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 Identify neighboring nodes and aggregate their features
 Problem statement: Transferring sparse data is not simple

Graph Convolutional Network (GCN) Example
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 Transform sparse data → dense data with CPU [1]
– Drawbacks: Long data access latency and waste of host resource
– To sustain a single PCIe 4.0 x16 link, you consume 25×3=75GB/s

Current Method
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3 [1] Ying et al., Graph Convolutional Neural Networks for Web-Scale Recommender Systems, KDD 2018



 GPUs directly access to the targeted node features
– Benefits: Less host resource usage (1/3 memory access) and 

reduced data access latency
– Questions: Unclear actual performance benefits

Proposed Method: Zero-Copy
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Peak cudaMemcpy() bandwidth = 25.8 GB/s

Zero-Copy Performance Optimization 1
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Set default GPU active thread to X%
↓

Launch main program
↓

Launch zero-copy gathering process
↓

Set default GPU active thread to (100-X)%
↓

Launch training process

Zero-Copy Performance Optimization 2
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Zero-Copy Performance Optimization 2
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Minibatch Time	(2.5,97.5)	(5,95)	(10,90)	(15,85)	(20,80)	23.869483726866598	17.995955647734498	17.183798978940597	17.485188895979501	17.408919272495197	Zero-Copy Bandwidth	(2.5,97.5)	(5,95)	(10,90)	(15,85)	(20,80)	9.4913946380189103	13.6070839014009	20.184372536004901	22.7544121621534	22.8470687945319	GPU Resource Assignment (%)
(Zero-Copy Kernel, Training Kernel)
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(No Opt)		Zero-Copy		All-in-GPU		CPU-Only		DMA-Based		Zero-Copy
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								CPU-Only		DMA-Based				All-in-GPU		CPU-Only		DMA-Based				All-in-GPU		CPU-Only		DMA-Based		 		All-in-GPU

						1-GPU				1		0.6923856421		0.6939457387				1		0.8616557581						1		0.804657843

						2-GPU				0.7868275177		0.4099315777		0.3956251927				0.8250197348		0.4924822347						0.7862253751		0.477033277

								2.9536204312								2.3347839514								3.0948104953														wikipedia										amazon										ogbn-papers100M
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								Baseline		Proposed		All-in-GPU		Baseline		Proposed		Baseline		Proposed

								168.2371		88.4239		84.7697		115.8191		62.001		995.8105		617.7169

								168.3089		87.349		84.3765		113.88		62.0819		1035.6518		620.9993

								169.0098		87.6181		85.0526		82.0634		62.0187		1031.2369		619.5416

								168.5186		87.797		84.7329333333		103.9208333333		62.0338666667		1020.8997333333		619.4192666667
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Baseline	Proposed	All-in-GPU	Baseline	Proposed	Baseline	Proposed	wiki	amazon	ogbn-papers100M	1	0.52099293490451493	0.50281057006961449	1	0.59693388396616009	1	0.60673859189305956	





1-GPU	CPU-Only	DMA-Based	All-in-GPU	CPU-Only	DMA-Based	All-in-GPU	CPU-Only	DMA-Based	 	All-in-GPU	wiki	amazon	ogbn-papers100M	1	0.6923856420683232	0.69394573870591347	1	0.86165575814222795	1	0.80465784298073728	2-GPU	CPU-Only	DMA-Based	All-in-GPU	CPU-Only	DMA-Based	All-in-GPU	CPU-Only	DMA-Based	 	All-in-GPU	wiki	amazon	ogbn-papers100M	0.78682751765186154	0.40993157768507738	0.39562519269699215	0.82501973484518698	0.49248223466986901	0.78622537506543866	0.47703327697779685	CPU-Only	DMA-Based	All-in-GPU	CPU-Only	DMA-Based	All-in-GPU	CPU-Only	DMA-Based	 	All-in-GPU	wiki	amazon	ogbn-papers100M	2.9536204311650156	2.3347839514095425	3.0948104952990119	

