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Today

e Pointers

e The Heap and pointers

e Arrays

e Length & bounds checking
e Elaboration of +=, etc.



Adding a pointer
e Extend types

T :=int | bool | 7x

e Extend expressions

lloc(t)\allocate a heap cell to hold a value of t

. dereference a pointer to get value at e
— null: special null pointer

e .= ...|alloc(7) | *xe | null

L~



Typing rules

e Afreshly allocated cell has

I'Falloc(7) : 7% type “pointer to t”

e if e has type “pointer to 1,”
then *e has type “t”

not quite

e What type should null have?
I'F null: 2

—



The type of null?

e Desired behavior
— allow any pointer to be compared to null
— disallow pointer dereference of null

# poll



% Equality for pointers?

* Can we compare t* and o%: Yok powd]
—ift=0: ‘ jz"’
—ift20:

— What ;bout int*\p} .. 1f (p==null)

e nullis given type of “any*”

e And, implicitly converted to‘;* as needed



The type of null?

Desired behavior
— allow any pointer to be compared to null
— disallow pointer dereference to null

Using the type “any™*” along with subsumption
Subsumption used for implicit coercion

I'Fe: any *

[' - null »any* I'F e : 7
Have to make sure introducing anx* s safe



The type of null?

Desired behavior
— allow any pointer to be compared to null
— disallow pointer dereference to null

Using the type “any™*” along with subsumption
Subsumption used for implicit coercion

I'Fe: any *

[' - null »any* I'F e : 7
Have to make sure introducing any* is safe
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The type of null?

e Desired behavior
— allow any pointer to be compared to null
— disallow pointer dereference to null

e Using the type “any™” along with subsumption
e Subsumption used for implicit coercion

I'Fe: any *

[' - null »any* I'F e : 7
e Can't allow *null

I'Fe:m 1 Fe:anyx
['Exe: T
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Typing rules (revised)

e Afreshly allocated cell has
I F alloc(r) : T+ type “pointer to t”

Fe:m« T Fe:anyx © if e hastype “pointer to 1,”
I'Exe:T and e isn’t null,
then *e has type “1”

[+ null :any* e null has the indefinite type

I'Fe: any %
. . .
e, Implicit coercion




Representing the Heap

Evaluation of expression e in the context of
* a Heap,

* Stack, and Vgﬁ ;E

* binding environment.

H;S;nl—e>!§

- ——

—

* alloc(t) returns an unused address in H
(the heap) which can store a value of 1



What is an address?

e How do we represent addresses, i.e., the
result of the alloc operation?

e 64-bits?

e What happens when we run out of
memory? How do we model this in the
dynamic semantics?



What is an address?

e How do we represent addresses, i.e., the
result of the alloc operation?

e 64-bits? infinite?

e What happens when we run out of
memory? How do we model this in the
dynamic semantics?

e Assume infinite address space, i.e., an
address is in N.

e Out of heap memory will generate an
exception: “exception(mem)”



Using H
e alloc(t) returns an address of proper size

(or raises an exception)

e H must keep track of next free address.
H: (NU{next}) - Val

« Extend all old rules with H; which they
leave unchanged, e.g.,

H;S;nke@e,>K - H;S;nte; > (mBe,, K)



Pointers

e null evaluatesto O

H:S;nFnullec K - H;S;n-0 K
~= o

e alloc(t):
— returns a fresh address
— updates the next address in the heap
— initializes the location to default for t

H;S;n I—alloc(r) >K —

Hla H\defaultg T), next —(a)+ Izl; S;mFas K
a =,H_Cn.w:=é_t&l ‘




H;S;n +alloc(t) > K —

H[aH@,nextHa s Ssnac K
a = H(next

o default(z): O for int, false for bool, null for ptr

-—

e |T| for x86-64:
— |lint] = 4
— |bool|= 4

- |t*| = 8




Accessing Memory

e Dereferencing a pointer:

H;S;n I_E;S >K — H;S;n -.£.> (*“i,K)



ACCESSilIg Memory
\ﬁg:l.
e Dereferencing a pointer:

