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Distributed training
<latexit sha1_base64="VtpVo154SmeL1h7OrxBRwBsyJTU=">AAACH3icbVDLSgMxFM34rPVVdekmWIS6KTNSqhuh6MZlFfuATh0yaaYNJpkhyUhLmD9x46+4caGIuOvfmD4Waj0QOJxzLzfnhAmjSrvu2FlaXlldW89t5De3tnd2C3v7TRWnEpMGjlks2yFShFFBGppqRtqJJIiHjLTCh6uJ33okUtFY3OlRQroc9QWNKEbaSkGh6nMqAjP0qfA50oMwNLfZfS+DfiQRNl5mROarlAeGXnjZvYBRQEvDk6BQdMvuFHCReHNSBHPUg8KX34txyonQmCGlOp6b6K5BUlPMSJb3U0UShB9Qn3QsFYgT1TXTfBk8tkoPRrG0T2g4VX9uGMSVGvHQTk4yqL/eRPzP66Q6Ou8aKpJUE4Fnh6KUQR3DSVmwRyXBmo0sQVhS+1eIB8gWo22leVuC9zfyImmelr1quXJTKdYu53XkwCE4AiXggTNQA9egDhoAgyfwAt7Au/PsvDofzudsdMmZ7xyAX3DG30Meo7E=</latexit>

min
x2Rd

1

n

nX

i=1

fi(x)

<latexit sha1_base64="5Ra9nLvZWvhDk8yD+NHJEW4J5kA=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahXsqulOqx6MVjBfsB7VKyabaNzSZLkhXL0v/gxYMiXv0/3vw3pu0etPXBwOO9GWbmBTFn2rjut5NbW9/Y3MpvF3Z29/YPiodHLS0TRWiTSC5VJ8CaciZo0zDDaSdWFEcBp+1gfDPz249UaSbFvZnE1I/wULCQEWys1Ar7XvnpvF8suRV3DrRKvIyUIEOjX/zqDSRJIioM4VjrrufGxk+xMoxwOi30Ek1jTMZ4SLuWChxR7afza6fozCoDFEplSxg0V39PpDjSehIFtjPCZqSXvZn4n9dNTHjlp0zEiaGCLBaFCUdGotnraMAUJYZPLMFEMXsrIiOsMDE2oIINwVt+eZW0LiperVK9q5bq11kceTiBUyiDB5dQh1toQBMIPMAzvMKbI50X5935WLTmnGzmGP7A+fwBlk2Ofg==</latexit>

f1(x)
<latexit sha1_base64="HBFsilqPH6pdGJoXFHnPTuEizw8=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahXsqulOqx6MVjBfsB7VKyabaNzSZLkhXL0v/gxYMiXv0/3vw3pu0etPXBwOO9GWbmBTFn2rjut5NbW9/Y3MpvF3Z29/YPiodHLS0TRWiTSC5VJ8CaciZo0zDDaSdWFEcBp+1gfDPz249UaSbFvZnE1I/wULCQEWys1Ar7rPx03i+W3Io7B1olXkZKkKHRL371BpIkERWGcKx113Nj46dYGUY4nRZ6iaYxJmM8pF1LBY6o9tP5tVN0ZpUBCqWyJQyaq78nUhxpPYkC2xlhM9LL3kz8z+smJrzyUybixFBBFovChCMj0ex1NGCKEsMnlmCimL0VkRFWmBgbUMGG4C2/vEpaFxWvVqneVUv16yyOPJzAKZTBg0uowy00oAkEHuAZXuHNkc6L8+58LFpzTjZzDH/gfP4A69WOtg==</latexit>

fi(x)
<latexit sha1_base64="orpBu2S18czmqYCFhb5ZjkCehg8=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahXsqulOqx6MVjBfsB7VKyabaNzSZLkhXL0v/gxYMiXv0/3vw3pu0etPXBwOO9GWbmBTFn2rjut5NbW9/Y3MpvF3Z29/YPiodHLS0TRWiTSC5VJ8CaciZo0zDDaSdWFEcBp+1gfDPz249UaSbFvZnE1I/wULCQEWys1Ar7ovx03i+W3Io7B1olXkZKkKHRL371BpIkERWGcKx113Nj46dYGUY4nRZ6iaYxJmM8pF1LBY6o9tP5tVN0ZpUBCqWyJQyaq78nUhxpPYkC2xlhM9LL3kz8z+smJrzyUybixFBBFovChCMj0ex1NGCKEsMnlmCimL0VkRFWmBgbUMGG4C2/vEpaFxWvVqneVUv16yyOPJzAKZTBg0uowy00oAkEHuAZXuHNkc6L8+58LFpzTjZzDH/gfP4A83iOuw==</latexit>

fn(x)



Distributed training

Parameter server



Distributed training

Parameter server
<latexit sha1_base64="vCWkO1oos1N4u8TSN2mEMQWhpmY=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx4xyiOBlcwODUyYnd3MzBrJhk/w4kFjvPpF3vwbB9iDgpV0UqnqTndXEAuujet+O7mV1bX1jfxmYWt7Z3evuH/Q0FGiGNZZJCLVCqhGwSXWDTcCW7FCGgYCm8Hoeuo3H1FpHsl7M47RD+lA8j5n1Fjp7ulh1C2W3LI7A1kmXkZKkKHWLX51ehFLQpSGCap123Nj46dUGc4ETgqdRGNM2YgOsG2ppCFqP52dOiEnVumRfqRsSUNm6u+JlIZaj8PAdobUDPWiNxX/89qJ6V/6KZdxYlCy+aJ+IoiJyPRv0uMKmRFjSyhT3N5K2JAqyoxNp2BD8BZfXiaNs7J3Xq7cVkrVqyyOPBzBMZyCBxdQhRuoQR0YDOAZXuHNEc6L8+58zFtzTjZzCH/gfP4AZQGN4g==</latexit>

xk



Distributed training

Parameter server

<latexit sha1_base64="lOC22hxt16I9oATlET/yMKkZUJQ=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48VTFtoY9lsN+3SzSbsToRS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O4W19Y3NreJ2aWd3b/+gfHjUNEmmGfdZIhPdDqnhUijuo0DJ26nmNA4lb4Wj25nfeuLaiEQ94DjlQUwHSkSCUbSSP+iJx1GvXHGr7hxklXg5qUCORq/81e0nLIu5QiapMR3PTTGYUI2CST4tdTPDU8pGdMA7lioacxNM5sdOyZlV+iRKtC2FZK7+npjQ2JhxHNrOmOLQLHsz8T+vk2F0HUyESjPkii0WRZkkmJDZ56QvNGcox5ZQpoW9lbAh1ZShzadkQ/CWX14lzYuqd1mt3dcq9Zs8jiKcwCmcgwdXUIc7aIAPDAQ8wyu8Ocp5cd6dj0VrwclnjuEPnM8fxtmOrQ==</latexit>

gki
<latexit sha1_base64="lAT6zk6O9n6ntO+7tUd7Rg9UHYk=">AAACDHicbVDLSsNAFJ3UV62vqks3g0Wom5JIUTdCUQSXFewDkjRMppN26GQSZiZiCf0AN/6KGxeKuPUD3Pk3TtostPXAwOGcc5l7jx8zKpVpfhuFpeWV1bXiemljc2t7p7y715ZRIjBp4YhFousjSRjlpKWoYqQbC4JCn5GOP7rK/M49EZJG/E6NY+KGaMBpQDFSWvLKFSdEauj76fXEHni0N3LhBXQ48hmCgUerD73RsU6ZNXMKuEisnFRAjqZX/nL6EU5CwhVmSErbMmPlpkgoihmZlJxEkhjhERoQW1OOQiLddHrMBB5ppQ+DSOjHFZyqvydSFEo5Dn2dzFaX814m/ufZiQrO3ZTyOFGE49lHQcKgimDWDOxTQbBiY00QFlTvCvEQCYSV7q+kS7DmT14k7ZOadVqr39Yrjcu8jiI4AIegCixwBhrgBjRBC2DwCJ7BK3gznowX4934mEULRj6zD/7A+PwBTViagA==</latexit>

E[gki ] = rfi(x
k)



Distributed training

Parameter server

<latexit sha1_base64="lOC22hxt16I9oATlET/yMKkZUJQ=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48VTFtoY9lsN+3SzSbsToRS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O4W19Y3NreJ2aWd3b/+gfHjUNEmmGfdZIhPdDqnhUijuo0DJ26nmNA4lb4Wj25nfeuLaiEQ94DjlQUwHSkSCUbSSP+iJx1GvXHGr7hxklXg5qUCORq/81e0nLIu5QiapMR3PTTGYUI2CST4tdTPDU8pGdMA7lioacxNM5sdOyZlV+iRKtC2FZK7+npjQ2JhxHNrOmOLQLHsz8T+vk2F0HUyESjPkii0WRZkkmJDZ56QvNGcox5ZQpoW9lbAh1ZShzadkQ/CWX14lzYuqd1mt3dcq9Zs8jiKcwCmcgwdXUIc7aIAPDAQ8wyu8Ocp5cd6dj0VrwclnjuEPnM8fxtmOrQ==</latexit>

gki



Distributed training

Parameter server
<latexit sha1_base64="P9BU5Udg1Vc8FWb11bMluXipjQs=">AAAB7nicbVBNSwMxEJ3Ur1q/qh69BIsgCGVXinosevFYwX5Au5Zsmm3DZrNLkhXL0h/hxYMiXv093vw3pu0etPXBwOO9GWbm+Yng2jjONyqsrK6tbxQ3S1vbO7t75f2Dlo5TRVmTxiJWHZ9oJrhkTcONYJ1EMRL5grX98Gbqtx+Z0jyW92acMC8iQ8kDTomxUvvpIQvP3Em/XHGqzgx4mbg5qUCORr/81RvENI2YNFQQrbuukxgvI8pwKtik1Es1SwgNyZB1LZUkYtrLZudO8IlVBjiIlS1p8Ez9PZGRSOtx5NvOiJiRXvSm4n9eNzXBlZdxmaSGSTpfFKQCmxhPf8cDrhg1YmwJoYrbWzEdEUWosQmVbAju4svLpHVedS+qtbtapX6dx1GEIziGU3DhEupwCw1oAoUQnuEV3lCCXtA7+pi3FlA+cwh/gD5/AAM2j14=</latexit>

