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Abstract A series of Petri net-based definitions were for-
mulated for describing four types of structural errors in a
rule-based system (RBS), including inconsistency, incom-
pleteness, redundancy and circularity. A marked w-Petri
net model of acyclic RBS was constructed. Then, its reach-
ability tree was generated to record all reachable relations
between propositions in RBS. Moreover, a backward rea-
soning forest of a reachable marking was generated for
explicitly representing reachable paths in RBS. Finally, a
set of theorems and algorithms were provided to analyze
and check structural errors. The usability of the research
results presented in this paper was illustrated by an
example.
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1 Introduction

Rule-based system (RBS) has been widely applied to all
kinds of expert systems. It can effectively express domain
knowledge and inference rules, and solve difficult domain
problems using logical reasoning. In general, the proced-
ure for domain experts to accumulate knowledge and
expertise is incremental and intuitive, thus, RBS needs
to be constructed incrementally and refined multiple
times. On one hand, an expert system is usually con-
structed by consulting with numerous experts, and these
experts may have conflicting expertise. On the other hand,
for development of domain knowledge, an expert system
is adjusted periodically in practice. The adjustments
include deleting, adding or modifying rules in RBS, which
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inevitably leads to inconsistent specifications. As a result, it
is very important that such a system should be verified for
correctness before it is used in any environment. The veri-
fication requires checking whether the rules in the system
are consistent and complete. Also, it requires detecting and
finding superfluous, incorrect or missing rules that have
poor effect on the performance of the expert system.

Different techniques have been proposed to perform
verification checks for RBS. Nazareth and Kennedy pro-
vided a directed graph approach to represent an RBS for
the verification problem [1]. Ramaswamy et al. used direc-
ted hypergraphs to model simple and compound clauses in
an RBS, and then presented the corresponding verification
method to detect errors [2]. Petri nets can essentially be
viewed as graphical models and mathematical tools, which
can provide structural information and analyze dynamical
properties of systems such as manufacturing systems,
workflow, etc. Thus, Petri nets and their modified models
have also been used to study RBS [3]. Murata et al. used
Petri nets to model Horn clauses, and then studied consis-
tency problems of rules [4]. Yang et al. proposed a Petri net
formalism for the verification of RBS based on incidence
matrix operations [5]. Moreover, the reachability of Petri
nets can express logical relations between conditions and
conclusions of a rule, thus some works focus on how to use
reachability analysis method to verify the correctness of an
RBS. Nazareth investigated the applicability of the reach-
ability analysis method for RBS verification, but did not
provide an effective way to realize error checking [6]. He
et al. presented a special reachability graph technique based
on a special class of low-level Petri nets, called w-nets, to
detect errors in RBS. However, this method requires
appointing a set of facts and goals that may not guarantee
to detect all potential errors involved in an RBS [7].

Grounded on the above researches, this paper presents
an approach to verify acyclic RBS using Petri nets. Section
2 constructs a Petri net model for RBS, and presents rig-
orous definitions for four types of structural errors of
RBS. A special class of Petri nets, called marked w-nets,
is proposed for modeling acyclic RBS. The reachability
tree generation algorithm is provided for marked w-nets
in Sect. 3. In Sect. 4, a set of theorems and algorithms are
provided to analyze and check structural errors. Section 5
presents the concluding remarks.
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2 Petri nets for RBS modeling

2.1 Structural errors in RBS

Horn clause is one of the important logic systems. It has
been proven that most of the problems expressed in logic
can also be represented by means of the Horn clauses [8].
A Horn clause is usually written as P{/A\P,/\""*/A\P,— Q,
where P; and Q are atomic propositions (literals).
Moreover, the left hand side is called the conditions and
the right hand side is called the conclusion. This notation
means that if all conditions Py, P», ..., P, hold, the con-
clusion Q will be implied. In this paper, it is supposed that
every RBS is composed of some rules expressed by Horn
clauses.

