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• Large machine learning (ML) models 

often memorise training data 

• Sophisticated attacks can leak these 
private and sensitive data

ChatGPT leaking personal information

Image generation from facial recognition system

Recent legislations all across the world 
have pushed for preserving data privacy

GDPR, EU AI Act THE DIGITAL PERSONAL 
DATA PROTECTION ACT, 2023 California, USA
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• Differential Privacy noises the algorithm’s output to 
limit the exposure of any single data point

• A Differentially Private ML algorithm produces 
similar models irrespective of whether Alice’s data is 
in the dataset or Bob’s 

Differential Privacy

The replacement of a single data record minimally impacts the trained model

≈ε

Alice Bob
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<latexit sha1_base64="rI2y+IPf0968gwFdg5Vk86Guscs=">AAAB8nicbVBNS8NAFHypX7V+VT16WSyCp5KIqMeqF48VrC2koWy223bpZhN2X4QS+jO8eFDEq7/Gm//GTZuDtg4sDDPvsfMmTKQw6LrfTmlldW19o7xZ2dre2d2r7h88mjjVjLdYLGPdCanhUijeQoGSdxLNaRRK3g7Ht7nffuLaiFg94CThQUSHSgwEo2glvxtRHDEqs+tpr1pz6+4MZJl4BalBgWav+tXtxyyNuEImqTG+5yYYZFSjYJJPK93U8ISyMR1y31JFI26CbBZ5Sk6s0ieDWNunkMzU3xsZjYyZRKGdzCOaRS8X//P8FAdXQSZUkiJXbP7RIJUEY5LfT/pCc4ZyYgllWtishI2opgxtSxVbgrd48jJ5PKt7F3Xv/rzWuCnqKMMRHMMpeHAJDbiDJrSAQQzP8ApvDjovzrvzMR8tOcXOIfyB8/kDckaRXQ==</latexit>
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<latexit sha1_base64="HSg/yFsE4M9AKV1JjiagtCzfSi8=">AAAB+nicbVBNS8NAEN3Ur1q/Uj16WSxCBSmJiHosevFYwX5AE8pmM2mXbjZhd6OU2p/ixYMiXv0l3vw3btsctPXBwOO9GWbmBSlnSjvOt1VYWV1b3yhulra2d3b37PJ+SyWZpNCkCU9kJyAKOBPQ1Exz6KQSSBxwaAfDm6nffgCpWCLu9SgFPyZ9wSJGiTZSzy5XPUgV44k49ULgmpz07IpTc2bAy8TNSQXlaPTsLy9MaBaD0JQTpbquk2p/TKRmlMOk5GUKUkKHpA9dQwWJQfnj2ekTfGyUEEeJNCU0nqm/J8YkVmoUB6YzJnqgFr2p+J/XzXR05Y+ZSDMNgs4XRRnHOsHTHHDIJFDNR4YQKpm5FdMBkYRqk1bJhOAuvrxMWmc196Lm3p1X6td5HEV0iI5QFbnoEtXRLWqgJqLoET2jV/RmPVkv1rv1MW8tWPnMAfoD6/MHmo2TlA==</latexit>
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A
<latexit sha1_base64="HSg/yFsE4M9AKV1JjiagtCzfSi8=">AAAB+nicbVBNS8NAEN3Ur1q/Uj16WSxCBSmJiHosevFYwX5AE8pmM2mXbjZhd6OU2p/ixYMiXv0l3vw3btsctPXBwOO9GWbmBSlnSjvOt1VYWV1b3yhulra2d3b37PJ+SyWZpNCkCU9kJyAKOBPQ1Exz6KQSSBxwaAfDm6nffgCpWCLu9SgFPyZ9wSJGiTZSzy5XPUgV44k49ULgmpz07IpTc2bAy8TNSQXlaPTsLy9MaBaD0JQTpbquk2p/TKRmlMOk5GUKUkKHpA9dQwWJQfnj2ekTfGyUEEeJNCU0nqm/J8YkVmoUB6YzJnqgFr2p+J/XzXR05Y+ZSDMNgs4XRRnHOsHTHHDIJFDNR4YQKpm5FdMBkYRqk1bJhOAuvrxMWmc196Lm3p1X6td5HEV0iI5QFbnoEtXRLWqgJqLoET2jV/RmPVkv1rv1MW8tWPnMAfoD6/MHmo2TlA==</latexit>

(✏, �)



How to make Machine Learning Private

Differential Privacy (Defn.)

≈ε

Alice Bob

Consider any
• Neighbouring datasets  and 

<latexit sha1_base64="pZ1FH914npv2PkYLHF6kObBQQAA=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8dK7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHstHM0nQj+hQ8pAzaqzUaPS9frniVt05yCrxclKBHPV++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXUsljVD72fzUKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPEzLpPUoGSLRWEqiInJ7G8y4AqZERNLKFPc3krYiCrKjE2nZEPwll9eJa2LqndV9R4uK7XbPI4inMApnIMH11CDe6hDExgM4Rle4c0Rzovz7nwsWgtOPnMMf+B8/gDVO42B</latexit>

S1

<latexit sha1_base64="WSQZQOa5+Dp+xOHoGbKlA/eHROk=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkkR9Vj04rFS+wFtKJvtpF262YTdjVBCf4IXD4p49Rd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WjmSToR3QoecgZNVZqNPrVfqnsVtw5yCrxclKGHPV+6as3iFkaoTRMUK27npsYP6PKcCZwWuylGhPKxnSIXUsljVD72fzUKTm3yoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPEzLpPUoGSLRWEqiInJ7G8y4AqZERNLKFPc3krYiCrKjE2naEPwll9eJa1qxbuqeA+X5dptHkcBTuEMLsCDa6jBPdShCQyG8Ayv8OYI58V5dz4WrWtOPnMCf+B8/gDWv42C</latexit>

S2

• Output set 
<latexit sha1_base64="wcHHGyAeAwPZicrrEneyjqN6PVU=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUaPTLFbfqzkFWiZeTCuSo98tfvUHM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s/mh07JmVUGJIyVLWnIXP09kdFI60kU2M6ImpFe9mbif143NeGNn3GZpAYlWywKU0FMTGZfkwFXyIyYWEKZ4vZWwkZUUWZsNiUbgrf88ippXVS9q6rXuKzUbvM4inACp3AOHlxDDe6hDk1ggPAMr/DmPDovzrvzsWgtOPnMMfyB8/kDrRWM2w==</latexit>

Q

Then Algorithm  is -DP if 
<latexit sha1_base64="rI2y+IPf0968gwFdg5Vk86Guscs=">AAAB8nicbVBNS8NAFHypX7V+VT16WSyCp5KIqMeqF48VrC2koWy223bpZhN2X4QS+jO8eFDEq7/Gm//GTZuDtg4sDDPvsfMmTKQw6LrfTmlldW19o7xZ2dre2d2r7h88mjjVjLdYLGPdCanhUijeQoGSdxLNaRRK3g7Ht7nffuLaiFg94CThQUSHSgwEo2glvxtRHDEqs+tpr1pz6+4MZJl4BalBgWav+tXtxyyNuEImqTG+5yYYZFSjYJJPK93U8ISyMR1y31JFI26CbBZ5Sk6s0ieDWNunkMzU3xsZjYyZRKGdzCOaRS8X//P8FAdXQSZUkiJXbP7RIJUEY5LfT/pCc4ZyYgllWtishI2opgxtSxVbgrd48jJ5PKt7F3Xv/rzWuCnqKMMRHMMpeHAJDbiDJrSAQQzP8ApvDjovzrvzMR8tOcXOIfyB8/kDckaRXQ==</latexit>

A
<latexit sha1_base64="HSg/yFsE4M9AKV1JjiagtCzfSi8=">AAAB+nicbVBNS8NAEN3Ur1q/Uj16WSxCBSmJiHosevFYwX5AE8pmM2mXbjZhd6OU2p/ixYMiXv0l3vw3btsctPXBwOO9GWbmBSlnSjvOt1VYWV1b3yhulra2d3b37PJ+SyWZpNCkCU9kJyAKOBPQ1Exz6KQSSBxwaAfDm6nffgCpWCLu9SgFPyZ9wSJGiTZSzy5XPUgV44k49ULgmpz07IpTc2bAy8TNSQXlaPTsLy9MaBaD0JQTpbquk2p/TKRmlMOk5GUKUkKHpA9dQwWJQfnj2ekTfGyUEEeJNCU0nqm/J8YkVmoUB6YzJnqgFr2p+J/XzXR05Y+ZSDMNgs4XRRnHOsHTHHDIJFDNR4YQKpm5FdMBkYRqk1bJhOAuvrxMWmc196Lm3p1X6td5HEV0iI5QFbnoEtXRLWqgJqLoET2jV/RmPVkv1rv1MW8tWPnMAfoD6/MHmo2TlA==</latexit>

(✏, �)

<latexit sha1_base64="OgzA014i09A0Q1zQfRIPloEI6PQ="></latexit>

P (A(S1) 2 Q)  e✏P (A(S2) 2 Q) + �
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Implicit Assumption: Independence of data points

When a dataset is created, there is no dependence among data points

Some Interpretations

•Datasets are i.i.d. samples from a distribution.

•Representation of one data point  
does not depend on another data point.

Examples where it breaks

Data-dependent Pre-processing

Online Learning
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Case I: Data-dependent Pre-processing

Pre-processing can encode information of each 
data record in every other data record.

DP guarantee is on the pre-processed data, 
not the original dataset.

Pre-processed data
Pre-processing 

(e.g. PCA dim reduction)

Original data

DP Training

Introduces Correlation
Private

Question: Can we provide DP 
guarantees on the original dataset ?

Model 
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Case I: Examples of Data-dependent Pre-processing

Dimensionality reduction using PCA

De-duplication Quantisation

Standard Scaling

The principal components along which to project depends on the entire dataset

Collapsing points to cluster centres, or removing near-duplicates depends on the neighbourhood 

Scaling parameters depend on the mean and the variance of the dataset
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Case II: Online Learning
• Domain , function class , Learner , and Adversary

<latexit sha1_base64="rPqcaONwIPoQvdMhQn4HkZvtxqk=">AAAB8nicbVDLSsNAFL2pr1pfVZduBovgqiQi6rLoxmUF+4A2lMl00g6dTMLMjVBCP8ONC0Xc+jXu/BsnbRbaemDgcM69zLknSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wSTu9zvPHFtRKwecZpwP6IjJULBKFqp148ojhmVWXc2qNbcujsHWSVeQWpQoDmofvWHMUsjrpBJakzPcxP0M6pRMMlnlX5qeELZhI54z1JFI278bB55Rs6sMiRhrO1TSObq742MRsZMo8BO5hHNspeL/3m9FMMbPxMqSZErtvgoTCXBmOT3k6HQnKGcWkKZFjYrYWOqKUPbUsWW4C2fvEraF3Xvqu49XNYat0UdZTiBUzgHD66hAffQhBYwiOEZXuHNQefFeXc+FqMlp9g5hj9wPn8AlTmRdA==</latexit>X <latexit sha1_base64="dtqEPfEVIof4D2yR7gX0Ys8aNhs=">AAACE3icbVDLSsNAFJ34rPUVdelmsAgiUhIRdVkUxGUF+4Amlsn0th06eTgzEUrIP7jxV9y4UMStG3f+jZM0C209cOFwzr3ce48XcSaVZX0bc/MLi0vLpZXy6tr6xqa5td2UYSwoNGjIQ9H2iATOAmgopji0IwHE9zi0vNFl5rceQEgWBrdqHIHrk0HA+owSpaWueej4RA2Fn1yl2JGxJ0HBPXYS6wjbTnqX5LbnJe007ZoVq2rlwLPELkgFFah3zS+nF9LYh0BRTqTs2Fak3IQIxSiHtOzEEiJCR2QAHU0D4oN0k/ynFO9rpYf7odAVKJyrvycS4ks59j3dmZ0op71M/M/rxKp/7iYsiGIFAZ0s6sccqxBnAeEeE0AVH2tCqGD6VkyHRBCqdIxlHYI9/fIsaR5X7dOqfXNSqV0UcZTQLtpDB8hGZ6iGrlEdNRBFj+gZvaI348l4Md6Nj0nrnFHM7KA/MD5/ABgBnk0=</latexit>

F ✓ {0, 1}X
<latexit sha1_base64="rI2y+IPf0968gwFdg5Vk86Guscs=">AAAB8nicbVBNS8NAFHypX7V+VT16WSyCp5KIqMeqF48VrC2koWy223bpZhN2X4QS+jO8eFDEq7/Gm//GTZuDtg4sDDPvsfMmTKQw6LrfTmlldW19o7xZ2dre2d2r7h88mjjVjLdYLGPdCanhUijeQoGSdxLNaRRK3g7Ht7nffuLaiFg94CThQUSHSgwEo2glvxtRHDEqs+tpr1pz6+4MZJl4BalBgWav+tXtxyyNuEImqTG+5yYYZFSjYJJPK93U8ISyMR1y31JFI26CbBZ5Sk6s0ieDWNunkMzU3xsZjYyZRKGdzCOaRS8X//P8FAdXQSZUkiJXbP7RIJUEY5LfT/pCc4ZyYgllWtishI2opgxtSxVbgrd48jJ5PKt7F3Xv/rzWuCnqKMMRHMMpeHAJDbiDJrSAQQzP8ApvDjovzrvzMR8tOcXOIfyB8/kDckaRXQ==</latexit>

A



Case II: Online Learning
• Domain , function class , Learner , and Adversary

<latexit sha1_base64="rPqcaONwIPoQvdMhQn4HkZvtxqk=">AAAB8nicbVDLSsNAFL2pr1pfVZduBovgqiQi6rLoxmUF+4A2lMl00g6dTMLMjVBCP8ONC0Xc+jXu/BsnbRbaemDgcM69zLknSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wSTu9zvPHFtRKwecZpwP6IjJULBKFqp148ojhmVWXc2qNbcujsHWSVeQWpQoDmofvWHMUsjrpBJakzPcxP0M6pRMMlnlX5qeELZhI54z1JFI278bB55Rs6sMiRhrO1TSObq742MRsZMo8BO5hHNspeL/3m9FMMbPxMqSZErtvgoTCXBmOT3k6HQnKGcWkKZFjYrYWOqKUPbUsWW4C2fvEraF3Xvqu49XNYat0UdZTiBUzgHD66hAffQhBYwiOEZXuHNQefFeXc+FqMlp9g5hj9wPn8AlTmRdA==</latexit>X <latexit sha1_base64="dtqEPfEVIof4D2yR7gX0Ys8aNhs=">AAACE3icbVDLSsNAFJ34rPUVdelmsAgiUhIRdVkUxGUF+4Amlsn0th06eTgzEUrIP7jxV9y4UMStG3f+jZM0C209cOFwzr3ce48XcSaVZX0bc/MLi0vLpZXy6tr6xqa5td2UYSwoNGjIQ9H2iATOAmgopji0IwHE9zi0vNFl5rceQEgWBrdqHIHrk0HA+owSpaWueej4RA2Fn1yl2JGxJ0HBPXYS6wjbTnqX5LbnJe007ZoVq2rlwLPELkgFFah3zS+nF9LYh0BRTqTs2Fak3IQIxSiHtOzEEiJCR2QAHU0D4oN0k/ynFO9rpYf7odAVKJyrvycS4ks59j3dmZ0op71M/M/rxKp/7iYsiGIFAZ0s6sccqxBnAeEeE0AVH2tCqGD6VkyHRBCqdIxlHYI9/fIsaR5X7dOqfXNSqV0UcZTQLtpDB8hGZ6iGrlEdNRBFj+gZvaI348l4Md6Nj0nrnFHM7KA/MD5/ABgBnk0=</latexit>

F ✓ {0, 1}X
<latexit sha1_base64="rI2y+IPf0968gwFdg5Vk86Guscs=">AAAB8nicbVBNS8NAFHypX7V+VT16WSyCp5KIqMeqF48VrC2koWy223bpZhN2X4QS+jO8eFDEq7/Gm//GTZuDtg4sDDPvsfMmTKQw6LrfTmlldW19o7xZ2dre2d2r7h88mjjVjLdYLGPdCanhUijeQoGSdxLNaRRK3g7Ht7nffuLaiFg94CThQUSHSgwEo2glvxtRHDEqs+tpr1pz6+4MZJl4BalBgWav+tXtxyyNuEImqTG+5yYYZFSjYJJPK93U8ISyMR1y31JFI26CbBZ5Sk6s0ieDWNunkMzU3xsZjYyZRKGdzCOaRS8X//P8FAdXQSZUkiJXbP7RIJUEY5LfT/pCc4ZyYgllWtishI2opgxtSxVbgrd48jJ5PKt7F3Xv/rzWuCnqKMMRHMMpeHAJDbiDJrSAQQzP8ApvDjovzrvzMR8tOcXOIfyB8/kDckaRXQ==</latexit>

A

• Adversary chooses , 
<latexit sha1_base64="L4z6BT7FgQq0ihj/dp0Jw/wwVxw=">AAACAHicbVBNS8NAEJ3Ur1q/oh48eFksgqeSiKjHoiAeK9gPaGLZbDft0s0m7G6EEnLxr3jxoIhXf4Y3/42btgdtfTDweG+GmXlBwpnSjvNtlZaWV1bXyuuVjc2t7R17d6+l4lQS2iQxj2UnwIpyJmhTM81pJ5EURwGn7WB0XfjtRyoVi8W9HifUj/BAsJARrI3Usw/Ch8zDSufIYwJ5EdZDGWU3ec+uOjVnArRI3BmpwgyNnv3l9WOSRlRowrFSXddJtJ9hqRnhNK94qaIJJiM8oF1DBY6o8rPJAzk6NkofhbE0JTSaqL8nMhwpNY4C01lcqOa9QvzP66Y6vPQzJpJUU0Gmi8KUIx2jIg3UZ5ISzceGYCKZuRWRIZaYaJNZxYTgzr+8SFqnNfe85t6dVetXszjKcAhHcAIuXEAdbqEBTSCQwzO8wpv1ZL1Y79bHtLVkzWb24Q+szx/P1ZaN</latexit>

f⇤ 2 F
<latexit sha1_base64="b2/mjw6wK/NtYAGbEXca3Kux0iM=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhbBRSmJiLosunFZoS9oQphMJu3QySTMTKQldOnGX3HjQhG3foI7/8ZJm4W2HrhwOOde7r3HTxiVyrK+jdLK6tr6RnmzsrW9s7tn7h90ZJwKTNo4ZrHo+UgSRjlpK6oY6SWCoMhnpOuPbnO/+0CEpDFvqUlC3AgNOA0pRkpLnnk89uwadFgQK1mDY68FHcqhEyE19P2sN/XMqlW3ZoDLxC5IFRRoeuaXE8Q4jQhXmCEp+7aVKDdDQlHMyLTipJIkCI/QgPQ15Sgi0s1mj0zhqVYCGMZCF1dwpv6eyFAk5STydWd+oVz0cvE/r5+q8NrNKE9SRTieLwpTBlUM81RgQAXBik00QVhQfSvEQyQQVjq7ig7BXnx5mXTO6/Zl3b6/qDZuijjK4AicgDNggyvQAHegCdoAg0fwDF7Bm/FkvBjvxse8tWQUM4fgD4zPHw+smME=</latexit>

x1, . . . , xT 2 X



Case II: Online Learning
• Domain , function class , Learner , and Adversary

<latexit sha1_base64="rPqcaONwIPoQvdMhQn4HkZvtxqk=">AAAB8nicbVDLSsNAFL2pr1pfVZduBovgqiQi6rLoxmUF+4A2lMl00g6dTMLMjVBCP8ONC0Xc+jXu/BsnbRbaemDgcM69zLknSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wSTu9zvPHFtRKwecZpwP6IjJULBKFqp148ojhmVWXc2qNbcujsHWSVeQWpQoDmofvWHMUsjrpBJakzPcxP0M6pRMMlnlX5qeELZhI54z1JFI278bB55Rs6sMiRhrO1TSObq742MRsZMo8BO5hHNspeL/3m9FMMbPxMqSZErtvgoTCXBmOT3k6HQnKGcWkKZFjYrYWOqKUPbUsWW4C2fvEraF3Xvqu49XNYat0UdZTiBUzgHD66hAffQhBYwiOEZXuHNQefFeXc+FqMlp9g5hj9wPn8AlTmRdA==</latexit>X <latexit sha1_base64="dtqEPfEVIof4D2yR7gX0Ys8aNhs=">AAACE3icbVDLSsNAFJ34rPUVdelmsAgiUhIRdVkUxGUF+4Amlsn0th06eTgzEUrIP7jxV9y4UMStG3f+jZM0C209cOFwzr3ce48XcSaVZX0bc/MLi0vLpZXy6tr6xqa5td2UYSwoNGjIQ9H2iATOAmgopji0IwHE9zi0vNFl5rceQEgWBrdqHIHrk0HA+owSpaWueej4RA2Fn1yl2JGxJ0HBPXYS6wjbTnqX5LbnJe007ZoVq2rlwLPELkgFFah3zS+nF9LYh0BRTqTs2Fak3IQIxSiHtOzEEiJCR2QAHU0D4oN0k/ynFO9rpYf7odAVKJyrvycS4ks59j3dmZ0op71M/M/rxKp/7iYsiGIFAZ0s6sccqxBnAeEeE0AVH2tCqGD6VkyHRBCqdIxlHYI9/fIsaR5X7dOqfXNSqV0UcZTQLtpDB8hGZ6iGrlEdNRBFj+gZvaI348l4Md6Nj0nrnFHM7KA/MD5/ABgBnk0=</latexit>

