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Talk plan

1. Why Asynchronous SGD? 
2. Overview of known results 
3. Motivation and intuition 
4. New results 
5. Limitations



Problem

<latexit sha1_base64="+vrd/T0QbUvpYqo2+WJX2Lyb5to=">AAACHHicbZDLSsNAFIYnXmu9VV26GSxCuymJFhVEKIrgsoq9QBPLZDpph04mYWYiLSEP4sZXceNCETcuBN/GSVtBW38Y+PnOOcw5vxsyKpVpfhlz8wuLS8uZlezq2vrGZm5ruy6DSGBSwwELRNNFkjDKSU1RxUgzFAT5LiMNt3+R1hv3REga8Fs1DInjoy6nHsVIadTOHdo+5e14YFNu+0j1XDe+Se46CfQKgyI8gz/wMmlpcmoPaNFp5/JmyRwJzhprYvJgomo792F3Ahz5hCvMkJQtywyVEyOhKGYkydqRJCHCfdQlLW058ol04tFxCdzXpAO9QOjHFRzR3xMx8qUc+q7uTHeV07UU/ldrRco7cWLKw0gRjscfeRGDKoBpUrBDBcGKDbVBWFC9K8Q9JBBWOs+sDsGaPnnW1A9K1lGpfF3OV84ncWTALtgDBWCBY1ABV6AKagCDB/AEXsCr8Wg8G2/G+7h1zpjM7IA/Mj6/AR5soVw=</latexit>

min
x2Rd

f(x) = E[f(x; ⇠)]



Problem

<latexit sha1_base64="+vrd/T0QbUvpYqo2+WJX2Lyb5to=">AAACHHicbZDLSsNAFIYnXmu9VV26GSxCuymJFhVEKIrgsoq9QBPLZDpph04mYWYiLSEP4sZXceNCETcuBN/GSVtBW38Y+PnOOcw5vxsyKpVpfhlz8wuLS8uZlezq2vrGZm5ruy6DSGBSwwELRNNFkjDKSU1RxUgzFAT5LiMNt3+R1hv3REga8Fs1DInjoy6nHsVIadTOHdo+5e14YFNu+0j1XDe+Se46CfQKgyI8gz/wMmlpcmoPaNFp5/JmyRwJzhprYvJgomo792F3Ahz5hCvMkJQtywyVEyOhKGYkydqRJCHCfdQlLW058ol04tFxCdzXpAO9QOjHFRzR3xMx8qUc+q7uTHeV07UU/ldrRco7cWLKw0gRjscfeRGDKoBpUrBDBcGKDbVBWFC9K8Q9JBBWOs+sDsGaPnnW1A9K1lGpfF3OV84ncWTALtgDBWCBY1ABV6AKagCDB/AEXsCr8Wg8G2/G+7h1zpjM7IA/Mj6/AR5soVw=</latexit>

min
x2Rd

f(x) = E[f(x; ⇠)]

<latexit sha1_base64="Ju4PGAbUh59JhfcmLskpMI4TDFA=">AAACFnicbVDLSgMxFM3UV62vUZdugkVoFy0zUtRl0Y0LFxXsAzqlZNJMG5rJDElGOsz0K9z4K25cKOJW3Pk3pg9EWw9cODnnXnLvcUNGpbKsLyOzsrq2vpHdzG1t7+zumfsHDRlEApM6DlggWi6ShFFO6ooqRlqhIMh3GWm6w6uJ37wnQtKA36k4JB0f9Tn1KEZKS12z5KQORy5D0CuMirAEf15x0Umhwwi8gU460k7spF0zb5WtKeAyseckD+aodc1PpxfgyCdcYYakbNtWqDoJEopiRsY5J5IkRHiI+qStKUc+kZ1ketYYnmilB71A6OIKTtXfEwnypYx9V3f6SA3kojcR//PakfIuOgnlYaQIx7OPvIhBFcBJRrBHBcGKxZogLKjeFeIBEggrnWROh2AvnrxMGqdl+6xcua3kq5fzOLLgCByDArDBOaiCa1ADdYDBA3gCL+DVeDSejTfjfdaaMeYzh+APjI9vC/+czQ==</latexit>

krf(x)�rf(y)k  Lkx� ykSmoothness:



Problem

<latexit sha1_base64="+vrd/T0QbUvpYqo2+WJX2Lyb5to=">AAACHHicbZDLSsNAFIYnXmu9VV26GSxCuymJFhVEKIrgsoq9QBPLZDpph04mYWYiLSEP4sZXceNCETcuBN/GSVtBW38Y+PnOOcw5vxsyKpVpfhlz8wuLS8uZlezq2vrGZm5ruy6DSGBSwwELRNNFkjDKSU1RxUgzFAT5LiMNt3+R1hv3REga8Fs1DInjoy6nHsVIadTOHdo+5e14YFNu+0j1XDe+Se46CfQKgyI8gz/wMmlpcmoPaNFp5/JmyRwJzhprYvJgomo792F3Ahz5hCvMkJQtywyVEyOhKGYkydqRJCHCfdQlLW058ol04tFxCdzXpAO9QOjHFRzR3xMx8qUc+q7uTHeV07UU/ldrRco7cWLKw0gRjscfeRGDKoBpUrBDBcGKDbVBWFC9K8Q9JBBWOs+sDsGaPnnW1A9K1lGpfF3OV84ncWTALtgDBWCBY1ABV6AKagCDB/AEXsCr8Wg8G2/G+7h1zpjM7IA/Mj6/AR5soVw=</latexit>

min
x2Rd

f(x) = E[f(x; ⇠)]

<latexit sha1_base64="Ju4PGAbUh59JhfcmLskpMI4TDFA=">AAACFnicbVDLSgMxFM3UV62vUZdugkVoFy0zUtRl0Y0LFxXsAzqlZNJMG5rJDElGOsz0K9z4K25cKOJW3Pk3pg9EWw9cODnnXnLvcUNGpbKsLyOzsrq2vpHdzG1t7+zumfsHDRlEApM6DlggWi6ShFFO6ooqRlqhIMh3GWm6w6uJ37wnQtKA36k4JB0f9Tn1KEZKS12z5KQORy5D0CuMirAEf15x0Umhwwi8gU460k7spF0zb5WtKeAyseckD+aodc1PpxfgyCdcYYakbNtWqDoJEopiRsY5J5IkRHiI+qStKUc+kZ1ketYYnmilB71A6OIKTtXfEwnypYx9V3f6SA3kojcR//PakfIuOgnlYaQIx7OPvIhBFcBJRrBHBcGKxZogLKjeFeIBEggrnWROh2AvnrxMGqdl+6xcua3kq5fzOLLgCByDArDBOaiCa1ADdYDBA3gCL+DVeDSejTfjfdaaMeYzh+APjI9vC/+czQ==</latexit>

krf(x)�rf(y)k  Lkx� ykSmoothness:
<latexit sha1_base64="qetqKlGJBkOx6qjlPdDLG8LSp0A="></latexit>

E[krf(x; ⇠)�rf(x)k2]  �2Variance:



Problem

<latexit sha1_base64="+vrd/T0QbUvpYqo2+WJX2Lyb5to=">AAACHHicbZDLSsNAFIYnXmu9VV26GSxCuymJFhVEKIrgsoq9QBPLZDpph04mYWYiLSEP4sZXceNCETcuBN/GSVtBW38Y+PnOOcw5vxsyKpVpfhlz8wuLS8uZlezq2vrGZm5ruy6DSGBSwwELRNNFkjDKSU1RxUgzFAT5LiMNt3+R1hv3REga8Fs1DInjoy6nHsVIadTOHdo+5e14YFNu+0j1XDe+Se46CfQKgyI8gz/wMmlpcmoPaNFp5/JmyRwJzhprYvJgomo792F3Ahz5hCvMkJQtywyVEyOhKGYkydqRJCHCfdQlLW058ol04tFxCdzXpAO9QOjHFRzR3xMx8qUc+q7uTHeV07UU/ldrRco7cWLKw0gRjscfeRGDKoBpUrBDBcGKDbVBWFC9K8Q9JBBWOs+sDsGaPnnW1A9K1lGpfF3OV84ncWTALtgDBWCBY1ABV6AKagCDB/AEXsCr8Wg8G2/G+7h1zpjM7IA/Mj6/AR5soVw=</latexit>

min
x2Rd

f(x) = E[f(x; ⇠)]

Goal: Parallelize on  devices (same data!)M



Minibatch SGD

Parameter server



Minibatch SGD

Parameter server

Worker m

<latexit sha1_base64="0mX0Y4ta7YVkMsHu5HV3ou0ZlYo=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4sSRS1GPRi8cK9gPaUDbbSbt0swm7G7GE/ggvHhTx6u/x5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hoduq3HlFpHssHM07Qj+hA8pAzaqzUeuplo3Nv0iuV3Yo7A1kmXk7KkKPeK311+zFLI5SGCap1x3MT42dUGc4ETordVGNC2YgOsGOppBFqP5udOyGnVumTMFa2pCEz9fdERiOtx1FgOyNqhnrRm4r/eZ3UhNd+xmWSGpRsvihMBTExmf5O+lwhM2JsCWWK21sJG1JFmbEJFW0I3uLLy6R5UfEuK9X7arl2k8dRgGM4gTPw4ApqcAd1aACDETzDK7w5ifPivDsf89YVJ585gj9wPn8AB8uPYQ==</latexit>xk�1



Minibatch SGD

Parameter server

Worker m <latexit sha1_base64="KDUl4e8Ioqjv2xRLGZdqm4EcQAk=">AAACB3icbZDLSgMxFIYz9VbrbdSlIMEi1IVlRooKbopuXFawF+iMJZNm2tAkMyQZaRm6c+OruHGhiFtfwZ1vY9rOQqs/BD7+cw4n5w9iRpV2nC8rt7C4tLySXy2srW9sbtnbOw0VJRKTOo5YJFsBUoRRQeqaakZasSSIB4w0g8HVpN68J1LRSNzqUUx8jnqChhQjbayOve8JFDAEw9Kwkw6O3fEF9IZ0hnf8qGMXnbIzFfwLbgZFkKnWsT+9boQTToTGDCnVdp1Y+ymSmmJGxgUvUSRGeIB6pG1QIE6Un07vGMND43RhGEnzhIZT9+dEirhSIx6YTo50X83XJuZ/tXaiw3M/pSJONBF4tihMGNQRnIQCu1QSrNnIAMKSmr9C3EcSYW2iK5gQ3PmT/0LjpOyelis3lWL1MosjD/bAASgBF5yBKrgGNVAHGDyAJ/ACXq1H69l6s95nrTkrm9kFv2R9fAMSDpgs</latexit>

rf(xk�1; ⇠
m
k�1)



Minibatch SGD

Parameter server

Worker m

<latexit sha1_base64="KDUl4e8Ioqjv2xRLGZdqm4EcQAk=">AAACB3icbZDLSgMxFIYz9VbrbdSlIMEi1IVlRooKbopuXFawF+iMJZNm2tAkMyQZaRm6c+OruHGhiFtfwZ1vY9rOQqs/BD7+cw4n5w9iRpV2nC8rt7C4tLySXy2srW9sbtnbOw0VJRKTOo5YJFsBUoRRQeqaakZasSSIB4w0g8HVpN68J1LRSNzqUUx8jnqChhQjbayOve8JFDAEw9Kwkw6O3fEF9IZ0hnf8qGMXnbIzFfwLbgZFkKnWsT+9boQTToTGDCnVdp1Y+ymSmmJGxgUvUSRGeIB6pG1QIE6Un07vGMND43RhGEnzhIZT9+dEirhSIx6YTo50X83XJuZ/tXaiw3M/pSJONBF4tihMGNQRnIQCu1QSrNnIAMKSmr9C3EcSYW2iK5gQ3PmT/0LjpOyelis3lWL1MosjD/bAASgBF5yBKrgGNVAHGDyAJ/ACXq1H69l6s95nrTkrm9kFv2R9fAMSDpgs</latexit>

rf(xk�1; ⇠
m
k�1)



Minibatch SGD

Parameter server

Worker m

<latexit sha1_base64="1O9348WJ6JU14mZWcAbZRLJgICw=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8eK9gPaUDbbTbt0swm7E7GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWjm6nfeuTaiFg94DjhfkQHSoSCUbTS/VNv1CtX3Ko7A1kmXk4qkKPeK391+zFLI66QSWpMx3MT9DOqUTDJJ6VuanhC2YgOeMdSRSNu/Gx26oScWKVPwljbUkhm6u+JjEbGjKPAdkYUh2bRm4r/eZ0Uwys/EypJkSs2XxSmkmBMpn+TvtCcoRxbQpkW9lbChlRThjadkg3BW3x5mTTPqt5F9fzuvFK7zuMowhEcwyl4cAk1uIU6NIDBAJ7hFd4c6bw4787HvLXg5DOH8AfO5w9mho3j</latexit>xk



Minibatch SGD

Parameter server

<latexit sha1_base64="/tnDOAEUZRt2BPhoOTr9xsNzB7s="></latexit>

xk = xk�1 �
�k
M

MX

m=1

rf(xk�1; ⇠
m
k�1)

<latexit sha1_base64="1O9348WJ6JU14mZWcAbZRLJgICw=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8eK9gPaUDbbTbt0swm7E7GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWjm6nfeuTaiFg94DjhfkQHSoSCUbTS/VNv1CtX3Ko7A1kmXk4qkKPeK391+zFLI66QSWpMx3MT9DOqUTDJJ6VuanhC2YgOeMdSRSNu/Gx26oScWKVPwljbUkhm6u+JjEbGjKPAdkYUh2bRm4r/eZ0Uwys/EypJkSs2XxSmkmBMpn+TvtCcoRxbQpkW9lbChlRThjadkg3BW3x5mTTPqt5F9fzuvFK7zuMowhEcwyl4cAk1uIU6NIDBAJ7hFd4c6bw4787HvLXg5DOH8AfO5w9mho3j</latexit>xk

Worker m



Minibatch SGD

Parameter server

<latexit sha1_base64="1O9348WJ6JU14mZWcAbZRLJgICw=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8eK9gPaUDbbTbt0swm7E7GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWjm6nfeuTaiFg94DjhfkQHSoSCUbTS/VNv1CtX3Ko7A1kmXk4qkKPeK391+zFLI66QSWpMx3MT9DOqUTDJJ6VuanhC2YgOeMdSRSNu/Gx26oScWKVPwljbUkhm6u+JjEbGjKPAdkYUh2bRm4r/eZ0Uwys/EypJkSs2XxSmkmBMpn+TvtCcoRxbQpkW9lbChlRThjadkg3BW3x5mTTPqt5F9fzuvFK7zuMowhEcwyl4cAk1uIU6NIDBAJ7hFd4c6bw4787HvLXg5DOH8AfO5w9mho3j</latexit>xk
<latexit sha1_base64="1O9348WJ6JU14mZWcAbZRLJgICw=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8eK9gPaUDbbTbt0swm7E7GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWjm6nfeuTaiFg94DjhfkQHSoSCUbTS/VNv1CtX3Ko7A1kmXk4qkKPeK391+zFLI66QSWpMx3MT9DOqUTDJJ6VuanhC2YgOeMdSRSNu/Gx26oScWKVPwljbUkhm6u+JjEbGjKPAdkYUh2bRm4r/eZ0Uwys/EypJkSs2XxSmkmBMpn+TvtCcoRxbQpkW9lbChlRThjadkg3BW3x5mTTPqt5F9fzuvFK7zuMowhEcwyl4cAk1uIU6NIDBAJ7hFd4c6bw4787HvLXg5DOH8AfO5w9mho3j</latexit>xk

