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T
o aid human experts in conducting HAZOP analysis in a more thorough and systema-
tic way, a software system called PHASuite has been developed. The work is divided
into two parts. First, a knowledge engineering framework has been proposed and dis-

cussed in Part I of this two-part paper. Based on the proposed framework, the second part
focus on issues related to design and implementation of PHASuite. Standard software engin-
eering methodologies have been applied to guide the design and development of PHASuite in
order to achieve the goal of efficiency, flexibility and high quality. Layered and repository
software architecture have been designed to handle the complex information flow and the
multipart knowledge base in the system. Objected-oriented and component-oriented method-
ologies are adopted for design and implementation. Unified modelling language is used for
design and documentation of development details. The results management facilities of PHA-
Suite, including results summary, details and reports are presented. An industrial pharma-
ceutical process is presented as a case study to illustrate the applicability and procedure of
using PHASuite for automated HAZOP analysis.
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INTRODUCTION

To aid human experts in conducting HAZOP analysis in a
more thorough and systematic way, PHASuite (Process
Hazard Analysis Suite) has been developed in this work.
The knowledge engineering framework is presented in the
first part of the two-part paper. Based on the proposed frame-
work, a powerful software infrastructure is designed, and
PHASuite is constructed.
As discussed in Part I, the underlying knowledge engin-

eering framework is complicated and consists of several
major components. A good design is crucial to the success
of PHASuite. Figure 1 shows the major components and
their interactions in PHASuite. The bottom layer is the
knowledge base, which contains operation related and
safety related knowledge. The object layer includes (1)
objects related to knowledge, such as unit procedure, oper-
ation, safety model for operation and equipment, which are
instantiated from the knowledge base through DAO or
ODBC; and (2) objects related to process information,
such as equipment, chemistry and material, which can be
instantiated from the information directly imported from
other software systems using the information sharing

scheme based on ontology. Operating procedure synthesis
engine uses the process information and operation knowl-
edge to generate operating procedures, which are then
used by the process safety analysis engine to generate
HAZOP results. All the results are stored in results data-
base. User can then review the operating procedure results
through operating procedures viewers and safety analysis
results through various safety results management facilities.
The results can also be shared by other software systems
using appropriate information sharing schemes. Knowledge
builder is a knowledge acquisition and management facility
for modifying the knowledge base.

To successfully build PHASuite, best practices of soft-
ware development have been followed. General concepts
of these methodologies as well as their application in devel-
oping PHASuite are discussed in the next section. Result
management provides the interface for human experts to
review and access the results generated by PHASuite.
Design and implementation details of this component are
discussed in the Results Management section. An industrial
pharmaceutical process is introduced and used as a case
study to illustrate the applicability and procedure of using
PHASuite for automated HAZOP analysis.

IMPLEMENTATION METHODOLOGIES

An automated HAZOP analysis system is very complex.
The goal of this work is to develop a ready-to-deploy
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system and not just a prototype. Design and implemen-
tation of such a complex system need careful and extensive
planning. Software engineering practice, which is defined
as application of a systematic, disciplined, quantifiable
approach to the development, operation and maintenance
of software that is the application of engineering to soft-
ware (IEEE, 1990), is indispensable for success. In this sec-
tion, the software development process, software
architecture, design and implementation methodologies,
as well as unified modeling language (UML), which is
used to describe different aspects of the software, are
discussed.

Software Development Process

The classical software development process model is the
waterfall model (Braude, 2001), which is a sequence of
activities consisting of requirement analysis, design,
implementation, integration, system testing and documen-
tation. Although the activities are basic elements in soft-
ware development process, some of them need to be
visited more than once, which introduces the spiral process
model. The idea is to build each version based on results of
the previous one. For a large project involving many engin-
eers from different disciplines, Microsoft’s synch-and-
stabilize model is useful. As Cucumano and Selby (1997)
reported, Microsoft typically decomposes projects into
parts, applies incremental synchronization process, and
periodically ‘stabilizes’ the applications by combining
parts. Since the development of PHASuite only involves
a small number of developers, the spiral process model is
adopted in development of PHASuite.

Software Architecture

The architecture of a software system is concerned with
the top-level decomposition of the system into its main
components. As defined by Bass et al. (1998): ‘The soft-
ware architecture of a program or computing system is
the structure or structures of the system, which comprise

software components, the externally visible properties of
those components and the relationships among them.’

