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a1, a2, . . . , am 2 [n]
<latexit sha1_base64="Qt/7gi9eWTWoK9/0n10gwW7xL/g="></latexit>

`0
<latexit sha1_base64="G/KNIkeIBrEkZfB98ZOk1fm8DGg="></latexit>

`1
<latexit sha1_base64="Bok7UKzayt/MUBbkMQ2wte4LM+g="></latexit>

!2

n = 5
<latexit sha1_base64="+QQGrNj/hAL4nEcFNvFNEP5ysU8=">AAACInicbVDLSgNBEJyNr/hO9OhlMQiewm5U9CIEvHiMaIyQBJmd9CZD5rHM9KrLkk/wqj/g13gTT4If4yTmYNSCgZqqbrq7okRwi0Hw4RXm5hcWl4rLK6tr6xubpfLWtdWpYdBkWmhzE1ELgitoIkcBN4kBKiMBrWh4NvZbd2As1+oKswS6kvYVjzmj6KRLdXp0W6oE1WAC/y8Jp6RCpmjclr3lTk+zVIJCJqi17TBIsJtTg5wJGK10UgsJZUPah7ajikqw3Xyy68jfc0rPj7VxT6E/UX925FRam8nIVUqKA/vbG4v/ee0U45NuzlWSIij2PShOhY/aHx/u97gBhiJzhDLD3a4+G1BDGbp4ZqZkOlV9pJG7RME901JS1cs7iRbZKO8gPKCN88lv5MILf0f1l1zXquFBtXZxWKnXpzEWyQ7ZJfskJMekTs5JgzQJI33ySJ7Is/fivXpv3vt3acGb9myTGXifX4rkpPY=</latexit>

m = 10
<latexit sha1_base64="xxD5HhQkNrtcbHqO4Ur91APcruI=">AAACI3icbVDLSgNBEJz1HZ9Rj14Wg+Ap7KqgFyHgxWMEkwhJkNlJbzJkHstMr7os+QWv+gN+jTfx4sF/cTbJwUQLBmqquunuihLBLQbBl7ewuLS8srpWWt/Y3NreKe/uNa1ODYMG00Kbu4haEFxBAzkKuEsMUBkJaEXDq8JvPYCxXKtbzBLoStpXPOaMYiHJyzC4L1eCajCG/5eEU1IhU9Tvd71Sp6dZKkEhE9Tadhgk2M2pQc4EjNY7qYWEsiHtQ9tRRSXYbj5eduQfOaXnx9q4p9Afq787ciqtzWTkKiXFgZ33CvE/r51ifNHNuUpSBMUmg+JU+Kj94nK/xw0wFJkjlBnudvXZgBrK0OUzMyXTqeojjdwlCh6ZlpKqXt5JtMhGeQfhCW2cj38jF144H9Vf0jyphqfVk5uzSq02jXGNHJBDckxCck5q5JrUSYMwMiDP5IW8em/eu/fhfU5KF7xpzz6Zgff9A/txpSs=</latexit>

1 2 4 f (3) =
<latexit sha1_base64="QQqCfVC4b4NSD9N5JaOZFAVgBMA=">AAACJ3icbVDLSgNBEJz1Gd+JHr0sBkEvYdcIehECXjxGMBpIYpid9MbBeSwzveqy7E941R/wa7yJHv0TJzEHNRYM1FR1090VJYJbDIIPb2Z2bn5hsbS0vLK6tr5RrmxeWp0aBi2mhTbtiFoQXEELOQpoJwaojARcRbenI//qDozlWl1glkBP0qHiMWcUndSOr/O9+n5x0i9Xg1owhj9Nwgmpkgma/Yq31B1olkpQyAS1thMGCfZyapAzAcVyN7WQUHZLh9BxVFEJtpePFy78XacM/Fgb9xT6Y/VnR06ltZmMXKWkeGP/eiPxP6+TYnzcy7lKUgTFvgfFqfBR+6Pr/QE3wFBkjlBmuNvVZzfUUIYuo19TMp2qIdLIXaLgnmkpqRrk3USLrMi7CA9o43z8K1x44d+opsnlQS2s1w7OD6uNxiTGEtkmO2SPhOSINMgZaZIWYUSQR/JEnr0X79V7896/S2e8Sc8W+QXv8wsZdKbF</latexit>

1
1
0
1
0



Streaming Algorithms

• Input: A stream of inputs from the alphabet set.
   Example:                               .

• Output: Some statistics of the inputs.
   Example: # of distinct elements in the input stream.

• Frequency Vector: For each                       , define

   Example:     norm = # of distinct elements;     norm = t.

• Example:           and             .

t 2 [m], i 2 [n]
<latexit sha1_base64="r8yjykUf+rGX+xatj5cCNF7h5k8=">AAACMXicbVDLSgNBEJz1Gd9Rj14Gg+BBwq4Kegx48ahgVMguYXbSGwfnscz0Rpclf+JVf8CvyU28+hNOYg6+Cgaqq7rpnkpzKRyG4SiYmZ2bX1isLS2vrK6tb9Q3t66dKSyHNjfS2NuUOZBCQxsFSrjNLTCVSrhJ78/G/s0ArBNGX2GZQ6JYX4tMcIZe6tbrGAvdUckBFWOik269ETbDCehfEk1Jg0xx0d0MluKe4YUCjVwy5zpRmGNSMYuCSxgux4WDnPF71oeOp5opcEk1OX1I97zSo5mx/mmkE/X7RMWUc6VKfadieOd+e2PxP69TYHaaVELnBYLmX4uyQlI0dJwD7QkLHGXpCeNW+Fspv2OWcfRp/dhSmkL3kaX+JxoeuFGK6V4V50aWwypGeESXVZNq6MOLfkf1l1wfNqOj5uHlcaPVmsZYIztkl+yTiJyQFjknF6RNOBmQJ/JMXoLXYBS8Be9frTPBdGab/EDw8Qm6Naqj</latexit>

f (t)
i = | {t0 2 [t] : at0 = i} | .

<latexit sha1_base64="fQ9XwkiByEOGBnsGfGq1nvKe7f8="></latexit>

a1, a2, . . . , am 2 [n]
<latexit sha1_base64="Qt/7gi9eWTWoK9/0n10gwW7xL/g="></latexit>

`0
<latexit sha1_base64="G/KNIkeIBrEkZfB98ZOk1fm8DGg="></latexit>

`1
<latexit sha1_base64="Bok7UKzayt/MUBbkMQ2wte4LM+g="></latexit>

!2

n = 5
<latexit sha1_base64="+QQGrNj/hAL4nEcFNvFNEP5ysU8=">AAACInicbVDLSgNBEJyNr/hO9OhlMQiewm5U9CIEvHiMaIyQBJmd9CZD5rHM9KrLkk/wqj/g13gTT4If4yTmYNSCgZqqbrq7okRwi0Hw4RXm5hcWl4rLK6tr6xubpfLWtdWpYdBkWmhzE1ELgitoIkcBN4kBKiMBrWh4NvZbd2As1+oKswS6kvYVjzmj6KRLdXp0W6oE1WAC/y8Jp6RCpmjclr3lTk+zVIJCJqi17TBIsJtTg5wJGK10UgsJZUPah7ajikqw3Xyy68jfc0rPj7VxT6E/UX925FRam8nIVUqKA/vbG4v/ee0U45NuzlWSIij2PShOhY/aHx/u97gBhiJzhDLD3a4+G1BDGbp4ZqZkOlV9pJG7RME901JS1cs7iRbZKO8gPKCN88lv5MILf0f1l1zXquFBtXZxWKnXpzEWyQ7ZJfskJMekTs5JgzQJI33ySJ7Is/fivXpv3vt3acGb9myTGXifX4rkpPY=</latexit>

m = 10
<latexit sha1_base64="xxD5HhQkNrtcbHqO4Ur91APcruI=">AAACI3icbVDLSgNBEJz1HZ9Rj14Wg+Ap7KqgFyHgxWMEkwhJkNlJbzJkHstMr7os+QWv+gN+jTfx4sF/cTbJwUQLBmqquunuihLBLQbBl7ewuLS8srpWWt/Y3NreKe/uNa1ODYMG00Kbu4haEFxBAzkKuEsMUBkJaEXDq8JvPYCxXKtbzBLoStpXPOaMYiHJyzC4L1eCajCG/5eEU1IhU9Tvd71Sp6dZKkEhE9Tadhgk2M2pQc4EjNY7qYWEsiHtQ9tRRSXYbj5eduQfOaXnx9q4p9Afq787ciqtzWTkKiXFgZ33CvE/r51ifNHNuUpSBMUmg+JU+Kj94nK/xw0wFJkjlBnudvXZgBrK0OUzMyXTqeojjdwlCh6ZlpKqXt5JtMhGeQfhCW2cj38jF144H9Vf0jyphqfVk5uzSq02jXGNHJBDckxCck5q5JrUSYMwMiDP5IW8em/eu/fhfU5KF7xpzz6Zgff9A/txpSs=</latexit>

1 2 4 2 f (4) =
<latexit sha1_base64="p1Eq7iRaJsxsayLBIz8DCZSYb2w=">AAACJ3icbVDLSgNBEJz1Gd+JHr0sBkEvYVcDehECXjxGMBpIYpid9MbBeSwzveqy7E941R/wa7yJHv0TJzEHNRYM1FR1090VJYJbDIIPb2Z2bn5hsbS0vLK6tr5RrmxeWp0aBi2mhTbtiFoQXEELOQpoJwaojARcRbenI//qDozlWl1glkBP0qHiMWcUndSOr/O9+n5x0i9Xg1owhj9Nwgmpkgma/Yq31B1olkpQyAS1thMGCfZyapAzAcVyN7WQUHZLh9BxVFEJtpePFy78XacM/Fgb9xT6Y/VnR06ltZmMXKWkeGP/eiPxP6+TYnzcy7lKUgTFvgfFqfBR+6Pr/QE3wFBkjlBmuNvVZzfUUIYuo19TMp2qIdLIXaLgnmkpqRrk3USLrMi7CA9o43z8K1x44d+opsnlQS08rB2c16uNxiTGEtkmO2SPhOSINMgZaZIWYUSQR/JEnr0X79V7896/S2e8Sc8W+QXv8wsbM6bG</latexit>

1
2
0
1
0



Streaming Algorithms

• Input: A stream of inputs from the alphabet set.
   Example:                               .

• Output: Some statistics of the inputs.
   Example: # of distinct elements in the input stream.

• Frequency Vector: For each                       , define

   Example:     norm = # of distinct elements;     norm = t.

• Example:           and             .

t 2 [m], i 2 [n]
<latexit sha1_base64="r8yjykUf+rGX+xatj5cCNF7h5k8=">AAACMXicbVDLSgNBEJz1Gd9Rj14Gg+BBwq4Kegx48ahgVMguYXbSGwfnscz0Rpclf+JVf8CvyU28+hNOYg6+Cgaqq7rpnkpzKRyG4SiYmZ2bX1isLS2vrK6tb9Q3t66dKSyHNjfS2NuUOZBCQxsFSrjNLTCVSrhJ78/G/s0ArBNGX2GZQ6JYX4tMcIZe6tbrGAvdUckBFWOik269ETbDCehfEk1Jg0xx0d0MluKe4YUCjVwy5zpRmGNSMYuCSxgux4WDnPF71oeOp5opcEk1OX1I97zSo5mx/mmkE/X7RMWUc6VKfadieOd+e2PxP69TYHaaVELnBYLmX4uyQlI0dJwD7QkLHGXpCeNW+Fspv2OWcfRp/dhSmkL3kaX+JxoeuFGK6V4V50aWwypGeESXVZNq6MOLfkf1l1wfNqOj5uHlcaPVmsZYIztkl+yTiJyQFjknF6RNOBmQJ/JMXoLXYBS8Be9frTPBdGab/EDw8Qm6Naqj</latexit>

f (t)
i = | {t0 2 [t] : at0 = i} | .

<latexit sha1_base64="fQ9XwkiByEOGBnsGfGq1nvKe7f8="></latexit>

a1, a2, . . . , am 2 [n]
<latexit sha1_base64="Qt/7gi9eWTWoK9/0n10gwW7xL/g="></latexit>

`0
<latexit sha1_base64="G/KNIkeIBrEkZfB98ZOk1fm8DGg="></latexit>

`1
<latexit sha1_base64="Bok7UKzayt/MUBbkMQ2wte4LM+g="></latexit>

!2

n = 5
<latexit sha1_base64="+QQGrNj/hAL4nEcFNvFNEP5ysU8=">AAACInicbVDLSgNBEJyNr/hO9OhlMQiewm5U9CIEvHiMaIyQBJmd9CZD5rHM9KrLkk/wqj/g13gTT4If4yTmYNSCgZqqbrq7okRwi0Hw4RXm5hcWl4rLK6tr6xubpfLWtdWpYdBkWmhzE1ELgitoIkcBN4kBKiMBrWh4NvZbd2As1+oKswS6kvYVjzmj6KRLdXp0W6oE1WAC/y8Jp6RCpmjclr3lTk+zVIJCJqi17TBIsJtTg5wJGK10UgsJZUPah7ajikqw3Xyy68jfc0rPj7VxT6E/UX925FRam8nIVUqKA/vbG4v/ee0U45NuzlWSIij2PShOhY/aHx/u97gBhiJzhDLD3a4+G1BDGbp4ZqZkOlV9pJG7RME901JS1cs7iRbZKO8gPKCN88lv5MILf0f1l1zXquFBtXZxWKnXpzEWyQ7ZJfskJMekTs5JgzQJI33ySJ7Is/fivXpv3vt3acGb9myTGXifX4rkpPY=</latexit>

m = 10
<latexit sha1_base64="xxD5HhQkNrtcbHqO4Ur91APcruI=">AAACI3icbVDLSgNBEJz1HZ9Rj14Wg+Ap7KqgFyHgxWMEkwhJkNlJbzJkHstMr7os+QWv+gN+jTfx4sF/cTbJwUQLBmqquunuihLBLQbBl7ewuLS8srpWWt/Y3NreKe/uNa1ODYMG00Kbu4haEFxBAzkKuEsMUBkJaEXDq8JvPYCxXKtbzBLoStpXPOaMYiHJyzC4L1eCajCG/5eEU1IhU9Tvd71Sp6dZKkEhE9Tadhgk2M2pQc4EjNY7qYWEsiHtQ9tRRSXYbj5eduQfOaXnx9q4p9Afq787ciqtzWTkKiXFgZ33CvE/r51ifNHNuUpSBMUmg+JU+Kj94nK/xw0wFJkjlBnudvXZgBrK0OUzMyXTqeojjdwlCh6ZlpKqXt5JtMhGeQfhCW2cj38jF144H9Vf0jyphqfVk5uzSq02jXGNHJBDckxCck5q5JrUSYMwMiDP5IW8em/eu/fhfU5KF7xpzz6Zgff9A/txpSs=</latexit>

1 2 4 2 5 f (5) =
<latexit sha1_base64="5tt0JFum9/F2Nw7IrLEMYYrf+f0=">AAACJ3icbVDJSgNBEO1xjXuiRy+DQYiXMOOCXoSAF48RjAaSKD2dmqSxl6G7Rh2G+Qmv+gN+jTfRo39iJ+bg9qDh9XtVVNWLEsEtBsG7NzU9Mzs3X1pYXFpeWV0rV9YvrE4NgxbTQpt2RC0IrqCFHAW0EwNURgIuo5uTkX95C8Zyrc4xS6An6UDxmDOKTmrHV3ntYKc4vi5Xg3owhv+XhBNSJRM0ryveQrevWSpBIRPU2k4YJNjLqUHOBBSL3dRCQtkNHUDHUUUl2F4+Xrjwt53S92Nt3FPoj9XvHTmV1mYycpWS4tD+9kbif14nxfiol3OVpAiKfQ2KU+Gj9kfX+31ugKHIHKHMcLerz4bUUIYuox9TMp2qAdLIXaLgjmkpqern3USLrMi7CPdo43z8K1x44e+o/pKL3Xq4V9892682GpMYS2STbJEaCckhaZBT0iQtwoggD+SRPHnP3ov36r19lU55k54N8gPexycc8qbH</latexit>

1
2
0
1
1



Streaming Algorithms

• Input: A stream of inputs from the alphabet set.
   Example:                               .

• Output: Some statistics of the inputs.
   Example: # of distinct elements in the input stream.

• Frequency Vector: For each                       , define

   Example:     norm = # of distinct elements;     norm = t.

• Example:           and             .

t 2 [m], i 2 [n]
<latexit sha1_base64="r8yjykUf+rGX+xatj5cCNF7h5k8=">AAACMXicbVDLSgNBEJz1Gd9Rj14Gg+BBwq4Kegx48ahgVMguYXbSGwfnscz0Rpclf+JVf8CvyU28+hNOYg6+Cgaqq7rpnkpzKRyG4SiYmZ2bX1isLS2vrK6tb9Q3t66dKSyHNjfS2NuUOZBCQxsFSrjNLTCVSrhJ78/G/s0ArBNGX2GZQ6JYX4tMcIZe6tbrGAvdUckBFWOik269ETbDCehfEk1Jg0xx0d0MluKe4YUCjVwy5zpRmGNSMYuCSxgux4WDnPF71oeOp5opcEk1OX1I97zSo5mx/mmkE/X7RMWUc6VKfadieOd+e2PxP69TYHaaVELnBYLmX4uyQlI0dJwD7QkLHGXpCeNW+Fspv2OWcfRp/dhSmkL3kaX+JxoeuFGK6V4V50aWwypGeESXVZNq6MOLfkf1l1wfNqOj5uHlcaPVmsZYIztkl+yTiJyQFjknF6RNOBmQJ/JMXoLXYBS8Be9frTPBdGab/EDw8Qm6Naqj</latexit>

f (t)
i = | {t0 2 [t] : at0 = i} | .

<latexit sha1_base64="fQ9XwkiByEOGBnsGfGq1nvKe7f8="></latexit>

a1, a2, . . . , am 2 [n]
<latexit sha1_base64="Qt/7gi9eWTWoK9/0n10gwW7xL/g="></latexit>

`0
<latexit sha1_base64="G/KNIkeIBrEkZfB98ZOk1fm8DGg="></latexit>

`1
<latexit sha1_base64="Bok7UKzayt/MUBbkMQ2wte4LM+g="></latexit>

!2

n = 5
<latexit sha1_base64="+QQGrNj/hAL4nEcFNvFNEP5ysU8=">AAACInicbVDLSgNBEJyNr/hO9OhlMQiewm5U9CIEvHiMaIyQBJmd9CZD5rHM9KrLkk/wqj/g13gTT4If4yTmYNSCgZqqbrq7okRwi0Hw4RXm5hcWl4rLK6tr6xubpfLWtdWpYdBkWmhzE1ELgitoIkcBN4kBKiMBrWh4NvZbd2As1+oKswS6kvYVjzmj6KRLdXp0W6oE1WAC/y8Jp6RCpmjclr3lTk+zVIJCJqi17TBIsJtTg5wJGK10UgsJZUPah7ajikqw3Xyy68jfc0rPj7VxT6E/UX925FRam8nIVUqKA/vbG4v/ee0U45NuzlWSIij2PShOhY/aHx/u97gBhiJzhDLD3a4+G1BDGbp4ZqZkOlV9pJG7RME901JS1cs7iRbZKO8gPKCN88lv5MILf0f1l1zXquFBtXZxWKnXpzEWyQ7ZJfskJMekTs5JgzQJI33ySJ7Is/fivXpv3vt3acGb9myTGXifX4rkpPY=</latexit>

m = 10
<latexit sha1_base64="xxD5HhQkNrtcbHqO4Ur91APcruI=">AAACI3icbVDLSgNBEJz1HZ9Rj14Wg+Ap7KqgFyHgxWMEkwhJkNlJbzJkHstMr7os+QWv+gN+jTfx4sF/cTbJwUQLBmqquunuihLBLQbBl7ewuLS8srpWWt/Y3NreKe/uNa1ODYMG00Kbu4haEFxBAzkKuEsMUBkJaEXDq8JvPYCxXKtbzBLoStpXPOaMYiHJyzC4L1eCajCG/5eEU1IhU9Tvd71Sp6dZKkEhE9Tadhgk2M2pQc4EjNY7qYWEsiHtQ9tRRSXYbj5eduQfOaXnx9q4p9Afq787ciqtzWTkKiXFgZ33CvE/r51ifNHNuUpSBMUmg+JU+Kj94nK/xw0wFJkjlBnudvXZgBrK0OUzMyXTqeojjdwlCh6ZlpKqXt5JtMhGeQfhCW2cj38jF144H9Vf0jyphqfVk5uzSq02jXGNHJBDckxCck5q5JrUSYMwMiDP5IW8em/eu/fhfU5KF7xpzz6Zgff9A/txpSs=</latexit>

1 2 4 2 5 2 f (6) =
<latexit sha1_base64="UULZQkqyeYDJJFDDRcuHZUC3c0E=">AAACJ3icbVDLSgNBEJz1Gd+JHr0sBiFewq6KehECXjxGMBpIosxOepPBeSwzveqy7E941R/wa7yJHv0TJzEHXwUDNVXddHdFieAWg+Ddm5qemZ2bLy0sLi2vrK6VK+sXVqeGQYtpoU07ohYEV9BCjgLaiQEqIwGX0c3JyL+8BWO5VueYJdCTdKB4zBlFJ7Xjq7x2sFMcX5erQT0Yw/9Lwgmpkgma1xVvodvXLJWgkAlqbScMEuzl1CBnAorFbmohoeyGDqDjqKISbC8fL1z4207p+7E27in0x+r3jpxKazMZuUpJcWh/eyPxP6+TYnzUy7lKUgTFvgbFqfBR+6Pr/T43wFBkjlBmuNvVZ0NqKEOX0Y8pmU7VAGnkLlFwx7SUVPXzbqJFVuRdhHu0cT7+FS688HdUf8nFbj3cq++e7VcbjUmMJbJJtkiNhOSQNMgpaZIWYUSQB/JInrxn78V79d6+Sqe8Sc8G+QHv4xMesabI</latexit>

1
3
0
1
1



Streaming Algorithms

• Input: A stream of inputs from the alphabet set.
   Example:                               .

• Output: Some statistics of the inputs.
   Example: # of distinct elements in the input stream.

• Frequency Vector: For each                       , define

   Example:     norm = # of distinct elements;     norm = t.

• Example:           and             .

t 2 [m], i 2 [n]
<latexit sha1_base64="r8yjykUf+rGX+xatj5cCNF7h5k8=">AAACMXicbVDLSgNBEJz1Gd9Rj14Gg+BBwq4Kegx48ahgVMguYXbSGwfnscz0Rpclf+JVf8CvyU28+hNOYg6+Cgaqq7rpnkpzKRyG4SiYmZ2bX1isLS2vrK6tb9Q3t66dKSyHNjfS2NuUOZBCQxsFSrjNLTCVSrhJ78/G/s0ArBNGX2GZQ6JYX4tMcIZe6tbrGAvdUckBFWOik269ETbDCehfEk1Jg0xx0d0MluKe4YUCjVwy5zpRmGNSMYuCSxgux4WDnPF71oeOp5opcEk1OX1I97zSo5mx/mmkE/X7RMWUc6VKfadieOd+e2PxP69TYHaaVELnBYLmX4uyQlI0dJwD7QkLHGXpCeNW+Fspv2OWcfRp/dhSmkL3kaX+JxoeuFGK6V4V50aWwypGeESXVZNq6MOLfkf1l1wfNqOj5uHlcaPVmsZYIztkl+yTiJyQFjknF6RNOBmQJ/JMXoLXYBS8Be9frTPBdGab/EDw8Qm6Naqj</latexit>

f (t)
i = | {t0 2 [t] : at0 = i} | .

<latexit sha1_base64="fQ9XwkiByEOGBnsGfGq1nvKe7f8="></latexit>

a1, a2, . . . , am 2 [n]
<latexit sha1_base64="Qt/7gi9eWTWoK9/0n10gwW7xL/g="></latexit>

`0
<latexit sha1_base64="G/KNIkeIBrEkZfB98ZOk1fm8DGg="></latexit>

`1
<latexit sha1_base64="Bok7UKzayt/MUBbkMQ2wte4LM+g="></latexit>

!2

n = 5
<latexit sha1_base64="+QQGrNj/hAL4nEcFNvFNEP5ysU8=">AAACInicbVDLSgNBEJyNr/hO9OhlMQiewm5U9CIEvHiMaIyQBJmd9CZD5rHM9KrLkk/wqj/g13gTT4If4yTmYNSCgZqqbrq7okRwi0Hw4RXm5hcWl4rLK6tr6xubpfLWtdWpYdBkWmhzE1ELgitoIkcBN4kBKiMBrWh4NvZbd2As1+oKswS6kvYVjzmj6KRLdXp0W6oE1WAC/y8Jp6RCpmjclr3lTk+zVIJCJqi17TBIsJtTg5wJGK10UgsJZUPah7ajikqw3Xyy68jfc0rPj7VxT6E/UX925FRam8nIVUqKA/vbG4v/ee0U45NuzlWSIij2PShOhY/aHx/u97gBhiJzhDLD3a4+G1BDGbp4ZqZkOlV9pJG7RME901JS1cs7iRbZKO8gPKCN88lv5MILf0f1l1zXquFBtXZxWKnXpzEWyQ7ZJfskJMekTs5JgzQJI33ySJ7Is/fivXpv3vt3acGb9myTGXifX4rkpPY=</latexit>

m = 10
<latexit sha1_base64="xxD5HhQkNrtcbHqO4Ur91APcruI=">AAACI3icbVDLSgNBEJz1HZ9Rj14Wg+Ap7KqgFyHgxWMEkwhJkNlJbzJkHstMr7os+QWv+gN+jTfx4sF/cTbJwUQLBmqquunuihLBLQbBl7ewuLS8srpWWt/Y3NreKe/uNa1ODYMG00Kbu4haEFxBAzkKuEsMUBkJaEXDq8JvPYCxXKtbzBLoStpXPOaMYiHJyzC4L1eCajCG/5eEU1IhU9Tvd71Sp6dZKkEhE9Tadhgk2M2pQc4EjNY7qYWEsiHtQ9tRRSXYbj5eduQfOaXnx9q4p9Afq787ciqtzWTkKiXFgZ33CvE/r51ifNHNuUpSBMUmg+JU+Kj94nK/xw0wFJkjlBnudvXZgBrK0OUzMyXTqeojjdwlCh6ZlpKqXt5JtMhGeQfhCW2cj38jF144H9Vf0jyphqfVk5uzSq02jXGNHJBDckxCck5q5JrUSYMwMiDP5IW8em/eu/fhfU5KF7xpzz6Zgff9A/txpSs=</latexit>

1 2 4 2 5 2 1 f (7) =
<latexit sha1_base64="uG6Jk1VUEF5Mo6ybLIF1+t/SepY=">AAACJ3icbVDLSgNBEJz1Gd+JHr0sBkEvYVeFeBECXjxGMBpIYpid9MbBeSwzveqy7E941R/wa7yJHv0TJzEHNRYM1FR1090VJYJbDIIPb2Z2bn5hsbS0vLK6tr5RrmxeWp0aBi2mhTbtiFoQXEELOQpoJwaojARcRbenI//qDozlWl1glkBP0qHiMWcUndSOr/O9+n5x0i9Xg1owhj9Nwgmpkgma/Yq31B1olkpQyAS1thMGCfZyapAzAcVyN7WQUHZLh9BxVFEJtpePFy78XacM/Fgb9xT6Y/VnR06ltZmMXKWkeGP/eiPxP6+TYnzcy7lKUgTFvgfFqfBR+6Pr/QE3wFBkjlBmuNvVZzfUUIYuo19TMp2qIdLIXaLgnmkpqRrk3USLrMi7CA9o43z8K1x44d+opsnlQS08rB2cH1UbjUmMJbJNdsgeCUmdNMgZaZIWYUSQR/JEnr0X79V7896/S2e8Sc8W+QXv8wsgcKbJ</latexit>

2
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Streaming Algorithms

• Input: A stream of inputs from the alphabet set.
   Example:                               .

• Output: Some statistics of the inputs.
   Example: # of distinct elements in the input stream.

• Frequency Vector: For each                       , define

   Example:     norm = # of distinct elements;     norm = t.

• Example:           and             .

t 2 [m], i 2 [n]
<latexit sha1_base64="r8yjykUf+rGX+xatj5cCNF7h5k8=">AAACMXicbVDLSgNBEJz1Gd9Rj14Gg+BBwq4Kegx48ahgVMguYXbSGwfnscz0Rpclf+JVf8CvyU28+hNOYg6+Cgaqq7rpnkpzKRyG4SiYmZ2bX1isLS2vrK6tb9Q3t66dKSyHNjfS2NuUOZBCQxsFSrjNLTCVSrhJ78/G/s0ArBNGX2GZQ6JYX4tMcIZe6tbrGAvdUckBFWOik269ETbDCehfEk1Jg0xx0d0MluKe4YUCjVwy5zpRmGNSMYuCSxgux4WDnPF71oeOp5opcEk1OX1I97zSo5mx/mmkE/X7RMWUc6VKfadieOd+e2PxP69TYHaaVELnBYLmX4uyQlI0dJwD7QkLHGXpCeNW+Fspv2OWcfRp/dhSmkL3kaX+JxoeuFGK6V4V50aWwypGeESXVZNq6MOLfkf1l1wfNqOj5uHlcaPVmsZYIztkl+yTiJyQFjknF6RNOBmQJ/JMXoLXYBS8Be9frTPBdGab/EDw8Qm6Naqj</latexit>

f (t)
i = | {t0 2 [t] : at0 = i} | .

