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In a nutshell... ¥

* GPUs are largely used in HPC and ML
« Workload sizes and user productivity have been limited by GPU memory capacity

* Meanwhile, memory systems are evolving...
* NVMs provide larger capacities at lower costs & power compared to Host and GPU mem

* In this study, we propose DRAGON:
* Enables GPU kernels to directly access NVMs
* Transparently provides massive memory to GPUSs
* Itis open source: CUDA driver extension + User-level API

Avallable at https://github.com/pakmarkthub/dragon



https://github.com/pakmarkthub/dragon
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Memory systems started diversifying... ¥
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GPUs are widely adopted ¥

* Employ In supercomputers, clusters, and Clouds

TSUBAME3.0 @ TITECH Summit @ ORNL
540 nodes; 4 P100 per node R — 4,608 nodes; 6 V100 per node
Ml Azure

ggt.)‘l sgrﬁigegm Ec 2

Google Cloud
 Use by thousands of applications
GROMACS .- -
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Tensor ' \




Problem: GPU memory is too small!! %

STORAGE
oveuteRs MARKETING  SaMLe

* Workload sizes grow larger than GPU and host memory DERP NEURAL I IATAS

- - NETWORK st ANALYTICSTECHOLOGY
» Complex GPU algorithms to handle out-of-core processing
On-chip (GPU Memory) Off-chip (Host Memory) Off-chip (1/0)

Programming @ Standard (cudaMalloc) Standard (Unified High (1/0O interfaces,
Complexity 22 Memory) 23 pipelines, overlapping...)

Implementation Applicable broadly 22 Applicable broadly 22 Algorithm-specific
technique

INFORMATION SIZE INTERNET

Performance High J3 Lower (due to PCl-e) @t Lowest (PCl-e + 1/O)
Problem size Must fit in GPU memory  Must fit in System Unlimited
£ memory I}

Data movement Host <> GPU; GPU On-demand & implicit Manual buffer managemen
kernel has direct access 2 data copy, HW paging “* via I/O and CUDA calls | &

Can we use NVMs for GPUs without incurring application
complexity while maintaining reasonable performance? 7



A Framework for Out of Me
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« Many research papers and implementations
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* NVIDIA’s Unified Memory (UM)

* On-demand paging for GPUs
« Cannot go beyond host memory due to page pinning
« Separate from storage space =» Need fread/fwrite!!!

« Other Hardware- and Software-based Approaches
« Ex. GPUfs, ActivePointers

* Prior work is mostly obsoleted by UM
« Many suggested impractical HW modifications

Pascal Unified Memory

Pascal
! }

2d Memory

(Limited to System Memaory Size)

https://devblogs.nvidia.com/beyond-gpu-memory-limits-unified-
memory-pascal/



Solution & Contributions

« DRAGON: Direct Resource Access for GPU over NVM

* Enable “mmap” from NVM to GPU memory space

« Unified GPU memory, host memory, and NVM spaces with strong and week coherency
 Utilize GPU HW page-faulting with our customized nvidia-uvm driver

» Overlap GPU computation with data transfer by nature (2.3x speedup over UM + 10)

« Key Contributions:

* Transparently extends GPU memory space to NVM devices
 Lead to virtually unlimited GPU memory capacity
* No need to modify GPU kernels

« Eliminate manual buffer management on data larger than the system memory
* Present NVM-optimized data access pattern types to decrease 10 overhead
 Evaluate functionality and performance on scientific and ML applications



DRAGON - New solution to
provide transparent access to
massive NVM capacity



DRAGON: Overview

Library

Driver

Application

malloc / free

joctl

direct
access

Our work

Extend nvidia-uvm to
support GPU load/store
from/to NVM

Activate via libdragon
call: dragon_map()

Fully compatible with
original CUDA API
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DRAGON Operations: Key Components ¥

PU

GPU code

GPU Memory
(GM)

f(in, out){
u = inftid]; ——
v = compute(u);

}

out[tid] = v; A

A

Virtual address space
(Shared between GPU and host)

* Three memory spaces:

