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big and high dimensional data in everyday life
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- web services

- language processing

- networking

- genomics/proteomics

- health-care

- critical need for scalable algorithms to 
extract important features from the data 


- limited computing resource



problem setup

3

-    data points

    living in ultra-high dimensional feature space

    goal: find a small subset of features best explains the output 

(✓i)
n
i=1 = (xi, yi)

n
i=1

<latexit sha1_base64="XsZEsezs5aNsK/pKD8mPsGPdpms=">AAACJHicbVDLSgMxFM34rPVVdekmWAQFKTMqKEih4EKXFWwrdOqQSTNtMJMZkjviMBT8FTf+ihsXPnDhxm8x03ah1gshh3POJTnHjwXXYNuf1tT0zOzcfGGhuLi0vLJaWltv6ihRlDVoJCJ15RPNBJesARwEu4oVI6EvWMu/Oc311i1TmkfyEtKYdULSkzzglIChvNLJTub6kejqNDQXdqHPgAw8vutlvOoMriWu4twS4DvD7qU/lKJXKtsVezh4EjhjUEbjqXulN7cb0SRkEqggWrcdO4ZORhRwKtig6CaaxYTekB5rGyhJyHQnG4Yc4G3DdHEQKXMk4CH7cyMjoc5TGGdIoK//ajn5n9ZOIDjuZFzGCTBJRw8FicAQ4bwx3OWKURCpAYQqbv6KaZ8oQsH0mpfg/I08CZr7Feegsn9xWK6d3Y/qKKBNtIV2kIOOUA2dozpqIIoe0BN6Qa/Wo/VsvVsfI+uUNa5wA/0a6+sbap6kbQ==</latexit>

n
<latexit sha1_base64="gmJYZXkPGs/i6tbpQUV37jT9iyg=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9FjwoMcq9gPaUDbbTbt0swm7E6GEgj/AiwdFvPqPvPlv3LQ9aOuDgcd7M8zMCxIpDLrut7Oyura+sVnYKm7v7O7tlw4OmyZONeMNFstYtwNquBSKN1Cg5O1EcxoFkreC0XXutx65NiJWDzhOuB/RgRKhYBStdK+KvVLZrbhTkGXizUkZ5qj3Sl/dfszSiCtkkhrT8dwE/YxqFEzySbGbGp5QNqID3rFU0YgbP5teOiGnVumTMNa2FJKp+nsio5Ex4yiwnRHFoVn0cvE/r5NieOVnQiUpcsVmi8JUEoxJ/jbpC80ZyrEllGlhbyVsSDVlaMPJQ/AWX14mzWrFO69U7y7KtZunWRwFOIYTOAMPLqEGt1CHBjAI4Rle4c0ZOS/Ou/Mxa11x5hEewR84nz80aY2P</latexit>

xi 2 Rp (p � n)
<latexit sha1_base64="FTpE4qC3WQyfF5G/OdHoyDb8Jpo=">AAACE3icbVDLSsNAFJ3UV62vqEs3g0WoIiWpgi4LLnRZxT6giWEynbRDJ5MwMxFLCPgJbvwVNy4UcevGnX/jpO1Cq+dy4XDOHebe48eMSmVZX0Zhbn5hcam4XFpZXVvfMDe3WjJKBCZNHLFIdHwkCaOcNBVVjHRiQVDoM9L2h2e5374lQtKIX6tRTNwQ9TkNKEZKS555kDp+AO8yjzqUOyFSA99Pr7KbGDqHeUFYiZ1+H/L9kmeWrao1BvxL7Ckpgykanvnp9CKchIQrzJCUXduKlZsioShmJCs5iSQxwkPUJ11NOQqJdNPxTRnc00oPBpHQzRUcqz9fpCiUchT6ejLfWs56ufif101UcOqmlMeJIhxPPgoSBlUE84BgjwqCFRtpgrCgeleIB0ggrHSMeQj27Ml/SatWtY+qtcvjcv38fhJHEeyAXVABNjgBdXABGqAJMHgAT+AFvBqPxrPxZrxPRgvGNMJt8AvGxzdNIpzk</latexit>

-   -sparse feature vector

    loss function


- optimization problem


- stochastic gradient descent (SGD)

   minibatch

   with the SGD term defined as  

f(�,✓) : Rp ! R
<latexit sha1_base64="84J+ocVE3GGZJsxw5QqkLhSHlRc="></latexit>

k
<latexit sha1_base64="K9KDXC6XgREt9qN29TOtmSBOgFc=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe6ioGXAQssEzAckR9jbzCVr9vaO3T0hHAF7GwtFbP1Jdv4bNx+FJj4YeLw3w8y8IBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzdRvPaLSPJb3ZpygH9GB5CFn1FipPuoVS27ZnYGsEm9BSrBArVf86vZjlkYoDRNU647nJsbPqDKcCZwUuqnGhLIRHWDHUkkj1H42O3RCzqzSJ2GsbElDZurviYxGWo+jwHZG1Az1sjcV//M6qQmv/YzLJDUo2XxRmApiYjL9mvS5QmbE2BLKFLe3EjakijJjsynYELzll1dJs1L2LsqV+mWpevs0jyMPJ3AK5+DBFVThDmrQAAYIz/AKb86D8+K8Ox/z1pyziPAY/sD5/AH7VI14</latexit>

⇥t = {✓t1,✓2t, . . . ,✓tb}
<latexit sha1_base64="paRzYkEyNb0seIvUh26yvU5mz88=">AAACW3icdZFLSwMxFIUzU7V1rFoVV26CRXBRykwVdCMUXOiyQl/QGUomTdvQzIPkjlCGAX+jK134V8T0IdiHF0IO58vj5sSPBVdg25+GmdvZ3csX9q2D4uHRcenktK2iRFLWopGIZNcnigkeshZwEKwbS0YCX7COP3mc8c4rk4pHYROmMfMCMgr5kFMC2uqXZOr6kRioaaAn7DbHDEjWTyHDD9hNVyH8QierbCc1yCruIAL1Dwc/c7N+qWxX7XnhTeEsRRktq9EvveszaRKwEKggSvUcOwYvJRI4FSyz3ESxmNAJGbGeliEJmPLSeTYZvtLOAA8jqUcIeO7+3ZGSQM3a1CsDAmO1zmbmNtZLYHjvpTyME2AhXVw0TASGCM+CxgMuGQUx1YJQyXWvmI6JJBT0d1g6BGf9yZuiXas6N9Xay225/vS2iKOALtAlukYOukN19IwaqIUo+kDfRt4oGF9mzrTM4mKpaSwjPEMrZZ7/AMMluLo=</latexit>

�⇤ 2 Rp
<latexit sha1_base64="tdejHyceXIrZ4XAmvVlkH1ZHtmA=">AAACEnicbVDLSgMxFM3UV62vqks3wSLopsxUQZcFF7qsYh/QaUsmk2lDM5khuSOUoeAfuPFX3LhQxK0rd/6NmbYLbT0Qcjjnhpx7vFhwDbb9beWWlldW1/LrhY3Nre2d4u5eQ0eJoqxOIxGplkc0E1yyOnAQrBUrRkJPsKY3vMz85j1TmkfyDkYx64SkL3nAKQEj9YonqetFwtej0FzY9RiQcdclGrDLJXZDAgPPS2/H3bhXLNllewK8SJwZKaEZar3il+tHNAmZBCqI1m3HjqGTEgWcCjYuuIlmMaFD0mdtQyUJme6kk5XG+MgoPg4iZY4EPFF/v0hJqLPQZjLLqOe9TPzPaycQXHRSLuMEmKTTj4JEYIhw1g/2uWIUxMgQQhU3WTEdEEUomBYLpgRnfuVF0qiUndNy5easVL16mNaRRwfoEB0jB52jKrpGNVRHFD2iZ/SK3qwn68V6tz6mozlrVuE++gPr8wcYyZ7I</latexit>

min
�

nX

i=1

f(�;✓i)
<latexit sha1_base64="bNho1Hn+1UwqWY1MukDJ0ve12zk="></latexit>

challenge: not enough memory to 
store the intermediately dense 
feature vector     (sublinear alg.)       �

