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ABSTRACT

.

This report describes a general method for allocating control functions
to man or machine during nuclear power plant (NPP) design, or for evalu-
ating their allocation in an existing design..

; The research examined some important characteristics of the systems
! design process, and the results make it clear that allocation of control

functions is an intractable problem, one which increases in severity with
the increasing complexity of systems. The method is reported in terms of
specific steps which should be taken during the early stages of a new
system design, and which will lead to an optimal allocation at the func-
tional design level of detail.

'
The procedures described are not expected to provide an ultimate solution
to the allocation-of-functions problem. However, these procedures can at
least assure that allocation of control functions is considered during
design in an orderly and rational way. They should substantially advance
the general understanding of this problem and the ability of the design
community to allocate control functions to humans or automation in
complex systems.

.
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1. INTRODUCTION

.

This report and a companion literature review (ref.1) report the results
of two years of research by Biotechnology, Incorporated, under the direc-
tion of the Oak Ridge National Laboratory, to explore the problem of,

allocating functions to human or automatic control, with particular ref-
erence to nuclear power plant control rooms.

The report focuses on the allocation of control functions to humans and

automatic devices in a nuclear power plant (NPP). In a NPP control room
(CR), all instrumentation and control devices are operated remotely. For
each control function, the key question considered is whether that fune-
tion should be exercised by a human operator, by automatic devices, or by
some interactive combination of the two. The allocation methodology
reported here can be applied during the overall design of an NPP system
or during the development of a design modification.

The scope of this report is limited to the specialized problem of choos-

ing between man and automation in remote process control, and specifi-
cally excludes certain other considerations which may be important in the
broader context of whole-system design.

9

1.1 HISTORICAL PERSPECTIVE

This report concerns men and machines. Machines are built to serve the*

needs of man. This is more than simply an obvious point, since it is a
point too often lost during system design. Especially as technology
becomes more complex and as designers focus on technical problems, the
needs of those who use, operate, and maintain the machines can quickly be
forgotten, until finally the engineering objectives of a new system are
pursued at the expense of the economic or social objectives which the
system was originally intended to serve.

1.1.1. The Evolution of Technology

Early, simple technologies tended to forgive designers who neglected the
role of man. This was true in part because man is, within limits, very j
adaptable. Furthermore, early technologies developed slowly, providing I

time for many cycles of experiment and test. Finally, early designers {
usually were themselves experienced operators ot~ the type of machines
they designed, and thus they were naturally sensitive to the needs of

*

users. Although the early designers felt a benign lack of concern for
what we now call human factors, their inventions fueled the industrial

revolution and were of ten remarkably satisfactory to use. Early technol-
"

ogy was forgiving so far as human factors were concerned.

The history of the automobile provides an illustration: A full 30 years
of development elapsed between the time Otto Benz sold his first car in
1887 and the arrival of mass auto production in the 1920s. The early

1
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automobiles were awkward things to drive, modeled after horse-drawn vehi-
cles and. railway engines. But by the 1920s a rather satisfactory control

,

configuration had developed, essentially identical to the one in use .

I today, and this occurred without any formal advocacy of human factors in
design.i

~ '

This achievement was possible becauce the automobile was a relatively
simple technology. A new design could be developed from concept to road
test within 6 to 18 months. During those 30 years of early development,1

several hundred automakers put thousands of different models on the road.
Those models were designed by people who themselves drove cars, and a
single person could direct the design effort and know the entire design
in detail. .Few instruments and controls were required, and the dynamics

; of the control system were easy for an operator to understand.

4 . .

j These conditions made it possible, in both the automobile and other
i industries, to design moderately satisfactory machines in spite of the r

i fact that the design teams had little formal organization and included
only design engineers. Any problems people might have with the machines
were viewed as problems in training. And because people are adaptable,
they could generally learn to use the machines.

,

; By contrast, more complex technologies are not so forgiving. Consider
'

I *the conditions of a modern nuclear power plant (NPP) or a chemical pro-
cess plant: (1) An NPP is highly complex, and each new plant is to some
extent unique; (2) The industry is young in the sense that there have

i been few generations of redesign; (3) It takes years to place each design *

; in operation; (4) The designers are not the users; (5)-Many specialists
are involved, and no one designer can know the entire system in detail--

| in fact, several different contractors are usually employed; and
t (6) Thousands of instruments and thousands of controls are required to

operate and maintain each plant.

Not surprisingly, it is hard to coordinate the design of a complex system
j such as an NPP. Even though there is usually some formal planning for

the human elements of the system (or at least for a human organization
and a training program), many complex systems are delivered with embedded
design shortcomings which compromise their operability and safety. These
. shortcomings of ten originate as errors in the allocation of roles between.

! human and automatic control.
,

1.1.2 System Design

*
World War II was a watershed in system design. - For the first time it was

recognized that large systems would require new design disciplines if,.
1 : they were to be made to work. Out of this concern came systems theory

and human factors disciplines such as ergonomics, engineering psychology,, *

and training design. Complex systems were recognized to include a human
subsystem which, like the engineering subsystem, required professional,

attention during design. Careful coordination. of the parts and subsys-
tres of a design was required to assure that those elements were mutually

;

. E _ _ . _ _ . _ . _ .a _ . - _ .
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supportive and would each be delivered at the appropriate time. In fact,

by the 1960s federal procurement regulations required formal planning for
these considerations as a part of the procurement process..

This man-machine system approach was generally effective, and it made
complex system designs more readily achievable than had been the case.

previously. But in spite of some great successes, a few problems contin-
ued to worsen as technology became more complex. These problems include
allocation of control functions, the problems of fault diagnosis, and
control system design. The particularly intractable one was the question
of allocation of control functions: Which system and task responsibili-
ties should be assigned to man, which to a machine, and which to some
combination of human and automatic control?

This problem is now widely recognized in the military and aerospace
fields and by most developers of complex systems, including those in the
nuclear power community. It is generally understood that man is actually
the more complex of the two componenets in a man-machine system, and it
therefore makes sense to base a system design on the characteristics of
man as much as on those of the machine, and to allocate control functions
on the same basis. It is the purpose of this project to provide a gen-
eral methodology for allocating control functions to man or machine, with
emphasis on automation and on the nuclear power industry.

,

1.1.3. Automation
.

The research reported here is partly in anticipation of a continuing
increase in automation. Automation * is already a basic tool of NPP and
process control, and its role is expected to expand. However, automation
brings with it an increased importance for the appropriate allocation of
functions. In fact, automated control is expected to produce a dramatic
change in the role of the NPP operator. The authors are convinced that
this change will be for the better; that automation may provide the best
capability for mastering the complexity of NPP control; and that it may
permit the design of control systems which are at the same time safer,
more efficient, and better suited to the characteristics of man.

.

The rush to automation has not always produced desirable results (ref 2).

In fact, many automated systems are not as satisfactory as the manual
systems they replaced. Each new system creates some new tasks for the
human as it alleviates others, and each new system possesses new possi-
bilities for human error. Automated systems are of ten considered less
" user friendly" by operators, and frequently the users either resist,

automation, seek to override the automatic system, or continue to do by
hand what the syster was designed to do automatically.

.

*The term " automation," as it is used in this report, refers loosely
to the delegation of tasks to machine or computer systems, thus freeing
human operators from vigilance tasks.
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Or.e of the principal causes of poor man-machine design has been the
absence of deliberate consideration of which tasks and decisions are best
performed by man and which by machine. There is an ever present tendency ,

for system designers to automate to the limits of affordable technology
without asking if a function or task should be automated. Unfortunately,

automation decisions usually are based primarily on design (equipment)
*

engineering grounds. They soon are firmly cast into hardware (and soft-
ware), after which they limit the flexibility of the human role. When
functions are automated, the human operators may be unable to monitor
events or to exercise useful control when needed. On the other hand,
when functions are delegated to man, the users may be required to perform
unnecessary chores or to do tasks for which humans are poorly adapted.
To a large extent the failure to allocate tasks appropriately occurs
because there has been no established procedure for making such decisions
during system design.

1.2 ALLOCATION OF CONTROL FUNCTIONS

The seven steps of the model outlined in this report provide an orderly
decision sequence for allocating functions. But more important than the

particular sequence of steps is the commitment to a deliberate allocation
process. In the past, when designers have achieved good man-machine
designs, that success has been due in part to an intuitive consideration *

of human factors. Designers try to foresee how users will interact with
the machine. They may themselves have experience as hands-on users, and
they may think about human factors considerations intuitively. Unfortu- a

nately, the more frequent case has been one in which the equipment
designers pursued an engineering solution without any consideration,
deliberate or otherwise, of what should be automated. The objective ot
this model is to suggest a methodology for the structured consideration
of man-machine roles as part of the system design process.

1.2.1. Background

The problem of proper allocation of functions was recognized by the U.S.
Nuclear Regulatory Commission (NRC) several years ago, and in 1980 NRC
sponsored a project under the direction of Oak Ridge National Laboratory
(ORNL) which examined the problem, developed a methodology, and lead to
this study (ref. 1). Earlier (in 1979-80) Biotechnology, Inc. (BTl) had
undertaken a study for the Department of Defense (D0D) to examine the
literature and the histories of recent systems procurements (ref. 3). In

spite of D0D regulations which specifically require allocation of func-
tions as a step in the design cycle, no case was found in the literature '

in which the allocation of control functions had been determined in an
orderly manner on a system-wide basis.* This was true notwithstanding

.

* Note findings of the 1982 NASA Space Human Factors Workshop:
"There is currently no systematic, widely applied technology for allocat- ;

ing functions between automated systems and the pilot. ." (Montemerlo (.

and Cron, ref. 4). |
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the fact that several methodological models had been developed and were
available to guide the allocation of functions. Many obstacles were
responsible, but central among them was the absence of an accepted gen-.

eral method and of a professional tradition for the allocation of func-
tions. Accordingly, BTI recommended the development of a practical
framework and set of methodological tools which a design team could use,

in allocating functions.

1.2.2. Methodology Development

In 1982, under NRC sponsorship, BTI began developing an allocation-of-
function methodology for the nuclear power industry. Initially a concep-
tual method was developed for allocation of control functions (or for
assessing existing allocations) in NPP control rooms. This method is
applicable both to earlier technology using clectromechanical process
control and to more recent technology involving computers.

Biotechnology, Inc., first examined the history of control technology,
then reviewed major models and methods proposed for the allocation of
functions. These begin with the " listing" approach. In 1951, Fitts
(ref. 5) proposed a table listing the differing capabilities of machines
and humans, to be used in support of automation decisions. Since then,,

more elaborate lists have been put forward, for instance by Mertes and
Jenny (ref. 6), Edwards and Lees (ref. 7), and Swain (ref. 8). More
elaborate simulations, procedural guides, and information support systems,

have also been developed, including HEFAM (ref. 9), CAFES (ref.10),
SYSSIM (ref. 11), SAINT (ref. 12), and H0S (ref. 13).* Several of these
systems include features which might be applied in determining functions
for nuclear power plant control, but most of them either were never
developed in an operational form or were predicated on the availability
of large bodies of human engineering reference data which do not yet
exist. Thus, in spite of widespread concern over this problem, at this
time there appears to be no reported instance of a proven methodology for
allocating control functions to man or machine, and certainly not one
which can be applied to the allocation of cognitive tasks.

Findings of the preliminary research included a recommended rule-based,
iterative procedure for allocating functions in the design of NPP control
rooms, a procedure based on the hypothetical-deductive model of Price and
Tabachnick (ref. 14).

1.2.2.1. The Hypothetical-Deductive Model

.

The hypothetical-deductive model provided a practical, step-by-step,
reproducible method by which allocation could be made. This method was
later developed into the operational form reported in Sect. 3.,

*These systems are described in detail in NUREG/CR-2623 (Ref.1)
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The procedure differs from earlier schemes in at least one major feature:
earlier procedures provided hypothetical solutions only--however sound
they were, they provided only an untested hypothesis as to the correct .

allocation--whereas the BTI procedure added deductive (or empirical)
tests of the hypothetical solution. Fur the rmore, in the revised proced-
ure specific tests are followed by closed feedback loops so that the .

designer can search heuristically toward an optimimum man-machine inter-
action. The method is designed to be applied continuously throughout the
system design process, and to provide a series of iterative approxima-
tions approaching the goals expressed in a system requirements statement.

Figure 1.1 illustrates principal steps of the recommended method. Note
the dashed line, which separates an initial hypothetical phase from the
evaluation phase. This second phase is called the " deductive" phase when
deductive rather than empirical tests are employed, as must be the case
during the early (concept or preliminary) phases of design.

The hypothesis procedure

In the hypothetical-deductive model, initial decisions identify those
functions which for obvious reasons must be allocated to man or machine.
Such allocations must be made to automation (Step 1), for instance, when
regulation or policy requires it, when hostile environments preclude the

,

presence of man, or when the required system reaction times exceed human
response limitations. Allocations to human control (Step 2) may be man-
datory when there is a requirement to develop strategies or detect pat-

*
terns or trends, or when meaning or values must be assigned tu events.
Additional tests are applied for economic and technical feasibility
(Step 3), and in some cases a tentative decision may have to be fed back
for reconsideration at the system requirements level.

Steps 1 and 2 are repeated first at the whole-system level, then for

subsystems, and finally for portions of subsystems, until those parts of
the system which clearly must be controlled by man or by computer have
been partitioned off and properly assigned. Normally this will leave
substantial portions of the system and the operating procedure to be
allocated either to man, to machine, or to some combination of the two.
At Step 3 these functions are classified according to a performance tax-
onomy and allocated on a best-choice basis.

At each point in this process decision aids are provided, but the actual
decisions remain judgmental. It is suggested that the procedure be
applied by a team including at least one experienced human factors engi-
neer and one design engineer experienced in the type of subsystem being ,

considered. The method provides an orderly decision procedure and a set
of decision aids. More importantly, it provides for documentation of the
decision process, which makes it possible for allocation decisions to be

,

communicated widely within the systems design organization. It also
provides a basis for the evaluation steps which follow. Finally, it
provides a basis for iterative improvement and elaboration of detail in
the man-machine relationship, and interaction with engineering design
decisions as the system design evolves.
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The deductive evaluation procedure
!

At this point in each cycle of the system design, an allocation of func- .

tions to man or machine has been hypothesized. In a design which has
reached the mockup or prototype phase, an empirical test is appropriate.
The hypothetical-deductive model alsd provides a set of deductive tests ,

which can be used during concept formulation and other early design
phases.

In Step 4, those functions hypothesized as " man-rated" are reviewed in
detail against the known psychophysical capabilities of man, against
system constraints, and against reliability requirements. If these
requirements are met, Step 5 forces the analysis team to ask whether the
human job, as it is emerging, is acceptable to an operator. At this
point modifications are made to ensure that operators will feel supported
and important, that the job is coherent, and that it will fit into a
reasonable authority and social structure. Depending on test results
(Steps 4 und 5), elements of a preferred man-machine design are provided
for systems engineering (Step 6) or are fed back to other steps of the
design process. Finally, if any function hypothetically allocated to
automation proves technically infeasible, it is looped back for reconsid-
eration (Step 7).

.

1.2.3. Implementing the Method

*
flaving identified the hypothetical-deductive model as a concept, the next
step is to make it an operational method by relating it to the normal
design practice.

The detailed methodology developed by BTI for the allocation of functions
is designed to be applied during the original design of an NPP system or
during the development of a desi n modification. This methodology is anE
operational form of the hypothetical-deductive model, and it fits easily
into the iterative cycles of inventive hypothesis, integration, and test
which are features of good design practice. The method is described (in
Sects. 2 and 3) in terms of 26 steps, steps normal to systems design
which are linked to the allocation-of-function decision. The method is
not intended to be prescriptive, but is adaptable to the many variations
of design practice in industry.

It was considered useful to develop a means by which the methodology
could be applied to evaluate the allocation of functions in existing
designs (including existing NPT control rooms). Such a method was devel-

,

oped and subjected to a preliminary test, which is reported in Sect. 4.

*1.3. REPORT OUTLINE

This report consists of seven sections and three appendices: Section 2,
" Defining the Problem," reports lessons learned during research, defines.

the terms to be used, and describes significant characteristics of the
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design process which affect the allocation of functions. Section 3, "The
Design Process," outlines that process in terms of 25 steps plus the data
base (Step 26). It explains how allocation-of-function decisions are,

embedded in other design decision processes. Section 4, "The Allocation
of Functions," expands on Steps 11 and 19 (see Sect. 2), in which an
allocation of functions is first hypothesized and then tested.

, ,

Section 5, " Evaluating an Existing Design," describes the procedure for
evaluating an existing control room or NPP design. Section 6, " Quantify-

ing Goodness of Allocation," describes a procedure for formulating a
quantified score--a " goodness of allocation" rating of either an existing
design or a design under development. Section 7, " Conclusions," summar-
izes the conclusions of this study and identifies useful directions for
continued research.

The three appendices contain reference materials and tabular data which
may assist designers in performing an allocation of functions.

;

*
.
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2. DEFINING THE PROBLEM

.

This section discusses a series of problems which confront the designers
of systems, with special emphasis on the allocation of functions in the
design of NPPs. Some of these problems are familiar ones with recognized,

solutions, requiring only adaptation to the nuclear power industry.
Others are problems for which there are no generally agreed solutions, or
which have not even been identified as questions.

This section might have been called " lessons learned," because it reports
what was discovered during two years spent developing a method for allo-
cating control functions to man or machine. This section defines the
problem of allocating functions, discusses some issues involved in that
problem, and clarifies the terms used in this report. In addition, it
will describe certain basic principles of complex systems and of the
system design process. These principles, although sometimes not recog-
nized or fully understood, are essential to the making of appropriate
allocation decisions during design.

In general, our concerns are for the allocation of process control func-
tions and tasks to man or machine, and especially the NPP control room,
which is a specialized case within process control. In designing a con-,

trol room the operational question is whether control actions shall be
automated or manual; in most cases both man and machine are mutually
involved to some degree.,

2.1 DEFINING ALLOCATION OF CONTROL FUNCTIONS

What does the phrase " allocation of control functions" mean? The surface
answer is obvious: In any process control system the operator is
required to do certain things and certain things are done automatically.
Allocation of functions is the apportionment of the control functions,
which is determined by the design of the plant and the control system.
It is of ten an issue when human problems arise.

The design procedure in which the allocation-of-function methodology is
embedded represents an extension of the practices found in other process
control industries. There is, for instance, a system analysis taxonomy
by which functions of a projected system are allocated among four

men, data (computer programs and procedures), equipment, andresources:
facilities. Such a taxonomy is a useful one where it applies to whole-
system design. In the control room, however, the facilities are mostly,

predetermined and data, not being independent of other resources, resides
variously in man, in software, in documents, and in instrumentation.
Furthermore, system analysis taxonomy does not provide tools for deciding,

the central question of whether logical functions shall be performed by
human cognitive function or by automated system logic. When used in this
report, therefore, the phrase " allocation of function" will mean specifi-
cally the allocation of control functions or tasks to man or machine in a

|remote process control operation. I

11
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2.1.1 Allocation is a Visible Problem

Designing existing systems adapted for human control requires more ef fort |,

than pure equipment design. Design decisions originally made on engi- |
neering grounds alone become fixed in hardware and software, and may
limit the flexibility of the human role. With automated functions, human ,

operators may be unable to observe the process or to exercise useful l

control. To the obverse, they may be required to perform chores that are l

unnecessary or tasks for which humans are poorly adapted. To a large
extent these design oversights occur because during the design phase no
explicit consideration was given to which functions should be allocated
to man and which to automation.

2.1.2 Allocation is Part of the Design Decision Process

Once a design engineer selects a tentative engineering design for any
part of the plant, it includes certain implicit or explicit control
requirements to control of f-on conditions, to alter configuration, or to
change engineering parameters in order that the plant can perform its
mission under all conditions. As a next step in design, someone must
decide whether the required control should be manual or automatic.

*
In conventional design practice that decision may of ten be reached by
default. Many designers, not being consciously aware of the decision,
proceed to design controls based on past practice or on purely equipment
engineering considerations. When designers do consider automation as an *

option, the tendency is to automate all functions which are easy to auto-
mate, including tasks which may be better done by humans. There is a
corresponding tendency (at least statistically) not to automate those
tasks most burdensome to the operating crew. The needs and characteris-
tics of man are seldom considered unless the designer has had personal
experience as an operator. At best, the question is usually addressed
intuitively rather than systematically.

2.1.3 Allocation Defines a Subsystem Interface

Industrial systems can be considered to consist of two major elements: a
mechanical subsystem (the plant) and a human subsystem (the organiza-
tion). The plant is established to perform an economic mission (generate
electricity). The human organization provides direction, control, and
maintenance.

*

Within that system, allocation of control functions defines the boundary
between the things done by man and those done by machine. In general,
it is our objective to m2ximine the proportion of the mission accom-
plished by the machine. That is the purpose of machines--to unburden *

man, and to increase his productivity. There always remain things, how-
ever, which man should do himself, either because he does them better,
because he must retain control, or for other reasons which will be exam-

.

ined later. Allocation of functions is the logical step in system design
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at which to draw the boundary between the mission of the physical plant
and that of the operating crew.

,

2.1.4 Allocation in an Invention Process
e

Control function allocation requires invention, as do other elements of
system design. Each design decision is composed of three closely inter-
acting parts: (1) an engineering system decision, (2) a human system
decision, and (3) an allocation of functions decision. The engineering
system decision identifies specific hardware to accomplish a function;
the human system decision determines who will operate the hardware; and,
finally, the allocation of functions decision determines which control
actions will be performed by man and which by machine.

The three parts of the design decision are made as inventive hypotheses.
In all three the designers call on their knowledge of past technology,
compare it to a present problem, and hypothesize that a particular solu-
tion will solve the problem.

2.1.5 Allocation Responds to an Engineering Hypothesis
*

The steps in the design process that follow represent an extension of the
traditional approach to system design taken by the process control indus-
t ry . The feedback path which encourages iteration towards an optimum

*

solution, in particular, has been made explicit. The approach shown also
attempts to mimic in a macrocosmic sense the microcosmic pattern of indi-
viduals engaged in inventive design, although the process in an individ-
ual may occur more as a parallel activity than as the serial process
outlined here. This evolutionary process is purported to be realistic
but not necessarily an optimum one for all systems. Experts disagree on
what should be the ideal pattern for the system design process.
Figure 2.1 presents the follow:.ng logical steps in design hypothesis:

1. Mission Requirement. The specification of the systems and the state-
ment of overall objectives in function-oriented language (as con-
trasted with hardware language) must already exist in a documented
form prior to this step. In this step, then, these objectives become
embodied in a requirement to perform the functions necessary to
accomplish the plant's mission. The authors, however, agree that a
purely functional statement cannot exist without some implied hard-
ware hypothesis.

| e

2. Hardware Hypothesis. The systema engineers and design team hypothe-
size that a certain engineering solution can perform the functions
under consideration. ,This solution is selected from analogous past' ,
technology modified as necessary. To allow maximum latitude for
design innovation, the hypothesis is stated in general rather than
component-specific terms. The lower limit to the| specificity of the
hypothesis is difficult to state explicitly and must be lef t as a

,

judgment to be made by the team.
>

?
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3. Control Requirenc3ts. The mission and the hypothetically selected
hardware impose sertain control requirements, which are estimated.

.

4. Allocation of Functions Hypothesis. The designers hypothesize that
certain control interventions will be made by a human operator and
others will be made by automation.,

.

5. Automation Task Requirements. Control interventions allocated to,

- \ automation become automation requirements, and must be added to the
hardware hypothesis.

6. Operator Task Requirements. Control interventions allocated to man
become operatorLtask requirements.

7. Human Organization Hypoth'enis. A human organization is hypothesized
to meet support requirements of the operating crew. This includes
supervision, control room crew structure, training, etc.

8. Feedback. If an acceptable human organizatica cannot be~ hyp~othe-
sized, the hardware hypothesis must be modified. This iteration
is not optional but is a necessary part of the process.

.

These eight steps are logically sequential. In fact, the steps are*
closely interlinked and may seem to occur as an effectively simultaneous
decision. 'This does not alter the fact that the hardware hypothesis
affects the content of all subsequent steps, as is the case when the

*
designers adapt a well-tested existing (analogous) technology. They call
on historic experience, which includes not only information about the

'

capabilities of the hardware, but also precedents for the allocation of

control functions and experience with the human organization.
.

2.1.6 Allocation is Implicit in Hardware
,

The engineering subsystem (the plant) is defined by the sum of the hard-
ware hypotheses which surviveidesign review and are incorporated in the
flualesystem design. Similarly, the human subsystem (the organization)
is defined by the sue of the'-human hypotheses which survive and are
: incorporated in the final human factors plan. At that point, the three

'

. elements of a system design are present: an engineering subsystem, a
human' factors subsystem, and an allocation of functions between them.
Embodied in them are the control allocations chosen. In the human sub-

_ system, allocation of func'tions determines the Gperator task rer,uirements
- which the human subsystem artisfies; in the engineering subsystem it- _ ,

-generates the control requirements and automation capabilities.
, s

The human subsystem design may or may not fully reflect the1 allocation of '
m

' *'
functions, at least as-observed from outside that system. But once the

'

'Ldesign is conceptualized, the allocation of functions is completely,A

implicit in the engineering subsystem. That system (which includes
instrumentation and controls) determines whether a control function will
be performed automatically or by man. This becomes a limitation on the
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system more difficult to change than if it would leave arisen from the
human subsystem.

.

2.1.7 Allocation Drives Human Factors Requirements

.

A decision to allocate a function must also be accompanied by an analysis
of the secondary consequences of that allocation. If a function is allo-
cated to man, that allocation will drive requirements for operator selec-
tion, operator training, and procedural documents. The later development
of selection, training, and procedural documents is an assumed condition
for the decision. The allocation will not work unless those conditions
are fulfilled, and their cost and feasibility are considered in making
the allocation.

2.1.8 Allocation Documentation

In conventional practice, the engineering subsystem is usually documented
in its final form by drawings and specifications. In contrast, the human
subsystem is often less well documented, which may reflect a lack of
attention to human factors design. The allocation of functions usually
is not documented at all, either because allocation decisions are not now

,

made in a deliberate way or because the designers do not recognize allo-
cation as an important question.

*
To provide for analysis of allocation decisions and develop a base for
future decisions, it is essential to fully document the allocation pro-
cess, including alternatives, criteria, and final decisions. Although
allocation is completely implicit in the engineering design, the reason-
ing behind each decision and the options which were rejected are not
discoverable from that design. Allocation data will be valuable later,
each time the eng'aeering team detects a problem in design hypotheses
and thus must reconsider the earlier design steps; this necessity recurs
constantly. For the same reason it is also desirable to preserve
selected historic records of the engineering and human designs, records
which in the nuclear power industry are usually discarded too soon.
Documentation will be discussed in more detail in Sect. 2.8..

2.1.9 What Allocation is Not

The allocation of functions is only one of many steps in the design
sequence. It does not include some other issues with which it may be

,

confused. These include:>

1. Interface Design: The design of ce rols and displays depends on
*

clearly specified operator task requirements (Fig. 2.1, Block 6).
These requirements follow from the allocation decision and are
greatly assisted by a clearly documented allocation, but the actual
interface design is a separate set of decisions.

, _ _
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2. Automatic Control System Design: This separate step also uses the

automation task requirements which result from allocation.
.

3. Human Factors Engineering: Allocation of functions supplements human
tactors engineering and uses the same professional skills but does
not replace it. Human factors support is a separate and continuing,

requirement during design.

4. Job Design: Job design is the separate step by which human tasks
are allocated to particular job positions. It is part of the human
subsystem design.

5. _ Component Selection: According to some of the design literature,
allocation of functions is considered to consist only of selecting
system components in reference to human capabilities and limitations.
This is an insufficient view of the problem. This view may result
from too specific statements during the allocation decisions.

6. Maintenance: A system in operation requires two kinds of interven-
tion by man: control and maintenance. Although this report is
restricted to the allocation of control functions, allocation of
maintenance is no less important. Treatment of maintenance alloca-
tion requires a separate and substantially different approach.

,

2.1.10 Summa ry
.

Allocation of functions should be a logical step in the process of system
design, a step in which an interface is created between the control
responsibilities of the engineering subsystem and those of the human
subsystem. This step should define requirements for automatic control
equipment and human operators. Once a system is complete, the allocation
of functions is implicit in and bounded by the hardware design.

Allocation is invented along with the design (subsystem) engineering and
human subsystem designs. Preservation of records tracing the logic
behind allocation decisions is a necessity because those decisions must
be reconsidered frequently during the design process.

2.2 THE DESIGN PROCESS

Economic requirements are generally the driving force in system design,
although in some systems (such as aerospace) a social requirement may,

supersede the economic one. Designers must invent a new system to meet
that requirement by adopting elements of existing technology, and then
proceed by repeated cycles cf hypothesis and test. First the gross ele-,

ments of the system are hypothesized; those elements are then decompo' sed
into subsystems, developing and elaborating detail with each cycle of
hypothesis and test. Hypotheses are rejected when they prove infeasible
or in conflict. Once the system has been hypothesized and tested at the
component level, the design is complete.
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2.2.1 Invention

|Design is a process of invention even when, as is f requently the case, a .

new design is nearly identical to a prior design. It appears that no
matter how originial a new deign may seem, the invention of it proceeds
by a process of resynthesis and adaptation from existing technologies. ,

Invention is the process by which hypotheses are formed that postulate a
possible system solution to the requirement and to each of its supporting
functions. Invention provides hypothetical solutions for each of the
three elements of a system design: (1) a hardware solution, (2) an allo-
cation of functions, and (3) a human solution.

2.2.2 Process Sequences, Subsystems, and Plant States

A plant achieves its objectives and thus meets the mission's requirements
by a process of functional sequences. To perform those sequences, the
subsystems of the plant are configured through a series of distinct oper-
ational states that correspond to the required functional sequences. For
instance, an NPP must be able to assume (among others) a refueling state,
several power generation states, and several shut-down states. It must
also be able to assume emergency, maintenance, and test states which may

*

actually be substates.

The state analysis begins by hypothesizing (1) the major process
*

sequences, (2) a suf ficient set of subsystems to perform those sequences,
and (3) the states (including transitional states) that the plant is
required to assume. These are the elements of the requirement. Addi-
tional control requirements will be discovered by further hypothesizing
the control interventions needed to maintain stable states, and to
achieve transitions from plant state to plant state, including emergency,
test, and maintenance states.

2.2.3 Hypothesis and Test

Design decision proceeds by a repeated. cycle of hypothesis and test, as
has been noted earlier. For each element of the requirement, the design-
ers formulate a hypothesis concerning the engineering solution, the allo-
cation of functions, and the human solution. They then test these
hypotheses in a number of ways. They test for completeness and consist-
ency of the match between engineering and human solutions, for engineer-
ing and human factors feasibility, for consistency between subsystems,

,

for cost, and by system simulation or other empirical tests. More often
than not, these tests reveal weakness or error in the initial hypothesis.
Cycles of hypothesis and test continue until a sufficient system-wide set

'

of hypotheses is achieved.