Host

<+ (X) Already available

) Added by DRAGON

——p» Control flow

,QP,U,D[!,\!,Q[,,,,V ,,,,,,,,,,,,,,,

@Capture page fault}

? \J
? Map virtual

address to PCP

?Locate a free GM

chunk
[

\4

Have no
i ree chunk?

yes

(? Send data and

notify GPU

* GPU Mem (GM) as 1%t level cache
« Host Mem (HM) as 2" |evel cache
* NVM as primary storage

1_~ 7 Modified GPU driver

« Manage data movement & coherency

« GPU MMU with HW Page Fault
» Manage GPU virtual memory mapping

<— « Page cache

» Buffer & accelerate data access
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How Data Move: NVM = GPU ¥

PU
GPU code GPU Memory
f(in, out){ (GM)

u = inftid]; —

v = compute(u); MMU

out[tid] = v;

}

Host

Virtual address space

(Shared between GPU and host)

® Already available
) Added by DRAGON

——p» Control flow
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_____________
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notify GPU

2 ----PP Data flow (all colors)
,,,,,,,,, i i  Page cache pages
. on host memory | jhux’s page-cache
@; = (PCPonHM) mechanism

(run in background)

3 :
< ?Read ahead }

=

' (6 |
:?Async write
' back |
* . NVM Storage
[
1 |
| ]

The GPU load operation triggers
GPU page fault.

DRAGON driver extension transfers
data NVM - HM = GM.

Next data Is prefetched on HM via
page-cache read-ahead.

 |f cache hits on HM, data transfer
becomes HM - GM.

« Prefetching occurs while GPU is
computing.

Adaptive HM - GM granularity

« 4KiB, 64 KiB, 2 MiB

e |f cache hits on GM, no data transfer.13



How Data Move: GPU = NVM

PU
GPU code GPU Memory
f(in, out){ (GM)
u = inftid]; —
v = compute(u); MMU

out[tid] = v;

}

Host

Virtual address space
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® Already available
) Added by DRAGON
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The GPU store operation writes data
on Global Memory.

If no free GPU chunk, GM - HM
on a victim chunk.

« Eviction policy follows UM.

V100 does better than P100 due to
HW counter.

While GPU is computing, HM -
NVM by page-cache write-back.
« Eviction policy follows page-cache.

Data is kept on the fastest-

possible memory
14



Optimizations

 Intermediate Data (Temporary Workspace)

IN = read(...);

tmp = computeO(IN);
OUT = computel(tmp);
write(OUT, ...);

» Keep the data on the fastest-possible memory (GM > HM > NVM)

 Disable automatic write-back and flushing
« Read-Only and Write-Only Data

* One-directional data movement =» No write out and read in respectively

* Eviction Policies
 Intermediate Data: Least Recent Use (LRU)
 Input/Output Data: Follow UM and Page Cache

« Two-level Prefetching

» Host to GPU: 4 KiB, 64 KiB, 2 MiB
* NVM to Host: Follow Page Cache Read-Ahead
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DRAGON: API and Integration ¥

Out-of-Core using CUDA

// Allocate host & device memory
h_buf = malloc(size);
cudaMalloc(&g_buf, size);

while() { // go over all chunks
// Read-in data
f = fopen(filepath, “r”);
fread(h_buf, size, 1, f);

/[l H2D Transfer

cudaMemcpy(g_buf, h_buf, H2D);

// GPU compute
compute_on_gpu(g_buf);

/] Transfer back to host

cudaMemcpy(h_buf, g_buf, D2H);

compute_on_host(h_buf);

// Write out result
fwrite(h_buf, size, 1, f);

DRAGON

/[ mmap data to host and GPU
dragon_map(filepath, size,
D READ | D WRITE, &g_buf);

/l Accessible on both host and GPU
compute_on_gpu(g_buf);
compute_on_host(g_buf);

/[ Implicitly called when program exits
dragon_sync(g_buf);
dragon_unmap(g_buf);

Notes

* Similar to NVIDIA’s Unified Memory (UM)
» Enable access to large memory on NVM
UM is limited by host memory




Evaluation on Scientific and
ML workloads



Evaluation

Data movement methods

1. cudaMemcpy + fread/fwrite (original)

2. cudaHostRegister + mmap
3. UM-P + fread/fwrite (baseline)

