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Machine Learning in last two decades
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Image classification as one fundamental task in computer vision has been well
investigated for a long time. Benefiting from the development of deep learning, a
significant improvement have been achieved in many practical applications, e.g.,
clothing, food or car classification.
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Big and high quality data drives the success of deep
models.

Figure: There is a steady reduction of error every year in object classification on
large scale dataset (1000 object categories, 1.2 million training images)
[Russakovsky et al., 2015].

However, what we usually have in practice is big data with noisy
labels.
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Noisy labels from crowdsourcing platforms.

Credit: Torbjørn Marø

Unreliable labels may occur when the workers have limited domain
knowledge.
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Noisy labels from web search/crawler.

Screenshot of Google.com

The keywords may not be relevant to the image contents.
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Noisy labels from implicit feedback.

Customers may accidentally miss some links in a quick browse.
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Real-world Noisy Databases

Food101

Clothing1M

YFCC100M

Goldfinch

PlantCLEF

WebVision

There are almost inexhaustible noisy annotated images available on the social and
e-commerce websites at very low cost of human labor.
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Processing Noisy Data

Bottleneck on Labor Annotation

clothing

food

car

diagnostic

Data Collection Worker Annotation Expert Validation

Considering the expensive human labor in the complex and arbitrary applications e.g.,
medical diagnostic and fine-grained visualization, collecting a large-scale dataset with
accurate annotations is usually impractical.
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Deep Learning + Noisy Labels

powerful deep neural 
networks

low expensive noisy 
supervision✚

Deep learning with 
noisy supervision
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How to model noisy labels?

Class-conditional noise (CCN):
Each label y in the training set (with c classes) is flipped into ỹ with
probability p(ỹ |y).
Denote by T ∈ [0, 1](c×c) the noise transition matrix specifying the
probability of flipping one label to another, so that
∀i ,jTij = p(ỹ = j |y = i).

Positive Negative

Decision Boundary

Figure: Illustration of noisy labels.
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What happens when learning with noisy labels?

Figure: Accuracy of neural networks on noisy MNIST with different noise rate (0.,
0.2, 0.4, 0.6, 0.8).
(Solid is train, dotted is validation.) [Arpit et al., 2017]

Memorization: Learning easy patterns first, then (totally) over-fit noisy
training data.
Effect: Training deep neural networks directly on noisy labels results in
accuracy degradation.
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Deep Learning with Noisy Supervision
How to do in this area?

Three popular methodologies currently applied in this area.
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Current Works

Current progress in three orthogonal directions:

Learning with noise transition:
Forward Correction (Australian National University, CVPR’17)
S-adaptation (Bar Ilan University, ICLR’17)
Masking (UTS, NeurIPS’18)

Learning with selected samples:
MentorNet (Google AI, ICML’18)
Learning to Reweight Examples (University of Toronto, ICML’18)
Co-teaching (UTS, NeurIPS’18)

Learning with implicit regularization:
Virtual Adversarial Training (Preferred Networks, ICLR’16)
Mean Teachers (Curious AI, NIPS’17)
Temporal Ensembling (NVIDIA, ICLR’17)
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Estimating Noise Transition Matrix

Main idea: estimate the matrix and learn the classifier

Benefit: with theoretical guarantees

Drawback: hard to estimate the matrix for large-class cases

(a) pair (ε = 45%). (b) sym (ε = 50%).

Figure: The noise transition matrix T , where Tij = Pr(ỹ = e j |y = e i ).

Ivor (UTS) Deep Learning with Noisy Supervision Jun 16th, 2019 15 / 70



Introduction Noise Transition Dynamic Noise Deep Learning from Noisy Labels with Quality Embedding Co-teaching Co-teaching+ Summary References

Data Perspective

Noisy label

G
round-truth label

(a) Column-diagonal (b) Tri-diagonal (c) Block-diagonal

Figure: Three types of noise structure.

(a) beach = mountain; beach ↔ dog.
(b1) Australian terrier = Norwich terrier;
(b2) Norfolk terrier ↔ Norwich terrier ↔ Irish terrier.
(c) aquatic mammals = flowers; beaver ↔ dolphin.
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Deficiency of Benchmarks
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Figure: Benchmark models. (x , ỹ) denotes the instance with the noisy label.

Independent framework: the estimation is not for agnostic noisy data.

Unified framework: the brute-force estimation suffer local minimums.
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<latexit sha1_base64="QT2IxtzsZE19pW+mY+Tf5fnZv8c=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoxWMF+wFtKJvNpF262cTdTSWE/g4vHhTx6o/x5r9x2+agrQ8GHu/NMDPPTzhT2nG+rdLa+sbmVnm7srO7t39QPTxqqziVFFs05rHs+kQhZwJbmmmO3UQiiXyOHX98O/M7E5SKxeJBZwl6ERkKFjJKtJG8/hMLUDMeYJ5NB9WaU3fmsFeJW5AaFGgOql/9IKZphEJTTpTquU6ivZxIzSjHaaWfKkwIHZMh9gwVJELl5fOjp/aZUQI7jKUpoe25+nsiJ5FSWeSbzojokVr2ZuJ/Xi/V4bWXM5GkGgVdLApTbuvYniVgB0wi1TwzhFDJzK02HRFJqDY5VUwI7vLLq6R9UXedunt/WWvcFHGU4QRO4RxcuIIG3EETWkDhEZ7hFd6sifVivVsfi9aSVcwcwx9Ynz9uYpKE</latexit><latexit sha1_base64="QT2IxtzsZE19pW+mY+Tf5fnZv8c=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoxWMF+wFtKJvNpF262cTdTSWE/g4vHhTx6o/x5r9x2+agrQ8GHu/NMDPPTzhT2nG+rdLa+sbmVnm7srO7t39QPTxqqziVFFs05rHs+kQhZwJbmmmO3UQiiXyOHX98O/M7E5SKxeJBZwl6ERkKFjJKtJG8/hMLUDMeYJ5NB9WaU3fmsFeJW5AaFGgOql/9IKZphEJTTpTquU6ivZxIzSjHaaWfKkwIHZMh9gwVJELl5fOjp/aZUQI7jKUpoe25+nsiJ5FSWeSbzojokVr2ZuJ/Xi/V4bWXM5GkGgVdLApTbuvYniVgB0wi1TwzhFDJzK02HRFJqDY5VUwI7vLLq6R9UXedunt/WWvcFHGU4QRO4RxcuIIG3EETWkDhEZ7hFd6sifVivVsfi9aSVcwcwx9Ynz9uYpKE</latexit><latexit sha1_base64="QT2IxtzsZE19pW+mY+Tf5fnZv8c=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoxWMF+wFtKJvNpF262cTdTSWE/g4vHhTx6o/x5r9x2+agrQ8GHu/NMDPPTzhT2nG+rdLa+sbmVnm7srO7t39QPTxqqziVFFs05rHs+kQhZwJbmmmO3UQiiXyOHX98O/M7E5SKxeJBZwl6ERkKFjJKtJG8/hMLUDMeYJ5NB9WaU3fmsFeJW5AaFGgOql/9IKZphEJTTpTquU6ivZxIzSjHaaWfKkwIHZMh9gwVJELl5fOjp/aZUQI7jKUpoe25+nsiJ5FSWeSbzojokVr2ZuJ/Xi/V4bWXM5GkGgVdLApTbuvYniVgB0wi1TwzhFDJzK02HRFJqDY5VUwI7vLLq6R9UXedunt/WWvcFHGU4QRO4RxcuIIG3EETWkDhEZ7hFd6sifVivVsfi9aSVcwcwx9Ynz9uYpKE</latexit><latexit sha1_base64="QT2IxtzsZE19pW+mY+Tf5fnZv8c=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoxWMF+wFtKJvNpF262cTdTSWE/g4vHhTx6o/x5r9x2+agrQ8GHu/NMDPPTzhT2nG+rdLa+sbmVnm7srO7t39QPTxqqziVFFs05rHs+kQhZwJbmmmO3UQiiXyOHX98O/M7E5SKxeJBZwl6ERkKFjJKtJG8/hMLUDMeYJ5NB9WaU3fmsFeJW5AaFGgOql/9IKZphEJTTpTquU6ivZxIzSjHaaWfKkwIHZMh9gwVJELl5fOjp/aZUQI7jKUpoe25+nsiJ5FSWeSbzojokVr2ZuJ/Xi/V4bWXM5GkGgVdLApTbuvYniVgB0wi1TwzhFDJzK02HRFJqDY5VUwI7vLLq6R9UXedunt/WWvcFHGU4QRO4RxcuIIG3EETWkDhEZ7hFd6sifVivVsfi9aSVcwcwx9Ynz9uYpKE</latexit>

y
<latexit sha1_base64="l29WxoUb9DEbvmhLG7jHtZ0OU24=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KokIeix68diC/YA2lM120q7dbMLuRgihv8CLB0W8+pO8+W/ctjlo64OBx3szzMwLEsG1cd1vZ219Y3Nru7RT3t3bPzisHB23dZwqhi0Wi1h1A6pRcIktw43AbqKQRoHATjC5m/mdJ1Sax/LBZAn6ER1JHnJGjZWa2aBSdWvuHGSVeAWpQoHGoPLVH8YsjVAaJqjWPc9NjJ9TZTgTOC33U40JZRM6wp6lkkao/Xx+6JScW2VIwljZkobM1d8TOY20zqLAdkbUjPWyNxP/83qpCW/8nMskNSjZYlGYCmJiMvuaDLlCZkRmCWWK21sJG1NFmbHZlG0I3vLLq6R9WfPcmte8qtZvizhKcApncAEeXEMd7qEBLWCA8Ayv8OY8Oi/Ou/OxaF1zipkT+APn8wfnvYz9</latexit><latexit sha1_base64="l29WxoUb9DEbvmhLG7jHtZ0OU24=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KokIeix68diC/YA2lM120q7dbMLuRgihv8CLB0W8+pO8+W/ctjlo64OBx3szzMwLEsG1cd1vZ219Y3Nru7RT3t3bPzisHB23dZwqhi0Wi1h1A6pRcIktw43AbqKQRoHATjC5m/mdJ1Sax/LBZAn6ER1JHnJGjZWa2aBSdWvuHGSVeAWpQoHGoPLVH8YsjVAaJqjWPc9NjJ9TZTgTOC33U40JZRM6wp6lkkao/Xx+6JScW2VIwljZkobM1d8TOY20zqLAdkbUjPWyNxP/83qpCW/8nMskNSjZYlGYCmJiMvuaDLlCZkRmCWWK21sJG1NFmbHZlG0I3vLLq6R9WfPcmte8qtZvizhKcApncAEeXEMd7qEBLWCA8Ayv8OY8Oi/Ou/OxaF1zipkT+APn8wfnvYz9</latexit><latexit sha1_base64="l29WxoUb9DEbvmhLG7jHtZ0OU24=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KokIeix68diC/YA2lM120q7dbMLuRgihv8CLB0W8+pO8+W/ctjlo64OBx3szzMwLEsG1cd1vZ219Y3Nru7RT3t3bPzisHB23dZwqhi0Wi1h1A6pRcIktw43AbqKQRoHATjC5m/mdJ1Sax/LBZAn6ER1JHnJGjZWa2aBSdWvuHGSVeAWpQoHGoPLVH8YsjVAaJqjWPc9NjJ9TZTgTOC33U40JZRM6wp6lkkao/Xx+6JScW2VIwljZkobM1d8TOY20zqLAdkbUjPWyNxP/83qpCW/8nMskNSjZYlGYCmJiMvuaDLlCZkRmCWWK21sJG1NFmbHZlG0I3vLLq6R9WfPcmte8qtZvizhKcApncAEeXEMd7qEBLWCA8Ayv8OY8Oi/Ou/OxaF1zipkT+APn8wfnvYz9</latexit><latexit sha1_base64="l29WxoUb9DEbvmhLG7jHtZ0OU24=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KokIeix68diC/YA2lM120q7dbMLuRgihv8CLB0W8+pO8+W/ctjlo64OBx3szzMwLEsG1cd1vZ219Y3Nru7RT3t3bPzisHB23dZwqhi0Wi1h1A6pRcIktw43AbqKQRoHATjC5m/mdJ1Sax/LBZAn6ER1JHnJGjZWa2aBSdWvuHGSVeAWpQoHGoPLVH8YsjVAaJqjWPc9NjJ9TZTgTOC33U40JZRM6wp6lkkao/Xx+6JScW2VIwljZkobM1d8TOY20zqLAdkbUjPWyNxP/83qpCW/8nMskNSjZYlGYCmJiMvuaDLlCZkRmCWWK21sJG1NFmbHZlG0I3vLLq6R9WfPcmte8qtZvizhKcApncAEeXEMd7qEBLWCA8Ayv8OY8Oi/Ou/OxaF1zipkT+APn8wfnvYz9</latexit>

x
<latexit sha1_base64="f2yzimwbR/Dgjzp6tZ360fHRqNI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae0oWy2k3btZhN2N2IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3H1FpHst7M0nQj+hQ8pAzaqzUeOqXK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqh6btVrXFZqN3kcRTiBUzgHD66gBndQhyYwQHiGV3hzHpwX5935WLQWnHzmGP7A+fwB5jmM/A==</latexit><latexit sha1_base64="f2yzimwbR/Dgjzp6tZ360fHRqNI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae0oWy2k3btZhN2N2IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3H1FpHst7M0nQj+hQ8pAzaqzUeOqXK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqh6btVrXFZqN3kcRTiBUzgHD66gBndQhyYwQHiGV3hzHpwX5935WLQWnHzmGP7A+fwB5jmM/A==</latexit><latexit sha1_base64="f2yzimwbR/Dgjzp6tZ360fHRqNI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae0oWy2k3btZhN2N2IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3H1FpHst7M0nQj+hQ8pAzaqzUeOqXK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqh6btVrXFZqN3kcRTiBUzgHD66gBndQhyYwQHiGV3hzHpwX5935WLQWnHzmGP7A+fwB5jmM/A==</latexit><latexit sha1_base64="f2yzimwbR/Dgjzp6tZ360fHRqNI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae0oWy2k3btZhN2N2IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3H1FpHst7M0nQj+hQ8pAzaqzUeOqXK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqh6btVrXFZqN3kcRTiBUzgHD66gBndQhyYwQHiGV3hzHpwX5935WLQWnHzmGP7A+fwB5jmM/A==</latexit>

