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HAERAB: LELEHREYW (C) .
FidAE % £ 49 (Pascal)
h 34 A% (Lisp. JavaScript)
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B C: malloc. free
glibc #ptmalloc, Doug Lea’s dimalloc L
= XA R A A5 BLE jemalloc,
TBBmalloc, TCMalloc (gperftools) %

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

B JavaScript$sh A X R KR 6E T
TZ 6T AR R g X 693R 58
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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
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TEREREEXH, MCES

B FHSHERTEND: A TFRASESCE, @3 X4 base sp k
17 19

B SREEPHIERBSIA. BFSHEPETE: LEAFSAR WA (ETHS
AR 7 e 3E)

B SETUEASREREE, OTUAEALERXRRET

B LIRG I 4E

APIEREE X

42 Ada. JavaScript. Pascal. Python. Fortran 2003+

B FEMggRe, AR R ASEIETEANERRELF
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sort
readarray
exchange
quicksort

partition
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[£]6.14
B AR (R )R ERE
sort

1
readarray 2
exchange 2
quicksort 2
partition 3
B T ENHERE: ACWAFHAMANIAENREREEAZLFORERAE
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B ARFRIEERLFHEMEL TR
o 1] pESRMEEZ e (L 3)
readarray 2 | [AIREREEN KR ] i3
| IEHERBNIEZ R T IR
partition 3 Iﬂjmwm*g p (1 3) p (l 3)
‘k, V K, v K, v
U7 7] B ] Iﬂ%* %] lﬂ%*
q(1, 3) q(l, 3) q(l, 3)
K, _}’% K, V% K,V K,V
V17 B - U 1) % i - i B
q(1,9) q(L9) q(L,9) q (L, 9)
a, X a, X a, X a, X
S S S S

KE: (WIFREMZARMH) ) BITHEFHZERERSEDR 8



) F DML LK S

University of Science and Technology of China

XTI E) R A4 K 5 0]

i 37 E %17 F R B3R 5] A
R TAZp WHERE AN, i AHKER
BAnMEEa, n,<n, 75 FathAlEL

k=3 k=

BREBREAN HIAEPARAKERE AN,
WidfEx, SHFR Q) n<n, n=n #HER



(@) enyibE DESEE: bk

JBR AL p MR BRAAN, T3 ARERAANNEE a, n<n, Joff
75 18] aky B 5% 3 T
B RBIMEH TR, £5iFF#n -0k
B A atgFHITAEIAENEFSNILE

B 54k 638 92 ) 4 B 3 T 2R KV
U7 7] -
sort 1 q (1, 3)
readarray 2 < \k: v
U7 0] 5% 1
exchange 2 q(1,9)
quicksort 2 a, X
partition 3 S
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(n,—n,, afk&HiERT 1)
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BRHEEREAN WAL piA AHEREHn f A2 x

1. n <n#HF L XA X F R EAEPTF
AR R AR 6 R A AR AR %ﬁ%\
F LR &Y 7 E) 4 o (1, 3)
B sortid Flquicksort. quicksortid A partition K,V
Vi
sort 1
q(l,3)
readarray 2 K,V
exchange 2 wltﬂ%_
1A q(L9)
quicksort 2 a, X
partition 3
S
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2. ny2n B phe x A a0y 9k B AL
W EIRIFFIEE N - n + LR BIA#S G BExA i 1]
DELI AR A ARA AL R BATE A LR e (1, 3)
e ) v = e s . L]
B AMNEDCRARXEFHITCE P T 35 Il
B4k A %08 1 6 R A 5 B T > (L, 3) >
. K,V
B partitiond Flexchange —t
'2 AR 1 : Vi R
Sor q, 3)
readarray 2 K,V
exchange 2 ik
quicksort 2 q(1 9)
iy a, X
partition 3
k= (RIFREBFRAH)) SITREFETEMNEALSER S 13
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program param(input, output); GZI2{ERSH)
procedure b(function h(n: integer): integer);

begin writeln(h(2)) end {b}; HANBERNXE
procedure c; param 1
var m: integer; b 2
c[m] 2

function f(n: integer): integer,; ; 3

begin f := m+n end {f}; N
begin m := 0; b(f) end {c}; /RS f'%;ﬂ;ah;‘]niéﬁ

begin SR s LU !
¢ b: (Integer—integer) —void |

end. c: void —void b(h=1)
f: integer —integer l‘
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program param(input, output); GZI2{ERSH)
procedure b(function h(n: integer): integer);

