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Questions from Retail

Question 1: 

Estimate demand (rate) for Umbrellas at Target store in Sunnyvale

Question 2: 

Estimate future demand for Umbrellas at Target store in Sunnyvale

Question 3: 

What would demand for Umbrellas at Target store in Sunnyvale be 
if we did (not) introduce the mobile checkout



Questions from Retail and Time Series Analysis

Question 1: demand rate estimation 

estimating latent state of a time-series with missing values

Question 2: future demand 

forecasting state of time-series using historical (+ other time-series) 

Question 3: demand with(out) intervention 

comparing with synthetic control for time-series of interest 
using other time-series



Matrix Estimation (ME)
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Matrix Estimation (ME)

Observation

noisy observation for a subset E of entries:

Goal

so that the prediction error

produce an estimation 

Yij , for (i, j) 2 E

subject to some `noise’ model:

for all (i, j) 2 [n]⇥ [m]Âij

MSE(Â) =
1

nm
E
hX

i,j

�
Âij �Aij

�2i

is small

ground truth: 

Yij ⇠ Aij , 8 i, j.

Aij , 8(i, j) 2 [n]⇥ [m]



Matrix Estimation (ME)

Latent Variable Model

entry corresponding to user i and movie j in A

row i has associated latent features x1(i) 2 X1

column j has associated latent features x2(j) 2 X2

Aij = f(x1(i), x2(j)) f : X1 ⇥ X2 ! Rwhere 

That is,         is such thatYij

E
⇥
Yij |x1(i), x2(j)

⇤
= Aij = f(x1(i), x2(j))

Canonical representation due to Row-Column Exchangeability

[Hoover 79, 82], [Aldous 81, 82, 85], [Lovasz-Szegedy 08], …



Matrix Estimation (ME)

Goal

given (partial) observation of matrix  Y = [Yij ]

so that the prediction error                  is small

produce an estimation Â = [Âij ]

MSE(Â)

Performance Metric

(random) fraction    of matrix                  that needs to be observed 

so that estimator is consistent, i.e. 

Y = [Yij ]

lim
n,m!1

MSE(Â) = 0

p



Matrix Estimation (ME)

Feature space:

Model complexity

[0, 1]d

Function space: bilinear, Lipschitz continuous

Noise model

Additive:

Generic:

Sample complexity

Number of samples observed

Yij = f(x1(i), x2(j)) + ⌘ij , E[⌘ij ] = 0

E[Yij ] = f(x1(i), x2(j)) Yij 2 [�B,B]



Matrix Estimation (ME)

Result Sample 
Complexity Noise Model Function Class Guarantee

KMO10 Additive bilinear(rank d) MSE to 0

C15 Generic Lipschitz MSE to 0

LLSS16 Additive Lipschitz MSE to 0

BCLS17 Generic bilinear(rank d) MSE to 0

⌦(nd log n)

⌦̃(n3/2)

⌦(n2� 2
d+2 )

[very large number of remarkable results are not reported here]

!(nd5)



This Talk

Answer to all three time-series questions

estimating latent state of a time-series with missing values

forecasting state of time-series using historical (+ other time-series) 

comparing with synthetic control for time-series of interest 

Via Matrix Estimation (ME) 

we’ll assume access to Matrix Estimation (ME) as a black-box (BB-ME)

transform all three questions to Matrix Estimation
and some post-processing



Answer 1: Time Series Imputation

“Ground Truth” of interest:                     , for examplef(t), t 2 R
<latexit sha1_base64="THq1vN8lh7PIVhCPVCBEPiNJzPQ=">AAAB/3icbVBNS8NAEN3Ur1q/qh48eFksQgUpiQjqrejFYxVrC00om+2mXbrZhN2JUEI9+Fe8eFDx6t/w5r9x0+agrQ8GHu/NMDPPjwXXYNvfVmFhcWl5pbhaWlvf2Nwqb+/c6yhRlDVpJCLV9olmgkvWBA6CtWPFSOgL1vKHV5nfemBK80jewShmXkj6kgecEjBSt7wXVOHoGD8CdrnEbkhg4Pvp7bhbrtg1ewI8T5ycVFCORrf85fYimoRMAhVE645jx+ClRAGngo1LbqJZTOiQ9FnHUElCpr108sAYHxqlh4NImZKAJ+rviZSEWo9C33RmF+pZLxP/8zoJBOdeymWcAJN0uihIBIYIZ2ngHleMghgZQqji5lZMB0QRCiazkgnBmX15njRPahc15+a0Ur/M0yiifXSAqshBZ6iOrlEDNRFFY/SMXtGb9WS9WO/Wx7S1YOUzu+gPrM8flSSVVQ==</latexit><latexit sha1_base64="THq1vN8lh7PIVhCPVCBEPiNJzPQ=">AAAB/3icbVBNS8NAEN3Ur1q/qh48eFksQgUpiQjqrejFYxVrC00om+2mXbrZhN2JUEI9+Fe8eFDx6t/w5r9x0+agrQ8GHu/NMDPPjwXXYNvfVmFhcWl5pbhaWlvf2Nwqb+/c6yhRlDVpJCLV9olmgkvWBA6CtWPFSOgL1vKHV5nfemBK80jewShmXkj6kgecEjBSt7wXVOHoGD8CdrnEbkhg4Pvp7bhbrtg1ewI8T5ycVFCORrf85fYimoRMAhVE645jx+ClRAGngo1LbqJZTOiQ9FnHUElCpr108sAYHxqlh4NImZKAJ+rviZSEWo9C33RmF+pZLxP/8zoJBOdeymWcAJN0uihIBIYIZ2ngHleMghgZQqji5lZMB0QRCiazkgnBmX15njRPahc15+a0Ur/M0yiifXSAqshBZ6iOrlEDNRFFY/SMXtGb9WS9WO/Wx7S1YOUzu+gPrM8flSSVVQ==</latexit><latexit sha1_base64="THq1vN8lh7PIVhCPVCBEPiNJzPQ=">AAAB/3icbVBNS8NAEN3Ur1q/qh48eFksQgUpiQjqrejFYxVrC00om+2mXbrZhN2JUEI9+Fe8eFDx6t/w5r9x0+agrQ8GHu/NMDPPjwXXYNvfVmFhcWl5pbhaWlvf2Nwqb+/c6yhRlDVpJCLV9olmgkvWBA6CtWPFSOgL1vKHV5nfemBK80jewShmXkj6kgecEjBSt7wXVOHoGD8CdrnEbkhg4Pvp7bhbrtg1ewI8T5ycVFCORrf85fYimoRMAhVE645jx+ClRAGngo1LbqJZTOiQ9FnHUElCpr108sAYHxqlh4NImZKAJ+rviZSEWo9C33RmF+pZLxP/8zoJBOdeymWcAJN0uihIBIYIZ2ngHleMghgZQqji5lZMB0QRCiazkgnBmX15njRPahc15+a0Ur/M0yiifXSAqshBZ6iOrlEDNRFFY/SMXtGb9WS9WO/Wx7S1YOUzu+gPrM8flSSVVQ==</latexit><latexit sha1_base64="THq1vN8lh7PIVhCPVCBEPiNJzPQ=">AAAB/3icbVBNS8NAEN3Ur1q/qh48eFksQgUpiQjqrejFYxVrC00om+2mXbrZhN2JUEI9+Fe8eFDx6t/w5r9x0+agrQ8GHu/NMDPPjwXXYNvfVmFhcWl5pbhaWlvf2Nwqb+/c6yhRlDVpJCLV9olmgkvWBA6CtWPFSOgL1vKHV5nfemBK80jewShmXkj6kgecEjBSt7wXVOHoGD8CdrnEbkhg4Pvp7bhbrtg1ewI8T5ycVFCORrf85fYimoRMAhVE645jx+ClRAGngo1LbqJZTOiQ9FnHUElCpr108sAYHxqlh4NImZKAJ+rviZSEWo9C33RmF+pZLxP/8zoJBOdeymWcAJN0uihIBIYIZ2ngHleMghgZQqji5lZMB0QRCiazkgnBmX15njRPahc15+a0Ur/M0yiifXSAqshBZ6iOrlEDNRFFY/SMXtGb9WS9WO/Wx7S1YOUzu+gPrM8flSSVVQ==</latexit>

f(t) =
KX

k=1

↵k sin(!kt) + �k cos(!kt)
<latexit sha1_base64="JMQZ33PW5zdOv88wLf+LVSQ9+Fs="></latexit><latexit sha1_base64="JMQZ33PW5zdOv88wLf+LVSQ9+Fs="></latexit><latexit sha1_base64="JMQZ33PW5zdOv88wLf+LVSQ9+Fs="></latexit><latexit sha1_base64="JMQZ33PW5zdOv88wLf+LVSQ9+Fs="></latexit>

f(t) =
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↵kt
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<latexit sha1_base64="d+XGi/F38Dd4v4ljmf5IQX7cdBI=">AAACEHicbZC7SgNBFIZn4y3G26qlzWAQYhN2RVCLQNBGsIngmkA2WWYns8mQ2QszZ4Ww7CvY+Co2Fiq2lna+jZNLoYk/DHz85xzOnN9PBFdgWd9GYWl5ZXWtuF7a2Nza3jF39+5VnErKHBqLWLZ8opjgEXOAg2CtRDIS+oI1/eHVuN58YFLxOLqDUcI6IelHPOCUgLY8sxJU4BjXsKvS0MuGNTvv3mCXiGRAvCGGbub6DDTmnlm2qtZEeBHsGZTRTA3P/HJ7MU1DFgEVRKm2bSXQyYgETgXLS26qWELokPRZW2NEQqY62eSiHB9pp4eDWOoXAZ64vycyEio1Cn3dGRIYqPna2Pyv1k4hOO9kPEpSYBGdLgpSgSHG43hwj0tGQYw0ECq5/iumAyIJBR1iSYdgz5+8CM5J9aJq356W65ezNIroAB2iCrLRGaqja9RADqLoET2jV/RmPBkvxrvxMW0tGLOZffRHxucPKy2cOQ==</latexit><latexit sha1_base64="d+XGi/F38Dd4v4ljmf5IQX7cdBI=">AAACEHicbZC7SgNBFIZn4y3G26qlzWAQYhN2RVCLQNBGsIngmkA2WWYns8mQ2QszZ4Ww7CvY+Co2Fiq2lna+jZNLoYk/DHz85xzOnN9PBFdgWd9GYWl5ZXWtuF7a2Nza3jF39+5VnErKHBqLWLZ8opjgEXOAg2CtRDIS+oI1/eHVuN58YFLxOLqDUcI6IelHPOCUgLY8sxJU4BjXsKvS0MuGNTvv3mCXiGRAvCGGbub6DDTmnlm2qtZEeBHsGZTRTA3P/HJ7MU1DFgEVRKm2bSXQyYgETgXLS26qWELokPRZW2NEQqY62eSiHB9pp4eDWOoXAZ64vycyEio1Cn3dGRIYqPna2Pyv1k4hOO9kPEpSYBGdLgpSgSHG43hwj0tGQYw0ECq5/iumAyIJBR1iSYdgz5+8CM5J9aJq356W65ezNIroAB2iCrLRGaqja9RADqLoET2jV/RmPBkvxrvxMW0tGLOZffRHxucPKy2cOQ==</latexit><latexit sha1_base64="d+XGi/F38Dd4v4ljmf5IQX7cdBI=">AAACEHicbZC7SgNBFIZn4y3G26qlzWAQYhN2RVCLQNBGsIngmkA2WWYns8mQ2QszZ4Ww7CvY+Co2Fiq2lna+jZNLoYk/DHz85xzOnN9PBFdgWd9GYWl5ZXWtuF7a2Nza3jF39+5VnErKHBqLWLZ8opjgEXOAg2CtRDIS+oI1/eHVuN58YFLxOLqDUcI6IelHPOCUgLY8sxJU4BjXsKvS0MuGNTvv3mCXiGRAvCGGbub6DDTmnlm2qtZEeBHsGZTRTA3P/HJ7MU1DFgEVRKm2bSXQyYgETgXLS26qWELokPRZW2NEQqY62eSiHB9pp4eDWOoXAZ64vycyEio1Cn3dGRIYqPna2Pyv1k4hOO9kPEpSYBGdLgpSgSHG43hwj0tGQYw0ECq5/iumAyIJBR1iSYdgz5+8CM5J9aJq356W65ezNIroAB2iCrLRGaqja9RADqLoET2jV/RmPBkvxrvxMW0tGLOZffRHxucPKy2cOQ==</latexit><latexit sha1_base64="d+XGi/F38Dd4v4ljmf5IQX7cdBI=">AAACEHicbZC7SgNBFIZn4y3G26qlzWAQYhN2RVCLQNBGsIngmkA2WWYns8mQ2QszZ4Ww7CvY+Co2Fiq2lna+jZNLoYk/DHz85xzOnN9PBFdgWd9GYWl5ZXWtuF7a2Nza3jF39+5VnErKHBqLWLZ8opjgEXOAg2CtRDIS+oI1/eHVuN58YFLxOLqDUcI6IelHPOCUgLY8sxJU4BjXsKvS0MuGNTvv3mCXiGRAvCGGbub6DDTmnlm2qtZEeBHsGZTRTA3P/HJ7MU1DFgEVRKm2bSXQyYgETgXLS26qWELokPRZW2NEQqY62eSiHB9pp4eDWOoXAZ64vycyEio1Cn3dGRIYqPna2Pyv1k4hOO9kPEpSYBGdLgpSgSHG43hwj0tGQYw0ECq5/iumAyIJBR1iSYdgz5+8CM5J9aJq356W65ezNIroAB2iCrLRGaqja9RADqLoET2jV/RmPBkvxrvxMW0tGLOZffRHxucPKy2cOQ==</latexit>

f(t) =
KX

k=1

↵kf(t� k)
<latexit sha1_base64="EOwrRrym2h8aWJBvFq6Oag9DSYE=">AAACDHicbVDLSsNAFJ3UV62vqEs3g1VoF5ZEBHVRKLoR3FSwttDEMJlO2iEzSZiZCCX0B9z4K25cqLj1A9z5N07bLLT1wIXDOfdy7z1+wqhUlvVtFBYWl5ZXiqultfWNzS1ze+dOxqnApIVjFouOjyRhNCItRRUjnUQQxH1G2n54OfbbD0RIGke3apgQl6N+RAOKkdKSZx4EFVWFdejIlHtZWLdH99fQQSwZIC+E2jwKq9Azy1bNmgDOEzsnZZCj6ZlfTi/GKSeRwgxJ2bWtRLkZEopiRkYlJ5UkQThEfdLVNEKcSDebfDOCh1rpwSAWuiIFJ+rviQxxKYfc150cqYGc9cbif143VcGZm9EoSRWJ8HRRkDKoYjiOBvaoIFixoSYIC6pvhXiABMJKB1jSIdizL8+T1nHtvGbfnJQbF3kaRbAH9kEF2OAUNMAVaIIWwOARPINX8GY8GS/Gu/ExbS0Y+cwu+APj8wdZsplo</latexit><latexit sha1_base64="EOwrRrym2h8aWJBvFq6Oag9DSYE=">AAACDHicbVDLSsNAFJ3UV62vqEs3g1VoF5ZEBHVRKLoR3FSwttDEMJlO2iEzSZiZCCX0B9z4K25cqLj1A9z5N07bLLT1wIXDOfdy7z1+wqhUlvVtFBYWl5ZXiqultfWNzS1ze+dOxqnApIVjFouOjyRhNCItRRUjnUQQxH1G2n54OfbbD0RIGke3apgQl6N+RAOKkdKSZx4EFVWFdejIlHtZWLdH99fQQSwZIC+E2jwKq9Azy1bNmgDOEzsnZZCj6ZlfTi/GKSeRwgxJ2bWtRLkZEopiRkYlJ5UkQThEfdLVNEKcSDebfDOCh1rpwSAWuiIFJ+rviQxxKYfc150cqYGc9cbif143VcGZm9EoSRWJ8HRRkDKoYjiOBvaoIFixoSYIC6pvhXiABMJKB1jSIdizL8+T1nHtvGbfnJQbF3kaRbAH9kEF2OAUNMAVaIIWwOARPINX8GY8GS/Gu/ExbS0Y+cwu+APj8wdZsplo</latexit><latexit sha1_base64="EOwrRrym2h8aWJBvFq6Oag9DSYE=">AAACDHicbVDLSsNAFJ3UV62vqEs3g1VoF5ZEBHVRKLoR3FSwttDEMJlO2iEzSZiZCCX0B9z4K25cqLj1A9z5N07bLLT1wIXDOfdy7z1+wqhUlvVtFBYWl5ZXiqultfWNzS1ze+dOxqnApIVjFouOjyRhNCItRRUjnUQQxH1G2n54OfbbD0RIGke3apgQl6N+RAOKkdKSZx4EFVWFdejIlHtZWLdH99fQQSwZIC+E2jwKq9Azy1bNmgDOEzsnZZCj6ZlfTi/GKSeRwgxJ2bWtRLkZEopiRkYlJ5UkQThEfdLVNEKcSDebfDOCh1rpwSAWuiIFJ+rviQxxKYfc150cqYGc9cbif143VcGZm9EoSRWJ8HRRkDKoYjiOBvaoIFixoSYIC6pvhXiABMJKB1jSIdizL8+T1nHtvGbfnJQbF3kaRbAH9kEF2OAUNMAVaIIWwOARPINX8GY8GS/Gu/ExbS0Y+cwu+APj8wdZsplo</latexit><latexit sha1_base64="EOwrRrym2h8aWJBvFq6Oag9DSYE=">AAACDHicbVDLSsNAFJ3UV62vqEs3g1VoF5ZEBHVRKLoR3FSwttDEMJlO2iEzSZiZCCX0B9z4K25cqLj1A9z5N07bLLT1wIXDOfdy7z1+wqhUlvVtFBYWl5ZXiqultfWNzS1ze+dOxqnApIVjFouOjyRhNCItRRUjnUQQxH1G2n54OfbbD0RIGke3apgQl6N+RAOKkdKSZx4EFVWFdejIlHtZWLdH99fQQSwZIC+E2jwKq9Azy1bNmgDOEzsnZZCj6ZlfTi/GKSeRwgxJ2bWtRLkZEopiRkYlJ5UkQThEfdLVNEKcSDebfDOCh1rpwSAWuiIFJ+rviQxxKYfc150cqYGc9cbif143VcGZm9EoSRWJ8HRRkDKoYjiOBvaoIFixoSYIC6pvhXiABMJKB1jSIdizL8+T1nHtvGbfnJQbF3kaRbAH9kEF2OAUNMAVaIIWwOARPINX8GY8GS/Gu/ExbS0Y+cwu+APj8wdZsplo</latexit>

or or, their combination….

Observation:                                       s. t. if observed (w.p. p)X(t), t 2 {0, 1, . . . , T}
<latexit sha1_base64="yohLOkCg8/GZ2+mfaDnBKHv4v4w=">AAACCHicbVBNS8NAFNz4WetX1KOXxSJUKCURQb0VvXis0NhCE8pmu22XbjZh90UooR69+Fe8eFDx6k/w5r9x2+agrQMLw8wb3r4JE8E1OM63tbS8srq2Xtgobm5t7+zae/t3Ok4VZR6NRaxaIdFMcMk84CBYK1GMRKFgzXB4PfGb90xpHssGjBIWRKQveY9TAkbq2LhVhpMKfgDsc4n9zKlgt4L9bgy6ghv+GHfsklN1psCLxM1JCeWod+wvk6ZpxCRQQbRuu04CQUYUcCrYuOinmiWEDkmftQ2VJGI6yKaXjPGxUbq4FyvzJOCp+juRkUjrURSayYjAQM97E/E/r51C7yLIuExSYJLOFvVSgSHGk1pwlytGQYwMIVRx81dMB0QRCqa8oinBnT95kXin1cuqe3tWql3lbRTQITpCZeSic1RDN6iOPETRI3pGr+jNerJerHfrYza6ZOWZA/QH1ucPMsmXDA==</latexit><latexit sha1_base64="yohLOkCg8/GZ2+mfaDnBKHv4v4w=">AAACCHicbVBNS8NAFNz4WetX1KOXxSJUKCURQb0VvXis0NhCE8pmu22XbjZh90UooR69+Fe8eFDx6k/w5r9x2+agrQMLw8wb3r4JE8E1OM63tbS8srq2Xtgobm5t7+zae/t3Ok4VZR6NRaxaIdFMcMk84CBYK1GMRKFgzXB4PfGb90xpHssGjBIWRKQveY9TAkbq2LhVhpMKfgDsc4n9zKlgt4L9bgy6ghv+GHfsklN1psCLxM1JCeWod+wvk6ZpxCRQQbRuu04CQUYUcCrYuOinmiWEDkmftQ2VJGI6yKaXjPGxUbq4FyvzJOCp+juRkUjrURSayYjAQM97E/E/r51C7yLIuExSYJLOFvVSgSHGk1pwlytGQYwMIVRx81dMB0QRCqa8oinBnT95kXin1cuqe3tWql3lbRTQITpCZeSic1RDN6iOPETRI3pGr+jNerJerHfrYza6ZOWZA/QH1ucPMsmXDA==</latexit><latexit sha1_base64="yohLOkCg8/GZ2+mfaDnBKHv4v4w=">AAACCHicbVBNS8NAFNz4WetX1KOXxSJUKCURQb0VvXis0NhCE8pmu22XbjZh90UooR69+Fe8eFDx6k/w5r9x2+agrQMLw8wb3r4JE8E1OM63tbS8srq2Xtgobm5t7+zae/t3Ok4VZR6NRaxaIdFMcMk84CBYK1GMRKFgzXB4PfGb90xpHssGjBIWRKQveY9TAkbq2LhVhpMKfgDsc4n9zKlgt4L9bgy6ghv+GHfsklN1psCLxM1JCeWod+wvk6ZpxCRQQbRuu04CQUYUcCrYuOinmiWEDkmftQ2VJGI6yKaXjPGxUbq4FyvzJOCp+juRkUjrURSayYjAQM97E/E/r51C7yLIuExSYJLOFvVSgSHGk1pwlytGQYwMIVRx81dMB0QRCqa8oinBnT95kXin1cuqe3tWql3lbRTQITpCZeSic1RDN6iOPETRI3pGr+jNerJerHfrYza6ZOWZA/QH1ucPMsmXDA==</latexit><latexit sha1_base64="yohLOkCg8/GZ2+mfaDnBKHv4v4w=">AAACCHicbVBNS8NAFNz4WetX1KOXxSJUKCURQb0VvXis0NhCE8pmu22XbjZh90UooR69+Fe8eFDx6k/w5r9x2+agrQMLw8wb3r4JE8E1OM63tbS8srq2Xtgobm5t7+zae/t3Ok4VZR6NRaxaIdFMcMk84CBYK1GMRKFgzXB4PfGb90xpHssGjBIWRKQveY9TAkbq2LhVhpMKfgDsc4n9zKlgt4L9bgy6ghv+GHfsklN1psCLxM1JCeWod+wvk6ZpxCRQQbRuu04CQUYUcCrYuOinmiWEDkmftQ2VJGI6yKaXjPGxUbq4FyvzJOCp+juRkUjrURSayYjAQM97E/E/r51C7yLIuExSYJLOFvVSgSHGk1pwlytGQYwMIVRx81dMB0QRCqa8oinBnT95kXin1cuqe3tWql3lbRTQITpCZeSic1RDN6iOPETRI3pGr+jNerJerHfrYza6ZOWZA/QH1ucPMsmXDA==</latexit>