y
<latexit sha1_base64="l29WxoUb9DEbvmhLG7jHtZ0OU24=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KokIeix68diC/YA2lM120q7dbMLuRgihv8CLB0W8+pO8+W/ctjlo64OBx3szzMwLEsG1cd1vZ219Y3Nru7RT3t3bPzisHB23dZwqhi0Wi1h1A6pRcIktw43AbqKQRoHATjC5m/mdJ1Sax/LBZAn6ER1JHnJGjZWa2aBSdWvuHGSVeAWpQoHGoPLVH8YsjVAaJqjWPc9NjJ9TZTgTOC33U40JZRM6wp6lkkao/Xx+6JScW2VIwljZkobM1d8TOY20zqLAdkbUjPWyNxP/83qpCW/8nMskNSjZYlGYCmJiMvuaDLlCZkRmCWWK21sJG1NFmbHZlG0I3vLLq6R9WfPcmte8qtZvizhKcApncAEeXEMd7qEBLWCA8Ayv8OY8Oi/Ou/OxaF1zipkT+APn8wfnvYz9</latexit><latexit sha1_base64="l29WxoUb9DEbvmhLG7jHtZ0OU24=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KokIeix68diC/YA2lM120q7dbMLuRgihv8CLB0W8+pO8+W/ctjlo64OBx3szzMwLEsG1cd1vZ219Y3Nru7RT3t3bPzisHB23dZwqhi0Wi1h1A6pRcIktw43AbqKQRoHATjC5m/mdJ1Sax/LBZAn6ER1JHnJGjZWa2aBSdWvuHGSVeAWpQoHGoPLVH8YsjVAaJqjWPc9NjJ9TZTgTOC33U40JZRM6wp6lkkao/Xx+6JScW2VIwljZkobM1d8TOY20zqLAdkbUjPWyNxP/83qpCW/8nMskNSjZYlGYCmJiMvuaDLlCZkRmCWWK21sJG1NFmbHZlG0I3vLLq6R9WfPcmte8qtZvizhKcApncAEeXEMd7qEBLWCA8Ayv8OY8Oi/Ou/OxaF1zipkT+APn8wfnvYz9</latexit><latexit sha1_base64="l29WxoUb9DEbvmhLG7jHtZ0OU24=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KokIeix68diC/YA2lM120q7dbMLuRgihv8CLB0W8+pO8+W/ctjlo64OBx3szzMwLEsG1cd1vZ219Y3Nru7RT3t3bPzisHB23dZwqhi0Wi1h1A6pRcIktw43AbqKQRoHATjC5m/mdJ1Sax/LBZAn6ER1JHnJGjZWa2aBSdWvuHGSVeAWpQoHGoPLVH8YsjVAaJqjWPc9NjJ9TZTgTOC33U40JZRM6wp6lkkao/Xx+6JScW2VIwljZkobM1d8TOY20zqLAdkbUjPWyNxP/83qpCW/8nMskNSjZYlGYCmJiMvuaDLlCZkRmCWWK21sJG1NFmbHZlG0I3vLLq6R9WfPcmte8qtZvizhKcApncAEeXEMd7qEBLWCA8Ayv8OY8Oi/Ou/OxaF1zipkT+APn8wfnvYz9</latexit><latexit sha1_base64="l29WxoUb9DEbvmhLG7jHtZ0OU24=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KokIeix68diC/YA2lM120q7dbMLuRgihv8CLB0W8+pO8+W/ctjlo64OBx3szzMwLEsG1cd1vZ219Y3Nru7RT3t3bPzisHB23dZwqhi0Wi1h1A6pRcIktw43AbqKQRoHATjC5m/mdJ1Sax/LBZAn6ER1JHnJGjZWa2aBSdWvuHGSVeAWpQoHGoPLVH8YsjVAaJqjWPc9NjJ9TZTgTOC33U40JZRM6wp6lkkao/Xx+6JScW2VIwljZkobM1d8TOY20zqLAdkbUjPWyNxP/83qpCW/8nMskNSjZYlGYCmJiMvuaDLlCZkRmCWWK21sJG1NFmbHZlG0I3vLLq6R9WfPcmte8qtZvizhKcApncAEeXEMd7qEBLWCA8Ayv8OY8Oi/Ou/OxaF1zipkT+APn8wfnvYz9</latexit>

s
<latexit sha1_base64="N1eK0lTaQQAFA6yHzcECkl4oWJk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipqQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/epYz3</latexit><latexit sha1_base64="N1eK0lTaQQAFA6yHzcECkl4oWJk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipqQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/epYz3</latexit><latexit sha1_base64="N1eK0lTaQQAFA6yHzcECkl4oWJk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipqQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/epYz3</latexit><latexit sha1_base64="N1eK0lTaQQAFA6yHzcECkl4oWJk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipqQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/epYz3</latexit>

h
<latexit sha1_base64="SsYKOOt1jTfiNkyHK7x6GFFEbxM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipOR6UK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasIbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp6btVrXlfqt3kcRTiDc7gED2pQh3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AzfmM7A==</latexit><latexit sha1_base64="SsYKOOt1jTfiNkyHK7x6GFFEbxM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipOR6UK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasIbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp6btVrXlfqt3kcRTiDc7gED2pQh3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AzfmM7A==</latexit><latexit sha1_base64="SsYKOOt1jTfiNkyHK7x6GFFEbxM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipOR6UK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasIbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp6btVrXlfqt3kcRTiDc7gED2pQh3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AzfmM7A==</latexit><latexit sha1_base64="SsYKOOt1jTfiNkyHK7x6GFFEbxM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipOR6UK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasIbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp6btVrXlfqt3kcRTiDc7gED2pQh3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AzfmM7A==</latexit>

ey
<latexit sha1_base64="QT2IxtzsZE19pW+mY+Tf5fnZv8c=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoxWMF+wFtKJvNpF262cTdTSWE/g4vHhTx6o/x5r9x2+agrQ8GHu/NMDPPTzhT2nG+rdLa+sbmVnm7srO7t39QPTxqqziVFFs05rHs+kQhZwJbmmmO3UQiiXyOHX98O/M7E5SKxeJBZwl6ERkKFjJKtJG8/hMLUDMeYJ5NB9WaU3fmsFeJW5AaFGgOql/9IKZphEJTTpTquU6ivZxIzSjHaaWfKkwIHZMh9gwVJELl5fOjp/aZUQI7jKUpoe25+nsiJ5FSWeSbzojokVr2ZuJ/Xi/V4bWXM5GkGgVdLApTbuvYniVgB0wi1TwzhFDJzK02HRFJqDY5VUwI7vLLq6R9UXedunt/WWvcFHGU4QRO4RxcuIIG3EETWkDhEZ7hFd6sifVivVsfi9aSVcwcwx9Ynz9uYpKE</latexit><latexit sha1_base64="QT2IxtzsZE19pW+mY+Tf5fnZv8c=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoxWMF+wFtKJvNpF262cTdTSWE/g4vHhTx6o/x5r9x2+agrQ8GHu/NMDPPTzhT2nG+rdLa+sbmVnm7srO7t39QPTxqqziVFFs05rHs+kQhZwJbmmmO3UQiiXyOHX98O/M7E5SKxeJBZwl6ERkKFjJKtJG8/hMLUDMeYJ5NB9WaU3fmsFeJW5AaFGgOql/9IKZphEJTTpTquU6ivZxIzSjHaaWfKkwIHZMh9gwVJELl5fOjp/aZUQI7jKUpoe25+nsiJ5FSWeSbzojokVr2ZuJ/Xi/V4bWXM5GkGgVdLApTbuvYniVgB0wi1TwzhFDJzK02HRFJqDY5VUwI7vLLq6R9UXedunt/WWvcFHGU4QRO4RxcuIIG3EETWkDhEZ7hFd6sifVivVsfi9aSVcwcwx9Ynz9uYpKE</latexit><latexit sha1_base64="QT2IxtzsZE19pW+mY+Tf5fnZv8c=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoxWMF+wFtKJvNpF262cTdTSWE/g4vHhTx6o/x5r9x2+agrQ8GHu/NMDPPTzhT2nG+rdLa+sbmVnm7srO7t39QPTxqqziVFFs05rHs+kQhZwJbmmmO3UQiiXyOHX98O/M7E5SKxeJBZwl6ERkKFjJKtJG8/hMLUDMeYJ5NB9WaU3fmsFeJW5AaFGgOql/9IKZphEJTTpTquU6ivZxIzSjHaaWfKkwIHZMh9gwVJELl5fOjp/aZUQI7jKUpoe25+nsiJ5FSWeSbzojokVr2ZuJ/Xi/V4bWXM5GkGgVdLApTbuvYniVgB0wi1TwzhFDJzK02HRFJqDY5VUwI7vLLq6R9UXedunt/WWvcFHGU4QRO4RxcuIIG3EETWkDhEZ7hFd6sifVivVsfi9aSVcwcwx9Ynz9uYpKE</latexit><latexit sha1_base64="QT2IxtzsZE19pW+mY+Tf5fnZv8c=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoxWMF+wFtKJvNpF262cTdTSWE/g4vHhTx6o/x5r9x2+agrQ8GHu/NMDPPTzhT2nG+rdLa+sbmVnm7srO7t39QPTxqqziVFFs05rHs+kQhZwJbmmmO3UQiiXyOHX98O/M7E5SKxeJBZwl6ERkKFjJKtJG8/hMLUDMeYJ5NB9WaU3fmsFeJW5AaFGgOql/9IKZphEJTTpTquU6ivZxIzSjHaaWfKkwIHZMh9gwVJELl5fOjp/aZUQI7jKUpoe25+nsiJ5FSWeSbzojokVr2ZuJ/Xi/V4bWXM5GkGgVdLApTbuvYniVgB0wi1TwzhFDJzK02HRFJqDY5VUwI7vLLq6R9UXedunt/WWvcFHGU4QRO4RxcuIIG3EETWkDhEZ7hFd6sifVivVsfi9aSVcwcwx9Ynz9uYpKE</latexit>

Figure: MASKING models the matrix T , where Tij = Pr(ỹ = e j |y = e i ), by an
explicit variable s. Thus, we embed a structure constraint (h) on the variable s.

Human cognition masks the invalid class transitions.

The model focuses on estimating the noise transition probability.

The estimation burden will be largely reduced.

Ivor (UTS) Deep Learning with Noisy Supervision Jun 16th, 2019 18 / 70



Introduction Noise Transition Dynamic Noise Deep Learning from Noisy Labels with Quality Embedding Co-teaching Co-teaching+ Summary References

Straightforward Dilemma

In deep learning, hard to choose a distance measure (e.g., L2).

Clean validation: repeat the training procedure to tune parameters.
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When Structure Meets Generative Model

The latent ground-truth label y ∼ P(y |x) (Categorical).

The transition s ∼ P(s) and its structure so ∼ P(so), where P(s) is
an implicit distribution modeled by DNN, P(so) = P(s) ds

dso

∣∣
so=f (s)

.

f (·) is the mapping function from s to so .

The noisy label ỹ ∼ P(ỹ |y , s), where P(ỹ |y , s) models the transition
from y to ỹ given s.
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ELBO of MASKING

lnP(ỹ |x) ≥ EQ(s)




ln
∑

y

P(ỹ |y , s)P(y |x)

︸ ︷︷ ︸
previous model

− ln


Q(so)/ P(so)︸ ︷︷ ︸

structure prior



∣∣∣∣∣
so=f (s)



,

where Q(s) is the variational distribution to approximate the posterior of
the noise transition matrix s, and Q(so) = Q(s) ds

dso

∣∣
so=f (s)

is the

corresponding variational distribution of the structure so .

Remark

MASKING benefits from the human guidance (the second term) in the
procedure of learning with noisy supervision (the first term).
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Principled Realization

Q: Challenge from structure alignment.
A: GAN-like structure to model the structure instillation.

