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Abstract

Mal-operation of a processing plant may lead to accidents that can cause property damage, injury to people and fatalities.  A rule-based system has been developed to test for potential hazards which result from incorrect operating instructions.  Virtual reality (VR) facilitates the input of operating instructions into the rule-based system.  VR enables a range of operating scenarios for any given plant to be depicted.  Analysing these operating instructions enables unsafe plant operation to be detected and the consideration of preventative measures.  VR allows the exact actions as used by the human operator to be captured as the operator interacts with the VR environment.  This means that operating sequences can be captured and then operation instructions generated automatically.  This will remove the step of having to write the instructions.
In order for an operating procedure to be analysed by a computerized system it must be formally represented.  Instructions written in natural language require complex analysis algorithms and their meaning may also be ambiguous.  However, machine language is incomprehensible to humans.  The captured operating instructions are modelled using a formal template structure.  These templates can be used to describe a wide range of operating instructions.  Rules which check for incorrect operation leading to hazardous plant states are applied to the template models.  Examples of unsafe plant operation, which cause the rules to be activated, will be shown.  
Communication between the VR tool described and the rule-based system allows procedure capture and procedure checking to be integrated.
Keywords: Batch HAZOP, Virtual reality, operating instructions.
1. Background
Mal-operation of a processing plant may lead to accidents that can cause property damage, injury to people and fatalities.  The most widely used technique within the process industry for identifying hazard and operability problems is HAZOP.  HAZOP of batch plant is more difficult because the operating state of the plant undergoes changes at each stage of the batch process according to the operating procedures rather than each equipment item remaining in a “steady state” indefinitely, as is normal for continuously operating plants.   
A HAZOP study considers all possible deviations of a plant from its intended operation, by using deviation guidewords (No, More of, Less of, Part of, Other) applied to each of the process variables (flow, pressure, temperature, etc.) in the plant in turn.  The HAZOP of batch processes requires extra time-related or order-related guidewords (Early, Late, Before, After, Quicker, Slower) which are utilised by introducing a particular error into an operating procedure [1].   The HAZOP technique seeks to identify the hazard or operating consequences arising from the deviation.  In batch plants deviations can arise both from deviations from operating procedures and from process variable deviations.  The effects of operator actions need to be considered.  Implementing a HAZOP study is very repetitive and time consuming.  One way to overcome this bottleneck is to develop automated hazard identification systems that emulate the HAZOP technique. 
2. Introduction
CHECKOP is an automated batch HAZOP identification system being developed as a joint project between Loughborough University and Hazid Technologies LTD.  CHECKOP uses a state-based approach to HAZOP analysis.  CHECKOP contains a rule-based system which identifies potential hazards or operability issues.
Virtual reality (VR) facilitates the input of operating instructions into CHECKOP.  VR provides a flexible way of capturing and specifying operating procedures.  VR allows the exact actions as used by the human operator to be captured as the operator interacts with the VR environment.  This means that operating sequences can be captured and operation instructions generated automatically, removing the step of having to write the instructions.  

The prototype VR tool, currently being developed, contains a 3D graphics module which is able to communicate operator actions to CHECKOP.  The graphics module is responsible for capturing the user interaction and updating the 3D display of the simulated plant.  Every time the user interacts with a piece of equipment an event is generated.  CHECKOP infers the consequences of the action.  If an action is performed in a wrong order or the action will take the plant to an undesirable or unsafe state then an appropriate warning message is generated. 

In order for an operating procedure to be analysed by a computerized system, such as an automated HAZOP identification system, it must be formally represented. A knowledge representation is needed for the actions and quantities involved.  The representation must be able to denote a sequential order of operating instructions.  Instructions written in natural language require complex analysis algorithms and their meaning may also be ambiguous.  Therefore, there is a need to develop operating instruction formats that are both intuitive for humans and unambiguous for the computer.  The operating instructions captured by the VR environment are modelled using a formal template structure.  Rules which check for incorrect operation leading to hazardous plant states are applied to the template models.
This paper commences by describing an overview of the architecture of the VR tool and CHECKOP and how the VR tool interacts with CHECKOP.  The formal template structure used to model the operating instructions captured by the VR tool is briefly described.  The structure of the CHECKOP rule-base, which tests for potential hazards resulting from the operating instructions, is explained. An example application, showing how a rule may be activated, is presented.

