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Supervised classification under concept drift
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For instance,
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Supervised classification under concept drift

For instance,

accounts for a global rate of change
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Supervised classification under concept drift

accounts for a global rate of change
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<latexit sha1_base64="uhUHK4rICLQPXBKgRMuUpLw3bTI=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiQi1WXBjcsq9gFNKJPppB06mYSZSaGE/okbF4q49U/c+TdO0iy09cDA4Zx7uWdOkHCmtON8W5WNza3tnepubW//4PDIPj7pqjiVhHZIzGPZD7CinAna0Uxz2k8kxVHAaS+Y3uV+b0alYrF40vOE+hEeCxYygrWRhrY9RR4TyIuwngRB9rgY2nWn4RRA68QtSR1KtIf2lzeKSRpRoQnHSg1cJ9F+hqVmhNNFzUsVTTCZ4jEdGCpwRJWfFckX6MIoIxTG0jyhUaH+3shwpNQ8CsxknlCtern4nzdIdXjrZ0wkqaaCLA+FKUc6RnkNaMQkJZrPDcFEMpMVkQmWmGhTVs2U4K5+eZ10rxpus+E+XNdbzbKOKpzBOVyCCzfQgntoQwcIzOAZXuHNyqwX6936WI5WrHLnFP7A+vwB/byTNw==</latexit>

k 2 R

Class y = 1

Class y = 2

Rule h

Time t1 Time t2



Knowledge gaps

Key contributions

Account for a scalar rate of change: learning rate or forgetting factor

Provide bounds in terms of non-computable quantities: discrepancies
between consecutive distributions

Account for multidimensional time changes: model the evolution of
each statistical characteristic of instance-label pairs

Provide computable tight bounds for: error probabilities and 
accumulated mistakes



Methodology of Adaptive Minimax Risk Classifiers

Uncertainty set

Feature mapping 

<latexit sha1_base64="hZCfJPN6QEaZf/zyp64JHFWxMkU="></latexit>

Ut = {p 2 �(X ⇥ Y) : |Ep{�(x, y)}� b⌧ t| � �t}

Multidimensional adaptation

<latexit sha1_base64="JHtkCgtfPxE0+NTUV94uLJx0tx8=">AAACJnicbZDLSsNAFIYnXmu9RV26GSyCq5KIVBGEghuXVexFmlgm02kzdHJh5kQpoU/jxldx46Ii4s5HcdIG1NYfBn6+cw5zzu/FgiuwrE9jYXFpeWW1sFZc39jc2jZ3dhsqSiRldRqJSLY8opjgIasDB8FasWQk8ARreoPLrN58YFLxKLyFYczcgPRD3uOUgEYd88Kp+fwcOwEBnxKRtkbYAR4w9YPuNJK87wORMnqccs9Lb0b3QccsWWVrIjxv7NyUUK5axxw73YgmAQuBCqJU27ZicFMigVPBRkUnUSwmdED6rK1tSPQmbjo5c4QPNeniXiT1CwFP6O+JlARKDQNPd2Y7qtlaBv+rtRPonbkpD+MEWEinH/USgSHCWWa4yyWjIIbaECq53hVTn0hCQSdb1CHYsyfPm8Zx2a6U7euTUrWSx1FA++gAHSEbnaIqukI1VEcUPaEXNEZvxrPxarwbH9PWBSOf2UN/ZHx9A4Wmpm0=</latexit>

� : X ⇥ Y ! Rm

<latexit sha1_base64="fVQ67VE/0WOKsdzz+Ksz4NBPGm4="></latexit>

⌧ t = Ept{�(x, y)}

xt−1 yt−1

ŷt−1

ht−1

R(Ut−1) R(Ut)

ht

UtUt−1

τ̂ t−1 τ̂ t

λt−1 λt

µt
µt−1
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R(Ut−1) R(Ut)
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λt−1 λt

µt
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Methodology of Adaptive Minimax Risk Classifiers

