
Lecture7

COMP 414/514: 
Optimization - Algorithms, Complexity 

and Approximations



Overview

- In the last lecture, we:

- Talked about how acceleration leads to a better convergence rate

- Worked in practice and theory with accelerated gradient descent variants

- Discussed the limits and convergence rates of accelerated gradient descent



Overview

- In the last lecture, we:

- Talked about how acceleration leads to a better convergence rate

- Worked in practice and theory with accelerated gradient descent variants

- Discussed the limits and convergence rates of accelerated gradient descent

- Often, gradient descent is not sufficient in practice. In this lecture, we will:

- Discuss recent advances on these topics

- Discuss alternatives to batch gradient descent: stochastic gradient descent

- Discuss alternatives to batch gradient descent: coordinate descent



- Common situation in machine learning/signal processing

Acceleration #2: Cut-off complexity per iteration

(Empirical risk minimization)
f(x) =
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- Examples:

- Least squares: fi(x) =
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- Logistic regression: fi(x) = log(1 + exp(�yi↵
>
i x))

<latexit sha1_base64="udD0PtpJlB+dR669kYb1pHk1XFM="></latexit><latexit sha1_base64="udD0PtpJlB+dR669kYb1pHk1XFM="></latexit><latexit sha1_base64="udD0PtpJlB+dR669kYb1pHk1XFM="></latexit><latexit sha1_base64="udD0PtpJlB+dR669kYb1pHk1XFM="></latexit>

- Dimensions to worry about: x 2 Rp, number of samples n
<latexit sha1_base64="J31sLAGCWaaveiYuKvu1mOEYFtE=">AAACGXicbVBNSwMxFMzW7/pV9eglWAQPUnZF0KPoxaOK1UK3lmz6tg1NskvyVixL/Rle/CtePCjiUU/+G9Pag7YOBIaZN7y8iVIpLPr+l1eYmp6ZnZtfKC4uLa+sltbWr2ySGQ5VnsjE1CJmQQoNVRQooZYaYCqScB11Twb+9S0YKxJ9ib0UGoq1tYgFZ+ikZsm/o6HQNFQMO1GUX/Rv0l0aItxhfq8zFYGhSUwtU6kEe9+nLlL2K/4QdJIEI1ImI5w1Sx9hK+GZAo1cMmvrgZ9iI2cGBZfQL4aZhZTxLmtD3VHNFNhGPrysT7ed0qJxYtzTSIfq70TOlLU9FbnJwQV23BuI/3n1DOPDRi50miFo/rMoziTFhA5qoi1hgKPsOcK4Ee6vlHeYYRxdmUVXQjB+8iS52qsEfiU43y8fHY/qmCebZIvskIAckCNySs5IlXDyQJ7IC3n1Hr1n7817/xkteKPMBvkD7/Mb4pWg2g==</latexit><latexit sha1_base64="J31sLAGCWaaveiYuKvu1mOEYFtE=">AAACGXicbVBNSwMxFMzW7/pV9eglWAQPUnZF0KPoxaOK1UK3lmz6tg1NskvyVixL/Rle/CtePCjiUU/+G9Pag7YOBIaZN7y8iVIpLPr+l1eYmp6ZnZtfKC4uLa+sltbWr2ySGQ5VnsjE1CJmQQoNVRQooZYaYCqScB11Twb+9S0YKxJ9ib0UGoq1tYgFZ+ikZsm/o6HQNFQMO1GUX/Rv0l0aItxhfq8zFYGhSUwtU6kEe9+nLlL2K/4QdJIEI1ImI5w1Sx9hK+GZAo1cMmvrgZ9iI2cGBZfQL4aZhZTxLmtD3VHNFNhGPrysT7ed0qJxYtzTSIfq70TOlLU9FbnJwQV23BuI/3n1DOPDRi50miFo/rMoziTFhA5qoi1hgKPsOcK4Ee6vlHeYYRxdmUVXQjB+8iS52qsEfiU43y8fHY/qmCebZIvskIAckCNySs5IlXDyQJ7IC3n1Hr1n7817/xkteKPMBvkD7/Mb4pWg2g==</latexit><latexit sha1_base64="J31sLAGCWaaveiYuKvu1mOEYFtE=">AAACGXicbVBNSwMxFMzW7/pV9eglWAQPUnZF0KPoxaOK1UK3lmz6tg1NskvyVixL/Rle/CtePCjiUU/+G9Pag7YOBIaZN7y8iVIpLPr+l1eYmp6ZnZtfKC4uLa+sltbWr2ySGQ5VnsjE1CJmQQoNVRQooZYaYCqScB11Twb+9S0YKxJ9ib0UGoq1tYgFZ+ikZsm/o6HQNFQMO1GUX/Rv0l0aItxhfq8zFYGhSUwtU6kEe9+nLlL2K/4QdJIEI1ImI5w1Sx9hK+GZAo1cMmvrgZ9iI2cGBZfQL4aZhZTxLmtD3VHNFNhGPrysT7ed0qJxYtzTSIfq70TOlLU9FbnJwQV23BuI/3n1DOPDRi50miFo/rMoziTFhA5qoi1hgKPsOcK4Ee6vlHeYYRxdmUVXQjB+8iS52qsEfiU43y8fHY/qmCebZIvskIAckCNySs5IlXDyQJ7IC3n1Hr1n7817/xkteKPMBvkD7/Mb4pWg2g==</latexit><latexit sha1_base64="J31sLAGCWaaveiYuKvu1mOEYFtE=">AAACGXicbVBNSwMxFMzW7/pV9eglWAQPUnZF0KPoxaOK1UK3lmz6tg1NskvyVixL/Rle/CtePCjiUU/+G9Pag7YOBIaZN7y8iVIpLPr+l1eYmp6ZnZtfKC4uLa+sltbWr2ySGQ5VnsjE1CJmQQoNVRQooZYaYCqScB11Twb+9S0YKxJ9ib0UGoq1tYgFZ+ikZsm/o6HQNFQMO1GUX/Rv0l0aItxhfq8zFYGhSUwtU6kEe9+nLlL2K/4QdJIEI1ImI5w1Sx9hK+GZAo1cMmvrgZ9iI2cGBZfQL4aZhZTxLmtD3VHNFNhGPrysT7ed0qJxYtzTSIfq70TOlLU9FbnJwQV23BuI/3n1DOPDRi50miFo/rMoziTFhA5qoi1hgKPsOcK4Ee6vlHeYYRxdmUVXQjB+8iS52qsEfiU43y8fHY/qmCebZIvskIAckCNySs5IlXDyQJ7IC3n1Hr1n7817/xkteKPMBvkD7/Mb4pWg2g==</latexit>



- Stochastic gradient descent (SGD)

Acceleration #2: Cut-off complexity per iteration

where per iteration we select randomly            .

xt+1 = xt � ⌘trf(xt)
<latexit sha1_base64="uDpRWWzX9VQw/JMVSX0pVB7GSAk=">AAACDXicbZBNS8NAEIY39avWr6pHL4tVUMSSiKAXQfTiUcFWoQ1hst3Yxc0m7E6kJfQPePGvePGgiFfv3vw3btsc/Hph4eGdGWbnDVMpDLrup1OamJyaninPVubmFxaXqssrTZNkmvEGS2Sir0MwXArFGyhQ8utUc4hDya/C29Nh/eqOayMSdYn9lPsx3CgRCQZoraC60Qty3PEG9Ij2AqS7tM0RLLQVhBJotGXd7aBac+vuSPQveAXUSKHzoPrR7iQsi7lCJsGYluem6OegUTDJB5V2ZngK7BZueMuigpgbPx9dM6Cb1unQKNH2KaQj9/tEDrEx/Ti0nTFg1/yuDc3/aq0Mo0M/FyrNkCs2XhRlkmJCh9HQjtCcoexbAKaF/StlXdDA0AZYsSF4v0/+C829uufWvYv92vFJEUeZrJF1skU8ckCOyRk5Jw3CyD15JM/kxXlwnpxX523cWnKKmVXyQ877F3/gmew=</latexit><latexit sha1_base64="uDpRWWzX9VQw/JMVSX0pVB7GSAk=">AAACDXicbZBNS8NAEIY39avWr6pHL4tVUMSSiKAXQfTiUcFWoQ1hst3Yxc0m7E6kJfQPePGvePGgiFfv3vw3btsc/Hph4eGdGWbnDVMpDLrup1OamJyaninPVubmFxaXqssrTZNkmvEGS2Sir0MwXArFGyhQ8utUc4hDya/C29Nh/eqOayMSdYn9lPsx3CgRCQZoraC60Qty3PEG9Ij2AqS7tM0RLLQVhBJotGXd7aBac+vuSPQveAXUSKHzoPrR7iQsi7lCJsGYluem6OegUTDJB5V2ZngK7BZueMuigpgbPx9dM6Cb1unQKNH2KaQj9/tEDrEx/Ti0nTFg1/yuDc3/aq0Mo0M/FyrNkCs2XhRlkmJCh9HQjtCcoexbAKaF/StlXdDA0AZYsSF4v0/+C829uufWvYv92vFJEUeZrJF1skU8ckCOyRk5Jw3CyD15JM/kxXlwnpxX523cWnKKmVXyQ877F3/gmew=</latexit><latexit sha1_base64="uDpRWWzX9VQw/JMVSX0pVB7GSAk=">AAACDXicbZBNS8NAEIY39avWr6pHL4tVUMSSiKAXQfTiUcFWoQ1hst3Yxc0m7E6kJfQPePGvePGgiFfv3vw3btsc/Hph4eGdGWbnDVMpDLrup1OamJyaninPVubmFxaXqssrTZNkmvEGS2Sir0MwXArFGyhQ8utUc4hDya/C29Nh/eqOayMSdYn9lPsx3CgRCQZoraC60Qty3PEG9Ij2AqS7tM0RLLQVhBJotGXd7aBac+vuSPQveAXUSKHzoPrR7iQsi7lCJsGYluem6OegUTDJB5V2ZngK7BZueMuigpgbPx9dM6Cb1unQKNH2KaQj9/tEDrEx/Ti0nTFg1/yuDc3/aq0Mo0M/FyrNkCs2XhRlkmJCh9HQjtCcoexbAKaF/StlXdDA0AZYsSF4v0/+C829uufWvYv92vFJEUeZrJF1skU8ckCOyRk5Jw3CyD15JM/kxXlwnpxX523cWnKKmVXyQ877F3/gmew=</latexit><latexit sha1_base64="uDpRWWzX9VQw/JMVSX0pVB7GSAk=">AAACDXicbZBNS8NAEIY39avWr6pHL4tVUMSSiKAXQfTiUcFWoQ1hst3Yxc0m7E6kJfQPePGvePGgiFfv3vw3btsc/Hph4eGdGWbnDVMpDLrup1OamJyaninPVubmFxaXqssrTZNkmvEGS2Sir0MwXArFGyhQ8utUc4hDya/C29Nh/eqOayMSdYn9lPsx3CgRCQZoraC60Qty3PEG9Ij2AqS7tM0RLLQVhBJotGXd7aBac+vuSPQveAXUSKHzoPrR7iQsi7lCJsGYluem6OegUTDJB5V2ZngK7BZueMuigpgbPx9dM6Cb1unQKNH2KaQj9/tEDrEx/Ti0nTFg1/yuDc3/aq0Mo0M/FyrNkCs2XhRlkmJCh9HQjtCcoexbAKaF/StlXdDA0AZYsSF4v0/+C829uufWvYv92vFJEUeZrJF1skU8ckCOyRk5Jw3CyD15JM/kxXlwnpxX523cWnKKmVXyQ877F3/gmew=</latexit>

xt+1 = xt � ⌘trfit(xt), it 2 [n]
<latexit sha1_base64="TmSvzw0FyecGYTOVp5qkYFeHj+o="></latexit><latexit sha1_base64="TmSvzw0FyecGYTOVp5qkYFeHj+o="></latexit><latexit sha1_base64="TmSvzw0FyecGYTOVp5qkYFeHj+o="></latexit><latexit sha1_base64="TmSvzw0FyecGYTOVp5qkYFeHj+o="></latexit>

it 2 [n]
<latexit sha1_base64="KIJqfC2N9IwLiSq6CSp/jBJs2LA=">AAAB8nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxMDlCHubvWTJ3u6xOyeEkJ9hY6GIrb/Gzn/jJrlCEx8MPN6bYWZenElh0fe/vdLa+sbmVnm7srO7t39QPTxqW50bxltMS206MbVcCsVbKFDyTmY4TWPJH+PR7cx/fOLGCq0ecJzxKKUDJRLBKDopFD0kXaFIqKJetebX/TnIKgkKUoMCzV71q9vXLE+5QiaptWHgZxhNqEHBJJ9WurnlGWUjOuCho4qm3EaT+clTcuaUPkm0caWQzNXfExOaWjtOY9eZUhzaZW8m/ueFOSbX0USoLEeu2GJRkkuCmsz+J31hOEM5doQyI9ythA2poQxdShUXQrD88ippX9QDvx7cX9YaN0UcZTiBUziHAK6gAXfQhBYw0PAMr/DmoffivXsfi9aSV8wcwx94nz+EOpC9</latexit><latexit sha1_base64="KIJqfC2N9IwLiSq6CSp/jBJs2LA=">AAAB8nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxMDlCHubvWTJ3u6xOyeEkJ9hY6GIrb/Gzn/jJrlCEx8MPN6bYWZenElh0fe/vdLa+sbmVnm7srO7t39QPTxqW50bxltMS206MbVcCsVbKFDyTmY4TWPJH+PR7cx/fOLGCq0ecJzxKKUDJRLBKDopFD0kXaFIqKJetebX/TnIKgkKUoMCzV71q9vXLE+5QiaptWHgZxhNqEHBJJ9WurnlGWUjOuCho4qm3EaT+clTcuaUPkm0caWQzNXfExOaWjtOY9eZUhzaZW8m/ueFOSbX0USoLEeu2GJRkkuCmsz+J31hOEM5doQyI9ythA2poQxdShUXQrD88ippX9QDvx7cX9YaN0UcZTiBUziHAK6gAXfQhBYw0PAMr/DmoffivXsfi9aSV8wcwx94nz+EOpC9</latexit><latexit sha1_base64="KIJqfC2N9IwLiSq6CSp/jBJs2LA=">AAAB8nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxMDlCHubvWTJ3u6xOyeEkJ9hY6GIrb/Gzn/jJrlCEx8MPN6bYWZenElh0fe/vdLa+sbmVnm7srO7t39QPTxqW50bxltMS206MbVcCsVbKFDyTmY4TWPJH+PR7cx/fOLGCq0ecJzxKKUDJRLBKDopFD0kXaFIqKJetebX/TnIKgkKUoMCzV71q9vXLE+5QiaptWHgZxhNqEHBJJ9WurnlGWUjOuCho4qm3EaT+clTcuaUPkm0caWQzNXfExOaWjtOY9eZUhzaZW8m/ueFOSbX0USoLEeu2GJRkkuCmsz+J31hOEM5doQyI9ythA2poQxdShUXQrD88ippX9QDvx7cX9YaN0UcZTiBUziHAK6gAXfQhBYw0PAMr/DmoffivXsfi9aSV8wcwx94nz+EOpC9</latexit><latexit sha1_base64="KIJqfC2N9IwLiSq6CSp/jBJs2LA=">AAAB8nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxMDlCHubvWTJ3u6xOyeEkJ9hY6GIrb/Gzn/jJrlCEx8MPN6bYWZenElh0fe/vdLa+sbmVnm7srO7t39QPTxqW50bxltMS206MbVcCsVbKFDyTmY4TWPJH+PR7cx/fOLGCq0ecJzxKKUDJRLBKDopFD0kXaFIqKJetebX/TnIKgkKUoMCzV71q9vXLE+5QiaptWHgZxhNqEHBJJ9WurnlGWUjOuCho4qm3EaT+clTcuaUPkm0caWQzNXfExOaWjtOY9eZUhzaZW8m/ueFOSbX0USoLEeu2GJRkkuCmsz+J31hOEM5doQyI9ythA2poQxdShUXQrD88ippX9QDvx7cX9YaN0UcZTiBUziHAK6gAXfQhBYw0PAMr/DmoffivXsfi9aSV8wcwx94nz+EOpC9</latexit>



- Stochastic gradient descent (SGD)

Acceleration #2: Cut-off complexity per iteration

where per iteration we select randomly            .

xt+1 = xt � ⌘trf(xt)
<latexit sha1_base64="uDpRWWzX9VQw/JMVSX0pVB7GSAk=">AAACDXicbZBNS8NAEIY39avWr6pHL4tVUMSSiKAXQfTiUcFWoQ1hst3Yxc0m7E6kJfQPePGvePGgiFfv3vw3btsc/Hph4eGdGWbnDVMpDLrup1OamJyaninPVubmFxaXqssrTZNkmvEGS2Sir0MwXArFGyhQ8utUc4hDya/C29Nh/eqOayMSdYn9lPsx3CgRCQZoraC60Qty3PEG9Ij2AqS7tM0RLLQVhBJotGXd7aBac+vuSPQveAXUSKHzoPrR7iQsi7lCJsGYluem6OegUTDJB5V2ZngK7BZueMuigpgbPx9dM6Cb1unQKNH2KaQj9/tEDrEx/Ti0nTFg1/yuDc3/aq0Mo0M/FyrNkCs2XhRlkmJCh9HQjtCcoexbAKaF/StlXdDA0AZYsSF4v0/+C829uufWvYv92vFJEUeZrJF1skU8ckCOyRk5Jw3CyD15JM/kxXlwnpxX523cWnKKmVXyQ877F3/gmew=</latexit><latexit sha1_base64="uDpRWWzX9VQw/JMVSX0pVB7GSAk=">AAACDXicbZBNS8NAEIY39avWr6pHL4tVUMSSiKAXQfTiUcFWoQ1hst3Yxc0m7E6kJfQPePGvePGgiFfv3vw3btsc/Hph4eGdGWbnDVMpDLrup1OamJyaninPVubmFxaXqssrTZNkmvEGS2Sir0MwXArFGyhQ8utUc4hDya/C29Nh/eqOayMSdYn9lPsx3CgRCQZoraC60Qty3PEG9Ij2AqS7tM0RLLQVhBJotGXd7aBac+vuSPQveAXUSKHzoPrR7iQsi7lCJsGYluem6OegUTDJB5V2ZngK7BZueMuigpgbPx9dM6Cb1unQKNH2KaQj9/tEDrEx/Ti0nTFg1/yuDc3/aq0Mo0M/FyrNkCs2XhRlkmJCh9HQjtCcoexbAKaF/StlXdDA0AZYsSF4v0/+C829uufWvYv92vFJEUeZrJF1skU8ckCOyRk5Jw3CyD15JM/kxXlwnpxX523cWnKKmVXyQ877F3/gmew=</latexit><latexit sha1_base64="uDpRWWzX9VQw/JMVSX0pVB7GSAk=">AAACDXicbZBNS8NAEIY39avWr6pHL4tVUMSSiKAXQfTiUcFWoQ1hst3Yxc0m7E6kJfQPePGvePGgiFfv3vw3btsc/Hph4eGdGWbnDVMpDLrup1OamJyaninPVubmFxaXqssrTZNkmvEGS2Sir0MwXArFGyhQ8utUc4hDya/C29Nh/eqOayMSdYn9lPsx3CgRCQZoraC60Qty3PEG9Ij2AqS7tM0RLLQVhBJotGXd7aBac+vuSPQveAXUSKHzoPrR7iQsi7lCJsGYluem6OegUTDJB5V2ZngK7BZueMuigpgbPx9dM6Cb1unQKNH2KaQj9/tEDrEx/Ti0nTFg1/yuDc3/aq0Mo0M/FyrNkCs2XhRlkmJCh9HQjtCcoexbAKaF/StlXdDA0AZYsSF4v0/+C829uufWvYv92vFJEUeZrJF1skU8ckCOyRk5Jw3CyD15JM/kxXlwnpxX523cWnKKmVXyQ877F3/gmew=</latexit><latexit sha1_base64="uDpRWWzX9VQw/JMVSX0pVB7GSAk=">AAACDXicbZBNS8NAEIY39avWr6pHL4tVUMSSiKAXQfTiUcFWoQ1hst3Yxc0m7E6kJfQPePGvePGgiFfv3vw3btsc/Hph4eGdGWbnDVMpDLrup1OamJyaninPVubmFxaXqssrTZNkmvEGS2Sir0MwXArFGyhQ8utUc4hDya/C29Nh/eqOayMSdYn9lPsx3CgRCQZoraC60Qty3PEG9Ij2AqS7tM0RLLQVhBJotGXd7aBac+vuSPQveAXUSKHzoPrR7iQsi7lCJsGYluem6OegUTDJB5V2ZngK7BZueMuigpgbPx9dM6Cb1unQKNH2KaQj9/tEDrEx/Ti0nTFg1/yuDc3/aq0Mo0M/FyrNkCs2XhRlkmJCh9HQjtCcoexbAKaF/StlXdDA0AZYsSF4v0/+C829uufWvYv92vFJEUeZrJF1skU8ckCOyRk5Jw3CyD15JM/kxXlwnpxX523cWnKKmVXyQ877F3/gmew=</latexit>