E[X(t)] = f(t)
<latexit sha1_base64="957RoC9KjYPGJnd/idpIfrEtmAw=">AAACAHicbVDLSsNAFL2pr1pfUTeCm8Ei1E1JRFAXQlEElxWMLaShTKaTdujkwcxEKKFu/BU3LlTc+hnu/BsnbRbaemCYwzn3cu89fsKZVJb1bZQWFpeWV8qrlbX1jc0tc3vnXsapINQhMY9F28eSchZRRzHFaTsRFIc+py1/eJX7rQcqJIujOzVKqBfifsQCRrDSUtfc64RYDXw/ux677Zo68tAFCvRf6ZpVq25NgOaJXZAqFGh2za9OLyZpSCNFOJbSta1EeRkWihFOx5VOKmmCyRD3qatphEMqvWxywRgdaqWHgljoFyk0UX93ZDiUchT6ujLfV856ufif56YqOPMyFiWpohGZDgpSjlSM8jhQjwlKFB9pgolgeldEBlhgonRoeQj27MnzxDmun9ft25Nq47JIowz7cAA1sOEUGnADTXCAwCM8wyu8GU/Gi/FufExLS0bRswt/YHz+ADqLlP0=</latexit><latexit sha1_base64="957RoC9KjYPGJnd/idpIfrEtmAw=">AAACAHicbVDLSsNAFL2pr1pfUTeCm8Ei1E1JRFAXQlEElxWMLaShTKaTdujkwcxEKKFu/BU3LlTc+hnu/BsnbRbaemCYwzn3cu89fsKZVJb1bZQWFpeWV8qrlbX1jc0tc3vnXsapINQhMY9F28eSchZRRzHFaTsRFIc+py1/eJX7rQcqJIujOzVKqBfifsQCRrDSUtfc64RYDXw/ux677Zo68tAFCvRf6ZpVq25NgOaJXZAqFGh2za9OLyZpSCNFOJbSta1EeRkWihFOx5VOKmmCyRD3qatphEMqvWxywRgdaqWHgljoFyk0UX93ZDiUchT6ujLfV856ufif56YqOPMyFiWpohGZDgpSjlSM8jhQjwlKFB9pgolgeldEBlhgonRoeQj27MnzxDmun9ft25Nq47JIowz7cAA1sOEUGnADTXCAwCM8wyu8GU/Gi/FufExLS0bRswt/YHz+ADqLlP0=</latexit><latexit sha1_base64="957RoC9KjYPGJnd/idpIfrEtmAw=">AAACAHicbVDLSsNAFL2pr1pfUTeCm8Ei1E1JRFAXQlEElxWMLaShTKaTdujkwcxEKKFu/BU3LlTc+hnu/BsnbRbaemCYwzn3cu89fsKZVJb1bZQWFpeWV8qrlbX1jc0tc3vnXsapINQhMY9F28eSchZRRzHFaTsRFIc+py1/eJX7rQcqJIujOzVKqBfifsQCRrDSUtfc64RYDXw/ux677Zo68tAFCvRf6ZpVq25NgOaJXZAqFGh2za9OLyZpSCNFOJbSta1EeRkWihFOx5VOKmmCyRD3qatphEMqvWxywRgdaqWHgljoFyk0UX93ZDiUchT6ujLfV856ufif56YqOPMyFiWpohGZDgpSjlSM8jhQjwlKFB9pgolgeldEBlhgonRoeQj27MnzxDmun9ft25Nq47JIowz7cAA1sOEUGnADTXCAwCM8wyu8GU/Gi/FufExLS0bRswt/YHz+ADqLlP0=</latexit><latexit sha1_base64="957RoC9KjYPGJnd/idpIfrEtmAw=">AAACAHicbVDLSsNAFL2pr1pfUTeCm8Ei1E1JRFAXQlEElxWMLaShTKaTdujkwcxEKKFu/BU3LlTc+hnu/BsnbRbaemCYwzn3cu89fsKZVJb1bZQWFpeWV8qrlbX1jc0tc3vnXsapINQhMY9F28eSchZRRzHFaTsRFIc+py1/eJX7rQcqJIujOzVKqBfifsQCRrDSUtfc64RYDXw/ux677Zo68tAFCvRf6ZpVq25NgOaJXZAqFGh2za9OLyZpSCNFOJbSta1EeRkWihFOx5VOKmmCyRD3qatphEMqvWxywRgdaqWHgljoFyk0UX93ZDiUchT6ujLfV856ufif56YqOPMyFiWpohGZDgpSjlSM8jhQjwlKFB9pgolgeldEBlhgonRoeQj27MnzxDmun9ft25Nq47JIowz7cAA1sOEUGnADTXCAwCM8wyu8GU/Gi/FufExLS0bRswt/YHz+ADqLlP0=</latexit>

(+ independence, conditions on “noise”) 

Goal: produce estimate          so that                                        X̂(t)
<latexit sha1_base64="EFqmz6ajaT46cBOvKGq6FeEglTw=">AAAB8XicbVBNS8NAEJ34WetX1aOXxSLUS0lEUG9FLx4rGFtIQ9lst+3SzSbsToQS+jO8eFDx6r/x5r9x2+agrQ8GHu/NMDMvSqUw6Lrfzsrq2vrGZmmrvL2zu7dfOTh8NEmmGfdZIhPdjqjhUijuo0DJ26nmNI4kb0Wj26nfeuLaiEQ94DjlYUwHSvQFo2iloDOkmLcnNTwj3UrVrbszkGXiFaQKBZrdylenl7As5gqZpMYEnptimFONgkk+KXcyw1PKRnTAA0sVjbkJ89nJE3JqlR7pJ9qWQjJTf0/kNDZmHEe2M6Y4NIveVPzPCzLsX4W5UGmGXLH5on4mCSZk+j/pCc0ZyrEllGlhbyVsSDVlaFMq2xC8xZeXiX9ev6579xfVxk2RRgmO4QRq4MElNOAOmuADgwSe4RXeHHRenHfnY9664hQzR/AHzucP5r6Qig==</latexit><latexit sha1_base64="EFqmz6ajaT46cBOvKGq6FeEglTw=">AAAB8XicbVBNS8NAEJ34WetX1aOXxSLUS0lEUG9FLx4rGFtIQ9lst+3SzSbsToQS+jO8eFDx6r/x5r9x2+agrQ8GHu/NMDMvSqUw6Lrfzsrq2vrGZmmrvL2zu7dfOTh8NEmmGfdZIhPdjqjhUijuo0DJ26nmNI4kb0Wj26nfeuLaiEQ94DjlYUwHSvQFo2iloDOkmLcnNTwj3UrVrbszkGXiFaQKBZrdylenl7As5gqZpMYEnptimFONgkk+KXcyw1PKRnTAA0sVjbkJ89nJE3JqlR7pJ9qWQjJTf0/kNDZmHEe2M6Y4NIveVPzPCzLsX4W5UGmGXLH5on4mCSZk+j/pCc0ZyrEllGlhbyVsSDVlaFMq2xC8xZeXiX9ev6579xfVxk2RRgmO4QRq4MElNOAOmuADgwSe4RXeHHRenHfnY9664hQzR/AHzucP5r6Qig==</latexit><latexit sha1_base64="EFqmz6ajaT46cBOvKGq6FeEglTw=">AAAB8XicbVBNS8NAEJ34WetX1aOXxSLUS0lEUG9FLx4rGFtIQ9lst+3SzSbsToQS+jO8eFDx6r/x5r9x2+agrQ8GHu/NMDMvSqUw6Lrfzsrq2vrGZmmrvL2zu7dfOTh8NEmmGfdZIhPdjqjhUijuo0DJ26nmNI4kb0Wj26nfeuLaiEQ94DjlYUwHSvQFo2iloDOkmLcnNTwj3UrVrbszkGXiFaQKBZrdylenl7As5gqZpMYEnptimFONgkk+KXcyw1PKRnTAA0sVjbkJ89nJE3JqlR7pJ9qWQjJTf0/kNDZmHEe2M6Y4NIveVPzPCzLsX4W5UGmGXLH5on4mCSZk+j/pCc0ZyrEllGlhbyVsSDVlaFMq2xC8xZeXiX9ev6579xfVxk2RRgmO4QRq4MElNOAOmuADgwSe4RXeHHRenHfnY9664hQzR/AHzucP5r6Qig==</latexit><latexit sha1_base64="EFqmz6ajaT46cBOvKGq6FeEglTw=">AAAB8XicbVBNS8NAEJ34WetX1aOXxSLUS0lEUG9FLx4rGFtIQ9lst+3SzSbsToQS+jO8eFDx6r/x5r9x2+agrQ8GHu/NMDMvSqUw6Lrfzsrq2vrGZmmrvL2zu7dfOTh8NEmmGfdZIhPdjqjhUijuo0DJ26nmNI4kb0Wj26nfeuLaiEQ94DjlYUwHSvQFo2iloDOkmLcnNTwj3UrVrbszkGXiFaQKBZrdylenl7As5gqZpMYEnptimFONgkk+KXcyw1PKRnTAA0sVjbkJ89nJE3JqlR7pJ9qWQjJTf0/kNDZmHEe2M6Y4NIveVPzPCzLsX4W5UGmGXLH5on4mCSZk+j/pCc0ZyrEllGlhbyVsSDVlaFMq2xC8xZeXiX9ev6579xfVxk2RRgmO4QRq4MElNOAOmuADgwSe4RXeHHRenHfnY9664hQzR/AHzucP5r6Qig==</latexit>

MSE(X̂, f) is small
<latexit sha1_base64="NCrZ+qUDUC/CETSpsfdAKxmQwmg=">AAACD3icbVBNS8NAEN3Ur1q/oh69LBaxgpREBPVWFMGLUNHaQlPKZrtpl24+2J2IJcR/4MW/4sWDilev3vw3btsctPXBwOO9GWbmuZHgCizr28jNzM7NL+QXC0vLK6tr5vrGrQpjSVmNhiKUDZcoJnjAasBBsEYkGfFdwepu/2zo1++YVDwMbmAQsZZPugH3OCWgpba56wC7h+Ty+jwtOT0CSSPdx94efhjrXGHlEyHStlm0ytYIeJrYGSmiDNW2+eV0Qhr7LAAqiFJN24qglRAJnAqWFpxYsYjQPumypqYB8ZlqJaOHUryjlQ72QqkrADxSf08kxFdq4Lu60yfQU5PeUPzPa8bgHbcSHkQxsICOF3mxwBDiYTq4wyWjIAaaECq5vhXTHpGEgs6woEOwJ1+eJrWD8knZvjosVk6zNPJoC22jErLREaqgC1RFNUTRI3pGr+jNeDJejHfjY9yaM7KZTfQHxucP7Aacuw==</latexit><latexit sha1_base64="NCrZ+qUDUC/CETSpsfdAKxmQwmg=">AAACD3icbVBNS8NAEN3Ur1q/oh69LBaxgpREBPVWFMGLUNHaQlPKZrtpl24+2J2IJcR/4MW/4sWDilev3vw3btsctPXBwOO9GWbmuZHgCizr28jNzM7NL+QXC0vLK6tr5vrGrQpjSVmNhiKUDZcoJnjAasBBsEYkGfFdwepu/2zo1++YVDwMbmAQsZZPugH3OCWgpba56wC7h+Ty+jwtOT0CSSPdx94efhjrXGHlEyHStlm0ytYIeJrYGSmiDNW2+eV0Qhr7LAAqiFJN24qglRAJnAqWFpxYsYjQPumypqYB8ZlqJaOHUryjlQ72QqkrADxSf08kxFdq4Lu60yfQU5PeUPzPa8bgHbcSHkQxsICOF3mxwBDiYTq4wyWjIAaaECq5vhXTHpGEgs6woEOwJ1+eJrWD8knZvjosVk6zNPJoC22jErLREaqgC1RFNUTRI3pGr+jNeDJejHfjY9yaM7KZTfQHxucP7Aacuw==</latexit><latexit sha1_base64="NCrZ+qUDUC/CETSpsfdAKxmQwmg=">AAACD3icbVBNS8NAEN3Ur1q/oh69LBaxgpREBPVWFMGLUNHaQlPKZrtpl24+2J2IJcR/4MW/4sWDilev3vw3btsctPXBwOO9GWbmuZHgCizr28jNzM7NL+QXC0vLK6tr5vrGrQpjSVmNhiKUDZcoJnjAasBBsEYkGfFdwepu/2zo1++YVDwMbmAQsZZPugH3OCWgpba56wC7h+Ty+jwtOT0CSSPdx94efhjrXGHlEyHStlm0ytYIeJrYGSmiDNW2+eV0Qhr7LAAqiFJN24qglRAJnAqWFpxYsYjQPumypqYB8ZlqJaOHUryjlQ72QqkrADxSf08kxFdq4Lu60yfQU5PeUPzPa8bgHbcSHkQxsICOF3mxwBDiYTq4wyWjIAaaECq5vhXTHpGEgs6woEOwJ1+eJrWD8knZvjosVk6zNPJoC22jErLREaqgC1RFNUTRI3pGr+jNeDJejHfjY9yaM7KZTfQHxucP7Aacuw==</latexit><latexit sha1_base64="NCrZ+qUDUC/CETSpsfdAKxmQwmg=">AAACD3icbVBNS8NAEN3Ur1q/oh69LBaxgpREBPVWFMGLUNHaQlPKZrtpl24+2J2IJcR/4MW/4sWDilev3vw3btsctPXBwOO9GWbmuZHgCizr28jNzM7NL+QXC0vLK6tr5vrGrQpjSVmNhiKUDZcoJnjAasBBsEYkGfFdwepu/2zo1++YVDwMbmAQsZZPugH3OCWgpba56wC7h+Ty+jwtOT0CSSPdx94efhjrXGHlEyHStlm0ytYIeJrYGSmiDNW2+eV0Qhr7LAAqiFJN24qglRAJnAqWFpxYsYjQPumypqYB8ZlqJaOHUryjlQ72QqkrADxSf08kxFdq4Lu60yfQU5PeUPzPa8bgHbcSHkQxsICOF3mxwBDiYTq4wyWjIAaaECq5vhXTHpGEgs6woEOwJ1+eJrWD8knZvjosVk6zNPJoC22jErLREaqgC1RFNUTRI3pGr+jNeDJejHfjY9yaM7KZTfQHxucP7Aacuw==</latexit>



An Example:

“Ground Truth” of interest:                      as described beforef(t), t 2 R
<latexit sha1_base64="THq1vN8lh7PIVhCPVCBEPiNJzPQ=">AAAB/3icbVBNS8NAEN3Ur1q/qh48eFksQgUpiQjqrejFYxVrC00om+2mXbrZhN2JUEI9+Fe8eFDx6t/w5r9x0+agrQ8GHu/NMDPPjwXXYNvfVmFhcWl5pbhaWlvf2Nwqb+/c6yhRlDVpJCLV9olmgkvWBA6CtWPFSOgL1vKHV5nfemBK80jewShmXkj6kgecEjBSt7wXVOHoGD8CdrnEbkhg4Pvp7bhbrtg1ewI8T5ycVFCORrf85fYimoRMAhVE645jx+ClRAGngo1LbqJZTOiQ9FnHUElCpr108sAYHxqlh4NImZKAJ+rviZSEWo9C33RmF+pZLxP/8zoJBOdeymWcAJN0uihIBIYIZ2ngHleMghgZQqji5lZMB0QRCiazkgnBmX15njRPahc15+a0Ur/M0yiifXSAqshBZ6iOrlEDNRFFY/SMXtGb9WS9WO/Wx7S1YOUzu+gPrM8flSSVVQ==</latexit><latexit sha1_base64="THq1vN8lh7PIVhCPVCBEPiNJzPQ=">AAAB/3icbVBNS8NAEN3Ur1q/qh48eFksQgUpiQjqrejFYxVrC00om+2mXbrZhN2JUEI9+Fe8eFDx6t/w5r9x0+agrQ8GHu/NMDPPjwXXYNvfVmFhcWl5pbhaWlvf2Nwqb+/c6yhRlDVpJCLV9olmgkvWBA6CtWPFSOgL1vKHV5nfemBK80jewShmXkj6kgecEjBSt7wXVOHoGD8CdrnEbkhg4Pvp7bhbrtg1ewI8T5ycVFCORrf85fYimoRMAhVE645jx+ClRAGngo1LbqJZTOiQ9FnHUElCpr108sAYHxqlh4NImZKAJ+rviZSEWo9C33RmF+pZLxP/8zoJBOdeymWcAJN0uihIBIYIZ2ngHleMghgZQqji5lZMB0QRCiazkgnBmX15njRPahc15+a0Ur/M0yiifXSAqshBZ6iOrlEDNRFFY/SMXtGb9WS9WO/Wx7S1YOUzu+gPrM8flSSVVQ==</latexit><latexit sha1_base64="THq1vN8lh7PIVhCPVCBEPiNJzPQ=">AAAB/3icbVBNS8NAEN3Ur1q/qh48eFksQgUpiQjqrejFYxVrC00om+2mXbrZhN2JUEI9+Fe8eFDx6t/w5r9x0+agrQ8GHu/NMDPPjwXXYNvfVmFhcWl5pbhaWlvf2Nwqb+/c6yhRlDVpJCLV9olmgkvWBA6CtWPFSOgL1vKHV5nfemBK80jewShmXkj6kgecEjBSt7wXVOHoGD8CdrnEbkhg4Pvp7bhbrtg1ewI8T5ycVFCORrf85fYimoRMAhVE645jx+ClRAGngo1LbqJZTOiQ9FnHUElCpr108sAYHxqlh4NImZKAJ+rviZSEWo9C33RmF+pZLxP/8zoJBOdeymWcAJN0uihIBIYIZ2ngHleMghgZQqji5lZMB0QRCiazkgnBmX15njRPahc15+a0Ur/M0yiifXSAqshBZ6iOrlEDNRFFY/SMXtGb9WS9WO/Wx7S1YOUzu+gPrM8flSSVVQ==</latexit><latexit sha1_base64="THq1vN8lh7PIVhCPVCBEPiNJzPQ=">AAAB/3icbVBNS8NAEN3Ur1q/qh48eFksQgUpiQjqrejFYxVrC00om+2mXbrZhN2JUEI9+Fe8eFDx6t/w5r9x0+agrQ8GHu/NMDPPjwXXYNvfVmFhcWl5pbhaWlvf2Nwqb+/c6yhRlDVpJCLV9olmgkvWBA6CtWPFSOgL1vKHV5nfemBK80jewShmXkj6kgecEjBSt7wXVOHoGD8CdrnEbkhg4Pvp7bhbrtg1ewI8T5ycVFCORrf85fYimoRMAhVE645jx+ClRAGngo1LbqJZTOiQ9FnHUElCpr108sAYHxqlh4NImZKAJ+rviZSEWo9C33RmF+pZLxP/8zoJBOdeymWcAJN0uihIBIYIZ2ngHleMghgZQqji5lZMB0QRCiazkgnBmX15njRPahc15+a0Ur/M0yiifXSAqshBZ6iOrlEDNRFFY/SMXtGb9WS9WO/Wx7S1YOUzu+gPrM8flSSVVQ==</latexit>

Observation: w.p. 0.1, observe X(t) where for some 

X(t) ⇠ Poisson(f(t))
<latexit sha1_base64="9lqpcfcMh3klbX8Uxme8EdUAW4g=">AAACB3icbVA9SwNBEN2LXzF+nVpauBiEpAl3Iqhd0MYygjGBJIS9zV6yZG/32J0Tw5F0Nv4VGwsVW/+Cnf/GzUehiQ8GHu/NMDMviAU34HnfTmZpeWV1Lbue29jc2t5xd/fujEo0ZVWqhNL1gBgmuGRV4CBYPdaMRIFgtaB/NfZr90wbruQtDGLWikhX8pBTAlZqu4f1AhTxqGl4NGoCe4C0orgxSg4LoXWKbTfvlbwJ8CLxZySPZqi03a9mR9EkYhKoIMY0fC+GVko0cCrYMNdMDIsJ7ZMua1gqScRMK508MsTHVungUGlbEvBE/T2RksiYQRTYzohAz8x7Y/E/r5FAeN5KuYwTYJJOF4WJwKDwOBXc4ZpREANLCNXc3oppj2hCwWaXsyH48y8vkupJ6aLk35zmy5ezNLLoAB2hAvLRGSqja1RBVUTRI3pGr+jNeXJenHfnY9qacWYz++gPnM8fS6aZEw==</latexit><latexit sha1_base64="9lqpcfcMh3klbX8Uxme8EdUAW4g=">AAACB3icbVA9SwNBEN2LXzF+nVpauBiEpAl3Iqhd0MYygjGBJIS9zV6yZG/32J0Tw5F0Nv4VGwsVW/+Cnf/GzUehiQ8GHu/NMDMviAU34HnfTmZpeWV1Lbue29jc2t5xd/fujEo0ZVWqhNL1gBgmuGRV4CBYPdaMRIFgtaB/NfZr90wbruQtDGLWikhX8pBTAlZqu4f1AhTxqGl4NGoCe4C0orgxSg4LoXWKbTfvlbwJ8CLxZySPZqi03a9mR9EkYhKoIMY0fC+GVko0cCrYMNdMDIsJ7ZMua1gqScRMK508MsTHVungUGlbEvBE/T2RksiYQRTYzohAz8x7Y/E/r5FAeN5KuYwTYJJOF4WJwKDwOBXc4ZpREANLCNXc3oppj2hCwWaXsyH48y8vkupJ6aLk35zmy5ezNLLoAB2hAvLRGSqja1RBVUTRI3pGr+jNeXJenHfnY9qacWYz++gPnM8fS6aZEw==</latexit><latexit sha1_base64="9lqpcfcMh3klbX8Uxme8EdUAW4g=">AAACB3icbVA9SwNBEN2LXzF+nVpauBiEpAl3Iqhd0MYygjGBJIS9zV6yZG/32J0Tw5F0Nv4VGwsVW/+Cnf/GzUehiQ8GHu/NMDMviAU34HnfTmZpeWV1Lbue29jc2t5xd/fujEo0ZVWqhNL1gBgmuGRV4CBYPdaMRIFgtaB/NfZr90wbruQtDGLWikhX8pBTAlZqu4f1AhTxqGl4NGoCe4C0orgxSg4LoXWKbTfvlbwJ8CLxZySPZqi03a9mR9EkYhKoIMY0fC+GVko0cCrYMNdMDIsJ7ZMua1gqScRMK508MsTHVungUGlbEvBE/T2RksiYQRTYzohAz8x7Y/E/r5FAeN5KuYwTYJJOF4WJwKDwOBXc4ZpREANLCNXc3oppj2hCwWaXsyH48y8vkupJ6aLk35zmy5ezNLLoAB2hAvLRGSqja1RBVUTRI3pGr+jNeXJenHfnY9qacWYz++gPnM8fS6aZEw==</latexit><latexit sha1_base64="9lqpcfcMh3klbX8Uxme8EdUAW4g=">AAACB3icbVA9SwNBEN2LXzF+nVpauBiEpAl3Iqhd0MYygjGBJIS9zV6yZG/32J0Tw5F0Nv4VGwsVW/+Cnf/GzUehiQ8GHu/NMDMviAU34HnfTmZpeWV1Lbue29jc2t5xd/fujEo0ZVWqhNL1gBgmuGRV4CBYPdaMRIFgtaB/NfZr90wbruQtDGLWikhX8pBTAlZqu4f1AhTxqGl4NGoCe4C0orgxSg4LoXWKbTfvlbwJ8CLxZySPZqi03a9mR9EkYhKoIMY0fC+GVko0cCrYMNdMDIsJ7ZMua1gqScRMK508MsTHVungUGlbEvBE/T2RksiYQRTYzohAz8x7Y/E/r5FAeN5KuYwTYJJOF4WJwKDwOBXc4ZpREANLCNXc3oppj2hCwWaXsyH48y8vkupJ6aLk35zmy5ezNLLoAB2hAvLRGSqja1RBVUTRI3pGr+jNeXJenHfnY9qacWYz++gPnM8fS6aZEw==</latexit>

