Welcome to CS 536:
Introduction to Programming Languages and Compilers!

Instructor: Beck Hasti
e hasti@cs.wisc.edu
e Office hours to be determined

TAs
Aaryan Patel

Daniel Smedema &&— Ee( (o8 TA

Jack Stanek
Nick Boddy
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Course websites:

canvas.wisc.edu

www.piazza.com/wisc/spring2025/compsci536

pages.cs.wisc.edu/~hasti/cs536/epic

About the course
We will study compilers (2 ?“O@Os ~n 'NAS \M\SWMQ%X
We will understand how they work
We will build a full compiler

Course mechanics
Exams (60%)

e Midterm 1 (18%): Thursday, February 27, 6:30 — 8 pm
e Midterm 2 (16%): Thursday, March 20, 6:30 — 8 pm
e Final (26%): Thursday, May 8, 6:30 — 8:30 pm

Programming Assignments (40%)
o Gprograms: 5% + 7% + 7% + 7% + 7%+ 7%

Homework Assignments
¢ 8 short homeworks (optional, not graded)
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What is a compiler?

T oarnet
SoucLe ‘ Compiler ?N%‘M
?%‘b‘*ﬂ\ —] \n \,\os—g \(m-os.c. '3 \,\ —_—
_ Q \n \O'NN»NXQ,T
\~ \‘\a)so‘d. S
S 2 2CCOC ™RSSy
A compiler is T“ \)% ~¥A
e recognizer of language S H: Savo\
e atranslatorfromSto T S bech
e aprogram in language H VI MeS

Front end vs back end

¥¢en1 '_ER oadk
g g o) » e~ ’ T

front end = understand source code S; map S to IR
IR = intermediate representation

backend=map IRto T
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Source program
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Scanner
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Parser
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Overview of typical compiler

sequence of characters

exica\
n a\‘w‘

sequence of tokens

e
501 a\y 28

C Abgienct gﬁn‘\'wx‘—“‘%\

Semantic analyzer

cnane acolsis T4

\ 4

Xupe o\aed«‘«\os S

augmented, annotated AST

Intermediate code generator

Optimizer

\ 4

Code generator

\ 4

Object program

optimized IR

v6

assembly or machine code ot +
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Scanner
Input: characters from source program

Output: sequence of token . .
"‘ﬁ—gn%g\‘\z\y WA N O\S‘pd\@*e() \NGO

Actions:
e group characters into lexemes (tokens)
e identify and ignore whitespace, comments, etc.

What errors can it catch?

e bad characters eob # .\'\ -Sawch
e unterminated strings \-\Q‘\\°
e integer literals that are too large
Parser
Input: sequence of tokens from the scanner
Output: AST (abstract syntax tree)

Actions:
e group tokens into sentences

What errors can it catch?
e syntaxerrors K = )| ¥ S

e (possibly) static semantic errors :se ‘o&‘ W.Ae()“@ V@{g.\;\%
Semantic analyzer
Input: AST
Output: annotated AST

Actions: does more static semantic checks
e Name analysis

Process devls & woes & iAU\ﬂQ\'Q]‘A
™o ch Waos w' AQU\S

enfores Sopiny Cwlta :
eccoty— h“\q;p\‘,ée()‘c\ﬁ)‘ vol‘\au%) sl osf u\:\&mt‘
e Type checking
eheck tyees & AwONrONg e AsT
Intermediate code generator
Input: annotated AST = A55(.N2 No Syntax ’ Kat\e semant\L erroty
Output: intermediate representation (IR)
CIN Y- addtels wdl
- \me«ruwﬂm \\a.ve, X ™oyt 5 OQQ’“GPX&
- eaby 4o agneoy Scom NST
Lo 4 fnsee ger AST At node
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Example
&S B eI

Scanner produces tokens:

ID(a) ASSIGN INTLIT(2) TIMES ID(b) PLUS ID(abs) LPAREN MINUS
INTLIT(71) RPAREN SEMICOLON 7\

SLannee Aagc,“\.c \(m
;‘Q H‘Vr\ * \ovaal |
AST (from parser) \

Symbol table N“M 0‘““15\'5
AWwls be Symbd Takly

19 wd 4o

N 0y ok
o v x|
(AN Sexa N —3 \~X
3-address code
tfempl=2%*b
temp2=0-71

move temp2 paraml
call abs
move returnl femp3

temp4 = templ + temp3 )’ n= *‘”‘Pi * fempd
a = temp4
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‘b%\ = \.ook 2 a N Qev

