CS 476 — Programming
Language Design

William Mansky
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Adding Functions

* With variables, assignment, declarations, and control flow, we
have a simple imperative language

* Last major feature of almost every imperative language:
functions



Adding Functions

int add(int x, int y){
e Declare function, then call it

int r;
roi= X + y; * Function declaration has
return r argument and return types,

can return a value

e Can declare local variables

, , inside function body
int main(){

e Can call functions inside
function body (even
recursively!)

int x = 5; int z;
z := add(1, 2);
return X



Functions: Syntax of Definitions

int add(int x, int y){

int r: E ::= C:=..
ri= X + y; T =
return r
}
F .=

int main(){
int x; 1nt z;
X := add(1l, 2);
return Xx



Functions: Syntax of

int add(int x, int y){

int r: E.:=..
roi= X+ Y T =
return r
}
F .=

int main(){
int x; int z;
X := add(1, 2);
return Xx

Definitions

C:.=..

type name (args)
{ body }



Functions: Syntax of

int add(int x, int y){

int r: E.:=..
roi= X+ Y T =
return r
}
F .=

int main(){
int x; int z;
X := add(1, 2);
return Xx

Definitions

C:.=..

Tnhame (args)
{ body }



Functions: Syntax of Definitions

int add(int x, int y){

int r; E:.:=.. C:=..
M= XY T:.=..
return r

}
F::=T<id> (args)
int main(){ { body }
int x; int z;
X := add(1l, 2);
return Xx



Functions: Syntax of Definitions

int add(int x, int y){

int r; E:.:=.. C:=..
M= XY T:.=..
return r

}
F:.=T<id> (T<id>, ..., T<id>)
int main(){ { body }
int x; int z;
X := add(1l, 2);
return Xx



Functions: Syntax of Definitions

int add(int x, int y){

int r; E:.:=.. C:=..
return r

}
F:.=T<id> (T<id>, ..., T<id>)

int main(){ { D; C}

int x; int z;

X := add(1l, 2);

return Xx



Functions: Syntax of Definitions

int add(int x, int y){
int r;

= .. C:.=..

r:i= X +Yy;

return r

E::

T:.=..
\ D ::=T<id>; ...; T<id>
F:.=T<id> (T<id>, ..., T<id>)
int main(){ { D; C}
int x; int z;
X := add(1l, 2);

return X



Functions: Syntax of Definitions

int add(int x, int y){

= .. C:.=..

int r; E::

ri= XY T:.=..
} return D ::=T<id>; ...; T<id>

F:.=T<id> (T<id>, ..., T<id>)

int main(){ { D; C}

Int x; int z; P:=F..F

X := add(1l, 2);

return X
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Functions: Syntax of Calls

int add(int x, int y){

int r; E:=.. C:=..| returnE

roi= X 4y T:=..
} return D ::=T<id>; ...; T<id>

F:.=T<id> (T<id>, ..., T<id>)

int main(){ { D; C}

Int x; int z; P:=F..F

X := add(1l, 2);

return Xx

Exercise: should function calls be commands or
} expressions?



Functions: Syntax of Calls

int add(int x, int y){

int rs E:=.. C:=..| returnE

r =X+ Yy; | <id> (E, ey E)
\ return D ::=T<id>; ...; T<id>

F::=T<id> (T<id>, ..., T<id>)

int main(){ {D; C}

int x; int z; P::=F..F

X := add(1, 2);

return X

Exercise: should function calls be commands or
} expressions?



Functions: Syntax of Calls

int add(int x, int y){

int r; E:=.. C:=..]|returnE

o= X+ Y <id>:=<id> (E, ..., E)
} return D ::=T<id>; ...; T<id>

F:.=T<id> (T<id>, ..., T<id>)

int main(){ { D; C}

int x; int z; P =F F

X := add(1l, 2);

return Xx

Exercise: should function calls be commands or
} expressions?
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Functions: Types

?
'-x:=f(eq,...,e,) : 0K




Functions: Types

?

'-x:=f(eq,...,e,) : 0K

* f is a declared function
* Each of eq, ... e,; has the right type
* The return type of f matches the type of x

* We can store information about function signatures in I’



int f(int x, int y){ return x + y }

f is a function with return type i1nt, arguments int xand int y

f : int(int X, int y)

 \We can store this information in I’



F(f) — T(Tl X1y = Tn xn)

'Fx:=f(eq,..e,) 0K

* f is a declared function
* Each of eq, ... e,; has the right type
* The return type of f matches the type of x



int f(int x, int y){ return x + y }
add f : int(intx,inty) to T’
?

