CS 502 — Compiling and Programming Systems
Final and Qualifying Examination Part I, 12/11/2007

Instructions: Read carefully through the whole exam first and plan your tirkote the
relative weight of each question and part (as a percentagigeagcore for the whole exam).
The total points is 100i¢, your grade will be the percentage of your answers that arect).

This exam ipen book, open notesYou are free to refer to any book or other study materials
you bring to the exam room.

You have2 hours to complete all five (5) questions. Write your answers on piaiper (use
both sides if necessary).
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1. (Parsing, context free grammars; 20%) Consider a siraglfbrm of the expression syntax
for the Smalltalk programming language. The “leaf” nodeexressions are identifiers
(terminalld) and integer literalslit). There are three kinds of expressions involving opera-
tors:

e Unary expressions: A unary operator is simply an identifady, @nd is writterafter the
sub-expression to which it applies. For exampie,sqrt” would compute the square
root of x.

e Binary expressions: There are a large number of binary tatraso we will represent
them using a terminal symb@&@inOp (with the specific operator indicated by the se-
mantic value associated with the symbol). They are writteinfix form, and evaluate
strictly from left to right (i.e., there is no precedence ammohem). Thus+y*z means
the same thing a&z+y) *z.

e Keyword expressions: These take the farghie; . . . ke, that is, sub-expressionrs
alternating with keywordg;. Each keywordk; associates with its paired expression
e;. There can be one or more keywords, with no language spedtifigd Keywords
are recognized by the scanner and presented as the tergmmabE<ey (with the spe-
cific keyword available as the symbol’'s semantic value).tdabky, they look like an
identifier immediately followed by a colon. An example keyae@xpression is:

a at: 3 put: (x+y)

Precedence:Unless parentheses are used, one always first applies upargtors, then
binary operators, then evaluates keyword expressionss, The expression:

a at: xt+y put: (b+c / d sqrt) truncate
is equivalent to

a at: (x+y) put: (((b+c) / (d sqrt)) truncate)



(@) (10%) Give a grammar for Smalltalk expressions, captutine precedence and asso-
ciativity rules described above.
Answer:

Expl — Exp2 OptKey

OptKey — ¢ | Key Exp2 OptKey
Exp2 — Exp2 BinOp Exp3 Exp3
Exp3 — Exp3 Id|Id|Int| (Expl



(b) (5%) Give the (non-abstract) parse tree produced by gammar for the expression:
a at: x+y put: (b+c / d sqrt) truncate

Answer:
Expl
Exp2 OptKey
Exp3 Key Exp2 OptKey

‘ at:

Id Exp2 Binop Exp3 Key Exp2 OptKey

a ‘ + ‘ put: ‘
Exp3 Id Exp3 A
y
Id Exp3 Id
X truncate
( Expl )
Exp2

Exp2 B}nop Exp3

Exp2 Binop Exp3 Exp3 Id
‘ + ‘ ‘ sqrt

Exp3 Id Id
P c d

ld
b

(c) (5%) How difficult would it be to devise an LL grammar forighi(sub)language? If
an LL grammar is possible, then how convenient would it beuse in a compiler?
Answer the same questions with LL replaced by LR. (Be cotgise
Answer:

It would not be too hard to devise an LL grammar for this larggyebut it
would not be a convenient form for parsing according to tlezedence rules
described above, in that the parse tree would not directigatethe computa-
tional structure. To see this, consider Id Id and similar forms. We really
want a left-recursive rule to build the most convenient,tte¢ we must use
right-recursion in an LL grammar. An LR grammar would be etspuild
and quite convenient. In fact, the grammar above is probaRly



2. (Live Variable Analysis; 20%)
Consider the following WILE program:

[y:=x]'; [z:=1)% while [y>1]" do ([z:=zxy]"; [y:=y-1]); [y:=0)"
Perform a live variable analysis for this program using ttyeagions:

k|”|_\/([l’ :=a]£) = {l’}

ki”L\/([Skip]Z) - @
kill v ([6]°) =0
geny([z :=al’) = FV(a)
geny([skip]) =0
geny ([bl°) = FV()

o 0 if ¢ € final(S,)
eit(() = U{LV eniry (¢)) | (£, 0) € flow?(S,)} otherwise

LV entry (€) = (LV i (0) \ Kill v (B*)) U geny, (BY)
whereB' € blockgS,)

Answer:

¢ kil (¢) | geny (£)

1 {y} {z}

2| {z} 0

30 {v}

40 {2 | {y.2}

51 Ay} {v}

6] {y} 0
Wentry(1) = Wear(D\{y} U{z}  Weair(1) = LWVenry(2)
Lventry(2> = l—Vemt<2>\{Z} Lvexit(z) = Lventry(?))
I—Ventry(g) - I—Vem't(s) U{y} I—Vexit(g) = I—Ventry(4)U|—Ventry(6)
I—Ventry(4) = I—Vemt(4)\{z} U{yaz} I—Vexit(4) - I—Ventry(5)
I—Ventry(5) = I—Vemt(5)\{y} U{y} I—Vexit(5) - I—Ventry(g)
Lventry(6> = l—Vemt(6)\{y} Lvexit(6) == @

g l—Ventry (6) LV exit (£>

I {v}

21 {y} {v, 2}

31 v,z | {y,2)

41 {y,zr | {2}

51 Ay 2t | {y, 2}

6 0 0




3. (Dead Variable Analysis; 20%)
Recall the WAHILE language:

a == z|nla op,ay
b = true|false|notb|b; op,bs|as op, ay
S u= [z:=a]"|[skip]’| Si; Sy | if [0]° then S| else S, | while [b]°do S |

Devise adead variableanalysisDV for the WHILE language. A variable ideadat the exit
from a label if there is no path from the label to any use of theable on which path the
variable is not re-defined. The analyBi¥ will determine:

For each program point, which variablesistbe dead at the exit from the point.

Give bothkill py andgen,,, functions as well as data flow equatiddg™.
Answer:

kl”Dv([ZL' I=CI,]Z) = FV(CL)
ki”Dv([Skip]Z) - (Z)

killpy((0)) = FV(b)
genpy([z :=dl') = {z}
geny ([skipl) = 0
gerpy ([0]°) =0

DV .. (g) _ Var, if (€ flnal(S*)
emt Tl N{DVeniy (¢) | (¢, 0) € flow'(S,)} otherwise

DV eniry(€) = (DVewir(£) \ Killpy(B*)) U genyy (BY)
whereB! € blockgS,)



4. (Uninitialized Variable Analysis; 30%)
Consider an extension of theM\LE language that allows us to creaie{1oc) and destroy
(free) cells in the heap. The data stored in a cell is accessed lejedencing the pointer
obtained when the cell is created. When a cell is destroygepainter becomes unusable.
Pointer dereferencés written with syntax«z similar to that of C. The extended syntax of
the WHILE language is as follows:

a = x|nl|a op,a|nil | *z
b = true|false|notb|b; op,bs|as op, ay
S = [z:=a]"|[skip]’ | Si; S2 | if [0)° then S; else Sy | while [b]‘do S |

[*z :=al’ | [malloc x]* | [free x|

Arithmetic expressions are extended to permit pointerfdezacexx rather than just vari-
ables, and an arithmetic expression can also be the comstanThe binary operatorsp,,

are as before: that s, they are the standard arithmeti@atpes and in particular they dut
allow pointer arithmetic. The boolean expressions arenebdd such that the relational op-
eratorsop, now allow testing forequality of pointersNote that both arithmetic and boolean
expressions can onlgcces<ells in the heap; they can neither create new cells nor epdat
existing cells.

Assignment now also includes: := a to perform a destructive update of the heap location
pointed to byz. The extended language also contains a statemdnioc « for creating a
new cell and setting to point to it, and a statemefitee x for destroying the cell pointed
to by x and settinge tonil.