xk+1



Distributed training

Parameter server

<latexit sha1_base64="wk5XRaLSvmNkFJrctdw1RFclW28="></latexit>

xk+1 = xk � ⌘k
1

n

nX

i=1

gki

<latexit sha1_base64="P9BU5Udg1Vc8FWb11bMluXipjQs=">AAAB7nicbVBNSwMxEJ3Ur1q/qh69BIsgCGVXinosevFYwX5Au5Zsmm3DZrNLkhXL0h/hxYMiXv093vw3pu0etPXBwOO9GWbm+Yng2jjONyqsrK6tbxQ3S1vbO7t75f2Dlo5TRVmTxiJWHZ9oJrhkTcONYJ1EMRL5grX98Gbqtx+Z0jyW92acMC8iQ8kDTomxUvvpIQvP3Em/XHGqzgx4mbg5qUCORr/81RvENI2YNFQQrbuukxgvI8pwKtik1Es1SwgNyZB1LZUkYtrLZudO8IlVBjiIlS1p8Ez9PZGRSOtx5NvOiJiRXvSm4n9eNzXBlZdxmaSGSTpfFKQCmxhPf8cDrhg1YmwJoYrbWzEdEUWosQmVbAju4svLpHVedS+qtbtapX6dx1GEIziGU3DhEupwCw1oAoUQnuEV3lCCXtA7+pi3FlA+cwh/gD5/AAM2j14=</latexit>

xk+1



Communication  
bottleneck

<latexit sha1_base64="lOC22hxt16I9oATlET/yMKkZUJQ=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48VTFtoY9lsN+3SzSbsToRS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O4W19Y3NreJ2aWd3b/+gfHjUNEmmGfdZIhPdDqnhUijuo0DJ26nmNA4lb4Wj25nfeuLaiEQ94DjlQUwHSkSCUbSSP+iJx1GvXHGr7hxklXg5qUCORq/81e0nLIu5QiapMR3PTTGYUI2CST4tdTPDU8pGdMA7lioacxNM5sdOyZlV+iRKtC2FZK7+npjQ2JhxHNrOmOLQLHsz8T+vk2F0HUyESjPkii0WRZkkmJDZ56QvNGcox5ZQpoW9lbAh1ZShzadkQ/CWX14lzYuqd1mt3dcq9Zs8jiKcwCmcgwdXUIc7aIAPDAQ8wyu8Ocp5cd6dj0VrwclnjuEPnM8fxtmOrQ==</latexit>

gki Fast computation



Communication  
bottleneck

<latexit sha1_base64="lOC22hxt16I9oATlET/yMKkZUJQ=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48VTFtoY9lsN+3SzSbsToRS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O4W19Y3NreJ2aWd3b/+gfHjUNEmmGfdZIhPdDqnhUijuo0DJ26nmNA4lb4Wj25nfeuLaiEQ94DjlQUwHSkSCUbSSP+iJx1GvXHGr7hxklXg5qUCORq/81e0nLIu5QiapMR3PTTGYUI2CST4tdTPDU8pGdMA7lioacxNM5sdOyZlV+iRKtC2FZK7+npjQ2JhxHNrOmOLQLHsz8T+vk2F0HUyESjPkii0WRZkkmJDZ56QvNGcox5ZQpoW9lbAh1ZShzadkQ/CWX14lzYuqd1mt3dcq9Zs8jiKcwCmcgwdXUIc7aIAPDAQ8wyu8Ocp5cd6dj0VrwclnjuEPnM8fxtmOrQ==</latexit>

gki Fast computation

Slow communication

Parameter server

<latexit sha1_base64="lOC22hxt16I9oATlET/yMKkZUJQ=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48VTFtoY9lsN+3SzSbsToRS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O4W19Y3NreJ2aWd3b/+gfHjUNEmmGfdZIhPdDqnhUijuo0DJ26nmNA4lb4Wj25nfeuLaiEQ94DjlQUwHSkSCUbSSP+iJx1GvXHGr7hxklXg5qUCORq/81e0nLIu5QiapMR3PTTGYUI2CST4tdTPDU8pGdMA7lioacxNM5sdOyZlV+iRKtC2FZK7+npjQ2JhxHNrOmOLQLHsz8T+vk2F0HUyESjPkii0WRZkkmJDZ56QvNGcox5ZQpoW9lbAh1ZShzadkQ/CWX14lzYuqd1mt3dcq9Zs8jiKcwCmcgwdXUIc7aIAPDAQ8wyu8Ocp5cd6dj0VrwclnjuEPnM8fxtmOrQ==</latexit>

gki

<latexit sha1_base64="vCWkO1oos1N4u8TSN2mEMQWhpmY=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx4xyiOBlcwODUyYnd3MzBrJhk/w4kFjvPpF3vwbB9iDgpV0UqnqTndXEAuujet+O7mV1bX1jfxmYWt7Z3evuH/Q0FGiGNZZJCLVCqhGwSXWDTcCW7FCGgYCm8Hoeuo3H1FpHsl7M47RD+lA8j5n1Fjp7ulh1C2W3LI7A1kmXkZKkKHWLX51ehFLQpSGCap123Nj46dUGc4ETgqdRGNM2YgOsG2ppCFqP52dOiEnVumRfqRsSUNm6u+JlIZaj8PAdobUDPWiNxX/89qJ6V/6KZdxYlCy+aJ+IoiJyPRv0uMKmRFjSyhT3N5K2JAqyoxNp2BD8BZfXiaNs7J3Xq7cVkrVqyyOPBzBMZyCBxdQhRuoQR0YDOAZXuHNEc6L8+58zFtzTjZzCH/gfP4AZQGN4g==</latexit>

xk



Solution: 
Gradient Compression

<latexit sha1_base64="lOC22hxt16I9oATlET/yMKkZUJQ=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48VTFtoY9lsN+3SzSbsToRS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O4W19Y3NreJ2aWd3b/+gfHjUNEmmGfdZIhPdDqnhUijuo0DJ26nmNA4lb4Wj25nfeuLaiEQ94DjlQUwHSkSCUbSSP+iJx1GvXHGr7hxklXg5qUCORq/81e0nLIu5QiapMR3PTTGYUI2CST4tdTPDU8pGdMA7lioacxNM5sdOyZlV+iRKtC2FZK7+npjQ2JhxHNrOmOLQLHsz8T+vk2F0HUyESjPkii0WRZkkmJDZ56QvNGcox5ZQpoW9lbAh1ZShzadkQ/CWX14lzYuqd1mt3dcq9Zs8jiKcwCmcgwdXUIc7aIAPDAQ8wyu8Ocp5cd6dj0VrwclnjuEPnM8fxtmOrQ==</latexit>

gki
<latexit sha1_base64="NGb4Q7kaBuNWwpQniKcz/oN5vyI=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRahXsquFPVY9OKxBfsB7VqyabYNzSZrkhXK0j/hxYMiXv073vw3pu0etPXBwOO9GWbmBTFn2rjut5NbW9/Y3MpvF3Z29/YPiodHLS0TRWiTSC5VJ8CaciZo0zDDaSdWFEcBp+1gfDvz209UaSbFvZnE1I/wULCQEWys1GmUh332MD7vF0tuxZ0DrRIvIyXIUO8Xv3oDSZKICkM41rrrubHxU6wMI5xOC71E0xiTMR7SrqUCR1T76fzeKTqzygCFUtkSBs3V3xMpjrSeRIHtjLAZ6WVvJv7ndRMTXvspE3FiqCCLRWHCkZFo9jwaMEWJ4RNLMFHM3orICCtMjI2oYEPwll9eJa2LindZqTaqpdpNFkceTuAUyuDBFdTgDurQBAIcnuEV3pxH58V5dz4WrTknmzmGP3A+fwAwaI9t</latexit>

Q(gki )

Parameter server



Solution: 
Gradient Compression

Parameter server

<latexit sha1_base64="NGb4Q7kaBuNWwpQniKcz/oN5vyI=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRahXsquFPVY9OKxBfsB7VqyabYNzSZrkhXK0j/hxYMiXv073vw3pu0etPXBwOO9GWbmBTFn2rjut5NbW9/Y3MpvF3Z29/YPiodHLS0TRWiTSC5VJ8CaciZo0zDDaSdWFEcBp+1gfDvz209UaSbFvZnE1I/wULCQEWys1GmUh332MD7vF0tuxZ0DrRIvIyXIUO8Xv3oDSZKICkM41rrrubHxU6wMI5xOC71E0xiTMR7SrqUCR1T76fzeKTqzygCFUtkSBs3V3xMpjrSeRIHtjLAZ6WVvJv7ndRMTXvspE3FiqCCLRWHCkZFo9jwaMEWJ4RNLMFHM3orICCtMjI2oYEPwll9eJa2LindZqTaqpdpNFkceTuAUyuDBFdTgDurQBAIcnuEV3pxH58V5dz4WrTknmzmGP3A+fwAwaI9t</latexit>

Q(gki )



Solution: 
Gradient Compression

Parameter server

<latexit sha1_base64="NGb4Q7kaBuNWwpQniKcz/oN5vyI=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRahXsquFPVY9OKxBfsB7VqyabYNzSZrkhXK0j/hxYMiXv073vw3pu0etPXBwOO9GWbmBTFn2rjut5NbW9/Y3MpvF3Z29/YPiodHLS0TRWiTSC5VJ8CaciZo0zDDaSdWFEcBp+1gfDvz209UaSbFvZnE1I/wULCQEWys1GmUh332MD7vF0tuxZ0DrRIvIyXIUO8Xv3oDSZKICkM41rrrubHxU6wMI5xOC71E0xiTMR7SrqUCR1T76fzeKTqzygCFUtkSBs3V3xMpjrSeRIHtjLAZ6WVvJv7ndRMTXvspE3FiqCCLRWHCkZFo9jwaMEWJ4RNLMFHM3orICCtMjI2oYEPwll9eJa2LindZqTaqpdpNFkceTuAUyuDBFdTgDurQBAIcnuEV3pxH58V5dz4WrTknmzmGP3A+fwAwaI9t</latexit>

Q(gki )

Not as straightforward 
as may seem



All-reduce vs. gather

All-reduce:



All-reduce vs. gather

All-reduce:

Compute the sum



All-reduce vs. gather

All-reduce:

Compute the sum 
(hard to compress 
because of in-place 

summation)



All-reduce vs. gather

All-reduce:

Broadcast the result



All-reduce vs. gather

All-gather:

Communicate everything 
(potentially compressed)



All-reduce vs. gather

Communicates 
average; 

Communicates 
everything;

All-gather:

All-reduce:



All-reduce vs. gather

Communicates 
average; 

hard to compress

Communicates 
everything; 

easy to compress

All-gather:

All-reduce:



Nvidia’s NVSwitch



Nvidia’s NVSwitch



Switch

1. Fast inter-communication



Switch

1. Fast inter-communication 
2. Limiting compute capabilities



Switch

1. Fast inter-communication 
2. Limiting compute capabilities  
3. Switch supports only integers



Switch

1. Fast inter-communication 
2. Limiting compute capabilities  
3. Switch supports only integers 

Most compressors can’t 
 operate on switch



Switch

1. Fast inter-communication 
2. Limiting compute capabilities  
3. Switch supports only integers 

Most compressors can’t 
 operate on switch. 