System engineering deals with complex problems. A
very good strategy for handling complexity is to decom-
pose the problem so that it has the characteristics of a
small problem. Similarly, the core of software engineering
is decomposition. The tasks in designing software architec-
ture, which is the basis of software development, are:

. define the system in terms of components and inter-
actions among components;

. show correspondence between requirements and
elements of the constructed system;

. address system-level properties such as scale, capacity,
throughput, consistency, compatibility.

Bosch (2000) proposed a method for software architec-
ture design that includes explicit assessment of quality attri-
butes and design decisions for achieving those attributes.
Hofmeister et al. (1999) divided software architecture
into four distinct views, based on what they had observed
in practice. The four views are conceptual, module,
execution, and code. The goal is to help software engineers
manage complexity by separating different aspects into
separate views. In decomposition of the system, two main
concepts are used to define the interactions within modules
and between different modules. Cohesion within a module
is the degree to which communication takes place among
the module’s elements. Coupling describes the degree to
which modules communicate with other modules. Effective
modularization is accomplished by maximizing cohesion
and minimizing coupling. Low coupling or high cohesion
is particularly important for software design because of
the necessity to continually modify applications. Good soft-
ware architecture should have the following characteristics:
(1) easy to add features; (2) able to facilitate changing
requirements; (3) easy to understand and implement; and
(4) efficiency in execution and compilation, and have
small size on run time and code base. After more than
two decades of development in software engineering,
researchers have categorized software architectures into

Figure 1. Major components of PHASuite.
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following groups (Bass et al., 1998): (1) data flow architec-
tures, including batch sequential and pipes and filters; (2)
independent components, including parallel communicat-
ing processes, client-server systems, and event systems;
(3) virtual machines, including interpreters and rule-based
systems; (4) repository architectures, including database,
hypertext systems, and blackboards; and (5) layered
architectures.
PHASuite is implemented based on layered and reposi-

tory architecture. The information flow in the system is
layered, so the layered architecture is a natural fit. In
layered architecture, a layer is a collection of software arti-
facts, typically a package of classes. In the common form, a
layer uses at most one other layer which is the layer just
below itself, and is used by at most one other layer. Build-
ing applications layer by layer can greatly simplify the
process. Different components in PHASuite need to be
supported by knowledge base. So knowledge base is
designed as a repository. The conceptual design of the
layered architecture and important components for each
layer are shown in Figure 1.

Unified Modelling Language

Unified Modelling Language (UML) is an object-
oriented modelling language developed to visualize,
specify, construct and document the artifacts of a software
system (Booch et al., 1999). Diagrams are at the core of
UML. Different kinds of diagrams are used to model differ-
ent aspects of a software system. In PHASuite, several dia-
grams have been used to present the different views of the
software architecture and detailed design, including (1)
class diagram as a static view of a system, classes, interface
and their relations; (2) object diagram as static snapshots of
instances of classes in class diagram to show objects and
their relationships; (3) use case diagram as a static use
case view of a system; (4) sequence diagram as a dynamic
view of a system to show time-ordering of messages
between objects; (5) state chart diagram to show the
event-ordered behaviour of an object; (6) activity diagram
to show the flow control among objects; (7) component dia-
gram as a static implementation view of a system to show
organizations and dependencies among a set of com-
ponents; and (8) deployment diagram to show the configur-
ation of run-time processing nodes.
As an example, Figure 2, the use case diagram, shows the

main tasks of the system and the possible user interactions
with the system. From user point of view, the user can be
involved in three major activities. Basic process infor-
mation, including material, equipment, chemistry, and
operating procedures are input into the system. After
checking for completion of input information, tools are
then invoked to generate detailed operating procedures,
i.e., process sequence diagram, and process flow diagram.
Petri Nets representation is then created based on this infor-
mation. Analysis is then carried out, and results are viewed
by user.

Design and Implementation Methodologies

OOP and COP
Similar to decomposition, reuse has always been a

long-standing goal of software engineering researchers.

Object-oriented programming (OOP) is an approach
towards this goal. The basic concepts behind OOP are:
object, class, encapsulation, polymorphism and inheritance.
The information hiding mechanism supplied by OOP gives
developer more freedom to deal with complex problems. It
also provides a partial basis for extensibility. Many suc-
cessful software systems have been developed based on
OOP. OOP can be defined as:

Polymorphism þ (some) late binding

þ (some) information hidingþ inheritance

Creating truly extensible software systems, so that units
(components) can be plugged in at run-time without any
effect on existing components and without requiring a
global integrity check, is a goal of development. OOP is
not enough to enable construction of truly extensible sys-
tems. Safety and modularity are two main problems faced
by OOP. To solve this problem and move towards creating
truly extensible systems, component-oriented programming
(COP) has been proposed recently based on OOP by
Szyperski (1998). The main idea behind COP is interface
(or contract). Compared with OOP, COP can be
expressed as:

Polymorphism þ (really) late binding

þ (real) information hidingþ safety

Code reuse is far less important than component reuse in
COP. Since a full integration test of all components is not
feasible, component construction requires safety by means
of strong and static local checking. Component configur-
ation requires modularity. The software industry has
already seen the trend to move towards adding small com-
ponents that work together to replace isolated applications.
The tools which can be used for COP include JavaBeans,
COM, CORBA and so on. Praehofer et al. (2001) created
a simulation framework using JavaBeans component
model.

