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525.x264_r (x264)

557 .xz_r (BRI E47)

523.xalancbmk_r (XMLfZ#T)
500.perlbench_r (BIZAAL3E)

519.1bm_r (M F2) H1%)
Vi Em e, HEHShufleMTEIE S

531.deepsjeng_r(Al #3%)

541 .leela_r(AlHEEE)

fE% pattern EEEN {e<patternth g < pattern BEEEE jE<patterndgth
. shi1/2/3add rd0rs1 rs2 . , sh1/2/3add rd0rs1 rs2 o
scaled_index_load Id d1 0(rd0) 0.638530% scaled_index_store ot rd1 O(rdl0) 0.017296%
) sd  rs2, offset+8(rs1) . i add rd0, rs1, rs2
: o LO11010%
sd_pair sd rs3, offset(rs1) 0.432830% index_store st rdi, 0(rdo) 0.011010%
i ld  rdi1, offset+8(rs1) . . : lui rdQ, imm[31:12]
! W . ! 4 8%
ld_pair Id  rd2, offset(rs1) 0,395080% lui_load_static d re1, imm[11:0] (rd) 0.005348%
st o i addi rs2, rs2, imm1 0.364730% . : auipc rd0, imm1[31:12] 0.001534%
el o) sd rs1, imm2(rs2) ' ¢ g ire-genimm addi rd1, rd0, imm2[11:0] | '
addi[w]/subi[w] rs1,imm . <logic op=> r1r2r3
| 3] 0.341770% I t Ish 0.001378%
oop_br or el re2 ogic_extract_|s andi r1, r1, imm
) add rd0, rs1, rs2 ) add[ilfsub[i] rd1 rs2 rs3
\ ko h 001 %
index_load Id  rd1, 0(rd0) 0.259870% arith_zext zext.h - 0.001054%
. i lui rd, imm[31:12] . . lui rdQ, imm[31:12]
lui_gemnirmim ) , , 0.259240% auvipc_load_static \ 0.000395%
= addiwjaddi rd, rd, imm[11:0] ! 5 Id rdl, imm[11:0](rd) !
srli 1,0, &
) . andi r1, r1, 255
br_imm del rc; xllilmm 0.171350% get_second_byte o 0.000003%
romir slli 110, 48
srli 1, r1, 56
, lui  rd0, symbol[31:12] shift right by 29/30/31/32 |slli r1, rD, 32/31/30/29
| 0.140330%: ) 0.000001%
ong_jump jalr rd1, symbol[11:0](rd0) and add srli 1, r1, 32/31/30/29
b.cond rs1, rs2, offset . logic operation and <logic op> r1r2r3 .
cmay my rd, rs3 0.096443% extract its lower 16 bits zext.h r1, ri 0.000001%
load_pre_incr addi rd0, rs1, imm 0.076569% :;T:[E?zid extract its gogiwh rirars 0.000000%
e Id rd1, rd0, imm2 ' N andi r1, r1, mask '
lower bits
, slli-— 1, r0, 4/5 . signed 16bit addfsub add[i]fsubli] rd1rs2 rs3 .
shift_left_by_4/5_and_add | 1 11, r1, r2 0.027995% | | i F1ebitRFSAEE | zexth rd1 rdt 0.000000%
slli 1, r0, 48
I 48_bit e 0.020080%
FleartpperAa_BEs srli 11, r1, 48

B Fifs S pattern SpecCPU 2017 Int(LLVM)#iEE Profiling (&F i & Lk #iiZGeomean)
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Load/Store Operations

