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Turing Award[& R #2020]

Alfred Vaino Aho

A.M. TURING AWARD HONORS INNOVATORS WHO
SHAPED THE FOUNDATIONS OF PROGRAMMING
LANGUANGE COMPILERS AND ALGORITHMS

Columbia's Aho and Stanford's Ullman Developed Tools

and Seminal Textbooks Used by Millions of Software
Programmers around the World + 57

ACM named Alfred Vaino Aho and Jeffrey David Ullman recipients
of the 2020 ACM A.M. Turing Award for fundamental algorithms
and theory underlying programming language implementation and
for synthesizing these results and those of others in their highly
influential books, which educated generations of computer
scientists. Aho is the Lawrence Gussman Professor Emeritus of
Computer Science at Columbia University. Ullman is the Stanford
W. Ascherman Professor Emeritus of Computer Science at Stanford
University.

Computer software powers almost every piece of technology with
which we interact. Virtually every program running our world —
from those on our phones or in our cars to programs running on
giant server farms inside big web companies — is written by humans
in a higher-level programming language and then compiled into
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Compiler History[4miF 231k &)

* Compiler origins
- 1952: A-0, term ‘compiler’ (Grace Hopper)
- 1957: FORTRAN, first commercial compiler (John Backus)
- 1962: LISP, self-hosting and GC (Tim Hart and Mike Levin)
- 1984: GNU Compiler Collection (Stallman)

e Turing awards (see link)
— Compiler: 1966, 1987, 2006, 2020
- Programming Language: 1972, 1974, 1977-1981, 1984, 2001,
2003, 2005, 2008
* Compilers today
- Modern compilers are complex (gcc has 7M+ LOC)
— There is still a lot of compiler research (LLVM, ...)
— There is still a lot of compiler development in industry
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Golden Age of Compilers# 4]

CPU, etc. GPGPU, etc. TPU, NPU, etc. FPGA, CPLD, etc. ASIC

o SAnvioia |~ 0 gle . Grappler
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AMDZl  Ampn L. = ( —_—{(TensorRT J
a rm —— — ) Several others
arm AMDZl  shmsunG TensorFlow | nGraph |
. . . Graph ——
intel intel | & XILINXE o) — CoreML |

\ 4 [ TensorFlow Lite

Programmable xPUs Custom Hardware Many others

The Golden Age of Compilers

in an era of Hardware/Software co-design

International Conference on
Architectural Support for Programming Languages and
Operating Systems (ASPLOS 2021)

Chris Lattner
SiFive, Inc.

April 19, 2021
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Huawei - Hangzhou, Zhejiang, China (On-site) 1 month ago
About the job
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TEZER

WEEFRENSNE BRtESTMEFSMENER, SEEELE, RIFBMAMEBELS;
BT ERAOBIZERIZREHESR, WLLVM, GCC;

FHRFRPEIESTANBE RANERE, BEXITSMAEN;

HESMC/C++ITREED, BEENEOBSTEMSBITERNE;

PAZBGPU Shader compilerfF & 5B 238E 5%
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LLVM Compiler Optimization Engineer - New College Grad

NVIDIA - Shanghai, Shanghai, China 2 weeks ago- 2 applicants
About the job

We are looking to hire a LLVM Compiler Engineer for an exciting role developing compilers for our world leading
GPUs. We craft outstanding compilers that realize the potential of NVIDIA GPU hardware for growing range of
computational workloads, ranging from next generate graphics, deep learning, scientific computing, and self-
driving cars. Our compiler organization makes its mark on every GPU and SoC product that NVIDIA builds. Would
you like to be part of this best-in-class organization and lead the charge?

