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Communication Bottlenecks 
in Modern Clusters
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3Specialized Hardware for Inter- 
and Intra-Node Communication.



Overlapping Communication and 
Computation: Why It Matters

• Despite specialized hardware, inter- and intra-node 
communication remains a challenge. 

• Experiment: JeanZay (the national French AI GPUs-
cluster) ; 8× A100 per node; 100 Gb/s inter-node, 300 Gb/s 
NVLink intra-node; using All-Reduce (no optimizer 
sharding) on a Llama-7B.
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Past one worker,  
communication dominates. 



Sharding Strategies
• To reduce memory footprint, optimizer sharding (FSDP/ZeRO) is 

common— but it increases communication volume. 

• With AdamW, optimizer states (first/second moments in float32, 
etc.) add 6× the parameter memory. 

• Approach: shard states across workers and gather/scatter on 
demand. Feasible because optimizer updates are pointwise.
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No Algorithmic Changes: Implementation-
Level Comms/Compute Overlap

• Overlap via hooks. Using backward hooks, a standard technique is 
to launch communication for a layer’s gradients immediately after that 
layer’s backward computation completes, overlapping communication 
with remaining compute.
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CUDA  
stream

<latexit sha1_base64="BQKNktYncAzPBL+L5/uUSfQCwfg=">AAACBXicbVDLSgMxFM3UV62vqks3wSLUTZmIqMuiIC4r2FpohyGTZtrQTGZM7gi1dO0nuNUPcCdu/Q7X/ohpOwvbeuDC4Zx7OZcTJFIYcN1vJ7e0vLK6ll8vbGxube8Ud/caJk4143UWy1g3A2q4FIrXQYDkzURzGgWS3wf9q7F//8i1EbG6g0HCvYh2lQgFo2Al79on5Tb0OFCfHPvFkltxJ8CLhGSkhDLU/OJPuxOzNOIKmKTGtIibgDekGgSTfFRop4YnlPVpl7csVTTixhtOnh7hI6t0cBhrOwrwRP17MaSRMYMosJsRhZ6Z98bif14rhfDCGwqVpMAVmwaFqcQQ43EDuCM0ZyAHllCmhf0Vsx7VlIHtaSYFRP9pZFsh8x0sksZJhZxVyO1pqXqZ9ZNHB+gQlRFB56iKblAN1RFDD+gFvaI359l5dz6cz+lqzslu9tEMnK9fu4CYwA==</latexit>

F1(✓1)
<latexit sha1_base64="hdUEIoCacSeQRbyhPcfI76/TIDU=">AAACBXicbVDLSsNAFJ3UV62vqks3g0Wom5IUUZdFQVxWsA9oQ5hMJ+3QySTO3Ag1dO0nuNUPcCdu/Q7X/ojTNgvbeuDC4Zx7OZfjx4JrsO1vK7eyura+kd8sbG3v7O4V9w+aOkoUZQ0aiUi1faKZ4JI1gINg7VgxEvqCtfzh9cRvPTKleSTvYRQzNyR9yQNOCRjJvfGq5S4MGBCveuoVS3bFngIvEycjJZSh7hV/ur2IJiGTQAXRuuPYMbgpUcCpYONCN9EsJnRI+qxjqCQh0246fXqMT4zSw0GkzEjAU/XvRUpCrUehbzZDAgO96E3E/7xOAsGlm3IZJ8AknQUFicAQ4UkDuMcVoyBGhhCquPkV0wFRhILpaS4F+PBpbFpxFjtYJs1qxTmvOHdnpdpV1k8eHaFjVEYOukA1dIvqqIEoekAv6BW9Wc/Wu/Vhfc5Wc1Z2c4jmYH39Ar61mMI=</latexit>

F2(✓2)
<latexit sha1_base64="hK0Z1av3CJ3RND5eFakKClNrh8A=">AAACBXicbVDLSsNAFJ3UV62vqks3g0Wom5IUUZelblxWsA9oQ5hMJ+3QySTO3Ag1dO0nuNUPcCdu/Q7X/ojTNgvbeuDC4Zx7OZfjx4JrsO1vK7e2vrG5ld8u7Ozu7R8UD49aOkoUZU0aiUh1fKKZ4JI1gYNgnVgxEvqCtf3RzdRvPzKleSTvYRwzNyQDyQNOCRjJrXvVcg+GDIhXPfeKJbtiz4BXiZOREsrQ8Io/vX5Ek5BJoIJo3XXsGNyUKOBUsEmhl2gWEzoiA9Y1VJKQaTedPT3BZ0bp4yBSZiTgmfr3IiWh1uPQN5shgaFe9qbif143geDaTbmME2CSzoOCRGCI8LQB3OeKURBjQwhV3PyK6ZAoQsH0tJACfPQ0Ma04yx2skla14lxWnLuLUq2e9ZNHJ+gUlZGDrlAN3aIGaiKKHtALekVv1rP1bn1Yn/PVnJXdHKMFWF+/uDGYvg==</latexit>

B2(✓2)
<latexit sha1_base64="HrbpDXpfiGmQ+YPy+jUcDvcRfjc=">AAACBXicbVC7SgNBFJ2NrxhfUUubwSDEJuyIqGWIjWUEkwjJssxOZpMhs7PrzF0hLqn9BFv9ADux9Tus/REnj8IkHrhwOOdezuUEiRQGXPfbya2srq1v5DcLW9s7u3vF/YOmiVPNeIPFMtb3ATVcCsUbIEDy+0RzGgWSt4LB9dhvPXJtRKzuYJhwL6I9JULBKFjJq/mk3IE+B+qTU79YcivuBHiZkBkpoRnqfvGn041ZGnEFTFJj2sRNwMuoBsEkHxU6qeEJZQPa421LFY248bLJ0yN8YpUuDmNtRwGeqH8vMhoZM4wCuxlR6JtFbyz+57VTCK+8TKgkBa7YNChMJYYYjxvAXaE5Azm0hDIt7K+Y9ammDGxPcykgBk8j2wpZ7GCZNM8q5KJCbs9L1dqsnzw6QseojAi6RFV0g+qogRh6QC/oFb05z8678+F8TldzzuzmEM3B+foFtPyYvA==</latexit>

B1(✓1)

Time
<latexit sha1_base64="BRlOjLm4LNdhnwxforQM4nwaPbk=">AAACGXicbZC7SgNBFIZn4y3GW9TSwsUgRJCwG0QtgzZ2RjAXyC5hdnKSDJm9MHNWjEtKn8JHsNUHsBNbK2tfxEmyhYn+MPDxn3M4Z34vElyhZX0ZmYXFpeWV7GpubX1jcyu/vVNXYSwZ1FgoQtn0qALBA6ghRwHNSAL1PQENb3A5rjfuQCoeBrc4jMD1aS/gXc4oaqud33cQ7hExuY5wVHSwD0jb9nEK5aN2vmCVrInMv2CnUCCpqu38t9MJWexDgExQpVq2FaGbUImcCRjlnFhBRNmA9qClMaA+KDeZfGRkHmqnY3ZDqV+A5sT9PZFQX6mh7+lOn2JfzdfG5n+1VozdczfhQRQjBGy6qBsLE0NznIrZ4RIYiqEGyiTXt5qsTyVlqLOb2YJ88DDSqdjzGfyFerlkn5bsm5NC5SLNJ0v2yAEpEpuckQq5IlVSI4w8kmfyQl6NJ+PNeDc+pq0ZI53ZJTMyPn8AaGKhMg==</latexit>

Opt(✓1, ✓2)
<latexit sha1_base64="BQKNktYncAzPBL+L5/uUSfQCwfg=">AAACBXicbVDLSgMxFM3UV62vqks3wSLUTZmIqMuiIC4r2FpohyGTZtrQTGZM7gi1dO0nuNUPcCdu/Q7X/ohpOwvbeuDC4Zx7OZcTJFIYcN1vJ7e0vLK6ll8vbGxube8Ud/caJk4143UWy1g3A2q4FIrXQYDkzURzGgWS3wf9q7F//8i1EbG6g0HCvYh2lQgFo2Al79on5Tb0OFCfHPvFkltxJ8CLhGSkhDLU/OJPuxOzNOIKmKTGtIibgDekGgSTfFRop4YnlPVpl7csVTTixhtOnh7hI6t0cBhrOwrwRP17MaSRMYMosJsRhZ6Z98bif14rhfDCGwqVpMAVmwaFqcQQ43EDuCM0ZyAHllCmhf0Vsx7VlIHtaSYFRP9pZFsh8x0sksZJhZxVyO1pqXqZ9ZNHB+gQlRFB56iKblAN1RFDD+gFvaI359l5dz6cz+lqzslu9tEMnK9fu4CYwA==</latexit>

F1(✓1)
<latexit sha1_base64="hdUEIoCacSeQRbyhPcfI76/TIDU=">AAACBXicbVDLSsNAFJ3UV62vqks3g0Wom5IUUZdFQVxWsA9oQ5hMJ+3QySTO3Ag1dO0nuNUPcCdu/Q7X/ojTNgvbeuDC4Zx7OZfjx4JrsO1vK7eyura+kd8sbG3v7O4V9w+aOkoUZQ0aiUi1faKZ4JI1gINg7VgxEvqCtfzh9cRvPTKleSTvYRQzNyR9yQNOCRjJvfGq5S4MGBCveuoVS3bFngIvEycjJZSh7hV/ur2IJiGTQAXRuuPYMbgpUcCpYONCN9EsJnRI+qxjqCQh0246fXqMT4zSw0GkzEjAU/XvRUpCrUehbzZDAgO96E3E/7xOAsGlm3IZJ8AknQUFicAQ4UkDuMcVoyBGhhCquPkV0wFRhILpaS4F+PBpbFpxFjtYJs1qxTmvOHdnpdpV1k8eHaFjVEYOukA1dIvqqIEoekAv6BW9Wc/Wu/Vhfc5Wc1Z2c4jmYH39Ar61mMI=</latexit>

F2(✓2)

