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C/IC++ImiERSG:

Clang + LLVM

Clang C/C++/ObiC LLVM
C =" Frontend / X86 Backend | ™ 00
. ______________________a & _____________________________a
LLVM LLVM
Fortran —#=| Iivm-gce Frontend Optimizer PowerPC Backend | POwerPC
R~ R
LLVM
Haskell | GHC Frontend —» ARM
LLVM IR LV 1B ARM Backend
R~ R

HIEESE
L L

LLVM Passes

—> LLVM IR’

A

LLVWMIR —
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http://clang.llvm.org/
http://llvm.org/

C/IC++IERS: clang

O EEHR
® Driver
B | exer and Preprocessor
B Parser: #13 FHEHH
B AST: intro, slides
B Sema:
B CodeGen: AST=2LLVMIR

Clang Static Analyzer

Tooling(doc)4e4t % Fclang 5 # 5 T L &5 &

[0 Driver [@

K (HIREIBARA) B
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Driver

p

C Input Strings )

OlInputs / Quputs
O Driver Functions
HHelper Classes

Result Code
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HHENIF



https://github.com/llvm/llvm-project/tree/master/clang/lib
https://github.com/llvm/llvm-project/tree/master/clang/lib/Lex
https://github.com/llvm/llvm-project/blob/master/clang/lib/Parse
https://github.com/llvm/llvm-project/tree/master/clang/lib/AST
https://clang.llvm.org/docs/IntroductionToTheClangAST.html
https://llvm.org/devmtg/2013-04/klimek-slides.pdf
https://github.com/llvm/llvm-project/tree/master/clang/lib/Sema
https://github.com/llvm/llvm-project/tree/master/clang/lib/CodeGen
https://github.com/llvm/llvm-project/tree/master/clang/lib/StaticAnalyzer
https://github.com/llvm/llvm-project/tree/master/clang/lib/Tooling
https://clang.llvm.org/docs/LibTooling.html
https://clang.llvm.org/docs/DriverInternals.html
https://clang.llvm.org/docs/DriverInternals.html
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) ClangBliREm

Frontend Lexer and Parser AST
FrontendAction Parser it ET
|
1 ¥ ASTContext
ASTFrontendAction P .
: re_rirgfeissor AST Node: Decl.,
\ 4~ lS Stmt. Type
ASTConsumer PPCallbacks Lexer e
| Bkl
PrepareToExecuteAction()  PPCallbacksa]iEl RecursiveASTVisitor
CreateASTConsumer() PPCallbacksEiETEE N ASTMatcher
Beginlnvocation() T ILMNEI R th & FETAE
BeginSourceFileAction() DumpTH
RENSHCIEREO, 4k
ExecuteAction() sty _ clang —ast-dump —ast-
EndSourceFileAction() RESRE B SR AYE dump-filter —ast-list

shouldEraseOutputFiles() é 73, B BRI R
K5 g, "


https://clang.llvm.org/doxygen/classclang_1_1FrontendAction.html
https://clang.llvm.org/doxygen/classclang_1_1FrontendAction.html
https://clang.llvm.org/doxygen/classclang_1_1FrontendAction.html
https://clang.llvm.org/doxygen/classclang_1_1Preprocessor.html
https://clang.llvm.org/doxygen/classclang_1_1PPCallbacks.html
https://clang.llvm.org/doxygen/classclang_1_1Parser.html
https://clang.llvm.org/doxygen/classclang_1_1RecursiveASTVisitor.html
https://clang.llvm.org/docs/LibASTMatchers.html
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CSA: Clang Static Analyzer
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PSS
A Memory Model for Static Analysis of C Programs, 2010

Clang Static Analyzer: A Checker Developer’s Guide

Building a Checker in 24 hours, slides and video
Clang/lib/StaticAnalyzer/README.txt

Clang Static Analyzer &4, clang\lib\StaticAnalyzer\Checkers
42-F £ 42 Clang Static Analyzer
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http://lcs.ios.ac.cn/~xuzb/canalyze/memmodel.pdf
https://github.com/haoNoQ/clang-analyzer-guide/releases/download/v0.1/clang-analyzer-guide-v0.1.pdf
http://llvm.org/devmtg/2012-11/Zaks-Rose-Checker24Hours.pdf
https://youtu.be/kdxlsP5QVPw
http://link.zhihu.com/?target=https://github.com/llvm-mirror/clang/blob/master/lib/StaticAnalyzer/README.txt
https://github.com/llvm-mirror/clang/tree/master/lib/StaticAnalyzer/Checkers
https://zhuanlan.zhihu.com/clang-static-analyzer
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CSA ITAEftE

Source Code | e===p | Compiler Frontend | se———
p cgog% N

|  callBackMethod -check®() |

[ calBackMethod -check®() | AM_*Path
|  callBackMethod -check®() | e
|  calBackMethod -check*() | 4 /n
&
L = ‘ e caliGraph
allGrap
CallBack AM_Syntax e
Method
°°° ()
l inline
i Entry 7 g
—{  CallBackMethod| - checkBind]) | ;
¥ Entry
A ;
BBO v
Bug Reporter
J’ /\ BBO
L—{ CallBack Method - checkBind() ] 4= Analyzer Engine = | BB1 BB2 . i
883 ......
Y 9
Exit
CEC
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' ; * @y i# ‘é ﬁhnigyiih:%
;E}U,m Apache Harmony

B Apache Harmony: DRLVM
B Jitrino Just-in-time Compiler(Jitrino BF it a5 35)

B Execution Manager (#4T & 2 X)
Thread Manager (£ 4% & 3%)

RAURY 224

B NetE L
m JS3|E
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http://harmony.apache.org/
http://harmony.apache.org/subcomponents/drlvm/JIT.html
https://cwiki.apache.org/confluence/pages/viewpage.action?pageId=118166207
http://harmony.apache.org/subcomponents/drlvm/EM.html
https://cwiki.apache.org/confluence/pages/viewpage.action?pageId=118166472
http://harmony.apache.org/subcomponents/drlvm/TM.html
https://cwiki.apache.org/confluence/pages/viewpage.action?pageId=118166473
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Execution Manager Profile Collector
FProfile-related Events (.