Normalized Epoch Time









1-GPU	CPU-Only	DMA-Based	All-in-GPU	CPU-Only	DMA-Based	All-in-GPU	CPU-Only	DMA-Based	All-in-GPU	wikipedia	amazon	ogbn-papers100M	1	1.0215484457163722	0.6923856420683232	0.69394573870591347	1	1.1747960820874292	0.86165575814222795	0	1	1.0298974682468396	0.80465784298073728	0	2-GPU	CPU-Only	DMA-Based	All-in-GPU	CPU-Only	DMA-Based	All-in-GPU	CPU-Only	DMA-Based	All-in-GPU	wikipedia	amazon	ogbn-papers100M	0.78682751765186154	0.55769096982012978	0.40993157768507738	0.39562519269699215	0.82501973484518698	0.6312025169568829	0.49248223466986901	0	0.78622537506543866	0.5868905054257062	0.47703327697779685	0	CPU-Only	CPU-Only	DMA-Based	All-in-GPU	CPU-Only	DMA-Based	All-in-GPU	CPU-Only	DMA-Based	All-in-GPU	wikipedia	amazon	ogbn-papers100M	2.9536204311650156	2.3347839514095425	3.0948104952990119	
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										Zero-Copy Bandwidth		18.9626037075		9.491394638		13.6070839014		20.184372536		22.7544121622		22.8470687945

										Minibatch Time		23.8694837269		23.8694837269		17.9959556477		17.1837989789		17.485188896		17.4089192725

										0.0238694837		0.0238694837		0.0179959556		0.017183799		0.0174851889		0.0174089193



Minibatch Time	(2.5,97.5)	(5,95)	(10,90)	(15,85)	(20,80)	23.869483726866598	17.995955647734498	17.183798978940597	17.485188895979501	17.408919272495197	Zero-Copy Bandwidth	(2.5,97.5)	(5,95)	(10,90)	(15,85)	(20,80)	9.4913946380189103	13.6070839014009	20.184372536004901	22.7544121621534	22.8470687945319	GPU Resource Assignment (%)
(Zero-Copy Kernel, Training Kernel)
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												128		256		512		1024		2048		4096

										DMA-based (1-GPU)		29.6389333333		33.9718		61.0173		110.0305666667		224.4373333333		445.0505666667

										DMA-based		23.4831333333		26.5268333333		44.6001		82.1987333333		159.0848333333		311.9554

										Zero-Copy (1-GPU)		26.0678333333		26.4982		28.7388666667		57.5727333333		115.7952		230.5907

										Zero-Copy		16.1254333333		16.5354666667		17.1249		30.3193666667		59.5589333333		117.6769333333

										All-in-GPU (1-GPU)		23.0955		24.2014666667		25.8697		28.5657		35.8900666667

										All-in-GPU		14.4832666667		14.8215		15.3905666667		16.2799333333		19.9813333333

												1.6213975668		1.7897536237		2.8978855013		5.0490829201		7.9616725611		ERROR:#DIV/0!

												1.113383721		1.1156405672		1.1126880752		1.8623765863		2.9807286801		ERROR:#DIV/0!

												1.4562792111		1.604238566		2.6044006096		2.7110966478		2.6710490674		2.650947736

												1.1369925898		1.2820417991		2.1231630568		1.9111575966		1.9382265701		1.9300456032

