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Low-light image enhancement

Images captured in low-light condition



Low-light image enhancement

Images captured in well exposed condition



Curve-adjustment method: gamma correction

𝐼!"# = 𝐼$%
&

𝛾 = 0.6

Gamma correction:
§ Overall exposure enhancement
§ Cannot consider exposure enhancement locally



Curve-adjustment method

§ Pixel-wise curve adjustment method
§ Iterative method makes higher-order curves for 

enhancing low-light images
§ Detail preservation
§ Trained on zero-reference loss functions

𝐿𝐸 𝑥 = 𝐿𝐸 𝑥 + 𝛼 ⋅ 1 − 𝐿𝐸 𝑥 ⋅ 𝐿𝐸(𝑥)
0 ≤ 𝐿𝐸 𝑥 , ≤ 1, −1 ≤ 𝛼 ≤ 1
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§ Update process is in discrete-space
§ Cannot guarantee convergence of the optimization
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Curve-adjustment method

§ Pixel-wise curve adjustment method
§ Iterative method makes higher-order curves for 

enhancing low-light images
§ Detail preservation
§ Trained on Zero-reference loss functions

§ Update process is in discrete-space
§ Cannot guarantee convergence of the optimization

§ Discrete-space update process to continuous-space 
update process via Neural ODE

§ Can find input-specific higher-order curves until 
convergence

𝐿𝐸 𝑥 = 𝐿𝐸 𝑥 + 𝒜(𝑥) ⋅ 1 − 𝐿𝐸 𝑥 ⋅ 𝐿𝐸(𝑥)
0 ≤ 𝐿𝐸 𝑥 , ≤ 1, −1 ≤ 𝒜(𝑥) ≤ 1



Reformulation

Iterative formulation:

§ 𝐼' = 𝐼( +𝒜( ⊗ 𝐼( ⊗ 1 − 𝐼(

§ 𝐼) = 𝐼' +𝒜' ⊗ 𝐼' ⊗ 1 − 𝐼'

§ 𝐼* = 𝐼) +𝒜) ⊗ 𝐼) ⊗ 1 − 𝐼)

§ …

§ 𝐼+ = 𝐼+,' +𝒜+,' ⊗ 𝐼+,' ⊗ 1 − 𝐼+,'

𝒜: Cureve parameter map (−1 ≤ 𝒜(𝑥) ≤ 1)
𝐼 ∶ Image



Reformulation

Ordinary Differential Equation:
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Reformulation

Ordinary Differential Equation:

§ 𝐼%-' = 𝐼% +𝒜% ⊗ 𝐼% ⊗ 1 − 𝐼% : conventional formula

§ 𝐼#-' = 𝐼# + 𝑓.(𝐼# , 𝑡)     : continuous variable t	

§
/0!
/#
= 𝑓.(𝐼# , 𝑡)

§ 𝐼1 = 𝐼( + ∫!
1 𝑓. 𝐼# , 𝑡 𝑑𝑡

§ 𝐼1 = 𝑂𝐷𝐸_𝑆𝑜𝑙𝑣𝑒𝑟(𝐼(, 0, 𝑇 , 𝑓.)

Iterative formulation:

§ 𝐼' = 𝐼( +𝒜( ⊗ 𝐼( ⊗ 1 − 𝐼(

§ 𝐼) = 𝐼' +𝒜' ⊗ 𝐼' ⊗ 1 − 𝐼'

§ 𝐼* = 𝐼) +𝒜) ⊗ 𝐼) ⊗ 1 − 𝐼)

§ …

§ 𝐼+ = 𝐼+,' +𝒜+,' ⊗ 𝐼+,' ⊗ 1 − 𝐼+,'

* ODE solver: Euler, RK4, dopri5, …



Overall

𝐸𝑞. 1 𝐼"#$ = 𝐼" +𝒜"⊗ 𝐼"⊗ 1− 𝐼"



Network overall
§ Noise Removal (𝑔): 

Provide clean input images for Curve Parameter Estimation module

§ Curve Parameter Estimation (ℎ): 
Estimate curve parameter map of each state

𝐸𝑞. 1 𝐼"#$ = 𝐼" +𝒜"⊗ 𝐼"⊗ 1− 𝐼"



Inference
§ Inference process: 

After getting 𝐼1 , apply Noise Removal Module (𝑔) for noise free 
output F𝐼1 (= 𝑔 𝐼1 )

§ User controllable design: 
By changing T, the exposure level of the output image can be 
easily controlled.



Loss functions

§ Spatial Consistency Loss:

§ Exposure Loss:

§ Color Constancy Loss:

§ Parameter Regularization Loss:

§ Noise Removal Loss:
Zero shot noise removal loss function from “Zero-Shot Noise2Noise: Efficient Image Denoising without any Data 
(CVPR2023)” is applied on Noise Removal Module

(E = 0.6)



Results



Results



Results
Discrete to Continuous



Results
Effectiveness of Noise Removal Module



Summary

§ Contribution 1: CLODE is the first approach to formulate the higher-order curve estimation problem as a Neural
ODE problem, enabling effective and accurate solutions with standard ODE solvers.

§ Contribution 2: By transforming the discrete update formula into Neural ODE, which is solvable in continuous 
space, we significantly enhance the unsupervised low-light image enhancement results. 

§ Contribution 3: CLODE also offers user controllability without altering the network architecture, enabling users 
to manually adjust the desired level of exposure as needed.

https://github.com/dgjung0220/CLODE
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