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Last [ine
Syntax vs Semantics (Spoken Language)

Syntax

« Specifies: valid language constructs
 E.g, sentence = (subject) noun + verb + (object) noun

“the ball threw the child”
 Syntactically: valid!
« Semantically: ???

Semantics
» Specifies: “meaning” of language (constructs)



Syntax vs Semantics/(Programming Language)

Syntax

« Specifies: valid language constructs
* £.g, sentence = A valid program!

Semantics
» Specifies: “meaning” of language (constructs)



Syntax vs Semantics (Programming Language)

Syntax

« Specifies: valid language constructs
« E.g, Valid Racket “sentence”: S-expressions
- Valid Python “sentence”: follows Python grammar (with whitespace!)

Semantics
» Specifies: “meaning” of language (constructs)



Syntax vs Semantics (Programming Language)

Syntax

 Specifies: valid language constructs
« E.g, Valid Racket “sentence”: S-expressions
- Valid Python “sentence”: follows Python grammar (with whitespace!)

Q: What is the “meaning” of a program?

A: The result of “running” it!

Semantics .. but how does a program “run”?

» Specifies: “meaning” of language (constructs)



Giving Meaning to, I.e., Running, Programs

;5 eval : Program -> Result
55 “runs” a given “Program”, producing a “Result”

The eval() function evaluates JavaScript code r¢

string and returns its completion value. The source

An “eval” function turns a “program” into a “result”

JavaScript Demo: evall()

?nore generally called an interpreter

1 console.log(eval("2 + 2"));
2 // Expected output: 4
3
4

console.log(eval(new String("2 + 2")))
5 // Expected output: 2 + 2

Q: What is the “meaning” of a program?

A: The result of “running” it!

.. but how does a program “run”?

Fssentially ... a function!




Giving Meaning to, I.e.,, Running, Programs

Program

(Surface Syntax)

“‘eval”
(interpreter)

Result

(Not all programs are directly interpreted)

More commonly, a
high-level program is

first compiled to a
lower-level target language
(and then interpreted)



Program
(Surface Syntax)

COmpiler Another program / function

h 4
Target Language

!

Result

More commonly, a
high-level program is

first compiled to a
lower-level target language
(and then interpreted)



From

Yy “high” level

(easier for humans

to understand)

Program A

(Surface Syntax)

Another program / function

compiler

Target Language

!

Result

“low” levele—
(runs on cpu)

NOTE: This hierarchy is approximate

English
Specification langs
Markup (htm1, markdown)
Database (sov)
Legic Program (prolog)
Lazy lang (Haskell, Rr)

Functiona! lang (racket)

JavaScript, Python

C# [ Java
C++
C
Assembly Language

Machine code

Types? pre/post cond?

tags

queries

relations

Delayed computation

Expressions (no stmts)

“eva l"

GC (no alloc, ptrs)

More commonly, a
\high-level program is

first compiled to a
-lower-level target language
(and then interpreted)




“high” level

(easier for humans
to understand)

compiler

Interpreter

(could be hardware CPU)

Program
(Surface Syntax)

Another program / function

Target Language

Another program / function

A 4

Result

“low” level

(runs on cpu)

Specification langs
Markup (htm1, markdown)
Database (sov)
Logic Program (prolog)
Lazy lang (Haskell, Rr)

Functional lang (racket)

JavaScript, Python

C# [ Java
C++
C
Assembly Language

Machine code

Common target languages:
- bytecode (e.g, JS, Java)
,- assembly
/- machine code

(A virtual machine is just a
bytecode interpreter)

A (hardware) CPU is just a

machine code interpreter!




“high” level
(easier for humans
to understand)

Program
(Surface Syntax)

COmpiler Another program / function

h 4
Target Language

|

|nterpreter Another program / function

(could be hardware CPU) V

Result

“low” level
(runs on cpu)

More commonly, a
high-level program is

first compiled to a
lower-level target language
(and then interpreted,



compiler

Program
(Surface Syntax)

¥

Target Lang 1

$
A 4

Compilers often have
multiple steps

Target Lang n

Result




Parsing

Program

Program that does this is called

Parser
(compiler’s first step)

(Surface Syntax)

while b # @:
e Typically, string of chars
1. 777 | (not arranged by features)
inPUt return ab e

¥

Program

(tree)

