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Rules for commands

Atomic commands:
(skip,o) — o

(a,0) »m
(X :=a,0) = o[m/X]
Sequencing:
{co,0) = 0" (e1,0") =0’
{coic1,0) = o

Conditionals:
(b,0) — true (cp,0) — o’

(if b then ¢g else ¢;,0) — o’

(b,0) — false {c;,0) — o'
(if b then ¢, else ¢;,0) — o'

While-loops:
(b, o) — false
(while b do c,0) — o
(b,0) — true {c,0) — o” (while b do ¢,0") — o'
{while b do ¢,0) — o’

Aot H HL2lotl) Ololiot= & & (Semantics)

Ol Jlg =2 std=0l et Z=1cH 2 210101 LHoll
Olaflg == /= #&E= M= Bt=1, §4/slot=0
MEE + AsLICL”

Proposition 2.8 Let w = while b do ¢ with b € Bexp,c € Com. Then
w ~ if b then c;w else skip.
Proof: We want to show

{w,o) — o iff {if b then ¢;w else skip,o) — o',

for all states o,0'.
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ALIOIE &&510{ BAOIE
& ] [e]

Object & Class

AE AMHEE T2 0HY 10 22

T =3 A
Expression(4!) State(& EH) ype (%) (AX2FBHL)
LET B4E A EXPLICIT-REFS CHECKED CLASSES
(Lambda calculus) : '
E TYPED-OO
PROC |
i Module (25)
v
LETREC IMPLICIT-REFS INFERRED SIMPLE-MODULES
Continuation E
(Ce a8 |
Y
LETREC-CPS OPAQUE-TYPES

T
1
1
1
1
- N 6

EXCEPTIONS THREADS PROC-MODULES




T2y Ao = AlSH & =x|
=7 018 &l Sl 24 AP = 53 Note
LET D208 89IAE JIE 0152 Y9l (Lexical scope)
Al _ — = 0 Ay
StEA ™ O
(Expression) PROC Sk i (Lambda calculus)
LETREC M &2 Immutable 2 &
A EXPLICIT-REFS FaE M UR= ZoH 24l C/C++ EOIH
AtE
(State) _ _
IMPLICIT-REFS FAE UEHEHOZ IR YA YAl Java dllIH& A
LETREC-CPS TS A fgez dE)| A3 &=ME 24
Kot == EXCEPTIONS olel Mzl
(Continuation)
THREADS HEIAHES FEA
CHECKED Etel ZAL
Eted
(Types) o ° = = o=
INFERRED SUIAOIE 2els &8 2t Bt RF 2
SIMPLE-MODULES 2hCESE SHEHC 20 CIE HIOl A
k=, = Structure, opaque types, functors
= PAQUE-TYPE DE Y B & t tt » opaque types,
(Modules ) OPAQU S = U &t (Opaque and transparent types) (SML and O'Carn)

PROC-MODULES

& 2= (Module procedure)

kJ

o

QIxtz &

gt

i
rr
0

2s Gt

M2 SeHA
(Objects and
Classes)

CLASSES

el A, A, AHHIOI A, &5, super, self, new, overriding

TYPED-OO

HHXE T2 Bt HAF

Java-style inheritance
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LET & O]

24
=

Step1. Gl Hl+& & 2 1t
33 simple arithmetic
(positive-const "11" 11)
(negative-const "-33" -33)
(simple-arith-1 "-(44,33)" 11)

nested arithmetic
"-(-(44,33),22)" -11)
"-(55, -(22,11))" 44)

33
(nested-arith-left
(nested-arith-right

;3 simple variables
(test-var-1 "x" 10)
(test-var-2 "-(x,1)"
(test-var-3 "-(1,x)"

9)
-9)
33 Simple unbound variables
(test-unbound-var-1 "foo" error)

(test-unbound-var-2 "-(x,foo)" error)

AR

* positive-const  : HIAEHOIA OIS
* 419 D2 T)Y HAE

* 11 c Al Z 0t

A

—/

nested-arith-left : HAEHOIA OIS
*4.((44,33),22) ED20 HAE

A

A
- =
*

R4

[

* 11 s aled A
4=

* test-var-1 HIAE HOIA OIS
* fye? U ) HAE
*10 EALR =L |




LET & O]

Step1. Gl Al+& e Z 1t

33 simple conditionals
(if-true "if zero?(@) then 3 else 4" 3)
(if-false "if zero?(1) then 3 else 4" &)

H Al

—

if ...then ... else ...

