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• An STE scheme is  -secure if


• It reveals no information about the structure beyond 


• It reveals no information about the structure and queries beyond 


• It reveals no information about the structure and adds beyond  

• It reveals no information about the structure and deletes beyond  

(ℒS, ℒQ, ℒA, ℒD)

ℒS

ℒQ

ℒA

ℒD

Definitions
Structured Encryption
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• DXs map labels to values 
 
	  

• Get: DX[ ] returns v2ℓ3

• MMs map labels to tuples 
 
	 


• Get: MM[ ] returns (v2 , v4)ℓ3

ℓ1

ℓ2

ℓ3

v1 v3 v4

v3

v2 v4

Multi-map MM

ℓ1

ℓ2

ℓ3

v1

v3

v2

Dictionary DX

Dictionary and Multi-Map data structures
Background



Dynamic EMMs

• Dynamic sub-linear EMMs [KPR12, CKKKRS14, …]


• Optimal-time queries


•  : query operations leak query equality (qeq) 


• If and when two queries are for the same label


•  : add operations leak add-query equality


• If and when an add is for the same label as a query

ℒQ

ℒA



Leakage Graphs

a, l5 , 2q, l5 q, l2 q, l5 

•   : add operations leak add-query equality


•  : query operations leak query equality 

ℒA

ℒQ



Injection Attacks [ZKP16]

a, l5 , 2q, ? q, ? q, ? 

•  : add operations leak add-query equalityℒA

q, ? 

pre-injection queries post-injection queriesinjection



Forward-Privacy [SPS14]
Definitions

• Introduced in [SPS14] but not formalized


• “adds & deletes not correlated with previous queries”


• Formalized in [Bost16] roughly as “adds & deletes leak add & delete size” 


• Formalized in [KM18] as “adds & deletes leak nothing”


• [ZKP16] observed that 


• Forward-privacy protects pre-injection queries 


• But not post-injection queries



Injection Attacks [ZKP16]

a, l5 , 2q, ? q, ? q, ? 

• Forward-privacy


•  : add operations do not leak add-to-query equality but still leak query-
to-add equality
ℒA

q, ? 



Forward Privacy
Limitations

a, l5 , 2q, ? q, ? q, ? 

• But what if scheme also leaks query equality?


•  : add operations leak query-to-add equality


•  : query operations leak query equality (qeq) 

ℒA

ℒQ

q, ? 

pre-injection queries post-injection queriesinjection



What’s Going on?

• Injection attacks are only a subset of a larger class of attacks


• Forward-privacy is only one security notion among a class of related notions 



Correlation Attacks

• Learn labels of a subset of operations 


• using injections, inference attacks or known-data attacks etc…


• Use leakage to correlate known operations with unknown operations 

• Operations here can be any of queries, adds, deletes, …


• Special case of injection attacks


• execute add operations with known label


• use add-query leakage to correlate adds to unknown queries



Correlation Security

• A leakage profile  is correlation-secure 


• “if it doesn’t reveal correlations between certain types of operations”


• “if the leakage graph has no paths between certain types of operations” 


• Formalized using a (complex) parametrizable game-based definition     

(ℒS, ℒQ, ℒA, ℒD)



Injection Security

• Special case of correlation security


• A leakage profile  is injection-secure 


• “if there are no correlations between adds and pre- & post-injection 
queries”


• “if no paths exist between adds and pre- and post-injection queries”


• Formalized by parameterizing the definition of correlation security 

(ℒS, ℒQ, ℒA, ℒD)



Other Approaches

• ORAM-based


• Store multi-map in an ORAM 


• but in a volume-hiding manner (see paper for more)


• SWiSSSE [GPPW20] 


• argument of security against injection attacks



Contributions



Theorem 1

Theorem 1. If a leakage profile is such that  and  then it 
is injection-secure. 

ℒQ = qeq ℒA = ℒD = ⊥



New Constructions
FIX, FixSSE and DVLH

• FIX is the first (dynamic) injection-secure multi-map encryption scheme


• FixSSE is the first (dynamic) injection-secure searchable symmetric encryption 
scheme


• DVLH is a dynamic volume-hiding multi-map encryption scheme


• DVLH is based on the dynamic pseudo-random transform (DPRT) 


• All schemes above can achieve sub-linear search overhead under some assumptions



New Constructions

<latexit sha1_base64="OOBmqjwy5Kwnk26tvqSaVlzSA+8=">AAAB83icbVDLSgMxFL2pr1pfVZdugkVwVWbE17IoiO4q2Ad0hpJJM21oJjMkGaEM/Q03LhRx68+4829Mp7PQ6oHA4Zx7uScnSATXxnG+UGlpeWV1rbxe2djc2t6p7u61dZwqylo0FrHqBkQzwSVrGW4E6yaKkSgQrBOMr2d+55EpzWP5YCYJ8yMylDzklBgreV5EzEiH2c1dd9qv1py6kwP/JW5BalCg2a9+eoOYphGThgqidc91EuNnRBlOBZtWvFSzhNAxGbKepZJETPtZnnmKj6wywGGs7JMG5+rPjYxEWk+iwE7mGRe9mfif10tNeOlnXCapYZLOD4WpwCbGswLwgCtGjZhYQqjiNiumI6IINbamii3BXfzyX9I+qbvn9bP701rjqqijDAdwCMfgwgU04Baa0AIKCTzBC7yiFD2jN/Q+Hy2hYmcffgF9fAMUwZG6</latexit>

FIX
<latexit sha1_base64="8nAbFQmE8XexcctalAZlJPeXqxc=">AAAB+HicbVDLSgMxFL1TX7U+OurSTbAIrsqM+FoWRXFZqX1AW0omzbShmcyQZMQ69EvcuFDErZ/izr8xnc5CWw8EDufcyz05XsSZ0o7zbeWWlldW1/LrhY3Nre2ivbPbUGEsCa2TkIey5WFFORO0rpnmtBVJigOP06Y3upr6zQcqFQvFvR5HtBvggWA+I1gbqWcXOwHWQ+UnN+yxVrue9OySU3ZSoEXiZqQEGao9+6vTD0kcUKEJx0q1XSfS3QRLzQink0InVjTCZIQHtG2owAFV3SQNPkGHRukjP5TmCY1S9fdGggOlxoFnJtOY895U/M9rx9q/6CZMRLGmgswO+TFHOkTTFlCfSUo0HxuCiWQmKyJDLDHRpquCKcGd//IiaRyX3bPy6d1JqXKZ1ZGHfTiAI3DhHCpwC1WoA4EYnuEV3qwn68V6tz5mozkr29mDP7A+fwDQe5M0</latexit>

FixSSE

<latexit sha1_base64="3ceJ43N1UkYrdsr8UgkO+mZe3zk=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsyIr2XRjcsqfUFnKJk004YmmSHJCGXob7hxoYhbf8adf2M6nYVWDwQO59zLPTlhwpk2rvvllFZW19Y3ypuVre2d3b3q/kFHx6kitE1iHqteiDXlTNK2YYbTXqIoFiGn3XByO/e7j1RpFsuWmSY0EHgkWcQINlbyfYHNWEdZ86E1G1Rrbt3Ngf4SryA1KNAcVD/9YUxSQaUhHGvd99zEBBlWhhFOZxU/1TTBZIJHtG+pxILqIMszz9CJVYYoipV90qBc/bmRYaH1VIR2Ms+47M3F/7x+aqLrIGMySQ2VZHEoSjkyMZoXgIZMUWL41BJMFLNZERljhYmxNVVsCd7yl/+Szlndu6xf3J/XGjdFHWU4gmM4BQ+uoAF30IQ2EEjgCV7g1UmdZ+fNeV+Mlpxi5xB+wfn4Biupkck=</latexit>

PRT

<latexit sha1_base64="EKTUXb8zYzeKgiCy6lYGi+q1Tic=">AAAB9HicbVDLSsNAFL2pr1pfVZduBovgqiTia1nUhcsofUEbymQ6aYdOJnFmUiih3+HGhSJu/Rh3/o3TNAttPTBwOOde7pnjx5wpbdvfVmFldW19o7hZ2tre2d0r7x80VZRIQhsk4pFs+1hRzgRtaKY5bceS4tDntOWPbmd+a0ylYpGo60lMvRAPBAsYwdpIXjfEeqiC9M59rE975YpdtTOgZeLkpAI53F75q9uPSBJSoQnHSnUcO9ZeiqVmhNNpqZsoGmMywgPaMVTgkCovzUJP0YlR+iiIpHlCo0z9vZHiUKlJ6JvJLOSiNxP/8zqJDq69lIk40VSQ+aEg4UhHaNYA6jNJieYTQzCRzGRFZIglJtr0VDIlOItfXibNs6pzWb14OK/UbvI6inAEx3AKDlxBDe7BhQYQeIJneIU3a2y9WO/Wx3y0YOU7h/AH1ucPvB2SFw==</latexit>

DPRT

<latexit sha1_base64="A6n9gPuQ3KsoFH8cLs2b48WE4Jc=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsyIr2XRTRcuKtgHdIaSSTNtaCYTkoxQhv6GGxeKuPVn3Pk3ptNZaPVA4HDOvdyTE0rOtHHdL6e0srq2vlHerGxt7+zuVfcPOjpJFaFtkvBE9UKsKWeCtg0znPakojgOOe2Gk9u5332kSrNEPJippEGMR4JFjGBjJd+PsRnrKOvcNWeDas2tuznQX+IVpAYFWoPqpz9MSBpTYQjHWvc9V5ogw8owwums4qeaSkwmeET7lgocUx1keeYZOrHKEEWJsk8YlKs/NzIcaz2NQzuZZ1z25uJ/Xj810XWQMSFTQwVZHIpSjkyC5gWgIVOUGD61BBPFbFZExlhhYmxNFVuCt/zlv6RzVvcu6xf357XGTVFHGY7gGE7BgytoQBNa0AYCEp7gBV6d1Hl23pz3xWjJKXYO4Recj28Zc5G9</latexit>

VLH

<latexit sha1_base64="NvhEnQO83069nn8m6ET+TE0uF/g=">AAAB9HicbVDLSsNAFL2pr1pfUZduBovgqiTia1nURRcuKtgHtKFMppN26GQSZyaFEvodblwo4taPceffOE2z0NYDA4dz7uWeOX7MmdKO820VVlbX1jeKm6Wt7Z3dPXv/oKmiRBLaIBGPZNvHinImaEMzzWk7lhSHPqctf3Q781tjKhWLxKOexNQL8UCwgBGsjeR1Q6yHKkjvmve1ac8uOxUnA1ombk7KkKPes7+6/YgkIRWacKxUx3Vi7aVYakY4nZa6iaIxJiM8oB1DBQ6p8tIs9BSdGKWPgkiaJzTK1N8bKQ6VmoS+mcxCLnoz8T+vk+jg2kuZiBNNBZkfChKOdIRmDaA+k5RoPjEEE8lMVkSGWGKiTU8lU4K7+OVl0jyruJeVi4fzcvUmr6MIR3AMp+DCFVShBnVoAIEneIZXeLPG1ov1bn3MRwtWvnMIf2B9/gCp55IL</latexit>

DVLH

<latexit sha1_base64="nAzb1xkdMeWUwPcJrg9Rf22XGvM=">AAAB7XicbVDJSgNBEK1xjXGLevTSGARPYUbcjkEvHiOaBZIh9HR6kja9DN09QhjyD148KOLV//Hm39hJ5qCJDwoe71VRVS9KODPW97+9peWV1bX1wkZxc2t7Z7e0t98wKtWE1oniSrcibChnktYts5y2Ek2xiDhtRsObid98otowJR/sKKGhwH3JYkawdVKjc8/6AndLZb/iT4EWSZCTMuSodUtfnZ4iqaDSEo6NaQd+YsMMa8sIp+NiJzU0wWSI+7TtqMSCmjCbXjtGx07poVhpV9Kiqfp7IsPCmJGIXKfAdmDmvYn4n9dObXwVZkwmqaWSzBbFKUdWocnrqMc0JZaPHMFEM3crIgOsMbEuoKILIZh/eZE0TivBReX87qxcvc7jKMAhHMEJBHAJVbiFGtSBwCM8wyu8ecp78d69j1nrkpfPHMAfeJ8/bp+PDQ==</latexit>

⌃

<latexit sha1_base64="85C7j7cmphwRW1iNUNVnLI2HR2w=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQzqwWME84BkCbOT3mTM7OwyMyuEJf/gxYMiXv0fb/6Nk2QPmljQUFR1090VJIJr47rfztLyyuraemGjuLm1vbNb2ttv6DhVDOssFrFqBVSj4BLrhhuBrUQhjQKBzWB4M/GbT6g0j+WDGSXoR7QvecgZNVZqdG5RGNotld2KOwVZJF5OypCj1i19dXoxSyOUhgmqddtzE+NnVBnOBI6LnVRjQtmQ9rFtqaQRaj+bXjsmx1bpkTBWtqQhU/X3REYjrUdRYDsjagZ63puI/3nt1IRXfsZlkhqUbLYoTAUxMZm8TnpcITNiZAllittbCRtQRZmxARVtCN78y4ukcVrxLirn92fl6nUeRwEO4QhOwINLqMId1KAODB7hGV7hzYmdF+fd+Zi1Ljn5zAH8gfP5A2PMjwY=</latexit>
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Proposed Schemes

<latexit sha1_base64="OOBmqjwy5Kwnk26tvqSaVlzSA+8=">AAAB83icbVDLSgMxFL2pr1pfVZdugkVwVWbE17IoiO4q2Ad0hpJJM21oJjMkGaEM/Q03LhRx68+4829Mp7PQ6oHA4Zx7uScnSATXxnG+UGlpeWV1rbxe2djc2t6p7u61dZwqylo0FrHqBkQzwSVrGW4E6yaKkSgQrBOMr2d+55EpzWP5YCYJ8yMylDzklBgreV5EzEiH2c1dd9qv1py6kwP/JW5BalCg2a9+eoOYphGThgqidc91EuNnRBlOBZtWvFSzhNAxGbKepZJETPtZnnmKj6wywGGs7JMG5+rPjYxEWk+iwE7mGRe9mfif10tNeOlnXCapYZLOD4WpwCbGswLwgCtGjZhYQqjiNiumI6IINbamii3BXfzyX9I+qbvn9bP701rjqqijDAdwCMfgwgU04Baa0AIKCTzBC7yiFD2jN/Q+Hy2hYmcffgF9fAMUwZG6</latexit>

