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ABSTRACT

We introduce the concepts of fully embedded skeletons and partathaping skeletons in
program flevgraphs. V& dhow that only one simple criterion is necessary and sufficient for
the identification of program unstructuredneSamely a program flowgraph is unstructured

if and only if it contains partiallyverlapping skeletons.

1. INTRODUCTION

In [1], we poposed a formal approach for studying the properties of programréphs.
We found two conditions for the identification of unstructuredness. In this paperdall
extend our theory to include fully embeddecklgtons and partiallywerlapping sleletons.
We will show that only one simple criterion is necessary anficseit for the identification
of unstructuredness in program flowgraphs.

2. DEFINING UNSTRUCTUREDNESS

A program flowgraph is defined asstructured if and only if it contains at least one of the
following:

(& An EntryintheMiddle of a Selection

Given a ondition noden, the moduleM_ is said to be aelection module if and only if
neither of its branches*B_(n) or B__(n) containsn. A nodemin M is defined as an
entry node if and only if there exists some nogeutsideM_ such thatmis a successor of
p, i.e.,m=s(p). Anodemis said to be aentry in the middle of a selection if and only
if m# nbut is an entry node of a selection moduié..

* Part of this research as done at the London School of Economics,veigity of London under a
Commonwealth Academic StaBcholarship. Itwas dso supported in part by a Wersity of Hong Kong
Research Grant.

** The notations in this paper will folle those of{1].



(b) An Entry intheMiddleof an Iteration

Given a ondition noden, the moduleM is said to be afteration module if and only if
one of the branche3, (n) containsn. Given an teration moduleM, , we cefine anentry
in the middle of an iteration as an entry nodea such that

() m#nors,(n)ors_,(n), or

(i) thereexists some other entry nogan.

(c) An ExitintheMiddleof a Selection
A selection moduleM_ is said to hee an exit in the middle if and only if its branches
B,(n) and B__(n) havea non-empty intersection.
(d) Multiple Exitsin an Iteration
A decision nodenis defined as aexit of an iteration module M, if and only if:
0 M,=M;
(i) mis in one of the branch&s(m) but not in the opposite branéh (m).

An iteration module is said to Yamultiple exits if and only if it has more than one exit.

3. PARTIALLY OVERLAPPING SKELETONS

In [1], we dtempted to relate program unstructuredness to the propertieslefosis in
flowgraphs. V& will extend our theory further in this papeh skeletonq(v) is said to be
fully embedded in another s&leton qy(u) if and only if q (u) containsv as well as all the
nodes ofg(v). Two skeletonsq (u) and q,(v) are said to bepartlally overlapping if and only
if they are not fully embedded in one another but contain at least one commomnuute
equal tou or v.

Lemma3.l

A skeletonq(v) is fully embedded in another elletong (u) if and only ifq (u) contains
bothv andsy(v).

Proof:

If g,(v) is fully embedded iy (u) then the latter will of course contain bottand sy(v).
Corversely, supposeq (u) contalns bothv ands,(v). Then,there exists a sequence of nodes
Wy, Wy, ..., W, [such that

Wy =S (u)
W sv(w _pfori=1,2, ., r(if sy(u) % 55V));
=S4(V).
For any nodem (# s4(v)) in g (v), there exists a sequence of nodesw, _,, ..., w,[such that
W, = s4(V);

w =g, (w_,) fori=r+1,r+2, ....t;
W, =m.



Furthermorem< s (V) < 5,(u). Henceanymin g (v) must lie inqy(u). O

Lemma3.2

If mis an entry node d¥l_, then there xsts a node outsideM  such thamis in qy(u).
Furthermore,

(@ m= sy(u), or
(b) m=s,(v) for some node in qy(u) but outsideM, .

Proof:

Supposenis an entry node d¥l . Then, there exists some naggoutsideM_ such tham =
S, (Up- If Uy is a condition node, then (a) follows immediatelfy on the other handy, is an
aCtion node, therg,(u,) = m, and there exists a nodg outsideM_ such that one of its
skeletonsqy (u,) containsu,. If 5(m) <s,(uy), then (b) will follov. Ctherwise,s (u,) = m,
and there éxists another nadgeoutsideM  such that one of its eletonsqy (u,) containsu,.
Proceeding in this ay, snce the program flowgraph is finite, we shall aré some U
outsideM_ such that one of its eletonsqy (u) containsm, and m = s (u,_,) for some node
u._,in qyr(ur) but outsideM . O '

We @an nav derive the main theorems of the paptius connecting unstructuredness with
partially overlapping skeletons.

Theorem 3.3

A program flowgraph is unstructured if there exist partialigrlapping skeletons.

Proof:

Suppose the szlketonsqy(u) and q4v) partially overlap at the noden. By Lemma 3.1, we
have wo cases:

(@ v O qy(u). SupposeM,, is an iteration module. Since there exists an elementary path
from m to end not passing througit, by Lemma 5.1 ofl1], there must be anothexie
On the other hand, suppobk is a selection moduleSince there exists an elementary
path fromu OM, to m M, not passing through, we must hae an entry in the middle
of a selection. Hence, weveuwnstructuredness in either case.