F ✓ {0, 1}X
<latexit sha1_base64="rI2y+IPf0968gwFdg5Vk86Guscs=">AAAB8nicbVBNS8NAFHypX7V+VT16WSyCp5KIqMeqF48VrC2koWy223bpZhN2X4QS+jO8eFDEq7/Gm//GTZuDtg4sDDPvsfMmTKQw6LrfTmlldW19o7xZ2dre2d2r7h88mjjVjLdYLGPdCanhUijeQoGSdxLNaRRK3g7Ht7nffuLaiFg94CThQUSHSgwEo2glvxtRHDEqs+tpr1pz6+4MZJl4BalBgWav+tXtxyyNuEImqTG+5yYYZFSjYJJPK93U8ISyMR1y31JFI26CbBZ5Sk6s0ieDWNunkMzU3xsZjYyZRKGdzCOaRS8X//P8FAdXQSZUkiJXbP7RIJUEY5LfT/pCc4ZyYgllWtishI2opgxtSxVbgrd48jJ5PKt7F3Xv/rzWuCnqKMMRHMMpeHAJDbiDJrSAQQzP8ApvDjovzrvzMR8tOcXOIfyB8/kDckaRXQ==</latexit>

A

• Adversary chooses , 
<latexit sha1_base64="L4z6BT7FgQq0ihj/dp0Jw/wwVxw=">AAACAHicbVBNS8NAEJ3Ur1q/oh48eFksgqeSiKjHoiAeK9gPaGLZbDft0s0m7G6EEnLxr3jxoIhXf4Y3/42btgdtfTDweG+GmXlBwpnSjvNtlZaWV1bXyuuVjc2t7R17d6+l4lQS2iQxj2UnwIpyJmhTM81pJ5EURwGn7WB0XfjtRyoVi8W9HifUj/BAsJARrI3Usw/Ch8zDSufIYwJ5EdZDGWU3ec+uOjVnArRI3BmpwgyNnv3l9WOSRlRowrFSXddJtJ9hqRnhNK94qaIJJiM8oF1DBY6o8rPJAzk6NkofhbE0JTSaqL8nMhwpNY4C01lcqOa9QvzP66Y6vPQzJpJUU0Gmi8KUIx2jIg3UZ5ISzceGYCKZuRWRIZaYaJNZxYTgzr+8SFqnNfe85t6dVetXszjKcAhHcAIuXEAdbqEBTSCQwzO8wpv1ZL1Y79bHtLVkzWb24Q+szx/P1ZaN</latexit>

f⇤ 2 F
<latexit sha1_base64="b2/mjw6wK/NtYAGbEXca3Kux0iM=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhbBRSmJiLosunFZoS9oQphMJu3QySTMTKQldOnGX3HjQhG3foI7/8ZJm4W2HrhwOOde7r3HTxiVyrK+jdLK6tr6RnmzsrW9s7tn7h90ZJwKTNo4ZrHo+UgSRjlpK6oY6SWCoMhnpOuPbnO/+0CEpDFvqUlC3AgNOA0pRkpLnnk89uwadFgQK1mDY68FHcqhEyE19P2sN/XMqlW3ZoDLxC5IFRRoeuaXE8Q4jQhXmCEp+7aVKDdDQlHMyLTipJIkCI/QgPQ15Sgi0s1mj0zhqVYCGMZCF1dwpv6eyFAk5STydWd+oVz0cvE/r5+q8NrNKE9SRTieLwpTBlUM81RgQAXBik00QVhQfSvEQyQQVjq7ig7BXnx5mXTO6/Zl3b6/qDZuijjK4AicgDNggyvQAHegCdoAg0fwDF7Bm/FkvBjvxse8tWQUM4fgD4zPHw+smME=</latexit>

x1, . . . , xT 2 X

• For each :t ∈ [T]



Case II: Online Learning
• Domain , function class , Learner , and Adversary

<latexit sha1_base64="rPqcaONwIPoQvdMhQn4HkZvtxqk=">AAAB8nicbVDLSsNAFL2pr1pfVZduBovgqiQi6rLoxmUF+4A2lMl00g6dTMLMjVBCP8ONC0Xc+jXu/BsnbRbaemDgcM69zLknSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wSTu9zvPHFtRKwecZpwP6IjJULBKFqp148ojhmVWXc2qNbcujsHWSVeQWpQoDmofvWHMUsjrpBJakzPcxP0M6pRMMlnlX5qeELZhI54z1JFI278bB55Rs6sMiRhrO1TSObq742MRsZMo8BO5hHNspeL/3m9FMMbPxMqSZErtvgoTCXBmOT3k6HQnKGcWkKZFjYrYWOqKUPbUsWW4C2fvEraF3Xvqu49XNYat0UdZTiBUzgHD66hAffQhBYwiOEZXuHNQefFeXc+FqMlp9g5hj9wPn8AlTmRdA==</latexit>X <latexit sha1_base64="dtqEPfEVIof4D2yR7gX0Ys8aNhs=">AAACE3icbVDLSsNAFJ34rPUVdelmsAgiUhIRdVkUxGUF+4Amlsn0th06eTgzEUrIP7jxV9y4UMStG3f+jZM0C209cOFwzr3ce48XcSaVZX0bc/MLi0vLpZXy6tr6xqa5td2UYSwoNGjIQ9H2iATOAmgopji0IwHE9zi0vNFl5rceQEgWBrdqHIHrk0HA+owSpaWueej4RA2Fn1yl2JGxJ0HBPXYS6wjbTnqX5LbnJe007ZoVq2rlwLPELkgFFah3zS+nF9LYh0BRTqTs2Fak3IQIxSiHtOzEEiJCR2QAHU0D4oN0k/ynFO9rpYf7odAVKJyrvycS4ks59j3dmZ0op71M/M/rxKp/7iYsiGIFAZ0s6sccqxBnAeEeE0AVH2tCqGD6VkyHRBCqdIxlHYI9/fIsaR5X7dOqfXNSqV0UcZTQLtpDB8hGZ6iGrlEdNRBFj+gZvaI348l4Md6Nj0nrnFHM7KA/MD5/ABgBnk0=</latexit>

F ✓ {0, 1}X
<latexit sha1_base64="rI2y+IPf0968gwFdg5Vk86Guscs=">AAAB8nicbVBNS8NAFHypX7V+VT16WSyCp5KIqMeqF48VrC2koWy223bpZhN2X4QS+jO8eFDEq7/Gm//GTZuDtg4sDDPvsfMmTKQw6LrfTmlldW19o7xZ2dre2d2r7h88mjjVjLdYLGPdCanhUijeQoGSdxLNaRRK3g7Ht7nffuLaiFg94CThQUSHSgwEo2glvxtRHDEqs+tpr1pz6+4MZJl4BalBgWav+tXtxyyNuEImqTG+5yYYZFSjYJJPK93U8ISyMR1y31JFI26CbBZ5Sk6s0ieDWNunkMzU3xsZjYyZRKGdzCOaRS8X//P8FAdXQSZUkiJXbP7RIJUEY5LfT/pCc4ZyYgllWtishI2opgxtSxVbgrd48jJ5PKt7F3Xv/rzWuCnqKMMRHMMpeHAJDbiDJrSAQQzP8ApvDjovzrvzMR8tOcXOIfyB8/kDckaRXQ==</latexit>

A

• Adversary chooses , 
<latexit sha1_base64="L4z6BT7FgQq0ihj/dp0Jw/wwVxw=">AAACAHicbVBNS8NAEJ3Ur1q/oh48eFksgqeSiKjHoiAeK9gPaGLZbDft0s0m7G6EEnLxr3jxoIhXf4Y3/42btgdtfTDweG+GmXlBwpnSjvNtlZaWV1bXyuuVjc2t7R17d6+l4lQS2iQxj2UnwIpyJmhTM81pJ5EURwGn7WB0XfjtRyoVi8W9HifUj/BAsJARrI3Usw/Ch8zDSufIYwJ5EdZDGWU3ec+uOjVnArRI3BmpwgyNnv3l9WOSRlRowrFSXddJtJ9hqRnhNK94qaIJJiM8oF1DBY6o8rPJAzk6NkofhbE0JTSaqL8nMhwpNY4C01lcqOa9QvzP66Y6vPQzJpJUU0Gmi8KUIx2jIg3UZ5ISzceGYCKZuRWRIZaYaJNZxYTgzr+8SFqnNfe85t6dVetXszjKcAhHcAIuXEAdbqEBTSCQwzO8wpv1ZL1Y79bHtLVkzWb24Q+szx/P1ZaN</latexit>

f⇤ 2 F
<latexit sha1_base64="b2/mjw6wK/NtYAGbEXca3Kux0iM=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhbBRSmJiLosunFZoS9oQphMJu3QySTMTKQldOnGX3HjQhG3foI7/8ZJm4W2HrhwOOde7r3HTxiVyrK+jdLK6tr6RnmzsrW9s7tn7h90ZJwKTNo4ZrHo+UgSRjlpK6oY6SWCoMhnpOuPbnO/+0CEpDFvqUlC3AgNOA0pRkpLnnk89uwadFgQK1mDY68FHcqhEyE19P2sN/XMqlW3ZoDLxC5IFRRoeuaXE8Q4jQhXmCEp+7aVKDdDQlHMyLTipJIkCI/QgPQ15Sgi0s1mj0zhqVYCGMZCF1dwpv6eyFAk5STydWd+oVz0cvE/r5+q8NrNKE9SRTieLwpTBlUM81RgQAXBik00QVhQfSvEQyQQVjq7ig7BXnx5mXTO6/Zl3b6/qDZuijjK4AicgDNggyvQAHegCdoAg0fwDF7Bm/FkvBjvxse8tWQUM4fgD4zPHw+smME=</latexit>

x1, . . . , xT 2 X

• For each :t ∈ [T]

• First,    
<latexit sha1_base64="rI2y+IPf0968gwFdg5Vk86Guscs=">AAAB8nicbVBNS8NAFHypX7V+VT16WSyCp5KIqMeqF48VrC2koWy223bpZhN2X4QS+jO8eFDEq7/Gm//GTZuDtg4sDDPvsfMmTKQw6LrfTmlldW19o7xZ2dre2d2r7h88mjjVjLdYLGPdCanhUijeQoGSdxLNaRRK3g7Ht7nffuLaiFg94CThQUSHSgwEo2glvxtRHDEqs+tpr1pz6+4MZJl4BalBgWav+tXtxyyNuEImqTG+5yYYZFSjYJJPK93U8ISyMR1y31JFI26CbBZ5Sk6s0ieDWNunkMzU3xsZjYyZRKGdzCOaRS8X//P8FAdXQSZUkiJXbP7RIJUEY5LfT/pCc4ZyYgllWtishI2opgxtSxVbgrd48jJ5PKt7F3Xv/rzWuCnqKMMRHMMpeHAJDbiDJrSAQQzP8ApvDjovzrvzMR8tOcXOIfyB8/kDckaRXQ==</latexit>

A
<latexit sha1_base64="E/i7fPc1024f06/lu5eUWaiuJZo=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9gPaUDbbTbt0s0l3J0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGdzO/9cS1EbF6xEnC/YgOlAgFo2ildndIkYQ97JUrbtWdg6wSLycVyFHvlb+6/ZilEVfIJDWm47kJ+hnVKJjk01I3NTyhbEQHvGOpohE3fja/d0rOrNInYaxtKSRz9fdERiNjJlFgOyOKQ7PszcT/vE6K4Y2fCZWkyBVbLApTSTAms+dJX2jOUE4soUwLeythQ6opQxtRyYbgLb+8SpoXVe+q6j1cVmq3eRxFOIFTOAcPrqEG91CHBjCQ8Ayv8OaMnRfn3flYtBacfOYY/sD5/AG1/o/C</latexit>

f̂t



Case II: Online Learning
• Domain , function class , Learner , and Adversary

<latexit sha1_base64="rPqcaONwIPoQvdMhQn4HkZvtxqk=">AAAB8nicbVDLSsNAFL2pr1pfVZduBovgqiQi6rLoxmUF+4A2lMl00g6dTMLMjVBCP8ONC0Xc+jXu/BsnbRbaemDgcM69zLknSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wSTu9zvPHFtRKwecZpwP6IjJULBKFqp148ojhmVWXc2qNbcujsHWSVeQWpQoDmofvWHMUsjrpBJakzPcxP0M6pRMMlnlX5qeELZhI54z1JFI278bB55Rs6sMiRhrO1TSObq742MRsZMo8BO5hHNspeL/3m9FMMbPxMqSZErtvgoTCXBmOT3k6HQnKGcWkKZFjYrYWOqKUPbUsWW4C2fvEraF3Xvqu49XNYat0UdZTiBUzgHD66hAffQhBYwiOEZXuHNQefFeXc+FqMlp9g5hj9wPn8AlTmRdA==</latexit>X <latexit sha1_base64="dtqEPfEVIof4D2yR7gX0Ys8aNhs=">AAACE3icbVDLSsNAFJ34rPUVdelmsAgiUhIRdVkUxGUF+4Amlsn0th06eTgzEUrIP7jxV9y4UMStG3f+jZM0C209cOFwzr3ce48XcSaVZX0bc/MLi0vLpZXy6tr6xqa5td2UYSwoNGjIQ9H2iATOAmgopji0IwHE9zi0vNFl5rceQEgWBrdqHIHrk0HA+owSpaWueej4RA2Fn1yl2JGxJ0HBPXYS6wjbTnqX5LbnJe007ZoVq2rlwLPELkgFFah3zS+nF9LYh0BRTqTs2Fak3IQIxSiHtOzEEiJCR2QAHU0D4oN0k/ynFO9rpYf7odAVKJyrvycS4ks59j3dmZ0op71M/M/rxKp/7iYsiGIFAZ0s6sccqxBnAeEeE0AVH2tCqGD6VkyHRBCqdIxlHYI9/fIsaR5X7dOqfXNSqV0UcZTQLtpDB8hGZ6iGrlEdNRBFj+gZvaI348l4Md6Nj0nrnFHM7KA/MD5/ABgBnk0=</latexit>

F ✓ {0, 1}X
<latexit sha1_base64="rI2y+IPf0968gwFdg5Vk86Guscs=">AAAB8nicbVBNS8NAFHypX7V+VT16WSyCp5KIqMeqF48VrC2koWy223bpZhN2X4QS+jO8eFDEq7/Gm//GTZuDtg4sDDPvsfMmTKQw6LrfTmlldW19o7xZ2dre2d2r7h88mjjVjLdYLGPdCanhUijeQoGSdxLNaRRK3g7Ht7nffuLaiFg94CThQUSHSgwEo2glvxtRHDEqs+tpr1pz6+4MZJl4BalBgWav+tXtxyyNuEImqTG+5yYYZFSjYJJPK93U8ISyMR1y31JFI26CbBZ5Sk6s0ieDWNunkMzU3xsZjYyZRKGdzCOaRS8X//P8FAdXQSZUkiJXbP7RIJUEY5LfT/pCc4ZyYgllWtishI2opgxtSxVbgrd48jJ5PKt7F3Xv/rzWuCnqKMMRHMMpeHAJDbiDJrSAQQzP8ApvDjovzrvzMR8tOcXOIfyB8/kDckaRXQ==</latexit>

A

• Adversary chooses , 
<latexit sha1_base64="L4z6BT7FgQq0ihj/dp0Jw/wwVxw=">AAACAHicbVBNS8NAEJ3Ur1q/oh48eFksgqeSiKjHoiAeK9gPaGLZbDft0s0m7G6EEnLxr3jxoIhXf4Y3/42btgdtfTDweG+GmXlBwpnSjvNtlZaWV1bXyuuVjc2t7R17d6+l4lQS2iQxj2UnwIpyJmhTM81pJ5EURwGn7WB0XfjtRyoVi8W9HifUj/BAsJARrI3Usw/Ch8zDSufIYwJ5EdZDGWU3ec+uOjVnArRI3BmpwgyNnv3l9WOSRlRowrFSXddJtJ9hqRnhNK94qaIJJiM8oF1DBY6o8rPJAzk6NkofhbE0JTSaqL8nMhwpNY4C01lcqOa9QvzP66Y6vPQzJpJUU0Gmi8KUIx2jIg3UZ5ISzceGYCKZuRWRIZaYaJNZxYTgzr+8SFqnNfe85t6dVetXszjKcAhHcAIuXEAdbqEBTSCQwzO8wpv1ZL1Y79bHtLVkzWb24Q+szx/P1ZaN</latexit>

f⇤ 2 F
<latexit sha1_base64="b2/mjw6wK/NtYAGbEXca3Kux0iM=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhbBRSmJiLosunFZoS9oQphMJu3QySTMTKQldOnGX3HjQhG3foI7/8ZJm4W2HrhwOOde7r3HTxiVyrK+jdLK6tr6RnmzsrW9s7tn7h90ZJwKTNo4ZrHo+UgSRjlpK6oY6SWCoMhnpOuPbnO/+0CEpDFvqUlC3AgNOA0pRkpLnnk89uwadFgQK1mDY68FHcqhEyE19P2sN/XMqlW3ZoDLxC5IFRRoeuaXE8Q4jQhXmCEp+7aVKDdDQlHMyLTipJIkCI/QgPQ15Sgi0s1mj0zhqVYCGMZCF1dwpv6eyFAk5STydWd+oVz0cvE/r5+q8NrNKE9SRTieLwpTBlUM81RgQAXBik00QVhQfSvEQyQQVjq7ig7BXnx5mXTO6/Zl3b6/qDZuijjK4AicgDNggyvQAHegCdoAg0fwDF7Bm/FkvBjvxse8tWQUM4fgD4zPHw+smME=</latexit>

x1, . . . , xT 2 X

• For each :t ∈ [T]

• First,    
<latexit sha1_base64="rI2y+IPf0968gwFdg5Vk86Guscs=">AAAB8nicbVBNS8NAFHypX7V+VT16WSyCp5KIqMeqF48VrC2koWy223bpZhN2X4QS+jO8eFDEq7/Gm//GTZuDtg4sDDPvsfMmTKQw6LrfTmlldW19o7xZ2dre2d2r7h88mjjVjLdYLGPdCanhUijeQoGSdxLNaRRK3g7Ht7nffuLaiFg94CThQUSHSgwEo2glvxtRHDEqs+tpr1pz6+4MZJl4BalBgWav+tXtxyyNuEImqTG+5yYYZFSjYJJPK93U8ISyMR1y31JFI26CbBZ5Sk6s0ieDWNunkMzU3xsZjYyZRKGdzCOaRS8X//P8FAdXQSZUkiJXbP7RIJUEY5LfT/pCc4ZyYgllWtishI2opgxtSxVbgrd48jJ5PKt7F3Xv/rzWuCnqKMMRHMMpeHAJDbiDJrSAQQzP8ApvDjovzrvzMR8tOcXOIfyB8/kDckaRXQ==</latexit>

