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ABSTRACT

Under a contract with the Atomic Energy Control Board (AECB) of Canada, brief reviews were
conducted of the annunciation systems in Canadian nuclear power plant control rooms; of
regulatory practices in other countries and relevant international guidelines; and of the human
factors literature related to annunciation systems. Based on these reviews, a framework is
proposed for regulatory criteria which could be applied to new annunciation system designs.

1. INTRODUCTION

The work summarized in this paper was carried out under a brief contract with the Atomic
Energy Control Board (AECB) of Canada (June to August, 1996). The outcome was a
recommended framework for human factors regulatory criteria which could be applied to
annunciation systems in nuclear power plant control rooms. We wish to stress that the
recommendations do not necessarily represent the regulatory position of the AECB, which has
yet to be formulated.

1.1 Overview of Tasks Conducted

The AECB is aware that there are a number of advantages as well as some serious limitations to
the annunciation systems currently installed in Canadian plants. Since both the technology
available and the understanding of human performance and cognitive capabilities and limitations
in the area of annunciation have changed since these systems were designed, the next generation
of annunciation systems is expected to be a substantial evolution from the existing ones.

To acquire a more thorough understanding of human factors (HF) issues pertinent to the design
of annunciation systems, the AECB set four tasks to be conducted as part of this contract.

1.1.1 Assessment of Current Canadian Annunciation System(s)

Review and assess the advantages and limitations of the annunciation systems in Canadian
nuclear power plant control rooms (CRs), considering both normal and upset situations.

1.1.2 Perform a Review of Licensing Practices in Other Countries

Review HF regulatory practices, with respect to annunciation, in other countries; identify the
position of the IAEA in the area of HF and annunciation; and identify key HF guidelines or
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standards which would apply to the regulatory assessment of a new Canadian annunciation
system, including the adequacy of the R&D development process.

1.1.3 Global Literature Review of Developments in the HF of Annunciation

Perform a global literature review of research and development in the area of HF and
annunciation in nuclear power; identify areas of significant development in the HF of
annunciation; and document the HF cognitive and perceptual basis for these developments.

1.1.4 Develop a Proposed Set of HF Annunciation System Criteria

Based on the results of the reviews, develop criteria which could be used to assess whether any
proposed annunciation system adequately supports CR operator cognitive processing for
monitoring, trouble shooting and decision making in both normal and upset conditions.

2. REVIEW OF CANADIAN SYSTEMS

To assess the advantages and limitations of current Canadian annunciation systems, a brief
review was conducted of the design and operation of the system in use at Ontario Hydro's
Darlington NGS. This is the most recently commissioned station in Canada, but also has
sufficient operating experience that the limitations of the annunciation system have been
recognized.

2.1 Design Basis

CANDU annunciation systems have evolved from station to station, without radical or
fundamental changes. Those changes which have been made have come about along with
improvements in computer and human-machine interface technologies (e.g. better CRT displays,
use of colour, greater historical storage and retrieval capacity, reducing the reliance on printed
message records, etc.). There have been no thorough system or task analyses of operator needs.
On the other hand, there have been numerous attempts to extract lessons from operational
experience (as contained in a variety of reporting mechanisms as well as in feedback sought from
operators themselves), and to try to address the major deficiencies. These efforts are invariably
subject to the limits imposed by hardware, software, required engineering effort, and the limited
understanding among designers of how operators perform tasks in various operating situations.

Changes at Darlington since initial commissioning have likewise been based primarily on
feedback of experience with the system, and have been limited by practical and technological
constraints. Attention has been paid, however, to trying to ensure that all operating situations
(including post-event analysis, outage management, testing, and maintenance as well as fault and
upset conditions) are considered when assessing where improvements are needed. The process
of identifying and implementing improvements is an ongoing one, and includes participation by
a human factors specialist at every stage.
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2.2 Design

Overall, the annunciation system comprises a number of computer-driven CRT message
displays, several arrays of back-lit windows (located on the top section of each control panel),
accompanying audible tones, and a message storage and retrieval facility accessible through the
operator's central console.