<latexit sha1_base64="c2J6nu1dlfwX6yY/jKCG9HkKDkI=">AAAB/HicbVDLSgMxFM3UV62v0S7dBIvgqsxUQZcFF7qsYB/QDiWTybShmcyQ3BGGoeKfuHGhiFs/xJ1/Y6btQlsPhBzOuZecHD8RXIPjfFultfWNza3ydmVnd2//wD486ug4VZS1aSxi1fOJZoJL1gYOgvUSxUjkC9b1J9eF331gSvNY3kOWMC8iI8lDTgkYaWhX84Efi0BnkbnwwGdApkO75tSdGfAqcRekhhZoDe2vQRDTNGISqCBa910nAS8nCjgVbFoZpJolhE7IiPUNlSRi2stn4af41CgBDmNljgQ8U39v5CTSRTwzGREY62WvEP/z+imEV17OZZICk3T+UJgKDDEumsABV4yCyAwhVHGTFdMxUYSC6atiSnCXv7xKOo26e15v3F3UmjdP8zrK6BidoDPkokvURLeohdqIogw9o1f0Zj1aL9a79TEfLVmLCqvoD6zPH0QilZU=</latexit>

>1015 ! 

g(�t;⇥t) =
bX

i=1

r�t
f(�t;✓ti)

<latexit sha1_base64="I7RaJGjaron8EfB/t4T97uhdL2k="></latexit>

�t+1 = �t � ⌘tg(�t;⇥t)
<latexit sha1_base64="pfiO4LGJ8CuZp+l/KiNqEkYdSHs="></latexit>



Count Sketch (CS)
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- data structure to compressively 
store the number of occurrences 
of many number of streaming items c = 4

<latexit sha1_base64="MQEq7SedDNhGirzweZzFo+b4pP8=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4Kkkt6EUoiOCxgv2ANpTNdtMu3WzC7kQoob/BiwdFvPqDvPlv3LY5aOuDgcd7M8zMCxIpDLrut7O2vrG5tV3YKe7u7R8clo6OWyZONeNNFstYdwJquBSKN1Gg5J1EcxoFkreD8e3Mbz9xbUSsHnGScD+iQyVCwShaqcnIDan1S2W34s5BVomXkzLkaPRLX71BzNKIK2SSGtP13AT9jGoUTPJpsZcanlA2pkPetVTRiBs/mx87JedWGZAw1rYUkrn6eyKjkTGTKLCdEcWRWfZm4n9eN8Xw2s+ESlLkii0WhakkGJPZ52QgNGcoJ5ZQpoW9lbAR1ZShzadoQ/CWX14lrWrFu6xUH2rl+l0eRwFO4QwuwIMrqMM9NKAJDAQ8wyu8Ocp5cd6dj0XrmpPPnMAfOJ8/ax6Nxw==</latexit>

d = 10
<latexit sha1_base64="Q5UT9L7wrM/WNnzwKHZKHhH2h2I=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9mtBb0IBRE8VrAf0C4lm822sdlkSbJCWfofvHhQxKv/x5v/xrTdg7Y+GHi8N8PMvCDhTBvX/XYKa+sbm1vF7dLO7t7+QfnwqK1lqghtEcml6gZYU84EbRlmOO0miuI44LQTjG9mfueJKs2keDCThPoxHgoWMYKNldohukaeOyhX3Ko7B1olXk4qkKM5KH/1Q0nSmApDONa657mJ8TOsDCOcTkv9VNMEkzEe0p6lAsdU+9n82ik6s0qIIqlsCYPm6u+JDMdaT+LAdsbYjPSyNxP/83qpia78jIkkNVSQxaIo5chINHsdhUxRYvjEEkwUs7ciMsIKE2MDKtkQvOWXV0m7VvUuqrX7eqVxm8dRhBM4hXPw4BIacAdNaAGBR3iGV3hzpPPivDsfi9aCk88cwx84nz/W2I3/</latexit>

random hash

function

# all colors
memory of CS
# top colors

# items (p)

m = d⇥ c

# frequent items (k)
<latexit sha1_base64="5cgdVMTCkNSxoocQepKwAA8Fn9A="></latexit>

- fast operations

• ADD (item, increment)

• QUERY (item)  

#
<latexit sha1_base64="ECqOki0ZpCszA94QAfiuqcs64Pw=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LAbBU0mqoMeiF48V7Qe0oWy2m3bpZjfsboQS+hO8eFDEq7/Im//GTZuDtj4YeLw3w8y8MOFMG8/7dkpr6xubW+Xtys7u3v5B9fCorWWqCG0RyaXqhlhTzgRtGWY47SaK4jjktBNObnO/80SVZlI8mmlCgxiPBIsYwcZKD323Mqi6Xs2bA60SvyAuFGgOql/9oSRpTIUhHGvd873EBBlWhhFOZ5V+qmmCyQSPaM9SgWOqg2x+6gydWWWIIqlsCYPm6u+JDMdaT+PQdsbYjPWyl4v/eb3URNdBxkSSGirIYlGUcmQkyv9GQ6YoMXxqCSaK2VsRGWOFibHp5CH4yy+vkna95l/U6veXbuOmiKMMJ3AK5+DDFTTgDprQAgIjeIZXeHO48+K8Ox+L1pJTzBzDHzifP0v/jSU=</latexit>

⇡ median({4, 4, 7, 9})
<latexit sha1_base64="sqyatiwXOZcvrW5+wPW+cHq8QJM=">AAACDXicbVBNS8NAEN34WetX1aOXxSoolJLUQvUmevGoYG2hCWWzmdqlm03YnUhL6B/w4l/x4kERr969+W9Maw5+PRh4vDfDzDw/lsKgbX9YM7Nz8wuLhaXi8srq2nppY/PaRInm0OSRjHTbZwakUNBEgRLasQYW+hJa/uBs4rduQRsRqSscxeCF7EaJnuAMM6lb2nVZHOtoSF2EIaYhBIKp8b6b1iv1SqNy7I4PaLFbKttVewr6lzg5KZMcF93SuxtEPAlBIZfMmI5jx+ilTKPgEsZFNzEQMz5gN9DJqGIhGC+dfjOme5kS0F6ks1JIp+r3iZSFxoxCP+sMGfbNb28i/ud1EuwdealQcYKg+NeiXiIpRnQSDQ2EBo5ylBHGtchupbzPNOOYBTgJwfn98l9yXas6h9XaZb18cprHUSDbZIfsE4c0yAk5JxekSTi5Iw/kiTxb99aj9WK9frXOWPnMFvkB6+0TFDOaOw==</latexit>