<latexit sha1_base64="1O9348WJ6JU14mZWcAbZRLJgICw=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8eK9gPaUDbbTbt0swm7E7GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWjm6nfeuTaiFg94DjhfkQHSoSCUbTS/VNv1CtX3Ko7A1kmXk4qkKPeK391+zFLI66QSWpMx3MT9DOqUTDJJ6VuanhC2YgOeMdSRSNu/Gx26oScWKVPwljbUkhm6u+JjEbGjKPAdkYUh2bRm4r/eZ0Uwys/EypJkSs2XxSmkmBMpn+TvtCcoRxbQpkW9lbChlRThjadkg3BW3x5mTTPqt5F9fzuvFK7zuMowhEcwyl4cAk1uIU6NIDBAJ7hFd4c6bw4787HvLXg5DOH8AfO5w9mho3j</latexit>xk
<latexit sha1_base64="1O9348WJ6JU14mZWcAbZRLJgICw=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8eK9gPaUDbbTbt0swm7E7GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWjm6nfeuTaiFg94DjhfkQHSoSCUbTS/VNv1CtX3Ko7A1kmXk4qkKPeK391+zFLI66QSWpMx3MT9DOqUTDJJ6VuanhC2YgOeMdSRSNu/Gx26oScWKVPwljbUkhm6u+JjEbGjKPAdkYUh2bRm4r/eZ0Uwys/EypJkSs2XxSmkmBMpn+TvtCcoRxbQpkW9lbChlRThjadkg3BW3x5mTTPqt5F9fzuvFK7zuMowhEcwyl4cAk1uIU6NIDBAJ7hFd4c6bw4787HvLXg5DOH8AfO5w9mho3j</latexit>xk

<latexit sha1_base64="1O9348WJ6JU14mZWcAbZRLJgICw=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8eK9gPaUDbbTbt0swm7E7GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWjm6nfeuTaiFg94DjhfkQHSoSCUbTS/VNv1CtX3Ko7A1kmXk4qkKPeK391+zFLI66QSWpMx3MT9DOqUTDJJ6VuanhC2YgOeMdSRSNu/Gx26oScWKVPwljbUkhm6u+JjEbGjKPAdkYUh2bRm4r/eZ0Uwys/EypJkSs2XxSmkmBMpn+TvtCcoRxbQpkW9lbChlRThjadkg3BW3x5mTTPqt5F9fzuvFK7zuMowhEcwyl4cAk1uIU6NIDBAJ7hFd4c6bw4787HvLXg5DOH8AfO5w9mho3j</latexit>xk
<latexit sha1_base64="1O9348WJ6JU14mZWcAbZRLJgICw=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8eK9gPaUDbbTbt0swm7E7GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWjm6nfeuTaiFg94DjhfkQHSoSCUbTS/VNv1CtX3Ko7A1kmXk4qkKPeK391+zFLI66QSWpMx3MT9DOqUTDJJ6VuanhC2YgOeMdSRSNu/Gx26oScWKVPwljbUkhm6u+JjEbGjKPAdkYUh2bRm4r/eZ0Uwys/EypJkSs2XxSmkmBMpn+TvtCcoRxbQpkW9lbChlRThjadkg3BW3x5mTTPqt5F9fzuvFK7zuMowhEcwyl4cAk1uIU6NIDBAJ7hFd4c6bw4787HvLXg5DOH8AfO5w9mho3j</latexit>xk



Asynchronous SGD

Parameter server

<latexit sha1_base64="Gt6bVBqXoHqBgHST1ItzVG3bG5I=">AAACEXicbVC7SgNBFJ31GeNr1dJmMAhJYdiVoIJN0MYygnlANoS7k9lkyOzsMjMrCUt+wcZfsbFQxNbOzr9x8ihi4oELh3Pu5d57/JgzpR3nx1pZXVvf2MxsZbd3dvf27YPDmooSSWiVRDySDR8U5UzQqmaa00YsKYQ+p3W/fzv2649UKhaJBz2MaSuErmABI6CN1LbzngCfAw7yg3baP/M0JPl+YXSNvQGbFwptO+cUnQnwMnFnJIdmqLTtb68TkSSkQhMOSjVdJ9atFKRmhNNR1ksUjYH0oUubhgoIqWqlk49G+NQoHRxE0pTQeKLOT6QQKjUMfdMZgu6pRW8s/uc1Ex1ctVIm4kRTQaaLgoRjHeFxPLjDJCWaDw0BIpm5FZMeSCDahJg1IbiLLy+T2nnRvSiW7ku58s0sjgw6Ricoj1x0icroDlVQFRH0hF7QG3q3nq1X68P6nLauWLOZI/QH1tcvc/ecJw==</latexit>

rf(xk�⌧(k); ⇠k�⌧(k))



Asynchronous SGD

Parameter server

<latexit sha1_base64="1O9348WJ6JU14mZWcAbZRLJgICw=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8eK9gPaUDbbTbt0swm7E7GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWjm6nfeuTaiFg94DjhfkQHSoSCUbTS/VNv1CtX3Ko7A1kmXk4qkKPeK391+zFLI66QSWpMx3MT9DOqUTDJJ6VuanhC2YgOeMdSRSNu/Gx26oScWKVPwljbUkhm6u+JjEbGjKPAdkYUh2bRm4r/eZ0Uwys/EypJkSs2XxSmkmBMpn+TvtCcoRxbQpkW9lbChlRThjadkg3BW3x5mTTPqt5F9fzuvFK7zuMowhEcwyl4cAk1uIU6NIDBAJ7hFd4c6bw4787HvLXg5DOH8AfO5w9mho3j</latexit>xk

Other workers 
not updated!



Asynchronous SGD

Parameter server

<latexit sha1_base64="1O9348WJ6JU14mZWcAbZRLJgICw=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8eK9gPaUDbbTbt0swm7E7GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWjm6nfeuTaiFg94DjhfkQHSoSCUbTS/VNv1CtX3Ko7A1kmXk4qkKPeK391+zFLI66QSWpMx3MT9DOqUTDJJ6VuanhC2YgOeMdSRSNu/Gx26oScWKVPwljbUkhm6u+JjEbGjKPAdkYUh2bRm4r/eZ0Uwys/EypJkSs2XxSmkmBMpn+TvtCcoRxbQpkW9lbChlRThjadkg3BW3x5mTTPqt5F9fzuvFK7zuMowhEcwyl4cAk1uIU6NIDBAJ7hFd4c6bw4787HvLXg5DOH8AfO5w9mho3j</latexit>xk
<latexit sha1_base64="pj3o+co7yNWIV+oUMxaCtOcAx9M="></latexit>

xk = xk�1 � �krf(xk�⌧(k); ⇠k�⌧(k))



Asynchronous SGD

Minibatch SGD
<latexit sha1_base64="/tnDOAEUZRt2BPhoOTr9xsNzB7s="></latexit>

xk = xk�1 �
�k
M

MX

m=1

rf(xk�1; ⇠
m
k�1)

<latexit sha1_base64="EuAvDnnR2MtkYQjftRj29wCaPZo=">AAACEnicbVDLSgMxFM34rPVVdekm2BF0U2aKqLgqunFZ0T6gHUomc9uGJpMhySil9Bvc+CtuXCji1pU7/8b0sdDWA4HDOffe3HvChDNtPO/bWVhcWl5Zzaxl1zc2t7ZzO7tVLVNFoUIll6oeEg2cxVAxzHCoJwqICDnUwt7VyK/dg9JMxnemn0AgSCdmbUaJsVIrd+zqlnAv8C1QGUcaJ6BwR5GIQWxw2McPUvWs5Aq3lct7BW8MPE/8KcmjKcqt3FczkjQVdhLlROuG7yUmGBBlGOUwzDZTDQmhPdKBhqUxEaCDwfikIT60SoTbUtlnNxmrvzsGRGjdF6GtFMR09aw3Ev/zGqlpnwcDFiepgZhOPmqnHBuJR/ngiCmghvctIVQxuyumXaIINTbFrA3Bnz15nlSLBf+0cHJTzJcup3Fk0D46QEfIR2eohK5RGVUQRY/oGb2iN+fJeXHenY9J6YIz7dlDf+B8/gDeyJxb</latexit>

sm: Seconds per gradient by worker m

<latexit sha1_base64="OI1Bk8MyGQGpEFttyENE7T8Ncak=">AAACCnicbVC7TsMwFHV4lvIKMLIYKiSmKkEVsCBVsLAgFYk+pCaKHNdprdpOZDuIKurMwq+wMIAQK1/Axt/gtBmg5Uj2PTrnXtn3hAmjSjvOt7WwuLS8slpaK69vbG5t2zu7LRWnEpMmjlksOyFShFFBmppqRjqJJIiHjLTD4VXut++JVDQWd3qUEJ+jvqARxUgbKbAPVJB5HD2M4QXMa5C5HiOQ59fNGKqAB3bFqToTwHniFqQCCjQC+8vrxTjlRGjMkFJd10m0nyGpKWZkXPZSRRKEh6hPuoYKxInys8kqY3hklB6MYmmO0HCi/p7IEFdqxEPTyZEeqFkvF//zuqmOzv2MiiTVRODpQ1HKoI5hngvsUUmwZiNDEJbU/BXiAZIIa5Ne2YTgzq48T1onVfe0WrutVeqXRRwlsA8OwTFwwRmog2vQAE2AwSN4Bq/gzXqyXqx362PaumAVM3vgD6zPH+glmcQ=</latexit>smax = max
1mM

sm

Number of workers
Time budget

<latexit sha1_base64="w04FJchLeHgxjwUCGxtCgXHRjjE=">AAACDXicbVC7SgNBFJ31GeMramkzmAhWYTeIWgZtbISI5gHZZbk7O5sMmX04MyuGZX/Axl+xsVDE1t7Ov3HyKDTxwMDhnHu4c4+XcCaVaX4bC4tLyyurhbXi+sbm1nZpZ7cl41QQ2iQxj0XHA0k5i2hTMcVpJxEUQo/Ttje4GPnteyoki6NbNUyoE0IvYgEjoLTklioVOxBAsps8k25mh/CQ51cV+y4FH/cE+IxGSrqlslk1x8DzxJqSMpqi4Za+bD8maajDhIOUXctMlJOBUIxwmhftVNIEyAB6tKtpBCGVTja+JseHWvFxEAv9IoXH6u9EBqGUw9DTkyGovpz1RuJ/XjdVwZmTsShJFY3IZFGQcqxiPKoG+0xQovhQEyCC6b9i0gfdjtIFFnUJ1uzJ86RVq1on1ePrWrl+Pq2jgPbRATpCFjpFdXSJGqiJCHpEz+gVvRlPxovxbnxMRheMaWYP/YHx+QMiL5w+</latexit>

S
smax

M gradients



Asynchronous SGD

Minibatch SGD Asynchronous SGD

<latexit sha1_base64="pj3o+co7yNWIV+oUMxaCtOcAx9M="></latexit>

xk = xk�1 � �krf(xk�⌧(k); ⇠k�⌧(k))

<latexit sha1_base64="9HTpk28bTsIuN+Qn3MaqiMuIzEk=">AAACFHicbVDLSgMxFM34rPVVdekmWARBKDNS1I1QdONGqGgf0KlDJs20ocnMkNwRyzAf4cZfceNCEbcu3Pk3po+Fth4IHM65h5t7/FhwDbb9bc3NLywuLedW8qtr6xubha3tuo4SRVmNRiJSTZ9oJnjIasBBsGasGJG+YA2/fzH0G/dMaR6FtzCIWVuSbsgDTgkYySscujqRXirPnOzuyg0UoelNlmpPZtgF9gAp7irS4SwEnXmFol2yR8CzxJmQIpqg6hW+3E5EE2nSVBCtW44dQzslCjgVLMu7iWYxoX3SZS1DQyKZbqejozK8b5QODiJlXgh4pP5OpERqPZC+mZQEenraG4r/ea0EgtN2ysM4ARbS8aIgERgiPGwId7hiFMTAEEIVN3/FtEdMM2B6zJsSnOmTZ0n9qOQcl8rX5WLlfFJHDu2iPXSAHHSCKugSVVENUfSIntErerOerBfr3foYj85Zk8wO+gPr8wcezp+E</latexit>

MX

m=1

S

sm
gradients



Asynchronous SGD

Minibatch SGD Asynchronous SGD

<latexit sha1_base64="9HTpk28bTsIuN+Qn3MaqiMuIzEk=">AAACFHicbVDLSgMxFM34rPVVdekmWARBKDNS1I1QdONGqGgf0KlDJs20ocnMkNwRyzAf4cZfceNCEbcu3Pk3po+Fth4IHM65h5t7/FhwDbb9bc3NLywuLedW8qtr6xubha3tuo4SRVmNRiJSTZ9oJnjIasBBsGasGJG+YA2/fzH0G/dMaR6FtzCIWVuSbsgDTgkYySscujqRXirPnOzuyg0UoelNlmpPZtgF9gAp7irS4SwEnXmFol2yR8CzxJmQIpqg6hW+3E5EE2nSVBCtW44dQzslCjgVLMu7iWYxoX3SZS1DQyKZbqejozK8b5QODiJlXgh4pP5OpERqPZC+mZQEenraG4r/ea0EgtN2ysM4ARbS8aIgERgiPGwId7hiFMTAEEIVN3/FtEdMM2B6zJsSnOmTZ0n9qOQcl8rX5WLlfFJHDu2iPXSAHHSCKugSVVENUfSIntErerOerBfr3foYj85Zk8wO+gPr8wcezp+E</latexit>

MX

m=1

S

sm
gradients

<latexit sha1_base64="YIe+9r2a0ZDruhNZPC0M7wOORJk=">AAACCHicbVC7TsMwFHV4lvIKMDJg0SIxVUmFgLGChQWpCPqQmihyHKe1aieR7SCqKCMLv8LCAEKsfAIbf4PbZoCWI1k6OuceXd/jJ4xKZVnfxsLi0vLKammtvL6xubVt7uy2ZZwKTFo4ZrHo+kgSRiPSUlQx0k0EQdxnpOMPL8d+554ISePoTo0S4nLUj2hIMVJa8syDqhMKhLPb6zyTXuZw9JDnVdgXKKAkUtIzK1bNmgDOE7sgFVCg6ZlfThDjlOswZkjKnm0lys2QUBQzkpedVJIE4SHqk56mEeJEutnkkBweaSWAYSz0ixScqL8TGeJSjrivJzlSAznrjcX/vF6qwnM3o1GSKhLh6aIwZVDFcNwKDKggWLGRJggLqv8K8QDpYpTurqxLsGdPniftes0+rZ3c1CuNi6KOEtgHh+AY2OAMNMAVaIIWwOARPINX8GY8GS/Gu/ExHV0wiswe+APj8wcR9poF</latexit>

SM
smax

gradients



Asynchronous SGD

Minibatch SGD Asynchronous SGD
<latexit sha1_base64="9HTpk28bTsIuN+Qn3MaqiMuIzEk=">AAACFHicbVDLSgMxFM34rPVVdekmWARBKDNS1I1QdONGqGgf0KlDJs20ocnMkNwRyzAf4cZfceNCEbcu3Pk3po+Fth4IHM65h5t7/FhwDbb9bc3NLywuLedW8qtr6xubha3tuo4SRVmNRiJSTZ9oJnjIasBBsGasGJG+YA2/fzH0G/dMaR6FtzCIWVuSbsgDTgkYySscujqRXirPnOzuyg0UoelNlmpPZtgF9gAp7irS4SwEnXmFol2yR8CzxJmQIpqg6hW+3E5EE2nSVBCtW44dQzslCjgVLMu7iWYxoX3SZS1DQyKZbqejozK8b5QODiJlXgh4pP5OpERqPZC+mZQEenraG4r/ea0EgtN2ysM4ARbS8aIgERgiPGwId7hiFMTAEEIVN3/FtEdMM2B6zJsSnOmTZ0n9qOQcl8rX5WLlfFJHDu2iPXSAHHSCKugSVVENUfSIntErerOerBfr3foYj85Zk8wO+gPr8wcezp+E</latexit>

MX

m=1

S

sm
gradients

<latexit sha1_base64="YIe+9r2a0ZDruhNZPC0M7wOORJk=">AAACCHicbVC7TsMwFHV4lvIKMDJg0SIxVUmFgLGChQWpCPqQmihyHKe1aieR7SCqKCMLv8LCAEKsfAIbf4PbZoCWI1k6OuceXd/jJ4xKZVnfxsLi0vLKammtvL6xubVt7uy2ZZwKTFo4ZrHo+kgSRiPSUlQx0k0EQdxnpOMPL8d+554ISePoTo0S4nLUj2hIMVJa8syDqhMKhLPb6zyTXuZw9JDnVdgXKKAkUtIzK1bNmgDOE7sgFVCg6ZlfThDjlOswZkjKnm0lys2QUBQzkpedVJIE4SHqk56mEeJEutnkkBweaSWAYSz0ixScqL8TGeJSjrivJzlSAznrjcX/vF6qwnM3o1GSKhLh6aIwZVDFcNwKDKggWLGRJggLqv8K8QDpYpTurqxLsGdPniftes0+rZ3c1CuNi6KOEtgHh+AY2OAMNMAVaIIWwOARPINX8GY8GS/Gu/ExHV0wiswe+APj8wcR9poF</latexit>

SM
smax

gradients

<latexit sha1_base64="WPTD4fje/KftcZhc0ROh3Vhh+MI="></latexit>

Improvement: 1
M

PM
m=1

smax
sm
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Asynchronous SGD

Motivation: 
1. Heterogeneous cluster 
2. Unstable network/devices 
3. Random computation time 
4. Real decentralization

The drawback: delays



Is it not solved?

