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“Measure what is measurable, and 
make measurable what is not so.” 

– Galileo Galilei
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What is good performance metric for a 
cleaning robot? 

• Total amount of dust collected
• Area covered
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All but perfect metrics can be exploited



When you design performance metric

• Be careful what you wish for

• What you get is what you ask for
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Optimal solution is only optimal according to 
some objective function



https://www.youtube.com/watch?v=KnPiP9PkLAs

6/11/22 © Jean Oh, Bot Intelligence Group (BIG), CMU 6

Autonomous navigation in a real world

BuildingsPoles

Stands

• Static obstacles

• Main objective is to detect & avoid collision

https://www.youtube.com/watch?v=KnPiP9PkLAs


https://www.youtube.com/watch?v=KnPiP9PkLAs
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Autonomous navigation in a real world

Pedestrians

Cars

Cyclists

Bikers

BuildingsPoles

Stands

• Static obstacles
• Dynamic obstacles
• Humanmade rules
o Traffic rules
o Social norms

• Main objective is to detect, track, & avoid collision
• From passive reaction to proactive coordination

https://www.youtube.com/watch?v=KnPiP9PkLAs
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How can we make an autonomous vehicle navigate 
seamlessly with other vehicles in a complex 
environment?
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Research Question:

Social Robot Navigation



Prediction vs. Navigation vs. Social Navigation 
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Goal-oriented 
objectives

Social objectives Environmental context / 
physical constraints

Static 
Navigation

Yes Safety Traversability, static 
obstacles

Trajectory 
prediction

No Naturalness Dynamic obstacles

Social 
Navigation

Yes Safety / Norm / Comfort / 
Naturalness

Static + Dynamic 
obstacles 

Target problem



Social Attention (Vemula et al., 2018)

Social LSTM (Alahi et al., 2016)

Interacting Gaussian Processes (Trautman et al., 2015)
IGP with learned models (Vemula et al., 2017)

Social GAN (Gupta et al., 2018)
Survey article [Rudenko et al., 2020]

Pedestrian prediction
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Prediction but not planning

Still useful to model “interaction”



Social Attention: qualitative results

!X

Learns to give high importance to agents with whom 
there might be a future collision, irrespective of their 

current proximity

Learns to give equal relative importance to 
pedestrians far away to exert any influence 
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!X

Learns to give high importance to agents with whom 
there might be a future collision, irrespective of their 

current proximity

Learns to give equal relative importance to 
pedestrians far away to exert any influence 

[Vemula et al., 2018]

A. Vemula, K. Muelling, J. Oh. Social Attention: Modeling Attention in Human Crowds. In Proc. of IEEE Conference on 
Robotics and Automation (ICRA), 2018 (Best Paper Award in Cognitive Robotics)



SPEC: Qualitative Analysis

D. Zhao and J. Oh. "Noticing Motion Patterns: Temporal CNN with a Novel Convolution Operator for Human Trajectory 
Prediction." IEEE Robotics and Automation Letters (RA-L), Special Issue on Long-Term Human Motion Prediction (2020). 
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Evaluation is challenging
Settings:
• Datasets: Recorded pedestrians
• Physical robot testing
• Simulation
Metrics:
• Geometric metric

o Average Displacement Error (ADE)
o Final Displacement Error (FDE)
o Modified Hausdorff Distance 

• Probabilistic metrics 
o Negative log likelihood
o Negative log loss
o Prediction probability
o mADE, mFDE
o Cumulative probability
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Table 2. ADE/FDE from (Mohamed et al., 2020)

(Rudenko et al., 2020)

Table 1. ADE/FDE from (Zhao & Oh, 2020)
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Table 2. ADE/FDE from (Mohamed et al., 2020)

(Rudenko et al., 2020)

Table 1. ADE/FDE from (Zhao & Oh, 2020)

Performance is reaching saturation, but

have we solved the real problem?



Prediction vs. Navigation vs. Social Navigation 
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Goal-oriented 
objectives

Social objectives Environmental context / 
physical constraints

Static 
Navigation

Yes Safety Traversability, static 
obstacles

Trajectory 
prediction

No Naturalness Dynamic obstacles

Social 
Navigation

Yes Safety / Norm / Comfort / 
Naturalness

Static + Dynamic 
obstacles 

Target problem



Social Navigation 
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Social Objectives

Reinforcement learning (Berg et al., 
2011, Chen et al., 2019) 

Safety / Comfort

Inverse reinforcement learning (Vasquez 
et al., 2014)

Naturalness

Generative approach (Tsai & Oh, 2020) Safety / Comfort
Naturalness



Interpretability / explainability

6/11/22 18

Intention Only (𝑓!"#$"#) Social Aware (𝑓!"#$"# + 𝑓%&'!())

.: observed trajectory
* : predicted trajectory
x : goal point

: pedestrians
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Evaluation is challenging 
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G-S-LSTM NaviGAN-R human

S-score 0.40 0.38 0.44

Comfort% 81% 97% 96%

Arrival% 91% 85% 100%

𝑟! =

−0.25 , 𝑖𝑓 𝑑" ≤ 0

−0.1 +
𝑑"
2

, 𝑖𝑓 𝑑" ≤ 0.2

1 , 𝑖𝑓 𝑑# ≤ 0.5
0 , 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

Social score (S-score) [Chen et al., 2019]

How can we improve evaluation?

T.-E. Tsai and J. Oh A Generative Approach for Socially Compliant Navigation, In: IEEE Conference on Robotics 
and Automation (ICRA). 2020.



ETH Hotel dataset

Can we simulate human pedestrians and generate 
edge cases? (ongoing work)
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Baselines: Statistics from human data

1. Statistics vary across different datasets
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Evaluation of the algorithms in self-play setting 
(example: UNIV dataset)

• Green indicates the algorithm closest to the human data
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2. No single algorithm is a clear winner



Arrival rate Arrival speed Number of collisions
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3. In self-play, algorithms exhibit unique trends



Noncooperative vs Social force Noncooperative vs RVO
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4. In tournament, algorithms exploit/get exploited



Future directions on social robot navigation

• Statistics vary across different datasets. Can we define a similarity 
metric using statistical properties? 
• No single algorithm is a clear winner. Can we generate an agent 

population that is statistically similar? 
• In self-play, algorithms exhibit unique trends. Are algorithms including 

enough variance? 
• In tournament, algorithms exploit/get exploited. Can we design high-

level strategy of mixture algorithm in a repeated game setting?
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DEI
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Thank you for your attention. Questions?
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