As shown in Figure 1, PHASuite is developed using OOP
and some components are designed using COP, e.g., the
component for two-level, two-layer reasoning engine
which applies to both operation and equipment level.

Design patterns
Successful design and implementation of a software

system depends not only on the overall architecture but
also on design details. Some of these design structures
recur in different software, and good practice found in
one can then be abstracted and reused. To describe these
recurring design structures, efforts have been made to
abstract these structures from concrete designs, identify
classes, collaborations, responsibilities, and discuss the
applicability, trade-offs and consequences. These descrip-
tions are patterns, which can be defined as: named, well
understood good solutions to common problems in context.
Gamma et al. (1995) summarized 23 useful design patterns,
and cataloged them into creational patterns, such as
Abstract Factory, Prototype, Singleton and so on; Structural
patterns, such as Façade, Proxy, Composite and so on; and
Behavioral patterns, such as Chain of Responsibility,
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Interpreter, Observer, Visitor and so on. Several benefits
can be achieved by properly adopting these design patterns,
including: making the system robust to changes and supply-
ing a common design vocabulary.
The design patterns are applied frequently in the system.

For example, Singleton pattern is used to create the infor-
mation reservoir. For operating procedure synthesis the sin-
gleton information reservoir is the document object, and for
HAZOP analysis, it is the PHAObject object. Composite
pattern is used to relate the Petri Nets representation of
an operation to its model.

Refactoring
During a software development process, some changes

are dramatic in the sense that the external behaviour of
the software is changed due to design changes. Most
changes are, however, made to improve the internal struc-
ture of the software system, and the external behaviour of
the code remains the same. As a common scenario, the
code will be modified after it was first constructed based
on a good design, and hence the integrity of the system,
its structure according to that design, gradually fades. To

minimize the chances of introducing bugs in the code, a
disciplined way for code change is necessary.

Refactoring (Fowler, 1999) is such a process. Simple
steps are taken, such as moving a field from one class to
another, pulling some code out of a method to make it a
separate method, and pushing some code up or down in a
hierarchy. The cumulative effect of these small changes
can radically improve the software inner structure. Fowler
(1999) discussed the reasons for performing refactoring,
general principles of refactoring, and also catalogued the
refactoring methods. Some refactoring methods are used
regularly during the development of PHASuite, such as
the methods to move features between objects, organizing
data, composition methods, making method calls simpler
and dealing with generalization.

Coding styles and documentation
Documentation is essential for reuse and maintenance,

and undocumented code is almost useless (Kernighan and
Pike, 1999). There are some tools that can extract formatted
comments in the source code and generate an on-line docu-
mentation browser in HTML format or in other documen-
tation formats. For example, Doxygen is such a tool for

Figure 2. Use-case diagram for PHASuite.
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Cþþ, and Java, and JavaDoc is a tool for Java. Coding styles
include naming conventions, comments types, documen-
tation, complexity management, formatting and so on.
Documentation in PHASuite is divided into several parts,

including: comments in the code to illustrate the function-
ality of the piece of code or important lines, design details
recorded in separate documents, and also documents with
general ideas behind the design. Coding styles in PHASuite
follow specification in Hoff (2000).

GUI

As pointed out by Ambler (1998), for most of the users,
the user interface is the software, i.e., a fundamental reality
of application development is that the user interface is the
system to the users. Constantine (1995) points out that a
good user interface allows people who understand the pro-
blem domain to work with the application without having
to read the manuals or receive training. So although the
functionality that an application provides to users is import-
ant, the way in which it provides that functionality is also as
important. An application that is difficult to use won’t be
used. Nielsen and Molich (1990) presented ten usability
heuristics for user interface design. Though most of them
are straightforward, they are nevertheless very useful.
The most important guideline of GUI design for PHA-

Suite is to let user easily access all the information which
is obtained either from user input or is generated by this
system in a consistent manner. The GUI is designed for a
novice user to quickly build a mental model and understand
the control flow of the system, as well as for an advanced
user to quickly access and navigate through information.
Attention is also paid to navigation within a screen and
between screens.

