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ABSTRACT

Decompilation denotes the translation from lower level into higher level programming
languages. Here we deal with the aspect of detecting higher level control structures,
including loops with any number of exits, in line-oriented programs.

The detection is carried out on the control flow graph of the source program by means
of so called wellstructuring transformations. We show that the iteration of these
transformations always terminates in a time linearly depending on the number of ver-

tices of the underlying control flow graph.

1. INTRODUCTION

Decompilation denotes the reverse of the compilation process, i.e. the translation
from lower level into higher level programming languages. Simply embedding the source
language into the target language is not considered to be sufficient. Rather, the
higher target language should be exhausted. Therefore, the main problem of decompila-
tion is the detection of high level structures in - at first sight - unstructured
programs.

Decompilers are investigated in the literature since the middle of the sixties.

Hopwood gave a survey of the subject [4].

Here we deal merely with one aspect of decompilation, namely the analysis of the con-
trol flow of source programs and its translation into semantically equivalent higher
control structures of the target language.

The target languages which we consider are higher procedural ones like Ada or Modula-2.

Their control structures include loops with any number of exits. The source languages

* This work was supported by Deutsche Forschungsgemeinschaft (grant Cl 53/3-2).
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are line-oriented such as assembler languages or BASIC.

Programs written in one of these source languages can easily be represented by con-
trol flow graphs. We use this representation here.

The detection of higher control structures is described in terms of graph transforma-
tion rules. By application of a transformation rule a pattern of vertices and edges
is replaced by a single vertex. Each pattern corresponds directly to a control struc-
ture of the target languages. Fig. 1 illustrates the idea of these transformation

rules.
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y
y
Fig. 1

Iteration of transformations based on such rules causes a control flow graph to de-
crease in size. The more higher structures it contains, the smaller it becomes.

We show that the process of reducing a control flow graph as far as possible always
terminates in a time linearly depending on the number of vertices of the graph. Note
that this holds although the size and the number of the patterns to be detected grow
with the size of the input graph. The result can be obtained because it is possible
to recognize the nesting of structures before starting the reduction process and be-
cause the system of wellstructuring transformation rules has the finite Church-Rosser

property.

We do not explain the generation of target code here. However, this task can easily
be solved by assigning labels to the vertices and edges of control flow graphs. In
Fig. 1 such a labeling was assumed to exist. The edge labels should indicate 'true'-
and 'false'-branches. The vertex labels should consist of simple conditions or simple
statements at the beginning, and later on of target code which corresponds to the
structure already detected. It is important to note that the transformation rules
introduced here support the generation of code.

There are, of course, control flow graphs that by means of these transformation rules
cannot be reduced to a single vertex. For code generation purposes they can be treated
in the following way. Whenever there is no rule applicable, an edge is removed from
the graph and a goto-statement is generated at the appropriate position. Afterwards,

the process of reduction is restarted.
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Rosendahl and Mankwald [8] use a similar idea of decompiling control structures by
reducing the control flow graph and constructing the target program in the labels of
its vertices. However, they only support the detection of loops with one exit. Fur-
ther, they do not construct an efficient transformation algorithm.

The set of graph transformation rules introduced by Farrow, Kennedy and Zucconi [1]
considers multiple exits from loops in an even more general way than is done in this
paper. The derived reduction algorithm is of linear time complexity. These rules,
however, do not support the translation of the recognized structure as they do not

directly correspond to control structures of a higher programming language.

This paper states results from [5] and [6]. All proofs can be found there, as well as

the details of target code generation.

2. PRELIMINARIES

A graph is a pair G=(V,E), where V is a finite set of vertices and EcVxV is a set of
directed edges.

Let G=(V,E), H=(V',E') be graphs.

For each vertex veV we call pred(v)::{wsV](w,v)eE} the set of all predecessors and
suc(v):={weV| (v,w)eE} the set of all successors of v.

d*(v):=#ipred(v) is the in-degree and d (v):=#suc(v) is the out-degree of v.

A finite sequence of vertices (VU,...,vn), n20, is a path in G if viev for 0sisn and
(vi,vi+l)€E for 0<i<n.

