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I. Introduction

The introduction of the Instrument Society of America (ISA) batch control standard, S88, has spawned a plethora of flexible batch control products.  While these products include powerful tools for coping with the complexities of batch control, they do not eliminate the challenges inherent in successful flexible batch control.  In fact, as control products “push the envelope” of what a batch control system is expected to do, batch control projects will face even more challenges than they have in the past.  Successfully meeting these challenges requires considerable up-front planning, both strategic and tactical.

Flexible batch control is rife with complexity.  The impact of this complexity is amplified in flexible manufacturing facilities used for the production of finished pharmaceuticals.  The temporary equipment trains and manual-intensive nature of flexible manufacturing demands constant attention to resource coordination.  For finished pharmaceuticals, federal regulations impose strict standards and practices for production and documentation.

Some of the more challenging aspects to controlling a flexible batch manufacturing system include:

· Living with Constant Change

· Managing Resources

· User Interface

· Abnormal Events

· Tracking Equipment

· Tracking Raw Materials

· Batch Journal

Important considerations in dealing with each of these challenges are described below.

Please note that this is not intended to be a comprehensive list of flexible batch control issues.  Major topics, such as process modeling, system architecture, security, and recipe-management, are not considered.  Instead, the following discussion focuses on a few of the issues that are often under-specified in flexible batch implementation projects.

Meeting Flexible Batch Challenges

A. Living with Constant Change

In a manufacturing environment with frequent product changes and temporary equipment connections, the one constant is change.  Flexible manufacturing changes manifest themselves at three levels:

· Setup and execution changes

· Changes to accommodate new products

· System changes

Each level of change must be met with corresponding flexibility in the batch control system.

Setup and Execution Changes

Setup and execution changes occur as the manufacturing methods for a product evolve over time.  Despite the Current Good Manufacturing Practices (CGMP) focus on consistency in production, long-term changes in equipment, systems, and procedures are both inevitable and healthy.  The challenge is to deal with changes to one product in a way that does not invalidate other production methods.

In a well-designed flexible batch system, setup and execution changes can be made exclusively at the recipe level.  When recipe phases are a lock-step reflection of facility capability (as opposed to reflecting current procedural requirements), phases can be re-arranged to provide every available function.  This capability does not happen by accident.  Requirements definition and system design activities in the control system project must constantly balance system flexibility and ease of use at both the phase level and the operation level.

Changes to Accommodate New Products

The introduction of new products into an existing multi-product manufacturing environment often requires new setup and execution methods.  These new procedures may entail functionality not incorporated into the original facility or control system design.  Thus the control system must be expanded to include this additional functionality with minimal impact on existing production and validation.

When existing phase logic is not sufficient to provide needed functionality, as may happen in the introduction of new products, phases are added or modified.  Phase autonomy and modularity are key to permitting this type of change without invalidating existing product recipes.  Unfortunately, phases that represent low-level facility capability are seldom truly autonomous.  Again, the requirements definition and system design activities must be used to balance phase autonomy with seamless phase integration.

System Changes

In implementing flexible batch control systems, two facts must be recognized:

1. Control system components, both hardware and software, continue to evolve at an ever-increasing rate, and

2. Enterprise automation is a never ending process.

Successfully confronting these realities means recognizing that relatively frequent system changes are required to maintain a viable flexible batch control system.  Specific ramifications include the need for regular system component upgrades and the inevitable addition of an ever-widening array of system interfaces.  Batch control system interfaces may include Manufacturing Execution Systems, Material and Resource Planning systems, facility maintenance systems, documentation systems, quality systems, lab systems, and user training systems.

To respond to the need for relatively frequent system changes, successful flexible batch control systems are designed to incorporate state-of-the-art open architecture components.  Proprietary solutions may reduce the initial implementation effort, but may not be flexible enough to meet the demands of a rapidly changing automation environment.  Applying industry-standard information storage and transport methods may require additional integration effort up-front, but can greatly prolong the viable life of a control system.

Open-architecture solutions for flexible batch control also provide a significant fringe benefit related to data access.  Since both real-time and historical data are easily retrieved from the system, off-line analysis and optimization techniques are readily available.  Furthermore, secure read-write access to data has been successfully used to completely automate statistical optimization experiments for predictive control.  The result of these experiments is an unprecedented level of control for critical process parameters.