+increment = +1

…

hj : {1, 2, . . . , p} ! {1, 2, . . . , d}
<latexit sha1_base64="HU1TTHv2kIEwTke326sgzXcci6o=">AAACF3icbVDLSsNAFJ3UV62vqEs3g0VwUUJSBcVVQQSXFewDmhImk0k7Onkwc6OU0L9w46+4caGIW935N04fi9p6YOBwzj3cucdPBVdg2z9GYWl5ZXWtuF7a2Nza3jF395oqySRlDZqIRLZ9opjgMWsAB8HaqWQk8gVr+feXI7/1wKTiSXwLg5R1I9KLecgpAS15ptX37i7c3KlUK26QgKqk7tCVvNcHImXyiGetwB16Ztm27DHwInGmpIymqHvmt87SLGIxUEGU6jh2Ct2cSOBUsGHJzRRLCb0nPdbRNCYRU918fNcQH2klwGEi9YsBj9XZRE4ipQaRrycjAn01743E/7xOBuF5N+dxmgGL6WRRmAkMCR6VhAMuGQUx0IRQyfVfMe0TSSjoKku6BGf+5EXSrFrOiVW9OS3XrqZ1FNEBOkTHyEFnqIauUR01EEVP6AW9oXfj2Xg1PozPyWjBmGb20R8YX79u3p7c</latexit>



hj : {1, 2, . . . , p} ! {1, 2, . . . , d}
<latexit sha1_base64="HU1TTHv2kIEwTke326sgzXcci6o=">AAACF3icbVDLSsNAFJ3UV62vqEs3g0VwUUJSBcVVQQSXFewDmhImk0k7Onkwc6OU0L9w46+4caGIW935N04fi9p6YOBwzj3cucdPBVdg2z9GYWl5ZXWtuF7a2Nza3jF395oqySRlDZqIRLZ9opjgMWsAB8HaqWQk8gVr+feXI7/1wKTiSXwLg5R1I9KLecgpAS15ptX37i7c3KlUK26QgKqk7tCVvNcHImXyiGetwB16Ztm27DHwInGmpIymqHvmt87SLGIxUEGU6jh2Ct2cSOBUsGHJzRRLCb0nPdbRNCYRU918fNcQH2klwGEi9YsBj9XZRE4ipQaRrycjAn01743E/7xOBuF5N+dxmgGL6WRRmAkMCR6VhAMuGQUx0IRQyfVfMe0TSSjoKku6BGf+5EXSrFrOiVW9OS3XrqZ1FNEBOkTHyEFnqIauUR01EEVP6AW9oXfj2Xg1PozPyWjBmGb20R8YX79u3p7c</latexit>

Count Sketch (CS)

5

- data structure to compressively 
store the number of occurrences 
of many number of streaming items c = 4

<latexit sha1_base64="MQEq7SedDNhGirzweZzFo+b4pP8=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4Kkkt6EUoiOCxgv2ANpTNdtMu3WzC7kQoob/BiwdFvPqDvPlv3LY5aOuDgcd7M8zMCxIpDLrut7O2vrG5tV3YKe7u7R8clo6OWyZONeNNFstYdwJquBSKN1Gg5J1EcxoFkreD8e3Mbz9xbUSsHnGScD+iQyVCwShaqcnIDan1S2W34s5BVomXkzLkaPRLX71BzNKIK2SSGtP13AT9jGoUTPJpsZcanlA2pkPetVTRiBs/mx87JedWGZAw1rYUkrn6eyKjkTGTKLCdEcWRWfZm4n9eN8Xw2s+ESlLkii0WhakkGJPZ52QgNGcoJ5ZQpoW9lbAR1ZShzadoQ/CWX14lrWrFu6xUH2rl+l0eRwFO4QwuwIMrqMM9NKAJDAQ8wyu8Ocp5cd6dj0XrmpPPnMAfOJ8/ax6Nxw==</latexit>

d = 10
<latexit sha1_base64="Q5UT9L7wrM/WNnzwKHZKHhH2h2I=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9mtBb0IBRE8VrAf0C4lm822sdlkSbJCWfofvHhQxKv/x5v/xrTdg7Y+GHi8N8PMvCDhTBvX/XYKa+sbm1vF7dLO7t7+QfnwqK1lqghtEcml6gZYU84EbRlmOO0miuI44LQTjG9mfueJKs2keDCThPoxHgoWMYKNldohukaeOyhX3Ko7B1olXk4qkKM5KH/1Q0nSmApDONa657mJ8TOsDCOcTkv9VNMEkzEe0p6lAsdU+9n82ik6s0qIIqlsCYPm6u+JDMdaT+LAdsbYjPSyNxP/83qpia78jIkkNVSQxaIo5chINHsdhUxRYvjEEkwUs7ciMsIKE2MDKtkQvOWXV0m7VvUuqrX7eqVxm8dRhBM4hXPw4BIacAdNaAGBR3iGV3hzpPPivDsfi9aCk88cwx84nz/W2I3/</latexit>

random hash

function

# all colors
memory of CS
# top colors

# items (p)

m = d⇥ c

# frequent items (k)
<latexit sha1_base64="5cgdVMTCkNSxoocQepKwAA8Fn9A="></latexit>

- fast operations

• ADD (item, increment)

• QUERY (item)  

#
<latexit sha1_base64="ECqOki0ZpCszA94QAfiuqcs64Pw=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LAbBU0mqoMeiF48V7Qe0oWy2m3bpZjfsboQS+hO8eFDEq7/Im//GTZuDtj4YeLw3w8y8MOFMG8/7dkpr6xubW+Xtys7u3v5B9fCorWWqCG0RyaXqhlhTzgRtGWY47SaK4jjktBNObnO/80SVZlI8mmlCgxiPBIsYwcZKD323Mqi6Xs2bA60SvyAuFGgOql/9oSRpTIUhHGvd873EBBlWhhFOZ5V+qmmCyQSPaM9SgWOqg2x+6gydWWWIIqlsCYPm6u+JDMdaT+PQdsbYjPWyl4v/eb3URNdBxkSSGirIYlGUcmQkyv9GQ6YoMXxqCSaK2VsRGWOFibHp5CH4yy+vkna95l/U6veXbuOmiKMMJ3AK5+DDFTTgDprQAgIjeIZXeHO48+K8Ox+L1pJTzBzDHzifP0v/jSU=</latexit>

⇡ median({4, 4, 7, 9})
<latexit sha1_base64="sqyatiwXOZcvrW5+wPW+cHq8QJM=">AAACDXicbVBNS8NAEN34WetX1aOXxSoolJLUQvUmevGoYG2hCWWzmdqlm03YnUhL6B/w4l/x4kERr969+W9Maw5+PRh4vDfDzDw/lsKgbX9YM7Nz8wuLhaXi8srq2nppY/PaRInm0OSRjHTbZwakUNBEgRLasQYW+hJa/uBs4rduQRsRqSscxeCF7EaJnuAMM6lb2nVZHOtoSF2EIaYhBIKp8b6b1iv1SqNy7I4PaLFbKttVewr6lzg5KZMcF93SuxtEPAlBIZfMmI5jx+ilTKPgEsZFNzEQMz5gN9DJqGIhGC+dfjOme5kS0F6ks1JIp+r3iZSFxoxCP+sMGfbNb28i/ud1EuwdealQcYKg+NeiXiIpRnQSDQ2EBo5ylBHGtchupbzPNOOYBTgJwfn98l9yXas6h9XaZb18cprHUSDbZIfsE4c0yAk5JxekSTi5Iw/kiTxb99aj9WK9frXOWPnMFvkB6+0TFDOaOw==</latexit>