Figure 3 shows the main elements of the GUI. At the top
of the screen are menus and toolbars. The menus are
divided into six parts: File, Edit, Generate, HAZOP Analy-
sis, Tools, and Results. The functionalities can be easily
identified through the names. The input information is col-
lected in the ‘project view’ tree shown on the left hand side
of the screen. The inputs are organized in four parts:
material information, equipment information, chemistry,
and operating procedure information. User can directly
access and modify the information associated with each
item by double clicking on it. For inputs with no graphical
information, operations such as insert, delete can also be
performed directly through the tree view. Other views of
the project can also be added to the left-hand side of the
window. The right-hand side of the window is to display
the graphical inputs and outputs. The windows are
tabbed. Each window represents a specific part of the pro-
cess information. P&ID is the window for entering P&ID
information. Block Operation window is used to input the
block operations. PFD window is used to show the results
simplified P&ID generated from P&ID. PSD window
shows the PSD diagram generated from operating pro-
cedure synthesis. Different dialogues and forms are used
to interact with user, such as the dialogue for HAZOP
analysis where user can select the deviations to be ana-
lysed, and the result summary dialogue to give the user
an overview of the results. Grid view is adopted for user
to examine the results as shown in Figure 3. User can
insert, delete, and modify results and the changes are
directly exported to result database.

System Packaging

An installer for PHASuite has been developed to sim-
plify the task for system installation and configuration.

Figure 3. Main GUI components.
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After installation, several directories are created automati-
cally, and entries in registry for storing some general infor-
mation such as the directory information are created. Some
of the installed files are binary files. Some of them are com-
piled as executable files (exe) and some of them are
dynamic library files (dll). Some of the files are related to
the storage of the knowledge base.
Figure 4 shows the relationship between the main binary

files in the execution view of the system. PHASuite.exe is
the entry of the system. It supplies most of the user inter-
faces. Operating procedures synthesis related routines are
also included in its code base. SimEng.dll is the library con-
taining all the functionalities of the two-level, two-layer
reasoning engine. HAZOPModel.dll is the library defining
the interface between knowledge base and the reasoning
engine. PHACommon.dll contains the common class defi-
nitions, such as material, equipment and chemistry, which
are shared by several modules.
According to the process flow of this system, the main

functionalities in PHASuite.exe include (1) accepting user
input and/or importing information from other information
sources; (2) checking consistency and completeness of
input information; and (3) operating procedure synthesis
and viewing the generated operating procedures. During
generating the HAZOP case study, SimEng.dll is invoked
to transform the process information into a Petri Nets rep-
resentation. At the same time, HAZOPModel.dll is invoked
to select and import models from knowledge base into the
runtime system. The analysis interface resides in SimEng.dll
which also contains the reasoning engine and results creation
facilities. After the analysis is performed and results are gen-
erated, the result repository is created. The results facilities
in PHASuite.exe, interfacing with the results repository,
can be called by the user’s requests during results review.

Integration with Other Software

The ability to integrate with other software is very
important, and hence PHASuite has been developed with
open architecture as one of the main guiding principles.
The information sharing schemes discussed in part I of
the two-part paper have been implemented. Interface has
been developed for importing process information from
Batch Plusw of Aspen Tech, and exporting analysis results
to PHAProw.

RESULTS MANAGEMENT

Results management is a very important module in PHA-
Suite. The results generated by reasoning engine are stored
in a result database which consists of several predefined
tables. The main design concept for this module is to sep-
arate results storage from safety analysis. Several tables are
used to store process information related to results. The raw
results table documents every detail of the results. The raw
results are then processed and simplified for user to view.
This module is highly user interactive. Through this
module, user can access the results, view the results,
modify the results and create report from the analysis. Cur-
rently, there are two main views on the results, summary
and detail, as will be discussed in this section.

Characteristic of the Results

HAZOP analysis is a detailed safety analysis technique
which involves propagation of deviation to operations/
equipments. This invariably results in generation of large
number of results. Hence a well-designed results manage-
ment strategy is vital for ensuring the success of any auto-
mated HAZOP analysis technique. Appropriately reducing
the number of results and presenting the results to the user
in a dynamic manner are crucial for good results manage-
ment. It is also essential to understand the source of the
results and the number of distinct results in order to effec-
tively manage the results. To distinguish between different
types of deviation propagation, as illustrated in Figure 5,
causal path are categorized into three types:

(1) Direct causal path: process variable of the given devi-
ation is connected with consequence node from
which results are generated. These process variables
are labeled as dprocvar. The dprocvar variables can
be further categorized into two types: (1) First type
dprocvar which are process variables to which devi-
ations can be applied to. (2) Second type dprocvar
which are process variables to which deviations
cannot directly be applied to, for example, reaction_ex-
tent, separation_extent and so on.

