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dCUDA: Distributed GPU Computing with Hardware Overlap

Tobias Gysi, Jeremia Bar, Lukas Kuster, and Torsten Hoefler
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GPU cluster programming using MPI and CUDA

node 1 node 2

device
memory

device
memory

host
memory

host
memory

\\\ih_‘>Hnerconnect

code

// run compute kernel @g NVIDIA.
__global
void mykernel( .. ) { } (:ljl)l\z

// launch compute kernel
mykernel<<<64,128>>>( .. );

// on-node data movement
cudaMemcpy (

<A NVIDIA.
psize, &size,
sizeof(int), (:lJ[)l\z

cudaMemcpyDeviceToHost);

// inter-node data movement
mpi_send(
pdata, size,

MPI_FLOAT, .. );
mpi_recv(

pdata, size,
MPI_FLOAT, .. );


https://www.google.ch/url?sa=i&rct=j&q=&esrc=s&source=imgres&cd=&ved=0ahUKEwjj79GlhpvPAhUFVxQKHQIGDEIQjRwIBw&url=https://de.wikipedia.org/wiki/CUDA&psig=AFQjCNF-rUYcJlQyEV7nie5u7GKF3ewpgw&ust=1474361383446471
https://www.google.ch/url?sa=i&rct=j&q=&esrc=s&source=imgres&cd=&ved=0ahUKEwjj79GlhpvPAhUFVxQKHQIGDEIQjRwIBw&url=https://de.wikipedia.org/wiki/CUDA&psig=AFQjCNF-rUYcJlQyEV7nie5u7GKF3ewpgw&ust=1474361383446471

o <y S 1 PR L e spcl.inf.ethz.ch
ETHzurich -i- T e s /\@J 3 @spcl_eth

Systems e ETH zino

Disadvantages of the MPI-CUDA approach

device host complexity
e two programming models
* duplicated functionality

mykernel<<< >>>( .. );

cudaMemcpy( .. );
mykernel( .. ) {

} copy sync

device sync ﬁ
mpi_send( .. ); k’
@ mpi_recv( .. );

cluster sync

time

mykernel<<< >>>( .. );

mykernel( .. ) { performance
y * encourages sequential execution
} * |low utilization of the costly hardware



https://www.google.com/imgres?imgurl=https://upload.wikimedia.org/wikipedia/commons/thumb/b/bc/PEO-smiley_sleeping.svg/2000px-PEO-smiley_sleeping.svg.png&imgrefurl=https://commons.wikimedia.org/wiki/File:PEO-smiley_sleeping.svg&docid=xBdiHQ8H31Z3WM&tbnid=XHH3C3az5Pk4MM:&w=2000&h=2000&bih=723&biw=1433&ved=0ahUKEwjWsYvdh6HPAhVsBMAKHTDGCU4QMwg-KBowGg&iact=mrc&uact=8

ETH:zurich 'i-

Systems e ETH zino

code

1d %re,%rl
mul %re,%re,3

st %re,%rl

GPU cores use
“parallel slack” to

hide instruction
pipeline latencies

time

thread 1

1d %re,%rl
stall
ready

mul %re,%re,3
stall
ready

st %roe,%rl
stall

ready

thread 2

ready

1d %re,%rl
stall
ready

mul %re,%re,3
stall
ready

st %re,%rl

stall

thread 3

ready
ready

1d %roe,%rl
stall
ready

mul %re,%re,3
stall
ready

st %re,%rl
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Achieve high resource utilization using oversubscription & hardware threads

instruction pipeline

1d
1d
1d
mul
mul
mul
st
st

st

1d
1d
1d
mul
mul
mul
st

st
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Use oversubscription & hardware threads to hide remote memory latencies

code thread 1 thread 2 thread 3 instruction pipeline
get .. get .. ready ready get
mul %re,%re,3 stall get .. ready get get
put .. stall stall get .. get get
stall stall stall ! get
introduce put & get |2 ready stall stall ! !
operations to access [
distributed memory mul %re,%re,3 ready stall mul
stall mul %re,%ro,3 ready mul mul
ready stall mul %re,%re,3 mul mul
put .. ready stall put mul
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How much “parallel slack” is necessary to fully utilize the interconnect?

Little’s law
concurrency = latency * throughput

device memory

latency ~1us
bandwidth 200GB/s
concurrency 200kB

H#threads ~12000 °



https://www.google.ch/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&ved=0ahUKEwjlgtzZsqDPAhXHbhQKHYMlAMsQjRwIBw&url=http://cliparting.com/train-clipart/&bvm=bv.133387755,d.d24&psig=AFQjCNFHs2VJZGi5GorzDPS9HACbjQiQbQ&ust=1474545041358434
https://www.google.ch/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&ved=0ahUKEwjlgtzZsqDPAhXHbhQKHYMlAMsQjRwIBw&url=http://cliparting.com/train-clipart/&bvm=bv.133387755,d.d24&psig=AFQjCNFHs2VJZGi5GorzDPS9HACbjQiQbQ&ust=1474545041358434
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dCUDA (distributed CUDA) extends CUDA with MPI-3 RMA and notifications

for (int i = 9; i < steps; ++i) {

}

for (int idx = from; idx < to; idx += jstride)
out[idx] = -4.0 * in[idx] +
in[idx + 1] + 1n[1dx - 1] + Computation
in[idx + jstride] + in[idx - Jstride];

if (lsend)
dcuda_put_notify(ctx, wout, rank - 1,
len + jstride, jstride, &out[jstride], tag);
if (rsend)
dcuda_put_notify(ctx, wout, rank + 1,
0, jstride, &out[len], tag);
communication
dcuda_wait _notifications(ctx, wout,
tag, lsend + rsend);

swap(in, out);
swap(win, wout);