xt+1 = xt � ⌘trfit(xt), it 2 [n]
<latexit sha1_base64="TmSvzw0FyecGYTOVp5qkYFeHj+o="></latexit><latexit sha1_base64="TmSvzw0FyecGYTOVp5qkYFeHj+o="></latexit><latexit sha1_base64="TmSvzw0FyecGYTOVp5qkYFeHj+o="></latexit><latexit sha1_base64="TmSvzw0FyecGYTOVp5qkYFeHj+o="></latexit>

it 2 [n]
<latexit sha1_base64="KIJqfC2N9IwLiSq6CSp/jBJs2LA=">AAAB8nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxMDlCHubvWTJ3u6xOyeEkJ9hY6GIrb/Gzn/jJrlCEx8MPN6bYWZenElh0fe/vdLa+sbmVnm7srO7t39QPTxqW50bxltMS206MbVcCsVbKFDyTmY4TWPJH+PR7cx/fOLGCq0ecJzxKKUDJRLBKDopFD0kXaFIqKJetebX/TnIKgkKUoMCzV71q9vXLE+5QiaptWHgZxhNqEHBJJ9WurnlGWUjOuCho4qm3EaT+clTcuaUPkm0caWQzNXfExOaWjtOY9eZUhzaZW8m/ueFOSbX0USoLEeu2GJRkkuCmsz+J31hOEM5doQyI9ythA2poQxdShUXQrD88ippX9QDvx7cX9YaN0UcZTiBUziHAK6gAXfQhBYw0PAMr/DmoffivXsfi9aSV8wcwx94nz+EOpC9</latexit><latexit sha1_base64="KIJqfC2N9IwLiSq6CSp/jBJs2LA=">AAAB8nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxMDlCHubvWTJ3u6xOyeEkJ9hY6GIrb/Gzn/jJrlCEx8MPN6bYWZenElh0fe/vdLa+sbmVnm7srO7t39QPTxqW50bxltMS206MbVcCsVbKFDyTmY4TWPJH+PR7cx/fOLGCq0ecJzxKKUDJRLBKDopFD0kXaFIqKJetebX/TnIKgkKUoMCzV71q9vXLE+5QiaptWHgZxhNqEHBJJ9WurnlGWUjOuCho4qm3EaT+clTcuaUPkm0caWQzNXfExOaWjtOY9eZUhzaZW8m/ueFOSbX0USoLEeu2GJRkkuCmsz+J31hOEM5doQyI9ythA2poQxdShUXQrD88ippX9QDvx7cX9YaN0UcZTiBUziHAK6gAXfQhBYw0PAMr/DmoffivXsfi9aSV8wcwx94nz+EOpC9</latexit><latexit sha1_base64="KIJqfC2N9IwLiSq6CSp/jBJs2LA=">AAAB8nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxMDlCHubvWTJ3u6xOyeEkJ9hY6GIrb/Gzn/jJrlCEx8MPN6bYWZenElh0fe/vdLa+sbmVnm7srO7t39QPTxqW50bxltMS206MbVcCsVbKFDyTmY4TWPJH+PR7cx/fOLGCq0ecJzxKKUDJRLBKDopFD0kXaFIqKJetebX/TnIKgkKUoMCzV71q9vXLE+5QiaptWHgZxhNqEHBJJ9WurnlGWUjOuCho4qm3EaT+clTcuaUPkm0caWQzNXfExOaWjtOY9eZUhzaZW8m/ueFOSbX0USoLEeu2GJRkkuCmsz+J31hOEM5doQyI9ythA2poQxdShUXQrD88ippX9QDvx7cX9YaN0UcZTiBUziHAK6gAXfQhBYw0PAMr/DmoffivXsfi9aSV8wcwx94nz+EOpC9</latexit><latexit sha1_base64="KIJqfC2N9IwLiSq6CSp/jBJs2LA=">AAAB8nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxMDlCHubvWTJ3u6xOyeEkJ9hY6GIrb/Gzn/jJrlCEx8MPN6bYWZenElh0fe/vdLa+sbmVnm7srO7t39QPTxqW50bxltMS206MbVcCsVbKFDyTmY4TWPJH+PR7cx/fOLGCq0ecJzxKKUDJRLBKDopFD0kXaFIqKJetebX/TnIKgkKUoMCzV71q9vXLE+5QiaptWHgZxhNqEHBJJ9WurnlGWUjOuCho4qm3EaT+clTcuaUPkm0caWQzNXfExOaWjtOY9eZUhzaZW8m/ueFOSbX0USoLEeu2GJRkkuCmsz+J31hOEM5doQyI9ythA2poQxdShUXQrD88ippX9QDvx7cX9YaN0UcZTiBUziHAK6gAXfQhBYw0PAMr/DmoffivXsfi9aSV8wcwx94nz+EOpC9</latexit>

- ``Why do we want to do this?``
What is the complexity of 
computing full gradient?

What is the complexity of 
computing a single gradient?

O(np)
<latexit sha1_base64="XDhwXj/Te7VATCMDr7xjPfvKemU=">AAAB7XicbVBNSwMxEJ31s9avqkcvwSLUS9kVQY9FL96sYD+gXUo2zbax2SQkWaEs/Q9ePCji1f/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vZXVtfWNzcJWcXtnd2+/dHDYNDLVhDaI5FK3I2woZ4I2LLOctpWmOIk4bUWjm6nfeqLaMCke7FjRMMEDwWJGsHVS864ikDrrlcp+1Z8BLZMgJ2XIUe+Vvrp9SdKECks4NqYT+MqGGdaWEU4nxW5qqMJkhAe046jACTVhNrt2gk6d0kex1K6ERTP190SGE2PGSeQ6E2yHZtGbiv95ndTGV2HGhEotFWS+KE45shJNX0d9pimxfOwIJpq5WxEZYo2JdQEVXQjB4svLpHleDfxqcH9Rrl3ncRTgGE6gAgFcQg1uoQ4NIPAIz/AKb570Xrx372PeuuLlM0fwB97nD2CrjlQ=</latexit><latexit sha1_base64="XDhwXj/Te7VATCMDr7xjPfvKemU=">AAAB7XicbVBNSwMxEJ31s9avqkcvwSLUS9kVQY9FL96sYD+gXUo2zbax2SQkWaEs/Q9ePCji1f/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vZXVtfWNzcJWcXtnd2+/dHDYNDLVhDaI5FK3I2woZ4I2LLOctpWmOIk4bUWjm6nfeqLaMCke7FjRMMEDwWJGsHVS864ikDrrlcp+1Z8BLZMgJ2XIUe+Vvrp9SdKECks4NqYT+MqGGdaWEU4nxW5qqMJkhAe046jACTVhNrt2gk6d0kex1K6ERTP190SGE2PGSeQ6E2yHZtGbiv95ndTGV2HGhEotFWS+KE45shJNX0d9pimxfOwIJpq5WxEZYo2JdQEVXQjB4svLpHleDfxqcH9Rrl3ncRTgGE6gAgFcQg1uoQ4NIPAIz/AKb570Xrx372PeuuLlM0fwB97nD2CrjlQ=</latexit><latexit sha1_base64="XDhwXj/Te7VATCMDr7xjPfvKemU=">AAAB7XicbVBNSwMxEJ31s9avqkcvwSLUS9kVQY9FL96sYD+gXUo2zbax2SQkWaEs/Q9ePCji1f/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vZXVtfWNzcJWcXtnd2+/dHDYNDLVhDaI5FK3I2woZ4I2LLOctpWmOIk4bUWjm6nfeqLaMCke7FjRMMEDwWJGsHVS864ikDrrlcp+1Z8BLZMgJ2XIUe+Vvrp9SdKECks4NqYT+MqGGdaWEU4nxW5qqMJkhAe046jACTVhNrt2gk6d0kex1K6ERTP190SGE2PGSeQ6E2yHZtGbiv95ndTGV2HGhEotFWS+KE45shJNX0d9pimxfOwIJpq5WxEZYo2JdQEVXQjB4svLpHleDfxqcH9Rrl3ncRTgGE6gAgFcQg1uoQ4NIPAIz/AKb570Xrx372PeuuLlM0fwB97nD2CrjlQ=</latexit><latexit sha1_base64="XDhwXj/Te7VATCMDr7xjPfvKemU=">AAAB7XicbVBNSwMxEJ31s9avqkcvwSLUS9kVQY9FL96sYD+gXUo2zbax2SQkWaEs/Q9ePCji1f/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vZXVtfWNzcJWcXtnd2+/dHDYNDLVhDaI5FK3I2woZ4I2LLOctpWmOIk4bUWjm6nfeqLaMCke7FjRMMEDwWJGsHVS864ikDrrlcp+1Z8BLZMgJ2XIUe+Vvrp9SdKECks4NqYT+MqGGdaWEU4nxW5qqMJkhAe046jACTVhNrt2gk6d0kex1K6ERTP190SGE2PGSeQ6E2yHZtGbiv95ndTGV2HGhEotFWS+KE45shJNX0d9pimxfOwIJpq5WxEZYo2JdQEVXQjB4svLpHleDfxqcH9Rrl3ncRTgGE6gAgFcQg1uoQ4NIPAIz/AKb570Xrx372PeuuLlM0fwB97nD2CrjlQ=</latexit>

O(p)
<latexit sha1_base64="gS6o0ROpFdVJCF7ZKKoigclA2II=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXrxZwX5AG8pmu2mX7m7C7kYooX/BiwdFvPqHvPlv3KQ5aOuDgcd7M8zMC2LOtHHdb6e0tr6xuVXeruzs7u0fVA+POjpKFKFtEvFI9QKsKWeStg0znPZiRbEIOO0G09vM7z5RpVkkH80spr7AY8lCRrDJpPt6fD6s1tyGmwOtEq8gNSjQGla/BqOIJIJKQzjWuu+5sfFTrAwjnM4rg0TTGJMpHtO+pRILqv00v3WOzqwyQmGkbEmDcvX3RIqF1jMR2E6BzUQve5n4n9dPTHjtp0zGiaGSLBaFCUcmQtnjaMQUJYbPLMFEMXsrIhOsMDE2nooNwVt+eZV0Lhqe2/AeLmvNmyKOMpzAKdTBgytowh20oA0EJvAMr/DmCOfFeXc+Fq0lp5g5hj9wPn8APRaNsg==</latexit><latexit sha1_base64="gS6o0ROpFdVJCF7ZKKoigclA2II=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXrxZwX5AG8pmu2mX7m7C7kYooX/BiwdFvPqHvPlv3KQ5aOuDgcd7M8zMC2LOtHHdb6e0tr6xuVXeruzs7u0fVA+POjpKFKFtEvFI9QKsKWeStg0znPZiRbEIOO0G09vM7z5RpVkkH80spr7AY8lCRrDJpPt6fD6s1tyGmwOtEq8gNSjQGla/BqOIJIJKQzjWuu+5sfFTrAwjnM4rg0TTGJMpHtO+pRILqv00v3WOzqwyQmGkbEmDcvX3RIqF1jMR2E6BzUQve5n4n9dPTHjtp0zGiaGSLBaFCUcmQtnjaMQUJYbPLMFEMXsrIhOsMDE2nooNwVt+eZV0Lhqe2/AeLmvNmyKOMpzAKdTBgytowh20oA0EJvAMr/DmCOfFeXc+Fq0lp5g5hj9wPn8APRaNsg==</latexit><latexit sha1_base64="gS6o0ROpFdVJCF7ZKKoigclA2II=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXrxZwX5AG8pmu2mX7m7C7kYooX/BiwdFvPqHvPlv3KQ5aOuDgcd7M8zMC2LOtHHdb6e0tr6xuVXeruzs7u0fVA+POjpKFKFtEvFI9QKsKWeStg0znPZiRbEIOO0G09vM7z5RpVkkH80spr7AY8lCRrDJpPt6fD6s1tyGmwOtEq8gNSjQGla/BqOIJIJKQzjWuu+5sfFTrAwjnM4rg0TTGJMpHtO+pRILqv00v3WOzqwyQmGkbEmDcvX3RIqF1jMR2E6BzUQve5n4n9dPTHjtp0zGiaGSLBaFCUcmQtnjaMQUJYbPLMFEMXsrIhOsMDE2nooNwVt+eZV0Lhqe2/AeLmvNmyKOMpzAKdTBgytowh20oA0EJvAMr/DmCOfFeXc+Fq0lp5g5hj9wPn8APRaNsg==</latexit><latexit sha1_base64="gS6o0ROpFdVJCF7ZKKoigclA2II=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXrxZwX5AG8pmu2mX7m7C7kYooX/BiwdFvPqHvPlv3KQ5aOuDgcd7M8zMC2LOtHHdb6e0tr6xuVXeruzs7u0fVA+POjpKFKFtEvFI9QKsKWeStg0znPZiRbEIOO0G09vM7z5RpVkkH80spr7AY8lCRrDJpPt6fD6s1tyGmwOtEq8gNSjQGla/BqOIJIJKQzjWuu+5sfFTrAwjnM4rg0TTGJMpHtO+pRILqv00v3WOzqwyQmGkbEmDcvX3RIqF1jMR2E6BzUQve5n4n9dPTHjtp0zGiaGSLBaFCUcmQtnjaMQUJYbPLMFEMXsrIhOsMDE2nooNwVt+eZV0Lhqe2/AeLmvNmyKOMpzAKdTBgytowh20oA0EJvAMr/DmCOfFeXc+Fq0lp5g5hj9wPn8APRaNsg==</latexit>

(Assume least-squares objective)



- Stochastic gradient descent (SGD)

Acceleration #2: Cut-off complexity per iteration

where per iteration we select randomly            .

xt+1 = xt � ⌘trf(xt)
<latexit sha1_base64="uDpRWWzX9VQw/JMVSX0pVB7GSAk=">AAACDXicbZBNS8NAEIY39avWr6pHL4tVUMSSiKAXQfTiUcFWoQ1hst3Yxc0m7E6kJfQPePGvePGgiFfv3vw3btsc/Hph4eGdGWbnDVMpDLrup1OamJyaninPVubmFxaXqssrTZNkmvEGS2Sir0MwXArFGyhQ8utUc4hDya/C29Nh/eqOayMSdYn9lPsx3CgRCQZoraC60Qty3PEG9Ij2AqS7tM0RLLQVhBJotGXd7aBac+vuSPQveAXUSKHzoPrR7iQsi7lCJsGYluem6OegUTDJB5V2ZngK7BZueMuigpgbPx9dM6Cb1unQKNH2KaQj9/tEDrEx/Ti0nTFg1/yuDc3/aq0Mo0M/FyrNkCs2XhRlkmJCh9HQjtCcoexbAKaF/StlXdDA0AZYsSF4v0/+C829uufWvYv92vFJEUeZrJF1skU8ckCOyRk5Jw3CyD15JM/kxXlwnpxX523cWnKKmVXyQ877F3/gmew=</latexit><latexit sha1_base64="uDpRWWzX9VQw/JMVSX0pVB7GSAk=">AAACDXicbZBNS8NAEIY39avWr6pHL4tVUMSSiKAXQfTiUcFWoQ1hst3Yxc0m7E6kJfQPePGvePGgiFfv3vw3btsc/Hph4eGdGWbnDVMpDLrup1OamJyaninPVubmFxaXqssrTZNkmvEGS2Sir0MwXArFGyhQ8utUc4hDya/C29Nh/eqOayMSdYn9lPsx3CgRCQZoraC60Qty3PEG9Ij2AqS7tM0RLLQVhBJotGXd7aBac+vuSPQveAXUSKHzoPrR7iQsi7lCJsGYluem6OegUTDJB5V2ZngK7BZueMuigpgbPx9dM6Cb1unQKNH2KaQj9/tEDrEx/Ti0nTFg1/yuDc3/aq0Mo0M/FyrNkCs2XhRlkmJCh9HQjtCcoexbAKaF/StlXdDA0AZYsSF4v0/+C829uufWvYv92vFJEUeZrJF1skU8ckCOyRk5Jw3CyD15JM/kxXlwnpxX523cWnKKmVXyQ877F3/gmew=</latexit><latexit sha1_base64="uDpRWWzX9VQw/JMVSX0pVB7GSAk=">AAACDXicbZBNS8NAEIY39avWr6pHL4tVUMSSiKAXQfTiUcFWoQ1hst3Yxc0m7E6kJfQPePGvePGgiFfv3vw3btsc/Hph4eGdGWbnDVMpDLrup1OamJyaninPVubmFxaXqssrTZNkmvEGS2Sir0MwXArFGyhQ8utUc4hDya/C29Nh/eqOayMSdYn9lPsx3CgRCQZoraC60Qty3PEG9Ij2AqS7tM0RLLQVhBJotGXd7aBac+vuSPQveAXUSKHzoPrR7iQsi7lCJsGYluem6OegUTDJB5V2ZngK7BZueMuigpgbPx9dM6Cb1unQKNH2KaQj9/tEDrEx/Ti0nTFg1/yuDc3/aq0Mo0M/FyrNkCs2XhRlkmJCh9HQjtCcoexbAKaF/StlXdDA0AZYsSF4v0/+C829uufWvYv92vFJEUeZrJF1skU8ckCOyRk5Jw3CyD15JM/kxXlwnpxX523cWnKKmVXyQ877F3/gmew=</latexit><latexit sha1_base64="uDpRWWzX9VQw/JMVSX0pVB7GSAk=">AAACDXicbZBNS8NAEIY39avWr6pHL4tVUMSSiKAXQfTiUcFWoQ1hst3Yxc0m7E6kJfQPePGvePGgiFfv3vw3btsc/Hph4eGdGWbnDVMpDLrup1OamJyaninPVubmFxaXqssrTZNkmvEGS2Sir0MwXArFGyhQ8utUc4hDya/C29Nh/eqOayMSdYn9lPsx3CgRCQZoraC60Qty3PEG9Ij2AqS7tM0RLLQVhBJotGXd7aBac+vuSPQveAXUSKHzoPrR7iQsi7lCJsGYluem6OegUTDJB5V2ZngK7BZueMuigpgbPx9dM6Cb1unQKNH2KaQj9/tEDrEx/Ti0nTFg1/yuDc3/aq0Mo0M/FyrNkCs2XhRlkmJCh9HQjtCcoexbAKaF/StlXdDA0AZYsSF4v0/+C829uufWvYv92vFJEUeZrJF1skU8ckCOyRk5Jw3CyD15JM/kxXlwnpxX523cWnKKmVXyQ877F3/gmew=</latexit>

xt+1 = xt � ⌘trfit(xt), it 2 [n]
<latexit sha1_base64="TmSvzw0FyecGYTOVp5qkYFeHj+o="></latexit><latexit sha1_base64="TmSvzw0FyecGYTOVp5qkYFeHj+o="></latexit><latexit sha1_base64="TmSvzw0FyecGYTOVp5qkYFeHj+o="></latexit><latexit sha1_base64="TmSvzw0FyecGYTOVp5qkYFeHj+o="></latexit>

it 2 [n]
<latexit sha1_base64="KIJqfC2N9IwLiSq6CSp/jBJs2LA=">AAAB8nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxMDlCHubvWTJ3u6xOyeEkJ9hY6GIrb/Gzn/jJrlCEx8MPN6bYWZenElh0fe/vdLa+sbmVnm7srO7t39QPTxqW50bxltMS206MbVcCsVbKFDyTmY4TWPJH+PR7cx/fOLGCq0ecJzxKKUDJRLBKDopFD0kXaFIqKJetebX/TnIKgkKUoMCzV71q9vXLE+5QiaptWHgZxhNqEHBJJ9WurnlGWUjOuCho4qm3EaT+clTcuaUPkm0caWQzNXfExOaWjtOY9eZUhzaZW8m/ueFOSbX0USoLEeu2GJRkkuCmsz+J31hOEM5doQyI9ythA2poQxdShUXQrD88ippX9QDvx7cX9YaN0UcZTiBUziHAK6gAXfQhBYw0PAMr/DmoffivXsfi9aSV8wcwx94nz+EOpC9</latexit><latexit sha1_base64="KIJqfC2N9IwLiSq6CSp/jBJs2LA=">AAAB8nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxMDlCHubvWTJ3u6xOyeEkJ9hY6GIrb/Gzn/jJrlCEx8MPN6bYWZenElh0fe/vdLa+sbmVnm7srO7t39QPTxqW50bxltMS206MbVcCsVbKFDyTmY4TWPJH+PR7cx/fOLGCq0ecJzxKKUDJRLBKDopFD0kXaFIqKJetebX/TnIKgkKUoMCzV71q9vXLE+5QiaptWHgZxhNqEHBJJ9WurnlGWUjOuCho4qm3EaT+clTcuaUPkm0caWQzNXfExOaWjtOY9eZUhzaZW8m/ueFOSbX0USoLEeu2GJRkkuCmsz+J31hOEM5doQyI9ythA2poQxdShUXQrD88ippX9QDvx7cX9YaN0UcZTiBUziHAK6gAXfQhBYw0PAMr/DmoffivXsfi9aSV8wcwx94nz+EOpC9</latexit><latexit sha1_base64="KIJqfC2N9IwLiSq6CSp/jBJs2LA=">AAAB8nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxMDlCHubvWTJ3u6xOyeEkJ9hY6GIrb/Gzn/jJrlCEx8MPN6bYWZenElh0fe/vdLa+sbmVnm7srO7t39QPTxqW50bxltMS206MbVcCsVbKFDyTmY4TWPJH+PR7cx/fOLGCq0ecJzxKKUDJRLBKDopFD0kXaFIqKJetebX/TnIKgkKUoMCzV71q9vXLE+5QiaptWHgZxhNqEHBJJ9WurnlGWUjOuCho4qm3EaT+clTcuaUPkm0caWQzNXfExOaWjtOY9eZUhzaZW8m/ueFOSbX0USoLEeu2GJRkkuCmsz+J31hOEM5doQyI9ythA2poQxdShUXQrD88ippX9QDvx7cX9YaN0UcZTiBUziHAK6gAXfQhBYw0PAMr/DmoffivXsfi9aSV8wcwx94nz+EOpC9</latexit><latexit sha1_base64="KIJqfC2N9IwLiSq6CSp/jBJs2LA=">AAAB8nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxMDlCHubvWTJ3u6xOyeEkJ9hY6GIrb/Gzn/jJrlCEx8MPN6bYWZenElh0fe/vdLa+sbmVnm7srO7t39QPTxqW50bxltMS206MbVcCsVbKFDyTmY4TWPJH+PR7cx/fOLGCq0ecJzxKKUDJRLBKDopFD0kXaFIqKJetebX/TnIKgkKUoMCzV71q9vXLE+5QiaptWHgZxhNqEHBJJ9WurnlGWUjOuCho4qm3EaT+clTcuaUPkm0caWQzNXfExOaWjtOY9eZUhzaZW8m/ueFOSbX0USoLEeu2GJRkkuCmsz+J31hOEM5doQyI9ythA2poQxdShUXQrD88ippX9QDvx7cX9YaN0UcZTiBUziHAK6gAXfQhBYw0PAMr/DmoffivXsfi9aSV8wcwx94nz+EOpC9</latexit>

- ``Why do we want to do this?``
What is the complexity of 
computing full gradient?