State of the literature: 
1. Tight bounds for constant delays

Tight, but in a toy setting



Is it not solved?

State of the literature: 
1. Tight bounds for constant delays

Parameter server
<latexit sha1_base64="0mX0Y4ta7YVkMsHu5HV3ou0ZlYo=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4sSRS1GPRi8cK9gPaUDbbSbt0swm7G7GE/ggvHhTx6u/x5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hoduq3HlFpHssHM07Qj+hA8pAzaqzUeuplo3Nv0iuV3Yo7A1kmXk7KkKPeK311+zFLI5SGCap1x3MT42dUGc4ETordVGNC2YgOsGOppBFqP5udOyGnVumTMFa2pCEz9fdERiOtx1FgOyNqhnrRm4r/eZ3UhNd+xmWSGpRsvihMBTExmf5O+lwhM2JsCWWK21sJG1JFmbEJFW0I3uLLy6R5UfEuK9X7arl2k8dRgGM4gTPw4ApqcAd1aACDETzDK7w5ifPivDsf89YVJ585gj9wPn8AB8uPYQ==</latexit>xk�1

<latexit sha1_base64="nktkq33WevNUtfzL4brd6spQj10=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgxbArQT0GvXiMYB6YhDA7mU2GzM4uM71iWPIXXjwo4tW/8ebfOEn2oIkFDUVVN91dfiyFQdf9dnIrq2vrG/nNwtb2zu5ecf+gYaJEM15nkYx0y6eGS6F4HQVK3oo1p6EvedMf3Uz95iPXRkTqHscx74Z0oEQgGEUrPTz10tFZB2ky6RVLbtmdgSwTLyMlyFDrFb86/YglIVfIJDWm7bkxdlOqUTDJJ4VOYnhM2YgOeNtSRUNuuuns4gk5sUqfBJG2pZDM1N8TKQ2NGYe+7QwpDs2iNxX/89oJBlfdVKg4Qa7YfFGQSIIRmb5P+kJzhnJsCWVa2FsJG1JNGdqQCjYEb/HlZdI4L3sX5cpdpVS9zuLIwxEcwyl4cAlVuIUa1IGBgmd4hTfHOC/Ou/Mxb8052cwh/IHz+QO1o5D0</latexit>xk�⌧

<latexit sha1_base64="rhE++EFCy03XiwW4OyL2RWzvxzE=">AAACC3icbVDLSgMxFM34rPU16tJNaBHqwjIjRQU3RTcuK9gHdEq5k2ba0ExmSDLSMnTvxl9x40IRt/6AO//G9IFo64ELJ+fcS+49fsyZ0o7zZS0tr6yurWc2sptb2zu79t5+TUWJJLRKIh7Jhg+KciZoVTPNaSOWFEKf07rfvx779XsqFYvEnR7GtBVCV7CAEdBGats5T4DPAQeFQTvtn3gaktEl9gbs53XctvNO0ZkALxJ3RvJohkrb/vQ6EUlCKjThoFTTdWLdSkFqRjgdZb1E0RhIH7q0aaiAkKpWOrllhI+M0sFBJE0JjSfq74kUQqWGoW86Q9A9Ne+Nxf+8ZqKDi1bKRJxoKsj0oyDhWEd4HAzuMEmJ5kNDgEhmdsWkBxKINvFlTQju/MmLpHZadM+KpdtSvnw1iyODDlEOFZCLzlEZ3aAKqiKCHtATekGv1qP1bL1Z79PWJWs2c4D+wPr4BhI1mnM=</latexit>

rf(xk�⌧ ; ⇠k�⌧ )



Is it not solved?

State of the literature: 
1. Tight bounds for constant delays

Parameter server
<latexit sha1_base64="1O9348WJ6JU14mZWcAbZRLJgICw=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8eK9gPaUDbbTbt0swm7E7GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWjm6nfeuTaiFg94DjhfkQHSoSCUbTS/VNv1CtX3Ko7A1kmXk4qkKPeK391+zFLI66QSWpMx3MT9DOqUTDJJ6VuanhC2YgOeMdSRSNu/Gx26oScWKVPwljbUkhm6u+JjEbGjKPAdkYUh2bRm4r/eZ0Uwys/EypJkSs2XxSmkmBMpn+TvtCcoRxbQpkW9lbChlRThjadkg3BW3x5mTTPqt5F9fzuvFK7zuMowhEcwyl4cAk1uIU6NIDBAJ7hFd4c6bw4787HvLXg5DOH8AfO5w9mho3j</latexit>xk

<latexit sha1_base64="1O9348WJ6JU14mZWcAbZRLJgICw=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8eK9gPaUDbbTbt0swm7E7GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWjm6nfeuTaiFg94DjhfkQHSoSCUbTS/VNv1CtX3Ko7A1kmXk4qkKPeK391+zFLI66QSWpMx3MT9DOqUTDJJ6VuanhC2YgOeMdSRSNu/Gx26oScWKVPwljbUkhm6u+JjEbGjKPAdkYUh2bRm4r/eZ0Uwys/EypJkSs2XxSmkmBMpn+TvtCcoRxbQpkW9lbChlRThjadkg3BW3x5mTTPqt5F9fzuvFK7zuMowhEcwyl4cAk1uIU6NIDBAJ7hFd4c6bw4787HvLXg5DOH8AfO5w9mho3j</latexit>xk

<latexit sha1_base64="1O9348WJ6JU14mZWcAbZRLJgICw=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8eK9gPaUDbbTbt0swm7E7GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWjm6nfeuTaiFg94DjhfkQHSoSCUbTS/VNv1CtX3Ko7A1kmXk4qkKPeK391+zFLI66QSWpMx3MT9DOqUTDJJ6VuanhC2YgOeMdSRSNu/Gx26oScWKVPwljbUkhm6u+JjEbGjKPAdkYUh2bRm4r/eZ0Uwys/EypJkSs2XxSmkmBMpn+TvtCcoRxbQpkW9lbChlRThjadkg3BW3x5mTTPqt5F9fzuvFK7zuMowhEcwyl4cAk1uIU6NIDBAJ7hFd4c6bw4787HvLXg5DOH8AfO5w9mho3j</latexit>xk

<latexit sha1_base64="rhE++EFCy03XiwW4OyL2RWzvxzE=">AAACC3icbVDLSgMxFM34rPU16tJNaBHqwjIjRQU3RTcuK9gHdEq5k2ba0ExmSDLSMnTvxl9x40IRt/6AO//G9IFo64ELJ+fcS+49fsyZ0o7zZS0tr6yurWc2sptb2zu79t5+TUWJJLRKIh7Jhg+KciZoVTPNaSOWFEKf07rfvx779XsqFYvEnR7GtBVCV7CAEdBGats5T4DPAQeFQTvtn3gaktEl9gbs53XctvNO0ZkALxJ3RvJohkrb/vQ6EUlCKjThoFTTdWLdSkFqRjgdZb1E0RhIH7q0aaiAkKpWOrllhI+M0sFBJE0JjSfq74kUQqWGoW86Q9A9Ne+Nxf+8ZqKDi1bKRJxoKsj0oyDhWEd4HAzuMEmJ5kNDgEhmdsWkBxKINvFlTQju/MmLpHZadM+KpdtSvnw1iyODDlEOFZCLzlEZ3aAKqiKCHtATekGv1qP1bL1Z79PWJWs2c4D+wPr4BhI1mnM=</latexit>

rf(xk�⌧ ; ⇠k�⌧ )



Is it not solved?

State of the literature: 
1. Tight bounds for constant delays

Parameter server

<latexit sha1_base64="1O9348WJ6JU14mZWcAbZRLJgICw=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8eK9gPaUDbbTbt0swm7E7GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWjm6nfeuTaiFg94DjhfkQHSoSCUbTS/VNv1CtX3Ko7A1kmXk4qkKPeK391+zFLI66QSWpMx3MT9DOqUTDJJ6VuanhC2YgOeMdSRSNu/Gx26oScWKVPwljbUkhm6u+JjEbGjKPAdkYUh2bRm4r/eZ0Uwys/EypJkSs2XxSmkmBMpn+TvtCcoRxbQpkW9lbChlRThjadkg3BW3x5mTTPqt5F9fzuvFK7zuMowhEcwyl4cAk1uIU6NIDBAJ7hFd4c6bw4787HvLXg5DOH8AfO5w9mho3j</latexit>xk

<latexit sha1_base64="1O9348WJ6JU14mZWcAbZRLJgICw=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8eK9gPaUDbbTbt0swm7E7GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWjm6nfeuTaiFg94DjhfkQHSoSCUbTS/VNv1CtX3Ko7A1kmXk4qkKPeK391+zFLI66QSWpMx3MT9DOqUTDJJ6VuanhC2YgOeMdSRSNu/Gx26oScWKVPwljbUkhm6u+JjEbGjKPAdkYUh2bRm4r/eZ0Uwys/EypJkSs2XxSmkmBMpn+TvtCcoRxbQpkW9lbChlRThjadkg3BW3x5mTTPqt5F9fzuvFK7zuMowhEcwyl4cAk1uIU6NIDBAJ7hFd4c6bw4787HvLXg5DOH8AfO5w9mho3j</latexit>xk

<latexit sha1_base64="QOrr0Aw7gUSjgYInShIa7tHiFY8=">AAACD3icbVDLSgMxFM3UV62vqks3waJUxDIjRQU3RTcuK9gHdEq5k2ba0ExmSDLSMvQP3Pgrblwo4tatO//G9LGorQcunJxzL7n3eBFnStv2j5VaWl5ZXUuvZzY2t7Z3srt7VRXGktAKCXko6x4oypmgFc00p/VIUgg8Tmte73bk1x6pVCwUD3oQ0WYAHcF8RkAbqZU9dgV4HLCf77eS3pmrIT51htfY7bOZ90krm7ML9hh4kThTkkNTlFvZb7cdkjigQhMOSjUcO9LNBKRmhNNhxo0VjYD0oEMbhgoIqGom43uG+MgobeyH0pTQeKzOTiQQKDUIPNMZgO6qeW8k/uc1Yu1fNRMmolhTQSYf+THHOsSjcHCbSUo0HxgCRDKzKyZdkEC0iTBjQnDmT14k1fOCc1Eo3hdzpZtpHGl0gA5RHjnoEpXQHSqjCiLoCb2gN/RuPVuv1of1OWlNWdOZffQH1tcv6oSbUw==</latexit>

rf(xk�⌧+1; ⇠k�⌧+1)

<latexit sha1_base64="buyuVbhnzQr05LVRzb/LJR3o1N4=">AAAB83icbVBNSwMxEM3Wr1q/qh69BIsgiGVXinosevFYwX5AdynZNNuGZrNLMhHL0r/hxYMiXv0z3vw3pu0etPXBwOO9GWbmhangGlz32ymsrK6tbxQ3S1vbO7t75f2Dlk6MoqxJE5GoTkg0E1yyJnAQrJMqRuJQsHY4up367UemNE/kA4xTFsRkIHnEKQEr+U+9bHTuAzFn3qRXrrhVdwa8TLycVFCORq/85fcTamImgQqidddzUwgyooBTwSYl32iWEjoiA9a1VJKY6SCb3TzBJ1bp4yhRtiTgmfp7IiOx1uM4tJ0xgaFe9Kbif17XQHQdZFymBpik80WRERgSPA0A97liFMTYEkIVt7diOiSKULAxlWwI3uLLy6R1UfUuq7X7WqV+k8dRREfoGJ0iD12hOrpDDdREFKXoGb2iN8c4L8678zFvLTj5zCH6A+fzB5K3kWQ=</latexit>xk�⌧+1



Is it not solved?

State of the literature: 
1. Tight bounds for constant delays

Parameter server

<latexit sha1_base64="1O9348WJ6JU14mZWcAbZRLJgICw=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8eK9gPaUDbbTbt0swm7E7GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWjm6nfeuTaiFg94DjhfkQHSoSCUbTS/VNv1CtX3Ko7A1kmXk4qkKPeK391+zFLI66QSWpMx3MT9DOqUTDJJ6VuanhC2YgOeMdSRSNu/Gx26oScWKVPwljbUkhm6u+JjEbGjKPAdkYUh2bRm4r/eZ0Uwys/EypJkSs2XxSmkmBMpn+TvtCcoRxbQpkW9lbChlRThjadkg3BW3x5mTTPqt5F9fzuvFK7zuMowhEcwyl4cAk1uIU6NIDBAJ7hFd4c6bw4787HvLXg5DOH8AfO5w9mho3j</latexit>xk

<latexit sha1_base64="UmpJtwQazrSLkoQibavZYtMEBqQ=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSIIQkmkqMeiF48V7Ae0oWy2k3bpZhN2N2IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZekAiujet+Oyura+sbm4Wt4vbO7t5+6eCwqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7dRvPaLSPJYPZpygH9GB5CFn1Fip9dTLRufepFcquxV3BrJMvJyUIUe9V/rq9mOWRigNE1Trjucmxs+oMpwJnBS7qcaEshEdYMdSSSPUfjY7d0JOrdInYaxsSUNm6u+JjEZaj6PAdkbUDPWiNxX/8zqpCa/9jMskNSjZfFGYCmJiMv2d9LlCZsTYEsoUt7cSNqSKMmMTKtoQvMWXl0nzouJdVqr31XLtJo+jAMdwAmfgwRXU4A7q0AAGI3iGV3hzEufFeXc+5q0rTj5zBH/gfP4ABL+PXw==</latexit>xk+1

<latexit sha1_base64="UmpJtwQazrSLkoQibavZYtMEBqQ=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSIIQkmkqMeiF48V7Ae0oWy2k3bpZhN2N2IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZekAiujet+Oyura+sbm4Wt4vbO7t5+6eCwqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7dRvPaLSPJYPZpygH9GB5CFn1Fip9dTLRufepFcquxV3BrJMvJyUIUe9V/rq9mOWRigNE1Trjucmxs+oMpwJnBS7qcaEshEdYMdSSSPUfjY7d0JOrdInYaxsSUNm6u+JjEZaj6PAdkbUDPWiNxX/8zqpCa/9jMskNSjZfFGYCmJiMv2d9LlCZsTYEsoUt7cSNqSKMmMTKtoQvMWXl0nzouJdVqr31XLtJo+jAMdwAmfgwRXU4A7q0AAGI3iGV3hzEufFeXc+5q0rTj5zBH/gfP4ABL+PXw==</latexit>xk+1



Is it not solved?