Uncertainty set

Feature mapping 

<latexit sha1_base64="hZCfJPN6QEaZf/zyp64JHFWxMkU="></latexit>

Ut = {p 2 �(X ⇥ Y) : |Ep{�(x, y)}� b⌧ t| � �t}

Learning

Multidimensional adaptation

<latexit sha1_base64="mFwHBsmVRuQ+bl367wp1pUfrFIA="></latexit>

R(Ut) = min
h2T(X ,Y)

max
p2Ut

`(h, p)

= min
µ

1� ⌧T
t µ+ '(µ) + �T

t |µ|

<latexit sha1_base64="mFwHBsmVRuQ+bl367wp1pUfrFIA="></latexit>

R(Ut) = min
h2T(X ,Y)

max
p2Ut

`(h, p)

= min
µ

1� ⌧T
t µ+ '(µ) + �T

t |µ|

Prediction
<latexit sha1_base64="XSpffys81PJEX661kX0SE49n3OQ="></latexit>

ŷ 2 argmax
y2Y

�(x, y)Tµ⇤

<latexit sha1_base64="JHtkCgtfPxE0+NTUV94uLJx0tx8=">AAACJnicbZDLSsNAFIYnXmu9RV26GSyCq5KIVBGEghuXVexFmlgm02kzdHJh5kQpoU/jxldx46Ii4s5HcdIG1NYfBn6+cw5zzu/FgiuwrE9jYXFpeWW1sFZc39jc2jZ3dhsqSiRldRqJSLY8opjgIasDB8FasWQk8ARreoPLrN58YFLxKLyFYczcgPRD3uOUgEYd88Kp+fwcOwEBnxKRtkbYAR4w9YPuNJK87wORMnqccs9Lb0b3QccsWWVrIjxv7NyUUK5axxw73YgmAQuBCqJU27ZicFMigVPBRkUnUSwmdED6rK1tSPQmbjo5c4QPNeniXiT1CwFP6O+JlARKDQNPd2Y7qtlaBv+rtRPonbkpD+MEWEinH/USgSHCWWa4yyWjIIbaECq53hVTn0hCQSdb1CHYsyfPm8Zx2a6U7euTUrWSx1FA++gAHSEbnaIqukI1VEcUPaEXNEZvxrPxarwbH9PWBSOf2UN/ZHx9A4Wmpm0=</latexit>

� : X ⇥ Y ! Rm

<latexit sha1_base64="fVQ67VE/0WOKsdzz+Ksz4NBPGm4="></latexit>

⌧ t = Ept{�(x, y)}
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Learning
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<latexit sha1_base64="JHtkCgtfPxE0+NTUV94uLJx0tx8=">AAACJnicbZDLSsNAFIYnXmu9RV26GSyCq5KIVBGEghuXVexFmlgm02kzdHJh5kQpoU/jxldx46Ii4s5HcdIG1NYfBn6+cw5zzu/FgiuwrE9jYXFpeWW1sFZc39jc2jZ3dhsqSiRldRqJSLY8opjgIasDB8FasWQk8ARreoPLrN58YFLxKLyFYczcgPRD3uOUgEYd88Kp+fwcOwEBnxKRtkbYAR4w9YPuNJK87wORMnqccs9Lb0b3QccsWWVrIjxv7NyUUK5axxw73YgmAQuBCqJU27ZicFMigVPBRkUnUSwmdED6rK1tSPQmbjo5c4QPNeniXiT1CwFP6O+JlARKDQNPd2Y7qtlaBv+rtRPonbkpD+MEWEinH/USgSHCWWa4yyWjIIbaECq53hVTn0hCQSdb1CHYsyfPm8Zx2a6U7euTUrWSx1FA++gAHSEbnaIqukI1VEcUPaEXNEZvxrPxarwbH9PWBSOf2UN/ZHx9A4Wmpm0=</latexit>
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t |µ|Prediction
<latexit sha1_base64="XSpffys81PJEX661kX0SE49n3OQ="></latexit>
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y2Y

