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Advocating for a Hybrid Approach
to Autonomous Driving
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Machine Learning Reasoning w/
Intensional Content



A Tragic Case Study

• March 18, 2018: 
    The first pedestrian was killed by an autonomous car.

• Uber’s ATG operator was distracted (watching TV on phone).

• However, the accident was directly caused by a flaw in Uber’s 
driving system.

• We argue that by integrating symbolic methods — in particular, 
formal argumentation — with the connectionist methods 
currently employed, the accident could’ve been avoided.
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At the start of the event, the vehicle was in autonomous mode in the rightmost of four lanes traveling in the same 
direction, and the pedestrian was walking her bicycle across the street starting on the leftmost side of the roadway.



The vehicle’s radar first detected the pedestrian 5.6 seconds before the fatal collision. Less than half a second later, 
the lidar detected the pedestrian but classified her as “Other”.



For the next 2.5 seconds, the lidar re-classified her several times, alternating between “Vehicle” and “Other”. The 
vehicle’s automated-driving system (ADS) attempted to predict her direction of travel several times, but discarded 

any previous information about her trajectory every time it reclassified her.



With 2.6 seconds until collision, the lidar classified her as a bicycle but, as it was yet again changing her classification, 
discarded any past trajectory information, and hence determined that she was not moving. Up to this point, the car 

had not taken any evasive or corrective action.



With 1.5 seconds left, the lidar re-classified her yet again, this time as “Unknown”. The system once again loses 
all of its tracking history. However, since at this point the pedestrian had entered the vehicle’s lane, the ADS 

generated a plan to turn the car to the right to avoid her.



Three hundred milliseconds later, the lidar re-classified her as a bicycle, and determined that it would be impossible at 
this point to maneuver around her. With just 200 ms until collision, the ADS began braking the vehicle, pitifully too late 

to stop in time.

Now, how our AI 
would’ve handled it…



Label the time point at which the radar first detected the pedestrian t0,
and the location of the pedestrian at that time l1.

Argument 1 Argument 2

P(r1, t0,At(o
⇤, t0, `1))

<latexit sha1_base64="mHd9FjbGPLAUQwZ/ZsUWjmA9np4="></latexit>

P(r2, t0,At(o
⇤, t0, `1))

<latexit sha1_base64="hdULJfq85tPKtPhgFoopXsObWnc="></latexit>



Then, denote the next time it detects and re-classifies
the pedestrian as t1, and new location l2.

Argument 1 Argument 2

P(r1, t0,At(o
⇤, t0, `1))

<latexit sha1_base64="mHd9FjbGPLAUQwZ/ZsUWjmA9np4="></latexit>

P(r2, t0,At(o
⇤, t0, `1))

<latexit sha1_base64="hdULJfq85tPKtPhgFoopXsObWnc="></latexit>

…

) B2(r1, t1,¬Moving(o⇤))

) B2(r1, t1,¬NeedToBrake(c))

<latexit sha1_base64="0nRRMvblRsAJXD0pRDRrjUHvZdk="></latexit>

) B5(r2, t1,Moving(o⇤))

) B5(r2, t1,NeedToBrake(c))

<latexit sha1_base64="+5FMS5xvSOzQ6nssaD4oCievLik="></latexit>

…
B(r1, t1,¬Moving(o⇤))

�a
t

B(r1, t1,Moving(o⇤))

<latexit sha1_base64="ql2ET7W664xSHIXrng7bCs2aQrU="></latexit>

Adjudicator
B(a, t1,NeedToBrake(c))

<latexit sha1_base64="BsPziKEJO05FGHlhPbaygB1E3JA="></latexit>

<latexit sha1_base64="Ai7HmTElCsi3Y6cZnf71lTb4cnQ=">AAACJHicbVDLSgMxFM3UV62vqks3wSJUkTIjioKbqhuXFawKbR0y6R0bmnmQ3BHLMB/jxl9x48IHLtz4LWbaLnwdSDiccy/JOV4shUbb/rAKE5NT0zPF2dLc/MLiUnl55UJHieLQ5JGM1JXHNEgRQhMFSriKFbDAk3Dp9U9y//IWlBZReI6DGDoBuwmFLzhDI7nlw3bAsOf5aSOrDqmvWD9VmetsU8yvNsIdpkeYVaPrre2RBFK6zuamW67YNXsI+pc4Y1IhYzTc8mu7G/EkgBC5ZFq3HDvGTsoUCi4hK7UTDTHjfXYDLUNDFoDupMOQGd0wSpf6kTInRDpUv2+kLNB6EHhmMs+hf3u5+J/XStA/6KQijBOEkI8e8hNJMaJ5Y7QrFHCUA0MYV8L8lfIeU4yj6bVkSnB+R/5LLnZqzl7NPtut1I/HdRTJGlknVeKQfVInp6RBmoSTe/JInsmL9WA9WW/W+2i0YI13VskPWJ9fdTWjXw==</latexit>