What You'll Be Doing
Understand, modify, and improve an NVIDIA proprietary GPU compiler backend written in C++
Contribute to compiler optimizations to produce best-in-class, robust, supportable compiler and tools
Work on challenging problems in register allocation, instruction scheduling, synchronization, loop
optimizations etc.
Partner with global compiler, hardware and application teams to oversee improvements and problem
resolutions
Be part of a team that is at the center of deep-learning compiler technology spanning architecture
design and support through functional languages
What We Need To See

* B.S. or higher degree in Computer Science/Engineering with significant compiler related project or thesis

work
« Excellent C and C++ programming skills,

Way:

« Experience developing CUDA, DirectX, OpenGL/Vulkan applications
NVIDIA is committed to developing a diverse work environment and proud to be an equal opportunity employer.
As we highly value diversity in our current and future employees, we do not discriminate (including in our hiring
and promotion practices) on the basis of race, religion, color, national origin, gender, gender expression, sexual
orientation, age, marital status, veteran status, disability status or any other characteristic protected by law.

() Meta Research Scientist, PyTorch Compiler (University Grad)

Meta - Menlo Park, CA

amazon Deep Learning Compiler Engineer

Job 1D: 1735730 | Annapurna Labs (U.S.) Inc.
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What is Compilation?[ft4 2 4mi%? ]

MAE S WERET, HiFENL A ##o/1
- HIAE S EE: "Thisis a sentence” = “IX & — )1
CHBLE SR R > HARR
- e N RBE TR, B2 H G FH S 4
RS ARG
B ”}Eé):‘ ! 1':' = ﬁ 1§)§H éﬁk’: Compiler /Librari:sp::llc:::rr:)s and procedures DUTTIARE

m] C’ C++ Operating system
_u = Q& ” ‘L % ﬁ ;FX ‘r % Instruction set (ISA) COMPUTER
Iﬁ‘[ / H IZ' :F Computer System Organization RCHTECTURE
O Pyt ho n, Ru by Circuits (implementation of hardware functions)

lHARDWA RE

— ﬁ ﬂ:[ﬁ /fi )EH /Eé H/J 7j‘ :T:E Semiconductor physics

o Java: ZmiE + BB 2% (JIT, Just-in-Time)

c il nterpreter
|/ D Machine Code | prion
i JIT Com iIer
Compiler g Bytecode (.class) P Machine Code
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C Compilation[CiE = %1%

« JEFEF (hello.c) = A AT A (./hello) ;B ellorcohell
- TiAbFEFY B (preprocessor)
o ILEVRIET, BHZEE N, ARG CGr—ANCTARSTE)
- Jm =M Ex (compiler)
o ORI NSO QEmARRS)
- 14w B (assembler)
o SN . oR] EENINT AR (relocatable object) XA (HL#8FE2)
- EBM B (linker/loader)
o EFEAME M AESTHAT (executable) A (Flasfe4)

gec
: Preprocessed _ _ _ Object ;
C source ' source [ v files 'Executable  [RERGERES
L L I | & bf do 05 40 00
o i Ll | e8 d5 fe ff ff
’ 5 DlT D b8 00 00 00 00
i | : i 5d
‘Preprocessor I Compiler I Linker | c3
; S i
gcc —E hello.c -o hello.i gcc -S hello.i-o hello.s gcc hello.o —o hello

gcc —c hello.s —o hello.o
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C Compilation (cont.)

* Preprocessing: {5 3 4> A3 f5 B3R SO
 Compiling: A0 B 5 15 SCAF > 71 Zm A ChL SCAHF

* Assembling: 4w CAS 3> H in X /LR H5 2 XA
o Linking: HAR X AFD A RAT M =2 e (T

c
* "\ \ .h J +
G .
Propressing /\ Propressing

(cpp)

/ Source Code N (cpp)
,,_\\ hello.c s —— + *
N 7 Propressing > /" Preprocessed N = Compilation Compilation
- (cpp) g ¥ hello.i J (gce) Con(‘l:él:)tion i
~“Header Files ™, — J
[ stdioh j‘ * +

Assembly

A ¢ TN A ™~
f Fil \ / / \
Object File Ass:;nb y « Assembly Assembly (as)

hello.s (as)
QL ) N /_,./

Library +
libcacrtio |

X
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Compilation Procedure|[4 it 4]

* Hild (7 \1‘)?) X U5 %_:5)‘?, RE
/2 */j,fl:l A fiﬁﬁ X’flzl I Y }i/[_j%‘ Source Code