�(x, y)Tµ⇤

<latexit sha1_base64="JHtkCgtfPxE0+NTUV94uLJx0tx8=">AAACJnicbZDLSsNAFIYnXmu9RV26GSyCq5KIVBGEghuXVexFmlgm02kzdHJh5kQpoU/jxldx46Ii4s5HcdIG1NYfBn6+cw5zzu/FgiuwrE9jYXFpeWW1sFZc39jc2jZ3dhsqSiRldRqJSLY8opjgIasDB8FasWQk8ARreoPLrN58YFLxKLyFYczcgPRD3uOUgEYd88Kp+fwcOwEBnxKRtkbYAR4w9YPuNJK87wORMnqccs9Lb0b3QccsWWVrIjxv7NyUUK5axxw73YgmAQuBCqJU27ZicFMigVPBRkUnUSwmdED6rK1tSPQmbjo5c4QPNeniXiT1CwFP6O+JlARKDQNPd2Y7qtlaBv+rtRPonbkpD+MEWEinH/USgSHCWWa4yyWjIIbaECq53hVTn0hCQSdb1CHYsyfPm8Zx2a6U7euTUrWSx1FA++gAHSEbnaIqukI1VEcUPaEXNEZvxrPxarwbH9PWBSOf2UN/ZHx9A4Wmpm0=</latexit>
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Multidimensional Adaptation

<latexit sha1_base64="UV/pdwhMnvKm3YwBOy5NYi+INDg=">AAAB/HicbVDLSsNAFJ3UV62vaJdugkVwVRIp6rLgxmUF+4AmhMlk0g6dTMLMjRBC/RU3LhRx64e482+ctFlo64FhDufcy5w5QcqZAtv+Nmobm1vbO/Xdxt7+weGReXwyUEkmCe2ThCdyFGBFORO0Dww4HaWS4jjgdBjMbkt/+EilYol4gDylXowngkWMYNCSbzbdIOGhymN9FS7gbO6Db7bstr2AtU6cirRQhZ5vfrlhQrKYCiAcKzV27BS8AktghNN5w80UTTGZ4QkdaypwTJVXLMLPrXOthFaUSH0EWAv190aBY1Xm05Mxhqla9UrxP2+cQXTjFUykGVBBlg9FGbcgscomrJBJSoDnmmAimc5qkSmWmIDuq6FLcFa/vE4Gl23nqu3cd1rdTlVHHZ2iM3SBHHSNuugO9VAfEZSjZ/SK3own48V4Nz6WozWj2mmiPzA+fwCtf5Vl</latexit>⌧ t

with

Dynamical system: model the evolution of each component of  
<latexit sha1_base64="UM5BLivzLja8D7JfJAEVf4DO798="></latexit>

⌘t,i =
h
⌧t,i, ⌧

0
t,i, ⌧

00
t,i, ..., ⌧

k)
t,i

iT<latexit sha1_base64="pbCLHILCVdABQqcL50iimJ35uQo="></latexit>

⌘t,i = Ht⌘t�1,i +wt,i

�i(xt, yt) = ⌧t,i + vt,i

Tracking underlying distribution: obtain 
<latexit sha1_base64="84cjLzJbJnxPHN0c9UEjTPUxGpo=">AAACHnicbVDLSgMxFM3UV62vqks3wSK4kDIj9bEsuHFZwT6gU8qdTNqGZh4kd5Qy9Evc+CtuXCgiuNK/MdN2YVsPhBzOuTe593ixFBpt+8fKrayurW/kNwtb2zu7e8X9g4aOEsV4nUUyUi0PNJci5HUUKHkrVhwCT/KmN7zJ/OYDV1pE4T2OYt4JoB+KnmCARuoWL9xH4fMBYOp6kfT1KDBX6iIk43EXz+icKs27Phi9WyzZZXsCukycGSmRGWrd4pfrRywJeIhMgtZtx46xk4JCwSQfF9xE8xjYEPq8bWgIAdeddLLemJ4Yxae9SJkTIp2ofztSCHQ2oqkMAAd60cvE/7x2gr3rTirCOEEesulHvURSjGiWFfWF4gzlyBBgSphZKRuAAoYm0YIJwVlceZk0zsvOZdm5q5SqlVkceXJEjskpccgVqZJbUiN1wsgTeSFv5N16tl6tD+tzWpqzZj2HZA7W9y84CKRa</latexit>