FIX
<latexit sha1_base64="8nAbFQmE8XexcctalAZlJPeXqxc=">AAAB+HicbVDLSgMxFL1TX7U+OurSTbAIrsqM+FoWRXFZqX1AW0omzbShmcyQZMQ69EvcuFDErZ/izr8xnc5CWw8EDufcyz05XsSZ0o7zbeWWlldW1/LrhY3Nre2ivbPbUGEsCa2TkIey5WFFORO0rpnmtBVJigOP06Y3upr6zQcqFQvFvR5HtBvggWA+I1gbqWcXOwHWQ+UnN+yxVrue9OySU3ZSoEXiZqQEGao9+6vTD0kcUKEJx0q1XSfS3QRLzQink0InVjTCZIQHtG2owAFV3SQNPkGHRukjP5TmCY1S9fdGggOlxoFnJtOY895U/M9rx9q/6CZMRLGmgswO+TFHOkTTFlCfSUo0HxuCiWQmKyJDLDHRpquCKcGd//IiaRyX3bPy6d1JqXKZ1ZGHfTiAI3DhHCpwC1WoA4EYnuEV3qwn68V6tz5mozkr29mDP7A+fwDQe5M0</latexit>

FixSSE

<latexit sha1_base64="3ceJ43N1UkYrdsr8UgkO+mZe3zk=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsyIr2XRjcsqfUFnKJk004YmmSHJCGXob7hxoYhbf8adf2M6nYVWDwQO59zLPTlhwpk2rvvllFZW19Y3ypuVre2d3b3q/kFHx6kitE1iHqteiDXlTNK2YYbTXqIoFiGn3XByO/e7j1RpFsuWmSY0EHgkWcQINlbyfYHNWEdZ86E1G1Rrbt3Ngf4SryA1KNAcVD/9YUxSQaUhHGvd99zEBBlWhhFOZxU/1TTBZIJHtG+pxILqIMszz9CJVYYoipV90qBc/bmRYaH1VIR2Ms+47M3F/7x+aqLrIGMySQ2VZHEoSjkyMZoXgIZMUWL41BJMFLNZERljhYmxNVVsCd7yl/+Szlndu6xf3J/XGjdFHWU4gmM4BQ+uoAF30IQ2EEjgCV7g1UmdZ+fNeV+Mlpxi5xB+wfn4Biupkck=</latexit>

PRT

<latexit sha1_base64="EKTUXb8zYzeKgiCy6lYGi+q1Tic=">AAAB9HicbVDLSsNAFL2pr1pfVZduBovgqiTia1nUhcsofUEbymQ6aYdOJnFmUiih3+HGhSJu/Rh3/o3TNAttPTBwOOde7pnjx5wpbdvfVmFldW19o7hZ2tre2d0r7x80VZRIQhsk4pFs+1hRzgRtaKY5bceS4tDntOWPbmd+a0ylYpGo60lMvRAPBAsYwdpIXjfEeqiC9M59rE975YpdtTOgZeLkpAI53F75q9uPSBJSoQnHSnUcO9ZeiqVmhNNpqZsoGmMywgPaMVTgkCovzUJP0YlR+iiIpHlCo0z9vZHiUKlJ6JvJLOSiNxP/8zqJDq69lIk40VSQ+aEg4UhHaNYA6jNJieYTQzCRzGRFZIglJtr0VDIlOItfXibNs6pzWb14OK/UbvI6inAEx3AKDlxBDe7BhQYQeIJneIU3a2y9WO/Wx3y0YOU7h/AH1ucPvB2SFw==</latexit>

DPRT

<latexit sha1_base64="A6n9gPuQ3KsoFH8cLs2b48WE4Jc=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsyIr2XRTRcuKtgHdIaSSTNtaCYTkoxQhv6GGxeKuPVn3Pk3ptNZaPVA4HDOvdyTE0rOtHHdL6e0srq2vlHerGxt7+zuVfcPOjpJFaFtkvBE9UKsKWeCtg0znPakojgOOe2Gk9u5332kSrNEPJippEGMR4JFjGBjJd+PsRnrKOvcNWeDas2tuznQX+IVpAYFWoPqpz9MSBpTYQjHWvc9V5ogw8owwums4qeaSkwmeET7lgocUx1keeYZOrHKEEWJsk8YlKs/NzIcaz2NQzuZZ1z25uJ/Xj810XWQMSFTQwVZHIpSjkyC5gWgIVOUGD61BBPFbFZExlhhYmxNFVuCt/zlv6RzVvcu6xf357XGTVFHGY7gGE7BgytoQBNa0AYCEp7gBV6d1Hl23pz3xWjJKXYO4Recj28Zc5G9</latexit>

VLH

<latexit sha1_base64="NvhEnQO83069nn8m6ET+TE0uF/g=">AAAB9HicbVDLSsNAFL2pr1pfUZduBovgqiTia1nURRcuKtgHtKFMppN26GQSZyaFEvodblwo4taPceffOE2z0NYDA4dz7uWeOX7MmdKO820VVlbX1jeKm6Wt7Z3dPXv/oKmiRBLaIBGPZNvHinImaEMzzWk7lhSHPqctf3Q781tjKhWLxKOexNQL8UCwgBGsjeR1Q6yHKkjvmve1ac8uOxUnA1ombk7KkKPes7+6/YgkIRWacKxUx3Vi7aVYakY4nZa6iaIxJiM8oB1DBQ6p8tIs9BSdGKWPgkiaJzTK1N8bKQ6VmoS+mcxCLnoz8T+vk+jg2kuZiBNNBZkfChKOdIRmDaA+k5RoPjEEE8lMVkSGWGKiTU8lU4K7+OVl0jyruJeVi4fzcvUmr6MIR3AMp+DCFVShBnVoAIEneIZXeLPG1ov1bn3MRwtWvnMIf2B9/gCp55IL</latexit>

DVLH

<latexit sha1_base64="nAzb1xkdMeWUwPcJrg9Rf22XGvM=">AAAB7XicbVDJSgNBEK1xjXGLevTSGARPYUbcjkEvHiOaBZIh9HR6kja9DN09QhjyD148KOLV//Hm39hJ5qCJDwoe71VRVS9KODPW97+9peWV1bX1wkZxc2t7Z7e0t98wKtWE1oniSrcibChnktYts5y2Ek2xiDhtRsObid98otowJR/sKKGhwH3JYkawdVKjc8/6AndLZb/iT4EWSZCTMuSodUtfnZ4iqaDSEo6NaQd+YsMMa8sIp+NiJzU0wWSI+7TtqMSCmjCbXjtGx07poVhpV9Kiqfp7IsPCmJGIXKfAdmDmvYn4n9dObXwVZkwmqaWSzBbFKUdWocnrqMc0JZaPHMFEM3crIgOsMbEuoKILIZh/eZE0TivBReX87qxcvc7jKMAhHMEJBHAJVbiFGtSBwCM8wyu8ecp78d69j1nrkpfPHMAfeJ8/bp+PDQ==</latexit>

⌃

<latexit sha1_base64="85C7j7cmphwRW1iNUNVnLI2HR2w=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQzqwWME84BkCbOT3mTM7OwyMyuEJf/gxYMiXv0fb/6Nk2QPmljQUFR1090VJIJr47rfztLyyuraemGjuLm1vbNb2ttv6DhVDOssFrFqBVSj4BLrhhuBrUQhjQKBzWB4M/GbT6g0j+WDGSXoR7QvecgZNVZqdG5RGNotld2KOwVZJF5OypCj1i19dXoxSyOUhgmqddtzE+NnVBnOBI6LnVRjQtmQ9rFtqaQRaj+bXjsmx1bpkTBWtqQhU/X3REYjrUdRYDsjagZ63puI/3nt1IRXfsZlkhqUbLYoTAUxMZm8TnpcITNiZAllittbCRtQRZmxARVtCN78y4ukcVrxLirn92fl6nUeRwEO4QhOwINLqMId1KAODB7hGV7hzYmdF+fd+Zi1Ljn5zAH8gfP5A2PMjwY=</latexit>
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Standard dynamic 
multi-map encryption 

scheme

Dynamic pseudo-
random transform

*
*

*

*

* existing schemes from the literature

Focus of the talk



• Adds, deletes etc are stored in local stash…


• …and pushed to server-side encrypted structures following a randomly sampled but fixed 
schedule


• Scheduled defined by a random permutation 


• Every label  has a scheduled push time/epoch defined by 


• Add, erase or edit tokens for  are stored in stash until ’s scheduled push epoch


• Once we reach the last epoch, we go back to the first one 


• The client-side state can grow as a function of the distribution of adds, deletes etc.

π

ℓ π(ℓ)

ℓ ℓ

Design Techniques
Randomized but Fixed Schedule



FIX          
Building Blocks

• A static volume-hiding multi-map encryption scheme


• Can be instantiated using VLH [KM19], AVLH [KM19] or dprfMM [PPYY19]


• In this talk we use VLH as the underlying instantiation.


• Hides volume (response length)  and reveals query equality


• A dynamic volume-hiding multi-map encryption scheme


• Can be instantiated using the DVLH (this work) or 2ch [APPYY23]


• In this talk, we use DVLH as the underlying instantiation.


• Hides volume and reveals the query equality



FIX          
Setup

Setup 1k , :

1

2

MM

Sample a random permutation 

Create two empty multi-map          and          and a counter  MMn

3

cnt

VLH.Setup, 1k , MMEMMo
<latexit sha1_base64="zGthMtCxndIMBgT7Uu6xWhffzUM=">AAAB6nicbVDJSgNBEK2JW4xb1KOXxiB4CjPidgx6EbxENAskQ+jp9CRNehm6e4Qw5BO8eFDEq1/kzb+xk8xBow8KHu9VUVUvSjgz1ve/vMLS8srqWnG9tLG5tb1T3t1rGpVqQhtEcaXbETaUM0kblllO24mmWESctqLR9dRvPVJtmJIPdpzQUOCBZDEj2Drp/raneuWKX/VnQH9JkJMK5Kj3yp/dviKpoNISjo3pBH5iwwxrywink1I3NTTBZIQHtOOoxIKaMJudOkFHTumjWGlX0qKZ+nMiw8KYsYhcp8B2aBa9qfif10ltfBlmTCappZLMF8UpR1ah6d+ozzQllo8dwUQzdysiQ6wxsS6dkgshWHz5L2meVIPz6tndaaV2lcdRhAM4hGMI4AJqcAN1aACBATzBC7x63Hv23rz3eWvBy2f24Re8j28oWo27</latexit>

Ko ,sto

DVLH.Setup, 1k ,EMMn,stn MMn

Compute

MMst

4 The client receives                      and      =<latexit sha1_base64="wL1zIYRB+jkIKWYx1naRMGGxTp4=">AAAB9XicbVDLSsNAFL3xWeur6tLNYBEqSEnE10YouhG6qWAf0MYwmU7aoZNJmJkoJfQ/3LhQxK3/4s6/cdpmoa0HLhzOuZd77/FjzpS27W9rYXFpeWU1t5Zf39jc2i7s7DZUlEhC6yTikWz5WFHOBK1rpjltxZLi0Oe06Q9uxn7zkUrFInGvhzF1Q9wTLGAEayM9VNEVKlW96BhVPXHkFYp22Z4AzRMnI0XIUPMKX51uRJKQCk04Vqrt2LF2Uyw1I5yO8p1E0RiTAe7RtqECh1S56eTqETo0ShcFkTQlNJqovydSHCo1DH3TGWLdV7PeWPzPayc6uHRTJuJEU0Gmi4KEIx2hcQSoyyQlmg8NwUQycysifSwx0SaovAnBmX15njROys55+ezutFi5zuLIwT4cQAkcuIAK3EIN6kBAwjO8wpv1ZL1Y79bHtHXBymb24A+szx+ZFJCm</latexit>

K = (Ko,Kn) sto stn MMst cnt, , ,st

The server receives             =                    EMM EMMnEMMo ,

<latexit sha1_base64="DELtbWNarnRNLOxIHNyKKQwD8ms=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYns8mQ2dllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkQHSoSCUbTSQzcRvXLFrbozkGXi5aQCOeq98le3H7M04gqZpMZ0PDdBP6MaBZN8UuqmhieUjeiAdyxVNOLGz2anTsiJVfokjLUthWSm/p7IaGTMOApsZ0RxaBa9qfif10kxvPYzoZIUuWLzRWEqCcZk+jfpC80ZyrEllGlhbyVsSDVlaNMp2RC8xZeXSfOs6l1WL+7PK7WbPI4iHMExnIIHV1CDO6hDAxgM4Ble4c2Rzovz7nzMWwtOPnMIf+B8/gBS/Y3X</latexit>⇡,

<latexit sha1_base64="uybQ3Y/C9G2zaz6OlMiq//zhSh0=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi+AlonlAsoTZSW8yZHZ2mZkVwpJP8OJBEa9+kTf/xkmyB40WNBRV3XR3BYng2rjul1NYWl5ZXSuulzY2t7Z3yrt7TR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWMrqd+6xGV5rF8MOME/YgOJA85o8ZK97c92StX3Ko7A/lLvJxUIEe9V/7s9mOWRigNE1Trjucmxs+oMpwJnJS6qcaEshEdYMdSSSPUfjY7dUKOrNInYaxsSUNm6s+JjEZaj6PAdkbUDPWiNxX/8zqpCS/9jMskNSjZfFGYCmJiMv2b9LlCZsTYEsoUt7cSNqSKMmPTKdkQvMWX/5LmSdU7r57dnVZqV3kcRTiAQzgGDy6gBjdQhwYwGMATvMCrI5xn5815n7cWnHxmH37B+fgGJtaNug==</latexit>

