
DRAGON: Breaking GPU Memory 

Capacity Limits with Direct NVM Access

Pak MarkthubT, Mehmet E. BelviranliO, Seyong LeeO, 

Jeffrey S. VetterO, and Satoshi MatusokaR,T

TTokyo Institute of Technology
OOak Ridge National Laboratory

RRIKEN Center for Computational Science

1



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 GPUs

• It is open source: CUDA driver extension + User-level API 

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


Motivation
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Memory systems started diversifying…

• Architectures

• HMC, HBM/2/3, LPDDR4, 
GDDR5X, WIDEIO2, etc

• 2.5D, 3D Stacking

• Configurations

• Unified Memory

• Scratchpads

• Write through, write back, etc

• Consistency and coherence protocols

• Virtual v. Physical, paging strategies

• New devices

• ReRAM, PCRAM, STT-MRAM, 
3DXpoint

http://gigglehd.com/zbxe/files/attach/images/1404665/988/406/011/788d3ba1967e2db3817d259d2e83c88e_1.jpg

https://www.micron.com/~/media/track-2-images/content-images/content_image_hmc.jpg?la=en

H.S.P. Wong, H.Y. Lee, S. Yu et al., “Metal-oxide RRAM,” Proceedings of the IEEE, 100(6):1951-70, 2012.

J.S. Vetter and S. Mittal, “Opportunities for Nonvolatile Memory Systems in Extreme-Scale High Performance 

Computing,” CiSE, 17(2):73-82, 2015.
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NVM are moving up in memory hierarchy

Image Source: IMEC

Non-Volatile, Large Capacity, Low Cost, Low Power, High Speed
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GPUs are widely adopted

• Employ in supercomputers, clusters, and Clouds

• Use by thousands of applications

Summit @ ORNL

4,608 nodes; 6 V100 per node

TSUBAME3.0 @ TITECH

540 nodes; 4 P100 per node
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Problem: GPU memory is too small!!
• Workload sizes grow larger than GPU and host memory

• Complex GPU algorithms to handle out-of-core processing

UVM
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On-chip (GPU Memory) Off-chip (Host Memory) Off-chip (I/O)

Programming

Complexity

Standard (cudaMalloc) Standard (Unified

Memory)

High (I/O interfaces, 

pipelines, overlapping…)

Implementation 

technique

Applicable broadly Applicable broadly Algorithm-specific

Performance High Lower (due to PCI-e) Lowest (PCI-e + I/O)

Problem size Must fit in GPU memory Must fit in System 

memory

Unlimited

Data movement Host → GPU; GPU 

kernel has direct access

On-demand & implicit 

data copy, HW paging

Manual buffer management 

via I/O and CUDA calls
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Motivation 

Proposal 
Heterogeneous computing with accelerators, such as GPUs and FPGAs, is 

growing in importance in high performance computing, machine learning, and 

other areas. Recently, application datasets have grown much larger than 

accelerator memory capacity as well as host memory. Meanwhile, non-volatile 

memory (NVM) storage has emerged as a technology to provide massive 

amounts of memory capacity to a node with very good power efficiency. 

Currently, applications must manually orchestrate data movement among the 

NVM, accelerator, and host memory. This approach typically requires complex 

manual restructuring of the applications, and it works well only for applications 

with straightforward data access patterns, such as streaming. To address this 

issue, we have developed DRAGON, a solution that enables all classes of GP-

GPU applications to transparently operate on very large datasets residing in 

NVM, while also ensuring the integrity of data buffers as necessary. DRAGON 

leverages the page-faulting mechanism on the recent NVIDIA Pascal and Volta 

GPUs and extends capabilities of CUDA Unified Memory (UM) to provide 

transparent data access to terabytes of NVM. We empirically evaluate 

DRAGON on real hardware using a range of applications from scientific and 

deep learning workloads. Experimental results show that DRAGON improves 

execution times up to 2.3x compared with using manual data transfer by UM + 

fread()/fwrite(). 