Reconstructor Generator Discriminator
ŝo

<latexit sha1_base64="uK94STgC410u4qfBylHeVeP5KCI=">AAAB8HicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzEOSJcxOJsmQeSwzvUJY8hVePCji1c/x5t84SfagiQUNRVU33V1xIrjFIPj2CmvrG5tbxe3Szu7e/kH58KhpdWooa1AttGnHxDLBFWsgR8HaiWFExoK14vHtzG89MWO5Vg84SVgkyVDxAacEnfTYHRHM7LSne+VKUA3m8FdJmJMK5Kj3yl/dvqapZAqpINZ2wiDBKCMGORVsWuqmliWEjsmQdRxVRDIbZfODp/6ZU/r+QBtXCv25+nsiI9LaiYxdpyQ4ssveTPzP66Q4uI4yrpIUmaKLRYNU+Kj92fd+nxtGUUwcIdRwd6tPR8QQii6jkgshXH55lTQvqmFQDe8vK7WbPI4inMApnEMIV1CDO6hDAyhIeIZXePOM9+K9ex+L1oKXzxzDH3ifPzFCkKY=</latexit><latexit sha1_base64="uK94STgC410u4qfBylHeVeP5KCI=">AAAB8HicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzEOSJcxOJsmQeSwzvUJY8hVePCji1c/x5t84SfagiQUNRVU33V1xIrjFIPj2CmvrG5tbxe3Szu7e/kH58KhpdWooa1AttGnHxDLBFWsgR8HaiWFExoK14vHtzG89MWO5Vg84SVgkyVDxAacEnfTYHRHM7LSne+VKUA3m8FdJmJMK5Kj3yl/dvqapZAqpINZ2wiDBKCMGORVsWuqmliWEjsmQdRxVRDIbZfODp/6ZU/r+QBtXCv25+nsiI9LaiYxdpyQ4ssveTPzP66Q4uI4yrpIUmaKLRYNU+Kj92fd+nxtGUUwcIdRwd6tPR8QQii6jkgshXH55lTQvqmFQDe8vK7WbPI4inMApnEMIV1CDO6hDAyhIeIZXePOM9+K9ex+L1oKXzxzDH3ifPzFCkKY=</latexit><latexit sha1_base64="uK94STgC410u4qfBylHeVeP5KCI=">AAAB8HicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzEOSJcxOJsmQeSwzvUJY8hVePCji1c/x5t84SfagiQUNRVU33V1xIrjFIPj2CmvrG5tbxe3Szu7e/kH58KhpdWooa1AttGnHxDLBFWsgR8HaiWFExoK14vHtzG89MWO5Vg84SVgkyVDxAacEnfTYHRHM7LSne+VKUA3m8FdJmJMK5Kj3yl/dvqapZAqpINZ2wiDBKCMGORVsWuqmliWEjsmQdRxVRDIbZfODp/6ZU/r+QBtXCv25+nsiI9LaiYxdpyQ4ssveTPzP66Q4uI4yrpIUmaKLRYNU+Kj92fd+nxtGUUwcIdRwd6tPR8QQii6jkgshXH55lTQvqmFQDe8vK7WbPI4inMApnEMIV1CDO6hDAyhIeIZXePOM9+K9ex+L1oKXzxzDH3ifPzFCkKY=</latexit><latexit sha1_base64="uK94STgC410u4qfBylHeVeP5KCI=">AAAB8HicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzEOSJcxOJsmQeSwzvUJY8hVePCji1c/x5t84SfagiQUNRVU33V1xIrjFIPj2CmvrG5tbxe3Szu7e/kH58KhpdWooa1AttGnHxDLBFWsgR8HaiWFExoK14vHtzG89MWO5Vg84SVgkyVDxAacEnfTYHRHM7LSne+VKUA3m8FdJmJMK5Kj3yl/dvqapZAqpINZ2wiDBKCMGORVsWuqmliWEjsmQdRxVRDIbZfODp/6ZU/r+QBtXCv25+nsiI9LaiYxdpyQ4ssveTPzP66Q4uI4yrpIUmaKLRYNU+Kj92fd+nxtGUUwcIdRwd6tPR8QQii6jkgshXH55lTQvqmFQDe8vK7WbPI4inMApnEMIV1CDO6hDAyhIeIZXePOM9+K9ex+L1oKXzxzDH3ifPzFCkKY=</latexit>

M(so, ŝo)
<latexit sha1_base64="LHU5za+gXeOl74Q/dOj5daVbyN4=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBahgpREBF0W3bgRKtgHNCFMptN26GQmzEyEEgJu/BU3LhRx60+482+ctFlo64ELh3Pu5d57wphRpR3n2yotLa+srpXXKxubW9s79u5eW4lEYtLCggnZDZEijHLS0lQz0o0lQVHISCccX+d+54FIRQW/15OY+BEacjqgGGkjBfaBFyE9woilt1lNBeLUGyGdqiwQJ4FdderOFHCRuAWpggLNwP7y+gInEeEaM6RUz3Vi7adIaooZySpeokiM8BgNSc9QjiKi/HT6QwaPjdKHAyFNcQ2n6u+JFEVKTaLQdOYXq3kvF//zeokeXPop5XGiCcezRYOEQS1gHgjsU0mwZhNDEJbU3ArxCEmEtYmtYkJw519eJO2zuuvU3bvzauOqiKMMDsERqAEXXIAGuAFN0AIYPIJn8ArerCfrxXq3PmatJauY2Qd/YH3+AP6yl7o=</latexit><latexit sha1_base64="LHU5za+gXeOl74Q/dOj5daVbyN4=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBahgpREBF0W3bgRKtgHNCFMptN26GQmzEyEEgJu/BU3LhRx60+482+ctFlo64ELh3Pu5d57wphRpR3n2yotLa+srpXXKxubW9s79u5eW4lEYtLCggnZDZEijHLS0lQz0o0lQVHISCccX+d+54FIRQW/15OY+BEacjqgGGkjBfaBFyE9woilt1lNBeLUGyGdqiwQJ4FdderOFHCRuAWpggLNwP7y+gInEeEaM6RUz3Vi7adIaooZySpeokiM8BgNSc9QjiKi/HT6QwaPjdKHAyFNcQ2n6u+JFEVKTaLQdOYXq3kvF//zeokeXPop5XGiCcezRYOEQS1gHgjsU0mwZhNDEJbU3ArxCEmEtYmtYkJw519eJO2zuuvU3bvzauOqiKMMDsERqAEXXIAGuAFN0AIYPIJn8ArerCfrxXq3PmatJauY2Qd/YH3+AP6yl7o=</latexit><latexit sha1_base64="LHU5za+gXeOl74Q/dOj5daVbyN4=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBahgpREBF0W3bgRKtgHNCFMptN26GQmzEyEEgJu/BU3LhRx60+482+ctFlo64ELh3Pu5d57wphRpR3n2yotLa+srpXXKxubW9s79u5eW4lEYtLCggnZDZEijHLS0lQz0o0lQVHISCccX+d+54FIRQW/15OY+BEacjqgGGkjBfaBFyE9woilt1lNBeLUGyGdqiwQJ4FdderOFHCRuAWpggLNwP7y+gInEeEaM6RUz3Vi7adIaooZySpeokiM8BgNSc9QjiKi/HT6QwaPjdKHAyFNcQ2n6u+JFEVKTaLQdOYXq3kvF//zeokeXPop5XGiCcezRYOEQS1gHgjsU0mwZhNDEJbU3ArxCEmEtYmtYkJw519eJO2zuuvU3bvzauOqiKMMDsERqAEXXIAGuAFN0AIYPIJn8ArerCfrxXq3PmatJauY2Qd/YH3+AP6yl7o=</latexit><latexit sha1_base64="LHU5za+gXeOl74Q/dOj5daVbyN4=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBahgpREBF0W3bgRKtgHNCFMptN26GQmzEyEEgJu/BU3LhRx60+482+ctFlo64ELh3Pu5d57wphRpR3n2yotLa+srpXXKxubW9s79u5eW4lEYtLCggnZDZEijHLS0lQz0o0lQVHISCccX+d+54FIRQW/15OY+BEacjqgGGkjBfaBFyE9woilt1lNBeLUGyGdqiwQJ4FdderOFHCRuAWpggLNwP7y+gInEeEaM6RUz3Vi7adIaooZySpeokiM8BgNSc9QjiKi/HT6QwaPjdKHAyFNcQ2n6u+JFEVKTaLQdOYXq3kvF//zeokeXPop5XGiCcezRYOEQS1gHgjsU0mwZhNDEJbU3ArxCEmEtYmtYkJw519eJO2zuuvU3bvzauOqiKMMDsERqAEXXIAGuAFN0AIYPIJn8ArerCfrxXq3PmatJauY2Qd/YH3+AP6yl7o=</latexit>

f(s)
<latexit sha1_base64="Jhpx4XzbS3hrmmDELnPapeR9/3Q=">AAAB63icbVBNSwMxEJ34WetX1aOXYBHqpeyKoMeiF48V7Ae0S8mm2TY0yS5JVihL/4IXD4p49Q9589+YbfegrQ8GHu/NMDMvTAQ31vO+0dr6xubWdmmnvLu3f3BYOTpumzjVlLVoLGLdDYlhgivWstwK1k00IzIUrBNO7nK/88S04bF6tNOEBZKMFI84JTaXopq5GFSqXt2bA68SvyBVKNAcVL76w5imkilLBTGm53uJDTKiLaeCzcr91LCE0AkZsZ6jikhmgmx+6wyfO2WIo1i7UhbP1d8TGZHGTGXoOiWxY7Ps5eJ/Xi+10U2QcZWklim6WBSlAtsY54/jIdeMWjF1hFDN3a2Yjokm1Lp4yi4Ef/nlVdK+rPte3X+4qjZuizhKcApnUAMfrqEB99CEFlAYwzO8whuS6AW9o49F6xoqZk7gD9DnD2TGjcw=</latexit><latexit sha1_base64="Jhpx4XzbS3hrmmDELnPapeR9/3Q=">AAAB63icbVBNSwMxEJ34WetX1aOXYBHqpeyKoMeiF48V7Ae0S8mm2TY0yS5JVihL/4IXD4p49Q9589+YbfegrQ8GHu/NMDMvTAQ31vO+0dr6xubWdmmnvLu3f3BYOTpumzjVlLVoLGLdDYlhgivWstwK1k00IzIUrBNO7nK/88S04bF6tNOEBZKMFI84JTaXopq5GFSqXt2bA68SvyBVKNAcVL76w5imkilLBTGm53uJDTKiLaeCzcr91LCE0AkZsZ6jikhmgmx+6wyfO2WIo1i7UhbP1d8TGZHGTGXoOiWxY7Ps5eJ/Xi+10U2QcZWklim6WBSlAtsY54/jIdeMWjF1hFDN3a2Yjokm1Lp4yi4Ef/nlVdK+rPte3X+4qjZuizhKcApnUAMfrqEB99CEFlAYwzO8whuS6AW9o49F6xoqZk7gD9DnD2TGjcw=</latexit><latexit sha1_base64="Jhpx4XzbS3hrmmDELnPapeR9/3Q=">AAAB63icbVBNSwMxEJ34WetX1aOXYBHqpeyKoMeiF48V7Ae0S8mm2TY0yS5JVihL/4IXD4p49Q9589+YbfegrQ8GHu/NMDMvTAQ31vO+0dr6xubWdmmnvLu3f3BYOTpumzjVlLVoLGLdDYlhgivWstwK1k00IzIUrBNO7nK/88S04bF6tNOEBZKMFI84JTaXopq5GFSqXt2bA68SvyBVKNAcVL76w5imkilLBTGm53uJDTKiLaeCzcr91LCE0AkZsZ6jikhmgmx+6wyfO2WIo1i7UhbP1d8TGZHGTGXoOiWxY7Ps5eJ/Xi+10U2QcZWklim6WBSlAtsY54/jIdeMWjF1hFDN3a2Yjokm1Lp4yi4Ef/nlVdK+rPte3X+4qjZuizhKcApnUAMfrqEB99CEFlAYwzO8whuS6AW9o49F6xoqZk7gD9DnD2TGjcw=</latexit><latexit sha1_base64="Jhpx4XzbS3hrmmDELnPapeR9/3Q=">AAAB63icbVBNSwMxEJ34WetX1aOXYBHqpeyKoMeiF48V7Ae0S8mm2TY0yS5JVihL/4IXD4p49Q9589+YbfegrQ8GHu/NMDMvTAQ31vO+0dr6xubWdmmnvLu3f3BYOTpumzjVlLVoLGLdDYlhgivWstwK1k00IzIUrBNO7nK/88S04bF6tNOEBZKMFI84JTaXopq5GFSqXt2bA68SvyBVKNAcVL76w5imkilLBTGm53uJDTKiLaeCzcr91LCE0AkZsZ6jikhmgmx+6wyfO2WIo1i7UhbP1d8TGZHGTGXoOiWxY7Ps5eJ/Xi+10U2QcZWklim6WBSlAtsY54/jIdeMWjF1hFDN3a2Yjokm1Lp4yi4Ef/nlVdK+rPte3X+4qjZuizhKcApnUAMfrqEB99CEFlAYwzO8whuS6AW9o49F6xoqZk7gD9DnD2TGjcw=</latexit>

Q(s)
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Datasets

Table: Benchmark CIFAR10 and CIFAR100; Industrial-level Clothing1M.

# of training # of testing # of class size

CIFAR10 50,000 10,000 10 32×32

CIFAR100 50,000 10,000 1000 32×32

Clothing1M 1,000,000(N) + 5,000(C) 1,000 14 256×256

Figure: Mislabeled images often share similar visual patterns in Clothing1M.
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CIFAR10 and CIFAR100
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Figure: The test accuracy vs iterations on benchmark datasets.
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Clothing1M

Table: Test accuracy on Clothing1M.