PC1 : Profile Collectar

I
I
| \f Time-based Sampling
I
|

PC 2 : Profile Caollectar

Execution Manaqger

C 11
T
|
|
|
|
|
| }[{ EM_WM B Profile Access & Custom PC
I |
I |
I |
I | :
| | AT 3 ¢ T compiler
| | VIM_IIT
I |
. [
I |
JIT 2 : JIT compiler
| VM core IT_WM R
| | |
| | |
| e mm e
- _____ | JIT 1 : JIT compiler
JIT_EM ¥

JIT Compiler 14
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Y i r t u a | M a c h i n e

¥ — JIT compile-time
interface

YM —[JIT run-time
interface

Fun-time
support

[4-32/Thtel 64 .
o ; L
Code emitter 213

Code emitter

R.un-tirm &
support
Jitrino JET Jltrlr'lD.J.ET —p
Code emitter
Low-level [ [ Registry
optimizer || allocator
Java High-level
bytecode optimizer
14-32/ -
Intel® 64 | 1A-32/Intel® 64
1 code selector LIR
) ava .
translatar | High-Level IR ]—
I14-64 code . LA-64 LIR
selector
5 Low-level j;%';g;?
= optimizer schedulejr

Run-time
support

I:I processar-independent components

|:| 14-32 /Intel® 64 back-end

I:I 14-64 back-end
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INMTI

M1 JIT Campiler

Kernel classes
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________________ by ______
' |
' |
Jthread : }f
|
I [ .
TM Java laver - TM native laver
¥ _%read I' ¥
TS helpers |
tl_threa
L — _. ____4: : Thread Manager
|
¥ N Core PORT

|
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| Porting Layer
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|
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=
B pushi i TFRM
E add MBEFREBALE, FeMtah, &
Tk R
iHHE 7+5 NEF
push 7
DUSh5 iconst 1
iconst 2
add iadd

JavaF T &, Net#y CLR. Pascal#yP-code . Perl 55 F
X
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FIERYB]

B add#E4 B R3FTHAEAE: 2reads. 1write

B AR TR K 5 5]

P B g

B BRMAZKRBLETABZY (FHZFFRER)
— R A % (accumulator)

B add#g4 & Hacc « acc + top_of stack
BZHRERA—FTAEELT
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mRIUssH ==

AZE R (invariants)

B XEXNEREREERBF

m oop(e,....e): AtHe,...,e B, FERBHEANK
Rk RAARAE M

OF

X 2 & 0
@ <
Y 3
S
1958
% &
2 : \\0@
; l‘/.u”‘_o and Tcd\(\

acc ! 5 o 12
7 7 /
stack
acc « 7 acc « 5  acc « acc + top_of_stack
push acc POp
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T Fer =R

B RERAEAEATFABLE

B B4 FPERSMBRBAEHMME, o add ], 12, 13

42 Dalvik VM. Lua VM. Parrot VM%3 & Tt X

R B SFmNNB NS E

B HY: BERIF (FAI;BRAHKRF, RETE
BREH) . RBEKR. 2LXBLOKRH0 &

B BAEKS FATHER) | ET e — 2R AR

REFEAHHEAL (Gt Ex X XWERREINFE
B AT HIH)

KE: (RIFFRBMEAR) SITREFHTENEASETE 25




Dt s 7 AR

EABESZEEIFERAB, RZUAMAL
RS Sk 23
B RAEEAHMEEMTEE

BRAHS EYeEZawt HiEH

iload 4 imove r10, r4 s InE R EAE =4
bipush 57 biload r11, 57 s LRI 57

iadd iadd r10, r10, ri1 s BN

istore 6  imove r6, r10 s g RB R &6
iload 6 imove r10, ré s INE R HEAE =6

ifreq 7 ifreq r10, 7  WEREER N0, BER]7
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Virtual machine showdown:

Stack versus registers

VEE '05

ACM Transactions on Architecture and

Code Optimization (TACO): 4(4), 2008
(slides)
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https://www.usenix.org/legacy/events/vee05/full_papers/p153-yunhe.pdf
https://dl.acm.org/citation.cfm?id=1328197&dl=ACM&coll=DL&CFID=829888235&CFTOKEN=97230964
http://www.complang.tuwien.ac.at/anton/euroforth/ef08/papers/gregg.pdf
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g1z
B AR, SEAR. BASH. FELK
B EF., FHNERH

2 FR{ER 8 (scope)
B R —AF Eﬂﬁéﬁ?)ﬂé‘ﬁil%%l‘éa\

" R ALPAERTRER—K, HLPAREE
ﬁ&T&imIﬂ%ﬁ&ﬂ%
&n # AR P 8N int f(int n){
if (n<0) error(“arg<0”);
else if (n==0) return 1;
else return n*f(n-1);
KE. (FEEEARA) BRI ) 0
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IFFRAS
B el TR AE, RRESELABRKEEE
(Bp &5 218548 A F B 4t)

