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• 4× speedup

Scalable Data Management using GPUs with Fast Interconnects 47

Data

(TBs)



1. Motivation

2. Data-intensive query processing

3. Stateful data processing

4. Iterative algorithms

5. Conclusion

Agenda

Scalable Data Management using GPUs with Fast Interconnects 48

Data

(TBs)

#
#

#
#



Hash Join: Scaling Inner Relation

#

#

#

#

hash(k)

#

build

Scalable Data Management using GPUs with Fast Interconnects 49

CPU GPU
M

ai
n

 M
em

o
ry

G
P

U
 M

e
m

o
ry

Data

(TBs)

R S



Hash Join: Scaling Inner Relation

#

#

#

#

hash(k)

#

probe

Scalable Data Management using GPUs with Fast Interconnects 50

CPU GPU
M

ai
n

 M
em

o
ry

G
P

U
 M

e
m

o
ry

Data

(TBs)

R S



Hash Join: Scaling Inner Relation

Scalable Data Management using GPUs with Fast Interconnects 51

#
#

#
#

Data: 30 GiB ⋈ 30 GiB
CPU: IBM POWER9

with 16 cores
GPU: Nvidia V100

with NVLink 2.0



Hash Join: Scaling Inner Relation

Scalable Data Management using GPUs with Fast Interconnects 52

>2×

#
#

#
#

Data: 30 GiB ⋈ 30 GiB
CPU: IBM POWER9

with 16 cores
GPU: Nvidia V100

with NVLink 2.0



Hash Join: Scaling Inner Relation

Scalable Data Management using GPUs with Fast Interconnects 53

>2×

GPU memory

 Join state has 
limited size

#
#

#
#

Data: 30 GiB ⋈ 30 GiB
CPU: IBM POWER9

with 16 cores
GPU: Nvidia V100

with NVLink 2.0



Hash Join: Scaling Inner Relation

Scalable Data Management using GPUs with Fast Interconnects 54

GPU memory

 Join state has 
limited size

CPU scales

>2×

#
#

#
#

Data: 30 GiB ⋈ 30 GiB
CPU: IBM POWER9

with 16 cores
GPU: Nvidia V100

with NVLink 2.0



Hash Join: Scaling Inner Relation

Scalable Data Management using GPUs with Fast Interconnects 55

GPU memory

 Join state has 
limited size

CPU scales

How can GPU hash join scale 
to a large join state?

>2×

#
#

#
#

Data: 30 GiB ⋈ 30 GiB
CPU: IBM POWER9

with 16 cores
GPU: Nvidia V100

with NVLink 2.0



Approach: Spill Hash Table

Scalable Data Management using GPUs with Fast Interconnects 56

CPU GPU

M
ai

n
 M

em
o

ry

G
P

U
 M

e
m

o
ry

#

#

#

#

hash(k)

#

access

#
#

#
#

How can GPU hash join scale 
to a large join state?



Hash Join: Scaling Inner Relation

Scalable Data Management using GPUs with Fast Interconnects 57

GPU memory GPU scales

 Scalable

#
#

#
#

How can GPU hash join scale 
to a large join state?

Data: 30 GiB ⋈ 30 GiB
CPU: IBM POWER9

with 16 cores
GPU: Nvidia V100

with NVLink 2.0



Hash Join: Scaling Inner Relation

Scalable Data Management using GPUs with Fast Interconnects 58

GPU memory GPU scales

 Scalable

Performance cliff

#
#

#
#

How can GPU hash join scale 
to a large join state?

Data: 30 GiB ⋈ 30 GiB
CPU: IBM POWER9

with 16 cores
GPU: Nvidia V100

with NVLink 2.0



Hash Join: Scaling Inner Relation

Scalable Data Management using GPUs with Fast Interconnects 59

GPU scales

 Scalable

 Not efficient

Performance cliff

Spilling the hash table is not 
efficient

GPU memory

#
#

#
#

How can GPU hash join scale 
to a large join state?

Data: 30 GiB ⋈ 30 GiB
CPU: IBM POWER9

with 16 cores
GPU: Nvidia V100

with NVLink 2.0



Why is Spilling not Efficient?

Scalable Data Management using GPUs with Fast Interconnects 60

CPU GPU

M
ai

n
 M

em
o

ry

G
P

U
 M

e
m

o
ry

#

#

#

#

hash(k)

#

random accesses

#
#

#
#

16
bytes



Why is Spilling not Efficient?

Scalable Data Management using GPUs with Fast Interconnects 61

CPU GPU

M
ai

n
 M

em
o

ry

G
P

U
 M

e
m

o
ry

#

#

#

#

hash(k)

#

random accesses

#
#

#
#

Hash join incurs fine-grained 
random access pattern

16
bytes



Random Access Bandwidth Gap

Scalable Data Management using GPUs with Fast Interconnects 62

Gap

#
#

#
#

Hash join incurs fine-grained 
random access pattern



Random Access Bandwidth Gap

Scalable Data Management using GPUs with Fast Interconnects 63

Gap

#
#

#
#

Hash join incurs fine-grained 
random access pattern

How can GPUs efficiently 
access out-of-core state?



