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• Many accidents of connected and automated vehicles (CAVs)

• Testing and evaluation

Tesla Uber Waymo NIO

Source: Internet.
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• Testing and evaluation procedures
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• Main properties of CAVs

• How to adaptively test and evaluate CAVs?

black-box various types

Source: Internet.
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• Adaptively generate testing scenarios

• Existing several methods[Mullins, 2018; Koren, 2018; Sun, 2021; Feng, 2022]

• Adaptively evaluate testing results

• Complementary to adaptively generating testing scenarios

• Challenge: high-dimensional scenarios

Interactivity Randomness Spatiotemporal complexity*

Source: *https://www.zf.com/mobile/en/stories_13632.html.
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• Adaptive testing with sparse control variates (ATSCV or @SCV)
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• Intuition of ATSCV

• Case study: overtaking scenarios

• Accelerated rate: ≈ 30 times

Scenarios

AV performance

Relevant performance: SCVs

Performance difference
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• Definitions

• state:

• action:

• overtaking scenario:

Fig. 1. Illustration of the overtaking scenarios.
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• Accident event:

• Accident rate: 

• Naturalistic distribution:

• Naturalistic driving environment (NDE): Monte-Carlo simulation

Estimation
Number of accidents

Number of tests
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• Long tail dilemma → Importance sampling (IS) [Zhao, 2016; Feng, 2021a,b]
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Source: https://blog.crossminds.ai/post/2019-ai-commercialization-conference-trends-challenges-featured-talks-autonomous-driving-nlp-robot-
transportation.
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• Curse of dimensionality (CoD)

• Naturalistic and adversarial driving environment (NADE) [Feng, 2021c]

• NADE estimation[Feng, 2021c] : 

Source: [Feng, 2021c].
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• Control variates (CVs):

• Mixture importance sampling: multiple importance functions

• Mixture IS with CVs: component densities

• where     are control parameters
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• Minimize variance:

• Property of variance[owen, 2000]:

• where

• Find the optimal control parameters: 

• multiple linear regression (MLR) of      on  
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• Mixture importance function:

• Control variates:

• Curse of dimensionality: 

• solving optimal control parameters

via MLR

# control parameters

dimension of scenarios
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• Sparse control variates (SCVs)

• constructed by importance functions of critical variables

• critical variables are sparse in NADE → sparse control variates

• Stratified scenario sets:

• Mixture IS:
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• Sparse control variates (SCVs)

• constructed by importance functions of critical variables

• Denote

• Adaptive testing with sparse control variates (ATSCV)
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• Settings

• LV: constant speed

• BV: intelligent driver model (IDM) for car-following and stochastic 

minimizing overall braking induced by lane changes (MOBIL) for cut-in

• AV: constant speed for free-flow, IDM for car-following

• Model parameters: from [Feng, 2021c]

• Simulation frequency: 10 Hz (i.e., 0.1 s)

• Initial states:



4.2 Generation of NADE
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• Maneuver criticality:

• Importance function:

• where

Exposure frequency
Maneuver challenge



4.3 Evaluation Results
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• NDE vs. NADE

• Accelerated rate ≈ 143 times
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• NADE vs. ATSCV

• Accelerated rate ≈ 30 times
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• NADE vs. ATSCV
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• Adjusted testing results: NADE vs. ATSCV

NADE

ATSCV
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• Problems: adaptively testing in high-dimensional scenarios

• Methods: adaptive testing with sparse control variates (ATSCV)

• SCVs: importance functions of only critical variables

• Results: accelerated rate ≈ 30 times

• Future study:

• theoretical analysis with rigorous proofs

• realistic cases with large-scale naturalistic driving data
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