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Static Single Assignment Form for Java Bytecodes in CTOC
Ki-Tae Kim" - Weon-Hee Yoo™

ABSTRACT

Although the Java bytecode has numerous advantages, there are also shortcomings such as slow execution speed and difficulty in
analysis. In order to overcome such disadvantages, bytecode analysis and optimization must be performed. We implements CTOC for
optimized codes.

An extended CFG must be first created in order to analyze and optimize a bytecode. Due to unique bytecode properties, the existing
CFG must be expanded according to the bytecode. Furthermore, the CFG must be converted into SSA Form for a static analysis, for
which calculation is required for various information such as the dominate relation, dominator tree, immediate dominator, &—function,
rename, and dominance frontier.

This paper describes the algorithm and the process for converting the existing CFG into the SSA Form. The graph that incorporates
the SSA Form is later used for type inference and optimization.

Key Words : CTOC, Java Bytecodes, CFG(Control Flow Graph), SSA(Static Single Assignment) Form
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(Z 1) 2lH=E AR2 7hsE HO|ERE HEO

delEmE Beol

ifeq, ifne, iflt, ifge, ifle, if_icmpeq, if_icmpne,
if_icmplt, if_icmpge, if_icmpgt, if_icmple,
ifnull, ifnonnull, if_acmpeq, if_acmpne

vln HEgo lemp, fempl, fempg, dempl, denpg
24 27
o] goto, goto_w

jsr, jsr_w, ret

athrow

tableswitch, lookupswitch

ireturn, Ireturn, freturn, dreturn, areturn, return

Hlol|Ex ol A E=(CODE) A4 &48s el
2(LineNumberTable) & ©|43te] 71 £28 A4

23 Mol 5§ Jel=
CTOCHA Aol 52 zg=z s Y8 (29
D@t 2o g4 2388 ARgs,

public class Temp extends java. lang.Object{
public Temp():
Code:
0:  aload 0
1t invokespecial #9;
1: public class Temp { 4. return
2:  int f(boolean b){
3 mt x; int f(boolean);
4 x=1 Code:
5: if(h) 0:  iconst_1
6: X =2 1. istore_2
7 else 2t iload 1
8 x =3 3t ifeq 11
9 return x; 6 iconst_2
0.} 7. istore 2
110} 8 goto 13
11t iconst_3
12t istore 2
13: iload 2
14: ireturn
}

(22 1) (a)od =238 (b)HIO|ERE

<block_16>
label_16

<block_17>
label_17
INIT Local_ref0_0 Localil_1
goto label 0

<block_0>
label 0
eval (Locali2_2 := 1)
label 2
if0 (Localil_UDef == 0) then <block_11> else  <block_6>

<bloclk_6>
label _6
eval (Locali2_6 = 2)
goto label 13

<block_11>
label_11
eval (Locali2_4 :
goto label _13

3)

<block_13>
label_13
return Locali2_UDel

<block_18>
label 18
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(g22IE 1) dom[i1E Fsol= g1e|&

Input : graph € FlowGraph
Output * dom[i] € Set of dominator
procedure buildDomTree(FlowGraph graph)
begin
size < graph.size()
dom[] <= new BitSet[size]
all < new BitSet(size)
for i <=0 toi < size do
all.set(i)
endfor
for i <= 0 to 1 < size do
blockDoms «— new BitSet(size)
dom[i] < blockDoms
if 1 1= root
blockDoms U ALL
else
blockDoms.set(root)
fi
endfor
boolean changed < true
while changed do
changed < false
Tterator blocks «— graph.preOrder().iterator()
while blocks.hasNext() do
block < blocks.next()
i < graph.preOrderIndex(block)
if (i == root)
print("ROOT")
continue
fi
oldSet < dom[i]
blockDoms <= new BitSet(size)
blockDoms U oldSet
Collection preds < graph.preds(block)
lterator e < preds.iterator()
while e.hasNext() do
pred < enext()
j < graph.preOrderIndex(pred)
blockDoms N doml[j]
endwhile
preds < (Collection) snkPreds.get(block)
if preds != null
e < preds.iterator()
while e.hasNext() do
pred < e.next()
i = graph.preOrderIndex(pred)
blockDoms N domlj]
endwhile
fi
blockDoms.set(i)
if ! blockDoms.equals(oldSet)
changed < true
dom/[i] < blockDoms
fi
endwhile
endwhile
end
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25 z718 & 13 9 3| 23] #9 § | 38 &3 §
0(16) {0} {0} {0} {0}
17 | {0,1,2,3,45,6} (0,1} {01} {01}
200) | {0,1,2,3,4,5,6} {0,1,2} {0,1,2} 012}
36) | {0,1,2,3,45,6} {0,1,2,3} {0,1,2,3} 0,123}
413) | {0,1,2,3456} | {0,1,2,34} {0,1,2,4} {0,1,2,4}
5(18) | {0,1,2,3,45,6} {0,5} {05} {05}
6(11) | {0,1,2,3,45,6} {0,1,2,6} {0,126} {0,1,2,6}