Efficient State Access

Scalable Data Management using GPUs with Fast Interconnects 64

CPU GPU

M
ai

n
 M

em
o

ry

G
P

U
 M

e
m

o
ry

Packets for writes

Packets for reads

#
#

#
#

Hash join incurs fine-grained 
random access pattern

How can GPUs efficiently 
access out-of-core state?



Efficient State Access

Scalable Data Management using GPUs with Fast Interconnects 65

CPU GPU

M
ai

n
 M

em
o

ry

G
P

U
 M

e
m

o
ry

Data

Packet Header

Enabled Bytes

16-byte write packet

67%
overhead

16 bytes of data

Packets for writes

Packets for reads

#
#

#
#

Hash join incurs fine-grained 
random access pattern

How can GPUs efficiently 
access out-of-core state?



Data

Efficient State Access

Scalable Data Management using GPUs with Fast Interconnects 66

Packet Header

Enabled Bytes Data 0

Packet Header

Data 1

Data 8

128 bytes
of data

11%
overhead

16-byte write packet

67%
overhead

16 bytes of data

CPU GPU

M
ai

n
 M

em
o

ry

G
P

U
 M

e
m

o
ry

Packets for writes

Packets for reads

128-byte coalesced write packet

#
#

#
#

Hash join incurs fine-grained 
random access pattern

How can GPUs efficiently 
access out-of-core state?



Efficient State Access

Scalable Data Management using GPUs with Fast Interconnects 67

CPU GPU

M
ai

n
 M

em
o

ry

G
P

U
 M

e
m

o
ry

Data

Packet Header

Enabled Bytes Data 0

Packet Header

Data 1

Data 8

128 bytes
of data

11%
overhead

16-byte write packet

67%
overhead

16 bytes of data

Packets for writes

Packets for reads

128-byte coalesced write packet

#
#

#
#

Insight: Perfect coalescing 
reduces overhead

Hash join incurs fine-grained 
random access pattern

How can GPUs efficiently 
access out-of-core state?



Perfect Coalescing

Scalable Data Management using GPUs with Fast Interconnects 68

11×

#
#

#
#

Insight: Perfect coalescing 
reduces overhead

Hash join incurs fine-grained 
random access pattern

How can GPUs efficiently 
access out-of-core state?



Perfect Coalescing

Scalable Data Management using GPUs with Fast Interconnects 69

11×

#
#

#
#

Interconnect-conscious
state access

Insight: Perfect coalescing 
reduces overhead

Hash join incurs fine-grained 
random access pattern

How can GPUs efficiently 
access out-of-core state?



Approach: Out-of-Core Partitioning

Scalable Data Management using GPUs with Fast Interconnects 70

#
#

#
#



Approach: Out-of-Core Partitioning

Scalable Data Management using GPUs with Fast Interconnects 71

stream data to GPU

CPU GPU

M
ai

n
 M

em
o

ry

G
P

U
 M

e
m

o
ry

#
#

#
#



Approach: Out-of-Core Partitioning

Scalable Data Management using GPUs with Fast Interconnects 72

stream data to GPU

CPU GPU

M
ai

n
 M

em
o

ry

G
P

U
 M

e
m

o
ry

partition(T)

#
#

#
#



Approach: Out-of-Core Partitioning

Scalable Data Management using GPUs with Fast Interconnects 73

stream data to GPU

CPU GPU

M
ai

n
 M

em
o

ry

G
P

U
 M

e
m

o
ry

partition(T)

perfectly coalesced
writes

#
#

#
#



Approach: Out-of-Core Partitioning

Scalable Data Management using GPUs with Fast Interconnects 74

stream data to GPU

CPU GPU

M
ai

n
 M

em
o

ry

G
P

U
 M

e
m

o
ry

partition(T)