(2) Local propagation path: deviation propagates from a
process variable to other process variables in the
same model before a consequence node is reached.

(3) Propagation across models: deviation propagates from
a process variable in a model to other process variables
before a consequence node in some other model is
reached.

For direct causal path, the number of results depends on
the number of the first type dprocvar variables and the rules
for local consequences and causes. For local propagation,
the number of results depends on the complexity of the
model in terms of relations between process variables.
Results are reported through dprocvar and some of the
results may have already been reported by first type dproc-
var. For causal path across models, the number of results
depends on the complexity of the unit procedure in terms
of the number of operations within the unit procedure.

Results from analysis on a small but typical pharma-
ceutical process have been analysed and the observations
are: (1) approximate 50% of deviations generate results;
(2) only 50% of the total results are unique; (3) fromFigure 4. Packaging diagram of PHASuite.
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deviation point of view, there are 165 deviations which
generate results, and 367 consequences to review; from
consequence point of view, there are only 197 unique con-
sequences to consider.
Based on the characteristics of the analysis results, two

approaches can be adopted to help the user in meaningfully
reviewing the results: (1) reducing the number of results,
and (2) providing the user with a better way of viewing
the results. From analysis point of view, possible ways to
reduce number of results include (1) reducing number of
process variables: for example, separation of operation
and equipment model and using more specific models for
operation and equipment would be helpful in achieving
this; (2) tightening rules for direct cause and consequence
with more sophisticated condition checking; (3) adding
conditions (rules) on local propagation path, since currently
there are no restrictions on the propagation path, except use
of the arc property of being highable or lowable to deter-
mine whether the path is valid; (4) restricting deviation pro-
pagated to upstream/downstream operations by introducing
process specific knowledge, including equipment condition
and material condition. Currently the deviation is propa-
gated to all reachable operations/equipments within the
unit procedure. Some of these ideas have already been
implemented, and others are under active consideration.
An intelligent and dynamic result management tool is

required to provide an appropriate way for user to review
the results. In PHASuite, such a result management tool
has been developed which has the following features:

. User can view results categorized by location, deviation,
consequence class, material, and severity.

. After user finishes reviewing a consequence, all the devi-
ations that can generate the same consequence can be
marked.

. Results are not only shown statically, but also changed
along with the review process.

. The causal path for cause and consequence can be dis-
played to the user.

. Statistics on the results are easily accessible to the user.

In the current implementation, the results from the
reasoning engine are stored in a result database. Several
tables are used to store different information about the
results. Operations table stores the information about
the operating procedures as well as the mapping between
the level of the operation which user can access and the
intermediate operation level which is only visible to the
reasoning engine. The Equipments table maps the ID of
the equipment which is used in other tables to the name
of the equipment. DigraphNodeInfo table maps the ID of
the diagraph node to the variable name that the node rep-
resents. The ID of a node is a string, with format of
‘(UniqueID of the operation).(ID of the node in the
model)’. The results, which are obtained directly from the
reasoning engine without any further processing, are
stored in RawResult table. Each record in this table rep-
resents a result, with all the information to specify the
result, including the location of the deviation, the type of
the deviation, the consequence and its location, the cause
and its location, severity of the consequence, the safeguard,
the recommendation, and the causal paths for cause and
consequence. The materials which are involved in each
result are stored in ConseqMaterials table. The intention
in constructing the RawResult table is two-fold. It ensures
intermediate storage or internal copy of all the results gen-
erated by the reasoning engine. Also, due to the different
levels of operations which the user can access and the
reasoning engine works on, it is difficult for user to under-
stand the raw results without any further processing. Result-
ForDisplay table is generated from RawResult table and
stores these results which are accessible to the user. The
key step to create ResultForDisplay from RawResult is to
update the identification of the deviation source operation,
consequence location operation and cause location oper-
ation from UniqueID to normal operation numbers. The
purpose of this step is to move from lower intermediate
level of operation to a higher level operation. By doing
this, some results may seem to be the same to the user,
and the duplicate causes or consequences are then deleted.
Other techniques can also be applied to make the results

Figure 5. Different types of causal path.
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easier to review. For example, rather than repeating a result
which has been reported somewhere else in the results from
other deviations along the causal path, a message such as
‘@Refer to (the location of the deviation the results are
reported)’ can be generated. Figure 6 illustrates the overall
structure of the results management tool.

