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Motivation

▪ Automotive AI needs huge amount of data for learning

▪ Coverage of all situations is not possible
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▪ Automotive AI needs huge amount of data for learning

▪ Coverage of all situations is not possible

▪ Humans learn via experiences and observations, while

considering general rules and laws
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Motivation

▪ Automotive AI needs huge amount of data for learning

▪ Coverage of all situations is not possible

▪ Humans learn via experiences and observations, while

considering general rules and laws

▪ Available knowledge from different stakeholders, e.g.,

lawyers, psychologists, etc.
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The automated execution of essential driving maneuvers involves a 

shift of responsibility from the human to the system.

Consequently, (new) knowledge, e.g. moral aspects, social norms and 

normative knowledge, must be integrated into the system.
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Spatial Properties

▪ Spatial Views allow to specify 

spatial constraints for individual 

maneuver phases

▪ For instance:

▪ Distances 

▪ Positional relations 

▪ Phys. properties (velocity, etc.)

▪ Chart Structures allow to 

specify and constrain the 

temporal order of phases 

▪ Sequence-Example

▪ Five phases have to take 

place consecutively for an 

overtaking maneuver

Temporal Properties

Traffic Sequence Charts (TSC)
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A car is a 
vehicle.

TSC:

Ontological 
Knowledge

ሶ𝑥 = 𝑣 ⋅ cos 𝜃
ሶ𝑦 = 𝑣 ⋅ sin 𝜃

ሶ𝜃 = 𝑣 ⋅
tan 𝛿

𝐿
ሶ𝑣 = 𝑎

1. Approach

2. Change Lane

3. Overtake

4. Change Lane

Max. Speed is 

50
km

h

Physical 
Knowledge

Script 
Knowledge

Deontic 
Knowledge

„I sense 
(believe) there 
is a pedestrian 
in front of me.“
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▪ We investigated the capabilities of Traffic Sequence Charts (TSCs) to formalize multimodal 

knowledge.

▪ We categorized relevant multimodal knowledge describing what (Ontology) traffic objects 

should or must (Script, Deontic) do under which (Physics) dynamic capabilities. 

TSC:

Epistemic 
Knowledge

Knowledge Formalization using TSC
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Formalization of multi-stakeholder and multi-modal knowledge is needed.

Traffic Sequence Charts (TSCs) can be a solution for spatio-temporal knowledge.
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Knowledge Formalization using

Traffic Sequence Charts

Knowledge Infusion



Declarative Knowledge

▪ Describe what maneuvers 

have to be realized. 

▪ It is not specified on how to 

realize the maneuvers 

Performative Knowledge

▪ RL-Agent controls vehicle 

through maneuvers 

satisfying the TSC 

specification

▪ Invariant based reward 

function

Declarative Knowledge

TSC
2RL

Performative Knowledge

Knowledge Infusion using TSC
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Physical 
Knowledge

Ontological 
Knowledge

Script 
Knowledge

Epistemic 
Knowledge

Deontic 
Knowledge

TSC2RL Training Environment
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Reward Function

