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Today

e Pointers

e The Heap and pointers

e Arrays

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



AV oAdding a pointer q;f

g Extend types
T u=int | bool |@j

e Extend expressions

— alloc(t): allocate a heap cell to hold a value of ©
Weference a pointer to get value at e

pa—
— null: special null pointer
v\/b//

e := ... |alloc(T) | *e | null




Typing rules

e Afreshly allocated cell has

T F@gﬂw type “pointer to t”
r § e if e has type “pointer to t,”
e
then *e has type “t”
I Fﬂ/( N yP not quite
e What type should null have?
'k onull: ?

T e



?/ﬂ, The type of null?
A\ =
¢@- Desired behavior @iﬂg .

— allow any pointer to be compared to null
— disallow pointer dereference of null (ﬁ%r\bﬂ



Equality for pointers?
e Can we compare expression of t* and o*:
- hT= o3
—ift#o:

— What about int* p; .. if (p==null)
I

 posl 7o SC (@effndk\B
e nullis given type of Z'i”l’J*"

e And, implicitly converted to t* as needed



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

[Fe:anyx)

[' - null : e
ll ey Ther
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Polymorphic equality

The i« They:rx ® We can compare two
'+ e; == e : bool pointers

Phepzint Thep:int * We can compare two
I'F e ==e5 : bool ints

I'Fer:bool T ez :beal o \We can compare two
[ e1==c3 : bool booleans

Sr"f’—m/ (\8'@2,

//‘rz/f’?; € ol
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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

['+e: any

[' - null :any=* I'Fe:Tx
Have to make sure introducing any* is 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

['+e: any

[' - null :any=* ['Fe:Tx
Have to make sure introducing any* is safe

Lheire

Phge:
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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

['+e: any

[' - null :any=* ['Fe:Tx
e Can'tallow *null

I'Fe:7mx 1 Fe:anyx
['Fxe: T
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Typing rules (revised)

e A freshly allocated cell has
type “pointer to t”

2
QU M o . '
rfr:k el any%h e if e has type “pointer to 7,
[k se:T and e isn’t null,
then *e has type “t”
[+ null :any=* e null has the indefinite type

I'Ee: any*
. . .
T o o Implicit coercion



Representing the Heap

Evaluation of expression e in the context of

* a Heap,
* Stack, and
* binding environment.

H_:Litﬁ =K J

. aIIoc(rM turns an unused @dir‘(?ﬁ in H

which can store a value of 1
P) )




What is an address?

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

e 64-bits? infinite?
e What hap en 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.

o~ .
e Out of heap memory will generate an

exception: “exception(mem)”

A



Using H

° aIIoc(r)?returns an address of proper size
(or raises an exception)

e H must keep trac address.

e Extend allold rules with H; wh|c they
leave unchanged, e.g.,

HQS';n e @e, > K —>\Hj5;r] e, > (mPe,y, K)



Pointers

e null evaluatesto 0
H;S;n I_L_Illil,lJDK — H;S;n I—\921>K

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

H; S;n I—ta

<
A
LS

loc(7),= K —

H default(7), t + Snrrac K
[L%’H efau (T)J,EGX = a |’Lﬂ nka
a = H(next))

AN
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H;S;n +alloc(t) o K —

H|a » default(7), next » a + |Tg; Ssnacs K

_
a = Hnext),

e default(7): 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—QLDK — H;S;nkFece (*’OI"K)

S \'ﬁD@ﬁjk) 2 1‘195*/7‘&@@«




Accessing Memory
e Dereferencing a pointer:
H;S;n-xec K - H;S;nkFe> (xm,K)

e The interesting part:
a#* 0
H;S;snac (+m,K) > H;S;n+-H(a) > K

a=20

H;S;nFarc> (xm K) — exception(mem)



Writing to the heap

e |-values and r-values
e |-values or destinations:

e Typing is the same for all destinations:

Phpd 7y D1y
' assign(d,e) : [T/
asmgﬂ(é\f/) -«[i]/\ 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::S5:nk aSSIgn(&. e)» K — H ;5:nk e (assign(x,

o

oy g/fﬂ» asgg@f/ )EK -

b

15-411/611 © 2019-21 Goldstein
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H:S5:n I—éb (assign(z, _) , K) — H ;S :nlzw— | B}.-T_,DE > A

. K)
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Writing to the heap

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

H ;S :ntassign(xz,e)» K — H;S:nker (assign(x,_) , K)
H ;S ;nkecr> (assign(x, _), K) — H ;S :nlxw~cl>nopw» K

e and other destinations which live in the

heap.
H:S:nk aSSign(ﬁ e)» K — H:S:n ng_[}» (assign(% e)., )

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

e Distinguish between variables, x, which live

on the stack,
H ;S :;nkassign(z,e)» K — H;S:nker (assign(x,_) , K)

H ;S ;nkecr> (assign(x, _), K) — H ;S :nlxw~cl>nopw» K

e and other destinations which live in the
heap.