P(r1, t1,At(o
⇤, t1, `1))

<latexit sha1_base64="r05Zu4e1M3feM0sZBkeMj4G8wRI=">AAACJHicbVDJSgNBFOxxN26jHr00BiFKCDNBUfDicvEYwaiQxKGn8yZp0rPQ/UYMw3yMF3/FiwcXPHjxW+wsB7eChqLqPV5X+YkUGh3nw5qYnJqemZ2bLywsLi2v2KtrlzpOFYc6j2Wsrn2mQYoI6ihQwnWigIW+hCu/dzrwr25BaRFHF9hPoBWyTiQCwRkaybMPmyHDrh9ktbw0pIFivUzlXrVM0XPLtIlwh9kx5qX4Zqc8kkBKr7q97dlFp+IMQf8Sd0yKZIyaZ7822zFPQ4iQS6Z1w3USbGVMoeAS8kIz1ZAw3mMdaBgasRB0KxuGzOmWUdo0iJV5EdKh+n0jY6HW/dA3k4Mc+rc3EP/zGikGB61MREmKEPHRoSCVFGM6aIy2hQKOsm8I40qYv1LeZYpxNL0WTAnu78h/yWW14u5VnPPd4tHJuI45skE2SYm4ZJ8ckTNSI3XCyT15JM/kxXqwnqw36300OmGNd9bJD1ifX3hho2E=</latexit>

P(r2, t1,At(o
⇤, t1, `2))

<latexit sha1_base64="K25M0ZrTjTFbQzsBOwbbhCxKlfE=">AAACHHicbZDLSsNAFIYnXmu9RV26GSxChVKSquiy6MZlBXuBpoTJ9KQdOpnEmYlQQh/Eja/ixoUiblwIvo3Ty0Jbfxj4+M85zDl/kHCmtON8W0vLK6tr67mN/ObW9s6uvbffUHEqKdRpzGPZCogCzgTUNdMcWokEEgUcmsHgelxvPoBULBZ3ephAJyI9wUJGiTaWb596EdH9IMxqo+IEQ0kGmRz5lRLWvlvCHnDuu9gTcD/lyolvF5yyMxFeBHcGBTRTzbc/vW5M0wiEppwo1XadRHcyIjWjHEZ5L1WQEDogPWgbFCQC1ckmx43wsXG6OIyleULjift7IiORUsMoMJ3j/dV8bWz+V2unOrzsZEwkqQZBpx+FKcc6xuOkcJdJoJoPDRAqmdkV0z6RhGqTZ96E4M6fvAiNStk9Lzu3Z4Xq1SyOHDpER6iIXHSBqugG1VAdUfSIntErerOerBfr3fqYti5Zs5kD9EfW1w/VO6CI</latexit>

P(r2, t1, `1 6= `2)



Argument 1 Argument 2

P(r1, t0,At(o
⇤, t0, `1))

<latexit sha1_base64="mHd9FjbGPLAUQwZ/ZsUWjmA9np4="></latexit>

…

) B2(r1, t1,¬Moving(o⇤))

) B2(r1, t1,¬NeedToBrake(c))

<latexit sha1_base64="0nRRMvblRsAJXD0pRDRrjUHvZdk="></latexit>

) B5(r2, t1,Moving(o⇤))

) B5(r2, t1,NeedToBrake(c))

<latexit sha1_base64="+5FMS5xvSOzQ6nssaD4oCievLik="></latexit>

B(r1, t1,¬Moving(o⇤))

�a
t

B(r1, t1,Moving(o⇤))

<latexit sha1_base64="ql2ET7W664xSHIXrng7bCs2aQrU="></latexit>

Adjudicator
B(a, t1,NeedToBrake(c))

