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Deep learning theory
InterpretabilityHow do we learn?

Decision making process?

Weights <—?—> Training set?

Inferred data <—?—> Training set?

Loss landscape

Acceleration phenomenon

Gradient dynamics

Convergence properties

Neural collapse

Shallow Linear

WideStructured
(this talk)



Model-based deep learning
Deep learning

Similarities: Use model as proxy for deep learning

Differences: Understand why deep learning is “better”

Statistical models

x = g(z), z ∼ p(z)

data representation

Sparse coding model (this talk)



Sparse coding model
Model                                

x = D* z*

data sparse code
dictionary

Optimization

min
z,D

ℒx(z, D) + h(z)

sparse prior
λ∥z∥1

1
2

∥x − Dz∥2
2

data likelihood

zt+1 = 𝒫αλ(zt − α∇1ℒx(zt, D))

Forward sparse coding

Backward dictionary update



Forward sparse coding

|zt,( j) − z*( j) | ≤ 𝒪( s∥Dj − D*j ∥2 + et,j + λ)

code sparsity dictionary estimate unrolling error 
( )et,j → 0 as t → ∞

sparsity inducing 
via architecture 
(ReLU bias)

x = D* z*



Gradient-based learning  D ← D − ηgT

 gdec
T =

dlossx(zT, D)
dD

 gae-ls
T =

dlossx(zT(D), D)
dD

= ∇2ℒx(zT, D) +
∂zT

∂D
∇1ℒx(zT, D)

 D  loss
 zT

 gae-lasso
T =

dlossx(zT(D), D)
dD

 = ∇2ℒx(zT, D)

 = ∇2ℒx(zT, D)
 direct gradient

 +
∂zT

∂D
(∇1ℒx(zT, D) + ∂h(zT))

 response gradient



Effect of backpropagation

 ∥gdec
t − ĝ∥2 ≤ 𝒪(ρt)

 ∥gae-lasso
t − ĝ∥2 ≤ 𝒪(tρ2t)

Best local direction  
(unroll for ) 
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Dictionary learning with  gdec
T

∥D(l+1)
j − D*j ∥2

2 ≤ (1 − ψ)∥D(l)
j − D*j ∥2

2 + ϵ(l)
λ

forward bias

Forward bias is propagated into the backward dictionary estimation

How to reduce this bias in the backward pass without changing the forward pass?



Reducing estimation bias

 ∥gae-lasso
T − g*∥2 ≤ 𝒪(∥D − D*∥2 + δ* + Classo)

Desired global direction  g*

 ∥gae-ls
T − g*∥2 ≤ 𝒪(∥D − D*∥2 + δ*)

forward bias  
lasso loss
𝒪(λ s)
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Interpretability

,     is sparsex = Dz z(Model)                                 

Learned dictionary atoms

Dlearned
j =

n

∑
k=1

αkxk

Learned 0.06141 0.06017 0.00000 0.00000

Estimate 0.05743 0.05741 0.00000 0.00000

Image 0.03151 0.03108 0.00015 0.00029

Rec 0.03016 0.02881 0.00033 0.00039

Estimate 0.02862 0.02861 0.00046 0.00053

x̂test =
n

∑
k=1

βkxk





From theory to applications

Interpretable deep learning for computational neuroscience 



Thank you!
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