												128		256		512		1024		2048		4096

										Baseline (1-GPU)		29.9377		34.1754		61.3608		110.6708		224.425		445.5222

												29.2826		34.1754		60.7898		109.6998		224.7757		444.4309

												29.6965		33.5646		60.9013		109.7211		224.1113		445.1986

										Baseline (2-GPU)		21.5232		27.1192		44.5528		82.5455		159.8172		311.5597

												22.4979		26.2152		44.4255		82.0668		158.9326		311.7088

												26.4283		26.2461		44.822		81.9839		158.5047		312.5977

										Zero-Copy (1-GPU)		26.2294		26.6684		28.9082		57.824		115.9481		230.7311

												26.0465		26.1386		28.7023		57.3848		115.7339		230.5102

												25.9276		26.6876		28.6061		57.5094		115.7036		230.5308

										Zero-Copy (2-GPU)		16.6861		16.7353		17.3445		30.5883		59.8284		117.8087

												15.7249		16.4076		16.9569		30.1635		59.3598		117.5783

												15.9653		16.4635		17.0733		30.2063		59.4886		117.6438

										All-in-GPU (1-GPU)		23.4057		24.4597		26.4189		28.9988		36.2285

												22.9815		24.0062		25.5058		28.6214		35.6865

												22.8993		24.1385		25.6844		28.0769		35.7552

										All-in-GPU (2-GPU)		14.811		15.3649		15.8509		16.7466		20.581

												14.4289		14.476		15.101		16.0999		19.8261

												14.2099		14.6236		15.2198		15.9933		19.5369



DMA-based	128	256	512	1024	2048	4096	23.483133333333331	26.526833333333332	44.600099999999998	82.198733333333337	159.08483333333336	311.9554	Zero-Copy	128	256	512	1024	2048	4096	16.125433333333334	16.535466666666665	17.1249	30.319366666666667	59.558933333333329	117.67693333333334	All-in-GPU	128	256	512	1024	2048	4096	14.483266666666665	14.8215	15.390566666666667	16.279933333333336	19.981333333333335	DMA-based (1-GPU)	128	256	512	1024	2048	4096	29.63893333333333	33.971800000000002	61.017299999999999	110.03056666666667	224.43733333333333	445.05056666666661	Zero-Copy (1-GPU)	128	256	512	1024	2048	4096	26.067833333333336	26.498200000000001	28.738866666666667	57.572733333333332	115.79520000000001	230.5907	All-in-GPU (1-GPU)	128	256	512	1024	2048	4096	23.095500000000001	24.201466666666665	25.869699999999998	28.565699999999996	35.890066666666662	Node Feature Dimension





Training Epoch Time (s)













Implementation: Major Challenges

8

 PyTorch ‘always’ keep data right next to the processing unit
– Ex) CPU tensor in host memory and GPU tensor in GPU memory
– No ways for GPU operators to directly access host memory

Zero-copy tensor is transient
– Result tensor should be GPU tensor in order to be stored in device memory.

GPU

E

CPU

op
D

Fop
A

B
C

GPU

B

CPU

op C

A

tensor
operator

.cuda()

Native PyTorch tensors are bound 
to devices.

Cross-device access not 
allowed

Legends



 We want a full-fledged new tensor type, to specify custom 
optimizations for zero-copy accesses
 Design of the “Unified Tensor”

– Two affinity modes: GPU-affinitive and CPU-affinitive

– No actual data movements when the affinity is switched

Implementation: Unified Tensor

9

Tensor type Executor Storage
CPU CPU CPU Memory
CUDA GPU GPU Memory
GPU-Affinitive Unified GPU GPU Memory
Host-Affinitive Unified CPU CPU Memory



Evaluations

10

 Deep Graph Library (DGL) used
 AMD Threadripper 3960x + NVIDIA RTX 3090 x2
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DMA-based	128	256	512	1024	2048	4096	23.483133333333331	26.526833333333332	44.600099999999998	82.198733333333337	159.08483333333336	311.9554	Zero-Copy	128	256	512	1024	2048	4096	16.125433333333334	16.535466666666665	17.1249	30.319366666666667	59.558933333333329	117.67693333333334	DMA-based (1-GPU)	128	256	512	1024	2048	4096	29.63893333333333	33.971800000000002	61.017299999999999	110.03056666666667	224.43733333333333	445.05056666666661	Zero-Copy (1-GPU)	128	256	512	1024	2048	4096	26.067833333333336	26.498200000000001	28.738866666666667	57.572733333333332	115.79520000000001	230.5907	All-in-GPU (1-GPU)	128	256	512	1024	2048	4096	23.095500000000001	24.201466666666665	25.869699999999998	28.565699999999996	35.890066666666662	All-in-GPU	128	256	512	1024	2048	4096	14.483266666666665	14.8215	15.390566666666667	16.279933333333336	19.981333333333335	Node Feature Dimension