The CRT message displays are regarded as the primary component of the annunciation system,
i.e. the most comprehensive source of annunciation information. There are currently
approximately 4000 annunciation points on each of the four units. The back-lit windows
constitute the set of annunciations judged to be the minimum necessary for safe operation should
all the CRT message displays become unavailable. These tend to be the most important under
most circumstances, so they also serve as a prominent and spatially distributed display of
important annunciation events which supports and helps direct attention to the CRT annunciation
message screens. Generally speaking, the location of back-lit windows is on the control panel
for the corresponding system. There are approximately 300 windows on each Unit main control
panel. The initiation of any window annunciation also generates a CRT annunciation message.

There are four message display CRTs in the top sections of the main control panels. Each CRT
normally displays messages from a number of systems, most of them related to its panel location,
so that there is at least a degree of spatial coding in the message display. The presentation of
messages on each screen is chronological, with each new message appearing below the previous
one, and overwriting from the top when the screen becomes full. A dashed white line always
appears immediately below the most recent message; for a full screen, the newest message at any
given time is the one immediately above the dashed white line, and the oldest is the one
immediately below it.

Colour coding of alarm messages is by 3 Priority levels, coded as red, yellow, and cyan. When
the condition generating a message returns to normal (RTN), the message is overwritten in green
(or a new message is generated, if the original is no longer on the screen). There is a further
category of messages, called status messages and coded as white, for which RTN does not apply:

Annunciation messages from the special safety systems (shutdown systems SDS1 and SDS2, and
the emergency coolant injection system, or ECI) are treated somewhat differently. Only the
major and group-level messages from these systems are passed to the main DCC-based
annunciation message system (they appear with Reactor Regulating System messages, etc.).
Detailed messages and less important messages must be accessed through the appropriate
monitoring computer CRT on the SDS and ECI panels.

At the operator's console, an overall chronological display of all messages is available. It
functions similarly to those already described. It also allows the display to be "frozen" and then
searched back (and forward again, as desired) to earlier (overwritten) messages. There are a
number of other annunciation utilities available as well; for example, summaries of active
alarms, for display or printing, can be requested from a menu screen.
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Some measures exist to reduce the potential number of messages which are generated in a major
upset. There is a capability for suppression of all Priority 3 messages from the main panel CRTs
during the first 2 minutes following a number of predefined events. These include such events as
reactor trip, turbine-generator trip, ECI activation, and reactor setback and stepback. However,
the operator can choose not to use this feature, and most apparently do so. They generally prefer
to deal with the potential flood of messages, rather than take the (perceived) risk of suppressing
a message which might be important in a particular circumstance. It is also possible, by
activating a spring-return switch, to initiate a 2-minute Priority 3 suppression at any time; again,
this is very rarely done.

There is also a basic conditioning capability. The triggering of any alarm message can be made
dependent on whether certain plant conditions are satisfied. Up to 16 such conditioning points
can be defined, but this capability has not been fully used.

Annunciation messages are not routinely printed. However, the operator can request, at any
time, a printed page of the latest messages. There is also an automatic printout of messages
following a major upset. Originally, this printout included the first two minutes following the
triggering event; it has been altered to include some messages form before the triggering event,
to serve as an aid in diagnosis.

23 Advantages

There are clear benefits from many of the annunciation system features described above, and
several notable advantages compared to older, more "traditional" systems. Many of these are
referred to in the preceding discussions; this section summarizes the most important ones.

The multiple annunciation screens provide a valuable degree of flexibility with respect to where
messages are viewed, and they provide backups should one or more screens fail. They also
increase the overall message display capacity of the system. Their spatial distribution on the
main control panels (along with that of the window annunciators) provides useful immediate
cues to the source of newly arriving messages, which can be especially helpful when they are
arriving at high rates.

The colour-coded prioritization of CRT messages, even though it is not sensitive to different
plant states, does help to focus attention on the most important messages.

The provision of annunciation information at the operator console as well as at the main panels
facilitates operator monitoring from the console position (which also provides plant graphical
displays), and the availability there of a range of utilities which support such functions as alarm
summaries and historical retrieval are useful in many operating tasks. The retrieval functions
also remove the dependence on the huge printed message logs generated at older plants.