(gazlE 2> 2 XuAL idome Fote €X2E

Input @ blocks € FlowGraph

Output : idom
procedure findldom(blocks)
begin

while blocks.hasNext() do
block = blocks.next()
i < graph.preOrderIndex(biock)
if i == root
block.setDomParent (null}
else
blockDoms <— dom[i]
idom < new BitSet(size)
idom U blockDoms
idom.clear(i)
for < 0toj < size do
if i!=]j && blockDoms.get(j)
domDomBlocks < dom/[j]
b < new BitSet(size)
b U domDombBlocks
b & (ALL)
b.set(j)
idom N b
fi
endfor
fi
endwhile
end

idom ‘= dom(block) - dom(dom(block)) — block -+(1)
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Input : block € Block, graph € FlowGraph
Output : df € LinkedList
procedure dominanceFrontier(Block block, FlowGraph graph)
locall ] < new Block[graph.size()]
children < block.domChildren().iterator()
(i) while children.hasNext() do
child < children.next()
df <~ dominanceFrontier(child, graph)
¢ < df.iterator()
while e.hasNext() do
dfChild < e.next()
if block != dfChild.domParent()
local [graph.preOrderIndex(dfChild)} < dfChild
fi
endwhile
endwhile
suces < graph.succs{block) iterator()
(i) while succs.hasNext() do
succ < suces.next()
if block '= succ.domParent()
local[graph.preOrderIndex(succ)] < succ
fi
endwhile
v < new LinkedList()
for 1= 0toi < locallength do
if localli] != mull
v.add(localfi])
fi
endfor
block.domPFrontier().clear()
block.domFrontier().addAll(v)
return v
end
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Input : cfg € FlowGraph, info € SSAlnfo
Qutput : df € LinkedList
procedure PhiFunctions(FlowGraph cfg, SSAnfo info)
begin
killed < new BitSet(cfg.size())
nonLocal <= false
reals < info.reals().iterator()
while reals.hasNext() do
real < reals.next()
block < real.block()
if realisDef()
killed.set(cfg.preOrderIndex(block))
else if ! killed.get(cfg.preOrderIndex(block))
nonLocal < true
break
fi
endwhile
if ! nonLocal
return
fi
df < iteratedDomFrontier (info.defBlocks())
while df hasNext() do
block < df.next()
if block != cfg.sink()
info.addPhi(block)
fi
endwhile
end
&2 5 HEMoz XXt AHE 8= YIEE

Input : blocks. € Collection
Qutput : idf € HashSet
procedure idf(Collection blocks)
begin
idf <= new HashSet()
inWorklist < new HashSet{(blocks)
worklist < new LinkedList(inWorklist)
while ! worklist.isEmpty() do
block < worklist.removeFirst()
df < block.domFrontier()
iter < df.iterator()
while iter.hasNext() do
dfBlock < iter.next()
idf.add(dfBlock)
if inWorklist.add(dfBlock)
worklist.add(dfBlock)
fi
endwhile
endwhile
return idf
end
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PhijoinStmtZ A¢islof &t BEd) a9 £4L 2713

<block_16>
label 16
<block_17>
label 17
INIT Local_ref0_0 Localil 1
goto label 0
<block_0>
label 0
eval (Locali2_2 := 1)
label 2
i0 (Localil_1 == 0) then <block_11> else <block 6>
<block_6>
label_6
eval (Locali2_6 := 2)
goto label _13
<block_11>
label _11
eval (Localiz_4 = 3)
goto label_13
<block_13>
label 13
Locali2_10 := Phi(Locali2_4, Locali2_6)
return Locali2_10
<block_18>
label 18

o o
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SquareRoot SAke] AlF2 &)
SumOfSquareRoots _:';?;‘] 57 el s 1RE 07 Al el
Tibonacci Zo]A 521} noll e W E}R $Akel Fn 27
BubbleSort BE PGS o] g5l A wlg ALl
LabelExample 23l breako}l continue Z 1%
Exceptional try-catch-finally o]} 2]

po | TS AL TE ) | e
A= 5 =35
(no.) (no (no.) (ea) (ea) | fea)
SquareRoot 37 9 60 15 18 9
SumOfSquareRoot | 38 103 63 18 19 108
Fibonacci 42 76 69 18 22 86
BubbleSort 30 79 68 16 21 101
LableExample 28 51 59 13 16 58
Exceptional 41 99 149 26 29 143
(& ) CT0C% T2 =752 Hlm
7])1 lﬂgs‘_
z23Y =T o 74 (ea)
(ea)