<latexit sha1_base64="fQ9XwkiByEOGBnsGfGq1nvKe7f8="></latexit>

a1, a2, . . . , am 2 [n]
<latexit sha1_base64="Qt/7gi9eWTWoK9/0n10gwW7xL/g="></latexit>

`0
<latexit sha1_base64="G/KNIkeIBrEkZfB98ZOk1fm8DGg="></latexit>

`1
<latexit sha1_base64="Bok7UKzayt/MUBbkMQ2wte4LM+g="></latexit>

!2

n = 5
<latexit sha1_base64="+QQGrNj/hAL4nEcFNvFNEP5ysU8=">AAACInicbVDLSgNBEJyNr/hO9OhlMQiewm5U9CIEvHiMaIyQBJmd9CZD5rHM9KrLkk/wqj/g13gTT4If4yTmYNSCgZqqbrq7okRwi0Hw4RXm5hcWl4rLK6tr6xubpfLWtdWpYdBkWmhzE1ELgitoIkcBN4kBKiMBrWh4NvZbd2As1+oKswS6kvYVjzmj6KRLdXp0W6oE1WAC/y8Jp6RCpmjclr3lTk+zVIJCJqi17TBIsJtTg5wJGK10UgsJZUPah7ajikqw3Xyy68jfc0rPj7VxT6E/UX925FRam8nIVUqKA/vbG4v/ee0U45NuzlWSIij2PShOhY/aHx/u97gBhiJzhDLD3a4+G1BDGbp4ZqZkOlV9pJG7RME901JS1cs7iRbZKO8gPKCN88lv5MILf0f1l1zXquFBtXZxWKnXpzEWyQ7ZJfskJMekTs5JgzQJI33ySJ7Is/fivXpv3vt3acGb9myTGXifX4rkpPY=</latexit>

m = 10
<latexit sha1_base64="xxD5HhQkNrtcbHqO4Ur91APcruI=">AAACI3icbVDLSgNBEJz1HZ9Rj14Wg+Ap7KqgFyHgxWMEkwhJkNlJbzJkHstMr7os+QWv+gN+jTfx4sF/cTbJwUQLBmqquunuihLBLQbBl7ewuLS8srpWWt/Y3NreKe/uNa1ODYMG00Kbu4haEFxBAzkKuEsMUBkJaEXDq8JvPYCxXKtbzBLoStpXPOaMYiHJyzC4L1eCajCG/5eEU1IhU9Tvd71Sp6dZKkEhE9Tadhgk2M2pQc4EjNY7qYWEsiHtQ9tRRSXYbj5eduQfOaXnx9q4p9Afq787ciqtzWTkKiXFgZ33CvE/r51ifNHNuUpSBMUmg+JU+Kj94nK/xw0wFJkjlBnudvXZgBrK0OUzMyXTqeojjdwlCh6ZlpKqXt5JtMhGeQfhCW2cj38jF144H9Vf0jyphqfVk5uzSq02jXGNHJBDckxCck5q5JrUSYMwMiDP5IW8em/eu/fhfU5KF7xpzz6Zgff9A/txpSs=</latexit>

1 2 4 2 5 2 1 1 f (8) =
<latexit sha1_base64="sXrCbVKYRAuLxCzkbb91z4IvA0s=">AAACJ3icbVDLSgNBEJz1Gd+JHr0sBkEvYVcFcxECXjxGMBpIYpid9MbBeSwzveqy7E941R/wa7yJHv0TJzEHNRYM1FR1090VJYJbDIIPb2Z2bn5hsbS0vLK6tr5RrmxeWp0aBi2mhTbtiFoQXEELOQpoJwaojARcRbenI//qDozlWl1glkBP0qHiMWcUndSOr/O9+n5x0i9Xg1owhj9Nwgmpkgma/Yq31B1olkpQyAS1thMGCfZyapAzAcVyN7WQUHZLh9BxVFEJtpePFy78XacM/Fgb9xT6Y/VnR06ltZmMXKWkeGP/eiPxP6+TYlzv5VwlKYJi34PiVPio/dH1/oAbYCgyRygz3O3qsxtqKEOX0a8pmU7VEGnkLlFwz7SUVA3ybqJFVuRdhAe0cT7+FS688G9U0+TyoBYe1g7Oj6qNxiTGEtkmO2SPhOSYNMgZaZIWYUSQR/JEnr0X79V7896/S2e8Sc8W+QXv8wsiL6bK</latexit>
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Streaming Algorithms

• Input: A stream of inputs from the alphabet set.
   Example:                               .

• Output: Some statistics of the inputs.
   Example: # of distinct elements in the input stream.

• Frequency Vector: For each                       , define

   Example:     norm = # of distinct elements;     norm = t.

• Example:           and             .

t 2 [m], i 2 [n]
<latexit sha1_base64="r8yjykUf+rGX+xatj5cCNF7h5k8=">AAACMXicbVDLSgNBEJz1Gd9Rj14Gg+BBwq4Kegx48ahgVMguYXbSGwfnscz0Rpclf+JVf8CvyU28+hNOYg6+Cgaqq7rpnkpzKRyG4SiYmZ2bX1isLS2vrK6tb9Q3t66dKSyHNjfS2NuUOZBCQxsFSrjNLTCVSrhJ78/G/s0ArBNGX2GZQ6JYX4tMcIZe6tbrGAvdUckBFWOik269ETbDCehfEk1Jg0xx0d0MluKe4YUCjVwy5zpRmGNSMYuCSxgux4WDnPF71oeOp5opcEk1OX1I97zSo5mx/mmkE/X7RMWUc6VKfadieOd+e2PxP69TYHaaVELnBYLmX4uyQlI0dJwD7QkLHGXpCeNW+Fspv2OWcfRp/dhSmkL3kaX+JxoeuFGK6V4V50aWwypGeESXVZNq6MOLfkf1l1wfNqOj5uHlcaPVmsZYIztkl+yTiJyQFjknF6RNOBmQJ/JMXoLXYBS8Be9frTPBdGab/EDw8Qm6Naqj</latexit>

f (t)
i = | {t0 2 [t] : at0 = i} | .

<latexit sha1_base64="fQ9XwkiByEOGBnsGfGq1nvKe7f8="></latexit>

a1, a2, . . . , am 2 [n]
<latexit sha1_base64="Qt/7gi9eWTWoK9/0n10gwW7xL/g="></latexit>

`0
<latexit sha1_base64="G/KNIkeIBrEkZfB98ZOk1fm8DGg="></latexit>

`1
<latexit sha1_base64="Bok7UKzayt/MUBbkMQ2wte4LM+g="></latexit>

!2

n = 5
<latexit sha1_base64="+QQGrNj/hAL4nEcFNvFNEP5ysU8=">AAACInicbVDLSgNBEJyNr/hO9OhlMQiewm5U9CIEvHiMaIyQBJmd9CZD5rHM9KrLkk/wqj/g13gTT4If4yTmYNSCgZqqbrq7okRwi0Hw4RXm5hcWl4rLK6tr6xubpfLWtdWpYdBkWmhzE1ELgitoIkcBN4kBKiMBrWh4NvZbd2As1+oKswS6kvYVjzmj6KRLdXp0W6oE1WAC/y8Jp6RCpmjclr3lTk+zVIJCJqi17TBIsJtTg5wJGK10UgsJZUPah7ajikqw3Xyy68jfc0rPj7VxT6E/UX925FRam8nIVUqKA/vbG4v/ee0U45NuzlWSIij2PShOhY/aHx/u97gBhiJzhDLD3a4+G1BDGbp4ZqZkOlV9pJG7RME901JS1cs7iRbZKO8gPKCN88lv5MILf0f1l1zXquFBtXZxWKnXpzEWyQ7ZJfskJMekTs5JgzQJI33ySJ7Is/fivXpv3vt3acGb9myTGXifX4rkpPY=</latexit>

m = 10
<latexit sha1_base64="xxD5HhQkNrtcbHqO4Ur91APcruI=">AAACI3icbVDLSgNBEJz1HZ9Rj14Wg+Ap7KqgFyHgxWMEkwhJkNlJbzJkHstMr7os+QWv+gN+jTfx4sF/cTbJwUQLBmqquunuihLBLQbBl7ewuLS8srpWWt/Y3NreKe/uNa1ODYMG00Kbu4haEFxBAzkKuEsMUBkJaEXDq8JvPYCxXKtbzBLoStpXPOaMYiHJyzC4L1eCajCG/5eEU1IhU9Tvd71Sp6dZKkEhE9Tadhgk2M2pQc4EjNY7qYWEsiHtQ9tRRSXYbj5eduQfOaXnx9q4p9Afq787ciqtzWTkKiXFgZ33CvE/r51ifNHNuUpSBMUmg+JU+Kj94nK/xw0wFJkjlBnudvXZgBrK0OUzMyXTqeojjdwlCh6ZlpKqXt5JtMhGeQfhCW2cj38jF144H9Vf0jyphqfVk5uzSq02jXGNHJBDckxCck5q5JrUSYMwMiDP5IW8em/eu/fhfU5KF7xpzz6Zgff9A/txpSs=</latexit>

1 2 4 2 5 2 1 1 5 f (9) =
<latexit sha1_base64="PvzS5KfZPEgg8BVCPye9dta1ehk=">AAACJ3icbVDLSgNBEJz1Gd+JHr0sBiFewq4K6kEIePEYwWggiTI76U0G57HM9KrLsj/hVX/Ar/EmevRPnMQcfBUM1FR1090VJYJbDIJ3b2p6ZnZuvrSwuLS8srpWrqxfWJ0aBi2mhTbtiFoQXEELOQpoJwaojARcRjcnI//yFozlWp1jlkBP0oHiMWcUndSOr/La0U5xfF2uBvVgDP8vCSekSiZoXle8hW5fs1SCQiaotZ0wSLCXU4OcCSgWu6mFhLIbOoCOo4pKsL18vHDhbzul78fauKfQH6vfO3Iqrc1k5ColxaH97Y3E/7xOivFhL+cqSREU+xoUp8JH7Y+u9/vcAEOROUKZ4W5Xnw2poQxdRj+mZDpVA6SRu0TBHdNSUtXPu4kWWZF3Ee7Rxvn4V7jwwt9R/SUXu/Vwr757tl9tNCYxlsgm2SI1EpID0iCnpElahBFBHsgjefKevRfv1Xv7Kp3yJj0b5Ae8j08j7qbL</latexit>
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Streaming Algorithms

• Input: A stream of inputs from the alphabet set.
   Example:                               .

• Output: Some statistics of the inputs.
   Example: # of distinct elements in the input stream.

• Frequency Vector: For each                       , define

   Example:     norm = # of distinct elements;     norm = t.

• Example:           and             .

t 2 [m], i 2 [n]
<latexit sha1_base64="r8yjykUf+rGX+xatj5cCNF7h5k8=">AAACMXicbVDLSgNBEJz1Gd9Rj14Gg+BBwq4Kegx48ahgVMguYXbSGwfnscz0Rpclf+JVf8CvyU28+hNOYg6+Cgaqq7rpnkpzKRyG4SiYmZ2bX1isLS2vrK6tb9Q3t66dKSyHNjfS2NuUOZBCQxsFSrjNLTCVSrhJ78/G/s0ArBNGX2GZQ6JYX4tMcIZe6tbrGAvdUckBFWOik269ETbDCehfEk1Jg0xx0d0MluKe4YUCjVwy5zpRmGNSMYuCSxgux4WDnPF71oeOp5opcEk1OX1I97zSo5mx/mmkE/X7RMWUc6VKfadieOd+e2PxP69TYHaaVELnBYLmX4uyQlI0dJwD7QkLHGXpCeNW+Fspv2OWcfRp/dhSmkL3kaX+JxoeuFGK6V4V50aWwypGeESXVZNq6MOLfkf1l1wfNqOj5uHlcaPVmsZYIztkl+yTiJyQFjknF6RNOBmQJ/JMXoLXYBS8Be9frTPBdGab/EDw8Qm6Naqj</latexit>

f (t)
i = | {t0 2 [t] : at0 = i} | .

<latexit sha1_base64="fQ9XwkiByEOGBnsGfGq1nvKe7f8="></latexit>

a1, a2, . . . , am 2 [n]
<latexit sha1_base64="Qt/7gi9eWTWoK9/0n10gwW7xL/g="></latexit>

`0
<latexit sha1_base64="G/KNIkeIBrEkZfB98ZOk1fm8DGg="></latexit>

`1
<latexit sha1_base64="Bok7UKzayt/MUBbkMQ2wte4LM+g="></latexit>

!2

n = 5
<latexit sha1_base64="+QQGrNj/hAL4nEcFNvFNEP5ysU8=">AAACInicbVDLSgNBEJyNr/hO9OhlMQiewm5U9CIEvHiMaIyQBJmd9CZD5rHM9KrLkk/wqj/g13gTT4If4yTmYNSCgZqqbrq7okRwi0Hw4RXm5hcWl4rLK6tr6xubpfLWtdWpYdBkWmhzE1ELgitoIkcBN4kBKiMBrWh4NvZbd2As1+oKswS6kvYVjzmj6KRLdXp0W6oE1WAC/y8Jp6RCpmjclr3lTk+zVIJCJqi17TBIsJtTg5wJGK10UgsJZUPah7ajikqw3Xyy68jfc0rPj7VxT6E/UX925FRam8nIVUqKA/vbG4v/ee0U45NuzlWSIij2PShOhY/aHx/u97gBhiJzhDLD3a4+G1BDGbp4ZqZkOlV9pJG7RME901JS1cs7iRbZKO8gPKCN88lv5MILf0f1l1zXquFBtXZxWKnXpzEWyQ7ZJfskJMekTs5JgzQJI33ySJ7Is/fivXpv3vt3acGb9myTGXifX4rkpPY=</latexit>

m = 10
<latexit sha1_base64="xxD5HhQkNrtcbHqO4Ur91APcruI=">AAACI3icbVDLSgNBEJz1HZ9Rj14Wg+Ap7KqgFyHgxWMEkwhJkNlJbzJkHstMr7os+QWv+gN+jTfx4sF/cTbJwUQLBmqquunuihLBLQbBl7ewuLS8srpWWt/Y3NreKe/uNa1ODYMG00Kbu4haEFxBAzkKuEsMUBkJaEXDq8JvPYCxXKtbzBLoStpXPOaMYiHJyzC4L1eCajCG/5eEU1IhU9Tvd71Sp6dZKkEhE9Tadhgk2M2pQc4EjNY7qYWEsiHtQ9tRRSXYbj5eduQfOaXnx9q4p9Afq787ciqtzWTkKiXFgZ33CvE/r51ifNHNuUpSBMUmg+JU+Kj94nK/xw0wFJkjlBnudvXZgBrK0OUzMyXTqeojjdwlCh6ZlpKqXt5JtMhGeQfhCW2cj38jF144H9Vf0jyphqfVk5uzSq02jXGNHJBDckxCck5q5JrUSYMwMiDP5IW8em/eu/fhfU5KF7xpzz6Zgff9A/txpSs=</latexit>

1 2 4 2 5 2 1 1 5 2 f (10) =
<latexit sha1_base64="vH9gj0NdsvMhaDPYc8UAgSVEd1Y=">AAACKHicbVDLSgNBEJyN73eiRy+LQYiXsBsFvQgBLx4VjEaSGGYnvXHIPJaZXnVZ9iu86g/4Nd7Eq1/iJObgq2Cgpqqb7q4oEdxiELx7pZnZufmFxaXlldW19Y1yZfPS6tQwaDEttGlH1ILgClrIUUA7MUBlJOAqGp2M/as7MJZrdYFZAj1Jh4rHnFF00nV8k9fCYK847perQT2YwP9LwimpkinO+hVvqTvQLJWgkAlqbScMEuzl1CBnAorlbmohoWxEh9BxVFEJtpdPNi78XacM/Fgb9xT6E/V7R06ltZmMXKWkeGt/e2PxP6+TYnzUy7lKUgTFvgbFqfBR++Pz/QE3wFBkjlBmuNvVZ7fUUIYupB9TMp2qIdLIXaLgnmkpqRrk3USLrMi7CA9o43zyK1x44e+o/pLLRj3crzfOD6rN5jTGRbJNdkiNhOSQNMkpOSMtwogkj+SJPHsv3qv35r1/lZa8ac8W+QHv4xOQiKb9</latexit>
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Streaming Algorithms

• Input: A stream of inputs from the alphabet set.
   Example:                               .

• Output: Some statistics of the inputs.
   Example: # of distinct elements in the input stream.

• Frequency Vector: For each                       , define

   Example:     norm = # of distinct elements;     norm = t.

• Applications: Database optimization, network traffic etc.

t 2 [m], i 2 [n]
<latexit sha1_base64="r8yjykUf+rGX+xatj5cCNF7h5k8=">AAACMXicbVDLSgNBEJz1Gd9Rj14Gg+BBwq4Kegx48ahgVMguYXbSGwfnscz0Rpclf+JVf8CvyU28+hNOYg6+Cgaqq7rpnkpzKRyG4SiYmZ2bX1isLS2vrK6tb9Q3t66dKSyHNjfS2NuUOZBCQxsFSrjNLTCVSrhJ78/G/s0ArBNGX2GZQ6JYX4tMcIZe6tbrGAvdUckBFWOik269ETbDCehfEk1Jg0xx0d0MluKe4YUCjVwy5zpRmGNSMYuCSxgux4WDnPF71oeOp5opcEk1OX1I97zSo5mx/mmkE/X7RMWUc6VKfadieOd+e2PxP69TYHaaVELnBYLmX4uyQlI0dJwD7QkLHGXpCeNW+Fspv2OWcfRp/dhSmkL3kaX+JxoeuFGK6V4V50aWwypGeESXVZNq6MOLfkf1l1wfNqOj5uHlcaPVmsZYIztkl+yTiJyQFjknF6RNOBmQJ/JMXoLXYBS8Be9frTPBdGab/EDw8Qm6Naqj</latexit>

f (t)
i = | {t0 2 [t] : at0 = i} | .

<latexit sha1_base64="fQ9XwkiByEOGBnsGfGq1nvKe7f8="></latexit>

a1, a2, . . . , am 2 [n]
<latexit sha1_base64="Qt/7gi9eWTWoK9/0n10gwW7xL/g="></latexit>

`0
<latexit sha1_base64="G/KNIkeIBrEkZfB98ZOk1fm8DGg="></latexit>

`1
<latexit sha1_base64="Bok7UKzayt/MUBbkMQ2wte4LM+g="></latexit>

!3



Streaming Algorithms

• Input: A stream of inputs from the alphabet set.
   Example:                               .

• Output: Some statistics of the inputs.
   Example: # of distinct elements in the input stream.

• Frequency Vector: For each                       , define

   Example:     norm = # of distinct elements;     norm = t.

• Applications: Database optimization, network traffic etc.

• Goal: Randomized algorithms using sublinear space. 

t 2 [m], i 2 [n]
<latexit sha1_base64="r8yjykUf+rGX+xatj5cCNF7h5k8=">AAACMXicbVDLSgNBEJz1Gd9Rj14Gg+BBwq4Kegx48ahgVMguYXbSGwfnscz0Rpclf+JVf8CvyU28+hNOYg6+Cgaqq7rpnkpzKRyG4SiYmZ2bX1isLS2vrK6tb9Q3t66dKSyHNjfS2NuUOZBCQxsFSrjNLTCVSrhJ78/G/s0ArBNGX2GZQ6JYX4tMcIZe6tbrGAvdUckBFWOik269ETbDCehfEk1Jg0xx0d0MluKe4YUCjVwy5zpRmGNSMYuCSxgux4WDnPF71oeOp5opcEk1OX1I97zSo5mx/mmkE/X7RMWUc6VKfadieOd+e2PxP69TYHaaVELnBYLmX4uyQlI0dJwD7QkLHGXpCeNW+Fspv2OWcfRp/dhSmkL3kaX+JxoeuFGK6V4V50aWwypGeESXVZNq6MOLfkf1l1wfNqOj5uHlcaPVmsZYIztkl+yTiJyQFjknF6RNOBmQJ/JMXoLXYBS8Be9frTPBdGab/EDw8Qm6Naqj</latexit>

f (t)
i = | {t0 2 [t] : at0 = i} | .

<latexit sha1_base64="fQ9XwkiByEOGBnsGfGq1nvKe7f8="></latexit>

a1, a2, . . . , am 2 [n]
<latexit sha1_base64="Qt/7gi9eWTWoK9/0n10gwW7xL/g="></latexit>

`0
<latexit sha1_base64="G/KNIkeIBrEkZfB98ZOk1fm8DGg="></latexit>

`1
<latexit sha1_base64="Bok7UKzayt/MUBbkMQ2wte4LM+g="></latexit>
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• Input: A stream of inputs from the alphabet set.
   Example:                               .

• Output: Some statistics of the inputs.
   Example: # of distinct elements in the input stream.

• Frequency Vector: For each                       , define

   Example:     norm = # of distinct elements;     norm = t.

• Applications: Database optimization, network traffic etc.

• Goal: Randomized algorithms using sublinear space. 

t 2 [m], i 2 [n]
<latexit sha1_base64="r8yjykUf+rGX+xatj5cCNF7h5k8=">AAACMXicbVDLSgNBEJz1Gd9Rj14Gg+BBwq4Kegx48ahgVMguYXbSGwfnscz0Rpclf+JVf8CvyU28+hNOYg6+Cgaqq7rpnkpzKRyG4SiYmZ2bX1isLS2vrK6tb9Q3t66dKSyHNjfS2NuUOZBCQxsFSrjNLTCVSrhJ78/G/s0ArBNGX2GZQ6JYX4tMcIZe6tbrGAvdUckBFWOik269ETbDCehfEk1Jg0xx0d0MluKe4YUCjVwy5zpRmGNSMYuCSxgux4WDnPF71oeOp5opcEk1OX1I97zSo5mx/mmkE/X7RMWUc6VKfadieOd+e2PxP69TYHaaVELnBYLmX4uyQlI0dJwD7QkLHGXpCeNW+Fspv2OWcfRp/dhSmkL3kaX+JxoeuFGK6V4V50aWwypGeESXVZNq6MOLfkf1l1wfNqOj5uHlcaPVmsZYIztkl+yTiJyQFjknF6RNOBmQJ/JMXoLXYBS8Be9frTPBdGab/EDw8Qm6Naqj</latexit>

f (t)
i = | {t0 2 [t] : at0 = i} | .

<latexit sha1_base64="fQ9XwkiByEOGBnsGfGq1nvKe7f8="></latexit>

a1, a2, . . . , am 2 [n]
<latexit sha1_base64="Qt/7gi9eWTWoK9/0n10gwW7xL/g="></latexit>

`0
<latexit sha1_base64="G/KNIkeIBrEkZfB98ZOk1fm8DGg="></latexit>

`1
<latexit sha1_base64="Bok7UKzayt/MUBbkMQ2wte4LM+g="></latexit>
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Deterministic algorithm:

                          space.⇥(min{m,n})

<latexit sha1_base64="uQ3EyafsaxwtHH4v0Zgfy4fLE6Y="></latexit>



Streaming Algorithms

• Input: A stream of inputs from the alphabet set.
   Example:                               .

• Output: Some statistics of the inputs.
   Example: # of distinct elements in the input stream.

• Frequency Vector: For each                       , define

   Example:     norm = # of distinct elements;     norm = t.

• Applications: Database optimization, network traffic etc.

• Goal: Randomized algorithms using sublinear space. 

t 2 [m], i 2 [n]
<latexit sha1_base64="r8yjykUf+rGX+xatj5cCNF7h5k8=">AAACMXicbVDLSgNBEJz1Gd9Rj14Gg+BBwq4Kegx48ahgVMguYXbSGwfnscz0Rpclf+JVf8CvyU28+hNOYg6+Cgaqq7rpnkpzKRyG4SiYmZ2bX1isLS2vrK6tb9Q3t66dKSyHNjfS2NuUOZBCQxsFSrjNLTCVSrhJ78/G/s0ArBNGX2GZQ6JYX4tMcIZe6tbrGAvdUckBFWOik269ETbDCehfEk1Jg0xx0d0MluKe4YUCjVwy5zpRmGNSMYuCSxgux4WDnPF71oeOp5opcEk1OX1I97zSo5mx/mmkE/X7RMWUc6VKfadieOd+e2PxP69TYHaaVELnBYLmX4uyQlI0dJwD7QkLHGXpCeNW+Fspv2OWcfRp/dhSmkL3kaX+JxoeuFGK6V4V50aWwypGeESXVZNq6MOLfkf1l1wfNqOj5uHlcaPVmsZYIztkl+yTiJyQFjknF6RNOBmQJ/JMXoLXYBS8Be9frTPBdGab/EDw8Qm6Naqj</latexit>

f (t)
i = | {t0 2 [t] : at0 = i} | .

<latexit sha1_base64="fQ9XwkiByEOGBnsGfGq1nvKe7f8="></latexit>

a1, a2, . . . , am 2 [n]
<latexit sha1_base64="Qt/7gi9eWTWoK9/0n10gwW7xL/g="></latexit>

`0
<latexit sha1_base64="G/KNIkeIBrEkZfB98ZOk1fm8DGg="></latexit>

`1
<latexit sha1_base64="Bok7UKzayt/MUBbkMQ2wte4LM+g="></latexit>

!3

Faster time!?

Deterministic algorithm:

                          space.⇥(min{m,n})

<latexit sha1_base64="uQ3EyafsaxwtHH4v0Zgfy4fLE6Y="></latexit>



     Estimation

!4

`2
<latexit sha1_base64="uduSAHc0LNEyQ/YF/UPPTbTsE68="></latexit>



     Estimation

• Goal: Estimating the     norm of the frequency vector in 
sublinear space.

!4

`2
<latexit sha1_base64="uduSAHc0LNEyQ/YF/UPPTbTsE68="></latexit>

`2
<latexit sha1_base64="N0sSOIwTN4Wmria72AQEY1gd0Og="></latexit>



     Estimation

• Goal: Estimating the     norm of the frequency vector in 
sublinear space.

•         -One-shot estimation: Output       s.t. 
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`2
<latexit sha1_base64="uduSAHc0LNEyQ/YF/UPPTbTsE68="></latexit>

`2
<latexit sha1_base64="N0sSOIwTN4Wmria72AQEY1gd0Og="></latexit>

�m
<latexit sha1_base64="7nCA/8Ujab8yoBjsWdZAY4VRanU=">AAACJ3icbVDLSgNBEJz1/Tbq0ctiEDyFXRX0GPDiUcFoIBtC76Q3Ds5jmelVlyU/4VV/wK/xJnr0T5zEHHwVDNRUddPdleZSOIqi92BqemZ2bn5hcWl5ZXVtvbaxeelMYTm2uJHGtlNwKIXGFgmS2M4tgkolXqU3JyP/6hatE0ZfUJljV8FAi0xwIC+1EycGCnqqV6tHjWiM8C+JJ6TOJjjrbQSLSd/wQqEmLsG5Thzl1K3AkuASh0tJ4TAHfgMD7HiqQaHrVuOFh+GuV/phZqx/msKx+r2jAuVcqVJfqYCu3W9vJP7ndQrKjruV0HlBqPnXoKyQIZlwdH3YFxY5ydIT4Fb4XUN+DRY4+Yx+TClNoQcEqb9E4x03SoHuV0luZDmsEsJ7clk1/g19ePHvqP6Sy/1GfNDYPz+sN5uTGBfYNttheyxmR6zJTtkZazHOJHtgj+wpeA5egtfg7at0Kpj0bLEfCD4+AWFtp4E=</latexit>

Pr
h����m � kf (m)k22

��� > ✏kf (m)k22
i
 � .

<latexit sha1_base64="SKZeXgsCq5/7d14G1DzuCv0kNI8="></latexit>

(✏, �)
<latexit sha1_base64="K8HnmoE+FDf/Yxu0h+Glc6AEMcM="></latexit>



     Estimation

• Goal: Estimating the     norm of the frequency vector in 
sublinear space.

•         -One-shot estimation: Output       s.t. 

•         -Weak tracking: Output                        s.t.
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`2
<latexit sha1_base64="uduSAHc0LNEyQ/YF/UPPTbTsE68="></latexit>

`2
<latexit sha1_base64="N0sSOIwTN4Wmria72AQEY1gd0Og="></latexit>

�m
<latexit sha1_base64="7nCA/8Ujab8yoBjsWdZAY4VRanU=">AAACJ3icbVDLSgNBEJz1/Tbq0ctiEDyFXRX0GPDiUcFoIBtC76Q3Ds5jmelVlyU/4VV/wK/xJnr0T5zEHHwVDNRUddPdleZSOIqi92BqemZ2bn5hcWl5ZXVtvbaxeelMYTm2uJHGtlNwKIXGFgmS2M4tgkolXqU3JyP/6hatE0ZfUJljV8FAi0xwIC+1EycGCnqqV6tHjWiM8C+JJ6TOJjjrbQSLSd/wQqEmLsG5Thzl1K3AkuASh0tJ4TAHfgMD7HiqQaHrVuOFh+GuV/phZqx/msKx+r2jAuVcqVJfqYCu3W9vJP7ndQrKjruV0HlBqPnXoKyQIZlwdH3YFxY5ydIT4Fb4XUN+DRY4+Yx+TClNoQcEqb9E4x03SoHuV0luZDmsEsJ7clk1/g19ePHvqP6Sy/1GfNDYPz+sN5uTGBfYNttheyxmR6zJTtkZazHOJHtgj+wpeA5egtfg7at0Kpj0bLEfCD4+AWFtp4E=</latexit>

Pr
h����m � kf (m)k22

��� > ✏kf (m)k22
i
 � .

<latexit sha1_base64="SKZeXgsCq5/7d14G1DzuCv0kNI8="></latexit>

(✏, �)
<latexit sha1_base64="K8HnmoE+FDf/Yxu0h+Glc6AEMcM="></latexit>

Pr
h
9t2[m]

����t � kf (t)k22
��� > ✏kf (m)k22

i
 � .

<latexit sha1_base64="7pOjRgYNOr0wvOTNE45Oqd8hqek="></latexit>

�1,�2, . . . ,�m
<latexit sha1_base64="ny7d/ZRJ0luB5ub6hiTELANM+YA="></latexit>

(✏, �)
<latexit sha1_base64="K8HnmoE+FDf/Yxu0h+Glc6AEMcM="></latexit>



     Estimation

• Goal: Estimating the     norm of the frequency vector in 
sublinear space.