 Problem sizes have grown larger than GPU and the host mem 

“… as the model grows in size, the size of a SGD batch must be decreased (to fit in 

the GPU memory) …” [A.Vedaldi et al., ACMMM2016] 

 To support large problem size, GPU algorithms become complex 

deep neural 

network 

 Prototype Production (for Big Data) 

Complexity Low High (due to data movement) 

Development cost Several man-hours > 100 man-hours 

Maintainability Understandable for most GPU pro-

grammers 

Only for highly trained programmers 

Implementation tech-

nique applicability 

Broadly Algorithm-specific 

Performance Low High 

Problem size Must fit in GPU memory Unlimited 

Data movement Copy input from files to GPU mem; 

execute; and copy output to files 

Manual buffer management; overlap-

ping computation with data transfer 

 NVM: Non-volatile, large capacity, and high IO bandwidth 

NVM 
How can GPU reap the benefit 

of NVM while still keeping the 

algorithm simple? 

*Important assumption: Input and output data are on files. 

(Source: http://electronics360.globalspec.com/article/6425/xpoint-memory-chips-positioned-for-rapid-adoption ) 

 DRAGON: Direct Resource Access for GPUs over NVM 

 Extended NVIDIA’s Unified Memory (UM) to cover NVM. 

 Enabled GPUs and CPUs to access the same file-backed 

mapped virtual addresses. 

 Support UM data consistency down to NVM. 

 Fully compatible with UM without performance penalty. 

 Data accesses are naturally streaming from multi-level 

prefetching; even with simple GPU algorithms benefit from 

good overlapping computation and data transfer. 

Architecture 

 Modified nvidia-uvm driver module. 

 Relied on GPU hardware page-fault from Pascal or Volta. 

 Directly used Linux’s page-cache mechanism to prefetch and write-back 
data from/to NVM. 

APIs 

dragonError_t dragon_map(const char* filename, size_t size, off_t offset, 

unsigned short flags, void** addr); 

dragonError_t dragon_sync(void* addr, size_t size); 

dragonError_t dragon_unmap(void* addr); 

Optimization Flag Description 

D_READ Mapped data is read-only. Don’t copy data back from 

GPU during eviction. 

D_WRITE Write-only (output data). Don’t read-in data from the 

file unless dirty. 

D_VOLATILE Temp data (not input/output). Keep the evicted data in 

the host memory as long as possible. 

With DRAGON, GPUs can directly access terabytes of 

data on NVM. Even simple GPU algorithms reap 

benefit from the prefetching of UM and Linux’s page 

cache as well as lazy eviction and write-back. 

CPU Dual 12-core Intel Xeon E5 

Memory 64 GiB DDR 3 

GPU NVIDIA P100 (12 GiB) 

NVM 2.4T B Micron 9100 HHHL 

U.2 PCIe NVMe 

Connection PCI-e gen.3 x16 

OS CentOS7 Kernel 3.10.0-

693.5.2.el7.x86_64 

CUDA V9.0 with driver 384.81 

Environment 

Bar #1 cudaMemcpy + fread/fwrite 

Bar #2 cudaHostRegister + mmap 

Bar #3 UM + fread/fwrite (baseline) 

Bar #4 DRAGON 

Data Movement Methods 

 No change to GPU kernels. 

 Normalized to the baseline (Bar #3). 

 DRAGON enables all classes of GPU algorithms, including simple ones, to 

enjoy large capacity of NVM and benefit from multi-level prefetching. 

 This work shows a simple and efficient way to address data movement on 

deep memory hierarchy without heavily modifying user programs. 
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 DRAGON enabled out-of-core without changing the GPU kernels. 

 DRAGON (Bar #4) ran up to 2.3x faster than the baseline (Bar #3). 

Case Study: C3D-UCF10Net on Caffe 
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Out-of-core was faster than 

the extrapolated baseline 
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Can we use NVMs for GPUs without incurring application 

complexity while maintaining reasonable performance?