Goal: produce estimate          so that                                        X̂(t)
<latexit sha1_base64="EFqmz6ajaT46cBOvKGq6FeEglTw=">AAAB8XicbVBNS8NAEJ34WetX1aOXxSLUS0lEUG9FLx4rGFtIQ9lst+3SzSbsToQS+jO8eFDx6r/x5r9x2+agrQ8GHu/NMDMvSqUw6Lrfzsrq2vrGZmmrvL2zu7dfOTh8NEmmGfdZIhPdjqjhUijuo0DJ26nmNI4kb0Wj26nfeuLaiEQ94DjlYUwHSvQFo2iloDOkmLcnNTwj3UrVrbszkGXiFaQKBZrdylenl7As5gqZpMYEnptimFONgkk+KXcyw1PKRnTAA0sVjbkJ89nJE3JqlR7pJ9qWQjJTf0/kNDZmHEe2M6Y4NIveVPzPCzLsX4W5UGmGXLH5on4mCSZk+j/pCc0ZyrEllGlhbyVsSDVlaFMq2xC8xZeXiX9ev6579xfVxk2RRgmO4QRq4MElNOAOmuADgwSe4RXeHHRenHfnY9664hQzR/AHzucP5r6Qig==</latexit><latexit sha1_base64="EFqmz6ajaT46cBOvKGq6FeEglTw=">AAAB8XicbVBNS8NAEJ34WetX1aOXxSLUS0lEUG9FLx4rGFtIQ9lst+3SzSbsToQS+jO8eFDx6r/x5r9x2+agrQ8GHu/NMDMvSqUw6Lrfzsrq2vrGZmmrvL2zu7dfOTh8NEmmGfdZIhPdjqjhUijuo0DJ26nmNI4kb0Wj26nfeuLaiEQ94DjlYUwHSvQFo2iloDOkmLcnNTwj3UrVrbszkGXiFaQKBZrdylenl7As5gqZpMYEnptimFONgkk+KXcyw1PKRnTAA0sVjbkJ89nJE3JqlR7pJ9qWQjJTf0/kNDZmHEe2M6Y4NIveVPzPCzLsX4W5UGmGXLH5on4mCSZk+j/pCc0ZyrEllGlhbyVsSDVlaFMq2xC8xZeXiX9ev6579xfVxk2RRgmO4QRq4MElNOAOmuADgwSe4RXeHHRenHfnY9664hQzR/AHzucP5r6Qig==</latexit><latexit sha1_base64="EFqmz6ajaT46cBOvKGq6FeEglTw=">AAAB8XicbVBNS8NAEJ34WetX1aOXxSLUS0lEUG9FLx4rGFtIQ9lst+3SzSbsToQS+jO8eFDx6r/x5r9x2+agrQ8GHu/NMDMvSqUw6Lrfzsrq2vrGZmmrvL2zu7dfOTh8NEmmGfdZIhPdjqjhUijuo0DJ26nmNI4kb0Wj26nfeuLaiEQ94DjlYUwHSvQFo2iloDOkmLcnNTwj3UrVrbszkGXiFaQKBZrdylenl7As5gqZpMYEnptimFONgkk+KXcyw1PKRnTAA0sVjbkJ89nJE3JqlR7pJ9qWQjJTf0/kNDZmHEe2M6Y4NIveVPzPCzLsX4W5UGmGXLH5on4mCSZk+j/pCc0ZyrEllGlhbyVsSDVlaFMq2xC8xZeXiX9ev6579xfVxk2RRgmO4QRq4MElNOAOmuADgwSe4RXeHHRenHfnY9664hQzR/AHzucP5r6Qig==</latexit><latexit sha1_base64="EFqmz6ajaT46cBOvKGq6FeEglTw=">AAAB8XicbVBNS8NAEJ34WetX1aOXxSLUS0lEUG9FLx4rGFtIQ9lst+3SzSbsToQS+jO8eFDx6r/x5r9x2+agrQ8GHu/NMDMvSqUw6Lrfzsrq2vrGZmmrvL2zu7dfOTh8NEmmGfdZIhPdjqjhUijuo0DJ26nmNI4kb0Wj26nfeuLaiEQ94DjlYUwHSvQFo2iloDOkmLcnNTwj3UrVrbszkGXiFaQKBZrdylenl7As5gqZpMYEnptimFONgkk+KXcyw1PKRnTAA0sVjbkJ89nJE3JqlR7pJ9qWQjJTf0/kNDZmHEe2M6Y4NIveVPzPCzLsX4W5UGmGXLH5on4mCSZk+j/pCc0ZyrEllGlhbyVsSDVlaFMq2xC8xZeXiX9ev6579xfVxk2RRgmO4QRq4MElNOAOmuADgwSe4RXeHHRenHfnY9664hQzR/AHzucP5r6Qig==</latexit>

MSE(X̂, f) is small
<latexit sha1_base64="NCrZ+qUDUC/CETSpsfdAKxmQwmg=">AAACD3icbVBNS8NAEN3Ur1q/oh69LBaxgpREBPVWFMGLUNHaQlPKZrtpl24+2J2IJcR/4MW/4sWDilev3vw3btsctPXBwOO9GWbmuZHgCizr28jNzM7NL+QXC0vLK6tr5vrGrQpjSVmNhiKUDZcoJnjAasBBsEYkGfFdwepu/2zo1++YVDwMbmAQsZZPugH3OCWgpba56wC7h+Ty+jwtOT0CSSPdx94efhjrXGHlEyHStlm0ytYIeJrYGSmiDNW2+eV0Qhr7LAAqiFJN24qglRAJnAqWFpxYsYjQPumypqYB8ZlqJaOHUryjlQ72QqkrADxSf08kxFdq4Lu60yfQU5PeUPzPa8bgHbcSHkQxsICOF3mxwBDiYTq4wyWjIAaaECq5vhXTHpGEgs6woEOwJ1+eJrWD8knZvjosVk6zNPJoC22jErLREaqgC1RFNUTRI3pGr+jNeDJejHfjY9yaM7KZTfQHxucP7Aacuw==</latexit><latexit sha1_base64="NCrZ+qUDUC/CETSpsfdAKxmQwmg=">AAACD3icbVBNS8NAEN3Ur1q/oh69LBaxgpREBPVWFMGLUNHaQlPKZrtpl24+2J2IJcR/4MW/4sWDilev3vw3btsctPXBwOO9GWbmuZHgCizr28jNzM7NL+QXC0vLK6tr5vrGrQpjSVmNhiKUDZcoJnjAasBBsEYkGfFdwepu/2zo1++YVDwMbmAQsZZPugH3OCWgpba56wC7h+Ty+jwtOT0CSSPdx94efhjrXGHlEyHStlm0ytYIeJrYGSmiDNW2+eV0Qhr7LAAqiFJN24qglRAJnAqWFpxYsYjQPumypqYB8ZlqJaOHUryjlQ72QqkrADxSf08kxFdq4Lu60yfQU5PeUPzPa8bgHbcSHkQxsICOF3mxwBDiYTq4wyWjIAaaECq5vhXTHpGEgs6woEOwJ1+eJrWD8knZvjosVk6zNPJoC22jErLREaqgC1RFNUTRI3pGr+jNeDJejHfjY9yaM7KZTfQHxucP7Aacuw==</latexit><latexit sha1_base64="NCrZ+qUDUC/CETSpsfdAKxmQwmg=">AAACD3icbVBNS8NAEN3Ur1q/oh69LBaxgpREBPVWFMGLUNHaQlPKZrtpl24+2J2IJcR/4MW/4sWDilev3vw3btsctPXBwOO9GWbmuZHgCizr28jNzM7NL+QXC0vLK6tr5vrGrQpjSVmNhiKUDZcoJnjAasBBsEYkGfFdwepu/2zo1++YVDwMbmAQsZZPugH3OCWgpba56wC7h+Ty+jwtOT0CSSPdx94efhjrXGHlEyHStlm0ytYIeJrYGSmiDNW2+eV0Qhr7LAAqiFJN24qglRAJnAqWFpxYsYjQPumypqYB8ZlqJaOHUryjlQ72QqkrADxSf08kxFdq4Lu60yfQU5PeUPzPa8bgHbcSHkQxsICOF3mxwBDiYTq4wyWjIAaaECq5vhXTHpGEgs6woEOwJ1+eJrWD8knZvjosVk6zNPJoC22jErLREaqgC1RFNUTRI3pGr+jNeDJejHfjY9yaM7KZTfQHxucP7Aacuw==</latexit><latexit sha1_base64="NCrZ+qUDUC/CETSpsfdAKxmQwmg=">AAACD3icbVBNS8NAEN3Ur1q/oh69LBaxgpREBPVWFMGLUNHaQlPKZrtpl24+2J2IJcR/4MW/4sWDilev3vw3btsctPXBwOO9GWbmuZHgCizr28jNzM7NL+QXC0vLK6tr5vrGrQpjSVmNhiKUDZcoJnjAasBBsEYkGfFdwepu/2zo1++YVDwMbmAQsZZPugH3OCWgpba56wC7h+Ty+jwtOT0CSSPdx94efhjrXGHlEyHStlm0ytYIeJrYGSmiDNW2+eV0Qhr7LAAqiFJN24qglRAJnAqWFpxYsYjQPumypqYB8ZlqJaOHUryjlQ72QqkrADxSf08kxFdq4Lu60yfQU5PeUPzPa8bgHbcSHkQxsICOF3mxwBDiYTq4wyWjIAaaECq5vhXTHpGEgs6woEOwJ1+eJrWD8knZvjosVk6zNPJoC22jErLREaqgC1RFNUTRI3pGr+jNeDJejHfjY9yaM7KZTfQHxucP7Aacuw==</latexit>

Answer 1: Time Series Imputation



An Example:

“Ground Truth” of interest:                      as described beforef(t), t 2 R
<latexit sha1_base64="THq1vN8lh7PIVhCPVCBEPiNJzPQ=">AAAB/3icbVBNS8NAEN3Ur1q/qh48eFksQgUpiQjqrejFYxVrC00om+2mXbrZhN2JUEI9+Fe8eFDx6t/w5r9x0+agrQ8GHu/NMDPPjwXXYNvfVmFhcWl5pbhaWlvf2Nwqb+/c6yhRlDVpJCLV9olmgkvWBA6CtWPFSOgL1vKHV5nfemBK80jewShmXkj6kgecEjBSt7wXVOHoGD8CdrnEbkhg4Pvp7bhbrtg1ewI8T5ycVFCORrf85fYimoRMAhVE645jx+ClRAGngo1LbqJZTOiQ9FnHUElCpr108sAYHxqlh4NImZKAJ+rviZSEWo9C33RmF+pZLxP/8zoJBOdeymWcAJN0uihIBIYIZ2ngHleMghgZQqji5lZMB0QRCiazkgnBmX15njRPahc15+a0Ur/M0yiifXSAqshBZ6iOrlEDNRFFY/SMXtGb9WS9WO/Wx7S1YOUzu+gPrM8flSSVVQ==</latexit><latexit sha1_base64="THq1vN8lh7PIVhCPVCBEPiNJzPQ=">AAAB/3icbVBNS8NAEN3Ur1q/qh48eFksQgUpiQjqrejFYxVrC00om+2mXbrZhN2JUEI9+Fe8eFDx6t/w5r9x0+agrQ8GHu/NMDPPjwXXYNvfVmFhcWl5pbhaWlvf2Nwqb+/c6yhRlDVpJCLV9olmgkvWBA6CtWPFSOgL1vKHV5nfemBK80jewShmXkj6kgecEjBSt7wXVOHoGD8CdrnEbkhg4Pvp7bhbrtg1ewI8T5ycVFCORrf85fYimoRMAhVE645jx+ClRAGngo1LbqJZTOiQ9FnHUElCpr108sAYHxqlh4NImZKAJ+rviZSEWo9C33RmF+pZLxP/8zoJBOdeymWcAJN0uihIBIYIZ2ngHleMghgZQqji5lZMB0QRCiazkgnBmX15njRPahc15+a0Ur/M0yiifXSAqshBZ6iOrlEDNRFFY/SMXtGb9WS9WO/Wx7S1YOUzu+gPrM8flSSVVQ==</latexit><latexit sha1_base64="THq1vN8lh7PIVhCPVCBEPiNJzPQ=">AAAB/3icbVBNS8NAEN3Ur1q/qh48eFksQgUpiQjqrejFYxVrC00om+2mXbrZhN2JUEI9+Fe8eFDx6t/w5r9x0+agrQ8GHu/NMDPPjwXXYNvfVmFhcWl5pbhaWlvf2Nwqb+/c6yhRlDVpJCLV9olmgkvWBA6CtWPFSOgL1vKHV5nfemBK80jewShmXkj6kgecEjBSt7wXVOHoGD8CdrnEbkhg4Pvp7bhbrtg1ewI8T5ycVFCORrf85fYimoRMAhVE645jx+ClRAGngo1LbqJZTOiQ9FnHUElCpr108sAYHxqlh4NImZKAJ+rviZSEWo9C33RmF+pZLxP/8zoJBOdeymWcAJN0uihIBIYIZ2ngHleMghgZQqji5lZMB0QRCiazkgnBmX15njRPahc15+a0Ur/M0yiifXSAqshBZ6iOrlEDNRFFY/SMXtGb9WS9WO/Wx7S1YOUzu+gPrM8flSSVVQ==</latexit><latexit sha1_base64="THq1vN8lh7PIVhCPVCBEPiNJzPQ=">AAAB/3icbVBNS8NAEN3Ur1q/qh48eFksQgUpiQjqrejFYxVrC00om+2mXbrZhN2JUEI9+Fe8eFDx6t/w5r9x0+agrQ8GHu/NMDPPjwXXYNvfVmFhcWl5pbhaWlvf2Nwqb+/c6yhRlDVpJCLV9olmgkvWBA6CtWPFSOgL1vKHV5nfemBK80jewShmXkj6kgecEjBSt7wXVOHoGD8CdrnEbkhg4Pvp7bhbrtg1ewI8T5ycVFCORrf85fYimoRMAhVE645jx+ClRAGngo1LbqJZTOiQ9FnHUElCpr108sAYHxqlh4NImZKAJ+rviZSEWo9C33RmF+pZLxP/8zoJBOdeymWcAJN0uihIBIYIZ2ngHleMghgZQqji5lZMB0QRCiazkgnBmX15njRPahc15+a0Ur/M0yiifXSAqshBZ6iOrlEDNRFFY/SMXtGb9WS9WO/Wx7S1YOUzu+gPrM8flSSVVQ==</latexit>

Observation: w.p. 0.1, observe X(t) where for some 

X(t) ⇠ min

⇣
C,Poisson(f(t))

⌘

<latexit sha1_base64="7MuTLl39jrR9JUHoSBx6m3HhOqo=">AAACGHicbVDLSgMxFM3UV62vqks3wSK0IGVGBHVX6sZlBauFTimZNNOG5jEkd8Qy9Dfc+CtuXKi4deffmNYutPVA4HDOudzcEyWCW/D9Ly+3tLyyupZfL2xsbm3vFHf3bq1ODWVNqoU2rYhYJrhiTeAgWCsxjMhIsLtoeDnx7+6ZsVyrGxglrCNJX/GYUwJO6hb9VhkqOLRc4lByFdZ5v3x5jENgD5A1NLdWq3E5diGXcmalWyz5VX8KvEiCGSmhGRrd4mfY0zSVTAEVxNp24CfQyYgBTgUbF8LUsoTQIemztqOKSGY72fSyMT5ySg/H2rinAE/V3xMZkdaOZOSSksDAznsT8T+vnUJ83sm4SlJgiv4silOBQeNJTbjHDaMgRo4Qarj7K6YDYggFV2bBlRDMn7xImifVi2pwfVqq1Wdt5NEBOkRlFKAzVENXqIGaiKJH9Ixe0Zv35L14797HTzTnzWb20R94n9+Q1p5d</latexit><latexit sha1_base64="7MuTLl39jrR9JUHoSBx6m3HhOqo=">AAACGHicbVDLSgMxFM3UV62vqks3wSK0IGVGBHVX6sZlBauFTimZNNOG5jEkd8Qy9Dfc+CtuXKi4deffmNYutPVA4HDOudzcEyWCW/D9Ly+3tLyyupZfL2xsbm3vFHf3bq1ODWVNqoU2rYhYJrhiTeAgWCsxjMhIsLtoeDnx7+6ZsVyrGxglrCNJX/GYUwJO6hb9VhkqOLRc4lByFdZ5v3x5jENgD5A1NLdWq3E5diGXcmalWyz5VX8KvEiCGSmhGRrd4mfY0zSVTAEVxNp24CfQyYgBTgUbF8LUsoTQIemztqOKSGY72fSyMT5ySg/H2rinAE/V3xMZkdaOZOSSksDAznsT8T+vnUJ83sm4SlJgiv4silOBQeNJTbjHDaMgRo4Qarj7K6YDYggFV2bBlRDMn7xImifVi2pwfVqq1Wdt5NEBOkRlFKAzVENXqIGaiKJH9Ixe0Zv35L14797HTzTnzWb20R94n9+Q1p5d</latexit><latexit sha1_base64="7MuTLl39jrR9JUHoSBx6m3HhOqo=">AAACGHicbVDLSgMxFM3UV62vqks3wSK0IGVGBHVX6sZlBauFTimZNNOG5jEkd8Qy9Dfc+CtuXKi4deffmNYutPVA4HDOudzcEyWCW/D9Ly+3tLyyupZfL2xsbm3vFHf3bq1ODWVNqoU2rYhYJrhiTeAgWCsxjMhIsLtoeDnx7+6ZsVyrGxglrCNJX/GYUwJO6hb9VhkqOLRc4lByFdZ5v3x5jENgD5A1NLdWq3E5diGXcmalWyz5VX8KvEiCGSmhGRrd4mfY0zSVTAEVxNp24CfQyYgBTgUbF8LUsoTQIemztqOKSGY72fSyMT5ySg/H2rinAE/V3xMZkdaOZOSSksDAznsT8T+vnUJ83sm4SlJgiv4silOBQeNJTbjHDaMgRo4Qarj7K6YDYggFV2bBlRDMn7xImifVi2pwfVqq1Wdt5NEBOkRlFKAzVENXqIGaiKJH9Ixe0Zv35L14797HTzTnzWb20R94n9+Q1p5d</latexit><latexit sha1_base64="7MuTLl39jrR9JUHoSBx6m3HhOqo=">AAACGHicbVDLSgMxFM3UV62vqks3wSK0IGVGBHVX6sZlBauFTimZNNOG5jEkd8Qy9Dfc+CtuXKi4deffmNYutPVA4HDOudzcEyWCW/D9Ly+3tLyyupZfL2xsbm3vFHf3bq1ODWVNqoU2rYhYJrhiTeAgWCsxjMhIsLtoeDnx7+6ZsVyrGxglrCNJX/GYUwJO6hb9VhkqOLRc4lByFdZ5v3x5jENgD5A1NLdWq3E5diGXcmalWyz5VX8KvEiCGSmhGRrd4mfY0zSVTAEVxNp24CfQyYgBTgUbF8LUsoTQIemztqOKSGY72fSyMT5ySg/H2rinAE/V3xMZkdaOZOSSksDAznsT8T+vnUJ83sm4SlJgiv4silOBQeNJTbjHDaMgRo4Qarj7K6YDYggFV2bBlRDMn7xImifVi2pwfVqq1Wdt5NEBOkRlFKAzVENXqIGaiKJH9Ixe0Zv35L14797HTzTnzWb20R94n9+Q1p5d</latexit>

C � 1
<latexit sha1_base64="yQ9CIWzx+isvrDDb9I61VxGdVfo=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG/FXjxWMLbQhrLZTtqlm026uxFK6Z/w4kHFq7/Hm//GbZuDtj4YeLw3w8y8MBVcG9f9dgpr6xubW8Xt0s7u3v5B+fDoUSeZYuizRCSqFVKNgkv0DTcCW6lCGocCm+GwPvObT6g0T+SDGacYxLQvecQZNVZq1UmnjyPidcsVt+rOQVaJl5MK5Gh0y1+dXsKyGKVhgmrd9tzUBBOqDGcCp6VOpjGlbEj72LZU0hh1MJnfOyVnVumRKFG2pCFz9ffEhMZaj+PQdsbUDPSyNxP/89qZia6DCZdpZlCyxaIoE8QkZPY86XGFzIixJZQpbm8lbEAVZcZGVLIheMsvrxL/onpT9e4vK7XbPI0inMApnIMHV1CDO2iADwwEPMMrvDkj58V5dz4WrQUnnzmGP3A+fwAkZ47r</latexit><latexit sha1_base64="yQ9CIWzx+isvrDDb9I61VxGdVfo=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG/FXjxWMLbQhrLZTtqlm026uxFK6Z/w4kHFq7/Hm//GbZuDtj4YeLw3w8y8MBVcG9f9dgpr6xubW8Xt0s7u3v5B+fDoUSeZYuizRCSqFVKNgkv0DTcCW6lCGocCm+GwPvObT6g0T+SDGacYxLQvecQZNVZq1UmnjyPidcsVt+rOQVaJl5MK5Gh0y1+dXsKyGKVhgmrd9tzUBBOqDGcCp6VOpjGlbEj72LZU0hh1MJnfOyVnVumRKFG2pCFz9ffEhMZaj+PQdsbUDPSyNxP/89qZia6DCZdpZlCyxaIoE8QkZPY86XGFzIixJZQpbm8lbEAVZcZGVLIheMsvrxL/onpT9e4vK7XbPI0inMApnIMHV1CDO2iADwwEPMMrvDkj58V5dz4WrQUnnzmGP3A+fwAkZ47r</latexit><latexit sha1_base64="yQ9CIWzx+isvrDDb9I61VxGdVfo=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG/FXjxWMLbQhrLZTtqlm026uxFK6Z/w4kHFq7/Hm//GbZuDtj4YeLw3w8y8MBVcG9f9dgpr6xubW8Xt0s7u3v5B+fDoUSeZYuizRCSqFVKNgkv0DTcCW6lCGocCm+GwPvObT6g0T+SDGacYxLQvecQZNVZq1UmnjyPidcsVt+rOQVaJl5MK5Gh0y1+dXsKyGKVhgmrd9tzUBBOqDGcCp6VOpjGlbEj72LZU0hh1MJnfOyVnVumRKFG2pCFz9ffEhMZaj+PQdsbUDPSyNxP/89qZia6DCZdpZlCyxaIoE8QkZPY86XGFzIixJZQpbm8lbEAVZcZGVLIheMsvrxL/onpT9e4vK7XbPI0inMApnIMHV1CDO2iADwwEPMMrvDkj58V5dz4WrQUnnzmGP3A+fwAkZ47r</latexit><latexit sha1_base64="yQ9CIWzx+isvrDDb9I61VxGdVfo=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG/FXjxWMLbQhrLZTtqlm026uxFK6Z/w4kHFq7/Hm//GbZuDtj4YeLw3w8y8MBVcG9f9dgpr6xubW8Xt0s7u3v5B+fDoUSeZYuizRCSqFVKNgkv0DTcCW6lCGocCm+GwPvObT6g0T+SDGacYxLQvecQZNVZq1UmnjyPidcsVt+rOQVaJl5MK5Gh0y1+dXsKyGKVhgmrd9tzUBBOqDGcCp6VOpjGlbEj72LZU0hh1MJnfOyVnVumRKFG2pCFz9ffEhMZaj+PQdsbUDPSyNxP/89qZia6DCZdpZlCyxaIoE8QkZPY86XGFzIixJZQpbm8lbEAVZcZGVLIheMsvrxL/onpT9e4vK7XbPI0inMApnIMHV1CDO2iADwwEPMMrvDkj58V5dz4WrQUnnzmGP3A+fwAkZ47r</latexit>

Goal: produce estimate          so that                                        X̂(t)
<latexit sha1_base64="EFqmz6ajaT46cBOvKGq6FeEglTw=">AAAB8XicbVBNS8NAEJ34WetX1aOXxSLUS0lEUG9FLx4rGFtIQ9lst+3SzSbsToQS+jO8eFDx6r/x5r9x2+agrQ8GHu/NMDMvSqUw6Lrfzsrq2vrGZmmrvL2zu7dfOTh8NEmmGfdZIhPdjqjhUijuo0DJ26nmNI4kb0Wj26nfeuLaiEQ94DjlYUwHSvQFo2iloDOkmLcnNTwj3UrVrbszkGXiFaQKBZrdylenl7As5gqZpMYEnptimFONgkk+KXcyw1PKRnTAA0sVjbkJ89nJE3JqlR7pJ9qWQjJTf0/kNDZmHEe2M6Y4NIveVPzPCzLsX4W5UGmGXLH5on4mCSZk+j/pCc0ZyrEllGlhbyVsSDVlaFMq2xC8xZeXiX9ev6579xfVxk2RRgmO4QRq4MElNOAOmuADgwSe4RXeHHRenHfnY9664hQzR/AHzucP5r6Qig==</latexit><latexit sha1_base64="EFqmz6ajaT46cBOvKGq6FeEglTw=">AAAB8XicbVBNS8NAEJ34WetX1aOXxSLUS0lEUG9FLx4rGFtIQ9lst+3SzSbsToQS+jO8eFDx6r/x5r9x2+agrQ8GHu/NMDMvSqUw6Lrfzsrq2vrGZmmrvL2zu7dfOTh8NEmmGfdZIhPdjqjhUijuo0DJ26nmNI4kb0Wj26nfeuLaiEQ94DjlYUwHSvQFo2iloDOkmLcnNTwj3UrVrbszkGXiFaQKBZrdylenl7As5gqZpMYEnptimFONgkk+KXcyw1PKRnTAA0sVjbkJ89nJE3JqlR7pJ9qWQjJTf0/kNDZmHEe2M6Y4NIveVPzPCzLsX4W5UGmGXLH5on4mCSZk+j/pCc0ZyrEllGlhbyVsSDVlaFMq2xC8xZeXiX9ev6579xfVxk2RRgmO4QRq4MElNOAOmuADgwSe4RXeHHRenHfnY9664hQzR/AHzucP5r6Qig==</latexit><latexit sha1_base64="EFqmz6ajaT46cBOvKGq6FeEglTw=">AAAB8XicbVBNS8NAEJ34WetX1aOXxSLUS0lEUG9FLx4rGFtIQ9lst+3SzSbsToQS+jO8eFDx6r/x5r9x2+agrQ8GHu/NMDMvSqUw6Lrfzsrq2vrGZmmrvL2zu7dfOTh8NEmmGfdZIhPdjqjhUijuo0DJ26nmNI4kb0Wj26nfeuLaiEQ94DjlYUwHSvQFo2iloDOkmLcnNTwj3UrVrbszkGXiFaQKBZrdylenl7As5gqZpMYEnptimFONgkk+KXcyw1PKRnTAA0sVjbkJ89nJE3JqlR7pJ9qWQjJTf0/kNDZmHEe2M6Y4NIveVPzPCzLsX4W5UGmGXLH5on4mCSZk+j/pCc0ZyrEllGlhbyVsSDVlaFMq2xC8xZeXiX9ev6579xfVxk2RRgmO4QRq4MElNOAOmuADgwSe4RXeHHRenHfnY9664hQzR/AHzucP5r6Qig==</latexit><latexit sha1_base64="EFqmz6ajaT46cBOvKGq6FeEglTw=">AAAB8XicbVBNS8NAEJ34WetX1aOXxSLUS0lEUG9FLx4rGFtIQ9lst+3SzSbsToQS+jO8eFDx6r/x5r9x2+agrQ8GHu/NMDMvSqUw6Lrfzsrq2vrGZmmrvL2zu7dfOTh8NEmmGfdZIhPdjqjhUijuo0DJ26nmNI4kb0Wj26nfeuLaiEQ94DjlYUwHSvQFo2iloDOkmLcnNTwj3UrVrbszkGXiFaQKBZrdylenl7As5gqZpMYEnptimFONgkk+KXcyw1PKRnTAA0sVjbkJ89nJE3JqlR7pJ9qWQjJTf0/kNDZmHEe2M6Y4NIveVPzPCzLsX4W5UGmGXLH5on4mCSZk+j/pCc0ZyrEllGlhbyVsSDVlaFMq2xC8xZeXiX9ev6579xfVxk2RRgmO4QRq4MElNOAOmuADgwSe4RXeHHRenHfnY9664hQzR/AHzucP5r6Qig==</latexit>

g(t) = E
⇥
min(C,Poisson(f(t))