The ability to condition messages by plant or system state, limited though it is, has the potential
to reduce significant quantities of irrelevant messages in a variety of circumstances.
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2.4 Limitations

Despite the advances, there are still many areas where the annunciation system has serious
shortcomings, a fact which is well recognized at Darlington (and by the nuclear industry at
large).

2.4.1 SDS Annunciation

Considerable dissatisfaction arises from the treatment of SDS messages, which can be very
distracting in some circumstances. For example, during unit upsets or reactivity changes
associated with fueling, many messages may be generated by the SDS computers. Because many
of these are not sent directly to the DCCs, they initiate instead a general window annunciation,
which must be repeatedly acknowledged. Most of these messages are not informative or helpful.

2.4.2 Message Quantity

The problem of too many messages potentially flooding the screens in a large upset persists,
despite the attempts at improvements in this respect. Conditioning has not been used to its full
potential, partly because of the difficulty and the level of effort this would require. Cycling
alarms and nuisance alarms are still too numerous.

Part of the problem is that most operators are apparently uncomfortable with existing message
reduction schemes (such as suppression of Priority 3 messages), preferring to deal with the
additional quantity rather than missing a message which could be important in a particular
situation, even though judged globally as minor.

2.4.3 Prioritization

In general, there is an awareness that a dynamic context-sensitive prioritization scheme, based on
a larger number of major events and plant modes than are now used for suppression and
conditioning, could greatly improve the usefulness of the annunciation system during a large
upset.

2.4.4 Outage Management

During scheduled maintenance outages, which are often very high workload periods for
operators, the annunciation system has not been tailored to support essential tasks such as heat
sink surveillance. Moreover, as maintenance work and associated testing progress, the problem
of nuisance alarms and cycling alarms can be severe; to avoid this with the current system would
require a huge administrative overhead for jumpering, etc. A good conditioning scheme (i.e. one
that accurately recognizes the shutdown state) could contribute greatly to solving this problem.

2.4.5 Window Annunciation

The desire for more prioritization applies to the window annunciation as well, where apart from
the use of red windows for special safety system activation there are no distinctions.
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2.4.6 Additional Information

There are still classes of information not currently accessible to operators which they believe
would be helpful. They have also suggested that there should be more states associated with
some points, rather than just single alarm limits (for example, greater use of "margin" alarms).

2.4.7 Additional Functions

Another area where operators see a need for annunciation system improvements is in the support
it provides for post-event analysis, reporting, review with supervisors, etc.

The engineers responsible for configuration management of the annunciation system see a need
for more online utilities for managing and verifying major updates.

3. REVIEW OF LICENSING PRACTICES IN OTHER COUNTRIES

3.1 France and the UK

In France and the UK, regulation is non-prescriptive, and is based on assessments of licensee
submissions against internal assessment guides, position statements, and/or general principles,
rather than formal published standards or requirements.

In the UK, the process involves a dialogue with the licensee which continues until all issues have
been resolved. Areas of interest include the structure and presentation format of the message
displays, alarm reduction techniques, training and instructions required for operators, and even
very basic questions such as the scrolling of existing messages when new messages arrive (which
was actually an issue at Sizewell B, for example).

3.2 International Atomic Energy Agency (IAEA) and International Electrotechnical
Commission (IEC) Contributions

HF-related documents published by the International Atomic Energy Agency (IAEA) include a
number of technical reports and the proceedings from numerous conferences and specialists'
meetings. They do not have direct regulatory force, but many relate to current topics in HMI
design, including annunciation systems.

The International Electrotechnical Commission (IEC) has published a high level standard on
nuclear plant control room design [1] which contains a short section on design objectives for
annunciation systems, and presents a systems-based view of HF in control room design.

3.3 United States Nuclear Regulatory Commission (USNRC) Policies

The United States Nuclear Regulatory Commission (USNRC) takes a more prescriptive approach
to regulation, and publishes substantial amounts of technical documentation (as NUREGs).
However, annunciation systems are not categorized as safety-critical systems, and thus do not
receive the same level of regulatory attention as other plant systems that do haye such a
classification. There is also an important distinction to be made between guidance
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(recommended practice) and regulation (mandatory requirements). For example, NUREG-0700
[2], which provides a variety of HF guidelines for traditional CRs, is a guidance document;
whereas the installation of a Safety Parameter Display System (SPDS) is an example of a
regulatory requirement. As far as we know, annunciation systems specifically are not subject to
any mandatory regulation.