begin writeln(h(2)) end {b}; BAGRET LR
procedure c; param 1
var m: integer; b 2
function f(n: integer): integer; clm] 2
begin f := m+n end {f}: B3
LN, . ARX A
begin m := 0; b(f) end {c}; param
begin (|:
- WA BB B, EHE TR i
end. BENR TR, A )
=9k B85 4% Fm? L
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program param(input, output); GZF2{EREH)
procedure b(function h(n: integer): integer);
begin writeln(h(2)) end {b};
procedure c;
var m: integer;

function f(n: integer): integer; param
begin  := m+n end {f}; S[m]
begin m := 0; b(f) end {c}; f
begin
C
end. b &G 75 8] 4 3 VA 5

oy 77 o] 44

b: (integer->integer)->void

param

— — — —_— —_— —_— —_—- —_ —_- —_ —_ =
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program param(input, output); GZF2{EREH)
procedure b(function h(n: integer): integer);
begin writeln(h(2)) end {b};
procedure c;
var m: integer;

function f(n: integer): integer; param
begin  := m+n end {f}; S[m]
begin m := 0; b(f) end {c}; f
begin
C f4E A S Bt i, ©
end. AIALIE bt E R € 8995

o] 4% — A2 4% %

K= :

param

_’__\_‘{i_l‘ﬂ_ﬁ__:
<f, ©>p
m

(RFEREFEAR H)) BITHERTEREARSERE 18
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param
program param(input, output); GZF2{EREH) (|:
procedure b(function h(n: integer): integer); |_
begin writeln(h(2)) end {b}; b(T_f)
procedurec;, f
var m: integer; TR —
function f(n: integer): integer:; pa[)am f
b:e.gln f_:_: rT1+n end iy, _ c[m] 5'5;‘7:3}“: ’Eﬁ: : :;
gin m :=0; b(f) end {c}; £ <f\> |
begin m
c bif Af B, AtF#Eg R T
ktyiFElakEsfy 0 [T A
end. i 1P )
w2 (RERERRAG) seeEwsEnesl  param 19
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program ret (input, output); (GIIR{EHIREE) ot
var f: function (integer): integer; /
function a: function (integer): integer; 3
var m: integer; ‘
function addm (n: integer): integer; addm
begin return m+n end;
begin m:=0; return addm end; ] At
EIPERFMIIE

procedure b (g: function (integer): integer); A e i)
begin writeln (g(2)) end;

a: integer—integer ? &

begin %5@ alfyifia | addm: integer—integer
f:=a,; b(f) b: (integer—integer) —void
end. a: void —(integer—integer )
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program ret (input, output); (J‘iﬁﬂfﬁi}i

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

begin PAraddmit, atdiE ‘
f:=a; b(f) HILFELARFE, B addm
end. 2 magfa
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T EEHREE X

SHETAUERY R B ZE G B R BIE 5 R R R

B HIANEE (AEHBXLARK) : PRAFHCERMGFANEHLEF

B AR ET (BHERLLELCRIHZIFHINNRETE) PHFSHANRTE:
RO RAFHSHEX

B CiEs AFRK (B4 FAHREA
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X iﬁ%?‘&ﬂf G S
O iﬁé : 4= C++. Java. C#
B #E:342: 4e Python, JavaScript. Ruby

Zikh (Closure)

B RS AR 1R EE R & X A9 5] AR
function add(x) {

return function(y) {
return x + v;

}
}
varadd3 = add(3);  // add32ABIR, BERE(LiRkIZL)RE
// FEBHETHYER R {x =3}

alert(add3(4));
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FE (closure)
B AR AR AE 32 O 8 B2 | X Ag B AR
B AN ARG ARG E A

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

end

sum =0

function addsum( i)
sum = sum + |

end

do1l0times(addsum)
print(sum)

KE: (WIFREMZARMH) ) BITHEFHZERERSEDR 25



.‘E, N A - * (]

University of Science and Technology of China

wN7SAER L

ATFEBAEHWARAXZRALIESIRLF5| A
fi% 32 7T,

AL AR B, AP I EH3RE FIE LR
SR (BEFHITLRF)

KIF)SAER BT &

B XiplE. Xi7E




‘ ‘, ) [} » J’ {
2 - c ,T\1§IJ E}ﬁlb\‘?ﬁiﬁﬂ\j ﬁve@y oﬁngnd{ihnﬁgy O:Chg

program dynamic(input, output); dynamic[r]
var r: real; // A\\\
procedure show; show small[r] show smal [r]

begin write(r: 5: 3) end; ‘ ‘

procedure small; show show
var r: real;
begin r := 0.125; show end; showEdynamic & X,
begin shoth_iif 'B]f{ r %
r = 0.25: dynamic s & X &
show; small; writeln; PAT/EHIH -
show; small; writeln 0.250 0.250
end. 0.250 0.250

