COMP 181

Lecture 21
More program analysis

November 21, 2006

Prelude

¢ What animal is this?
Turkey (duh)

e What national honor was almost
bestowed on turkeys?
National bird

e What annual ritual is going on
in this picture?
President “pardons” a turkey
Origin unknown -
Last year: “Marshmallow” and “Yam” were pardoned
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Where are we

Scanner

Semantic
checker

' Optimizations ' <:|
: Instruction
IR lowering selection

Register assembly Machine
allocation k registers code
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Liveness across instructions
e How is liveness determined?
All variables that | uses are live before | 'n_“] = {6}
Called the uses of | a=hb+2
All variables live after | are also live
before |, unless | writes to them in[l] ={y,z}
Called the defs of | X =5
out[l] = {x,y,z}

e Mathematically:

in[l] = (out[i]—def[l] ) U use[l]
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Flow of information
e Equation:
in[l] = (out[i] - def[l] ) v use[l]

e Notice: information flows backwards L_‘Vﬂ
Need out[] sets to compute in[] sets X = y+1
Propagate information up Live2

y = 2*z
Live3

e Many problems are forward iflvzd)
Common sub-expressions, constant .
propagation, others Lived
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Control flow

e Rule: A variable is live at end of block B if it is live at
the beginning of any of the successors
Characterizes all possible executions
Conservative: some paths may not actually happen

o Mathematically:

outlBl=_ \J_in[B]

e Again: information flows backwards
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System of equations

o Put parts together:
in[l] = (out[i] — def[l] ) U use[l]
out[B]= U in[B]
B’ € succ(B)

Often called a
system of
Dataflow

Equations

o Defines a system of equations (or constraints)

Consider equation instances for each instruction and each
basic block

What happens with loops?
Circular dependences in the constraints
Is that a problem?
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Solving the problem

o lterative solution:
Start with empty sets of live variables
Iteratively apply constraints
Stop when we reach a fixed point

For all instructions in[l] = out[i] = &

Repeat
For each instruction |
in[l] = (out[i] — def[l] ) U use[l]
For each basic block B
out[B]= U in[B]
B' e succ(B)
Until no new changes in sets
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Example
e Steps: -
Set up live sets for each
program point =y
Instantiate equations y = 2%z
Solve equations if @
X = y+z
z :' 1
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Example

e Program points
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Example
Stmt | Defs Uses

§ C

2 % \\j

3 z
¢ d
§ X 9,2
1=z

7 2 %
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in[l] = (out[i] - def[l] ) w use[l] EE:
outlBl= U in[B] o
Example b succl®)
L1=L2 U 2¢}
L2=L3 v LI

L3=(4 - PV iy
L4=

L5=

6= (v (7

L7 =

L8 =

L9 =

L10=

L11=

L12= 93

@ Tufts University Computer Science 12




(1 X)
(11
o0
[ ]
Example
L1=L2 U {c} M
M /A
L2=1L3 u L11 L [GF © =
L3=(L4-{xhu{y} L2 i roqed
L4=(5-{yhuiz X = yot L3={y 2}
L5=L6u{d} 3 = Dy La={zxd)
L6=L7ULY 4| if (d) izibﬁzﬂ;
L7=(L8-{xhuiy.z} L7:(3' )
L8=L9 5| x = y+z LS?("L’?)
L9=110—{z} I Lg:
L10=11 . == —_{ }
L11=(L12—{z}) u{x} tﬁ:g xi
L12=¢ 7 e
[ 1X)
(11 )
o0
o
Example
L1=L2 u {c}
L2=L3 U L11 i © Li={x,y.zcd}
L3=(L4-{x})u{y} LZi(x.y.z‘d)
L4=(L5-{yhu{z} 2[Tx = y+d L3={y,z,d}
L5=L6wv {d} 3| y = 2%z L4i(z,d }
L6=L7UL9 4| if (d) tg;xi d))
L7 = (L8 —{x}) v {y.z} Celyz )
L8=L9 5[x = y+z e . )
L9=L110- =
L10=L1 @ o D gl o=t 9,c,d
= - L10={v,y,3 ¢
L11=(L12-{z}) U {x} L0~ Wb
L12={ 7
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infl] = (out[i] - def[l] ) U use[] EE:
out[B]l= U in[B] .
Example S
L1=L2 U {c}
L2=13 U L11 L [F © L
L3=(L4- iy} L2
L4=(L5-{yD) iz 2 x = ye1 L
L5=L6uU {d} 3| y = 2%z L4
L6=L7UL9 4| if (d) tz
L7=(L8-{xhu{y.z} 7
L8=1L9 X = y+z L8
L9=110-{z} I L
L10=L1 5 2 =1
L11=(L12—{z}) U {x} ti’
L12={ 7 L
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Example
L1=L2 U {c}
L2=13 U L11 LTOF © L=t }
L3=(L4-{x}) Uiy} L=t !
L4=(L5-{y) vz 2 x = ye1 Lot !
L5=L6u{d} 3| y = 2%z La={ }
L6=L7UL9 4| if (D) tgzg ;
L7=(L8-{xhu{y.z} 7 =1 )
L8=L9 X = y+z Ls={ )
L9 =110 -{z}
L10=L1 o 2= 1 Lo={ }
L11 = (L12 - {z}) u {x} ti?zi ;
Y 7 L12={ }
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Example
L1=L2 v {c}
L2=13 U L11 G © L=txy.zed}
L3=(L4-{x) Uy} t2=toy.ed )
L4=(L5-{yhu{z 2 x =y L3={y,z,d }
L5=L6wu {d} = 2%z La={zd }
L6=L7UL9 4| if (d) tg:w;d §
L7 = (L8 - {x)huiy.z} L7y y: N
L8=L9 X = y+z Ls={ )
L9=L10—-{z} I Lom ,
L10=1L1 B 2 = il
L11 = (L12 - {z}) U {x} E‘l’igx ;
L12={ 7 o X
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Example

