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Study Setup and Evaluation Framework

4 Study Area N/ Controllers )
X +  No-control baseline
* A8 Munich-Augsburg motorway +  Rule-based VSL: threshold + hysteresis
* 20 km per direction o + Data-driven VSL: DQN policy
* 10 controlled segments per direction . Common speeds: 120 / 100 / 80 / 60
* Recurrent merge bottleneck km/h
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/ Demand Scenarios \ / Key KPls \

* Moderate-demand recurrent TTS and mean mainline speed
congestion Outflow and queue length

« High-demand recurrent congestion Trip duration, time loss, waiting time

* Mainline inflow: 5400 — 6600 — Density, occupancy, congested
3600 veh/h sample share

+ Ramp peaks: 3600 veh/h (Ramp 4),
2400 veh/h (Ramp 3A)
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Key Findings

Data-Driven Controller
Reduced TTS by 2.8%

Rule-Based Controller
. Reduced maximum queue length

by 51.4% . Increased mean mainline speed by
. Reduced mean time loss by 30.4% 2.5%
. Reduced mean waiting time by . Reduced maximum queue length by
20.8% 29.4%

. Reduced mean density by 6.1% . Reduced mean trip duration by 2.8%
. Reduced mean occupancy by . Reduced mean waiting time by 6.1%
8.3% . Reduced mean density by 7.8%

. Reduced mean occupancy by 11.7%
Indicator No-control Rule-based Controller Data-Driven Controller

TTS [veh-h] 4571.85
Mean mainine speed [km/h]
Mean trip duration [s]

Mean density [vet/km]

Mean occupancy [%]

Spatial-Temporal Speed Heatmaps under Moderate Demand
No-Control Rule-Based Control Data-Driven Control
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Objective and Controller Design

Objective: Develop an adaptive VSL controller under
realistic motorway constraints and compare it with no control
and a conventional rule-based VSL benchmark.

Rule-Based VSL Data-Driven VSL

» Congestion detection via speed + Shared-policy DQN selecting a
and occupancy thresholds with base speed and an upstream

hysteresis profile step

» Coordinated upstream speed « 8 discrete actions; 60 s control
profile around the active step; 120/ 100/ 80 /60 km/h
bottleneck speed levels

* Benchmark control logic under + State includes local density,
the same legal speed limits speed, bottleneck position,
previous command, and
downstream / ramp indicators
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Queue Length and Mean Speed: Moderate- and High-Demand
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Conclusion

» The rule-based VSL benchmark effectively limits extreme queues, but
it does not improve corridor-wide mobility and total system efficiency.

« The data-driven controller provides the most balanced performance
across mobility, efficiency, and congestion indicators.

» The greatest benefits are observed in the more congested corridor
direction, highlighting the importance of directional analysis for
motorway control evaluation.

» Future work should address broader disturbance scenarios, real-data
calibration, deployment-oriented safety and compliance measures,
and coordinated multi-agent control.

Data-driven VSL delivered the lowest TTS and the highest mean mainline
speed while keeping queue growth below the unmanaged baseline.
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