3. System Architecture

Major system components are shown in Fig. 1.  The VR Graphics Module is written in C++ using the Delta3D open source gaming and simulation engine [2]. This module reads in a plant description file which provides the 3D model of a process plant and displays the plant in a window. The user can navigate through the plant using a mouse. Whenever the user left-, right- or middle clicks on a piece of equipment, an event is created and a message is sent to the translation module. Other modes of user input are not included in the prototype but can be provided if necessary.  The translation module is the CLIPS system, an open source tool originated by NASA for developing expert systems. The translation module will interpret the event and translate it into an operating instruction, which is modelled on a formal template.  To facilitate communication with CHECKOP the operating instruction is parsed into XML.
CHECKOP inputs consist of the plant description file, a library of generic plant models and the operating instructions generated by the VR tool.  CHECKOP’s system model comprises four sections:

· an object-oriented plant configuration model

· the operating procedures

· a state-based simulation engine

· a rule-based system
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Figure 1. Interaction of the VR system with CHECKOP
The plant configuration model describes the plant connectivity and state.  The topographical relationships of the plant model are derived from the plant description file.  CHECKOP employs a unit-based object-oriented approach to model plant items and their connectivities, temperatures and pressures.  This approach is capable of predicting the dynamic behaviour of the equipment items, in normal operation and under deviation from normal plant operation.   Each item of equipment in a plant is modelled as an instance of an equipment model, taken from the library of generic unit models, which forms a knowledge-base.   

Initially, the plant is specified to be in a particular state.  The operating instructions act to update the states of the equipment items.  For an operating procedure to be analysed by a computerised system, such as an automated HAZOP system, it must be formally represented.  Details of this representation are given in the next section.  Deviations may be applied to the operating instructions to simulate batch HAZOP.  The simulation engine applies the operating instructions to the plant configuration model.  Each operating instruction acts to change the state of the plant.  The rule-based system tests for potential hazards or operability issues which result from the operating instructions and their effect upon the plant model. A text report is produced providing warnings against any undesirable situations that may result.  
4. Operating Procedure Representation 
In order to avoid the difficulties and ambiguities caused by natural language, the operating procedures are composed using a formal template representation.  The structure of a template is: Action Item Condition 
For example:

operate pump101.pump_drive






check valve102 state =  closed
More generally, the “Action” is the operating procedure activity, e.g. “operate”, “close”, “check”, etc. “Item” is the equipment instance undergoing the Action, e.g. pump101, valve103, etc.  The “Condition” is an ordered triplet consisting of: variable1, logical operator, variable2.  Variable1 is the name of the attribute that needs to be monitored. The logical operator comprises of one of the following: “<”, “>”, “≤ ”, “≥ ”, “=”, “≈”. Variable2 is the value which terminates the Action.  

The template components are ordered. An instruction written using the template must contain an “action” component.  All the other components are optional.  For more details of the formal template representation describing operating procedures see [3].  
5. The CHECKOP Rule-based System

This section describes how the rules of the CHECKOP rule-based system are structured and categorised.  Examples of the rules are given.  Given an operating procedure, which may or may not be complete or correct, the rule-based system verifies if it achieves its desired results and does not also lead to any additional, unexpected effects. Any potential problem identified will be reported. Formalising the operating procedure allows alternative orderings of the operating instructions to be considered.  This allows the procedure to be modified.  Simulation demonstrates the effect of the modified procedure on the plant model.  Operating procedure deviations may be generated by automatically applying the HAZOP guidewords to the operating instructions. The system rules capture the important effects of the deviation for hazard reporting.   
A rule-based system is well suited to represent the complex, unstructured knowledge required to test for potential hazards or operability issues which result from the operating instructions.  The rule-based system is simple to understand and flexible.  Existing rules may be changed or new rules may be easily added.  This allows the system to be updated if new information becomes available as a plant design develops or to be adapted to specific plant configurations.

