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Traditional Solutions
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Employ sophisticated prefetchers
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Key Observations

Observation 1
Nearly 50% of the off-chip requests

in a no-prefetching system

still go to the main memory
even in presence of state-of-the-art prefetcher
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Key Observations

On-chip cache access latency significantly
contributes to total off-chip load latency

SAFARI

10



Key Observations

On-chip cache access latency significantly
contributes to total off-chip load latency

40% of the stalls caused by an off-chip load

can be reduced by removing on-chip cache access

latency from its critical path
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Surprisingly High Latency Discovered During Alder Lake
Test With DDR5-6400 Memory

Jason R. Wilson *
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Improve processor performance
by removing on-chip cache access latency
from the critical path of off-chip loads
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Predicts which load requests might go off-chip




Starts fetching data directly from main memory
while concurrently accessing the cache hierarchy
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Hermes Overview
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Hermes Overview
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Hermes Overview
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Hermes Overview
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Hermes Overview
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Hermes Overview
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Hermes Overview
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Designing The Off-Chip Predictor
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Designing The Off-Chip Predictor

Tracking cache contents

Learning from program behavior
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Designing The Off-Chip Predictor

Tracking cache contents

€ Large metadata

- Metadata size increases with cache hlerarchy size

€ Track every cache operations

* Gets tricky based on the cache hierarchy configuration
(e.g., inclusivity, bypassing,...)

Learning from program behavior
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@ Lower design complexity
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POPET: Perceptron-Based Off-Chip Predictor

* Multi-feature hashed perceptron model'*

SAFARI [1] D. Tarjan and K. Skadron, "Merging Path and Gshare Indexing in Perceptron Branch Prediction,” TACO, 2005 36



POPET: Perceptron-Based Off-Chip Predictor

* Multi-feature hashed perceptron model'*

- Each feature has its own weight table
* Stores correlation between feature value and off-chip prediction

Feature, Table,
Table,

(e.g., PC+ offset)

Weight
Table,

Weight
Tabley,

SAFAR’ [1] D. Tarjan and K. Skadron, "Merging Path and Gshare Indexing in Perceptron Branch Prediction,” TACO, 2005 37



Predicting using POPET

» Using simple table lookups, addition, and comparison
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Predicting using POPET

» Using simple table lookups, addition, and comparison
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Predicting using POPET

» Using simple table lookups, addition, and comparison
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Predicting using POPET

» Using simple table lookups, addition, and comparison
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Predicting using POPET

» Using simple table lookups, addition, and comparison
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Predicting using POPET

» Using simple table lookups, addition, and comparison
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Training POPET

* Using simple Increment or decrement of feature weights

Weight
Table,

Weight
Table,

Weight
Tabley,
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Training POPET

* Using simple increment or decrement of feature weights
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Training POPET

* Using simple increment or decrement of feature weights
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Training POPET

* Using simple increment or decrement of feature weights

index | Weight %
@ Table,

(eg., PC+ offset) hash D 4 OFf-Chip

Main Memory
Ox7ffe0+12

. 3
CFeature, ) —- (#) " | Toil! ) —
Tablez
hash

Sum
weights

Activation

index | Weight
— (#) —>| Table
hash D

SAFARI 47



Evaluation



Simulation Methodology

* ChampSim trace driven simulator
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Simulation Methodology

* ChampSim trace driven simulator

* 110 single-core memory-intensive traces
- SPECCPU 2006 and 2017
- PARSEC 2.1
- Ligra
- Real-world applications

* 220 eight-core homogeneous and heterogeneous trace mixes
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Simulation Methodology

* ChampSim trace driven simulator

* 110 single-core memory-intensive traces
- SPECCPU 2006 and 2017
- PARSEC 2.1
- Ligra
- Real-world applications

* 220 eight-core homogeneous and heterogeneous trace mixes

LLC Prefetchers

* Pythia

* Bingo

« MLOP

* SPP + Perceptron filter
* SMS

SAFARI

51



Simulation Methodology

* ChampSim trace driven simulator

* 110 single-core memory-intensive traces
- SPECCPU 2006 and 2017
- PARSEC 2.1
- Ligra
- Real-world applications