(a) Consider the following program:
[y:=nil]1;
while [x!=nil]* do
([z:=y]"s [y:=x]"; [xe=xx]”; [xy:=2]°)
[z:=nil]"

i. (10%) Suppose initially points to a 5-element list anglandz are initially unde-
fined. After statement has executed, and right before enteringwhe&l e-loop, x
points to the listy isnil (denoted by— ¢), andz is undefined, as illustrated by

the following diagram of the state of the heap:
y
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Show the state of the heap after each subsequent iterattbe bbdy of the loop:

Answer:
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il. (5%) What does this program actually do?
Answer:
It reverses the list pointed to byand leaves the result in

O 4+——N



(b) (15%) Devise a data flow analysis for the pointer-extend&ILE language to dis-
coverPossibly Uninitialized VariablesThe analysis will determine:

For each program point, which variablesybe uninitialized.

Variables are uninitialized at the start of the program, @wert to uninitialized when
their valuemaybe set tonil; assume that any assignment of a hon-numeric or non-
arithmetic expression to a variable may set imtd. Moreover, assume that every
dereference checks whether the pointeriis, terminating the program immediately if

it is. Thus, pointer dereference establishes that the eieneéed variable must not be
nil.

i. (10%) First, definggenandkill functions forPossibly Uninitialized Variables

Answer:
kil ([z :=a]*) = {z} U {2’ | *2’ € AExp(a)}
kill ([skip]®) = 0
kill ([o]°) = {2’ | *2' € AExp(b)}
kill ([(*z :=a]*) = {z} U {2’ | *2’ € AExp(a)}
kill (malloc z]¥) = {z}
kill ([free z]°) = 0
P 0 if ais of the formn ora; op, as
gen(z :=af) = { {z} otherwise !
ger([skip]') = 0
gen([p]*) = 0
gen([*z :=a) = 0
gen[malloc x]*) = ()
gen([tree 1]') = {x}
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ii. (5%) Consider the data flow analyses discussed in claash Bf these is an in-
stance of avlonotone Frameworkhaving a property spack (a complete lattice
in all cases), a partial orderirig, a least element, a least upper bound operation
LI, a flow F', extremal labels, extremal (i.e., boundary) valuesand a set of
transfer functionsF defined as functiong, on the labels of the progras. being
analyzed, witkill andgenas defined for each analysis.

Available Reaching Very Busy Live

Expressions Definitions Expressions Variables
L | P(AExp,)| P(Var, x Lab)) | P(AExp,) | P(Var,)
C 2 - 2 -
L N U N U
1| AExp, 0 AExp, 0
L 0 {(x,7) | x € Var,} 0 0
E | {init(S,)} {init(S,)} final(S,) | final(S,)
F| flows,) flow(S,) flow(S,) | flow”(S,)
F {f:L—L|3,1l,: f(l)=010\l)Ul,}
feo| fo(1) = (1\ Kill([B]%)) U gen([B)*) where[B]¢ € blockgS,)

Identify your analysis as a Monotone Framework by defininghesd the elements
L)EIUIJ—IL)E)F'
Answer:

e - -
=
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5. (Refinements; 10%) The formulation of Monotone Framewassociates transfer functions
with basic blocks. In a statement of the form

if [b]é then S; else S,

this prevents us from using the result of the test to paseréifit information t&; andS,; as
an example suppose thats x!=nil in anUninitialized Variable AnalysisTo remedy this
deficiency consider writingp] as[b]“*2 where/; corresponds té evaluating to true and,
corresponds té evaluating to false.

(@) (5%) What benefit might we gain from capturing flow infotroa that is sensitive to
the success or failure of a branch when performing an arsa{gsj., consideUnini-
tialized Variable Analysi®
Answer:

(b) (5%) Sketch how to extend data flow analysis to make usei®tktension.
Answer:
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