2.2.4 lteration

Engineering design is recognized to be an iterative process, during which
an cptimum design is achieved only after many cycles of preliminary

-.
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.

design, test, and modification. Design of the human component in a man-
machine system likewise should be an iterative process. We actually know

* . less about human performance and human materials (which are more vari-
able) than about engineering performance and materials. It follows that

an optimal allocation of functions during design does not result from a
one-time decision. Instead, the allocation of functions requires<>

repeated effort, concurrent with each cycle of engineering and manpower
subsystem re-design, throughout engineering development and continuing

,

during the life of a system. Each cycle of iteration should result in a'

reduction of errors and an elaboration of detail.

2.2.5 Elaboration of Detail

As suitable hypotheses are deve30 ped for the gross elements of design
(major subsystems and processes), those elements are decomposed into
their subelements, which are in turn developed in detail by hypothesis
and test. Each iteration of hypothesis and test provides a further elab-
oration of detail until the plant has been defined to the component
level. This report, however, does not address allocation of control
functions at the component level but rather with " functional design," an
early phase of design (see the discussion of levels of design in
Sect. 2.3.6).,

2.2.6 Expert Judgment
,

As the design process continues, detail and specificity increase. The
performance of humans and of components is stated specificially in terms
of their characteristics--what they require as inputs, and what they
produce as outputs. But in actuality, practically all design hypotheses
depend not so much on quantified data as on expert judgment, which in
turn may be highly subjective. This is true because there are too many
variables interacting, because time constraints do not permit in-depth
analysis of options, and because many of the variables are in fact not
quantifiable.' For instance, there is always a distinct uncertainty
about when, how, and why even a proven component will fail. A great
uncertainty remains about the system-wide consequences of a component
failure. And each time a previously undemonstrated technology is intro-
duced, these uncertainties increase. _Therefore, to an extent that
designers may be' reluctant to admit, all design depends on the continuous
exercise of expert judgment and on experience, if not intuition. This is
true particularly-during the early stages of system development.

*
,

2.2.7 Analogous Technology

*
As was suggested earlier (Sect. 2.2.2), all invention or system design

proceeds by the adaptation or resynthesis of previous technologies. This
is true at both_high and low levels of innovation, where innovation may.

be represented on a one-dimensional continuum.
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.

At the lowect. level of innovation the desi ners simply reproduce portionsd
'

of a previous design, adapting it only enough to fit into the scheme of
-the new system. In such cases there is probably ample data on the empir- .

! ical performance of the equipment, and perhaps even anecdotal data on its
,

human factors suitability. But even with a proven design there are some '

uncertainties. - There are likely to be unexpected mechanical interactions .

between portions of the new system, and there may be unexpected humant

problems, due (for instance) to perceived control inconsistencies between t

subsystems of the overall design. Some of these problems can be pre-
1

dicted by mathematical analysis and simulation. But in general it is the
designers'' experience with prior designs--with analogous technology--that
tells them where to expect problems in adapting proven technology to its

i new system setting.

At the highest level of innovation, designers occasionally develop com-4

#

pletely new applied technologies, previously known theoretically or as a
laboratory phenomenon. During the 1950s, for instance, most of the mod-
een reactor types went through this process. In such cases the number of-
unknowns is enormous, and the designers must certainly depend on their
general experience with analogous technologies in order to predict the3

performance of a uniquely new design. They must do this at the component
level, at the level of system interactions, and at the level of interac-
tion between the equipment and humans.

.

Analogous technology makes expert judgment (Sect. 2.2.6) an effective
i.

basis for decision. Expert judgment is based almost wholly on, and is ,

~

calibrated by, expert experience with analogous technology, human and
machine.

i

1

2.2.8 . Elements of System Design

The design process outlined in Sects. 2.2.1 through 2.2.7 defines the
functions of a new system, and for each function develops the elements of
design: (1) a hardware solution, (2) an allocation of functions, and
(3) a human solution. At the whole-system level, these elements are
summed to form the elements of a system: (1) an engineering subsystem,

, , (2) an allocation of functions, and (3) a human factors subsystem.

;

2.3 THE SYSTEM APPROACH
a

i . Previous paragraphs have suggested a distinction'between " design" and
i - " system design." As used here, system design refers'to a modern indus-

..

trial design concept most widely known for'its use in government procure-
! . ment procedures. System design refers to the formalized use of a set of

rather ordinary logical practices in design.. These' include precisely .

stated objectives; integrated plans for all engineering and human subsys-<

*

tems; timed delivery' schedules; central management; and planning to opti-
I - mize costs, rtsks, and benefits for the full life cycle of the system.

These practices have always been features of good management. They were
formalized in the 1950s for defense systems development, with the i

,

_ g :,.+ r -,. . , . . _ _ . _ .- ,- + , , . , , , , ,.m . ,. .-
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objective of controlling costs and assuring that the required elements of
a new system would come together at the proper time for operational use.*

* This doctrine is now documented in D0D Directive 5000.1 (ref.15) and in
numerous supporting regulations.

Features of the system concept which should be (but sometimes are not)*

recognized in NPP design include the following:

2.3.1 Stated Objectives

Clearly stated objectives are derived from the system-level specifica-
tion. Such objectives should be relatable to system functions. Further
analysis and design will respond to them.

2.3.2 Defined Subsystems

The system is described in terms of its subsystems. The major subsystems
can be grouped as the engineering subsystem (plant) or the human subsys-
tem (organization). These, in turn, include subsystems such as the
training program, procedures, simulators and training facilities, fuel
supply, and spent tuel disposal, plus the conventionally recognized engi-.

neering subsystems (reactor, steam generator, etc.).

e

2.3.3 Target Dates

In the nuclear power industry target dates are often perturbed by regula-
tory and other delays. Nonetheless, it is essential to plan so that

~

trained staff and developed subsystems can come together at dates
required by a development plan. System planning normally uses a formal
procedure (PERT, Critical-Path Method) to coordinate the interdependent
subtasks of design and development.

2.3.4 Interdisciplinary Teams

Large systems are designed by teams of specialists, and .their coordina-

tion becomes vital in order to avoid wasted effort and to ensure that all
subsystems are able to interact consistently. This coordination is pro-
vided, first by active central management, second by formal' eross-
consultation between teams, and third by requiring interdisciplinary team

.

'. * Elements of a military system include the timely availability of
prime mission equipment, munitions and supplies, logistics, operating
crews, maintenance personnel, a training support system, communications,
spare parts,,and all other support equipment needed from initial develop-
ment to retirement of the system.

-- . . - , ,
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membership (and here human factors consultants should be present when
control design is being considered). Finally, good design documentation
records the process and products of the team efforts. .

2.3.5 Design Documentation
,

The value of a documentation system will be treated in detail in
Sect. 2.8. Suffice it to say here that, to be effective, the documenta-
tion system must be formal, must use common terms and conventions, and
must-be available for access by all designers at all times. Use of the
documentation system should be enforced to ensure that its data is always
timely regarding each subsystem under development. Selected historic
design data should be preserved. Such a data base can be effected by
computer technology and integrated into design by computer-aided engi-
neering (CAE) and computer-aided design (CAD) systems.

2.3.6 Functional Design and Developmental Design

Design theory recognizes that a new design evolves through several phases
of progressively greater completeness and detail. These phases are usu-
ally described by terms such as " concept investigation," " system analy-
sis," " experimental development," " breadboard design," " advanced design," *

" full-scale design," " final design," and so forth. Here the authors
distinguish only two levels: functional design and developmental design.

*This report deals only with functional design, which is that phase of the
design sequence during which the major functions of a plant are identi-
fled and are assigned generalized design solutions, including a general-
ized allocation of control functions. Similar procedures and principles
will apply during developmental (component-level) design, but the termi-
nology is somewhat different and new issues will arise during that later
phase.

4

2.4 DEFINING A FUNCTION

For the allocation process to work, an operational definition of a func-
tion is necessary. This has already been suggested in Sects. 2.1 through
2.3. Functions then are what the plant'does to achieve its mission, and
they are defined operationally during the process of designing the plant.

2.4.1 A Function Provides an Interim Product
.

- A function, as used here, is'the capability of specifted subsystems to.

produce a specifiable final or interim product, a capability which is
*

useful to consider as a unit during early design. All functions of the
plant taken together should be~ sufficient to carry out the plant's normal
and emergency missions.

/

Function products can be either material or informational. For instance,
we.can define the functions " produce steam" and " achieve criticality;"

i

e - - ,
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these are material products. We can also define the functions " display
reactivity data" and " keep the grid dispatcher informed;" these are
information products.

,

2.4.2 A Function Exercises Subsystems
.

Each function is performed by exercising one or more subsystems or compo-
nents of the plant in specific configurations. For inatance, " produce
steam" exercises the reactor, the steam generator, the pressurizer, the
feedwater system, and the control system, each in one or more operating
configurations. However, for two reasons a function cannot be defined
solely by the subsystems it uses: First, many subsystems serve more than
one function, just as the feedwater system supports both the functions
" generate steam" and (indirectly) " cool the core." Second, functions are
defined in part by the plant states they employ or support.

2.4.3 A Function is Performed Under Specific Plant States

A function is further defined by the set of plant states under which Lt

is performed. A plant state is a specific configuration of the plant and
its process parameters. Thus " produce steam" may be performed under
several normal and partially degraded operating states, as well as some*

non-operating test states.

-e

2.4.4 Function Products Can Be Necessary or Accessory

The interim products which a function produces are necessary if they are
part of the minimum set essential to operate the plant accessory or if
they are useful but not essential. In fact, it may be useful to distin-
guish three principal categories of function as defined by Price, Smith,
and Behan (ref.16). These functions are multiplicative, additive, and
control. This classification is based on an assumption of two serial
requirements in system development: The first is to specify the toler-
ance limits within which the system must remain, and the second is to
maximize the reliability of the system within those limits.

1. Multiplicative Functions. Multiplicative functions are required for
normally stable system performance. Reliability is an additional and
different consideration. Thus in an extant system one can identify
multiplicative units by considering each unit in the system individu-
ally and asking whether it would be possible to obtain the system

*
. output if the unit were deleted. For most complex systems, it will
be possible to delete many units without making the system output
impossible. Those units which prove necessary to the output of the

* system are called multiplicative.

1

2. Additive Functions. Additive functions are included to improve sys-
tem reliability or product quality. Reliability of complex systems
is obtained.by two general methods. The first of these is the use of

i

1
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inherently reliable components within the multiplicative or prime |
system, and the second is the inclusion of additive functions which
can return performance to normal limits whenever performance of the

,

multiplicative system goes out of tolerance. For example, emergency
power supplies provide additive functions. Additive functions may
also include other features not directly related to performance, such

,

as safety, confidence, information, and data filtering. It may be
said of additive functions that the final system output may occur
even if the output of any such function does not occur.

3. Control Functions.

n. Essential control functions. Essential control functions are
multiplicative functions as defined above, including those
control and display functions which are exercised in the princi-
pal or most usual modes of control.

b. Accessory control functions. Accessory control functions are
additive functions as defined above, including those display and
control functions which are themselves additive--controls and
displays which are redundant or provide alternative modes for
control.

.

2.4.5 Functions are Defined by Progressive Partition and Invention

Functions are defined by partitioning the system into sets of hypotheti- *

cal functions (see Sect. 2.2) and then attempting to invent the elements
of design for each function. The functions of a system have been opera-
tionally defined and the functional design phase (Sect. 2.3.6) is com-
pleted when the plant has been partitioned into elements for which it
proves possible to provide a satisf actory hardware solution, an alloca-
tion, and a human solution, and when the functions are defined at a sat-
isfactory level of detail.

" Satisfactory" levels of definition and detail (which the design team
must decide) are levels which provide sufficient information to begin
developmental design and component selection. Ordinarily, the functional
design phase continues until it is no longer practical to further parti-
tion the functions. This is desirable because better designs can be
achieved if options are kept open by not selecting particular components
until a highly detailed functional design is complete.

2.4.6 Functional Decomposition bby Not Be Unique *

Obviously, most systems can be partitioned into functions in more than
one way. Usually more than one set of definable functions could meet the *

mission requirement. Some of these may be better than others, but none
are wrong if they produce a system that meets the objective. Thus the
best set of defined functions is the one which is most useful in the
design decision process.
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2.4.7 A Function as an Artificial Construct
,

Each function represents some hypothetical capability (an included,

interim product) of a future plant, a capability which may some day be
made concrete in working processes and components. Those detailed pro-
cesses and exact components are not known early in the design process.

*

Defined functions provide an artificial construct by which the designers
can deal with the processes of the plant while the plant's exact struc-
ture is still being determined.

2.4.8 Keeping the Solutions Out

Restating: (1) a function is defined by partitioning the processes of a
future plant into subprocesses, each of which produces an interim prod-
uct; (2) a function is defined operationally by an interaction between
two hypotheses--a hypothesis about the mechanical subsystem (the hardware
hypothesis) and one about the human subsystem (the human hypothesis).
This reference to a hardware hypothesis implies that the designers will
form an early hypothesis about the design of equipment. In fact, Sect. 3
will expand this logic by describing how the designers begin by hypothe-
sizing an engineering solution to which later steps react.

This appears to contradict some experts in the field of system theory who*

emphasize that designers should keep their options open by not selecting
the particular means by which a function will be accomplished. It is
said that designers should " keep the solutions out" until the functional-

design is complete. Functions, it is said, should be specified only in
abstract terms or in terms of inputs and outputs.

This guidance is considered somewhat unrealistic. It seems neither prac-
tical nor desirable to consider functions as totally abstract subpro-

In fact, humans cannot think about future capabilities except incesses.

terms of past technological experience. Real-world design occurs by
adaptation from the past. It rarely makes great leaps of invention, but
creates by adaptation, exception, and improvement to the capabilities of
prior technology. So it is permissable, potentially useful, and even
inevitable that, having defined a function, the designers will immedi-
ately begin to hypothesize its engineering solutions. To retain flexi-
bility of choice, however, engineering solutions-should be described in
general (not specific equipment) terms.

2.5 THE MULTIVARIATE SETTING<

,

Men and machines working together in systems represent an activity too
complex to be completely described, even by expert analysis. -In each

*

man-machine transaction a great number of mechanical, perceptual, cogni-
tive, and other variables are at work, with no two transactions being the
same. As a result, no simple algorithm or decision rule is currently
achievable by which the categories of control transactions can be classi-
fled or the allocation of functions decided. In other words, "there is
no cookie cutter."

, .._ .
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Instead, the decision to allocate functions is characterized by the fol-
lowing features:

*

1. Not all variables can be identified.

2. Of the variables identifiable, many cannot be measured practically.
,

' 3. Most decisions are perturbed by value judgments: cost versus safety,
safety versus power production.

4. Most decisions require statistical assessment of probability in ref-
erence to risk, future equipment performance, and future human
performance.

5. Engineering predictions can be based to some extent on mathematical
analysis. By contrast, there are few reliable equations or quanti-
fled data to predict human performance (see also Sect. 2.6).

6. Even engineering predictions must finally depend on expert judgment
(Sect. 2.2.7).

,

As a result, decisions to allocate functions can often be made only by an
exploratory process in which the final basis of choice is expert judg-
ment. From this perspective, the allocation of functions resembles other *

decisions in engineering design.

-

| 2.5.1 Professional Judgment

Under these conditions, the system designers are ultimately forced to
rely on the judgment of informed professionals. At each step in the
allocation process some limited quantitative information can be provided
which may include information about expected engineering performance and
the control demands which engineering imposes, but even this is epecula-
tive because the system does not yet exist. Human performance can be
predicted by analogy to past experience, as was mentioned earlier, but

the available data must be evaluated adainst the other variables and
unknowns, using expert judgment.

Professional judgment will be most effective if it is a consensus repre-
senting several disciplines. It is therefore suggested that these deci-
sions be made by a panel, which should include at least the following
features:

1. Documents and resources should be assembled beforehand. '

2. Minimum qualifications of members should be specified and enforced.

The panel should include a senior member _ who has broad system experi- -

ence; participation by human factors, engineering psychology, or
equivalent members; and participation by design engineering experts
from the specialized areas concerned.

. _ _ _ _ .- _
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3. Meetings should be formal and controlled by an agenda. The agenda
should assure that all decision steps (Sects. 3 and 4) are taken.

* 4. Formal records should be kept of alternatives considered, of deci-
sions made, and of the basis for decision.

* 5. A forced decision strategy should be employed when necessary to speed
functional design. Experts on group interaction encourage consensus
on decisions to preclude the alienation of individual participants.,

2.5.2 Analogy to Known Systems

A useful source of information for these tasks will be experience with

analogous systems. This, after all, is the source of all design data,
predictive or speculative. Analogous systems will be particularly useful
when records or anecdotal data concerning human performance in those
systems are available. Unfortunately, such data have usually not been
recorded, and the design team may have to rely on the personal experience
of its human factors members (see Sect. 2.2.8).

2.5.3 _ Operator Experience
.

Potentially the single most useful source of information is the past
experience of operators. Experienced operators should be present on the
design team, as well as available for consultation as subject matter-

experts (SMEs). The value of operator experience will vary, depending on,

1 the quality of the people available and the degree to which their experi-
ence has been with systems analogous to the one being designed. However,;

operator experience will be observational only, with little theoretical,

I speculation.

2.5.4 Forced Decisions

In dealing with many variables, the consensus of a team is more reliable
than any single judgment. Therefore, allocation of functions should be
performed by a multidisciplinary team (Sect. 2.5.2).

A team, however, can be cumbersome if required to actually agree on every
point. _Several hundred separate decisions must be made during each of
several iterations of the hypothesis-test cycle, and it is more useful to

* '
make decisions rapidly and test them repeatedly than to seek perfection
in each decision. Thus it may be more expeditious to use an authoritar-
ian procedure in which a group discussion is followed by a brief effort
to reach a consensus, but concluded, if necessary, by the team leader
prescribing a decision. Care must-be exercised to prevent this procedure*

from alienating individual team members.

- .- . , =. .
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2.5.5 The Methodology

Section 4 describes a methodology for the allocation of control functions
,

to man or automation. Present practice permits the allocation judgment
to be overlooked altogether or to be made by unqualified persons without
using available information, without considering all aspects of the ques-

,

tion, and without reference to the rest of the ongoing design process.
! The methodology of Sect. 4 is designed to ensure that

1. All available information is gathered and made available.

2. The allocation decision is broken into its logical elements.

3. The allocation decision is the sum of several judgments, made in
a rational sequence.

4. Judgment is made by qualified personnel, by consensus when possible.

5. Each judgment is informed by an expanding body of analysis and design
data.

,

6. All aspects are considered.

7. Each judgment goes through several cycles of hypothesis and test. *

8. Allocation is closely responsive to other design decisions, and it
changes when those decisions change. -

,

9. A record is preserved for use during later cycles of redesign or
retrofit.

2.6 INFORMATION PROCESSING AND INFORMATION PROCESSING BEHAVIOR

In preliminary research for this project the authors found that several

methodologies _for allocation of functions have been reported in the lit-
erature or demonstrated in industry, but that none of these was directly,

applicable in the nuclear power industry. In general, this was for twoi

reasons: (1) the method assumed that extensive standardized data on
human performance would be available, data that actually do not exist, or
(2) the method was useful only in allocating functions for overtly4

observable psychomotor behaviors. No existing methodology could handle
the cognitive tasks which are the principal activity in process control

'

such as found in an NPP.
.

2.6.1 Process Control
.

Control requirements in process control are different from those in other
industries, as well as from those of the industrial settings where
applied psychology has.had its greatest success. To examine the differ-
ences, it seems useful to classify human tasks-into two major categories:

. _ _ . . . _ _ _ . . . . _ _
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1. Ergonomic Tasks. There are tasks which are primarily ergonomic. In
such tasks, the operator reacts to situational stimuli, using overtly
visible psychomotor responses which can be described and measured..

Included are tasks such as shoveling coal, piloting a vehicle,
typing, and using tools to repair equipment. While these psychomotor
tasks require the mental processing of information, they can be ade-.

quately measured from overt behaviors and immediate work products.

2. Information Tasks. These are tasks which take place primarily in the
mind of the operator. In such tasks, the operator observes equip-
ment, monitors instruments, compares, evaluates, predicts, remembers
condit ion s , and plans actions. When he acts, typically it is by a
verbal command or by momentarily touching a control. That action
does not reveal to the observer what the operator did in making the
decision, nor what he expects his action to do to the plant. Such
cognitive /information processing tasks occur in process control,
management planning, computer operation, labor supervision, military
intelligence analysis, and research. Cognit ive tasks are an increas-

ingly large proportion of all tasks in modern industry, but neither
industrial psychology nor industrial management are equipped to deal
with them.

The methodology reported in Sect. 4 is specifically adapted to the,

considerat ion of cognitive informat ional tasks. Specific analysis
tools are identified for dealing with such tasks, and, in particular,
the use of a formal cognitive model is suggested (see Sect. 2.6.2).*

In contrast to some earlier methodologies, the method recommended is
heavily dependent on expert j ud gme nt rather than quantified analysis.
This is perhapa undesirable, but it is made necessary by at least two
considerations:

e As was noted above, past methodologies failed because the quanti-
fied standard performance data on which they depended do not exist
and probably will not exist for many years. Those data that do_
exist are for psychomotor tasks only; quantified data for cogni-
tive tasks are almost wholly nonexistent.

Even if data existed, the number of operating variables and thee

complexity of their interaction is so great that no algorithim for
their analysis would be feasible, as was noted in Sect. 2.5.

2.6.2 Use of Information-Process Models
.

Plant functions which require cognitive tasks in control can be evaluated
using formal models of the information processing sequence. Three cate-
gories of possible models are shown in Fig. 2.2.,

1

1. Models of the control requirement. Block I of Fig. 2.2 represents
]possible models of the control requirement for a task or function. '

Given a general future engineering design, one might ask what control I

actions will be required to configure and control the plant in all |
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Fig. 2.2. Models involved in analysis of functions.
,

its normal and failure conditions. Given those requirements, it is

possible to model the actions which must be taken to acquire informa-
tion, formulate control decisions, and actuate controls. There is no
developed science for specifying such information, although it is
known that for each feasible control task there is an underlying

sequence of information processing steps which can convert sensor
data into control signals. Later provisional methods will be dis-
cussed for describing the control requirements of a future plant
function during early systems design.

2. Models of the automation requirement. For any control requirement

that is to be met by automation, there must be a sequence of automa-
tion steps which lead from input data to control signals. Block 2
of Fig. 2.2 represents possible models of this requirement. It is

possible to specify these in block diagrams, although it is difficult
to match the language of computer automation and that of system con- .

trol requirements (Block 1).

3. Models of the human performance requirement. Block 3 represents ,

possible models of human psychomotor and cognitive performance which
man must exercise to perform the control requirement (Block 1), or in
other words, actions paralleling the automated control process

(Block 2). It is important that these three models be mutually con-
sistent and valid as representationc of the control requirements.

_ _ . _ .__ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ ___ .-
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; The emerging science of artificial intelligence shows promise of
being able to map these three models in a common language. Mean-
while, a method of analysis will be proposed which begins with thee.

model of man. (Block 3) and uses the same language to describe the
: control and automation requirements (Blocks 1 and 2).

.

] 2.6.3 Recommended Model

To summarize Sects. 2.6.1 and 2.6.2, the use of cognitive / psychomotor
models has been suggested .as the means of analyzing control requirements5

j and providing a standard language to describe the steps in information
j processing. The model of system performance reflected by Fig. 2.3 is i

| recommended by the authors. The diagram shown contains three control
2 loops, a closed control loop between man and machine and open loops from
- and to the external system or environment. " Man" must be recognized to

include the control room crew, and " machine" to represent the NPP and itsi

] links to the electrical grid.

j 2.6.3.1 Core Performance Areas
1

This model can be re-expressed by the model of Fig. 4.3 in Sect. 3 ofi

1 this report. This model identifies eight core performance areas*

(re f. 14 ) . These core performance areas are recommended as a working,

taxonomy.to describe the steps which must be taken in order to process
i data from sensors to control signals, whether these steps are taken by.*
! man or machine.
,

2.6.3.2 Alternate Models,

h Future users of the methodology in Sect. 4 may wish to use other models
or' taxonomies. Those reported by Mertes and Jenney (ref. 6) and
- Rasmussen (ref.17) are possible alternatives. In addition, a summary of
cognitive models by.Pulliam and Maisano (in press, ref. 18) will offer a,

i range of alternate models. An earlier report by Pulliam (ref. 19) illus-
trates a-detailed method for dealing with information processing tasks at'4

j the developmental design level.

:
4 2.6.4 Mental Models -

:

An important related concept is that of the operator's mental models of,

the plant.. Such mental models must not-be confused with the "iuformation.
,3 process models" just described. The mental models are in fact maintained

in the cell labeled " memory," within the " man" block of Fig. 2.3.
.

|, The operator performing his control tasks develops a mental representa-
tion of the plant. . Reading the instrumentation, he refines his model ,

'

of the' plant's - current configuration, parameters, and dynamic state. He
uses his mental model to~ interpret the progress of the plant and to pre-

|' dict the plant' status at times in the near-future. He also uses his
. mental model to predict the outcome of a control action should 'it be

,- * -. *,y-++ py-yp - , y-
- -
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taken. and he plans control interventions accordingly. The more complete
and reliable the operator's model, the better he will be able to recog-
nize abnormalities, anticipate emergencies, and diagnose failure,

conditions.

It is therefore a major objective of the system designer to ensure that,

each operator can maintain a mental model which is at least adequate to
the decisions he must make. This means not only providing adequate
instruments and data displays; it also means ensuring that the operator
engages in activities which cause learning and enforce his attention to
the plant's operating states.

2.6.5. Cognitive Support

Should a function be automated (allocated to machine), a likelihood
exists that the operator or crew will be deprived of information concern-
ir.g the automated events. There should be, then, a requirement for spe-
cific means (a) to provide that information, and (b) to ensure that the
operator will assimilate that information. This is a critical issue in
the allocation of functions.

In manual operations, the NPP operator maintains his mental model of the
*

system, which he uses to interpret instrument readings, decide control
manipulations, and continuously predict system behavior by mentally
" running" the model. In an emergency, he uses his model to diagnose the

* problem and predict an appropriate control intervention, or even to
reconfigure the NPP.

As he works he continuously updates his mental model, keeping it current
as to system configuration and state. If he must personally decide on
control actions, he is automatically forced to update his mental model.
Across time and with experience this model will become progressively more
detailed and more finely calibrated.

When any segment of the control sequence is automated, the operator is
taken out of the loop. Even if good data displays are provided to inform
him, he will no longer be active and will revert to a monitoring role.
Man is not a good monitor; in that role he invariably learns more slowly
and maintains a less effective mental model, his attention may lag, and
he is less satisfied with the work and less effective in an emergency.

It is therefore an urgent condition of automation that we provide systems
for cognitive support to the operator. These systems must both (a) pro-*

vide the right data efficiently, and (b) actually require the operator to
interact with that data so as to maintain a well-calibrated mental model
of the system state.

,

2.6.6 Man-Machine Communication

A major need in automated systems is man-computer communications--that
is, a means by which (a) the operator can be kept aware of the system
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states even when computers exercise control, and (b) the computer logic

can be kept informed of human interventions and the purposes of those
interventions. ,

if these conditions are not met, the automated devices and the control

room crew may be working on the basis of different information, and they ,

will try to drive the plant in conflicting directions.

A common example of this failure is when a set point device controls a
parameter such as pressurizer level. If a minor loss of coolant begins,
the control device may begin to draw coolant from reserves. The operator
may remain unaware of the problem until it reaches an alarm level. He
may fall to take defensive actions. Finally, when the alarms occur, his
first response will be to manually initiate an increased flow from
re9erves, not realizing that the reserves are already exhausted.

2.7 THE TWO-VARIABLE DECISION MODEL

The question of whether a designated function will be better performed by
man or by machine is sometimes viewed as a single-dimensional question.
it is assumed that if man performs a task poorly, a machine will neces-
sarily perform it well. This is obviously not the case; there are tasks,!

*

such as low-speed sorting of objects by size, that both men and machines
perform very well. There are other tasks, such as multivariate value
weighing, for which neither men nor machines are well suited. In fact
each allocation decision requires two separate assessments, the effec- *

tiveness of man and that of a machine.

The relationship between these two assessments can be illustrated by a
two-dimensional decision space in which any task or function is repre-
sented by a point. The following text examines first the general charac-
teristics of the decision space (Fig. 2.4) and then a specific decision
matrix (Fig. 2.5) which can be drawn within the decision space.

2.7.1 Multivariate Dimensions

Allocation decisions are always complicated by multivariate judgments.
j As a result, the two major dimensions described are themselves multivari-

ate: (1) the effectiveness or suitability of man and (2) the effective-
ness or suitability of automation, in reference to a function or a set of i

tasks.- Each of these dimensions will sum many human or machine vari- {
ables. Furthermore, each will be an estimate--an attempt to realistic- J*

ally predict the performance of man or machine in controlling a future;

system, one which does not yet exist except in concept.

.

2.7.2 The Allocation Decision Space )
|

Figure 2.4 represents the decision space concerned, which is defined by
two dimensions. The horizontal (X) dimension (abscissa) represents the

- .

i
. - - - _
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relative effectiveness of man, scaled froa " unsatisfactory" at the left

to " excellent" at the right, and the vertical (Y) dimension (ordinate)
scaled bottom to top represents the corresponding effectiveness of a .

machine. The X and Y values of a point in that space will represent the
estimated probable effectiveness with which men or machines, respec-
tively, can perform a specified function or set of tasks, and the posi- .

tion of that point will prove useful as a means of deciding how the
function should be allocated.

At a gross level, this decision space can be divided into two areas by
the diagonal line U-E, representing the values of X/Y = 1. Any point in

the upper left area now represents a function best suited to a machine,
and any point in the lower right area represents a function best suited
to man. This distinction alone is not a basis for an allocation deci-
sion, since special conditions exist at several points. At the lower
left, for instance, in the area marked (U), are tasks which are not per-
formed well by either man or machine. Such tasks may actually be infeas-
ible or impossible to achieve safely. During the early days of flying,

a point in this area would have described the function of piloting an
aircraft. By contrast, at the upper right corner near (E) is an area in
which all functions are performed so well by either man or machine that
the allocation decision is largely a matter of choice. In fact, any

f unction defined by a point close to the diagonal line U-E is one for ,

which man and machine are equally well suited (or equally poorly suited).
Allocation of such functions can be based principally on criteria other
than the relative suitability of men and machines, viewed as engineering ,

components.

2.7.3 The Decision Matrix

The decision space of Fig. 2.4 can be redrawn as a decision matrix
(Fig. 2.5) containing five differentiated regions. The appropriate deci-
sion strategy for allocating functions is significantly different for
each region.