Environment ¥
CPU Dual 12-core Intel Xeon E5

Memory 64 GiB DDR 4

GPU One NVIDIA P100 (12 GiB) PCle

NVM 2.4TB Micron 9100 HHHL U.2 PCle NVMe

formatted with ext4

Connection  PCle gen.3 x16

4. DRAGON

OS

: i CUDA

Benchmark applications
Application Category Vol:NonVol
backprop Unstructured Grid 1:1
binomialOptions | Linear Algebra 0:1
BlackScholes Linear Algebra 0:1
hotspot Structured Grid 0:1
lavaMD N-Body 0:1
pathfinder Dynamic Programming 0:1
srad_v?2 Structured Grid 5:1
vectorAdd Dense Linear Algebra 0:1

CentOS7 Kernel 3.10.0-693.5.2.el7.x86 64
V9.0 with driver 384.81

No change to the CUDA kernels

Measured the entire execution
time including reading in input
from and writing out result to files
20



#1: Default
. " " #2: Hostreg
Result: pathfinder (dynamic proc) 72 Hostre
- 1 nvm-read B map BN gpu-trans 1 estimated .
DRAGON IS the nvm-write free HEl exec . DI_RAGON apsolute exec ti #4: DRAGON
only solution for (right y-axis) | e
; |
out-of-co_re_wnh a pathfinder | extrapolation
user-oblivious GPU Mem Host Mem
addressing . From data streaming effect: /
1.2 : c c : 4
— — 3.6 : — —= L ——-
Eo.a ‘ R -
- s X o X o i B f c Normalized
L £ : 23 3 I £ w.rt. UM-P
= < W 25y Em | :
2l Other Methods: GPU is idle while fread() and cudaMemcpy() |
DRAGON: Overlap GPU computation with data transfer
1
The CUDA kernel is exactly the same!!! 99




Case Study: Caffe Environment ¥

CPU Dual 12-core Intel Xeon E5

Data movement methods Memory 24 GiB DDR 4

1. cudaMemcpy + frez_ad/fvvrite (Default)  spy One NVIDIA P100 (12 GiB) PCle

2. UM-P + fread/twrite NVM 2 4TB Micron 9200 HHHL U.2 PCle NVMe

3. CPU 4 threads (ATLAS) formatted with ext4

4. CPU all cores (OpenB_LAS OMP) Connection  PCle gen.3 x16

5. DRAGON (our solution) 0S CentOS7 Kernel 3.10.0-693.5.2.¢17.x86_64
CUDA V9.0 with driver 384.81

Methodology

« Modified Caffe to support UM-P and DRAGON

« Changed only data movement methods on host; No change to CUDA kernels
 Varied memory footprint size by varying the problem size and input parameters
« Measured execution time and normalized w.r.t. DRAGON
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(video action recognition; 3D Conv; batch size 1; ran 30 batches) Enable complex

Case Study: C3D-UCF101Net (Caffe) | atgorithms that

require large data

[ ] Default @ C++ ATLAS B DRAGON chunks to process
UM-P ZZZ C++ OPENBLAS — DRAGON exec time
©o 0o | Host mem Out-of-core
3 a L e 2
5. 2y N , 3.5x faster than using LY N -
o I CPUs for out-of-core -
Ea : 10.0 &
T -
— - _
Feb) Q
+—J E 3] =
H N "
DD .= L e
m g 2] 1.0 §
. o
O — - 3
< )
o / A x
12 24 36 48 60 72 84 L
[4.52] [8.941 ! [13.361 [17.401 [21.83] ! [26.24] [30.68]
DRAGON didn’t loss to Video length (frames) Normalized

oriainal Caffe [Memory footprint (GiB)] w.rt DRAGON 26



Conclusion ¥

DRAGON:

 Efficiently and transparently maps files on NVMs to GPUs
* No need to modify CUDA kernels

* Enables transparent off-chip memory access for large data with no need to
do manual buffering nor modify GPU algorithms

« Significantly improves application execution times with
 Direct page-cache access and intermediate data handling optimization
 Implicitly overlapping computation with data transfer with read-ahead and write-back

Available at https://github.com/pakmarkthub/dragon
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