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Contributions

* Parsing on GPUs
= Streamed loading with GPUDirect RDMA

= Evaluate fast interconnects for end-to-end streamed loading



Parsing on GPUs



Background: Warp Divergence

" No branch prediction on GPUs
* Threads execute in groups of 32, a warp
= Warp execute same instruction during cycle

= if(cond) {.} else {..} can cut performance in half



Problem: CSV Parsing



Problem: CSV Parsing

ID,Country, ISOCode, Population\n
1,Germany, DE, 83149319\n

2,S8pain,ES, 47007367 \n
3,France,FR,07076431\n
4,Italy,IT,060317116\n

5,Japan, JP,126150745\n

6,China,CN, 1427647786\n

7,United States of America,US,328239523\n
8, Canada,CA,37894799\n



Parsing on GPUs

= Parsers typically have complex control flow (warp divergence)



Parsing on GPUs

= Parsers typically have complex control flow (warp divergence)

* Exploring new trade-oft:
Simplify control flow at expense of additional data passes (700+ GB/s)
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Conceptual Overview: Fast Mode
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Conceptual Overview: Quoted Mode

CSV input

LLLLL

5

LR

GPU memory

LiLll
rr

Split into chunks

Count quotes
in chunks

| Count delimiters

in chunks

Data Pass

Prefix-sum:
Quote offsets

Prefix-sum: | ¥ Create
Field offsets FieldsIndex
” Ijartra”F’a.ssr

oo oo
———

Host memory

Create tapes . Deserialize
for columns " tapes
Data Pass l Data Pass
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Main Challenges

* Partitioning the data into chunks for parallel processing
" Determining each chunk’s context

" Deserializing fields in parallel



Split into chunks

Count delimiters
in chunks

Prefix-sum:
Field offsets

Create
Fieldsindex

8, Canada,CA, 37894799\n

ID,Country, ISOCode, Population\n
1,Germany, DE, 83149319\n
2,Spain,ES,47007367\n
3,France,FR, 67076431\n
4,Italy,IT,60317116\n
5, Japan, JP,1261

chunk 0

l

Create tapes
for columns

ID,Countzry, ISOCode, Populationunl, Germany, DE, 8314931912, Spain,ES, 4

chunk 1

70073673, France, FR,67076431n4,Italy,IT,60317116wn5, Japan, JdJP,1261

chunk 2

chunk 3

5238, Canada,CA, 3789479919, Australia,AU,25721892w10,Russian F...

Load Balancing Warps

Deserialize
tapes
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s Count delimiters Prefix-sum: Create Create tapes
Splitinto chunks in chunks Field offsets > FieldsIndex - for columns

ID, Country, ISOCode, Population\n
1,Germany, DE, 83149319\n
2,8pain,ES,47007367\n
3,France,FR,67076431\n
4,1taly,IT,.60317116\n

5y Japan;Jp,; 126150745\n
6,China,CN,1427647786\n

7,United States of America,US,328239523\n
8, Canada,CA,37894799\n

FieldsIndex l

g 1 2 3 4 5 5] 7 8 9 10 #l 2 83 4 15

O 3 1 19 30 32 40 43|52 54 60 63 72 74 81 84

Deserialize
tapes
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Solit into chunks .| Count delimiters .. Prefix-sum: Create Create tapes
P in chunks Field offsets Fieldsindex for columns
Chunk

chunk 0
ID,Country, ISOCode, Populationwnl, Germany, DE, 8314931902, Spain,ES, 4

chunk 1
70073673, France,FR,67076431n4,Italy,IT,60317116wn5, Japan, JdJP, 1261

chunk 2
50745n6,China,CN,1427647780wn7,United States of America,US, 328239

chunk 3
5238, Canada,CA, 37894799019, Australia, AU, 25721892010, Russian F...