▪ 𝐸𝑔𝑜 has to follow the overtaking TSC

▪ The agent has to select appropriate 

actions such that the TSC invariants 

𝐴,… , 𝐸 are satisfied in correct order

▪ Satisfaction is checked and reward is 

given according to progress

𝑦𝑒𝑔𝑜 < 0

−𝑦𝑒𝑔𝑜 < 4

𝑥𝑒𝑔𝑜 − 𝑥𝑜𝑡ℎ𝑒𝑟 < 50

𝑦𝑒𝑔𝑜 < 4

−𝑦𝑒𝑔𝑜 < 4

𝑥𝑒𝑔𝑜 − 𝑥𝑜𝑡ℎ𝑒𝑟 < 0

𝑦𝑒𝑔𝑜 < 4

−𝑦𝑒𝑔𝑜 < 0

𝑦𝑒𝑔𝑜 < 4

−𝑦𝑒𝑔𝑜 < 4

𝑥𝑜𝑡ℎ𝑒𝑟 − 𝑥𝑒𝑔𝑜 < 0

𝑦𝑒𝑔𝑜 < 0

−𝑦𝑒𝑔𝑜 < 4

𝑥𝑜𝑡ℎ𝑒𝑟 − 𝑥𝑒𝑔𝑜 < 50

A B C D E

𝜑𝐴 ≔ 𝑥𝑒𝑔𝑜 − 𝑥𝑜𝑡ℎ𝑒𝑟 < 50 ∧ −𝑦𝑒𝑔𝑜 < 4 ∧ 𝑦𝑒𝑔𝑜 < 0

𝜑𝐵 ≔ 𝑥𝑒𝑔𝑜 − 𝑥𝑜𝑡ℎ𝑒𝑟 < 00 ∧ −𝑦𝑒𝑔𝑜 < 4 ∧ 𝑦𝑒𝑔𝑜 < 4

𝜑𝐶 ≔ 𝑥𝑒𝑔𝑜 − 𝑥𝑜𝑡ℎ𝑒𝑟 < 50 ∧ −𝑦𝑒𝑔𝑜 < 4 ∧ 𝑦𝑒𝑔𝑜 < 4

𝜑𝐷 ≔ 𝑥𝑜𝑡ℎ𝑒𝑟 − 𝑥𝑒𝑔𝑜 < 00 ∧ −𝑦𝑒𝑔𝑜 < 4 ∧ 𝑦𝑒𝑔𝑜 < 4

𝜑𝐸 ≔ 𝑥𝑜𝑡ℎ𝑒𝑟 − 𝑥𝑒𝑔𝑜 < 50 ∧ −𝑦𝑒𝑔𝑜 < 4 ∧ 𝑦𝑒𝑔𝑜 < 0

TSC2RL – Reward Function
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Training

▪ 𝑥𝑒𝑔𝑜 ∈ [0𝑚, 50𝑚], 𝑥𝑜𝑡ℎ𝑒𝑟 = 100𝑚

▪ 𝑣𝑜𝑡ℎ𝑒𝑟 = 0
m

s

▪ 500.000 steps á 𝑑𝑡 = 0.02s

▪ Episodes of 40s

Application

▪ Training Condition: 𝑣𝑜𝑡ℎ𝑒𝑟 = 0
𝑚

𝑠

▪ Transfer (without training 

again): 𝑣𝑜𝑡ℎ𝑒𝑟 = 10
𝑚

𝑠

Results

▪ Each agent realize to overtake

▪ Even for 𝑣𝑜𝑡ℎ𝑒𝑟 ≠ 0
𝑚

𝑠
without 

additional training

𝑣𝑜𝑡ℎ𝑒𝑟 = 0
m

s

𝑣𝑜𝑡ℎ𝑒𝑟 = 10
m

s
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TSC2RL – Trained Agents
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Knowledge-infusion may increase performance, safety and trustworthiness.

TSC Reinforcement Learning can be a solution for infusing spatio-temporal knowledge.
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“Using Traffic Sequence Charts for Knowledge Formalization and AI-Application”
Intelligent Systems and Application (Proceedings of IntelliSys 2024) Springer LNCS (2024)
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TSC Online Monitoring

▪ Continuous verdicts about Traffic Sequence Charts (TSCs) compliance during runtime

▪ Exploiting the structure of TSC formalism

▪ Separation of concerns w.r.t 

▪ Spatial properties: Spatial View Recognition (SVR)

▪ Temporal properties: Temporal Evolution Recognition (TER)

▪ Monitor provides verdict: satisfied, violated or inconclusive
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Interfaces for AI Online Monitoring
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Monitoring 

possible
Monitoring 

possible

Monitoring 

possible



Online Monitoring – Pass-By Maneuver
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„We want to monitor, if the decision to start passing-by the obstacle is correct.“

• Physical knowledge

• Deontic knowledge
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Testing knowledge conformance at runtime increases the efficiency of training and testing.

