>O call-by-value >O call-by-value
let x =0 let x =0
f = proc(y) set y=+(y,y) f = proc(y) set y=+(y,y)
inlet z = { set x=+(x,1) ; x } inlet z = { set x=+(x,1) ; x }
in{ (fz); z} in{ (fz); z}
® Starting call-by-value... ® Eval RHSs
O, - call-by-value O, - call-by-value
x|e]>0) x|e]>0)

f [o] 18 >lylset y=+(y,y)!e|

*technically, should be one frame with both x and f

let x 0

f = proc(y) set y=+(y,y)

let z = { set x=+(x,1) ; x }
In{ (fz); z}

in

® Bind x and fto 0 and closure, respectively

f [o] 18 >lylset y=+(y,y) el

let x =0
f:poc(y) set y=+(y,y)
inI z = { set x=+(x,1) ; x}
n{(fz); z}

® Fval RHS for z



call-by-value

ylset y=+(y,y)|e|

ylset y=+(y,y)|e|

call-by-value

let x =0 let x =0
f = proc(y) set y=+(y,y) f = proc(y) set y=+(y,y)
inlet z = { set x=+(x,1) ; x } inlet z = { set x=+(x,1) ; x }
in{ (fz); z} in{ (fz); z}
® Value for x changed to 1 ® Return Xx...
e call-by-value ( call-by-value
f lof>{ol>lylset y=+(y.y)lo| f lof>{ol>ylset_y=+(y.y) ol
z[oj 1] z[oj 1]
let x =0 let x =0
f = proc(y) set y=+(y,y) f = proc(y) set y=+(y,y)
inlet z ={ set x=+(x,1) ; x} inlet z ={ set x=+(x,1) ; x }

in{ (fz); z}

®  and bind z to the result, 1

in{ (fz); z}

® Call f with z



call-by-value

call-by-value

let x =0 let x =0

f = proc(y) set y=+(y,y) f = proc(y) set y=+(y,y)
inI z = { set x=+(x,1) ; x} inlet z = { set x=+(x,1) ; x }

n{ (fz); z} in{ (fz); z}
® Call-by-value creates a new location for y ® Value for y changed to 2
call-by-value >O call-by-reference

let x =0 let x =0

f = proc(y) set y=+(y,y) f = prOC(y) set y=+(y,y)
inlet z ={ set x=+(x,1) ; x} inlet z ={ set x=+(x,1) ; x }

in{ (fz); z} In{(fZ);z}

® Result is the current value of z: 1

® Starting call-by-reference...



call-by-reference

>O call-by-reference
ylset_y=+(y,y)|e|
let x =0 let x =0
f = proc(y) set y=+(y,y) f = proc(y) set y=+(y,y)
|nI z = { set x=+(x,1) ; x} inlet z = { set x=+(x,1) ; x }
n{(fz); z} in{ (f z) ; z}
® Eval RHSs ® Bind x and f to 0 and closure, respectively
( - call-by-reference call-by-reference
x[o>{0]

f [o] 18 >lylset y=+(y,y)!e|

let x =0
f:poc(y) set y=+(y,y)
|nI z = { set x=+(x,1) ; x}
n{ (fz); z}

® Fval RHS for z

ylset y=+(y,y)|e|

let x =0
f:poc(y) set y=+(y,y)
inI z = { set x=+(x,1) ; x}
n{(fz); z}

® Value for x changed to 1



call-by-reference

ylset y=+(y,y)|e|

let x =0
f = proc(y) set y=+(y,y)
inI z = { set x=+(x,1) ; x}
n{(fz); z}
® Return X...

f lo]>18 >lylset y=+(y,y) el
M0

= { set x=+(x,1) ; x}
(fz); z}

®  and bind z to the result, 1

Xx =0
f = proc(y) set y=+(y,y)
| z

{

call-by-reference

call-by-reference

let x =0
f = proc(y) set y=+(y,y)
inlet z ={ set x=+(x,1) ; x}
in{ (fz); z}

® Call f with z

let x =0
f = proc(y) set y=+(y,y)
inlet z = { set x=+(x,1) ; x }
in{ (fz); z}

® Call-by-reference shares location for z with y

call-by-reference



call-by-reference

call-by-reference

let x =0 let x =0
f = proc(y) set y=+(y,y) f = proc(y) set y=+(y,y)
inlet z = { set x=+(x,1) ; x } inlet z = { set x=+(x,1) ; x }
in{ (fz); z} in{ (fz); z}
® Value for y (and therefore z) changed to 2 ® Result is the current value of z: 2
>O call-by-name >O call-by-name
let x =0 let x =0
f = proc(y) set y=+(y,y) f = proc(y) set y=+(y,y)
inlet z ={ set x=+(x,1) ; x} inlet z ={ set x=+(x,1) ; x }
in{ (f z); z1} in{ (f z); z1}
® Starting call-by-name... ® Fval RHSs