Deserialize
tapes

Delimiters

I

12
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Count delimiters Prefix-sum: . Create _ Create tapes

Splitinto chunks . in chunks . Field offsets g Fieldsindex for columns
Chunk Delimiters
chunk 0
ID,Country, ISOCode, Populationwnl, Germany,DE, 8314931902, Spain,ES, 4 11
chunk 1
700736713, France,FR,67076431n4d,Italy,IT,60317116w5, Japan, JP, 1261 12
chunk 2
50745n6,China,CN,1427647780wn7,United States of America,US, 328239 8
chunk 3
5238, Canada,CA, 378947999, Australia,AU,25721892wnl10,Russian F... 10

Deserialize
tapes

Prefix sum

(offset)
0

I

23

3
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Split into chunks

Prefix sum
(offset)
0] +
11 +
23 +
31 +

... Count delimiters Prefix-sum: Create Create tapes . Deserialize
B in chunks Field offsets Fieldsindex for columns - tapes
Chunk
0 1 2 3 4+ 15 6 7 8, 9 10 M

ID,Country, ISOCode, Populationnl, Germany,DE, 8314931902, Spain, ES, 4

127 113 14 15 16+ (17 18 19 20, 21 22— 123
70073673, France,FR,67076431n4,Italy,IT,60317116n5,Japan, JP, 1261

24 25 26— 27 28, 29 30— 31
50745n6,China,CN, 14276477860\, United States of America,US, 328239

32, 33 34— 35 36 37 38 39 40— 4
52318, Canada,CA, 3789479919, Australia, AU, 2572189210, Russian F...
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Split into chunks

Prefix sum
(offset)
0] +
11 +
23 +
31 +

.. Count delimiters Prefix-sum: Create Create tapes Deserialize
B in chunks Field offsets Fieldsindex for columns tapes
Chunk
0 1 2 3 4 15 6 7 8, 9 10— 1

ID,Country, ISOCode, Populationnl, Germany,DE, 8314931902, Spain, ES, 4

127 13 14 15 16+ 17 18 19 20, 21 22— 123
70073673, France,FR,67076431n4,Italy,IT,60317116n5,Japan, JP, 1261

24 25 26— 27 28, 29 30— 31
50745n6,China,CN, 14276477860\, United States of America,US, 328239

32, 33 34— 35 36 37 38 39 40— 4
52318, Canada,CA, 3789479919, Australia, AU, 2572189210, Russian F...

FieldsIndex

0 2 3 4 5 6 7 8 9 10 1 2 3 % 15

1
03 11 19 30 32 40 43 52 54 6063 72 74 81 84
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Fast Mode: Quoted Field Delimiters

ID,Name, Philosophy\n

L ¥l stoele® daueliiicy s et el e | e 9 & lneloie )

2 deleEel Hinlhico men Speslk dllll o Ghes | Lilbwe g 28 nelseely ey eellicmgs Elhen, o
SH"Epictetus"f"It's not what happens to youl but how you react to it that matters."|js



Fast Mode: Quoted Field Delimiters

ID,Name, Philosophy\n

L ¥l stoele® daueliiicy s et el e | e 9 & lneloie )

2 deleEel Hinlhico men Speslk dllll o Ghes | Lilbwe g 28 nelseely ey eellicmgs Elhen, o
SH"Epictetus"f"It's not what happens to youl but how you react to it that matters."|js

ID Name Philosophy

1 | “Aristotle” “Quality is not an act, it is a habit.”

“When men speak ill of thee, live so as
nobody may believe them.”
“It's not what happens to you, but how
you react to it that matters.”

2 “Plato”

3 “Epictetus”



Fast Mode: Quoted Field Delimiters

ID,Name, Philosophy\n

L ¥l stoele® daueliiicy s et el e | e 9 & lneloie )

2 deleEel Hinlhico men Speslk dllll o Ghes | Lilbwe g 28 nelseely ey eellicmgs Elhen, o
SH"Epictetus"f"It's not what happens to youl but how you react to it that matters."|js

ID Name Philosophy ID Name Philosophy

1 “Aristotle” “Quality is not an act, it is a habit. 1 “Aristotle” “Quality is not an act

“When men speak ill of thee, live so as
nobody may believe them.”
“It's not what happens to you, but how “When men live so as nobody may 3
you react to it that matters.” speak ill of thee ' believe them.”

2 “Plato” itis a habit” 2 “Plato”

3 “Epictetus”



Quoted Mode

Character is considered quoted whenever the number
of preceding quotation marks is uneven.



