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1. (Parsing, context free grammars; 20%) Consider a simplified form of the expression syntax
for the Smalltalk programming language. The “leaf” nodes ofexpressions are identifiers
(terminalId) and integer literals (Int). There are three kinds of expressions involving opera-
tors:

• Unary expressions: A unary operator is simply an identifier (Id), and is writtenafter the
sub-expression to which it applies. For example, “x sqrt” would compute the square
root ofx.

• Binary expressions: There are a large number of binary operators, so we will represent
them using a terminal symbolBinOp (with the specific operator indicated by the se-
mantic value associated with the symbol). They are written in infix form, and evaluate
strictly from left to right (i.e., there is no precedence among them). Thusx+y*z means
the same thing as(x+y)*z.

• Keyword expressions: These take the forme0k1e1 . . . knen, that is, sub-expressionsei

alternating with keywordski. Each keywordki associates with its paired expression
ei. There can be one or more keywords, with no language specifiedlimit. Keywords
are recognized by the scanner and presented as the terminal symbolKey(with the spe-
cific keyword available as the symbol’s semantic value). Textually, they look like an
identifier immediately followed by a colon. An example keyword expression is:

a at: 3 put: (x+y)

Precedence:Unless parentheses are used, one always first applies unary operators, then
binary operators, then evaluates keyword expressions. Thus, the expression:

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

is equivalent to

a at: (x+y) put: (((b+c) / (d sqrt)) truncate)
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(a) (10%) Give a grammar for Smalltalk expressions, capturing the precedence and asso-
ciativity rules described above.
Answer:

Exp1 → Exp2 OptKey
OptKey → ǫ | Key Exp2 OptKey
Exp2 → Exp2 BinOp Exp3| Exp3
Exp3 → Exp3 Id| Id | Int | (Exp1)
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(b) (5%) Give the (non-abstract) parse tree produced by yourgrammar for the expression:

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

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

It would not be too hard to devise an LL grammar for this language, but it
would not be a convenient form for parsing according to the precedence rules
described above, in that the parse tree would not directly reflect the computa-
tional structure. To see this, considerId Id Id and similar forms. We really
want a left-recursive rule to build the most convenient tree, but we must use
right-recursion in an LL grammar. An LR grammar would be easyto build
and quite convenient. In fact, the grammar above is probablyLR.
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2. (Live Variable Analysis; 20%)
Consider the following WHILE program:

[y:=x]1; [z:=1]2; while [y>1]3 do ([z:=z*y]4; [y:=y-1]5); [y:=0]6

Perform a live variable analysis for this program using the equations:

killLV([x := a]ℓ) = {x}
killLV([skip]ℓ) = ∅
killLV([b]ℓ) = ∅

gen
LV

([x := a]ℓ) = FV(a)
gen

LV
([skip]ℓ) = ∅

gen
LV

([b]ℓ) = FV(b)

LVexit(ℓ) =

{

∅ if ℓ ∈ final(S⋆)
⋃

{LVentry(ℓ
′) | (ℓ′, ℓ) ∈ flowR(S⋆)} otherwise

LVentry(ℓ) = (LVexit(ℓ) \ killLV(Bℓ)) ∪ gen
LV

(Bℓ)
whereBl ∈ blocks(S⋆)

Answer:

ℓ killLV(ℓ) gen
LV

(ℓ)
1 {y} {x}
2 {z} ∅
3 ∅ {y}
4 {z} {y, z}
5 {y} {y}
6 {y} ∅

LVentry(1) = LVexit(1)\{y} ∪{x}
LVentry(2) = LVexit(2)\{z}
LVentry(3) = LVexit(3) ∪{y}
LVentry(4) = LVexit(4)\{z} ∪{y, z}
LVentry(5) = LVexit(5)\{y} ∪{y}
LVentry(6) = LVexit(6)\{y}

LVexit(1) = LVentry(2)
LVexit(2) = LVentry(3)
LVexit(3) = LVentry(4) ∪ LVentry(6)
LVexit(4) = LVentry(5)
LVexit(5) = LVentry(3)
LVexit(6) = ∅

ℓ LVentry(ℓ) LVexit(ℓ)
1 {x} {y}
2 {y} {y, z}
3 {y, z} {y, z}
4 {y, z} {y, z}
5 {y, z} {y, z}
6 ∅ ∅
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3. (Dead Variable Analysis; 20%)
Recall the WHILE language:

a ::= x | n | a1 opa a2

b ::= true | false | not b | b1 opb b2 | a1 opr a2

S ::= [x := a]ℓ | [skip]ℓ | S1; S2 | if [b]ℓ then S1 else S2 | while [b]ℓ do S |

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

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

Give bothkillDV andgen
DV

functions as well as data flow equationsDV
=.

Answer:

killDV([x := a]ℓ) = FV(a)
killDV([skip]ℓ) = ∅
killDV([b]ℓ) = FV(b)

gen
DV

([x := a]ℓ) = {x}
gen

DV
([skip]ℓ) = ∅

gen
DV

([b]ℓ) = ∅

DVexit(ℓ) =

{

Var⋆ if ℓ ∈ final(S⋆)
⋂

{DVentry(ℓ
′) | (ℓ′, ℓ) ∈ flowR(S⋆)} otherwise

DVentry(ℓ) = (DVexit(ℓ) \ killDV(Bℓ)) ∪ gen
DV

(Bℓ)
whereBl ∈ blocks(S⋆)
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4. (Uninitialized Variable Analysis; 30%)
Consider an extension of the WHILE language that allows us to create (malloc) and destroy
(free) cells in the heap. The data stored in a cell is accessed by dereferencing the pointer
obtained when the cell is created. When a cell is destroyed its pointer becomes unusable.
Pointer dereferenceis written with syntax*x similar to that of C. The extended syntax of
the WHILE language is as follows:

a ::= x | n | a1 opa a2 | nil | *x
b ::= true | false | not b | b1 opb b2 | a1 opr a2

