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1 =239 7| 2R E3 23 (elements & compound)
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Z23% FAo 2R3 24 (Elements of
Programming)

(primitives)

" (means of constructing compound)

A8 917 o] o] 3| (rule of evaluation)
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7| B HF2] wHE-H 23} (Combination of
Primitives)

(pictures from Google search)

St
N
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7| B HF2] wHE-H 23} (Combination of
Primitives)

(pictures from Google search)
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7| B HF2] wHE-H 23} (Combination of
Primitives)

(pictures from Google search)

Difference: programs can be executed
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712 B (primitives)

7182072 AFH. A (constant)BtlE B,
type | elements | operators
N, R 0, -1, 1.2, -1.2e2 |+, *, /, =, <=,---
B #t, #f and, or, not,---
String "snow", "120it" substr,
strconcat,---
Symbol | ’snow, ’12@it
Unit O
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712 B (primitives)

7182072 AFH. A (constant)BtlE B,

type | elements | operators

N, R 0, -1, 1.2, -1.2e2 |+, *, /, =, <=,---
B #t, #f and, or, not,---
String "snow", "120it" substr,

strconcat,---

Symbol | ’snow, ’12@it
Unit O
» Base types: N, R, B, String, Symbol
» Al 8)(evaluation, semantics): -1.2e2 is —1.2 x 102, #t is
true, + is +, ’snow is a symbol named “snow”, etc
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A1 2 2 5Fsk+= W (Ways to Construct

Programs)

P = F program
E = c constant

| = name

| (if F E E) conditional

| (cons E E) pair

| (car E) selection

|  (cdr E) selection

| (lambda (z*) E) function

| (F E9 application

» A7 A (inductive, recursive):
» One can compose infinitely many programs.
» Arbitrary expressions can be plugged into an expression.
» When composing a program, one has to understand how
the program will be evaluated (semantics).
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=
ZZ2 9 A4S ¢l 3l(read)

> 73”’\}75‘01] )13% Ho] glod =4S 3 (input &
output)
» 5 AA 237 o st o = E E S (print)
zo).
» 2] o] A3 3f 2 (rule of evaluation, semantics): clearly
defined
- zagne o AL olalalol JEe e aRe
23 e 4= Q1S (programmer should understand the
semantics)
» A2 AE ¢ ge(e7de) 288 s B
(Many well-formed programs are erroneous

SNU 4190.210 © Kwangkeun Yi



rule of evaluation, semantics)

A o] A3+ 2(
A 2. ZF 419 FFof webA (Each case has its own
rule)
79

» A 2ot BE AU E A= A oty
(Well-formed programs may go wrong)

» HFASY ALE T B}l o] Brolof (Well-typed
programs do not go wrong)

» 0] 52 A& (use of names), ©] 52| & H 2] (scope)
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rule of evaluation, semantics)

SEREEET
A 2. ZF 419 FFof webA (Each case has its own
rule)

» ¢ 4uf
79

» A 2ot BE AU E A= A oty
(Well-formed programs may go wrong)

» HFASY ALE T B}l o] Brolof (Well-typed
programs do not go wrong)

» 0] 52 A& (use of names), ©] 52| & H 2] (scope)

SNU 4190.210 © Kwangkeun Yi



rule of evaluation, semantics)

A o] A3+ 2(
A 2. ZF 419 FFof webA (Each case has its own
rule)
» ¢ 4uj:
> duff:
79

» A 2ot BE AU E A= A oty
(Well-formed programs may go wrong)

» HFASY ALE T B}l o] Brolof (Well-typed
programs do not go wrong)

» 0] 52 A& (use of names), ©] 52| & H 2] (scope)
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rule of evaluation, semantics)

SEREEET
A 2. ZF 419 FFof webA (Each case has its own
rule)

» ¢ 4uj:
» o duf:

» (if £ F E) 4uj:

> /«ﬂﬂ Al &ty 25 AYE AP = A oy
(Well-formed programs may go wrong)

» BFASY ALE T B}l o] Brolof (Well-typed
programs do not go wrong)

» O] 52 AF§ (use of names), ©] 52| & H 2] (scope)
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rule of evaluation, semantics)

— =2 O ‘_l(
A 2. 72+ A9 ZFo wpEba] (Each case has its own
rule):
> C OE]
> o]u;H
> (1f E E E) <u:
» (cons F E) 4ul:
79

» AA 2ot BE AU E A= A oty
(Well-formed programs may go wrong)

» BFASY ALE T B}l o] Brolof (Well-typed
programs do not go wrong)

» O] 52 AF§ (use of names), ©] 52| & H 2] (scope)
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Al (rule of evaluation, semantics)
A 7. z+ Ao FR7of ulebA] (Each case has its own

>
> OIUZH

> (1f EF F E) 4u:
» (cons F E) <4uj:
» (car F) 4uj:

» BA L BF AR E AYyE = Al o d
(Well-formed programs may go wrong)

» BFASY ALE T B}l o] Brolof (Well-typed
programs do not go wrong)

» O] 52 AF§ (use of names), ©] 52| & H 2] (scope)
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Al (rule of evaluation, semantics)
A 7. z+ Ao FR7of ulebA] (Each case has its own

>
> OIUZH

> (1f EF F E) 4u:
» (cons F E) <4uj:
» (car F) 4uj:

» (cdr ) duj:

#9:
» A g BF A E AsE = A obd
(Well-formed programs may go wrong)
» B2 4S9 ALtEAe gFS] o] Brofok (Well-typed
programs do not go wrong)
» O] 52 AF§ (use of names), ©] 52| & H 2] (scope)
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Al (rule of evaluation, semantics)
A 7. z+ Ao FR7of ulebA] (Each case has its own

. .
> OIUZH

> (1f EF F E) 4u:

» (cons F E) <4uj:

» (car F) 4uj:

» (cdr ) duj:

» (lambda (z*) FE) 4uj:

» BA L BF AR E AYyE = Al o d
(Well-formed programs may go wrong)

» BFASY ALE T B}l o] Brolof (Well-typed
programs do not go wrong)

» O] 52 AF§ (use of names), ©] 52| & H 2] (scope)
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Al (rule of evaluation, semantics)
A 7. z+ Ao FR7of ulebA] (Each case has its own

olugﬂ
(1f E E E) 4uj:
(cons E E) <uj:
(car F) <uj:
(cdr E) <4uj:
(lambda (z*) E) Luf:
(E E*) 4uj:

» BA T BF AR AgE = Al obd
(Well-formed programs may go wrong)

» HFASY ALE T B}l o] Brolof (Well-typed
programs do not go wrong)

» O] 52 A& (use of names), ©] 2] & H 2] (scope)
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Z 2 A zekal o] 2] (Principle about
Program Components

&

wE zgaaY oo 2} Bt 2 e g
Ve L 43 A e 42 A sH W o] AlSH .
[For each type, there are ways to make values of the type
(introduction) and ways to use them (elimination).]

