
Ishan Saxenaa, Bernd Westphala, Martin Fränzleb

a: German Aerospace Center (DLR) e.V., Oldenburg, Germany  b: Carl von Ossietzky University of Oldenburg, Germany

Seventh International Workshop on Formal Methods for Autonomous Systems (FMAS 2025)

ABSTRACT SCENE GRAPHS
SPECIFYING AND MONITORING SPATIAL 
PROPERTIES OF AUTOMATED DRIVING FUNCTIONS



Outline

▪ Motivation

▪ Research Questions

▪ Abstract Scene Graphs (ASGs)

▪ Syntax 

▪ Formalization of spatial properties

▪ Runtime Monitoring using ASGs

▪ Future Work

2
Ishan Saxena, German Aerospace Center (DLR) e.V., 17.11.2025



Motivation

▪ Automatic validation of 

Automated Driving 

Functions is desired to 

ensure safety during 

their operation

▪ Requires formalized, 

machine-readable 

system properties
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Credit: https://www.futureelectronics.com/blog/article/understanding-autonomous-vehicle-safety/



Motivation

▪ Automated vehicle should stop at a safe distance if there is an obstacle in 

front.
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Example spatial property
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Motivation

▪ Automated vehicle should stop at a safe distance if there is an obstacle in 

front. But here?
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Example spatial property
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Motivation

▪ Formalization of spatial properties in the automotive domain is challenging  

▪ Because, such spatial properties are:

▪ Textual

▪ Traffic Rules and Regulations

▪ Complex

▪ Legal terminology

▪ Multi-stakeholder knowledge 

▪ Vague

▪ Rely on human intuition
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Motivation

▪ Certain visual formalisms in literature implicitly formalize spatial properties 

▪ E.g., using comparison of geometric coordinates of the objects

▪ “vehicle ego is in lane l ” is represented as: l.yleft < ego.y < l.yright

▪ Limits their usage for use cases such as runtime monitoring

▪ To check if vehicle is in lane, y-coordinates of lane are required
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Scene Graphs

▪ Scene Graphs: represent entities present in a scene and their spatial 

relationships explicitly

▪ In the automotive domain, Scene Graphs have been used for:

▪ Monitoring of safety properties [12] 

▪ Scene Understanding and Risk Assessment [8,9,10]
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Source: https://github.com/less-lab-uva/carla_scene_graphs



Research Questions

Q1: Can Scene Graphs be used to formalize spatial system properties 

occuring in automotive domain?

Q2: How can Runtime Monitoring be performed for spatial system properties 

formalized using Scene Graphs?
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Abstract Scene Graph (ASG) formalism

▪ ASGs build upon Scene Graphs

▪ Describe desired spatial relations between 

entities in a traffic scene

▪ Restrict the set of traffic scenes represented 

by a Scene Graph

10
Ishan Saxena, German Aerospace Center (DLR) e.V., 17.11.2025



Abstract Scene Graph (ASG)

▪ ASG is defined over an Object Model

▪ Object Model consists of a finite set of 

▪ Basic types,

▪ Object classes, and

▪ Relation types

▪ ASG = (𝐺𝐴, 𝐷)
▪ 𝐺𝐴 is a directed heterogeneous graph

▪ 𝐷 is a set of predicates 
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Syntax of ASGs

▪ ASG = (𝐺𝐴, 𝐷)

▪ 𝐺𝐴 = 𝑉, 𝐸

▪ 𝑉 : Finite set of typed nodes

▪ Ego node must be present

▪ 𝐸 : Finite set of typed directed edges

▪ 𝐷 : Finite set of predicates

▪ Attribute and distance expressions 
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Motivating Example Scenario: Parking Exit 

▪ “The ego-vehicle must exit a parallel parking bay into a flow of traffic safely”

▪ Inspired from the NHTSA pre-crash scenario catalogue

▪ Scenario = sequence of scenes
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Source: https://leaderboard.carla.org/scenarios/



Formalization of spatial properties using ASGs

▪ “The ego-vehicle must exit a parallel parking bay into a flow of traffic”

▪ To formalize this property, we need to identify

▪ Entities: Vehicle, Lane, Parking Spot 

▪ Scenes present in the above scenario:

▪ P1-1 ego is standing still in the parking spot

▪ P1-2 ego is turning into the driving lane next to the parking spot while maintaining a safe 

distance (at least 15 m) to the next vehicle coming from behind 

▪ P1-3 ego has joined the lane completely and is driving ahead
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Source: https://leaderboard.carla.org/scenarios/



Formalization of spatial properties using ASGs
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Source: https://leaderboard.carla.org/scenarios/



Runtime Monitoring using ASGs 
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Source: https://github.com/less-lab-uva/carla_scene_graphs

Source: CARLA Simulator



Scene Graph Comparison : Current approach

▪ Let ASG = (𝐺𝐴, 𝐷) be an Abstract Scene Graph, CSG = 𝐺𝐶  be a Concrete 

Scene Graph and 𝐺′
𝐶 be its subgraph

▪ We define CSG⊨ ASG ⇔ ∃𝐺′
𝐶: 𝐺′

𝐶 ≅ 𝐺𝐴 ⋀(𝜌𝐶 ⊨ 𝐷), where

▪ 𝐺′
𝐶 is isomorphic to 𝐺𝐴

▪ 𝜌𝐶 contains the attribute values present in 𝐺′
𝐶

▪ Use of subgraph isomorphism to extract suitable subgraph of 𝐺𝐶

▪ Computationally expensive!

▪ But, here could be fine since we know at least one (ego) node
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Scene Graph Comparison: Implemented algorithm 
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Future Work

▪ Extension of ASG syntax to formalize more complex spatial properties

▪ Mapping of used Object Model to a suitable ontology 

▪ Alternative Scene Graph comparison approach

▪ Applying ASGs in other transportation domains such as maritime
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Thanks for your attention!

Questions?

20
Ishan Saxena, German Aerospace Center (DLR) e.V., 17.11.2025



Takeaways

▪ Abstract Scene Graphs enable formalization of spatial properties of 

Automated Driving Functions in the automotive domain
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Object Model Class Diagram
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Scenario descriptions in Scenario-based Testing of 
Automated Vehicles
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