What is the complexity of 
computing a single gradient?

O(np)
<latexit sha1_base64="XDhwXj/Te7VATCMDr7xjPfvKemU=">AAAB7XicbVBNSwMxEJ31s9avqkcvwSLUS9kVQY9FL96sYD+gXUo2zbax2SQkWaEs/Q9ePCji1f/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vZXVtfWNzcJWcXtnd2+/dHDYNDLVhDaI5FK3I2woZ4I2LLOctpWmOIk4bUWjm6nfeqLaMCke7FjRMMEDwWJGsHVS864ikDrrlcp+1Z8BLZMgJ2XIUe+Vvrp9SdKECks4NqYT+MqGGdaWEU4nxW5qqMJkhAe046jACTVhNrt2gk6d0kex1K6ERTP190SGE2PGSeQ6E2yHZtGbiv95ndTGV2HGhEotFWS+KE45shJNX0d9pimxfOwIJpq5WxEZYo2JdQEVXQjB4svLpHleDfxqcH9Rrl3ncRTgGE6gAgFcQg1uoQ4NIPAIz/AKb570Xrx372PeuuLlM0fwB97nD2CrjlQ=</latexit><latexit sha1_base64="XDhwXj/Te7VATCMDr7xjPfvKemU=">AAAB7XicbVBNSwMxEJ31s9avqkcvwSLUS9kVQY9FL96sYD+gXUo2zbax2SQkWaEs/Q9ePCji1f/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vZXVtfWNzcJWcXtnd2+/dHDYNDLVhDaI5FK3I2woZ4I2LLOctpWmOIk4bUWjm6nfeqLaMCke7FjRMMEDwWJGsHVS864ikDrrlcp+1Z8BLZMgJ2XIUe+Vvrp9SdKECks4NqYT+MqGGdaWEU4nxW5qqMJkhAe046jACTVhNrt2gk6d0kex1K6ERTP190SGE2PGSeQ6E2yHZtGbiv95ndTGV2HGhEotFWS+KE45shJNX0d9pimxfOwIJpq5WxEZYo2JdQEVXQjB4svLpHleDfxqcH9Rrl3ncRTgGE6gAgFcQg1uoQ4NIPAIz/AKb570Xrx372PeuuLlM0fwB97nD2CrjlQ=</latexit><latexit sha1_base64="XDhwXj/Te7VATCMDr7xjPfvKemU=">AAAB7XicbVBNSwMxEJ31s9avqkcvwSLUS9kVQY9FL96sYD+gXUo2zbax2SQkWaEs/Q9ePCji1f/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vZXVtfWNzcJWcXtnd2+/dHDYNDLVhDaI5FK3I2woZ4I2LLOctpWmOIk4bUWjm6nfeqLaMCke7FjRMMEDwWJGsHVS864ikDrrlcp+1Z8BLZMgJ2XIUe+Vvrp9SdKECks4NqYT+MqGGdaWEU4nxW5qqMJkhAe046jACTVhNrt2gk6d0kex1K6ERTP190SGE2PGSeQ6E2yHZtGbiv95ndTGV2HGhEotFWS+KE45shJNX0d9pimxfOwIJpq5WxEZYo2JdQEVXQjB4svLpHleDfxqcH9Rrl3ncRTgGE6gAgFcQg1uoQ4NIPAIz/AKb570Xrx372PeuuLlM0fwB97nD2CrjlQ=</latexit><latexit sha1_base64="XDhwXj/Te7VATCMDr7xjPfvKemU=">AAAB7XicbVBNSwMxEJ31s9avqkcvwSLUS9kVQY9FL96sYD+gXUo2zbax2SQkWaEs/Q9ePCji1f/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vZXVtfWNzcJWcXtnd2+/dHDYNDLVhDaI5FK3I2woZ4I2LLOctpWmOIk4bUWjm6nfeqLaMCke7FjRMMEDwWJGsHVS864ikDrrlcp+1Z8BLZMgJ2XIUe+Vvrp9SdKECks4NqYT+MqGGdaWEU4nxW5qqMJkhAe046jACTVhNrt2gk6d0kex1K6ERTP190SGE2PGSeQ6E2yHZtGbiv95ndTGV2HGhEotFWS+KE45shJNX0d9pimxfOwIJpq5WxEZYo2JdQEVXQjB4svLpHleDfxqcH9Rrl3ncRTgGE6gAgFcQg1uoQ4NIPAIz/AKb570Xrx372PeuuLlM0fwB97nD2CrjlQ=</latexit>

O(p)
<latexit sha1_base64="gS6o0ROpFdVJCF7ZKKoigclA2II=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXrxZwX5AG8pmu2mX7m7C7kYooX/BiwdFvPqHvPlv3KQ5aOuDgcd7M8zMC2LOtHHdb6e0tr6xuVXeruzs7u0fVA+POjpKFKFtEvFI9QKsKWeStg0znPZiRbEIOO0G09vM7z5RpVkkH80spr7AY8lCRrDJpPt6fD6s1tyGmwOtEq8gNSjQGla/BqOIJIJKQzjWuu+5sfFTrAwjnM4rg0TTGJMpHtO+pRILqv00v3WOzqwyQmGkbEmDcvX3RIqF1jMR2E6BzUQve5n4n9dPTHjtp0zGiaGSLBaFCUcmQtnjaMQUJYbPLMFEMXsrIhOsMDE2nooNwVt+eZV0Lhqe2/AeLmvNmyKOMpzAKdTBgytowh20oA0EJvAMr/DmCOfFeXc+Fq0lp5g5hj9wPn8APRaNsg==</latexit><latexit sha1_base64="gS6o0ROpFdVJCF7ZKKoigclA2II=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXrxZwX5AG8pmu2mX7m7C7kYooX/BiwdFvPqHvPlv3KQ5aOuDgcd7M8zMC2LOtHHdb6e0tr6xuVXeruzs7u0fVA+POjpKFKFtEvFI9QKsKWeStg0znPZiRbEIOO0G09vM7z5RpVkkH80spr7AY8lCRrDJpPt6fD6s1tyGmwOtEq8gNSjQGla/BqOIJIJKQzjWuu+5sfFTrAwjnM4rg0TTGJMpHtO+pRILqv00v3WOzqwyQmGkbEmDcvX3RIqF1jMR2E6BzUQve5n4n9dPTHjtp0zGiaGSLBaFCUcmQtnjaMQUJYbPLMFEMXsrIhOsMDE2nooNwVt+eZV0Lhqe2/AeLmvNmyKOMpzAKdTBgytowh20oA0EJvAMr/DmCOfFeXc+Fq0lp5g5hj9wPn8APRaNsg==</latexit><latexit sha1_base64="gS6o0ROpFdVJCF7ZKKoigclA2II=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXrxZwX5AG8pmu2mX7m7C7kYooX/BiwdFvPqHvPlv3KQ5aOuDgcd7M8zMC2LOtHHdb6e0tr6xuVXeruzs7u0fVA+POjpKFKFtEvFI9QKsKWeStg0znPZiRbEIOO0G09vM7z5RpVkkH80spr7AY8lCRrDJpPt6fD6s1tyGmwOtEq8gNSjQGla/BqOIJIJKQzjWuu+5sfFTrAwjnM4rg0TTGJMpHtO+pRILqv00v3WOzqwyQmGkbEmDcvX3RIqF1jMR2E6BzUQve5n4n9dPTHjtp0zGiaGSLBaFCUcmQtnjaMQUJYbPLMFEMXsrIhOsMDE2nooNwVt+eZV0Lhqe2/AeLmvNmyKOMpzAKdTBgytowh20oA0EJvAMr/DmCOfFeXc+Fq0lp5g5hj9wPn8APRaNsg==</latexit><latexit sha1_base64="gS6o0ROpFdVJCF7ZKKoigclA2II=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXrxZwX5AG8pmu2mX7m7C7kYooX/BiwdFvPqHvPlv3KQ5aOuDgcd7M8zMC2LOtHHdb6e0tr6xuVXeruzs7u0fVA+POjpKFKFtEvFI9QKsKWeStg0znPZiRbEIOO0G09vM7z5RpVkkH80spr7AY8lCRrDJpPt6fD6s1tyGmwOtEq8gNSjQGla/BqOIJIJKQzjWuu+5sfFTrAwjnM4rg0TTGJMpHtO+pRILqv00v3WOzqwyQmGkbEmDcvX3RIqF1jMR2E6BzUQve5n4n9dPTHjtp0zGiaGSLBaFCUcmQtnjaMQUJYbPLMFEMXsrIhOsMDE2nooNwVt+eZV0Lhqe2/AeLmvNmyKOMpzAKdTBgytowh20oA0EJvAMr/DmCOfFeXc+Fq0lp5g5hj9wPn8APRaNsg==</latexit>

(Assume least-squares objective)

- When is             ? Big-data regime! n � p
<latexit sha1_base64="f1cMcMr8/zly2T3Z3SjAtOTyQ4A=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeUCyhNnJZDNkdnaY6RXCko/w4kERr36PN//GSbIHTSxoKKq66e6KtBQWff/bW1vf2NzaLu2Ud/f2Dw4rR8ctm2aG8SZLZWo6EbVcCsWbKFDyjjacJpHk7Wh8N/PbT9xYkapHnGgeJjRWYigYRSe1FenFMdH9StWv+XOQVRIUpAoFGv3KV2+QsizhCpmk1nYDX2OYU4OCST4t9zLLNWVjGvOuo4om3Ib5/NwpOXfKgAxT40ohmau/J3KaWDtJIteZUBzZZW8m/ud1MxzehLlQOkOu2GLRMJMEUzL7nQyE4QzlxBHKjHC3EjaihjJ0CZVdCMHyy6ukdVkL/FrwcFWt3xZxlOAUzuACAriGOtxDA5rAYAzP8ApvnvZevHfvY9G65hUzJ/AH3ucPifKPCA==</latexit><latexit sha1_base64="f1cMcMr8/zly2T3Z3SjAtOTyQ4A=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeUCyhNnJZDNkdnaY6RXCko/w4kERr36PN//GSbIHTSxoKKq66e6KtBQWff/bW1vf2NzaLu2Ud/f2Dw4rR8ctm2aG8SZLZWo6EbVcCsWbKFDyjjacJpHk7Wh8N/PbT9xYkapHnGgeJjRWYigYRSe1FenFMdH9StWv+XOQVRIUpAoFGv3KV2+QsizhCpmk1nYDX2OYU4OCST4t9zLLNWVjGvOuo4om3Ib5/NwpOXfKgAxT40ohmau/J3KaWDtJIteZUBzZZW8m/ud1MxzehLlQOkOu2GLRMJMEUzL7nQyE4QzlxBHKjHC3EjaihjJ0CZVdCMHyy6ukdVkL/FrwcFWt3xZxlOAUzuACAriGOtxDA5rAYAzP8ApvnvZevHfvY9G65hUzJ/AH3ucPifKPCA==</latexit><latexit sha1_base64="f1cMcMr8/zly2T3Z3SjAtOTyQ4A=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeUCyhNnJZDNkdnaY6RXCko/w4kERr36PN//GSbIHTSxoKKq66e6KtBQWff/bW1vf2NzaLu2Ud/f2Dw4rR8ctm2aG8SZLZWo6EbVcCsWbKFDyjjacJpHk7Wh8N/PbT9xYkapHnGgeJjRWYigYRSe1FenFMdH9StWv+XOQVRIUpAoFGv3KV2+QsizhCpmk1nYDX2OYU4OCST4t9zLLNWVjGvOuo4om3Ib5/NwpOXfKgAxT40ohmau/J3KaWDtJIteZUBzZZW8m/ud1MxzehLlQOkOu2GLRMJMEUzL7nQyE4QzlxBHKjHC3EjaihjJ0CZVdCMHyy6ukdVkL/FrwcFWt3xZxlOAUzuACAriGOtxDA5rAYAzP8ApvnvZevHfvY9G65hUzJ/AH3ucPifKPCA==</latexit><latexit sha1_base64="f1cMcMr8/zly2T3Z3SjAtOTyQ4A=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeUCyhNnJZDNkdnaY6RXCko/w4kERr36PN//GSbIHTSxoKKq66e6KtBQWff/bW1vf2NzaLu2Ud/f2Dw4rR8ctm2aG8SZLZWo6EbVcCsWbKFDyjjacJpHk7Wh8N/PbT9xYkapHnGgeJjRWYigYRSe1FenFMdH9StWv+XOQVRIUpAoFGv3KV2+QsizhCpmk1nYDX2OYU4OCST4t9zLLNWVjGvOuo4om3Ib5/NwpOXfKgAxT40ohmau/J3KaWDtJIteZUBzZZW8m/ud1MxzehLlQOkOu2GLRMJMEUzL7nQyE4QzlxBHKjHC3EjaihjJ0CZVdCMHyy6ukdVkL/FrwcFWt3xZxlOAUzuACAriGOtxDA5rAYAzP8ApvnvZevHfvY9G65hUzJ/AH3ucPifKPCA==</latexit>

- There is redundancy in data
- Far from the optimal, exact gradients might have small returns
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- Some notes on SGD (before we proceed)

Acceleration #2: Cut-off complexity per iteration

1. It is a stochastic process that depends on a random sequence it 2 [n]
<latexit sha1_base64="KIJqfC2N9IwLiSq6CSp/jBJs2LA=">AAAB8nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxMDlCHubvWTJ3u6xOyeEkJ9hY6GIrb/Gzn/jJrlCEx8MPN6bYWZenElh0fe/vdLa+sbmVnm7srO7t39QPTxqW50bxltMS206MbVcCsVbKFDyTmY4TWPJH+PR7cx/fOLGCq0ecJzxKKUDJRLBKDopFD0kXaFIqKJetebX/TnIKgkKUoMCzV71q9vXLE+5QiaptWHgZxhNqEHBJJ9WurnlGWUjOuCho4qm3EaT+clTcuaUPkm0caWQzNXfExOaWjtOY9eZUhzaZW8m/ueFOSbX0USoLEeu2GJRkkuCmsz+J31hOEM5doQyI9ythA2poQxdShUXQrD88ippX9QDvx7cX9YaN0UcZTiBUziHAK6gAXfQhBYw0PAMr/DmoffivXsfi9aSV8wcwx94nz+EOpC9</latexit><latexit sha1_base64="KIJqfC2N9IwLiSq6CSp/jBJs2LA=">AAAB8nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxMDlCHubvWTJ3u6xOyeEkJ9hY6GIrb/Gzn/jJrlCEx8MPN6bYWZenElh0fe/vdLa+sbmVnm7srO7t39QPTxqW50bxltMS206MbVcCsVbKFDyTmY4TWPJH+PR7cx/fOLGCq0ecJzxKKUDJRLBKDopFD0kXaFIqKJetebX/TnIKgkKUoMCzV71q9vXLE+5QiaptWHgZxhNqEHBJJ9WurnlGWUjOuCho4qm3EaT+clTcuaUPkm0caWQzNXfExOaWjtOY9eZUhzaZW8m/ueFOSbX0USoLEeu2GJRkkuCmsz+J31hOEM5doQyI9ythA2poQxdShUXQrD88ippX9QDvx7cX9YaN0UcZTiBUziHAK6gAXfQhBYw0PAMr/DmoffivXsfi9aSV8wcwx94nz+EOpC9</latexit><latexit sha1_base64="KIJqfC2N9IwLiSq6CSp/jBJs2LA=">AAAB8nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxMDlCHubvWTJ3u6xOyeEkJ9hY6GIrb/Gzn/jJrlCEx8MPN6bYWZenElh0fe/vdLa+sbmVnm7srO7t39QPTxqW50bxltMS206MbVcCsVbKFDyTmY4TWPJH+PR7cx/fOLGCq0ecJzxKKUDJRLBKDopFD0kXaFIqKJetebX/TnIKgkKUoMCzV71q9vXLE+5QiaptWHgZxhNqEHBJJ9WurnlGWUjOuCho4qm3EaT+clTcuaUPkm0caWQzNXfExOaWjtOY9eZUhzaZW8m/ueFOSbX0USoLEeu2GJRkkuCmsz+J31hOEM5doQyI9ythA2poQxdShUXQrD88ippX9QDvx7cX9YaN0UcZTiBUziHAK6gAXfQhBYw0PAMr/DmoffivXsfi9aSV8wcwx94nz+EOpC9</latexit><latexit sha1_base64="KIJqfC2N9IwLiSq6CSp/jBJs2LA=">AAAB8nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxMDlCHubvWTJ3u6xOyeEkJ9hY6GIrb/Gzn/jJrlCEx8MPN6bYWZenElh0fe/vdLa+sbmVnm7srO7t39QPTxqW50bxltMS206MbVcCsVbKFDyTmY4TWPJH+PR7cx/fOLGCq0ecJzxKKUDJRLBKDopFD0kXaFIqKJetebX/TnIKgkKUoMCzV71q9vXLE+5QiaptWHgZxhNqEHBJJ9WurnlGWUjOuCho4qm3EaT+clTcuaUPkm0caWQzNXfExOaWjtOY9eZUhzaZW8m/ueFOSbX0USoLEeu2GJRkkuCmsz+J31hOEM5doQyI9ythA2poQxdShUXQrD88ippX9QDvx7cX9YaN0UcZTiBUziHAK6gAXfQhBYw0PAMr/DmoffivXsfi9aSV8wcwx94nz+EOpC9</latexit>

(This means you will see some 
probability involved in theory)
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Acceleration #2: Cut-off complexity per iteration

1. It is a stochastic process that depends on a random sequence it 2 [n]
<latexit sha1_base64="KIJqfC2N9IwLiSq6CSp/jBJs2LA=">AAAB8nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxMDlCHubvWTJ3u6xOyeEkJ9hY6GIrb/Gzn/jJrlCEx8MPN6bYWZenElh0fe/vdLa+sbmVnm7srO7t39QPTxqW50bxltMS206MbVcCsVbKFDyTmY4TWPJH+PR7cx/fOLGCq0ecJzxKKUDJRLBKDopFD0kXaFIqKJetebX/TnIKgkKUoMCzV71q9vXLE+5QiaptWHgZxhNqEHBJJ9WurnlGWUjOuCho4qm3EaT+clTcuaUPkm0caWQzNXfExOaWjtOY9eZUhzaZW8m/ueFOSbX0USoLEeu2GJRkkuCmsz+J31hOEM5doQyI9ythA2poQxdShUXQrD88ippX9QDvx7cX9YaN0UcZTiBUziHAK6gAXfQhBYw0PAMr/DmoffivXsfi9aSV8wcwx94nz+EOpC9</latexit><latexit sha1_base64="KIJqfC2N9IwLiSq6CSp/jBJs2LA=">AAAB8nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxMDlCHubvWTJ3u6xOyeEkJ9hY6GIrb/Gzn/jJrlCEx8MPN6bYWZenElh0fe/vdLa+sbmVnm7srO7t39QPTxqW50bxltMS206MbVcCsVbKFDyTmY4TWPJH+PR7cx/fOLGCq0ecJzxKKUDJRLBKDopFD0kXaFIqKJetebX/TnIKgkKUoMCzV71q9vXLE+5QiaptWHgZxhNqEHBJJ9WurnlGWUjOuCho4qm3EaT+clTcuaUPkm0caWQzNXfExOaWjtOY9eZUhzaZW8m/ueFOSbX0USoLEeu2GJRkkuCmsz+J31hOEM5doQyI9ythA2poQxdShUXQrD88ippX9QDvx7cX9YaN0UcZTiBUziHAK6gAXfQhBYw0PAMr/DmoffivXsfi9aSV8wcwx94nz+EOpC9</latexit><latexit sha1_base64="KIJqfC2N9IwLiSq6CSp/jBJs2LA=">AAAB8nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxMDlCHubvWTJ3u6xOyeEkJ9hY6GIrb/Gzn/jJrlCEx8MPN6bYWZenElh0fe/vdLa+sbmVnm7srO7t39QPTxqW50bxltMS206MbVcCsVbKFDyTmY4TWPJH+PR7cx/fOLGCq0ecJzxKKUDJRLBKDopFD0kXaFIqKJetebX/TnIKgkKUoMCzV71q9vXLE+5QiaptWHgZxhNqEHBJJ9WurnlGWUjOuCho4qm3EaT+clTcuaUPkm0caWQzNXfExOaWjtOY9eZUhzaZW8m/ueFOSbX0USoLEeu2GJRkkuCmsz+J31hOEM5doQyI9ythA2poQxdShUXQrD88ippX9QDvx7cX9YaN0UcZTiBUziHAK6gAXfQhBYw0PAMr/DmoffivXsfi9aSV8wcwx94nz+EOpC9</latexit><latexit sha1_base64="KIJqfC2N9IwLiSq6CSp/jBJs2LA=">AAAB8nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxMDlCHubvWTJ3u6xOyeEkJ9hY6GIrb/Gzn/jJrlCEx8MPN6bYWZenElh0fe/vdLa+sbmVnm7srO7t39QPTxqW50bxltMS206MbVcCsVbKFDyTmY4TWPJH+PR7cx/fOLGCq0ecJzxKKUDJRLBKDopFD0kXaFIqKJetebX/TnIKgkKUoMCzV71q9vXLE+5QiaptWHgZxhNqEHBJJ9WurnlGWUjOuCho4qm3EaT+clTcuaUPkm0caWQzNXfExOaWjtOY9eZUhzaZW8m/ueFOSbX0USoLEeu2GJRkkuCmsz+J31hOEM5doQyI9ythA2poQxdShUXQrD88ippX9QDvx7cX9YaN0UcZTiBUziHAK6gAXfQhBYw0PAMr/DmoffivXsfi9aSV8wcwx94nz+EOpC9</latexit>