Target Lang n

Result

‘ Potentially really complicated
(take a compiler’s course)

eeeeeee

output

while

conW
compare
op = body

uanable con s[ant
name: b

branch

=)
y 2 Yy R

Lexer Parser

return

variable
name: a

tree
(arranged by features)

Syntax
Tree



Parsing — This Course

(* (+ 1 2) This course: S-expressions Already have a
(- 4 3) (already tree-like and data definition!
Program input (/ 10 5)) arranged by features)
(Surface Syntax) A :
@ (very similar!) @ Much Slmpler
T (save hard stuff for compilers course)
Program B .
(tree) p St Tree-like S:fpézx

while return

P

CO"W | Parser
(o body .
Target Lang n

uarlabl: constant branch tree
(arranged by features)

Result



This course: S-expressions | Already have a
(already tree-like and data definition!
arranged by features) (from last lecture)

)J
)

)

;35 A Program (Simple Sexpr) is one of:

- Number
(list “+ Program Program)
(list ,*X Program Program)

Unicode \times

NOTE: we don’t use “checked”
constructors here

(bc this is the surface syntax of
the program, often “raw strings”)

It's the job of the parser to reject invalid programs




S-Expression Template

A little verbose ...

;5 - Number

;3 A Program (SSexpr) is one of:

;5 - (list ‘+ Program Program)
;5 - (list “X Program Program)

(define (ss-fn s)

cond guards must distinguish the different cases

(cond k///

[ (number? s) .

Recursive
call(s)

//“

getters”

[(and (list? s) (equal? ‘+ (first s)))
—>(ss-fn (second s ss-fn (third s
i (and (list? s) (equal? “x (first s)))
ss-fn (second s ss-fn (third s




single quote

;5 A Program is one of:

;3 - Number

;3 - (list “+ Program Program )
;5 - (list “x Program Program )

"f‘(+ 12) =

mtertude: QUOTING @and quasi-quoting

QUOTING Shorthand for constructing S-exprs

(nested lists of atoms)

(list ‘+ 1 2)

‘(+1(+23))|=

(list ‘+ 1 (list ‘+ 2 3))

equivalent 1

QUASI-QUOTING

;5 A Program is one of:

;3 - Number

55 - (+ ,Program ,Program )
55 - (X ,Program ,Program )

backtick

T+ 12) =

Uses (quasi-quoting) to construct s-expression

(+ 1 ,(+ 23)) |=»
1

Like quoting but allows “escapes”

(to “splice in” computed s-exprs)

(list ‘+ 1 2)

(list ‘+ 1 5)

Comma

(only allowed inside quasiquote




A little verbose ...

S-Expression Template

;3 A Program (SSexpr) is one of:
55 - Number

535 - (list “+ Program Program)
;5 - (list “X Program Program)

(define (ss-fn s) _ |
(cond / Cond guards must distinguish the different cases

[ (number? s) .. | / /“getterS"

[ (and (1list? s)-(equal? “+ (first s)))

Recursive | (ss-fn (second s)) .. (ss-fn (third“s)) .. ]

callts [ (and (list? s) (equal? “x (first s)))
.. (ss-fn (second s)) .. (ss-fn (third s)) .. ]))




wterlide: PAttern matching (again)

;3 A Program (SSexpr) is one of:
;3 - Number

55 - (+ ,Program ,Program)

55 - (X ,Program ,Program)=_

Use quasi-quoting (qq) to construct lists

(define (ss-fn s)
‘match s i
= Predicate pattern

number?
€
il X ,Y uQuasiquotW <—— Patterns can also use quasi-quoting to deconstruct lists!
patterns ss-fn X SS-&m ¥ i.e., extract compound data pieces!

XY )| Symbols (in gq pattern) match exactly
B ss-fn X ss-fn y
“Unquote” (in gq pattern) defines new variable name (for value at that position)




nlertude. patte ' matchin:

* See Racket docs for the full
pattern language

The grammar of pat is as follows, where non-italicized identifiers are recognized

symbolically (i.e., not by binding).

itei
(quote datum)

(list lvp ...)

(list-rest Ilvp ... pat)
(list* lvp ... pat)
(list-no-order pat ...)
(list-no-order pat ... lvp)
(vector Ivp ...)
(hash-table (pat pat) ...)