•         -One-shot estimation: Output       s.t. 

•         -Weak tracking: Output                        s.t.

•         -Strong tracking: Output                        s.t.

!4

`2
<latexit sha1_base64="uduSAHc0LNEyQ/YF/UPPTbTsE68="></latexit>

`2
<latexit sha1_base64="N0sSOIwTN4Wmria72AQEY1gd0Og="></latexit>

�m
<latexit sha1_base64="7nCA/8Ujab8yoBjsWdZAY4VRanU=">AAACJ3icbVDLSgNBEJz1/Tbq0ctiEDyFXRX0GPDiUcFoIBtC76Q3Ds5jmelVlyU/4VV/wK/xJnr0T5zEHHwVDNRUddPdleZSOIqi92BqemZ2bn5hcWl5ZXVtvbaxeelMYTm2uJHGtlNwKIXGFgmS2M4tgkolXqU3JyP/6hatE0ZfUJljV8FAi0xwIC+1EycGCnqqV6tHjWiM8C+JJ6TOJjjrbQSLSd/wQqEmLsG5Thzl1K3AkuASh0tJ4TAHfgMD7HiqQaHrVuOFh+GuV/phZqx/msKx+r2jAuVcqVJfqYCu3W9vJP7ndQrKjruV0HlBqPnXoKyQIZlwdH3YFxY5ydIT4Fb4XUN+DRY4+Yx+TClNoQcEqb9E4x03SoHuV0luZDmsEsJ7clk1/g19ePHvqP6Sy/1GfNDYPz+sN5uTGBfYNttheyxmR6zJTtkZazHOJHtgj+wpeA5egtfg7at0Kpj0bLEfCD4+AWFtp4E=</latexit>

Pr
h����m � kf (m)k22

��� > ✏kf (m)k22
i
 � .

<latexit sha1_base64="SKZeXgsCq5/7d14G1DzuCv0kNI8="></latexit>

(✏, �)
<latexit sha1_base64="K8HnmoE+FDf/Yxu0h+Glc6AEMcM="></latexit>

Pr
h
9t2[m]

����t � kf (t)k22
��� > ✏kf (m)k22

i
 � .

<latexit sha1_base64="7pOjRgYNOr0wvOTNE45Oqd8hqek="></latexit>

�1,�2, . . . ,�m
<latexit sha1_base64="ny7d/ZRJ0luB5ub6hiTELANM+YA="></latexit>

(✏, �)
<latexit sha1_base64="K8HnmoE+FDf/Yxu0h+Glc6AEMcM="></latexit>

Pr
h
9t2[m]

����t � kf (t)k22
��� > ✏kf (t)k22

i
 � .

<latexit sha1_base64="pFAwnwkRJCwYV04gEBbsbhzvGl4="></latexit>

�1,�2, . . . ,�m
<latexit sha1_base64="ny7d/ZRJ0luB5ub6hiTELANM+YA="></latexit>

(✏, �)
<latexit sha1_base64="K8HnmoE+FDf/Yxu0h+Glc6AEMcM="></latexit>



     Estimation

• Goal: Estimating the     norm of the frequency vector in 
sublinear space.

•         -One-shot estimation: Output       s.t. 
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`2
<latexit sha1_base64="uduSAHc0LNEyQ/YF/UPPTbTsE68="></latexit>

`2
<latexit sha1_base64="N0sSOIwTN4Wmria72AQEY1gd0Og="></latexit>

Strong tracking => Weak tracking => One-shot

�m
<latexit sha1_base64="7nCA/8Ujab8yoBjsWdZAY4VRanU=">AAACJ3icbVDLSgNBEJz1/Tbq0ctiEDyFXRX0GPDiUcFoIBtC76Q3Ds5jmelVlyU/4VV/wK/xJnr0T5zEHHwVDNRUddPdleZSOIqi92BqemZ2bn5hcWl5ZXVtvbaxeelMYTm2uJHGtlNwKIXGFgmS2M4tgkolXqU3JyP/6hatE0ZfUJljV8FAi0xwIC+1EycGCnqqV6tHjWiM8C+JJ6TOJjjrbQSLSd/wQqEmLsG5Thzl1K3AkuASh0tJ4TAHfgMD7HiqQaHrVuOFh+GuV/phZqx/msKx+r2jAuVcqVJfqYCu3W9vJP7ndQrKjruV0HlBqPnXoKyQIZlwdH3YFxY5ydIT4Fb4XUN+DRY4+Yx+TClNoQcEqb9E4x03SoHuV0luZDmsEsJ7clk1/g19ePHvqP6Sy/1GfNDYPz+sN5uTGBfYNttheyxmR6zJTtkZazHOJHtgj+wpeA5egtfg7at0Kpj0bLEfCD4+AWFtp4E=</latexit>

Pr
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��� > ✏kf (m)k22
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<latexit sha1_base64="SKZeXgsCq5/7d14G1DzuCv0kNI8="></latexit>
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<latexit sha1_base64="K8HnmoE+FDf/Yxu0h+Glc6AEMcM="></latexit>

Pr
h
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����t � kf (t)k22
��� > ✏kf (m)k22

i
 � .

<latexit sha1_base64="7pOjRgYNOr0wvOTNE45Oqd8hqek="></latexit>

�1,�2, . . . ,�m
<latexit sha1_base64="ny7d/ZRJ0luB5ub6hiTELANM+YA="></latexit>
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<latexit sha1_base64="K8HnmoE+FDf/Yxu0h+Glc6AEMcM="></latexit>
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<latexit sha1_base64="pFAwnwkRJCwYV04gEBbsbhzvGl4="></latexit>
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<latexit sha1_base64="K8HnmoE+FDf/Yxu0h+Glc6AEMcM="></latexit>
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<latexit sha1_base64="uduSAHc0LNEyQ/YF/UPPTbTsE68="></latexit>

`2
<latexit sha1_base64="N0sSOIwTN4Wmria72AQEY1gd0Og="></latexit>
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�m
<latexit sha1_base64="7nCA/8Ujab8yoBjsWdZAY4VRanU=">AAACJ3icbVDLSgNBEJz1/Tbq0ctiEDyFXRX0GPDiUcFoIBtC76Q3Ds5jmelVlyU/4VV/wK/xJnr0T5zEHHwVDNRUddPdleZSOIqi92BqemZ2bn5hcWl5ZXVtvbaxeelMYTm2uJHGtlNwKIXGFgmS2M4tgkolXqU3JyP/6hatE0ZfUJljV8FAi0xwIC+1EycGCnqqV6tHjWiM8C+JJ6TOJjjrbQSLSd/wQqEmLsG5Thzl1K3AkuASh0tJ4TAHfgMD7HiqQaHrVuOFh+GuV/phZqx/msKx+r2jAuVcqVJfqYCu3W9vJP7ndQrKjruV0HlBqPnXoKyQIZlwdH3YFxY5ydIT4Fb4XUN+DRY4+Yx+TClNoQcEqb9E4x03SoHuV0luZDmsEsJ7clk1/g19ePHvqP6Sy/1GfNDYPz+sN5uTGBfYNttheyxmR6zJTtkZazHOJHtgj+wpeA5egtfg7at0Kpj0bLEfCD4+AWFtp4E=</latexit>

Pr
h����m � kf (m)k22

��� > ✏kf (m)k22
i
 � .

<latexit sha1_base64="SKZeXgsCq5/7d14G1DzuCv0kNI8="></latexit>

(✏, �)
<latexit sha1_base64="K8HnmoE+FDf/Yxu0h+Glc6AEMcM="></latexit>

Pr
h
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����t � kf (t)k22
��� > ✏kf (m)k22
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 � .

<latexit sha1_base64="7pOjRgYNOr0wvOTNE45Oqd8hqek="></latexit>

�1,�2, . . . ,�m
<latexit sha1_base64="ny7d/ZRJ0luB5ub6hiTELANM+YA="></latexit>
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<latexit sha1_base64="K8HnmoE+FDf/Yxu0h+Glc6AEMcM="></latexit>

Pr
h
9t2[m]
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<latexit sha1_base64="pFAwnwkRJCwYV04gEBbsbhzvGl4="></latexit>

�1,�2, . . . ,�m
<latexit sha1_base64="ny7d/ZRJ0luB5ub6hiTELANM+YA="></latexit>

(✏, �)
<latexit sha1_base64="K8HnmoE+FDf/Yxu0h+Glc6AEMcM="></latexit>
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• Linear sketch is a special class of streaming algorithms. 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Sketching matrix ⇧
<latexit sha1_base64="XGrsU9Prt6lEANDymq/YHLa61es=">AAACInicbVDLSgNBEJz1mcRXokcvi0HwFHZV0IOHgBePEU0UskFmJ71xcB7LTK+6LPkEr/oDfo038ST4MU4eBzUWDNRUddPdFaeCWwyCT29ufmFxablUrqysrq1vVGubHaszw6DNtNDmOqYWBFfQRo4CrlMDVMYCruK705F/dQ/Gcq0uMU+hJ+lA8YQzik66iFr8ploPGsEY/iwJp6ROpmjd1Lxy1Ncsk6CQCWptNwxS7BXUIGcChpUos5BSdkcH0HVUUQm2V4x3Hfq7Tun7iTbuKfTH6s+Ogkprcxm7Sknx1v71RuJ/XjfD5LhXcJVmCIpNBiWZ8FH7o8P9PjfAUOSOUGa429Vnt9RQhi6eX1NynakB0thdouCBaSmp6hdRqkU+LCKER7RJMf4NXXjh36hmSWe/ER409s8P682TaYwlsk12yB4JyRFpkjPSIm3CyIA8kWfy4r16b9679zEpnfOmPVvkF7yvb+WLpSc=</latexit>

}
<latexit sha1_base64="G/yUW7iRijjcLLLcc4lzxRXATB8=">AAACIXicbVDLSgNBEJyNr8Rnokcvi0HwFHajoMeAF49RjAayQWYnvXFwHstMr7os+QOv+gN+jTfxJv6Mk8fBqAUDNVXddHfFqeAWg+DTKy0sLi2vlCura+sbm1vV2vaV1Zlh0GFaaNONqQXBFXSQo4BuaoDKWMB1fHc69q/vwViu1SXmKfQlHSqecEbRSRfR6KZaDxrBBP5fEs5InczQvql5lWigWSZBIRPU2l4YpNgvqEHOBIxWo8xCStkdHULPUUUl2H4xWXXk7ztl4CfauKfQn6g/Owoqrc1l7ColxVv72xuL/3m9DJOTfsFVmiEoNh2UZMJH7Y/v9gfcAEORO0KZ4W5Xn91SQxm6dOam5DpTQ6Sxu0TBA9NSUjUoolSLfFRECI9ok2LyG4cX/o7qL7lqNsLDRvP8qN5qzWIsk12yRw5ISI5Ji5yRNukQRhLyRJ7Ji/fqvXnv3se0tOTNenbIHLyvb1jlpOU=</latexit>

k ⌧ n
<latexit sha1_base64="u3fhbGlX2uVrFJ5cRsuSKojXzt0="></latexit>

} <latexit sha1_base64="G/yUW7iRijjcLLLcc4lzxRXATB8=">AAACIXicbVDLSgNBEJyNr8Rnokcvi0HwFHajoMeAF49RjAayQWYnvXFwHstMr7os+QOv+gN+jTfxJv6Mk8fBqAUDNVXddHfFqeAWg+DTKy0sLi2vlCura+sbm1vV2vaV1Zlh0GFaaNONqQXBFXSQo4BuaoDKWMB1fHc69q/vwViu1SXmKfQlHSqecEbRSRfR6KZaDxrBBP5fEs5InczQvql5lWigWSZBIRPU2l4YpNgvqEHOBIxWo8xCStkdHULPUUUl2H4xWXXk7ztl4CfauKfQn6g/Owoqrc1l7ColxVv72xuL/3m9DJOTfsFVmiEoNh2UZMJH7Y/v9gfcAEORO0KZ4W5Xn91SQxm6dOam5DpTQ6Sxu0TBA9NSUjUoolSLfFRECI9ok2LyG4cX/o7qL7lqNsLDRvP8qN5qzWIsk12yRw5ISI5Ji5yRNukQRhLyRJ7Ji/fqvXnv3se0tOTNenbIHLyvb1jlpOU=</latexit>

n
<latexit sha1_base64="uRayg+l3yjZbEw3Vdy/1XBlXzWc=">AAACIHicbVDLSgNBEJyNr8Rn1KOXxSB4CrtR0GPAi0cDJhGSILOT3mTIPJaZXnVZ8gVe9Qf8Gm/iUb/GySYHXwUDNVXddHdFieAWg+DDKy0tr6yulSvrG5tb2zvV3b2O1alh0GZaaHMTUQuCK2gjRwE3iQEqIwHdaHIx87t3YCzX6hqzBAaSjhSPOaPopJa6rdaCelDA/0vCBamRBa5ud71Kf6hZKkEhE9TaXhgkOMipQc4ETNf7qYWEsgkdQc9RRSXYQV5sOvWPnDL0Y23cU+gX6veOnEprMxm5SklxbH97M/E/r5difD7IuUpSBMXmg+JU+Kj92dn+kBtgKDJHKDPc7eqzMTWUoQvnx5RMp2qENHKXKLhnWkqqhnk/0SKb5n2EB7RxXvymLrzwd1R/SadRD0/qjdZprdlcxFgmB+SQHJOQnJEmuSRXpE0YAfJInsiz9+K9em/e+7y05C169skPeJ9fecqkcA==</latexit>
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Linear Sketch

• Linear sketch is a special class of streaming algorithms. 

  
 

Sketching matrix ⇧
<latexit sha1_base64="XGrsU9Prt6lEANDymq/YHLa61es=">AAACInicbVDLSgNBEJz1mcRXokcvi0HwFHZV0IOHgBePEU0UskFmJ71xcB7LTK+6LPkEr/oDfo038ST4MU4eBzUWDNRUddPdFaeCWwyCT29ufmFxablUrqysrq1vVGubHaszw6DNtNDmOqYWBFfQRo4CrlMDVMYCruK705F/dQ/Gcq0uMU+hJ+lA8YQzik66iFr8ploPGsEY/iwJp6ROpmjd1Lxy1Ncsk6CQCWptNwxS7BXUIGcChpUos5BSdkcH0HVUUQm2V4x3Hfq7Tun7iTbuKfTH6s+Ogkprcxm7Sknx1v71RuJ/XjfD5LhXcJVmCIpNBiWZ8FH7o8P9PjfAUOSOUGa429Vnt9RQhi6eX1NynakB0thdouCBaSmp6hdRqkU+LCKER7RJMf4NXXjh36hmSWe/ER409s8P682TaYwlsk12yB4JyRFpkjPSIm3CyIA8kWfy4r16b9679zEpnfOmPVvkF7yvb+WLpSc=</latexit>

Sketching vector ⇧f (t)
<latexit sha1_base64="1N3lREL/14B0c0pxvPYRSXJ/1zQ=">AAACKnicbVDLSgNBEJz1/Tbq0ctgEPQSdlXQgwfBi8cI5gHZKLOT3jg4j2WmV12WfIZX/QG/xpt49UOcxBzUWDBQXdVN91SSSeEwDN+DqemZ2bn5hcWl5ZXVtfXKxmbTmdxyaHAjjW0nzIEUGhooUEI7s8BUIqGV3J0P/dY9WCeMvsIig65ifS1SwRl6qRPXBU2vyz3cH9xUqmEtHIFOkmhMqmSM+s1GsBj3DM8VaOSSOdeJwgy7JbMouITBUpw7yBi/Y33oeKqZAtctRzcP6K5XejQ11j+NdKT+nCiZcq5Qie9UDG/dX28o/ud1ckxPuqXQWY6g+feiNJcUDR0GQHvCAkdZeMK4Ff5Wym+ZZRx9TL+2FCbXfWSJ/4mGB26UYrpXxpmRxaCMER7RpeWoGoYX/Y1qkjQPatFh7eDyqHp2Oo5xgWyTHbJHInJMzsgFqZMG4cSQJ/JMXoLX4C14Dz6+W6eC8cwW+YXg8wuvkKgY</latexit>

}
<latexit sha1_base64="G/yUW7iRijjcLLLcc4lzxRXATB8=">AAACIXicbVDLSgNBEJyNr8Rnokcvi0HwFHajoMeAF49RjAayQWYnvXFwHstMr7os+QOv+gN+jTfxJv6Mk8fBqAUDNVXddHfFqeAWg+DTKy0sLi2vlCura+sbm1vV2vaV1Zlh0GFaaNONqQXBFXSQo4BuaoDKWMB1fHc69q/vwViu1SXmKfQlHSqecEbRSRfR6KZaDxrBBP5fEs5InczQvql5lWigWSZBIRPU2l4YpNgvqEHOBIxWo8xCStkdHULPUUUl2H4xWXXk7ztl4CfauKfQn6g/Owoqrc1l7ColxVv72xuL/3m9DJOTfsFVmiEoNh2UZMJH7Y/v9gfcAEORO0KZ4W5Xn91SQxm6dOam5DpTQ6Sxu0TBA9NSUjUoolSLfFRECI9ok2LyG4cX/o7qL7lqNsLDRvP8qN5qzWIsk12yRw5ISI5Ji5yRNukQRhLyRJ7Ji/fqvXnv3se0tOTNenbIHLyvb1jlpOU=</latexit>

k ⌧ n
<latexit sha1_base64="u3fhbGlX2uVrFJ5cRsuSKojXzt0="></latexit>

} <latexit sha1_base64="G/yUW7iRijjcLLLcc4lzxRXATB8=">AAACIXicbVDLSgNBEJyNr8Rnokcvi0HwFHajoMeAF49RjAayQWYnvXFwHstMr7os+QOv+gN+jTfxJv6Mk8fBqAUDNVXddHfFqeAWg+DTKy0sLi2vlCura+sbm1vV2vaV1Zlh0GFaaNONqQXBFXSQo4BuaoDKWMB1fHc69q/vwViu1SXmKfQlHSqecEbRSRfR6KZaDxrBBP5fEs5InczQvql5lWigWSZBIRPU2l4YpNgvqEHOBIxWo8xCStkdHULPUUUl2H4xWXXk7ztl4CfauKfQn6g/Owoqrc1l7ColxVv72xuL/3m9DJOTfsFVmiEoNh2UZMJH7Y/v9gfcAEORO0KZ4W5Xn91SQxm6dOam5DpTQ6Sxu0TBA9NSUjUoolSLfFRECI9ok2LyG4cX/o7qL7lqNsLDRvP8qN5qzWIsk12yRw5ISI5Ji5yRNukQRhLyRJ7Ji/fqvXnv3se0tOTNenbIHLyvb1jlpOU=</latexit>

n
<latexit sha1_base64="uRayg+l3yjZbEw3Vdy/1XBlXzWc=">AAACIHicbVDLSgNBEJyNr8Rn1KOXxSB4CrtR0GPAi0cDJhGSILOT3mTIPJaZXnVZ8gVe9Qf8Gm/iUb/GySYHXwUDNVXddHdFieAWg+DDKy0tr6yulSvrG5tb2zvV3b2O1alh0GZaaHMTUQuCK2gjRwE3iQEqIwHdaHIx87t3YCzX6hqzBAaSjhSPOaPopJa6rdaCelDA/0vCBamRBa5ud71Kf6hZKkEhE9TaXhgkOMipQc4ETNf7qYWEsgkdQc9RRSXYQV5sOvWPnDL0Y23cU+gX6veOnEprMxm5SklxbH97M/E/r5difD7IuUpSBMXmg+JU+Kj92dn+kBtgKDJHKDPc7eqzMTWUoQvnx5RMp2qENHKXKLhnWkqqhnk/0SKb5n2EB7RxXvymLrzwd1R/SadRD0/qjdZprdlcxFgmB+SQHJOQnJEmuSRXpE0YAfJInsiz9+K9em/e+7y05C169skPeJ9fecqkcA==</latexit>
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Linear Sketch

• Linear sketch is a special class of streaming algorithms. 

  
 

Sketching matrix ⇧
<latexit sha1_base64="XGrsU9Prt6lEANDymq/YHLa61es=">AAACInicbVDLSgNBEJz1mcRXokcvi0HwFHZV0IOHgBePEU0UskFmJ71xcB7LTK+6LPkEr/oDfo038ST4MU4eBzUWDNRUddPdFaeCWwyCT29ufmFxablUrqysrq1vVGubHaszw6DNtNDmOqYWBFfQRo4CrlMDVMYCruK705F/dQ/Gcq0uMU+hJ+lA8YQzik66iFr8ploPGsEY/iwJp6ROpmjd1Lxy1Ncsk6CQCWptNwxS7BXUIGcChpUos5BSdkcH0HVUUQm2V4x3Hfq7Tun7iTbuKfTH6s+Ogkprcxm7Sknx1v71RuJ/XjfD5LhXcJVmCIpNBiWZ8FH7o8P9PjfAUOSOUGa429Vnt9RQhi6eX1NynakB0thdouCBaSmp6hdRqkU+LCKER7RJMf4NXXjh36hmSWe/ER409s8P682TaYwlsk12yB4JyRFpkjPSIm3CyIA8kWfy4r16b9679zEpnfOmPVvkF7yvb+WLpSc=</latexit>

Sketching vector ⇧f (t)
<latexit sha1_base64="1N3lREL/14B0c0pxvPYRSXJ/1zQ=">AAACKnicbVDLSgNBEJz1/Tbq0ctgEPQSdlXQgwfBi8cI5gHZKLOT3jg4j2WmV12WfIZX/QG/xpt49UOcxBzUWDBQXdVN91SSSeEwDN+DqemZ2bn5hcWl5ZXVtfXKxmbTmdxyaHAjjW0nzIEUGhooUEI7s8BUIqGV3J0P/dY9WCeMvsIig65ifS1SwRl6qRPXBU2vyz3cH9xUqmEtHIFOkmhMqmSM+s1GsBj3DM8VaOSSOdeJwgy7JbMouITBUpw7yBi/Y33oeKqZAtctRzcP6K5XejQ11j+NdKT+nCiZcq5Qie9UDG/dX28o/ud1ckxPuqXQWY6g+feiNJcUDR0GQHvCAkdZeMK4Ff5Wym+ZZRx9TL+2FCbXfWSJ/4mGB26UYrpXxpmRxaCMER7RpeWoGoYX/Y1qkjQPatFh7eDyqHp2Oo5xgWyTHbJHInJMzsgFqZMG4cSQJ/JMXoLX4C14Dz6+W6eC8cwW+YXg8wuvkKgY</latexit>

1 -1 1 -1 1 1 -1 -1 -1 1 1 -1 -1 1 1
-1 -1 1 1 -1 1 -1 -1 1 -1 -1 -1 -1 -1 1
1 1 -1 1 1 1 -1 -1 -1 -1 1 -1 1 1 1
-1 1 -1 1 1 1 -1 -1 -1 -1 1 -1 -1 -1 -1
1 -1 -1 1 -1 1 1 -1 1 -1 -1 1 1 -1 -1

1p
5

<latexit sha1_base64="wGt8SuM6EbjbBjIMYiQ5PWRpQKs="></latexit>

AMS Sketch 
[Alon-Matias-Szegedy 96]

}
<latexit sha1_base64="G/yUW7iRijjcLLLcc4lzxRXATB8=">AAACIXicbVDLSgNBEJyNr8Rnokcvi0HwFHajoMeAF49RjAayQWYnvXFwHstMr7os+QOv+gN+jTfxJv6Mk8fBqAUDNVXddHfFqeAWg+DTKy0sLi2vlCura+sbm1vV2vaV1Zlh0GFaaNONqQXBFXSQo4BuaoDKWMB1fHc69q/vwViu1SXmKfQlHSqecEbRSRfR6KZaDxrBBP5fEs5InczQvql5lWigWSZBIRPU2l4YpNgvqEHOBIxWo8xCStkdHULPUUUl2H4xWXXk7ztl4CfauKfQn6g/Owoqrc1l7ColxVv72xuL/3m9DJOTfsFVmiEoNh2UZMJH7Y/v9gfcAEORO0KZ4W5Xn91SQxm6dOam5DpTQ6Sxu0TBA9NSUjUoolSLfFRECI9ok2LyG4cX/o7qL7lqNsLDRvP8qN5qzWIsk12yRw5ISI5Ji5yRNukQRhLyRJ7Ji/fqvXnv3se0tOTNenbIHLyvb1jlpOU=</latexit>

k ⌧ n
<latexit sha1_base64="u3fhbGlX2uVrFJ5cRsuSKojXzt0="></latexit>

} <latexit sha1_base64="G/yUW7iRijjcLLLcc4lzxRXATB8=">AAACIXicbVDLSgNBEJyNr8Rnokcvi0HwFHajoMeAF49RjAayQWYnvXFwHstMr7os+QOv+gN+jTfxJv6Mk8fBqAUDNVXddHfFqeAWg+DTKy0sLi2vlCura+sbm1vV2vaV1Zlh0GFaaNONqQXBFXSQo4BuaoDKWMB1fHc69q/vwViu1SXmKfQlHSqecEbRSRfR6KZaDxrBBP5fEs5InczQvql5lWigWSZBIRPU2l4YpNgvqEHOBIxWo8xCStkdHULPUUUl2H4xWXXk7ztl4CfauKfQn6g/Owoqrc1l7ColxVv72xuL/3m9DJOTfsFVmiEoNh2UZMJH7Y/v9gfcAEORO0KZ4W5Xn91SQxm6dOam5DpTQ6Sxu0TBA9NSUjUoolSLfFRECI9ok2LyG4cX/o7qL7lqNsLDRvP8qN5qzWIsk12yRw5ISI5Ji5yRNukQRhLyRJ7Ji/fqvXnv3se0tOTNenbIHLyvb1jlpOU=</latexit>

n
<latexit sha1_base64="uRayg+l3yjZbEw3Vdy/1XBlXzWc=">AAACIHicbVDLSgNBEJyNr8Rn1KOXxSB4CrtR0GPAi0cDJhGSILOT3mTIPJaZXnVZ8gVe9Qf8Gm/iUb/GySYHXwUDNVXddHdFieAWg+DDKy0tr6yulSvrG5tb2zvV3b2O1alh0GZaaHMTUQuCK2gjRwE3iQEqIwHdaHIx87t3YCzX6hqzBAaSjhSPOaPopJa6rdaCelDA/0vCBamRBa5ud71Kf6hZKkEhE9TaXhgkOMipQc4ETNf7qYWEsgkdQc9RRSXYQV5sOvWPnDL0Y23cU+gX6veOnEprMxm5SklxbH97M/E/r5difD7IuUpSBMXmg+JU+Kj92dn+kBtgKDJHKDPc7eqzMTWUoQvnx5RMp2qENHKXKLhnWkqqhnk/0SKb5n2EB7RxXvymLrzwd1R/SadRD0/qjdZprdlcxFgmB+SQHJOQnJEmuSRXpE0YAfJInsiz9+K9em/e+7y05C169skPeJ9fecqkcA==</latexit>
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Linear Sketch

• Linear sketch is a special class of streaming algorithms. 