Those that can  
do not support all-reduce



IntSGD
<latexit sha1_base64="KiFk3t+CItHqTH1Yc0iCDpp/c7I="></latexit>

Q(gki ) =
1

↵k
Int(↵k � gki )



IntSGD

Randomized  
rounding 
to integer

<latexit sha1_base64="KiFk3t+CItHqTH1Yc0iCDpp/c7I="></latexit>

Q(gki ) =
1

↵k
Int(↵k � gki )



IntSGD
<latexit sha1_base64="KiFk3t+CItHqTH1Yc0iCDpp/c7I="></latexit>

Q(gki ) =
1

↵k
Int(↵k � gki )



IntSGD
<latexit sha1_base64="KiFk3t+CItHqTH1Yc0iCDpp/c7I="></latexit>

Q(gki ) =
1

↵k
Int(↵k � gki )

Scaling vector



IntSGD
<latexit sha1_base64="KiFk3t+CItHqTH1Yc0iCDpp/c7I="></latexit>

Q(gki ) =
1

↵k
Int(↵k � gki )

<latexit sha1_base64="wj7aJg+2+qJE5It3+l8FdqC2Ftg=">AAACJnicbZBLSwMxEMez9VXXV9Wjl2ARvFh266sehKIXjxXsA7qlZNNpG8xmlyQrlqWfxotfxYuHiog3P4ppu4i2DoT58Z8ZMvP3I86UdpxPK7OwuLS8kl2119Y3Nrdy2zs1FcaSQpWGPJQNnyjgTEBVM82hEUkggc+h7t9fj+v1B5CKheJODyJoBaQnWJdRoo3Uzl16PvSYSKKAaMkeh7ZTcEoX2PPsI0PuGEw+TXPx2PZAdH6627m8USeB58FNIY/SqLRzI68T0jgAoSknSjVdJ9KthEjNKIeh7cUKIkLvSQ+aBgUJQLWSyZlDfGCUDu6G0jyh8UT9PZGQQKlB4JtOs19fzdbG4n+1Zqy7pVbCRBRrEHT6UTfmWId47BnuMAlU84EBQiUzu2LaJ5JQbZy1jQnu7MnzUCsW3LPCye1JvnyV2pFFe2gfHSIXnaMyukEVVEUUPaEXNEJv1rP1ar1bH9PWjJXO7KI/YX19A0W8oV8=</latexit>0

BB@

0.089
�0.01
0.05
0.023

1

CCA

Example:



IntSGD
<latexit sha1_base64="KiFk3t+CItHqTH1Yc0iCDpp/c7I="></latexit>

Q(gki ) =
1

↵k
Int(↵k � gki )

<latexit sha1_base64="a9nav4xU/juevnkfqWlJniljuyo=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ae0oUy2m3bpZhN3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqKGvSWMSqE6BmgkvWNNwI1kkUwygQrB2Mb2d++4kpzWP5YCYJ8yMcSh5yisZKnR6KZIT9cb9ccavuHGSVeDmpQI5Gv/zVG8Q0jZg0VKDWXc9NjJ+hMpwKNi31Us0SpGMcsq6lEiOm/Wx+75ScWWVAwljZkobM1d8TGUZaT6LAdkZoRnrZm4n/ed3UhNd+xmWSGibpYlGYCmJiMnueDLhi1IiJJUgVt7cSOkKF1NiISjYEb/nlVdK6qHqX1dp9rVK/yeMowgmcwjl4cAV1uIMGNIGCgGd4hTfn0Xlx3p2PRWvByWeO4Q+czx8Pto//</latexit>↵k

<latexit sha1_base64="wj7aJg+2+qJE5It3+l8FdqC2Ftg=">AAACJnicbZBLSwMxEMez9VXXV9Wjl2ARvFh266sehKIXjxXsA7qlZNNpG8xmlyQrlqWfxotfxYuHiog3P4ppu4i2DoT58Z8ZMvP3I86UdpxPK7OwuLS8kl2119Y3Nrdy2zs1FcaSQpWGPJQNnyjgTEBVM82hEUkggc+h7t9fj+v1B5CKheJODyJoBaQnWJdRoo3Uzl16PvSYSKKAaMkeh7ZTcEoX2PPsI0PuGEw+TXPx2PZAdH6627m8USeB58FNIY/SqLRzI68T0jgAoSknSjVdJ9KthEjNKIeh7cUKIkLvSQ+aBgUJQLWSyZlDfGCUDu6G0jyh8UT9PZGQQKlB4JtOs19fzdbG4n+1Zqy7pVbCRBRrEHT6UTfmWId47BnuMAlU84EBQiUzu2LaJ5JQbZy1jQnu7MnzUCsW3LPCye1JvnyV2pFFe2gfHSIXnaMyukEVVEUUPaEXNEJv1rP1ar1bH9PWjJXO7KI/YX19A0W8oV8=</latexit>0

BB@

0.089
�0.01
0.05
0.023

1

CCA

<latexit sha1_base64="zM2bkACl78nQu+BbStYcDRl6Xck=">AAACHHicbVDLSgMxFM34rOOr6tJNsAhuHGZs1borunFZwT6gU0omvW1DM5khyYhl6Ie48VfcuFDEjQvBvzHTFvF1IJfDOfeSe08Qc6a0635Yc/MLi0vLuRV7dW19YzO/tV1XUSIp1GjEI9kMiALOBNQ00xyasQQSBhwawfAi8xs3IBWLxLUexdAOSV+wHqNEG6mTL/oB9JlI45BoyW7Hdtk5w75vH3pZPc7KkVO0fRDdr55OvuA67gT4L/FmpIBmqHbyb343okkIQlNOlGp5bqzbKZGaUQ5j208UxIQOSR9ahgoSgmqnk+PGeN8oXdyLpHlC44n6fSIloVKjMDCdZr+B+u1l4n9eK9G9cjtlIk40CDr9qJdwrCOcJYW7TALVfGQIoZKZXTEdEEmoNnnaJgTv98l/Sf3I8U6c0lWpUDmfxZFDu2gPHSAPnaIKukRVVEMU3aEH9ISerXvr0XqxXqetc9ZsZgf9gPX+CXGanx8=</latexit>0

BB@

8.9
�1
5
2.3

1

CCA

Example:



IntSGD
<latexit sha1_base64="KiFk3t+CItHqTH1Yc0iCDpp/c7I="></latexit>

Q(gki ) =
1

↵k
Int(↵k � gki )

<latexit sha1_base64="a9nav4xU/juevnkfqWlJniljuyo=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ae0oUy2m3bpZhN3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqKGvSWMSqE6BmgkvWNNwI1kkUwygQrB2Mb2d++4kpzWP5YCYJ8yMcSh5yisZKnR6KZIT9cb9ccavuHGSVeDmpQI5Gv/zVG8Q0jZg0VKDWXc9NjJ+hMpwKNi31Us0SpGMcsq6lEiOm/Wx+75ScWWVAwljZkobM1d8TGUZaT6LAdkZoRnrZm4n/ed3UhNd+xmWSGibpYlGYCmJiMnueDLhi1IiJJUgVt7cSOkKF1NiISjYEb/nlVdK6qHqX1dp9rVK/yeMowgmcwjl4cAV1uIMGNIGCgGd4hTfn0Xlx3p2PRWvByWeO4Q+czx8Pto//</latexit>↵k
<latexit sha1_base64="EcPvWuJT+ZfFY8TkQt9gmd0TNXI=">AAAB9HicbVDLSsNAFL2pr1pfVZdugkVwVRIp6rLoRncV7APaUCbTSTt0MokzN4US+h1uXCji1o9x5984abPQ1gMDh3Pu5Z45fiy4Rsf5tgpr6xubW8Xt0s7u3v5B+fCopaNEUdakkYhUxyeaCS5ZEzkK1okVI6EvWNsf32Z+e8KU5pF8xGnMvJAMJQ84JWgkrxcSHFEi0vuZxH654lSdOexV4uakAjka/fJXbxDRJGQSqSBad10nRi8lCjkVbFbqJZrFhI7JkHUNlSRk2kvnoWf2mVEGdhAp8yTac/X3RkpCraehbyazkHrZy8T/vG6CwbWXchknyCRdHAoSYWNkZw3YA64YRTE1hFDFTVabjogiFE1PJVOCu/zlVdK6qLqX1dpDrVK/yesowgmcwjm4cAV1uIMGNIHCEzzDK7xZE+vFerc+FqMFK985hj+wPn8AKViSXg==</latexit>Int

<latexit sha1_base64="wj7aJg+2+qJE5It3+l8FdqC2Ftg=">AAACJnicbZBLSwMxEMez9VXXV9Wjl2ARvFh266sehKIXjxXsA7qlZNNpG8xmlyQrlqWfxotfxYuHiog3P4ppu4i2DoT58Z8ZMvP3I86UdpxPK7OwuLS8kl2119Y3Nrdy2zs1FcaSQpWGPJQNnyjgTEBVM82hEUkggc+h7t9fj+v1B5CKheJODyJoBaQnWJdRoo3Uzl16PvSYSKKAaMkeh7ZTcEoX2PPsI0PuGEw+TXPx2PZAdH6627m8USeB58FNIY/SqLRzI68T0jgAoSknSjVdJ9KthEjNKIeh7cUKIkLvSQ+aBgUJQLWSyZlDfGCUDu6G0jyh8UT9PZGQQKlB4JtOs19fzdbG4n+1Zqy7pVbCRBRrEHT6UTfmWId47BnuMAlU84EBQiUzu2LaJ5JQbZy1jQnu7MnzUCsW3LPCye1JvnyV2pFFe2gfHSIXnaMyukEVVEUUPaEXNEJv1rP1ar1bH9PWjJXO7KI/YX19A0W8oV8=</latexit>0