Under US Code of Federal Regulations 50-59, any proposed design change must be evaluated by
the utility against its standard safety analysis report (SSAR). If this evaluation reveals no
unresolved safety questions, the utility is allowed to introduce the proposed change without first
obtaining USNRC approval. Because of utilities' lack of awareness of the potential impact of
control design changes on system safety, and because alarm systems are not classed as safety-
critical, it is not uncommon for a CR design change that is significant from a HF point of view to
be implemented by the utility without first obtaining USNRC approval.

3.3.1 Older Guidance Documents

There are two older guidance documents that have traditionally been used by the USNRC to
review and evaluate CR designs, including annunciation systems:

• The original version of NUREG-0700 [2] contains some guidance that is pertinent to the
design of annunciation systems and to other CR design issues as well. Because it only
addresses HF issues associated with traditional technology (e.g. analogue, hard-wired
instrumentation), it is of very limited value in reviewing advanced control rooms (ACRs)
or CR upgrades based on computer technology.

• Chapter 18 of NUREG-0800 [3] provides a standard review plan for HF issues that the
USNRC can use to conduct a review of regulation issues, such as SPDS and Control
Room Design Reviews (CRDR). It suffers from the same limitations as NUREG-0700.

In an effort to update this guidance, the USNRC contracted Brookhaven National Laboratories
(BNL) to conduct a number of studies.

3.3.2 Newer Guidance Documents

There are 4 documents that have recently been written by BNL for the USNRC that are very
pertinent to the HF of annunciation systems:

a) NUREG-0711, "Human Factors Engineering Program Review Model".

b) NUREG/CR-5908, "Advanced Human-System Interface Design Review Guideline".

c) NUREG/CR-6105, "Human Factors Engineering Guidance for the Review of Advanced
Alarm Systems".

d) NUREG-0700, Revision 1, "Human-System Interface Design Review Guideline".
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NUREG-0711 [4] is perhaps the most important contribution of all, describing a HF program
review model (PRM). The PRM is based on the belief that it is necessary to review the design
process in addition to the usual process of reviewing the final design product. Consequently, the
PRM provides a set of process criteria that can be used to evaluate the process by which a design
is developed, and in particular, the way in which HF issues have been incorporated into the
design life cycle. The criteria set out in this document are very broad, being based on a systems
approach to HF design.

Another relevant document is NUREG/CR-5908, whose purpose is to compile together the
available HF guidance that is pertinent to computer-based interfaces, thereby addressing the
limitations associated with NUREG-0700. Volume 1 [5] provides a detailed discussion of the
gaps in the available guidance for evaluating ACRs and retrofits based on computer-based
technology and proposes a methodology for addressing those gaps. Volume 2 [6] describes the
guidelines that were compiled using the methodology described in Volume 1. In addition, a set
of procedures for using these guidelines to conduct ACR design reviews is also described. These
procedures are integrated with the global design process specified by the PRM in NUREG-0711.

NUREG/CR-6105 [7] documents the results of a project specifically geared towards the
development of guidance to support the USNRC review of advanced alarm systems. It describes
the methodology that was used to develop the alarm guidelines, presents the guidelines
themselves, and provides a procedure for the review of an alarm system.

Finally, NUREG-0700 (Rev. 1) [8], currently in draft form, is intended to take the place of the
original NUREG-0700 by incorporating the latest research findings that are relevant to the design
of ACRs based on computer technology as well as guidelines that are most pertinent to
traditional CRs. NUREG-0700 (Rev. 1) is best viewed as an integration document that
incorporates the results of all of the newer documents that have been described in this subsection.
The document consists of two parts. Part 1 provides a set of criteria that the USNRC can use to
evaluate an applicant's own Human-System Interface design review process. Part 2 of NUREG-
0700 (Rev. 1) contains a set of detailed HF guidelines that can be used to evaluate both advanced
and conventional CRs. Section 4 contains alarm review guidelines (taken from NUREG/CR-
6105).