+increment = 1

…



feature selec;on with CS
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c = 4
<latexit sha1_base64="MQEq7SedDNhGirzweZzFo+b4pP8=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4Kkkt6EUoiOCxgv2ANpTNdtMu3WzC7kQoob/BiwdFvPqDvPlv3LY5aOuDgcd7M8zMCxIpDLrut7O2vrG5tV3YKe7u7R8clo6OWyZONeNNFstYdwJquBSKN1Gg5J1EcxoFkreD8e3Mbz9xbUSsHnGScD+iQyVCwShaqcnIDan1S2W34s5BVomXkzLkaPRLX71BzNKIK2SSGtP13AT9jGoUTPJpsZcanlA2pkPetVTRiBs/mx87JedWGZAw1rYUkrn6eyKjkTGTKLCdEcWRWfZm4n9eN8Xw2s+ESlLkii0WhakkGJPZ52QgNGcoJ5ZQpoW9lbAR1ZShzadoQ/CWX14lrWrFu6xUH2rl+l0eRwFO4QwuwIMrqMM9NKAJDAQ8wyu8Ocp5cd6dj0XrmpPPnMAfOJ8/ax6Nxw==</latexit>

d = 10
<latexit sha1_base64="Q5UT9L7wrM/WNnzwKHZKHhH2h2I=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9mtBb0IBRE8VrAf0C4lm822sdlkSbJCWfofvHhQxKv/x5v/xrTdg7Y+GHi8N8PMvCDhTBvX/XYKa+sbm1vF7dLO7t7+QfnwqK1lqghtEcml6gZYU84EbRlmOO0miuI44LQTjG9mfueJKs2keDCThPoxHgoWMYKNldohukaeOyhX3Ko7B1olXk4qkKM5KH/1Q0nSmApDONa657mJ8TOsDCOcTkv9VNMEkzEe0p6lAsdU+9n82ik6s0qIIqlsCYPm6u+JDMdaT+LAdsbYjPSyNxP/83qpia78jIkkNVSQxaIo5chINHsdhUxRYvjEEkwUs7ciMsIKE2MDKtkQvOWXV0m7VvUuqrX7eqVxm8dRhBM4hXPw4BIacAdNaAGBR3iGV3hzpPPivDsfi9aCk88cwx84nz/W2I3/</latexit>

ind i

ind i

ind i

ind i

⌘tg(.)
<latexit sha1_base64="YwY4WwwcexTMGIg4tVppUppUgEc=">AAAB+3icbZBLSwMxFIUz9VXra6xLN8Ei1M0wUwVdFlzosoJ9QGcYMmmmDc08SO6IZRjwl7hxoYhb/4g7/43pY6GtBwIf59yQmxOkgiuw7W+jtLa+sblV3q7s7O7tH5iH1Y5KMklZmyYikb2AKCZ4zNrAQbBeKhmJAsG6wfh6mncfmFQ8ie9hkjIvIsOYh5wS0JZvVrHLgPiAczcI8bCoW2e+WbMteya8Cs4Camihlm9+uYOEZhGLgQqiVN+xU/ByIoFTwYqKmymWEjomQ9bXGJOIKS+f7V7gU+0McJhIfWLAM/f3jZxESk2iQE9GBEZqOZua/2X9DMIrL+dxmgGL6fyhMBMYEjwtAg+4ZBTERAOhkutdMR0RSSjouiq6BGf5y6vQaVjOudW4u6g1b57mdZTRMTpBdeSgS9REt6iF2oiiR/SMXtGbURgvxrvxMR8tGYsKj9AfGZ8/QgSTsw==</latexit>

index = i

# items (p)

m = d⇥ c

# frequent items (k)
<latexit sha1_base64="5cgdVMTCkNSxoocQepKwAA8Fn9A="></latexit>

# all features
memory of CS

# top features

�t+1 = �t � ⌘tg(�t;⇥t)
<latexit sha1_base64="pfiO4LGJ8CuZp+l/KiNqEkYdSHs="></latexit>

= item

= increment

     ⌘<latexit sha1_base64="WV2pIy2CeDpfZfkg3v5Nx1HDnu8=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6DHgQY8RzAOSJcxOepMxszvrzGwgLAE/wYsHRbz6P978GyePgyYWNBRV3XR3BYng2rjut7Oyura+sZnbym/v7O7tFw4O61qmimGNSSFVM6AaBY+xZrgR2EwU0igQ2AgG1xO/MUSluYzvzShBP6K9mIecUWOlehsfUz7sFIpuyZ2CLBNvToowR7VT+Gp3JUsjjA0TVOuW5ybGz6gynAkc59upxoSyAe1hy9KYRqj9bHrtmJxapUtCqWzFhkzV3xMZjbQeRYHtjKjp60VvIv7ntVITXvkZj5PUYMxmi8JUECPJ5HXS5QqZESNLKFPc3kpYnyrKjA0ob0PwFl9eJvVyyTsvle8uipWbp1kcOTiGEzgDDy6hArdQhRoweIBneIU3RzovzrvzMWtdceYRHsEfOJ8/6wqPxQ==</latexit> ⌘tgi(.)
<latexit sha1_base64="hTOVIwWPI9E1+tJYsT6BEJibZAc=">AAAB/3icbZBLSwMxFIUzPmt9jQpu3ASLUDfDTBV0WXChywr2AZ1hyKSZNjTzILkjlHFA/4obF4q49W+489+YPhbaeiDwcc4NuTlBKrgC2/42lpZXVtfWSxvlza3tnV1zb7+lkkxS1qSJSGQnIIoJHrMmcBCsk0pGokCwdjC8GufteyYVT+I7GKXMi0g/5iGnBLTlm4fYZUB8wLkbhLhf+Dkvqtapb1Zsy54IL4IzgwqaqeGbX24voVnEYqCCKNV17BS8nEjgVLCi7GaKpYQOSZ91NcYkYsrLJ/sX+EQ7PRwmUp8Y8MT9fSMnkVKjKNCTEYGBms/G5n9ZN4Pw0st5nGbAYjp9KMwEhgSPy8A9LhkFMdJAqOR6V0wHRBIKurKyLsGZ//IitGqWc2bVbs8r9evHaR0ldISOURU56ALV0Q1qoCai6AE9o1f0ZjwZL8a78TEdXTJmFR6gPzI+fwCavZWb</latexit>

+increment =�⌘tgi(.)
<latexit sha1_base64="Lvn6rucL6NBLiUxMOdOvssZa0xk=">AAACAHicbZBLSwMxFIUz9VXra9SFCzfBItSFw0wVdFlwocsK9gGdYcikmTY08yC5I5RhQPwrblwo4taf4c5/Y/pYaPVA4OOcG5J7glRwBbb9ZZSWlldW18rrlY3Nre0dc3evrZJMUtaiiUhkNyCKCR6zFnAQrJtKRqJAsE4wuprknXsmFU/iOxinzIvIIOYhpwS05ZsH+NRlQHzAuRuEeFD4OS9q1olvVm3Lngr/BWcOVTRX0zc/3X5Cs4jFQAVRqufYKXg5kcCpYEXFzRRLCR2RAetpjEnElJdPFyjwsXb6OEykPjHgqfvzRk4ipcZRoCcjAkO1mE3M/7JeBuGll/M4zYDFdPZQmAkMCZ60gftcMgpirIFQyfVfMR0SSSjoziq6BGdx5b/QrlvOmVW/Pa82rh9mdZTRITpCNeSgC9RAN6iJWoiiAj2hF/RqPBrPxpvxPhstGfMK99EvGR/fB/6V0g==</latexit>