Models Performance(%)

NOISY 68.9

F-correction 69.8
S-adaptation 70.3
MASKING 71.1

CLEAN 75.2
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LCCN
Motivation

One-step pre-estimation of noise transition.
inaccurate

deep neural 
networks

pre-estimated 

noise transitionX Y

ill-posed learning

deep neural 
networks

neural Softmax 
layerX Y

Adapt the noise transition via the neural layer.

inaccurate

deep neural 
networks

pre-estimated 

noise transitionX Y

unstable

deep neural 
networks

neural Softmax 
layerX Y

Issues: ignore the global dependency of noise transition.
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LCCN
Latent Class-Conditional Noise Model

Reformulate original model.
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<latexit sha1_base64="HDzXchlsPlmuEyZZ/9zFJ+iVC6I=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae0oWy2k3btZhN2N0IN/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3H1FpHst7M0nQj+hQ8pAzaqzUeOqXK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqh6btVrXFZqN3kcRTiBUzgHD66gBndQhyYwQHiGV3hzHpwX5935WLQWnHzmGP7A+fwB6UGM/g==</latexit><latexit sha1_base64="HDzXchlsPlmuEyZZ/9zFJ+iVC6I=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae0oWy2k3btZhN2N0IN/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3H1FpHst7M0nQj+hQ8pAzaqzUeOqXK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqh6btVrXFZqN3kcRTiBUzgHD66gBndQhyYwQHiGV3hzHpwX5935WLQWnHzmGP7A+fwB6UGM/g==</latexit><latexit sha1_base64="HDzXchlsPlmuEyZZ/9zFJ+iVC6I=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae0oWy2k3btZhN2N0IN/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3H1FpHst7M0nQj+hQ8pAzaqzUeOqXK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqh6btVrXFZqN3kcRTiBUzgHD66gBndQhyYwQHiGV3hzHpwX5935WLQWnHzmGP7A+fwB6UGM/g==</latexit><latexit sha1_base64="HDzXchlsPlmuEyZZ/9zFJ+iVC6I=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae0oWy2k3btZhN2N0IN/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3H1FpHst7M0nQj+hQ8pAzaqzUeOqXK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqh6btVrXFZqN3kcRTiBUzgHD66gBndQhyYwQHiGV3hzHpwX5935WLQWnHzmGP7A+fwB6UGM/g==</latexit>

x
<latexit sha1_base64="f2yzimwbR/Dgjzp6tZ360fHRqNI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae0oWy2k3btZhN2N2IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3H1FpHst7M0nQj+hQ8pAzaqzUeOqXK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqh6btVrXFZqN3kcRTiBUzgHD66gBndQhyYwQHiGV3hzHpwX5935WLQWnHzmGP7A+fwB5jmM/A==</latexit><latexit sha1_base64="f2yzimwbR/Dgjzp6tZ360fHRqNI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae0oWy2k3btZhN2N2IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3H1FpHst7M0nQj+hQ8pAzaqzUeOqXK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqh6btVrXFZqN3kcRTiBUzgHD66gBndQhyYwQHiGV3hzHpwX5935WLQWnHzmGP7A+fwB5jmM/A==</latexit><latexit sha1_base64="f2yzimwbR/Dgjzp6tZ360fHRqNI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae0oWy2k3btZhN2N2IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3H1FpHst7M0nQj+hQ8pAzaqzUeOqXK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqh6btVrXFZqN3kcRTiBUzgHD66gBndQhyYwQHiGV3hzHpwX5935WLQWnHzmGP7A+fwB5jmM/A==</latexit><latexit sha1_base64="f2yzimwbR/Dgjzp6tZ360fHRqNI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae0oWy2k3btZhN2N2IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3H1FpHst7M0nQj+hQ8pAzaqzUeOqXK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqh6btVrXFZqN3kcRTiBUzgHD66gBndQhyYwQHiGV3hzHpwX5935WLQWnHzmGP7A+fwB5jmM/A==</latexit>

y
<latexit sha1_base64="l29WxoUb9DEbvmhLG7jHtZ0OU24=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KokIeix68diC/YA2lM120q7dbMLuRgihv8CLB0W8+pO8+W/ctjlo64OBx3szzMwLEsG1cd1vZ219Y3Nru7RT3t3bPzisHB23dZwqhi0Wi1h1A6pRcIktw43AbqKQRoHATjC5m/mdJ1Sax/LBZAn6ER1JHnJGjZWa2aBSdWvuHGSVeAWpQoHGoPLVH8YsjVAaJqjWPc9NjJ9TZTgTOC33U40JZRM6wp6lkkao/Xx+6JScW2VIwljZkobM1d8TOY20zqLAdkbUjPWyNxP/83qpCW/8nMskNSjZYlGYCmJiMvuaDLlCZkRmCWWK21sJG1NFmbHZlG0I3vLLq6R9WfPcmte8qtZvizhKcApncAEeXEMd7qEBLWCA8Ayv8OY8Oi/Ou/OxaF1zipkT+APn8wfnvYz9</latexit><latexit sha1_base64="l29WxoUb9DEbvmhLG7jHtZ0OU24=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KokIeix68diC/YA2lM120q7dbMLuRgihv8CLB0W8+pO8+W/ctjlo64OBx3szzMwLEsG1cd1vZ219Y3Nru7RT3t3bPzisHB23dZwqhi0Wi1h1A6pRcIktw43AbqKQRoHATjC5m/mdJ1Sax/LBZAn6ER1JHnJGjZWa2aBSdWvuHGSVeAWpQoHGoPLVH8YsjVAaJqjWPc9NjJ9TZTgTOC33U40JZRM6wp6lkkao/Xx+6JScW2VIwljZkobM1d8TOY20zqLAdkbUjPWyNxP/83qpCW/8nMskNSjZYlGYCmJiMvuaDLlCZkRmCWWK21sJG1NFmbHZlG0I3vLLq6R9WfPcmte8qtZvizhKcApncAEeXEMd7qEBLWCA8Ayv8OY8Oi/Ou/OxaF1zipkT+APn8wfnvYz9</latexit><latexit sha1_base64="l29WxoUb9DEbvmhLG7jHtZ0OU24=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KokIeix68diC/YA2lM120q7dbMLuRgihv8CLB0W8+pO8+W/ctjlo64OBx3szzMwLEsG1cd1vZ219Y3Nru7RT3t3bPzisHB23dZwqhi0Wi1h1A6pRcIktw43AbqKQRoHATjC5m/mdJ1Sax/LBZAn6ER1JHnJGjZWa2aBSdWvuHGSVeAWpQoHGoPLVH8YsjVAaJqjWPc9NjJ9TZTgTOC33U40JZRM6wp6lkkao/Xx+6JScW2VIwljZkobM1d8TOY20zqLAdkbUjPWyNxP/83qpCW/8nMskNSjZYlGYCmJiMvuaDLlCZkRmCWWK21sJG1NFmbHZlG0I3vLLq6R9WfPcmte8qtZvizhKcApncAEeXEMd7qEBLWCA8Ayv8OY8Oi/Ou/OxaF1zipkT+APn8wfnvYz9</latexit><latexit sha1_base64="l29WxoUb9DEbvmhLG7jHtZ0OU24=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KokIeix68diC/YA2lM120q7dbMLuRgihv8CLB0W8+pO8+W/ctjlo64OBx3szzMwLEsG1cd1vZ219Y3Nru7RT3t3bPzisHB23dZwqhi0Wi1h1A6pRcIktw43AbqKQRoHATjC5m/mdJ1Sax/LBZAn6ER1JHnJGjZWa2aBSdWvuHGSVeAWpQoHGoPLVH8YsjVAaJqjWPc9NjJ9TZTgTOC33U40JZRM6wp6lkkao/Xx+6JScW2VIwljZkobM1d8TOY20zqLAdkbUjPWyNxP/83qpCW/8nMskNSjZYlGYCmJiMvuaDLlCZkRmCWWK21sJG1NFmbHZlG0I3vLLq6R9WfPcmte8qtZvizhKcApncAEeXEMd7qEBLWCA8Ayv8OY8Oi/Ou/OxaF1zipkT+APn8wfnvYz9</latexit>

z
<latexit sha1_base64="HDzXchlsPlmuEyZZ/9zFJ+iVC6I=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae0oWy2k3btZhN2N0IN/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3H1FpHst7M0nQj+hQ8pAzaqzUeOqXK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqh6btVrXFZqN3kcRTiBUzgHD66gBndQhyYwQHiGV3hzHpwX5935WLQWnHzmGP7A+fwB6UGM/g==</latexit><latexit sha1_base64="HDzXchlsPlmuEyZZ/9zFJ+iVC6I=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae0oWy2k3btZhN2N0IN/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3H1FpHst7M0nQj+hQ8pAzaqzUeOqXK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqh6btVrXFZqN3kcRTiBUzgHD66gBndQhyYwQHiGV3hzHpwX5935WLQWnHzmGP7A+fwB6UGM/g==</latexit><latexit sha1_base64="HDzXchlsPlmuEyZZ/9zFJ+iVC6I=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae0oWy2k3btZhN2N0IN/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3H1FpHst7M0nQj+hQ8pAzaqzUeOqXK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqh6btVrXFZqN3kcRTiBUzgHD66gBndQhyYwQHiGV3hzHpwX5935WLQWnHzmGP7A+fwB6UGM/g==</latexit><latexit sha1_base64="HDzXchlsPlmuEyZZ/9zFJ+iVC6I=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae0oWy2k3btZhN2N0IN/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3H1FpHst7M0nQj+hQ8pAzaqzUeOqXK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqh6btVrXFZqN3kcRTiBUzgHD66gBndQhyYwQHiGV3hzHpwX5935WLQWnHzmGP7A+fwB6UGM/g==</latexit>

N
<latexit sha1_base64="FsFohXQjc3OA/BBAi7JXP9TMCN0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRiydpwX5AG8pmO2nXbjZhdyOU0F/gxYMiXv1J3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2d++wmV5rF8MJME/YgOJQ85o8ZKjft+ueJW3TnIKvFyUoEc9X75qzeIWRqhNExQrbuemxg/o8pwJnBa6qUaE8rGdIhdSyWNUPvZ/NApObPKgISxsiUNmau/JzIaaT2JAtsZUTPSy95M/M/rpia89jMuk9SgZItFYSqIicnsazLgCpkRE0soU9zeStiIKsqMzaZkQ/CWX14lrYuq51a9xmWldpPHUYQTOIVz8OAKanAHdWgCA4RneIU359F5cd6dj0VrwclnjuEPnM8fppGM0g==</latexit><latexit sha1_base64="FsFohXQjc3OA/BBAi7JXP9TMCN0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRiydpwX5AG8pmO2nXbjZhdyOU0F/gxYMiXv1J3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2d++wmV5rF8MJME/YgOJQ85o8ZKjft+ueJW3TnIKvFyUoEc9X75qzeIWRqhNExQrbuemxg/o8pwJnBa6qUaE8rGdIhdSyWNUPvZ/NApObPKgISxsiUNmau/JzIaaT2JAtsZUTPSy95M/M/rpia89jMuk9SgZItFYSqIicnsazLgCpkRE0soU9zeStiIKsqMzaZkQ/CWX14lrYuq51a9xmWldpPHUYQTOIVz8OAKanAHdWgCA4RneIU359F5cd6dj0VrwclnjuEPnM8fppGM0g==</latexit><latexit sha1_base64="FsFohXQjc3OA/BBAi7JXP9TMCN0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRiydpwX5AG8pmO2nXbjZhdyOU0F/gxYMiXv1J3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2d++wmV5rF8MJME/YgOJQ85o8ZKjft+ueJW3TnIKvFyUoEc9X75qzeIWRqhNExQrbuemxg/o8pwJnBa6qUaE8rGdIhdSyWNUPvZ/NApObPKgISxsiUNmau/JzIaaT2JAtsZUTPSy95M/M/rpia89jMuk9SgZItFYSqIicnsazLgCpkRE0soU9zeStiIKsqMzaZkQ/CWX14lrYuq51a9xmWldpPHUYQTOIVz8OAKanAHdWgCA4RneIU359F5cd6dj0VrwclnjuEPnM8fppGM0g==</latexit><latexit sha1_base64="FsFohXQjc3OA/BBAi7JXP9TMCN0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRiydpwX5AG8pmO2nXbjZhdyOU0F/gxYMiXv1J3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2d++wmV5rF8MJME/YgOJQ85o8ZKjft+ueJW3TnIKvFyUoEc9X75qzeIWRqhNExQrbuemxg/o8pwJnBa6qUaE8rGdIhdSyWNUPvZ/NApObPKgISxsiUNmau/JzIaaT2JAtsZUTPSy95M/M/rpia89jMuk9SgZItFYSqIicnsazLgCpkRE0soU9zeStiIKsqMzaZkQ/CWX14lrYuq51a9xmWldpPHUYQTOIVz8OAKanAHdWgCA4RneIU359F5cd6dj0VrwclnjuEPnM8fppGM0g==</latexit>

�
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Dynamic Label Regression

Inference: Autoencoded Gibbs Sampling

P(zn|Z¬n,X ,Y ;α) ∝ P(zn|xn)︸ ︷︷ ︸
Classifier encoder

αyn + N¬nznyn∑K
k ′(αk ′ + N¬nznk ′)︸ ︷︷ ︸

Conditional transition

.
(1)

Learning: Independent Optimization

{
min− 1

n

∑N
n=1 `1(zn,P(zn|xn))

min− 1
n

∑N
n=1 `2(yn,P(yn|zn)).