* P

001 X| & Alct= &
33 test dynamic typechecking * ZerO?( )
(no-bool-to-diff-1 "-(zerc?(8),1)" error)
(no-bool-to-diff-2 "-(1,zero?(@))" error)

(no-int-to-if "if 1 then 2 else 3" error)

35 make sure that the test and both arms get evaluated

33 properly.

(if-eval-test-true "if zero?(-(11,11)) then 3 else 4" 3)
(if-eval-test-false "if zero?(-(11, 12)) then 3 else 4" 4)

33 and make sure the other arm doesn't get evaluated.
(if-eval-test-true-2 "if zero2(-(11, 11)) then 3 else foo" 3)
(if-eval-test-false-2 "if zero?(-(11,12)) then foo else 4" 4) 15



LET & O]

Step1. Gl Al+& e Z 1t

XS H 4 A O1A (let-in)
;3 simple let *let v=...in ... v ...
(simple-let-1 "let x = 3 in x" 3)

;3 make sure the body and rhs get evaluated

(eval-let-body "let x = 3 in -(x,1)" 2)

(eval-let-rhs "let x = -(4,1) in -(x,1)" 2)

;3 check nested let and shadowing

(simple-nested-let "let x = 3 in let ¥ = 4 in -(x,y)" -1)

(check-shadowing-in-body "let x = 3 in let x = 4 in x" 4)

(check-shadowing-in-rhs "let x = 3 in let x = -(x,1) in x* 2)

=>LET A2 1& &3t 52801 2[(]



LET A
Step2. 2 XO| (BNF 28)

Expression —> integer_number

Expression —> — integer_number

Expression —> - ( Expression , Expression )

Expression —> zero? ( Expression )

Expression —> if Expression then Expression else Expression
Expression —> identifier

Expression —> let identifier = Expression in Expression

~NO OV S WN —

OlE¢clel Mt (Haskell) : YAPB (LR J18t)

S8, 228, 4=, IRQEOIE MY 252 SROID HS Z2HLUAN 2 SNE HEole ITA 8d &7, F2BSE =2 (A ZEAH XL S ), Vol.47, No.1, pp52-60, 2020 1.



LET & O]

Step3. H& =& L (Abstract Syntax Tree, AST)

type Program = Exp

data Exp =
Const_Exp Int
| Diff_Exp Exp Exp
| IsZero_Exp Exp
| 1 f_Exp Exp Exp Exp
| Var_Exp ldentifier

| Let_Exp ldentifier Exp Exp

type ldentifier = String

ke Ol

“-(44,33)” => Diff Exp (Const_Exp 44, Const_Exp 33)

“if zero?(1) then 3 else 4”
=> |f_Exp ( IsZero_Exp (Const_Exp 1))

(Const_Exp 3) (Const_Exp 4)

L

“let x =3 in x” =>Let Exp “x” (Const_Exp 3) (Var_Exp “X”)

18



LET & O]

Step4. &t (Expressed Value)

-(4,1)2 21t 2

data ExpVal = * Num_Val 3
Num_Val Int zero? (-(4,1))2 Z 1t 2t
| Bool_Val Bool * Bool_Val False
EEpVaI ErS Num_Val :: Int -> ExpVal Int :}%
(HSE = CEEES

) —
Num_Val 123 <==> 123
.. 7

expval_num :: ExpVal -> Int

19



LET & O]

value_of
( Diff_Exp (Const_Exp 44, Var_Exp “i") )

(Num_Val 1) empty_env)

“ ”

Step5. &2 & )| (Interpreter)
(extend_env “i
-SHAI 28 DX => gf = Num_Val 43
- value_of :: Exp -> Env -> ExpVal
{i=>1,b=>true}
extend_env “i” (Num_Val 1)
[?Sjl_] 5H Env: B2 0|2 => gt (extend_env  “b” (Bool Val True)
empty_env)
He= o gts 2 S30A 2D
apply_env (...)“” =Num_Val 1

extend_env ::
apply_env :: Env -> Identifier -> ExpVal

empty_env :: Env
Identifier -> ExpVal -> Env -> Env

20




LET & O]