DI- =7 |
Introductlon
Elimination

A5}
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o] el & &2lsl| HH (Let's check this
principle)
B9 £ [ =+ 4 (intro) [ AF&3F= A (elim)
ST c +, *, =, and,
substr, etc
FEY 7 x T (cons F E) (car E), (cdr E)

(lambda (z*) E)

(E E%)
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2 o]&3l7] (binding, delclaration, definition)
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Naming (binding, declaration, definition)
&

olF A7 L& 75 7](abstraction) 9] F ~H]: o] F&
AW X op= (S UE) thilol 2 o] F5 A&
(Naming is a simple way of abstraction: One can hide details
by giving it a name)
» o]& A& 4 A+ WA (those that can be named):
» ZZ2IOAA OE F = BE ZE (all values)
» o]52 FaHL7F 34 (The scope of a name is
given). ThE}A],
» o]& AMAE 7H& (reuse a name)
» AA ZE2IPY] BE o5& 9 8¢S (do not
need to know all names)
o]5o] Q3 Lot &l F (a name is defined only

where it is needed)
» O]9 FEHAE= A ZAH (The scope of a name

is easily determined)
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o] 52 F+2H2 274 (how to determine the

scope)
zz a3 dreo i PgA 2 A (lexical scoping) [The
scope of a name is easily determined from the program text]

a1l
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o] 52 F+2H2 274 (how to determine the
scope)

zgz a3 drEoA] ¢4 27 H (lexical scoping) [The
scope of a name is easily determined from the program text]

a1l

8E29] 2000 AE (The

ol @ 7+ G &

idea originates from Math).

Theorem The intersection of all addition-closed sets is
addition-closed.

Proof Let S be the intersection set. Let x and y be elements

of S. Because x and y are elements of ... hence in S.O
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o] & 4l 7| (binding, declaration, definition)

» Ao A o] 5317
E = - AAAE

(let ((x E)T) E) 8 A9

(letrec ((z ENT) E) z9 AMAARY

P = Al AFA]

|  (define x E)* E ©°]&

>

o 1>

o & A4
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o] 5 A1 7] 9] A3 F Z(rule of evaluation,

semantics)

9] (Note):
» BA ST BF AU E AYE = A obd
(Well-formed programs may go wrong)
RE 50 ALAT B9 o] ook (Well-typed
programs do not go wrong)
+ o] 9] § 5% (scope)
» 37 (environment): o] I A (FH) e E=S%
(table for names and their associated values)

v
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o] 5 A1 7] 9] A3 F Z(rule of evaluation,

semantics)

> (let ((z E)) E)

9] (Note):
> A7 gohn 2R AlG R A8 s A ok
(Well-formed programs may go wrong)
RE 50 AR el o] Bolof (Welktyped
programs do not go wrong)
+ o] 9] § 5% (scope)
» 37 (environment): o] I A (FH) e E=S%
(table for names and their associated values)

v
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o] 5 A1 7] 9] A3 F Z(rule of evaluation,
semantics)

> (let ((z E)) E)
> (letrec ((z E)) E)

9] (Note):
> 477 &TT BE At AW £ A obd
(Well-formed programs may go wrong)
FE4 =9 Atd el ergl o] shobof (Well-typed
programs do not go wrong)
+ o] 9] § 5% (scope)
» 37 (environment): o] I A (FH) e E=S%
(table for names and their associated values)

v
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o] 5 A1 7] 9] A3 F Z(rule of evaluation,
semantics)

» (let ((z F)) E)
» (letrec ((z E)) E)
» (define x E) E
Z9] (Note):
s AA §Thn 2E AR AdE s A oby
(Well-formed programs may go wrong)

» A S0 AtE e B}l o] Srotok (Well-typed
programs do not go wrong)

. o2 9] § 9 (scope)

» 37 (environment): o] I A (FH) e E=S%
(table for names and their associated values)
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o] 2 9] § &% (scope)

(

et((x1) (y2))

/scope of x,y

(+ (let ((y (+ x 3)))

(let (< (*y3)))

(+xy) /

)

_ scope of y
_ scope of




o] = A 7] + AFE35F7]19] A 3 A (semantics)

expression)
» o] I Y] 55X E FEl (managing a table for
names and their assoaated vaIues)

» 223 257 E 37 olekal F (Such a table is called
an environment)

HAFH= Zz2 39 A2 AP v (When evaluating an
= 3

(al) ('b2)
lambda (x) (4 x 1))

env
f

a 1
b 2
(
(
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» 3 WE7]: o] 5] A oA (Make an environment
when names are defined)

» 37 2 235}7): o] & o] YEFH (Use the environment
when the names are used)

» 74 H 71817 a7 EUE (Delete the
environment when the scope ends)

scope of x, y

(let (x 1) (vy2))
(+ (let ((y (+ x 3))) o
(let (C<(*y3))

+xy)

| scope of y
|- scope of

)

)
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of #7l SAR | o] F3 7] A3

(Multiple names at once)

» (let ((xy Ey) (m9 E3)) E)
» (letrec ((z; Ey) (22 E9)) E)
» (define x; FE;) (define zy E5) FE
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A B X (syntactic sugar)

delE AsliA Als; AF7HA AR 747 WEA 2
8+ {4t} (Just convinient notations for “expressions”):

list, cond, let, define A&
(1list E*) — (cons ---)
(cond (E E') (else E")) = (if ---)
(let ((x E)) E" — ((lambda ---) ---
(let ((xqy Ey) (x9 E)) E) = ((lambda ---) ---
(define = E) FE' = (letrec ---)
(define = E) (define y E') E” = (letrec ---)
(define (f x) E) = (define ---)

(begin £ E") = ((lambda ---) ---
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3 AL} 3L xg (recursion & higher-order functions)
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|
| (f E E E)
| (cons F E)

ap=1, apy1=0a,+2 (neN)
X=1—=X
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Al A &< (recursive function)e] A 2]

» etk A AR Y Ts (HREEY dol) (A7)
[Only functions can be defined recursively in most langs

(why?)]