A vertex reV is called a root of G if there exists a path (r,...,v) in G for every
vev.

veV dominates weV with respect to a root r of G if v occurs in every path (r,...,w)
in G.

H is a subgraph of G if VeV and E'=Ea(V'xV").

For each V"¢V the graph (V",Ea{V"xV")}) is called the subgraph of G induced by V".

An isomorphism i from G to H, denoted by i: G > H, is a bijective mapping i: V » V'

with the property (i{v),if{w))eE' iff (v,w)eE for all v,weV.

Let X be a set and ReXxX a binary relation on X.
We denote by Rm, meNO, the m-fold iteration of R and by R* the reflexive tranmsitive

closure of R.

3. CONTROL FLOW GRAPHS

In this section we introduce control flow graphs. We use them to carry out the detec-

tion of higher control structures since they are normal forms of line-oriented pro-
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grams.

Definition :

A control flow graph is a &4-tupel k=(V,E,r,s}, where

(1) (V,E) is a graph

(i1)  v={r} or \/:\IA+\/C+{1',5} and V2

(iii} r is a root of (V,E)

(iv) d"(r)=0 and d(s)=0

(v) ¥v€VAu{r}: d (v)<1

(vi)  ¥veV, 1 d (v)=2 .

K denctes the set of all contrel flow graphs and SK the subset of all graphs in K con-

sisting of exactly one vertex.

There are four kinds of vertices in a control flow graph: a vertex r representing the
start~statement of a program, a vertex s representing the stop-statement, vertices VA

corresponding to other statements and vertices V. corresponding to conditions.
p g C

Example :
Fig. 2 shows a control flow graph kek.

Fig. 2

4. A GRAPH TRANSFORMATION SYSTEM FOR STRUCTURE RECOGNITION PURPOSES

Here we introduce a system of transformation rules on the set of all control flow

graphs. Each of these rules is applicable if and only if the given graph contains a
pattern of vertices and edges that corresponds to a boolean operation on conditions
or to one of the control structures 'sequence', 'if-then', 'if-then-else', 'loop' or
'while~loop', where a loop may have any number of exits. On application of a trans-

formation rule the detected pattern is reduced to a single vertex.
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Definition :
The system of wellstructuring transformation rules T is the collection of rules de-

picted in Fig. 3.

Notation :

Each transformation rule teT consists of two graphs, the left hand side of t
L(t)=(v
I(t)eV

In Fig. 3 the arrow-heads mark the in-vertices and the circles symbolize the out-ver-

L(t)’EL(t)) and the right hand side R(t):(VR(t),EL(t)) and two sets of vertices
L(t) and U(t)cVL(t), the in-vertices and the out-vertices of t.

tices.

The in-vertices and the out-vertices describe the allowed embedding of the left hand
side of a rule into a control flow graph. In-vertices are the only vertices which may
be connected to the outside by incoming edges, out-vertices are those which may be
connected by outgoing edges.

Note that the out-vertices of a transformation rule do not belong to the pattern of

the detected control structure. Rather, they are used to define the context.

Definition :
Let be k=(V,E,r,s)eK.
A transformation rule teT is said to be applicable to k in vl,...,vmtev if there ex-

ists an isomorphism i: L(t) + G, where G is the subgraph of (V,E) induced by

{vl,...,vmt} and
(1) Wv., 1sjsm, s ¥xeUN{v,,... v s (x,v.)eE => i~Yv.)el(t)
J t 1 m a1, 9
and (VJ,X)EE =i (vj)eo(t)
(i1) Wv,, 1sjsm,: v <=> i7N)=r
J t J -1, J
and Vj=s <=> i (vj)=s .

Applying a transformation rule means replacing the left hand side with the right hand
side and embedding the latter. The replacing is done by removing certain vertices arid
adding certain edges. This is possible because VR(t)‘VL(t) for each teT. The embedding
is straightforward since for every tel I(t)uO(t)zvR(t).

Definition :
Let be k=(V,E,r,s)eK and teT such that t is applicable to k in vl,...,vmtev via the
isomorphism i: L(t) » G.