b⌧ t,�t



Multidimensional Adaptation

<latexit sha1_base64="UV/pdwhMnvKm3YwBOy5NYi+INDg=">AAAB/HicbVDLSsNAFJ3UV62vaJdugkVwVRIp6rLgxmUF+4AmhMlk0g6dTMLMjRBC/RU3LhRx64e482+ctFlo64FhDufcy5w5QcqZAtv+Nmobm1vbO/Xdxt7+weGReXwyUEkmCe2ThCdyFGBFORO0Dww4HaWS4jjgdBjMbkt/+EilYol4gDylXowngkWMYNCSbzbdIOGhymN9FS7gbO6Db7bstr2AtU6cirRQhZ5vfrlhQrKYCiAcKzV27BS8AktghNN5w80UTTGZ4QkdaypwTJVXLMLPrXOthFaUSH0EWAv190aBY1Xm05Mxhqla9UrxP2+cQXTjFUykGVBBlg9FGbcgscomrJBJSoDnmmAimc5qkSmWmIDuq6FLcFa/vE4Gl23nqu3cd1rdTlVHHZ2iM3SBHHSNuugO9VAfEZSjZ/SK3own48V4Nz6WozWj2mmiPzA+fwCtf5Vl</latexit>⌧ t

with

Dynamical system: model the evolution of each component of  
<latexit sha1_base64="UM5BLivzLja8D7JfJAEVf4DO798="></latexit>

⌘t,i =
h
⌧t,i, ⌧

0
t,i, ⌧

00
t,i, ..., ⌧

k)
t,i

iT<latexit sha1_base64="pbCLHILCVdABQqcL50iimJ35uQo="></latexit>

⌘t,i = Ht⌘t�1,i +wt,i

�i(xt, yt) = ⌧t,i + vt,i

Unbiased linear estimator of         with minimum MSE<latexit sha1_base64="BtB6fgvuCa0uxwITXwE/pueScOc=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXEhJRNRl0Y3LCvYBTQiTybQdOnkwcyOUEDf+ihsXirj1L9z5N07aLLT1wDCHc+7l3nv8RHAFlvVtVJaWV1bXquu1jc2t7R1zd6+j4lRS1qaxiGXPJ4oJHrE2cBCsl0hGQl+wrj++KfzuA5OKx9E9TBLmhmQY8QGnBLTkmQeOH4tATUL9ZQ4DknsZnGKee2bdalhT4EVil6SOSrQ888sJYpqGLAIqiFJ920rAzYgETgXLa06qWELomAxZX9OIhEy52fSCHB9rJcCDWOoXAZ6qvzsyEqpiSV0ZEhipea8Q//P6KQyu3IxHSQosorNBg1RgiHERBw64ZBTERBNCJde7YjoiklDQodV0CPb8yYukc9awLxr23Xm9eV3GUUWH6AidIBtdoia6RS3URhQ9omf0it6MJ+PFeDc+ZqUVo+zZR39gfP4ACGWXQg==</latexit>⌘t,i
<latexit sha1_base64="Y4jGyScw6kJsdC/Ne3mS139/0iU="></latexit>

b⌘t,i = Htb⌘t�1,i � kt,i(b⌧t�1,i � �i(xt�1, yt�1))

