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Lua VM, register-based Virtual Machine

compile
@ bytecode (run on the VM)

BENICRBEEDTHNZ L

1[LOADK 0 o

_ 2 [LOADK 1 1
> [Tocal v - : .. 3|GETTABUP 2 0 -3
3 |print(x + y) compile 4 |ADD 3 0 1
5 |CALL > 2 1

6 |RETURN 0 1
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Lua VM, register-based Virtual Machine

compile
L source > trun on the W

BRENICRE{EDTHNZ L

1 [LOADK 0 o

- 2 |LOADK 1 1
; {82:{ 0z 3 _.  3|GETTABUP 2 @ -3
3 print(){ ; y) comnile 4 |ADD 3 0 1
AVNRALESCED FL 2 2 1

5B (ERMLETARE) (RN @ 1
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Lua VM, register-based Virtual Machine

compile
@ bytecode (run on the VM)

BENICRELh B LEDRERN D H L

COEHITVWSAHRL — LOADK 0 0
1|local x = 3 ZTLOADK 1 1
_ —. 3 |GETTABUP 2 @ -3
2 |local y =5 _
3 |print(x + y) camnile 4 \ADD 3 0 1
a2 INAILEICfEDS 1L 2 2 1
DHhB (EfeETae) [URN @ 1

Intro.About Lua VM /37



Opeth, Lua VM Bytecode Optimizer

Intro

Implementations
Other

About Lua VM

Opeth
Demo

Implementation
Architecture
Bytecode

Dataflow analysis
Control Flow Graph

Optimizations
Constant Folding
Constant Propagation
Dead-Code Elimination
Function Inlining
Unreachable Block Removal
Unused Resource Removal

Benchmark
Tools
lvis
moonstep
lasmc
Conclusion
appendix



eOpeth

Q. Do you know a metal band,@/ﬂﬁ/’?

Opeth 8/37



eOpeth

Q. Do you know a metal band,@/ﬁ/ﬁ/’?

Figure: Opeth. #EgHd > T&

Opeth 8/37



eOpeth

< o7fcoptimizer

https://github.com/Nymphium/opeth
MEREFRLEZ 1173 L WSBEDHESE THIME
ARV RESAUh 5 EAREE

EDa—-IILELTHERD

v

v

v

v

"3 http://www.coins.tsukuba.ac.jp/syllabus/GB13312_GB13322.html
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eDemo

optimizer = require'opeth.opeth’

g = optimizer f
g! — wow

Opeth.Demo 11/37



Opeth, Lua VM Bytecode Optimizer

Implementation
Architecture



bytecode

Implementation.Architecture

}

44—+analyzed data
Y%

eArchitecture

Control
Flow Graph
& DU Chain

optimizer
Constant Folding

Constant Propagation
Dead-code Elimination
Function Inlining
Unreachable Block Removal
Unused Resource Removal

optimized

bytecode

Figure: optimization image

12/37



Opeth, Lua VM Bytecode Optimizer

Implementation

Bytecode



eBytecode

Lua VM 53®D/N\1 O—FK - N1 Fd—FdDdocumentid
ZIRELT=W A A

Implementation.Bytecode 13/37



eBytecode

Lua VM 53®D/N\1 O—FK - N1 b d—FKFdDdocument &
ZRELZL 720

= B TaHHEL LH7aL

Implementation.Bytecode 13/37



eBytecode

BEDHEARARF XU
» Lua VM 5.3 instructions (bytecode Tl& A1) ™
» Lua VM 5.1 reference™

"4 https://github.com/dibyendumajumdar/ravi/blob/master/readthedocs/lua_bytecode_reference.rst
5 http://luaforge.net/docman/83/98/ANoFrillsIntroToLua51VMInstructions.pdf

"6 https://www. lua.org/source
Implementation.Bytecode 14/37


https://github.com/dibyendumajumdar/ravi/blob/master/readthedocs/lua_bytecode_reference.rst
http://luaforge.net/docman/83/98/ANoFrillsIntroToLua51VMInstructions.pdf
https://www.lua.org/source

eBytecode

BEDHELAKXRFFaxXT b
» Lua VM 5.3 instructions (bytecode Tl& A1) ™
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» xxd -=g 1 luac.out | nvim - -R
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print("hello, world!")

$ luac -1 -1 luac.out

main <hello.lua:0,0> (4 instructions at
0x16€79e0)
0+ params, 2 slots, 1 upvalue, @ locals,
2 constants, @ functions
1 [1] GETTABUP © @ -1 ; _ENV "print"
2 [1] LOADK 1 -2 ; "hello, world!"

3 [1] CALL 021

4 [1] RETURN 01
constants (2) for 0x16e79e0:

1 "print"

2 "hello, world!"
locals (@) for 0x16e79e0:
upvalues (1) for 0x16e79e0:
0 _ENV 1 0
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. L1} 1
print("hello, world!") $ xxd —g 1 luac.out
1b 4c 75 61 53 00 19 93 0d Qa 1a 0a 04 08 04 08 .LUAS...veevuvusss
10: 08 78 56 00 00 00 00 00 00 00 00 00 00 00 28 77 .XV.iuiwewunnnsns (w
5 WEE <L L WEE.a 00000020: 40 01 @b 40 68 65 6c 6c 6 2e 6c 75 61 00 @0 00 @..@hello. lua.