Step5. &2 & )| (Interpreter)

- value_of :: Exp -> Env -> ExpVal

TEE 2) —

Num_Val 123 <==> 123

= Num_Val :: Int -> ExpVal

N 7

expval_num :: ExpVal -> Int

value_of (Diff_Exp exp1 exp2) env =

let val1 =
val2 =

num1
num?2

in Num_Val (num1 - num?2)

value_of exp1 env
value_of exp2 env

= expval_num val1
= expval_num val2

AFRE exp1S HAHGHLD,
| A AXE exp2E Al A

val1, val2 :: ExpVal

—

ExpVal =X A ==& == XH(Int)E HLH LD

num1, num2 :: Int

A
"/”’JT%

st = XH(Int)E ExpVal =Xt & E& 5t
Num_Val (num1 - num2) :: ExpVal

21



LET & O]

Step5. & 2 J| (Interpreter)

ol
Efp_VaI EF S Bool_Val :: Bool -> ExpVal
osic =22

I
(HEE =8) o

32
9 m
oo
1
4o

Bool Val True <==> True

N 7

expval_bool :: ExpVal -> Bool

- value_of :: Exp -> Env -> ExpVal

let val1 = value_of exp env i
let num1 = expval_num val1 in

value_of (IsZero_Exp exp) env =
J ExpVal == X0 A “==8 == XH(Int)E THLH L2

HAE & OIAAKX A exp Hl 4t
val1 :: ExpVal

num1 :: Int

]

if puml ==
then Bool_Val True

else Bool_Val False — 2Ab 202 ExpVal 222 E 8

“1 =Xt num1Jt 021Xl & At

Bool Val :: Bool -> ExpVal

22




LET & O]

Step6. & )| <& E HIAE

ghci> run "11"

Const_Exp 11

11

ghci> run "-(44,33)"

Diff_Exp (Const_Exp u44) (Const_Exp 33)
i B

ghci> run "zero?(e)"

IsZero_Exp (Const_Exp 0)

True

ghci> run "if zero?(1) then 3 else 4"

SISOl &S MQE LHK DES(TA, A 2
TE Mol 2 Mol -2IEHY 2tolZedel)E MIBotL,
HAE HOIAS 25 S5t A#I| RES PEGHC
AEGE= A

|

If_Exp (IsZero_Exp (Const_Exp 1)) (Const_Exp 3) (Const_Exp 4)

i}

ghci> run "let x = 3 in x"

Let_Exp "x" (Const_Exp 3) (Var_Exp "x")
3

ghci> :q

Leaving GHCi.

23




LET & O]

o
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—
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J)
IS
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o
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o
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<1 Ko
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oK

0]

Step6. & )|

p expl exp2) env =
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value_of
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letlang
./app/letlang/examples/positive_const.let
LET OI_-I O—I ./app/letlang/examples/negative_const.let
./app/letlang/examples/simple_arith_1.let
./app/letlang/examples/simple_arith_var_1.let
./app/letlang/examples/nested_arith_left.let
Al SH A E ./app/letlang/examples/nested_arith_right.let
Step6 =< jl (Interpreter) E” - ./app/letlang/examples/test_var_1.let
./app/letlang/examples/test_var_2.let
. . ./app/letlang/examples/test_var_3.let
- $ StaCk teSt Ch3teSt|et|ang-teSt ./app/letlang/examples/test_unbound_var_1.let
./app/letlang/examples/test_unbound_var_2.let
./app/letlang/examples/if true.let
./app/letlang/examples/if false.let
./app/letlang/examples/no_bool_to_diff_1.let

_O= 2 E ) &5L0 ./app/letlang/examples/no_bool to_diff 2.let
4 TC =2 o J»" O|' — ./app/letlang/examples/no_int_to_if.let
./app/letlang/examples/if eval_test_true.let
ol O = =| = | S ./app/letlang/examples/if _eval_ test_false.let
LET &2 2[0|1E &gl &)

./app/letlang/examples/if _eval_ test_true_2.let
./app/letlang/examples/if _eval test_false 2.let
./app/letlang/examples/simple_let_1.let
./app/letlang/examples/eval_let_body.let
./app/letlang/examples/eval_let_rhs.let
./app/letlang/examples/simple_nested_let.let
./app/letlang/examples/check_shadowing_in_body.let
./app/letlang/examples/check_shadowing_in_rhs.let

Finished in ©.4150 seconds
26 examples, © failures

25



A2 EtY AR Z=II2] etol

- A3I|0F

LETRECCPS
(952+91)

SIMPLEMODULES
(782401), EFI 2 ALD|
(1482}21)

6|_C§

4 —,

PROC (622}9!)