b⌃t,i = Ht
b⌃t�1,iH

T
t +Qt,i � kt,ie

T
1
b⌃t�1,iH

T
t

Tracking underlying distribution: obtain 
<latexit sha1_base64="84cjLzJbJnxPHN0c9UEjTPUxGpo=">AAACHnicbVDLSgMxFM3UV62vqks3wSK4kDIj9bEsuHFZwT6gU8qdTNqGZh4kd5Qy9Evc+CtuXCgiuNK/MdN2YVsPhBzOuTe593ixFBpt+8fKrayurW/kNwtb2zu7e8X9g4aOEsV4nUUyUi0PNJci5HUUKHkrVhwCT/KmN7zJ/OYDV1pE4T2OYt4JoB+KnmCARuoWL9xH4fMBYOp6kfT1KDBX6iIk43EXz+icKs27Phi9WyzZZXsCukycGSmRGWrd4pfrRywJeIhMgtZtx46xk4JCwSQfF9xE8xjYEPq8bWgIAdeddLLemJ4Yxae9SJkTIp2ofztSCHQ2oqkMAAd60cvE/7x2gr3rTirCOEEesulHvURSjGiWFfWF4gzlyBBgSphZKRuAAoYm0YIJwVlceZk0zsvOZdm5q5SqlVkceXJEjskpccgVqZJbUiN1wsgTeSFv5N16tl6tD+tzWpqzZj2HZA7W9y84CKRa</latexit>

b⌧ t,�t



<latexit sha1_base64="A32eAS7vW51+MipaWnKn3dspuq4=">AAACJXicbZDLSsNAFIYn9VbrLerSzWARXJSQFKkuXBTcuKxgL9CGMplO2qEzkzAzEUrIy7jxVdy4sIjgyldx0mahrT8M/HznHOacP4gZVdp1v6zSxubW9k55t7K3f3B4ZB+fdFSUSEzaOGKR7AVIEUYFaWuqGenFkiAeMNINpnd5vftEpKKReNSzmPgcjQUNKUbaoKF9O+BIT4IwnWbDVNegl9XgCqob5DjOGufZ0K66jrsQXDdeYaqgUGtozwejCCecCI0ZUqrvubH2UyQ1xYxklUGiSIzwFI1J31iBOFF+urgygxeGjGAYSfOEhgv6eyJFXKkZD0xnvqhareXwv1o/0eGNn1IRJ5oIvPwoTBjUEcwjgyMqCdZsZgzCkppdIZ4gibA2wVZMCN7qyeumU3e8huM9XFWbjSKOMjgD5+ASeOAaNME9aIE2wOAZvIJ3MLderDfrw/pctpasYuYU/JH1/QOrWaQT</latexit>

kt,1,kt,2, ...,kt,m

Multidimensional Adaptation

<latexit sha1_base64="UV/pdwhMnvKm3YwBOy5NYi+INDg=">AAAB/HicbVDLSsNAFJ3UV62vaJdugkVwVRIp6rLgxmUF+4AmhMlk0g6dTMLMjRBC/RU3LhRx64e482+ctFlo64FhDufcy5w5QcqZAtv+Nmobm1vbO/Xdxt7+weGReXwyUEkmCe2ThCdyFGBFORO0Dww4HaWS4jjgdBjMbkt/+EilYol4gDylXowngkWMYNCSbzbdIOGhymN9FS7gbO6Db7bstr2AtU6cirRQhZ5vfrlhQrKYCiAcKzV27BS8AktghNN5w80UTTGZ4QkdaypwTJVXLMLPrXOthFaUSH0EWAv190aBY1Xm05Mxhqla9UrxP2+cQXTjFUykGVBBlg9FGbcgscomrJBJSoDnmmAimc5qkSmWmIDuq6FLcFa/vE4Gl23nqu3cd1rdTlVHHZ2iM3SBHHSNuugO9VAfEZSjZ/SK3own48V4Nz6WozWj2mmiPzA+fwCtf5Vl</latexit>⌧ t

with

Dynamical system: model the evolution of each component of  
<latexit sha1_base64="UM5BLivzLja8D7JfJAEVf4DO798="></latexit>

