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e = n integer
x variable
Az.e function
ee application

ifOeee application

ete addition

refe memory allocation
e:=e assignment

le dereference
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procedure f(x) = if x<0 then 1 else f(x-1)
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// Each node has one visit bit.

// Each pointer has one flip bit.

//

// mark: node pointer X node pointer — unit

// mark(c,p) marks every node reachable from current node ¢ and previous node p.
// Assume the graph is given.

// Assume that initially every mark bit and flip bit are 0.

// Assume that initial call is mark(R,null) where R is the root node of the graph.

mark(c,p) =
c—visitBit = 1
if moreToVisit then
let c—next be an unflipped pointer whose target is not visited
?
?
?
mark(tmp, c)
else //no more next to visit from current, then go back to previous
if moreToGoBack then
let p—next be a flipped pointer
?
?
?
mark(p, tmp)
else return
// where
// moreToVisit = exists an unflipped pointer from ¢ whose target is not visited

// moreToGoBack = exists a flipped pointer from p

Y FEofAM "alt mrel= Al 7He] W<(c, p, tmp), 123 2o} 2SI
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e = T variable
Ax.e  function

ee application
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| refe malloc
| e:=e assignment
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le dereference
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let y = > (x+1) in > (Ax.,y)

let power x n = if n=0 then 1 else x * (power x (n-1))
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let spower n = if n=0 then ’1 else ’(x * ,(spower (n-1))) in
let pow3 = ’(Ax.,(spower 3)) in
(run pow3) 2 --- (run pow3) 8 ---
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[Now on in English]

e = n integer
| variable
| {x := e} record
| {3 nil record
| ex record field
|  x:=e assignment
| e;e sequence
|

let =z e e local block

x € Var variables

v € Val = Num + Record values

n € Num numbers

l € Loc locations

r € Record = Var 3 Loc records

c € FEnv = Var™ Loc environments
M € Memory = Loc=3 Val memories

fin

Notation: A — B is the set of functions from a finite subset of A to B. Let f
be a function {a — 1,b +— 2}, then we write domf for the domain {a,b} of f.
We write f[2/a] for a new function {a — 2,b — 2}, and f[3/¢] for {a — 1,b —
2,¢— 3}.



The semantics rules precisely defines the execution of D expressions; they

define how relations of the form
oMb e= v M

to be inferred. The relation is read “expression e computes value v under envi-

ronment ¢ and memory M.”

Definition 1 (Expression’s semantics/execution) An ezpression e’s exe-

cution is defined to be the inference tree for (o, M\ e = v, M'). If there is no

such o, M,v, and M’, then the expression has no meaning, no way to execute.
In particular, program e’s execution is the inference tree for 0,0+ e = v, M')

for some v and M.

[Int] o MFn=mnM

M(o(x)) =wv
oMFx=uv,M

[Var]

ooMFe= v, M I & domM U domM’

[Rec] o, MF{z := e} = {z — 1}, M'[v/]]
[NilRec] oo MF{}={},M
Fiold o MbFe={x—1},M M) =wv
[Field] o, M&Fex= v, M
Assi o Mte=v M o(z) =1
[Assign] o, Mbax:=e= v, M/l
o MtEe = v, M o, M’ ey = vy, M”
[Seq] O',M Fer ; €2 = UQ,M”
et oMb ey = v, M’ oll/z], M'[v1 /1] F es = vo, M I & domM U domM'
e

o, MFlet z e ex = vg, M”

Definition 2 reach(o, M) is the set of locations in M that are reachable from

10



the entries in o. It is the smallest set that satisfies the two rules:

1l € reach(o, M) M) ={z—1}
' € reach(o, M)

o(x) € reach(o, M)

Now the correctness of the garbage collector idea hinges on the following

theorem.

Theorem 1 In the inference of (o,M + e = v,M’), the set of used (read or

written) locations in M is included in reach(o, M).

The proof of the theorem needs the following lemma:

Lemma 1 If (o, M F e = v, M') is infered, then reach(c, M) 2 reach(c, M')N
domM .