CUDA  
stream 2

CUDA  
stream 1 <latexit sha1_base64="BQKNktYncAzPBL+L5/uUSfQCwfg=">AAACBXicbVDLSgMxFM3UV62vqks3wSLUTZmIqMuiIC4r2FpohyGTZtrQTGZM7gi1dO0nuNUPcCdu/Q7X/ohpOwvbeuDC4Zx7OZcTJFIYcN1vJ7e0vLK6ll8vbGxube8Ud/caJk4143UWy1g3A2q4FIrXQYDkzURzGgWS3wf9q7F//8i1EbG6g0HCvYh2lQgFo2Al79on5Tb0OFCfHPvFkltxJ8CLhGSkhDLU/OJPuxOzNOIKmKTGtIibgDekGgSTfFRop4YnlPVpl7csVTTixhtOnh7hI6t0cBhrOwrwRP17MaSRMYMosJsRhZ6Z98bif14rhfDCGwqVpMAVmwaFqcQQ43EDuCM0ZyAHllCmhf0Vsx7VlIHtaSYFRP9pZFsh8x0sksZJhZxVyO1pqXqZ9ZNHB+gQlRFB56iKblAN1RFDD+gFvaI359l5dz6cz+lqzslu9tEMnK9fu4CYwA==</latexit>

F1(✓1)
<latexit sha1_base64="hdUEIoCacSeQRbyhPcfI76/TIDU=">AAACBXicbVDLSsNAFJ3UV62vqks3g0Wom5IUUZdFQVxWsA9oQ5hMJ+3QySTO3Ag1dO0nuNUPcCdu/Q7X/ojTNgvbeuDC4Zx7OZfjx4JrsO1vK7eyura+kd8sbG3v7O4V9w+aOkoUZQ0aiUi1faKZ4JI1gINg7VgxEvqCtfzh9cRvPTKleSTvYRQzNyR9yQNOCRjJvfGq5S4MGBCveuoVS3bFngIvEycjJZSh7hV/ur2IJiGTQAXRuuPYMbgpUcCpYONCN9EsJnRI+qxjqCQh0246fXqMT4zSw0GkzEjAU/XvRUpCrUehbzZDAgO96E3E/7xOAsGlm3IZJ8AknQUFicAQ4UkDuMcVoyBGhhCquPkV0wFRhILpaS4F+PBpbFpxFjtYJs1qxTmvOHdnpdpV1k8eHaFjVEYOukA1dIvqqIEoekAv6BW9Wc/Wu/Vhfc5Wc1Z2c4jmYH39Ar61mMI=</latexit>

F2(✓2)
<latexit sha1_base64="hK0Z1av3CJ3RND5eFakKClNrh8A=">AAACBXicbVDLSsNAFJ3UV62vqks3g0Wom5IUUZelblxWsA9oQ5hMJ+3QySTO3Ag1dO0nuNUPcCdu/Q7X/ojTNgvbeuDC4Zx7OZfjx4JrsO1vK7e2vrG5ld8u7Ozu7R8UD49aOkoUZU0aiUh1fKKZ4JI1gYNgnVgxEvqCtf3RzdRvPzKleSTvYRwzNyQDyQNOCRjJrXvVcg+GDIhXPfeKJbtiz4BXiZOREsrQ8Io/vX5Ek5BJoIJo3XXsGNyUKOBUsEmhl2gWEzoiA9Y1VJKQaTedPT3BZ0bp4yBSZiTgmfr3IiWh1uPQN5shgaFe9qbif143geDaTbmME2CSzoOCRGCI8LQB3OeKURBjQwhV3PyK6ZAoQsH0tJACfPQ0Ma04yx2skla14lxWnLuLUq2e9ZNHJ+gUlZGDrlAN3aIGaiKKHtALekVv1rP1bn1Yn/PVnJXdHKMFWF+/uDGYvg==</latexit>

B2(✓2)
<latexit sha1_base64="HrbpDXpfiGmQ+YPy+jUcDvcRfjc=">AAACBXicbVC7SgNBFJ2NrxhfUUubwSDEJuyIqGWIjWUEkwjJssxOZpMhs7PrzF0hLqn9BFv9ADux9Tus/REnj8IkHrhwOOdezuUEiRQGXPfbya2srq1v5DcLW9s7u3vF/YOmiVPNeIPFMtb3ATVcCsUbIEDy+0RzGgWSt4LB9dhvPXJtRKzuYJhwL6I9JULBKFjJq/mk3IE+B+qTU79YcivuBHiZkBkpoRnqfvGn041ZGnEFTFJj2sRNwMuoBsEkHxU6qeEJZQPa421LFY248bLJ0yN8YpUuDmNtRwGeqH8vMhoZM4wCuxlR6JtFbyz+57VTCK+8TKgkBa7YNChMJYYYjxvAXaE5Azm0hDIt7K+Y9ammDGxPcykgBk8j2wpZ7GCZNM8q5KJCbs9L1dqsnzw6QseojAi6RFV0g+qogRh6QC/oFb05z8678+F8TldzzuzmEM3B+foFtPyYvA==</latexit>

B1(✓1)
<latexit sha1_base64="pUh9+kdhpltiNhqWQ/Fnp2KiE04=">AAACEHicbVDLSgNBEJz1GeMrKnjxMhiEeAm7Iuox6MWbEcwDskuYnXSSIbMPZnrFuOYn/ASv+gHexKt/4NkfcfI4mMSChqKqm2rKj6XQaNvf1sLi0vLKamYtu76xubWd29mt6ihRHCo8kpGq+0yDFCFUUKCEeqyABb6Emt+7Gvq1e1BaROEd9mPwAtYJRVtwhkZq5vZdhAdETG9iHBRc7AKypnPczOXtoj0CnSfOhOTJBOVm7sdtRTwJIEQumdYNx47RS5lCwSUMsm6iIWa8xzrQMDRkAWgvHf0/oEdGadF2pMyESEfq34uUBVr3A99sBgy7etYbiv95jQTbF14qwjhBCPk4qJ1IihEdlkFbQgFH2TeEcSXMr5R3mWIcTWVTKSh6jwPTijPbwTypnhSds6Jze5ovXU76yZADckgKxCHnpESuSZlUCCdP5IW8kjfr2Xq3PqzP8eqCNbnZI1Owvn4Bs/adqQ==</latexit>

Opt(✓1)
<latexit sha1_base64="36pHxm9dwA+Uo8DngbAFWmL/6og=">AAACEHicbVDLSgNBEJyNrxhfUcGLl8UgxEvYDaIeg168GcE8IBvC7KSTDJl9MNMrxnV/wk/wqh/gTbz6B579ESfJHkxiQUNR1U015YaCK7SsbyOztLyyupZdz21sbm3v5Hf36iqIJIMaC0Qgmy5VILgPNeQooBlKoJ4roOEOr8Z+4x6k4oF/h6MQ2h7t+7zHGUUtdfIHDsIDIsY3ISZFBweAtFM+6eQLVsmawFwkdkoKJEW1k/9xugGLPPCRCapUy7ZCbMdUImcCkpwTKQgpG9I+tDT1qQeqHU/+T8xjrXTNXiD1+GhO1L8XMfWUGnmu3vQoDtS8Nxb/81oR9i7aMffDCMFn06BeJEwMzHEZZpdLYChGmlAmuf7VZAMqKUNd2UwK8uFjolux5ztYJPVyyT4r2benhcpl2k+WHJIjUiQ2OScVck2qpEYYeSIv5JW8Gc/Gu/FhfE5XM0Z6s09mYHz9ArWMnao=</latexit>

Opt(✓2)

<latexit sha1_base64="BQKNktYncAzPBL+L5/uUSfQCwfg=">AAACBXicbVDLSgMxFM3UV62vqks3wSLUTZmIqMuiIC4r2FpohyGTZtrQTGZM7gi1dO0nuNUPcCdu/Q7X/ohpOwvbeuDC4Zx7OZcTJFIYcN1vJ7e0vLK6ll8vbGxube8Ud/caJk4143UWy1g3A2q4FIrXQYDkzURzGgWS3wf9q7F//8i1EbG6g0HCvYh2lQgFo2Al79on5Tb0OFCfHPvFkltxJ8CLhGSkhDLU/OJPuxOzNOIKmKTGtIibgDekGgSTfFRop4YnlPVpl7csVTTixhtOnh7hI6t0cBhrOwrwRP17MaSRMYMosJsRhZ6Z98bif14rhfDCGwqVpMAVmwaFqcQQ43EDuCM0ZyAHllCmhf0Vsx7VlIHtaSYFRP9pZFsh8x0sksZJhZxVyO1pqXqZ9ZNHB+gQlRFB56iKblAN1RFDD+gFvaI359l5dz6cz+lqzslu9tEMnK9fu4CYwA==</latexit>

F1(✓1)
<latexit sha1_base64="hdUEIoCacSeQRbyhPcfI76/TIDU=">AAACBXicbVDLSsNAFJ3UV62vqks3g0Wom5IUUZdFQVxWsA9oQ5hMJ+3QySTO3Ag1dO0nuNUPcCdu/Q7X/ojTNgvbeuDC4Zx7OZfjx4JrsO1vK7eyura+kd8sbG3v7O4V9w+aOkoUZQ0aiUi1faKZ4JI1gINg7VgxEvqCtfzh9cRvPTKleSTvYRQzNyR9yQNOCRjJvfGq5S4MGBCveuoVS3bFngIvEycjJZSh7hV/ur2IJiGTQAXRuuPYMbgpUcCpYONCN9EsJnRI+qxjqCQh0246fXqMT4zSw0GkzEjAU/XvRUpCrUehbzZDAgO96E3E/7xOAsGlm3IZJ8AknQUFicAQ4UkDuMcVoyBGhhCquPkV0wFRhILpaS4F+PBpbFpxFjtYJs1qxTmvOHdnpdpV1k8eHaFjVEYOukA1dIvqqIEoekAv6BW9Wc/Wu/Vhfc5Wc1Z2c4jmYH39Ar61mMI=</latexit>

F2(✓2)
<latexit sha1_base64="hK0Z1av3CJ3RND5eFakKClNrh8A=">AAACBXicbVDLSsNAFJ3UV62vqks3g0Wom5IUUZelblxWsA9oQ5hMJ+3QySTO3Ag1dO0nuNUPcCdu/Q7X/ojTNgvbeuDC4Zx7OZfjx4JrsO1vK7e2vrG5ld8u7Ozu7R8UD49aOkoUZU0aiUh1fKKZ4JI1gYNgnVgxEvqCtf3RzdRvPzKleSTvYRwzNyQDyQNOCRjJrXvVcg+GDIhXPfeKJbtiz4BXiZOREsrQ8Io/vX5Ek5BJoIJo3XXsGNyUKOBUsEmhl2gWEzoiA9Y1VJKQaTedPT3BZ0bp4yBSZiTgmfr3IiWh1uPQN5shgaFe9qbif143geDaTbmME2CSzoOCRGCI8LQB3OeKURBjQwhV3PyK6ZAoQsH0tJACfPQ0Ma04yx2skla14lxWnLuLUq2e9ZNHJ+gUlZGDrlAN3aIGaiKKHtALekVv1rP1bn1Yn/PVnJXdHKMFWF+/uDGYvg==</latexit>

B2(✓2)

• Let a network perform a forward pass via           , a backward pass       
and an optimizer step via       .