The matrix includes two regions shown as shaded, (U ) (unacceptable:
automation), and (U ) (unacceptable: h uman) . Functions falling in

hregion (U ) are too low on the " machine performance" scale to be consid-aered for automtion; they can presumably be allocated to man by default.
Conversely, in region (U ), any allocation will presumably be to machine.h
However, at the intersection of (U ) and (U ah), where
both men and machines perform unacceptably.h) is the region (Ua

This corresponds to the area ,

(U) in Fig. 2.4. Any function which falls in this region should be con- .

sidered for redesign or included in a system only as a final resort.
I

The regions not shaded in the matrix represent functions which might be ,

acceptably performed by either man or machine, with varying degrees of
advantage. In the region (P ) (Preferred: human), man is expected to beh
substantially superior as a control component. Functions in this region
will be allocated to man in the absence of other overriding considera-
tions. Conversely, in the region (P ) (Preferred: automation), alloca-

a
tion will ordinarily be to machine

_ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _
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Finally, there is the region (Pha), bounded by regions (P ), (P ), (U,),h3and (U ), and by the lines of constant proportional difference U-E andh
U'-E'. At all points in this region the dif ference between the expected,

performance of man and machine is not great. This is a region of less
certain choice so far as the relative control performance of man and
machine is concerned. In this region the allocation decision can be,

based on considerations other than the engineering performance of man and
machine as control components. The considerations include costs, worker
preferences, and the availability of proven design experience.

,

The matrix of Fig. 2.5 will be used during allocation of functions to

evaluate the merits of man or machine as control components. Any func-
tion planned for a new system will be evaluated for its estimated values

of expected man-machine suitability, and will be recognized as belonging
to the decision class which the matrix indicates. Note that no numerical
values are suggested for the dimensions of the matrix. Both the man and
machine performance variables (X and Y dimensions) are themselves multi-
variate parameters which resist quantification. In the absence of an
ability to scale X and Y, no reasonable values can be assigned to the
internal boundaries of the matrix. Furthermore, it must be recognized
that the matrix concerns only the question of which allocation is pre-
ferred from the engineering component point of view. The decision rules
suggested by the matrix may be overruled by considerations other than the

* relative effectivenss of man or machine, viewed as control system compo-
nents only. This may happen, for instance, for reasons of cost, legal
restrictions, worker preferences, or because of a technologic inability

* to construct a system using the ideal allocation.

This matrix will be encountered in a slightly altered form in Sect. 4,,

where the regions of the matrix will correspond to procedural steps taken
during the allocation of functions.

2.8 THE ROLE OF DOCUMENTATION

The design process requires communication between differing disciplines,
as well as an ability to preserve information. Essential to that commun-
ication la formal documentation, through which the designers refine their
conceptions and communicate across time and specialty boundaries. In the
nuclear power industry, documentation has often been underused, with the '

result perhaps that the disciplines were poorly coordinated and that the
same lessons have had- to be relearned f rom project to project. The use

_ of a formal design data base is recommended as a requiremont for the'

allocation of functions to man or automation.
.

2.8.1 The Requirements for Documentation
.-

Design in the nuclear power industry requires a substantial interaction
among disciplines and specialists, including design engineers, computer
specialists,. and human factors designers. There are actually several

-

different ' specialty teams which typically act more or less independently,

.- . - - , ,.
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or even as separate contractors. As a result, expensive misunderstand-
ings are frequant. Simulator developers sometimes design details of the
training simulator based on old data, long after control engineers have .

changed the real displays and controls. Procedure developers write and
publish procedures using control assumptions and terminology different
frem those being used by training developers and control board designers. .

These failures are expensive in terms of retrofit costs, as well as in ,

l

terms of the safety and ef fectiveness of the end system.

2.8.2 Over the Wall ,

The situation of ten encountered in the nuclear power industry resembles
;

that represented by Fig. 2.6, with the absence of the " Design Documenta-
t ion" box. Several design teams operate within their own respective
walls, with an exceptionally high wall between the designers of the engi-

,

neering and human factors subsystems. Too taany people are involved to
;
' permit direct communication; only a documentation system can provide

e f fective communication "over the wall."

In NPP design, the wall has been a more serious problem than in some
other fields. This is true because in the nuclear power industry docu-

mentation is of ten relatively informal or it is not preserved as the ,

design develops, a fact which hinders interdisciplinary planning. Good,
relatively stan.lardized documentation is necessary not only to an opti-
mized allocation of functions but also to design as a whole, and it will ,

be essential for recalling past successes and failures. Thus documenta- ,

tion should serve the following purposes:

e Mediate interdisciplinary communication. It should be written in a!

language and conform to a set af conventions that are reasonably stan-
dard and translatable among disciplines. This implies that there must
be some central direction of the documentation ef fort.

'
a

e Pe rmit access to data from the other specialities, and provide that
data at a time and place of the user's choosing. Each disciplinary
team should have continuous access to the current level of desiga as
conceived by each of the other teams.

e Provide a durable historical record. It should make possible the
ability to go back aad fully recall past decisions within any discip-
line. This implies that not only the design but also the rationale
for decisions should be recorded.

! .

e Provide continuity of effort and direction as people and design teams
change.

,

.

I e' Assist redesign and retrofit. It should provide both a detailed rec-
ord of'what is to be retrofitted and a record of the past alternatives
which were considered. but not selected.

,

L -

| Permit a , design to be . tested by deductive analysis, even though there! e
may as yet be no hardware to test empirically.

~

|
t-
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2.8.3 Complexity and Documentation

The design of relatively simple systems is feasible using relatively ,

informal documentation. This is true because fewer people are involved,
less time is required, and design leaders are able to understand the
entire system in breadth and depth. But as systems increase in complex- ,

ity people f rom more divergent specialities are needed, and the project
time span may increase. At some degree of complexity design becomes
infeasible without the support of a sophisticated documentation system.

,

Of course, maintaining a more sophisticated documentation system requires
a larger portion of each person's time. This is a penalty of complexity,

but the lost time should be repaid by the avoidance of costly errors.

2.8.4 Institutional Memory

Ef fectively allocated engineering designs result from institutional
experience with many earlier designs. That experience is stored in
(a) engineering documents, and (b) members of the engineering and human
factors professions. Failure to achieve reliable man-machine allocations
is attributable in part to the lack of institutional memory pertaining to
allocation of control functions. The lessons learned during each system

*

development are lost because they are not documented and they are not
shared by a body of professionals who assume responsibility for and
develop a special competency in making allocation decisions.

.

This suggests that the devlopment of criteria and method in this project
will not by itself solve the allocation of control functions problem. It
will not be possible to achieve optimum human factors designs (including -
judgments concerning the allocation of functions between human and auto-
mated control) until a corps of professionals and a body of historic

, documentation for human factors design in control systems comes into
existence.

,

Sections 3 and 4 will describe the requirement for a formal design docu-
mentation base. A minimum set of inputs to that base will be specified,'

and all decision steps will be e ercised using data from the design docu-
mentation base.

1

2.9 THE ROLE OF MAN

No matter how sophisticated or effective automated control may become, a
*

minimum role for man will always be necessary because machines exist to
perform man's work and must be controlled to that purpose. The designers

.

of a new system must agree at the outset on a general philosophy and on
*

| their objectives.regarding the role of man.
i-

!

|
|

i

4

-.



's a

_.

41

-

2.9.1 Theoretical Limit of Automatic Control

There is a theoretically imaginable level of automation at which a plant, i
~

|* once in place, is automatically brought into operation and produces power
~

at its design capacity throughout its entire lifetime without supe'rvis-
ion. This level is illustrated in Fig. 2.7.

, ,
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,

Fig. 2.7. States of a theoretical fully automatic power plant.

'

In this theoretical case, the plant goes through only three states: "in

place," " running," and " closed." Iluman intervention is required for only
two transitions: start.and stop. The. running state, " power on line,"
may include alternating states'of production and refueling, but these do
not require human intervention. The power levels and schedule for opera-
tion may be dictated by an autokated dispatch center so that the plant
may become' a lower element in the hierarch'y of a large-scale power dis-
tribution system.

'

Although social and technological boundaries may prevent the total auto-
'

mation of a power plant as described, the_ state approach used will be
expanded from this lower theoretical limit to a useful tool which will be.
used in later sections.

.

2.9.2 ' State-to-State Diagrams

To develop.a state-to-state-diagram more useful than that in Fig. 2.7,*
^

one which defines those states and transitions that are actually desir-
'

able, requires expansion' to show the minimum set of definable states that
j the plant should be~able to assume, as well as the minimum set of con-
'

trollable transitions 'that will be necessary at a desired -level of --

! -
,

I '

i

, - , ,

| .}
,
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,

achievable automat ion (the role-o f-man objec t ive) . The following ques-
tions may aid in the development of such a state diagram.-

.

e What must be controllable to meet human, economic, social, regulatory,
and management objectives?

'' .

e What oper4 ting states are required to meet the plant's requirements
during its life sycle?

e What test, maintenance, and re fueling states should occur?

e What degradod and railed 4tates may occur?
~

e What transitional states lie between the operating and degraded states
(including enw rgency trans it ions)?

e What is the maximum (theoretically) achievable set of automatically
cont rolled transact ions?

e What automatically controlled t ransitions are reasonable design tar-
gets, considering the role-o f-man object ives, the cost, and the cur-
rent state of automation technology?

This enalysis should lead to the development of a state-transition dia- '

gram resembling Fig. 3.5 in Sec t . 3.

.
~

2.9.3 Asymmetry of Roles

To assumo that the roles of man and automation are potentially equivalent
is misleading and potentially erroneous, even though there appears to be
super fic ial symmetry ( i.e. , most control and decision tasks can poten-
tially be performed either by a human operator or by an automated control
system). The.re may be dif ferences between the relative suitability of
man and machine for a given task, depending on such variables as speed,
feliability, precision, complexibility, and cost, but those dif ferences
may be quantit ative rather then qualitat ive. Up to a limit, allocation
to human or ' machine components can be selected much as selecting engi-
neering coqponent s: by comparing their relat ive per formance characteris-
ties to the requirements of the control tasks. In many cases, either can
be made to per form to specificat ion.

However, there are basic dif ferences between the ultimite roles of man
and machine as controllers. In fact, man and machine cannot undertake

fully equivalent roles even if, when viewed only as engineering compo- *

nents, they are equally capable of performing the task concerned. This
is true for two basic reasons: First, man must retain ultimate control
o f wha t he builds, and second, man must be kept informed whenever the *

machine assumes control. These reasons will be elaborated.

s

?

f
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'

2 .3.1 A Symmetrical Control Model'
~

_ . Figure 2.8 represents a hypothetical industrial process (a plant) and its
control system sin wSich man and machine are assigned symmetrical roles.
The7 plant (center) is governed by. controls (right), and its state is.
observable throdgh sensors and displays (left). The operator (top)
receives information from the displays and responds with control actions.
The consequences of control actions are detected through.. the dispisys, by
continuous feedback' Symmetrically an automatic control system (ACS)

'

(bottom) senses plant status and affects control.- :,

This is a potentially unacceptable relationship because the operator and
, _. - the'ACS are in competition for control of the plant. They are likely to
,

. undertake competing'contr61 strategies, and neither the operator nor the
~

ACS can act on the basis 'of complete information because actions by
, ,

",i. either party may change the system configuration. Neither party can plan*
'

a dependable control strdtegy without knowing what the other is planning.
'\,

.a.

. , .
. 2.9.3.2 An Allocating Control Model-

-

A possible correction to this conditiou may be provided by a symmetrical'

'" division of. tasks. Figure'2.9 illustrates a plant with an " allocator,",'
c

.

* +

d
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'

>

h. # ,
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Fig. 2.9. An " allocated" man / machine model.

.

which exercises a predetermined rule or program to apportion tasks
between man and machine. Allocation may be by function (man controls rod
positioning and machine controls feedwater flow), or it may be appor-
tioned item by item (man operates valve MOV-12 and machine operates valve
(MOV-13). In any case, man and machine no longer-oppose each others'
actions. However, this configuration if strictly adhered to still is not
fully satisfactory for complex, large-scale process control because:

1. Man (the operator) needs to intervene so as to supersede the a " 7-
mated control system in deciding the level of production or w9ettc/
to turn off the system.

2. Man needs to intervene should the ACS or the allocator become
defective.

3. No means exist to ensure that man and machine are using a coherent
control strategy. This would imply that man should know what the ACS
is going to do, and that ACS program actions will support the *

man's control strategy (that the machine "knows" what the man is
going to do).

.

4. Specific means are required to make_the human operator aware of the
total plant status. This includes the status of the ACS and the
allocator, as well as any changes in plant configuration caused by
the ACS.
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Fig. 2.10. A hierarchical control system.
.

2.9.3.3 A Hierarchical Control Configuration

This is a control system in which the automation loop always lies within
an outer man-driven loop, where it can be observed and overridden by the
human operator. Fig. 2.10 illustrates such a system.

This model provides an inner loop in which the automatic system controls
either (a) specifically allocated functions, or (b) the whole plant under
standard conditions. An outer loop is available to the operator, through
which he can control the plant directly. Finally, an operator-to-ACS
loop permits the operator to decide selectively whether the ACS will
assume control of any particular function.

2.9.3.4 Exception: Safety Feature _s_

There are a few notable exceptions to the rule of ultimate human control,
*

notably in the case of engineered safety features (ESF). Note, however,
that any safety feature which is designed to be autocated and observable
but partially uncontrollable by the control room (CR) operators, is, in

*
effect, an allocation to man at the design, policy, or regulatory level.
Control is vested in those who designed and built that system, because
the CR operator is excluded from having hanedsats control of a safety
response.
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! 2.9.4 Basic Rules for the Role of Mani

At least six working rules for the role of man in an automated system can f3 '

j be extracted from the preceding development: '

j 1. Ultimate control should remain with man, in that he can set objec- *

tives for and start or stop the process.

2. Override capability should be given to man to correct automatic con-
i

trol if necessary.
1

1 >

3.
I Information should be provided to man concerning the actions of auto-

matic control and its objectives (i.e., what the control logic is jj t rying to achieve).

; 4. Program logic should be provided for assuring that the control logic :
; is informed when man takes an action and it can plan for man's

|'

intentions. '

.

[ 5. The system for informing man (plant displays and ACS displays) should '

be behaviorally suitable.

] 6. Adequate cognitive support should be available to the operator, so .

that he will have an adequate mental model if required to assume
*

control. ,

!
*

d

2.10 THE PROGRESSION OF ALLOCATION OF FUNCTIONS
s

!

The specificity and detail af the allocation changes progressively during
the development of a design. As functions are partitioned to increasing
levels of detail, the number of functions increases, and each function
describes an increasingly small portion of the plant process. Also, the *

; allocation to man or machine progresses from a set of highly generalized
statements to more specific statements until it finally reaches the com-
ponent (i.e., button and knob) level.,

!

:
; :2.10.1 Content of Allocation '
'

I

Figure 2.11 illustrates the possible content of an allocation of func-j
'

tions document af ter about four levels (or cycles) of partitioning. This
must necessarily include the following six pieces of information:

.
j Field 1--Identity of the Function: Field No 1 identifies a function.
i The function code number (1.5.2.3) identifies the address of this func-

tion in design documentation, . and suggests that .it is number 3 among the,

' .

subfunctions of a larger function coded 1.5.2. The descriptive name of
the function follows the code number.-

Field 2--Identity of Equipment Subsystems: This field identifiea the
principle-subsystems concerned for this example (heating, ventilating,

_. , - _ - ,_ ._. - - __ _ _ __ -. ._ ._ . . _
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1. Function Code 1.5.2.3: Heat, cool, vent areas of R AB with filtered air at specified temperatures. Maintain human habitability. Cool R AB
equipment. Control radiation leakage.

2. Subsystems HVAC RAB subsynem. RAB equipment. On/off site power. Pumped river cooling water system. Ambient air. Heating steam supply
system.

3. Plant States (1) Normal operation. (2) Equipment fire. (3) Equipment radiation leak. (4) Radiation leak external to RAB. (6) HVAC component
failure / maintenance. (7) Transition to/from (2) (3) (4) (5) (6).

4. Control Requirements 5. Equipment Function 6. Operator Function

Maintain normal cooling level. Activate fans, refrigeration, heating coils, Recognize abnormality. *-
"

Maintain normal heat level. using setpoint thermostats. Set thermostats seasonally by phone to Plant

Maintain. required rate of air flow. Display temperature and flow data. Equipment operator.

e Display predicted data from trend forecasts. Make periodic log entries per procedure.

e Provide abnormal parameter alarms. Start emergency fans.

Etc. Provide equipment failure alarms. e
'

e Control dampers (normal) using program logic. e

e e e

|Start backup fans. e e

Filter radiation from exhaust air. s e

Reconfigure dampers for radiation e Reconfigure dampers to contain radiation.
containment. e Reconfigure dampers to control fire.

e e e

e e e

e e e
,-

Etc. Etc. Etc.

!

Fig. 2.11. Contents of an allocar. ion of functions document.

;

e
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air conditioning system was chosen) and those systems with which it

directly interacts, including in this example equipment within the reac-
tor auxiliary building (RAB), and equipment which depends on its product ,

(e.g., air cooling or heating, which can be a source of radiation leak-
age). Other indirect interactions are with on- and of f-site power, cool-
ing water, heating steam, and ambient air.

,

Field 3--Plant States: To the extent possible, the plant states that
must be controlled are listed. These include normal operation, mainten-
ance, several failure / emergency states, and state-to-state transitions.

Field 4--Control Requirements: The need to maintain stable plant states

and to perform state-to-state transitions leads to control requirements.
These are listed and described at a level of detail which increases as
the design becomes more concrete and itemized.

Fields 5 and 6--Equipment Function / Operator Function: It is now possible

to describe the allocation of functions in detail. All functions which
need to be performed to support the control requirements of Field 4 are
listed, each in its appropriate field.

Should a control action be allocated wholly to automation, an entry is
required only in Field 5. Should an action be allocated wnolly to man,
an entry is required only in Field 6. For example, " Reconfigure dampers -

for radiation containment" is allocated wholly to man and is reflected by
the entry in Field 6.

.

However, so long as the functions are still defined at a fairly general
level as they are in this example (the 4th level), the control require-
ments are stated broadly and will usually be performed by mixed actions
of man and automation. Should mixed allocation be the case, an entry is
required both in Field 5 (to describe in general terms what the equipment
does), and in Field 6 (to describe in general terms what the operator

does).

2.10.2 Increasing Specificity

As the design develops, the control requirement statements will become
more exact and detailed. As this happens, more functions can be allo-
cated wholly to man or wholly to machine. Eventually, during the final
phases of design, the requirements may be stated in terms of single con-
trol actions: " adjust No. 16 fan speed," "stop cooling-water pump
P-171." As this happens,. actions may be classified as either single
discrete decisions or single analog adjustments, and may be allocated *

either wholly to man or wholly to machine.

.

2.11 COMMENTS ON APPLICATION

The method reported here was developed with the special requirements of

NPP control in mind. However this method uill apply without significant
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| modification to control rooms and control systems for process-control
industries in general. In particular, it should apply well in the con-

' trol of fossil-fuel power plants and in chemical industry production'

control.,

; Furthermore, this method is based on general principles of human and*

machine interaction, which makes it applicable to other settings as well.
With minor additions the method would apply to the allocation of func- I

tions in complex control settings such as traffic routing, intelligence
analysis, or vehicle operator control.

i
I 2.11.1 Cost '

'

Sections 3 and 4 of this report describe a 8eneric design process and
specify an allocation method. They also imply some additional formaliza-
tion of the design process and a requirement for additional participation.

by human factors specialists. All of this will require professional'

effort; it will " interfere" with engineering decisions and will require
additional paperwork for the design documentation system. Is it worth
the cost?>

The answer seems clear: Hum 6a error now causes about half of the acci-i .

'

dents leading to a release of radiation; 20 to 50% of reported plant
- failures are also due to human error (ref. 20). In those cases where'

equipment fails, human action should minimize the consequences and bring-

'

the plant under control. The human element is the more complex part of
the man-machine system, yet less than 10% of the design effort is
invested in consideration of the human role. Not only do greater efforts
seen justified, but allocation of functions is only one key step in what
should be a.more general investment in human factors consideration during

: control system design.

If systems are relatively simple, intuitive judgments about the human
; role are more likely to be right, and the general adaptability of human

beings can be expected to suboptimally correct for some inadequacies of'-

human engineering design. With systems of greater complexity, such sub .
optimality is seriously degrading to safety and performance, and it
becomes increasingly necessary to invest effort in human factors analyses
as an integral part of the design process.

,

2.11.2 Not a Final Solution
< .

;. This report is believed to add to the technology of system design, in
that it provides a practical method for allocating those functions which
are performed in the machine largely by program logic and in man largely-

by cognitive processing.. This will by no means totally solve ~the problem,

of allocating ~ functions. .There is still.much to be done. Some recom-
,

mended next steps are presented in Sect. 7, Conclusions.
,

; |

!

: )
.

- ..
,|
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liowe v e r, the problem of allocating control functions to man and machine

has been and continues to be a very intractable one. It is even probable
that the increasing complexity of systems, with the advent of computer e

control, will continue to outdistance the science of system design. In

spite of research, cnd in spite of developments in system theory and
practice, it is probably more difficult to achieve a good design today .

(in the 1980s), than it was in the 1960s with a simplier control
technology.

The methodology described in the following sections is offered as a con-
tribution to the science of system design, with the expectation that
other researchers will now take up the challenge of application and will
further advance our ability to design good man-machine systems.

.

O

F

O
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3. THE DESIGN PROCESS

.

3.1 GENERAL

The allocation of control functions to man and machine takes place as
.

part of the creative process in system design. This section describes
how allocation is embedded in the functional design process, and outlines
a general procedure for ensuring an appropriate allocation. Since these
allocation decisions are deeply embedded in other decisions required to
produce an engineering and human system design, this section must neces-
sarily treat the major steps which occur in designing functional-level
engineering and human subsystems.

This section will

Identify the major steps necessary during the initial, or " functionale
design," phase of system development. (Refer to the discussion of
developmental versus functional design in Sect. 2.3.6.)

,

Explain how those major steps af fect the allocation of controle
functions.

,

Identify the steps which produce information necessary to the alloca-*
,

tion decision.

Describe the two major steps at which allocation of control functionse
is (1) decided hypothetically, and (2) tested deductively.

o Identify the points at which allocation of control functions data are
applied or will affect other engineering or human system decisions.

3.1.1 The Engineering and Human Subsystems .

The successful allocation of functions can take place only in the context
of a design effort in which the human component is given adequate treat-

Design practice in the nuclear power industry has occasionallyment.
neglected the human component, or has considered it only af ter an engi-
neering design was well advanced. This description of the design process

andemphasizes those steps which ensure planning for the human component,
refers to the " engineering subsystem" and " human subsystem" as co-equal
parts of a system design. (Refer to discussion of system design in

* Sect. 2.3.)

3.1.2 Limits of the Description*

No effort is made to provide a complete procedure for NPP system design,
but Fig. 3.1 is a diagram of a possible design sequence, showing normal
real-world practice as it applies to the allocation of control functions.
The diagram omits certain steps, especially engineering decisions, which
are not directly involved in the allocation.

. _ _
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- The steps shown are not intended to be prescriptive, nor to prescribe an
" improved" practice in design, except as enumerated below. Shown are the
steps which do occur (and necessarily must occur) during functional
design, although they may not always be formally recognized or described*

in the terms used here.

,
1. Data sources specified. Formal steps are called out for those design*

,

' decision points which provide infermation that must be available to
support assignment decisions.

2. Allocation procedures prescribed. A specific procedure for alloca-
tion of control functions is described and recommended to users. 1

3. Allocation effects identified. Formal steps are described for those

; points at which allocation of functions decisions impact upon other
decisions in engineering or in human factors design.

] 4. puman factors steps. In particular, certain human factors decision
steps are described which are important to allocation of function,
but which have sometimes been inadequately considered during NPP

i functioaal design.

i
5. Documentation. Because successful allocation of functions depends on

,

good project documentation, a minimum necessary set of design docu-,

i mentation points are suggested.

.

3.1.3 Source and Application of the Methodology

; The functional design. methodology described in this section reflects
underlying decision steps which have been exercised in the past in NPPj

,

design, although those steps f requently have not been named or docu-
; mented. The methodology also reflects recognized good practice as it is
j reported in the professional literature, and uses the language of that
| literature. (Refer to discussion of the systems design process in
4 Sect. 2.3.) The methodology for the allocation of functions is adapted

from the Price-Tabachnick allocation model described earlier in this4

] report and in prior reports (see ref s.1 and 14). j

j The design methodology described here applies generally to any conceptual ,

; systems design, especially for a moderately large or complex system.
However, it has been particularly adapted to the design requirements of i

process control industries, including the nuclear power industry. This>

i . methodology goes only as far as.the completion of a functional system
- design. (See Sect. 2.3.6 for a discussion of developmental versus func-..

tional design.)
,

i

~
I- 3.1.4 Hypothesis and, Test

in Sect. 2.2 it was emphasized that design is an inventive process which )proceeds by repeated iterations of hypothesis and test. This applies to. J
:

|

|

|

t
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both engineering subsystem design and human subsystem design, and to the
allocation of functions between those two subsystems. Most methodologies

,

"

for system design recognize this fact by prescribing alternating steps of .

hypothesis and test. Thus the methodology described here is divided into '

1 two principal phases in which initial solutions are first hypothesized
and then followed by a deductive test.'

.

I

j 3.1.4.1 Entry Conditions

f Figure 3.2 is a simplified representation of the design process.*
Block 1 represents the initial conditions for design: A design team is

i presented with the general requirement to develop a system, along with a
set of limiting constraints and design resources. These data are the
initial contents of the design data base (Block 7).

| 3.1.4.2 Hypothetical Design Phase

The design team proceeds by first identifying (at a gross level) the
major functions which must be performed to meet the objectives of the

i system (Block 2). For each function they then develop a generalized
engineering solution (Block 3), adapting prior designs or inventing new
approaches as necessary. Based on that tentative engineering solution, a
tentative allocation of functions to man and machine can be hypothesized'

(Block 4), (This step may show the engineering hypothesis to be defec- *
.

t ive or not achievable; if so, Block 3 must be repeated.) The tentative
i allocation of functions defines the requirement for human tasks from

which a human factors solution (Block 5) can be hypothesized. At this *

4 point (Block 6) the team examines the hypothetical design to determine
(a) whether there are contradictions between the engineering and humsn
designs, and (b) whether the functions are adequately partitioned (i.e.,
into small enough functions). As necessary, the team returns to Block 2;;

partitions the functions into a larger number of smaller functions; and
4- repeats Blocks 3, 4, and 5 to correct discrepancies, develop more
: detailed specifications, and improve the emerging design. This process

of iteration, correction, and elaboration of detail may cycle rapidly
within a small design group. Meanwhile, design decisions are recorded as
design documentation in the design data-base (Block 7).

1

3.1.4.3 Test and Evaluation Phase

At this point a more or less credible functional design has been docu-
mented (Block 7), and must now be subjected to systematic tests-to detect
the shortcomings which were not obvious during earlier steps. As a first
test, the allocation of functions is evaluated to determine whether i.

*appropriate' roles have been assigned to the engineering and human subsys-
I tems (Block 8). When this is done, the individual subsystem concepts are

evaluted separately (Block 9). Normally, in this step the team will
.

-

*This is the sequence shown in Fig. 3;1, except that it has been
| simplified by grouping several steps together.

| o

&
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detect a number of design deficiencies and/o; an inadequate partitioning
of functions (Block 10), resulting 8a 04veral cycles of feedback and
redesign through the hypothesis phase. When the hypothetical design

,

passes the evaluation tests, a system functional design is complete I
(Block 11).

*3.1.4.4 Where Allocation Occurs

Allocation of control functions occurs principally in the Block Nos. 4
and 8, which are called the hypothesis and deductive steps respectively.
The evaluation step is called " deductive" because, at this point in !

.

design, empirical tests usually are not possible. The evaluation method j
l depends principally on deductive analysis, using the design documents. '

Section 4 will elaborate on the allocation of functions decision process
shown in Blocks 4 and 8 of Fig. 3.2.1

i

3.2 ENTRY CONDITIONS
'

.

'

This subsection describes the preliminary events which precede the actual
design steps. Figure 3.3 illustrates the first five steps of Fig. 3.1,
which are the first major steps leading to a functional design.

.

3.2.1 Specify the Requirement (Figure 3.3, Block 1)

A design sequence is normally initiated by establishing a design require- *

ment. The requirement is a set of documents or verbal agreements which
estabishes that a plant will be designed, and specifies the general i

requirements and constraints the plant must meet.

At the outset of a project this requirement may be very general. As a
minimun it typically will specify

* That a design is required. Example: Grand County Power Company con-
tracts for an NPP design.

E
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e A specific site or regional location. Example: Build on an existing
site at Grand Tower, Nebraska.

.

* Approximate generating capacity and dates: Deliver 1,400 MWe by 1994.

o Cost limits. Example: Under an initial dollar limit during 1983-85;,

undar a total dollar limit by completion,

o Environmental constraints. Example: Maximum hot discharge into the
river of X MW thermal sustained, or Y MW thermal in any peak hour.

o Power distribution. Example: Deliver power into the regional grid at
Ware, Nebranka.

3.2.2 Define Engineering Concept (Figure 3.3, Block 2)

Some basic engineering guidelines are normally formulated before design
begins. These may be driven by business considerations (e.g., the com-
pany sells PWR technology) or by project-specific matters (e.g., the
customer wants minimum automation or the company had problems with steam
tubes in prior models).

* A general engineering concept is formulated, defining a future plant in
gross detail, as an initial hypothesis. This is only a point of depar-
ture and may be modified later. Typically, the concept might describe:

.

e Major components

a Number of reactor units

Major departures from prior designs5

e Rough plant layout (if a site is known).

3.2.3 Define Role of Man (Figure 3.3, Block 3)

A general expected role of man is specified, corresponding to the engi-
neering concept just defined. This might include such matters as:

e The general level of automation desired

* General policy on emergency reconfiguration by operators
,

General division of responsibility to management, shift supervisors,e

control room (CR) operators, plant crew, and maintenance.
.

Note that defining the role of man follous the definition of an engi-
neering concept. This is because human subsystem design is in response
to the particular engineering practice characteristic of the power and ;
process control industry. (See also Sect. 2 1.5, " Allocation responds to '

an Engineering Hypothesis," and in Sect. 2.9, "The Role of Man.") )
\

s

,
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!

3.2.4 Organize Design Team (Figure 3.3, Block 4)

It is necessry to identify and organize a design team. This means desig- ,

nating team leaders and providing an interdisciplinary membership. It

will require:

.