00000030: 00 00 00 00 @0 00 02 02 04 00 00 00 06 00 40 00 ..............
- , - - 00000040: 41 40 00 00 24 40 00 01 26 00 80 00 02 00 00 00 AQ..Se..&.
hello.lua:@,0> (4 instruct t
e (& S Ee & 00000050: @4 06 70 72 69 6 74 04 de 68 65 6¢ 6C 6F 2c 20 ..print..hello,
00000060+ 77 6f 72 6¢ 64 21 01 00 @0 00 01 00 @0 00 00 00 world'..........
0+ 2 slots, 1 lue, 0 local
P onstants, 0 functions ' || 00000e70: 04 00 00 00 01 00 00 00 01 00 00 00 01 00 00 00 ................

1 [1] GETTABUP © © -1 ; _ENV "print" 00000080: 01 00 00 00 00 00 00 00 01 00 00 00 05 5T 45 4e ....vevuunnss _EN
2 [1] LOADK 1 -2 ; "hello, world!" | | 00000090: 56 v
3 [1] CALL 021
4 [1] RETURN 01
constants (2) for 0x16e79e0:
1 "print"

2 "hello, world!"
locals (@) for 0x16e79e0:
upvalues (1) for 0x16e79e0:
0 _ENV 1 0
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5 WEE <L L WEE.a 00000020: 40 01 @b 40 68 65 6c 6c 6 2e 6c 75 61 00 @0 00 @..@hello. lua.
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P onstants, 0 functions ' || 00000e70: 04 00 00 00 01 00 00 00 01 00 00 00 01 00 00 00 ................

1 [1] GETTABUP © © -1 ; _ENV "print" 00000080: 01 00 00 00 00 00 00 00 01 00 00 00 05 5T 45 4e ....vevuunnss _EN
2 [1] LOADK 1 -2 ; "hello, world!" | | 00000090: 56 v
3 [1] CALL 021
4 [1] RETURN 01
constants (2) for 0x16e79e0:
1 "print"

2 "hello, world!"
locals (@) for 0x16e79e0:
upvalues (1) for 0x16e79e0:
0 _ENV 1 0
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header block

1b 4c 75 61 53 00 19 93 0d 0a la 0a 04 08 04 08
08 78 26 00_0Q0_00 002 0Q 20_ Q@ Q9 09 90 00_28_ 7.7
40 01'0b 40 68 65 6¢ 6¢ 6f 2e 6¢ 75 61 00 00 @

00 00 00 00 00 00 02 02 04 00 00 00 06 00 40 00
41 40 00 00 24 40 00 01 26 00 80 00 02 00 00 00
04 06 70 72 69 6e 74 04 Qe 68 65 6Cc 6¢C 6f 2c 20
77 6f 72 6¢c 64 21 01 00 00 00 01 00 00 00 00 00
04 00 00 00 01 00 00 00 01 00 00 00 01 00 00 00
01 00 00 00 00 00 00 00 01 00 00 00 05 5f 45 4e
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eDataflow analysis

» Control Flow Graph (CFG)
» 7O LDRNZET ST TRLIEDD

» Define-Use / Use-Define Chain (DU/UD Chain)
» BEROEER. FRZHANRS
» 1B L TIESSA. AIERH
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eDataflow analysis

local b = true
if b then
print('"hello")
else
print"world"
end
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eDataflow analysis

local b = true

if b then
print("hello")
else
print"world"
end

4

LOADBOOL © 1 ©
TEST 0 0
JMP 0 4
GETTABUP 1 0 -1
LOADK 2 1
CALL 1 2 1
JMP 0 3
GETTABUP 1 0 -1
LOADK 2 2
CALL 1 2 1
RETURN 0 1

Implementation.Dataflow analysis 18/37



local b = true

if b then
print("hello")
else
print"world"
end

4

LOADBOOL @
TEST 0
JMP 0
GETTABUP 1
LOADK 2
CALL 1
JMP 0
GETTABUP 1
LOADK 2
CALL 1
RETURN 0

PFNNOWNROASR
[

eDataflow analysis

Implementation.Dataflow analysis

main_b1: [1 ~ 2]
1: LOADBOOL Q 1 Q
2: TEST Q 0
main_b2: [3 ~ 3]
3: JMP Q 4
main b4: [8 ~ 10] main_b3: [4 ~ 7]
4: GETTABUP 1 Q -1
8: GETTABUP 1 Q -1
5: LOADK 2 1
9: LOADK 2 2 :
10: CALL 1 2 1 6: CALL ! 2 1
: \ 7: JMP Q 3
main_b5: [11 ~ 11]
11: RETURN Q0 1 Q