B BAZATRES, BERETIRE
B SAEAFRARLIRE: FNRNEDH IR ENITE
B wRRFRHLF xHFB G2 s, WK X BKEHEL

Fs
W5 RS
/\ /\
AT T {EH
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%"—a‘ﬁ@*ﬂ ﬂ]lu\ﬁ% E,JX- -ll\L

RN B A X B
TR E X ARERITESD
2RI XTI

FHRERE | RERAEFYH

JERIICFE (activation record) [~ 3 & B

FAAE mmp Ui ] B

K= (RIFEREMEA) SITHEHZERNAASERE Ilﬁl‘ H?J‘ %ﬁ ZE 32
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O memsimmmm AL

FiEm RN —EER

B FORTHREAFHRDELSE

B T EENEMERTURELLEARBSHAL

B ANIHEEFANAERTE, BXETEFHANEIAR
R P, ERIFRIFERFIRKSE S H

B SHKEHRAETUARAEMN T EHCEZTFPEMLEY
¥it R & T

B KEN RO FERBLEF R FFFA
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5] £ SPARC/Solaris T4E sk T &@ # A2 #) 4R 89 size 5~ B
& 244216, A ATR—H"?

typedef struct _a{ typedef struct _b{
char cl; char c1;
long 1I; char cz;
char cz; long i;
double f; double f;

}a; 1b;

%F3%: char: 1, long: 4, double : 8
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) T RIFEsizeRYSZ M

5] £ SPARC/Solaris T4E sk T &@ # A2 #) 4R 89 size 5~ B
& 244216, A ATR—H"?

typedef struct _a{ typedef struct _b{
char cl; O char c1; 0
long 1I; 4 char c¢2; 1
char c2; 8 long I; 4
double f; 16 double f; 8

}a; 1b;

%F3%: char: 1, long: 4, double : 8
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Sizels

18] F£X86/Linux T4k 3k £ T @ i AN £ M4k #d size 2 B & 20
F216, AHATR—H?

typedef struct _a{ typedef struct _b{
char cl; O char c1; 0
long 1I; 4 char c¢2; 1
char c2; 8 long I; 4
double f; 12 double f; 8

}a; 1b;

%F3F: char: 1, long : 4, double : 4
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= SRIAT=ER

2R e

B ASAEERLEEEN  INta=0 7] B,
‘ Intb =0;
1% a) —
{ B,

O Ef”‘ﬁé |ntb:l; 18
B X EA%REAERABRAN { inta=2; ’
B AP AR RA RN % .
B ARG T ET intb=3:| °

& HH }}

}
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main()
=B (I {
inta = 0; B,— B, inta=0; —B
intb = 0; B,— B, intb=0; ’
inth=1; B,- B, t inth = 1: B
Inta =2; B, { ] 82
intb = 3: B, Inta=2;

INntb = 3;

} -
a, { 1B,
}

_____ t_)l____ } .-_’

&y, D; }
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HiE =SB FIFS 3 EC

B 7S (el B
B LR ARG SR B A o——
¥, RNEEBIBITHWETIE
B SR A A RALR W EAEA #
37 1] |
WEANELIET HRAGTRSE
B RAAFHREIA 5

B KESNZFHKEFCEANG T At
{5 B o 50 R A G B VT AniE 69

B REEHNRGEHDEL
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X~/ LIn uxEI’:‘lili’,:t_l]:?ﬁ F_ln

Memory

Code

Static Data

1k ak 0x080480000

324ZLinux & 4.:

« 4GB

« AP =M. 1&3GB
0-OXBFFFFFFF

« NEZN: 1GB
Oxc0000000-OXFFFFFFFF

o By
RLIMIT STACK i % #8MB

=ik 0xC0000000
TASK_SIZE
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g
/) LinuxBIBIt R S

1&3#ak 0xO000000000400000

644z Linux & %4.:

o ¥ FIAKASAZ B IAMBE, 484z 2
6312 LM 54742 —2 (256TB)

- MP=E: 1&128TB
0-Ox7FFFFFFFFFFF

« RNEZINH: 64TB
0xFFFF880000000000-
OXFFFFCc7FFFFFFFFFF

= ik 0x00007FFFFFFFO000
TASK_SIZE
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sRFEDE
FEARERBIME

N 7]"%';&% T %‘ou/ﬂ\ga
[] %-#éﬁl\%"{ﬁ% T %‘cb‘/ﬂ\ga

(B ZAE A3
FIAERY EE
B HSAHRETE — LWRFFSHBE

(AT A AH)

m AFTE — Rie#AHH, AEEHICLRTP
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1. HIATEIFL0)H, AU ESD
1Lx?

f1(3)6YMER %V ? f2(3)R.?

int f1(int n){

}

... print (1(3) ); ...

If (n==0) return 1,
else return n*f1(n-1);

ELAMBLEXEZATI2I)AH0?
sH3(N) R FAMBED? AT A7

I R RiIFRRE, WATI(N) BT
AT A4 2087 & ABBEXM

gk WD

int f2(int n){

}

static iInt m; m =n;
If (m==0) return 1;
else return m*f2(m-1);

... print (12(3) ); ...

NE?
WANSF AL =BARR, R
s #CAF, KRB Hgcc-m32 -SHEFEZ,
7= &L G A i SRR A AT

KE: (RIFRBMZAR) BITHEFE=EREA S

Int N=3;
int f3(){

}

... print ({3(n) ); ...