Load/Store Pair

Main Scenarios

» Stack Push/Pop

* Memcpy operations

1786984
1786988
1786992
1786996
1787090
1787494
1787498

d
d
ld
ld
d
ld
ld

488(sp); ld
472(sp); d
456(sp); d
440(sp) ; ld
16(a0); ld
40(sp); ld
24(sp); d

Patterns Snippet

« SpecCPU2017 f##&CodeSize[#{K0.52%

llvm19-riscvB4  llvm19-riscvB4 (ldp/stp-off) Decreased Proportion

500-perlbench_r_base
502-cpugcc_r_base
505-mcf_r_base
520-omnetpp_r_base
523-cpuxalan_r_base
525-%264_r_base
525-imagevalidate_525_base
525-ldecod_r_bhase
531-deepsjeng_r_base
541-leela_r_base
548-exchange2_r_base
557-%z_r_base

Sum

Codesize Benefits ( .text segment Bytes)

2307886
7668420
715402
2261502
3255348
1103812
664654
1068372
751642
1335156
73e212
717500
22585906

2380086
7658236
715402
2284106
3281852
1106124
654958
1068708
752558
1336544
736212
719008
22703794

3.03%
-0.13%
0.00%:
0.89%
0.81%
0.21%
0.05%:
0.03%
0.12%
0.10%:
0.00%:
0.21%

0.52%

s4, 480(sp)
s6, 464(sp)
s8, 448(sp)
s10, 432(5p}
a0, 8(a0)
s@, 32(sp)
s2, 16(sp)

» SpecCPU2017 F&EEHEIEIE3.55%

500
502
505
520
523
525
531
541
548
5567

Sum

llvm19-riscv64
2.80E+12
1.05E+12
6.54E+11
1.04E+12
1.08E+12
3.86E+12
1.73E+12
1.96E+12
2.06E+12
1.77E+12
1.80E+13

llvm19-riscv64(ldp/stp-off)
3.10E+12
1.13E+12
6.57E+11
1.09E+12
1.10E+12
3.89E+12
1.76E+12
2.11E+12
2.06E+12
1.77E+12
1.87E+13

Decreased Proportion

Dynamic Instruction Count Benefits

9.67%
6.78%
0.42%
5.22%
1.54%
0.83%
1.97%
6.70%
0.00%
0.03%
3.55%



 Addressing Mode

FHEARMFOX86, RISC-VHit#ERK—, X XErbaset+displacement, H{tXHEELEIEQHES LN

* (Scaled) Indexed Load/Store (add/shadd rd0, rs1, rs2 (1/2/3) + Id rd1, imm(rd0)skstore)
* Pre/Post Increment Load/Store (addi rd0, rs1, imm1 + Id rd1, rd0, imm2&8kstore)
* Absolute Load (lui rd0, imm1[31:12] + Id rd1, imm2(rd0))

* PC-relative Load (auipc rd0, imm1[31:12] + Id rd1, imm2(rd0))

Common addressing | Addressing components | x86-64 [9] Aarch64 [10] RISC-V [2]
mode name [8]

Indirect [base] [rax] [x0] (a0)
Relative [base+displacement] [rax+10] [x0, 10] 10(a0)
Indexed [base+index] [rax+rdx] [x0, x1] N/A
Indexed-Relative [base+index+disp.] [rax+rdx+8] N/A N/A
Scaled Index [base+index*scale] [rax+rdx*4] [x0, x1, Isl 2] N/A
Scaled Index Relative | [base+index*scale+disp.] | [rax+rdx*4+8] | N/A N/A
Absolute [displacement] [0x8000] N/A N/A
PC-Relative [pc+displacement] [rip+0x1234] | 0x8000 0x8000




(Scaled) Indexed Load/Store (add/shadd rd0, rs1, rs2 (1/2/3) + Id rd1, imm(rd0)8¥store)

* Register Pressure Benefits:

Register Spills decrease by 2.0% and reloads decrease by 1.2%(SpecCPU 2017)

« SpecCPU2017 ##&CodeSizef#{K0.80%

llvm18-riscvé4

500-perlbench_r_base
502-cpugec_r_base
505-mcf_r_base
520-omnetpp_r_base
523-cpuxalan_r_base
525-x264_r_base
525-imagevalidate_525_base
525-ldecod_r_base
531-deepsjeng_r_base
541-leela_r_base
548-exchange2_r_base
557-xz_r_base

