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Abstract :

Based on systematically analyzing the procedure of hazard and operability (HAZOP) study, the author introduces

a method of modeling fault diagnosis with the Petri net with fuzzy colors, in which the fuzzy information can be represented

effectively in the process of analysis. The author proposes the architecture of a knowledge base, which integrates HAZOP

analysis and fault diagnosis, and provides the conditions for constructing the knowledge-based expert system. The author also

presents a method of knowledge representation for on-line HAZOP analysis and on-line fault diagnosis is presented based on

the technology of Petri net with fuzzy colors, which establishes a technological fundamental for integrating the automatic

HAZOP analysis and fault diagnosis.
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A hazard has the potential to cause harm, and can
take the form of injury to people or damage to property,
plant, products or the environment; production losses;
business harm and increased liabilities"’ . Hazard
analysis is an important step in designing or revamping
any processing plant, and an effective measure in
reducing hazard and risk. There are several techniques
available for such a purpose in practice, e.g. fault tree
analysis, event tree analysis, failure modes and effects
analysis and hazard and operability (HAZOP), etc!? .
HAZOP analysis is able to analyze batch processes
better than other hazard evaluation techniques such as
fault tree analysis, failure modes and effects analysis,
and cause-consequence analysism . D. H. Kuo, et al.
have studied the integrated method of the three widely
accepted hazard assessment procedures, i.e. fault tree
analysis, event tree analysis and HAZOP, which can
be performed automatically™® .

The HAZOP technique was developed in the early
1970s at Imoerial chemical industries (ICI), in the
UK"®" . The basic principle of HAZOP analysis is that
hazards arise in a plant due to deviations from normal

behavior'”*’

. HAZOP study is one of the most common
tools to qualitatively accomplish hazard assessment,
and it is the study of systematically identifying,
assessing and eliminating every conceivable deviation.
HAZOP analysis is a method of providing a synthetic
experience of what can go wrong in the plant

operation” . Deviation analysis based on an HAZOP
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analysis is especially useful in building the deep
knowledge base of processes in the plant. HAZOP
analysis makes it possible to generate the if-then rules
for the knowledge base and determine the information
to be sent to other levels in the expert system. The
starting point of inference and the scope of analysis are
distinctive features of hazard analysis methods. Among
them, the HAZOP study has proven to be the most
systematic and general.

The Petri net is a graphical and also mathematical
tool for describing relationships between conditions and
events. The technology of Petri net has been widely

11]

used in the area of fault diagnosis™™"', including

methods of modeling fault diagnosis and modeling fault

12,13
1230 Qeveral research

propagation with Petri net
projects that aimed to automate the procedure of
HAZOP based on Petri net have been reported in Refs.
[2,14,15].

In the important role of effectively integrating the
HAZOP analysis and the fault diagnosis in the
framework of a knowledge base, a unified knowledge
representation is a key technique. In order to realize
the integration of automatic HAZOP analysis and fault
diagnosis, the expert system must use a reasonable and
unified method of knowledge representation. For this
purpose, based on the introduction of the procedure of
HAZOP analysis, the modeling method of Petri net with
fuzzy colors is introduced, in which an architecture of
integrated knowledge base of HAZOP analysis and fault
diagnosis is proposed, and a method of unified
knowledge representation based on Petri net with fuzzy

colors is presented.
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1 Procedure of HAZOP Analysis
HAZOP

equipment as a research object.

analysis considers all the whole
It systematically
analyzes the hazards of deviation in each unit, and
generates the best corrective measures. In the process
of HAZOP analysis, the economical characteristics of
correcting measures must be taken into account, in
order to build a relationship between cost and return.
The procedure of a typical HAZOP study is shown in

Fig. 1%
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The HAZOP analysis requires finding the possible
consequences of all variable deviations that are
examined, identifying the logical-functional models
used by the analysts when applying the HAZOP method
and searching for the causes and consequences of
variable deviations. In order to find the consequences
of a variable deviation, specific models are needed in
an automatic decision support systemm] .

