CS 243 Review Session 4: Midterm Review
Billy Bao



Midterm Topics

e All topics up to HW3/Lecture 7:

o Dataflow Analysis

o Partial Redundancy Elimination
o Register Allocation

o Instruction Scheduling



Dataflow Analysis Design

Dataflow analyses can be
designed through a series
of questions to ask yourself.

Let’'s work through an
example together...

Your task is to find the maximum value each variable can take at any program point. (This
is useful for various optimizations including warning about potential out-of-array-bounds
accesses).

The machine we are targeting has only 8-bit integer values. Operations that overflow or
underflow the value of a variable clamp it to the largest number (27 — 1) or the smallest
number (—27), respectively. Consider the following tiny instruction set:

1.
2.

oo W

6.

x = value, where z is a variable and value could be any integer value.

x =y, where  and y are variables.

x =y + value, where x and y are variables, and value could be any integer value
x =y + z, where z, y and z are variables, + is the addition operation.

x =1y — z, where z, y and z are variables, — is the subtraction operation.

Other instructions that do not modify the variables.

Assume that in this system, all variables are initialized to 0 at the beginning of the program.



Semilattice Values

What values do | need to

Your task is to find the maximum value each variable can take at any program point. (This

keep traCk Of at eve ry is useful for various optimizations including warning about potential out-of-array-bounds
accesses).
program pOInt? The machine we are targeting has only 8-bit integer values. Operations that overflow or

underflow the value of a variable clamp it to the largest number (27 — 1) or the smallest

e Lookth rOUgh the entire number (—27), respectively. Consider the following tiny instruction set:

1. z = value, where z is a variable and value could be any integer value.

problem first - can your
representation handle

2. x =y, where x and y are variables.

3. = = y + value, where z and y are variables, and value could be any integer value
eVery inStrU Ction? 4. x =y + z, where z, y and z are variables, + is the addition operation.
e This pr0b|em: 5. ¢ =y — z, where z, y and z are variables, — is the subtraction operation.
o Max value for each var! 6. Other instructions that do not modify the variables.
o Min value is also Assume that in this system, all variables are initialized to 0 at the beginning of the program.

needed forx =y -z



Direction of Analysis

Do values depend on
previous or future
instructions?

e Looking ahead =
backward analysis!

e If both, may need two
dataflow passes (e.g.
live range)

e This problem:
o Previous — forward

Your task is to find the maximum value each variable can take at any program point. (This
is useful for various optimizations including warning about potential out-of-array-bounds
accesses).

The machine we are targeting has only 8-bit integer values. Operations that overflow or
underflow the value of a variable clamp it to the largest number (27 — 1) or the smallest
number (—27), respectively. Consider the following tiny instruction set:

1.
2.

oo W

6.

x = value, where z is a variable and value could be any integer value.

x =y, where  and y are variables.

x =y + value, where x and y are variables, and value could be any integer value
x =y + z, where z, y and z are variables, + is the addition operation.

x =1y — z, where z, y and z are variables, — is the subtraction operation.

Other instructions that do not modify the variables.

Assume that in this system, all variables are initialized to 0 at the beginning of the program.



Meet Operator

When two paths meet, how

Your task is to find the maximum value each variable can take at any program point. (This

ShOUld we reCOHC”e their is useful for various optimizations including warning about potential out-of-array-bounds
accesses).
values? The machine we are targeting has only 8-bit integer values. Operations that overflow or
underflow the value of a variable clamp it to the largest number (27 — 1) or the smallest
o |fx e [| u ] on one number (—27), respectively. Consider the following tiny instruction set:
17 71
1. x = value, where z is a variable and value could be any integer value.
path and x € [l,, u,] on v
2. x =y, where x and y are variables.
the Other’ what range 3. = = y + value, where z and y are variables, and value could be any integer value
Of Values can x ta ke on 4. x =y + z, where z, y and z are variables, + is the addition operation.
after th ey meet? 5. ¢ =y — z, where z, y and z are variables, — is the subtraction operation.
e X E [m|n(|1 , Iz)’ m aX(U,I , 6. Other instructions that do not modify the variables.

Assume that in this system, all variables are initialized to 0 at the beginning of the program.

u,)]



Top and Bottom Values

Based on the meet Operator’ Your task is to find the maximum value each variable can take at any program point. (This
Wh atare T and 17 is useful for various optimizations including warning about potential out-of-array-bounds
accesses).

o T /\ X = X The machine we are targeting has only 8-bit integer values. Operations that overflow or
underflow the value of a variable clamp it to the largest number (27 — 1) or the smallest
Py 1 /\ X = 1 number (—27), respectively. Consider the following tiny instruction set:

1. z = value, where z is a variable and value could be any integer value.