Results Summary

To present the users with an overview of the results from
the analysis, a results summary facility is constructed in
PHASuite. This facility allows user to check the number
of results generated by taking various combinations of
different criteria. A screen shot of the result summary facil-
ity is shown in Figure 14. The different criteria which can
be used to categorize the results are (1) the origin of the
result, i.e., the unit procedure within which the deviation
is applied; (2) the consequence class, e.g., equipment rup-
ture, fire hazard, operator exposure, runaway reaction and
so on; (3) the severity of the result, with the level of sever-
ity increasing from 1 to 5; (4) type of deviation, e.g., high
temperature, high level, high pressure, and so on; and (5)
materials involved in the result. Each criterion is shown
in a list box along with the number of results belonging
to every item in the criteria. For example, in Figure 14,
there are 102 results in the first unit procedure. Categorized
by the classes of the consequences, 69 results belong to fire
hazards while 17 belong to equipment rupture. Categorized
by severity of the consequence, 49 results have highest
severity of 5. Categorized by the type of deviation, 46
results are due to high agitation in different operations,
and categorized by presence of materials, ACETIC-ACID
is involved in 30 results. The user can also combine differ-
ent criteria to categorize the results. The criteria selected
from different categories are combined using ‘AND’ oper-
ator. For example, by selecting the first unit procedure and
‘corrosion’ in the ‘consequence class’, the user can view
those results which lead to corrosion in the first unit
procedure.
The details of the results filtered by combination of

different criteria can also be shown in the Results Details

view and can be reported in a report view, by selecting
the commands ‘Show Results’ and ‘Report Results’
respectively. The Results Details facility and Results
Report facility are discussed next.

Results Details

Eventually, the user needs an easy to use facility to go
through the results one by one. Such a Results Details facil-
ity has been constructed in PHASuite, and is shown in
Figure 15. The main portion of the facility is the results
worksheet in a grid view with style similar to that of
Excel worksheet. The top portion of the frame contains
the control information of the results worksheet. Results
are organized by unit procedure, operation, and the devi-
ations listed in the corresponding list boxes. The unit pro-
cedures and operations correspond to the operating
procedures listed in the ‘Operation’ section in the Project
View. In the results worksheet, information shown for a
result includes the deviation type, deviation variable,
cause, consequence, safeguards, recommendation and com-
ments. Every field in the result worksheet is editable. User
can also add or delete a result. All of these modifications
are directly made to the results storage. More information
on the result can be accessed by clicking the right button
of the mouse over different fields of the result. Currently,
when this is done over ‘node variable’ field in a result,
equipment involved in this result and type of model used
in analysis are summarized in a dialog box and shown to
user. By doing this over cause or consequence, causal
path for the cause or consequence is displayed in a dialogue
box as illustrated in Figure 15. In this dialogue box, user
can find more information related to the result, including
the severity of the result, the materials involved, and the
path of the deviations with their locations which lead
from the deviation to the location of consequence or from
the location of the cause to the deviation. A dialogue box
for editing/entering information for following up the rec-
ommendations can be accessed by clicking right button of
the mouse over the recommendation field.

During reviewing the results, user can mark if the current
result is important or worthy of further discussion by set-
ting the first field with label of ‘Discussion?’ of the results
worksheet to be true, as shown in Figure 15. By doing this,
the text colour for the whole result is changed to blue in
order to distinguish it from other unselected results. User
can also view only the selected results or unselected results
or both of them by toggling the corresponding settings in
the upper control information frame.

Besides the above features for providing assistance to the
user for reviewing the results, some more advanced ways
can also be implemented in results detail view. For
example, in current version of PHASuite, when user sets
a result to be discussed, all the results similar to the current
result in terms of the consequence being the same but from
different causal path can also be automatically selected.

Exporting Results

As the user views and modifies the results, the results
database is automatically updated. The report facility can
then be invoked to generate a report to document the
results. Figure 17 shows the report template available inFigure 6. Overall structure of results management.
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the current version of PHASuite. The report can also be
exported to different file formats, so that it can be loaded
directly on the web, or stored in a word document, and
so on.
In addition, the results can be exported to file formats

which can be accessed by other process safety documen-
tation tools. In current version of PHASuite, the results
can be exported to a hierarchical text format, and after a
mapping of fields, the results can be imported to PHAProw

as discussed in the first part.