hj : {1, 2, . . . , p} ! {1, 2, . . . , d}
<latexit sha1_base64="HU1TTHv2kIEwTke326sgzXcci6o=">AAACF3icbVDLSsNAFJ3UV62vqEs3g0VwUUJSBcVVQQSXFewDmhImk0k7Onkwc6OU0L9w46+4caGIW935N04fi9p6YOBwzj3cucdPBVdg2z9GYWl5ZXWtuF7a2Nza3jF395oqySRlDZqIRLZ9opjgMWsAB8HaqWQk8gVr+feXI7/1wKTiSXwLg5R1I9KLecgpAS15ptX37i7c3KlUK26QgKqk7tCVvNcHImXyiGetwB16Ztm27DHwInGmpIymqHvmt87SLGIxUEGU6jh2Ct2cSOBUsGHJzRRLCb0nPdbRNCYRU918fNcQH2klwGEi9YsBj9XZRE4ipQaRrycjAn01743E/7xOBuF5N+dxmgGL6WRRmAkMCR6VhAMuGQUx0IRQyfVfMe0TSSjoKku6BGf+5EXSrFrOiVW9OS3XrqZ1FNEBOkTHyEFnqIauUR01EEVP6AW9oXfj2Xg1PozPyWjBmGb20R8YX79u3p7c</latexit>
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c = 4
<latexit sha1_base64="MQEq7SedDNhGirzweZzFo+b4pP8=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4Kkkt6EUoiOCxgv2ANpTNdtMu3WzC7kQoob/BiwdFvPqDvPlv3LY5aOuDgcd7M8zMCxIpDLrut7O2vrG5tV3YKe7u7R8clo6OWyZONeNNFstYdwJquBSKN1Gg5J1EcxoFkreD8e3Mbz9xbUSsHnGScD+iQyVCwShaqcnIDan1S2W34s5BVomXkzLkaPRLX71BzNKIK2SSGtP13AT9jGoUTPJpsZcanlA2pkPetVTRiBs/mx87JedWGZAw1rYUkrn6eyKjkTGTKLCdEcWRWfZm4n9eN8Xw2s+ESlLkii0WhakkGJPZ52QgNGcoJ5ZQpoW9lbAR1ZShzadoQ/CWX14lrWrFu6xUH2rl+l0eRwFO4QwuwIMrqMM9NKAJDAQ8wyu8Ocp5cd6dj0XrmpPPnMAfOJ8/ax6Nxw==</latexit>

d = 10
<latexit sha1_base64="Q5UT9L7wrM/WNnzwKHZKHhH2h2I=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9mtBb0IBRE8VrAf0C4lm822sdlkSbJCWfofvHhQxKv/x5v/xrTdg7Y+GHi8N8PMvCDhTBvX/XYKa+sbm1vF7dLO7t7+QfnwqK1lqghtEcml6gZYU84EbRlmOO0miuI44LQTjG9mfueJKs2keDCThPoxHgoWMYKNldohukaeOyhX3Ko7B1olXk4qkKM5KH/1Q0nSmApDONa657mJ8TOsDCOcTkv9VNMEkzEe0p6lAsdU+9n82ik6s0qIIqlsCYPm6u+JDMdaT+LAdsbYjPSyNxP/83qpia78jIkkNVSQxaIo5chINHsdhUxRYvjEEkwUs7ciMsIKE2MDKtkQvOWXV0m7VvUuqrX7eqVxm8dRhBM4hXPw4BIacAdNaAGBR3iGV3hzpPPivDsfi9aCk88cwx84nz/W2I3/</latexit>

Aghazadeh, Shrivastava, Baraniuk, et al. ICML (2018) PMLR: 80-88.

ind i

ind i

ind i

ind i

⌘tg(.)
<latexit sha1_base64="YwY4WwwcexTMGIg4tVppUppUgEc=">AAAB+3icbZBLSwMxFIUz9VXra6xLN8Ei1M0wUwVdFlzosoJ9QGcYMmmmDc08SO6IZRjwl7hxoYhb/4g7/43pY6GtBwIf59yQmxOkgiuw7W+jtLa+sblV3q7s7O7tH5iH1Y5KMklZmyYikb2AKCZ4zNrAQbBeKhmJAsG6wfh6mncfmFQ8ie9hkjIvIsOYh5wS0JZvVrHLgPiAczcI8bCoW2e+WbMteya8Cs4Camihlm9+uYOEZhGLgQqiVN+xU/ByIoFTwYqKmymWEjomQ9bXGJOIKS+f7V7gU+0McJhIfWLAM/f3jZxESk2iQE9GBEZqOZua/2X9DMIrL+dxmgGL6fyhMBMYEjwtAg+4ZBTERAOhkutdMR0RSSjouiq6BGf5y6vQaVjOudW4u6g1b57mdZTRMTpBdeSgS9REt6iF2oiiR/SMXtGbURgvxrvxMR8tGYsKj9AfGZ8/QgSTsw==</latexit>

index = i

# items (p)

m = d⇥ c

# frequent items (k)
<latexit sha1_base64="5cgdVMTCkNSxoocQepKwAA8Fn9A="></latexit>

# all features
memory of CS

# top features

= item

= increment

     ⌘<latexit sha1_base64="WV2pIy2CeDpfZfkg3v5Nx1HDnu8=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6DHgQY8RzAOSJcxOepMxszvrzGwgLAE/wYsHRbz6P978GyePgyYWNBRV3XR3BYng2rjut7Oyura+sZnbym/v7O7tFw4O61qmimGNSSFVM6AaBY+xZrgR2EwU0igQ2AgG1xO/MUSluYzvzShBP6K9mIecUWOlehsfUz7sFIpuyZ2CLBNvToowR7VT+Gp3JUsjjA0TVOuW5ybGz6gynAkc59upxoSyAe1hy9KYRqj9bHrtmJxapUtCqWzFhkzV3xMZjbQeRYHtjKjp60VvIv7ntVITXvkZj5PUYMxmi8JUECPJ5HXS5QqZESNLKFPc3kpYnyrKjA0ob0PwFl9eJvVyyTsvle8uipWbp1kcOTiGEzgDDy6hArdQhRoweIBneIU3RzovzrvzMWtdceYRHsEfOJ8/6wqPxQ==</latexit> ⌘tgi(.)
<latexit sha1_base64="hTOVIwWPI9E1+tJYsT6BEJibZAc=">AAAB/3icbZBLSwMxFIUzPmt9jQpu3ASLUDfDTBV0WXChywr2AZ1hyKSZNjTzILkjlHFA/4obF4q49W+489+YPhbaeiDwcc4NuTlBKrgC2/42lpZXVtfWSxvlza3tnV1zb7+lkkxS1qSJSGQnIIoJHrMmcBCsk0pGokCwdjC8GufteyYVT+I7GKXMi0g/5iGnBLTlm4fYZUB8wLkbhLhf+Dkvqtapb1Zsy54IL4IzgwqaqeGbX24voVnEYqCCKNV17BS8nEjgVLCi7GaKpYQOSZ91NcYkYsrLJ/sX+EQ7PRwmUp8Y8MT9fSMnkVKjKNCTEYGBms/G5n9ZN4Pw0st5nGbAYjp9KMwEhgSPy8A9LhkFMdJAqOR6V0wHRBIKurKyLsGZ//IitGqWc2bVbs8r9evHaR0ldISOURU56ALV0Q1qoCai6AE9o1f0ZjwZL8a78TEdXTJmFR6gPzI+fwCavZWb</latexit>

+increment =�⌘tgi(.)
<latexit sha1_base64="Lvn6rucL6NBLiUxMOdOvssZa0xk=">AAACAHicbZBLSwMxFIUz9VXra9SFCzfBItSFw0wVdFlwocsK9gGdYcikmTY08yC5I5RhQPwrblwo4taf4c5/Y/pYaPVA4OOcG5J7glRwBbb9ZZSWlldW18rrlY3Nre0dc3evrZJMUtaiiUhkNyCKCR6zFnAQrJtKRqJAsE4wuprknXsmFU/iOxinzIvIIOYhpwS05ZsH+NRlQHzAuRuEeFD4OS9q1olvVm3Lngr/BWcOVTRX0zc/3X5Cs4jFQAVRqufYKXg5kcCpYEXFzRRLCR2RAetpjEnElJdPFyjwsXb6OEykPjHgqfvzRk4ipcZRoCcjAkO1mE3M/7JeBuGll/M4zYDFdPZQmAkMCZ60gftcMgpirIFQyfVfMR0SSSjoziq6BGdx5b/QrlvOmVW/Pa82rh9mdZTRITpCNeSgC9RAN6iJWoiiAj2hF/RqPBrPxpvxPhstGfMK99EvGR/fB/6V0g==</latexit>