Training Epoch Time (s)











Sheet1

																												2048+0						2048+4						2048+8						2048+12						2048+16						2048+20

																												Baseline		PCIe 3.0		PCIe 4.0		Baseline		PCIe 3.0		PCIe 4.0		Baseline		PCIe 3.0		PCIe 4.0		Baseline		PCIe 3.0		PCIe 4.0		Baseline		PCIe 3.0		PCIe 4.0		Baseline		PCIe 3.0		PCIe 4.0

																												1024+0						1024+4						1024+8						1024+12						1024+16						1024+20

																		256		257		258		259				Baseline		Naïve		Opt		Baseline		Naïve		Opt		Baseline		Naïve		Opt		Baseline		Naïve		Opt		Baseline		Naïve		Opt		Baseline		Naïve		Opt

																		0.1628675461		0.1791000366		0.1789014339		0.1842155457				1		0.4783885614		0.4783885614		1		0.5795346704		0.5173730119		1		0.5787102131		0.5154314319		1		0.5787066025		0.5165695868		1		0.5629347678		0.4948412051		1		0.5625141446		0.5040868276

																		0.1629128456		0.1788022518		0.1790091991		0.180788517				1		0.4783885614		0.4783885614		1		0.5795346704		0.5173730119		1		0.5787102131		0.5154314319		1		0.5787066025		0.5165695868		1		0.5629347678		0.4948412051		1		0.5625141446		0.5040868276

																		0.1628758907		0.1791450977		0.1790091991		0.1808023453

																		0.1628854275		0.1790157954		0.1789732774		0.1819354693

																												0.3406312466		0.162954092		0.162954092		0.3466968536		0.2009228468		0.1793715954		0.347022891		0.2008256912		0.1788665056		0.3497408628		0.2023973465		0.180665493		0.3581273556		0.2016023397		0.1772161722		0.3613474369		0.2032630444		0.1821504831

																		0.1628675461		0.2116518021		0.2015068531		0.2033500671

																		0.1629128456		0.2060842514		0.2015559673		0.2098026276

																		0.1628758907		0.2036087513		0.2015395164		0.2063000202																								0		4		8		12		16		20

																		0.1628854275		0.2071149349		0.2015341123		0.2064842383

																																																1024 (+0)		1024 (+4)		1024 (+8)		1024 (+12)		1024 (+16)		1024 (+20)

																												256		257		258		259		260		261								DMA-based		11.7429039183		11.7177296459		11.8868239141		11.9731505376		11.8672866896		11.934497272

																												0.1628787518		0.2010016441		0.2015552521		0.2030613422		0.2014348507		0.2048282623								Zero-Copy Naïve		24.5467907573		20.2192038627		20.5402006829		20.6895004924		21.0811045417		21.2163505355

																												0.1630294323		0.2008440495		0.2000961304		0.2017333508		0.2017698288		0.2016978264								Zero-Copy + Circular Shift		24.5467907573		22.6485135026		23.0618918038		23.1781948517		23.9820099193		23.6754793392

																												0.162954092		0.2009228468		0.2008256912		0.2023973465		0.2016023397		0.2032630444										0.9514259983		0.7836900722		0.7961318094		0.8019186237		0.8170970753		0.822339168

																																																0.0368769767		0.8778493606		0.8938717753		0.8983796454		0.9295352682		0.917654238

																												0.1628873348		0.1793715954		0.1788575649		0.1803913116		0.177208662		0.1820943356

																												0.162835598		0.1793715954		0.1788754463		0.1809396744		0.1772236824		0.1822066307										0.3406312466		0.3466968536		0.347022891		0.3497408628		0.3581273556		0.3613474369

																												0.1628614664		0.1793715954		0.1788665056		0.180665493		0.1772161722		0.1821504831										0.162954092		0.2009228468		0.2008256912		0.2023973465		0.2016023397		0.2032630444

																																																0.162954092		0.1793715954		0.1788665056		0.180665493		0.1772161722		0.1821504831

																												0.3398644924		0.3485138416		0.3442051411		0.3493716717		0.3785736561		0.3737692833