⌘t,i =
h
⌧t,i, ⌧

0
t,i, ⌧

00
t,i, ..., ⌧

k)
t,i

iT<latexit sha1_base64="pbCLHILCVdABQqcL50iimJ35uQo="></latexit>

⌘t,i = Ht⌘t�1,i +wt,i

�i(xt, yt) = ⌧t,i + vt,i

Unbiased linear estimator of         with minimum MSE<latexit sha1_base64="BtB6fgvuCa0uxwITXwE/pueScOc=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXEhJRNRl0Y3LCvYBTQiTybQdOnkwcyOUEDf+ihsXirj1L9z5N07aLLT1wDCHc+7l3nv8RHAFlvVtVJaWV1bXquu1jc2t7R1zd6+j4lRS1qaxiGXPJ4oJHrE2cBCsl0hGQl+wrj++KfzuA5OKx9E9TBLmhmQY8QGnBLTkmQeOH4tATUL9ZQ4DknsZnGKee2bdalhT4EVil6SOSrQ888sJYpqGLAIqiFJ920rAzYgETgXLa06qWELomAxZX9OIhEy52fSCHB9rJcCDWOoXAZ6qvzsyEqpiSV0ZEhipea8Q//P6KQyu3IxHSQosorNBg1RgiHERBw64ZBTERBNCJde7YjoiklDQodV0CPb8yYukc9awLxr23Xm9eV3GUUWH6AidIBtdoia6RS3URhQ9omf0it6MJ+PFeDc+ZqUVo+zZR39gfP4ACGWXQg==</latexit>⌘t,i
<latexit sha1_base64="Y4jGyScw6kJsdC/Ne3mS139/0iU="></latexit>

b⌘t,i = Htb⌘t�1,i � kt,i(b⌧t�1,i � �i(xt�1, yt�1))

b⌃t,i = Ht
b⌃t�1,iH

T
t +Qt,i � kt,ie

T
1
b⌃t�1,iH

T
t

Tracking underlying distribution: obtain 
<latexit sha1_base64="84cjLzJbJnxPHN0c9UEjTPUxGpo=">AAACHnicbVDLSgMxFM3UV62vqks3wSK4kDIj9bEsuHFZwT6gU8qdTNqGZh4kd5Qy9Evc+CtuXCgiuNK/MdN2YVsPhBzOuTe593ixFBpt+8fKrayurW/kNwtb2zu7e8X9g4aOEsV4nUUyUi0PNJci5HUUKHkrVhwCT/KmN7zJ/OYDV1pE4T2OYt4JoB+KnmCARuoWL9xH4fMBYOp6kfT1KDBX6iIk43EXz+icKs27Phi9WyzZZXsCukycGSmRGWrd4pfrRywJeIhMgtZtx46xk4JCwSQfF9xE8xjYEPq8bWgIAdeddLLemJ4Yxae9SJkTIp2ofztSCHQ2oqkMAAd60cvE/7x2gr3rTirCOEEesulHvURSjGiWFfWF4gzlyBBgSphZKRuAAoYm0YIJwVlceZk0zsvOZdm5q5SqlVkceXJEjskpccgVqZJbUiN1wsgTeSFv5N16tl6tD+tzWpqzZj2HZA7W9y84CKRa</latexit>