<latexit sha1_base64="TEeMVkKgw4Cu4laUB4NtYQTLmcU=">AAACAHicbVDLSgNBEOyNrxhfUY9eBoPgQcJuEPUYFILHCCYGkmWZncwmQ2YfzPQKMeTiJ3jVD/AmXv0Tz/6Ik2QPJrGgoajqprvLT6TQaNvfVm5ldW19I79Z2Nre2d0r7h80dZwqxhsslrFq+VRzKSLeQIGStxLFaehL/uAPbib+wyNXWsTRPQ4T7oa0F4lAMIpGatU854zUvIpXLNllewqyTJyMlCBD3Sv+dLoxS0MeIZNU67ZjJ+iOqELBJB8XOqnmCWUD2uNtQyMacu2OpveOyYlRuiSIlakIyVT9OzGiodbD0DedIcW+XvQm4n9eO8Xgyh2JKEmRR2y2KEglwZhMniddoThDOTSEMiXMrYT1qaIMTURzW1AMnsYmFWcxg2XSrJSdi7Jzd16qXmf55OEIjuEUHLiEKtxCHRrAQMILvMKb9Wy9Wx/W56w1Z2UzhzAH6+sXej+WXg==</latexit>

F1, F2
<latexit sha1_base64="I1kqBkfuhYvpcO/sFpcNPdvzWBE=">AAACAHicbVDLSgNBEOyNrxhfUY9eBoPgQcJuEPUY4sVjBPOAZFlmJ5NkyOyDmV4hLrn4CV71A7yJV//Esz/iJNmDSSxoKKq66e7yYyk02va3lVtb39jcym8Xdnb39g+Kh0dNHSWK8QaLZKTaPtVcipA3UKDk7VhxGviSt/zR7dRvPXKlRRQ+4DjmbkAHoegLRtFI7ZrnXJCaV/GKJbtsz0BWiZOREmSoe8Wfbi9iScBDZJJq3XHsGN2UKhRM8kmhm2geUzaiA94xNKQB1246u3dCzozSI/1ImQqRzNS/EykNtB4HvukMKA71sjcV//M6CfZv3FSEcYI8ZPNF/UQSjMj0edITijOUY0MoU8LcStiQKsrQRLSwBcXoaWJScZYzWCXNStm5Kjv3l6VqLcsnDydwCufgwDVU4Q7q0AAGEl7gFd6sZ+vd+rA+5605K5s5hgVYX79tc5ZW</latexit>

B1, B2
<latexit sha1_base64="6hmhyXfT3j5ndjhf5MvuxwMVUvA=">AAACBHicbVC7SgNBFJ31GeMramkzGASrsCuilkEbOyOYByRLmJ3MJkNmZ4eZu2Jc0voJtvoBdmLrf1j7I84mW5jEAxcO59zLuZxACW7Adb+dpeWV1bX1wkZxc2t7Z7e0t98wcaIpq9NYxLoVEMMEl6wOHARrKc1IFAjWDIbXmd98YNrwWN7DSDE/In3JQ04JWKnTAfYIAOmtgnG3VHYr7gR4kXg5KaMctW7pp9OLaRIxCVQQY9qeq8BPiQZOBRsXO4lhitAh6bO2pZJEzPjp5OcxPrZKD4extiMBT9S/FymJjBlFgd2MCAzMvJeJ/3ntBMJLP+VSJcAknQaFicAQ46wA3OOaURAjSwjV3P6K6YBoQsHWNJMCfPiUteLNd7BIGqcV77zi3Z2Vq1d5PwV0iI7QCfLQBaqiG1RDdUSRQi/oFb05z8678+F8TleXnPzmAM3A+foFQBKZwQ==</latexit>

Opt



Local SGD

• A strategy is “streaming DiLoCo”: periodically 
synchronize different subsets of parameters, to reduce local 
bandwidth, leading to stale updates.

7

<latexit sha1_base64="8StlZjxjl9gCUqm7Udm3Roq+7lE=">AAACGnicbZC7SgNBFIZn4z3eopY2g0GIIGE3iFoGbSwVzAWSEGYnJ8mQmd1l5qwYl7Q+hY9gqw9gJ7Y21r6Ik7iFSfxh4OM/53DO/H4khUHX/XIyC4tLyyura9n1jc2t7dzObtWEseZQ4aEMdd1nBqQIoIICJdQjDUz5Emr+4HJcr92BNiIMbnEYQUuxXiC6gjO0VjtHmwj3iJhchkqNCk3sA7K2d5xC6aidy7tFdyI6D14KeZLqup37bnZCHisIkEtmTMNzI2wlTKPgEkbZZmwgYnzAetCwGDAFppVMfjKih9bp0G6o7QuQTty/EwlTxgyVbzsVw76ZrY3N/2qNGLvnrUQEUYwQ8N9F3VhSDOk4FtoRGjjKoQXGtbC3Ut5nmnG04U1tQTF4GNlUvNkM5qFaKnqnRe/mJF++SPNZJfvkgBSIR85ImVyRa1IhnDySZ/JCXp0n5815dz5+WzNOOrNHpuR8/gAmDKGV</latexit>

Comm(✓1, ✓2)
CUDA  
stream

Time

<latexit sha1_base64="w0GaDAZpA4wVcQSPdCtyB0G6n5Q=">AAAB+XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKqMegIB4TMA9IljA76SRDZmeXmV4hLvkCr/oB3sSrX+PZH3GS7MEkFjQUVd10dwWxFAZd99vJra1vbG7ltws7u3v7B8XDo4aJEs2hziMZ6VbADEihoI4CJbRiDSwMJDSD0d3Ubz6BNiJSjziOwQ/ZQIm+4AytVLvvFktu2Z2BrhIvIyWSodot/nR6EU9CUMglM6btuTH6KdMouIRJoZMYiBkfsQG0LVUsBOOns0Mn9MwqPdqPtC2FdKb+nUhZaMw4DGxnyHBolr2p+J/XTrB/46dCxQmC4vNF/URSjOj0a9oTGjjKsSWMa2FvpXzINONos1nYgmL0PLGpeMsZrJLGRdm7Knu1y1LlNssnT07IKTknHrkmFfJAqqROOAHyQl7Jm5M6786H8zlvzTnZzDFZgPP1C7/jlGU=</latexit>

F
<latexit sha1_base64="yFt954myvbsUdF+d42Giqh+mHvo=">AAAB+XicbVDLTgJBEOzFF+IL9ehlIjHxRHaNUY8ELx4hkUcCGzI7DDBhdnYz02uCG77Aq36AN+PVr/HsjzjAHgSspJNKVXe6u4JYCoOu++3kNja3tnfyu4W9/YPDo+LxSdNEiWa8wSIZ6XZADZdC8QYKlLwda07DQPJWML6f+a0nro2I1CNOYu6HdKjEQDCKVqpXe8WSW3bnIOvEy0gJMtR6xZ9uP2JJyBUySY3peG6Mfko1Cib5tNBNDI8pG9Mh71iqaMiNn84PnZILq/TJINK2FJK5+ncipaExkzCwnSHFkVn1ZuJ/XifBwZ2fChUnyBVbLBokkmBEZl+TvtCcoZxYQpkW9lbCRlRThjabpS0oxs9Tm4q3msE6aV6VvZuyV78uVapZPnk4g3O4BA9uoQIPUIMGMODwAq/w5qTOu/PhfC5ac042cwpLcL5+AbmPlGE=</latexit>

B
<latexit sha1_base64="w0GaDAZpA4wVcQSPdCtyB0G6n5Q=">AAAB+XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKqMegIB4TMA9IljA76SRDZmeXmV4hLvkCr/oB3sSrX+PZH3GS7MEkFjQUVd10dwWxFAZd99vJra1vbG7ltws7u3v7B8XDo4aJEs2hziMZ6VbADEihoI4CJbRiDSwMJDSD0d3Ubz6BNiJSjziOwQ/ZQIm+4AytVLvvFktu2Z2BrhIvIyWSodot/nR6EU9CUMglM6btuTH6KdMouIRJoZMYiBkfsQG0LVUsBOOns0Mn9MwqPdqPtC2FdKb+nUhZaMw4DGxnyHBolr2p+J/XTrB/46dCxQmC4vNF/URSjOj0a9oTGjjKsSWMa2FvpXzINONos1nYgmL0PLGpeMsZrJLGRdm7Knu1y1LlNssnT07IKTknHrkmFfJAqqROOAHyQl7Jm5M6786H8zlvzTnZzDFZgPP1C7/jlGU=</latexit>

F
<latexit sha1_base64="yFt954myvbsUdF+d42Giqh+mHvo=">AAAB+XicbVDLTgJBEOzFF+IL9ehlIjHxRHaNUY8ELx4hkUcCGzI7DDBhdnYz02uCG77Aq36AN+PVr/HsjzjAHgSspJNKVXe6u4JYCoOu++3kNja3tnfyu4W9/YPDo+LxSdNEiWa8wSIZ6XZADZdC8QYKlLwda07DQPJWML6f+a0nro2I1CNOYu6HdKjEQDCKVqpXe8WSW3bnIOvEy0gJMtR6xZ9uP2JJyBUySY3peG6Mfko1Cib5tNBNDI8pG9Mh71iqaMiNn84PnZILq/TJINK2FJK5+ncipaExkzCwnSHFkVn1ZuJ/XifBwZ2fChUnyBVbLBokkmBEZl+TvtCcoZxYQpkW9lbCRlRThjabpS0oxs9Tm4q3msE6aV6VvZuyV78uVapZPnk4g3O4BA9uoQIPUIMGMODwAq/w5qTOu/PhfC5ac042cwpLcL5+AbmPlGE=</latexit>