																												0.3413980007		0.3448798656		0.349840641		0.350110054		0.3376810551		0.3489255905												0.8237005017		0.8367774381		0.8428596918		0.8588130624		0.8643227844

																												0.3406312466		0.3466968536		0.347022891		0.3497408628		0.3581273556		0.3613474369												0.9226669884		0.9395074098		0.9442454242		0.9769916628		0.9645040597



Baseline	Naïve	Opt	1024+0	0.47838856143754571	0.47838856143754571	Feature Size (B)





Normalized Access Time







DMA-based	1024 (+0)	1024 (+4)	1024 (+8)	1024 (+12)	1024 (+16)	1024 (+20)	11.742903918287199	11.71772964586922	11.886823914073315	11.973150537572121	11.867286689590225	11.9344972720393	Zero-Copy Naïve	1024 (+0)	1024 (+4)	1024 (+8)	1024 (+12)	1024 (+16)	1024 (+20)	24.546790757287475	20.219203862677539	20.540200682872676	20.689500492392707	21.081104541667521	21.21635053551303	Zero-Copy + Circular Shift	1024 (+0)	1024 (+4)	1024 (+8)	1024 (+12)	1024 (+16)	1024 (+20)	24.546790757287475	22.648513502556746	23.061891803809715	23.178194851708916	23.982009919298942	23.675479339183749	Feature Size (byte)





Effective Bandwidth (GB/s)











perf

								Baseline				Proposed				All-in-GPU

								1-GPU		2-GPU		1-GPU		2-GPU		1-GPU		2-GPU																		2-GPU		wiki										amazon										ogbn-papers100M

						wiki		222		188		145		85		144		83																				CPU-Only		DMA-Based		Zero-Copy
(No Opt)		Zero-Copy		All-in-GPU		CPU-Only		DMA-Based		Zero-Copy
(No Opt)		Zero-Copy		All-in-GPU		CPU-Only		DMA-Based		Zero-Copy
(No Opt)		Zero-Copy		All-in-GPU

										1.1808510638				1.7058823529				1.734939759																						168.2371		119.3179		88.4239		84.7697				115.8191		79.4413		62.001						995.8105		760.9395		617.7169

																																								168.3089		119.1162		87.349		84.3765				113.88		79.6289		62.0819						1035.6518		763.7903		620.9993

																																								169.0098		119.8959		87.6181		85.0526				82.0634		79.4517		62.0187						1031.2369		761.471		619.5416

																																								168.5186		119.4433333333		87.797		84.7329333333				103.9208333333		79.5073		62.0338666667						1020.8997333333		762.0669333333		619.4192666667

								wiki								amazon						ogbn-papers100M														1-GPU		wiki										amazon										ogbn-papers100M

								CPU-Only		DMA-Based		Zero-Copy		All-in-GPU		CPU-Only		DMA-Based		Zero-Copy		CPU-Only		DMA-Based		Zero-Copy												CPU-Only		DMA-Based		Zero-Copy
(No Opt)		Zero-Copy		All-in-GPU		CPU-Only		DMA-Based		Zero-Copy
(No Opt)		Zero-Copy		All-in-GPU		CPU-Only		DMA-Based		Zero-Copy
(No Opt)		Zero-Copy		All-in-GPU

								646.5439		214.3873		147.7225		149.3487		293.1773		126.7992		109.2379		4008.5185		1541.7447		1049.3396												646.5439		214.3873		219.4745		147.7225		149.3487		293.1773		126.7992		146.9718		109.2379				4008.5185		1541.7447		1340.7467		1049.3396

								626.9606		214.1114		147.7561		148.2007		292.4437		126.0788		108.0676		4028.5948		1172.828		1044.2147												626.9606		214.1114		217.7839		147.7561		148.2007		292.4437		126.0788		148.0341		108.0676				4028.5948		1172.828		1337.7113		1044.2147