(define fac

(lambda (n) (if (=n 0) 1
(* n (fac (- n 1))))

))

- olele] e AT Ao o7 T gk Aol Har

T A= (possible in Haskell) [Recursively defined data

can be infinitely large]

(define x (+ 1 x))
(define K (cons 1 K))
(define Y (cons 1 (addl Y)))
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(define (fac n)

A7 gl A3

(fac 4) (* n (fac (- n 1))

==’( 4 (fa_g 3)) )

=>(4( 3(
=(*4(*3

(* 1)
=>(4( 3 (*
*32

2
2(
2 1))

(¢

AP AT EEES VAT ASH ok F LS o
» s 35 A AlSeof &
< (continuation) 7] &3l oF
» A7l AT e FA AFES AFeHs
» 27 (tail recursion) W
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2 A (tail recursion) ¥H &+

(define (fac n)
(if (=n0) 1
(* n (fac (- n 1)))
))

(define (fac n)
(define (fac-aux m r)
(if (=mO0) r
(fac-raux (- m 1) (* m r))))
(fac—aux n 1))
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31 2} &k~ (higher-order function)

A =2 7)Yl A
» 25 A Y5 =(Scala, Python, Lua, JavaScript, Clojure,
Scheme, ML, C#, F#%)

> AAol= ALHAZHE
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Toh 2 HH
el s

2 g 54
i w

__ou

Hel w¥ET
N T ET T Ty W
}ﬂﬂlarﬁ_u}ﬂi%
N oof RN o B TR
MrT A A A MrT A A
‘_OD __OD

A A
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[l

1
U - .
»z02 9

sh+

H Qi‘
r& i

ot
il

48 Aog 5 oy
(define (sigma lower upper)
(lambda (f)
(define (loop n)
(if (> n upper) O
(+ (f n) (loop (+ n 1)))))
(loop lower)
)

(define one-to-million (sigma 1 1000000))

(one-to—million (lambda (n) (* n n)))
(one-to—million (lambda (n) (+ n 2)))
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(define (sum lower upper f)
(if (> lower upper) O
(+ (£ lower) (sum (+ lower 1) upper f))
))

(define (generic-sum lower upper f larger base op inc)
(if (larger lower upper) base
(op (£ lower)
(generic-sum (inc lower) upper f larger base op i

))

(sum 1 10 (lambda (n) n))

(sum 10 100 (lambda (n) (+ n 1)))

(generic-sum 1 10 (lambda (n) n) > -1 + (lambda (n) (+ 2 n)
(generic-sum "a" "z" (lambda (n) n) order "" concat alpha-t
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4 EFYJOo = Helst7] (types & typeful programming)
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B} (type)
&

AL
Al 2 2 Oko}t CJ] /‘P"LO}L “¢lof” o]
she gAY Z2aYe 45
o]}
Type is a “language” for describing a set of values that are
used in programs. Abstracting a program as a type is an
effective method to reduce errors in writing large programs.

» B} (type)2 7}l =t} [Type is a guide]
» 2230 AYtAd S FA3k= [for removing

runtime errors|
» 2L F79 dolg kS F4A 3= [for describing a
new data structure]
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A8-8F= EF Y = (types)

T =1 primitive type
| TxT pair(product) type
| T+ or(sum) type
] T—T ftn type, single param
|  7T%---x7 — 7 ftn type, multi params
| T any type
|t user-defined type's name
| Tt user-defined type's name, with param

int | real | bool | string | symbol | unit
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S x}ek EFQ] [higher-order types]

ek gy oo

int % int % (int — int) — int
(real — real) — (real — real)
intx (int — int) — int

int — (int — int) — int

int x (int — int) — int

(int — int) — int list — int
(int — int) X int list — int
money — (year — car list)
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B4 st AS A7) [wiite
programs with types in mind|

> CoL

> T T

- (fE E E" )
» (lambda (z ) E )

> (B E )
» (cons E E' )
» (car £ )

» (cdr E )
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B4 st AS A7) [wiite
programs with types in mind|

> CoL

> T T

> (f BB E E" )
» (lambda (z ) E )

> (B E )
» (cons E E' )
» (car £ )

» (cdr E )
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B4 st AS A7) [wiite
programs with types in mind|

> CoL

> T T

» (if BB E":7 E" )
» (lambda (z ) E )

> (B E )
» (cons E E' )
» (car £ )

» (cdr E )
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B4 st AS A7) [wiite
programs with types in mind|

> CoL

> T T

» (if EXB E":m E":7)
» (lambda (z ) E )

> (B E )
» (cons E E' )
» (car £ )

» (cdr E )
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B2 AHASE 418 A1 SEH7] [write

programs with types in mind|

»crL
> T
> (if EB E'r E"7) 0 7
» (lambda (z ) E )

> (B E )
» (cons E E' )
» (car £ )

» (cdr E )
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B2 AHASE 418 A1 SEH7] [write

programs with types in mind|

»crL
> T
> (if EB E'r E"7) 0 7
» (lambda (z:7) E )

> (B E )
» (cons E E' )
» (car £ )

» (cdr E )

SNU 4190.210 © Kwangkeun Yi



B4 st AS A7) [wiite
programs with types in mind|

> CoL

> T T

» (if EB E"7 E"7): 7
» (lambda (x:7) E:7')