* 220 eight-core homogeneous and heterogeneous trace mixes

LLC Prefetchers Off-Chip Predictors

* Pythia * HMP

* Bingo  Address Tag-Tracking
e MLOP based Predictor (TTP)
* SPP + Perceptron filter

. SMS
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Simulation Methodology
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request request

[ § © wait [ § © wait
 —— ———
Off-Chip Off-Chip
Main Memory Main Memory

Hermes-Optimistic

SAFARI 53




Performance with Varying Memory Bandwidth

1.3

1.25

1.2
1.15
1.1

1.05

Geomean speedup
over the No-prefetching system

0.9§5

0.9 | | | | |
200 40O 8oo 1600 3200 6400 12800

Main Memory MTPS (in log scale)

Sﬂrﬂnl -4



Performance with Varying Memory Bandwidth

1.3

1.25

1.2
1.15
1.1

1.05

Geomean speedup
over the No-prefetching system

0.9§5

0.9 | | | | |
200 40O 8oo 1600 3200 6400 12800

Main Memory MTPS (in log scale)

Sﬂrﬂnl -3



Performance with Varying Memory Bandwidth

1.3

1.25

1.2
1.15
1.1

1.05

Geomean speedup
over the No-prefetching system

0.9§5

0.9 | | | | |
200 40O 8oo 1600 3200 6400 12800

Main Memory MTPS (in log scale)

Sﬂrﬂnl -6



Performance with Varying Memory Bandwidth

1.3

1.25

1.2
1.15
1.1

1.05

Geomean speedup
over the No-prefetching system

0.9§5

0.9 | | | | |
200 40O 8oo 1600 3200 6400 12800

Main Memory MTPS (in log scale)

Sﬂrﬂnl -7/



Performance with Varying Memory Bandwidth

1.3

1.25

1.2
1.15
1.1

1.05

Geomean speedup
over the No-prefetching system

0.9§5

0.9 | | | | |
200 40O 8oo 1600 3200 6400 12800

Main Memory MTPS (in log scale)

Sﬂrﬂnl -8



Performance with Varying Memory Bandwidth
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Performance with Varying Memory Bandwidth
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Bandwidth Efficiency
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Bandwidth Efficiency
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Bandwidth Efficiency i/“
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Bandwidth Efficiency

For every 1% performance benefit,

the increase in main memory request by

Hermes on top of Pythia
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Performance with Varying Baseline Prefetcher
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Performance with Varying Baseline Prefetcher
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Performance with Varying Baseline Prefetcher
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Performance with Varying Baseline Prefetcher
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Performance with Varying Baseline Prefetcher
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Overhead of Hermes
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Overhead of Hermes

o 4 KB storage overhead
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Overhead of Hermes

o 4 KB storage overhead
O 1.5% power overhead

On top of an Intel Alder Lake-like performance-core 2! configuration

SA FA Rl [2] https://www.anandtech.com/show/16881/a-deep-dive-into-intels-alder-lake-microarchitectures/3 83



More in the Paper

* Wide range of sensitivity studies by varying
- Cache hierarchy access latency

- Hermes request issue latency
- Activation threshold

« Comparison of POPET’s accuracy and coverage against HMP
and TTP

* Understanding usefulness of each program feature
 Hermes’s effect on stall cycle reduction

analysis in system

SAFARI
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More in the Paper

Hermes: Accelerating Long-Latency Load Requests
via Perceptron-Based Off-Chip Load Prediction

Rahul Bera!  Konstantinos Kanellopoulos! =~ Shankar Balachandran?  David Novo?
Ataberk Olgun!  Mohammad Sadrosadati’  Onur Mutlu'

LIETH Zirich 2Intel Processor Architecture Research Lab 3LIRMM, Univ. Montpellier, CNRS

[ https://arxiv.org/pdf/2209.00188.pdf }
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To Summarize...