EXCEPTIONS
(1422}21)

OPAQUETYPES
(822+01), EFQI 24 ALY
(2322491)

e L

2 (50~364¢2} 9
X

— | —  —

LETREC (64ct9!)

THREADS (2032t9!)

PROCMODULES
(932491),
EFRI 2 AFD| (2712101)

NES

EXPLICIT-REFS
(962491)

CHECKED
EtA H AFII(1012H2!)

CLASSES (1732}9!)

IMPLICIT-REFS
(852+01)

INFERRED
Bl =7(1122+01)

TYPEDOO (1952}91),
EFel 24 AFDI(3642+0))

26



LET AHE

LET

for

()

J

PROC

Step1. Gl MI+4&! & 2 1t

F&6H0 PROC 101 & |

(1):

“proc(x) -(x,1)”

27



X}

U
o

LET &1 0f

Step2 = =(BNF =5)

ot PROC 2101 21

- Expression -> . . .

L7

28



LET HHE & &
Step3 A4l 2 2L Fo &H

type Program = Exp

data Exp =
| Proc_Exp Identifier Exp
| Call_Exp Exp Exp

type Identifier = String

cf. Expression -> proc ( identifier ) Expression
Expression -> ( Expression Expression )

29



ot0{ PROC 101 £ H|

PR

for

=
LET 5 HE &8
Step4 20| gf 2| & &
=int _
22X (Closure) : 2 & + &t&
- 2 & (var + body)
- 2t (saved_env)

data ExpVal =
Num_Val {expval_num

| Bool_Val {expval_bool :: Bool}

| Proc_Val {expval_proc :: Proc}

-- Procedure values : data structures

data Proc = Procedure {var

|dentifier, body :: Exp, saved_env :: Env}
i.e., Aval. value_of body (extend env var val saved _env)

=8 T Z Al M (Proc)

30



for

LET AHE

o

J

Step5 &/ )| &t &
- value_of :: Exp -> Env -> ExpVal

LA X O

@)
o —

gol

value_of (Proc_Exp var body) env =
Proc_Val (procedure var body env)

r&ot0d PROC A0 & A

=2 ptc = &t

procedure= 2 ME 2t
(2 2 N : Procedure var body

=]
e

nv

A
e

)

31



ot PROC A & H|
Proc Et+&

E —
LET A3 HE &&
ExpVal E+&]
Step5 &l J| &H&
Proc_Val ( Procedure “x” (Var_Exp “x”) env0 )
<==> ( Procedure “x” (Var_Exp “x”) env0 )

- value_of :: Exp -> Env -> ExpVal
F=4l ratorE Al AHGELD,

g4 55
value_of (Call_Exp rator rand) env = _—
let proc = expval_proc (value_of rator env)
Ol randE H &

arg = value_of rand env

ol

e Et 2t0lE 22l apply_procedure =
-22 X procll 4 2 & (var, body)2t 2& (saved_env)=2 JTHU
- 1K g (vararg)l = &St SHE0lA =X A bodyE Hl At




