CS 502 — Compiling and Programming Systems
Final/Qualifying Examination, 12/16/04

Instructions: Read carefully through the whole exam first and plan your tirkote the
relative weight of each question and part (as a percentagigeagcore for the whole exam).
The total points is 100i¢, your grade will be the percentage of your answers that arect).

This exam ipen book, open notesYou are free to refer to any book or other study materials
you bring to the exam room.

You havel20 minutesto complete all four (4) questions. Write your answers 08 flaper
(use both sides if necessary).
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1. (Semantics and code generation; 20%): Recall that a Jaua wop has the following
syntax:

while (e) s

Expressiore is a Boolean expression evaluated before each executitie ddop body. Ife
evaluates to false then execution continues with the s&tefollowing the loop, otherwise
the bodys is executed. Assume you are generating intermediate ceeg from an abstract
syntax tree as in the MiniJava project compiler. Exhibit plétiike template for the loop
that has the minimum number of branches per iteration ofdbp.!

Describe how to support thereak andcontinue statements in the context of your design,
and in a way that will integrate with use bteak andcontinue in other Java constructs
(for loops,switch statementsgtc). In particular, indicate what should happen as you gen-
erate intermediate code for each of those other constrlibesbreak statement terminates
execution of its immediately enclosing loop; it has a déf@rmeaning irkwitch statements,
with which you should be familiar. Theontinue statement stops execution of the current
loop iteration and continues with the next iteration of thed; it is equivalent in meaning to
branching to the end of the lodq@dy (in this case the end @), but not outside the loop.

Answer:

The code template has the following form:

code for condition e

branch on false Lgreax
Lbody :

code for body s

L continue

code for condition e

branch on true Lyogy

Lbreak

A break will generate a branch thyeak (outside the loop) and @ntinue will
generate a branch tQoniinue (to re-execute the body).

To handlebreak andcontinue more generally, we need to keep a stack of loop
information. Before we process the body of a given loopsfartch), we push
information for that loop, and after we process the body, o e information
off. The information consists of the currenteak and continue labels. For
example, in the above template, we would indidaje.k as thebreak label and
Lcontinue @S thecontinue label. Javafor anddo loops would push similar label
information. Theswitch statement would set uptereak label, since it has its
own meaning foibreak, but it would use thecontinue label of the next outer
loop (if any; we need a way of indicating that there is nate),



2. (Dominators, SSA form; 20%) Consider the following cohttfow graph (CFG):
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(@) (5%) Derive dominators for each basic block and draw thmidator tree for the CFG.
Answer:
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(b) (5%) Derive the dominance frontier for each basic blaocthie CFG.
Answer:
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(c) (5%) Redraw the CFG isemi-pruned SSA form:ie, placepnodes only for temporaries
that are live across some basic block boundary.

Answer:
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Cs = P(C2,C4)
ds = ®(d4,d3)
bs;=..

"[az = ®(az,a3)

bs = ®(b2,bs)

Ce = P(C3,Cs)

ds = ®(d2,ds)
y=as4+ b,
Z=Cg + ds
iz = i1 + 1
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(d) (5%) Convert out of SSA form, redrawing the CFG with capieserted to implement
the effects of thep-functions.

Answer:

C3
dz .
ag =4dz
bs=b;
Ce =C3
ds = d2

4 ds=... 5 Cs= ... 9 ar=as
Cs =C2 Cs=Cs by =bs
ds=d4 ds =d3 C1=Cs

di=de
¥ iL =1

6 bs = ...
a4 =4ds
bs=bs
C6=Cs P
de = ds '\é

\J
7 y=as+by
z=Ce+ds
i2=i1+1

i>1ool




3. (SSA-based loop optimizations; 35%) Consider the falhgnwava method:

void init(int [] &, int len, int x) {
int i =0;
while (i < len) {
afi] = xxx;
I=i+1;
}
}

The MiniJava compiler produces intermediate code for treg@mm along the lines of:

i«—0

if (i < len) goto Lpody else goto Lpreak
Lbody -

j—ix4

p—ap+ ]

*P < X*x X

i«—i+1

if (i < len) goto Lpyogy else goto Lpreak
Lbreak :

where we use a C-like tuple syntaeg( «xp denotes the word of memory referred to by the
address held in temporap) and we omit null pointer and array bounds checks.

(@) (5%) Convert this intermediate code irgami-pruned SSA form: ie, place@ nodes
only for temporaries that are live across some basic blockdary.

Answer:

ip1<—0

if (i1 < leng) goto Lpody else goto Lpreak
Lbody :

i2 — @(i1,i3)

j — i2>l<4

p—ap+ ]

*P < Xo*Xo

ig«—ip+1

if (i3 < leng) goto Lpody else goto Lpreak
Lbreak



(b) (5%) Identify the induction variables and show the cadidl {n SSA form) that results
after strength reduction.

Answer:

Insert a preheader for the loop in which to insert initidiiza statements for
induction variables. The basic induction variable,i$ is in the family ofi
(j < i*4), andpis in the family ofj (p < a+ j). Thus, introducg’ to hold
current value off = i x4, p’ to hold current value op = a+ j'.
First, j’:

i1 0

if (i1 < leng) goto Lpreheader €1se goto Lpreak

Lpreneader

Ja_ — i]_ x4

Lbody :

iz« @iy, i3)
i | i)
p—ao+]
*P + X0 * X0
ig«ip+1
3 +4
if (i3 < leng) goto Lpody else goto Lpreak
Lbreak

Thenp':

ip1+<—0

if (i1 < leng) goto Lpreheader €1se goto Lpreak

Lpreneader
ja_<— i1*4
Py a0+ ]
Lbody :
i2 < @i1,i3)

P2 < (pl, P3)
j =15
PP
*P «— Xp * Xp
ig«—ix+1
j3—ip+4
P3— Py +4
if (i3 < lenp) goto Lpogy else goto Lpreak
Lbreak :




(c) (5%) Show the code (still in SSA form) that results afteeéar test replacement. Make
sure you do this iteratively for each family of induction nadules.