MISSION : �s
t+1 = �s

t�
⌘tg

s
(Querytop�k(�

s
t );⇥t)

<latexit sha1_base64="wW9QkhZTCmgOPLQrBAywspJGVvA="></latexit>

hj : {1, 2, . . . , p} ! {1, 2, . . . , d}
<latexit sha1_base64="HU1TTHv2kIEwTke326sgzXcci6o=">AAACF3icbVDLSsNAFJ3UV62vqEs3g0VwUUJSBcVVQQSXFewDmhImk0k7Onkwc6OU0L9w46+4caGIW935N04fi9p6YOBwzj3cucdPBVdg2z9GYWl5ZXWtuF7a2Nza3jF395oqySRlDZqIRLZ9opjgMWsAB8HaqWQk8gVr+feXI7/1wKTiSXwLg5R1I9KLecgpAS15ptX37i7c3KlUK26QgKqk7tCVvNcHImXyiGetwB16Ztm27DHwInGmpIymqHvmt87SLGIxUEGU6jh2Ct2cSOBUsGHJzRRLCb0nPdbRNCYRU918fNcQH2klwGEi9YsBj9XZRE4ipQaRrycjAn01743E/7xOBuF5N+dxmgGL6WRRmAkMCR6VhAMuGQUx0IRQyfVfMe0TSSjoKku6BGf+5EXSrFrOiVW9OS3XrqZ1FNEBOkTHyEFnqIauUR01EEVP6AW9oXfj2Xg1PozPyWjBmGb20R8YX79u3p7c</latexit>
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c = 4
<latexit sha1_base64="MQEq7SedDNhGirzweZzFo+b4pP8=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4Kkkt6EUoiOCxgv2ANpTNdtMu3WzC7kQoob/BiwdFvPqDvPlv3LY5aOuDgcd7M8zMCxIpDLrut7O2vrG5tV3YKe7u7R8clo6OWyZONeNNFstYdwJquBSKN1Gg5J1EcxoFkreD8e3Mbz9xbUSsHnGScD+iQyVCwShaqcnIDan1S2W34s5BVomXkzLkaPRLX71BzNKIK2SSGtP13AT9jGoUTPJpsZcanlA2pkPetVTRiBs/mx87JedWGZAw1rYUkrn6eyKjkTGTKLCdEcWRWfZm4n9eN8Xw2s+ESlLkii0WhakkGJPZ52QgNGcoJ5ZQpoW9lbAR1ZShzadoQ/CWX14lrWrFu6xUH2rl+l0eRwFO4QwuwIMrqMM9NKAJDAQ8wyu8Ocp5cd6dj0XrmpPPnMAfOJ8/ax6Nxw==</latexit>

d = 10
<latexit sha1_base64="Q5UT9L7wrM/WNnzwKHZKHhH2h2I=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9mtBb0IBRE8VrAf0C4lm822sdlkSbJCWfofvHhQxKv/x5v/xrTdg7Y+GHi8N8PMvCDhTBvX/XYKa+sbm1vF7dLO7t7+QfnwqK1lqghtEcml6gZYU84EbRlmOO0miuI44LQTjG9mfueJKs2keDCThPoxHgoWMYKNldohukaeOyhX3Ko7B1olXk4qkKM5KH/1Q0nSmApDONa657mJ8TOsDCOcTkv9VNMEkzEe0p6lAsdU+9n82ik6s0qIIqlsCYPm6u+JDMdaT+LAdsbYjPSyNxP/83qpia78jIkkNVSQxaIo5chINHsdhUxRYvjEEkwUs7ciMsIKE2MDKtkQvOWXV0m7VvUuqrX7eqVxm8dRhBM4hXPw4BIacAdNaAGBR3iGV3hzpPPivDsfi9aCk88cwx84nz/W2I3/</latexit>

ind i

ind i

ind i

ind i

observation: sketch of noisy 
component of SGD in CS do not 
cancel out and results in memory 
wasted to store sketched noise     

Aghazadeh, Gupta, Ramchandran et al. MSML (2021)

content of CS ground truth

MISSION : �s
t+1 = �s

t�
⌘tg

s
(Querytop�k(�

s
t );⇥t)

<latexit sha1_base64="wW9QkhZTCmgOPLQrBAywspJGVvA="></latexit>

after convergence

hj : {1, 2, . . . , p} ! {1, 2, . . . , d}
<latexit sha1_base64="HU1TTHv2kIEwTke326sgzXcci6o=">AAACF3icbVDLSsNAFJ3UV62vqEs3g0VwUUJSBcVVQQSXFewDmhImk0k7Onkwc6OU0L9w46+4caGIW935N04fi9p6YOBwzj3cucdPBVdg2z9GYWl5ZXWtuF7a2Nza3jF395oqySRlDZqIRLZ9opjgMWsAB8HaqWQk8gVr+feXI7/1wKTiSXwLg5R1I9KLecgpAS15ptX37i7c3KlUK26QgKqk7tCVvNcHImXyiGetwB16Ztm27DHwInGmpIymqHvmt87SLGIxUEGU6jh2Ct2cSOBUsGHJzRRLCb0nPdbRNCYRU918fNcQH2klwGEi9YsBj9XZRE4ipQaRrycjAn01743E/7xOBuF5N+dxmgGL6WRRmAkMCR6VhAMuGQUx0IRQyfVfMe0TSSjoKku6BGf+5EXSrFrOiVW9OS3XrqZ1FNEBOkTHyEFnqIauUR01EEVP6AW9oXfj2Xg1PozPyWjBmGb20R8YX79u3p7c</latexit>
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c = 4
<latexit sha1_base64="MQEq7SedDNhGirzweZzFo+b4pP8=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4Kkkt6EUoiOCxgv2ANpTNdtMu3WzC7kQoob/BiwdFvPqDvPlv3LY5aOuDgcd7M8zMCxIpDLrut7O2vrG5tV3YKe7u7R8clo6OWyZONeNNFstYdwJquBSKN1Gg5J1EcxoFkreD8e3Mbz9xbUSsHnGScD+iQyVCwShaqcnIDan1S2W34s5BVomXkzLkaPRLX71BzNKIK2SSGtP13AT9jGoUTPJpsZcanlA2pkPetVTRiBs/mx87JedWGZAw1rYUkrn6eyKjkTGTKLCdEcWRWfZm4n9eN8Xw2s+ESlLkii0WhakkGJPZ52QgNGcoJ5ZQpoW9lbAR1ZShzadoQ/CWX14lrWrFu6xUH2rl+l0eRwFO4QwuwIMrqMM9NKAJDAQ8wyu8Ocp5cd6dj0XrmpPPnMAfOJ8/ax6Nxw==</latexit>

d = 10
<latexit sha1_base64="Q5UT9L7wrM/WNnzwKHZKHhH2h2I=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9mtBb0IBRE8VrAf0C4lm822sdlkSbJCWfofvHhQxKv/x5v/xrTdg7Y+GHi8N8PMvCDhTBvX/XYKa+sbm1vF7dLO7t7+QfnwqK1lqghtEcml6gZYU84EbRlmOO0miuI44LQTjG9mfueJKs2keDCThPoxHgoWMYKNldohukaeOyhX3Ko7B1olXk4qkKM5KH/1Q0nSmApDONa657mJ8TOsDCOcTkv9VNMEkzEe0p6lAsdU+9n82ik6s0qIIqlsCYPm6u+JDMdaT+LAdsbYjPSyNxP/83qpia78jIkkNVSQxaIo5chINHsdhUxRYvjEEkwUs7ciMsIKE2MDKtkQvOWXV0m7VvUuqrX7eqVxm8dRhBM4hXPw4BIacAdNaAGBR3iGV3hzpPPivDsfi9aCk88cwx84nz/W2I3/</latexit>

ind i

ind i

ind i

ind i

index = i = item

= increment

Bt = r2
�t
f(�t,⇥t) 2 Rp⇥p

<latexit sha1_base64="LdxxEUwwxXBSCp175tiDtJcs28g="></latexit>

⌘tB
�1
t g(.)

