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Optimization AR 1L]

* What we have now
- IR of the source program (+symbol table)

* Goal of optimization[ft4t H #5]

- Improve the IR generated by the previous
step to take better advantage of resources

* A very active area of research[#f 52 #4si]

- Front end phases are well understood

- Unoptimized code generation is reIatlver
straightforward

- Many optimizations are NP-complete

o Thus usually rely on heuristics and
approximations
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Types of Optimizations[4r2]

» Compiler optimization is essentially a transformation[#%#:]

— Delete / Add / Move / Modify something

e Layout-related transformations[ff & #H <]
— Optimizes where in memory code and data is placed
— Goal: maximize spatial locality[=q] 5 &5 1H]

o Spatial locality: on an access, likelihood that nearby locations will also be

accessed soon

o Increases likelihood subsequent accesses will be faster
e E.g. If access fetches cache line, later access can reuse
* E.g. If access page faults, later access can reuse page

* Code-related transformations[{CgAH %]
— Optimizes what code is generated

Focus

— Goal: execute least number of most costly instructions
@) Tuxt :
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Code-Related Optimizations

Modifying code e.g. strength reduction[5 /& Hil Ji]
A=2%*a; = A=a«l;

Deleting code e.g. dead code elimination
A=2; A=y; = A=y,

Moving code e.g. code scheduling
A=x*y; B=A+1; C=y; = A=x*y; C=y; B=A+1;
(Now C=y; can execute while waiting for A=x"*y;)

Inserting code e.g. data prefetching[%#z 7 HY]
while (p!=NULL)
{ process(p); p=p->next; }

while (p!=NULL)
{ prefetch(p->next); process(p); p=p->next; }

~ (Now access to p->next is likely to hit in cache)
@ turs 4
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f=Detour: Instruction Scheduling[#g4-i ]

e Scheduling: act of finding independent instructions
— Static: done at compile time by the compiler (sw)

- Dynamic: done at runtime by the processor (hw)
o Scoreboard, Tomasulo’s algorithm, Reorder Buffer (ROB)

Static Scheduling Dynamic Scheduling

Application Application
oS 0S
Compiler Firmware Compiler Firmware
———————— ==
CPU 1/0 CPU 1/0

Memory Memory

Digital Circuits Digital Circuits

Gates & Transistors Gates & Transistors

f
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=Detour: Compiler Tech. to Expose |LP

* Scheduling[fJF]

— To keep a pipeline full, parallelism among insts must be
exploited by finding sequences of unrelated insts that can be
overlapped in the pipeline[EZ]

— To avoid a pipeline stall, the execution of a dependent inst must
be separated from the source insts by a distance in clock cycles
equal to the pipeline latency of that source inst[/) %]

* A compiler’s ability to perform the scheduling depends on
— Amount of ILP in the program[f& /5514
— Latencies of the functional units in the pipeline[f&#4:45]

 Compiler can increase the amount of available of ILP by
transforming loops[f& ¥ #]

© Dhige




#Detour: Loop Unrolling[#E¥f & 1]

* Simply replicates the loop body multiple times, adjusting
the loop termination code[ & fill->1H %]

— Increases the number of insts relative to the branch and
overhead insts[3 inA %38 2%

- Eliminates branches, thus allowing insts from different iterations
to be scheduled together[# %4 3¢, I [ ]

Loop: fld f0, 0(x1) Loop: fld f0, 0(x1)
fadd.d f4, fo, f2 fld 6, -8(x1)
fsd  f4,0(x1) fld o, -16(x1)
fid 6, -8(x1) fld 14, -24(x1)
fadd.d f8, f6, f2 fadd.d f4, fo, f2
fsd  f8,-8(x1) fadd.d f8, f6, f2
fid  fo,-16(x1) fadd.d f12, o, f2 A total of 14 clock cycles
fadd.d f12, f0, f2 fadd.d f16, f14, f2 (3.5 cycles per iter)
fsd  f12,-16(x1) fsd  f4,0(x1)
fld 14, -24(x1) fsd  f8,-8(x1)
fadd.d f16, f14, f2 fsd 12, -16(x1)
fsd  f16, -24(x1) fsd 16, -24(x1)
addi x1,x1,-32 addi x1,x1, -32

bne  x1, x2, loop bne  x1, x2, loop p
;ua /‘ SL"N Y;:EN‘[JN;EI:;‘Y ’ig LZ




#Detour: Unrolling Limitations[pR i)