B
<latexit sha1_base64="w0GaDAZpA4wVcQSPdCtyB0G6n5Q=">AAAB+XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKqMegIB4TMA9IljA76SRDZmeXmV4hLvkCr/oB3sSrX+PZH3GS7MEkFjQUVd10dwWxFAZd99vJra1vbG7ltws7u3v7B8XDo4aJEs2hziMZ6VbADEihoI4CJbRiDSwMJDSD0d3Ubz6BNiJSjziOwQ/ZQIm+4AytVLvvFktu2Z2BrhIvIyWSodot/nR6EU9CUMglM6btuTH6KdMouIRJoZMYiBkfsQG0LVUsBOOns0Mn9MwqPdqPtC2FdKb+nUhZaMw4DGxnyHBolr2p+J/XTrB/46dCxQmC4vNF/URSjOj0a9oTGjjKsSWMa2FvpXzINONos1nYgmL0PLGpeMsZrJLGRdm7Knu1y1LlNssnT07IKTknHrkmFfJAqqROOAHyQl7Jm5M6786H8zlvzTnZzDFZgPP1C7/jlGU=</latexit>

F
<latexit sha1_base64="yFt954myvbsUdF+d42Giqh+mHvo=">AAAB+XicbVDLTgJBEOzFF+IL9ehlIjHxRHaNUY8ELx4hkUcCGzI7DDBhdnYz02uCG77Aq36AN+PVr/HsjzjAHgSspJNKVXe6u4JYCoOu++3kNja3tnfyu4W9/YPDo+LxSdNEiWa8wSIZ6XZADZdC8QYKlLwda07DQPJWML6f+a0nro2I1CNOYu6HdKjEQDCKVqpXe8WSW3bnIOvEy0gJMtR6xZ9uP2JJyBUySY3peG6Mfko1Cib5tNBNDI8pG9Mh71iqaMiNn84PnZILq/TJINK2FJK5+ncipaExkzCwnSHFkVn1ZuJ/XifBwZ2fChUnyBVbLBokkmBEZl+TvtCcoZxYQpkW9lbCRlRThjabpS0oxs9Tm4q3msE6aV6VvZuyV78uVapZPnk4g3O4BA9uoQIPUIMGMODwAq/w5qTOu/PhfC5ac042cwpLcL5+AbmPlGE=</latexit>

B
<latexit sha1_base64="8StlZjxjl9gCUqm7Udm3Roq+7lE=">AAACGnicbZC7SgNBFIZn4z3eopY2g0GIIGE3iFoGbSwVzAWSEGYnJ8mQmd1l5qwYl7Q+hY9gqw9gJ7Y21r6Ik7iFSfxh4OM/53DO/H4khUHX/XIyC4tLyyura9n1jc2t7dzObtWEseZQ4aEMdd1nBqQIoIICJdQjDUz5Emr+4HJcr92BNiIMbnEYQUuxXiC6gjO0VjtHmwj3iJhchkqNCk3sA7K2d5xC6aidy7tFdyI6D14KeZLqup37bnZCHisIkEtmTMNzI2wlTKPgEkbZZmwgYnzAetCwGDAFppVMfjKih9bp0G6o7QuQTty/EwlTxgyVbzsVw76ZrY3N/2qNGLvnrUQEUYwQ8N9F3VhSDOk4FtoRGjjKoQXGtbC3Ut5nmnG04U1tQTF4GNlUvNkM5qFaKnqnRe/mJF++SPNZJfvkgBSIR85ImVyRa1IhnDySZ/JCXp0n5815dz5+WzNOOrNHpuR8/gAmDKGV</latexit>

Comm(✓1, ✓2)
<latexit sha1_base64="w0GaDAZpA4wVcQSPdCtyB0G6n5Q=">AAAB+XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKqMegIB4TMA9IljA76SRDZmeXmV4hLvkCr/oB3sSrX+PZH3GS7MEkFjQUVd10dwWxFAZd99vJra1vbG7ltws7u3v7B8XDo4aJEs2hziMZ6VbADEihoI4CJbRiDSwMJDSD0d3Ubz6BNiJSjziOwQ/ZQIm+4AytVLvvFktu2Z2BrhIvIyWSodot/nR6EU9CUMglM6btuTH6KdMouIRJoZMYiBkfsQG0LVUsBOOns0Mn9MwqPdqPtC2FdKb+nUhZaMw4DGxnyHBolr2p+J/XTrB/46dCxQmC4vNF/URSjOj0a9oTGjjKsSWMa2FvpXzINONos1nYgmL0PLGpeMsZrJLGRdm7Knu1y1LlNssnT07IKTknHrkmFfJAqqROOAHyQl7Jm5M6786H8zlvzTnZzDFZgPP1C7/jlGU=</latexit>

F
<latexit sha1_base64="yFt954myvbsUdF+d42Giqh+mHvo=">AAAB+XicbVDLTgJBEOzFF+IL9ehlIjHxRHaNUY8ELx4hkUcCGzI7DDBhdnYz02uCG77Aq36AN+PVr/HsjzjAHgSspJNKVXe6u4JYCoOu++3kNja3tnfyu4W9/YPDo+LxSdNEiWa8wSIZ6XZADZdC8QYKlLwda07DQPJWML6f+a0nro2I1CNOYu6HdKjEQDCKVqpXe8WSW3bnIOvEy0gJMtR6xZ9uP2JJyBUySY3peG6Mfko1Cib5tNBNDI8pG9Mh71iqaMiNn84PnZILq/TJINK2FJK5+ncipaExkzCwnSHFkVn1ZuJ/XifBwZ2fChUnyBVbLBokkmBEZl+TvtCcoZxYQpkW9lbCRlRThjabpS0oxs9Tm4q3msE6aV6VvZuyV78uVapZPnk4g3O4BA9uoQIPUIMGMODwAq/w5qTOu/PhfC5ac042cwpLcL5+AbmPlGE=</latexit>

B
<latexit sha1_base64="w0GaDAZpA4wVcQSPdCtyB0G6n5Q=">AAAB+XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKqMegIB4TMA9IljA76SRDZmeXmV4hLvkCr/oB3sSrX+PZH3GS7MEkFjQUVd10dwWxFAZd99vJra1vbG7ltws7u3v7B8XDo4aJEs2hziMZ6VbADEihoI4CJbRiDSwMJDSD0d3Ubz6BNiJSjziOwQ/ZQIm+4AytVLvvFktu2Z2BrhIvIyWSodot/nR6EU9CUMglM6btuTH6KdMouIRJoZMYiBkfsQG0LVUsBOOns0Mn9MwqPdqPtC2FdKb+nUhZaMw4DGxnyHBolr2p+J/XTrB/46dCxQmC4vNF/URSjOj0a9oTGjjKsSWMa2FvpXzINONos1nYgmL0PLGpeMsZrJLGRdm7Knu1y1LlNssnT07IKTknHrkmFfJAqqROOAHyQl7Jm5M6786H8zlvzTnZzDFZgPP1C7/jlGU=</latexit>

F
<latexit sha1_base64="yFt954myvbsUdF+d42Giqh+mHvo=">AAAB+XicbVDLTgJBEOzFF+IL9ehlIjHxRHaNUY8ELx4hkUcCGzI7DDBhdnYz02uCG77Aq36AN+PVr/HsjzjAHgSspJNKVXe6u4JYCoOu++3kNja3tnfyu4W9/YPDo+LxSdNEiWa8wSIZ6XZADZdC8QYKlLwda07DQPJWML6f+a0nro2I1CNOYu6HdKjEQDCKVqpXe8WSW3bnIOvEy0gJMtR6xZ9uP2JJyBUySY3peG6Mfko1Cib5tNBNDI8pG9Mh71iqaMiNn84PnZILq/TJINK2FJK5+ncipaExkzCwnSHFkVn1ZuJ/XifBwZ2fChUnyBVbLBokkmBEZl+TvtCcoZxYQpkW9lbCRlRThjabpS0oxs9Tm4q3msE6aV6VvZuyV78uVapZPnk4g3O4BA9uoQIPUIMGMODwAq/w5qTOu/PhfC5ac042cwpLcL5+AbmPlGE=</latexit>

B
<latexit sha1_base64="w0GaDAZpA4wVcQSPdCtyB0G6n5Q=">AAAB+XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKqMegIB4TMA9IljA76SRDZmeXmV4hLvkCr/oB3sSrX+PZH3GS7MEkFjQUVd10dwWxFAZd99vJra1vbG7ltws7u3v7B8XDo4aJEs2hziMZ6VbADEihoI4CJbRiDSwMJDSD0d3Ubz6BNiJSjziOwQ/ZQIm+4AytVLvvFktu2Z2BrhIvIyWSodot/nR6EU9CUMglM6btuTH6KdMouIRJoZMYiBkfsQG0LVUsBOOns0Mn9MwqPdqPtC2FdKb+nUhZaMw4DGxnyHBolr2p+J/XTrB/46dCxQmC4vNF/URSjOj0a9oTGjjKsSWMa2FvpXzINONos1nYgmL0PLGpeMsZrJLGRdm7Knu1y1LlNssnT07IKTknHrkmFfJAqqROOAHyQl7Jm5M6786H8zlvzTnZzDFZgPP1C7/jlGU=</latexit>

F
<latexit sha1_base64="yFt954myvbsUdF+d42Giqh+mHvo=">AAAB+XicbVDLTgJBEOzFF+IL9ehlIjHxRHaNUY8ELx4hkUcCGzI7DDBhdnYz02uCG77Aq36AN+PVr/HsjzjAHgSspJNKVXe6u4JYCoOu++3kNja3tnfyu4W9/YPDo+LxSdNEiWa8wSIZ6XZADZdC8QYKlLwda07DQPJWML6f+a0nro2I1CNOYu6HdKjEQDCKVqpXe8WSW3bnIOvEy0gJMtR6xZ9uP2JJyBUySY3peG6Mfko1Cib5tNBNDI8pG9Mh71iqaMiNn84PnZILq/TJINK2FJK5+ncipaExkzCwnSHFkVn1ZuJ/XifBwZ2fChUnyBVbLBokkmBEZl+TvtCcoZxYQpkW9lbCRlRThjabpS0oxs9Tm4q3msE6aV6VvZuyV78uVapZPnk4g3O4BA9uoQIPUIMGMODwAq/w5qTOu/PhfC5ac042cwpLcL5+AbmPlGE=</latexit>

