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Robots today Robots tomorrow

From control to human-level robot intelligence



a general architecture for designing scalable and compositional 
robot learning systems.
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Differentiable Algorithm Networks  (DANs)



Applications
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Visual localization

Navigation

SLAM

Autonomous driving



Differentiable Algorithm Network = Computation graph

Idea: encode algorithms in neural networks

Neural network = Computation graph

Algorithm

Model
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ValueIteration:

Example: value iteration

×
×

+ max
Vk+1
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at = argmax
a

QK(st, a)

Vk(s) = max
a

Qk(s, a)

Qk+1(s, a) = R(s, a) + �
X

s02S

T (s, a, s0)Vk(s
0)

Repeat for k = 1 : K
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S,A, T (s, a, s0), R(s, a)



Example: value iteration

×
×

+ max
Vk+1

×
×

+ max
Vk+1
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at = argmax
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Vk(s) = max
a

Qk(s, a)
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s02S
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Example: value iteration

×
+ max

Vk+1

×
×

+
at = argmax

a
QK(st, a)

arg
max

𝑥!
neural net

neural net
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Ø Efficient parameterization

Ø Scale algorithm at test time

Ø Implicit gradients

Ø Continuous relaxation

Ø Sampling
Ø reparameterization trick
Ø Gumbel-softmax
Ø straight-through estimation 
Ø importance sampling 

Ø Implicit gradients (e.g., ODEnet)

Ø Score-function estimation  
(stochastic computation graphs)

Technical challenges

Non-differentiable operations Large computation graph
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State Estimation Planning Control

Kalman filter
Haarnoja et al. 2016
Kloss et al. 2018

Histogram filter
Jonschkowski et al. 2016

Particle filter
Jonschkowski et al. 2018
Karkus et al. 2018
Wen et al. 2020

Mapping
Gupta et al. 2017
Karkus et al. 2020

SLAM
Jatavallabhula et al. 2019
Karkus et al. 2021

Value Iteration
Tamar et al. 2016
Shankar et al. 2016
Gupta et al. 2017
Lee et al. 2018

MCTS
Guez et al. 2018

QMDP planner
Karkus et al. 2017

Breadth-first search
Oh et al. 2017
Fraquhar et al. 2017

A* search
Yonetani et al. 2020

Model-predictive control
Amos et al. 2018
East et al. 2020

Path-integral optimal control
Okada et al. 2017

ODE solver
Chen et al. 2018
Zhong et al. 2020

Convex optimization
Amos et al. 2017
Agrawal et al. 2018
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Model-based

Algorithm

Model

`

train

Model-free

14



Model-based Model-free

Composable and interpretable but 
Brittle because of unavoidable approximations.

Planning

Model

Control

Model

State 
estimation

Model

`

train train train

Perception

Model

`

train

train end-to-end

End-to-end learnable but
Lacks prior for compositional generalization, and
interpretability for safety guarantees
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Model-based Model-freeModular End-to-end+

Composable but 
Brittle because of unavoidable approximations

End-to-end learnable but
Lacks prior for compositional generalization and
interpretability for safety guarantees

Planning

Model

Control

Model

State 
estimation

Model

Perception

Model

train train train
``

train

train end-to-end
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Planning

Model

Control

Model

State 
estimation

Model

Perception

Model

`

train train train
`

train

Modular End-to-end+

Differentiable Algorithm Network (DAN)

train end-to-end

17P. Karkus, X. Ma, D. Hsu, L.P. Kaelbling, W.S. Lee, T. Lozano-Perez. Differentiable Algorithm Networks for Composable Robot Learning. RSS 2019



Case study: visual navigation

18P. Karkus, X. Ma, D. Hsu, L.P. Kaelbling, W.S. Lee, T. Lozano-Perez. Differentiable Algorithm Networks for Composable Robot Learning. RSS 2019



Case study: visual navigation
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Train
10k expert demos

Test
500 new mazes

P. Karkus, X. Ma, D. Hsu, L.P. Kaelbling, W.S. Lee, T. Lozano-Perez. Differentiable Algorithm Networks for Composable Robot Learning. RSS 2019



End-to-end

99.8% 38.4%

Perception

Model

State 
estimation

Model

Planning

Model

Control

Model

76.6%

Modular DAN (ours)