A

• Then,  
<latexit sha1_base64="rI2y+IPf0968gwFdg5Vk86Guscs=">AAAB8nicbVBNS8NAFHypX7V+VT16WSyCp5KIqMeqF48VrC2koWy223bpZhN2X4QS+jO8eFDEq7/Gm//GTZuDtg4sDDPvsfMmTKQw6LrfTmlldW19o7xZ2dre2d2r7h88mjjVjLdYLGPdCanhUijeQoGSdxLNaRRK3g7Ht7nffuLaiFg94CThQUSHSgwEo2glvxtRHDEqs+tpr1pz6+4MZJl4BalBgWav+tXtxyyNuEImqTG+5yYYZFSjYJJPK93U8ISyMR1y31JFI26CbBZ5Sk6s0ieDWNunkMzU3xsZjYyZRKGdzCOaRS8X//P8FAdXQSZUkiJXbP7RIJUEY5LfT/pCc4ZyYgllWtishI2opgxtSxVbgrd48jJ5PKt7F3Xv/rzWuCnqKMMRHMMpeHAJDbiDJrSAQQzP8ApvDjovzrvzMR8tOcXOIfyB8/kDckaRXQ==</latexit>

A
<latexit sha1_base64="Z45fcyENCmwhEL5s/iFY37P+S3M=">AAACAnicbVDLSgNBEJyNrxhfq57Ey2AQEghhV0Q9Br14jGAekF3D7GQ2GTL7YKZXDEvw4q948aCIV7/Cm3/jbJKDJhY0FFXddHd5seAKLOvbyC0tr6yu5dcLG5tb2zvm7l5TRYmkrEEjEcm2RxQTPGQN4CBYO5aMBJ5gLW94lfmteyYVj8JbGMXMDUg/5D6nBLTUNQ9KD11wKhUH+3epQxSMnUomlctds2hVrQnwIrFnpIhmqHfNL6cX0SRgIVBBlOrYVgxuSiRwKti44CSKxYQOSZ91NA1JwJSbTl4Y42Ot9LAfSV0h4In6eyIlgVKjwNOdAYGBmvcy8T+vk4B/4aY8jBNgIZ0u8hOBIcJZHrjHJaMgRpoQKrm+FdMBkYSCTq2gQ7DnX14kzZOqfVa1b06LtctZHHl0iI5QCdnoHNXQNaqjBqLoET2jV/RmPBkvxrvxMW3NGbOZffQHxucPIZWV+w==</latexit>

(xt , f⇤ (xt))

<latexit sha1_base64="E/i7fPc1024f06/lu5eUWaiuJZo=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9gPaUDbbTbt0s0l3J0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGdzO/9cS1EbF6xEnC/YgOlAgFo2ildndIkYQ97JUrbtWdg6wSLycVyFHvlb+6/ZilEVfIJDWm47kJ+hnVKJjk01I3NTyhbEQHvGOpohE3fja/d0rOrNInYaxtKSRz9fdERiNjJlFgOyOKQ7PszcT/vE6K4Y2fCZWkyBVbLApTSTAms+dJX2jOUE4soUwLeythQ6opQxtRyYbgLb+8SpoXVe+q6j1cVmq3eRxFOIFTOAcPrqEG91CHBjCQ8Ayv8OaMnRfn3flYtBacfOYY/sD5/AG1/o/C</latexit>

f̂t



Case II: Online Learning
• Domain , function class , Learner , and Adversary

<latexit sha1_base64="rPqcaONwIPoQvdMhQn4HkZvtxqk=">AAAB8nicbVDLSsNAFL2pr1pfVZduBovgqiQi6rLoxmUF+4A2lMl00g6dTMLMjVBCP8ONC0Xc+jXu/BsnbRbaemDgcM69zLknSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wSTu9zvPHFtRKwecZpwP6IjJULBKFqp148ojhmVWXc2qNbcujsHWSVeQWpQoDmofvWHMUsjrpBJakzPcxP0M6pRMMlnlX5qeELZhI54z1JFI278bB55Rs6sMiRhrO1TSObq742MRsZMo8BO5hHNspeL/3m9FMMbPxMqSZErtvgoTCXBmOT3k6HQnKGcWkKZFjYrYWOqKUPbUsWW4C2fvEraF3Xvqu49XNYat0UdZTiBUzgHD66hAffQhBYwiOEZXuHNQefFeXc+FqMlp9g5hj9wPn8AlTmRdA==</latexit>X <latexit sha1_base64="dtqEPfEVIof4D2yR7gX0Ys8aNhs=">AAACE3icbVDLSsNAFJ34rPUVdelmsAgiUhIRdVkUxGUF+4Amlsn0th06eTgzEUrIP7jxV9y4UMStG3f+jZM0C209cOFwzr3ce48XcSaVZX0bc/MLi0vLpZXy6tr6xqa5td2UYSwoNGjIQ9H2iATOAmgopji0IwHE9zi0vNFl5rceQEgWBrdqHIHrk0HA+owSpaWueej4RA2Fn1yl2JGxJ0HBPXYS6wjbTnqX5LbnJe007ZoVq2rlwLPELkgFFah3zS+nF9LYh0BRTqTs2Fak3IQIxSiHtOzEEiJCR2QAHU0D4oN0k/ynFO9rpYf7odAVKJyrvycS4ks59j3dmZ0op71M/M/rxKp/7iYsiGIFAZ0s6sccqxBnAeEeE0AVH2tCqGD6VkyHRBCqdIxlHYI9/fIsaR5X7dOqfXNSqV0UcZTQLtpDB8hGZ6iGrlEdNRBFj+gZvaI348l4Md6Nj0nrnFHM7KA/MD5/ABgBnk0=</latexit>

F ✓ {0, 1}X
<latexit sha1_base64="rI2y+IPf0968gwFdg5Vk86Guscs=">AAAB8nicbVBNS8NAFHypX7V+VT16WSyCp5KIqMeqF48VrC2koWy223bpZhN2X4QS+jO8eFDEq7/Gm//GTZuDtg4sDDPvsfMmTKQw6LrfTmlldW19o7xZ2dre2d2r7h88mjjVjLdYLGPdCanhUijeQoGSdxLNaRRK3g7Ht7nffuLaiFg94CThQUSHSgwEo2glvxtRHDEqs+tpr1pz6+4MZJl4BalBgWav+tXtxyyNuEImqTG+5yYYZFSjYJJPK93U8ISyMR1y31JFI26CbBZ5Sk6s0ieDWNunkMzU3xsZjYyZRKGdzCOaRS8X//P8FAdXQSZUkiJXbP7RIJUEY5LfT/pCc4ZyYgllWtishI2opgxtSxVbgrd48jJ5PKt7F3Xv/rzWuCnqKMMRHMMpeHAJDbiDJrSAQQzP8ApvDjovzrvzMR8tOcXOIfyB8/kDckaRXQ==</latexit>

A

• Adversary chooses , 
<latexit sha1_base64="L4z6BT7FgQq0ihj/dp0Jw/wwVxw=">AAACAHicbVBNS8NAEJ3Ur1q/oh48eFksgqeSiKjHoiAeK9gPaGLZbDft0s0m7G6EEnLxr3jxoIhXf4Y3/42btgdtfTDweG+GmXlBwpnSjvNtlZaWV1bXyuuVjc2t7R17d6+l4lQS2iQxj2UnwIpyJmhTM81pJ5EURwGn7WB0XfjtRyoVi8W9HifUj/BAsJARrI3Usw/Ch8zDSufIYwJ5EdZDGWU3ec+uOjVnArRI3BmpwgyNnv3l9WOSRlRowrFSXddJtJ9hqRnhNK94qaIJJiM8oF1DBY6o8rPJAzk6NkofhbE0JTSaqL8nMhwpNY4C01lcqOa9QvzP66Y6vPQzJpJUU0Gmi8KUIx2jIg3UZ5ISzceGYCKZuRWRIZaYaJNZxYTgzr+8SFqnNfe85t6dVetXszjKcAhHcAIuXEAdbqEBTSCQwzO8wpv1ZL1Y79bHtLVkzWb24Q+szx/P1ZaN</latexit>

f⇤ 2 F
<latexit sha1_base64="b2/mjw6wK/NtYAGbEXca3Kux0iM=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhbBRSmJiLosunFZoS9oQphMJu3QySTMTKQldOnGX3HjQhG3foI7/8ZJm4W2HrhwOOde7r3HTxiVyrK+jdLK6tr6RnmzsrW9s7tn7h90ZJwKTNo4ZrHo+UgSRjlpK6oY6SWCoMhnpOuPbnO/+0CEpDFvqUlC3AgNOA0pRkpLnnk89uwadFgQK1mDY68FHcqhEyE19P2sN/XMqlW3ZoDLxC5IFRRoeuaXE8Q4jQhXmCEp+7aVKDdDQlHMyLTipJIkCI/QgPQ15Sgi0s1mj0zhqVYCGMZCF1dwpv6eyFAk5STydWd+oVz0cvE/r5+q8NrNKE9SRTieLwpTBlUM81RgQAXBik00QVhQfSvEQyQQVjq7ig7BXnx5mXTO6/Zl3b6/qDZuijjK4AicgDNggyvQAHegCdoAg0fwDF7Bm/FkvBjvxse8tWQUM4fgD4zPHw+smME=</latexit>

x1, . . . , xT 2 X

• For each :t ∈ [T]

• First,    
<latexit sha1_base64="rI2y+IPf0968gwFdg5Vk86Guscs=">AAAB8nicbVBNS8NAFHypX7V+VT16WSyCp5KIqMeqF48VrC2koWy223bpZhN2X4QS+jO8eFDEq7/Gm//GTZuDtg4sDDPvsfMmTKQw6LrfTmlldW19o7xZ2dre2d2r7h88mjjVjLdYLGPdCanhUijeQoGSdxLNaRRK3g7Ht7nffuLaiFg94CThQUSHSgwEo2glvxtRHDEqs+tpr1pz6+4MZJl4BalBgWav+tXtxyyNuEImqTG+5yYYZFSjYJJPK93U8ISyMR1y31JFI26CbBZ5Sk6s0ieDWNunkMzU3xsZjYyZRKGdzCOaRS8X//P8FAdXQSZUkiJXbP7RIJUEY5LfT/pCc4ZyYgllWtishI2opgxtSxVbgrd48jJ5PKt7F3Xv/rzWuCnqKMMRHMMpeHAJDbiDJrSAQQzP8ApvDjovzrvzMR8tOcXOIfyB8/kDckaRXQ==</latexit>

A

• Then,  
<latexit sha1_base64="rI2y+IPf0968gwFdg5Vk86Guscs=">AAAB8nicbVBNS8NAFHypX7V+VT16WSyCp5KIqMeqF48VrC2koWy223bpZhN2X4QS+jO8eFDEq7/Gm//GTZuDtg4sDDPvsfMmTKQw6LrfTmlldW19o7xZ2dre2d2r7h88mjjVjLdYLGPdCanhUijeQoGSdxLNaRRK3g7Ht7nffuLaiFg94CThQUSHSgwEo2glvxtRHDEqs+tpr1pz6+4MZJl4BalBgWav+tXtxyyNuEImqTG+5yYYZFSjYJJPK93U8ISyMR1y31JFI26CbBZ5Sk6s0ieDWNunkMzU3xsZjYyZRKGdzCOaRS8X//P8FAdXQSZUkiJXbP7RIJUEY5LfT/pCc4ZyYgllWtishI2opgxtSxVbgrd48jJ5PKt7F3Xv/rzWuCnqKMMRHMMpeHAJDbiDJrSAQQzP8ApvDjovzrvzMR8tOcXOIfyB8/kDckaRXQ==</latexit>

A

• Number of Mistakes

<latexit sha1_base64="Z45fcyENCmwhEL5s/iFY37P+S3M=">AAACAnicbVDLSgNBEJyNrxhfq57Ey2AQEghhV0Q9Br14jGAekF3D7GQ2GTL7YKZXDEvw4q948aCIV7/Cm3/jbJKDJhY0FFXddHd5seAKLOvbyC0tr6yu5dcLG5tb2zvm7l5TRYmkrEEjEcm2RxQTPGQN4CBYO5aMBJ5gLW94lfmteyYVj8JbGMXMDUg/5D6nBLTUNQ9KD11wKhUH+3epQxSMnUomlctds2hVrQnwIrFnpIhmqHfNL6cX0SRgIVBBlOrYVgxuSiRwKti44CSKxYQOSZ91NA1JwJSbTl4Y42Ot9LAfSV0h4In6eyIlgVKjwNOdAYGBmvcy8T+vk4B/4aY8jBNgIZ0u8hOBIcJZHrjHJaMgRpoQKrm+FdMBkYSCTq2gQ7DnX14kzZOqfVa1b06LtctZHHl0iI5QCdnoHNXQNaqjBqLoET2jV/RmPBkvxrvxMW3NGbOZffQHxucPIZWV+w==</latexit>

(xt , f⇤ (xt))

<latexit sha1_base64="E/i7fPc1024f06/lu5eUWaiuJZo=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9gPaUDbbTbt0s0l3J0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGdzO/9cS1EbF6xEnC/YgOlAgFo2ildndIkYQ97JUrbtWdg6wSLycVyFHvlb+6/ZilEVfIJDWm47kJ+hnVKJjk01I3NTyhbEQHvGOpohE3fja/d0rOrNInYaxtKSRz9fdERiNjJlFgOyOKQ7PszcT/vE6K4Y2fCZWkyBVbLApTSTAms+dJX2jOUE4soUwLeythQ6opQxtRyYbgLb+8SpoXVe+q6j1cVmq3eRxFOIFTOAcPrqEG91CHBjCQ8Ayv8OaMnRfn3flYtBacfOYY/sD5/AG1/o/C</latexit>

f̂t

<latexit sha1_base64="fveosds5O+UgvBg4s9Qfu6pO/G4="></latexit>

M =
TX

t=1

I
n
f̂t(xt) 6= f⇤ (xt)

o



Case II: Online Learning
• Domain , function class , Learner , and Adversary

<latexit sha1_base64="rPqcaONwIPoQvdMhQn4HkZvtxqk=">AAAB8nicbVDLSsNAFL2pr1pfVZduBovgqiQi6rLoxmUF+4A2lMl00g6dTMLMjVBCP8ONC0Xc+jXu/BsnbRbaemDgcM69zLknSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wSTu9zvPHFtRKwecZpwP6IjJULBKFqp148ojhmVWXc2qNbcujsHWSVeQWpQoDmofvWHMUsjrpBJakzPcxP0M6pRMMlnlX5qeELZhI54z1JFI278bB55Rs6sMiRhrO1TSObq742MRsZMo8BO5hHNspeL/3m9FMMbPxMqSZErtvgoTCXBmOT3k6HQnKGcWkKZFjYrYWOqKUPbUsWW4C2fvEraF3Xvqu49XNYat0UdZTiBUzgHD66hAffQhBYwiOEZXuHNQefFeXc+FqMlp9g5hj9wPn8AlTmRdA==</latexit>X <latexit sha1_base64="dtqEPfEVIof4D2yR7gX0Ys8aNhs=">AAACE3icbVDLSsNAFJ34rPUVdelmsAgiUhIRdVkUxGUF+4Amlsn0th06eTgzEUrIP7jxV9y4UMStG3f+jZM0C209cOFwzr3ce48XcSaVZX0bc/MLi0vLpZXy6tr6xqa5td2UYSwoNGjIQ9H2iATOAmgopji0IwHE9zi0vNFl5rceQEgWBrdqHIHrk0HA+owSpaWueej4RA2Fn1yl2JGxJ0HBPXYS6wjbTnqX5LbnJe007ZoVq2rlwLPELkgFFah3zS+nF9LYh0BRTqTs2Fak3IQIxSiHtOzEEiJCR2QAHU0D4oN0k/ynFO9rpYf7odAVKJyrvycS4ks59j3dmZ0op71M/M/rxKp/7iYsiGIFAZ0s6sccqxBnAeEeE0AVH2tCqGD6VkyHRBCqdIxlHYI9/fIsaR5X7dOqfXNSqV0UcZTQLtpDB8hGZ6iGrlEdNRBFj+gZvaI348l4Md6Nj0nrnFHM7KA/MD5/ABgBnk0=</latexit>

F ✓ {0, 1}X
<latexit sha1_base64="rI2y+IPf0968gwFdg5Vk86Guscs=">AAAB8nicbVBNS8NAFHypX7V+VT16WSyCp5KIqMeqF48VrC2koWy223bpZhN2X4QS+jO8eFDEq7/Gm//GTZuDtg4sDDPvsfMmTKQw6LrfTmlldW19o7xZ2dre2d2r7h88mjjVjLdYLGPdCanhUijeQoGSdxLNaRRK3g7Ht7nffuLaiFg94CThQUSHSgwEo2glvxtRHDEqs+tpr1pz6+4MZJl4BalBgWav+tXtxyyNuEImqTG+5yYYZFSjYJJPK93U8ISyMR1y31JFI26CbBZ5Sk6s0ieDWNunkMzU3xsZjYyZRKGdzCOaRS8X//P8FAdXQSZUkiJXbP7RIJUEY5LfT/pCc4ZyYgllWtishI2opgxtSxVbgrd48jJ5PKt7F3Xv/rzWuCnqKMMRHMMpeHAJDbiDJrSAQQzP8ApvDjovzrvzMR8tOcXOIfyB8/kDckaRXQ==</latexit>

A

• Adversary chooses , 
<latexit sha1_base64="L4z6BT7FgQq0ihj/dp0Jw/wwVxw=">AAACAHicbVBNS8NAEJ3Ur1q/oh48eFksgqeSiKjHoiAeK9gPaGLZbDft0s0m7G6EEnLxr3jxoIhXf4Y3/42btgdtfTDweG+GmXlBwpnSjvNtlZaWV1bXyuuVjc2t7R17d6+l4lQS2iQxj2UnwIpyJmhTM81pJ5EURwGn7WB0XfjtRyoVi8W9HifUj/BAsJARrI3Usw/Ch8zDSufIYwJ5EdZDGWU3ec+uOjVnArRI3BmpwgyNnv3l9WOSRlRowrFSXddJtJ9hqRnhNK94qaIJJiM8oF1DBY6o8rPJAzk6NkofhbE0JTSaqL8nMhwpNY4C01lcqOa9QvzP66Y6vPQzJpJUU0Gmi8KUIx2jIg3UZ5ISzceGYCKZuRWRIZaYaJNZxYTgzr+8SFqnNfe85t6dVetXszjKcAhHcAIuXEAdbqEBTSCQwzO8wpv1ZL1Y79bHtLVkzWb24Q+szx/P1ZaN</latexit>

f⇤ 2 F
<latexit sha1_base64="b2/mjw6wK/NtYAGbEXca3Kux0iM=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhbBRSmJiLosunFZoS9oQphMJu3QySTMTKQldOnGX3HjQhG3foI7/8ZJm4W2HrhwOOde7r3HTxiVyrK+jdLK6tr6RnmzsrW9s7tn7h90ZJwKTNo4ZrHo+UgSRjlpK6oY6SWCoMhnpOuPbnO/+0CEpDFvqUlC3AgNOA0pRkpLnnk89uwadFgQK1mDY68FHcqhEyE19P2sN/XMqlW3ZoDLxC5IFRRoeuaXE8Q4jQhXmCEp+7aVKDdDQlHMyLTipJIkCI/QgPQ15Sgi0s1mj0zhqVYCGMZCF1dwpv6eyFAk5STydWd+oVz0cvE/r5+q8NrNKE9SRTieLwpTBlUM81RgQAXBik00QVhQfSvEQyQQVjq7ig7BXnx5mXTO6/Zl3b6/qDZuijjK4AicgDNggyvQAHegCdoAg0fwDF7Bm/FkvBjvxse8tWQUM4fgD4zPHw+smME=</latexit>

x1, . . . , xT 2 X

• For each :t ∈ [T]

• First,    
<latexit sha1_base64="rI2y+IPf0968gwFdg5Vk86Guscs=">AAAB8nicbVBNS8NAFHypX7V+VT16WSyCp5KIqMeqF48VrC2koWy223bpZhN2X4QS+jO8eFDEq7/Gm//GTZuDtg4sDDPvsfMmTKQw6LrfTmlldW19o7xZ2dre2d2r7h88mjjVjLdYLGPdCanhUijeQoGSdxLNaRRK3g7Ht7nffuLaiFg94CThQUSHSgwEo2glvxtRHDEqs+tpr1pz6+4MZJl4BalBgWav+tXtxyyNuEImqTG+5yYYZFSjYJJPK93U8ISyMR1y31JFI26CbBZ5Sk6s0ieDWNunkMzU3xsZjYyZRKGdzCOaRS8X//P8FAdXQSZUkiJXbP7RIJUEY5LfT/pCc4ZyYgllWtishI2opgxtSxVbgrd48jJ5PKt7F3Xv/rzWuCnqKMMRHMMpeHAJDbiDJrSAQQzP8ApvDjovzrvzMR8tOcXOIfyB8/kDckaRXQ==</latexit>