H ;S :nt assign(xd,e) » IX H:S :nkdr (assign(*_,e) ., )

-
H:S;:nkar (assign(x_,e), K) — H:;S;nkep (assign(@_) , k)
~ tha - - s
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JESRISs AN

Writing to the heap

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

H ;S :;nkassign(z,e)» K — H;S:nker (assign(x,_) , K)
H ;S ;nkecr> (assign(x, _), K) — H ;S :nlxw~cl>nopw» K

e and other destinations which live in the
heap.

;S :n b oassign(xd.e) » K — H:S :nkdr (assign(*_,e) ., )
;S ;b ars (assign(x_,e) , K) — H ;S ;nk e (assign(xa,_), K)
;S nk e (assign(xa, _) , K) — E[a — ] "JS :nFnopw» K (a # 0




Writing to the heap

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

H ;S :;nkassign(z,e)» K — H;S:nker (assign(x,_) , K)
H ;S ;nkecr> (assign(x, _), K) — H ;S :nlxw~cl>nopw» K

e and other destinations which live in the
heap.

;S :n b oassign(xd.e) » K

;S ;b ars (assign(x_,e) , K)
;S ;b e (assign(*a, _) , K)
;S ;n b e (assign(*a, _) , i)

H ;S :nkdr(assign(x_,e), )

H ;S ;nk e (assign(xa,_), K)
Hla—c| ;S ;nkFnopw» K (a # 0)
exception(mem) (a=0)

SERE
LI
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.S

H:S

T T
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)
;S

Writing to the heap

e |eft to right evaluation of address and rval

P ———— l.-_—f

: n b assign(xd,e) » K — H ;S :nkdr (assign(*_,e), )

; -;'j - a > (assign(x_,¢e) , i) — H ;S ; -;'j - e > ('assign('m, _), K)

e Then making assignment (if a # 0)

;1 ke (assign(*a, _) , K) — Hlaw—¢c| ;S ;nkFnopw» K (a #0)
;e (assign(xa, _) . K) — exception(mem) (a =0)

© 2019-21 Goldstein 28



Proper evaluation order
* 1nt* p = NULL;
P =0T WSk el 0 T R
“ Fpp (oo (3 y VD_})&

- Uz - )
* int*¥p;= NULL; Yo ¥ acsy (A=)
**kp = 1/0;
\JYJSJ‘ Mt MQ?‘J&C&*% "/o) B> K
- *P P’QS'S"‘”]HC&E____J%)_] K
KP C? ‘ﬁ____/ ~e— — !
.
b ® v o)



Today

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



Arrays: static semantics

e Extend types, expressions, and destinations

o= c_array(f__;%ﬂ
i

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

F}—f_'{:int rl_ﬁ’l'?'[]jrl—ﬁjglrg
I alloc_array(:, e):7|] ( I'Feples] - 7

v e
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Allocating the array

H ;S :nkallocarray(t,e) > K
— H :;S:nk e (alloc_array(r,_) ., K)

© 2019-21 Goldstein
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Allocating the array

H ;S :ntallocarray(7,e) > K

—

H :;S:nk e (alloc_array(r,_) ., K)

H:S:;nkFnpo (allociarray(r,_) ., i)

o

—

—

o ———
L_Ii_’,;i‘:}’;?;l—f_.PI{

exception(mem)

© 2019-21 Goldstein
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Allocating the array

(7:¥)

— H ;S :nker (allocarray(7,_) . K)

H ;S :nt allocarray(t,e) > K

H ;S :nknt (allocarray(r,_) , K)

M |a + 0|7| — default(7), ...,
a—+ (n—1)|7| — default(7){next — a + n|7|]

AN ¥ — exception(mem) Z?jo)—)

afoil  argr o=\l wf\\"\”’\%g
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Accessing the Array

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

H:S;nkefe > K — H Sk ey (Lea] . KX)
H:S:nkEat (_[es] . K) — H:;S:7y I—&l} (al_] , K)



r oy TEAccessing the Array
e 1

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

H:S:nk @ K s H:S:nFe(es], K)
H:S;nkacT{_lea] , K) —  H:;S:nker(al_|, K)

e Then, if in bounds, get the value YA

H:S;nkFi>(al_],K) —  H:;S;nkH L+ ilr|) > K

exception(mem)