CTOC 15 18

SquareRoot Soot 8 10

JAristotle 17 19

CTOoC 18 19

SumofSquareRoot Soot 8 1

JAristotle 17 19

CTOC 18 22

Fibonacci Soot 9 12

JAristotle 19 22

CTOoC 16 21

BubbleSort Soot 11 14

JAristotle 15 18

CTOC 13 16

LabelExample Soot 11 14

JAristotle 9 12

CTOC 26 29

Exceptional Soot 23 28

JAristotle 24 27

(F 9 B o oy He HE 3 My 4y
(;FG SSA % CFG | SSA o
lines | lines nodes | nodes
Square Root 60 63 476 99 117 1538
sum OF Square | oo | gy |97 | 108 | 143 | 2448
Root

Fibonacci 69 7711039 & 126 | 317
Bubble Sort 68 7% 110531 101 133 | 24.06
Label Example 59 03 6.3> 58 74 2162
Exceptional 149 177 | 1682 | 143 304 | 5296

CTOCOIM Tibr HIOIETEE 2T &4 e WY e 945

2 A4 A8l 48R =29 AFE vk
<E BolAt JlEe] A4 CFGE AAsE 7
SOOT, JAristotlest CTOCE #lust4th e 7l &8

of o} pA ] ol thsiA R
<E 8°lM CTOCE W& =3% Br ¥ wrg b

He e A% BAT 4 gk ols E o v 89
A7t CTOCAA FFsstehe evlelch Heby 7ee
H XA

o & o] AEe Anel Frhel 93] o v FA7 H
Aets AE4T F odvte 2L gvgth. SO0TS riolE
Fool ARE o]43le] 7|2 EES A wHd
JAristotle® A~ FE FHRA B BE2E A s
CFGE T4t

<F 9>+ SSA Formoz ¥3 Fo CFGe wag 2
doltt,

<E 9>¢ A% SSA Formo g #3g o]& HulkA
Aol w=lf A7t Frleke A
E9 Aol 35 2z A8 I
o osiA dAsE Aejth

B R selEas £F4 2298 ¥4
A3t O F0E ST volESE SFN B
43t AH3E £P) AR S8 CRGE AT

il
SSA Formii EHL'——.% 387 98] CEG, AwiAak &
A, Azt 28], A" Aulxy, g-ste A, 29 3

[1] Tim Linholm and Frank Yellin, ‘The Java Virtual Machine
Specification,’ The Java Series, Addison Wesley, Reading,
MA, USA, Jan. 1997.

[2] James Gosling, Bill Joy, and Guy Steel, “The Java Language
Specification’ The Java Series, Addison Wesely, 1997.

[3] Soot, http://www.sable.mcgill.ca/soot

[4] JAristotle, http://www.mtsuw.edw/ ~java

[5] Bloat, http://www.cs.purdue.edu/s3/projects/bloat

[6] Alfred V. Aho, Ravi Sethi, Jeffrey D. Ullman, ‘Compilers



946

(71

(8]

(9]

[10]

SEXMSD =2 D M13-DE M7=(2006.12)

Principles, Techniques and Tools,” Addison Wesley, 1986.
Andrew W. appel, ‘Modern Compiler Implementation in
Java” CAMBRIDGE UNIVERSITY PRESS, 1998.

Ron Cytron, Jeanne Ferrante, Barry K. Rosen, Mark N.
Wegman, and F. Kenneth Zadeck, “Efficiently Computing
Static Single Assignment Form and the Control Dependence
Graph,” Mar. pp.451-490, 1991.

AR, A7)Y, 2T, F4, CTOCAA 249 7|ik =&
28749 27 222 A% 47 A 23 FEARA
FALERS =84 A 119 A 2%, pp.429-432, 2004. 11,

2
43, “CTOCIA A2 T AT FHE

pp.73-81, 2005. 6.

'\,/
L

a 7| H
e—mail : kkt@inha.ac kr
1999 AHA e A A A
20019 <dstoj s LA