								624.2684		214.0256		149.396		148.3276		296.6586		125.0069		108.3012				1180.8742		1040.9476												624.2684		214.0256		219.1113		149.396		148.3276		296.6586		125.0069		148.9318		108.3012						1180.8742		1333.4529		1040.9476

								632.5909666667		214.1747666667		148.2915333333		148.6256666667		294.0932		125.9616333333		108.5355666667		4018.55665		1298.4823		1044.8339666667												632.5909666667		214.1747666667		218.7899		148.2915333333		148.6256666667		294.0932		125.9616333333		147.9792333333		108.5355666667				4018.55665		1298.4823		1337.3036333333		1044.8339666667

																																						wiki										amazon										ogbn-papers100M

								wiki								amazon						ogbn-papers100M																CPU-Only		DMA-Based		Zero-Copy
(No Opt)		Zero-Copy		All-in-GPU		CPU-Only		DMA-Based		Zero-Copy
(No Opt)		Zero-Copy		All-in-GPU		CPU-Only		DMA-Based		Zero-Copy
(No Opt)		Zero-Copy		All-in-GPU

								CPU-Only		DMA-Based		Zero-Copy		All-in-GPU		CPU-Only		DMA-Based		Zero-Copy		CPU-Only		DMA-Based		Zero-Copy										1-GPU				214.1747666667		218.7899		148.2915333333		148.6256666667				125.9616333333		147.9792333333		108.5355666667						1298.4823		1337.3036333333		1044.8339666667

								632.5909666667		214.1747666667		148.2915333333		148.6256666667		294.0932		125.9616333333		108.5355666667		4018.55665		1298.4823		1044.8339666667										2-GPU				168.5186		119.4433333333		87.797		84.7329333333				103.9208333333		79.5073		62.0338666667						1020.8997333333		762.0669333333		619.4192666667

																																				CPU-Only		632.5909666667										294.0932										4018.55665

								wiki								amazon								ogbn-papers100M

								CPU-Only		DMA-Based				All-in-GPU		CPU-Only		DMA-Based				All-in-GPU		CPU-Only		DMA-Based		 		All-in-GPU

						1-GPU				1		0.6923856421		0.6939457387				1		0.8616557581						1		0.804657843

						2-GPU				0.7868275177		0.4099315777		0.3956251927				0.8250197348		0.4924822347						0.7862253751		0.477033277

								2.9536204312								2.3347839514								3.0948104953														wikipedia										amazon										ogbn-papers100M

																																						CPU-Only		DMA-Based						All-in-GPU		CPU-Only		DMA-Based						All-in-GPU		CPU-Only		DMA-Based						All-in-GPU

												1.4442818268								1.1605562785								1.2427642491								1-GPU				1		1.0215484457		0.6923856421		0.6939457387				1		1.1747960821		0.8616557581		0				1		1.0298974682		0.804657843		0

												1.919411825								1.6752274027								1.6481562461								2-GPU				0.7868275177		0.5576909698		0.4099315777		0.3956251927				0.8250197348		0.631202517		0.4924822347		0				0.7862253751		0.5868905054		0.477033277		0

																																				CPU-Only		2.9536204312										2.3347839514										3.0948104953

																																										1.4108665197		1.4442818268								1.3070602741		1.1605562785								1.3396457564		1.2427642491

																																												1.919411825										1.6752274027										1.6481562461

								wiki						amazon				ogbn-papers100M

								Baseline		Proposed		All-in-GPU		Baseline		Proposed		Baseline		Proposed

								168.2371		88.4239		84.7697		115.8191		62.001		995.8105		617.7169

								168.3089		87.349		84.3765		113.88		62.0819		1035.6518		620.9993

								169.0098		87.6181		85.0526		82.0634		62.0187		1031.2369		619.5416

								168.5186		87.797		84.7329333333		103.9208333333		62.0338666667		1020.8997333333		619.4192666667

								wiki						amazon				ogbn-papers100M

								Baseline		Proposed		All-in-GPU		Baseline		Proposed		Baseline		Proposed

								1		0.5209929349		0.5028105701		1		0.596933884		1		0.6067385919

																		128		256		512		1024		2048		4096



wiki	1-GPU	2-GPU	1-GPU	2-GPU	1-GPU	2-GPU	Baseline	Proposed	All-in-GPU	222	188	145	85	144	83	