Kn

<latexit sha1_base64="DELtbWNarnRNLOxIHNyKKQwD8ms=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYns8mQ2dllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkQHSoSCUbTSQzcRvXLFrbozkGXi5aQCOeq98le3H7M04gqZpMZ0PDdBP6MaBZN8UuqmhieUjeiAdyxVNOLGz2anTsiJVfokjLUthWSm/p7IaGTMOApsZ0RxaBa9qfif10kxvPYzoZIUuWLzRWEqCcZk+jfpC80ZyrEllGlhbyVsSDVlaNMp2RC8xZeXSfOs6l1WL+7PK7WbPI4iHMExnIIHV1CDO6hDAxgM4Ble4c2Rzovz7nzMWwtOPnMIf+B8/gBS/Y3X</latexit>⇡



FIX          
Append

Append :ℓst EMM
<latexit sha1_base64="OQThD/PlzMuAkzr7cZiwrlX+9+o=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi+AlAfOAZAmzk04yZnZ2mZkVwpIv8OJBEa9+kjf/xkmyB00saCiquunuCmLBtXHdbye3srq2vpHfLGxt7+zuFfcPGjpKFMM6i0SkWgHVKLjEuuFGYCtWSMNAYDMY3U795hMqzSP5YMYx+iEdSN7njBor1e67xZJbdmcgy8TLSAkyVLvFr04vYkmI0jBBtW57bmz8lCrDmcBJoZNojCkb0QG2LZU0RO2ns0Mn5MQqPdKPlC1pyEz9PZHSUOtxGNjOkJqhXvSm4n9eOzH9az/lMk4MSjZf1E8EMRGZfk16XCEzYmwJZYrbWwkbUkWZsdkUbAje4svLpHFW9i7LF7XzUuUmiyMPR3AMp+DBFVTgDqpQBwYIz/AKb86j8+K8Ox/z1pyTzRzCHzifP6VFjNk=</latexit>

K, , ;v,

1

2 Compute

Push st EMM
<latexit sha1_base64="OQThD/PlzMuAkzr7cZiwrlX+9+o=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi+AlAfOAZAmzk04yZnZ2mZkVwpIv8OJBEa9+kjf/xkmyB00saCiquunuCmLBtXHdbye3srq2vpHfLGxt7+zuFfcPGjpKFMM6i0SkWgHVKLjEuuFGYCtWSMNAYDMY3U795hMqzSP5YMYx+iEdSN7njBor1e67xZJbdmcgy8TLSAkyVLvFr04vYkmI0jBBtW57bmz8lCrDmcBJoZNojCkb0QG2LZU0RO2ns0Mn5MQqPdKPlC1pyEz9PZHSUOtxGNjOkJqhXvSm4n9eOzH9az/lMk4MSjZf1E8EMRGZfk16XCEzYmwJZYrbWwkbUkWZsdkUbAje4svLpHFW9i7LF7XzUuUmiyMPR3AMp+DBFVTgDqpQBwYIz/AKb86j8+K8Ox/z1pyTzRzCHzifP6VFjNk=</latexit>

K, , ;
<latexit sha1_base64="v73/7iDx2oytdIpUlff0XR7xX/Y=">AAAB6nicbVDJSgNBEK2JW4xb1KOXxiB4CjPidgx68RjRLJAMoafTkzTpZejuEcKQT/DiQRGvfpE3/8ZOMgdNfFDweK+KqnpRwpmxvv/tFVZW19Y3ipulre2d3b3y/kHTqFQT2iCKK92OsKGcSdqwzHLaTjTFIuK0FY1up37riWrDlHy044SGAg8kixnB1kkPXZH2yhW/6s+AlkmQkwrkqPfKX92+Iqmg0hKOjekEfmLDDGvLCKeTUjc1NMFkhAe046jEgpowm506QSdO6aNYaVfSopn6eyLDwpixiFynwHZoFr2p+J/XSW18HWZMJqmlkswXxSlHVqHp36jPNCWWjx3BRDN3KyJDrDGxLp2SCyFYfHmZNM+qwWX14v68UrvJ4yjCERzDKQRwBTW4gzo0gMAAnuEV3jzuvXjv3se8teDlM4fwB97nD2CejeA=</latexit>µEMM’;st’

3 Client outputs the updated state       st’

Server outputs the updated multi-map EMM’

For all v in    , , add                 to v || add MMst[ ]ℓv



Else

Remove                 from 

FIX          
Erase

Erase :ℓst EMM
<latexit sha1_base64="OQThD/PlzMuAkzr7cZiwrlX+9+o=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi+AlAfOAZAmzk04yZnZ2mZkVwpIv8OJBEa9+kjf/xkmyB00saCiquunuCmLBtXHdbye3srq2vpHfLGxt7+zuFfcPGjpKFMM6i0SkWgHVKLjEuuFGYCtWSMNAYDMY3U795hMqzSP5YMYx+iEdSN7njBor1e67xZJbdmcgy8TLSAkyVLvFr04vYkmI0jBBtW57bmz8lCrDmcBJoZNojCkb0QG2LZU0RO2ns0Mn5MQqPdKPlC1pyEz9PZHSUOtxGNjOkJqhXvSm4n9eOzH9az/lMk4MSjZf1E8EMRGZfk16XCEzYmwJZYrbWwkbUkWZsdkUbAje4svLpHFW9i7LF7XzUuUmiyMPR3AMp+DBFVTgDqpQBwYIz/AKb86j8+K8Ox/z1pyTzRzCHzifP6VFjNk=</latexit>

K, , ;v,

For all v in    , ,1 v

if                                ,∈v || add MMst[ ]ℓ

v || add MMst[ ]ℓ

Add                 to v || del MMst[ ]ℓ

2 Compute

Push st EMM
<latexit sha1_base64="OQThD/PlzMuAkzr7cZiwrlX+9+o=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi+AlAfOAZAmzk04yZnZ2mZkVwpIv8OJBEa9+kjf/xkmyB00saCiquunuCmLBtXHdbye3srq2vpHfLGxt7+zuFfcPGjpKFMM6i0SkWgHVKLjEuuFGYCtWSMNAYDMY3U795hMqzSP5YMYx+iEdSN7njBor1e67xZJbdmcgy8TLSAkyVLvFr04vYkmI0jBBtW57bmz8lCrDmcBJoZNojCkb0QG2LZU0RO2ns0Mn5MQqPdKPlC1pyEz9PZHSUOtxGNjOkJqhXvSm4n9eOzH9az/lMk4MSjZf1E8EMRGZfk16XCEzYmwJZYrbWwkbUkWZsdkUbAje4svLpHFW9i7LF7XzUuUmiyMPR3AMp+DBFVTgDqpQBwYIz/AKb86j8+K8Ox/z1pyTzRzCHzifP6VFjNk=</latexit>

K, , ;
<latexit sha1_base64="v73/7iDx2oytdIpUlff0XR7xX/Y=">AAAB6nicbVDJSgNBEK2JW4xb1KOXxiB4CjPidgx68RjRLJAMoafTkzTpZejuEcKQT/DiQRGvfpE3/8ZOMgdNfFDweK+KqnpRwpmxvv/tFVZW19Y3ipulre2d3b3y/kHTqFQT2iCKK92OsKGcSdqwzHLaTjTFIuK0FY1up37riWrDlHy044SGAg8kixnB1kkPXZH2yhW/6s+AlkmQkwrkqPfKX92+Iqmg0hKOjekEfmLDDGvLCKeTUjc1NMFkhAe046jEgpowm506QSdO6aNYaVfSopn6eyLDwpixiFynwHZoFr2p+J/XSW18HWZMJqmlkswXxSlHVqHp36jPNCWWjx3BRDN3KyJDrDGxLp2SCyFYfHmZNM+qwWX14v68UrvJ4yjCERzDKQRwBTW4gzo0gMAAnuEV3jzuvXjv3se8teDlM4fwB97nD2CejeA=</latexit>µEMM’;st’

3 Client outputs the updated state       st’

Server outputs the updated multi-map EMM’



The client outputs 

FIX          
Get

Get :ℓst EMM
<latexit sha1_base64="OQThD/PlzMuAkzr7cZiwrlX+9+o=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi+AlAfOAZAmzk04yZnZ2mZkVwpIv8OJBEa9+kjf/xkmyB00saCiquunuCmLBtXHdbye3srq2vpHfLGxt7+zuFfcPGjpKFMM6i0SkWgHVKLjEuuFGYCtWSMNAYDMY3U795hMqzSP5YMYx+iEdSN7njBor1e67xZJbdmcgy8TLSAkyVLvFr04vYkmI0jBBtW57bmz8lCrDmcBJoZNojCkb0QG2LZU0RO2ns0Mn5MQqPdKPlC1pyEz9PZHSUOtxGNjOkJqhXvSm4n9eOzH9az/lMk4MSjZf1E8EMRGZfk16XCEzYmwJZYrbWwkbUkWZsdkUbAje4svLpHFW9i7LF7XzUuUmiyMPR3AMp+DBFVTgDqpQBwYIz/AKb86j8+K8Ox/z1pyTzRzCHzifP6VFjNk=</latexit>

K, , ;

Initialize an empty set Result1

2 The client and server execute

VLH.Get ℓ EMMo, ;,<latexit sha1_base64="zGthMtCxndIMBgT7Uu6xWhffzUM=">AAAB6nicbVDJSgNBEK2JW4xb1KOXxiB4CjPidgx6EbxENAskQ+jp9CRNehm6e4Qw5BO8eFDEq1/kzb+xk8xBow8KHu9VUVUvSjgz1ve/vMLS8srqWnG9tLG5tb1T3t1rGpVqQhtEcaXbETaUM0kblllO24mmWESctqLR9dRvPVJtmJIPdpzQUOCBZDEj2Drp/raneuWKX/VnQH9JkJMK5Kj3yp/dviKpoNISjo3pBH5iwwxrywink1I3NTTBZIQHtOOoxIKaMJudOkFHTumjWGlX0qKZ+nMiw8KYsYhcp8B2aBa9qfif10ltfBlmTCappZLMF8UpR1ah6d+ozzQllo8dwUQzdysiQ6wxsS6dkgshWHz5L2meVIPz6tndaaV2lcdRhAM4hGMI4AJqcAN1aACBATzBC7x63Hv23rz3eWvBy2f24Re8j28oWo27</latexit>

Ko sto;
<latexit sha1_base64="kI9kk6Ypzru9fLu3RP8ZAK6X5SM=">AAAB63icbVDLSgNBEJyNrxhfUY9eBoPgKeyKr2PQi8cIxgSSJcxOZpMh81hmeoWw5Be8eFDEqz/kzb9xNtmDJhY0FFXddHdFieAWfP/bK62srq1vlDcrW9s7u3vV/YNHq1NDWYtqoU0nIpYJrlgLOAjWSQwjMhKsHY1vc7/9xIzlWj3AJGGhJEPFY04J5FIv0tCv1vy6PwNeJkFBaqhAs1/96g00TSVTQAWxthv4CYQZMcCpYNNKL7UsIXRMhqzrqCKS2TCb3TrFJ04Z4FgbVwrwTP09kRFp7URGrlMSGNlFLxf/87opxNdhxlWSAlN0vihOBQaN88fxgBtGQUwcIdRwdyumI2IIBRdPxYUQLL68TB7P6sFl/eL+vNa4KeIooyN0jE5RgK5QA92hJmohikboGb2iN096L9679zFvLXnFzCH6A+/zBxzDjk0=</latexit>?

DVLH.Get ℓ EMMn, ;,;
<latexit sha1_base64="kI9kk6Ypzru9fLu3RP8ZAK6X5SM=">AAAB63icbVDLSgNBEJyNrxhfUY9eBoPgKeyKr2PQi8cIxgSSJcxOZpMh81hmeoWw5Be8eFDEqz/kzb9xNtmDJhY0FFXddHdFieAWfP/bK62srq1vlDcrW9s7u3vV/YNHq1NDWYtqoU0nIpYJrlgLOAjWSQwjMhKsHY1vc7/9xIzlWj3AJGGhJEPFY04J5FIv0tCv1vy6PwNeJkFBaqhAs1/96g00TSVTQAWxthv4CYQZMcCpYNNKL7UsIXRMhqzrqCKS2TCb3TrFJ04Z4FgbVwrwTP09kRFp7URGrlMSGNlFLxf/87opxNdhxlWSAlN0vihOBQaN88fxgBtGQUwcIdRwdyumI2IIBRdPxYUQLL68TB7P6sFl/eL+vNa4KeIooyN0jE5RgK5QA92hJmohikboGb2iN096L9679zFvLXnFzCH6A+/zBxzDjk0=</latexit>? stn

<latexit sha1_base64="uybQ3Y/C9G2zaz6OlMiq//zhSh0=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi+AlonlAsoTZSW8yZHZ2mZkVwpJP8OJBEa9+kTf/xkmyB40WNBRV3XR3BYng2rjul1NYWl5ZXSuulzY2t7Z3yrt7TR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWMrqd+6xGV5rF8MOME/YgOJA85o8ZK97c92StX3Ko7A/lLvJxUIEe9V/7s9mOWRigNE1Trjucmxs+oMpwJnJS6qcaEshEdYMdSSSPUfjY7dUKOrNInYaxsSUNm6s+JjEZaj6PAdkbUDPWiNxX/8zqpCS/9jMskNSjZfFGYCmJiMv2b9LlCZsTYEsoUt7cSNqSKMmPTKdkQvMWX/5LmSdU7r57dnVZqV3kcRTiAQzgGDy6gBjdQhwYwGMATvMCrI5xn5815n7cWnHxmH37B+fgGJtaNug==</latexit>