CASE STUDY: AN INDUSTRIAL PHARMACEUTICAL
PROCESS

An industrial case study is used to illustrate the function-
alities of PHASuite and the procedure to perform safety

analysis using PHASuite. The case study is a typical
batch process from a major pharmaceutical company in
US. The process contains around 20 high level operations
and 120 low level operations. Some unit procedures contain
more operations than others, for example, the smallest unit
operation contains three steps, and the largest one contains
more than 10. Around 20 materials are used in the process.
Most of them are hazardous, for example, some of them are
flammable, static, toxic, or highly reactive materials. The
P&ID consists of around twenty major equipments includ-
ing reactors, tanks, distillation columns and so on. The pro-
cess involves four reactions, and ten separations including
extraction, filtration, centrifuge, drying and distillation.
The process information was already available in Batch
Plusw. The screen shots were captured during performing
process safety analysis on this case study using PHASuite.

Figure 7. Importing process information from Batch Plusw.

Figure 8. Interface for user input/modification on process information.
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Because of the confidentiality reason, some sensitive infor-
mation, such as material names and equipment names are
covered by ‘��������’. For this case study, more than
90% of the process information can be imported from

Batch Plusw. The major effort for entering process infor-
mation is related to the hazardous properties of process
materials, which are currently entered manually by compil-
ing the relevant information from MSDS.

PHASuite gathered information from Batch Plusw using
the information sharing schemes based on ontologies (dis-
cussed in Part I) as shown in Figure 7. During the step of
checking for completeness and consistency of the infor-
mation, the information not available from Batch Plusw,
mainly the material hazardous properties, are input through
the interface shown in Figure 8.

The operation knowledge stored in knowledge base is then
used by the operating procedure synthesis engine to generate
detailed operating procedures. The main interface the user
would encounter is shown in Figure 9. Before operating pro-
cedure is generated, PHASuite checks the completeness of
the information and notifies user if information is not com-
plete. Several icons are used to inform user that some infor-
mation is necessary but missing from the specification. For
example, an icon with ‘Q’ in red background displayed in
front of an operation in project view shows that the operation
specification is not complete, as exemplified by operation 2.2
in Figure 9, where equipment is not specified. The icon with
‘S’ in green background informs user that a separation needs
to be specified for that operation.

The generated process sequence diagram (PSD) is shown
in Figure 10. The PSD contains a unique column corre-
sponding to each equipment involved in the batch process.
The columns are populated with operations corresponding
to that equipment arranged in a temporal sequence.
Figure 11 shows the interface where the user can examine

Figure 9. Generating operating procedures and completeness checking.

Figure 10. Process sequence diagram.
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the detailed instruction for the operation and a video screen
has also been embedded to show the correct procedures for
carrying out the current operation. To generate a HAZOP
case study for this process, user would only need to
select from the corresponding menu, specify analysis
mode, and confirm the creation, with just few clicks of
mouse button. The procedure is shown in Figure 12. A
lot of details, however, are hidden behind the scene, includ-
ing (1) PHASuite automatically converts the PSD and PFD
to a colored Petri Nets representation; (2) the level of PFD
and PSD are bridged using functional representation; and
(3) appropriate models for operations and equipments are
selected from the knowledge base which is managed
using case-based techniques.
Figure 13 shows the main interface for user to interact

with the reasoning engine. User can browse through the
available deviations for each unit procedure and also for
each operation. User can specify failure analysis setting,
which is different from the normal deviation analysis in
the manner in which propagation is carried out. User can
either select ‘Run Selection’ and the reasoning engine
would then only analyse the deviations specified, or user
can select ‘Run Process’ to perform analysis on the
whole process. Behind the scene, the two-level, two-layer
reasoning engine is called up to perform analysis based
on the Petri Nets representation of the process and retrieve
safety related knowledge from the knowledge base. The
basic steps consist of material propagation, deviation
propagation and result generation.
The analysis on this process took about 1 min on a PC

with Pentium II 600 MHz processor and 256 MB
memory. After the analysis, Figure 14 shows that 1153
deviations are analyzed in PHASuite, and about one third
of the deviations, 451 to be precise, generate abnormal con-
sequences. The total number of results is 616. Through the

interface for Results Summary, the user is able to query the
stored results based on different combinations of various
criteria, including unit procedure, consequence class, sever-
ity level, deviation type, and hazardous material involved

Figure 11. Batch instructions.

Figure 12. Steps for creating HAZOP case study.
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in the consequence. The counts of consequences are also
shown in each column presented in the interface to illus-
trate the number distributions. Results details window is
shown in Figure 15. The results are organized according
to the levels of operations and deviations, as shown in
the control frame. Current unit procedure, operation and
deviation are shown in corresponding list boxes. By

choosing the ‘all deviation’ option from the Deviation list
box, all the results belonging to the current unit procedure
and current operation are shown in results worksheet. The
results are listed one by one in the worksheet with each
of them showing the deviation type (i.e., high, low, zero),
deviation variable (i.e., temperature, pressure, level, and
so on), cause, consequence, safeguard, recommendation,

Figure 13. Main interface for conducting HAZOP analysis.