  
 

Sketching matrix ⇧
<latexit sha1_base64="XGrsU9Prt6lEANDymq/YHLa61es=">AAACInicbVDLSgNBEJz1mcRXokcvi0HwFHZV0IOHgBePEU0UskFmJ71xcB7LTK+6LPkEr/oDfo038ST4MU4eBzUWDNRUddPdFaeCWwyCT29ufmFxablUrqysrq1vVGubHaszw6DNtNDmOqYWBFfQRo4CrlMDVMYCruK705F/dQ/Gcq0uMU+hJ+lA8YQzik66iFr8ploPGsEY/iwJp6ROpmjd1Lxy1Ncsk6CQCWptNwxS7BXUIGcChpUos5BSdkcH0HVUUQm2V4x3Hfq7Tun7iTbuKfTH6s+Ogkprcxm7Sknx1v71RuJ/XjfD5LhXcJVmCIpNBiWZ8FH7o8P9PjfAUOSOUGa429Vnt9RQhi6eX1NynakB0thdouCBaSmp6hdRqkU+LCKER7RJMf4NXXjh36hmSWe/ER409s8P682TaYwlsk12yB4JyRFpkjPSIm3CyIA8kWfy4r16b9679zEpnfOmPVvkF7yvb+WLpSc=</latexit>

Sketching vector ⇧f (t)
<latexit sha1_base64="1N3lREL/14B0c0pxvPYRSXJ/1zQ=">AAACKnicbVDLSgNBEJz1/Tbq0ctgEPQSdlXQgwfBi8cI5gHZKLOT3jg4j2WmV12WfIZX/QG/xpt49UOcxBzUWDBQXdVN91SSSeEwDN+DqemZ2bn5hcWl5ZXVtfXKxmbTmdxyaHAjjW0nzIEUGhooUEI7s8BUIqGV3J0P/dY9WCeMvsIig65ifS1SwRl6qRPXBU2vyz3cH9xUqmEtHIFOkmhMqmSM+s1GsBj3DM8VaOSSOdeJwgy7JbMouITBUpw7yBi/Y33oeKqZAtctRzcP6K5XejQ11j+NdKT+nCiZcq5Qie9UDG/dX28o/ud1ckxPuqXQWY6g+feiNJcUDR0GQHvCAkdZeMK4Ff5Wym+ZZRx9TL+2FCbXfWSJ/4mGB26UYrpXxpmRxaCMER7RpeWoGoYX/Y1qkjQPatFh7eDyqHp2Oo5xgWyTHbJHInJMzsgFqZMG4cSQJ/JMXoLX4C14Dz6+W6eC8cwW+YXg8wuvkKgY</latexit>

-1
-1
1
1
-1

1 -1 1 -1 1 1 -1 -1 -1 1 1 -1 -1 1 1
-1 -1 1 1 -1 1 -1 -1 1 -1 -1 -1 -1 -1 1
1 1 -1 1 1 1 -1 -1 -1 -1 1 -1 1 1 1
-1 1 -1 1 1 1 -1 -1 -1 -1 1 -1 -1 -1 -1
1 -1 -1 1 -1 1 1 -1 1 -1 -1 1 1 -1 -1

1p
5

<latexit sha1_base64="wGt8SuM6EbjbBjIMYiQ5PWRpQKs="></latexit>

AMS Sketch 
[Alon-Matias-Szegedy 96]

}
<latexit sha1_base64="G/yUW7iRijjcLLLcc4lzxRXATB8=">AAACIXicbVDLSgNBEJyNr8Rnokcvi0HwFHajoMeAF49RjAayQWYnvXFwHstMr7os+QOv+gN+jTfxJv6Mk8fBqAUDNVXddHfFqeAWg+DTKy0sLi2vlCura+sbm1vV2vaV1Zlh0GFaaNONqQXBFXSQo4BuaoDKWMB1fHc69q/vwViu1SXmKfQlHSqecEbRSRfR6KZaDxrBBP5fEs5InczQvql5lWigWSZBIRPU2l4YpNgvqEHOBIxWo8xCStkdHULPUUUl2H4xWXXk7ztl4CfauKfQn6g/Owoqrc1l7ColxVv72xuL/3m9DJOTfsFVmiEoNh2UZMJH7Y/v9gfcAEORO0KZ4W5Xn91SQxm6dOam5DpTQ6Sxu0TBA9NSUjUoolSLfFRECI9ok2LyG4cX/o7qL7lqNsLDRvP8qN5qzWIsk12yRw5ISI5Ji5yRNukQRhLyRJ7Ji/fqvXnv3se0tOTNenbIHLyvb1jlpOU=</latexit>

k ⌧ n
<latexit sha1_base64="u3fhbGlX2uVrFJ5cRsuSKojXzt0="></latexit>

} <latexit sha1_base64="G/yUW7iRijjcLLLcc4lzxRXATB8=">AAACIXicbVDLSgNBEJyNr8Rnokcvi0HwFHajoMeAF49RjAayQWYnvXFwHstMr7os+QOv+gN+jTfxJv6Mk8fBqAUDNVXddHfFqeAWg+DTKy0sLi2vlCura+sbm1vV2vaV1Zlh0GFaaNONqQXBFXSQo4BuaoDKWMB1fHc69q/vwViu1SXmKfQlHSqecEbRSRfR6KZaDxrBBP5fEs5InczQvql5lWigWSZBIRPU2l4YpNgvqEHOBIxWo8xCStkdHULPUUUl2H4xWXXk7ztl4CfauKfQn6g/Owoqrc1l7ColxVv72xuL/3m9DJOTfsFVmiEoNh2UZMJH7Y/v9gfcAEORO0KZ4W5Xn91SQxm6dOam5DpTQ6Sxu0TBA9NSUjUoolSLfFRECI9ok2LyG4cX/o7qL7lqNsLDRvP8qN5qzWIsk12yRw5ISI5Ji5yRNukQRhLyRJ7Ji/fqvXnv3se0tOTNenbIHLyvb1jlpOU=</latexit>

n
<latexit sha1_base64="uRayg+l3yjZbEw3Vdy/1XBlXzWc=">AAACIHicbVDLSgNBEJyNr8Rn1KOXxSB4CrtR0GPAi0cDJhGSILOT3mTIPJaZXnVZ8gVe9Qf8Gm/iUb/GySYHXwUDNVXddHdFieAWg+DDKy0tr6yulSvrG5tb2zvV3b2O1alh0GZaaHMTUQuCK2gjRwE3iQEqIwHdaHIx87t3YCzX6hqzBAaSjhSPOaPopJa6rdaCelDA/0vCBamRBa5ud71Kf6hZKkEhE9TaXhgkOMipQc4ETNf7qYWEsgkdQc9RRSXYQV5sOvWPnDL0Y23cU+gX6veOnEprMxm5SklxbH97M/E/r5difD7IuUpSBMXmg+JU+Kj92dn+kBtgKDJHKDPc7eqzMTWUoQvnx5RMp2qENHKXKLhnWkqqhnk/0SKb5n2EB7RxXvymLrzwd1R/SadRD0/qjdZprdlcxFgmB+SQHJOQnJEmuSRXpE0YAfJInsiz9+K9em/e+7y05C169skPeJ9fecqkcA==</latexit>
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Linear Sketch

• Linear sketch is a special class of streaming algorithms. 

  
 

Sketching matrix ⇧
<latexit sha1_base64="XGrsU9Prt6lEANDymq/YHLa61es=">AAACInicbVDLSgNBEJz1mcRXokcvi0HwFHZV0IOHgBePEU0UskFmJ71xcB7LTK+6LPkEr/oDfo038ST4MU4eBzUWDNRUddPdFaeCWwyCT29ufmFxablUrqysrq1vVGubHaszw6DNtNDmOqYWBFfQRo4CrlMDVMYCruK705F/dQ/Gcq0uMU+hJ+lA8YQzik66iFr8ploPGsEY/iwJp6ROpmjd1Lxy1Ncsk6CQCWptNwxS7BXUIGcChpUos5BSdkcH0HVUUQm2V4x3Hfq7Tun7iTbuKfTH6s+Ogkprcxm7Sknx1v71RuJ/XjfD5LhXcJVmCIpNBiWZ8FH7o8P9PjfAUOSOUGa429Vnt9RQhi6eX1NynakB0thdouCBaSmp6hdRqkU+LCKER7RJMf4NXXjh36hmSWe/ER409s8P682TaYwlsk12yB4JyRFpkjPSIm3CyIA8kWfy4r16b9679zEpnfOmPVvkF7yvb+WLpSc=</latexit>

Sketching vector ⇧f (t)
<latexit sha1_base64="1N3lREL/14B0c0pxvPYRSXJ/1zQ=">AAACKnicbVDLSgNBEJz1/Tbq0ctgEPQSdlXQgwfBi8cI5gHZKLOT3jg4j2WmV12WfIZX/QG/xpt49UOcxBzUWDBQXdVN91SSSeEwDN+DqemZ2bn5hcWl5ZXVtfXKxmbTmdxyaHAjjW0nzIEUGhooUEI7s8BUIqGV3J0P/dY9WCeMvsIig65ifS1SwRl6qRPXBU2vyz3cH9xUqmEtHIFOkmhMqmSM+s1GsBj3DM8VaOSSOdeJwgy7JbMouITBUpw7yBi/Y33oeKqZAtctRzcP6K5XejQ11j+NdKT+nCiZcq5Qie9UDG/dX28o/ud1ckxPuqXQWY6g+feiNJcUDR0GQHvCAkdZeMK4Ff5Wym+ZZRx9TL+2FCbXfWSJ/4mGB26UYrpXxpmRxaCMER7RpeWoGoYX/Y1qkjQPatFh7eDyqHp2Oo5xgWyTHbJHInJMzsgFqZMG4cSQJ/JMXoLX4C14Dz6+W6eC8cwW+YXg8wuvkKgY</latexit>

-1
-1
1
1
-1

-2
-2
0
0
-2

1 -1 1 -1 1 1 -1 -1 -1 1 1 -1 -1 1 1
-1 -1 1 1 -1 1 -1 -1 1 -1 -1 -1 -1 -1 1
1 1 -1 1 1 1 -1 -1 -1 -1 1 -1 1 1 1
-1 1 -1 1 1 1 -1 -1 -1 -1 1 -1 -1 -1 -1
1 -1 -1 1 -1 1 1 -1 1 -1 -1 1 1 -1 -1

1p
5

<latexit sha1_base64="wGt8SuM6EbjbBjIMYiQ5PWRpQKs="></latexit>

AMS Sketch 
[Alon-Matias-Szegedy 96]

}
<latexit sha1_base64="G/yUW7iRijjcLLLcc4lzxRXATB8=">AAACIXicbVDLSgNBEJyNr8Rnokcvi0HwFHajoMeAF49RjAayQWYnvXFwHstMr7os+QOv+gN+jTfxJv6Mk8fBqAUDNVXddHfFqeAWg+DTKy0sLi2vlCura+sbm1vV2vaV1Zlh0GFaaNONqQXBFXSQo4BuaoDKWMB1fHc69q/vwViu1SXmKfQlHSqecEbRSRfR6KZaDxrBBP5fEs5InczQvql5lWigWSZBIRPU2l4YpNgvqEHOBIxWo8xCStkdHULPUUUl2H4xWXXk7ztl4CfauKfQn6g/Owoqrc1l7ColxVv72xuL/3m9DJOTfsFVmiEoNh2UZMJH7Y/v9gfcAEORO0KZ4W5Xn91SQxm6dOam5DpTQ6Sxu0TBA9NSUjUoolSLfFRECI9ok2LyG4cX/o7qL7lqNsLDRvP8qN5qzWIsk12yRw5ISI5Ji5yRNukQRhLyRJ7Ji/fqvXnv3se0tOTNenbIHLyvb1jlpOU=</latexit>

k ⌧ n
<latexit sha1_base64="u3fhbGlX2uVrFJ5cRsuSKojXzt0="></latexit>

} <latexit sha1_base64="G/yUW7iRijjcLLLcc4lzxRXATB8=">AAACIXicbVDLSgNBEJyNr8Rnokcvi0HwFHajoMeAF49RjAayQWYnvXFwHstMr7os+QOv+gN+jTfxJv6Mk8fBqAUDNVXddHfFqeAWg+DTKy0sLi2vlCura+sbm1vV2vaV1Zlh0GFaaNONqQXBFXSQo4BuaoDKWMB1fHc69q/vwViu1SXmKfQlHSqecEbRSRfR6KZaDxrBBP5fEs5InczQvql5lWigWSZBIRPU2l4YpNgvqEHOBIxWo8xCStkdHULPUUUl2H4xWXXk7ztl4CfauKfQn6g/Owoqrc1l7ColxVv72xuL/3m9DJOTfsFVmiEoNh2UZMJH7Y/v9gfcAEORO0KZ4W5Xn91SQxm6dOam5DpTQ6Sxu0TBA9NSUjUoolSLfFRECI9ok2LyG4cX/o7qL7lqNsLDRvP8qN5qzWIsk12yRw5ISI5Ji5yRNukQRhLyRJ7Ji/fqvXnv3se0tOTNenbIHLyvb1jlpOU=</latexit>

n
<latexit sha1_base64="uRayg+l3yjZbEw3Vdy/1XBlXzWc=">AAACIHicbVDLSgNBEJyNr8Rn1KOXxSB4CrtR0GPAi0cDJhGSILOT3mTIPJaZXnVZ8gVe9Qf8Gm/iUb/GySYHXwUDNVXddHdFieAWg+DDKy0tr6yulSvrG5tb2zvV3b2O1alh0GZaaHMTUQuCK2gjRwE3iQEqIwHdaHIx87t3YCzX6hqzBAaSjhSPOaPopJa6rdaCelDA/0vCBamRBa5ud71Kf6hZKkEhE9TaXhgkOMipQc4ETNf7qYWEsgkdQc9RRSXYQV5sOvWPnDL0Y23cU+gX6veOnEprMxm5SklxbH97M/E/r5difD7IuUpSBMXmg+JU+Kj92dn+kBtgKDJHKDPc7eqzMTWUoQvnx5RMp2qENHKXKLhnWkqqhnk/0SKb5n2EB7RxXvymLrzwd1R/SadRD0/qjdZprdlcxFgmB+SQHJOQnJEmuSRXpE0YAfJInsiz9+K9em/e+7y05C169skPeJ9fecqkcA==</latexit>

2 8
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Linear Sketch

• Linear sketch is a special class of streaming algorithms. 

  
 

Sketching matrix ⇧
<latexit sha1_base64="XGrsU9Prt6lEANDymq/YHLa61es=">AAACInicbVDLSgNBEJz1mcRXokcvi0HwFHZV0IOHgBePEU0UskFmJ71xcB7LTK+6LPkEr/oDfo038ST4MU4eBzUWDNRUddPdFaeCWwyCT29ufmFxablUrqysrq1vVGubHaszw6DNtNDmOqYWBFfQRo4CrlMDVMYCruK705F/dQ/Gcq0uMU+hJ+lA8YQzik66iFr8ploPGsEY/iwJp6ROpmjd1Lxy1Ncsk6CQCWptNwxS7BXUIGcChpUos5BSdkcH0HVUUQm2V4x3Hfq7Tun7iTbuKfTH6s+Ogkprcxm7Sknx1v71RuJ/XjfD5LhXcJVmCIpNBiWZ8FH7o8P9PjfAUOSOUGa429Vnt9RQhi6eX1NynakB0thdouCBaSmp6hdRqkU+LCKER7RJMf4NXXjh36hmSWe/ER409s8P682TaYwlsk12yB4JyRFpkjPSIm3CyIA8kWfy4r16b9679zEpnfOmPVvkF7yvb+WLpSc=</latexit>

Sketching vector ⇧f (t)
<latexit sha1_base64="1N3lREL/14B0c0pxvPYRSXJ/1zQ=">AAACKnicbVDLSgNBEJz1/Tbq0ctgEPQSdlXQgwfBi8cI5gHZKLOT3jg4j2WmV12WfIZX/QG/xpt49UOcxBzUWDBQXdVN91SSSeEwDN+DqemZ2bn5hcWl5ZXVtfXKxmbTmdxyaHAjjW0nzIEUGhooUEI7s8BUIqGV3J0P/dY9WCeMvsIig65ifS1SwRl6qRPXBU2vyz3cH9xUqmEtHIFOkmhMqmSM+s1GsBj3DM8VaOSSOdeJwgy7JbMouITBUpw7yBi/Y33oeKqZAtctRzcP6K5XejQ11j+NdKT+nCiZcq5Qie9UDG/dX28o/ud1ckxPuqXQWY6g+feiNJcUDR0GQHvCAkdZeMK4Ff5Wym+ZZRx9TL+2FCbXfWSJ/4mGB26UYrpXxpmRxaCMER7RpeWoGoYX/Y1qkjQPatFh7eDyqHp2Oo5xgWyTHbJHInJMzsgFqZMG4cSQJ/JMXoLX4C14Dz6+W6eC8cwW+YXg8wuvkKgY</latexit>

-1
-1
1
1
-1

-2
-2
0
0
-2

-3
-1
1
1
-1

1 -1 1 -1 1 1 -1 -1 -1 1 1 -1 -1 1 1
-1 -1 1 1 -1 1 -1 -1 1 -1 -1 -1 -1 -1 1
1 1 -1 1 1 1 -1 -1 -1 -1 1 -1 1 1 1
-1 1 -1 1 1 1 -1 -1 -1 -1 1 -1 -1 -1 -1
1 -1 -1 1 -1 1 1 -1 1 -1 -1 1 1 -1 -1

1p
5

<latexit sha1_base64="wGt8SuM6EbjbBjIMYiQ5PWRpQKs="></latexit>

AMS Sketch 
[Alon-Matias-Szegedy 96]

}
<latexit sha1_base64="G/yUW7iRijjcLLLcc4lzxRXATB8=">AAACIXicbVDLSgNBEJyNr8Rnokcvi0HwFHajoMeAF49RjAayQWYnvXFwHstMr7os+QOv+gN+jTfxJv6Mk8fBqAUDNVXddHfFqeAWg+DTKy0sLi2vlCura+sbm1vV2vaV1Zlh0GFaaNONqQXBFXSQo4BuaoDKWMB1fHc69q/vwViu1SXmKfQlHSqecEbRSRfR6KZaDxrBBP5fEs5InczQvql5lWigWSZBIRPU2l4YpNgvqEHOBIxWo8xCStkdHULPUUUl2H4xWXXk7ztl4CfauKfQn6g/Owoqrc1l7ColxVv72xuL/3m9DJOTfsFVmiEoNh2UZMJH7Y/v9gfcAEORO0KZ4W5Xn91SQxm6dOam5DpTQ6Sxu0TBA9NSUjUoolSLfFRECI9ok2LyG4cX/o7qL7lqNsLDRvP8qN5qzWIsk12yRw5ISI5Ji5yRNukQRhLyRJ7Ji/fqvXnv3se0tOTNenbIHLyvb1jlpOU=</latexit>

k ⌧ n
<latexit sha1_base64="u3fhbGlX2uVrFJ5cRsuSKojXzt0="></latexit>

} <latexit sha1_base64="G/yUW7iRijjcLLLcc4lzxRXATB8=">AAACIXicbVDLSgNBEJyNr8Rnokcvi0HwFHajoMeAF49RjAayQWYnvXFwHstMr7os+QOv+gN+jTfxJv6Mk8fBqAUDNVXddHfFqeAWg+DTKy0sLi2vlCura+sbm1vV2vaV1Zlh0GFaaNONqQXBFXSQo4BuaoDKWMB1fHc69q/vwViu1SXmKfQlHSqecEbRSRfR6KZaDxrBBP5fEs5InczQvql5lWigWSZBIRPU2l4YpNgvqEHOBIxWo8xCStkdHULPUUUl2H4xWXXk7ztl4CfauKfQn6g/Owoqrc1l7ColxVv72xuL/3m9DJOTfsFVmiEoNh2UZMJH7Y/v9gfcAEORO0KZ4W5Xn91SQxm6dOam5DpTQ6Sxu0TBA9NSUjUoolSLfFRECI9ok2LyG4cX/o7qL7lqNsLDRvP8qN5qzWIsk12yRw5ISI5Ji5yRNukQRhLyRJ7Ji/fqvXnv3se0tOTNenbIHLyvb1jlpOU=</latexit>

n
<latexit sha1_base64="uRayg+l3yjZbEw3Vdy/1XBlXzWc=">AAACIHicbVDLSgNBEJyNr8Rn1KOXxSB4CrtR0GPAi0cDJhGSILOT3mTIPJaZXnVZ8gVe9Qf8Gm/iUb/GySYHXwUDNVXddHdFieAWg+DDKy0tr6yulSvrG5tb2zvV3b2O1alh0GZaaHMTUQuCK2gjRwE3iQEqIwHdaHIx87t3YCzX6hqzBAaSjhSPOaPopJa6rdaCelDA/0vCBamRBa5ud71Kf6hZKkEhE9TaXhgkOMipQc4ETNf7qYWEsgkdQc9RRSXYQV5sOvWPnDL0Y23cU+gX6veOnEprMxm5SklxbH97M/E/r5difD7IuUpSBMXmg+JU+Kj92dn+kBtgKDJHKDPc7eqzMTWUoQvnx5RMp2qENHKXKLhnWkqqhnk/0SKb5n2EB7RxXvymLrzwd1R/SadRD0/qjdZprdlcxFgmB+SQHJOQnJEmuSRXpE0YAfJInsiz9+K9em/e+7y05C169skPeJ9fecqkcA==</latexit>
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Linear Sketch

• Linear sketch is a special class of streaming algorithms. 

  
 

Sketching matrix ⇧
<latexit sha1_base64="XGrsU9Prt6lEANDymq/YHLa61es=">AAACInicbVDLSgNBEJz1mcRXokcvi0HwFHZV0IOHgBePEU0UskFmJ71xcB7LTK+6LPkEr/oDfo038ST4MU4eBzUWDNRUddPdFaeCWwyCT29ufmFxablUrqysrq1vVGubHaszw6DNtNDmOqYWBFfQRo4CrlMDVMYCruK705F/dQ/Gcq0uMU+hJ+lA8YQzik66iFr8ploPGsEY/iwJp6ROpmjd1Lxy1Ncsk6CQCWptNwxS7BXUIGcChpUos5BSdkcH0HVUUQm2V4x3Hfq7Tun7iTbuKfTH6s+Ogkprcxm7Sknx1v71RuJ/XjfD5LhXcJVmCIpNBiWZ8FH7o8P9PjfAUOSOUGa429Vnt9RQhi6eX1NynakB0thdouCBaSmp6hdRqkU+LCKER7RJMf4NXXjh36hmSWe/ER409s8P682TaYwlsk12yB4JyRFpkjPSIm3CyIA8kWfy4r16b9679zEpnfOmPVvkF7yvb+WLpSc=</latexit>

Sketching vector ⇧f (t)
<latexit sha1_base64="1N3lREL/14B0c0pxvPYRSXJ/1zQ=">AAACKnicbVDLSgNBEJz1/Tbq0ctgEPQSdlXQgwfBi8cI5gHZKLOT3jg4j2WmV12WfIZX/QG/xpt49UOcxBzUWDBQXdVN91SSSeEwDN+DqemZ2bn5hcWl5ZXVtfXKxmbTmdxyaHAjjW0nzIEUGhooUEI7s8BUIqGV3J0P/dY9WCeMvsIig65ifS1SwRl6qRPXBU2vyz3cH9xUqmEtHIFOkmhMqmSM+s1GsBj3DM8VaOSSOdeJwgy7JbMouITBUpw7yBi/Y33oeKqZAtctRzcP6K5XejQ11j+NdKT+nCiZcq5Qie9UDG/dX28o/ud1ckxPuqXQWY6g+feiNJcUDR0GQHvCAkdZeMK4Ff5Wym+ZZRx9TL+2FCbXfWSJ/4mGB26UYrpXxpmRxaCMER7RpeWoGoYX/Y1qkjQPatFh7eDyqHp2Oo5xgWyTHbJHInJMzsgFqZMG4cSQJ/JMXoLX4C14Dz6+W6eC8cwW+YXg8wuvkKgY</latexit>

-1
-1
1
1
-1

-2
-2
0
0
-2

-3
-1
1
1
-1

-4
-2
2
2
-2

1 -1 1 -1 1 1 -1 -1 -1 1 1 -1 -1 1 1
-1 -1 1 1 -1 1 -1 -1 1 -1 -1 -1 -1 -1 1
1 1 -1 1 1 1 -1 -1 -1 -1 1 -1 1 1 1
-1 1 -1 1 1 1 -1 -1 -1 -1 1 -1 -1 -1 -1
1 -1 -1 1 -1 1 1 -1 1 -1 -1 1 1 -1 -1

1p
5

<latexit sha1_base64="wGt8SuM6EbjbBjIMYiQ5PWRpQKs="></latexit>

AMS Sketch 
[Alon-Matias-Szegedy 96]

}
<latexit sha1_base64="G/yUW7iRijjcLLLcc4lzxRXATB8=">AAACIXicbVDLSgNBEJyNr8Rnokcvi0HwFHajoMeAF49RjAayQWYnvXFwHstMr7os+QOv+gN+jTfxJv6Mk8fBqAUDNVXddHfFqeAWg+DTKy0sLi2vlCura+sbm1vV2vaV1Zlh0GFaaNONqQXBFXSQo4BuaoDKWMB1fHc69q/vwViu1SXmKfQlHSqecEbRSRfR6KZaDxrBBP5fEs5InczQvql5lWigWSZBIRPU2l4YpNgvqEHOBIxWo8xCStkdHULPUUUl2H4xWXXk7ztl4CfauKfQn6g/Owoqrc1l7ColxVv72xuL/3m9DJOTfsFVmiEoNh2UZMJH7Y/v9gfcAEORO0KZ4W5Xn91SQxm6dOam5DpTQ6Sxu0TBA9NSUjUoolSLfFRECI9ok2LyG4cX/o7qL7lqNsLDRvP8qN5qzWIsk12yRw5ISI5Ji5yRNukQRhLyRJ7Ji/fqvXnv3se0tOTNenbIHLyvb1jlpOU=</latexit>

k ⌧ n
<latexit sha1_base64="u3fhbGlX2uVrFJ5cRsuSKojXzt0="></latexit>

} <latexit sha1_base64="G/yUW7iRijjcLLLcc4lzxRXATB8=">AAACIXicbVDLSgNBEJyNr8Rnokcvi0HwFHajoMeAF49RjAayQWYnvXFwHstMr7os+QOv+gN+jTfxJv6Mk8fBqAUDNVXddHfFqeAWg+DTKy0sLi2vlCura+sbm1vV2vaV1Zlh0GFaaNONqQXBFXSQo4BuaoDKWMB1fHc69q/vwViu1SXmKfQlHSqecEbRSRfR6KZaDxrBBP5fEs5InczQvql5lWigWSZBIRPU2l4YpNgvqEHOBIxWo8xCStkdHULPUUUl2H4xWXXk7ztl4CfauKfQn6g/Owoqrc1l7ColxVv72xuL/3m9DJOTfsFVmiEoNh2UZMJH7Y/v9gfcAEORO0KZ4W5Xn91SQxm6dOam5DpTQ6Sxu0TBA9NSUjUoolSLfFRECI9ok2LyG4cX/o7qL7lqNsLDRvP8qN5qzWIsk12yRw5ISI5Ji5yRNukQRhLyRJ7Ji/fqvXnv3se0tOTNenbIHLyvb1jlpOU=</latexit>

n
<latexit sha1_base64="uRayg+l3yjZbEw3Vdy/1XBlXzWc=">AAACIHicbVDLSgNBEJyNr8Rn1KOXxSB4CrtR0GPAi0cDJhGSILOT3mTIPJaZXnVZ8gVe9Qf8Gm/iUb/GySYHXwUDNVXddHdFieAWg+DDKy0tr6yulSvrG5tb2zvV3b2O1alh0GZaaHMTUQuCK2gjRwE3iQEqIwHdaHIx87t3YCzX6hqzBAaSjhSPOaPopJa6rdaCelDA/0vCBamRBa5ud71Kf6hZKkEhE9TaXhgkOMipQc4ETNf7qYWEsgkdQc9RRSXYQV5sOvWPnDL0Y23cU+gX6veOnEprMxm5SklxbH97M/E/r5difD7IuUpSBMXmg+JU+Kj92dn+kBtgKDJHKDPc7eqzMTWUoQvnx5RMp2qENHKXKLhnWkqqhnk/0SKb5n2EB7RxXvymLrzwd1R/SadRD0/qjdZprdlcxFgmB+SQHJOQnJEmuSRXpE0YAfJInsiz9+K9em/e+7y05C169skPeJ9fecqkcA==</latexit>
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Linear Sketch

• Linear sketch is a special class of streaming algorithms. 

  
 

Sketching matrix ⇧
<latexit sha1_base64="XGrsU9Prt6lEANDymq/YHLa61es=">AAACInicbVDLSgNBEJz1mcRXokcvi0HwFHZV0IOHgBePEU0UskFmJ71xcB7LTK+6LPkEr/oDfo038ST4MU4eBzUWDNRUddPdFaeCWwyCT29ufmFxablUrqysrq1vVGubHaszw6DNtNDmOqYWBFfQRo4CrlMDVMYCruK705F/dQ/Gcq0uMU+hJ+lA8YQzik66iFr8ploPGsEY/iwJp6ROpmjd1Lxy1Ncsk6CQCWptNwxS7BXUIGcChpUos5BSdkcH0HVUUQm2V4x3Hfq7Tun7iTbuKfTH6s+Ogkprcxm7Sknx1v71RuJ/XjfD5LhXcJVmCIpNBiWZ8FH7o8P9PjfAUOSOUGa429Vnt9RQhi6eX1NynakB0thdouCBaSmp6hdRqkU+LCKER7RJMf4NXXjh36hmSWe/ER409s8P682TaYwlsk12yB4JyRFpkjPSIm3CyIA8kWfy4r16b9679zEpnfOmPVvkF7yvb+WLpSc=</latexit>

Sketching vector ⇧f (t)
<latexit sha1_base64="1N3lREL/14B0c0pxvPYRSXJ/1zQ=">AAACKnicbVDLSgNBEJz1/Tbq0ctgEPQSdlXQgwfBi8cI5gHZKLOT3jg4j2WmV12WfIZX/QG/xpt49UOcxBzUWDBQXdVN91SSSeEwDN+DqemZ2bn5hcWl5ZXVtfXKxmbTmdxyaHAjjW0nzIEUGhooUEI7s8BUIqGV3J0P/dY9WCeMvsIig65ifS1SwRl6qRPXBU2vyz3cH9xUqmEtHIFOkmhMqmSM+s1GsBj3DM8VaOSSOdeJwgy7JbMouITBUpw7yBi/Y33oeKqZAtctRzcP6K5XejQ11j+NdKT+nCiZcq5Qie9UDG/dX28o/ud1ckxPuqXQWY6g+feiNJcUDR0GQHvCAkdZeMK4Ff5Wym+ZZRx9TL+2FCbXfWSJ/4mGB26UYrpXxpmRxaCMER7RpeWoGoYX/Y1qkjQPatFh7eDyqHp2Oo5xgWyTHbJHInJMzsgFqZMG4cSQJ/JMXoLX4C14Dz6+W6eC8cwW+YXg8wuvkKgY</latexit>

-1
-1
1
1
-1

-2
-2
0
0
-2

-3
-1
1
1
-1

-4
-2
2
2
-2

-3
-3
3
3
-3

1 -1 1 -1 1 1 -1 -1 -1 1 1 -1 -1 1 1
-1 -1 1 1 -1 1 -1 -1 1 -1 -1 -1 -1 -1 1
1 1 -1 1 1 1 -1 -1 -1 -1 1 -1 1 1 1
-1 1 -1 1 1 1 -1 -1 -1 -1 1 -1 -1 -1 -1
1 -1 -1 1 -1 1 1 -1 1 -1 -1 1 1 -1 -1

1p
5

<latexit sha1_base64="wGt8SuM6EbjbBjIMYiQ5PWRpQKs="></latexit>

AMS Sketch 
[Alon-Matias-Szegedy 96]

}
<latexit sha1_base64="G/yUW7iRijjcLLLcc4lzxRXATB8=">AAACIXicbVDLSgNBEJyNr8Rnokcvi0HwFHajoMeAF49RjAayQWYnvXFwHstMr7os+QOv+gN+jTfxJv6Mk8fBqAUDNVXddHfFqeAWg+DTKy0sLi2vlCura+sbm1vV2vaV1Zlh0GFaaNONqQXBFXSQo4BuaoDKWMB1fHc69q/vwViu1SXmKfQlHSqecEbRSRfR6KZaDxrBBP5fEs5InczQvql5lWigWSZBIRPU2l4YpNgvqEHOBIxWo8xCStkdHULPUUUl2H4xWXXk7ztl4CfauKfQn6g/Owoqrc1l7ColxVv72xuL/3m9DJOTfsFVmiEoNh2UZMJH7Y/v9gfcAEORO0KZ4W5Xn91SQxm6dOam5DpTQ6Sxu0TBA9NSUjUoolSLfFRECI9ok2LyG4cX/o7qL7lqNsLDRvP8qN5qzWIsk12yRw5ISI5Ji5yRNukQRhLyRJ7Ji/fqvXnv3se0tOTNenbIHLyvb1jlpOU=</latexit>

k ⌧ n
<latexit sha1_base64="u3fhbGlX2uVrFJ5cRsuSKojXzt0="></latexit>

} <latexit sha1_base64="G/yUW7iRijjcLLLcc4lzxRXATB8=">AAACIXicbVDLSgNBEJyNr8Rnokcvi0HwFHajoMeAF49RjAayQWYnvXFwHstMr7os+QOv+gN+jTfxJv6Mk8fBqAUDNVXddHfFqeAWg+DTKy0sLi2vlCura+sbm1vV2vaV1Zlh0GFaaNONqQXBFXSQo4BuaoDKWMB1fHc69q/vwViu1SXmKfQlHSqecEbRSRfR6KZaDxrBBP5fEs5InczQvql5lWigWSZBIRPU2l4YpNgvqEHOBIxWo8xCStkdHULPUUUl2H4xWXXk7ztl4CfauKfQn6g/Owoqrc1l7ColxVv72xuL/3m9DJOTfsFVmiEoNh2UZMJH7Y/v9gfcAEORO0KZ4W5Xn91SQxm6dOam5DpTQ6Sxu0TBA9NSUjUoolSLfFRECI9ok2LyG4cX/o7qL7lqNsLDRvP8qN5qzWIsk12yRw5ISI5Ji5yRNukQRhLyRJ7Ji/fqvXnv3se0tOTNenbIHLyvb1jlpOU=</latexit>

n
<latexit sha1_base64="uRayg+l3yjZbEw3Vdy/1XBlXzWc=">AAACIHicbVDLSgNBEJyNr8Rn1KOXxSB4CrtR0GPAi0cDJhGSILOT3mTIPJaZXnVZ8gVe9Qf8Gm/iUb/GySYHXwUDNVXddHdFieAWg+DDKy0tr6yulSvrG5tb2zvV3b2O1alh0GZaaHMTUQuCK2gjRwE3iQEqIwHdaHIx87t3YCzX6hqzBAaSjhSPOaPopJa6rdaCelDA/0vCBamRBa5ud71Kf6hZKkEhE9TaXhgkOMipQc4ETNf7qYWEsgkdQc9RRSXYQV5sOvWPnDL0Y23cU+gX6veOnEprMxm5SklxbH97M/E/r5difD7IuUpSBMXmg+JU+Kj92dn+kBtgKDJHKDPc7eqzMTWUoQvnx5RMp2qENHKXKLhnWkqqhnk/0SKb5n2EB7RxXvymLrzwd1R/SadRD0/qjdZprdlcxFgmB+SQHJOQnJEmuSRXpE0YAfJInsiz9+K9em/e+7y05C169skPeJ9fecqkcA==</latexit>

2 8 4 2 5
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Linear Sketch

• Linear sketch is a special class of streaming algorithms. 