Perception

Model

State 
estimation

Model

Planning

Model

Control

Model

success ratesuccess rate success rate

Structured prior

20P. Karkus, X. Ma, D. Hsu, L.P. Kaelbling, W.S. Lee, T. Lozano-Perez. Differentiable Algorithm Networks for Composable Robot Learning. RSS 2019



Structure priors help to generalize
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Less structure

0%
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DAN
(ours)
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relaxed
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LSTM

 CNN
 LSTM

RNN

Success rate
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Success rate

Less structure



End-to-end

99.8% 38.4%

Perception

Model

State 
estimation

Model

Planning

Model

Control

Model

76.6%

Modular DAN (ours)

Perception

Model

State 
estimation

Model

Planning

Model

Control

Model

success ratesuccess rate success rate

Task-oriented learning Structure prior

learn learn learn learn
learn end-to-end

22P. Karkus, X. Ma, D. Hsu, L.P. Kaelbling, W.S. Lee, T. Lozano-Perez. Differentiable Algorithm Networks for Composable Robot Learning. RSS 2019



Model-based

Perception

Model

State 
estimation

Model

Planning

Model

Control

Model

learn learn learnlearn
DAN (ours)

Perception

Model

State 
estimation

Model

Planning

Model

Control

Model

learn end-to-end

Transition model  𝑃(𝑠; 𝑎!)

𝑃(Turn right) 𝑃(Turn right AND move forward)

Transition model  𝑃(𝑠; 𝑎!)

A “wrong” model can fix a “wrong” algorithm

Ø Short planning horizon

23

59.0%
success rate

97.8%
success rate

P. Karkus, X. Ma, D. Hsu, L.P. Kaelbling, W.S. Lee, T. Lozano-Perez. Differentiable Algorithm Networks for Composable Robot Learning. RSS 2019



Ø Short planning horizon?

Ø Transition model doesn’t capture obstacles? 

Ø Cannot plan for information gathering? 

Ø Perception mistakes lead to bad actions?

A “wrong” model can fix a “wrong” algorithm

24P. Karkus, X. Ma, D. Hsu, L.P. Kaelbling, W.S. Lee, T. Lozano-Perez. Differentiable Algorithm Networks for Composable Robot Learning. RSS 2019

Learn macro actions! 

Learn to inflate collision penalties!

Learn to reward it!

Learn to communicate confidence!



End-to-end

Perception

Model

State 
estimation

Model

Planning

Model

Control

Model

Modular DAN

Perception

Model

State 
estimation

Model

Planning

Model

Control

Model

Task-oriented learning Structure prior

learn learn learn learn
learn end-to-end

25P. Karkus, X. Ma, D. Hsu, L.P. Kaelbling, W.S. Lee, T. Lozano-Perez. Differentiable Algorithm Networks for Composable Robot Learning. RSS 2019
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Perception

Model

State 
estimation

Model

Planning

Model

Control

Model

Model-based
algorithm
structure

Model-free
neural networkDAN

P. Karkus, X. Ma, D. Hsu, L.P. Kaelbling, W.S. Lee, T. Lozano-Perez. Differentiable Algorithm Networks for Composable Robot Learning. RSS 2019



Applications

27

Visual localization

Navigation

SLAM

Autonomous driving



Particle Filter Network

P. Karkus, D. Hsu, W.S. Lee. Particle Filter Networks with Application to Visual Localization. CoRL 2018 28



Differentiable SLAM-net

29P. Karkus, S. Cai, D. Hsu. Differentiable SLAM-net: Learning Particle SLAM for Visual Navigation. CVPR 2021



Spot navigation demo

30



Autonomous driving



Differentiable & Modular AV Stacks
Motivation
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Modular architecture

Sensors Action

End-to-end architecture

Sensors Action

?