Quoted Mode

ID,Name, Philosophy\n

(i e Seeitite U OUlEll 1 By 1= fel o cemll s Lils o lgalsuls N

2,"Plato", "When men speak ill of thee, live so as nobody may believe them."\n

5 Mmgioite sl ML Te ok moss hegpens to wou | lomie e ol rEeels 50 s Eei il titerg Y

FieldsIndex

2 3 4 5 6 7 8 9 W N 12 13 % 15 stream 2 3 4 5 B 7 8 9 1© 1
compaction

0 1 0 1
0(3]|8(19]|21|33p08 73| 750149151 POG3FEN23T .. 0 3 8 19 21 33 73 75143 151 163233 ..



. Count delimiters . Prefix-sum:

Split into chunks e choriks " Field offsets

" Deserialization challenges on GPU:
= Parallelization
= Warp divergence and occupancy

Create

Fieldsindex

Create tapes
for columns

Deserialize
tapes

20



_ Count delimiters Prefix-sum: , Create | Create tapes Deserialize

Splitinto chunks in chunks | Field offsets V Fieldsindex | for columns ' tapes

" Deserialization challenges on GPU:
= Parallelization
= Warp divergence and occupancy

* Row-based: complex kernels, inefficient memory access



Count delimiters - Prefix-sum: Create | Create tapes : Deserialize

Splitinto chunks in chunks " Field offsets FieldsIndex | forcolumns ‘ tapes

" Deserialization challenges on GPU:
= Parallelization
= Warp divergence and occupancy

* Row-based: complex kernels, inefficient memory access

* Column-based: same data type, same kernel logic and control flow



.. Count delimiters N Prefix-sum: N Create | Create tapes ; Deserialize

Split into chunks io chunks "1 Field offsets Fieldsindex for columns tapes

= Like SQLs DDL, users specify a column’s max length along its type
char(15) int(8) float(12) ...

* Every thread deserializes one field, warp 32 fields in parallel



VT O

s Count delimiters Prefix-sum: Create 4 Create tapes Deserialize
Splitinto chunks "1 inchunks Field offsets FieldsIndex "I For columns . tapes

Disease, Year,Country,Cases\n
COVID-19,2020,DE, 184492 \n
HIN1,2009,ES,1538\n

Spanish Flu,1918,FR,187500\n

N T

Disease : char(12) Year : vint(4) Country : char(2) Cases : uint(8)
O VI D - 1]9\0\0NON 210 2 0 D E 18 4 419 2 \0\0
TN 1T \O OO N0 [\O \O \O \O 210 0 9 E'S 11513 81\0N0|\O\O
pla n i|s|h Folu\O 19 1 8 F R 1787 5 00 \0\0
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Split into chunks

Count delimiters = Prefix-sum: Create
in chunks Field offsets Fieldsindex
0:('80 | Field |
| | |
...347,6431,972...
Register | Register 2
71.16[4]3[1].1]89
0
Integer Deserialization: +1x 100
+3 x 10!
+ 4 x10?
+6x10°

Create tapes
for columns

= 6431

Deserialize
tapes
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Streaming



Streaming

Serial: Host to device transfer (h2d) Kernel | Device to Host transfer (d2h)
Time
Concurrent: hod_] K1 d2h_1

Performance improvement

h2d_2 K2 d2h_2
h2d_3 K23 d2h_3

Time



Partitions

Partition n-1
...1367\nJP, 12615

ES,47007367\n
JP,126150745\n
DE, 83149319\n
FR,67076431\n
IT,60317116\n
CN,1427647786\n

Partition n

0745nDE, 831493190FR, 67076431\wIT, 60317

Partition n+1

116nCN, 142764. ..

Host to device transfer (h2d) Kernel | Device to Host transfer (d2h)
Time >
hed_1 K1 d2h_l
Performance improvement
hed_2 K2 d2h_2
hed_3 K3 d2h_3
Time

26
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Context Handover

ES,47007367\n
JP,126150745\n
DE, 83149319\n
FR, 67076431\n
IT,60317116\n
CN,1427647786\n

Widow Orphan

Partition n-1 Partition n Partition n+1

...7367\nJP,12615 0745nDE, 83149319nFR, 67070431\nIT, 60317 116nCN,142764. ..