Summary
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Summary

Hermes advocates off-chip load prediction,

a different form of speculation than
load address predictions by prefetchers
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Summary

Hermes advocates off-chip load prediction,

a different form of speculation than
load address predictions by prefetchers

Off-chip load prediction can be applied by itself
or combined with load address prediction
to provide performance improvement
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Summary

@9\ Identifies 74% off-chip loads,
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Summary

@9\ Identifies 74% off-chip loads,

= that misses a 4.5 IMIB cache hierarchy
using only 4 KB storage overhead,
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Summary

@9\ Identifies 74% off-chip loads,

= that misses a 4.5 IMIB cache hierarchy
using only 4 KB storage overhead,

&) with 77% accuracy,
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Summary

@

7
)

)

SAFARI

Identifies 74% off-chip loads,

that misses a 4.5 IMIB cache hierarchy
using only 4 KB storage overhead,

with 77% accuracy,

and provides 5.4% performance gain
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Hermes is Open Sourced

H CMU-SAFARI/Hermes ' Public

<> Code (© Issues 19 Pullrequests (® Actions [ Projects [0 Wiki @ Security [~ Insights

& Unwatch 3

3 Settings

¥ main ~ ¥ 1branch ©5tags Go to file Add file ~

Rahul Bera Minor changes in experiment file 9eaecad 5daysago ‘) 21commits
8 branch Initial commit for MICRO'22 AE 2 months ago
B config Minor update 5 days ago
B cvp_tracer Initial commit for MICRO'22 AE 2 months ago
I experiments Minor changes in experiment file 5 days ago
W inc Upgraded TTP implementation. All experiment files and rollup script... 6 days ago
M logo Github theme-adapting logo 2 months ago
M mcpat Initial commit for MICRO'22 AE 2 months ago
M prefetcher Initial commit for MICRO'22 AE 2 months ago
B9 replacement Initial commit for MICRO'22 AE 2 months ago
M scripts Added support to launch multiple experiements in parallel when loc... 25 days ago
W src Minor update 5 days ago
M tools Initial commit for MICRO'22 AE 2 months ago
B tracer Initial commit for MICRO'22 AE 2 months ago
B traces Fixed the link mismatch in artifact_traces.csv 2 months ago
Y .gitignore Added extra experiment file and an example python script to genera... 25 days ago
[ LICENSE Updated License 2 months ago
D LICENSE.ChampSim Updated License 2 months ago

-

% Fork 1 - Y¥ Star 6 -

About &

A speculative mechanism to accelerate
long-latency off-chip load requests by
removing on-chip cache access latency
from their critical path, as described by
MICRO 2022 paper by Bera et al.
(https://arxiv.org/pdf/2209.00188.pdf)

& arxiv.org/abs/2209.00188

machine-learning cache perceptron
computer-architecture microarchitecture

perceptron-learning-algorithm prefetching

Readme
MIT, Unknown licenses found
6 stars

3 watching

< 0 % B

1 fork

Releases 5

o w2

6 days ago

+ 4 releases

Packages

No packages published

SAFARI https://github.com/CMU-SAFARI/Hermes 95



https://github.com/CMU-SAFARI/Hermes

Hermes is Open Sourced

O All workload traces
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Hermes is Open Sourced

All workload traces

13 prefetchers

e Stride [Fu+, MICRO'92]
o Streamer [Chen and Baer, IEEE TC'95]
e SMS [Somogyi+, ISCA'06]

e AMPM [Ishii+, ICS'09]

e Sandbox [Pugsley+, HPCA'14]

» BOP [Michaud, HPCA'16]

e SPP [Kim+, MICRO'16]

» Bingo [Bakshalipour+, HPCA'19]

o SPP+PPF [Bhatia+, ISCA'19]

o DSPatch [Bera+, MICRO'19]

¢ MLOP [Shakerinava+, DPC-3'19]

» |IPCP [Pakalapati+, ISCA'20]

e Pythia [Bera+, MICRO'21]

SAFARI https://github.com/CMU-SAFARI/Hermes
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Hermes is Open Sourced