Specifying minimum qualification, especially for the human factorse
participants. Suggested minimum full-time membership is (a) one team
leader (a system engineer or equivalent); (b) one design-experienced
engineering psychologist or equivalent (the " allocator" member);
(c) one design engineer (the engineering design team leader); and
(d) one organizational planning specialist or equivalent (the human
factors team leader).

Supporting staff should range across several disciplines and includee
experienced operators. Although these may not necessarily be full-
time team members, there should be a nucleus of 5-6 people who are
permanent assignees and who will actually be available for regular
consultation.

* Subpanels should be identified. At the beginning these may include
only engineering and human factors teams. More specialized panels
will be useful later (e.g. , control systems, training requirements).

* Supporting experts and consultants are identified.

A general organization, schedule, and arrangement for meetings is 'e
agreed upon.

The roles of any subcontractors are defined.*

3.2.5 Organize for Documentation (Figure 3.3, Block 5)

The continued ef fective interaction of dif ferent disciplinary teams
depends on documentation which can communicate between the disciplines
and which is available for reference. Good documentation protects design
integrity when team members change and facilitates the constant process
of test, iteration, redesign, and elaboration (see Sect. 2.8, "Documenta-

tion"). The importance of project documentation cannot be overempha-
sized. NPP designs have frequently suf fered from poor allocation
documentation.

~

3.3 THE HYPOTHETICAL DESIGN PHASE

This phase begins the actual process of inventive design. The prelimi-
*nary steps just described tell the designers what to design, and link

the future system to its underlying economic requirements. Now the
designers must produce a functional design.
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A functional design is accomplished by a process of alternate hypothesis
and test, progressively perfecting a design solution and elaborating
detail. In this phase--hypothetical design--the designers develop*

hypotheses for solving the design problems, and in the next phase--test
and evaluation--they will test those hypotheses. They will then return
to the hypothesis phase to correct faults detected during test and evalu-

' ation and to develop further detail, cycling through these steps of
hypothess and test until the design is complete at the functinal design
level (refer to the discussion of iteration in design in Sect. 2.2.5).
This phase includes steps 6 through 18 in Fig. 3.1. Figure 3.4 shows
only those steps.

3.3.1 Provisionally Partition Functions

Step 6 results in a partition of the engineering subsystem (or plant)
into its component functions, and in ef fect defines a " function" opera-<

tionally. A function is a subprocess of the plant which is convenient to
consider as a unit during early design. It describes a subprocess of the
plant which produces a defined interim product. All functions, taken
collectively, are sufficient to produce the required plant outputs and to
execute all operating modes and states. Functions are developed by par-
titioning the plant in terms of its subsystems and its subproceso states
ur.til closely related elements have been defined, each of which producese

a functional subproduct. These are subproducts which lend themselves to
a design solution and which can be allocated to man or machine. (See
also the more detailed definition of " function" in Sect. 2.4.) The num--

ber of functions and their boundaries is in part optional and depends on
the design team (see the discussion of partition in Sect. 2.4.5).

3.3.1.1 The Physical Plant

The designers hypothesize a minimum breakdown of the plant into its
essential subsystems (reactor, steam generation, power distribution,
control system, etc.).

3.3.1.2 Plant Operating States

The designers define a minimum breakdown of the plant operating sequence
into major states, and the transitions between states which are required
during the life cycle of the plant. Figure 3.5 represents the kind of
data which are required.

3.3.1.3 Transition States*

The arrows in Fig. 3.5 represent the transition states of the plant.
These states are the principal determinants of the control capabilities-

required.
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3.3.1.4 Failure States

Each operating state and transition state represents a plant status dur-
~

ing which failure may occur. Failure may occur because parts fail, con-
,

trol errors occur, and, among other things, a change in plant conditions
due to aging results in an out-of parameter state. The failure state

'estimate is based on the histories of analogous systems and an engineer-
ing forecast. The designers describe, in general terms, what categories

i of failure may possibly occur, what specific failures will frequently or
routinely occur, and what dangerous or high-cost failures may occur. It

is important to anticipate these conditions, because they constitute an
additional set of transition states for which control must be provided.

3.3.1.5 Analysis of Subsystems by States
t

Control requirements are derived from the need to maintain stable operat-
ing states, the need to implement transitions from state to state, and
the need to minimize the consequences and propagation of failure. The
subsystems partitioned in Sect. 3.3.1.1 can now be displayed as a matrix
against the plant states (operating, transition, and failure) identified

i in Sects. 3.3.1.2 through 3.3.1.4. Each subsystem must be analyzed to
determine its role during each defined operating and transition state of
the plant. Figure 3.6 represents a portion of such a matrix.

.

Although it is not essential that a matrix be developed (but doing so
will help in the partitioning of functions), it is necessary to identify
the significant states that each subsystem needs to accommodate. These -

should be identified in terms of the general configuration to be assumed,
the operating characteristics in that state, the inputs and outputs to
other subsystems and states, and any stress or hazard that may occur. It

is also necessary to identify the transitions between states, since these;

define control requirements.

In the example shown in Fig. 3.6, the analysts have crossed off the tur-
bine system during shutdown states because it is not active and does not
contribute to the plant process during those states. The turbine subsys-
tem is in condition "A" (running loaded) during on-line operating states

and transitions between states. It is in condition "B" (running down,
not loaded), during transition to emergency condition 2, as the turbine
is out of service.

Similarly, the HVAC subsystem assumes only two conditions during the
states shown--normal running "A", and containment isolation "B".

3.3.1.6 Partition Into Functions
*

Based on these analyses, the designers select a tentative set of gross
functions. An effort is made to minimize the number of functions by * '

! grouping closely related systems and states. For instance, the RHR & SG
subsystems can presumably be treated together; they are therefore parti-
tioned into only three functional states: (I) normal (full operation);
(II) degraded normal (one SG isolated); and (III) emergency cooling

;

-
- - -. - - -
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(Fig. 3.7). Each of these will include several intersections of subsys-
tems and states, but the designers recognize these intersections as being
closely related in terms of the engineering problems they will pose and ,

the human control / maintenance requirements they will generate.

3.3.1.7 Attempt to Allocate Functions
,

Now the design team takes the provisionally defined functions and pro-
cesses them through the succeeding steps (Fig. 3.7, steps 7 through 17).
As will be explained later in detail, if the functions can be matched
with an engineering solutior., allocated, and matched with a human factors
solution, they are considered to be provisionally defined as functins.
Otherwise, they probably require redefinition, usually by repartitioning
the function.

For example, in attempting to allocate function III of Sect. 3.3.1.6
(Fig. 3.7), the analysts may find that two distinctly different engineer-
ing subsystems are needed (see Fig. 3.4, step 9). Perhaps a special
subsystem is required for emergency core cooling if elements of the RHR
system are degraded. The provisionally defined function will be recycled
to step 6 to be further partitioned. Similarly, they may find that at
step 11 one portion of the function requires an allocation distinctly
different from that required by the other; or at step 14 they may find
that the function, as allocated, cannot be supported by a satisfactory

*

human subsystem.

The single feedback path (arrow) in Fig 3.? from step 16 to step 6 repre- *

sents the fact that, if a function cannot be allocated, it must be
returned for repartition. It should be understood, however, that the
function might also be returned af ter blocks 9,11,14, or as soon as it
is recognized that it cannot be allocated as defined.

3.3.1.8 Repartition

Functions are repartitioned and redefined until all functions can pass
through steps 7-17, and until the level of definition of functions is
sufficiently fine to support subsequent engineering design (see
Sect. 2.4.5).

3.3.2 Treat Each Function

Step 7 of Fig. 3.4 represents a gate through which each function is
passed, one at a time. When any one function has been allocated, it
passes step 17 and becomes an element of step 18, the hypothetical system

*

functional design. Then the next function enters the gate at step 7.

*3.3.3 State Alternative Engineering Concepts

Step 8 of Fig. 3.4 is the step at which the engineering designers iden-
tify the possible alternative engineering treatments by which a defined
function might be accomplished. Typically, these consist of familiar;

!



- - - - - - - - - - - - - _ . - - - - - - - .

. . . . . .

PLANT STATE [
_

Oa a a a : Ka

SUBSYSTEM 5 E
a

t a t = b = t w t $m w

E b E b $ E E $ yo E *

$ $ E $ 5 5 8 5 5 5 5 i 5 5

'####/####/##//####///#/##/#/#/#/#####/#/##/#4
REACTO" 'A |- E> -/ c I b--/ E c- a-JA s

/M//w/nwwsHM//k%nwnWownH/%YH/HHHH/H/M/
RHR y Qp -|G .f - ,/

'esesse I *=,1 *II ve|
*

*J.,* .Ill *=} ," 'se"#
'y|| A ; J-- o | |--n --f 1- cfSo

,

////M///W//H//HN/H' WHMHA WH/HH.d////H///h
*

XX X / ' '
/ --B ---/\hTUR8INE . ,

'///H////H///H////U////N///H////N///H////H/////////////L/
CR INSTRUMENTATION I _

& CONTROL '
_

j i -- 3
' ' ~ '

>

'////N///N ///N////N///N////N/////////#////N///N////N///8
' -p | f | &ySHVAC y

ETC.

-
_

Fig. 3.7. Analysis of subsystem states.

_ _ _ _ _ _ _ _ _ _ _ _ _ _ -



- . _ _ _ _ _ _ _ _ _ _

66

technologies which may be applied as is, may be adapted for use, or may
be proposed with technological improvements. Occasionally, new alterna-
tives may be considered. See also Sect. 2.2.8, " Analogous Technology," ,

and 2.4.8, " Keeping the Solutions Out."

*

3.3.4 Select a Tentative Engineering Solution

Step 9 of Fig. 3.4 is the step at which one of the engineering options,
defined in step 8, is provisionally selected. The solution should be
described in general, functional terms, not in terms of specific
equipment.

3.3.4.1 Iluman Factors Staf f Participation

This engineering decision should be made with all disciplines participat-
ing. Human factors staff may be able to speed up the process by promptly
identifying options that are clearly not desirable from a human stand-
point. More importantly, the human factors staff needs to be present in
order to understand the rationale and engineering function for each
technology selected.

3.3.4.2 Recycle Unsatisfactory Functions
.

At this point it may become clear that a function, as defined, cannot be
fitted to an engineering solution. (The function may require two or more
engineering solutions, or it may be technologically infeasible.) If a *

function must be repartitioned or redefined, it is fed back to step 6.

3.3.4.3 Documentation

Formal documentation (step 9A) becomes mandatory at this point, if it has
not been initiated earlier. Documentation is required for the following
reasons:

Team members can refer to what has been decideda.

b. There will be a record of the options and rationale of the
decisions

The several disciplinary groups can continue to examine eachc.

other's decisions

d. Any required future redesign or repartition can be accomplished
*

without duplicating earlier ef fort

The historic documentation can be used later in developing futuree.
*

improved designs

Documentation should consist of at least:

a. Drawings and flow charts

_ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _.

|
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b. Records of the decision process, including alternatives consid-'

ered and the basis for choice
-

.'

The expected engineering quantified parameters and input / outputc.
characteristics of subsystems for each function

'

/. Resource documents describing the characteristics of any prior
technology to be applied or modified

Documentation is stored and accessed through the design data base,
step 26. See also Sect. 2.8, "The Role of Docunentation."

3.3.5 Define Instrumentation and Control Requirements '

Step 10 of Fig. 3.4 provides for an analysis of instrumentation and con-
trol requirements. Control requirements are data which describe the
points at which the prospective system will require control, and instru-
mentation requirements specify what data must be displayed to permit
effective control. These data are of obvious importance in allocating
control functions and designing a human factors solution (manpower,
training, etc. , step 14).

i
*

* 3.3.5.1 Specify at a General Level

Detailed definition of instrumentation and control requirements will
occur later, during the engineering design phase. However, it is neces-*

sary at this point to make reasonable estimates or general descriptions
of those requirements so that human factors design can keep pace with
engineering design and critical control problems can be avoided.

3.3.5.2 Identify Control Requirement s

It is a basic responsibility of the engineering staff to state where the
: plant will need to be controlled, although the human factors staff should

assist. A useful point of entry is the matrix originally developed in
Sect. 3.3.1.5 (Fig. 3.6). Each cell of the matrix can now be examined to
estimate what controls must be exercised on the engineering subsystem
concerned, at each of the plant states concerned.* Estimates should

; include the following:

!
*This. text by no means attempts to describe or elaborate on the tools

*
, and techniques of control engineering. Iloweve r , it seems appropiate
! from an organizational perspective to employ a hierarchical control sys-
| tem design strategy, which can be described as having multiple layers and
' * echelons of control functions having the following general characteris-

tics:

'

higher levels of functioning exercise control over larger por-a.
tions and broader aspects of the overall-system behavior;

|

- - __ .-- - - - , . . . , ,- .-
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e Number of nodes to be controlled.

Classes of control requirement: On/of f (discrete), parameter adjust-e ,

ment (proportional), system reconfiguration, decision making, system
coordination, etc.

*

Frequency of required intervention.e

e Control task complexity: Do several parameters interact? Are diffi-

cult judgments required? Are large mencry stores required? Is the

control of a stochastic nature? Is c multivariate optimizing scheme ,

required?

e Speed of response; Are the required response times critical?

The type and detail of information required.e

3.3.5.3 Control Requirements Matrix
'

Some cells of Fig. 3.6 are not critical and can be disposed of by a
descriptive comment. Certain critical cells or defined functions will
deserve a more detailed analysis, which can be aided by a matrix in which /

the control groups are displayed against the plant evolutions to which
they apply (step 10A) .i )

*

*

3.3.6 11ypothesize Allocation of Functions

Step li of Fig. 3.4 is the point at which allocation of functions is
systematically considered. This step applies the first, or hypothesis,

Lpart of the general method for allocation o f functions, which is the
subject of this report. The second, or deductive, part of that nethod is

t. the decision period of higher level functions is longer than that
of lower functions;

higher level functions respond to the slower aspects of the over-c.

all systems behavior; and descriptions and problems of higher
level functions are loosely structured, with more uncertainties,
and are more dif ficult to formalize gaantitatively.

At least three separate levels are distinguishable in a hierachical sys-
*

tem: the lowest is performing continuous teedback control, the middle is
executing algorit!.ms (procedures), and the highest is making decisions
and formulating goals.

.

TSeveral formats,or methods of data analysis are possible. A format
can be selected which is consistent with practicen'in the user's industry
and company. As noted earlier, this report describes a general methodol-
ogy, not a prescriptive procedure (see Sect. 3.1.2.1),:

'
~..

. . . . ,

-

m
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,

represented by step 19, Evaluate Allocation of Functions. These two
; steps, 11'and 19, are shown on Figs. 3.1 and 3.2 as highlighted blocks,
'

- and are described in expanded detail in Sect. 4 of this report. For the.

] momeat we will describe step 11 only briefly.
!

4 Steps 9 at.d 10 hypothesized an " engineering solution" and a set of con-
trol requirements for a specific function currently under design.,

j
.

Step 11 will now hypothesize an appropriate allocation of that function'

! to man or machine. It is understood that more than one such allocation
-| 'x may be~ possible and appropriate: the problem is to divide responsibility

for control of this function to man or to automation in one of several2

)
' the allocation will be shared between man and automated control

possible satisfactory ways. It is.also understood that, in most cases,
'

rather than allocated exclusively to one or the other.

3.3.6.1 ~ A11ocation Interacts with Other Steps
i,

-

, The allocation of functions responds to a hypothesized engineering designj -

' sol 9 tion,(step 9), usin'g data describing control requirements (step 10).
; It anticipates the development of human subsystem functional design
" - (human f actors solution, step 14), and does two things: (1) It deter-

mines whether the engineering solution is acceptable from an allocation
Estandpoint; if not, it may be necessary to reconsider earlier steps such,

*

as. steps 6 and 9. (2) It develops a hypothetical allocation of control
responsibilities between man and machine. Functions allocated to man4

'

, will then. drive the design of the human subsystem, and functions allo-
,*

- cated to machine must be accommodated later by the instrumentation and
control system functional design.

3
3.3.6.2 How Functions are Allocated'

$ . s

! Functions are allocated to man, to machine, or (more frequently) to com-.

,

s- - binations_of'the two alternatives, by applying a series of tests to the
m2 ,' engineering' hypothesis. There tests ask, in an ordered sequence, the -3

s

] "- following questions:x -

t ss
'1, .l. Is. automation mandatory?,

. % v: -
' '' 2.- If mandatory, is automation feasible?g.

A- '

'
_-

. ,3 . ,.Is human action mandatory?
,

m -
,

4. -If so, can man perform? (The' cognitive steps involved are
! ! ~ ~ analyzed.)-

oi +

s , s.;5 Is the function too. broadly defined to allocate (needs
repartitioning)?+ '

,-
- r-

, \T y.

Is automation technically preferable (but not mandatory)?Q: 6 . 'J g

'

7. -Is human | control technically preferable?
.

,

m

- 2
.

,

? .
'

& .
, ,

w

4

,_ , , .- _ . ,_ . . - _ . , __ , , . - , - . .. _ . ~ , _ . .
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8. Should segments of the control behavier be allocated to automation
(leaving others to man)?

.

9. Should contro'1 tasks be allocated to man to keep him occupied,
interested, or informed?

e .

10. Does the function need repartition (repeat step 5)?

11. Did the earlier criteria questions (1-10) force an allocation deci-
sion? If not, allocate by the residual criteria of cost or designer
pre ference .

_

These steps and their supporting analysis are treated in detail in
Sect. 4.1.

,3.3.7 Define Maintenance Requirements
,

Step 12. of Fig. 3.4^ provides for an estimate of maintenance requirements,
which Lare implied by the' engineering hypothesis (step 9). Steps 12 and

,, 13 r.re taken concurrently with eteps 10 and 11, and do not directly con-.

cern the allo 6ation of functions for control room design. They are shown

because they are es'sential to step 14, the human factors solution.
2 -

~

Step 12 consists of only a brief statement by the engineering staff con-'
'

cerning the probable levels and kinds of maintenance support which the
engineering solution will require.

'

-;

, ,
- 3.3d Hypothesize Maintenance Concept

^

?Ste'p' 13 of Fig. 3.4 continues the analysis of maintenance requirements by
a, hypothesizing hoc maintenance will be provided. This step is taken'

'by human factors planners, working in concert with engineers. The prod-'
.

rN 1 met of this step is a brief statement of the kind of maintenance organi-\

'
~

. 7 'ation proposed to provide the maintenance support defined in step 12.
'

z
,

This statement includes the kinds, numbers, levels of training, and
forganihation.of maintenance personnel, and will provide the basis for.f.

mainten'a(iemanpowerplanning.
a, - ..
's

/-' ,-
, ..

3;3 9, Hypothesize Tuiman' Factors Solution%
7

/ en ,

Step 14 df Fig;--3.4 is the step at which a human subsystem functional2
'

. design is hypothesized to meet the requirements of steps 11 and 13. The
system functions [ partitioned at step 6 are treated in se'quence at this
step. For eachifunction' a human' factors solution is hypothesized. . Col-,

1ectively,' th' ore htra'pa ' factors solutions form the human' factors subsystem *

functional design. / This step is performed by a human factors team which.

includes severa!f disciplines, such as training, job des!qn, and proce-
g m. dures= preparation.

'

,

.
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,

; Documentation is required by step 14A and will become part of the design
data base (step 26). It should not be detailed, but rather should pro-i

vide a preliminary statement of the human organization, with estimates of
*

numbers and with quantitative requirements including life cycle costs.
Documentation typically includes general statements regarding:,

* * Number of personnel

* Skill and training levels

* Job design, crew composition, and skill pre,ression

* Procedures,and job aids-

* Training organization

i
e' Selection and advancement

4

* Management structure,

,

3.3.10 compatibility Test

- + - . Step 15 of Fig. 3.4 represents a continuing test for internal compatibil-
~

ity which is applied to the emerging functional design. It concerns at
least two areas:

'
e

1. Engineering / Human Solution Fit. Having gone through stepa 9, 11, and
14 to hypothesize an engineering and a human' factors solution for

each function, the team again compares those two colutions: Do they
' really p. ovide for all control requirements? Are 'they ef ficiently

related?
4

2. Engineering / Human Subsystem Coherence. Are - the individual engineer-
ing and human. factors solutions merging into coherent engineering and

. human subsystem designs?. Are the assumptions about levels of techno-
# logy consistent? What about levels of skill'and training? Do dec i-
; sions made for dif ferent : functions reflect divergent fdesign
i philosophies?

-If the emerging design is incomplete, fragmented, or inconsistent,-it is4

j normally necessary to rec'oncider some functional decisions from the
'

" alternative concepts"' point (step 8).

.

3.3.11 A11ocatability Test
4

4.

. Step 16' of! Fig. 3.4 represents a . test that may, in ' fact, apply anywhere*

during the sequence from step 10 through'14. .At any point it may be
recognized that'the function,-as partitioned at step 6, is not allocat-
able because it represents too gross a segment of the system, and should

,

actually. be subdivided.

- _ . - - - - . . _ _ . , _ . . - - - .. ._
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In this methodology, a function is a subset of the ple,nt's necessary sub-
systems and processes, the parts of which are closely related, which pro-
duces a plant subproduct, and chich can be created as a unit concept
during early system design. In other words, a function is defined oper- *

ationally; the plant and its processes are initially broken into a minimum
set of gross functions at step 6. Gross functions are tested at steps 8
through 15 to determine whether they can be matched with an engineering -

solution, allocated, and then matched with a human factors solution. If

any one of these tests cannot be met, the function must be redefined,
presumably by being further partitioned. If all tests are met, the func-
tion is passed through step 16 and becomes an element of the functional
design at step 18. Once all functions have been partitioned (defined) at
a level which permits them to be processed through steps 8 through 15, the
definition of functions is complete, and Phase I, the Hypothetical Design
Phase, is complete.

Step 16 is failed if at any point from step 8 through step 15 it becomes
apparent that the function is too difficult to handle and should be rede-
fined. When this occurs the function is normally returned to step 6 for
repartition, although other steps may apply such as " basic concept
change," steps 2 and 3, or "reselect engineeri g solution," steps 8 and 9.

3.3.12 Hypothetical System Functional Design .

When all functions have been defined, given a satisfactory engineering
solution, allocated, and given a satisfactory human factors solution, ,

those data collectively constitute an engineering design, an allocation,
and a human subsystem design--the three elements of a functional design
(step 18). This design remains hypothetical until it has been tested
deductively in Phase II, the Test and Evaluation Phase.

3.4 THE TEST AND EVALUATION PHASE

Phase I was a creative phase, during which engineering and human factors
design solutions were invented as a set of hypotheses. Phase II provides
a systematic deductive evaluation of the hypothesized design, an evalua-
tion which normally leads to reconsideration of many initial design
hypotheses. Major portions of the design are then recycled to Phase I
for improvement and elaboration of detail. This iterative cycle of
Phase I hypothesis and Phase II test is repeated until a satisfactory
functional design is achieved.

.

3.4.1 Hypothetical System Functional Design

This step, which is step 18 of Fig. 3.8, represents the entry condition
.

for Phase II, the existence (at some level of detail) of a hypothetical
design. Figure 3.8 reflects only steps 18-26, the test and evaluation
phase of functional design. (Refer to Fig. 3.1 for the entire design
sequence.)
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The level of detail may not be great during the initial cycles of hypoth-
esis and test, but it will increase as a functional design is perfected.
A minimum level of detail is assured because Phase I does not end until a |

*
tentative set of functions has been hypothesized. Detail must therefore l

be sufficient to:

e Identify the hypothesized functions and clearly state their boundaries *

Identify the engineering solutionse

e Document the allocation of functions decisions

e Identify the human factors solutions

The design is documented in the design data base; therefore each of the
participating disciplines can have access to all prior design decisions.

3.4.2 Evaluate Allocation of Functions

Step 19 of Fig. 3.8 is the essence of Phase II. It applies a deductive
evaluation to the hypothesized design solution, including the allocation
of functions. Data from empirical testing (step 20) may be entered as
evidence. However, test data are rarely achievable during the early steps .

of design because there is so little to be tested.

Evaluation tests will be described in detail in Sect. 5 of this report. .

Briefly, this step consists of the following six tests which are applied
to each function in sequence:

1. Does Man Meet Cote Performance Requirements? A first test asks
whether man, viewed as an engineering component, can teet the perfor-
mance demands imposed by each function as hypothetically designed. A
cognitive model is used to analyze performance in terms of eight core
performance areas.

2. Does Man Meet Human Performance Requirements? This test considers
man more broadly, as a complex organizm and as an element of the
human factors design.

3. Are Cost Tradeoffs Acceptable? This test makes an initial judgment
of the relative costs of the engineering and human factors solutions:
Working together, do they result in optimum system cost?

4. Is Human Factors Structure Adequate? This test examines the proposed -

human subsystem design in order to estimate the adequacy of hypothe-
sized training, procedures, personnel selection, and organizational
structure. Are they reasonably adequate assumptions? Will they .

support the performance requirements identified by tests 1 and 27

5. Is Cognitive Support Ade quate? This step asks whether the operator
will be provided sufficient information to continually be aware of
the plant status.



75
i

6. Is Job Satisfaction Optimal? This step examines the factors which
lead to human acceptance of the job.

I *
Failure to qualify on any of the six tests in this step will return a
hypothetical function to an appropriate step of Phase I for redesign.
(This feedbick is shown as step 23.)

,

3.4.3 Evaluate Engineering Design

If by step 19 of Fig. 3.4 a function is found to be properly allocated,
then in step 21 of Fig. 3.8 the engineering design is evaluated for tech-
nical suitability and for compatibility with the whole plant design using
recognized methods of engineering evaluation. This is the responsibility
of the engineering staf f.

3.4.4 Evaluate Human Factors Design

If by step 19 a function is found to be properly allocated, then in
step 22 of Fig. 3.8 the human subsystem is evaluated for its technical
suitability, for its compatibility with the plant engineering design, and
for its compatibility with the human factors design of other functions
(whole plant design). This is the responsibility of the human factors*

staff, who will use recognized methods in human factors evaluation.*

a

3.4.5 Complete?

Step 23 of Fig. 3.8 is a decision block which represents decisions based
on the findings of tests at steps 19, 21, and 22. Functions which fail
step 19 and are found not properly allocated are returned to a suitable
point in Phase I to be redefined, partitioned more narrowly, or rede-
signed. Functions which fail steps 21 and 22 are fed back for redesign
in a similar manner.

Analysts determine whether the whole set of functions, as it arrives at
step 23, is in fact a necessary and ccmplete set describing the plant and
its process states. The analysts examine the documentation for engineer-
ing and human factors functional design solutions. Questions are posed
concerning the level of detail: Are the engineering and human factors
subsystems described at levels of detail which are compatible from func-
tion to function? Is the level of detail adequate for the plant design

O

* Step 22 differs from the earlier test 4 in step 19, which asked:
"Is the human factors structure adequate?" That test asked whether the*

human factors hypothesis would meet the needs of man within the system as
de fined . This step (22) asks whether the human factors hypotheses are
mutually consistent and constitute a good application of human factors
science.
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as a whole? (See Sect. 2.4.5.) If not, feed back to Phase I for further
partition or development of detail.

~
Functions which pass steps 19 through 23 become elements of the final
functional design.

.

3.4.6 Compute " Goodness of Allocation"

A " goodness of allocation" profile (step 24), provides a quantified esti-
mate of the appropriateness of the allocation for each defined function.
The method for this determination is described separately in Sect. 6 of

'

this report.

3.4.7 Final Functional Design

Collectively, the functions which pass all tests of Phase II constitute a
- system functional design (step 25 of Fig. 3.8).

4

4

5

L

4

6

i
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4. ALLOCATION OF FUNCTIONS
.

This section explains how to allocate functions to man and machine using
a systematic procedure which consists of two major steps, hypothetical*

,

and deductive. These steps are part of the design process during the
hypothetical and test phases, respectively, and are represented by steps
11 and 19 of Fig. 2.1. The step-by-step details of this method are item-
Ized minutely in the body of this section rather than in an appendix
because it is necessary to comprehend the method in detail in order to

"

rigorously evaluate its merit.

4.1 STEP 11: -HYPOTHESIZE ALLOCATION OF FUNCTIONS

This step makes a hypothetical allocation for a designated function as an
intermediate step between hypothesizing engineering and human factors
design solutions for the function.

To summarize earlier discussion (Sect. 3.3), after functions have been
provisionally defined they are passed, one at a time, through the hypoth-

,

etical design process. During that process, three closely linked hypoth-'
.

eses must be formed: (1) an engineering treatment (step 9), (2) an
allocation of functions (step 11), and (3) a human factors treatment
(step 14). The hypothesized engineering treatment provides a basis for

, the allocation of functions which assigns roles between the engineering
subsystem and the human subsystem yet to be hypothesized. The allocation
decision may do any or all of the following:

i

1. Force a reconsideration of the engineering hypothesis.
,

.

| 2. Specify future details of the engineering design.
;

3. Define the requirements for human control and- provide the basis for -

the human factors hypothesis.

Hypothesized allocations define the boundary between the engineerina and
human fictors subsystems and permit a human factors treatment to be
hypothesized. A recommended procedure for formulating a hypothesizet
allocation of functions is shown in Fig'. 4.1, which presents step 11 ( f

Fig. 3.1 in greatly expanded detail.

.

4.1.1 General Method

The recommended procedure for allocating functions consists of 19 analy-
, sie and decision steps shown in Fig. 4.1 and described later in this

section. The sequential application of these steps results in a hypo-
thetical (provisional) decision concerning the allocation of functions to
man and to machine. The following nine general principles apply to most
of those steps.

. .-. .. - --- - .. - -,-
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1. Expert Judgment. Decisions made during the creative processes of
design typically require multivariate judgments based on complex
evaluations of probable utility versus probable risk. Allocation of

*
functions also requires judgments concerning probable human perfor-
mance, for which there are no reliable measurement tools. The team

is therefore forced to rely ultimately on expert judgment as the only
' feasible way of making each hypothesized allocation.

This is not to say that quantitative data will not be considered.
Such data exist and must be used when available. These include:

* past performance of analogous systems.

Quantified engineering predictions.*

Human factors experimental data (typically more suggestive than*

predictive).

Previous system cost data and future cost estimates in both time*

and dollars.

Input / output data for connecting subnystems of the design.*

Even where generous quantified data exist, however, they must be.

interpreted and weighed against the unquantified variables; thus
each allocation step ultimately requires judgment, as was discussed
in Sect. 2.5.,

2. Multidisciplinary Team. Allocation judgments require several kinds
of engineering and human factors expertise. A small, multidisciplin-
ary team is recommended to make hypothetical allocations.

A minimum team will include a senior " allocator" member who is not a
member of either the engineering design team or the human factors
design team and who may serve as chairman. This person should be an
experienced engineering psychologist or equivalent. He or she will
organize team meetings, prepare the agendas, chair the meetings, and
make all final decisions concerning allocation. Allocators other
than the chairman may also participate as allocator representatives.
The chief of the overall design team (presumably a system engineer)
may serve on the team, in which case he will serve as chairman and
senior allocator. (See Sect. 3.2.4.)