The result of applying t to k in ViseensV is defined by t(vl,...,vmt)(k):z

m
(V',E',r',s'), where - V':(V\{vl,...,vmt})u{i(x)l XEVR(t)}
- E=EaV U {60, 1) | Goyd ey
- r'=zr
\ { r, if t=BLK
P S =
s else

The binary relation on K induced by T is denoted by TR'
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Notation :

If a transformation rule is applicable to a control flow graph, the vertices corre-
sponding to those marked by 'x' in Fig. 3 are called the handles of the rule; the set
of all handles of teT is denoted by han(t).

Since a handle uniquely determines the set of vertices in which a fransfermation rule
teT is applicable we sometimes say that t is applicable to keK with handle v and de-
note the result of the application by t<v>(k)'

After a rule has been applied to a control flow graph the vertices corresponding to
those appearing on the right hand side of the rule are referred to as its resulting

vertices, res(t) standing for the set of all resulting vertices of teT.

Control flow graphs which by means of wellstructuring transformations can be reduced
to a graph consisting of exactly one vertex are the interesting ones here. They re-
present line-oriented programs, the control flow of which can properly be expressed

in terms of higher control structures.

Definition :
A control flow graph keK is wellstructurable if there exists skeSK such that
(k,sk>eTR*.

Example :
The control flow graph k shown in Fig. 2 is wellstructurable since on appliecation of

the sequence of transformation rules
SEQ(3,4) UR(é,7,9,8)(4)L00P-EXIT1(5,6,8,9)(?)IF-ELSE(2,3,5,9) . BLK(2)

it is reduced to a certain skeSK.

The preliminary results at the marked positions are shown in Fig. 4.

Fig. 4

A comparison of the transformation system T with known sets of rules for transforming

control flow graphs yields the following results.
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Each wellstructurable contrel flow graph is collapsible with respect to the definition
of Hecht and Ullman [3]; the reverse does not hold.

The set of acyclic wellstructurable contrel flow graphs is properly covered by the

set of acyclic SSFG-reducible ones defined by Farrow, Kennedy and Zucconi [1}. Con-
sidering arbitrary control flow graphs the inclusion does no longer hold.

The fully well structured control flow graphs of Rosendahl and Mankwald [8] are a

proper subset of the wellstructurable ones.

5. PROPERTIES OF THE TRANSFORMATION SYSTEM

Here we collect some properties of the system of wellstructuring transformation rules

T which prove to be useful in designing a linear time reduction algorithm based on T.

We start with the finite Church-Rosser property. It says that any sequence of trans-
formation rules applicable to a control flow graph is of bounded length, and that the
limit graph which can be derived from a given control flow graph is uniquely deter-
mined - and thus not dependent on the decision which of several applicable rules is
chosen in a given situation.

The following formulation of the finite Church-Rosser property is due to Rosen [7].

Definition :

Let X be a set and RcXxX a binary relation on X.

(X,R) is finite Church-Rosser (FCR) if

(i)  ¥xeX 3m_eNj dyeX, meNg: (x,y)eR™ => msm_

(ii) ¥x,y,y'eX: {(x,y)eR and (x,y')eR) => 3zeX: (y,z)eR™ and (y',z)eR*

Lemma 1 :
(K,TR) is FCR.

Proof :
By considering all possible interferences of any two wellstructuring transformation
rules (cf. [5]). ]

It is an easy consequence of lemma 1 that one is free to assign priorities to the

wellstructuring transformation rules. We do this in the following way.

Definition :

Let be prio 1 := {BLK, SEQ, IF, IF', IF-ELSE, IF-ELSE', OR} ¢ T,
{Loop, LOOP'} '

v {LUUP~EXITn|neN} u {LDUP—EXITn‘|nEN}

v {WHILE—EXITn|n€N} v {WHILE-Exxrn'lneN} ¢ 1

Prio i, i=1,2, is called the class of wellstructuring transformation rules of prior-

prio 2 :

ity i.
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When testing whether a transformation rule is applicable it is reasonable to try to
find a handle first. Therefore, we next state easy to check conditions which are nec-

essary for a vertex being a handle of a transformation rule of a certain priority.