Kn

3 The client computes the following sets

=

<latexit sha1_base64="2OyEOvtXdVSSftcd2d2zu/aQVTE=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsyIr2XRjcsq9gGdoWTSTBuaSYYkI5Shv+HGhSJu/Rl3/o3pdBbaeiBwOOde7skJE860cd1vp7Syura+Ud6sbG3v7O5V9w/aWqaK0BaRXKpuiDXlTNCWYYbTbqIojkNOO+H4duZ3nqjSTIpHM0loEOOhYBEj2FjJ92NsRjrKHvpy2q/W3LqbAy0TryA1KNDsV7/8gSRpTIUhHGvd89zEBBlWhhFOpxU/1TTBZIyHtGepwDHVQZZnnqITqwxQJJV9wqBc/b2R4VjrSRzayTzjojcT//N6qYmug4yJJDVUkPmhKOXISDQrAA2YosTwiSWYKGazIjLCChNja6rYErzFLy+T9lndu6xf3J/XGjdFHWU4gmM4BQ+uoAF30IQWEEjgGV7hzUmdF+fd+ZiPlpxi5xD+wPn8AWuMkfM=</latexit>

Ro
<latexit sha1_base64="eCNDqQBVJX+4JUFAzF5N4uuLdSU=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsyIr2XRjcsq9gGdoWTSTBuaZIYkI5Shv+HGhSJu/Rl3/o3pdBbaeiBwOOde7skJE860cd1vp7Syura+Ud6sbG3v7O5V9w/aOk4VoS0S81h1Q6wpZ5K2DDOcdhNFsQg57YTj25nfeaJKs1g+mklCA4GHkkWMYGMl3xfYjHSUPfTltF+tuXU3B1omXkFqUKDZr375g5ikgkpDONa657mJCTKsDCOcTit+qmmCyRgPac9SiQXVQZZnnqITqwxQFCv7pEG5+nsjw0LriQjtZJ5x0ZuJ/3m91ETXQcZkkhoqyfxQlHJkYjQrAA2YosTwiSWYKGazIjLCChNja6rYErzFLy+T9lndu6xf3J/XGjdFHWU4gmM4BQ+uoAF30IQWEEjgGV7hzUmdF+fd+ZiPlpxi5xD+wPn8AWoHkfI=</latexit>

Rn

<latexit sha1_base64="P+MrKauaYzdsqSlNFFEkR+1XYGg=">AAAB/HicbVDLSsNAFL2pr1pf0S7dDBZBEEoivpZFNy6r2Ae0MUymk3bo5MHMRCgh/oobF4q49UPc+TdO0yy09cDA4Zx7uWeOF3MmlWV9G6Wl5ZXVtfJ6ZWNza3vH3N1ryygRhLZIxCPR9bCknIW0pZjitBsLigOP0443vp76nUcqJIvCezWJqRPgYch8RrDSkmtW+wFWI+mndw/pceamUmWZa9asupUDLRK7IDUo0HTNr/4gIklAQ0U4lrJnW7FyUiwUI5xmlX4iaYzJGA9pT9MQB1Q6aR4+Q4daGSA/EvqFCuXq740UB1JOAk9P5lHnvan4n9dLlH/ppCyME0VDMjvkJxypCE2bQAMmKFF8ogkmgumsiIywwETpviq6BHv+y4ukfVK3z+tnt6e1xlVRRxn24QCOwIYLaMANNKEFBCbwDK/wZjwZL8a78TEbLRnFThX+wPj8AYaolVs=</latexit>

R+
st

<latexit sha1_base64="ARBmIJEcb7skBSA8gSnelBtrSgI=">AAAB/HicbVDLSsNAFL2pr1pf0S7dDBbBjSURX8uiG5dV7APaGCbTSTt08mBmIpQQf8WNC0Xc+iHu/BunaRbaemDgcM693DPHizmTyrK+jdLS8srqWnm9srG5tb1j7u61ZZQIQlsk4pHoelhSzkLaUkxx2o0FxYHHaccbX0/9ziMVkkXhvZrE1AnwMGQ+I1hpyTWr/QCrkfTTu4f0OHNTqbLMNWtW3cqBFoldkBoUaLrmV38QkSSgoSIcS9mzrVg5KRaKEU6zSj+RNMZkjIe0p2mIAyqdNA+foUOtDJAfCf1ChXL190aKAykngacn86jz3lT8z+slyr90UhbGiaIhmR3yE45UhKZNoAETlCg+0QQTwXRWREZYYKJ0XxVdgj3/5UXSPqnb5/Wz29Na46qoowz7cABHYMMFNOAGmtACAhN4hld4M56MF+Pd+JiNloxipwp/YHz+AIm+lV0=</latexit>

R�
st

<latexit sha1_base64="rMqFh6DUwh4HVq5A/sGKmAv7oVg=">AAAB+3icbVDLSsNAFL2pr1pfsS7dBIvgxpKIr2XRjcsq9gFtDJPppB06mYSZiVhCfsWNC0Xc+iPu/BunaRbaemDgcM693DPHjxmVyra/jdLS8srqWnm9srG5tb1j7lbbMkoEJi0csUh0fSQJo5y0FFWMdGNBUOgz0vHH11O/80iEpBG/V5OYuCEachpQjJSWPLPaD5EaySC9e0iPMy+1s8wza3bdzmEtEqcgNSjQ9Myv/iDCSUi4wgxJ2XPsWLkpEopiRrJKP5EkRniMhqSnKUchkW6aZ8+sQ60MrCAS+nFl5ervjRSFUk5CX0/mSee9qfif10tUcOmmlMeJIhzPDgUJs1RkTYuwBlQQrNhEE4QF1VktPEICYaXrqugSnPkvL5L2Sd05r5/dntYaV0UdZdiHAzgCBy6gATfQhBZgeIJneIU3IzNejHfjYzZaMoqdPfgD4/MHR0SUnA==</latexit>

R�
0

<latexit sha1_base64="F17lfqlwyKDbbf/4v9VTqWpxH5Q=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cIxgSSJcxOZpMhs7PDTK8QQj7CiwdFvPo93vwbJ8keNLGgoajqprsr0lJY9P1vr7Cyura+UdwsbW3v7O6V9w8ebZoZxhsslalpRdRyKRRvoEDJW9pwmkSSN6Ph7dRvPnFjRaoecKR5mNC+ErFgFJ3U7ESizzLdLVf8qj8DWSZBTiqQo94tf3V6KcsSrpBJam078DWGY2pQMMknpU5muaZsSPu87aiiCbfheHbuhJw4pUfi1LhSSGbq74kxTawdJZHrTCgO7KI3Ff/z2hnG1+FYKJ0hV2y+KM4kwZRMfyc9YThDOXKEMiPcrYQNqKEMXUIlF0Kw+PIyeTyrBpfVi/vzSu0mj6MIR3AMpxDAFdTgDurQAAZDeIZXePO09+K9ex/z1oKXzxzCH3ifP2XYj6A=</latexit>[ <latexit sha1_base64="3B8doawWopOFW6xFkh8Rp3FPB88=">AAAB8HicbVDLSgNBEOyNrxhfUY9eFoPgKeyKr2PQi8cI5iHJEmYns8mQmdllplcIS77CiwdFvPo53vwbJ8keNLGgoajqprsrTAQ36HnfTmFldW19o7hZ2tre2d0r7x80TZxqyho0FrFuh8QwwRVrIEfB2olmRIaCtcLR7dRvPTFteKwecJywQJKB4hGnBK302DUMJVep6ZUrXtWbwV0mfk4qkKPeK391+zFNJVNIBTGm43sJBhnRyKlgk1I3NSwhdEQGrGOpIpKZIJsdPHFPrNJ3o1jbUujO1N8TGZHGjGVoOyXBoVn0puJ/XifF6DrIuEpSZIrOF0WpcDF2p9+7fa4ZRTG2hFDN7a0uHRJNKNqMSjYEf/HlZdI8q/qX1Yv780rtJo+jCEdwDKfgwxXU4A7q0AAKEp7hFd4c7bw4787HvLXg5DOH8AfO5w83kZCy</latexit>

\

MMst[ ]ℓ
<latexit sha1_base64="GSW2SkKW1gSJw5RN0v771CWxTuQ=">AAACAXicbVDLSsNAFL3xWeur6kZwM1gEVyURX7gqunFZwT6gKWUymbRDJ5MwMymUWDf+ihsXirj1L9z5N07TLLT1wIXDOfdy7z1ezJnStv1tLSwuLa+sFtaK6xubW9ulnd2GihJJaJ1EPJItDyvKmaB1zTSnrVhSHHqcNr3BzcRvDqlULBL3ehTTToh7ggWMYG2kbml/iK7QELkPboh1XwUp9v0xcpmxynbFzoDmiZOTMuSodUtfrh+RJKRCE46Vajt2rDsplpoRTsdFN1E0xmSAe7RtqMAhVZ00+2CMjozioyCSpoRGmfp7IsWhUqPQM53ZnbPeRPzPayc6uOykTMSJpoJMFwUJRzpCkziQzyQlmo8MwUQycysifSwx0Sa0ognBmX15njROKs555ezutFy9zuMowAEcwjE4cAFVuIUa1IHAIzzDK7xZT9aL9W59TFsXrHxmD/7A+vwBihuWVg==</latexit>

v : vkadd 2
<latexit sha1_base64="SNsPVvYuDPM7e/XcQnBvyYkQpJ0=">AAACAXicbVDLSsNAFL3xWeur6kZwM1gEVyURX7gqunFZwT6gCWUynbRDJ5MwMymUWDf+ihsXirj1L9z5N07TLLT1wIXDOfdy7z1+zJnStv1tLSwuLa+sFtaK6xubW9ulnd2GihJJaJ1EPJItHyvKmaB1zTSnrVhSHPqcNv3BzcRvDqlULBL3ehRTL8Q9wQJGsDZSp7Q/RFdoiNwHN8S6r4K0S/kYucxYZbtiZ0DzxMlJGXLUOqUvtxuRJKRCE46Vajt2rL0US80Ip+OimygaYzLAPdo2VOCQKi/NPhijI6N0URBJU0KjTP09keJQqVHom87szllvIv7ntRMdXHopE3GiqSDTRUHCkY7QJA7UZZISzUeGYCKZuRWRPpaYaBNa0YTgzL48TxonFee8cnZ3Wq5e53EU4AAO4RgcuIAq3EIN6kDgEZ7hFd6sJ+vFerc+pq0LVj6zB39gff4AnI6WYg==</latexit>

v : vkdel 2 MMst[ ]ℓ=
<latexit sha1_base64="M5xHh5Jrv7s+YI2uDwjBGUnLtyg=">AAACEHicbVDLSgMxFM34rPVVdekmWERXZUZ84aroxmUF+4DOUDKZTBuaSYYkUyjTfoIbf8WNC0XcunTn35hOR9DWA4GTc+7l3nv8mFGlbfvLWlhcWl5ZLawV1zc2t7ZLO7sNJRKJSR0LJmTLR4owykldU81IK5YERT4jTb9/M/GbAyIVFfxeD2PiRajLaUgx0kbqlI4G8AoOoDtyI6R7KkwDwsbuCP58BQvG0KWmsmxX7Axwnjg5KYMctU7p0w0ETiLCNWZIqbZjx9pLkdQUMzIuuokiMcJ91CVtQzmKiPLS7KAxPDRKAEMhzeMaZurvjhRFSg0j31Rme856E/E/r53o8NJLKY8TTTieDgoTBrWAk3RgQCXBmg0NQVhSsyvEPSQR1ibDognBmT15njROKs555ezutFy9zuMogH1wAI6BAy5AFdyCGqgDDB7AE3gBr9aj9Wy9We/T0gUr79kDf2B9fAOoqZ0G</latexit>

v : vkdelkold 2 MMst[ ]ℓ=

4

<latexit sha1_base64="2OyEOvtXdVSSftcd2d2zu/aQVTE=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsyIr2XRjcsq9gGdoWTSTBuaSYYkI5Shv+HGhSJu/Rl3/o3pdBbaeiBwOOde7skJE860cd1vp7Syura+Ud6sbG3v7O5V9w/aWqaK0BaRXKpuiDXlTNCWYYbTbqIojkNOO+H4duZ3nqjSTIpHM0loEOOhYBEj2FjJ92NsRjrKHvpy2q/W3LqbAy0TryA1KNDsV7/8gSRpTIUhHGvd89zEBBlWhhFOpxU/1TTBZIyHtGepwDHVQZZnnqITqwxQJJV9wqBc/b2R4VjrSRzayTzjojcT//N6qYmug4yJJDVUkPmhKOXISDQrAA2YosTwiSWYKGazIjLCChNja6rYErzFLy+T9lndu6xf3J/XGjdFHWU4gmM4BQ+uoAF30IQWEEjgGV7hzUmdF+fd+ZiPlpxi5xD+wPn8AWuMkfM=</latexit>

Ro

<latexit sha1_base64="eCNDqQBVJX+4JUFAzF5N4uuLdSU=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsyIr2XRjcsq9gGdoWTSTBuaZIYkI5Shv+HGhSJu/Rl3/o3pdBbaeiBwOOde7skJE860cd1vp7Syura+Ud6sbG3v7O5V9w/aOk4VoS0S81h1Q6wpZ5K2DDOcdhNFsQg57YTj25nfeaJKs1g+mklCA4GHkkWMYGMl3xfYjHSUPfTltF+tuXU3B1omXkFqUKDZr375g5ikgkpDONa657mJCTKsDCOcTit+qmmCyRgPac9SiQXVQZZnnqITqwxQFCv7pEG5+nsjw0LriQjtZJ5x0ZuJ/3m91ETXQcZkkhoqyfxQlHJkYjQrAA2YosTwiSWYKGazIjLCChNja6rYErzFLy+T9lndu6xf3J/XGjdFHWU4gmM4BQ+uoAF30IQWEEjgGV7hzUmdF+fd+ZiPlpxi5xD+wPn8AWoHkfI=</latexit>