A

• Then,  
<latexit sha1_base64="rI2y+IPf0968gwFdg5Vk86Guscs=">AAAB8nicbVBNS8NAFHypX7V+VT16WSyCp5KIqMeqF48VrC2koWy223bpZhN2X4QS+jO8eFDEq7/Gm//GTZuDtg4sDDPvsfMmTKQw6LrfTmlldW19o7xZ2dre2d2r7h88mjjVjLdYLGPdCanhUijeQoGSdxLNaRRK3g7Ht7nffuLaiFg94CThQUSHSgwEo2glvxtRHDEqs+tpr1pz6+4MZJl4BalBgWav+tXtxyyNuEImqTG+5yYYZFSjYJJPK93U8ISyMR1y31JFI26CbBZ5Sk6s0ieDWNunkMzU3xsZjYyZRKGdzCOaRS8X//P8FAdXQSZUkiJXbP7RIJUEY5LfT/pCc4ZyYgllWtishI2opgxtSxVbgrd48jJ5PKt7F3Xv/rzWuCnqKMMRHMMpeHAJDbiDJrSAQQzP8ApvDjovzrvzMR8tOcXOIfyB8/kDckaRXQ==</latexit>

A

• Number of Mistakes

Problem 1:           chooses the data points strategically 

<latexit sha1_base64="Z45fcyENCmwhEL5s/iFY37P+S3M=">AAACAnicbVDLSgNBEJyNrxhfq57Ey2AQEghhV0Q9Br14jGAekF3D7GQ2GTL7YKZXDEvw4q948aCIV7/Cm3/jbJKDJhY0FFXddHd5seAKLOvbyC0tr6yu5dcLG5tb2zvm7l5TRYmkrEEjEcm2RxQTPGQN4CBYO5aMBJ5gLW94lfmteyYVj8JbGMXMDUg/5D6nBLTUNQ9KD11wKhUH+3epQxSMnUomlctds2hVrQnwIrFnpIhmqHfNL6cX0SRgIVBBlOrYVgxuSiRwKti44CSKxYQOSZ91NA1JwJSbTl4Y42Ot9LAfSV0h4In6eyIlgVKjwNOdAYGBmvcy8T+vk4B/4aY8jBNgIZ0u8hOBIcJZHrjHJaMgRpoQKrm+FdMBkYSCTq2gQ7DnX14kzZOqfVa1b06LtctZHHl0iI5QCdnoHNXQNaqjBqLoET2jV/RmPBkvxrvxMW3NGbOZffQHxucPIZWV+w==</latexit>

(xt , f⇤ (xt))

<latexit sha1_base64="E/i7fPc1024f06/lu5eUWaiuJZo=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9gPaUDbbTbt0s0l3J0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGdzO/9cS1EbF6xEnC/YgOlAgFo2ildndIkYQ97JUrbtWdg6wSLycVyFHvlb+6/ZilEVfIJDWm47kJ+hnVKJjk01I3NTyhbEQHvGOpohE3fja/d0rOrNInYaxtKSRz9fdERiNjJlFgOyOKQ7PszcT/vE6K4Y2fCZWkyBVbLApTSTAms+dJX2jOUE4soUwLeythQ6opQxtRyYbgLb+8SpoXVe+q6j1cVmq3eRxFOIFTOAcPrqEG91CHBjCQ8Ayv8OaMnRfn3flYtBacfOYY/sD5/AG1/o/C</latexit>

f̂t

<latexit sha1_base64="fveosds5O+UgvBg4s9Qfu6pO/G4="></latexit>

M =
TX

t=1

I
n
f̂t(xt) 6= f⇤ (xt)

o



Case II: Online Learning
• Domain , function class , Learner , and Adversary

<latexit sha1_base64="rPqcaONwIPoQvdMhQn4HkZvtxqk=">AAAB8nicbVDLSsNAFL2pr1pfVZduBovgqiQi6rLoxmUF+4A2lMl00g6dTMLMjVBCP8ONC0Xc+jXu/BsnbRbaemDgcM69zLknSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wSTu9zvPHFtRKwecZpwP6IjJULBKFqp148ojhmVWXc2qNbcujsHWSVeQWpQoDmofvWHMUsjrpBJakzPcxP0M6pRMMlnlX5qeELZhI54z1JFI278bB55Rs6sMiRhrO1TSObq742MRsZMo8BO5hHNspeL/3m9FMMbPxMqSZErtvgoTCXBmOT3k6HQnKGcWkKZFjYrYWOqKUPbUsWW4C2fvEraF3Xvqu49XNYat0UdZTiBUzgHD66hAffQhBYwiOEZXuHNQefFeXc+FqMlp9g5hj9wPn8AlTmRdA==</latexit>X <latexit sha1_base64="dtqEPfEVIof4D2yR7gX0Ys8aNhs=">AAACE3icbVDLSsNAFJ34rPUVdelmsAgiUhIRdVkUxGUF+4Amlsn0th06eTgzEUrIP7jxV9y4UMStG3f+jZM0C209cOFwzr3ce48XcSaVZX0bc/MLi0vLpZXy6tr6xqa5td2UYSwoNGjIQ9H2iATOAmgopji0IwHE9zi0vNFl5rceQEgWBrdqHIHrk0HA+owSpaWueej4RA2Fn1yl2JGxJ0HBPXYS6wjbTnqX5LbnJe007ZoVq2rlwLPELkgFFah3zS+nF9LYh0BRTqTs2Fak3IQIxSiHtOzEEiJCR2QAHU0D4oN0k/ynFO9rpYf7odAVKJyrvycS4ks59j3dmZ0op71M/M/rxKp/7iYsiGIFAZ0s6sccqxBnAeEeE0AVH2tCqGD6VkyHRBCqdIxlHYI9/fIsaR5X7dOqfXNSqV0UcZTQLtpDB8hGZ6iGrlEdNRBFj+gZvaI348l4Md6Nj0nrnFHM7KA/MD5/ABgBnk0=</latexit>

F ✓ {0, 1}X
<latexit sha1_base64="rI2y+IPf0968gwFdg5Vk86Guscs=">AAAB8nicbVBNS8NAFHypX7V+VT16WSyCp5KIqMeqF48VrC2koWy223bpZhN2X4QS+jO8eFDEq7/Gm//GTZuDtg4sDDPvsfMmTKQw6LrfTmlldW19o7xZ2dre2d2r7h88mjjVjLdYLGPdCanhUijeQoGSdxLNaRRK3g7Ht7nffuLaiFg94CThQUSHSgwEo2glvxtRHDEqs+tpr1pz6+4MZJl4BalBgWav+tXtxyyNuEImqTG+5yYYZFSjYJJPK93U8ISyMR1y31JFI26CbBZ5Sk6s0ieDWNunkMzU3xsZjYyZRKGdzCOaRS8X//P8FAdXQSZUkiJXbP7RIJUEY5LfT/pCc4ZyYgllWtishI2opgxtSxVbgrd48jJ5PKt7F3Xv/rzWuCnqKMMRHMMpeHAJDbiDJrSAQQzP8ApvDjovzrvzMR8tOcXOIfyB8/kDckaRXQ==</latexit>

A

• Adversary chooses , 
<latexit sha1_base64="L4z6BT7FgQq0ihj/dp0Jw/wwVxw=">AAACAHicbVBNS8NAEJ3Ur1q/oh48eFksgqeSiKjHoiAeK9gPaGLZbDft0s0m7G6EEnLxr3jxoIhXf4Y3/42btgdtfTDweG+GmXlBwpnSjvNtlZaWV1bXyuuVjc2t7R17d6+l4lQS2iQxj2UnwIpyJmhTM81pJ5EURwGn7WB0XfjtRyoVi8W9HifUj/BAsJARrI3Usw/Ch8zDSufIYwJ5EdZDGWU3ec+uOjVnArRI3BmpwgyNnv3l9WOSRlRowrFSXddJtJ9hqRnhNK94qaIJJiM8oF1DBY6o8rPJAzk6NkofhbE0JTSaqL8nMhwpNY4C01lcqOa9QvzP66Y6vPQzJpJUU0Gmi8KUIx2jIg3UZ5ISzceGYCKZuRWRIZaYaJNZxYTgzr+8SFqnNfe85t6dVetXszjKcAhHcAIuXEAdbqEBTSCQwzO8wpv1ZL1Y79bHtLVkzWb24Q+szx/P1ZaN</latexit>
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• Number of Mistakes

Problem 1:           chooses the data points strategically 

Problem 2:           observed output for all data points 
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Online Learning Algorithm:
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1.Design framework to bound privacy loss due to non-private pre-
processing for common pre-processors and DP mechanisms

2.Understand the cost of privacy in DP online learning for the worst 
online adversary

Objectives

ICML 2024

COLT 2024



Non-Private Pre-processing



Renyi DP (Generalisation of -DP)(ϵ, δ)



For , a randomised algorithm  is -RDP if for any two datasets  
and  differing by a single point


        


Where  denotes -Rényi divergence between two distributions

α > 1
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Example of pre-processing: PCA

• Group privacy  
• # different points (i.e. Hamming distance) 

between pre-processed datasets = n
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• Group privacy  
• # different points (i.e. Hamming distance) 

between pre-processed datasets = n

<latexit sha1_base64="zFob5EtHwSGS8pO1RanuuAXSVsg="></latexit>

D↵ (A(S)||A(S0))  n1.6"(n↵)
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Example of pre-processing: PCA

• Group privacy  
• # different points (i.e. Hamming distance) 

between pre-processed datasets = n

• Privacy under Euclidean distance? 
• For each point , x ∈ S

∥πx − π′ x∥2 ≤ ∥π − π′ ∥2∥x∥2 = O(1/n)
• Total Distance = O(1/n) . n = O(1)

<latexit sha1_base64="zFob5EtHwSGS8pO1RanuuAXSVsg="></latexit>

D↵ (A(S)||A(S0))  n1.6"(n↵)
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Example of pre-processing: PCA

“Privacy defined under a smooth distance metric gives more fine-grained analysis”

• Group privacy  
• # different points (i.e. Hamming distance) 

between pre-processed datasets = n

• Privacy under Euclidean distance? 
• For each point , x ∈ S

∥πx − π′ x∥2 ≤ ∥π − π′ ∥2∥x∥2 = O(1/n)
• Total Distance = O(1/n) . n = O(1)

<latexit sha1_base64="zFob5EtHwSGS8pO1RanuuAXSVsg="></latexit>

D↵ (A(S)||A(S0))  n1.6"(n↵)
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Example of pre-processing: PCA

“Privacy defined under a smooth distance metric gives more fine-grained analysis”Smooth RDP

• Group privacy  
• # different points (i.e. Hamming distance) 

between pre-processed datasets = n

• Privacy under Euclidean distance? 
• For each point , x ∈ S

∥πx − π′ x∥2 ≤ ∥π − π′ ∥2∥x∥2 = O(1/n)
• Total Distance = O(1/n) . n = O(1)

<latexit sha1_base64="zFob5EtHwSGS8pO1RanuuAXSVsg="></latexit>

D↵ (A(S)||A(S0))  n1.6"(n↵)



Renyi DP and Smooth Renyi DP (SRDP)



For , an algorithm  is        -RDP if for 
any two datasets  and  differing at  points-




            

<latexit sha1_base64="v5ZLAxlC7zvkgSDTI1HkfhgND0c=">AAACAXicbVBNS8NAEN3Ur1q/ol4EL4tF8CAlEVFPUvTiSSrYD2hCmWy37dLNJuxuhBLqxb/ixYMiXv0X3vw3btoctPXBwOO9GWbmBTFnSjvOt1VYWFxaXimultbWNza37O2dhooSSWidRDySrQAU5UzQumaa01YsKYQBp81geJ35zQcqFYvEvR7F1A+hL1iPEdBG6th7HvB4AJfuMQ49JrwQ9CAI0ttxxy47FWcCPE/cnJRRjlrH/vK6EUlCKjThoFTbdWLtpyA1I5yOS16iaAxkCH3aNlRASJWfTj4Y40OjdHEvkqaExhP190QKoVKjMDCd2YVq1svE/7x2onsXfspEnGgqyHRRL+FYRziLA3eZpETzkSFAJDO3YjIACUSb0EomBHf25XnSOKm4ZxX37rRcvcrjKKJ9dICOkIvOURXdoBqqI4Ie0TN6RW/Wk/VivVsf09aClc/soj+wPn8Ati2Wbg==</latexit>

↵ > 1,m 2 N 𝒜
S S′ m

<latexit sha1_base64="V+sIiWfKcMxM7+ZuR7OyIBJEiWM=">AAAB+XicbVDLSsNAFJ3UV62vqEs3g0WsICURUZdFN11Wah/QhjCZTNqhM5M4MymU0D9x40IRt/6JO//GaZuFVg9cOJxzL/feEySMKu04X1ZhZXVtfaO4Wdra3tnds/cP2ipOJSYtHLNYdgOkCKOCtDTVjHQTSRAPGOkEo7uZ3xkTqWgsHvQkIR5HA0EjipE2km/boV+vNM9h8/Ssz8gj5L5ddqrOHPAvcXNSBjkavv3ZD2OcciI0Zkipnusk2suQ1BQzMi31U0UShEdoQHqGCsSJ8rL55VN4YpQQRrE0JTScqz8nMsSVmvDAdHKkh2rZm4n/eb1URzdeRkWSaiLwYlGUMqhjOIsBhlQSrNnEEIQlNbdCPEQSYW3CKpkQ3OWX/5L2RdW9qrr3l+XabR5HERyBY1ABLrgGNVAHDdACGIzBE3gBr1ZmPVtv1vuitWDlM4fgF6yPb/ilkfE=</latexit>

dH(S, S0)  m
<latexit sha1_base64="/ZPRFhAmhJKGSyI0dkFRx/JTDw0="></latexit>

D↵ (A(S)||A(S0))  m1.6"(m↵)

Renyi DP and Smooth Renyi DP (SRDP)
<latexit sha1_base64="QtOJ3IMOjGr+gRMblJHKiPnLYA8=">AAAB/HicbVBNS8NAEN34WetXtEcvi0Wol5KIqMeiF48V7Ac0oUy2m3bpZhN2N4UQ6l/x4kERr/4Qb/4bt20O2vpg4PHeDDPzgoQzpR3n21pb39jc2i7tlHf39g8O7aPjtopTSWiLxDyW3QAU5UzQlmaa024iKUQBp51gfDfzOxMqFYvFo84S6kcwFCxkBLSR+nbFm4CkiWI8FjUPeDKC875dderOHHiVuAWpogLNvv3lDWKSRlRowkGpnusk2s9BakY4nZa9VNEEyBiGtGeogIgqP58fP8VnRhngMJamhMZz9fdEDpFSWRSYzgj0SC17M/E/r5fq8MbPmUhSTQVZLApTjnWMZ0ngAZOUaJ4ZAkQycysmI5BAtMmrbEJwl19eJe2LuntVdx8uq43bIo4SOkGnqIZcdI0a6B41UQsRlKFn9IrerCfrxXq3Phata1YxU0F/YH3+AKHklME=</latexit>

"(↵)



For , an algorithm  is        -RDP if for 
any two datasets  and  differing at  points-




            

<latexit sha1_base64="v5ZLAxlC7zvkgSDTI1HkfhgND0c=">AAACAXicbVBNS8NAEN3Ur1q/ol4EL4tF8CAlEVFPUvTiSSrYD2hCmWy37dLNJuxuhBLqxb/ixYMiXv0X3vw3btoctPXBwOO9GWbmBTFnSjvOt1VYWFxaXimultbWNza37O2dhooSSWidRDySrQAU5UzQumaa01YsKYQBp81geJ35zQcqFYvEvR7F1A+hL1iPEdBG6th7HvB4AJfuMQ49JrwQ9CAI0ttxxy47FWcCPE/cnJRRjlrH/vK6EUlCKjThoFTbdWLtpyA1I5yOS16iaAxkCH3aNlRASJWfTj4Y40OjdHEvkqaExhP190QKoVKjMDCd2YVq1svE/7x2onsXfspEnGgqyHRRL+FYRziLA3eZpETzkSFAJDO3YjIACUSb0EomBHf25XnSOKm4ZxX37rRcvcrjKKJ9dICOkIvOURXdoBqqI4Ie0TN6RW/Wk/VivVsf09aClc/soj+wPn8Ati2Wbg==</latexit>

↵ > 1,m 2 N 𝒜
S S′ m

<latexit sha1_base64="V+sIiWfKcMxM7+ZuR7OyIBJEiWM=">AAAB+XicbVDLSsNAFJ3UV62vqEs3g0WsICURUZdFN11Wah/QhjCZTNqhM5M4MymU0D9x40IRt/6JO//GaZuFVg9cOJxzL/feEySMKu04X1ZhZXVtfaO4Wdra3tnds/cP2ipOJSYtHLNYdgOkCKOCtDTVjHQTSRAPGOkEo7uZ3xkTqWgsHvQkIR5HA0EjipE2km/boV+vNM9h8/Ssz8gj5L5ddqrOHPAvcXNSBjkavv3ZD2OcciI0Zkipnusk2suQ1BQzMi31U0UShEdoQHqGCsSJ8rL55VN4YpQQRrE0JTScqz8nMsSVmvDAdHKkh2rZm4n/eb1URzdeRkWSaiLwYlGUMqhjOIsBhlQSrNnEEIQlNbdCPEQSYW3CKpkQ3OWX/5L2RdW9qrr3l+XabR5HERyBY1ABLrgGNVAHDdACGIzBE3gBr1ZmPVtv1vuitWDlM4fgF6yPb/ilkfE=</latexit>

dH(S, S0)  m
<latexit sha1_base64="/ZPRFhAmhJKGSyI0dkFRx/JTDw0="></latexit>

D↵ (A(S)||A(S0))  m1.6"(m↵)

Stability against arbitrary 
perturbation on a fixed 
number of data points 

Renyi DP and Smooth Renyi DP (SRDP)
<latexit sha1_base64="QtOJ3IMOjGr+gRMblJHKiPnLYA8=">AAAB/HicbVBNS8NAEN34WetXtEcvi0Wol5KIqMeiF48V7Ac0oUy2m3bpZhN2N4UQ6l/x4kERr/4Qb/4bt20O2vpg4PHeDDPzgoQzpR3n21pb39jc2i7tlHf39g8O7aPjtopTSWiLxDyW3QAU5UzQlmaa024iKUQBp51gfDfzOxMqFYvFo84S6kcwFCxkBLSR+nbFm4CkiWI8FjUPeDKC875dderOHHiVuAWpogLNvv3lDWKSRlRowkGpnusk2s9BakY4nZa9VNEEyBiGtGeogIgqP58fP8VnRhngMJamhMZz9fdEDpFSWRSYzgj0SC17M/E/r5fq8MbPmUhSTQVZLApTjnWMZ0ngAZOUaJ4ZAkQycysmI5BAtMmrbEJwl19eJe2LuntVdx8uq43bIo4SOkGnqIZcdI0a6B41UQsRlKFn9IrerCfrxXq3Phata1YxU0F/YH3+AKHklME=</latexit>

"(↵)



For , an algorithm  is        -RDP if for 
any two datasets  and  differing at  points-




            

<latexit sha1_base64="v5ZLAxlC7zvkgSDTI1HkfhgND0c=">AAACAXicbVBNS8NAEN3Ur1q/ol4EL4tF8CAlEVFPUvTiSSrYD2hCmWy37dLNJuxuhBLqxb/ixYMiXv0X3vw3btoctPXBwOO9GWbmBTFnSjvOt1VYWFxaXimultbWNza37O2dhooSSWidRDySrQAU5UzQumaa01YsKYQBp81geJ35zQcqFYvEvR7F1A+hL1iPEdBG6th7HvB4AJfuMQ49JrwQ9CAI0ttxxy47FWcCPE/cnJRRjlrH/vK6EUlCKjThoFTbdWLtpyA1I5yOS16iaAxkCH3aNlRASJWfTj4Y40OjdHEvkqaExhP190QKoVKjMDCd2YVq1svE/7x2onsXfspEnGgqyHRRL+FYRziLA3eZpETzkSFAJDO3YjIACUSb0EomBHf25XnSOKm4ZxX37rRcvcrjKKJ9dICOkIvOURXdoBqqI4Ie0TN6RW/Wk/VivVsf09aClc/soj+wPn8Ati2Wbg==</latexit>