Answer:
Firsti:

i1<0
if (i1 < leng) goto Lpreheader €1se goto Lpreak

Lpreheader -
ji% i1*4
P, —ao+ jj

Looay:
i2 — (i, 13)
2 — (i1, J3)
P> 9Py, P3)
| R )
P P,
*P «— X0 * X0
i3—iz2+1
jae jo+4
Py — Pr+4
if (| j5 <lenpx4|) goto Lpody else goto Lpreak

Lbreak
Thenj:
10
if (i1 < leng) goto Lpreheader €1se goto Lpreak
Lpreneader
ji—i1x4
P a0+ ]]
Lbody
i2 < @(ig,i3)
P < @(py, P3)
j— 5
P P
*P < Xo*Xo
ig«ip+1
j3—ipt+4
Pz — P +4
if (|p5 <ap+lengx4|) goto Lpody else goto Lireak

Loreak



(d) (5%) Show the code that results (still in SSA form) aftepy-propagation/constant-
propagation/constant-folding.
Answer:
ip1+<—0
if (@ < leng) goto Lpreneader €1se goto Lpreak
L preheader
1+
P —[a
Lbody .
iz @i1,i3)
P> — @@, pa)
j =15
PP,
H Ph | < Xo*Xo
ig—iz+1
Jy— Iy +4
P3— pp+4
if (pg < ag+leng*4) goto Lpogy else goto Lpreak
Lireak :
(e) (5%) ldentify loop invariants and show the code (stilS8A form) that results after
loop-invariant code motion.
Answer:
Loop invariants arg, len, a, X« X, a+lenx 4.
ip1+0
if (0 < lenp) goto Lyreneader €1se goto Lpreak
L preneader
j,—0
pp—a
[C—Xo*Xo|
k «— ag+ leng * 4‘
Lbody :
i2 — @(i1,i3)
Py — @(a, p3)
j— 15
PP,
ig«—ix+1
3= Jp+4
P3— Py t+4
if (p5 < ) g0oto Lpody e1se goto Lpreak
Lbreak
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(N (5%) Show the code that results (still in SSA form) aftead variable elimination.
Answer:

if (0 < lenp) goto Lpreheader €1se goto Lpreak
Lpreneader

C <+ Xo*Xp

k—ap+lengx4
Lbody :

P — @&, pj)

*p/2 «— C

P — P, +4

if (p5 < k) goto Lpody else goto Lpreak
Lbreak :

(9) (5%) Convert out of SSA form and show the resulting code.
Answer:

Break critical edge on loop continue, by inserting a corgiblock in which
to place copy statements.
if (0 < leng) goto Lpreheader €1se goto Lpreak
L preneader
C <« Xo*Xo
k<« ag+lengx4
P, —a
goto Lpogy
L continue
P Ps
Lbody :
*Ph — C
Pz Py +4
if (p5 <K) goto Leontinue €1se goto Lireak
Lireak :
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4. (Global data-flow analysis; 25%) In performilagy code motion (LCM) an optimizer must
compute information about bo#vailability andanticipability of expressions. As discussed
in class, an expression &vailable at a given point in a program if recomputing it there is
redundant. Availability provides LCM with information abbmoving evaluationsater in
the program. Anticipability is a related notion: an expresss anticipable at a given point
in a program if it can safely be evaluateatlier in the program.

You may assume the program consists of a set of basic bdcEet up data flow equations
to solve for anticipability, to produce solution sétsticln(n) andAnticOut(n) for each node
n € N, specifically answering these questions:

(@) (2%) Is the problem forward-flow or backward-flow?
Answer:

Backward-flow

(b) (2%) Is the problem any-path or all-paths?
Answer:
All paths
(c) (4%) What are the flow values (you may assume the prograsists of a set of blocks
N)?
Answer:
The (value-numbered) expressions anticipated on entnyddN: evaluating
the expression at the beginningrohas the same effect as evaluating it at its
original position.
Define:

UEExpr(b) = the set of of upward-exposed expressiens blockb. If e €
UEExpr(b), evaluatinge at the entry to blocl produces the same value
as evaluating it in its original position.

ExprKill(b) = the set of expressionsthat are killed in blockb. If e €
ExprKill(b) thenb contains a redefinition of one or more operande.of
As a consequence, evaluatie@t the entry tdo may produce a different
value than evaluating it at the endof
(d) (2%) Which is the boundary nodhg € N (ie, Entry or Exit)?
Answer:
ng = Exit
(e) (5%) What are the boundary conditiores the initial value#Anticln(ng) andAnticOut(no)
for the boundary node)?
Answer:
AnticOut(Exit) = {}
AnticIn(Exit) = {all (value-numbered) expressigns
(H (5%) State initial values ofnticln andAnticOut for interior nodesig, n € N, n # np)
Answer:

12



AnticOut(n) = Anticln(n) = {all (value-numbered) expressigns

(9) (5%) Give flow equations foknticln(n) andAnticOut(n)
Answer:

AnticOut(n) = Nscgn) Anticln(s)
AnticIn(n) = UEExpr(n) U (AnticOut(n) N ExprKill(n))
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