While the work conducted by O'Hara and colleagues is very impressive in scope as well as depth,
it is inherently limited by the state of knowledge of the field. More bluntly, it is difficult to
develop guidelines for questions whose answers simply are not yet known. Particularly with the
topic of alarm systems, the state of knowledge is such that the research findings available are
meager with respect to the broad range of questions that designers face. Thus, even the new
version of NUREG-0700 (Rev. 1) does not provide a great deal of guidance for the design of
advanced alarm systems, primarily because many important issues remain to be investigated.

3.3.3 Future Work

The USNRC and BNL have developed a research plan to answer some of these outstanding
questions [9]. Three experiments on alarm systems are to be conducted at the OECD Halden
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Reactor Project in Norway. Experiment 1 will evaluate the effect of display type on human
performance, independently of any alarm processing techniques. Experiment 2 will evaluate the
impact of alarm processing techniques on human performance. In particular, the effect of alarm
reduction techniques and differential availability of alarm processing results will be investigated.
Finally, Experiment 3 is designed to evaluate the impact of alarm generation (i.e., higher-order
alarms derived from lower-level alarms) on human performance. All experiments will include
scenarios that are well-defined by procedures (rule-based scenarios) and those for which
procedures are not readily available (knowledge-based scenarios). The current estimate is for
these experiments to start in the fall of 1996. Regardless of the specific outcomes obtained, these
experiments will represent an important contribution to the current impoverished level of
understanding of the impact of advanced alarm systems on human performance in nuclear power
plants.

4. LITERATURE REVIEW: HUMAN FACTORS OF ANNUNCIATION

4.1 Scope

This section presents the results of a literature review of HF issues in the design of annunciation
systems for nuclear power plants. The time available was greatly constrained and the review was
thus limited in scope; however we have attempted to present the most significant techniques and
findings pertinent to the design of advanced annunciation systems for nuclear power plants.

4.2 Purpose: What is the Role of an Annunciation System?

A possible measure of the maturity of research in this area is whether there is an agreement in the
literature as to the purpose of an alarm system. We have found that it is useful to distinguish
between the designed purposes that an annunciation system is intended to fulfill by designers,
and the operational purposes that it actually fulfills for operators, in practice.

4.2.1 Designed Purpose

There is a surprising lack of consensus among designers as to what role an annunciation system
should be designed to serve in a CR. We found a considerable variety of definitions in papers
[10-16]. While there is certainly some common ground across the various definitions, there are
also significant differences as well. Some of the important areas of disagreement include:

• Does the alarm system include normal status, as well as off-normal occurrences?

• Does it include expected as well as unexpected indications?

• Does it, by itself, explicitly support decision making and response planning activities?

Some researchers have even suggested that the alarm system should also be responsible for
diagnosing the state of the plant, and in some cases even response planning, thereby integrating
fault detection with fault diagnosis and compensation into a single automated system. This
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viewpoint was prevalent in the Disturbance Analysis System (DAS) work conducted in the 1980s
(see [17 -19] for reviews).

The problem seems to be that the label "alarm system" is used in such a way that it confounds a
number of different characteristics that are, in principle at least, conceptually independent. It is
important to untangle these characteristics so that the full range of design possibilities is clearly
revealed.

4.2.2 Operational Purposes

There are relatively few well-documented field studies investigating how NPP operators actually
use alarm systems. A recent exception is the work by Vicente and Burns [20,21] which
documents the strategies that operators at Pickering B use to monitor the state of the plant.
Although this study was not focused exclusively on alarms, the results show that the alarm
system plays a very prominent role in operator cognitive monitoring. Interestingly, many of the
results obtained by Vicente and Burns [20,21] are consistent with a field study conducted years
earlier by Kragt and Bonten [22] in a fertilizer plant, which was specifically focused on
operators' use of a conventional alarm system.

Both of these studies reveal that the alarm system plays a very important, multi-faceted role in
helping operators monitor plant status. Instead of continuously monitoring the plant via a large
number of instruments, operators frequently rely on the alarm system to bring their attention to
goal-relevant events in ways that were not anticipated by designers. Moreover, the alarm system
is used for a myriad of purposes that have nothing to do with alarms, in the sense of an abnormal
event. Kragt and Bonten [22] summarize this by stating that the alarm system was used
primarily "as a monitoring tool and not as an alarm system requiring action" (p. 586). Because
many of these uses were not intended and not systematically supported, this may compromise the
alarm function of the system.