B. Managing Resources

In a flexible batch manufacturing environment, the key to profitability is optimizing the use of available resources in the production of salable product.  Resources that must be effectively managed include personnel, equipment, and materials.  In today’s manufacturing environments, many automated and/or manual systems may be employed to optimize production.  The batch control system (a.k.a. the front line) is traditionally responsible for final determination or confirmation of the following:

· Recipe Scheduling,

· Equipment Allocation, and

· Phase Coordination.

Lot Scheduling and Control

No matter how carefully a batch is planned, it is always subject to a last-minute ambush by “the unexpected”.  Elements that may conspire to derail a scheduled lot include:

· Failed equipment inspections

· Mechanical failures

· Shifting priorities

· Missing or unqualified raw materials

· Missing or under-qualified personnel

When one batch is derailed, a seamless transition of resources to another batch is essential.  In a well organized manufacturing environment, two or more batches are ready for execution at all times.  Since batch readiness includes preparing production equipment, scheduling packaging equipment and materials, pre-weighing ingredients, staging manufacturing equipment, assembling a production paperwork packet, and assembling appropriate human resources, batch coordination can be a challenge.

To operate successfully in such a fluid and time-critical environment, the flexible batch control system not only tracks multiple concurrent lots, it reserves each batch execution decision until the last possible moment.  Lots are scheduled in parallel with a defined, but not binding, order of execution.  While lots may be scheduled well in advance, the equipment train, lot size, product recipe, and lot number can be modified at any time prior to execution.  Once started, lot control includes the ability to manually change the order of phase execution, place the lot in hold, or abort the lot.

Equipment Allocation

The factors that most often limit the flexibility of an equipment train are the characteristics of the equipment in the train.  As hard-piped connections and dedicated equipment are eliminated, the utility of a production module explodes.  Portable equipment connected in temporary production trains provide the ultimate in manufacturing flexibility.  Unfortunately, utility limitations are replaced by vast complexity in equipment coordination control.  Determining that the right equipment is used in the right production role, and is suitably prepared for the role, is a significant challenge.

Flexible batch control systems based on the ISA S88 batch standard are well equipped to coordinate the allocation of equipment to a batch.  Though the batch standard describes hard-piped equipment trains with multiple paths, the unit allocation paradigm is well suited to temporary production trains.  However, handling limitless unit-to-unit connectivity requires some additional planning and adaptation of the batch standard.  The connectivity problem is solved by establishing new batch paradigms, such as:

· Transfer classes describing connections between processing units and “ports”.

· Using phase logic to record associations between “ports” and actual source and destination units.

· Defining connections between generic process classes instead of between specific units.

· Substituting generic process classes with actual source and destination units at runtime .

Phase Coordination

As described previously, phases in a truly flexible batch control system align more closely with the equipment functionality than with the anticipated production role.  In production, however, equipment behaving independently is not always consistent with safe and effective operation. For example, one recipe may call for sequential ingredient additions while another recipe requires that the same ingredients be added simultaneously at controlled rates.  So, independent phases must be coordinated without violating their autonomy.

Coordinating phase activity must be carefully considered in the specification and design phases of a flexible batch project.  Items considered in the phase coordination strategy include:

· possible, in addition to probable, uses for the production facility

· production facility capabilities and limitations

· personnel and equipment protection

· level of coordination (process model level, recipe level, phase level, or device level)

A well-designed flexible batch control system balances production capability and system complexity.  Appropriate reliance on the judgment of product managers, engineers, and technicians is essential in controlling the scope and complexity of the system.  Early and ongoing project involvement by all manufacturing facility stakeholders (including atypical involvement by groups such as customers, facility managers, maintenance engineers, operators, etc.) helps insure adequate production capability.

C. User Interface

Providing an effective user interface to a batch control system has always been a challenge.  In continuous manufacturing processes, monitoring and control of process instruments is all that’s required of a user interface.  In batch manufacturing, the user interface must also provide for:

· scheduling and control of multiple batches,

· monitoring and control multiple active phases,

· selecting equipment for allocation,

· monitoring and commenting on equipment statuses,

· monitoring and commenting on multiple batch journals.

To make matters worse, batch operations usually require much greater operator involvement in production.  Consequently, instrumentation and sequencing information must be clearly presented and must include operator questions and instructions.

Workstation Multiplicity

Clearly and simultaneously presenting all of the important information about all of the activity in a flexible batch manufacturing facility is simply not possible.  The quantity of information related to multiple batches running multiple phases quickly becomes overwhelming.  However, it is essential that the user have immediate access to all of the information pertinent to the task he or she is trying to accomplish.  This must include not only access to information, but unsolicited notification of important and/or abnormal events.