FTF1f(tyxy, o, tpx)ic ) Tf »1(ty X1, oo, Ty X)) ]

old context function declaration new context



int f(int x, int y){ return x + y }

[lx;y =10,y 2 T| FCioOK

FTF1f(tyxy, e, Tpx )i} T[f »1(ty X1, oo, Ty X)) ]

* The function’s parameters should be available in the function body
* And so should previously declared functions and global variables
e (Mutually recursive functions would require an extra step)



int f(int x, int y){ return x + y }

[lx;y =10,y 2 T| FCioOK

FTF1f(tyxy, e, Tpx )i} T[f »1(ty X1, oo, Ty X)) ]

['-e:17 currentreturntypeist

[' - returne : ok



int f(int x, int y){ return x + y }

[x; » 14,0, x, 2 T,],f FC:ok

F-1f(tyxy, o, tpx)ic}:T[f »1(ty X1, oo, Ty X)) ]

['-e:17 currentreturntypeist

[' - returne : ok



int f(int x, int y){ return x + y }

[x; » 14,0, x, 2 T,],f FC:ok

F-1f(tyxy, o, tpx)ic}:T[f »1(ty X1, oo, Ty X)) ]

FFe:7 T(f)=1f(..)

[, f - returne: ok

e Remember which function we’re in, so we know the return type



int f(int x, int y){ return x + y }

[x; > 1,..,X, 2T, rete-1]Fc:ok

F-1f(tyxy, o, tpx)ic}:T[f »1(ty X1, oo, Ty X)) ]

F'e:7 T'(_ret)=r1
[' H returne: ok

* Use a fake variable to remember the return type
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Functions: Syntax of Calls

int add(int x, int y){

int r; E:=.. C:=..]|returnE

o= X+ Y <id>:=<id> (E, ..., E)
} return D ::=T<id>; ...; T<id>

F:.=T<id> (T<id>, ..., T<id>)

int main(){ { D; C}

int x; int z; P =F F

X := add(1l, 2);

return Xx



Functions: Initial Program State

int add(int x, int y){

ri=X+Y; * How do we start running a program P?
return r
) * Initial configuration of a program
fi(params,){ body, }
int main(){
Int x; int z; fn(params,){ body, }
¥ 1= 2dd(L, 205 s (main(), [f; » (paramsy){ body; }])

return X



Functions: Initial Program State
int add(int x, int y){

int r; * Initial configuration of a program

fi(paramsy){ body; }

r:i= X +Yy;

return r

fa(params,){ body, }

J is (main(),[f; » (params;){ body; })

int main(){ (main(),[add ~ (x,y){intr;...},

int x; int z;
’ ° main = (){intx; ... }])

X := add(1, 2);
return X



Functions: Semantics of Calls

(x :=f(eq,...,en),p) L7?

* Evaluate the arguments eq, ..., e,
* Lookup f inp
* Execute the body of f and produce a return value

* Assign the return value to x



(el)p) U' U1 .. (eTU ,0) U Un

(x :=f(er, ...,en), p) U p[x & V]

* Evaluate the arguments eq, ..., e,

* Look up f inp
* Execute the body of f and produce a return value

* Assign the return value to x



(81, ,0) U vl (en' ,0) U Un (p(f) — f(le '"an){ C })
(c,p) U ret(v)

(x :=f(e1,...,en), p) U p[x » v]

* Evaluate the arguments eq, ..., e,

* Look up f inp

* Execute the body of f and produce a return value
* Assign the return value to x



(81, ,0) U vl (en' ,0) U Un (p(f) — f(le '"an){ C })
(c,p[x1 » Vq, ..., Xy = vy]) U ret(v)

(x :=f(er,...,en), p) U p[x & V]

* Evaluate the arguments ey, ..., e,

* Look up f inp

* Execute the body of f and produce a return value
— with the arguments passed in for the parameters

* Assign the return value to x




(81, ,0) U vl (en' ,0) U Un (p(f) — f(le '"an){ C })
(c,p[x1 » Vq, ..., Xy = vy]) U ret(v)

(x :=f(er,...,en), p) U p[x & V]

(e,p) v
(returne,p) U ret(v)
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Functions: Small-Step Semantics of Calls

(X :=f(81; ""en):p) — 7

* Evaluate the arguments eq, ..., e,
* Lookup f inp

* Execute the body of f and produce a return value
— with the arguments passed in for the parameters

* Assign the return value to x
e Exercise: What's the first step this function call should take?