All workload traces

13 prefetchers @ 9 off-chip predictors

e Stride [Fu+, MICRO'92]

o Streamer [Chen and Baer, IEEE TC'95] Predictor type  Description

e SMS [Somogyi+, ISCA'06] Base Always NO

« AMPM [IShii*‘: |CSI09] Basic Simple confidence counter-based threshold

* Sandbox [PUQSIey+’ HPCA'1 4] Random Random Hit-miss predictor with a given positive probability
* BOP [MiChaUd’ HPCA" 6] HMP-Local Hit-miss predictor [Yoaz+, ISCA'99] with local prediction

« SPP [Kim+, MICRO'16]

. . HMP-GShare Hit-miss predictor with GShare prediction
Bingo [Bakshalipour+, HPCA'19]

« SPP+PPF [Bhatia+, ISCA'19] HMP-GSkew Hit-miss predictor with GSkew prediction

e DSPatch [Bera +, MICRO'1 9] HMP-Ensemble  Hit-miss predictor with all three types combined
o MLOP [Shakerinava+, DPC-3'19] TP Tag-tracking based predictor

¢ |PCP [Pakalapati+, ISCA'20] Perc Perceptron-based OCP used in this paper

Pythia [Bera+, MICRO'21]
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Easy To Define Your Own Off-Chip Predictor

» Just extend the OffchipPredBase class

class OffchipPredBase

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32

SAFARI

{

public:

};

uint32_t cpu;

string type;

uinté4_t seed;

uint8_t dram_bw; // current DRAM bandwidth bucket

OffchipPredBase(uint32_t _cpu, string _type, uinté4_t _seed) : cpu(_cpu), type(_type), seed(_seed)
{
srand(seed);
dram_bw = 0;
}
~0ffchipPredBase() {}
void update_dram_bw(uint8_t _dram_bw) { dram_bw = _dram_bw; }

virtual void print_config();

virtual void dump_stats();

virtual void reset_stats();

virtual void train(ooo_model_instr xarch_instr, uint32_t data_index, LSQ_ENTRY xlg_entry);
virtual bool predict(ooo_model_instr *arch_instr, uint32_t data_index, LSQ_ENTRY xlqg_entry);

#endif /x OFFCHIP_PRED_BASE_H */
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Easy To Define Your Own Off-Chip Predictor

» Define yourown train( ) and predict () functions

19 void OffchipPredBase::train(ooo_model_instr xarch_instr, uint32_t data_index, LSQ_ENTRY xlqg_entry)
20 A

21 // nothing to train

22

23

24 bool OffchipPredBase::predict(ooo_model_instr xarch_instr, uint32_t data_index, LSQ_ENTRY x1lq_entry)
25 4

26 // predict randomly

27 // return (rand() % 2) ? true : false;
28 return false;

29 }
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Easy To Define Your Own Off-Chip Predictor

» Define yourown train( ) and predict () functions

19 void OffchipPredBase::train(ooo_model_instr s*arch_instr, uint32_t data_index, LSQ_ENTRY xlg_entry)
20 A

21 // nothing to train

22

23

24 bool OffchipPredBase::predict(ooo_model_instr xarch_instr, uint32_t data_index, LSQ_ENTRY x1lq_entry)
25 4

26 // predict randomly

27 // return (rand() % 2) ? true : false;
28 return false;

29 }

» Get statistics like precision (aka accuracy) and recall
(aka coverage) out of the box

Core_0O_offchip_pred_true_pos 2358716
Core_0O_offchip_pred_false_pos 276883
Core_0O_offchip_pred_false_neg 132145

Core_0O_offchip_pred_precision 89.49
Core_0O_offchip_pred_recall 94.69
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Off-Chip Prediction Can Further Enable...
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Off-Chip Prediction Can Further Enable...

Prioritizing loads that are likely go off-chip
in cache queues and on-chip network routing
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Off-Chip Prediction Can Further Enable...

Prioritizing loads that are likely go off-chip
in cache queues and on-chip network routing

Better instruction scheduling
of data-dependent instructions
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Off-Chip Prediction Can Further Enable...

Prioritizing loads that are likely go off-chip
in cache queues and on-chip network routing

Better instruction scheduling
of data-dependent instructions
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