This problem:

x =y, where  and y are variables.

x =y + value, where x and y are variables, and value could be any integer value
[, u, ] AL, u,] =[min(l,, I,), max(u,,

u,)]

x =y + z, where z, y and z are variables, + is the addition operation.

AN I

x =1y — z, where z, y and z are variables, — is the subtraction operation.
T = [27_1 , _27] 6. Other instructions that do not modify the variables.

Assume that in this system, all variables are initialized to 0 at the beginning of the program.

1 =[-27,27-1]



Transfer Function

How should each instruction

modify the values?

Write OUT][b, v] as function
of IN[b, v] (for forward

Your task is to find the maximum value each variable can take at any program point. (This

is useful for various optimizations including warning about potential out-of-array-bounds

accesses).

The machine we are targeting has only 8-bit integer values. Operations that overflow or
underflow the value of a variable clamp it to the largest number (27 — 1) or the smallest
number (—27), respectively. Consider the following tiny instruction set:

anaIySiS) 1. = = value, where z is a variable and value could be any integer value.
2. x =y, where x and y are variables.

° Xx=value: OUT[b’ X] - [Value’ 3. = = y + value, where z and y are variables, and value could be any integer value
o §a=|uye] OUT[b, X] _ |N[b, y] 4. x =y + z, where z, y and z are variables, + is the addition operation.
e x=y+ value: OUT[b, X] — 5. x =y — 2z, where z, y and z are variables, — is the subtraction operation.

[|N[b, y] [0] + value, |N[b, Y][ﬂ 6. Other instructions that do not modify the variables.

+ value] Assume that in this system, all variables are initialized to 0 at the beginning of the program.
e \What if values are out of

range after addition?



Transfer Function (cnt.ed)

e Introduce clamp(v) =

Your task is to find the maximum value each variable can take at any program point. (This

min(27'1 ) max(-27, V)) is useful for various optimizations including warning about potential out-of-array-bounds

e x=y+value: OUT[b, x] =  accesses).

clamo(INIb 01 + value The machine we are targeting has only 8-bit integer values. Operations that overflow or
[ p( [ ’ y][ ] )’ underflow the value of a variable clamp it to the largest number (27 — 1) or the smallest
clamp(IN[b, y][1] + value)] number (—27), respectively. Consider the following tiny instruction set:

e x=y+2z OUT[b, x] = 1
[clamp(IN[b, y][0] + IN[b, Z][0]), 2
clamp(IN[b, y][1] + IN[b, z][1])]

o x=y-2z OUT[b, x] =
[clamp(IN[b, y][0] - IN[b, Z][1]),
clamp(IN[b, y][1] - IN[b, z][0])]

e Otherwise, OUTIb, x] = IN[b, X]

oo W

. ¢ = value, where z is a variable and value could be any integer value.

. x =y, where = and y are variables.

x =y + value, where x and y are variables, and value could be any integer value
x =y + z, where z, y and z are variables, + is the addition operation.

x =1y — z, where z, y and z are variables, — is the subtraction operation.

6. Other instructions that do not modify the variables.

Assume that in this system, all variables are initialized to 0 at the beginning of the program.



Boundary Condition & Interior Points

What should the boundary
be initialized to?

e Problem-dependent!

e The most precise
initialization is usually T

e Set OUT[ENTRY] for
forward analysis,
IN[EXIT] for backward

Interior points initialization
should always be 7 (OUT

Your task is to find the maximum value each variable can take at any program point. (This
is useful for various optimizations including warning about potential out-of-array-bounds
accesses).

The machine we are targeting has only 8-bit integer values. Operations that overflow or
underflow the value of a variable clamp it to the largest number (27 — 1) or the smallest
number (—27), respectively. Consider the following tiny instruction set:

1.
2.

oo W

6.

x = value, where z is a variable and value could be any integer value.

x =y, where  and y are variables.

x =y + value, where x and y are variables, and value could be any integer value
x =y + z, where z, y and z are variables, + is the addition operation.

x =1y — z, where z, y and z are variables, — is the subtraction operation.

Other instructions that do not modify the variables.

values for forwa rd’ IN values Assume that in this system, all variables are initialized to 0 at the beginning of the program.

for backward)



Dataflow Analysis Design: Summary

What values do | need to keep track
of at every program point?

Do values depend on previous or
future instructions?

When two paths meet, how should
we reconcile their values?

Based on the meet operator, what
areTand L7?

How should each instruction modify
the values?

What should the boundary be
initialized to?

Always initialize interior pointsto T

Direction of your analysis
(forward /backward)

Forward

Lattice clements and meaning

For each variable, we will have a separate semi-lattice.
Let Zg be the set of all 8-bit numbers. The domain of
the semi-lattice is Zg x Zg. Each element is a pair of
integer values, where the first is the minimum value and
second element is the maximum value that a variable
can take.

