infrastructure
for advancing research on attention-aware dialogue
systems. It enables systematic experimentation un-
der realistic conditions and offers a bridge between
conceptual models of discourse management and
future autonomous implementations. As vehicle
assistants evolve, such frameworks will be essen-
tial for ensuring that conversational systems help
preserve, rather than erode, the attention required
for safe driving.
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