call-by-name

ylset y=+(y,y)|o|

call-by-name

let x =0 let x =0
f = proc(y) set y=+(y,y) f = proc(y) set y=+(y,y)
inlet z = { set x=+(x,1) ; x } inlet z = { set x=+(x,1) ; x }
in{ (f z2);, z1} in{ (f z) ;, z1}
® Simple expressions: bind x and f to 0 and closure, respectively ® Handle RHS of z...
call-by-name call-by-name
flol >t >lylset_y=+(y.y)l®] flol >t >lylset_y=+(y.y)lo|
zloj o>l set x=+(x, 1) ; x}|e| zloj>@>l{_set x=+(x,1) ; x}|o|
let x =0 let x =0
f = proc(y) set y=+(y,y) f = proc(y) set y=+(y,y)
inlet z ={ set x=+(x,1) ; x} inlet z = { set x=+(x,1) ; x}

in{ (fz); z}

® .. by creating a thunk for z

in{ (f 2)

® Call f with z

z }



call-by-name

Pl set x=r(x. 1) ;x|

Pl set x=+(x, 1) ;x|

call-by-name

ylef>{e) ylef>{e]
let x =0 let x =0
f = proc(y) set y=+(y,y) f = proc(y) set y=+(y,y)
inlet z = { set x=+(x,1) ; x } inlet z = { set x=+(x,1) ; x }
in{ (f z); z} in{ (fz); z}
® Not by-reference; y gets a new location, containing the same thunk as ® Use of y means we eval the thunk
z's location
call-by-name call-by-name
Hy.y)e Hy.y)le|
{ set x=+(x,1) ; x}|o| et_x=+(x,1) ; x}o|
MORS
let x =0 let x =0
f = proc(y) set y=+(y,y) f = proc(y) set y=+(y,y)
inlet z ={ set x=+(x,1) ; x} inlet z = { set x=+(x,1) ; x}

in{ (fz); z}

® Thunk changes value of x to 1

in{ (fz); z}

® Result for first use of y is 1



call-by-name

Pl set x=r(x. 1) ;x|
moRs

let x 0

f = proc(y) set y=+(y,y)
inlet z = { set x=+(x,1) ; x }

in{ (fz); z}

® Another use of y means we eval the thunk again

Pl set x=+(x, 1) ;x|
moRg

let x 0

f = proc(y) set y=+(y,y)
inlet z = { set x=+(x,1) ;

in{ (fz); z}

® Thunk changes value of x to 2

X}

call-by-name

call-by-name

yle|>te

et x 0

f = proc(y) set y=+(y,y)
inlet z ={ set x=+(x,1) ; x}

in{ (fz),; z}

® Result for second use of y is 2

~

ylset y=+(y.y)l®|

[ set x=+(x. 1) ;. o]

yle|>13]

0

proc(y) set y=+(y,y)
inlet z = { set x=+(x,1) ;

in{ (fz); z}
® Value fory changedto 3 (=1 + 2)

x }

call-by-name



o} >lo| >lylset y=+(y,y)7|j|%”
ZIofel o set x=+(x,1) ; x}l9]

call-by-name

ot lylset y=+(y.y)le|
2] el ol set x=+(x, 1) ; xi o

call-by-name

yle yle
let x =0 let x =0
f = proc(y) set y=+(y,y) f = proc(y) set y=+(y,y)
inlet z = { set x=+(x,1) ; x } inlet z = { set x=+(x,1) ; x }
in{ (f z); z} in{ (fz); z}
® Result is the value of z... ® .. which means eval the thunk again
call-by-name call-by-name
ylset y=+(y.y)|o| ylset y=+(y.y)l®|
{_set_x=+(x,1) ; x}|o| {_set x=+(x,1) ; x}|o|
yle yle
let x =0 let x =0
f = proc(y) set y=+(y,y) f = proc(y) set y=+(y,y)
inlet z ={ set x=+(x,1) ; x} inlet z = { set x=+(x,1) ; x}