⇤
<latexit sha1_base64="Tr73D3xGWlqWRBgWJzus7TOUAQE="></latexit><latexit sha1_base64="Tr73D3xGWlqWRBgWJzus7TOUAQE="></latexit><latexit sha1_base64="Tr73D3xGWlqWRBgWJzus7TOUAQE="></latexit><latexit sha1_base64="Tr73D3xGWlqWRBgWJzus7TOUAQE="></latexit>

MSE(X̂, g) is small
<latexit sha1_base64="jSe2aD/wXiiKcDyIh+9JUD/TbYY=">AAACD3icbVBNS8NAEN3Ur1q/oh69LBaxgpREBPVWFMGLUNHYQlvKZrtpl24+2J2IJcR/4MW/4sWDilev3vw3btsctPXBwOO9GWbmuZHgCizr28jNzM7NL+QXC0vLK6tr5vrGrQpjSZlDQxHKuksUEzxgDnAQrB5JRnxXsJrbPxv6tTsmFQ+DGxhErOWTbsA9TgloqW3uNoHdQ3J5fZ6Wmj0CST3dx909/DDWucLKJ0KkbbNola0R8DSxM1JEGapt86vZCWnsswCoIEo1bCuCVkIkcCpYWmjGikWE9kmXNTQNiM9UKxk9lOIdrXSwF0pdAeCR+nsiIb5SA9/VnT6Bnpr0huJ/XiMG77iV8CCKgQV0vMiLBYYQD9PBHS4ZBTHQhFDJ9a2Y9ogkFHSGBR2CPfnyNHEOyidl++qwWDnN0sijLbSNSshGR6iCLlAVOYiiR/SMXtGb8WS8GO/Gx7g1Z2Qzm+gPjM8f7ZucvA==</latexit><latexit sha1_base64="jSe2aD/wXiiKcDyIh+9JUD/TbYY=">AAACD3icbVBNS8NAEN3Ur1q/oh69LBaxgpREBPVWFMGLUNHYQlvKZrtpl24+2J2IJcR/4MW/4sWDilev3vw3btsctPXBwOO9GWbmuZHgCizr28jNzM7NL+QXC0vLK6tr5vrGrQpjSZlDQxHKuksUEzxgDnAQrB5JRnxXsJrbPxv6tTsmFQ+DGxhErOWTbsA9TgloqW3uNoHdQ3J5fZ6Wmj0CST3dx909/DDWucLKJ0KkbbNola0R8DSxM1JEGapt86vZCWnsswCoIEo1bCuCVkIkcCpYWmjGikWE9kmXNTQNiM9UKxk9lOIdrXSwF0pdAeCR+nsiIb5SA9/VnT6Bnpr0huJ/XiMG77iV8CCKgQV0vMiLBYYQD9PBHS4ZBTHQhFDJ9a2Y9ogkFHSGBR2CPfnyNHEOyidl++qwWDnN0sijLbSNSshGR6iCLlAVOYiiR/SMXtGb8WS8GO/Gx7g1Z2Qzm+gPjM8f7ZucvA==</latexit><latexit sha1_base64="jSe2aD/wXiiKcDyIh+9JUD/TbYY=">AAACD3icbVBNS8NAEN3Ur1q/oh69LBaxgpREBPVWFMGLUNHYQlvKZrtpl24+2J2IJcR/4MW/4sWDilev3vw3btsctPXBwOO9GWbmuZHgCizr28jNzM7NL+QXC0vLK6tr5vrGrQpjSZlDQxHKuksUEzxgDnAQrB5JRnxXsJrbPxv6tTsmFQ+DGxhErOWTbsA9TgloqW3uNoHdQ3J5fZ6Wmj0CST3dx909/DDWucLKJ0KkbbNola0R8DSxM1JEGapt86vZCWnsswCoIEo1bCuCVkIkcCpYWmjGikWE9kmXNTQNiM9UKxk9lOIdrXSwF0pdAeCR+nsiIb5SA9/VnT6Bnpr0huJ/XiMG77iV8CCKgQV0vMiLBYYQD9PBHS4ZBTHQhFDJ9a2Y9ogkFHSGBR2CPfnyNHEOyidl++qwWDnN0sijLbSNSshGR6iCLlAVOYiiR/SMXtGb8WS8GO/Gx7g1Z2Qzm+gPjM8f7ZucvA==</latexit><latexit sha1_base64="jSe2aD/wXiiKcDyIh+9JUD/TbYY=">AAACD3icbVBNS8NAEN3Ur1q/oh69LBaxgpREBPVWFMGLUNHYQlvKZrtpl24+2J2IJcR/4MW/4sWDilev3vw3btsctPXBwOO9GWbmuZHgCizr28jNzM7NL+QXC0vLK6tr5vrGrQpjSZlDQxHKuksUEzxgDnAQrB5JRnxXsJrbPxv6tTsmFQ+DGxhErOWTbsA9TgloqW3uNoHdQ3J5fZ6Wmj0CST3dx909/DDWucLKJ0KkbbNola0R8DSxM1JEGapt86vZCWnsswCoIEo1bCuCVkIkcCpYWmjGikWE9kmXNTQNiM9UKxk9lOIdrXSwF0pdAeCR+nsiIb5SA9/VnT6Bnpr0huJ/XiMG77iV8CCKgQV0vMiLBYYQD9PBHS4ZBTHQhFDJ9a2Y9ogkFHSGBR2CPfnyNHEOyidl++qwWDnN0sijLbSNSshGR6iCLlAVOYiiR/SMXtGb8WS8GO/Gx7g1Z2Qzm+gPjM8f7ZucvA==</latexit>

Answer 1: Time Series Imputation



Algorithm:
Transform to Matrix, Do Matrix Estimation, Undo Transformation

X(1) X(2) … X(L)  X(L+1)  … X(2L) … … …  X(T-L+1) … X(T)

X(1)

X(2)

X(L)

…

X(L+1)

X(L+2)

X(2L)

…

… … …

X(T-L+1)

X(T)

…

X(T-L+2)
X 1 ⌘

<latexit sha1_base64="rZtUOnTMiDbkJkSzT0PkVaiNM74=">AAAB+XicbVBNS8NAEN34WetXqkcvi0XwVBIR1FvRi8cKxhaaWDbbSbt0s4m7m0qJ/SlePKh49Z9489+4bXPQ1gcDj/dmmJkXppwp7Tjf1tLyyuraemmjvLm1vbNrV/buVJJJCh5NeCJbIVHAmQBPM82hlUogccihGQ6uJn5zCFKxRNzqUQpBTHqCRYwSbaSOXcl9Sjhuje9d7MNDxoYdu+rUnCnwInELUkUFGh37y+8mNItBaMqJUm3XSXWQE6kZ5TAu+5mClNAB6UHbUEFiUEE+PX2Mj4zSxVEiTQmNp+rviZzESo3i0HTGRPfVvDcR//PamY7Og5yJNNMg6GxRlHGsEzzJAXeZBKr5yBBCJTO3YtonklBt0iqbENz5lxeJd1K7qLk3p9X6ZZFGCR2gQ3SMXHSG6ugaNZCHKHpEz+gVvVlP1ov1bn3MWpesYmYf/YH1+QPzoJNa</latexit><latexit sha1_base64="rZtUOnTMiDbkJkSzT0PkVaiNM74=">AAAB+XicbVBNS8NAEN34WetXqkcvi0XwVBIR1FvRi8cKxhaaWDbbSbt0s4m7m0qJ/SlePKh49Z9489+4bXPQ1gcDj/dmmJkXppwp7Tjf1tLyyuraemmjvLm1vbNrV/buVJJJCh5NeCJbIVHAmQBPM82hlUogccihGQ6uJn5zCFKxRNzqUQpBTHqCRYwSbaSOXcl9Sjhuje9d7MNDxoYdu+rUnCnwInELUkUFGh37y+8mNItBaMqJUm3XSXWQE6kZ5TAu+5mClNAB6UHbUEFiUEE+PX2Mj4zSxVEiTQmNp+rviZzESo3i0HTGRPfVvDcR//PamY7Og5yJNNMg6GxRlHGsEzzJAXeZBKr5yBBCJTO3YtonklBt0iqbENz5lxeJd1K7qLk3p9X6ZZFGCR2gQ3SMXHSG6ugaNZCHKHpEz+gVvVlP1ov1bn3MWpesYmYf/YH1+QPzoJNa</latexit><latexit sha1_base64="rZtUOnTMiDbkJkSzT0PkVaiNM74=">AAAB+XicbVBNS8NAEN34WetXqkcvi0XwVBIR1FvRi8cKxhaaWDbbSbt0s4m7m0qJ/SlePKh49Z9489+4bXPQ1gcDj/dmmJkXppwp7Tjf1tLyyuraemmjvLm1vbNrV/buVJJJCh5NeCJbIVHAmQBPM82hlUogccihGQ6uJn5zCFKxRNzqUQpBTHqCRYwSbaSOXcl9Sjhuje9d7MNDxoYdu+rUnCnwInELUkUFGh37y+8mNItBaMqJUm3XSXWQE6kZ5TAu+5mClNAB6UHbUEFiUEE+PX2Mj4zSxVEiTQmNp+rviZzESo3i0HTGRPfVvDcR//PamY7Og5yJNNMg6GxRlHGsEzzJAXeZBKr5yBBCJTO3YtonklBt0iqbENz5lxeJd1K7qLk3p9X6ZZFGCR2gQ3SMXHSG6ugaNZCHKHpEz+gVvVlP1ov1bn3MWpesYmYf/YH1+QPzoJNa</latexit><latexit sha1_base64="rZtUOnTMiDbkJkSzT0PkVaiNM74=">AAAB+XicbVBNS8NAEN34WetXqkcvi0XwVBIR1FvRi8cKxhaaWDbbSbt0s4m7m0qJ/SlePKh49Z9489+4bXPQ1gcDj/dmmJkXppwp7Tjf1tLyyuraemmjvLm1vbNrV/buVJJJCh5NeCJbIVHAmQBPM82hlUogccihGQ6uJn5zCFKxRNzqUQpBTHqCRYwSbaSOXcl9Sjhuje9d7MNDxoYdu+rUnCnwInELUkUFGh37y+8mNItBaMqJUm3XSXWQE6kZ5TAu+5mClNAB6UHbUEFiUEE+PX2Mj4zSxVEiTQmNp+rviZzESo3i0HTGRPfVvDcR//PamY7Og5yJNNMg6GxRlHGsEzzJAXeZBKr5yBBCJTO3YtonklBt0iqbENz5lxeJd1K7qLk3p9X6ZZFGCR2gQ3SMXHSG6ugaNZCHKHpEz+gVvVlP1ov1bn3MWpesYmYf/YH1+QPzoJNa</latexit>

Answer 1: Time Series Imputation



Theorem (Informal):

For L large enough (depending upon model params) with 

The matrix satisfies Latent Variable Model with Lipschitz function.  

L2 ⌧ T
<latexit sha1_base64="NDpwDXpQw97tG5dPpraK0zrXd1Y=">AAAB73icbVA9SwNBEJ2LXzF+RS1tFoNgFe6CoHZBGwuLCDkTSc6wt9lLluzuHbt7QjjyK2wsVGz9O3b+GzfJFZr4YODx3gwz88KEM21c99sprKyurW8UN0tb2zu7e+X9g3sdp4pQn8Q8Vu0Qa8qZpL5hhtN2oigWIaetcHQ99VtPVGkWy6YZJzQQeCBZxAg2Vnq4fayhLueo2StX3Ko7A1omXk4qkKPRK391+zFJBZWGcKx1x3MTE2RYGUY4nZS6qaYJJiM8oB1LJRZUB9ns4Ak6sUofRbGyJQ2aqb8nMiy0HovQdgpshnrRm4r/eZ3URBdBxmSSGirJfFGUcmRiNP0e9ZmixPCxJZgoZm9FZIgVJsZmVLIheIsvLxO/Vr2sendnlfpVnkYRjuAYTsGDc6jDDTTABwICnuEV3hzlvDjvzse8teDkM4fwB87nD88Zj0w=</latexit><latexit sha1_base64="NDpwDXpQw97tG5dPpraK0zrXd1Y=">AAAB73icbVA9SwNBEJ2LXzF+RS1tFoNgFe6CoHZBGwuLCDkTSc6wt9lLluzuHbt7QjjyK2wsVGz9O3b+GzfJFZr4YODx3gwz88KEM21c99sprKyurW8UN0tb2zu7e+X9g3sdp4pQn8Q8Vu0Qa8qZpL5hhtN2oigWIaetcHQ99VtPVGkWy6YZJzQQeCBZxAg2Vnq4fayhLueo2StX3Ko7A1omXk4qkKPRK391+zFJBZWGcKx1x3MTE2RYGUY4nZS6qaYJJiM8oB1LJRZUB9ns4Ak6sUofRbGyJQ2aqb8nMiy0HovQdgpshnrRm4r/eZ3URBdBxmSSGirJfFGUcmRiNP0e9ZmixPCxJZgoZm9FZIgVJsZmVLIheIsvLxO/Vr2sendnlfpVnkYRjuAYTsGDc6jDDTTABwICnuEV3hzlvDjvzse8teDkM4fwB87nD88Zj0w=</latexit><latexit sha1_base64="NDpwDXpQw97tG5dPpraK0zrXd1Y=">AAAB73icbVA9SwNBEJ2LXzF+RS1tFoNgFe6CoHZBGwuLCDkTSc6wt9lLluzuHbt7QjjyK2wsVGz9O3b+GzfJFZr4YODx3gwz88KEM21c99sprKyurW8UN0tb2zu7e+X9g3sdp4pQn8Q8Vu0Qa8qZpL5hhtN2oigWIaetcHQ99VtPVGkWy6YZJzQQeCBZxAg2Vnq4fayhLueo2StX3Ko7A1omXk4qkKPRK391+zFJBZWGcKx1x3MTE2RYGUY4nZS6qaYJJiM8oB1LJRZUB9ns4Ak6sUofRbGyJQ2aqb8nMiy0HovQdgpshnrRm4r/eZ3URBdBxmSSGirJfFGUcmRiNP0e9ZmixPCxJZgoZm9FZIgVJsZmVLIheIsvLxO/Vr2sendnlfpVnkYRjuAYTsGDc6jDDTTABwICnuEV3hzlvDjvzse8teDkM4fwB87nD88Zj0w=</latexit><latexit sha1_base64="NDpwDXpQw97tG5dPpraK0zrXd1Y=">AAAB73icbVA9SwNBEJ2LXzF+RS1tFoNgFe6CoHZBGwuLCDkTSc6wt9lLluzuHbt7QjjyK2wsVGz9O3b+GzfJFZr4YODx3gwz88KEM21c99sprKyurW8UN0tb2zu7e+X9g3sdp4pQn8Q8Vu0Qa8qZpL5hhtN2oigWIaetcHQ99VtPVGkWy6YZJzQQeCBZxAg2Vnq4fayhLueo2StX3Ko7A1omXk4qkKPRK391+zFJBZWGcKx1x3MTE2RYGUY4nZS6qaYJJiM8oB1LJRZUB9ns4Ak6sUofRbGyJQ2aqb8nMiy0HovQdgpshnrRm4r/eZ3URBdBxmSSGirJfFGUcmRiNP0e9ZmixPCxJZgoZm9FZIgVJsZmVLIheIsvLxO/Vr2sendnlfpVnkYRjuAYTsGDc6jDDTTABwICnuEV3hzlvDjvzse8teDkM4fwB87nD88Zj0w=</latexit>

the resulting estimator is consistent as long as the fraction of observed 

data, p, is large enough (+ good Matrix Estimation Black-Box).

For example: 

Sum of harmonics with period in {1,…,n},                   is sufficientT = !(n2)
<latexit sha1_base64="jWhnrV2pw3tYNCLcidHViwfhYro=">AAAB93icbVDLSsNAFJ34rPXRqEs3g0Wom5IUQV0IRTcuKzS20MYymU7aofMIMxOhhn6JGxcqbv0Vd/6N0zYLbT1w4XDOvdx7T5Qwqo3nfTsrq2vrG5uFreL2zu5eyd0/uNcyVZgEWDKp2hHShFFBAkMNI+1EEcQjRlrR6Gbqtx6J0lSKphknJORoIGhMMTJW6rmlJryCXcnJAFXEQ+2055a9qjcDXCZ+TsogR6PnfnX7EqecCIMZ0rrje4kJM6QMxYxMit1UkwThERqQjqUCcaLDbHb4BJ5YpQ9jqWwJA2fq74kMca3HPLKdHJmhXvSm4n9eJzXxRZhRkaSGCDxfFKcMGgmnKcA+VQQbNrYEYUXtrRAPkULY2KyKNgR/8eVlEtSql1X/7qxcv87TKIAjcAwqwAfnoA5uQQMEAIMUPINX8OY8OS/Ou/Mxb11x8plD8AfO5w8QyJGa</latexit><latexit sha1_base64="jWhnrV2pw3tYNCLcidHViwfhYro=">AAAB93icbVDLSsNAFJ34rPXRqEs3g0Wom5IUQV0IRTcuKzS20MYymU7aofMIMxOhhn6JGxcqbv0Vd/6N0zYLbT1w4XDOvdx7T5Qwqo3nfTsrq2vrG5uFreL2zu5eyd0/uNcyVZgEWDKp2hHShFFBAkMNI+1EEcQjRlrR6Gbqtx6J0lSKphknJORoIGhMMTJW6rmlJryCXcnJAFXEQ+2055a9qjcDXCZ+TsogR6PnfnX7EqecCIMZ0rrje4kJM6QMxYxMit1UkwThERqQjqUCcaLDbHb4BJ5YpQ9jqWwJA2fq74kMca3HPLKdHJmhXvSm4n9eJzXxRZhRkaSGCDxfFKcMGgmnKcA+VQQbNrYEYUXtrRAPkULY2KyKNgR/8eVlEtSql1X/7qxcv87TKIAjcAwqwAfnoA5uQQMEAIMUPINX8OY8OS/Ou/Mxb11x8plD8AfO5w8QyJGa</latexit><latexit sha1_base64="jWhnrV2pw3tYNCLcidHViwfhYro=">AAAB93icbVDLSsNAFJ34rPXRqEs3g0Wom5IUQV0IRTcuKzS20MYymU7aofMIMxOhhn6JGxcqbv0Vd/6N0zYLbT1w4XDOvdx7T5Qwqo3nfTsrq2vrG5uFreL2zu5eyd0/uNcyVZgEWDKp2hHShFFBAkMNI+1EEcQjRlrR6Gbqtx6J0lSKphknJORoIGhMMTJW6rmlJryCXcnJAFXEQ+2055a9qjcDXCZ+TsogR6PnfnX7EqecCIMZ0rrje4kJM6QMxYxMit1UkwThERqQjqUCcaLDbHb4BJ5YpQ9jqWwJA2fq74kMca3HPLKdHJmhXvSm4n9eJzXxRZhRkaSGCDxfFKcMGgmnKcA+VQQbNrYEYUXtrRAPkULY2KyKNgR/8eVlEtSql1X/7qxcv87TKIAjcAwqwAfnoA5uQQMEAIMUPINX8OY8OS/Ou/Mxb11x8plD8AfO5w8QyJGa</latexit><latexit sha1_base64="jWhnrV2pw3tYNCLcidHViwfhYro=">AAAB93icbVDLSsNAFJ34rPXRqEs3g0Wom5IUQV0IRTcuKzS20MYymU7aofMIMxOhhn6JGxcqbv0Vd/6N0zYLbT1w4XDOvdx7T5Qwqo3nfTsrq2vrG5uFreL2zu5eyd0/uNcyVZgEWDKp2hHShFFBAkMNI+1EEcQjRlrR6Gbqtx6J0lSKphknJORoIGhMMTJW6rmlJryCXcnJAFXEQ+2055a9qjcDXCZ+TsogR6PnfnX7EqecCIMZ0rrje4kJM6QMxYxMit1UkwThERqQjqUCcaLDbHb4BJ5YpQ9jqWwJA2fq74kMca3HPLKdHJmhXvSm4n9eJzXxRZhRkaSGCDxfFKcMGgmnKcA+VQQbNrYEYUXtrRAPkULY2KyKNgR/8eVlEtSql1X/7qxcv87TKIAjcAwqwAfnoA5uQQMEAIMUPINX8OY8OS/Ou/Mxb11x8plD8AfO5w8QyJGa</latexit>

Contrast with                  in the best case for additive noiseT = !(n)
<latexit sha1_base64="sgZ11mZr3SSY3UcIqS4EzWjAzk4=">AAAB83icbVBNSwMxEJ31s9avqkcvwSLUS9kVQT0IRS8eK3RtoV1KNs22odlkTbKFsvR3ePGg4tU/481/Y9ruQVsfDDzem2FmXphwpo3rfjsrq2vrG5uFreL2zu7efung8FHLVBHqE8mlaoVYU84E9Q0znLYSRXEcctoMh3dTvzmiSjMpGmac0CDGfcEiRrCxUtBAN6gjY9rHFXHWLZXdqjsDWiZeTsqQo94tfXV6kqQxFYZwrHXbcxMTZFgZRjidFDuppgkmQ9ynbUsFjqkOstnRE3RqlR6KpLIlDJqpvycyHGs9jkPbGWMz0IveVPzPa6cmugoyJpLUUEHmi6KUIyPRNAHUY4oSw8eWYKKYvRWRAVaYGJtT0YbgLb68TPzz6nXVe7go127zNApwDCdQAQ8uoQb3UAcfCDzBM7zCmzNyXpx352PeuuLkM0fwB87nD2zmkMU=</latexit><latexit sha1_base64="sgZ11mZr3SSY3UcIqS4EzWjAzk4=">AAAB83icbVBNSwMxEJ31s9avqkcvwSLUS9kVQT0IRS8eK3RtoV1KNs22odlkTbKFsvR3ePGg4tU/481/Y9ruQVsfDDzem2FmXphwpo3rfjsrq2vrG5uFreL2zu7efung8FHLVBHqE8mlaoVYU84E9Q0znLYSRXEcctoMh3dTvzmiSjMpGmac0CDGfcEiRrCxUtBAN6gjY9rHFXHWLZXdqjsDWiZeTsqQo94tfXV6kqQxFYZwrHXbcxMTZFgZRjidFDuppgkmQ9ynbUsFjqkOstnRE3RqlR6KpLIlDJqpvycyHGs9jkPbGWMz0IveVPzPa6cmugoyJpLUUEHmi6KUIyPRNAHUY4oSw8eWYKKYvRWRAVaYGJtT0YbgLb68TPzz6nXVe7go127zNApwDCdQAQ8uoQb3UAcfCDzBM7zCmzNyXpx352PeuuLkM0fwB87nD2zmkMU=</latexit><latexit sha1_base64="sgZ11mZr3SSY3UcIqS4EzWjAzk4=">AAAB83icbVBNSwMxEJ31s9avqkcvwSLUS9kVQT0IRS8eK3RtoV1KNs22odlkTbKFsvR3ePGg4tU/481/Y9ruQVsfDDzem2FmXphwpo3rfjsrq2vrG5uFreL2zu7efung8FHLVBHqE8mlaoVYU84E9Q0znLYSRXEcctoMh3dTvzmiSjMpGmac0CDGfcEiRrCxUtBAN6gjY9rHFXHWLZXdqjsDWiZeTsqQo94tfXV6kqQxFYZwrHXbcxMTZFgZRjidFDuppgkmQ9ynbUsFjqkOstnRE3RqlR6KpLIlDJqpvycyHGs9jkPbGWMz0IveVPzPa6cmugoyJpLUUEHmi6KUIyPRNAHUY4oSw8eWYKKYvRWRAVaYGJtT0YbgLb68TPzz6nXVe7go127zNApwDCdQAQ8uoQb3UAcfCDzBM7zCmzNyXpx352PeuuLkM0fwB87nD2zmkMU=</latexit><latexit sha1_base64="sgZ11mZr3SSY3UcIqS4EzWjAzk4=">AAAB83icbVBNSwMxEJ31s9avqkcvwSLUS9kVQT0IRS8eK3RtoV1KNs22odlkTbKFsvR3ePGg4tU/481/Y9ruQVsfDDzem2FmXphwpo3rfjsrq2vrG5uFreL2zu7efung8FHLVBHqE8mlaoVYU84E9Q0znLYSRXEcctoMh3dTvzmiSjMpGmac0CDGfcEiRrCxUtBAN6gjY9rHFXHWLZXdqjsDWiZeTsqQo94tfXV6kqQxFYZwrHXbcxMTZFgZRjidFDuppgkmQ9ynbUsFjqkOstnRE3RqlR6KpLIlDJqpvycyHGs9jkPbGWMz0IveVPzPa6cmugoyJpLUUEHmi6KUIyPRNAHUY4oSw8eWYKKYvRWRAVaYGJtT0YbgLb68TPzz6nXVe7go127zNApwDCdQAQ8uoQb3UAcfCDzBM7zCmzNyXpx352PeuuLkM0fwB87nD2zmkMU=</latexit>

“Quadratic” loss may be min’l cost of “university” w.r.t. model/noise (?!)