B

• In local SGD, workers run forward/backward locally and 
periodically all-reduce parameters (overlapping 
communication with compute at the implementation level)

<latexit sha1_base64="w0GaDAZpA4wVcQSPdCtyB0G6n5Q=">AAAB+XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKqMegIB4TMA9IljA76SRDZmeXmV4hLvkCr/oB3sSrX+PZH3GS7MEkFjQUVd10dwWxFAZd99vJra1vbG7ltws7u3v7B8XDo4aJEs2hziMZ6VbADEihoI4CJbRiDSwMJDSD0d3Ubz6BNiJSjziOwQ/ZQIm+4AytVLvvFktu2Z2BrhIvIyWSodot/nR6EU9CUMglM6btuTH6KdMouIRJoZMYiBkfsQG0LVUsBOOns0Mn9MwqPdqPtC2FdKb+nUhZaMw4DGxnyHBolr2p+J/XTrB/46dCxQmC4vNF/URSjOj0a9oTGjjKsSWMa2FvpXzINONos1nYgmL0PLGpeMsZrJLGRdm7Knu1y1LlNssnT07IKTknHrkmFfJAqqROOAHyQl7Jm5M6786H8zlvzTnZzDFZgPP1C7/jlGU=</latexit>

F
<latexit sha1_base64="yFt954myvbsUdF+d42Giqh+mHvo=">AAAB+XicbVDLTgJBEOzFF+IL9ehlIjHxRHaNUY8ELx4hkUcCGzI7DDBhdnYz02uCG77Aq36AN+PVr/HsjzjAHgSspJNKVXe6u4JYCoOu++3kNja3tnfyu4W9/YPDo+LxSdNEiWa8wSIZ6XZADZdC8QYKlLwda07DQPJWML6f+a0nro2I1CNOYu6HdKjEQDCKVqpXe8WSW3bnIOvEy0gJMtR6xZ9uP2JJyBUySY3peG6Mfko1Cib5tNBNDI8pG9Mh71iqaMiNn84PnZILq/TJINK2FJK5+ncipaExkzCwnSHFkVn1ZuJ/XifBwZ2fChUnyBVbLBokkmBEZl+TvtCcoZxYQpkW9lbCRlRThjabpS0oxs9Tm4q3msE6aV6VvZuyV78uVapZPnk4g3O4BA9uoQIPUIMGMODwAq/w5qTOu/PhfC5ac042cwpLcL5+AbmPlGE=</latexit>

B
<latexit sha1_base64="w0GaDAZpA4wVcQSPdCtyB0G6n5Q=">AAAB+XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKqMegIB4TMA9IljA76SRDZmeXmV4hLvkCr/oB3sSrX+PZH3GS7MEkFjQUVd10dwWxFAZd99vJra1vbG7ltws7u3v7B8XDo4aJEs2hziMZ6VbADEihoI4CJbRiDSwMJDSD0d3Ubz6BNiJSjziOwQ/ZQIm+4AytVLvvFktu2Z2BrhIvIyWSodot/nR6EU9CUMglM6btuTH6KdMouIRJoZMYiBkfsQG0LVUsBOOns0Mn9MwqPdqPtC2FdKb+nUhZaMw4DGxnyHBolr2p+J/XTrB/46dCxQmC4vNF/URSjOj0a9oTGjjKsSWMa2FvpXzINONos1nYgmL0PLGpeMsZrJLGRdm7Knu1y1LlNssnT07IKTknHrkmFfJAqqROOAHyQl7Jm5M6786H8zlvzTnZzDFZgPP1C7/jlGU=</latexit>

F
<latexit sha1_base64="yFt954myvbsUdF+d42Giqh+mHvo=">AAAB+XicbVDLTgJBEOzFF+IL9ehlIjHxRHaNUY8ELx4hkUcCGzI7DDBhdnYz02uCG77Aq36AN+PVr/HsjzjAHgSspJNKVXe6u4JYCoOu++3kNja3tnfyu4W9/YPDo+LxSdNEiWa8wSIZ6XZADZdC8QYKlLwda07DQPJWML6f+a0nro2I1CNOYu6HdKjEQDCKVqpXe8WSW3bnIOvEy0gJMtR6xZ9uP2JJyBUySY3peG6Mfko1Cib5tNBNDI8pG9Mh71iqaMiNn84PnZILq/TJINK2FJK5+ncipaExkzCwnSHFkVn1ZuJ/XifBwZ2fChUnyBVbLBokkmBEZl+TvtCcoZxYQpkW9lbCRlRThjabpS0oxs9Tm4q3msE6aV6VvZuyV78uVapZPnk4g3O4BA9uoQIPUIMGMODwAq/w5qTOu/PhfC5ac042cwpLcL5+AbmPlGE=</latexit>

B
<latexit sha1_base64="w0GaDAZpA4wVcQSPdCtyB0G6n5Q=">AAAB+XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKqMegIB4TMA9IljA76SRDZmeXmV4hLvkCr/oB3sSrX+PZH3GS7MEkFjQUVd10dwWxFAZd99vJra1vbG7ltws7u3v7B8XDo4aJEs2hziMZ6VbADEihoI4CJbRiDSwMJDSD0d3Ubz6BNiJSjziOwQ/ZQIm+4AytVLvvFktu2Z2BrhIvIyWSodot/nR6EU9CUMglM6btuTH6KdMouIRJoZMYiBkfsQG0LVUsBOOns0Mn9MwqPdqPtC2FdKb+nUhZaMw4DGxnyHBolr2p+J/XTrB/46dCxQmC4vNF/URSjOj0a9oTGjjKsSWMa2FvpXzINONos1nYgmL0PLGpeMsZrJLGRdm7Knu1y1LlNssnT07IKTknHrkmFfJAqqROOAHyQl7Jm5M6786H8zlvzTnZzDFZgPP1C7/jlGU=</latexit>

F
<latexit sha1_base64="yFt954myvbsUdF+d42Giqh+mHvo=">AAAB+XicbVDLTgJBEOzFF+IL9ehlIjHxRHaNUY8ELx4hkUcCGzI7DDBhdnYz02uCG77Aq36AN+PVr/HsjzjAHgSspJNKVXe6u4JYCoOu++3kNja3tnfyu4W9/YPDo+LxSdNEiWa8wSIZ6XZADZdC8QYKlLwda07DQPJWML6f+a0nro2I1CNOYu6HdKjEQDCKVqpXe8WSW3bnIOvEy0gJMtR6xZ9uP2JJyBUySY3peG6Mfko1Cib5tNBNDI8pG9Mh71iqaMiNn84PnZILq/TJINK2FJK5+ncipaExkzCwnSHFkVn1ZuJ/XifBwZ2fChUnyBVbLBokkmBEZl+TvtCcoZxYQpkW9lbCRlRThjabpS0oxs9Tm4q3msE6aV6VvZuyV78uVapZPnk4g3O4BA9uoQIPUIMGMODwAq/w5qTOu/PhfC5ac042cwpLcL5+AbmPlGE=</latexit>

B
<latexit sha1_base64="w0GaDAZpA4wVcQSPdCtyB0G6n5Q=">AAAB+XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKqMegIB4TMA9IljA76SRDZmeXmV4hLvkCr/oB3sSrX+PZH3GS7MEkFjQUVd10dwWxFAZd99vJra1vbG7ltws7u3v7B8XDo4aJEs2hziMZ6VbADEihoI4CJbRiDSwMJDSD0d3Ubz6BNiJSjziOwQ/ZQIm+4AytVLvvFktu2Z2BrhIvIyWSodot/nR6EU9CUMglM6btuTH6KdMouIRJoZMYiBkfsQG0LVUsBOOns0Mn9MwqPdqPtC2FdKb+nUhZaMw4DGxnyHBolr2p+J/XTrB/46dCxQmC4vNF/URSjOj0a9oTGjjKsSWMa2FvpXzINONos1nYgmL0PLGpeMsZrJLGRdm7Knu1y1LlNssnT07IKTknHrkmFfJAqqROOAHyQl7Jm5M6786H8zlvzTnZzDFZgPP1C7/jlGU=</latexit>

F
<latexit sha1_base64="yFt954myvbsUdF+d42Giqh+mHvo=">AAAB+XicbVDLTgJBEOzFF+IL9ehlIjHxRHaNUY8ELx4hkUcCGzI7DDBhdnYz02uCG77Aq36AN+PVr/HsjzjAHgSspJNKVXe6u4JYCoOu++3kNja3tnfyu4W9/YPDo+LxSdNEiWa8wSIZ6XZADZdC8QYKlLwda07DQPJWML6f+a0nro2I1CNOYu6HdKjEQDCKVqpXe8WSW3bnIOvEy0gJMtR6xZ9uP2JJyBUySY3peG6Mfko1Cib5tNBNDI8pG9Mh71iqaMiNn84PnZILq/TJINK2FJK5+ncipaExkzCwnSHFkVn1ZuJ/XifBwZ2fChUnyBVbLBokkmBEZl+TvtCcoZxYQpkW9lbCRlRThjabpS0oxs9Tm4q3msE6aV6VvZuyV78uVapZPnk4g3O4BA9uoQIPUIMGMODwAq/w5qTOu/PhfC5ac042cwpLcL5+AbmPlGE=</latexit>

B
<latexit sha1_base64="w0GaDAZpA4wVcQSPdCtyB0G6n5Q=">AAAB+XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKqMegIB4TMA9IljA76SRDZmeXmV4hLvkCr/oB3sSrX+PZH3GS7MEkFjQUVd10dwWxFAZd99vJra1vbG7ltws7u3v7B8XDo4aJEs2hziMZ6VbADEihoI4CJbRiDSwMJDSD0d3Ubz6BNiJSjziOwQ/ZQIm+4AytVLvvFktu2Z2BrhIvIyWSodot/nR6EU9CUMglM6btuTH6KdMouIRJoZMYiBkfsQG0LVUsBOOns0Mn9MwqPdqPtC2FdKb+nUhZaMw4DGxnyHBolr2p+J/XTrB/46dCxQmC4vNF/URSjOj0a9oTGjjKsSWMa2FvpXzINONos1nYgmL0PLGpeMsZrJLGRdm7Knu1y1LlNssnT07IKTknHrkmFfJAqqROOAHyQl7Jm5M6786H8zlvzTnZzDFZgPP1C7/jlGU=</latexit>