The HAZOP methodology is essentially integrating
qualitative and quantitative safety analysis, supporting
selection of the most effective measures to reduce

k[13,19] ]

ris . It is divided into three stages ™" :

1) Assessment of the probability that a deviation
occurs at the three levels: operator level, control
system level and plant/process level, and the
recomposition of these values in the event tree paths;

2) Assessment of the economic impact of the
consequences and calculation of the corresponding risk
index;

3) Choice of the best corrective measures.

2 Modeling Methods of Petri Net with
Fuzzy Colors

Petri net is a kind of digraph with two nodes of
place and transition. It can be used to describe the
causation of events directly. In the process of deviation
analysis, it is difficult to obtain complete or accurate
symptom information account of the complexity of the
equipment, thus some kind of method needs to be used
to present and deal with the fuzzy information.

Definition 1" A Petri net system is a six tuple
X =(P,T,F,K,W,M,), as shown in Fig.2, where

1) P = {P,P,,+,P,| is a set of places; it
represents all the system states that can be estimated.

2) T = ?tl,tz,"',lq} is a set of finite and
non-empty transitions, which represents all possible
events, and satisfies P () T = ().

3) F - o J a is a named arc relation, where
o~ represents the input arcs of the transitions, and
a” C P x T; while @ represents the output arcs of
the transitions, and a* cTxP; and the correlation
matrix ¢ = 00" — @ .

4) K:P - N U {} is a capable function,
where N = {1,2,3,--1.

5) W:F — N is a weight function, where N =
[1,2,3,f.

6) My: P — N, is a named initial marking of the
>, where N, = {1,2,3,-1, represents the initial

state of the system.

Fig.2 An architecture of the Petri nets
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Petri net with fuzzy colors (PNFC) is generated
based on colored Petri nets (CPN)LZIJ .

the CPN represent assured information, but the colors

The colors in

in the PNFC represent fuzzy information. The fuzzy

information can be defined as a vector with two
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elements, marked ¢, = <c,;,/1(ci)>, where ¢;
represents quantity of information, /x(c,) is a

which
represents the truth degree of ¢;. The truth degree of

membership function that correlated to ¢,

fuzzy colors can be estimated by using the triangle
membership function (as shown in Fig.3).

The Petri net with fuzzy colors can be marked as a
seven tuple, adding a fuzzy color function C: P U T—
Q based on definition 1, where Q is a set of finite and
non-empty, and C(s) is a named fuzzy color and fuzzy
color set of s. Thus, the marking of PNFC is 3 =
(P,T,C,F,K,W,M,).

7(C) A
! C=(C,u(0))
0 Set ofinfonnat;

Fig.3 Triangle membership function

The membership function ;x(cl-) that correlates to
the fuzzy color €; can be forecasted with the following
methods in PNFC:

1) If ¢é; can be considered as the firing color of
place p;, then i (¢c;) is represented by the truth degree
of the fuzzy information ¢, ;

2) If ¢; can be considered as an enabling color
that correlates to the transition ¢;, then n(e) is
represented by the truth degree of transition ¢
considering the needs of ¢; .

There are two rules for managing the evolution
process of marking in a PNFC.

Enabling Rule
be considered ¢, & C( t;), if and only if:

A marking M, a transition #; can

ij 6 Otj’M(pi> = ai;‘ (ék) and Véz 6

M(p;), min [ max (e = pnle).
@€ éieﬁ‘(:j)

Firing Rule ¢, can be considered in a firing
marking M and a transition ¢;, the new marking M" of
Petri net can be defined with \ p, € P and M’ (p,;) =
M(p,) - a;-(ék) + a,}(ék).

After firing, the truth degree of color ¢, € aj
(é,) can be calculated by a using fuzzy inference
function ¢, the function is defined from [0,1] x[0,1]

o [051], Vt] 6 EFC and Véh 6 é(t])

Let t; be a transition of st ¢, be an enabling
color that correlated to ¢;,

ve, € aj(e,)
wlc) = </’[#<Ck)[ . Bf~ (V<C'9i))]:,eﬁ*<s >]

where 3, is a local decision criterion, its class ¢; €
i

I.(¢;) and ' represent the x’s transformation.