. l N
’ N
/ \
'
! 1
1
'

I__l% III JLn

3 Lexical Analysis
- )74 M1 (Lexical Analysis) Token Stream]| S
SR * : 3 lysi 1 ,
— {EvE 8T (Syntax Analysis) e et Canaisis)
- ‘E’i)‘(/\“ﬁ (Semantic Analysis)  [[semantic analysis |
}: ﬁﬁ‘ < ,;j_"‘ {j\éj\*}jr % Intermedlate
1 d i 1
}ﬂZIEXL£1ﬁ ﬂ: JEFE P 1Y) E *Tﬁ? e
- HFECISAE % (Intermediate Code Optimization Back End
Generation) Ry  (Synthesis)
| Code Generation |
o Intermediate representation (IR) 7
- A%k (Code Optimization) « TargetCode

- HAnCAE4E 5 (Code Generation)
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Lexical Analysis[ialiEsr#r)

o FVRIE T ER, WAl A
AR XCHYHIR BT 5 (token) source Core
- HiN: JRFEFE, i tokenf¥ 4l l

_ tokeni%ﬂ?: <;,7l§%” ’ Eﬂ‘@fﬁ> TokenL:;iecaanlqAnaIysis
O 17%%7?\ *’T\‘/j_\‘fq‘\ ﬁ%\ ié%:?{f‘% Syntax Analysis
VT »— \\
- tOkenfEll:éfﬂ‘/Ei\lﬂ /icfm)rlﬂ ? Syntax Tree |
o Ovar, Shum Semantic Analysis
’ {iit) Syntax Tree

{

Intermediate

Code Generation
T'or(i:_l;i<ii; 1 IR
arr[i1] = x * 5; A

arr|1ivj, ’

Optimization
IR
\ 4

Code Generation

v

Target Code

keyword(for) id(i) sym(=) num(0) sym(;) id(i) sym(<) num(10) sym(;) id(i) sym(++)
id(arr) sym([) id(i) sym(]) sym(=) id(x) sym(*) num(5) symbol(;)

) el ¢
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Syntax Analysis

TEVA AT

o MEMTIRAE P X B to

ken7H, A

= RS

?jééj\i;ﬁé:mk*@ <SyntaX tree, i%?jééj\*ﬁj;xj‘) Source Code
- BN FARN, B IEVAA
- WINPT BT S AN ?

o X*+
o a+=>5;

L

Lexical Analysis

Token Stream"

Syntax Analysis

Syntax Tree"

Semantic Analysis

Syntax Tree
\ 4

Intermediate
Code Generation

IR
\ 4

Optimization

IR
\ 4

Code Generation

v

Target Code
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Semantic Analysis[ig X4 #r]

o F T IRVRG R o HriE X

- EVEN, i EVEW+RT SR Source Code
- AR IR RS B (type, scope) oot
A T A LA 2 ]
o AERAFIRIER], A0 i
o intx;y=x(3); Semantic Analysis
— Syntax Tree"
{ T - Intermediate
BUELSEL, = Code Generation

Optimization
IR
A 4

Code Generation

v

Target Code
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Intermediate Code[ajftig.

N5

s WIIDENE, AERREEN TIURFE I A ]
%=~ (IR)
- BN 1EVEM, B IR
- EESLYE AN HARIE SR, B TR
Tl IR i T RR
- IR #lan=HtrY (TAC, Three-
Address Code)

main( )

{

arr 19|, 1,

for (1 = 03 1
arr[1] = x * 5;

i:=0

loop:
tl:=x*5
t2 .= &arr
t3 :=sizeof(int)
t4 =13 *|
t5.=t2+t4
*t5:=t1
i=i+1

21

if i < 10 goto loop

Source Code

L

Lexical Analysis
Token Stream"

Syntax Analysis

Syntax Tree"

Semantic Analysis

Syntax Tree
\ 4

Intermediate
Code Generation
IR

A\ 4

Optimization
IR
A 4

Code Generation

v

Target Code
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Code Optimization(ftE 4k