State of the literature: 
1. Tight bounds for constant delays

Parameter server

<latexit sha1_base64="1O9348WJ6JU14mZWcAbZRLJgICw=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8eK9gPaUDbbTbt0swm7E7GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWjm6nfeuTaiFg94DjhfkQHSoSCUbTS/VNv1CtX3Ko7A1kmXk4qkKPeK391+zFLI66QSWpMx3MT9DOqUTDJJ6VuanhC2YgOeMdSRSNu/Gx26oScWKVPwljbUkhm6u+JjEbGjKPAdkYUh2bRm4r/eZ0Uwys/EypJkSs2XxSmkmBMpn+TvtCcoRxbQpkW9lbChlRThjadkg3BW3x5mTTPqt5F9fzuvFK7zuMowhEcwyl4cAk1uIU6NIDBAJ7hFd4c6bw4787HvLXg5DOH8AfO5w9mho3j</latexit>xk

<latexit sha1_base64="qmYzfUCDKh9jeD0nqdEzftbTNLw=">AAACAXicbZDLSsNAFIYnXmu9Rd0IbgaLUDclkaKCm6IblxXsBdpSTqaTduhkEmYm0hLqxldx40IRt76FO9/GSZuFtv4w8PGfczhzfi/iTGnH+baWlldW19ZzG/nNre2dXXtvv67CWBJaIyEPZdMDRTkTtKaZ5rQZSQqBx2nDG96k9cYDlYqF4l6PI9oJoC+YzwhoY3Xtw7YAjwP2i6NuMpxc4faIpXDatQtOyZkKL4KbQQFlqnbtr3YvJHFAhSYclGq5TqQ7CUjNCKeTfDtWNAIyhD5tGRQQUNVJphdM8IlxetgPpXlC46n7eyKBQKlx4JnOAPRAzddS879aK9b+ZSdhIoo1FWS2yI851iFO48A9JinRfGwAiGTmr5gMQALRJrS8CcGdP3kR6mcl97xUvisXKtdZHDl0hI5REbnoAlXQLaqiGiLoET2jV/RmPVkv1rv1MWtdsrKZA/RH1ucPrnWWaQ==</latexit>

rf(xk; ⇠k)

<latexit sha1_base64="NuqTqDdJsbpMhQLr2oP/hwhx57A=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRZBEMquFPVY9OJFqGA/oF1KNs22YbPJkmTFsvRHePGgiFd/jzf/jWm7B219MPB4b4aZeUHCmTau++0UVlbX1jeKm6Wt7Z3dvfL+QUvLVBHaJJJL1QmwppwJ2jTMcNpJFMVxwGk7iG6mfvuRKs2keDDjhPoxHgoWMoKNldpP/Sw6u5v0yxW36s6AlomXkwrkaPTLX72BJGlMhSEca9313MT4GVaGEU4npV6qaYJJhIe0a6nAMdV+Njt3gk6sMkChVLaEQTP190SGY63HcWA7Y2xGetGbiv953dSEV37GRJIaKsh8UZhyZCSa/o4GTFFi+NgSTBSztyIywgoTYxMq2RC8xZeXSeu86l1Ua/e1Sv06j6MIR3AMp+DBJdThFhrQBAIRPMMrvDmJ8+K8Ox/z1oKTzxzCHzifPy9Lj3s=</latexit>xk+M



Is it not solved?

State of the literature: 
1. Tight bounds for constant delays

Parameter server

<latexit sha1_base64="1O9348WJ6JU14mZWcAbZRLJgICw=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8eK9gPaUDbbTbt0swm7E7GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWjm6nfeuTaiFg94DjhfkQHSoSCUbTS/VNv1CtX3Ko7A1kmXk4qkKPeK391+zFLI66QSWpMx3MT9DOqUTDJJ6VuanhC2YgOeMdSRSNu/Gx26oScWKVPwljbUkhm6u+JjEbGjKPAdkYUh2bRm4r/eZ0Uwys/EypJkSs2XxSmkmBMpn+TvtCcoRxbQpkW9lbChlRThjadkg3BW3x5mTTPqt5F9fzuvFK7zuMowhEcwyl4cAk1uIU6NIDBAJ7hFd4c6bw4787HvLXg5DOH8AfO5w9mho3j</latexit>xk

<latexit sha1_base64="qmYzfUCDKh9jeD0nqdEzftbTNLw=">AAACAXicbZDLSsNAFIYnXmu9Rd0IbgaLUDclkaKCm6IblxXsBdpSTqaTduhkEmYm0hLqxldx40IRt76FO9/GSZuFtv4w8PGfczhzfi/iTGnH+baWlldW19ZzG/nNre2dXXtvv67CWBJaIyEPZdMDRTkTtKaZ5rQZSQqBx2nDG96k9cYDlYqF4l6PI9oJoC+YzwhoY3Xtw7YAjwP2i6NuMpxc4faIpXDatQtOyZkKL4KbQQFlqnbtr3YvJHFAhSYclGq5TqQ7CUjNCKeTfDtWNAIyhD5tGRQQUNVJphdM8IlxetgPpXlC46n7eyKBQKlx4JnOAPRAzddS879aK9b+ZSdhIoo1FWS2yI851iFO48A9JinRfGwAiGTmr5gMQALRJrS8CcGdP3kR6mcl97xUvisXKtdZHDl0hI5REbnoAlXQLaqiGiLoET2jV/RmPVkv1rv1MWtdsrKZA/RH1ucPrnWWaQ==</latexit>

rf(xk; ⇠k)

<latexit sha1_base64="NuqTqDdJsbpMhQLr2oP/hwhx57A=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRZBEMquFPVY9OJFqGA/oF1KNs22YbPJkmTFsvRHePGgiFd/jzf/jWm7B219MPB4b4aZeUHCmTau++0UVlbX1jeKm6Wt7Z3dvfL+QUvLVBHaJJJL1QmwppwJ2jTMcNpJFMVxwGk7iG6mfvuRKs2keDDjhPoxHgoWMoKNldpP/Sw6u5v0yxW36s6AlomXkwrkaPTLX72BJGlMhSEca9313MT4GVaGEU4npV6qaYJJhIe0a6nAMdV+Njt3gk6sMkChVLaEQTP190SGY63HcWA7Y2xGetGbiv953dSEV37GRJIaKsh8UZhyZCSa/o4GTFFi+NgSTBSztyIywgoTYxMq2RC8xZeXSeu86l1Ua/e1Sv06j6MIR3AMp+DBJdThFhrQBAIRPMMrvDmJ8+K8Ox/z1oKTzxzCHzifPy9Lj3s=</latexit>xk+M
<latexit sha1_base64="tjm8AQpqUaxn24I5e7ILoKZaC28=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKexKUC9C0IsXIYJ5QLKE2ckkGTI7u870CmHJT3jxoIhXf8ebf+Mk2YMmFjQUVd10dwWxFAZd99vJrayurW/kNwtb2zu7e8X9g4aJEs14nUUy0q2AGi6F4nUUKHkr1pyGgeTNYHQz9ZtPXBsRqQccx9wP6UCJvmAUrdTqIE3IFbnrFktu2Z2BLBMvIyXIUOsWvzq9iCUhV8gkNabtuTH6KdUomOSTQicxPKZsRAe8bamiITd+Ort3Qk6s0iP9SNtSSGbq74mUhsaMw8B2hhSHZtGbiv957QT7l34qVJwgV2y+qJ9IghGZPk96QnOGcmwJZVrYWwkbUk0Z2ogKNgRv8eVl0jgre+flyn2lVL3O4sjDERzDKXhwAVW4hRrUgYGEZ3iFN+fReXHenY95a87JZg7hD5zPH/GYj0M=</latexit>

⌧ = M



Is it not solved?

State of the literature: 
1. Tight bounds for constant delays 
2. General rates depend on the longest delay

<latexit sha1_base64="EaqmpADJDRUa1eO149+9gwGbOkY="></latexit>

E[f(xK)� f⇤] = O
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Is it not solved?

State of the literature: 
1. Tight bounds for constant delays 
2. General rates depend on the longest delay

<latexit sha1_base64="tNqWnBYv+ToWaxHWwEqPe/8DyNI=">AAACBHicbVDLSsNAFJ34rPUVddnNYBHqpiRS1I1QdCO4qWAf0IQwmU7aIZNJmJmIJXThxl9x40IRt36EO//GSZuFth64cDjnXu69x08Ylcqyvo2l5ZXVtfXSRnlza3tn19zb78g4FZi0ccxi0fORJIxy0lZUMdJLBEGRz0jXD69yv3tPhKQxv1PjhLgRGnIaUIyUljyz4iiUwgvoROjBy0KHEXgzybVaeOyZVatuTQEXiV2QKijQ8swvZxDjNCJcYYak7NtWotwMCUUxI5Oyk0qSIByiIelrylFEpJtNn5jAI60MYBALXVzBqfp7IkORlOPI150RUiM57+Xif14/VcG5m1GepIpwPFsUpAyqGOaJwAEVBCs21gRhQfWtEI+QQFjp3Mo6BHv+5UXSOanbp/XGbaPavCziKIEKOAQ1YIMz0ATXoAXaAINH8AxewZvxZLwY78bHrHXJKGYOwB8Ynz9TR5dD</latexit>

⌧ = max
kK

⌧(k)

<latexit sha1_base64="EaqmpADJDRUa1eO149+9gwGbOkY="></latexit>

E[f(xK)� f⇤] = O
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Is it not solved?

State of the literature: 
1. Tight bounds for constant delays 
2. General rates depend on the longest delay

<latexit sha1_base64="iTeoE6ZqIiJxDvchPQ/z/5eKpEw=">AAACCXicbZDLSsNAFIYnXmu9RV26GSxC3ZREiroRim4EESrYCzQhTKaTdshMEmYmYgnduvFV3LhQxK1v4M63cdJmoa0/DPx85xzOnN9PGJXKsr6NhcWl5ZXV0lp5fWNza9vc2W3LOBWYtHDMYtH1kSSMRqSlqGKkmwiCuM9Ixw8v83rnnghJ4+hOjRLicjSIaEAxUhp5JrxxGIGOQik8hw5HD14W5uR6nLNqeOSZFatmTQTnjV2YCijU9Mwvpx/jlJNIYYak7NlWotwMCUUxI+Oyk0qSIByiAelpGyFOpJtNLhnDQ036MIiFfpGCE/p7IkNcyhH3dSdHaihnazn8r9ZLVXDmZjRKUkUiPF0UpAyqGOaxwD4VBCs20gZhQfVfIR4igbDS4ZV1CPbsyfOmfVyzT2r123qlcVHEUQL74ABUgQ1OQQNcgSZoAQwewTN4BW/Gk/FivBsf09YFo5jZA39kfP4AqcaZDw==</latexit>

M  ⌧ = max
kK

⌧(k)

<latexit sha1_base64="EaqmpADJDRUa1eO149+9gwGbOkY="></latexit>

E[f(xK)� f⇤] = O
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Is it not solved?

State of the literature: 
1. Tight bounds for constant delays 
2. General rates depend on the longest delay 
3. Assumptions sometimes don’t match those  

of Minibatch SGD 



Is it not solved?

State of the literature: 
1. Tight bounds for constant delays 
2. General rates depend on the longest delay 
3. Assumptions sometimes don’t match those  

of Minibatch SGD 
4. No provable speed-up vs. Minibatch SGD



Is it not solved?



Is it not solved?



Is it not solved? (notation)

<latexit sha1_base64="+vrd/T0QbUvpYqo2+WJX2Lyb5to=">AAACHHicbZDLSsNAFIYnXmu9VV26GSxCuymJFhVEKIrgsoq9QBPLZDpph04mYWYiLSEP4sZXceNCETcuBN/GSVtBW38Y+PnOOcw5vxsyKpVpfhlz8wuLS8uZlezq2vrGZm5ruy6DSGBSwwELRNNFkjDKSU1RxUgzFAT5LiMNt3+R1hv3REga8Fs1DInjoy6nHsVIadTOHdo+5e14YFNu+0j1XDe+Se46CfQKgyI8gz/wMmlpcmoPaNFp5/JmyRwJzhprYvJgomo792F3Ahz5hCvMkJQtywyVEyOhKGYkydqRJCHCfdQlLW058ol04tFxCdzXpAO9QOjHFRzR3xMx8qUc+q7uTHeV07UU/ldrRco7cWLKw0gRjscfeRGDKoBpUrBDBcGKDbVBWFC9K8Q9JBBWOs+sDsGaPnnW1A9K1lGpfF3OV84ncWTALtgDBWCBY1ABV6AKagCDB/AEXsCr8Wg8G2/G+7h1zpjM7IA/Mj6/AR5soVw=</latexit>

min
x2Rd

f(x) = E[f(x; ⇠)]

<latexit sha1_base64="Ju4PGAbUh59JhfcmLskpMI4TDFA=">AAACFnicbVDLSgMxFM3UV62vUZdugkVoFy0zUtRl0Y0LFxXsAzqlZNJMG5rJDElGOsz0K9z4K25cKOJW3Pk3pg9EWw9cODnnXnLvcUNGpbKsLyOzsrq2vpHdzG1t7+zumfsHDRlEApM6DlggWi6ShFFO6ooqRlqhIMh3GWm6w6uJ37wnQtKA36k4JB0f9Tn1KEZKS12z5KQORy5D0CuMirAEf15x0Umhwwi8gU460k7spF0zb5WtKeAyseckD+aodc1PpxfgyCdcYYakbNtWqDoJEopiRsY5J5IkRHiI+qStKUc+kZ1ketYYnmilB71A6OIKTtXfEwnypYx9V3f6SA3kojcR//PakfIuOgnlYaQIx7OPvIhBFcBJRrBHBcGKxZogLKjeFeIBEggrnWROh2AvnrxMGqdl+6xcua3kq5fzOLLgCByDArDBOaiCa1ADdYDBA3gCL+DVeDSejTfjfdaaMeYzh+APjI9vC/+czQ==</latexit>

krf(x)�rf(y)k  Lkx� ykSmoothness:
<latexit sha1_base64="qetqKlGJBkOx6qjlPdDLG8LSp0A="></latexit>

E[krf(x; ⇠)�rf(x)k2]  �2Variance:



Is it not solved?

<latexit sha1_base64="MQjo6lsGrp21hVtm3Tj3awZHhjo="></latexit>

Theorem. Let f be L-smooth and convex, then Asynchronous SGD
with constant delay ⌧ converges as

E[f(xK)� f⇤] = O
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Is it not solved?