<latexit sha1_base64="XUCb411uBrx1wK6wnZTntwZabqo=">AAACCnicbVC7SgNBFJ2Nrxhfq5Y2o0GIhWE3CloGLbSMYB6QjcvsZDYZMvtg5q4QlgU7G3/FxkIRW7/Azr9x8ig08cCFM+fcy9x7vFhwBZb1beQWFpeWV/KrhbX1jc0tc3unoaJEUlankYhkyyOKCR6yOnAQrBVLRgJPsKY3uBz5zXsmFY/CWxjGrBOQXsh9TgloyTX3scOAuIBTx/PxRebCXXpsZ5NnLyuVj1yzaJWtMfA8saekiKaoueaX041oErAQqCBKtW0rhk5KJHAqWFZwEsViQgekx9qahiRgqpOOT8nwoVa62I+krhDwWP09kZJAqWHg6c6AQF/NeiPxP6+dgH/eSXkYJ8BCOvnITwSGCI9ywV0uGQUx1IRQyfWumPaJJBR0egUdgj178jxpVMr2Sblyc1qsXj1M4sijPXSASshGZ6iKrlEN1RFFj+gZvaI348l4Md6Nj0lrzphGuIv+wPj8Ab5XmW4=</latexit>

Aghazadeh, Gupta, Ramchandran et al. MSML (2021)

- more comp. cost per iteration

- less noisy gradient

- memory-accuracy tradeoff

question: how to compute/
store the Hessian?     

�t+1 = �t � ⌘tB
�1
t g(�t,⇥t)

<latexit sha1_base64="RQvRCKYdV0Hyk6so9DVJmA4B6R4="></latexit>

hj : {1, 2, . . . , p} ! {1, 2, . . . , d}
<latexit sha1_base64="HU1TTHv2kIEwTke326sgzXcci6o=">AAACF3icbVDLSsNAFJ3UV62vqEs3g0VwUUJSBcVVQQSXFewDmhImk0k7Onkwc6OU0L9w46+4caGIW935N04fi9p6YOBwzj3cucdPBVdg2z9GYWl5ZXWtuF7a2Nza3jF395oqySRlDZqIRLZ9opjgMWsAB8HaqWQk8gVr+feXI7/1wKTiSXwLg5R1I9KLecgpAS15ptX37i7c3KlUK26QgKqk7tCVvNcHImXyiGetwB16Ztm27DHwInGmpIymqHvmt87SLGIxUEGU6jh2Ct2cSOBUsGHJzRRLCb0nPdbRNCYRU918fNcQH2klwGEi9YsBj9XZRE4ipQaRrycjAn01743E/7xOBuF5N+dxmgGL6WRRmAkMCR6VhAMuGQUx0IRQyfVfMe0TSSjoKku6BGf+5EXSrFrOiVW9OS3XrqZ1FNEBOkTHyEFnqIauUR01EEVP6AW9oXfj2Xg1PozPyWjBmGb20R8YX79u3p7c</latexit>



Bt = r2
�t
f(�t,⇥t) 2 Rp⇥p

<latexit sha1_base64="LdxxEUwwxXBSCp175tiDtJcs28g="></latexit>

limited-memory BFGS
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hj : {1, 2, . . . , p} ! {1, 2, . . . , c}
<latexit sha1_base64="S2+5Ur2tiOOOHs3XJMo/Ue7XJNw=">AAACF3icbVDLSgMxFM3UV62vUZdugkVwUcpMFRRXBRFcVrAP6AxDJk3baGYyJHeUMvQv3Pgrblwo4lZ3/o3pY1FbDwQO59zDzT1hIrgGx/mxckvLK6tr+fXCxubW9o69u9fQMlWU1akUUrVCopngMasDB8FaiWIkCgVrhveXI7/5wJTmMr6FQcL8iPRi3uWUgJECu9wP7i68zC1VSl5Hgi4l3tBTvNcHopR8xLMW9YaBXXTKzhh4kbhTUkRT1AL722RpGrEYqCBat10nAT8jCjgVbFjwUs0SQu9Jj7UNjUnEtJ+N7xriI6N0cFcq82LAY3U2kZFI60EUmsmIQF/PeyPxP6+dQvfcz3icpMBiOlnUTQUGiUcl4Q5XjIIYGEKo4uavmPaJIhRMlQVTgjt/8iJpVMruSblyc1qsXk3ryKMDdIiOkYvOUBVdoxqqI4qe0At6Q+/Ws/VqfVifk9GcNc3soz+wvn4BbVie2w==</latexit>

c = 4
<latexit sha1_base64="MQEq7SedDNhGirzweZzFo+b4pP8=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4Kkkt6EUoiOCxgv2ANpTNdtMu3WzC7kQoob/BiwdFvPqDvPlv3LY5aOuDgcd7M8zMCxIpDLrut7O2vrG5tV3YKe7u7R8clo6OWyZONeNNFstYdwJquBSKN1Gg5J1EcxoFkreD8e3Mbz9xbUSsHnGScD+iQyVCwShaqcnIDan1S2W34s5BVomXkzLkaPRLX71BzNKIK2SSGtP13AT9jGoUTPJpsZcanlA2pkPetVTRiBs/mx87JedWGZAw1rYUkrn6eyKjkTGTKLCdEcWRWfZm4n9eN8Xw2s+ESlLkii0WhakkGJPZ52QgNGcoJ5ZQpoW9lbAR1ZShzadoQ/CWX14lrWrFu6xUH2rl+l0eRwFO4QwuwIMrqMM9NKAJDAQ8wyu8Ocp5cd6dj0XrmpPPnMAfOJ8/ax6Nxw==</latexit>

d = 10
<latexit sha1_base64="Q5UT9L7wrM/WNnzwKHZKHhH2h2I=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9mtBb0IBRE8VrAf0C4lm822sdlkSbJCWfofvHhQxKv/x5v/xrTdg7Y+GHi8N8PMvCDhTBvX/XYKa+sbm1vF7dLO7t7+QfnwqK1lqghtEcml6gZYU84EbRlmOO0miuI44LQTjG9mfueJKs2keDCThPoxHgoWMYKNldohukaeOyhX3Ko7B1olXk4qkKM5KH/1Q0nSmApDONa657mJ8TOsDCOcTkv9VNMEkzEe0p6lAsdU+9n82ik6s0qIIqlsCYPm6u+JDMdaT+LAdsbYjPSyNxP/83qpia78jIkkNVSQxaIo5chINHsdhUxRYvjEEkwUs7ciMsIKE2MDKtkQvOWXV0m7VvUuqrX7eqVxm8dRhBM4hXPw4BIacAdNaAGBR3iGV3hzpPPivDsfi9aCk88cwx84nz/W2I3/</latexit>

ind i

ind i

ind i

ind i

index = i = item

= increment

⌘tB
�1
t g(.)