As pointed out by Nazareth [1,6], typical structural
errors in RBS include redundancy (redundant rules),
inconsistency (conflict rules), incompleteness (missing
rules), and circularity (circular depending rules).

1) Redundancy: an RBS demonstrates redundancy
when two or more distinct sets of rules lead to the same
conclusion from a given set of conditions or facts.
Redundant rules not only increase the size of the RBS,
but also may cause additional useless inferences.

2) Inconsistency: it is also called contradiction or con-
flict. Rules are inconsistent when the same conditions lead
to mutually exclusive conclusions. Clearly, inconsistent
rules lead to incorrect decisions, and must be eliminated
before the expert system is ready for implementation.

3) Incompleteness: incompleteness is relative to the
given facts and goals of an RBS, and includes dead ends
and unreachable goals. In detail, on one hand, if the con-
clusion of a rule is neither part of goals, nor part of the
conditions of some other rules, then that rule constitutes a
dead end. This indicates either that the rule should not be
included in the RBS, or some other rules are missing
which would enable the conclusion of this rule to be used
to deduce the final goal. On the other hand, if the con-
dition of a rule is neither part of given facts nor part of the
conclusion of some other rules, the rule constitutes an
unreachable goal. This implies that either the rule is irrel-
evant, or some other rules that can establish the condition
of the rule are missing.

4) Circularity: circularity occurs when several rules have
circular dependency. Circularity causes infinite reasoning
and must be broken.

2.2 Petri net model of RBS

N=(P,T,F,W) is a Petri net, where P is a finite set of
places, T is a finite set of transitions such that PN 7=
and PUT#Q, FC(P x T)U(T x P) is the flow relation
and W is a weight function such that W (x,y)eN™ (the set
of positive integers) if (x,y) e F, and W(x,y)=0 if
(x,y) ¢ F. The pre- and post-sets of a node x e PU T are
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defined respectively as ‘x={y e PUT|(y,x) e F} and
x-={y e PUT|(x,y) e F}. The marking (or state) of a
net is a function M : P—N (the set of non-negative inte-
gers) [9,10].

The modeling process of an RBS by a Petri net
involves the representation of each rule as a transition,
the conditions of the rule as input places, and the con-
clusion as an output place. For example, a rule R:
ANB— C, which is obviously a Horn clause, can be
modeled as a Petri net in Fig. 1. As stated above, RBS
is composed of several such rules. Thus, we can use Petri
nets to model each rule, and then obtain a Petri net
model for the whole RBS.

Fig. 1  Petri net model of Horn clause

Moreover, for the convenience of constructing the
Petri net model and decreasing the complexity of ana-
lysis for an RBS, we need to normalize the rules before
they are modeled by Petri nets. If both proposition P
and its negation T1P are involved in an RBS ® = {R,,
R,,...,R,,}, then we replace them with symbols P; and
P, respectively.

Here, we illustrate the Petri net representation using the
following example of an RBS which is a modification of a
project termination model for R&D project [2].

Rule 1 IF the likelihood of technical success is high
(A). Then the project leader gains higher autonomy in
carrying out the work (C).

Rule 2 IF the likelihood of technical success is high
(A). Then continue funding (J).

Rule 3 IF the likelihood of technical success is high
(A). And the likelihood of cost over-runs is high (B). Then
anticipated return on investment is low (E).

Rule 4 IF the likelihood of cost over-runs is high (B).
Then priority classification is C (G).

Rule 5 IF the likelihood of cost over-runs is high (B).
Then funding from industry is not available (F).
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Rule 6 IF anticipated return on investment is low (E).
Then the priority classification is C (G).

Rule 7 IF funding from industry is not available (F).
Then the project cannot be completed within three years (D).

Rule 8 IF funding from industry is not available (F).
And priority classification is C (G). Then discontinue
funding (71J).

Rule 9 IF profitability is low (/). Then discontinue
funding (71J).

We can formalize and normalize the above RBS, and
then obtain a set of Horn clauses.

