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Instructions:

• Read each question carefully.

• There are 180 possible marks available and the exam is 180 minutes
long.

• Answer all questions.

• This is an open book exam. As such notes, textbooks and papers are
permitted for reference.

• Use of mobile phones, laptop computers, PDAs or electronic devices
other than a calculator is NOT PERMITTED.

Question Topic Marks
1. Integer Range Analysis 60

2. Constraint-Based Analysis 30

3. Interprocedural Analysis 30

4. Dataflow Analysis 60

Total 180
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While Language

In all questions, the following language will be used as a base:

v ∈ Var variables
c ∈ Num integers

e, e1, e2 ∈ AExp arithmetic expressions
op ∈ Op arithmetic operators (+,−, ∗)

cop ∈ COp Comparison operators (=, <)
S, S1, S2 ∈ Stmt statements

L ∈ Labels

e ::= e1 op e2

| v
| c

S ::= [v = e]L

| {S}
| S1; S2

| if [v cop c]L then S1

| if [v cop c]L then S1 else S2

| while [v cop c]L do S

Observe that conditional expressions take the form v cop c, where v is a variable, c is a
constant and cop is a comparison operator. Also, the division operator is not supported.

You may assume that variables which are used before being defined are parameters to the
program.

An example program in the While language is:

[i = 0]0 ; while [i<10]1 do { [i = i+1]2 ; [j = j ∗ 2]3 }

Here, j is a parameter to the program, while i is a local variable.
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Question 1. Integer Range Analysis [60 marks]

This question is concerned with Integer Range Analysis. An integer range is a pair 〈l, u〉
which describes the set of integers {x | l ≤ x ≤ u}. For each statement in the program, an
integer range analysis determines the integer range of each variable before and after the
statement (the IN and OUT sets).

(a) [30 marks] Design a simple integer range analysis for the While language described on
page 2. The analysis should operate in roughly the same way to that which you devel-
oped in the COMP463 project. Namely, it should take into account the effect of conditional
expressions used in if statements, but does not need to be path sensitive.

Be sure to clearly describe the following parts of the analysis: lattice of values (including ⊤
and ⊥), transfer functions (including evaluation of arithmetic and comparison operators),
the join operator and the generic dataflow equations for computing IN and OUT sets (use
OUTtrue and OUT f alse for branched flow). You should also make clear how the IN and
OUT sets are initialised.

You should assume variables hold integers in the range −∞ . . . ∞.

(b) [10 marks] An iterative solver works in stages. During each stage, the algorithm visits
each node in the control-flow graph according to the sequence {0, 1, 2, 3, 4, . . .}. When a
node is visited, its IN and OUT sets are recomputed based on the current values of the other
nodes. Once a stage is completed, the next stage begins and the algorithm continues until
the solution no longer changes.

Illustrate your analysis being solved on the following program by an iterative solver, as
described above.

[i = 0]0 ; while [i<2]1 do { [i = i+1]2 }

Show the current solution after each stage of the iterative algorithm has completed. Present
your answer in a tabular form (as seen in Lectures), where successive columns represent
the solution after each stage has completed.

(c) [10 marks] Write a short program for which your analysis generates an imprecise solu-
tion. Explain why your analysis is imprecise and briefly outline how your analysis could
be modified to eliminate this imprecision. If there is no program for which your analysis is
imprecise, explain the reason for this.