  
 
 

Sketching matrix ⇧
<latexit sha1_base64="XGrsU9Prt6lEANDymq/YHLa61es=">AAACInicbVDLSgNBEJz1mcRXokcvi0HwFHZV0IOHgBePEU0UskFmJ71xcB7LTK+6LPkEr/oDfo038ST4MU4eBzUWDNRUddPdFaeCWwyCT29ufmFxablUrqysrq1vVGubHaszw6DNtNDmOqYWBFfQRo4CrlMDVMYCruK705F/dQ/Gcq0uMU+hJ+lA8YQzik66iFr8ploPGsEY/iwJp6ROpmjd1Lxy1Ncsk6CQCWptNwxS7BXUIGcChpUos5BSdkcH0HVUUQm2V4x3Hfq7Tun7iTbuKfTH6s+Ogkprcxm7Sknx1v71RuJ/XjfD5LhXcJVmCIpNBiWZ8FH7o8P9PjfAUOSOUGa429Vnt9RQhi6eX1NynakB0thdouCBaSmp6hdRqkU+LCKER7RJMf4NXXjh36hmSWe/ER409s8P682TaYwlsk12yB4JyRFpkjPSIm3CyIA8kWfy4r16b9679zEpnfOmPVvkF7yvb+WLpSc=</latexit>

Sketching vector ⇧f (t)
<latexit sha1_base64="1N3lREL/14B0c0pxvPYRSXJ/1zQ=">AAACKnicbVDLSgNBEJz1/Tbq0ctgEPQSdlXQgwfBi8cI5gHZKLOT3jg4j2WmV12WfIZX/QG/xpt49UOcxBzUWDBQXdVN91SSSeEwDN+DqemZ2bn5hcWl5ZXVtfXKxmbTmdxyaHAjjW0nzIEUGhooUEI7s8BUIqGV3J0P/dY9WCeMvsIig65ifS1SwRl6qRPXBU2vyz3cH9xUqmEtHIFOkmhMqmSM+s1GsBj3DM8VaOSSOdeJwgy7JbMouITBUpw7yBi/Y33oeKqZAtctRzcP6K5XejQ11j+NdKT+nCiZcq5Qie9UDG/dX28o/ud1ckxPuqXQWY6g+feiNJcUDR0GQHvCAkdZeMK4Ff5Wym+ZZRx9TL+2FCbXfWSJ/4mGB26UYrpXxpmRxaCMER7RpeWoGoYX/Y1qkjQPatFh7eDyqHp2Oo5xgWyTHbJHInJMzsgFqZMG4cSQJ/JMXoLX4C14Dz6+W6eC8cwW+YXg8wuvkKgY</latexit>

1 -1 1 -1 1 1 -1 -1 -1 1 1 -1 -1 1 1
-1 -1 1 1 -1 1 -1 -1 1 -1 -1 -1 -1 -1 1
1 1 -1 1 1 1 -1 -1 -1 -1 1 -1 1 1 1
-1 1 -1 1 1 1 -1 -1 -1 -1 1 -1 -1 -1 -1
1 -1 -1 1 -1 1 1 -1 1 -1 -1 1 1 -1 -1

1p
5

<latexit sha1_base64="wGt8SuM6EbjbBjIMYiQ5PWRpQKs="></latexit>

AMS Sketch 
[Alon-Matias-Szegedy 96]

}
<latexit sha1_base64="G/yUW7iRijjcLLLcc4lzxRXATB8=">AAACIXicbVDLSgNBEJyNr8Rnokcvi0HwFHajoMeAF49RjAayQWYnvXFwHstMr7os+QOv+gN+jTfxJv6Mk8fBqAUDNVXddHfFqeAWg+DTKy0sLi2vlCura+sbm1vV2vaV1Zlh0GFaaNONqQXBFXSQo4BuaoDKWMB1fHc69q/vwViu1SXmKfQlHSqecEbRSRfR6KZaDxrBBP5fEs5InczQvql5lWigWSZBIRPU2l4YpNgvqEHOBIxWo8xCStkdHULPUUUl2H4xWXXk7ztl4CfauKfQn6g/Owoqrc1l7ColxVv72xuL/3m9DJOTfsFVmiEoNh2UZMJH7Y/v9gfcAEORO0KZ4W5Xn91SQxm6dOam5DpTQ6Sxu0TBA9NSUjUoolSLfFRECI9ok2LyG4cX/o7qL7lqNsLDRvP8qN5qzWIsk12yRw5ISI5Ji5yRNukQRhLyRJ7Ji/fqvXnv3se0tOTNenbIHLyvb1jlpOU=</latexit>

k ⌧ n
<latexit sha1_base64="u3fhbGlX2uVrFJ5cRsuSKojXzt0="></latexit>

} <latexit sha1_base64="G/yUW7iRijjcLLLcc4lzxRXATB8=">AAACIXicbVDLSgNBEJyNr8Rnokcvi0HwFHajoMeAF49RjAayQWYnvXFwHstMr7os+QOv+gN+jTfxJv6Mk8fBqAUDNVXddHfFqeAWg+DTKy0sLi2vlCura+sbm1vV2vaV1Zlh0GFaaNONqQXBFXSQo4BuaoDKWMB1fHc69q/vwViu1SXmKfQlHSqecEbRSRfR6KZaDxrBBP5fEs5InczQvql5lWigWSZBIRPU2l4YpNgvqEHOBIxWo8xCStkdHULPUUUl2H4xWXXk7ztl4CfauKfQn6g/Owoqrc1l7ColxVv72xuL/3m9DJOTfsFVmiEoNh2UZMJH7Y/v9gfcAEORO0KZ4W5Xn91SQxm6dOam5DpTQ6Sxu0TBA9NSUjUoolSLfFRECI9ok2LyG4cX/o7qL7lqNsLDRvP8qN5qzWIsk12yRw5ISI5Ji5yRNukQRhLyRJ7Ji/fqvXnv3se0tOTNenbIHLyvb1jlpOU=</latexit>

n
<latexit sha1_base64="uRayg+l3yjZbEw3Vdy/1XBlXzWc=">AAACIHicbVDLSgNBEJyNr8Rn1KOXxSB4CrtR0GPAi0cDJhGSILOT3mTIPJaZXnVZ8gVe9Qf8Gm/iUb/GySYHXwUDNVXddHdFieAWg+DDKy0tr6yulSvrG5tb2zvV3b2O1alh0GZaaHMTUQuCK2gjRwE3iQEqIwHdaHIx87t3YCzX6hqzBAaSjhSPOaPopJa6rdaCelDA/0vCBamRBa5ud71Kf6hZKkEhE9TaXhgkOMipQc4ETNf7qYWEsgkdQc9RRSXYQV5sOvWPnDL0Y23cU+gX6veOnEprMxm5SklxbH97M/E/r5difD7IuUpSBMXmg+JU+Kj92dn+kBtgKDJHKDPc7eqzMTWUoQvnx5RMp2qENHKXKLhnWkqqhnk/0SKb5n2EB7RxXvymLrzwd1R/SadRD0/qjdZprdlcxFgmB+SQHJOQnJEmuSRXpE0YAfJInsiz9+K9em/e+7y05C169skPeJ9fecqkcA==</latexit>
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Linear Sketch

• Linear sketch is a special class of streaming algorithms. 

  
 
 

• Space complexity:                     , truly random 
                                                    , pseudo-random

Sketching matrix ⇧
<latexit sha1_base64="XGrsU9Prt6lEANDymq/YHLa61es=">AAACInicbVDLSgNBEJz1mcRXokcvi0HwFHZV0IOHgBePEU0UskFmJ71xcB7LTK+6LPkEr/oDfo038ST4MU4eBzUWDNRUddPdFaeCWwyCT29ufmFxablUrqysrq1vVGubHaszw6DNtNDmOqYWBFfQRo4CrlMDVMYCruK705F/dQ/Gcq0uMU+hJ+lA8YQzik66iFr8ploPGsEY/iwJp6ROpmjd1Lxy1Ncsk6CQCWptNwxS7BXUIGcChpUos5BSdkcH0HVUUQm2V4x3Hfq7Tun7iTbuKfTH6s+Ogkprcxm7Sknx1v71RuJ/XjfD5LhXcJVmCIpNBiWZ8FH7o8P9PjfAUOSOUGa429Vnt9RQhi6eX1NynakB0thdouCBaSmp6hdRqkU+LCKER7RJMf4NXXjh36hmSWe/ER409s8P682TaYwlsk12yB4JyRFpkjPSIm3CyIA8kWfy4r16b9679zEpnfOmPVvkF7yvb+WLpSc=</latexit>

Sketching vector ⇧f (t)
<latexit sha1_base64="1N3lREL/14B0c0pxvPYRSXJ/1zQ=">AAACKnicbVDLSgNBEJz1/Tbq0ctgEPQSdlXQgwfBi8cI5gHZKLOT3jg4j2WmV12WfIZX/QG/xpt49UOcxBzUWDBQXdVN91SSSeEwDN+DqemZ2bn5hcWl5ZXVtfXKxmbTmdxyaHAjjW0nzIEUGhooUEI7s8BUIqGV3J0P/dY9WCeMvsIig65ifS1SwRl6qRPXBU2vyz3cH9xUqmEtHIFOkmhMqmSM+s1GsBj3DM8VaOSSOdeJwgy7JbMouITBUpw7yBi/Y33oeKqZAtctRzcP6K5XejQ11j+NdKT+nCiZcq5Qie9UDG/dX28o/ud1ckxPuqXQWY6g+feiNJcUDR0GQHvCAkdZeMK4Ff5Wym+ZZRx9TL+2FCbXfWSJ/4mGB26UYrpXxpmRxaCMER7RpeWoGoYX/Y1qkjQPatFh7eDyqHp2Oo5xgWyTHbJHInJMzsgFqZMG4cSQJ/JMXoLX4C14Dz6+W6eC8cwW+YXg8wuvkKgY</latexit>

1 -1 1 -1 1 1 -1 -1 -1 1 1 -1 -1 1 1
-1 -1 1 1 -1 1 -1 -1 1 -1 -1 -1 -1 -1 1
1 1 -1 1 1 1 -1 -1 -1 -1 1 -1 1 1 1
-1 1 -1 1 1 1 -1 -1 -1 -1 1 -1 -1 -1 -1
1 -1 -1 1 -1 1 1 -1 1 -1 -1 1 1 -1 -1

1p
5

<latexit sha1_base64="wGt8SuM6EbjbBjIMYiQ5PWRpQKs="></latexit>

O(kn)
<latexit sha1_base64="+T3iVG+O1LVLE1HCNxWZguke5RI="></latexit>

O(k log n)
<latexit sha1_base64="vh2ZQZxMjvriLVuRH7sEDLb45e0="></latexit>

{
<latexit sha1_base64="hSh1MOsQmNnhIUmgG2Gqs1JjkSk=">AAACIXicbVDJSgNBEO1xTdyXo5fBIHgKMyroMeDFYxSzQCZIT6cmadLL0F2jDkP+wKv+gF/jTbyJP2NnORj1QcPr96qoqhenglsMgk9vYXFpeWW1VF5b39jc2t7Z3WtanRkGDaaFNu2YWhBcQQM5CminBqiMBbTi4eXYb92DsVyrW8xT6EraVzzhjKKTbqLibqcSVIMJ/L8knJEKmaF+t+uVo55mmQSFTFBrO2GQYregBjkTMFqLMgspZUPah46jikqw3WKy6sg/ckrPT7RxT6E/UX92FFRam8vYVUqKA/vbG4v/eZ0Mk4tuwVWaISg2HZRkwkftj+/2e9wAQ5E7QpnhblefDaihDF06c1Nynak+0thdouCBaSmp6hVRqkU+KiKER7RJMfmNXHjh76j+kuZJNTytnlyfVWq1WYwlckAOyTEJyTmpkStSJw3CSEKeyDN58V69N+/d+5iWLniznn0yB+/rG1VtpOM=</latexit>

AMS Sketch 
[Alon-Matias-Szegedy 96]

}
<latexit sha1_base64="G/yUW7iRijjcLLLcc4lzxRXATB8=">AAACIXicbVDLSgNBEJyNr8Rnokcvi0HwFHajoMeAF49RjAayQWYnvXFwHstMr7os+QOv+gN+jTfxJv6Mk8fBqAUDNVXddHfFqeAWg+DTKy0sLi2vlCura+sbm1vV2vaV1Zlh0GFaaNONqQXBFXSQo4BuaoDKWMB1fHc69q/vwViu1SXmKfQlHSqecEbRSRfR6KZaDxrBBP5fEs5InczQvql5lWigWSZBIRPU2l4YpNgvqEHOBIxWo8xCStkdHULPUUUl2H4xWXXk7ztl4CfauKfQn6g/Owoqrc1l7ColxVv72xuL/3m9DJOTfsFVmiEoNh2UZMJH7Y/v9gfcAEORO0KZ4W5Xn91SQxm6dOam5DpTQ6Sxu0TBA9NSUjUoolSLfFRECI9ok2LyG4cX/o7qL7lqNsLDRvP8qN5qzWIsk12yRw5ISI5Ji5yRNukQRhLyRJ7Ji/fqvXnv3se0tOTNenbIHLyvb1jlpOU=</latexit>

k ⌧ n
<latexit sha1_base64="u3fhbGlX2uVrFJ5cRsuSKojXzt0="></latexit>

} <latexit sha1_base64="G/yUW7iRijjcLLLcc4lzxRXATB8=">AAACIXicbVDLSgNBEJyNr8Rnokcvi0HwFHajoMeAF49RjAayQWYnvXFwHstMr7os+QOv+gN+jTfxJv6Mk8fBqAUDNVXddHfFqeAWg+DTKy0sLi2vlCura+sbm1vV2vaV1Zlh0GFaaNONqQXBFXSQo4BuaoDKWMB1fHc69q/vwViu1SXmKfQlHSqecEbRSRfR6KZaDxrBBP5fEs5InczQvql5lWigWSZBIRPU2l4YpNgvqEHOBIxWo8xCStkdHULPUUUl2H4xWXXk7ztl4CfauKfQn6g/Owoqrc1l7ColxVv72xuL/3m9DJOTfsFVmiEoNh2UZMJH7Y/v9gfcAEORO0KZ4W5Xn91SQxm6dOam5DpTQ6Sxu0TBA9NSUjUoolSLfFRECI9ok2LyG4cX/o7qL7lqNsLDRvP8qN5qzWIsk12yRw5ISI5Ji5yRNukQRhLyRJ7Ji/fqvXnv3se0tOTNenbIHLyvb1jlpOU=</latexit>

n
<latexit sha1_base64="uRayg+l3yjZbEw3Vdy/1XBlXzWc=">AAACIHicbVDLSgNBEJyNr8Rn1KOXxSB4CrtR0GPAi0cDJhGSILOT3mTIPJaZXnVZ8gVe9Qf8Gm/iUb/GySYHXwUDNVXddHdFieAWg+DDKy0tr6yulSvrG5tb2zvV3b2O1alh0GZaaHMTUQuCK2gjRwE3iQEqIwHdaHIx87t3YCzX6hqzBAaSjhSPOaPopJa6rdaCelDA/0vCBamRBa5ud71Kf6hZKkEhE9TaXhgkOMipQc4ETNf7qYWEsgkdQc9RRSXYQV5sOvWPnDL0Y23cU+gX6veOnEprMxm5SklxbH97M/E/r5difD7IuUpSBMXmg+JU+Kj92dn+kBtgKDJHKDPc7eqzMTWUoQvnx5RMp2qENHKXKLhnWkqqhnk/0SKb5n2EB7RxXvymLrzwd1R/SadRD0/qjdZprdlcxFgmB+SQHJOQnJEmuSRXpE0YAfJInsiz9+K9em/e+7y05C169skPeJ9fecqkcA==</latexit>
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Linear Sketch

• Linear sketch is a special class of streaming algorithms. 

  
 
 

• Space complexity:                     , truly random 
                                                    , pseudo-random

Sketching matrix ⇧
<latexit sha1_base64="XGrsU9Prt6lEANDymq/YHLa61es=">AAACInicbVDLSgNBEJz1mcRXokcvi0HwFHZV0IOHgBePEU0UskFmJ71xcB7LTK+6LPkEr/oDfo038ST4MU4eBzUWDNRUddPdFaeCWwyCT29ufmFxablUrqysrq1vVGubHaszw6DNtNDmOqYWBFfQRo4CrlMDVMYCruK705F/dQ/Gcq0uMU+hJ+lA8YQzik66iFr8ploPGsEY/iwJp6ROpmjd1Lxy1Ncsk6CQCWptNwxS7BXUIGcChpUos5BSdkcH0HVUUQm2V4x3Hfq7Tun7iTbuKfTH6s+Ogkprcxm7Sknx1v71RuJ/XjfD5LhXcJVmCIpNBiWZ8FH7o8P9PjfAUOSOUGa429Vnt9RQhi6eX1NynakB0thdouCBaSmp6hdRqkU+LCKER7RJMf4NXXjh36hmSWe/ER409s8P682TaYwlsk12yB4JyRFpkjPSIm3CyIA8kWfy4r16b9679zEpnfOmPVvkF7yvb+WLpSc=</latexit>

Sketching vector ⇧f (t)
<latexit sha1_base64="1N3lREL/14B0c0pxvPYRSXJ/1zQ=">AAACKnicbVDLSgNBEJz1/Tbq0ctgEPQSdlXQgwfBi8cI5gHZKLOT3jg4j2WmV12WfIZX/QG/xpt49UOcxBzUWDBQXdVN91SSSeEwDN+DqemZ2bn5hcWl5ZXVtfXKxmbTmdxyaHAjjW0nzIEUGhooUEI7s8BUIqGV3J0P/dY9WCeMvsIig65ifS1SwRl6qRPXBU2vyz3cH9xUqmEtHIFOkmhMqmSM+s1GsBj3DM8VaOSSOdeJwgy7JbMouITBUpw7yBi/Y33oeKqZAtctRzcP6K5XejQ11j+NdKT+nCiZcq5Qie9UDG/dX28o/ud1ckxPuqXQWY6g+feiNJcUDR0GQHvCAkdZeMK4Ff5Wym+ZZRx9TL+2FCbXfWSJ/4mGB26UYrpXxpmRxaCMER7RpeWoGoYX/Y1qkjQPatFh7eDyqHp2Oo5xgWyTHbJHInJMzsgFqZMG4cSQJ/JMXoLX4C14Dz6+W6eC8cwW+YXg8wuvkKgY</latexit>

1 -1 1 -1 1 1 -1 -1 -1 1 1 -1 -1 1 1
-1 -1 1 1 -1 1 -1 -1 1 -1 -1 -1 -1 -1 1
1 1 -1 1 1 1 -1 -1 -1 -1 1 -1 1 1 1
-1 1 -1 1 1 1 -1 -1 -1 -1 1 -1 -1 -1 -1
1 -1 -1 1 -1 1 1 -1 1 -1 -1 1 1 -1 -1

1p
5

<latexit sha1_base64="wGt8SuM6EbjbBjIMYiQ5PWRpQKs="></latexit>

O(kn)
<latexit sha1_base64="+T3iVG+O1LVLE1HCNxWZguke5RI="></latexit>

O(k log n)
<latexit sha1_base64="vh2ZQZxMjvriLVuRH7sEDLb45e0="></latexit>

{
<latexit sha1_base64="hSh1MOsQmNnhIUmgG2Gqs1JjkSk=">AAACIXicbVDJSgNBEO1xTdyXo5fBIHgKMyroMeDFYxSzQCZIT6cmadLL0F2jDkP+wKv+gF/jTbyJP2NnORj1QcPr96qoqhenglsMgk9vYXFpeWW1VF5b39jc2t7Z3WtanRkGDaaFNu2YWhBcQQM5CminBqiMBbTi4eXYb92DsVyrW8xT6EraVzzhjKKTbqLibqcSVIMJ/L8knJEKmaF+t+uVo55mmQSFTFBrO2GQYregBjkTMFqLMgspZUPah46jikqw3WKy6sg/ckrPT7RxT6E/UX92FFRam8vYVUqKA/vbG4v/eZ0Mk4tuwVWaISg2HZRkwkftj+/2e9wAQ5E7QpnhblefDaihDF06c1Nynak+0thdouCBaSmp6hVRqkU+KiKER7RJMfmNXHjh76j+kuZJNTytnlyfVWq1WYwlckAOyTEJyTmpkStSJw3CSEKeyDN58V69N+/d+5iWLniznn0yB+/rG1VtpOM=</latexit>

AMS Sketch 
[Alon-Matias-Szegedy 96]

}
<latexit sha1_base64="G/yUW7iRijjcLLLcc4lzxRXATB8=">AAACIXicbVDLSgNBEJyNr8Rnokcvi0HwFHajoMeAF49RjAayQWYnvXFwHstMr7os+QOv+gN+jTfxJv6Mk8fBqAUDNVXddHfFqeAWg+DTKy0sLi2vlCura+sbm1vV2vaV1Zlh0GFaaNONqQXBFXSQo4BuaoDKWMB1fHc69q/vwViu1SXmKfQlHSqecEbRSRfR6KZaDxrBBP5fEs5InczQvql5lWigWSZBIRPU2l4YpNgvqEHOBIxWo8xCStkdHULPUUUl2H4xWXXk7ztl4CfauKfQn6g/Owoqrc1l7ColxVv72xuL/3m9DJOTfsFVmiEoNh2UZMJH7Y/v9gfcAEORO0KZ4W5Xn91SQxm6dOam5DpTQ6Sxu0TBA9NSUjUoolSLfFRECI9ok2LyG4cX/o7qL7lqNsLDRvP8qN5qzWIsk12yRw5ISI5Ji5yRNukQRhLyRJ7Ji/fqvXnv3se0tOTNenbIHLyvb1jlpOU=</latexit>

k ⌧ n
<latexit sha1_base64="u3fhbGlX2uVrFJ5cRsuSKojXzt0="></latexit>

} <latexit sha1_base64="G/yUW7iRijjcLLLcc4lzxRXATB8=">AAACIXicbVDLSgNBEJyNr8Rnokcvi0HwFHajoMeAF49RjAayQWYnvXFwHstMr7os+QOv+gN+jTfxJv6Mk8fBqAUDNVXddHfFqeAWg+DTKy0sLi2vlCura+sbm1vV2vaV1Zlh0GFaaNONqQXBFXSQo4BuaoDKWMB1fHc69q/vwViu1SXmKfQlHSqecEbRSRfR6KZaDxrBBP5fEs5InczQvql5lWigWSZBIRPU2l4YpNgvqEHOBIxWo8xCStkdHULPUUUl2H4xWXXk7ztl4CfauKfQn6g/Owoqrc1l7ColxVv72xuL/3m9DJOTfsFVmiEoNh2UZMJH7Y/v9gfcAEORO0KZ4W5Xn91SQxm6dOam5DpTQ6Sxu0TBA9NSUjUoolSLfFRECI9ok2LyG4cX/o7qL7lqNsLDRvP8qN5qzWIsk12yRw5ISI5Ji5yRNukQRhLyRJ7Ji/fqvXnv3se0tOTNenbIHLyvb1jlpOU=</latexit>

n
<latexit sha1_base64="uRayg+l3yjZbEw3Vdy/1XBlXzWc=">AAACIHicbVDLSgNBEJyNr8Rn1KOXxSB4CrtR0GPAi0cDJhGSILOT3mTIPJaZXnVZ8gVe9Qf8Gm/iUb/GySYHXwUDNVXddHdFieAWg+DDKy0tr6yulSvrG5tb2zvV3b2O1alh0GZaaHMTUQuCK2gjRwE3iQEqIwHdaHIx87t3YCzX6hqzBAaSjhSPOaPopJa6rdaCelDA/0vCBamRBa5ud71Kf6hZKkEhE9TaXhgkOMipQc4ETNf7qYWEsgkdQc9RRSXYQV5sOvWPnDL0Y23cU+gX6veOnEprMxm5SklxbH97M/E/r5difD7IuUpSBMXmg+JU+Kj92dn+kBtgKDJHKDPc7eqzMTWUoQvnx5RMp2qENHKXKLhnWkqqhnk/0SKb5n2EB7RxXvymLrzwd1R/SadRD0/qjdZprdlcxFgmB+SQHJOQnJEmuSRXpE0YAfJInsiz9+K9em/e+7y05C169skPeJ9fecqkcA==</latexit>

Can be even better
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Linear Sketch

• Linear sketch is a special class of streaming algorithms. 

  
 
 

• Space complexity:                     , truly random 
                                                    , pseudo-random

• AMS sketch:                    for one-shot [Alon-Matias-Szegedy 96] 
and for weak tracking [Braverman-Chestnut-Ivkin-Nelson-Wang-
Woodruff 17].