(er,p) by . (enp) b (p(f) = fxy, . X))t € })

(x :=f(ey, ...,en), p) =
(c;x :=7,plx1 P Vg, ..., x5, P V,])

* Evaluate the arguments eq, ..., e,

* Look up f inp
* Execute the body of f and produce a return value

* Assign the return value to x



(er,p) by . (en,p) by (p(f) = oy, .., XU C })
(X :=f(el! ""en)' k, ,0) —
(C, (,0; X) - k! p[xl = Ve Xn P Un])

* Small-step relation is now (¢, k,p) = (c',k’,p"), where k is a
stack of environments

* A stack is a list of stack frames (p, x), where p is the caller’s
environment and x is the variable that gets the return value

* The :: operator connects the top frame to the rest of the stack



(er,p) by . (en,p) by (p(f) = oy, .., XU C })
(X :=f(eli ""en)' k, ,0) —
(C' (,0; X) - k! p[xl = Ve Xn P Un])

(e,p) v
(returne, (pg,x) :: k, p) = (skip, k, pg[x — v])

* Small-step relation is now (¢, k,p) = (c',k’,p"), where k is a
stack of environments



(e,p) Vv
(x :=e,p) = (skip, p[x » V])

(¢1,p) = (c1,p")
(Cl.; €2, p) - (Ci, CZIPI)

* Small-step relation is now (¢, k,p) = (c',k’,p"), where k is a
stack of environments



(e,p) Vv
(x :=e,k,p) - (skip, k, p[x » v])

(ClrkJ ,0) — (C{,k,, ,0,)
(C1; C2'kl ,0) — (Ci, CZJk,r p,)

* Small-step relation is now (¢, k,p) = (c',k’,p"), where k is a
stack of environments



(y:=f(x-1); z:=(y=x),[],p1) =7
Exercise: What is the next step this program takes?

(611 ,0) U vl (en' ,0) U v‘n (p(f) — (X1, ""xn){ c })

(.X' :=f(811 "'Jen):k' ,0) —
(C, (p; X) E k! p[xl = Ve X P vn])

where p; = {f » (X){ return x+1}, x » 3}



(y:=F(x-1); z:=(y=x),[],p1) —
(return x+1; z:=(y=x),|[(py, V), {f~ ', x—2}) >
(skip; z:=(y=x),[],{f » ---,x = 3,y » 3})

(61' ,0) U vl (en' ,0) U Un (p(f) — (X1, ""xn){ c })
(.X' :=f(811 "'Jen):k' ,0) —
(Cr (,0, X) - k, p[xl 2 Vs X P vn])

where p; = {f » (X){ return x+1}, x » 3}
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Homework 4 Overview

* Lists in OCaml

e Useful types: entry, env, stack, config
* eval exp and step _cmd

e run_config and testing



* Big-step and small-step describe the same behavior
* Small-step semantics now need a whole extra piece of state

* And that state corresponds to a feature of real language
implementations!

(e,p) bvy .. (en,p) by (p(f) = Cxg, o, xpdtc )
(c,p[x1 » vy, ..., X, = vy]) U ret(v)

(x :=f(eq, ., en), p) U plx = V]



(e, p) bvy . (en,p) by p(f) = (X1, ., x){ ¢ }
(c,p[x1 » vy, ..., Xy = vy]) U ret(v)

(x :=f(er,...,en), p) ¥ p[x & V]

let rec eval cmd ¢ r = match c with
| Call (x, f, es) ->



(er,p) Yvy ... (en,p) by p(f) = (X1, ..., xp){C}
(c,p[x1 » vy, ..., Xy = vy]) U ret(v)

(x :=f(er,...,en), p) ¥ p[x & V]

let rec eval cmd c r = match c with
| Call (x, f, es) -> match eval exps esr with Some vs ->
match lookup r f with Some (Fun (xs, ¢)) ->

matc@ C (add_ar@with

| Some (Ret v) -> Some (State (update r x v))
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Imperative Languages

* Arithmetic and boolean expressions

* Variables and assignment

e Control flow (conditionals, loops)

* \Variable declarations

e Function declarations and calls

* There’s more, but we've covered the essentials!

* Next up: object-oriented languages
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