(b) v O qy(u) and sy(v) [ qy(u). Letw be the first node i 4(v) such that it is also irtqy(u).
Then,wis an entry node favl . Howeve, sncew cannot bey, s(v) or s_,(v), it must be

an entry in the middle of a selection or an entry in the middle of an iteration. In either
case, we ha wstructurednessa

We will prove that the cowerse of the theorem is also true, resulting in a necessary and
sufficient condition for unstructuredness:

Theorem 3.4

A program flowgraph is unstructured if and only if thesésie partially overlapping
skeletons.



Proof:

Suppose a program flowgraph is unstructured. There are three possible anomalies:

(& An EntryintheMiddle of a Selection or Iteration

Let mbe an entry in the middle of a modWE. By Lemma 3.2, there exists a nade
outsideM_ such that one of its sketonsg (u) containsm. Take the smallest submodule
M, in M_such thamis also an entry in the middle bf,. We havefour cases:

() m=s,v) and there is some other entry nogle= s_,(v). Assumethat there is no
partially overlapping sleleton. Theny, s(v) ands_j(v) are inq (u) Sinces,(v) v
ands_y(Vv) <v, we nust hae ethersa(v) Ss V) sv,ors J(V) < s4V) V. Hence,
all paths froms(v) to s_,(v) (or vice versa) do not pass througtwhich is clearly a
contradiction. Thusye must hee partially overlapping skeletons.

(i) m=v. Agan, assume that there is no partialijyedapping sleleton. Theng (u)
should contaln botl andsy(v). However, sncesyv) <v, g (u) must be of the form

L., s4V), ...,v, ...L0 By definition, there rists a sequence of nodas AN
such that

W, = S4V);

w=g,(w_,) fori=1,2, ..t

W, =v=m.

Furthermore, all of these nodes are in hq)};(ru) and M. This contradicts theaft
that, by Lemma 3.2n = 5 (w) for some nodev in g (u) but outsideM . Hence, we
must hae partially overlapping skeletons.

(i) m#vorsyv) ors_4v), andmis inq,Vv). Then,there exists a node in g v) such
thatm = 5 (w). Assumethat there is no partiallyverlapping sleleton. Thenboth
mandw are inqy(u) Theskeletong (u) must therefore be of the forf., w, m, ...[
This contradicts the fact that = 5 (w) for some nodev in g (u) but outS|deM
Hence, we must e partially overlapping skeletons.

(iv) mis notingyv). By definition, there exists a noaein M, such thamis in g(w).
Then,M, contains tw distinct entriesw andm. This contradicts the fact th
the smallest submodule M_ such thaimis an entry in the middle d¥ . Hence,
we must hae partially overlapping skeletons.

(b) An Exit intheMiddle of a Selection

SinceB_(n) and B__(n) havea ron-empty intersection, thereists u in B (n) and v in
B_,(n) such thatq (u) and g, v) contain a common node. By deflnltlon we hsae
partlally O/erlapplng skeletons.

(c) Multiple Exitsin an Iteration

Let M_ be the iteration module and suppose that there are more tharioné/e have
two cases:

() nis an entry node d¥l . Then, theredsts a nodes outsideM_ such that one of its
skeletongy (u) containsn. On the other hand, by Corollary 5.6 [if], nis in neither
of its own sleletons. Thereforehere exists another nodg# n) in M_ such that one
of its sleletonsqy(v) containsn. By the definition of skletons,s (n) <s,(v).
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However, sncevis in M, 5(v) <5,(n). Hences(v) = s,(n), and sos andn cannot
both be irqy(u). Thus,we must hae wo partially overlapping skeletons.

(i) nis not an entry node d¥l . Unless we are having an entry in the middle of an
iteration, the entry node must bBgn). Thatis to saythere exists a node outside
M, such that one of its sketonsq (u) containss (n). If qy(u) does not contaim,
then we hee two partially overlapping sleletons. Ifq (u) containsn, then, by
arguments similar to (i), we alsoveatwo partially overlapping sleletons.o

Fdlowing the line of[2], fully embedded skeletons and partiallyedapping sleletons
can be located i®(N) time, whereN is the total number of nodes. Hence, unstructuredness
in program flowgraphs can be identifiedd(N) time.

4. CONCLUSION

We haveintroduced the concepts of fully embedded skeletons and partiatiamping
skeletons in program flegraphs. V& haveshavn that only one simple criterion is necessary
and suficient for the identification of program unstructuredned&amely a program
flowgraph is unstructured if and only if it contains partialgrtapping skeletons.

ACKNOWLEDGEMENTS

The author is grateful to R.K. Stamper of the London School of Economiocsersityi of
London and M.Y Chan of the Uniersity of Hong Kong for their wmaluable comments and
suggestions.

REFERENCES

[1] T.H. Tse, “The identification of program unstructuredness: A formal apprgaché
Computer Journal 30 (6): 507-511 (1987).

[2] R. Tarjan, “Depth first search and linear graph algoritimS’AM Journal on Computing
1(2): 146-160 (1972).



