Hasso
| Plattner
Institut

Fetch Me
If You Can

Evaluating CPU Cache Prefetching and Its
Reliability on High Latency Memory

Fabian Mahling @DaMoN 2025
Marcel Weisgut

Tilmann Rabl 5 mm—

iy AT

Design IT. | | t‘”‘mmn L i Ll

Create Knowledge. - i S N NN T E

www.hpi.de




Contributions

Fabian Mahling Fetch Me If You Can: Evaluating CPU Cache Prefetching and Its Reliability on High Latency Memory 2



Contributions ﬂ

1. Microbenchmarks identifying CPU prefetching characteristics

Fabian Mahling Fetch Me If You Can: Evaluating CPU Cache Prefetching and Its Reliability on High Latency Memory 2



Contributions ﬂ

1. Microbenchmarks identifying CPU prefetching characteristics

Upper —— NTA —— TO —— T1 —— T2 ~ Lower

Yo

100

o iL3
10 // T

eIl L2 Grace
10?2 103 104 105 106
Random Cache Line Accesses

Localities

Access Latency [ns]

Fabian Mahling Fetch Me If You Can: Evaluating CPU Cache Prefetching and Its Reliability on High Latency Memory 2



Contributions

1. Microbenchmarks identifying CPU prefetching characteristics

- Upper = NTA  —= T0 —— T1 —— T2 - Lower B Prefetch Runtime [ Access Runtime
wn "y

R e = - o

%100- TR A,M g 9 A64FX-Strong ‘

© H 5

£ L3 o

S 10y g 3

2 = il L2 Grace =)

g 102 103 10* 105 106 = 1 5 9 13 17 21 25 29

< Random Cache Line Accesses ~ Batch Size

Localities Reliability

Fabian Mahling Fetch Me If You Can: Evaluating CPU Cache Prefetching and Its Reliability on High Latency Memory 2



Contributions ﬂ

1. Microbenchmarks identifying CPU prefetching characteristics

- Upper = NTA  —= T0 —— T1 —— T2 - Lower B Prefetch Runtime [ Access Runtime
wn "y

R e - o

%100- T TR e > 4 g 9 A64FX-Strong ‘

& | o it i e T 5 = 6 I

£ L3 o

S 10 g 3

2 = il L2 Grace =)

g 102 103 10* 105 106 = 1 5 9 13 17 21 25 29

< Random Cache Line Accesses ~ Batch Size

Localities Reliability
2. Prefetching performance evaluation on heterogeneous memory

Fabian Mahling Fetch Me If You Can: Evaluating CPU Cache Prefetching and Its Reliability on High Latency Memory



Contributions

1. Microbenchmarks identifying CPU prefetching characteristics

- Upper = NTA  —= T0 —— T1 —— T2 - Lower B Prefetch Runtime [ Access Runtime
wn "y

R e = - o

5100 el g 9 A64FX-Strong ‘

2 e L S — = 6 | ‘

£ L3 o

S 10f Ay £ 3

2 = il L2 Grace =)

g 102 102 10* 105  10¢ = 1 5 9 13 17 21 25 29

< Random Cache Line Accesses ~ Batch Size

Localities Reliability
2. Prefetching performance evaluation on heterogeneous memory

—+— Normal —+— Coroutine —<— State Machine —— Liocal =~ Remote
EPYC-2 EPYC-3 Xeon-E5 Xeon-2 Xeon-3
Weak Weak Strong Strong Strong
T 4
3 [
9 ‘ .._,““"
3 :.‘&
N =

0 10 10 10 10 1
Zipf Parameter ©

Binary Search

Fabian Mahling Fetch Me If You Can: Evaluating CPU Cache Prefetching and Its Reliability on High Latency Memory 2



Contributions

1. Microbenchmarks identifying CPU prefetching characteristics

- Upper = NTA  —= T0 —— T1 —— T2 - Lower B Prefetch Runtime [ Access Runtime
wn "y