(hash-table (pat pat) ...+
000)

(cons pat pat)

(mcons pat pat)

(box pat)
(struct-id pat ...)
(struct struct-id (pat ...))

(regexp rx-expr)
(regexp rx-expr pat)
(pregexp px-expr)
(pregexp px-expr pat)
(and pat ...)

(or pat ...)

(not pat ...)

(app expr pats ...)

(? expr pat ...)
(quasiquote gp)
derived-pattern

match anything, bind identifier
match anything, bind identifier
match anything

match literal

match equal? value

match sequence of Tvps

match lvps consed onto a pat
match lvps consed onto a pat
match pats in any order

match pats in any order

match vector of pats

match hash table

match hash table

match pair of pats

match mutable pair of pats
match boxed pat

match struct-id instance
match struct-id instance
match string

match string, result with pat
match string

match string, result with pat
match when all pats match
match when any pat match
match when no pat matches

match (expr value) output values to

pats

match if (expr value) and pats
match a quasipattern

match using extension



wterlide: PAttern matching (again)

 Template =
| etinguicl

e match = cond + accessors match

can be more concise and readable

For extracting compound data pieces!

(define (ss-fn s) With match
(match s

[(? number?) .. ] VS
[ (+ ,x ,y)
.. (ss-fn x) .. (ss-fny) .. |

[T (X ,x L,y)
.. (ss-fn x) .. (ss-fny) .. 1))

(define (ss-fn s) With accessors and predicates

(cond
[ (number? s) .. ]
[(and (list? s) (equal? ‘+ (first s)))
.. (ss-fn (second s)) ..
.. (ss-fn (third s)) .. ]
[(and (list? s) (equal? “x (first s)))
.. (ss-fn (second s)) ..
.. (ss-fn (third s)) .. 1))




;35 A Program (Ssexpr) is a:
;3 - Number
;5 - (+ ,Program ,Program)

227

55 - (X ,Program ,Progﬁifz,,gfff”)?
i \
55> parse: Proéram -> 2?7

;; Converts a Program (simple s-expr) to a ???

(define (ss-fn s)
(match s

[(? number?) .. ]
[ (+ ,x ,y)
.. (ss-fn x) .. (ss-fny) .. |

[T (X ,x L,y)
.. (ss-fn x) .. (ss-fny) .. 1))




2 /%WZM«?Z%

Program

Program that does this is called

Parser
(compiler’s first step)

(Surface Syntax)

.

Program

(tree)

Target Lang n

Result

» : e :
(* (+12) This course: S-expressions Already have a
(- 4 3) (already tree-like and data definition!
input | (/ 10 5)) || arranged by features) | :
55 A Program is one of:
‘ 55 - Number
;5 - (list ‘+ Program Program)
output xmﬁ ;5 - (list “x Program Program)
conW
= body g
uanabl: conslant branch tree
(arranged by features)
Data

definition?




(* (+1 2)

(- 4 3)
Program input | (/ 10 5))
(Surface Syntax)
Abstract Syntax output =
(Program) Tree (AST) i
N
condition ’ Ie\ iii
;3 An AST is one of: e
;5 - (mk-num Number) —
35 - (mk-add AST AST) (arranged by features)
;5 - (mk-mul AST AST) Data
; 5 Represents: program source code as tree . ..
) ?
(struct num [val]) definition?

(struct add [1ft rgt])
(struct mul [1ft rgt])




(define/contract (mk-num n)

use “checked” ////, (-> number? AST?)<—| contract

constructors as usual -
(num n)é)\ Unchecked constructor

;3 An AST is one of:

;5 - (mk-num Number (define/contract (mk-add x y)

;5 - (mk-add AST AST) —|  (-> AST? AST? AST?)