F
<latexit sha1_base64="yFt954myvbsUdF+d42Giqh+mHvo=">AAAB+XicbVDLTgJBEOzFF+IL9ehlIjHxRHaNUY8ELx4hkUcCGzI7DDBhdnYz02uCG77Aq36AN+PVr/HsjzjAHgSspJNKVXe6u4JYCoOu++3kNja3tnfyu4W9/YPDo+LxSdNEiWa8wSIZ6XZADZdC8QYKlLwda07DQPJWML6f+a0nro2I1CNOYu6HdKjEQDCKVqpXe8WSW3bnIOvEy0gJMtR6xZ9uP2JJyBUySY3peG6Mfko1Cib5tNBNDI8pG9Mh71iqaMiNn84PnZILq/TJINK2FJK5+ncipaExkzCwnSHFkVn1ZuJ/XifBwZ2fChUnyBVbLBokkmBEZl+TvtCcoZxYQpkW9lbCRlRThjabpS0oxs9Tm4q3msE6aV6VvZuyV78uVapZPnk4g3O4BA9uoQIPUIMGMODwAq/w5qTOu/PhfC5ac042cwpLcL5+AbmPlGE=</latexit>

B
<latexit sha1_base64="w0GaDAZpA4wVcQSPdCtyB0G6n5Q=">AAAB+XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKqMegIB4TMA9IljA76SRDZmeXmV4hLvkCr/oB3sSrX+PZH3GS7MEkFjQUVd10dwWxFAZd99vJra1vbG7ltws7u3v7B8XDo4aJEs2hziMZ6VbADEihoI4CJbRiDSwMJDSD0d3Ubz6BNiJSjziOwQ/ZQIm+4AytVLvvFktu2Z2BrhIvIyWSodot/nR6EU9CUMglM6btuTH6KdMouIRJoZMYiBkfsQG0LVUsBOOns0Mn9MwqPdqPtC2FdKb+nUhZaMw4DGxnyHBolr2p+J/XTrB/46dCxQmC4vNF/URSjOj0a9oTGjjKsSWMa2FvpXzINONos1nYgmL0PLGpeMsZrJLGRdm7Knu1y1LlNssnT07IKTknHrkmFfJAqqROOAHyQl7Jm5M6786H8zlvzTnZzDFZgPP1C7/jlGU=</latexit>

F
<latexit sha1_base64="yFt954myvbsUdF+d42Giqh+mHvo=">AAAB+XicbVDLTgJBEOzFF+IL9ehlIjHxRHaNUY8ELx4hkUcCGzI7DDBhdnYz02uCG77Aq36AN+PVr/HsjzjAHgSspJNKVXe6u4JYCoOu++3kNja3tnfyu4W9/YPDo+LxSdNEiWa8wSIZ6XZADZdC8QYKlLwda07DQPJWML6f+a0nro2I1CNOYu6HdKjEQDCKVqpXe8WSW3bnIOvEy0gJMtR6xZ9uP2JJyBUySY3peG6Mfko1Cib5tNBNDI8pG9Mh71iqaMiNn84PnZILq/TJINK2FJK5+ncipaExkzCwnSHFkVn1ZuJ/XifBwZ2fChUnyBVbLBokkmBEZl+TvtCcoZxYQpkW9lbCRlRThjabpS0oxs9Tm4q3msE6aV6VvZuyV78uVapZPnk4g3O4BA9uoQIPUIMGMODwAq/w5qTOu/PhfC5ac042cwpLcL5+AbmPlGE=</latexit>

B

CUDA  
stream 2

CUDA  
stream 1

<latexit sha1_base64="4tjKF4Y7HaH9lMgjH00C/yLx+Lc=">AAACEXicbVDLTgJBEJzFF+IL9eDBy0Zigheya4x6JHLxiIk8EiBkdmhgwszuZqbXiJv9Cj/Bq36AN+PVL/DsjzjAHgSspJNKVXe6u7xQcI2O821lVlbX1jeym7mt7Z3dvfz+QV0HkWJQY4EIVNOjGgT3oYYcBTRDBVR6AhreqDLxGw+gNA/8exyH0JF04PM+ZxSN1M0ftREeETGuBFImxTYOAWnXPevmC07JmcJeJm5KCiRFtZv/afcCFknwkQmqdct1QuzEVCFnApJcO9IQUjaiA2gZ6lMJuhNPH0jsU6P07H6gTPloT9W/EzGVWo+lZzolxaFe9Cbif14rwv51J+Z+GCH4bLaoHwkbA3uSht3jChiKsSGUKW5utdmQKsrQZDa3BfnoKTGpuIsZLJP6ecm9LLl3F4XyTZpPlhyTE1IkLrkiZXJLqqRGGEnIC3klb9az9W59WJ+z1oyVzhySOVhfv25tngw=</latexit>

Comm(✓1)
<latexit sha1_base64="tKNzHFh0/Es51/hxwhXwUNev8yE=">AAACEXicbVDLTgJBEJz1ifhCPXjwspGY4IXsEqMeiVw8YiKPBAiZHRqYMLO7mek14ma/wk/wqh/gzXj1Czz7Iw6wBwEr6aRS1Z3uLi8UXKPjfFsrq2vrG5uZrez2zu7efu7gsK6DSDGosUAEqulRDYL7UEOOApqhAio9AQ1vVJn4jQdQmgf+PY5D6Eg68HmfM4pG6uaO2wiPiBhXAimTQhuHgLRbOu/m8k7RmcJeJm5K8iRFtZv7afcCFknwkQmqdct1QuzEVCFnApJsO9IQUjaiA2gZ6lMJuhNPH0jsM6P07H6gTPloT9W/EzGVWo+lZzolxaFe9Cbif14rwv51J+Z+GCH4bLaoHwkbA3uSht3jChiKsSGUKW5utdmQKsrQZDa3BfnoKTGpuIsZLJN6qeheFt27i3z5Js0nQ07IKSkQl1yRMrklVVIjjCTkhbySN+vZerc+rM9Z64qVzhyROVhfv3ADng0=</latexit>

Comm(✓2)

<latexit sha1_base64="w0GaDAZpA4wVcQSPdCtyB0G6n5Q=">AAAB+XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKqMegIB4TMA9IljA76SRDZmeXmV4hLvkCr/oB3sSrX+PZH3GS7MEkFjQUVd10dwWxFAZd99vJra1vbG7ltws7u3v7B8XDo4aJEs2hziMZ6VbADEihoI4CJbRiDSwMJDSD0d3Ubz6BNiJSjziOwQ/ZQIm+4AytVLvvFktu2Z2BrhIvIyWSodot/nR6EU9CUMglM6btuTH6KdMouIRJoZMYiBkfsQG0LVUsBOOns0Mn9MwqPdqPtC2FdKb+nUhZaMw4DGxnyHBolr2p+J/XTrB/46dCxQmC4vNF/URSjOj0a9oTGjjKsSWMa2FvpXzINONos1nYgmL0PLGpeMsZrJLGRdm7Knu1y1LlNssnT07IKTknHrkmFfJAqqROOAHyQl7Jm5M6786H8zlvzTnZzDFZgPP1C7/jlGU=</latexit>

F



Local SGD is incompatible with Sharding

• Local SGD requires full state per worker: Each 
worker must hold (or rematerialize) the entire model’s 
parameters, gradients, and optimizer state between global 
syncs. 

• Sharding&local SGD: Partitioning these states across 
replicas prevents true local SGD steps - unless workers 
have exceptionally fast interconnects. 

• Practicality varies by cluster: This can work on very 
large, well-connected clusters (e.g., Google TPU pods) but 
is impractical on typical setups like a single node with 8 
well-connected GPUs.

8



Toward a principled overlapping of Comm. 
and Comp.: 

ACCO

9



From Sequential to 
Overlapped Comm. & Comp.

10

CUDA stream 
of worker 1

CUDA stream 
of worker 2

Time

CUDA 
stream 1 
CUDA 

stream 2

CUDA 
stream 1 
CUDA 

stream 2

Worker 1 

Worker 2 

Time

Comp.Comm.



Formal Setting
• Objective. Minimize                with access only to an 
unbiased stochastic gradient oracle: 

• Workers & heterogeneity. We have N workers which 
process      samples in parallel: 
 

• Each worker has two concurrent blocking streams with 
read/write access to both memory buffers    and   .   