(This means you will see some 
probability involved in theory)

2. While                is a descent direction,                  might not be�rf(xt)
<latexit sha1_base64="isWDy6IMUV23769PFKx8d3B//D0=">AAAB+HicbVDLSgNBEJz1GeMjUY9eBoMQD4ZdEfQY9OIxgnlAsiy9k9lkyOzsMtMrxpAv8eJBEa9+ijf/xsnjoIkFDUVVN91dYSqFQdf9dlZW19Y3NnNb+e2d3b1Ccf+gYZJMM15niUx0KwTDpVC8jgIlb6WaQxxK3gwHNxO/+cC1EYm6x2HK/Rh6SkSCAVopKBbOaEdBKIFG5ccAT4Niya24U9Bl4s1JicxRC4pfnW7CspgrZBKMaXtuiv4INAom+TjfyQxPgQ2gx9uWKoi58UfTw8f0xCpdGiXalkI6VX9PjCA2ZhiHtjMG7JtFbyL+57UzjK78kVBphlyx2aIokxQTOkmBdoXmDOXQEmBa2Fsp64MGhjarvA3BW3x5mTTOK55b8e4uStXreRw5ckSOSZl45JJUyS2pkTphJCPP5JW8OU/Oi/PufMxaV5z5zCH5A+fzBw7Rkgo=</latexit><latexit sha1_base64="isWDy6IMUV23769PFKx8d3B//D0=">AAAB+HicbVDLSgNBEJz1GeMjUY9eBoMQD4ZdEfQY9OIxgnlAsiy9k9lkyOzsMtMrxpAv8eJBEa9+ijf/xsnjoIkFDUVVN91dYSqFQdf9dlZW19Y3NnNb+e2d3b1Ccf+gYZJMM15niUx0KwTDpVC8jgIlb6WaQxxK3gwHNxO/+cC1EYm6x2HK/Rh6SkSCAVopKBbOaEdBKIFG5ccAT4Niya24U9Bl4s1JicxRC4pfnW7CspgrZBKMaXtuiv4INAom+TjfyQxPgQ2gx9uWKoi58UfTw8f0xCpdGiXalkI6VX9PjCA2ZhiHtjMG7JtFbyL+57UzjK78kVBphlyx2aIokxQTOkmBdoXmDOXQEmBa2Fsp64MGhjarvA3BW3x5mTTOK55b8e4uStXreRw5ckSOSZl45JJUyS2pkTphJCPP5JW8OU/Oi/PufMxaV5z5zCH5A+fzBw7Rkgo=</latexit><latexit sha1_base64="isWDy6IMUV23769PFKx8d3B//D0=">AAAB+HicbVDLSgNBEJz1GeMjUY9eBoMQD4ZdEfQY9OIxgnlAsiy9k9lkyOzsMtMrxpAv8eJBEa9+ijf/xsnjoIkFDUVVN91dYSqFQdf9dlZW19Y3NnNb+e2d3b1Ccf+gYZJMM15niUx0KwTDpVC8jgIlb6WaQxxK3gwHNxO/+cC1EYm6x2HK/Rh6SkSCAVopKBbOaEdBKIFG5ccAT4Niya24U9Bl4s1JicxRC4pfnW7CspgrZBKMaXtuiv4INAom+TjfyQxPgQ2gx9uWKoi58UfTw8f0xCpdGiXalkI6VX9PjCA2ZhiHtjMG7JtFbyL+57UzjK78kVBphlyx2aIokxQTOkmBdoXmDOXQEmBa2Fsp64MGhjarvA3BW3x5mTTOK55b8e4uStXreRw5ckSOSZl45JJUyS2pkTphJCPP5JW8OU/Oi/PufMxaV5z5zCH5A+fzBw7Rkgo=</latexit><latexit sha1_base64="isWDy6IMUV23769PFKx8d3B//D0=">AAAB+HicbVDLSgNBEJz1GeMjUY9eBoMQD4ZdEfQY9OIxgnlAsiy9k9lkyOzsMtMrxpAv8eJBEa9+ijf/xsnjoIkFDUVVN91dYSqFQdf9dlZW19Y3NnNb+e2d3b1Ccf+gYZJMM15niUx0KwTDpVC8jgIlb6WaQxxK3gwHNxO/+cC1EYm6x2HK/Rh6SkSCAVopKBbOaEdBKIFG5ccAT4Niya24U9Bl4s1JicxRC4pfnW7CspgrZBKMaXtuiv4INAom+TjfyQxPgQ2gx9uWKoi58UfTw8f0xCpdGiXalkI6VX9PjCA2ZhiHtjMG7JtFbyL+57UzjK78kVBphlyx2aIokxQTOkmBdoXmDOXQEmBa2Fsp64MGhjarvA3BW3x5mTTOK55b8e4uStXreRw5ckSOSZl45JJUyS2pkTphJCPP5JW8OU/Oi/PufMxaV5z5zCH5A+fzBw7Rkgo=</latexit>

�rfit(xt)
<latexit sha1_base64="IKmeRWR5E6ZitaJSHv4/gn4q99E=">AAAB/nicbVDLSgNBEJz1GeMrKp68DAYhHgy7Iugx6MVjBPOAJCy9k9lkyOzsMtMrhiXgr3jxoIhXv8Obf+PkcdDEgoaiqpvuriCRwqDrfjtLyyura+u5jfzm1vbObmFvv27iVDNeY7GMdTMAw6VQvIYCJW8mmkMUSN4IBjdjv/HAtRGxusdhwjsR9JQIBQO0kl84PKNtBYEEGvqZ8HFUevTx1C8U3bI7AV0k3owUyQxVv/DV7sYsjbhCJsGYlucm2MlAo2CSj/Lt1PAE2AB6vGWpgoibTjY5f0RPrNKlYaxtKaQT9fdEBpExwyiwnRFg38x7Y/E/r5VieNXJhEpS5IpNF4WppBjTcRa0KzRnKIeWANPC3kpZHzQwtInlbQje/MuLpH5e9tyyd3dRrFzP4siRI3JMSsQjl6RCbkmV1AgjGXkmr+TNeXJenHfnY9q65MxmDsgfOJ8/+tKU2Q==</latexit><latexit sha1_base64="IKmeRWR5E6ZitaJSHv4/gn4q99E=">AAAB/nicbVDLSgNBEJz1GeMrKp68DAYhHgy7Iugx6MVjBPOAJCy9k9lkyOzsMtMrhiXgr3jxoIhXv8Obf+PkcdDEgoaiqpvuriCRwqDrfjtLyyura+u5jfzm1vbObmFvv27iVDNeY7GMdTMAw6VQvIYCJW8mmkMUSN4IBjdjv/HAtRGxusdhwjsR9JQIBQO0kl84PKNtBYEEGvqZ8HFUevTx1C8U3bI7AV0k3owUyQxVv/DV7sYsjbhCJsGYlucm2MlAo2CSj/Lt1PAE2AB6vGWpgoibTjY5f0RPrNKlYaxtKaQT9fdEBpExwyiwnRFg38x7Y/E/r5VieNXJhEpS5IpNF4WppBjTcRa0KzRnKIeWANPC3kpZHzQwtInlbQje/MuLpH5e9tyyd3dRrFzP4siRI3JMSsQjl6RCbkmV1AgjGXkmr+TNeXJenHfnY9q65MxmDsgfOJ8/+tKU2Q==</latexit><latexit sha1_base64="IKmeRWR5E6ZitaJSHv4/gn4q99E=">AAAB/nicbVDLSgNBEJz1GeMrKp68DAYhHgy7Iugx6MVjBPOAJCy9k9lkyOzsMtMrhiXgr3jxoIhXv8Obf+PkcdDEgoaiqpvuriCRwqDrfjtLyyura+u5jfzm1vbObmFvv27iVDNeY7GMdTMAw6VQvIYCJW8mmkMUSN4IBjdjv/HAtRGxusdhwjsR9JQIBQO0kl84PKNtBYEEGvqZ8HFUevTx1C8U3bI7AV0k3owUyQxVv/DV7sYsjbhCJsGYlucm2MlAo2CSj/Lt1PAE2AB6vGWpgoibTjY5f0RPrNKlYaxtKaQT9fdEBpExwyiwnRFg38x7Y/E/r5VieNXJhEpS5IpNF4WppBjTcRa0KzRnKIeWANPC3kpZHzQwtInlbQje/MuLpH5e9tyyd3dRrFzP4siRI3JMSsQjl6RCbkmV1AgjGXkmr+TNeXJenHfnY9q65MxmDsgfOJ8/+tKU2Q==</latexit><latexit sha1_base64="IKmeRWR5E6ZitaJSHv4/gn4q99E=">AAAB/nicbVDLSgNBEJz1GeMrKp68DAYhHgy7Iugx6MVjBPOAJCy9k9lkyOzsMtMrhiXgr3jxoIhXv8Obf+PkcdDEgoaiqpvuriCRwqDrfjtLyyura+u5jfzm1vbObmFvv27iVDNeY7GMdTMAw6VQvIYCJW8mmkMUSN4IBjdjv/HAtRGxusdhwjsR9JQIBQO0kl84PKNtBYEEGvqZ8HFUevTx1C8U3bI7AV0k3owUyQxVv/DV7sYsjbhCJsGYlucm2MlAo2CSj/Lt1PAE2AB6vGWpgoibTjY5f0RPrNKlYaxtKaQT9fdEBpExwyiwnRFg38x7Y/E/r5VieNXJhEpS5IpNF4WppBjTcRa0KzRnKIeWANPC3kpZHzQwtInlbQje/MuLpH5e9tyyd3dRrFzP4siRI3JMSsQjl6RCbkmV1AgjGXkmr+TNeXJenHfnY9q65MxmDsgfOJ8/+tKU2Q==</latexit>

(This means that some tools 
from deterministic 

optimization do not hold here)



- Some notes on SGD (before we proceed)

Acceleration #2: Cut-off complexity per iteration

1. It is a stochastic process that depends on a random sequence it 2 [n]
<latexit sha1_base64="KIJqfC2N9IwLiSq6CSp/jBJs2LA=">AAAB8nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxMDlCHubvWTJ3u6xOyeEkJ9hY6GIrb/Gzn/jJrlCEx8MPN6bYWZenElh0fe/vdLa+sbmVnm7srO7t39QPTxqW50bxltMS206MbVcCsVbKFDyTmY4TWPJH+PR7cx/fOLGCq0ecJzxKKUDJRLBKDopFD0kXaFIqKJetebX/TnIKgkKUoMCzV71q9vXLE+5QiaptWHgZxhNqEHBJJ9WurnlGWUjOuCho4qm3EaT+clTcuaUPkm0caWQzNXfExOaWjtOY9eZUhzaZW8m/ueFOSbX0USoLEeu2GJRkkuCmsz+J31hOEM5doQyI9ythA2poQxdShUXQrD88ippX9QDvx7cX9YaN0UcZTiBUziHAK6gAXfQhBYw0PAMr/DmoffivXsfi9aSV8wcwx94nz+EOpC9</latexit><latexit sha1_base64="KIJqfC2N9IwLiSq6CSp/jBJs2LA=">AAAB8nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxMDlCHubvWTJ3u6xOyeEkJ9hY6GIrb/Gzn/jJrlCEx8MPN6bYWZenElh0fe/vdLa+sbmVnm7srO7t39QPTxqW50bxltMS206MbVcCsVbKFDyTmY4TWPJH+PR7cx/fOLGCq0ecJzxKKUDJRLBKDopFD0kXaFIqKJetebX/TnIKgkKUoMCzV71q9vXLE+5QiaptWHgZxhNqEHBJJ9WurnlGWUjOuCho4qm3EaT+clTcuaUPkm0caWQzNXfExOaWjtOY9eZUhzaZW8m/ueFOSbX0USoLEeu2GJRkkuCmsz+J31hOEM5doQyI9ythA2poQxdShUXQrD88ippX9QDvx7cX9YaN0UcZTiBUziHAK6gAXfQhBYw0PAMr/DmoffivXsfi9aSV8wcwx94nz+EOpC9</latexit><latexit sha1_base64="KIJqfC2N9IwLiSq6CSp/jBJs2LA=">AAAB8nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxMDlCHubvWTJ3u6xOyeEkJ9hY6GIrb/Gzn/jJrlCEx8MPN6bYWZenElh0fe/vdLa+sbmVnm7srO7t39QPTxqW50bxltMS206MbVcCsVbKFDyTmY4TWPJH+PR7cx/fOLGCq0ecJzxKKUDJRLBKDopFD0kXaFIqKJetebX/TnIKgkKUoMCzV71q9vXLE+5QiaptWHgZxhNqEHBJJ9WurnlGWUjOuCho4qm3EaT+clTcuaUPkm0caWQzNXfExOaWjtOY9eZUhzaZW8m/ueFOSbX0USoLEeu2GJRkkuCmsz+J31hOEM5doQyI9ythA2poQxdShUXQrD88ippX9QDvx7cX9YaN0UcZTiBUziHAK6gAXfQhBYw0PAMr/DmoffivXsfi9aSV8wcwx94nz+EOpC9</latexit><latexit sha1_base64="KIJqfC2N9IwLiSq6CSp/jBJs2LA=">AAAB8nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxMDlCHubvWTJ3u6xOyeEkJ9hY6GIrb/Gzn/jJrlCEx8MPN6bYWZenElh0fe/vdLa+sbmVnm7srO7t39QPTxqW50bxltMS206MbVcCsVbKFDyTmY4TWPJH+PR7cx/fOLGCq0ecJzxKKUDJRLBKDopFD0kXaFIqKJetebX/TnIKgkKUoMCzV71q9vXLE+5QiaptWHgZxhNqEHBJJ9WurnlGWUjOuCho4qm3EaT+clTcuaUPkm0caWQzNXfExOaWjtOY9eZUhzaZW8m/ueFOSbX0USoLEeu2GJRkkuCmsz+J31hOEM5doQyI9ythA2poQxdShUXQrD88ippX9QDvx7cX9YaN0UcZTiBUziHAK6gAXfQhBYw0PAMr/DmoffivXsfi9aSV8wcwx94nz+EOpC9</latexit>

(This means you will see some 
probability involved in theory)

2. While                is a descent direction,                  might not be�rf(xt)
<latexit sha1_base64="isWDy6IMUV23769PFKx8d3B//D0=">AAAB+HicbVDLSgNBEJz1GeMjUY9eBoMQD4ZdEfQY9OIxgnlAsiy9k9lkyOzsMtMrxpAv8eJBEa9+ijf/xsnjoIkFDUVVN91dYSqFQdf9dlZW19Y3NnNb+e2d3b1Ccf+gYZJMM15niUx0KwTDpVC8jgIlb6WaQxxK3gwHNxO/+cC1EYm6x2HK/Rh6SkSCAVopKBbOaEdBKIFG5ccAT4Niya24U9Bl4s1JicxRC4pfnW7CspgrZBKMaXtuiv4INAom+TjfyQxPgQ2gx9uWKoi58UfTw8f0xCpdGiXalkI6VX9PjCA2ZhiHtjMG7JtFbyL+57UzjK78kVBphlyx2aIokxQTOkmBdoXmDOXQEmBa2Fsp64MGhjarvA3BW3x5mTTOK55b8e4uStXreRw5ckSOSZl45JJUyS2pkTphJCPP5JW8OU/Oi/PufMxaV5z5zCH5A+fzBw7Rkgo=</latexit><latexit sha1_base64="isWDy6IMUV23769PFKx8d3B//D0=">AAAB+HicbVDLSgNBEJz1GeMjUY9eBoMQD4ZdEfQY9OIxgnlAsiy9k9lkyOzsMtMrxpAv8eJBEa9+ijf/xsnjoIkFDUVVN91dYSqFQdf9dlZW19Y3NnNb+e2d3b1Ccf+gYZJMM15niUx0KwTDpVC8jgIlb6WaQxxK3gwHNxO/+cC1EYm6x2HK/Rh6SkSCAVopKBbOaEdBKIFG5ccAT4Niya24U9Bl4s1JicxRC4pfnW7CspgrZBKMaXtuiv4INAom+TjfyQxPgQ2gx9uWKoi58UfTw8f0xCpdGiXalkI6VX9PjCA2ZhiHtjMG7JtFbyL+57UzjK78kVBphlyx2aIokxQTOkmBdoXmDOXQEmBa2Fsp64MGhjarvA3BW3x5mTTOK55b8e4uStXreRw5ckSOSZl45JJUyS2pkTphJCPP5JW8OU/Oi/PufMxaV5z5zCH5A+fzBw7Rkgo=</latexit><latexit sha1_base64="isWDy6IMUV23769PFKx8d3B//D0=">AAAB+HicbVDLSgNBEJz1GeMjUY9eBoMQD4ZdEfQY9OIxgnlAsiy9k9lkyOzsMtMrxpAv8eJBEa9+ijf/xsnjoIkFDUVVN91dYSqFQdf9dlZW19Y3NnNb+e2d3b1Ccf+gYZJMM15niUx0KwTDpVC8jgIlb6WaQxxK3gwHNxO/+cC1EYm6x2HK/Rh6SkSCAVopKBbOaEdBKIFG5ccAT4Niya24U9Bl4s1JicxRC4pfnW7CspgrZBKMaXtuiv4INAom+TjfyQxPgQ2gx9uWKoi58UfTw8f0xCpdGiXalkI6VX9PjCA2ZhiHtjMG7JtFbyL+57UzjK78kVBphlyx2aIokxQTOkmBdoXmDOXQEmBa2Fsp64MGhjarvA3BW3x5mTTOK55b8e4uStXreRw5ckSOSZl45JJUyS2pkTphJCPP5JW8OU/Oi/PufMxaV5z5zCH5A+fzBw7Rkgo=</latexit><latexit sha1_base64="isWDy6IMUV23769PFKx8d3B//D0=">AAAB+HicbVDLSgNBEJz1GeMjUY9eBoMQD4ZdEfQY9OIxgnlAsiy9k9lkyOzsMtMrxpAv8eJBEa9+ijf/xsnjoIkFDUVVN91dYSqFQdf9dlZW19Y3NnNb+e2d3b1Ccf+gYZJMM15niUx0KwTDpVC8jgIlb6WaQxxK3gwHNxO/+cC1EYm6x2HK/Rh6SkSCAVopKBbOaEdBKIFG5ccAT4Niya24U9Bl4s1JicxRC4pfnW7CspgrZBKMaXtuiv4INAom+TjfyQxPgQ2gx9uWKoi58UfTw8f0xCpdGiXalkI6VX9PjCA2ZhiHtjMG7JtFbyL+57UzjK78kVBphlyx2aIokxQTOkmBdoXmDOXQEmBa2Fsp64MGhjarvA3BW3x5mTTOK55b8e4uStXreRw5ckSOSZl45JJUyS2pkTphJCPP5JW8OU/Oi/PufMxaV5z5zCH5A+fzBw7Rkgo=</latexit>