perfectly coalesced
writes

Exploit perfect coalescing 
using out-of-core partitioning

#
#

#
#



Out-of-Core Partitioning Performance

Scalable Data Management using GPUs with Fast Interconnects 75

1.6×

Data: 15 GB
Fanout: 512 partitions

#
#

#
#

Exploit perfect coalescing 
using out-of-core partitioning



Out-of-Core Partitioning Performance

Scalable Data Management using GPUs with Fast Interconnects 76

Data: 15 GB
Fanout: 512 partitions

1.6×

#
#

#
#

GPU efficiently partitions 
data out-of-core

Exploit perfect coalescing 
using out-of-core partitioning



The Triton Join: Overview

Scalable Data Management using GPUs with Fast Interconnects 77

#
#

#
#



The Triton Join: Overview

Scalable Data Management using GPUs with Fast Interconnects 78

#
#

#
#

Main Memory

GPU
Cache

GPU Memory

Fast Interconnect
Out-of-core radix 
partitioning



The Triton Join: Overview

Scalable Data Management using GPUs with Fast Interconnects 79

#
#

#
#

Main Memory

GPU
Cache

GPU Memory

Fast Interconnect
Out-of-core radix 
partitioning

Caching partitions 
in GPU memory



The Triton Join: Overview

Scalable Data Management using GPUs with Fast Interconnects 80

#
#

#
#

Main Memory

GPU
Cache

GPU Memory

Fast Interconnect

Caching partitions 
in GPU memory

Build & probe 
hash table

Out-of-core radix 
partitioning



The Triton Join: Deep Dive

Scalable Data Management using GPUs with Fast Interconnects 81

S

R

#
#

#
#



The Triton Join: Deep Dive

Scalable Data Management using GPUs with Fast Interconnects 82

GPU Partitioning
1st Pass

Out-of-core
radix partitioning

S

R

#
#

#
#



S

The Triton Join: Deep Dive

Scalable Data Management using GPUs with Fast Interconnects 83

1st Pass 2nd Pass
GPU Partitioning

Out-of-core
radix partitioning R

#
#

#
#



The Triton Join: Deep Dive

Scalable Data Management using GPUs with Fast Interconnects 84

Hash Tables

Join R and S1st Pass 2nd Pass
GPU Partitioning

Build

Probe

Out-of-core
radix partitioning

S

R

#
#

#
#



The Triton Join: Deep Dive

Scalable Data Management using GPUs with Fast Interconnects 85

R⋈S

Hash Tables

Join R and S

Build

Probe

1st Pass 2nd Pass
GPU Partitioning

Out-of-core
radix partitioning

S

R

#
#

#
#



The Triton Join: Deep Dive

Scalable Data Management using GPUs with Fast Interconnects 86

Join R and S1st Pass 2nd Pass
GPU Partitioning

Caching partitions
in GPU memory

Out-of-core
radix partitioning

S

R
R⋈S

#
#

#
#



The Triton Join: Deep Dive

Scalable Data Management using GPUs with Fast Interconnects 87

Join R and S1st Pass 2nd Pass
GPU Partitioning

Caching partitions
in GPU memory

Out-of-core
radix partitioning

S

R
R⋈S

#
#

#
#



The Triton Join: Deep Dive

Scalable Data Management using GPUs with Fast Interconnects 88

Caching partitions
in GPU memory

Out-of-core
radix partitioning

R⋈S

S

R
Triton join is new hierarchical 

hybrid hash join for GPUs

#
#

#
#



Triton Join Performance

Scalable Data Management using GPUs with Fast Interconnects 89

Data: 30 GiB ⋈ 30 GiB
CPU: IBM POWER9

with 16 cores
GPU: Nvidia V100

with NVLink 2.0

GPU memory

 Scalable

GPU scales

#
#

#
#

Triton join is new hierarchical 
hybrid hash join for GPUs



Triton Join Performance

Scalable Data Management using GPUs with Fast Interconnects 90

GPU memory

>2×

 Scalable

 Efficient

#
#

#
#

Triton join is new hierarchical 
hybrid hash join for GPUs

Data: 30 GiB ⋈ 30 GiB
CPU: IBM POWER9

with 16 cores
GPU: Nvidia V100

with NVLink 2.0



Triton Join Performance

Scalable Data Management using GPUs with Fast Interconnects 91

GPU memory

>2×

 Scalable

 Efficient

#
#

#
#

Triton join is new hierarchical 
hybrid hash join for GPUs

Efficiently scales to large
out-of-core join state

Data: 30 GiB ⋈ 30 GiB
CPU: IBM POWER9

with 16 cores
GPU: Nvidia V100

with NVLink 2.0



Triton Join Performance

Scalable Data Management using GPUs with Fast Interconnects 92

GPU memory

 Scalable

 Efficient

No cliff

#
#

#
#

Efficiently scales to large
out-of-core join state

Triton join is new hierarchical 
hybrid hash join for GPUs

Data: 30 GiB ⋈ 30 GiB
CPU: IBM POWER9

with 16 cores
GPU: Nvidia V100

with NVLink 2.0



Triton Join Performance

Scalable Data Management using GPUs with Fast Interconnects 93

 Scalable

 Efficient

GPU memory

Performance degrades 
gracefully

No cliff

#
#

#
#

Efficiently scales to large
out-of-core join state

Triton join is new hierarchical 
hybrid hash join for GPUs

Data: 30 GiB ⋈ 30 GiB
CPU: IBM POWER9

with 16 cores
GPU: Nvidia V100

with NVLink 2.0



Findings Summary

 Interconnect-conscious state access
• Perfect coalescing

 Scalable join algorithm
• Out-of-core partitioning

• 2× speedup
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Findings Summary

 Interconnect-conscious data locality

 End-to-end GPU execution
• Single data pass

• 8× speedup
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