↵ > 1,m 2 N 𝒜
S S′ m

<latexit sha1_base64="V+sIiWfKcMxM7+ZuR7OyIBJEiWM=">AAAB+XicbVDLSsNAFJ3UV62vqEs3g0WsICURUZdFN11Wah/QhjCZTNqhM5M4MymU0D9x40IRt/6JO//GaZuFVg9cOJxzL/feEySMKu04X1ZhZXVtfaO4Wdra3tnds/cP2ipOJSYtHLNYdgOkCKOCtDTVjHQTSRAPGOkEo7uZ3xkTqWgsHvQkIR5HA0EjipE2km/boV+vNM9h8/Ssz8gj5L5ddqrOHPAvcXNSBjkavv3ZD2OcciI0Zkipnusk2suQ1BQzMi31U0UShEdoQHqGCsSJ8rL55VN4YpQQRrE0JTScqz8nMsSVmvDAdHKkh2rZm4n/eb1URzdeRkWSaiLwYlGUMqhjOIsBhlQSrNnEEIQlNbdCPEQSYW3CKpkQ3OWX/5L2RdW9qrr3l+XabR5HERyBY1ABLrgGNVAHDdACGIzBE3gBr1ZmPVtv1vuitWDlM4fgF6yPb/ilkfE=</latexit>

dH(S, S0)  m
<latexit sha1_base64="/ZPRFhAmhJKGSyI0dkFRx/JTDw0="></latexit>

D↵ (A(S)||A(S0))  m1.6"(m↵)

For , an algorithm  is             
-SRDP if for any two datasets  and  satisfying




               

<latexit sha1_base64="+rj1NEwtos/PvElsLng8In30X+U=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCCymJiLoqRTcuK9gHNKHcTKft0MkkzEyEGoq/4saFIm79D3f+jZM2C209cOFwzr3ce08Qc6a043xbhaXlldW14nppY3Nre8fe3WuqKJGENkjEI9kOQFHOBG1opjltx5JCGHDaCkY3md96oFKxSNzrcUz9EAaC9RkBbaSufeABj4eAq+4p9jQkuIqdUtcuOxVnCrxI3JyUUY561/7yehFJQio04aBUx3Vi7acgNSOcTkpeomgMZAQD2jFUQEiVn06vn+Bjo/RwP5KmhMZT9fdECqFS4zAwnSHooZr3MvE/r5Po/pWfMhEnmgoyW9RPONYRzqLAPSYp0XxsCBDJzK2YDEEC0SawLAR3/uVF0jyruBcV9+68XLvO4yiiQ3SETpCLLlEN3aI6aiCCHtEzekVv1pP1Yr1bH7PWgpXP7KM/sD5/ACV7kxQ=</latexit>

↵ > 1, ⌧ > 0
<latexit sha1_base64="rI2y+IPf0968gwFdg5Vk86Guscs=">AAAB8nicbVBNS8NAFHypX7V+VT16WSyCp5KIqMeqF48VrC2koWy223bpZhN2X4QS+jO8eFDEq7/Gm//GTZuDtg4sDDPvsfMmTKQw6LrfTmlldW19o7xZ2dre2d2r7h88mjjVjLdYLGPdCanhUijeQoGSdxLNaRRK3g7Ht7nffuLaiFg94CThQUSHSgwEo2glvxtRHDEqs+tpr1pz6+4MZJl4BalBgWav+tXtxyyNuEImqTG+5yYYZFSjYJJPK93U8ISyMR1y31JFI26CbBZ5Sk6s0ieDWNunkMzU3xsZjYyZRKGdzCOaRS8X//P8FAdXQSZUkiJXbP7RIJUEY5LfT/pCc4ZyYgllWtishI2opgxtSxVbgrd48jJ5PKt7F3Xv/rzWuCnqKMMRHMMpeHAJDbiDJrSAQQzP8ApvDjovzrvzMR8tOcXOIfyB8/kDckaRXQ==</latexit>

A
S S′ 

<latexit sha1_base64="/jl4E3N/fbLUJJwPvXAwhzD0Bys=">AAACGHicbVC7TgMxEPTxDOEVoKSxiBA0hDuEgAYpgoYyCPKQcuHkczZg4fMd9h5SdMpn0PArNBQgRJuOv8F5FBAYydZ4ZlfrnTCRwqDrfjlT0zOzc/O5hfzi0vLKamFtvWbiVHOo8ljGuhEyA1IoqKJACY1EA4tCCfXw/nzg1x9BGxGra+wm0IrYrRIdwRlaKSjs+yaNgkzQU+r1bhT1a6CRXgWC7g3uneE7OPAlPFAfWRoUim7JHYL+Jd6YFMkYlaDQ99sxTyNQyCUzpum5CbYyplFwCb28nxpIGL9nt9C0VLEITCsbLtaj21Zp006s7VFIh+rPjoxFxnSj0FZGDO/MpDcQ//OaKXZOWplQSYqg+GhQJ5UUYzpIibaFBo6yawnjWti/Un7HNONos8zbELzJlf+S2kHJOyp5l4fF8tk4jhzZJFtkl3jkmJTJBamQKuHkibyQN/LuPDuvzofzOSqdcsY9G+QXnP432Pueaw==</latexit> nX

i=1

kSi � S0
ik2  ⌧

<latexit sha1_base64="T9s5fWbM2WoDVBf9MIecF1Rkv6M="></latexit>

D↵ (A(S)||A(S0))  " (↵, ⌧)

Stability against arbitrary 
perturbation on a fixed 
number of data points 

Renyi DP and Smooth Renyi DP (SRDP)
<latexit sha1_base64="QtOJ3IMOjGr+gRMblJHKiPnLYA8=">AAAB/HicbVBNS8NAEN34WetXtEcvi0Wol5KIqMeiF48V7Ac0oUy2m3bpZhN2N4UQ6l/x4kERr/4Qb/4bt20O2vpg4PHeDDPzgoQzpR3n21pb39jc2i7tlHf39g8O7aPjtopTSWiLxDyW3QAU5UzQlmaa024iKUQBp51gfDfzOxMqFYvFo84S6kcwFCxkBLSR+nbFm4CkiWI8FjUPeDKC875dderOHHiVuAWpogLNvv3lDWKSRlRowkGpnusk2s9BakY4nZa9VNEEyBiGtGeogIgqP58fP8VnRhngMJamhMZz9fdEDpFSWRSYzgj0SC17M/E/r5fq8MbPmUhSTQVZLApTjnWMZ0ngAZOUaJ4ZAkQycysmI5BAtMmrbEJwl19eJe2LuntVdx8uq43bIo4SOkGnqIZcdI0a6B41UQsRlKFn9IrerCfrxXq3Phata1YxU0F/YH3+AKHklME=</latexit>

"(↵)

<latexit sha1_base64="sWxo7WJoE2Zhm+VuSL0jkLpk4us=">AAACAnicbVBNS8NAEN3Ur1q/op7Ey2IRKkhJRNRj0YvHCvYDmlAm2027dLMJu5tCCcWLf8WLB0W8+iu8+W/ctjlo9cHA470ZZuYFCWdKO86XVVhaXlldK66XNja3tnfs3b2milNJaIPEPJbtABTlTNCGZprTdiIpRAGnrWB4M/VbIyoVi8W9HifUj6AvWMgIaCN17QNvBJImivFYVDzgyQBOsachPenaZafqzID/EjcnZZSj3rU/vV5M0ogKTTgo1XGdRPsZSM0Ip5OSlyqaABlCn3YMFRBR5WezFyb42Cg9HMbSlNB4pv6cyCBSahwFpjMCPVCL3lT8z+ukOrzyMyaSVFNB5ovClGMd42keuMckJZqPDQEimbkVkwFIINqkVjIhuIsv/yXNs6p7UXXvzsu16zyOIjpER6iCXHSJaugW1VEDEfSAntALerUerWfrzXqftxasfGYf/YL18Q2kkZbv</latexit>

"(↵, ⌧)



For , an algorithm  is        -RDP if for 
any two datasets  and  differing at  points-




            

<latexit sha1_base64="v5ZLAxlC7zvkgSDTI1HkfhgND0c=">AAACAXicbVBNS8NAEN3Ur1q/ol4EL4tF8CAlEVFPUvTiSSrYD2hCmWy37dLNJuxuhBLqxb/ixYMiXv0X3vw3btoctPXBwOO9GWbmBTFnSjvOt1VYWFxaXimultbWNza37O2dhooSSWidRDySrQAU5UzQumaa01YsKYQBp81geJ35zQcqFYvEvR7F1A+hL1iPEdBG6th7HvB4AJfuMQ49JrwQ9CAI0ttxxy47FWcCPE/cnJRRjlrH/vK6EUlCKjThoFTbdWLtpyA1I5yOS16iaAxkCH3aNlRASJWfTj4Y40OjdHEvkqaExhP190QKoVKjMDCd2YVq1svE/7x2onsXfspEnGgqyHRRL+FYRziLA3eZpETzkSFAJDO3YjIACUSb0EomBHf25XnSOKm4ZxX37rRcvcrjKKJ9dICOkIvOURXdoBqqI4Ie0TN6RW/Wk/VivVsf09aClc/soj+wPn8Ati2Wbg==</latexit>

↵ > 1,m 2 N 𝒜
S S′ m

<latexit sha1_base64="V+sIiWfKcMxM7+ZuR7OyIBJEiWM=">AAAB+XicbVDLSsNAFJ3UV62vqEs3g0WsICURUZdFN11Wah/QhjCZTNqhM5M4MymU0D9x40IRt/6JO//GaZuFVg9cOJxzL/feEySMKu04X1ZhZXVtfaO4Wdra3tnds/cP2ipOJSYtHLNYdgOkCKOCtDTVjHQTSRAPGOkEo7uZ3xkTqWgsHvQkIR5HA0EjipE2km/boV+vNM9h8/Ssz8gj5L5ddqrOHPAvcXNSBjkavv3ZD2OcciI0Zkipnusk2suQ1BQzMi31U0UShEdoQHqGCsSJ8rL55VN4YpQQRrE0JTScqz8nMsSVmvDAdHKkh2rZm4n/eb1URzdeRkWSaiLwYlGUMqhjOIsBhlQSrNnEEIQlNbdCPEQSYW3CKpkQ3OWX/5L2RdW9qrr3l+XabR5HERyBY1ABLrgGNVAHDdACGIzBE3gBr1ZmPVtv1vuitWDlM4fgF6yPb/ilkfE=</latexit>

dH(S, S0)  m
<latexit sha1_base64="/ZPRFhAmhJKGSyI0dkFRx/JTDw0="></latexit>

D↵ (A(S)||A(S0))  m1.6"(m↵)

For , an algorithm  is             
-SRDP if for any two datasets  and  satisfying




               

<latexit sha1_base64="+rj1NEwtos/PvElsLng8In30X+U=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCCymJiLoqRTcuK9gHNKHcTKft0MkkzEyEGoq/4saFIm79D3f+jZM2C209cOFwzr3ce08Qc6a043xbhaXlldW14nppY3Nre8fe3WuqKJGENkjEI9kOQFHOBG1opjltx5JCGHDaCkY3md96oFKxSNzrcUz9EAaC9RkBbaSufeABj4eAq+4p9jQkuIqdUtcuOxVnCrxI3JyUUY561/7yehFJQio04aBUx3Vi7acgNSOcTkpeomgMZAQD2jFUQEiVn06vn+Bjo/RwP5KmhMZT9fdECqFS4zAwnSHooZr3MvE/r5Po/pWfMhEnmgoyW9RPONYRzqLAPSYp0XxsCBDJzK2YDEEC0SawLAR3/uVF0jyruBcV9+68XLvO4yiiQ3SETpCLLlEN3aI6aiCCHtEzekVv1pP1Yr1bH7PWgpXP7KM/sD5/ACV7kxQ=</latexit>

↵ > 1, ⌧ > 0
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The pre-processed DP pipeline is -RDP, where(α, ̂ε)
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A
<latexit sha1_base64="//Kw8Z2L1bqGax8yopMpFUClzV8=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSLUS0lE1GPRi8cK9gPaWDbbSbt0swm7G6GE/ggvHhTx6u/x5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hoduq3nlBpHssHM07Qj+hA8pAzaqzUCh+zins26ZXKbtWdgSwTLydlyFHvlb66/ZilEUrDBNW647mJ8TOqDGcCJ8VuqjGhbEQH2LFU0gi1n83OnZBTq/RJGCtb0pCZ+nsio5HW4yiwnRE1Q73oTcX/vE5qwms/4zJJDUo2XxSmgpiYTH8nfa6QGTG2hDLF7a2EDamizNiEijYEb/HlZdI8r3qXVe/+oly7yeMowDGcQAU8uIIa3EEdGsBgBM/wCm9O4rw4787HvHXFyWeO4A+czx97no8D</latexit>

f (0)
<latexit sha1_base64="dU4PPpFMe9WbrE1tnGbWro2qvTA=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSLUS0lE1GPRi8cK9gPaWDbbSbt0swm7G6GE/ggvHhTx6u/x5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hoduq3nlBpHssHM07Qj+hA8pAzaqzUCh+zinc26ZXKbtWdgSwTLydlyFHvlb66/ZilEUrDBNW647mJ8TOqDGcCJ8VuqjGhbEQH2LFU0gi1n83OnZBTq/RJGCtb0pCZ+nsio5HW4yiwnRE1Q73oTcX/vE5qwms/4zJJDUo2XxSmgpiYTH8nfa6QGTG2hDLF7a2EDamizNiEijYEb/HlZdI8r3qXVe/+oly7yeMowDGcQAU8uIIa3EEdGsBgBM/wCm9O4rw4787HvHXFyWeO4A+czx99JI8E</latexit>

f (1)

• Adversary chooses  s.t. 
<latexit sha1_base64="ZozaSqMIN3vSWxKakBQmtEcaMyo=">AAAB9XicbVBNSwMxEJ3Ur1q/qh69BIvgQcquiHosevFYwX5Ady3ZNNuGZrNLklXL0v/hxYMiXv0v3vw3pu0etPXBwOO9GWbmBYng2jjONyosLa+srhXXSxubW9s75d29po5TRVmDxiJW7YBoJrhkDcONYO1EMRIFgrWC4fXEbz0wpXks78woYX5E+pKHnBJjpfsn7HGJvcw5wa437pYrTtWZAi8SNycVyFHvlr+8XkzTiElDBdG64zqJ8TOiDKeCjUteqllC6JD0WcdSSSKm/Wx69RgfWaWHw1jZkgZP1d8TGYm0HkWB7YyIGeh5byL+53VSE176GZdJapiks0VhKrCJ8SQC3OOKUSNGlhCquL0V0wFRhBobVMmG4M6/vEiap1X3vOrenlVqV3kcRTiAQzgGFy6gBjdQhwZQUPAMr/CGHtELekcfs9YCymf24Q/Q5w+swZFU</latexit>

x 2 {0, 1}
<latexit sha1_base64="iYjDegl+ywSYovItbnB6ShcLrkQ=">AAAB+3icbZDLSsNAFIYnXmu9xbp0M1iEuimJiLoRim5cVrAXaGOZTCft0MkkzJxIS8iruHGhiFtfxJ1v47TNQlt/GPj4zzmcM78fC67Bcb6tldW19Y3NwlZxe2d3b98+KDV1lCjKGjQSkWr7RDPBJWsAB8HasWIk9AVr+aPbab31xJTmkXyAScy8kAwkDzglYKyeXQoe0y7RkOFrbLAyPs16dtmpOjPhZXBzKKNc9Z791e1HNAmZBCqI1h3XicFLiQJOBcuK3USzmNARGbCOQUlCpr10dnuGT4zTx0GkzJOAZ+7viZSEWk9C33SGBIZ6sTY1/6t1EgiuvJTLOAEm6XxRkAgMEZ4GgftcMQpiYoBQxc2tmA6JIhRMXEUTgrv45WVonlXdi6p7f16u3eRxFNAROkYV5KJLVEN3qI4aiKIxekav6M3KrBfr3fqYt65Y+cwh+iPr8wcEk5PH</latexit>

f⇤ = f (x)

Value at 0 Value at 1

f (0)

f (1)

0 0
0 1

<latexit sha1_base64="JAlcWX2Xa0pm0zcFZ1w/9bLNH5c=">AAAB/HicbVDLSsNAFL2pr1pf0S7dDBbBhZRERN0IRTcuK9gHNKFMppN26OTBzEQIIf6KGxeKuPVD3Pk3TtostPXAwOGce7lnjhdzJpVlfRuVldW19Y3qZm1re2d3z9w/6MooEYR2SMQj0fewpJyFtKOY4rQfC4oDj9OeN70t/N4jFZJF4YNKY+oGeBwynxGstDQ0606A1YRgnvXzayezTm0nH5oNq2nNgJaJXZIGlGgPzS9nFJEkoKEiHEs5sK1YuRkWihFO85qTSBpjMsVjOtA0xAGVbjYLn6NjrYyQHwn9QoVm6u+NDAdSpoGnJ4uoctErxP+8QaL8KzdjYZwoGpL5IT/hSEWoaAKNmKBE8VQTTATTWRGZYIGJ0n3VdAn24peXSfesaV807fvzRuumrKMKh3AEJ2DDJbTgDtrQAQIpPMMrvBlPxovxbnzMRytGuVOHPzA+fwAjEJRv</latexit>

X = {0, 1}
<latexit sha1_base64="yQ7/XgimUZSkgD2IVdZyzNCOFSQ=">AAACC3icbZDLSsNAFIYn9VbrrerSzdAitCAlEVE3QlEQlxXsBZpYJtNJO3RyYeZEKCF7N76KGxeKuPUF3Pk2TtoutPWHgY//nMOZ87uR4ApM89vILS2vrK7l1wsbm1vbO8XdvZYKY0lZk4YilB2XKCZ4wJrAQbBOJBnxXcHa7ugqq7cfmFQ8DO5gHDHHJ4OAe5wS0FavWLq+wLZgHtiJd59UzGp6hDOwqqkt+WAIdtorls2aORFeBGsGZTRTo1f8svshjX0WABVEqa5lRuAkRAKngqUFO1YsInREBqyrMSA+U04yuSXFh9rpYy+U+gWAJ+7viYT4So19V3f6BIZqvpaZ/9W6MXjnTsKDKAYW0OkiLxYYQpwFg/tcMgpirIFQyfVfMR0SSSjo+Ao6BGv+5EVoHdes05p1e1KuX87iyKMDVEIVZKEzVEc3qIGaiKJH9Ixe0ZvxZLwY78bHtDVnzGb20R8Znz/CApmg</latexit>

F =
n
f (0), f (1)

o



Simple online game
• Learner  guesses between  and 

<latexit sha1_base64="rI2y+IPf0968gwFdg5Vk86Guscs=">AAAB8nicbVBNS8NAFHypX7V+VT16WSyCp5KIqMeqF48VrC2koWy223bpZhN2X4QS+jO8eFDEq7/Gm//GTZuDtg4sDDPvsfMmTKQw6LrfTmlldW19o7xZ2dre2d2r7h88mjjVjLdYLGPdCanhUijeQoGSdxLNaRRK3g7Ht7nffuLaiFg94CThQUSHSgwEo2glvxtRHDEqs+tpr1pz6+4MZJl4BalBgWav+tXtxyyNuEImqTG+5yYYZFSjYJJPK93U8ISyMR1y31JFI26CbBZ5Sk6s0ieDWNunkMzU3xsZjYyZRKGdzCOaRS8X//P8FAdXQSZUkiJXbP7RIJUEY5LfT/pCc4ZyYgllWtishI2opgxtSxVbgrd48jJ5PKt7F3Xv/rzWuCnqKMMRHMMpeHAJDbiDJrSAQQzP8ApvDjovzrvzMR8tOcXOIfyB8/kDckaRXQ==</latexit>