Rows parsed in partition n



End-to-End Loading with RDMA

Partition assigned to free worker:

Local Parser Host Remote Data Host
CPU

NIC NIC
GPU Control Flow

Data Flow



End-to-End Loading with RDMA

Partition assigned to free worker:

Local Parser Host Remote Data Host
CPU 1
1
NIC NIC
GPU Control Flow

Data Flow



End-to-End Loading with RDMA

Partition assigned to free worker:

Local Parser Host Remote Data Host
CPU 1
NIC ! NIC
2
GPU 2 Control Flow

Data Flow



End-to-End Loading with RDMA

Partition assigned to free worker:

Local Parser Host Remote Data Host
CPU 1
3 NIC ! NIC
2
GPU 2 Control Flow

Data Flow



End-to-End Loading with RDMA

Partition assigned to free worker:

Local Parser Host Remote Data Host
CPU 1
3 4 NIC ! NIC
2
GPU 2 Control Flow

Data Flow



Evaluation



Experiment Setup

» Inte]l Xeon Gold 5115 (10¢/20t)
» Nvidia Tesla V100 (PCle 3.0)
= Nvidia Tesla V100 (NVLink 2.0)

» InfiniBand 100 Gb/s

* NYC Yellow Taxi Trips
(1.9 GB, 22.5M rows, 18 cols)

" TPC-H Lineitem
(719 MB, 6M rows, 16 cols)

" int 444
(1 GB, 70M rows, 3 columns)



CPU vs. GPU

30 GB/s
25 GB/s

20 GB/s

THROUGHPUT

15 GB/s

10 GB/s

56B/s

0GB/s

NYC Yellow Taxi
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CPU vs. GPU

30 GB/s
25 GB/s
20 GB/s

15 GB/s

THROUGHPUT

max. bandwidth PCle 3.0

10 GB/s

5GB/s

0.03 GB/s 0.08 GB/s

PostgreSOL HyPer

0GB/s

0.17 GB/s

OmniSci

NYC Yellow Taxi
2.52 GB/s
0.25GB/s
csvmonkey  InstantLoading
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CPU vs. GPU

NYC Yellow Taxi
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25 GB/s

— 20GB/s
=
=
2
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l_

max. bandwidth PCle 3.0
10 GB/s
5GB/s
2.54 GB/s 2.52 GB/s
oosceis ooses  ovoes [ o208
0GB/s
PostgreSOL HyPer OmniSci cuDF csvmonkey InstantLoading
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CPU vs. GPU

THROUGHPUT

30 GB/s

25 GB/s

20 GB/s

15 GB/s

10 GB/s

5GB/s

0GB/s

NYC Yellow Taxi
max. bandwidthPCle30
10.4 GB/s
2.54 GB/s 2.52 GB/s
oosceis ooses  ovoes [ o208
PostgreSOL HyPer OmniSci cuDF csvmonkey InstantLoading ParPaRaw
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CPU vs. GPU

NYC Yellow Taxi 33268/

30 GB/s
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— 20GB/s
=
=
w
=2
&

T 156B/s
l—

max. bandwidth PCle 3.0
10.4 GB/s 101 GB/s
10 GB/s
5GB/s
2.54 GB/s 2.52 GB/s
oosceis ooses  ovoes [ o208
0GB/s
PostgreSOL HyPer OmniSci cuDF csvmonkey InstantLoading ParPaRaw CUDAFastCSY-  CUDAFastCSV-
PCle NVLink
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CPU vs. GPU
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CPU vs. GPU

NYC Yellow Taxi 33268/
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25 GB/s
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max. bandwidth PCle 3.0
10.4 GB/s 101 GB/s
10 GB/s
5GB/s
2.54 GB/s 2.52 GB/s
oosceis ooses  ovoes [ o208
0GB/s
PostgreSOL HyPer OmniSci cuDF csvmonkey InstantLoading ParPaRaw CUDAFastCSY-  CUDAFastCSV-
PCle NVLink
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CPU vs. GPU

33.26B/s

NYC Yellow Taxi

30GB/s
25 GB/s

GPUs outperform CPUs

_ 20685 in end-to-end parsing
% 15 GB/s
max. bandwidth PCle 3.0
10.4 GB/s 101 GB/s
10 GB/s
5GB/s
254 GB/s 250 GB/s
., D03GBs 00BGB/s  CI7GB/s - 0.25 GB/s -