;5 - (mk-mul AST AST) (add x y))

;5 Represents: program source code as tree
(struct num [val])

(struct add [1ft rgt])

(struct mul [1ft rgt])




mtertude; INNErItANce and “Super” Structs

:: A Shape is one of: abstract” struct

L (implicitly defines
7o Rgctangle Shape? predicate)
;3 - Circle

struct rect [w h c (struct Shape [])
struct circ [r c » (struct rect Shape [w h c])
(struct circ Shape [r c])

Alternatively ... \

“super” struct declaration

eg,ifr=(rect 1 2 ‘red)
(define (Shape? s) then both (rect? r) = true

. h ? =
(or (rect? s) (circ? s))) and (Shape? r) = true




Without superstruct With superstruct

;3 An AST is one of: ;5 An AST 1is one of:

;3 - (mk-num Number) 55 - (mk-num Number)

;5 - (mk-add AST AST) ;5 - (mk-add AST AST)

;5 - (mk-mul AST AST) 55 - (mk-mul AST AST)

(struct AST [])

(struct num [val]) (struct num AST [val])
(struct add [1ft rgt]) (struct add AST [1ft rgt])
(struct mul [1ft rgt]) (struct mul AST [1ft rgt])




In-class Coding 3/31: parser

55 A
>y~
>y~

)

Program (Ssexpr) 1is a:
Number

“(+ ,Program ,Program)
(X ,Program ,Program)

5> parse: Program -> AST
;5 Converts a Program to an AST

(define (parse p)

(match p
[(? number?) .. ] TEMPLATE
[T (+ ,x ,VY) (gives most of the solution!)
.. (parse x) .. (parse y) .. |
[ (< ,x,y)

.. (parse x) .. (parse y) .. 1))

;5 An AST is one of:

53 - (mk-num Number)
;3 - (mk-add AST AST)
;3 - (mk-mul AST AST)

(struct AST [])
(struct num AST
(struct add AST
(struct mul AST

val])
1t rgt])

1t rgt])




;35 A Program (Ssexpr) is a:

;5 - Number
55 - (H ,Program ,Program)
;5 - (AN ,Program ,Program)
55 parsel Program -> AST
;5 Convepts a Program to an AST
(define [parse p)
(match|p
[(? %umber?) (mk-num p)j””””—
[T(+ ,x ,y)
(parse x) (parse vy) ]
[T (X ,x ,Yy)
(parse x) .. (parse y) .. ]))

(struct AST [])
(struct num AST
(struct add AST

(struct mul AST

;3 An AST is one of:

| 3 »—>(mk-num Number)
;3 - (mk-add AST AST)

;3 - (mk-mul AST AST)

val])
1t rgt])

1t rgt])




;35 A Program (Ssexpr) is a:
55 - Number
55 - (+ ,Program ,Program)
55 - (A ,Program ,Program)
55 parsel: Program -> AST
;5 Converts a Program to an AST
(define |(parse p)
(match p
[(?¢number?) (mk-num p) ]

[* (+
[ (

»X ,Y)

»X ,Y)
(parse x) (parse y)

(mk-add (parse x) (parse y)7j/’

1))

;; An AST is one of:

- (mk-num Number)
55 -»(mk-add AST AST)
#7 - (mk-mul AST AST)

(struct AST [])
(struct num AST
(struct add AST
(struct mul AST

val])
1t rgt])
1t rgt])




;5 A Program (Ssexpr) is a:
;5 - Number

- ~(+ ,Program ,Program)
- ~(x ,Program ,Program)

) )

o o
)5

55 parsg: Program -> AST

;5 Convdrts a Program to an AST

;5 An AST is one of:
;5 - (mk-num Number)

(match p ;53 - (mk-add AST AST)
[ (? [number?) (mk-num p)] 55 -x(mk-mul AST AST)

[‘E X L,Y) . /igf;th AST [1)

_(njk-add (parse x) (parse y) “1 (struct num AST [val])
[T(X ,x ,Y) 1) (struct add AST [1ft rgt])

(define |(parse p)

(mk-mul (parse x) (parse (struct mul AST [1ft rgt])




Did you write Examples??

(check-equal? (parse ‘(+ 123 4)) 2?2? )

;5 A Program (Ssexpr) is a:
;3 - Number

;5 - (+ ,Program ,Program)
;5 - (X ,Program ,Program)

match: no matching clause for '(+ 1 2 3 4)

5> parse: Program -> AST

;5 Converts a Program to an AST

|33 An AST is one of:
TEMPLATE MAKES THIS EASY! [; 5 - (mk-num Number)

(define (parse p)

(match p ;5 - (mk-add AST AST)
[S? number?) (mk-num p) ] ;5 - (mk-mul AST AST)
[ (+ ,Xx ,Y) (struct AST [])
‘(mk—add (parse x) (parse y))] (struct num AST [val])
[T(X ,x ,Y) (struct add AST [1ft rgt])
(mk-mul (parse x) (parse y))I)) | |(struct mul AST [1ft rgt])




Dynamic Errors (e.g, Exceptions)

When a function argument:
1. Comes from arbitrary users

2. Has a sufficiently complex data definition
« So that contracts are not enough to enforce the signature
« (Typically involves recursive data)

Then dynamic errors may be needed




Parsing Programs

55 parse: Program -> AST
;5 Converts a\surface program to its AST

!