T. Gysi, J. Baer, TH: dCUDA: Hardware Supported Overlap of Computation and Communication, SC16

e jterative stencil kernel
* thread specific idx

* map ranks to blocks
* device-side put/get operations

* notifications for synchronization
e shared and distributed memory
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device 1

rank 2

stencil( .. );

rank 1
stencil( .. );
put( .. );
put( .. );
wait( .. );

sync
stencil( .. );
put( .. );
put( .. );

wait( .. );

put( .. );
put( .. );
wait( .. );
sync
stencil( .. );
put( .. );
put( .. );
wait( .. );

Advantages of the dCUDA approach

device 2
rank 3 rank 4
stencil( .. );
put( .. );
put( .. );
wait( .. );
stencil( .. );
put( .. );
put( .. );
wait( .. );
sync
stencil( .. );
put( .. );
put( .. );
Sync wait( .. );
stencil( .. );
put( .. );
put( .. );

wait( .. );

T. Gysi, J. Baer, TH: dCUDA: Hardware Supported Overlap of Computation and Communication, SC16

performance
e avoid device synchronization
* |atency hiding at cluster scale

complexity
* unified programming model
* one communication mechanism

device 1

rank 1

put

oAty

put

spcl.inf.ethz.ch
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device 2

rank 2

rank 3 Y
rank 4

put
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Implementation of the dCUDA runtime system

o event handler \
g
: ! ! !
block manager - block manager - block manager — MPI/IB
1 ‘ 1 ‘ 1 ‘ 1
T T T
5 5 5
7 7 !
GPU di
@ device-library device-library device-library rect
g put( .. ); put( .. ); put( .. );
> get( .. ); get( .. ); get( .. );
© wait( .. ); wait( .. ); wait( .. );

T. Gysi, J. Baer, TH: dCUDA: Hardware Supported Overlap of Computation and Communication, SC16
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GPUDirect provides the NIC with direct device memory access

PCI-E IB PCI-E

—
> NIC device
—

! Tl ! TTI
l | —» GPUDirect 1 |

device

|

host —> host staging host
idea performance
e avoid copy to host memory * |ower latency
* host-side control * bandwidth penalty on Greina

(2.7GB/s instead of 7.2GB/s)
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System latencies of the IB-backend compared to the MPI-backend

benchmarked on Greina (4 Broadwell nodes with 1x Tesla K80 per node)

IB-backend MPI-backend
same device (put & notify) [us] 2.4 2.4
peer device (put & notify) [us] 6.7 23.7
remote device (put & notify) [us] 6.9 12.2
same device (notify) [ps] 1.9 1.9
peer device (notify) [us] 3.4 5.0
remote device (notify) [us] 3.6 5.4

T. Gysi, J. Baer, TH: dCUDA: Hardware Supported Overlap of Computation and Communication, SC16
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Overlap of a copy kernel with halo exchange communication

benchmarked on Greina (8 Haswell nodes with 1x Tesla K80 per node)

no overlap
@ 1000 -
£
()
£
F)
C
Qo
5 halo exchange
o 500 -
x
Q
compute only
O -

30 60 90
# of copy iterations per exchange

T. Gysi, J. Baer, TH: dCUDA: Hardware Supported Overlap of Computation and Communication, SC16
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Weak scaling of IB-CUDA and dCUDA for a particle simulation

benchmarked on Greina (4 Broadwell nodes with 1x Tesla K80 per node)

execution time [ms]
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number of GPUs
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Weak scaling of IB-CUDA and dCUDA for a stencil program

benchmarked on Greina (4 Broadwell nodes with 1x Tesla K80 per node)
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Weak scaling of IB-CUDA and dCUDA for sparse-matrix vector multiplication

benchmarked on Greina (4 Broadwell nodes with 1x Tesla K80 per node)

150 -
7y
£ IB-CUDA
o 100
£ N\,
)
c IB-backend
o
2
o
o 50-
X
()]

0 - communication

1 4 9
number of GPUs



g o : spcl.inf.ethz.ch
ETH:zurich "i- R s \j’%&z ¥ @spcl_eth
Systemse ETH zivo: {_____ -

Weak scaling of IB-CUDA and dCUDA for power iterations

benchmarked on Greina (4 Broadwell nodes with 1x Tesla K80 per node)
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Conclusions

I
Il

= unified programming model for GPU clusters
= device-side remote memory access operations with notifications

= transparent support of shared and distributed memory

= extend the latency hiding technique of CUDA to the full cluster
" inter-node communication without device synchronization

=
=
=
=
AN
o
Y
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= use oversubscription & hardware threads to hide remote memory latencies

==
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A
N
=
M
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=

= automatic overlap of computation and communication
= synthetic benchmarks demonstrate perfect overlap
= example applications demonstrate the applicability to real codes

=  https://spcl.inf.ethz.ch/Research/Parallel Programming/dCUDA/
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