If (n==0) return 1;
else return n*f3(n-1);

=
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O cizmsshl. HESHH
int f1(int n){

1. HIATEL0)H, HILANfLEGESD if (n==0) return 1;

eEk? else return n*f1(n-1);
| . }
f1(3), f1(2),f1(1),f1(0) -- :EAT#%, ... print (f1(3)); ...
2. f1(3)M1ER %V ? f2(3)%R.7 int f2(int n){
6: 630 staticintm;: m =n:;
If (m==0) return 1;
3. EAMBAXXZAAZTIR(R)HA0? else return m*f2(m-1);

RERORBLAGRBIRRY) )
4. HI(n)RmIFLBEDH? A AT S
T, EBMBHAEN LR EE int 1304

R If (n==0) return 1;
5. f3(n) & BATH &AM AR else return n*f3(n-1);

Segmentation fault B }
KE: (WIFRBARAR) BITHREFEHEZERNERS .. print (f3(n) ); ... 5
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Q nd uc““o\&} ' E m ﬂj u *ﬁ

SEENR: AR RBLEPENI BT EFH T X
BITH: YaMERYIRETHIRGLE—NEFP

m 3 I%E;E P186 F6.14
(1 0) i 8 &3

;H.L/,
\\\\\\\\\\‘\\\\\\\\q ‘E;://ﬁgﬁb
p(1, 9) (1 3) (5,9)
p(1,3) Q(l 0)\(2 3) p(5,9) CI(5 5)\(7 9)

[ 6;,“% p(2,3) Az 1)}3 3) p(7.9) CI(7 ) q(9,9)
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AT RV =

B HFNEEREEILG—ANFIN

B REERXIAEFNE

B 4 Ra24 bk, Y HERS ARG EFH
ANb#yE3)

B 2ok TE&EbdAY, BHMRBawwEFHETby
Wt

BT
B R ARTeRE e JaEIEENTENTAL
ﬁlg'fno\.; (EPJ%‘S}J?EJ']?{)
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r,)o,‘ ‘\ogé\ *5 WIJ

P186 [£]6.14
m m
_____ a:array | Priael
T (1,9) m A
K: Integer p(L9)  q(L3)
q (1, 3) I
k: integer p(1,3) a(L0)
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JiEREARS: plEAg

v top_sp: BRI F &
&, dmesp. rsp
v base_sp: A A%

top_sp A3, dmebp,
I B B R B B rbp
base sp 7 pwieE v PC: 2/ &,
FERFRIVERRSE F=eip. rip
| IR [E{E NS
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1) pHFES, RRK

t00. 5 AR, HAERME H
SP |- B ﬁﬁ@ﬁﬁé%mi top_‘sp
top_sp WAEARTIAEAPHET

base_sp 7 _"'ffgfglj% """"""""
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JiEREARS: plEAg

top_sp
AN (2) pie.ik & b bt Ao 3 7T

top_sp ﬂ 25 1] g AR [B] Hbohb base_sp#1E A NqhyiE

_ iR EME S5 Ziﬂi ;l'; f) %iqézzm
’ 2] ase S 3
I e AR R4 —P
base sp_Nesiee™ "7 77T 7T
MRFRINESRES
| R BEMEFZSH
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JiEREARS: plEAg

base_sp : Jos | e (3) gk B F A B W {if=
[ %nﬁﬁﬁqmgg,{j{* | RRERBREMH L
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JiEREARS: plEAg

tOp_Sp
I B £ = B £ R
base sp ___ }é_%lj_lf_ﬁ """"""""" (4) QAR 3% B 3 K I B A=
[ HURA BALEEIRA | 6 MBI K 3 A
- _;gn_ {jé_i_ﬂ%;%fc_ | top_sp#idl, AT

BRI
> BRI | oo "
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S BBEr SRS RIS

on 5 - 1
G HERIEE | mmsasiie |
base sp __ Pk e ﬁfj‘;ﬁ‘%ﬁ
e 4 R A
Wt R
# >?§§ﬁ§u'-'e% """""" L A R & pYy
! AREHHLERE AHILF
5 | | REERSK i
@ o o o
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base sp __ Jos | e

B ';é'n'{a%'n%%f{ o
I Ve B0 2 AR
& /Lf’é:ﬁl%l&% ____________
ji MRFRINESRES
F | IR BMERIZ
@ « o
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tOp_Sp
I3 B B8 R S B A
base sp _)}ééu_% ____________ (1) geit E45 E NARLP
[ U RBRNERE | WEHLRMNS
I EPIEMSH BHAKT T 528
] ] 2 | " X 7o
23“@ﬁ§?ﬁﬁ§ﬁ" AH R BB S 42
& Pl £, AREEATAR
i‘é’ ’
¢ | |[REEIERS | pases
il | IR B{E RS
h e o o
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I SHFeaTiEiR Bl

R ARGt

B 324 BEABRE{E: eax

B 644 AR EE: {&32& eax, m324% edx
B FEEAANREREME: FEFES st(0)

64 R GE
B EA. rax
B FEA: FEFHESE St(0)
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JiEREIFS: pfEAg

~ ..
base_sp __| ik (2) g*F 238 R B3 69 35
[_ ) ﬁ@.ﬁ‘f@ﬂ%ﬁﬁjﬁ ] ’(4), ) top sphyiE

KE: (RIFFRBMEAR) SITREFHTENEASETE 60



FRBZLLX S

University of Science and Technology of China

JiEREIFS: pfEAg

RB)gk A F A B(ALFE
top_sp __| - MIRAFHIDLE NS base sp)feBIRKRAE, &
& EE RS =Ip
e Bt B e S B
base_sp = BEm T
FRERITLERE
| ERERSE
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JiEREIFS: pfEAg