> (B E )
» (cons E E' )
» (car £ )

» (cdr E )
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B4 st AS A7) [wiite
programs with types in mind|

> CoL

> T T

» (if EB E"7 E"7): 7

» (lambda (x:7) E:7) : 7 — 7

> (B E )
» (cons E E' )
» (car £ )

» (cdr E )
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B2 AHASE 418 A1 SEH7] [write

programs with types in mind|

> CoL

> T

> (if EB E'r E"7) 0 7

» (lambda (x:7) E:7) : 7 — 7
»r:7Y9S EE 74T 719

> (B E )
» (cons E E' )
» (car £ )

» (cdr E )
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B2 AHASE 418 A1 SEH7] [write

programs with types in mind|

> CoL
> T T
> (if EB E'r E"7) 0 7
» (lambda (x:7) E:7) : 7 — 7
» oot EE 7AEE W 7Y
» (7' -7 FE )
» (cons E E' )
» (car £ )
» (cdr E )
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B2 AHASE 418 A1 SEH7] [write

programs with types in mind|

> CoL
> T T
> (if EB E'r E"7) 0 7
» (lambda (x:7) E:7) : 7 — 7
» oot EE 7AEE W 7Y
» (E:7' — 7 E"7')
» (cons E E' )
» (car £ )
» (cdr E )
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B2 AHASE 418 A1 SEH7] [write

programs with types in mind|

> CoL
> T T
> (if EB E'r E"7) 0 7
» (lambda (x:7) E:7) : 7 — 7
» oot EE 7AEE W 7Y
» (BE:7' — 71 FE:7) 7
» (cons E E' )
» (car £ )
» (cdr E )
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B2 AHASE 418 A1 SEH7] [write

programs with types in mind|

> CoL
> T T
> (if EB E'r E"7) 0 7
» (lambda (x:7) E:7) : 7 — 7
» oot EE 7AEE W 7Y
» (BE:7' — 71 FE:7) 7
» (cons E:7 E'":7')
» (car £ )
» (cdr E )
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B2 AHASE 418 A1 SEH7] [write

programs with types in mind|

> CoL

> T

> (if EB E'r E"7) 0 7

» (lambda (x:7) E:7) : 7 — 7
»r:7Y9S EE 74T 719

» (BE:7' — 71 FE:7) 7

» (cons E:r E':r') oo 7!

» (car £ )

» (cdr E )
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B2 AHASE 418 A1 SEH7] [write

programs with types in mind|

> CoL

> T

> (if EB E'r E"7) 0 7

» (lambda (x:7) E:7) : 7 — 7
»r:7Y9S EE 74T 719

» (BE:7' — 71 FE:7) 7

» (cons E:r E':r') oo 7!

» (car E:7 x 77)

» (cdr E )
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B2 AHASE 418 A1 SEH7] [write

programs with types in mind|

> CoL

> T

> (if EB E'r E"7) 0 7

» (lambda (x:7) E:7) : 7 — 7
»r:7Y9S EE 74T 719

» (BE:7' — 71 FE:7) 7

» (cons E:r E':r') oo 7!

» (car Ecm < 7)o 7

» (cdr E )
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B2 AHASE 418 A1 SEH7] [write

programs with types in mind|

> CciL
> T T
> (if EB E'r E"1) : +
» (lambda (x:7) E:7) : 7 — 7
» 2 TUS EE AT W 7Y
» (B 717 E )T
» (cons E:7 E':7') o 7 x 7
» (car Ecm < 7)o 7
» (cdr E:7 x 77)
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B2 AHASE 418 A1 SEH7] [write

programs with types in mind|

> CciL
> T T
> (if EB E'r E"1) : +
» (lambda (x:7) E:7) : 7 — 7
» 2 TUS EE AT W 7Y
» (B 717 E )T
» (cons E:7 E':7') o 7 x 7
» (car Ecm < 7)o 7
» (cdr E:7 < 7)o 7
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B4 st AS A7) [wiite
programs with types in mind|

> CoL

> T T

- (fE E E" )
» (lambda (z ) E )

> (B E )
» (cons E E' )
» (car £ )

» (cdr E )

SNU 4190.210 © Kwangkeun Yi



B4 st AS A7) [wiite
programs with types in mind|

> CoL

> T T

> (f BB E E" )
» (lambda (z ) E )

> (B E )
» (cons E E' )
» (car £ )

» (cdr E )
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B4 st AS A7) [wiite
programs with types in mind|

> CoL

> T T

» (if BB E":7 E" )
» (lambda (z ) E )

> (B E )
» (cons E E' )
» (car £ )

» (cdr E )
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B4 st AS A7) [wiite
programs with types in mind|

> CoL

> T T

» (if EXB E":m E":7)
» (lambda (z ) E )

> (B E )
» (cons E E' )
» (car £ )

» (cdr E )
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B2 AHASE 418 A1 SEH7] [write

programs with types in mind|

»crL
> T
> (if EB E'r E"7) 0 7
» (lambda (z ) E )

> (B E )
» (cons E E' )
» (car £ )

» (cdr E )
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B2 AHASE 418 A1 SEH7] [write

programs with types in mind|

»crL
> T
> (if EB E'r E"7) 0 7
» (lambda (z:7) E )

> (B E )
» (cons E E' )
» (car £ )

» (cdr E )
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B4 st AS A7) [wiite
programs with types in mind|

> CoL

> T T

» (if EB E"7 E"7): 7
» (lambda (x:7) E:7')

> (B E )
» (cons E E' )
» (car £ )

» (cdr E )
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B4 st AS A7) [wiite
programs with types in mind|

> CoL

> T T

» (if EB E"7 E"7): 7

» (lambda (x:7) E:7) : 7 — 7

> (B E )
» (cons E E' )
» (car £ )

» (cdr E )
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B2 AHASE 418 A1 SEH7] [write

programs with types in mind|

> CoL

> T

> (if EB E'r E"7) 0 7

» (lambda (x:7) E:7) : 7 — 7
»r:7Y9S EE 74T 719

> (B E )
» (cons E E' )
» (car £ )