* The gains from loop unrolling are
limited by
— A decrease in the amount of
overhead amortized with each unroll

o Unrolled 4 times = 8 times: % cycle/iter
- % cycle/iter

— Growth in code size caused by
unrolling
o May increase in the inst cache miss rate

o May bring register pressure (more live
values)

— Compiler limitations

o Sophisticated transformations increases
the compiler complexity

Loop: fld
fld
fld
fld
fadd.d
fadd.d
fadd.d
fadd.d
fsd
fsd
fsd
fsd
addi
bne

f0, 0(x1)
6, -8(x1)
fO, -16(x1)
f14, -24(x1)
f4, f0, f2
f8, f6, 2
f12, fo, f2
fie, f14, f2
f4, 0(x1)

f8, -8(x1)
f12, -16(x1)
f16, -24(x1)
x1, x1, -32
x1, x2, loop

M‘E‘Z



Control-Flow Analysis{#z s #r]

* The compiling process has done lots of analysis [T

store i32 3, i32* @a, align 4
%2 = load 132, i32* @a, align 4

. %3 = icmp sgt i32 %2, 0
—_ LeX| ca br il %3, label %4, label %5
( T I F 1
— Syntax
4 5
store 132 1,132* %1, align 4 store 132 0, 132* %1, align 4
S e a nt i C br label %6 br label %6
%6:
6:
— %7 = load i32, i32* %1, align 4
reti32 %7

* But, it still doesn’t really know how the program does
what it does

* Control-flow analysis helps compiler to figure out more
info about how the program does its work

— First construct a control-flow graph (CFG), which is a graph of
the different possible paths program flow could take through a
function

o To build the graph, we first divide the code into basic blocks

() o
‘\/‘ ivﬂnl\‘ﬁnﬁ }' GG [Z




Basic Block[3: A<t

* A basic block is a maximal sequence of instructions that
— Except the first instruction, there are no other labels[ H 55— \]
- Except the last instruction, there are no jumps[ 2 K —2% ]

* Therefore, [t/ H T ME—]
— Can only jump into the beginning of a block
— Can only jump out at the end of a block

* Are units of control flow that cannot be divided further

— All instructions in a basic block execute or none at all[all or
nothing]

* Local optimizations are limited to scope of a basic block

* Global optimizations are across basic blocks

»Q‘GLZ




Control Flow Graph{#z i &)

* A control flow graph is a directed graph in which
— Nodes are basic blocks

- Edges represent flow of execution between basic blocks

o Flow from end of one basic block to beginning of another

o Flow can be result of a control flow divergence ;J:gggzggg:%"ﬁgn:
o Flow can be result of a control flow merge b3 e 4, el 5

T [ F
— Control statements introduce control flow edges . ‘ ’ :
o e.g. if-else, for-loop, while-loop, ... SN -

%06:
3

‘%7 = load i32, i32* %1, align 4
ret i32 %7

* CFG is widely used to represent a function

* CFG is widely used for program analysis, especially for
global analysis/optimization

MG‘Z



Example

L1:
t:=2%x;
L1: w.=t+y;
£i=2*x; if (w<0) goto L3

W=ty \
if (w<0) goto L3

L2: L2:

W = -W L

@ Trx2 12 IR




LLVM CFG

* Sclang -emit-llvm -S ../tester/functional /027 _if2.sysu.c

Qa dso_local global 132 @, align 4 int a;
define dso_local i32 @Emain() { i

%1 = alloca 132, align 4

store 132 0, i32% %1, align 4
store 132 10, i32% @a, align 4
%2 = load 132, i32% @a, align 4
%3 = icmp sgt 132 %2, ©

br i1 %3, label %4, label %5

store i32 1, i32% %1, align 4
br label %6

VN oONOCOTPHEWN P

(I
(]
-

store 132 0, i32% %1, align 4
br label %6

%7 = load 132, i32% %1, align 4
ret i32 %7
}

* Sopt -dot-cfg 027_if2.sysu.ll [> .main.dot]

digraph "CFG for 'main' function" {
label="CFG for 'main' function";

Node@x2a784a9@ [shape=record,color="#b70d28ff", style=filled, fillcolor="#b
70d2870",label="{%0:\1 %1 = alloca i32, align 4\1 store i32 @, i32% %1, align 4\l
store i32 10, i32% Qa, align 4\1 %2 = load 132, i32% @a, align 4\1 %3 = icmp sg

t 132 %2, 6\1 br il %3, label %4, label %5\1|{<s@>T|<s1>F}}"];