These operational purposes are very important because they differ considerably from most, if not
all, of the definitions of the designed purposes of alarm systems described in the previous
subsection.

Several preliminary conclusions can be drawn as a result. First, alarm systems are used for
purposes that were not anticipated by designers and that the alarm system was not designed to
support. Second, alarm systems are used for many purposes that are not associated with off-
normal events. In fact, one of their primary operational purposes is to monitor the plant during
normal operation, to help operators update their situation awareness of the plant [23]. (It should
be noted, that both of these studies observed the usage of alarms over short periods, and thus the
results obtained are more pertinent to the day-to-day usage of an alarm system rather than the
usage during serious plant failures.)
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4.2.3 Critical Analysis

The preceding subsections have argued that there is a lack of consensus in the literature as to
what the designed purposes of an alarm system should be, and that the operational purposes for
which alarm systems are actually used in practice go well beyond their designed purposes.

To explain these conflicting findings, one important distinction is that the role of an alarm
system can differ as a function of the technology upon which it is based [10]. The purposes of an
alarm system in a retrofit of a traditional CR will differ from those of an ACR. It is important to
specify the type of context a particular design is intended for, and to design the purposes
accordingly. The entire CR interface should be viewed as an integrated system for normal
operation management, fault management, and outage management. The annunciation system is
only one of the constituent subsystems of the overall system. Taking this approach allows one to
recognize that other (possibly novel) subsystems can better serve some functions previously
served by traditional annunciation systems.

Another factor is that different interfaces will be required to support operators under normal
operations than under abnormal operations. Systems for the former mode are monitoring tools,
not alarm systems (in the sense of detecting plant accidents). The characteristics of these
interfaces will need to be different, although both can rely on the auditory modality.

Experience has shown that fault diagnosis should not be automated as part of an advanced alarm
system. Instead, it is more prudent to limit the role of an alarm system to that of an information
provider to a human operator who is responsible for making decisions with respect to fault
diagnosis.

4.3 Alarm State Definition

A very basic question which apparently has not received a great deal of attention in the literature
is what criteria should be used to define an alarm state. Traditional alarm systems have been
based primarily on the single-sensor-single-alarm philosophy and alarms are often a very
heterogeneous set of plant states, including: passage doors being open; actuation of automatic
safety systems; individual parameters going out of their nominal range; and, large-scale
accidents. The criteria for defining alarm states have largely been based on designers' intuitive
notions of what states or events are important. There is very little discussion in the literature of
how alarm states have been, or should be, defined.

The exception to this relative silence in the literature is the functional approach to alarm
definition outlined by Goodstein [24], based on the abstraction hierarchy framework developed
by Rasmussen [25]. Rather than just defining context-free limits on individual parameters, as the
single-sensor-single-alarm approach does, the functional approach to alarming provides alarms at
higher levels of abstraction by integrating lower level data in a functional manner. The result is a
systematic approach to defining alarm states, and this approach has a number of other advantages
as well.
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As far as we know, these ideas have not been empirically evaluated in any rigorous way on a
representative scale. Nevertheless, this approach seems to have influenced the design of several
advanced alarm systems.

4.4 Alarm Processing Techniques

A number of advanced alarm techniques have been developed in response to the deficiencies of
traditional alarm systems. One of the simplest is the use of lowpass filtering to eliminate the
alarm "chattering" caused by a parameter oscillating in and out of its nominal operating range.
Another is logical filtering, based on plant mode or other type of logic which can provide a form
of context-sensitivity for alarm processing.

A third potential technique for alarm processing is the automatic prioritization of alarms. Alarms
could be prioritized according to their threat to safety, and/or according to the available time for
operator response.

A fourth alarm processing technique that has been proposed is derivation of higher-order alarms
from lower-level signals or alarms.

Unfortunately, very few experiments have been conducted to evaluate these methods (at least
under representative conditions), so the evidence available to demonstrate improved operator
performance is quite meager. Based on what has been done, the only positive conclusions we
can draw are that alarm prioritization can improve performance, and that model-based derivation
of alarms seems to be a promising technique. Perhaps surprisingly, there is no evidence to
indicate that alarm filtering improves operator performance. This does not mean that filtering
may not be useful, but rather that it has not been shown to be so to date.