Rn

<latexit sha1_base64="F17lfqlwyKDbbf/4v9VTqWpxH5Q=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cIxgSSJcxOZpMhs7PDTK8QQj7CiwdFvPo93vwbJ8keNLGgoajqprsr0lJY9P1vr7Cyura+UdwsbW3v7O6V9w8ebZoZxhsslalpRdRyKRRvoEDJW9pwmkSSN6Ph7dRvPnFjRaoecKR5mNC+ErFgFJ3U7ESizzLdLVf8qj8DWSZBTiqQo94tf3V6KcsSrpBJam078DWGY2pQMMknpU5muaZsSPu87aiiCbfheHbuhJw4pUfi1LhSSGbq74kxTawdJZHrTCgO7KI3Ff/z2hnG1+FYKJ0hV2y+KM4kwZRMfyc9YThDOXKEMiPcrYQNqKEMXUIlF0Kw+PIyeTyrBpfVi/vzSu0mj6MIR3AMpxDAFdTgDurQAAZDeIZXePO09+K9ex/z1oKXzxzCH3ifP2XYj6A=</latexit>[
<latexit sha1_base64="P+MrKauaYzdsqSlNFFEkR+1XYGg=">AAAB/HicbVDLSsNAFL2pr1pf0S7dDBZBEEoivpZFNy6r2Ae0MUymk3bo5MHMRCgh/oobF4q49UPc+TdO0yy09cDA4Zx7uWeOF3MmlWV9G6Wl5ZXVtfJ6ZWNza3vH3N1ryygRhLZIxCPR9bCknIW0pZjitBsLigOP0443vp76nUcqJIvCezWJqRPgYch8RrDSkmtW+wFWI+mndw/pceamUmWZa9asupUDLRK7IDUo0HTNr/4gIklAQ0U4lrJnW7FyUiwUI5xmlX4iaYzJGA9pT9MQB1Q6aR4+Q4daGSA/EvqFCuXq740UB1JOAk9P5lHnvan4n9dLlH/ppCyME0VDMjvkJxypCE2bQAMmKFF8ogkmgumsiIywwETpviq6BHv+y4ukfVK3z+tnt6e1xlVRRxn24QCOwIYLaMANNKEFBCbwDK/wZjwZL8a78TEbLRnFThX+wPj8AYaolVs=</latexit>

R+
st

<latexit sha1_base64="ARBmIJEcb7skBSA8gSnelBtrSgI=">AAAB/HicbVDLSsNAFL2pr1pf0S7dDBbBjSURX8uiG5dV7APaGCbTSTt08mBmIpQQf8WNC0Xc+iHu/BunaRbaemDgcM693DPHizmTyrK+jdLS8srqWnm9srG5tb1j7u61ZZQIQlsk4pHoelhSzkLaUkxx2o0FxYHHaccbX0/9ziMVkkXhvZrE1AnwMGQ+I1hpyTWr/QCrkfTTu4f0OHNTqbLMNWtW3cqBFoldkBoUaLrmV38QkSSgoSIcS9mzrVg5KRaKEU6zSj+RNMZkjIe0p2mIAyqdNA+foUOtDJAfCf1ChXL190aKAykngacn86jz3lT8z+slyr90UhbGiaIhmR3yE45UhKZNoAETlCg+0QQTwXRWREZYYKJ0XxVdgj3/5UXSPqnb5/Wz29Na46qoowz7cABHYMMFNOAGmtACAhN4hld4M56MF+Pd+JiNloxipwp/YHz+AIm+lV0=</latexit>

R�
st

<latexit sha1_base64="F17lfqlwyKDbbf/4v9VTqWpxH5Q=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cIxgSSJcxOZpMhs7PDTK8QQj7CiwdFvPo93vwbJ8keNLGgoajqprsr0lJY9P1vr7Cyura+UdwsbW3v7O6V9w8ebZoZxhsslalpRdRyKRRvoEDJW9pwmkSSN6Ph7dRvPnFjRaoecKR5mNC+ErFgFJ3U7ESizzLdLVf8qj8DWSZBTiqQo94tf3V6KcsSrpBJam078DWGY2pQMMknpU5muaZsSPu87aiiCbfheHbuhJw4pUfi1LhSSGbq74kxTawdJZHrTCgO7KI3Ff/z2hnG1+FYKJ0hV2y+KM4kwZRMfyc9YThDOXKEMiPcrYQNqKEMXUIlF0Kw+PIyeTyrBpfVi/vzSu0mj6MIR3AMpxDAFdTgDurQAAZDeIZXePO09+K9ex/z1oKXzxzCH3ifP2XYj6A=</latexit>[
<latexit sha1_base64="rMqFh6DUwh4HVq5A/sGKmAv7oVg=">AAAB+3icbVDLSsNAFL2pr1pfsS7dBIvgxpKIr2XRjcsq9gFtDJPppB06mYSZiVhCfsWNC0Xc+iPu/BunaRbaemDgcM693DPHjxmVyra/jdLS8srqWnm9srG5tb1j7lbbMkoEJi0csUh0fSQJo5y0FFWMdGNBUOgz0vHH11O/80iEpBG/V5OYuCEachpQjJSWPLPaD5EaySC9e0iPMy+1s8wza3bdzmEtEqcgNSjQ9Myv/iDCSUi4wgxJ2XPsWLkpEopiRrJKP5EkRniMhqSnKUchkW6aZ8+sQ60MrCAS+nFl5ervjRSFUk5CX0/mSee9qfif10tUcOmmlMeJIhzPDgUJs1RkTYuwBlQQrNhEE4QF1VktPEICYaXrqugSnPkvL5L2Sd05r5/dntYaV0UdZdiHAzgCBy6gATfQhBZgeIJneIU3IzNejHfjYzZaMoqdPfgD4/MHR0SUnA==</latexit>

R�
0Result = 



FIX          
Push (Part 1)

Push st EMM
<latexit sha1_base64="OQThD/PlzMuAkzr7cZiwrlX+9+o=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi+AlAfOAZAmzk04yZnZ2mZkVwpIv8OJBEa9+kjf/xkmyB00saCiquunuCmLBtXHdbye3srq2vpHfLGxt7+zuFfcPGjpKFMM6i0SkWgHVKLjEuuFGYCtWSMNAYDMY3U795hMqzSP5YMYx+iEdSN7njBor1e67xZJbdmcgy8TLSAkyVLvFr04vYkmI0jBBtW57bmz8lCrDmcBJoZNojCkb0QG2LZU0RO2ns0Mn5MQqPdKPlC1pyEz9PZHSUOtxGNjOkJqhXvSm4n9eOzH9az/lMk4MSjZf1E8EMRGZfk16XCEzYmwJZYrbWwkbUkWZsdkUbAje4svLpHFW9i7LF7XzUuUmiyMPR3AMp+DBFVTgDqpQBwYIz/AKb86j8+K8Ox/z1pyTzRzCHzifP6VFjNk=</latexit>

K, , ;
<latexit sha1_base64="v73/7iDx2oytdIpUlff0XR7xX/Y=">AAAB6nicbVDJSgNBEK2JW4xb1KOXxiB4CjPidgx68RjRLJAMoafTkzTpZejuEcKQT/DiQRGvfpE3/8ZOMgdNfFDweK+KqnpRwpmxvv/tFVZW19Y3ipulre2d3b3y/kHTqFQT2iCKK92OsKGcSdqwzHLaTjTFIuK0FY1up37riWrDlHy044SGAg8kixnB1kkPXZH2yhW/6s+AlkmQkwrkqPfKX92+Iqmg0hKOjekEfmLDDGvLCKeTUjc1NMFkhAe046jEgpowm506QSdO6aNYaVfSopn6eyLDwpixiFynwHZoFr2p+J/XSW18HWZMJqmlkswXxSlHVqHp36jPNCWWjx3BRDN3KyJDrDGxLp2SCyFYfHmZNM+qwWX14v68UrvJ4yjCERzDKQRwBTW4gzo0gMAAnuEV3jzuvXjv3se8teDlM4fwB97nD2CejeA=</latexit>µ :

For all i in {1, … ,    },1
<latexit sha1_base64="v73/7iDx2oytdIpUlff0XR7xX/Y=">AAAB6nicbVDJSgNBEK2JW4xb1KOXxiB4CjPidgx68RjRLJAMoafTkzTpZejuEcKQT/DiQRGvfpE3/8ZOMgdNfFDweK+KqnpRwpmxvv/tFVZW19Y3ipulre2d3b3y/kHTqFQT2iCKK92OsKGcSdqwzHLaTjTFIuK0FY1up37riWrDlHy044SGAg8kixnB1kkPXZH2yhW/6s+AlkmQkwrkqPfKX92+Iqmg0hKOjekEfmLDDGvLCKeTUjc1NMFkhAe046jEgpowm506QSdO6aNYaVfSopn6eyLDwpixiFynwHZoFr2p+J/XSW18HWZMJqmlkswXxSlHVqHp36jPNCWWjx3BRDN3KyJDrDGxLp2SCyFYfHmZNM+qwWX14v68UrvJ4yjCERzDKQRwBTW4gzo0gMAAnuEV3jzuvXjv3se8teDlM4fwB97nD2CejeA=</latexit>µ

Compute
<latexit sha1_base64="wRghP25x53rIygT+Ri9QguI9CPE=">AAACHXicbVDLSgMxFM34rPU16tJNsAiCUGakPjZC0Y0LCxXsA9phyKSZNjaTDElGKMP8iBt/xY0LRVy4Ef/G9CFo64HAyTn3cu89Qcyo0o7zZc3NLywuLedW8qtr6xub9tZ2XYlEYlLDggnZDJAijHJS01Qz0owlQVHASCPoXw79xj2Rigp+qwcx8SLU5TSkGGkj+XbpDp7DdoR0T4Up5jqDh9T8RQe2C2M9CNLrzE9/aiqVLPPtglN0RoCzxJ2QApig6tsf7Y7ASUS4xgwp1XKdWHspkppiRrJ8O1EkRriPuqRlKEcRUV46ui6D+0bpwFBI87iGI/V3R4oipQZRYCpHO057Q/E/r5Xo8MxLKY8TTTgeDwoTBrWAw6hgh0qCNRsYgrCkZleIe0girE2geROCO33yLKkfFd2T4vFNqVC+mMSRA7tgDxwAF5yCMrgCVVADGDyAJ/ACXq1H69l6s97HpXPWpGcH/IH1+Q274qHF</latexit>

j = cnt+ i mod #LMM

Compute

VLH.Get ℓπ( j) EMMo, ;,<latexit sha1_base64="zGthMtCxndIMBgT7Uu6xWhffzUM=">AAAB6nicbVDJSgNBEK2JW4xb1KOXxiB4CjPidgx6EbxENAskQ+jp9CRNehm6e4Qw5BO8eFDEq1/kzb+xk8xBow8KHu9VUVUvSjgz1ve/vMLS8srqWnG9tLG5tb1T3t1rGpVqQhtEcaXbETaUM0kblllO24mmWESctqLR9dRvPVJtmJIPdpzQUOCBZDEj2Drp/raneuWKX/VnQH9JkJMK5Kj3yp/dviKpoNISjo3pBH5iwwxrywink1I3NTTBZIQHtOOoxIKaMJudOkFHTumjWGlX0qKZ+nMiw8KYsYhcp8B2aBa9qfif10ltfBlmTCappZLMF8UpR1ah6d+ozzQllo8dwUQzdysiQ6wxsS6dkgshWHz5L2meVIPz6tndaaV2lcdRhAM4hGMI4AJqcAN1aACBATzBC7x63Hv23rz3eWvBy2f24Re8j28oWo27</latexit>

Ko sto;
<latexit sha1_base64="kI9kk6Ypzru9fLu3RP8ZAK6X5SM=">AAAB63icbVDLSgNBEJyNrxhfUY9eBoPgKeyKr2PQi8cIxgSSJcxOZpMh81hmeoWw5Be8eFDEqz/kzb9xNtmDJhY0FFXddHdFieAWfP/bK62srq1vlDcrW9s7u3vV/YNHq1NDWYtqoU0nIpYJrlgLOAjWSQwjMhKsHY1vc7/9xIzlWj3AJGGhJEPFY04J5FIv0tCv1vy6PwNeJkFBaqhAs1/96g00TSVTQAWxthv4CYQZMcCpYNNKL7UsIXRMhqzrqCKS2TCb3TrFJ04Z4FgbVwrwTP09kRFp7URGrlMSGNlFLxf/87opxNdhxlWSAlN0vihOBQaN88fxgBtGQUwcIdRwdyumI2IIBRdPxYUQLL68TB7P6sFl/eL+vNa4KeIooyN0jE5RgK5QA92hJmohikboGb2iN096L9679zFvLXnFzCH6A+/zBxzDjk0=</latexit>?