Ry :A—-C; Ry: A—>Jy; R3: ANB—E; Ry: B—G;
Rs : B—>F; Rg: E—G; R7: F-D; Rg: GNF—Jy;
Ry : [-J5.

Here J and 71J are replaced with J; and J, respectively.
A Petri net model N® = (PR, TR F? W¥) for the RBS is
shown in Fig. 2.

o

L 1R,

Fig. 2 Petri net model of R&D project RBS

2.3  Formal definition of structural errors based on Petri
net model

Based on Petri net model of RBS, structural errors of RBS
can be defined formally and rigorously expressed.

Definition 1 Let Petri net N = (P,T,F,W) be a model
of an RBS O. If there exist two distinct paths oy = (¢1,p1,
fr,....tp) and o> = (tyi 1.Pp+ 1Ep+25--sp+q) Satisfying the
following three conditions, then the RBS © exists
redundancy. Correspondently, a; and o, are in this sense
redundant.

1) t;="tiy1, pi#p;, where 1 <i, j<p, p+1 < i, and
J<p+q.

2) HEStyp10r (2.

Ni,=t,.,
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Definition2 Let Petrinet N = (P,T,F, W) be a model of
an RBS O. If there exist two distinct paths o = (¢1,p1,
tr,.ty) and o = (1,4 1,0p+1:lp+25-- -ty +q) satisfying the
following three conditions, then the RBS ® is inconsis-
tent. Correspondently, oy and o, are called inconsistent.

1) t;="tix1, pi#p;, where 1 <i, j<p, p+1 <, and
J<p+gq.

2)'t1§'lp+1or't12'lp+1.

3) pp+1 and  p,.,41 are conflicting, where

t - {p1’+1} and ¢, p+q {pP+q+1}'

Definition 3 Let Petri net N = (P,T,F,W) be a model of
an RBS ©. F;and G, are given fact set and goal set respec-
tively. p e Pisadead end if and only if p ¢ Gyand p- = O

Definition 4 Let Petri net N = (P,T,F,W) be a model of
an RBS ©. F, and G, are given fact set and goal set respec-
tively. p € P is an unreachable goal if and only if p ¢ F;
and 'p=0.

Definition 5 Let Petri net N = (P,T,F,W) be a model of
an RBS O, circularity occurs in ® if and only if there exists
at least one circuit (py,t,p2,...,t,,p1) in N.

Moreover, we can define a subclass of RBS, called acy-
clic rule-based system as follows.

Definition 6 Let Petri net N = (P,T,F,W) be a model of
an RBS ©. If there does not exist any circuits in N, then we
call ® an acyclic rule-based system.

In the following sections, we will propose a reachability
based method for analyzing and verifying an acyclic RBS.

3 Marked o-Petri net and its reachability
tree
3.1 Marked w-Petri net
The results in Ref. [6] indicate that reachability of Petri
nets can be used to analyze and detect structural errors of
an RBS. However, the model proposed in that paper is so
complicated that it cannot be utilized in practice. The
author presented an error detecting technique based on
w-net model, which used symbol w to express the number
of tokens in places [7]. After introducing the symbol w,
this method can deduce the scale of the model and the
reachable states, but at the same time it inevitably causes
missing of some important information such as reachable
path, so its effectiveness cannot be guaranteed. Therefore,
in this paper, based on the w-net model, we define a
marked w-Petri net model in which reachable paths can
be precisely recorded. Consequently, it is helpful to accu-
rately detect structural errors of RBS.

Suppose that Q = {w,w,,...,w} 1s a non-empty finite
set. w; is an infinite symbol such that

1) w; + n= w,;, ;> n for any integer n.

2) w; = w;. Here, w; is called a marked w-number. An
expression is called AND expression on Q if it is composed
of a finite number of elements of Q concatenated with
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symbol ®. While an expression is called OR expression on
Q if it is composed of a finite number of elements of Q
concatenated with symbol @. Moreover, {Q,®,® ) is a
set of expressions, and every expression involves elements
of Q applying symbols ® and @ finitely.