Related Work

• Out-of-core Processing for GPU

• Many research papers and implementations

• Efficient but algorithm-specific

• 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

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

• 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 IO overhead

• Evaluate functionality and performance on scientific and ML applications
9



DRAGON – New solution to 
provide transparent access to 
massive NVM capacity
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DRAGON: Overview

libdragon

libcudart

dragon-extension

page-cache

nvme

NVMGPU

Driver

Library
ioctl

Fully compatible with 

original CUDA API

Extend nvidia-uvm to 

support GPU load/store 

from/to NVM

11

Application

ioctl

malloc / free

direct 

access
Activate via libdragon

call: dragon_map()

nvidia-uvm

vfs

Our work



DRAGON Operations: Key Components

• Three memory spaces:

• GPU Mem (GM) as 1st level cache

• Host Mem (HM) as 2nd level cache

• NVM as primary storage

• Modified GPU driver

• Manage data movement & coherency

• GPU MMU with HW Page Fault

• Manage GPU virtual memory mapping

• Page cache

• Buffer & accelerate data access

12



How Data Move: NVM ➔ GPU

• 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.

• If cache hits on HM, data transfer 
becomes HM → GM.

• Prefetching occurs while GPU is 
computing.

• Adaptive HM → GM granularity

• 4 KiB, 64 KiB, 2 MiB

• If cache hits on GM, no data transfer.
13



How Data Move: GPU ➔ NVM

• 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.

14

Data is kept on the fastest-

possible memory



Optimizations

• Intermediate Data (Temporary Workspace)

• 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

17

IN = read(...);

tmp = compute0(IN);

OUT = compute1(tmp);
write(OUT, …);



DRAGON: API and Integration
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// 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);

// 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);

}

// mmap data to host and GPU

dragon_map(filepath, size, 

D_READ | D_WRITE, &g_buf);

// 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);
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A DRAGON

• Similar to NVIDIA’s Unified Memory (UM)

• Enable access to large memory on NVM

• UM is limited by host memory

Notes



Evaluation on Scientific and 
ML workloads
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Evaluation
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CPU Dual 12-core Intel Xeon E5

Memory 64 GiB DDR 4

GPU One NVIDIA P100 (12 GiB) PCIe

NVM 2.4TB Micron 9100 HHHL U.2 PCIe NVMe

formatted with ext4

Connection PCIe gen.3 x16

OS CentOS7 Kernel 3.10.0-693.5.2.el7.x86_64

CUDA V9.0 with driver 384.81

Environment

Data movement methods
1. cudaMemcpy + fread/fwrite (original)

2. cudaHostRegister + mmap

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

4. DRAGON

Benchmark applications

No change to the CUDA kernels 

Measured the entire execution 

time including reading in input 
from and writing out result to files



Result: pathfinder (dynamic proc)
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Normalized 

w.r.t. UM-P

B
et

te
r

#1: Default

#2: Hostreg

#3: UM-P

#4: DRAGON

2
.3

x

From data streaming effect

DRAGON is the 

only solution for 

out-of-core with 

user-oblivious 

addressing

Linear 

extrapolation

Other Methods: GPU is idle while fread() and cudaMemcpy()

DRAGON: Overlap GPU computation with data transfer

The CUDA kernel is exactly the same!!!



Case Study: Caffe
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Data movement methods
1. cudaMemcpy + fread/fwrite (Default)

2. UM-P + fread/fwrite

3. CPU 4 threads (ATLAS)

4. CPU all cores (OpenBLAS OMP)

5. DRAGON (our solution)

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

CPU Dual 12-core Intel Xeon E5

Memory 24 GiB DDR 4

GPU One NVIDIA P100 (12 GiB) PCIe

NVM 2.4TB Micron 9100 HHHL U.2 PCIe NVMe

formatted with ext4

Connection PCIe gen.3 x16

OS CentOS7 Kernel 3.10.0-693.5.2.el7.x86_64

CUDA V9.0 with driver 384.81

Environment



Case Study: C3D-UCF101Net (Caffe)

GPU mem

Host mem Out-of-core

Normalized 

w.r.t. DRAGON

B
et

te
r

3.5x faster than using 

CPUs for out-of-core

DRAGON didn’t loss to 

original Caffe

(video action recognition; 3D Conv; batch size 1; ran 30 batches) Enable complex 

algorithms that 

require large data 

chunks to process
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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
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Available at https://github.com/pakmarkthub/dragon

https://github.com/pakmarkthub/dragon
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