LET HAHE & &0t PROC &0

Step6 &&= AHI| HAE

- $ stack test ch3:test:proclang-test

_

*let : 27 HIAE (269H)
*proc: ME222 =& HIAE (6IH)

proclang
./app/proclang/examples/positive_const.let
./app/proclang/examples/negative_const.let
./app/proclang/examples/simple_arith_1.let
./app/proclang/examples/simple_arith_var_1.let
./app/proclang/examples/nested_arith_left.let
./app/proclang/examples/nested_arith_right.let
./app/proclang/examples/test_var_1.let
./app/proclang/examples/test_var_2.let
./app/proclang/examples/test_var_3.let
./app/proclang/examples/test_unbound_var_1.let
./app/proclang/examples/test_unbound_var_2.let
./app/proclang/examples/if_true.let
./app/proclang/examples/if false.let
./app/proclang/examples/no_bool_to_diff_1.let
./app/proclang/examples/no_bool_to_diff 2.let
./app/proclang/examples/no_int_to_if.let
./app/proclang/examples/if_eval_test_true.let
./app/proclang/examples/if_eval_test_false.let
./app/proclang/examples/if_eval_test_true_2.let
./app/proclang/examples/if_eval_test_false_2.let
./app/proclang/examples/simple_let_1.let
./app/proclang/examples/eval_let_body.let
./app/proclang/examples/eval_let_rhs.let
./app/proclang/examples/simple_nested_let.let
./app/proclang/examples/check_shadowing_in_body.let
./app/proclang/examples/check_shadowing_in_rhs.let
./app/proclang/examples/apply proc_in_rator_pos.proc
./app/proclang/examples/apply_simple_proc.proc
./app/proclang/examples/let_to_proc_1.proc
./app/proclang/examples/nested_procs_1.proc
./app/proclang/examples/nested_procs_2.proc
./app/proclang/examples/y_combinator_1.proc

Finished in ©.4824 seconds
32 examples, @ failures

33



(1) 2|0/ = 82ote =5t HI|8 nAEU M2 s&ot=
-cf. & =ote AZEFYAHE &dAMet 2HELE SAlIGHAH (A 8&AH2)
Working software over comprehensive documentation ( https://agilemanifesto.org/ )

) HIAEHOAZ Z2 ) SES HO
-cf. tHHAE =% e (HIAEANOIAZE Aot 0|0 XF=UH ZEE HE)

AlS

J|!
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2o Itz & AA I (Haskell)
. https://github.com/kwanghoon/Lecture_ EOPL

ESSENTIALS OF
PROGRAMMING mmocomon
LANGUAGES

Daniel P. Friedman and Mitchell Wand
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Et2! (Algebraic data types)
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- 0fl) A 29 22X (Exp), 20| 2t (ExpVal), EF2! (Type), Z1EI= 001 & (Cont),

/Mo g

2= (TypedModule), 22 A (Class)

=> A gl A EFR ALl (https://github.com/kwanghoon/Lecture EOPL)

-



Et2! (Algebraic data types)

2ol 4

K

ol
__ou
KD

Rl

F

+ M &

F

110D
KD
Bl
+
ol
KI
ol

LA

JJ
o
10
I
o]
W
KD
ol

i

gl e
=

=

& HO0l HE Al

Library

>2IgA BHEs sUUe

A (e.g., Scheme)

AN &
_I_ocD:I

io0
JJ
<

o

A (e.g., Scala) =>

eApSI AR
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S B0 MY
-2 )Y P RASS EHERELE A&

Store passing style & & J|
- ExpE H&tot)| & StoreE 2 O0HA]

- LET, PROC, LETREC AlSH | - EXp > Env -> ExpVaI - ExpE A &tot= S0 BH# StoreE clE

- EXPLICIT-REF, IMPLICIT-REFS &3 )| : Exp -> Env -> Store -> (ExpVal, Store)

- Al SH . _ _ _ ExpE H4AtoHL,
LETRECPS &' )| : Exp -> Env -> Cont -> ExpVal o A ke 2ot 2l }



Et Z2AD| 2 X2 Side effect: Bl o=z & H

- Bt A AL : Exp -> TyEnv -> Either ErrMsg Type%
p,

type Either_ e a = State Int (Either e a)
-dg H=aint S | AICHEA
Helegt = Haagdts cld

- Call_Exp rator rand 4! 0il M rator2t rand 2
Et2 o= ty1, ty2et =86t U3
unify (ty1, ty2 -> fresh tyvar)

- Bt 201 : Exp -> TyEnv -> Subst -> Either _ ErrMsg (Type, Subst)

40



82 A A0 B

IH

Ol

ol

o[
uln

dl =2 EtE

=

- Store -> SchedState -> (ExpVal, Store)

=0t & Adl== U] 7

1o

Al
=

EH):
2 AlZt,

At
o
Lt
(]

A
AlEH O

SchedState (A H =
{—

M Ad
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82 A A0 B

IH

Ol

ol

o[
uln

= VS. 8 :

B

ol1) =

> Const Ex

T2 )& A 4= 123

p 123 :: Exp

pVal

123 => Num Val 123 :: Ex

ST )& 28t

42



82 A A0 B

IH

Ol

ol

o[
uln

)
I

NS

NS

Odl)

pVal

> Num Val 123 :: Ex

24 ﬂ|.