The key to providing the right information to the right place at the right time is providing control of workstation “focus”.  To control what the user sees, each workstation is dynamically assigned to a particular work area, a particular batch, and a particular phase within the batch.  The workstation focus acts to filter irrelevant process and batch information.  Significant events outside the current focus are summarized for presentation via icon color changes.

Workstation Cockpit

Even after filtering, the user interface must convey an extraordinary quantity of information.  While the user monitors one part of the process or batch, he or she must be kept abreast of developments in other parts of the process and in other phases of the recipe.  Once notified of an area that needs attention, the user must be able to quickly navigate to more detailed information.

Screen layout is the key to an effective batch control system user interface.  To be useful, screen layout must be well thought out and consistent.  By segmenting all screens into multiple functional areas, the trained user knows where to watch for different types of notification and how to respond.  Areas and information common to all screens include:

· Current batch identification with status

· Batch interface area

· List of active phases with status

· Phase monitoring and control area

· Menu-based navigation area

· Process-related or phase-related graphic area

· Alarm notification area

Touch links within each screen area allow the user to quickly change focus.  For example, clicking a phase icon in the phase list retrieves that phase’s monitoring and control area and an associated graphic.

Operator Questions and Instructions

Flexible batch processes are usually manual-intensive.  To move from one step to the next often requires operator input and/or operator action.  Keeping the operator in sync with automated batch operations is essential.  A greater challenge in coordinating batch execution with manual intervention is placing phases and operations in context.

Operator prompting can be provided in two ways; 1) recipe instructions, and 2) checklist phases.  For recipe instructions, a blinking icon in the batch interface area of the workstation cockpit can provide notification of recipe questions and instructions.  Clicking on the icon can pop up a dialog box with message and response push-buttons.  A separate area of the dialog box includes an “x of y” count of pending batch questions with “Next” and “Previous” push-buttons.

For more complex sets of operator instructions, a checklist phase is employed.  When a checklist phase is selected, the process monitoring and control area of the workstation cockpit can be replaced with instructions for performing a task in checklist form.  Generic instructions in the checklist can then be converted to specific instructions at runtime.  Push-buttons on the checklist allow the operator to indicate completion of each task.

To place batch operations and phases in context, the user interface provides a recipe “zoom out” feature.  Using this feature, the operator sees what operations are complete and what operations are upcoming.  By keeping the operator well informed, batch execution can be accomplished efficiently and effectively.

D. Abnormal Events

In a continuous manufacturing process, abnormal event handling is limited to alarms and interlocks at the instrument level.  In a batch control system, the same abnormal events effect batch operation as well as process operation.  To further complicate the issue, most batch system abnormal events have a time component not found in continuous systems (e.g., low tank level is normal in some parts of the batch and abnormal at others).  Consequently, control system handling of abnormal events is considerably more complex.

Too often control system designers attempt to control the abnormal event complexity by enforcing a rigid hierarchy.  This “simplified” approach often provides a process-type alarm for every abnormal event and a corresponding phase logic response.  Problems with this approach include:

· Logic for generating process-type alarms becomes excessively complex (e.g., set a low alarm if the level is less than 10 % and the fourth step of the fill phase is complete and the eighth step of drain phase is not yet complete).

· Changes in phase logic necessitate changes in alarm logic and vice versa.

· Notification of the abnormal event occurs in two places simultaneously; the alarm list and the phase monitoring and control area.  This adds unnecessary confusion and operator workload at the worst possible time.

The successful flexible batch control system tackles the abnormal event complexity head-on.  Specifications include more than a list of alarm events.  Alarm conditions, priorities, routing categories, and responses are spelled out in phase logic descriptions as well as in device logic descriptions.  In this way, control system functionality for handling abnormal events is apportioned logically within the control logic and at the user interface.

E. Tracking Equipment

A complete and accurate equipment log is required for pharmaceutical manufacturing by the United States Code of Federal Regulations.  The intent of this requirement is to ensure that equipment used in pharmaceutical production is qualified for use.  For multi-product, multiple path processes, equipment logging is a complex task regardless of the methods employed. Qualification depends on such factors as:

· The product most recently produced in the equipment

· The date/time the equipment was last used

· The date/time the equipment was last cleaned

· The date/time the equipment was last calibrated

· The role the equipment last played in manufacturing

· Equipment inspection results

· Maintenance and Validation Change statuses

Unfortunately, much of the data required to evaluate these factors is often distributed in a variety of support system databases.