PostgreSOL HyPer

OmniSci cuDF csvmonkey  InstantLoading

ParPaRaw

CUDAFastCSV-
PCle

CUDAFastCSV-
NVLink
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Streaming I/O

60 GB/s

60 GB/s

50 6B/s

40 GB/s

30 6B/s

THROUGHPUT

20 6GB/s

10 GB/s

0 GB/s
on-GPU
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Streaming I/O
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Streaming I/O

60 GB/s

B0 GB/s

50 GB/s

40 GB/s

30 GB/s

THROUGHPUT

20 GB/s

10 6B/s

0 GB/s
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Streaming I/O

60 GB/s

THROUGHPUT

on-GPU

NYC Yellow Taxi

80 6B/s
50 GB/s
40 6B/s 38.2 GB/s
306B/s
20 GB/s
o 1.2 GB/s ______max ban 0!4_ ‘ tBh PCle30
10 6B/s 9075

Cle 308 NVLink 20 RDMA-GPUDirect
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Streaming I/O

60 GB/s
80 GB/s

50 GB/s
40 GB/s

30 6B/s

THROUGHPUT

20 6B/s

10 GB/s

0 GB/s
on-GPU

NYC Yellow Taxi

GPUs saturate

PCle 3.0 and RDMA

11.2 GB/s

PCle 3.0 NVLink 20

ROMA-GPUDirect
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Fast Mode vs. Quoted Mode

THROUGHPUT

110 GB/s

100 GB/s

30 GB/s

80 6B/s

70 6B/s

B0 GB/s

50 GB/s

40 6B/s

306B/s

20 6B/s

10 GB/s

0GB/s

100.2 GB/
@ Fast Mode °

@ Ouoted Mode

60 GB/s
485GB/s 514 GB/s
26.6 GB/s 259 GB/s I
TPC-H Lineitem NYC Yellow Taxi int_444
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Fast Mode vs. Quoted Mode

10 6B/s
100.2 GB/s
100 GB/s @ Fast Mode
@ OQuoted Mode
90 GB/s
80 GB/s
e Quotes add ~2x parsing overhead
& 60GB/s L4 6B/
S p S
S . 48508/
40 GB/s
30 GB/s 26.6 GB/s 259GB/s
20 6B/s
10 6B/s
0 GB/s

TPC-H Lineitem NYC Yellow Taxi int_444



Hardware Scalability

THROUGHPUT

140 GB/s
130 GB/s
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110 GB/s
100 GB/s
80 6B/s
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70 6B/s
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Hardware Scalability

THROUGHPUT

140 GB/s
130 GB/s
120 GB/s
10 GB/s
100 GB/s
90 GB/s
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706B/s
80 6GB/s
50 GB/s
40 6B/s
306B/s
20 GB/s
10 GB/s
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@ GTX 1080 Ti (GDDR5X)
@ RTX 2080 Ti (GDDRE)
@ Tesla V100 (HBM2)
@ RTX 3080 (GDDREX)
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477 48.5
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Hardware Scalability
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Hardware Scalability

THROUGHPUT

140 GB/s
130 GB/s
120 GB/s
110 GB/s
100 GB/s
90 GB/s
80 GB/s
706B/s
60 GB/s
50 6B/s
40 GB/s
30 6B/s
20 GB/s
10 GB/s
0 GB/s

@ GTX 1080 Ti (GDDR5X)
@ RTX 2080 Ti (GDDR6)
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Desktop-GPUs often provide
sufficient performance
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Hardware Scalability

THROUGHPUT

140 GB/s
130 BB/s
120 GB/s
110 GB/s
100 GB/s
90 GB/s
80 GB/s
70 GB/s
80 GB/s
50 GB/s
40 GB/s
306B/s
20 GB/s
10 GB/s
0 GB/s

13011
@ GTX 1080 Ti (GDDR5X)
@ RTX 2080 Ti (GDDR6)

p Ta-l- \MMNAN FLDMY

Desktop-GPUs often provide 1002

sufficient performance =
Server-GPUs provide

fast interconnects and RDMA

222III 2iEIII I

TPL-H Lineitem NYC Yellow Taxi int 444
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Conclusion

* GPUs can solve data loading bottleneck

" New way to integrate GPUs into DBs