H;S;nkxec K - H;S5;ntke D@K)

e The interesting part:

H;5;n F K—>H;S;T}I—>K a#+0
s

H;5;n F asK — exception(m‘em) a=0

r___—’

—
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Writing to the heap

e |-values and r-values

e |-values or destinations:
—T———T

d:=x|*d
P Vi)

e Typing is the same for all destinations:

I'Ed:m TI'Fe:T

I ' 1l.e) :
assign(d, e) recall, [t], is the
return type of the

function.
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Writing to the heap

e Distinguish between variables, x, which live
on the stack,

H ;S :nk assign(z,e) » K o H ;S :nker (assign(z,_) , K)
H:S:nkcr> (assign(z,_) . K) — H;S:nlxzwcl>nopw» K
-~ ~ - e
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;1) assign(xd.e) » K

nkar (a55|gn( e
g™

; 1 c > (assign

=T aSSIgnZ *a, ) ,

Writing to the heap

heap.

-

\—-/

)

;1) assign(xz,e) » K

H:S:nkcr> (assign(z,_) . K)

L1

e Distinguish between variables, x, which live
on the stack,

o H:S:nker (assign(z,_), K)
— H:;S:nx—c>noprw K

e and other destinations which live in the

H S :nkdr> (assign(*x_.e) . )

H_.S :nker (assign(*a,_) , K)
S:nknoprw» K (a # 0
exceptio mem) (a=0)

- —
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Writing to the heap

e |eft to right evaluation of address and r-value

H:S:nk assign(g]r. e)p» K - H:S:nkEdr (assign(x_,e) , K)

H:S; f} - ar> (assign(’*_g’. K) — H:S: f] - ¢ > (assign(xa, _) , i)
_

e Then making assignment (if a # 0)

15-411/611 © 2019-21 Goldstein
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Writing to the heap

e |eft to right evaluation of address and rval

H ;S :nk assign(xd,e) » IK — H:S:nkEdr (assign(x_,e) , K)

H:S; f} = a > (assign(*_,e) , ) — H:S; 77 -er> (vassign(*u. _) . K)

e Then making assignment (if a # 0)

. S:ntk e (assign(xa, _) . K) - Hla—¢c| ;S :nknopw» K (a # 0)
;S nk e (assign(xa, _) , K) — exception(mem) (a = 0)

T =
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Proper evaluation order

$Ant* p = NULL; oty b aanor, o).

*p

= 1/0;



Today

e Arrays
e Length & bounds checking
e Elaboration of +=, etc.



Arrays: static semantics

e Extend types, expressions, and destinations

T = ...|T
e == ...|alloc_array(t | 61 QI -
d == ...|de]

r—

 Need typing rules for alloc_array and e,[e,]

'k e:int Fl—elzT[] ['F es :int
I'  alloc_array(7,e) : 7[] F - eqles] :
——

+
t=  gra




Allocating the array

H:;S;:;nk aIIoc_array(T! > K

S H:S:n I— (alloc_array(7,_) . i)



Allocating the array

H ;S ;nt allociarray(t,e) > K
—  H:;S;nker (allociarray(r,_) , K)

H:S:nkEnre (alloc_array(7,_) , K)
w

7} | |
—  H':S:nktarx K (n>0)
—> exception(mem) (n < 0)

~———

15-411/611 © 2019-21 Goldstein



15-411/611

Allocating the array

H ;S :nkallocarray(r,e) > K
N H ;S ;nk e (alloc_array(7,_) , K)

H:S:ntEnp (allocarray(7,_) , K)

S H :S:nFas K (n > 0)
a = H(next)

a+ (n—1)|7| — default(7), next — a + n|7|]
C—

____.—-—"\

— exception(mem) (n < 0)