in{ (fz); z}

® Thunk changes value of x to 3

in{ (fz); z}

® So 3 is the final result



>O call-by-need >O call-by-need
let x =0 let x =0
f = proc(y) set y=+(y,y) f = proc(y) set y=+(y,y)
inlet z = { set x=+(x,1) ; x } inlet z = { set x=+(x,1) ; x }
in{ (fz); z} in{ (fz); z}
® Starting call-by-need... ® Eval RHSs
O, - call-by-need O, call-by-need
x|e]>0) x|e]>0)
f loj>e>lylset y=+(y.y)|e| f lof>ei>lylset y=+(y,y)lel
let x =0 let x =0
f = proc(y) set y=+(y,y) f = proc(y) set y=+(y,y)
inlet z ={ set x=+(x,1) ; x} inlet z ={ set x=+(x,1) ; x }

in{ (f 2y, z}

® Simple expressions: bind x and f to 0 and closure, respectively

in{ (f 2)
® Handle RHS of z...

z }



- call-by-need

el

< >0

el >feblylset y=+(y.v)lol
{ set x=+(x,1) ; X}H
let x =0
f = proc(y) set y=+(y,y)

inlet z = { set x=+(x,1) ; x }

in{ (f z);, z1}

® .. by creating a thunk for z

Q. call-by-need
x|o}>{0
flof 1ol lylset_y=+(y.y)o]
{ set x=+(x, 1) ; x}|;|
let x =0
f = proc(y) set y=+(y,y)

inlet z = { set x=+(x,1) ; x}

in{ (f z); z}

® Call f with z

call-by-need

yle|>te

et x 0

f = proc(y) set y=+(y,y)
inlet z ={ set x=+(x,1) ; x}

in{ (fz),; z}

® Not by-reference; y gets a new location, containing the same thunk as
Z’'s location

call-by-need

0

proc(y) set y=+(y,y)
inlet z = { set x=+(x,1) ; x}

in{ (fz); z}

® Use of y means we eval the thunk



call-by-need call-by-need
o ylset y=+(y.y)lo| olylset y=+(y.y)l®
zjo[ ool >{{ set x=+(x,1) ; x}le| z|o| > >i{ set x=+(x,1) ; x}|e|
el >e ylo|>je
let x =0 let x =0
f = proc(y) set y=+(y,y) f = proc(y) set y=+(y,y)
inlet z = { set x=+(x,1) ; x } inlet z = { set x=+(x,1) ; x}
in{ (f 2); z1} in{ (f z) ;, z1}
® Thunk changes value of x to 2 ® Result from first use of y was 1
call-by-need call-by-need
o lylset y=+(y.y)lo o lylset y=+(y.y)lo|
zop>lol>l{ set x=+(x,1) ; x}le| zjo[>iol>{{ set x=+(x,1) ; x}le|
yle yle
let x =0 let x =0
f = proc(y) set y=+(y,y) f = proc(y) set y=+(y,y)

inlet z ={ set x=+(x,1) ; x}

in{ (fz),; z}

® Since this is call-by-need, install the 1 into y

inlet z = { set x=+(x,1) ; x}

in{ (fz); z}

® Second use of y gets 1, sety to 2 (= 1+1)



call-by-need call-by-need
ol e lylset y=+(y.y)lo| ylset_y=+(y,y)!e|
zlop>iofl{_set x=+(x,1) ; x}le| o>l set x=+(x,1) ; x}le|
yle yle
let x =0 let x =0
f = proc(y) set y=+(y,y) f = proc(y) set y=+(y,y)
inlet z = { set x=+(x,1) ; x } inlet z = { set x=+(x,1) ; x }
in{ (f z);: z} in{ (fz); z}
® Result is value of z... ® . which means eval the thunk again (see note at end of this section)
call-by-need call-by-need

ot lylset y=+(v.y)l®|

2Pl set x=r(x 1) ;. x) el
yle|

| et =

>
__,,><

{ set x=+(x,1) ;

(fz)y; z}

® Thunk changes value of x to 2

0
proc(y) set y=+(y,y)
V4
n {

x }

let x =0
f = proc(y) set y=+(y,y)
inlet z = { set x=+(x,1) ; x}
in{ (fz); z}

® Result of thunk is 2; install result into z



call-by-need
Note:

® Qur interpreter implements a strange kind of call-by-need, where using
=+(y,Y) |'| a variable in a function call can cause a thunk to be evaluated multiple
times.