S ::= [x := a]ℓ | [skip]ℓ | S1; S2 | if [b]ℓ then S1 else S2 | while [b]ℓ do S |
[*x := a]ℓ | [malloc x]ℓ | [free x]ℓ

Arithmetic expressions are extended to permit pointer dereference*x rather than just vari-
ables, and an arithmetic expression can also be the constantnil. The binary operatorsopa

are as before: that is, they are the standard arithmetic operations and in particular they donot
allow pointer arithmetic. The boolean expressions are extended such that the relational op-
eratorsopr now allow testing forequality of pointers. Note that both arithmetic and boolean
expressions can onlyaccesscells in the heap; they can neither create new cells nor update
existing cells.

Assignment now also includes*x := a to perform a destructive update of the heap location
pointed to byx. The extended language also contains a statementmalloc x for creating a
new cell and settingx to point to it, and a statementfree x for destroying the cell pointed
to byx and settingx to nil.
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(a) Consider the following program:

[y:=nil]1;
while [x!=nil]2 do

([z:=y]3; [y:=x]4; [x:=*x]5; [*y:=z]6)
[z:=nil]7

i. (10%) Supposex initially points to a 5-element list andy andz are initially unde-
fined. After statement1 has executed, and right before entering thewhile-loop,x
points to the list,y is nil (denoted by−→ ⋄), andz is undefined, as illustrated by
the following diagram of the state of the heap:

xy

z

⋄ ⋄

Show the state of the heap after each subsequent iteration ofthe body of the loop:
Answer:

xy

z

⋄ ⋄

xy

z

⋄⋄

xy

z

⋄ ⋄

xy

z

⋄ ⋄
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xy

z

⋄ ⋄

xy

z

⋄ ⋄

ii. (5%) What does this program actually do?
Answer:

It reverses the list pointed to byx and leaves the result iny.
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(b) (15%) Devise a data flow analysis for the pointer-extended WHILE language to dis-
coverPossibly Uninitialized Variables. The analysis will determine:

For each program point, which variablesmaybe uninitialized.

Variables are uninitialized at the start of the program, andrevert to uninitialized when
their valuemaybe set tonil; assume that any assignment of a non-numeric or non-
arithmetic expression to a variable may set it tonil. Moreover, assume that every
dereference checks whether the pointer isnil, terminating the program immediately if
it is. Thus, pointer dereference establishes that the dereferenced variable must not be
nil.

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

Answer:

kill([x := a]ℓ) = {x} ∪ {x′ | *x′ ∈ AExp(a)}
kill([skip]ℓ) = ∅

kill([b]ℓ) = {x′ | *x′ ∈ AExp(b)}
kill ([*x := a]ℓ) = {x} ∪ {x′ | *x′ ∈ AExp(a)}

kill([malloc x]ℓ) = {x}
kill ([free x]ℓ) = ∅

gen([x := a]ℓ) =

{

∅ if a is of the formn or a1 opa a2

{x} otherwise
gen([skip]ℓ) = ∅

gen([b]ℓ) = ∅
gen([*x := a]ℓ) = ∅

gen([malloc x]ℓ) = ∅
gen([free x]ℓ) = {x}
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ii. (5%) Consider the data flow analyses discussed in class. Each of these is an in-
stance of aMonotone Framework, having a property spaceL (a complete lattice
in all cases), a partial ordering⊑, a least element⊥, a least upper bound operation
⊔

, a flow F , extremal labelsE, extremal (i.e., boundary) valuesι, and a set of
transfer functionsF defined as functionsfℓ on the labels of the programS⋆ being
analyzed, withkill andgenas defined for each analysis.

Available Reaching Very Busy Live
Expressions Definitions Expressions Variables

L P(AExp⋆) P(Var⋆ × Lab?

⋆) P(AExp⋆) P(Var⋆)
⊑ ⊇ ⊆ ⊇ ⊆
⊔ ⋂ ⋃ ⋂ ⋃

⊥ AExp⋆ ∅ AExp⋆ ∅
ι ∅ {(x, ?) | x ∈ Var⋆} ∅ ∅
E {init(S⋆)} {init(S⋆)} final(S⋆) final(S⋆)
F flow(S⋆) flow(S⋆) flowR(S⋆) flowR(S⋆)
F {f : L → L | ∃lk, lg : f(l) = (l \ lk) ∪ lg}
fℓ fℓ(l) = (l \ kill([B]ℓ)) ∪ gen([B]ℓ) where[B]ℓ ∈ blocks(S⋆)

Identify your analysis as a Monotone Framework by defining each of the elements
L, ⊑,

⊔

, ⊥, ι, E, F .
Answer:

L P(Var⋆)
⊑ ⊆
⊔ ⋃

⊥ ∅
ι Var⋆

E {init(S⋆)}
F flow(S⋆)
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5. (Refinements; 10%) The formulation of Monotone Frameworks associates transfer functions
with basic blocks. In a statement of the form

if [b]ℓ then S1 else S2

this prevents us from using the result of the test to pass different information toS1 andS2; as
an example suppose thatb is x!=nil in anUninitialized Variable Analysis. To remedy this
deficiency consider writing[b]ℓ as[b]ℓ1,ℓ2 whereℓ1 corresponds tob evaluating to true andℓ2

corresponds tob evaluating to false.

(a) (5%) What benefit might we gain from capturing flow information that is sensitive to
the success or failure of a branch when performing an analysis (e.g., considerUnini-
tialized Variable Analysis)?
Answer:

(b) (5%) Sketch how to extend data flow analysis to make use of this extension.
Answer:
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