Optimizer A ot & Aunl

Input: IR . ‘
Output: optimized IR %‘obu\ = look at ent 0l

Actions: improve code Qo’(t\ Sy w"‘ou— Wm

e make it run faster, make it smaller
e several passes: local and global optimization
e more time spent in compilation; less time in execution

Code generator Yo 536 o TR 'S an AST

Input: IR from optimizer
Output: target code

Symbol Table

Compiler keeps track of names in

e semantic analyzer — \oot Name Mﬂ\\,&\'; & -g\\\m W\m>

e code generation—&%s oo Sxol
\
o optimizer o Could Lt €o kup toadl. o deb-nse \nFo
P1 : implement symbol table
Block-structured language %Sava) C') Q'\'J‘; B&‘)‘
e nested visibility of names <= ne awr @by o&.‘tszﬂ, aC Scoﬁ OS Name
e easy to tell which def of a name applies (t.sq,.“\1 nesset 21\0\08\\&5 SWP?/\
o lifetime of data is bound to scope oS' V\W&\'U 4Nk A@'\of% W

Example: (from C)

int x, vy,

void A() { Uodk REWAWL =
double x, z; -— ' Y
C(x, y, 2); nedd ne,‘st\nusﬁ Sy “M%
} 7 o .
&«fb\QT"M\ double =) \TA ok E\as"c\\a\%
void B () {
C(‘>_<_, Y _Z_);
b/ N
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Recall
A compiler is
e recognizer of language S
e atranslatorfromSto T
e aprogram in language H H

Q‘(‘e‘\ kﬁdk
S5— 2~d ‘\ ‘&_&' end — 1

front end = understand source code S; map S to IR
IR = intermediate representation
backend=map IRto T

Why do we need a
compiler? Source program
e processors can execute sequence of characters
only binaries (machine- Y
code/assembly programs) Scanner
* ertlng asse_mbly sequence of tokens
programs will make you
lose your mind Parser
. Symbol
o allows you to wrltg table AST
programs in nice(ish) 4
high-level languages like Semantic analyzer
C; compile to binaries
augmented, annotated AST
Intermediate code generator
front end
back end v IR
Optimzer
optimized IR
Code generator
assembly or machchine code

Object program
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Special linkage between scanner and parser (in most compilers)

Source

Program

Sequence of characters

lexical analyzer
(scanner)

syntax analyzer @ lexical analyzer
(parser) w (scanner)

Sequence of tokens l next token,
syntax analyzer please
(parser) ( @ )
a <|=] |p

source code

Conceptual
organization

Scanning
Scanner translates sequence of chars into sequence of tokens

Each time scanner is called it should:
¢ find longest sequence of chars corresponding to a token
e return that token

Scanner generator

e Inputs:
e one regular expression for each token
e one regular expression for each item to ignore (comments, whitespace, etc.)

e Output: scanner program

To understand how a scanner generator works, we need to understand FSMs
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FA Finite-state machines Fsm
(aka finite automata, finite-state automata)

¢ Inputs: string (sequence of characters) — g\‘n{—\q \e.wsqk
e Output: accept / reject — \‘s 5“'(‘(&3{.\ \%‘5““052 L

Language defined by an FSM = the set of strings accepted by the FSM

Cbhgi\ll' ?ec.m:)s\'\’ws \&0373\ SI0(amng Q-\ PN \,(Ns g_’
oM (‘e,m%c\hu: \\?Ayu\ StrianS A vome \OMS L

——————

Example 1:
Language: single-line comments starting with / (in Java / C++)

) oxdE 4o £\
/ ecd o ”ﬂ’\(‘:%\\ Z— %*\M‘Ql‘(’ v\oé:l
/ 5 \n Aconatone (4 every
'7?. AN @-—% chaf that {s o0t \pn)

Nodes are states can \\OWQ,
Edges are fransitions m\«f\ ?\ e
Start state has arrow point to it oc\\\ 1