BB@

0.089
�0.01
0.05
0.023

1

CCA

<latexit sha1_base64="zM2bkACl78nQu+BbStYcDRl6Xck=">AAACHHicbVDLSgMxFM34rOOr6tJNsAhuHGZs1borunFZwT6gU0omvW1DM5khyYhl6Ie48VfcuFDEjQvBvzHTFvF1IJfDOfeSe08Qc6a0635Yc/MLi0vLuRV7dW19YzO/tV1XUSIp1GjEI9kMiALOBNQ00xyasQQSBhwawfAi8xs3IBWLxLUexdAOSV+wHqNEG6mTL/oB9JlI45BoyW7Hdtk5w75vH3pZPc7KkVO0fRDdr55OvuA67gT4L/FmpIBmqHbyb343okkIQlNOlGp5bqzbKZGaUQ5j208UxIQOSR9ahgoSgmqnk+PGeN8oXdyLpHlC44n6fSIloVKjMDCdZr+B+u1l4n9eK9G9cjtlIk40CDr9qJdwrCOcJYW7TALVfGQIoZKZXTEdEEmoNnnaJgTv98l/Sf3I8U6c0lWpUDmfxZFDu2gPHSAPnaIKukRVVEMU3aEH9ISerXvr0XqxXqetc9ZsZgf9gPX+CXGanx8=</latexit>0

BB@

8.9
�1
5
2.3

1

CCA

<latexit sha1_base64="7H5qN2L9zhEslfQ6Y14UYCKEF/U=">AAACGHicbVDLTgIxFO3gC8cX6tJNIzFxI84QfO2IblxiIo+EIaRTLtDQ6UzajpFM+Aw3/oobFxrjlp1/YweIUfAkvTk559703uNHnCntOF9WZml5ZXUtu25vbG5t7+R292oqjCWFKg15KBs+UcCZgKpmmkMjkkACn0PdH9ykfv0BpGKhuNfDCFoB6QnWZZRoI7Vzp54PPSaSKCBasseRfYU9zz5x03qWlqLtgej8+O1c3ik4E+BF4s5IHs1QaefGXiekcQBCU06UarpOpFsJkZpRDiPbixVEhA5ID5qGChKAaiWTw0b4yCgd3A2leULjifp7IiGBUsPAN51mv76a91LxP68Z6+5lK2EiijUIOv2oG3OsQ5ymhDtMAtV8aAihkpldMe0TSag2WdomBHf+5EVSKxbc80LprpQvX8/iyKIDdIiOkYsuUBndogqqIoqe0At6Q+/Ws/VqfVif09aMNZvZR39gjb8BepaeMA==</latexit>0

BB@

9
�1
5
2

1

CCA

Example:



IntSGD
<latexit sha1_base64="KiFk3t+CItHqTH1Yc0iCDpp/c7I="></latexit>

Q(gki ) =
1

↵k
Int(↵k � gki )

<latexit sha1_base64="a9nav4xU/juevnkfqWlJniljuyo=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ae0oUy2m3bpZhN3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqKGvSWMSqE6BmgkvWNNwI1kkUwygQrB2Mb2d++4kpzWP5YCYJ8yMcSh5yisZKnR6KZIT9cb9ccavuHGSVeDmpQI5Gv/zVG8Q0jZg0VKDWXc9NjJ+hMpwKNi31Us0SpGMcsq6lEiOm/Wx+75ScWWVAwljZkobM1d8TGUZaT6LAdkZoRnrZm4n/ed3UhNd+xmWSGibpYlGYCmJiMnueDLhi1IiJJUgVt7cSOkKF1NiISjYEb/nlVdK6qHqX1dp9rVK/yeMowgmcwjl4cAV1uIMGNIGCgGd4hTfn0Xlx3p2PRWvByWeO4Q+czx8Pto//</latexit>↵k
<latexit sha1_base64="EcPvWuJT+ZfFY8TkQt9gmd0TNXI=">AAAB9HicbVDLSsNAFL2pr1pfVZdugkVwVRIp6rLoRncV7APaUCbTSTt0MokzN4US+h1uXCji1o9x5984abPQ1gMDh3Pu5Z45fiy4Rsf5tgpr6xubW8Xt0s7u3v5B+fCopaNEUdakkYhUxyeaCS5ZEzkK1okVI6EvWNsf32Z+e8KU5pF8xGnMvJAMJQ84JWgkrxcSHFEi0vuZxH654lSdOexV4uakAjka/fJXbxDRJGQSqSBad10nRi8lCjkVbFbqJZrFhI7JkHUNlSRk2kvnoWf2mVEGdhAp8yTac/X3RkpCraehbyazkHrZy8T/vG6CwbWXchknyCRdHAoSYWNkZw3YA64YRTE1hFDFTVabjogiFE1PJVOCu/zlVdK6qLqX1dpDrVK/yesowgmcwjm4cAV1uIMGNIHCEzzDK7xZE+vFerc+FqMFK985hj+wPn8AKViSXg==</latexit>Int

<latexit sha1_base64="5OX5K8xvjU5N3DsrVHse2cXz8i4=">AAAB+3icbVBNS8NAEJ3Ur1q/Yj16WSyCp5KIqMeiF48V7Ac0IWy2m3bpZhN2N2IJ+StePCji1T/izX/jts1BWx8MPN6bYWZemHKmtON8W5W19Y3Nrep2bWd3b//APqx3VZJJQjsk4Ynsh1hRzgTtaKY57aeS4jjktBdObmd+75FKxRLxoKcp9WM8EixiBGsjBXbdiyQmuVvkHubpGAeTIrAbTtOZA60StyQNKNEO7C9vmJAspkITjpUauE6q/RxLzQinRc3LFE0xmeARHRgqcEyVn89vL9CpUYYoSqQpodFc/T2R41ipaRyazhjrsVr2ZuJ/3iDT0bWfM5FmmgqyWBRlHOkEzYJAQyYp0XxqCCaSmVsRGWMThjZx1UwI7vLLq6R73nQvmxf3F43WTRlHFY7hBM7AhStowR20oQMEnuAZXuHNKqwX6936WLRWrHLmCP7A+vwBYbGUrQ==</latexit>

1

↵k

<latexit sha1_base64="wj7aJg+2+qJE5It3+l8FdqC2Ftg=">AAACJnicbZBLSwMxEMez9VXXV9Wjl2ARvFh266sehKIXjxXsA7qlZNNpG8xmlyQrlqWfxotfxYuHiog3P4ppu4i2DoT58Z8ZMvP3I86UdpxPK7OwuLS8kl2119Y3Nrdy2zs1FcaSQpWGPJQNnyjgTEBVM82hEUkggc+h7t9fj+v1B5CKheJODyJoBaQnWJdRoo3Uzl16PvSYSKKAaMkeh7ZTcEoX2PPsI0PuGEw+TXPx2PZAdH6627m8USeB58FNIY/SqLRzI68T0jgAoSknSjVdJ9KthEjNKIeh7cUKIkLvSQ+aBgUJQLWSyZlDfGCUDu6G0jyh8UT9PZGQQKlB4JtOs19fzdbG4n+1Zqy7pVbCRBRrEHT6UTfmWId47BnuMAlU84EBQiUzu2LaJ5JQbZy1jQnu7MnzUCsW3LPCye1JvnyV2pFFe2gfHSIXnaMyukEVVEUUPaEXNEJv1rP1ar1bH9PWjJXO7KI/YX19A0W8oV8=</latexit>0

BB@

0.089
�0.01
0.05
0.023

1

CCA

<latexit sha1_base64="zM2bkACl78nQu+BbStYcDRl6Xck=">AAACHHicbVDLSgMxFM34rOOr6tJNsAhuHGZs1borunFZwT6gU0omvW1DM5khyYhl6Ie48VfcuFDEjQvBvzHTFvF1IJfDOfeSe08Qc6a0635Yc/MLi0vLuRV7dW19YzO/tV1XUSIp1GjEI9kMiALOBNQ00xyasQQSBhwawfAi8xs3IBWLxLUexdAOSV+wHqNEG6mTL/oB9JlI45BoyW7Hdtk5w75vH3pZPc7KkVO0fRDdr55OvuA67gT4L/FmpIBmqHbyb343okkIQlNOlGp5bqzbKZGaUQ5j208UxIQOSR9ahgoSgmqnk+PGeN8oXdyLpHlC44n6fSIloVKjMDCdZr+B+u1l4n9eK9G9cjtlIk40CDr9qJdwrCOcJYW7TALVfGQIoZKZXTEdEEmoNnnaJgTv98l/Sf3I8U6c0lWpUDmfxZFDu2gPHSAPnaIKukRVVEMU3aEH9ISerXvr0XqxXqetc9ZsZgf9gPX+CXGanx8=</latexit>0

BB@

8.9
�1
5
2.3

1

CCA

<latexit sha1_base64="7H5qN2L9zhEslfQ6Y14UYCKEF/U=">AAACGHicbVDLTgIxFO3gC8cX6tJNIzFxI84QfO2IblxiIo+EIaRTLtDQ6UzajpFM+Aw3/oobFxrjlp1/YweIUfAkvTk559703uNHnCntOF9WZml5ZXUtu25vbG5t7+R292oqjCWFKg15KBs+UcCZgKpmmkMjkkACn0PdH9ykfv0BpGKhuNfDCFoB6QnWZZRoI7Vzp54PPSaSKCBasseRfYU9zz5x03qWlqLtgej8+O1c3ik4E+BF4s5IHs1QaefGXiekcQBCU06UarpOpFsJkZpRDiPbixVEhA5ID5qGChKAaiWTw0b4yCgd3A2leULjifp7IiGBUsPAN51mv76a91LxP68Z6+5lK2EiijUIOv2oG3OsQ5ymhDtMAtV8aAihkpldMe0TSag2WdomBHf+5EVSKxbc80LprpQvX8/iyKIDdIiOkYsuUBndogqqIoqe0At6Q+/Ws/VqfVif09aMNZvZR39gjb8BepaeMA==</latexit>0