The team will also require one or more representatives each from the
engineering design team and the human factors design team. The pre-.

cise skills and experience required of them will depend on the speci-
fic functions biing allocated and their technical characteristics.
The roles of the team members are generally as follows:.

Engineering design members are expected to:a.

Explain the hypothetical engineering solution to other members of*

the team.

L



80

* Find and present all available quantified data on predicted engi-
neering performance.

.

* Find and present quantified and descriptive data on analogous
technology.

;
*

* Interpret the control requirements (step 10) to other members of
the team, and discuss the general constraints and demands which
the technology will impose on human users.

* Answer questions about the technology (the hypothetical engineer-
ing solution and analogous technology).

* Participate generally in team deliberations.

b. Human factors design members should:

* Provisionally estimate the reasonableness and suitability of
each team decision in terms of its human factors implications.

* Provisionally estimate the feasibility and cost of the implied
human factors system requirements (what human factors costs are
affected by each decision?).

.

* Identify, present, and interpret quantified and descriptive his-
toric data about the human factors effects of analogous
technology. *

* Participate generally in team deliberations.
.

Assist allocator members in the analysis of core performance*

requirements (step 11.5, Fig. 4.1), or perform the analysis if'

there are no allocator members other than the chairman.

c. The senior allocator member shall:

* Control the agenda and prepare for meetings.

* Chair meetings.

* Make final decisions.

d. Other allocator representatives (if any) should:

* Assist in team deliberations on the basis of their specialized *

skills or experience.

* Perform the analysis of core performance requirements described *

,'

by step 11.5 of Fig. 4.1, assisted by human factors
representatives.

3. Analogous Technology. Expert judgment is assisted by comparing each
proposed technology with analogous real cases. In fact, experience



81

with analogous technology is the principal basis for all invention
and is essential in forming reliable design hypotheses. The ability
to allocate functions will depend in large part on access to historic

*
design data, including data about performance, ptoblems, and cost.
See also the discussion of analogous technology, Sect. 2.5.2, and
institutional memory, Sect. 2.8.4.

,

4. Design Data Base. Data for allocation hypotheses are drawn from the
design data base, step 26 in Fig. 3.1. These data include the
following:

e the entry conditions established at steps 1-5;

the identity of provisional functions, step 6;e

* the alternative engineering concepts and hypothetical solution,
steps 8 and 9;

the description of the control requirements imposed by the engi-e
neering solution, step 10; and

e data concerning analogous technology.

As allocation hypotheses are formed they are recorded in the design*

data base along with the rationale for the allocation decision. Once
in this data base, these data will become available to other members

of the design organization. and will be accessible whenever necessary.

to reconsider the allocation hypothesis.

5. Simplicity and Speed. The purpose of the hypothesis procedure is to
reach a rapid approximation of a correct allocation. The allocation
is hypothetical only; it will be tested at step 19 of Fig. 3.1, and
the procedure may be repeated many times before a final functional
design is achieved.

Lengthy presentations and debate should be avoided; each panel ses-
sion should proceed smoothly. The team should be able to assign a
hypothetical allocation to a function in only a few minutes, espe-
cially during early iterations of the process.

6. Permissive Criterion. During this hypothetical allocation decision
the goal is to find an optimal allocation, not to critique it.
Furthermore, within a whole system design it will usually be neces-
sary to accept some allocations that are less than optimal. There-
fore, a permissive criterion will be exercised: each decision will*

be made on the basis of best first judgments, and will not be delayed
by critical re-examination.*

.

*This rule will be reversed when we come to step 19; during that
testing step, a conservative criterion will be applied.
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7. Series Analysis. In general, the team will deal with provisional
functions one at a time. Later (in step 19) the simultaneous ef fects
of all functions will be examined, but here the goal is to achieve a

,

hypothet ically optimum allocat ion for ech functon individually.

This does not mean, of course, that the team will disregard what it
,

knows about functions already allocated. It will not make decisions
which are clearly inconsistent with earlier ones or are unacceptable
because of obvious interact ions between functions.

8. Decision Matrix. The matrix shown in Fig. 4.2 is designed to clarify
the logical basis for certain decision steps. (This mat rix was first
discussed in Sect. 2.7.3.) Shown in circles outside the matrix are
the re s pec t ive steps from Fig. 4.1 at which the contents of each
region are allocated.

9. Decision-Making Procedure. The team will consider each function in

an order selected by the chairman, proceeding approximately as
follows:

a. The decision steps shown in Fig. 4.1 will be completed in numer-
ical order.* These steps are detailed in Sect. 4.1.2.

b. Engineering members will describe the hypothetical engineering -

solution, its demands on users, and its analogous technologies
(Sect. 4.1.1).

.

c. Human factors members will discuss the apparent consequences of
the solut ion on personnel (see Sect. 4.1.1).

d. All members will suggest possible allocations of function, and
will seek to achieve a consensus solution.

The chairman will decide on a hypothet ical allocat ion, not nec-e.

essarily accepting the majority opinion. He or she will record
that dec is ion, including the decision rationale and any impor-
tant non-concurrences.

f. The method and criteria described in Sect. 4.1.1 will be applied
in each of the steps shown in Fig. 4.1.

4.1.2 Step 11.1: Is Automation Mandatory?

This step identifies functions and subfunctions for which automat ion is *

mandatory. These are the functions which lie in region (U ) f Fig. 4.2.
h

.

*0ther sequences are acceptable so long as all decision steps are
applied. However, the order shown is a rat ional sequence of decisions,
and is recommended because of the sequence of data successively available
in the decision data base.
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The functions to be identified are those to be totally automated--that
is, all included tasks must be automated, although some tasks may
require a capability for human observation and intervention. That ques-
tion will be dealt with by step 11.17, "Specify the Residual Role of *

| Man." |

4.1.2.1 Applicable Substeps and Questions: *

| a. Are Working Conditons Hostile to Man? Are any working conditions
hazardous to man? Do environmental conditions permit the survival of
man? In the NPP environment, temperature and radiation hazard are

.

the principal limiting factors (see also Appendix A). If conditions!

are unsuited to man, the outcome is "yes."
;

b. Does the Function Include Tasks Which Man Cannot Perform? Does the
function require speeds of response, levels of analysis, or other
actions beyond the performance capabililties of man? (Use the guide-'

. lines of Appendix B). If required performance is clearly beyond the
capabilities of man, use outcome "yes." Marginal cases will be con-
sidered later at steps 11.7 and 11.8.

c. Does Regulation or Law Require Automation? If so, use outcome "yes."

d. Does Safety Require Automation? If a policy dictates, or if on con- ..

sidered analysis it is decided that sfety functions should be init i-
ated automatically without the participation of CR operators, the
outcome is "yes." ,

,

4.1.2.2 ' Test Result
' a. "Yes." If the overall outcome is "yes," proceed to step 11.2.

| b. Partly "Yes." If automation is mandatory for parts of the function
(e.g., for included subfunctions), the function must be returned4

through step 11.6 for repartition.

! c. " No . " If the outcome is "no," proceed to step 11.3.

4.1.3 Step 11.2: Automation Technically Feasible?

In some cases automation would be required to perform the function, but
it is not technologially feasible. Such cases fall in region (Uah} f

i Fig. 4.2. This decision is made principally on the advice of the engi-
neering members of the allocation team. Automation is not technically .

feasible if

| e No feasible engineering strategy exists. ,

~

e The costs of automation would be unreasonable.
.

e . Development or delivery' time would be unacceptable.;

t

w - - . - - - ,-r - , e ,, ~-
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e The reliability of an automated solution would not meet function
requirements.

*
4.1.3.1 Test Result.

a. "Yes." If autonation is technically feasible, the entire function is

I* hypothetically-allocated to automation, with no human participation.

] Go to the bus line " allocate to automation."

I b. "No." If automation is not feasible, the function must be reparti-
tioned, redefined, or assigned a new engineering solution. Return to

_

step 6 or 9.
.

} 4.1.4 Step 11.3: Is Human Performance Mandatory?

This step reverses the logic of step 11.1 to identify functions and sub-
fuctions for which the direct participation of man is mandatory. These

functions fall in region (U,) of Fig. 4.2. The functions to be identi-
fied by this step are those to be totally manual--that is, all tasks
included here must be under. human control, although some may require
automated support at-the task level. That question will be dealt with by

3

step 11.15, "Specify Residual Automation Support."'

' 4.1.4.1 ' Applicable Substeps and Questions:*

i a. Is Human Performance Required by Law or Regulation? If so, use out-
'

* come "yes."
i

b. Is Human Performance Required by Labor Agreement? If so, use outcome
"yes."

c. Is Man Required to Maintain Policy-Level or On/Off Control? Refer to
the discussion of this issue in Sect. 2.9. Human users must be able
to make.the basic. policy and economic' decisions which causeLthe plant
to produce economically ~ desired products and keep it within statutory

j- safety standards. If a ~ function falls in this category, use outcome
ny,,,n

i d. Is Automation Technically Infeasible? Using criteria in Sect. 4.1.2,
! is automation probably infeasible? If so, use outcome "yes."'

; 4.1.4.2 Test Result
!
>

| a. "Yes." If the outcome is "yes," go to step 11.4.

-b. Partly "Yes." If human participation is mandatory for parts of the
function (for included subfunctions), the function must be returned
through step 1.6 -for repartition.-:

c. "No." If the outcome is "no," go to step 11.5.
~

_ _ . _ _. - _ , _ ._, . . _ _. , , . - _ , . .
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4.1.5 Step 11.4: Is Man A Feasible Solution?

In some cases human performance would be required, but performance
,

requirements are beyond man's capability. These cases fall in area (Uah)
of Fig. 4.2. This decision is made primarily on the technical advice of
the human factors members of the team. The criteria to be used are those

*
previously cited in Sects. 4.1.2.1 and 4.1.2.2. If man is not a feasible
solution, use outcome "no."

4.1.5.1 Test Result

a. "Yes." If human performance is feasible, the entire function is
hypothetically allocated to man, without automation of any part.
Go to the bu line " allocate to man."

b. "No." If human performance is not feasible, the function cannot
be allocated. It must be repartitioned, redefined, or given another
engineering solution. Go to step 6 or 9.

A.I.6 Step 11.5: Analyze Included Core Performance Requirement s
and Automatability

Before further decision steps are taken, it is advisable to analyze each *

function by breaking it down into the sensory, cognitive, and motor sys-
tem behaviors required. (Refer to the discussion of core performance
areas in Sect. 2.6.3, and to Appendix C for defining criteria.) -

If the team includes allocators other than the chairman, this step is
performed by the allocator team members, assisted by the human factors
representatives. If there are no other allocator membera, it is per-
formed by the human factors representtives alone. Figure 4.3 illustrates
the interactions of core performance areas as control actons are being
pe r fo rmed .

4.1.6.1 Identification and Analysis

a. State in Which Core Performances are Required. For each function,
examine the control requirements developed in step 10 of Fig. 3.1 and
described in the control requirements matrix, step 10A. These data
tell what control interventions the function will require in each
predicted plant state. For each defined control requirement, esti-
mate the core performance areas which must be exercised if man is to
perform the function.

.

b. Identify Critical Core Performances. Most control actions and the
core performances they require will be non-critical in that they can
readily be performed by man. To simplify analysis, attention should -

focus only on

Critical core performance requirements, and*



-.
- _ - - - _ _ _ _ - _ _ _ _ _ _ .

.

* * . . . .

ORNI-D% G33-13788

CNS

g__.__________,
I

! INFORMATION STORAGE & RETRIEVAL *

I
I o ,,

g
" " "

I
!': INFORMATION DECISION-> INTERPPETING -+

3 PROCESSING MAKING
|

|
u______ _ _ _ _ _ _ _I

SYSTEM
SYSTEM
DEMANDS I - ~ ~ 1 |~ - - - 7 PERFORM

| SENSING 1-* O OR RESPONDING '

| 1 in

i =
CONTROLLING |I MONITORING y N

1- - ' '- J MAN 1- _ _ _-

S R

! kMACHINE
DISPLAYS CONTROLS

it

,

INPUT TO PLANT HARDWARE OUTPUT FROM PLANT

i

Fig. 4.3 A conceptual man-machine model emphasizing the core human performance areas.

|

|



. _ _ , . - ,

88

e The total number of actions required per unit of time (frequency
of tasks).

.

Identify those core performances and related control requirements
which are critical, or possibly critical, and record them in the
design data base. .

c. Estimate the Suitability of Man. For each critical requirement,
estimate how well man can perform. This is the horizontal dimension
of the matrix in Fig. 4.2, " Man (human performance)." This estimate,
which cannot be reasonably quantified, should be a descriptive state-
ment that identifies problems, control requirements, and core perfor-
mance areas.

:

In making this estimate the human factors representatives will take
into consideration any human factors design decisions already hypoth-
esized. For instance, if a working hypothesis has been established
concerning crew size or taining level, that datum will affect how
well man can meet the control requirements.

d. Estimate the Suitability of Automation. The engineering representa-
tivea will make an assessment of the feasibility and cost of automat-
ing control requirements analogous to (c) above. This is the verti- ,

cal dimension of Fig. 4.2, " Machine (automated performance)." This
estimate will be documented as a descriptive estimate for the suit-
ability of automation, stating the following:

,

o Control requirements which impose critical technical limitations
or costs.

e Description of the limitations,

e Identification of the information processing steps (Fig. 4.3)
which are difficult to automate. These can include sensing,
detection, pattern recognition, decision analysis, information
storage or retrieval, and control execution. These steps are
machine equivalents of the human core performance areas,,

e Identification of those non-critical core performance steps in
this section which automation may be able to perform well.

4.1.7 Step 11.6: Repartition

.

. Analysis of core performance requirements may reveal cases in which a
; function will be difficult to allocate because it is too large or con-

,

tains parts which are suited to different treatments. If so, the func- ,

tion should be repartitioned into subfunctions.

4.1.7.1 Repartition Criteria

a. Too Large. It a function contains too large a portion of the plant
design to deal with easily, use outcome "yes."

-- . - -- . .
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b. Different Treatments. If a function contains two or more areas which
appear to require dIf ferent allocation treatments, use outcome "yes."

.

c. Similarity of Content. If a function contains more than one cluster
of coherent subfunctions, it should be partitioned. That is, it
should be repartitioned if it contains two or more parts which differ,

sharply when analyzed as outlined in Sect. 4.1.5. If this is the

case, use outcome "yes."

4.1.7.2 Test Result

a. "Yes." If the outcome of step 11.6 is "yes," return to step 6 of
Fig. 3.1 and repartition the function.

b. "No." If the outcome is "no," proceed to step 11.7.

Step 11.6 may actually be employed whenever it becomes clear that a func-
tion cannot be allocated successfully, or could be allocated more easily
if broken into parts. This can happen during any step from 11.1 to
11.12.

4.1.8 Step 11.7: Is Automation Preferred?
,

This step identifies functions for which the automation of all included
tasks is clearly preferred, because automation will perform more reliably

'

than human control. These cases lie within region (P ,) of Fig. 4.2.
(Refer also to Sects. 2.7 and 4.1.6.)

4.1.8.1 Criteria for Pre ferred Automation

a. Included Cases. This step identifies those functions for which auto-
mation is clearly preferred (i.e., automation can perform them better
than man). This can include both (a) cases in which automation tech-
nology is highly acceptable (reliable, ef fective, inexpensive) and
human performance imposes some problems, and (b) cases in which auto-
mation is marginally ef fective or expensive, but humans are expected
to perform even more poorly,

b. Role of Man. This step should identify those functions in which
all control tasks should be automated, although there may be a
requirement for man to monitor instrumentation or intervene during
emergencies. In other words, man is outside the control loop.
See Fig. 4.4.

,

4.1.8.2 Test Result

' a. "Yes." If the outcome is "yes," go to the bus line marked " allocate
to automation."

b. "No." If the outcome is "no," go to step 11.8.

, - . ~.
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A plant or function in this configuration is normally controlled by the automatic control
system. Man is outside the primary control loop, but can monitor the process through instru-
mentation. If man chooses to intervene by operating manual controls that action overrides
the automated control system.

.

Fig. 4.4. Man outside the control loop.

.

4.1.9 Step 11.8: Is Human Performance Preferred?

This step is the obverse of step 11.7. It identifies functions for which
human performance of all control tasks is clearly preferred, because man
can perform more reliably than automation. These cases lie within region
(P ) of Fig. 4.2. (Refer also to Sects. 2.7 and 4.1.6.)h

4.1.9.1 Criteria for Preferred Human Control

a. Included Cases. This case identifies functions for which human con-
trol is clearly preferred. The rationale of Sect. 4.1.7.1 applies,
with the roles of man and machine reversed,

b. Role of Man. Functions identified are those in which all included
control tasks should be manually controlled, although some tasks may
profit from automated support, as will be provided by step 11.15.r

(See also Sect. 2.9.)
-

4.1.9.2 Test Result

a. "Yes." If the outcome is "yes," go to the bus line " allocate to *

man."

b. "No." If the outcome is "no," go to step 11.9.
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4.1.10 Step 11.9: Allocate Core Performance Segments?

A large proportion of functions contain control requirements which should
be accomplished with some information processing steps under human con-*

trol and some steps automated. In other words, certain core performance
areas (Fig. 4.3) require automation. This step results in allocating.

functions partly to automation and partly to man by a subdivision of task' ''

steps. These are allocated using criteria described for step 11.10. If

, such allocation is appropriate, the outcome is "yes."
J

4.1.10.1 Test Result

a. "Yes." If the outcome is "yes," go th step 11.10.

I b. "No." If the outcome is "no," this function will not be allocated by
core performance segments. Proceed to step 11.11.

4.1.11 Step 11.10: Allocate Core Performance Segments to Man or
Automation

,

The source data for this step are the analytic data from step 11.5.'

4.1.11.1 Allocations to Automation.
,

a. Input Segment s . The blocks on Fig. 4.3 marked " sensing" and "moni-
toring" represent input functions. These core performances may be.

j automated in part by providing self-actuated
i

e Monitoring of alarms and out-of-tolerence conditions,

Displaying and intelligent configuring of system information too

maximize understanding of the information displayed and minimize4

acquisition time.,

!

Information processing capability external to the human in support-e
of his own processing.

I b. Central Nervous System (CNS) Processes. The blocks "information
j processing," " interpreting," and " decision making" may be automated
j all or. in part by providing self-actuated

e analysis of input data

display of recommended procedural steps (some of which may in turn. e,

j initiate subsequences of'their own)

|(
.

decision and diagnostic assistancee

a

; c. Memory. Some of the major causes of human overload and thus error
.are a consequence of the limits of short-term memory and the limits

, to the storage and retrieval rates of long-term memory. The burden-

[ .on these resources can be lessened by providing
,

!

I

| |

, , , . . _ .. __ _ -. __ .. _ _ ._ _ _
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|

: e Automated hold-until-canceled data devices. An annunciator is a
simple form of such a device.

,

*e Buf fer devices to support human short-term memory.
4

e Information systems to support long-term memory.
.

e Automatic information logging.,

d. Output Processes. The b'.ocks " responding" and " controlling" can be
automated all or in part by providing<

e set point controllers
,

e sequence controllers4

e - computer control subsystems (which can implement complex varia-
tions of the first two)c

Those parts of the control cycle identified as appropriate to auto-
mate are recorded descriptively, stating'

e control requirements that apply
;

! -

human core performance areas that should be automated or provided ie
,

with automatic support'

.

the general automation strategy that should be applied (i.e, whate
i it should do and what- technical solution is implied)

Outcome "yes" places the selected parts of the control cycle in,

region P, of Fig. 4.2. A "no" outcome represents the balance of informa-
; tion processing steps in the control cycle, which remain allocated to

Outcome "no" places the remaining parts of the decision cycle in; man.
f Fig. 4.3.region Ph

,

'4.1.11.2 Test Result
,

a. "Yes." If the outcome is "yes," go to the bus line marked " allocate -
to automation.

b. "No." If the outcome is "no," go to the bus line marked " allocate to
,

i man."

.

4.1.12 Step'11.11: Allocate Utilitarian Control Requirements to Man

This step allocates, utilitarian tasks to man. The principle of utilitar- ,

Ian performance is that the operating crew is present and paid for, and
it is therefore reasonable to assign certain roles to them. This process

i . may provide 'a pattern of activity for the crew which leads to job satis-
faction and contributes critically important cognitive support.

g W gge - i---a 3-w p +f-' + vu -ey---fy4- - s--#-
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The principle of cognitive support is that each operator needs to know
the status and trends in the plant. Operators perform their control,

- tasks principally by consulting procedures and their mental model of the
plant. This mental model is a memory of the plant's processing struc-*

ture, its typical behaviors, and its specific last known states. It

permits the operator to understand plant processes, to recognize changes
in condition, to predict the consequences of control actions, and to-

diagnose abnormalities. A major problem of automated systems is that by
relieving the operator of control tasks, they deprive him of much infor-
mation. " Cognitive support" refers to job activity deliberately planned
to keep the operator informed about and active in contro111ing the plant,
in order to maintain an adequate mental model. (Refer to the discusson
of cognitive support in Sect. 2.6.5.)

,

.

Step 11.11 examined functions which have not yet been allocated, and
allocates utilitarian control requirements to man, with three goals:

* contribute to cognitive support

* enhance job satisfaction

* reduce costs through reduced automation

4.1.12.1 Criteria for Allocation.

a. Is the Operator Overloaded? The human factors representatives iden-
tify points at which operators are not fully engaged, taking into.

consideration what has been hypothetically determined about crew size
and previous allocations to man.

,

b. Are the Tasks Suitable Candidates? Each function is examined for
control tasks which meet selection criteria as follows:

(1) Not demeaning: Tasks which are trivial, demeaning, or would
lead to boredom are not selected.

(2) Not excessively difficult: Tasks which would lead to cognitive
overload or to performance error should, by this point, have
been allocated to automation (steps 11.1 and 11.7). Neverthe-
less, auch tasks should not be selected.

(3) Matrix location (Fig. 4.2). Selected tasks should be in the
upper right of region (Pha) of Fig. 4.2--tasks which can be well
performed by either man or automation. '

e

c. Are the Tasks Useful to Job Satisfacton or Cognitive Support? In
,

selecting control requirements for allocation, consideration should ;

.- be given to the requirements for job satisfaction and cognitive !
'

support.
)
.

I

y w - # - ,-
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4.1.12.2 Test Result

Use outcome "yes" for functions and parts of functions (control require-
ments) that can be allocated to man as utilitarian performance. Use "no" *,

for those that cannot.,

'

a. "Yes." If the outcome "yes" occurs, go to the bus line " allocate to -

man."

.b. " No . " If the outcome "no" occurs, go to step 11.12,

4

4.1.13 Step 11.12: Reconsider for Cognitive Support

This step reconsiders tasks provisionally allocated to automation. These,

1 tasks are reconsidered if there appears to be a requirement for a greater
;

i degree of cognitive support. ,(See also Sect. 2.6.5).

4.1.13.1 Criteria for Reconsideration

4 - a. Is There a Requirement for Added Cognitive Support? The human fac-
| tors representatives identify requirements for cognitive support, to

the extent the emerging system design permits. Early in the alloca-

! .
tion process and design cycle there will be few data available except .

the engineering concept (step 1), role of man (step 2), and analogous
technology in the design data base (step 26).

' .

Cognitive support should ensure a continuous awareness of the status
and trend of each engineering subsystem during each plant state.

! Safety-critical and time-critical subsystems require a more precise -
) awareness. Although this is a fairly complex judgment, it should not

require extensive analysis. Documentation should identify plant
i subsystems and states which are, or are not , described suf ficiently

in the operator's mental model.
1

1

b. Allocations to Automation. The allocation team should particularly
examine those functions and tasks previously allocated to' automation.

. . Does automation deprive the operator of information? 'Is there ade-
! quate remaining task activity to provide sufficient cognitive support -
i regarding' plant status? The team should selectively reconsider past

allocations to automation, to ensure a pattern of operator activity'

which promotes an adequate mental model of the plant.

| 4.1.13.2 Test Result
:

.

a. "Yes." Reallocated tasks and functions go to the bus line " allocate
to man." -

, ,

' b. "No." Allocations previously made to automation continue to be so
j allocated. Proceed to step 11.17.
L

; --

!'

|.

L
~
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.4.1. % Step 11.13: Repr%ition
,.. --

.

This is the last point at which it may be appropriate to reject a func -?'

tion and return it for repartition, re' efinition,, or reconsideraton of-* d
the engineering solution. Users of the precedure are reminded that this

- action may be taken at any time during the Yecision sequence from steps
11.1 to 11.13. [ Refer to the discussion of't.he first repartition step;..

(11.6) in Sect. 4.1.7.] -

4.1.15 Step 11.14: Allocation by Other Criteria,

Steps 11.1 through 11.13 exercise all identified cr.itical criteria for

allocation. Any functions and tasks remaining unallocated are presumably
cases in which allocation to either man or automation i's completely
acceptable from the point of view of both engigering and hpman factors
design. These functions and' control tasks may therefore be allocated on
the basis of any other criteria of interest ta management or. the design~

team. All such functions and aor. trol tasks should lie in region (P ) of
' ha

the matrix in Fig. 4.2. Other criteria to be used can include the
j following: ' '

1. Relative cost of human or automated options. '

]
.

< \

2. Consistency with earlier allocation and design practice.
.

u3. Available technologies. - 1

4. Crew preferences.

~ ; 5.- Management , pre ferenc'e's ,
'

''
s, . N 7

6. E5 signer preferendes.
*
.

4.1.16 Step 11.15i, ,
..

. Specify Residual Automation Support

,Alletepswhichresult[in_-ahypotheticalallocatonoffunctionstoman
are connected to the -bus line " allocate to man,'! and terminate in this
. step. This step is a final check of functions, allocated to man, and it
ensures that the conditions of allocation provide ,for appropriate auto-
mated support of the functions allocated to man.'

i
,

Inthisstepistherecognitionthatalthoughman~ participates'iNatask,
I

|.
;

it is very rarely intended that he perform it without sdme level'of
mechanical support.* Indeed, if the plant is operated from a control .'

!

j.-

. ', ,,

s' /J

r

*See ref. 21_ for further discussion of automation 1and operator
functions;

, , s - +

g

e

, ., W&,-

.g 1

g. , , \=

*
1, g

sx _ ,



. . .
,

._ __ _ _ _ _ __ __ . _ _ _

,+ , ; ,

-

k ~ \ .' E- ,I h *
'

n. .n ' ~ ,-
*: :w '

- - 'N. .
> 96

'

.

<

' se room .(as in the case of a KPP), all control is automated to the extent
othat it is remote. There 'is no direct observation of the plant process
and'no direct application of force to the controls. Therefore, at this
step we will examine each function allocated to man to ensure that no .

'"

%'
uanecessary burden is placed on the operator, multiple levels of access
are specified where appropriate, and automated support provides the maxi-<
mum possible degree of plant stability without human control action. ,

1. Automated Data Display. Examine each function and specify points
where automated display will simplify the core performance require-

}ments for sensing, monitoring, and decision making (see Fig. 4.3).,

, ,,

q2. Set-Point and Sequence Controllers. Examine each function and spec-
-

4 ify points where unnecessary manipulation of analog controls can be
,

Ie avoided by using set point controllers, or where common switch-and-
valve sequencing can be simplified by automatic switching.

3. " Dead kn" Controls. Examine each function. What happens if the
;

operator fails to perform required functions? Can appropriate auto- i

j ma(ion <maketheplantstableundertheseconditions?

4. Multiple Levels of Control Access. In many systems, a hierarchy of
control functions will be provided by the designers. Operator access
to,each level or layer in the hierarchy may provide additional backup

, ,

espability_ to accommodate degradation of upper level function and'

p'roviderfor emergency reconfiguration. The further up the hierarchy
- operator control is exercised, the more integrated the control action

*
B- becomes. Thus at high levels a single action can engage, disengage,

or modify many subsystems. Examine each level and function within.

; , .that level to determine the most effective access points,
t

4 - s 5 '. Consistent Level of Automation. Based on design guidance (steps 1,
!

- 2,iand 3), the control room should present to the operating crew a
reasonably consistent level of automated support. Examine each func-

1 _ tion to ensure that aistomation decisions were based on uniform crite-
L rie. Change any allocations that are seriously inconsistent, unless

there la a clear and compelling reason for the inconsistency.
, ,

#

t t

w. 4.1.17 Step 11.16i Provisionally Allocate to Man

' ' The hypothetical allocations that reach this point are provisionally.
h- | allocated to man. Each' allocation ~here is provisional because each will*

,f be subjected to a test at step 19 (Sect. 4.2), and because each may be$2 i

i !s changed as the result of changes in the engineering or human design
h;'

,

uhypothesis. These allocations, and the rationale on which they were'

made, will;be entered into the design data base.
_. .

.g ,

^

411.18(1 Step 11.17: Specify the Residual Role of Man

L All types which result in a hypothetical allocation of functions to auto-

- %, %
' .

th{s step, which specifies man's role in automatedmation terminate ,ats-
1 s

'

1% -

gj s

\. k. %g
! 'a- ,s ,c
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This step is a final check of functions allocated to automa-[ ' tion, and assures that the conditions of allocation are specified so as
, . functions.

no'cl,K
.

-

to preclude necessary human access to controls.>

ga,

<e

I
' '

This step recognizes that while automation of many of the control<
..

reqoirements is desirable, it 1. very rarely intended to exclude mai.
2 t toge the r,. Ultimate policy control must remain allocated to man (see;.

~1 , ' ,
,

s

' also :Sec t . 2.9). Therefore, at this step each function allocated to
" ' automation will be examined to ensure that,

< ,

'

* ' Man. retains necessary emergency control.'

,

* Consistency of treatuert is reasonable from function to function.

Multiple levelst of 'acccas are specified where appropriate.*

* . Man retains' policy-level control .

4.1.18.1 Reconsider Abnormal Cor.ditions

Examine each function'in relation to each plant state, and in relation to
the abnormal condition 3 which can originate from that state. Compare
these data with the defined role of man in' step 3, which provides general
policy concerning man's intervention into abnormal states. Does the,

hypothetical degree of automation interfere with man's necessary emer-
gency role? (a) Will displayed data provide an adequate basis for the
required diagnostic judgments? (b) Will it be adequate to support*
required emergency symptomatic interventions? (c) Will control capabili-
ties permit man to incervene as required? (d) Will they permit man to

.

reconfigure for required maintenance? If these conditons do not exist,
specify an increcsed residual role of man to meet policy guidance.

4.1.18.2 Specify a Consistent Level of Automation

Ensure that a reasonably consistent level of automation across plant
systems is planned, except when there is a clear reason to specify other-
wise. Specify a level consistent with step.11.13 (Sect. 4.1.15).