(2)
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Guarantee

Theorem

Suppose αi is a positive smoothing scalar, Ni is the current sample number of the ith
category (i=1,. . . ,K), Mi is the sum of the sample numbers newly allocated into
(positive) and removed from (negative) the ith category after a batch of training

samples, and M̂i is its absolute sum of such two cases. Then, for the transition vector φi

of the ith category, its variation via a training batch is characterized by the below
inequality, ∣∣φnew

i − φold
i

∣∣ ≤ |ri |+ r̂i
1 + ri

(3)

where ri = Mi

Ni+
∑K

j=1 αj
and r̂i = M̂i

Ni+
∑K

j=1 αj
. According to the definition, we have ri > −1,

r̂i ≥ 0 and r̂i ≥ |ri |.
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Illustration

LCCN can be easily extended to the open-set noise setting and the
semi-supervised learning with the similar optimization.

x
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<latexit sha1_base64="HDzXchlsPlmuEyZZ/9zFJ+iVC6I=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae0oWy2k3btZhN2N0IN/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3H1FpHst7M0nQj+hQ8pAzaqzUeOqXK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqh6btVrXFZqN3kcRTiBUzgHD66gBndQhyYwQHiGV3hzHpwX5935WLQWnHzmGP7A+fwB6UGM/g==</latexit><latexit sha1_base64="HDzXchlsPlmuEyZZ/9zFJ+iVC6I=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae0oWy2k3btZhN2N0IN/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3H1FpHst7M0nQj+hQ8pAzaqzUeOqXK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqh6btVrXFZqN3kcRTiBUzgHD66gBndQhyYwQHiGV3hzHpwX5935WLQWnHzmGP7A+fwB6UGM/g==</latexit><latexit sha1_base64="HDzXchlsPlmuEyZZ/9zFJ+iVC6I=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae0oWy2k3btZhN2N0IN/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3H1FpHst7M0nQj+hQ8pAzaqzUeOqXK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqh6btVrXFZqN3kcRTiBUzgHD66gBndQhyYwQHiGV3hzHpwX5935WLQWnHzmGP7A+fwB6UGM/g==</latexit><latexit sha1_base64="HDzXchlsPlmuEyZZ/9zFJ+iVC6I=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae0oWy2k3btZhN2N0IN/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3H1FpHst7M0nQj+hQ8pAzaqzUeOqXK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqh6btVrXFZqN3kcRTiBUzgHD66gBndQhyYwQHiGV3hzHpwX5935WLQWnHzmGP7A+fwB6UGM/g==</latexit>

N<latexit sha1_base64="FsFohXQjc3OA/BBAi7JXP9TMCN0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRiydpwX5AG8pmO2nXbjZhdyOU0F/gxYMiXv1J3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2d++wmV5rF8MJME/YgOJQ85o8ZKjft+ueJW3TnIKvFyUoEc9X75qzeIWRqhNExQrbuemxg/o8pwJnBa6qUaE8rGdIhdSyWNUPvZ/NApObPKgISxsiUNmau/JzIaaT2JAtsZUTPSy95M/M/rpia89jMuk9SgZItFYSqIicnsazLgCpkRE0soU9zeStiIKsqMzaZkQ/CWX14lrYuq51a9xmWldpPHUYQTOIVz8OAKanAHdWgCA4RneIU359F5cd6dj0VrwclnjuEPnM8fppGM0g==</latexit><latexit sha1_base64="FsFohXQjc3OA/BBAi7JXP9TMCN0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRiydpwX5AG8pmO2nXbjZhdyOU0F/gxYMiXv1J3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2d++wmV5rF8MJME/YgOJQ85o8ZKjft+ueJW3TnIKvFyUoEc9X75qzeIWRqhNExQrbuemxg/o8pwJnBa6qUaE8rGdIhdSyWNUPvZ/NApObPKgISxsiUNmau/JzIaaT2JAtsZUTPSy95M/M/rpia89jMuk9SgZItFYSqIicnsazLgCpkRE0soU9zeStiIKsqMzaZkQ/CWX14lrYuq51a9xmWldpPHUYQTOIVz8OAKanAHdWgCA4RneIU359F5cd6dj0VrwclnjuEPnM8fppGM0g==</latexit><latexit sha1_base64="FsFohXQjc3OA/BBAi7JXP9TMCN0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRiydpwX5AG8pmO2nXbjZhdyOU0F/gxYMiXv1J3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2d++wmV5rF8MJME/YgOJQ85o8ZKjft+ueJW3TnIKvFyUoEc9X75qzeIWRqhNExQrbuemxg/o8pwJnBa6qUaE8rGdIhdSyWNUPvZ/NApObPKgISxsiUNmau/JzIaaT2JAtsZUTPSy95M/M/rpia89jMuk9SgZItFYSqIicnsazLgCpkRE0soU9zeStiIKsqMzaZkQ/CWX14lrYuq51a9xmWldpPHUYQTOIVz8OAKanAHdWgCA4RneIU359F5cd6dj0VrwclnjuEPnM8fppGM0g==</latexit><latexit sha1_base64="FsFohXQjc3OA/BBAi7JXP9TMCN0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRiydpwX5AG8pmO2nXbjZhdyOU0F/gxYMiXv1J3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2d++wmV5rF8MJME/YgOJQ85o8ZKjft+ueJW3TnIKvFyUoEc9X75qzeIWRqhNExQrbuemxg/o8pwJnBa6qUaE8rGdIhdSyWNUPvZ/NApObPKgISxsiUNmau/JzIaaT2JAtsZUTPSy95M/M/rpia89jMuk9SgZItFYSqIicnsazLgCpkRE0soU9zeStiIKsqMzaZkQ/CWX14lrYuq51a9xmWldpPHUYQTOIVz8OAKanAHdWgCA4RneIU359F5cd6dj0VrwclnjuEPnM8fppGM0g==</latexit>

�
<latexit sha1_base64="vMCmCBvrQqvMkcZe5c78yK19qu0=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeiF48VbC20S8mm2W5okl2SrFCW/gUvHhTx6h/y5r8x2+5BWx8MPN6bYWZemApurOd9o8ra+sbmVnW7trO7t39QPzzqmiTTlHVoIhLdC4lhgivWsdwK1ks1IzIU7DGc3Bb+4xPThifqwU5TFkgyVjzilNhCGqQxH9YbXtObA68SvyQNKNEe1r8Go4RmkilLBTGm73upDXKiLaeCzWqDzLCU0AkZs76jikhmgnx+6wyfOWWEo0S7UhbP1d8TOZHGTGXoOiWxsVn2CvE/r5/Z6DrIuUozyxRdLIoygW2Ci8fxiGtGrZg6Qqjm7lZMY6IJtS6emgvBX355lXQvmr7X9O8vG62bMo4qnMApnIMPV9CCO2hDByjE8Ayv8IYkekHv6GPRWkHlzDH8Afr8AROIjj8=</latexit><latexit sha1_base64="vMCmCBvrQqvMkcZe5c78yK19qu0=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeiF48VbC20S8mm2W5okl2SrFCW/gUvHhTx6h/y5r8x2+5BWx8MPN6bYWZemApurOd9o8ra+sbmVnW7trO7t39QPzzqmiTTlHVoIhLdC4lhgivWsdwK1ks1IzIU7DGc3Bb+4xPThifqwU5TFkgyVjzilNhCGqQxH9YbXtObA68SvyQNKNEe1r8Go4RmkilLBTGm73upDXKiLaeCzWqDzLCU0AkZs76jikhmgnx+6wyfOWWEo0S7UhbP1d8TOZHGTGXoOiWxsVn2CvE/r5/Z6DrIuUozyxRdLIoygW2Ci8fxiGtGrZg6Qqjm7lZMY6IJtS6emgvBX355lXQvmr7X9O8vG62bMo4qnMApnIMPV9CCO2hDByjE8Ayv8IYkekHv6GPRWkHlzDH8Afr8AROIjj8=</latexit><latexit sha1_base64="vMCmCBvrQqvMkcZe5c78yK19qu0=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeiF48VbC20S8mm2W5okl2SrFCW/gUvHhTx6h/y5r8x2+5BWx8MPN6bYWZemApurOd9o8ra+sbmVnW7trO7t39QPzzqmiTTlHVoIhLdC4lhgivWsdwK1ks1IzIU7DGc3Bb+4xPThifqwU5TFkgyVjzilNhCGqQxH9YbXtObA68SvyQNKNEe1r8Go4RmkilLBTGm73upDXKiLaeCzWqDzLCU0AkZs76jikhmgnx+6wyfOWWEo0S7UhbP1d8TOZHGTGXoOiWxsVn2CvE/r5/Z6DrIuUozyxRdLIoygW2Ci8fxiGtGrZg6Qqjm7lZMY6IJtS6emgvBX355lXQvmr7X9O8vG62bMo4qnMApnIMPV9CCO2hDByjE8Ayv8IYkekHv6GPRWkHlzDH8Afr8AROIjj8=</latexit><latexit sha1_base64="vMCmCBvrQqvMkcZe5c78yK19qu0=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeiF48VbC20S8mm2W5okl2SrFCW/gUvHhTx6h/y5r8x2+5BWx8MPN6bYWZemApurOd9o8ra+sbmVnW7trO7t39QPzzqmiTTlHVoIhLdC4lhgivWsdwK1ks1IzIU7DGc3Bb+4xPThifqwU5TFkgyVjzilNhCGqQxH9YbXtObA68SvyQNKNEe1r8Go4RmkilLBTGm73upDXKiLaeCzWqDzLCU0AkZs76jikhmgnx+6wyfOWWEo0S7UhbP1d8TOZHGTGXoOiWxsVn2CvE/r5/Z6DrIuUozyxRdLIoygW2Ci8fxiGtGrZg6Qqjm7lZMY6IJtS6emgvBX355lXQvmr7X9O8vG62bMo4qnMApnIMPV9CCO2hDByjE8Ayv8IYkekHv6GPRWkHlzDH8Afr8AROIjj8=</latexit>

↵
<latexit sha1_base64="JtDqaCSYHdUsArJlViGZOYtHm8o=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJfROJsmY2ZllZlYIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrSgQ31ve/vcLa+sbmVnG7tLO7t39QPjxqGpVqyhpUCaXbERomuGQNy61g7UQzjCPBWtH4dua3npg2XMkHO0lYGONQ8gGnaJ3U7KJIRtgrV/yqPwdZJUFOKpCj3it/dfuKpjGTlgo0phP4iQ0z1JZTwaalbmpYgnSMQ9ZxVGLMTJjNr52SM6f0yUBpV9KSufp7IsPYmEkcuc4Y7cgsezPxP6+T2sF1mHGZpJZJulg0SAWxisxeJ32uGbVi4ghSzd2thI5QI7UuoJILIVh+eZU0L6qBXw3uLyu1mzyOIpzAKZxDAFdQgzuoQwMoPMIzvMKbp7wX7937WLQWvHzmGP7A+/wBi4GPGA==</latexit><latexit sha1_base64="JtDqaCSYHdUsArJlViGZOYtHm8o=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJfROJsmY2ZllZlYIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrSgQ31ve/vcLa+sbmVnG7tLO7t39QPjxqGpVqyhpUCaXbERomuGQNy61g7UQzjCPBWtH4dua3npg2XMkHO0lYGONQ8gGnaJ3U7KJIRtgrV/yqPwdZJUFOKpCj3it/dfuKpjGTlgo0phP4iQ0z1JZTwaalbmpYgnSMQ9ZxVGLMTJjNr52SM6f0yUBpV9KSufp7IsPYmEkcuc4Y7cgsezPxP6+T2sF1mHGZpJZJulg0SAWxisxeJ32uGbVi4ghSzd2thI5QI7UuoJILIVh+eZU0L6qBXw3uLyu1mzyOIpzAKZxDAFdQgzuoQwMoPMIzvMKbp7wX7937WLQWvHzmGP7A+/wBi4GPGA==</latexit><latexit sha1_base64="JtDqaCSYHdUsArJlViGZOYtHm8o=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJfROJsmY2ZllZlYIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrSgQ31ve/vcLa+sbmVnG7tLO7t39QPjxqGpVqyhpUCaXbERomuGQNy61g7UQzjCPBWtH4dua3npg2XMkHO0lYGONQ8gGnaJ3U7KJIRtgrV/yqPwdZJUFOKpCj3it/dfuKpjGTlgo0phP4iQ0z1JZTwaalbmpYgnSMQ9ZxVGLMTJjNr52SM6f0yUBpV9KSufp7IsPYmEkcuc4Y7cgsezPxP6+T2sF1mHGZpJZJulg0SAWxisxeJ32uGbVi4ghSzd2thI5QI7UuoJILIVh+eZU0L6qBXw3uLyu1mzyOIpzAKZxDAFdQgzuoQwMoPMIzvMKbp7wX7937WLQWvHzmGP7A+/wBi4GPGA==</latexit><latexit sha1_base64="JtDqaCSYHdUsArJlViGZOYtHm8o=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJfROJsmY2ZllZlYIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrSgQ31ve/vcLa+sbmVnG7tLO7t39QPjxqGpVqyhpUCaXbERomuGQNy61g7UQzjCPBWtH4dua3npg2XMkHO0lYGONQ8gGnaJ3U7KJIRtgrV/yqPwdZJUFOKpCj3it/dfuKpjGTlgo0phP4iQ0z1JZTwaalbmpYgnSMQ9ZxVGLMTJjNr52SM6f0yUBpV9KSufp7IsPYmEkcuc4Y7cgsezPxP6+T2sF1mHGZpJZJulg0SAWxisxeJ32uGbVi4ghSzd2thI5QI7UuoJILIVh+eZU0L6qBXw3uLyu1mzyOIpzAKZxDAFdQgzuoQwMoPMIzvMKbp7wX7937WLQWvHzmGP7A+/wBi4GPGA==</latexit>