Definition 7 2 = (N, M) is a marked w-Petri net, where

1) N=(P,T,F,W) is a Petri net.

2) M:P— {0,{Q,®,® >} is a marking.

Moreover, a marking in X' is changed according to the
following firing rules:

1) A transition ¢ € T is enabled at marking M if and
only if Vp e -t, M(p) = W(t,p). It is denoted as M[t>.

2) Firing an enabled transition ¢ results in changing M
into M’ represented by M[t> M’', where

a) If per and M(p)=0, then M'(p)=ow,=
(w[’n ® Wp,, ®-® wl’ik)[” where ¢ = {pilaan -~~apik}-
b) If pet and M(p)#0, then M'(p)=w,=

(M(p) © (@, ®" ™" ® @p,))p-
¢) Otherwise, M'(p) = M(p).

3.2 Marked w-Petri net model of an acyclic RBS

It is clear that a Petri net model of an acyclic RBS is a
directed acyclic graph. For a directed acyclic graph, all
paths between two nodes can be found by topological sort
algorithm, i.e., they begin with nodes whose in-degrees are
zero, and then traverse each node according to topological
order [11]. Based on the above method, we first define a
marked w-Petri net for modeling an acyclic RBS, and then
provide a reachability tree generation algorithm for
marked w-Petri nets.

Definition 8 Let N=(P,T,F,W) be a net model of
an acyclic RBS ©@. PyCP is a set of places that
have no input arcs, i.e., Vp € PNy, 'p=9. 2 =(N,M,)
is called a marked w-Petri net model of ®, where

wp, pEPNI
0, péPni

According to Definition 8, we can obtain a marked w-
Petri net model X% = (N?,M§ ) for R&D project RBS,
where M§ (A)=w,4, MG (B)=wg, and M§ (p)=0 for
p e PR— {A,B}.

Moreover, a reachability tree of a marked w-Petri net X
is constructed by the following algorithm.

Algorithm 1 A reachability tree generation algorithm
of a marked w-Petri net.

Input: 2 = (N, M)

Output: reachability tree RT()

T < T;

Let initial marking M, be a root node of RT(X);

M Mo,

WHILE 7" # @ DO {

Solve all enabled transitions under the current mark-
ing M, record them into a set T;
M «— M,

MO(P)={
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FOR each tin T DO {
Obtain the marking M"” that results from firing 7 at M’;
M — M"}
Introduce M’ as a node, draw an arc with label T
from M to M';
T«T—-T; MM}

It is proved that this algorithm always terminates [7].
He et al. indicated that the worst-case computational
complexity of the reachability algorithm of a w-net is
O(|P| x |T1%/2) [7]. A marked w-Petri net is proposed by
introducing markings into a w-net to record path informa-
tion. Thus, the computational complexity of this algo-
rithm is the same with that of the algorithm in Ref. [7].
That is, the worst-case computational complexity of the
reachability tree generation algorithm of a marked
w-Petri net is O(|P| x |T/2).

Using Algorithm 1, we can obtain a reachability tree
RT(Z®) of 2® as shown in Fig. 3.

M,: (w4, wg 0,0,0,0,0, @, 0,0)
l Ry, Ry, Ry, Ry, Rs, R,
M, (04, 5, ©c, 0, O, Op, Og, O @, ©,)"
R¢, R,
My: (@4 0p, ¢, ©p, O, Op, WG, O O, co‘,z)”

=

M;: (w4 0p, O, Wp, W, Op, WG, O Wy 0)./2)3)
Fig. 3 Reachability tree of X*
1) wc=(w4)c, wg=(04Q@wp) g, 0F=(wg)p,
we=(wp)g 05 = wA)Jl’ Wy, = (wl).lz‘

D= (wB)F)D, wp=(0wsQwg) L,

>
g
A
Il
S
LS
Q
S

)
)
)
wr=(0p)p, 06= (03D (W4@Wp)y) 5> w1, = (w4),,,
)
)
)

W= (wl@ ((wB)F® (w3®(wA®wB)E)G> )Jo

Obviously, in this algorithm path information which is
necessary for error detecting can be recorded in reachable
markings. For example, in RT(Z%®), we have
M3(D)=wp=((ws)y),, which means that there exists a
path B— F— D from the fact B to the goal D.