Sketching matrix ⇧
<latexit sha1_base64="XGrsU9Prt6lEANDymq/YHLa61es=">AAACInicbVDLSgNBEJz1mcRXokcvi0HwFHZV0IOHgBePEU0UskFmJ71xcB7LTK+6LPkEr/oDfo038ST4MU4eBzUWDNRUddPdFaeCWwyCT29ufmFxablUrqysrq1vVGubHaszw6DNtNDmOqYWBFfQRo4CrlMDVMYCruK705F/dQ/Gcq0uMU+hJ+lA8YQzik66iFr8ploPGsEY/iwJp6ROpmjd1Lxy1Ncsk6CQCWptNwxS7BXUIGcChpUos5BSdkcH0HVUUQm2V4x3Hfq7Tun7iTbuKfTH6s+Ogkprcxm7Sknx1v71RuJ/XjfD5LhXcJVmCIpNBiWZ8FH7o8P9PjfAUOSOUGa429Vnt9RQhi6eX1NynakB0thdouCBaSmp6hdRqkU+LCKER7RJMf4NXXjh36hmSWe/ER409s8P682TaYwlsk12yB4JyRFpkjPSIm3CyIA8kWfy4r16b9679zEpnfOmPVvkF7yvb+WLpSc=</latexit>

Sketching vector ⇧f (t)
<latexit sha1_base64="1N3lREL/14B0c0pxvPYRSXJ/1zQ=">AAACKnicbVDLSgNBEJz1/Tbq0ctgEPQSdlXQgwfBi8cI5gHZKLOT3jg4j2WmV12WfIZX/QG/xpt49UOcxBzUWDBQXdVN91SSSeEwDN+DqemZ2bn5hcWl5ZXVtfXKxmbTmdxyaHAjjW0nzIEUGhooUEI7s8BUIqGV3J0P/dY9WCeMvsIig65ifS1SwRl6qRPXBU2vyz3cH9xUqmEtHIFOkmhMqmSM+s1GsBj3DM8VaOSSOdeJwgy7JbMouITBUpw7yBi/Y33oeKqZAtctRzcP6K5XejQ11j+NdKT+nCiZcq5Qie9UDG/dX28o/ud1ckxPuqXQWY6g+feiNJcUDR0GQHvCAkdZeMK4Ff5Wym+ZZRx9TL+2FCbXfWSJ/4mGB26UYrpXxpmRxaCMER7RpeWoGoYX/Y1qkjQPatFh7eDyqHp2Oo5xgWyTHbJHInJMzsgFqZMG4cSQJ/JMXoLX4C14Dz6+W6eC8cwW+YXg8wuvkKgY</latexit>

1 -1 1 -1 1 1 -1 -1 -1 1 1 -1 -1 1 1
-1 -1 1 1 -1 1 -1 -1 1 -1 -1 -1 -1 -1 1
1 1 -1 1 1 1 -1 -1 -1 -1 1 -1 1 1 1
-1 1 -1 1 1 1 -1 -1 -1 -1 1 -1 -1 -1 -1
1 -1 -1 1 -1 1 1 -1 1 -1 -1 1 1 -1 -1

1p
5

<latexit sha1_base64="wGt8SuM6EbjbBjIMYiQ5PWRpQKs="></latexit>

O(kn)
<latexit sha1_base64="+T3iVG+O1LVLE1HCNxWZguke5RI="></latexit>

O(k log n)
<latexit sha1_base64="vh2ZQZxMjvriLVuRH7sEDLb45e0="></latexit>

{
<latexit sha1_base64="hSh1MOsQmNnhIUmgG2Gqs1JjkSk=">AAACIXicbVDJSgNBEO1xTdyXo5fBIHgKMyroMeDFYxSzQCZIT6cmadLL0F2jDkP+wKv+gF/jTbyJP2NnORj1QcPr96qoqhenglsMgk9vYXFpeWW1VF5b39jc2t7Z3WtanRkGDaaFNu2YWhBcQQM5CminBqiMBbTi4eXYb92DsVyrW8xT6EraVzzhjKKTbqLibqcSVIMJ/L8knJEKmaF+t+uVo55mmQSFTFBrO2GQYregBjkTMFqLMgspZUPah46jikqw3WKy6sg/ckrPT7RxT6E/UX92FFRam8vYVUqKA/vbG4v/eZ0Mk4tuwVWaISg2HZRkwkftj+/2e9wAQ5E7QpnhblefDaihDF06c1Nynak+0thdouCBaSmp6hVRqkU+KiKER7RJMfmNXHjh76j+kuZJNTytnlyfVWq1WYwlckAOyTEJyTmpkStSJw3CSEKeyDN58V69N+/d+5iWLniznn0yB+/rG1VtpOM=</latexit>

AMS Sketch 
[Alon-Matias-Szegedy 96]

}
<latexit sha1_base64="G/yUW7iRijjcLLLcc4lzxRXATB8=">AAACIXicbVDLSgNBEJyNr8Rnokcvi0HwFHajoMeAF49RjAayQWYnvXFwHstMr7os+QOv+gN+jTfxJv6Mk8fBqAUDNVXddHfFqeAWg+DTKy0sLi2vlCura+sbm1vV2vaV1Zlh0GFaaNONqQXBFXSQo4BuaoDKWMB1fHc69q/vwViu1SXmKfQlHSqecEbRSRfR6KZaDxrBBP5fEs5InczQvql5lWigWSZBIRPU2l4YpNgvqEHOBIxWo8xCStkdHULPUUUl2H4xWXXk7ztl4CfauKfQn6g/Owoqrc1l7ColxVv72xuL/3m9DJOTfsFVmiEoNh2UZMJH7Y/v9gfcAEORO0KZ4W5Xn91SQxm6dOam5DpTQ6Sxu0TBA9NSUjUoolSLfFRECI9ok2LyG4cX/o7qL7lqNsLDRvP8qN5qzWIsk12yRw5ISI5Ji5yRNukQRhLyRJ7Ji/fqvXnv3se0tOTNenbIHLyvb1jlpOU=</latexit>

k ⌧ n
<latexit sha1_base64="u3fhbGlX2uVrFJ5cRsuSKojXzt0="></latexit>

} <latexit sha1_base64="G/yUW7iRijjcLLLcc4lzxRXATB8=">AAACIXicbVDLSgNBEJyNr8Rnokcvi0HwFHajoMeAF49RjAayQWYnvXFwHstMr7os+QOv+gN+jTfxJv6Mk8fBqAUDNVXddHfFqeAWg+DTKy0sLi2vlCura+sbm1vV2vaV1Zlh0GFaaNONqQXBFXSQo4BuaoDKWMB1fHc69q/vwViu1SXmKfQlHSqecEbRSRfR6KZaDxrBBP5fEs5InczQvql5lWigWSZBIRPU2l4YpNgvqEHOBIxWo8xCStkdHULPUUUl2H4xWXXk7ztl4CfauKfQn6g/Owoqrc1l7ColxVv72xuL/3m9DJOTfsFVmiEoNh2UZMJH7Y/v9gfcAEORO0KZ4W5Xn91SQxm6dOam5DpTQ6Sxu0TBA9NSUjUoolSLfFRECI9ok2LyG4cX/o7qL7lqNsLDRvP8qN5qzWIsk12yRw5ISI5Ji5yRNukQRhLyRJ7Ji/fqvXnv3se0tOTNenbIHLyvb1jlpOU=</latexit>

n
<latexit sha1_base64="uRayg+l3yjZbEw3Vdy/1XBlXzWc=">AAACIHicbVDLSgNBEJyNr8Rn1KOXxSB4CrtR0GPAi0cDJhGSILOT3mTIPJaZXnVZ8gVe9Qf8Gm/iUb/GySYHXwUDNVXddHdFieAWg+DDKy0tr6yulSvrG5tb2zvV3b2O1alh0GZaaHMTUQuCK2gjRwE3iQEqIwHdaHIx87t3YCzX6hqzBAaSjhSPOaPopJa6rdaCelDA/0vCBamRBa5ud71Kf6hZKkEhE9TaXhgkOMipQc4ETNf7qYWEsgkdQc9RRSXYQV5sOvWPnDL0Y23cU+gX6veOnEprMxm5SklxbH97M/E/r5difD7IuUpSBMXmg+JU+Kj92dn+kBtgKDJHKDPc7eqzMTWUoQvnx5RMp2qENHKXKLhnWkqqhnk/0SKb5n2EB7RxXvymLrzwd1R/SadRD0/qjdZprdlcxFgmB+SQHJOQnJEmuSRXpE0YAfJInsiz9+K9em/e+7y05C169skPeJ9fecqkcA==</latexit>

k = O(✏�2)
<latexit sha1_base64="dneH1QbJhQ/5SxpSQ3Bo5DBSeBs="></latexit>

Can be even better
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Update Time
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Update Time

• Update time complexity for a linear sketch algorithm is the 
number of field operations needed in each update.
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Update Time

• Update time complexity for a linear sketch algorithm is the 
number of field operations needed in each update.

• E.g., AMS sketch has                         update time complexity. 
 

  

 

⇥(k) = ⇥(✏�2)
<latexit sha1_base64="nVvwCFKHmmHQ7LMYJDaTjUx5d1o="></latexit>

1 -1 1 -1 1 1 -1 -1 -1 1 1 -1 -1 1 1
-1 -1 1 1 -1 1 -1 -1 1 -1 -1 -1 -1 -1 1
1 1 -1 1 1 1 -1 -1 -1 -1 1 -1 1 1 1
-1 1 -1 1 1 1 -1 -1 -1 -1 1 -1 -1 -1 -1
1 -1 -1 1 -1 1 1 -1 1 -1 -1 1 1 -1 -1

⇧ =
<latexit sha1_base64="XvZ2buJhId9GrMTnC1Uj/N36Nwg="></latexit> }

<latexit sha1_base64="G/yUW7iRijjcLLLcc4lzxRXATB8=">AAACIXicbVDLSgNBEJyNr8Rnokcvi0HwFHajoMeAF49RjAayQWYnvXFwHstMr7os+QOv+gN+jTfxJv6Mk8fBqAUDNVXddHfFqeAWg+DTKy0sLi2vlCura+sbm1vV2vaV1Zlh0GFaaNONqQXBFXSQo4BuaoDKWMB1fHc69q/vwViu1SXmKfQlHSqecEbRSRfR6KZaDxrBBP5fEs5InczQvql5lWigWSZBIRPU2l4YpNgvqEHOBIxWo8xCStkdHULPUUUl2H4xWXXk7ztl4CfauKfQn6g/Owoqrc1l7ColxVv72xuL/3m9DJOTfsFVmiEoNh2UZMJH7Y/v9gfcAEORO0KZ4W5Xn91SQxm6dOam5DpTQ6Sxu0TBA9NSUjUoolSLfFRECI9ok2LyG4cX/o7qL7lqNsLDRvP8qN5qzWIsk12yRw5ISI5Ji5yRNukQRhLyRJ7Ji/fqvXnv3se0tOTNenbIHLyvb1jlpOU=</latexit>

k ⌧ n
<latexit sha1_base64="u3fhbGlX2uVrFJ5cRsuSKojXzt0="></latexit>

} <latexit sha1_base64="G/yUW7iRijjcLLLcc4lzxRXATB8=">AAACIXicbVDLSgNBEJyNr8Rnokcvi0HwFHajoMeAF49RjAayQWYnvXFwHstMr7os+QOv+gN+jTfxJv6Mk8fBqAUDNVXddHfFqeAWg+DTKy0sLi2vlCura+sbm1vV2vaV1Zlh0GFaaNONqQXBFXSQo4BuaoDKWMB1fHc69q/vwViu1SXmKfQlHSqecEbRSRfR6KZaDxrBBP5fEs5InczQvql5lWigWSZBIRPU2l4YpNgvqEHOBIxWo8xCStkdHULPUUUl2H4xWXXk7ztl4CfauKfQn6g/Owoqrc1l7ColxVv72xuL/3m9DJOTfsFVmiEoNh2UZMJH7Y/v9gfcAEORO0KZ4W5Xn91SQxm6dOam5DpTQ6Sxu0TBA9NSUjUoolSLfFRECI9ok2LyG4cX/o7qL7lqNsLDRvP8qN5qzWIsk12yRw5ISI5Ji5yRNukQRhLyRJ7Ji/fqvXnv3se0tOTNenbIHLyvb1jlpOU=</latexit>

n
<latexit sha1_base64="uRayg+l3yjZbEw3Vdy/1XBlXzWc=">AAACIHicbVDLSgNBEJyNr8Rn1KOXxSB4CrtR0GPAi0cDJhGSILOT3mTIPJaZXnVZ8gVe9Qf8Gm/iUb/GySYHXwUDNVXddHdFieAWg+DDKy0tr6yulSvrG5tb2zvV3b2O1alh0GZaaHMTUQuCK2gjRwE3iQEqIwHdaHIx87t3YCzX6hqzBAaSjhSPOaPopJa6rdaCelDA/0vCBamRBa5ud71Kf6hZKkEhE9TaXhgkOMipQc4ETNf7qYWEsgkdQc9RRSXYQV5sOvWPnDL0Y23cU+gX6veOnEprMxm5SklxbH97M/E/r5difD7IuUpSBMXmg+JU+Kj92dn+kBtgKDJHKDPc7eqzMTWUoQvnx5RMp2qENHKXKLhnWkqqhnk/0SKb5n2EB7RxXvymLrzwd1R/SadRD0/qjdZprdlcxFgmB+SQHJOQnJEmuSRXpE0YAfJInsiz9+K9em/e+7y05C169skPeJ9fecqkcA==</latexit>
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Update Time

• Update time complexity for a linear sketch algorithm is the 
number of field operations needed in each update.

• E.g., AMS sketch has                         update time complexity. 
 

  

 
• Application: Packet passing problem [Krishnamurthy-Sen-

Zhang-Chen 03]

⇥(k) = ⇥(✏�2)
<latexit sha1_base64="nVvwCFKHmmHQ7LMYJDaTjUx5d1o="></latexit>

1 -1 1 -1 1 1 -1 -1 -1 1 1 -1 -1 1 1
-1 -1 1 1 -1 1 -1 -1 1 -1 -1 -1 -1 -1 1
1 1 -1 1 1 1 -1 -1 -1 -1 1 -1 1 1 1
-1 1 -1 1 1 1 -1 -1 -1 -1 1 -1 -1 -1 -1
1 -1 -1 1 -1 1 1 -1 1 -1 -1 1 1 -1 -1

⇧ =
<latexit sha1_base64="XvZ2buJhId9GrMTnC1Uj/N36Nwg="></latexit> }

<latexit sha1_base64="G/yUW7iRijjcLLLcc4lzxRXATB8=">AAACIXicbVDLSgNBEJyNr8Rnokcvi0HwFHajoMeAF49RjAayQWYnvXFwHstMr7os+QOv+gN+jTfxJv6Mk8fBqAUDNVXddHfFqeAWg+DTKy0sLi2vlCura+sbm1vV2vaV1Zlh0GFaaNONqQXBFXSQo4BuaoDKWMB1fHc69q/vwViu1SXmKfQlHSqecEbRSRfR6KZaDxrBBP5fEs5InczQvql5lWigWSZBIRPU2l4YpNgvqEHOBIxWo8xCStkdHULPUUUl2H4xWXXk7ztl4CfauKfQn6g/Owoqrc1l7ColxVv72xuL/3m9DJOTfsFVmiEoNh2UZMJH7Y/v9gfcAEORO0KZ4W5Xn91SQxm6dOam5DpTQ6Sxu0TBA9NSUjUoolSLfFRECI9ok2LyG4cX/o7qL7lqNsLDRvP8qN5qzWIsk12yRw5ISI5Ji5yRNukQRhLyRJ7Ji/fqvXnv3se0tOTNenbIHLyvb1jlpOU=</latexit>

k ⌧ n
<latexit sha1_base64="u3fhbGlX2uVrFJ5cRsuSKojXzt0="></latexit>

} <latexit sha1_base64="G/yUW7iRijjcLLLcc4lzxRXATB8=">AAACIXicbVDLSgNBEJyNr8Rnokcvi0HwFHajoMeAF49RjAayQWYnvXFwHstMr7os+QOv+gN+jTfxJv6Mk8fBqAUDNVXddHfFqeAWg+DTKy0sLi2vlCura+sbm1vV2vaV1Zlh0GFaaNONqQXBFXSQo4BuaoDKWMB1fHc69q/vwViu1SXmKfQlHSqecEbRSRfR6KZaDxrBBP5fEs5InczQvql5lWigWSZBIRPU2l4YpNgvqEHOBIxWo8xCStkdHULPUUUl2H4xWXXk7ztl4CfauKfQn6g/Owoqrc1l7ColxVv72xuL/3m9DJOTfsFVmiEoNh2UZMJH7Y/v9gfcAEORO0KZ4W5Xn91SQxm6dOam5DpTQ6Sxu0TBA9NSUjUoolSLfFRECI9ok2LyG4cX/o7qL7lqNsLDRvP8qN5qzWIsk12yRw5ISI5Ji5yRNukQRhLyRJ7Ji/fqvXnv3se0tOTNenbIHLyvb1jlpOU=</latexit>

n
<latexit sha1_base64="uRayg+l3yjZbEw3Vdy/1XBlXzWc=">AAACIHicbVDLSgNBEJyNr8Rn1KOXxSB4CrtR0GPAi0cDJhGSILOT3mTIPJaZXnVZ8gVe9Qf8Gm/iUb/GySYHXwUDNVXddHdFieAWg+DDKy0tr6yulSvrG5tb2zvV3b2O1alh0GZaaHMTUQuCK2gjRwE3iQEqIwHdaHIx87t3YCzX6hqzBAaSjhSPOaPopJa6rdaCelDA/0vCBamRBa5ud71Kf6hZKkEhE9TaXhgkOMipQc4ETNf7qYWEsgkdQc9RRSXYQV5sOvWPnDL0Y23cU+gX6veOnEprMxm5SklxbH97M/E/r5difD7IuUpSBMXmg+JU+Kj92dn+kBtgKDJHKDPc7eqzMTWUoQvnx5RMp2qENHKXKLhnWkqqhnk/0SKb5n2EB7RxXvymLrzwd1R/SadRD0/qjdZprdlcxFgmB+SQHJOQnJEmuSRXpE0YAfJInsiz9+K9em/e+7y05C169skPeJ9fecqkcA==</latexit>
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Update Time

• Update time complexity for a linear sketch algorithm is the 
number of field operations needed in each update.

• E.g., AMS sketch has                         update time complexity. 
 

  

 
• Application: Packet passing problem [Krishnamurthy-Sen-

Zhang-Chen 03]

⇥(k) = ⇥(✏�2)
<latexit sha1_base64="nVvwCFKHmmHQ7LMYJDaTjUx5d1o="></latexit>

1 -1 1 -1 1 1 -1 -1 -1 1 1 -1 -1 1 1
-1 -1 1 1 -1 1 -1 -1 1 -1 -1 -1 -1 -1 1
1 1 -1 1 1 1 -1 -1 -1 -1 1 -1 1 1 1
-1 1 -1 1 1 1 -1 -1 -1 -1 1 -1 -1 -1 -1
1 -1 -1 1 -1 1 1 -1 1 -1 -1 1 1 -1 -1

⇧ =
<latexit sha1_base64="XvZ2buJhId9GrMTnC1Uj/N36Nwg="></latexit> }

<latexit sha1_base64="G/yUW7iRijjcLLLcc4lzxRXATB8=">AAACIXicbVDLSgNBEJyNr8Rnokcvi0HwFHajoMeAF49RjAayQWYnvXFwHstMr7os+QOv+gN+jTfxJv6Mk8fBqAUDNVXddHfFqeAWg+DTKy0sLi2vlCura+sbm1vV2vaV1Zlh0GFaaNONqQXBFXSQo4BuaoDKWMB1fHc69q/vwViu1SXmKfQlHSqecEbRSRfR6KZaDxrBBP5fEs5InczQvql5lWigWSZBIRPU2l4YpNgvqEHOBIxWo8xCStkdHULPUUUl2H4xWXXk7ztl4CfauKfQn6g/Owoqrc1l7ColxVv72xuL/3m9DJOTfsFVmiEoNh2UZMJH7Y/v9gfcAEORO0KZ4W5Xn91SQxm6dOam5DpTQ6Sxu0TBA9NSUjUoolSLfFRECI9ok2LyG4cX/o7qL7lqNsLDRvP8qN5qzWIsk12yRw5ISI5Ji5yRNukQRhLyRJ7Ji/fqvXnv3se0tOTNenbIHLyvb1jlpOU=</latexit>

k ⌧ n
<latexit sha1_base64="u3fhbGlX2uVrFJ5cRsuSKojXzt0="></latexit>

} <latexit sha1_base64="G/yUW7iRijjcLLLcc4lzxRXATB8=">AAACIXicbVDLSgNBEJyNr8Rnokcvi0HwFHajoMeAF49RjAayQWYnvXFwHstMr7os+QOv+gN+jTfxJv6Mk8fBqAUDNVXddHfFqeAWg+DTKy0sLi2vlCura+sbm1vV2vaV1Zlh0GFaaNONqQXBFXSQo4BuaoDKWMB1fHc69q/vwViu1SXmKfQlHSqecEbRSRfR6KZaDxrBBP5fEs5InczQvql5lWigWSZBIRPU2l4YpNgvqEHOBIxWo8xCStkdHULPUUUl2H4xWXXk7ztl4CfauKfQn6g/Owoqrc1l7ColxVv72xuL/3m9DJOTfsFVmiEoNh2UZMJH7Y/v9gfcAEORO0KZ4W5Xn91SQxm6dOam5DpTQ6Sxu0TBA9NSUjUoolSLfFRECI9ok2LyG4cX/o7qL7lqNsLDRvP8qN5qzWIsk12yRw5ISI5Ji5yRNukQRhLyRJ7Ji/fqvXnv3se0tOTNenbIHLyvb1jlpOU=</latexit>

n
<latexit sha1_base64="uRayg+l3yjZbEw3Vdy/1XBlXzWc=">AAACIHicbVDLSgNBEJyNr8Rn1KOXxSB4CrtR0GPAi0cDJhGSILOT3mTIPJaZXnVZ8gVe9Qf8Gm/iUb/GySYHXwUDNVXddHdFieAWg+DDKy0tr6yulSvrG5tb2zvV3b2O1alh0GZaaHMTUQuCK2gjRwE3iQEqIwHdaHIx87t3YCzX6hqzBAaSjhSPOaPopJa6rdaCelDA/0vCBamRBa5ud71Kf6hZKkEhE9TaXhgkOMipQc4ETNf7qYWEsgkdQc9RRSXYQV5sOvWPnDL0Y23cU+gX6veOnEprMxm5SklxbH97M/E/r5difD7IuUpSBMXmg+JU+Kj92dn+kBtgKDJHKDPc7eqzMTWUoQvnx5RMp2qENHKXKLhnWkqqhnk/0SKb5n2EB7RxXvymLrzwd1R/SadRD0/qjdZprdlcxFgmB+SQHJOQnJEmuSRXpE0YAfJInsiz9+K9em/e+7y05C169skPeJ9fecqkcA==</latexit>
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Update Time

• Update time complexity for a linear sketch algorithm is the 
number of field operations needed in each update.

• E.g., AMS sketch has                         update time complexity. 
 

  

 
• Application: Packet passing problem [Krishnamurthy-Sen-

Zhang-Chen 03]

⇥(k) = ⇥(✏�2)
<latexit sha1_base64="nVvwCFKHmmHQ7LMYJDaTjUx5d1o="></latexit>

1 -1 1 -1 1 1 -1 -1 -1 1 1 -1 -1 1 1
-1 -1 1 1 -1 1 -1 -1 1 -1 -1 -1 -1 -1 1
1 1 -1 1 1 1 -1 -1 -1 -1 1 -1 1 1 1
-1 1 -1 1 1 1 -1 -1 -1 -1 1 -1 -1 -1 -1
1 -1 -1 1 -1 1 1 -1 1 -1 -1 1 1 -1 -1

⇧ =
<latexit sha1_base64="XvZ2buJhId9GrMTnC1Uj/N36Nwg="></latexit> }

<latexit sha1_base64="G/yUW7iRijjcLLLcc4lzxRXATB8=">AAACIXicbVDLSgNBEJyNr8Rnokcvi0HwFHajoMeAF49RjAayQWYnvXFwHstMr7os+QOv+gN+jTfxJv6Mk8fBqAUDNVXddHfFqeAWg+DTKy0sLi2vlCura+sbm1vV2vaV1Zlh0GFaaNONqQXBFXSQo4BuaoDKWMB1fHc69q/vwViu1SXmKfQlHSqecEbRSRfR6KZaDxrBBP5fEs5InczQvql5lWigWSZBIRPU2l4YpNgvqEHOBIxWo8xCStkdHULPUUUl2H4xWXXk7ztl4CfauKfQn6g/Owoqrc1l7ColxVv72xuL/3m9DJOTfsFVmiEoNh2UZMJH7Y/v9gfcAEORO0KZ4W5Xn91SQxm6dOam5DpTQ6Sxu0TBA9NSUjUoolSLfFRECI9ok2LyG4cX/o7qL7lqNsLDRvP8qN5qzWIsk12yRw5ISI5Ji5yRNukQRhLyRJ7Ji/fqvXnv3se0tOTNenbIHLyvb1jlpOU=</latexit>

k ⌧ n
<latexit sha1_base64="u3fhbGlX2uVrFJ5cRsuSKojXzt0="></latexit>

} <latexit sha1_base64="G/yUW7iRijjcLLLcc4lzxRXATB8=">AAACIXicbVDLSgNBEJyNr8Rnokcvi0HwFHajoMeAF49RjAayQWYnvXFwHstMr7os+QOv+gN+jTfxJv6Mk8fBqAUDNVXddHfFqeAWg+DTKy0sLi2vlCura+sbm1vV2vaV1Zlh0GFaaNONqQXBFXSQo4BuaoDKWMB1fHc69q/vwViu1SXmKfQlHSqecEbRSRfR6KZaDxrBBP5fEs5InczQvql5lWigWSZBIRPU2l4YpNgvqEHOBIxWo8xCStkdHULPUUUl2H4xWXXk7ztl4CfauKfQn6g/Owoqrc1l7ColxVv72xuL/3m9DJOTfsFVmiEoNh2UZMJH7Y/v9gfcAEORO0KZ4W5Xn91SQxm6dOam5DpTQ6Sxu0TBA9NSUjUoolSLfFRECI9ok2LyG4cX/o7qL7lqNsLDRvP8qN5qzWIsk12yRw5ISI5Ji5yRNukQRhLyRJ7Ji/fqvXnv3se0tOTNenbIHLyvb1jlpOU=</latexit>

n
<latexit sha1_base64="uRayg+l3yjZbEw3Vdy/1XBlXzWc=">AAACIHicbVDLSgNBEJyNr8Rn1KOXxSB4CrtR0GPAi0cDJhGSILOT3mTIPJaZXnVZ8gVe9Qf8Gm/iUb/GySYHXwUDNVXddHdFieAWg+DDKy0tr6yulSvrG5tb2zvV3b2O1alh0GZaaHMTUQuCK2gjRwE3iQEqIwHdaHIx87t3YCzX6hqzBAaSjhSPOaPopJa6rdaCelDA/0vCBamRBa5ud71Kf6hZKkEhE9TaXhgkOMipQc4ETNf7qYWEsgkdQc9RRSXYQV5sOvWPnDL0Y23cU+gX6veOnEprMxm5SklxbH97M/E/r5difD7IuUpSBMXmg+JU+Kj92dn+kBtgKDJHKDPc7eqzMTWUoQvnx5RMp2qENHKXKLhnWkqqhnk/0SKb5n2EB7RxXvymLrzwd1R/SadRD0/qjdZprdlcxFgmB+SQHJOQnJEmuSRXpE0YAfJInsiz9+K9em/e+7y05C169skPeJ9fecqkcA==</latexit>

(<130 nanoseconds per packet)

Rate:  7.75⇥ 106
<latexit sha1_base64="H5zZDIUgEGguhvnAgb7A4drEA3o="></latexit>
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Update Time

• Update time complexity for a linear sketch algorithm is the 
number of field operations needed in each update.


• E.g., AMS sketch has                         update time complexity. 
 

  

 


• When    is small, AMS sketch is slow. 🐌✏
<latexit sha1_base64="0oudeB/Kgn7rfKOyftVMBp6Z1pM=">AAACJ3icbVDLSgNBEJz1Gd+vo5fFIHgKuyroMeDFYwQTA9kgs5PeZHAey0yvuiz5Ca/6A36NN9Gjf+Jkk4NJLBioqeqmuytOBbcYBN/ewuLS8spqZW19Y3Nre2d3b79ldWYYNJkW2rRjakFwBU3kKKCdGqAyFnAXP1yN/LtHMJZrdYt5Cl1J+4onnFF0UjuC1HKh1f1uNagFJfx5Ek5IlUzQuN/z1qKeZpkEhUxQazthkGK3oAY5EzBcjzILKWUPtA8dRxWVYLtFufDQP3ZKz0+0cU+hX6p/Owoqrc1l7ColxYGd9Ubif14nw+SyW3CVZgiKjQclmfBR+6Pr/R43wFDkjlBmuNvVZwNqKEOX0dSUXGeqjzR2lyh4YlpKqnpFlGqRD4sI4RltUpS/oQsvnI1qnrROa+FZ7fTmvFqvT2KskENyRE5ISC5InVyTBmkSRgR5Ia/kzXv3PrxP72tcuuBNeg7IFLyfX5PSp54=</latexit>

⇥(k) = ⇥(✏�2)
<latexit sha1_base64="nVvwCFKHmmHQ7LMYJDaTjUx5d1o="></latexit>

1 -1 1 -1 1 1 -1 -1 -1 1 1 -1 -1 1 1
-1 -1 1 1 -1 1 -1 -1 1 -1 -1 -1 -1 -1 1
1 1 -1 1 1 1 -1 -1 -1 -1 1 -1 1 1 1
-1 1 -1 1 1 1 -1 -1 -1 -1 1 -1 -1 -1 -1
1 -1 -1 1 -1 1 1 -1 1 -1 -1 1 1 -1 -1

⇧ =
<latexit sha1_base64="XvZ2buJhId9GrMTnC1Uj/N36Nwg="></latexit> }

<latexit sha1_base64="G/yUW7iRijjcLLLcc4lzxRXATB8=">AAACIXicbVDLSgNBEJyNr8Rnokcvi0HwFHajoMeAF49RjAayQWYnvXFwHstMr7os+QOv+gN+jTfxJv6Mk8fBqAUDNVXddHfFqeAWg+DTKy0sLi2vlCura+sbm1vV2vaV1Zlh0GFaaNONqQXBFXSQo4BuaoDKWMB1fHc69q/vwViu1SXmKfQlHSqecEbRSRfR6KZaDxrBBP5fEs5InczQvql5lWigWSZBIRPU2l4YpNgvqEHOBIxWo8xCStkdHULPUUUl2H4xWXXk7ztl4CfauKfQn6g/Owoqrc1l7ColxVv72xuL/3m9DJOTfsFVmiEoNh2UZMJH7Y/v9gfcAEORO0KZ4W5Xn91SQxm6dOam5DpTQ6Sxu0TBA9NSUjUoolSLfFRECI9ok2LyG4cX/o7qL7lqNsLDRvP8qN5qzWIsk12yRw5ISI5Ji5yRNukQRhLyRJ7Ji/fqvXnv3se0tOTNenbIHLyvb1jlpOU=</latexit>

k ⌧ n
<latexit sha1_base64="u3fhbGlX2uVrFJ5cRsuSKojXzt0="></latexit>

} <latexit sha1_base64="G/yUW7iRijjcLLLcc4lzxRXATB8=">AAACIXicbVDLSgNBEJyNr8Rnokcvi0HwFHajoMeAF49RjAayQWYnvXFwHstMr7os+QOv+gN+jTfxJv6Mk8fBqAUDNVXddHfFqeAWg+DTKy0sLi2vlCura+sbm1vV2vaV1Zlh0GFaaNONqQXBFXSQo4BuaoDKWMB1fHc69q/vwViu1SXmKfQlHSqecEbRSRfR6KZaDxrBBP5fEs5InczQvql5lWigWSZBIRPU2l4YpNgvqEHOBIxWo8xCStkdHULPUUUl2H4xWXXk7ztl4CfauKfQn6g/Owoqrc1l7ColxVv72xuL/3m9DJOTfsFVmiEoNh2UZMJH7Y/v9gfcAEORO0KZ4W5Xn91SQxm6dOam5DpTQ6Sxu0TBA9NSUjUoolSLfFRECI9ok2LyG4cX/o7qL7lqNsLDRvP8qN5qzWIsk12yRw5ISI5Ji5yRNukQRhLyRJ7Ji/fqvXnv3se0tOTNenbIHLyvb1jlpOU=</latexit>

n
<latexit sha1_base64="uRayg+l3yjZbEw3Vdy/1XBlXzWc=">AAACIHicbVDLSgNBEJyNr8Rn1KOXxSB4CrtR0GPAi0cDJhGSILOT3mTIPJaZXnVZ8gVe9Qf8Gm/iUb/GySYHXwUDNVXddHdFieAWg+DDKy0tr6yulSvrG5tb2zvV3b2O1alh0GZaaHMTUQuCK2gjRwE3iQEqIwHdaHIx87t3YCzX6hqzBAaSjhSPOaPopJa6rdaCelDA/0vCBamRBa5ud71Kf6hZKkEhE9TaXhgkOMipQc4ETNf7qYWEsgkdQc9RRSXYQV5sOvWPnDL0Y23cU+gX6veOnEprMxm5SklxbH97M/E/r5difD7IuUpSBMXmg+JU+Kj92dn+kBtgKDJHKDPc7eqzMTWUoQvnx5RMp2qENHKXKLhnWkqqhnk/0SKb5n2EB7RxXvymLrzwd1R/SadRD0/qjdZprdlcxFgmB+SQHJOQnJEmuSRXpE0YAfJInsiz9+K9em/e+7y05C169skPeJ9fecqkcA==</latexit>
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Update Time

• Update time complexity for a linear sketch algorithm is the 
number of field operations needed in each update.