�rfit(xt)
<latexit sha1_base64="IKmeRWR5E6ZitaJSHv4/gn4q99E=">AAAB/nicbVDLSgNBEJz1GeMrKp68DAYhHgy7Iugx6MVjBPOAJCy9k9lkyOzsMtMrhiXgr3jxoIhXv8Obf+PkcdDEgoaiqpvuriCRwqDrfjtLyyura+u5jfzm1vbObmFvv27iVDNeY7GMdTMAw6VQvIYCJW8mmkMUSN4IBjdjv/HAtRGxusdhwjsR9JQIBQO0kl84PKNtBYEEGvqZ8HFUevTx1C8U3bI7AV0k3owUyQxVv/DV7sYsjbhCJsGYlucm2MlAo2CSj/Lt1PAE2AB6vGWpgoibTjY5f0RPrNKlYaxtKaQT9fdEBpExwyiwnRFg38x7Y/E/r5VieNXJhEpS5IpNF4WppBjTcRa0KzRnKIeWANPC3kpZHzQwtInlbQje/MuLpH5e9tyyd3dRrFzP4siRI3JMSsQjl6RCbkmV1AgjGXkmr+TNeXJenHfnY9q65MxmDsgfOJ8/+tKU2Q==</latexit><latexit sha1_base64="IKmeRWR5E6ZitaJSHv4/gn4q99E=">AAAB/nicbVDLSgNBEJz1GeMrKp68DAYhHgy7Iugx6MVjBPOAJCy9k9lkyOzsMtMrhiXgr3jxoIhXv8Obf+PkcdDEgoaiqpvuriCRwqDrfjtLyyura+u5jfzm1vbObmFvv27iVDNeY7GMdTMAw6VQvIYCJW8mmkMUSN4IBjdjv/HAtRGxusdhwjsR9JQIBQO0kl84PKNtBYEEGvqZ8HFUevTx1C8U3bI7AV0k3owUyQxVv/DV7sYsjbhCJsGYlucm2MlAo2CSj/Lt1PAE2AB6vGWpgoibTjY5f0RPrNKlYaxtKaQT9fdEBpExwyiwnRFg38x7Y/E/r5VieNXJhEpS5IpNF4WppBjTcRa0KzRnKIeWANPC3kpZHzQwtInlbQje/MuLpH5e9tyyd3dRrFzP4siRI3JMSsQjl6RCbkmV1AgjGXkmr+TNeXJenHfnY9q65MxmDsgfOJ8/+tKU2Q==</latexit><latexit sha1_base64="IKmeRWR5E6ZitaJSHv4/gn4q99E=">AAAB/nicbVDLSgNBEJz1GeMrKp68DAYhHgy7Iugx6MVjBPOAJCy9k9lkyOzsMtMrhiXgr3jxoIhXv8Obf+PkcdDEgoaiqpvuriCRwqDrfjtLyyura+u5jfzm1vbObmFvv27iVDNeY7GMdTMAw6VQvIYCJW8mmkMUSN4IBjdjv/HAtRGxusdhwjsR9JQIBQO0kl84PKNtBYEEGvqZ8HFUevTx1C8U3bI7AV0k3owUyQxVv/DV7sYsjbhCJsGYlucm2MlAo2CSj/Lt1PAE2AB6vGWpgoibTjY5f0RPrNKlYaxtKaQT9fdEBpExwyiwnRFg38x7Y/E/r5VieNXJhEpS5IpNF4WppBjTcRa0KzRnKIeWANPC3kpZHzQwtInlbQje/MuLpH5e9tyyd3dRrFzP4siRI3JMSsQjl6RCbkmV1AgjGXkmr+TNeXJenHfnY9q65MxmDsgfOJ8/+tKU2Q==</latexit><latexit sha1_base64="IKmeRWR5E6ZitaJSHv4/gn4q99E=">AAAB/nicbVDLSgNBEJz1GeMrKp68DAYhHgy7Iugx6MVjBPOAJCy9k9lkyOzsMtMrhiXgr3jxoIhXv8Obf+PkcdDEgoaiqpvuriCRwqDrfjtLyyura+u5jfzm1vbObmFvv27iVDNeY7GMdTMAw6VQvIYCJW8mmkMUSN4IBjdjv/HAtRGxusdhwjsR9JQIBQO0kl84PKNtBYEEGvqZ8HFUevTx1C8U3bI7AV0k3owUyQxVv/DV7sYsjbhCJsGYlucm2MlAo2CSj/Lt1PAE2AB6vGWpgoibTjY5f0RPrNKlYaxtKaQT9fdEBpExwyiwnRFg38x7Y/E/r5VieNXJhEpS5IpNF4WppBjTcRa0KzRnKIeWANPC3kpZHzQwtInlbQje/MuLpH5e9tyyd3dRrFzP4siRI3JMSsQjl6RCbkmV1AgjGXkmr+TNeXJenHfnY9q65MxmDsgfOJ8/+tKU2Q==</latexit>

(This means that some tools 
from deterministic 

optimization do not hold here)

3. The above lead to the intuition that if we have a descent direction 
    in expectation, we probably will perform just fine(This means that we will work 

with expectations w.r.t. the 
random sequence)



Whiteboard

Guarantees of SGD 



Guarantees of SGD 

- Start with large step size; decrease it when SGD ``stalls``

Pic. from: “Optimization Methods 
for Large-Scale Machine Learning“
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Guarantees of SGD 



Intuition behind preference for SGD 

n
<latexit sha1_base64="IqW2N36QktBwntGQavLhE1DLrrE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipKQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/XEYzy</latexit><latexit sha1_base64="IqW2N36QktBwntGQavLhE1DLrrE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipKQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/XEYzy</latexit><latexit sha1_base64="IqW2N36QktBwntGQavLhE1DLrrE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipKQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/XEYzy</latexit><latexit sha1_base64="IqW2N36QktBwntGQavLhE1DLrrE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipKQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/XEYzy</latexit>

n
<latexit sha1_base64="IqW2N36QktBwntGQavLhE1DLrrE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipKQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/XEYzy</latexit><latexit sha1_base64="IqW2N36QktBwntGQavLhE1DLrrE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipKQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/XEYzy</latexit><latexit sha1_base64="IqW2N36QktBwntGQavLhE1DLrrE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipKQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/XEYzy</latexit><latexit sha1_base64="IqW2N36QktBwntGQavLhE1DLrrE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipKQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/XEYzy</latexit>

- Overall, for strongly convex and smooth functions



Intuition behind preference for SGD 

n
<latexit sha1_base64="IqW2N36QktBwntGQavLhE1DLrrE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipKQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/XEYzy</latexit><latexit sha1_base64="IqW2N36QktBwntGQavLhE1DLrrE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipKQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/XEYzy</latexit><latexit sha1_base64="IqW2N36QktBwntGQavLhE1DLrrE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipKQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/XEYzy</latexit><latexit sha1_base64="IqW2N36QktBwntGQavLhE1DLrrE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipKQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/XEYzy</latexit>

n
<latexit sha1_base64="IqW2N36QktBwntGQavLhE1DLrrE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipKQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/XEYzy</latexit><latexit sha1_base64="IqW2N36QktBwntGQavLhE1DLrrE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipKQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/XEYzy</latexit><latexit sha1_base64="IqW2N36QktBwntGQavLhE1DLrrE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipKQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/XEYzy</latexit><latexit sha1_base64="IqW2N36QktBwntGQavLhE1DLrrE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipKQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/XEYzy</latexit>

- Overall, for strongly convex and smooth functions

- The real comparison is between n log
1

"
?
1

"
<latexit sha1_base64="I8aa7RO7UINev6LLh5E/jViQpK4=">AAACH3icbVDLSgNBEOz1GeMr6tHLYBA8hV0R9WbQi8cI5gHZEGYns8mQ2ZllZjYQls2XePFXvHhQRLzlb5w8DpqkoKGo6qa7K4g508Z1x87a+sbm1nZuJ7+7t39wWDg6rmmZKEKrRHKpGgHWlDNBq4YZThuxojgKOK0H/YeJXx9QpZkUz2YY01aEu4KFjGBjpXbhWiCfyy7yQ4VJ6mWpP8CKxppxKTI0uhutdtqFoltyp0DLxJuTIsxRaRd+/I4kSUSFIRxr3fTc2LRSrAwjnGZ5P9E0xqSPu7RpqcAR1a10+l+Gzq3SQaFUtoRBU/XvRIojrYdRYDsjbHp60ZuIq7xmYsLbVspEnBgqyGxRmHBkJJqEhTpMUWL40BJMFLO3ItLDNg9jI83bELzFl5dJ7bLkuSXv6apYvp/HkYNTOIML8OAGyvAIFagCgRd4gw/4dF6dd+fL+Z61rjnzmRP4B2f8C6X7o/4=</latexit><latexit sha1_base64="I8aa7RO7UINev6LLh5E/jViQpK4=">AAACH3icbVDLSgNBEOz1GeMr6tHLYBA8hV0R9WbQi8cI5gHZEGYns8mQ2ZllZjYQls2XePFXvHhQRLzlb5w8DpqkoKGo6qa7K4g508Z1x87a+sbm1nZuJ7+7t39wWDg6rmmZKEKrRHKpGgHWlDNBq4YZThuxojgKOK0H/YeJXx9QpZkUz2YY01aEu4KFjGBjpXbhWiCfyy7yQ4VJ6mWpP8CKxppxKTI0uhutdtqFoltyp0DLxJuTIsxRaRd+/I4kSUSFIRxr3fTc2LRSrAwjnGZ5P9E0xqSPu7RpqcAR1a10+l+Gzq3SQaFUtoRBU/XvRIojrYdRYDsjbHp60ZuIq7xmYsLbVspEnBgqyGxRmHBkJJqEhTpMUWL40BJMFLO3ItLDNg9jI83bELzFl5dJ7bLkuSXv6apYvp/HkYNTOIML8OAGyvAIFagCgRd4gw/4dF6dd+fL+Z61rjnzmRP4B2f8C6X7o/4=</latexit><latexit sha1_base64="I8aa7RO7UINev6LLh5E/jViQpK4=">AAACH3icbVDLSgNBEOz1GeMr6tHLYBA8hV0R9WbQi8cI5gHZEGYns8mQ2ZllZjYQls2XePFXvHhQRLzlb5w8DpqkoKGo6qa7K4g508Z1x87a+sbm1nZuJ7+7t39wWDg6rmmZKEKrRHKpGgHWlDNBq4YZThuxojgKOK0H/YeJXx9QpZkUz2YY01aEu4KFjGBjpXbhWiCfyy7yQ4VJ6mWpP8CKxppxKTI0uhutdtqFoltyp0DLxJuTIsxRaRd+/I4kSUSFIRxr3fTc2LRSrAwjnGZ5P9E0xqSPu7RpqcAR1a10+l+Gzq3SQaFUtoRBU/XvRIojrYdRYDsjbHp60ZuIq7xmYsLbVspEnBgqyGxRmHBkJJqEhTpMUWL40BJMFLO3ItLDNg9jI83bELzFl5dJ7bLkuSXv6apYvp/HkYNTOIML8OAGyvAIFagCgRd4gw/4dF6dd+fL+Z61rjnzmRP4B2f8C6X7o/4=</latexit><latexit sha1_base64="I8aa7RO7UINev6LLh5E/jViQpK4=">AAACH3icbVDLSgNBEOz1GeMr6tHLYBA8hV0R9WbQi8cI5gHZEGYns8mQ2ZllZjYQls2XePFXvHhQRLzlb5w8DpqkoKGo6qa7K4g508Z1x87a+sbm1nZuJ7+7t39wWDg6rmmZKEKrRHKpGgHWlDNBq4YZThuxojgKOK0H/YeJXx9QpZkUz2YY01aEu4KFjGBjpXbhWiCfyy7yQ4VJ6mWpP8CKxppxKTI0uhutdtqFoltyp0DLxJuTIsxRaRd+/I4kSUSFIRxr3fTc2LRSrAwjnGZ5P9E0xqSPu7RpqcAR1a10+l+Gzq3SQaFUtoRBU/XvRIojrYdRYDsjbHp60ZuIq7xmYsLbVspEnBgqyGxRmHBkJJqEhTpMUWL40BJMFLO3ItLDNg9jI83bELzFl5dJ7bLkuSXv6apYvp/HkYNTOIML8OAGyvAIFagCgRd4gw/4dF6dd+fL+Z61rjnzmRP4B2f8C6X7o/4=</latexit>

- In the big data regime,    can be huge! n
<latexit sha1_base64="IqW2N36QktBwntGQavLhE1DLrrE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipKQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/XEYzy</latexit><latexit sha1_base64="IqW2N36QktBwntGQavLhE1DLrrE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipKQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/XEYzy</latexit><latexit sha1_base64="IqW2N36QktBwntGQavLhE1DLrrE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipKQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/XEYzy</latexit><latexit sha1_base64="IqW2N36QktBwntGQavLhE1DLrrE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipKQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/XEYzy</latexit>



Intuition behind preference for SGD 

n
<latexit sha1_base64="IqW2N36QktBwntGQavLhE1DLrrE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipKQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/XEYzy</latexit><latexit sha1_base64="IqW2N36QktBwntGQavLhE1DLrrE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipKQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/XEYzy</latexit><latexit sha1_base64="IqW2N36QktBwntGQavLhE1DLrrE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipKQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/XEYzy</latexit><latexit sha1_base64="IqW2N36QktBwntGQavLhE1DLrrE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipKQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/XEYzy</latexit>

n
<latexit sha1_base64="IqW2N36QktBwntGQavLhE1DLrrE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipKQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/XEYzy</latexit><latexit sha1_base64="IqW2N36QktBwntGQavLhE1DLrrE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipKQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/XEYzy</latexit><latexit sha1_base64="IqW2N36QktBwntGQavLhE1DLrrE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipKQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/XEYzy</latexit><latexit sha1_base64="IqW2N36QktBwntGQavLhE1DLrrE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipKQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/XEYzy</latexit>

- Overall, for strongly convex and smooth functions

- The real comparison is between n log
1

"
?
1

"
<latexit sha1_base64="I8aa7RO7UINev6LLh5E/jViQpK4=">AAACH3icbVDLSgNBEOz1GeMr6tHLYBA8hV0R9WbQi8cI5gHZEGYns8mQ2ZllZjYQls2XePFXvHhQRLzlb5w8DpqkoKGo6qa7K4g508Z1x87a+sbm1nZuJ7+7t39wWDg6rmmZKEKrRHKpGgHWlDNBq4YZThuxojgKOK0H/YeJXx9QpZkUz2YY01aEu4KFjGBjpXbhWiCfyy7yQ4VJ6mWpP8CKxppxKTI0uhutdtqFoltyp0DLxJuTIsxRaRd+/I4kSUSFIRxr3fTc2LRSrAwjnGZ5P9E0xqSPu7RpqcAR1a10+l+Gzq3SQaFUtoRBU/XvRIojrYdRYDsjbHp60ZuIq7xmYsLbVspEnBgqyGxRmHBkJJqEhTpMUWL40BJMFLO3ItLDNg9jI83bELzFl5dJ7bLkuSXv6apYvp/HkYNTOIML8OAGyvAIFagCgRd4gw/4dF6dd+fL+Z61rjnzmRP4B2f8C6X7o/4=</latexit><latexit sha1_base64="I8aa7RO7UINev6LLh5E/jViQpK4=">AAACH3icbVDLSgNBEOz1GeMr6tHLYBA8hV0R9WbQi8cI5gHZEGYns8mQ2ZllZjYQls2XePFXvHhQRLzlb5w8DpqkoKGo6qa7K4g508Z1x87a+sbm1nZuJ7+7t39wWDg6rmmZKEKrRHKpGgHWlDNBq4YZThuxojgKOK0H/YeJXx9QpZkUz2YY01aEu4KFjGBjpXbhWiCfyy7yQ4VJ6mWpP8CKxppxKTI0uhutdtqFoltyp0DLxJuTIsxRaRd+/I4kSUSFIRxr3fTc2LRSrAwjnGZ5P9E0xqSPu7RpqcAR1a10+l+Gzq3SQaFUtoRBU/XvRIojrYdRYDsjbHp60ZuIq7xmYsLbVspEnBgqyGxRmHBkJJqEhTpMUWL40BJMFLO3ItLDNg9jI83bELzFl5dJ7bLkuSXv6apYvp/HkYNTOIML8OAGyvAIFagCgRd4gw/4dF6dd+fL+Z61rjnzmRP4B2f8C6X7o/4=</latexit><latexit sha1_base64="I8aa7RO7UINev6LLh5E/jViQpK4=">AAACH3icbVDLSgNBEOz1GeMr6tHLYBA8hV0R9WbQi8cI5gHZEGYns8mQ2ZllZjYQls2XePFXvHhQRLzlb5w8DpqkoKGo6qa7K4g508Z1x87a+sbm1nZuJ7+7t39wWDg6rmmZKEKrRHKpGgHWlDNBq4YZThuxojgKOK0H/YeJXx9QpZkUz2YY01aEu4KFjGBjpXbhWiCfyy7yQ4VJ6mWpP8CKxppxKTI0uhutdtqFoltyp0DLxJuTIsxRaRd+/I4kSUSFIRxr3fTc2LRSrAwjnGZ5P9E0xqSPu7RpqcAR1a10+l+Gzq3SQaFUtoRBU/XvRIojrYdRYDsjbHp60ZuIq7xmYsLbVspEnBgqyGxRmHBkJJqEhTpMUWL40BJMFLO3ItLDNg9jI83bELzFl5dJ7bLkuSXv6apYvp/HkYNTOIML8OAGyvAIFagCgRd4gw/4dF6dd+fL+Z61rjnzmRP4B2f8C6X7o/4=</latexit><latexit sha1_base64="I8aa7RO7UINev6LLh5E/jViQpK4=">AAACH3icbVDLSgNBEOz1GeMr6tHLYBA8hV0R9WbQi8cI5gHZEGYns8mQ2ZllZjYQls2XePFXvHhQRLzlb5w8DpqkoKGo6qa7K4g508Z1x87a+sbm1nZuJ7+7t39wWDg6rmmZKEKrRHKpGgHWlDNBq4YZThuxojgKOK0H/YeJXx9QpZkUz2YY01aEu4KFjGBjpXbhWiCfyy7yQ4VJ6mWpP8CKxppxKTI0uhutdtqFoltyp0DLxJuTIsxRaRd+/I4kSUSFIRxr3fTc2LRSrAwjnGZ5P9E0xqSPu7RpqcAR1a10+l+Gzq3SQaFUtoRBU/XvRIojrYdRYDsjbHp60ZuIq7xmYsLbVspEnBgqyGxRmHBkJJqEhTpMUWL40BJMFLO3ItLDNg9jI83bELzFl5dJ7bLkuSXv6apYvp/HkYNTOIML8OAGyvAIFagCgRd4gw/4dF6dd+fL+Z61rjnzmRP4B2f8C6X7o/4=</latexit>

- In the big data regime,    can be huge! n
<latexit sha1_base64="IqW2N36QktBwntGQavLhE1DLrrE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipKQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/XEYzy</latexit><latexit sha1_base64="IqW2N36QktBwntGQavLhE1DLrrE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipKQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/XEYzy</latexit><latexit sha1_base64="IqW2N36QktBwntGQavLhE1DLrrE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipKQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/XEYzy</latexit><latexit sha1_base64="IqW2N36QktBwntGQavLhE1DLrrE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipKQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/XEYzy</latexit>

- Gradient descent uses full dataset per iteration; there might be redundancies

- It actually works great in practice!