Answer 1: Time Series Imputation



mixture of periodic, trend and auto-regressive
with additive zero-mean noise and randomly missing values

Answer 1: Time Series Imputation



mixture of periodic, trend and auto-regressive
with Poisson “noise” and randomly missing values

Answer 1: Time Series Imputation



mixture of periodic, trend and auto-regressive
with Poisson “noise” and randomly missing values

Answer 1: Time Series Imputation



Answer 2: Time Series Forecasting

“Ground Truth” of interest:                     , for examplef(t), t 2 R
<latexit sha1_base64="THq1vN8lh7PIVhCPVCBEPiNJzPQ=">AAAB/3icbVBNS8NAEN3Ur1q/qh48eFksQgUpiQjqrejFYxVrC00om+2mXbrZhN2JUEI9+Fe8eFDx6t/w5r9x0+agrQ8GHu/NMDPPjwXXYNvfVmFhcWl5pbhaWlvf2Nwqb+/c6yhRlDVpJCLV9olmgkvWBA6CtWPFSOgL1vKHV5nfemBK80jewShmXkj6kgecEjBSt7wXVOHoGD8CdrnEbkhg4Pvp7bhbrtg1ewI8T5ycVFCORrf85fYimoRMAhVE645jx+ClRAGngo1LbqJZTOiQ9FnHUElCpr108sAYHxqlh4NImZKAJ+rviZSEWo9C33RmF+pZLxP/8zoJBOdeymWcAJN0uihIBIYIZ2ngHleMghgZQqji5lZMB0QRCiazkgnBmX15njRPahc15+a0Ur/M0yiifXSAqshBZ6iOrlEDNRFFY/SMXtGb9WS9WO/Wx7S1YOUzu+gPrM8flSSVVQ==</latexit><latexit sha1_base64="THq1vN8lh7PIVhCPVCBEPiNJzPQ=">AAAB/3icbVBNS8NAEN3Ur1q/qh48eFksQgUpiQjqrejFYxVrC00om+2mXbrZhN2JUEI9+Fe8eFDx6t/w5r9x0+agrQ8GHu/NMDPPjwXXYNvfVmFhcWl5pbhaWlvf2Nwqb+/c6yhRlDVpJCLV9olmgkvWBA6CtWPFSOgL1vKHV5nfemBK80jewShmXkj6kgecEjBSt7wXVOHoGD8CdrnEbkhg4Pvp7bhbrtg1ewI8T5ycVFCORrf85fYimoRMAhVE645jx+ClRAGngo1LbqJZTOiQ9FnHUElCpr108sAYHxqlh4NImZKAJ+rviZSEWo9C33RmF+pZLxP/8zoJBOdeymWcAJN0uihIBIYIZ2ngHleMghgZQqji5lZMB0QRCiazkgnBmX15njRPahc15+a0Ur/M0yiifXSAqshBZ6iOrlEDNRFFY/SMXtGb9WS9WO/Wx7S1YOUzu+gPrM8flSSVVQ==</latexit><latexit sha1_base64="THq1vN8lh7PIVhCPVCBEPiNJzPQ=">AAAB/3icbVBNS8NAEN3Ur1q/qh48eFksQgUpiQjqrejFYxVrC00om+2mXbrZhN2JUEI9+Fe8eFDx6t/w5r9x0+agrQ8GHu/NMDPPjwXXYNvfVmFhcWl5pbhaWlvf2Nwqb+/c6yhRlDVpJCLV9olmgkvWBA6CtWPFSOgL1vKHV5nfemBK80jewShmXkj6kgecEjBSt7wXVOHoGD8CdrnEbkhg4Pvp7bhbrtg1ewI8T5ycVFCORrf85fYimoRMAhVE645jx+ClRAGngo1LbqJZTOiQ9FnHUElCpr108sAYHxqlh4NImZKAJ+rviZSEWo9C33RmF+pZLxP/8zoJBOdeymWcAJN0uihIBIYIZ2ngHleMghgZQqji5lZMB0QRCiazkgnBmX15njRPahc15+a0Ur/M0yiifXSAqshBZ6iOrlEDNRFFY/SMXtGb9WS9WO/Wx7S1YOUzu+gPrM8flSSVVQ==</latexit><latexit sha1_base64="THq1vN8lh7PIVhCPVCBEPiNJzPQ=">AAAB/3icbVBNS8NAEN3Ur1q/qh48eFksQgUpiQjqrejFYxVrC00om+2mXbrZhN2JUEI9+Fe8eFDx6t/w5r9x0+agrQ8GHu/NMDPPjwXXYNvfVmFhcWl5pbhaWlvf2Nwqb+/c6yhRlDVpJCLV9olmgkvWBA6CtWPFSOgL1vKHV5nfemBK80jewShmXkj6kgecEjBSt7wXVOHoGD8CdrnEbkhg4Pvp7bhbrtg1ewI8T5ycVFCORrf85fYimoRMAhVE645jx+ClRAGngo1LbqJZTOiQ9FnHUElCpr108sAYHxqlh4NImZKAJ+rviZSEWo9C33RmF+pZLxP/8zoJBOdeymWcAJN0uihIBIYIZ2ngHleMghgZQqji5lZMB0QRCiazkgnBmX15njRPahc15+a0Ur/M0yiifXSAqshBZ6iOrlEDNRFFY/SMXtGb9WS9WO/Wx7S1YOUzu+gPrM8flSSVVQ==</latexit>

f(t) =
KX

k=1

↵k sin(!kt) + �k cos(!kt)
<latexit sha1_base64="JMQZ33PW5zdOv88wLf+LVSQ9+Fs="></latexit><latexit sha1_base64="JMQZ33PW5zdOv88wLf+LVSQ9+Fs="></latexit><latexit sha1_base64="JMQZ33PW5zdOv88wLf+LVSQ9+Fs="></latexit><latexit sha1_base64="JMQZ33PW5zdOv88wLf+LVSQ9+Fs="></latexit>

f(t) =
KX

k=1

↵kt
�k

<latexit sha1_base64="d+XGi/F38Dd4v4ljmf5IQX7cdBI=">AAACEHicbZC7SgNBFIZn4y3G26qlzWAQYhN2RVCLQNBGsIngmkA2WWYns8mQ2QszZ4Ww7CvY+Co2Fiq2lna+jZNLoYk/DHz85xzOnN9PBFdgWd9GYWl5ZXWtuF7a2Nza3jF39+5VnErKHBqLWLZ8opjgEXOAg2CtRDIS+oI1/eHVuN58YFLxOLqDUcI6IelHPOCUgLY8sxJU4BjXsKvS0MuGNTvv3mCXiGRAvCGGbub6DDTmnlm2qtZEeBHsGZTRTA3P/HJ7MU1DFgEVRKm2bSXQyYgETgXLS26qWELokPRZW2NEQqY62eSiHB9pp4eDWOoXAZ64vycyEio1Cn3dGRIYqPna2Pyv1k4hOO9kPEpSYBGdLgpSgSHG43hwj0tGQYw0ECq5/iumAyIJBR1iSYdgz5+8CM5J9aJq356W65ezNIroAB2iCrLRGaqja9RADqLoET2jV/RmPBkvxrvxMW0tGLOZffRHxucPKy2cOQ==</latexit><latexit sha1_base64="d+XGi/F38Dd4v4ljmf5IQX7cdBI=">AAACEHicbZC7SgNBFIZn4y3G26qlzWAQYhN2RVCLQNBGsIngmkA2WWYns8mQ2QszZ4Ww7CvY+Co2Fiq2lna+jZNLoYk/DHz85xzOnN9PBFdgWd9GYWl5ZXWtuF7a2Nza3jF39+5VnErKHBqLWLZ8opjgEXOAg2CtRDIS+oI1/eHVuN58YFLxOLqDUcI6IelHPOCUgLY8sxJU4BjXsKvS0MuGNTvv3mCXiGRAvCGGbub6DDTmnlm2qtZEeBHsGZTRTA3P/HJ7MU1DFgEVRKm2bSXQyYgETgXLS26qWELokPRZW2NEQqY62eSiHB9pp4eDWOoXAZ64vycyEio1Cn3dGRIYqPna2Pyv1k4hOO9kPEpSYBGdLgpSgSHG43hwj0tGQYw0ECq5/iumAyIJBR1iSYdgz5+8CM5J9aJq356W65ezNIroAB2iCrLRGaqja9RADqLoET2jV/RmPBkvxrvxMW0tGLOZffRHxucPKy2cOQ==</latexit><latexit sha1_base64="d+XGi/F38Dd4v4ljmf5IQX7cdBI=">AAACEHicbZC7SgNBFIZn4y3G26qlzWAQYhN2RVCLQNBGsIngmkA2WWYns8mQ2QszZ4Ww7CvY+Co2Fiq2lna+jZNLoYk/DHz85xzOnN9PBFdgWd9GYWl5ZXWtuF7a2Nza3jF39+5VnErKHBqLWLZ8opjgEXOAg2CtRDIS+oI1/eHVuN58YFLxOLqDUcI6IelHPOCUgLY8sxJU4BjXsKvS0MuGNTvv3mCXiGRAvCGGbub6DDTmnlm2qtZEeBHsGZTRTA3P/HJ7MU1DFgEVRKm2bSXQyYgETgXLS26qWELokPRZW2NEQqY62eSiHB9pp4eDWOoXAZ64vycyEio1Cn3dGRIYqPna2Pyv1k4hOO9kPEpSYBGdLgpSgSHG43hwj0tGQYw0ECq5/iumAyIJBR1iSYdgz5+8CM5J9aJq356W65ezNIroAB2iCrLRGaqja9RADqLoET2jV/RmPBkvxrvxMW0tGLOZffRHxucPKy2cOQ==</latexit><latexit sha1_base64="d+XGi/F38Dd4v4ljmf5IQX7cdBI=">AAACEHicbZC7SgNBFIZn4y3G26qlzWAQYhN2RVCLQNBGsIngmkA2WWYns8mQ2QszZ4Ww7CvY+Co2Fiq2lna+jZNLoYk/DHz85xzOnN9PBFdgWd9GYWl5ZXWtuF7a2Nza3jF39+5VnErKHBqLWLZ8opjgEXOAg2CtRDIS+oI1/eHVuN58YFLxOLqDUcI6IelHPOCUgLY8sxJU4BjXsKvS0MuGNTvv3mCXiGRAvCGGbub6DDTmnlm2qtZEeBHsGZTRTA3P/HJ7MU1DFgEVRKm2bSXQyYgETgXLS26qWELokPRZW2NEQqY62eSiHB9pp4eDWOoXAZ64vycyEio1Cn3dGRIYqPna2Pyv1k4hOO9kPEpSYBGdLgpSgSHG43hwj0tGQYw0ECq5/iumAyIJBR1iSYdgz5+8CM5J9aJq356W65ezNIroAB2iCrLRGaqja9RADqLoET2jV/RmPBkvxrvxMW0tGLOZffRHxucPKy2cOQ==</latexit>

f(t) =
KX

k=1

↵kf(t� k)
<latexit sha1_base64="EOwrRrym2h8aWJBvFq6Oag9DSYE=">AAACDHicbVDLSsNAFJ3UV62vqEs3g1VoF5ZEBHVRKLoR3FSwttDEMJlO2iEzSZiZCCX0B9z4K25cqLj1A9z5N07bLLT1wIXDOfdy7z1+wqhUlvVtFBYWl5ZXiqultfWNzS1ze+dOxqnApIVjFouOjyRhNCItRRUjnUQQxH1G2n54OfbbD0RIGke3apgQl6N+RAOKkdKSZx4EFVWFdejIlHtZWLdH99fQQSwZIC+E2jwKq9Azy1bNmgDOEzsnZZCj6ZlfTi/GKSeRwgxJ2bWtRLkZEopiRkYlJ5UkQThEfdLVNEKcSDebfDOCh1rpwSAWuiIFJ+rviQxxKYfc150cqYGc9cbif143VcGZm9EoSRWJ8HRRkDKoYjiOBvaoIFixoSYIC6pvhXiABMJKB1jSIdizL8+T1nHtvGbfnJQbF3kaRbAH9kEF2OAUNMAVaIIWwOARPINX8GY8GS/Gu/ExbS0Y+cwu+APj8wdZsplo</latexit><latexit sha1_base64="EOwrRrym2h8aWJBvFq6Oag9DSYE=">AAACDHicbVDLSsNAFJ3UV62vqEs3g1VoF5ZEBHVRKLoR3FSwttDEMJlO2iEzSZiZCCX0B9z4K25cqLj1A9z5N07bLLT1wIXDOfdy7z1+wqhUlvVtFBYWl5ZXiqultfWNzS1ze+dOxqnApIVjFouOjyRhNCItRRUjnUQQxH1G2n54OfbbD0RIGke3apgQl6N+RAOKkdKSZx4EFVWFdejIlHtZWLdH99fQQSwZIC+E2jwKq9Azy1bNmgDOEzsnZZCj6ZlfTi/GKSeRwgxJ2bWtRLkZEopiRkYlJ5UkQThEfdLVNEKcSDebfDOCh1rpwSAWuiIFJ+rviQxxKYfc150cqYGc9cbif143VcGZm9EoSRWJ8HRRkDKoYjiOBvaoIFixoSYIC6pvhXiABMJKB1jSIdizL8+T1nHtvGbfnJQbF3kaRbAH9kEF2OAUNMAVaIIWwOARPINX8GY8GS/Gu/ExbS0Y+cwu+APj8wdZsplo</latexit><latexit sha1_base64="EOwrRrym2h8aWJBvFq6Oag9DSYE=">AAACDHicbVDLSsNAFJ3UV62vqEs3g1VoF5ZEBHVRKLoR3FSwttDEMJlO2iEzSZiZCCX0B9z4K25cqLj1A9z5N07bLLT1wIXDOfdy7z1+wqhUlvVtFBYWl5ZXiqultfWNzS1ze+dOxqnApIVjFouOjyRhNCItRRUjnUQQxH1G2n54OfbbD0RIGke3apgQl6N+RAOKkdKSZx4EFVWFdejIlHtZWLdH99fQQSwZIC+E2jwKq9Azy1bNmgDOEzsnZZCj6ZlfTi/GKSeRwgxJ2bWtRLkZEopiRkYlJ5UkQThEfdLVNEKcSDebfDOCh1rpwSAWuiIFJ+rviQxxKYfc150cqYGc9cbif143VcGZm9EoSRWJ8HRRkDKoYjiOBvaoIFixoSYIC6pvhXiABMJKB1jSIdizL8+T1nHtvGbfnJQbF3kaRbAH9kEF2OAUNMAVaIIWwOARPINX8GY8GS/Gu/ExbS0Y+cwu+APj8wdZsplo</latexit><latexit sha1_base64="EOwrRrym2h8aWJBvFq6Oag9DSYE=">AAACDHicbVDLSsNAFJ3UV62vqEs3g1VoF5ZEBHVRKLoR3FSwttDEMJlO2iEzSZiZCCX0B9z4K25cqLj1A9z5N07bLLT1wIXDOfdy7z1+wqhUlvVtFBYWl5ZXiqultfWNzS1ze+dOxqnApIVjFouOjyRhNCItRRUjnUQQxH1G2n54OfbbD0RIGke3apgQl6N+RAOKkdKSZx4EFVWFdejIlHtZWLdH99fQQSwZIC+E2jwKq9Azy1bNmgDOEzsnZZCj6ZlfTi/GKSeRwgxJ2bWtRLkZEopiRkYlJ5UkQThEfdLVNEKcSDebfDOCh1rpwSAWuiIFJ+rviQxxKYfc150cqYGc9cbif143VcGZm9EoSRWJ8HRRkDKoYjiOBvaoIFixoSYIC6pvhXiABMJKB1jSIdizL8+T1nHtvGbfnJQbF3kaRbAH9kEF2OAUNMAVaIIWwOARPINX8GY8GS/Gu/ExbS0Y+cwu+APj8wdZsplo</latexit>

or or, their combination….

Observation:                                       s. t. if observed (w.p. p)X(t), t 2 {0, 1, . . . , T}
<latexit sha1_base64="yohLOkCg8/GZ2+mfaDnBKHv4v4w=">AAACCHicbVBNS8NAFNz4WetX1KOXxSJUKCURQb0VvXis0NhCE8pmu22XbjZh90UooR69+Fe8eFDx6k/w5r9x2+agrQMLw8wb3r4JE8E1OM63tbS8srq2Xtgobm5t7+zae/t3Ok4VZR6NRaxaIdFMcMk84CBYK1GMRKFgzXB4PfGb90xpHssGjBIWRKQveY9TAkbq2LhVhpMKfgDsc4n9zKlgt4L9bgy6ghv+GHfsklN1psCLxM1JCeWod+wvk6ZpxCRQQbRuu04CQUYUcCrYuOinmiWEDkmftQ2VJGI6yKaXjPGxUbq4FyvzJOCp+juRkUjrURSayYjAQM97E/E/r51C7yLIuExSYJLOFvVSgSHGk1pwlytGQYwMIVRx81dMB0QRCqa8oinBnT95kXin1cuqe3tWql3lbRTQITpCZeSic1RDN6iOPETRI3pGr+jNerJerHfrYza6ZOWZA/QH1ucPMsmXDA==</latexit><latexit sha1_base64="yohLOkCg8/GZ2+mfaDnBKHv4v4w=">AAACCHicbVBNS8NAFNz4WetX1KOXxSJUKCURQb0VvXis0NhCE8pmu22XbjZh90UooR69+Fe8eFDx6k/w5r9x2+agrQMLw8wb3r4JE8E1OM63tbS8srq2Xtgobm5t7+zae/t3Ok4VZR6NRaxaIdFMcMk84CBYK1GMRKFgzXB4PfGb90xpHssGjBIWRKQveY9TAkbq2LhVhpMKfgDsc4n9zKlgt4L9bgy6ghv+GHfsklN1psCLxM1JCeWod+wvk6ZpxCRQQbRuu04CQUYUcCrYuOinmiWEDkmftQ2VJGI6yKaXjPGxUbq4FyvzJOCp+juRkUjrURSayYjAQM97E/E/r51C7yLIuExSYJLOFvVSgSHGk1pwlytGQYwMIVRx81dMB0QRCqa8oinBnT95kXin1cuqe3tWql3lbRTQITpCZeSic1RDN6iOPETRI3pGr+jNerJerHfrYza6ZOWZA/QH1ucPMsmXDA==</latexit><latexit sha1_base64="yohLOkCg8/GZ2+mfaDnBKHv4v4w=">AAACCHicbVBNS8NAFNz4WetX1KOXxSJUKCURQb0VvXis0NhCE8pmu22XbjZh90UooR69+Fe8eFDx6k/w5r9x2+agrQMLw8wb3r4JE8E1OM63tbS8srq2Xtgobm5t7+zae/t3Ok4VZR6NRaxaIdFMcMk84CBYK1GMRKFgzXB4PfGb90xpHssGjBIWRKQveY9TAkbq2LhVhpMKfgDsc4n9zKlgt4L9bgy6ghv+GHfsklN1psCLxM1JCeWod+wvk6ZpxCRQQbRuu04CQUYUcCrYuOinmiWEDkmftQ2VJGI6yKaXjPGxUbq4FyvzJOCp+juRkUjrURSayYjAQM97E/E/r51C7yLIuExSYJLOFvVSgSHGk1pwlytGQYwMIVRx81dMB0QRCqa8oinBnT95kXin1cuqe3tWql3lbRTQITpCZeSic1RDN6iOPETRI3pGr+jNerJerHfrYza6ZOWZA/QH1ucPMsmXDA==</latexit><latexit sha1_base64="yohLOkCg8/GZ2+mfaDnBKHv4v4w=">AAACCHicbVBNS8NAFNz4WetX1KOXxSJUKCURQb0VvXis0NhCE8pmu22XbjZh90UooR69+Fe8eFDx6k/w5r9x2+agrQMLw8wb3r4JE8E1OM63tbS8srq2Xtgobm5t7+zae/t3Ok4VZR6NRaxaIdFMcMk84CBYK1GMRKFgzXB4PfGb90xpHssGjBIWRKQveY9TAkbq2LhVhpMKfgDsc4n9zKlgt4L9bgy6ghv+GHfsklN1psCLxM1JCeWod+wvk6ZpxCRQQbRuu04CQUYUcCrYuOinmiWEDkmftQ2VJGI6yKaXjPGxUbq4FyvzJOCp+juRkUjrURSayYjAQM97E/E/r51C7yLIuExSYJLOFvVSgSHGk1pwlytGQYwMIVRx81dMB0QRCqa8oinBnT95kXin1cuqe3tWql3lbRTQITpCZeSic1RDN6iOPETRI3pGr+jNerJerHfrYza6ZOWZA/QH1ucPMsmXDA==</latexit>