• This implies that we will study updates of the type:

11

<latexit sha1_base64="RiAub6ZqypUp0PcuuQ+w1kVx0jU=">AAAB/nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMegF48RzAOSJcxOJsmY2dllpleIS8BP8Kof4E28+iue/REnyR5MYkFDUdVNd1cQS2HQdb+d3Mrq2vpGfrOwtb2zu1fcP6ibKNGM11gkI90MqOFSKF5DgZI3Y81pGEjeCIY3E7/xyLURkbrHUcz9kPaV6AlG0Ur1Ng440k6x5JbdKcgy8TJSggzVTvGn3Y1YEnKFTFJjWp4bo59SjYJJPi60E8Njyoa0z1uWKhpy46fTa8fkxCpd0ou0LYVkqv6dSGlozCgMbGdIcWAWvYn4n9dKsHflp0LFCXLFZot6iSQYkcnrpCs0ZyhHllCmhb2VsAHVlKENaG4LiuHT2KbiLWawTOpnZe+i7N2dlyrXWT55OIJjOAUPLqECt1CFGjB4gBd4hTfn2Xl3PpzPWWvOyWYOYQ7O1y/uqpbD</latexit>

✓
<latexit sha1_base64="NtOjwOr9IxK5T4s0MjtJgz/kpKw=">AAACBHicbVDLSsNAFJ3UV62vqks3wSK4KomIuiy6cVnBtkITymRy0w6dTMLMjVBDt36CW/0Ad+LW/3Dtjzhts7CtBy4czrmXczlBKrhGx/m2Siura+sb5c3K1vbO7l51/6Ctk0wxaLFEJOohoBoEl9BCjgIeUgU0DgR0guHNxO88gtI8kfc4SsGPaV/yiDOKRvI85CIEDweAtFetOXVnCnuZuAWpkQLNXvXHCxOWxSCRCap113VS9HOqkDMB44qXaUgpG9I+dA2VNAbt59Ofx/aJUUI7SpQZifZU/XuR01jrURyYzZjiQC96E/E/r5thdOXnXKYZgmSzoCgTNib2pAA75AoYipEhlClufrXZgCrK0NQ0l4J8+DQ2rbiLHSyT9lndvai7d+e1xnXRT5kckWNySlxySRrkljRJizCSkhfySt6sZ+vd+rA+Z6slq7g5JHOwvn4BubqZbQ==</latexit>

✓̃

<latexit sha1_base64="v4UlRzfrWWWK+SWv0oiz35UOui8=">AAACFXicbVDLSsNAFJ3UV31HXXYTLIKrkoiouCq6cVnFPqCNZTKZtEMnM2HmRqihC7/CT3CrH+BO3Lp27Y+YtAFt64GBc8+5l3vneBFnGmz7yygsLC4trxRX19Y3Nre2zZ3dhpaxIrROJJeq5WFNORO0Dgw4bUWK4tDjtOkNLjO/eU+VZlLcwjCiboh7ggWMYEilrlkKzjshhr7nJTejO78D8rfsmmW7Yo9hzRMnJ2WUo9Y1vzu+JHFIBRCOtW47dgRughUwwulorRNrGmEywD3aTqnAIdVuMv7EyDpIFd8KpEqfAGus/p1IcKj1MPTSzuxCPetl4n9eO4bgzE2YiGKggkwWBTG3QFpZIpbPFCXAhynBRLH0Vov0scIE0tymtgAbPGSpOLMZzJPGUcU5qTjXx+XqRZ5PEZXQPjpEDjpFVXSFaqiOCHpEz+gFvRpPxpvxbnxMWgtGPrOHpmB8/gAqHqAd</latexit>

f : Rd ! R

<latexit sha1_base64="TndhMTNWAg6+NwKeecd6cjQY+8k="></latexit>

E⇠[rF (✓, ⇠)] = rf(✓)

<latexit sha1_base64="mSTUjVAXuHyVsMBTWE6J6m+BFJk=">AAAB+3icbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6rHoxZNUtB/QhrLZbtqlm03YnQg15Cd41R/gTbz6Yzz7R9y2OdjWBwOP92aYmefHgmt0nG+rsLK6tr5R3Cxtbe/s7pX3D5o6ShRlDRqJSLV9opngkjWQo2DtWDES+oK1/NHNxG89MaV5JB9xHDMvJAPJA04JGunhrsd75YpTdaawl4mbkwrkqPfKP91+RJOQSaSCaN1xnRi9lCjkVLCs1E00iwkdkQHrGCpJyLSXTk/N7BOj9O0gUqYk2lP170RKQq3HoW86Q4JDvehNxP+8ToLBlZdyGSfIJJ0tChJhY2RP/rb7XDGKYmwIoYqbW206JIpQNOnMbUE+es5MKu5iBsukeVZ1L6ru/Xmldp3nU4QjOIZTcOESanALdWgAhQG8wCu8WZn1bn1Yn7PWgpXPHMIcrK9fU/iVSQ==</latexit>

Ni

<latexit sha1_base64="/Eq+owkEuU7pWnu/iD74CXBFf78=">AAACI3icbZDLSgMxFIYzXmu9VV26CRahhTLMiKgboejGlVSwF+jUIZOm7aGZC0lGrEOfwafwEdzqA7gTNy5c+SKm7Sxs64GQj/8/h5P8XsRBKsv6MhYWl5ZXVjNr2fWNza3t3M5uTYaxoKxKQx6Khkck4xCwqgLFWSMSjPgeZ3Wvfzny6/dMSAiDWzWIWMsn3QA6QInSkpsrOg9wB+eF8eXaJdM0SxNOrl0YFh0JPnYa4IKby1umNS48D3YKeZRWxc39OO2Qxj4LFOVEyqZtRaqVEKGAcjbMOrFkEaF90mVNjQHxmWwl4y8N8aFW2rgTCn0Chcfq34mE+FIOfE93+kT15Kw3Ev/zmrHqnLUSCKJYsYBOFnVijlWIR/ngNghGFR9oIFSAfiumPSIIVTrFqS0K+o9DnYo9m8E81I5M+8S0b47z5Ys0nwzaRweogGx0isroClVQFVH0hF7QK3ozno1348P4nLQuGOnMHpoq4/sXEAGkAw==</latexit>

⇠i = (⇠i1, ..., ⇠
i
Ni

) ⇠ ⌅i

<latexit sha1_base64="CsQ8jYrQ/x6FG2Y5d/Gaa19XiuU="></latexit>

rFi(✓, ⇠
i) =

1

Ni

NiX

k=1

rF (✓, ⇠ik) with

<latexit sha1_base64="oGIytNx19dmyVgkdM38YeA9onJc="></latexit>(
✓(t+1) = F1(✓(t), ✓̃(t))

✓̃(t+1) = F2(✓(t), ✓̃(t))



• Compute local gradients on each worker; all-
reduce to average them; apply the Optimizer step:

12Baseline 1: 
All-Reduce GD

<latexit sha1_base64="s7556jIBhiw7lljzBJyejS9GDJE="></latexit>

g(t)i = rFi(✓
(t), ⇠(t)) ,

✓(t+1) = Opt

 
✓(t),

NX

i=1

NiP
i Ni

g(t)i

!

<latexit sha1_base64="OaoxuEY4Ip2LgRTd/7mYj7uByiM="></latexit>

rFi(✓, ⇠) =
1

Ni

NiX

k=1

rF (✓, ⇠k)

The algorithm uses a synchronous all-reduce (no overlap) with good 
convergence.



Baseline 2: 
DPU

• Delayer Parameter Updates (1-step): two weight buffers—
compute on t−1, write to t, then swap; overlap with one-step staleness.

13

<latexit sha1_base64="KIglmN0ZvUd2QYhOKpzn8ev4lH8="></latexit>

g(t+1)
i = rFi(✓̃

(t), ⇠(t))

✓̃(t+1) = ✓(t)

✓(t+1) = Opt

 
✓(t),

NX

i=1

NiPN
j=1 Nj

g(t)i

!

/!\ However, it degrades convergence.



Baseline 3: 
WP

• Weight Prediction (WP): two buffers; one predicts a 
subset of parameters one step ahead.

14

<latexit sha1_base64="KgN5qBmNMtBu/F8rW1QMZEYccBo="></latexit>

g(t+1)
i = rFi(✓̃

(t), ⇠(t))

✓(t+1) = Opt

 
✓(t),

NX

i=1

NiP
i Ni

g(t)i

!
,

✓̃(t+1) = Opt

 
✓(t+1),

NX

i=1

NiP
i Ni

g(t)i

!
.

/!\ However, it degrades convergence.



Toward ACCO

• Idea. ACCO starts from a decoupled formulation and shows 
that updates       can be decoupled: 

• Dynamic. Straightforward derivations yield a simple update 
rule in the Gradient-Descent setting: 

• Consistency. If              , ACCO reduces to standard GD:

15

<latexit sha1_base64="f3Nb1jxCaVpQoU2N6/Jtapry7b0=">AAACDnicbVDJSgNBEO2JW4xbXG5eGoPgQcKMiHoMevEYwSyQhNDTU0ma9PQM3TVCMuQf/ASv+gHexKu/4NkfsbMcTOKDglfvVVHF82MpDLrut5NZWV1b38hu5ra2d3b38vsHVRMlmkOFRzLSdZ8ZkEJBBQVKqMcaWOhLqPn9u7FfewJtRKQecRBDK2RdJTqCM7RSO3/UxB4gO6dNFDKAadfOF9yiOwFdJt6MFMgM5Xb+pxlEPAlBIZfMmIbnxthKmUbBJYxyzcRAzHifdaFhqWIhmFY6+X5ET60S0E6kbSmkE/XvRspCYwahbydDhj2z6I3F/7xGgp2bVipUnCAoPj3USSTFiI6joIHQwFEOLGFcC/sr5T2mGUcb2NwVFP3hyKbiLWawTKoXRe+q6D1cFkq3s3yy5JickDPikWtSIvekTCqEkyF5Ia/kzXl23p0P53M6mnFmO4dkDs7XL9+jnKw=</latexit>

✓, ✓̃
<latexit sha1_base64="BjrsvedfrI3Vb26dBr3RuxIVGH8="></latexit>

inf
✓
f(✓) = inf

✓=✓̃

1

2

�
f(✓) + f(✓̃)

�
.

<latexit sha1_base64="XtUiMtsHZNMhWelLQzB/DM7nWwI="></latexit>8
><

>:

✓(t+1) = ✓(t) � ⌘
2

⇣
rf

⇣
✓(t)

⌘
+rf

⇣
✓̃(t)

⌘⌘
,

✓̃(t+1) = ✓(t) � ⌘rf
⇣
✓̃(t)

⌘
.

<latexit sha1_base64="kUP5XqvsRWyu9is3ma2wDw0SEx0=">AAACG3icbVDJSgNBEO2JW4xb1KOX1iDES5gRUS9C0IvHCGaBJIaeTk3SpGehu0aIQ85+hZ/gVT/Am3j14NkfsbMcsvig4PFeFVX13EgKjbb9Y6WWlldW19LrmY3Nre2d7O5eRYex4lDmoQxVzWUapAigjAIl1CIFzHclVN3ezdCvPoLSIgzusR9B02edQHiCMzRSK3vYwC4ge0jyeDK4aqCQbaDTWqGVzdkFewS6SJwJyZEJSq3sb6Md8tiHALlkWtcdO8JmwhQKLmGQacQaIsZ7rAN1QwPmg24mo1cG9NgobeqFylSAdKROTyTM17rvu6bTZ9jV895Q/M+rx+hdNhMRRDFCwMeLvFhSDOkwF9oWCjjKviGMK2FupbzLFONo0pvZgqL3NDCpOPMZLJLKacE5Lzh3Z7ni9SSfNDkgRyRPHHJBiuSWlEiZcPJMXskbebderA/r0/oat6asycw+mYH1/QdRyKGj</latexit>

✓(t) = ✓̃(t).