Meet operator

For ecach variable: we will use (min, max) as the meet
operator. (z1,y1) A (22, ¥2) = (min(zy, y1), max(za, y2))

Is there a top element?
If yes, what is it?

Yes, (27— 1,-27)

Is there a bottom element?
If yes, what is it?

Yes, (—27,27 - 1)

Transfer function

(value, value), if b: x = value,
IN[b,yl,ifb: z =y,

(clamp(IN[b, y][0] + value),
clamp(IN[b, y|[1] + value)),
ifb: x = y + value,

ourlh,z] = (clamp(IN[b, y][0] + IN[b, 2][0]),
clamp(IN[b, y][1] + IN[b, 2][1])),

ifb:r=y+z

(clamp(1N[b, y][0] — IN[b, 2][1]),
clamp(IN[b, y][1] — IN[b, 2][0])),
ifb:z=y—2

IN[b, |, otherwise.

97

where clamp(z) = min(max(z, —27 — 1),27)

Boundary condition

Mapping cach variable to (0,0)




Dataflow Analysis: Set-Based Analyses

e Special type of analysis: only need to keep track of a single true/false for each
e € U (e.g. each variable, each instruction, each definition)
e C(Can represent them in semilattice as subsets of U!

o Inclusion in set = true, Exclusion in set = false

e Two broad classes based on the meet operator:
o “May” analysis (e.g. Reaching Definitions): union as meet operator, T = empty set
o “Must” analysis (e.g. Available Expressions): intersection as meet operator, T = U



Partial Redundancy Elimination

Precompute an expression
(e.g.y + z), storeitin a new
variable (e.g. t), then replace
occurrences of the former
with the latter.

Where should the
precomputations be inserted?

a=y+1z

c=y+z

=

y = read()

z = read()

g=y + 1%

|

EXIT

f=y+z




Partial Redundancy Elimination

Some intuition for what the solution
should look like:

Add definitions to paths leading
to uses, as close to their use as
possible

Each path leading to each use
must have exactly one definition
of its current value

Earlier definitions can cover
later uses if the expression
value is unchanged

If a definition is only used once,
discard it

a=y+z

c=y+z

y = read()

z = read()

g=y+z

|

EXIT

f=y+z




Partial Redundancy Elimination

Preprocess first! Add empty blocks

on each which leads to a block with / \

multiple predecessors. a=y+z G b=y+z

Four dataflow passes of the Lazy \ \

Code Motion algorithm: e=yte d:y“\ /e:”"z

1. Anticipated expressions B——

(backwards must) \

2. Available expressions
(forwards must) ¥ = zead() L= +2

3. Postponable expressions
(forwards must) g=y+z

4. Used expressions (backwards |
may) EXIT




Anticipated & Available Expressions

Anticipated: Program points where
the expression definitely will be used
on all future paths

‘ (a) Anticipated Expressions ‘ (b) Available Expressions

Available: Assuming we p|aCe Domain Sets of expressions Sets of expressions
definitions at anticipated points, Directlon | Backwards Porwards
o . Transfer fB(z) = fule) =
where will its value be available? function eusep U (x — e_killp) (anticipated|B].in U ) — e_killp
Boundary IN[EXIT] = () OUT[ENTRY] = §)
Earliest = Anticipated - Available Meet (\) | N n
Equations IN[B] = fg(ouT|[B]) ouT[B] = fp(IN[B])

OUT[B] = /\S,su.('r.'(B) [N[S] IN[B] = /\P,prerl(B) OUT[P]

Initialization | IN[B] =U ‘ ourB]=U




Postponable & Used Expressions

Postponable: Assuming we place

definitions at Earliest points, how far

down can we delay that definition

before its value is used? l

‘ (¢) Postponable Expressions ‘ (d) Used Expressions

- T . Domain Sets of expressions Sets of expressions
LateSt B POStponablllty frontler Direction Forwards Backwards
. . Transfer fe(x) = fB(x) =
Used: Is the value Of this expression function (earliest[B] U x) — e_usep (e_usep U x) — latest|B|
used after this block? If not, we don’t _Boundary | out{exty] =0 IN[exiT] = 0
. Meet (A) N U
need to precompute for this block. Equations | 0UTB] = /(NB]) IN(B] = f(0UT(B])
IN[B] = Ap preay OUTIP] | OUT[B] = Ag jueesy NIS]

Initialization ’ ouT[B]=U ‘ IN[B] =0




PRE Example Solution

ENTRY
// \\t=y+z
t=y+z l
G b=
t=y+ l
/ e=t
c=y+z d=1% /
\ é/zread()
y = read() W
e t=y+z
t=y+ 2z
\ / f=t