Both the proofs of the theorem and the lemma can be done by induction on

expression e. You are challenged to complete the two proofs. O

Challenge 8 (1A AF%) “Srtof| &

Aol =2 g Ao]E(OCaml, Scala, Rust, Haskell, Python, JavaScript,
Crld, C#, F# 5 F42 4487 08 & A AZT @47t oleh o2
dolels} the ) gt

o] A 1A 2 0] A, APFo B do] dojd A& vl 2HF
o2 dEahe £ Dk Zolt 6, 1 T 1ed ddole] aS
GaroRdid, B4 @47k oltold TEEE AS dEets E(ER1M)S
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o) 23 FFE U AS Bt o £4E A He!
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312k 4ol A T qlof o] Qey.

ifzeee branch

e = n integer
| = identifier
| Azee function
|  fAz.e  recursive function
| ee application
|
|

e+e addtion

(Af.(Az.(f 0) (z 10))) (\y.(Az.x +y) (Az.2)

el

flo] AellA A2 Al ZH7EF =Tl (f 0, 2 10, (f 0) (z 10)) o] 450l oH
I &5 2 A€ vlE dlSste Aot

d

Atz oz Bz 9ol BE Antck 1 Alo] A AN WEAHE F4E)
AL el Zahe F Zolth. 1 AEe] B WAL AT E 4 glod ek
o WA 0] W (unknown): Foizl L2Ie] RE Anitt MEE Eol1
ng 9 WSS BE Tk sk WAl Wt thed) 2k W
Xi & i A9 A9ANE e FHASY Folth. WA X, = ZE I
W% 27k 7B B g5 AEe Wgelt
o AY WAL ASE FH: 0] FHES A ZRIYALS G Fou
HpAAlo] Belith. Y WAA Bl thewt 2e B2 BAw
E = X D setexp
| EAE
setexp =
| {Az.e}
| X
| Xay
| Xu)y
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So] AFH 0= Hold PRtk Pt M YA A9 E
#olsh Az oker
n, =X; 20 ri X D[]
€L |— E €L }— E
(Az.ep)i b (X; D {Az.ex}) N E (fAzep)i b (X; 2 {hzep}) N[ ] A FE

€m - El €en - E2
(emen)i F(Xi 2[-- ) A Er A Ea

(X1 D setexp;) A (X2 D setexpy) A

WA AE(X; D setexp;) R gl A
L A& =7)e= Aot} ¢ o)A+
7V Al & o) 7HA]. oA B A kst 27k off 2] of what F7tgt

X2y  Yo{ire} X2y Y20
X 2 {\z.e} X 20
XDYUZ X2Yaz YD {le}
X2>)Y X2z X, 02 X2X;

3 AZO] FHL A | AHLS ees] AL @A ol FAole,

YA AL BT E A0 A QA H S Aukshs Aolth. A7} V-
$%-20| ATE /IAF) H1 (X 2 YA Z), Y7} ol F4AAE A
072 (), B4 A4 Xo 28 /A 52 (X, 2 2 524 23y
150 BEA 6,0 AT} X, 5 74 "ok (X 2 X,).
W40 off: 910 WAlow BE moprby Ak Btk ZeIde 7
SS9 el RS AE R el YA A4 X
e gotgo] me WAHAFo A theTt 2o Pulg 5L nE mow
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Challenge 9 (29A A<%) “K-- + o JAaFA 2"
27 6, “SM5" 9] SHolet. 941 K-—7} SHAIiet. o918 (exception
handling)7} 7}53tE 2

Al Expression E —
| raise

| try Fhandle E

Hl= Javat} MLo A AF& = oel4ao) ofnle} 2k &, sjLte] o)

l 35yt o)
B a2 A7 52 (FILR, CO longjup/setjmpe] o dFA S 91
Zio)tt.)

o raiset= QRS WE ARt W, A At AR HET A

e try F; handle Fy = .
W orE7] gk o, dedsto]l AT A EyE ARGt FH| G
Ao]tt.
oln| theat gt 9 E,S ARG AL Zof dlejatslo] BEgsHA]

%E}Dq E14 A7} 919 try-219] At By Astgol| o el/dgdo] HAY
St Axrsta 1 A7t 919] try-Alo] Auprt "k 208 AL B,
4 °“-t4 = %17 (environment) & @] (o 214k A 2] 419]) go]et.

