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The Problem:
Performance Scalability of Future GPUs

End of Moore’s law
Transistor scaling has slowed down

Expected to come to a halt at 7nm

Photolithography limitations

GPU dies are reticle limited

Maximum die size is limited by optics (~800 mm?2)

How do we continue to scale GPU performance?




Performance Scaling via Integration

We scale via hierarchy of integration tiers:

Chip Board System
Interconnect BW 10 TB/s 160 GB/s 12.5 GB/s
Interconnect energy 80 fJ/bit 10 pJ/bit 250 pJ/bit
Cost Low High Very High

Progressively less bandwidth at higher cost



Performance Scaling via Integration

- We scale via hierarchy of integration tiers:

160 GB/s 12.5 GB/s
10 pJ/bit 250 pJ/bit

High Very High

3TB/s
1 pJ/bit

10 TB/s
80 fJ/bit

Medium

her cost

Efficient package-level integration is possible



MCM-GPU: Multi-Chip-Module GPU

Key ldea: Integrate multiple GPU Modules (GPMs) on a package
Use on-package signaling for inter-GPM interconnect

Programmer-transparent single large logical GPU
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Basic MCM-GPU Architecture

Modular - 4 GPMs on package example
256 SMs total, 3TB/s DRAM BW

SMs +L1S SMs +L1S

ﬁGPM 0 GPM 1ﬂ

Package

On-package inter-GPM interconnect B - b - ® 19

Other aspects unchanged b b
Cache hjerarchy, thrgad-block (CTA) §<:><§¢ U b= U o
scheduling, memory interleaving ]Iepmz Gmﬁ

Challenges: SMs +L1$ SMs +L1

DRAM

DRAM

Inter-GPM bandwidth is performance-critical

In-package NUMA design



Inter-GPM Bandwidth Sensitivity

Implementation Challenge
Hard | <G—_—— e Easy

mb=6TB/s mb=3TB/s mb=1.5TB/s (5 b=768GB/s) - b=384 GB/s

1 14%
40%

Slowdown compared to
6TB/s inter-GPM link BW
© o o o
o N b O

M-Intensive C-Intensive

Bridge performance gap with architectural optimizations



Optimized MCM-GPU Architecture

Goal: Reduce inter-GPM traffic
Exploit locality within GPMs.

CTA Sched
SMs + L1S
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GPM 3 GPM 2

CTA Sched

New L1.5 cache
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1. GPM-Side L1.5 Cache

Remote traffic shows locality

Not captured in SM’s L1 caches

Proposal:
Add L1.5 cache

Reduce L2 cache

Remote-only cache allocation

SW based coherence

Package

DRAM

DRAM

SMs + L1S

L5

> g & xBAR (:

SMs + L1S




2. Distributed CTA Scheduling

Contiguous CTAs possess locality CTA Sched CTA Sched

Lost in basic MCM-GPU

GP‘MO I(_;P'M1
Proposal: \ ‘ ﬂ

DRAM

Distributed & Batched CTA < W GPM3 GPM2 & S

SChedUling Z & g @ rear < D XeAR € 5 4 =
. L1.55 L1.5$

Contiguous CTAs - same GPM ol o o - -

CTA Sched CTA Sched




3. First Touch Page Placement

Contiguous CTAs access same page

Locality lost due to fine-grain
memory interleaving

Proposal:

First touch page placement
across memory partitions

Y4 Page A Package

Req: Page B

GPMO

GPM1

|

Ya Page A
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Experimental Methodology

Simulator: NVIDIA In-house GPU
Simulator

256 SM GPU w/ 4 GPMs
3 TB/s Memory BW
16 MB (L1.5 + L2) Cache
768 GB/s Inter-GPM Link BW

[1] “CORAL Benchmarks” -

Benchmarks:

CORAL [1], Rodinia [2],
Lonestar [3], and NVIDIA In-
house Benchmarks

48 Benchmarks:

33 High Parallelism

17 Memory Intensive
16 Compute Intensive

15 Limited Parallelism

[2] “Rodinia: A Benchmark Suite for Heterogeneous Computing” S. Che et al., 1ISWC 2009
[3] “A Quantitative Study of Irregular Programson GPUs” M. Burtscher et al., 1ISWC 2012



Inter-GPM Bandwidth

Results
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Anatomy of Performance Improvement

Remote Only L1.5 Cache

2 40 . :
9 < 30 B Distributed Scheduling -
2 First Touch Page Placement
v D 20 I—
3 o

o 10 —
o 1
52 0 . .
© Q
o =-10
% Remote-Only| Distributed | First Touch § MCM-GPU § MCM-GPU | Monolithic

L1.5 Scheduling (768 GB/s) (6TB/s)
Applied Alone Proposed Unbuildable

The proposed optimizations work well in combination
MCM-GPU is within 8% of ideal monolithic GPU



Summary

> Problem: How do we continue scaling single GPU performance?
* Proposed solution: Multi-Chip-Module GPU architecture
Basic and optimized MCM-GPU architectures
+ Optimized MCM-GPU:
+ 5x Inter-GPM bandwidth reduction
« 22.8% performance improvement

- Within 8% of performance of ideal monolithic GPU

Thank You
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MCM-GPU

Stacked
DRAM

MCM




MCM-GPU vs Multi-GPU Alternative

Baseline Multi-GPU with FT and DS o 1.8
and 256 GB/s NVLINK bandwidth =
)
Optimized Multi-GPU (with remote § ) 1.6
L2 cache) improves by 1.25x L O
o Q1.4
MCM-GPU: ° 5
S5 212
52% speedup over baseline 8
Multi-GPU Q
o
»n 1.0
27% Speedup over optimized Optimized | MCM-GPU | MCM-GPU | Monolithic
Multi-GPU Multi-GPU | (768 GB/s) | (6 TB/s) GPU

Buildable Unbuildable
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Speedup over Basic

MCM-GPU

S-curve: All Evaluated Workloads

0 10 20 30 40 50
Workloads



L1.5 Cache Performance

08 MB Remote Only L1.5 016 MB L1.5

08 MB L1.5

(132 MB Remote Only L1.5

B 16 MB Remote Only L1.5 032 MB L1.5
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