A
<latexit sha1_base64="//Kw8Z2L1bqGax8yopMpFUClzV8=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSLUS0lE1GPRi8cK9gPaWDbbSbt0swm7G6GE/ggvHhTx6u/x5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hoduq3nlBpHssHM07Qj+hA8pAzaqzUCh+zins26ZXKbtWdgSwTLydlyFHvlb66/ZilEUrDBNW647mJ8TOqDGcCJ8VuqjGhbEQH2LFU0gi1n83OnZBTq/RJGCtb0pCZ+nsio5HW4yiwnRE1Q73oTcX/vE5qwms/4zJJDUo2XxSmgpiYTH8nfa6QGTG2hDLF7a2EDamizNiEijYEb/HlZdI8r3qXVe/+oly7yeMowDGcQAU8uIIa3EEdGsBgBM/wCm9O4rw4787HvHXFyWeO4A+czx97no8D</latexit>

f (0)
<latexit sha1_base64="dU4PPpFMe9WbrE1tnGbWro2qvTA=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSLUS0lE1GPRi8cK9gPaWDbbSbt0swm7G6GE/ggvHhTx6u/x5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hoduq3nlBpHssHM07Qj+hA8pAzaqzUCh+zinc26ZXKbtWdgSwTLydlyFHvlb66/ZilEUrDBNW647mJ8TOqDGcCJ8VuqjGhbEQH2LFU0gi1n83OnZBTq/RJGCtb0pCZ+nsio5HW4yiwnRE1Q73oTcX/vE5qwms/4zJJDUo2XxSmgpiYTH8nfa6QGTG2hDLF7a2EDamizNiEijYEb/HlZdI8r3qXVe/+oly7yeMowDGcQAU8uIIa3EEdGsBgBM/wCm9O4rw4787HvHXFyWeO4A+czx99JI8E</latexit>

f (1)

• Adversary chooses  s.t. 
<latexit sha1_base64="ZozaSqMIN3vSWxKakBQmtEcaMyo=">AAAB9XicbVBNSwMxEJ3Ur1q/qh69BIvgQcquiHosevFYwX5Ady3ZNNuGZrNLklXL0v/hxYMiXv0v3vw3pu0etPXBwOO9GWbmBYng2jjONyosLa+srhXXSxubW9s75d29po5TRVmDxiJW7YBoJrhkDcONYO1EMRIFgrWC4fXEbz0wpXks78woYX5E+pKHnBJjpfsn7HGJvcw5wa437pYrTtWZAi8SNycVyFHvlr+8XkzTiElDBdG64zqJ8TOiDKeCjUteqllC6JD0WcdSSSKm/Wx69RgfWaWHw1jZkgZP1d8TGYm0HkWB7YyIGeh5byL+53VSE176GZdJapiks0VhKrCJ8SQC3OOKUSNGlhCquL0V0wFRhBobVMmG4M6/vEiap1X3vOrenlVqV3kcRTiAQzgGFy6gBjdQhwZQUPAMr/CGHtELekcfs9YCymf24Q/Q5w+swZFU</latexit>

x 2 {0, 1}
<latexit sha1_base64="iYjDegl+ywSYovItbnB6ShcLrkQ=">AAAB+3icbZDLSsNAFIYnXmu9xbp0M1iEuimJiLoRim5cVrAXaGOZTCft0MkkzJxIS8iruHGhiFtfxJ1v47TNQlt/GPj4zzmcM78fC67Bcb6tldW19Y3NwlZxe2d3b98+KDV1lCjKGjQSkWr7RDPBJWsAB8HasWIk9AVr+aPbab31xJTmkXyAScy8kAwkDzglYKyeXQoe0y7RkOFrbLAyPs16dtmpOjPhZXBzKKNc9Z791e1HNAmZBCqI1h3XicFLiQJOBcuK3USzmNARGbCOQUlCpr10dnuGT4zTx0GkzJOAZ+7viZSEWk9C33SGBIZ6sTY1/6t1EgiuvJTLOAEm6XxRkAgMEZ4GgftcMQpiYoBQxc2tmA6JIhRMXEUTgrv45WVonlXdi6p7f16u3eRxFNAROkYV5KJLVEN3qI4aiKIxekav6M3KrBfr3fqYt65Y+cwh+iPr8wcEk5PH</latexit>

f⇤ = f (x)

• Adversary can only give  and 
<latexit sha1_base64="/+0nLfzdoncmLr1Qb9qUXYpjXtU=">AAAB7XicbVBNSwMxEJ2tX7V+rXr0EixCBSm7Iuqx6MVjBfsB7VKyabaNzSZLkhXK0v/gxYMiXv0/3vw3pu0etPXBwOO9GWbmhQln2njet1NYWV1b3yhulra2d3b33P2DppapIrRBJJeqHWJNORO0YZjhtJ0oiuOQ01Y4up36rSeqNJPiwYwTGsR4IFjECDZWala8M+Sd9tyyV/VmQMvEz0kZctR77le3L0kaU2EIx1p3fC8xQYaVYYTTSambappgMsID2rFU4JjqIJtdO0EnVumjSCpbwqCZ+nsiw7HW4zi0nTE2Q73oTcX/vE5qousgYyJJDRVkvihKOTISTV9HfaYoMXxsCSaK2VsRGWKFibEBlWwI/uLLy6R5XvUvq/79Rbl2k8dRhCM4hgr4cAU1uIM6NIDAIzzDK7w50nlx3p2PeWvByWcO4Q+czx9s5425</latexit>

(0, 0)
<latexit sha1_base64="FTOgnYpS5AyIKkj9ngWWIJbQ2vU=">AAAB+nicbVBNS8NAEN34WetXqkcvi0WoICURUY9FLx4r2A9oQtlsN+3SzSbsTtQS+1O8eFDEq7/Em//GbZuDtj4YeLw3w8y8IBFcg+N8W0vLK6tr64WN4ubW9s6uXdpr6jhVlDVoLGLVDohmgkvWAA6CtRPFSBQI1gqG1xO/dc+U5rG8g1HC/Ij0JQ85JWCkrl3yBAuh4p7gR0/x/gCOu3bZqTpT4EXi5qSMctS79pfXi2kaMQlUEK07rpOAnxEFnAo2LnqpZgmhQ9JnHUMliZj2s+npY3xklB4OY2VKAp6qvycyEmk9igLTGREY6HlvIv7ndVIIL/2MyyQFJulsUZgKDDGe5IB7XDEKYmQIoYqbWzEdEEUomLSKJgR3/uVF0jytuudV9/asXLvK4yigA3SIKshFF6iGblAdNRBFD+gZvaI368l6sd6tj1nrkpXP7KM/sD5/AOnikyI=</latexit>

(1, x)

Value at 0 Value at 1

f (0)

f (1)

0 0
0 1

<latexit sha1_base64="JAlcWX2Xa0pm0zcFZ1w/9bLNH5c=">AAAB/HicbVDLSsNAFL2pr1pf0S7dDBbBhZRERN0IRTcuK9gHNKFMppN26OTBzEQIIf6KGxeKuPVD3Pk3TtostPXAwOGce7lnjhdzJpVlfRuVldW19Y3qZm1re2d3z9w/6MooEYR2SMQj0fewpJyFtKOY4rQfC4oDj9OeN70t/N4jFZJF4YNKY+oGeBwynxGstDQ0606A1YRgnvXzayezTm0nH5oNq2nNgJaJXZIGlGgPzS9nFJEkoKEiHEs5sK1YuRkWihFO85qTSBpjMsVjOtA0xAGVbjYLn6NjrYyQHwn9QoVm6u+NDAdSpoGnJ4uoctErxP+8QaL8KzdjYZwoGpL5IT/hSEWoaAKNmKBE8VQTTATTWRGZYIGJ0n3VdAn24peXSfesaV807fvzRuumrKMKh3AEJ2DDJbTgDtrQAQIpPMMrvBlPxovxbnzMRytGuVOHPzA+fwAjEJRv</latexit>

X = {0, 1}
<latexit sha1_base64="yQ7/XgimUZSkgD2IVdZyzNCOFSQ=">AAACC3icbZDLSsNAFIYn9VbrrerSzdAitCAlEVE3QlEQlxXsBZpYJtNJO3RyYeZEKCF7N76KGxeKuPUF3Pk2TtoutPWHgY//nMOZ87uR4ApM89vILS2vrK7l1wsbm1vbO8XdvZYKY0lZk4YilB2XKCZ4wJrAQbBOJBnxXcHa7ugqq7cfmFQ8DO5gHDHHJ4OAe5wS0FavWLq+wLZgHtiJd59UzGp6hDOwqqkt+WAIdtorls2aORFeBGsGZTRTo1f8svshjX0WABVEqa5lRuAkRAKngqUFO1YsInREBqyrMSA+U04yuSXFh9rpYy+U+gWAJ+7viYT4So19V3f6BIZqvpaZ/9W6MXjnTsKDKAYW0OkiLxYYQpwFg/tcMgpirIFQyfVfMR0SSSjo+Ao6BGv+5EVoHdes05p1e1KuX87iyKMDVEIVZKEzVEc3qIGaiKJH9Ixe0ZvxZLwY78bHtDVnzGb20R8Znz/CApmg</latexit>

F =
n
f (0), f (1)

o



Simple online game
• Learner  guesses between  and 

<latexit sha1_base64="rI2y+IPf0968gwFdg5Vk86Guscs=">AAAB8nicbVBNS8NAFHypX7V+VT16WSyCp5KIqMeqF48VrC2koWy223bpZhN2X4QS+jO8eFDEq7/Gm//GTZuDtg4sDDPvsfMmTKQw6LrfTmlldW19o7xZ2dre2d2r7h88mjjVjLdYLGPdCanhUijeQoGSdxLNaRRK3g7Ht7nffuLaiFg94CThQUSHSgwEo2glvxtRHDEqs+tpr1pz6+4MZJl4BalBgWav+tXtxyyNuEImqTG+5yYYZFSjYJJPK93U8ISyMR1y31JFI26CbBZ5Sk6s0ieDWNunkMzU3xsZjYyZRKGdzCOaRS8X//P8FAdXQSZUkiJXbP7RIJUEY5LfT/pCc4ZyYgllWtishI2opgxtSxVbgrd48jJ5PKt7F3Xv/rzWuCnqKMMRHMMpeHAJDbiDJrSAQQzP8ApvDjovzrvzMR8tOcXOIfyB8/kDckaRXQ==</latexit>

A
<latexit sha1_base64="//Kw8Z2L1bqGax8yopMpFUClzV8=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSLUS0lE1GPRi8cK9gPaWDbbSbt0swm7G6GE/ggvHhTx6u/x5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hoduq3nlBpHssHM07Qj+hA8pAzaqzUCh+zins26ZXKbtWdgSwTLydlyFHvlb66/ZilEUrDBNW647mJ8TOqDGcCJ8VuqjGhbEQH2LFU0gi1n83OnZBTq/RJGCtb0pCZ+nsio5HW4yiwnRE1Q73oTcX/vE5qwms/4zJJDUo2XxSmgpiYTH8nfa6QGTG2hDLF7a2EDamizNiEijYEb/HlZdI8r3qXVe/+oly7yeMowDGcQAU8uIIa3EEdGsBgBM/wCm9O4rw4787HvHXFyWeO4A+czx97no8D</latexit>

f (0)
<latexit sha1_base64="dU4PPpFMe9WbrE1tnGbWro2qvTA=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSLUS0lE1GPRi8cK9gPaWDbbSbt0swm7G6GE/ggvHhTx6u/x5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hoduq3nlBpHssHM07Qj+hA8pAzaqzUCh+zinc26ZXKbtWdgSwTLydlyFHvlb66/ZilEUrDBNW647mJ8TOqDGcCJ8VuqjGhbEQH2LFU0gi1n83OnZBTq/RJGCtb0pCZ+nsio5HW4yiwnRE1Q73oTcX/vE5qwms/4zJJDUo2XxSmgpiYTH8nfa6QGTG2hDLF7a2EDamizNiEijYEb/HlZdI8r3qXVe/+oly7yeMowDGcQAU8uIIa3EEdGsBgBM/wCm9O4rw4787HvHXFyWeO4A+czx99JI8E</latexit>

f (1)

• Adversary chooses  s.t. 
<latexit sha1_base64="ZozaSqMIN3vSWxKakBQmtEcaMyo=">AAAB9XicbVBNSwMxEJ3Ur1q/qh69BIvgQcquiHosevFYwX5Ady3ZNNuGZrNLklXL0v/hxYMiXv0v3vw3pu0etPXBwOO9GWbmBYng2jjONyosLa+srhXXSxubW9s75d29po5TRVmDxiJW7YBoJrhkDcONYO1EMRIFgrWC4fXEbz0wpXks78woYX5E+pKHnBJjpfsn7HGJvcw5wa437pYrTtWZAi8SNycVyFHvlr+8XkzTiElDBdG64zqJ8TOiDKeCjUteqllC6JD0WcdSSSKm/Wx69RgfWaWHw1jZkgZP1d8TGYm0HkWB7YyIGeh5byL+53VSE176GZdJapiks0VhKrCJ8SQC3OOKUSNGlhCquL0V0wFRhBobVMmG4M6/vEiap1X3vOrenlVqV3kcRTiAQzgGFy6gBjdQhwZQUPAMr/CGHtELekcfs9YCymf24Q/Q5w+swZFU</latexit>

x 2 {0, 1}
<latexit sha1_base64="iYjDegl+ywSYovItbnB6ShcLrkQ=">AAAB+3icbZDLSsNAFIYnXmu9xbp0M1iEuimJiLoRim5cVrAXaGOZTCft0MkkzJxIS8iruHGhiFtfxJ1v47TNQlt/GPj4zzmcM78fC67Bcb6tldW19Y3NwlZxe2d3b98+KDV1lCjKGjQSkWr7RDPBJWsAB8HasWIk9AVr+aPbab31xJTmkXyAScy8kAwkDzglYKyeXQoe0y7RkOFrbLAyPs16dtmpOjPhZXBzKKNc9Z791e1HNAmZBCqI1h3XicFLiQJOBcuK3USzmNARGbCOQUlCpr10dnuGT4zTx0GkzJOAZ+7viZSEWk9C33SGBIZ6sTY1/6t1EgiuvJTLOAEm6XxRkAgMEZ4GgftcMQpiYoBQxc2tmA6JIhRMXEUTgrv45WVonlXdi6p7f16u3eRxFNAROkYV5KJLVEN3qI4aiKIxekav6M3KrBfr3fqYt65Y+cwh+iPr8wcEk5PH</latexit>

f⇤ = f (x)

• Adversary can only give  and 
<latexit sha1_base64="/+0nLfzdoncmLr1Qb9qUXYpjXtU=">AAAB7XicbVBNSwMxEJ2tX7V+rXr0EixCBSm7Iuqx6MVjBfsB7VKyabaNzSZLkhXK0v/gxYMiXv0/3vw3pu0etPXBwOO9GWbmhQln2njet1NYWV1b3yhulra2d3b33P2DppapIrRBJJeqHWJNORO0YZjhtJ0oiuOQ01Y4up36rSeqNJPiwYwTGsR4IFjECDZWala8M+Sd9tyyV/VmQMvEz0kZctR77le3L0kaU2EIx1p3fC8xQYaVYYTTSambappgMsID2rFU4JjqIJtdO0EnVumjSCpbwqCZ+nsiw7HW4zi0nTE2Q73oTcX/vE5qousgYyJJDRVkvihKOTISTV9HfaYoMXxsCSaK2VsRGWKFibEBlWwI/uLLy6R5XvUvq/79Rbl2k8dRhCM4hgr4cAU1uIM6NIDAIzzDK7w50nlx3p2PeWvByWcO4Q+czx9s5425</latexit>

(0, 0)
<latexit sha1_base64="FTOgnYpS5AyIKkj9ngWWIJbQ2vU=">AAAB+nicbVBNS8NAEN34WetXqkcvi0WoICURUY9FLx4r2A9oQtlsN+3SzSbsTtQS+1O8eFDEq7/Em//GbZuDtj4YeLw3w8y8IBFcg+N8W0vLK6tr64WN4ubW9s6uXdpr6jhVlDVoLGLVDohmgkvWAA6CtRPFSBQI1gqG1xO/dc+U5rG8g1HC/Ij0JQ85JWCkrl3yBAuh4p7gR0/x/gCOu3bZqTpT4EXi5qSMctS79pfXi2kaMQlUEK07rpOAnxEFnAo2LnqpZgmhQ9JnHUMliZj2s+npY3xklB4OY2VKAp6qvycyEmk9igLTGREY6HlvIv7ndVIIL/2MyyQFJulsUZgKDDGe5IB7XDEKYmQIoYqbWzEdEEUomLSKJgR3/uVF0jytuudV9/asXLvK4yigA3SIKshFF6iGblAdNRBFD+gZvaI368l6sd6tj1nrkpXP7KM/sD5/AOnikyI=</latexit>

(1, x)

• Denote  and 
<latexit sha1_base64="7uzWHPa+b67EV6uBRxN4Rh5Ywwg=">AAAB+HicbVBNSwMxEM36WetHVz16CRahgpRdERVBKHrxWMF+QLuUbDptQ7PZkGSFuvSXePGgiFd/ijf/jWm7B219MPB4b4aZeaHkTBvP+3aWlldW19ZzG/nNre2dgru7V9dxoijUaMxj1QyJBs4E1AwzHJpSAYlCDo1weDvxG4+gNIvFgxlJCCLSF6zHKDFW6riFtgQl8dU1Lnkn2DvuuEWv7E2BF4mfkSLKUO24X+1uTJMIhKGcaN3yPWmClCjDKIdxvp1okIQOSR9algoSgQ7S6eFjfGSVLu7FypYweKr+nkhJpPUoCm1nRMxAz3sT8T+vlZjeZZAyIRMDgs4W9RKOTYwnKeAuU0ANH1lCqGL2VkwHRBFqbFZ5G4I///IiqZ+W/fOyf39WrNxkceTQATpEJeSjC1RBd6iKaoiiBD2jV/TmPDkvzrvzMWtdcrKZffQHzucPidmRDg==</latexit>

?:= (0, 0)
<latexit sha1_base64="uHEyqyRr7LFkG8JR9vnXADS0ymI=">AAAB8nicbVBNSwMxEM36WetX1aOXYBEqSNkVURGEohePFewHbJeSTdM2NJssyay0LP0ZXjwo4tVf481/Y9ruQVsfDDzem2FmXhgLbsB1v52l5ZXVtfXcRn5za3tnt7C3Xzcq0ZTVqBJKN0NimOCS1YCDYM1YMxKFgjXCwd3EbzwxbbiSjzCKWRCRnuRdTglYyR/i6xtc8k7x8KRdKLpldwq8SLyMFFGGarvw1eoomkRMAhXEGN9zYwhSooFTwcb5VmJYTOiA9JhvqSQRM0E6PXmMj63SwV2lbUnAU/X3REoiY0ZRaDsjAn0z703E/zw/ge5VkHIZJ8AknS3qJgKDwpP/cYdrRkGMLCFUc3srpn2iCQWbUt6G4M2/vEjqZ2Xvouw9nBcrt1kcOXSIjlAJeegSVdA9qqIaokihZ/SK3hxwXpx352PWuuRkMwfoD5zPH2oFj2M=</latexit>

x := (1, x)

Value at 0 Value at 1

f (0)

f (1)

0 0
0 1

<latexit sha1_base64="JAlcWX2Xa0pm0zcFZ1w/9bLNH5c=">AAAB/HicbVDLSsNAFL2pr1pf0S7dDBbBhZRERN0IRTcuK9gHNKFMppN26OTBzEQIIf6KGxeKuPVD3Pk3TtostPXAwOGce7lnjhdzJpVlfRuVldW19Y3qZm1re2d3z9w/6MooEYR2SMQj0fewpJyFtKOY4rQfC4oDj9OeN70t/N4jFZJF4YNKY+oGeBwynxGstDQ0606A1YRgnvXzayezTm0nH5oNq2nNgJaJXZIGlGgPzS9nFJEkoKEiHEs5sK1YuRkWihFO85qTSBpjMsVjOtA0xAGVbjYLn6NjrYyQHwn9QoVm6u+NDAdSpoGnJ4uoctErxP+8QaL8KzdjYZwoGpL5IT/hSEWoaAKNmKBE8VQTTATTWRGZYIGJ0n3VdAn24peXSfesaV807fvzRuumrKMKh3AEJ2DDJbTgDtrQAQIpPMMrvBlPxovxbnzMRytGuVOHPzA+fwAjEJRv</latexit>