4.1.18.3 Specify Multiple Levels of Control Access

Examine each function in a manner consistent with step 11.15
(Sect. 4.1.15.4), and specify any required multiple levels of control
access.

!4.1.18.4 Specify Policy-Level Control j,

|Any industrial system exists to meet specific economic and social
requirements (see Sect. 2.9). The absolute minimum set of controls in a,

highly automated plant is that set which assures the plant's owners that
it can be made to produce the product desired, at desired times and
desired ratcs of production. This has not been a problem in semi-
automated industries, but it may be a consideration in future highly

-.
_ _ - - _ _ _ -
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automated designs. Specify the required minimum allocation of policy-
level control functions to man.

.

4.1.19 Step 11.18: Previsionally Allocate to Automation

Hypothetical allocations which reach this point are allocated to automa- *

tion. The allocation here is provisional, because each allocation will
be subjected to a test at step 19 (Sect. 4.2), and because it may be
changed as the result of changes in the engineering or human design
hypotheses. Enter these allocations, and the rationale for them, into
the design data base.

4.1.20 Step 11.19: Record Automation Requirement s

Each time an allocation is made to automation, that allocation includes
an implied requirement for engineering development of automatic controls.
At this step, list those requirements.

All team members review the allocations, function by function. They
identify cases where an allocation requires development of automated
controls, and ensure that team members are in agreement concerning what
is to be automated and the level of technology to be achieved. The engi- -

neering members are responsible for writing the functional specifications
necessary to meet these requirements.

.

These functional specifications may be (a) performance statements, which
describe (in general terms) what automation will be required to do, or
(b) descriptions in terms of analogous technology. (It is not yet time
to specify hardware or software solutions.)

These data go to step 21 (engineering test), where they are used to test
the hypothetical eng: cering design by asking: "Is the required control
automation achievable?" If so, they become part of the engineering
requirements to be developed during future iterations of the design
cycle. These data are, of course, entered into the design data base.

4.2 STEP 19: DEDUCTIVE EVALUATION OF ALLOCATION OF FUNCTIONS

This phase providea for deductive testing and 7aluation of the hypothet-
ical allocations niade at step 11. The viability of those allocations
depends on their being appropriately related to viable engineering and
human factors designs. Therefore, allocation decisions (step 11) must be .

evaluated concurrently with the related hypothetical engineering and
human factors designs (Fig. 3.1, steps 9 and 14).

.

4.2.1 General Method

The recommended evaluation procedure exercises the six test steps shown
in Fig. 4.5, which is an expansion of Fig. 3.1, step 19. In each step a

1

|

i

|
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Fig. 4.5. Design step 19: evaluate allocation of functions deductively.
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small interdisciplinary evaluation team follows an ordered evaluation ;

procedure using data from the design data base. Allocations and design '

hypotheses which are found faulty are returned for redesign. The follow- ,

ing general principles should be applied to all six decision steps.
These principles are essentially the same as those in step 11 of
Sect. 4.1.1, except where noted below. .

1. Expert judgment. Expert judginent is, in effect, required three
times: (1) It is required in estimating the future psychological
requirements of a plant which has not yet been designed. (2) It is
required to estimate the future skills, knowledge, and psychological
response limitations of a plant crew which has not yet been selected.
(3) It is required to estimate the multivariate characteristics of
the human operator, including his or her limitations. This is a
field in which quantitative analyses have not been very successful
(even for existing systems with known characteristics).

2. Multidisiciplinary Team. A minimum team consists of an engineering
psychologist as the chairman, with possibly one or more other alloca-
tion of functions representatives. The design representatives
include one or more engineering designers and one or more human fac-
tors designers.

*

The roles of team members are as follows: The senior engineering

psychologist (chairman) organizes the sessions, prepares data and an
agenda, chairs the sessions, and makes final decisions. As each

*hypothetically allocated function is considered, the engineering
member (s) ensure that all panel members understand the engineering
solution and that the control requirements are properly estimated.
They advise on the proposed control display and automation technolo-
gies, and assist in assessing the effects of the engineering design
on each of the core performance requirements. The human factors
design representatives ensure that the hypothesized human factors
structure is the one which is actually being assumed, and they advise
on the ef fects of training, selection, procedures, crew structure,
organization, and other human factors upon the ability of operators
to perform. The allocation of functions representatives ensure that
the ef fects of " unburdening" are considered, as was specified earlier
at hypothesis step 11.9, " allocate core performance segments"
(Sect. 4.1.10).

3. Analogous technology. Expert judgment is assisted and made feasible
by previous experience with analogous cases. Such analogy should be
used to predict the human requirements that a given function will

,

impose.

4. The design data base. Evaluation uses data from the design data
~

base, including

The list of functions, their hypothesized engineering solutions,*

and their hypothesized human factors solutions. These data are
available from the documentation base (see Step 18 of Fig. 3.1).
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e Documents entered by the engineering design team which describe
analogous plants and component technology, including their his-
toric problems and costs..

5. Conservative Criterion. The criterion for decisions will be conser-
vatism. Functions and subsystems will not be permitted unless it is,

reasonably certain that: (a) a good allocation to nan and machine
has been made; (b) the engineering hypothesis on which the alloca-
tion is based places reasonable demands on and provides reasonable
support to man; and (c) the human factors hypothesis meets the
requirements of the allocation.

6. Decision procedure. The team will in each case discuss the functions
to ensure that they are fully understood in reference to the test in
progress. Available quantified and empirical data will be exainined.
Each of the unquantifiable variables of human capability and of
unknown future technology will be identified and its ef fect on the
design estimated. Analogous technology will be discussad.

Following these informational steps, team members will make individ-
ual judgments as to whether the function (or whole system) under
study passes the test, stating their reasons and the decision ration-
ale. A limited discussion to reach a consensus will be attempted*
attempted. Without further attempt to force 3 consensus, and without
being required to accept the majority opinion, the chairman will make
a prompt decision. If a function or system fails to pass the test,*
the team will record the reasons for its failure.

7. Series and simultaneous analysis. In each test the hypothetically
allocated functions and their associated design hypotheses are evalu-
ated, first one function at a time and then simultaneously by plant
function, to determine their total ef fect during the control of each
function.

The following paragraphs describe in detail the six test steps of step 19.

4.2.2 Step 19.1: Can Man Meet the Core Performance Requirements?

This test examines the hypothesized allocation of functions and asks
whether man (the NPP operator) will be able to perform the functions allo
cated to him, considering the hypothesized engineering and human factors
subsystems.

*

In this test man is viewed as an engineering component, one which senses
plant conditions from instrumentation, makes control decisions, and exe-
cutes control actions, just as an automated device might do. At this*

point we do not consider the whole man--his physical support require-
ments and vulnerabilities, the ef fects of emotion, fatigue, and competing
interests. These will be considered by step 19.2.
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a. Analyze the Required Core Performances. The total set of performance

demands on man can best be estimated with the assistance of a man-
machine model with which the successive sensory, processing, and .

response requirements of a task can be recognized and classified.
Figure 4.3 models operator performance in terms of eight core perfor-
mance areas (which was explained in detail in Sect. 2.7). .

In preparation for this test, a human factors expert or psychologist
evaluates each function as it is hypothetically allocated, and esti-
mates the load which control tasks will place on each of the core
performance functions. This analysis can reexamine the detailed guid-
ance of fered for step 11.9, and can examine the records of prior anal-
ysis of steps 11.5 and 11.9 from the design data base. (Refer also to
Appendix C).

b. Perform Series and Simultaneous Analysis. Hypothetically allocated
functions are evaluated using the design data base as a source of
data. The allocation of each function is first evaluated individu-
ally and in series, on its own merits, asking the question, "Can man
perform the control requirements of this function as allocated?"
Then all functions are evaluated in their collective demands on the
operator, asking, "Can man perform all requirements imposed on him
during each predicted plant state?" In the first (series) analysis, ,

each function is evaluated based on the assumption that one operator
will respond to the entire function. In the second (simultaneous)
analysis, all functions together are evaluated against the capabili-

*

ties of the control room crew, considering hypothetical crew size,
inoividual capabilities and training, and the availability of techni-
ca'. assistance and supervisor support.

c. Test Procedure. The team discusses each function serially to ensure
that the hypothetical engineering and human factors solutions are
fully understood. The hypothetical allocation of functions is exam-
ined for its ef fect on each core performance area. The guidelines in
Sect. 4.1.9 and Appendix C are applied.

Team members, including the engineering and human factors design
representatives, make individual judgments concerning whether man can
perform the function as it is hypothetically designed, taking core
performance areas one by one. They state their conclusions and
attempt to reach a consensus position; any undecided case is resolved
by the chairman.

If all hypothetical system functinns pass this test serially, they ,

are evaluated again, by plant state, for their simultaneous ef fect--
the cumulative psychological loads imposed by all functions together.

.

d. Test Results

1. Failed: If any hypothetical allocation of functions fails
step 19.1, or if any plant state fails the " simultaneous" ruaction
test, one or more functions must be returned for reconsideration
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1

i

of steps 6, 9, 11, or 14 of Fig 3.1. A function can fail because
of

'
e improper partitioning (step 6)

e unsatisfactory psychological demands imposed by the engineering
,
^ * hypotheses (step 9)
.

inadequate hypothetical human factors solution (step 14)e

,

2. Passed: Functions which pass this test may continue to step 19.2.
1

i
'

4.2.3 Step 19.2: Can Man Meet Human Performance Requirements?
!

This step continues to test the abililty of human operators to meet the
,

~; demands and constraints of the system as hypothetically allocated and
designed. It widens the question by examining man (the operator) more

7 broadly. Here man is viewed in reference to his physical, emotional, and
i social requirements,' and the job is viewed collectively rather than in

terms of single man-machine transactions.

a. General Method. The general method of evaluation in this step is
similar to that used in step 19.1, and the principles are detailed in4 *

Sect. 4.2.1.i

b. Sco pe . This step is required to consider all demands upon man except:.

(a) simple perceptual, cognitive, and motor information processing
requirements (the core performance areas treated earlier in step 19.1),
and (b) the long-term question of job satisfaction, which will be
treated in step 19.6.

This step is therefore very inclusive, and must consider all demands;

[ made on man which are predictable using the ' current disciplines in
physiology, engineering psych 3)ogy, and human factors science. Ai

checklist of issues to consider will be offered below, but it is not,

' meant ta limit the range of inquiry. The evaluation team should seek
to identify any excessive demand or constraint imposed by the hypo-

i thetical system which is detectable on the basis of either applied
experience or scientific analysis,

c. Checklist. The following issues should be considered. (Refer-also
,

to Appendices A and B.)
.

* * Psychological / physiological environment: shift length, job coher-
ence, . learning /perfonsance requirements, and stress levels.

* * Physical. environment: heat, lighting, noise, glare, presence of
,

radistion, etc.

*. Social structure: inter-/ intra-group characteristics, work team
structure, and interpersonal interaction and support.

... . . . . ~ . .-. . - -,.- - . -- . - . . --
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4

e Organizational policy and structure: channels of communication,
supervisory structure, rewards system, and operator

'
autonomy / responsibility.

,

a d. Test Result

1. Failed. If a hypothetical function fails this test on any issue *

discussed in Sect. 4.2.3, or if any plant state falls the simul-
taneous function test, one or more functions must be returned for
reconsideration of steps 6, 9,11, or 14 of Fig. 3.1.;

2. Passed. Functions which pass this test proceed to step 19.3.

" 4.2.4 Step 19.3: Is the cost Tradeoff Acceptable?
,

The test in step 19.3 evaluates whether the design as hypothesized in
steps 9 and 14 makes an optimun balance of cost between engineering and
human factors davelopment. In particular, it asks whether the hypotheti-
cal engineering and human factors solutione can be achieved at an accept-
able cost.

4.2.4.1 Test Method
.

a. General Method. The geceral method of evaluation is parallel to
that used in Step 19.1, and the principles are detailed in
Sect. 4.2.la., -

i b. Specific Method. The specific method include's the following proce-
dural steps: (a) Re-examine the hypothetical engineering and human
factors solutions (steps 9 and 14). (b) Estimate the levels of
development ef fort imposed by these solutions. (c) Anticipate devel-
opment problems. (d) Detect case of gross imbalance. (e) Detect
cases where the solution may not be achievable. (f) Detect cases
where the cost of development may be unacceptably high.

c. Team Orientation. The engineering and human factors design represen-
tatives are responsible for assuring that team members understand the-

following matters:

The hypothetical engineering and human factors design solutions !o
(steps 9 and 14).

The degree to which those solutions are tested designs, departe

from prior designs, or require new development. *

The implications of cost of acquisition, cost 'of development, ande
i development time (in general or camparative terms--not necessarily -

dollars).

Actual dollar. costs for analogous past davelopments (if available).e

- -. . . . . .- .-. - - , . - - .
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e Techinological hazard. What chance is there that the proposed solu-
tion will encounter development problems? Include the human fac-
tors solution: Can you really achieve the training or procedures,

capability proposed? Will it really perform as described?

* Consider full life cycle costs, as well as immediate development
,

and procurement costs.

4.2.4.2 Items to be Considered

a. Identify Overlooked Tradeoffs. Consider each function in sequence.
Are there any obvious improvements in engineering design which would
reduce human factors cost (e.g., automate to reduce crew size and
reduce training cost)? Are there technology coats which could be
reduced by allocation to man (e.g., utilitarian performance,
step 11.9)? Consider only major and obvious cases--do not nitpick
the design,

b. Is There Any Cross Imbalance of Cost? Examine each function to see
if the dcsigners have increased system cost by overemphasizing tech-
nology. Conversely, have they increased human cost by underexploit-
Ing technology? Refer to the level of technology guidance provided
by the engineering concept (Fig. 3.1, step 2).

.

c. Has Technology Been Overestimated? Examine each function to see if
there is a chance that the solutions may not be achievable, or may
encounter unacceptable development problems.*

,

d. Can Technology Be Developed in Time? Can each hypothesized engineer-
ing or human factors solution be developed, debugged, and delivered
in time?

e. Are Costs Acceptable? Is there a chance that the development or pro-
curement costs of hypothetical engineering or human factors technol-
ogy will be unacceptably high? Consider each function individually,
then consider the design as a whole.

Special attention should be given to training costs, because when
unrealistic costs have been hypothesized, the usual outcome is as
follows: (1) at some point in development, either management raises
an objection'or a period of project economy forces retrenchment.
(2) When this happens, management looks first to human factors items,
such as training and simulators, to cut costs. Prime system hardware-
is less likely to be affected. (3) As a result, high cost items,

* especially trining programs, are replaced with less costly ones of
more limited effectiveness. (4) The consequence is an imbalance of
man and machine: The human factors design may depend on instrument,

* control, or automation technology which was not provided, or the engi
neering design may assume a training / crew / procedure capability which
was not achieved.

f. Is Technology Consistent? Costs may not be defensible if one func-
tion demands a level of technology inconsistent with that of the sys- |

tem as a whole. Examine the hypothetical design for functons which )
i

l
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are treated at an obviously inconsistent level of technology, or at a !

level other than that supported by the engineering concept (step 2). '

4.2.4.3 Test Result
*

a. Failed. A function fails this test if there is a gross imbalance of
technology between man and machine, if the balance selected causes ~

unnecessary system cost, if the technical expectations will be hard
to achieve, or if technology costs may not be acceptable. If the
test is failed, either the function or the design as a whole should

be returned to step 6, 9, 10, or 14 or Fig. 3.1, as necessary. The
pass / fait decision is made by the team chairman after he has heard
the opinions of the team members,

b. Passed. Functions which pass this test may continue to step 19.4.

4.2.5 Step 19.4: Is the Human Factor s Structure Adequace?

This step of Fig. 4.5 inquires whether the hypothetical human factors
solution wil actually meet the system demands for human performance.

Remember that step 11, allocation of functions, was based on certain
assumptions concerning the organization, numbers, ability, skill, and *

training of operating and supervisory personnel. Step 14, hypothesize
human factors solution, required a supporting human subsystem design
which would assure the availability of an adequate organization, numbers, -

ability, skill, and training.

This step will test whether the human factors hypothesis is adequate to
the needs imposed by allocation of functions to man. (Step 21 will test
the human factors solution for its quality and achievability.)

4.2.5.1 Method and Content

a. General Method. The general method of evaluation is parallel to
that used in Step 19.1, and the principles applied are detailed in
Sect. 4.2.la.

b. Special Considerations. This test will determine whether the hypo-
thetical human subsystem design can be 7:easonably assumed to meet its
objectives in the following areas:

Can the hypcthetical organization be expected to provide personnel*

at the times and places required? '

Is supervisory and consultative support adequate?*
.

* Is the division of roles between plant and control room suitable
to enable implementation of fur.ctions that may be anticipated for
future use but not currently planned?

|

|
,
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e Is crew size adequate at all times?

e Are specified individual abilities equal to anticipated demand?
.

* Are specified skill and experience levels equal to anticipated
demand?

.

e Are specified training levels equal to anticipated demand?

Are specified documentation and procedures equal to the crews'e
anticipated needs?

The answers to the foregoing questions will depend on all features of the
hypothesized human factors subsystem design, including organization,
training, procedures, personnel selection, and personnel advancement.

4.2.5.2 Test Result
,

a. Failed. If the design fails this test, either individual functions
or the design as a whole are returned for simplification of the human
performance requirements imposed by stepe 9 and 10 of Fig. 3.1, or
for human factors solution redesign at step 14.'

e b. Passed. If this test is passed, proceed to step 19.5.

. 4.2.6 Step 19.5: Is Cognitive Support Adequate?

i This step determines whether the hypothetical design provides the control
room operator with suf ficient information to maintain a continuous and

{ adequate mental model of the plant and systems. At any time operators
4 may be required to make judgments or to take control actions based on

knowledge of the plant and its structure, status, and behavior. This
knowledge constitutes a mental model which operators will use continu-
ously to predict how plant processes will proceed, as well as to' predict
the ef fect of any control actions taken. In emergencies, those mental
models provide a means to detect abnormal conditions, to diagnose their
cause, and to intervene to minimize the consequences.

How well these mental models are maintained depends on the operator's
training and, more particularly, on recent operating experience. That
experience must be adequate to provide frequent remainders of the plant's

'

structure and continuous information about its important process vari-
ables. " Cognitive support" is that part of the operator's job which is
deliberately designed to supply. to him the informacion necessary to his*

maintaining an adequate mental model.

'

1. General Method. The general method of evaluation used in this step*

is also parallel to that used in step 19.1, and the principles are
detailed in Sect. 4.2.la.

- - . . .-- - , -.
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2. Test Result

a. Failed. If the hypothetical design fails this test, certain func-
*

tions or the entire design are returned to step 9, 10, or 14 of
Fig. 3.1 for redesign.

~

b. Passed. If passed, proceed to step 19.6.

4.2.7 Step 19.6: Is Job Satisfaction Optimum?

Steps 19.1 through 19.5 of Fig. 4.5 tested whether the hypothetical
man / machine solution is an acceptable allocation and is not precluded by
human factors limitations. This step asks whether man, on a continuing
basis, will be satisfied to perform the job as designed. Moreover, it
.sks whether task s have been allocated to man or machine in such a way as
to optimize man's satisfaction.

1. General Method. Again the general method of evaluation used is par-
allel to that used in step 19.1, and all except item (b) of the prin-
ciples detailed in Sect. 4.2.la are applied. In this case analysis
considers functions simultaneously only--not individually in series.

2. Test Result *

a. Failed. If the design fails this test, it is returned for reconsid-
eration of step 6, 9,11, or 14. .

b. Passed. If this test is passed, step 19 is completed. When all
hypothetical functions and their associated engineering and human
factors functions have passed this and prior steps, proceed to
steps 20 and 21.

.

e
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5. ASSESSMENT OF ALLOCATION IN AN
EXISTING CONTROL ROOM DESIGN

.

This section describes a procedure and demonstration that uses the test
logic reported in Sect. 4.2 (step 19 of Fig. 3.1) to evaluate the alloca-i

tion of functions in an existing CR design. This demonstration was con-*

ducted in response to the need of the Nuclear pegulatory Commission (NRC)
for a procedure which might be used to ident * 1 unsafe allocations of
function in existing nuclear power plants.

The methodology reported in Sects. 3 and 4 applies only to plants under
design, not to those already in existence. In the research described in
this section, BTI developed a procedure by which the deductive (test)
phase of the allocation procedure could be adapted to the evaluation of
an existing NPP CR, and possibly to the design documents for a CR under
development. This method was then applied to one segment of a hypotheti-
cal NPP design. Elements of existing U.S. NPP designs were combined to
produce a document describing the heating, ventilating, and air condi-
tioning system (HVAC) of a hypothetical NPP, " Grand Tower No. 2 " Con-
trol functions for the HVAC segment of the hypothetical plant were then
evaluated using the test logic of the methodology in step 19 of Fig. 3.1.

,

This evaluation produced two products: (1) a descriptive assessment of.

the functions concerned, in respect to their possible effect on plant
safety, and (2) a quantified profile score for the functions, evaluating ,

" goodness of allocation.",

This section describes the procedure for the descriptive assessment and
reports the results of the demonstration.

Section 6 will describe the procedure for producting a quantified profile
score, and will report the results of that part of the demonstration.

5.1 ANALYSIS OF THE PROBLEM

The principal objective of the research described in this report was
development of a method for allocating control functions during NPP
design. The authors recognize, however, that the de facto moratorium
on NPP construction-in the U.S. Limits short-term application to post-

design systems. Thus NRC's regulatory interest will probably focus on
,

how to identify serious safety deficiencies in existing designs, and to
determine which of them can be corrected by modifications At a justifi-
able cost. It was therefore desirable to find a means by which the gen-,

eral methodology developed in this research could be used to evaluate an
existing CR design.

.

5.1.1 Obstacles to Post-Design Review

1. Documentation. The methodology presented in this report depends
heavily on good documentation, as described for the design data base,

109'
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step 26 of Fig. 3.1. It requires preserving key working documenta-
tion from the earliest days of concept design, and includes a record
of the identification of functions and the rationale for their
allocation. -

However, practice in the nuclear power industry does not now formally
identify either control functions or the rationale for man versus -

automation decisions. In fact, most early design documents are not
preserved. The documentation which is actually available for most
NPPs will not support their evaluation by the methodology in Sects. I
through 3.

2. Identifying Functions. A further obstacle to evaluating an existing
plant ts that its functional structures are hard to ident i fy. The
functions of a plant are not necessarily unique and can be defined
and partitioned in many ways. Because a " function" is actually an
artificial construct of the designer (see Sect. 2.4.7), it is not
possible to learn what functions the designers had in mind by purely
observing an existing control room. Consequently., before we can
evaluate the allocation of control functions we will need a method
for defining functions from the evidence available in an existing
plant (or perhaps even in a design which is completed but not yet
built).

.

3. Limited Objectives. Another problem is that the objectives of a CR
design review are not the same as the objectives that led the design
team. Many options remain open while a plant is being designed, ,

where the design objective is to achieve optimum performance (in
reference to social and technical requirements) against cost. By
contrast, there are fewer options open and the objectives are more
limited when evaluating an existing plant to ensure public safety,

a. Cost. Cost, a primary consideration during design, is only a
secondary one during the evaluation of an existing design, when
both capital and operating costs have already been committed and
perhaps partly paid. Furthermore, cost is not a matter of direct
regulatory interest. Cost of changes to the design must be con-
sidered; however, this is considered af ter review has occurred,

b. Optimum Design. Redesign of the control systems and equipment is
not a step in the review process of a completed design. It

serves no purpose, as far as a regulatory review is concerned, to
find that the design could have been better. Rather than search-
ing for optimuus, the review should determine whether minimum
criteria have been met. .

c. Sa fe t y . The question of importance is whether control functions
have been r-afely allocated to man or to automation. This raises .

questions of degree, because few obviously dangerous allocations
will be found. Most safety problems will result from the cumula-
tive ef fect of many poor allocations which overload cognitive
processes, stress the crew, deprive operators of information, or
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decrease job satisfaction. In other words, there is a problem of
distinguishing between poor allocations which are not significant
(nitpicking the design), those that are marginally unsatisfac-
tory, and those that are dangerous.o

5.1.2 Advantages of Post-Design Review,

There are some advantages when an existing design is evaluated. During
design it is not possible to fully foresee what the future plant will be
like or how it will behave, whereas it is possible to see an existing
plant and observe its behavior. Although the documentation may not be
optimun, the following resources should be available for an operating
plant:

1. A visible plant and control room

2. Plant personnel--operators, supervisors, trainers, managers

3. Procedures

4. Final design documents

5. Operating and maintenance history,

It is reasonable to assume that these resources will provide a basis for
evaluation, even without any original design documentation. In fact,"
these resources each tend to provide a fairly thorough reflection of the
allocation of functions being evaluated. It should be possible to evalu-
ate a CR given the CR itself and any two of the resources.

During functional design (Sect. 3), it is necessary to deal with the
plant in the abstract. For economy of ef fort during that phase, func-
tions are designed only to a certain level of detail (see Sect. 2 . 4 .-5 ) ,
and identification of specific components and specific human tasks is
avoided. By contrast, in an existing plant specific components and tasks
are the easiest things to observe. The problem is rather to discover the
underlying general functions. Economy of effort is therefore served by
de fining a larger set of functions, and functions closer to the detailed
design level, than would normally be defined during the functional design
phase.

5.2 ELEMENTS OF THE SOLUTION
a

Given the problem as just described, BTI considered various elements of
the original methodology for possible adaptation to the evaluation of an
existing CR.,

| 5.2.1 Use a Portion of Step 19
t

The methodology described in Sects. 3 and 4 is a two-step process which
includes a creative hypothesis phase (step 11 of Fig. 3.1) followed by a

|

1

k
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deductive test (step 19). It seems that step 11 could apply only to the
invention of an optimal allocation during plant design. Step 19, by
contrast, is specifically intended to test a hypothetical allocation for
a future plant and should be adaptable to testing a real allocation in a *

real plant.

*
.

: 5.2.2 omit Substeps 19.3, 19.4, and~19.6

Step 19 included six tests to be applied in sequence. As shown in
; Fig. 5.1 (which is a revision of Fig. 4.5), three of those six tests will

not apply to the evaluation of an existing CR.

1. Cost Tradeoffs. Design cost tradeoffs, step 19.3, do not apply.

2. Human Factors Structure. During design it is essential to ensure
that demands placed on the operating crew are supported by appropri-
ate training, procedures, crew size, etc. In fact, a satisfactory
human factors plan is a required condition for some allocations of
control functions. Step 19.4 is required during original design
because there is often a tradeoff: Human performance problems can be,

alleviated either by better equipment design or by better human fac-
tors organizational support.,

.

In an existing plant, however, the equipment design options are no
longer open, and the issue is no longer a question of whether the

i allocation of functions tradeoff is appropriate. Provided that human 4

performance is feasible (steps 19.1 and 19.2), the remaining question
is whether crew structure, training, procedures, etc. are adequate.
These questions are already addressed by NRC in other ways and should
not be addressed redundantly here. In any case, there are estab-
lished ways of evaluating these matters based on task analysis, not
definition of functions. Test 19.4 therefore should be omitted.

3. Job Satisfaction. Job satisfaction is an issue similar to the above <

two. There are effective ways to measure job satisfaction (step
19.6), a condition that results from many causes in addition to
proper allocation of control functions. -In a post-design review, ani

assessment of job satisfaction should be done by survey. Test 19.6
therefore should be omitted.,

-

'

5.2.3 Retain Substeps 19.1, 19.?, and 19.5

The remaining steps do apply, and they should provide the basis for a -

method for evaluating an existing NPP CR design. Figure 5.2 presents the
detailed sequence of these tests. Refer to Sects. 4.2.1, 4.2.2, and
4.2.5 for detailed descriptions of their content. -

,

i

!

|

|
L
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5.3 DEVELOPING A METHODOLOGY

Based on the analysis just described, BT1 developed an interim methodol-*

ogy for evaluating the allocation of control functions in an existing
control room. The primary objectives were to develop a demonstration
rather than a final method, and to develop two related procedures, one to"

produce a descriptive assessment and one to produce a quantified profile
score that could be applied to both an existing plant and one still being
designed.

The first step was to determine whether the methodology reported in
Sect. 4.2 (deductive test of a design hypothesis) could be adapted to I

evalaation of an existing NPP CR. Hypothesis indicated that a procedure '

could be developed by which available data (the sources cited in Sect. 5)
could be used, both to identify control functions and to evaluate the
appropriateness of their allocation to man or automation. This would
require that

1. A reproducible and reliable procedure could be developed.

2. The procedure could identify the control functions of the plant.

3. The procedure would differentiate between good and bad allocations.
*

and would produce data of sufficient resolution to be of regulatory
use.

!

. 4. The procedure would be valid for its included procedural steps.

5. The procedure would be able to identify a reasonably complete set of
functions.

6. The procedure would be able to idenitfy genuine safety (or human per-
formance) problems.

It was not intended or expected that this demonstration procedure would
be suitable in its present form for use in evaluating real NPP CRs. The
objective was limited to demonstrating that such a procedure is feasible.
To develop a regulatory procedure would require at least the following:
1. Develop the procedure further.

2. Field test the procedure.

3. Provide benchmark scales to standardize observations.
.

4. Calibrate the subtests'against real NPPs.

5. Provide an objective basis for determining levels of acceptability.
-

The first specific objective was to produce a procedure for descriptive
evaluation of CR functions. This procedure would provide assessment data
which. listed the CR functions, identified the ways in which they were

. .-_
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allocated, and evaluated the allocations as either satisfactory (within
standards) or not satisfactory. A descriptive comment would be required
to explain why allocations were not satisfactory. .

It was considered that such a procedure might be feasible with a test /-
retest or interrater reliability (for trained observers) of .80 to .95. .

A second specific objective was to demonstrate the achievability of a
quantified score for " goodness of allocation." It was hypothesized that

a judgmental procedure could produce individual rating data by subtest
and by function, and that these data could be averaged or integrated to
produce plant profiles for goodness of allocation, either by test cate-
gory or by function.

These data would be diagnostic in that they would indicate on a numerical
scale what characteristics of an allocation were weak or strong, either

by human factors issue or by control function. It was considered that
such data might be feasible at a level of test / retest or interrater reli-
ability somewhat lower than the reliability of descriptive data, possibly
in the range .65 to .85.

A procedure for producing such data is reported in Sect. 6.

*It was hypothesized that evaluation (for both kinds of data) would depend
on a judgmental procedure conducted by qualified and trained observers.
This conclusion is not surprising, considering earlier comments about
dependence on judgment during design. Expert judgment is unavoidable, *

and it can be made reliable and valid by (1) formalized decision proce-
dures, (2) trained observers, (3) consensual judgments, and (4) the use
of benchmark scales. (Developing benchmark scales was beyond the scope
of this project.)

5.4 GENERAL PROCEDURE

The general procedure used is illustrated by the steps in Fig. 5.3.

Block 1: Sources. Four sources of accessible data are shown in
blocks 1.1 through 1.4 of Fig. 5.3.