Node@x2a784a90:s8 -> Node®x2a784c70;

Node@x2a784a90:s1 -> Node®x2a784ccO;

Node@x2a784c70@ [shape=record,color="#b70d28ff", style=filled, fillcolor="#e
8765c70", label="{%4:\14: \1 store i
32 1, i32% %1, align 4\1 br label %6\1}"];

Node@x2a784c70 -> Node®x2a784e50;

Node@x2a784cc@ [shape=record,color="#3d50c3ff", style=filled, fillcolor="#f
7b39670",label="{%5:\15: \1 store i
32 @, i32% %1, align 4\1 br label %6\1}"];

Node@x2a784cc@® —> Nodedx2a784e50;

Node@x2a784e50@ [shape=record,color="#b70d28ff", style=filled, fillcolor="#b
70d2870", label="{%6:\16: \1 %7 = lo
ad 132, i32% %1, align 4\1 ret i32 %7\1}"];

}

F ok &

nt main(){

}

a =
if( a>0 ){
return 1;
}
else{
return 9;

&

13

4.
store 132 1,i32* %1, align 4
br label %6

%S5

D2

store 132 0,132* %1, align 4
br label %6

CFG for 'main' function
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Construct CFG

e Step 1: partition code into basic blocks[7)fi# A 3& A ]

— ldentify leader instructions that are
o the first instruction of a program, or[ 1 4454
o target instructions of jump instructions, or[Bk%% H #5]
o instructions immediately following jump instructions[ % R Bk#]
— A basic block consists of a leader instruction and subsequent
instructions before the next leader

* Step 2: add an edge between basic blocks B1 and B2 if[i& 3%
AR
- B2 follows B1, and B1 may “fall through” to B2[#H%k]
o B1 ends with a conditional jump to another basic block[# 141, F|ikB2]
o B1 ends with a non-jump instr (B2 is a target of a jump)[TCBk#E, B AT 2iAB2]
o Note: if B1 ends in an uncond jump, cannot fall through[B1 -1 Bk#%:, £=5:77B2]
- B2 doesn’t follow B1, but B1 ends with a jump to B2 #4485, {HB2&B1fH

 BMEH
@ Tux% IR




Example

e Partition code into basic blocks 0% A=4
. _ _ 02: T1=A*B

- ldentify leader instructions |

k

* Add edges between basic blocks 03: L1: T2=T1/C

04: if (T2<W) goto L2
01: A=4 I
02: T1=A*B o the first instruction of a program, or 01
03: L1: T2=T1/C o target instructions of jump instructions, or 03, 07, 11
04: if (T2<W) goto L2 © instructions immediately following jump instructions
05:  M=T1*K | = 05,19, 11
beg U= 07: L2: H=
07: L2: H=I 08: M=T3-H
08: M=T3-H 09: if (T3>0) goto L3
09: if (T3>0) goto L3 |
10: goto L1 '
11: L3: halt 10: goto L1 —
'
15 11: L3: halt »L_G?




Local and Global Optimizations

* Local optimizations[/E & 1L]

- Optimizations performed exclusively within a basic block

— Typically the easiest, never consider any control flow info
o All instructions in scope executed exactly once

- Examples:
o constant folding[# &1 &]

o common subexpression elimination[A 3L 725 R %)

* Global optimizations[4: Gl 1k]

— Optimizations performed across basic blocks

o Scope can contain if / while / for statements
o Some insts may not execute, or even execute multiple times
- Note: global here doesn’t mean across the entire program

o We usually optimize one function at a time




Local Optimization: Examples

 Common subexpression elimination[ A 313 1& = 5]

— Two operations are common if they produce the same result

o Itis likely more efficient to compute the result once and reference it the
second time rather than re-evaluate it[i## % & & 11 5]

* Dead code elimination[ZE4C AL 4]

— If an instruction’s result is never used, the instruction is
considered “dead” and can be removed from the instruction
streami4s & M AE ]

y=x+z; =tz
V=X+12: t; =x*x t,=x*x
y=x*x’+(x/3) t,=x/3 t,=x/3
Z=X*X+Y; y=4 +1 y=4 +1
t;=Xx*Xx £y=Ex
z=13+Y, z=1+Yy;




DAG of Basic Blocks

* Many important techniques for local optimization begin
by transforming a BB into a DAG (directed acyclic graph)|
TCHE ]