Intuition behind preference for SGD Pic. from: “Optimization Methods 
for Large-Scale Machine Learning“



Variants of SGD 
- Mini-batch SGD: instead of picking one sample, pick multiple

- Still less time than computing the full gradient
- Converges to a smaller ball around optimum: trade-off

xt+1 = xt � ⌘trfIt(xt) = xt � ⌘t ·
|It|X

j=1

rfj(xt)

<latexit sha1_base64="6Mg06TQG71Hfe2y1/ri1xeIs9js="></latexit><latexit sha1_base64="6Mg06TQG71Hfe2y1/ri1xeIs9js="></latexit><latexit sha1_base64="6Mg06TQG71Hfe2y1/ri1xeIs9js="></latexit><latexit sha1_base64="6Mg06TQG71Hfe2y1/ri1xeIs9js="></latexit>



Variants of SGD 
- Mini-batch SGD: instead of picking one sample, pick multiple

- Still less time than computing the full gradient
- Converges to a smaller ball around optimum: trade-off

- SGD with importance sampling: select ``carefully`` the next sample

- Select              according to distributionit 2 [n]
<latexit sha1_base64="KIJqfC2N9IwLiSq6CSp/jBJs2LA=">AAAB8nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxMDlCHubvWTJ3u6xOyeEkJ9hY6GIrb/Gzn/jJrlCEx8MPN6bYWZenElh0fe/vdLa+sbmVnm7srO7t39QPTxqW50bxltMS206MbVcCsVbKFDyTmY4TWPJH+PR7cx/fOLGCq0ecJzxKKUDJRLBKDopFD0kXaFIqKJetebX/TnIKgkKUoMCzV71q9vXLE+5QiaptWHgZxhNqEHBJJ9WurnlGWUjOuCho4qm3EaT+clTcuaUPkm0caWQzNXfExOaWjtOY9eZUhzaZW8m/ueFOSbX0USoLEeu2GJRkkuCmsz+J31hOEM5doQyI9ythA2poQxdShUXQrD88ippX9QDvx7cX9YaN0UcZTiBUziHAK6gAXfQhBYw0PAMr/DmoffivXsfi9aSV8wcwx94nz+EOpC9</latexit><latexit sha1_base64="KIJqfC2N9IwLiSq6CSp/jBJs2LA=">AAAB8nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxMDlCHubvWTJ3u6xOyeEkJ9hY6GIrb/Gzn/jJrlCEx8MPN6bYWZenElh0fe/vdLa+sbmVnm7srO7t39QPTxqW50bxltMS206MbVcCsVbKFDyTmY4TWPJH+PR7cx/fOLGCq0ecJzxKKUDJRLBKDopFD0kXaFIqKJetebX/TnIKgkKUoMCzV71q9vXLE+5QiaptWHgZxhNqEHBJJ9WurnlGWUjOuCho4qm3EaT+clTcuaUPkm0caWQzNXfExOaWjtOY9eZUhzaZW8m/ueFOSbX0USoLEeu2GJRkkuCmsz+J31hOEM5doQyI9ythA2poQxdShUXQrD88ippX9QDvx7cX9YaN0UcZTiBUziHAK6gAXfQhBYw0PAMr/DmoffivXsfi9aSV8wcwx94nz+EOpC9</latexit><latexit sha1_base64="KIJqfC2N9IwLiSq6CSp/jBJs2LA=">AAAB8nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxMDlCHubvWTJ3u6xOyeEkJ9hY6GIrb/Gzn/jJrlCEx8MPN6bYWZenElh0fe/vdLa+sbmVnm7srO7t39QPTxqW50bxltMS206MbVcCsVbKFDyTmY4TWPJH+PR7cx/fOLGCq0ecJzxKKUDJRLBKDopFD0kXaFIqKJetebX/TnIKgkKUoMCzV71q9vXLE+5QiaptWHgZxhNqEHBJJ9WurnlGWUjOuCho4qm3EaT+clTcuaUPkm0caWQzNXfExOaWjtOY9eZUhzaZW8m/ueFOSbX0USoLEeu2GJRkkuCmsz+J31hOEM5doQyI9ythA2poQxdShUXQrD88ippX9QDvx7cX9YaN0UcZTiBUziHAK6gAXfQhBYw0PAMr/DmoffivXsfi9aSV8wcwx94nz+EOpC9</latexit><latexit sha1_base64="KIJqfC2N9IwLiSq6CSp/jBJs2LA=">AAAB8nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxMDlCHubvWTJ3u6xOyeEkJ9hY6GIrb/Gzn/jJrlCEx8MPN6bYWZenElh0fe/vdLa+sbmVnm7srO7t39QPTxqW50bxltMS206MbVcCsVbKFDyTmY4TWPJH+PR7cx/fOLGCq0ecJzxKKUDJRLBKDopFD0kXaFIqKJetebX/TnIKgkKUoMCzV71q9vXLE+5QiaptWHgZxhNqEHBJJ9WurnlGWUjOuCho4qm3EaT+clTcuaUPkm0caWQzNXfExOaWjtOY9eZUhzaZW8m/ueFOSbX0USoLEeu2GJRkkuCmsz+J31hOEM5doQyI9ythA2poQxdShUXQrD88ippX9QDvx7cX9YaN0UcZTiBUziHAK6gAXfQhBYw0PAMr/DmoffivXsfi9aSV8wcwx94nz+EOpC9</latexit>

p 2 [0, 1]n,
X

i

pi = 1
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- Main question: can we compute a good probability distribution 
   without too much effort?

xt+1 = xt � ⌘trfIt(xt) = xt � ⌘t ·
|It|X

j=1

rfj(xt)
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Variants of SGD 
- Stochastic variance-reduced gradient (SVRG)

xt+1 = xt � ⌘t (rfit(xt)� (rfit(exq)�rf(exq)))
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- Observe that:                              ; thenE[rfit(·)] = rf(·)
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Unbiased estimator! 
We expect smaller variance 

,

- Theoretical guarantees:

E [f(xt+1)� f(x?)]  ⇢ · E [f(xt)� f(x?)]
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- Main drawback: Full gradient, but overall complexity O
✓
(n+ ) log

1

"

◆
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Performance of SGD 



Why SGD is so important in machine learning?
(or some of the reasons)
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Why SGD is so important in machine learning?
(or some of the reasons)

where batch  
methods 
thrive

- We ask batch optimization methods to find a model 
   that minimizes an objective other than what they  
   try to optimize

- SGD explores better the landscape
(more to come in future 

lectures)

Pic. from: “Optimization Methods 
for Large-Scale Machine Learning“



- Stochastic gradient descent (SGD) selects mini batches of training data; 
   what if we subselect variables to update per iteration?

Acceleration #3: Coordinate descent methods

where per iteration we select randomly            .

xt+1 = xt � ⌘trf(xt)
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<latexit sha1_base64="cuarELWrv3ov8Lq4MgTJqOtI/og=">AAACJHicbVDLSgMxFM34tr6qLt0Ei6CoZUYEBRGKblxWsFVoy3AnzdRgJjMkd8Qy9GPc+CtuXPjAhRu/xbQdQa0HAifnnEtyT5BIYdB1P5yx8YnJqemZ2cLc/MLiUnF5pW7iVDNeY7GM9VUAhkuheA0FSn6VaA5RIPllcHPa9y9vuTYiVhfYTXgrgo4SoWCAVvKLR5t3fobbXm/Lz4SPPXpMrYLft13a5Ag+0qaCQEKuhoPIjl8suWV3ADpKvJyUSI6qX3xttmOWRlwhk2BMw3MTbGWgUTDJe4VmangC7AY6vGGpgoibVjZYskc3rNKmYaztUUgH6s+JDCJjulFgkxHgtfnr9cX/vEaK4WErEypJkSs2fChMJcWY9hujbaE5Q9m1BJgW9q+UXYMGhrbXgi3B+7vyKKnvlT237J3vlyoneR0zZI2sk03ikQNSIWekSmqEkXvySJ7Ji/PgPDlvzvswOubkM6vkF5zPL0ZEo1k=</latexit><latexit sha1_base64="cuarELWrv3ov8Lq4MgTJqOtI/og=">AAACJHicbVDLSgMxFM34tr6qLt0Ei6CoZUYEBRGKblxWsFVoy3AnzdRgJjMkd8Qy9GPc+CtuXPjAhRu/xbQdQa0HAifnnEtyT5BIYdB1P5yx8YnJqemZ2cLc/MLiUnF5pW7iVDNeY7GM9VUAhkuheA0FSn6VaA5RIPllcHPa9y9vuTYiVhfYTXgrgo4SoWCAVvKLR5t3fobbXm/Lz4SPPXpMrYLft13a5Ag+0qaCQEKuhoPIjl8suWV3ADpKvJyUSI6qX3xttmOWRlwhk2BMw3MTbGWgUTDJe4VmangC7AY6vGGpgoibVjZYskc3rNKmYaztUUgH6s+JDCJjulFgkxHgtfnr9cX/vEaK4WErEypJkSs2fChMJcWY9hujbaE5Q9m1BJgW9q+UXYMGhrbXgi3B+7vyKKnvlT237J3vlyoneR0zZI2sk03ikQNSIWekSmqEkXvySJ7Ji/PgPDlvzvswOubkM6vkF5zPL0ZEo1k=</latexit><latexit sha1_base64="cuarELWrv3ov8Lq4MgTJqOtI/og=">AAACJHicbVDLSgMxFM34tr6qLt0Ei6CoZUYEBRGKblxWsFVoy3AnzdRgJjMkd8Qy9GPc+CtuXPjAhRu/xbQdQa0HAifnnEtyT5BIYdB1P5yx8YnJqemZ2cLc/MLiUnF5pW7iVDNeY7GM9VUAhkuheA0FSn6VaA5RIPllcHPa9y9vuTYiVhfYTXgrgo4SoWCAVvKLR5t3fobbXm/Lz4SPPXpMrYLft13a5Ag+0qaCQEKuhoPIjl8suWV3ADpKvJyUSI6qX3xttmOWRlwhk2BMw3MTbGWgUTDJe4VmangC7AY6vGGpgoibVjZYskc3rNKmYaztUUgH6s+JDCJjulFgkxHgtfnr9cX/vEaK4WErEypJkSs2fChMJcWY9hujbaE5Q9m1BJgW9q+UXYMGhrbXgi3B+7vyKKnvlT237J3vlyoneR0zZI2sk03ikQNSIWekSmqEkXvySJ7Ji/PgPDlvzvswOubkM6vkF5zPL0ZEo1k=</latexit><latexit sha1_base64="cuarELWrv3ov8Lq4MgTJqOtI/og=">AAACJHicbVDLSgMxFM34tr6qLt0Ei6CoZUYEBRGKblxWsFVoy3AnzdRgJjMkd8Qy9GPc+CtuXPjAhRu/xbQdQa0HAifnnEtyT5BIYdB1P5yx8YnJqemZ2cLc/MLiUnF5pW7iVDNeY7GM9VUAhkuheA0FSn6VaA5RIPllcHPa9y9vuTYiVhfYTXgrgo4SoWCAVvKLR5t3fobbXm/Lz4SPPXpMrYLft13a5Ag+0qaCQEKuhoPIjl8suWV3ADpKvJyUSI6qX3xttmOWRlwhk2BMw3MTbGWgUTDJe4VmangC7AY6vGGpgoibVjZYskc3rNKmYaztUUgH6s+JDCJjulFgkxHgtfnr9cX/vEaK4WErEypJkSs2fChMJcWY9hujbaE5Q9m1BJgW9q+UXYMGhrbXgi3B+7vyKKnvlT237J3vlyoneR0zZI2sk03ikQNSIWekSmqEkXvySJ7Ji/PgPDlvzvswOubkM6vkF5zPL0ZEo1k=</latexit>

it 2 [p]
<latexit sha1_base64="l91mA0O9uAy8Yxdyx+aWyipPbmc=">AAAB8nicbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCrYWtkvJptk2NJssyaxQSn+GFw+KePXXePPfmLZ70NYXAg/vzJCZN86ksOj7315pbX1jc6u8XdnZ3ds/qB4eta3ODeMtpqU2nZhaLoXiLRQoeScznKax5I/x6HZWf3zixgqtHnCc8SilAyUSwSg6KxQ9JF2hSJhFvWrNr/tzkVUICqhBoWav+tXta5anXCGT1Now8DOMJtSgYJJPK93c8oyyER3w0KGiKbfRZL7ylJw5p08SbdxTSObu74kJTa0dp7HrTCkO7XJtZv5XC3NMrqOJUFmOXLHFR0kuCWoyu5/0heEM5dgBZUa4XQkbUkMZupQqLoRg+eRVaF/UA8f3l7XGTRFHGU7gFM4hgCtowB00oQUMNDzDK7x56L14797HorXkFTPH8Efe5w+HRpC/</latexit><latexit sha1_base64="l91mA0O9uAy8Yxdyx+aWyipPbmc=">AAAB8nicbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCrYWtkvJptk2NJssyaxQSn+GFw+KePXXePPfmLZ70NYXAg/vzJCZN86ksOj7315pbX1jc6u8XdnZ3ds/qB4eta3ODeMtpqU2nZhaLoXiLRQoeScznKax5I/x6HZWf3zixgqtHnCc8SilAyUSwSg6KxQ9JF2hSJhFvWrNr/tzkVUICqhBoWav+tXta5anXCGT1Now8DOMJtSgYJJPK93c8oyyER3w0KGiKbfRZL7ylJw5p08SbdxTSObu74kJTa0dp7HrTCkO7XJtZv5XC3NMrqOJUFmOXLHFR0kuCWoyu5/0heEM5dgBZUa4XQkbUkMZupQqLoRg+eRVaF/UA8f3l7XGTRFHGU7gFM4hgCtowB00oQUMNDzDK7x56L14797HorXkFTPH8Efe5w+HRpC/</latexit><latexit sha1_base64="l91mA0O9uAy8Yxdyx+aWyipPbmc=">AAAB8nicbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCrYWtkvJptk2NJssyaxQSn+GFw+KePXXePPfmLZ70NYXAg/vzJCZN86ksOj7315pbX1jc6u8XdnZ3ds/qB4eta3ODeMtpqU2nZhaLoXiLRQoeScznKax5I/x6HZWf3zixgqtHnCc8SilAyUSwSg6KxQ9JF2hSJhFvWrNr/tzkVUICqhBoWav+tXta5anXCGT1Now8DOMJtSgYJJPK93c8oyyER3w0KGiKbfRZL7ylJw5p08SbdxTSObu74kJTa0dp7HrTCkO7XJtZv5XC3NMrqOJUFmOXLHFR0kuCWoyu5/0heEM5dgBZUa4XQkbUkMZupQqLoRg+eRVaF/UA8f3l7XGTRFHGU7gFM4hgCtowB00oQUMNDzDK7x56L14797HorXkFTPH8Efe5w+HRpC/</latexit><latexit sha1_base64="l91mA0O9uAy8Yxdyx+aWyipPbmc=">AAAB8nicbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCrYWtkvJptk2NJssyaxQSn+GFw+KePXXePPfmLZ70NYXAg/vzJCZN86ksOj7315pbX1jc6u8XdnZ3ds/qB4eta3ODeMtpqU2nZhaLoXiLRQoeScznKax5I/x6HZWf3zixgqtHnCc8SilAyUSwSg6KxQ9JF2hSJhFvWrNr/tzkVUICqhBoWav+tXta5anXCGT1Now8DOMJtSgYJJPK93c8oyyER3w0KGiKbfRZL7ylJw5p08SbdxTSObu74kJTa0dp7HrTCkO7XJtZv5XC3NMrqOJUFmOXLHFR0kuCWoyu5/0heEM5dgBZUa4XQkbUkMZupQqLoRg+eRVaF/UA8f3l7XGTRFHGU7gFM4hgCtowB00oQUMNDzDK7x56L14797HorXkFTPH8Efe5w+HRpC/</latexit>



- Stochastic gradient descent (SGD) selects mini batches of training data; 
   what if we subselect variables to update per iteration?

Acceleration #3: Coordinate descent methods

where per iteration we select randomly            .

xt+1 = xt � ⌘trf(xt)
<latexit sha1_base64="uDpRWWzX9VQw/JMVSX0pVB7GSAk=">AAACDXicbZBNS8NAEIY39avWr6pHL4tVUMSSiKAXQfTiUcFWoQ1hst3Yxc0m7E6kJfQPePGvePGgiFfv3vw3btsc/Hph4eGdGWbnDVMpDLrup1OamJyaninPVubmFxaXqssrTZNkmvEGS2Sir0MwXArFGyhQ8utUc4hDya/C29Nh/eqOayMSdYn9lPsx3CgRCQZoraC60Qty3PEG9Ij2AqS7tM0RLLQVhBJotGXd7aBac+vuSPQveAXUSKHzoPrR7iQsi7lCJsGYluem6OegUTDJB5V2ZngK7BZueMuigpgbPx9dM6Cb1unQKNH2KaQj9/tEDrEx/Ti0nTFg1/yuDc3/aq0Mo0M/FyrNkCs2XhRlkmJCh9HQjtCcoexbAKaF/StlXdDA0AZYsSF4v0/+C829uufWvYv92vFJEUeZrJF1skU8ckCOyRk5Jw3CyD15JM/kxXlwnpxX523cWnKKmVXyQ877F3/gmew=</latexit><latexit sha1_base64="uDpRWWzX9VQw/JMVSX0pVB7GSAk=">AAACDXicbZBNS8NAEIY39avWr6pHL4tVUMSSiKAXQfTiUcFWoQ1hst3Yxc0m7E6kJfQPePGvePGgiFfv3vw3btsc/Hph4eGdGWbnDVMpDLrup1OamJyaninPVubmFxaXqssrTZNkmvEGS2Sir0MwXArFGyhQ8utUc4hDya/C29Nh/eqOayMSdYn9lPsx3CgRCQZoraC60Qty3PEG9Ij2AqS7tM0RLLQVhBJotGXd7aBac+vuSPQveAXUSKHzoPrR7iQsi7lCJsGYluem6OegUTDJB5V2ZngK7BZueMuigpgbPx9dM6Cb1unQKNH2KaQj9/tEDrEx/Ti0nTFg1/yuDc3/aq0Mo0M/FyrNkCs2XhRlkmJCh9HQjtCcoexbAKaF/StlXdDA0AZYsSF4v0/+C829uufWvYv92vFJEUeZrJF1skU8ckCOyRk5Jw3CyD15JM/kxXlwnpxX523cWnKKmVXyQ877F3/gmew=</latexit><latexit sha1_base64="uDpRWWzX9VQw/JMVSX0pVB7GSAk=">AAACDXicbZBNS8NAEIY39avWr6pHL4tVUMSSiKAXQfTiUcFWoQ1hst3Yxc0m7E6kJfQPePGvePGgiFfv3vw3btsc/Hph4eGdGWbnDVMpDLrup1OamJyaninPVubmFxaXqssrTZNkmvEGS2Sir0MwXArFGyhQ8utUc4hDya/C29Nh/eqOayMSdYn9lPsx3CgRCQZoraC60Qty3PEG9Ij2AqS7tM0RLLQVhBJotGXd7aBac+vuSPQveAXUSKHzoPrR7iQsi7lCJsGYluem6OegUTDJB5V2ZngK7BZueMuigpgbPx9dM6Cb1unQKNH2KaQj9/tEDrEx/Ti0nTFg1/yuDc3/aq0Mo0M/FyrNkCs2XhRlkmJCh9HQjtCcoexbAKaF/StlXdDA0AZYsSF4v0/+C829uufWvYv92vFJEUeZrJF1skU8ckCOyRk5Jw3CyD15JM/kxXlwnpxX523cWnKKmVXyQ877F3/gmew=</latexit><latexit sha1_base64="uDpRWWzX9VQw/JMVSX0pVB7GSAk=">AAACDXicbZBNS8NAEIY39avWr6pHL4tVUMSSiKAXQfTiUcFWoQ1hst3Yxc0m7E6kJfQPePGvePGgiFfv3vw3btsc/Hph4eGdGWbnDVMpDLrup1OamJyaninPVubmFxaXqssrTZNkmvEGS2Sir0MwXArFGyhQ8utUc4hDya/C29Nh/eqOayMSdYn9lPsx3CgRCQZoraC60Qty3PEG9Ij2AqS7tM0RLLQVhBJotGXd7aBac+vuSPQveAXUSKHzoPrR7iQsi7lCJsGYluem6OegUTDJB5V2ZngK7BZueMuigpgbPx9dM6Cb1unQKNH2KaQj9/tEDrEx/Ti0nTFg1/yuDc3/aq0Mo0M/FyrNkCs2XhRlkmJCh9HQjtCcoexbAKaF/StlXdDA0AZYsSF4v0/+C829uufWvYv92vFJEUeZrJF1skU8ckCOyRk5Jw3CyD15JM/kxXlwnpxX523cWnKKmVXyQ877F3/gmew=</latexit>

- ``Why do we want to do this?``
What is the complexity of 
computing full gradient?

What is the complexity of 
computing a gradient for a 

single variable?