Lemma 2 :

Let be k=(V,E,r,s)eK and tel such that t is applicable to k with handle veV.
If teprio 1, then d'(v)=z1.

If teprio 2, then d'(v)>1.

Proof :

By definition. ]

We now turn to the question how the set of vertices which are potential handles of
transformation rules changes during the reduction process.
Concerning transformation rules of priority 1 we get the following result: at most

the resulting vertices of the rule applied last are new potential handles.

Lemma 3 :

Let be k=(V,E,r,s), k's(V',E',r',8')eK, veVaV', teT and t'eprio_l such that t is ap-
plicable to k, t{k)zk' and t' is not applicable to k with handle v.

If t' is applicable to k' with handle v, then han(t')ares(t)zf# .

Proof :

By verifying the following statement for each t'eprio_ 1 and each teT:

There are certain properties of a vertex v which are relevant to the decision whether
t! is applicable with handle v. An application of t changes relevant properties of

some vertices, but only of the resulting vertices of t. (cf. [6]) ]

For transformation rules of priority Z the answer is even easier: each vertex which
may be used as a handle at any time during a reduction can be detected in the origi-

nal control flow graph. This follows from lemma 2.

Furthermore, it is possible to sort the potential handles of transformation rules of
priority 2 in such a way that for each nested loop the handle of the corresponding
transformation rule appears before the handle of the rule detecting the outer loop.
To show this we use a wellknown ordering on the vertices of a control flow graph. The

definition is taken from Hecht [2].

Definition :

Let be k=(V,E,r,s)eK.

A mapping rPOSTORDER: V » {1,...,#V} is called a vertex numbering of k if the order-
ing induced on V equals the reverse of the order in which each vertex was last vis-

ited during a depth-first search of k.

A depth-first search algorithm that computes vertex numberings is given in [2]. Note
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that there exist different vertex numberings of a given control flow graph.

The reverse of any vertex numbering is an ordering of potential handles of transfor-

mation rules of priority 2 with the property described above.

Lemma 4 :

Let be k=(V,E,r,s), kiz(vi,Ei,ri,si)eK, i=1,2, and tl,tzeprio_2 such that t is ap-
plicable to kl with handle»vlevl, t2 is applicable to kz in v21,...,v2m,w€V2, m22,
with handle vyzv,, and (k,k;), (kl,kz)srR*.

If there exists a subgraph G'=(V',E') of (vl’El) such that v,eV' and G' is transformed
into \:23., 1£jsm, during the transition from kl to kz, 2}(\! and
rPDSTORDER(vl)ZrPOSTORDER(vZ) for any vertex numbering rPOSTORDER: V -+ {1,...,#v}

of k.

then {vl,v

Proof :

By two claims:

vy dominates vy with respect to r. (By definition of the transformation rules.)

If x dominates y with respect to r, then rPOSTORDER(x)SrPOSTORDER(y) for any vertex
numbering rPOSTORDER. (By definition of a vertex numbering.) (cf. [6]) 2

6. THE TIME COMPLEXITY OF THE REDUCTION PROCESS

In this last section we are concerned with the process of reducing a control flow
graph by means of wellstructuring transformations as far as possible and, in partic-
ular, contracting each wellstructurable graph to a single vertex.

As our main result we show that this process always terminates in time linear in the
number of vertices of the input control flow graph.

The algorithm which we present is based on the fact that, since (K,TR) is FCR

(lemma 1), transformation rules may be applied in any order. It uses two work-lists,
each corresponding to a priority class and containing all vertices of the current
control flow graph which can possibly be used as handles of transformation rules be-
longing to that class. These potential handles are determined by means of lemma 2.
The potential handles of rules of priority 2 are ordered in such a way that handies of
inner loops appear in the work-list before handles of outer loops (see lemma 4).
During each iteration of the algorithm the first entry - say vertex v - is removed
from the current work-list. The lists are treated in order of the priorities they
correspond to. If there exists a transformation rule in the corresponding priority
class that is applicable to the current control flow graph with handle v, then this
rule is applied. After a successful application the work-lists are updated according

to lemmas 3, 2 and 4.
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Theorem :
Let be k=(V,E,r,s)eK.
The problem of reducing k as far as possible by means of wellstructuring transforma-

tions can be solved in time O(#V).