• E.g., AMS sketch has                         update time complexity. 
 

  

 


• When    is small, AMS sketch is slow. 🐌

Q: Is AMS Sketch optimal in update time complexity?

✏
<latexit sha1_base64="0oudeB/Kgn7rfKOyftVMBp6Z1pM=">AAACJ3icbVDLSgNBEJz1Gd+vo5fFIHgKuyroMeDFYwQTA9kgs5PeZHAey0yvuiz5Ca/6A36NN9Gjf+Jkk4NJLBioqeqmuytOBbcYBN/ewuLS8spqZW19Y3Nre2d3b79ldWYYNJkW2rRjakFwBU3kKKCdGqAyFnAXP1yN/LtHMJZrdYt5Cl1J+4onnFF0UjuC1HKh1f1uNagFJfx5Ek5IlUzQuN/z1qKeZpkEhUxQazthkGK3oAY5EzBcjzILKWUPtA8dRxWVYLtFufDQP3ZKz0+0cU+hX6p/Owoqrc1l7ColxYGd9Ubif14nw+SyW3CVZgiKjQclmfBR+6Pr/R43wFDkjlBmuNvVZwNqKEOX0dSUXGeqjzR2lyh4YlpKqnpFlGqRD4sI4RltUpS/oQsvnI1qnrROa+FZ7fTmvFqvT2KskENyRE5ISC5InVyTBmkSRgR5Ia/kzXv3PrxP72tcuuBNeg7IFLyfX5PSp54=</latexit>

⇥(k) = ⇥(✏�2)
<latexit sha1_base64="nVvwCFKHmmHQ7LMYJDaTjUx5d1o="></latexit>

1 -1 1 -1 1 1 -1 -1 -1 1 1 -1 -1 1 1
-1 -1 1 1 -1 1 -1 -1 1 -1 -1 -1 -1 -1 1
1 1 -1 1 1 1 -1 -1 -1 -1 1 -1 1 1 1
-1 1 -1 1 1 1 -1 -1 -1 -1 1 -1 -1 -1 -1
1 -1 -1 1 -1 1 1 -1 1 -1 -1 1 1 -1 -1

⇧ =
<latexit sha1_base64="XvZ2buJhId9GrMTnC1Uj/N36Nwg="></latexit> }

<latexit sha1_base64="G/yUW7iRijjcLLLcc4lzxRXATB8=">AAACIXicbVDLSgNBEJyNr8Rnokcvi0HwFHajoMeAF49RjAayQWYnvXFwHstMr7os+QOv+gN+jTfxJv6Mk8fBqAUDNVXddHfFqeAWg+DTKy0sLi2vlCura+sbm1vV2vaV1Zlh0GFaaNONqQXBFXSQo4BuaoDKWMB1fHc69q/vwViu1SXmKfQlHSqecEbRSRfR6KZaDxrBBP5fEs5InczQvql5lWigWSZBIRPU2l4YpNgvqEHOBIxWo8xCStkdHULPUUUl2H4xWXXk7ztl4CfauKfQn6g/Owoqrc1l7ColxVv72xuL/3m9DJOTfsFVmiEoNh2UZMJH7Y/v9gfcAEORO0KZ4W5Xn91SQxm6dOam5DpTQ6Sxu0TBA9NSUjUoolSLfFRECI9ok2LyG4cX/o7qL7lqNsLDRvP8qN5qzWIsk12yRw5ISI5Ji5yRNukQRhLyRJ7Ji/fqvXnv3se0tOTNenbIHLyvb1jlpOU=</latexit>

k ⌧ n
<latexit sha1_base64="u3fhbGlX2uVrFJ5cRsuSKojXzt0="></latexit>

} <latexit sha1_base64="G/yUW7iRijjcLLLcc4lzxRXATB8=">AAACIXicbVDLSgNBEJyNr8Rnokcvi0HwFHajoMeAF49RjAayQWYnvXFwHstMr7os+QOv+gN+jTfxJv6Mk8fBqAUDNVXddHfFqeAWg+DTKy0sLi2vlCura+sbm1vV2vaV1Zlh0GFaaNONqQXBFXSQo4BuaoDKWMB1fHc69q/vwViu1SXmKfQlHSqecEbRSRfR6KZaDxrBBP5fEs5InczQvql5lWigWSZBIRPU2l4YpNgvqEHOBIxWo8xCStkdHULPUUUl2H4xWXXk7ztl4CfauKfQn6g/Owoqrc1l7ColxVv72xuL/3m9DJOTfsFVmiEoNh2UZMJH7Y/v9gfcAEORO0KZ4W5Xn91SQxm6dOam5DpTQ6Sxu0TBA9NSUjUoolSLfFRECI9ok2LyG4cX/o7qL7lqNsLDRvP8qN5qzWIsk12yRw5ISI5Ji5yRNukQRhLyRJ7Ji/fqvXnv3se0tOTNenbIHLyvb1jlpOU=</latexit>

n
<latexit sha1_base64="uRayg+l3yjZbEw3Vdy/1XBlXzWc=">AAACIHicbVDLSgNBEJyNr8Rn1KOXxSB4CrtR0GPAi0cDJhGSILOT3mTIPJaZXnVZ8gVe9Qf8Gm/iUb/GySYHXwUDNVXddHdFieAWg+DDKy0tr6yulSvrG5tb2zvV3b2O1alh0GZaaHMTUQuCK2gjRwE3iQEqIwHdaHIx87t3YCzX6hqzBAaSjhSPOaPopJa6rdaCelDA/0vCBamRBa5ud71Kf6hZKkEhE9TaXhgkOMipQc4ETNf7qYWEsgkdQc9RRSXYQV5sOvWPnDL0Y23cU+gX6veOnEprMxm5SklxbH97M/E/r5difD7IuUpSBMXmg+JU+Kj92dn+kBtgKDJHKDPc7eqzMTWUoQvnx5RMp2qENHKXKLhnWkqqhnk/0SKb5n2EB7RxXvymLrzwd1R/SadRD0/qjdZprdlcxFgmB+SQHJOQnJEmuSRXpE0YAfJInsiz9+K9em/e+7y05C169skPeJ9fecqkcA==</latexit>
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Faster One-Shot Estimation
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Faster One-Shot Estimation

• [Dasgupta-Kumar-Sarlós 10] and [Kane-Nelson 14] showed that 
sparse JL achieves one-shot with             update time.O(✏�1)

<latexit sha1_base64="wVCOUCs2BWrGCSD575rTjH2/MPI="></latexit>
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Faster One-Shot Estimation

• [Dasgupta-Kumar-Sarlós 10] and [Kane-Nelson 14] showed that 
sparse JL achieves one-shot with             update time.

• [Thorup-Zhang 12] showed that CountSketch (proposed by 
[Charikar-Chen-Farach-Colton 02]) achieves one-shot with        
update time.

O(1)
<latexit sha1_base64="5f7RMjb7n3fhmLAUznT6Y/m0FBQ="></latexit>

O(✏�1)
<latexit sha1_base64="wVCOUCs2BWrGCSD575rTjH2/MPI="></latexit>
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Faster One-Shot Estimation

• [Dasgupta-Kumar-Sarlós 10] and [Kane-Nelson 14] showed that 
sparse JL achieves one-shot with             update time.

• [Thorup-Zhang 12] showed that CountSketch (proposed by 
[Charikar-Chen-Farach-Colton 02]) achieves one-shot with        
update time.

• Application: Packet passing problem [Krishnamurthy-Sen-
Zhang-Chen 03] 
 
 

O(1)
<latexit sha1_base64="5f7RMjb7n3fhmLAUznT6Y/m0FBQ="></latexit>

O(✏�1)
<latexit sha1_base64="wVCOUCs2BWrGCSD575rTjH2/MPI="></latexit>

Rate:  7.75⇥ 106
<latexit sha1_base64="H5zZDIUgEGguhvnAgb7A4drEA3o="></latexit>

(<130 nanoseconds per packet)
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Faster One-Shot Estimation

• [Dasgupta-Kumar-Sarlós 10] and [Kane-Nelson 14] showed that 
sparse JL achieves one-shot with             update time.

• [Thorup-Zhang 12] showed that CountSketch (proposed by 
[Charikar-Chen-Farach-Colton 02]) achieves one-shot with        
update time.

• Application: Packet passing problem [Krishnamurthy-Sen-
Zhang-Chen 03] 
 
 

[Thorup-Zhang 12] showed that CountSketch improves AMS 
sketch from 182 nanoseconds to 30 nanoseconds!

O(1)
<latexit sha1_base64="5f7RMjb7n3fhmLAUznT6Y/m0FBQ="></latexit>

O(✏�1)
<latexit sha1_base64="wVCOUCs2BWrGCSD575rTjH2/MPI="></latexit>

Rate:  7.75⇥ 106
<latexit sha1_base64="H5zZDIUgEGguhvnAgb7A4drEA3o="></latexit>

(<130 nanoseconds per packet)
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Faster One-Shot Estimation

• [Dasgupta-Kumar-Sarlós 10] and [Kane-Nelson 14] showed that 
sparse JL achieves one-shot with             update time.

• [Thorup-Zhang 12] showed that CountSketch (proposed by 
[Charikar-Chen-Farach-Colton 02]) achieves one-shot with        
update time.

• Application: Packet passing problem [Krishnamurthy-Sen-
Zhang-Chen 03] 
 
 

[Thorup-Zhang 12] showed that CountSketch improves AMS 
sketch from 182 nanoseconds to 30 nanoseconds!

O(1)
<latexit sha1_base64="5f7RMjb7n3fhmLAUznT6Y/m0FBQ="></latexit>

O(✏�1)
<latexit sha1_base64="wVCOUCs2BWrGCSD575rTjH2/MPI="></latexit>

Rate:  7.75⇥ 106
<latexit sha1_base64="H5zZDIUgEGguhvnAgb7A4drEA3o="></latexit>

(<130 nanoseconds per packet)

Only for one-shot
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What About Faster Linear Sketch 
for Weak Tracking?
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What About Faster Linear Sketch 
for Weak Tracking?

Known

•        time for one-shot

•           time for weak trackingO(✏�2)

<latexit sha1_base64="bWHrbm3wLTPuOtRa+5Ku/IndOgg="></latexit>

O(1)
<latexit sha1_base64="/bvdKTMIWq2qfqI5jIW6l7Ey7zg="></latexit>
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What About Faster Linear Sketch 
for Weak Tracking?

Known

•        time for one-shot

•           time for weak trackingO(✏�2)

<latexit sha1_base64="bWHrbm3wLTPuOtRa+5Ku/IndOgg="></latexit>

O(1)
<latexit sha1_base64="/bvdKTMIWq2qfqI5jIW6l7Ey7zg="></latexit>

Unknown

•        time for weak trackingO(1)
<latexit sha1_base64="/bvdKTMIWq2qfqI5jIW6l7Ey7zg="></latexit>
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CountSketch Provides Weak Tracking
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CountSketch Provides Weak Tracking

Theorem (informal)

CountSketch with            rows provides           -weak tracking.O(✏�2)
<latexit sha1_base64="UEXIcjqRF7cAALG2OVVhbwdKla4="></latexit>

(✏, 0.1)
<latexit sha1_base64="EleagbtL+HnutN8aR1soCBR7h18="></latexit>

       -Weak tracking: Output                                        s.t.(✏, �)
<latexit sha1_base64="K8HnmoE+FDf/Yxu0h+Glc6AEMcM="></latexit>

Pr
h
9t2[m]

���k⇧f (t)k22 � kf (t)k22 > ✏kf (m)k22
���
i
 �

<latexit sha1_base64="OCi27wfCkln/1H3SgiSpv6C+3G8="></latexit>

k⇧f (1)k22, . . . , k⇧f (m)k22
<latexit sha1_base64="weFIyoDiZhW+8OrWc2jbD0y6rUY="></latexit>
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CountSketch Provides Weak Tracking

Theorem (informal)

CountSketch with            rows provides           -weak tracking.O(✏�2)
<latexit sha1_base64="UEXIcjqRF7cAALG2OVVhbwdKla4="></latexit>

(✏, 0.1)
<latexit sha1_base64="EleagbtL+HnutN8aR1soCBR7h18="></latexit>

       -Weak tracking: Output                                        s.t.(✏, �)
<latexit sha1_base64="K8HnmoE+FDf/Yxu0h+Glc6AEMcM="></latexit>

Pr
h
9t2[m]

���k⇧f (t)k22 � kf (t)k22 > ✏kf (m)k22
���
i
 �

<latexit sha1_base64="OCi27wfCkln/1H3SgiSpv6C+3G8="></latexit>

k⇧f (1)k22, . . . , k⇧f (m)k22
<latexit sha1_base64="weFIyoDiZhW+8OrWc2jbD0y6rUY="></latexit>

Corollary (informal)

There is an         time algorithm provides           -weak tracking.(✏, 0.1)
<latexit sha1_base64="EleagbtL+HnutN8aR1soCBR7h18="></latexit>

O(1)
<latexit sha1_base64="Tuf5nd3z6evy9Sol5klnqaR94gA="></latexit>
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CountSketch Provides Weak Tracking

Theorem (informal)

CountSketch with            rows provides           -weak tracking.O(✏�2)
<latexit sha1_base64="UEXIcjqRF7cAALG2OVVhbwdKla4="></latexit>

(✏, 0.1)
<latexit sha1_base64="EleagbtL+HnutN8aR1soCBR7h18="></latexit>

• The first analysis for weak tracking with constant update time.
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CountSketch Provides Weak Tracking

Theorem (informal)

CountSketch with            rows provides           -weak tracking.O(✏�2)
<latexit sha1_base64="UEXIcjqRF7cAALG2OVVhbwdKla4="></latexit>

(✏, 0.1)
<latexit sha1_base64="EleagbtL+HnutN8aR1soCBR7h18="></latexit>

• The first analysis for weak tracking with constant update time.

• Using the median trick, there is a streaming algorithm 
provides         -weak tracking with                  update time.(✏, �)

<latexit sha1_base64="k1Ih99tKzvFWp9c6P9peCRGru6c="></latexit>

O(log ��1)
<latexit sha1_base64="SdQSfMYR2LBhN8aBF704nH+LNeg="></latexit>



!11

CountSketch Provides Weak Tracking

Theorem (informal)

CountSketch with            rows provides           -weak tracking.O(✏�2)
<latexit sha1_base64="UEXIcjqRF7cAALG2OVVhbwdKla4="></latexit>

(✏, 0.1)
<latexit sha1_base64="EleagbtL+HnutN8aR1soCBR7h18="></latexit>

• The first analysis for weak tracking with constant update time.

• Using the median trick, there is a streaming algorithm 
provides         -weak tracking with                  update time.

• The packet passing problem now has tracking guarantee.

(✏, �)
<latexit sha1_base64="k1Ih99tKzvFWp9c6P9peCRGru6c="></latexit>

O(log ��1)
<latexit sha1_base64="SdQSfMYR2LBhN8aBF704nH+LNeg="></latexit>



!11

CountSketch Provides Weak Tracking

Theorem (informal)

CountSketch with            rows provides           -weak tracking.O(✏�2)
<latexit sha1_base64="UEXIcjqRF7cAALG2OVVhbwdKla4="></latexit>

(✏, 0.1)
<latexit sha1_base64="EleagbtL+HnutN8aR1soCBR7h18="></latexit>

• The first analysis for weak tracking with constant update time.

• Using the median trick, there is a streaming algorithm 
provides         -weak tracking with                  update time.

• The packet passing problem now has tracking guarantee.

(✏, �)
<latexit sha1_base64="k1Ih99tKzvFWp9c6P9peCRGru6c="></latexit>

O(log ��1)
<latexit sha1_base64="SdQSfMYR2LBhN8aBF704nH+LNeg="></latexit>

The rest of the talk will focus on the proof sketch.
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CountSketch Provides Weak Tracking

Theorem (informal)

CountSketch with            rows provides           -weak tracking.O(✏�2)
<latexit sha1_base64="UEXIcjqRF7cAALG2OVVhbwdKla4="></latexit>

(✏, 0.1)
<latexit sha1_base64="EleagbtL+HnutN8aR1soCBR7h18="></latexit>

• The first analysis for weak tracking with constant update time.

• Using the median trick, there is a streaming algorithm 
provides         -weak tracking with                  update time.

• The packet passing problem now has tracking guarantee.

(✏, �)
<latexit sha1_base64="k1Ih99tKzvFWp9c6P9peCRGru6c="></latexit>

O(log ��1)
<latexit sha1_base64="SdQSfMYR2LBhN8aBF704nH+LNeg="></latexit>

The rest of the talk will focus on the proof sketch.
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CountSketch [Charikar-Chen-Farach-Colton 02]

• Idea: Exactly one non-zero entry in each column. 
 
 

0 0 0 0 0 1 0 0 0 0 1 -1 0 0 0
0 -1 1 0 -1 0 0 0 0 0 0 0 0 -1 0
0 0 0 0 0 0 0 -1 -1 -1 0 0 1 0 0
-1 0 0 1 0 0 -1 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 -1

⇧ =
<latexit sha1_base64="XvZ2buJhId9GrMTnC1Uj/N36Nwg="></latexit>
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CountSketch [Charikar-Chen-Farach-Colton 02]

• Idea: Exactly one non-zero entry in each column. 
 
 

[Thorup-Zhang 12] showed that CountSketch with             rows 
achieve one-shot estimation.

O(✏�2)
<latexit sha1_base64="MdyWNj/nYyOpqkzs3/uYx9fFrOo="></latexit>

0 0 0 0 0 1 0 0 0 0 1 -1 0 0 0
0 -1 1 0 -1 0 0 0 0 0 0 0 0 -1 0
0 0 0 0 0 0 0 -1 -1 -1 0 0 1 0 0
-1 0 0 1 0 0 -1 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 -1

⇧ =
<latexit sha1_base64="XvZ2buJhId9GrMTnC1Uj/N36Nwg="></latexit>
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CountSketch [Charikar-Chen-Farach-Colton 02]

• Idea: Exactly one non-zero entry in each column. 
 
 

[Thorup-Zhang 12] showed that CountSketch with             rows 
achieve one-shot estimation.

• Analysis:

O(✏�2)
<latexit sha1_base64="MdyWNj/nYyOpqkzs3/uYx9fFrOo="></latexit>

0 0 0 0 0 1 0 0 0 0 1 -1 0 0 0
0 -1 1 0 -1 0 0 0 0 0 0 0 0 -1 0
0 0 0 0 0 0 0 -1 -1 -1 0 0 1 0 0
-1 0 0 1 0 0 -1 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 -1

⇧ =
<latexit sha1_base64="XvZ2buJhId9GrMTnC1Uj/N36Nwg="></latexit>
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CountSketch [Charikar-Chen-Farach-Colton 02]

• Idea: Exactly one non-zero entry in each column. 
 
 

[Thorup-Zhang 12] showed that CountSketch with             rows 
achieve one-shot estimation.

• Analysis:
- Obs:

O(✏�2)
<latexit sha1_base64="MdyWNj/nYyOpqkzs3/uYx9fFrOo="></latexit>

0 0 0 0 0 1 0 0 0 0 1 -1 0 0 0
0 -1 1 0 -1 0 0 0 0 0 0 0 0 -1 0
0 0 0 0 0 0 0 -1 -1 -1 0 0 1 0 0
-1 0 0 1 0 0 -1 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 -1

⇧ =
<latexit sha1_base64="XvZ2buJhId9GrMTnC1Uj/N36Nwg="></latexit>

E
⇥
(⇧>⇧)ij

⇤
= 1i=j .

<latexit sha1_base64="vdJD4MYAbwShZLgdTRiyT9BuBss="></latexit>
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CountSketch [Charikar-Chen-Farach-Colton 02]

• Idea: Exactly one non-zero entry in each column. 
 
 

[Thorup-Zhang 12] showed that CountSketch with             rows 
achieve one-shot estimation.

• Analysis:
- Obs:

- Expectation: 

O(✏�2)
<latexit sha1_base64="MdyWNj/nYyOpqkzs3/uYx9fFrOo="></latexit>

0 0 0 0 0 1 0 0 0 0 1 -1 0 0 0
0 -1 1 0 -1 0 0 0 0 0 0 0 0 -1 0
0 0 0 0 0 0 0 -1 -1 -1 0 0 1 0 0
-1 0 0 1 0 0 -1 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 -1

⇧ =
<latexit sha1_base64="XvZ2buJhId9GrMTnC1Uj/N36Nwg="></latexit>

E
h
k⇧f (m)k22

i
= E

2

4
X

i,j2[n]

(⇧>⇧)ijf
(m)
i f (m)

j

3

5 = kf (m)k22 .
<latexit sha1_base64="0c5/yJuTyWL3i/DCinCyt/1ahag="></latexit>

E
⇥
(⇧>⇧)ij

⇤
= 1i=j .

<latexit sha1_base64="vdJD4MYAbwShZLgdTRiyT9BuBss="></latexit>
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CountSketch [Charikar-Chen-Farach-Colton 02]

• Idea: Exactly one non-zero entry in each column. 
 
 

[Thorup-Zhang 12] showed that CountSketch with             rows 
achieve one-shot estimation.

• Analysis:
- Obs:

- Expectation: 

- Apply Chebyshev’s inequality.

O(✏�2)
<latexit sha1_base64="MdyWNj/nYyOpqkzs3/uYx9fFrOo="></latexit>

0 0 0 0 0 1 0 0 0 0 1 -1 0 0 0
0 -1 1 0 -1 0 0 0 0 0 0 0 0 -1 0
0 0 0 0 0 0 0 -1 -1 -1 0 0 1 0 0
-1 0 0 1 0 0 -1 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 -1

⇧ =
<latexit sha1_base64="XvZ2buJhId9GrMTnC1Uj/N36Nwg="></latexit>

E
h
k⇧f (m)k22

i
= E

2

4
X

i,j2[n]

(⇧>⇧)ijf
(m)
i f (m)

j

3

5 = kf (m)k22 .
<latexit sha1_base64="0c5/yJuTyWL3i/DCinCyt/1ahag="></latexit>

E
⇥
(⇧>⇧)ij

⇤
= 1i=j .

<latexit sha1_base64="vdJD4MYAbwShZLgdTRiyT9BuBss="></latexit>
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Intuition for Weak Tracking

• First attempt: Apply union bound on one-shot analysis. 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Intuition for Weak Tracking

• First attempt: Apply union bound on one-shot analysis. 
 
 

✓
✏,

�

m

◆

<latexit sha1_base64="SYfJsj4PAR5+RHO0f8ExeK4RzeU="></latexit>

-one-shot
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Intuition for Weak Tracking

• First attempt: Apply union bound on one-shot analysis. 
 
 

✓
✏,

�

m

◆

<latexit sha1_base64="SYfJsj4PAR5+RHO0f8ExeK4RzeU="></latexit>

-one-shot (✏, �)
<latexit sha1_base64="Blc298wygoDucQu3sCvsZoZsWZo="></latexit>

-weak tracking
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Intuition for Weak Tracking

• First attempt: Apply union bound on one-shot analysis. 
 
 

- Using                      rows (or                            rows after 
median trick).

O
�
✏
�2

�
�1

m
�

<latexit sha1_base64="r7GVqf+Zy12af+Hmex90QVb+5vk="></latexit>

O
�
✏
�2

�
�1logm

�
<latexit sha1_base64="vuiumjrqXRQdtKkSR75/ZCQ7huU="></latexit>

✓
✏,

�

m

◆

<latexit sha1_base64="SYfJsj4PAR5+RHO0f8ExeK4RzeU="></latexit>

-one-shot (✏, �)
<latexit sha1_base64="Blc298wygoDucQu3sCvsZoZsWZo="></latexit>

-weak tracking
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Intuition for Weak Tracking

• First attempt: Apply union bound on one-shot analysis. 
 
 

- Using                      rows (or                            rows after 
median trick).

• Idea: Using chaining argument [Braverman-Chestnut-Ivkin-Nelson-
Wang-Woodruff 17] to get a fancier (and tighter) union bound.

O
�
✏
�2

�
�1

m
�

<latexit sha1_base64="r7GVqf+Zy12af+Hmex90QVb+5vk="></latexit>

O
�
✏
�2

�
�1logm

�
<latexit sha1_base64="vuiumjrqXRQdtKkSR75/ZCQ7huU="></latexit>

✓
✏,

�

m

◆

<latexit sha1_base64="SYfJsj4PAR5+RHO0f8ExeK4RzeU="></latexit>

-one-shot (✏, �)
<latexit sha1_base64="Blc298wygoDucQu3sCvsZoZsWZo="></latexit>

-weak tracking
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Intuition for Weak Tracking

• First attempt: Apply union bound on one-shot analysis. 
 
 

- Using                      rows (or                            rows after 
median trick).

• Idea: Using chaining argument [Braverman-Chestnut-Ivkin-Nelson-
Wang-Woodruff 17] to get a fancier (and tighter) union bound.

O
�
✏
�2

�
�1

m
�

<latexit sha1_base64="r7GVqf+Zy12af+Hmex90QVb+5vk="></latexit>

O
�
✏
�2

�
�1logm

�
<latexit sha1_base64="vuiumjrqXRQdtKkSR75/ZCQ7huU="></latexit>

✓
✏,

�

m

◆

<latexit sha1_base64="SYfJsj4PAR5+RHO0f8ExeK4RzeU="></latexit>

-one-shot (✏, �)
<latexit sha1_base64="Blc298wygoDucQu3sCvsZoZsWZo="></latexit>

-weak tracking

We can get rid of the m dependency!