(4) pREFES AN K G £
A FeiR B {8 I top_sp,
R Je B iR Bl R
top_sp
e B B = B0 B
base sp _“éjﬁglj_’-éé """"""
7 MR RIPLEIRTS
| & ERS
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op 5 L (2 HBREERE SR
- _ _ % XA RS
B Gl T
hase_sp — ek 8 b TRk RS M
Z2H1, ..., ZHn (3)4% 18 A & 46 /B i Hufmif
I SR RREIE | FASEWEE
B >;§:ﬁg,]-% ------------ (AYH T AR 4B 3 — A
¥ FRLE BN SR AS SHEIARFRF=, F=
S| [TEE TER | ARREE
z V — ’, i #]: printf(“%d, %d,\n”);
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A] < BRI 4H
B CISO/IEC9899: 2011 n1570.pdf
(http://www.open-std.org/jtcl/sc22/wgld/www/docs/n1570.pdf)

1 6.7.6.2(P132): inta[n][6][m];
[0 6.10.8.3(P177): _ STDC NO VLA ZEAIHRIHTEKkK4
O Bika: AR LHE
B Java
1 int[ ] a = new Int[n];
O /3% E4EL

e ER LR BHTE K A?
B ASBAEAIEIAAET, Sty R B A4 A7 P
B EATE, X g4I @ 9B AR TN A E 4 G )
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(1) @ikw, £

% Shie Tk A A
top_sp A Y & ]

BT

base_spf)_- --- "é%u%é _____
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f J:] 'bé&ﬁg

LR e b P A O &

(2) iB4TH, ESIE4T
1 o BLE AR TR 09 B 4

top_sp — Gt = )
\ #4HB
_____ WA (3) BAFE, AR
_______________ B&y 3% o) A% 2l i A0 M
I ___ﬁfﬂﬁ_ﬁﬁl_*“_%:‘_ %4t & 1 435 9]

base_spf)_' -=- ';ééu—%? —————
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O BF5|H: EFMTFEHEARI, XTEHRSHEAN
BT ERIIATEXAIRABESENT R

T *p; T* fun(...) {

... T n;

p = (T*)malloc(sizeof (T))

return &n;

free (p) ; }

*p ... // fBR! e { ...

{ T *p = fun(.
Tn=...; oo *p L. [/ ﬁi%‘*
p = &n; // pHEFMHENK }

}

.. *p ... [/ fEBE! |7
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SR (el B L
- 2 SEHETE _
B 2HLE. FOAHEE e g 3
s
HE
B C: malloc. free
glibc & ptmalloc, Doug Lea’s dimalloc L
= XA KA A BELE jemalloc,
TBBmalloc, TCMalloc (gperftools) \
B Java: new. Garbage Collection =ik
Richard Jones's the Garbage Collection Page
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http://www.cs.kent.ac.uk/people/staff/rej
http://www.cs.kent.ac.uk/people/staff/rej/gc.html
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T ERER
B FERSHEESTERNIAR: £ TFERMSFHLE, &

it X At F5 4+ base sp kiF 9

HEAPHIERISIA. FSEREE: A&EA#S
Arbgtit (ETHSKEFEX T HRHE)
WARTUEA SR RIEE, UTUMEANERREE
TR 1% 8] 4%

ATEREN

TEMEIGRE, BRI TRANSBIEF E
LSEI VS A S
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7)) IR EE X IEFEHI

[€l6.14, P186

sort
readarray
exchange
quicksort

partition

KE: (RIFFRBMEAR) SITREFHTENEASETE 73



FRBZLLX S

University of Science and Technology of China

Q) idemEs g

[¥16.14, P186
B 3AESRERE
sort

readarray

1

2
exchange 2
quicksort 2
3

partition
B TENHRERE: REWEAAMANIENRERLE
YERZLFHOHRERE
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, J

T

K, Vv

p(1,3)

3 1]

K, Vv

q(,3)

i 1 -

)

T -
q (1, 9)

K,V

q(1,3)

Vi I -

K,V

a, X

q(1,9)

T -

a, X

q(,9)

a, X

S

S

KE: (WIFREMZAR) BITHEHZERERASERE
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= EdipnaEnaiERERs|

B IEAE p 69 B REAN, ¢35 AREREAN,H
¥ a, n,<n, Tz aby AL
B ARG ENILRTAIE, EIRFF4EEN —n K

B X awE A AEIAENESITR K v
W5 Ak AG36 IR R R T R 1 1] B~
sort 1 9(.3)

KV
readarray 2 U 1] B -
exchange 2 q(L9)

a, X

quicksort 2
S

partition 3
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HAZpH & Fais FIM, abydikd T @6 = RAA T
(n,—n,, a3k P elH)
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&F 1B eI

BRHEEREAN WA pAARERE A MHIAL X
Lon,<n @ e x FRE P LT

e s te AR o o sk £ AL o )
B AR ARG T RIAABHRAALENTE [ E-
it T 87 & 0 (1, 3)
. : : . .- k v
B sortiA Al quicksort. quicksortid Fl partition |—3
A | AP T [~
sort 1 q(,3)
readarra 2 KV _
4 V7 19) B
exchange 2 g (1, 9)
quicksort 2 a, X
partition 3 S
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&F 1B eI