Sum

Codesize Benefits ( .text segment Bytes)

2300350
7631460
714902
2260182
3250112
1100968
664586
1061032
751402
1333844
736212
716424
22521474

llvm18-riscvB4(zilsx-off) Decreased Proportion

2380086
7658236
715402
2284106
3281852
1106124
664958
1068708
752558
1336544
7ag212
718008
22703794

3.35%
0.35%
0.07%
1.05%
0.97%
0.47%
0.06%
0.72%
0.15%
0.20%
0.00%
0.36%
0.80%

Sum

500
502
505
520
523
525
531
541
548
557

2.94E+12
1.11E+12
6.58E+11
1.05E+12
1.09E+12
3.87E+12
1.71E+12
1.89E+12
2.06E+12
1.63E+12
1.80E+13

Dynamic Instruction Count Benefits

* SpecCPU2017 FAIEREFIK3.55%

llvm19-riscvéd  llvm19-riscvEd(zilsx-off)

3.10E+12
1.13E+12
6.57E+11
1.09E+12
1.10E+12
3.80E+12
1.76E+12
2.11E+12
2.06E+12
1.77E+12
1.87E+13

Decreased Proportion

5.25%
1.52%
-0.20%
4.32%
0.67%
0.59%
3.20%
10.12%
0.00%
T7.72%
3.55%



Branch and Jump

* Branch with Immediate

{

1
2
3
4
5
6
T
8
S

int f(int 1)

if (i > 5)

i += 11;
else

iot= T
return i;

W -~ o 0 A W KB

st x8 [sp]
11 x8 #5
bge .target x5 x8

.target

1d x8 [sp]

* bne (32.61%) and beq (21.04%) as dominant operators

Comparison

beq
bne
bltu
bt
bgeu

bge

Static
Frequency Proportion
(%)
45600 32.37%
57565 40.86%
21091 14.97%
5142 3.65%
8509 6.04%
2984 2.12%

Dynamic
Frequency Proportion
(¥4)
3.28E+10 21.04%
5.09E4 T = 3261%
3.98E+10 25.50%
1.73E+10 11.06%
1.18E+10 7.59%
3.44E+09 2.20%

Comparison Operators

ha

the average 7.60% (some benchmarks are more than 15%) of

conditional branches are with immediate values.