- 9qs &
try interest(e) handle interestzero(x)

2 interestE T &3 o] TEAA} thA] divideE TEFCHY
S aividel AFA] LRgrol 09149 I FES YA 2
Slolglck s

Case 1: interest(e) & APFol oeldgo] WAYstA] ¢Fal FAF &

CEEREEE R REEE R
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Case 2: interest (¢) & AdfFof R Zto] 021 A7 HAYSHH, =
Aol FEEIL ZrkE o A E] A<l interestzero(x)E At
Sp 511 1 2317} S4e] A19] 23} ek of o xi try-2e] f7e]
U= xofofRttt.

- Eoe 9=,

let procedure bar(x) =
( let procedure k(n) = if x-n = O then raise else x+n
in k(x) )
procedure choo(x) = x+x
procedure foo(x) = try bar(x+1) handle choo(x)

in write foo(10)
99| m2 e 208 TAES Hrt.
oA, Yo o] AFojd o dFE SM5E LFA7]7] SIshA, SM5S 4
S| A SMbeh& 11QH5Fa1, SMbeh2 ¥ 96h= HIoFS 119tste}t. SMbeh:= 7] 9]

SM5E 2 W A2 e RET RS BPolE Wrkshe oz Folstet
WMol e st I SMache] OIS e RES AZFt O

Challenge 10 (327 &%) “d2d571: A=t
1A

-
chedt 2o A0l A os AgEe ?101—2— 2t

e = variable
|  Aze function
| ee application
| n integer
| e+e addition
| ifOeee  branch
| raise exception raise
|

ehandlee exception handling

“raise” = QS HAYA7]= FH o], “eq handle ex” = e1= A Ysirirt
A7t P EH exE AWSHA Hrt. e, 9] APZFol d<f7F LAY FOoH ey
o] zrol A 49| Askgro] Tk, ‘410”4 A Ae] gro] vold A A%
A4Sl of U AlA A2 A4ttt
A==
10 4+ 1 handle O
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((Az.1f0 x raise 10) 0) handle 8

o 88 Apraict
((Ax.if0 x (raise handle 1) 10) 0) handle 8
= 1= ALt

(Ax.if0z 1raise) 1

2 AR Q)& Aot Alo] gleng, Agjo] giztr] Wit
let-Ag2 A & o 59,
let
f=Ar.ifO0Ox raise 2

in
((f 0) handle \z.z) (f 1)
end
< 25 ALttt
let
k=M.f (Az.2)
in
((k Ax.x) handle A\z.x) (k Ax.raise)
end

+ AR QS H2|skA] Zstal Aol ghAr] "eEt
FTAAI T 2 eI A AEl (simple type system)-& 2 otet. T1EfA] &
H B A" Bt 22O ARl AR HA e At fitt=
B, Te 3 ek A4S Qs TSk ueES Holstet
© Z2OE HsiA, Aldi2 e 2235 YIS Aolx
Al7lE ot 4= ook shal, Al 2 =7] e Z2IHEL BT Wobso]|

Challenge 11 (22HA A% “0 22 let-thd €]
FAAIZ] ZFolet 2, Ty B 2412 (let-polymorphic type inference
riles) S& R WS Aot Pewo] Qi A9 DAL UE 1] 24
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/\] A Eﬂ”

I'HFE:T
I' Fmalloc F : 7 loc
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I'HFE:T1loc
TH'E: 71

I'E{:7loc THEy:T
I'FE{:=FEy:T1

F"EllTl F"EQITQ

'EEy; By
'tE:7 T+2:GENp(T)-E :7 o
I'Fletz=Ein E : 1 —expansive
. ) .
'HE:7 F+x.T|_E'T6$pansive(E)

I'letz=FEin Pk : 7

expansive(n) = false

expansive(x) = false

expansive(A\x.E) = false

expansive(FEy FEy) = true
expansive(let x = Ey in Fy) = expansive(E7) V expansive(Es)

Q0] FHRT} 6] £ el FE 7L TAASIL  FL o4 gugaa}
o, A HE 7 2jo] ehdstehe AL 9T Wak gAT, 7120 WAl
AT 57 gAY W El xe 2
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