* To construct a DAG for a BB as follows

— Create a node for each of the initial values of the variables
appearing in the BBV A=W 4E G 1T AL, M)

— Create a node N associated with each statement s within the
block [Py BHTE A G T /L, HHA]]

o The children of N are those nodes corresponding to statements that are
the last definitions, prior to s, of the operands used by s

o Label N by the operator applied at s[fiz &£ briE" A
— Certain nodes are designated output nodes[3: L A H 5 1]

o These are the nodes whose variables are live on exit from the block (i.e.,
their values may be used later, in another block of the flow graph) [!
8|((C L
PN




Example: DAG

.(3)C=3+C (l)a=b+c
— b refers to the node labelled ‘- g; b =s -d
c=b+c

o Most recent definition of b (4)d=a-d

*(4)d=a-d
— Operator and children are the

same as the an statement
o Reuse the node

(&) F W 19 q ﬂ
ivﬂ-swﬁnﬁ " Hh LZ




Local Opt.: Elimination

e |If cis not live on exit from the
block

- Noneedtokeepc=b+c

e |f both b and d are live

— Remove either (2) or (4) : common
subexpr elimination

— Add a 4t statement to copy one to
the other

* If only ais live on exit

— Then remove nodes from the DAG
correspond to dead code
oc->b,d->d,

— This is actually dead code elimination

(1)a=b+c
(2)b=a-d
(3)c=b+c
(4)d=a-d

MG‘Z



Local Opt.: Elimination (cont.)

* When finding common subexprs, (1)a=b+c

we really are finding exprs that g;b=b'j
=c+

are guaranteed to compute the (4) Z =E+ c

same value, no matter how that
value is computed[id T ™ #f]

— Thus miss the fact that (1) and (4)
are the same

ob+c=(b-d)+(c+d)=by+c,

* Solution: algebraic identities[{t£k
EE Y




Local Opt.: Algebraic ldentities[ft&fE 7 3]

* Eliminate computations by applying mathematical rules[f& A %k
F R
— |dentities:a*1=za,a*0=0,b & true=b
— Reassociation and commutativity[EEH & . A2 #]

o(a+b)+c=a+(b+c),a+b=b+a

e Strength Reduction[5% % Hl ]

- Replacing expensive operations (multiplication, division) by less
expensive operations (add, sub, shift)

— Some ops can be replaced with cheaper ops

- Examples
o x=y/8 --> x=y»3
o y=y*8 --> x=y«3
o X2-->x*x

o 2*X-->X+X
s;tmgs‘mvﬁnﬁ " Hh LZ




Local Opt.: Constant Folding[# & &]

* Constant Folding

— Computing operations on constants at compile time

- Example:
#define LEN 100
X =2 * LEN;
if (LEN < 0) print(“error”);

— After constant folding

X =200;
if (false) print(“error”);

— Dead code elimination can further remove the above
statement

- Inherently local since scope limited to statement

23 Dhg:




Local Opt.: Constant Propagation[# &A% #]

e Constant Propagation
— Substituting values of known constants at compile time
— Local Constant Propagation (LCP)

X=3; X=3; X=3;
y=x*2; y=3%2; y=6;

* Some optimizations have both local and global versions
— Global Constant Propagation (GCP)

a=1; a=1; a=1;
X=3; X=3; X=3;
if (...) if (...) if (...
X=a+2; x=1+2; X=3;
y=X; y=X; y=3;

— GCP more powerful than LCP but also more complicated
o Must determine x is constant across all paths reaching x

() o
‘\/‘ ivﬂnl\‘ﬁnﬁ }' GG [Z




Global Optimizations

* Extend optimizations to flow of control, i.e. CFG
— Along all paths, the last assignment to X is “X=C"

— Optimization must be stopped if incorrect in even one path

X=3; X=3;
if (B>0) if (B>0)

MG‘Z




Global Opt.: Conservative[#F 57

 Compiler must prove some property X at a particular point

— Need to prove at that point property X holds along all paths
- Need to be conservative to ensure correctness
o An optimization is enabled only when X is definitely true

o If not sure if it is true or not, it is safe to say don’t know
o If analysis result is don’t know, no optimization done

o May lose opt. opportunities but guarantees correctness

* Property X often involves data flow of program

— E.g. Global Constant Propagation (GCP):
X=17;

Y =X + 3; // does value of 7 flow into this use of X?

