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e Q1: how does BB relate to CFG?

Each BB is a node of the control flow graph.
BBs are connected with directed edges.

* Q2: how to partition code into BBs?
|dentify leader insts; a BB consists of a leader
inst and subsequent insts before next leader.

* Q3: leader instructions of the code? 1)  w=5 :
- - Bl

X=8

(
* Q4: CFG of the code? Bl gi; z:r’w B2
2e a1 = (5) goto L2 |
* Q5: optimize the code. [Elleyy =2 }33
(7) x=w
(

8)L2:x=x+Yy g
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Target Code Generation[H trfUE A B

e What we have now

— Optimized IR of the source program Source Code

o And, symbol table R § oo =
;' Lexical Analysis :
* Target code  Token Stream]
| Syntax Analysis  Front End
— Binary (machine) code ~ (Analysis)
. Syntax Tree" ‘
- Assembly code | Semantic Analysis
s of d : ._Syntax Tree
. P CCIIZIZITIIZIITIZCZZIZIC WE---CCCICDIZIIIIIL .
Goals of target code generation T Intermediae ] -
— Correctness: the target program must . [KCode ?Re”eratm“
preserve the semantic meaning of the source v 1
3 Optimization . Back End
program | IR . (Synthesis)
— High-quality: the target program must make | Code Generation |
effective use of the available resources of the v
‘ Target Code

target machine RSt

— Fast: the code generator itself must runs
) efficiently
O fakeks 3 WK




src =2 IR = exe: Example

+- 0: input, "testa.c", c

1 int x = 1; +- 1: preprocessor, {0}, cpp-output
2 int y = 2; +- 2: compiler, {1}, ir

3 1nt z = 3; +- 3: backend, {2}, assembler

4 +- 4: assembler, {3}, object

5 int main() { 5: linker, {4}, image

6 int rst = x +y + z;

7

8 return rst;

9 }

Sclang -emit-llvm -S -O1 asm_test.c

@x = dso_local local_unnamed_addr global i32 1, align 4
@y = dso_local local_unnamed_addr global 132 2, align 4
@z = dso_local local_unnamed_addr global i32 3, align 4

; Function Attrs: norecurse nounwind readonly
define dso_local i32 @main() local_unnamed_addr #0 {

%1 = load 132, i32% @x, align 4, !tbaa !2
%2 = load 132, 132% Qy, align 4, !tbaa !2
%3 = add nsw 132 %2, %1
%4 = load 132, i32% @z, align 4, !tbaa !2
%5 = add nsw 132 %3, %4

e Sllvm-as asm_test.ll -0 asm_test.bc
ret 132 %5 . .
} Slic -filetype=obj asm_test.bc -0 asm_test.o
Sclang asm_test.o -0 asm_test

o
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IR = asm: Example

07 = tsc- Loa1 TocaL imnansd addx SISHEL 132 5. slined 0000000000000000 <main>:
@z = dso_local local_unnamed_addr global i32 3, align 4 0: 20000008 adrp x8, © <main>
; Function Attrs: norecurse nounwind readonly 4: 90000009 adrp X9' 4 <main+eX4>
define dso_local i32 @main() local_unnamed_addr #0 { 8: b9400108 ldr w8, [x8]
%1 = load i32, i32% @x, align 4, !tbaa !2 N
%2 = load 132, i32x @y, align 4, !tbaa !2 Gate 9400129 ldr w9, [x91] .
%3 = nsw 132 %2, %1 10: 9000000a adrp X190, 8 <main+0x8>
%4 = load 132, 132% @z, align 4, !tbaa !2 14 b940014a 1ldr wle, [x10]
%5 = add nsw 132 %3, %&4
ret i32 %5 18: 0b080128 add w8, w9, w8
} 1c: 0b0a0100 add wo, w8, wlo
20: d65f03co ret
Sllvm-as asm_test.ll -o asm_test.bc A Sobjdump -d asm_test.o

Slic -filetype=obj asm_test.bc -0 asm_test.o

o .
Sclang asm_test.o -0 asm_test m Sobjdump -d asm_test

0000000000400574 <main>:

400574 b0000088 adrp X8, 411000 <__libc_start_main@PGLIBC_2.17>
400578 b0000089 adrp X9, 411000 <__libc_start_main@PGLIBC_2.17>
40057c: b9402908 1dr w8, [x8, #40]

400580 b9402d29 1dr w9, [x9, #44]

400584 : b000008a adrp x10, 411000 <__libc_start_main@GLIBC_2.17>
400588 b940314a 1dr wlo, [x10, #48]