BB@

9
�1
5
2

1

CCA

<latexit sha1_base64="hbX6lh7H5VqKWos43nDzJbWRKXU=">AAACJHicbZBLSwMxEMez9VXXV9Wjl2ARvFh2S33hpejFYwX7gG4p2XTahmazS5IVy9IP48Wv4sWDDzx48bOYtoto60CYH/+ZITN/P+JMacf5tDILi0vLK9lVe219Y3Mrt71TU2EsKVRpyEPZ8IkCzgRUNdMcGpEEEvgc6v7galyv34FULBS3ehhBKyA9wbqMEm2kdu7C86HHRBIFREt2P7KdgnOOPc8+MuCOweTjNBdtD0Tnp7edyxtxEnge3BTyKI1KO/fmdUIaByA05USpputEupUQqRnlMLK9WEFE6ID0oGlQkABUK5kcOcIHRungbijNExpP1N8TCQmUGga+6TT79dVsbSz+V2vGunvWSpiIYg2CTj/qxhzrEI8dwx0mgWo+NECoZGZXTPtEEqqNr7YxwZ09eR5qxYJ7UijdlPLly9SOLNpD++gQuegUldE1qqAqougBPaEX9Go9Ws/Wu/Uxbc1Y6cwu+hPW1zc5laDg</latexit>0

BB@

0.09
�0.01
0.05
0.02

1

CCA

Example:



IntSGD
<latexit sha1_base64="KiFk3t+CItHqTH1Yc0iCDpp/c7I="></latexit>

Q(gki ) =
1

↵k
Int(↵k � gki )

Properties
<latexit sha1_base64="oQpem9Esy3ttcGZiLo1IFqRpqiw=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBahbkoiRd0IRRFctmAfkMYwmU7aoZNJmJkIJXTjxl9x40IRt/6DO//GSdqFth4Y5nDOvdx7jx8zKpVlfRuFpeWV1bXiemljc2t7x9zda8soEZi0cMQi0fWRJIxy0lJUMdKNBUGhz0jHH11nfueBCEkjfqfGMXFDNOA0oBgpLXnmYS9Eauj76c3EazrNysCj96MT9zL/PbNsVa0ccJHYM1IGMzQ886vXj3ASEq4wQ1I6thUrN0VCUczIpNRLJIkRHqEBcTTlKCTSTfMrJvBYK30YREI/rmCu/u5IUSjlOPR1ZbaznPcy8T/PSVRw4aaUx4kiHE8HBQmDKoJZJLBPBcGKjTVBWFC9K8RDJBBWOriSDsGeP3mRtE+r9lm11qyV61ezOIrgAByBCrDBOaiDW9AALYDBI3gGr+DNeDJejHfjY1paMGY9++APjM8fqCmYCg==</latexit>

EQ[Q(gki )] = gki



IntSGD
<latexit sha1_base64="KiFk3t+CItHqTH1Yc0iCDpp/c7I="></latexit>

Q(gki ) =
1

↵k
Int(↵k � gki )

Properties
<latexit sha1_base64="oQpem9Esy3ttcGZiLo1IFqRpqiw=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBahbkoiRd0IRRFctmAfkMYwmU7aoZNJmJkIJXTjxl9x40IRt/6DO//GSdqFth4Y5nDOvdx7jx8zKpVlfRuFpeWV1bXiemljc2t7x9zda8soEZi0cMQi0fWRJIxy0lJUMdKNBUGhz0jHH11nfueBCEkjfqfGMXFDNOA0oBgpLXnmYS9Eauj76c3EazrNysCj96MT9zL/PbNsVa0ccJHYM1IGMzQ886vXj3ASEq4wQ1I6thUrN0VCUczIpNRLJIkRHqEBcTTlKCTSTfMrJvBYK30YREI/rmCu/u5IUSjlOPR1ZbaznPcy8T/PSVRw4aaUx4kiHE8HBQmDKoJZJLBPBcGKjTVBWFC9K8RDJBBWOriSDsGeP3mRtE+r9lm11qyV61ezOIrgAByBCrDBOaiDW9AALYDBI3gGr+DNeDJejHfjY1paMGY9++APjM8fqCmYCg==</latexit>

EQ[Q(gki )] = gki
<latexit sha1_base64="D5hIpna3GmNzgSCqgbfGVvf1W5U="></latexit>

E[kQ(gki )� gki k2] 
d

4↵2
k



IntSGD
<latexit sha1_base64="KiFk3t+CItHqTH1Yc0iCDpp/c7I="></latexit>

Q(gki ) =
1

↵k
Int(↵k � gki )

Properties
<latexit sha1_base64="oQpem9Esy3ttcGZiLo1IFqRpqiw=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBahbkoiRd0IRRFctmAfkMYwmU7aoZNJmJkIJXTjxl9x40IRt/6DO//GSdqFth4Y5nDOvdx7jx8zKpVlfRuFpeWV1bXiemljc2t7x9zda8soEZi0cMQi0fWRJIxy0lJUMdKNBUGhz0jHH11nfueBCEkjfqfGMXFDNOA0oBgpLXnmYS9Eauj76c3EazrNysCj96MT9zL/PbNsVa0ccJHYM1IGMzQ886vXj3ASEq4wQ1I6thUrN0VCUczIpNRLJIkRHqEBcTTlKCTSTfMrJvBYK30YREI/rmCu/u5IUSjlOPR1ZbaznPcy8T/PSVRw4aaUx4kiHE8HBQmDKoJZJLBPBcGKjTVBWFC9K8RDJBBWOriSDsGeP3mRtE+r9lm11qyV61ezOIrgAByBCrDBOaiDW9AALYDBI3gGr+DNeDJejHfjY1paMGY9++APjM8fqCmYCg==</latexit>

EQ[Q(gki )] = gki
<latexit sha1_base64="D5hIpna3GmNzgSCqgbfGVvf1W5U="></latexit>

E[kQ(gki )� gki k2] 
d

4↵2
k

Does not depend on the gradients 



IntSGD
<latexit sha1_base64="ufFH7LCJXtKulQk5GG8ZO7HtLfk="></latexit>

Q(gk1 ) =
1

↵k
Int(↵k � gk1 )

<latexit sha1_base64="KiFk3t+CItHqTH1Yc0iCDpp/c7I="></latexit>

Q(gki ) =
1

↵k
Int(↵k � gki )

<latexit sha1_base64="xJnWamXZXR4bz5T8SQUxkWz4Guw="></latexit>

Q(gkn) =
1

↵k
Int(↵k � gkn)

…
……

…

<latexit sha1_base64="G09lyZpQZQ8LaK6nEFjAYEoyKjs="></latexit>

↵k =

p
dp

2nkxk � xk�1k2/⌘2k + "2



IntSGD
<latexit sha1_base64="ufFH7LCJXtKulQk5GG8ZO7HtLfk="></latexit>

Q(gk1 ) =
1

↵k
Int(↵k � gk1 )

<latexit sha1_base64="KiFk3t+CItHqTH1Yc0iCDpp/c7I="></latexit>

Q(gki ) =
1

↵k
Int(↵k � gki )

<latexit sha1_base64="xJnWamXZXR4bz5T8SQUxkWz4Guw="></latexit>

Q(gkn) =
1

↵k
Int(↵k � gkn)

…
……

…

<latexit sha1_base64="G09lyZpQZQ8LaK6nEFjAYEoyKjs="></latexit>

↵k =

p
dp

2nkxk � xk�1k2/⌘2k + "2



IntSGD
<latexit sha1_base64="ufFH7LCJXtKulQk5GG8ZO7HtLfk="></latexit>

Q(gk1 ) =
1

↵k
Int(↵k � gk1 )

<latexit sha1_base64="KiFk3t+CItHqTH1Yc0iCDpp/c7I="></latexit>

Q(gki ) =
1

↵k
Int(↵k � gki )

<latexit sha1_base64="xJnWamXZXR4bz5T8SQUxkWz4Guw="></latexit>

Q(gkn) =
1

↵k
Int(↵k � gkn)

…
……

…

<latexit sha1_base64="G09lyZpQZQ8LaK6nEFjAYEoyKjs="></latexit>

↵k =

p
dp

2nkxk � xk�1k2/⌘2k + "2



IntSGD
<latexit sha1_base64="ufFH7LCJXtKulQk5GG8ZO7HtLfk="></latexit>

Q(gk1 ) =
1

↵k
Int(↵k � gk1 )

<latexit sha1_base64="KiFk3t+CItHqTH1Yc0iCDpp/c7I="></latexit>

Q(gki ) =
1

↵k
Int(↵k � gki )

<latexit sha1_base64="xJnWamXZXR4bz5T8SQUxkWz4Guw="></latexit>

Q(gkn) =
1

↵k
Int(↵k � gkn)

…
……

…

<latexit sha1_base64="G09lyZpQZQ8LaK6nEFjAYEoyKjs="></latexit>

↵k =

p
dp

2nkxk � xk�1k2/⌘2k + "2



IntSGD
<latexit sha1_base64="ufFH7LCJXtKulQk5GG8ZO7HtLfk="></latexit>

Q(gk1 ) =
1

↵k
Int(↵k � gk1 )

<latexit sha1_base64="KiFk3t+CItHqTH1Yc0iCDpp/c7I="></latexit>

Q(gki ) =
1

↵k
Int(↵k � gki )

<latexit sha1_base64="xJnWamXZXR4bz5T8SQUxkWz4Guw="></latexit>

Q(gkn) =
1

↵k
Int(↵k � gkn)

…
……

…

<latexit sha1_base64="G09lyZpQZQ8LaK6nEFjAYEoyKjs="></latexit>

↵k =

p
dp

2nkxk � xk�1k2/⌘2k + "2



IntSGD

<latexit sha1_base64="ufFH7LCJXtKulQk5GG8ZO7HtLfk="></latexit>

Q(gk1 ) =
1

↵k
Int(↵k � gk1 )

<latexit sha1_base64="KiFk3t+CItHqTH1Yc0iCDpp/c7I="></latexit>

Q(gki ) =
1

↵k
Int(↵k � gki )

<latexit sha1_base64="xJnWamXZXR4bz5T8SQUxkWz4Guw="></latexit>

Q(gkn) =
1

↵k
Int(↵k � gkn)