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




Accessing the Array

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

H:S;nkele > K — H:S:nke > (_[e] . K)
H:;S:nkax (_[es] ., K) — H:S;nkeyr(al_], K)

e Then, if in bounds, get the value

H;S;nkFi(al_], K) — H;S;nkH(a+i|r|) > K
a## 0,0 <1i < length(a),a EI[]
e Or, generate an exception

— exception(mem)
a=0ori<0ori>length(a)

15-411/611 © 2019-21 Goldstein 37



Accessing the Array

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

H:S;nkele > K — H:S:nke > (_[e] . K)
H:;S:nkax (_[es] ., K) — H:S;nkeyr(al_], K)

e Then, if in bounds, get the value

H;S;nkFi(al_], K) — H:S:nFH(a+1i71|)> K

a# 0,0 <i<[ength(a),a: 7]

e Or, generate an exception ~ /A

— exception(mem)

recall: alloc_array(t,e) a=0ori<0ori>|length(a)

15-411/611 © 2019-21 Goldstein 38



Bounds checking

e Constraints in design of length(a)

— //( (JAA\MDQC/QMJ*‘%




Bounds checking

e Constraints in design of length(a)
o Be able to find length of array given a
o Minimize code size
o Alignment (padding, etc.)
o Inter-operability



Bounds checking

e Must store length in heap.

n

=k

A[0]

Aln —1]

ﬁm'?,

e Rationale for storing length at a-8?

a+(n—1)|7|




Writing to the array

;S nF assign(dles],e3) » K

=

15-411/611

:Sinkar (assi_gn_(_[e,g], eg) , k)

L]

;S ki (assign(ﬂ:l@ K)

:n b cr> (assign(b, _) , K)

— H ;S :nkdr (assign(_[ez].e3) , K)

—  H:S:nk %D'(assigh(d[_—],@g) K)

H:S:n Fr@ (assign(a +il7],_) , K)
a# 0,0 <i<length(a),a: 7|]

—  exception(mem)
a=0ori<0ori>length(a)

|

— Hb—¢c|:S:nknopw K

© 2019-21 Goldstein
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one caveat

H ;S :nt assign(dles], es) » i — H :S:nkdr (assign(_les].e3) . K)

H:S:nkar (assi_gn_(_[e,g]._ es) , K) — H:S:nkeq D.(assign.(d[__], es3) . K.)

H:S:nk ez (assign(a+i|t|,_), K)
a# 0,0 <i<length(a),a: T[]

—  exception(mem)
a=0ori<0ori>length(a)

H:Sink i (assign(al_],e3) , K) —

H:S:nkcr (assign(b,_), K) — Hbw—¢cl:S:nknopw K
&
n A[0] e Aln —1]
at+(n—1)|7|

a—8 a—4 a

15-411/611 © 2019-21 Goldstein



‘ Ve ooy
Code Generation “<c.J l’;(_B

e For access: el[ez]jwhere e.:t[] and |t|=k
C

@ Cacgeaw\(e)
@ Cwﬂa—yw (e)
»O a,
qgé ‘)em(_
TR oz B8
IRV §
SECR=UY




Accessing the Array

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

H:S;nkele > K — H:S:nke > (_[e] . K)
H:;S:nkax (_[es] ., K) — H:S;nkeyr(al_], K)

e Then, if in bounds, get the value

H;S;nkFi(al_], K) — H:S:nFH(a+1i71|)> K

a# 0,0 <i<length(a),a: T[]
e Or, generate an exception = ’)l

— exception(mem)
a=0ori<0ori>length(a)

15-411/611 © 2019-21 Goldstein 45



Code Generation

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

cogen(ey, a) (@ new)
cogen(ea, 1) (i new)
a; +— a— 8

o <— ﬂf[ﬁ.l]
if (i < 0) goto error
if (¢ > t2) goto error
as < 1 % Sk
a4 < a + as
T-5 — ﬂf[ﬂ.,;l]

15-411/611 © 2019-21 Goldstein



Elaboration

Yy b

e Xx =X+ ejs no longer always valid for x += ei
¢

ot S & ¢ -




Elaboration

e X=X+ eis nolonger always valid forx +=e
e next time introduce structure and &



Coding w/Al
e Production L/

— Are you being efficient?
— Are you understanding the code?

—_——
— Will it be'maintainable?

— N

e Education

— Are you learning?

© 2019-21 Goldstein
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