&

‘Workload

=]
Mumber of Branch

with Immediate
patterns

[ -

Mumnber of
Conditional
Branchas

F

Branch with
Immadiates as a
proportion of
Conditional Branches

500 perlbench_r.checkspam. 2500.5,
25111501111

500, perlbench_r.diffmail.4 8001017
198,300

500 perlbench_r.splitmail 6400.12.26
610000

502.goc_r.goc-pp.opts-02_-finline-
limit_36000_-Tpic

502.gec_r.gcc-pp.opts-03_-finling-
lirnit_o_-fif-comversion_-fif-
CORVErsions

502 goo_r.gec-smaller.opts-03_-
fipa-pta

502 .goo_r.ref32.opts-03_-

% fsalective-scheduling_-fsalectiva-

scheduling2

502 gee_rrefd2.opts-05

505 mef_ring
S20.emnetpp_r.omnetpp.General-0
523, xalanchmk_r.ref-t5

525.%264_r.run_000-1000_x264_r_p
ass1

525.x284_r.run_000-1000_x264_r_p
552

525.x264_rrun_0500-1250_x264_r
531 deepsjeng_r.rel

541 leala_rref

548 exchange2_r.exchangel

557 .xz_r.cld.tar-160-8
557.xz_r.cpu?006docs.tar-250-6a

58T .xz_rinput.combined-250-7

219E+10

2.02E+10

1.51E+10

T.00E+D9

5.64E-+08

S.22E+00

5.89E+00

5.09E+08
2.53E+08
1.12E+10
1.64E+08
5.45E+08

1.42E+08

1.44E+08
2,10E+10
1.83E+10
3.02E+08
1.96E+08
2.91E+08
2.T3E+08

1.36E+11

8.52E+10

S42E+10

A61E+10

3.00E+10

3A7E+10

A.TOE+10

2.8BE+10
147E+11
1.35E+11
J.00E+11
1.60E+10

S.GTE+1D

S.7TTE+10
141E+11
1.7BE+11
2.56E+11
J4TEH1D
1.68E+11
G.45E+10

16.13%

21.24%

16.08%

19.38%

18.77%

13.14%

15.82%

17.10%
1.72%
8.84%
0.55%
3.40%

2.51%

2.60%
14.85%
10.58%

1.18%

5.63%

1.72%

4.24%

Branch with Immediate Pattern Frequency



* Branch with Immediate
Register Spill/Reload Benefits

SpecCPU 2017
Spills decrease by 1.82% and reloads decrease by 2.24%

llvm-test-suite

Spills decrease by 1.82% and reloads decrease by 1.42%

* Other Branch/Jump Patterns

llvm21 -riscwbd
500.perlbench_r.checkspam.2500.5.25.11.150.1.1.1.1 3.29E+412
502.gcc_r.gec-pp.opts-02_-finline-limit_36000_-fpic 1.19E+12
505 mef_r.inp 9.18E+11
520.omnetpp_r.omnetpp.General-0 1.11E+12
523.xalanchmk_r.ref-t5 1.25E+12
525.x264_r.orun_000-1000_x264_r_passi 4.43E+12
531.deepsjeng_r.ref 2.01E+12
541 leela_r.ref 2.53E+12
548.exchange2_r.exchange?2 1.94E+12
557.xz_r.cld.tar-160-6 1.85E+12
sum 2.05E+13

Loop Branch (addi rs2, rs1, imm1 + branch rs1, rs2, .target)
Long Jump (auipc rd0, imm1[31:12] + jalr rd1, imm2(rd0))
Jump Global (lui rd0, imm1[31:12] + jalr rd1, imm2(rd0))
Conditional MOV (b.cond rs1, rs2, offset + mv rd, rs3)

llvm21-riscvB4d (zibimm-off)
3.29E+12
1.21E+12
9.18E+11
1.11E+12
1.25E+12
4.43E+12
2.03E+12
2.55E+12
1.94E+12
1.85E+12
2.06E+13

Decreased Proportion
-0.04%
1.38%
0.02%
0.34%
0.17%
0.03%
0.88%
0.60%
0.00%
0.09%

0.28%

Codesize Benefits ( .text segment Bytes)


https://github.com/llvm/llvm-test-suite

HEEIESBIAARM )

* Full Immediate Operation
Generate Immediate (lui rd0, imm1[31:12] + addi rd1, rd0, imm2[11:0])
* PC-Based Generate Immediate (auipc rd0, imm1[31:12] + addi rd1, rd0, imm2[11:0])

* Logic Operation
Shift and Add (slli rd1, rs1 imm + add rd1, rd1, rs2)
Clear Bits (slli rd1 rs1, imm + srli rd1, rd1, imm)
Extract Bits (<logic op> rd1 rs1 rs2 + andi rd1, rd1, imm)

Arithmetic and Extend(add[i]/subl[i] rd1 rs2 rs3 + zext.h rd1 rd1)

- FEERIEMEHIEST B, SpecCPU2017 BIAESHRISC-V EARMEIE R3% LA

Proposed RISC-VH# B shSiE<S#E (SpecCPU2017& FINGeomean)
15

1.281
1.096

1.027

0.5

RISC-ViTEE<SE RISC-V(+vector) RISC-V(+vector+fiig < &) ARM VO-A

&

WEERE:
-march=rv64imafdc_zba zbb zbc zbs zicond zfa
gnk T HE : LLVM19

MiERYTE:

(Load/Store Pair, Index Load/Store, Immediate Branch)

Optimize_Flags: -O3 -funroll-loops -mabi=Ip64d -flto
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