Block 2: Collect Data. To minimize intrusion at the plant, actual on-
site observation should be limited. Data are to be collected by:
(1) observation, (2) questionnaires, (3) collecting existing documents,
and (4) photography. Block 2 includes a first visit to the plant site to

*

collect documents and raw data.

Block 3: Source Documents. Block 3 represents the data collected by
*

block 2. These include completed data cellection forms and documentary
data such as plant functional flow, control layout, procedures, and pho-
tography. These snurce docements are used for off-site analysis.
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Block 4: Identify Functions. As a next step analysts working off-site
and using the source documents identify and list the control room
functions. .

Block 5: Analyze. Using the source documents off-site, three kinds of
analysis are parformed. These steps are referred to as " table-top" ,

analysis:

1. Functions identified in block 4 are provisionally described in terms
of their apparent allocation to man or automation. These will be
verified or corrected later.

2. Data are extracted and reduced for further analysis.

3. Preliminary quantified scores and observations are made based on
documentation. These will be verified or corrected later during

panel procedings.

Block 6: Display Documents (1). One set of user documents is produced
to support the panel proceedings for descriptive evaluation (block 9).

Block 7: Display Documents (2). Another set of user documents is pro-
duced to support the panel proceedings for a quantified profile score

'

(block 12). Both sets of display documents are designed to provide the
following:

1. An agenda for analysis based on the identified plant functions. *

2. Effective display of the data collected at block 2.

3. Preliminary table-top analysis data prepared by block 5, to be con-
firmed or corrected by the panel.

4. A form on which to enter working decisions.

Block 8: Respondents / Subject Matter Experts (SMEs). In a real evalua-
tion the panel would meet on-site, where they can have access to SMEs
(block 8). These respondents may include CR operators, supervisors,
plant operators, designers, or trainers.

Block 9: Panel Proceeding. Panels meet on or near the site being evalu-
ated in order to have access to the real plant and the SMEs when
necessary.

*

Block 10: Working Forms. As the panels proceed they produce working
documents, in part by making entries on the display documents,

~

alock 11: Descriptive Evaluation. The panel p-oduces the descriptive
evaluation described in Sect. 4.3.1.1.

Block 12: Panel Proceedings. Panels taeet to produce a quantified score .
This procedure is discussed in Sect. 6.

. _ _ _ _
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Block 13: Working Forms. The panel again produces wocking forms.

Block 14: Quantified Profile. The panel proceeding contains the quanti-
, ,

fled profile score described earlier. (This process will be discussed in
detail in Sect. 6.) As mentioned earlier, the quantified profile proce-
dure is adaptable to either an existing plant or a plant under design.

,

Block 15: Plant Under Design. The procedure of block sequence 15,16,
7, 12, 13, and 14 applies to a plant undergoing original design.

Block 16: Design Data Base. In the case of a plant undergoing original
| design, display documents are produced from data in the design data base i

(Fig. 3.1, block 26), rather than by blocks 1 through 5.

5.5 INPUT DATA

The initial problem was to find a plant for evaluation. It was recog-

i nized that the owners of an operating NPP would not be likely to permit
an experiment which would require intrusive data collection and possibly
detect design weaknesses. In the absence of access to a real plant, BTI
was able to take advantage of plant design documentation coincidentally
available from another project.>

,

4

i 5.5.1 Heating, Ventilating, and Air Conditioning (HVAC) Control
* Documents

1

A limited collection of documents were available describing the control
logic and physical / functional breakdown for the HVAC system of an exist-
ing BWR design (Figs. 5.4 and 5.5 are exampics). Biotechnology, Inc.,<

secured permission of the owners to use these documents, on condition
that details be changed to alter plant identity and that the owners
remain anonymous. Biotechnology, Inc., verified that the HVAC concerned
was linked to plant safety in ways that made it a useful research t'arget.
Based on these documents and on other r al-world data as explained below,
BTI constructed a composite, prototypical HVAC system for the imaginary
BWR " Grand Tower No. 2." These resource documents provided the input,

data shown in blocks 1.1 through 1.4 of Fig. 5.3.1

5.5.2 Source Data

1. Plant: For this test, the plant was represented by a control panel
*

design mockup which was available for inspection at the offices of
the design vendor. This, along with functional flow documents, pro-
vided simulated data to represent the plant (block 1.'1).

, ,

I

2. People: Access to staff and operators (SMEs) was simulated by the
availability of members of the design staff. This provided simul ~ated

,

data representing block 2, people.!

|

. _, _ _ _ . _- ._ . ._ ._ _. - . .
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3. Documents: Documents were available and provided the data of
block 1.3.

*

4. Procedures: Biotechnology, Inc., identified procedures on hand which
were compatible in most details with the target plant and documenta-
tion. These simulated the data of block 1.4.

,

5.6 DOCUMENTARY AND INTERVIEW DATA COLLECTION

The next stco was to perform the data collection specified in block 2 of
Fig. 5.3. F igures 5.4 and 5.5 indicate the documentary data collected.

Figure 5.6 is a sample page from a hypothetical interview form intended
for use in a structured interview, the interviewer recording the com-
ments. Although no actual intarview procedure was developed, SMEs were I

questioned, and they provided comments such as would normally be offered )
in a real interview. ]

5.7 SOURCE DOCUMENTS

Available at this point were the documents just described, panel layouts,
*procedures, and continued access to one SME. These are the source docu-

ments of block 3 of Fig. 5.3.

.

5.8 IDENTIFY FUNCTIONS

Functions were identified by progressively partitioning HVAC function.
These, unfortunately, closely paralleled the system engineering break-
down; it had been hoped that overlapping HVAC and equipment systems fune-
tions would be discovered.

Figure 5.7 illustrates how the breakdown of HVAC function was structured,
and Figs. 5.8 and 5.9 are sample pages from a function partition form.
Note that as functions were broken down to progressively more detailed
levels, the separate roles of equipment and operator became easily
describable.

Figure 5.10 is a sample page from a function allocation form. Although

this analysis was actually made to the component level, it would not be
carried to this level of detail if the demonstration were to ba repeated.

.

5.9 ANALYSIS
~

This is the table-top analysis specified in block 5 of Fig. 5.3. It

prepares data for the panel proceeding, and it is conducted of f-site to
reduce costs and minimize the intrusiveness of the analysis. As actually
conducted, it is believed to have been needlessly complex; any procedure
meant for practical use would be developed in a simpler form. Neverthe-
less, the actual procedure employed is reported here.

.
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QUESTIONS COMMENTS

13. Are there any obvious or apparent ~ '

constraints which work conditions, f'
equipment design, work shifts,
procedures, training, etc. impose ..

upon good performance? -
g

14 Are there situations in which operators
are forced to " shift gears" so often .

that overall performa7ce suffers? \

15. Are there complaints about boredom?
. .

16. Do any particular functions require so ,

much effort or attention that they
$ interfere with other functiont?,

!

I

\
g \

I
,

I>

'
,

I

<

l

i

I ,

,

I
-

,

.

Fig. 5.6. Sample interview sheet.

I
1
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5.9.1 Operator Requirements Identification Form 1
1

Figure 5.11 is a sample page from a form used to initially identify the
core performance requirements imposed by each control function require- -

ment. Note that this form is an expanded version of Fig. 5.10. It

includes a set of columns representir.g " core performance area elements."
These elements are an expanded taxonomy of core performance areas (as -

described in Sect. 2.6.1 and elsewhere). The taxonomy is derived from
concurrent work being performed by BTI in CR task analysis, and is
indebted in part to a taxonomy by Berliner (ref. 22). On this form a BTI
analyst marked an initial assessment as to which core performance ele-
ments were demanded by each control functional requirement.

5.9.2 Activity to Map Core Performance

Figure 5.12 is a sample page from a worksheet used to generate a " mapping
function," by which the temporal sequence of control events was related
to operator core performance areas. The " Activity Sequence" column on
the left is a sequential activity taxonomy derived from task analyses, a
set of generic perceptual, cognitive, and psychomotor steps arranged in
the order in which they usually occur. This taxonomy was considered use-
ful as a menu, the use of which could force the identification of opera-
tor task-level requirements which might otherwise escape identification. .

A possible alternative to the use of such a menu would be the use, in the
same column, of real task analysis data if such data were available.

.

Using this form, the analyst considered each functional operator perfor-
mance requirement recorded on the Function Allocation Form (Fig. 5.10).
Relying on documentation and his knowledge of CR behaviors, the analyst
noted whether each of the activity sequence behaviors was or was not
required. lie then checked those columns which represented the core
performance elements involved in required behaviors. The use of this
form represents and simulates a computer-driven menu analysis, which
would make this type of analysis feasible in a real CR evaluation.

Note that the number of occurrences in each core performance element
column are added at the bottom of the page (or by the computer program).
This cumulative total becomes a mapping function by which activity -

sequence information is mapped into a profile of demand placed on the
core performance elements.

5.9.3 Core Performance Summary
*

.

Mapping function data were summarized and displayed for further analysis
on the' form shown in Fig. 5.13. This form lists identified functions at
the left, followed by two demand profiles for each function. The small .

.

cells represent the cumulative totals, for each core performance element,
I of instances in which that element was identified as being required. The

larger cells contain an adjusted percentage of occurrences by core per-
formance area.

,

. -
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:

5.9.4 Interview Summary Form

Figure 5.14 is a sample page from a summary form whi n was not actually .

used, but such as would be required to summarize inLerview data and
t ra ns fer the summaries to the appropriate display documents.

.

Form A-24

Highlight items Re fer to:

1. Two operators report that HVAC alarms during 19.1, 19.2
emergency shut down are a nuisance, since
actions can usually be deferred as much as
an hour.

2. Five operators observed that HVAC annuciators 19,1

are "not important" or " don't tell me much."

-------------------- etc. ----------------- ---

.

Fig. 5.14. Interview Transfer Summary Form
,

5.10 DISPLAY DOCUMENTS

Analysis results were prepared as display documents for use in the evalu-
ation panel proceedings specified in block 6 of Fig. 5.3.

,

5.10.1 Core Performance Area (CPA) Requirements Profile

The data from Figs. 5.11 and 5.12 are displayed in Fig. 5.15, the Core
Performance Area Requirements Profile. This form contains

1. The function part ition number from Fig. 5.8.

2. The function description from Fig. 5.9.

~

3. Descript ive operator performance statements from Fig. 5.10.

4. Levels of CPA demand, expressed as a graph of occurrences by element
*

and as percentges by area from Fig. 5.13.

5. Comments by field or table-top analysts.
.

6. Comments extracted from questionnaires, via Fig. 5.14.
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Figure 5.15 was the principle display document used in assessing test
19.1 of Fig. 5.2, "Does man meet core performance requirements?"

.

5.10.2 Human P_erformance Requirements Assessment
"

Figure 5.16 presents a display document used in assessing test 19.2,
"Does man meet human performance requirements?" This form uses a differ-
ent taxonomy in the left column, derived in part from Swain and Guttman
(re f. 8) . Ths taxonomy provides a menu of potential performance con-
straints and forces the analyst to consider them systematically. The
analyst estimates the level of demand or constraint for each function
evaluated and for each line of the performance taxonomy. Low, medium,
and high levels of involvement were assigned the arbitrary values 1, 3,
and 5 and summed by major category. Adjusted percentages of total esti-
mated demaad were then computed by category. Analyst comments were
entered, and comments from questionnaire summaries (Fig. 5.14) were
added.

5.10.3 Cognitive Support Assessment

Figure 5.17 represents the third display document, which was used in
conjunction with Fig. 5.15 to assess test 19.5 in Fig. 5.2, "Is cognitive*

support adequate?" This is considered to be the least satisfactory dis-
play document, in that the menu on the le f t is recognized to be inade-
quate. The form contains the table-top analyst's assessment of points of.

strength or weakness in cogntive support of function, plus analyst com-
ments and pertinent questionnaire responses from Fig. 5.14.

5.11 PANEL PROCEEDING

A panel of three human factors analysts met to perform a final assessment
of the adequacy of allocation of control functions in the prototypical
NPP subsystem being evaluated as specified in block 9 of Fig. 5.3. The
panel was assisted by an SME, a design engineer familitr with the HVAC
system concerned.

The meeting simulated an ideal case, in which a panel would meet at the-
plant being evaluated and would have access to the plant and control room
as required.

! 5.11.1 Re s ponde nt s--SME s*

The SME simulated an ide:1 case, in which the panel would have access to
at least three categories of SMEs: operators, members of the plant engi-=

neering staff, and members of the plant training staff.

|

\

|
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Fig. 5.15. Core Performance Area (CPA) requirements profile.
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5.11.2 Working Forms

Working forms were generated as specified in Block 10, but they are of no
' technical interest since all data were later transferred to the descrip-

tive evaluation of block 11.

.

" 5.11.3 Procedure

Panel procedure resembled that recommended in Sect. 4.1 for allocation
during design. Decisions are made by expert judgment of a mult idiscipli-
nary team, in reference to analogous cases. The team begins by consider-
ing each function for understanding only: find out what happens to the

plant, the control system, and the operating crews. SMEs are questioned
and may volunteer information and opinions. The team then considers the
human factors dimensions of each function for tests 19.1, 19.2, and 19.5.
Human factors nembers suggest an evaluation for each function, seek a
consensus, and, in case of uncertainty, the senior member makes a final
decision. At this point either the plant staff SMEs or the junior human
f actors members may file a dissenting opinion, which becomes part of the
record.

The panel simulated this procedure to the extent that it was feasible to
do so.-

.

. 5.12 DESCRIPTIVE EVALUATION
1

Details of this evaluation are presented in Figs. 5.18 and 5.19.
!

5.12.1 Evalnation Summary Sheet

In the summary sheet (Fig. 5.18), five functions are listed at the le f t .
by function code and description. The three " test" columns represent
descriptive finds of tests 19.1, 19.2, and'19.5. Each time the panel
found a significant weakness in the allocation of function, a numbered
note was entered in the column and row concerned. Note that in 8 of 15
cells no significant problem was identified.

!

5.12.2 Numbered Evaluation Notes
,

The specific observations of the team were entered as descriptive notes,,

'shown in Fig. 5.19. Note that these are unevaluated comments. The prob-.

lem of calibrating the seriousness of a problem and establishing a cut-
of f for ~ acceptability remains unsolved.

..
,

15.13 SUMMARY

The demonstration described in this section verified that selected tests
from step 19 can be applied to an existing design to produce ~significant
findings regarding suitability of allocation. It did not, however, dem-
onstrate that .the method is yet suitable for regulatory use.

,

.- - e n e .e - e . - - + , , , - , - , , ,-v-, - , . , - , , --
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PLANT: Grand Tower No. 2 DATF: 2q V:EE S3 SHEET NO. |

SUBSYSTEM FUNCTION TEST

19.1 19.2 19.5
FUNCTION FUNCTION Core Human

NO. DESCRIPTION Puformance Performance Cognitive
Requirements Requirernents Support

_

l.1 Supply filtered air to RABV subarcas within specified (\) (2) -

flow range

U
*

,

1.2 Maintain minimum discharge air temperature of 50 F -
_ _

l.3 . Maintain maximum discharge air temperature of 104 F t *'8)( M) (b-

2.1 Filter exhaust air from RAB for removal of particles {y}_ _
and radioactivity

3.2 Test CVAS negative pressure capacity 7)

Fig. 5.18. Summary sheet - descriptive evaluation of functions.

. . . . . .
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.

SHEET NO.,

NOTE FUNCTION TEST COMMENT 1

(1) 1.1 19.1 Decode of alarms should be automated. This relatively simple function
requires excessive cognitive encode-decode loading. Especially during
emergency shutdown and post-shutdown activity (return plant to
normal), there are a high number of annunciator alarms and require-
ments to interpret meter or recorder displays. These conflict with
othes, more critical cognitive requirements needed to achieve safe
shutdown. Decode of alarms / displays should be automated.

Dissenting opinion (Plant engineer). Number of annunciators per event
no greater than established practice in the NPP industry, and does not
confuse well trained operators.

(2) 1.1 19.2 Excess psychological stress. Numerous apparently unnecessary alarms
and redundant displays (see note (1)), during rare occurrence of
RABVS overheat and/or fan failure, creates operator stress, distraction
during emergencies. Note that a delayed response to most of these
alarms is ac.ceptable..

(3) 1.3 19.2 Psychological and physiological limits possibly exceeded. Responses to
this function, reacting to high or high temperature alarms will likely
occur during other emergencies in more safety-critical controls. Thise

creates simultaneous control demands, mental stress, distraction,
conflict in decision-making, and difficulty of physical access across
the control room area.

(4) 1.3 19.5 Operators mental models are probably inadequate to support required
performance. Operators experience difficulty in understanding the
relatively simple dynamics of HVAC cooling and flow, due apparently
to an inadequate mental model of HVAC. More frequent operator
intervention should be required during normal operations.

15) 2.1 19.2 Requirement to communicate improperly allocated to operator.
Operator must telephone NEO to obtain information or status of
exhaust filter trains af ter an alarm (asking: has problem been corrected).
Allocate to computer display.

1

(6) 3.2 19.1 Unnecessary operator decode bading. See also notes (1), (2), and (4).
Instruments and annunciator displays are more complex than the
subsys*em they represent. However, practice is consistent with norms
for the industry,

e (7) 3.2 19.5 Oper: tors not adequately supported by information. Despite large .
' number of annunciators and displays, operators are unable to answer

questions about CVAS pressure status promptly. Operators cannot
describe CVAS function as a whole. Need integrating informaticn and> ,
activity.

Fig. 5.19. Numbered evaluation notes [ Form 2(R)] .



6. QUANTIFYING GOODNESS OF ALLOCATION

This section describes an experiment conducted in conjunction with the*

demonstration reported in Sect. 5, which explored the feasibility of a
method for assigning quantified scores to goodness of allocation.

.

6.1 SUMMARY

Biotechnology, Inc., developed a procedure which can be used as an
adjunct to methods reported in Sects. 4 and 5.

The procedure developed by BTI measures the relative suitability of an
allocation of CR functions to man or machine. Ir produces a gross mean
allocation score for the CR as a whole, a profile score by major control
functions, and a profile score by evaluation variables. To the extent
that it provides a set of profile subscores, the method is diagnostic and
can be used either to improve a developing desiga or to pinpoint weak-

*

nesses in the design of an existing CR.

The method developed can be applied either during design of a plant pro-
cess system or to an existing NPP CR. The method applied during system
design is represented by block 24, " compute goodness of allocation," in,

Fig. 3.1, and by the block sequence 15, 16, 7, 8, 12, 13, and 14 in
Fig. 5.3. The method applied to an existing CR is represented by the

' block sequence 1-6 and 8-11 in Fig. 5.3..

The procedure was demonstrated by application to a prototypical existing
CR in the demonstration reported in Sect. 5.

A quantified scoring system for goodness of allocation io feasible and
probably use ful. However, such a quantified score cannot be as rsiuable
as the descriptive evaluations reported in Sects. 4.2 and 5, becacee it
probably cannot schieve the same levels of validity or reliability.
Furthermore, substantial development effort will be required to refine
the procedure, develop scaling tools, and calibrate the goodness scores.
The method is recommended as an adjunct to the descriptive evaluations
described in Sects. 4.2 and 5.

6.2 REQUIREMENT

It was considered desirable to develop a measurement of goodness of allo-
cation which could supplement the categorical measures provided earlier,o

and which might permit scalar comparison between features of a design or
between different designs. Section 4.2 provided descriptive evaluation
of features of a design during design development, and Sect. 5 provided ae

descriptive evaluation of an existing CR design. These wera recommended
as the primary modes of evaluation, since descriptive data directly sug-
gest the means by which problems may be corrected, and because allocation
of functions is dif ficult to quantify.

141

. -- - .



_ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ _ .

142

In fac t , as was noted in Sect. 2.5, so many man and machine variables are
at work within the issue of allocation of control functions that all
cannot be identified, much less quantified reliably. Therefore any
attempt to quantify goodness of allocation must be approached with cau- .

tion. A describable feature of design can often be affirmed as good oc
bad, but the degree of good or bad is difficult to scale. Any quantified
measure for goodness of allocation will be less reliable, less dependably .

valid, and possibly less completely diagnostic than an equivalent set of
descriptive statements.

Nevertheless, the authors recognized that a quantified evaluation scale
was desirable. Furthermore, most things which can be described compara-
tively can also be scaled. Biotechnology, Inc., therefore developed an
experimental scaling technique which uses the deductive test phase of the
allocation methodology (Sect. 4.2) in a manner paralleling that of
Sect. 5.

The method for quantifying goodness of allocation was then demonstrated
as reported in Sect. 5.

6.3 METHOD

The general method uss as follows:
,

1. Simple Scales: Because of the uncertainty with which the variables
concerned can be quantified, the individual input ' data are derived'

,' from low resolution Lickert (descriptive) scales, typically evaluat-
ing each single feature of design on a five point scale.

2. Judgmental Measure: Individual input data are provided by expert
judges, using the scales.

t

3. Summation of Subtests: A large number of measurement points are
established by systematically breaking down the principle variables
into their included component variables, and making separate judg-
ments concerning each variable. This ensures that all pertinent
subvariables will be considered and the effects of random errors in
judgment will be minimized.

4. Summation of Judges: Measures are separately applied by each of+

several trained judges, and are then summed to reduce human error or
bias.

5. Value Weighting: The final effects of any datum are multiplied, ,

where applicable, by a factor reflecting the criticality of that
datum to plant safety.

.

6. Control by a Protocol: A protocol is provided to control data col-
Lection and analysis.

7. Assume Future Calibration: The method presumes that included vari-
ables can be measured and can produce differentiated scores which

. _
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have face validity and which do not contradict the general judgment
of experts. This method is not assumed to be correctly calibrated,
either internally or in its output scores. Several recognized meth-
ods for calibrating such a method do exist; original input measure-.

ments can be calibrated using benchmark scales; the computational
algorithm can be calibrated by statistical procedures; or output
scales can be calibuted against industry norms. Calibrat ion, how-,

ever, will require time, ef fort, and access to a sample of NPP con-
trol rooms.

8. Assume Automation of the Protocol: Because many individual measure-
ments must be provided, it is assumad that any full-scala evaluation
woutd be automated and that the protocol would be administered using
a menu-driven scoring procedure.

6.4 MAJOR VARIABLES

The six major variables identified as pertirent correspond to the six
tests of Sect. 4 (see Fig. 4.5). All six variables apply to a plant
during the process of design, but only three apply to a plant already
built, as was discussed in Sect. 5.2.2. Figures 6.1 and 6.2 illustrate
this distinction.

.

6.4.1 Evaluation During Design
~

Figure 6.1 reflects the procedure for measuring goodness of allocation
during the development of a system design. The following paragraph num-
bers refer to the numbers encircled on the figure.

1. A panel of expert raters uses partially analyzed sourc: documents
(the display documents shown as block 9 on Fig. 5.3) to score all six
variables, subtests 19.1 through 19.6. Each plant function is scored
using a taxonomy of included issues (subvariables) for each subtest.

2. Subscores are recorded for each subtest.

3. Adjusted percentage means are computed for each function and for
each variable (subtest).

4. Means for the functions are multiplied by a function weight repre-
senting the estimated importance of that function to plant sa fe t y.

. 5. Scores are reported as folows:

An overall system rating is computed as a mean of the weightede

, function scores.

A profile by function is developed using the unweighted function*

means.
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i

e ' A profile by variable is developed using the unweighted variable
means.

The above procedure applied to plant design. This is not the procedure -

reported in this section (Sect. 5). The experiment reported here was
conducted for an existing plant, and used the procedure described in
Sect. 6.4.2 below. e 1

,

i 6.4.2 Evaluation of an Existing Plant

', For evaluation of an existing plant, only tests 19.1, 19.2, and 19.5
apply. Sections ~ 5.1 and 5.2 explain the logic for omitting the other

i three_ tests. Furthermore, in an existing plant the variables represented
by tests 19.3, 19.4, and 19.6 can be measured more easily and reliably by

,

conventional means. Figure 6.2 illustrates the test logic and procedure
used in an existing CR. The following paragraph numbers refer to the
encircled numbers on the figure.

1. Three variables (19.1,19.2, and 19.3) are evaluated by a panel of
'

expert raters using partially analyzed source data (the display docu-
ments shown as block 7 on Fig. 5.3). The panel provides scores for
the three variables (subtests) concerned. Each plant function is'

scored using a taxonomy of included subvariables for each subtest.;
.

i
2. Subscores are recorded by subtest.

|
> ,

3. Conventional measures are used to measure the following variables:

e 19.3 - Cost /value acceptability of the allocation
i

e 19.4 - Adequacy of the human factors support (training, job
design, etc.)

;

* 19.6 - Job satisfaction'

!

4. Raw scores are recorded for the above variables,
i

5. Adjusted mean scores by variable and by function are computed for '

j

! tests 19.1, 19,2, and 19.5.
_

!

6. Raw scores for tests 19.3, 19.4, and 19.6 are adjusted to a common
percentage scale,

t

7. Values by function are weighted, using estimates of the criticality .

to plant safety of each function concerned.

8. The following output scores are reported: ..

e A system rating, which is a mean of mean' weighted function scores;
for tests 19.1, 19.2, and 19.5, and of rescaled raw scores for

- variables 19.3, 19.4, and 19.5.
,

N

+
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A profile by function of unweighted mean scores.*

A profile by variable of unweighted mean scores and of rescaled*
*

raw scores.

This procedure was developed and tested in the experiment reported here.*
Actual methodology and a demonstrated rating were performed for tests
19.1, 19.2, and 19.5 only. Tests 19.3, 19.4, and 19.6 use established
evaluation techniques that do not require development. Arbitrary values
were assumed for the weighted ra. scores of those three tests, and those
same values were used in further computations.

6.4.3 Summary Sheet

Figure 6.3 is the sammary sheet on which these data were recorded for
display and final computation. The following paragraph n.mbers refer to
those encircled on the figure.

7 1. Functions are listed in columns.

2. For variables 19.1, 19.2, and 19.5, subvariable ratings are entered
by function and by subvariable.

,

3. Means are computed and adjusted to a percentage score by variable and
function.

.

4. Subsystem and plant-wide means are computed by variable.

5. For variables 19.3,19.4, and 19.6, differentiating by function is
not appropriate; in any case, only plant-wide scores are available.

6. The means of mean variable scores are computed by function.

7. The mean scores are multiplied by the estimated criticality of each
function, 'where criticality is defined as seriousness to safety if a
function is not properly performed.

8. The weighted mean value is recorded as a safety score.,

9. A plant score, which is the mean of safety scores by function, is
reported.

!10. Scores in the column "x x f" provide a profile score for goodness of
allocation by function..

11. Scores in the row "x x test" provide a profile for goodness of allo-
! cation by variable (test).,

.

_ n ., ' ' " ' ' ' "
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6.5 SUBTESTS

6.5.1 Subtask 19.1: Does Man Meet Core Performance Requirements?,

*t

Subtests A through H-(see Fig. 6.3) are the eight core performance areas
(CPAs) first described in Sect. 2.6.3 and further defined in terms of* included core performance elements in Sect. 5.9. The data entered on the

~

i

Summary Form are produced by the rating panel, which uses source data
(including the CPA requiraments profile shown in Fig. 5.15). The panel

; rates each CPA on a scale from 0 to 5 for the level of demands imposed on
an operating crew, where 0 means that core performance is not exercised
at all and 5 means the core performance requirement approaches the per-
ceptual, cognitive, or neuromotor limits of man, however briefly that may
occur.

Zero scores were entered as a dash and not included in the computation of
Scores 1-5 were converted to the inverted (reciprocal) scale 5-1,means.

so that high performance demands would produce a low suitability score.
These data were entered in area 1 of Fig. 6.3.

6.5.2 Subtest 19.2: Does Man Meet Human Performance Requirements?

Subtests A, B, and C are the three subvariables " Psychological--

Physiological," " Physical," and " Social Organization" shown in Fig. 5.16.
Note that these are further divided into 16,16, and 8 subterms, respec-1

tively, and have been partially analyzed by those subterms. The panele

rated each of these on a scale of 0 to 5 for human performance demands,
and recorded the data on a reciprocal scale as described earlier.

6.5.3 Subtest 19.5: Is Cognitive Support Adequate?

Subtests A, B, and C are the individual variables " adequacy of displays,"
" involvement in key changes," and " level of sustained interest." These
are not congruent with categories shown on the comparable Cognitive Sup-
port Assessment Shcet, Fig. 5.17. Again, assessment was on a 0 to 5
scale and the procedure identical to that of the previous subtests.

6.6 DEMONSTRATION DATA

The scores applied to the prototypical BWR " Grand Tower No. 2" produced
the evaluation shown in Fig. 6.4. These data are generally consistent,

' ' with the descriptiveLevaluation reported in Sect. 5.

.

, v . +- . . - ~ - - , - -w-y,,,-, , . ---y- . , - - . , ,- e



PLANT: Grtnd Tower No. 2 DATE: SHEET NOc

19 6
19 1 19 2 1.93 19.4 19.5 Job

Core Peetormance Human Cost Human Cognitive Satisfac RR Qitical Safety
' ' " * * '#' ' ' ' "N O. LESCRIPTION t sty Score

A B C D E F G H E A B C E A B C E

1.1 Supply filtered air to - 5 I I 2.565 153 ! 444
RABV subareas within 49 60 80 :

'

49.1 2 139. 4
specified flow range

',
~

1.2 thintain minimum -545 - 333 545 3't3
dischargeagrtemper- U 93 , f/T 19,0 1 19,0-

atute of 50 F

;' [
- -

. . .

1.3 Maintain maximum =$13 - 34$11 - 133 52.3
discharge aig temper- 67 47 67 W.3 Z | 20, O
ature of 104 F

,
,

2.1 Filter exhaust air
- 532. 3346 133 545from RAB for removal

.

of particles and
radioactivity : , j ___ _-_

,

r

3.2 Tect CVAS negative -331 12.3 - 3% 353
'

pressure capacity 4I T i -

i

57,[ % b5 81 78 76 88 683.3

y g y///// p g p /// g g j n aw---

Fig. 6.4. Demonst rat ion dat a.
|
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|
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7. CONCLUSIONS

This section briefly summarizes conclusions of the research reported and*

of fers recommendations for continued research.

.

7.1 METHODOLOGY FOR ALLOCATION OF FUNCTIONS

Sections 2, 3, and 4 report a methodology for allocating control func-
tions to man or to automation. Literature reviews revealed that reported
methodologies were inadequate in several respects, but particularly in
that (1) they assumed the availability of human performance data which do
not exist, (2) they did not deal adequately with cognitive performance
requirements, and (3) they did not provide an interaction of hypothesis
and test.

The method reported here is believed to overcome those limitations and is
particularly adapted to the nuclear power industry. Its use will cer-
tainly improve control room design, since past practice in the industry
has neglected any direct consideration of the allocation of control func-
tions question, and any systematic procedure for such considerations will
therefore be an improvement. The particular procedure recommended here
is considered approaching optimal for the industry, one which will be.

both economical and practical to apply.