Differentiable & Modular AV Stacks
Key idea

Modular architecture End-to-end architecture

Differentiable & modular stack

Idea: use a differentiable computation graph to represent modules and train them end-to-end
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Differentiable & Modular AV Stacks
Example

Modular architecture End-to-end architecture

Differentiable & modular stack
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P. Karkus, B. Ivanovic, S. Mannor, M. Pavone. DiffStack: A Differentiable and Modular Control Stack for Autonomous Vehicles, CoRL 2022



DIFFSTACK: DIFFERENTIABLE PREDICTION-PLANNING-CONTROL

Prediction Controller

𝑢!:# = argmin )
$%!&#

𝐶 𝑠', 𝑢'

Planner

s. t. 𝑠( = 𝑠)*)$; 𝑠$&! = 𝑓+(𝑠$, 𝑢$)

Trajectron++ model iLQR MPCTrajectory fan planner

Ego trajectoryPast tracklets
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Lpred

(Salzmann et al. 2020)
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DIFFSTACK: DIFFERENTIABLE PREDICTION-PLANNING-CONTROL

Ego trajectory
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Past tracklets
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Prediction Differentiable ControllerDifferentiable Planner
Trajectron++ model iLQR MPCTrajectory fan planner
(Salzmann et al. 2020) (Amos et al. 2018)
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Differentiable & Modular AV Stacks
Quantitative results

Standard modular stack
Differentiable stack (ours)
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Differentiable & Modular AV Stacks
Quantitative results

Perception performance 
ADE (m) ↓

Standard modular stack 1.32 ± 0.06
Differentiable stack (ours) 1.27 ± 0.07
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Differentiable & Modular AV Stacks
Quantitative results

Perception performance 
ADE (m) ↓

Cost difference from
theoretical best ↓

Standard modular stack 1.32 ± 0.06 29% ± 2%
Differentiable stack (ours) 1.27 ± 0.07 17% ± 2%

Upper bound on cost: planning with no predictions
Lower bound on cost: planning with ground truth predictions

P. Karkus, B. Ivanovic, S. Mannor, M. Pavone. DiffStack: A Differentiable and Modular Control Stack for Autonomous Vehicles, CoRL 2022
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rL Joint training

Uncertainty propagation

Learned interfaces

Simulation technology

Task-oriented metrics

Adversarial robustness & safety

<latexit sha1_base64="xvjuKL7rhR450PnJDmpdS3dydok=">AAACBHicbVC7TsMwFHXKq5RXgLGLRYXEVCWI11jBwsBQJPqQ2ihyHLe1ajuR7SBVUQYWfoWFAYRY+Qg2/gYnzQCFI1k6Pude+94TxIwq7ThfVmVpeWV1rbpe29jc2t6xd/e6KkokJh0csUj2A6QIo4J0NNWM9GNJEA8Y6QXTq9zv3ROpaCTu9CwmHkdjQUcUI20k364POdITjFh6k/lpcZE8NU+EWebbDafpFIB/iVuSBijR9u3PYRjhhBOhMUNKDVwn1l6KpKaYkaw2TBSJEZ6iMRkYKhAnykuLJTJ4aJQQjiJpjtCwUH92pIgrNeOBqcynVIteLv7nDRI9uvBSKuJEE4HnH40SBnUE80RgSCXBms0MQVhSMyvEEyQR1ia3mgnBXVz5L+keN92z5untSaN1WcZRBXVwAI6AC85BC1yDNugADB7AE3gBr9aj9Wy9We/z0opV9uyDX7A+vgEyk5kc</latexit>

Lpred
<latexit sha1_base64="qYGKpKssHbWo7OsKhrD8uxPnQZg=">AAACA3icbVC7TsMwFHV4lvIKsMFiUSExVQniNVawMDAUiT6kNoocx22t2k5kO0hVFImFX2FhACFWfoKNv8FJM0DLkSwdn3Ov7r0niBlV2nG+rYXFpeWV1cpadX1jc2vb3tltqyiRmLRwxCLZDZAijArS0lQz0o0lQTxgpBOMr3O/80CkopG415OYeBwNBR1QjLSRfHu/z5EeYcTS28xPi4/kaUh0lvl2zak7BeA8cUtSAyWavv3VDyOccCI0ZkipnuvE2kuR1BQzklX7iSIxwmM0JD1DBeJEeWlxQwaPjBLCQSTNExoW6u+OFHGlJjwwlfmSatbLxf+8XqIHl15KRZxoIvB00CBhUEcwDwSGVBKs2cQQhCU1u0I8QhJhbWKrmhDc2ZPnSfuk7p7Xz+5Oa42rMo4KOACH4Bi44AI0wA1oghbA4BE8g1fwZj1ZL9a79TEtXbDKnj3wB9bnD1ubmKQ=</latexit>