Proof :
Consider the following algorithm REDUCE .

Input : k=(V,E,r,s)eK
Qutput ¢ k'=(V',E',r',s')eK such that
(1) ket
(ii) %teT: t is not applicable to k'
(iii) 4k"=(V",E",r",s")ek: if k" fulfills (i) and (ii), then #Y"2#V’

Method : Compute a vertex numbering rPOSTORDER: V {1,...,#v};
pric 1 handle 1 := list of all xeV with d'(x)=1,
in any order;
prio 2 handle 1 := list of all xeV with d*(x)>1,
in order of decreasing values of rPOSTORDER;
kk := kj
while there exists 1£i£2 such that prio_i_handle 1 is nonempty
loop if prio 1 handle 1 is nonempty
then perform actions on kk corresponding to priority 1;
else perform actions on kk corresponding to priority Z;
end if;
end loop;
k' = kk .
Refine-
ments : (1) perform actions on kk corresponding to priority i, 1£is2 :
v iz first entry of prio_i handle_l;
remove v from prio_i_handle 1;
if there exists teprio_i such that t is applicable to kk with
handie v
then kk =t (kk);
insert all xeres(t) with d'(x)=1 into prio_ 1 handle 1
at any position;
if  i=2 and d¥(v)>1
then inpsert v into pric 2 handle 1
at the new first position;
end if;

end if;



(2)

(3)
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there exists teprio i such that t is applicable to kk with handle v,
15152
case 1 is
when 1 => verified := false;
for all teprio l
loop if t is applicable to kk with handle v

then verified := true;

exit;
end if;
end loop;
there exists := verified;

when 2 => verified := false;
if there is a vertex w that is a proper successor of
the potential loop at v
then falsified := false;
X iz v;
while not verified and not falsified
loop if suc(x )\ {wl={v}
then verified := true;
§;§if'yesuc(x)\{w} is acceptable as a succes-

sor of x in a loop

then x = y;
else falsified := true;
end if;

end loop;

end if;
there exists := verified;

end case;

there is a vertex w that is a proper successor of the potential loop

at v :

falsified := false;

if  d(v)=2

then x = v;

elsif there exists yesuc(v)

then x :=y;

else falsified := true;

end if;

if not falsified

then if there exists ye€suc(x) with d*(y)>1
then w := y;
elsif there exists y€suc(x) with d (y)#1
then w := y;
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elsif there exists yesuc(x) with (y,v)#E
then w iz y;
else falsified := true;
end if;
end if;

there is := pot falsified;

Claim 1 :
Algorithm REDUCE is correct, i.e. it terminates and has the specified input/output-
behaviour.

The main ideas of the proof of claim 1 are contained in the remarks at the beginning

of this section.

Claim 2 :
Algorithm REDUCE can be implemented in such a way that its time complexity is O(#V).

Proof of claim 2 3

The computation of rPOSTORDER can be done in time O(#E) (cf. [2]). Since the out-de-
gree of all vertices of a control flow graph is bounded by 2 we have O(#E)=0(#V) here.
Obviously, the initialization of the work-lists needs O(#V) steps.

Further, it is fairly clear that the number of iterations of the main while-loop ap-
pearing in REDUCE is in D(#V).

One yet has to look at the nested loops. There are two of them, both appearing in re-
finement (2).

The first is iterated a constant number of times.

For the second it is possible to show that the total number of its iterations {over
all iterations of the main loop) is in O(#V). To prove this we observe that each ver-
tex of the input control flow graph is only visited a constant number of times during
all iterations of the inspected loop. The result depends on lemma 4.

So far we have seen that the total number of executions of any test and any simple
statement appearing in REDUCE is in O(#V). The proof is completed by showing that each
of these atomic components can be executed in constant time. This requires the devel-
opment of an appropriate internal data structure, which for each vertex allows direct
access to its predecessors and to its entries in the lists of predecessors of its

successors as well as to its entry in a work-list. (cf. [6]) ]
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