R = - o

5100 el g 9 A64FX-Strong ‘

5 A ’ = 6 | L

£ L3 o

S 10y g3

2 = il L2 Grace =)

g 102 102 10* 105  10¢ = 1 5 9 13 17 21 25 29

< Random Cache Line Accesses ~ Batch Size

Localities Reliability

2. Prefetching performance evaluation on heterogeneous memory

—+— Normal —+— Coroutine —<— State Machine —— Liocal =~ Remote —+— Normal —+— Prefetching
EPYC-2 EPYC-3 Xeon-E5 Xeon-2 Xeon-3 | EPYC-2 | EPYC-3 | XeonE5 |  Xeon2
Weak Weak Strong Strong Strong "n 25 Weak Weak Set?rgng Ster(g;g
T 4 o 20
23 E15
)
Z2 g 10
=] = Bl et e = -\ /] [
10 10 10 10 1 251 416 251 416 251 416 .251 416
Zipf Parameter © Node Size [KiB]
Binary Search B -Tree

Fabian Mahling Fetch Me If You Can: Evaluating CPU Cache Prefetching and Its Reliability on High Latency Memory 2



Contributions ﬂ

1. Microbenchmarks identifying CPU prefetching characteristics

. Upper T NTA L TR MO AL e R Tover I Prefetch Runtime 0 Access Runtime
é’ ..................................... B LTI T AT ?‘_‘ -

& 100 Y P I 7o | P M g 9 A64FX-Strong ‘

g -t iy i o6 | w

£ L3 o

S 107 g 3

2 b= i ] L2 Grace =

S 10?2 103 104 105 106 = 1 5 9 13 17 21 25 29

< Random Cache Line Accesses " Batch Size

Localities Reliability
2. Prefetching performance evaluation on heterogeneous memory

—+— Normal —+— Coroutine —<— State Machine —— Liocal =~ Remote —+— Normal Prefetching
EPYC-2 EPYC-3 Xeon-E5 Xeon-2 Xeon-3 | BEPYC-2 | EPYC-3 | Xeon-E5 |  Xeon-2
Weak Weak Strong Strong Strong 2N 25 Weak Weak Si‘;’(‘,ng Sfr(ff;g
AP o 20
3 § 15
9 . ......q.....,,““‘ : .-.A".'*‘ ‘ -.,,.““' g 10
5 g X e o TN & 3 £ 5L O N 2=
0 10 10 10 10 1 251 416 251 416 .251 416 .251 416
Zipf Parameter © Node Size [KiB]
Binary Search B -Tree

3. Guidelines on when and how to use prefetching
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Software Prefetching

e Asynchronous data movement to cache
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e Locality specifies target cache level:
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Based on [Kihn et al. 2024]
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e Asynchronous data movement to cache
e Locality specifies target cache level:
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o T1 — L2
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e Asynchronous data movement to cache
e Locality specifies target cache level:

o T2 — L3
o T1 — L2
o TO& NTA — L1
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Asynchronous data movement to cache
Locality specifies target cache level:

o T2 — L3
o T1 — L2
o TO& NTA — L1

Hides memory access latencies through data

movement ahead of the actual access
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Used Systems ﬂ

e Data Placement:
Core
. E L1 L2] L3 o Local: lowest latency
CPU 1 [ o Remote: highest latency

Interconnect

Different memory access paths

have varying access latencies.

Interconnect

DDR e Higher access latencies cause

performance loss.
GDDR

Based on [Vuppalapati et al. 2024, Werner et al. 2025]
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Research Question

Can Software Prefetching hide increased memory access
latencies, independently of the given prefetching reliability?
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CPU Prefetching Reliability - B*Tree ﬂ
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e Interleave multiple lookups [Kihn et al. 2024]:
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CPU Prefetching Reliability - B*-Tree L

e Interleave multiple lookups [KUhn et al. 2024]:
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CPU Prefetching Reliability - B*Tree

Benchmarks with low and high memory access latencies
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CPU Prefetching Reliability - B*Tree

e Benchmarks with low and high memory access latencies
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High Latency Memory

e Heterogeneous memory causes

Latency [ns]
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CPU Prefetching Localities ﬂ

e Prefetch batches of random cache lines with different localities

e Measure subsequent access latency

e Compare to accessed cache lines (Lower) and random cache lines (Upper)
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CPU Prefetching Localities ﬂ

e 70 and NTA implementations
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CPU Prefetching Reliability - B*Tree
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CPU Prefetching High Latency - Binary Search ﬂ
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Figure 6: Binary search runtimes given different data placement, implementations, and Zipf parameters.
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