…
……

…

<latexit sha1_base64="+XpfpThBLrgbbfHqddVu2aTMA/s=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRbBU9mVoh6LXjxWsB/QLiWbZtvQbBKSrFiW/ggvHhTx6u/x5r8xbfegrQ8GHu/NMDMvUpwZ6/vfXmFtfWNzq7hd2tnd2z8oHx61jEw1oU0iudSdCBvKmaBNyyynHaUpTiJO29H4dua3H6k2TIoHO1E0TPBQsJgRbJ3U7mGltHzqlyt+1Z8DrZIgJxXI0eiXv3oDSdKECks4NqYb+MqGGdaWEU6npV5qqMJkjIe066jACTVhNj93is6cMkCx1K6ERXP190SGE2MmSeQ6E2xHZtmbif953dTG12HGhEotFWSxKE45shLNfkcDpimxfOIIJpq5WxEZYY2JdQmVXAjB8surpHVRDS6rtftapX6Tx1GEEziFcwjgCupwBw1oAoExPMMrvHnKe/HevY9Fa8HLZ47hD7zPH5ZQj78=</latexit>⇡

<latexit sha1_base64="MbVjvQ47GyJeOP1a3PcB4TErL5I=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRahXsquFPVY9OKxBfsB3aVk02wbms2GJCuUpT/CiwdFvPp7vPlvTNs9aOuDgcd7M8zMCyVn2rjut1PY2Nza3inulvb2Dw6PyscnHZ2kitA2SXiieiHWlDNB24YZTntSURyHnHbDyf3c7z5RpVkiHs1U0iDGI8EiRrCxUrdV9ZGPLgfliltzF0DrxMtJBXI0B+Uvf5iQNKbCEI617nuuNEGGlWGE01nJTzWVmEzwiPYtFTimOsgW587QhVWGKEqULWHQQv09keFY62kc2s4Ym7Fe9ebif14/NdFtkDEhU0MFWS6KUo5Mgua/oyFTlBg+tQQTxeytiIyxwsTYhEo2BG/15XXSuap517V6q15p3OVxFOEMzqEKHtxAAx6gCW0gMIFneIU3RzovzrvzsWwtOPnMKfyB8/kDg6iOYw==</latexit>

Q( )
<latexit sha1_base64="MbVjvQ47GyJeOP1a3PcB4TErL5I=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRahXsquFPVY9OKxBfsB3aVk02wbms2GJCuUpT/CiwdFvPp7vPlvTNs9aOuDgcd7M8zMCyVn2rjut1PY2Nza3inulvb2Dw6PyscnHZ2kitA2SXiieiHWlDNB24YZTntSURyHnHbDyf3c7z5RpVkiHs1U0iDGI8EiRrCxUrdV9ZGPLgfliltzF0DrxMtJBXI0B+Uvf5iQNKbCEI617nuuNEGGlWGE01nJTzWVmEzwiPYtFTimOsgW587QhVWGKEqULWHQQv09keFY62kc2s4Ym7Fe9ebif14/NdFtkDEhU0MFWS6KUo5Mgua/oyFTlBg+tQQTxeytiIyxwsTYhEo2BG/15XXSuap517V6q15p3OVxFOEMzqEKHtxAAx6gCW0gMIFneIU3RzovzrvzsWwtOPnMKfyB8/kDg6iOYw==</latexit>

Q( )
<latexit sha1_base64="MbVjvQ47GyJeOP1a3PcB4TErL5I=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRahXsquFPVY9OKxBfsB3aVk02wbms2GJCuUpT/CiwdFvPp7vPlvTNs9aOuDgcd7M8zMCyVn2rjut1PY2Nza3inulvb2Dw6PyscnHZ2kitA2SXiieiHWlDNB24YZTntSURyHnHbDyf3c7z5RpVkiHs1U0iDGI8EiRrCxUrdV9ZGPLgfliltzF0DrxMtJBXI0B+Uvf5iQNKbCEI617nuuNEGGlWGE01nJTzWVmEzwiPYtFTimOsgW587QhVWGKEqULWHQQv09keFY62kc2s4Ym7Fe9ebif14/NdFtkDEhU0MFWS6KUo5Mgua/oyFTlBg+tQQTxeytiIyxwsTYhEo2BG/15XXSuap517V6q15p3OVxFOEMzqEKHtxAAx6gCW0gMIFneIU3RzovzrvzsWwtOPnMKfyB8/kDg6iOYw==</latexit>

Q( )
<latexit sha1_base64="MbVjvQ47GyJeOP1a3PcB4TErL5I=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRahXsquFPVY9OKxBfsB3aVk02wbms2GJCuUpT/CiwdFvPp7vPlvTNs9aOuDgcd7M8zMCyVn2rjut1PY2Nza3inulvb2Dw6PyscnHZ2kitA2SXiieiHWlDNB24YZTntSURyHnHbDyf3c7z5RpVkiHs1U0iDGI8EiRrCxUrdV9ZGPLgfliltzF0DrxMtJBXI0B+Uvf5iQNKbCEI617nuuNEGGlWGE01nJTzWVmEzwiPYtFTimOsgW587QhVWGKEqULWHQQv09keFY62kc2s4Ym7Fe9ebif14/NdFtkDEhU0MFWS6KUo5Mgua/oyFTlBg+tQQTxeytiIyxwsTYhEo2BG/15XXSuap517V6q15p3OVxFOEMzqEKHtxAAx6gCW0gMIFneIU3RzovzrvzsWwtOPnMKfyB8/kDg6iOYw==</latexit>

Q( )

<latexit sha1_base64="G09lyZpQZQ8LaK6nEFjAYEoyKjs="></latexit>

↵k =

p
dp

2nkxk � xk�1k2/⌘2k + "2



IntSGD

<latexit sha1_base64="ufFH7LCJXtKulQk5GG8ZO7HtLfk="></latexit>

Q(gk1 ) =
1

↵k
Int(↵k � gk1 )

<latexit sha1_base64="KiFk3t+CItHqTH1Yc0iCDpp/c7I="></latexit>

Q(gki ) =
1

↵k
Int(↵k � gki )

<latexit sha1_base64="xJnWamXZXR4bz5T8SQUxkWz4Guw="></latexit>

Q(gkn) =
1

↵k
Int(↵k � gkn)

…
……

…

<latexit sha1_base64="+XpfpThBLrgbbfHqddVu2aTMA/s=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRbBU9mVoh6LXjxWsB/QLiWbZtvQbBKSrFiW/ggvHhTx6u/x5r8xbfegrQ8GHu/NMDMvUpwZ6/vfXmFtfWNzq7hd2tnd2z8oHx61jEw1oU0iudSdCBvKmaBNyyynHaUpTiJO29H4dua3H6k2TIoHO1E0TPBQsJgRbJ3U7mGltHzqlyt+1Z8DrZIgJxXI0eiXv3oDSdKECks4NqYb+MqGGdaWEU6npV5qqMJkjIe066jACTVhNj93is6cMkCx1K6ERXP190SGE2MmSeQ6E2xHZtmbif953dTG12HGhEotFWSxKE45shLNfkcDpimxfOIIJpq5WxEZYY2JdQmVXAjB8surpHVRDS6rtftapX6Tx1GEEziFcwjgCupwBw1oAoExPMMrvHnKe/HevY9Fa8HLZ47hD7zPH5ZQj78=</latexit>⇡

<latexit sha1_base64="MbVjvQ47GyJeOP1a3PcB4TErL5I=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRahXsquFPVY9OKxBfsB3aVk02wbms2GJCuUpT/CiwdFvPp7vPlvTNs9aOuDgcd7M8zMCyVn2rjut1PY2Nza3inulvb2Dw6PyscnHZ2kitA2SXiieiHWlDNB24YZTntSURyHnHbDyf3c7z5RpVkiHs1U0iDGI8EiRrCxUrdV9ZGPLgfliltzF0DrxMtJBXI0B+Uvf5iQNKbCEI617nuuNEGGlWGE01nJTzWVmEzwiPYtFTimOsgW587QhVWGKEqULWHQQv09keFY62kc2s4Ym7Fe9ebif14/NdFtkDEhU0MFWS6KUo5Mgua/oyFTlBg+tQQTxeytiIyxwsTYhEo2BG/15XXSuap517V6q15p3OVxFOEMzqEKHtxAAx6gCW0gMIFneIU3RzovzrvzsWwtOPnMKfyB8/kDg6iOYw==</latexit>

Q( )
<latexit sha1_base64="MbVjvQ47GyJeOP1a3PcB4TErL5I=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRahXsquFPVY9OKxBfsB3aVk02wbms2GJCuUpT/CiwdFvPp7vPlvTNs9aOuDgcd7M8zMCyVn2rjut1PY2Nza3inulvb2Dw6PyscnHZ2kitA2SXiieiHWlDNB24YZTntSURyHnHbDyf3c7z5RpVkiHs1U0iDGI8EiRrCxUrdV9ZGPLgfliltzF0DrxMtJBXI0B+Uvf5iQNKbCEI617nuuNEGGlWGE01nJTzWVmEzwiPYtFTimOsgW587QhVWGKEqULWHQQv09keFY62kc2s4Ym7Fe9ebif14/NdFtkDEhU0MFWS6KUo5Mgua/oyFTlBg+tQQTxeytiIyxwsTYhEo2BG/15XXSuap517V6q15p3OVxFOEMzqEKHtxAAx6gCW0gMIFneIU3RzovzrvzsWwtOPnMKfyB8/kDg6iOYw==</latexit>

Q( )
<latexit sha1_base64="MbVjvQ47GyJeOP1a3PcB4TErL5I=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRahXsquFPVY9OKxBfsB3aVk02wbms2GJCuUpT/CiwdFvPp7vPlvTNs9aOuDgcd7M8zMCyVn2rjut1PY2Nza3inulvb2Dw6PyscnHZ2kitA2SXiieiHWlDNB24YZTntSURyHnHbDyf3c7z5RpVkiHs1U0iDGI8EiRrCxUrdV9ZGPLgfliltzF0DrxMtJBXI0B+Uvf5iQNKbCEI617nuuNEGGlWGE01nJTzWVmEzwiPYtFTimOsgW587QhVWGKEqULWHQQv09keFY62kc2s4Ym7Fe9ebif14/NdFtkDEhU0MFWS6KUo5Mgua/oyFTlBg+tQQTxeytiIyxwsTYhEo2BG/15XXSuap517V6q15p3OVxFOEMzqEKHtxAAx6gCW0gMIFneIU3RzovzrvzsWwtOPnMKfyB8/kDg6iOYw==</latexit>