H
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program dynamic(input, output); dynamic[r]
var r: real; // A\\\
procedure show; show  smallfr] show smal [r]

begin write(r: 5: 3) end; ‘ ‘

procedure small; show show
var r: real; « dynamic ¥ 8 Bl #3show P iF
begin r :=0.125; show end; & &85 r £ dynamic¥ £ X &9
begin « small ¥ 8 B &g show BT 5 |3]
r-=0.25; a1 Zsmall ¥ = L&)
show; small; writeln; PAT/EHIH -
show; small; writeln 0.250 0.125
end. 0.250 0.125

H
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ERABSMEREIRIES

B Pascal. Emacs Lisp. Common Lisp(F&F ##S4ERAR). Perl (A #54
A 3%) . Shelli#% (bash, dash, PowerShell)

A
Y i

Al

https://en.wikipedia.org/wiki/Scope_(computer_science)
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Q) MMk pidnih LER
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B AEFEREETR, FROSZIEHNLFHE—ANFTHILEK

% 17719]

B ABNLFAEFIHE G462 B PG CH Y ATE

B YA EHHIAR, pAERLFNERAEHIKIERSERLENG FMEE
o NERFMERBLEPHN EFILER, BpWENERARFRE
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program dynamic(input, output); dynamic[r]
var r: real; // A\\\
procedure show; show  smallfr] show smal [r]

begin write(r: 5: 3) end; ‘ ‘

procedure small; show show
var r: real; )
begin r :=0.125; show end; &?g%%ﬁ ﬁﬁ—éii&ﬁ
begin(k & & 7 LIATH L)
r :=0.25;
show; small; writeln; r ? _
show; small; writeln .‘iy_”_a_”l'f_ -
end. ' ?
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program dynamic(input, output); dynamic[r]
var r: real; // l\\\
procedure show; show  smallfr] show smal [r]

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

var r: real;

begin r :=0.125; show end;
begin(k & % = L|ATIHL)

RN T  FAENRT

r .=0.25;

show; small; writeln; r 005

show; small; writeln dynamic__
end. ' ?

H
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program dynamic(input, output); dynamic[r]
var r: real; // l\\\
procedure show; show  smallfr] show smal [r]

begin write(r: 5: 3) end; ‘ ‘

procedure small; show show
var r: real;
begin r := 0.125; show end; AKX & X
begm(ﬁ éi'r HATH ) ARG B AENRT
show; small; Wr!teln; " W |
show; small; writeln dynamic_ |
end. r ?

KE: (WIFREMZARMH) ) BITHEFHZERERSEDR 33
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program dynamic(input, output); dynamic[r]
var r: real; // l\\\
procedure show; show  smallfr] show smal [r]

begin write(r: 5: 3) end; ‘ ‘

procedure small; show show

var r: real;

begin r :=0.125; show end, #AK ol

J i AR T AE T

begin(ik & & 7 LIATIHS)

r:=0.25; _small

show:; small; writeln: r 0.25 0'25.

. dynamic

show: small; writeln e

end. :

H
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program dynamic(input, output); dynamic[r]
var r: real; // A\\\
procedure show; show  smallfr] show smal [r]

begin write(r: 5: 3) end; ‘ ‘

procedure small; show show

var r: real; ,

begin r := 0.125; show end, HAK AR

Jt We R AR T

begin(ik & & 7 LIATIHS)

r:=0.25; _small

show; small; writeln; r 0.125 0'25.

. dynamic

show; small; writeln F 75

end. '

H
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program dynamic(input, output); dynamic[r]
var r: real; // l\\\
procedure show; show  smallfr] show smal [r]

begin write(r: 5: 3) end; ‘ ‘

procedure small; show show
var r: real;
begin r :=0.125; show end; #5K R KX
begin( & & & LIRATH L) 1 ARG T B BAA T
r :=0.25;
show; small; writeln;
: r{ 0.25 .
show; small; writeln dynamic
end. r| 2 ]

H
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Eﬂﬁi(call by value) FEALLL% G

=7
B EAMAAELHIARNIAE
{EARARRTRESCIN /5%
B RHAUEMAEIENERLER, BLAWAMEAAZIAGEN LK
B ARSAEAELES, AL ERNZRBAAIEH LG EEELTE
1|:||=|'j__1§|.|
B C. C++, Pascal
O HHAL B RGNS AL, AT RS ek s 5]
B Go¥)REfFik
O XJTslice. map. channel&, SEBR R A% )R ZE im0 51 H
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3\ ) > k .
§|Fﬁﬂﬁ§(call by reference) METACh T