O(np)
<latexit sha1_base64="XDhwXj/Te7VATCMDr7xjPfvKemU=">AAAB7XicbVBNSwMxEJ31s9avqkcvwSLUS9kVQY9FL96sYD+gXUo2zbax2SQkWaEs/Q9ePCji1f/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vZXVtfWNzcJWcXtnd2+/dHDYNDLVhDaI5FK3I2woZ4I2LLOctpWmOIk4bUWjm6nfeqLaMCke7FjRMMEDwWJGsHVS864ikDrrlcp+1Z8BLZMgJ2XIUe+Vvrp9SdKECks4NqYT+MqGGdaWEU4nxW5qqMJkhAe046jACTVhNrt2gk6d0kex1K6ERTP190SGE2PGSeQ6E2yHZtGbiv95ndTGV2HGhEotFWS+KE45shJNX0d9pimxfOwIJpq5WxEZYo2JdQEVXQjB4svLpHleDfxqcH9Rrl3ncRTgGE6gAgFcQg1uoQ4NIPAIz/AKb570Xrx372PeuuLlM0fwB97nD2CrjlQ=</latexit><latexit sha1_base64="XDhwXj/Te7VATCMDr7xjPfvKemU=">AAAB7XicbVBNSwMxEJ31s9avqkcvwSLUS9kVQY9FL96sYD+gXUo2zbax2SQkWaEs/Q9ePCji1f/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vZXVtfWNzcJWcXtnd2+/dHDYNDLVhDaI5FK3I2woZ4I2LLOctpWmOIk4bUWjm6nfeqLaMCke7FjRMMEDwWJGsHVS864ikDrrlcp+1Z8BLZMgJ2XIUe+Vvrp9SdKECks4NqYT+MqGGdaWEU4nxW5qqMJkhAe046jACTVhNrt2gk6d0kex1K6ERTP190SGE2PGSeQ6E2yHZtGbiv95ndTGV2HGhEotFWS+KE45shJNX0d9pimxfOwIJpq5WxEZYo2JdQEVXQjB4svLpHleDfxqcH9Rrl3ncRTgGE6gAgFcQg1uoQ4NIPAIz/AKb570Xrx372PeuuLlM0fwB97nD2CrjlQ=</latexit><latexit sha1_base64="XDhwXj/Te7VATCMDr7xjPfvKemU=">AAAB7XicbVBNSwMxEJ31s9avqkcvwSLUS9kVQY9FL96sYD+gXUo2zbax2SQkWaEs/Q9ePCji1f/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vZXVtfWNzcJWcXtnd2+/dHDYNDLVhDaI5FK3I2woZ4I2LLOctpWmOIk4bUWjm6nfeqLaMCke7FjRMMEDwWJGsHVS864ikDrrlcp+1Z8BLZMgJ2XIUe+Vvrp9SdKECks4NqYT+MqGGdaWEU4nxW5qqMJkhAe046jACTVhNrt2gk6d0kex1K6ERTP190SGE2PGSeQ6E2yHZtGbiv95ndTGV2HGhEotFWS+KE45shJNX0d9pimxfOwIJpq5WxEZYo2JdQEVXQjB4svLpHleDfxqcH9Rrl3ncRTgGE6gAgFcQg1uoQ4NIPAIz/AKb570Xrx372PeuuLlM0fwB97nD2CrjlQ=</latexit><latexit sha1_base64="XDhwXj/Te7VATCMDr7xjPfvKemU=">AAAB7XicbVBNSwMxEJ31s9avqkcvwSLUS9kVQY9FL96sYD+gXUo2zbax2SQkWaEs/Q9ePCji1f/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vZXVtfWNzcJWcXtnd2+/dHDYNDLVhDaI5FK3I2woZ4I2LLOctpWmOIk4bUWjm6nfeqLaMCke7FjRMMEDwWJGsHVS864ikDrrlcp+1Z8BLZMgJ2XIUe+Vvrp9SdKECks4NqYT+MqGGdaWEU4nxW5qqMJkhAe046jACTVhNrt2gk6d0kex1K6ERTP190SGE2PGSeQ6E2yHZtGbiv95ndTGV2HGhEotFWS+KE45shJNX0d9pimxfOwIJpq5WxEZYo2JdQEVXQjB4svLpHleDfxqcH9Rrl3ncRTgGE6gAgFcQg1uoQ4NIPAIz/AKb570Xrx372PeuuLlM0fwB97nD2CrjlQ=</latexit>

(Assume least-squares objective) O(n)
<latexit sha1_base64="+kJpV8bVniCAa0s6XuWgzjcRyPE=">AAAB63icbZDLSgMxFIbP1Futt6pLN8Ei1E2ZEUGXRTfurGAv0A4lk2ba0CQzJBmhDH0FNy4UcesLufNtzExnoa0/BD7+cw455w9izrRx3W+ntLa+sblV3q7s7O7tH1QPjzo6ShShbRLxSPUCrClnkrYNM5z2YkWxCDjtBtPbrN59okqzSD6aWUx9gceShYxgk1n3dXk+rNbchpsLrYJXQA0KtYbVr8EoIomg0hCOte57bmz8FCvDCKfzyiDRNMZkise0b1FiQbWf5rvO0Zl1RiiMlH3SoNz9PZFiofVMBLZTYDPRy7XM/K/WT0x47adMxomhkiw+ChOOTISyw9GIKUoMn1nARDG7KyITrDAxNp6KDcFbPnkVOhcNz/LDZa15U8RRhhM4hTp4cAVNuIMWtIHABJ7hFd4c4bw4787HorXkFDPH8EfO5w86Do2w</latexit><latexit sha1_base64="+kJpV8bVniCAa0s6XuWgzjcRyPE=">AAAB63icbZDLSgMxFIbP1Futt6pLN8Ei1E2ZEUGXRTfurGAv0A4lk2ba0CQzJBmhDH0FNy4UcesLufNtzExnoa0/BD7+cw455w9izrRx3W+ntLa+sblV3q7s7O7tH1QPjzo6ShShbRLxSPUCrClnkrYNM5z2YkWxCDjtBtPbrN59okqzSD6aWUx9gceShYxgk1n3dXk+rNbchpsLrYJXQA0KtYbVr8EoIomg0hCOte57bmz8FCvDCKfzyiDRNMZkise0b1FiQbWf5rvO0Zl1RiiMlH3SoNz9PZFiofVMBLZTYDPRy7XM/K/WT0x47adMxomhkiw+ChOOTISyw9GIKUoMn1nARDG7KyITrDAxNp6KDcFbPnkVOhcNz/LDZa15U8RRhhM4hTp4cAVNuIMWtIHABJ7hFd4c4bw4787HorXkFDPH8EfO5w86Do2w</latexit><latexit sha1_base64="+kJpV8bVniCAa0s6XuWgzjcRyPE=">AAAB63icbZDLSgMxFIbP1Futt6pLN8Ei1E2ZEUGXRTfurGAv0A4lk2ba0CQzJBmhDH0FNy4UcesLufNtzExnoa0/BD7+cw455w9izrRx3W+ntLa+sblV3q7s7O7tH1QPjzo6ShShbRLxSPUCrClnkrYNM5z2YkWxCDjtBtPbrN59okqzSD6aWUx9gceShYxgk1n3dXk+rNbchpsLrYJXQA0KtYbVr8EoIomg0hCOte57bmz8FCvDCKfzyiDRNMZkise0b1FiQbWf5rvO0Zl1RiiMlH3SoNz9PZFiofVMBLZTYDPRy7XM/K/WT0x47adMxomhkiw+ChOOTISyw9GIKUoMn1nARDG7KyITrDAxNp6KDcFbPnkVOhcNz/LDZa15U8RRhhM4hTp4cAVNuIMWtIHABJ7hFd4c4bw4787HorXkFDPH8EfO5w86Do2w</latexit><latexit sha1_base64="+kJpV8bVniCAa0s6XuWgzjcRyPE=">AAAB63icbZDLSgMxFIbP1Futt6pLN8Ei1E2ZEUGXRTfurGAv0A4lk2ba0CQzJBmhDH0FNy4UcesLufNtzExnoa0/BD7+cw455w9izrRx3W+ntLa+sblV3q7s7O7tH1QPjzo6ShShbRLxSPUCrClnkrYNM5z2YkWxCDjtBtPbrN59okqzSD6aWUx9gceShYxgk1n3dXk+rNbchpsLrYJXQA0KtYbVr8EoIomg0hCOte57bmz8FCvDCKfzyiDRNMZkise0b1FiQbWf5rvO0Zl1RiiMlH3SoNz9PZFiofVMBLZTYDPRy7XM/K/WT0x47adMxomhkiw+ChOOTISyw9GIKUoMn1nARDG7KyITrDAxNp6KDcFbPnkVOhcNz/LDZa15U8RRhhM4hTp4cAVNuIMWtIHABJ7hFd4c4bw4787HorXkFDPH8EfO5w86Do2w</latexit>

(xt+1)it = (xt)it � ⌘tritf(xt),
<latexit sha1_base64="cuarELWrv3ov8Lq4MgTJqOtI/og=">AAACJHicbVDLSgMxFM34tr6qLt0Ei6CoZUYEBRGKblxWsFVoy3AnzdRgJjMkd8Qy9GPc+CtuXPjAhRu/xbQdQa0HAifnnEtyT5BIYdB1P5yx8YnJqemZ2cLc/MLiUnF5pW7iVDNeY7GM9VUAhkuheA0FSn6VaA5RIPllcHPa9y9vuTYiVhfYTXgrgo4SoWCAVvKLR5t3fobbXm/Lz4SPPXpMrYLft13a5Ag+0qaCQEKuhoPIjl8suWV3ADpKvJyUSI6qX3xttmOWRlwhk2BMw3MTbGWgUTDJe4VmangC7AY6vGGpgoibVjZYskc3rNKmYaztUUgH6s+JDCJjulFgkxHgtfnr9cX/vEaK4WErEypJkSs2fChMJcWY9hujbaE5Q9m1BJgW9q+UXYMGhrbXgi3B+7vyKKnvlT237J3vlyoneR0zZI2sk03ikQNSIWekSmqEkXvySJ7Ji/PgPDlvzvswOubkM6vkF5zPL0ZEo1k=</latexit><latexit sha1_base64="cuarELWrv3ov8Lq4MgTJqOtI/og=">AAACJHicbVDLSgMxFM34tr6qLt0Ei6CoZUYEBRGKblxWsFVoy3AnzdRgJjMkd8Qy9GPc+CtuXPjAhRu/xbQdQa0HAifnnEtyT5BIYdB1P5yx8YnJqemZ2cLc/MLiUnF5pW7iVDNeY7GM9VUAhkuheA0FSn6VaA5RIPllcHPa9y9vuTYiVhfYTXgrgo4SoWCAVvKLR5t3fobbXm/Lz4SPPXpMrYLft13a5Ag+0qaCQEKuhoPIjl8suWV3ADpKvJyUSI6qX3xttmOWRlwhk2BMw3MTbGWgUTDJe4VmangC7AY6vGGpgoibVjZYskc3rNKmYaztUUgH6s+JDCJjulFgkxHgtfnr9cX/vEaK4WErEypJkSs2fChMJcWY9hujbaE5Q9m1BJgW9q+UXYMGhrbXgi3B+7vyKKnvlT237J3vlyoneR0zZI2sk03ikQNSIWekSmqEkXvySJ7Ji/PgPDlvzvswOubkM6vkF5zPL0ZEo1k=</latexit><latexit sha1_base64="cuarELWrv3ov8Lq4MgTJqOtI/og=">AAACJHicbVDLSgMxFM34tr6qLt0Ei6CoZUYEBRGKblxWsFVoy3AnzdRgJjMkd8Qy9GPc+CtuXPjAhRu/xbQdQa0HAifnnEtyT5BIYdB1P5yx8YnJqemZ2cLc/MLiUnF5pW7iVDNeY7GM9VUAhkuheA0FSn6VaA5RIPllcHPa9y9vuTYiVhfYTXgrgo4SoWCAVvKLR5t3fobbXm/Lz4SPPXpMrYLft13a5Ag+0qaCQEKuhoPIjl8suWV3ADpKvJyUSI6qX3xttmOWRlwhk2BMw3MTbGWgUTDJe4VmangC7AY6vGGpgoibVjZYskc3rNKmYaztUUgH6s+JDCJjulFgkxHgtfnr9cX/vEaK4WErEypJkSs2fChMJcWY9hujbaE5Q9m1BJgW9q+UXYMGhrbXgi3B+7vyKKnvlT237J3vlyoneR0zZI2sk03ikQNSIWekSmqEkXvySJ7Ji/PgPDlvzvswOubkM6vkF5zPL0ZEo1k=</latexit><latexit sha1_base64="cuarELWrv3ov8Lq4MgTJqOtI/og=">AAACJHicbVDLSgMxFM34tr6qLt0Ei6CoZUYEBRGKblxWsFVoy3AnzdRgJjMkd8Qy9GPc+CtuXPjAhRu/xbQdQa0HAifnnEtyT5BIYdB1P5yx8YnJqemZ2cLc/MLiUnF5pW7iVDNeY7GM9VUAhkuheA0FSn6VaA5RIPllcHPa9y9vuTYiVhfYTXgrgo4SoWCAVvKLR5t3fobbXm/Lz4SPPXpMrYLft13a5Ag+0qaCQEKuhoPIjl8suWV3ADpKvJyUSI6qX3xttmOWRlwhk2BMw3MTbGWgUTDJe4VmangC7AY6vGGpgoibVjZYskc3rNKmYaztUUgH6s+JDCJjulFgkxHgtfnr9cX/vEaK4WErEypJkSs2fChMJcWY9hujbaE5Q9m1BJgW9q+UXYMGhrbXgi3B+7vyKKnvlT237J3vlyoneR0zZI2sk03ikQNSIWekSmqEkXvySJ7Ji/PgPDlvzvswOubkM6vkF5zPL0ZEo1k=</latexit>

it 2 [p]
<latexit sha1_base64="l91mA0O9uAy8Yxdyx+aWyipPbmc=">AAAB8nicbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCrYWtkvJptk2NJssyaxQSn+GFw+KePXXePPfmLZ70NYXAg/vzJCZN86ksOj7315pbX1jc6u8XdnZ3ds/qB4eta3ODeMtpqU2nZhaLoXiLRQoeScznKax5I/x6HZWf3zixgqtHnCc8SilAyUSwSg6KxQ9JF2hSJhFvWrNr/tzkVUICqhBoWav+tXta5anXCGT1Now8DOMJtSgYJJPK93c8oyyER3w0KGiKbfRZL7ylJw5p08SbdxTSObu74kJTa0dp7HrTCkO7XJtZv5XC3NMrqOJUFmOXLHFR0kuCWoyu5/0heEM5dgBZUa4XQkbUkMZupQqLoRg+eRVaF/UA8f3l7XGTRFHGU7gFM4hgCtowB00oQUMNDzDK7x56L14797HorXkFTPH8Efe5w+HRpC/</latexit><latexit sha1_base64="l91mA0O9uAy8Yxdyx+aWyipPbmc=">AAAB8nicbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCrYWtkvJptk2NJssyaxQSn+GFw+KePXXePPfmLZ70NYXAg/vzJCZN86ksOj7315pbX1jc6u8XdnZ3ds/qB4eta3ODeMtpqU2nZhaLoXiLRQoeScznKax5I/x6HZWf3zixgqtHnCc8SilAyUSwSg6KxQ9JF2hSJhFvWrNr/tzkVUICqhBoWav+tXta5anXCGT1Now8DOMJtSgYJJPK93c8oyyER3w0KGiKbfRZL7ylJw5p08SbdxTSObu74kJTa0dp7HrTCkO7XJtZv5XC3NMrqOJUFmOXLHFR0kuCWoyu5/0heEM5dgBZUa4XQkbUkMZupQqLoRg+eRVaF/UA8f3l7XGTRFHGU7gFM4hgCtowB00oQUMNDzDK7x56L14797HorXkFTPH8Efe5w+HRpC/</latexit><latexit sha1_base64="l91mA0O9uAy8Yxdyx+aWyipPbmc=">AAAB8nicbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCrYWtkvJptk2NJssyaxQSn+GFw+KePXXePPfmLZ70NYXAg/vzJCZN86ksOj7315pbX1jc6u8XdnZ3ds/qB4eta3ODeMtpqU2nZhaLoXiLRQoeScznKax5I/x6HZWf3zixgqtHnCc8SilAyUSwSg6KxQ9JF2hSJhFvWrNr/tzkVUICqhBoWav+tXta5anXCGT1Now8DOMJtSgYJJPK93c8oyyER3w0KGiKbfRZL7ylJw5p08SbdxTSObu74kJTa0dp7HrTCkO7XJtZv5XC3NMrqOJUFmOXLHFR0kuCWoyu5/0heEM5dgBZUa4XQkbUkMZupQqLoRg+eRVaF/UA8f3l7XGTRFHGU7gFM4hgCtowB00oQUMNDzDK7x56L14797HorXkFTPH8Efe5w+HRpC/</latexit><latexit sha1_base64="l91mA0O9uAy8Yxdyx+aWyipPbmc=">AAAB8nicbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCrYWtkvJptk2NJssyaxQSn+GFw+KePXXePPfmLZ70NYXAg/vzJCZN86ksOj7315pbX1jc6u8XdnZ3ds/qB4eta3ODeMtpqU2nZhaLoXiLRQoeScznKax5I/x6HZWf3zixgqtHnCc8SilAyUSwSg6KxQ9JF2hSJhFvWrNr/tzkVUICqhBoWav+tXta5anXCGT1Now8DOMJtSgYJJPK93c8oyyER3w0KGiKbfRZL7ylJw5p08SbdxTSObu74kJTa0dp7HrTCkO7XJtZv5XC3NMrqOJUFmOXLHFR0kuCWoyu5/0heEM5dgBZUa4XQkbUkMZupQqLoRg+eRVaF/UA8f3l7XGTRFHGU7gFM4hgCtowB00oQUMNDzDK7x56L14797HorXkFTPH8Efe5w+HRpC/</latexit>



- Stochastic gradient descent (SGD) selects mini batches of training data; 
   what if we subselect variables to update per iteration?

Acceleration #3: Coordinate descent methods

where per iteration we select randomly            .

xt+1 = xt � ⌘trf(xt)
<latexit sha1_base64="uDpRWWzX9VQw/JMVSX0pVB7GSAk=">AAACDXicbZBNS8NAEIY39avWr6pHL4tVUMSSiKAXQfTiUcFWoQ1hst3Yxc0m7E6kJfQPePGvePGgiFfv3vw3btsc/Hph4eGdGWbnDVMpDLrup1OamJyaninPVubmFxaXqssrTZNkmvEGS2Sir0MwXArFGyhQ8utUc4hDya/C29Nh/eqOayMSdYn9lPsx3CgRCQZoraC60Qty3PEG9Ij2AqS7tM0RLLQVhBJotGXd7aBac+vuSPQveAXUSKHzoPrR7iQsi7lCJsGYluem6OegUTDJB5V2ZngK7BZueMuigpgbPx9dM6Cb1unQKNH2KaQj9/tEDrEx/Ti0nTFg1/yuDc3/aq0Mo0M/FyrNkCs2XhRlkmJCh9HQjtCcoexbAKaF/StlXdDA0AZYsSF4v0/+C829uufWvYv92vFJEUeZrJF1skU8ckCOyRk5Jw3CyD15JM/kxXlwnpxX523cWnKKmVXyQ877F3/gmew=</latexit><latexit sha1_base64="uDpRWWzX9VQw/JMVSX0pVB7GSAk=">AAACDXicbZBNS8NAEIY39avWr6pHL4tVUMSSiKAXQfTiUcFWoQ1hst3Yxc0m7E6kJfQPePGvePGgiFfv3vw3btsc/Hph4eGdGWbnDVMpDLrup1OamJyaninPVubmFxaXqssrTZNkmvEGS2Sir0MwXArFGyhQ8utUc4hDya/C29Nh/eqOayMSdYn9lPsx3CgRCQZoraC60Qty3PEG9Ij2AqS7tM0RLLQVhBJotGXd7aBac+vuSPQveAXUSKHzoPrR7iQsi7lCJsGYluem6OegUTDJB5V2ZngK7BZueMuigpgbPx9dM6Cb1unQKNH2KaQj9/tEDrEx/Ti0nTFg1/yuDc3/aq0Mo0M/FyrNkCs2XhRlkmJCh9HQjtCcoexbAKaF/StlXdDA0AZYsSF4v0/+C829uufWvYv92vFJEUeZrJF1skU8ckCOyRk5Jw3CyD15JM/kxXlwnpxX523cWnKKmVXyQ877F3/gmew=</latexit><latexit sha1_base64="uDpRWWzX9VQw/JMVSX0pVB7GSAk=">AAACDXicbZBNS8NAEIY39avWr6pHL4tVUMSSiKAXQfTiUcFWoQ1hst3Yxc0m7E6kJfQPePGvePGgiFfv3vw3btsc/Hph4eGdGWbnDVMpDLrup1OamJyaninPVubmFxaXqssrTZNkmvEGS2Sir0MwXArFGyhQ8utUc4hDya/C29Nh/eqOayMSdYn9lPsx3CgRCQZoraC60Qty3PEG9Ij2AqS7tM0RLLQVhBJotGXd7aBac+vuSPQveAXUSKHzoPrR7iQsi7lCJsGYluem6OegUTDJB5V2ZngK7BZueMuigpgbPx9dM6Cb1unQKNH2KaQj9/tEDrEx/Ti0nTFg1/yuDc3/aq0Mo0M/FyrNkCs2XhRlkmJCh9HQjtCcoexbAKaF/StlXdDA0AZYsSF4v0/+C829uufWvYv92vFJEUeZrJF1skU8ckCOyRk5Jw3CyD15JM/kxXlwnpxX523cWnKKmVXyQ877F3/gmew=</latexit><latexit sha1_base64="uDpRWWzX9VQw/JMVSX0pVB7GSAk=">AAACDXicbZBNS8NAEIY39avWr6pHL4tVUMSSiKAXQfTiUcFWoQ1hst3Yxc0m7E6kJfQPePGvePGgiFfv3vw3btsc/Hph4eGdGWbnDVMpDLrup1OamJyaninPVubmFxaXqssrTZNkmvEGS2Sir0MwXArFGyhQ8utUc4hDya/C29Nh/eqOayMSdYn9lPsx3CgRCQZoraC60Qty3PEG9Ij2AqS7tM0RLLQVhBJotGXd7aBac+vuSPQveAXUSKHzoPrR7iQsi7lCJsGYluem6OegUTDJB5V2ZngK7BZueMuigpgbPx9dM6Cb1unQKNH2KaQj9/tEDrEx/Ti0nTFg1/yuDc3/aq0Mo0M/FyrNkCs2XhRlkmJCh9HQjtCcoexbAKaF/StlXdDA0AZYsSF4v0/+C829uufWvYv92vFJEUeZrJF1skU8ckCOyRk5Jw3CyD15JM/kxXlwnpxX523cWnKKmVXyQ877F3/gmew=</latexit>

- ``Why do we want to do this?``
What is the complexity of 
computing full gradient?

What is the complexity of 
computing a gradient for a 

single variable?