18/37



Opeth, Lua VM Bytecode Optimizer
Optimizations

Implementation



eOptimizations

v

Constant Folding

Constant Propagation
Dead-Code Elimination
Function Inlining
Unreachable Block Removal
Unused Resource Removal

v

v

v

v

v

Implementation.Optimizations 19/37



eConstant Folding
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table. userdataldft%a 5
EZE->TET

EEEE IRV

BMESSIC swap
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EEEE IRV
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1. MOVEmSHBER L T3 register DEEMEZ R T
2. LOADK7: 5 MOVE7%Z LOADKIC T %
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eConstant Propagation

1. MOVEmSHBER L T3 register DEEMEZ R T
2. LOADK7: 5 MOVE7%Z LOADKIC T %

» BATIIRERERIES
» LOADKADIKEN RS DT, MORBELEEFIEDHSND
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eDead-Code Elimination

1. LOADK. MOVE. CLOSURE. LOADNILAY4ERKT 3 registr DfEA
EAN
2. 0EDBABNENT
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eDead-Code Elimination

1. LOADK. MOVE. CLOSURE. LOADNILAY4ERKT 3 registr DfEA
EAN
2. 0EDBABNENT

» DU/UD Chain @b h D X ¢ L\EEH
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eFunction Inlining

1. CALL&sSH'5| 25E> T % closure # R T
2. BIREBTRITNIIER
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1. CALL&sSH'5| 25E> T % closure # R T
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eUnreachable Block Removal

1. 70y o2/ BVWERT Oy 72 4HIBR
2. 12417

» LI BBRWVHNA FO— RoY 1 IHEMCEBR
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eUnused Resource Removal

1. constant list. prototype list 5 F~E 4 H D ZHIFR
2. 127

» LI BBRWVHNA FO— RoY 1 IHEMCEBR

Implementation.Optimizations 25/37



Opeth, Lua VM Bytecode Optimizer

Intro

Implementations
Other

About Lua VM

Opeth
Demo

Implementation
Architecture
Bytecode

Dataflow analysis
Control Flow Graph

Optimizations
Constant Folding
Constant Propagation
Dead-Code Elimination
Function Inlining
Unreachable Block Removal
Unused Resource Removal

Benchmark
Tools
lvis
moonstep
lasmc
Conclusion
appendix



local function pow(i)
return i * i

end

local a = {}

for i = 1, 10000000 do
alil = pow(i)

end

Benchmark

eBenchmark
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local function pow(i) | |..oee.
return i * i FORPREP 2 4
end MOVE 6 0
MOVE 75
local a = {} = CALL 622
SETTABLE 156
for i = 1, 10000000 do FORLOOP 2 -5
alil = pow(i1) | |
end
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local function pow(i)
return i * i

end

local a = {}

for i = 1, 10000000 do
alil = pow(i)

end

eBenchmark

FORPREP
MOVE
MOVE
CALL
SETTABLE
FORLOOP

NFRPONON

UuNU e B

oSN

Benchmark

lL4BOEHRE <«

FORPREP
MOVE
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SETTABLE
FORLOOP
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225 %7 function inlining AV .....
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» 5 & 5 ¢ Graphviz® Lua
binding (%) 1> T#z

» B grep 5 2RI

7 https://github.com/Nymphium/lua-graphviz
Tools.lvis

elvis

main_b1: [1 ~ 2]
1: LOADBOOL 0 1 [
2: TEST ] o [

main_b2: [3 ~ 3]
3: JMP ) 4

main_b3: [4 ~ 7]

main_bd: [8 ~ 10] 4: GETTABUP 1 @ -1
8: GETTABLP 1 0 -1
5: LOADK 2
9: LOADK 2 2
10: CALL T2 6: CALL o2z
H \ 7: JMP 0 3
main_bs: [11 ~ 111
11: RETURN [ 1 1)

Figure: visualise T NEEICH AR
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elasmc

main: 0 2

LOADK @ @ —— load "3°
LOADK 1 1 —— load °5°
LOADK 1 2 —— load “7°

EQ @ 0 1 — R(Q) == R(1) ?
JMP 0 2

LOADK 2 2 —— load “7°

JMP 0 1

LOADK 2 3 —— load "9°
RETURN 0 1

{3 57 9} —— constant list
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@ Nullstone Corporation, Compiler optimizations,
http://www.compileroptimizations.com/.

@ Jason D. Davies, Optimizing lua, 2005,
https://www.jasondavies.com/optimising-1lua/
JasonDaviesDissertation.pdf.

B lkuo Tanaka, Masataka Sasa, Munahiro Takimoto, and Tan
Watanabe, O /N1 5 OEBF; T & i -
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@ Dibyendu Majumdar, Lua 5.3 bytecode reference, http:
//the-ravi-programming-language. readthedocs.
io/en/latest/lua_bytecode_reference.html.

[ Kein-Hong Man, A no-frills introduction to lua 5.1 vm
instructions, 2006, http://luaforge.net/docman/83/
98/ANoFrillsIntroToLua51VMInstructions. pdf.

@ PUCRio, source code for lua 5.3,
https://www. lua.org/source/5.3/.
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