-w:ﬁﬁmmﬁmﬁiﬁﬁ<ﬁ@E
%EL\ 'r Ela I Wﬁ’fﬁ ﬁ/l\> Source Code
-FiN: IR, B (HRALEDD IR :

Lexical Analysis

- FlzsItx (machine mdependent) Token Stream]

St RE S BRI el
B, (6] _

Semantic Analysis
Syntax Tree
\ 4

Intermediate
Code Generation

IR"
Optimization
i = O IRV
loop: Code Generation
tl:=x*5 v
t2 := &arr Target Code
t4 =13 * |
t5:=t2+t4
*t5:=tl
i=i+1

p‘ |y
if i < 10 goto loop 22 U'HIGJ‘



Target Code[ H AR5 A k)

» NEFENLAR A E H RS Ceng., 140D
- iﬁﬁ)\' (’fjt/f”h E](J> |R9 iﬁﬁl‘ilj E *fi‘_\"fﬁﬁ% Source Code
~ FFAEREIYIL: BRI Bdh —
- FRAIEH: ENLAR IR SEDUIRERAE Token Sreamy _
- B LB A o ot
o WU&D %ﬁ%ﬁ&lﬁﬁﬁﬁ% Semantic Analysis

Syntax Tree
\ 4

Intermediate
Code Generation

IR
\ 4
Optimization
...... IR"
14: 8b 55 f8 mov -0x8(%rbp),%edx // edx = x c
17: 89d0 mov  %edx,%eax // eax = x SEEIS EEE EIE
19: c1e002 shl SO0x2,%eax /] eax = (x<<2) ¢
1c: 01c2 add  %eax,%edx // edx = (x << 2) + x Target Code
le: 8b 45 fc mov  -0x4(%rbp),%eax // eax =i
21: 4898 cltq
23: 8954 85d0 mov  %edx,-0x30(%rbp,%rax,4) // arr[i] = 5x
27: 8345fc01 addl  SOx1,-0Ox4(%rbp) /] i++
2b: 83 7d fc 09 cmpl  $S0x9,-0x4(%rbp) //i<=9

2f: 7ee3 jle 14 <main+0x14> // loop end? U!;lﬂi




Interpret vs Compile [k vs. %]

s G BHIFERWLARIE S 5T RRIE AT
- H *ﬁ%%?ﬁﬂjﬂ:ﬁ%gr? ('ﬂ%ﬁ& 9 E:é)% Source Code
i/% 9 ig_ffj;) LexicaIlAnaIysis
- éj\*ﬁ%g}?J:‘Fi) %?%’leill‘%/ﬁt/ﬁﬁ Token Stream|
- PERE ST (BRI, Mo AR C/Ce ) | Srmmcsmales

°§%:%ﬁ?%ﬁ%ﬁ,ﬁ%%ﬁ AL
17 "

Intermediate

_ Z(/EE}& E ;I:/j——\‘%gr? , ﬂi{%g:r%% Code Generation

IR
Y

- ‘%/@%}L/ﬂi’ ’?Exﬁjﬁ/ﬂiﬁt/ﬁh Optimi'zation
- ‘@ﬁ%i@ﬁ*ﬁﬁ%j&ﬁ} Input IR|

l Code Generation
Source Program —>| Compiler —— Target Program ’
l Target Code
Output

Source Program —

Input Interpreter —— Output
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JIT (B 4 1

o BN 21 (Just‘—ln‘-Time Compiler) :
AT HATFE 7 9w e 4 A

- SRAMBRE AT A2 e
o JERIPEL INLEACES IRA SR, DL T . o
W\’fﬁﬂ% Compiler — Compile Time
- 4 9%1% (AOT, Ahead-Of-Time) : 4 1
g}%i%)ﬁ@ff—} Byte Code —
* JIT vs. AOT r .
- ITE A RS 1) RIS
o JAEHNTHwFER, ERIRIE1T Machine Code _|

- MR IR AFIAOTEE [H]
o BT YR iFEERE R — 2 tEge b adn ok
o {HA] LR RE s AT R 4T 21 S04k
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