Ldet
<latexit sha1_base64="gYdTIExVMqvzIrIrtlozj0ggZEQ=">AAACBXicbVC7TsMwFHV4lvIKMMJgUSExVQniNVawMDAUiT6kNooc12mt2k5kO0hVlIWFX2FhACFW/oGNv8FJM0DLkSwdn3Ovfe8JYkaVdpxva2FxaXlltbJWXd/Y3Nq2d3bbKkokJi0csUh2A6QIo4K0NNWMdGNJEA8Y6QTj69zvPBCpaCTu9SQmHkdDQUOKkTaSbx/0OdIjjFh6m/lpcZE81RLhcZb5ds2pOwXgPHFLUgMlmr791R9EOOFEaMyQUj3XibWXIqkpZiSr9hNFYvM0GpKeoQJxory02CKDR0YZwDCS5ggNC/V3R4q4UhMemMp8TDXr5eJ/Xi/R4aWXUhEnmgg8/ShMGNQRzCOBAyoJ1mxiCMKSmlkhHiETgTbBVU0I7uzK86R9UnfP62d3p7XGVRlHBeyDQ3AMXHABGuAGNEELYPAInsEreLOerBfr3fqYli5YZc8e+APr8wcDu5mQ</latexit>

Ltrack

<latexit sha1_base64="5VOtaJnJ8icXDkJJmbT62lzQdUc=">AAACBHicbVC7TsMwFHXKq5RXgLGLRYXEVCWI11jBwsBQJPqQ2ihyXKe1ajuR7SBVUQYWfoWFAYRY+Qg2/gYnzQCFI1k6Pude3XtPEDOqtON8WZWl5ZXVtep6bWNza3vH3t3rqiiRmHRwxCLZD5AijArS0VQz0o8lQTxgpBdMr3K/d0+kopG407OYeByNBQ0pRtpIvl0fcqQnGLH0JvPT4iN5GjMkssy3G07TKQD/ErckDVCi7dufw1GEE06ExgwpNXCdWHspkppiRrLaMFEkRniKxmRgqECcKC8tjsjgoVFGMIykeULDQv3ZkSKu1IwHpjLfUi16ufifN0h0eOGlVMSJJgLPB4UJgzqCeSJwRCXBms0MQVhSsyvEEyQR1ia3mgnBXTz5L+keN92z5untSaN1WcZRBXVwAI6AC85BC1yDNugADB7AE3gBr9aj9Wy9We/z0opV9uyDX7A+vgEyg5kc</latexit>

Lplan
<latexit sha1_base64="BPQrSNgqNvT05JStUCPlZ3fknos=">AAACBHicbVC7TsMwFHXKq5RXgLGLRYXEVCWI11jBwsBQJPqQ2ihyXKe1ajuR7SBVUQYWfoWFAYRY+Qg2/gYnzQCFI1k6Pude3XtPEDOqtON8WZWl5ZXVtep6bWNza3vH3t3rqiiRmHRwxCLZD5AijArS0VQz0o8lQTxgpBdMr3K/d0+kopG407OYeByNBQ0pRtpIvl0fcqQnGLH0JvPT4iN5irVkWebbDafpFIB/iVuSBijR9u3P4SjCCSdCY4aUGrhOrL0USU0xI1ltmCgSIzxFYzIwVCBOlJcWR2Tw0CgjGEbSPKFhof7sSBFXasYDU5lvqRa9XPzPGyQ6vPBSKuJEE4Hng8KEQR3BPBE4opJgzWaGICyp2RXiCZIIa5NbzYTgLp78l3SPm+5Z8/T2pNG6LOOogjo4AEfABeegBa5BG3QABg/gCbyAV+vRerberPd5acUqe/bBL1gf30G5mSY=</latexit>

Lctrl
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Ongoing work
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Perception

Model

State 
estimation

Model

Planning

Model

Control

Model

learn end-to-end

Algorithms can be built into 
neural networks

DAN = 
Modular + Task-oriented Applications

Summary