(d) [10 marks] Write a short program for which your analysis will not terminate. Explain
why your analysis does not terminate and briefly outline the ways in which your analysis
could be modified to deal with this. If there is no program for which your analysis does
not terminate, explain the reason for this.
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Question 2. Constraint-Based Analysis [30 marks]

A constraint-based integer range analysis uses the following constraint forms:

X ⊒ 〈l, u〉 X ⊒ Z + Y X ⊒ 〈l, u〉 + Y

Where, X, Y and Z are arbitrary constraint variables and l and u are constants representing
the lower and upper values of an integer range. The following inference rules form the
basis of the analysis:

[trans]
X ⊒ Y Y ⊒ 〈l, u〉

X ⊒ 〈l, u〉

[add1]
X ⊒ Y + Z Y ⊒ 〈ly, uy〉 Z ⊒ 〈lz, uz〉

X ⊒ 〈ly + lz, uy + uz〉

(a) [5 marks] Give an inference rule for dealing with constraints of the form X ⊒ 〈l, u〉+ Y
and call this rule add2.

(b) [10 marks] For the following program, generate an appropriate set of initial constraints.
Then, solve the analysis by deriving all possible constraints using the above inference rules.
Be sure to clearly identify which are the initial constraints and which have been derived
using the inference rules. For those which have been derived, be sure to identify which
rule was used and which constraints it was applied to.

[y = 0]0 ; if [i<2]1 then { [x = 1]2 ; [z = 8]3 } else { [x = 4]4 ; [z = 1]5} ; [y = x + z]6

(c) [5 marks] Redo your solution to part (b) above, but this time using a transformation
based on Static-Single Assignment to achieve a more precise result.

(d) [5 marks] Discuss the implications of the following rule on the path-sensitivity of the
constraint-based analysis described above.

[simp]
X ⊒ 〈l1, u1〉 X ⊒ 〈l2, u2〉

X ⊒ 〈min(l1, l2), max(u1, u2)〉

(e) [5 marks] Briefly discuss how such a constraint-based analysis can be used to imple-
ment a context-insensitive analysis.
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Question 3. Interprocedural Analysis [30 marks]

(a) [10 marks] Discuss the meaning of the term interprocedural analysis. Be sure to explain
how this relates to precision and the basic ideas of a call graph and calling-context. You may
use an example to illustrate your ideas.

(b) [20 marks] Discuss why it is difficult to generate a call-graph in languages such as Java
and outline any techniques for overcoming this problem (such as Class Hierarchy Analysis).
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Question 4. Dataflow Analysis [60 marks]

This question is concerned with the design of a type analysis for programs written in While.
First, we extend the While language to support strings:

s ∈ String strings
. . . . . . . . .

e ::= e1 op e2 | c | v | s
. . . . . . . . .

An example program in this extended language might be:

if [i<10]0 then { [x = 1]1 } else { [x = "hello"]2 } ; [y = x + 1]3

Here, x is used to hold an integer on one branch, and a string on the other. We say that
the type of a variable is determined by the value it holds. Thus, x has integer type on one
branch, and string type on the other.

The language supports addition, multiplication and subtraction for integers, but only ad-
dition and subtraction for strings. For an arithmetic expression to be valid, both operands
must have the same type — it does not make sense to add an integer to a string. An
arithmetic expression has invalid type if its operands have different types.

A type analysis determines the possible types for each variable before and after each state-
ment. This information can be used to check whether a program is valid or not. For the
above program, a type analysis would conclude that the possible types of y immediately
after statement 3 are integer and invalid.

(a) [30 marks] Design a type analysis for the While language. Be sure to clearly describe
the following parts of the analysis: lattice of values (including ⊤ and ⊥), transfer functions
(including evaluation of arithmetic operators), the join operator and the generic dataflow
equations for computing IN and OUT sets. You should also make clear how the IN and OUT
sets are initialised.

(b) [10 marks] Give the control-flow graph for the example program above and, alongside,
show the final values for the IN and OUT sets of each node that would be computed by
your analysis.

(c) [10 marks] Discuss whether your analysis is precise. That is, will your analysis always
detect when a program can never have an invalid type? If not, provide an example to
illustrates this. Your answer should mention how this issue of precision relates to whether
your analysis is distributive or not.

(d) [10 marks] Discuss how your analysis deals with parameters to the program and what
implications this has. Recall that parameters are simply variables that are used before being
defined.
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