3.3 Backward reasoning forest of reachable marking
As stated above, a reachable marking of a marked w-Petri

net records implicitly some path information. For
representing this information explicitly, we first define



Using Petri nets to verify acyclic rule-based system

backward reasoning tree of a place in a marking based on
the following Algorithm 2, and then define a backward
reasoning forest of a reachable marking.

Definition 9 Let 2 = (N, M) be a marked w-Petri net,
where N = (P,T.F,W) is a net, and M, is an initial mark-
ing. For a reachable marking M e R(2), if M(p)>0,
where p e P, a tree for M(p) can be constructed by
Algorithm 2. This tree is called a backward reasoning tree
of pin M, denoted as BRT(M,p).

Algorithm 2 A backward reasoning tree generation
algorithm.

Input: M(p)

Output: backward reasoning tree BRT(M,p)

A suffix outside outmost bracket is a root node vy of
BRT(M.p);

IF an expression within bracket is a OR expression
THEN({

FOR each subentry of the expression DO{
IF this subentry is an AND expression THEN({
Construct a tree for each subentry of this
AND expression, and draw an arc from v, to this tree;
Draw a curve among these arcs represent-
ing “AND” relation}
ELSE
Construct a tree for this subentry, and draw
an arc from v, to this tree}}

IF an expression within bracket is an AND expression
THEN({

Construct a tree for each subentry, and draw an arc
from vy to this tree;

Draw a curve among these arcs representing “AND”
relation}

IF an expression within bracket has form like ( )y THEN

Construct a tree for this expression, and draw an arc
from v, to this tree

IF an expression within bracket has form like @, THEN

piis a leaf node of BRT(M,p), and draw an arc from
Vo to p;.

The above algorithm can be used recursively to generate
a tree for M(p). A backward reasoning tree BRT(M,p) is
composed of all directed paths whose terminal is place p,
i.e., root node of BRT(M,p).

Let n be the number of suffix in the expression of M(p).
It is clear that BRT(M.p) has n nodes. The computational
complexity of procedure that constructs a tree including n
nodes is O(n) [11]. Thus computational complexity of
Algorithm 2 is O(n).

Definition 10 Let 2 = (V,M,) be a marked as w-Petri
net, where N = (P,T,F,W) is a net, and M, is an initial
marking. For a reachable marking M e R(X), a forest of
M is composed of all backward reasoning trees BRT(M,p)
where M(p)>0. Moreover, this forest is called a back-
ward reasoning forest of M, denoted as BRF(M).

Using Algorithm 2, we can obtain a backward reason-
ing forest BRF(M3) as shown in Fig. 4, where M; e
RT(ZR).
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Fig. 4 A backward reasoning forest BRF(M3). (a) BRT(M3,4);
(b) BRT(M3,B); (¢) BRT(M3,C); (d) BRT(M3,D); (¢) BRT(M3,E);
(f) BRT(M3,F); (g) BRT(M;,G); (h) BRT(M;.0); (i) BRT(Ms./));
() BRT(M3,/5)

4 Error checking by marked w-Petri net

For a marked w-Petri net, given a reachable marking, its
backward reasoning forest provides information of all
possible reachable paths whose terminal is any place
in the net. In this section, we present a set of error check-
ing methods for an RBS based on the reachable path
information.

4.1 Redundancy checking

According to Definition 1, we can directly obtain a
redundancy checking theorem based on backward reason-
ing trees. For an interior node v in a backward reasoning
tree, we can classify its son nodes according to AND rela-
tions. If there exists a AND relation among some son
nodes, these nodes can compose a set, otherwise, a single
son node composes a set. Each set is called a condition set
of v.