4.5 Alarm Presentation Techniques

Various issues concerning the presentation of alarm information have been addressed in the
literature.

Some authors, most notably Gaver [26], have suggested that the auditory channel can be used
much more than it has been. Instead of just presenting a sound that indicates that something is
wrong, more complex auditory stimuli can be developed to provide more information about the
nature of the problem, and perhaps even where to look to get more detailed information for
diagnosis and compensation.

Another issue is whether lower priority or filtered alarms should be completely suppressed (and
therefore not available to operators), or whether those alarms should be made accessible to
operators but in a less salient manner.

A third issue is the desirability of integrating alarm information with process displays. This is
made possible in a number of ways by the use of computer technology.
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Another presentation technique that is intended to improve the informativeness of alarm systems
is to organize alarms by function or system or task.

Finally, there is the issue of whether alarm information should be presented in a parallel,
spatially dedicated fashion that is continuously visible or in a more serial fashion that may or
may not be spatially dedicated or continuously visible [27]. The potential advantages of the
parallel approach are that operators can get an overview at a glance, can diagnose faults through
pattern recognition, and know where to find any particular alarm (because it is always in the
same place). The potential advantages of the serial approach are that it is more flexible so that
alarms can be integrated with process displays, and grouped in various ways according to context
(e.g., the task being performed). Of course, hybrid systems are also possible.

As was the case with alarm processing techniques, very few empirical studies have been
conducted to assess the value of these techniques. The limited evidence available suggests the
following conclusions:

• the possibility of using rich auditory information in alarms should be explored

• complete suppression of alarms that are not of highest priority is inadvisable

• the results on integration of alarms and process displays are equivocal, although future
work in this area is warranted since information retrieval performance may be enhanced
through integration

• alarms should be organized according to function or system

• alarms systems should include a parallel, spatially dedicated presentation format to
support interpretation at a glance and maintenance of an overview of plant state.

Note that it is possible (probably desirable) to combine a parallel, spatially dedicated presentation
format and integration of alarms with process displays into a single design.

4.6 New Advanced Alarm System Developments

A number of vendors worldwide have developed, or are in the process of developing, new alarm
systems that incorporate one or more of the advanced alarm techniques described earlier. The
most obvious trend is towards integration of the alarm system with the remainder of the CR
interface (e.g., overview panel displays, individual process displays). This integration is made
possible by the move away from analog, hard-wired technology to digital, computer-based
technology. It is important to note, however, that almost all of these new designs are hybrids in
the sense that they consist of both traditional and advanced presentation media. Traditional tiles
are usually used to provide an overview, whereas process displays and message lists on CRTs are
used to provide more detailed information, thereby creating a hierarchical structure for the
presentation of information. Another trend is towards the incorporation of advanced alarm
processing techniques (e.g., filtering, prioritization), despite the fact that the value of these
techniques has yet to be clearly established empirically (see above). Although'all of these
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systems are labeled "advanced", as far as we know, only one of them (the Mitsubishi design) has
been empirically evaluated in a rigorous, representative manner with professional operators
interacting with a full-scope simulator under a variety of challenging scenarios [28]. This is an
important observation given the lack of industry experience with this type of technology.

5. FRAMEWORK FOR HF ANNUNCIATION SYSTEM CRITERIA

This section proposes a framework describing a set of criteria by which to evaluate the HF issues
associated with annunciation system design. There are two qualitatively different types of
criteria that can be adopted for any evaluation, product criteria and process criteria. Product
criteria evaluate the outcome or final product, in this case the characteristics of the alarm system
being proposed. Process criteria, on the other hand, evaluate the process by which the final
product was obtained, in this case the information that was used and the decisions that were
made in designing the alarm system being proposed. Although both are important, the criteria
outlined below put a greater emphasis on process criteria than on product criteria. In fact, there
seems to be a trend in this direction in the nuclear industry [29,4]. There are several reasons
why we adopted this approach:

• answers are not available for many important design questions pertaining to alarm
systems

• there is very little operational experience on which to assess specific design features

• there are many different potential design concepts and techniques, making it difficult to
come up with a common set of product criteria

• there are different types of contexts for which one may want to design an alarm system
(e.g., retrofit, ACR, etc.)