b⌧ t,�t

accounts for multidimensional time changes 



Multidimensional Adaptation

<latexit sha1_base64="UV/pdwhMnvKm3YwBOy5NYi+INDg=">AAAB/HicbVDLSsNAFJ3UV62vaJdugkVwVRIp6rLgxmUF+4AmhMlk0g6dTMLMjRBC/RU3LhRx64e482+ctFlo64FhDufcy5w5QcqZAtv+Nmobm1vbO/Xdxt7+weGReXwyUEkmCe2ThCdyFGBFORO0Dww4HaWS4jjgdBjMbkt/+EilYol4gDylXowngkWMYNCSbzbdIOGhymN9FS7gbO6Db7bstr2AtU6cirRQhZ5vfrlhQrKYCiAcKzV27BS8AktghNN5w80UTTGZ4QkdaypwTJVXLMLPrXOthFaUSH0EWAv190aBY1Xm05Mxhqla9UrxP2+cQXTjFUykGVBBlg9FGbcgscomrJBJSoDnmmAimc5qkSmWmIDuq6FLcFa/vE4Gl23nqu3cd1rdTlVHHZ2iM3SBHHSNuugO9VAfEZSjZ/SK3own48V4Nz6WozWj2mmiPzA+fwCtf5Vl</latexit>⌧ t

with

Dynamical system: model the evolution of each component of  
<latexit sha1_base64="UM5BLivzLja8D7JfJAEVf4DO798="></latexit>

⌘t,i =
h
⌧t,i, ⌧

0
t,i, ⌧

00
t,i, ..., ⌧

k)
t,i

iT<latexit sha1_base64="pbCLHILCVdABQqcL50iimJ35uQo="></latexit>

⌘t,i = Ht⌘t�1,i +wt,i

�i(xt, yt) = ⌧t,i + vt,i

Unbiased linear estimator of         with minimum MSE<latexit sha1_base64="BtB6fgvuCa0uxwITXwE/pueScOc=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXEhJRNRl0Y3LCvYBTQiTybQdOnkwcyOUEDf+ihsXirj1L9z5N07aLLT1wDCHc+7l3nv8RHAFlvVtVJaWV1bXquu1jc2t7R1zd6+j4lRS1qaxiGXPJ4oJHrE2cBCsl0hGQl+wrj++KfzuA5OKx9E9TBLmhmQY8QGnBLTkmQeOH4tATUL9ZQ4DknsZnGKee2bdalhT4EVil6SOSrQ888sJYpqGLAIqiFJ920rAzYgETgXLa06qWELomAxZX9OIhEy52fSCHB9rJcCDWOoXAZ6qvzsyEqpiSV0ZEhipea8Q//P6KQyu3IxHSQosorNBg1RgiHERBw64ZBTERBNCJde7YjoiklDQodV0CPb8yYukc9awLxr23Xm9eV3GUUWH6AidIBtdoia6RS3URhQ9omf0it6MJ+PFeDc+ZqUVo+zZR39gfP4ACGWXQg==</latexit>⌘t,i
<latexit sha1_base64="Y4jGyScw6kJsdC/Ne3mS139/0iU="></latexit>

b⌘t,i = Htb⌘t�1,i � kt,i(b⌧t�1,i � �i(xt�1, yt�1))

b⌃t,i = Ht
b⌃t�1,iH

T
t +Qt,i � kt,ie

T
1
b⌃t�1,iH

T
t

Tracking underlying distribution: obtain 
<latexit sha1_base64="84cjLzJbJnxPHN0c9UEjTPUxGpo=">AAACHnicbVDLSgMxFM3UV62vqks3wSK4kDIj9bEsuHFZwT6gU8qdTNqGZh4kd5Qy9Evc+CtuXCgiuNK/MdN2YVsPhBzOuTe593ixFBpt+8fKrayurW/kNwtb2zu7e8X9g4aOEsV4nUUyUi0PNJci5HUUKHkrVhwCT/KmN7zJ/OYDV1pE4T2OYt4JoB+KnmCARuoWL9xH4fMBYOp6kfT1KDBX6iIk43EXz+icKs27Phi9WyzZZXsCukycGSmRGWrd4pfrRywJeIhMgtZtx46xk4JCwSQfF9xE8xjYEPq8bWgIAdeddLLemJ4Yxae9SJkTIp2ofztSCHQ2oqkMAAd60cvE/7x2gr3rTirCOEEesulHvURSjGiWFfWF4gzlyBBgSphZKRuAAoYm0YIJwVlceZk0zsvOZdm5q5SqlVkceXJEjskpccgVqZJbUiN1wsgTeSFv5N16tl6tD+tzWpqzZj2HZA7W9y84CKRa</latexit>