It is suggested that in the near future this method be applied to the.

design of NPP automated display systems, automated control system
designs, and control room redesigns. It might also be applied to control
systems for the fossil power industry.

7.2 EVALUATION OF EXISTING CONTROL ROOM (CR) DESIGNS

The demonstration reported in Sect. 5 provides a tentative model for
evaluating the allocation of control functions in an existing NPP control
room, particularly as that allocation af fects safety of control. It was
demonstrated that the logic of Sect. 4.2 can be applied to an existing
control room and will differentiate among good and poor allocations.;

However, the method will require additional development in order to be
suitable for regulatory use. Still needed are a proven, lo w-co s t proce-
dure, a means of calibration, and development of standards for

/ acceptable / unacceptable allocation,

s

7.3 QU/,NTIFYING GOODNESS OF ALLOCATION

The experiment reported in Sect. 6 revealed that it is feasible to quan-.

tify goodness of allocation, and that the scores can be used to produce
quantified profile scores. Those scores are diagnostic in regard to the

| identifying of good and poor allocations by functions, or identifying the
| causes of poor allocation. This method of quantification is recommeaded

. _ _ .
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as an adjunct to either the method for allocation during design or the
model for evaluating an existing control room.

.

7.4 RECOMMENDED ADDITIONAL ,RESEARCH AND DEVELOPMENT

The method presented here for allocating control functions should be
*

tested by actual application during the design process. As a first step
it should be reviewed by experienced design engineers, and their comments
should be used to improve the terminology and realism of the method
before it is applied. Since no new NPP control rooms are currently pro-
posed for design, the applied test could be in (1) a retrofit or
redesign, (2) an advanced control / display system, (3) a fossile plant
control room, (4) a process control industry other than electric power,
or (5) a high-technology control System in the space or defense
industries.

The method for evaluating an existing CR should be developed for regula-
tory use. A major obstacle to doing so is that, ideally, further devel-
opment should be conducted using real plant control room. a. ;oct
vehicles. However, access to real NPPs is notably difficult to secure.
By whatever means, the evaluative procedure should be developed in a form
practical for field use, and should be supported by benchmark scales
based on real cases of good-to poor allocation. Such scales can provide -

the basis for calibrating measurements, establishing norms, and setting
standards.

.

Other research and development needs were also identified. First, NRC's
recent support of research on cognitive modeling of the NPP operator
contributed substantially to the methods of this report (ref. 23); fur-
ther research is needed to provide more detailed models, validate them,
and standardize the terms used in decribing both human information pro-
cessing and the parallel functions of automatic control. Second, thera
is a startling shortage of quantified design data on human cognitive
speeda and capacities. A substantial body of such data probably exists
but is not readily available because it is scattered in obscure research.
Other data might be developed by academic researchers if the problem were
more widely recognized. A handbook on perception and human performance
now under development for the U.S. Air Force suggests what might be
accomplished if the questions were addressed systematically.

;

1

|

.
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Appendix A-

Checklist of Conditions Hostile to Man

Condition he fe rence

Radiation A-1

Heat / Cold / Humidity A-2

A-3

A-4

Noise A-5

Oxygen Level A-6.

Toxicity A-7
.

Vibration A-8

.

*

\
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Fig. A.l. Effects of acute whole-body external
radiation exposure

(from Woodson, 1981).
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Legend:.

A-- l- c lo (light coveralls)
B--2-clo (woolen underwear, coveralls, and jacket)

' C-- 3- c lo (intermediate-weight flight clothing)
D--4-clo (heavy flight clothing)

Subjects were seated and performing light work. Air velocity,
approximately 200 ft/ min; barometric pressure, 1 atm.

Fig. A.2. Tolerance to low temperature
(from Woodson, 1981).

l

.

t

, , - - - , - - , - - - , ,- . _,. , , - _ , . _ , _ _ _ , , _ _ __ _



158

|

.

.

ORNl DWG 83-13800

200 /180

A[16 0
~

$ 140
[o

N 120
A *

800

2 ,o / /
I / /
y 60 '

k ! M40

20

0
1000 2000 3000 4000

Wmdcht// (kcal/m*//ir: )

Legend:
'

A--tactile sensitivity, bare hand
B--simple visual reaction time
C--manual skill ,

I |o

Fig. A.3. Ef fects of cold on selected task performances.
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Fig. A-4. Temperature-humidity tolerability
(with conventional clothing),

(from Woodson, 1981).

When noise levels exceed 100 dB, potentially serious
consequences occur, as shown below.
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caanges a respiratory r*yt*m a4 a
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'Leects ee e eareas so ca W protect >ve aos to prevent near es loss'
.

Fig. A.5. Potential effects of high noise levels
(from Woodson, 1981).
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The table below presents a partial list of chemical substances*

and their action on the skin.
Agent React.on

.,

Acids
Acet>C Dermat:tss and ulcers
Carbobc tentaten and ercson eczema, and anesthes:a,

! Chromic Ulcers (chrome holes on the skin), int:ammation, and perforaton
of the nasal septum

Hydrochionc Irntaten and ulceraten
Hydrofluenc Severe burning, erosion ulcers. and bhsters2

Lactic Ulcers (if strong soluton)
N tnc Severe burns and ulcers

*
0 anc Local caust.c acten on the skin

1 Sulfunc Corrosive acten on the skin and severe inflammation of the
; mucous membranes

A kaks
Cacum cyanamide erntation and ulceraton
Ca'c um on.de Dermatitis. burns. and ulcers
Potassium hydros de Severe burmrg. pers, stent ulcers. and loss of fingemaels
Sodium hydreside
Soc.um sihcate Th chenerg of the skin and uncers on the fiegers

! Sodium or octassium cyanide Bhsters and vicers
Sarts.

Antimony and its compounds lentaten and eczematous erupt ons,

Arsenic Skin darkenerg, pedorat.on of the nasal septum, ectema around
, the trouth and nose. and possible loss of nails or ha.r

Banum Eczema and cyanosis of skin
Bromine Bro *msh sta.ns and sk n erruptions

! Ceromium (Mesava-ant compounds) Chrome holes on the skin, perforation of the nasal septum, and

' ' eczematous erupt ons

vercury cotepounds Corrosien and erntaten and mercunst ecrema
Sod'um Burns and ulcers
Lnc cmorce Ulcers of the skin and nasal septum

Soivents'
1 Acetone Dry (defatted) skin"

Benzene Dry (defatted) skin
; Carbon d suihde Dry (defatted) skin
i Chionna*ed phenots Severe eruptions

Petroleum dist.liates Acne and epitmeisoma
inchioretnyiene Dry cracked skin

i Turpentine Red bbstered skin and eczema
Dyes-

Chlonnated compounds Bhsterhke eruptens
Dinitrochlorobenzene BI:sterieke eruptions

; Nitro and mtroso compourds Red sain and eczematous eruptions
Pnenyt hydravne 8hstert.ke skin eruptons

insect.cices
| Chlorophenols Red skin. and blisters

Creosote Pustular eczema marts and epithelioma
Fluonees Severe burns and derrratitis
Pyrethrum Red skin. blisters. and pimp 4es
Rotenone Red sken and blisters -

Res.n s

Coal tar. pitch, and asphait Acute dermatitis. acne. enflammation, epithelematous cancer.,

ectema and ulcers
Synthetics. e s .

pheno 4 forrraidehyde Entremeiy red and itchy skin
Synthetic meses, e g . Dermatit;s and acne,

chloronaphthaienes and
Chlorodipheny's

j

Fig. A.7. Skin reaction to chemical substances
(from Woodson, 1981),,

i
i
s

- m . . - -, ,,,, .. . - . - , -- .., _ ,- . , , . .--,-m m_. -- . ~ . . . - .__ - , . , _ . _ , . . , - , - - ,,



-. . _ . ~ .- -. - . _ ~ . ._, . , , ~ ~ - - - -_ ~ . -_ .- . -

4

4 162

;

*
i
1

V&atea Coao toas Measses (aect Socce
,

4

8edraam.c Mecmaa sms

015-0 35 g at 0 9-6 5 Mr. **ee nod, vert <ai verstea head t emor. Foot pressore coastsacy eaa. red at 3 5 to scarmtz. Simoas and
<

ioa a*petwee body cospr.um. toot pressu e 6 5 Ma ee'or ec' esse e ta * teas *y. no Soettc*e' 1960r

4 rescuai e ectsa

No e ccts Morao Boettc*e aada
Ps. : "g. for 6 hr Booy seay eau.hbrium

5,moes 1961

:g. 2-20 Mr t.ateas.tes . 's Coat +os et ptch aad 'on of a cea+ e de ed44 at d,*e eaces decremeat Coe-aan was o ed
s*oM term toe sace tem ts) pet.eea 3 aad 12 Mr morst at 6 Mr Laage 1962

Ar wD c 1969o:s at O 2. 5 aad 8 M Or eatat ce (oreates eco, pos4.ca to face Oniy smait secre-eat e accu acy raeaa e<rorr

ta gets at 15. 30_ aad 60 kom re'eeence < 0 5'
j paae)

Leg m scsr po.er (ca D.cyce e gometer) No e*ects hamsoa. !969-0 03 - .0 41 g. at 0, 3e u

i 5 aad 8 ar
brews pea = to pes = a masad steaeaess Pos,tena< eerors s gad <antty <e se d to res Cwme et a. 1965e

accee seces at i "r a to 3 aad trecueacy of vesten 90% of e**oe
Mr and 2 wr e ta 6 Mr was pe edt 1 Mr ..th 3 Ma com>caten

produced irge er'or sman 10 5-1 g)
d t'e+eaces e acce eestea had no e ecta

-. o.o_moto.e.Per'or+anc e- - - - - - .Psyc.
-.- - -

0 25 g at 2 4-9 5 Mr trae to ocawo *rmers and pace e s-an Ceepetea treae oorst s' 3 4 and 4 8 Hz Gv gaard aad wug
1960cecuiae reas,

Accu acy u*a"ected ese't t.mes ecc* eased by Deaa et si.1967.0 5 **s g at 2-30 Mr 0 g ta' dee ma. epot ..ta push out+oa tcga e r
2

r. (13 Mr pes = comes s tea rotany s .tc* aad tnwebe*ee. 4 % p s* Dottons and tegg e so tc*es ee e
' coatro's most caod<y used .ta t*e to'mee

pre'e' red thumt).*ee s oce most accura *e
No c ects for 0 2 aad 0 4 ms g, s gecoat Desa. Farreu. sad att.a0 0 2 0 4 0 6 and 0 8 res sa+ej

g, for 5 ** .acrease c awet t,rae 'oe 0 6 sad 0 8 res 1967 +
1

g, speed pusa Duttoes rotary se<tcaes

,{ > t%wrae=*ee's e or rate push Outtoes
mbe ee's soment for h 89h-gaest 394 thu a

eatees.ty veratoes
No e ects at 0 3 3 Mr. time reawred inc eased seemaa and **aes ea! zg. r4 .s at 0 33 and Not sad con asse*D'y sad esasse-ey

j 0 80 Mr at empetwee of pacement of pecee to th.g* .e ows s. red by 30% at 0 80 Mr =,tm ao secrease ia 1966

6 3 a-o - 7 0 m Poes accu acyr

Speech trteit.g tutdy

i Most e ect at 10 aad 20 Mr %soa.1962a:g at 10 20 30 40 aad ireen g o+ty
50 wa

No e*ect on ete s phty at 65 dB 'owanty" N. mon sad Sommer.n0 $ g, waso4ai at 6 nr 015 nate a tNay sad owe'ay
g. at 4 sad 8 Mr 10 g, at poorer t*aa control coneten 1963

2-20 mr,

j' Aud.t.oa
)
i 5 Ma s,ai.no4at. 5 Mr raadom Freorcy (paca) c*aage (1200 be 1600 M ) No e*ect me.sr. Goddard. amt

! a-putwee a to 12 wr at 86 d8 toaen of C 25 s du aten e e y Aaea 1965 -r

;. reacom beoweacy secoad-ce'ectea
- g, 1200 Mr at 86 de preweted every 0 25 s for No e=ect Monaad 1966

I s agaast a 74 de. 30 to 3000 Mr =hite
,
> aoise pten casase at 86 68 (1600 kr

1200 Mr>-de'ectea
TT5 de'eemmed as tw cten of e& sten sad Entreme*y smais v&atea e sct at toe tone G gaard and Coes.a+ 1 g, 30 7 s, at t 5 Mr a

tarrpotde 0 036 c) for 30 ao.se veesus rose acce (acowsticaa treovences ont 1965
awa treoveaces kom250-6000 Mr)

| M g'er Meater Peacesses

I
i .,015 - 0 35 g, at 2 5 aad Meatai adet.oa No eFect Senmetz Seoas. and .

' 3 5 *r Boeticher. L960 (
i + g at 5. 7. aad 31 Mr Pa' tera matca.es aad escreestea No eMect Sucamout.1964 ,

. O a0 rag g, tendom ,esten Ns gateast tasas en s.mviated so aititude. No et'ect Schoasa. Aseson, aad
,

} h<ge speed 'Lgat Souday.1965. Soicay :
'

' and Schohaa.1965 e

I No vestea ao no.se. no Contevous covetes at a g wea este Decremeat. espec.any dunes 5-7 ra.a of tonahane.1967
esposu e. res4 vat e*ects acted. 70% of jrvesten. aome easy

I vesten pivs aose decremeat attreuted to verstea (30% to
ao ne) Se over 36 shooed g eater

i postweraten .4 0 s, at 70
- d.c,eaeat -

!
M,

r'
5,peos , co .ac. cates taste, it a.

! |
4 .

I

|
Fig. A.8. Ef fects of vibration on human performance

(from'Woodson, 1981).- -
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Appendix B

Checklist for Human Limitations / Tasks
Man Cannot Perform

Cond it ion Re ferenc e

Strength and Endurance B-1

Reaction Time B-2

B-3

Control Output Rates B-4
e

Sensory Channel Capacity B-5

- B-6

Signal Detection B-7

B-8

B-9

B-10

B-ll

Memory--Short-Term --

Memory--Long-Term --

e

4

)

i
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Fig. B.I. Human physical strength and endurance

(from Woodson, 1981).
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ORNL-DWG 83-13803

.

ME ARiN G |

T0uCw M.

SiGMT M
COLD M
mARWTH M
SWELL M
PAIN

I 8 ! | | 1

0 0.1 02 0.3 04 05 06 07
R(ACTION TIME (sec)

Note: Signals should not occur at rates faster than about
two per second unless some means are provided for anticipating
the signal. Avoid alerting periods shorter than 0.1 s.

Fig. B.2. Reaction time comparisons of,

sensory input channels
( from Woodson,1981) .

.

I

As one might expect, when the number of response choices
increases, the reaction time is lengthened. The table below
illustrates this point.

I
Nwrnter of Choices Mean Reactiori Time. s

1 0 20
2 0.35
3 0 40
4 045

, 5 0 50
6 0.55
7 0 60
8 0 60i
9 0 65' ^

10 0 65

Fig. B.3. Ef fect of number of response choices
(from Woodson, 1981).

,

j
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|ORNI-DWG 83-13004 *

; i

d
ENTRY RATES STRonES PER wiNUTE

!
*

900-, 7op wEviNG
800-- TOP TYP ST

'

700 --
600--

$00-- VERY G000 Typist

400--
_-Typing TEXT

300---
- -TYPING R ANDCv *0ROS
-

200--
- GOOD STENOT YPIST

-utvPUNCHING

MANDPR'NTING NUMBERS
M AND*RifING TEXT 10 0--

uEviNG Nuv8ERS. S X $ M atrix93 _
-

Cw000 ENTav DEvlCESMETING NUMBERS -

; 80_w- TYPING C00E0 ORC (PSHAN0 PRINTING LETTERS O~~
# 60 --

-MEY1NG NyWBERS. O BUTTONS
l M ARuiNG NuwgERS

HANDPRINTING TEXT _
'

UNSKILLEO TYPING TEXT # 50-- xEviNG NowSERS.10x so MATRIX

40--
.

CONSTRAINED HAND PritNTING
4

'j W ARKING LETTERS *30" Stylus PUNCHING

CODED mEYBOARD MATRIX
|
' NMARMING

20--
H Ato PUNCHiN G

| WARFING LETTERS'

(CHARACTER RATE)

10 - ~

l

.J

;

Fig. B.4. Representative manual entry rates
,

|
(adapted from Devoe, 1967).
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Channel Disenm.
Stimulus dimension c anty inable Investigator

iv) categories

Size, brightness, and hue (varied 4.I* 18 Eriken (197A).
toget her).

Frequency, intenaity, rate of in- 7.2 150 Pollack & Fick- (ITA1.
terriiption, on time fraction,
total duration, and spatial
location.

Colors of equal luminance. . . . . .. 3.6 13 IIalsey & Chapani< (19",4).

loud ness and pit ch.. . . . . . . . . . . . 3.1 9 Pollack '(192)..

Position cf pointe in a square (no 46 24 Klemmer & Fnck (1%3).
grid).

a
* Note: The capacity of each dimension separately wa,* approximately 2.7 Lite.

Fig. B.5. Sensory channel capacity for
multidimensional stimuli

(from Van Cott & Kinkade, 1972).

*
.

|

4
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Channel Discrim. *

Sense Stimulus dimension capacity inable Investigator
(bita) categories

Visio n . . . . . . . . . . . Dot position (in spam).. 3.25 10 llake & Garner
(1951).

Dot position (in' space).. 3.2 10 Coonan & Klemmer
(in Stiller,1956).

Size of squaree. . . ... .. . 2.2 5 Eriksen & Ifake
(1955).

! Dominant wavelength... 3.1 9 Eriksen & If ake
(1955).i

i Luminance. . . . . . . . . . . . 2.3 5 Eriksen & IIake
(l955).

Area . . . . . . . . . . . . . . . . . . 2.6 6 Pollack (in 3! iller,
'

1956).
Line length . . . . . . . . . . . . 2.6-3.0 7-8 Pollack (in Stiller,

1956).
Direction of line 2.8-3.3 7-11 Pollack (in 3! iller,

inclinaticm. 1956).
Line curvat ure. . . . . . . . . 1.6-2.2 4-5 Pollack (in 31 iller,

1956).

Tas te . . . . . . . . . . . . Salt concentrations. .... 1.9 4 Beebe-Center et al.
(1955).

Audition. . . . . . . .. Intensity . . . . . . . . . . . . . . 2.3 5 Garner (1953).
' *

Pit ch . . . . . . . . . . . . . . . . 2.5 7 Pollack (1952,1953).

Vibration (on Intensity. . . . . . . . . . . . . . 2.0 4 Geldard (in 3! iller,
i chest) IM6).

Duration . . . . . . . . . . . . . 2.3 5 Geldard (in 3! iller,
' *

1956).
Locatio n . . . . . . . . . . . . . . 2.8 7 Geldard (in Stiller,

1956).

Electrical shock Inten.sity. . . . .. . . . . . . . . 1.7 3 liawker (1960).
(skin).

Durations . . . . . . . . . . . . . 1.8 3 Itawker & Warn
(1961).

Fig. B.6. Sensory channel capacity for
different unidimensional stimuli
(from Van Cott & Kinkade, 1972).

.

+.
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a

Improved probability of detection

Simultaneous presentation of signals to dual channels.......... Buckner & 51cGrath (1963),4

) Gruber (1961).

Afen monitoring display in pairs; members of pairs permitted to Bergum & Isht (1962).*

speak mith one another; 10 minutes rest each 30 minutes of
' work ; random schedule inspection by supervisor.

i Introduction of artificial signals during vigilance period to which a Garvey, Taylor & Newlin
reponse is required. (1959), Faulkner (1962).

Introduction of knowledge of resulta of artificial signals. . .. .... Baker (19G)).

Artificial signals identical to real signals...................... Wilkinson (1964).
r

Decreased pmbability of correct detections

Intmduction of arti6cial signals for which a response is not re. Colquhoun (1961),
quared.

Excessive or impoverished task load on operator.............. Poulton (1960). |

Introduction of a secondary display monitoring task........... Jerison (1963), O*Ilarion &
* Schmidt (1964), Ware.

Baker & Sheldon (1964),
Wiener (1964).

Operator reports only signals of w*iich he is sure..... .... ... ... Broadbent & Gregory (1963).

Change in probabihty of detection with time

A short pretest period follomed liigh initial pmbability of de- Colquhuon & Baddeley (1964).
by infrequently appearing tection, faibng off rapidly.
signals during vigdance.

Few pretest signals before vigi. Reduces decrement in proba. Colquhuon & Baddeley (1964).
lance period. bihty of detection with time.

Prolonged continuous vigilance Decreases probability of cor. 51ackworth & Taylor (1963).
rect signal detection.

._

Fig. B.7. Task conditions affecting signal
detectability during prolonged vigilance

(from Van Cott & Kinkade, 1972).

!
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Sensation Number discriminable

Brightness . . . . . . . . .. . .. 570 discriminable intensities,
white hght.

.

Ieudness.. . . . . . . . . . . . . . 325 discriminable intensities,
! 2,000 Hr.

Vibratio n . . . . . . . . . . . . . . 15 discriminable amplitudes
in chest region using broad
contact vibrator with

! 0.05-0.5 mm amplitude
limits.

.

Fig. B-8. Relative discrimination of physical intensities
(after Mowbray and Gebhard, 1958). e

Sensation Number discriminable

H ues . . . . . . . . . . . . . . . . . . 128 discriminable 1 ues at
medium intensities.

White ligbt............ . 375 discriminable interrup.
tion rates between 1-45
interruptions /sec. at mod.
erste intensities and duty
cycleof 0.5.

Pure tones. . . . . . .. .. . .. 1,800 discriminable tones
between 20 Hz and 20,000
Hs at 60 dB loudness.

Interrupted white noise.. 460 discriminable interrup.
tion rates between 1-45
interruptions /sec. at mod. ~

erste intensities and duty
cycle of 0 5.,

Mechanical vibration. ... 180 discriminable frequen.
cies between 1 and 320 Hs. -

| Fig. B.9. Relative discrimination of frequency
( (after Mowbray and Gebhard, 1958),
i

t

I

L
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Stimulus lower Limit Upper Limit
.. _

Color (bue). . . . . . . . . . . . . . . . . 300 nm (300 X 10-' m.). . . .. 800 nm.,

Interrupted white light....... Unlimited . . . . . . . . . . . . . . . . . . 50 interruptions /see. at moder.
ate intensities and duty cycle
of 0.5.

Pure tones . . . . . . . . . . . . . . . . . . 20 I I : . . . . . . . . . . . . . . . . . . . . . . 20,000 11 .

Mechanical vibration.. ...... Unlimited . . . . . . . . . . . . . . . . . . 10,000 11: at high intensities.
.

Fig. B-10. Frequency-sensitivity ranges of the senses
(adapted from Mowbry and Gebhard, 1958).

Smallest detectable Larsmt tolerable orSensation (thrmhold) practical
e

S:ght............... .... 10-8 m L.. . ......... ....... 1 08 m L.

Ile aring. . . . . . . . . . . . . . . . . . 2 X 10-Myns/cm'. . . . . . . . . .. . < 10' dynm/cm'.
, 3 Mechanical vibration. . . ... 25X10-8 mm averare amplitude Varim with aire and location

at the fingertip (Maximum of stimulator. Pain hkely 40
sensitivity 200112). dB above thrmhold.

Touch (presure) . . . . . . . . . . Fingertips,0 04 to 1.1 crg (One Unknown,
erg appmt. kinetic energy of
I mg dropped I cm.) "Prew.
sure," 3 gm/mm'.

S mell . . . . . . . . . . . . . . . . . . . . Very sensitive for some sub. Unknown.
,

stances, e s., 2 X 10-? mg/m'
of vanillin.

Tas te . . . . . . . . . . . . . . . . . . . . Very sensitive for some sub. Unknown.
stances, e z., 4 X 10-' molar
mncentration of quinine
sulfate.

*

Temperatu re. . .. . . . . . . . . . . 15X 10-8 gm.ca!/cm'/wc. for 22 X 10-' gm. cal /cm'/sec. for
3 sec. exposure of 200 cm' 3 sec exposure of 200 cme
sun. sun.

Position and movement.... 0.2-0.7 deg. at 10 des./ min. for Unknown.
joint movement.

Acceleration . . . . . . . . . . . . . . 0.02 g for linear acceleration.... 5 to 8 g positive;
0.08 g for linear deceleration.... 3 to 4 g negatite *
0.12 det./*c' n>tational Disorientation, mnfusion,

acceleration for oculogyral vertigo, blackout, or redout.; ,,
illu* ion (apparent motion or
duplacement of viewelobject).

.

Fig. B.ll. Stimulation-intensity ranges of man's senses
(adapted from Mowbray and Gebhard, 1958).,
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Appendix C
,

Defining Criteria for Core Performance Areas

e

The eight core performance areas are defined below in terms of their
included core performance elements.

-

1. Monitoring and Sampling: To maintain a state of readiness or prepa-
ration for changes to system status. This is an active process, which
requires the operator to continuously sample display data, evaluate it,
and detect significant system change.

e Monitor--To keep track of over time

Scan--To quickly survey displays or other information sources toe
obtain a general impression ,

Check--To quickly sample a specific display (or other informatione
source) value or range to obtain a general impression

i
Human Limitations--A number of factors produce decrements in monitor-

ing. Infrequent or unpredictable signals are difficult to monitor. The
number of missed signals increases steadily as a function of the number

,

of hours worked; this ef fect becomes especially pronounced beyond about,

four hours. Differential location of displays interacts with workload to
increase monitoring difficulty. The addition of such tasks as problem
solving, mental arithmetic, target identification, and other vigilance,

tasks tends to increase detection time.

2. Sensing: To detect a change in system status; the purposeful acqui-'

sition of data from the environment in response to or for the creation of
system changes. This includes the detection, discrimination, reception,

j and recognition of external stimuli.

!

e Observe--To attend visually to the presence or current status of
an object, indication, or event

e Detect--To become aware of the presence or absence of a physical
stimulus

e Visual Search--To visually scan a possible set of objects in orderj
to locate a particular object

i

e Inspect--To examine carefully, or to view closely with criticalj
appraisal.

,

e Read--To examine visual information which is presented
4 .. symbolically

Human Limitations--Audition is influenced by the signal / noise ratio;
vision is influenced by factors such as lighting and glare. Both senses'

| are stressed by increasing time demands and by the number of channels a
|.

I
<
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person must monitor simultaneously. For example, discriminating more
than a few channels given a high signal rate (per minute) will increase
the error rate significantly.

|.

3. Information Processing: To transform, organize, break down, combine, )
or operate on input data or signals. This includes such operations as
coding, sorting, filtering, ordering, merging, analyzing, and computing. ,

Calculate--To determine by mathematical processes*

* Interpolate--To determine or estimate intermediate values from
two given values

* Compare--To examine the values or characteristics of two or more
inputs to establish a relationship between the inputs

Human Limitations--People have dif ficulty computing rapidly and under
stress. This also is true for such tasks as anlysis and coding.
Machines generally can process information faster than people and are
better at highly repetitive tasks.

4. Interpreting: To construct, derive, translate, or assign meaning to
data or signals. Pattern recognition, classification, interpolation, and
extrapolation are examples.

,

Identify--To recognize the nature of an object or indication*

according to predetermined characteristics
.

* Diagnose--To recognize or determine the nature or cause of a
condition by consideration of signs or symptoms

Predict--To postulate a future state of the system or system*

parameter (s) based upon control actions or system trends

Human Limitations--Although people are much better than machines in
pattern recognition and the classification of ambiguous information,
there are real limits to human ability to interpret information. Inter-
pretation involving the classification of large amounts of information
coming from disparate sources greatly taxes humans. Also, prior experi-
ence and emotional states can significantly bias interpretation. Design
which integrates information can help greatly, as can training.

5. Decision Making: To select or develop procedural strategies; to
decide a time to initi1te action; to select among alternatives; to deter-
mine a course of action; or to assess the validity of a proposition.

,

Impo rt ant to the making of decisions is the probablistic estimation of
outcomes (contingencies) and their importance (weights).

* Plan--To devise or formulate a program of future or contingency
.

activity

* Choose--To select af ter consideration of alterantives
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!

Decide--To come to a conclucion based on available informatione>

Human Limitations--In many cases humans must be the decision makers
due to the lack of pre-designated alternatives and unforeseeable contin-,

gencies. Where the decision rules are straightforward, machines often
are better. This is especially true when large amounts of information
must be memorized and integrated. People respond poorly in probablistic,

assessment of risk, by their oversimplified responses and predictable
bias.

6. Nkmory Information Storage and Retrieval: To retain or to remain
aware of information or, conversely, to recall or to bring forth previ-
ously acquired information. Short-term memory is the ability to recall
information immediately af ter its presentation; long-term memory refers
to the storage of information for recall following a substantial period
of time,

Retain--To store information in short-term memorye

e Recall--To retrieve information from short-term memory

Remember--To retrieve infomation from long-term memorye

Human Limitations--Well-learned material of ten can be recalled after#

substantial periods of time. However, large amounts of information pre-
sented at a high rate may not be recalled e en immediately. Pre-
filtering of information and short delays between information display and9
response to that information will reduce the interference ef fects from
different informational inputs. Short-term memory is channel-limited to
approximately 1.5 sensory modes at a time and to approximately 7 signifi-
cant items of information stored.

7. Controlling: To adjust and correct for changes in system status, or
to adjust for deviations from a prescribed optimum state. Controlling is
the movement, manipulation, or adjustment of systems instrumentation via
knobs, handles, and other usually manually activated devices, eye-
movement detectors, and similar advanced control hardware or as the
result of a verbal signal to another operator [as when a CR operator
calls a plant equipment operator (PEO)]. (See also " Communicating").
The major control categories are discrete and analog.

e Actuate--To exert a pushing, turning, or pulling force
in-the actuation of a discrete control

Position--To operate a control which has discrete stepse

Adjust--To operate a continuous controle

^
* Type--To operate a keyboard '

Human Limitations--People are limited in this area to the degree that
controls impose excessive requirements for force, speed, precision, or

_, ,,
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accuracy. Invariant control sequences usually should be performed auto-
| matically rather than manually.

8. Responsing-Communicating: To execute a command, a request for infor- *

mation, or a transfer of information involving two or more persons. The,

manner of communication may entail face-to-face interaction or messages4

*sent via electronic or writen media.

* Respond--To respond to a request for infomation

e Inform--To impart in format ion
f

e Request--To ask for information,

Receive--To be given written or verbal informatione

i
t e Direct--To ask for action

e Record--To document something, as in writing.

Human Limitations--The ability to communicate is affected by environ-
,

mental conditions (visual, auditory) and by systems design in its impact,

! upon spatial arrangements, need for frequent communication, etc.
?
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