E[X(t)] = f(t)
<latexit sha1_base64="957RoC9KjYPGJnd/idpIfrEtmAw=">AAACAHicbVDLSsNAFL2pr1pfUTeCm8Ei1E1JRFAXQlEElxWMLaShTKaTdujkwcxEKKFu/BU3LlTc+hnu/BsnbRbaemCYwzn3cu89fsKZVJb1bZQWFpeWV8qrlbX1jc0tc3vnXsapINQhMY9F28eSchZRRzHFaTsRFIc+py1/eJX7rQcqJIujOzVKqBfifsQCRrDSUtfc64RYDXw/ux677Zo68tAFCvRf6ZpVq25NgOaJXZAqFGh2za9OLyZpSCNFOJbSta1EeRkWihFOx5VOKmmCyRD3qatphEMqvWxywRgdaqWHgljoFyk0UX93ZDiUchT6ujLfV856ufif56YqOPMyFiWpohGZDgpSjlSM8jhQjwlKFB9pgolgeldEBlhgonRoeQj27MnzxDmun9ft25Nq47JIowz7cAA1sOEUGnADTXCAwCM8wyu8GU/Gi/FufExLS0bRswt/YHz+ADqLlP0=</latexit><latexit sha1_base64="957RoC9KjYPGJnd/idpIfrEtmAw=">AAACAHicbVDLSsNAFL2pr1pfUTeCm8Ei1E1JRFAXQlEElxWMLaShTKaTdujkwcxEKKFu/BU3LlTc+hnu/BsnbRbaemCYwzn3cu89fsKZVJb1bZQWFpeWV8qrlbX1jc0tc3vnXsapINQhMY9F28eSchZRRzHFaTsRFIc+py1/eJX7rQcqJIujOzVKqBfifsQCRrDSUtfc64RYDXw/ux677Zo68tAFCvRf6ZpVq25NgOaJXZAqFGh2za9OLyZpSCNFOJbSta1EeRkWihFOx5VOKmmCyRD3qatphEMqvWxywRgdaqWHgljoFyk0UX93ZDiUchT6ujLfV856ufif56YqOPMyFiWpohGZDgpSjlSM8jhQjwlKFB9pgolgeldEBlhgonRoeQj27MnzxDmun9ft25Nq47JIowz7cAA1sOEUGnADTXCAwCM8wyu8GU/Gi/FufExLS0bRswt/YHz+ADqLlP0=</latexit><latexit sha1_base64="957RoC9KjYPGJnd/idpIfrEtmAw=">AAACAHicbVDLSsNAFL2pr1pfUTeCm8Ei1E1JRFAXQlEElxWMLaShTKaTdujkwcxEKKFu/BU3LlTc+hnu/BsnbRbaemCYwzn3cu89fsKZVJb1bZQWFpeWV8qrlbX1jc0tc3vnXsapINQhMY9F28eSchZRRzHFaTsRFIc+py1/eJX7rQcqJIujOzVKqBfifsQCRrDSUtfc64RYDXw/ux677Zo68tAFCvRf6ZpVq25NgOaJXZAqFGh2za9OLyZpSCNFOJbSta1EeRkWihFOx5VOKmmCyRD3qatphEMqvWxywRgdaqWHgljoFyk0UX93ZDiUchT6ujLfV856ufif56YqOPMyFiWpohGZDgpSjlSM8jhQjwlKFB9pgolgeldEBlhgonRoeQj27MnzxDmun9ft25Nq47JIowz7cAA1sOEUGnADTXCAwCM8wyu8GU/Gi/FufExLS0bRswt/YHz+ADqLlP0=</latexit><latexit sha1_base64="957RoC9KjYPGJnd/idpIfrEtmAw=">AAACAHicbVDLSsNAFL2pr1pfUTeCm8Ei1E1JRFAXQlEElxWMLaShTKaTdujkwcxEKKFu/BU3LlTc+hnu/BsnbRbaemCYwzn3cu89fsKZVJb1bZQWFpeWV8qrlbX1jc0tc3vnXsapINQhMY9F28eSchZRRzHFaTsRFIc+py1/eJX7rQcqJIujOzVKqBfifsQCRrDSUtfc64RYDXw/ux677Zo68tAFCvRf6ZpVq25NgOaJXZAqFGh2za9OLyZpSCNFOJbSta1EeRkWihFOx5VOKmmCyRD3qatphEMqvWxywRgdaqWHgljoFyk0UX93ZDiUchT6ujLfV856ufif56YqOPMyFiWpohGZDgpSjlSM8jhQjwlKFB9pgolgeldEBlhgonRoeQj27MnzxDmun9ft25Nq47JIowz7cAA1sOEUGnADTXCAwCM8wyu8GU/Gi/FufExLS0bRswt/YHz+ADqLlP0=</latexit>

(+ independence, conditions on “noise”) 

Goal: produce estimate                 so that                                        X̂(T + 1)
<latexit sha1_base64="Q3RyyilO7LmaIuCiBmFKNX/KjVA=">AAAB8nicbVBNS8NAEJ34WetX1aOXYBEqQklEUG9FLx4rNLbQhLLZbtqlm03YnQgl9G948aDi1V/jzX/jts1BWx8MPN6bYWZemAqu0XG+rZXVtfWNzdJWeXtnd2+/cnD4qJNMUebRRCSqExLNBJfMQ46CdVLFSBwK1g5Hd1O//cSU5ols4ThlQUwGkkecEjSS7w8J5p1JrXXunvUqVafuzGAvE7cgVSjQ7FW+/H5Cs5hJpIJo3XWdFIOcKORUsEnZzzRLCR2RAesaKknMdJDPbp7Yp0bp21GiTEm0Z+rviZzEWo/j0HTGBId60ZuK/3ndDKPrIOcyzZBJOl8UZcLGxJ4GYPe5YhTF2BBCFTe32nRIFKFoYiqbENzFl5eJd1G/qbsPl9XGbZFGCY7hBGrgwhU04B6a4AGFFJ7hFd6szHqx3q2PeeuKVcwcwR9Ynz85m5Cw</latexit><latexit sha1_base64="Q3RyyilO7LmaIuCiBmFKNX/KjVA=">AAAB8nicbVBNS8NAEJ34WetX1aOXYBEqQklEUG9FLx4rNLbQhLLZbtqlm03YnQgl9G948aDi1V/jzX/jts1BWx8MPN6bYWZemAqu0XG+rZXVtfWNzdJWeXtnd2+/cnD4qJNMUebRRCSqExLNBJfMQ46CdVLFSBwK1g5Hd1O//cSU5ols4ThlQUwGkkecEjSS7w8J5p1JrXXunvUqVafuzGAvE7cgVSjQ7FW+/H5Cs5hJpIJo3XWdFIOcKORUsEnZzzRLCR2RAesaKknMdJDPbp7Yp0bp21GiTEm0Z+rviZzEWo/j0HTGBId60ZuK/3ndDKPrIOcyzZBJOl8UZcLGxJ4GYPe5YhTF2BBCFTe32nRIFKFoYiqbENzFl5eJd1G/qbsPl9XGbZFGCY7hBGrgwhU04B6a4AGFFJ7hFd6szHqx3q2PeeuKVcwcwR9Ynz85m5Cw</latexit><latexit sha1_base64="Q3RyyilO7LmaIuCiBmFKNX/KjVA=">AAAB8nicbVBNS8NAEJ34WetX1aOXYBEqQklEUG9FLx4rNLbQhLLZbtqlm03YnQgl9G948aDi1V/jzX/jts1BWx8MPN6bYWZemAqu0XG+rZXVtfWNzdJWeXtnd2+/cnD4qJNMUebRRCSqExLNBJfMQ46CdVLFSBwK1g5Hd1O//cSU5ols4ThlQUwGkkecEjSS7w8J5p1JrXXunvUqVafuzGAvE7cgVSjQ7FW+/H5Cs5hJpIJo3XWdFIOcKORUsEnZzzRLCR2RAesaKknMdJDPbp7Yp0bp21GiTEm0Z+rviZzEWo/j0HTGBId60ZuK/3ndDKPrIOcyzZBJOl8UZcLGxJ4GYPe5YhTF2BBCFTe32nRIFKFoYiqbENzFl5eJd1G/qbsPl9XGbZFGCY7hBGrgwhU04B6a4AGFFJ7hFd6szHqx3q2PeeuKVcwcwR9Ynz85m5Cw</latexit><latexit sha1_base64="Q3RyyilO7LmaIuCiBmFKNX/KjVA=">AAAB8nicbVBNS8NAEJ34WetX1aOXYBEqQklEUG9FLx4rNLbQhLLZbtqlm03YnQgl9G948aDi1V/jzX/jts1BWx8MPN6bYWZemAqu0XG+rZXVtfWNzdJWeXtnd2+/cnD4qJNMUebRRCSqExLNBJfMQ46CdVLFSBwK1g5Hd1O//cSU5ols4ThlQUwGkkecEjSS7w8J5p1JrXXunvUqVafuzGAvE7cgVSjQ7FW+/H5Cs5hJpIJo3XWdFIOcKORUsEnZzzRLCR2RAesaKknMdJDPbp7Yp0bp21GiTEm0Z+rviZzEWo/j0HTGBId60ZuK/3ndDKPrIOcyzZBJOl8UZcLGxJ4GYPe5YhTF2BBCFTe32nRIFKFoYiqbENzFl5eJd1G/qbsPl9XGbZFGCY7hBGrgwhU04B6a4AGFFJ7hFd6szHqx3q2PeeuKVcwcwR9Ynz85m5Cw</latexit>

E
h�
X̂(T + 1)�X(T + 1)

�2i
is small

<latexit sha1_base64="zbDdxxoJCrcQmU7udqggp6rXaYg="></latexit><latexit sha1_base64="zbDdxxoJCrcQmU7udqggp6rXaYg="></latexit><latexit sha1_base64="zbDdxxoJCrcQmU7udqggp6rXaYg="></latexit><latexit sha1_base64="zbDdxxoJCrcQmU7udqggp6rXaYg="></latexit>



Algorithm:
Transform to Matrix, Do Matrix Estimation, Regression, Prediction

X(1) X(2) … X(L)  X(L+1)  … X(2L)     … … … 

X(1)

X(2)

X(L)

…

X(L+1)

X(L+2)

X(2L)

…

… … …X 1 ⌘
<latexit sha1_base64="rZtUOnTMiDbkJkSzT0PkVaiNM74=">AAAB+XicbVBNS8NAEN34WetXqkcvi0XwVBIR1FvRi8cKxhaaWDbbSbt0s4m7m0qJ/SlePKh49Z9489+4bXPQ1gcDj/dmmJkXppwp7Tjf1tLyyuraemmjvLm1vbNrV/buVJJJCh5NeCJbIVHAmQBPM82hlUogccihGQ6uJn5zCFKxRNzqUQpBTHqCRYwSbaSOXcl9Sjhuje9d7MNDxoYdu+rUnCnwInELUkUFGh37y+8mNItBaMqJUm3XSXWQE6kZ5TAu+5mClNAB6UHbUEFiUEE+PX2Mj4zSxVEiTQmNp+rviZzESo3i0HTGRPfVvDcR//PamY7Og5yJNNMg6GxRlHGsEzzJAXeZBKr5yBBCJTO3YtonklBt0iqbENz5lxeJd1K7qLk3p9X6ZZFGCR2gQ3SMXHSG6ugaNZCHKHpEz+gVvVlP1ov1bn3MWpesYmYf/YH1+QPzoJNa</latexit><latexit sha1_base64="rZtUOnTMiDbkJkSzT0PkVaiNM74=">AAAB+XicbVBNS8NAEN34WetXqkcvi0XwVBIR1FvRi8cKxhaaWDbbSbt0s4m7m0qJ/SlePKh49Z9489+4bXPQ1gcDj/dmmJkXppwp7Tjf1tLyyuraemmjvLm1vbNrV/buVJJJCh5NeCJbIVHAmQBPM82hlUogccihGQ6uJn5zCFKxRNzqUQpBTHqCRYwSbaSOXcl9Sjhuje9d7MNDxoYdu+rUnCnwInELUkUFGh37y+8mNItBaMqJUm3XSXWQE6kZ5TAu+5mClNAB6UHbUEFiUEE+PX2Mj4zSxVEiTQmNp+rviZzESo3i0HTGRPfVvDcR//PamY7Og5yJNNMg6GxRlHGsEzzJAXeZBKr5yBBCJTO3YtonklBt0iqbENz5lxeJd1K7qLk3p9X6ZZFGCR2gQ3SMXHSG6ugaNZCHKHpEz+gVvVlP1ov1bn3MWpesYmYf/YH1+QPzoJNa</latexit><latexit sha1_base64="rZtUOnTMiDbkJkSzT0PkVaiNM74=">AAAB+XicbVBNS8NAEN34WetXqkcvi0XwVBIR1FvRi8cKxhaaWDbbSbt0s4m7m0qJ/SlePKh49Z9489+4bXPQ1gcDj/dmmJkXppwp7Tjf1tLyyuraemmjvLm1vbNrV/buVJJJCh5NeCJbIVHAmQBPM82hlUogccihGQ6uJn5zCFKxRNzqUQpBTHqCRYwSbaSOXcl9Sjhuje9d7MNDxoYdu+rUnCnwInELUkUFGh37y+8mNItBaMqJUm3XSXWQE6kZ5TAu+5mClNAB6UHbUEFiUEE+PX2Mj4zSxVEiTQmNp+rviZzESo3i0HTGRPfVvDcR//PamY7Og5yJNNMg6GxRlHGsEzzJAXeZBKr5yBBCJTO3YtonklBt0iqbENz5lxeJd1K7qLk3p9X6ZZFGCR2gQ3SMXHSG6ugaNZCHKHpEz+gVvVlP1ov1bn3MWpesYmYf/YH1+QPzoJNa</latexit><latexit sha1_base64="rZtUOnTMiDbkJkSzT0PkVaiNM74=">AAAB+XicbVBNS8NAEN34WetXqkcvi0XwVBIR1FvRi8cKxhaaWDbbSbt0s4m7m0qJ/SlePKh49Z9489+4bXPQ1gcDj/dmmJkXppwp7Tjf1tLyyuraemmjvLm1vbNrV/buVJJJCh5NeCJbIVHAmQBPM82hlUogccihGQ6uJn5zCFKxRNzqUQpBTHqCRYwSbaSOXcl9Sjhuje9d7MNDxoYdu+rUnCnwInELUkUFGh37y+8mNItBaMqJUm3XSXWQE6kZ5TAu+5mClNAB6UHbUEFiUEE+PX2Mj4zSxVEiTQmNp+rviZzESo3i0HTGRPfVvDcR//PamY7Og5yJNNMg6GxRlHGsEzzJAXeZBKr5yBBCJTO3YtonklBt0iqbENz5lxeJd1K7qLk3p9X6ZZFGCR2gQ3SMXHSG6ugaNZCHKHpEz+gVvVlP1ov1bn3MWpesYmYf/YH1+QPzoJNa</latexit>

Answer 2: Time Series Forecasting



Algorithm:
Transform to Matrix, Do Matrix Estimation, Regression, Prediction

X(k)  … X(L+k-1) X(L+k)…X(2L+k-1) … … … 

X(k)

X(k+1)

X(L+k-1)

…

X(L+k)

X(L+k+1)

X(2L+k-1)

…

… … …X k ⌘
<latexit sha1_base64="C1YbPKsvRNNzMA9M/4aQM7GUfK8=">AAAB/HicbVDLSsNAFL3xWesrPnZuBovgqiQiqLuiG5cVjC00sUymk3boZBJnJoUair/ixoWKWz/EnX/jpO1CWw8MHM65l3vmhClnSjvOt7WwuLS8slpaK69vbG5t2zu7dyrJJKEeSXgimyFWlDNBPc00p81UUhyHnDbC/lXhNwZUKpaIWz1MaRDjrmARI1gbqW3v+zHWPYJ53hzd95FPHzI2aNsVp+qMgeaJOyUVmKLetr/8TkKymApNOFaq5TqpDnIsNSOcjsp+pmiKSR93actQgWOqgnycfoSOjNJBUSLNExqN1d8bOY6VGsahmSyyqlmvEP/zWpmOzoOciTTTVJDJoSjjSCeoqAJ1mKRE86EhmEhmsiLSwxITbQormxLc2S/PE++kelF1b04rtctpGyU4gEM4BhfOoAbXUAcPCDzCM7zCm/VkvVjv1sdkdMGa7uzBH1ifPylGlTw=</latexit><latexit sha1_base64="C1YbPKsvRNNzMA9M/4aQM7GUfK8=">AAAB/HicbVDLSsNAFL3xWesrPnZuBovgqiQiqLuiG5cVjC00sUymk3boZBJnJoUair/ixoWKWz/EnX/jpO1CWw8MHM65l3vmhClnSjvOt7WwuLS8slpaK69vbG5t2zu7dyrJJKEeSXgimyFWlDNBPc00p81UUhyHnDbC/lXhNwZUKpaIWz1MaRDjrmARI1gbqW3v+zHWPYJ53hzd95FPHzI2aNsVp+qMgeaJOyUVmKLetr/8TkKymApNOFaq5TqpDnIsNSOcjsp+pmiKSR93actQgWOqgnycfoSOjNJBUSLNExqN1d8bOY6VGsahmSyyqlmvEP/zWpmOzoOciTTTVJDJoSjjSCeoqAJ1mKRE86EhmEhmsiLSwxITbQormxLc2S/PE++kelF1b04rtctpGyU4gEM4BhfOoAbXUAcPCDzCM7zCm/VkvVjv1sdkdMGa7uzBH1ifPylGlTw=</latexit><latexit sha1_base64="C1YbPKsvRNNzMA9M/4aQM7GUfK8=">AAAB/HicbVDLSsNAFL3xWesrPnZuBovgqiQiqLuiG5cVjC00sUymk3boZBJnJoUair/ixoWKWz/EnX/jpO1CWw8MHM65l3vmhClnSjvOt7WwuLS8slpaK69vbG5t2zu7dyrJJKEeSXgimyFWlDNBPc00p81UUhyHnDbC/lXhNwZUKpaIWz1MaRDjrmARI1gbqW3v+zHWPYJ53hzd95FPHzI2aNsVp+qMgeaJOyUVmKLetr/8TkKymApNOFaq5TqpDnIsNSOcjsp+pmiKSR93actQgWOqgnycfoSOjNJBUSLNExqN1d8bOY6VGsahmSyyqlmvEP/zWpmOzoOciTTTVJDJoSjjSCeoqAJ1mKRE86EhmEhmsiLSwxITbQormxLc2S/PE++kelF1b04rtctpGyU4gEM4BhfOoAbXUAcPCDzCM7zCm/VkvVjv1sdkdMGa7uzBH1ifPylGlTw=</latexit><latexit sha1_base64="C1YbPKsvRNNzMA9M/4aQM7GUfK8=">AAAB/HicbVDLSsNAFL3xWesrPnZuBovgqiQiqLuiG5cVjC00sUymk3boZBJnJoUair/ixoWKWz/EnX/jpO1CWw8MHM65l3vmhClnSjvOt7WwuLS8slpaK69vbG5t2zu7dyrJJKEeSXgimyFWlDNBPc00p81UUhyHnDbC/lXhNwZUKpaIWz1MaRDjrmARI1gbqW3v+zHWPYJ53hzd95FPHzI2aNsVp+qMgeaJOyUVmKLetr/8TkKymApNOFaq5TqpDnIsNSOcjsp+pmiKSR93actQgWOqgnycfoSOjNJBUSLNExqN1d8bOY6VGsahmSyyqlmvEP/zWpmOzoOciTTTVJDJoSjjSCeoqAJ1mKRE86EhmEhmsiLSwxITbQormxLc2S/PE++kelF1b04rtctpGyU4gEM4BhfOoAbXUAcPCDzCM7zCm/VkvVjv1sdkdMGa7uzBH1ifPylGlTw=</latexit> 1  k  L

<latexit sha1_base64="hi3YSDRXeVGkfBBidVCFI/GRI6s=">AAAB9HicbVA9SwNBEJ3zM8avqKXNYhCswp0Iahe0sbCI4JlAcoa9zVyyZO/D3T0lHPkfNhYqtv4YO/+Nm8sVmvhgmMd7M+zs8xPBlbbtb2thcWl5ZbW0Vl7f2Nzaruzs3qk4lQxdFotYtnyqUPAIXc21wFYikYa+wKY/vJz4zUeUisfRrR4l6IW0H/GAM6qNdO90BD6QIcnbdbdStWt2DjJPnIJUoUCjW/nq9GKWhhhpJqhSbcdOtJdRqTkTOC53UoUJZUPax7ahEQ1ReVl+9ZgcGqVHgliaijTJ1d8bGQ2VGoW+mQypHqhZbyL+57VTHZx5GY+SVGPEpg8FqSA6JpMISI9LZFqMDKFMcnMrYQMqKdMmqLIJwZn98jxxj2vnNefmpFq/KNIowT4cwBE4cAp1uIIGuMBAwjO8wpv1ZL1Y79bHdHTBKnb24A+szx9xFJFe</latexit><latexit sha1_base64="hi3YSDRXeVGkfBBidVCFI/GRI6s=">AAAB9HicbVA9SwNBEJ3zM8avqKXNYhCswp0Iahe0sbCI4JlAcoa9zVyyZO/D3T0lHPkfNhYqtv4YO/+Nm8sVmvhgmMd7M+zs8xPBlbbtb2thcWl5ZbW0Vl7f2Nzaruzs3qk4lQxdFotYtnyqUPAIXc21wFYikYa+wKY/vJz4zUeUisfRrR4l6IW0H/GAM6qNdO90BD6QIcnbdbdStWt2DjJPnIJUoUCjW/nq9GKWhhhpJqhSbcdOtJdRqTkTOC53UoUJZUPax7ahEQ1ReVl+9ZgcGqVHgliaijTJ1d8bGQ2VGoW+mQypHqhZbyL+57VTHZx5GY+SVGPEpg8FqSA6JpMISI9LZFqMDKFMcnMrYQMqKdMmqLIJwZn98jxxj2vnNefmpFq/KNIowT4cwBE4cAp1uIIGuMBAwjO8wpv1ZL1Y79bHdHTBKnb24A+szx9xFJFe</latexit><latexit sha1_base64="hi3YSDRXeVGkfBBidVCFI/GRI6s=">AAAB9HicbVA9SwNBEJ3zM8avqKXNYhCswp0Iahe0sbCI4JlAcoa9zVyyZO/D3T0lHPkfNhYqtv4YO/+Nm8sVmvhgmMd7M+zs8xPBlbbtb2thcWl5ZbW0Vl7f2Nzaruzs3qk4lQxdFotYtnyqUPAIXc21wFYikYa+wKY/vJz4zUeUisfRrR4l6IW0H/GAM6qNdO90BD6QIcnbdbdStWt2DjJPnIJUoUCjW/nq9GKWhhhpJqhSbcdOtJdRqTkTOC53UoUJZUPax7ahEQ1ReVl+9ZgcGqVHgliaijTJ1d8bGQ2VGoW+mQypHqhZbyL+57VTHZx5GY+SVGPEpg8FqSA6JpMISI9LZFqMDKFMcnMrYQMqKdMmqLIJwZn98jxxj2vnNefmpFq/KNIowT4cwBE4cAp1uIIGuMBAwjO8wpv1ZL1Y79bHdHTBKnb24A+szx9xFJFe</latexit><latexit sha1_base64="hi3YSDRXeVGkfBBidVCFI/GRI6s=">AAAB9HicbVA9SwNBEJ3zM8avqKXNYhCswp0Iahe0sbCI4JlAcoa9zVyyZO/D3T0lHPkfNhYqtv4YO/+Nm8sVmvhgmMd7M+zs8xPBlbbtb2thcWl5ZbW0Vl7f2Nzaruzs3qk4lQxdFotYtnyqUPAIXc21wFYikYa+wKY/vJz4zUeUisfRrR4l6IW0H/GAM6qNdO90BD6QIcnbdbdStWt2DjJPnIJUoUCjW/nq9GKWhhhpJqhSbcdOtJdRqTkTOC53UoUJZUPax7ahEQ1ReVl+9ZgcGqVHgliaijTJ1d8bGQ2VGoW+mQypHqhZbyL+57VTHZx5GY+SVGPEpg8FqSA6JpMISI9LZFqMDKFMcnMrYQMqKdMmqLIJwZn98jxxj2vnNefmpFq/KNIowT4cwBE4cAp1uIIGuMBAwjO8wpv1ZL1Y79bHdHTBKnb24A+szx9xFJFe</latexit>