40058c: 0b080128 add w8, w9, w8

400590: 0b0a0100 add wo, w8, wlo

400594 d65f03co ret

400598: d503201f nop

40059c: d503201f nop

STt s IR




ARM vs. X86: IR

; ModuleID = 'asm_test.c'

source_filename = "asm_test.c"
target datalayout = "e-m:e-18:8:32-116:16:32-164:64-1128:128-n32:64-5128"
target triple = "aarché4-unknown-linux-gnu"
©x = dso_local local_unnamed_addr global i32 1, align 4 f }nt X = 1{
@y = dso_local local_unnamed_addr global i32 2, align 4 “ }nt y: =i
R @z = dso_local local_unnamed_addr global i32 3, align 4 ? int z = 3;
lﬂ\ qu ; Function Attrs: norecurse nounwind readonly 5 int main() {
define dso_local i32 @main() local_unnamed_addr #0 { 6 int rst =x +y + z;
%1 = load i32, i32% @x, align 4, !tbaa !2 7
%2 = load 132, 132% Qy, align 4, !tbaa !2 8 return rst;
%3 = add nsw 132 %2, %1 9 }
%4 = load 132, 132% @z, align 4, !tbaa !2
%5 = add nsw 132 %3, %4

ret 132 %5
}

; ModuleID = 'asm_test.c'

source_filename = "asm_test.c"

target datalayout = "e-m:e-p270:32:32-p271:32:32-p272:64:64-164:64-180:128-n8:16:32:64-5128"
target triple = "x86_64-pc-1linux—-gnu"

dso_local local_unnamed_addr global i32 1, align 4
dso_local local_unnamed_addr global i32 2, align 4
dso_local local_unnamed_addr global i32 3, align 4

@x
Qy

X86 | @

; Function Attrs: norecurse nounwind readonly uwtable
define dso_local i32 @main() local_unnamed_addr #0 {

%1 = load i32, i32% @x, align 4, !tbaa !2
%2 = load i32, i32% @y, align 4, !tbaa !2
%3 = add nsw i32 %2, %1
%4 = load i32, i32% @z, align 4, !tbaa !2
%5 = add nsw i32 %3, %4

SUN YAT-SEN UNIVERSITY w

TE ret i32 %5 :
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ARM vs. X86: assembly

asm_test.o: file format elfé64-littleaarchés

Disassembly of section .text:

000000000000000O <main>:
ARM 0: 90000008 adrp x8, © <ma%n>

4 90000009 adrp X9, 4 <mailn+0x4>
8: b9400108 ldr w8, [x8]
G b9400129 ldr w9, [x9]
10: 9000000a adrp x10, 8 <main+0x8>
14: b940014a ldr wle, [x1e]
18: 0b080128 add w8, w9, w8
1c: 0b0ab100 add wo, w8, wle
20: d65f03co ret

asm_test.o: file format elf64-x86-64

Disassembly of section .text:

X86 0000000000000000 <main>:
0: 8b 05 00 00 00 00 mov 0x0(%rip) ,%eax
6: 03 05 00 00 00 00 add 0x0(%rip) ,%eax
c: 03 05 00 00 00 00 add 0x0(%rip) ,%eax
12: c3 retq

¢ X B 7
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126t & =1
2 int y = 2;
3 int z = 3;

5 int main() {
6 int rst=x+y + z;

8 return rst;

9 }

# 6 <main+0x6>
# ¢ <main+0@xc>
# 12 <main+@x12>




Assembly vs. Assembler

* Assembly language: a programming language that is
close to machine language but not the same
- Symbolic representation of a computer’s binary machine lang

e Assembler: a program (a mini-compiler) that translates
assembly language into real machine code (long
sequences of Os and 1s)

— Translate commands in assembly language like into
machine code

— Convert symbolic addresses such as or into machine
addresses like 100011010011010011010011010101001

o This task is sometimes deferred to the linker

""""""""" 01101101
”””””””” 11000110
S| — P> | 00101111
,,,,,,,,,,,,,,, 10110001

text binary | »_G[Z
https://users.sussex.ac.uk/~mfb21/compilers/slides/11-handout.pdf 44
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Assembler & Linker

* Assembler translates source files to object files, which are
machine code, but contains ‘holes’ (basically references
to external code)

- Because of holes, object files (a.k.a., relocatable object file)
cannot be executed directly