© 2019-21 Goldstein
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Accessing the Array

e |eft to right evaluation of base address of
array and index

H ;S ;nkeles] > K — H:S:n D—&D (_[e2] , K)
H:S:nl—y(_[e‘g] . K) — H:S:n |—£2[>(a[_ , K)

e Then, if in bounds, get the value

4
H;S;nkix(d_], K) - H:S;nkH(a+if])> K
a+#0,0<i gfngth(:a:)
. .

e Or, generate an exception

— exception(mem)

ol

\

-

a=0ori<0ori>length(a)
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Accessing the Array

e |eft to right evaluation of base address of
array and index

H:;S;nkele > K — H;S:nke>(_les], K)
H :S:77|—‘(!1,-[> (_lea] . K) — H:S; 'I]I—'(’Q-D (a|_[, K)
© o - Ol

e Then, if in bounds, get the value

H;S;nkix(al_], K) — H:S: I]I—H(u—i—iI)DK
e
a 75‘0. 0 <i < length(a), a EI[]
® OI", generate an exception

- exception(mem)

a=0ori<0ori>length(a)
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Accessing the Array

e |eft to right evaluation of base address of
array and index

H:;S;nkele > K — H:S:nke>(_lea] . K)
H:S:nkar(_lea] , K) —_— H:S;nker(al_|, K)
okt &7 f

e Then, if in bounds, get the value et

H;S;nkix(al_], K) - H:S;nkH(a+ilt|)> K

< i <|length(a),a: 7[]

e Or, generate an exception

— exception(mem)

recall: alloc_array(r,e) a=0ori<0ori>|length(a)
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Bounds checking

e Constraints in design of length(a)

Al -woq&““
*”&»{ﬂ%&s u(.{c.ﬂ'ea‘ J/aﬂ“\ Cdkdcjis o

LA

1

-~ a@ry




Bounds checking

e Constraints in design of length(a)
_—o Be able to find length of array given a

=0 Minimize code size
o Alighment (padding, etc.) r

_—» Inter-operability




Bounds checking

e Must store length in heap. N

W—\ — 1 — !
7 Al0] E Aln —1] O

a—8 a—4 )a a+(n—1)|7|
ot Y .

R

e Rationale for storing length at a-87



Writing to the array

H ;S ;nt assign(dles], e3) » K - H ;S :;ntdr (assign(_[esa],e3) , K)

H:S:nkar (,assi_gn_(_[eg], e3) . K) — H:S:ntkey l>v(assign'((;.[_], e3) . K)

H ;S ;nkir (assign(al_],e3), K) — H ;S :nk e3> (assign(a+i|t|,_) , K)
a+#0,0<i <£Im:-).a ;7]
— exception(mem)
a=0ori<0ori>length(a)
H:S:nkcr (assign(b,_) ., K) — Hb—¢c|:;S:nknopw» K
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one caveat

H ;S ;nt assign(dles], e3) » K o H ;S :nkdr (assign(_[e2],e3) , K)

H:S:nkar (assi-gn(_[ez]. e3) , K) - H:S:nk e D'(assign'(_(}.[_], e3) KV)

H ;S :;nkirt (assign(al_|,e3) , K) o H ;S ;nk e3> (assign(a+ilrl._), K)
L0 F 0,01 < length(a){a : 7]

— exception(mem]

a=0ori<0ori>length(a)

H:S:nkcr (assign(b,_), K) - Hbwc];S:nknopw» K
w(B) (ot -
n Al0] ‘o Aln —1]
a—8 a—4 a a+(n—1)|7|
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Code Generation .4 on(2)

e For access: e,[e,] where e,:t[] and |t|=k
Sl '

S — —_
H’;S)? ‘Y’ ei&:sc? =

Q"EC%A(':\) «{(m\\ A

(o= (Eb) Qvul;\f\ Lo
<:CWE(0:)£5§ !
. ecs2¢



Code Generation

e For access: e,[e,] where e,:t[] and |t|=k

cogen(ey, a) (a new)
cogen(ea, i) (i new)
] <— a — 8

lo < ﬂ[[(l.l]
if (1 <0) goto error

if (2 > to) goto error
az < i x Sk
(4 < a + as

ts += Mlay not quite
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Elaboration

e X=X+ eisnolonger always valid for x += e

.

¥ g@gf

>

{



Elaboration

e X=X+ eisnolonger always valid for x += e
e next time introduce structure and &