DVLH.Get EMMn, ;,;
<latexit sha1_base64="kI9kk6Ypzru9fLu3RP8ZAK6X5SM=">AAAB63icbVDLSgNBEJyNrxhfUY9eBoPgKeyKr2PQi8cIxgSSJcxOZpMh81hmeoWw5Be8eFDEqz/kzb9xNtmDJhY0FFXddHdFieAWfP/bK62srq1vlDcrW9s7u3vV/YNHq1NDWYtqoU0nIpYJrlgLOAjWSQwjMhKsHY1vc7/9xIzlWj3AJGGhJEPFY04J5FIv0tCv1vy6PwNeJkFBaqhAs1/96g00TSVTQAWxthv4CYQZMcCpYNNKL7UsIXRMhqzrqCKS2TCb3TrFJ04Z4FgbVwrwTP09kRFp7URGrlMSGNlFLxf/87opxNdhxlWSAlN0vihOBQaN88fxgBtGQUwcIdRwdyumI2IIBRdPxYUQLL68TB7P6sFl/eL+vNa4KeIooyN0jE5RgK5QA92hJmohikboGb2iN096L9679zFvLXnFzCH6A+/zBxzDjk0=</latexit>? stn

<latexit sha1_base64="uybQ3Y/C9G2zaz6OlMiq//zhSh0=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi+AlonlAsoTZSW8yZHZ2mZkVwpJP8OJBEa9+kTf/xkmyB40WNBRV3XR3BYng2rjul1NYWl5ZXSuulzY2t7Z3yrt7TR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWMrqd+6xGV5rF8MOME/YgOJA85o8ZK97c92StX3Ko7A/lLvJxUIEe9V/7s9mOWRigNE1Trjucmxs+oMpwJnJS6qcaEshEdYMdSSSPUfjY7dUKOrNInYaxsSUNm6s+JjEZaj6PAdkbUDPWiNxX/8zqpCS/9jMskNSjZfFGYCmJiMv2b9LlCZsTYEsoUt7cSNqSKMmPTKdkQvMWX/5LmSdU7r57dnVZqV3kcRTiAQzgGDy6gBjdQhwYwGMATvMCrI5xn5815n7cWnHxmH37B+fgGJtaNug==</latexit>

Kn

<latexit sha1_base64="2OyEOvtXdVSSftcd2d2zu/aQVTE=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsyIr2XRjcsq9gGdoWTSTBuaSYYkI5Shv+HGhSJu/Rl3/o3pdBbaeiBwOOde7skJE860cd1vp7Syura+Ud6sbG3v7O5V9w/aWqaK0BaRXKpuiDXlTNCWYYbTbqIojkNOO+H4duZ3nqjSTIpHM0loEOOhYBEj2FjJ92NsRjrKHvpy2q/W3LqbAy0TryA1KNDsV7/8gSRpTIUhHGvd89zEBBlWhhFOpxU/1TTBZIyHtGepwDHVQZZnnqITqwxQJJV9wqBc/b2R4VjrSRzayTzjojcT//N6qYmug4yJJDVUkPmhKOXISDQrAA2YosTwiSWYKGazIjLCChNja6rYErzFLy+T9lndu6xf3J/XGjdFHWU4gmM4BQ+uoAF30IQWEEjgGV7hzUmdF+fd+ZiPlpxi5xD+wPn8AWuMkfM=</latexit>

Ro

<latexit sha1_base64="eCNDqQBVJX+4JUFAzF5N4uuLdSU=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsyIr2XRjcsq9gGdoWTSTBuaZIYkI5Shv+HGhSJu/Rl3/o3pdBbaeiBwOOde7skJE860cd1vp7Syura+Ud6sbG3v7O5V9w/aOk4VoS0S81h1Q6wpZ5K2DDOcdhNFsQg57YTj25nfeaJKs1g+mklCA4GHkkWMYGMl3xfYjHSUPfTltF+tuXU3B1omXkFqUKDZr375g5ikgkpDONa657mJCTKsDCOcTit+qmmCyRgPac9SiQXVQZZnnqITqwxQFCv7pEG5+nsjw0LriQjtZJ5x0ZuJ/3m91ETXQcZkkhoqyfxQlHJkYjQrAA2YosTwiSWYKGazIjLCChNja6rYErzFLy+T9lndu6xf3J/XGjdFHWU4gmM4BQ+uoAF30IQWEEjgGV7hzUmdF+fd+ZiPlpxi5xD+wPn8AWoHkfI=</latexit>

Rn

For all                                ,v || flag MMst[l]
<latexit sha1_base64="PTsZfbjWiOxLEcySJOpAEP7imPU=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYns8mQ2dllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkQHSoSCUbTSQ1eoXrniVt0ZyDLxclKBHPVe+avbj1kacYVMUmM6npugn1GNgkk+KXVTwxPKRnTAO5YqGnHjZ7NTJ+TEKn0SxtqWQjJTf09kNDJmHAW2M6I4NIveVPzP66QYXvuZUEmKXLH5ojCVBGMy/Zv0heYM5dgSyrSwtxI2pJoytOmUbAje4svLpHlW9S6rF/fnldpNHkcRjuAYTsGDK6jBHdShAQwG8Ayv8OZI58V5dz7mrQUnnzmEP3A+fwBP7o3V</latexit>2

If  flag =  add,
<latexit sha1_base64="P+MrKauaYzdsqSlNFFEkR+1XYGg=">AAAB/HicbVDLSsNAFL2pr1pf0S7dDBZBEEoivpZFNy6r2Ae0MUymk3bo5MHMRCgh/oobF4q49UPc+TdO0yy09cDA4Zx7uWeOF3MmlWV9G6Wl5ZXVtfJ6ZWNza3vH3N1ryygRhLZIxCPR9bCknIW0pZjitBsLigOP0443vp76nUcqJIvCezWJqRPgYch8RrDSkmtW+wFWI+mndw/pceamUmWZa9asupUDLRK7IDUo0HTNr/4gIklAQ0U4lrJnW7FyUiwUI5xmlX4iaYzJGA9pT9MQB1Q6aR4+Q4daGSA/EvqFCuXq740UB1JOAk9P5lHnvan4n9dLlH/ppCyME0VDMjvkJxypCE2bQAMmKFF8ogkmgumsiIywwETpviq6BHv+y4ukfVK3z+tnt6e1xlVRRxn24QCOwIYLaMANNKEFBCbwDK/wZjwZL8a78TEbLRnFThX+wPj8AYaolVs=</latexit>

R+
st

<latexit sha1_base64="F17lfqlwyKDbbf/4v9VTqWpxH5Q=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cIxgSSJcxOZpMhs7PDTK8QQj7CiwdFvPo93vwbJ8keNLGgoajqprsr0lJY9P1vr7Cyura+UdwsbW3v7O6V9w8ebZoZxhsslalpRdRyKRRvoEDJW9pwmkSSN6Ph7dRvPnFjRaoecKR5mNC+ErFgFJ3U7ESizzLdLVf8qj8DWSZBTiqQo94tf3V6KcsSrpBJam078DWGY2pQMMknpU5muaZsSPu87aiiCbfheHbuhJw4pUfi1LhSSGbq74kxTawdJZHrTCgO7KI3Ff/z2hnG1+FYKJ0hV2y+KM4kwZRMfyc9YThDOXKEMiPcrYQNqKEMXUIlF0Kw+PIyeTyrBpfVi/vzSu0mj6MIR3AMpxDAFdTgDurQAAZDeIZXePO09+K9ex/z1oKXzxzCH3ifP2XYj6A=</latexit>[
<latexit sha1_base64="P+MrKauaYzdsqSlNFFEkR+1XYGg=">AAAB/HicbVDLSsNAFL2pr1pf0S7dDBZBEEoivpZFNy6r2Ae0MUymk3bo5MHMRCgh/oobF4q49UPc+TdO0yy09cDA4Zx7uWeOF3MmlWV9G6Wl5ZXVtfJ6ZWNza3vH3N1ryygRhLZIxCPR9bCknIW0pZjitBsLigOP0443vp76nUcqJIvCezWJqRPgYch8RrDSkmtW+wFWI+mndw/pceamUmWZa9asupUDLRK7IDUo0HTNr/4gIklAQ0U4lrJnW7FyUiwUI5xmlX4iaYzJGA9pT9MQB1Q6aR4+Q4daGSA/EvqFCuXq740UB1JOAk9P5lHnvan4n9dLlH/ppCyME0VDMjvkJxypCE2bQAMmKFF8ogkmgumsiIywwETpviq6BHv+y4ukfVK3z+tnt6e1xlVRRxn24QCOwIYLaMANNKEFBCbwDK/wZjwZL8a78TEbLRnFThX+wPj8AYaolVs=</latexit>

R+
st v<latexit sha1_base64="X9DXnT5MmypuByoE+D80pp0cRAo=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKLwQh6MVjFPOAJITZyWwyZHZ2mekVwpI/8OJBEa/+kTf/xkmyB00saCiquunu8mMpDLrut5NbWl5ZXcuvFzY2t7Z3irt7dRMlmvEai2Skmz41XArFayhQ8masOQ19yRv+8HbiN564NiJSjziKeSekfSUCwSha6eHqulssuWV3CrJIvIyUIEO1W/xq9yKWhFwhk9SYlufG2EmpRsEkHxfaieExZUPa5y1LFQ256aTTS8fkyCo9EkTalkIyVX9PpDQ0ZhT6tjOkODDz3kT8z2slGFx2UqHiBLlis0VBIglGZPI26QnNGcqRJZRpYW8lbEA1ZWjDKdgQvPmXF0n9pOydl8/uT0uVmyyOPBzAIRyDBxdQgTuoQg0YBPAMr/DmDJ0X5935mLXmnGxmH/7A+fwBDSKNDw==</latexit>:=

If  flag = del,

If v       , set∈
<latexit sha1_base64="2OyEOvtXdVSSftcd2d2zu/aQVTE=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsyIr2XRjcsq9gGdoWTSTBuaSYYkI5Shv+HGhSJu/Rl3/o3pdBbaeiBwOOde7skJE860cd1vp7Syura+Ud6sbG3v7O5V9w/aWqaK0BaRXKpuiDXlTNCWYYbTbqIojkNOO+H4duZ3nqjSTIpHM0loEOOhYBEj2FjJ92NsRjrKHvpy2q/W3LqbAy0TryA1KNDsV7/8gSRpTIUhHGvd89zEBBlWhhFOpxU/1TTBZIyHtGepwDHVQZZnnqITqwxQJJV9wqBc/b2R4VjrSRzayTzjojcT//N6qYmug4yJJDVUkPmhKOXISDQrAA2YosTwiSWYKGazIjLCChNja6rYErzFLy+T9lndu6xf3J/XGjdFHWU4gmM4BQ+uoAF30IQWEEjgGV7hzUmdF+fd+ZiPlpxi5xD+wPn8AWuMkfM=</latexit>

Ro
<latexit sha1_base64="ARBmIJEcb7skBSA8gSnelBtrSgI=">AAAB/HicbVDLSsNAFL2pr1pf0S7dDBbBjSURX8uiG5dV7APaGCbTSTt08mBmIpQQf8WNC0Xc+iHu/BunaRbaemDgcM693DPHizmTyrK+jdLS8srqWnm9srG5tb1j7u61ZZQIQlsk4pHoelhSzkLaUkxx2o0FxYHHaccbX0/9ziMVkkXhvZrE1AnwMGQ+I1hpyTWr/QCrkfTTu4f0OHNTqbLMNWtW3cqBFoldkBoUaLrmV38QkSSgoSIcS9mzrVg5KRaKEU6zSj+RNMZkjIe0p2mIAyqdNA+foUOtDJAfCf1ChXL190aKAykngacn86jz3lT8z+slyr90UhbGiaIhmR3yE45UhKZNoAETlCg+0QQTwXRWREZYYKJ0XxVdgj3/5UXSPqnb5/Wz29Na46qoowz7cABHYMMFNOAGmtACAhN4hld4M56MF+Pd+JiNloxipwp/YHz+AIm+lV0=</latexit>

R�
st

<latexit sha1_base64="X9DXnT5MmypuByoE+D80pp0cRAo=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKLwQh6MVjFPOAJITZyWwyZHZ2mekVwpI/8OJBEa/+kTf/xkmyB00saCiquunu8mMpDLrut5NbWl5ZXcuvFzY2t7Z3irt7dRMlmvEai2Skmz41XArFayhQ8masOQ19yRv+8HbiN564NiJSjziKeSekfSUCwSha6eHqulssuWV3CrJIvIyUIEO1W/xq9yKWhFwhk9SYlufG2EmpRsEkHxfaieExZUPa5y1LFQ256aTTS8fkyCo9EkTalkIyVX9PpDQ0ZhT6tjOkODDz3kT8z2slGFx2UqHiBLlis0VBIglGZPI26QnNGcqRJZRpYW8lbEA1ZWjDKdgQvPmXF0n9pOydl8/uT0uVmyyOPBzAIRyDBxdQgTuoQg0YBPAMr/DmDJ0X5935mLXmnGxmH/7A+fwBDSKNDw==</latexit>:=
<latexit sha1_base64="ARBmIJEcb7skBSA8gSnelBtrSgI=">AAAB/HicbVDLSsNAFL2pr1pf0S7dDBbBjSURX8uiG5dV7APaGCbTSTt08mBmIpQQf8WNC0Xc+iHu/BunaRbaemDgcM693DPHizmTyrK+jdLS8srqWnm9srG5tb1j7u61ZZQIQlsk4pHoelhSzkLaUkxx2o0FxYHHaccbX0/9ziMVkkXhvZrE1AnwMGQ+I1hpyTWr/QCrkfTTu4f0OHNTqbLMNWtW3cqBFoldkBoUaLrmV38QkSSgoSIcS9mzrVg5KRaKEU6zSj+RNMZkjIe0p2mIAyqdNA+foUOtDJAfCf1ChXL190aKAykngacn86jz3lT8z+slyr90UhbGiaIhmR3yE45UhKZNoAETlCg+0QQTwXRWREZYYKJ0XxVdgj3/5UXSPqnb5/Wz29Na46qoowz7cABHYMMFNOAGmtACAhN4hld4M56MF+Pd+JiNloxipwp/YHz+AIm+lV0=</latexit>

R�
st

<latexit sha1_base64="F17lfqlwyKDbbf/4v9VTqWpxH5Q=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cIxgSSJcxOZpMhs7PDTK8QQj7CiwdFvPo93vwbJ8keNLGgoajqprsr0lJY9P1vr7Cyura+UdwsbW3v7O6V9w8ebZoZxhsslalpRdRyKRRvoEDJW9pwmkSSN6Ph7dRvPnFjRaoecKR5mNC+ErFgFJ3U7ESizzLdLVf8qj8DWSZBTiqQo94tf3V6KcsSrpBJam078DWGY2pQMMknpU5muaZsSPu87aiiCbfheHbuhJw4pUfi1LhSSGbq74kxTawdJZHrTCgO7KI3Ff/z2hnG1+FYKJ0hV2y+KM4kwZRMfyc9YThDOXKEMiPcrYQNqKEMXUIlF0Kw+PIyeTyrBpfVi/vzSu0mj6MIR3AMpxDAFdTgDurQAAZDeIZXePO09+K9ex/z1oKXzxzCH3ifP2XYj6A=</latexit>[
vElse, set