<latexit sha1_base64="MQjo6lsGrp21hVtm3Tj3awZHhjo="></latexit>

Theorem. Let f be L-smooth and convex, then Asynchronous SGD
with constant delay ⌧ converges as

E[f(xK)� f⇤] = O
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+
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K

◆

<latexit sha1_base64="t6p6hNaxa4BfyFhs9aq1DLaoevc="></latexit>

Theorem. Let f be L-smooth and convex, then any
Asynchronous Gradient with constant delay ⌧ converges not better than

E[f(xK)� f⇤] = ⌦
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Motivating example

Asynchronous SGD

<latexit sha1_base64="5wcpnn9xBCNJG7612zeI+hcsvJM=">AAACDHicbVDLSgMxFM3UV62vqks3wSq4KjNFVARBdCO4sIK1hbZIJr21oZlkSO5YS/ED3Pgrblwo4tYPcOffmNZZaPVA4HDOudzcE8ZSWPT9Ty8zMTk1PZOdzc3NLywu5ZdXLq1ODIcK11KbWsgsSKGgggIl1GIDLAolVMPu8dCv3oCxQqsL7MfQjNi1Em3BGTrpKl84U0DhFg1EIPvUSt2jPW26YPbpRgNZcnC64VJ+0R+B/iVBSgokRfkq/9FoaZ5EoJBLZm098GNsDphBwSXc5RqJhZjxLruGuqOKRWCbg9Exd3TTKS3a1sY9hXSk/pwYsMjafhS6ZMSwY8e9ofifV0+wvdccCBUnCIp/L2onkqKmw2ZoSxjg6EpoCcaNcH+lvMMM4+j6y7kSgvGT/5LLUjHYKW6flwqHR2kdWbJG1skWCcguOSQnpEwqhJN78kieyYv34D15r97bdzTjpTOr5Be89y+DBZqg</latexit>

One extremely slow worker: ⌧ = K



Motivating example

Asynchronous SGD

<latexit sha1_base64="5wcpnn9xBCNJG7612zeI+hcsvJM=">AAACDHicbVDLSgMxFM3UV62vqks3wSq4KjNFVARBdCO4sIK1hbZIJr21oZlkSO5YS/ED3Pgrblwo4tYPcOffmNZZaPVA4HDOudzcE8ZSWPT9Ty8zMTk1PZOdzc3NLywu5ZdXLq1ODIcK11KbWsgsSKGgggIl1GIDLAolVMPu8dCv3oCxQqsL7MfQjNi1Em3BGTrpKl84U0DhFg1EIPvUSt2jPW26YPbpRgNZcnC64VJ+0R+B/iVBSgokRfkq/9FoaZ5EoJBLZm098GNsDphBwSXc5RqJhZjxLruGuqOKRWCbg9Exd3TTKS3a1sY9hXSk/pwYsMjafhS6ZMSwY8e9ofifV0+wvdccCBUnCIp/L2onkqKmw2ZoSxjg6EpoCcaNcH+lvMMM4+j6y7kSgvGT/5LLUjHYKW6flwqHR2kdWbJG1skWCcguOSQnpEwqhJN78kieyYv34D15r97bdzTjpTOr5Be89y+DBZqg</latexit>

One extremely slow worker: ⌧ = K
<latexit sha1_base64="S0pkQnaOArDvGzJ2g3P4NGRRk5o="></latexit>

O
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Motivating example

Asynchronous SGD

<latexit sha1_base64="N+P3k0z74HWQ/7MRZ3M8H3ONdgM="></latexit>

In general, the delay is ⌧ ⇡
PM

m=1
maxj sj

sm

<latexit sha1_base64="EuAvDnnR2MtkYQjftRj29wCaPZo=">AAACEnicbVDLSgMxFM34rPVVdekm2BF0U2aKqLgqunFZ0T6gHUomc9uGJpMhySil9Bvc+CtuXCji1pU7/8b0sdDWA4HDOffe3HvChDNtPO/bWVhcWl5Zzaxl1zc2t7ZzO7tVLVNFoUIll6oeEg2cxVAxzHCoJwqICDnUwt7VyK/dg9JMxnemn0AgSCdmbUaJsVIrd+zqlnAv8C1QGUcaJ6BwR5GIQWxw2McPUvWs5Aq3lct7BW8MPE/8KcmjKcqt3FczkjQVdhLlROuG7yUmGBBlGOUwzDZTDQmhPdKBhqUxEaCDwfikIT60SoTbUtlnNxmrvzsGRGjdF6GtFMR09aw3Ev/zGqlpnwcDFiepgZhOPmqnHBuJR/ngiCmghvctIVQxuyumXaIINTbFrA3Bnz15nlSLBf+0cHJTzJcup3Fk0D46QEfIR2eohK5RGVUQRY/oGb2iN+fJeXHenY9J6YIz7dlDf+B8/gDeyJxb</latexit>

sm: Seconds per gradient by worker m



Asynchronous SGD

Minibatch SGD Asynchronous SGD
<latexit sha1_base64="9HTpk28bTsIuN+Qn3MaqiMuIzEk=">AAACFHicbVDLSgMxFM34rPVVdekmWARBKDNS1I1QdONGqGgf0KlDJs20ocnMkNwRyzAf4cZfceNCEbcu3Pk3po+Fth4IHM65h5t7/FhwDbb9bc3NLywuLedW8qtr6xubha3tuo4SRVmNRiJSTZ9oJnjIasBBsGasGJG+YA2/fzH0G/dMaR6FtzCIWVuSbsgDTgkYySscujqRXirPnOzuyg0UoelNlmpPZtgF9gAp7irS4SwEnXmFol2yR8CzxJmQIpqg6hW+3E5EE2nSVBCtW44dQzslCjgVLMu7iWYxoX3SZS1DQyKZbqejozK8b5QODiJlXgh4pP5OpERqPZC+mZQEenraG4r/ea0EgtN2ysM4ARbS8aIgERgiPGwId7hiFMTAEEIVN3/FtEdMM2B6zJsSnOmTZ0n9qOQcl8rX5WLlfFJHDu2iPXSAHHSCKugSVVENUfSIntErerOerBfr3foYj85Zk8wO+gPr8wcezp+E</latexit>

MX

m=1

S

sm
gradients

<latexit sha1_base64="syyhxZYcyhWKYZHokN/sXC+hJLE=">AAACBHicbVDJSgNBEO2JW4zbqMdcGhMhXsJMEPUY9OLNKGaBJISaTidp0rPQXSOEIQcv/ooXD4p49SO8+Td2loMmPih4vFdFVT0vkkKj43xbqZXVtfWN9GZma3tnd8/eP6jpMFaMV1koQ9XwQHMpAl5FgZI3IsXB9ySve8OriV9/4EqLMLjHUcTbPvQD0RMM0EgdO3sHyKnQNN/yAQcMZHIzLrQQ4pN8x845RWcKukzcOcmROSod+6vVDVns8wCZBK2brhNhOwGFgkk+zrRizSNgQ+jzpqEB+Fy3k+kTY3pslC7thcpUgHSq/p5IwNd65Humc3KpXvQm4n9eM8beRTsRQRQjD9hsUS+WFEM6SYR2heIM5cgQYEqYWykbgAKGJreMCcFdfHmZ1EpF96x4elvKlS/ncaRJlhyRAnHJOSmTa1IhVcLII3kmr+TNerJerHfrY9aasuYzh+QPrM8fJWqXJA==</latexit>

Rate is O(⌧)
<latexit sha1_base64="TMbFu5F5Div6cd01q9uCt5bBc8Q=">AAACAXicbVDLSgNBEJz1GeNr1YvgZTAR4iXsBlGPQS9exCjmAckSZiezyZDZBzO9QljixV/x4kERr/6FN//G2WQPmljQUFR1093lRoIrsKxvY2FxaXllNbeWX9/Y3No2d3YbKowlZXUailC2XKKY4AGrAwfBWpFkxHcFa7rDy9RvPjCpeBjcwyhijk/6Afc4JaClrrl/R4BhrnCx4xMYUCKSm3Hp+rjYNQtW2ZoAzxM7IwWUodY1vzq9kMY+C4AKolTbtiJwEiKBU8HG+U6sWETokPRZW9OA+Ew5yeSDMT7SSg97odQVAJ6ovycS4is18l3dmZ6pZr1U/M9rx+CdOwkPohhYQKeLvFhgCHEaB+5xySiIkSaESq5vxXRAJKGgQ8vrEOzZl+dJo1K2T8snt5VC9SKLI4cO0CEqIRudoSq6QjVURxQ9omf0it6MJ+PFeDc+pq0LRjazh/7A+PwBj16VrQ==</latexit>

Rate is O(M)

<latexit sha1_base64="YIe+9r2a0ZDruhNZPC0M7wOORJk=">AAACCHicbVC7TsMwFHV4lvIKMDJg0SIxVUmFgLGChQWpCPqQmihyHKe1aieR7SCqKCMLv8LCAEKsfAIbf4PbZoCWI1k6OuceXd/jJ4xKZVnfxsLi0vLKammtvL6xubVt7uy2ZZwKTFo4ZrHo+kgSRiPSUlQx0k0EQdxnpOMPL8d+554ISePoTo0S4nLUj2hIMVJa8syDqhMKhLPb6zyTXuZw9JDnVdgXKKAkUtIzK1bNmgDOE7sgFVCg6ZlfThDjlOswZkjKnm0lys2QUBQzkpedVJIE4SHqk56mEeJEutnkkBweaSWAYSz0ixScqL8TGeJSjrivJzlSAznrjcX/vF6qwnM3o1GSKhLh6aIwZVDFcNwKDKggWLGRJggLqv8K8QDpYpTurqxLsGdPniftes0+rZ3c1CuNi6KOEtgHh+AY2OAMNMAVaIIWwOARPINX8GY8GS/Gu/ExHV0wiswe+APj8wcR9poF</latexit>

SM
smax

gradients

<latexit sha1_base64="WPTD4fje/KftcZhc0ROh3Vhh+MI="></latexit>

Improvement: 1
M

PM
m=1

smax
sm



Asynchronous SGD

Minibatch SGD Asynchronous SGD
<latexit sha1_base64="9HTpk28bTsIuN+Qn3MaqiMuIzEk=">AAACFHicbVDLSgMxFM34rPVVdekmWARBKDNS1I1QdONGqGgf0KlDJs20ocnMkNwRyzAf4cZfceNCEbcu3Pk3po+Fth4IHM65h5t7/FhwDbb9bc3NLywuLedW8qtr6xubha3tuo4SRVmNRiJSTZ9oJnjIasBBsGasGJG+YA2/fzH0G/dMaR6FtzCIWVuSbsgDTgkYySscujqRXirPnOzuyg0UoelNlmpPZtgF9gAp7irS4SwEnXmFol2yR8CzxJmQIpqg6hW+3E5EE2nSVBCtW44dQzslCjgVLMu7iWYxoX3SZS1DQyKZbqejozK8b5QODiJlXgh4pP5OpERqPZC+mZQEenraG4r/ea0EgtN2ysM4ARbS8aIgERgiPGwId7hiFMTAEEIVN3/FtEdMM2B6zJsSnOmTZ0n9qOQcl8rX5WLlfFJHDu2iPXSAHHSCKugSVVENUfSIntErerOerBfr3foYj85Zk8wO+gPr8wcezp+E</latexit>

MX

m=1

S

sm
gradients

<latexit sha1_base64="TMbFu5F5Div6cd01q9uCt5bBc8Q=">AAACAXicbVDLSgNBEJz1GeNr1YvgZTAR4iXsBlGPQS9exCjmAckSZiezyZDZBzO9QljixV/x4kERr/6FN//G2WQPmljQUFR1093lRoIrsKxvY2FxaXllNbeWX9/Y3No2d3YbKowlZXUailC2XKKY4AGrAwfBWpFkxHcFa7rDy9RvPjCpeBjcwyhijk/6Afc4JaClrrl/R4BhrnCx4xMYUCKSm3Hp+rjYNQtW2ZoAzxM7IwWUodY1vzq9kMY+C4AKolTbtiJwEiKBU8HG+U6sWETokPRZW9OA+Ew5yeSDMT7SSg97odQVAJ6ovycS4is18l3dmZ6pZr1U/M9rx+CdOwkPohhYQKeLvFhgCHEaB+5xySiIkSaESq5vxXRAJKGgQ8vrEOzZl+dJo1K2T8snt5VC9SKLI4cO0CEqIRudoSq6QjVURxQ9omf0it6MJ+PFeDc+pq0LRjazh/7A+PwBj16VrQ==</latexit>

Rate is O(M)
<latexit sha1_base64="syyhxZYcyhWKYZHokN/sXC+hJLE=">AAACBHicbVDJSgNBEO2JW4zbqMdcGhMhXsJMEPUY9OLNKGaBJISaTidp0rPQXSOEIQcv/ooXD4p49SO8+Td2loMmPih4vFdFVT0vkkKj43xbqZXVtfWN9GZma3tnd8/eP6jpMFaMV1koQ9XwQHMpAl5FgZI3IsXB9ySve8OriV9/4EqLMLjHUcTbPvQD0RMM0EgdO3sHyKnQNN/yAQcMZHIzLrQQ4pN8x845RWcKukzcOcmROSod+6vVDVns8wCZBK2brhNhOwGFgkk+zrRizSNgQ+jzpqEB+Fy3k+kTY3pslC7thcpUgHSq/p5IwNd65Humc3KpXvQm4n9eM8beRTsRQRQjD9hsUS+WFEM6SYR2heIM5cgQYEqYWykbgAKGJreMCcFdfHmZ1EpF96x4elvKlS/ncaRJlhyRAnHJOSmTa1IhVcLII3kmr+TNerJerHfrY9aasuYzh+QPrM8fJWqXJA==</latexit>

Rate is O(⌧)

<latexit sha1_base64="YIe+9r2a0ZDruhNZPC0M7wOORJk=">AAACCHicbVC7TsMwFHV4lvIKMDJg0SIxVUmFgLGChQWpCPqQmihyHKe1aieR7SCqKCMLv8LCAEKsfAIbf4PbZoCWI1k6OuceXd/jJ4xKZVnfxsLi0vLKammtvL6xubVt7uy2ZZwKTFo4ZrHo+kgSRiPSUlQx0k0EQdxnpOMPL8d+554ISePoTo0S4nLUj2hIMVJa8syDqhMKhLPb6zyTXuZw9JDnVdgXKKAkUtIzK1bNmgDOE7sgFVCg6ZlfThDjlOswZkjKnm0lys2QUBQzkpedVJIE4SHqk56mEeJEutnkkBweaSWAYSz0ixScqL8TGeJSjrivJzlSAznrjcX/vF6qwnM3o1GSKhLh6aIwZVDFcNwKDKggWLGRJggLqv8K8QDpYpTurqxLsGdPniftes0+rZ3c1CuNi6KOEtgHh+AY2OAMNMAVaIIWwOARPINX8GY8GS/Gu/ExHV0wiswe+APj8wcR9poF</latexit>

SM
smax

gradients

<latexit sha1_base64="WPTD4fje/KftcZhc0ROh3Vhh+MI="></latexit>

Improvement: 1
M

PM
m=1

smax
sm

<latexit sha1_base64="rMKJALIwcKwa5NB2f26xVfOuRWc=">AAACFnicbZDLSsNAFIYnXmu9VV26GSyCG0siRd0IRTduhAr2Ak0NJ9NJO3QmCTMTaQl5Cje+ihsXirgVd76N08tCW38Y+PjPOZw5vx9zprRtf1sLi0vLK6u5tfz6xubWdmFnt66iRBJaIxGPZNMHRTkLaU0zzWkzlhSEz2nD71+N6o0HKhWLwjs9jGlbQDdkASOgjeUVjl0NiQtxLKMBdlUivFRcONn9DXYDCSRVXuoKGGSZIZF5haJdssfC8+BMoYimqnqFL7cTkUTQUBMOSrUcO9btFKRmhNMs7yaKxkD60KUtgyEIqtrp+KwMHxqng4NImhdqPHZ/T6QglBoK33QK0D01WxuZ/9VaiQ7O2ykL40TTkEwWBQnHOsKjjHCHSUo0HxoAIpn5KyY9MHFok2TehODMnjwP9ZOSc1oq35aLlctpHDm0jw7QEXLQGaqga1RFNUTQI3pGr+jNerJerHfrY9K6YE1n9tAfWZ8/1cOgcw==</latexit>

⌧ ⇡
MX

m=1

smax

sm



Asynchronous SGD

Minibatch SGD Asynchronous SGD

So who is faster?

