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Warm-up Quiz

What does the following JavaScript code print?

let x = [1, 2, 1];

let y = [2, 3, 2];

let z;

if (Number.MIN VALUE > 0) ({
Z =X +Yy;

} else {
z = x[y.length - 1];

}

console.log(z);
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What does the following JavaScript code print?

let x = [1, 2, 1];

let y = [2, 3, 2];

let z;

if (Number.MIN VALUE > 0) ({
Z =X +Yy;

} else {
z = x[y.length - 1];

}

console.log(z);

Result: 1,2,12,3,2
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Warm-up Quiz

What does the following JavaScript code print?
let x = [1, 2, 1];

let y = [2, 3, 2]; /I\RVALUE:Sma"eSt
let z;

if (Nurber.MIN VAIUE > 0) { positive value that can

z=3%x+y; be representated
} else { within floating point
z = x[y.length - 1]; precision

}

(Use NEGATIVE_INFINITY
console.log(z);

for the overall smallest

Result: 1,2,12,3,2 value)
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Warm-up Quiz

What does the following JavaScript code print?

let x = [1, 2, 1];

let y = [2, 3, 2];

let z;

if (Number.MIN VALUE > 0) {

Z=X+yY, €
} else {

z = x[y.length — 1]; Adding two arrays:
} Convert both to string
console.log(z) ; and concatenate

Result: 1,2,12,3,2
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Outline

= First example: Available expressions
= Basic principles

= More examples

= Solving data flow problems <«——

= Inter-procedural analysis

= Static single assignment

= Sensitivities
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Data Flow Equations

= Transfer functions yield data flow
equations for each statement

0 Atentry, e.9., AEcpiry(2) = ... : May

. depend on
At exit, e.q., AE...+(3) = ...
: v (3) each other
= How to solve these equations?

o Goal: Fix point, i.e., nothing changes anymore
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Naive Algorithm

Round-robin, iterative algorithm

m For each statement s
0 Initialize entry and exit set of s
m While sets are still changing
0 For each statement s

« Update entry set of s by applying meet operator

to exit sets of incoming statements

« Compute exit set of s based on its entry set

Algorithms assume forward analysis (analogous for backward a.)

56 -
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Naive Algorithm

Round-robin, iterative algorithm

m For each statement s Repeatedly

0 Initialize entry and exit set of s computes each
,— set, even if the

_ input hasn’t
changed

m While sets are still changing

0 For each statement s <4

« Update entry set of s by applying meet operator

to exit sets of incoming statements

« Compute exit set of s based on its entry set

Algorithms assume forward analysis (analogous for backward a.)

56 -



Work List Algorithm

m For each statement s: Initialize entry and exit set
m Initialize W with initial node
m While W not empty

0 Remove a statement s from W

0 Update entry set of s by applying meet operator to

exit sets of incoming statements
0 Compute exit set of s based on its entry set
0 If exit set has changed (or statement visited for the

first time): Add successors of sto W

Algorithms assume forward analysis (analogous for backward a.)
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Work List Algorithm

m For each statement s: Initialize entry and exit set
e Initialize[TV]with initial node

- Whilenot empty WorKk list: Statements
that need to be

processed
0 Update entry set of s by applying meet operator to

1 Remove a statement s from W

exit sets of incoming statements
0 Compute exit set of s based on its entry set

0 If exit set has changed (or statement visited for the

first time): Add successors of sto W

Algorithms assume forward analysis (analogous for backward a.) 97~
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Convergence

Will it always terminate?

m In principle, work list algorithms may run forever
m Impose constraints to ensure termination
0 Domain of analysis: Partial order with finite height

« No infinite ascending chains X1 < X2 < ...
0 Transfer function and meet operator:

Monotonic w.r.t. partial order

« Sets stay the same or grow larger

59 -
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Convergence

Will it always terminate?

m In principle, work list algorithms may run forever
m Impose constraints to ensure termination
0 Domain of analysis: Partial order with finite height