- Needs knowledge of data flow, as well as control flow

o Whether data flow is interrupted between points A and B




Global Opt.: Data Flow[##E i)

* Most optimizations rely on a property at given point
— For Global Constant Propagation (GCP):
A=B+C;//property: {A=?, B=10, C=?}
— After optimization:
A=10+C;

e For this discussion, let’s call these properties values

* Dataflow analysis: compiler analysis that calculates values for each point
in @ program
- Values get propagated from one statement to the next
— Statements can modify values (for GCP, assigning to variables)
— Requires CFG since values flow through control flow edges

* Dataflow analysis framework: a framework for dataflow analysis that
guarantees correctness for all paths
— Does not traverse all possible paths (could be infinite)

— To be feasible, makes conservative apjzo7roximations

(32 * f
(@) & u % B ; hﬁ
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Global Constant Propagation (GCP)

* Let’s apply dataflow analysis to compute values for GCP

— Emulates what human does when tracing through code

* Let’s use following notation to express the state of a var:
— X=*: not assigned (default)
- x=1, x=2, ...: assigned to a constant value
— x=#: assigned to multiple values

* All values start as x=* and are iteratively refined

— Until they stabilize and reach a fixed point

* Once fixed point is reached, can replace with constants:
— x=*: replace with any constant (typically 0)
- x=1, x=2, ...: replace with given constant value
— x=#: cannot do anything

MG‘Z



Example

* In this example, constants can be propagated to X+1, 2*X

e Statements visited in reverse postorder (predecessor first)

x=*: not assigned (default)
x=1, x=2, ...: assigned to a constant value

x=#: assigned to multiple values
29
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Example (cont.)

* Once constants have been globally propagated, we would
like to eliminate the dead code

X=3; =2
if (B>0) if (8>0)
Y=Z2+W, Y=0; Y=Z2+W, Y=0;
X =4; X=X+1 \/
A:Z*X; A=2*4;
4

30 Dhge




IR Optimization of LLVM

C x86
U Front-end
C++ —»f Clang ARM
Middle- Back-
Go —{ Gollvm \ ddle-end ack-end |, RISCV
\\ -
LLVM IR LLVM optimizer » LLVM IR LLVM static compiler
> g
Rust —»{ rustc [ | I \\: MIPS
Toy --+m toyc : PowerPC
| P |
Clang
++ Opt
Source ¢/C 3 i Executable
front > IR Pass;, —>IR,—> .. | Pass, >IR3 |lic
code end code
() :
(>0 1’&& 2 31 limtz
SUN YAT-SEN UNIVERSITY https://www.slideserve.com/quinlan-dominguez/llvm-pass-and-code-instrumentation o
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LLVM Optimization Flags

* O0: no optimization

— Compiles the fastest and generates the most debuggable code
* O1: somewhere between 00 and 02

* 02: moderate level of optimization enabling most
optimizations

* 03: like 02,

— except that it enables opts that take longer to perform or that may
generate larger code (in an attempt to make the program run faster)

e Os: like 02 with exta opts to reduce code size
e Oz: like Os, but reduce code size further

* O4: enables link-time optimization

__ — Clang has support for O4, but not opt (LLVM optimizer)

|
(8
Book: Getting Started with LLVM Core Libraries, C5 4 z



Performance at Varying Flags

 Compare the performance of the benchmark when
compiled with either GCC or LLVM

— Compile benchmark at six optimization levels

— Each workload was run 3 times with each executable on the
Intel Core i7-2600 machines

Execution time(LLVM) / Execution time(GCC)
Instruction count(LLVM) / Instruction count(GCC)

-00 01 -02 -03 -Os -Ofast ' -00 01 -02 -03 -Os -Ofast
Optimization level Optimization level

33 | ﬁﬂﬁz
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LLVM Passes

e Optimizations are implemented as Passes that traverse
some portion of a program to either collect information
or transform the program

* A Pass receives an LLVM IR and performs analyses and/or
transformations
— Using opt, it is possible to run each Pass

* A Pass can be executed in a middle of compiling process
from source code to binary code
— The pipeline of Passes is arranged by Pass Manager

Source
code

C/C++
front
end

Clang

—> IR

=N

Pass,

Opt

—>IR,—> ...

o

Pass,

>R >

llc

Executable
-S>
code

34

’hﬂlz
https://www.slideserve.com/quinlan-dominguez/llvm-pass-and-code-instrumentation WH



https://www.slideserve.com/quinlan-dominguez/llvm-pass-and-code-instrumentation

LLVM Passes (cont.)