L1=L2 v {c}
L2=L3 u L11
L3=(L4-{xpuiy}

1| 1f (©)

La=(5-{yhuiz ¥ = = el
L5=L6wu {d} 3| y = 2%z
L6=L7uUL9 4| if (d)
L7=(8-{x)uiy.2}

L8=L9 S| X = y+z
L9=L10-{z} V
L10=L1 6 z=1
L11 = (L12 —{z}) v {x}

L12={} 7

@ Tufts University Computer Science

L10={x
L11={x
L12={

z
,Y.z,¢c,d}
Y,
z

,Y.z,¢,d}
,Y.z,¢,d}
,z,c,d}

,c,d }

,z,c,d}
,c,d}
c.d}

Y
y.c,d}

.Y, z,¢,d
}
}
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Example
Ll:LZU{C} L1={xy,zc,d}
L2=L3 v L11 L [F © i
L3 = (L4 —{x})u{y} LZ:{XVYVZYCYd}
L4= (L5 {y) uiz} Xy L3=(y.z.c.d)
L5=L6u {d} 3| y = 2%z L4={x,z,c,d }
HRCECR R
L7=(L8-{xpuiyz = :(y' Z' C’ d'}
L8=L9 5| X = y+z L= ix v 0d]
ti;_Lig—{z) - a Lo={x,y,c,d}
= 2 =
= ® L10={x,y,z¢c,d
L11 = (L12 —{z}) v {x} e
2= ! L12={ }
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Questions

e Why does this terminate?
e Why does this compute the right answer?

e How could we modify this for dead-code
elimination?
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Example
L1=L2 v {c}
L2=L3 u L11 , [if © Li={x,y,zcd}
L3=(L4-{x})u{y} L2={x,y,zcd}
L4=(L5-{yhu{z} 2 x = ye1 L3={y,zc,d}
L5=L6u {d} 3| y = 2%z La={x,z,c,d }
L6=L7uUL9 4| if (d) tgzg:z;zg;
L7=(8-{xhuiy.z} 7= y: Z: c: d'}
Leots il G L8={x,y,c,d}
L9 =110 -{z} Loy 0.0)
L10=L1 g 2 =1 A
L11 = (L12 —{z}) v {x} ti;)ziz Y ;,c,d
t12=0 ! L12={ }
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Generalization

o Dataflow analysis
A common framework for such analysis
Computes information at each program point
Conservative: characterizes all possible program behaviors

e Methodology
Describe the information (e.g., live variable sets) using a
structure called a lattice
Build a system of equations based on:
How each statement affects information
How information flows between basic blocks
Solve the system of constraints
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Lattices

e A lattice is a kind of partial order
A set of elements P
A partial order relation
Reflexive
Anti-symmetric
Transitive

Called a “partial order” because not all elements
are comparable

e Used to represent analysis information
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Lower and upper bounds

P E

sc?P
x ef it a[owerrpﬂw\d’ for §
¥ xEy ¥yeS
X &P Is a oypt/ \ooynd

yj;Y '3/!1 €S
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LUB and GLB

N\ s

o

¥ 4LB

we P GLE (<)
% s Lower bowd €
wev -(lwam1 bue bound \1 of S
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Lattices

(L, E)
any L st S of L

s~ unique Lup ol GLB

-lu- qornbinns  on InHie  elementd
meet Xﬂus < GLB(i)‘M“

jain X LI") 2 I’VB( i)‘\“, l)

@ Tufts University Computer Science 26

Complete lattices :
(L, C
T T Lup(L) =

gt L aup (L)

Porall ¥ €L x T
C x
(L&, N, T)
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L

Properties of meet and join

Agovatic
(yﬂb}\m% AR (lﬁﬂ%\
Cimw%*""t
Xy =9 [ x
Tdemgoteny
X My =¥
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Example :

eS={ab,c}

e P = power set of S X, Y

e Partial order as setinclusion & = <
Reflexive Y Sx
Anti-symmetric > £ ad yEx
Transitive

e What about LUB and GLB?
xﬂu\:% A, X223 X EX(\l]
@ XL[3 y2¢ b]

Graphically :
o Partial order <
La b ,63
o Meet () / l \
$q b7 acl 1
e Join U = S v ‘ib\C;
fal (e} £63

Top §eb,¢]

e
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Reversed Lattice

o Partial order =

o Meet U
e Join ﬂ
e Top @

e Bottom fug,ﬂ
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In dataflow analysis

e Example: live variables Q N
Y < Z'/ //‘\\
rl - U _//T\
R pr gl DI
\&\l///
e Example: copy propagatlon "’7
P = (:) 1
K -yrc
M ] @ Dl
)‘ |

s¢+l l":*)
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Transfer functions

e Capture the effect of a statement on lattice
values

e Forward: o# =¥ (™)
e Backward: ™ = F (o®

e Monotonicity: £ all A5
A= F(& TFR

oc A EZ E(R)
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Merge operation

e Combine information on different paths
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Next time

e Later today: new programming assignment
(And yes, you will have two weeks to work on it)

e Memory management and garbage collection

e Happy Thanksgiving!
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