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Optimizing Mobile System Libraries
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Reasons for Frontend Bottlenecks

Non-PGO PGO
Layout Layout
+ ‘«

» Key Insight
> PGO improves spatial locality
> PGO cannot improve temporal locality

> Cache replacement tries to predict temporal
locality, can we influence that?

* |[dea
> Pass temperature information to the caches
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Challenges as a Compiler Developer

» Develop compiler optimizations to
improve performance

#include <stdio.h>
#include <stdlib.h>

* Great, because no hardware
changes are needed, performance
from pure code optimizations

extern void dummy(int x);

int compute(int x) {

int templ = x * x;
. . int temp2 = templ + Xx;
> FunCt|On Inllnlng int temp3 = templ / temp2 - 25;
. int temp4 = temp3 ~ oxffff & ©Oxadbd;
> Function Placement int temps = (tempd * X) + X;
return temp5;

> Block Placement ;

int main(int argc, char *argv[]) {
int numl = atoi(argv[0]);
int num2 = atoi(argv[1]);
int resultl = compute(numl);
int result2 = compute(num2);
dummy(resultl);

Trade-offs to consider:

b COde SIZG dummy(result2);
return 0;

» Compile Time }

Not Inlined

compute:

main:

mul w9, wo, we

mov w8, #44477

add wlo, w9, we

sdiv w9, w9, wilo

sub w9, w9, #25

eor w8, w9, w8

madd we, wo, w8, wo

ret

stp x29, x30, [sp, #-32]!
stp x20, x19, [sp, #16]
mov x29, sp

ldr x0, [x1]

mov x19, x1

mov x1, xzr

mov w2, #10

bl strtol

ldr x8, [x19, #8]

mov x19, x0

mov x1, xzr

mov w2, #10

mov X0, X8

bl strtol

mov X20, x0

mov wo, wil9

bl compute

mov wl9, we

mov wo, w20

bl compute

mov w20, wo

mov wo, wl9

bl dummy

mov wo, w20

bl dummy

mov wo, wzr

ldp x20, x19, [sp, #16]
1dp x29, x30, [sp], #32
ret

Inlined

compute:

main:

mul
mov
add
sdiv
sub
eor
madd
ret

stp
str
mov
ldr
mov
mov
mov
bl
1ldr
mov
mov
mov
mov
bl
mul
add
sdiv
mul
add
sdiv
sub
mov
eor
madd
sub
eor
madd
mov
bl
mov
bl
mov
1dr
1dp
ret

w9, wo, wo
w8, #44477
wlo, w9, wo
w9, w9, wle
w9, w9, #25
w8, w9, w8
wo, wo, w8, wo

x29, x30, [sp, #-32]!
x19, [sp, #16]
Xx29, sp

x0, [x1]

x19, x1

x1, xzr

w2, #10

strtol

x8, [x19, #8]
x19, x0

x1, xzr

w2, #10

X0, x8

strtol

w8, wl9, wl9
w9, w8, wlo
w8, w8, w9

w9, wo, wo

wlo, w9, wo

w9, w9, wlo

w8, w8, #25
wle, #44477

w8, w8, wle

w8, wl9, w8, wl9
w9, w9, #25

w9, w9, wle
wl9, wo, w9, wo
wo, w8

dummy

wo, wlo

dummy

wo, wzr

x19, [sp, #16]
x29, %30, [sp], #32
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Challenges Designing Co-Designed Solutions

Online
. . . . Release Binary ata Center asic Block Trace
- Software/Compiler offline analysis can provide a lot of Data Cent o [—
performance optimization hints to the hardware oot - - - E;%E Profile ] N1 [airr
1me1 Collection xff...0
> Software prefetching
- - - Hodwae BB Offline ~~ """ 77T
> Execution frequency of instructions/data ?H,[ p%ﬁeme‘jgﬁ Temperature | (7)
. . odification ulation
> Branch taken/not-taken information (ARM BRBE) oo .
;01 0 Hint Injection Teml;;;tme exfg.)..e
éwm @ ne |extf 3
* How to pass information from offline analysis to Updated Binary
hardware?

Figure 10: High level design of Thermometer

Song et al., “Thermometer: Profile-Guided BTB Replacement for Data Center Applications”, ISCA’22

New Instructions? Metadata?

> [ISAlicense (e.g., ARM) restrictions

> Code size increase
> Dynamic instruction overhead

> Dynamic code footprint

> New HW to process instructions Increase
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Summary of Challenges

Software ? Hardware
» Keep code size increase minimal n Y » * No changes to ISA
s P ¢
» Keep compile time increase minimal n ° Power and area cost minimal

N

(especially on mobile devices)

/ Arm Cortex-A710 Core Technical Reference Manual

Rate this page: ﬁ ﬁ ﬁ f? ﬁ

Page-based hardware attributes

Page-Based Hardware Attributes (PBHA) is an optional, impLEMENTATION DEFINED feature.

It allows software to set up to four bits in the translation tables, which are then propagated though the memory system with transactions and can be used in the system to control
system components. The meaning of the bits is specific to the system design.

For information on how to set and enable the PBHA bits in the translation tables, see the Arm® Architecture Reference Manual Armv8, for A-profile architecture. When disabled, the
PBHA value that is propagated on the bus is 0.

For memory accesses caused by a translation table walk, the AHTCR, ATTBCR, and AVTCR registers control the PBHA values.
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Mlse En Place Front-end Bottlenecks
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then propagated though the memory nwith transactions and can be used in the system to control
tem design.