* Analysis passes: compute info that other passes can use or for
debugging or program visualization purposes

- -memdep: Memory Dependence Ana|y5i5 (https://llvm.org/doxygen/MemDepPrinter 8cpp source.html)

— -instcount: Counts the various types of Instructions

(https://llvm.org/doxygen/InstCount 8cpp source.html)

= «e. (https://llvm.org/doxygen/dir a25db018342d3ae6c7e6779086¢c18378.html)

* Transform passes: can use (or invalidate) the analysis passes, all
mutating the program in some way

- ‘dce: Dead COde E||m|nat|0n (https://llvm.org/doxygen/DCE 8cpp source.html)

- -|OOp-unrO|| UnrO“ |OOpS (https://llvm.org/doxygen/LoopUnrollPass 8cpp source.html)

= ... (https://llvm.org/doxygen/dir a72932e0778af28115095468f6286ff8.html)

e Utility passes: provides some utility but don’t otherwise fit
categorization
- -view-cfg: View CFG of function

@) T uX 35 i
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Example

* Sclang -emit-llvm -S sum.c

int sum(int a, int b) {
return a + b;

}

e Sopt sum.ll -debug-pass=Structure -mem2reg -S -o sum-O1.lI

Pass Arguments: -targetlibinfo -tti -targetpassconfig -assumption-cache-tracker |-domtree -mem2regl—verify —-print-module

Target Library Information
Target Transform Information
Target Pass Configuration
Assumption Cache Tracker
ModulePass Manager
FunctionPass Manager

Dominator Tree Construction
Promote Memory to Register

Module vVeriftier
Print Module IR

Sopt sum.ll -debug-pass=Structure -O1 -S -0 sum-0O1.lI
Sopt sum.ll -time-passes -O1 -0 sum-tim.|I

e Sopt sum.ll -time-passes -mem2reg -o sum-tim.ll

. Pass execution timing report ...

Total Execution Time:

0.0003 seconds (0.0003 wall clock)

——-User Time--- --System Time--
0.0002 ( 91.1%) 0.0001 2%)
0.0000 ( 3.7%) 0.0000 ( .5%)
0.0000 ( 2.3%) 0.0000 ( .3%)
0.0000 ( 2.3%) 0.0000 ( .3%)
0.0000 ( 0.5%) 0.0000 ( .8%)
0.0002 (100.0%) 0.0001 ( .0%)

——User+System—-
0.0003 8%)
0.0000 .0%)
0.0000 .3%)
0.0000 .3%)
0.0000 .6%)
0.0003 .0%)

——-Wall Time---
0.0003 ( 90.6%)
0.0000 ( 3.7%)
0.0000 ( 2.8%)
0.0000 ( 2.4%)
0.0000 ( 0.6%)
0.0003 (100.0%)

-—— Name —--—-

Bitcode Writer

Module Verifier

Dominator Tree Construction
Promote Memory to Register
Assumption Cache Tracker
Total

LLVM IR Parsing

Total Execution Time:

F b K %

ey v SUN YAT-SEN UNIVERSITY

0.0006 seconds (0.0006 wall clock)
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Target Code Generation[ H a5 4 5]

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 ~ FrontEnd
— Binary (machine) code ~ (Analysis)
. Syntax Tree" ‘
- Assembly code Semantic Analysis |
s of d : ._Syntax Tree
° O W --oooIooIziIIiil .
Goals of target code generation T Intermediae ] -
— Correctness: the target program must . [KCode fRe”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 e

— Fast: the code generator itself must runs
efficiently
r
) j: Y,i‘mﬁgﬁ 38 HNE?




src =2 IR =2 exe: Example

+- @: input, "test@.c", c

3 }nt G =iy +- 1: preprocessor, {0}, cpp-output
> }nt Vi =i +- 2: compiler, {1}, ir
3 1nt z = 3; +- 3: backend, {2}, assembler
+- 4: assembler, {3}, object
5 int main() { 5: linker, {4}, image

int rst = x +y + z;

return rst;

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 132 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 = | nsw 132 %3, %4

s e Sllvm-as asm_test.ll -0 asm_test.bc
} Slic -filetype=0bj asm_test.bc -0 asm_test.o
Sclang asm_test.o -0 asm_test

o
X # ;o IEE e

U SUN YAT-SEN UNIVERSITY w




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 0 IR