For this, TSC Online Monitoring utilizes TSC knowledge formalization. 
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“Towards Runtime Monitoring of Complex System Requirements for Autonomous Driving Functions”

Proceedings 4th International Workshop on Formal Methods for Autonomous Systems, EPTCS, Vol. 371 (2022)
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Knowledge Relevance

▪ Assessing knowledge relevance enables the

▪ development of a knowledge base for

new AI driving functions, and

▪ implementation of new - and 

verification of exisiting AI explanations

▪ Requirements-driven development process

▪ Goal: Knowledge-infused AI

satisfies top-level requirements
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▪ Setup: An exisiting model 𝑀𝑖 is not satisfying its requirements 𝑅

▪ Task: Infuse knowledge, that enables 𝑀𝑖 to satisfy its requirements

▪ Concrete: Change of 𝑀𝑖‘s beliefs or internal world model

Knowledge Infusion Operation (KIO)
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▪ Setup: An exisiting model 𝑀𝑖 is not satisfying its requirements

▪ Task: Infuse knowledge, that enables 𝑀𝑖 to satisfy its requirements

▪ Concrete: Change of 𝑀𝑖‘s beliefs or internal world model

▪ Given an initial model 𝑀𝑖 , knowledge 𝐾, means of integration 𝐼 (architecture or

knowledge as input), and a training process 𝑃𝑡

▪ KIO ⊙ yields a new model: Mn = ⊙ (𝑀𝑖 , 𝐾, 𝐼, 𝑃𝑡)

Knowledge Infusion Operation (KIO)
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▪ Notion of Scenario-relevance

▪ Relation between a requirement 𝑅, a model 𝑀𝑖 , knowledge 𝐾, a scenario 𝑆𝑐𝑒𝑛, and a test suite 𝑆

▪ We say that we have an indication that knowledge 𝐾 is relevant for 𝑀𝑖 to satisfy 𝑅 in 𝑆𝑐𝑒𝑛, if

▪ 𝑀𝑖 does not satisfy 𝑅 in 𝑆𝑐𝑒𝑛 (verified by testing)

▪ We can infuse 𝐾 into 𝑀𝑖 (finding 𝐼 and 𝑃𝑡 and apply ⊙), s.t.

▪ 𝑀𝑛 =  ⊙ (𝑀𝑖 , 𝐾, 𝐼, 𝑃𝑡) satisfies 𝑅 in 𝑆𝑐𝑒𝑛 (verified by testing)
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Notion of Relevance - Knowledge-infused AI Driving Func.

© DALL-E3 (generated by AI)



Requirement Specification using TSCs

“Always stop at a distance between 2-15 meters to a static obstacle.”
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𝑴𝒊 violating requirement 𝑹 due to not considering Friction
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“Always stop at a distance between 2-15 meters to a static obstacle.”



Speci. Requirement and related Knowledge using TSCs

“Always stop at a distance between 2-15 meters to a static obstacle.”

“Always if it is rainy and the friction is then reduced, brake taking the reduced friction into account.”
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Relevance Testing Procedure

▪ Knowledge Infusion Test:

▪ Is 𝐾 infused into 𝑀𝑛

▪ Knowledge Preservation Test:

▪ Is the success of 𝑀𝑖 preserved

▪ Requirement Satisfaction Test:

▪ Does 𝑀𝑛 satisfy requirement 𝑅
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𝑴𝒏 violates requirement 𝑹 ( 𝕄𝒊 ⊆ ℝ < |𝕄𝒏 ⊆ ℝ|)
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𝑴𝒏 satisfies requirement 𝑹 (Indic. for Scenario-relevance)



Composed TSCs for Training and Test Instruction
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New notions enable the ability of providing indications about knowledge relevance.

TSC Relevance Testing supports creating knowledge bases and explainable AI driving functions.
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“What does AI Need to Know to Drive: Testing Relevance of Knowledge”
Submitted to: Special Issue “Advances in Formal Methods for Autonomous Systems”, 

Journal: Science of Computer Programming



Summary
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