Answer 2: Time Series Forecasting



Algorithm:
Transform to Matrix, Do Matrix Estimation, Regression, Prediction

X k
<latexit sha1_base64="n/+IADBUDHCD4JPd0xi/nievm2k=">AAAB83icbVBNSwMxFHxbv2r9qnr0EiyCp7IrgnorevFYwbWFdi3ZNNuGJtk1yRbK0t/hxYOKV/+MN/+N2XYP2joQGGbe400mTDjTxnW/ndLK6tr6RnmzsrW9s7tX3T940HGqCPVJzGPVDrGmnEnqG2Y4bSeKYhFy2gpHN7nfGlOlWSzvzSShgcADySJGsLFS0BXYDAnmWXv6OOpVa27dnQEtE68gNSjQ7FW/uv2YpIJKQzjWuuO5iQkyrAwjnE4r3VTTBJMRHtCOpRILqoNsFnqKTqzSR1Gs7JMGzdTfGxkWWk9EaCfzkHrRy8X/vE5qossgYzJJDZVkfihKOTIxyhtAfaYoMXxiCSaK2ayIDLHCxNieKrYEb/HLy8Q/q1/VvbvzWuO6aKMMR3AMp+DBBTTgFprgA4EneIZXeHPGzovz7nzMR0tOsXMIf+B8/gCA05If</latexit><latexit sha1_base64="n/+IADBUDHCD4JPd0xi/nievm2k=">AAAB83icbVBNSwMxFHxbv2r9qnr0EiyCp7IrgnorevFYwbWFdi3ZNNuGJtk1yRbK0t/hxYOKV/+MN/+N2XYP2joQGGbe400mTDjTxnW/ndLK6tr6RnmzsrW9s7tX3T940HGqCPVJzGPVDrGmnEnqG2Y4bSeKYhFy2gpHN7nfGlOlWSzvzSShgcADySJGsLFS0BXYDAnmWXv6OOpVa27dnQEtE68gNSjQ7FW/uv2YpIJKQzjWuuO5iQkyrAwjnE4r3VTTBJMRHtCOpRILqoNsFnqKTqzSR1Gs7JMGzdTfGxkWWk9EaCfzkHrRy8X/vE5qossgYzJJDZVkfihKOTIxyhtAfaYoMXxiCSaK2ayIDLHCxNieKrYEb/HLy8Q/q1/VvbvzWuO6aKMMR3AMp+DBBTTgFprgA4EneIZXeHPGzovz7nzMR0tOsXMIf+B8/gCA05If</latexit><latexit sha1_base64="n/+IADBUDHCD4JPd0xi/nievm2k=">AAAB83icbVBNSwMxFHxbv2r9qnr0EiyCp7IrgnorevFYwbWFdi3ZNNuGJtk1yRbK0t/hxYOKV/+MN/+N2XYP2joQGGbe400mTDjTxnW/ndLK6tr6RnmzsrW9s7tX3T940HGqCPVJzGPVDrGmnEnqG2Y4bSeKYhFy2gpHN7nfGlOlWSzvzSShgcADySJGsLFS0BXYDAnmWXv6OOpVa27dnQEtE68gNSjQ7FW/uv2YpIJKQzjWuuO5iQkyrAwjnE4r3VTTBJMRHtCOpRILqoNsFnqKTqzSR1Gs7JMGzdTfGxkWWk9EaCfzkHrRy8X/vE5qossgYzJJDZVkfihKOTIxyhtAfaYoMXxiCSaK2ayIDLHCxNieKrYEb/HLy8Q/q1/VvbvzWuO6aKMMR3AMp+DBBTTgFprgA4EneIZXeHPGzovz7nzMR0tOsXMIf+B8/gCA05If</latexit><latexit sha1_base64="X/BbPPQRM1pmBhxdK1enSbL+gJw=">AAAB2HicbZDNSgMxFIXv1L86Vq1rN8EiuCozbtSd4MZlBccW2qFkMnfa0ExmSO4IpfQFXLhRfDB3vo3pz0KtBwIf5yTk3pOUSloKgi+vtrW9s7tX3/cPGv7h0XGz8WSLygiMRKEK00u4RSU1RiRJYa80yPNEYTeZ3C3y7jMaKwv9SNMS45yPtMyk4OSszrDZCtrBUmwTwjW0YK1h83OQFqLKUZNQ3Np+GJQUz7ghKRTO/UFlseRiwkfYd6h5jjaeLcecs3PnpCwrjDua2NL9+WLGc2uneeJu5pzG9m+2MP/L+hVl1/FM6rIi1GL1UVYpRgVb7MxSaVCQmjrgwkg3KxNjbrgg14zvOgj/brwJ0WX7ph0+BFCHUziDCwjhCm7hHjoQgYAUXuDNG3uv3vuqqpq37uwEfsn7+AaqKYoN</latexit><latexit sha1_base64="LhqV6BBoWBGQjC+VqYeOotKFKak=">AAAB6HicbVBNT8JAFHzFL0TU6tXLRmLiibRe1JuJF4+YWCGBSrbLFjZst3X3lYQ0/A4vHtT4i7z5b9wCBwUn2WQy817e7ESZFAY979upbGxube9Ud2t79f2DQ/eo/mjSXDMesFSmuhNRw6VQPECBkncyzWkSSd6Oxrel355wbUSqHnCa8TChQyViwShaKewlFEeMyqIzexr33YbX9OYg68RfkgYs0eq7X71ByvKEK2SSGtP1vQzDgmoUTPJZrZcbnlE2pkPetVTRhJuwmIeekTOrDEicavsUkrn6e6OgiTHTJLKTZUiz6pXif143x/gqLITKcuSKLQ7FuSSYkrIBMhCaM5RTSyjTwmYlbEQ1ZWh7qtkS/NUvr5Pgonnd9O89qMIJnMI5+HAJN3AHLQiAwTO8wBu8OxPn1flYtFVxlrUdwx84nz813JDB</latexit><latexit sha1_base64="LhqV6BBoWBGQjC+VqYeOotKFKak=">AAAB6HicbVBNT8JAFHzFL0TU6tXLRmLiibRe1JuJF4+YWCGBSrbLFjZst3X3lYQ0/A4vHtT4i7z5b9wCBwUn2WQy817e7ESZFAY979upbGxube9Ud2t79f2DQ/eo/mjSXDMesFSmuhNRw6VQPECBkncyzWkSSd6Oxrel355wbUSqHnCa8TChQyViwShaKewlFEeMyqIzexr33YbX9OYg68RfkgYs0eq7X71ByvKEK2SSGtP1vQzDgmoUTPJZrZcbnlE2pkPetVTRhJuwmIeekTOrDEicavsUkrn6e6OgiTHTJLKTZUiz6pXif143x/gqLITKcuSKLQ7FuSSYkrIBMhCaM5RTSyjTwmYlbEQ1ZWh7qtkS/NUvr5Pgonnd9O89qMIJnMI5+HAJN3AHLQiAwTO8wBu8OxPn1flYtFVxlrUdwx84nz813JDB</latexit><latexit sha1_base64="btZkCud8paXpX14nZ/AXEcSPTaQ=">AAAB83icbVA9T8MwFHzhs5SvAiOLRYXEVCUswFbBwlgkQiu1oXLc19aq4wTbqVRF/R0sDIBY+TNs/BucNgO0nGTpdPee3vnCRHBtXPfbWVldW9/YLG2Vt3d29/YrB4cPOk4VQ5/FIlatkGoUXKJvuBHYShTSKBTYDEc3ud8co9I8lvdmkmAQ0YHkfc6osVLQiagZMiqy1vRx1K1U3Zo7A1kmXkGqUKDRrXx1ejFLI5SGCap123MTE2RUGc4ETsudVGNC2YgOsG2ppBHqIJuFnpJTq/RIP1b2SUNm6u+NjEZaT6LQTuYh9aKXi/957dT0L4OMyyQ1KNn8UD8VxMQkb4D0uEJmxMQSyhS3WQkbUkWZsT2VbQne4peXiX9eu6p5d261fl20UYJjOIEz8OAC6nALDfCBwRM8wyu8OWPnxXl3PuajK06xcwR/4Hz+AH+Tkhs=</latexit><latexit sha1_base64="n/+IADBUDHCD4JPd0xi/nievm2k=">AAAB83icbVBNSwMxFHxbv2r9qnr0EiyCp7IrgnorevFYwbWFdi3ZNNuGJtk1yRbK0t/hxYOKV/+MN/+N2XYP2joQGGbe400mTDjTxnW/ndLK6tr6RnmzsrW9s7tX3T940HGqCPVJzGPVDrGmnEnqG2Y4bSeKYhFy2gpHN7nfGlOlWSzvzSShgcADySJGsLFS0BXYDAnmWXv6OOpVa27dnQEtE68gNSjQ7FW/uv2YpIJKQzjWuuO5iQkyrAwjnE4r3VTTBJMRHtCOpRILqoNsFnqKTqzSR1Gs7JMGzdTfGxkWWk9EaCfzkHrRy8X/vE5qossgYzJJDZVkfihKOTIxyhtAfaYoMXxiCSaK2ayIDLHCxNieKrYEb/HLy8Q/q1/VvbvzWuO6aKMMR3AMp+DBBTTgFprgA4EneIZXeHPGzovz7nzMR0tOsXMIf+B8/gCA05If</latexit><latexit sha1_base64="n/+IADBUDHCD4JPd0xi/nievm2k=">AAAB83icbVBNSwMxFHxbv2r9qnr0EiyCp7IrgnorevFYwbWFdi3ZNNuGJtk1yRbK0t/hxYOKV/+MN/+N2XYP2joQGGbe400mTDjTxnW/ndLK6tr6RnmzsrW9s7tX3T940HGqCPVJzGPVDrGmnEnqG2Y4bSeKYhFy2gpHN7nfGlOlWSzvzSShgcADySJGsLFS0BXYDAnmWXv6OOpVa27dnQEtE68gNSjQ7FW/uv2YpIJKQzjWuuO5iQkyrAwjnE4r3VTTBJMRHtCOpRILqoNsFnqKTqzSR1Gs7JMGzdTfGxkWWk9EaCfzkHrRy8X/vE5qossgYzJJDZVkfihKOTIxyhtAfaYoMXxiCSaK2ayIDLHCxNieKrYEb/HLy8Q/q1/VvbvzWuO6aKMMR3AMp+DBBTTgFprgA4EneIZXeHPGzovz7nzMR0tOsXMIf+B8/gCA05If</latexit><latexit sha1_base64="n/+IADBUDHCD4JPd0xi/nievm2k=">AAAB83icbVBNSwMxFHxbv2r9qnr0EiyCp7IrgnorevFYwbWFdi3ZNNuGJtk1yRbK0t/hxYOKV/+MN/+N2XYP2joQGGbe400mTDjTxnW/ndLK6tr6RnmzsrW9s7tX3T940HGqCPVJzGPVDrGmnEnqG2Y4bSeKYhFy2gpHN7nfGlOlWSzvzSShgcADySJGsLFS0BXYDAnmWXv6OOpVa27dnQEtE68gNSjQ7FW/uv2YpIJKQzjWuuO5iQkyrAwjnE4r3VTTBJMRHtCOpRILqoNsFnqKTqzSR1Gs7JMGzdTfGxkWWk9EaCfzkHrRy8X/vE5qossgYzJJDZVkfihKOTIxyhtAfaYoMXxiCSaK2ayIDLHCxNieKrYEb/HLy8Q/q1/VvbvzWuO6aKMMR3AMp+DBBTTgFprgA4EneIZXeHPGzovz7nzMR0tOsXMIf+B8/gCA05If</latexit><latexit sha1_base64="n/+IADBUDHCD4JPd0xi/nievm2k=">AAAB83icbVBNSwMxFHxbv2r9qnr0EiyCp7IrgnorevFYwbWFdi3ZNNuGJtk1yRbK0t/hxYOKV/+MN/+N2XYP2joQGGbe400mTDjTxnW/ndLK6tr6RnmzsrW9s7tX3T940HGqCPVJzGPVDrGmnEnqG2Y4bSeKYhFy2gpHN7nfGlOlWSzvzSShgcADySJGsLFS0BXYDAnmWXv6OOpVa27dnQEtE68gNSjQ7FW/uv2YpIJKQzjWuuO5iQkyrAwjnE4r3VTTBJMRHtCOpRILqoNsFnqKTqzSR1Gs7JMGzdTfGxkWWk9EaCfzkHrRy8X/vE5qossgYzJJDZVkfihKOTIxyhtAfaYoMXxiCSaK2ayIDLHCxNieKrYEb/HLy8Q/q1/VvbvzWuO6aKMMR3AMp+DBBTTgFprgA4EneIZXeHPGzovz7nzMR0tOsXMIf+B8/gCA05If</latexit><latexit sha1_base64="n/+IADBUDHCD4JPd0xi/nievm2k=">AAAB83icbVBNSwMxFHxbv2r9qnr0EiyCp7IrgnorevFYwbWFdi3ZNNuGJtk1yRbK0t/hxYOKV/+MN/+N2XYP2joQGGbe400mTDjTxnW/ndLK6tr6RnmzsrW9s7tX3T940HGqCPVJzGPVDrGmnEnqG2Y4bSeKYhFy2gpHN7nfGlOlWSzvzSShgcADySJGsLFS0BXYDAnmWXv6OOpVa27dnQEtE68gNSjQ7FW/uv2YpIJKQzjWuuO5iQkyrAwjnE4r3VTTBJMRHtCOpRILqoNsFnqKTqzSR1Gs7JMGzdTfGxkWWk9EaCfzkHrRy8X/vE5qossgYzJJDZVkfihKOTIxyhtAfaYoMXxiCSaK2ayIDLHCxNieKrYEb/HLy8Q/q1/VvbvzWuO6aKMMR3AMp+DBBTTgFprgA4EneIZXeHPGzovz7nzMR0tOsXMIf+B8/gCA05If</latexit><latexit sha1_base64="n/+IADBUDHCD4JPd0xi/nievm2k=">AAAB83icbVBNSwMxFHxbv2r9qnr0EiyCp7IrgnorevFYwbWFdi3ZNNuGJtk1yRbK0t/hxYOKV/+MN/+N2XYP2joQGGbe400mTDjTxnW/ndLK6tr6RnmzsrW9s7tX3T940HGqCPVJzGPVDrGmnEnqG2Y4bSeKYhFy2gpHN7nfGlOlWSzvzSShgcADySJGsLFS0BXYDAnmWXv6OOpVa27dnQEtE68gNSjQ7FW/uv2YpIJKQzjWuuO5iQkyrAwjnE4r3VTTBJMRHtCOpRILqoNsFnqKTqzSR1Gs7JMGzdTfGxkWWk9EaCfzkHrRy8X/vE5qossgYzJJDZVkfihKOTIxyhtAfaYoMXxiCSaK2ayIDLHCxNieKrYEb/HLy8Q/q1/VvbvzWuO6aKMMR3AMp+DBBTTgFprgA4EneIZXeHPGzovz7nzMR0tOsXMIf+B8/gCA05If</latexit>

BB-ME

Mk
<latexit sha1_base64="JPE3MOsq9VVgEf+lXpFK9/nhdUo=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FL16EisYW2lg22227dLMJuxOhhP4ELx5UvPqPvPlv3LY5aOuDgcd7M8zMCxMpDLrut1NYWl5ZXSuulzY2t7Z3yrt7DyZONeM+i2WsmyE1XArFfRQoeTPRnEah5I1weDXxG09cGxGrexwlPIhoX4meYBStdHfzOOyUK27VnYIsEi8nFchR75S/2t2YpRFXyCQ1puW5CQYZ1SiY5ONSOzU8oWxI+7xlqaIRN0E2PXVMjqzSJb1Y21JIpurviYxGxoyi0HZGFAdm3puI/3mtFHvnQSZUkiJXbLaol0qCMZn8TbpCc4ZyZAllWthbCRtQTRnadEo2BG/+5UXin1Qvqt7taaV2madRhAM4hGPw4AxqcA118IFBH57hFd4c6bw4787HrLXg5DP78AfO5w+OSI2C</latexit><latexit sha1_base64="JPE3MOsq9VVgEf+lXpFK9/nhdUo=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FL16EisYW2lg22227dLMJuxOhhP4ELx5UvPqPvPlv3LY5aOuDgcd7M8zMCxMpDLrut1NYWl5ZXSuulzY2t7Z3yrt7DyZONeM+i2WsmyE1XArFfRQoeTPRnEah5I1weDXxG09cGxGrexwlPIhoX4meYBStdHfzOOyUK27VnYIsEi8nFchR75S/2t2YpRFXyCQ1puW5CQYZ1SiY5ONSOzU8oWxI+7xlqaIRN0E2PXVMjqzSJb1Y21JIpurviYxGxoyi0HZGFAdm3puI/3mtFHvnQSZUkiJXbLaol0qCMZn8TbpCc4ZyZAllWthbCRtQTRnadEo2BG/+5UXin1Qvqt7taaV2madRhAM4hGPw4AxqcA118IFBH57hFd4c6bw4787HrLXg5DP78AfO5w+OSI2C</latexit><latexit sha1_base64="JPE3MOsq9VVgEf+lXpFK9/nhdUo=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FL16EisYW2lg22227dLMJuxOhhP4ELx5UvPqPvPlv3LY5aOuDgcd7M8zMCxMpDLrut1NYWl5ZXSuulzY2t7Z3yrt7DyZONeM+i2WsmyE1XArFfRQoeTPRnEah5I1weDXxG09cGxGrexwlPIhoX4meYBStdHfzOOyUK27VnYIsEi8nFchR75S/2t2YpRFXyCQ1puW5CQYZ1SiY5ONSOzU8oWxI+7xlqaIRN0E2PXVMjqzSJb1Y21JIpurviYxGxoyi0HZGFAdm3puI/3mtFHvnQSZUkiJXbLaol0qCMZn8TbpCc4ZyZAllWthbCRtQTRnadEo2BG/+5UXin1Qvqt7taaV2madRhAM4hGPw4AxqcA118IFBH57hFd4c6bw4787HrLXg5DP78AfO5w+OSI2C</latexit><latexit sha1_base64="JPE3MOsq9VVgEf+lXpFK9/nhdUo=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FL16EisYW2lg22227dLMJuxOhhP4ELx5UvPqPvPlv3LY5aOuDgcd7M8zMCxMpDLrut1NYWl5ZXSuulzY2t7Z3yrt7DyZONeM+i2WsmyE1XArFfRQoeTPRnEah5I1weDXxG09cGxGrexwlPIhoX4meYBStdHfzOOyUK27VnYIsEi8nFchR75S/2t2YpRFXyCQ1puW5CQYZ1SiY5ONSOzU8oWxI+7xlqaIRN0E2PXVMjqzSJb1Y21JIpurviYxGxoyi0HZGFAdm3puI/3mtFHvnQSZUkiJXbLaol0qCMZn8TbpCc4ZyZAllWthbCRtQTRnadEo2BG/+5UXin1Qvqt7taaV2madRhAM4hGPw4AxqcA118IFBH57hFd4c6bw4787HrLXg5DP78AfO5w+OSI2C</latexit>

1  k  L
<latexit sha1_base64="hi3YSDRXeVGkfBBidVCFI/GRI6s=">AAAB9HicbVA9SwNBEJ3zM8avqKXNYhCswp0Iahe0sbCI4JlAcoa9zVyyZO/D3T0lHPkfNhYqtv4YO/+Nm8sVmvhgmMd7M+zs8xPBlbbtb2thcWl5ZbW0Vl7f2Nzaruzs3qk4lQxdFotYtnyqUPAIXc21wFYikYa+wKY/vJz4zUeUisfRrR4l6IW0H/GAM6qNdO90BD6QIcnbdbdStWt2DjJPnIJUoUCjW/nq9GKWhhhpJqhSbcdOtJdRqTkTOC53UoUJZUPax7ahEQ1ReVl+9ZgcGqVHgliaijTJ1d8bGQ2VGoW+mQypHqhZbyL+57VTHZx5GY+SVGPEpg8FqSA6JpMISI9LZFqMDKFMcnMrYQMqKdMmqLIJwZn98jxxj2vnNefmpFq/KNIowT4cwBE4cAp1uIIGuMBAwjO8wpv1ZL1Y79bHdHTBKnb24A+szx9xFJFe</latexit><latexit sha1_base64="hi3YSDRXeVGkfBBidVCFI/GRI6s=">AAAB9HicbVA9SwNBEJ3zM8avqKXNYhCswp0Iahe0sbCI4JlAcoa9zVyyZO/D3T0lHPkfNhYqtv4YO/+Nm8sVmvhgmMd7M+zs8xPBlbbtb2thcWl5ZbW0Vl7f2Nzaruzs3qk4lQxdFotYtnyqUPAIXc21wFYikYa+wKY/vJz4zUeUisfRrR4l6IW0H/GAM6qNdO90BD6QIcnbdbdStWt2DjJPnIJUoUCjW/nq9GKWhhhpJqhSbcdOtJdRqTkTOC53UoUJZUPax7ahEQ1ReVl+9ZgcGqVHgliaijTJ1d8bGQ2VGoW+mQypHqhZbyL+57VTHZx5GY+SVGPEpg8FqSA6JpMISI9LZFqMDKFMcnMrYQMqKdMmqLIJwZn98jxxj2vnNefmpFq/KNIowT4cwBE4cAp1uIIGuMBAwjO8wpv1ZL1Y79bHdHTBKnb24A+szx9xFJFe</latexit><latexit sha1_base64="hi3YSDRXeVGkfBBidVCFI/GRI6s=">AAAB9HicbVA9SwNBEJ3zM8avqKXNYhCswp0Iahe0sbCI4JlAcoa9zVyyZO/D3T0lHPkfNhYqtv4YO/+Nm8sVmvhgmMd7M+zs8xPBlbbtb2thcWl5ZbW0Vl7f2Nzaruzs3qk4lQxdFotYtnyqUPAIXc21wFYikYa+wKY/vJz4zUeUisfRrR4l6IW0H/GAM6qNdO90BD6QIcnbdbdStWt2DjJPnIJUoUCjW/nq9GKWhhhpJqhSbcdOtJdRqTkTOC53UoUJZUPax7ahEQ1ReVl+9ZgcGqVHgliaijTJ1d8bGQ2VGoW+mQypHqhZbyL+57VTHZx5GY+SVGPEpg8FqSA6JpMISI9LZFqMDKFMcnMrYQMqKdMmqLIJwZn98jxxj2vnNefmpFq/KNIowT4cwBE4cAp1uIIGuMBAwjO8wpv1ZL1Y79bHdHTBKnb24A+szx9xFJFe</latexit><latexit sha1_base64="hi3YSDRXeVGkfBBidVCFI/GRI6s=">AAAB9HicbVA9SwNBEJ3zM8avqKXNYhCswp0Iahe0sbCI4JlAcoa9zVyyZO/D3T0lHPkfNhYqtv4YO/+Nm8sVmvhgmMd7M+zs8xPBlbbtb2thcWl5ZbW0Vl7f2Nzaruzs3qk4lQxdFotYtnyqUPAIXc21wFYikYa+wKY/vJz4zUeUisfRrR4l6IW0H/GAM6qNdO90BD6QIcnbdbdStWt2DjJPnIJUoUCjW/nq9GKWhhhpJqhSbcdOtJdRqTkTOC53UoUJZUPax7ahEQ1ReVl+9ZgcGqVHgliaijTJ1d8bGQ2VGoW+mQypHqhZbyL+57VTHZx5GY+SVGPEpg8FqSA6JpMISI9LZFqMDKFMcnMrYQMqKdMmqLIJwZn98jxxj2vnNefmpFq/KNIowT4cwBE4cAp1uIIGuMBAwjO8wpv1ZL1Y79bHdHTBKnb24A+szx9xFJFe</latexit>

Target

Features
Linear 

Regression

�k
<latexit sha1_base64="fH/QDLEm4B29tx7TcUuCkaa/PR0=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGFtoY9lsJ+3SzSbsboQS+iO8eFDx6v/x5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLK6tr6RnmzsrW9s7tX3T940EmmGPosEYlqh1Sj4BJ9w43AdqqQxqHAVji6mfqtJ1SaJ/LejFMMYjqQPOKMGiu1uiEa+jjqVWtu3Z2BLBOvIDUo0OxVv7r9hGUxSsME1brjuakJcqoMZwInlW6mMaVsRAfYsVTSGHWQz86dkBOr9EmUKFvSkJn6eyKnsdbjOLSdMTVDvehNxf+8TmaiyyDnMs0MSjZfFGWCmIRMfyd9rpAZMbaEMsXtrYQNqaLM2IQqNgRv8eVl4p/Vr+re3XmtcV2kUYYjOIZT8OACGnALTfCBwQie4RXenNR5cd6dj3lrySlmDuEPnM8frsiPVQ==</latexit><latexit sha1_base64="fH/QDLEm4B29tx7TcUuCkaa/PR0=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGFtoY9lsJ+3SzSbsboQS+iO8eFDx6v/x5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLK6tr6RnmzsrW9s7tX3T940EmmGPosEYlqh1Sj4BJ9w43AdqqQxqHAVji6mfqtJ1SaJ/LejFMMYjqQPOKMGiu1uiEa+jjqVWtu3Z2BLBOvIDUo0OxVv7r9hGUxSsME1brjuakJcqoMZwInlW6mMaVsRAfYsVTSGHWQz86dkBOr9EmUKFvSkJn6eyKnsdbjOLSdMTVDvehNxf+8TmaiyyDnMs0MSjZfFGWCmIRMfyd9rpAZMbaEMsXtrYQNqaLM2IQqNgRv8eVl4p/Vr+re3XmtcV2kUYYjOIZT8OACGnALTfCBwQie4RXenNR5cd6dj3lrySlmDuEPnM8frsiPVQ==</latexit><latexit sha1_base64="fH/QDLEm4B29tx7TcUuCkaa/PR0=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGFtoY9lsJ+3SzSbsboQS+iO8eFDx6v/x5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLK6tr6RnmzsrW9s7tX3T940EmmGPosEYlqh1Sj4BJ9w43AdqqQxqHAVji6mfqtJ1SaJ/LejFMMYjqQPOKMGiu1uiEa+jjqVWtu3Z2BLBOvIDUo0OxVv7r9hGUxSsME1brjuakJcqoMZwInlW6mMaVsRAfYsVTSGHWQz86dkBOr9EmUKFvSkJn6eyKnsdbjOLSdMTVDvehNxf+8TmaiyyDnMs0MSjZfFGWCmIRMfyd9rpAZMbaEMsXtrYQNqaLM2IQqNgRv8eVl4p/Vr+re3XmtcV2kUYYjOIZT8OACGnALTfCBwQie4RXenNR5cd6dj3lrySlmDuEPnM8frsiPVQ==</latexit><latexit sha1_base64="fH/QDLEm4B29tx7TcUuCkaa/PR0=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGFtoY9lsJ+3SzSbsboQS+iO8eFDx6v/x5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLK6tr6RnmzsrW9s7tX3T940EmmGPosEYlqh1Sj4BJ9w43AdqqQxqHAVji6mfqtJ1SaJ/LejFMMYjqQPOKMGiu1uiEa+jjqVWtu3Z2BLBOvIDUo0OxVv7r9hGUxSsME1brjuakJcqoMZwInlW6mMaVsRAfYsVTSGHWQz86dkBOr9EmUKFvSkJn6eyKnsdbjOLSdMTVDvehNxf+8TmaiyyDnMs0MSjZfFGWCmIRMfyd9rpAZMbaEMsXtrYQNqaLM2IQqNgRv8eVl4p/Vr+re3XmtcV2kUYYjOIZT8OACGnALTfCBwQie4RXenNR5cd6dj3lrySlmDuEPnM8frsiPVQ==</latexit>