2. n2n 8 phax A SR A2
WERHFE 00+ LR, Bl G Bk 23('1@%\
PE & CMRAMARNTAZAMRITEFN TR ] J
B TR R E IR RAAXG FEF TR P 6F | i

7] 4% & % 45 @ R AR FE ST F p(1,3)
B partition’d A exchange g;—( Ipqv.fgﬁ-
sort 1 g (1, 3)
readarray 2 K, v
exchange 2 w'ﬂ%
. 99
quicksort 2 2 X
partition 3
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program param(input, output); GII2{ERS %)
procedure b(function h(n: integer): integer);
begin writeln(h(2)) end {b};

param 1

procedure c; h 5

var m: integer, c[m] 2

function f(n: integer): integer; 2

begin f := m+n end {f}; baram
begin m :=0; b(f) end {c}; |
begin ‘|3

C A S BB, EHFE b(h=f)
end. f ARSI 58 037 9 4% l‘

KE: (RIFFRBMEAR) SITREFHTENEASETE 82
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SRS AL

program param(input, output); GZIE{EAREH) f

procedure b(function h(n: integer): integer); ~ b(h=7)
begin writeln(h(2)) end {b};

procedure ¢; b: (integer->integer)->void |
param  var m: Integer;

b function f(n: integer): integer; B T T

H ~

c[m]  beginf:=m+nend{f}; = [-7T""""-"--
f . <> b
begin m :=0; b(f) end {c}; —

begin CRHE S
C M D&Y 77 8] 4% 3 VA 32 2 f C

end. wirEe L. J
KE: (RETDRRA) EONEMEENEas  param | 83
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param

ogy o fCh

program param(input, output); GII2{ERS %) |
procedure b(function h(n: integer): integer);

begin writeln(h(2)) end {b};
procedure c;
var m: integer;

param
b function f(n: integer): integer;
c[m]  begin f:= m+nend {f};

f begin m :=0; b(f) end {c};

beqgin
J F4k ) R R AE B
CH A IS ML E B B8
end. 7 R g — A AL

KE: (RIFRBMEAR) ST EHZENERAS
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c
program param(input, output); GII2{ERS %) |

procedure b(function h(n: integer): integer); b(T:f)

beginwriteln(h(2))end {b}; P

procedure c; A E —
param  var m: Integer; f

b function f(n: integer): integer; - - — s o — -

. Vi B~

C[m]} begin f := m+n end {f}; - i
begin m :=0; b(f) end {c}; —

begin T TR RS T nd

” At e, M [--2HE_T

R Y35 ] R L
end. WirEeg 0000 [rommmmomee-
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N~/ ILF=E
op &

program ret (input, output); GZIE{EFRIREE)
var f: function (integer): integer;
function a: function (integer): integer;
var m: integer;
function addm (n: integer): integer,
begin return m+n end,
begin m:=0; return addm end,;

procedure b (g: function (integer): integer); ret
begin writeln (9(2)) end; / \b
a

begin %{éﬁaﬁﬁﬁ)ﬂ]
f:=d; b(f)

end. HE. (HIZEBMEAR) BTHERSENERSSE

adc‘lm .
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<) IEEAIRDIE
program ret (input, output); (ﬁm

var f: function (integer): integer;
function a: function (integer): integer;
var m: integer;
function addm (n: integer): integer,
begin return m+n end,
begin m:= 0; return addm end,;

procedure b (g: function (integer): integer); /Eet
4 \b

begin writeln (g(2)) end;

begin MATaddmi, a#d
fima b EHLRLREE, R ‘
. ’ Zié'lmé’J'fﬁ addm o

end. HE. (HIZEBMEA) BTHERSENERSSE
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P EEHIREE X

= AIAUE B R B 1 0] O B4R 43 A R AR R L

B EHAERSAERTE (AHEHBIALAK) : pRAETHILE
BRI ED RSP

B SHTE (AHERZAARLCRIHFZITHINIREE)
Fo SN EHHEE: BROMAFSKEX

B CiEs A KR (a384F) AR EE
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XH H%‘:uﬁi I IMEES

M ﬁ*&% : 4= C++, Java. C#
B #5342 4o Python, JavaScript. Ruby

F (closure)
B kAR N B EO4E N2 & ATy 8] AR

function add(x) {
return function(y) {
return x +vy;

}
}

var add3 = add(3); //add3ZHEXT R, G5 pR U 7 BH ek 20N 1A 5R
alert(add3(4));
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FE (closure)

B 7T ARAE 12 A A2 & S A B
AR A AR A A AL 6 B AR

function do10times(fn)
fori = 0,9 do
fn(i)
end

end

sum = 0

function addsum(i)
sum = sum + |

end

do10times(addsum)

print(sum)
WS, CRIZEEAMSAR) BT EESENEARSSE 91
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,////EXDEH“CHl\\\\\\W
program dynamic(input, output); /
var r: real; show  small[r] kw small[r]

procedure show; ‘ ‘

begin write(r: 5: 3) end; show show
procedure small;
var r: real; showZ&dynamic¥ &

begin r := 0.125; showend; X, show¥ 7 [Flajr &
dynamic ¥ & X &

begin
r :=0.25; PAT IR -
show; small; writeln; 0.250 0.250
show; small; writeln 0.250 0.250

end. HE. (HIZEBMEAR) BTHERSENERSSE 93
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% & I ®
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,////EXDEH“CHl\\\\\\W
program dynamic(input, output); |/
var r: real; show  small[r] QW small[r]

procedure show; ‘ ‘

begin write(r: 5: 3) end; show show
procedure small; dynamic % 18 ] &JshowFf

var r: real; 3% A #r & dynamic® & 3L#9;

begin r := 0.125; show end; small ¥ i f #9show BT i7 8] &9 r
begin AZsmall ¥ = L&y

r :=0.25; PATE5IH

show; small; writeln; 0.250 0.125

show; small; writeln 0.250 0.125

end. HE. (HIZEBMEAR) BTHERSENERSSE 94
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ERSERERES
B Pascal. Emacs Lisp. Common Lisp (A #S4R