;3 A Program is one of: (define £Program? p)
55 - Number r (number? p) | The best(shallow

;5 - (+ ,Program ,Program) T (cons? pfy) check) we can do

;3 - (X ,Program ,Pr‘ogr‘W |
/ function argument:
1.

Comes from arbitrary users —

(define/conic/r‘ac‘((par‘se p) 2. Has sufficiently complex

data definition where,
contracts are insufficient

match p
atom? parse-atom p
X ,Y mk-add (parse X parse y

X ,Y mk-mul (parse x) (parse y




Parsing Programs

;5 parse: Program -> AST
;5 Converts a surface program to its AST

;5 A Program 1s one of:
;3 - Number

55 - (+ ,Program ,Program)
55 - (X ,Program ,Program)
function argument:
1. Comes from arbitrary users
(define/contract (parse p) 2. Has sufficiently complex
(-> Program? AST?) S LS
(match p
atom? parse-atom p
X ,Y mk-add (parse X parse y
X ,Y mk-mul (parse x) (parse y

[ (error .. )]))




meertude: RACKet exceptions

Exceptions are just special structs

Super struct (enables using exception API)

(struct exn:fail:syntax:cs450 exn:fail:syntax [])

(define/contract (parse p)
(-> Program? AST?)

(match p
atom? parse-atom p
X ,Y mk-add (parse X parse y
X ,Y mk-mul (parse x) (parse vy

[ (error .. )]))




meertude: RACKet exceptions

Exceptions are just special structs

Super struct (enables using exception API)

/]
(struct exn:fail:syntax:cs450 exn:fai;/gyntax [1)

/

(define/contract (parse p)
(-> Program? AST?)

(match p
atom? parse-atom p
X ,Y mk-add (panse X parse y
X ,Y mk-mul rse x) (parse y

[ (raise-syntax-error
"parse "not a valid CS450 program" p
#:exn exn:fail:syntax:cs450)]))




Invalid Syntax Example

(check-equal? (parse ‘(+ 123 4)) ?2? )

mateh: no matching clause for +

parse: not a valid CS450 program in: (+ 1 2 3 4)

(check-exn exn:fail:syntax:cs450?

Can write tests with exceptions! ‘
(A () (parse ‘(+1234)))




/O/‘w/ms%y

; A Program (Ssexpr) is a:

- Number
- " (+ ,Program ,Program)
- (x ,Program ,Program)

: 2

(* (+ 1 2) ,,
(_ 4 3) )
Program input | (/ 10 5)) |55
(Surface Syntax) 55
Parser % ‘
Abstract Syntax outout o
(Program) Tree (AST) P =

b 4 =

;5 An AST 1s one of:
;5 - (mk-num Number)
;5 - (mk-add AST AST)
;5 - (mk-mul AST AST)

Target Lang n

tree
(arranged by features)

Result



(* (+12)

(- 4 3)
Program input | (/ 10 5))
(Surface Syntax)
Abstract Syntax Sutout
(Program) Tree (AST) P

statement
/ \\\
while

A /
condition_ \

-

-

compare \
op: * body

|nterpreter Another program / function / \ | \ l

variable constant
(could be hardware CPU) 1 name: b e o ’L'rd-n:_}-x
;3 A Result is a:

Result |Data sso- 2?2

definition?