<latexit sha1_base64="9HTpk28bTsIuN+Qn3MaqiMuIzEk=">AAACFHicbVDLSgMxFM34rPVVdekmWARBKDNS1I1QdONGqGgf0KlDJs20ocnMkNwRyzAf4cZfceNCEbcu3Pk3po+Fth4IHM65h5t7/FhwDbb9bc3NLywuLedW8qtr6xubha3tuo4SRVmNRiJSTZ9oJnjIasBBsGasGJG+YA2/fzH0G/dMaR6FtzCIWVuSbsgDTgkYySscujqRXirPnOzuyg0UoelNlmpPZtgF9gAp7irS4SwEnXmFol2yR8CzxJmQIpqg6hW+3E5EE2nSVBCtW44dQzslCjgVLMu7iWYxoX3SZS1DQyKZbqejozK8b5QODiJlXgh4pP5OpERqPZC+mZQEenraG4r/ea0EgtN2ysM4ARbS8aIgERgiPGwId7hiFMTAEEIVN3/FtEdMM2B6zJsSnOmTZ0n9qOQcl8rX5WLlfFJHDu2iPXSAHHSCKugSVVENUfSIntErerOerBfr3foYj85Zk8wO+gPr8wcezp+E</latexit>

MX

m=1

S

sm
gradients

<latexit sha1_base64="TMbFu5F5Div6cd01q9uCt5bBc8Q=">AAACAXicbVDLSgNBEJz1GeNr1YvgZTAR4iXsBlGPQS9exCjmAckSZiezyZDZBzO9QljixV/x4kERr/6FN//G2WQPmljQUFR1093lRoIrsKxvY2FxaXllNbeWX9/Y3No2d3YbKowlZXUailC2XKKY4AGrAwfBWpFkxHcFa7rDy9RvPjCpeBjcwyhijk/6Afc4JaClrrl/R4BhrnCx4xMYUCKSm3Hp+rjYNQtW2ZoAzxM7IwWUodY1vzq9kMY+C4AKolTbtiJwEiKBU8HG+U6sWETokPRZW9OA+Ew5yeSDMT7SSg97odQVAJ6ovycS4is18l3dmZ6pZr1U/M9rx+CdOwkPohhYQKeLvFhgCHEaB+5xySiIkSaESq5vxXRAJKGgQ8vrEOzZl+dJo1K2T8snt5VC9SKLI4cO0CEqIRudoSq6QjVURxQ9omf0it6MJ+PFeDc+pq0LRjazh/7A+PwBj16VrQ==</latexit>

Rate is O(M)
<latexit sha1_base64="syyhxZYcyhWKYZHokN/sXC+hJLE=">AAACBHicbVDJSgNBEO2JW4zbqMdcGhMhXsJMEPUY9OLNKGaBJISaTidp0rPQXSOEIQcv/ooXD4p49SO8+Td2loMmPih4vFdFVT0vkkKj43xbqZXVtfWN9GZma3tnd8/eP6jpMFaMV1koQ9XwQHMpAl5FgZI3IsXB9ySve8OriV9/4EqLMLjHUcTbPvQD0RMM0EgdO3sHyKnQNN/yAQcMZHIzLrQQ4pN8x845RWcKukzcOcmROSod+6vVDVns8wCZBK2brhNhOwGFgkk+zrRizSNgQ+jzpqEB+Fy3k+kTY3pslC7thcpUgHSq/p5IwNd65Humc3KpXvQm4n9eM8beRTsRQRQjD9hsUS+WFEM6SYR2heIM5cgQYEqYWykbgAKGJreMCcFdfHmZ1EpF96x4elvKlS/ncaRJlhyRAnHJOSmTa1IhVcLII3kmr+TNerJerHfrY9aasuYzh+QPrM8fJWqXJA==</latexit>

Rate is O(⌧)

<latexit sha1_base64="WPTD4fje/KftcZhc0ROh3Vhh+MI="></latexit>

Improvement: 1
M

PM
m=1

smax
sm

<latexit sha1_base64="rMKJALIwcKwa5NB2f26xVfOuRWc=">AAACFnicbZDLSsNAFIYnXmu9VV26GSyCG0siRd0IRTduhAr2Ak0NJ9NJO3QmCTMTaQl5Cje+ihsXirgVd76N08tCW38Y+PjPOZw5vx9zprRtf1sLi0vLK6u5tfz6xubWdmFnt66iRBJaIxGPZNMHRTkLaU0zzWkzlhSEz2nD71+N6o0HKhWLwjs9jGlbQDdkASOgjeUVjl0NiQtxLKMBdlUivFRcONn9DXYDCSRVXuoKGGSZIZF5haJdssfC8+BMoYimqnqFL7cTkUTQUBMOSrUcO9btFKRmhNMs7yaKxkD60KUtgyEIqtrp+KwMHxqng4NImhdqPHZ/T6QglBoK33QK0D01WxuZ/9VaiQ7O2ykL40TTkEwWBQnHOsKjjHCHSUo0HxoAIpn5KyY9MHFok2TehODMnjwP9ZOSc1oq35aLlctpHDm0jw7QEXLQGaqga1RFNUTQI3pGr+jNerJerHfrY9K6YE1n9tAfWZ8/1cOgcw==</latexit>

⌧ ⇡
MX

m=1

smax

sm

<latexit sha1_base64="YIe+9r2a0ZDruhNZPC0M7wOORJk=">AAACCHicbVC7TsMwFHV4lvIKMDJg0SIxVUmFgLGChQWpCPqQmihyHKe1aieR7SCqKCMLv8LCAEKsfAIbf4PbZoCWI1k6OuceXd/jJ4xKZVnfxsLi0vLKammtvL6xubVt7uy2ZZwKTFo4ZrHo+kgSRiPSUlQx0k0EQdxnpOMPL8d+554ISePoTo0S4nLUj2hIMVJa8syDqhMKhLPb6zyTXuZw9JDnVdgXKKAkUtIzK1bNmgDOE7sgFVCg6ZlfThDjlOswZkjKnm0lys2QUBQzkpedVJIE4SHqk56mEeJEutnkkBweaSWAYSz0ixScqL8TGeJSjrivJzlSAznrjcX/vF6qwnM3o1GSKhLh6aIwZVDFcNwKDKggWLGRJggLqv8K8QDpYpTurqxLsGdPniftes0+rZ3c1CuNi6KOEtgHh+AY2OAMNMAVaIIWwOARPINX8GY8GS/Gu/ExHV0wiswe+APj8wcR9poF</latexit>

SM
smax

gradients



New results

Theorem. 
Smooth nonconvex problems: 

<latexit sha1_base64="UAqeXvEmRhAl+xLNe6lnWolxXg0="></latexit>

min
kK

E[krf(xk)k
2] = O
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New results

Theorem. 
Smooth nonconvex problems: 

Smooth convex problems: 

<latexit sha1_base64="UAqeXvEmRhAl+xLNe6lnWolxXg0="></latexit>

min
kK

E[krf(xk)k
2] = O

✓
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p
K

+
M

K

◆

<latexit sha1_base64="TlSsPxtHe3UW/pLMByg9chULo3A="></latexit>

min
kK

E[f(xk)� f⇤] = O
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Theorem. 
Smooth nonconvex problems: 

Smooth convex problems: 

Smooth strongly convex problems: 

New results

<latexit sha1_base64="UAqeXvEmRhAl+xLNe6lnWolxXg0="></latexit>

min
kK

E[krf(xk)k
2] = O

✓
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p
K

+
M

K

◆

<latexit sha1_base64="L+gNGHkC8wOF+dMKscHlcVhsD5k="></latexit>

min
kK

E[f(xk)� f⇤] = O

✓
�2
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✓
�

K

M
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<latexit sha1_base64="+/vM1X1KQr7z0pLZrpumVmJOGPo="></latexit>

min
kK

E[f(xk)� f⇤] = O
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Asynchronous SGD

Minibatch SGD Asynchronous SGD

Asynchronous SGD is faster

<latexit sha1_base64="9HTpk28bTsIuN+Qn3MaqiMuIzEk=">AAACFHicbVDLSgMxFM34rPVVdekmWARBKDNS1I1QdONGqGgf0KlDJs20ocnMkNwRyzAf4cZfceNCEbcu3Pk3po+Fth4IHM65h5t7/FhwDbb9bc3NLywuLedW8qtr6xubha3tuo4SRVmNRiJSTZ9oJnjIasBBsGasGJG+YA2/fzH0G/dMaR6FtzCIWVuSbsgDTgkYySscujqRXirPnOzuyg0UoelNlmpPZtgF9gAp7irS4SwEnXmFol2yR8CzxJmQIpqg6hW+3E5EE2nSVBCtW44dQzslCjgVLMu7iWYxoX3SZS1DQyKZbqejozK8b5QODiJlXgh4pP5OpERqPZC+mZQEenraG4r/ea0EgtN2ysM4ARbS8aIgERgiPGwId7hiFMTAEEIVN3/FtEdMM2B6zJsSnOmTZ0n9qOQcl8rX5WLlfFJHDu2iPXSAHHSCKugSVVENUfSIntErerOerBfr3foYj85Zk8wO+gPr8wcezp+E</latexit>

MX

m=1

S

sm
gradients

<latexit sha1_base64="TMbFu5F5Div6cd01q9uCt5bBc8Q=">AAACAXicbVDLSgNBEJz1GeNr1YvgZTAR4iXsBlGPQS9exCjmAckSZiezyZDZBzO9QljixV/x4kERr/6FN//G2WQPmljQUFR1093lRoIrsKxvY2FxaXllNbeWX9/Y3No2d3YbKowlZXUailC2XKKY4AGrAwfBWpFkxHcFa7rDy9RvPjCpeBjcwyhijk/6Afc4JaClrrl/R4BhrnCx4xMYUCKSm3Hp+rjYNQtW2ZoAzxM7IwWUodY1vzq9kMY+C4AKolTbtiJwEiKBU8HG+U6sWETokPRZW9OA+Ew5yeSDMT7SSg97odQVAJ6ovycS4is18l3dmZ6pZr1U/M9rx+CdOwkPohhYQKeLvFhgCHEaB+5xySiIkSaESq5vxXRAJKGgQ8vrEOzZl+dJo1K2T8snt5VC9SKLI4cO0CEqIRudoSq6QjVURxQ9omf0it6MJ+PFeDc+pq0LRjazh/7A+PwBj16VrQ==</latexit>

Rate is O(M)
<latexit sha1_base64="TMbFu5F5Div6cd01q9uCt5bBc8Q=">AAACAXicbVDLSgNBEJz1GeNr1YvgZTAR4iXsBlGPQS9exCjmAckSZiezyZDZBzO9QljixV/x4kERr/6FN//G2WQPmljQUFR1093lRoIrsKxvY2FxaXllNbeWX9/Y3No2d3YbKowlZXUailC2XKKY4AGrAwfBWpFkxHcFa7rDy9RvPjCpeBjcwyhijk/6Afc4JaClrrl/R4BhrnCx4xMYUCKSm3Hp+rjYNQtW2ZoAzxM7IwWUodY1vzq9kMY+C4AKolTbtiJwEiKBU8HG+U6sWETokPRZW9OA+Ew5yeSDMT7SSg97odQVAJ6ovycS4is18l3dmZ6pZr1U/M9rx+CdOwkPohhYQKeLvFhgCHEaB+5xySiIkSaESq5vxXRAJKGgQ8vrEOzZl+dJo1K2T8snt5VC9SKLI4cO0CEqIRudoSq6QjVURxQ9omf0it6MJ+PFeDc+pq0LRjazh/7A+PwBj16VrQ==</latexit>

Rate is O(M)

<latexit sha1_base64="YIe+9r2a0ZDruhNZPC0M7wOORJk=">AAACCHicbVC7TsMwFHV4lvIKMDJg0SIxVUmFgLGChQWpCPqQmihyHKe1aieR7SCqKCMLv8LCAEKsfAIbf4PbZoCWI1k6OuceXd/jJ4xKZVnfxsLi0vLKammtvL6xubVt7uy2ZZwKTFo4ZrHo+kgSRiPSUlQx0k0EQdxnpOMPL8d+554ISePoTo0S4nLUj2hIMVJa8syDqhMKhLPb6zyTXuZw9JDnVdgXKKAkUtIzK1bNmgDOE7sgFVCg6ZlfThDjlOswZkjKnm0lys2QUBQzkpedVJIE4SHqk56mEeJEutnkkBweaSWAYSz0ixScqL8TGeJSjrivJzlSAznrjcX/vF6qwnM3o1GSKhLh6aIwZVDFcNwKDKggWLGRJggLqv8K8QDpYpTurqxLsGdPniftes0+rZ3c1CuNi6KOEtgHh+AY2OAMNMAVaIIWwOARPINX8GY8GS/Gu/ExHV0wiswe+APj8wcR9poF</latexit>

SM
smax

gradients

<latexit sha1_base64="WPTD4fje/KftcZhc0ROh3Vhh+MI="></latexit>

Improvement: 1
M

PM
m=1

smax
sm



Contradiction with lower bounds

<latexit sha1_base64="t6p6hNaxa4BfyFhs9aq1DLaoevc="></latexit>

Theorem. Let f be L-smooth and convex, then any
Asynchronous Gradient with constant delay ⌧ converges not better than

E[f(xK)� f⇤] = ⌦

✓
⌧2

K2

◆



Contradiction with lower bounds

<latexit sha1_base64="W7MN0C8Rvw3AFGmH+VaYPU9PFQM="></latexit>

If ⌧ = K, then M
K ⌧ 1 = ⌧2

K2

<latexit sha1_base64="t6p6hNaxa4BfyFhs9aq1DLaoevc="></latexit>

Theorem. Let f be L-smooth and convex, then any
Asynchronous Gradient with constant delay ⌧ converges not better than

E[f(xK)� f⇤] = ⌦

✓
⌧2

K2

◆

<latexit sha1_base64="Hm37yrB2wqwBbARn19G6WGhC6qg=">AAACGHicbVDLSgNBEJz1bXxFPXoZjEK8xF0RFU9BL4JIIpgYyIYwO+lNhsw+mOkVwrKf4cVf8eJBEa+5+TdOYg4aLWgoqrrp7vJiKTTa9qc1Mzs3v7C4tJxbWV1b38hvbtV1lCgONR7JSDU8pkGKEGooUEIjVsACT8K9178c+fcPoLSIwjscxNAKWDcUvuAMjdTOH1YSRRVDOKd7bsCwx5lMK5krwcei6yvG05ssvc5cJbo9PNhr5wt2yR6D/iXOhBTIBNV2fuh2Ip4EECKXTOumY8fYSplCwSVkOTfREDPeZ11oGhqyAHQrHT+W0X2jdKgfKVMh0rH6cyJlgdaDwDOdo9v1tDcS//OaCfpnrVSEcYIQ8u9FfiIpRnSUEu0IBRzlwBDGlTC3Ut5jJg00WeZMCM70y39J/ajknJSOb48K5YtJHEtkh+ySInHIKSmTK1IlNcLJI3kmr+TNerJerHfr47t1xprMbJNfsIZfWECf+w==</latexit>

Our rate: O
�
M
K

�



Contradiction with lower bounds

Contradiction! (and their derivation is correct!)