b⌧ t,�t

<latexit sha1_base64="PGLc3bWO2l7lvtHKc33a1gdgkrM=">AAACDnicbZC9TsMwFIUdfkv5CzCyWFSVylIlCAFjBQtjQaSt1ESR47qtVdsJtoNURX0CFl6FhQGEWJnZeBucNgO0HMnS0Xfvle89UcKo0o7zbS0tr6yurZc2yptb2zu79t5+S8WpxMTDMYtlJ0KKMCqIp6lmpJNIgnjESDsaXeX19gORisbiTo8TEnA0ELRPMdIGhXb1tuZzpIeSZ8NJqI+hz8g9LCBGLPNyGtoVp+5MBReNW5gKKNQM7S+/F+OUE6ExQ0p1XSfRQYakppiRSdlPFUkQHqEB6RorECcqyKbnTGDVkB7sx9I8oeGU/p7IEFdqzCPTmW+p5ms5/K/WTXX/IsioSFJNBJ591E8Z1DHMs4E9KgnWbGwMwpKaXSEeIomwNgmWTQju/MmLpnVSd8/q7s1ppXFZxFECh+AI1IALzkEDXIMm8AAGj+AZvII368l6sd6tj1nrklXMHIA/sj5/AGfTm7U=</latexit>

R(ht)  R(Ut)

<latexit sha1_base64="1wD7nKRdoHJtviO29F+1QBk9O4M="></latexit>

TX

t=1

I {ŷt 6= yt} 
TX

t=1

R(Ut) +

r
2T log

1

�

Performance guarantees
Error probability

Accumulated mistakes

accounts for multidimensional time changes 
<latexit sha1_base64="A32eAS7vW51+MipaWnKn3dspuq4=">AAACJXicbZDLSsNAFIYn9VbrLerSzWARXJSQFKkuXBTcuKxgL9CGMplO2qEzkzAzEUrIy7jxVdy4sIjgyldx0mahrT8M/HznHOacP4gZVdp1v6zSxubW9k55t7K3f3B4ZB+fdFSUSEzaOGKR7AVIEUYFaWuqGenFkiAeMNINpnd5vftEpKKReNSzmPgcjQUNKUbaoKF9O+BIT4IwnWbDVNegl9XgCqob5DjOGufZ0K66jrsQXDdeYaqgUGtozwejCCecCI0ZUqrvubH2UyQ1xYxklUGiSIzwFI1J31iBOFF+urgygxeGjGAYSfOEhgv6eyJFXKkZD0xnvqhareXwv1o/0eGNn1IRJ5oIvPwoTBjUEcwjgyMqCdZsZgzCkppdIZ4gibA2wVZMCN7qyeumU3e8huM9XFWbjSKOMjgD5+ASeOAaNME9aIE2wOAZvIJ3MLderDfrw/pctpasYuYU/JH1/QOrWaQT</latexit>

kt,1,kt,2, ...,kt,m



Instantaneous bounds for error probabilities Bounds for accumulated mistakes

Error probability
Bound AMRC

Experimental results

Algorithm Weather Elec2 German Chess Usenet1 Email Poker

DWM 30.0 36.3 41.2 35.2 36.3 39.5 22.0

Projectron 30.7 36.8 40.0 35.1 49.1 48.2 22.6

Unid. AMRC 31.3 40.1 30.3 38.3 46.3 48.4 39.4

AMRC 32.3 35.8 30.3 27.7 35.7 43.7 21.9

Det. AMRC 30.0 33.9 30.0 33.4 32.0 33.9 21.9
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