Theorem 1 Let 2 = (N,M,) be a marked w-Petri net
modeling an acyclic RBS ®, and BRT(M.,p) be a back-
ward reasoning tree of p in M. If there exist two distinct
paths o) =(@,vi,....,v,) and o =(P,Vpi1,...,Vp4q) N
BRT(M,p), where v, has condition sets Cy,C,...,Cy and
V,+4 has condition sets Cy 1,Cyy0,...,Cs 4y, then o and o,
are redundant paths if and only if the following conditions
are satisfied:

1) 3C;, C;such that C;C Cyor C;D Cj, where 1 <i<s
and s+1 <j < s+¢.

2)vy#v, wherel < x<pandp+1<y<p+q.

3) There exists no AND relation between v, and other
nodes, where 1 < k <p+gq.

Theorem 1 is a presentation of redundancy based on
backward reasoning tree. Thus its correctness can be
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guaranteed by the definition of redundancy and backward
reasoning tree.

Moreover, we propose an algorithm that is able to do
redundancy checking according to Theorem 1. It is con-
cluded that a leaf node of a reachability tree, i.e., a ter-
minal marking My, records whole directed paths
according to Algorithm 1. Thus, we only need to analyze
M to find all redundant paths. Furthermore, for a place
p, if the expression of M(p) does not contain the symbol
@, there exists no redundant paths. Based on the above
analysis, the following algorithm can be presented to
detect redundancy.

Algorithm 3 Redundant paths checking algorithm.

Input: Mz, BRF(Mp)

Output: condition sets C; and C; of redundant paths.

FOR each place p such that the expression of Mgp)
contains symbol @, DO{

WHILE the number of nodes of BRT(Mp.,p) is not
equal to 1 DO{
Classify leaf nodes to obtain some condition sets
CI,CQ,....,Ck,'
FOR each couple of sets C; and C; such that
C;C Cyor C;D C; DOY
Traverse path from the root node to the father
node of C;and C; respectively, record all nodes except the
root node on the path in sets of H; and H; respectively;
IF H;N H;= @ and for any v, € H; U H}, there
exists no AND relation between v, and other nodes
THEN
There exists redundancy, and output sets C;
and C;}
Let set V' be composed of all interior nodes of
BRT(Mp.p);
FOR each set C, where 1 < x < kK DO{
IF C.N V=0 THEN
Delete all elements of C, and correspondent
arcs, and obtain a new tree BRT(Mpp)}}}

All leaf nodes of BRT(Mp,p) can at most compose |7]
different sets. We need a comparison to determine
whether there exists a contain relation between the two
sets. Thus, (|7] x |T — 1])/2 comparisons are needed for |7]
sets. Moreover, the length of a path that needs to be tra-
versed is at most |P — 2|. Thus the computational com-
plexity of the procedure that determines whether two
paths are redundant is (|7] x |7 — 1D2+(7T] x |T — 1|)/
2 x 2IP =2|=O(T x |P)).

According to Algorithm 3, we need to analyze trees
BRT(M;,G) and BRT(M3,J,) as shown in Figs. 4(g) and
4(j) respectively. The results indicate that there exist
redundant paths in BRT(M3,G) and there exists no
redundant paths in BRT(M3,J5). In BRT(M3,G), begin-
ning with condition sets C; = {4,B} and C, = {B}, there
exist two distinct paths to node G. That is, from proposi-
tion B, two distinct sets of rules { R4} and {R3,R¢} lead to
the same conclusion G.

Zhijun DING, et al.
4.2 Inconsistency checking

Similar to redundancy checking, we first obtain an incon-
sistency checking theorem based on backward reasoning
trees.