K<latexit sha1_base64="NrnJFnQip0mnCQuMQd53f76pYSs=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi+ClBfsBbSib7aRdu9mE3Y1QQn+BFw+KePUnefPfuG1z0NYHA4/3ZpiZFySCa+O6305hbX1jc6u4XdrZ3ds/KB8etXScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwvp357SdUmsfywUwS9CM6lDzkjBorNe775Ypbdecgq8TLSQVy1Pvlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80On5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rw2s+4TFKDki0WhakgJiazr8mAK2RGTCyhTHF7K2EjqigzNpuSDcFbfnmVtC6qnlv1GpeV2k0eRxFO4BTOwYMrqMEd1KEJDBCe4RXenEfnxXl3PhatBSefOYY/cD5/AKIFjM8=</latexit><latexit sha1_base64="NrnJFnQip0mnCQuMQd53f76pYSs=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi+ClBfsBbSib7aRdu9mE3Y1QQn+BFw+KePUnefPfuG1z0NYHA4/3ZpiZFySCa+O6305hbX1jc6u4XdrZ3ds/KB8etXScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwvp357SdUmsfywUwS9CM6lDzkjBorNe775Ypbdecgq8TLSQVy1Pvlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80On5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rw2s+4TFKDki0WhakgJiazr8mAK2RGTCyhTHF7K2EjqigzNpuSDcFbfnmVtC6qnlv1GpeV2k0eRxFO4BTOwYMrqMEd1KEJDBCe4RXenEfnxXl3PhatBSefOYY/cD5/AKIFjM8=</latexit><latexit sha1_base64="NrnJFnQip0mnCQuMQd53f76pYSs=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi+ClBfsBbSib7aRdu9mE3Y1QQn+BFw+KePUnefPfuG1z0NYHA4/3ZpiZFySCa+O6305hbX1jc6u4XdrZ3ds/KB8etXScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwvp357SdUmsfywUwS9CM6lDzkjBorNe775Ypbdecgq8TLSQVy1Pvlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80On5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rw2s+4TFKDki0WhakgJiazr8mAK2RGTCyhTHF7K2EjqigzNpuSDcFbfnmVtC6qnlv1GpeV2k0eRxFO4BTOwYMrqMEd1KEJDBCe4RXenEfnxXl3PhatBSefOYY/cD5/AKIFjM8=</latexit><latexit sha1_base64="NrnJFnQip0mnCQuMQd53f76pYSs=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi+ClBfsBbSib7aRdu9mE3Y1QQn+BFw+KePUnefPfuG1z0NYHA4/3ZpiZFySCa+O6305hbX1jc6u4XdrZ3ds/KB8etXScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwvp357SdUmsfywUwS9CM6lDzkjBorNe775Ypbdecgq8TLSQVy1Pvlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80On5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rw2s+4TFKDki0WhakgJiazr8mAK2RGTCyhTHF7K2EjqigzNpuSDcFbfnmVtC6qnlv1GpeV2k0eRxFO4BTOwYMrqMEd1KEJDBCe4RXenEfnxXl3PhatBSefOYY/cD5/AKIFjM8=</latexit>

x
<latexit sha1_base64="f2yzimwbR/Dgjzp6tZ360fHRqNI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae0oWy2k3btZhN2N2IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3H1FpHst7M0nQj+hQ8pAzaqzUeOqXK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqh6btVrXFZqN3kcRTiBUzgHD66gBndQhyYwQHiGV3hzHpwX5935WLQWnHzmGP7A+fwB5jmM/A==</latexit><latexit sha1_base64="f2yzimwbR/Dgjzp6tZ360fHRqNI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae0oWy2k3btZhN2N2IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3H1FpHst7M0nQj+hQ8pAzaqzUeOqXK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqh6btVrXFZqN3kcRTiBUzgHD66gBndQhyYwQHiGV3hzHpwX5935WLQWnHzmGP7A+fwB5jmM/A==</latexit><latexit sha1_base64="f2yzimwbR/Dgjzp6tZ360fHRqNI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae0oWy2k3btZhN2N2IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3H1FpHst7M0nQj+hQ8pAzaqzUeOqXK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqh6btVrXFZqN3kcRTiBUzgHD66gBndQhyYwQHiGV3hzHpwX5935WLQWnHzmGP7A+fwB5jmM/A==</latexit><latexit sha1_base64="f2yzimwbR/Dgjzp6tZ360fHRqNI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae0oWy2k3btZhN2N2IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3H1FpHst7M0nQj+hQ8pAzaqzUeOqXK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqh6btVrXFZqN3kcRTiBUzgHD66gBndQhyYwQHiGV3hzHpwX5935WLQWnHzmGP7A+fwB5jmM/A==</latexit>

y
<latexit sha1_base64="l29WxoUb9DEbvmhLG7jHtZ0OU24=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KokIeix68diC/YA2lM120q7dbMLuRgihv8CLB0W8+pO8+W/ctjlo64OBx3szzMwLEsG1cd1vZ219Y3Nru7RT3t3bPzisHB23dZwqhi0Wi1h1A6pRcIktw43AbqKQRoHATjC5m/mdJ1Sax/LBZAn6ER1JHnJGjZWa2aBSdWvuHGSVeAWpQoHGoPLVH8YsjVAaJqjWPc9NjJ9TZTgTOC33U40JZRM6wp6lkkao/Xx+6JScW2VIwljZkobM1d8TOY20zqLAdkbUjPWyNxP/83qpCW/8nMskNSjZYlGYCmJiMvuaDLlCZkRmCWWK21sJG1NFmbHZlG0I3vLLq6R9WfPcmte8qtZvizhKcApncAEeXEMd7qEBLWCA8Ayv8OY8Oi/Ou/OxaF1zipkT+APn8wfnvYz9</latexit><latexit sha1_base64="l29WxoUb9DEbvmhLG7jHtZ0OU24=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KokIeix68diC/YA2lM120q7dbMLuRgihv8CLB0W8+pO8+W/ctjlo64OBx3szzMwLEsG1cd1vZ219Y3Nru7RT3t3bPzisHB23dZwqhi0Wi1h1A6pRcIktw43AbqKQRoHATjC5m/mdJ1Sax/LBZAn6ER1JHnJGjZWa2aBSdWvuHGSVeAWpQoHGoPLVH8YsjVAaJqjWPc9NjJ9TZTgTOC33U40JZRM6wp6lkkao/Xx+6JScW2VIwljZkobM1d8TOY20zqLAdkbUjPWyNxP/83qpCW/8nMskNSjZYlGYCmJiMvuaDLlCZkRmCWWK21sJG1NFmbHZlG0I3vLLq6R9WfPcmte8qtZvizhKcApncAEeXEMd7qEBLWCA8Ayv8OY8Oi/Ou/OxaF1zipkT+APn8wfnvYz9</latexit><latexit sha1_base64="l29WxoUb9DEbvmhLG7jHtZ0OU24=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KokIeix68diC/YA2lM120q7dbMLuRgihv8CLB0W8+pO8+W/ctjlo64OBx3szzMwLEsG1cd1vZ219Y3Nru7RT3t3bPzisHB23dZwqhi0Wi1h1A6pRcIktw43AbqKQRoHATjC5m/mdJ1Sax/LBZAn6ER1JHnJGjZWa2aBSdWvuHGSVeAWpQoHGoPLVH8YsjVAaJqjWPc9NjJ9TZTgTOC33U40JZRM6wp6lkkao/Xx+6JScW2VIwljZkobM1d8TOY20zqLAdkbUjPWyNxP/83qpCW/8nMskNSjZYlGYCmJiMvuaDLlCZkRmCWWK21sJG1NFmbHZlG0I3vLLq6R9WfPcmte8qtZvizhKcApncAEeXEMd7qEBLWCA8Ayv8OY8Oi/Ou/OxaF1zipkT+APn8wfnvYz9</latexit><latexit sha1_base64="l29WxoUb9DEbvmhLG7jHtZ0OU24=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KokIeix68diC/YA2lM120q7dbMLuRgihv8CLB0W8+pO8+W/ctjlo64OBx3szzMwLEsG1cd1vZ219Y3Nru7RT3t3bPzisHB23dZwqhi0Wi1h1A6pRcIktw43AbqKQRoHATjC5m/mdJ1Sax/LBZAn6ER1JHnJGjZWa2aBSdWvuHGSVeAWpQoHGoPLVH8YsjVAaJqjWPc9NjJ9TZTgTOC33U40JZRM6wp6lkkao/Xx+6JScW2VIwljZkobM1d8TOY20zqLAdkbUjPWyNxP/83qpCW/8nMskNSjZYlGYCmJiMvuaDLlCZkRmCWWK21sJG1NFmbHZlG0I3vLLq6R9WfPcmte8qtZvizhKcApncAEeXEMd7qEBLWCA8Ayv8OY8Oi/Ou/OxaF1zipkT+APn8wfnvYz9</latexit>

z
<latexit sha1_base64="HDzXchlsPlmuEyZZ/9zFJ+iVC6I=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae0oWy2k3btZhN2N0IN/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3H1FpHst7M0nQj+hQ8pAzaqzUeOqXK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqh6btVrXFZqN3kcRTiBUzgHD66gBndQhyYwQHiGV3hzHpwX5935WLQWnHzmGP7A+fwB6UGM/g==</latexit><latexit sha1_base64="HDzXchlsPlmuEyZZ/9zFJ+iVC6I=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae0oWy2k3btZhN2N0IN/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3H1FpHst7M0nQj+hQ8pAzaqzUeOqXK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqh6btVrXFZqN3kcRTiBUzgHD66gBndQhyYwQHiGV3hzHpwX5935WLQWnHzmGP7A+fwB6UGM/g==</latexit><latexit sha1_base64="HDzXchlsPlmuEyZZ/9zFJ+iVC6I=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae0oWy2k3btZhN2N0IN/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3H1FpHst7M0nQj+hQ8pAzaqzUeOqXK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqh6btVrXFZqN3kcRTiBUzgHD66gBndQhyYwQHiGV3hzHpwX5935WLQWnHzmGP7A+fwB6UGM/g==</latexit><latexit sha1_base64="HDzXchlsPlmuEyZZ/9zFJ+iVC6I=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae0oWy2k3btZhN2N0IN/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3H1FpHst7M0nQj+hQ8pAzaqzUeOqXK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqh6btVrXFZqN3kcRTiBUzgHD66gBndQhyYwQHiGV3hzHpwX5935WLQWnHzmGP7A+fwB6UGM/g==</latexit>

N<latexit sha1_base64="FsFohXQjc3OA/BBAi7JXP9TMCN0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRiydpwX5AG8pmO2nXbjZhdyOU0F/gxYMiXv1J3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2d++wmV5rF8MJME/YgOJQ85o8ZKjft+ueJW3TnIKvFyUoEc9X75qzeIWRqhNExQrbuemxg/o8pwJnBa6qUaE8rGdIhdSyWNUPvZ/NApObPKgISxsiUNmau/JzIaaT2JAtsZUTPSy95M/M/rpia89jMuk9SgZItFYSqIicnsazLgCpkRE0soU9zeStiIKsqMzaZkQ/CWX14lrYuq51a9xmWldpPHUYQTOIVz8OAKanAHdWgCA4RneIU359F5cd6dj0VrwclnjuEPnM8fppGM0g==</latexit><latexit sha1_base64="FsFohXQjc3OA/BBAi7JXP9TMCN0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRiydpwX5AG8pmO2nXbjZhdyOU0F/gxYMiXv1J3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2d++wmV5rF8MJME/YgOJQ85o8ZKjft+ueJW3TnIKvFyUoEc9X75qzeIWRqhNExQrbuemxg/o8pwJnBa6qUaE8rGdIhdSyWNUPvZ/NApObPKgISxsiUNmau/JzIaaT2JAtsZUTPSy95M/M/rpia89jMuk9SgZItFYSqIicnsazLgCpkRE0soU9zeStiIKsqMzaZkQ/CWX14lrYuq51a9xmWldpPHUYQTOIVz8OAKanAHdWgCA4RneIU359F5cd6dj0VrwclnjuEPnM8fppGM0g==</latexit><latexit sha1_base64="FsFohXQjc3OA/BBAi7JXP9TMCN0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRiydpwX5AG8pmO2nXbjZhdyOU0F/gxYMiXv1J3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2d++wmV5rF8MJME/YgOJQ85o8ZKjft+ueJW3TnIKvFyUoEc9X75qzeIWRqhNExQrbuemxg/o8pwJnBa6qUaE8rGdIhdSyWNUPvZ/NApObPKgISxsiUNmau/JzIaaT2JAtsZUTPSy95M/M/rpia89jMuk9SgZItFYSqIicnsazLgCpkRE0soU9zeStiIKsqMzaZkQ/CWX14lrYuq51a9xmWldpPHUYQTOIVz8OAKanAHdWgCA4RneIU359F5cd6dj0VrwclnjuEPnM8fppGM0g==</latexit><latexit sha1_base64="FsFohXQjc3OA/BBAi7JXP9TMCN0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRiydpwX5AG8pmO2nXbjZhdyOU0F/gxYMiXv1J3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2d++wmV5rF8MJME/YgOJQ85o8ZKjft+ueJW3TnIKvFyUoEc9X75qzeIWRqhNExQrbuemxg/o8pwJnBa6qUaE8rGdIhdSyWNUPvZ/NApObPKgISxsiUNmau/JzIaaT2JAtsZUTPSy95M/M/rpia89jMuk9SgZItFYSqIicnsazLgCpkRE0soU9zeStiIKsqMzaZkQ/CWX14lrYuq51a9xmWldpPHUYQTOIVz8OAKanAHdWgCA4RneIU359F5cd6dj0VrwclnjuEPnM8fppGM0g==</latexit>