<latexit sha1_base64="W7MN0C8Rvw3AFGmH+VaYPU9PFQM="></latexit>

If ⌧ = K, then M
K ⌧ 1 = ⌧2

K2

<latexit sha1_base64="t6p6hNaxa4BfyFhs9aq1DLaoevc="></latexit>

Theorem. Let f be L-smooth and convex, then any
Asynchronous Gradient with constant delay ⌧ converges not better than

E[f(xK)� f⇤] = ⌦

✓
⌧2

K2

◆

<latexit sha1_base64="Hm37yrB2wqwBbARn19G6WGhC6qg=">AAACGHicbVDLSgNBEJz1bXxFPXoZjEK8xF0RFU9BL4JIIpgYyIYwO+lNhsw+mOkVwrKf4cVf8eJBEa+5+TdOYg4aLWgoqrrp7vJiKTTa9qc1Mzs3v7C4tJxbWV1b38hvbtV1lCgONR7JSDU8pkGKEGooUEIjVsACT8K9178c+fcPoLSIwjscxNAKWDcUvuAMjdTOH1YSRRVDOKd7bsCwx5lMK5krwcei6yvG05ssvc5cJbo9PNhr5wt2yR6D/iXOhBTIBNV2fuh2Ip4EECKXTOumY8fYSplCwSVkOTfREDPeZ11oGhqyAHQrHT+W0X2jdKgfKVMh0rH6cyJlgdaDwDOdo9v1tDcS//OaCfpnrVSEcYIQ8u9FfiIpRnSUEu0IBRzlwBDGlTC3Ut5jJg00WeZMCM70y39J/ajknJSOb48K5YtJHEtkh+ySInHIKSmTK1IlNcLJI3kmr+TNerJerHfr47t1xprMbJNfsIZfWECf+w==</latexit>

Our rate: O
�
M
K

�



Contradiction with lower bounds

<latexit sha1_base64="N7cMXhRH1Qdi6gkOdSAyG6A8K90=">AAACDnicbVA9SwNBEN3zM8avqKXNYgxYSLgLojZCiI2NEMHEQBLC3mZiFvf2jt1ZMYT8Ahv/io2FIrbWdv4bNx+FJj4YeLw3w8y8MJHCoO9/e3PzC4tLy6mV9Ora+sZmZmu7amKrOVR4LGNdC5kBKRRUUKCEWqKBRaGEm/DufOjf3IM2IlbX2EugGbFbJTqCM3RSK5MrWaRCUeyC0JTHViFoeGBRIuGQ7jeQ2bPL/VYm6+f9EegsCSYkSyYotzJfjXbMbQQKuWTG1AM/wWafaRRcwiDdsAYSxu/YLdQdVSwC0+yP3hnQnFPatBNrVwrpSP090WeRMb0odJ0Rw66Z9obif17dYue02RcqsQiKjxd1rKQY02E2tC00cJQ9RxjXwt1KeZdpxl0mJu1CCKZfniXVQj44zh9dFbLF0iSOFNkle+SABOSEFMkFKZMK4eSRPJNX8uY9eS/eu/cxbp3zJjM75A+8zx/Rw5tS</latexit>

But in their counterexample, ⌧ = M

<latexit sha1_base64="W7MN0C8Rvw3AFGmH+VaYPU9PFQM="></latexit>

If ⌧ = K, then M
K ⌧ 1 = ⌧2

K2

<latexit sha1_base64="t6p6hNaxa4BfyFhs9aq1DLaoevc="></latexit>

Theorem. Let f be L-smooth and convex, then any
Asynchronous Gradient with constant delay ⌧ converges not better than

E[f(xK)� f⇤] = ⌦

✓
⌧2

K2

◆

<latexit sha1_base64="Hm37yrB2wqwBbARn19G6WGhC6qg=">AAACGHicbVDLSgNBEJz1bXxFPXoZjEK8xF0RFU9BL4JIIpgYyIYwO+lNhsw+mOkVwrKf4cVf8eJBEa+5+TdOYg4aLWgoqrrp7vJiKTTa9qc1Mzs3v7C4tJxbWV1b38hvbtV1lCgONR7JSDU8pkGKEGooUEIjVsACT8K9178c+fcPoLSIwjscxNAKWDcUvuAMjdTOH1YSRRVDOKd7bsCwx5lMK5krwcei6yvG05ssvc5cJbo9PNhr5wt2yR6D/iXOhBTIBNV2fuh2Ip4EECKXTOumY8fYSplCwSVkOTfREDPeZ11oGhqyAHQrHT+W0X2jdKgfKVMh0rH6cyJlgdaDwDOdo9v1tDcS//OaCfpnrVSEcYIQ8u9FfiIpRnSUEu0IBRzlwBDGlTC3Ut5jJg00WeZMCM70y39J/ajknJSOb48K5YtJHEtkh+ySInHIKSmTK1IlNcLJI3kmr+TNerJerHfr47t1xprMbJNfsIZfWECf+w==</latexit>

Our rate: O
�
M
K

�



Main ideas

Virtual iterates:
<latexit sha1_base64="kLCw2bc+xBftYTcHDaUKnzeEAug=">AAACJHicbVDLSgMxFM34tr6qLt0Ei6CIZUaKCiKIblwqWBU6ZbiTZtowSWZIMtIy9GPc+CtuXPjAhRu/xXScha8DgXPPuZebe8KUM21c990ZG5+YnJqema3MzS8sLlWXV650kilCmyThiboJQVPOJG0aZji9SRUFEXJ6HcanI//6lirNEnlpBiltC+hKFjECxkpB9dDvgcH9II+3vSE+wmUZ452C+l0QAmzpSwg54GjTeofY77Mg3gqqNbfuFsB/iVeSGipxHlRf/E5CMkGlIRy0bnluato5KMMIp8OKn2maAomhS1uWShBUt/PiyCHesEoHR4myTxpcqN8nchBaD0RoOwWYnv7tjcT/vFZmooN2zmSaGSrJ16Io49gkeJQY7jBFieEDS4AoZv+KSQ8UEGNzrdgQvN8n/yVXu3Vvr964aNSOT8o4ZtAaWkebyEP76BidoXPURATdoQf0hJ6de+fReXXevlrHnHJmFf2A8/EJi26i7Q==</latexit>

x̂k+1 = x̂k � �̂krf(xk; ⇠k)

Define without delay



Main ideas

Virtual iterates:
<latexit sha1_base64="kLCw2bc+xBftYTcHDaUKnzeEAug=">AAACJHicbVDLSgMxFM34tr6qLt0Ei6CIZUaKCiKIblwqWBU6ZbiTZtowSWZIMtIy9GPc+CtuXPjAhRu/xXScha8DgXPPuZebe8KUM21c990ZG5+YnJqema3MzS8sLlWXV650kilCmyThiboJQVPOJG0aZji9SRUFEXJ6HcanI//6lirNEnlpBiltC+hKFjECxkpB9dDvgcH9II+3vSE+wmUZ452C+l0QAmzpSwg54GjTeofY77Mg3gqqNbfuFsB/iVeSGipxHlRf/E5CMkGlIRy0bnluato5KMMIp8OKn2maAomhS1uWShBUt/PiyCHesEoHR4myTxpcqN8nchBaD0RoOwWYnv7tjcT/vFZmooN2zmSaGSrJ16Io49gkeJQY7jBFieEDS4AoZv+KSQ8UEGNzrdgQvN8n/yVXu3Vvr964aNSOT8o4ZtAaWkebyEP76BidoXPURATdoQf0hJ6de+fReXXevlrHnHJmFf2A8/EJi26i7Q==</latexit>

x̂k+1 = x̂k � �̂krf(xk; ⇠k)

Future stepsize associated  
with future gradient



Main ideas

Virtual iterates:

Amazingly powerful idea 
(Mania et al., 2017)

<latexit sha1_base64="kLCw2bc+xBftYTcHDaUKnzeEAug=">AAACJHicbVDLSgMxFM34tr6qLt0Ei6CIZUaKCiKIblwqWBU6ZbiTZtowSWZIMtIy9GPc+CtuXPjAhRu/xXScha8DgXPPuZebe8KUM21c990ZG5+YnJqema3MzS8sLlWXV650kilCmyThiboJQVPOJG0aZji9SRUFEXJ6HcanI//6lirNEnlpBiltC+hKFjECxkpB9dDvgcH9II+3vSE+wmUZ452C+l0QAmzpSwg54GjTeofY77Mg3gqqNbfuFsB/iVeSGipxHlRf/E5CMkGlIRy0bnluato5KMMIp8OKn2maAomhS1uWShBUt/PiyCHesEoHR4myTxpcqN8nchBaD0RoOwWYnv7tjcT/vFZmooN2zmSaGSrJ16Io49gkeJQY7jBFieEDS4AoZv+KSQ8UEGNzrdgQvN8n/yVXu3Vvr964aNSOT8o4ZtAaWkebyEP76BidoXPURATdoQf0hJ6de+fReXXevlrHnHJmFf2A8/EJi26i7Q==</latexit>

x̂k+1 = x̂k � �̂krf(xk; ⇠k)



Main ideas

Virtual iterates:

Parameter server

<latexit sha1_base64="kLCw2bc+xBftYTcHDaUKnzeEAug=">AAACJHicbVDLSgMxFM34tr6qLt0Ei6CIZUaKCiKIblwqWBU6ZbiTZtowSWZIMtIy9GPc+CtuXPjAhRu/xXScha8DgXPPuZebe8KUM21c990ZG5+YnJqema3MzS8sLlWXV650kilCmyThiboJQVPOJG0aZji9SRUFEXJ6HcanI//6lirNEnlpBiltC+hKFjECxkpB9dDvgcH9II+3vSE+wmUZ452C+l0QAmzpSwg54GjTeofY77Mg3gqqNbfuFsB/iVeSGipxHlRf/E5CMkGlIRy0bnluato5KMMIp8OKn2maAomhS1uWShBUt/PiyCHesEoHR4myTxpcqN8nchBaD0RoOwWYnv7tjcT/vFZmooN2zmSaGSrJ16Io49gkeJQY7jBFieEDS4AoZv+KSQ8UEGNzrdgQvN8n/yVXu3Vvr964aNSOT8o4ZtAaWkebyEP76BidoXPURATdoQf0hJ6de+fReXXevlrHnHJmFf2A8/EJi26i7Q==</latexit>

x̂k+1 = x̂k � �̂krf(xk; ⇠k)
<latexit sha1_base64="YFXJLx8wEnZXDVGNBWI1i9YVC/M="></latexit>

xk = xk�1 � �krf(xk�⌧(k); ⇠k�⌧(k))

<latexit sha1_base64="0mX0Y4ta7YVkMsHu5HV3ou0ZlYo=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4sSRS1GPRi8cK9gPaUDbbSbt0swm7G7GE/ggvHhTx6u/x5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hoduq3HlFpHssHM07Qj+hA8pAzaqzUeuplo3Nv0iuV3Yo7A1kmXk7KkKPeK311+zFLI5SGCap1x3MT42dUGc4ETordVGNC2YgOsGOppBFqP5udOyGnVumTMFa2pCEz9fdERiOtx1FgOyNqhnrRm4r/eZ3UhNd+xmWSGpRsvihMBTExmf5O+lwhM2JsCWWK21sJG1JFmbEJFW0I3uLLy6R5UfEuK9X7arl2k8dRgGM4gTPw4ApqcAd1aACDETzDK7w5ifPivDsf89YVJ585gj9wPn8AB8uPYQ==</latexit>xk�1
<latexit sha1_base64="Gt6bVBqXoHqBgHST1ItzVG3bG5I=">AAACEXicbVC7SgNBFJ31GeNr1dJmMAhJYdiVoIJN0MYygnlANoS7k9lkyOzsMjMrCUt+wcZfsbFQxNbOzr9x8ihi4oELh3Pu5d57/JgzpR3nx1pZXVvf2MxsZbd3dvf27YPDmooSSWiVRDySDR8U5UzQqmaa00YsKYQ+p3W/fzv2649UKhaJBz2MaSuErmABI6CN1LbzngCfAw7yg3baP/M0JPl+YXSNvQGbFwptO+cUnQnwMnFnJIdmqLTtb68TkSSkQhMOSjVdJ9atFKRmhNNR1ksUjYH0oUubhgoIqWqlk49G+NQoHRxE0pTQeKLOT6QQKjUMfdMZgu6pRW8s/uc1Ex1ctVIm4kRTQaaLgoRjHeFxPLjDJCWaDw0BIpm5FZMeSCDahJg1IbiLLy+T2nnRvSiW7ku58s0sjgw6Ricoj1x0icroDlVQFRH0hF7QG3q3nq1X68P6nLauWLOZI/QH1tcvc/ecJw==</latexit>

rf(xk�⌧(k); ⇠k�⌧(k))



Main ideas

Virtual iterates:

Parameter server

<latexit sha1_base64="kLCw2bc+xBftYTcHDaUKnzeEAug=">AAACJHicbVDLSgMxFM34tr6qLt0Ei6CIZUaKCiKIblwqWBU6ZbiTZtowSWZIMtIy9GPc+CtuXPjAhRu/xXScha8DgXPPuZebe8KUM21c990ZG5+YnJqema3MzS8sLlWXV650kilCmyThiboJQVPOJG0aZji9SRUFEXJ6HcanI//6lirNEnlpBiltC+hKFjECxkpB9dDvgcH9II+3vSE+wmUZ452C+l0QAmzpSwg54GjTeofY77Mg3gqqNbfuFsB/iVeSGipxHlRf/E5CMkGlIRy0bnluato5KMMIp8OKn2maAomhS1uWShBUt/PiyCHesEoHR4myTxpcqN8nchBaD0RoOwWYnv7tjcT/vFZmooN2zmSaGSrJ16Io49gkeJQY7jBFieEDS4AoZv+KSQ8UEGNzrdgQvN8n/yVXu3Vvr964aNSOT8o4ZtAaWkebyEP76BidoXPURATdoQf0hJ6de+fReXXevlrHnHJmFf2A8/EJi26i7Q==</latexit>

x̂k+1 = x̂k � �̂krf(xk; ⇠k)

<latexit sha1_base64="0mX0Y4ta7YVkMsHu5HV3ou0ZlYo=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4sSRS1GPRi8cK9gPaUDbbSbt0swm7G7GE/ggvHhTx6u/x5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hoduq3HlFpHssHM07Qj+hA8pAzaqzUeuplo3Nv0iuV3Yo7A1kmXk7KkKPeK311+zFLI5SGCap1x3MT42dUGc4ETordVGNC2YgOsGOppBFqP5udOyGnVumTMFa2pCEz9fdERiOtx1FgOyNqhnrRm4r/eZ3UhNd+xmWSGpRsvihMBTExmf5O+lwhM2JsCWWK21sJG1JFmbEJFW0I3uLLy6R5UfEuK9X7arl2k8dRgGM4gTPw4ApqcAd1aACDETzDK7w5ifPivDsf89YVJ585gj9wPn8AB8uPYQ==</latexit>xk�1

<latexit sha1_base64="YFXJLx8wEnZXDVGNBWI1i9YVC/M="></latexit>

xk = xk�1 � �krf(xk�⌧(k); ⇠k�⌧(k))

<latexit sha1_base64="Gt6bVBqXoHqBgHST1ItzVG3bG5I=">AAACEXicbVC7SgNBFJ31GeNr1dJmMAhJYdiVoIJN0MYygnlANoS7k9lkyOzsMjMrCUt+wcZfsbFQxNbOzr9x8ihi4oELh3Pu5d57/JgzpR3nx1pZXVvf2MxsZbd3dvf27YPDmooSSWiVRDySDR8U5UzQqmaa00YsKYQ+p3W/fzv2649UKhaJBz2MaSuErmABI6CN1LbzngCfAw7yg3baP/M0JPl+YXSNvQGbFwptO+cUnQnwMnFnJIdmqLTtb68TkSSkQhMOSjVdJ9atFKRmhNNR1ksUjYH0oUubhgoIqWqlk49G+NQoHRxE0pTQeKLOT6QQKjUMfdMZgu6pRW8s/uc1Ex1ctVIm4kRTQaaLgoRjHeFxPLjDJCWaDw0BIpm5FZMeSCDahJg1IbiLLy+T2nnRvSiW7ku58s0sjgw6Ricoj1x0icroDlVQFRH0hF7QG3q3nq1X68P6nLauWLOZI/QH1tcvc/ecJw==</latexit>

rf(xk�⌧(k); ⇠k�⌧(k))

<latexit sha1_base64="XKuV8m0oLmDz57C0J93CRAyWJAw=">AAACB3icbVDLSsNAFJ34rPUVdSnIYCvUTUmKqOimKIjLCvYBTQiT6aQdMpmEmYm0lO7c+CtuXCji1l9w5984bbPQ1gMXDufcy733+AmjUlnWt7GwuLS8sppby69vbG5tmzu7DRmnApM6jlksWj6ShFFO6ooqRlqJICjyGWn64fXYbz4QIWnM79UgIW6EupwGFCOlJc88uElVKsgFLDoc+QzBoNT3wkvo9KkXHhc9s2CVrQngPLEzUgAZap755XRinEaEK8yQlG3bSpQ7REJRzMgo76SSJAiHqEvamnIUEekOJ3+M4JFWOjCIhS6u4ET9PTFEkZSDyNedEVI9OeuNxf+8dqqCc3dIeZIqwvF0UZAyqGI4DgV2qCBYsYEmCAuqb4W4hwTCSkeX1yHYsy/Pk0albJ+WT+4qhepVFkcO7INDUAI2OANVcAtqoA4weATP4BW8GU/Gi/FufExbF4xsZg/8gfH5A4cBl9A=</latexit>

Future: rf(xk; ⇠k)