Theorem 2 Let X2 = (V,My) be a marked w-Petri net
modeling an acyclic RBS ©. Places p and p’ denote pro-
position Y and its negation 1Y respectively. Suppose that
BRT(M,p) and BRT(M,p’) are backward reasoning trees
of p and p’ respectively. If there exist two distinct paths
op = (p,v1,...,vp) and o = (p',Vp41,...Vp4g) in BRT(M p)
and BRT(M,p") respectively, where v, has condition sets
C,,Cs,...,Cy and v, , has condition sets C.,Cyyo,...,
C,,,, then oy and o, are inconsistent paths if and only if
the following conditions are satisfied:

1) 3C;, C;such that C;C Cyor C;2 C, where 1 <i<s
and s+1 <j< s+t

2)vy#v, wherel < x<pandp+1 <y <p+g;

3) There exists no AND relation between v, and other
nodes, where 1 < k < p+gq.

Moreover, we can present an algorithm to check incon-
sistent paths following Algorithm 3. Thus, the computa-
tional complexity of procedure that determines whether
two paths are inconsistent is O(|P| x |TT?).

We use the algorithm to analyze trees BRT(M3,J1) and
BRT(Ms;,J5) as shown in Figs. 4(i) and 4(j) respectively.
The results show that there exists no inconsistency in RBS
0.

4.3 Incomplete checking

As stated in Sect. 2, incompleteness is relative to the given
facts and goals of an RBS, and includes dead ends and
unreachable goals. Let F; and G, be a given fact set and a
goal set respectively. Itis clear that Fyand Gy are subsets of
place set P. We can obtain two theorems and correspond-
ing algorithms to detect incompleteness.

Theorem 3 Let 2 = (V,My) be a marked w-Petri net
modeling an acyclic RBS ©. F; and G, are given fact set
and goal set respectively. For any M € R(My) and p € G,
there exists a place p’ such that p’ ¢ E., where E. is a set
which is composed of all nodes of BRT(M,p) for any
p € G, then p’ is a dead end.

According to Theorem 3, we can provide the following
algorithm for dead ends detection.

Algorithm 4 Dead ends checking algorithm.

Input: BRF(Mp)

Output: a set of dead ends C,

FOR each place p € G, DO

Traverse BRT(Mp,p), and record nodes of the tree in
a set E,;

Cd(—P - Ec.

The number of edges of a backward reasoning tree
BRT(Mpp) is at most |P| x |7]. Thus the computational
complexity of procedure that traverses a tree is O(|P| x
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|7]). Moreover, we need to traverse |Gy trees. So, the com-
putational complexity of this algorithm is O(|P| x |G| x |T]).

The following theorem and algorithm is presented for
checking unreachable goals.

Theorem 4 Let X' = (NV,M,) be a marked w-Petri net
modeling an acyclic RBS ©. F; and G, are given fact set
and goal set respectively. For any M € R(M,), there exists
aplace p ¢ F;such that BRT(M,p) contains only one node,
then p is an unreachable goal.

Algorithm 5 Unreachable goal checking algorithm.

Input: BRF(Mp)

Output: a set of unreachable goals Cy

FOR each p ¢ F; DO{

IF the root node of BRT(Mfp) has not any son
nodes, THEN
p 1s an unreachable goal, and record it into Cy}

It is clear that the computational complexity of this
algorithm is O(|P)).

It is assumed that the observable facts are “‘likelihood
of technical success being high’ and “likelihood of cost
over-runs becoming high” (i.e., 4 and B) for R&D pro-
ject. The goal is to decide whether to continue funding
the R&D project or not (i.e., J or 71J). That is, F; = {A4,
B} and G, = {J1,J»}. It is found that places C and D are
dead ends through analyzing BRF(M3) by Algorithm 4.
Moreover, place [ is an unreachable goal according to
Algorithm 5.

5 Conclusions

This paper provides an approach to analyze and detect
structural errors for an RBS. The approach effectively
utilizes the characteristic of acyclic directed graphs, and
changes structural problem (i.e., structural errors) of RBS
into reachability problem (i.e., reachability trees) of Petri
nets. Comparing with known approaches, this approach
does not depend on given facts and goals. Thus, it can be
used to check all potential errors involved in an RBS.
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Moreover, our further research will be engaged in struc-
tural errors checking for cyclic RBS.
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