=

., Num Val 123 + Num Val 456

J

o
110

A
=

> Num_Val (123 + 456)

e.g
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82 A A0 B

IH

Ol

ol

o[
uln

T2 ) A e ExpVal

J| & 2 Ml: THREADS

SH

5t 4l

©)

otAH &

{1
J

E0O A7

=

(

Int + Bool + Proc + List(ExpVal) + Mutex + Queue

ExpVal

44



il
=28

=2 ItA & dot=eE =AM
Mz22 2= 8lote EZ2RHEC ZR M HA L
e H=(letx=expin...)2
)€ FIot] BAEH L= d

(letmut x = exp in

Mutable

=> UM &4 (letmut 9|
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LET A0 2] 28 HAl (SLLGEN in SCHEME)

i (define the-lexical-spec i i (define the-grammar
: ' ((whitespace (whitespace) skip) : i '((program (expression) a-program)
(comment ("%" (arbno (not #\newline))) skip) : :
(identifier é i (expression (number) const-exp)
(letter (arbno (or letter digit "_" "-" "2"))) é : (expression
symbol) é ; ("-" "(" expression "," expression ")")

(number (digit (arbno digit)) number) : : diff-exp)
(number ("-" digit (arbno digit)) number) . :
» é é (expression
e e ettt ettt e et ae e e e e e raaaa e, : é ("zero?" "(" expression ")")

zero?-exp)

(expression
"if" expression "then" expression "else" expression)

if-exp)
(expression (identifier) var-exp)
(expression

("let" identifier "=" expression "in" expression)

let-exp)
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[H0

Adole M (HS)

o 24 4l (YAPB

in HASKELL)

. lexerSpec :: LexerSpec Token IO ()
! lexerSpec = LexerSpec

E
endOfToken = END_OF_TOKEN,
lexerSpeclList =
[ ([ \t\n]" , skip),
("[@-9]+" , mkFn INTEGER_NUMBER),
("\\-" , mkFn SUB),
N\ (™ , mkFn OPEN_PAREN),
"\ , mkFn CLOSE_PAREN),
(&% Gt , mkFn COMMA),
("zero\\?" , mkFn ISZERO),
("if" , mkFn IF),
("then" s mMkFn THEN),
("else" s mkFn ELSE),
("let" s mKkFn LET),
("in" s mMKFn IN),
("\\=" » mkFn EQ),
("[a-zA-Z][a-zA-ZB-9]*" > mkFn IDEHTIFIER)E
] :
¥

. parserSpec :: ParserSpec Token Exp IO ()
. parserSpec = ParserSpec

E
startSymbol = "Expression'”,

tokenPrecAssoc = [1,
parserSpeclist =
L

rule "Expression’' -> Expression” (\rhs -> return $ get rhs 1),

rule "Expression -> integer_number”
(\rhs -> return $ Const_Exp (read (getText rhs 1) :: Int)),

rule "Expression -> - integer_number"”
(\rhs -> return $ Const_Exp (-(read (getText rhs 2) :: Int))),

rule "Expression -> - ( Expression , Expression )"
(\rhs -> return $ Diff_Exp (get rhs 3) (get rhs 5)),

rule "Expression -> zero? ( Expression )"

\rhs -> return $ IsZero_Exp (get rhs 3)),

rule "Expression -> if Expression then Expression else Expression”
(\rhs -> return $ If_Exp (get rhs 2) (get rhs 4) (get rhs 6)),

rule "Expression -> identifier™ (\rhs -> return $ Var_Exp (getText rhs

rule "Expression -> let identifier = Expression in Expression”
“rhs -> return $ Let_Exp (getText rhs 2) (get rhs 4) (get rhs 6))

1)),
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