X = {0, 1}
<latexit sha1_base64="yQ7/XgimUZSkgD2IVdZyzNCOFSQ=">AAACC3icbZDLSsNAFIYn9VbrrerSzdAitCAlEVE3QlEQlxXsBZpYJtNJO3RyYeZEKCF7N76KGxeKuPUF3Pk2TtoutPWHgY//nMOZ87uR4ApM89vILS2vrK7l1wsbm1vbO8XdvZYKY0lZk4YilB2XKCZ4wJrAQbBOJBnxXcHa7ugqq7cfmFQ8DO5gHDHHJ4OAe5wS0FavWLq+wLZgHtiJd59UzGp6hDOwqqkt+WAIdtorls2aORFeBGsGZTRTo1f8svshjX0WABVEqa5lRuAkRAKngqUFO1YsInREBqyrMSA+U04yuSXFh9rpYy+U+gWAJ+7viYT4So19V3f6BIZqvpaZ/9W6MXjnTsKDKAYW0OkiLxYYQpwFg/tcMgpirIFQyfVfMR0SSSjo+Ao6BGv+5EVoHdes05p1e1KuX87iyKMDVEIVZKEzVEc3qIGaiKJH9Ixe0ZvxZLwY78bHtDVnzGb20R8Znz/CApmg</latexit>

F =
n
f (0), f (1)

o



Simple online game
• Learner  guesses between  and 

<latexit sha1_base64="rI2y+IPf0968gwFdg5Vk86Guscs=">AAAB8nicbVBNS8NAFHypX7V+VT16WSyCp5KIqMeqF48VrC2koWy223bpZhN2X4QS+jO8eFDEq7/Gm//GTZuDtg4sDDPvsfMmTKQw6LrfTmlldW19o7xZ2dre2d2r7h88mjjVjLdYLGPdCanhUijeQoGSdxLNaRRK3g7Ht7nffuLaiFg94CThQUSHSgwEo2glvxtRHDEqs+tpr1pz6+4MZJl4BalBgWav+tXtxyyNuEImqTG+5yYYZFSjYJJPK93U8ISyMR1y31JFI26CbBZ5Sk6s0ieDWNunkMzU3xsZjYyZRKGdzCOaRS8X//P8FAdXQSZUkiJXbP7RIJUEY5LfT/pCc4ZyYgllWtishI2opgxtSxVbgrd48jJ5PKt7F3Xv/rzWuCnqKMMRHMMpeHAJDbiDJrSAQQzP8ApvDjovzrvzMR8tOcXOIfyB8/kDckaRXQ==</latexit>

A
<latexit sha1_base64="//Kw8Z2L1bqGax8yopMpFUClzV8=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSLUS0lE1GPRi8cK9gPaWDbbSbt0swm7G6GE/ggvHhTx6u/x5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hoduq3nlBpHssHM07Qj+hA8pAzaqzUCh+zins26ZXKbtWdgSwTLydlyFHvlb66/ZilEUrDBNW647mJ8TOqDGcCJ8VuqjGhbEQH2LFU0gi1n83OnZBTq/RJGCtb0pCZ+nsio5HW4yiwnRE1Q73oTcX/vE5qwms/4zJJDUo2XxSmgpiYTH8nfa6QGTG2hDLF7a2EDamizNiEijYEb/HlZdI8r3qXVe/+oly7yeMowDGcQAU8uIIa3EEdGsBgBM/wCm9O4rw4787HvHXFyWeO4A+czx97no8D</latexit>

f (0)
<latexit sha1_base64="dU4PPpFMe9WbrE1tnGbWro2qvTA=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSLUS0lE1GPRi8cK9gPaWDbbSbt0swm7G6GE/ggvHhTx6u/x5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hoduq3nlBpHssHM07Qj+hA8pAzaqzUCh+zinc26ZXKbtWdgSwTLydlyFHvlb66/ZilEUrDBNW647mJ8TOqDGcCJ8VuqjGhbEQH2LFU0gi1n83OnZBTq/RJGCtb0pCZ+nsio5HW4yiwnRE1Q73oTcX/vE5qwms/4zJJDUo2XxSmgpiYTH8nfa6QGTG2hDLF7a2EDamizNiEijYEb/HlZdI8r3qXVe/+oly7yeMowDGcQAU8uIIa3EEdGsBgBM/wCm9O4rw4787HvHXFyWeO4A+czx99JI8E</latexit>

f (1)

• Adversary chooses  s.t. 
<latexit sha1_base64="ZozaSqMIN3vSWxKakBQmtEcaMyo=">AAAB9XicbVBNSwMxEJ3Ur1q/qh69BIvgQcquiHosevFYwX5Ady3ZNNuGZrNLklXL0v/hxYMiXv0v3vw3pu0etPXBwOO9GWbmBYng2jjONyosLa+srhXXSxubW9s75d29po5TRVmDxiJW7YBoJrhkDcONYO1EMRIFgrWC4fXEbz0wpXks78woYX5E+pKHnBJjpfsn7HGJvcw5wa437pYrTtWZAi8SNycVyFHvlr+8XkzTiElDBdG64zqJ8TOiDKeCjUteqllC6JD0WcdSSSKm/Wx69RgfWaWHw1jZkgZP1d8TGYm0HkWB7YyIGeh5byL+53VSE176GZdJapiks0VhKrCJ8SQC3OOKUSNGlhCquL0V0wFRhBobVMmG4M6/vEiap1X3vOrenlVqV3kcRTiAQzgGFy6gBjdQhwZQUPAMr/CGHtELekcfs9YCymf24Q/Q5w+swZFU</latexit>

x 2 {0, 1}
<latexit sha1_base64="iYjDegl+ywSYovItbnB6ShcLrkQ=">AAAB+3icbZDLSsNAFIYnXmu9xbp0M1iEuimJiLoRim5cVrAXaGOZTCft0MkkzJxIS8iruHGhiFtfxJ1v47TNQlt/GPj4zzmcM78fC67Bcb6tldW19Y3NwlZxe2d3b98+KDV1lCjKGjQSkWr7RDPBJWsAB8HasWIk9AVr+aPbab31xJTmkXyAScy8kAwkDzglYKyeXQoe0y7RkOFrbLAyPs16dtmpOjPhZXBzKKNc9Z791e1HNAmZBCqI1h3XicFLiQJOBcuK3USzmNARGbCOQUlCpr10dnuGT4zTx0GkzJOAZ+7viZSEWk9C33SGBIZ6sTY1/6t1EgiuvJTLOAEm6XxRkAgMEZ4GgftcMQpiYoBQxc2tmA6JIhRMXEUTgrv45WVonlXdi6p7f16u3eRxFNAROkYV5KJLVEN3qI4aiKIxekav6M3KrBfr3fqYt65Y+cwh+iPr8wcEk5PH</latexit>

f⇤ = f (x)

• Adversary can only give  and 
<latexit sha1_base64="/+0nLfzdoncmLr1Qb9qUXYpjXtU=">AAAB7XicbVBNSwMxEJ2tX7V+rXr0EixCBSm7Iuqx6MVjBfsB7VKyabaNzSZLkhXK0v/gxYMiXv0/3vw3pu0etPXBwOO9GWbmhQln2njet1NYWV1b3yhulra2d3b33P2DppapIrRBJJeqHWJNORO0YZjhtJ0oiuOQ01Y4up36rSeqNJPiwYwTGsR4IFjECDZWala8M+Sd9tyyV/VmQMvEz0kZctR77le3L0kaU2EIx1p3fC8xQYaVYYTTSambappgMsID2rFU4JjqIJtdO0EnVumjSCpbwqCZ+nsiw7HW4zi0nTE2Q73oTcX/vE5qousgYyJJDRVkvihKOTISTV9HfaYoMXxsCSaK2VsRGWKFibEBlWwI/uLLy6R5XvUvq/79Rbl2k8dRhCM4hgr4cAU1uIM6NIDAIzzDK7w50nlx3p2PeWvByWcO4Q+czx9s5425</latexit>

(0, 0)
<latexit sha1_base64="FTOgnYpS5AyIKkj9ngWWIJbQ2vU=">AAAB+nicbVBNS8NAEN34WetXqkcvi0WoICURUY9FLx4r2A9oQtlsN+3SzSbsTtQS+1O8eFDEq7/Em//GbZuDtj4YeLw3w8y8IBFcg+N8W0vLK6tr64WN4ubW9s6uXdpr6jhVlDVoLGLVDohmgkvWAA6CtRPFSBQI1gqG1xO/dc+U5rG8g1HC/Ij0JQ85JWCkrl3yBAuh4p7gR0/x/gCOu3bZqTpT4EXi5qSMctS79pfXi2kaMQlUEK07rpOAnxEFnAo2LnqpZgmhQ9JnHUMliZj2s+npY3xklB4OY2VKAp6qvycyEmk9igLTGREY6HlvIv7ndVIIL/2MyyQFJulsUZgKDDGe5IB7XDEKYmQIoYqbWzEdEEUomLSKJgR3/uVF0jytuudV9/asXLvK4yigA3SIKshFF6iGblAdNRBFD+gZvaI368l6sd6tj1nrkpXP7KM/sD5/AOnikyI=</latexit>

(1, x)

• Denote  and 
<latexit sha1_base64="7uzWHPa+b67EV6uBRxN4Rh5Ywwg=">AAAB+HicbVBNSwMxEM36WetHVz16CRahgpRdERVBKHrxWMF+QLuUbDptQ7PZkGSFuvSXePGgiFd/ijf/jWm7B219MPB4b4aZeaHkTBvP+3aWlldW19ZzG/nNre2dgru7V9dxoijUaMxj1QyJBs4E1AwzHJpSAYlCDo1weDvxG4+gNIvFgxlJCCLSF6zHKDFW6riFtgQl8dU1Lnkn2DvuuEWv7E2BF4mfkSLKUO24X+1uTJMIhKGcaN3yPWmClCjDKIdxvp1okIQOSR9algoSgQ7S6eFjfGSVLu7FypYweKr+nkhJpPUoCm1nRMxAz3sT8T+vlZjeZZAyIRMDgs4W9RKOTYwnKeAuU0ANH1lCqGL2VkwHRBFqbFZ5G4I///IiqZ+W/fOyf39WrNxkceTQATpEJeSjC1RBd6iKaoiiBD2jV/TmPDkvzrvzMWtdcrKZffQHzucPidmRDg==</latexit>

?:= (0, 0)
<latexit sha1_base64="uHEyqyRr7LFkG8JR9vnXADS0ymI=">AAAB8nicbVBNSwMxEM36WetX1aOXYBEqSNkVURGEohePFewHbJeSTdM2NJssyay0LP0ZXjwo4tVf481/Y9ruQVsfDDzem2FmXhgLbsB1v52l5ZXVtfXcRn5za3tnt7C3Xzcq0ZTVqBJKN0NimOCS1YCDYM1YMxKFgjXCwd3EbzwxbbiSjzCKWRCRnuRdTglYyR/i6xtc8k7x8KRdKLpldwq8SLyMFFGGarvw1eoomkRMAhXEGN9zYwhSooFTwcb5VmJYTOiA9JhvqSQRM0E6PXmMj63SwV2lbUnAU/X3REoiY0ZRaDsjAn0z703E/zw/ge5VkHIZJ8AknS3qJgKDwpP/cYdrRkGMLCFUc3srpn2iCQWbUt6G4M2/vEjqZ2Xvouw9nBcrt1kcOXSIjlAJeegSVdA9qqIaokihZ/SK3hxwXpx352PWuuRkMwfoD5zPH2oFj2M=</latexit>

x := (1, x)

Value at 0 Value at 1

f (0)

f (1)

0 0
0 1

 s.t. 
<latexit sha1_base64="lwJts4fnRGwtcb4rp/66JpCluK8=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgqiQi6rLqxmUF+4AmlMn0th06mYSZibSE/IobF4q49Ufc+TdO2iy09cDA4Zx7uWdOEHOmtON8W6W19Y3NrfJ2ZWd3b//APqy2VZRICi0a8Uh2A6KAMwEtzTSHbiyBhAGHTjC5y/3OE0jFIvGoZzH4IRkJNmSUaCP17aoHU3NFeSHRY0p4epP17ZpTd+bAq8QtSA0VaPbtL28Q0SQEoSknSvVcJ9Z+SqRmlENW8RIFMaETMoKeoYKEoPx0nj3Dp0YZ4GEkzRMaz9XfGykJlZqFgZnMI6plLxf/83qJHl77KRNxokHQxaFhwrGOcF4EHjAJVPOZIYRKZrJiOiaSUG3qqpgS3OUvr5L2ed29rLsPF7XGbVFHGR2jE3SGXHSFGugeNVELUTRFz+gVvVmZ9WK9Wx+L0ZJV7ByhP7A+fwCc/pTQ</latexit>

9A <latexit sha1_base64="6c/wUzaoYlpctoSpyqN54shfqxI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1ItQ9OJFqGg/oA1ls920SzebsDsRSuhP8OJBEa/+Im/+G7dtDlp9MPB4b4aZeUEihUHX/XIKS8srq2vF9dLG5tb2Tnl3r2niVDPeYLGMdTughkuheAMFSt5ONKdRIHkrGF1P/dYj10bE6gHHCfcjOlAiFIyile5vL71eueJW3RnIX+LlpAI56r3yZ7cfszTiCpmkxnQ8N0E/oxoFk3xS6qaGJ5SN6IB3LFU04sbPZqdOyJFV+iSMtS2FZKb+nMhoZMw4CmxnRHFoFr2p+J/XSTG88DOhkhS5YvNFYSoJxmT6N+kLzRnKsSWUaWFvJWxINWVo0ynZELzFl/+S5knVO6t6d6eV2lUeRxEO4BCOwYNzqMEN1KEBDAbwBC/w6kjn2Xlz3uetBSef2YdfcD6+AZhtjVk=</latexit>

M = 1

<latexit sha1_base64="JAlcWX2Xa0pm0zcFZ1w/9bLNH5c=">AAAB/HicbVDLSsNAFL2pr1pf0S7dDBbBhZRERN0IRTcuK9gHNKFMppN26OTBzEQIIf6KGxeKuPVD3Pk3TtostPXAwOGce7lnjhdzJpVlfRuVldW19Y3qZm1re2d3z9w/6MooEYR2SMQj0fewpJyFtKOY4rQfC4oDj9OeN70t/N4jFZJF4YNKY+oGeBwynxGstDQ0606A1YRgnvXzayezTm0nH5oNq2nNgJaJXZIGlGgPzS9nFJEkoKEiHEs5sK1YuRkWihFO85qTSBpjMsVjOtA0xAGVbjYLn6NjrYyQHwn9QoVm6u+NDAdSpoGnJ4uoctErxP+8QaL8KzdjYZwoGpL5IT/hSEWoaAKNmKBE8VQTTATTWRGZYIGJ0n3VdAn24peXSfesaV807fvzRuumrKMKh3AEJ2DDJbTgDtrQAQIpPMMrvBlPxovxbnzMRytGuVOHPzA+fwAjEJRv</latexit>

X = {0, 1}
<latexit sha1_base64="yQ7/XgimUZSkgD2IVdZyzNCOFSQ=">AAACC3icbZDLSsNAFIYn9VbrrerSzdAitCAlEVE3QlEQlxXsBZpYJtNJO3RyYeZEKCF7N76KGxeKuPUF3Pk2TtoutPWHgY//nMOZ87uR4ApM89vILS2vrK7l1wsbm1vbO8XdvZYKY0lZk4YilB2XKCZ4wJrAQbBOJBnxXcHa7ugqq7cfmFQ8DO5gHDHHJ4OAe5wS0FavWLq+wLZgHtiJd59UzGp6hDOwqqkt+WAIdtorls2aORFeBGsGZTRTo1f8svshjX0WABVEqa5lRuAkRAKngqUFO1YsInREBqyrMSA+U04yuSXFh9rpYy+U+gWAJ+7viYT4So19V3f6BIZqvpaZ/9W6MXjnTsKDKAYW0OkiLxYYQpwFg/tcMgpirIFQyfVfMR0SSSjo+Ao6BGv+5EVoHdes05p1e1KuX87iyKMDVEIVZKEzVEc3qIGaiKJH9Ixe0ZvxZLwY78bHtDVnzGb20R8Znz/CApmg</latexit>

F =
n
f (0), f (1)

o
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Starter: Throw Away algorithm (Name & Shame)

• S ← ∅
• For t ∈ [T] :

• If  contains , output S x ≠ ⊥ x
• Else, output 0

• Add new sample to  with probability S δ

Algorithm is ‘private’ and will make  mistakes in expectation. Can be generalized to arbitrary 

classes, with  mistakes.

1
δ

Ldim(F)
δ

But this completely leaks the privacy of all points in .S
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An algorithm  is -concentrated, if , such that if 𝔸 β ∃x ∈ {0,1}
ℙ(𝔸(( ⊥ , ⊥ , …, ⊥ )) = (x, x, …, x)) ≥ 1 − β

⊥yt :



-Concentrated Algorithmβ

An algorithm  is -concentrated, if , such that if 𝔸 β ∃x ∈ {0,1}
ℙ(𝔸(( ⊥ , ⊥ , …, ⊥ )) = (x, x, …, x)) ≥ 1 − β

⊥

1
<latexit sha1_base64="Ql8StPXr1enPBhKvFCAOcZ+iNbY=">AAACBXicbVDJSgNBEO1xjXGLetRDYxA8SJgRUfEU9eIxglkgMww1nU7SpGexu0YIQy5e/BUvHhTx6j9482/sLAdNfFDweK+KqnpBIoVG2/625uYXFpeWcyv51bX1jc3C1nZNx6livMpiGatGAJpLEfEqCpS8kSgOYSB5PehdD/36A1daxNEd9hPuhdCJRFswQCP5hT03BOwykNnl4Ii69ym0qNsFpH0fL/xC0S7ZI9BZ4kxIkUxQ8QtfbitmacgjZBK0bjp2gl4GCgWTfJB3U80TYD3o8KahEYRce9noiwE9MEqLtmNlKkI6Un9PZBBq3Q8D0zm8WU97Q/E/r5li+9zLRJSkyCM2XtROJcWYDiOhLaE4Q9k3BJgS5lbKuqCAoQkub0Jwpl+eJbXjknNacm5PiuWrSRw5skv2ySFxyBkpkxtSIVXCyCN5Jq/kzXqyXqx362PcOmdNZnbIH1ifP3pkl+o=</latexit>

A, ŷt :

yt :



-Concentrated Algorithmβ

An algorithm  is -concentrated, if , such that if 𝔸 β ∃x ∈ {0,1}
ℙ(𝔸(( ⊥ , ⊥ , …, ⊥ )) = (x, x, …, x)) ≥ 1 − β

⊥

1 1
<latexit sha1_base64="Ql8StPXr1enPBhKvFCAOcZ+iNbY=">AAACBXicbVDJSgNBEO1xjXGLetRDYxA8SJgRUfEU9eIxglkgMww1nU7SpGexu0YIQy5e/BUvHhTx6j9482/sLAdNfFDweK+KqnpBIoVG2/625uYXFpeWcyv51bX1jc3C1nZNx6livMpiGatGAJpLEfEqCpS8kSgOYSB5PehdD/36A1daxNEd9hPuhdCJRFswQCP5hT03BOwykNnl4Ii69ym0qNsFpH0fL/xC0S7ZI9BZ4kxIkUxQ8QtfbitmacgjZBK0bjp2gl4GCgWTfJB3U80TYD3o8KahEYRce9noiwE9MEqLtmNlKkI6Un9PZBBq3Q8D0zm8WU97Q/E/r5li+9zLRJSkyCM2XtROJcWYDiOhLaE4Q9k3BJgS5lbKuqCAoQkub0Jwpl+eJbXjknNacm5PiuWrSRw5skv2ySFxyBkpkxtSIVXCyCN5Jq/kzXqyXqx362PcOmdNZnbIH1ifP3pkl+o=</latexit>

A, ŷt :

yt : ⊥



-Concentrated Algorithmβ

An algorithm  is -concentrated, if , such that if 𝔸 β ∃x ∈ {0,1}
ℙ(𝔸(( ⊥ , ⊥ , …, ⊥ )) = (x, x, …, x)) ≥ 1 − β