• process criteria by which a design proposal can be evaluated can also serve to evaluate
the R&D process

• the most efficient and reliable way of improving the HF issues associated with a
particular design is to follow a design process that requires HF engineers to be involved
early in the design life-cycle

• checklist or guideline product criteria are relatively shallow ways of evaluating a design
proposal with respect to human performance and system safety

For all of these reasons, we decided to propose a set of criteria, outlined in the following
sections, that emphasize evaluation of the design process but that also include evaluation of the
final design product.
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5.1 Relationship to Control Room Human-Machine Interface

An important general criterion is the extent to which the design of an annunciation system
recognizes, is consistent with, and is integrated within the overall control room human-machine
interface (HMI), of which it forms a part.

5.2 Design Basis

The annunciation system design process should take a systems approach, incorporating
appropriately the recognized elements of human factors in systems design, as described in a
number of industry documents (including, for example, [29, 8, and 1]). This implies an iterative
process, whereby new concepts can be tested and modified as necessary before they are regarded
as final. The use of mock-ups, prototypes, and simulations are among the mechanisms available
to support this iteration.

Among the most important elements are:

• Definition of annunciation, and identification of the role and specific functions of the
annunciation system

• System analysis and function allocation or assessment

• Task analysis of operator's use of annunciation

• Identification of limitations and strengths of existing or earlier systems

• Identification of constraints imposed by past experience and current developments

• Use of relevant guidelines, standards

• Recognition of impact on operator selection and training, staffing levels

• 'Feed-forward' to training and procedure development

• Verification and validation programs

5.3 Measurability of Overall System Performance

It is essential that evidence be collected to compare the performance with the proposed design
with that obtained with more traditional annunciation systems. In some situations (e.g.,
replacement of an obsolete system), it may be sufficient to demonstrate that the new design does
not lead a lower level of performance than the existing design. In other situations (e.g., ACRs), it
may be more appropriate to require evidence indicating that the new design leads to a measurable
improvement in performance compared to existing systems. In any case, the evaluation program
should culminate with a dynamic evaluation in a full-scope simulator with a full CR (not just the
alarm system) and professional operators [4]. Furthermore, the final evaluation should include
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both rule-based and knowledge-based scenarios [9], and multiple faults which require operators
to detect and track a subsequent fault, while they are still managing the initial fault.

A converging approach to measurement should be adopted, since any single measure or class of
measures has limitations associated with it. In particular, measures should be selected for plant
behaviour, alarm system behaviour, and operator behaviour.

5.4 Comprehensiveness of Applications

In evaluating a proposed alarm system, one should look for evidence to indicate how the design
is explicitly tailored to the following modes:

• normal operation, includes normal transitions, and minor, anticipated failures

• maintenance and testing

• outage management, including shutdown and startup

• abnormal operations, ranging from process upsets to major accidents, including accidents
which are unanticipated by designers and thus for which existing procedures do not
readily apply.

5.5 Application of Sound Human-Machine Interface (HMI) Data and Design Principles

There are numerous published guidelines regarding the application of human factors data and
design principles to HMI design. They are based on existing knowledge of human capabilities
and limitations, as these pertain to annunciation system design.

These should be used in the context of overall human factors programs, by design teams which
include suitable human factors expertise, so that their guidance can be used in accordance with
the specific needs of individual projects.

5.6 Implementation as Proposed and as Designed

Annunciation systems should be implemented as proposed and as designed, and in the context
(e.g. new plant or retrofit) intended, to ensure that the assumptions, analyses, etc. are valid.

5.7 Recognition of the Importance of Day-to-Day Evolution and Variation in Specific
States of Components and Systems, and in Temporary Operating Practices

Finally, it is important that a proposed design take into account, and explicitly support operators
in, the imperfect situations that will be encountered in a real plant, rather than the sanitized
conditions usually found in a simulator. A real plant is an open system that is subject to
unanticipated disturbances on different time scales [20]. On a day-to-day basis, certain
components may not be in service or not working properly. On a longer time-scale, the operating
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practices may evolve as the plant gets older. These disturbances have critical implications for
performance and safety.
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