Q( )
<latexit sha1_base64="MbVjvQ47GyJeOP1a3PcB4TErL5I=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRahXsquFPVY9OKxBfsB3aVk02wbms2GJCuUpT/CiwdFvPp7vPlvTNs9aOuDgcd7M8zMCyVn2rjut1PY2Nza3inulvb2Dw6PyscnHZ2kitA2SXiieiHWlDNB24YZTntSURyHnHbDyf3c7z5RpVkiHs1U0iDGI8EiRrCxUrdV9ZGPLgfliltzF0DrxMtJBXI0B+Uvf5iQNKbCEI617nuuNEGGlWGE01nJTzWVmEzwiPYtFTimOsgW587QhVWGKEqULWHQQv09keFY62kc2s4Ym7Fe9ebif14/NdFtkDEhU0MFWS6KUo5Mgua/oyFTlBg+tQQTxeytiIyxwsTYhEo2BG/15XXSuap517V6q15p3OVxFOEMzqEKHtxAAx6gCW0gMIFneIU3RzovzrvzsWwtOPnMKfyB8/kDg6iOYw==</latexit>

Q( )

<latexit sha1_base64="G09lyZpQZQ8LaK6nEFjAYEoyKjs="></latexit>

↵k =

p
dp

2nkxk � xk�1k2/⌘2k + "2



IntSGD

1. float32->int8 

<latexit sha1_base64="+XpfpThBLrgbbfHqddVu2aTMA/s=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRbBU9mVoh6LXjxWsB/QLiWbZtvQbBKSrFiW/ggvHhTx6u/x5r8xbfegrQ8GHu/NMDMvUpwZ6/vfXmFtfWNzq7hd2tnd2z8oHx61jEw1oU0iudSdCBvKmaBNyyynHaUpTiJO29H4dua3H6k2TIoHO1E0TPBQsJgRbJ3U7mGltHzqlyt+1Z8DrZIgJxXI0eiXv3oDSdKECks4NqYb+MqGGdaWEU6npV5qqMJkjIe066jACTVhNj93is6cMkCx1K6ERXP190SGE2MmSeQ6E2xHZtmbif953dTG12HGhEotFWSxKE45shLNfkcDpimxfOIIJpq5WxEZYY2JdQmVXAjB8surpHVRDS6rtftapX6Tx1GEEziFcwjgCupwBw1oAoExPMMrvHnKe/HevY9Fa8HLZ47hD7zPH5ZQj78=</latexit>⇡

<latexit sha1_base64="MbVjvQ47GyJeOP1a3PcB4TErL5I=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRahXsquFPVY9OKxBfsB3aVk02wbms2GJCuUpT/CiwdFvPp7vPlvTNs9aOuDgcd7M8zMCyVn2rjut1PY2Nza3inulvb2Dw6PyscnHZ2kitA2SXiieiHWlDNB24YZTntSURyHnHbDyf3c7z5RpVkiHs1U0iDGI8EiRrCxUrdV9ZGPLgfliltzF0DrxMtJBXI0B+Uvf5iQNKbCEI617nuuNEGGlWGE01nJTzWVmEzwiPYtFTimOsgW587QhVWGKEqULWHQQv09keFY62kc2s4Ym7Fe9ebif14/NdFtkDEhU0MFWS6KUo5Mgua/oyFTlBg+tQQTxeytiIyxwsTYhEo2BG/15XXSuap517V6q15p3OVxFOEMzqEKHtxAAx6gCW0gMIFneIU3RzovzrvzsWwtOPnMKfyB8/kDg6iOYw==</latexit>

Q( )
<latexit sha1_base64="MbVjvQ47GyJeOP1a3PcB4TErL5I=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRahXsquFPVY9OKxBfsB3aVk02wbms2GJCuUpT/CiwdFvPp7vPlvTNs9aOuDgcd7M8zMCyVn2rjut1PY2Nza3inulvb2Dw6PyscnHZ2kitA2SXiieiHWlDNB24YZTntSURyHnHbDyf3c7z5RpVkiHs1U0iDGI8EiRrCxUrdV9ZGPLgfliltzF0DrxMtJBXI0B+Uvf5iQNKbCEI617nuuNEGGlWGE01nJTzWVmEzwiPYtFTimOsgW587QhVWGKEqULWHQQv09keFY62kc2s4Ym7Fe9ebif14/NdFtkDEhU0MFWS6KUo5Mgua/oyFTlBg+tQQTxeytiIyxwsTYhEo2BG/15XXSuap517V6q15p3OVxFOEMzqEKHtxAAx6gCW0gMIFneIU3RzovzrvzsWwtOPnMKfyB8/kDg6iOYw==</latexit>

Q( )
<latexit sha1_base64="MbVjvQ47GyJeOP1a3PcB4TErL5I=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRahXsquFPVY9OKxBfsB3aVk02wbms2GJCuUpT/CiwdFvPp7vPlvTNs9aOuDgcd7M8zMCyVn2rjut1PY2Nza3inulvb2Dw6PyscnHZ2kitA2SXiieiHWlDNB24YZTntSURyHnHbDyf3c7z5RpVkiHs1U0iDGI8EiRrCxUrdV9ZGPLgfliltzF0DrxMtJBXI0B+Uvf5iQNKbCEI617nuuNEGGlWGE01nJTzWVmEzwiPYtFTimOsgW587QhVWGKEqULWHQQv09keFY62kc2s4Ym7Fe9ebif14/NdFtkDEhU0MFWS6KUo5Mgua/oyFTlBg+tQQTxeytiIyxwsTYhEo2BG/15XXSuap517V6q15p3OVxFOEMzqEKHtxAAx6gCW0gMIFneIU3RzovzrvzsWwtOPnMKfyB8/kDg6iOYw==</latexit>

Q( )
<latexit sha1_base64="MbVjvQ47GyJeOP1a3PcB4TErL5I=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRahXsquFPVY9OKxBfsB3aVk02wbms2GJCuUpT/CiwdFvPp7vPlvTNs9aOuDgcd7M8zMCyVn2rjut1PY2Nza3inulvb2Dw6PyscnHZ2kitA2SXiieiHWlDNB24YZTntSURyHnHbDyf3c7z5RpVkiHs1U0iDGI8EiRrCxUrdV9ZGPLgfliltzF0DrxMtJBXI0B+Uvf5iQNKbCEI617nuuNEGGlWGE01nJTzWVmEzwiPYtFTimOsgW587QhVWGKEqULWHQQv09keFY62kc2s4Ym7Fe9ebif14/NdFtkDEhU0MFWS6KUo5Mgua/oyFTlBg+tQQTxeytiIyxwsTYhEo2BG/15XXSuap517V6q15p3OVxFOEMzqEKHtxAAx6gCW0gMIFneIU3RzovzrvzsWwtOPnMKfyB8/kDg6iOYw==</latexit>

Q( )

<latexit sha1_base64="ufFH7LCJXtKulQk5GG8ZO7HtLfk="></latexit>

Q(gk1 ) =
1

↵k
Int(↵k � gk1 )

<latexit sha1_base64="KiFk3t+CItHqTH1Yc0iCDpp/c7I="></latexit>

Q(gki ) =
1

↵k
Int(↵k � gki )

<latexit sha1_base64="xJnWamXZXR4bz5T8SQUxkWz4Guw="></latexit>

Q(gkn) =
1

↵k
Int(↵k � gkn)

…
……

…

<latexit sha1_base64="G09lyZpQZQ8LaK6nEFjAYEoyKjs="></latexit>

↵k =

p
dp

2nkxk � xk�1k2/⌘2k + "2



IntSGD

1. float32->int8 
2. Supports all-reduce 

<latexit sha1_base64="+XpfpThBLrgbbfHqddVu2aTMA/s=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRbBU9mVoh6LXjxWsB/QLiWbZtvQbBKSrFiW/ggvHhTx6u/x5r8xbfegrQ8GHu/NMDMvUpwZ6/vfXmFtfWNzq7hd2tnd2z8oHx61jEw1oU0iudSdCBvKmaBNyyynHaUpTiJO29H4dua3H6k2TIoHO1E0TPBQsJgRbJ3U7mGltHzqlyt+1Z8DrZIgJxXI0eiXv3oDSdKECks4NqYb+MqGGdaWEU6npV5qqMJkjIe066jACTVhNj93is6cMkCx1K6ERXP190SGE2MmSeQ6E2xHZtmbif953dTG12HGhEotFWSxKE45shLNfkcDpimxfOIIJpq5WxEZYY2JdQmVXAjB8surpHVRDS6rtftapX6Tx1GEEziFcwjgCupwBw1oAoExPMMrvHnKe/HevY9Fa8HLZ47hD7zPH5ZQj78=</latexit>⇡

<latexit sha1_base64="MbVjvQ47GyJeOP1a3PcB4TErL5I=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRahXsquFPVY9OKxBfsB3aVk02wbms2GJCuUpT/CiwdFvPp7vPlvTNs9aOuDgcd7M8zMCyVn2rjut1PY2Nza3inulvb2Dw6PyscnHZ2kitA2SXiieiHWlDNB24YZTntSURyHnHbDyf3c7z5RpVkiHs1U0iDGI8EiRrCxUrdV9ZGPLgfliltzF0DrxMtJBXI0B+Uvf5iQNKbCEI617nuuNEGGlWGE01nJTzWVmEzwiPYtFTimOsgW587QhVWGKEqULWHQQv09keFY62kc2s4Ym7Fe9ebif14/NdFtkDEhU0MFWS6KUo5Mgua/oyFTlBg+tQQTxeytiIyxwsTYhEo2BG/15XXSuap517V6q15p3OVxFOEMzqEKHtxAAx6gCW0gMIFneIU3RzovzrvzsWwtOPnMKfyB8/kDg6iOYw==</latexit>

Q( )
<latexit sha1_base64="MbVjvQ47GyJeOP1a3PcB4TErL5I=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRahXsquFPVY9OKxBfsB3aVk02wbms2GJCuUpT/CiwdFvPp7vPlvTNs9aOuDgcd7M8zMCyVn2rjut1PY2Nza3inulvb2Dw6PyscnHZ2kitA2SXiieiHWlDNB24YZTntSURyHnHbDyf3c7z5RpVkiHs1U0iDGI8EiRrCxUrdV9ZGPLgfliltzF0DrxMtJBXI0B+Uvf5iQNKbCEI617nuuNEGGlWGE01nJTzWVmEzwiPYtFTimOsgW587QhVWGKEqULWHQQv09keFY62kc2s4Ym7Fe9ebif14/NdFtkDEhU0MFWS6KUo5Mgua/oyFTlBg+tQQTxeytiIyxwsTYhEo2BG/15XXSuap517V6q15p3OVxFOEMzqEKHtxAAx6gCW0gMIFneIU3RzovzrvzsWwtOPnMKfyB8/kDg6iOYw==</latexit>