⊥

1 1
<latexit sha1_base64="Ql8StPXr1enPBhKvFCAOcZ+iNbY=">AAACBXicbVDJSgNBEO1xjXGLetRDYxA8SJgRUfEU9eIxglkgMww1nU7SpGexu0YIQy5e/BUvHhTx6j9482/sLAdNfFDweK+KqnpBIoVG2/625uYXFpeWcyv51bX1jc3C1nZNx6livMpiGatGAJpLEfEqCpS8kSgOYSB5PehdD/36A1daxNEd9hPuhdCJRFswQCP5hT03BOwykNnl4Ii69ym0qNsFpH0fL/xC0S7ZI9BZ4kxIkUxQ8QtfbitmacgjZBK0bjp2gl4GCgWTfJB3U80TYD3o8KahEYRce9noiwE9MEqLtmNlKkI6Un9PZBBq3Q8D0zm8WU97Q/E/r5li+9zLRJSkyCM2XtROJcWYDiOhLaE4Q9k3BJgS5lbKuqCAoQkub0Jwpl+eJbXjknNacm5PiuWrSRw5skv2ySFxyBkpkxtSIVXCyCN5Jq/kzXqyXqx362PcOmdNZnbIH1ifP3pkl+o=</latexit>

A, ŷt :

yt : ⊥

⋯

⋯⊥ ⊥ ⊥

11 11 1 1

⊥⊥ ⊥



-Concentrated Algorithmβ
<latexit sha1_base64="K++WsohStIGEmqxUlaAguvOHIhY=">AAACD3icbVDLSgMxFM3UV62vUZdugkWpIGVGREUQqm5cVrAP6Awlk0nb0MwkJBmhDP0DN/6KGxeKuHXrzr8x085CqwdCTs65l9x7AsGo0o7zZRXm5hcWl4rLpZXVtfUNe3OrqXgiMWlgzrhsB0gRRmPS0FQz0haSoChgpBUMrzO/dU+kojy+0yNB/Aj1Y9qjGGkjde19Bc8voBchPcCIpZfjiieIFIfQYyHXytzZ86Brl52qMwH8S9yclEGOetf+9EKOk4jEGjOkVMd1hPZTJDXFjIxLXqKIQHiI+qRjaIwiovx0ss8Y7hklhD0uzYk1nKg/O1IUKTWKAlOZDa5mvUz8z+skunfmpzQWiSYxnn7USxjUHGbhwJBKgjUbGYKwpGZWiAdIIqxNhCUTgju78l/SPKq6J1X39rhcu8rjKIIdsAsqwAWnoAZuQB00AAYP4Am8gFfr0Xq23qz3aWnBynu2wS9YH9/ryptX</latexit>

s := A(?, . . . ,?)
<latexit sha1_base64="eTt3Cr7vrADChAvwDp112ete9Ts=">AAACGXicbVDLSgMxFM3UV62vUZdugkVoQcuMiLoRim5cVrAP6JSSSW/b0MzD5I5Qhv6GG3/FjQtFXOrKvzF9LLR6SOBwzr0k5/ixFBod58vKLCwuLa9kV3Nr6xubW/b2Tk1HieJQ5ZGMVMNnGqQIoYoCJTRiBSzwJdT9wdXYr9+D0iIKb3EYQytgvVB0BWdopLbteAHDvu+nlVFB0wtacA+pOZ7sRKgNLRap14M76tIj6vmArG3nnZIzAf1L3BnJkxkqbfvD60Q8CSBELpnWTdeJsZUyhYJLGOW8REPM+ID1oGloyALQrXSSbEQPjNKh3UiZGyKdqD83UhZoPQx8MznOoee9sfif10ywe95KRRgnCCGfPtRNJMWIjmuiHaGAoxwawrgS5q+U95liHE2ZOVOCOx/5L6kdl9zTkntzki9fzurIkj2yTwrEJWekTK5JhVQJJw/kibyQV+vRerberPfpaMaa7eySX7A+vwEfXpyd</latexit>

P(s = (1, 1, . . . , 1)) � 1� �



-Concentrated Algorithmβ
<latexit sha1_base64="K++WsohStIGEmqxUlaAguvOHIhY=">AAACD3icbVDLSgMxFM3UV62vUZdugkWpIGVGREUQqm5cVrAP6Awlk0nb0MwkJBmhDP0DN/6KGxeKuHXrzr8x085CqwdCTs65l9x7AsGo0o7zZRXm5hcWl4rLpZXVtfUNe3OrqXgiMWlgzrhsB0gRRmPS0FQz0haSoChgpBUMrzO/dU+kojy+0yNB/Aj1Y9qjGGkjde19Bc8voBchPcCIpZfjiieIFIfQYyHXytzZ86Brl52qMwH8S9yclEGOetf+9EKOk4jEGjOkVMd1hPZTJDXFjIxLXqKIQHiI+qRjaIwiovx0ss8Y7hklhD0uzYk1nKg/O1IUKTWKAlOZDa5mvUz8z+skunfmpzQWiSYxnn7USxjUHGbhwJBKgjUbGYKwpGZWiAdIIqxNhCUTgju78l/SPKq6J1X39rhcu8rjKIIdsAsqwAWnoAZuQB00AAYP4Am8gFfr0Xq23qz3aWnBynu2wS9YH9/ryptX</latexit>

s := A(?, . . . ,?)
<latexit sha1_base64="eTt3Cr7vrADChAvwDp112ete9Ts=">AAACGXicbVDLSgMxFM3UV62vUZdugkVoQcuMiLoRim5cVrAP6JSSSW/b0MzD5I5Qhv6GG3/FjQtFXOrKvzF9LLR6SOBwzr0k5/ixFBod58vKLCwuLa9kV3Nr6xubW/b2Tk1HieJQ5ZGMVMNnGqQIoYoCJTRiBSzwJdT9wdXYr9+D0iIKb3EYQytgvVB0BWdopLbteAHDvu+nlVFB0wtacA+pOZ7sRKgNLRap14M76tIj6vmArG3nnZIzAf1L3BnJkxkqbfvD60Q8CSBELpnWTdeJsZUyhYJLGOW8REPM+ID1oGloyALQrXSSbEQPjNKh3UiZGyKdqD83UhZoPQx8MznOoee9sfif10ywe95KRRgnCCGfPtRNJMWIjmuiHaGAoxwawrgS5q+U95liHE2ZOVOCOx/5L6kdl9zTkntzki9fzurIkj2yTwrEJWekTK5JhVQJJw/kibyQV+vRerberPfpaMaa7eySX7A+vwEfXpyd</latexit>

P(s = (1, 1, . . . , 1)) � 1� �



-Concentrated Algorithmβ

t = 1 ℙ(s1 = 0)

<latexit sha1_base64="K++WsohStIGEmqxUlaAguvOHIhY=">AAACD3icbVDLSgMxFM3UV62vUZdugkWpIGVGREUQqm5cVrAP6Awlk0nb0MwkJBmhDP0DN/6KGxeKuHXrzr8x085CqwdCTs65l9x7AsGo0o7zZRXm5hcWl4rLpZXVtfUNe3OrqXgiMWlgzrhsB0gRRmPS0FQz0haSoChgpBUMrzO/dU+kojy+0yNB/Aj1Y9qjGGkjde19Bc8voBchPcCIpZfjiieIFIfQYyHXytzZ86Brl52qMwH8S9yclEGOetf+9EKOk4jEGjOkVMd1hPZTJDXFjIxLXqKIQHiI+qRjaIwiovx0ss8Y7hklhD0uzYk1nKg/O1IUKTWKAlOZDa5mvUz8z+skunfmpzQWiSYxnn7USxjUHGbhwJBKgjUbGYKwpGZWiAdIIqxNhCUTgju78l/SPKq6J1X39rhcu8rjKIIdsAsqwAWnoAZuQB00AAYP4Am8gFfr0Xq23qz3aWnBynu2wS9YH9/ryptX</latexit>

s := A(?, . . . ,?)
<latexit sha1_base64="eTt3Cr7vrADChAvwDp112ete9Ts=">AAACGXicbVDLSgMxFM3UV62vUZdugkVoQcuMiLoRim5cVrAP6JSSSW/b0MzD5I5Qhv6GG3/FjQtFXOrKvzF9LLR6SOBwzr0k5/ixFBod58vKLCwuLa9kV3Nr6xubW/b2Tk1HieJQ5ZGMVMNnGqQIoYoCJTRiBSzwJdT9wdXYr9+D0iIKb3EYQytgvVB0BWdopLbteAHDvu+nlVFB0wtacA+pOZ7sRKgNLRap14M76tIj6vmArG3nnZIzAf1L3BnJkxkqbfvD60Q8CSBELpnWTdeJsZUyhYJLGOW8REPM+ID1oGloyALQrXSSbEQPjNKh3UiZGyKdqD83UhZoPQx8MznOoee9sfif10ywe95KRRgnCCGfPtRNJMWIjmuiHaGAoxwawrgS5q+U95liHE2ZOVOCOx/5L6kdl9zTkntzki9fzurIkj2yTwrEJWekTK5JhVQJJw/kibyQV+vRerberPfpaMaa7eySX7A+vwEfXpyd</latexit>

P(s = (1, 1, . . . , 1)) � 1� �



-Concentrated Algorithmβ

t = 1 ℙ(s1 = 0) ℙ(s1 = 1)

<latexit sha1_base64="K++WsohStIGEmqxUlaAguvOHIhY=">AAACD3icbVDLSgMxFM3UV62vUZdugkWpIGVGREUQqm5cVrAP6Awlk0nb0MwkJBmhDP0DN/6KGxeKuHXrzr8x085CqwdCTs65l9x7AsGo0o7zZRXm5hcWl4rLpZXVtfUNe3OrqXgiMWlgzrhsB0gRRmPS0FQz0haSoChgpBUMrzO/dU+kojy+0yNB/Aj1Y9qjGGkjde19Bc8voBchPcCIpZfjiieIFIfQYyHXytzZ86Brl52qMwH8S9yclEGOetf+9EKOk4jEGjOkVMd1hPZTJDXFjIxLXqKIQHiI+qRjaIwiovx0ss8Y7hklhD0uzYk1nKg/O1IUKTWKAlOZDa5mvUz8z+skunfmpzQWiSYxnn7USxjUHGbhwJBKgjUbGYKwpGZWiAdIIqxNhCUTgju78l/SPKq6J1X39rhcu8rjKIIdsAsqwAWnoAZuQB00AAYP4Am8gFfr0Xq23qz3aWnBynu2wS9YH9/ryptX</latexit>

s := A(?, . . . ,?)
<latexit sha1_base64="eTt3Cr7vrADChAvwDp112ete9Ts=">AAACGXicbVDLSgMxFM3UV62vUZdugkVoQcuMiLoRim5cVrAP6JSSSW/b0MzD5I5Qhv6GG3/FjQtFXOrKvzF9LLR6SOBwzr0k5/ixFBod58vKLCwuLa9kV3Nr6xubW/b2Tk1HieJQ5ZGMVMNnGqQIoYoCJTRiBSzwJdT9wdXYr9+D0iIKb3EYQytgvVB0BWdopLbteAHDvu+nlVFB0wtacA+pOZ7sRKgNLRap14M76tIj6vmArG3nnZIzAf1L3BnJkxkqbfvD60Q8CSBELpnWTdeJsZUyhYJLGOW8REPM+ID1oGloyALQrXSSbEQPjNKh3UiZGyKdqD83UhZoPQx8MznOoee9sfif10ywe95KRRgnCCGfPtRNJMWIjmuiHaGAoxwawrgS5q+U95liHE2ZOVOCOx/5L6kdl9zTkntzki9fzurIkj2yTwrEJWekTK5JhVQJJw/kibyQV+vRerberPfpaMaa7eySX7A+vwEfXpyd</latexit>

P(s = (1, 1, . . . , 1)) � 1� �



-Concentrated Algorithmβ

t = 1

t = 2

ℙ(s1 = 0) ℙ(s1 = 1)

ℙ(s1:2 = (0,0))

<latexit sha1_base64="K++WsohStIGEmqxUlaAguvOHIhY=">AAACD3icbVDLSgMxFM3UV62vUZdugkWpIGVGREUQqm5cVrAP6Awlk0nb0MwkJBmhDP0DN/6KGxeKuHXrzr8x085CqwdCTs65l9x7AsGo0o7zZRXm5hcWl4rLpZXVtfUNe3OrqXgiMWlgzrhsB0gRRmPS0FQz0haSoChgpBUMrzO/dU+kojy+0yNB/Aj1Y9qjGGkjde19Bc8voBchPcCIpZfjiieIFIfQYyHXytzZ86Brl52qMwH8S9yclEGOetf+9EKOk4jEGjOkVMd1hPZTJDXFjIxLXqKIQHiI+qRjaIwiovx0ss8Y7hklhD0uzYk1nKg/O1IUKTWKAlOZDa5mvUz8z+skunfmpzQWiSYxnn7USxjUHGbhwJBKgjUbGYKwpGZWiAdIIqxNhCUTgju78l/SPKq6J1X39rhcu8rjKIIdsAsqwAWnoAZuQB00AAYP4Am8gFfr0Xq23qz3aWnBynu2wS9YH9/ryptX</latexit>

s := A(?, . . . ,?)
<latexit sha1_base64="eTt3Cr7vrADChAvwDp112ete9Ts=">AAACGXicbVDLSgMxFM3UV62vUZdugkVoQcuMiLoRim5cVrAP6JSSSW/b0MzD5I5Qhv6GG3/FjQtFXOrKvzF9LLR6SOBwzr0k5/ixFBod58vKLCwuLa9kV3Nr6xubW/b2Tk1HieJQ5ZGMVMNnGqQIoYoCJTRiBSzwJdT9wdXYr9+D0iIKb3EYQytgvVB0BWdopLbteAHDvu+nlVFB0wtacA+pOZ7sRKgNLRap14M76tIj6vmArG3nnZIzAf1L3BnJkxkqbfvD60Q8CSBELpnWTdeJsZUyhYJLGOW8REPM+ID1oGloyALQrXSSbEQPjNKh3UiZGyKdqD83UhZoPQx8MznOoee9sfif10ywe95KRRgnCCGfPtRNJMWIjmuiHaGAoxwawrgS5q+U95liHE2ZOVOCOx/5L6kdl9zTkntzki9fzurIkj2yTwrEJWekTK5JhVQJJw/kibyQV+vRerberPfpaMaa7eySX7A+vwEfXpyd</latexit>

P(s = (1, 1, . . . , 1)) � 1� �



-Concentrated Algorithmβ

t = 1

t = 2

ℙ(s1 = 0) ℙ(s1 = 1)

ℙ(s1:2 = (0,0)) ℙ(s1:2 = (0,1))

<latexit sha1_base64="K++WsohStIGEmqxUlaAguvOHIhY=">AAACD3icbVDLSgMxFM3UV62vUZdugkWpIGVGREUQqm5cVrAP6Awlk0nb0MwkJBmhDP0DN/6KGxeKuHXrzr8x085CqwdCTs65l9x7AsGo0o7zZRXm5hcWl4rLpZXVtfUNe3OrqXgiMWlgzrhsB0gRRmPS0FQz0haSoChgpBUMrzO/dU+kojy+0yNB/Aj1Y9qjGGkjde19Bc8voBchPcCIpZfjiieIFIfQYyHXytzZ86Brl52qMwH8S9yclEGOetf+9EKOk4jEGjOkVMd1hPZTJDXFjIxLXqKIQHiI+qRjaIwiovx0ss8Y7hklhD0uzYk1nKg/O1IUKTWKAlOZDa5mvUz8z+skunfmpzQWiSYxnn7USxjUHGbhwJBKgjUbGYKwpGZWiAdIIqxNhCUTgju78l/SPKq6J1X39rhcu8rjKIIdsAsqwAWnoAZuQB00AAYP4Am8gFfr0Xq23qz3aWnBynu2wS9YH9/ryptX</latexit>

s := A(?, . . . ,?)
<latexit sha1_base64="eTt3Cr7vrADChAvwDp112ete9Ts=">AAACGXicbVDLSgMxFM3UV62vUZdugkVoQcuMiLoRim5cVrAP6JSSSW/b0MzD5I5Qhv6GG3/FjQtFXOrKvzF9LLR6SOBwzr0k5/ixFBod58vKLCwuLa9kV3Nr6xubW/b2Tk1HieJQ5ZGMVMNnGqQIoYoCJTRiBSzwJdT9wdXYr9+D0iIKb3EYQytgvVB0BWdopLbteAHDvu+nlVFB0wtacA+pOZ7sRKgNLRap14M76tIj6vmArG3nnZIzAf1L3BnJkxkqbfvD60Q8CSBELpnWTdeJsZUyhYJLGOW8REPM+ID1oGloyALQrXSSbEQPjNKh3UiZGyKdqD83UhZoPQx8MznOoee9sfif10ywe95KRRgnCCGfPtRNJMWIjmuiHaGAoxwawrgS5q+U95liHE2ZOVOCOx/5L6kdl9zTkntzki9fzurIkj2yTwrEJWekTK5JhVQJJw/kibyQV+vRerberPfpaMaa7eySX7A+vwEfXpyd</latexit>

P(s = (1, 1, . . . , 1)) � 1� �



-Concentrated Algorithmβ

t = 1

t = 2

ℙ(s1 = 0) ℙ(s1 = 1)

ℙ(s1:2 = (0,0)) ℙ(s1:2 = (0,1)) ℙ(s1:2 = (1,0))

<latexit sha1_base64="K++WsohStIGEmqxUlaAguvOHIhY=">AAACD3icbVDLSgMxFM3UV62vUZdugkWpIGVGREUQqm5cVrAP6Awlk0nb0MwkJBmhDP0DN/6KGxeKuHXrzr8x085CqwdCTs65l9x7AsGo0o7zZRXm5hcWl4rLpZXVtfUNe3OrqXgiMWlgzrhsB0gRRmPS0FQz0haSoChgpBUMrzO/dU+kojy+0yNB/Aj1Y9qjGGkjde19Bc8voBchPcCIpZfjiieIFIfQYyHXytzZ86Brl52qMwH8S9yclEGOetf+9EKOk4jEGjOkVMd1hPZTJDXFjIxLXqKIQHiI+qRjaIwiovx0ss8Y7hklhD0uzYk1nKg/O1IUKTWKAlOZDa5mvUz8z+skunfmpzQWiSYxnn7USxjUHGbhwJBKgjUbGYKwpGZWiAdIIqxNhCUTgju78l/SPKq6J1X39rhcu8rjKIIdsAsqwAWnoAZuQB00AAYP4Am8gFfr0Xq23qz3aWnBynu2wS9YH9/ryptX</latexit>

s := A(?, . . . ,?)
<latexit sha1_base64="eTt3Cr7vrADChAvwDp112ete9Ts=">AAACGXicbVDLSgMxFM3UV62vUZdugkVoQcuMiLoRim5cVrAP6JSSSW/b0MzD5I5Qhv6GG3/FjQtFXOrKvzF9LLR6SOBwzr0k5/ixFBod58vKLCwuLa9kV3Nr6xubW/b2Tk1HieJQ5ZGMVMNnGqQIoYoCJTRiBSzwJdT9wdXYr9+D0iIKb3EYQytgvVB0BWdopLbteAHDvu+nlVFB0wtacA+pOZ7sRKgNLRap14M76tIj6vmArG3nnZIzAf1L3BnJkxkqbfvD60Q8CSBELpnWTdeJsZUyhYJLGOW8REPM+ID1oGloyALQrXSSbEQPjNKh3UiZGyKdqD83UhZoPQx8MznOoee9sfif10ywe95KRRgnCCGfPtRNJMWIjmuiHaGAoxwawrgS5q+U95liHE2ZOVOCOx/5L6kdl9zTkntzki9fzurIkj2yTwrEJWekTK5JhVQJJw/kibyQV+vRerberPfpaMaa7eySX7A+vwEfXpyd</latexit>

P(s = (1, 1, . . . , 1)) � 1� �



-Concentrated Algorithmβ

t = 1

t = 2

ℙ(s1 = 0) ℙ(s1 = 1)

ℙ(s1:2 = (0,0)) ℙ(s1:2 = (0,1)) ℙ(s1:2 = (1,0)) ℙ(s1:2 = (1,1))
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Corollary

There exists a function class, , such that any -private proper online 

algorithm must have  in the worst case. 

PointN (ε, δ)

𝔼 [M] ≥ min( 1
δ

,
1

1000ε
log

T
δ )

For , , any -private online algorithm must have 

 in the worst case. 

N ≥ T Point∞ (ε, δ)

𝔼 [M] ≥ min( 1
δ

,
1

1000ε
log T)

Concurrent work [CLNSS24] 
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If you are interested to work on questions like these, 


I am looking to advise 


• PhD & postdocs in Copenhagen and 


• UGPs  in IIT Kanpur.