) . Perl (F#HS4EMR) . ShellizF (bash,
dash, PowerShell)

Hth
m ORI

https://en.wikipedia.org/wiki/Scope_(computer_science)
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wRi1a]

B AHEFEREFETR, FTROSZEARLFHE —
NEFILFE

% 170]

B AFNLFEFIFRGAHZRPRECH Y ATA

B Y AEpHIEHHIAN, pHAEIRLFMERLEHFSK
%E’\ﬁa%néﬁéﬁﬁiio né’ﬁb“fﬂﬁﬁtﬁﬁpé@%iﬁiﬂ
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dynamic|r]
program dynamic(input, output); /
var r: real: shOW{I[r] QW small[r]

procedure show; ‘ ‘

begin write(r: 5: 3) end; show show
procedure small;

var r: real; BARK &K

beginr :=0.125; showend; 4{& R{aéy3 s HH5ANH T
begin(k & & = LHATH L)

r .= 0.25;

show; small; writeln; r ? dynamic

show; small; writeln " il Sl

end. WD, (HREEREAR) BTHERS RS EE 97
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dynamic|r]
program dynamic(input, output); /
var r: real: shOW{I[r] QW small[r]

procedure show; ‘ ‘

begin write(r: 5: 3) end; show show
procedure small;

var r: real; BARK &K

beginr :=0.125; showend; 4{& R{aéy3 s HH5ANH T
begin(k & & = LHATH L)

r :.=0.25;

show: small: writeln; r{ 0.25 dynamic

show; small; writeln " il Sl

end. WD, (HREEREAR) BTHERS RS EE 98
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dynamiclr]\\
program dynamic(input, output); /
var r: real: shOW{I[r] QW small[r]

procedure show; ‘ ‘

begin write(r: 5: 3) end; show show
procedure small;

var r: real; #BARX X

begin r :=0.125; show end; 4 {iddx s HAHAGH T
begin(%k & & 7 L#MATIH2) P~

r:=02 1 7777~ "

show:; small; writeln; ' 0.25 dynamic

show; small; writeln r{ =2

end. K (HREEMEA) BTNEHESENENSEE 99
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dynamiclr]\\
program dynamic(input, output); /
var r: real: shOW{I[r] QW small[r]

procedure show; ‘ ‘

begin write(r: 5: 3) end; show show
procedure small;
var r: real; BARX B X

beginr :=0.125; show end; {& Fl{i &35 H AL T

begin(4k & & 7 & HATIHS) small
r-=02;, Lt [TTA5E"7T
| o r[ 025 0.25
show; small; writeln; dynamic
show: small; writeln ri 2

end. K (HREEMEA) BTNEHESENENSEE 100
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,////EXDEH“CHl\\\\\\j
program dynamic(input, output); /
var r: real; show  small[r] QW small[r]

procedure show; ‘ ‘

begin write(r: 5: 3) end; show show
procedure small;
var r: real; BARX B X

beginr :=0.125; show end; 4 fl{a @93 5 AT

begin(4k & & 7 & HATIHS) small
r-=02 Lt |TTA5E" 7
| oo r[ 0125 0.25
show; small; writeln; dynamic
show: small; writeln ri 2

end. K (HREEMEA) BTNEHESENENSEE 101
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Q) gFsnasmansens

dynamiclr]\\
program dynamic(input, output); /
var r: real: showm QW small[r]

procedure show; ‘ ‘

begin write(r: 5: 3) end; show show
procedure small;

var r: real; #BARX X

beginr :=0.125; show end; 4 Fl{a @93 GG T
begin(% & & 7 AT %)

r :.=0.25;

show:; small; writeln; ' 0.25 dynamic

show; small; writeln ri 2

end. K (HREEMEA) BTNEHESENENSEE 102
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=)

B SR AAELBIARIAE

ER AT gESCIR /7 3%

B EHASERAEIRYENRLER, BANAEMEL
Az ESH LT

B AASAEAEESR, ARRELZAXNFEAAIEBL

09 G5k S TP
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glﬁﬁﬂﬁi(call by reference)

TFe

B KA AR R AR

5| ABAR AT RESE IR 7%

B EHLAEURELEGARLER, BLOABEL

HiZIAAGEFICLEP
B AAREHAEESR, RELANAMERARARNIAEH
R GME T

B ABARSALY BARRA T, A5 fARLE
BAAL TN RAET AESL

KE: (WIFREMZAR) BITHEHZERERASERE 105



FRBZLLX S

University of Science and Technology of China

}ﬁgﬂﬁi(call by name)

e
B AR5 REXMHLR#ITELHER, REBIAT
procedure swap(var X, y: integer);

var temp: integer; 18] < 18 Rl swap(i, a[i])
begin HRipsE 2. temp = i;
temp 1= X; 1= all];
X =y a[l] := temp
y :=temp
end REBANKIFE AR
ﬁ'jk'sﬁizﬁ
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B & B R T b B AR
B C: malloc. free
glibc &yptmalloc, Doug Lea’s dimalloc

= X8 R N A5 BLE jemalloc,
TBBmalloc, TCMalloc (gperftools)