<latexit sha1_base64="XUCb411uBrx1wK6wnZTntwZabqo=">AAACCnicbVC7SgNBFJ2Nrxhfq5Y2o0GIhWE3CloGLbSMYB6QjcvsZDYZMvtg5q4QlgU7G3/FxkIRW7/Azr9x8ig08cCFM+fcy9x7vFhwBZb1beQWFpeWV/KrhbX1jc0tc3unoaJEUlankYhkyyOKCR6yOnAQrBVLRgJPsKY3uBz5zXsmFY/CWxjGrBOQXsh9TgloyTX3scOAuIBTx/PxRebCXXpsZ5NnLyuVj1yzaJWtMfA8saekiKaoueaX041oErAQqCBKtW0rhk5KJHAqWFZwEsViQgekx9qahiRgqpOOT8nwoVa62I+krhDwWP09kZJAqWHg6c6AQF/NeiPxP6+dgH/eSXkYJ8BCOvnITwSGCI9ywV0uGQUx1IRQyfWumPaJJBR0egUdgj178jxpVMr2Sblyc1qsXj1M4sijPXSASshGZ6iKrlEN1RFFj+gZvaI348l4Md6Nj0lrzphGuIv+wPj8Ab5XmW4=</latexit>

Aghazadeh, Gupta, Ramchandran et al. MSML (2021)
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3
⌧

<latexit sha1_base64="oeMHf54beqm4kLMlPZlzvSDkEOc=">AAAB+XicbVDLSsNAFL3xWesr6tLNYBFclaQKuiy40GUF+4AmlMnkth06eTAzKZRQ8EPcuFDErX/izr9xmnahrQcGDufcuY8TpIIr7Tjf1tr6xubWdmmnvLu3f3BoHx23VJJJhk2WiER2AqpQ8BibmmuBnVQijQKB7WB0O/PbY5SKJ/GjnqToR3QQ8z5nVBupZ9te0SOXGE6Jp2nWsytO1SlAVom7IBVYoNGzv7wwYVmEsWaCKtV1nVT7OZWaM4HTspcpTCkb0QF2DY1phMrPi6lTcm6UkPQTaV6sSaH+/pHTSKlJFJjKiOqhWvZm4n9eN9P9Gz/ncZppjNl8UD8TRCdkFgMJuUSmxcQQyiQ3uxI2pJIybcIqmxDc5ZNXSatWdS+rtYerSv3uaR5HCU7hDC7AhWuowz00oAkMxvAMr/Bm5daL9W59zEvXrEWEJ/AH1ucP9LSUSA==</latexit>… approximate                 using 
gradients from last few 

iterations      

B�1
t g(.)

<latexit sha1_base64="gjz45ANAooI91vyTHBgEn5G9cRU=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1iEujAkVdBl0YUuK9gHtDFMppN26GQSZiZCCUEX/oobF4q49Svc+TdO0y609cCFM+fcy9x7/JhRqWz72ygsLC4trxRXS2vrG5tb5vZOU0aJwKSBIxaJto8kYZSThqKKkXYsCAp9Rlr+8HLst+6JkDTit2oUEzdEfU4DipHSkmfupV0/gBeZp+7SYyeD+bOfVawjzyzblp0DzhNnSspgirpnfnV7EU5CwhVmSMqOY8fKTZFQFDOSlbqJJDHCQ9QnHU05Col00/yEDB5qpQeDSOjiCubq74kUhVKOQl93hkgN5Kw3Fv/zOokKzt2U8jhRhOPJR0HCoIrgOA/Yo4JgxUaaICyo3hXiARIIK51aSYfgzJ48T5pVyzmxqjen5drV4ySOItgHB6ACHHAGauAa1EEDYPAAnsEreDOejBfj3fiYtBaMaYS74A+Mzx9AcZZ1</latexit>

- no need to store/compute inverse Hessian

- more comp. cost per iteration

- less noisy gradient

- memory-accuracy tradeoff

⌧
<latexit sha1_base64="TLxWK0Ha7p6/6wYE9f6xl0MMWYo=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeCBz1WMG2hDWWz3bRLN5uwOxFKKPgPvHhQxKs/yJv/xu3HQVsfDDzem2FmXphKYdB1v53C2vrG5lZxu7Szu7d/UD48apok04z7LJGJbofUcCkU91Gg5O1UcxqHkrfC0c3Ubz1ybUSiHnCc8iCmAyUiwShaySddpFmvXHGr7gxklXgLUoEFGr3yV7efsCzmCpmkxnQ8N8UgpxoFk3xS6maGp5SN6IB3LFU05ibIZ8dOyJlV+iRKtC2FZKb+nshpbMw4Dm1nTHFolr2p+J/XyTC6DnKh0gy5YvNFUSYJJmT6OekLzRnKsSWUaWFvJWxINWVo8ynZELzll1dJs1b1Lqq1+8tK/fZpHkcRTuAUzsGDK6jDHTTABwYCnuEV3hzlvDjvzse8teAsIjyGP3A+fwCf5o77</latexit>

�t+1 = �t � ⌘tB
�1
t g(�t,⇥t)

<latexit sha1_base64="RQvRCKYdV0Hyk6so9DVJmA4B6R4="></latexit>



BEAR algorithm: sketch LBFGS gradients using CS
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query CS and store the 
gradient and feature 
difference vectors

find the descent 

direction using LBFGS

and update CS

12
3

⌧
<latexit sha1_base64="oeMHf54beqm4kLMlPZlzvSDkEOc=">AAAB+XicbVDLSsNAFL3xWesr6tLNYBFclaQKuiy40GUF+4AmlMnkth06eTAzKZRQ8EPcuFDErX/izr9xmnahrQcGDufcuY8TpIIr7Tjf1tr6xubWdmmnvLu3f3BoHx23VJJJhk2WiER2AqpQ8BibmmuBnVQijQKB7WB0O/PbY5SKJ/GjnqToR3QQ8z5nVBupZ9te0SOXGE6Jp2nWsytO1SlAVom7IBVYoNGzv7wwYVmEsWaCKtV1nVT7OZWaM4HTspcpTCkb0QF2DY1phMrPi6lTcm6UkPQTaV6sSaH+/pHTSKlJFJjKiOqhWvZm4n9eN9P9Gz/ncZppjNl8UD8TRCdkFgMJuUSmxcQQyiQ3uxI2pJIybcIqmxDc5ZNXSatWdS+rtYerSv3uaR5HCU7hDC7AhWuowz00oAkMxvAMr/Bm5daL9W59zEvXrEWEJ/AH1ucP9LSUSA==</latexit>…
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convergence



simula;ons

13

p = 1000

n = 900

k = 8

xi ⇠ N (0, 1)

yi = xi✓
⇤

CF =
size of CS

p
<latexit sha1_base64="cj6I7Qblxu2b8GVwYQMlM0/stiQ="></latexit>

p = 1000

n = 900

k = 8

xi ⇠ N (0, 1)

yi = xi�
⇤

�⇤ : k � sparse

CF =
p

size of CS
<latexit sha1_base64="fgBaq1BjWPTFFD7B9qG973OzvLY="></latexit>



real-world experiments
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summary and future direc;ons
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https://arxiv.org/abs/2010.13829
https://github.com/BEAR-algorithm/BEAR

- find the paper at

- find the code at

- adaptively learn the hashing scheme in the Count Sketch 
based on the stochastic gradients


- efficient training of massively large nonlinear models using 
LBFGS + sketching (Transforms, etc.)


- distributed learning/analysis using LBFGS + sketching  explore 
communication-computation tradeoff

Thanks!