Epoch Time (s)









Baseline	Proposed	All-in-GPU	Baseline	Proposed	Baseline	Proposed	wiki	amazon	ogbn-papers100M	1	0.52099293490451493	0.50281057006961449	1	0.59693388396616009	1	0.60673859189305956	





1-GPU	CPU-Only	DMA-Based	All-in-GPU	CPU-Only	DMA-Based	All-in-GPU	CPU-Only	DMA-Based	 	All-in-GPU	wiki	amazon	ogbn-papers100M	1	0.6923856420683232	0.69394573870591347	1	0.86165575814222795	1	0.80465784298073728	2-GPU	CPU-Only	DMA-Based	All-in-GPU	CPU-Only	DMA-Based	All-in-GPU	CPU-Only	DMA-Based	 	All-in-GPU	wiki	amazon	ogbn-papers100M	0.78682751765186154	0.40993157768507738	0.39562519269699215	0.82501973484518698	0.49248223466986901	0.78622537506543866	0.47703327697779685	CPU-Only	DMA-Based	All-in-GPU	CPU-Only	DMA-Based	All-in-GPU	CPU-Only	DMA-Based	 	All-in-GPU	wiki	amazon	ogbn-papers100M	2.9536204311650156	2.3347839514095425	3.0948104952990119	

Normalized Epoch Time









1-GPU	CPU-Only	DMA-Based	All-in-GPU	CPU-Only	DMA-Based	All-in-GPU	CPU-Only	DMA-Based	All-in-GPU	wikipedia	amazon	ogbn-papers100M	1	1.0215484457163722	0.6923856420683232	0.69394573870591347	1	1.1747960820874292	0.86165575814222795	0	1	1.0298974682468396	0.80465784298073728	0	2-GPU	CPU-Only	DMA-Based	All-in-GPU	CPU-Only	DMA-Based	All-in-GPU	CPU-Only	DMA-Based	All-in-GPU	wikipedia	amazon	ogbn-papers100M	0.78682751765186154	0.55769096982012978	0.40993157768507738	0.39562519269699215	0.82501973484518698	0.6312025169568829	0.49248223466986901	0	0.78622537506543866	0.5868905054257062	0.47703327697779685	0	CPU-Only	CPU-Only	DMA-Based	All-in-GPU	CPU-Only	DMA-Based	All-in-GPU	CPU-Only	DMA-Based	All-in-GPU	wikipedia	amazon	ogbn-papers100M	2.9536204311650156	2.3347839514095425	3.0948104952990119	

Normalized Epoch Time











mps

														(2.5,97.5)		(5,95)		(10,90)		(15,85)		(20,80)

										Zero-Copy Bandwidth		18.9626037075		9.491394638		13.6070839014		20.184372536		22.7544121622		22.8470687945

										Minibatch Time		23.8694837269		23.8694837269		17.9959556477		17.1837989789		17.485188896		17.4089192725

										0.0238694837		0.0238694837		0.0179959556		0.017183799		0.0174851889		0.0174089193



Minibatch Time	(2.5,97.5)	(5,95)	(10,90)	(15,85)	(20,80)	23.869483726866598	17.995955647734498	17.183798978940597	17.485188895979501	17.408919272495197	Zero-Copy Bandwidth	(2.5,97.5)	(5,95)	(10,90)	(15,85)	(20,80)	9.4913946380189103	13.6070839014009	20.184372536004901	22.7544121621534	22.8470687945319	GPU Resource Assignment (%)
(Zero-Copy Kernel, Training Kernel)





Minibatch Time (ms)





Zero-Copy Bandwidth (GB/s)











feature

												128		256		512		1024		2048		4096

										DMA-based (1-GPU)		29.6389333333		33.9718		61.0173		110.0305666667		224.4373333333		445.0505666667

										DMA-based		23.4831333333		26.5268333333		44.6001		82.1987333333		159.0848333333		311.9554