Flexible batch manufacturing environments provide an excellent framework for integrated equipment tracking.  Equipment coordination control demarks some of the most important, and heretofore most elusive, equipment usage events, namely:

SYMBOL 183 \f "Symbol" \s 10 \h
Equipment Evaluation,

SYMBOL 183 \f "Symbol" \s 10 \h
Equipment Allocation to a specific processing role,

SYMBOL 183 \f "Symbol" \s 10 \h
In-process Equipment Status Transitions, and

SYMBOL 183 \f "Symbol" \s 10 \h
Equipment Release.

By linking Structured Query Language (SQL) database transactions to these equipment usage events, most of the required equipment log transactions are triggered automatically.

The power of this coordination is extended to aid in scheduling equipment for cleaning.  By evaluating the recent production history, the next production role, and role-specific rules for cleaning, the control system automatically schedules the correct cleaning recipe for a selected process unit.

Designing and implementing  an integrated information system for equipment logging and cleaning recipe scheduling is a very complex endeavor.   Careful and thorough requirements definition and design, with both strategic and “real-world” constraints considered, are essential to success.  The result is well worth the effort invested.  Once fully integrated, electronic equipment tracking assures that equipment is ready for production and that the documentation exists to prove it.

F. Tracking Raw Materials

Tracking the raw materials used in production is one of the most challenging areas of batch manufacturing.  For finished pharmaceuticals, a complete batch genealogy, including raw material receiving information, ingredient assays, sub-lot details, etc., are required before the product can be shipped.  Assembling this information is complicated by the one-to-many, one-to-one, and many-to-one relationships between raw material lots and production lots.

Since the batch control system is responsible for adding ingredients to a batch, it must serve as the focal point for assembling the batch genealogy.  Unfortunately, the scope and volume of data that must be included in a complete genealogy are beyond the capability of most batch control systems.  Adding to the challenge are the inevitable legacy systems used for receiving, laboratory assay logging, ingredient dispensing, etc.

Successfully tracking raw materials with a flexible batch control system is not a matter of documenting the material data, but rather a matter of accessing and documenting the location of the material data.  Ingredient lot numbers are recorded by the batch system and verified for correct format and content.  The same is true of more detailed information such as dispense and pre-weigh tracking numbers.  This information forms the “hooks” for querying distributed databases throughout the enterprise.

As legacy systems are improved to include more open database formats, a well-designed open-architecture batch control system can easily expand its role in consolidating raw material information.  Automated raw material status verification is an important step in this expansion.  Ultimately, an open-architecture flexible batch control system presents no obstacle to automatic compilation of a detailed product genealogy.

G. Batch Journal

The rule in today’s pharmaceutical manufacturing environment is: “if it isn’t recorded it didn’t happen”.  A batch without a pedigree is not saleable product.  Consequently, the batch journal, or batch end report, is one of the most significant production contributions of the batch control system.  The challenge in producing the batch journal is to provide all of the required detail in a readable format.

The key to generating a readable batch journal is segregating information.  While most of the batch journal is essentially a chronology, without adequate organization, including summary sections, important information will be lost in the minutia.  Sections within a well-organized batch journal include:

· Header information (Lot number, batch size, product recipe ID, etc.)

· Equipment usage summary

· Parameters and results summary for each phase

· Event chronology for each phase

· Alarm and event summary

Each piece of information in the batch journal must incorporate sufficient detail to allow re-creation of the precise sequence of events.  Consequently, a time/date stamp and “Done by” / “Checked by” fields are present on almost every line of the report.

Consideration for batch documentation is built into every function of the flexible batch system.  Each significant event and each important parameter is captured in a way that will place it in a logical position within the batch journal.  This information is stored in relational databases for later retrieval and formatting by the batch engine reporting function.

Another important feature of the well-designed batch journal is in-process accessibility.  Allowing the users to view the incomplete batch journal during batch execution eliminates some of the in-process uncertainties that can cost time and money.  An on-screen copy of the batch journal is accessible from any operator workstation at any time.

Summary

Despite powerful flexible batch control products, complexities abound in the specification, design, and implementation of a flexible batch control system.  These complexities include, but are not limited to, the following:

· Living with Constant Change

· Managing Resources

· User Interface

· Abnormal Events

· Tracking Equipment

· Tracking Raw Materials

· Batch Journal

The key to success in these areas, as well as many others, is thorough and timely definition of system requirements and expectations.  With careful planning, flexible batch control systems can be used to reap tremendous benefits in productivity and reduced risk.