» (cdr E )
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B2 AHASE 418 A1 SEH7] [write

programs with types in mind|

> CoL
> T T
> (if EB E'r E"7) 0 7
» (lambda (x:7) E:7) : 7 — 7
» oot EE 7AEE W 7Y
» (7' -7 FE )
» (cons E E' )
» (car £ )
» (cdr E )
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B2 AHASE 418 A1 SEH7] [write

programs with types in mind|

> CoL
> T T
> (if EB E'r E"7) 0 7
» (lambda (x:7) E:7) : 7 — 7
» oot EE 7AEE W 7Y
» (E:7' — 7 E"7')
» (cons E E' )
» (car £ )
» (cdr E )
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B2 AHASE 418 A1 SEH7] [write

programs with types in mind|

> CoL
> T T
> (if EB E'r E"7) 0 7
» (lambda (x:7) E:7) : 7 — 7
» oot EE 7AEE W 7Y
» (BE:7' — 71 FE:7) 7
» (cons E E' )
» (car £ )
» (cdr E )
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B2 AHASE 418 A1 SEH7] [write

programs with types in mind|

> CoL
> T T
> (if EB E'r E"7) 0 7
» (lambda (x:7) E:7) : 7 — 7
» oot EE 7AEE W 7Y
» (BE:7' — 71 FE:7) 7
» (cons E:7 E'":7')
» (car £ )
» (cdr E )
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B2 AHASE 418 A1 SEH7] [write

programs with types in mind|

> CoL

> T

> (if EB E'r E"7) 0 7

» (lambda (x:7) E:7) : 7 — 7
»r:7Y9S EE 74T 719

» (BE:7' — 71 FE:7) 7

» (cons E:r E':r') oo 7!

» (car £ )

» (cdr E )
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B2 AHASE 418 A1 SEH7] [write

programs with types in mind|

> CoL

> T

> (if EB E'r E"7) 0 7

» (lambda (x:7) E:7) : 7 — 7
»r:7Y9S EE 74T 719

» (BE:7' — 71 FE:7) 7

» (cons E:r E':r') oo 7!

» (car E:7 x 77)

» (cdr E )

SNU 4190.210 © Kwangkeun Yi



B2 AHASE 418 A1 SEH7] [write

programs with types in mind|

> CoL

> T

> (if EB E'r E"7) 0 7

» (lambda (x:7) E:7) : 7 — 7
»r:7Y9S EE 74T 719

» (BE:7' — 71 FE:7) 7

» (cons E:r E':r') oo 7!

» (car Ecm < 7)o 7

» (cdr E )
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B2 AHASE 418 A1 SEH7] [write

programs with types in mind|

> CciL
> T T
> (if EB E'r E"1) : +
» (lambda (x:7) E:7) : 7 — 7
» 2 TUS EE AT W 7Y
» (B 717 E )T
» (cons E:7 E':7') o 7 x 7
» (car Ecm < 7)o 7
» (cdr E:7 x 77)
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B2 AHASE 418 A1 SEH7] [write

programs with types in mind|

> CciL
> T T
> (if EB E'r E"1) : +
» (lambda (x:7) E:7) : 7 — 7
» 2 TUS EE AT W 7Y
» (B 717 E )T
» (cons E:7 E':7') o 7 x 7
» (car Ecm < 7)o 7
» (cdr E:7 < 7)o 7
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B2 AHASE 418 A1 SEH7] [write

programs with types in mind|

» (let ((.131 E1 ) (172 EQ )) E )
» (letrec ((z Er ) (a2, Ey, ) FE )

» (define Ey ) (define o E, ) FE
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B2 AHASE 418 A1 SEH7] [write

programs with types in mind|

» (let ((xy:7 By ) (29 Ey, D)) FE )
» (letrec ((z Er ) (a2, Ey, ) FE )

» (define Ey ) (define o E, ) FE
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B2 AHASE 418 A1 SEH7] [write

programs with types in mind|

» (let ((xy:7 Ey:7m) (x4 Es )) E )
» (letrec ((z Er ) (a2, Ey, ) FE )

» (define Ey ) (define o E, ) FE
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B2 AHASE 418 A1 SEH7] [write

programs with types in mind|

» (let ((xy:7m Eyim) (g By )) E )
» (letrec ((z Ey ) (xy Ey D)) E )

» (define Ey ) (define o E, ) FE
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B2 AHASE 418 A1 SEH7] [write

programs with types in mind|
» (let ((zy:7 Erim) (w7 Epim)) B

» (letrec ((z Er ) (x Ey, ) FE )

» (define Ey ) (define o E, ) FE
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B2 AHASE 418 A1 SEH7] [write

programs with types in mind|
» (let ((xy:m Eyim) (uoi7my Eoim)) E:i7)

» (letrec ((z Er ) (x Ey, ) FE )

» (define Ey ) (define o E, ) FE
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B4 st AS A7) [wiite
programs with types in mind|

» (let ((xy:71y Er:m) (g7 Eyim)) E:7)
» 1170 20 Y EE G u 7]

o
» (letrec ((z Er ) (a2, Ey, ) FE )

» (define Ey ) (define o E, ) FE
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B4 st AS A7) [wiite
programs with types in mind|

» (let ((xy:71y Er:m) (g7 Eyim)) E:7)
» 1170 20 Y EE G u 7]

o)
» (letrec ((xy:7 Ey ) (a9 Ey ) E )

» (define Ey ) (define o E, ) FE

SNU 4190.210 © Kwangkeun Yi



B4 st AS A7) [wiite
programs with types in mind|

» (let ((xy:71y Er:m) (g7 Eyim)) E:7)
» 1170 20 Y EE G u 7]

o
» (letrec ((z1:7 Ei:71) (29 Ey, ) FE )

» (define Ey ) (define o E, ) FE
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B4 st AS A7) [wiite
programs with types in mind|

» (let ((xy:71y Er:m) (g7 Eyim)) E:7)
» 1170 20 Y EE G u 7]

o
» (letrec ((wy:7 Ey:71) (axg:mo By  )) E )