<latexit sha1_base64="wmMtdWpt5FYHonP96O2olMCdxMY=">AAACGnicbVDJSgNBEO2JW4zbqEcvjUGIlzAjol6EoBePEcwCyRh6emqSJj0L3TVCHHL1K/wEr/oB3sSrF8/+iJPlYBIfFDzeq6KqnhtLodGyvo3c0vLK6lp+vbCxubW9Y+7u1XWUKA41HslINV2mQYoQaihQQjNWwAJXQsPtX4/8xgMoLaLwDgcxOAHrhsIXnGEmdUzaxh4gu09L1vHwso1CejCjdcyiVbbGoIvEnpIimaLaMX/aXsSTAELkkmndsq0YnZQpFFzCsNBONMSM91kXWhkNWQDaScefDOlRpnjUj1RWIdKx+nciZYHWg8DNOgOGPT3vjcT/vFaC/oWTijBOEEI+WeQnkmJER7FQTyjgKAcZYVyJ7FbKe0wxjll4M1tQ9B9HqdjzGSyS+knZPivbt6fFytU0nzw5IIekRGxyTirkhlRJjXDyRF7IK3kzno1348P4nLTmjOnMPpmB8fUL+iWg4w==</latexit>

✓(0) = ✓̃(0)



ACCO implementation 16

<latexit sha1_base64="JhWuBuoPMowQUlmdBnM3bta0/uQ="></latexit>8
<

:
g(t)i = rFi(✓

(t), ⇠(t)) ,

✓̃(t+1) = Opt

⇣
✓(t),

PN
i=1

NiP
j Nj

g̃(t)i

⌘
,
(2)

8
<

:
g̃(t+1)
i = rFi(✓̃

(t+1), ⇠̃(t)) ,

✓(t+1) = Opt

⇣
✓(t),

PN
i=1

Ni
2
P

j Nj
(g(t)i + g̃(t)i )

⌘
,

G
PU

comm./opt.
stream

 acc.
stream

Init. Step 1 Step 2 Step 3 Step 4

• We can rewrite ACCO in our setting as: 
 
 

• Observe the effective parallelisation:

<latexit sha1_base64="XtUiMtsHZNMhWelLQzB/DM7nWwI="></latexit>8
><

>:

✓(t+1) = ✓(t) � ⌘
2

⇣
rf

⇣
✓(t)

⌘
+rf

⇣
✓̃(t)

⌘⌘
,

✓̃(t+1) = ✓(t) � ⌘rf
⇣
✓̃(t)

⌘
.



Convergence for GD and SGD.
• The proof relies on introducing the Lyapunov function: 

• Theorem: If f is L-smooth, and if                          , then: 

• Furthermore, if                                       so that  
 
are conditionally independent with variance    , and if  
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<latexit sha1_base64="CjpjjykHPz7QYkLMu+E3P8nXs7E="></latexit>

V (✓, ✓̃) , f(✓)� f(✓⇤) + ⌘L(f(✓̃)� f(✓⇤)) + Lk✓ � ✓̃k2 � 0

<latexit sha1_base64="9SInw585vcuRQpGxHVhJOGQaHJ4="></latexit>

1

T

T�1X

t=0

⇣
krf(✓t)k2 + krf(✓̃t)k2

⌘
 8

⌘T

⇣
f(✓0) + f(✓̃0)� 2f(✓⇤) + Lk✓0 � ✓̃0k2

⌘
.

<latexit sha1_base64="m3KrBVeJw0WwYpxz82FtCnxtQeM=">AAACFXicbZC7SgNBFIZnvd+NWtoMBsFCwq6IWogEbSwsIuQiZJcwOzmbDJm9OHNWiMsWPoWPYKsPYCe21ta+iJNLocYfBn7+cw7nzOcnUmi07U9ranpmdm5+YXFpeWV1bb2wsVnXcao41HgsY3XjMw1SRFBDgRJuEgUs9CU0/N7FoN64A6VFHFWxn4AXsk4kAsEZmqhV2LZPXUDmSrilbqAYp052cJXv0+qZ3SoU7ZI9FJ00ztgUyViVVuHLbcc8DSFCLpnWTcdO0MuYQsEl5EtuqiFhvMc60DQ2YiFoLxt+Iqe7JmnTIFbmRUiH6c+JjIVa90PfdIYMu/pvbRD+V2umGJx4mYiSFCHio0VBKinGdECEtoUCjrJvDONKmFsp7zKDAg23X1tQ9O5zQ8X5y2DS1A9KzlHJuT4sls/HfBbINtkhe8Qhx6RMLkmF1AgnD+SJPJMX69F6td6s91HrlDWe2SK/ZH18A44AneE=</latexit>

0 < ⌘  1

2L
, T > 0

<latexit sha1_base64="5qVilnJRICj4dXdeY5Qmj6HDD3I="></latexit>

E[gt | ✓(t)] = rf(✓(t)),E[g̃t | ✓̃(t)] = rf(✓̃(t)),

<latexit sha1_base64="BTqYfBDR0xNt7PDJxg1n/CF6ntU="></latexit>

1

T

T�1X

t=0

E
h
krf(✓t)k2 + krf(✓̃t)k2

i
 16

⌘T

�
f(✓0)� f(✓⇤)

�
+ 8�2L⌘.

<latexit sha1_base64="BF4HVxB07eR0FvZFmcSb+Inhc3o=">AAACDHicbZDLSsNAFIYn9VbrLdalm8EiuJCSiKjLohuXFewFmhAmk2k7dHJh5kSsoa/gI7jVB3Anbn0H176IkzYL2/rDgY//nMM5/H4iuALL+jZKK6tr6xvlzcrW9s7unrlfbas4lZS1aCxi2fWJYoJHrAUcBOsmkpHQF6zjj27yfueBScXj6B7GCXNDMoh4n1MC2vLMqpMNPDh1gIuAYY3OxDNrVt2aCi+DXUANFWp65o8TxDQNWQRUEKV6tpWAmxEJnAo2qTipYgmhIzJgPY0RCZlys+nvE3ysnQD3Y6krAjx1/25kJFRqHPp6MiQwVIu93Pyv10uhf+VmPEpSYBGdHeqnAkOM8yBwwCWjIMYaCJVc/4rpkEhCQcc1dwX46ClPxV7MYBnaZ3X7om7fndca10U+ZXSIjtAJstElaqBb1EQtRNEjekGv6M14Nt6ND+NzNloyip0DNCfj6xdY4pvY</latexit>

{gt, g̃t}

<latexit sha1_base64="A7695Fcwg1PjpxIeSJ8xUkEoOoI=">AAACAHicbVDLTgJBEOz1ifhCPXqZSEw8kV1i1CPRi0dM5JHASmaHASbM7G5mek1ww8VP8Kof4M149U88+yMOsAcBK+mkUtWd7q4glsKg6347K6tr6xubua389s7u3n7h4LBuokQzXmORjHQzoIZLEfIaCpS8GWtOVSB5IxjeTPzGI9dGROE9jmLuK9oPRU8wilZqto3oK/pQ7hSKbsmdgiwTLyNFyFDtFH7a3YgliofIJDWm5bkx+inVKJjk43w7MTymbEj7vGVpSBU3fjq9d0xOrdIlvUjbCpFM1b8TKVXGjFRgOxXFgVn0JuJ/XivB3pWfijBOkIdstqiXSIIRmTxPukJzhnJkCWVa2FsJG1BNGdqI5ragGD6NbSreYgbLpF4ueRcl7+68WLnO8snBMZzAGXhwCRW4hSrUgIGEF3iFN+fZeXc+nM9Z64qTzRzBHJyvXxnjl2I=</latexit>

�2

<latexit sha1_base64="QqrMGuijdytBE/jwcUz1gLRPJmA="></latexit>(
✓(t+1) = ✓(t) � ⌘

2 (gt + g̃t) ,

✓̃(t+1) = ✓(t) � ⌘ g̃t,

then:



Numerical analysis of 
ACCO

18



Caution: Local SGD Can Bite 19

K: memory multiplier of the optimizer
N: numbers of workers
  : numbers of parameters

<latexit sha1_base64="cxHAXgpHfxQoi0eRsTFj1LU8Pvg=">AAAB/HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cKthXaUDbbbbt0swm7E6GG+hO86g/wJl79L579I27aHGzrg4HHezPMzAtiKQy67rdTWFldW98obpa2tnd298r7B00TJZrxBotkpB8CargUijdQoOQPseY0DCRvBaObzG89cm1EpO5xHHM/pAMl+oJRzKRO3YhuueJW3SnIMvFyUoEc9W75p9OLWBJyhUxSY9qeG6OfUo2CST4pdRLDY8pGdMDblioacuOn01sn5MQqPdKPtC2FZKr+nUhpaMw4DGxnSHFoFr1M/M9rJ9i/8lOh4gS5YrNF/UQSjEj2OOkJzRnKsSWUaWFvJWxINWVo45nbgmL0NLGpeIsZLJPmWdW7qHp355XadZ5PEY7gGE7Bg0uowS3UoQEMhvACr/DmPDvvzofzOWstOPnMIczB+foFLoaVxQ==</latexit>

 

We must communicate state to perform optimizer steps — this undermines 
the gains from sharing settings.



Does it work? Yes!
• TinyStories + 36M-parameter GPT-Neo-based 

transformer with 32 workers on 5B tokens:

20

��



Timing?
21



Fine tuning
• On the Alpaca dataset, for a GPT-Neo 2.7B models, retrained on 

Piles: (mini-batches have heterogeneous sizes: more sync times for 
DDPs)

22



Robustness to straggler 
workers:

• TinyStories with 1 worker x4 slower:

23



Conclusion

• Overlapping can be neatly done by using a novel 
dynamic. 

• Looking for efficient pipelining for LLMs? Check PETRA! 
(spotlight at ICLR2025) 

• More papers on distributed optimization: 
 https://edouardoyallon.github.io/

24

(and I’m obviously looking for PostDocs, PhD students, starting ASAP…)

Thank you!

https://edouardoyallon.github.io/