B Java: new., Garbage Collection
Richard Jones's the Garbage Collection Page

KE: (WIFREMZAR) BITHEHZERERASERE 108


http://www.malloc.de/en/index.html
http://g.oswego.edu/dl/
http://www.canonware.com/jemalloc/
https://www.threadingbuildingblocks.org/
http://goog-perftools.sourceforge.net/doc/tcmalloc.html
http://code.google.com/p/gperftools/
http://www.cs.kent.ac.uk/people/staff/rej
http://www.cs.kent.ac.uk/people/staff/rej/gc.html

FEHELL XS

rsity of Sci and Technology of Chin

ANEFEHER LIRAFESECRF (allocator)

B APHERZE: BFPRREN,

B TAEFZANEK: HB. BIL

NEEERNAF TR

B ZRAXKME: BIMMAEARFEEOBETREZ

B AEFARNE: BRFRAAAAETEL, EFEFRE
T Be— 2k

B AKTT4E: o BCAEDCRAE BT LB A R AR AT
RS R RIS IR
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Computer Architecture, Fifth Edition: A Quantitative Approach, John Hennessy
and David Patterson, 2012

L1 L2 L3
C C C § Memory
h h h
e e e Disk
Register Level 1 Level 2 Level 3 Memory rg}Z?;::ye
reference Cache Cache Cache reference
roference roference  reference
Size: 1000 bytes 64 KB 256 KB 2-4MB 4-16 GB 4-16TB
Speed: 300ps ins 3—-10ns 10-20 ns 50—100 ns 5-10ms
(a) Memory hierarchy for server
L1 L2
Cc C [} Memory
CPU a a bus
M
c c i Storage
- = Flash
Register Level 1 Level 2 Memory mfemory
reference Cache Cache reference T
reference  reference
Size: 500 bytes 64 KB 256 KB 256-512 MB 4-8GB
Speed: 500 ps 2ns 10-20ns 50-100 ns 25—-50us

110
(b) Memory hierarchy for a personal mobile device


http://store.elsevier.com/product.jsp?isbn=9780123838735
https://www.edn.com/design/systems-design/4397051/Memory-Hierarchy-Design-part-1
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AT (TLB, Translation lookaside buffer)
_ PN(1p) PD(12)

Page
Offset
(PD)

4K B Page

1022
1023

Page Tables

1st-Level Page Table 1023 L
(Page Table Directory)



https://en.wikipedia.org/wiki/Translation_lookaside_buffer
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Intel Core 17/

IE{ERNFHTL: 25 GB/s; (ER4SHLEMIMbHE, 36/ IERitblt; #Zk TLB

Characteristic Instruction TLB Data DLB Second-level TLB

Size 128 64 512 T L B
Associativity 4-way 4-way 4-way gﬂ:m
Replacement Pseudo-LRU Pseudo-LRU Pseudo-LRU

Access latency 1 cycle | cycle 6 cycles

Miss 7 cycles 7 cycles Hundreds of cycles to access

page table

Characteristic L1 L2 L3
Size 32KBI/32KB D 256 KB 2 MB per core E{é
Associativity 4-way I/8-way D 8-way 16-way cac h e
|Access latency 4 cycles, pipelined 10 cycles 35 cycles ] é._.,.‘.*,zg
Replacement scheme Pseudo-LRU Pseudo- Pseudo-LRU but with an

LRU ordered selection algorihtm
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X % B A 49 K 3B B ERAT— PSR, H# B
A5 B— IR R R
B8] /B4 (temporal locality)
A2 R 17 1B 69 A 3 LA AR AE 6 B 18] ) °T B B R ARAR 5 35 ]
== 8] /{4 (spatial locality)
WLARAK 37 B] 3 L6 A 5 AR AR A8 0GB 1) ) 5T BEAK 37 9]
BHFAIHER
B CacheZEZ AR, miLfE A& 4ASK A Ecached
B X TRIER ST IR P> AL B3R
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void copyij (int src[2048][2048],
int dst[2048][2048])
{

int i,j;
for(i=0;i < 2048; i++)
for (j = 0;j < 2048; j++)
} dst[il[j] = src[il[j];

void copyji (int src[2048][2048],
int dst[2048][2048])
{
int i,j;
for (j = 0;j < 2048; j++)
for (i=0;i < 2048; i++)
} dst[i][j] = srclil[jl;

LiRRANEAEE. Bix—, (BRiTRIE—=E?

int a[2048][2048] = {1, 1};

int b[2048][2048]; real
int main() user
{ sys

copyij(a, b);
// copyji(a, b);
} i

i

$ time ./copyij

(RIFRIEMZAR) BITHFHZENEARSER

$ time ./copyji

0mO0.046s real 0mO0.404s
0m0.037s user 0mO0.384s
OmO0.008s sys 0m0.020s
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int a[2048][2048] = {1, 1}; int a[2048][2048] = {1, 1};
int b[2048][2048]; int main()
int main() {
{ mm | "int b[2048][2048];
copyij(a, b); copyij(a, b);
// copyji(a, b); // copyji(a, b);
} }

Lixmige—t, (BRITSRTAZELIE?

Segmentation fault (core dumped) ®

Why ?
BAERES, YmiEss: HEMUWZEHE: HX/)BR, 2 A8MVB
2048*2048*4 = 16MB
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Bl: —ANEEMARKEA SR ETAAKA

struct student { Int num[10000];

Int num; char name[10000][20];
char name[20]; .

}

struct student st[10000];

B ERINpREFNEMRG SN, LAWK IEEH
PR SF

B ZRAMFREFANAZEHGUMER, BAREEANLEH
dgnamedk, ..., W&AAGEIEEHIPEEST

B BFRBEAA A, HREFEBARRALEEEHFHEE
y R W
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