Figure 14. Results statistics and results summary.
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and comment. By clicking the check box in the first
column, the current result is marked for later discussion,
and the font colour of the current result shown in that
row is changed to blue. By toggling the checkboxes on

the control frame, Selected and Unselected, only the
selected results, unselected results or all the results can
be displayed in the worksheet frame. Each column in the
worksheet is clickable, i.e., by clicking right button of the

Figure 15. Results details and interface for showing auxiliary information.

Figure 16. Modification on the knowledge base through Knowledge Builder.
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mouse, information related to that item shows up as shown
in Figure 15.
While reviewing the results, the users may find that some

consequence are not desirable or not a concern in general,

for example, ‘boil-off of liquid materials’ in current case
study. After finding out the model from the deviation infor-
mation dialogue, the user, in current implementation, can
use Knowledge Builder to delete the local consequence

Figure 17. Report template.

Figure 18. Results exported from PHASuite read by PHAProw.
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from the ‘charge_operation’, as illustrated in Figure 16.
When the analysis is performed next time, the undesirable
consequence will not be generated.
After reviewing the results, user may export the results to

a report using the report facilities. Current report template
is shown in Figure 17. Results can also be exported to
safety documentation tools. Figure 18 shows the results
exported to PHAProw.
For this process, it takes a team of four experts four full

days to finish the HAZOP analysis, and the total time is
about 128 man-hours. The analysis time using PHASuite
can be divided following the steps illustrated in Figure 1
of Part I of this paper.

. Gathering process information. Since most of the process
information has been imported automatically from Batch
Plus, the time spent on entering information is only for
manually entering the material hazardous properties,
associating reactions with corresponding operations,
and checking for missing information. This should take
an engineer less than 2 h.

. Analysing automatically in PHASuite. Little time is
needed for PHASuite to analyse. For this process, PHA-
Suite generates the analysis results in minutes.

. Reviewing the results. This is the most time consuming
step. The PHA team needs to go over the results gener-
ated by PHASuite one by one. On an average, it takes
1 min for discussion on one result (a lot of results are
repeated due to the propagation nature of HAZOP analy-
sis). So the total time for the 600 results generated in pro-
cess will take 40 man-hours.

. Covering other safety problems that have not been con-
sidered in PHASuite. In this case study, PHASuite can
cover 80% of the results. It is estimated that analysing
the specific safety problems may take about 25 man-
hours.

So in total, using PHASuite, it took the human experts
about 68 man-hours to finish safety analysis for this pro-
cess. Compared with the time spent on the same process
without the help of PHASuite, the time saving is about
50%. Besides this case study, PHASuite has been applied
to a few other industrial chemical processes. The results
have been compared with the PHA study conducted by
PHA team. It has been observed that PHASuite consistently
captures about 80% of the safety issues. A sample compari-
son of the results generated by PHASuite and by PHA team
is presented in Table 1. At the same time, PHASuite sys-
tematically analyses potential deviations and generates
more consistent results than the PHA team, e.g., low dur-
ation of wash leading to operator exposure to hazardous

materials and fire hazards during unloading wet cake; and
high temperature in hydrogenation may lead to vaporiza-
tion of solvents and potential fire hazards.

CONCLUSIONS

To aid human experts in conducting HAZOP analysis in
a more thorough and systematic way, a software system
(PHASuite) has been developed. The system is based on
the knowledge engineering framework proposed in the
first part of this two-part paper. Implementation of the frame-
work as a software system requires systematic design and
suitable implementation methodologies. Software engineer-
ing methodologies have been adopted in every stage of
implementation, including design of the architecture, devel-
opment of the code base, testing of the software, and so on.
PHASuite has the following properties: (1) quality in terms
of reliability, maintainability and resource efficiency; (2)
robust and flexible knowledge base structure; (3) clearly
defined user flow control; (4) supporting flexible user inter-
action; (5) extensible.

An industrial pharmaceutical process is presented as a
case study to illustrate the applicability and procedure of
using PHASuite for automated HAZOP analysis. It shows
that PHASuite can capture more than 80% results com-
pared to the results generated by human teams. At the
same time, PHASuite systematically analyses potential
deviations and generated more consistent results than the
human PHA team. Using PHASuite, there is about
40–60% savings in time and effort.
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