For information on how to set and enable the PEHA bits in the translation tables, hitecture Reference Manual Armv8, for A-profile architecture. When disabled, the
PBHA value that is propagated on the bus i

For memory by a translation table walk, the AH' g ontrol the PBHA valus
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Temperature Guided Instruction Cache Replacement

Code Generation ® oS
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Code Generation and Optimization

Code Generation

Compiler

Source

(U

.text.hot

(5)

ram headers text.warm Program Order _
:bext.warn >

.text.cold
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o
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> readelf —S <binary>

Section Headers:

[Nr] Name Type Address Offset
Size EntSize Flags Link Info Align
[0] NULL 0000000000000000 00000000
0000000000000000 0000000000000000 0 0 0
[13] .text PROGBITS 0000000000038ae0 00037ae0
0000000000030bc9 0000000000000000 AX O O 16
[14] .init PROGBITS 00000000000696ac 000686ac
000000000000001b 0000000000000000 AX 0 0 4
[15] .fini PROGBITS 00000000000696c8 000686¢c8

000000000000000d 0000000000000000 AX 0 0 4

[16] .text.unlikely PROGBITS 00000000000696e0 0006860
00000000000624d6 0000000000000000 AX 0 O 16

[17] .text.hot PROGBITS 00000000000cbbc0 000cabc0
0000000000088f59 0000000000000000 AX 0 0 16

[18] .plt PROGBITS 0000000000154b20 00153b20
00000000000003b0 0000000000000000 AX 0 O 16
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C_pde Generation J

Input ' ®
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Operating System

Loader ®. Page Table
“1  PTEs
Frame | Prot. rer Heat

Compiler

pmm————————

-

Loader is executed prior to running the ™

application ource

ELF2
Loader reads information in program @ H ® _
headers (incl. temperature information)

Program headers text.warm Program Order _
N

Loader creates the Page Tables and S
corresponding PTEs E

T ] 3 =»
o
« Populate PBHA bits with temperature - L <
. . .text.hot .text.cold
information
Linux ARM Kernel Architecture B Patches
) . ) [RFC,7/7] Documentation: arm64: Describe the support and expectations for PBHA
b PBHA Support OﬂgOlng In Lln uX Kernel Message ID  20211015161416.2196-8-james.merse@arm.com (mailing list archive)
Headers ‘M
Series arm64; mm: Prototype to allow drivers to reque: TPBHA\.-a\ucs|

[RFC,0/7] armB4: mm: Prototype to allow drivers to request PBHA values
[RFC,1/7] KVM: arm64: Detect and enable PBHA for stage2

[RFC,2/7] dt-bindings: Rename the description of cpu nodes cpu.ya
ag
[RFC4/7 PBHA bits for tg1

[RFC,5/7] a 1 pgprot_pbhal) to allow drivers to request PEHA values
[RFC,6/T’ K\/M arm64: Configure PBHA bns for stageZ

1
1
1
[RFC,3/7] d
]a
1a
1
[RFC,7/7] Documentation: armé4: Describe the support and expectations for PBHA
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Code Generation
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Evaluation Methodology

24

sniper

Heterogeneous Cores

| Component | Configuration

Core 6-wide dispatch, 128 entry ROB, 2GHz,
pseudo-FDIP prefetching

Branch IK-entry BTB, 512-entry indirect-BTB, 256-
entry loop predictor, 1K-entry global predictor

L1-D 64KB, 4-way, LRU replacement, 1/3
(tag/data)-cycle latency, stride prefetcher

L1 64KB, 4-way, LRU replacement, /3

(tag/data)-cycle latency, stride prefetcher

Unified Shared L2

512kB (128kB per core), 8-way, TRRIP re-
placement, 8/12 (tag/data)-cycle latency, inclu-
sive, stride prefetcher

Unified Shared SLC

IMB, 16-way, LRU replacement, 10/30
(tag/data)-cycle latency, exclusive

DRAM

8 chips/DIMM, 4 DIMMs, 7.6 GB/s controller
bandwidth, 400-cycle latency

Big Little || Little || Little | Little
L2
v A 4 v ) 4 \ 4
L3 L4
L5
| Benchmark | Training | Evaluation FF |
abseil all® absl_btree_test 1E9
bullet train? eval? 1E9
clamscan train® eval? 1E7
clang ninja clang-check-c gee's ref 1E8
deepsjeng train” ref” 4E9
gee train® ref? 1E8
omnetpp train® ref? 4E8
python train? test_statistics 1E8
rapidjson unittest + perftest perftest
—shrink-memory - | —shrink-memory -
sqlite reprepare ~heap 10000000 | reprepare —heap 10000000 | 1E8
64 —size 50 64 —size 5

@ All tests in test suite, # Use default profiling and evaluation input sets with
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EV8|Uat|0n 10- mm RU = cup  mmm Ours

 Normalized to RRIP

* RRIP on average performs better than
LRU

« Compare with CLIP (Code Line
Preservation HPCA'15)

> Prioritize all instruction cache lines

* TRRIP performs better than CLIP due to BN 10% [ 80% [N 99% NN 99.99% [ 100%
being more selective about which
instruction lines to keep in the cache

* |nstruction “hotness” is tunable in the
compiler, can select best performing
value

Speedup (%)
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Conclusion

* Mobile system libraries show frontend bottlenecks

» PGO shows considerable speedup, but frontend bottleneck still present
> Improvement comes from improving instruction spatial locality
> More can be done with temporal locality, since HOT code shows high reuse distances

* Propose a lightweight technique that reuses many existing and established mechanisms
» Pass code temperature information from compiler PGO to hardware cache using ARM’'s PBHA
* Improve temporal locality by keeping HOT code in the cache for longer

 Full paper currently in review...
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Thank you.

Bring digital to every person, home and
organization for a fully connected,
intelligent world.
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