<latexit sha1_base64="BsPziKEJO05FGHlhPbaygB1E3JA="></latexit>

…

<latexit sha1_base64="Ai7HmTElCsi3Y6cZnf71lTb4cnQ=">AAACJHicbVDLSgMxFM3UV62vqks3wSJUkTIjioKbqhuXFawKbR0y6R0bmnmQ3BHLMB/jxl9x48IHLtz4LWbaLnwdSDiccy/JOV4shUbb/rAKE5NT0zPF2dLc/MLiUnl55UJHieLQ5JGM1JXHNEgRQhMFSriKFbDAk3Dp9U9y//IWlBZReI6DGDoBuwmFLzhDI7nlw3bAsOf5aSOrDqmvWD9VmetsU8yvNsIdpkeYVaPrre2RBFK6zuamW67YNXsI+pc4Y1IhYzTc8mu7G/EkgBC5ZFq3HDvGTsoUCi4hK7UTDTHjfXYDLUNDFoDupMOQGd0wSpf6kTInRDpUv2+kLNB6EHhmMs+hf3u5+J/XStA/6KQijBOEkI8e8hNJMaJ5Y7QrFHCUA0MYV8L8lfIeU4yj6bVkSnB+R/5LLnZqzl7NPtut1I/HdRTJGlknVeKQfVInp6RBmoSTe/JInsmL9WA9WW/W+2i0YI13VskPWJ9fdTWjXw==</latexit>

P(r1, t1,At(o
⇤, t1, `1))

<latexit sha1_base64="r05Zu4e1M3feM0sZBkeMj4G8wRI=">AAACJHicbVDJSgNBFOxxN26jHr00BiFKCDNBUfDicvEYwaiQxKGn8yZp0rPQ/UYMw3yMF3/FiwcXPHjxW+wsB7eChqLqPV5X+YkUGh3nw5qYnJqemZ2bLywsLi2v2KtrlzpOFYc6j2Wsrn2mQYoI6ihQwnWigIW+hCu/dzrwr25BaRFHF9hPoBWyTiQCwRkaybMPmyHDrh9ktbw0pIFivUzlXrVM0XPLtIlwh9kx5qX4Zqc8kkBKr7q97dlFp+IMQf8Sd0yKZIyaZ7822zFPQ4iQS6Z1w3USbGVMoeAS8kIz1ZAw3mMdaBgasRB0KxuGzOmWUdo0iJV5EdKh+n0jY6HW/dA3k4Mc+rc3EP/zGikGB61MREmKEPHRoSCVFGM6aIy2hQKOsm8I40qYv1LeZYpxNL0WTAnu78h/yWW14u5VnPPd4tHJuI45skE2SYm4ZJ8ckTNSI3XCyT15JM/kxXqwnqw36300OmGNd9bJD1ifX3hho2E=</latexit>

P(r2, t1,At(o
⇤, t1, `2))

<latexit sha1_base64="K25M0ZrTjTFbQzsBOwbbhCxKlfE=">AAACHHicbZDLSsNAFIYnXmu9RV26GSxChVKSquiy6MZlBXuBpoTJ9KQdOpnEmYlQQh/Eja/ixoUiblwIvo3Ty0Jbfxj4+M85zDl/kHCmtON8W0vLK6tr67mN/ObW9s6uvbffUHEqKdRpzGPZCogCzgTUNdMcWokEEgUcmsHgelxvPoBULBZ3ephAJyI9wUJGiTaWb596EdH9IMxqo+IEQ0kGmRz5lRLWvlvCHnDuu9gTcD/lyolvF5yyMxFeBHcGBTRTzbc/vW5M0wiEppwo1XadRHcyIjWjHEZ5L1WQEDogPWgbFCQC1ckmx43wsXG6OIyleULjift7IiORUsMoMJ3j/dV8bWz+V2unOrzsZEwkqQZBpx+FKcc6xuOkcJdJoJoPDRAqmdkV0z6RhGqTZ96E4M6fvAiNStk9Lzu3Z4Xq1SyOHDpER6iIXHSBqugG1VAdUfSIntErerOerBfr3fqYti5Zs5kD9EfW1w/VO6CI</latexit>

P(r2, t1, `1 6= `2)

P(r2, t0,At(o
⇤, t0, `1))

<latexit sha1_base64="hdULJfq85tPKtPhgFoopXsObWnc="></latexit>



Next Steps
• Since Publication

• Fully formalize arguments

• Create an automated reasoner 
which can find the arguments

• Future

• Implement a simulation using 
Microsoft AirSim

• Publish full-length paper
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Questions?