» (define Ey ) (define o E, ) FE
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B4 st AS A7) [wiite
programs with types in mind|

» (let ((xy:71y Er:m) (g7 Eyim)) E:7)
» 1170 20 Y EE G u 7]

o)
» (letrec ((wy:7 Ey:71) (axg:m Ey:m)) E )

» (define Ey ) (define o E, ) FE
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B4 st AS A7) [wiite
programs with types in mind|

» (let ((xy:71y Er:m) (g7 Eyim)) E:7)
» 11Ol zp i nYE EE AT o 719

» (letrec ((xy:7 E1:1m) (wo:7m Ey:m)) E:7)

» (define Ey ) (define o E, ) FE
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B} Y2 AArste A2 FA 3] [write

=2 O
programs with types in mind|

» (let ((xy:7 Er:m) (o7 Eoim)) E:7)

» 2170 2 Y-S EE AT W 7Y
» (letrec ((xy:7 E1:1m) (wo:7m Ey:m)) E:7)

» 21O 2 nYe B, By, EE TS W 7Y
» (define E, ) (define x5 E, ) FE
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B} Y2 AArste A2 FA 3] [write

=2 O
programs with types in mind|

» (let ((xy:m Eyim) (uoi7my Eoim)) E:i7)

» 210 2 Y EE AT W 7Y
» (letrec ((xy:7 E1:1m) (wo:7m Ey:m)) E:7)

» 21O 2 nYe B, By, EE TS W 7Y
» (define z;:71 E; ) (define x» E, ) E
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B} Y2 AArste A2 FA 3] [write

=2 O
programs with types in mind|

» (let ((xy:m Eyim) (uoi7my Eoim)) E:i7)

» 210 2 Y EE AT W 7Y
» (letrec ((xy:7 E1:1m) (wo:7m Ey:m)) E:7)

» 21O 2 nYe B, By, EE TS W 7Y
» (define z;:71 Ei:7) (define xy E, ) E
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o
programs with types in mind|

B} Y2 AArste A2 FA 3] [write

» (let ((xy:m Eyim) (uoi7my Eoim)) E:i7)

» 210 2 Y EE AT W 7Y
» (letrec ((xy:7 E1:1m) (wo:7m Ey:m)) E:7)

» 21O 2 nYe B, By, EE TS W 7Y
» (define xy:7 Ei:7) (define x9:70 Ey ) E
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o
programs with types in mind|

B} Y2 AArste A2 FA 3] [write

» (let ((xy:m Eyim) (uoi7my Eoim)) E:i7)

» 210 2 Y EE AT W 7Y
» (letrec ((xy:7 E1:1m) (wo:7m Ey:m)) E:7)

» 21O 2 nYe B, By, EE TS W 7Y
» (define x1:7 Ei:7) (define x9:70 FEy:m) E
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o
programs with types in mind|

B} Y2 AArste A2 FA 3] [write

» (let ((xy:m Eyim) (uoi7my Eoim)) E:i7)

» 210 2 Y EE AT W 7Y
» (letrec ((xy:7 E1:1m) (wo:7m Ey:m)) E:7)

» 21O 2 nYe B, By, EE TS W 7Y
» (define x1:7 FEyi:7) (define x9:7 Eo:m) E:7
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B} Y2 AArste A2 FA 3] [write

programs with types in mind|

» (let ((xy:7 Er:m) (o7 Eoim)) E:7)

» 210 2 Y EE AT W 7Y
» (letrec ((xy:7 E1:1m) (wo:7m Ey:m)) E:7)

» 21O 2 nYe B, By, EE TS W 7Y
» (define x1:7 FEyi:7) (define x9:7 Eo:m) E:7

» 21:71OlA 2o Y Ey, By, EE AT W) 71
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ez =203 A/ dA4EsH7] [Validate
a program using types|

(define (fac n)
(if (=n0) 1
(* n (fac (- n 1)))
))

(define (fibonacci n)
(cond ((=n 0) 0)
(=n1) 1D
(else (+ (fibonacci (- n 1))
(fibonacci (- n 2))))
))

(define (bar a b c)
(if = 0) c
(bar (+ 2 1) (- b 1) (x a b))
))
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Yo z2a8S e/t [Validate

a program using types|

{= : int * int -> bool}
{* : int * int -> int}
{- : int * int -> int}

{(define (fac {n : int})
{(if {(= {n : int} {0 : int}) : bool}
{1 : int}
{(x {n : int}
{(fac {(- {n:int} {1:int}) : int})
) . int}
) : int}
) : int -> int}

SNU 4190.210 © Kwangkeun Yi
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Type checking rule for lists
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Bgow m2Ide e/ Pt

a program using types|

(define (map-reduce f 1 op init)
(reduce (map f 1) op init))

(define (map f 1)
(if (null? 1) 0O
(cons (f (car 1)) (map f (cdr 1)))
)

(define (reduce 1 op init)
(if (qull? 1) init
(op (car 1) (reduce (cdr 1) op init))
)

7] [Validate

(define (word-count pages) (map-reduce wc pages + 0))

(define (make-dictionary pages)

(map-reduce mw (words pages) merge ()))
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5 ZZIPe] AL B3 (program complexity)
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A AHE-ZFE (complexity)
Z2 3% A3 u]§2 F 714 = (order of growth)
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A5 (complexity)
2 A13) W82 574 X (order of growth)
/\hﬂ]% [cost] = Al 7+ W 2] [time & memory]
» S7HE = [growth] = 948 2 7] tjst =
[function on input size], TF
» A4 gEo] ARAH A= o] E A F A (asymptotic
complexity)
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A 4B S (complexity)
Z2 3% A3 u]§2 F 714 = (order of growth)
& [cost] = A ZF W R 2] [time & memory]
7F4 = [growth] = & 271 g =
[function on input size], T+
» B4 o] AAY 2= o]9 A F A (asymptotic
complexity)
» “AAHE-ZFE (complexity, order of growth) 7} ©(f(n))
AT (ne o] 27)), B 1 B fn) o
A= X 2w [if f(n) satisfies the following]:

O(f(n)) = k1 x f(n) < e <kyx f(n)
: o < ky x f(n)

v
oN 2
2
jus)
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A 2HE-Z & (complexity)
= 2 As) v)82] 5717 % (order of growth)

28] [cost] = Al ZFF W E ] [time & memory]

» 7 E [growth] = 943 =2 7)o 3t g2
[function on input size], TF

» A4l dge] AXE A= o] 2 A F A (asymptotic
complexity)

» “AAHE-ZFE (complexity, order of growth) 7} ©(f(n))
ol (ne 4g9| A7), Wl 1 BHFET} f(n) o=
A= X 2w [if f(n) satisfies the following]:

O(f(n)) = ki x f(n) < o< kyx f(n)
: o < ky x f(n)
Qf(n) : ki x f(n)<e
(k1, ko= n3}t F33F o] A4 [kq, ko are fixed constants])

» n?, 10000 x n?, 3 x n? + 10000 x n< 25+ O(n?)