« No infinite ascending chains X1 < X2 < ...
0 Transfer function and meet operator:

Monotonic w.r.t. partial order

« Sets stay the same or grow larger

\vf/

Monotone framework
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Outline

= First example: Available expressions
= Basic principles

= More examples

= Solving data flow problems

= Inter-procedural analysis «——

= Static single assignment

= Sensitivities
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Intra- vs. Inter-procedural

= Intra-procedural analysis
1 Reason about a function in isolation
= Inter-procedural analysis

o Reason about multiple functions
0 Calls and returns

= Data flow analyses considered so far:
Intra-procedural
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Inter-procedural Control Flow

= One control flow graph per function

= Connect call sites to entry node of
callee

s Connect exit node back to call site
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Propagating Information

= Arguments passed into call

o Propagate to formal parameters of callee
= Return value

1 Propagate back to caller
s Local variables

o Do not propagate into callee

o Instead, when call returned, continue with state

just before call

64 -
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Propagating Information

= Arguments passed into call

o Propagate to formal parameters of callee
= Return value

1 Propagate back to caller
s Local variables

o Do not propagate into callee

o Instead, when call returned, continue with state

For backward analysis: Everything in reverse
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Outline

= First example: Available expressions
= Basic principles

= More examples

= Solving data flow problems

= Inter-procedural analysis

= Static single assignment <——

= Sensitivities
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Simplifying the Analysis

= So far: Data flow analysis performed
on original code

= Problem: Re-assighments to variables
0 ... complicate the analysis
0 ... cause imprecision: Different definitions
conflated into one variable

« E.g., may miss opportunities for dead code

elimination
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Assignments

What if each variable is assighed to only
once?
m Many Kill sets are simply empty
o0 E.g., reaching definitions:
No need to invalidate assignments
m [rivial to disambiguate different definitions of
variables
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Single Static Assignment

= Alternative representation of code
= Also known as: “SSA form”
s ldea:

o Give each definition a new name

0 Propagate fresh name to subsequent uses
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Phi Nodes

= Artificial expressions that merges two
values

= Replace use of a variable = after a
control flow merge with o(z, )

0 xp and x5 are the latest assignments to = in the
two branches

= Think of © as “oracle” that picks value
depending on taken path
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Reaching Definitions with SSA

s Function gen(s)
0 If s is assignment to v: (v, s)
0 Otherwise: Empty set
s Function k:li(s)
0 If s is assignment to v: (v, s’) for all s’ that define v

0 Otherwise: Empty set

/3 -
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Reaching Definitions with SSA

s Function gen(s)
0 If s is assignment to v: (v, s)
0 Otherwise: Empty set

s Function k:li(s)

Always: Empty set
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SSA in Practice

s Widely adopted by program analyzers and
optimizing compilers

m Examples

0 LLVM’s intermediate representation (LLVM-IR)

0 Java’s Hotspot VM (JVM)

0 Soot (in “Shimple” intermediate representation)

74



Outline

= First example: Available expressions
= Basic principles

= More examples

= Solving data flow problems

= Inter-procedural analysis

= Static single assignment

s Sensitivities «=——
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Sensitivities

Every static analysis: Sensitivities
m Flow-sensitive: Takes into account the order of
statements

m Path-sensitive: Takes into account the predicates

at conditional branches

m Context-sensitive (inter-procedural analysis only):

Takes into account the specific call site that leads

Into another function
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Quiz: Sensitivities

Consider an intra-procedural data flow
analysis (specifically: live variables
analysis).

What sensitivities does it have?
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Quiz: Sensitivities

Consider an intra-procedural data flow
analysis (specifically: live variables
analysis).

What sensitivities does it have?
m Flow-sensitive: Yes (every data flow analysis)

m Path-sensitive: No (doesn’t track predicates)

m Context-sensitive: Irrelevant (because

intra-procedural)
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Outline

= First example: Available expressions
= Basic principles

= More examples

= Solving data flow problems

= Inter-procedural analysis

= Static single assignment

= Sensitivities V
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