										Zero-Copy (1-GPU)		26.0678333333		26.4982		28.7388666667		57.5727333333		115.7952		230.5907

										Zero-Copy		16.1254333333		16.5354666667		17.1249		30.3193666667		59.5589333333		117.6769333333

										All-in-GPU (1-GPU)		23.0955		24.2014666667		25.8697		28.5657		35.8900666667

										All-in-GPU		14.4832666667		14.8215		15.3905666667		16.2799333333		19.9813333333

												1.6213975668		1.7897536237		2.8978855013		5.0490829201		7.9616725611		ERROR:#DIV/0!

												1.113383721		1.1156405672		1.1126880752		1.8623765863		2.9807286801		ERROR:#DIV/0!

												1.4562792111		1.604238566		2.6044006096		2.7110966478		2.6710490674		2.650947736

												1.1369925898		1.2820417991		2.1231630568		1.9111575966		1.9382265701		1.9300456032

												128		256		512		1024		2048		4096

										Baseline (1-GPU)		29.9377		34.1754		61.3608		110.6708		224.425		445.5222

												29.2826		34.1754		60.7898		109.6998		224.7757		444.4309

												29.6965		33.5646		60.9013		109.7211		224.1113		445.1986

										Baseline (2-GPU)		21.5232		27.1192		44.5528		82.5455		159.8172		311.5597

												22.4979		26.2152		44.4255		82.0668		158.9326		311.7088

												26.4283		26.2461		44.822		81.9839		158.5047		312.5977

										Zero-Copy (1-GPU)		26.2294		26.6684		28.9082		57.824		115.9481		230.7311

												26.0465		26.1386		28.7023		57.3848		115.7339		230.5102

												25.9276		26.6876		28.6061		57.5094		115.7036		230.5308

										Zero-Copy (2-GPU)		16.6861		16.7353		17.3445		30.5883		59.8284		117.8087

												15.7249		16.4076		16.9569		30.1635		59.3598		117.5783

												15.9653		16.4635		17.0733		30.2063		59.4886		117.6438

										All-in-GPU (1-GPU)		23.4057		24.4597		26.4189		28.9988		36.2285

												22.9815		24.0062		25.5058		28.6214		35.6865

												22.8993		24.1385		25.6844		28.0769		35.7552

										All-in-GPU (2-GPU)		14.811		15.3649		15.8509		16.7466		20.581

												14.4289		14.476		15.101		16.0999		19.8261

												14.2099		14.6236		15.2198		15.9933		19.5369



DMA-based	128	256	512	1024	2048	4096	23.483133333333331	26.526833333333332	44.600099999999998	82.198733333333337	159.08483333333336	311.9554	Zero-Copy	128	256	512	1024	2048	4096	16.125433333333334	16.535466666666665	17.1249	30.319366666666667	59.558933333333329	117.67693333333334	DMA-based (1-GPU)	128	256	512	1024	2048	4096	29.63893333333333	33.971800000000002	61.017299999999999	110.03056666666667	224.43733333333333	445.05056666666661	Zero-Copy (1-GPU)	128	256	512	1024	2048	4096	26.067833333333336	26.498200000000001	28.738866666666667	57.572733333333332	115.79520000000001	230.5907	All-in-GPU (1-GPU)	128	256	512	1024	2048	4096	23.095500000000001	24.201466666666665	25.869699999999998	28.565699999999996	35.890066666666662	All-in-GPU	128	256	512	1024	2048	4096	14.483266666666665	14.8215	15.390566666666667	16.279933333333336	19.981333333333335	Node Feature Dimension





Training Epoch Time (s)













Thank You!
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Email: min16@illinois.edu
Github: https://github.com/K-Wu/pytorch-direct_dgl

DGL: https://docs.dgl.ai/en/latest/api/python/dgl.contrib.UnifiedTensor.html

mailto:min16@illinois.edu
https://github.com/K-Wu/pytorch-direct_dgl
https://docs.dgl.ai/en/latest/api/python/dgl.contrib.UnifiedTensor.html
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