S
—~
=

\-/3/
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Al AFE-ZE = (complexity)

(pictures from Google search)
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A 2HE-Z & (complexity)

» (fac n): AJHEFE [tlme complexity] ©(n), [space
complexity| | 2 8] B % O(n).
» (exp b n):

» (SAT formula):

» (diophantine eqn):
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A 2HE-Z & (complexity)

v

(fac n): A|ZHEZE[time complexity] O(n), [space
complexity| W] 2 2] B-Z %= O(n).

» (exp b n):

O(n)& 79715 [yes]

v

(SAT formula):

v

(diophantine eqn):
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A 2HE-Z & (complexity)

v

(fac n): A|ZHEZE[time complexity] O(n), [space
complexity| W] 2 2] B-Z %= O(n).
» (exp b n):
O(n)= FA7Fs [yes]
» O(logn)& F4d 715 [yes]
(SAT formula):

v

v

(diophantine eqn):
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A 2HE-Z & (complexity)

v

(fac n): A|ZHEZE[time complexity] O(n), [space
complexity| W] 2 2] B-Z %= O(n).
» (exp b n):
O(n)= FA7Fs [yes]
» O(logn)& F4d 715 [yes]
(SAT formula):
» O(2™ME T3 715 [yes]

v

v

(diophantine eqn):
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A 2HE-Z & (complexity)

v

(fac n): A|ZHEZE[time complexity] O(n), [space
complexity| W] 2 2] B-Z %= O(n).
» (exp b n):
O(n)&2 T3 75 [yes]

» O(logn)& F4d 715 [yes]
(SAT formula):

» O(2™ME T3 715 [yes]

» O(poly(n))& F3A7}s? FFE2E [not known]
(diophantine eqn):

v

v
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A 2HE-Z & (complexity)

v

(fac n): A|ZHEZE[time complexity] O(n), [space
complexity| W] 2 2] B-Z %= O(n).
» (exp b n):
O(n)& 79715 [yes]

» O(logn)& F4d 715 [yes]
(SAT formula):

» O(2™ME T3 715 [yes]

» O(poly(n))& F3A7}s? FFE2E [not known]
(diophantine eqn):

» O2"E F+387Hs7

v

v
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A 2HE-Z & (complexity)

v

(fac n): A|ZHEZE[time complexity] O(n), [space
complexity| W] 2 2] B-Z %= O(n).
» (exp b n):
O(n)& 79715 [yes]

» O(logn)& F4d 715 [yes]
(SAT formula):

» O(2™ME T3 715 [yes]

» O(poly(n))& F3A7}s? FFE2E [not known]
(diophantine eqn):

» O2"E F+387Hs7

» O(n") & #3757

v

v
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A 2HE-Z & (complexity)

» (fac n): AJHEFE [tlme complexity] ©(n), [space
complemty]ﬂﬂ ?/P‘% = O(n).
» (exp b n):
O(n)= FA7Fs [yes]

» O(logn)& F4d 715 [yes]
» (SAT formula):

» O(2™ME T3 715 [yes]

» O(poly(n))2 F+3 7157 F+FEE 5 [not known]
» (diophantine eqn):

> O(2")E ;7-“537]—%7

» O(n")& F+387Fs7

» Is it decidable? not known until 1970, then “no”
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Q13}7] (program correctness)
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St 22 731X &213}7] [program
correctness]

z2 73
i

» 2AAS T 220 AE /S A /YA [execute after
static analysis]
» T2 F8HEoke}l 5 Y [the same in other areas of
engineering]:
» AR /BB /ASEAA RS T
A Z+/Ad 8] /77 [build after analysis in
mechanical/electrical /architecture enginering]
» 433 5 [the same in our life]:
> QA/ER AT /TE SRS
» 35 5 A

= 2] 7] A o (static analysis) [before execution]

uE o
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4190.2109| A= 7tetst 7)1t

A3 oF & A AL (properties to verify)
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4190.2100| Al = 7totst 7| <=tk

A5 oF & A E (properties to verify)
» A E YA =71 A5 H S [well formed? automatic]

SNU 4190.210 © Kwangkeun Yi



4190.210°| A = 7+k3t 7]<= Rt
A5l oF & A 2= (properties to verify)

» A E YA =71 A5 H S [well formed? automatic]
> BRfel BEA A= Q177 [well typed?]
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4190.2100) A= 7tst 71wt

AZ 3 oF & A2 E (properties to verify)
» A= A ﬁ——ﬂ-? X} A3 [well formed? automatic]
» EFol BHA AE A ]7}7 [well typed?]
» 21 H A3 (Scheme, C, JavaScript, etc) [manual
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4190.2100) A= 7tst 71wt

A5l oF & A 2= (properties to verify)
» AE A ﬁ——ﬂ-? X} 735 [well formed? automatic]
» EFYol 9t AsiE A 17}? [well typed?]
» 21 H A3 (Scheme, C, JavaScript, etc) [manual

> X]-Eﬁ S (ML, Scala, Haskell, Java, Python, etc)
[automatic]
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4190.2100| Al = 7totst 7| <=tk

= (properties to verify)

AZsor T ARAE
A3 [well formed? automatic]