<latexit sha1_base64="P+MrKauaYzdsqSlNFFEkR+1XYGg=">AAAB/HicbVDLSsNAFL2pr1pf0S7dDBZBEEoivpZFNy6r2Ae0MUymk3bo5MHMRCgh/oobF4q49UPc+TdO0yy09cDA4Zx7uWeOF3MmlWV9G6Wl5ZXVtfJ6ZWNza3vH3N1ryygRhLZIxCPR9bCknIW0pZjitBsLigOP0443vp76nUcqJIvCezWJqRPgYch8RrDSkmtW+wFWI+mndw/pceamUmWZa9asupUDLRK7IDUo0HTNr/4gIklAQ0U4lrJnW7FyUiwUI5xmlX4iaYzJGA9pT9MQB1Q6aR4+Q4daGSA/EvqFCuXq740UB1JOAk9P5lHnvan4n9dLlH/ppCyME0VDMjvkJxypCE2bQAMmKFF8ogkmgumsiIywwETpviq6BHv+y4ukfVK3z+tnt6e1xlVRRxn24QCOwIYLaMANNKEFBCbwDK/wZjwZL8a78TEbLRnFThX+wPj8AYaolVs=</latexit>

R+
st

<latexit sha1_base64="X9DXnT5MmypuByoE+D80pp0cRAo=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKLwQh6MVjFPOAJITZyWwyZHZ2mekVwpI/8OJBEa/+kTf/xkmyB00saCiquunu8mMpDLrut5NbWl5ZXcuvFzY2t7Z3irt7dRMlmvEai2Skmz41XArFayhQ8masOQ19yRv+8HbiN564NiJSjziKeSekfSUCwSha6eHqulssuWV3CrJIvIyUIEO1W/xq9yKWhFwhk9SYlufG2EmpRsEkHxfaieExZUPa5y1LFQ256aTTS8fkyCo9EkTalkIyVX9PpDQ0ZhT6tjOkODDz3kT8z2slGFx2UqHiBLlis0VBIglGZPI26QnNGcqRJZRpYW8lbEA1ZWjDKdgQvPmXF0n9pOydl8/uT0uVmyyOPBzAIRyDBxdQgTuoQg0YBPAMr/DmDJ0X5935mLXmnGxmH/7A+fwBDSKNDw==</latexit>:=
<latexit sha1_base64="P+MrKauaYzdsqSlNFFEkR+1XYGg=">AAAB/HicbVDLSsNAFL2pr1pf0S7dDBZBEEoivpZFNy6r2Ae0MUymk3bo5MHMRCgh/oobF4q49UPc+TdO0yy09cDA4Zx7uWeOF3MmlWV9G6Wl5ZXVtfJ6ZWNza3vH3N1ryygRhLZIxCPR9bCknIW0pZjitBsLigOP0443vp76nUcqJIvCezWJqRPgYch8RrDSkmtW+wFWI+mndw/pceamUmWZa9asupUDLRK7IDUo0HTNr/4gIklAQ0U4lrJnW7FyUiwUI5xmlX4iaYzJGA9pT9MQB1Q6aR4+Q4daGSA/EvqFCuXq740UB1JOAk9P5lHnvan4n9dLlH/ppCyME0VDMjvkJxypCE2bQAMmKFF8ogkmgumsiIywwETpviq6BHv+y4ukfVK3z+tnt6e1xlVRRxn24QCOwIYLaMANNKEFBCbwDK/wZjwZL8a78TEbLRnFThX+wPj8AYaolVs=</latexit>

R+
st

<latexit sha1_base64="F17lfqlwyKDbbf/4v9VTqWpxH5Q=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cIxgSSJcxOZpMhs7PDTK8QQj7CiwdFvPo93vwbJ8keNLGgoajqprsr0lJY9P1vr7Cyura+UdwsbW3v7O6V9w8ebZoZxhsslalpRdRyKRRvoEDJW9pwmkSSN6Ph7dRvPnFjRaoecKR5mNC+ErFgFJ3U7ESizzLdLVf8qj8DWSZBTiqQo94tf3V6KcsSrpBJam078DWGY2pQMMknpU5muaZsSPu87aiiCbfheHbuhJw4pUfi1LhSSGbq74kxTawdJZHrTCgO7KI3Ff/z2hnG1+FYKJ0hV2y+KM4kwZRMfyc9YThDOXKEMiPcrYQNqKEMXUIlF0Kw+PIyeTyrBpfVi/vzSu0mj6MIR3AMpxDAFdTgDurQAAZDeIZXePO09+K9ex/z1oKXzxzCH3ifP2XYj6A=</latexit>[
v||del||old

ℓπ( j)



FIX          
Push (Part 2)

Push st EMM
<latexit sha1_base64="OQThD/PlzMuAkzr7cZiwrlX+9+o=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi+AlAfOAZAmzk04yZnZ2mZkVwpIv8OJBEa9+kjf/xkmyB00saCiquunuCmLBtXHdbye3srq2vpHfLGxt7+zuFfcPGjpKFMM6i0SkWgHVKLjEuuFGYCtWSMNAYDMY3U795hMqzSP5YMYx+iEdSN7njBor1e67xZJbdmcgy8TLSAkyVLvFr04vYkmI0jBBtW57bmz8lCrDmcBJoZNojCkb0QG2LZU0RO2ns0Mn5MQqPdKPlC1pyEz9PZHSUOtxGNjOkJqhXvSm4n9eOzH9az/lMk4MSjZf1E8EMRGZfk16XCEzYmwJZYrbWwkbUkWZsdkUbAje4svLpHFW9i7LF7XzUuUmiyMPR3AMp+DBFVTgDqpQBwYIz/AKb86j8+K8Ox/z1pyTzRzCHzifP6VFjNk=</latexit>

K, , ;
<latexit sha1_base64="v73/7iDx2oytdIpUlff0XR7xX/Y=">AAAB6nicbVDJSgNBEK2JW4xb1KOXxiB4CjPidgx68RjRLJAMoafTkzTpZejuEcKQT/DiQRGvfpE3/8ZOMgdNfFDweK+KqnpRwpmxvv/tFVZW19Y3ipulre2d3b3y/kHTqFQT2iCKK92OsKGcSdqwzHLaTjTFIuK0FY1up37riWrDlHy044SGAg8kixnB1kkPXZH2yhW/6s+AlkmQkwrkqPfKX92+Iqmg0hKOjekEfmLDDGvLCKeTUjc1NMFkhAe046jEgpowm506QSdO6aNYaVfSopn6eyLDwpixiFynwHZoFr2p+J/XSW18HWZMJqmlkswXxSlHVqHp36jPNCWWjx3BRDN3KyJDrDGxLp2SCyFYfHmZNM+qwWX14v68UrvJ4yjCERzDKQRwBTW4gzo0gMAAnuEV3jzuvXjv3se8teDlM4fwB97nD2CejeA=</latexit>µ :

2 Remove the tuple of          from MMst

3 Set vn
<latexit sha1_base64="X9DXnT5MmypuByoE+D80pp0cRAo=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKLwQh6MVjFPOAJITZyWwyZHZ2mekVwpI/8OJBEa/+kTf/xkmyB00saCiquunu8mMpDLrut5NbWl5ZXcuvFzY2t7Z3irt7dRMlmvEai2Skmz41XArFayhQ8masOQ19yRv+8HbiN564NiJSjziKeSekfSUCwSha6eHqulssuWV3CrJIvIyUIEO1W/xq9yKWhFwhk9SYlufG2EmpRsEkHxfaieExZUPa5y1LFQ256aTTS8fkyCo9EkTalkIyVX9PpDQ0ZhT6tjOkODDz3kT8z2slGFx2UqHiBLlis0VBIglGZPI26QnNGcqRJZRpYW8lbEA1ZWjDKdgQvPmXF0n9pOydl8/uT0uVmyyOPBzAIRyDBxdQgTuoQg0YBPAMr/DmDJ0X5935mLXmnGxmH/7A+fwBDSKNDw==</latexit>:=

<latexit sha1_base64="eCNDqQBVJX+4JUFAzF5N4uuLdSU=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsyIr2XRjcsq9gGdoWTSTBuaZIYkI5Shv+HGhSJu/Rl3/o3pdBbaeiBwOOde7skJE860cd1vp7Syura+Ud6sbG3v7O5V9w/aOk4VoS0S81h1Q6wpZ5K2DDOcdhNFsQg57YTj25nfeaJKs1g+mklCA4GHkkWMYGMl3xfYjHSUPfTltF+tuXU3B1omXkFqUKDZr375g5ikgkpDONa657mJCTKsDCOcTit+qmmCyRgPac9SiQXVQZZnnqITqwxQFCv7pEG5+nsjw0LriQjtZJ5x0ZuJ/3m91ETXQcZkkhoqyfxQlHJkYjQrAA2YosTwiSWYKGazIjLCChNja6rYErzFLy+T9lndu6xf3J/XGjdFHWU4gmM4BQ+uoAF30IQWEEjgGV7hzUmdF+fd+ZiPlpxi5xD+wPn8AWoHkfI=</latexit>

Rn

<latexit sha1_base64="3B8doawWopOFW6xFkh8Rp3FPB88=">AAAB8HicbVDLSgNBEOyNrxhfUY9eFoPgKeyKr2PQi8cI5iHJEmYns8mQmdllplcIS77CiwdFvPo53vwbJ8keNLGgoajqprsrTAQ36HnfTmFldW19o7hZ2tre2d0r7x80TZxqyho0FrFuh8QwwRVrIEfB2olmRIaCtcLR7dRvPTFteKwecJywQJKB4hGnBK302DUMJVep6ZUrXtWbwV0mfk4qkKPeK391+zFNJVNIBTGm43sJBhnRyKlgk1I3NSwhdEQGrGOpIpKZIJsdPHFPrNJ3o1jbUujO1N8TGZHGjGVoOyXBoVn0puJ/XifF6DrIuEpSZIrOF0WpcDF2p9+7fa4ZRTG2hFDN7a0uHRJNKNqMSjYEf/HlZdI8q/qX1Yv780rtJo+jCEdwDKfgwxXU4A7q0AAKEp7hFd4c7bw4787HvLXg5DOH8AfO5w83kZCy</latexit>

\
<latexit sha1_base64="F17lfqlwyKDbbf/4v9VTqWpxH5Q=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cIxgSSJcxOZpMhs7PDTK8QQj7CiwdFvPo93vwbJ8keNLGgoajqprsr0lJY9P1vr7Cyura+UdwsbW3v7O6V9w8ebZoZxhsslalpRdRyKRRvoEDJW9pwmkSSN6Ph7dRvPnFjRaoecKR5mNC+ErFgFJ3U7ESizzLdLVf8qj8DWSZBTiqQo94tf3V6KcsSrpBJam078DWGY2pQMMknpU5muaZsSPu87aiiCbfheHbuhJw4pUfi1LhSSGbq74kxTawdJZHrTCgO7KI3Ff/z2hnG1+FYKJ0hV2y+KM4kwZRMfyc9YThDOXKEMiPcrYQNqKEMXUIlF0Kw+PIyeTyrBpfVi/vzSu0mj6MIR3AMpxDAFdTgDurQAAZDeIZXePO09+K9ex/z1oKXzxzCH3ifP2XYj6A=</latexit>[

<latexit sha1_base64="P+MrKauaYzdsqSlNFFEkR+1XYGg=">AAAB/HicbVDLSsNAFL2pr1pf0S7dDBZBEEoivpZFNy6r2Ae0MUymk3bo5MHMRCgh/oobF4q49UPc+TdO0yy09cDA4Zx7uWeOF3MmlWV9G6Wl5ZXVtfJ6ZWNza3vH3N1ryygRhLZIxCPR9bCknIW0pZjitBsLigOP0443vp76nUcqJIvCezWJqRPgYch8RrDSkmtW+wFWI+mndw/pceamUmWZa9asupUDLRK7IDUo0HTNr/4gIklAQ0U4lrJnW7FyUiwUI5xmlX4iaYzJGA9pT9MQB1Q6aR4+Q4daGSA/EvqFCuXq740UB1JOAk9P5lHnvan4n9dLlH/ppCyME0VDMjvkJxypCE2bQAMmKFF8ogkmgumsiIywwETpviq6BHv+y4ukfVK3z+tnt6e1xlVRRxn24QCOwIYLaMANNKEFBCbwDK/wZjwZL8a78TEbLRnFThX+wPj8AYaolVs=</latexit>

R+
st

<latexit sha1_base64="ARBmIJEcb7skBSA8gSnelBtrSgI=">AAAB/HicbVDLSsNAFL2pr1pf0S7dDBbBjSURX8uiG5dV7APaGCbTSTt08mBmIpQQf8WNC0Xc+iHu/BunaRbaemDgcM693DPHizmTyrK+jdLS8srqWnm9srG5tb1j7u61ZZQIQlsk4pHoelhSzkLaUkxx2o0FxYHHaccbX0/9ziMVkkXhvZrE1AnwMGQ+I1hpyTWr/QCrkfTTu4f0OHNTqbLMNWtW3cqBFoldkBoUaLrmV38QkSSgoSIcS9mzrVg5KRaKEU6zSj+RNMZkjIe0p2mIAyqdNA+foUOtDJAfCf1ChXL190aKAykngacn86jz3lT8z+slyr90UhbGiaIhmR3yE45UhKZNoAETlCg+0QQTwXRWREZYYKJ0XxVdgj3/5UXSPqnb5/Wz29Na46qoowz7cABHYMMFNOAGmtACAhN4hld4M56MF+Pd+JiNloxipwp/YHz+AIm+lV0=</latexit>

R�
st

DVLH.Delete EMMo, ;,<latexit sha1_base64="zGthMtCxndIMBgT7Uu6xWhffzUM=">AAAB6nicbVDJSgNBEK2JW4xb1KOXxiB4CjPidgx6EbxENAskQ+jp9CRNehm6e4Qw5BO8eFDEq1/kzb+xk8xBow8KHu9VUVUvSjgz1ve/vMLS8srqWnG9tLG5tb1T3t1rGpVqQhtEcaXbETaUM0kblllO24mmWESctqLR9dRvPVJtmJIPdpzQUOCBZDEj2Drp/raneuWKX/VnQH9JkJMK5Kj3yp/dviKpoNISjo3pBH5iwwxrywink1I3NTTBZIQHtOOoxIKaMJudOkFHTumjWGlX0qKZ+nMiw8KYsYhcp8B2aBa9qfif10ltfBlmTCappZLMF8UpR1ah6d+ozzQllo8dwUQzdysiQ6wxsS6dkgshWHz5L2meVIPz6tndaaV2lcdRhAM4hGMI4AJqcAN1aACBATzBC7x63Hv23rz3eWvBy2f24Re8j28oWo27</latexit>

Ko sto;
<latexit sha1_base64="kI9kk6Ypzru9fLu3RP8ZAK6X5SM=">AAAB63icbVDLSgNBEJyNrxhfUY9eBoPgKeyKr2PQi8cIxgSSJcxOZpMh81hmeoWw5Be8eFDEqz/kzb9xNtmDJhY0FFXddHdFieAWfP/bK62srq1vlDcrW9s7u3vV/YNHq1NDWYtqoU0nIpYJrlgLOAjWSQwjMhKsHY1vc7/9xIzlWj3AJGGhJEPFY04J5FIv0tCv1vy6PwNeJkFBaqhAs1/96g00TSVTQAWxthv4CYQZMcCpYNNKL7UsIXRMhqzrqCKS2TCb3TrFJ04Z4FgbVwrwTP09kRFp7URGrlMSGNlFLxf/87opxNdhxlWSAlN0vihOBQaN88fxgBtGQUwcIdRwdyumI2IIBRdPxYUQLL68TB7P6sFl/eL+vNa4KeIooyN0jE5RgK5QA92hJmohikboGb2iN096L9679zFvLXnFzCH6A+/zBxzDjk0=</latexit>?