O(np)
<latexit sha1_base64="XDhwXj/Te7VATCMDr7xjPfvKemU=">AAAB7XicbVBNSwMxEJ31s9avqkcvwSLUS9kVQY9FL96sYD+gXUo2zbax2SQkWaEs/Q9ePCji1f/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vZXVtfWNzcJWcXtnd2+/dHDYNDLVhDaI5FK3I2woZ4I2LLOctpWmOIk4bUWjm6nfeqLaMCke7FjRMMEDwWJGsHVS864ikDrrlcp+1Z8BLZMgJ2XIUe+Vvrp9SdKECks4NqYT+MqGGdaWEU4nxW5qqMJkhAe046jACTVhNrt2gk6d0kex1K6ERTP190SGE2PGSeQ6E2yHZtGbiv95ndTGV2HGhEotFWS+KE45shJNX0d9pimxfOwIJpq5WxEZYo2JdQEVXQjB4svLpHleDfxqcH9Rrl3ncRTgGE6gAgFcQg1uoQ4NIPAIz/AKb570Xrx372PeuuLlM0fwB97nD2CrjlQ=</latexit><latexit sha1_base64="XDhwXj/Te7VATCMDr7xjPfvKemU=">AAAB7XicbVBNSwMxEJ31s9avqkcvwSLUS9kVQY9FL96sYD+gXUo2zbax2SQkWaEs/Q9ePCji1f/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vZXVtfWNzcJWcXtnd2+/dHDYNDLVhDaI5FK3I2woZ4I2LLOctpWmOIk4bUWjm6nfeqLaMCke7FjRMMEDwWJGsHVS864ikDrrlcp+1Z8BLZMgJ2XIUe+Vvrp9SdKECks4NqYT+MqGGdaWEU4nxW5qqMJkhAe046jACTVhNrt2gk6d0kex1K6ERTP190SGE2PGSeQ6E2yHZtGbiv95ndTGV2HGhEotFWS+KE45shJNX0d9pimxfOwIJpq5WxEZYo2JdQEVXQjB4svLpHleDfxqcH9Rrl3ncRTgGE6gAgFcQg1uoQ4NIPAIz/AKb570Xrx372PeuuLlM0fwB97nD2CrjlQ=</latexit><latexit sha1_base64="XDhwXj/Te7VATCMDr7xjPfvKemU=">AAAB7XicbVBNSwMxEJ31s9avqkcvwSLUS9kVQY9FL96sYD+gXUo2zbax2SQkWaEs/Q9ePCji1f/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vZXVtfWNzcJWcXtnd2+/dHDYNDLVhDaI5FK3I2woZ4I2LLOctpWmOIk4bUWjm6nfeqLaMCke7FjRMMEDwWJGsHVS864ikDrrlcp+1Z8BLZMgJ2XIUe+Vvrp9SdKECks4NqYT+MqGGdaWEU4nxW5qqMJkhAe046jACTVhNrt2gk6d0kex1K6ERTP190SGE2PGSeQ6E2yHZtGbiv95ndTGV2HGhEotFWS+KE45shJNX0d9pimxfOwIJpq5WxEZYo2JdQEVXQjB4svLpHleDfxqcH9Rrl3ncRTgGE6gAgFcQg1uoQ4NIPAIz/AKb570Xrx372PeuuLlM0fwB97nD2CrjlQ=</latexit><latexit sha1_base64="XDhwXj/Te7VATCMDr7xjPfvKemU=">AAAB7XicbVBNSwMxEJ31s9avqkcvwSLUS9kVQY9FL96sYD+gXUo2zbax2SQkWaEs/Q9ePCji1f/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vZXVtfWNzcJWcXtnd2+/dHDYNDLVhDaI5FK3I2woZ4I2LLOctpWmOIk4bUWjm6nfeqLaMCke7FjRMMEDwWJGsHVS864ikDrrlcp+1Z8BLZMgJ2XIUe+Vvrp9SdKECks4NqYT+MqGGdaWEU4nxW5qqMJkhAe046jACTVhNrt2gk6d0kex1K6ERTP190SGE2PGSeQ6E2yHZtGbiv95ndTGV2HGhEotFWS+KE45shJNX0d9pimxfOwIJpq5WxEZYo2JdQEVXQjB4svLpHleDfxqcH9Rrl3ncRTgGE6gAgFcQg1uoQ4NIPAIz/AKb570Xrx372PeuuLlM0fwB97nD2CrjlQ=</latexit>

(Assume least-squares objective) O(n)
<latexit sha1_base64="+kJpV8bVniCAa0s6XuWgzjcRyPE=">AAAB63icbZDLSgMxFIbP1Futt6pLN8Ei1E2ZEUGXRTfurGAv0A4lk2ba0CQzJBmhDH0FNy4UcesLufNtzExnoa0/BD7+cw455w9izrRx3W+ntLa+sblV3q7s7O7tH1QPjzo6ShShbRLxSPUCrClnkrYNM5z2YkWxCDjtBtPbrN59okqzSD6aWUx9gceShYxgk1n3dXk+rNbchpsLrYJXQA0KtYbVr8EoIomg0hCOte57bmz8FCvDCKfzyiDRNMZkise0b1FiQbWf5rvO0Zl1RiiMlH3SoNz9PZFiofVMBLZTYDPRy7XM/K/WT0x47adMxomhkiw+ChOOTISyw9GIKUoMn1nARDG7KyITrDAxNp6KDcFbPnkVOhcNz/LDZa15U8RRhhM4hTp4cAVNuIMWtIHABJ7hFd4c4bw4787HorXkFDPH8EfO5w86Do2w</latexit><latexit sha1_base64="+kJpV8bVniCAa0s6XuWgzjcRyPE=">AAAB63icbZDLSgMxFIbP1Futt6pLN8Ei1E2ZEUGXRTfurGAv0A4lk2ba0CQzJBmhDH0FNy4UcesLufNtzExnoa0/BD7+cw455w9izrRx3W+ntLa+sblV3q7s7O7tH1QPjzo6ShShbRLxSPUCrClnkrYNM5z2YkWxCDjtBtPbrN59okqzSD6aWUx9gceShYxgk1n3dXk+rNbchpsLrYJXQA0KtYbVr8EoIomg0hCOte57bmz8FCvDCKfzyiDRNMZkise0b1FiQbWf5rvO0Zl1RiiMlH3SoNz9PZFiofVMBLZTYDPRy7XM/K/WT0x47adMxomhkiw+ChOOTISyw9GIKUoMn1nARDG7KyITrDAxNp6KDcFbPnkVOhcNz/LDZa15U8RRhhM4hTp4cAVNuIMWtIHABJ7hFd4c4bw4787HorXkFDPH8EfO5w86Do2w</latexit><latexit sha1_base64="+kJpV8bVniCAa0s6XuWgzjcRyPE=">AAAB63icbZDLSgMxFIbP1Futt6pLN8Ei1E2ZEUGXRTfurGAv0A4lk2ba0CQzJBmhDH0FNy4UcesLufNtzExnoa0/BD7+cw455w9izrRx3W+ntLa+sblV3q7s7O7tH1QPjzo6ShShbRLxSPUCrClnkrYNM5z2YkWxCDjtBtPbrN59okqzSD6aWUx9gceShYxgk1n3dXk+rNbchpsLrYJXQA0KtYbVr8EoIomg0hCOte57bmz8FCvDCKfzyiDRNMZkise0b1FiQbWf5rvO0Zl1RiiMlH3SoNz9PZFiofVMBLZTYDPRy7XM/K/WT0x47adMxomhkiw+ChOOTISyw9GIKUoMn1nARDG7KyITrDAxNp6KDcFbPnkVOhcNz/LDZa15U8RRhhM4hTp4cAVNuIMWtIHABJ7hFd4c4bw4787HorXkFDPH8EfO5w86Do2w</latexit><latexit sha1_base64="+kJpV8bVniCAa0s6XuWgzjcRyPE=">AAAB63icbZDLSgMxFIbP1Futt6pLN8Ei1E2ZEUGXRTfurGAv0A4lk2ba0CQzJBmhDH0FNy4UcesLufNtzExnoa0/BD7+cw455w9izrRx3W+ntLa+sblV3q7s7O7tH1QPjzo6ShShbRLxSPUCrClnkrYNM5z2YkWxCDjtBtPbrN59okqzSD6aWUx9gceShYxgk1n3dXk+rNbchpsLrYJXQA0KtYbVr8EoIomg0hCOte57bmz8FCvDCKfzyiDRNMZkise0b1FiQbWf5rvO0Zl1RiiMlH3SoNz9PZFiofVMBLZTYDPRy7XM/K/WT0x47adMxomhkiw+ChOOTISyw9GIKUoMn1nARDG7KyITrDAxNp6KDcFbPnkVOhcNz/LDZa15U8RRhhM4hTp4cAVNuIMWtIHABJ7hFd4c4bw4787HorXkFDPH8EfO5w86Do2w</latexit>

- When is             ? High-dimensional case
- There is not enough data
- We will see that it provides solutions to distributed systems

n ⌧ p
<latexit sha1_base64="PQmLbUdx/jq0InCoSM6xLFw344w=">AAAB7nicbZBNSwMxEIZn/az1q+rRS7AInsquCHosevFYwX5Au5RsOtuGZrMhyQpl6Y/w4kERr/4eb/4b03YP2vpC4OGdGTLzRkpwY33/21tb39jc2i7tlHf39g8OK0fHLZNmmmGTpSLVnYgaFFxi03IrsKM00iQS2I7Gd7N6+wm14al8tBOFYUKHksecUeustiQ9IYjqV6p+zZ+LrEJQQBUKNfqVr94gZVmC0jJBjekGvrJhTrXlTOC03MsMKsrGdIhdh5ImaMJ8vu6UnDtnQOJUuyctmbu/J3KaGDNJIteZUDsyy7WZ+V+tm9n4Jsy5VJlFyRYfxZkgNiWz28mAa2RWTBxQprnblbAR1ZRZl1DZhRAsn7wKrcta4Pjhqlq/LeIowSmcwQUEcA11uIcGNIHBGJ7hFd485b14797HonXNK2ZO4I+8zx+ZNY8S</latexit><latexit sha1_base64="PQmLbUdx/jq0InCoSM6xLFw344w=">AAAB7nicbZBNSwMxEIZn/az1q+rRS7AInsquCHosevFYwX5Au5RsOtuGZrMhyQpl6Y/w4kERr/4eb/4b03YP2vpC4OGdGTLzRkpwY33/21tb39jc2i7tlHf39g8OK0fHLZNmmmGTpSLVnYgaFFxi03IrsKM00iQS2I7Gd7N6+wm14al8tBOFYUKHksecUeustiQ9IYjqV6p+zZ+LrEJQQBUKNfqVr94gZVmC0jJBjekGvrJhTrXlTOC03MsMKsrGdIhdh5ImaMJ8vu6UnDtnQOJUuyctmbu/J3KaGDNJIteZUDsyy7WZ+V+tm9n4Jsy5VJlFyRYfxZkgNiWz28mAa2RWTBxQprnblbAR1ZRZl1DZhRAsn7wKrcta4Pjhqlq/LeIowSmcwQUEcA11uIcGNIHBGJ7hFd485b14797HonXNK2ZO4I+8zx+ZNY8S</latexit><latexit sha1_base64="PQmLbUdx/jq0InCoSM6xLFw344w=">AAAB7nicbZBNSwMxEIZn/az1q+rRS7AInsquCHosevFYwX5Au5RsOtuGZrMhyQpl6Y/w4kERr/4eb/4b03YP2vpC4OGdGTLzRkpwY33/21tb39jc2i7tlHf39g8OK0fHLZNmmmGTpSLVnYgaFFxi03IrsKM00iQS2I7Gd7N6+wm14al8tBOFYUKHksecUeustiQ9IYjqV6p+zZ+LrEJQQBUKNfqVr94gZVmC0jJBjekGvrJhTrXlTOC03MsMKsrGdIhdh5ImaMJ8vu6UnDtnQOJUuyctmbu/J3KaGDNJIteZUDsyy7WZ+V+tm9n4Jsy5VJlFyRYfxZkgNiWz28mAa2RWTBxQprnblbAR1ZRZl1DZhRAsn7wKrcta4Pjhqlq/LeIowSmcwQUEcA11uIcGNIHBGJ7hFd485b14797HonXNK2ZO4I+8zx+ZNY8S</latexit><latexit sha1_base64="PQmLbUdx/jq0InCoSM6xLFw344w=">AAAB7nicbZBNSwMxEIZn/az1q+rRS7AInsquCHosevFYwX5Au5RsOtuGZrMhyQpl6Y/w4kERr/4eb/4b03YP2vpC4OGdGTLzRkpwY33/21tb39jc2i7tlHf39g8OK0fHLZNmmmGTpSLVnYgaFFxi03IrsKM00iQS2I7Gd7N6+wm14al8tBOFYUKHksecUeustiQ9IYjqV6p+zZ+LrEJQQBUKNfqVr94gZVmC0jJBjekGvrJhTrXlTOC03MsMKsrGdIhdh5ImaMJ8vu6UnDtnQOJUuyctmbu/J3KaGDNJIteZUDsyy7WZ+V+tm9n4Jsy5VJlFyRYfxZkgNiWz28mAa2RWTBxQprnblbAR1ZRZl1DZhRAsn7wKrcta4Pjhqlq/LeIowSmcwQUEcA11uIcGNIHBGJ7hFd485b14797HonXNK2ZO4I+8zx+ZNY8S</latexit>

(xt+1)it = (xt)it � ⌘tritf(xt),
<latexit sha1_base64="cuarELWrv3ov8Lq4MgTJqOtI/og=">AAACJHicbVDLSgMxFM34tr6qLt0Ei6CoZUYEBRGKblxWsFVoy3AnzdRgJjMkd8Qy9GPc+CtuXPjAhRu/xbQdQa0HAifnnEtyT5BIYdB1P5yx8YnJqemZ2cLc/MLiUnF5pW7iVDNeY7GM9VUAhkuheA0FSn6VaA5RIPllcHPa9y9vuTYiVhfYTXgrgo4SoWCAVvKLR5t3fobbXm/Lz4SPPXpMrYLft13a5Ag+0qaCQEKuhoPIjl8suWV3ADpKvJyUSI6qX3xttmOWRlwhk2BMw3MTbGWgUTDJe4VmangC7AY6vGGpgoibVjZYskc3rNKmYaztUUgH6s+JDCJjulFgkxHgtfnr9cX/vEaK4WErEypJkSs2fChMJcWY9hujbaE5Q9m1BJgW9q+UXYMGhrbXgi3B+7vyKKnvlT237J3vlyoneR0zZI2sk03ikQNSIWekSmqEkXvySJ7Ji/PgPDlvzvswOubkM6vkF5zPL0ZEo1k=</latexit><latexit sha1_base64="cuarELWrv3ov8Lq4MgTJqOtI/og=">AAACJHicbVDLSgMxFM34tr6qLt0Ei6CoZUYEBRGKblxWsFVoy3AnzdRgJjMkd8Qy9GPc+CtuXPjAhRu/xbQdQa0HAifnnEtyT5BIYdB1P5yx8YnJqemZ2cLc/MLiUnF5pW7iVDNeY7GM9VUAhkuheA0FSn6VaA5RIPllcHPa9y9vuTYiVhfYTXgrgo4SoWCAVvKLR5t3fobbXm/Lz4SPPXpMrYLft13a5Ag+0qaCQEKuhoPIjl8suWV3ADpKvJyUSI6qX3xttmOWRlwhk2BMw3MTbGWgUTDJe4VmangC7AY6vGGpgoibVjZYskc3rNKmYaztUUgH6s+JDCJjulFgkxHgtfnr9cX/vEaK4WErEypJkSs2fChMJcWY9hujbaE5Q9m1BJgW9q+UXYMGhrbXgi3B+7vyKKnvlT237J3vlyoneR0zZI2sk03ikQNSIWekSmqEkXvySJ7Ji/PgPDlvzvswOubkM6vkF5zPL0ZEo1k=</latexit><latexit sha1_base64="cuarELWrv3ov8Lq4MgTJqOtI/og=">AAACJHicbVDLSgMxFM34tr6qLt0Ei6CoZUYEBRGKblxWsFVoy3AnzdRgJjMkd8Qy9GPc+CtuXPjAhRu/xbQdQa0HAifnnEtyT5BIYdB1P5yx8YnJqemZ2cLc/MLiUnF5pW7iVDNeY7GM9VUAhkuheA0FSn6VaA5RIPllcHPa9y9vuTYiVhfYTXgrgo4SoWCAVvKLR5t3fobbXm/Lz4SPPXpMrYLft13a5Ag+0qaCQEKuhoPIjl8suWV3ADpKvJyUSI6qX3xttmOWRlwhk2BMw3MTbGWgUTDJe4VmangC7AY6vGGpgoibVjZYskc3rNKmYaztUUgH6s+JDCJjulFgkxHgtfnr9cX/vEaK4WErEypJkSs2fChMJcWY9hujbaE5Q9m1BJgW9q+UXYMGhrbXgi3B+7vyKKnvlT237J3vlyoneR0zZI2sk03ikQNSIWekSmqEkXvySJ7Ji/PgPDlvzvswOubkM6vkF5zPL0ZEo1k=</latexit><latexit sha1_base64="cuarELWrv3ov8Lq4MgTJqOtI/og=">AAACJHicbVDLSgMxFM34tr6qLt0Ei6CoZUYEBRGKblxWsFVoy3AnzdRgJjMkd8Qy9GPc+CtuXPjAhRu/xbQdQa0HAifnnEtyT5BIYdB1P5yx8YnJqemZ2cLc/MLiUnF5pW7iVDNeY7GM9VUAhkuheA0FSn6VaA5RIPllcHPa9y9vuTYiVhfYTXgrgo4SoWCAVvKLR5t3fobbXm/Lz4SPPXpMrYLft13a5Ag+0qaCQEKuhoPIjl8suWV3ADpKvJyUSI6qX3xttmOWRlwhk2BMw3MTbGWgUTDJe4VmangC7AY6vGGpgoibVjZYskc3rNKmYaztUUgH6s+JDCJjulFgkxHgtfnr9cX/vEaK4WErEypJkSs2fChMJcWY9hujbaE5Q9m1BJgW9q+UXYMGhrbXgi3B+7vyKKnvlT237J3vlyoneR0zZI2sk03ikQNSIWekSmqEkXvySJ7Ji/PgPDlvzvswOubkM6vkF5zPL0ZEo1k=</latexit>

it 2 [p]
<latexit sha1_base64="l91mA0O9uAy8Yxdyx+aWyipPbmc=">AAAB8nicbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCrYWtkvJptk2NJssyaxQSn+GFw+KePXXePPfmLZ70NYXAg/vzJCZN86ksOj7315pbX1jc6u8XdnZ3ds/qB4eta3ODeMtpqU2nZhaLoXiLRQoeScznKax5I/x6HZWf3zixgqtHnCc8SilAyUSwSg6KxQ9JF2hSJhFvWrNr/tzkVUICqhBoWav+tXta5anXCGT1Now8DOMJtSgYJJPK93c8oyyER3w0KGiKbfRZL7ylJw5p08SbdxTSObu74kJTa0dp7HrTCkO7XJtZv5XC3NMrqOJUFmOXLHFR0kuCWoyu5/0heEM5dgBZUa4XQkbUkMZupQqLoRg+eRVaF/UA8f3l7XGTRFHGU7gFM4hgCtowB00oQUMNDzDK7x56L14797HorXkFTPH8Efe5w+HRpC/</latexit><latexit sha1_base64="l91mA0O9uAy8Yxdyx+aWyipPbmc=">AAAB8nicbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCrYWtkvJptk2NJssyaxQSn+GFw+KePXXePPfmLZ70NYXAg/vzJCZN86ksOj7315pbX1jc6u8XdnZ3ds/qB4eta3ODeMtpqU2nZhaLoXiLRQoeScznKax5I/x6HZWf3zixgqtHnCc8SilAyUSwSg6KxQ9JF2hSJhFvWrNr/tzkVUICqhBoWav+tXta5anXCGT1Now8DOMJtSgYJJPK93c8oyyER3w0KGiKbfRZL7ylJw5p08SbdxTSObu74kJTa0dp7HrTCkO7XJtZv5XC3NMrqOJUFmOXLHFR0kuCWoyu5/0heEM5dgBZUa4XQkbUkMZupQqLoRg+eRVaF/UA8f3l7XGTRFHGU7gFM4hgCtowB00oQUMNDzDK7x56L14797HorXkFTPH8Efe5w+HRpC/</latexit><latexit sha1_base64="l91mA0O9uAy8Yxdyx+aWyipPbmc=">AAAB8nicbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCrYWtkvJptk2NJssyaxQSn+GFw+KePXXePPfmLZ70NYXAg/vzJCZN86ksOj7315pbX1jc6u8XdnZ3ds/qB4eta3ODeMtpqU2nZhaLoXiLRQoeScznKax5I/x6HZWf3zixgqtHnCc8SilAyUSwSg6KxQ9JF2hSJhFvWrNr/tzkVUICqhBoWav+tXta5anXCGT1Now8DOMJtSgYJJPK93c8oyyER3w0KGiKbfRZL7ylJw5p08SbdxTSObu74kJTa0dp7HrTCkO7XJtZv5XC3NMrqOJUFmOXLHFR0kuCWoyu5/0heEM5dgBZUa4XQkbUkMZupQqLoRg+eRVaF/UA8f3l7XGTRFHGU7gFM4hgCtowB00oQUMNDzDK7x56L14797HorXkFTPH8Efe5w+HRpC/</latexit><latexit sha1_base64="l91mA0O9uAy8Yxdyx+aWyipPbmc=">AAAB8nicbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCrYWtkvJptk2NJssyaxQSn+GFw+KePXXePPfmLZ70NYXAg/vzJCZN86ksOj7315pbX1jc6u8XdnZ3ds/qB4eta3ODeMtpqU2nZhaLoXiLRQoeScznKax5I/x6HZWf3zixgqtHnCc8SilAyUSwSg6KxQ9JF2hSJhFvWrNr/tzkVUICqhBoWav+tXta5anXCGT1Now8DOMJtSgYJJPK93c8oyyER3w0KGiKbfRZL7ylJw5p08SbdxTSObu74kJTa0dp7HrTCkO7XJtZv5XC3NMrqOJUFmOXLHFR0kuCWoyu5/0heEM5dgBZUa4XQkbUkMZupQqLoRg+eRVaF/UA8f3l7XGTRFHGU7gFM4hgCtowB00oQUMNDzDK7x56L14797HorXkFTPH8Efe5w+HRpC/</latexit>