> Alth =2 A %51—7}? x}
» EFQJo] A A= 2 ]7}7 [well typed?]
» 21 H A3 (Scheme, C, JavaScript, etc) [manual
> X}Eﬁ Z (ML, Scala, Haskell, Java, Python, etc)
[automatic]
» 4190.210: A ZU=7F A F AE, v A £
[terminate?: manual, not so hard]
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4190.2109| A= 7F43E 7)< 1k

A3 oF & A AL (properties to verify)
» AZ A =71 A5 A5 [well formed? automatic]
> BRfel BEA A= Q177 [well typed?]
» 2 A S (Scheme, C, JavaScript, etc) [manual]
» A5 A5 (ML, Scala, Haskell, Java, Python, etc)
[automatic]
» 4190.210: &4 EU=7F A- A4S, vlnd §o]
[terminate?: manual, not so hard]
» W7} vl Al4RE Sh=7F o] 8% [fully correct?:
very hard]
My main research topic.
You can learn some from the “Software Foundations'
course that | will teach in 2015 Fall.
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ghol: e o] tialAl HolH Pk
[does not crash?]

» EFQJol 9HA AsiE Zo] &lH 7% [just need to
check whether the program is well typed]

We will learn more complex types for user-defined data
structures later.
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o

2ol FAF E =717 [always terminate?]

g, e [If]:
» HHE 2B u] A7) AlE “So] 531" [something
“decreases” |
» 1 Eo] 59 “Fo] At} W [the decreasing has an end].

= AN
=, AATe] AS, WY [For example, in a recursive
functlon if]:

» A TESult} QA7) ‘= 31" [an argument
decreases at every recursive caII]

» 1 2059 “Eo] It} W [the decreases has an end)].
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B A7 8417 2918}7] [terminate?]

(define (fac n)
(if (=n0) 1
(* n (fac (- n 1)))
))
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B A7 8417 2918}7] [terminate?]

(define (fac n)
(if (=n0) 1
(* n (fac (- n 1)))
))

> olobd A g o Wk [ifn > 0),

SNU 4190.210 © Kwangkeun Yi



d

B A7 8417 2918}7] [terminate?]

(define (fac n)
(if (=n0) 1
(* n (fac (- n 1)))
))

> golobd 5wl o Wk [ifa > 0)

» AAAZE0c 92 n2t £33 93 “n-1" n—1<n
at every recursive call],
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d

B A7 8417 2918}7] [terminate?]

(define (fac n)
(if (=n0) 1
(* n (fac (- n 1)))
))

» Folopd Ak dygow W=t [if n > 0],

» AAAZE0c 92 n2t £33 93 “n-1" n—1<n
at every recursive call],

» 20| JtH(“(= n 0) 1") [there is an end].
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B A7 8417 2918}7] [terminate?]

(define (fibonacci n)
(cond ((=n 0) 0)
((=n1) 1)
(else (+ (fibonacci (- n 1))
(fibonacci (- n 2))))
))
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Qi B AN B4 AR S5
[terminate?]
ofele} 2L AFES f: A— BE AZ3AH(wlog)
(define (f z) ---(f e1)---(f ey)--+)

AT A= 9 AolA [in the set A
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Qb Tk AA G5 AA Feld]

= il il

[terminate?]

oelol e AT S £: A BE AZSAHwlog)
(define (f z) ---(f e1)---(f ey)--+)

AT AR5 Hg Aol A [in the set A

> Yo Y] SolEs ¢4 >E Fow) ofe 22
[find > such that]:

SNU 4190.210 © Kwangkeun Yi



Aulrle: T} A7 &0l x] 3ol 5

= il il

[terminate?]

obel st 2 AT TS £ 1 A BE A7teAHwlog)
(define (f z) ---(f e1)---(f ey)--+)

AT AR5 Hg Aol A [in the set A
» YAE Y o=t A >E Fow ot B2
[find > such that]:
» AT TS AR (€19 e2)9] ol Al ARH(z) H ot

>QA("E=E"), 28 [x > e and & > e
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Qb Zohs A7 TSAA 2157

[terminate?]

obel e} 2 AT TS f: A BE A7ketAl(wlog)
(define (f z) ---(f e1)---(f ey)--+)

AA s AAFE2] H 3 Aol A [in the set A

> R4S 7] FAEE A >E 2o, oo 2o

[find > such that]:

b AT TE AR (e,9 e2)] gho] Aeh AAHz) KT}
>Q("Eo]E=E"), Z8]Al [z > e; and = > ey
gt AN A >-= AU 2 945 SM4E A
33k (well-founded) [> has no mfmlte decreasing chain
(i.e., well-founded) in A].

A
O &
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Zuhe A E40A) 291547 [terminate?]

(define (bar a b c)
(if (=b 0) ¢
(bar (+ a 1) (- b 1) (*x a b))

))

» N+« N« NojJA| Zol=& 4] >&7 [what is >7]
» LA I >- A7 G FEd el vl
= (well-founded)? [is > well-founded?]

Y A >7
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L A B9 A 2218l [terminate?]

(define (map-reduce f 1 op init)
(reduce (map f 1) op init))

(define (map f 1)
(if (null? 1) O
(cons (f (car 1)) (map f (cdr 1)))
))

(define (reduce 1 op init)
(if (null? 1) init
(op (car 1) (reduce (cdr 1) op init))
)

(define (word-count pages) (map-reduce wc pages + 0))
(define (make-dictionary pages) (map-reduce mw (words
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Zuhe A E40A) 291547 [terminate?]

(define (sum lower upper f)
(if (> lower upper) O
(+ (f lower) (sum (+ lower 1) upper f))
)
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Zuhe A E40A) 291547 [terminate?]

(define (sigma lower upper)
(lambda (£f)
(define (loop n)
(if (> n upper) O
(+ (f n) (Qoop (+ n 1)))))
(loop upper)
)
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Zuhe A E40A) 291547 [terminate?]

(define (ackermann m n)
(cond
(m0) (+n 1))
((=n 0) (ackermann (- m 1) 1))
(else (ackermann (- m 1) (ackermann m (- n 1))))

))
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