TR
B SRR AAAARAR AL

O S|AARNAEESEIN A
B AR ESR, EREMAANRRERSTAEN L EEET
B AARARIARN BARRGF, AT A5 AR I LRI S AR A
O BES =6
B PascalP#yvarsd, C++Ho ezl A LA R LK (Ieint &)
B Python¥ st £ 5| A48
O "% (R, FHE) o XEMRE B R JFEEX R
O ArAEXNR (WFEE. Fr/FH. udS)  BIUXEXN REAE RGN R
O i copy Bk (3 5 1 copy () BRI & 1l deepcopy() B& ¥ AT 5 AT 48 Xt 5 4T 5 i
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TR
B AESREXSH ST ER B, REBRAT
procedure swap(var X, y: integer);

4 3

var temp: integer; 1) 4= - 1A Flswap(i, a[i])
begin B}LERE: temp:=i;
temp :=X; | :=ali];
X =y a[l] :=temp
y :=temp
e SF A BRI
#HE:L»TEIEE%

H
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?ﬁzﬂﬁﬁ(call by name) FEAZLAL %S

TR

B AESREXSH ST ELR B, ABHIAT

{55 F A SE3

B EERFRABRET, FHLENAETCRAURS A CER

B RAABRRAIAENEHRLTHEIHRSL, iR 3N L FRFX A
1EERNL

B C/C++: inlinex4 5, Rust: #[inline] &%

B Java: %iFE R E L ABRRAL; Go: %id R 69 MBI

4 3
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O f: HFEEHTHRENRIE

B C: malloc. free
glibc &yptmalloc, Doug Lea’s dimalloc;
B HH KR AEHBE R jemalloc, TBBmalloc, TCMalloc (gperftools)

B C++:new, delete
“Foundations of the C++ Concurrency Memory Model”(PLDI2008)

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

B Go: new, Garbage Collection
The Go Memory Model

B Rust: ownership; new. drop/dealloc
https://doc.rust-lang.org/book/ch04-01-what-is-ownership.html

KE: (RIFRBEMEA H) ) BITHEHEZERNARSERE 43


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/
https://www.hpl.hp.com/techreports/2008/HPL-2008-56.pdf
http://www.cs.kent.ac.uk/people/staff/rej
http://www.cs.kent.ac.uk/people/staff/rej/gc.html
https://go.dev/ref/mem
https://doc.rust-lang.org/book/ch04-01-what-is-ownership.html

FEBLLAX S

rsity of Sci and Technology of Chin

AEE

B AEPNERES:
B FRERANHK:

REE

b

BN AEE TN

2%, RN 7 77 B #% (allocator)

kw7
HEL. EL

IA] |

1

7

~

B TEERE: BRIAEFEEHB TN LS
B EEERNE: BARAAAET A%, RS RETER—%

m

'H'l'

: o BlAe EKCBRAE BT LT 18] 2 BN R PRAT B TR) o A b R
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https://item.jd.com/12553439.html E6kk
Computer Architecture, Sixth Edition: A Quantitative Approach, 2019

&

or c\o%

e, pec™™
“ce and Te

CPU

Flash
Register Level 1 Level 2 Memory mernory
reference Cache Cache reference reference
reference reference
Size: 1000 bytes 64 KB 256 KB 1-2 GB 464 GB
Speed: 300 ps 1 ns 5-10nNns 50—100 ns 25—50 us
{A) Memory hierarchy for a personal mobile device
L1 L2 L3
c c C Memory
cPU a a = bus Memory Storage
c c c
1] n g
= = = Flash
memo
Registar Level 1 Level 2 Level 3 Memory referenrge
reference Cache Cache Cache reference
reference  refersnce  reference
Laptop Size: 1000 bytes 64 KB 256 KB 4-8 MB 416 GB 256 GB-1TB
Speed: 300 ps 1 ns 2—10 ns 10—-20 ns 50—100 ns 50-100 us
Desktop Size: 2000 bytes 54 KB 256 KB 8-32 MB 864 GB 256 GE-2TEB
Speed: 300 ps 1 ns 3—10ns 10—-20 ns 50—100 ns 50-100 us
(B) Memory hierarchy for a laptop or a desktop
'g Disk storage
o bus
£ 2 Memory
c
e Flash storage
Register Level 1 Lewvel 2 Lewvel 3 Memory _
referance Cache Cache Cache referance Disk Flash
reference reference  reference memory  memory
reference reference
Size: 4000 bytes 54 KB 256 KB 16-64 MB 32256 GB & 64 _
Speed: 200 ps 1ns 3—10 ns 10—20 ns 50—100 ns 1 = 1-18 TB