3 Architecture of Knowledge Base

The HAZOP analysis makes it possible to generate
the if-then rules for the knowledge base, and the online
hazard models can also be adapted for fault diagnosis
applicationsm. According to the results of HAZOP
analysis, the generated if-then rules can be used to
construct an expert system with the ability of
automating inference. The expert system was found to
successfully emulate the human experts reasoning and
identify the hazards similar to the HAZOP team' 2! .
The architecture of the integrated knowledge base of
automatic HAZOP analysis and fault diagnosis is shown
in Fig.4>7
The HAZOP analysis allows one to generate the

" and to

if-then rules for the fuzzy logic system™”
determine the information to be sent to other levels in
the expert system. The modeling methodology of
off-line hazard analysis helps to improve the inference
algorithms for on-line fault diagnosis.

The knowledge base includes multiple applications
for multiple processes, with architecture of a sharable
engineering knowledge including  an

HAZOP analysis tool,

diagnostic system, as well as a process design decision

repository,

a process monitoring and

support system. The if-then rules generated in the
process of HAZOP analysis must have a formalism of
knowledge representation unified with the process of
fault diagnosis, so that the if-then rules generated in
the process of HAZOP analysis can be sent to the

knowledge base automatically.
4 Method of Knowledge Representation

The Petri net with fuzzy colors can be used to
represent the inference algorithms for the knowledge
base. Both the process of general HAZOP models and
the process of specific knowledge can be used to
generate sets of if-then rules, and to construct the

diagnostic model of PNFC for the knowledge-based

expert system (as shown in Fig.5) .
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Fig.4 The architecture of the integrated knowledge base
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Fig.5 HAZOP study model or diagnostic model of PNFC

Places P; denote the step of HAZOP analysis or
diagnosis. Transitions zif/éif characterize changes from
one step to another. If all enabling conditions
associated with a transition are satisfied then the
transition can be fired. In the process of applying
HAZOP inference engine, the enabling rule and firing
rule can be used to manage the evaluation of fuzzy
colors, and the fuzzy inference function can be used to
calculate the truth degree of colors. So that, the Petri
net modeling technique and the HAZOP analysis
technique are integrated in the area of automatic
HAZOP and fault diagnosis. As shown in Fig.5, the
diagnostic model represents a set of inference rules that
is generated in the process of HAZOP analysis. The
diagnostic model of PNFC is correlated to the model of

consequences and deviations of the equipment. The

unified knowledge representation can be used in the

area of HAZOP analysis and fault diagnosis.
S Conclusion

The focus of the paper concerns the integration of
automatic HAZOP analysis and fault diagnosis. An
architecture of the integrated knowledge base has been
developed to construct the knowledge-based expert
system. The application of Petri net with fuzzy colors
has enhanced the ability of modeling fault diagnosis
with Petri net. Affected with the knowledge base, the
architecture of HAZOP analysis can implement on-line
diagnosis, and generate new if-then rules for the
The automatic HAZOP analysis

technique is a powerful tool for designing the safety

knowledge base.
process, which can provide effective preventative
measures and reduce the hazard level.

Besides the HAZOP analysis, the methods of
inherent safety analysis and layer of protection analysis
(LOPA) can also be used to generate if-then rules. In
these two methods, the method of inherent safety is a
proactive approach for hazard/risk management during

[29] , and the layer of

process plant design and operation
protection analysis method for determining the needed
safety integrity level of a safety instrumented system is
a tool that can be used subsequent to the HAZOP, but
prior to the using of fault tree analysis or quantitative

risk analysis“m . Thus, the set of methods for obtaining
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the

information of fault diagnostic symptoms is an

important way to provide added value for the knowledge

base.
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