A rule consists of the structure “If …Then”.  For example,


 If the instruction is to charge a reactor and the reactor does not contain space,


Then indicate a hazard or an operation problem.

If the stipulations of a rule’s “If” section are met, the rule is said to be “activated” or “fire”.  The rules may be categorised according to whether they investigate:

· incorrect operation

· incompatible equipment state. 
Incorrect operation occurs when the sequence of operating instructions is performed in the wrong order, an operating instruction is omitted or an extra instruction is executed.   An incompatible equipment state may occur when an equipment state does not match that given in the operating instruction or conflicts with plant safety.  Rules which test for incorrect operation are applied before the operating procedures are simulated as plant state information is not required.  As the simulation engine updates the state of the plant model for each instruction encountered, rules which investigate incompatible equipment state must be applied with each instruction.  
An example of a rule which investigates incorrect operation is: If operate an equipment instance and a later instruction to stop it does not occur within the operating procedure Then indicate an operation problem.  For example, if the instruction “operate Pump101.pump_drive” is found within the operating procedure, a later instruction “stop Pump101.pump_drive” must also occur within the procedure or this rule will be activated.  Applying the HAZOP guideword “No” to the operating procedure could result in the instruction “stop Pump101.pump_drive” to be missing and cause this rule to fire.
An example of a rule which investigates incompatible equipment state is: If open an equipment instance which is already open Then indicate an operation problem. For example this rule will fire if the instruction “open Valve101” is applied to valve instance, Valve101, which is already of state “open”.  Applying the guidewords “No”, “Before” or “After” to the operating procedure could cause this rule to fire.
A more complex example of a rule investing incomparible equipment state is: If the condition of the instruction is not consistent with that of the equipment instance referred to by the condition Then indicate an operation problem.  For example, this rule will fire if the instruction “charge reactor101 until reactor101.liquid_amount = 30 %vol/vol” occurs within the operating procedures and the volume of reactor101.liquid_amount is greater than 30%.  This rule indicates that an instruction is unnecessary or that it is occurring out of sequence and could be activated by employing the HAZOP guidewords  “No”, “Before” or “After”.  To utilize this rule CHECKOP must simulate fluid flow paths within the plant model in order to update  the state “liquid_amount”.  To simulate fluid flow requires searching for connectivities between equipment instances within the plant model.
6. An Example Application

In order to illustrate how the VR tool operates and interacts with CHECKOP a simple batch plant as shown in Fig. 2. is used.  Whenever the user clicks on a piece of equipment a message is sent to the VR tool’s translation module from the graphics module. For example, if the user clicks on Valve101 using the left mouse button then the event (leftClick Valve101) will be passed to the translation module.  Functions can be defined within the translation module to create operating instructions from the user actions.  For example, left click could create the instruction “open Valve101” and right click could create the instruction “close Valve101”.  By this means a sequence of operating instructions is captured from the user.  The operating procedure created is formattted to the template representation suitable for CHECKOP input.
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Figure 2. A Simple Batch Plant




7. Conclusion
This paper has described the architecture of a VR tool currently being developed.  VR enables operating sequences to be captured, allowing operation instructions to be generated automatically, thus removing the step of having to write the instructions.  The VR tool facilitates the input of operating instructions into a rule-based system, CHECKOP, which tests for potential hazards resulting from incorrect operating instructions. The interaction of the VR tool with CHECKOP allows procedure capture and procedure checking to be integrated.
The VR tool generates operating instructions modelled on a formal template.  Formalising the operating procedure enable  batch HAZOP analysis to be performd.
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