�
<latexit sha1_base64="vMCmCBvrQqvMkcZe5c78yK19qu0=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeiF48VbC20S8mm2W5okl2SrFCW/gUvHhTx6h/y5r8x2+5BWx8MPN6bYWZemApurOd9o8ra+sbmVnW7trO7t39QPzzqmiTTlHVoIhLdC4lhgivWsdwK1ks1IzIU7DGc3Bb+4xPThifqwU5TFkgyVjzilNhCGqQxH9YbXtObA68SvyQNKNEe1r8Go4RmkilLBTGm73upDXKiLaeCzWqDzLCU0AkZs76jikhmgnx+6wyfOWWEo0S7UhbP1d8TOZHGTGXoOiWxsVn2CvE/r5/Z6DrIuUozyxRdLIoygW2Ci8fxiGtGrZg6Qqjm7lZMY6IJtS6emgvBX355lXQvmr7X9O8vG62bMo4qnMApnIMPV9CCO2hDByjE8Ayv8IYkekHv6GPRWkHlzDH8Afr8AROIjj8=</latexit><latexit sha1_base64="vMCmCBvrQqvMkcZe5c78yK19qu0=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeiF48VbC20S8mm2W5okl2SrFCW/gUvHhTx6h/y5r8x2+5BWx8MPN6bYWZemApurOd9o8ra+sbmVnW7trO7t39QPzzqmiTTlHVoIhLdC4lhgivWsdwK1ks1IzIU7DGc3Bb+4xPThifqwU5TFkgyVjzilNhCGqQxH9YbXtObA68SvyQNKNEe1r8Go4RmkilLBTGm73upDXKiLaeCzWqDzLCU0AkZs76jikhmgnx+6wyfOWWEo0S7UhbP1d8TOZHGTGXoOiWxsVn2CvE/r5/Z6DrIuUozyxRdLIoygW2Ci8fxiGtGrZg6Qqjm7lZMY6IJtS6emgvBX355lXQvmr7X9O8vG62bMo4qnMApnIMPV9CCO2hDByjE8Ayv8IYkekHv6GPRWkHlzDH8Afr8AROIjj8=</latexit><latexit sha1_base64="vMCmCBvrQqvMkcZe5c78yK19qu0=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeiF48VbC20S8mm2W5okl2SrFCW/gUvHhTx6h/y5r8x2+5BWx8MPN6bYWZemApurOd9o8ra+sbmVnW7trO7t39QPzzqmiTTlHVoIhLdC4lhgivWsdwK1ks1IzIU7DGc3Bb+4xPThifqwU5TFkgyVjzilNhCGqQxH9YbXtObA68SvyQNKNEe1r8Go4RmkilLBTGm73upDXKiLaeCzWqDzLCU0AkZs76jikhmgnx+6wyfOWWEo0S7UhbP1d8TOZHGTGXoOiWxsVn2CvE/r5/Z6DrIuUozyxRdLIoygW2Ci8fxiGtGrZg6Qqjm7lZMY6IJtS6emgvBX355lXQvmr7X9O8vG62bMo4qnMApnIMPV9CCO2hDByjE8Ayv8IYkekHv6GPRWkHlzDH8Afr8AROIjj8=</latexit><latexit sha1_base64="vMCmCBvrQqvMkcZe5c78yK19qu0=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeiF48VbC20S8mm2W5okl2SrFCW/gUvHhTx6h/y5r8x2+5BWx8MPN6bYWZemApurOd9o8ra+sbmVnW7trO7t39QPzzqmiTTlHVoIhLdC4lhgivWsdwK1ks1IzIU7DGc3Bb+4xPThifqwU5TFkgyVjzilNhCGqQxH9YbXtObA68SvyQNKNEe1r8Go4RmkilLBTGm73upDXKiLaeCzWqDzLCU0AkZs76jikhmgnx+6wyfOWWEo0S7UhbP1d8TOZHGTGXoOiWxsVn2CvE/r5/Z6DrIuUozyxRdLIoygW2Ci8fxiGtGrZg6Qqjm7lZMY6IJtS6emgvBX355lXQvmr7X9O8vG62bMo4qnMApnIMPV9CCO2hDByjE8Ayv8IYkekHv6GPRWkHlzDH8Afr8AROIjj8=</latexit>

↵
<latexit sha1_base64="JtDqaCSYHdUsArJlViGZOYtHm8o=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJfROJsmY2ZllZlYIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrSgQ31ve/vcLa+sbmVnG7tLO7t39QPjxqGpVqyhpUCaXbERomuGQNy61g7UQzjCPBWtH4dua3npg2XMkHO0lYGONQ8gGnaJ3U7KJIRtgrV/yqPwdZJUFOKpCj3it/dfuKpjGTlgo0phP4iQ0z1JZTwaalbmpYgnSMQ9ZxVGLMTJjNr52SM6f0yUBpV9KSufp7IsPYmEkcuc4Y7cgsezPxP6+T2sF1mHGZpJZJulg0SAWxisxeJ32uGbVi4ghSzd2thI5QI7UuoJILIVh+eZU0L6qBXw3uLyu1mzyOIpzAKZxDAFdQgzuoQwMoPMIzvMKbp7wX7937WLQWvHzmGP7A+/wBi4GPGA==</latexit><latexit sha1_base64="JtDqaCSYHdUsArJlViGZOYtHm8o=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJfROJsmY2ZllZlYIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrSgQ31ve/vcLa+sbmVnG7tLO7t39QPjxqGpVqyhpUCaXbERomuGQNy61g7UQzjCPBWtH4dua3npg2XMkHO0lYGONQ8gGnaJ3U7KJIRtgrV/yqPwdZJUFOKpCj3it/dfuKpjGTlgo0phP4iQ0z1JZTwaalbmpYgnSMQ9ZxVGLMTJjNr52SM6f0yUBpV9KSufp7IsPYmEkcuc4Y7cgsezPxP6+T2sF1mHGZpJZJulg0SAWxisxeJ32uGbVi4ghSzd2thI5QI7UuoJILIVh+eZU0L6qBXw3uLyu1mzyOIpzAKZxDAFdQgzuoQwMoPMIzvMKbp7wX7937WLQWvHzmGP7A+/wBi4GPGA==</latexit><latexit sha1_base64="JtDqaCSYHdUsArJlViGZOYtHm8o=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJfROJsmY2ZllZlYIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrSgQ31ve/vcLa+sbmVnG7tLO7t39QPjxqGpVqyhpUCaXbERomuGQNy61g7UQzjCPBWtH4dua3npg2XMkHO0lYGONQ8gGnaJ3U7KJIRtgrV/yqPwdZJUFOKpCj3it/dfuKpjGTlgo0phP4iQ0z1JZTwaalbmpYgnSMQ9ZxVGLMTJjNr52SM6f0yUBpV9KSufp7IsPYmEkcuc4Y7cgsezPxP6+T2sF1mHGZpJZJulg0SAWxisxeJ32uGbVi4ghSzd2thI5QI7UuoJILIVh+eZU0L6qBXw3uLyu1mzyOIpzAKZxDAFdQgzuoQwMoPMIzvMKbp7wX7937WLQWvHzmGP7A+/wBi4GPGA==</latexit><latexit sha1_base64="JtDqaCSYHdUsArJlViGZOYtHm8o=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJfROJsmY2ZllZlYIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrSgQ31ve/vcLa+sbmVnG7tLO7t39QPjxqGpVqyhpUCaXbERomuGQNy61g7UQzjCPBWtH4dua3npg2XMkHO0lYGONQ8gGnaJ3U7KJIRtgrV/yqPwdZJUFOKpCj3it/dfuKpjGTlgo0phP4iQ0z1JZTwaalbmpYgnSMQ9ZxVGLMTJjNr52SM6f0yUBpV9KSufp7IsPYmEkcuc4Y7cgsezPxP6+T2sF1mHGZpJZJulg0SAWxisxeJ32uGbVi4ghSzd2thI5QI7UuoJILIVh+eZU0L6qBXw3uLyu1mzyOIpzAKZxDAFdQgzuoQwMoPMIzvMKbp7wX7937WLQWvHzmGP7A+/wBi4GPGA==</latexit>

K + 1
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The illustration of the extended training procedure.

images classifier network Bayesian noise modeling

sampling

labels

noisy labels

Wolf

Car

Mouse

Rose

Safeguarded
transition update

LCCN

Outlier 

clean labels

Ivor (UTS) Deep Learning with Noisy Supervision Jun 16th, 2019 30 / 70



Introduction Noise Transition Dynamic Noise Deep Learning from Noisy Labels with Quality Embedding Co-teaching Co-teaching+ Summary References

LCCN
Experiments on toy datasets

Table: The average accuracy (%) over 5 trials on CIFAR-10 and CIFAR-100 with
different noise.

Dataset CIFAR-10 CIFAR-100

# Method \ Noise Ratio 0.1 0.3 0.5 0.7 0.9 0.1 0.2 0.3 0.4 0.5

1 CE 90.10 88.12 76.93 59.01 56.85 66.15 64.31 60.11 51.68 33.37

2 Bootstrapping 90.73 88.12 76.29 57.04 56.79 66.48 64.61 63.01 55.27 34.52

3 Forward 90.86 89.03 82.47 67.11 57.29 65.43 62.72 61.28 52.64 33.82

4 S-adaptation 91.02 88.83 86.79 72.74 60.92 65.52 64.11 62.39 52.74 30.07

5 LCCN 91.35 89.33 88.41 79.48 64.82 67.83 67.63 66.86 65.52 33.71

6 CE with the clean data 91.63 69.41

Table: The average accuracy (%) over 5 trials on CIFAR-10 and CIFAR-100 with
different noise under the extended settings.

Dataset CIFAR-10 CIFAR-100

# Method \ Noise Ratio 0.1 0.3 0.5 0.7 0.9 0.1 0.2 0.3 0.4 0.5

1 CE 89.13 87.06 74.63 62.29 57.07 62.94 59.73 54.71 45.57 31.74

2 Bootstrapping 90.13 84.58 74.76 54.87 55.56 63.73 60.88 59.77 40.23 31.86

3 Forward 88.63 84.97 78.47 58.23 56.52 63.69 62.63 61.86 51.47 35.71

4 S-adaptation 88.58 87.28 61.17 57.12 56.73 63.51 61.50 60.59 53.22 32.19

5 LCCN 88.63 88.06 82.15 69.48 55.12 63.97 62.84 61.79 60.34 33.52

6 LCCN* 89.59 88.43 84.34 72.33 56.28 64.71 63.05 62.48 62.02 32.37

7 LCCN+ 90.30 88.93 88.21 87.42 86.33 65.67 64.24 63.52 63.19 62.39
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LCCN
Experiments
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Figure: The test accuracy of LCCN and S-adaptation in the training on CIFAR-10
with r=0.5 and the corresponding histograms for the change of noise transition φ
via a mini-batch of samples.
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LCCN
Experiments

The transition learning in dynamic label regression.

The label inference in dynamic label regression.
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LCCN
Experiments on Clothing1M

Table: The average accuracy over 5 trials on Clothing1M.

# Method Accuracy

1 CE 68.94

2 Bootstrapping 69.12

3 Forward 69.84

4 S-adaptation 70.36

5 Joint Optimization 72.16

6
LCCN 71.63

LCCN warmed-up by φ in ? 73.07
LCCN* 72.80

7 CE on the clean data 75.28

8 Forward+ 80.38

9 LCCN+ 81.25
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LCCN
Experiments on Clothing1M

The learned noise transition on Clothing1M by LCCN.
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Quality Embedding
Composite reasoning way

The intuitive idea to deal with the residual noise effect.
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Quality Embedding
Quality Augmented Probabilistic Model

Reformulate the original model.
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Quality Embedding
Objective

The regularized objective

min L̂ = −Eq(z|x ,y),q(s|x ,y) [lnP(y |z , s)]

+ DKL


q(z |x , y)||P(z |x)︸ ︷︷ ︸

classifier


+ DKL [q(s|x , y)||P(s)]

− λ
(
Eq(z|x ,y) [ln q(z |x , y)] + Eq(s|x ,y) [ln q(s|x , y)]

)
︸ ︷︷ ︸

variational mutual regularizer

.

This can be optimized by reparameterization tricks as VAE ?.
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Quality Embedding
Contrastive-Additive Neural network (CAN)

The network implementation of the proposed model.

Sampling layer

...
...

...
...

...

...

Contrastive 
layer

Additive 
layer

q(s)  s

q(z)  z

Noisy 
layer

encoder

decoder

sampler

classifier

cat

noisy dataset

......

images

noisy
labels

loss layer

q(s)

q(z)Y

X

෡𝐘 (z,s)

P(z)

KL-divergence

...

noisy Labels

images

𝐘′
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Experiments
On PASCAL VOC From Web Sources

Table: classification results on the 20 categories of VOC 07.

Model Resnet-N LearnQ ICNM Bootstrap CAN

aeroplane 98.4 98.4 98.1 98.6 98.8
bicycle 81.1 83.8 82.9 84.1 84.1
bird 92.9 93.8 93.6 93.6 95.3
boat 88.7 88.5 88.9 90.9 93.2
bottle 57.0 53.5 53.4 56.3 62.1
bus 87.4 87.8 87.7 89.8 90.8
car 73.2 73.7 72.3 75.5 77.0
cat 96.6 96.5 96.2 96.3 97.9
chair 63.3 64.3 64.7 69.8 72.6
cow 90.0 90.6 91.2 91.6 94.4
table 63.9 62.6 66.3 69.9 73.5
dog 94.3 94.6 94.2 94.4 96.1
horse 95.0 96.1 96.2 95.8 97.7
motorbike 92.9 91.6 91.4 93.2 94.3
person 76.8 78.4 78.0 82.2 82.4
plant 43.8 46.8 44.0 43.2 45.5
sheep 92.9 92.8 93.5 92.8 95.8
sofa 67.2 69.0 69.3 70.9 71.4
train 93.1 94.0 94.4 95.4 95.8
tv 65.1 65.4 66.9 67.4 68.6

mAP 80.7 81.1 81.2 82.6 84.4
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Experiments
On PASCAL VOC From Web Sources

Table: classification results on the 20 categories of VOC 12.

Model Resnet-N LearnQ ICNM Bootstrap CAN

aeroplane 98.4 98.4 98.1 98.6 98.8
bicycle 81.1 83.8 82.9 84.1 84.1
bird 92.9 93.8 93.6 93.6 95.3
boat 88.7 88.5 88.9 90.9 93.2
bottle 57.0 53.5 53.4 56.3 62.1
bus 87.4 87.8 87.7 89.8 90.8
car 73.2 73.7 72.3 75.5 77.0
cat 96.6 96.5 96.2 96.3 97.9
chair 63.3 64.3 64.7 69.8 72.6
cow 90.0 90.6 91.2 91.6 94.4
table 63.9 62.6 66.3 69.9 73.5
dog 94.3 94.6 94.2 94.4 96.1
horse 95.0 96.1 96.2 95.8 97.7
motorbike 92.9 91.6 91.4 93.2 94.3
person 76.8 78.4 78.0 82.2 82.4
plant 43.8 46.8 44.0 43.2 45.5
sheep 92.9 92.8 93.5 92.8 95.8
sofa 67.2 69.0 69.3 70.9 71.4
train 93.1 94.0 94.4 95.4 95.8
tv 65.1 65.4 66.9 67.4 68.6

mAP 80.7 81.1 81.2 82.6 84.4
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Experiments
On Standford Dog Datasets From Crowdsourcing

Table: Classification results on 4 categories of Standford Dog.