Q( )
<latexit sha1_base64="MbVjvQ47GyJeOP1a3PcB4TErL5I=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRahXsquFPVY9OKxBfsB3aVk02wbms2GJCuUpT/CiwdFvPp7vPlvTNs9aOuDgcd7M8zMCyVn2rjut1PY2Nza3inulvb2Dw6PyscnHZ2kitA2SXiieiHWlDNB24YZTntSURyHnHbDyf3c7z5RpVkiHs1U0iDGI8EiRrCxUrdV9ZGPLgfliltzF0DrxMtJBXI0B+Uvf5iQNKbCEI617nuuNEGGlWGE01nJTzWVmEzwiPYtFTimOsgW587QhVWGKEqULWHQQv09keFY62kc2s4Ym7Fe9ebif14/NdFtkDEhU0MFWS6KUo5Mgua/oyFTlBg+tQQTxeytiIyxwsTYhEo2BG/15XXSuap517V6q15p3OVxFOEMzqEKHtxAAx6gCW0gMIFneIU3RzovzrvzsWwtOPnMKfyB8/kDg6iOYw==</latexit>

Q( )
<latexit sha1_base64="MbVjvQ47GyJeOP1a3PcB4TErL5I=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRahXsquFPVY9OKxBfsB3aVk02wbms2GJCuUpT/CiwdFvPp7vPlvTNs9aOuDgcd7M8zMCyVn2rjut1PY2Nza3inulvb2Dw6PyscnHZ2kitA2SXiieiHWlDNB24YZTntSURyHnHbDyf3c7z5RpVkiHs1U0iDGI8EiRrCxUrdV9ZGPLgfliltzF0DrxMtJBXI0B+Uvf5iQNKbCEI617nuuNEGGlWGE01nJTzWVmEzwiPYtFTimOsgW587QhVWGKEqULWHQQv09keFY62kc2s4Ym7Fe9ebif14/NdFtkDEhU0MFWS6KUo5Mgua/oyFTlBg+tQQTxeytiIyxwsTYhEo2BG/15XXSuap517V6q15p3OVxFOEMzqEKHtxAAx6gCW0gMIFneIU3RzovzrvzsWwtOPnMKfyB8/kDg6iOYw==</latexit>

Q( )

<latexit sha1_base64="ufFH7LCJXtKulQk5GG8ZO7HtLfk="></latexit>

Q(gk1 ) =
1

↵k
Int(↵k � gk1 )

<latexit sha1_base64="KiFk3t+CItHqTH1Yc0iCDpp/c7I="></latexit>

Q(gki ) =
1

↵k
Int(↵k � gki )

<latexit sha1_base64="xJnWamXZXR4bz5T8SQUxkWz4Guw="></latexit>

Q(gkn) =
1

↵k
Int(↵k � gkn)

…
……

…

<latexit sha1_base64="G09lyZpQZQ8LaK6nEFjAYEoyKjs="></latexit>

↵k =

p
dp

2nkxk � xk�1k2/⌘2k + "2



IntSGD

1. float32->int8 
2. Supports all-reduce 
3. Can run on switch

<latexit sha1_base64="+XpfpThBLrgbbfHqddVu2aTMA/s=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRbBU9mVoh6LXjxWsB/QLiWbZtvQbBKSrFiW/ggvHhTx6u/x5r8xbfegrQ8GHu/NMDMvUpwZ6/vfXmFtfWNzq7hd2tnd2z8oHx61jEw1oU0iudSdCBvKmaBNyyynHaUpTiJO29H4dua3H6k2TIoHO1E0TPBQsJgRbJ3U7mGltHzqlyt+1Z8DrZIgJxXI0eiXv3oDSdKECks4NqYb+MqGGdaWEU6npV5qqMJkjIe066jACTVhNj93is6cMkCx1K6ERXP190SGE2MmSeQ6E2xHZtmbif953dTG12HGhEotFWSxKE45shLNfkcDpimxfOIIJpq5WxEZYY2JdQmVXAjB8surpHVRDS6rtftapX6Tx1GEEziFcwjgCupwBw1oAoExPMMrvHnKe/HevY9Fa8HLZ47hD7zPH5ZQj78=</latexit>⇡

<latexit sha1_base64="MbVjvQ47GyJeOP1a3PcB4TErL5I=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRahXsquFPVY9OKxBfsB3aVk02wbms2GJCuUpT/CiwdFvPp7vPlvTNs9aOuDgcd7M8zMCyVn2rjut1PY2Nza3inulvb2Dw6PyscnHZ2kitA2SXiieiHWlDNB24YZTntSURyHnHbDyf3c7z5RpVkiHs1U0iDGI8EiRrCxUrdV9ZGPLgfliltzF0DrxMtJBXI0B+Uvf5iQNKbCEI617nuuNEGGlWGE01nJTzWVmEzwiPYtFTimOsgW587QhVWGKEqULWHQQv09keFY62kc2s4Ym7Fe9ebif14/NdFtkDEhU0MFWS6KUo5Mgua/oyFTlBg+tQQTxeytiIyxwsTYhEo2BG/15XXSuap517V6q15p3OVxFOEMzqEKHtxAAx6gCW0gMIFneIU3RzovzrvzsWwtOPnMKfyB8/kDg6iOYw==</latexit>

Q( )
<latexit sha1_base64="MbVjvQ47GyJeOP1a3PcB4TErL5I=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRahXsquFPVY9OKxBfsB3aVk02wbms2GJCuUpT/CiwdFvPp7vPlvTNs9aOuDgcd7M8zMCyVn2rjut1PY2Nza3inulvb2Dw6PyscnHZ2kitA2SXiieiHWlDNB24YZTntSURyHnHbDyf3c7z5RpVkiHs1U0iDGI8EiRrCxUrdV9ZGPLgfliltzF0DrxMtJBXI0B+Uvf5iQNKbCEI617nuuNEGGlWGE01nJTzWVmEzwiPYtFTimOsgW587QhVWGKEqULWHQQv09keFY62kc2s4Ym7Fe9ebif14/NdFtkDEhU0MFWS6KUo5Mgua/oyFTlBg+tQQTxeytiIyxwsTYhEo2BG/15XXSuap517V6q15p3OVxFOEMzqEKHtxAAx6gCW0gMIFneIU3RzovzrvzsWwtOPnMKfyB8/kDg6iOYw==</latexit>

Q( )
<latexit sha1_base64="MbVjvQ47GyJeOP1a3PcB4TErL5I=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRahXsquFPVY9OKxBfsB3aVk02wbms2GJCuUpT/CiwdFvPp7vPlvTNs9aOuDgcd7M8zMCyVn2rjut1PY2Nza3inulvb2Dw6PyscnHZ2kitA2SXiieiHWlDNB24YZTntSURyHnHbDyf3c7z5RpVkiHs1U0iDGI8EiRrCxUrdV9ZGPLgfliltzF0DrxMtJBXI0B+Uvf5iQNKbCEI617nuuNEGGlWGE01nJTzWVmEzwiPYtFTimOsgW587QhVWGKEqULWHQQv09keFY62kc2s4Ym7Fe9ebif14/NdFtkDEhU0MFWS6KUo5Mgua/oyFTlBg+tQQTxeytiIyxwsTYhEo2BG/15XXSuap517V6q15p3OVxFOEMzqEKHtxAAx6gCW0gMIFneIU3RzovzrvzsWwtOPnMKfyB8/kDg6iOYw==</latexit>

Q( )
<latexit sha1_base64="MbVjvQ47GyJeOP1a3PcB4TErL5I=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRahXsquFPVY9OKxBfsB3aVk02wbms2GJCuUpT/CiwdFvPp7vPlvTNs9aOuDgcd7M8zMCyVn2rjut1PY2Nza3inulvb2Dw6PyscnHZ2kitA2SXiieiHWlDNB24YZTntSURyHnHbDyf3c7z5RpVkiHs1U0iDGI8EiRrCxUrdV9ZGPLgfliltzF0DrxMtJBXI0B+Uvf5iQNKbCEI617nuuNEGGlWGE01nJTzWVmEzwiPYtFTimOsgW587QhVWGKEqULWHQQv09keFY62kc2s4Ym7Fe9ebif14/NdFtkDEhU0MFWS6KUo5Mgua/oyFTlBg+tQQTxeytiIyxwsTYhEo2BG/15XXSuap517V6q15p3OVxFOEMzqEKHtxAAx6gCW0gMIFneIU3RzovzrvzsWwtOPnMKfyB8/kDg6iOYw==</latexit>

Q( )

<latexit sha1_base64="ufFH7LCJXtKulQk5GG8ZO7HtLfk="></latexit>

Q(gk1 ) =
1

↵k
Int(↵k � gk1 )

<latexit sha1_base64="KiFk3t+CItHqTH1Yc0iCDpp/c7I="></latexit>

Q(gki ) =
1

↵k
Int(↵k � gki )

<latexit sha1_base64="xJnWamXZXR4bz5T8SQUxkWz4Guw="></latexit>

Q(gkn) =
1

↵k
Int(↵k � gkn)

…
……

…

<latexit sha1_base64="G09lyZpQZQ8LaK6nEFjAYEoyKjs="></latexit>

↵k =

p
dp

2nkxk � xk�1k2/⌘2k + "2



Theory

Theorem. 
Smooth nonconvex problems: 

Almost the same rate as SGD



Theory

Theorem. 
Smooth nonconvex problems: 

Smooth convex problems: 



Theory

Theorem. 
Smooth nonconvex problems: 

Smooth convex problems: 

Non-smooth convex problems: 
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Much more stable 
than naive approach



Experiments

Randomization helps
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Experiments

8 bits is as good as 32 bits
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Experiments



Experiments



Experiments

All-gather is extremely slow



Experiments

Cluster is not very stable



Experiments



Experiments

PowerSGD is faster but 
requires tuning



Key features

Fast in practice



Key features

Supports special hardware



Key features

Won’t break for no reason



Key features

Almost no overhead



Key features

Uses no extra memory



Key features

Requires no extra hyperparameters