Mk ⌘
<latexit sha1_base64="vDSHH9DYU8qqZ1C9io0FKKc3WQA=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoN6CXrwIEVwTTNYwO+kkQ2Zn15nZQFjyF148qHj1c7z5N04eB00saCiquunuChPBtXHdbye3tLyyupZfL2xsbm3vFHf37nWcKoY+i0Ws6iHVKLhE33AjsJ4opFEosBb2r8Z+bYBK81jemWGCQUS7knc4o8ZKDzePfdLEp5QPWsWSW3YnIIvEm5ESzFBtFb+a7ZilEUrDBNW64bmJCTKqDGcCR4VmqjGhrE+72LBU0gh1kE0uHpEjq7RJJ1a2pCET9fdERiOth1FoOyNqenreG4v/eY3UdM6DjMskNSjZdFEnFcTEZPw+aXOFzIihJZQpbm8lrEcVZcaGVLAhePMvLxL/pHxR9m5PS5XLWRp5OIBDOAYPzqAC11AFHxhIeIZXeHO08+K8Ox/T1pwzm9mHP3A+fwCgYJBu</latexit><latexit sha1_base64="vDSHH9DYU8qqZ1C9io0FKKc3WQA=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoN6CXrwIEVwTTNYwO+kkQ2Zn15nZQFjyF148qHj1c7z5N04eB00saCiquunuChPBtXHdbye3tLyyupZfL2xsbm3vFHf37nWcKoY+i0Ws6iHVKLhE33AjsJ4opFEosBb2r8Z+bYBK81jemWGCQUS7knc4o8ZKDzePfdLEp5QPWsWSW3YnIIvEm5ESzFBtFb+a7ZilEUrDBNW64bmJCTKqDGcCR4VmqjGhrE+72LBU0gh1kE0uHpEjq7RJJ1a2pCET9fdERiOth1FoOyNqenreG4v/eY3UdM6DjMskNSjZdFEnFcTEZPw+aXOFzIihJZQpbm8lrEcVZcaGVLAhePMvLxL/pHxR9m5PS5XLWRp5OIBDOAYPzqAC11AFHxhIeIZXeHO08+K8Ox/T1pwzm9mHP3A+fwCgYJBu</latexit><latexit sha1_base64="vDSHH9DYU8qqZ1C9io0FKKc3WQA=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoN6CXrwIEVwTTNYwO+kkQ2Zn15nZQFjyF148qHj1c7z5N04eB00saCiquunuChPBtXHdbye3tLyyupZfL2xsbm3vFHf37nWcKoY+i0Ws6iHVKLhE33AjsJ4opFEosBb2r8Z+bYBK81jemWGCQUS7knc4o8ZKDzePfdLEp5QPWsWSW3YnIIvEm5ESzFBtFb+a7ZilEUrDBNW64bmJCTKqDGcCR4VmqjGhrE+72LBU0gh1kE0uHpEjq7RJJ1a2pCET9fdERiOth1FoOyNqenreG4v/eY3UdM6DjMskNSjZdFEnFcTEZPw+aXOFzIihJZQpbm8lrEcVZcaGVLAhePMvLxL/pHxR9m5PS5XLWRp5OIBDOAYPzqAC11AFHxhIeIZXeHO08+K8Ox/T1pwzm9mHP3A+fwCgYJBu</latexit><latexit sha1_base64="vDSHH9DYU8qqZ1C9io0FKKc3WQA=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoN6CXrwIEVwTTNYwO+kkQ2Zn15nZQFjyF148qHj1c7z5N04eB00saCiquunuChPBtXHdbye3tLyyupZfL2xsbm3vFHf37nWcKoY+i0Ws6iHVKLhE33AjsJ4opFEosBb2r8Z+bYBK81jemWGCQUS7knc4o8ZKDzePfdLEp5QPWsWSW3YnIIvEm5ESzFBtFb+a7ZilEUrDBNW64bmJCTKqDGcCR4VmqjGhrE+72LBU0gh1kE0uHpEjq7RJJ1a2pCET9fdERiOth1FoOyNqenreG4v/eY3UdM6DjMskNSjZdFEnFcTEZPw+aXOFzIihJZQpbm8lrEcVZcaGVLAhePMvLxL/pHxR9m5PS5XLWRp5OIBDOAYPzqAC11AFHxhIeIZXeHO08+K8Ox/T1pwzm9mHP3A+fwCgYJBu</latexit>

Transform to Matrix, Do Matrix Estimation, Regression, Prediction

Answer 2: Time Series Forecasting



Algorithm:
Transform to Matrix, Do Matrix Estimation, Regression, Prediction

[X(T-L+2) … X(T)]

Project on Coln  
 Space of         Mk

<latexit sha1_base64="JPE3MOsq9VVgEf+lXpFK9/nhdUo=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FL16EisYW2lg22227dLMJuxOhhP4ELx5UvPqPvPlv3LY5aOuDgcd7M8zMCxMpDLrut1NYWl5ZXSuulzY2t7Z3yrt7DyZONeM+i2WsmyE1XArFfRQoeTPRnEah5I1weDXxG09cGxGrexwlPIhoX4meYBStdHfzOOyUK27VnYIsEi8nFchR75S/2t2YpRFXyCQ1puW5CQYZ1SiY5ONSOzU8oWxI+7xlqaIRN0E2PXVMjqzSJb1Y21JIpurviYxGxoyi0HZGFAdm3puI/3mtFHvnQSZUkiJXbLaol0qCMZn8TbpCc4ZyZAllWthbCRtQTRnadEo2BG/+5UXin1Qvqt7taaV2madRhAM4hGPw4AxqcA118IFBH57hFd4c6bw4787HrLXg5DP78AfO5w+OSI2C</latexit><latexit sha1_base64="JPE3MOsq9VVgEf+lXpFK9/nhdUo=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FL16EisYW2lg22227dLMJuxOhhP4ELx5UvPqPvPlv3LY5aOuDgcd7M8zMCxMpDLrut1NYWl5ZXSuulzY2t7Z3yrt7DyZONeM+i2WsmyE1XArFfRQoeTPRnEah5I1weDXxG09cGxGrexwlPIhoX4meYBStdHfzOOyUK27VnYIsEi8nFchR75S/2t2YpRFXyCQ1puW5CQYZ1SiY5ONSOzU8oWxI+7xlqaIRN0E2PXVMjqzSJb1Y21JIpurviYxGxoyi0HZGFAdm3puI/3mtFHvnQSZUkiJXbLaol0qCMZn8TbpCc4ZyZAllWthbCRtQTRnadEo2BG/+5UXin1Qvqt7taaV2madRhAM4hGPw4AxqcA118IFBH57hFd4c6bw4787HrLXg5DP78AfO5w+OSI2C</latexit><latexit sha1_base64="JPE3MOsq9VVgEf+lXpFK9/nhdUo=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FL16EisYW2lg22227dLMJuxOhhP4ELx5UvPqPvPlv3LY5aOuDgcd7M8zMCxMpDLrut1NYWl5ZXSuulzY2t7Z3yrt7DyZONeM+i2WsmyE1XArFfRQoeTPRnEah5I1weDXxG09cGxGrexwlPIhoX4meYBStdHfzOOyUK27VnYIsEi8nFchR75S/2t2YpRFXyCQ1puW5CQYZ1SiY5ONSOzU8oWxI+7xlqaIRN0E2PXVMjqzSJb1Y21JIpurviYxGxoyi0HZGFAdm3puI/3mtFHvnQSZUkiJXbLaol0qCMZn8TbpCc4ZyZAllWthbCRtQTRnadEo2BG/+5UXin1Qvqt7taaV2madRhAM4hGPw4AxqcA118IFBH57hFd4c6bw4787HrLXg5DP78AfO5w+OSI2C</latexit><latexit sha1_base64="JPE3MOsq9VVgEf+lXpFK9/nhdUo=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FL16EisYW2lg22227dLMJuxOhhP4ELx5UvPqPvPlv3LY5aOuDgcd7M8zMCxMpDLrut1NYWl5ZXSuulzY2t7Z3yrt7DyZONeM+i2WsmyE1XArFfRQoeTPRnEah5I1weDXxG09cGxGrexwlPIhoX4meYBStdHfzOOyUK27VnYIsEi8nFchR75S/2t2YpRFXyCQ1puW5CQYZ1SiY5ONSOzU8oWxI+7xlqaIRN0E2PXVMjqzSJb1Y21JIpurviYxGxoyi0HZGFAdm3puI/3mtFHvnQSZUkiJXbLaol0qCMZn8TbpCc4ZyZAllWthbCRtQTRnadEo2BG/+5UXin1Qvqt7taaV2madRhAM4hGPw4AxqcA118IFBH57hFd4c6bw4787HrLXg5DP78AfO5w+OSI2C</latexit>

V (T + 1)
<latexit sha1_base64="xKEKZDSaL0xaV8p8BiOLjauDb78=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CRahIpRdEdRb0YvHCt220C4lm2bb2GyyJFmhLP0PXjyoePUHefPfmLZ70OqDgcd7M8zMCxPOtHHdL6ewsrq2vlHcLG1t7+zulfcPWlqmilCfSC5VJ8Saciaob5jhtJMoiuOQ03Y4vp357UeqNJOiaSYJDWI8FCxiBBsrtVrV5pl32i9X3Jo7B/pLvJxUIEejX/7sDSRJYyoM4VjrrucmJsiwMoxwOi31Uk0TTMZ4SLuWChxTHWTza6foxCoDFEllSxg0V39OZDjWehKHtjPGZqSXvZn4n9dNTXQVZEwkqaGCLBZFKUdGotnraMAUJYZPLMFEMXsrIiOsMDE2oJINwVt++S/xz2vXNe/+olK/ydMowhEcQxU8uIQ63EEDfCDwAE/wAq+OdJ6dN+d90Vpw8plD+AXn4xtiLo3h</latexit><latexit sha1_base64="xKEKZDSaL0xaV8p8BiOLjauDb78=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CRahIpRdEdRb0YvHCt220C4lm2bb2GyyJFmhLP0PXjyoePUHefPfmLZ70OqDgcd7M8zMCxPOtHHdL6ewsrq2vlHcLG1t7+zulfcPWlqmilCfSC5VJ8Saciaob5jhtJMoiuOQ03Y4vp357UeqNJOiaSYJDWI8FCxiBBsrtVrV5pl32i9X3Jo7B/pLvJxUIEejX/7sDSRJYyoM4VjrrucmJsiwMoxwOi31Uk0TTMZ4SLuWChxTHWTza6foxCoDFEllSxg0V39OZDjWehKHtjPGZqSXvZn4n9dNTXQVZEwkqaGCLBZFKUdGotnraMAUJYZPLMFEMXsrIiOsMDE2oJINwVt++S/xz2vXNe/+olK/ydMowhEcQxU8uIQ63EEDfCDwAE/wAq+OdJ6dN+d90Vpw8plD+AXn4xtiLo3h</latexit><latexit sha1_base64="xKEKZDSaL0xaV8p8BiOLjauDb78=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CRahIpRdEdRb0YvHCt220C4lm2bb2GyyJFmhLP0PXjyoePUHefPfmLZ70OqDgcd7M8zMCxPOtHHdL6ewsrq2vlHcLG1t7+zulfcPWlqmilCfSC5VJ8Saciaob5jhtJMoiuOQ03Y4vp357UeqNJOiaSYJDWI8FCxiBBsrtVrV5pl32i9X3Jo7B/pLvJxUIEejX/7sDSRJYyoM4VjrrucmJsiwMoxwOi31Uk0TTMZ4SLuWChxTHWTza6foxCoDFEllSxg0V39OZDjWehKHtjPGZqSXvZn4n9dNTXQVZEwkqaGCLBZFKUdGotnraMAUJYZPLMFEMXsrIiOsMDE2oJINwVt++S/xz2vXNe/+olK/ydMowhEcQxU8uIQ63EEDfCDwAE/wAq+OdJ6dN+d90Vpw8plD+AXn4xtiLo3h</latexit><latexit sha1_base64="xKEKZDSaL0xaV8p8BiOLjauDb78=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CRahIpRdEdRb0YvHCt220C4lm2bb2GyyJFmhLP0PXjyoePUHefPfmLZ70OqDgcd7M8zMCxPOtHHdL6ewsrq2vlHcLG1t7+zulfcPWlqmilCfSC5VJ8Saciaob5jhtJMoiuOQ03Y4vp357UeqNJOiaSYJDWI8FCxiBBsrtVrV5pl32i9X3Jo7B/pLvJxUIEejX/7sDSRJYyoM4VjrrucmJsiwMoxwOi31Uk0TTMZ4SLuWChxTHWTza6foxCoDFEllSxg0V39OZDjWehKHtjPGZqSXvZn4n9dNTXQVZEwkqaGCLBZFKUdGotnraMAUJYZPLMFEMXsrIiOsMDE2oJINwVt++S/xz2vXNe/+olK/ydMowhEcQxU8uIQ63EEDfCDwAE/wAq+OdJ6dN+d90Vpw8plD+AXn4xtiLo3h</latexit>

Inner product  
with �k

<latexit sha1_base64="fH/QDLEm4B29tx7TcUuCkaa/PR0=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGFtoY9lsJ+3SzSbsboQS+iO8eFDx6v/x5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLK6tr6RnmzsrW9s7tX3T940EmmGPosEYlqh1Sj4BJ9w43AdqqQxqHAVji6mfqtJ1SaJ/LejFMMYjqQPOKMGiu1uiEa+jjqVWtu3Z2BLBOvIDUo0OxVv7r9hGUxSsME1brjuakJcqoMZwInlW6mMaVsRAfYsVTSGHWQz86dkBOr9EmUKFvSkJn6eyKnsdbjOLSdMTVDvehNxf+8TmaiyyDnMs0MSjZfFGWCmIRMfyd9rpAZMbaEMsXtrYQNqaLM2IQqNgRv8eVl4p/Vr+re3XmtcV2kUYYjOIZT8OACGnALTfCBwQie4RXenNR5cd6dj3lrySlmDuEPnM8frsiPVQ==</latexit><latexit sha1_base64="fH/QDLEm4B29tx7TcUuCkaa/PR0=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGFtoY9lsJ+3SzSbsboQS+iO8eFDx6v/x5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLK6tr6RnmzsrW9s7tX3T940EmmGPosEYlqh1Sj4BJ9w43AdqqQxqHAVji6mfqtJ1SaJ/LejFMMYjqQPOKMGiu1uiEa+jjqVWtu3Z2BLBOvIDUo0OxVv7r9hGUxSsME1brjuakJcqoMZwInlW6mMaVsRAfYsVTSGHWQz86dkBOr9EmUKFvSkJn6eyKnsdbjOLSdMTVDvehNxf+8TmaiyyDnMs0MSjZfFGWCmIRMfyd9rpAZMbaEMsXtrYQNqaLM2IQqNgRv8eVl4p/Vr+re3XmtcV2kUYYjOIZT8OACGnALTfCBwQie4RXenNR5cd6dj3lrySlmDuEPnM8frsiPVQ==</latexit><latexit sha1_base64="fH/QDLEm4B29tx7TcUuCkaa/PR0=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGFtoY9lsJ+3SzSbsboQS+iO8eFDx6v/x5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLK6tr6RnmzsrW9s7tX3T940EmmGPosEYlqh1Sj4BJ9w43AdqqQxqHAVji6mfqtJ1SaJ/LejFMMYjqQPOKMGiu1uiEa+jjqVWtu3Z2BLBOvIDUo0OxVv7r9hGUxSsME1brjuakJcqoMZwInlW6mMaVsRAfYsVTSGHWQz86dkBOr9EmUKFvSkJn6eyKnsdbjOLSdMTVDvehNxf+8TmaiyyDnMs0MSjZfFGWCmIRMfyd9rpAZMbaEMsXtrYQNqaLM2IQqNgRv8eVl4p/Vr+re3XmtcV2kUYYjOIZT8OACGnALTfCBwQie4RXenNR5cd6dj3lrySlmDuEPnM8frsiPVQ==</latexit><latexit sha1_base64="fH/QDLEm4B29tx7TcUuCkaa/PR0=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGFtoY9lsJ+3SzSbsboQS+iO8eFDx6v/x5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLK6tr6RnmzsrW9s7tX3T940EmmGPosEYlqh1Sj4BJ9w43AdqqQxqHAVji6mfqtJ1SaJ/LejFMMYjqQPOKMGiu1uiEa+jjqVWtu3Z2BLBOvIDUo0OxVv7r9hGUxSsME1brjuakJcqoMZwInlW6mMaVsRAfYsVTSGHWQz86dkBOr9EmUKFvSkJn6eyKnsdbjOLSdMTVDvehNxf+8TmaiyyDnMs0MSjZfFGWCmIRMfyd9rpAZMbaEMsXtrYQNqaLM2IQqNgRv8eVl4p/Vr+re3XmtcV2kUYYjOIZT8OACGnALTfCBwQie4RXenNR5cd6dj3lrySlmDuEPnM8frsiPVQ==</latexit>

X̂(T + 1)
<latexit sha1_base64="Q3RyyilO7LmaIuCiBmFKNX/KjVA=">AAAB8nicbVBNS8NAEJ34WetX1aOXYBEqQklEUG9FLx4rNLbQhLLZbtqlm03YnQgl9G948aDi1V/jzX/jts1BWx8MPN6bYWZemAqu0XG+rZXVtfWNzdJWeXtnd2+/cnD4qJNMUebRRCSqExLNBJfMQ46CdVLFSBwK1g5Hd1O//cSU5ols4ThlQUwGkkecEjSS7w8J5p1JrXXunvUqVafuzGAvE7cgVSjQ7FW+/H5Cs5hJpIJo3XWdFIOcKORUsEnZzzRLCR2RAesaKknMdJDPbp7Yp0bp21GiTEm0Z+rviZzEWo/j0HTGBId60ZuK/3ndDKPrIOcyzZBJOl8UZcLGxJ4GYPe5YhTF2BBCFTe32nRIFKFoYiqbENzFl5eJd1G/qbsPl9XGbZFGCY7hBGrgwhU04B6a4AGFFJ7hFd6szHqx3q2PeeuKVcwcwR9Ynz85m5Cw</latexit><latexit sha1_base64="Q3RyyilO7LmaIuCiBmFKNX/KjVA=">AAAB8nicbVBNS8NAEJ34WetX1aOXYBEqQklEUG9FLx4rNLbQhLLZbtqlm03YnQgl9G948aDi1V/jzX/jts1BWx8MPN6bYWZemAqu0XG+rZXVtfWNzdJWeXtnd2+/cnD4qJNMUebRRCSqExLNBJfMQ46CdVLFSBwK1g5Hd1O//cSU5ols4ThlQUwGkkecEjSS7w8J5p1JrXXunvUqVafuzGAvE7cgVSjQ7FW+/H5Cs5hJpIJo3XWdFIOcKORUsEnZzzRLCR2RAesaKknMdJDPbp7Yp0bp21GiTEm0Z+rviZzEWo/j0HTGBId60ZuK/3ndDKPrIOcyzZBJOl8UZcLGxJ4GYPe5YhTF2BBCFTe32nRIFKFoYiqbENzFl5eJd1G/qbsPl9XGbZFGCY7hBGrgwhU04B6a4AGFFJ7hFd6szHqx3q2PeeuKVcwcwR9Ynz85m5Cw</latexit><latexit sha1_base64="Q3RyyilO7LmaIuCiBmFKNX/KjVA=">AAAB8nicbVBNS8NAEJ34WetX1aOXYBEqQklEUG9FLx4rNLbQhLLZbtqlm03YnQgl9G948aDi1V/jzX/jts1BWx8MPN6bYWZemAqu0XG+rZXVtfWNzdJWeXtnd2+/cnD4qJNMUebRRCSqExLNBJfMQ46CdVLFSBwK1g5Hd1O//cSU5ols4ThlQUwGkkecEjSS7w8J5p1JrXXunvUqVafuzGAvE7cgVSjQ7FW+/H5Cs5hJpIJo3XWdFIOcKORUsEnZzzRLCR2RAesaKknMdJDPbp7Yp0bp21GiTEm0Z+rviZzEWo/j0HTGBId60ZuK/3ndDKPrIOcyzZBJOl8UZcLGxJ4GYPe5YhTF2BBCFTe32nRIFKFoYiqbENzFl5eJd1G/qbsPl9XGbZFGCY7hBGrgwhU04B6a4AGFFJ7hFd6szHqx3q2PeeuKVcwcwR9Ynz85m5Cw</latexit><latexit sha1_base64="Q3RyyilO7LmaIuCiBmFKNX/KjVA=">AAAB8nicbVBNS8NAEJ34WetX1aOXYBEqQklEUG9FLx4rNLbQhLLZbtqlm03YnQgl9G948aDi1V/jzX/jts1BWx8MPN6bYWZemAqu0XG+rZXVtfWNzdJWeXtnd2+/cnD4qJNMUebRRCSqExLNBJfMQ46CdVLFSBwK1g5Hd1O//cSU5ols4ThlQUwGkkecEjSS7w8J5p1JrXXunvUqVafuzGAvE7cgVSjQ7FW+/H5Cs5hJpIJo3XWdFIOcKORUsEnZzzRLCR2RAesaKknMdJDPbp7Yp0bp21GiTEm0Z+rviZzEWo/j0HTGBId60ZuK/3ndDKPrIOcyzZBJOl8UZcLGxJ4GYPe5YhTF2BBCFTe32nRIFKFoYiqbENzFl5eJd1G/qbsPl9XGbZFGCY7hBGrgwhU04B6a4AGFFJ7hFd6szHqx3q2PeeuKVcwcwR9Ynz85m5Cw</latexit>

k =

�
T + 1 mod L

�
+ 1
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Theorem (Informal):

For L large enough (depending upon model params) with 

the expectation of the transformed matrix obeys approx “linear regression”

L2 ⌧ T
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structure in addition to Latent Variable Model. For additive symmetric

noise model with good Matrix Estimation Black-Box

E
h
(X̂(T + 1)�X(T + 1))2

i
 C�2/p
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where       is noise variance, C is a universal constant�2
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mixture of periodic, trend and auto-regressive
with additive zero-mean noise and randomly missing values
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Google Flu Trend in Peru
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Answer 3: Synthetic Control

time 1 time time TT0
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what would it  
have been  
without 
intervention?



Answer 3: Synthetic Control

pre-intervention post-intervention

Algorithm:

Grey Matrix through BB-ME  

Regression

Target: Blue

Features: Denoised Grey

Restriction: pre-intervention

Prediction (Synthetic control)

Predict Blue post-intervention

using post-intervention denoised Grey
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Theorem (Informal):

If the matrix satisfies Latent Variable Model  

then the synthetic control estimates true non-intervention outcome

such that the mean-squared error decays as 

Answer 3: Synthetic Control

Popular factor model from Econometrics literature (cf. Abadie et al): 

eO
�
T

�1/2
0 /p

�
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where p is the fraction of observed data

satisfy low-rank (rank 2) structure and a (very) special instance of  

Latent Variable Model.  
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Summary

Matrix Estimation 

A remarkable method with applications beyond obvious

Time Series Analysis 

Matrix Estimation provides “universal” solution

Going forward 

“Time Series Prediction DataBase” using such algorithm