Final states are double circles

Considec
//cd\n V /' \a VvV //c.\lo\f\\ﬂ T e\ X

Ak
/ogotn X I\ EOF X
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How a finite state machine works

curr state = start state
let in ch= current input character

repeat

if there is edge out of curr state with

label in ch into next state

curr state = next state — SD\\Q\I’ ACansvcion

in ch = next char of input
otherwise
stuck // error condition

until stuck or input string is consumed

—=

if entire string is consumed and
curr_ state is a final state

accept string V4

otherwise

reject string')<

Formalizing finite-state machines
alphabet (X) = finite, non-empty set of elements called symbols
string over X = finite sequence of symbols from X

language over X = set of strings over X

finite state machine M= (Q, %, §, g, F ) where
0 = set of states - g\'m“te

¥ = alphabet < Qimo, (hm‘m c'Q‘ o\ QA\L \”"\“/\5\

6 = state transition function QxZ—>g 05{""'\ ('S«o.‘\Q\Sj m\go\\ l(‘&‘h’f ~n Skt

q = start state -m\1 A- \ 0‘,& Q
F= set of accepting (or final) states & < Q

L(M) = the language of FSM M = set of all strings M accepts ~ CONN be .\h(\:'u\\-u,

finite automata M accepts x = x1.x2.X3...Xn iff

5(6(6(... 6(6(8(s0,x1),%2),X3), e Xn_2), Xn_1), Xp) %‘F

Week 1

eq)\ \(\
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Example 2: hexadecimal integer literals in Java

Hexadecimal integer literals in Java: . \—D\
e must start Ox or 0X &2— awebe O (M \e‘t‘l'U" Copvie
o followed by at least one hexadecimal digit (hexdigit)
e hexdigit=0,1,2,3,4,5,6,7,8,9,a,b,c,d, e,f,A,B,C,D,E, F
optionally can add long specifier (1 or 1.) at end

52 EE) L@

\w.xc\“’s\“
E)(M«P\c FS:
Q= 230.9\151,53»5‘175 AR pHed Ox 1443
Z=ZO‘Q’Q‘Q)R’F, x)X)LJLS s'kb‘o\ﬂ ‘\F%‘me
8= WS Hake ATahnution ‘Va\n\b sv\w).k '\“%m\
g= S\ Nafe (Mﬁ .
o..c.u.e’ce \ OxILL
F= i 61,’ S‘\S
State transition table
0 1-9 a-f A-F X X 1 L
So S Se Qe Se Se Se Se e
S1 Sa Sa
S2 Sy RN Sa Sl
s3| Sy | Sy | O S3 Sq | Sy
Sa
Se Se So, SQ SQ SL SL S@ S‘

Vo \nm\h\b engXy sea%’ammt eccor Stoke Qe

\‘3\'
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Coding a state transition table

curr state = start state
done = false
while (!done)

ch = nextChar ()

next = transition[curr state] [ch]

if (next == error || ch == EOF)
done = true

else

curr state = next

return final states.contains(curr state) && next != error

Woeks prowided FSM i dexermministic

Example 3: identifiers in C/C++

A CIC++ identifier L O _
e is a sequence of one or more letters, digits, underscores
e cannot start with a digit

LY, L—%yv\ S 0dd:
—DO (: ji ) —_—— _0_
Ac\b ce,s«v'\ct\'o-\ L CanX eng W (A QRS (oFL

()L LD
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DFA NFA

Deterministic vs non-deterministic FSMs
deterministic
¢ no state has >1 outgoing edge with same label
e edges can only be labelled with elements of X

non-deterministic
o states may have multiple outgoing edges with same label
e edges may be labelled with special symbol £ (empty string)

& -transitions can happen without reading input

Example 2 (revisited)' hexadecimal integer Iiterals in Java
herd
50O Q_,» O_)is, O

hexaigts

Example 4: FSM to recognize keywords for, if, int
Q ) c
—0—0—0©

\f~43C)~§;;;«:»

HORLIEIGREN

Recap
e The scanner reads a stream of characters and tokenizes it (i.e., finds tokens)
e Tokens are defined using regular expressions
e Scanners are implemented using (deterministic) FSMs

e FSMs can be non-deterministic
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Next time
e regular expressions

e understand the connections between
e DFAs and NFAs
e NFAs and regular expressions

e language recognition = tokenizers
e scanner generators

e JlLex

Programming Assignment 1
e released tomorrow (Friday, Jan. 24)
e test code (part 1) due Sunday, Feb. 2 by 11:59 pm
e other files (part 2) due Thursday, Feb. 6 by 11:59 pm

Week 1
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