5—10 ms 100-200 us 45
{C} Memor}" h|er8rchy for server


https://drive.google.com/file/d/1i4dY8jOw_lcx5PN69WaskMDTQPHlyEW8/view?usp=sharing
https://item.jd.com/12553439.html

AMD Opteron &P REHBLIERRES FEBRZLL% S

Etﬂ’,ﬂt 63 48| 47 39 38 30 29 21 20 12 |11 0
?(1](1) T (1) or Page-map L4 | Page-dir-pir |Page-directory| Page-table Page offset
Page-map L4
base addr (CR3)
Page-map L4 table
Page-directory
pointer table
Page-mp entry Page-directory
: table
Page-dir-ptr entry | Page table
Page-dir entry »GE’
. Page-table entry
W Dbk | :
BRUFERS129%H, A 9 bits &5
‘ Physical address 1
m48 bitsﬁﬂi’,ﬂt;l%i}%40 bits%ﬂﬂﬂtﬂ:ﬂg%ﬂt Physical page frame number | Page offset

Iﬁ Main memory
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OpteronZUETLBAYIE(E YRR LAL%S

3= (TLB, Translation look aside buffer)

Virtual page  Page

3
o =
Sz

number offset
<36> <12>
OME: KEEBIEEE TLB, {EEWRASMFEN
<1> <1><1> <36> <28>
@ @ V RW US D A Tag Physical address
- XERTLBB405:
-
-
-
(Low-order 12 bits
= of address)
<12
R Y _ Y YY) / > 40-bit
®— 40:1 mux <28>  (4) physical
®: EERMIFEAIEIT40:1 SHERELEIRMERS - address

(High-order 28 bits of address)
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https://en.wikipedia.org/wiki/Translation_lookaside_buffer

o ’ g J: '
Intel Core i7 FEAZLL LS

IE{ERNFEFRR: 25GB/s; EA4SNERIbE, 36r4pEEbhlr; #Lk TLB

Characteristic Instruction TLB Data DLB Second-level TLB
Size 128 64 512 TLB
Associativity 4-way 4-way 4-way %1‘@
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 CaChe
| Access latency 4 cycles, pipelined 10 cycles 35 cycles ] Qj:m

Replacement scheme Pseudo-LRU Pseudo- Pseudo-LRU but with an —H

LRU ordered selection algorihtm
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*EF' BEBtE (locality) FEAZLL %S

X %2 RALF 69 K350 B AERST— DHSRAD, FFHAB R — 35K
B 18] /&R 14 (temporal locality)
A2 5517 5] 69 N A5 LAE AR AL 69 B 18] ) *T 88 B R AR AR 5 17 9]
23 18] /&R M (spatial locality)
BLARAK 37 7] 3 LY ) A S A AR AT 69 B TE) ) T AE AR 3 19
BUFIHER

B CacheZE= A k. RULE H AL AEcached
B KT HEAR LI H K= AR B3R
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FOAZLEL*XS

University of Science and Technology of China

) 261 MEHELRE

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[jl

}

void copyji (int src[2048][2048],

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

Lixm 0 eENee. Six—iF, (BRITRIE—RIS?

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

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

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

}

$ time ./copyij

$ time ./copyji

0mO0.046s real 0mo0.404s
0mO0.037s user 0mO0.384s
OmO0.008s sys 0m0.020s
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FOAZLEL*XS

University of Science and Technology of China

int a[2048][2048] = {1, 1};
int b[2048][2048];
int main()

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

int a[2048][2048] = {1, 1};
int main()

int b[2048][2048];
copyij(a, b);
// copyji(a, b);

Lixmige—tF, (BRITSRTAZELIE?

Segmentation fault (core dumped) ®

Why ?

2048*2048*4 = 16MB

RMERG, HiFes:

2N ZRE) AR F: He K/ BBR, M38MB
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ESWIJ eSS YEAZLA S

Bl: —ABHERKEA S HFRETAARKA

struct student { Int num[10000];

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

}

struct student st[10000];

B FRINFREEFNERRG SR, EAEIE LIPS

B ZR AR EENEHNUMBR, BAEENEHOnamedR, ..., WAL
a9 X 37 By SR PR BT

B SFRBLAARE, HREFBRIACRALGTTEFRBEELEARA
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