Model nft nwt iwh swh mAP

MLP-N 78.1 73.2 80.9 76.5 77.2
LearnQ 80.5 73.7 83.0 77.7 78.7
ICNM 80.5 72.8 83.9 78.3 78.9
Bootstrap 80.7 72.5 83.7 78.1 78.8
CAN 82.0 79.0 81.8 83.8 81.7
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Experiments
On Lambda

Results with different regularization coefficient λ in CAN.
λ 0 0.2 0.5 1 2 5 10

V07TE 82.9 83.5 84.8 83.6 80.7 78.8 77.0

V12TE 84.3 85.2 84.1 83.0 80.8 78.3 76.6

SD4TE 78.6 80.7 80.4 79.9 76.4 73.9 71.3

Classification results with different training sizes.
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Experiments
Classification with Controlable Noise

Dataset Pnoise 1.0 0.8 0.6 0.4 0.2 0.0

V07TE

Resnet-N 6.4 33.4 53.0 70.2 78.2 86.8
LearnQ 9.1 28.0 56.4 72.0 80.1 85.4
ICNM 9.2 28.5 57 71.6 79.6 85.4
Bootstrap 8.9 30.1 59.3 73.3 81.0 85.5
CAN 8.6 36.1 63.2 79.4 83.6 85.3

V12TE

Resnet-N 5.2 26.6 49.2 69.0 80.0 89.7
LearnQ 8.4 23.7 49.7 70.3 81.3 88.3
ICNM 8.4 23.8 49.6 70.5 81.4 88.3
Bootstrap 8.2 25.1 51.8 72.6 82.2 88.5
CAN 10.5 28.0 55.3 78.4 84.5 87.3

SD4TE

MLP-N 29.6 41.6 51.5 73.4 86.1 96.4
LearnQ 26.9 39.6 60.4 72.7 89.0 95.9
ICNM 27.0 39.7 60.8 73.1 89.2 95.8
Bootstrap 27.8 38.6 58.7 73.5 89.3 96.2
CAN 30.1 49.7 63.9 77.1 91.1 94.3
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Experiments
On Quality Embedding Visualization
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Quality embedding visualization. Blue: trustworthy embedding, Green:
non-trustworthy embedding.
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Experiments
On Conditional Transition
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Transition patterns among labels conditioned on the trustworthy embedding and
the non-trustworthy embedding.
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Experiments
Analysis of latent labels.
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Exemplars on latent label estimation of WEB dataset (the first two rows) and AMT dataset (the
third row) as well as some failures (the fourth row). We forward the noisy label (black word)
and the image into CAN and compute the latent label (red word).
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A promising research line: Learning with small-loss
instances

Main idea: regard small-loss instances as “correct” instances.

Figure: Self-training MentorNet[Jiang et al., 2018].

Benefit: easy to implement & free of assumptions.

Drawback: accumulated error caused by sample-selection bias.
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A promising research line: Learning with small-loss
instances

Consider the standard class-conditional noise (CCN) model.

We can learn a reliable classifier if a set of clean data is available.

Then, we can use the reliable classifier to filter out the noisy data,
where “small loss” serves as a gold standard.

However, we usually only have access to noisy training data. The
selected small-loss instances are only likely to be correct, instead of
totally correct.

(Problem) There exists accumulated error caused by sample-selection
bias.

(Solution 1) In order to select more correct samples, can we design a
“small-loss” rule by utilizing the memorization of deep neural
networks?
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Co-teaching: Cross-update meets small-loss

Figure: Co-teaching[Han et al., 2018].

Co-teaching maintains two networks (A & B) simultaneously.

Each network samples its small-loss instances based on memorization
of neural networks.

Each network teaches such useful instances to its peer network.
(Cross-update)

Ivor (UTS) Deep Learning with Noisy Supervision Jun 16th, 2019 50 / 70



Introduction Noise Transition Dynamic Noise Deep Learning from Noisy Labels with Quality Embedding Co-teaching Co-teaching+ Summary References

Co-teaching Paradigm

Input: wf and wg , learning rate η, fixed τ , epoch Tk and Tmax, iter Nmax;
for T = 1, 2, . . . ,Tmax do

Shuffle: training set D; //noisy dataset;
for N = 1, . . . ,Nmax do

Draw: mini-batch D̄ from D;
Sample: D̄f = arg minD̄ `(f , D̄,R(T )); //R(T )% small-loss;
Sample: D̄g = arg minD̄ `(g , D̄,R(T )); //R(T )% small-loss;
Update: wf = wf − η∇f (D̄g ); //update wf by D̄g ;
Update: wg = wg − η∇g(D̄f ); //update wg by D̄f ;

end

Update: R(T ) = 1−min
{

T
Tk
τ, τ
}

;

end
Output: wf and wg

Algorithm 1: Co-teaching Paradigm.
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Divergence
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Disagreement Co-teaching Co-teaching+

Two networks in Co-teaching will converge to a consensus gradually.
However, two networks in Disagreement will keep diverged.
We bridge the “Disagreement” strategy with Co-teaching to achieve
Co-teaching+.
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Decoupling

Figure: Decoupling[Malach and Shalev-Shwartz, 2017].

Easy samples can be quickly learnt and classified (memorization
effect).
Decoupling focus on hard samples, which can be more informative.
Decoupling use samples in each mini-batch that two classifiers have
disagreement in predictions to update networks.
(Solution 2) Can we further attenuate the error from noisy data by
utilizing two networks?
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How does Disagreement Benefit Co-teaching?

Disagreement-update step: Two networks feed forward and predict all
data first, and only keep prediction disagreement data.

Cross-update step: Based on disagreement data, each network selects
its small-loss data, but back propagates such data from its peer
network.
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Co-teaching+ Paradigm

1: Input w (1) and w (2), training set D, batch size B, learning rate η,
estimated noise rate τ , epoch Ek and Emax;

for e = 1, 2, . . . ,Emax do

2: Shuffle D into |D|B mini-batches; //noisy dataset

for n = 1, . . . , |D|B do
3: Fetch n-th mini-batch D̄ from D;
4: Select prediction disagreement D̄′ = {(xi , yi ) : ȳ

(1)
i 6= ȳ

(2)
i };

5: Get D̄′(1) = arg minD′:|D′|≥λ(e)|D̄′| `(D′;w (1)); //sample λ(e)%
small-loss instances

6: Get D̄′(2) = arg minD′:|D′|≥λ(e)|D̄′| `(D′;w (2)); //sample λ(e)%
small-loss instances

7: Update w (1) = w (1) − η∇`(D̄′(2);w (1));//update w (1) by D̄′(2);
8: Update w (2) = w (2) − η∇`(D̄′(1);w (2));//update w (2) by D̄′(1);

end

9: Update λ(e) = 1−min{ e
Ek
τ, τ} or 1−min{ e

Ek
τ, (1 + e−Ek

Emax−Ek
)τ};

(memorization helps)
end

10: Output w (1) and w (2).

Co-teaching+: Step 4: disagreement-update; Step 5-8: cross-update.
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Relations to other approaches

Table: Comparison of state-of-the-art and related techniques with our
Co-teaching+ approach.
“small loss”: regarding small-loss samples as “clean” samples;
“double classifiers”: training two classifiers simultaneously;
“cross update”: updating parameters in a cross manner;
“divergence”: keeping two classifiers diverged during training.

MentorNet Co-training Co-teaching Decoupling Co-teaching+

small loss X × X × X
double classifiers × X X X X

cross update × X X × X
divergence × X × X X
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Datasets for CCN model

Table: Summary of data sets used in the experiments.

# of train # of test # of class size

MNIST 60,000 10,000 10 28×28

CIFAR-10 50,000 10,000 10 32×32

CIFAR-100 50,000 10,000 100 32×32

NEWS 11,314 7,532 7 1000-D

T-ImageNet 100,000 10,000 200 64×64
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Noise Transitions for CCN model

We manually generate class-conditional noisy labels using two types of
noise transitions:

(a) Pair (ε = 45%). (b) Symmetry (ε = 50%).

Figure: Different noise transitions (using 5 classes as an example) [Han et al.,
2018].
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Baselines

MentorNet: small-loss trick;

Co-teaching: small-loss and cross-update trick.

Decoupling: instances that have different predictions;

F-correction: loss correction on transition matrix;

Standard: directly training on noisy datasets.
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Network structures

Table: MLP and CNN models used in our experiments on MNIST, CIFAR-10,
CIFAR-100/Open-sets, and NEWS.

MLP on MNIST CNN on CIFAR-10 CNN on CIFAR-100/Open-sets MLP on NEWS

28×28 Gray Image 32×32 RGB Image 32×32 RGB Image 1000-D Text

3×3 Conv, 64 BN, ReLU 300-D Embedding
5×5 Conv, 6 ReLU 3×3 Conv, 64 BN, ReLU Flatten → 1000×300

2×2 Max-pool 2×2 Max-pool Adaptive avg-pool → 16×300
3×3 Conv, 128 BN, ReLU

Dense 28×28 → 256, ReLU 5×5 Conv, 16 ReLU 3×3 Conv, 128 BN, ReLU Dense 16×300 → 4×300
2×2 Max-pool 2×2 Max-pool BN, Softsign

3×3 Conv, 196 BN, ReLU
Dense 16×5×5 → 120, ReLU 3×3 Conv, 196 BN, ReLU Dense 4×300 → 300

Dense 120 → 84, ReLU 2×2 Max-pool BN, Softsign

Dense 256 → 10 Dense 84 → 10 Dense 256 → 100/10 Dense 300 → 7
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MNIST

Standard Decoupling F-correction MentorNet Co-teaching Co-teaching+
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(a) Pair-45%.
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(b) Symmetry-50%.
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(c) Symmetry-20%.

Figure: Test accuracy vs number of epochs on MNIST dataset.
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CIFAR-10

Standard Decoupling F-correction MentorNet Co-teaching Co-teaching+
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(a) Pair-45%.
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(b) Symmetry-50%.
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(c) Symmetry-20%.

Figure: Test accuracy vs number of epochs on CIFAR-10 dataset.
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CIFAR-100

Standard Decoupling F-correction MentorNet Co-teaching Co-teaching+
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(a) Pair-45%.
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(b) Symmetry-50%.
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(c) Symmetry-20%.

Figure: Test accuracy vs number of epochs on CIFAR-100 dataset.
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NEWS

Standard Decoupling F-correction MentorNet Co-teaching Co-teaching+
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Figure: Test accuracy vs number of epochs on NEWS dataset.

Ivor (UTS) Deep Learning with Noisy Supervision Jun 16th, 2019 64 / 70



Introduction Noise Transition Dynamic Noise Deep Learning from Noisy Labels with Quality Embedding Co-teaching Co-teaching+ Summary References

T-ImageNet

Table: Averaged/maximal test accuracy (%) of different approaches on
T-ImageNet over last 10 epochs. The best results are in blue.

Flipping-Rate(%) Standard Decoupling F-correction MentorNet Co-teaching Co-teaching+

Pair-45% 26.14/26.32 26.10/26.61 0.63/0.67 26.22/26.61 27.41/27.82 26.54/26.87

Symmetry-50% 19.58/19.77 22.61/22.81 32.84/33.12 35.47/35.76 37.09/37.60 41.19/41.77

Symmetry-20% 35.56/35.80 36.28/36.97 44.37/44.50 45.49/45.74 45.60/46.36 47.73/48.20
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Open-sets

Open-set noise:
An open-set noisy label occurs when a noisy sample possesses a true class
that is not contained within the set of known classes in the training data.

Open-sets: CIFAR-10 noisy dataset with 40% open-set noise from
CIFAR-100, ImageNet32, and SVHN.

CIFAR-100   ImageNet32         SVHN

Figure: Examples of open-set noise for “airplane” in CIFAR-10 [Wang et al.,
2018].
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Open-sets

Table: Averaged/maximal test accuracy (%) of different approaches on Open-sets
over last 10 epochs. The best results are in blue.

Open-set noise Standard MentorNet Iterative[Wang et al., 2018] Co-teaching Co-teaching+

CIFAR-10+CIFAR-100 62.92 79.27/79.33 79.28 79.43/79.58 79.28/79.74

CIFAR-10+ImageNet-32 58.63 79.27/79.40 79.38 79.42/79.60 79.89/80.52

CIFAR-10+SVHN 56.44 79.72/79.81 77.73 80.12/80.33 80.62/80.95
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Summary

Conclusion:

This paper presents Co-teaching+, a robust model for learning on
noisy labels.

Three key points towards robust training on noisy labels:

1) use small-loss trick based on memorization effects of deep networks;
2) cross-update parameters of two networks;
3) keep two networks diverged during training.

Future work:

Investigate the theory of Co-teaching+ from the view of
disagreement-based algorithms [Wang and Zhou, 2017].

Ivor (UTS) Deep Learning with Noisy Supervision Jun 16th, 2019 68 / 70



Introduction Noise Transition Dynamic Noise Deep Learning from Noisy Labels with Quality Embedding Co-teaching Co-teaching+ Summary References

Papers and Codes

Masking: A New Perspective of Noisy Supervision. NIPS, 2018.

Co-teaching: Robust Training of Deep Neural Networks with
Extremely Noisy Labels. NIPS, 2018.

How does Disagreement Help Generalization against Label
Corruption? ICML, 2019.
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