DVLH.Insert EMMn, ;, stn
<latexit sha1_base64="uybQ3Y/C9G2zaz6OlMiq//zhSh0=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi+AlonlAsoTZSW8yZHZ2mZkVwpJP8OJBEa9+kTf/xkmyB40WNBRV3XR3BYng2rjul1NYWl5ZXSuulzY2t7Z3yrt7TR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWMrqd+6xGV5rF8MOME/YgOJA85o8ZK97c92StX3Ko7A/lLvJxUIEe9V/7s9mOWRigNE1Trjucmxs+oMpwJnJS6qcaEshEdYMdSSSPUfjY7dUKOrNInYaxsSUNm6s+JjEZaj6PAdkbUDPWiNxX/8zqpCS/9jMskNSjZfFGYCmJiMv2b9LlCZsTYEsoUt7cSNqSKMmPTKdkQvMWX/5LmSdU7r57dnVZqV3kcRTiAQzgGDy6gBjdQhwYwGMATvMCrI5xn5815n7cWnHxmH37B+fgGJtaNug==</latexit>

Kn

4 Compute 

EMM’

, vn;
<latexit sha1_base64="kI9kk6Ypzru9fLu3RP8ZAK6X5SM=">AAAB63icbVDLSgNBEJyNrxhfUY9eBoPgKeyKr2PQi8cIxgSSJcxOZpMh81hmeoWw5Be8eFDEqz/kzb9xNtmDJhY0FFXddHdFieAWfP/bK62srq1vlDcrW9s7u3vV/YNHq1NDWYtqoU0nIpYJrlgLOAjWSQwjMhKsHY1vc7/9xIzlWj3AJGGhJEPFY04J5FIv0tCv1vy6PwNeJkFBaqhAs1/96g00TSVTQAWxthv4CYQZMcCpYNNKL7UsIXRMhqzrqCKS2TCb3TrFJ04Z4FgbVwrwTP09kRFp7URGrlMSGNlFLxf/87opxNdhxlWSAlN0vihOBQaN88fxgBtGQUwcIdRwdyumI2IIBRdPxYUQLL68TB7P6sFl/eL+vNa4KeIooyN0jE5RgK5QA92hJmohikboGb2iN096L9679zFvLXnFzCH6A+/zBxzDjk0=</latexit>? EMM’

4 Increment the counter        by   cnt
<latexit sha1_base64="v73/7iDx2oytdIpUlff0XR7xX/Y=">AAAB6nicbVDJSgNBEK2JW4xb1KOXxiB4CjPidgx68RjRLJAMoafTkzTpZejuEcKQT/DiQRGvfpE3/8ZOMgdNfFDweK+KqnpRwpmxvv/tFVZW19Y3ipulre2d3b3y/kHTqFQT2iCKK92OsKGcSdqwzHLaTjTFIuK0FY1up37riWrDlHy044SGAg8kixnB1kkPXZH2yhW/6s+AlkmQkwrkqPfKX92+Iqmg0hKOjekEfmLDDGvLCKeTUjc1NMFkhAe046jEgpowm506QSdO6aNYaVfSopn6eyLDwpixiFynwHZoFr2p+J/XSW18HWZMJqmlkswXxSlHVqHp36jPNCWWjx3BRDN3KyJDrDGxLp2SCyFYfHmZNM+qwWX14v68UrvJ4yjCERzDKQRwBTW4gzo0gMAAnuEV3jzuvXjv3se8teDlM4fwB97nD2CejeA=</latexit>µ

5 Client outputs the updated state       st’

Server outputs the updated multi-map EMM’

ℓπ( j)

ℓπ( j)

ℓπ( j)



FIX
Leakage

• Setup leakage


• The size of the input multi-map


• The size of the label space


• Get leakage


• The query equality pattern 


• Inserts and Erases leakage


• None



• Get complexity


• Insert/Erase complexity


• Storage complexity                                 


• Interactive


• 2 rounds


• Stateful


• Lossy

FIX
Efficiency when  

<latexit sha1_base64="slxHFbhG+pwzvDeTvP9KNEgXzmw=">AAAB+HicbVDJSgNBEO2JW4xLRj16aQxCvIQZcbsIQS+eNIJZIDOEnk4nadLL0N0jxCFf4sWDIl79FG/+jZ1kDpr4oODxXhVV9aKYUW0879vJLS2vrK7l1wsbm1vbRXdnt6FlojCpY8mkakVIE0YFqRtqGGnFiiAeMdKMhtcTv/lIlKZSPJhRTEKO+oL2KEbGSh23GPAEXsK7csBkH94eddySV/GmgIvEz0gJZKh13K+gK3HCiTCYIa3bvhebMEXKUMzIuBAkmsQID1GftC0ViBMdptPDx/DQKl3Yk8qWMHCq/p5IEdd6xCPbyZEZ6HlvIv7ntRPTuwhTKuLEEIFni3oJg0bCSQqwSxXBho0sQVhReyvEA6QQNjargg3Bn395kTSOK/5Z5fT+pFS9yuLIg31wAMrAB+egCm5ADdQBBgl4Bq/gzXlyXpx352PWmnOymT3wB87nD31hkbI=</latexit>

µ = O(logN)

<latexit sha1_base64="KjScSjr5mf+QvdxZE5Kme7WQrLU=">AAAB8nicbVDLSgNBEJz1GeMr6tHLYBDiJez6Pga9eNII5gGbNcxOJsmQ2ZllplcISz7DiwdFvPo13vwbJ8keNLGgoajqprsrjAU34LrfzsLi0vLKam4tv76xubVd2NmtG5VoympUCaWbITFMcMlqwEGwZqwZiULBGuHgeuw3npg2XMkHGMYsiEhP8i6nBKzk35VaQvUeT/DtUbtQdMvuBHieeBkpogzVduGr1VE0iZgEKogxvufGEKREA6eCjfKtxLCY0AHpMd9SSSJmgnRy8ggfWqWDu0rbkoAn6u+JlETGDKPQdkYE+mbWG4v/eX4C3csg5TJOgEk6XdRNBAaFx//jDteMghhaQqjm9lZM+0QTCjalvA3Bm315ntSPy955+ez+tFi5yuLIoX10gErIQxeogm5QFdUQRQo9o1f05oDz4rw7H9PWBSeb2UN/4Hz+AJ83kC8=</latexit>

O(log3 N)

<latexit sha1_base64="auBvQMugXQmvQEgM5OUSpQ5NP38=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoMQL2FXfB2DXjxpBPOQZAmzk9lkyOzMMjMrhCVf4cWDIl79HG/+jZNkD5pY0FBUddPdFcScaeO6305uaXlldS2/XtjY3NreKe7uNbRMFKF1IrlUrQBrypmgdcMMp61YURwFnDaD4fXEbz5RpZkUD2YUUz/CfcFCRrCx0uNducNlH90ed4slt+JOgRaJl5ESZKh1i1+dniRJRIUhHGvd9tzY+ClWhhFOx4VOommMyRD3adtSgSOq/XR68BgdWaWHQqlsCYOm6u+JFEdaj6LAdkbYDPS8NxH/89qJCS/9lIk4MVSQ2aIw4chINPke9ZiixPCRJZgoZm9FZIAVJsZmVLAhePMvL5LGScU7r5zdn5aqV1kceTiAQyiDBxdQhRuoQR0IRPAMr/DmKOfFeXc+Zq05J5vZhz9wPn8Acz+Pig==</latexit>

O(logN)

<latexit sha1_base64="Idf0dJeaHLcNwwmIyM4BCKjIY4c=">AAACEnicbZC7TsMwFIYdrqXcAowsFhVSu1QJ4jZWsDBQKBK9SE1UOa7TWnXiyHaQqijPwMKrsDCAECsTG2+Dm2aAll+y9Ok/58jn/F7EqFSW9W0sLC4tr6wW1orrG5tb2+bObkvyWGDSxJxx0fGQJIyGpKmoYqQTCYICj5G2N7qc1NsPREjKw3s1jogboEFIfYqR0lbPrNyWHcYH8MbBfa6gU3ICpIael1ynvSRj6Sf1eppWembJqlqZ4DzYOZRArkbP/HL6HMcBCRVmSMqubUXKTZBQFDOSFp1YkgjhERqQrsYQBUS6SXZSCg+104c+F/qFCmbu74kEBVKOA093ZkvO1ibmf7VurPxzN6FhFCsS4ulHfsyg4nCSD+xTQbBiYw0IC6p3hXiIBMJKp1jUIdizJ89D66hqn1ZP7o5LtYs8jgLYBwegDGxwBmrgCjRAE2DwCJ7BK3gznowX4934mLYuGPnMHvgj4/MHkzWddg==</latexit>

O(logN ·#LMM)



   

Theorem 2. If the update labels are sampled uniformly at random and if their 
update lengths are sampled uniformly at random from U, then the expected stash 
size of FIX is at most                       where 

FIX
Client Stash Analysis

<latexit sha1_base64="QrJwgXWDGx71m8R25ebGD4WYqGI=">AAACBnicbVDLSsNAFJ3UV62vqEsRBovgqibF17LopssK9gFNCJPJpB06k4SZiVhCVm78FTcuFHHrN7jzb5y2WWjrgQuHc+7l3nv8hFGpLOvbKC0tr6yuldcrG5tb2zvm7l5HxqnApI1jFouejyRhNCJtRRUjvUQQxH1Guv7oZuJ374mQNI7u1DghLkeDiIYUI6UlzzzMml7Gc+jgIFZQepnD0UOen2Z1h6e5Z1atmjUFXCR2QaqgQMszv5wgxiknkcIMSdm3rUS5GRKKYkbyipNKkiA8QgPS1zRCnEg3m76Rw2OtBDCMha5Iwan6eyJDXMox93UnR2oo572J+J/XT1V45WY0SlJFIjxbFKYMqhhOMoEBFQQrNtYEYUH1rRAPkUBY6eQqOgR7/uVF0qnX7Iva+e1ZtXFdxFEGB+AInAAbXIIGaIIWaAMMHsEzeAVvxpPxYrwbH7PWklHM7IM/MD5/AHcumSQ=</latexit>

Hm · smax/2µ
<latexit sha1_base64="+TD3r6CZh9As7+zstmtwwAkgBZk="></latexit>

U =

⇢
s0

1s ·Hm,s
,

s0

2s ·Hm,s
, . . . ,

s0

ms ·Hm,s

�

Theorem 3. If the update labels sampled uniformly at random and if their tuple 
lengths are sampled from a Zipf          distribution, then, with probability at least 

  the stash size is at most1 − ϵ
<latexit sha1_base64="Eb8N3mhyynxrGL4/gfuE7fOjNSw="></latexit>

Hm · smax

2µ
+ smax ·

s
(m� 2µ) · ln(1/✏)

2µ

<latexit sha1_base64="YaoGFtotlKjsLF/Dc7/Aj5ppmi4=">AAAB+nicbVC7TsMwFHXKq5RXCiOLRYXEgKoE8RorWBiLRB+ijSLHdVqrthPZDqgK+RQWBhBi5UvY+BucNgO0HMnS0Tn36h6fIGZUacf5tkpLyyura+X1ysbm1vaOXd1tqyiRmLRwxCLZDZAijArS0lQz0o0lQTxgpBOMr3O/80CkopG405OYeBwNBQ0pRtpIvl3tc6RHGLH0PvNTfuxmvl1z6s4UcJG4BamBAk3f/uoPIpxwIjRmSKme68TaS5HUFDOSVfqJIjHCYzQkPUMF4kR56TR6Bg+NMoBhJM0TGk7V3xsp4kpNeGAm86Bq3svF/7xeosNLL6UiTjQReHYoTBjUEcx7gAMqCdZsYgjCkpqsEI+QRFibtiqmBHf+y4ukfVJ3z+tnt6e1xlVRRxnsgwNwBFxwARrgBjRBC2DwCJ7BK3iznqwX6936mI2WrGJnD/yB9fkDSoKUCA==</latexit>Zm,1
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