— The holes arise because the assembler translates each file
separately
* The linker gets all object files and libraries and puts the
right addresses into holes, yielding an executable
zS(;::;CGFZAssembler: \Ogigd
(Sa052)_ pcsembior :og;gct}L[ %
:S?::;CG}%:Assembler: \OE{ZC’(}J
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Translating IR to Machine Code[###]

* Machine code generation is machine ISA dependent”

— Complex instruction set computer (CISC): x86
- Reduced instruction set computer (RISC): ARM, MIPS, RISC-V

e

instruction set

. i
* Three primary tasks ENSYE
— Instruction selection[{5 %1% Y] Y Y
o Choose appropriate target-machine instructions to implement the IR
statements

— Register allocation and assignment[& 17 25 7> i ]
o Decide what values to keep in which registers

— Instruction ordering[+5 2 HE/F]
o Decide in what order to schedule the execution of instructions

. *CPUSIRA T
@ T1x2 10 IR



https://zhuanlan.zhihu.com/p/363765166

Instruction Selection[#4- &)

* Code generation is to map the IR program into a code

sequence that can be executed by the target machine[it
FEIE Y H AL 8315 2 RS IIR]
— ISA of the target machine
o If thereis ‘INC’, thenfora=a+ 1, ‘INC a’ is better than ‘LD a; ADD a, 1’
— Desired quality of the generated code

o Many different generations, naive translation is usually correct but very

inefficient
Target code:
LD RO, b
TAC code: ADD RO, RO, ¢
a=b+c ST a, RO
d=a+e LD RO, a
ADD RO, RO, e
ST d, RO

@tuxs IR



Register Allocation & Evaluation Order

* Register allocation: a key problem in code generation is
deciding what values to hold in what registers[#F 17#s 7 i

— Registers are the fastest storage unit but are of limited numbers
o Values not held in registers need to reside in memory
o Insts involving register operands are much shorter and faster

- Finding an optimal assignment of registers to variables is NP-
hard

* Evaluation order: the order in which computations are
performed can affect the efficiency of the target code[#k
AT MR

- Some computation orders require fewer registers to hold
intermediate results than others

- However, picking a best order in the general case is NP-hard
Sturs IR




x86 =2 ARM =2 RISC-V/[#t:47 o (735 %)

e The war started in mid 1980’s

— CISC won the high-end commercial war (1990s to today)
- RISC won the embedded computing war

* But now, things are changing ...
— Fugaku ARM supercomputer, Apple M1 chip, Nvidia Superchip

e RISC-V: a freely licensed open standard (Linux in hw)

— Builds on 30 years of experience with RISC architecture, “cleans
up” most of the short-term inclusions and omissions

o Leading to an arch that is easier and more efficient to implement

: A R I S C BRITETF 20104

RISCT RISC-I1 RIS;“ 11 (SOAR) RISC IV (SPI/R) RISC-V
N s https://cs.stanford.edu/people/eroberts/courses/soco/projects/risc/whatis/index.html

EETF 19784 HEEF 19856 The first RISC projects came from IBM, Stanford, and UC-Berkeley in the late 70s and
g&, * NN K 'g early 80s. The IBM 801, Stanford MIPS, and Berkeley RISC 1 and 2 were all designed .
¢ /  GUN YAT-SEN UNIVERSITY with a similar philosophy which has become known as RISC
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Stack Machine# =it #1]

* A simple evaluation model[—“~{a] B Y]
— No variables or registers
— A stack of values for intermediate results

* Each instruction[f5&11:4%]
— Takes its operands from the top of the stack[#& i B EE/E 4]
— Removes those operands from the stack[ M\ #% 1 #2 B #1541

— Computes the required operation on them{[it %]
— Pushes the result on the stack[R 11545 - AL]

N
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Example

* Consider two instructions
— push i - place the integer i on top of the stack

— add - pop two elements, add them and put the result back on
the stack

* A program to compute 7/ + 5

- push 7
- push 5
- add
/ j >ea
5
7 / N 12
9 9 9
pop add  push

;‘< E 1 5 f E
(E)THx% L




Optimize the Stack Machine

* The add instruction does 3 memory operations  push7

. ush 5
— Two reads and one write to the stack de

— The top of the stack is frequently accessed

* ldea: keep the top of the stack in a register (called
accumulator) [ F 27 17 23]
— Register accesses are much faster

e The “add” instruction is now
— acc €& acc + top_of stack

— Only one memory operation 7 5 gy 12

7 7 //ﬂ

stack

acc <7 acc < B acc <« acc + top_of_stack
push acc pop

(e 2 ||
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