Main ideas

Virtual iterates:
<latexit sha1_base64="kLCw2bc+xBftYTcHDaUKnzeEAug=">AAACJHicbVDLSgMxFM34tr6qLt0Ei6CIZUaKCiKIblwqWBU6ZbiTZtowSWZIMtIy9GPc+CtuXPjAhRu/xXScha8DgXPPuZebe8KUM21c990ZG5+YnJqema3MzS8sLlWXV650kilCmyThiboJQVPOJG0aZji9SRUFEXJ6HcanI//6lirNEnlpBiltC+hKFjECxkpB9dDvgcH9II+3vSE+wmUZ452C+l0QAmzpSwg54GjTeofY77Mg3gqqNbfuFsB/iVeSGipxHlRf/E5CMkGlIRy0bnluato5KMMIp8OKn2maAomhS1uWShBUt/PiyCHesEoHR4myTxpcqN8nchBaD0RoOwWYnv7tjcT/vFZmooN2zmSaGSrJ16Io49gkeJQY7jBFieEDS4AoZv+KSQ8UEGNzrdgQvN8n/yVXu3Vvr964aNSOT8o4ZtAaWkebyEP76BidoXPURATdoQf0hJ6de+fReXXevlrHnHJmFf2A8/EJi26i7Q==</latexit>

x̂k+1 = x̂k � �̂krf(xk; ⇠k)
<latexit sha1_base64="YFXJLx8wEnZXDVGNBWI1i9YVC/M="></latexit>

xk = xk�1 � �krf(xk�⌧(k); ⇠k�⌧(k))
<latexit sha1_base64="B2wPXxCJTU1qgpFKgzhdlRRHNHc=">AAACGnicbVDLSgNBEJz1bXxFPXoZDIIXw66IehS9eIxgopANoXfSSYbM7C4zvWJY8h1e/BUvHhTxJl78G2djDr4KBoqqLnq6olRJS77/4U1Nz8zOzS8slpaWV1bXyusbDZtkRmBdJCox1xFYVDLGOklSeJ0aBB0pvIoGZ4V/dYPGyiS+pGGKLQ29WHalAHJSuxzctgd8j4d9IF7Q0ErNQ8JbykEpnppES4sd3jPQkRiTHbXLFb/qj8H/kmBCKmyCWrv8FnYSkWmXFgqsbQZ+Sq0cDEmhcFQKM4spiAH0sOloDBptKx+fNuI7WbG9mxj3YuJj9XsiB23tUEduUgP17W+vEP/zmhl1j1u5jNOMMBZfi7qZ4pTwoifekQYFqaEjIIx0f+WiDwYEuTZLroTg98l/SWO/GhxWDy4OKienkzoW2BbbZrssYEfshJ2zGqszwe7YA3tiz9699+i9eK9fo1PeJLPJfsB7/wT0zqDj</latexit>

xk � x̂k ⇠ all promised gradients



Main ideas

Virtual iterates:
<latexit sha1_base64="kLCw2bc+xBftYTcHDaUKnzeEAug=">AAACJHicbVDLSgMxFM34tr6qLt0Ei6CIZUaKCiKIblwqWBU6ZbiTZtowSWZIMtIy9GPc+CtuXPjAhRu/xXScha8DgXPPuZebe8KUM21c990ZG5+YnJqema3MzS8sLlWXV650kilCmyThiboJQVPOJG0aZji9SRUFEXJ6HcanI//6lirNEnlpBiltC+hKFjECxkpB9dDvgcH9II+3vSE+wmUZ452C+l0QAmzpSwg54GjTeofY77Mg3gqqNbfuFsB/iVeSGipxHlRf/E5CMkGlIRy0bnluato5KMMIp8OKn2maAomhS1uWShBUt/PiyCHesEoHR4myTxpcqN8nchBaD0RoOwWYnv7tjcT/vFZmooN2zmSaGSrJ16Io49gkeJQY7jBFieEDS4AoZv+KSQ8UEGNzrdgQvN8n/yVXu3Vvr964aNSOT8o4ZtAaWkebyEP76BidoXPURATdoQf0hJ6de+fReXXevlrHnHJmFf2A8/EJi26i7Q==</latexit>

x̂k+1 = x̂k � �̂krf(xk; ⇠k)
<latexit sha1_base64="YFXJLx8wEnZXDVGNBWI1i9YVC/M="></latexit>

xk = xk�1 � �krf(xk�⌧(k); ⇠k�⌧(k))
<latexit sha1_base64="1i6mxhljsWfOjgjoI2E3YVDA9AY="></latexit>

xk � x̂k =
MX

m=1

�next(k,m)rf(xprev(k,m); ⇠prev(k,m))



Main ideas

Virtual iterates:

Gradients that are 
being computed

<latexit sha1_base64="kLCw2bc+xBftYTcHDaUKnzeEAug=">AAACJHicbVDLSgMxFM34tr6qLt0Ei6CIZUaKCiKIblwqWBU6ZbiTZtowSWZIMtIy9GPc+CtuXPjAhRu/xXScha8DgXPPuZebe8KUM21c990ZG5+YnJqema3MzS8sLlWXV650kilCmyThiboJQVPOJG0aZji9SRUFEXJ6HcanI//6lirNEnlpBiltC+hKFjECxkpB9dDvgcH9II+3vSE+wmUZ452C+l0QAmzpSwg54GjTeofY77Mg3gqqNbfuFsB/iVeSGipxHlRf/E5CMkGlIRy0bnluato5KMMIp8OKn2maAomhS1uWShBUt/PiyCHesEoHR4myTxpcqN8nchBaD0RoOwWYnv7tjcT/vFZmooN2zmSaGSrJ16Io49gkeJQY7jBFieEDS4AoZv+KSQ8UEGNzrdgQvN8n/yVXu3Vvr964aNSOT8o4ZtAaWkebyEP76BidoXPURATdoQf0hJ6de+fReXXevlrHnHJmFf2A8/EJi26i7Q==</latexit>

x̂k+1 = x̂k � �̂krf(xk; ⇠k)
<latexit sha1_base64="YFXJLx8wEnZXDVGNBWI1i9YVC/M="></latexit>

xk = xk�1 � �krf(xk�⌧(k); ⇠k�⌧(k))
<latexit sha1_base64="1i6mxhljsWfOjgjoI2E3YVDA9AY="></latexit>

xk � x̂k =
MX

m=1

�next(k,m)rf(xprev(k,m); ⇠prev(k,m))



Main ideas

Virtual iterates:
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x̂k+1 = x̂k � �̂krf(xk; ⇠k)



Main ideas

Virtual iterates:

Difficulty:

<latexit sha1_base64="kLCw2bc+xBftYTcHDaUKnzeEAug=">AAACJHicbVDLSgMxFM34tr6qLt0Ei6CIZUaKCiKIblwqWBU6ZbiTZtowSWZIMtIy9GPc+CtuXPjAhRu/xXScha8DgXPPuZebe8KUM21c990ZG5+YnJqema3MzS8sLlWXV650kilCmyThiboJQVPOJG0aZji9SRUFEXJ6HcanI//6lirNEnlpBiltC+hKFjECxkpB9dDvgcH9II+3vSE+wmUZ452C+l0QAmzpSwg54GjTeofY77Mg3gqqNbfuFsB/iVeSGipxHlRf/E5CMkGlIRy0bnluato5KMMIp8OKn2maAomhS1uWShBUt/PiyCHesEoHR4myTxpcqN8nchBaD0RoOwWYnv7tjcT/vFZmooN2zmSaGSrJ16Io49gkeJQY7jBFieEDS4AoZv+KSQ8UEGNzrdgQvN8n/yVXu3Vvr964aNSOT8o4ZtAaWkebyEP76BidoXPURATdoQf0hJ6de+fReXXevlrHnHJmFf2A8/EJi26i7Q==</latexit>

x̂k+1 = x̂k � �̂krf(xk; ⇠k)
<latexit sha1_base64="PyCWV+4Mng4EYqp5cMPohqvq/Jo="></latexit>

E[rf(xk; ⇠k)] = rf(xk) 6= rf(x̂k)



Main ideas

Virtual iterates:

Difficulty:

Resolution:

<latexit sha1_base64="kLCw2bc+xBftYTcHDaUKnzeEAug=">AAACJHicbVDLSgMxFM34tr6qLt0Ei6CIZUaKCiKIblwqWBU6ZbiTZtowSWZIMtIy9GPc+CtuXPjAhRu/xXScha8DgXPPuZebe8KUM21c990ZG5+YnJqema3MzS8sLlWXV650kilCmyThiboJQVPOJG0aZji9SRUFEXJ6HcanI//6lirNEnlpBiltC+hKFjECxkpB9dDvgcH9II+3vSE+wmUZ452C+l0QAmzpSwg54GjTeofY77Mg3gqqNbfuFsB/iVeSGipxHlRf/E5CMkGlIRy0bnluato5KMMIp8OKn2maAomhS1uWShBUt/PiyCHesEoHR4myTxpcqN8nchBaD0RoOwWYnv7tjcT/vFZmooN2zmSaGSrJ16Io49gkeJQY7jBFieEDS4AoZv+KSQ8UEGNzrdgQvN8n/yVXu3Vvr964aNSOT8o4ZtAaWkebyEP76BidoXPURATdoQf0hJ6de+fReXXevlrHnHJmFf2A8/EJi26i7Q==</latexit>

x̂k+1 = x̂k � �̂krf(xk; ⇠k)
<latexit sha1_base64="PyCWV+4Mng4EYqp5cMPohqvq/Jo="></latexit>

E[rf(xk; ⇠k)] = rf(xk) 6= rf(x̂k)
<latexit sha1_base64="r3BBV0r1SXprpA7N6Ug0PPFoz6Y="></latexit>

E[kx̂k � xkk2]  M2(G2 + �2)



Main ideas

Virtual iterates:

Difficulty:

Resolution:

Upper bound on gradient
<latexit sha1_base64="RVys+LWk7ighiw1myq2oQhQGUbA=">AAAB/XicbVDLSgMxFM34rPU1PnZugkWomzIjRV0WXeiygn1AZyiZ9E4bmskMSUastfgrblwo4tb/cOffmLaz0NYDF07OuZfce4KEM6Ud59taWFxaXlnNreXXNza3tu2d3bqKU0mhRmMey2ZAFHAmoKaZ5tBMJJAo4NAI+pdjv3EHUrFY3OpBAn5EuoKFjBJtpLa97z16ggSc4LB4f2weHPBV2y44JWcCPE/cjBRQhmrb/vI6MU0jEJpyolTLdRLtD4nUjHIY5b1UQUJon3ShZaggESh/ONl+hI+M0sFhLE0JjSfq74khiZQaRIHpjIjuqVlvLP7ntVIdnvtDJpJUg6DTj8KUYx3jcRS4wyRQzQeGECqZ2RXTHpGEahNY3oTgzp48T+onJfe0VL4pFyoXWRw5dIAOURG56AxV0DWqohqi6AE9o1f0Zj1ZL9a79TFtXbCymT30B9bnDy9PlGk=</latexit>

krf(x)k  G

<latexit sha1_base64="kLCw2bc+xBftYTcHDaUKnzeEAug=">AAACJHicbVDLSgMxFM34tr6qLt0Ei6CIZUaKCiKIblwqWBU6ZbiTZtowSWZIMtIy9GPc+CtuXPjAhRu/xXScha8DgXPPuZebe8KUM21c990ZG5+YnJqema3MzS8sLlWXV650kilCmyThiboJQVPOJG0aZji9SRUFEXJ6HcanI//6lirNEnlpBiltC+hKFjECxkpB9dDvgcH9II+3vSE+wmUZ452C+l0QAmzpSwg54GjTeofY77Mg3gqqNbfuFsB/iVeSGipxHlRf/E5CMkGlIRy0bnluato5KMMIp8OKn2maAomhS1uWShBUt/PiyCHesEoHR4myTxpcqN8nchBaD0RoOwWYnv7tjcT/vFZmooN2zmSaGSrJ16Io49gkeJQY7jBFieEDS4AoZv+KSQ8UEGNzrdgQvN8n/yVXu3Vvr964aNSOT8o4ZtAaWkebyEP76BidoXPURATdoQf0hJ6de+fReXXevlrHnHJmFf2A8/EJi26i7Q==</latexit>

x̂k+1 = x̂k � �̂krf(xk; ⇠k)
<latexit sha1_base64="PyCWV+4Mng4EYqp5cMPohqvq/Jo="></latexit>

E[rf(xk; ⇠k)] = rf(xk) 6= rf(x̂k)
<latexit sha1_base64="r3BBV0r1SXprpA7N6Ug0PPFoz6Y="></latexit>

E[kx̂k � xkk2]  M2(G2 + �2)



Main ideas

Virtual iterates:

Difficulty:

If gradient  
not bounded:

<latexit sha1_base64="kLCw2bc+xBftYTcHDaUKnzeEAug=">AAACJHicbVDLSgMxFM34tr6qLt0Ei6CIZUaKCiKIblwqWBU6ZbiTZtowSWZIMtIy9GPc+CtuXPjAhRu/xXScha8DgXPPuZebe8KUM21c990ZG5+YnJqema3MzS8sLlWXV650kilCmyThiboJQVPOJG0aZji9SRUFEXJ6HcanI//6lirNEnlpBiltC+hKFjECxkpB9dDvgcH9II+3vSE+wmUZ452C+l0QAmzpSwg54GjTeofY77Mg3gqqNbfuFsB/iVeSGipxHlRf/E5CMkGlIRy0bnluato5KMMIp8OKn2maAomhS1uWShBUt/PiyCHesEoHR4myTxpcqN8nchBaD0RoOwWYnv7tjcT/vFZmooN2zmSaGSrJ16Io49gkeJQY7jBFieEDS4AoZv+KSQ8UEGNzrdgQvN8n/yVXu3Vvr964aNSOT8o4ZtAaWkebyEP76BidoXPURATdoQf0hJ6de+fReXXevlrHnHJmFf2A8/EJi26i7Q==</latexit>

x̂k+1 = x̂k � �̂krf(xk; ⇠k)
<latexit sha1_base64="PyCWV+4Mng4EYqp5cMPohqvq/Jo="></latexit>

E[rf(xk; ⇠k)] = rf(xk) 6= rf(x̂k)

<latexit sha1_base64="DLVRnfhqw9s+8QtqiNqNDj5X5fc="></latexit>

E[kx̂k � xkk2]  2
MX

m=1

�2
next(k,m)(�

2 + krf(xprev(k,m); ⇠prev(k,m))k2)



Main ideas

Virtual iterates:

Difficulty:

If gradient  
not bounded:

<latexit sha1_base64="kLCw2bc+xBftYTcHDaUKnzeEAug=">AAACJHicbVDLSgMxFM34tr6qLt0Ei6CIZUaKCiKIblwqWBU6ZbiTZtowSWZIMtIy9GPc+CtuXPjAhRu/xXScha8DgXPPuZebe8KUM21c990ZG5+YnJqema3MzS8sLlWXV650kilCmyThiboJQVPOJG0aZji9SRUFEXJ6HcanI//6lirNEnlpBiltC+hKFjECxkpB9dDvgcH9II+3vSE+wmUZ452C+l0QAmzpSwg54GjTeofY77Mg3gqqNbfuFsB/iVeSGipxHlRf/E5CMkGlIRy0bnluato5KMMIp8OKn2maAomhS1uWShBUt/PiyCHesEoHR4myTxpcqN8nchBaD0RoOwWYnv7tjcT/vFZmooN2zmSaGSrJ16Io49gkeJQY7jBFieEDS4AoZv+KSQ8UEGNzrdgQvN8n/yVXu3Vvr964aNSOT8o4ZtAaWkebyEP76BidoXPURATdoQf0hJ6de+fReXXevlrHnHJmFf2A8/EJi26i7Q==</latexit>

x̂k+1 = x̂k � �̂krf(xk; ⇠k)
<latexit sha1_base64="PyCWV+4Mng4EYqp5cMPohqvq/Jo="></latexit>

E[rf(xk; ⇠k)] = rf(xk) 6= rf(x̂k)

<latexit sha1_base64="DLVRnfhqw9s+8QtqiNqNDj5X5fc="></latexit>

E[kx̂k � xkk2]  2
MX

m=1

�2
next(k,m)(�

2 + krf(xprev(k,m); ⇠prev(k,m))k2)
<latexit sha1_base64="B4F+0R8sUHhyH6bs6XMIV09++p4="></latexit>

�k = O

✓
1

L⌧(k)

◆
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Limitations

1. Constant stepsize only if  
bounded gradients 

2. Delay-dependent stepsize only if 
noise and delay are independent  

3. Workers must have same data 
4. Still centralized