® This strangeness is an artifact of supporting call-by-reference, where
we alway treating variable arguments specially (even in the
call-by-value case).

let x =0
f=p00(y) set y=+(y,y)
inI z = { set x=+(x,1) ; x}
n{(fz); z}

® Fnal result is from z: 2

>O call-by-name/ref >O call-by-name/ref
let x =0 let x =0
f = pr C(y) set y=+(y,y) f = proc(y) set y=+(y,y)
inI z = { set x=+(x,1) ; x} inlet z ={ set x=+(x,1) ; x }
{(fZ);Z} in{ (fz)y; z}

® Starting call-by-name combined with call-by-reference... ® Fval RHSs




call-by-name/ref

ylset y=+(y,y)|o|

call-by-name/ref

let x =0 let x =0
f = proc(y) set y=+(y,y) f = proc(y) set y=+(y,y)
inlet z = { set x=+(x,1) ; x } inlet z = { set x=+(x,1) ; x }
in{ (f z2);, z1} in{ (f z) ;, z1}
® Simple expressions: bind x and f to 0 and closure, respectively ® Handle RHS of z...
call-by-name/ref call-by-name/ref
flol >t >lylset_y=+(y.y)l®] flol >t >lylset_y=+(y.y)lo|
zloj o>l set x=+(x, 1) ; x}|e| zlop>{ol>i{ set x=+(x,1) ; x}|e|
let x =0 let x =0
f = proc(y) set y=+(y,y) f = proc(y) set y=+(y,y)
inlet z ={ set x=+(x,1) ; x} inlet z = { set x=+(x,1) ; x}

in{ (fz); z}

® .. by creating a thunk for z

in{ (f 2)

® Call f with z

z }



call-by-name/ref

ylset y=+(y.y)lo|

set x=+(x,1) ; x}|;|

let x =0
f = proc(y) set y=+(y,y)
inlet z = { set x=+(x,1) ; x }
in{ (fz); z}

® Call-by-reference shares location for z with y

ylset y=+(y.y)l®|

set x=+(x,1) ; x}|0|

0

proc(y) set y=+(y,y)
inlet z = { set x=+(x,1) ; x }

in{ (fz); z}

® First use of y triggers evaluation of the thunk

call-by-name/ref

call-by-name/ref

0

proc(y) set y=+(y,y)
inlet z ={ set x=+(x,1) ; x}

in{ (fz); z}

® Thunk changes value of x to 1

~

ylset y=+(y.y)l®|

set x=+(x,1) ; x}|;|

0

proc(y) set y=+(y,y)
inlet z = { set x=+(x,1) ; x}

in{ (fz); z}

® Result for firsty is 1

call-by-name/ref



call-by-name/ref

ylset y=+(y.y)lo|

set x=+(x,1) ; x}|;|

0

f = proc(y) set y=+(y,y)
inlet z = { set x=+(x,1) ; x }

in{ (fz); z}

® Second use of y triggers evaluation of the thunk

ylset y=+(y.y)l®|

set x=+(x,1) ; x}|;|

0

f = proc(y) set y=+(y,y)
inlet z = { set x=+(x,1) ; x }

in{ (fz); z}

® Thunk changes value of x to 2

call-by-name/ref

call-by-name/ref

let x =0
f = proc(y) set y=+(y,y)
inlet z = { set x=+(x,1) ; x }
in{ (fz); z}

® Result for second y is 2

roc(y) set y=+(y,y)
et z = { set x=+(x,1) ; x }

in{ (fz); z}

® Setvalue of y to 3 (= 1+2)

call-by-name/ref



call-by-name/ref

let x =0
f = proc(y) set y=+(y,y)
inlet z = { set x=+(x,1) ; x }
in{ (f z); z}

® Final result is the value of z: 3