In-class Coding #2: run

;3 An AST 1s one of:

;5 - (mk-num Number) ;3 A Result is a:
5y - (mk—add AST AST) » ;3 - Number

35 - (mk-mul AST AST)

;5 run: AST -> Result
;5 Computes the Result of running the given program AST




;3 An AST is one of:
55 - (mk-num Number)
;5 - (mk-add AST AST)

55 - (mk-mul AST AST)
(struct AST [])

_ .| (struct num AST [val])
» »| (struct add AST [1ft rgt])
(struct mul AST [1ft rgt])

o o
)

;3 A Result 1s a:
» ;3 - Number

ing the given program AST

(define (ast-fn p)

(cond TEMPLATE?
[(num? p) .. ]
[(add? p) .. (ast-fn (add-1ft p))

.. (ast-fn
[(mul? p) .. (ast-fn
.. (ast-fn

(add-rgt p)) .. |
(mul-1ft p))

(mul-rgt p)) .. 1)




B
B
) J

) J

)

(struct AST [])
.| (struct num AST [val])
» s| (struct add AST [1ft rgt])

(struct mul AST [1ft rgt]) ing the given program AST

An AST is one of:

- (mk-num Number) ;53 A Result is a:
- (mk-add AST AST) » ;5 - Number

- (mk-mul AST AST)

Struct
patterns

(define (ast-fn p)
(eend match p

[(numery— ]
[(add x y) (ast-fn x)

TEMPLATE --- wiTH match

Struct name

(ast-fn y) ]

[(mul_x,y) (ast-fn x)
2 )
Extracts and names fields (aSt fn y) ] )




(define (ast-fn p) With accessors and predicates
(cond
(num? p) .. |
(add? p) .. (ast-fn (add-1ft p))
.. (ast-fn (add-rgt p)) .. ]
(mul? p) .. (ast-fn (mul-1ft p))
. (ast-fn (mul-rgt p)) .. 1)

VS
» Template (with match) =
(define (ast-fn p) With match
(match p .
[(num n) .. ] match can be more concise and readable

[(add x y) .. (ast-fn x) ..
.. (ast-fny) .. ]
[(mul x y) .. (ast-fn x) ..

. (ast-fny) .. 1)




In-class Coding 3/31 #2: run

;3 An AST 1s one of:

(struct num AST [val]) ;5 A Result is a:
(struct add AST [1ft rgt]) » 55 - Number

(struct mul AST [1ft rgt])

;5 run: AST -> Result
;5 Computes the Result of running the given program AST

(d‘z‘;izih(;”" P) TEMPLATE
[(num n) .. |
[(add x y) .. (run x) ..
.. (runy) .. ]
[(mul x y) .. (run x) ..
. (runy) .. 1)




In-class Coding 3/31

(struct num AST
(struct add AST
(struct mul AST

;3 An AST 1s one of:
[val])

1t rgt])
1t rgt])

=

2. run

o o
)

o o
)

A Result is a:
- Number

;5 run: AST -> Result
;5 Computes the Result of running the given program AST

(define (run p)
(match p
[(num n) n]

[(add x y)

How to combine Results?

. (run

. (run

[(mul x vy)

. (run

. (run

X) ..

y) - ]

X) ..

y) - 1)




In-class Coding 3/31 #2: run

;3 An AST 1s one of:

(struct num AST [val]) ;5 A Result is a:
(struct add AST :l'Ft r'gt]) » ;3 - Number

(struct mul AST [1ft rgt])

;5 run: AST -> Result
;5 Computes the Result of running the given program AST

(dEFlne (Pun p) Racket + gives
(match p semantics to our new

[(num n) n] /language“+”operator
[(add x y) (+ (run x)
(run y))]

[(mul x y) .. (run X) .. | Howto
. (run y) .. ]‘combine?




In-class Coding 3/31 #2: run

(struct num AST
(struct add AST
(struct mul AST

;3 An AST 1s one of:

;val]) ;3 A Result 1s a:
1ft rgt]) » ;s - Number

1t rgt])

;3 run: AST -> Result
;3 Computes the Result

of running the given program AST

(define (run p)
(match p
[(num n) n]

[(add x y) (+

[(mul x y) (*

(run
(run
(run
(run

X)

y) ) ] Racket * gives
semantics to our new

X) language “x” operator




In-class Coding 3/31 #2: run

;3 An AST 1s one of:

(struct num AST [val]) ;3 A Result is a:
(struct add AST [1ft rgt]) » 55 - Number

(struct mul AST [1ft rgt])

;5 run: AST -> Result
;5 Computes the Result of running the given program AST

(define (run p) |TEMPLATE MAKES THIS EASY!
(match p
[(num n) n]
[(add x y) (+ (run x)

(run y))]
[(mul x y) (* (run x)

(run y))])