!14

Step 1: Extracting the Correlation
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Step 1: Extracting the Correlation

       -Weak tracking: Output                                        s.t.(✏, �)
<latexit sha1_base64="K8HnmoE+FDf/Yxu0h+Glc6AEMcM="></latexit>

Pr
h
9t2[m]

���k⇧f (t)k22 � kf (t)k22 > ✏kf (m)k22
���
i
 �

<latexit sha1_base64="OCi27wfCkln/1H3SgiSpv6C+3G8="></latexit>

k⇧f (1)k22, . . . , k⇧f (m)k22
<latexit sha1_base64="weFIyoDiZhW+8OrWc2jbD0y6rUY="></latexit>
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Step 1: Extracting the Correlation

• Rewrite the error as: 

where
k⇧f (t)k22 � kf (t)k22 = �>B̃⌘,f(t)�

<latexit sha1_base64="3ytESJ+XZCnBGY7Q2xAYl48kTjU="></latexit>

       -Weak tracking: Output                                        s.t.(✏, �)
<latexit sha1_base64="K8HnmoE+FDf/Yxu0h+Glc6AEMcM="></latexit>

Pr
h
9t2[m]

���k⇧f (t)k22 � kf (t)k22 > ✏kf (m)k22
���
i
 �

<latexit sha1_base64="OCi27wfCkln/1H3SgiSpv6C+3G8="></latexit>

k⇧f (1)k22, . . . , k⇧f (m)k22
<latexit sha1_base64="weFIyoDiZhW+8OrWc2jbD0y6rUY="></latexit>
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Step 1: Extracting the Correlation

• Rewrite the error as: 

where
-                       and 

k⇧f (t)k22 � kf (t)k22 = �>B̃⌘,f(t)�
<latexit sha1_base64="3ytESJ+XZCnBGY7Q2xAYl48kTjU="></latexit>

� 2 {�1, 1}n
<latexit sha1_base64="vGhVD3Tq6L4oy1weAxZcmIto3wU="></latexit>

       -Weak tracking: Output                                        s.t.(✏, �)
<latexit sha1_base64="K8HnmoE+FDf/Yxu0h+Glc6AEMcM="></latexit>

Pr
h
9t2[m]

���k⇧f (t)k22 � kf (t)k22 > ✏kf (m)k22
���
i
 �

<latexit sha1_base64="OCi27wfCkln/1H3SgiSpv6C+3G8="></latexit>

k⇧f (1)k22, . . . , k⇧f (m)k22
<latexit sha1_base64="weFIyoDiZhW+8OrWc2jbD0y6rUY="></latexit>
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Step 1: Extracting the Correlation

• Rewrite the error as: 

where
-                       and 

-             depends on      and       .

k⇧f (t)k22 � kf (t)k22 = �>B̃⌘,f(t)�
<latexit sha1_base64="3ytESJ+XZCnBGY7Q2xAYl48kTjU="></latexit>

� 2 {�1, 1}n
<latexit sha1_base64="vGhVD3Tq6L4oy1weAxZcmIto3wU="></latexit>

B̃⌘,f(t)
<latexit sha1_base64="eHHlWyTrAx78SgjirHmxzONPdmY="></latexit>

⇧
<latexit sha1_base64="OljLnna5zmG2xqnZR60ne95BUtA=">AAACInicbVDLSgNBEJyNz/iMevSyGARPYTcKegx48RjRaCAbZHbSmwyZxzLTqy5LPsGr/oBf4008CX6Mk8fBqAUDNVXddHfFqeAWg+DTKy0sLi2vrJbX1jc2t7YrO7s3VmeGQYtpoU07phYEV9BCjgLaqQEqYwG38fB87N/eg7Fcq2vMU+hK2lc84Yyik66iJr+rVINaMIH/l4QzUiUzNO92vHLU0yyToJAJam0nDFLsFtQgZwJGa1FmIaVsSPvQcVRRCbZbTHYd+YdO6fmJNu4p9Cfqz46CSmtzGbtKSXFgf3tj8T+vk2Fy1i24SjMExaaDkkz4qP3x4X6PG2AockcoM9zt6rMBNZShi2duSq4z1Ucau0sUPDAtJVW9Ikq1yEdFhPCINikmv5ELL/wd1V9yU6+Fx7X65Um10ZjFuEr2yQE5IiE5JQ1yQZqkRRjpkyfyTF68V+/Ne/c+pqUlb9azR+bgfX0D5r+lKw==</latexit>

f (t)
<latexit sha1_base64="bFSX0M5nNZxdAOcO/APPzmIf1XE=">AAACJnicbVDLSgNBEJyNz/iMevSyGAS9hN0o6DHgxWMEkwhJlNlJbzJkHstMr7os+Qiv+gN+jTcRb36Kk8fBqAUDNVXddHdFieAWg+DTKywsLi2vrBbX1jc2t7ZLO7tNq1PDoMG00OYmohYEV9BAjgJuEgNURgJa0fBi7LfuwViu1TVmCXQl7Ssec0bRSa34Nj/C49FdqRxUggn8vySckTKZoX634xU7Pc1SCQqZoNa2wyDBbk4NciZgtNZJLSSUDWkf2o4qKsF288m+I//QKT0/1sY9hf5E/dmRU2ltJiNXKSkO7G9vLP7ntVOMz7s5V0mKoNh0UJwKH7U/Pt7vcQMMReYIZYa7XX02oIYydBHNTcl0qvpII3eJggempaSql3cSLbJR3kF4RBvnk984vPB3VH9Js1oJTyrVq9NyrTaLcZXskwNyREJyRmrkktRJgzAyJE/kmbx4r96b9+59TEsL3qxnj8zB+/oG+W+mvw==</latexit>

       -Weak tracking: Output                                        s.t.(✏, �)
<latexit sha1_base64="K8HnmoE+FDf/Yxu0h+Glc6AEMcM="></latexit>

Pr
h
9t2[m]

���k⇧f (t)k22 � kf (t)k22 > ✏kf (m)k22
���
i
 �

<latexit sha1_base64="OCi27wfCkln/1H3SgiSpv6C+3G8="></latexit>

k⇧f (1)k22, . . . , k⇧f (m)k22
<latexit sha1_base64="weFIyoDiZhW+8OrWc2jbD0y6rUY="></latexit>
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Step 1: Extracting the Correlation

• Rewrite the error as: 

where
-                       and 

-             depends on      and       .

k⇧f (t)k22 � kf (t)k22 = �>B̃⌘,f(t)�
<latexit sha1_base64="3ytESJ+XZCnBGY7Q2xAYl48kTjU="></latexit>

� 2 {�1, 1}n
<latexit sha1_base64="vGhVD3Tq6L4oy1weAxZcmIto3wU="></latexit>

B̃⌘,f(t)
<latexit sha1_base64="eHHlWyTrAx78SgjirHmxzONPdmY="></latexit>

⇧
<latexit sha1_base64="OljLnna5zmG2xqnZR60ne95BUtA=">AAACInicbVDLSgNBEJyNz/iMevSyGARPYTcKegx48RjRaCAbZHbSmwyZxzLTqy5LPsGr/oBf4008CX6Mk8fBqAUDNVXddHfFqeAWg+DTKy0sLi2vrJbX1jc2t7YrO7s3VmeGQYtpoU07phYEV9BCjgLaqQEqYwG38fB87N/eg7Fcq2vMU+hK2lc84Yyik66iJr+rVINaMIH/l4QzUiUzNO92vHLU0yyToJAJam0nDFLsFtQgZwJGa1FmIaVsSPvQcVRRCbZbTHYd+YdO6fmJNu4p9Cfqz46CSmtzGbtKSXFgf3tj8T+vk2Fy1i24SjMExaaDkkz4qP3x4X6PG2AockcoM9zt6rMBNZShi2duSq4z1Ucau0sUPDAtJVW9Ikq1yEdFhPCINikmv5ELL/wd1V9yU6+Fx7X65Um10ZjFuEr2yQE5IiE5JQ1yQZqkRRjpkyfyTF68V+/Ne/c+pqUlb9azR+bgfX0D5r+lKw==</latexit>

f (t)
<latexit sha1_base64="bFSX0M5nNZxdAOcO/APPzmIf1XE=">AAACJnicbVDLSgNBEJyNz/iMevSyGAS9hN0o6DHgxWMEkwhJlNlJbzJkHstMr7os+Qiv+gN+jTcRb36Kk8fBqAUDNVXddHdFieAWg+DTKywsLi2vrBbX1jc2t7ZLO7tNq1PDoMG00OYmohYEV9BAjgJuEgNURgJa0fBi7LfuwViu1TVmCXQl7Ssec0bRSa34Nj/C49FdqRxUggn8vySckTKZoX634xU7Pc1SCQqZoNa2wyDBbk4NciZgtNZJLSSUDWkf2o4qKsF288m+I//QKT0/1sY9hf5E/dmRU2ltJiNXKSkO7G9vLP7ntVOMz7s5V0mKoNh0UJwKH7U/Pt7vcQMMReYIZYa7XX02oIYydBHNTcl0qvpII3eJggempaSql3cSLbJR3kF4RBvnk984vPB3VH9Js1oJTyrVq9NyrTaLcZXskwNyREJyRmrkktRJgzAyJE/kmbx4r96b9+59TEsL3qxnj8zB+/oG+W+mvw==</latexit>
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Different from [BCINWW17]
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Step 2:    -Net✏
<latexit sha1_base64="1gFP0dAu4z9SeWLx5/ENfex+q/Q="></latexit>
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#
 0.1 .

<latexit sha1_base64="a5tWmmMv3ACZjNHLPSCPkeTud+g="></latexit>
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Step 2:    -Net✏
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"
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����>B̃⌘,f(t)�
��� > ✏kf (m)k22

#
 0.1 .

<latexit sha1_base64="a5tWmmMv3ACZjNHLPSCPkeTud+g="></latexit>

…B̃1
<latexit sha1_base64="nvJtrwQYv4aOrLAsLH0TEywZ1V0="></latexit>

B̃2
<latexit sha1_base64="XXOBAf+Ijz7ZAP+drsQrxzZUO2I="></latexit>

B̃3
<latexit sha1_base64="+3F5TBME3+BZxuHnWP37DPiU99w="></latexit>

B̃4
<latexit sha1_base64="tX4zxUynHQBQzWYXhIYkW/ja6s4="></latexit>

B̃5
<latexit sha1_base64="yNblsPviwzSGGjshEQNv2lGyrmo="></latexit>

B̃6
<latexit sha1_base64="sOGJjpZyAKIJMASA16XmZFNIIAA="></latexit>

B̃7
<latexit sha1_base64="0Tigppki2/eXkS5Oy7ND9zDBmiU="></latexit>

B̃m
<latexit sha1_base64="tXHnkZf5diYxGDFxFCe+PIF86TQ="></latexit>

B̃m�1
<latexit sha1_base64="ciXFfdcOxnvhyP3C6eZmvZPRhLU="></latexit>

B̃m�2
<latexit sha1_base64="v+OUs0BkjnFgLfk5vMGMlETbs6o="></latexit>
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#
 0.1 .

<latexit sha1_base64="a5tWmmMv3ACZjNHLPSCPkeTud+g="></latexit>

…B̃1
<latexit sha1_base64="nvJtrwQYv4aOrLAsLH0TEywZ1V0="></latexit>

B̃2
<latexit sha1_base64="XXOBAf+Ijz7ZAP+drsQrxzZUO2I="></latexit>

B̃3
<latexit sha1_base64="+3F5TBME3+BZxuHnWP37DPiU99w="></latexit>

B̃4
<latexit sha1_base64="tX4zxUynHQBQzWYXhIYkW/ja6s4="></latexit>

B̃5
<latexit sha1_base64="yNblsPviwzSGGjshEQNv2lGyrmo="></latexit>

B̃6
<latexit sha1_base64="sOGJjpZyAKIJMASA16XmZFNIIAA="></latexit>

B̃7
<latexit sha1_base64="0Tigppki2/eXkS5Oy7ND9zDBmiU="></latexit>

B̃m
<latexit sha1_base64="tXHnkZf5diYxGDFxFCe+PIF86TQ="></latexit>

B̃m�1
<latexit sha1_base64="ciXFfdcOxnvhyP3C6eZmvZPRhLU="></latexit>

B̃m�2
<latexit sha1_base64="v+OUs0BkjnFgLfk5vMGMlETbs6o="></latexit>

• A sequence of nets                 such thatT0, T1, . . .
<latexit sha1_base64="GTUuUNPFwSzMKRBB0kee4cRvYAg=">AAACLHicbVDJSgNBEO1xN25Rj14Gg+AhhBkV9Bjw4jFCYgLJEHo6NbGxl7G7Rh2GfIdX/QG/xouIV7/DznJwe9Dw6lU9qvrFqeAWg+DNm5tfWFxaXlktra1vbG6Vt3eurM4MgxbTQptOTC0IrqCFHAV0UgNUxgLa8c35uN++A2O5Vk3MU4gkHSqecEbRSVGzH1Sb/bDaG2i0/XIlqAUT+H9JOCMVMkOjv+2tOiPLJChkglrbDYMUo4Ia5EzAqNTLLKSU3dAhdB1VVIKNisnVI//AKQM/0cY9hf5E/e4oqLQ2l7GblBSv7e/eWPyv180wOYsKrtIMQbHpoiQTPmp/HIE/4AYYitwRygx3t/rsmhrK0AX1Y0uuMzVEGrufKLhnWkqqBkUv1SIfFT2EB7RJMalGLrzwd1R/ydVRLTyuHV2eVOr1WYwrZI/sk0MSklNSJxekQVqEkVvySJ7Is/fivXrv3sd0dM6beXbJD3ifX9vUqK8=</latexit>
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<latexit sha1_base64="1gFP0dAu4z9SeWLx5/ENfex+q/Q="></latexit>
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"
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#
 0.1 .

<latexit sha1_base64="a5tWmmMv3ACZjNHLPSCPkeTud+g="></latexit>

…B̃1
<latexit sha1_base64="nvJtrwQYv4aOrLAsLH0TEywZ1V0="></latexit>

B̃2
<latexit sha1_base64="XXOBAf+Ijz7ZAP+drsQrxzZUO2I="></latexit>

B̃3
<latexit sha1_base64="+3F5TBME3+BZxuHnWP37DPiU99w="></latexit>

B̃4
<latexit sha1_base64="tX4zxUynHQBQzWYXhIYkW/ja6s4="></latexit>

B̃5
<latexit sha1_base64="yNblsPviwzSGGjshEQNv2lGyrmo="></latexit>
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B̃m
<latexit sha1_base64="tXHnkZf5diYxGDFxFCe+PIF86TQ="></latexit>

B̃m�1
<latexit sha1_base64="ciXFfdcOxnvhyP3C6eZmvZPRhLU="></latexit>

B̃m�2
<latexit sha1_base64="v+OUs0BkjnFgLfk5vMGMlETbs6o="></latexit>

• A sequence of nets                 such that

- The coarser the net is, the smaller it is.

T0, T1, . . .
<latexit sha1_base64="GTUuUNPFwSzMKRBB0kee4cRvYAg=">AAACLHicbVDJSgNBEO1xN25Rj14Gg+AhhBkV9Bjw4jFCYgLJEHo6NbGxl7G7Rh2GfIdX/QG/xouIV7/DznJwe9Dw6lU9qvrFqeAWg+DNm5tfWFxaXlktra1vbG6Vt3eurM4MgxbTQptOTC0IrqCFHAV0UgNUxgLa8c35uN++A2O5Vk3MU4gkHSqecEbRSVGzH1Sb/bDaG2i0/XIlqAUT+H9JOCMVMkOjv+2tOiPLJChkglrbDYMUo4Ia5EzAqNTLLKSU3dAhdB1VVIKNisnVI//AKQM/0cY9hf5E/e4oqLQ2l7GblBSv7e/eWPyv180wOYsKrtIMQbHpoiQTPmp/HIE/4AYYitwRygx3t/rsmhrK0AX1Y0uuMzVEGrufKLhnWkqqBkUv1SIfFT2EB7RJMalGLrzwd1R/ydVRLTyuHV2eVOr1WYwrZI/sk0MSklNSJxekQVqEkVvySJ7Is/fivXrv3sd0dM6beXbJD3ifX9vUqK8=</latexit>
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<latexit sha1_base64="1gFP0dAu4z9SeWLx5/ENfex+q/Q="></latexit>
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��� > ✏kf (m)k22

#
 0.1 .

<latexit sha1_base64="a5tWmmMv3ACZjNHLPSCPkeTud+g="></latexit>

…B̃1
<latexit sha1_base64="nvJtrwQYv4aOrLAsLH0TEywZ1V0="></latexit>

B̃2
<latexit sha1_base64="XXOBAf+Ijz7ZAP+drsQrxzZUO2I="></latexit>

B̃3
<latexit sha1_base64="+3F5TBME3+BZxuHnWP37DPiU99w="></latexit>

B̃4
<latexit sha1_base64="tX4zxUynHQBQzWYXhIYkW/ja6s4="></latexit>

B̃5
<latexit sha1_base64="yNblsPviwzSGGjshEQNv2lGyrmo="></latexit>

B̃6
<latexit sha1_base64="sOGJjpZyAKIJMASA16XmZFNIIAA="></latexit>

B̃7
<latexit sha1_base64="0Tigppki2/eXkS5Oy7ND9zDBmiU="></latexit>

B̃m
<latexit sha1_base64="tXHnkZf5diYxGDFxFCe+PIF86TQ="></latexit>

B̃m�1
<latexit sha1_base64="ciXFfdcOxnvhyP3C6eZmvZPRhLU="></latexit>

B̃m�2
<latexit sha1_base64="v+OUs0BkjnFgLfk5vMGMlETbs6o="></latexit>

• A sequence of nets                 such that

- The coarser the net is, the smaller it is.

• Telescoping            using these netsB̃⌘,f(t)
<latexit sha1_base64="KShi2SqSx8GVOJ87q9IkGSRqv/k="></latexit>

T0, T1, . . .
<latexit sha1_base64="GTUuUNPFwSzMKRBB0kee4cRvYAg=">AAACLHicbVDJSgNBEO1xN25Rj14Gg+AhhBkV9Bjw4jFCYgLJEHo6NbGxl7G7Rh2GfIdX/QG/xouIV7/DznJwe9Dw6lU9qvrFqeAWg+DNm5tfWFxaXlktra1vbG6Vt3eurM4MgxbTQptOTC0IrqCFHAV0UgNUxgLa8c35uN++A2O5Vk3MU4gkHSqecEbRSVGzH1Sb/bDaG2i0/XIlqAUT+H9JOCMVMkOjv+2tOiPLJChkglrbDYMUo4Ia5EzAqNTLLKSU3dAhdB1VVIKNisnVI//AKQM/0cY9hf5E/e4oqLQ2l7GblBSv7e/eWPyv180wOYsKrtIMQbHpoiQTPmp/HIE/4AYYitwRygx3t/rsmhrK0AX1Y0uuMzVEGrufKLhnWkqqBkUv1SIfFT2EB7RJMalGLrzwd1R/ydVRLTyuHV2eVOr1WYwrZI/sk0MSklNSJxekQVqEkVvySJ7Is/fivXrv3sd0dM6beXbJD3ifX9vUqK8=</latexit>
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<latexit sha1_base64="1gFP0dAu4z9SeWLx5/ENfex+q/Q="></latexit>
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"
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����>B̃⌘,f(t)�
��� > ✏kf (m)k22

#
 0.1 .

<latexit sha1_base64="a5tWmmMv3ACZjNHLPSCPkeTud+g="></latexit>

…B̃1
<latexit sha1_base64="nvJtrwQYv4aOrLAsLH0TEywZ1V0="></latexit>

B̃2
<latexit sha1_base64="XXOBAf+Ijz7ZAP+drsQrxzZUO2I="></latexit>

B̃3
<latexit sha1_base64="+3F5TBME3+BZxuHnWP37DPiU99w="></latexit>

B̃4
<latexit sha1_base64="tX4zxUynHQBQzWYXhIYkW/ja6s4="></latexit>

B̃5
<latexit sha1_base64="yNblsPviwzSGGjshEQNv2lGyrmo="></latexit>

B̃6
<latexit sha1_base64="sOGJjpZyAKIJMASA16XmZFNIIAA="></latexit>

B̃7
<latexit sha1_base64="0Tigppki2/eXkS5Oy7ND9zDBmiU="></latexit>

B̃m
<latexit sha1_base64="tXHnkZf5diYxGDFxFCe+PIF86TQ="></latexit>

B̃m�1
<latexit sha1_base64="ciXFfdcOxnvhyP3C6eZmvZPRhLU="></latexit>

B̃m�2
<latexit sha1_base64="v+OUs0BkjnFgLfk5vMGMlETbs6o="></latexit>

• A sequence of nets                 such that

- The coarser the net is, the smaller it is.

• Telescoping            using these nets

--
B̃⌘,f(t)

<latexit sha1_base64="KShi2SqSx8GVOJ87q9IkGSRqv/k="></latexit>
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⌘

<latexit sha1_base64="IkM/3dv1/ITK6L7On7psbQSxjs0="></latexit>

T0, T1, . . .
<latexit sha1_base64="GTUuUNPFwSzMKRBB0kee4cRvYAg=">AAACLHicbVDJSgNBEO1xN25Rj14Gg+AhhBkV9Bjw4jFCYgLJEHo6NbGxl7G7Rh2GfIdX/QG/xouIV7/DznJwe9Dw6lU9qvrFqeAWg+DNm5tfWFxaXlktra1vbG6Vt3eurM4MgxbTQptOTC0IrqCFHAV0UgNUxgLa8c35uN++A2O5Vk3MU4gkHSqecEbRSVGzH1Sb/bDaG2i0/XIlqAUT+H9JOCMVMkOjv+2tOiPLJChkglrbDYMUo4Ia5EzAqNTLLKSU3dAhdB1VVIKNisnVI//AKQM/0cY9hf5E/e4oqLQ2l7GblBSv7e/eWPyv180wOYsKrtIMQbHpoiQTPmp/HIE/4AYYitwRygx3t/rsmhrK0AX1Y0uuMzVEGrufKLhnWkqqBkUv1SIfFT2EB7RJMalGLrzwd1R/ydVRLTyuHV2eVOr1WYwrZI/sk0MSklNSJxekQVqEkVvySJ7Is/fivXrv3sd0dM6beXbJD3ifX9vUqK8=</latexit>
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<latexit sha1_base64="a5tWmmMv3ACZjNHLPSCPkeTud+g="></latexit>

…B̃1
<latexit sha1_base64="nvJtrwQYv4aOrLAsLH0TEywZ1V0="></latexit>

B̃2
<latexit sha1_base64="XXOBAf+Ijz7ZAP+drsQrxzZUO2I="></latexit>

B̃3
<latexit sha1_base64="+3F5TBME3+BZxuHnWP37DPiU99w="></latexit>

B̃4
<latexit sha1_base64="tX4zxUynHQBQzWYXhIYkW/ja6s4="></latexit>

B̃5
<latexit sha1_base64="yNblsPviwzSGGjshEQNv2lGyrmo="></latexit>

B̃6
<latexit sha1_base64="sOGJjpZyAKIJMASA16XmZFNIIAA="></latexit>

B̃7
<latexit sha1_base64="0Tigppki2/eXkS5Oy7ND9zDBmiU="></latexit>

B̃m
<latexit sha1_base64="tXHnkZf5diYxGDFxFCe+PIF86TQ="></latexit>

B̃m�1
<latexit sha1_base64="ciXFfdcOxnvhyP3C6eZmvZPRhLU="></latexit>

B̃m�2
<latexit sha1_base64="v+OUs0BkjnFgLfk5vMGMlETbs6o="></latexit>

• A sequence of nets                 such that

- The coarser the net is, the smaller it is.

• Telescoping            using these nets

--
B̃⌘,f(t)

<latexit sha1_base64="KShi2SqSx8GVOJ87q9IkGSRqv/k="></latexit>

sup
t2[m]

�
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B̃⌘,f(t)

⌘
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⌘
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⌘

<latexit sha1_base64="IkM/3dv1/ITK6L7On7psbQSxjs0="></latexit>

T0, T1, . . .
<latexit sha1_base64="GTUuUNPFwSzMKRBB0kee4cRvYAg=">AAACLHicbVDJSgNBEO1xN25Rj14Gg+AhhBkV9Bjw4jFCYgLJEHo6NbGxl7G7Rh2GfIdX/QG/xouIV7/DznJwe9Dw6lU9qvrFqeAWg+DNm5tfWFxaXlktra1vbG6Vt3eurM4MgxbTQptOTC0IrqCFHAV0UgNUxgLa8c35uN++A2O5Vk3MU4gkHSqecEbRSVGzH1Sb/bDaG2i0/XIlqAUT+H9JOCMVMkOjv+2tOiPLJChkglrbDYMUo4Ia5EzAqNTLLKSU3dAhdB1VVIKNisnVI//AKQM/0cY9hf5E/e4oqLQ2l7GblBSv7e/eWPyv180wOYsKrtIMQbHpoiQTPmp/HIE/4AYYitwRygx3t/rsmhrK0AX1Y0uuMzVEGrufKLhnWkqqBkUv1SIfFT2EB7RJMalGLrzwd1R/ydVRLTyuHV2eVOr1WYwrZI/sk0MSklNSJxekQVqEkVvySJ7Is/fivXrv3sd0dM6beXbJD3ifX9vUqK8=</latexit>

T0
<latexit sha1_base64="tjC2wi7DyHErgrdn8FAe1epXKDA=">AAACInicbVDJSgNBEO1xTVwTPXoZDIKnMKOCOQa8eIyYRUhC6OnUxMZehu4adRjyCV71B/wab+JJ8GPsLAejPmh4/V4VVfWiRHCLQfDpLS2vrK6tF4obm1vbO7ul8l7b6tQwaDEttLmJqAXBFbSQo4CbxACVkYBOdHcx8Tv3YCzXqolZAn1JR4rHnFF00nVzEAxKlaAaTOH/JeGcVMgcjUHZK/aGmqUSFDJBre2GQYL9nBrkTMB4o5daSCi7oyPoOqqoBNvPp7uO/SOnDP1YG/cU+lP1Z0dOpbWZjFylpHhrf3sT8T+vm2Jc6+dcJSmCYrNBcSp81P7kcH/IDTAUmSOUGe529dktNZShi2dhSqZTNUIauUsUPDAtJVXDvJdokY3zHsIj2jif/sYuvPB3VH9J+6QanlZPrs4q9do8xgI5IIfkmITknNTJJWmQFmFkRJ7IM3nxXr037937mJUuefOefbIA7+sbjZ6k8Q==</latexit>

T`
<latexit sha1_base64="3DFPMYtkWVWjKW6kFwhGF58QCco=">AAACNHicbVDLSsQwFE19vx116aY4CK6GVgVdCm5cKjgqTIchTW/HYB4luVVL6Le41R/wXwR34tZvMFNn4etC4OSce+9JTloIbjGKXoKJyanpmdm5+YXFpeWV1dba+oXVpWHQZVpoc5VSC4Ir6CJHAVeFASpTAZfpzfFIv7wFY7lW51gV0Jd0qHjOGUVPDVob5wOXNGucgaxOQIh60GpHnaip8C+Ix6BNxnU6WAvmk0yzUoJCJqi1vTgqsO+oQc4E1AtJaaGg7IYOoeehohJs3zW2dbjtmSzMtfFHYdiw3yccldZWMvWdkuK1/a2NyP+0Xon5Yd9xVZQIin0Z5aUIUYejKMKMG2AoKg8oM9y/NWTX1FCGPrAfLpUu1RBp6n+i4I5pKanKXFJoUdUuQbhHm7vmNgov/h3VX3Cx24n3Ortn++2jw3GMc2STbJEdEpMDckROyCnpEkYq8kAeyVPwHLwGb8H7V+tEMJ7ZID8q+PgE41is0Q==</latexit>
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Step 2:    -Net✏
<latexit sha1_base64="1gFP0dAu4z9SeWLx5/ENfex+q/Q="></latexit>

Goal:
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����>B̃⌘,f(t)�
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#
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<latexit sha1_base64="a5tWmmMv3ACZjNHLPSCPkeTud+g="></latexit>

…B̃1
<latexit sha1_base64="nvJtrwQYv4aOrLAsLH0TEywZ1V0="></latexit>

B̃2
<latexit sha1_base64="XXOBAf+Ijz7ZAP+drsQrxzZUO2I="></latexit>

B̃3
<latexit sha1_base64="+3F5TBME3+BZxuHnWP37DPiU99w="></latexit>

B̃4
<latexit sha1_base64="tX4zxUynHQBQzWYXhIYkW/ja6s4="></latexit>

B̃5
<latexit sha1_base64="yNblsPviwzSGGjshEQNv2lGyrmo="></latexit>

B̃6
<latexit sha1_base64="sOGJjpZyAKIJMASA16XmZFNIIAA="></latexit>

B̃7
<latexit sha1_base64="0Tigppki2/eXkS5Oy7ND9zDBmiU="></latexit>

B̃m
<latexit sha1_base64="tXHnkZf5diYxGDFxFCe+PIF86TQ="></latexit>

B̃m�1
<latexit sha1_base64="ciXFfdcOxnvhyP3C6eZmvZPRhLU="></latexit>

B̃m�2
<latexit sha1_base64="v+OUs0BkjnFgLfk5vMGMlETbs6o="></latexit>

• A sequence of nets                 such that

- The coarser the net is, the smaller it is.

• Telescoping            using these nets

--
B̃⌘,f(t)

<latexit sha1_base64="KShi2SqSx8GVOJ87q9IkGSRqv/k="></latexit>

sup
t2[m]

�
⇣
B̃⌘,f(t)

⌘
 sup

t2[m]
�
⇣
B(t)

⌘,0

⌘
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⇣
B(t)
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⌘

<latexit sha1_base64="IkM/3dv1/ITK6L7On7psbQSxjs0="></latexit>

Different from [BCINWW17]

T0, T1, . . .
<latexit sha1_base64="GTUuUNPFwSzMKRBB0kee4cRvYAg=">AAACLHicbVDJSgNBEO1xN25Rj14Gg+AhhBkV9Bjw4jFCYgLJEHo6NbGxl7G7Rh2GfIdX/QG/xouIV7/DznJwe9Dw6lU9qvrFqeAWg+DNm5tfWFxaXlktra1vbG6Vt3eurM4MgxbTQptOTC0IrqCFHAV0UgNUxgLa8c35uN++A2O5Vk3MU4gkHSqecEbRSVGzH1Sb/bDaG2i0/XIlqAUT+H9JOCMVMkOjv+2tOiPLJChkglrbDYMUo4Ia5EzAqNTLLKSU3dAhdB1VVIKNisnVI//AKQM/0cY9hf5E/e4oqLQ2l7GblBSv7e/eWPyv180wOYsKrtIMQbHpoiQTPmp/HIE/4AYYitwRygx3t/rsmhrK0AX1Y0uuMzVEGrufKLhnWkqqBkUv1SIfFT2EB7RJMalGLrzwd1R/ydVRLTyuHV2eVOr1WYwrZI/sk0MSklNSJxekQVqEkVvySJ7Is/fivXrv3sd0dM6beXbJD3ifX9vUqK8=</latexit>

T0
<latexit sha1_base64="tjC2wi7DyHErgrdn8FAe1epXKDA=">AAACInicbVDJSgNBEO1xTVwTPXoZDIKnMKOCOQa8eIyYRUhC6OnUxMZehu4adRjyCV71B/wab+JJ8GPsLAejPmh4/V4VVfWiRHCLQfDpLS2vrK6tF4obm1vbO7ul8l7b6tQwaDEttLmJqAXBFbSQo4CbxACVkYBOdHcx8Tv3YCzXqolZAn1JR4rHnFF00nVzEAxKlaAaTOH/JeGcVMgcjUHZK/aGmqUSFDJBre2GQYL9nBrkTMB4o5daSCi7oyPoOqqoBNvPp7uO/SOnDP1YG/cU+lP1Z0dOpbWZjFylpHhrf3sT8T+vm2Jc6+dcJSmCYrNBcSp81P7kcH/IDTAUmSOUGe529dktNZShi2dhSqZTNUIauUsUPDAtJVXDvJdokY3zHsIj2jif/sYuvPB3VH9J+6QanlZPrs4q9do8xgI5IIfkmITknNTJJWmQFmFkRJ7IM3nxXr037937mJUuefOefbIA7+sbjZ6k8Q==</latexit>

T`
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Thanks for your attention, questions?


